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Abstract
This thesis work investigates frustrated magnetic oxides as potential materi-
als to develop high-temperature multiferroicity. Multiferroic materials with
magnetoelectric coupling are promising candidates for low-energy switching
in data storage devices and might lead to ultra-low-power electronics. How-
ever, magnetoelectric multiferroics are rare because the mechanisms generating
electric and magnetic polarization are often mutually exclusive. This research
focuses on two specific ferrite systems: YBaCuFeO5 and ε-Fe2O3, whose attract-
ive magnetic and ferroic properties have the potential to be exploited beyond
room temperature (RT).
In spiral-driven multiferroics the spin and ferroelectric orders are coupled "by
construction". Most of the spiral magnetoelectric multiferroics investigated in
recent years are geometrically or exchange frustrated magnets with low mag-
netic transition temperatures (TS<50 K). The exceptional stability of the spiral
magnetic order (at TS) in the layered structure of YBaCuFeO5 involves a non-
conventional mechanism ("spiral order by disorder"). This original mechanism
has been experimentally investigated and confronted to the theory by studying
a large number of samples prepared or fabricated in the form of polycrystal-
line powders and single crystals. The influence of Fe/Cu cation disorder on the
magnetic phase diagram was quantitatively studied using neutron and syn-
chrotron techniques. Disorder allows tuning the spiral transition temperature
by more than 200 K, up to well beyond RT. The interplay between disorder,
stability and the detailed features of the incommensurate spiral order has been
deciphered. Three different regimes are distinguished in the YBaCuFeO5 phase
diagram versus disorder, which set limits to TS and the cycloidal component of
the helicoidal order.
The lattice effects due to chemical pressure were also explored. As an alternat-
ive strategy to upgrade the properties of YBaCuFeO5, several families of
YBa(Cu,M )FeO5 layered perovskites have been investigated. The impact of
lattice, magnetic and spin-orbit coupling effects on the phase diagrams were
determined and described for distinct divalent M -cations partially substituting
Cu2+ ions. The study shows how the orientation and the stability of the spiral
in YBaCuFeO5, as well as the cycloidal component of the helix can be manipu-
lated (even in opposite directions) by divalent B substitutions.
The limitations of neutron powder diffraction forced to study the real mag-
netic nature of the "so-called" spiral magnetic phase of YBaCuFeO5 by means
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of (i) unpolarized single-crystal neutron diffraction, (ii) spherical neutron po-
larimetry and (iii) synchrotron resonant magnetic X-ray scattering. Collinear
modulated and non-collinear spiral models, including the analysis of magnetic
and chiral domains, have been confronted to the experiments on crystals using
these quantum-beam techniques. As well as the magnetoelectric response in
single crystals.
The singular magneto-structural coupling, rich phase diagram and magnetic
properties of the geometrically frustrated ε-Fe2O3 ferrite have been investig-
ated by neutron and synchrotron techniques. This ferrite stands out for its
huge coercive field (up to 2 T at RT), RT multiferroicity, mm-wave ferromag-
netic resonance, non-linear magneto-optical effects, magneto-electric coupling,
etc. Its complex magnetism and successive magnetic phases were thoroughly
investigated and described. The nature of the incommensurate magnetic or-
der, attributed by some authors to a spiral ground state, was investigated in
zero and applied magnetic fields, and reinterpreted in the light of the models
confronted to neutron data. Findings illustrate the interplay between the huge
magnetic anisotropy, frustration, spin-lattice coupling and the stabilization of
the super-hard ferrimagnetic phase in the 150-500 K interval.
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Chapter 1
Introduction and motivation

Transition metal (TM) oxides are one of the most interesting classes of
materials in the field of correlated systems and functional magnetic
compounds, presenting an extremely rich variety of properties caused

by the strongly correlated nature of electrons that occupy the outer d-orbitals
and the complex interplay and competition between orbital, charge and spin
degrees of freedom (Figure 1.1). Putting all this in the background of an enorm-
ous number of lattice configuration possibilities, we can find systems display-
ing different types of physical phenomena: magnetic, charge and orbital or-
dering, cooperative Jahn-Teller effect, or high-temperature superconductivity.
The interplay between lattice and the above mentioned phenomena many times
lead to exotic transport and magnetic behavior: metal-insulator transitions (MIT),
unconventional magnetic transitions, multiferroicity, giant magnetoresistance
(MR) and more. This chapter will provide a brief overview of the most relevant
concepts necessary to understand the magnetic, ferroelectric, or multiferroic
properties and the interplay between them exhibited by the materials investig-
ated in this work.

FIGURE 1.1: Scheme of the multi-degrees of freedom in highly correlated systems.
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4 Chapter 1. Introduction and motivation

1.1 Multiferroic and Magnetoelectric Materials

1.1.1 A short history of magnetoelectric materials

Magnetism and electricity are two fundamental physical phenomena whose
study dates back hundreds of years, starting from the magnetic properties of
natural ferric stones (lodestones) and electric charge induced on amber when
rubbed with a piece of fur, both described by Greek philosophers. Since then,
the complexity of a countless number of devices based on Magnetism and Elec-
tricity has increased as a consequence of years of study. In particular, the dis-
covery of magnetoelectrics (and more recently multiferroics), where the possib-
ility to manipulate primary ferroic properties of a material (namely, ferroelec-
tricity and ferromagnetism) by means of electric and magnetic fields, and the
coupling between such properties, has generated until today a great interest
due to its importance for the solid state physics as well as because of the pos-
sible technological applications that could be developed based on it.

Two independent events marked the discovery of the magnetoelectric (ME)
effect. First, in 1888 W.C. Röntgen (before he discovered X-rays) demonstrated
that a dielectric material moving in an electric field becomes magnetized, which
was followed by the observation of the reverse effect, the electrical polarization
of a moving dielectric in a magnetic field [1]. Second, in 1894, based on lattice
symmetry considerations, Pierre Curie foresaw theoretically the possibility of
inducing electric polarization in some crystals by applying a magnetic field, and
vice versa, without having to move the sample [2]. The original conjecture of
Pierre Curie was later considered by P. Debye in 1926 [3], who defined the term
"magnetoelectric effect". However, this effect remained in the speculation until
1960, when the first experimental proof of magnetoelectricity was discovered
by Astrov in Cr2O3 was discovered [4], inspired by Dzyaloshinskii’s generic
prediction one year earlier [5].

In the whole twentieth century, studies on the ME physics and correspond-
ing materials were slow. Reasons of this background were due to the lack of
available ME materials, and the poor ME performance observed. In addition,
the ME theories in early years were generally phenomenological, lacking the
ingredients of the modern electronic theory based on quantum mechanics. An
extensive research on the correlated electronic materials did not appear until
the late 1980s [6], and the colossal magnetoresistive manganites in the 1990s
[7], which paved a good foundation for the advanced ME research. In 1994, H.
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Schmid coined a new terminology in a proceeding publication: multiferroics,
which denotes the coexistence of multiple ferroic orders in a single-phase ma-
terial [8].
The long stagnation was finally folded up due to the two unexpected break-
throughs which were both discovered in 2003: the BiFeO3 thin films [9] and
the orthorhombic TbMnO3 [10]. Although the strong magnetization of the re-
ported BiFeO3 thin films was later found to be non-intrinsic [11], it was the
first time that a single-phase ME material providing good multiferroic behavior
with potential room temperature applications was obtained. The orthorhombic
TbMnO3 displays only a weak polarization appearing only at low temperature
(< 28 K) [10]. Despite its poor performance regarding the ferroelectric polar-
ization and magnetism, it became a milestone due to the intrinsically strong
ME coupling if offers. A few years later, another two interesting multiferroic
materials were discovered: the orthorhombic TbMn2O5 [12] and the hexagonal
HoMnO3 [13], even these materials were reported either having a small polar-
ization or presenting a low Néel (i.e., antiferromagnetic ordering) temperature.
Since then, the interest on this exciting subject has enormously grown, with a
huge number of novel materials and ME phenomena emerging. Many public-
ations on the fundamental research and different multiferroic materials have
promoted the progress of this discipline [11, 14–22].

1.1.2 Magnetoelectric effect and multiferroicity

Magnetoelectricity

In the most general definition, the magnetoelectric (ME) effect denotes any coup-
ling between the magnetic and the electric properties in matter (induction of
magnetization by an electric field or of polarization by a magnetic field). A sys-
tematic progression of contributions to the ME effect is obtained from a power
series expansion in the electric and magnetic fields E and H of the free energy
of a material, i.e.,

F (E,H) = F0 − P S
i Ei −MS

i Hi − 1

2
ε0εijEiEj − 1

2
μ0μijHiHj

−αijEiEj − 1

2
βijkEiHjHk − 1

2
γijkHiEjEk − · · ·

(1.1)

Differentiation of Eq. (1.1) leads to the polarization

Pi(E,H) = − ∂F

∂Ei

= P S
i + ε0εijEj + αijHj +

1

2
βijkHjHk + γijkHiEj + · · · (1.2)
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and to the magnetization

Mi(E,H) = − ∂F

∂Hi

=MS
i + μ0μijHj + αijEi +

1

2
βijkEiHj

+γijkEjEk − · · ·
(1.3)

where PS and MS denote the spontaneous polarization and magnetization, and
ε̂ and μ̂ are the electric and magnetic susceptibilities. The i subindices refer to
the three spatial dimensions. The tensor α̂ describes the linear ME effect, which
corresponds to an electric polarization induced linearly by a magnetic field, and
vice versa. Tensors β̂ and γ̂ describe higher-order ME effects [23].

Magnetoelectric multiferroics

Although the concept of multiferroicity was born to refer to materials that can
exhibit more than one primary ferroic property1 simultaneously in the same
phase, nowadays its definition has been broadened including materials dis-
playing nonprimary ’long range orders’ (such as antiferromagnetism or ferri-
magnetism) rather than the primary ferroic properties. Fig. 1.2 illustrates the
classification of the materials regarding their magnetic and electric properties.
As shown in this diagram, one must distinguish between magnetoelectricity
and multiferroicity. A magnetoelectric material is a material in which one can
induce both electric or magnetic polarization by means of external magnetic

FIGURE 1.2: Classification of materials according to the magnetic and electric polar-
izability. Multiferroic and magnetoelectric conditions should be satisfied in MMMs.
Figure adapted from Ref. [24].

1Ferromagnetism, ferroelectricity and ferroelasticity are primary ferroic properties. Mag-
netization, electric polarization or deformation appear spontaneously in these materials when
a magnetic, electric or stress field is applied, respectively.
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and electric fields, respectively, but not necessarily in the same phase. Instead, a
multiferroic material is able to exhibit ferromagnetism and ferroelectricity in the
same phase, but magnetic and electric properties are not necessarily coupled as
in magnetoelectric materials. If a magnetoelectric material is simultaneously ferro-
magnetic and ferroelectric in the same phase, it is called a Magnetoelectric Multi-
ferroic Material (MMM).

1.1.3 Characteristics and applications of MMMs

The difficulty in finding new potential MMMs lies on the fact that the intrinsic
characteristics of ferroic properties are often mutually exclusive. This reduces
enormously the number of potential MMM candidates. The main limiting factors
are described below:

• Symmetry conditions: The possible terms appearing in the previously
described (1.2) and (1.3) expansions above for the two different ferroic proper-
ties (P and M) are constrained by different symmetries of the material: electric
polarization (P) is inverted under spatial inversion, and magnetization is inver-
ted under a time-reversal. So, if the crystal structure of a compound contains a
symmetry operation which reverses, for instance, z by -z, electric polarization
will never show up along the z axis (it would be compensated). In other words,
the Neumann’s Principle has to be fulfilled: the symmetry elements of the physical
properties of the material have to include the symmetry operations of the point group
of the crystal. Thus, in order to have a multiferroic material, its symmetry must
allow more than one primary ferroic property.

• Physical conditions: Each ferroic property require specific physical con-
ditions that usually exclude one or the other property. For instance, ferroelec-
trics are necessarily insulators, while most ferromagnetic mterials are metals.
Besides that, in 3d transition metal oxides, magnetic order arises from incom-
plete d orbitals, whereas ferroelectricity usually requires empty d shells.

Why are MMMs interesting?

What makes this rare kind of materials interesting is that, unlike classical mag-
netoelectrics, MMMs do not need any external field to become magnetically and
electrically ordered in the same phase. However, since they are magnetoelec-
tric, both order parameters can be controlled by external fields, either magnetic
or electric. The possibility of controlling magnetism by electric fields and vice
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FIGURE 1.3: Left: Scheme of a magnetoelectric write head for magnetic hard disk. An
electric field generates a bulk magnetic moment in a slab of magnetoelectric material,
giving rise to a magnetic flux density. The gap in the flux closing yoke emits a stray
field, which writes a magnetic "bit" into the moving track of the hard disk [26]. Right:
Electric polarization P and magnetization M can assume four non-collinear states in a
multiferroic crystal [25].

versa opens the door to possible technological applications that could be de-
veloped based on it. Electronic devices where the magnetization is controlled
by an electric field are an example. Thanks to this coupling, it is possible to
write magnetic bits in this class of materials by means of more energy efficient
electric fields. Since electric current is no longer needed, energy losses pro-
duced by the heat coming from the Joule effect are avoided, and overheating of
the system as well. For instance, nowadays, reading and writing systems and
computers are based on Magnetic Random Access Memory (MRAM) devices,
but MagnetoElectric Random Access Memory (MERAM) devices are being de-
veloped with the hope that one day they could replace them (Fig. 1.3). Multi-
ferroic magnetoelectric materials also raise great interest in the aim of develop-
ing memory elements with more than the two states used by Boolean algebra. A
four-state logic [Fig. 1.3(a-d)] would permit an exponential increase in comput-
ing capacity [25]. Coupled multiferroics with spiral or conical magnetic orders,
where electric fields can interact with the spin chirality of the magnetic phase,
arise as possible candidates. Unfortunately, the low temperatures at which such
properties show up (tipically below 100 K) critically restrict the potential uses
of these materials for spintronics and low-power ME devices.
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1.1.4 Combining magnetism and ferroelectricity: types of
magnetoelectric multiferroics

In 2009, D. Khomskii [27] proposed a classification of multiferroic materials in
two two categories (type I and type II) according to the microscopic origin of
ferroelectricity and its interplay with magnetic order.

Type I

This type of multiferroics were the first MMMs to be discovered, and they
are the most numerous. As their ferroelectricity and magnetism have differ-
ent sources, such properties display low coupling and appear rather independ-
ently. Usually ferroelectricity arises at higher temperatures than magnetic order
does, making them bad candidates for technological applications. In their fa-
vour, they are multiferroics at relatively high tempeatures (BiFeO3 multiferroic
at RT), and display rather large electric polarization values (10-100 μC/cm2).
Whereas the microscopic origin of magnetism is essentially the same in these
materials (exchange interactions between the localized moments lead to mag-
netic order), the situation with ferroelectrics is quite different. The following
classification can be made according to the different ferroelectricity-driving mi-
croscopic mechanisms:

• Perovskite-like structures: One of the best-known ferroelectrics are the
ABO3 perovskites, like BaTiO3 or Pb(ZrTi)O3, which are interesting materials
where different mechanisms can be used to induce ferroelectricity. One possible
way is ’mixing’ d0 and dn ions in the B position, which can result in ferroelec-
tricity and magnetic order from different origins. Unfortunately, the coupling
of magnetic and ferroelectric subsystems in mixed perovskites is rather weak.

• Charge ordering: Another mechanism can be charge ordering, often ob-
served in transition metal oxides, especially those containing TM ions with
different valence. If, after charge ordering, both sites and bonds turn out to
be inequivalent, this can lead to ferroelectricity. Another similar possibility is
when the bonds are inequivalent because of the structure of the material, the
site-centered charge order appearing on top of that. Perovskite manganites,
magnetite and frustrated LuFe2O4 are examples of this mechanism.

• Ferroelectricity due to lone pairs: Stereochemical activity of A-site lone
pair atoms (which have outer free electrons), gives rise to ferroelectricity and
magnetism arises from B-site cations. Apparently this is what happens in many
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Bi3+- and Pb2+-containing ferroelectrics and multiferroics, such as BiFeO3 and
probably PbVO3. These cations can also helps to improve the ferroelectric prop-
erties, like in Pb(ZrxTi1−x)O3.

• Geometrically driven: The geometry of the system itself may also cause
ferroelectricity, as it is the case of YMnO3, where the rotation of the rigid MnO5

polyhedra to provide closer packing results in shifts of oxygen ions towards Y,
resulting in electrical polarization.

Type II

This group is composed by materials in which ferroelectricity exists only in a
magnetically ordered state, and is induced by a particular type of magnetism.
Although the electric polarization is usually lower than in Type I multiferro-
ics, they show a very strong coupling between the magnetism and the ferro-
electricity. Discovered in the last decade, materials in this group are a novel
class of multiferroics causing a renewed interest in this field. However, one of
the main drawbacks on Type II MMMs is that in almost all such materials the
magnetic orders associated to the magnetoelectric phase arise at relatively low
temperatures and in narrow stability ranges. At least three subclasses can be
distinguished depending on the origin of the electric polarization:

• Non-collinear multiferroics: Most type II materials materials belong to
this group. In this class of multiferroics, the ferroelectricity appears associated
to the cycloidal component of a spiral-like non-collinear magnetic structure. In
this case, the ferroelectricity is ruled by the following expression [21, 28–31]:

P ∼ rij × (Si × Sj) (1.4)

where rij is the translation vector between two neighboring spins, Si and Sj .
This expression tells us that the polarization is always perpendicular to the
spin-chirality vector (Q = Si × Sj). In simple cases it can be translated to
P ∼ k × (Si × Sj), where k is the propagation vector of the magnetic struc-
ture. In such cases, only magnetic structures with a cycloidal component (k ⊥
Si × Sj) would produce an electric polarization. Fig. 1.4(a-d) shows differ-
ent examples of non-collinear spiral and conical magnetic structures. Although
the mechanisms that drive the spin-induced electric polarization are still not
firmly established, the microscopic mechanism of this polarization is connected
with the spin-orbit interaction. Two main theories could explain it: the inverse
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Dzyaloshinskii-Moriya (DM) interaction model [30] or the spin-current model
(Katsura–Nagaosa–Balatsky model) [21, 31]. Nevertheless, magnetic frustra-
tion plays a fundamental role since it is what enforces the complex magnetic
structures. Because of its relevance for this thesis, these concepts will be further
explained in the following sections.

FIGURE 1.4: Schematic illustration of different types of spiral magnetic structures on a
one-dimensional array of magnetic moments: (a) helical (or screw) type structure, (b)
cycloidal structure, (c) longitudinal-conical and (d) transverse-conical magnetic orders.
According to the spin current model or inverse DM model [21, 30] only spiral structures
with a cycloidal component may give raise to polarization. Figure adapted from Ref.
[32].

• Exchange striction multiferroics: The second group of magnetically
driven ferroelectrics are those in which ferroelectricity appears in collinear mag-
netic structures (i.e., with all magnetic moments aligned along a particular axis)
without the necessary involvement of the spin-orbit interaction. In ferroelectric
systems with collinear magnetic order, such as Ca3CoMnO6 [33], the exchange
striction is usually the cause of the electric polarization because the magnetic
coupling varies with the atomic positions. In the mentioned example, the po-
lar phase emerges coupled to the magnetic transition into a magnetic struc-
ture of the type ↑↑↓↓. The different exchange striction between ferro and anti-
ferro bonds (↑↑ and ↑↓) is different, giving raise to a ferroelectric distortion. In
RMnO3 manganites (where R is a small rare earth) the Mn magnetic order in
the basal plane is of the type ↑↑↓↓. In this scenario the exchange striction causes
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transverse displacements of oxygen atoms that cause the polarization to show
up [34].

• Other spin electronic mechanisms: Another mechanism that can gener-
ate ferroelectricity is the ’electronic’ ferroelectricity, observed in some frustrated
magnets by L.N. Bulaevskii et al. in Ref. [35]. The polarization of a regular
triangle with S1, S2 and S3 spins located its vertices is nonzero if the spin cor-
relation function S1(S2 + S3)− 2S2S3 is nonzero.

1.2 Fundamental physics concepts on the mag-

netism of TM oxides

One important property that can be found in transition metal oxides is the
magnetic order. This section provides a brief introduction on some relevant
concepts necessary to understand the complex phenomenology behind the dif-
ferent materials that will be investigated along this manuscript.

1.2.1 Magnetic Order

Origin of the magnetic order

Magnetism is a direct consequence of the quantum nature of materials, based
on the spins and Pauli’s exclusion principle are on its basis. The magnetic
ordered state is the eigenvector of the following Hamiltonian:

H = HC +HS−O +HCF (1.5)

where HC takes into account the Coulomb repulsion between non-coupled elec-
trons, HSO refers to the spin-orbit interaction (proportional to L̂ · Ŝ) and HCF

is the crystal-field contribution derived from the Coulomb interaction between
the electronic charge distribution ρ0(r) of an ion and the crystal field (surround-
ing charges) when it is embedded in a crystalline solid.

The total Hamiltonian can be simplified, within the Heisenberg model, as a
function of the spins as

H = −
∑
ij

JijSi · Sj (1.6)

where Jij is the exchange constant between the two spins Si and Sj (explicitly
located at the atom positions). Its sign and value measures the strength of the
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exchange interactions: Jij > 0 tends to align the two spins parallel (ferromag-
netic interaction) and Jij < 0 tends to align them antiparallel (antiferromagnetic
interaction). Below a certain temperature, those magnetic interactions can even-
tually "freeze" the spins so that the materials become magnetically ordered.
One necessary condition for magnetic order is that in the crystal lattice there
should be atoms with unpaired electrons (as 3d, 4f elements). However, if the
temperature is high enough, the order is destroyed by thermal fluctuations giv-
ing raise to a disordered paramagnetic state. In this paramagnetic state, the re-
sponse of the randomly fluctuating magnetic moments to an external field, i.e.,
its magnetic susceptibility χ, usually follows the Curie-Weiss law:

χ =
C

T −Θp

(1.7)

where C is the Curie constant and Θp is the paramgnetic temperature above
which the material becomes paramagnetic. The latter is directly related to the
exchange interactions.

Types of magnetic order

Below we provide an oversimplified picture of the main types of magnetic
structures and characteristics that might arise in a magnetically ordered crys-
talline solid. A schematic representation of these types of magnetic order (fer-
romagnetism, ferrimagnetism and antiferromagnetism) and its magnetization/
susceptibility as a function of the temperature is shown in Fig. 1.5:

FIGURE 1.5: Schematic plots of the typical behaviour as a function of the temperature
of magnetization, M , and the inverse of magnetic susceptibility, chi−1, in the different
types of magnetic order: (a) ferromagnetism, (b) ferrimagnetism and (c) antiferromag-
netism.
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(a) Ferromagnetism: The exchange interaction between neighbor spins is
positive (Jij > 0). Hence, magnetic moments are ordered displaying a
parallel arrangement below the paramagnetic temperature, Θp. As a con-
sequence, in the ordered state there is spontaneous magnetization, even
in absence of any external magnetic field. Following the Curie-Weiss law
the inverse magnetic susceptibiity tends to infinity ideally at the Curie
temperature, Θp ≈ TC according to Eq. (1.7), where the spontaneous po-
larization emerges.

(b) Ferrimagnetism: the exchange interaction is negative (Jij > 0), leading
to antiparallel alignment of the moments below TC. However, neighbor-
ing atoms do not have equal spin, and hence they do not compensate. In
ferrimagnetism, the antiparallel non-nonequivalent moments can be de-
scribed as two different ferromagnetic sublattices that interpenetrate each
other in an antiparallel way, the different magnetic moments not cancel-
ling each other, resulting in non-zero net magnetization. In these materi-
als the inverse susceptibility tends to infinity at the curie temperature as
well, but the paramagnetic temperature Θp does not coincide with TC.

(c) Antiferromagnetism: If the sublattices in a ferrimagnet have equal mo-
ments, the material is an antiferromagnet. Thus, the total magnetization
cancels out and no spontaneous magnetization arises in the material when
it becomes ordered below the Néel temperature, TN. The magnetic sus-
ceptibility displays a maximum at TN �= Θp.

Besides the three basic types of magnetic orders above introduced, which
can be considered as simple structures, there are many others such as canted
ones, amplitude modulated structures (sinusoid, fan-type structures, ...), circu-
lar helixes (or screw-type), elliptical spirals, cycloidal structures, conical, and
so on. Some examples are shown in Fig. 1.4. Along this dissertation it will be
important to distinguish between helical and cycloidal types of spiral magnetic
structures. The difference between them lies in the relation between the rotation
plane of the spins and the direction of the propagation of the vector k. Whereas
in helical structures k is perpendicular to the rotation plane, in a cycloidal struc-
ture they are parallel. Because these exotic modulated structures usually do not
show any spontaneous net magnetization, and due to the typically antiferro-
magnetic behaviour of their susceptibility temperature dependence, most of
those exotic structures are often considered as antiferromagnets.
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Description of magnetic structures: the magnetic propagation vector

As described in this section, referring to the type of magnetic order is often
not sufficient to provide its complete and detailed description. In general, the
magnetic structure can be defined as a periodic function where the orientation
of the magnetic atom j in the unit cell l can be expanded in a Fourier series as
the following sum:

mlj =
∑
k

Skje
−2πik·Rl (1.8)

where Skj stands for the Fourier components of the distribution associated to
the propagation vector k.

As in conventional crystallography, magnetic structures are characterized
by two features: the periodicity of the structure and the motif. When dealing
with magnetic structures one must notice that even if they are periodic, these
structure do not necessarily need to have the same periodicity as their associ-
ated crystal structures. In the three main cases, ferromagnetic, antiferromag-
netic or ferrimagnetic, the periodicity of the magnetic structure is equal or an
integer multiple of the crystal structure. However, this is not always the case,
and for this reason a better approach to describe the periodicity of magnetic
structures is the propagation vector formalism, k. This vector, defined in the
reciprocal space, is a mathematical object which describes the relation between
the orientation of the equivalent atoms in different nuclear cells. For instance,
let’s consider the case of a nuclear cell with a single magnetic atom within it.
From (1.8) it follows that for k = (0, 0, 0) the magnetic moments of atoms in con-
tiguous nuclear cells are parallel. This is the case of a ferromagnetic structure
where all of the moments are parallel, and the magnetic cell coincides with the
nuclear one. Let us assume now that the situation is such that along a the mo-
ments are antiparallel. In this case, the magnetic unint cell would be doubled
along the a axis with respect to the nuclear, i.e. amag = 2anuc, with a correspond-
ing k = (1

2
, 0, 0) propagation vector. In other words, k = (ka, kb, kc) represent the

wave vector that defines the phase difference between the moments of a mag-
netic modulation. When (ka, kb, kc) are rational numbers, then the structure is
called commensurate, and if not, it is called incommensurate.

1.2.2 The Dzyaloshinskii-Moriya interaction

After the discovery of the giant ME response in TbMnO3 by Kimura et al. [10],
the spin-driven ferroelectricity has become a central issue of the research field
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of correlated electron systems. Common to all the spin-driven ferroelectricity
is the breaking of space inversion by magnetic order. From the microscopic of
view, several types of origins were theoretically proposed and intensive exper-
imental studies have confirmed that these mechanisms really induce the elec-
tric polarization. In 1958, I.E. Dzyaloshinskii proposed a thermodynamic the-
ory to explain the weak ferromagnetism observed in Cr2O3 [28]. This was the
first time to postulate an asymmetrical exchange interaction which was sub-
sequently elaborated as a consequence of the spin-orbit coupling by T. Moriya
using quantum theory in 1960 [29]. It was later coined as the Dzyaloshinskii-
Moriya (DM) interaction, as it is known today. The microscopic origin of this
interaction is the relativistic correction to the exchanges in the presence of the
spin-orbit (SO) coupling. The DM interaction plays a crucial role not only in the
physics of multiferroics (mainly the so-called type-II multiferroics), but also in
many subfields of magnetism.

FIGURE 1.6: Electric polarization as induced by the displacement of the oxygen atoms
due to the DM interaction. The direction of the DM vector Dij is perpendicular to the
plane.

The DM interaction is an antisymmetric, anisotropic exchange coupling
between two spins on lattice bonds ij with no inversion center. For spins Si

and Sj , a new term in the Hamiltonian is then given by

HDM = Dij · (Si × Sj) (1.9)

where the Dzyaloshinskii-Moriya vector, Dij , is is finite when the crystal field
does not have inversion symmetry with respect to the center between Si and
Sj (see Fig. 1.6). The effect of the DM interaction is often to provide a small



Chapter 1. Introduction and motivation 17

canting of the moments in an antiferromagnetic structure, resulting in a non-
collinear order that produces weak ferromagnetism. Generally, in DM weak
ferromagnets the non-collinear order is not at the origin, but a consequence of
the of the structural distortion. An example are R2CuO4 rare earth cuprates [36,
37]. The induced weak ferromagnetism (WFM) has important implications for
multiferroic properties and its applications.

Role of the DM interaction in spin-driven ferroelectricity

The relationship between the DM interaction and the onset of ferroelectricity in
systems which show non-collinear spin order such as TbMnO3 was proposed
by I. Sergienko et al. [30]. Various types of spin order can have a potential to
break the inversion symmetry and produce a spontaneous polarization. This
has been valid for both collinear and non-collinear forms of magnetic order,
when they are arranged in some specific lattice geometry. Some types of non-
collinear cases are illustrated in Fig. 1.4. When the spins on the adjacent atomic
sites are mutually canted, as Fig. 1.6, the horizontal mirror-plane symmetry
is lost, resulting in the possible generation of a polarization along the vertical
direction [20, 21, 30, 38]. Recently, it has also been shown theoretically [21]
that the overlap of the electron wave function between the two atomic sites
with canted spins generates a genuine electric polarization via the spin-orbit
interaction.

When the spins form a transverse-spiral (cycloidal) modulation along a spe-
cific crystallographic direction [as the one shown in Fig. 1.4(b)], every nearest-
neighbor spin pair produces a unidirectional local polarization as schematized
in Fig. 1.6. A macroscopic polarization then can be generated, whose direction
can be expressed as follows:

P = A0

∑
i,j

rij × (Si × Sj) (1.10)

where A0 is a constant and rij is the displacement vector connecting neighbour-
ing Si and Sj spins. The sign of P depends on a the chirality (clock-wise or
counter-clock-wise) of the spins propagating along the spiral axis. In this class
of spiral-spin multiferroics governed by the DM mechanism, the spontaneous
polarization can be easily controlled by an external magnetic field along a spe-
cific direction [10, 39].
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1.2.3 Magnetic frustration

Another important concept in the field of strongly correlated materials, from
which many of the exotic magnetic and magnetoelectric phenomena arise in
many TM metal oxides, is the ’magnetic frustration’. In frustrated materials, the
magnetic interactions can not be satisfied simultaneously. In other words, the
competing interactions in the Hamiltonian contribute in such a way that the
energy can not be minimized in a single ground state and becomes degenerated.
The geometry of the crystal and the different competing interactions between
different Si and Sj couples can lead to complex magnetic structures.

FIGURE 1.7: Scheme of the possible configurations for spins in a triangle. Whereas a
FM coupling is compatible with the triangular lattice (a), in the case of AFM coupling
magnetic frustration emerges from the geometry of the spin lattice, giving raise to dif-
ferent states. Figure adapted from Ref. [40].

To illustrate the latter case, Fig. 1.7 sows a scheme of the possible configur-
ations for spins in a triangular lattice, where the origin of magnetic frustration
is in the topology. If the interactions between nearest neighbors are ferromag-
netic, they can all be satisfied simultaneously [Fig. 1.7(a)] and the ground state
is unique. However, if the interactions between the nearest neighbors is anti-
ferromagnetic, as in Fig. 1.7(b), the system does not have a unique spin config-
uration that minimizes the energy. In consequence, the ground state becomes
degenerated and several spin structures may arise in the system.
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1.3 YBCFO, a new high-Tc multiferroic with chiral

spin order

The search of magnetoelectric multiferroic (MF) materials, where magnetic or-
der combines with ferroelectricity (FE) and both are coupled to each other is
an issue of keen interest in condensed matter physics and in spin-related emer-
ging communication technologies. In many of these materials, the spontaneous
appearance of electric polarization P is linked to the onset of incommensur-
ate (ICM) magnetic order, where the spin-orbit coupling induces ferroelectric
polarization in a noncollinear phase through the Dzyaloshinskii-Moriya (DM)
interaction [15, 41, 42]. However, the magnetic frustration mechanisms giving
raise to such noncollinear phases is produce low magnetic ordering temperat-
ures (typically <100 K), critically restricting their potential uses for spintronics
and low-power magnetoelectric devices. To very recently, the celebrated spiral
magnetic orders in CuO and YBaCuFeO5 were the only known examples of
switchable, magnetism-driven ferroelectricity at zero field and temperatures
above 200 K [19, 43–47]. In the former, the low monoclinic symmetry pro-
motes frustrated magnetic interactions leading to a spiral magnetic multiferroic
phase, stable only in the reduced range of 213 to 230 K [42]. Instead, the layered
double perovskite YBaCuFeO5 (YBCFO) with a structure AA’BB’O5 is an excep-
tion to this phenomenon, since it displays magnetism-driven ferroelectricity at
unexpectedly high temperatures (T<TS ≈ 230 K) associated to its characteristic
magnetic spiral state [19]. The reported electrical polarization (P ) values in the
spiral phase are fairly large and reach 0.4 μC/cm2 in polycrystalline samples
[19, 46]. In addition YBCFO exhibits an extraordinary tunability of its spiral
ordering temperature (TS=TN2), which can be increased far beyond room tem-
perature (RT) by different routes including the manipulation of Cu/Fe chemical
disorder in the bipyramids and substitutional doping at the AA’ and BB’ sites
[47–49].

YBaCuFeO5 was first synthesized in 1988 [43], shortly after the discovery
of high-temperature superconductivity in YBa2Cu3O6+x [50], recieving modest
attention from then on due to the difficulties in obtaining samples in single-
crystal or thin film forms. However, in the recent years renewed interest on this
material resurged in view of its unique physical properties, which are nowadays
subject of intense debate and study in the field of condensed matter physics and
magnetic materials [46–49, 51].



20 Chapter 1. Introduction and motivation

1.3.1 Magnetic phase transitions in YBCFO

Although the existence in YBCFO of two successive commensurate (CM) and
incommensurate (ICM) magnetic phases upon cooling was known since 1995
[44], studies on the nature of such magnetic orders, specially the ICM one, were
lacking until very recently. The first detailed neutron diffraction study on this
material was published in 2015 by M. Morin et al. [46] with the aim of under-
standing the origin of the ICM magnetic order and the consequent multiferro-
ism, reported by Kundys et al. [19].

Fig. 1.8(a) shows the temperature dependent neutron powder diffraction
(NPD) patterns of YBCFO around the main magnetic reflections (1/2 1/2 1/2)
and (1/2 1/2 3/2) from Ref. [46], as collected on the DMC diffractometer at the
Swiss Neutron Source SINQ of the Paul Scherrer Institute (Villigen, Switzer-
land) with λ=2.45 Å. Upon cooling from 500 K two phase transitions are clearly
observable. The commensurate (CM) antiferromagnetic phase [AF1, with a
propagation vector k1 = (1/2, 1/2, 1/2)] with onset temperature TN1 ≈ 430 K
precedes an incommensurate (ICM) spiral (cycloidal) order [AF2, with propaga-
tion vector k2 = (1/2, 1/2, 1/2±q)] at TN2 (TN2 = TS ≈ 200 K) that persists down
to the base temperature.

FIGURE 1.8: Magnetic transitions in YBCFO. Contour plot showing the temperature
dependence of the NPD patterns for YBaCuFeO5 measured on DMC diffractomrter
(λ=2.45 Å). The patterns at 1.5 and 300 K are shown separately. Figure from Ref. [46].
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Upon cooling below TN2, the ICM modulation parameter q along the c axis
appears and increases continuously with decreasing temperature until nearly
saturating at base temperature, as shown in Fig. 1.9. As we can see, the onset
of the ICM magnetic order coincides with a sharp anomaly in the –also shown–
magnetic susceptibility and with the appearance of a net electric polarization
P , indicating a direct relation between the two phenomena. In Ref. [46] the
authors reported a P value of about ∼0.64 μC/cm2, close to the value found by
Kundys [19] (∼0.4 μC/cm2) and about ten times larger than the one reported
by Kawamura [52] (∼0.04 μC/cm2).

FIGURE 1.9: Red dots: DC magnetic susceptibility of YBCFO measured at 1 T by heat-
ing after cooling in zero field. Black open squares: incommensurate modulation vector
q (reciprocal lattice units). Blue dotted and continuous lines: normalized electric polar-
ization measured by applying an electric field of ±300 V. In order to use the same axis
as q, the polarization values are normalized to their saturation value (∼0.64 μC/cm2)
and further divided by a constant value of ∼10.2 [46].

Magnetic structures

The CM (k1) and ICM (k2) magnetic structures in YBCFO were described for
the first time in detail by M. Morin, A. Scaramucci et al. in Ref. [46]. From
the representation analysis they found the possible magnetic moment arrange-
ments compatible with the P4mm symmetry and the k1 and k2 propagation
vectors. If only one irreducible representation (irrep) becomes active below
each of the magnetic transitions, the direction of the moments is restricted to
either the ab plane or along the c axis. Instead, they found that at all tem-
peratures the best fits to the NPD data corresponded to inclined arrangements
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needing the combination of the 2 irreps. The best agreement found for the CM
phase (TN2<T<TN1) corresponds to the collinear magnetic structure displayed
in Fig. 1.10(a-1). Spins in the ab plane are antiferromagnetically (AFM) coupled,
whereas the alignment along c alternates: it is AFM across the O-free Y planes
and ferromagnetic (FM) inside of the bipyramidal blocks. The orientation of the
spins in the ab plane, perpendicular to the fourfold axis, cannot be determined
from NPD, and the component of the moments along c is found to be nonzero.
So the, model consists of spins tilted in the ac plane forming an angle θ respect
to the c axis.

For the ICM phase (T<TN2), M. Morin, A. Scaramucci et al. propose an in-
clined circular spiral configuration model in which the AFM collinear coupling
within the unit cell is preserved but collinearity between FM coupled spins in-
side the bipyramids gets lost, leading to the formation of the chiral structure
shown in Fig. 1.8(a-2), where the rotation of the moments propagates along the
c direction. The incommensurability parameter q derived from the kz = 1/2± q

satellites is directly related to the rotation angle of the moments in the bipyr-
amids (ϕ) as ϕ = 2πq. This model implies that the FM coupling in bipyramids
are more sensitive to the external thermal changes as compared with the AFM

FIGURE 1.10: (a) Magnetic structures in the commensurate collinear (a-1) and incom-
mensurate spiral phases (a-2). The rotation plane of the spiral is indicated for clarity,
and the nearest-neighbour magnetic couplings along the c axis are also shown. (b)
Illustration of the YBaCuFeO5 crystal structure showing the nearest-neighbor (NN) an-
tiferromagnetic (AFM) and ferromagnetic (FM) couplings, along the c axis (Jc1 and Jc2 ,
respectively), and the average NN AFM coupling in the ab plane (Jab). Figures adapted
from Refs. [47] and [48].
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coupling across the Y layers. As in the case of the k1 collinear phase, the results
in Ref. [46] indicate that the plane of the helix forms an angle θ respect to the c
axis.
It is noteworthy, however, that using models based on variable-moment sinus-
oids and constant-moment helices, both with spins inclined with respect to the
direction of the ICM modulation vector, equally good fits of the neutron powder
diffraction data can be obtained. In view of the observation of electrical polariz-
ation, authors adopt the spiral solution, but direct proof of the existence of such
modulated spiral order is still lacking. This further highlights the importance
of disposing of YBCFO samples in single crystal form. The limitations of NPD
will be further addressed in Chapter 4, and Chapters 6 and 7 will attempt to
overcome those limitations by the fabrication and study of single crystals with
the aim of unambiguously determining the nature of the CM and ICM phases
in YBCFO.

1.3.2 Crystal structure and the relevance of B-site disorder
in YBCFO

In the structure of the YBaCuFeO5 (YBCFO) double perovskite A3+/A’2+ lay-
ers alternate along the c-axis (A3+=Y3+ or R3+ [rare earth] and A’2+=Ba2+). The
layered ordering of Y3+ and Ba2+ is caused by their very different ionic radii
[53]. B/B’-sites accomodate the metals forming CuFeO9 bilayers of corner-
sharing Cu2+O5 and Fe3+O5 square pyramids that extend parallel to the ab

plane. Y3+ (or R3+) layers accommodate the oxygen vacancies which separate
the CuFeO9 bilayers, and the Ba2+ ions are located within the bilayer spacing.

From Density-Functional Theory (DFT) calculations, Morin et al. [46] sug-
gested that the small difference of the Fe3+ and Cu2+ ionic radii (0.58 Å for Fe3+

and 0.65 Å for Cu2+, both in V coordination [53]), which lead in consequence
to slightly different Fe-O and Cu-O apical distances, favour the scenario of ran-
domly oriented Cu-Fe dimers in order to minimize microstrains along c, rather
than distributions with coexisting Cu-Cu (long), Fe-Fe (short), and Cu-Fe (in-
termediate) bonds. In a the structural study detailed in the same reference,
Morin et al. reported for the first the experimental observation of a particular
kind of Cu/Fe chemical disorder characterized by the existence of such Cu-Fe
bipyramidal dimers, demonstrating that rather than a fully disordered config-
uration (described by the tetragonal centrosymmetric P4/mmm space group),
the structure is better described by a non-centrosymmetric P4mm symmetry
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FIGURE 1.11: (a) Models for the crystal structure of YBaCuFeO5. Left: fully dis-
ordered centrosymmetric (P4/mmm) model with Fe/Cu sites split. Right: Non-
centrosymmetric (P4mm) model with partial Fe/Cu order. (b) Influence of the prepar-
ation method (cooling rate) on the B-site occupation (Fe/Cu disorder) in the pyramids
(b-1) and stability range of the collinear and spiral phases (b-2), figure adapted from
Ref. [47].

where Fe and Cu bonds prefer to adopt partially ordered arrangements. In
consequence, the mirror plane containing the Y3+ ions is lost and there are
two non-equivalent sites for B-atoms. In a formal ordered sample, Cu atoms
are located at (1/2, 1/2, z ≈ 3/4) while Fe atoms are placed at (1/2, 1/2, z ≈ 1/4)

position. The schematic representation of the centrosymmetric P4/mmm (full
Fe/Cu disorder) and non-centrosymmetric P4mm (partial Fe/Cu order) mod-
els are depicted in Fig. 1.11(a).

Later on, Morin et al. also demonstrated that in contrast to Y3+ and Ba2+

ions, due to the smaller difference of the Fe3+ and Cu2+ ionic radii, B-site or-
dering (Cu2+/Fe3+) is strongly dependent on the preparation method and can
be easily tuned by applying controlled cooling rates at the final stage of the
annealing process [47]. As shown in Fig. 1.11(b) (from Ref. [47]), higher cool-
ing rates result in higher Fe/Cu chemical disorder (parametrized by the partial
Fe/Cu occupations in upper and lower pyramids in respect to a unit cell). In
addition, Morin et al. fond that Fe/Cu cation disorder has a strong impact on
the stability of the spiral phase (TN2=TS), which can be increased by more than
150 K (far beyond RT [47, 48]) by manipulating the chemical disorder in the
bipyramids, as evidenced in Fig. 1.11(c). The observation Cu/Fe disorder and
its correlation between with the high stability and tunability of the spiral order-
ing temperature in YBCFO was key for the theorization of the "spiral order by
disorder" mechanism by Scaramucci and co-workers.
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1.3.3 Magnetic interactions and the spiral order by disorder
mechanism in YBCFO

The exceptional stability of the spiral magnetic order in this layered structure
requires a non-conventional mechanism. Though the reference compound
YBCFO is not a geometrically frustrated magnet, magnetic frustration gets
present in absence of perfect B-site cation order when samples are prepared
with partial Fe/Cu order in the structure (chemical disorder of the magnetic
cations at the B-site). The CM phase of YBCFO exhibits three types of average
magnetic couplings [46]. As illustrated in Fig. 1.10(b), between pyramids in
the ab plane there is strong antiferromagnetic (AFM) interaction (Jab) for any
combination of neighboring atoms (Fe-Fe, Cu-Cu, Fe-Cu). Along the c axis in-
stead, there are two different magnetic couplings. There is a weak AFM in-
teraction (Jc1) between successive bilayers across the Y-sublattice and a weak

FIGURE 1.12: (a) Scheme of the correlated Cu-Fe chemical disorder in YBaCuFeO5,
characterized by the presence of randomly disordered Cu-Fe FM "dimers". The pres-
ence of strongly AFM Fe-Fe bonds is the source of magnetic frustration in the system,
inducing the loss of collinearity in nearby Fe-Cu pairs with weaker FM coupling. The
J values of the nearest-neighbor (NN) couplings along c and in the ab plane for the
different the Fe-Fe, Cu-Cu and Fe-Cu pairs shown are those of Scaramucci et al. [54].
(b) Representation of (a) in terms of magnetic bonds. The impact of a few strong, ran-
domly distributed AFM Fe-Fe "defects" is illustrated by the gray ellipses, which delimit
the regions where the Cu-Fe spins lose their collinearity. Thinner bonds represent weak
AFM or FM couplings, while thicker bonds indicate strong AFM couplings. The cross-
talking of these regions eventually gives rise to a spiral if the in-plane separation of the
Fe-Fe impurities is smaller than ξmin. Note that the same number of weakly interacting
Cu-Cu "defects" is necessary to preserve the material’s stoichiometry. Figure adapted
from Ref. [48].



26 Chapter 1. Introduction and motivation

ferromagnetic (FM) coupling (Jc2) within each bilayer across the apical oxygen
(Cu-O1-Fe). The latter is the most affected by cation disorder [47]. The mag-
nitude and character of the NN couplings (J values) for the Fe-Fe, Cu-Cu and
Fe-Cu pairs along c and in the ab plane from Scaramucci et al. [54] are depicted
in Fig. 1.10(a).

As mentioned, Morin et al. unveiled a huge impact of cation disorder on TS,
the magnetic modulation vector and the inclination of the spiral rotation plane
[47]. In an effort to justify the unexpectedly high stability of the spiral order in
this double perovskite, Scaramucci and co-workers theoretically addressed the
foreseeable effects of frustration due to B-site disorder (Fe/Cu) in this layered
structure. So, the theoretical model developed by Scaramucci et al. describes
the formation of high-TS spiral order in nonfrustrated lattices of classical XY
ferromagnets with only nearest-neighbor interactions when an enough fraction
of equally oriented ferromagnetic bonds are substituted by random impurity
bonds presenting sufficiently strong antiferromagnetic coupling (Jimp) [54, 55].
An antiferromagnetic impurity bond would correspond to a bipyramid com-
posed of Fe2O9 instead of FeCuO9 in YBCFO, and its presence induces local
frustration and spin canting around it. The sense of rotation of the local spin
canting can mirror Ising variables. Additionally, thanks to the identical orient-
ation of the impurity bonds (along to a single crystallographic direction, here
always parallel to the c-axis), the long range correlations between the local cant-
ings are favoured and can generate a magnetic-spiral order (a ’ferromagnetic’
Ising ground state of either clockwise or counterclockwise canting of the spins).
In other words, a continuous twist can be induced parallel to the direction of the
antiferromagnetic impurity bonds. The model by Scaramucci et al. also predicts
that (i) the continuous twist ground state is favoured in Bravais lattices in which
neighbouring impurities are closer in the plane than along the orientation of the
impurity bonds. Moreover, (ii) the transition temperature (TS) and spiral wave
vector (magnetic modulation) is (for low degree of disorder) proportional to the
density of antiferromagnetic impurity bonds. The proposed novel mechanism
thus entails "spiral order by disorder" and could also underlay very stable non-
collinear modulated orders in other very anisotropic structures (such as, e.g.,
some doped hexaferrites [56, 57], (Fe,Cr)2O3 [58], etc.).
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1.3.4 Designing magnetic spirals far beyond room temper-
ature

Upon cooling, several works reporting fairly large electric polarization asso-
ciated to the spiral phase in these perovskites [19, 46] have raised great ex-
pectation due to the possibility to stabilize the spiral order even above room
temperature. In view of this, new strategies are being investigated in order
to optimize and upgrade the magnetic and magnetoelectric properties in such
high-temperature spiral oxides and potential ferroelectrics. The following lines
are a brief review of the research done to the date in this direction following
different routes, as well as their main benefits and drawbacks:

(i) B-site disorder modification: In agreement with the theoretical model
developed by Scaramucci and co-waarkers [54, 55], which predicts that both the
spiral ordering temperature TS and the magnetic modulation vector q should
increase linearly with the presence of randomly distributed frustrating Fe/Fe
bonds, in Ref. [47] it was verified that among different YBCFO samples pre-
pared with different cooling rates, the highest spiral ordering temperature was
achieved for a sample quenched in liquid nitrogen (i.e., that with the largest
Fe/Cu disorder) with TS ≈ 310 K (Fig. 1.13(a)-Left). This also suggests that the
spiral ordering temperature could be further raised by increasing the Fe/Cu
disorder. However, faster cooling rates are not easily achieved experimentally,
and a too large disorder could lead to clustering of the Fe-Fe defects within the
ab plane if they are too close.

(ii) A-site substitutional doping: In a recent work carried out by T. Shang
et al. [48], it was found that the limitations in the Fe/Cu disorder route can be
overcome by the application of chemical pressure. The Jc1 and Jc2 NN coup-
lings along the c axis, which are strongly correlated, respectively, with the sep-
aration between bipyramidal layers (ds) and the thickness of the bipyramids
(dt) [see Fig. 1.10(b)], can be modified by isovalent AA’-cation substitutions.
Specifically, T. Shang et al. found that the replacement of Y3+ by rare-earths
(RE3+) with increasingly higher cationic sizes induce a progressive increase of
the distance between the bipyramid layers and a decrease of the average bipyr-
amid thickness. The increase in the magnetic frustration, caused principally
by the effect in the Jc2 couplings, result in a increase of the stability range of
the spiral. The REBaCuFeO5 phase diagram in Fig. 1.13(a)-Middle shows an
increase in the spiral ordering temperature from ∼220 K (LuBaCuFeO5) up to
∼310 K (DyBaCuFeO5) [48].
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On the other hand, T. Shang et al. prepared a second series of compounds in
which Ba2+ was partially substituted by different amounts of smaller Sr2+. In
this case, a similar effect in the ds and dt interatomic distances was achieved.
The compression of the bilayers (dt distance) in YBa1−xSrxCuFeO5 further in-
creases the stability of the spiral by enhancing the AFM coupling inside the
bipyramids, reaching TS ≈ 375 K in YBa0.6Sr0.4CuFeO5 [48]. Fig. 1.13(a)-Right
shows the phase diagram of YBa1−xSrxCuFeO5 (with 0≤x≤0.5).
In the REBaCuFeO5 and YBa1−xSrxCuFeO5 series studied by T. Shang et al. in
Ref. [48], to add up the impact of both the lattice and the Cu/Fe disorder,

FIGURE 1.13: (a) Magnetic phase diagrams illustrating the evolution of the collinear
(TN1) and spiral (TS=TN2) onset temperatures using different routes for tuning the
spiral phase: (Left) Modification of the B-site disorder in YBaCuFeO5 samples pre-
pared with different cooling rates (experimental points from from [47]); (Middle) Re-
placement of Y3+ by a rare-earth cation (RE3+); and (Right) replacement of Ba2+ by
Sr2+. (b) Evolution in each series of the separation between bipyramids (ds) and the
thickness of the bipyramids (dt). Figure adapted from Ref. [48].



Chapter 1. Introduction and motivation 29

the last parameter was maximized by quenching the samples in liquid nitro-
gen after the last annealing. Although the inclination of the spins in samples
with the highest TS in the two series correspond to a nearly perfect cycloid, in-
dicating that the samples with the highest spiral ordering temperature (which
exceeds 300 K) have also the potential of displaying the largest saturation po-
larization, the main drawback in such Y(Ba,Sr)CuFeO5 samples is that the poly-
crystalline samples were too leaky to sustain electric polarization at room tem-
perature (RT).

(iii) B-site substitutional doping: Another route that has been much less
explored than the modification of chemical disorder and A-site doping above
described is the substitutional doping of Fe or Cu in the B-sites by different iso-
valent 3d Transition Metals (TM). Due to the different characters of their elec-
tronic structures, TM ions exhibit different spin states. In the case of metals
with non-zero magnetic moment, those substitutions can have an impact over
the competing superexchange terms in the system, whose character is determ-
ined by the Goodenough-Kanamori rules. Furthermore, the fact that in some
cases TM are prone to induce lattice distortions in the presence of –in this case
pyramidal– crystal fields caused by the surrounding oxygen anions entails ad-
ditional complexity.
To the date there is only one publication where X. Zhang et al. explored this
route by the chemical substitution of Fe3+ by Mn3+ ions in the FeO5 pyramids
[49]. In this work, a systematic investigation of the YBaCuFe1−xMnxO5 series
showed that Mn produce a progressive reorientation of the rotation plane of
the magnetic spiral from nearly perpendicular to alomst parallel to the c axis,
transforming a helical-type spin order into a cycloidal one, which may critic-
ally determine the ferroelectric and magnetoelectric behavior in these systems.
Additionally, the increase of the spin-orbit coupling through the substitution of
highly symmetric Fe3+ ions (3d5, L=0, S=5/2) by less symmetric Mn3+ ions (3d4,
L=2, S=2) could favour the generation of spontaneous polarization according
to the antysimetric DM interaction. The main problem in this strategy is the
partial decrease of the stability range of the spiral phase due to the changes in
the magnetic exchange couplings parallel to the c axis. Upon Mn substitution,
a fraction of the Fe-Fe bonds with very strong AFM coupling, which are an es-
sential ingredient of the model developed by Scaramucci and co-workers, are
substituted by the much weaker Fe-Mn (or Mn-Mn) AFM coupling.
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1.4 ε-Fe2O3, a high-TC multiferroic with super-hard

ferrimagnetism

1.4.1 ε-Fe2O3 among Fe(III) oxides

Crystalline iron(III) oxides (Fe2O3) constitute a very interesting kind of materi-
als, as they can show up in a rich variety of crystal forms displaying rather large
and complex structures that can lead to different interesting physical properties.
Besides the amorphous Fe2O3, at ambient pressure the four polymorphs known
to the date are: α-Fe2O3 (hematite), β-Fe2O3, γ-Fe2O3 (maghemite) and ε-Fe2O3

(luogufengite). Their unit cells are illustrated schematically in Fig. 1.14(a).

α-Fe2O3 and γ-Fe2O3 have been well examined and are employed in vari-
ous applications. The latter, which is a representative soft magnet, is a ferrimag-
net with a spinel structure, and hematite, which shows weak ferromagnetism
due to the Dzyaloshinsky-Moriya mechanism, is the most naturally abundant
phase. On the contrary, ε-Fe2O3 is the most elusive and one of the less stud-
ied polymorphs. This is because its formation requires the mutually exclusive

FIGURE 1.14: (a) Schematic representations of the crystal structures of Fe2O3 poly-
morphs. (b) Size-dependent phase map of nanometric iron(III) oxide. Figure adapted
from Ref. [59].
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conditions of high temperatures and small sizes [60], as shown by the size-
dependent phase map in Fig. 1.14(b). In the last years, the interest in ε-Fe2O3,
which remained unexplored for a long time, has recently been revived thanks
to the possibility of synthesizing it in pure form [60, 61] and because of its ap-
pealing and unusual physical properties.

1.4.2 Crystal structure of ε-Fe2O3

Despite being known since 1934, ε-Fe2O3 has been much less studied than other
iron(III) oxides, such as the α and γ polymorphs. This is explained because, like
β-Fe2O3, ε-Fe2O3 is a rare Fe2O3 polymorph that exists only in the form of nano-
structures and whose natural abundance is low. Its structure is isomorphous to
GaFeO3 and AlFeO3, and stands out for its non-centrosymmetric orthorhombic
structure, belonging to the Pna21 space group. Its unit cell (with lattice para-
meters a=5.098 Å, b=8.785 Å and c=9.468 Å at room temperature), presents four
different Fe sites, three of them (Fe1, Fe2, Fe3) in octahedral coordination, and
one (Fe4) in tetrahedral oxygen environment [62], as shown in Fig. 1.15. All of
the FeOx cation polyhedra exhibit a certain degree of distortion.

FIGURE 1.15: Orthorhombic structure of ε-Fe2O3. The four independent Fe sites of the
cell are represented in different colors: distorted octahedral Fe1d and Fe2d in yellow
and green, respectively; regular octahedral Fe3r, pink; tetrahedral Fe4t, blue. Oxygen
atoms are shown in red.

1.4.3 Magnetic properties of ε-Fe2O3

ε-Fe2O3 presents unique magnetic properties among single metal oxides, prob-
ably related to the highly packed structural features specific to this polymorph,
which produces a rich temperature-dependent magnetic phase diagram:
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• 150 K<T<490 K: between TC = 500 K and TN2 = 150 K, ε-Fe2O3 exhib-
its a collinear ferrimagnetic structure due to the antiferromagnetic (AF)
coupling (parallel to the a-axis) between dissimilar magnetic sublattices
[63]. This phase is characterized by a huge coercivity, related to a marked
magnetocrystalline anisotropy.

• T<150 K: below 150 K, this oxide presents a broad low-temperature in-
commensurate magnetic transition starting at 150 K, characterized by a
large reduction of the coercivity, and of the remanent and the saturation
magnetization. The magnetic softening, accompanied by a decrease in
the dielectric constant, is associated to the onset of the commensurate-to-
incommensurate magnetic transition and the concomitant decrease in the
magnetocrystalline anisotropy [63].

The unexpectedly huge room temperature coercivity revealed by the magnetic
studies (HC ∼ 2 T) [61, 64] at the collinear ferrimagnetic phase, makes the
epsilon polymorph the transition metal oxide with the highest coercivity and
an appealing material for the next-generation high-density magnetic record-
ing media, high-frequency electromagnetic wave absorbers, or a building block
for exchange-coupled permanent magnets [65–67]. The giant coercive field
is also related to a marked magnetocrystalline anisotropy [68], a remarkable
non-linear magneto-optical effect in the range of millimeter waves [66, 69] and
coupled magnetoelectric features [69, 70].

Interestingly, a nonzero orbital angular momentum (mL ∼ 0.15 μB/Fe at RT
under 40 kOe) was detected by X-ray Magnetic Circular Dichroism (XMCD) in
the hard collinear ferrimagnetic phase (150 K<T<500 K), which is suppressed
by the magnetostructural changes concurrent with the ferrimagnetic-to-
incommensurate magnetic transition within the interval 85-150 K [71]. The non-
zero orbital momentum is thought to be at the origin of the hughe RT coercivity.

Furthermore, ε-Fe2O3 (in the form of thin films) was discovered to be one of
the few room temperature multiferroics with strong ferrimagnetism and ferro-
electricity [72], although with a very small coupling between the ferroic orders.
The ferroelectric switching mechanism is still not well understood [73, 74], and
the possible multiferroic properties in bulk form are still a subject of debate.
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1.5 Scope and objectives

The need of finding multiferroic materials for its application in electronic devices
at room temperature has given great interest to the study of some materials be-
longing to the family of iron oxides, which constitute an exceptional family
of materials that have been studied during many decades due to their funda-
mental interest and proved and promising applicability for new technologies
based on biochemical, magnetic and catalytic properties, but especially because
of their promising multiferroic properties. If we take a look at the very wide
variety of materials that conform the iron oxides family we will realize that,
although it is a very elusive property, a considerable number of them exhibit
magnetoelectric behaviours, even some of them at high temperature. For in-
stance, Kimura et al. [42] reported a room temperature ME effect originating
from helimagnetism in a so-called Z-type hexaferrite Sr3Co2Fe24O41. A series of
hexaferrite compounds which display large cells with complex magnetic coup-
lings between Fe atoms are also good candidates for high temperature mul-
tiferroic materials [16]. Another one is the Y-type hexaferrite Ba2Mg2Fe12O22,
or the delafossite-type CuFeO2, where the screw-type spiral order drives fer-
roelectric polarization. Further examples of magnetoelectric iron oxides are the
RT multiferroic frustrated and charge ordered LuFe2O4 films, the MF magnetite
Fe3O4, the RbFe(MoO4)2, GdFeO3, DyFeO3, and so on.

The reason why iron oxides have proved to be very good candidates for
high-temperature multiferroics is that in these materials the Fe-O-Fe exchange
interaction (J) is very strong, propiciating very stable long-range magnetic or-
ders able to remain activated under very high temperatures. Good examples
of this type of materials are the α-Fe2O3 (hematite), the γ-Fe2O3 (maghemite)
and the Fe3O4 (magnetite), with characteristic ordering temperatures of 950 K,
940 K and 853 K respectively [75]. As previously explained, one of the main
problems found in type II multiferoics (in which long-range magnetic orders
is a necessary condition for ferroelectricity), is their typically low-magnetic or-
dering temperatures. In such strongly correlated systems, magnetic frustration
and plays an undeniable role in some non-collinear magnetic order driven mul-
tiferroics, although it produces the destabilization of the magnetic structure,
causing the onset temperature of the multiferroic phase to be low. The strong
Fe-O-Fe exchange interactions could contribute to revert this effect by raising
the stability range of the magnetic order. In this sense, iron oxides offer a stim-
ulating playground in the search for high temperature multiferroics.
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The research carried out in this thesis revolves around two different fam-
ilies of oxides belonging to this promising source of high-Tc multiferroics. On
the one hand, we focused on the family of YBaFeCuO5 layered perovskites due
to its extraordinary magnetostructural and magnetoelectric properties recently
discovered. As we have seen, the role of the strong Fe-O-Fe superexchange in-
teractions in YBaCuFeO5 are an essential ingredient for the high stability of its
multiferroic spiral phase. On the other hand, we have also studied the differ-
ent types of magnetic orders and the magnetostructural properties of ε-Fe2O3,
which is thought to be a type I room temperature multiferroic and diaplays out-
standing properties at high temperatures. Accordingly, the results are organ-
ized in two main blocks, corresponding to ’Part II’ and ’Part III’ of this thesis.
Its objectives and content and are briefly described in the following lines.

Part II. Investigating the family of spin-induced YBaCuFeO5 multiferroics
with high-Tc chiral magnetism

This aims to contribute in the research on the YBaCuFeO5 system by addressing
relevant questions not only from a fundamental point of view, but also with a
perspective of finding new routes to enhance the magnetoelectric and ferroelec-
tric properties in this promising family of oxygen-defficient perovskites.

- Chapter 4 (Helimagnets by disorder: its role on the high-temperature magnetic
spiral in the YBCFO perovskite): this chapter aims to extend the previous investig-
ations on YBCFO regarding the impact of Fe/Cu cation disorder on the noncol-
linear spiral order. The stability range of this magnetic phase has been extended
to record temperatures by the B-site disorder route, and a detailed analysis of its
effect on the evolution of the structure was carried out by means of Synchrotron
X-ray Powder Diffraction (SXRPD) and by soft X-ray Absorption Spectroscopy
(XAS) measurements. On the other hand, the influence of disorder on the mag-
netic phase diagram and the characteristics of the magnetic phases were thor-
oughly studied using Neutron Powder Diffraction (NPD) extending the range
of previous studies.

- Chapter 5 (Enhancing the spiral stability in YBCFO by B-site divalent non-JT
substitutions): In the need for developing new strategies to enhance the mag-
netic and magnetoelectric properties of the YBCFO family of potential mul-
tiferroics, in this chapter we propose and a new route aiming to extend the
thermal stability of the spiral phase far beyond RT without the need of modi-
fying the B-site cation disorder. This new route, based on YBaCu1−xMxFeO5
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isovalent cation substitutions where Cu2+ is partially replaced by M2+ = Co2+

and non-magnetic Zn2+ ions at the divalent B-sites, was validated by an ex-
haustive structural and magnetic investigation carried out by means of bulk
magnetometry, SXRPD and NPD experiments. In the light of theoretical mod-
els we analyzed the interplay between lattice effects and magnetic frustration,
as well as its impact on the magnetic phase diagram and its potential benefits
on the magnetoelectric response. Finally, as nothing is known yet about the
effect of external pressure on the magnetic spiral order, we also present a first
angle-dispersive synchrotron XRD study up to 20 GPa to tentatively anticipate
the influence pressure on the spiral stability through its structural evolution.

- Chapter 6 (Influence of Fe/Cu disorder on the magnetic properties of YBCFO
single crystals): The fact that investigations on YBCFO single crystals are still
very scarce due to the difficulties in obtaining samples of suitable quality and
size for neutron diffraction studies motivated the growth of YBCFO single crys-
tals by a modified Traveling Solvent Floating Zone (TSFZ) method. In this
chapter growth of different single crystals is explained in detail. We also report
the characterization of their structural properties and a meticulous quantifica-
tion of the Fe/Cu chemical disorder by Synchrotron X-ray Powder Diffraction
(SXRPD) and Single Crystal Neutron Diffraction (SCND) experiments. Further-
more, the exceptionally low values of Fe/Cu disorder found in some YBCFO
crystals were correlated with the presence of unconventional magnetic proper-
ties, which were also characterized using neutron Laue and NPD techniques.

- Chapter 7 (Does a magnetic spiral exist in YBCFO? A single crystal invest-
igation): In previous publications, the existence of the spiral order is assumed
only from the observation of spontaneous polarization in some YBCFO per-
ovskites, as in this particular case NPD is unable to distinguish between a
non-collinear spiral order and a collinear variable-moment spin arrangement.
Aiming to respond such fundamental question, in this chapter we disclose the
results of Single Crystal Neutron Diffraction (SCND) and Spherical Neutron
Polarimetry (SNP) investigations carried out using unpolarized and polarized
neutron beams, respectively. In addition, within the scope of our single crys-
tal investigations, we also studied the the anisotropic magnetic response of the
spiral phase under the influence of external electric and magnetic fields: (i) the
possibility of chiral magnetic domain switching applying an electric field was
investigated in parallel by means of Spherical Neutron Polarimetry (SNP) and
synchrotron Resonant Magnetic X-ray Scattering (RMXS), (ii) the influence of
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magnetic fields was characterized by means of dc and ac susceptibility and by
SCND measurements under magnetic fields.

Part III. Magnetostructural properties of ε-Fe2O3, a high-TC multiferroic
with super-hard ferrimagnetism

In this part we present important contributions in the understanding of the dif-
ferent types of magnetic orders in the exotic ε-Fe2O3 polymorph in the form of
nanoparticles, as well as the underlying mechanisms of its outstanding mag-
netic properties. Investigation presented in this part was carried out in collab-
oration with M. Gich from the Nanoparticles and Nanocomposites Group at
ICMAB-CSIC.

- Chapter 8 (Complex magnetism investigated in the frustrated ε-Fe2O3 multi-
ferroic): This chapter reports a complex study in which we have combined mag-
netometry and NPD to unveil and characterize the existence of a high temper-
ature "soft" ferrimagnetic order preceding the "super-hard" ferrimagnetic phase
in ε-Fe2O3 nanoparticles. Additionally, we have investigated the low temperat-
ure incommensurate magnetic order by means of NPD, whose magnetic struc-
ture is under discussion. This investigation allowed us to rule out some of the
models proposed in the litarature, based on cycloidal or amplitude-modulated
spin orders [63, 76]. Instead, we propose an alternative collinear model with
inversion anti-phase magnetic domains.

- Chapter 9 (Understanding the magnetostructural properties of ε-Fe2O3): The
mechanism underlying some of the exceptional magnetic properties in this ox-
ide (e.g., its huge magnetic coercivity and anisotropy) could be linked to a non-
zero orbital angular moment at the Fe atoms, as suggested by experimental
evidences [71] and theoretical predictions based on first-principles and molecu-
lar orbital calculations [77]. In view of this, we used high-resolution SXRPD to
investigate the magneto-structural coupling. In view of this, we used high-
resolution SXRPD to investigate the magneto-structural coupling across the
soft-hard magnetic transition, aiming to determine the underlying structural
mechanisms driving the emergence of the ultra-hard ferrimagnetic order. Fi-
nally, neutron diffraction experiments under magnetic fields were carried out
to determine the evolution of incommensurate and collinear "super-hard" mag-
netic phases under magnetic field, and the possible magnetostrictive mechan-
isms related to the exceptionally high coercivity.



Chapter 2
Synthesis of polycrystalline samples and crystal

growth

Two families of iron oxides have been studied in this work: the oxygen
defficient perovskite YBaCuFeO3 and the iron (III) oxide polymorph
ε-Fe2O3. Polycrystalline and single crystal samples of the first men-

tioned compounds were synthesized at the ceramic sample preparation and
crystal growth laboratories at ICMAB-CSIC. On the other hand, the samples
mentioned in second place were previously prepared and provided for its char-
acterization in collaboration with M. Gich et al. from the Nanoparticles and
Nanocomposites group at ICMAB-CSIC. The methods used for the synthesis of
each family of samples are introduced below:

• YBaCuFeO5: the main activity related with the synthesis carried out by
the author of this work was focused on obtaining YBaCuFeO5 samples in the
form of polycrystalline sintered powdera and single crystals. A set of YBaCuFeO5

polycrystalline samples with a wide range of Fe/Cu cation disorder was pre-
pared by the solid-state reaction method. In compounds of this family, the
sintering/cooling process entails determinant factors related with the Fe/Cu
ordering, being altered the magnetic properties and, specifically, the onset tem-
perature of the ferroelectric phase [47, 48]. Additionally, series of Co- and Zn-
doped samples, YBaCu1−xCoxFeO5 (0≤x≤0.5) and YBaCu1−xZnxFeO5 (0≤x≤0.3),
were prepared in a similar way to the pristine YBaCuFeO5 samples. High qual-
ity YBaCuFeO5 single crystals were grown from polycrystalline seeds through

37
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the Traveling Solvent Floating Zone (TSFZ) method using a four mirror in-
frared (IR) optical floating zone (OFZ) furnace. The general aspects of the men-
tioned synthesis techniques are explained in this chapter, although specific de-
tails about the preparation of each series of polycrystalline and single crystals
samples are described in the chapters referred to the respective compounds.

• ε-Fe2O3: in this case, high-quality single-crystalline nanograin ceramic
samples of ε-Fe2O3 with minimal intrusion of secondary phases, embedded in
silica matrix, were produced by sol-gel chemical process. Hydrated iron (III)
nitrate Fe(NO3)3·9H2O was used as the Fe precursor and Tetraethyl orthosilic-
ate (TEOS, Si(OC2H5)4) was the metal-organic precursor for the formation of a
SiO2 matrix. The use of sol-gel methods with Si alcoxides and Fe salts makes it
possible to confine Fe2O3 nanoparticles in a silica matrix, avoiding its agglom-
eration and preventing its transformation into α-Fe2O3 while annealed up to
1100 ◦C [see Fig. 2.1(a)] [78]. Afterwards, the silica support in the sample can

FIGURE 2.1: (a) Scheme of the mechanisms and temperature ranges of the thermally in-
duced polymorphous transformation of ε-Fe2O3 in a supporting medium. TEM images
of the ε-Fe2O3 nanoparticles embedded in the SiO2 matrix (b), and etched ε-Fe2O3 nan-
oparticles (c). Lower panels represent the respective particle size distributions along
with the fitting to the log-normal distribution (red lines). Figures adapted from Refs.
[78] and [79].
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be removed by etching the resulting powder into concentrated NaOH aqueous
solution (12 M) at 80 ◦C for 48 hours. After this process nanometric ε-Fe2O3

samples (∼19 nm), which are highly satable upon heating in air up to 940 K, are
obtained. Figs. 2.1(b) and 2.1(c) show TEM images of the nanoparticles before
and after the NaOH etching to remove the silica support. The reader is referred
to Refs. [60, 61, 79] for further details about the synthesis of the nanoparticles.
The optimisation of this preparation method by M. Gich et al., obtaining for
the first time virtually pure ε-Fe2O3, opened the door to the study of this rare
polymorph.

2.1 Polycrystalline samples fabrication: the solid-

state reaction method

For the preparation of YBaCuFeO5 (and Co- and Zn-doped) polycrystalline
samples, the solid-state reaction method was employed. This is the most con-
ventional method used to prepare perovskite-oxide and similar materials, and
the synthesis is produced due to the ionic diffusion between the different re-
actants assisted by thermal energy. In general, the process consists in mixing
the solid reactants in the required amounts (stoichiometric mixture of the pre-
cursors) to prepare a specific solid crystalline compound and then grind to
homogenize and press in pellets. Heating is a slow process in which usually
high temperatures and long annealing periods are required for the complete
solid state reaction to take place. Besides temperature and duration, another
important parameter during the heat treatments is the use of appropriate atmo-
spheres. For instance, during the annealing process an inert gas such as Argon
may be used to prevent oxidation to a higher oxidation state, and an oxygen
atmosphere can be used to promote the formation of high-oxidation states; or,
conversely, a hydrogen atmosphere can be used to produce a low oxidation
state [44]. Some examples are shown below:

• Reaction in a reducing atmosphere

V2O5 (V
5+)

H2−→ VO (V2+)

• Reaction in a oxidizing atmosphere

LaNiO2.5 (Ni
2+)

O2−→ LaNiO3 (Ni
3+)
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FIGURE 2.2: Scheme illustrating the polycrystalline sample synthesis workflow using
the solid-state reaction method. (1) The selected precursors are dried or pre-calcinated,
(2) weighed, (3) ground and mixed into fine powder, (4) pressed into pellets, and (5)
annealed in a tubular furnace. Finally, X-ray powder diffraction is used to assess the
quality of the samples (6). The process is repeated from step (3) if impurities or poor
crystallinity are detected. The pictures were taken during the synthesis of YBaCuFeO5.

To illustrate the solid-state reaction technique, the fabrication process of
YBaCuFeO5 samples is described here in detail. YBaCuFeO5 was prepared in
air following the solid-state reaction below:

Y2O3 + 2BaCO3 + 2CuO + Fe2O3
air−→ 2YBaCuFeO5 + 2CO2 (2.1)

Fig. 2.2 shows the sequential steps in the experimental process, exemplified
by images taken during the preparation of YBaCuFeO5:

(1) First, the precursors are dehydrated in a stove to avoid under-weighting
errors due to the presence of moisture. In this case, high-purity Y2O3,
BaCO3, CuO and Fe2O3 commercial oxides were dehydrated at 150 ◦C for
48 h. A pre-annealing process at 900 ◦C for 10 h was also carried out on
Y2O3 to promote the evaporation of carbonates.

(2) After dehydration and decarbonation processes, stoichiometric amounts
of precursor oxides required by the reaction [eq. (2.1)] are weighed using
a high-precision electronic balance.

(3) The precursor oxides are pre-ground using a manual agate mortar, and
then thoroughly mixed for several hours until a very fine and homogen-
eous powder is obtained. For this process we disposed of an automatic
laboratory agate mortar (Pulverisette 2 from Fritsch), but an agate ball



Chapter 2. Synthesis of polycrystalline samples and crystal growth 41

mill can be also be effective. Sometimes, the wet method of mixing can be
used for reducing the mixing time and improving the homogeneity. Pure
ethyl-alcohol is usually used as mixing medium.

(4) The resulting powder is placed into a steel die mold and the required pres-
sure is applied using a laboratory hydraulic press. In this case, approxim-
ately 20 g of the mixed powder was pelletized under 12 tons of pressure
using a �35 mm circular mold. More pressure is not always better, since
over-pressing usually results in cracking of the pellets. For difficult cases,
the powder can be mixed with a very small amount of glycerol, or a few
drops of 4 wt.% solution of Poly(vinyl alcohol) (PVA) in water in order to
enhance the compaction. A good compaction favours the ionic diffusion
in the annealing process.

(5) After pressing, the pellets are placed on alumina crucibles and annealed in
air using a high-temperature tubular furnace. The furnace is programmed
to follow a sequence. For YBaCuFeO5, a 300 ◦C/h warming ramp was ap-
plied up to 1150 ◦C. After 50 hours at this temperature, a specific process
was employed to cool the sample down to room temperature. In Chapter
4 the preparation of samples with controlled cooling rates and quenching
processes by immersion into liquid nitrogen or water at the final stage of
the annealing are explained with more detail.

(6) Finally, small amounts of the annealed polycrystalline samples are ground
for assessing its quality by collecting laboratory X-ray diffraction patterns
at RT. A Siemens D-5000 diffractometer (λ[Cu Kα] = 1.54 Å) was used to
check the YBcCuFeO5 samples. Too large FWHM of the diffraction peaks
could indicate that the annealing process was not been sufficient for the
complete crystallization of the sample. The presence of additional peaks
that can not be reproduced by the expected crystalline phase indicate the
presence of impurities in the sample. The quality analysis allows to eval-
uate if an additional annealing process is necessary. If so, the sample is
re-processed from step (3). For some compounds, several annealing pro-
cesses can be necessary.
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2.2 Single crystal fabrication: the Floating-Zone

growth method

Floating zone (FZ) growth is a zone melting technique in which the zone melt-
ing is carried out vertically for crystal growing. This technique gained pop-
ularity in the last decades for the growth of various nonconventional oxides
including high temperature superconductors and new magnetic materials due
to the high quality of the single crystals produced. The clear advantages over
other melting techniques come from the fact that since there is no need for a
container, any chemical reaction between the melt and the crucible material is
avoided, and that by this technique the traveling solvent scheme needed for
growing incongruently melting materials can be achieved [80].

FIGURE 2.3: (a) Configuration of an infrared (IR) optical floating zone (OFZ) furnace,
based on ellipsoidal mirrors. (b) Schematic illustration of the growth of congruent
materials by the traveling solvent floating zone method. Figures adapted from Ref.
[81].

Modern optical floating zone (OFZ) furnaces use halogen lamps and ellips-
oidal mirrors as a heat source. Fig. 2.3(a) shows the scheme of an OFZ furnace.
In this technique, the seed crystal is supported vertically downwards, and the
polycrystalline feed rod vertically upwards. Fig. 2.3(b) illustrates the typical
crystal growth scheme of congruently melting compounds. Initially, the seed
and feed rods are mounted with their tips close to the focal point of the ellips-
oidal mirrors. Then, the power of the halogen lamps located at the other focal
points of the mirrors is increased until the tips of polycrystalline rods melt and
a liquid zone is established. The melt is supported between the rods by its sur-
face tension. The construction of the furnace with rods and mirrors mounted in
separate panels allows to operate them independently. So, during the pulling
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operation the molten zone travels upwards through the polycrystalline rod by
moving the mirror stage up while the seed and feed are kept fixed. The driv-
ing force of the crystal growth in the FZ technique is the temperature gradient
between the melt and the seed. When the hot zone moves away from the seed,
the liquid cools and the material eventually crystallizes at the solid-liquid in-
terface [see Fig. 2.3(b)]. While the melting zone travels through the feed, the
crystal keeps on growing. During growth the rods rotate either in the same or
in opposite directions with experimentally established rates (usually ranging
from 0 to 50 rpm) with the aim of creating convection flows for mixing the ma-
terials and optimizing the shape of the solid-liquid interface.

The scheme in Fig. 2.4 summarizes in four phases the experimental activ-
ities and processes followed in this thesis regarding the growth and character-
ization of YBCFO single crystals. First of all, the starting polycrystalline YB-
CFO powders were synthesized by the solid-state reaction method. Then, the
powders were shaped into compact polycrystalline rods. The optical floating
zone method was then optimised to grow large single crystals from the poly-
crystalline rods. Finally, the quality of the grown single crystals is assessed, and
the crystalographic axes of selected single-domain crystals are determined. To
perform a variety of synchrotron, neutron and macroscopic properties charac-
terization experiments, single crystals were cut into different shapes and orient-
ations, and specific surfaces were also polished in some cases. General aspects
of the experimental techniques and methodologies are exposed in the next four
sections.

FIGURE 2.4: Experimental chart of the process followed for the fabrication of single
crystals using the optical floating zone (OFZ) growth method, splitted into four phases.
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2.2.1 Preparation of YBCFO polycrystalline starting powders

The starting powders used for growing YBCFO crystals were prepared follow-
ing the solid-state reaction method described in Section 2.1. The drying and
calcination process of the precursor oxides before weighing is of special im-
portance here, since the composition of the starting powders has to be correct.
Due to the small volume of the molten zone, an incorrect stoichiometry can lead
to precipitation of impurities or segregated phases during the pulling process
that can act as nucleation points obstructing the progression of the growth front
or modifying the properties of the melt (melting point, viscosity, ...) leading to
instability of the growth. In general, evaporation losses can also occur when
volatile oxides are used and to achieve the desired stoichiometry the weights
of the starting powders should reflect the mass loss of each element in the final
composition, if the quantity is known.

2.2.2 Preparation of YBCFO feed and seed rods

The the qualities of the feed and seed rods are very important and have a decis-
ive influence on the successful formation of the molten zone and the stability of
the growth. Crystal growth can be started on single crystal or polycrystalline
seeds. Using an oriented crystal as a seed has advantages, since it facilitates the
beginning of crystallization and controls the appropriate orientation. However,
since YBCFO crystal rods were not available, sintered YBCFO polycrystalline
seeds with composition identical to the feed rod were used instead. When a
polycrystalline rod is used as the seed, crystal growth starts from several nuc-
leation points. In consequence, grains with different orientations are formed at
the initial stage, as illustrated in Fig. 2.3(b). With growth progression, grains
with favourable orientations will prevail over less favourable orientations, and
the number of crystal grains will decrease gradually. Eventually, large crystal
domains are formed.

For the growth of YBCFO single crystals, poycrystalline seed and feed rods
of the same composition were synthesized in the form of cylindrical bars by the
solid-state reaction technique. After the synthesis and quality analysis of poly-
crystalline YBCFO, the resulting starting powders were thoroughly ground for
several hours using an automatic agate mortar to reduce as much as possible
the grain size. The complete process of shaping the powders into compact poly-
crystalline rods is shown in Fig. 2.5.
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FIGURE 2.5: Steps followed for the preparation of rods. The polycrystalline powder
is packed in a rubber tube, air exhausted, sealed, pressed and sintered in a tubular
furnace.

First, the starting polycrystalline powder was packed into a thin rubber
tube. For this, the rubber tube was introduced into a thicker flexible plastic
cylinder that served as a mold to obtain better diameter and density uniform-
ity, and to ease the manipulation of the rubber tube. The filling consisted of
introducing a small amount of powder with the help of a funnel, pushing softly
with a stick (1) and further compacting the powder by dropping the tube sev-
eral times on a solid surface (2). Steps (1) and (2) were repeated until the tube
was filled to the desired length. Then, a small piece of cotton is placed at the
end side (3) to avoid the loss of powder when the air inside the tube is ex-
hausted. The end side of the rubber tube was attached with electrical tape to
a glass mouthpiece connected to vacuum pump (4). After 15 minutes, with
the pump still working, a loop with the excess rubber tube was done and tied
using an elastic ring to seal the tube (5). The rod was made further uniform
and round by softly rolling it under a flat plastic plate (6). The packed rubber
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tube was pressed by the cold isostatic press method using oil. A copper cyl-
inder with holes drilled in it was made to keep the rod as straight as possible
during the pressing (7). The rod was inserted into the oil filled vessel of the
isostatic press (8). Then, oil was pumped into the vessel until reaching 1500
bar. The rod is pressed isostatically at this pressure for approximately 1 hour.
After the pressing, a very fragile bar was obtained. With the help of a small
precision scissors the rubber was carefully cut longitudinally, and with the help
of tweezers the rubber is detached from the rod surface (9). After extracting
the bar from the rubber tube, it was placed in an alumina crucible of adequate
shape for sintering in a tubular furnace (10). During the sintering process the
rod shrinks and the density increases, obtaining a solid and compact cylinder.
It is important to mention that the pressed bars were very difficult to manipu-
late due to their fragility, and in most of the attempts the pressing resulted in
cracked or broken bars. This problem was solved by mixing the initial powder
with a very small amount of 4 wt.% solution of Poly(vinyl alcohol) (PVA) in
water, obtaining more compact and solid bars thus reducing the formation of
cracks or breaking during the pressing and subsequent manipulation. Finally,
the wiring was done using 0.5 mm diameter Ni wire (11). A thin fissure along
the rod circumference was carved using a disc saw to improve the wire grip.

During the crystal growth the seed rod is fixed to the lower shaft by means
of an alumina holder, and the feed rod hangs loosely from a hook attached to
the upper shaft. Since the stability of the melted zone in crystal growth depends
critically on the quality of the starting rods as well as on the alignment of both
the feed and the seed rods, a great deal of effort was made to create compact
straight bars of uniform diameter.

2.2.3 Growth of YBCFO crystals by the Traveling Solvent Float-
ing Zone (TSFZ) crystal growth method

An important consideration in the crystal growth of oxides containing several
cations and in materials where cation substitutions are made, is whether the
melting is congruent or incongruent. In a congruently melting compound the
composition of ceramic rods, growing crystal and the melt is the same. In this
case crystal growth will proceed easily by the direct crystallization method [Fig.
2.3(b)]. However, the congruent melting temperature is usually not exactly at
the stoichiometric composition and the solidification of the melt results in a stoi-
chiometry that is not identical to the feed. For this reason, when incongruent
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melting happens, one has to use a solvent (flux) of appropriate composition to
achieve the congruent melting that will lead to the desired stoichiometric com-
position of the grown crystal. The choice of the appropriate solvent is not al-
ways evident, and if the melting properties and phase diagrams are not known
from previous works and published in the literature they must be assessed by
thermoanalytical techniques as the Differential Scanning Calorimetry (DSC) or
Differential Thermal Analysis (DTA). When a new material is grown and the
phase diagrams are not known or the compound is complex, the so called self-
flux method can work in some cases. The self-flux approach, consists of estab-
lishing the floating zone by melting the ceramic rod, and carefully adjusting the
temperature and growth speed until the composition of the liquid zone stabil-
izes. In the case of peritectic transformation, the crystal growth starts with the
precipitation of the high temperature primary phase on the seed rod.

In the case of cuprates, in which copper reacts easily with all common
ceramic and metal crucible materials at high temperatures, the floating zone
method is essential to obtain single crystals of cuprates. The application of
both the FZ and the TSFZ methods has given succesful results in the growth of
high quality single crystals of copper oxides. H. A. Dąbkowska et al. reported
in detail the successful growth of high quality single crystals of SrCu2(BO)2 and
CuGeO3, as well as the LaSrCuO4 and LaBaCuO high temperature supercon-
ductors by the Optical Floating Zone method [82]. The first work reporting the
growth of an YBaCuFeO5 crystal by an optical floating-zone method was pub-
lished by Yen-Chung Lai et al. in 2015 [83]. For the growth of YBCFO, which
melts incongruently around 1220◦C, Lai et al. achieved the congruent melting
by means of a self-adjusted flux strategy strating from a pure CuO flux.
Fig. 2.6(a) shows the pseudo-binary phase diagram of the YBCFO-CuO system
based on DTA analysis reported in Ref. [83]. In the phase diagram, green ar-
rows (temperature variation) and pink arrows (variation of melt composition)
show the evolution of the melt composition along the different steps of the self-
adjusted flux growth of YBCFO, also illustrated in Fig. 2.6(b) by the following
steps:

- Initial: A CuO flux pellet is synthesized and mounted between the feed and
seed rods.

- CuO melting: Temperature is increased until the flux pellet melts at 805◦C and
the rods are joined forming a pure CuO melted zone.

- Flux self-adjustment: At this point the crystal growth starts and the CuO melt
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FIGURE 2.6: (a) Pseudo-binary phase diagram of YBaCuFeO5-CuO showing the eu-
tectic temperature at 805◦C and the liquidus line, adapted from Ref. [83]. The pink
star represents the equilibrium composition of the melt at the growth temperature,
achieved after a self-adjusted process of the initial pure CuO melt. Arrows show the
evolution of the melt composition along the process. Notice that the composition of the
molten zone in equilibrium depends on the temperature. (b) Scheme of the creation of
self-adjusted flux for the growth of YBCFO crystals.

is continuously enriched in YBCFO from the feed rod. On the beginning of
the growth a low temperature copper oxide solid phase, which is in excess,
solidifies at the seed in the form of Cu2O. During this process the temperat-
ure is carefully increased in small steps (green arrows in the phase diagram)
accordingly to the growth rate until the optimal growth is achieved. During
this process, the composition of the melt is self-adjusted as Cu2O solidifies
(pink arrows). The seed and feed rods are rotated at 25 rpm in opposed
directions and a very slow 0.25 mm/h pulling rate are used for an optimal
adjustment of the molten zone composition, and temperature homogeneity
at the molten zone.

- Equilibrium: When supersaturation of the YBCFO phase happens, precipita-
tion of the desired stoichiometric YBCFO single phase happens and a steady
state is reached. The rotation and growth are kept, and after several days of
stable growth a crystal rod is obtained.

Further details about the growth of the different YBCFO crystals studied in
this thesis are given in Chapter 6.
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2.2.4 Quality analisys, orientation and cutting of single crys-
tal samples

Accurate knowledge of the quality and the orientation of single crystals is ne-
cessary to investigate the physical properties of YBCFO, since they are aniso-
tropic and their response under external fields depend on the direction of ap-
plication. Different methods were used to determine the quality of the grown
YBCFO single crystals. The elemental composition of the crystals was determ-
ined with high accuracy via Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) and by Scanning Electron Microscopy - Energy Dispersive
X-ray spectroscopy (SEM-EDX). Neutron Laue diffraction and X-ray diffraction
with bidimensional detectors were used for the analysis of sample crystallin-
ity and granularity. In combination with these crystallographic techniques,
which also served to determine the orientation of the crystallographic axes,
high-quality pieces of large single-domain crystals were selected and cut us-
ing high-precision diamond wire and disc saws equipped with goniometers.
Two different procedures were used depending on the geometry of the pieces.
The neutron Laue diffraction method was specially useful in the case of crys-
tals with irregular shapes, while X-ray diffraction with a bidimensional detector
was very efficient in the orientation of crystals where one of the crystallographic
directions was known.

Orienting a crystal using neutron Laue diffraction

The Laue method, in which the single crystal is maintained fixed in an incid-
ent beam containing a wide spectral range of wavelengths, is the most con-
venient technique for the determination of the orientation and the symmetry of
such crystals. Neutron Laue diffraction measurements on YBCFO single crys-
tals were done at the Orient Express instrument located at the Institut Laue-
Langevin (Grenoble) [84, 85]. In this case, the much larger penetration depth
of neutrons compared to X-rays and the large amount of reciprocal space that
can be explored using the Laue method makes it a much easier and an efficient
technique compared to monochromatic single-crystal methods for the orienta-
tion and quality analysis of large crystal samples.

The Orient Express Laue neutron diffractometer and its main parts are shown
in Figs. 2.7(a) and 2.7(b). In this instrument, the collimated white neutron beam
is scattered by the sample, which is attached to a goniometric head fixed to the
arm of a motorized table. ω is the rotation around the Z axis of the sample
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table. The patterns are recorded by a two-dimensional scintillator detector in

FIGURE 2.7: (a) Image of the Orient Express instrument at ILL with its main parts in-
dicated. (b) Detail of the sample transfer arm during the transfer of an oriented crystal
into a pin. (c) Schematic flow chart of the process followed to orient single crystals
using the Orient Expres neutron Laue diffractometer. (d-f) Image of a single crystal
with its final orientation as seen from the Orient Express camera and the correspond-
ing Laue indexed image and stereographic projection. (g-i) Embedding of the oriented
crystal in epoxy resin for cutting with a high precision diamond wire saw, in this case
using a 3-axis goniometer complement.
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back-reflection geometry equipped with two high-performance thermoelectric-
ally cooled image-intensified CCD cameras. A video system facilitates the op-
tical alignment of the crystal (XYZ translations) with respect to the incident
neutron beam.
The process followed to orient single crystals using the Orient Express Laue
neutron diffractometer is summarized in the scheme shown in Fig. 2.7(c). First,
a Laue pattern is collected. The indexation of the diffraction peaks in the Laue
image is then done using the Cologne Laue Indexation Program (Clip). By in-
troducing the instrumental parameters, unit cell constants and symmetry, and
defining spots and zones marked on the Laue photograph, Clip allows the in-
dexing of the peaks and the refinement of the crystal orientation matrix [see Fig.
2.8]. The angles to rotate the crystal in the desired orientation are calculated us-
ing this program and then applied to the goniometric head, which allows to
manipulate the crystal orientation with precision. A single neutron Laue pat-
tern is usually enough to find the sample orientation and then rotate it to the
desired orientation, but the process can be repeated to potimize the crystal ori-
entation. Figs. 2.7(d-f) show an YBCFO crystal oriented with the b axis along X
(the direction normal to the detector plane, YZ) and the corresponding indexed
Laue image and stereographic YZ projection.

FIGURE 2.8: View of the Clip main window with different subscreens and tools: (1)
crystal parameter input, (2) indexing and refinement tool window, (3) Laue plane win-
dow, (4) stereographic projection, (5) reflection information, (6-7) rotation and reorient-
ation tools, (8) Laue instrument configuration.
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Finally, the crystal with the desired orientation is glued at the tip of a pin
or sample holder preserving its orientation thanks to a sample transfer arm,
as shown in Fig. 2.7(b). The crystal is then ready to be cut or used for meas-
urements on the ILL diffractometers and spectrometers. The cutting process is
illustrated in Figs. 2.7(g-i). To ease the sample manipulation during the cutting,
the oriented pin and samples waere embedded in epoxy resin using a mould
of parallel faces and edges according to the crystallographic axes. Then, using
a high precision diamond wire or disc saws, the crystals were cut leaving well
defined faces to perform different types of experiments. The cutting of surfaces
with more complex orientations was done using a 3-axis goniometer comple-
ment attached to a high precision diamond wire saw.

Orienting a crystal using a 4-circle X-ray diffractometer

Due to the short penetration depths of conventional X-rays produced by Cu ra-
diation tubes, the capabilties of conventional XRD in single crystals are mostly
limited to surface analysis of crystallinity, texture, epitaxial relationships and
lattice parameters. Nevertheless, 4-circle X-ray diffractometers can be also used
to determine the orientation of large single crystal samples. Fig. 2.9(a) shows
the Bruker D8 Advance (GADDS) X-ray diffractometer equipped with a 4-circle
centric Eulerian cradle, a VANTEC-500 area detector and a Cu X-ray generator
(λ[CuKα] = 1.54 Å) used to orient YBCFO single crystals. The angle ω is the go-
niometer and sample stage rotation, χ is the goniometer tilt, and φ is the sample
rotation angle. The φ rotation axis is always on the Z axis, typically normal to
the sample surface in reflection mode diffraction. The different rotation axes
and angles enable various X-ray measurement geometries.

In some cases, large pieces of YBCFO crystals are easily extracted from the
grown ingot by cleaving along the ab plane, as shown in Fig. 2.9(d). Although
in cleaved crystals the c axis is clearly identified as a clean, flat and bright sur-
face, the orientation of the [100] (and [010]) directions of the tetragonal crystal
lattice is unknown. Although the Laue technique allows the exploration of a
large volume of reciprocal space, monochromatic XRD can only explore recip-
rocal space plane-by-plane at best. Even so, the measurement of pole figures
in partially oriented cleaved crystals, mounted on the diffractometer with the
[001] direction parallel to the sample rotation axis (Z), was found to be a very
practical and efficient way to determine the orientation of the a and b axes.
The measurement of pole figures, usually used to characterize surface texture
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FIGURE 2.9: (a) Image of the 4-circle Bruker D8 Advance diffractometer with the
GADDS area detector, showing the sample orientation angles (ω, χ, φ) and translation
axes (XYZ) in the laboratory system. (b) GADDS 2D XRD pattern showing the (012)
reflection at φ = 98◦. The φ and 2θ axes are indicated by dashed and straight white
lines. The area delimited in blue shows an integration region along 2θ. (c) Pole figure
scans around the YBCFO {102} and {112} reflections. The circles denote the reflection
positions. The φ position values of the reflections are shown in blue. (d) YBCFO crystal
samples showing the cleaved [001] surface. (e) Cutting of the oriented crystal using a
high precision diamond disc saw equipped with a goniometer arm. (f) Single crystal
after cutting showing the a and b crystallographic axes and the XY reference frame.

and preferred crystallite orientation, consist of setting a Bragg reflection (ω-2θ)
and a tilt angle χ, collecting a series of frames varying the in-plane rotation
around the center of the sample (φ). In the case of area detectors, the 2D frames
captured at each φ position can be considered as the intensity distribution of
the diffracted X-rays as a function of both 2θ and χ angles [86]. The 2D frames
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are reduced into χ scans of constant 2θ by integrating the counts along 2θ, as
shown in Fig. 2.9(b). Integrating a narrow region around a 2θ value allows to
select a specific family of lattice planes (constant d spacing). The integrated χ

scans are then projected into a pole figure perpendicular to the Z rotation axis.
Fig. 2.9(c) presents the pole figure scans performed around the {102} and {112}
planes for an YBCFO crystal with the c axis mounted along Z. The frames were
collected from φ = 0◦ to 360◦ at fine steps of 0.5◦ to determine with accuracy the
orientation of the poles. Since YBCFO has a tetragonal symmetry, four equival-
ent poles separated every 90◦ in azimuth are observed for the {102} and {112}
families along a complete φ scan.
Previous to the measurements, a reference feature of the sample (the side of the
crystal or glass slide on which the crystal is attached) is set along the X or Y axis
using the positioning camera of the diffractometer. Then, the positions of the
{102} poles indicate the offset angle of the perpendicular a and b axes respect
to the reference feature of the sample. Finally, using a high precision diamond
disc saw equipped with a goniometer arm the sides of the crystal were cut along
the crystallographic axes using the measured offset angle [see Figs. 2.9(e) and
2.9(f)].

Polishing of single crystal surfaces

The lapping of oriented surfaces was done to perform measurements that re-
quire flat parallel faces for a precise application of electric or magnetic fields. A
final polishing was done in the case of techniques requiring very smooth sur-
faces, such as Scanning Electron Microscopy or X-ray resonant magnetic scat-
tering.

FIGURE 2.10: (a) Hand lapping process using abrasive Al oxide sheets. (b) Polishing
process using small grain abrasive suspensions (< 3 μm). (c) Appearance of the sample
surface after final polishing.



Chapter 2. Synthesis of polycrystalline samples and crystal growth 55

For the lapping process, the crystal was attached to the holder of a precision
lapping fixture using mounting wax. The lapping was done by hand using ab-
rasive 12 μm aluminium oxide sheet on top of a flat glass lapping tray [Fig.
2.10(a)]. The lapping was done by repeating by hand movements drawing a
∞ pattern until highly planar and parallel faces were obtained. The final pol-
ishing was subsequently done using small abrasive grain suspensions on a soft
polishing cloth mounted in a rotating disc polisher. The polishing was done in
different steps using abrasive suspensions of successively smaller grains: 3 μm
diamond suspension, 1 μm diamond suspension, and 0.05 μm colloidal silica
suspension. Fig. 2.10(c) shows the crystal mirror surface after the final polish-
ing process.





Chapter 3
Characteriztion techniques and instrumentation

The results presented in this thesis were obtained by means of a vari-
ety of experimental techniques. The advanced characterization of the
structural and magnetic order properties, as well as their anisotropic

responses under external magnetic and electric fields was accomplished by the
realization of experiments in large research facilities: elastic and inelastic scat-
tering techniques were used in synchrotron and neutron facilities. This chapter
provides a review of the main aspects of the research related with the charac-
terization techniques, beamlines and instruments, and computational methods
and programs used for the analysis of the data collected different experiments.

3.1 X-ray diffraction

X-ray diffraction (XRD) is a technique widely used for the analysis of crystalline
structures. X-rays are electromagnetic waves with wavelengths ranging from
ultraviolet to gamma radiation. In particular, the phenomenon of diffraction
occurs when the wavelength is of the same order of magnitude as the typical
distances between the atoms of the crystal, and for that reason they are so con-
venient. When the beam of photons goes through the material, they interact
with the electronic cloud that surrounds the atoms of the crystal and as a res-
ult secondary waves are generated. These secondary waves by interfering with
each other will form the transmitted beam, which consist of a diffraction pattern
that analyzed properly allows the crystal structure characterization.

57
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Diffraction conditions

Although in the majority of directions the interference will be destructive, con-
structive interference happend in some specific directions that satisfy certain
conditions. If each point in the crystal has a certain density of electrons, and
therefore each point acts as a center of dispersion, we consider two of these
centers in O i O′ separated by the vector r (Fig. 3.1). When a plane wave with
vector k goes through the crystal, the dispersion centers are excited and become
sources of emission of secondary spherical waves that will interfere between
them. If we consider the resulting wave in a given direction, which will now

FIGURE 3.1: Scheme of the dispersion of a plane wave by two dispersion centers in O
and O′.

have a vector k′, the phase difference between the incident wave and the diffrac-
ted wave will be (k−k′)·r, and therefore in the transmitted wave we will have a
phase factor of ei(k−k′)·r. The amplitude of the transmitted wave is proportional
to the number of electrons ρ(r)dV of the point from which it was re-emitted, it is
only necessary to integrate over the total volume to obtain the structure factor,
which will also be proportional to the total amplitude of the diffracted wave:

F =

∫
V

ρ(r)e−ik·rdV (3.1)

where it has been defined k = k′ − k. Due to the periodic nature of the crystals,
the electron density must verify the following condition:

ρ(r) = ρ(r+T) (3.2)
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where T = n1a+n2b+n3c is a translation vector of the crystal lattice, n1, n2, n3 ∈
Z and a,b, c are the base vectors of the lattice. In this particular case the elec-
tronic density can be decomposed into Fourier series as

ρ(r) =
∑
Q

ρ(Q)eiQ·r (3.3)

where Q = ha∗ + kb∗ + lc∗ is the dispersion vector, h, k, l ∈ Z i a∗,b∗, c∗ are
the vector base of the reciprocal lattice1. Indeed, doing ρ(r + T) in equation
(3.3), applying the definition of vectors T and Q and using the properties of the
lattice vectors it can be checked that the condition of periodicity (3.2) is satisfied.
Finally, replacing (3.3) in (3.1) the following expression for the structure factor
is obtained:

F (Q) =
∑
Q

∫
V

ρ(Q)ei(Q−k)·rdV (3.4)

It is easy to realize that the value of F is maximum when k is equal to a vector
of the reciprocal lattice, that is to say k = k′ − k = Q, and instead it becomes
negligible otherwise. On the other hand, since we are considering only elastic
dispersion, we will have k = k′, that is to say that the module of the incid-
ent wave vector can not change after being diffracted2. Combining these two
results we obtain the condition for constructive interference:

2k ·Q = Q2 (3.5)

This diffraction condition, which can be understood very intuitively from the
Ewald sphere in the reciprocal space [Fig. 3.2(a)], is equivalent to the well-
known Bragg’s law:

2d(hkl) sin θ(hkl) = λ (3.6)

where d(hkl) is the distance between consecutive (hkl) planes and 2θ(hkl) is the
angle between the incident and the diffracted beam [Fig. 3.2(b)]. The inter-
planar distance of a set of planes with Miller indices (hkl) can be calculated as

d(hkl) =
2π

|Q| =
2π

|ha+ kb+ lc| (3.7)

1The conditions that a lattice with vectors a,b, c and another lattice with vectors a∗,b∗, c∗

must satisfy to be reciprocal are
a · b∗ = a · c∗ = b · a∗ = b · c∗ = c · a∗ = c · b∗ = 0
a · a∗ = b · b∗ = c · c∗ = 2π

2In an elastic dispersion the energy of the dispersed photon is equal to that of the incident
photon, E = E′. Since E = �ω = k�c, it is clear that k = k′.
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FIGURE 3.2: (a) Ewald construction in a 2D reciprocal lattice. (b) Scheme of Brag’s law.

X-ray diffraction in a real crystal

To calculate the structure factor, the atomic factor fj(Q) of each atom in the unit
cell is defined as

fj(Q) =

∫
V

ρj(Q)eiQ·rdV (3.8)

where ρj(Q) is the electronic density of the j-atom. In general, the form factor
of an atom depends on the type and characteristics of the dispersion process
involved, which in turn also depends on the nature of the radiation (X-rays,
neutrons or electrons). From the form factors the structure factor (3.4) can be
written as

F (Q) =

N∑
j=1

fj(Q)eiQ·rj (3.9)

where N is the number of atoms in the unit cell and rj = xja + yjb + zjc is
the position of the j-atom inside the cell. The reality shows that atoms vibrate
with respect to their equilibrium position due to thermal oscillation, making
the electronic cloud more diffuse and reducing the dispersion efficiency for the
larger angles. This effect can be taken into account by applying the Debye-
Waller term e−Bsin2θ/λ2 . Finally, the structure factor is:

F (Q) =
N∑
j=1

fj(Q)e−Bjsin
2θ/λ2

eiQ·rj (3.10)

where Bj atomic temperature factor of the j-atom. It can also be expressed as a
function of (hkl) as

F (hkl) =
N∑
j=1

fj(hkl)e
−Bjsin

2θ/λ2

e2πi(hxj+kyj+lzj) (3.11)
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Finally, the intensity of the diffracted wave for each crystalline plane with Miller
indices (hkl), which is the measured magnitude during diffraction experiments,
can be described from the structure factor as

I(hkl) ∝ |F (hkl)|2 (3.12)

It is important to note that the angular position of each (hkl) reflection, and
therefore of each intensity maximum, will depend only on the cell parameters
(shape of the unit cell) and can be determined from Brag’s law (3.6). Instead,
the intensity I(hkl) of each reflection will depend on the configuration and co-
ordinates of the atoms (content of the unit cell) and can be determined from the
structure factor (3.11).

X-ray powder diffraction

X-ray powder diffraction (XRPD) is one of the most widespread analytical tech-
nique for structural analysis and phase identification of crystalline materials, as
it can be readily obtained from conventional laboratory diffractometers, where
the radiation source is commonly an X-ray tube with a copper anode (λ[Cu Kα]
= 1.54 Å). The analyzed powder sample consists of a large number of randomly
oriented microcrystals, with dimensions that can be approximately 1-10 μm.
The principles that describe diffraction in a single-crystal are also applied to
polycrystals. In the case of polycrystalline samples, for a particular orientation
of the incident beam, we will have multiple (hkl) planes (each with a different
orientation of the diffracted wave) that satisfy the Bragg diffraction condition
due to the random orientations of the microcrystals. Therefore, each (hkl) re-
flection will correspond to a diffraction cone with semi-vertical angle 2θ(hkl)

(Fig. 3.3).

FIGURE 3.3: Debye-Scherrer cones obtained from diffraction of a monochromatic X-
Ray beam by crystalline powder sample.
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3.1.1 X-Ray diffraction using synchrotron radiation

Having covered the theory for X-ray powder diffraction (XRPD), we now intro-
duce into synchrotron radiation (SR) attempting to convey the most important
aspects relevant to the current study. We also list the great advantages and
benefits of synchrotron X-ray powder diffraction (SXRPD) in front of conven-
tional laboratory X-ray techniques. For a better understanding of SR theory, the
reader is referred to the work of Willmott [87].

FIGURE 3.4: (a) Illustration of a synchrotron radiation facility. (b) Scheme of a storage
ring.

Briefly, a typical synchrotron source consists of a linear accelerator (LINAC)
that produces and pre-accelerates electrons, a booster ring where the projec-
ted electrons are further accelerated, and an evacuated electron storage ring
[Fig.3.4(a)]. Synchrotron light (electromagnetic radiation) is produced within
the storage ring, where the high-energy electrons circulate in a closed path
at highly relativistic velocities and its trajectory is curved and modified by
different types of devices distributed along the storage ring [Fig.3.4(b)] using
very intense magnetic fields perpendicular to the orbital plane. The acceler-
ation that the electrons undergo causes the emission of radiation –also called
Bremsstrahlung– tangentially to the orbital trajectory. Different types of devices
such as undulators, wigglers or bending magnets are used to give the radiation
emitted a certain structure or polarization. The radiation is then focused and/or
monochromatized using X-ray optics at the beamlines positioned tangential to
the storage ring, where the experiments are performed with the selected con-
figuration. Some of the main properties of the synchrotron radiation are the
following:
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• Wide and continuous spectrum energy: the electromagnetic spectrum ranges
from radiofrequency to hard X-rays continuously, allowing the users to tune
the wavelength required for special experiments;

• High flux and brlliance (combined with high collimation): radiation is emit-
ted in a small angular range along the tangential path of the electron traject-
ory, which causes the number of photons emitted per second and steradian
to be very high;

• Beam stability and size tunability;
• Polarization: the beam is naturally linear polarized in the orbital plane of

the electrons, but elliptical or circular polarization is achievable by means of
undulators;

• Time structure: pulsed time structure of the radiation, with pulse of the or-
der of picoseconds or femtoseconds, allowing resolution of processes on the
same time scale;

• Partially coherent radiation.

The use of synchrotron radiation in powder samples presents greater pos-
sibilities compared to conventional X-ray sources due to the exceptional prop-
erties of this radiation that allows to obtain high resolution powder diffracto-
grams (HRPD). The main advantages are the following:

• High photon wavelength resolution (Δλ/λ ∼ 2 · 10−4);
• Very high signal-to-noise and signal-to-background ratios;
• Ultrafast data acquisition;
• Tunable photon energy to use very wavelengths, allowing to collect data at

very high angles while reducing the absorption in heavy elements;
• High angular resolution of the peaks (FWHM);
• Very high counting statistics in few seconds.

Furthermore, some experiments may require special measurement conditions,
such as in situ, and controlled ambient setups including cryogenic coolers,
high-temperature furnaces, and high-pressure anvil cells, which are accessible
at most synchrotron-based diffraction stations, yet generally cannot be imple-
mented in a conventional laboratory-based diffractometer. The tunability and
high brilliance of synchrotron X-rays, which is related to the photon flux and
the collimation of the beam (i.e., how the beam diverges as it propagates), as
well as the size of the source, are also essential perform X-ray diffraction meas-
urements at very high pressures using a Diamond Anvil Cell (DAC), which
usually requires a very small volume of sample.
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3.1.2 BL04-MSPD beamline (Alba Synchrotron Light Facility)

The Synchrotron X-ray Powder Diffraction (SXRPD) data for the structural char-
acterization of the materials investigated was acquired at the Materials Science
and Powder Diffraction Beamline (BL04-MSPD) of the Alba Synchrotron Light
Facility [88]. The BL04-MSPD beamline has two experimental end stations, one
devoted to high angular resolution powder diffraction (HRPD) and the second
one dedicated to high pressure and micro diffraction experiments. In this beam-
line, the energy of the photons can be selected in a range from 8 keV to 50 keV
(wavelength from 1.56 Å to 0.25 Å). The beam, after leaving the wiggler, is
filtered, collimated and monochromated by a double crystal of Si(111) refriger-
ated with liquid nitrogen before reaching the sample.

High angular Resolution Powder Diffraction end station

The High angular Resolution Powder Diffraction (HRPD) station of the beam-
line consists of a three-circle diffractometer [Fig. 3.5(a)]. The outer and middle
circles support respectively the high-angular resolution Multi Analyzer Detec-
tion (MAD26) setup and the high-throughput Position Sensitive Detector (PSD)
MYTHEN. The inner circle is equipped with an Eulerian Cradle on which all
sample environments are mounted. An ALBA designed 4 capillaries holder can
be used with either cryostream to perform measurements at low temperatures
and high temperatures [Fig. 3.5(b)].

• MAD26 high reslution detector: the MAD26 is a detector that allows to
make high resolution measurements. This detector is convenient for cases
where the objective is to obtainin very exhaustive information of a sample
at one or a few specific temperatures. It has 13 channels with Si(111) and
Si(220) crystals with an angular separation of 1.5◦. It works in a range of
energies from 8 keV to 50 keV.

• MYTHEN detector: the MYTHEN detector consists of 6 1D Mythen mod-
ules and allows to make measurements of less resolution than the MAD26
detector, but with a much smaller data acquisition time. For this reason, this
detector is convenient in cases where we a large number of patterns are col-
lected, as in temperature-dependent experiments to obtain detailed inform-
ation on the thermal evolution of the crystal structure. It works in a range of
energies from 8 keV to 30 keV and covers an angular range of 40◦.
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FIGURE 3.5: (a) View of the High Resolution Powder Diffraction (HRPD) station of the
BL04-MSPD beamline showing the MYTHEN and MAD26 detectors and the Eulerian
Cradle. (b) Detail of the multi sample holder with four sample capillaries allocated in
it.

High Pressure Powder Diffraction end station

The High Pressure (HP) Powder Diffraction station, with its focused beam (mi-
crons size) is principally devoted to pressure experiments using Diamond An-
vil Cells (DACs). The station consists of two stacks of linear and rotation stages
[Fig. 3.6(a)]. The first stack contains the sample table, with vertical and ho-
rizontal movement stages allowing XYZ translations and a rotation stage (ω
angle). The second stack contains a SX165 (Rayonix) bidimensional CCD cam-
era.

Fig. 3.6(b) shows a scheme of the experimental setup. In our case, a mem-
brane Diamond Anvil Cell (DAC) consisting of two diamonds faced one to each
other was used [Fig. 3.6(c)]. Between them, a gasket with a hole drilled in the
middle defines the cavity where the sample and the calibrant are loaded. The
applied pressure is controled by the membrane of the DAC which is inflated ap-
plying force to the mobile anvil whereas the other anvil is fixed. The pressure
inside the cell is determined by monitoring the cell parameters of the calibrant
whose dependence of the unit cell volume with pressure (equation of state) is
known.
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FIGURE 3.6: (a) Image of the High Pressure (HP) Powder Diffraction station of the
BL04-MSPD beamline showing the sample stack with a DAC mounted and the de-
tector stack with the bidimensional CCD camera. (b) Schematic illustration of the high-
pressure synchrotron radiation setup using a diamond anvil cell (DAC). (c) Detail of
the membrane DAC used in the HP diffraction measurements.

3.2 Neutron diffraction

3.2.1 Neutrons vs X-rays

Complementary to X-ray scattering, neutron scattering is another powerful tool
for the characterization of the periodic nuclear and spin orders in polycrystal-
line materials and single crystals. The mass of neutrons in thermalized beams
gives them a de Broglie wavelength comparable to the interatomic distances in
crystalline materials, which is an essential condition for diffraction. Besides
that, neutrons are neutral particles. Hence, as a difference of X-rays, which
are primarily scattered at the electrons of atomic shells via electromagnetic in-
teraction, neutrons interact with the atomic nuclei via very short-range strong
nuclear interaction (nuclear scattering), as illustrated in Fig. 3.7(a). Neutrons
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FIGURE 3.7: (a) Schematic illustration of the different nature of the scattering processes
in X-rays and neutrons. (b) X-ray and neutron scattering length of some selected ele-
ments. X-ray scattering lengths at photon energy of 10 keV and 100 keV are also plotted
for comparison. While scattering power of X-rays generally scales systematically with
electron density and therefore with the atomic number Z of an atom, neutron scattering
power from atoms is rather random, due to complicated short-range nuclear interac-
tion between neutron and nuclei. Figure adapted from Ref. [89].

are therefore able to penetrate deeper into bulk matter without being scattered
or absorbed, providing information about the whole volume of the sample, and
not only about its surface. Another distinct aspect of neutrons is that they are
fermionic particles carring nonzero spin S = 1/2, which interacts with the un-
paired spin and orbital magnetic moments of atoms via magnetic dipole-dipole
interactions (magnetic scattering). In virtue of the above mentioned properties,
neutrons are a unique tool not only to study the crystal stucture of crystalline
materials, but also their magnetic structure.

The measure of the strength of the neutron-nucleus interaction is represen-
ted by the neutron scattering length, which depends sensitively on the details
of the nuclear interaction, and thus on the nuclear properties (isotopes, nuclear
spin, energy levels, etc.) of every particular type of nucleus (i.e., element and
isotope). As a result, the neutron scattering length varies seemingly irregularly
across the periodic table. This can be seen from Fig. 3.7(b) showing the neut-
ron scattering length of different elements. The irregular variation of neutron
scattering length means that, in contrast to X-rays, which are very transparent
to light elements, neutrons are very sensitive to some light elements (namely,
hydrogen, oxygen or carbon). Furthermore, in many cases, elements having



68 Chapter 3. Characteriztion techniques and instrumentation

similar Z values in the periodic table can have vastly different neutron scatter-
ing lengths from one another. Because of this differing atomic sensitivities with
X-rays, together with its unique magnetic sensitivity, neutron is often regarded
as a complementary probe to photon-based methods. In particular, in the cur-
rent study this concerns the contrast in the scattering length between Fe and Cu,
which has a special relevance for the quantification of Fe/Cu cation disorder in
YBaCuFeO5 [see App. A].

3.2.2 Magnetic diffraction

In the case of neutrons the analysis of the theory of diffraction is similar to that
made for X-rays. In this case, the structure factor due to the interaction with the
nuclei of the atoms will be

FN(Q) =
N∑
j=1

bje
iQ·rje−Bjsin

2θ/λ2

(3.13)

where bj is the scattering length, which depends on the interaction between
the neutron and the atomic nuclei. In addition to purely nuclear scattering, the
magnetic scattering must also be considered, and it is described as:

FM(Q) =
N ′∑
j=1

SkjfMj(Q)eiQ·rje−Bjsin
2θ/λ2

(3.14)

where N ′ is the number of magnetic atoms in the unit cell, fMj(Q) is the mag-
netic form factor of the j-atom in the unit cell, and Skj is the Fourier component
associated to the propagation vector k of the magnetic moment distribution.
Remember that the magnetic moment distribution mlj in the crystal (referred
to the atom j in the magnetic unit cell l) is a periodic function that can be Fourier
expanded as:

mlj =
∑
k

Skje
−2πik·Rl (3.15)

where the Skj Fourier coefficients satisfy the relation Skj = S∗
−kj · mlj . This

expression represents the magnetic vector distribution that gives the magnitude
and direction of any magnetic moment.

On the other hand, bearing in mind the expression for the magnetic inter-
action operator [D⊥ = Q × (M × Q)] where M is the magnetic operator and
Q is the scattering vector, it can be proved that the magnetic neutron scattering
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is only sensitive to the perpendicular direction of the magnetic moment (M⊥)
to the scattering vector Q [90]. Finally, the magnetic contribution in the intens-
ity of the diffracted beam can be determined using the general Halpern and
Johnson formula:

I(Q) ∝ |F⊥
M(Q)|2 = |FM(Q)|2 − (e · FM(Q))2 (3.16)

where FM(Q) is the magnetic form factor, F⊥
M(Q) is the projection of the mag-

netic form factor along the perpendicular direction and e is the unit vector along
the scattering vector Q.

3.2.3 Neutron diffraction instruments

The structural and magnetic properties of most of the compounds involved
in this thesis were analyzed and characterized by Neutron Powder Diffraction
(NPD) or Single Crystal Neutron Diffraction (SCND) at the high-flux reactor of
the Institut Laue Langevin (Grenoble, France). The neutron scattering instru-
ments used in this work are briefly described next:

D1B (CRG): this instrument is a high intensity two-axis powder diffracto-
meter, useful for real time experiments and very small samples because of its
high efficiency Position Sensitive Detector (PSD) [91]. A great number of exper-
iments performed on D1B concern the determination of magnetic structures.
At small angles where magnetic peaks are expected, a high spatial resolution
can be achieved, the FWHM reaches 0.25◦ at 1.28 Å and 0.3◦ at 2.52 Å (for a
sample of 5 mm in diameter). D1B is equipped with a 3He/CF4 position sens-
itive detector composed of a system of multi electrodes with 1280 wires cover-
ing a 2θ range from 0.8◦ to 128◦. Its specially designed cryostat is known for
its low background crucial for some experiments with small intensity changes,
the sample can be measured in the interval 1.5-300 K. A dedicated vanadium
furnace achieving up to 1200 K is also available. A fast detection of phase trans-
itions can be obtained by scanning temperature. A complete thermal variation
of the diffraction patterns (1.5-300 K) can be achieved in few hours (3-5 h).

D20: this instrument is a very high intensity 2-axis diffractometer equipped
with a large microstrip detector [92]. Due to the extremely high neutron flux,
it opens up new possibilities for real-time experiments on very small samples.
A pyrolitic graphite HOPG (002) monochromator in reflection position with
fixed vertical focusing offers a wavelength of 2.4 Å at a take-off angle of 42◦. A
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variable vertical focusing Ge (113) monochromator gives increased resolution
at higher take-off angles and several out of plane reflections are also accessible.
The PSD housing of aluminium provides a detection zone about 4 m long by
0.15 m high. The major interests of the micro-strip detection system for the
instrument D20 are the precise and perfectly stable geometry, resulting in a very
homogeneous response and a very high stability, the possibility of achieving
very high counting rates because of the small distance between the anode and
cathode (170 μm), allowing a fast evacuation of the positive ions. The Data
Acquisition System (DAS) has a parallel input for up to 1600 cells.

FIGURE 3.8: Layout and experimental setup on the two different high intensity 2-axis
diffractometers used for NPD experiments, located at the Institut Laue Langevin (Gren-
oble): (a) the D1B-CRG instrument and (b) the D20 hot neutron diffractometer.

D9: it is a hot neutron four-circle diffractometer used for precise and ac-
curate measurements of Bragg intensities up to very high momentum transfer
[93]. The resolution allows routine recording of extended data sets for the de-
tailed study of atomic disorder and atomic thermal motions. The wavelength
of neutrons is among the shortest available at any reactor in the world. Among
other research areas, this diffractometer is used to study structural phase trans-
itions and magnetic structures. Because of the short neutron wavelength very
small atomic displacements can be identified, accurate to typically 0.001 Å.
This instrument is placed on a Tanzboden floor allowing a continuous choice
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of wavelengths in the range 0.35-0.85Å. In its standard "four-circle" geometry
the sample holder sits on an Eulerian cradle with offset χ-circle. D9 is equipped
with a small 2D area detector which is particularly useful for rapid alignment
and characterization of samples and for studies of satellites and twinning. It
covers 8× 8◦ in 32× 32 pixels. Programs are available for intensity integration
using this detector. Measurement of one Bragg reflection normally takes a few
minutes, and recording of a full set of data takes a few days. If the crystal is
studied as a function of temperature, pressure etc., the total measurement time
is about a week.

D10: this is a single-crystal four-circle diffractometer with optional energy
analysis as on three-axis spectrometers [94]. It possesses a unique four circle
dilution cryostat for temperatures down to 0.1 K. Due to its good momentum
resolution with relatively high flux and its low intrinsic background, D10 can be
used for all kinds of conventional crystallographic studies of nuclear and mag-
netic structures. The automatic monochromator protection allows a continuous
change of the incident wavelength. Two detectors are available in the diffrac-
tion configuration, an 80 × 80 mm2 two-dimensional microstrip detector for
three-dimensional resolution in reciprocal space, or a single 3He detector when
the highest efficiency and lowest background are required. In the four-circle
mode, the offset C-shaped Eulerian cradle can be equipped with a helium-flow
cryostat (1.6 K to 450 K, or 0.1 K to 10 K in dilution mode), or a hot-air furnace
(up to 1000 K), both with full four-circle accessibility. In the two-axis mode, a
cryomagnet can be mounted with computer control of the double-axis tilt stage
to allow limited out-of-plane access.

D3: this beamline serves as a spin polarised hot neutron beam facility [95].
It is a very versatile diffractometer for magnetic structure analysis, offering
several set-ups. The low-field option implement a third-generation CryoPAD
(Cryogenic Polarisation Analysis Device) for precision measurement of neut-
ron spin rotations occurring in the scattering process. This option is used to
study non-collinear magnetic structures, antiferromagnetic form factors, etc.
The scattered polarisation is analysed with a 3He neutron spin filter hosted by
Decpol. Decpol is a compact detector shielding providing the homogeneous
holding-field required for long relaxation time of the 3He polarisation. The
diffractometer uses readily exchangeable CoFe and Heusler polarising mono-
chromators within removable shielded cassettes in symmetric Laue geometry.
Wavelength change is an automatic on-line operation, including the insertion
of the appropriate resonant harmonic filter.
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FIGURE 3.9: Layout and experimental setup on the three different single crystal neut-
ron diffractometers used to carry out the different SCND experiments, located at the
Institut Laue Langevin (Grenoble): (a) the D9 hot neutron 4-circle diffractometer, (b)
the D10 4-circle diffractomete (in the picture equipped with a 6 T cryomagnet) and (c)
the D3 single crystal diffractometer equipped with the CryoPAD used to perform SNP
measurements on single crystals.

3.3 Synchrotron X-ray absorption spectroscopy

Synchrotron facilities provide X-rays with the characteristics necessary to per-
form X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic Circular Di-
chroism (XMCD) experiments: intensity, energy tunability and resolution, po-
larization control and so on. The XAS and XMCD studies used to investigate
the local electronic structure around 3d metals in the materials studied in this
thesis was particularly concentrated in Fe and Cu L2,3 edges (2p → 3d trans-
itions), and in the O K edge (1s→ 2p transitions).

Beyond elastic scattering, other main inelastic processes can occur when
X-rays interact with core electrons. Very generally, when an incident photon
strikes an atom and excites a core electron, the excited electron can either be
promoted to an unoccupied level, or ejected from the atom. Both of these pro-
cesses will create a core hole. The absorption of photons due to these inelastic
scattering processes lead to the attenuation of a monochromatic X-ray beam of
intensity I0 passing through a uniform layer of material in thickness x. This
effect is ruled by the Lambert-Beer law:

I = I0e
−μx (3.17)
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where μ is called the "mass-dependent absorption coefficient" and is usually
expressed in units of cm−1.

The probability of an interaction mechanism depend on the energy of the
incident photon and on the density of the electronic states in the atoms. There-
fore, as the absorption is a direct measurement of the total probability of a
photon to be absorbed by any mechanism, energy dependent measurements
of the absorption can provide information about the initial states of the excited
electrons, and therefore on the electronic structure of the atoms in the material.
Despite the derivation of the absorption coefficient (μ) is in principle a complic-
ated quantum mechanics problem, a number of key approximations allow to
simplify the expression. First of all the one-electron approximation should be
invoked, which means that we consider only one photoelectron to be excited by
each incoming photon while the other electrons merely act as spectators. Then,
the absorption coefficient is proportional to the photoabsorption cross-section
σ(E), which is given by the Fermi’s Golden Rule as the probability per unit of
time (Γi,f ) to excite an electron from the initial state |ψi〉 to a final state |〈ψf |:

μ ∝ σ(Ef ) =
∑
f

Γi,f =
∑
f

2π

�
|〈ψf |Hint|ψi〉|2δ(Ef − Ei − �ω) (3.18)

where Hint denotes the interaction operator reflecting a time-dependent per-
turbation of the Hamiltonian of the atom. XAS involves the measurement of
X-ray absorption cross-section at energies near and above the binding energy
of core-level electrons, which correspond to the energy required to eject a core-
electron into an excited empty state above the Fermi level (EF ) through the
electric-dipole transition (Δl=±1), producing a photoelectron, thus producing
a sudden increase of the absorption (absorption edge). The fact that binding
energies are characteristic of each element allows the independent study of dif-
ferent elements in the material by selecting specific energy ranges. Different
approaches or methods are used for measuring the absorption coefficient (μ) as
a function of the energy of incident X-rays:

• Transmission: This method involves passing X-rays through the sample
and comparing the incident and transmitted intensities. This method is nor-
mally applied for experiments involving hard X-rays, since due to the larger
cross-sections using soft X-rays the beam may be totally attenuated at the ab-
sorption edge if the sample is too thick. For the same reason, soft photons have
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FIGURE 3.10: Schematic diagram of the absorption process and possible decay chan-
nels following it.

a large absorption cross-section in air; hence the experiments have to be per-
formed under very good vacuum conditions.

• Total electron yield: The yield of electrons escaping from the surface of the
sample generated by the different decay channels after the X-ray irradiation
(e.g., photoelectrons, Auger electrons, and secondary electrons, illustrated in
Fig. 3.10) is generally proportional to the X-ray absorption intensity. Thus,
the photocurrent can flow in electrically conductive matter by X-ray irradi-
ation when it is grounded. Monitoring the sample current during X-ray energy
scanning is easy using XAS, which is a Total Electron Yield (TEY) method. As
the transmission method is difficult to apply to soft X-ray absorption measure-
ments due to the strong beam attenuation, TEY is commonly used as an altern-
ative. However, as the emitted electrons are easily absorbed in the sample, this
method is mainly sensitive to surface features.

• Fluorescence yield (FY): In this method, an X-ray detector is used to meas-
ure the photons created in the fluorescent decay. Unlike the TEY, the interaction
of the emitted photons with matter is much lower than that of emitted electrons,
and in consequence FY measurements exclude any surface effect. Fluorescence
measurements are often carried out using Partial Fluorescence Yield (PFY) that
rely on detectors having photon energy discrimination. This allows to improve
the sensitivity and the signal-to-background ratio of the measured spectra.

3.3.1 BL29-BOREAS beamline (Alba Synchrotron Light Facil-
ity)

Synchrotron XAS measurements presented in this thesis to study the electronic
structure of atoms in our materials were conducted at the BL29-BOREAS beam-
line of the ALBA Synchrotron Light Facility [96]. BL29-BOREAS is a soft X-ray
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beamline dedicated to polarization-dependent spectroscopic investigations of
advanced materials, involving those composed of 3d and 4d metals and rare
earths. In our case the samples studied were in bulk form, but thin film, mul-
tilayered, powder or nanostructured materials can also be studied. The X-rays
are produced by an APPLE II elliptical undulator which offers a high flux (1012

photons/s at 150-1000 eV), high energy resolution (ΔE∼50-100 meV), and full
polarization control on an extended soft X-ray regime of 80 to 4000 eV. The
beam size at sample can be adjusted from approx. < 100×100 μm to 1×1 mm
thanks to its vertical and horizontal refocusing mirror system with adjustable
in-situ mirror benders. In Fig. 3.11 the main optical components of the beam-
line located upstream the end-stations are shown.

FIGURE 3.11: The main optical components of the BL29-BOREAS beamline. Image
from Ref. [96].

The beamline is equipped with two state-of-the-art end stations:

(i) a High-field vector magnet (HECTOR) for soft-XAS and Dichroism tech-
niques such as NEXAFS, XMCD or XMLD;

(ii) a UHV reflectometer (MARES) for scattering and reflection approaches in-
cluding resonant soft X-ray reflectivity, resonant magnetic scattering and
GISAXS.

The description will focus on the HECTOR end station, where all the XAS/XMCD
measurements were performed. This end-station consists of a UHV-compatible
cryomagnet (Scientific Magnetics Ltd). The magnet is composed of a set of three
orthogonal superconducting split-coils allowing maximum fields of up to 6 T in
the horizontal plane along the beam direction, and 2 T in the horizontal plane
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perpendicular to the X-ray beam and in the vertical plane.
The samples are in a UHV environment with a base pressure of the order of

<10−10 mbar, and mount on a sample holder attached to the cold finger of a vari-
able temperature cryostat (3 K - 350 K). The system counts on three chambers
for storage and sample preparation, all operating high-to-ultra-high vacuum
(UHV) conditions [Fig. 3.12(a)]: (i) the load-lock chamber, (ii) the buffer cham-
ber, and (iii) the preparation chamber. The first one allows to introduce/change
samples at ambient pressure and to reach a good vacuum in a few minutes.
The buffer chamber is a transition chamber between the load-lock and the pre-
paration chamber where UHV conditions are mandatory. Finally, the prepar-
ation chamber presents a complete range of sample preparation tools such as:
a cleaver, a scraper, MBE-evaporators for metals and organic molecules, an e-
beam heating stage and an ion sputtering gun.

The sintered pellet samples in our experiments were fixed onto Aluminum

FIGURE 3.12: (a) General view of the HECTOR XAS/XMCD end station in BL29-
BOREAS beamline (Alba synchrotron) and detail of the main and preparation cham-
bers. (b) Sample holders with YBCFO pellet samples mounted on them.
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plates using a strong epoxy and diluted Ag paint, and coated with a graph-
ite solution to guarantee a good electrical conductivity of the assembly. These
plates were then screwed into Cu sample holders. Fig. 3.12(b) shows the YB-
CFO samples studied in Chapter 4. Then, the samples were cleaved under high
vacuum (in the preparation chamber) to allow the study of fresh, non oxidized
surfaces.

3.4 Bulk magnetic characterization

The magnetization of a material (M) is defined as the magnetic moment per unit
volume (or per unit mass) and the magnetic susceptibility (χ) is the proportion-
ality between the magnetization induced in response to an applied magnetic
field, and the intensity of this magnetic field. As we know, when a constant
field (H) is applied to a sample, it gets magnetized and its state is characterized
with a certain magnetization M. Then, macroscopic magnetic state of a material
can be characterized from its response to a steadily applied dc magnetic field
by these two magnitudes (M and χ). The dependence of the magnetic response
of materials is commonly studied as a function of temperature and external
magnetic fields by measuring the M(T) and M(H) curves.

In contrast, if an ac field is applied superimposed to the dc field, the mag-
netic response becomes time-dependent. The difference between dc and ac
measurements is that the latter gives information about the slope of the mag-
netization curve at a certain point H . At low frequencies and small ac field
amplitudes, the induced ac magnetization is given by

Mac =
dM

dH
haccos(ωt) (3.19)

where hac is the amplitude of the ac field and ω = 2πf its frequency. Varying the
dc magnetic field allows to obtain the field dependence of the slope of the M(H)
curve, which corresponds to the ac susceptibility, χac = dM/dH . Therefore, ac
measurements are very sensitive to small variations in the magnetic response of
the material. Measurements at higher frequencies allow to study the dynamic
effects in the sample.
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SQUID magnetometers

Both ac and dc susceptibility techniques were used to probe the macroscopic
magnetic response of polycrystalline and single crystal samples as a function of
the temperature and under external magnetic fields using equipments based on
Superconducting QUantum Interference Device (SQUID) technology. SQUID
magnetometers, which have an extremely high sensitivity (in the order of 10−7

emu), are able to detect extremely tiny magnetic fields. This device is based on
the tunneling of superconducting electrons across a Josephson junction between
two superconductors. Its high sensitivity lies on the fact that it responds to
changes of magnetic field associated with one flux quantum. In a SQUID, this
flux is converted into a measurable electical voltage.

The SQUID measurements in the present work were carried out in a Mag-
netic Property Measurement System (MPMS-XL), and/or in a Physical Proper-
ties Measurement System (PPMS), both from Quantum Design, Inc (shown in
Fig. 3.13). The capabilities measurements done in these two equipments are
briefly described below:

• Quantum Design MPMS-XL: This magnetometer is based on a SQUID de-
tector that is able to determine extremely low magnetization signals present
in the material under study. The core system consists of a superconducting
longitudinal solenoid able to generate mangetic fields up to 7 T. The system
is able to precisely control the temperature at the sample space at any value
from 2 K to 400 K. In RSO measurement mode (oscillatory motion through
the pickup coils) it has a sensitivity of 10−7 emu. We used this setup to ob-
tain temperature dependencies of the magnetization, M(T), and M(H) curves
under dc fields up to 7 T.

• Quantum Design PPMS: The core system in this equipment makes pos-
sible to generate magnetic fields up to 9 T and to control the sample space
temperature to any value between 2 K and 400 K. Temperature depend-
ent M(T) curves were measured using the Vibrating Sample Magnetometer
(VSM) option, which provide a fast and precise method for the determina-
tion of the DC magnetization of a material. In this option, an specially built
sample holder that contains a heater allows to extend the working temperat-
ure up to 1000 K. In addition, the AC Measurement System (ACMS) provides
the possibility to use the PPMS as DC extraction magnetometer (sensitivity,
10−5 emu) or an AC Susceptometer (sensitivity, 10−8 emu). Field dependent
χac(H) susceptibility curves were recorded using this hardware option under
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magnetic fields up to 9 T.

FIGURE 3.13: Views of the two different magnetometers used: (a) the Magnetic
Property Measurement System (MPMS-XL) and (b) the Physical Properties Measure-
ment System (PPMS), both located at the Low Temperature and Magnetometry Lab at
ICMAB.

In most cases the measurements were done with the support of the Ser-
vice technician. Field dependent ac susceptibility measurements on YBCFO
single crystals (presented in Chapter 7) were conducted with the help of Vassil
Skumryev (ICREA Research Professor at Universitat Autònoma de Barcelona),
and the magnetic study on ε-Fe2O3 nanoparticles (in Chapter 8) was performed
in collaboration with Martí Gich (Nanoparticles and Nanocomposites Group at
the ICMAB-CSIC).

3.5 Computational tools
- FullProf: the FullProf Suite is formed by a set of crystallographic programs

(FullProf, WinPLOTR, EdPCR, GFourier, etc...) mainly developed for Ri-
etveld analysis (structure profile refinement) of neutron (constant wavelength,
time of flight, nuclear and magnetic scattering) or X-ray powder diffraction
data collected at constant or variable step in scattering angle 2theta. FullProf
has been used for the analysis of all the X-ray and neutron powder and single
crystal data presented in this work [97].

- Mag2Pol: program for the analysis of single-crystal and powder diffrac-
tion data. Used to refine the magnetic structures from spherical polarimetry
data and for the calculation of the polarization matrices of different magnetic
models [98].
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- Esmeralda: the Esmeralda suite is a set of applications that range from the
simulation of Laue patterns to the extraction from measured Laue patterns of
normalized squared structure factors ready for use for structure determina-
tion. The program was used for the data processing of the CYCLOPS neutron
Laue diffractometer (ILL) [99, 100].

- Clip: the Cologne Laue Indexation Program is a software for the analysis of
Laue patterns. It allows to determine the crystal orientation from spots and
zones marked on a Laue photograph. Clip was used for the indexation of the
Laue neutron patterns measured at the Orient Express Laue diffractometer
(ILL) and to calculate the angles to rotate the crystal in the desired orienta-
tion.

- Dioptas: Python based GUI-Program for integration and exploration of two-
dimensional X-ray diffraction area detector data. Used to calibrate and in-
tegrate the high pressure X-ray bidimensional diffractograms prior to the Ri-
etveld analysis [101].

- Bilbao Crystallographic Server: The Bilbao Crystallographic Server is a web
site with crystallographic databases and programs available online
(www.cryst.ehu.es). The server gives access to general information re-
lated to crystallographic symmetry groups, programs for the analysis of group-
subgroup relations between space groups, and software package studying
specific problems of solid-state physics, structural chemistry and crystallo-
graphy [102–104].

- ISOTROPY: The ISOTROPY software suite is a collection of software which
applies group theoretical methods to the analysis of phase transitions in crys-
talline solids [105].

- VESTA: 3D visualization program for structural models, volumetric inform-
ation such as electron density, and crystal morphologies [106].

3.5.1 Analysis of synchrotron and neutron diffraction data:
the Rietveld method

In this work, all diffraction data has been analyzed using the Rietveld method,
implemented in the FullProf set of programs. The method, developed by Hugo
Rietveld in 1969, is currently the most common procedure for the analysis of X-
ray and neutron powder diffraction data when the structure is approximately
well-known.



Chapter 3. Characteriztion techniques and instrumentation 81

Implementation of the Rietveld method

The method is based on the minimization of the weighted squared difference
between the observed data and the calculated diffraction pattern using an ap-
proximate structural model. The function to be minimized is:

Sy =
N∑
i=1

wi | yo(2θi)− yc(2θi) |2 (3.20)

where N is the number of experimental points of the pattern, yo(2θi) and yc(2θi)
are respectively the observed and calculated intensities in each i point, and wi

is the weight for each i point. This last term is defined from the variance of
the observation σi of each experimental value of the intensity as wi = 1/σ2

i .
The calculated intensity for each position 2θi of the diffraction pattern can be
expressed as:

yc(2θi) = yb(2θi) + Lp(2θi)

Nf∑
j=1

Sj

Np∑
k=1

mk,j | Fk,j |2 Sj(2θi − 2θk,j)Pk,j(2θi) (3.21)

where Nf is the number of phases and Np the number of reflections, yb(2θi) is
the background contribution, Lp contains the Lorentz and polarization correc-
tion factors, Sj is the scale factor for each j crystallographic phase, mk,j is the
multiplicity for each k reflection, Fk,j is the structure factor (3.11), Sj(2θi− 2θk,j)

is the function in charge to describe the reflection’s shape and Pk,j(2θi) is a factor
to correct the effect of preferential orientation, absorption and extinction.

An issue that is also important is that the number of reflections is determ-
ined by the symmetry and the space group of the crystalline phase. In general,
the higher the degree of symmetry the less reflections the diffraction pattern
will have due to equivalent or cancelled reflections. The fact that multiple re-
flections can contribute to a single intensity peak is taken into account with the
multiplicity factor mk,j .

The calculated model should refine (adjust) the angular position, intens-
ity and shape for each peak of the diffraction pattern. With this objective, the
Fullprof software allows us to adjust different parameters using the Rietveld
method in order to obtain a good refinement between the experimental profile
and the calculated one. For this reason it is necessary to start from an approx-
imate model of the structure, that is to say that it is necessary to introduce the
space group to which it is expected that the crystal belongs and approximate
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values of the structural parameters (cell parameters and atomic coordinates).
The main parameters that need to be adjusted for a good refinement are de-
tailed below:

• Peak position: the correct angular position of each (hkl) reflection can be
computed and refined from Brag’s law (3.6) by adjusting the unit cell para-
meters (a, b, c, α, β, γ) of each crystalline phase present in the specimen. It is
also important the adjust of the zero shift error of the goniometer;

• Peak intensity: The intensity of the peaks depends on the selected structural
model for each crystalline phase, thus on the composition of the unit cell,
which includes the coordinates (xj, yj, zj) of the atomic positions, the occu-
pation of each atom in a given position and the temperature factorsBj . These
parameters, which are implicit in the structure factor (3.11), can be refined.
The scale factors Sj , which also are adjusted, and are related to the proportion
xj of each crystalline phase according to:

xj =
SjzjMjVj∑Nf

i=1 SjzjMjVj
(3.22)

where zj is the number of formula units of the specie per unit cell, Mj the
molecular mass corresponding to the formula unit and Vj is the volume of the
unit cell. The background, the presence of preferred orientation, absorption,
extinction and other microstructural factors may also have an effect on the
intensity.

• Peak shape: the shape of the peaks can be a complex feature to adjust, since
it can depend not only on the characteristics of the sample, but also on instru-
mental features such as the radiation source, geometry, monochromator, and
so on. The main characteristics of the peaks to be adjused are the asymmetry
factors (which are more imporant for small angles), the type of function and
the full width at half maximum (FWHM) of the function. These aspects are
taken into account in factor Sj(2θi − 2θk,j). The function can be a Gaussian
(G), a Lorentzian (L) or a pseudo-Voigt (pV ), that is a combination of the first
two and is the one used in this work. This function can be described as:

pV (x;H, η) = ηL(x;HL) + (1− η)G(x;HG) (3.23)

where 0 ≤ η ≤ 1 is the parameter that will be refined and HL, HG are the
FWHM of the Lorentzian and Gaussian functions respectively. Moreover, the
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H parameters may have an angular dependence, described for both Lorent-
zian and Gaussian functions by the Caglioti relation as:

HL(θ) = X tan θ + Y/ cos θ (3.24)

H2
G(θ) = U tan2 θ + V tan θ +W (3.25)

where X, Y, U, V,W are the refinable parameters.

Agreement R-factors

The quality of the agreement between the observed and calculated profiles can
be measured by the R-factors, a set of parameters that are defined as follows:

• Profile Factor:

Rp = 100

∑N
i=1 | yo(2θi)− yc(2θi) |∑N

i=1 yo(2θi)
(3.26)

• Weighted Profile Factor:

Rwp = 100

[∑N
i=1wi | yo(2θi)− yc(2θi) |2∑N

i=1wiy2o(2θi)

]1/2

(3.27)

• Expected Weighted Profile Factor:

Rexp = 100

[
N − P∑N

i=1wiy2o(2θi)

]1/2

(3.28)

where P is the number of refined parameters;
• Reduced chi-square:

χ2 = 100

[
Rwp

Rexp

]2
(3.29)

• Bragg Factor:

RB = 100

∑
(hkl) | Io(hkl)− Ic(hkl) |∑

(hkl) Io(hkl)
(3.30)
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Chapter 4
Helimagnets by disorder: its role on the

high-temperature magnetic spiral in the YBCFO

perovskite

4.1 Introduction

Despite the theoretical progresses achieved in the last years for modeling the
spiral order by disorder mechanism [54, 55], from the experimental viewpoint
more precise and exhaustive investigations are still pending. The work presen-
ted in this chapter is aimed to fill that gap, extending previous reports on the
reference composition YBCFO [46, 47]. In the following we report a system-
atic, meticulous experimental investigation of the influence of Fe/Cu cation
disorder (monitored and quantified through the improper occupancy of the Fe
and Cu positions) on the evolution of the noncollinear magnetic and the struc-
tural properties in the YBCFO layered perovskite. The interplay between dis-
order, stability, and the features of the modulated spiral magnetic phase in YB-
CFO have been thoroughly and quantitatively described, and also analyzed in
the light of the theoretical predictions. In YBCFO the influence of disorder (and
only disorder) on the magnetic phase diagram, the structure, and the features
of the modulated spiral is studied on a quantitative basis, extending the range
of previous studies. Three different regimes are distinguished in the YBCFO
phase diagram versus disorder, where a multicritical point has been found. A
triple point driven by Fe/Cu disorder in YBCFO sets limits to the thermal sta-
bility of the helicoidal order and also to its cycloidal component (characterized
by the inclination of the spin rotation plane). Magnetic and structural mech-
anisms activated by disorder are carefully analyzed and confronted to theory.
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This approach paves the way to further progress for the optimization of mul-
tifunctional perovskites with high-TS spiral magnetic order. Some conclusions
also present interest for other noncollinear anisotropic or layered magnets in
which the spiral order (cycloidal, conical,. . . ) can form "by disorder" at normal
working temperatures.

4.2 Sample praparation and experimental me-

thods

Synthesis of polycrystalline YBaCuFeO5 samples with diffe-
rent Fe/Cu disorder

Polycrystalline samples with identical composition YBaCuFeO5 were prepared
by the solid state reaction method. High-purity Y2O3, BaCO3, CuO and Fe2O3

precursor oxides were dehydrated at 150 ◦C for 48 h. Decarbonation of Y2O3 ox-
ide was achieved by a pre-annealing process at 900 ◦C for 10 h. Stoichiometric
amounts of the oxides were then mixed, thoroughly grounded using an auto-
matic agate mortar for several hours until a fine and homogeneous powder
was obtained. The resulting powder was then pressed into pellets, which were
heated for 50 h at 1150 ◦C in air. Finally, in order to obtain specimens with dif-
ferent degree of B-site cationic order, we applied dissimilar cooling processes to
each sample. We will refer to them as Sn (1≤n≤7, where higher n values denote
ascending Fe/Cu disorder). To samples S1, S2 and S3 we applied a controlled
cooling rate of, respectively, 10 ◦C/h, 300 ◦C/h and 450 ◦C/h. Samples S4, S5, S6
and S7 were obtained by quenching into liquid nitrogen or water. The quench-
ing process consisted on pulling the sample crucible out of the tubular furnace,
turn it over to drop the sample into a wide cryogenic Dewar flask containing the
quenching medium. By this process samples S4 and S5 were quenched using
liquid nitrogen and water, respectively. Although it is not possible to determ-
ine quantitatively the real cooling rate of quenched samples, the time elapsed
between the moments in which these samples were pulled out of the furnace
and get in contact with the medium was ∼12 seconds. Later on, with the aim
of achieving even higher cooling rates, the process of dropping the samples
into the medium was modified. By decreasing as much as possible the distance
between the furnace tube and the Dewar flask, and dropping directly both cru-
cible and sample into the medium, the process could be effectively shortened
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to ∼5 seconds. By this improved process samples S6 and S7 were quenched
respectively into liquid nitrogen and water. The highest Fe/Cu disorder was
obtained for the sample S7, where the quenching was done by fast cooling in
liquid water. After this, small pieces of each sample were kept solid for the
macroscopic measurements, and the rest was pulverized to perform powder
diffraction experiments.

The quality of the samples was assessed by X-ray and neutron diffraction,
and magnetic measurements. Laboratory X-ray diffraction patterns collected at
RT using a Siemens D-5000 diffractometer (λ[Cu Kα] = 1.54 Å) showed a very
good crystallinity and purity of the samples within the detection limit of the
technique.

Characterization methods

• Synchrotron X-ray powder diffraction: for the structural study, high resol-
ution synchrotron radiation X-ray powder diffraction patterns (SXRPD) were
collected at 300 K at the BL04-MSPD beamline [107] of the ALBA Synchro-
tron Light Facility (Cerdanyola del Vallès, Spain). The samples were loaded
in borosilicate glass capillaries (0.7 mm diameter) and kept spinning during
data acquisition. A short wavelength, λ = 0.41357(3) Å was selected to reduce
absorption and enlarge the q-range. The value of λ was calibrated using a NIST
standard silicon. As detection system we used a high-throughput position sens-
itive detector MYTHEN which allows a high photon flux. The acquisition time
to perform a RT full structural characterization was 90 s.

• Neutron powder diffraction: to characterize the magnetic order, neutron
powder diffraction (NPD) measurements were carried out at the high-flux re-
actor of the Institut Laue Langevin (Grenoble, France), using the high-intensity,
high-resolution two-axis D20 diffractometer configured with a HOPG mono-
chromator and 42◦ take-off angle (λ= 2.41 Å), with excellent resolution at low-q
and a high efficiency position sensitive detector covering an angular range up
to 150◦. Powder samples were filled into 8 mm diameter vanadium containers.
For each sample, two patterns with an acquisition time of 15 min were collected
at 10 K and averaged for signal-to-noise ratio optimization. To study the evol-
ution of the magnetic order with temperature, neutron thermodiffractograms
were also collected in continuous mode following temperature ramps within
the range 10 to 500 K, with applied heating rate of 2 K/min and acquisition
time of 2.5 min per scan. Around 100 patterns were recorded in the range 10 K
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to 500 K with a resolution in temperature of 5 K between successive patterns.
Finally, the end members of the series (S1, S2 and S7 samples) were also meas-
ured on D20 in the paramagnetic state (at 490 K) using a shorter wavelength
(λ = 1.54 Å). The temperature range of the experiment was covered by using a
dedicated helium cryofurnace.

Structural and magnetic Rietveld refinements of the X-ray synchrotron and
neutron patterns were made using the Fullprof package of programs [97]. Crys-
tallographic tools from the Bilbao Crystallographic server [102–104] and
ISOTROPY Software Suite [105] were also used. The illustrations of the crystal
structure were obtained using the VESTA program [106]. The cationic disorder
in each sample was determined by SXRPD data analysis through the Fe/Cu oc-
cupancies at the B-sites of the perovskite. It is represented by the ‘improper oc-
cupancy’ parameter nd (0 [full order]< nd ≤0.5 [full disorder]) described in next
section. A second key parameter for the description of the samples is the modu-
lation qs of the incommensurate spiral magnetic phase, (k2 = (1/2, 1/2, 1/2±qs)
being the propagation vector, directly related to nd, which was obtained from
the NPD data.

• Synchrotron X-ray absorption spectroscopy: soft X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measure-
ments at the Fe and Cu L2,3 edges (2p → 3d transitions) were performed in the
HECTOR cryomagnet endstation at the BL29-BOREAS beamline of the ALBA
Synchrotron Light Facility (Barcelona, Spain). Sintered pellets of YBaCuFeO5

were stuck onto Al plates using a hard bicomponent epoxy (Torrseal®) and di-
luted Ag paint, and coated with a graphite solution to guarantee a good elec-
trical conductivity of the assembly. These plates were screwed into Cu sample
holders while sandwiching In foil interfaces to optimize thermal and electrical
conductivities. All data were recorded in a total electron yield (TEY) and partial
fluorescence yield (PFY) detection modes. For the latter, a commercial Si-drift
diode (SDD) built by Rayspec Ltd., UK was used. The main chamber of the
cryomagnet was kept at 1×10−10 mbar during measurements. The XMCD spec-
tra were recorded using alternatively left and right circularly polarized X-rays
produced by an APPLE II undulator. The 6 T magnetic field along the direc-
tion of propagation of the incident photons set for the XMCD measurements
was generated by a superconducting split coil setup within the cryomagnet.
The total incoming radiation flux was about 5× 1011 photons/s with an energy
resolution ΔE/E ∼ 10−4.
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• Magnetometry: macroscopic magnetic measurements were performed us-
ing a vibrating sample magnetometer (VSM) in a Physical Properties Measure-
ment System (PPMS, Quantum Design Inc) for recording the temperature de-
pendence of the magnetization M(T) in the interval 10-500 K under an applied
external magnetic field of 2 kOe.

• Electrical characterization: Polarization curves as a function of the applied
electric field, P(E), were obtained at the Instituto de Nanociencia y Materiales
de Aragón (INMA-Universidad de Zaragoza) with the collaboration of Drs.
Gloria Subías and Javier Blasco. The dielectric measurements were carried out
as a function of temperature between 5 and 300 K in a He cryostat employing a
home-made coaxial-line inset. Sintered discs were cut and polished into flat cir-
cular pellets of about 8 mm in diameter (surface about 50 mm2) and a thickness
of about 0.5 mm. Silver paint was applied to disc surface for proper electrical
contact. The complex dielectric permittivity of the samples was measured using
an impedance analyzer (Wayne Kerr Electronics 6500B), applying voltages with
amplitude of 1 V and a frequency range between 10 Hz and 5 MHz. Polariza-
tion versus electric-field loops were recorded using a commercial polarization
analyzer (Easy Check 300 from aixACCT Systems GmbH) for frequencies up to
250 Hz, together with a high voltage amplifier (electric-field amplitude up to
∼20 kV/cm).
Pyroelectric current was measured with a Keithley 2635B electrometer by warm-
ing the sample at a constant rate with values ranging between 0.5 and 10 K/min.
The change in the electrical polarization was obtained by integrating the pyro-
electric current as a function of time. Different poling fields were tested. The
electric field was applied at 150 K followed by cooling at a rate of 10 K/m down
to 5 K. Then, the field was removed and the stabilization of the polarization was
reached after shorting the circuit for 15 m to remove surface charges. The res-
ults are displayed in Sec. A.2 [App. A].

4.3 Structural evolution of YBCFO due to B-site dis-

order studied by SXRPD

4.3.1 B-site disorder and magnetic incommensurability

First of all, some considerations have to be done regarding the concept we are
referring to as "disorder". In YBaCuFeO5, non-centrosymmetric P4mm mod-
els with partial Fe/Cu disorder give significantly better agreement factors than
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fully ordered models with the centrosymmetric P4/mmm space group, as Morin
et al. pointed out for the first time [46]. This work further confirms that YBCFO
samples are well described using the P4mm symmetry, which allows to vary
the chemical disorder in the layers formed by bipyramids through a distinct oc-
cupancy of the nominal Cu and Fe sites (1b sites) [46–48, 108]. So, it is demon-
strated that in YBCFO the "mixed" FeCuO9 bipyramids are partially arranged
forming Fe-rich and Cu-rich layers of pyramids that extend parallel to the ab
plane. Furthermore, a second component of disorder that adds to the formerly
described is the presence of "non-mixed" M2O9 (M=Fe or Cu) defects, which are
inherent to the disordered nature of Fe and Cu at the B-sites, and were proposed
by Scaramucci et al. to be the origin of magnetic frustration in YBCFO [54, 55].
In consequence, the refined Fe/Cu occupancies reflect the sum of these two
disorder components, rather than the real density of improper Fe/Fe defects.
Although it is not possible to extract this relevant quantity from the refined oc-
cupancies, both types of disorder are originated by the same mechanism during
the annealing process of the samples and a relation of proportionality between
them is assumed.

Figure 4.1 displays the refined SXRPD patterns for the seven YBCFO samples
investigated, and Table 4.1 reports the corresponding structural parameters and
agreement factors at 300 K. SXRPD patterns allowed to refine the atomic posi-
tions and the occupancies of the Cu and Fe ions in the two pyramids of the unit
cell [Cu-rich is the upper (M1) and Fe-rich the lower (M2) pyramid, respect-
ively]. For this purpose, the z-coordinates of the two positions that a given
metal M (either Fe or Cu) can occupy in the cell (M1 and M2) were constrained
in the form z(M1)+z(M2)=1. In Table 4.1 we denote as proper positions Cu1
(upper pyramid in the cell) and Fe2 (lower pyramid in the cell). In the ordered
limit Cu1 and Fe2 sites are fully occupied, and hence the partial (improper)
occupancy of the positions Fe1∗ and Cu2∗ is proportional to disorder. So, dis-
order is monitored by the improper occupancy nd, defined as the fraction of
Fe3+ [Cu2+] cations that occupy Fe1∗ [Cu2∗] sites (see Table 4.1). Hereinafter
the improper occupancy nd in a sample is used to parameterize its chemical
disorder (related to the density of impurity bonds in Ref. [54]).

We have studied the influence of Fe/Cu cation disorder (nd) on the incom-
mensuration (qs) of the spiral magnetic phase (full details on the magnetic or-
ders are given in Section 4.5). The values of both parameters in all the YBCFO
samples investigated are listed in Table 4.4. Fig. 4.2 discloses the experimental
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FIGURE 4.1: Rietveld refinement (black curve) of the synchrotron X-ray intensities (red
circles) at 300 K (seven samples). Bottom blue line is the observed-calculated difference.
Inset: Detail of the high-angles region.

relationship found between the values of the magnetic incommensurability (de-
termined by neutron diffraction at 10 K) and the chemical disorder nd in our
YBCFO samples prepared with increasing disorder. The evolution shown in
the figure proves a direct relationship between cation disorder (nd) and the
magnetic incommensurability qs. The qs (nd) dependence found in our set of
samples with growing disorder is satisfactorily parametrized by fitting the ex-
perimental points to a linear function (also exposed in Fig. 4.2):

qs = −0.025(31) + 0.445(78) · nd (4.1)

The dashed lines in Fig. 4.2 illustrate the fitted evolution versus the improper
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TABLE 4.1: Structural parameters at T = 300 K and agreement factors from Rietveld
refinement of MSPD@ALBA synchrotron data (λ=0.413570 Å). (∗: minority fraction; nd
(disorder)=Occ (Fe1∗/Cu2∗)). The coordinates of each metal (M: Cu or Fe) are con-
strained by z(M1)+z(M2)=1.

T=300 K
P4mm

S1 S2 S3 S4 S5 S6 S7

a=b (Å) 3.87491 (2) 3.87526 (2) 3.87556 (2) 3.87566 (2) 3.87549 (1) 3.87606 (1) 3.87642 (2)
c (Å) 7.66432 (4) 7.66278 (4) 7.66236 (4) 7.66056 (4) 7.65962 (3) 7.65974 (3) 7.65917 (4)
ΔT ≡c/2a 0.988967 (7) 0.988678 (7) 0.988548 (7) 0.988290 (7) 0.988212 (5) 0.988082 (5) 0.987918 (7)
V (Å3) 115.0792 (13) 115.0771 (13) 115.0885 (13) 115.0675 (13) 115.0433 (10) 115.0789 (10) 115.0915 (13)

Y
1a (00z) z/c 0.4948 (8) 0.4941 (8) 0.4932 (6) 0.4937 (8) 0.4942 (8) 0.4929 (5) 0.4938 (8)

Uiso (Å2) 0.00245 (10) 0.00204 (10) 0.00354 (8) 0.00177 (9) 0.00379 (9) 0.00350 (7) 0.00328 (9)
Ba

1a (00z) z/c 0 0 0 0 0 0 0

U11 (Å2) 0.00689(6) 0.00666(6) 0.00750(5) 0.00666(6) 0.00768(5) 0.00765(4) 0.00764(5)
U33 (Å2) 0.0253(2) 0.0244(2) 0.02767(20) 0.0244(2) 0.0284(2) 0.02823(16) 0.0282(2)

Cu1
1b (½ ½ z) z/c 0.71898 (37) 0.71894 (52) 0.72008 (45) 0.71837 (49) 0.72104 (63) 0.72072 (45) 0.72110 (68)

Fe1∗

1b (½ ½ z) z/c 0.74390 (50) 0.74455 (93) 0.74475 (81) 0.74578 (94) 0.74295 (93) 0.74452 (78) 0.74323 (96)

Cu2∗

1b (½ ½ z) z/c 0.28102 (37) 0.28106 (52) 0.27992 (45) 0.28163 (49) 0.27896 (63) 0.27928 (45) 0.27890 (68)

Fe2
1b (½ ½ z) z/c 0.25610 (50) 0.25545 (93) 0.25525 (81) 0.25422 (94) 0.25705 (93) 0.25548 (78) 0.25677 (96)

Uiso (Å2) 0.00483(12) 0.00461(12) 0.00642(10) 0.00375(12) 0.00699(11) 0.00682(8) 0.00678(11)
O1

1b (½ ½ z) z/c 0.0119 (13) 0.0085 (17) 0.0035 (14) 0.0045 (22) 0.0013 (28) 0.0002 (20) 0.0004 (29)

U11 (Å2) 0.00537(15) 0.00539(15) 0.00561(11) 0.00533(14) 0.00604(13) 0.00609(10) 0.00595(13)
U33 (Å2) 0.0118(6) 0.0119(6) 0.0128(4) 0.0117(6) 0.0144(5) 0.0146(4) 0.0141(5)

O2
2c (½ 0 z) z/c 0.3138 (14) 0.3128 (16) 0.3131 (14) 0.3119 (17) 0.3135 (18) 0.3133 (12) 0.3131 (18)

U11 (Å2) 0.00756(15) 0.00758(15) 0.00780(11) 0.00753(14) 0.00823(13) 0.00828(10) 0.00814(13)
U22 (Å2) 0.00440(15) 0.00442(15) 0.00465(11) 0.00437(14) 0.00508(13) 0.00512(10) 0.00498(13)
U33 (Å2) 0.0055(6) 0.0055(6) 0.0064(4) 0.0053(6) 0.0081(5) 0.0083(4) 0.0077(5)

O3
2c (½ 0 z) z/c 0.6809 (15) 0.6812 (17) 0.6824 (14) 0.6815 (18) 0.6820 (18) 0.6849 (11) 0.6833 (17)

U11 (Å2) 0.00756(15) 0.00758(15) 0.00780(11) 0.00753(14) 0.00823(13) 0.00828(10) 0.00814(13)
U22 (Å2) 0.00440(15) 0.00442(15) 0.00465(11) 0.00437(14) 0.00508(13) 0.00512(10) 0.00498(13)
U33 (Å2) 0.0055(6) 0.0055(6) 0.0064(4) 0.0053(6) 0.0081(5) 0.0083(4) 0.0077(5)

Occ (Cu1/Fe2) 1− nd 0.706 (29) 0.684 (28) 0.628 (29) 0.613 (28) 0.563 (43) 0.594 (26) 0.560 (43)
Occ (Fe1∗/Cu2∗) nd 0.294 (29) 0.316 (28) 0.372 (29) 0.387 (28) 0.437 (43) 0.406 (26) 0.440 (43)
χ2 91.6 97.8 46.0 57.8 40.8 92.2 71.4
RB 4.26 4.54 3.56 3.68 4.26 4.53 3.94
Rf 2.56 2.57 2.11 1.80 2.54 2.00 2.44

occupancy nd (occupation of Fe1∗ and Cu2∗ sites in Table 4.1, 0 < nd < 0.5) and
also versus the symmetrically equivalent proper occupation ([1− nd]: occupa-
tion of Cu1 and Fe2 sites in Table 4.1). An improper occupation nd=0.5 would
thus correspond to a random B-site cation distribution. On the other hand, the
canting angle ϕ determined for each sample is also shown in the right-axis of
Fig. 4.2. The frequency shift qs measures how much the spiral wave deviates
from the antitranslational symmetry along c (Φ = π + ϕ = π + 2πqs). The
angle Φ (see Fig. 4.2) stands for the rotation angle between the spins of equi-
valent pyramids in successive cells [46, 49, 109]. Therefore, Fig. 4.2 portrays a
direct relationship between Fe/Cu disorder and the range of the constant twist
(mean canting angle ϕ = 2πqs) between the two spins in a bipyramid M2O9.
Notice that, taking errors into account, Eq. (4.1) is compatible with the lack of
incommensuration in absence of chemical disorder, although this point will be
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FIGURE 4.2: Magnetic incommensurability versus B-site disorder. Incommensurate
modulation qs of the magnetic spiral in YBCFO as a function of its fractional Fe/Cu
cation disorder in the structure (described by the refined improper occupation nd of
Fe1∗ [Cu2∗] sites in the bipyramids). Blue (brown) points represent the improper
(proper) occupation of a given pyramid. A random disorder would correspond to
nd=0.5. The twist (canting) angle ϕ = 2πqs between the two spins in a bipyramid is
shown in the right-axis, and ϕ is also illustrated in the sketch of the spiral order that
is shown in the right side. In the structural projection the blue color stands for Cu and
the brown for Fe, majority in the upper (M1) and lower (M2) pyramids, respectively.
The qs versus nd linear fits (dashed lines) are reported in Table 4.6.

analyzed in more detail further on. As mentioned before, the key factor for the
spiral phase is the fraction of c-aligned straight Fe-O-Fe superexchange bonds.
The model of Scaramucci and co-workers [54, 55] predicts a linear relationship
between qs and the fraction of bipyramids with Fe-O-Fe bonds (improper Fe/Fe
bonds).

In our set of YBCFO samples the Fe/Cu disorder varies in the range
0.29≤ nd ≤0.441. The maximum achieved cation disorder was nd=0.44(4) (S7
sample), very close considering errors to the extreme limit of total cation dis-
order at the B-site (nrandom=0.5). Later we are discussing the impact of this large
Fe/Cu disorder in more detail. Fig. 4.2 thus confirms that an excellent equival-
ent choice to nd in order to quantitatively monitor the B-site chemical disorder

1The suitability and advantages of using SXRPD instead of NPD to determine the Fe/Cu
cation disorder is discussed in Appendix A.
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is to consider the experimental incommensurate modulation qs, the shift of the
magnetic wave respect to the chemical cell. Consequently, in this investiga-
tion we have extensively used the magnetic modulation value qs as an alternat-
ive and very accurate quantification (determined by neutron diffraction) of the
level of B-site chemical disorder in the samples.

4.3.2 Structural evolution due to B-site disorder

The evolution of the cell parameters and volume included in Table 4.1 have
been plotted in Fig. 4.3. The expansion in the a parameter concurs with a sys-
tematic contraction of c when disorder increases, whereas the unit cell volume
hardly changes. A certain evolution of the unit cell dimensions changing the
cooling rate applied when preparing YBCFO was earlier observed in Ref. [47].
Figs. 4.3(a) and 4.3(b) disclose a linear correspondence between the cell para-
meters (a and c) and the incommensurability of the spiral phase (qs). The in-
fluence of cation disorder on the tetragonal distortion (ΔT ≡ c/2a) of YBCFO
is shown in Fig. 4.4(a), and also reveals a linear evolution with the modulation
qs of the spiral phase. The linear fit to the experimental (ΔT, qs) points in Fig.
4.4(a) yields:

ΔT = 0.990056(86)− 0.01153(56) · qs (4.2)

To fully understand the influence of Fe/Cu disorder, beyond the creation of
frustrating bonds, it is necessary to identify the key structural changes associ-
ated to disorder. Firstly, although the parameter a raises systematically as dis-
order increases, this lattice parameter mainly affects the perpendicular coupling
terms gathered in Jab. Remind that changes in this AFM term are much less rel-
evant for TS than changes in Jc2 [Fig. 4.4(b)] induced by the compression of the
lattice along the c-axis. The influence of disorder on the average dt, ds distances
and the dt/ds ratio is displayed in Figs. 4.4(c,d). dt stands for the thickness of
the bilayers and ds for their separation [Fig. 4.4(b)]. It should be stressed that
the c contraction observed in Fig. 4.3(b) is caused by a systematic contraction
in the thickness of the bipyramidal layers (dt), as shown in Fig. 4.4(c). Such
contraction is not compensated by the lesser increase of the separation between
bilayers (ds) when disorder increases. These observations agree with similar
previous results reported in Ref. [48].

As Scaramucci et al. pointed out [54, 55], magnetic frustration is activated
by the presence of AFM Fe-O-Fe c-bonds (Jc′2) inside a number of bipyramids
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FIGURE 4.3: Evolution of the cell parameters (a, b) and (c) volume (V ) at 300 K (from
synchrotron data) increasing the Fe/Cu disorder in YBCFO. The incommensurability
qs in the spiral phase is used here to parametrize the disorder according to Eq. (4.1).
Lines showed in the figures are linear fits described in Table 4.6.

[substituting the pristine FM Fe-O-Cu bonds, (Jc2)] [see Fig. 4.4(b)]. Whereas
the Jc1 exchange between two neighbor (successive) bilayers [separated by the
distance ds along-c, Fig. 4.4(b)] is always AFM, independently of the Fe/Cu
distribution. Additionally, we must bear in mind that bipyramids form layers
where nearest-neighbors (NN) couplings in the ab plane are also always AFM,
regardless of the Fe/Cu disorder. On one hand, disorder governs the density
of Fe-O-Fe c-bonds. On the other hand, Fig. 4.4(c) discloses additional concur-
rent lattice effects (decrease [increase] of dt [ds]) that are inherent to increasing
Fe/Cu randomness and (in presence of improper Fe-Fe bonds) also contribute
to frustration through the tuning of the magnetic exchange couplings.

The evolution increasing disorder of zO1 (apical) and zO2 and zO3 (basal)
coordinates is shown in Fig. 4.5, plotted as a function of qs. From these coordin-
ates, we can identify that the pyramids in the unit cell have different elong-
ations. Consequently, hereinafter we’ll call "long" pyramid (L) to that mostly
occupied by Cu, and "short" pyramid (S) to that mostly occupied by Fe [(see
Fig. 4.6(a)]. The thickness of the bipyramidal layer is given by dt = HL +HS,
the sum of the heights of the two pyramids sharing the O1 (apical) atom [see
Fig. 4.4(b) and 4.6(a)]. In addition to O1 the heights depend on the z-position
of the basal oxygens: O2 and O3 in, respectively, the S- and L-pyramids. From
a quick glance to the atomic shifts shown in the Fig. 4.5 (plotted using the same
scale range), it is apparent that the shift of the apical oxygen is the primary re-
sponsible for the changes in the heights HL, HS and the layer thickness dt. In Fig.
4.5(d) we have illustrated the relative atomic shifts in the YBCFO samples in-
vestigated with increasing the structural disorder. The shifts along-z are shown
for all the atoms taking the Ba position as fixed reference.
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FIGURE 4.4: Influence of disorder on the thickness and separation of the bilayers. (a)
Linear dependence of the tetragonal distortion (ΔT=c/2a) on the incommensurability
qs of the spiral phase. (b) Projection of the P4mm structure showing the thickness dt of
a bilayer and the separation ds between bilayers. (c) Evolution of the thickness of the
bipyramidal layer (dt, left axis) and of the separation between bilayers (ds, right axis).
(d) The ratio dt/ds when increasing B-site chemical disorder in YBCFO. Dashed lines
are linear fits to data points which are reported in Table 4.6.

4.3.3 Impact of the Fe/Cu disorder on the evolution of the
pyramids

So, it has been found that by far the largest atomic displacement generated by
increasing B-cation disorder corresponds to shifting apical O1 atoms parallel
to c. The main consequence of such displacement is the shrinkage of the long
pyramid (Cu) and the concomitant stretching of the short pyramid (Fe). For
more clarity Fig. 4.6(b) displays the obtained evolution of the heights of both
pyramids (HL and HS) as a function of the Fe/Cu disorder. Their heights in
Angstroms are plotted versus the incommensurability of the spiral order (qs)
in each sample. Notice that disorder tends to make them more uniform, and
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FIGURE 4.5: Atomic shifts of apical and basal oxygens versus B-site disorder. (a,b,c)
Evolution of the z-coordinate for O1 (apical), O2 and O3 (basal) oxygens increasing
Fe/Cu disorder, plotted against qs (incommensurability). The height of the L- and
S-pyramids is given by: HL = c · (1 + zO1 − zO3); HS = c · (zO2 − zO1). (d) Schem-
atic projection of the YBCFO structure illustrating the magnitude and direction of the
atomic shifts along the z-axis in samples with increasing B-site disorder. Dashed lines
correspond to linear fits shown in Table 4.6.

so, due to the extreme level of disorder achieved, we obtained samples with
average pyramids having practically identical sizes. In order to precisely un-
derstand the evolution shown in Fig. 4.6(b) it is important to pay attention to
the evolution of the individual metal-to-oxygen distances in the pyramids of the
compound when B-site disorder increases. Such dependence is shown in Figs.
4.6(c) and 4.6(d) as a function of qs. Moreover, the main interatomic distances
in the structure are gathered in Table 4.2. The distances displayed in Figs. 4.6(c)
and 4.6(d) are the M-O bond-lengths for the majority metal in each pyramid. A
look to Fig. 4.6(c) confirms severe changes in the average Jahn-Teller splitting
between basal and apical distances around Cu2+(t2g6eg3). The large difference
between Cu-O1 (apical) and Cu-O3 (basal) coordination distances in the Cu-
rich pyramid (long one) decreases from a 15.4% down to the 9.7% in the most
disordered sample. In other words, whereas the basal Cu-O3 is hardly modi-
fied, the apical Cu-O1 bond shrinks a 5% (-0.11 Å). Fig. 4.6(c) thus proves that
the reduction in the average Jahn-Teller splitting around Cu is significant but
nevertheless only partial. Notice that in Fig. 4.6(c) distances are taken respect to
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FIGURE 4.6: Evolution of the two pyramids versus B-site disorder: HL, HS and the
average CuO5 Jahn-Teller splitting. (a) Scheme of the structure illustrating the ‘long’
(upper, Cu-rich) and ‘short’ (lower, Fe-rich) average pyramids of the chemical unit cell.
(b) Experimental correlation between the height of the two pyramids (at 300 K) and the
incommensurability qs of the spiral magnetic order when increasing Fe/Cu chemical
disorder in YBCFO. CuO5 pyramids are longer than FeO5 ones in virtue of the Jahn-
Teller distortion. The triangles correspond to the heights calculated from the refined
fractional occupancy (nd) using Eqs. (4.3) and (4.4). Evolution increasing the disorder
of the (c) Cu-O and (d) Fe-O interatomic distances in the two pyramids. The evolution
of the apical and basal (equatorial) distances in both pyramids (illustrated in the insets)
is shown. Linear fits to experimental points (dashed lines) are reported in Table 4.6.

the Cu position, whereas they are taken respect to the Fe position in Fig. 4.6(d).
In the short pyramid (Fe-rich) described in Fig. 4.6(d) the average apical Fe-O1
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TABLE 4.2: Refined interatomic distances (in Angstroms) at 300 K in layered
YBaCuFeO5 from MSPD@ALBA synchrotron data (λ=0.413570 Å). (H: height of the
pyramid).

T=300 K
P4mm

S1 S2 S3 S4 S5 S6 S7

1-nd=Occ(Cu1/Fe2) 0.706 (29) 0.684 (28) 0.628 (29) 0.613 (28) 0.563 (43) 0.594 (26) 0.560 (43)
nd=Occ(Fe1∗/Cu2∗) 0.294 (29) 0.316 (28) 0.372 (29) 0.387 (28) 0.437 (43) 0.406 (26) 0.440 (43)
ds (Å) 2.813 (16) 2.823 (18) 2.830 (16) 2.832 (19) 2.823 (20) 2.847 (13) 2.835 (19)
dt (Å) 4.851 (16) 4.840 (18) 4.832 (16) 4.829 (19) 4.837 (20) 4.813 (13) 4.824 (19)
dt/ds 1.725 (11) 1.715 (13) 1.708 (11) 1.705 (13) 1.713 (14) 1.691 (10) 1.701 (13)
HL (Å) 2.538 (15) 2.510 (18) 2.455 (15) 2.475 (22) 2.448 (26) 2.416 (18) 2.430 (26)
HS (Å) 2.314 (15) 2.330 (18) 2.378 (15) 2.354 (22) 2.389 (26) 2.397 (18) 2.394 (27)
d(Cu1-O1)apical (Å) 2.245 (10) 2.221 (13) 2.162 (11) 2.193 (17) 2.149 (22) 2.142 (16) 2.140 (23)
d(Cu1-O3)basal (Å) 1.959 (3) 1.959 (2) 1.960 (1) 1.958 (1) 1.961 (1) 1.957 (1) 1.960 (1)
d(Fe2-O1)apical (Å) 1.871 (10) 1.890 (15) 1.943 (13) 1.912 (18) 1.956 (23) 1.954 (17) 1.963 (24)
d(Fe2-O2)basal (Å) 1.987 (4) 1.987 (4) 1.986 (2) 1.988 (2) 1.985 (2) 1.988 (1) 1.986 (2)

Comment: distances metal to Oa [= O1 (apical)] and Ob [= O2, O3 (basal)] correspond to the majority
cation in upper (Cu-rich) and lower (Fe-rich) pyramids.

distance remains always shorter than the basal one (Fe-O2), but increases with
disorder from -6% up to ∼-1% (+0.10 Å). In the most disordered sample (S7),
apical and basal Fe-O bonds in the short pyramid are closely similar, and the
heights HL and HS fully comparable (HL ≈ HS).

To interpret correctly the diffraction results, it is important to emphasize
that in the present case the refined information presents some limitations due
to the disordered nature of YBCFO. The refined structural models don’t reflect
the real crystallographic unit cell, but an average of the local structural config-
urations. In consequence, the observed evolution of the pyramid heights (HL

and HS) can be understood as the sum of two contributions: (i) the reduction
(increase) of the long (short) pyramids due to the average of Cu and Fe pyramid
heights (hereinafter called HCu and HFe) weighted by the fractional occupancy
(nd), and (ii) a reduction in the Jahn-Teller splitting at Cu pyramids caused by
local distortions due to the increase of chemical disorder at the B-sites. In the
case that the environments of Cu and Fe (in particular the Jahn-Teller character
of Cu pyramids) are preserved regardless of the disorder, the latter component
is neglectable and the observed pyramid heights as a function of disorder (nd)
can be approached as

HL ≈ nd · HFe + (1− nd) · HCu (4.3)

for the Cu-dominant (upper) pyramid, and

HS ≈ (1− nd) · HFe + nd · HCu (4.4)
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for the Fe-dominant (lower) pyramid. Under this approach, using the refined
values of nd the best fit between the experimental HL and HS pyramid heights
and those calculated using Eqs. (4.3) and (4.4) yields to HCu ≈ 2.66 Å and HFe ≈
2.18 Å. The calculated pyramid heights are also plotted in Fig. 4.6(b). Bear in
mind that this values are only an estimation of the real Cu and Fe pyramid
heights under the virtual situation in which all Cu/Fe pyramids always have
the same distortion regardless of the amount of disorder. According to this, Cu
pyramids are up to ∼0.48 Å longer than Fe pyramids.

4.3.4 Effect of B-site disorder on the magnetic interaction
paths

To explore the lattice impact in the different magnetic exchanges along the c
axis and in the ab plane [Jc1 , Jc2 and Jab in 4.7(a)], we have plotted the evolution
of different relevant distances and angles. Notice that the Cu1-Fe1∗ (and Fe2-
Cu2∗) splitting distance (also shown in Table 4.3), deduced from their refined
positions, does not change within errors for the different values of disorder.
For this reason, to reduce statistical and experimental variations and to sim-
plify the discussion we only plotted the average values of the interatomic dis-
tances and bond angles calculated respect to the centroid between the splitted
M1 (Fe1∗/Cu1) and M2 (Cu2∗/Fe2) positions at the upper and lower pyramids,
although Table 4.3 reports the complete set of distances and angles respect to
each metal.

For the nearest-neighbor (NN) magnetic interactions along the c axis, the
distances M1-O1-M2 (Jc2) and M1-M2 (Jc1) of the exchange interaction paths
along the c axis reflect a similar behavior as the intra- and inter-layer separa-
tions (dt and ds) obtained from oxygen coordinates. As previously discussed,
the c contraction is the net result of a decrease of the bipyramidal layers thick-
ness (dt) and a smaller increase of their separation (ds) as a consequence of
increasing disorder. The average M1-O1-M2 and M1-M2 distances [see Fig.
4.7(b)] evolve accordingly to the observed dt and ds evolutions. The decrease
observed in the M1-O1-M2 distance is of special relevance, since it means that
beyond the creation of Fe/Fe defects, the increase of disorder leads to a strenght-
ening of the AF coupling in the Fe2O9 improper bipyramids (Jc′2) that further
favours the stability of the frustrated noncollinear magnetic order (TS).
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FIGURE 4.7: (a) Three-dimensional view of the P4mm crystal structure of YBCFO
showing the average nearest-neighbor (NN) magnetic interactions: Jc1 is assigned
to the M1-M2 AFM couplings between bipyramidal layers and Jc2 to the M1-Oa-M2
(Oa=O1) FM couplings within bipyramids. Jab describes the M-Ob-M AFM couplings
between pyramids in the ab plane. M1-O3-M1 corresponds to the upper (Cu-rich) pyr-
amids and M2-O2-M2 to the lower (Fe-rich) pyramids. (b) Effect of Fe/Cu disorder
on the magnetic exchange paths along the c axis: M1-Oa-M2 distance (left axis, black
points) and M1-M2 distance (right axis, red points). (c) Evolution with disorder of the
in-plane interatomic distances and bond angles. Blue (brown) points correspond to
Cu-rich (Fe-rich) average pyramid layers.

Due to the marked directionality of Jahn-Teller distortions around Cu2+

cations along the pyramid apical oxygens, the in-plane lattice variations caused
by increasing Fe/Cu disorder values are much less marked than those along
the c direcion. In consequence, smaller changes are observed in the evolution
of the interatomic distances and angles in the ab plane. The distances and bond
angles for the AFM ab couplings (Jab) in the Cu-rich (upper) and Fe-rich (lower)
pyramid layers are plotted in Figs. 4.7(c) and 4.7(d). The average M2-O2-M2
distance and superexchange angle is nearly constant in the Fe-Rich layers. In
the case of Cu-rich layers, due to the positive shift in O3 z-coordinate, the M1-
O3-M1 distance decreases slightly and the superexchange bond angle increases
(∼+1 deg). In any case we should bear in mind that changes in the Jab AFM
term are much less relevant for TS than changes in Jc2 .
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TABLE 4.3: Refined interatomic distances (in Angstroms) for the magnetic coup-
ling paths (Jc1 , Jc2 and Jab) and bond angles (in deg) for the magnetic couplings in
the ab-plane (Jab) at 300 K in layered YBCFO from MSPD@ALBA synchrotron data
(λ=0.413570 Å).

T=300 K
P4mm

S1 S2 S3 S4 S5 S6 S7

M-M distances along the c-axis: inter-bowtie couplings (Jc1)
d(Fe1∗-Fe2) (Å) 3.7387 (54) 3.7479 (97) 3.7507 (88) 3.7656 (98) 3.7218 (97) 3.7459 (84) 3.7259 (99)
d(Cu1-Cu2∗) (Å) 3.3567 (40) 3.3554 (56) 3.3727 (49) 3.3457 (53) 3.3862 (68) 3.3813 (49) 3.3869 (74)
d(M1-M2) (Å) 3.5477 (34) 3.5516 (58) 3.5617 (50) 3.5557 (57) 3.5540 (61) 3.5636 (49) 3.5564 (64)

M-Oa-M distances along the c-axis: intra-bowtie couplings (Jc2)
d(Fe2-O1-Fe1∗) (Å) 3.9257 (54) 3.9149 (99) 3.9116 (88) 3.8949 (97) 3.9378 (99) 3.9138 (85) 3.9333 (98)
d(Cu2∗-O1-Cu1) (Å) 4.3077 (40) 4.3074 (56) 4.2897 (49) 4.3149 (53) 4.2735 (68) 4.2784 (49) 4.2723 (74)
d(M2-O1-M1) (Å) 4.1167 (34) 4.1112 (58) 4.1007 (50) 4.1049 (57) 4.1056 (61) 4.0961 (49) 4.1028 (64)

M-Ob-M distances for couplings in the ab-plane (Jab): Cu-rich layer
d(Fe1∗-O3-Fe1∗) (Å) 3.9936 (57) 3.9950 (57) 3.9916 (21) 3.9987 (23) 3.9864 (23) 3.9820 (17) 3.9837 (24)
d(Cu1-O3-Cu1) (Å) 3.9187 (42) 3.9181 (28) 3.9183 (13) 3.9165 (14) 3.9213 (14) 3.9146 (10) 3.9195 (14)
d(M1-O3-M1) (Å) 3.9517 (35) 3.9519 (31) 3.9506 (12) 3.9523 (13) 3.9504 (13) 3.9443 (10) 3.9481 (14)

M-Ob-M distances for couplings in the ab-plane (Jab): Fe-rich layer
d(Fe2-O2-Fe2) (Å) 3.9747 (57) 3.9738 (57) 3.9756 (21) 3.9751 (23) 3.9708 (23) 3.9760 (17) 3.9714 (24)
d(Cu2∗-O2-Cu2∗) (Å) 3.9074 (42) 3.9057 (25) 3.9087 (11) 3.9033 (11) 3.9114 (12) 3.9110 (10) 3.9117 (13)
d(M2-O2-M2) (Å) 3.9365 (35) 3.9350 (31) 3.9378 (12) 3.9338 (13) 3.9376 (13) 3.9394 (10) 3.9380 (14)

M-Ob-M angles for couplings in the ab-plane (Jab): Cu-rich layer
Fe1∗-O3-Fe1∗ (deg) 152.0 (7) 151.9 (8) 152.3 (7) 151.5 (9) 152.9 (9) 153.5 (7) 153.3 (9)
Cu1-O3-Cu1 (deg) 162.8 (7) 163.0 (8) 163.1 (7) 163.4 (9) 162.5 (9) 163.9 (7) 163.0 (9)
M1-O3-M1 (deg) 157.4 (5) 157.5 (6) 157.7 (5) 157.5 (6) 157.7 (6) 158.7 (5) 158.2 (6)

M-Ob-M angles for couplings in the ab-plane (Jab): Fe-rich layer
Fe2-O2-Fe2 (deg) 154.3 (7) 154.4 (8) 154.2 (7) 154.3 (9) 154.8 (9) 154.2 (7) 154.9 (9)
Cu2∗-O2-Cu2∗ (deg) 165.2 (7) 165.7 (8) 165.1 (7) 166.4 (9) 164.5 (9) 164.7 (7) 164.6 (9)
M2-O2-M2 (deg) 159.7 (5) 160.1 (6) 159.7 (5) 160.3 (6) 159.7 (6) 159.5 (5) 159.7 (6)
Fe-Cu splitting distance,
d(Cu1-Fe1∗)=d(Fe2-Cu2∗) (Å)

0.191 (5) 0.196 (8) 0.189 (7) 0.210 (8) 0.168 (9) 0.182 (7) 0.170 (9)

Comment: for simplicity and to reduce statistical and experimental variations, the averages of interatomic distances
and bond angles have also been calculated respect to the centroid between the splitted Fe and Cu positions at the
pyramids: z_M1(avg) = (z_Fe1∗ + z_Cu1)/2 and z_M2(avg) = (z_Cu2∗ + z_Fe2)/2.

4.4 XAS study of the B-site electronic structure and

stoichiometry versus disorder

The partial ordering of Fe and Cu, described and parametrized in the previ-
ous sections from the refined improper occupation nd of Fe1∗ [Cu2∗] sites in the
bipyramids (Fig. 4.2), is controlled by the cooling process during the prepara-
tion of YBCFO samples and shows up jointly with the presence of "non-mixed"
M2O9 (M=Fe or Cu) bipyramids, which are at the origin of magnetic frustra-
tion in YBCFO [54, 55]. Although as previously mentioned the real density of
non-mixed bipyramids can’t be directly derived from the improper occupation
and could be rather small, it is assumed that the density of M2O9 bipyramids
increases along with chemical disorder, while the number of "ordered" FeCuO9

bipyramids is in consequence reduced [54].
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FIGURE 4.8: Schematic diagram of the 3d orbital splittings in pyramidal crystal fields.
(a) Fe3+ in the High Spin (HS) state (t32ge

2
g) has a half-filled 3d5 shell. Fe is not sus-

ceptible of Jahn-Teller distortions and is out of the O4 pyramid basal plane. (b) Cu2+

(t62ge
3
g) has an almost-filled 3d shell with a hole that makes it susceptible of undergoing

Jahn-Teller distortions, leading to an elongated pyramid in the z direction and Cu very
close to the O4 pyramid basal plane. Red arrows represent the occupancy of orbitals
by electrons. Oxygen 2p orbitals are depicted in red, and 3d orbitals of Fe3+(Cu2+) are
shown in brown (blue) color.

The impact on the structutre of increasing Fe/Cu disorder, as well as the
density of improper Fe/Fe bipyramids, has been addressed in the previous sec-
tions from SXRPD data. The average distortions observed around the Fe-rich
and Cu-rich sites evidence that Fe and Cu adopt different pyramidal distorions.
From the average Fe-Oa and Cu-Oa distances and from the heights of Fe-rich
and Cu-rich pyramids, it is clear that the pyramidal crystal fields around Fe are
compressed, while in the case of Cu they are elongated. In 3d transition metals
in pyramidal crystal fields, the t2g orbitals become split into two degenerated
orbitals: the dxz/dyz and the dxy. The higher energy eg orbitals are likewise split
into the dz2 orbital, which points towards the 2p orbital of the apical oxygen,
and the highest energy dx2−y2 orbital, which is directed towards the four basal
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oxygen 2p orbitals. Fig. 4.8 illustrates schematically the splitting of the 3d or-
bitals in a pyramidal crystal field for the two metallic ions involved in YBCFO.
Fe3+, with a half-filled 3d5 shell [see Fig. 4.8(a)], adopts a high-spin configur-
ation with all the orbitals occupied (t32ge2g) and therefore is not susceptible of
Jahn-Teller distortions. In contrast, Cu2+ has an almost-filled 3d9 shell with a
hole [see Fig. 4.8(b)]. X-ray Linear Dichroism (XLD) measurements in a YB-
CFO single crystal reported by Srivastava et al. show evidence that Cu 3d eg

holes are located at the in-plane 3dx2−y2 orbital, while the 3dz2 electrons extend
along c leading to the Jahn-Teller elongation of the CuO5 pyramid in the [001]
direction [110], in accordance with our SXRPD observations.

Still, as exposed in Section 4.3.3, due to the disordered nature of YBCFO the
diffraction results present some limitations when it comes to clarify how rel-
evant is the effect of increasing disorder and the presence of non-mixed M2O9

bipyramids on the local Fe/Cu crystal fields. It is a matter of interest the ac-
comodation of Cu2O9 bipyramids in the structure. Whereas the mixed FeCuO9

bipyramids are formed by one regular and one distorted pyramid, the con-
currence of two distorted Cu pyramids with large Jahn-Teller distortions can
be problematic. In YBaCuFexMn1−xCuFeO5 samples investigated in Ref. [49],
Fe3+ is substituted by potential Jahn-Teller active Mn3+ ions (t32ge1g) at the B-
sites. In this series it is observed that the Jahn-Teller splitting of copper (av-
erage Cu-Oa distance) is not affected upon increasing the presence of Mn3+ at
the bipyramids, while the average (Fe/Mn)-Oa distance is reduced, suggesting
that the concurrence of Cu2+ and Mn3+ ions with the 3dz2 orbitals pointing to-
wards the apical oxygen along c in the same bipyramid (Cu2+Mn3+O9) results
in a too high energy penalty and the eg electron in Mn3+ occupies the in-plane
3dx2−y2 orbital [49]. This draws questions on what can be expected in the case
of non-doped YBCFO samples with cation disorder, where two Cu2+ ions with
very stable Jahn-Teller splitting converge in a bipyramid. Both a compression
of Cu bipyramids or a suppression of the Jahn-Teller splitting in a fraction of
Cu pyramids are compatible with the observed decrease of the average Cu-Oa
distance when Fe/Cu disorder increases. Although Fig. 4.6 could also indicate
that locally Cu pyramids are not modify by the presence of disorder.

While diffraction provides average information on the independent crys-
tallographic sites (Fe-rich and Cu-rich pyramids), element-selective X-ray Ab-
sorption Spectroscopy (XAS) techniques may help overcoming this limitations
providing insight on the local crystal fields surrounding Fe and Cu separately.
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FIGURE 4.9: (a) Experimental TEY XAS spectra at Fe L2,3 edges for YBCFO samples
with different Fe/Cu disorder at 300 K. (b) Details of the Fe L3 edge evidence no vari-
ation of spectra with Fe/Cu disorder. (c) Fe L2,3 edges at 300 K: the black line cor-
responds to the measured spectrum in YBCFO sample S5. Red an blue lines are XAS
reference spectra of Fe3+ and Fe2+ iron in ε-Fe2O3 and Fe2SiO4 [111], respectively.

Thus, with the purpose of assessing the electronic states of the metals at the
YBCFO B-sites and, in particular, the stability of their electronic structure as a
function of Fe/Cu disorder, a soft XAS study was conducted at room temperat-
ure focusing on Fe and Cu L2,3 edges for samples prepared under increasingly
higher cooling rates. The experimetal XAS spectra across the Fe and Cu L2,3

region for YBCFO samples S1 to S5 are presented in Figs. 4.9 and 4.10, respect-
ively. The highest absorption peak, corresponding to the Fe (Cu) L3 edge, is
found at 709.26 (929.67) eV, and the L2 edge appears around 722.22 (949.42) eV.
In general, the L2,3 edges in Fe (Cu) are primarily associated with the 2p → 3d

transitions, and depend strongly on the multiplet structures, which are related
to the Fe (Cu) 3d-3d and 2p-3d Coulomb and exchange interactions, the local
crystal field and the hybridization between Fe (Cu) 3d and O 2p states [110].

Fig. 4.9(c) displays the XAS reference spectra of Fe in compounds with
well-known formal oxidation states: ε-Fe2O3 (Fe3+) and Fe2SiO4 (Fe2+)[112]. By
comparison with the reference spectra, it can be easily observed that the experi-
mental Fe XAS spectra in all YBCFO samples [plotted in Fig. 4.9(a)] display the
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FIGURE 4.10: (a) Experimental Cu L2,3 XAS spectra at 300 K for YBCFO samples with
different chemical disorder. Labels A and B mark features discussed in the text. Solid
lines correspond to the TEY measurements and dotted lines to PFY data. [Inset: en-
ergy separation between A and B peaks in the TEY spectra as a function of the Fe/Cu
disorder (nd) of the samples] (b) Cu L3 region showing the A and B features in more
detail. (c) Cu L2,3 edges at 300 K: the black curve is the experimental data in sample
S5. The red an blue lines are provided as XAS references of divalent and monovalent
copper in CuO and Cu2O single crystals, respectively, from Ref. [111].

well-known fingerprint of a high spin (S=5/2) and trivalent electronic state of
Fe [110, 113, 114]. A closer look at the Fe L3 region, shown in Fig. 4.9(b), evid-
ences the resilience of the valence and crystal field structure around Fe upon
Fe/Cu disorder increase, since no variations in the width and energy position
of the absorption peaks is observed at all.

For the case of Cu, Fig. 4.10(a) displays the set of XAS spectra taken at the
L2,3 region. At first sight, the measurements show two well defined peaks of
Lorentzian shape at 929.67 eV (L3) and 949.42 eV (L2), the former labeled as A
in the figures. These structures can be attributed to the expected 3d9 configura-
tion of Cu2+. For comparison, the spectral shapes of typical divalent and mono-
valent copper (from CuO and Cu2O single crystals, respectively) obtained from
Ref. [111] are shown in Fig. 4.10(c). Notice that in the compounds studied, the
excitation to the empty Cu s, d states are at lower energy than in the reference
CuO shown in Fig. 4.10(c). The difference in energy observed between YBCFO
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and CuO is related to the different crystal fields around Cu. While Cu2+ ions
are found at the center of an oxygen rectangle in CuO [115], in YBCFO they
are surrounded by five oxygens with pyramidal symmetry. That said, as in the
case of Fe, the invariance in the energy position and width of the A peak in Cu
spectra measured on the different YBCFO samples [see Fig. 4.10(b)] seems to
indicate that the crystal field around Cu2+ ions are probably not modified by
the increase of Fe/Cu disorder.

On top of this, in the L3 region it is evident the presence in all of the YBCFO
samples of an asymmetric satellite structure above the Cu L3 edge at ∼933 eV,
labeled as B in Figs. 4.10(a) and 4.10(b) . It is known that Cu displays enhanced
affinity for highly polarizable anions like oxygen and a marked tendency to co-
valency. As a consequence of this character, the sharing of electrons between
metal and ligand cations usually leads to nonintegral values for the number of
electrons on the metal [116]. For this reason, it is common in copper oxides
that Cu appears in mixed ionic states. Van der Laan et al. adscribed similar
structures observed in Cu2O and Cu2S to monovalent (Cu+) ionic states [117].
Also, Mostovshchikova et al. reported similar features on CuO nanoceramics
[111]. In the latter case, the peaks are associated to a reduction of Cu2+ into
Cu+ ions at the surface. In this sense, it is not surprising to observe the form-
ation of Cu+ in our TEY measurements, which are highly surface sensitive. If
samples are not cleaved in vacuum before exposing them to the beam, then a
clear Cu+ peak is usually visible. So, a CuO dead layer is likely present at the
surface of samples left in air, although we do not know how fast is the reduction
process and in consequence it is not possible to establish a relation between the
variation of the A peak intensity and intrinsic parameters of the sample. This
is confirmed by bulk sensitive partial fluorescence yield (PFY) spectra collec-
ted in parallel, which also showed the presence (to a lesser extent) of the Cu+

peak. For this, we also assume that certain amount of monovalent copper is
intrinsic of the sample preparation process, which involve factors such as the
quenching medium or cooling rates applied. Notice that S4, which was cooled
rapidly by quenching in liquid nitrogen, is the sample with higher presence of
monovalent copper as observed from both TEY and PFY measurements [Fig.
4.10(a)]. This remarkably higher presence of monovalent copper is likely re-
lated to the abrupt quenching process, in which the sample was cooled from
very high temperatures (1150 ◦C) surrounded by a non-oxidizing nitrogen at-
mosphere. A similar effect is observed in YBa2Cu3O7+δ ceramics, for which a
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decrease of the oxygen content (δ) was reported in samples quenched from suc-
cessively higher temperatures in a inert atmosphere (in this case Ar) [118]. In
our case, oxygen vacancies provoked by quenching in liquid nitrogen could ex-
plain the higher presence of monovalent copper in sample S4. It should be also
stressed that no bad crystallization or extra phases in the YBCFO samples were
detected from high-resolution SXRPD data [Fig. 4.1 in Section 4.3.1].

Interestingly, whereas the energy values of the A peak for the different
samples is rather constant at 929.7 eV, the position of the B peak associated
to monovalent copper varies. In addition, the energy separation between A
2p53d10 (A) and 2p53d104s1 (B) peaks seems to be correlated with the chemical
disorder, ranging from 932.65 eV for the more ordered sample (S1) to 932.52
eV for the sample with higher disorder (S5). C. de Nadaï et al. [119] suggest
that the energy separation between A and B peaks [of initial states (prior to
photoionization) 2p63d9 and 2p63d10, respectively] is related to the ionization
potential of the ligands. Based on this, in our compounds the variation of the
energy separation (from 2.95 eV for the more ordered sample to 2.82 eV for the
sample with higher disorder) could be attributed to local structural distortions
and strain effects on the local environment of Cu+ ions as a consequence of the
increase of non-mixed M2O9 bipyramids as the chemical disorder increases. It
is important to notice that this effect is not observed on the absorption peaks
of Cu2+ and Fe2+ with fully occupied d shell due to the pure d nature of their
absorption.

4.5 Magnetic phase diagram versus Fe/Cu chem-

ical disorder in YBCFO

4.5.1 Magnetic transitions

The magnetic transition temperatures were identified by susceptibility and neut-
ron diffraction measurements. The magnetic susceptibility curves χ(T) are
shown in Fig. 4.11, from 5 K to 500 K, as obtained in field-cooling (FC) con-
ditions using a dc magnetic field of 2 kOe. Two local maxima in χ(T) identify
the two separated transitions. The commensurate (TN1) and incommensurate
(TN2 = TS) magnetic orders were comparatively investigated by neutron dif-
fraction within the 10 K-500 K range to elucidate the influence of increasing the
level of Fe/Cu disorder in YBCFO.
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FIGURE 4.11: Evolution of the magnetic susceptibility curves (measured in FC, 2 kOe)
for YBCFO samples with increasing Fe/Cu cation disorder. Successive curves were
shifted by +10−6 emu · g−1 ·Oe−1 for clarity. The higher transition signals the onset of
the collinear order (TN1, k1); the lower corresponds to the non-collinear spiral trans-
ition (TN2 = TS, k2).

Figure 4.12(a) shows the T-Q projections of the NPD intensities collected
between 10 K and 500 K. The figure focuses on a Q-range around the (1/2 1/2
1/2) peak that covers the main magnetic reflections. The onset and evolution
of the two magnetic phases is also shown from the evolution of the magnetic
integrated intensities [Fig. 4.12(b)]. Upon cooling from 500 K, first peaks in-
dexed as (h/2 k/2 l/2) appear at TN1 (TN1>400 K in all the samples). The
propagation vector k1 = (1/2, 1/2, 1/2) of the collinear phase sites at the A-point
of the Brillouin Zone. TS is easily identified in all the samples by the apparition
of a new set of magnetic Bragg reflections (satellites) with propagation vector
k2 = (1/2, 1/2, 1/2± q). Throughout this dissertation, this phase is referred to
as "spiral phase", although further on we will point out certain limitations of
the neutron diffraction data obtained from powder samples. In all the samples
a spiral order emerges at TN2 (TS) and persists down to the base temperature
[Figs. 4.12(a) and 4.12(d)].

The Rietveld analysis of magnetic intensities in the NPD patterns as a func-
tion of the temperature was done using the sequential refinement tool in Full-
Prof. The fitted magnetic reflections were generated by defining different phases
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FIGURE 4.12: (a) Contour maps showing the T-Q projection of the temperature depend-
ence for the neutron-diffracted intensities around the (1/2 1/2 1/2) magnetic reflection
(D20@ILL). The neutron intensities illustrate the emergence of the commensurate and
incommensurate (spiral) magnetic phases. (b) Thermal variation of the integrated in-
tensities of the selected magnetic Bragg reflections and satellites, which correspond to
the propagation vectors k1 = (1/2, 1/2, 1/2) (red), k2 = (1/2, 1/2, 1/2± q) (green), and
k3 = (1/2, 1/2, 0) (pink). (c) Ordered magnetic moment per formula unit (right axis, in
μB/f.u.) and fraction (left axis, in %) of the spiral and collinear magnetic phases with
propagation vectors k1 (green), k2 (red), and k3 (pink), refined from the NPD data as a
function of temperature. (d) Low Q region of the neutron diffraction patterns recorded
at 10 K and (e) at 390 K. Evolution increasing the Fe/Cu disorder.
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of given magnetic translational symmetries described by the propagation vec-
tor ki (with i = 1, 2, 3). In order to have better control of the orientation and
amplitude of the magnetic moments, the real and imaginary components of the
Fourier coefficients were defined for each magnetic atom using spherical co-
ordinates; the magnetic symmetry operations were introduced manually using
the P -1 Space Group. The scale factors of the crystallographic and magnetic
parts were related by the following constraint:

Sn =
∑
i

Sm(ki) (4.5)

where Sn is the scale factor of the nuclear phase and Sm(ki) (i = 1, 2, 3) are the
magnetic scale factors of the different magnetic phases. In order to get correct
magnetic moment values, the occupancies (Occ) of the atomic positions in the
nuclear phase were defined as Occ = (Multiplicity of special position)/(General
multiplicity of the Space Group). The occupation numbers in the magnetic part
are related to the number of symmetry operators given and the centrosymmetry
(or not) of the magnetic structure. With these requirements satisfied, the scale
factors can be related as described in Eq. (4.5). The magnetic phase fractions fm
(in %) are then derived from the refined scale factors as

fm(ki) = 100 · Sm(ki)∑
j Sm(kj)

(4.6)

We should bear in mind that from NPD it is not possible to distinguish
between single phase and segregated phase scenarios, and that in the latter
case it is not possible to distinguish the real ordered moment in a magnetic
phase from its fraction relative to the total volume of the sample. In our re-
finements, the phase fractions were determined from the scale factors assum-
ing that the ordered magnetic moment is the same for the different coexisting
magnetic phases, which might not be true in the reality if the different magnetic
orderings occur in separated regions of the crystal grains. The relative magnetic
phase fractions and refined average magnetic moments at 10 K are reported in
Table 4.5. The evolution with temperature of the total magnetic moment per
formula unit (in μB/f .u.) and the relative magnetic phase fractions fm(ki) (in
%) derived from the scale factors using Eq. (4.6) are shown in Fig. 4.12(c). For
the sake of comparison, the ordered magnetic moments are plotted together in
Fig. 4.13(a). Beyond the typical thermal variation of the ordered moment, an
important and worthy of attention observation is the systematic decrease of the
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FIGURE 4.13: (a) Temperature dependence of the average ordered magnetic moment
MT per formula unit in YBCFO. The inset shows the magnetic moment values at 10
K plotted versus the ICM modulation qs of the samples. Notice the linear decrease of
MT as qs (i.e. the Fe/Cu cation disorder, nd) increases. (b) Influence of chemical dis-
order on the incommensuration qs of the spiral phase and its temperature dependence.
The dashed lines are linear extrapolations used to identify the spiral transition tem-
peratures. (c) Illustration of the twist angle ϕ (canting) formed by the two spins of a
bipyramid in the spiral phase (ϕ = 2πqs).

average magnetic moment as Fe/Cu disorder increases. The inset in Fig. 4.13(a)
shows a nearly linear dependence between the average ordered magnetic mo-
ment at 10 K and the incommensurability qs, with a decrease ΔmT ≈ −0.5

μB/f.u. between the more ordered sample (S1) and the sample with highest dis-
order (S7). We attribute this effect to the increase of magnetic frustration in the
system associated to the higher presence of frustrating AFM Fe/Fe bonds as
B-site disorder increases.

The temperature evolution of the spiral modulation qs(T) was obtained for
all the samples and it is exposed in Fig. 4.13(b), where the influence of dis-
order is immediately appreciable. The smooth decreasing evolution of qs(T)
approaching TS in the more ordered samples (low nd) strongly contrasts with a
very rapid downfall at the collinear-to-spiral transition in the most disordered
YBCFO specimens. The observed change is consistent with an evolution of the
transition from second to first order when the triple point approaches. At the
triple point this collinear-spiral transition meets the second-order paramagnetic-
collinear ordering. In the A-site substituted YBa1−xSrxCuFeO5 family quenched
in liquid nitrogen [48] a similar abrupt qs(T) evolution approaching TS was re-
ported in the sample with Sr content x=0.40, with higher TS and qs=0.175. The
model of Scaramucci et al., based on orientationally correlated Fe-O-Fe bonds, is
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compatible with a critical value ncrit � 0.50 above which the transition becomes
of first-order [55]. Our neutron results and the qs(T) evolutions depicted in Fig.
4.13(b) suggest a first-order collinear-to-spiral transition in YBCFO samples ap-
proaching the triple point for a chemical disorder nd � 0.44 (qs � 0.17 r.l.u.).
In contrast, the evolution exposed in Fig. 4.13(b) for more ordered samples
rather suggests a continuous (second-order) transition. Discerning whether
ncrit is indeed reached before the triple point or coincides with the merging
of the two transitions into a single direct transition (paramagnetic-spiral) is out
of the scope of this work. It would require a specific study using additional
techniques and more compositions near the triple point (with controlled homo-
geneous disorder).

Fig. 4.14 discloses a complete T-nd magnetic phase diagram for the YBCFO
system. In the horizontal axis we have represented the B-site disorder nd ob-
tained by Rietveld refinement in our samples. As in the preceding sections,
aside aside from the disorder nd and given that the chemical composition is not
varied, the incommensuration qs of the spiral is also used to typify the increas-
ing cationic disorder in B sites (upper horizontal axis). It is worth noting that
in practice the experimental accuracy for assessing qs is greater than the access-
ible accuracy for the occupation nd. For the sake of comparison, in Fig. 4.14 we
show together the experimental (qs,TS) points of this work (in red color) and
those from the YBCFO samples (in black color) reported earlier in Ref. [48].
The overall picture is thus consistent with previous studies reporting a positive
variation of TS and a negative slope of TN1 when the cooling rate of the pre-
pared YBCFO samples is increased [47, 48]. In the light of this phase diagram
shown in Fig. 4.14 it is important to underline several noteworthy issues:

(i) As expected, the Néel temperature associated with the collinear com-
mensurate order decreases in YBCFO when magnetic frustration increases, but
the downward slope is quite smooth compared to the upward slope for TS. The
TS(qs) and TN1(qs) dependencies are parametrized by linear fits to TN1 and TS

experimental values, respectively:

TN1= 517.2(15.7)− 590.9(106.5) · qs (4.7)

TS = TN2= −61.7(9.9) + 2610.1(78.6) · qs (4.8)

The fits are also detailed in Table 4.6 and shown as dashed lines in Fig. 4.14.
The points taken from Ref. [48] match well our results.
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FIGURE 4.14: Magnetic phase diagram versus Fe/Cu chemical disorder for
YBaCuFeO5. qs-T and nd-T magnetic phase diagram for YBCFO. The phase bound-
aries describe the onset of the magnetic phases according to neutron diffraction data.
For the sake of comparison, black points correspond to qs-T values from samples repor-
ted in Ref. [48]. Empty and filled symbols correspond to TN1 and TN2=TS, respectively.

(ii) Our fit of the experimental (qs, TS) points confirms the linear relation-
ship predicted in the theory, in which the incommensurate wave vector and
the spiral temperature are both proportional to the concentration of improper
Fe/Fe bonds [48]. However, an interesting feature is the intersection point with
the x axis. It is noteworthy from Fig. 4.14 that the linear extrapolation does
not go through the origin (qs=0, TS=0), in contrast with the usual assumption
in previous reports. Remarkably, the horizontal axis (TS=0) is cut at a point q0
(and at n0), both related by Eq. (4.1) clearly separated from the origin: q0 = 0.025
r.l.u. and n0 ≈ 0.112. It is worth mentioning here that the additional point at
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[nd = 0.10(3), TS = 0] shown in Fig. 4.14 is taken from Ref. [120], which reports
a highly ordered YBCFO single crystal (with 5% Mn doping) presenting k1 and
k3 phase coexistence and lack of spiral order. Consequently in this structure
there is a critical threshold of disorder (n0) or minimum frustration level, be-
low which a long-range spiral magnetic state cannot be formed. Such critical
disorder tells us that if the concentration of straight Fe-O-Fe bonds is too low
and they are too far apart, the dipolar interaction (mediated by spin waves)
between individual canted spins in the vicinity of the separated Fe/Fe bonds
decay without forming a coherent spiral. From the obtained q0 critical value an
estimation of the associated minimum canting angle yields ϕ0 ≈ 9◦ (ϕ0 = 2πq0).

(iii) The critical threshold n0 to achieve a spiral ground state entails the ex-
istence of a inhomogeneous region in the phase diagram when disorder is too
low [0<nd<n0 in Fig. 4.14]. In this antiferromagnetic perovskite the ferromag-
netic Jc2 exchange between Fe3+/Cu2+ ions within "ordered" FeCuO9 bipyram-
ids leads to the antitranslation kz = 1/2. The perfectly ordered YBCFO system
(nd = 0) is thus expected to be of k1–type. Conversely, when the order is not
totally perfect but it approaches, then there is a minority fraction of non-mixed
M2O9 bipyramids (M=Fe or M=Cu), in which the M-O-M exchange is antifer-
romagnetic. If that fraction is still too small to form spiral ordering, phase se-
gregation can occur, favored but with the presence of short-ranged minority
regions with tendency to kz = 0 (non-mixed AM2O9 bipyramids with internal
antiferromagnetic coupling). So, in the region with just incipient disorder, dom-
inant k1 = (1/2, 1/2, 1/2) magnetic regions with high-TN1 values could coexist
at lower temperatures with a small fraction of short-ranged k3 = (1/2, 1/2, 0)

magnetic clusters (AF3 collinear phase). These could exhibit a dynamic nature
before eventually freezing out when cooling down. Recently, segregated k3-
type collinear domains (AF3) were observed in highly ordered single crystals
(with absence of spiral order) dominated by k1-type collinear ordering [120].
Thus, an inhomogeneous regime is anticipated in the phase diagram of Fig.
4.14 when disorder is still incipient (nd → 0 and nd<n0) and the cross talking
between (too far apart) AFM Fe-Fe "defects" cannot stabilize a magnetic spiral.

(iv) From the slope of the linear evolution described by Eq. (4.8) in the
YBCFO perovskite we obtain Tspi/|qs| ≈ 71(3) meV, in very good agreement
with the estimation of 68 meV made in the model by Scaramucci et al. in Ref.
[55].
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(v) Of utmost importance is the presence of seemingly a paramagnetic-
collinear-spiral triple-critical point in the phase diagram of Fig. 4.14. The
triple point marks a stability limit for the spiral phase, where the collinear and
spiral lines intersect and fluctuation phenomena give way to another regime.
It unveils that the critical incommensurability for YBCFO is given by qcs ≈ 0.18
r.l.u. and the critical propagation vector kc

2 = (1/2, 1/2, 1/2 ± qcs). The max-
imum incommensuration previously reported in YBCFO was qs = 0.14 r.l.u. in
a quenched sample (TS = 310 K) [47], although a triple point in AA’CuFeO5

was first proposed by Shang et al. in YBa1−xSrxCuFeO5 samples quenched into
liquid nitrogen. The stability range of the spiral was further extended by the
application of chemical pressure instead of Fe/Cu disorder, reaching TS ≈ 375
K and qs ≈ 0.175 r.l.u. in the YBa0.6Sr0.4CuFeO5 solid solution [48]. Given that
divalent A-cations are located within the bilayer spacing, smaller Sr2+ ions (re-
spect to Ba2+) produce a compression of the bilayers in YBa1−xSrxCuFeO5, re-
ducing dt and increasing TS by enhancing the AFM coupling (Jc′2) inside the
Fe2O9 bipyramidal units (impurity bonds). Our exhaustive study of the YB-
CFO perovskite unveils that a triple point can be attained in this layered struc-
ture without increasing the number of divalent or trivalent chemical species in
the structure. Later on we will come back to the triple point in YBCFO.

Next, we will describe how to control relevant details of the magnetic
anisotropy and the magnetic spirals through the degree of B-site chemical or-
der in our layered (AA’)(BB’)O5 perovskites, keeping invariant their chemical
composition in both, the A and the B sites.

4.5.2 Influence of B-site disorder on the magnetic easy axis

We have investigated the impact of disorder on the magnetic anisotropy of YB-
CFO by means of neutron diffraction. Henceforth we call the orientation of the
collinear magnetic moments in the commensurate phase "magnetic easy axis".
As shown in Fig. 4.17(b), it is defined by the inclination angle θ that the mo-
ments (or the spiral plane in the incommensurate case) form with the c axis.
Notice that due to the tetragonal symmetry of the parent cell, it is not possible
from NPD to distinguish the orientation of the magnetic easy axis component
parallel to the ab plane. Any orientation of that component does not produce
changes in NPD intensities. With the aim of studying the influence of chemical
disorder on the magnetic easy axis, the collinear spin order in the 2a × 2a × 2c
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magnetic cell was refined in all the samples at 390 K. Table 4.4 reports the θC val-
ues obtained in the collinear regime, as well as the refined magnetic moments.
Given that the theoretical ratio m(Fe3+)/m(Cu2+) of their respective unpaired
spins is 5, we imposed in the neutron refinement that the ratio r between the
ordered moments at the two pyramids should be

r ≡ mL

mS

=
1 + 4 · nd

5− 4 · nd

, (4.9)

where nd stands for the improper occupation factor (associated to the migrated
cations) and mL, mS are the ordered magnetic moments refined at the long (Cu-
rich) and short (Fe-rich) pyramids, respectively. We found that disorder has no
influence on the orientation of the easy axis in the AFM collinear phase (k1). The
spin orientation is found at θC ≈ 50◦ in all the samples, no matter the level of
disorder. We observed in addition that the orientation θC of the magnetic easy
axis was temperature-independent in the collinear regime (see also Ref. [49]).
To illustrate this, in Fig. 4.17(c) we show as an example the thermal evolution
of the inclination angle θ(T) for sample S2 for the two magnetic regimes (θC and
θS). The inclination of the spiral rotation plane (θS) is very similar (although
slightly lower) and equally remains very stable below TS. Contrasting with the
collinear easy axis, in next section we will explore and describe a very different
response to disorder of the characteristic spin rotation plane of the spiral phase.

4.5.3 Influence of B-site disorder on the anisotropy of the
spiral phase

Limitations of the neutron powder diffraction

In a powder diffraction pattern all the reciprocal space is projected onto one
dimension, as a function of 2Theta. Therefore, all reflections located at the same
2Theta angle contribute to a unique peak of the pattern, whose intensity results
from all those peaks. In contrast to single crystal diffraction measurements,
where each single reflection is collected individually, the averaging inherent to
NPD entails limitations that in the case of cycloidal or helicoidal orders may
prevent its complete description. In the case of magnetic structures, in addition
to projecting onto a single dimension, only the perpendicular component of the
magnetic structure factor to the scattering vector contributes to the intensity of
each reflection. A more detailed example about the limitations of NPD to fully
characterize incommensurate spiral orders can be found in Ref. [121]. NPD
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data collected in our set of YBCFO samples are compatible with an incommen-
surate spiral phase below TS, described in the form:

mlj(k) =MRuj cos 2π (k ·Rl + Φj) +MIvj sin 2π (k ·Rl + Φj) (4.10)

where mlj is the magnetic moment of the atom j in the unit cell l, Rl is the vec-
tor joining the arbitrary origin to the origin of unit cell l, and Φj is a magnetic
phase. uj and vj designate the orientation of the two perpendicular unitary
vectors that define the plane of the helix, where MR (real) and MI (imaginary)
amplitudes fix the dimensions of the elliptical envelope described by the rotat-
ing magnetic moments.

In these powder samples (due to the intrinsic limitations mentioned above)
it is not possible to independently refine (i) the real and imaginary amplitudes
(MR and MI) or (ii) the two magnetic moments in the bipyramidal units, for-
cing us to fix their ratios using constraints. Hence the neutron patterns were
refined constraining the two ordered moments (at the long and short pyram-
ids) according to the ratio r (r ≡ mL/mS) deduced from the refined occupations
(disorder) for each sample [see Eq. (4.9)] and listed in Table 4.4. Moreover, the
two moments of a bipyramid were restricted to the same inclination angle θ in
the neutron refinements. Additionally, the phase difference between the mag-
netic moments at the two pyramids separated by the Y layer in the chemical cell
was fixed to 180◦ as found in Refs. [19, 46, 47, 109] (during the data analysis we
confirmed that any deviation from 180◦ when comparing the different samples
should be lower than 2-3◦).

It is necessary to stress that the most relevant drawback of studying powder
samples of this layered structure probably is the inability to refine the real and
imaginary amplitudes (MR andMI) of the elliptical spiral order. In other words,
identical agreement factors are obtained regardless of the chosen MI/MR ra-
tio. So, we decided to extend the study of the incommensurate magnetic order
to include the two opposite limits of (i) very large (MR � MI) and (ii) null
eccentricity (MR = MI). The latter picture has been the one adopted in the
majority of earlier works and agrees well with the tetragonal symmetry of the
paramagnetic structure. In Fig. 4.15 we show how the two models: (i) a variable-
moment sinusoid [Fig. 4.15(a)] and (ii) a spiral magnetic order [Fig. 4.15(a)], can
give account of/reproduce very well the incommensurate phase of the neut-
ron powder diffraction patterns from YBCFO. Fig. 4.15 illustrates the need to
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conclusively study the incommensurate order in YBCFO by single crystal neut-
ron diffraction experiments. The spiral solution was assumed from powder
samples to explain the ferroelectricity but its existence has not been yet unam-
biguously attested.

Neutron powder diffraction refinements at 10 K

In Table 4.4 we list the refined magnetic moments (mL,mS), modulation vec-
tors (qs) and tilting angles θS of the rotating plane of the spins (easy plane) for
the incommensurate magnetic phase obtained from NPD data at 10 K. This
table exposes the information of the incommensurate magnetic phase in YB-
CFO samples with increasing magnetic frustration induced by rising the level
of Fe/Cu disorder (quantified through nd and qs). The two opposite extremes or
limits mentioned before were considered and are shown in the table: MR �MI

(model 1) and MR =MI (model 2). The former limit draws a collinear sinusoidal
order (MI = 0) and the second one describes a circular spiral. Keep in mind
that intermediate eccentricities (0<MI/MR<1) between the two extremes are
also compatible with recorded NPD patterns. A study of the possible changes
in the eccentricity induced by disorder would require single crystals. In order
to minimize the uncertainty in the refined θS values, first we used theMR �MI

FIGURE 4.15: Sinusoidal versus spiral NPD fit in a polycrystalline YBCFO sample.
Rietveld refinement (black curve) of the neutron diffraction data (red circles) collected
at 10 K on the two-axis D20@ILL diffractometer for a powder YBaCuFeO5 sample (S2).
(a) Variable-moment collinear sinusoid model (MR � MI ). (b) Spiral model (MR =
MI ). Rows of bars are indicated in the inset of the bottom panel.
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FIGURE 4.16: Rietveld refinement (black curve) of the D20 neutron diffraction patterns
(red circles) at 10 K (MR = MI) for the YBaCuFeO5 samples with increasing B-site dis-
order. Rows of bars are indicated in the inset of the bottom panel. Low-temperature
neutron refinements of samples S6 and S7 (most disordered) were done including the
additional k3 = (1/2, 1/2, 0) phase (see Table 4.5 for additional information).

limit for obtaining this tilting angle below TS. Then, this refined θS value was
used in the magnetic refinement of the circular spiral (model 2). This allows to
maximize accuracy, minimizing the errors in the determination of θS. The full
neutron Rietveld refinements (at 10 K, using model 2) for all our YBCFO samples
are exposed in Fig. 4.16 and the extracted magnetic information is listed in Table
4.5.
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TABLE 4.4: Refined magnetic parameters for the spiral (10 K) and collinear (390 K)
orders in YBaCuFeO5 as a function of the Fe/Cu chemical disorder at the B-sites of the
perovskite. See explanation in the text (theta angle of the ICM phase (θS) in model-2 was
fixed to its refined value in model-1).

S1 S2 S3 S4 S5 S6 S7
qs (r.l.u.) 0.09522 (29) 0.11901 (29) 0.12890 (29) 0.15366 (29) 0.16018 (29) 0.17432 (29) 0.17813 (29)
nd 0.294 (29) 0.316 (28) 0.372 (29) 0.387 (28) 0.437 (43) 0.406 (26) 0.440 (43)
r = mL/mS 0.569 (48) 0.606 (48) 0.708 (56) 0.738 (56) 0.845 (98) 0.777 (55) 0.852 (98)
TN1 (K) 469 (8) 445 (9) 432 (9) 420 (12) 426 (12) 410 (16) 422 (16)
TN2 = TS (K) 186 (8) 249 (9) 276 (9) 345 (12) 350 (12) 360 (16) 366 (16)

Spiral order 10 K (AF2-ICM)
Model 1 (MI ∼ 0)
mS (μB) 3.480 (32) 3.287 (35) 2.760 (32) 3.175 (28) 2.693 (27) 2.002 (38) 2.409 (31)
mL = r ·mS (μB) 1.985 (18) 2.002 (21) 1.954 (24) 2.343 (20) 2.260 (23) 1.563 (30) 2.049 (26)
θS (deg) 47.3 (5.3) 41.9 (5.1) 35.5 (5.2) 36.1 (3.7) 30.3 (4.3) 32.7 (6.0) 28.7 (5.8)
Model 2 (MR = MI)
mS (μB) 2.549 (23) 2.418 (25) 2.042 (23) 2.325 (21) 1.973 (20) 1.450 (28) 1.755 (23)
mL = r ·mS (μB) 1.455 (13) 1.473 (15) 1.446 (17) 1.715 (15) 1.656 (16) 1.132 (22) 1.493 (19)
θS (deg) 47.3 41.9 35.5 36.1 30.3 32.7 28.7

χ2 31.18 40.76 54.67 31.61 34.30 60.05 52.04
RB 2.03 4.05 4.97 2.67 2.84 2.23 2.63
Rf 1.11 2.14 2.41 1.58 1.43 1.52 1.52
Rm 6.62 8.58 9.85 9.54 8.30 10.8 8.50

Collinear order 390 K (AF1-CM)
mS (μB) 3.34 (23) 3.08 (24) 2.80 (21) 2.39 (20) 2.10 (21) 1.66 (27) 1.60 (27)
mL = r ·mS (μB) 1.91 (13) 1.88 (15) 1.98 (16) 1.77 (14) 1.76 (18) 1.29 (21) 1.36 (23)
θC (deg) 52.7 (7.6) 52.4 (7.5) 52.0 (7.4) 49.7 (5.9) 50.6 (6.9) 51.8 (8.6) 49.6 (7.9)

χ2 30.82 37.67 46.98 30.84 32.79 58.41 48.77
RB 2.04 2.78 3.66 3.19 1.84 2.45 2.68
Rf 1.20 1.75 1.90 1.74 1.14 1.63 1.66
Rm 8.46 11.2 11.4 16.5 14.6 17.7 18.0

Influence of chemical disorder on the inclination of the magnetic spiral
plane

As mentioned before, we use the angle θ to describe the angular distance (in-
clination) between the direction of the spins and the c axis, in the collinear and
noncollinear phases. In the former the magnetic easy axis is given by the collin-
ear spins direction u (CM phase). In the spiral ICM phase at T<TS, θS describes
the tilting of the rotation plane of the helix [uv plane; see Eq. (8.1) and Fig.
4.17(b)]. The tetragonal symmetry prevents specifying the orientation of the
moments in the ab plane. For simplicity, the director vector u can be taken as
within the ac plane, v being thus parallel to the b axis. θS values close to zero
means the magnetic easy axis is close to the c axis, whereas θS ≈ 90◦ implies
that the easy axis is parallel to the ab plane. Morin et al. were the first to report
changes in the inclination angle in YBCFO samples prepared changing the cool-
ing rate. Only for θS = 0◦ or 90◦ do all the active magnetic modes describing the
magnetic arrangement belong to the same magnetic irreducible representation
[46].

Fig. 4.17(a) plots the experimental (qs, θS) points obtained from neutrons
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TABLE 4.5: Magnetic parameters of the coexistent magnetic phases at T = 10 K with
propagation vectors k1 = (1/2, 1/2, 1/2), k2 = (1/2, 1/2, 1/2± q) and k3 = (1/2, 1/2, 0)
derived from the Rietveld refinements of the neutron powder diffraction data of the
YBaCuFeO5 samples with different Fe/Cu cation disorder. Refined average magnetic
moments mL and mS at the respective Cu-rich and Fe-rich pyramid sites were obtained
imposing mL = r ·mS, with the ratio r calculated according to the refined Fe/Cu cation
disorder.

T = 10 K S1 S2 S3 S4 S5 S6 S7
nd 0.294 (29) 0.316 (28) 0.372 (29) 0.387 (28) 0.437 (43) 0.406 (26) 0.440 (43)
r = mL/mS 0.569 (48) 0.606 (48) 0.708 (56) 0.738 (56) 0.845 (98) 0.777 (55) 0.852 (98)
COLLINEAR (AF1)
fm(k1) (%) 25.26 (79) 20.7 (1.1) 30.17 (77) 10.3 (2.0) 18.2 (1.2) 35.29 (56) 25.69 (78)
θC (deg) 52.7 52.4 52.0 49.7 50.6 51.8 49.6
SPIRAL (AF2)
fm(k2) (%) 74.74 (83) 79.3 (1.1) 69.83 (86) 89.7 (1.9) 81.8 (1.2) 40.12 (65) 56.41 (81)
θS (deg) 47.3 (5.3) 41.9 (5.1) 35.5 (5.2) 36.1 (3.7) 30.3 (4.3) 32.7 (6.0) 28.7 (5.8)
qs (r.l.u.) 0.09522 (29) 0.11901 (29) 0.12890 (29) 0.15366 (29) 0.16018 (29) 0.17432 (29) 0.17813 (29)
COLLINEAR (AF3)
fm(k3) (%) - - - - - 24.60 (48) 17.91 (67)
θC (deg) - - - - - 51.8 49.6
mS (μB) 2.780 (23) 2.664 (25) 2.417 (23) 2.314 (21) 2.126 (20) 2.190 (28) 2.094 (23)
mL = r ·mS (μB) 1.582 (13) 1.614 (15) 1.712 (17) 1.708 (15) 1.797 (16) 1.701 (22) 1.785 (19)
χ2 31.18 40.76 54.67 31.61 34.30 60.05 52.04
RB 2.03 4.05 4.97 2.67 2.84 2.23 2.63
Rf 1.11 2.14 2.41 1.58 1.43 1.52 1.52
Rm (k1) 11.5 22.7 18.2 54.2 30.7 5.74 12.1
Rm (k2) 6.62 8.58 9.85 9.54 8.30 10.8 8.50
Rm (k3) - - - - - 10.2 16.1

at 10 K. Fig. 4.17(a) illustrates the systematic decrease of θS (within the range
∼50◦-30◦) in YBCFO samples with increasing disorder [qs or nd; the (nd, θS) plot
is also shown]. The observed θS(qs) evolution is satisfactorily described by a
parabolic fit. We should call to mind that the orientation of the plane of the
helix respect to the c axis (axis of the magnetic modulation, with kz orienta-
tion) determines if the spiral order resembles more a cycloid (θS → 0◦) or a
helix θS → 90◦). The observed reorientation of the spiral plane agrees with
earlier works reporting a greater misalignment respect to the tetragonal plane
in samples prepared by fast cooling (more disordered) [47, 48]. Keep in mind
that in the presence of spin-orbit coupling and effective DM terms (or spin-
current mechanism triggering magnetoelectric coupling), the expected depend-
ence of the electrical polarization magnitude P with the orientation of the helix
is of the type P ∝ Qcos (θS) (Q = Si×Sj is the spin-chirality, different from zero
in the non-collinear phase). Hence, in this scenario, a cycloidal order (Q ⊥ qS)
should be more favorable to ferroelectricity than a pure helix (Q ‖ qS).

Additionally, we wanted to examine the dependence of the tilting (θS) on
–directly– the Fe/Cu disorder monitored by the occupation nd. This is plotted
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FIGURE 4.17: (a) Influence of the improper Fe/Cu occupation (nd, chemical disorder)
in YBCFO on the inclination angle θS of the spiral rotation plane determined at 10 K
(green symbols). The flat dependence of the inclination θC of the collinear spins in the
CM phase (at 390 K) is also shown (red symbols). The dashed lines are linear fits to
the experimental points (data from Table 4.4). In the inset the spiral inclination θS is
plotted versus the ICM modulation qs of the samples. Notice the linear dependence of
θS(nd). (b) Projections showing of the inclination angles θC and θS of the collinear spins
and the rotation plane of the spiral, respectively. (c) Example of the T-dependence of
the inclination angle of the collinear spins (TS<T<TN1) and of the spiral rotation plane
(T<TS) (sample S2, the slope dθS/dT�0.025 ◦/K).

as an inset in Fig. 4.17(a). This plot unveils a noteworthy finding. Interest-
ingly, we reveal a linear relationship between the spiral’s tilting angle and the
level of Fe/Cu cation disorder in these layered perovskites, parametrized by
the improper occupation nd. So, the linear fit of all experimental (nd, θS) points
is shown in the inset of Fig. 4.17(a). It shows that the linear relationship is very
well suited and the linear parameters found are given in Table 4.6 2.

Figure 4.18(a) displays the projection of the incommensurate magnetic struc-
tures described in Table 4.4, refined at 10 K using the circular spiral model
(MR = MI). Two complementary projections are plotted for each sample, which

2In Fig. 4.2 [qs versus nd] we used a linear regression fit for the sake of simplicity.
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TABLE 4.6: Regression slopes and intercepts obtained from linear least squares regres-
sion fits to key structural and magnetic parameters in the layered YBaCuFeO5 struc-
ture obtained from Rietveld refinement of X-ray and neutron powder diffraction data
as function of the incommensurability qs. The goodness of the regression model R2

and standard error of the intercept and slope (A and B, respectively) are shown. In the
case of θS as function of qs, a regression model with an additional quadratic coefficient
C was used.

Equation A B R2

a = A+B · qs 3.87354 (60) 0.0139 (38) 0.8247
c = A+B · qs 7.67016 (83) -0.0621 (55) 0.9750
V = A+B · qs 115.084 (47) -0.09 (31) 0.0152

ΔT ≡ c/2a = A+B · qs 0.990056 (86) -0.01153 (56) 0.9908
qs = A+B · nd -0.025 (31) 0.445 (78) 0.8435
dt = A+B · qs 4.886 (13) -0.383 (87) 0.7481
ds = A+B · qs 2.784 (13) 0.322 (91) 0.6446

dt/ds = A+B · qs 1.755 (13) -0.331 (86) 0.6888
HL = A+B · qs 2.663 (32) -1.38 (23) 0.8795
HS = A+B · qs 2.222 (27) 1.00 (19) 0.8394
zO1 = A+B · qs 0.0250 (32) -0.145 (24) 0.8902
zO2 = A+B · qs 0.3138 (11) -0.0045 (77) 0.0564
zO3 = A+B · qs 0.6766 (21) 0.041 (14) 0.5769

d(Cu1−O1)apical = A+B · qs 2.35581 (93) -1.2362 (67) 0.8507
d(Cu1−O3)basal = A+B · qs 1.9612 (40) -0.016 (25) 0.0209
d(Fe2−O1)apical = A+B · qs 1.773 (25) 1.07 (19) 0.8438
d(Fe2−O2)basal = A+B · qs 1.9888 (35) -0.011 (22) 0.1015

TN1 = A+B · qs 517.2 (15.7) -590.9 (106.5) 0.8602
TN2 = TS = A+B · qs -61.7 (9.9) 2610.1 (78.6) 0.9961

θC = A+B · nd 58.1 (2.4) -17.7 (6.3) 0.5298
θS = A+B · nd 78.8 (3.1) -112.8 (8.1) 0.9776

θS = A+B · qs +C · q2
s

A = 84.1 (30.6); B = -488.4 (457.9);
C = 1044.0 (1663.6) 0.8949

help to illustrate the inclination of the spiral plane in each of the seven YB-
CFO specimens with gradually larger disorder nd. The progressive reorient-
ation of the rotation plane of the spins is schematically illustrated in Figure
4.18(b). Regarding samples S1 and S7, the most distant in terms of disorder,
there is between them a reorientation ΔθS of the spiral plane of ≈ −20◦. In Fig-
ure 4.18(a) the arrows represent the average ordered moment in each pyramid
according to the values gathered in Table 4.4. The blue (brown) color applies to
CuO5 (FeO5) pyramids. The degree of Fe/Cu disorder in each pyramid is rep-
resented by mixing both colors according to the improper occupation nd in that
site. For that reason the colors of the two pyramids in the cell become increas-
ingly similar in Fig. 4.18(a), and finally end up being almost indistinguishable
from each other in the most disordered samples [nd ∼ 0.44(4) in sample S7].
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FIGURE 4.18: (a) Two projections of the refined circular spiral order at 10 K in YB-
CFO samples with increasing Fe/Cu disorder (model-2 described in Table 4.4). The in-
commensurate magnetic propagation vector determined in each sample is indicated.
(b) Sketch of the evolution of the orientation of the spiral rotation plane when in-
creasing disorder (nd). For clarity, the average magnetic moment is depicted in each
pyramid. The colors of the moments and pyramids reflect the fraction of Fe/Cu ions
(brown/blue) at each site.
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4.5.4 The magnetic "phase separation" region: beyond the
triple point in YBaCuFeO5

A magnetic triple point was initially proposed for YBa1−xSrxCuFeO5 samples
quenched into liquid nitrogen in Ref. [48]. Here we have shown that the con-
vergence of TN1 and TS, which imposes the limit for the highest spiral tem-
perature, can be attained in samples with identical composition (YBaCuFeO5).
Without the need to increase the number of dissimilar divalent cations in the
A site of the structure. A noteworthy experimental conclusion is that in bulk
samples the triple point represents a critical end point for the incommensurate
spiral phase. The stability of the modulated order cannot overcome the stability
of the collinear order. At least in absence of external perturbations and fields,
the spiral order by disorder mechanism requires and cannot avoid a commensur-
ate collinear phase preceding the spiral incommensurate magnetic order. This
relevant observation confirms that the orientationally aligned frustrated bonds
in YBCFO cannot generate a paramagnetic-spiral phase boundary of finite size.
The energy terms deciding the magnetic configuration to adopt at a given tem-
perature below the Néel point were analyzed in Refs. [46, 47, 54, 55]. Moreover,
given the concurrence of disordered and ordered spin configurations, the latter
undergoing a transition between spatially uniform (commensurate) and spa-
tially modulated (incommensurate) magnetic orders, the triple point in YBCFO
seems a good candidate to a possible Lifshitz multicritical point [122–124].

In addition, notice that the phase diagram in Fig. 4.14 is not strictly equi-
valent to that reported by Shang et al. in the vicinity of the triple point [48].
In that one the driving force approaching the triple point (YBa1−xSrxCuFeO5

samples with increasing Sr-content) are structural effects produced by A-site
cationic substitutions with little or no change in the Fe/Cu disorder. For that
reason the slope dTS/dqs is clearly dissimilar when comparing the YBaCuFeO5

(B-site disorder) and the YBa1−xSrxCuFeO5 (Sr-content) series of samples. In the
phase diagram of Fig. 4.14 composition does not change. Keep in mind that, by
comparing the ICM transition temperatures, the maximum Fe/Cu disorder of
YBCFO in Ref. [48] is significantly lower than in our sample S4 (being TS ≈ 310
K in Ref. [48], its disorder should be between the present samples S3 and S4).
The driving force along the x axis in the phase diagram of Fig. 4.14 is strictly
the Fe/Cu chemical disorder, which extends TS up to ≈ 366 K (sample S7). On
another hand, from the magnetic phase diagram [Fig. 4.14] we can also identify
the critical values at the intersection (triple) point. For this one can combine the



Chapter 4. Helimagnets by disorder: its role on the high-temperature magnetic
spiral in the YBCFO perovskite 129

linear relationships listed in Table 4.6 for the pairs TN1-qs and TN2-qs, and im-
posing TN1=TN2 one gets: qcs=0.186(13) r.l.u. and Tc

S=407(16) K (Tc
N1=Tc

S). Here,
qcs and Tc

S stand for the "extrapolated" critical values at the triple point. In the
same way, the corresponding critical disorder results nc

d=0.47(3), below but very
close to the maximum possible disorder nd=0.5.

What happens then when in this structure the Fe/Cu disorder acquires
values greater than nc

d? The answer is that the system enters in another re-
gime that we have named the phase-separated region [see Fig. 4.14]. Ideally, the
phase-separated region corresponds to samples with a degree of Fe/Cu dis-
order within the interval nc

d<nd<0.5, and it is characterized by the presence
of magnetic phase segregation. We expect this region to be characterized by
the competition of emergent collinear AF3 and declining AF1 regions, whereas
spiral order rapidly vanishes [48]. The AF3 configuration is favored in front of
the AF1 and AF2 ones when the competition between FM and AFM tenden-
cies inside the bipyramids gets unbalanced by an excessive number of strongly
AFM Fe/Fe bipyramids. In our most disordered samples (real, not ideal, ma-
terials) the phase coexistence includes the magnetic propagation vectors k1 =

(1/2, 1/2, 1/2), k2 = (1/2, 1/2, 1/2 ± q) and k3 = (1/2, 1/2, 0). Here, we want
to stress the fact that in real samples (powders or crystals), beyond the average
disorder nd, local fluctuations in the distribution of Fe/Cu atoms very likely
play also a role. Namely, the variance σ2[nd] and its spatial distribution can also
favor magnetic phase-separation. On one hand, inhomogeneous disorder (very
dependent on the preparation) explains the possibility of preparing samples
with the same apparent magnetic modulation and transition temperature but
different residual amount of collinear phase at low temperature [as occurs in
our sample S3, Fig. 4.12(c)]. On the other hand, another consequence of cer-
tain inhomogeneous disorder is that it smears out the boundary separating the
spiral and the phase-separated regions [as exposed in Fig. 4.14]. So, a certain
degree of inhomogeneous disorder can explain the presence of the three mag-
netic phases (the emergent collinear AF3 [k3], the AF1 one [k1], and also the
spiral) in the two most disordered YBCFO samples (S6 and S7). However, it is
important to stress that spiral order with qs larger than qcs ≈ 0.18 r.l.u. has never
been observed.

In Fig. 4.12(c) the coexisting magnetic phases characteristic of the phase-
separation region are apparent in samples S6 and S7. To get a closer view of
this region of disorder, the evolution of the magnetic phase fractions for sample
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FIGURE 4.19: Phase-separation regime. Sample S7 [highest disorder level, nd=0.44(4)].
(a) Temperature dependence of the magnetic phase fractions associated to the differ-
ent propagation vectors in the phase-separation regime (fm, left axis) and total ordered
magnetic moment (mT, right axis). (b) Evolution of the inclination angle θ of the mag-
netic easy axis in the collinear (TS<T<TN1) and spiral orders (T<TS).

S7, the less ordered sample, is displayed in Fig. 4.19(a). This figure allows
us to extract several conclusions on the phase separation beyond the triple
point. (i) The first is that when disorder exceeds nc

d, a multidomain magnetic
texture is favored where the coexisting magnetic orders (k1, k2, and k3) share
(kx, ky)=(1/2, 1/2) but differ in their translational symmetry parallel to the im-
proper bonds along the c-axis (kz = 1/2, 1/2±q and 0). (ii) Second, the collinear
k1 = (1/2, 1/2, 1/2) magnetic domains start to develop prior to the ICM spiral
order in all the cases. Moreover, when cooling from the paramagnetic state, k1

always emerges before k3-type domains. (iii) Third, the additional CM mag-
netic domains characteristic of the phase-separation regime [k3 = (1/2, 1/2, 0)]
develop simultaneously to the ICM k2 = (1/2, 1/2, 1/2 ± q) order. As an ex-
ample, we show in Fig. 4.19(a) the simultaneous appearence of (1/2, 1/2, 0) k3

and spiral k2 magnetic intensity in sample S7, coinciding with the partial col-
lapse of the (1/2, 1/2, 1/2) order. This third observation can be interpreted as a
consequence of the limitations included in the model, some of which relate to
the density of improper bonds. The required conditions to stabilize the spiral
were analyzed in Refs. [54, 55] and some concern the distribution of improper
Fe/Fe bonds in the structure. In particular, the spiral order is not favored in
those regions where neighbouring Fe/Fe bonds are closer along the c axis (the
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FIGURE 4.20: (a) Thermal evolution of the pseudo-cubic lattice parameters (2a and
c), and (b) unit cell volume of the tetragonal lattice obtained from neutron thermodif-
fractograms of the S1-S7 YBCFO samples. (c) Temperature dependence for the linear
thermal expansion coefficient αi derived from Eq. (4.11) along the a and c directions:
αa (circles) and αc (squares). (d) Temperature dependence of the tetragonal distortion
(ΔT ≡ c/2a).

orientation of the impurity bonds) than within the bilayer (ab plane). Predict-
ably, when chemical disorder is too high, unsatisfied conditions in certain parts
of the volume would explain the appearance of additional competing transla-
tional orders and the phase-separation regime.

4.6 Probing magnetostructural coupling in YBCFO

The existence of exchange striction (magnetostructural coupling) at the para-
magnetic-to-collinear (TN1) and collinear-to-spiral (TN2=TS) antiferromagnetic
transitions in YBCFO samples with different Fe/Cu disorder was investigated
from NPD patterns collected in D20 (λ=2.41 Å) between 10 K and 490 K. The
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thermal evolution of the tetragonal lattice parameters and unit cell volume ob-
tained from the Rietveld refinements are plotted in Figs. 4.20(a-b). In the YB-
CFO perovskite with P4mm symmetry the unit cell is related to the pseudo-
cubic symmetry as c ≈ 2a. Hence, the quantities 2a(T) and c(T) are plotted in
the same graph for the sake of comparison (Fig. 4.20(a)). We observe that the
thermal contraction on cooling is bigger along the c parameter than in the a and
b directions, and that the relation c<2a is satisfied along the temperature range
studied. This is also evident from the linear thermal expansion coefficients (α)
along the a and c directions deduced from Eq. (4.11), displayed in Fig. 4.20(c):

αi(T ) =
1

li0

dli
dT

(4.11)

where li0 is the value of the li parameter (size of the unit cell along li: a, b, c) at
RT. From the evolution of αa and αc we have not detected apparent anomalies
at the entering of the AF1 collinear phase, nor on going from the AF1 to the
AF2 spiral phase (below TN2=TS). The thermal evolutions of the linear expan-
sion coefficients are nearly identical for samples S1 to S7. The evolution of the
tetragonal distortion (δT=c/2a) increases linearly with the temperature above T
> 70 K, neither of the samples studied showing evidence of anomalies along the
magnetic transitions.
The absence of strong magnetostructural coupling along the successive mag-
netic transitions is as expected for the YBCFO samples studied, although the
limitations of NPD data used for this analysis should be taken into account.
A more exhaustive study of the lattice thermal evolution would be better ad-
dressed from SXRPD measurements.

4.7 Summary

Frustrated magnets displaying spiral magnetic orders (conical screw, cycloidal,
helimagnetic, etc.) at ambient temperatures are intrinsically rare. In nongeo-
metrically frustrated structures (such as YBCFO) this typically requires compet-
ing nearest-neighbors and next-nearest-neighbors interactions of similar
strength and both strong, which is highly unlikely. This bottleneck can be
avoided if frustration is generated by chemical disorder. The exceptional stabil-
ity of the spiral magnetic order in the layered perovskite structure investigated
here entails a nonconventional mechanism that, as proposed by Scaramucci and
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co-workers, relies on the presence of random strongly frustrating antiferromag-
netic bonds introduced along a single crystallographic direction [54, 55]. As a
credible realization of this model, we have methodically investigated and de-
scribed the influence of tuning frustration in YBCFO through B-site cation dis-
order, covering practically the full interval between total order and random
disorder. Our understanding of these layered perovskites is disclosing a rad-
ical mechanism for stabilization of cycloidal (spiral) orders in which frustration
has no geometrical or electronic origins but it is essentially based on chemical
disorder. The quantitative and thorough description of the interplay between
disorder (frustration) and the magnetic and structural features illustrates in this
reference composition the avenue spiral order by disorder to supply noncollinear
functional magnets at normal working temperatures. It can help to define or
inspire design strategies in these and other anisotropic functional magnets able
to adopt phases with magnetic chirality at high temperatures.





Chapter 5
Enhancing the spiral stability in YBCFO by B-site

divalent non-JT substitutions

5.1 Introduction

There is presently a need for developing new strategies that are capable to
optimise and upgrade the magnetic and magnetoelectric properties of high-
temperature spiral oxides and potential multiferroics. In the previous chapter,
we have studied in detail how by applying different cooling rates in the syn-
thesis process of YBaCuFeO5 the Fe/Cu cation ordering can be tuned, resulting
in a modification of the density of non-mixed Fe2O9 bipyramids and a modi-
fication of the interatomic distances. In this study, the maximum spiral or-
dering temperature was ∼366 K, achieved by quenching in water. Although
the YBCFO maximum spiral ordering temperature was significantly increased
respect to previous works (∼310 K in Ref. [47]), the B-site disorder strategy
presents prominent experimental and fundamental limitations. First, faster
cooling rates are not easily achieved experimentally. Second, an excessive num-
ber of strongly AFM Fe/Fe bipyramids produces an unbalance of the FM and
AFM competing interactions inside the bipyramids, which ultimately leads to
the phase-separated region above the critical disorder value nc

d ≈ 0.47, where
AF1 and AF2 phases coexist with emerging collinear AF3 magnetic regions
[with k3 = (1/2, 1/2, 0) translational symmetry] and the spiral is rapidly
weakened. Third, the lossy dielectric behavior of the polycrystalline samples
difficulted the study of electrical polarization and limits the effective range of
temperatures of the potential multiferroic properties.

135
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In view of these limitations, design strategies based on chemical substi-
tutions have been proposed to tune the properties of this interesting multi-
ferroic candidate YBaCuFeO5 with perovskite structure AA’BB’O5. By means
of cationic substitutions in the AA’-site of this perovskite, in previous reports
it was demostrated that in the Y(Ba,Sr)CuFeO5 system and RBaCuFeO5 oxides
(R: rare-earth or Y), the interatomic distances between the magnetic transition
metal atoms (M) are modified with respect to YBCFO [48]. Of great importance
are the changes in the distances parallel to c as they can tune the magnitude of
the competing interactions in that direction [54, 55]. A shrinkage in the height
of the bipyramids (dt distance, e.g. by partially substituting Ba2+ by the smal-
ler Sr2+) or an increase of the separation between bipyramids (ds distance, e.g.
by substituting Y3+ by a bigger trivalent R3+ rare-earth) produce the rise of
the spiral transition temperature [48]. Although a notable raise of the spiral
ordering temperature up to ∼375(3) K was achieved by Ba2+/Sr2+ A-site sub-
stitution, spontaneous polarization was not observed in these perovskites [48].
The lack of FE in Sr-doped YBCFO was atrributed to a negligible DM energy
term due to a configuration of the helical spin rotation plane parallel to the ab
plane [109, 125]. In RBaCuFeO5 the magnetic properties can also be favorably
tuned by using larger rare-earths [48], but this strategy ends up by generating
defects in the orderly stacking of R3+ and Ba2+ layers, when the size of both
cations gets closer.

As an alternative strategy to upgrade the properties of YBCFO, X. Zhang
and co-workers presented a selective investigation on the BB’-site doped
YBaCuFe1−xMnxO5 series [49]. The isovalent cationic substitution of highly
symmetric Fe3+ ions (3d5, L=0, S=5/2) by less symmetric Mn3+ ions (3d4, L=2,
S=2) at the trivalent B’-site was aimed to favor the spin-orbit coupling and the
magnetoelectric response through the antysimmetric Dzyaloshinskii–Moriya
(DM) interaction, thanks to the highly non-spherical charge distribution in the
isovalent Mn3+ ion. In this work, although it was proved that the presence of
Mn produced a progressive reorientation of the plane of the magnetic spiral
in the ICM phase, transforming the helical magnetic order into a cycloidal one
(which might critically determine the ferroelectric and magnetielectric beha-
vior), a systematic reduction in the spiral ordering temperature was also found
when increasing Mn content [49].

Motivated by the above described works, along the lines of this chapter we
present an investigation on two BB’-site doped YBaCu1−xMxFeO5 series where
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Cu2+ is partially substituted by M2+ = Co2+ and Zn2+ transition metals. We
have comprehensively investigated the effects of Cu/Co and Cu/Zn substitu-
tions in the YBCFO perovskite and explored its influence on the structure and
magnetic properties. Three relevant aspects in our B-site substitution strategy
are described below:

(1) The lattice effect: The strategy considers the steric (chemical internal pres-
sure) effects induced from B-sites. As we know, the basic structure of YBCFO is
formed by [CuFeO9] bipyramids of corner-sharing Cu2+O5 and Fe3+O5 units. In
contrast to the Fe3+O5 flattened square pyramids, Cu2+O5 pyramids are notably
elongated along the c axis due to the Jahn-Teller (JT) distortion around Cu2+

(3d9: t62ge
3
g), which shows a large difference between the interatomic distances

of Cu to apical and basal oxygens. The divalent Co2+ (3d7: t52ge
2
g) ion present

a high spin (HS) state in most of cobalt oxides, and is a non JT ion. Similarly,
Zn2+ (3d10: t62ge4g) is also a non JT ion, since it presents a totally filled 3d shell. In
consequence, Cu/Co and Cu/Zn divalent B-site substitutions are expected to
have a sizeable effect on the lattice, specially on the interatomic distances along
c, which have a strong influence on the two opposite nearest-neighbor (NN)
couplings along c (the FM Jc2 and the AFM Jc1).

(2) Nature of the magnetic interactions: In contrast to trivalent B’-site Mn
substitutions (YBaCu1−xMxFeO5 studied in Ref. [49]), in Cu/Co and Cu/Zn
divalent substitutions the occupation of trivalent B’-site by Fe3+ is preserved,
which is key for the strong AFM (Jc′2) coupling of Fe-O-Fe bonds to induce
magnetic frustration. On the other hand, the substitution of Cu2+ by Co2+ or
Zn2+, which have very different spin configurations, are expected to induce
distinct changes on the magnetic properties of the compounds. Whereas sub-
stitution of Cu2+ by low concentrations of non-magnetic Zn2+ (3d10: t62ge4g, S=0)
is not expected to have a strong influence on the magnetic frustration, the pres-
ence of HS Co2+ (3d7: t52ge2g, S=3/2) can have relevant effects over the competing
superexchage terms in the system.

(3) Spin-orbit coupling: One important consideration in our strategy to im-
prove the properties of the spiral phase by isovalent TM substitutions is to aim
for an enhancement of spin-orbit coupling. In many cobaltites the (high spin)
ground state configuration of 3d7 Co2+ cations if surrounded by six oxygen an-
ions creating a local Oh cubic symmetry is t52ge

2
g, as shown in Fig. 5.1(a). Such

state may be split under a local symmetry lowering, e.g. by a tetragonal or or-
thorhombic distortion. The degeneracy in the t2g subshell, will be thus lifted.
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This can be seen from the total energy-level diagram shown in the Fig. 5.1(b).
When the 3d spin-orbit interaction is not considered (ξ = 0 case), we find three
low-lying quartets within the first 0.1 eV. In electron language, each of them
would correspond to the hole occupying one of the three t2g orbitals. The im-
portance of the lifted degeneracy is that the orbital occupation will no longer be
isotropic, i.e., the Co-ion charge distribution will be highly nonspherical. If we
enable a non-zero spin-orbit coupling (ξ �= 0 case), the energy level diagram re-
veals that there is indeed a large amount of mixing due to spin-orbit interaction.
So, N. Hollmann, Z. Hu et al. [126] found that the 3d spin-orbit interaction has a
major influence on the energies and nature of the low-lying states of the CoWO4

system. As in the case of Mn3+, Co2+ atoms contain both a spin and an appre-
ciable orbital component (close to 1 μB). This results in a strong coupling of the
magnetic moment direction to the crystal structure, which is responsible for the
large single- permits to estimate the single-ion anisotropy in Co2+ ions. Over

FIGURE 5.1: (a) The electronic configuration of the 3d7: Co2+ ion with low spin (LS)
and high spin (HS) state. (b) The energy-level diagram for Co2+ ion, excluding and
including the 3d spin-orbit coupling ξ. Only the states up to 1 eV are shown. Figure
adapted from Ref. [126].

the past decades, there were many works done on the structural and magnetic
properties of transition metal oxide containing Co2+ related to its spin-orbit
coupling and single-ion magnetic anisotropy natures [127–132]. Thus, in this
work, the substitution of Cu by Co was supposed to help increasing the mag-
netic anisotropy and the spin-lattice coupling thanks to the significant orbital
moment contribution from Co2+ ions. This should have a direct incidence over
the characteristics and stability of the spiral.
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In this chapter we will also present a first synchrotron diffraction study on
the evolution of YBCFO crystal lattice under pressure. Based on our research
and previous works, we will use the rules governing the interplay between
chemical pressure lattice effects and magnetic frustration to infer the influence
of external pressure on the magnetic spiral order.

5.2 Sample praparation and experimental meth-

ods

Synthesis of polycrystalline YBa(Cu,M)FeO5 samples (M = Cu,
Zn)

The fabrication of YBa(Cu,M)FeO5 samples with M = Cu,Zn chemical dop-
ing at the B-site was performed by the solid-state reaction method. Two sets
of samples were prepared: (1) the YBaCu1−xCoxFeO5 series with Co doping
amounts x = 0, 0.01, 0.03, 0.04, 0.05, 0.06, 0.065, 0.075, 0.08, 0.10, 0.125, 0.15,
0.20 and 0.25; and (2) the YBaCu1−xZnxFeO5 series with Zn doping values x =

0, 0.02, 0.05, 0.075, 0.1, 0.125 and 0.15. In both cases the synthesis process was
conducted in a similar way to the one described in the experimental section
of Chapter 4 for non-doped YBaCuFeO5 samples. First of all, the Y2O3, BaCO3,
CuO, Fe2O3, Co3O4 and ZnO high-purity precursors were dehydrated at 150 ◦C

FIGURE 5.2: Scheme of the thermal process used for the synthesis of ceramic YB-
CFO samples doped with increasingly higher amounts of Co and Zn at the B-site: (a)
YBaCu1−xCoxFeO5 and (b) YBaCu1−xZnxFeO5.
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for 48 h, and a pre-annealing process at 900 ◦C for 10 h was done on Y2O3 to pro-
mote decarbonation. To prepare the YBa(Cu,Co)FeO5[YBa(Cu,Zn)FeO5] series
of samples with different Co[Zn] doping amount, Co3O4[ZnO] oxide was com-
bined stoichiometrically with the Y2O3, BaCO3, CuO and Fe2O3 precursors. The
starting materials were then mixed and thoroughly grounded using an auto-
matic agate mortar for several hours until obtaining fine and completely ho-
mogeneous powders, which were subsequently pressed into pellets. Thermal
processes were then performed on the resulting pellets using tubular furnaces
in air atmosphere. In both YBa(Cu,Co)FeO5 and YBa(Cu,Co)FeO5 series a heat-
ing rate of 300 ◦C/h was appied to increase the temperature up to 1100 ◦C.
The samples were annealed at this temperature for 50 h. Finally, different cool-
ing processes were applied as illustrated in Fig. 5.2. For the YBa(Cu,Co)FeO5

series, a controlled cooling rate of 300 ◦C/h was used to cool the samples down
to room temperature. An identical process was applied to the YBa(Cu,Zn)FeO5

series of samples. In the case of YBa(Cu,Zn)FeO5 series of samples, for each
specimen we made two identical pellets using the same powder which were
annealed in the same conditions as the Co-doped ones (at 1100 ◦C in air for
50 h). The two sets of Zn-doped samples were then cooled following two dif-
ferent processes: (1) a controlled cooling rate of 300 ◦C/h and (2) a quenching
into liquid nitrogen with the aim of optimizing the ordering temperatures and
properties of the spiral phase. After this, small pieces of each sample were kept
solid for the macroscopic measurements, and the rest was pulverized to per-
form powder diffraction experiments.

The quality of the as prepared samples was checked from laboratory X-
ray diffraction patterns collected at RT using a Siemens D-5000 diffractometer
(λ[Cu Kα] = 1.54 Å) showing no secondary phases within the detection limit
of the technique. Synchrotron and neutron diffraction measurements further
confirmed the good crystallinity and purity of the samples. A detailed struc-
tural and sample quality analysis on the Co-doped series was performed by
X. Zhang based on synchrotron SXRPD and XAS measurements, reported in
Ref. [133]. From X-ray absorption spectroscopy (XAS) measurements done us-
ing the HECTOR cryomagnet endstation at the BL29-BOREAS beamline of the
Alba Synchrotron Light Facility across the Fe and Cu L2,3 edges it was found
that the oxidation states of Fe3+ (3d5) and Cu2+ (3d9) ions were well preserved
during the preparation process of all samples. The XAS spectra across the Co
L2,3 edges for YBaCu1−xCoxFeO5 compounds with x = 0.01, 0.05, 0.1 and 0.25
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are plotted in Fig. 5.3(a). The inset shows that the Co L3 edge is clearly distin-
guished above the Ba M5 edge tail, whose much higher intensity is due to the
larger absorption cross section of the Ba M4,5 transitions and a higher relative
concentration of Ba in the samples. The XAS energy positions and structure
of the Co L3 edge match well with those found in a prototypical Co2+-based
compound like CoO [see Fig. 5.3(b)], verifying that the Co2+ by Cu2+ chemical
substitution was isovalent up to x = 0.25, and that cobalt ions indeed adopted
the divalent HS Co2+ electronic configuration (3d7: t52ge2g).

FIGURE 5.3: (a) XAS spectra across the Co L2,3 edges for YBaCu1−xCoxFeO5 samples
with x = 0.01, 0.05, 0.10 and 0.25. The inset in panel (a) focuses on the Co L3 edge.
(b) XAS spectra provided as references across the Co L2,3 and the Ba M4,5 edges of
the compounds CoO (Co2+), LaCoO3 (Co3+) and Ba1.60Ce0.20Na0.20Ca(BO3)2 (Ba2+).
Figure from Ref. [133].

Characterization methods

• Synchrotron X-ray powder diffraction: the structural study of the two series
of samples was done by collecting high resolution synchrotron radiation X-ray
powder diffraction patterns (SXRPD) at 300 K. Measurements were conduc-
ted at the BL04-MSPD beamline [107] of the Alba Synchrotron Light Facility
(Cerdanyola del Vallès, Spain). The samples were loaded in borosilicate glass
capillaries (0.7 mm diameter) and kept spinning during data acquisition. A
short wavelength, λ = 0.413378(4) Å was selected to reduce absorption and en-
large the q-range. The value of λ was calibrated by measuring a NIST stand-
ard silicon. As detection system we used a high-throughput position sensitive
detector MYTHEN which allows a high photon flux. The acquisition time to
perform a RT full structural characterization was 90 s.
Structural Rietveld refinements of the SXRPD patterns, made using the Full-
prof package of programs [97], allowed for the determination of the cationic
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disorder (nd) and the evolution of the different relevant interatomic distances
in the samples as a function of B-site chemical doping, as it will be described in
the following section. Illustrations of the crystal structure were obtained using
the VESTA program [106].

• Neutron powder diffraction: to study the magnetic order, neutron powder
diffraction (NPD) experiments were conducted at the high-flux reactor of the
Institut Laue Langevin (Grenoble, France) on D1B and D20 powder diffracto-
meters using similar wavelengths. The measurements performed on Co- and
Zn-doped samples are described below:

(1) For the YBa(Cu,Co)FeO5 series NPD data was obtained at the high-
intensity D1B powder diffractometer using a highly oriented pyrolytic graphite
(HOPG) monochromator and a take-off angle of 44.22◦ towards the sample po-
sition. In this configuration the calibrated wavelength was λ= 2.52 Å. A Radial
Oscillating Collimator (ROC) is implemented in D1B to eliminate parasitic dif-
fraction beams from sample environment devices. For the characterization of
the low temperature magnetic order of the samples two patterns with an ac-
quisition time of 10 min were collected at 10 K and averaged for signal-to-noise
ratio optimization. In addition, neutron diffraction patterns were also recorded
in a continuous mode following temperature ramps in the temperature range
between 10 and 500 K, with heating rates of 3 K/min.

(2) In the case of the YBa(Cu,Zn)FeO5 series measurements were performed
using the high-intensity, high-resolution two-axis D20 diffractometer configured
with a HOPG monochromator and 42◦ take-off angle, which provided a λ= 2.41
Åwavelength, with excellent resolution at low-q and a high efficiency position
sensitive detector covering an angular range up to 150◦. For each sample, two
15 min patterns were collected at 10 K, which were averaged for signal optimiz-
ation. The evolution of the magnetic order with temperature was also studied in
x = 0.05, 0.1 and 0.15 Zn doped samples by collecting neutron thermodiffracto-
grams in continuous mode following temperature ramps within the range 10
to 500 K, with applied heating rate of 2 K/min and acquisition time of 2.5 min
per scan. Around 100 patterns were recorded in the range 10 K to 500 K with a
resolution in temperature of 5 K between successive patterns.
In all cases powder samples were filled into 8 mm diameter vanadium contain-
ers, and the temperature range of the experiments were covered using dedic-
ated He cryofurnaces. For the sake of comparison, NPD patterns collected on
both instruments are plotted as a function of the Q = 4π sin (θ)/λ parameter.
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Rietveld analysis of the NPD patterns was made using the Fullprof pack-
age of programs [97] allowing for the characterization of the different magnetic
phases and its evolution with temperature, focusing on the properties of the
spiral order such as the inclination of the rotation plane of the spins and the
magnitude of its ordered magnetic moment. Another key parameter for the
description of the samples is the modulation qs of the incommensurate spiral
magnetic phase, (k2 = (1/2, 1/2, 1/2 ± qs), which is illustrative of the magnetic
frustration in the samples as it is directly related to the canting angle ϕ = 2πqs

between the two spins in a bipyramid.
• Angle-dispersive synchrotron XRD under pressure: High pressure (HP)

SXRPD measurements were carried out at the high pressure powder diffrac-
tion end station of the BL04-MSPD beamline at the Alba Synchrotron Light Fa-
cility. The wavelength and detector position parameters were obtained using
lanthanum hexaboride (LaB6) as a calibrant. The calibrated wavelength was
0.4246 Å and the distance to the detector was ∼200.15 mm.
For this experiment, a piece of polycrystalline YBCFO sample was thoroughly
ground in pure ethanol for several hours using an automatic mortar. Then, the
smallest grains were selected by sieving successively the powder with ethanol
through 10 μm and 5 μm mesh size sieves, obtaining a fine powder with <5 μm
grain size. Each sample was loaded at the High-Pressure laboratory at ALBA
into a Membrane Diamond Anvil Cell (MDAC) equipped with 400 μm-cullet
diamond anvils. Samples were loaded with methanol-ethanol-water (MEW) as
pressure transmitting medium (PTM) in 20 μμm hole drilled in Inconel gasket
pre-indented to a thickness of 40-45 μm. For each sample HP-XRD measure-
ments were done increasing pressure gradually up to ∼20 GPa at ambient tem-
perature. The membrane pressure step between collected patterns was 1 bar
in the range where the pressure inside the MDAC increases linearly with mem-
brane pressure, and it was reduced to 0.8 bar in the exponential regime (approx.
> 47 bar). The DAC was re-aligned each 5 GPa. As pressure calibrant a small
amount of Cu metal powder was loaded along with the sample.
For the measurements, a highly collimated beam was used in front of a bid-
imensional SX165 (Rayonix) CCD camera to obtain 2D images of the diffrac-
ted rings. The indented area of the gasket was initially mapped to select the
regions with optimal amount of Cu and sample for pressure calibration and
Rietveld analysis of the sample, respectively, as far as possible aiming also for
non-grainy diffraction rings which would lead to preferred orientation effects.
Collecting time was also adjusted to avoid saturating the detector.
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The Dioptas program [101] was employed to calibrate and integrate the raw
data and to mask the saturated regions of the detector when necessary, and the
Rietveld analysis of the integrated 2Theta diffraction patterns was carried out
using the FullProf suite [97].

• Magnetometry: macroscopic magnetic susceptibility curves as a function
of the temperature χ(T) were recorded in the interval 10-500 K under an ap-
plied external magnetic field of 2 kOe in FC conditions using a vibrating sample
magnetometer (VSM) in a Physical Properties Measurement System (PPMS,
Quantum Design Inc). Samples in the form of small solid pellets were used
for the measurements.

5.3 Structural evolution versus Cu/Co and Cu/Zn

B-site substitutions

The structural characterization of the YBaCu1−xCoxFeO5 and YBaCu1−xZnxFeO5

series was done from the analysis of SXRPD patterns collected at the BL04-
MSPD beamline of the ALBA Synchrotron Light Facility. The structural study
on the Co-doped series was conducted in collaboration with X. Zhang. The
reader is referred to Ref. [133] for further details on the characterization of this
series of compounds. The refined SXRPD profiles and structural parameters as
a function of Co doping (12 YBaCu1−xCoxFeO5 samples with doping amounts
ranging between x = 0 to 0.25) are summarized in Fig. B.1 and Table B.1 [App.
B]. As for the Zn-doped samples investigated in this work, Fig. B.2 [App. B]
displays the refined SXRPD patterns, and Table B.2 [App. B] reports the cor-
responding structural parameters and agreement factors at 300 K as a function
of Zn content (7 YBaCu1−xZnxFeO5 samples with doping values ranging from
x = 0 to 0.15). In all cases the Rietveld analysis procedure was done using the
same symmetry (non-centrosymmetric P4mm space group) and parameter con-
straints as reported in Chapter 4 for non-doped YBCFO samples. For simplicity,
only two split positions were considered: the Fe one, and the (Cu,M) position
where Cu is substituted by M = Co, Zn transition metals (the z-coordinates of
M metals were constrained to be the same as Cu). The two transition metal po-
sitions and their respective Fe/(Cu,M) fractional occupancy were refined in the
upper (M1, blue) and lower (M2, brown) pyramids within the unit cell [see Fig.
5.4(c)]. To refine the positions and fractions of the metals in the two M1 and M2
pyramids, the z-coordinates of the two positions that a given metal [either Fe
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or (Cu,M)] occupy in the cell were refined using the constraint z(M1)+z(M2)=1.

5.3.1 Effect of Cu-site substitutions on cation disorder

First of all, we have studied the effect of Cu/Co and Cu/Zn doping on the B-site
disorder, which as previously discussed plays an utterly important role on the
magnetic frustration and exchange interactions between the different metals in
the structure. As in the previous chapter, chemical disorder is parametrized by
the improper occupancy nd, which is defined as the fractional occupancy of the
minority ions in the upper and lower pyramids [i.e., nd = Occ Fe1∗/(Cu,M)2∗].
The refined Fe/(M,Cu) fractional occupancies at the M1 and M2 pyramids for
YBa(Cu,M)FeO5 series with M = Co and Zn plotted in Figs. 5.4(a) and 5.4(b)
[and reported in Tables 5.1(a) and 5.1(b)] show that there is no dependency
on the Co and Zn content within errors, being the B-site disorder preserved
up to the maximum doping amounts studied (x = 0.25 in the case of Cu/Co
and x = 0.15 for Zn/Co). A similar behavior is found in Cu/Mg substituted
samples, as shown by X. Zhang in Ref. [133]. However, this invariance of the
chemical disorder upon B-site Cu/Co, Cu/Zn substitutions strongly contrasts
with the evolution of disorder in YBaCu(Fe,Mn)O5 doped samples. In these
compounds, the introduction of a third metal like Mn3+ occupying the Fe3+

sites progressively increases the disorder at the B-sites [49].

FIGURE 5.4: Dependence of B-site chemical disorder in YBaCu1−xMxFeO5 versus
M = Co and Zn B-metal substitutions. (a) Refined Fe/(Cu,Co) occupations for the
YBaCu1−xCoxFeO5 series. (b) Fe/(Cu,Zn) occupations in YBaCu1−xZnxFeO5 samples.
(c) Scheme of the YBCFO unit cell. In the structure, Fe1* and (Cu,M)1 are accomod-
ated in the upper pyramid, and Fe2 and (Cu,M)2* occupy the lower one (∗ indicates the
minority fraction site).
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Finally, the different average disorder values observed in the two series
[nd(Cu/Co)∼37% and nd(Cu/Zn)∼42%] are a direct consequence of the distinct
synthesis processes used. A controlled cooling rate of 300 ◦C/h was performed
on the former, while for the Zn-doped series samples were cooled rapidly by
quenching into liquid nitrogen. The disorder values observed are well cor-
related (within errors) with those reported for S2 and S6 samples of reference
YBaCuFeO5 composition cooled in similar conditions (see Table 4.2 in Chapter
4).

5.3.2 Impact of B-site doping on the structure

The refined cell parameters, tetragonal distortion (ΔT ≡ c/2a) and volume as
a function of Co and Zn content (also included in Tables B.1 and B.2 [App. B])
are plotted in Figs. 5.5(a) and 5.5(b). From these plots similar behaviors can be
identified upon increasing concentrations of Co and Zn doping metals. While
the cell parameter a increases, c displays a larger contraction, which is even
more marked in the Co-doped series.

FIGURE 5.5: Evolution of the cell parameters (a=b and c), tetragonal distortion (ΔT =
c/2a) and volume (V ) at 300 K as a function of the doping metal content in (a)
YBaCuxCo1−xFeO5 and (b) YBaCuxZn1−xFeO5 series.
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In all cases cell parameters disclose a linear correspondence with the dop-
ing metal content (x) as shown by the linear fits to the experimental points
(dashed lines in Fig. 5.5). Moreover, a linear reduction of the tetragonal distor-
tion (ΔT = c/2a) was observed in both series accompanying a small expansion
of the unit cell volume. This volume expansion, which is ultimately caused by
the expansion of the a(and b) parameters, is probably linked to the slightly lar-
ger ionic effective radius of Co2+ and Zn2+ (Co2+: 0.67 Å (HS) and Zn2+: 0.68
Å in V coordination [53]) as compared to Cu2+ (Cu2+: 0.65 Å in V coordination
[53]). However, this is at odds with the contraction observed in the c parameter.
A look into Fig. 5.6, which shows the evolution of ds and dt average interatomic
distances along c [also reported in Tables 5.1(a) and 5.1(b)], provides further in-
sight on this question.

FIGURE 5.6: Influence of Cu/Co and Cu/Zn B-metal substitutions on the thickness
and separation of the bilayers. Evolution of the thickness of the biliramidal layer
(dt, left axis) and of the separation between bilayers (ds, right axis) as a function of
B-site doping in (a) the YBaCu1−xCoxFeO5 and (b) the YBaCu1−xZnxFeO5 series. (c)
Projection of the YBCFO structure showing two successive bipyramids along c showing
the thickness dt of a bilayer and the separation ds between bilayers.

For increasing concentration of M = Co and Zn metals in the pyramids,
a systematic contraction of the thickness of the pyramid bilayers (dt) was ob-
served, accompanied by a lesser increase in the separation between pyramid
bilayers (ds). The contraction of c results then from the overall decompensation
between both evolutions (remember that c = dt+ds). Comparing the distance
variations in both series up to x = 0.15 doping amounts of Co[Zn], we found
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FIGURE 5.7: Evolution of the two pyramids versus Cu/Co and Cu/Zn B-metal substi-
tutions: HL, HS and the average (Cu,M)O5 Jahn-Teller splitting. (a,b) Average heights
of the ’long’ (upper, Cu-rich) and ’short’ (lower, Fe-rich) pyramids (at 300 K) within the
chemical unit cell versus Co and Zn content (x). (Cu,M)O5 pyramids are longer than
FeO5 ones as a consequence of the Jahn-Teller character of Cu2+ ions. Evolution in-
creasing the concentration of M = Co, Zn metals at the B-sites of the (c,d) (Cu,M)-O and
(e,f) Fe-O interatomic distances in the two pyramids. The (Cu,Co)-O1 and (Cu,Zn)-O1
apical distances shrink as the concentration of dopant metals (x) increases in virtue of
the non Jahn-Teller character of Co2+ and Zn2+ ions in contrast with Cu2+ ones.

a decrease in the bipyramid layer thickness of dt ≈-0.032 Å[-0.035 Å] and an
increase of the separation ds ≈+0.017 Å[+0.025 Å]. The evolution of the dt/ds

ratio, which shows a linear increase with x, is also plotted in Fig. 5.6.

The effects of B-site doping on the pyramid distortions and metal-to-oxygen
distances within them [summarized in Tables 5.1(a) and 5.1(b)] are also rather
appealing. The evolution of the average height of the upper and lower pyram-
ids (HL and HS) in both series, plotted in Figs. 5.7(a,b), show that the average
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Cu-rich pyramids (HL) undergo a shrinkage as the concentration of Co and Zn
metals in them increase, concomitant with a stretching of the average Fe-rich
pyramid sites (HS). To understand this evolution it is necessary to dissect the
individual metal-to-oxygen distances in the pyramids. M-O bond lengths for
the majority metal in each pyramid are disclosed in Figs. 5.7(c,e) for the Co-
doped series and in Figs. 5.7(d,f) for the Zn-doped samples. As in the case of
pristine YBCFO compositions, the Jahn-Teller (JT) splitting between (Cu,M)-O1
(apical) and (Cu,M)-O3 (basal) distances around Cu2+ (t62ge3g) is evident along
the whole Co- and Zn- doped series. The average pyramid heights (HL and HS)
confirm, as expected, that this effect is specially relevant in the case of Cu-rich
pyramids (upper site, represented in blue color). Furthermore, under the ad-
dition of Co2+ (t52ge2g, HS) and Zn2+ (t62ge4g), Cu2+ gets progressively replaced by
the former, which are non Jahn-Teller ions. The consequence of this is a shrink-
age of the apical (Cu,M)-O1 bond lengths, which indicate that the average JT
effect in (Cu,M)O5 gets progressively tamed as Cu is substituted by non JT Co
and Zn ions. Ultimately, this produces the reduction of the crystal lattice along
the [001] direction, overcoming the fact that the ionic sizes of Co2+ and Zn2+

are slightly larger than that of Cu2+. Finally, we see that the two basal distances
(Cu,M)-O3 and Fe-O2 remain nearly unchanged upon increasing Co and Zn
doping levels.

In summary, we have demonstrated that the nearest-neighbor (NN) mag-
netic interaction paths along the c axis [Jc1 and Jc2 couplings, shown in Fig.
5.6(c)], whose relevance was discussed in the previous chapter, can also be mod-
ified by means of B-site chemical doping through similar structural modifica-
tions as in the case of A-site doping (reduction of dt and increase of ds distances
in the RBaCuFeO5 and YBa1−xSrxCuFeO5 series, reported by T. Shang et al. in
Ref. [48]). Substituting Cu2+ by JT inactive ions such as Co2+ and Zn2+ re-
duces the incidence of Cu2+ Jahn-Teller pyramid elongation on the pyramid
bilayer thickness (dt). In addition, Cu/M substitutions are more advantageous
than Fe/M substitutions, since the latter inevitably reduces the density of AFM
Fe/Fe pair defects, leading to a weakening of magnetic frustration, as observed
in the case of YBaCu(Fe,Mn)O5, where the onset of the spiral magnetic order
(TS) is shifted to lower temperatures upon Fe/Mn doping (see Ref. [49]). The
benefits and drawbacks of Cu/M substitutions with regard to the spiral phase
will be disclosed in the next sections.
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5.4 Magnetic phase diagram versus Cu/Co and

Cu/Zn B-site substitutions

5.4.1 Magnetic phases and transitions

The magnetic transition temperatures in the two series were identified by mac-
roscopic susceptibility and neutron powder diffraction measurements. Its val-
ues are summarized in Table 5.4. The magnetic susceptibility curves χ(T) ob-
tained in field-cooling (FC) conditions under an external dc magnetic field of 2
kOe are displayed for all the samples in Fig. 5.8 within the temperature range
10 K-500 K.
A first look on the susceptibility curves of YBaCu1−xCoxFeO5 samples (cooled

at 300 ◦C/h), shown in Fig. 5.8(a), allows to identify two maxima (indicated

FIGURE 5.8: Evolution of the mass magnetic susceptibility curves (measured in FC, 2
kOe) for (a) YBaCu1−xCoxFeO5 samples (with 0% < x ≤ 25%) prepared under 300
◦C/h cooling rate, and (b) YBaCu1−xZnxFeO5 (with 0% < x ≤ 15%) prepared by
quenching in liquid nitrogen (top panel) and under 300 ◦C/h cooling (bottom panel).
For clarity successive curves were shifted by ∼+10−6 emu·g−1·Oe−1.
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by black arrows), which indicate the presence of two separated magnetic trans-
itions. In the Co-doping range studied, two distinct regimes were identified
in this series regarding the characteristics of the different magnetic phases: (1)
the low Co-doping range between 0% ≤ x ≤ 6.5%, and (2) the high Co-doping
range within the interval 6.5% < x ≤ 25%.
In the former, a comparative investigation using neutron diffraction within the
10 K-500 K range showed that, as in the case of YBaCuFeO5 reference compos-
itions, the two local maxima in χ(T) observed in the low Cu/Co doping range
(0% ≤ x ≤ 6.5%) identify (upon cooling) the two separated magnetic trans-
itions at TN1 and TN2=TS, which correspond respectively to the onsets of the
AF1 collinear phase [with k1 = (1/2, 1/2, 1/2) propagation vector] and the AF2
spiral order [with incommensurate vector k2 = (1/2, 1/2, 1/2± q)]. This was
confirmed by the T-Q projections of the NPD intensities [shown in Fig. 5.11(a)],
where the (h/2 k/2 l/2±q) magnetic Bragg reflections (satellites) characteristic
of the spiral order with k2 propagation vector emerge at TN2 (=TS) and persist
down to the base temperature. It should be pointed out that in this transition,
the AF1 phase isn’t completely transformed into the AF2 spiral order, and cer-
tain amount of the CM (k1) phase remains below TN2 accompanying the ICM
(k2) magnetic satellites down to the base temperature.

FIGURE 5.9: Low-angle region of the neutron powder diffraction (NPD) patterns recor-
ded at 10 K for the two series of B-site doped samples. (a) YBaCu1−xCoxFeO5 samples
(0% ≤ x ≤ 25%) prepared under 300 ◦C/h cooling rate (D1B@ILL, λ = 2.52 Å), and (b)
YBaCu1−xZnxFeO5 (0% ≤ x ≤ 15%) quenched in liquid nitrogen (D20@ILL, λ = 2.41
Å). For comparison, NPD patterns are plotted as a function of Q = 4π sin (θ)/λ.
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According to susceptibility and NPD measurements, a remarkable raise of the
spiral order temperature was observed upon increasing Co amounts (x), being
TN2 increased by more than 120 K from x = 0% (∼230 K) to x = 6.5% (∼355
K), well above room temperature. However, in this doping range, a systematic
decrease of the ICM magnetic satellite intensities is also observed, indicating
that that the spiral order is progressively suppressed upon Cu/Co substitution,
being x = 6.5% the maximum concentration of Co that the spiral order is able
to tolerate.

FIGURE 5.10: Magnetic phase fractions at T = 10 K in YBa(Cu,M)FeO5 samples (M =
Co, Zn) versus the concentration (x) of M metals in Cu/M B-sites. Black squares cor-
respond to fm(k2) single phase in Cu/Zn doped series. Blue triangles, red circles and
purple diamonds correspond respectively to fm(k1), fm(k2) and fm(k3) in the Cu/Co
doped series. The values, refined from NPD data, are also reported in Table 5.4.

The nature and evolution of the magnetic phases as a function of Cu/Co
doping is well illustrated by the low-angle region of the NPD diffraction pat-
terns recorded at 10 K, shown in Fig. 5.9(a). In this plot we observe that the
(h/2,k/2,l/2±q) incommensurate AF2 magnetic satellites progressively decrease
at expenses of an increase of of the (h/2,k/2,l/2) commensurate AF1 mag-
netic reflections, and both orders coexist along the low Co-doping range un-
til the spiral order vanishes for x ≥ 7.5. Interestingly, Fig. 5.9(a) also dis-
closes that a second commensurate phase AF3 with translational symmetry
k3 = (1/2, 1/2, 0) emerges as a consequence of Cu/Co doping. The intens-
ity of its associated (1/2,1/2,1) magnetic reflection is favored upon Co-doping,



154
Chapter 5. Enhancing the spiral stability in YBCFO by B-site divalent non-JT

substitutions

getting increasingly higher along the high Co-doping range (6.5% < x ≤ 25%),
and becoming dominant to the point that AF1 (k1) reflections decline until it
gets entirely replaced by the new AF3 (k3) phase in the x = 25% sample. This
unconventional behavior is also quantitatively disclosed in Fig. 5.10 from the
magnetic phase fractions [fm(ki), with i = 1, 2, 3] obtained from the Rietveld fits
of NPD patterns at 10 K (also summarized in Table 5.4). The intense compet-
ition between the AF3 (k3) and the ICM AF2 (k2) magnetic phases is a novel
phenomenon which will be discussed later on in this chapter.
Accordingly to the strenghtening(weakening) of the AF3(AF1) magnetic phases,
an increase(decrease) of the TN3(TN1) ordering temperature is observed as shown
by the T-Q projections of the NPD intensities for samples with x ≥ 5% [see Figs.
5.11(a,b)]. By comparison with T-Q neutron thermodiffractograms, the onset of
the AF3 transition (TN3) is associated to the first maxima observed (upon cool-
ing) in the magnetic susceptibility curves for 6.5% < x ≤ 25% samples [Fig.
5.8(a)].

The magnetic behavior upon Cu/Zn substitution strongly contrasts with
the effect of Cu/Co doping. Magnetic susceptibility curves χ(T) for the two
YBaCu1−xZnxFeO5 sets of samples quenched in liquid nitrogen and prepared
under 300 C/h cooling rate [Fig. 5.8(b)] show two maxima at the Néel temperat-
ures of two separated AFM transitions. Upon cooling, the first transition (TN1)
corresponds to the onset of the AF1 [k2 = (1/2, 1/2, 1/2)] collinear phase, and
the second one (TN2=TS) to the ordering of the ICM AF2 [k2 = (1/2, 1/2, 1/2±q)]
spiral order, as confirmed by temperature dependent NPD measurements done
in x= 5, 10 and 15% quenched samples [see Figs. 5.12(a-c)]. On the other hand,
it should be highlighted the relevance of the fact that in Zn-doped samples the
spiral order shows up as a single magnetic phase along the whole temperature
range below TN2, getting this transition temperature stabilized up to a max-
imum of ∼340 K in the quenched Zn-doped series (∼320 K in the 300 ◦C/h
cooled series). Furthermore, in contrast to Co-doped samples, NPD diffraction
patterns recorded at 10 K [Fig. 5.9(b)] show no signs of spiral order weakening,
nor magnetic phase segregation as no traces of secondary k1 or k3 phases were
observed below TN2 in any of the Zn-doped compounds studied (x ≤ 15%).
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FIGURE 5.11: Contour maps showing the T-Q projection of the temperature depend-
ence for the neutron-diffracted intensities (D1B@ILL, λ = 2.52 Å). The low Q region
shows the thermal evolution of magnetic reflections (1/2 1/2 1/2) (k1), (1/2 1/2 1/2±q)
(k2) and (1/2 1/2 0) (k3) in YBaCu1−xCoxFeO5 samples. (a) Low Co-doping range
(0% ≤ x ≤ 6.5%), with presence of the spiral order (AF3) coexisting with increasingly
higher AF1 and AF3 reflections, and (b) high Co-doping range (6.5% < x ≤ 25%) where
the AF1 and AF3 phases dominate and the spiral order has been suppressed. Vertical
dashed lines indicate the onset of AF1 (TN1) and AF2 (TN2) phases, and white arrows
signal the emergence of the AF3 (TN3) phase.
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FIGURE 5.12: Contour maps showing the T-Q projection of the temperature depend-
ence for the neutron-diffracted intensities (D20@ILL, λ = 2.41 Å). The low Q region
shows the thermal evolution of magnetic reflections (h/2 k/2 l/2) (k1), and (h/2 k/2
l/2±q) (k2) in YBaCu1−xZnxFeO5 quenched samples with (a) x = 5%, (b) x = 10%
and (c) x = 15%. Horizontal dashed lines indicate the onset of AF1 (TN1) and AF2
(TN2) phases. No traces of AF3 (k3) reflections were observed. Right panels show
the thermal variation of the integrated intensities of selected Bragg reflections and
satellites, which correspond to the propagation vectors k1 = (1/2, 1/2, 1/2) (red) and
k2 = (1/2, 1/2, 1/2± q) (green).

The compositional dependence of the k2 spiral magnetic incommensurabil-
ity (qs), was parametrized by the qs ground state saturation values, refined from
NPD patterns (10 K) [see Table 5.4]. Its evolution as a function of the M = Co, Zn
content (x) in the YBaCu1−xMxFeO5 perovskites, plotted in Fig. 5.13(a), shows
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FIGURE 5.13: Compositional B-site doping dependence of the magnetic spiral in-
commensurability and its temperature evolution. (a) Influence of Cu/Co and Cu/Zn
B-site doping (parametrized by the M = Co, Zn content x in YBaCu1−xMxFeO5) on the
ICM modulation qs of the AF2 spiral phase, obtained from NPD refinements at T = 10
K. The inset shows an illustration of the the twist angle ϕ (canting) formed by the two
spins of a bipyramid in the spiral phase (ϕ = 2πqs). Temperature dependence of qs
obtained from neutron thermodiffractograms measured in (a) Co-doped samples with
x[Co]= 0, 3, 5, 6, 6.5% and (b) quenched Zn-doped samples with x[Zn]= 5, 10, 15%.

a gradual strengthening upon increasing concentrations of Co and Zn. Remind
that for the spiral wave propagating along c, the frequency shift qs measures
the constant twist (ϕ = 2πqs) between the two spins in a bipyramid M2O9. For
the two series of samples studied, the obtained qs values yield maximum twist
angles ϕ=63.72(72)◦ for x[Co]= 6.5% and ϕ=72.47(5)◦ for x[Zn]= 15%. It should
be emphasized that although the slopes of qs and TS versus M metal substitu-
tion (x) were larger for M = Co than in M = Zn substitutions, the spiral order
was suppressed in the former for compositions with x > 6.5%. In contrast with
its interruption in the Co-doped series, the spiral phase abides higher concen-
trations of Zn, thus allowing to reach remarkably high qs and TS values without
significant weakening of the magnetic spiral nor signs of phase segregation. In
addition, the maximum spiral magnetic phase amplitude qs = 0.20130(13) r.l.u.
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obtained for the YBaCu0.85Zn0.15FeO5 quenched compound is to our knowledge
the largest incommensurability value reported to the date in this kind of per-
ovskites.

Finally, the temperature evolution of the spiral modulation qs(T) was ob-
tained for some samples from the Rietveld analysis of T-Q neutron thermodif-
fractograms. In Fig. 5.13(b), qs(T) curves for compounds with x[Co] = 0, 3, 5, 6,
6.5% doping amounts show a smooth, continuous qs → 0 evolution on warm-
ing, characteristic of a second-order phase transition. This decrease becomes
progressively steeper for x � 6.5% samples with higher TS transition temperat-
ures, but a continuous collapse of qs is still observed. Discerning whether TN1

and TN2 transitions merge into a single direct transition (paramagnetic-spiral)
before the total interruption of the spiral order is difficult due to the abrupt de-
crease of the ICM satellite intensities. A more detailed study on this subject is
out of the scope of this work.
On the other hand, Fig. 5.13(c) plots the qs(T) evolution for quenched samples
with x[Zn] = 5, 10, 15% doping amounts. As complementarily shown by χ(T)
susceptibility curves [Fig. 5.8(b) (top panel)], for x[Zn]� 15%, TN1 ≈ TN2 trans-
itions are merged and only a single paramagnetic-spiral transition can be distin-
guished, as confirmed by NPD temperature dependent measurements shown
in Fig. 5.12(c). For x[Zn] = 5, 10% samples an abrupt, still continuous decrease
of qs was observed on warming. However, the evolution in x[Zn] = 15% com-
pound displays an interesting behavior. In this sample the two ICM branches
show an anomalous evolution, getting slightly but steadily distanced (increase
of qs) before a sharp collapse, nearly or apparently displaying a single direct
paramagnetic-spiral transition.

5.4.2 Magnetic phase diagrams

From the magnetic transition temperatures and phase characteristics studied by
susceptibility and neutron diffraction measurements described in the preceding
sections, the x-T magnetic phase diagrams shown in Fig. 5.14 were built up for
the Cu/Co and Cu/Zn doped series within the temperature range 10 K-500 K.
In the horizontal axis we have represented the amount of M = Co and Zn in the
YBaCu1−xMxFeO5 samples, parametrized by x[Co] and x[Zn] (in %). In order to
understand the evolution of the spiral order and the dissimilar magnetic beha-
viors of of these Co- and Zn- doped compounds with regard to the AF3 phase,
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FIGURE 5.14: Magnetic phase diagram versus Cu/Co and Cu/Zn B-site doping.
(a) x[Co]-T magnetic phase diagram for YBaCu1−xCoxFeO5 (with 0% < x ≤ 25%)
prepared under 300 ◦C/h cooling rate. (b) x[Zn]-T magnetic phase diagrams for
YBaCu1−xZnxFeO5 (with 0% < x ≤ 15%) series prepared under 300 ◦C/h cooling
(left panel) and by quenching in liquid nitrogen (right panel). The phase boundar-
ies describe the onset of the magnetic phases according to magnetic susceptibility and
neutron diffraction data. Empty red squares correspond to TN1, black squares corres-
pond to TN2 = TS and green half-filled squares refer to TN3.
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first it is necessary to understand the implications on the magnetic exchange in-
teractions entailed by (1) the structural changes induced by the substitution of
Cu2+ by Co2+ and Zn2+ metals, and (2) the magnetic exchange between divalent
(Cu2+, Co2+, Zn2+) and trivalent (Fe3+) BB’ ions, whose magnetic exchange con-
stants are modified due to the spin configurations of Co2+ and Zn2+. In the
following sections these two points are discussed in the light of the detailed
structural study and magnetic phase diagrams disclosed in Fig. 5.14.

Raising the spiral ordering temperature by Cu/Co and Cu/Zn substitution

The x-T magnetic phase diagrams in Figs. 5.14(a,b) portray a strong variation
of the Néel temperatures associated with the AF1 (TN1) and AF2 (TN2=TS) mag-
netic transitions, summarized in Table 5.2. Upon raising Co and Zn contents,
the former displays a negative slope, while a positive variation is observed for
the incommensurate spiral order (TS). A noteworthy finding is the remarkably
high maximum TS values achieved: (x[Co],TS)300◦C/h=(6.5%, 355 K) in the Co-
doped series; (x[Zn],TS)300◦C/h=(15%, 320 K) and (x[Zn],TS)quenched=(12.5%, 340
K) in the two Zn-doped series.
The stability of the different magnetic phases in YBCFO is specially sensitive
to the average magnetic frustration. As we know from previous works, in this
kind of perovskites an increase of magnetic frustration comes associated to a
negative variation of TN1, while an increase of TS is favored [47, 48]. In ac-
cordance, the TN1 and TS evolutions observed in our YBa(Cu,M)FeO5 series are
compatible with an increase of magnetic frustration upon Cu/Co and Cu/Zn
substitions. To elucidate the mechanisms by which Co and Zn substitutions
trigger such raise of the spiral ordering temperature, we should consider in the
first place the effect of BB’-site cation disorder. As previously explained, the di-
lute presence of strongly AFM Fe/Fe bipyramids is at the origin of magnetic
frustration, and an increase of the density of these frustrating Fe-O1-Fe im-
proper bonds can shift the onset of the spiral phase (TS) towards higher temper-
atures [47]. As it was shown in Figs. 5.4(a,b), cation disorder in YBa(Cu,M)FeO5

samples (related to the density of Fe/Fe bonds) showed no variations within er-
rors caused by M = Co and Zn substitutions that could potentially favor a raise
of TS (see Table 5.2). Hence, the evolutions observed in TN1 and TN2 (=TS) can
be safely attributed to crystal lattice steric effects (chemical internal pressure)
induced by B-site cation substitutions, and probably also to the concomitant
variations of magnetic NN exchange interactions caused by the introduction
of Co and Zn in Cu sites. Although it is true that a weakening of the average
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FM couplings inside the bipyramids is produced when Cu/Fe pairs are sub-
stituted by AFM Co/Fe or decoupled Zn/Fe spins (remind the non-magnetic
nature of Zn2+), the relatively low concentrations of Co and Zn are expected
to have a second-order incidence on the transition temperatures in front of the
strong lattice effects caused by such substitutions. In addition, in contrast to
trivalent B’-site doping (Fe3+/M3+ substitutions), Cu2+/M2+ substitutions in
the divalent B-site have a priori no direct effect on the density of randomly
distributed Fe/Fe AFM dimers, which are the primary source of magnetic frus-
tration. In the next section we will discuss the effects derived of Co2+ magnetic
properties, whose substitution in the bipyramids has striking consequences for
increasingly higher concentrations.

At this point it is important to recall the work of T. Shang et al. [48], which
described the impact on the spiral properties of the lattice effects induced by
isovalent A-site substitutions. In RBaCuFeO5 and YBa1−xSrxCuFeO5 perovskites,
the replacement of Y3+ by rare-earths (R3+) with increasingly higher cationic
sizes, and the partial substitution of Ba2+ by smaller Sr2+ cations, resulted in

TABLE 5.2: Correlation between magnetic transition temperatures (TN1 and TN2=TS)
and some relevant structural parameters at 300 K [chemical disorder (nd) and ds, dt
interatomic distances (in Angstroms)] for B-site doped YBa(Cu,M)FeO5 samples with
different M = Co and Zn content (x) prepared by different cooling processes.

(a) YBaCu1−xCoxFeO5

(300 ◦C/h cooling)
x[Co] (%) TN1 (K) TS (K) nd ds (Å) dt (Å)

1 447 (8) 236 (8) 0.361 (20) 2.826 (10) 4.837 (10)
3 425 (8) 277 (8) 0.362 (20) 2.827 (10) 4.834 (10)
4 420 (8) 296 (8) 0.363 (20) 2.827 (13) 4.832 (13)
5 413 (8) 320 (8) 0.368 (20) 2.828 (11) 4.829 (11)
6 403 (10) 350 (8) 0.368 (20) 2.828 (14) 4.828 (14)

6.5 390 (12) 355 (10) 0.366 (20) 2.831 (13) 4.826 (13)
∼ Δ -60 K +120 K 0 +0.005 Å -0.011 Å

(b) YBaCu1−xZnxFeO5

(quenched)
(c) YBaCu1−xZnxFeO5

(300 ◦C/h cooling)
x[Zn] (%) TN1 (K) TS (K) nd ds (Å) dt (Å) x[Zn] (%) TN1 (K) TS (K)

2 430 (10) 310 (10) 0.372 (29) 2.830 (9) 4.830 (9) 2 455 (10) 240 (10)
5 405 (5) 330 (5) 0.416 (28) 2.845 (8) 4.814 (8) 5 436 (10) 252 (10)

7.5 380 (10) 335 (10) 0.410 (20) 2.848 (10) 4.809 (10) 7.5 415 (10) 285 (10)
10 365 (5) 340 (5) 0.391 (28) 2.847 (10) 4.808 (10) 10 408 (10) 290 (10)

12.5 340 (10) 340 (10) 0.427 (29) 2.857 (6) 4.798 (6) 12.5 400 (10) 308 (10)
15 330 (5) 330 (5) 0.405 (31) 2.855 (10) 4.798 (10) 15 384 (10) 320 (10)
∼ Δ -100 K +30 K 0 +0.025 Å -0.032 Å -30 K +80 K

Comment: the ∼ Δ parameter in the last row is the approximate variation of the parameters
between the maximum and minimum doping values shown in this table.
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a compression of the bilayers (of thickness dt) and in a increase of the separ-
ation between pyramid bilayers (ds distance). A raise of magnetic frustration
was favored by these structural modifications, principally due to the compres-
sion of CuFeO9 bipyramids, resulting in a huge increase of the stability range of
the spiral (up to TS ≈ 375(3) K in YBa0.6Sr0.4CuFeO5) [48]. From the theoretical
model developed by A. Scaramucci and co-workers [54, 55], we know that mag-
netic order depends (apart from the AFM coupling within the ab plane) on the
two opposite nearest-neighbour (NN) interactions (Jc1 and Jc2) along the c axis
[shown in Fig. 5.6(c)]. Their sign and strength depend principally on the spa-
tial distribution of Fe3+ and Cu2+ ions (chemical disorder) and on the M-M’ and
M-O1-M’ bond lengths for the different magnetic exchange paths along c. The
AFM Jc1 direct exchange acts between successive bipyramids, which are separ-
ated by the characteristic distance ds. This interaction coexists with the Jc2 ex-
change within the FeCuO9 bipyramids (Fe-O1-Cu). In the presence of disorder
(i.e., in presence of improper Fe2O9 bipyramids), the shrinking of the MM’O9

bipyramids (dt distance) has the most relevant effect on the increase of mag-
netic frustration, since this contraction implies the shortening of the strongly
AFM Fe-O1-Fe c-bonds, further strengthening Jc′2 in the improper Fe2O9 bonds,
which competes with the FM Jc2 Fe-O1-Cu bonds in mixed FeCuO9 bipyram-
ids. The increase of ds only produce a secondary weakening of the AFM Jc1

direct exchange between successive bilayers.

Then, a remarkable achievement in the new B-site substitution strategies
presented in this chapter is that a novel way (respect to the A-site substitu-
tions in RBaCuFeO5 and YBa1xSrxCuFeO5 perovskites) of generating chemical
pressure and appropiate structural changes has been effectively proved that is
based on the disruption of the JT distortion in nominally CuO5 pyramids. In
our structural study (disclosed in Sec. 5.3.2), we quantified the disturbance
of JT distortion produced by the insertion of divalent non JT Co2+ and Zn2+

ions in Cu2+ sites. The correlation between the stability of the AF1 and AF2
phases (TN1 and TS) and some structural parameters relevant for the magnetic
couplings (ds, dt and the nd improper occupancy) are summarized in Table 5.2
for the Co- and Zn-doped series. Notice that for the Cu/Co series this table
shows information within the doping range with presence of the spiral phase
(x[Co]≤ 6.5%). The structural evolution between the two extreme doping val-
ues shown in Table 5.2 (formerly presented in Sec. 5.3.2, see Fig. 5.6) showed
that upon Co[Zn] doping the separation between pyramid bilayers was in-
creased by Δds ≈ +0.005Å[+0.025Å], whereas the bipyramids were shrunk by
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Δdt ≈ -0.011Å[-0.032Å]. For the Co-doped samples the variation in the thick-
ness (dt) is almost two times the variarion in the space between bilayers (ds),
while in the Zn-doped (quenched) samples the variation of dt is also larger, but
more similar to that of ds. These structural evolutions are fully compatible with
the huge raise of the spiral transition temperatures observed (TS), being caused
as a consequence of increasing the 3d-2p orbital overlap across the M-O1-M’
superexchange path.

The highest increase of the spiral ordering temperature TS (=TN2) was ob-
served for the Cu/Co doped compounds. In the YBaCu1−xCoxFeO5 series, the
variation of TS is of a striking ∼ +120 K up to x[Co]=6.5%. For Cu/Zn substi-
tuted compounds, the spiral transition (TS) undergoes an increase upon Zn sub-
stitution in the two sets of YBaCu1−xZnxFeO5 samples prepared by two differ-
ent cooling processes. For the controlled 300 ◦C/h cooling rate samples [5.14(b)
(left panel)], this variation is of a remarkable ∼+80 K up to x = 0.15; meanwhile,
for the quenched samples [5.14(b) (right panel)], TS gets just lifted by ∼ +30 K.
We have to stress that in the quenched Zn-doped series, the observed values
of TS result from the combined effects associated to (a) the modification of dt

and ds distances (specially the contraction of bipyramid thickness) within the
crystal lattice by Zn B-site substitution and (b) the higher (but constant along
the series) degree of B-site cation disorder induced by the fast sample cooling
process. This confirms that in addition to the tuning of the lattice by Cu/Zn
doping, the properties of the spiral phase can be efficiently optimized by fur-
ther adding the effect of B-site chemical disorder.

Influence of B-site substitutions on the magnetic "phase separation"

From the T-x[Co] magnetic phase diagram shown in Fig. 5.14(a), two dop-
ing regimes are clearly differentiated regarding the magnetic properties of the
YBaCu1−xCoxFeO5 compounds: (1) the low Co-doping range (0% ≤ x ≤ 6.5%)
is characterized by the presence of the ICM AF2 [k1 = (1/2, 1/2, 1/2± q)] spiral
phase coexisting with CM AF1 [k1 = (1/2, 1/2, 1/2)] domains, and (2) the high
Co-doping region (which extends within 6.5% < x ≤ 25%), where the the spiral
has been suppressed and a novel CM magnetic phase AF3 [k3 = (1/2, 1/2, 0)]
coexists and competes with AF1 regions. The CM AF3 phase, which ’separates’
from the main AF1 (k1) and AF2 (k2) phases, shows up in progressively higher
fractions along the series upon increasing amounts of Co ions in the Cu sites. In
contrast, Zn substitutions produce magnetic phase diagrams where the spiral
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order was more resilient to suppression. In the following lines we comment
on some issues and observations that help to understand better the x-T mag-
netic phase diagram and the phase separation region in YBa(Cu,Co)FeO5 and
YBa(Cu,Zn)FeO5 compounds:

(i) The ’spiral order by disorder’ mechanism in the studied perovskites re-
quires and cannot avoid a commensurate collinear phase preceding the chiral
incommensurate order. A paramagnetic/spiral phase boundary of finite size is
not possible. In consequence, beyond the so-called tri-critical point, where the
continuous evolution of the collinear-to-spiral phase transition intersects the
paramagnetic-to-collinear transition line, the spiral can no longer exist. Fur-
ther this point, the disappearance of the spiral should be adscribed to the fact
that the strong AFM couplings between Fe-Fe bonds become so large that the
FM coupling of the bipyramids can no longer compete. This causes the sup-
pression of the spiral order in favor of AF3 collinear magnetic regions where
all NN couplings are AFM, favoring the previously described magnetic phase
with k3 wave vector. Hereinafter we will refer to this magnetic regime above
the tri-critical point as the ’critical phase separation region’. In YBCFO samples
where magnetic frustration is increased by modifying the amount of Fe/Cu
cation disorder, this critical phase separation region is settled within a very nar-
row disorder range between nc

d = 0.47(3) (the tri-critical point) and nd = 0.5

(the maximum possible disorder), hence difficulting investigating its proper-
ties. Instead, the critical boundary was loosely reached in our B-site Co and Zn
substitution strategies keeping invariant the density of AFM Fe/Fe bonds by
further strengthening the frustrating AFM Fe/Fe interactions due to the reduc-
tion of the dt average thickness. The vertical dashed line and arrows in Figs.
5.14(a) and 5.14(b) (right panel) indicate the expected critical phase separation
boundary at xc[Co] ≈ 7.5% and xc[Zn] ≈ 15%, respectively.

(ii) As described in the previous point, in the Co-doped series the inter-
ruption of the k2 spiral order due to the ’critical phase separation’ is observed
above xc[Co] ≈ 7.5%. However, incipient regions with the AF3 commensur-
ate phase with k3 = (1/2, 1/2, 0) wave vector can be observed in compounds
with much lower Co concentrations, which gradually replace the AF2 spiral
regions accordingly to Co substitution [see the relative increase/decrease of
fm(k3)/fm(k2) magnetic phase fractions plotted in Fig. 5.10]. This evolution
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indicates that cobalt substitution induces the magnetic phase separation in con-
centrations x � xc[Co]. We will refer to this effect as the ’induced phase separ-
ation’ (induced by cobalt). In the magnetic phase diagram this effect leds to a
zone characterized by a transient coexistence of the three types of competing
AFM domains with kz = 1/2, 1/2±q and 0 translational symmetries [dashed
k1+k2+k3 region in Fig. 5.14(a)].
This new phenomena can be explained as a consequence of inhomogeneities
in the sign and strength of exchange magnetic couplings between the different
cation pairs in the bipyramids caused by the Cu/Co substitution. To under-
stand the origin of the CM AF3 (k3) regions, first we need to figure out these
effects over the competing superexchage terms in the system caused by the
substitution of Cu2+ by magnetic HS Co2+ (3d7: t52ge

2
g, S=3/2) cations in the

bipyramids. The sign and strength of exchange magnetic couplings between
the different cation pairs in the bipyramids are governed by the Goodenough-
Kanamori-Anderson (GKA) rules [134][135][136]. These rules, applied to the
inter-pyramidal M-O1-M’ paths in a bipyramid occupied by a Co2+/Fe3+ pair
or even Co2+/Cu2+ pair (instead of Cu2+/Fe2+), state that the superexchange
interaction is AFM (instead of FM). This AFM inter-pyramidal coupling favors
kz = 0 instead of kz = 1/2, and therefore Cu/Co substitution progressively fa-
vors the emerging magnetic phase with wave vector k3 = (1/2, 1/2, 0) [see the
AF3 magnetic structure, illustrated in Fig. 5.16(c)].
Summarizing, in YBaCu1−xCoxFeO5 compounds two main factors add up to
progressively enhance the AFM coupling inside bipyramids: (1) bringing metals
closer in Fe2O9 and (2) promoting AFM Fe/Co and Cu/Co pairs in M2O9 cen-
ters. (3) In addition, we should not discard the possible effects due to local
spatial inhomogeneities in the distribution of Cu/Fe and Co/Fe atoms, which
could also favor magnetic phase separation.

(iii) Finally, in the quenched YBaCu1−xZnxFeO5 series, the intersection of
TN1 and TS temperatures was also found, in this case at a critical zinc dop-
ing fraction of about xc[Zn] ≈ 15% [see Fig. 5.14(b) (right panel)]. Although
we did not observe the spiral order interruption as in Co-doped compounds,
the critical phase separation is expected for Zn substitutions exceeding xc[Zn] ≈
15%. This study needs to be completed by further extending the Zn doping
range. Nevertheless, the presented results unveil a very remarkable finding. In
contrast with the YBa(Cu,Co)FeO5 series, in YBa(Cu,Zn)FeO5 quenched com-
pounds with higher degree of disorder no traces of the AF3 phase, nor signs



166
Chapter 5. Enhancing the spiral stability in YBCFO by B-site divalent non-JT

substitutions

of AF1 regions coexisting with the AF2 spiral phase below TN2 (=TS) were de-
tected below the tri-critical point. In other words, the ’induced phase separation’
is avoided in samples where Cu is substituted by non-magnetic Zn. Unlike
Co doping, Zn doping does not enhance/favor AFM exchange coupling within
bipyramids. The formation of a single magnetic spiral phase below TS in these
compounds is clearly a favourable difference with respect to B-site cation dis-
order and Cu/Co B-site substitution strategies.

The linear relationship between TS and qs

Another interesting observation in the YBaCu1−xMxFeO5 (M = Co, Zn) famil-
ies studied in this chapter is the linear relationship between the spiral ordering
temperature (TS) and the magnetic modulation (qs). For the sake of compar-
ison, taking advantage from the fact that in this kind of layered perovskites
the amplitude qs of the magnetic disconmensuration is an intrinsic feature of
the spiral ground state, we have simultaneously plotted in Fig. 5.15 the ex-
perimental (qs, TS) points for all the series investigated so far, including the
compositions reported in Refs. [48, 133]. This overall picture shows certain
consistency among the different spiral tuning routes, which comprise the modi-
fication of B-site cation disorder and the lattice tuning strategies by means of
A-site and B-site cation substitutions. All series shown in Fig. 5.15 disclose a
positive slope of TS versus qs. The linear fits to TS the experimental (qs, TS)
values are shown in Fig. 5.15 as dashed lines. The slopes and intercepts in the
TS = A + B · qs linear regressions are summarized in Table 5.3. The qs-TS lin-
ear relationship, theoretically anticipated in the model by Scaramucci et al. in

TABLE 5.3: Regression slopes and intercepts obtained from linear least squares regres-
sion fits to (qs,TS) experimental points along different series of layered perovskites in
the different strategies applied to tentatively rise the spiral phase stability. The strategy
followed (variation of B-site disorder or AA’- and BB’-site substitutions), the cooling
process applied to the samples in the fabrication process are indicated. R2 is the good-
ness of the regression model. The last column reports the Tspi/|qs| parameter (in meV)
obtained from the linear evolutions.

TS = A+B · qs

Compound Strategy Cooling process A B R2 Tspi/|qs| (meV)
YBaCuFeO5 B-site disorder Variable parameter -61.7 2610.1 0.9961 71 (3)
RBaCuFeO5 [48] A-site substitution (Y3+/R3+) Quenched 87.5 1651.5 0.9751 54 (5)
YBa1−xSrxCuFeO5 [48] A’-site substitution (Ba2+/Sr2+) Quenched 26.9 1965.9 0.9582 45 (4)
YBaCu1−xCoxFeO5 B-site substitution (Cu2+/Co2+) 300◦C/h cooling 16.1 1907.4 0.9945 52 (2)
YBaCu1−xZnxFeO5 B-site substitution (Zn2+/Co2+) Quenched 216.8 675.6 0.7378 19 (5)
YBaCu1−xMgxFeO5 [133] B-site substitution (Cu2+/Mg2+) Quenched 178.7 853.9 0.9721 23 (2)

Comment: The Tspi/|qs| is defined as the slope of the kBTS versus |Q| = πqs linear regression fit. kB = 0.08617 meV/K is
the Boltzmann constant.
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FIGURE 5.15: Linear relationship between the thermal stability (TS) of the magnetic
spiral phase and its ground-state modulation qs along different series of layered YB-
CFO perovskites where magnetic frustration is increased by different routes based
on (a) the variation of B-site disorder in YBaCuFeO5 (experimental points from
Chapter 4), (b) the substitution of AA’-site cations in the YBa1−xSrxCuFeO5 and
YBaCu1−xCoxFeO5 series (from Ref. [48]), and (c) the substitution BB’-site metals
in the series YBaCu1−xCoxFeO5, YBaCu1−xZnxFeO5 (studied in this work) and
YBaCu1−xMgxFeO5 (in Ref. [133]). The linear extrapolations corresponding to the lin-
ear regressions (shown in Table 5.3) disclose a variability in the slopes for the different
series. The twist angle (ϕ = 2πqs) is also indicated in the upper horizontal axis.

Ref. [55] for YBaCuFeO5 compounds where frustration is only originated by B-
site cation disorder (spiral order by disorder mechanism), was experimentally
verified by several works, including the study presented in Chapter 4. How-
ever, wheras the reported Tspi/|qs| ≈ 71(3) meV is in very good agreement with
the theoretical estimation of 68 meV [55], the experimental Tspi/|qs| ≈ quantit-
ies derived from the (qs, TS) linear evolutions for the different families of per-
ovskites (shown in Table 5.3) show a noticeable variability with respect to the
above mentioned reference value. This important observation unveils that the
qs-TS relation, which discloses the interplay between the stabilization of cyc-
loidal (spiral) orders and magnetic frustration (remember that qs measures the
twist in the FM CuFeO9 bipyramids, ϕ = 2πqs), is not universal within all the
different families of YBCFO-type layered perovskites. Indeed, this interplay is
strongly dependent on the specific routes applied with the aim of strengthening
the magnetic frustration in the system.
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5.5 Influence of B-site doping on the easy axis

and magnetic anisotropy

In this section we have investigated the impact of Cu2+ by Co2+ and Zn2+ B-site
cation substitutions on the magnetic anisotropy of YBCFO by means of neutron
powder diffraction. To this end, a similar Rietveld analysis methodology as in
Chapter 4 was followed to refine the parameters of the AF2 incommensurate
spiral phase. In Co-doped compounds, collinear order models were also used
to refine independently the magnetic parameters of AF1 and AF3 phases by fit-
ting the magnetic reflections associated to commensurate propagation vectors
k1 and k3. The phase difference between magnetic moments at the two sites
was fixed to 180◦ as found in earlier Refs. [46, 109, 137]. Magnetic structure
models for the AF2, AF1 and AF3 phases used to fit the k2, k1 and k3 reflections
in the NPD patterns are depicted in Fig. 5.16(a-c), where the the different mag-
netic couplings giving raise to kz = 1/2±q, 1/2 and 0 translational symmetries
along c are illustrated along three successive unit cells. Notice that for the AF3
collinear phase, the suppression of the magnetic anti-translation for successive
cells along c (kz = 0) is a consequence of the AFM character of coupled spin
pairs at the bipyramids. This is in contrast with the AF1 order, where these
pairs are ferromagnetically coupled in virtue of the FM Fe3+-O-Cu2+ exchange
interaction.

The inclination angle of the magnetic easy axis is defined by the θ polar
angle, which measures the angular distance between the direction of magnetic
spins and the c axis, namely (i) the collinear magnetic spin direction u in the
CM AF1 and AF3 phases and (ii) the rotation plane of the spins in the spiral
ICM AF2 magnetic phase (uv plane). The θS, θC1 and θC2 inclination angles the
AF2, AF1 and AF3 magnetic structures are also indicated in Fig. 5.16(a-c).
It should be recalled that due to the tetragonal symmetry of the parent cell, it is
not possible from NPD to determine the orientation of the easy axis component
parallel to the ab plane. Hence, following the same procedure as in Chapter 4,
for simplicity, the director vector u was taken as within the ac plane and v was
constrained to be parallel to the b axis. A θ value ≈ 0◦ mean an easy axis nearly
parallel to the c axis, whereas ≈ 90◦ would correspond to an easy axis within the
tetragonal ab plane. In the P4mm structure, when θ adopts intermediate values
(different to 0◦ or 90◦), the magnetic arrangement according to ki (i = 1, 2, 3)
translational symmetries requires the concurrent activation of magnetic modes
belonging to distinct irreducible representations (magnetic irreps) [46].
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FIGURE 5.16: Projections of the magnetic structures in the incommensurate AF2 spiral
phase (a), and in the commensurate collinear AF1 (b) and AF3 (c) phases along three
successive crystallographic cells along c. The average nearest-neighbor (NN) compet-
ing magnetic couplings for the inter-layer (Jc1) and intra-layer (Jc2) exchange paths
along the c crystal axis are also shown. While the always AFM Jab interactions within
the ab plane preserve the same (kx,ky)=(1/2, 1/2) in the k1, k2 and k3 phases, the sign of
Jc2 gives raise to the different kz = 1/2±q, 1/2 and 0 translational symmetries along c.
For the moments and pyramids, blue(brown) colors reflect the predominance of Cu(Fe)
at the upper(lower) pyramids, with average ordered magnetic moments mL(mS).

With the aim of thoroughly investigating the impact of Co and Zn dop-
ing on the features of the spiral order, we have carefully refined the neutron
patterns at 10 K. The full neutron Rietveld refinements for YBaCu1−xCoxFeO5

samples with x[Co] = 1, 3, 4, 5, 6, 6.5% are exposed in Fig. 5.17, and refine-
ments of the neutron patterns for YBaCu1−xZnxFeO5 quenched samples with
x[Zn] = 2, 5, 7.5, 10, 12.5, 15% are shown in Fig. 5.18. The extracted magnetic
parameters for the AF1, AF2 and AF3 phases are listed in Table 5.4. As an
approximation, the amplitudes of the ordered magnetic moments at the nom-
inally Fe and Cu sites (mL and mS) were refined imposing mL = r ·mS, with the
ratio r calculated using Eq. (4.9) according to the refined Fe/Cu cation disorder
exposed in Table 5.1. Notice that since NPD cannot distinguish between the
real amplitudes of the ordered magnetic moments in the different AF1, AF2
and AF3 phases, which might not be identical, the refined magnetic phase frac-
tions shown in this table were referred to the total volume of sample imposing
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the same mL and mS moment amplitudes in the different coexisting magnetic
phases. It should be also mentioned that as in the similar NPD magnetic ana-
lysis presented in Chapter 4, the ICM phase was refined using a circular spiral
model (MR=MI) in which the theta angle (θS) was fixed from its refined value
using a sinusoidal model (MI ∼ 0) to minimize errors.

FIGURE 5.17: Rietveld refinement (black curve) of the D1B@ILL (λ = 2.52 Å) neutron
diffraction patterns (red circles) at 10 K (MR = MI) for the YBaCu1−xCoxFeO5 samples
(1% ≤ x ≤ 6.5%) prepared under 300◦C/h with increasing B-site cobalt substitution
(x[Co]). Rows of bars indicate indicate, from upper to lower, the allowed Bragg reflec-
tions for the structural, ICM (AF2) and CM (AF1, AF3) phases. The bottom panel insets
zoom in the low-angle region in each sample’s full pattern to show the agreement in
the fit of the main magnetic reflections. Magnetic parameters obtained from the fits are
reported in Table 5.4(a). Agreement factors: Co-1% (χ2: 10.2, RB : 1.16, Rf : 0.658, Rm:
9.44); Co-3% (χ2: 8.63, RB : 0.923, Rf : 0.551, Rm: 8.71); Co-4% (χ2: 12.1, RB : 1.82, Rf :
1.10, Rm: 11.7); Co-5% (χ2: 9.48, RB : 0.918, Rf : 0.576, Rm: 9.83); Co-6% (χ2: 8.40, RB :
1.35, Rf : 0.866, Rm: 9.84); Co-6.5% (χ2: 8.48, RB : 0.720, Rf : 0.440, Rm: 11.3).
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FIGURE 5.18: Rietveld refinement (black curve) of the D20@ILL (λ = 2.41 Å) neutron
diffraction patterns (red circles) at 10 K (MR = MI) for the YBaCu1−xZnxFeO5 samples
(2% ≤ x ≤ 15%) quenched in liquid nitrogen with increasing B-site zinc substitution
(x[Zn]). Rows of bars indicate indicate, from upper to lower, the allowed Bragg reflec-
tions for the structural and the ICM (AF2) phases. The bottom panel insets zoom in the
low-angle region in each sample’s full pattern to show the agreement in the fit of the
main magnetic reflections. Magnetic parameters obtained from the fits are reported in
Table 5.4(b). Agreement factors: Zn-2% (χ2: 15.3, RB : 1.75, Rf : 1.09, Rm: 2.54); Zn-5%
(χ2: 16.7, RB : 2.00, Rf : 1.25, Rm: 3.83); Zn-7.5% (χ2: 11.3, RB : 1.06, Rf : 1.79, Rm: 2.75);
Zn-10% (χ2: 12.6, RB : 1.42, Rf : 0.873, Rm: 2.80); Zn-12.5% (χ2: 11.2, RB : 1.13, Rf : 0.704,
Rm: 2.73); Zn-15% (χ2: 14.9, RB : 1.25, Rf : 0.814, Rm: 3.04).
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5.5.1 Tuning the inclination of the magnetic spiral plane:
opposite tilts by Co and Zn

As mentioned before, we use the angle θS to describe the angular inclination
between the c axis and the rotation plane of the helix [uv plane; see Eq. (8.1) and
Fig. 5.16(a)]. Fig. 5.19(a) plots the experimental (x[M],θS) points obtained from
neutron diffraction at 10 K for the Cu/Co and Cu/Zn doped
YBaCu1−xMxFeO5 series, reported in Table 5.4. This graph unveils a note-
worthy finding. We can observe that a systematic modification of the spiral
tilting takes place upon raising the fraction of M = Co and Zn in the Cu sites.
Interestingly, the θS angle evolves in opposite directions in the two series. Such
evolution is also illustrated by the sketches shown as insets in Fig. 5.19(a),

FIGURE 5.19: Impact of Cu/Co and Cu/Zn B-site substitutions on the inclination
of the magnetic spiral plane. (a) Evolution of the inclination angle θS of the ICM
spiral rotation plane determined at 10 K in the YBaCu1−xMxFeO5 series as a function
of the B-site doping amount (x) for M = Co (red circles) and M = Zn (black triangles).
Dashed lines are guides to the eye. Sketches of the evolution of the spiral rotation plane
orientation increasing Cu/Co and Cu/Zn substitutions are shown as insets. In the right
panels, projections of the refined circular spiral magnetic structures at 10 K are shown
for (b) the x[Co]=6.5% sample with the minimum inclination [θS =13(6)◦] and (c) the
x[Zn]=6.5% sample with maximum tilting [θS =58(3)◦] (described in Table 5.4). The
incommensurate magnetic propagation vector determined in each sample is indicated.
The colors of upper/lower average moments and pyramids reflect the majority fraction
of Cu/Fe ions (brown/blue) at each site.
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which helps visualizing the reorientation process of the magnetic spiral plane
triggered by increasing the presence of Co and Zn B-site cations. The largest
modification was encountered for YBaCu1−xCoxFeO5 compounds, where a re-
markable ΔθS ≈ -30◦ reorientation towards the c axis determined that a nearly
cycloidal configuration of the spiral structure is achieved at x[Co]=6.5%, which
has the minimum spiral tilting value along the Co-doped series, namely,
θS =13(6)◦. In contrast, the evolution of θS shown in Fig. 5.19(a) for the
YBaCu1−xZnxFeO5 compounds, unveiled that the substitution of Cu by Zn
tuned the rotation plane of the spins in the spiral phase towards the tetragonal
ab plane, accounting for a lower, but still sizeable reorientation ΔθS ≈ +23◦, be-
ing θS =58(3)◦ the maximum inclination across the Zn-doped series achieved
in x[Zn]=15%. Figs. 5.19(b,c) show two complementary projections of the in-
commensurate magnetic structures for x[Co]=6.5% and x[Zn]=15% samples de-
scribed in Table 5.4, refined at 10 K using the circular spiral model (MR = MI).
This figure illustrates the large difference between the minimum(maximum)
spiral tilting angle reached in the Co(Zn) doped series.

We should bring to mind that in the presence of spin-orbit coupling and
effective Dzyaloshinskii–Moriya (DM) antisymmetric exchange terms (or spin-
current mechanism triggering magnetoelectric coupling), chirality (Q) and po-
larization (P) both change their sign under space reversal but transform differ-
ently under time inversion. In terms of invariance, ’helical spins’ and ’cycloidal
spins’ behave similarly to chirality and polarization, respectively. According
to the DM interaction theory, electrical polarization P could be described as
P ∝ rij × (Si × Sj), being rij the translation vector along c connecting two con-
secutive magnetic atoms with non-collinear spins Si and Sj along the axis of
the magnetic modulation (qS) [20, 21]. So, in order to elucidate multiferroic
behavior in non-collinear chiral magnets, it is very helpful to distinguish cyc-
loidal (Q ⊥ qS) from helical (Q//qS) spin orders. Applied to our case, the above
described DM interaction leads to P ∝ Qcos (θS), where Q = Si×Sj is the spin-
chirality, different from zero in the non-collinear phase. The magnitude of the
resulting electrical polarization (P) in the spiral phase is then strongly sensitive
to the θS orientation of the plane of rotation of the spins respect to the c axis (axis
of the magnetic modulation, with kz orientation), being maximal for a cycloidal
magnetic order (θS → 0◦), and zero in the case of pure helical order (θS → 90◦).
Having that in mind, the evolution from an inclined helix-type towards a nearly
cycloidal-type spiral configuration achieved in the Co-doped series should be
highly favorable to ferroelectricity. Conversely, Zn-doped compounds display
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remarkably higher tilting angles, although the inclined helix-type spiral order
is still far from a purely helical configuration, for which the DM interaction
mechanism predicts null electrical polarization. Summarizing, we have proved
the possibility of manipulating the orientation of the helicoidal order by B-site
divalent substitutions in this family of high-temperature chiral magnets. Show-
ing that the manipulation can be performed indistinctly in opposite directions.

5.6 Structural evolution under external pressure

investigated by angle-dispersive synchrotron

XRD

In coherence with our investigation on the steric effects produced by chemical
substitutions, the following question arises naturally: can the influence of hy-
drostatic pressure stabilize further the spiral order in YBCFO? We have demon-
strated in this chapter the strong influence of "chemical pressure" effects on the
spiral stability. We have also rationalised such influence through the evolu-
tion of key interatomic distances that have strong influence on the magnetic
exchange and the magnetic frustration in the material. Hence, we are natur-
ally led to suggest that probably external pressure effects have a big impact
on these high-temperature spiral magnets. This fact opens the door to new
possible strategies to engineer their properties by acting on the lattice dimen-
sions (both, in bulk and films samples). So, the application of external pressure
(as demonstrated in the family of low-Tc cycloidal MFs Mn1−xCoxWO4 [138]),
could enhance TS and/or produce pronounced effects on the FE and magne-
toelectric responses. We expect that decreasing the ratio Rd = dt/ds (Rd � 1)
should bring about a more stable spiral phase. No previous reports were found
in the literature concerning the effect of external pressure on this relevant para-
meter. Hence, in this section we present an angle-dispersive synchrotron X-ray
diffraction study on the evolution under pressure on the P4mm structure. Dif-
fraction measurements under pressure were performed at ambient temperature
at the Micro-powder Diffraction end station of BL04-MSPD beamline of ALBA,
using a Diamond Anvil Cell (DAC). Measurements were carried out on a YB-
CFO powder sample prepared under a controlled cooling rate of 10 ◦C/h (the
one labelled as S1 in Chapter 4), whose determined distance ratio at ambient
conditions of temperature and pressure was Rd ≈ 1.72, and TS ≈ 186 K.
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In order to assure hydrostatic conditions, measurements were performed
(at ambient temperature) in compressed YBaCuFeO5 powder using methanol-
ethanol-water (MEW) as pressure transmitting medium. For the data collection,
the beam was centered on a carefully selected point within the indented area of
the gasket aiming to ensure the best possible statistics and data reliability. The
pressure inside the DAC was accurately determined from the cubic cell volume
(a3) of a metallic copper calibrant, refined from the reflections present in the

FIGURE 5.20: Synchrotron XRPD measurements at RT for the YBCFO sample under
pressure applied by means of a membrane DAC. (a) Initial pressure (P0 = 1.02 GPa)
and (b) maximum pressure applied (P = 20.2 GPa). Left panels: bidimensional dif-
fraction patterns showing the Debye-Scherrer diffraction rings. The 2Theta intensity
profiles are obtained by integrating the intensity along ϕ in the calibrated 2D frames.
Right panels: Rietveld fits of the XRD profiles (black line: calculated pattern, red circles:
experimental points, blue line: observed-calculated difference, position markers of the
X-ray Bragg reflections are shown as green bars for YBCFO sample, and orange dia-
monds correspond to the Cu calibrant). Agreement factors: P0 = 1.02 GPa (RB : 1.69,
Rf : 1.46, χ2: 199); P = 20.2 GPa (RB : 0.806, Rf : 0.937, χ2: 575).
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diffraction patterns. The P(V) equation of state (EoS) for Cu from A. Dewaele
et al. [139] allowed to calibrate the sample pressure. Fig. 5.20 shows two se-
lected XRD patterns at the initial pressure (P0 ≈1.02 GPa) and at the maximum
pressure reached (P ≈20.2 GPa). The quality of the diffraction patterns allowed
performing Rietveld refinements up to 20.2 GPa keeping free the z-coordinates
of the different atoms within the P4mm unit cell. To reduce the number of free
parameters, the partial occupancy at Fe/Cu sites (nd ≈ 0.29) and atomic dis-
placement parameters were fixed to its values at ambient conditions obtained
by high-resolution SXRPD (reported in Tab. 4.1), and an overall Debye–Waller
temperature factor (DWF) was refined to account for the average atomic motion
variation due to compression. Right panels in Fig. 5.20 show examples of the
Rietveld refinement quality at two different pressures, where no traces of addi-
tional phases were found out of Cu calibrant reflections. It should be mentioned
that whereas the quality of the collected patterns was exceptionally good, the
reliability of the atomic z-coordinates was affected in pressures approx. > 10
GPa by the attenuation of the diffracted intensities and a severe widening of
the Lorentzian peaks. This was specially aggravated in the case of oxygen co-
ordinates (from which dt and ds lengths are calculated) due to the short X-ray
cross-sections of oxygen atoms.

The lattice evolution under pressure [volume, cell parameters and the tet-
ragonal distortion, shown in Fig. 5.21(a)] exhibit a smooth tendency. The ab-
sence of anomalies in the observed crystal lattice lengths confirm the stability
of the tetragonal P4mm symmetry in the YBCFO layered perovskite up to 20.2
GPa. The (P,V) experimental points were analyzed through a fit to a third-order
Birch–Murnaghan equation:
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(5.1)

where V0 is the reference volume, B0 is the bulk modulus, and B′
0 is the deriv-

ative of the bulk modulus with respect to pressure. The fit to the (P,V) experi-
mental points using Eq. (5.1), shown as solid lines in Fig. 5.21(a) (top panel),
allowed us to determine the third-order Birch-Murnaghan isothermal EoS para-
meters for YBaCuFeO5 (at RT): V0 = 115.241 (34) Å3, B0 = 107.8 (1.8) GPa and B′

0

= 9.95 (35). While those values correspond to the reference YBCFO compound,
we should bear in mind that they can be different in isostructural compounds,
with different cationic disorder or cation substitutions.



178
Chapter 5. Enhancing the spiral stability in YBCFO by B-site divalent non-JT

substitutions

FIGURE 5.21: Evolution of the YBCFO structure under pressure: lattice paramet-
ers and interatomic dt, ds distances. (a) Top: evolution of the unit cell volume
V (pink symbols) under compression. Solid line corresponds to the fit to 3rd order
Birch–Murnaghan EoS according to Eq. (5.1). Middle: evolution with pressure of the
pseudo-cubic lattice parameters 2a (red symbols) and c (blue symbols) versus pres-
sure. Bottom: evolution of the tetragonal distortion (black symbols). (b) Top: pres-
sure dependence of the interatomic intra-bowtie distance (dt, left axis) and the inter-
bowtie separation (ds, right axis) up to 20.2 GPa calculated from the refined atomic
z-coordinates. Bottom: evolution of the distance ratio Rd = dt/ds. The error bars are
represented as shadowed envelopes around the experimental values.

Regarding the influence of pressure on the interatomic distances, as T. Shang
and co-workers pointed out in Ref. [48], a priori one does not expect that the
compressibility will be the same for dt and ds. Considering that, in general,
bonds involving cations with high coordination or low valence expand or com-
press faster than those with cations in low coordination or high valence, it is
expected that the distance ds, which involves 8 (Y3+-O2−) bonds, will be less
compressible than dt, which involves 12 (Ba2+-O2−) bonds [48]. Our HP-XRD
results on the relative variations of dt and ds under pressure appear to settle this
hypothesis. In Fig. 5.21(b) we see that while distance ds is rather uncompress-
ible, displaying a small variation within the whole pressure range (Δds ≈ -4 %),
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the distance dt shows a much higher compressibility. Up to 20.2 GPa, the bipyr-
amids got shrunk by Δdt ≈ -6 %. From this evolution, a decreasing tendency
of the Rd = dt/ds ratio is also deduced. As this is the first experimental study
validating the possibility of further stabilizing the spiral order by the effect of
external pressure, we would like to underline the importance of this result.
Additionally, in this chapter we have proved that the modification of the aver-
age JT splitting associated to elongated CuO5 pyramids in the structure can play
a major role on dt. For that reason, further efforts are necessary to elucidate the
evolution of the JT splitting in the elongated CuO5 pyramids under pressure.
Possible modifications of the JT splitting at Cu sites favored by pressure could
cause sizeable anomalies in the bipiramid thickness dt and a big impact on the
magnetic order. In this regard, further work is required to discern between real
intringuing features from fit artifacts as those observed in Fig. 5.21(b).

5.7 Summary

In this chapter we have methodically investigated and described a new strategy
addressed to enhance the properties of the high-TS chiral magnetic order in the
proposed multiferroic YBCFO family of layered perovskites. The new route,
based on the generation of internal chemical pressure in the YBCFO structure
by appropriate cationic substitutions at the divalent B-site, takes advantage of
the combination of chemical disorder and the lattice tuning of the relevant mag-
netic exchanges along c to stabilize the spiral magnetic order up to temperatures
significantly above room temperature.
Our structural study has experimentally proved that the partial substitution of
JT Cu2+ by non JT Co2+/Zn2+ ions, which preserve (do not modify) the degree
of B-site cation disorder, severely reduce the strong average JT splitting between
basal and apical distances characteristic of Cu2+ sites. Despite the slightly lar-
ger ionic size of Co2+/Zn2+ as compared to Cu2+, this effect produce a strong
compression of the bipyramid layers and a lower increase of the separation
between successive bipyramid layers, accounting for the average shrinkage of
the lattice along c.

The impact of Cu/Co and Cu/Zn B-site doping on the magnetic phase dia-
gram was extensively investigated by combining magnetometry and neutron
techniques. We have revealed qualitative significant differences when compar-
ing their corresponding phase diagrams. A huge increase of the stability range
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FIGURE 5.22: General picture summarizing the impact of the different tuning strategies
on three relevant attributes of the spiral magnetic order studied in this thesis: the
thermal stability (TS, top panels), the tilting of the spin’s rotation plane (θS, middle
panels) and the magnetic modulation (qS , bottom panels). These parameters are plot-
ted for the different families of YBCFO series in three columns according to the spiral
tuning strategy: (a) the variation of B-site disorder in YBaCuFeO5 (experimental points
from Chapter 4), (b) the substitution of AA’-site cations in the YBa1−xSrxCuFeO5

and YBaCu1−xCoxFeO5 series (from Ref. [48]), and (c) the substitution BB’-site
metals in the series YBaCu1−xCoxFeO5, YBaCu1−xZnxFeO5 (studied in this work),
YBaCu1−xMgxFeO5 (in Ref. [133]) and YBaCuFe1−xMnxO5 (in Ref. [49]). Correspond-
ingly, in the horizontal axis of each column characteristic parameters of the magnetic
frustration driving mechanism are used to typify the evolution of the magnetic prop-
erties.

of the spiral up to TS ∼ 355 K (comfortably far beyond RT) was found in low-
doped Co samples presenting relatively low cation disorder (samples from 300
◦C/h cooling). In agreement with previous works [47, 48], this striking rise of
TS could be mainly attributed to an increase of magnetic frustration, triggered
by the further strengthening of the strong Fe/Fe intra-layer AFM exchange
couplings along c as a consequence of the shortening of M-O-M’ superexchange
paths within MM’O9 bipyramids. A tri-critical point was achieved in Co and
Zn doped series (with different level of disorder) confirming the effectiveness
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of our new strategy to tune or enhance the frustration in the material, based
on acting over the average JT splitting at the "nominal" Cu sites. In addition
to the phase separation into AF1 and AF3 domains beyond the tricritical point
in YBaCu1−xCoxFeO5, Co ions favors the presence of a proportional fraction
of AF3 domains that compete with the spiral phase even before the tri-critical
point (Co induced phase separation). The replacement of FM Cu2+/Fe2+ pairs
by AFM Co2+/Fe2+ (and Co2+/Cu2+) dimers (in CoMO9 bipyramids) favors
the emergence of collinear AFM regions with kz = 0 translational symmetry
(AF3). Remarkably this induced phase separation was avoided by using the
non-JT Zn2+ cation (instead of Co). Additionally, in Zn substituted samples pre-
pared using different cooling methods we have extended the incommensurate
modulation (qs) achieving the largest magnetic discommensuration never seen
in this family of compounds (qs = 0.201, giving a twist angle ϕ = 72.47(5)◦ in
the spiral). Such extension was possible thanks to the non-JT and non-magnetic
nature of Zn2+ ions. The later (lack of Zn moments) slightly reduces the spiral
temperature at the tri-critical point in the Zn-doped series.

In the light of earlier works, Fig. 5.22 sums up in a comprehensive way
the results exposed in Chapters 4 and 5. Our contributions to this picture were
focused on investigating the magnetic frustration driven mechanisms taking
place as a consequence of BB’-site cation disorder and the substitution of BB’-
cations by isovalent transition metals. Our understanding of the diverse results
produced by Cu2+/Co2+ and Cu2+/Zn2+ substitution strategies provides fur-
ther insight toward setting the rules for the manipulation of the magnetic spiral
characteristics that influence the ME response. Furthermore, through the ap-
plication of such rules this work is expected to encourage new research lines
based on the combination of the reported strategies for the design of functional
high-temperature chiral magnets and multiferroic perovskites. In addition, it
could also open the door toward the design of high-temperature multiferroic
thin-films, in which the spiral order stability and properties could be poten-
tially tuned by inducing tensile or compressive internal lattice strains.





Chapter 6
Influence of Fe/Cu disorder on the magnetic

properties of YBCFO single crystals

6.1 Introduction

Many physical properties of materials in solid-state physics, such as magnetic
susceptibility, electrical resistivity or electrical polarization, are usually
anisotropic, and their characterization by advanced neutron and synchrotron
scattering techniques (such as single-crystal neutron diffraction, spherical neut-
ron polarimetry and X-ray resonant magnetic scattering, among others) require
of high-quality oriented single crystals. In this chapter we present the growth
and a detailed structural characterization of different YBCFO single crystals,
as well as the determination of their magnetic properties. As will be shown,
the complexity of the Traveling Solvent Floating-Zone (TSFZ) crystal growth
technique, used to prepare YBCFO single crystals, makes intrinsically diffcult
to obtain the desired distribution of Fe/Cu cations in the bipyramids together
with good crystallinity and suitable crystal size for neutron experiments. So
much so that from the several growth experiments carried out in our Crystal
Growth Laboratory at ICMAB, the most of them resulted in polycrystals, or in
high quality crystals where the incommensurate satellites characteristic of the
spiral phase, k2 = (1/2, 1/2, 1/2±qs), were absent and replaced by the commen-
surate translational symmetry k3 = (1/2, 1/2, 0) in the range where the emer-
gence of the ICM phase is expected. Only after many efforts we were able to
find the good conditions for the appearance of the incommensurate (k2) mag-
netic ordering transition, with a spiral ordering transition (TS=TN2) at 195 K, the
highest TS reported for a crystal to date. On the other hand, the fabrication of
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crystals in which the ICM magnetic order (k2) is replaced by the k3 commensur-
ate phase raises interesting questions from the fundamental point of view. The
growth and characterization of YBCFO single crystals presented in this chapter
aims to go further in our understanding of their physical properties and phase
diagram, particularly extending the investigation to the regime of low Fe/Cu
disorder.

6.2 Characterization methods
• Synchrotron X-ray powder diffraction: for the structural study, high resol-

ution synchrotron radiation X-ray powder diffraction patterns (SXRPD) were
collected at 300 K at the BL04-MSPD beamline [107] of the ALBA Synchro-
tron Light Facility (Cerdanyola del Vallès, Spain). The samples were loaded
in borosilicate glass capillaries (0.7 mm diameter) and kept spinning during
data acquisition. A short wavelength, λ = 0.41357(3) Å was selected to reduce
absorption and enlarge the q-range. The value of λ was calibrated using a NIST
standard silicon. As detection system we used a high-throughput position sens-
itive detector MYTHEN which allows a high photon flux. The acquisition time
to perform a RT full structural characterization was 90 s.

• Neutron powder diffraction: For the characterization of the magnetic order
in powdered single crystal samples, neutron powder diffraction (NPD) meas-
urements were carried out at the high-flux reactor of the Institut Laue Langevin
(Grenoble, France), using the high-intensity, high-resolution two-axis D20 dif-
fractometer configured with a HOPG monochromator and 42◦ take-off angle
(λ= 2.41 Å), with excellent resolution at low-q and a high efficiency position
sensitive detector covering an angular range up to 150◦. Powder samples were
filled into 8 mm diameter vanadium containers. For each sample, two pat-
terns with an acquisition time of 15 min were collected at 10 K and averaged
for signal-to-noise ratio optimization. To study the evolution of the magnetic
order with temperature, neutron thermodiffractograms were also collected in
continuous mode following temperature ramps within the range 10 to 500 K,
with applied heating rate of 2 K/min and acquisition time of 2.5 min per scan.
Around 100 patterns were recorded in the range 10 K to 500 K with a resolution
in temperature of 5 K between successive patterns. The temperature range of
the experiment was covered by using a dedicated helium cryofurnace.
The structural and magnetic Rietveld refinements of the X-ray synchrotron and
neutron patterns were made using the Fullprof package of programs [97]. The



Chapter 6. Influence of Fe/Cu disorder on the magnetic properties of YBCFO
single crystals 185

illustrations of the crystal structures were obtained using the VESTA program
[106].

• Neutron Laue diffraction: With the aim of characterizing the quality and
orientation of YBCFO single crystals, neutron Laue back-scattering images were
obtained using the Orient Express (OE) instrument at the ILL (Grenoble) [84,
85]. The indexation and determination of the crystal orientations was done us-
ing the Clip program.
Further temperature dependent reciprocal space maps were recorded between
50 and 300 K on selected high-quality crystals using the CYCLOPS (CYlindrical
Ccd Laue Octagonal Photo Scintillator) neutron Laue single-crystal diffracto-
meter [140] located upstream in the same neutron guide as OE. The Esmeralda
suite[99, 100] was used to correct the Laue images for the CYCLOPS instru-
mental geomety, for the indexing of peaks and the refinement of the sample
orientation, the determination of the magnetic propagation vector components
and the integration of Bragg peaks.

• Single crystal neutron diffraction: Single-crystal neutron diffraction data
presented in this chapter was collected at the hot-neutrons four-circle diffracto-
meter D9 (λ=0.837 Å) (ILL, Grenoble, France). For the measurements, crystals
were wrapped in thin aluminum foil to improve its adherence to the dedicated
refractory cement used to glue the samples to pin. The pin was then mounted
on the four-circle diffractometer. A self-dedicated closed shell furnace was used
for the structural characterization at high temperature, and a closed-cycle cryo-
stat was used to cover the low temperature range and to collect q-scans along
specific directions to assess the presence of the different propagation vectors.
Before the measurements, the orientational UB matrix describing the crystal
orientation respect to the diffractometer angles was calculated from selected
well-centered Bragg reflections.
A large set of 537 nuclear Bragg reflections (295 independent) were collected for
each crystal sample at 450 K, above the paramagnetic transition (TN1), to obtain
a good structural model that allowed us to determine the Fe/Cu cationic or-
der and interatomic distances. A small two-dimensional (2D) area detector of
6×6 cm2 (32×32 pixels) allows reciprocal space survey and a more accurate op-
timization of the peak positions. The program RACER was used to integrate
the omega- and omega-2theta-scans and to correct them for the Lorentz factor.
DataRED program was used to read the list of measured reflections and reduce
it to a single crystal diffraction pattern consisting of a unique set of independent
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reflections, which was then used to refine the crystal structure. Neutron refine-
ments were carried out using the FullProf set of programs [97] by least square
minimization of the integrated intensities and extinction corrections were ap-
plied following the Becker-Coppens model.

• Chemical analysis: The elemental composition of YBCFO single crystal
samples was determined at the Chemical Analysis Service (SAQ) at UAB via
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). For the
determination, a high-throughput optical emission spectrometer (Agilent, model
5900) and a Mettler Toledo MX5 microbalance were used. To this end, approx-
imately 1 mg of each single crystal specimen (SC1, SC2 and SC3) was thor-
oughly ground and dissolved in 10% (v/v) HCl (Merck; p.a.). The above solu-
tions were then diluted in 1% (v/v) HCl before being injected. The content of Y,
Ba, Cu and Fe in the measurement solutions was then determined by ICP-OES.

• Electron microscopy: Backscattered electron images (BEI) and energy- dis-
persive X-ray analysis (EDAX) was performed on previously polished sample
surfaces using a QUANTA FEI 200 FEG-ESEM model Scanning Electron Mi-
croscope (SEM), equipped with a field emission gun (FEG) for optimal spatial
resolution and an EDX detector for chemical analysis. The microscope was op-
erated in high vacuum (HV) condition with 10-mm working distance and an
accelerating voltage of 30 kV.

6.3 Growth of YBaCuFeO5 single crystals

The YBCFO oxygen-deficient double-perovskite was grown in the form of single-
crystals using an OFZ furnace (model: FZ-T-P1200_H-I-S-PC from Crystal Sys-
tem Corporation) at the new Single-crystal growth Laboratory of the of the
CMEOS group in the ICMAB-CSIC [Fig. 6.1(a)]. The successful growth of
a quality YBCFO crystal was reported for the first time by Yen-Chung Lai et
al. [83] using a self-adjusted Traveling Solvent Floating Zone (TSFZ) approach
starting from a pure CuO melt. However, its characterization was partial and
incomplete (TN1 ≈ 465 K and TN2 ≈ 170 K), and did not include single-crystal
neutron diffraction measurements. Details about the principles of the TSFZ
growth technique and the self-flux method are described in Chapter 2 (Sec.
2.2.3). For further knowledge of the crystal growth technique the reader is re-
ferred to Refs. [80–82].

The crystal growth process starts with the preparation of the polycrystal-
line YBCFO seed and feed rods. The starting YBCFO powders were prepared
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FIGURE 6.1: (a) Detail of the four ellipsoidal mirrors inside the optical floating furnace
that are used to focus the light from four halogen lamps (400 W power rated) onto a
vertically held rod sample. (b) The YBCFO seed and feed rods and the CuO solvent
chip before being mounted on the OFZ furnace. (c) Ongoing growth of the incongru-
ently melting YBCFO in the OFZ furnace after 8 days of stable pulling (48 mm). The
image correspond to the growth of SC3 crystal sample.

through the conventional solid-state reaction method described in Chapter 2
(Sec. 2.1). Stoichiometric amounts of Y2O3, BaCO3, CuO and Fe2O3 were dried
and weighed. A decarbonation process was performed on the Y2O3 oxide at
900 ◦C for 20 h. All precursors were thoroughly mixed, grounded and pressed
into pellets, and then sintered in a tubular furnace at 1150 ◦C for 50 h in air. Fi-
nally, the sample was cooled down to room temperature at a controlled rate of
300 ◦C/h. The sample quality was assessed by X-ray powder diffraction using
a Siemens D-5000 diffractometer (λ[Cu Kα] = 1.54 Å).
The polycrystalline YBCFO was then thoroughly re-ground into a very fine

powder and mixed with a few drops of 4 wt.% solution of Poly(vinyl alco-
hol) (PVA) in water to enhance the compaction of the rods. Subsequently, the
powder was loaded into a rubber tube and the air inside was exhausted with a
vacuum pump. The sealed rubber tube was pressed by means of a cold isostatic
oil press under 1500 bars of pressure for approximately 1 h. After pressing, the
rubber tube was removed and the rod was further compacted by sintering at
1150 ◦C/h for 20 h in air. A slow heating rate of 100 ◦C/h was used to allow for
a slow evaporation of the PVA. See Chapter 2 (Sec. 2.2.2) for a detailed descrip-
tion of the process followed to obtain very straight, homogeneous and compact
YBCFO rods of about 7.5 cm in length. Feed rods of diameters ranging between
4.5 mm, 5 mm and 6 mm were prepared using different rubber tube sizes. The
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average density of the feed rods after the sinterization process was approxim-
ately 5.3 g/cm3 (86.2% of crystallographic density of the material). The seed
consisted of a shorter piece (normally 1.5 cm) of identical composition and dia-
meter as the YBCFO feed. For the solvent, a rod consisting of CuO with 2 wt.%
B2O3 added to increase the viscosity of the melt was prepared in a similar way.
The CuO solvent rod was annealed for 20 h at 900 ◦C, and a chip-like piece of a
volume similar to the melted zone (∼5 mm high and diameter according to the
seed/feed rods) was cut.
A proper preparation of the optical furnace and mounting of the rods is essen-
tial for a successful growth. Using a bubble level the furnace was leveled, and
the alignment of the mirrors as well as the positioning of the lamp filaments at
the focal points of the mirrors were verified and adjusted to ensure an optimal
temperature gradient and an homogeneous temperature distribution within the
melted zone. Ni wire (0.5 mm) was used for the wiring of the rods. The feed
rod was hanged loosely from a hook attached to the upper shaft, and the seed
was wired to an alumina holder fixed to the lower shaft [see Figs. 6.1(b) and
6.1(c)]. The seed and feed rods were mounted so as to be perfectly aligned, and
the chip-like solvent was put on top of the seed rod. The rods were enclosed in-
side the quartz tube to protect the sample and to control the atmosphere during
the growth process. During the growth of YBCFO crystals, a constant air flow
of 120 cm3/min was kept constant to renew the atmosphere and to reduce the
darkening of the inner walls of the tube caused by evaporation of the oxides.
In Fig. 6.2(a) a sequence of images were taken at the relevant steps and phases

along the complete growth process of an YBCFO single crystal. The schematic
illustration of the process in Fig. 6.2(b) complements the images. In the first
growth attempts a problem was found at the moment of melting the solvent to
create a stable CuO melt due to excessive wetting of the porous seed and feed
rods at the sides in contact with the liquid. In view that the addition of B2O3 to
increase the viscosity of the melt was not sufficient to avoid the soaking, an ini-
tial pre-melting process of the feed and seed rods without the solvent worked
well to avoid the penetration of the molten CuO at the solid-liquid interfaces.
In Fig. 6.2(a) (1-2) show the pre-melting of seed and feed rods. After this, the
CuO solvent chip is placed on top of the seed (3) and the power of the lamps
is increased slowly until pre-melting of the upper surface of the solvent is ob-
served (4). The upper shaft is then lowered until the tip of the feed is in contact
with the pre-melted chip (5). The power of the lamps is immediately decreased
so that the solvent solidifies and gets attached to the feed (6). At this point,
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FIGURE 6.2: (a) Sequence of images and (b) scheme showing the self-adjusted TSFZ
growth of YBCFO using an OFZ furnace: (1-2) pre-melting, (3-8) incorporation of the
CuO solvent, (9-10) stabilization and growth, (11-12) termination. The captures corres-
pond to the growth of SC3 crystal sample.

the rotation is activated at 25 rpm to get a uniform heating in the molten zone
and to avoid local density fluctuations. The sample rod is continuously rotated
clockwise, while the seed rod is rotated counterclockwise. Then, the solvent
can be melted in a controlled way by increasing the power until the solvent is
completely melted and stays suspended on the top rod (7). The upper shaft is
lowered carefully until the melt contacts the seed and a pure CuO melted zone
is established (8). After adjusting the separation between the rods to have a
nearly straight meniscus the growth starts by moving the lamp panel upwards.
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A slow pulling rate of 0.25 mm/h allows a to keep the liquid composition ho-
mogeneous as YBCFO is dissolved in it. To obtain stoichiometric YBaCuFeO5

it is necessary to increase the temperature of the melt containing excess CuO
accordingly to the feeding rate. During the initial stage of growth the excess of
CuO solvent will become depleted in Cu2O as YBCFO feed is dissolved into the
CuO rich melt (9). Eventually, the melt will get saturated of YBCFO and stoi-
chiometric YBCFO single phase will start to precipitate. Once the melt reaches
the compositional equilibrium, the growth is kept at a constant pulling rate and
power for about 12 days (10). Finally, the crystal growth is terminated by slowly
separating the upper rod while decreasing accordingly the lamp power. The tip
of as-grown crystal is left in the hot zone during the cooling process to reduce
the thermal shock (11-12).

Three crystal growth processes were conducted successfully using feed rods
of different diameters, obtaining in consequence three YBCFO grown ingots of
approximately 4 mm, 4.5 mm and 6 mm of diameter. Henceforth the three crys-
tals will be referred to as SC1, SC2 and SC3, respectively. The as-grown rods
present a regular appearance with black and shiny surfaces. Fig. 6.3(a) shows
the SC3 crystal after about 12 days of stable pulling. The initial part of growth
was cut longitudinally and polished for its examination by optical and scanning
electron microscopy (SEM) methods. The initial evolution of the grain boundar-
ies is clearly observed in the optical macrophotograph of the axial cross section
[Fig. 6.3(a)]. Nucleation begins at the ceramic seed rod and crystal grains with
different orientations are formed at the initial stage. With growth progression
domains with more favourable orientations grow faster and prevail over less
favorable orientations. In the cross sections perpendicular to the rod axis it is
also well appreciated how along the growth the number of crystal grains de-
creases gradually, and a multigrain crystal evolves into a single crystal. Notice
the nearly parallel grain boundaries in the cross sections indicating the pres-
ence of crystal facets perpendicular to the c axis (cleavage planes).

From the SEM images of the initial section different interfaces are identified
with different porosity, morphology and size of the crystallites, as well as zones
and inclusions of distinct chemical composition [see Figs. 6.3(c) and 6.3(d)].
Remember that in backscattered electron images (BEI) brighter zones corres-
pond to compositions with elements of higher atomic number, while darker
zones correspond to lighter element compositions. Energy-dispersive X-ray
analysis (EDAX) was performed on some selected points in order to determ-
ine the atomic percent (At%) of Y, Ba, Cu, Fe, and O. In zone Z2 [Fig. 6.3(d)]
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FIGURE 6.3: (a) Image of the as-grown YBCFO single crystal. The z direction corres-
ponds to the FZ growth direction. (b) Optical macrophotographs of the axial cross
section of the initial region, and cross sections perpendicular to the FZ growth direc-
tion (z) showing the evolution of crystal grains after 30 mm, 55 mm and 75 mm of
growth. (c) Low magnification SEM image of the Z1 stabilization zone, and (b) the Z2
zone showing in detail the different interphases prior to the precipitation of YBCFO.
(e-h) EDX spectra measured at the indicated points.

a region with dark and light small crystallites elongated in the growth direc-
tion and diversity of chemical compositions [Figs. 6.3(g) and 6.3(h)] precedes
another zone with larger crystal precipitations principally composed of Y and
Fe [Fig. 6.3(f)]. The EDX spectra in Fig. 6.3(e) confirms the precipitation of the
stoichiometric YBaCuFeO5 single phase after the composition of the melt is sta-
bilized.
The SEM analysis of the polished section reveals that in this case the stabiliza-
tion of the flux proceeded in a different way to the reported by Yen-Chung Lai
et al. [83], in which the CuO in excess is initially depleted at the seed in the
form of crystalline Cu2O until the melt supersaturation is reached and the stoi-
chiometric YBCFO phase starts to precipitate. In our growth process, the single
Cu2O phase did not form. This is possibly a result of starting the growth with
an insufficient volume of CuO solvent. In consequence, to achieve the equilib-
rium composition the melt is enriched in Cu as YBCFO is dissolved in it at the
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expense of precipitating Y, Ba and Fe rich phases.

6.3.1 Quality analysis and crystal growth direction

For the three crystal rods prepared (SC1, SC2 and SC3) large high quality single
domain crystals were obtained, as confirmed by the chemical analysis and neut-
ron diffraction. The elemental composition of YBCFO single crystals was de-
termined via Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES). The results presented in Table 6.1 show that the mass fractions of the dif-
ferent cations in YBaCuFeO5 obtained for the three crystal samples (SC1, SC2
and SC3) are in agreement with the expected for the ideal composition (Y: 20.9
wt%, Ba: 32.3 wt%, Cu: 14.9 wt%, Fe: 13.1 wt%). Therefore, no deviations
from the ideal molar ratio (Y:Ba:Cu:Fe = 1:1:1:1) outside the errors are observed.
The stoichiometry was further verified from the single crystal neutron diffrac-
tion experiments, in which the refinement of a large set of structural reflections
collected at D9 showed no deviations of the stoichiometric YBaCuFeO5 com-
position and no presence of extra oxygen at the Y layers [the 1b: (1/2, 1/2, z)
position] was observed within the detection capabilities of this technique.
Neutron Laue diffraction provides an excellent confirmation of the total crys-

tal quality because all the substantial grains present in the crystal sample can
be detected. To perform single crystal neutron diffraction experiments at ILL
three large high-quality crystal pieces were selected from each ingot. The neut-
ron Laue images collected at the Orient Express instrument (ILL) confirmed
the quality of the single-domain crystals and provided information about the
orientation along the growth direction. Fig. 6.4 (middle and bottom panels)

TABLE 6.1: Analytical results obtained from ICP-OES for the different cations in
YBaCuFeO5. Mass fractions (respect to the total mass of the sample, m_tot) and rel-
ative molar fractions (atomic ratios respect to Y) in SC1, SC2 and SC3 crystal samples
are listed.

Mass fraction
(wt%)

m_Y/m_tot m_Ba/m_tot m_Cu/m_tot m_Fe/m_tot

YBaCuFeO5 (ideal) 20.9 32.3 14.9 13.1
SC1 20.8 (1.0) 32.3 (0.9) 14.9 (1.1) 13.3 (1.1)
SC2 20.4 (0.9) 31.8 (0.9) 14.3 (1.0) 13.3 (1.0)
SC3 20.4 (0.2) 31.5 (0.2) 14.7 (0.4) 12.9 (0.4)

Atomic ratio n_Y/n_Y n_Ba/n_Y n_Cu/n_Y n_Fe/n_Y
YBaCuFeO5 (ideal) 1 1 1 1

SC1 1.000 (68) 1.005 (56) 1.002 (88) 1.018 (96)
SC2 1.000 (64) 1.009 (54) 0.981 (86) 1.038 (88)
SC3 1.000 (14) 1.000 (12) 1.008 (29) 1.007 (33)
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FIGURE 6.4: Neutron Laue analysis of the quality and orientation along the FZ crystal
growth direction of (a) SC1, (b) SC2 and (c) SC3 single crystals. Top: Image of the
single crystal as seen from the Orient Express camera and scheme of the crystal rod
with the (001) direction perpendicular to the rod axis and different directions along the
growth direction. The FZ growth direction of the crystals is indicated as blue arrows
and markers in the images, and the direction of the white neutron beam is indicated by
red markers. Middle: indexed neutron Laue images obtained with the growth direction
perpendicular to the backscattering Laue plane. Bottom: stereographic projections of
the Laue plane.

shows the indexed Laue images and corresponding stereographic projections
obtained with the backscattering Laue plane perpendicular to the FZ growth
direction of the crystals. As illustrated in Fig. 6.4 (top panels), in all cases the
(001) direction was perpendicular to the rod axis. For SC1 and SC2 crystals the
orientation along the growth direction correspond to the (110) direction, while
for SC3 a growth direction in the (100) direction was found. Probably, the ad-
vance of the growth front in a tilted (110) orientation is more favourable in the
case of smaller rod diameters (4 mm and 4.5 mm for SC1 and SC2), while thicker
rods (6 mm for SC3) favour the growth along the (100) direction. In Ref. [83]
the growth an YBCFO crystal of 5 mm in diameter is reported along the (100)
direction.
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6.4 Structural characterization

6.4.1 B-site disorder in YBCFO single crystal samples

While in the case of sintered polycrystalline YBCFO samples higher (or lower)
Fe/Cu cation disorder can be achieved by applying faster (or slower) cooling
rates during the solid-state reaction process, the complex TSFZ technique used
to prepare YBCFO single crystals, in which the very slow pulling rates favours
the ordering of the different cations, entails evident difficulties to control the
resulting distribution of Fe/Cu in the bipyramids. As discussed in Chapter 4,
the presence of strongly frustrating antiferromagnetic Fe/Fe defects and how

FIGURE 6.5: Rietveld refinement (black curve) of the synchrotron X-ray intensities (red
circles) at 300 K (SC1, SC2 and SC3 powdered YBCFO single crystal samples). Bottom
blue line is the observed-calculated difference. Lower panel: detail of the high-angles
region. (b) Scheme of the refined P4mm unit cell of SC1, SC2 and SC3 YBCFO crystals
showing the refined amount of Fe/Cu disorder and the thermal anisotropic displace-
ment ellipsoids of the atoms. The color of each pyramid reflects the fraction of Fe/Cu
ions in it (blue: Cu; brown: Fe).
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FIGURE 6.6: Refinement of the integrated single-crystal neutron reflections collected in
D9 at the paramagnetic phase (450 K) on (a) SC1, (b) SC2 and (c) SC3 YBCFO single
crystals. In left panels the observed and calculated integrated intensities of the refec-
tions are plotted as a function of Q = 4πsin(θ)/λ (red points: observed; black points:
calculated; blue points: difference). Right panels show the agreement plots of the nuc-
lear structure refinements. The calculated structure factors are plotted against the ex-
perimental ones.

densely they are distributed in the material (related to the average disorder of
Fe and Cu ions at the B-sites) plays a leading role in the spiral stabilization
mechanism. The determination of the Fe/Cu occupancy in the single crystals
we have grown is therefore essential to understand the nature of their magnetic
behavior.

The atomic positions and partial Cu/Fe occupancies in the two pyramids of
the unit cell [1b (½ ½ z) sites] were obtained from Rietveld refinements of high
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resolution SXRPD data measured on powdered samples of the SC1, SC2 and
SC3 crystals. The non-centrosymmetric P4mm refinements of the SXRPD pat-
terns at 300 K are shown in Fig. 6.5(a), and Table 6.2 reports the corresponding
structural parameters and agreement factors. Projections of the YBCFO unit
cell showing the refined Fe/Cu occupancies and the anisotropic atomic dis-
placement ellipsoids for the different crystals are also plotted in Fig. 6.5(b).
Additionally, the crystal structure was also studied by means of unpolarized
single crystal neutron diffraction. Fig. 6.6 (a-c) (left panels) displays the ob-
served and calculated squared structure factors for the nuclear structure of the
YBCFO crystals, refined in the paramagnetic phase (450 K) from 537 nuclear re-
flections (295 independent) collected on D9 using the closed shell furnace. The
agreement plot of the nuclear structure refinement at 450 K is shown in Fig. 6.6
(a-c) (right panels).
In the refinements, the z-coordinates of a same metal M in upper (1, blue)
and lower (2, red) pyramids were constrained by z(M1)+z(M2)=1. The rest of
the symmetry-inequivalent atoms were refined independently. The detailed
structural information obtained in the crystals obtained from both high resolu-
tion SXRPD and single crystal neutron diffraction is summarized in Table 6.2.
Fe/Cu disorder, which as mentioned is a key feature in these perovskites be-
cause it determines the level of frustration and has a strong influence on the
magnetic features and transition temperatures, is described by the refined im-
proper occupation nd: the fraction of Fe at the Cu pyramid (1) (Fe1* site) or
the fraction of Cu at the Fe pyramid (2) (Cu2* site). So, a B-site random dis-
order would correspond to nd= 0.5, and nd= 0 describes a fully ordered Fe/Cu
structure. We carefully refined the partial occupations, finding consistency in
the results obtained from SXRPD and single-crystal experiments. The refined
Fe/Cu occupancies (reported in Tab. 6.2) reveal that in the case of SC1 and SC2
the growth process resulted in highly ordered YBCFO crystals. The improper
occupancy in these crystals (nd � 0.1) is exceptionally close to zero. It is import-
ant noticing that the lowest disorder values reported in Chapter 4 for sintered
YBCFO samples prepared under very slow cooling rates (nd= 0.29(3) for the S1
sample cooled at 10 ◦C/h) are still considerably higher than those obtained in
SC1 and SC2 single crystals. In contrast, SC3 single crystal displays a higher de-
gree of disorder, nd= 0.31(5), similar to the values obtained in sintered samples
S1 and S2 (nd ≈ 0.3). This implies that ≈ 32% of nominal Cu pyramids are oc-
cupied by Fe in the SC3 crystal, and vice versa. Remarkably, although chemical
disorder is in the SC3 crystal lower than in powder samples prepared under
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TABLE 6.2: Crystal structure of the YBCFO single crystals (SC1, SC2, SC3) and
agreement factors from Rietveld refinement of (i) MSPD@ALBA synchrotron data
(λ=0.413570 Å) at 300 K, and (ii) D9@ILL single crystal neutron intensities (λ=0.837 Å)
at 450 K (paramagnetic phase). (*: minority fraction; nd (disorder)=Occ (Fe1*/Cu2*)).
The coordinates of each metal (M: Cu or Fe) are constrained by z(M1)+z(M2)=1.

(i) SXRPD, MSPD (300 K) (ii) SC-neutron diffraction, D9 (450 K)
SC1 SC2 SC3 SC1 SC2 SC3

a=b (Å) 3.87654 (1) 3.87563 (1) 3.87511 (1) 3.8756 (6) 3.8815 (6) 3.8810 (6)
c (Å) 7.66407 (2) 7.66296 (2) 7.66332 (3) 7.6630 (10) 7.6839 (10) 7.6843 (10)
ΔT ≡c/2a 0.988519 (4) 0.988608 (4) 0.988790 (5) 0.98862 (20) 0.98981 (15) 0.98999 (20)
V (Å3) 115.1723 (7) 115.1016 (7) 115.0761 (7) 115.100 (39) 115.766 (36) 115.742 (39)

Y
1a (00z) z/c 0.49999 (42) 0.50114 (48) 0.50324 (56) 0.5013 (15) 0.4979 (25) 0.4991 (36)

Uiso (Å2) 0.00352 (7) 0.00311 (10) 0.00261(11) 0.0086 (9) 0.0088 (11) 0.0062 (6)
Ba

1a (00z) z/c 0 0 0 0 0 0

U11 (Å2) 0.00770 (4) 0.00774 (6) 0.00765 (6) 0.0092 (8) 0.0092 (11) 0.0071 (6)
U33 (Å2) 0.02847 (17) 0.0286 (2) 0.02830 (20) 0.027 (4) 0.026 (5) 0.026 (3)

Cu1
1b (½ ½ z) z/c 0.72418 (41) 0.72345 (42) 0.72290 (48) 0.72129 (27) 0.72211 (33) 0.72341 (23)

Fe1*
1b (½ ½ z) z/c 0.73915 (52) 0.74070 (55) 0.74086 (62) 0.74319 (27) 0.74301 (33) 0.74131 (23)

Cu2*
1b (½ ½ z) z/c 0.27582 (41) 0.27655 (42) 0.27709 (48) 0.27871 (27) 0.27789 (33) 0.27659 (23)

Fe2
1b (½ ½ z) z/c 0.26085 (52) 0.25930 (55) 0.25914 (62) 0.25681 (27) 0.25699 (33) 0.25869 (23)

Uiso (Å2) 0.00714 (12) 0.00650 (15) 0.00619 (16) 0.0080 (3) 0.0080 (4) 0.0071 (2)
O1

1b (½ ½ z) z/c 0.01770 (56) 0.01958 (65) 0.01631 (99) 0.00198 (96) 0.00191 (77) 0.00119 (160)

U11 (Å2) 0.00616 (10) 0.00586 (13) 0.00621 (13) 0.0136 (8) 0.0143 (10) 0.0108 (5)
U33 (Å2) 0.0149 (4) 0.0137 (5) 0.0151 (5) 0.023 (4) 0.018 (4) 0.015 (4)

O2
2c (½ 0 z) z/c 0.31543 (107) 0.31769 (123) 0.31925 (145) 0.31406 (58) 0.31494 (58) 0.31555 (86)

U11 (Å2) 0.00835 (10) 0.00805 (13) 0.00840 (13) 0.0094 (5) 0.0100 (6) 0.0077 (3)
U22 (Å2) 0.00519 (10) 0.00489 (13) 0.00525 (13) 0.0070 (5) 0.0071 (6) 0.0050 (3)
U33 (Å2) 0.0085 (4) 0.0074 (5) 0.0088 (5) 0.0213 (11) 0.0187 (15) 0.0121 (11)

O3
2c (½ 0 z) z/c 0.68300 (114) 0.68411 (131) 0.68581 (155) 0.68337 (68) 0.68138 (69) 0.68349 (97)

U11 (Å2) 0.00835 (10) 0.00805 (13) 0.00840 (13) 0.0094 (5) 0.0100 (6) 0.0077 (3)
U22 (Å2) 0.00519 (10) 0.00489 (13) 0.00525 (13) 0.0070 (5) 0.0071 (6) 0.0050 (3)
U33 (Å2) 0.0085 (4) 0.0074 (5) 0.0088 (5) 0.0213 (11) 0.0187 (15) 0.0121 (11)

Occ (Cu1/Fe2) 1− nd 0.965 (34) 0.917 (36) 0.694 (48) 0.991 (20) 0.980 (22) 0.701 (17)
Occ (Fe1*/Cu2*) nd 0.035 (34) 0.083 (36) 0.306 (48) 0.009 (20) 0.020 (22) 0.299 (17)

χ2 31.93 41.11 22.2 χ2 2.27 0.417 1.57
RB 2.21 2.28 2.48 RF 7.83 7.40 5.70
Rf 2.53 2.13 2.23 R2

F 8.32 6.88 7.69

fast cooling that yield TS above RT, we will show in the next sections that this
disorder is enough to stabilize the incommensurate magnetic order close to ≈
200 K, whereas in the case of SC1 and SC2 the Fe/Cu disorder is insufficient
for the formation of the spiral. For consistency throughout this manuscript, the
discussions that will follow related to Fe/Cu disorder (nd) will be referred to
the values refined from SXRPD, which are in very good agreement with the
single crystal neutron diffraction results.
As single crystals were grown in similar conditions of temperature and identical

pulling rates, the different amount of disorder could be associated to the direc-
tion of the crystallization front in the pulling process. The progression of the
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crystallization front in a tilted (110) direction in smaller diameter SC1 and SC2
crystals probably favoured a higher ordering of Fe and Cu within the bipyr-
amid layers compared to SC3 crystal, which grew along the (100) direction.
However, more experiments are necessary to draw solid conclusions on this
matter.

6.4.2 Interatomic distances in YBCFO single crystals

Different relevant interatomic distances derived from the refined coordinates
at 300 K are reported in Table 6.3. As expected, the obtained results put in
evidence the effect of B-site cation disorder on the bilayer thickness (dt) and
separation between bilayers (ds), as well as on the average height of Cu-rich
(HL) and Fe-rich (HS) pyramids. Due to the Jahn-Teller splitting between basal
and apical distances around Cu2+, the average pyramid height at the Cu-rich
site (HL, upper pyramid) is a ∼ 1.5% (∼0.04 Å) longer in the highly ordered
SC1 and SC2 crystals compared to the SC3 crystal with higher degree of Fe/Cu
disorder. Inversely, for the sites where Fe is the majority the average pyramid
height (HS, lower pyramid) is a ∼ 1.6% (∼0.04 Å) shorter.
A look to Figs. 6.7 (b-d), where the interatomic distances and pyramid heights

are plotted together with the values obtained for the polycrystalline samples
(S1-S7 in Chapter 4) as a function of the disorder (parametrized by the refined
nd occupancy), provides a wider view and confirms the consistency between

TABLE 6.3: Interatomic distances (in Angstroms) at 300 K in YBaCuFeO5 single crystals
(SC1, SC2, SC3) derived from the structures refined from MSPD@ALBA synchrotron
data (λ=0.413570 Å). (H: height of the pyramid).

T=300 K
P4mm

SC1 SC2 SC3

1-nd=Occ(Cu1/Fe2) 0.965 (34) 0.917 (36) 0.694 (48)
nd=Occ(Fe1*/Cu2*) 0.035 (34) 0.083 (36) 0.306 (48)
ds (Å) 2.817 (12) 2.808 (14) 2.809 (17)
dt (Å) 4.847 (12) 4.855 (14) 4.854 (17)
dt/ds 1.7206 (85) 1.7291 (98) 1.7281 (99)
HL (Å) 2.565 (10) 2.571 (11) 2.533 (15)
HS (Å) 2.282 (10) 2.284 (11) 2.322 (13)
d(Cu1-O1)apical (Å) 2.2496 (53) 2.2692 (59) 2.2485 (84)
d(Cu1-O3)basal (Å) 1.9638 (20) 1.9611 (30) 1.9583 (33)
d(Fe2-O1)apical (Å) 1.8635 (59) 1.8370 (65) 1.8609 (90)
d(Fe2-O2)basal (Å) 1.9829 (40) 1.9888 (40) 1.9916 (52)

Comment: distances metal to Oa (apical) and Ob (basal)
correspond to the majority cation in upper (Cu-rich) and
lower (Fe-rich) pyramids.
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FIGURE 6.7: (a) Projection of the P4mm structure of YBCFO showing the dt and ds
intra- and inter-layer distances, and the HL (upper, Cu-rich) and HS (lower, Fe-rich)
pyramid heights. Their values at 300 K for SC1, SC2 and SC3 crystals are plotted to-
gether with the values in polycrystalline YBCFO samples (S1-S7) a function of disorder
(nd): (b) height of the two pyramids, (c) thickness of the bipyramidal layer (dt, left
axis) and separation between bilayers (ds, right axis); (d) The ratio dt/ds. Dashed lines
(second order polynomial fits to the experimental data) are guides to the eye.

the structural results and its correlation with the B-site cation disorder in both
sintered and single crystal YBCFO samples.
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6.5 Magnetic characterization

6.5.1 Neutron Laue diffraction

Temperature dependent neutron diffraction measurements were performed us-
ing the CYCLOPS Laue diffractometer at ILL, which allowed to identify the
magnetic phases in the YBCFO single crystals. The indexation of magnetic re-
flections at 50 K in SC3 revealed a behavior analogous to the observed in poly-
crystalline samples of the same composition and similar Fe/Cu disorder. The
presence of magnetic phases with propagation vectors k1 = (1/2, 1/2, 1/2) and
k2 = (1/2, 1/2, 1/2± qs) is depicted in red and green colors in the indexed Laue
pattern at 50 K [see Fig. 6.8(c)]. The 2D contour plot of the temperature de-
pendent integrated intensities of SC3 evidences the emergence of k2 magnetic
satellites characteristic of the modulated magnetic phase at � 200 K (TN2). The
incommensurate magnetic order in SC3 is further confirmed by the QL scan
collected at 10 K in D9 along the (0.5, 0.5, L) line (in the range 0.2<L<1.2). The
value of the incommensurability determined at 10 K is qs = 0.104 r.l.u.
On the other hand, neutron measurements revealed a non-conventional mag-

netic behavior in the highly ordered single crystals SC1 and SC2. Remark-
ably, in these crystals the ICM satellites characteristic of the spiral phase have
been suppressed and replaced by a new translational symmetry with k3 =

(1/2, 1/2, 0) propagation vector. In the indexed Laue patterns at 150 K [see Figs.
6.8(a) and 6.8(b)], magnetic reflections of translational symmetry k3 are depic-
ted in yellow, and k2 reflections in red. Furthermore, magnetic phases with
translational symmetries kz = 1/2 and kz = 0 coexist below the ordering tem-
perature of the k3 phase (henceforth denoted as TN3). This is further evidenced
by the 2D contour plots of the temperature dependent profiles integrated along
selected regions of the Laue images. In SC1, magnetic reflections associated to
k1 and k3 propagation vectors appear almost simultaneously and coexist be-
low TN1 ≈ TN3 ≈ 400 K. Magnetic reflections (1/2 1/2 1/2) and (1/2 1/2 1) in
the QL scan in Fig. 6.8(b) evidences the coexistence of the k1 and k3 magnetic
phases with kz = 1/2 and kz = 0 at 300 K. Differently, in SC2 the k3 magnetic
reflections appear only below TN3 ≈ 290 K.
In the following sections of this chapter the discussion is focused on SC1 and
SC2 ordered crystals with k1 and k3 commensurate (CM) phases, whereas a de-
tailed study of the magnetic transitions and the nature of the k1 and the incom-
mensurate k2 magnetic orders in SC3, for which advanced neutron and X-ray
scattering techniques were used, is addressed more extensively in Chapter 7.
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FIGURE 6.8: Identification of the magnetic phases in YBCFO single crystals: (a)
SC1, (b) SC2 and (c) SC3. The CYCLOPS neutron Laue images at low temperat-
ure show the indexation of nuclear reflections (in white) and the magnetic ones with
k1 = (1/2, 1/2, 1/2), k2 = (1/2, 1/2, 1/2± q) and k3 = (1/2, 1/2, 0) propagation vectors
(in red, green and yellow, respectively; some magnetic reflections have also nuclear
contribution). Intensity integrations along selected regions of the area detectors (indic-
ated in the Laue images) are represented in the form of 2D contour maps to show its
evolution with temperature. QL scans collected in the D9 single crystal diffractometer
show the magnetic phases along the (0.5, 0.5, L) line (range 0.2<L<1.2) for the three
single crystals.
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6.5.2 Characterization of the AF1 and AF3 magnetic phases
in highly ordered YBCFO crystals

Magnetic transitions

The properties of the magnetic phases in highly ordered SC1 and SC2 crystals
and its evolution with temperature were assessed by means of neutron powder
diffraction measurements on powdered single crystal samples, carried out in
the high-intensity, high-resolution two-axis D20 diffractometer (λ= 2.41 Å). The

FIGURE 6.9: Evolution of the magnetic order in highly ordered single crystals (a) SC1
and (b) SC2 from neutron diffraction (D20@ILL). Left panels: contour maps showing
the 2Theta-T projection pf the temperature dependence for the NPD intensities at the
low Q-range showing the main magnetic reflections. Right panels: thermal evolution
of the integrated intensities of the (1/2 1/2 1/2) and (1/2 1/2 1) magnetic peaks (top);
Ordered average magnetic moment per formula unit (right axis, in μB/f.u.) and phase
fractions (left axis, in %) of the AF1 and AF3 magnetic phases (bottom). Blue squares
refer to k1 = (1/2, 1/2, 1/2) propagation vector, and orange circles to k3 = (1/2, 1/2, 0).
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2Theta-T contour graphs of the NPD intensities between 10 K and 500 K for
SC1 and SC2 are plotted in Figs. 6.9(a) and 6.9(b), focusing on a Q-range that
covers the main magnetic reflections. From the temperature dependent NPD
results shown in Fig. 6.9, three noteworthy observations can be made:

(i) In agreement with the single crystal neutron Laue measurements, NPD
confirms that the two transitions observed correspond to (1) the CM phase
which appears at the onset temperature TN1, with propagation vector k1 =

(1/2, 1/2, 1/2), and (2) the CM phase with propagation vector k3 = (1/2, 1/2, 0),
showing up at TN3. The transition temperatures, reported in Tab. 6.4, were
determined from the evolution of the integrated intensities of magnetic reflec-
tions (1/2 1/2 1/2) and (1/2 1/2 0), characteristic of the k1 and k3 propagation
vectors [see Figs. 6.9(a) and 6.9(b), right panels].

(ii) The magnetic evolutions disclosed in Fig. 6.9 suggest that the two mag-
netic phases very likely develop in distinct regions of the crystal. Notice in
that figure that the evolution of the k1-type magnetic intensity does not show
any anomaly or influence upon warming across the TN3 transition temperature,
ruling out a mutual transformation between k1 and k3 phases, in contrast with
what is observed between the k1 and k2 YBCFO sintered samples discussed in
Chapter 4 [see the magnetic phase diagram in Fig. 4.20(b)].

(iii) Although a similar magnetic behavior is observed in SC1 and SC2 crys-
tals, it is evident from the evolution of neutron-diffraction intensities that SC1
and SC2 have very different ordering temperatures. While the collinear AF1
phase emerge at very similar temperatures in SC1 and SC2 (TN1 = 430 K and
435 K, respectively), the two samples display remarkably different onset tem-
peratures for the AF3 phase. In SC1 (TN3 = 390 K), the ordering temperature
of AF3 is 100 K higher than in SC1 (TN3 = 290 K). Although this difference in
the ordering temperature of the AF3 phase is not well understood, we believe
that it might be related to the higher presence of Fe-O-Fe bonds in SC2. Despite
in both crystals the presence of AFM Fe-O-Fe bonds is insufficient to stabilize
the ICM spiral order, the higher presence of them in SC2 increases the magnetic
frustration at the AF3 regions reducing in consequence its ordering temperat-
ure (TN3). Bear in mind that the level of Fe/Cu disorder in SC2 (nd ≈ 0.08) is
closer to the minimum disorder necessary for the formation of the spiral order
(n0 ≈ 0.112, as reported in Sec. 4.5 of Chapter 4) than in SC1 (nd ≈ 0.04).
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Magnetic structures

The spin configuration and orientation of the spins with respect to the tetra-
gonal unit cell for the two coexisting CM phases at 10 K in SC1 and SC2 YBCFO
crystals was determined by means of neutron powder diffraction (D20, ILL).
For the refinement of the diffraction patterns, collinear order models were used
to fit the magnetic reflections associated to each propagation vector (k1 and k3).
The phase difference between magnetic moments at the two sites was fixed to
180◦ as found in earlier Refs. [46, 109, 137]. The angular distance of the spins
to the c axis is measured by the θ polar angle. For the AF1 and AF3 phases,
corresponding θC1 and θC3 inclination angles were refined independently. Al-
though due to the inherent limitations of the neutron powder diffraction it is
not possible to determine the orientation of the moments in the tetragonal ab
plane, this question is covered in Ref. [120] from single crystal neutron dif-
fraction studies in a Mn-doped YBaCuFe0.95Mn0.05O5 single crystal with very
similar properties as in SC1 and SC2 pristine crystals. In the here presented
NPD study the in-plane direction of the moments was constrained parallel to
the a axis. The amplitudes of the ordered magnetic moments at the nominally
Fe and Cu sites (mL and mS) were refined without constraints and independ-
ently in the AF1 and AF3 phases. The ratio mL/mS in each phase could thus
inform on fluctuations in the spatial distribution of cation disorder. For this
reason the scale factors of the magnetic phases were constrained to be equal to
the nuclear scale factor, and the values of the moments are referred to the total
volume of sample.
Fig. 6.11(a) shows a schematic projection of the AF1 and AF3 magnetic phases
embracing four unit cells to illustrate their different translational symmetry
along c. Notice that for the AF3 collinear phase the magnetic anti-translation
for successive cells along c is suppressed (kz = 0), meaning that the coup-
ling between spins at the bipyramids is antiferromagnetic. This is in contrast
with the AF1 order, where the spins sharing a bipyramid are ferromagnetic-
ally coupled in virtue of the FM Fe3+-O-Cu2+ exchange interaction along c. In
minority regions presenting higher chemical disorder the FM Fe-O-Cu bond
has been substituted by the strong Fe-O-Fe AFM pair. The magnetic refine-
ments unambiguously converged to the same solution independently of the
proposed initial values.

The full neutron Rietveld refinements at 10 K for SC1 and SC2 samples are
exposed in Figs. 6.10(a) and 6.10(b). The refined magnetic parameters at 10 K



Chapter 6. Influence of Fe/Cu disorder on the magnetic properties of YBCFO
single crystals 205

FIGURE 6.10: Rietveld refinement (black curve) of the D20@ILL (λ=2.41 Å) neutron
diffraction patterns (red circles) at 10 K for the (a) SC1 and (b) SC2 powdered YBCFO
crystals with high Fe/Cu order. Green bars indicate the positions of nuclear Bragg
reflections. Blue diamond markers and orange stars correspond to magnetic Bragg
peaks associated to the k1 = (1/2, 1/2, 1/2) and k3 = (1/2, 1/2, 0) propagation vectors,
respectively.

for the AF1 and AF3 phases are reported in Table 6.4, corresponding respect-
ively to the propagation vectors k1 = (1/2, 1/2, 1/2) and k3 = (1/2, 1/2, 0). No-
tice that the specific volume fraction occupied by each phase is unknown, and
the magnetic phase fractions (fm) measure the total ordered moment (mT = mL
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TABLE 6.4: Magnetic parameters at T = 10 K of the coexistent magnetic phases AF1
and AF3 with propagation vectors k1 = (1/2, 1/2, 1/2) and k3 = (1/2, 1/2, 0), respect-
ively, derived from the Rietveld refinements of the NPD data of the powdered SC1 and
SC2 YBaCuFeO5 crystals with very low Fe/Cu cation disorder (nd). Average magnetic
moments mL and mS at the respective Cu-rich and Fe-rich pyramid sites, and the tilt-
ing angles ΘC were refined independently for each phase. The expected ratio between
average moments at the two pyramids (r = mL/mS) was calculated from experimental
values of nd using Eq. (4.9).

T = 10 K SC1 SC2
nd 0.035 (34) 0.083 (36)
r = mL/mS (expected) 0.235 (35) 0.285 (40)
COLLINEAR (AF1)
TN1 (K) 430 (5) 435 (5)
Phase fraction, fm(k1) (%) 57.0 (1.4) 60.3 (1.6)
mL (μB) 0.316 (43) 0.388 (62)
mS (μB) 2.654 (29) 2.807 (31)
r = mL/mS 0.119 (16) 0.138 (22)
θC1 (deg) 79 (7) 72 (4)
COLLINEAR (AF3)
TN3 (K) 390 (5) 290 (5)
Phase fraction, fm(k3) (%) 43.0 (1.6) 39.7 (1.2)
mL (μB) 1.132 (53) 1.062 (38)
mS (μB) 1.106 (53) 1.045 (38)
r = mL/mS 1.024 (69) 1.016 (52)
θC3 (deg) 88 (19) 94 (17)
χ2 4.63 4.96
RB 1.59 1.90
Rf 0.929 0.932
Rm (k1) 4.35 5.37
Rm (k3) 5.06 4.04

+ mS) of a magnetic phase respect to the total ordered magnetic moment in the
crystallographic unit cell, mT(AF1) + mT(AF2).

For the AF1 collinear phase the average ordered magnetic moments ob-
tained at the two sites [mL at the long (Cu-rich) pyramid and mS at the short
(Fe-rich) pyramid] are rather different. This contrasts with the moments in the
AF3 phase, which are nearly identical. This result is very clear if we look at
the r = mS/mL ratios calculated from the experimental refined moments at the
two phases (see Tab. 6.4), and provides strong evidence that the secondary k3-
type collinear phase (AF3) observed in these highly ordered YBCFO single crys-
tals, where Fe/Cu disorder is too small to form spiral ordering, come from the
minoritary presence of non-mixed M2O9 bipyramids with internal AFM coup-
ling, which favour short-ranged minority clusters with tendency to kz = 0. Dif-
ferently, regions dominated by mixed FeCuO9 bipyramids with FM coupling
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lead to k1-type magnetic regions with high-TN1 values. The smaller fractions
obtained for the AF3 phase as compared to the AF1 one are compatible with
this statement, suggesting that the former occupies a smaller fraction of the
crystal.

Regarding the tilt angle (θ) of the spins respect to the c axis, in the AF1
phase their values [θC1 = 79(7)◦ in SC1 and θC1 = 72(4)◦ in SC2] indicate that the
moments are closer to the ab plane compared to polycrystalline YBCFO samples
of the same composition [θC1 = 53(8)◦ for the more ordered sample, S1]. In
relation to the AF3 phase, despite the higher experimental error of the refined θ
angles [θC3 = 88(19)◦ in SC1 and θC3 = 94(17)◦ in SC2] its values are compatible
with spins contained or very close to the ab plane. The tilting of the magnetic
moments respect to the c axis in the AF1 and AF3 phases, as well as the relative

FIGURE 6.11: Projections of the refined AF1 (left) and AF3 (right) collinear magnetic
phases including four unit cells to illustrate the different translational symmetries
along the c direction. In the unit cell, only the majoritary atoms are shown in the pur-
amids (blue: Cu; brown: Fe). (b) Projections of the chemical unit cell illustrating the
inclination angles θC1 and θC3 of the collinear spins in the AF1 and AF3 phases for the
SC1 (b-1) and SC2 (b-2) single crystals.
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amplitudes of the magnetic moments (mL and mS) at the two phases phase are
shown in Figs. 6.11(b-1) and 6.11(b-2) for SC1 and SC2.

6.5.3 Extending the magnetic phase diagram of YBCFO to-
wards the low disorder regime

The information obtained from the study of polycrystalline YBCFO samples,
from which the linear extrapolation of the experimental (qs,TS) points sugges-
ted a critical threshold of disorder at n0 ≈ 0.112 below which a long-range

FIGURE 6.12: YBCFO magnetic phase diagram versus Fe/Cu cation disorder including
the nd-T points in SC1, SC2 and SC3 single crystals. Dashed lines in the 0<nd<n0 range
of disorder describe temptatively the phase boundaries from the onset of the magnetic
phases according to neutron diffraction data. Blue stars and red points correspond
respectively to YBCFO single crystals and polycrystalline samples studied in this work.
For the sake of comparison black points refer to qs-T values from samples reported in
Ref. [48]. Empty and filled symbols correspond to TN1 and TN2=TS, respectively, and
half-filled points correspond to TN3.
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spiral magnetic state cannot be formed, is based on samples with disorder val-
ues quite above n0 [S1 to S7 in Chapter 4, whose disorder ranges from nd =

0.29 to 0.44]. In view of this weakness and the difficulty to obtain YBCFO
samples with Fe/Cu disorder near or below n0 by conventional solid-state re-
action methods, the unintended fabrication of highly ordered YBCFO single
crystals by the TSFZ growth method offered a chance to explore this regime
in more detail. So, taking advantage of the information obtained from YBCFO
crystals, Fig. 6.12 discloses the nd-T (and qs-T) magnetic phase diagram includ-
ing the experimental nd-T points of SC1, SC2 and SC3 YBCFO single crystals.
The (nd,TN1) and (nd,TS) points for the SC3 crystal with the ICM spiral phase are
in perfect agreement with the PM-AF1 and AF1-AF2 transition temperatures in
polycrystalline YBCFO samples. The fact that in all of the samples falling in
the 0<nd<n0 range of disorder the spiral order is suppressed (represented in the
phase diagram as TS = 0) constitutes a solid proof of the existence of the k1

(+k3) inhomogeneous regime anticipated in Chapter 4, where disorder is still
too low (nd → 0 and nd<n0) and the AFM Fe/Fe defects are too far apart to
stabilize a magnetic spiral.

6.6 Summary

Crystal growth experiments were successfully conducted by a modified Travel-
ing Solvent Floating Zone (TSFZ) technique to obtain YBaCuFeO5 single crys-
tals of suitable quality and sizes for neutron experiments, using unpolarized
and also polarized neutron beams (as will be shown in next chapter). Struc-
tural characterization consisting in the analysis of high resolution SXRPD data
on powdered samples and complementary single crystal neutron diffraction
measurements allowed to quantify the B-site disorder in three different YBCFO
crystals. The Fe/Cu chemical disorder obtained (nd = 0.035 in SC1, 0.083 in
SC2, and 0.306 in SC3) revealed that the TSFZ method used to grow the single
crystals resulted in perovskites with much higher level of Fe/Cu cationic or-
der than in powder samples of the same composition. From magnetic neutron
diffraction we have shown that this fact has deep implications on the magnetic
properties of the system. Out of the three crystals studied only one of them had
large enough Fe/Cu disorder for the formation of the incommensurate spiral
phase, while in the other two the disorder was too small for the stabilization of
the spiral order. The sample with Fe/Cu disorder above n0 ≈ 0.112 (SC3) was
the only one adopting a spiral phase below TS ≈ 200 K [k2 = (1/2, 1/2, 1/2± q)
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with q = 0.104 (r.l.u)], whereas the modulated spiral order lacks in the other
two crystals with nd<n0 (SC1 and SC2). In these crystals neutron diffraction
reveals that on cooling, the ordering of the collinear phase with propagation
vector k1 = (1/2, 1/2, 1/2) at TN1 is followed by the ordering of a second collin-
ear phase with k3 = (1/2, 1/2, 0) which develops below TN3. The two collinear
magnetic structures were determined at 10 K from NPD. In both crystals in-
clinations of the AF1 and AF3 magnetic easy axis respect to c were found to
be similar and close to 90◦. Noteworthily, the refined moments at the two pyr-
amids (mL � mS in AF1 and mL ≈ mS in AF3) evidenced that the AF3 phase
comes from regions in the crystal with higher cationic disorder where the Fe-Cu
ferromagnetic coupling between spins sharing a bipyramid becomes antiferro-
magnetic due to disorder.

The results presented in this chapter are mostly in agreement with the the-
oretical works developed in the last years to model the new avenue based on
the ’spiral order by disorder’ mechanism [55]. However, theoretical models have
paid little attention to the existence of a minimum disorder threshold for the
spiral order formation. We have further established and described such a low-
disorder region in the phase diagram, and have associated the observed phase
segregation with intrinsic spatial fluctuations in the degree of cation disorder.
Additionally our results will contribute to the understanding of this mechanism
near the low disorder boundary and further highlight the influence of the pre-
paration method on the potential chiral or multiferroic properties of this family
of compounds.
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7.1 Introduction

Among the properties realized in chiral magnetic systems the multiferroicity
and the magnetoelectricity are two of the most attractive. Ordered spiral phases
are particularly promising because the noncollinear spiral magnetic order breaks
space-inversion symmetry and can induce spontaneous polarization through
inverse Dzyaloshinsky-Moriya or spin-current mechanisms [30]. So, a common
origin of polarization and spiral order guarantees a substantial coupling "by
construction" in cycloidal multiferroic materials. The spiral phase in YBCFO has
raised great expectation making the LnBaCuFeO5 family of layered perovskites
one of the most promising spin-driven multiferroic candidates. The extraordin-
ary behavior of YBCFO lies on its unique capacity to tune the spiral transition
temperature in a very wide interval, from 150 K to 360 K [47], simply by enhan-
cing chemical disorder. The exceptional stability of the presumed chiral mag-
netic order in this layered structure has been attributed to a non-conventional
mechanism that produces "spiral order by disorder" , according to the theoretical
model developed by Scaramucci et al. based on equally oriented ferromagnetic
bonds that are substituted by random impurity bonds presenting a sufficiently
strong antiferromagnetic coupling [54].
Several works have reported fairly large electric polarization (reaching 0.4
μC/cm2) in polycrystalline samples of YBCFO [19, 46, 52], but not yet on single
crystals where investigations are practically non-existent or still very scarce.
Results on the ferroelectric response of YBCFO in its incommensurate phase

211
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are contradictory, and have opened up a lively debate. In addition, the direc-
tion of P in YBCFO also remains a matter of debate. Although Kundys et al. [19]
justified a polarization parallel to c due to the formation of dipole moments in
the bipyramids, most of reports suggest a cycloidal induced polarization per-
pendicular to c, the direction of the incommensurate magnetic modulation.

In the previous works reporting spontaneous polarization, that was justi-
fied assuming the spiral solution from powder samples. A critical issue is that
there are two types of spin configurations that can account for the magnetic
intensities observed in the neutron powder diffraction patterns associated to
the incommensurate phase of these materials. One solution is (i) a collinear
modulated order (sinusoidal order), and the other (ii) a spiral (or helical) spin
arrangement. In view of that both, spin modulated and spiral orders are com-
patible with the neutron magnetic intensities from polycrystalline samples, it is
essential to investigate the incommensurate order in YBCFO by single crystal
neutron diffraction. Such a study is still lacking and this work is aimed to fill
that gap. Lai et al. [83] reported the growth of the first known YBCFO single
crystal, which presented two magnetic transitions at 455 K and 170 K. By mak-
ing partial maps by neutron diffraction and some linear scans of the crystal
along particular directions, in 2017 [109] they were able to show the success-
ive commensurate and incommensurate spin order transitions, and the total
transformation of the first into the second at TN2 ≈ 170 K. However, a more
detailed study of the two magnetic structures in the crystal was not done by
single-crystal neutron diffraction, and instead they used a crushed crystal to
obtain neutron powder diffraction patterns (NPD) of the two magnetic phases.
In Ref. [109] they attributed the absence of polarization in their crystal used
for the neutron study to a spiral in the crystal without cycloidal component (ab
plane), that does not satisfy the criterion for producing ferroelectric polariza-
tion in the framework of the Dzyaloshinskii-Moriya interaction. In particular
we have intended to give a definitive conclusive answer to the following ques-
tions: (i) Which is the nature of the incommensurate spin order in LnBaCuFeO5

perovskites? (ii) Is a chiral magnetic phase able to persist well above RT in
this layered structure? (iii) Which evidences can conclusively discern between
an incommensurate order caused by non-collinear magnetism and/or other
caused by a collinear variable-moment spin arrangement? (iv) Can this struc-
ture host a cycloidal order? The answers to these four questions will have a
major impact on the potential this exceptional family of frustrated magnets.
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The limitations of neutron powder diffraction to discern between complex
magnetic orders are well known (see e.g. Ref. [121] for an example analyzed in
detail). Unlike single crystal neutron diffraction, where each single reflection
is collected individually, the averaging inherent to neutron powder diffraction
entails limitations that in the case of cycloidal or helicoidal orders may pre-
vent its complete description. In a powder diffraction pattern all the reciprocal
space is projected onto one dimension, as a function of 2Theta. So, all reflections
located at the same 2Theta angle contribute to a unique peak of the powder pat-
tern, whose intensity results from different contributing reflections. In the case
of magnetic structures, in addition to projecting onto a single dimension, only
the perpendicular component of the magnetic structure factor to the scattering
vector contributes to the intensity of each reflection. As already said, it has
been unambiguously recognized in previous works (e.g. [46, 48]) that for the
RBaCuFeO5 layered perovskites two very different magnetic models perfectly
reproduce the experimental NPD patterns of the incommensurate phase recor-
ded on powder samples: (i) a sinusoidal collinear order and (ii) a spiral mag-
netic order. As an example, this is illustrated in Fig. 4.15 (Sec. 4.5.3 of Chapter
4).

7.2 Crystal growth and experimental methods

Sample preparation

In this chapter all measurements were done on single crystalline samples of the
layered perovskite YBCFO. The YBCFO single crystal studied in this chapter is
the one referred to as SC3 in Chapter 6. The fabrication process of this crystal
was done using the traveling solvent floating zone (TSFZ) method. First, poly-
crystalline YBCFO was prepared through the conventional solid-state reaction
method. The powder was loaded, packed with cylindrical shape, compacted
under 1500 bar and sintered. A solvent consisting of CuO with 2 wt% B2O3 was
used for the crystal growth by the TSFZ method using a four-mirror optical
furnace. The elemental composition of the crystal was determined by Induct-
ively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The relative
molar fractions of the cations are in agreement with the ideal composition. For
the details of the growth technique and a detailed description of the fabrication
process, as well as its structural and preliminary magnetic characterization, the
reader is referred to Chapter 2 (Sample synthesis: polycrystalline and single crystal
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fabrication) and Chapter 6 (Influence of Fe/Cu disorder on the magnetic properties
of YBCFO single-crystals). For the different measurements done on this single
crystal, a large piece was carefully oriented and cut with sides parallel to the
three perpendicular crystallographic directions. This crystal was then cut in
two pieces to perform in parallel single crystal neutron and synchrotron exper-
iments, among other measurements.

Characterization methods

• Unpolarized single-crystal neutron diffraction: Single crystal neutron diffrac-
tion experiments with unpolarized neutrons were conducted at the high-flux
reactor of the Institut Laue Langevin (Grenoble, France). First, Single Crys-
tal Neutron Diffraction (SCND) measurements were carried out at the hot-
neutrons four-circle diffractometer D9 (λ=0.837 Å). Large sets of 537 nuclear
Bragg reflections (295 independent) were collected at 450 K and 10 K using a
closed-shell furnace and a closed-cycle cryostat, respectively, to obtain a good
structural model that allowed us to determine the crystal structure (Fe/Cu
cationic order and interatomic distances). A small two-dimensional (2D) area
detector of 6× 6 cm2 (32× 32 pixels) allows reciprocal space survey and a more
accurate optimization of the peak positions. Additionally q-scans were collec-
ted along specific directions to assess the presence of the different propaga-
tion vectors. The temperature dependence of particular peaks was monitored
between 10 K and RT using a displex cryostat.
For the characterization of the AF1 and AF2 magnetic structures, SCND meas-
urements with unpolarized neutrons of wavelength λ=2.36 Å were performed
on the four-circle diffractometer D10. The scattered neutrons were recorded on
a 94× 94 mm2 area detector. The data collected consisted of 326 incommensur-
ate reflections (130 independent) measured at T = 10 K, and 129 commensurate
reflections (61 independent) obtained at 200 K. For the Rietveld analysis of AF1
and AF2 magnetic intensities measured respectively at 200 K and 10 K, the scale
factor and extinction parameters were fixed to the values obtained from a set
of nuclear reflections (113 in total, 45 independent) collected in parallel at both
temperatures. This allowed to determine accurately the ordered magnetic mo-
ment values. For the SCND study under magnetic field, q-scans were recorded
also on D10 using a 6T cryomagnet. The crystal was mounted with the b axis
along the vertical direction, parallel to the direction of the magnetic field. Sev-
eral q-scans were recorded along [0T,6T] cycles, using a 0.5 T step, at different
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selected temperatures within the stability range of the spiral. Before each mag-
netic field cycle, the sample was warmed up to the collinear phase and cooled
in ZF conditions to the target temperature.
Integrated magnetic intensities and the incommensurate magnetic propagation
vector versus temperature and magnetic field were extracted from the corres-
ponding q-scans by fitting the peaks using a Gaussian function. To analyze
the SCND intensities, in all cases the program RACER was used to integrate
the omega- and omega-2theta-scans and to correct them for the Lorentz factor.
Structural and magnetic refinements were carried out using the FullProf set of
programs [97]. Neutron refinements were done by least square minimization of
the integrated intensities and extinction corrections were applied following the
Becker-Coppens model. The illustrations of the crystal structure were obtained
using the VESTA program [106].

• Spherical neutron polarimetry: Spherical neutron polarimetry (SNP) exper-
iments were conducted on the hot neutron diffractometer D3 (ILL, Grenoble).
The same sample as in D10 experiments was used. Measurements were car-
ried out using the CryoPAD equipment (operated at λ=0.832 Å) after zero-
field cooling through the two magnetic transitions. The sample was moun-
ted onto a sample stick allowing up to 10 kV high voltage by a potential dif-
ference between two parallel horizontal aluminum plates. The crystal (of di-
mensions 2.1 mm//a, 3.4 mm//b and 1.7 mm//c) was fixed to the lower plate
by silver epoxy, and the upper plate was positioned at ∼4.4 mm above the
lower plate [Fig. 7.4(a)]. With the crystal b axis vertically aligned no mag-
netic reflections modulated with the incommensurate propagation vector k2 =

(1/2, 1/2, 1/2 ± qs) were accessible. The crystal was then mounted in a differ-
ent geometry, where the (001) and (111) axes aligned parallel to the horizontal
xy plane [see the scheme in Fig. 7.4(b)] gave access to a series of magnetic re-
flections in the horizontal scattering plane such as those of type (00l) + k. We
investigated the polarization matrices associated to them in the AF1 and AF2
phases by taking their corresponding k-vector. We used the Mag2Pol program
[98] for analyzing and fitting the spherical neutron polarimetry data.

• Synchrotron Resonant Magnetic X-ray Scattering: Resonant Magnetic X-ray
Scattering (RMXS) measurements were done on the I16 beamline (Diamond
Light Source, UK). With the pulsed tube cryostat in horizontal geometry, we
mounted the YBCFO single crystal (of dimensions 3.4 mm//a, 1.5 mm //b and
1.7 mm //c) onto the 6-circles diffractometer sandwiched in between the plates
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of a dedicated sample holder for electric field experiments. Silver paint was ap-
plied to the plate surfaces for a proper electrical contact. The shortest sides of
the crystal, corresponding to the b (or a) crystallographic axis of the crystal, and
the longest sides, corresponding to the a (or b) axis, were stuck parallel to the
sample holder plates [see Fig. 7.12(a)]. The crystal surface normal to a vector
parallel to the c axis was finely polished before the measurements to optimize
the RMXS signal. Measurements in the AF1 and AF2 magnetic phases were
carried out in a temperature range between 300 and 50 K using a closed cycle
cryocooler. The experiments were focused on the study of the AF2 incommen-
surate phase below TN2 = 195 K, for which we used both linear and circularly
polarized incident X-rays with energies around the Fe K edge. The analysis of
the diffracted X-rays polarization was done using a Cu (220) crystal analyzer in
front of an FMB Oxford Avalanche photodiode (APD) detector. The beam was
focused down to a spot of approximately 50 by 200 μm.

• Magnetometry: The magnetic characterization, using dc and ac magnetic
fields, was performed with the help of Vassil Skumryev (ICREA Research Pro-
fessor at Universitat Autònoma de Barcelona).Two commercial instruments from
Quantum Design, Superconducting Quantum Interference Device (SQUID) and
Physical Properties Measurement System (PPMS), were used to measure mac-
roscopic magnetic characteristics in single crystals, namely dc susceptibility
and magnetization and ac susceptibility. For the temperature dependence of
the magnetizationM (T) in the interval 10-520 K under an applied external mag-
netic field of 2 kOe parallel to the b- and c-axes, we used the SQUID system in
the range of temperatures below RT. Measurements above RT were measured
using a vibrating sample magnetometer (VSM) in the PPMS.
For the magnetic field-dependent measurements, M(H) magnetization curves
under dc magnetic fields up to 6 T along the principal crystallographic direc-
tions was measured using the SQUID setup, and the ac measurement system
(ACMS) option of the PPMS was used to record the ac susceptibility as a func-
tion of dc magnetic fields up to 9 T, superimposed in the same direction as an
ac field of amplitude Hac = 10 Oe and frequency f = 333 Hz.
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7.3 Magnetometry

The dc magnetic mass susceptibility (χ) of the crystal, measured in field-cooling
conditions (FC) between 10 to 520 K is shown in Fig. 7.1. The temperature scans
of dc magnetization measured parallel to the c- [χc(T)] and the b-axis [χb(T)]
show different trends. Whereas clear anomalies are not visible in the evolu-
tion of χc(T) (H//c), which shows a nearly paramagnetic behavior, for the case
on in-plane magnetization (with H//b) we observe two magnetic transitions.
Upon cooling, the first (paramagnetic) transition is found at TN1 ≈ 460 K. A
marked decrease in χb(T) takes place below this temperature. A clear kink is
then observed at TN2 ≈ 195 K. A further decrease of χb(T) takes place below
the kink associated to TN2, which is not observed in χc(T). At low temperatures
the magnetization measured along-b is smaller than that perpendicular to the
plane (χb � χc). As we will show in the following lines, neutron scattering con-
firmed that the anomaly at 195 K denotes the emergence of the incommensurate
magnetic order.

FIGURE 7.1: Temperature dependent dc magnetic mass susceptibility of the YBCFO
single crystal measured in FC with the magnetic field applied along b and c axes (H =
1 kOe). The two anomalies associated to the onset of the antiferromagnetic orders are
shown at TN1 = 460 K and TN2 = 195 K.
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7.4 Single-crystal neutron diffraction: crystal struc-

ture and temperature dependence

7.4.1 Crystal structure

In order to determine the crystal structure and to quantify the Fe/Cu chemical
disorder in the YBCFO single crystal a large set of 537 nuclear reflections (295
independent) were collected at the paramagnetic phase (450 K) on D9 using
a closed shell furnace. Identical measurements were conducted at low tem-
perature (10 K) using a closed-cycle cryostat to assess the possible structural
variations between both temperatures. Fig. 7.2 displays the observed and cal-
culated squared structure factors for the nuclear structure of the YBCFO crystal,
refined in the paramagnetic phase [450 K, Fig. 7.2(a)] and at low temperature

FIGURE 7.2: Structure and refinements of YBCFO single crystal nuclear intensities
measured in D9@ILL (λ=0.837 Å) at (a) 450 K and (b) 10 K. Left: P4mm structure
showing the refined unit cell and anisotropic displacement ellipsoids. The color of
each pyramid corresponds to that of the dominant cation in it (blue: Cu; brown: Fe).
Middle: observed and calculated integrated intensities of the nuclear refections plotted
as a function of Q = 4πsin(θ)/λ (red points: observed; black points: calculated; blue
points: difference). Right: agreement plots of the nuclear structure refinements. The
calculated structure factors are plotted against the experimental ones.
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[10 K, Fig. 7.2(b)]. Right panels show the agreement plots of the nuclear struc-
ture refinements at 450 K (χ2: 1.57, RF : 5.70, R2

F : 7.69) and at 10 K (χ2: 0.838,
RF : 3.72, R2

F : 5.26). Table 7.1 gathers all the refined parameters for the nuclear
structure obtained in the crystal at 450 K and 10 K. The atomic positions and
the Cu/Fe occupancies in the two pyramids of the unit cell were refined using
the P4mm symmetry. The z-coordinates of a same metal M in upper (1, blue)
and lower (2, red) pyramids were constrained by z(M1)+z(M2)=1. The rest of

TABLE 7.1: Crystal structure and agreement factors for the nuclear intensities collected
at 450 K and 10 K on D9 hot neutron four-circle diffractometer (λ=0.837 Å). (*: minority
fraction; nd (disorder)=Occ (Fe1*/Cu2*)). The coordinates of each metal (M: Cu or Fe)
are constrained by z(M1)+ z(M2)=1.

YBaCuFeO5 Single Crystal
P4mm

T = 450 K T = 10 K

a=b (Å) 3.8810 (6) 3.8665 (6)
c (Å) 7.6843 (10) 7.6268 (10)

Y
1a (00z) z/c 0.4991 (36) 0.4995 (37)

Uiso (Å2) 0.0062(6) 0.0009 (5)
Ba

1a (00z) z/c 0 0

U11 (Å2) 0.0071(6) 0.0004 (3)
U33 (Å2) 0.026(3) 0.018 (2)

Cu1
1b (½ ½ z) z/c 0.72341 (23) 0.72271 (16)

Fe1*
1b (½ ½ z) z/c 0.74131 (23) 0.74061 (16)

Cu2*
1b (½ ½ z) z/c 0.27659 (23) 0.27729 (16)

Fe2
1b (½ ½ z) z/c 0.25869 (23) 0.25939 (16)

Uiso (Å2) 0.0071(2) 0.0005 (2)
O1

1b (½ ½ z) z/c 0.00119 (160) -0.00070 (192)

U11 (Å2) 0.0108(5) 0.0035 (3)
U33 (Å2) 0.015(4) 0.012 (2)

O2
2c (½ 0 z) z/c 0.31555 (86) 0.31491 (92)

U11 (Å2) 0.0077(3) 0.0025 (2)
U22 (Å2) 0.0050(3) 0.0021 (2)
U33 (Å2) 0.0121(11) 0.0026 (6)

O3
2c (½ 0 z) z/c 0.68349 (97) 0.68372 (99)

U11 (Å2) 0.0077(3) 0.0025 (2)
U22 (Å2) 0.0050(3) 0.0021 (2)
U33 (Å2) 0.0121(11) 0.0026 (6)

Occ (Cu1/Fe2) 1− nd 0.701 (17) 0.683 (19)
Occ (Fe1*/Cu2*) nd 0.299 (17) 0.317 (19)

χ2 1.57 0.838
RF 5.70 3.72
R2

F 7.69 5.26
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the symmetry-inequivalent atoms were refined independently. A key feature
in these perovskites is the Fe/Cu chemical disorder, because it determines the
level of frustration and has a strong influence on the magnetic features and
transition temperatures. Fe/Cu disorder is described by the refined improper
occupation nd: the fraction of Fe at the Cu pyramid (1) (Fe1 site) or the frac-
tion of Cu at the Fe pyramid (2) (Cu2 site). So, a B-site random disorder would
correspond to nd = 0.5, and nd = 0 describes a fully ordered Fe/Cu structure.
From single crystal neutron measurements we carefully refined the partial oc-
cupations finding nd = 0.30(2) at 450 K. As expected, the same value (within
errors) is found at 10 K. Remarkably, although chemical disorder is in the crys-
tal lower than in powder samples prepared under fast cooling (that yield TS

above RT), we will show next that this disorder is enough to stabilize the in-
commensurate magnetic order at ∼200 K.
On the other hand, no significant variations in the structure are detected between
450 K and 10 K (within the experimental errors) beyond the expected decrease
at low temperature of the atomic displacement parameters, related to the lower
thermal agitation of the atoms. A look at the anisotropic displacement ellips-
oids schematically depicted in Fig. 7.2 (left panels) evidence their variation
between 450 K and 10 K.

7.4.2 Temperature dependence

In Chapter 6, from temperature-dependent neutron diffraction measurements
performed using the Cyclops Laue diffractometer we showed the existence in
the SC3 single crystal of the seeked modulated magnetic phase below ≈195 K
(TN2), and allowed indexing the commensurate [k1 = (1/2, 1/2, 1/2)] and in-
commensurate [k2 = (1/2, 1/2, 1/2± q)] magnetic propagation vectors [see Fig.
6.8(c)]. Only these two magnetic wave vectors were observed in the crystal by
varying temperature. This was further corroborated by multiple QL-scans per-
formed on D9 in the 10-300 K range, using a 5 K step. QL-scans were collected
along the (0.5, 0.5, L) line (in the range 0.2<L<1.2), with the purpose of tracing
the possible magnetic reflections as a function of temperature. A QL-scan col-
lected at 10 K is shown in Fig. 7.3(a). This figure also exposes a neutron contour
map for the crystal showing the T-QL projection of the neutron-diffracted (0.5,
0.5, L) intensities collected as a function of temperature. Fig. 7.3(b) was ob-
tained by adding up the multiple QL-scans recorded under a T-step of 5 K.
The temperature dependence of the representative magnetic peaks was also
monitored using a displex cryostat. Fig. 7.3(c) plots their integrated intensity
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FIGURE 7.3: Single crystal neutron diffraction (q-scans using D9). (a) QL-scan along
the (0.5, 0.5, L) line (range 0.2<L<1.2) obtained at 10 K. (b) T-QL projection of the tem-
perature dependence of magnetic intensities along the (0.5, 0.5, L) line centered around
the (½ ½ ½) position for the single crystal. (c) Temperature dependence of the neutron
integrated intensities of CM (1/2, 1/2, 1/2) [k1] and ICM (1/2, 1/2, 1/2±q) [k2] mag-
netic reflections. (d) Evolution with temperature of the discommensuration qs of the
spiral phase. The twist angle ϕ (canting) formed by the two spins of a bipyramid in the
spiral phase is also shown (ϕ = 2πqs).

recorded on D9 across the transition exposed in the susceptibility around 200
K. Only k1-type collinear magnetic domains are detected above TN2. Fig. 7.3(c)
confirms that a mutual transformation between the commensurate
k1 = (1/2, 1/2, 1/2) and incommensurate k2 = (1/2, 1/2, 1/2 ± q) phases takes
place at TN2 (TS). Under cooling, the magnetic phase with k1 translational sym-
metry nearly completely transforms into the spin modulated k2 phase. Only a
tiny residual amount of the high-temperature collinear phase is still observed
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below the transition. 195 K is the highest TS reported for a YBCFO crystal.
Below that temperature, the discommensuration is described by the non-null
modulation factor q (hereinafter referred to as qs). The evolution of the magnetic
modulation qs(T) in the crystal was determined from the neutron scans and it
is exposed in Fig. 7.3(d). The magnetic modulation appears at TN2(=TS) and
progressively develops to reach its maximum amplitude. The observed evolu-
tion is compatible with a second-order type transition. We recall at this point
that an evolution from second- to first-order CM-ICM transition is suggested
in previous reports on powder samples when TN2 approaches TN1 (highly dis-
ordered samples). The value of the incommensurability as determined at 10 K
is qs = 0.104 r.l.u. This value is appreciably lower than the maximum discom-
mensuration previously reported in YBCFO (qcs ≈ 0.18 r.l.u. at the triple point,
see Chapter 4).
In the theory, the incommensurate wave vector and the spiral onset temperat-
ure are both proportional to the concentration of improper Fe/Fe bonds, pre-
dicting a linear relationship between qs and TS. From the linear fit to the ex-
perimental (qs,TS) points reported in powder samples [Eq. (4.8)], a temperature
TS ≈ 210 K would be expected. The Néel temperature associated to the collinear
commensurate order decreases in YBCFO when magnetic frustration increases,
but the downward slope is quite smooth compared to the upward slope for
TS. The points from our crystal match well the phase diagram varying Fe/Cu
disorder (see the phase diagram in Chapter 6, Fig. 6.12).

7.5 Spherical Neutron Polarimetry

A detailed description of the SNP technique can be found in [141, 142]. The
Blume-Maleyev equations [143, 144] describe the scattering of polarized neut-
rons. According to them the final neutron spin Pf is related to the initial one Pi

by:
Pf = PPi +P′ (7.1)

Where P is the rotation matrix acting on the initial neutron spin and P′ is the
polarization created (or annihilated). Using the orthogonal right-handed axes
with x parallel to the scattering vector Q and z vertical, and the initial polariz-
ation along the directions x, y, or z, the final polarization can be determined by
nine measurements represented in a pseudomatrix known as the polarization
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matrix (Pfi). The polarization matrix combines the rotation and the created po-
larization and each row corresponds to the final polarization when the initial
polarization is along x, y and z. For reflections that are purely magnetic (as
the ones measured in YBCFO) the scattered intensities depending on the initial
neutron polarization are Ix =M2 + p0Jyz, Iy = Iz =M2, and the matrix reduces
to:

Pfi =

⎡
⎢⎢⎣

−p0M2−Jyz
Ix

−Jyz
Iy

−Jyz
Iz

0
p0(M2

⊥y−M2
⊥z)

Iy

p0Ryz

Iz

0 p0Ryz

Iy

p0(−M2
⊥y+M2

⊥z)

Iz

⎤
⎥⎥⎦ (7.2)

where M2 = M⊥M∗
⊥, M2

⊥y = M⊥yM
∗
⊥y, and M2

⊥z = M⊥zM
∗
⊥z. p0 is the polar-

ization of the incoming beam. The so-called magnetic interaction vector M⊥
lies in the yz plane, M⊥(Q) = (0,M⊥y,M⊥z). The off-diagonal components of
P [Ryz = 2Re(M⊥yM

∗
⊥z) and Jyz = 2Im(M⊥yM

∗
⊥z)] generate components in the

scattered polarization along directions which are not parallel to the incident
neutron polarization. Hence they produce the rotation of the neutron polariza-
tion in the scattering process. The matrix can also be rewritten as

Pfi =

⎡
⎢⎢⎢⎣
−1

2Im(M⊥yM
∗
⊥z)

M2
⊥

2Im(M⊥yM
∗
⊥z)

M2
⊥

0 − (M2
⊥z−M2

⊥y)

M2
⊥

2Re(M⊥yM
∗
⊥z)

M2
⊥

0
2Re(M⊥yM

∗
⊥z)

M2
⊥

(M2
⊥z−M2

⊥y)

M2
⊥

⎤
⎥⎥⎥⎦ (7.3)

The chiral vector is T = i(M∗ × M) = (Tx, 0, 0) = i(MyM
∗
z − M∗

yMz, 0, 0) =

−2(Im(MyM
∗
z ), 0, 0). Thus, the so-called "chiral" terms are the off-diagonal ele-

ments Pxy and Pxz, where Jyz = 2Im(M⊥yM
∗
⊥z) in the polarization matrix results

from chiral scattering and can only be non-null if the magnetic structure is non-
collinear. The chiral vector T is a real vector that directly contributes to the
creation of polarization parallel to x (or Q) when M⊥ × M∗

⊥ (or Jyz) is nonzero.
In the presence of domains with opposite magnetic chirality the contribution of
each chiral domain to Jyz has the sign inverted respect to each other.

Zero-field neutron polarimetry measurements were conducted at 200 K, 100
K and 10 K using CryoPAD. The incident neutron polarization (Pi) was selected
by a cryoflipper and maintained by guide fields. The scattered polarization was
analysed with a 3He neutron spin filter. The efficiency of the polarization at
all temperatures was corrected from several measurements of Pzz on the (111)

nuclear reflection.



224
Chapter 7. Does a magnetic spiral exist in YBCFO? A single crystal

investigation

FIGURE 7.4: Crystal mounted for the spherical neutron polarimetry (SNP) measure-
ments on the hot neutron diffractometer D3 (ILL, Grenoble) using the CryoPAD device.
(a) Sample stick with the crystal mounted with the (010) axis in the vertical direction
(z, parallel to the electric field applied between the two parallel horizontal aluminum
plates). With this configuration no magnetic reflections were accessible. (b) Scheme
showing the sample configuration during the SNP measurements. To access magnetic
reflections of the type (00l) + k the crystal was mounted with the (001) and (111) axis
parallel to the xy plane (i.e. with the electric field applied along the (1-1 0) direction).

7.6 The commensurate collinear AF1 phase

7.6.1 Unpolarized magnetic neutron diffraction in the AF1
phase

When the AF1 collinear phase is regarded as a single domain the calculated
integrated intensities do not match the experimental ones recorded at 200 K
[χ2 = 28.4, Fig. 7.5(a)]. Only when twinning domains are considered, refine-
ments can satisfactorily reproduce the magnetic single crystal data in the AF1
state [χ2 = 2.87, Fig. 7.5(b)]. The tetragonal symmetry is broken by the spin
ordering at TN1, giving rise to two types of magnetic domains, related by the
tetragonal axis 4+(0, 0, z) lost at the transition. Only the magnetic domains D1
= (x, y, z) (1) and D2 = (−y, x, z) (4+) were included in the magnetic refinement
of Fig. 7.5(b). The best solution found for the commensurate collinear phase is
described in Table 7.2(a). The refined fraction of D1 domains from D10 data
was 53.7(1.6)%, versus a 46.3% of D2 type. The refined magnetic order in each
type of domain is shown in Fig. 7.5(c). θC is the inclination angle that spins
form with the c axis in the AF1 phase. φC is the azimuthal angle that their pro-
jection onto the ab plane forms with the a axis. In Fig. 7.6 we show how the
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FIGURE 7.5: Commensurate magnetic order (AF1) from integrated intensities (200 K,
D10@ILL data). Final magnetic refinements (black points) of the experimental integ-
rated magnetic intensities (red points) at 200 K [k1 = (1/2, 1/2, 1/2)]. (a) For a single
magnetic domain. (b) For twin magnetic domains of the type 1 and 4+. Bottom blue
points are the observed-calculated difference. Insets: calculated magnetic structure
factors plotted against the experimental ones. (c) Projections of the refined collinear
magnetic order for D1 = (x, y, z) and D2 = (−y, x, z) domains in the crystal at 200 K.

resulting agreement factors vary with the value of θC, φC and ϕ′
C (as referred to

D1 domains). The best agreement found corresponds to θC = ±π/2, φC = π/4

(3π/4) and ϕ′
C = π. The two first angles imply collinear moments parallel to the

ab plane (θC = 90◦) aligned along the diagonal axis [1,±1, 0] of the tetragonal
cell (ϕC = ±45◦, minus signs refer to D2). Notice however in the χ2-scale of
Fig. 7.6(b) that the variations due to φC are little (Δχ2 < 1). Nevertheless, we
will show below that SNP unambiguously confirms the diagonal direction of
the moments in the AF1 state.

7.6.2 Spherical neutron polarimetry in the AF1 phase

The SNP measurements at 200 K are in excellent agreement with the calcu-
lated matrix elements for the "diagonal" collinear magnetic model (provided
that the two conjugated domains are taken into account). Table 7.4 reports the



226
Chapter 7. Does a magnetic spiral exist in YBCFO? A single crystal

investigation

FIGURE 7.6: Easy axis and magnetic anisotropy in the AF1 phase (200 K, D10@ILL).
Variation of χ2 (Chi2) as a function of (a) the inclination angle θC and (b) the azimuthal
orientation φC (projected in the ab plane) of the spins direction in AF1. (c) Dependence
with the value of the phase ϕ′

C between m1 and m2 moments in the chemical cell.
Refinements were performed including twin domains. Best agreement corresponds to
θC = ±90◦ (spins in the ab plane), φC = 45◦/225◦ and ϕ′

C = 180◦ (m2 antiparallel to
m1).

Pif polarization terms for the (00l)+k reflections measured at 200 K in the com-
mensurate AF1 phase with k1 = (0.5, 0.5, 0.5). The calculated values from the
fits of the SNP matrices calculated using Mag2Pol are shown for comparison.
In the case of perfect twinning (50-50) all the off-diagonal matrix elements are
null (calculations are shown in Fig. C.1 [App. C] for different spin orienta-
tions in the ab plane and domain populations). In the single domain scenario
Table 7.4 shows that the Pif off-diagonal matrix elements that do not cancel
have the two neutron polarization components (Pi, Pf ) perpendicular to the
collinear spins in the domain. Hence, the experimental observation of non-null
off-diagonal elements in the polarization matrix (e.g. Pyz, Pzy) is a signature
of a certain imbalance in the population of D1 and D2 collinear domains. The
domain population and the spin orientation in the commensurate AF1 phase
at 200 K were refined to the SNP data using Mag2Pol [98]. A domain popula-
tion D1/D2 = 53.1/46.9(0.5) % was determined by SNP, in good agreement with
D10 results. Unequivocally, only the diagonal solution in the presence of con-
jugated domains satisfactorily reproduces the elements of the full polarization
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FIGURE 7.7: Refinement to the spherical neutron polarimetry data of the commen-
surate AF1 phase (200 K, D3@ILL). Observed (squares) and calculated (circles) polar-
ization values Pif for incident neutrons polarized along Pi (inner symbol color) and
polarization analysis along Pf (symbol edge color) for the three directions x (red sym-
bols), y (green symbols), and z (blue symbols) in the local coordination system (x par-
allel to the scattering vector Q and z vertical). The best fit is obtained for a collinear k1

model with conjugated magnetic domains (D1, D2) along the ab diagonal.

matrices measured in three magnetic reflections at 200 K. The best simultan-
eous refinement (χ2

r = 3.22) determined the spin orientation shown in Table
7.2(b) [θC = 90.8(1), φC = 43(8)]. The preferred diagonal azimuthal orienta-
tion [m//(1,±1, 0)] of the spins suggested by the magnetic integrated intensities
(D10) was thus definitely confirmed by the SNP measurements. The agreement
between observed and calculated elements of the polarization matrices at 200
K is shown in Fig. 7.7(a) and Table 7.4. Fig. 7.7(b-c) also exhibits the collinear
magnetic structure in each domain.

To summarize the AF1 state in the crystal, polarized and unpolarized neut-
ron results unveils the coexistence of (x, y, z) (D1) and (−y, x, z) (D2) collin-
ear AF1 domains, with volume fractions D1/D2 = 53/47(0.5) % and the spins
aligned parallel to the ab plane, along the diagonals of the tetragonal cell.
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TABLE 7.2: Refined AF1 commensurate magnetic structure from SCND (D10@ILL)
and SNP (D3@ILL) data at 200 K. The two independent results correspond to the fit-
ting of the (a) neutron integrated magnetic intensities collected in D10 (unpolarized
neutrons) and (b) the fitting of the neutron polarization matrices (SNP) measured in
D3. The spherical neutron polarization matrices are more sensitive than the integrated
intensities to the orientation of the spins in the ab plane. The refined domain population
is also shown.

AF1 collinear phase with conjugated magnetic domains (D1, D2)

T m1 (μB) m2 (μB) θC (deg) φC (deg) ϕ′
C (deg) Dom. pop. Agreement factorsD1/D2 (%)

(a) Unpolarized neutrons (D10@ILL)

200 K 1.284 (3) 2.188 (7) 91.8 (8) 50 (19) 179.8 (6) 53.7/46.3 (1.6) χ2 = 2.87; RF = 4.82;
R2

F = 9.25
(b) Spherical Neutron Polarimetry (D3@ILL)

200 K - - 90.8 (1) 43 (8) 180 53.1/46.9 (0.5) χ2 = 77.35; χ2
r = 3.22

7.7 The incommensurate magnetic order

7.7.1 Unpolarized magnetic neutron diffraction in the AF2
phase

The nature of the incommensurate magnetic structure was thoroughly invest-
igated by unpolarized and polarized single crystal neutron diffraction. An in-
commensurate spiral phase can be described in the form:

mlj(k) =MRuj cos 2π (k ·Rl + Φj) +MIvj sin 2π (k ·Rl + Φj) (7.4)

where mlj is the magnetic moment of the atom j in the unit cell l, Rl is the vector
joining the arbitrary origin to the origin of unit cell l, and Φj is a magnetic phase.
In YBCFO j = 1, 2 (the two metal sites in the unit cell). uj and vj designate the
orientation of the two perpendicular unitary vectors that define the plane of the
helix, whereMR (real) andMI (imaginary) amplitudes fix the dimensions of the
elliptical envelope described by the rotating magnetic moments.

In powder samples of the YBCFO structural family it is not possible to inde-
pendently refine (i) the real and imaginary amplitudes (MR and MI) or (ii) the
two magnetic moments in the bipyramidal units. The inability to refine the real
and imaginary amplitudes is the most relevant drawback of neutron powder
diffraction to study this layered structure because it does not allow to discrim-
inate between collinear (sinusoidal) and non-collinear (spiral) spin order. The
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sinusoidal (modulated) model corresponds to the limit MI = 0 (very large ec-
centricity: MR � MI) and the opposed limit is a circular spiral (null eccent-
ricity: MR = MI). The circular spiral model was adopted to refine NPD data
in earlier works, but it should be recognized that a sinusoidal collinear model
perfectly reproduces the NPD patterns below TS. The limitations of NPD were
further discussed in Sec. 4.5.3 of Chapter 4. In Fig. 4.15 we illustrated how
the two models: (i) a variable-moment sinusoid and (ii) a spiral magnetic order,
can account for the incommensurate phase of the neutron powder diffraction
patterns from an YBCFO polycrystalline sample, evidencing the need to con-
clusively study the incommensurate order in YBCFO by single crystal neutron
diffraction studies.

FIGURE 7.8: Easy plane and magnetic phase in the AF2 phase (10 K, D10@ILL). Vari-
ation of χ2 (Chi2) as a function of (a) the inclination angle θS and (b) the magnetic phase
ϕ′

S between m1 and m2 moments in the chemical cell. Refinements were performed in-
cluding chiral domains. Best agreement corresponds to θS = ±90◦ (spins in the ab
plane) and ϕ′

S = 172◦.
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The incommensurate magnetic order in YBCFO has been investigated at 10
K first by unpolarized Single Crystal Neutron Diffraction. Large nuclear (113 re-
flections) and magnetic (326 incommensurate reflections) data collections were
made using D10. For the magnetic data treatment the scale factor was fixed
to the value obtained by refining the nuclear structure. The average magnetic
moments at the two pyramids were refined independently. Given that the the-
oretical ratio m(Fe3+)/m(Cu2+) of their respective unpaired spins is 5, we also
performed refinements constraining the two average ordered moments (in pyr-
amids 1 and 2) according to the ratio r [r ≡ m1/m2 = (1 + 4 · nd)/(5 − 4 · nd)]
deduced from the refined Fe and Cu occupations [being nd = 0.30(2) the refined
improper occupation or Fe/Cu disorder]. Within the errors both approxima-
tions gave the same results for the ordered moments.

A central feature is the inclination of the spin rotation plane in the crystal.
The angle θ describes the angular distance (inclination) between the direction
of the spins and the c axis. In the spiral phase θS stands for the tilting of the
rotation plane of the helix [uv plane in Eq. (7.4)]. Fig. 7.8(a) exposes the good-
ness of the fit parameters (χ2, R2

F and RF ) as a function of the tilting angle θS in
the refinement of the spiral configuration. Two marked minima are apparent in
the SCND refinements corresponding to θS = ±90◦. They confirm that the spin
rotation plane in the crystal is parallel to the tetragonal ab plane. The incom-
mensurate magnetic order, therefore, would correspond to an helicoidal rather
than cycloidal configuration.

Assuming a single type of domain the sinusoidal model cannot reproduce
the experimental intensities, whereas a circular spiral model with the spin rota-
tion plane perpendicular to c (helicoidal order) fits well the observed magnetic
intensities. This is illustrated in Fig. 7.9, where we show the evolution, in the
single-domain picture, of the agreement factors and refined values for selected
magnetic parameters as a function of the eccentricity of the elliptical envelope
represented by the MI/MR ratio. In this picture we also display the SCND
refinements of the AF2 ICM phase at 10 K corresponding to the magnetic or-
der models with extreme values of the ellipsoid eccentricity, which correspond
to a sinusoidal order when MI/MR = 0 [Fig. 7.9(a)] and to the spiral when
MI/MR = 1 [Fig. 7.9(b)]. Projections of the two refined magnetic structures are
also shown. Using a single-domain model the integrated neutron intensities at
10 K were well reproduced with MI/MR = 1. The best magnetic refinement
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FIGURE 7.9: Single-domain SCND refinements of the AF2 incommensurate mag-
netic order (10 K, D10@ILL). (a) Evolution in the single-domain picture of the agree-
ment factors of the AF1 refined magnetic structure from is shown as a function of the
eccentricity of the elliptical envelope, represented by the MI/MR ratio. Refined values
for selected magnetic parameters: (b) azimuthal angle ϕ′

S (left axis) and tilting angle
θS (right axis), (c) the real and imaginary amplitudes of the elliptical envelope, and (d)
the ϕ′

S phase. The real and imaginary amplitudes (MR and MI ) of the elliptical envel-
opes for m1 and m2 and the different angles are illustrated in (e). Lower panels show
the comparison of SCND refinements using magnetic order models with extreme val-
ues of the elliptical envelope eccentricity: (f) sinusoidal (MI/MR = 0) and (g) spiral
(MI/MR = 1).
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FIGURE 7.10: Neutron refinement at 10 K (four-cycles D10@ILL neutron diffracto-
meter) of the incommensurate integrated intensities from the YBCFO crystal using the
circular spiral model described in Table 7.3(b). Best fit corresponds to a helicoidal con-
figuration (null cycloidal component).

(χ2=5.05; R2
F=11.8; RF=7.55) is shown in more detail in Fig. 7.10(a). The ob-

tained magnetic structure corresponds to the circular spiral described in Table
7.3(b) [Unpolarized neutrons (D10)] and plotted in Fig. 7.10(b).
The frequency shift qs measures how much the magnetic wave deviates from
the antitranslational symmetry along c (Φ = π + 2πqs = ϕ + ϕ′). The angle Φ

[see Fig. 7.9(e)] stands for the rotation angle between the spins of equivalent
pyramids in successive cells. The twist angle ϕ is the canting between the two
spins of a bipyramid in the spiral phase, whereas ϕ′ [see Fig. 7.9(e)] stands for
the phase between the average magnetic moments at the two magnetic sites in
the chemical cell (m1 and m2). In powder samples it has been generally as-
sumed that ϕ′[cell]=π and then ϕ[bipyramid]=2πqs. We carefully refined the
value of ϕ′ and Fig. 7.8(b) discloses the evolution of the goodness parameter χ2

and other agreement factors obtained in the fits varying the value of the phase
ϕ′ between m1 and m2 moments in the chemical cell. SCND refinements unveil
an absolute minimum at ϕ′

min = 172(1)◦ close but somewhat deviating from
180◦.

A deeper analysis needs to consider configuration domains (twin domains
D1/D2) in the sinusoidal model and chirality domains (C1/C2) in the spin helix
configuration. Using polarized neutrons, the SNP analysis including domains
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TABLE 7.3: Refined AF2 incommensurate magnetic structure at 10 K and 100 K. In-
dependent results corresponding to the fitting of unpolarized SCND (D10@ILL) and
SNP (D3@ILL) data are shown. (a) The sinusoidal model with conjugated magnetic
domains (D1/D2) and (b) the circular spiral model with chiral domains (C1/C2) are
compared. Agreement factors are shown. The spiral model affords the best agreement
to polarimetry results.

(a) Sinusoidal model (MI ∼ 0) with conjugated magnetic domains (D1, D2)

T m1 (μB) m2 (μB) θS (deg) φS (deg) ϕ′
S (deg) Dom. pop. Agreement factorsD1/D2 (%)

Unpolarized neutrons (D10@ILL)

10 K 2.187 (5) 3.732 (11) 89.4 (6) 37 (59) 171.4 (5) 49.2/50.8 (1.3) χ2 = 5.06; RF = 7.54;
R2

F = 11.8
Spherical Neutron Polarimetry (D3@ILL)

10 K - - 92.5 (7) 50 (9) - 48.9/51.1 (0.9) χ2 = 110.46; χ2
r = 1.84

100 K - - 92.7 (2) 48 (4) - 47.6/52.4 (0.5) χ2 = 105.29; χ2
r = 1.73

(b) Circular spiral model (MR = MI) with chiral magnetic domains (C1, C2)

T m1 (μB) m2 (μB) θS (deg) φS (deg) ϕ′
S (deg) Dom. pop. Agreement factorsC1/C2 (%)

Unpolarized neutrons (D10@ILL)

10 K 1.547 (7) 2.638 (14) 89.5 (1.7) 0 171.4 (9) - χ2 = 5.05; RF = 7.55;
R2

F = 11.8
Spherical Neutron Polarimetry (D3@ILL)

10 K - - 93.27 (43) -61 (8) - 49.9/50.1 (0.4) χ2 = 105.22; χ2
r = 1.75

100 K - - 92.55 (38) -39 (6) - 50.0/50.0 (0.3) χ2 = 91.61; χ2
r = 1.50

will be presented later on. Unpolarized neutrons cannot discern between inver-
ted chirality domains and hence the results are independent of the C1/C2 ratio.
The unpolarized neutron data collected in D10 at 10 K have been also analyzed
considering two types of sinusoidal magnetic domains with orthogonal spin
directions [D1 = (x, y, z) and D2 = (−y, x, z), the conjugated twin domains]. In
such a case, the D10 magnetic intensities can be reproduced if the population of
these two types of collinear sinusoidal domains is included in the refinement.
As expected, the result of combining orthogonal modulations is equivalent to
the circular spiral model when the domain fraction approaches the 50%. The
values refined were 49.2/50.8(1.43). The rest of magnetic parameters and good-
ness factors are listed in Table 7.3(a), being identical to the single-domain spiral
model. The magnetic moments are related by a

√
2 factor. Therefore, using

unpolarized neutrons we confirmed the presence of two orthogonal magnetic
modulations, as it occurs in the spiral magnetic configuration. A simple incom-
mensurate helix with circular envelope and the spins rotating parallel to the ab
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plane of the crystal satisfactorily reproduces the measurements using unpolar-
ized neutrons. It should be noticed from Table 7.3 that the ϕ′

S phase that sep-
arates the orientation of the two magnetic moments in the cell (m1 and m2) is
found to be ϕ′

S = 171.4(9)◦. Although the two moments are strictly inverted in
the collinear AF1 phase [ϕ′

C = 180(1)◦, Table 7.2], the phase between them devi-
ates slightly from π in the incommensurate phase. In the following paragraphs
the validity and robustness of the circular spiral model is further investigated
using polarized neutrons.

7.7.2 Spherical neutron polarimetry in the incommensurate
magnetic phase

To further corroborate the validity of our results on the nature of the magnetic
order and the domain population in the incommensurate magnetic phase, pre-
vious measurements in D9 and D10 were complemented with a SNP study be-
low the incommensurate transition. To this end the crystal was cooled down
from the paramagnetic state to 100 K and 10 K in E-field conditions (+8 kV
along the z-direction). Up to 5 incommensurate reflections were investigated
with polarized neutrons: (000)+k, (001)+k, (002)+k, (112)−k and (114)−k.
For the last two, the polarization elements Pif were measured first with positive
incident polarization (Pi > 0), and then additionally also with negative (inver-
ted) incident polarization (Pi < 0). The measured polarization elements (Pif )
are shown in Figs. 7.11(a) and 7.11(b) (at 100 and 10 K, respectively). Table 7.4
gathers the Pif polarization elements for (00l)+k reflections [k2 = (0.5, 0.5, 0.6)]
at 10 K. For comparison, we have also added the fits to the SNP matrices using
different magnetic order models. The full set of measurements done in the AF2
phase (10 K and 100 K) and the fitted values of the polarization matrices using
the sinusoidal and spiral models are shown in Table C.1 [App. C].



Chapter 7. Does a magnetic spiral exist in YBCFO? A single crystal
investigation 235

The two magnetic models evaluated with unpolarized neutrons (MR �MI

[sinusoidal] and MR = MI [spiral]) were carefully confronted to the experi-
mental polarization matrices. For both models the inclusion of two types of
magnetic domains (twin domains in the sinusoidal and chiral domains in the
spiral models) was crucial. The fit of the polarimetry data obtained in the Cryo-
PAD device at D3 was performed using Mag2Pol [98]. The best refinement to
the polarimetry data (at 10 K and 100 K) was obtained for the circular spiral
model. The fit yields the magnetic structure described in Table 7.3(b) giving
validity and robustness to the helicoidal description obtained from the unpo-
larized neutron experiments. The results of the refinement to the SNP data at
10 K and 100 K are summarized in Fig. 7.11 and Table 7.4.

FIGURE 7.11: Refinement to the spherical neutron polarimetry data of a circular
spiral model with chiral domains (Incommensurate AF2 phase at 10K and 100K,
D3@ILL). Observed (squares) and calculated (circles) polarization values Pif for incid-
ent neutrons polarized along Pi (inner symbol color) and polarization analysis along
Pf (symbol edge color) for the three directions x (red symbols), y (green symbols), and
z (blue symbols) in the local coordination system (x parallel to the scattering vector
Q and z vertical). For the reflections that appear twice, in the second one the incid-
ent neutron polarization was inverted respect to the first. The best fit corresponds to
a helix, with spins rotating in the ab plane (Q//kc2) and coexisting (50/50%) chiral do-
mains.
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TABLE 7.4: Best fits of the SNP matrices measured at 200 K (AF1 commensurate phase)
and 10 K (AF2 incommensurate phase). Magnetic models were refined using Mag2Pol
including two types of magnetic domains (twin or chiral domains, depending on the
model). The observed and calculated Pif terms are compared for some of the (00l)+k.
The complete set of reflections is shown in Table C.1 [App. C].

AF1 (COM), k1 = (0.5, 0.5, 0.5) AF2 (ICM), k2 = (0.5, 0.5, 0.6)

200 K
Collinear model

D1/D2 = 53.1/46.9 (0.5)
χ2=77.35; χ2

r=3.22
10 K

Sinusoidal model (MI ∼ 0)

D1/D2 = 48.9/51.1 (0.9)
χ2=110.46; χ2

r=1.84

Spiral model (MR = MI)
C1/C2 = 49.9/50.1 (0.4)

χ2=105.22; χ2
r=1.75

(hkl) Pfi obs cal obs-cal obs cal obs-cal cal obs-cal

(000) + k

Pxx -1.004 (10) -1.000 -0.004 -1.006 (15) -1.000 -0.006 -1.000 -0.006
Pxy 0.022 (12) 0.000 0.022 0.020 (18) 0.000 0.020 0.000 0.020
Pxz -0.029 (12) 0.000 -0.030 -0.036 (18) 0.000 -0.036 0.000 -0.036
Pyx 0.011 (12) 0.000 0.011 0.039 (18) 0.000 0.039 -0.002 0.041
Pyy -0.764 (11) -0.730 -0.035 -0.699 (17) -0.693 -0.006 -0.708 0.009
Pyz 0.078 (12) 0.052 0.026 0.096 (19) 0.068 0.028 0.085 0.011
Pzx -0.014 (12) 0.000 -0.014 -0.005 (18) 0.000 -0.005 -0.002 -0.003
Pzy 0.095 (12) 0.052 0.043 0.093 (18) 0.068 0.025 0.085 0.008
Pzz 0.746 (11) 0.730 0.016 0.711 (17) 0.693 0.018 0.708 0.003

(001) + k

Pxx -0.979 (10) -1.000 0.021 -0.986 (26) -1.000 0.014 -1.000 0.014
Pxy -0.004 (10) 0.000 -0.004 0.038 (29) 0.000 0.038 0.000 0.038
Pxz -0.001 (10) 0.000 -0.001 -0.030 (28) 0.000 -0.030 0.000 -0.030
Pyx 0.037 (10) 0.000 0.037 0.040 (27) 0.000 0.040 -0.003 0.043
Pyy -0.229 (10) -0.214 -0.014 -0.173 (28) -0.259 0.087 -0.261 0.089
Pyz 0.043 (10) 0.024 0.019 0.061 (29) 0.035 0.026 0.045 0.016
Pzx -0.003 (10) 0.000 -0.003 -0.011 (28) 0.000 -0.011 -0.003 -0.008
Pzy 0.033 (10) 0.024 0.009 0.045 (28) 0.035 0.010 0.045 0.000
Pzz 0.241 (10) 0.214 0.027 0.266 (29) 0.259 0.006 0.261 0.004

(002) + k

Pxx -0.929 (20) -1.000 0.071 -1.058 (30) -1.000 -0.058 -1.000 -0.05
Pxy -0.008 (22) 0.000 -0.008 0.033 (32) 0.000 0.033 0.000 0.033
Pxz 0.000 (22) 0.000 0.000 -0.010 (30) 0.000 -0.010 0.000 -0.010
Pyx 0.042 (22) 0.000 0.042 0.020 (32) 0.000 0.020 -0.003 0.023
Pyy -0.074 (23) -0.054 -0.019 -0.066 (33) -0.121 0.055 -0.117 0.050
Pyz 0.045 (22) 0.013 0.031 0.000 (33) 0.022 -0.022 0.029 -0.028
Pzx -0.007 (22) 0.000 -0.007 0.001 (32) 0.000 0.001 -0.003 0.004
Pzy 0.070 (22) 0.013 0.057 0.013 (31) 0.022 -0.009 0.029 -0.016
Pzz 0.087 (23) 0.054 0.033 0.108 (32) 0.121 -0.014 0.117 -0.009

7.8 Magnetoelectric response of the spiral phase

in the YBCFO single crystal

7.8.1 Exploring the magnetoelectric response with SNP

At 100 K we also explored possible changes in the magnetic configuration and
the proportion of the two chiral domains under application of an electrical field
E parallel to z, namely along the (1-1 0) axis of the crystal (diagonal of the
ab plane). The crystal was cooled down from the paramagnetic state to 100 K
under an E-field of ≈+18.2 kV/cm. We performed neutron polarization meas-
urements to determine the elements of the polarization matrix for the k2-type
reflection (1/2 1/2 1.4), corresponding to (112) − k.1 The neutron polariza-
tion measurements were repeated switching the E-field from +18.2 kV/cm to 0

1At 100 K, the k2 = (1/2, 1/2, 1/2− q) vector of the spiral displays a qs ≈ 0.10 r.l.u. modula-
tion.
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TABLE 7.5: Evolution of the neutron polarization (cross) terms for the (112) − k re-
flection (D3@ILL) in the AF2 incommensurate magnetic order (100 K) under applied
electric fields [E// (1 -1 0)].

AF2
T = 100 K E-field //(1 -1 0)

(hkl) Pif +18.2 kV 0 kV/cm -14.8 kV/cm

(112)− k

Pxx -1.007 (10) - -0.996 (14)
Pxy -0.012 (12) -0.031 (17) -0.005 (17)
Pxz -0.009 (12) - 0.005 (18)
Pyx 0.026 (12) 0.033 (17) 0.044 (17)
Pyy -0.342 (12) - -0.333 (18)
Pyz 0.036 (12) - 0.029 (17)
Pzx 0.008 (12) 0.003 (17) 0.014 (18)
Pzy 0.020 (12) - 0.038 (17)
Pzz 0.337 (11) - 0.324 (16)

kV/cm and finally to approx. -14.8 kV (the full matrix was determined at +18.2
and -14.8 kV/cm; at 0 kV/cm only Pxy, Pyx and Pzx terms were measured). The
SNP measurements are disclosed in Table 7.5.

At these voltages, in the configuration described, we did not detect
changes in the off-diagonal terms of the polarization matrix (nor in the diag-
onals) for the (1/2 1/2 1.4) magnetic reflection. Off-diagonal terms were found
close to zero and the variations registered varying E were not meaningful ac-
cording to experimental errors [σ]. While no changes are expected in the case
of sinusoidal magnetic order, for a spiral a variation in the population of mag-
netic chiral domains would be reflected in changes of the Pyx and Pzx terms of
the neutron polarization matrix Pif . As it can be observed from the simulations
in Fig. C.1, for YBCFO multiferroic an inversion of the sign of the Pyx and Pzx

terms could be expected due to an inversion of the population of chiral domains
in the case of switchable electric polarization. Since there is no variation after
inverting the polarity of the voltage, it can be concluded that the applied elec-
tric field has no effect on the non-collinear spins parallel to the ab plane. The
absence of magnetoelectric response is in agreement with the DM mechanism
in multiferroics when there is a pure helix, with the spiral rotation plane (ab
plane) perpendicular to the incommensurate wave vector (qz). This is the case
of the spiral configuration in the present crystal.

We did simulations of the Pif terms of the neutron polarization matrix in
the incommensurate phase for the (112) − k magnetic reflection varying the
magnetic domain populations in different models. They are shown in Fig. C.1
for three different cases: (a) the circular spiral model with chiral magnetic do-
mains (C1, C2) and spins in the ab plane; (b) the sinusoidal model along the a
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axis with conjugated magnetic domains (D1, D2); and (c) the sinusoidal model
parallel to the ab diagonal axis, with magnetic conjugated domains. The ex-
pected non-null polarization matrix terms (Pij) and their dependence with the
domain population are shown for the three models. Notice that in the three
magnetic models all off-diagonal terms are expected to be null as long as the
domain population is ∼50%-50%.

7.8.2 Exploring the magnetoelectric response by Synchro-
tron Resonant Magnetic X-ray Scattering (RMXS)

In parallel to spherical neutron polarimetry experiments, we conducted Res-
onant Magnetic X-ray Scattering (RMXS) measurements at the I16 beamline
(Diamond Light Source, UK) with the aim of studying the magnetoelectric re-
sponse of the spiral phase in the YBCFO single crystal. Fig. 7.12 shows the
experimental setup for the RMXS experiment with applied electric fields. In
our configuration [horizontal geometry, see Fig. 7.12(b)], the incident beam (k)
generated by a planar undulator is linearly polarized parallel to the horizontal
scattering plane (π-polarized). In this situation, the polarization factor tells us
that in the diffracted beam (k′) the charge scattered photons will maintain the

FIGURE 7.12: Experimental setup for the synchrotron Resonant Magnetic X-ray Scat-
tering (RMXS) measurements on the I16 beamline (Diamond Light Source, UK) using
linear and circularly polarized light. (a) Crystal mounted on the sample holder to ap-
ply an electric field along the b axis. (b) View of the 6-circles kappa diffractometer
operating in horizontal scattering geometry. The incident X-ray beam (k) has linear po-
larization parallel to the scattering plane (π-polarized), and the scattered polarization
can be analyzed in π-π′ and π-σ′ polarization channels using the crystal analyzer. The
incident π-polarized X-rays can be turned into circular left (CL) and circular right (CR)
polarizations using a diamond phase plate retarder.
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same direction of the polarization (π′-polarization), in contrast to the resonant
magnetic scattering, which is able to rotate the plane of linear polarization. In
consequence, the analysis of the rotated σ′ direction provides information ex-
clusively related to magnetic scattering. In our case, the scattered polarization
in the π-π′ and π-σ′ polarization channels were separated using a Cu (220) crys-
tal analyzer, which acts as a polarization filter and reduces the fluorescence
background in front of the Avalanche photodiode (APD) detector used.

First of all, using π-polarized incident X-rays and the crystal analyzer in the
π-π′ channel, we located charge reflections to refine the orientational UB mat-
rix. Then, in the same polarization channel magnetic reflections characteristic
of the AF1 and AF2 phases [with propagation vectors k1 = (1/2, 1/2, 1/2) and
k2 = (1/2, 1/2, 1/2 ± q), respectively] were found at the Fe K absorption edge.
It is worth underlining that the magnitude of the RMXS intensity, which was
found to be several orders of magnitude (∼ 107) weaker than that of charge
scattering reflections, made the location of magnetic reflections very challen-
ging. Ensuring an accurate determination of the orientation matrix helped in
the location of those extremely weak peaks.
The intensity of magnetic reflections in the π-π′ channel was measured versus

the incident photon energy across the Fe K edge. To maintain the Q reflec-
tions fixed over the energy dependent measurements, the theta positions were
automatically recalculated and corrected for each energy value. Fig. 7.13(b)
shows two energy scans measured at 300 K (AF1) and 10 K (AF2) on magnetic
reflections (3.5 0.5 3.5) and (3.5 0.5 3.6), respectively. In these energy scans, Fe
K pre-peak intensities at ≈ 7.113 keV are due to Fe 1s → 3d (Fe) quadrupolar
or 1s → O 2p dipole-allowed transitions. The two well defined features in a
narrow energy range, peaking at E = 7.125 and 7.128 keV above the Fe K pre-
edge are attributed to RMXS. For the measurement of magnetic reflections the
incident energy was fixed to E = 7.128 keV [indicated by the dashed vertical
line in the energy scans of Fig. 7.13(b)]. The RMXS origin of this intensity was
confirmed by its temperature dependence. Fig. 7.13(c) shows the evolution of
the (0.5 0.5 3.5) magnetic reflection in the AF1 commensurate phase recorded
under cooling. As expected from susceptibility and neutron measurements, the
magnetic peak was missing below TS = 195 K. The magnetic origin of the reflec-
tions was further corroborated by QL-scans collected along the (0.5, 0.5, L) line
(in the range 3.4<L<3.6) [see Fig. 7.13(d)], where we can see that the AF1 (0.5
0.5 3.5) reflection is split into the two (0.5 0.5 3.5±q) incommensurate satellites
characteristic of the AF2 phase.



240
Chapter 7. Does a magnetic spiral exist in YBCFO? A single crystal

investigation

FIGURE 7.13: (a) XAS spectra measured by TFY in the YBCFO single crystal across the
Fe K edge. (b) Energy dependence of the RMXS signal, filtered in the π-π′ channel,
measured on the forbidden lattice reflections (3.5 0.5 0.6) at 50 K (AF2 incommensurate
phase, blue circles) and the (3.5 0.5 0.5) reflection at 300 K (AF1 commensurate phase,
black squares). The spectra were normalized to the maximum intensity values. Blue
points curve was vertically shifted for the sake of clarity (ΔInt=+1). The dashed vertical
line indicates the incident energy used for the RMXS measurements. (c) Temperature
dependence of AF1’s (0.5 0.5 3.5) magnetic reflection at the Fe K edge (π-π′ channel).
(d) QL scans around the (0.5, 0.5, L) line (range 3.4<L<3.6) obtained at both "sides" of
the spiral transition (TS = 195 K). Black circles (300 K) show a single magnetic reflection
at (0.5 0.5 3.5), and blue circles (180 K) display the (0.5 0.5 3.5±q) satellites characteristic
of the incommensurate phase.

As mentioned, the main goal of the here reported RMXS study was to probe
the magnetoelectric response of the spiral phase in our YBCFO single crystal.
According to the DM antisimmetric exchange mechanism, at zero field the elec-
trical polarization in the case of k2 = (1/2, 1/2, 1/2 ± q) propagation vector is
expected to develop along the b (or a) directions, whereas its magnitude is re-
lated to the inclination of the rotation plane of the spins, being maximal for a
cycloidal magnetic order, and zero in the case of pure helical order. A key fea-
ture of chiral multiferroic compounds is the possibility to control the electrical
polarization by modifying the population of magnetic chiral domains (defined
by the handedness of the spirals) by the application of electric fields. The dir-
ection of the electrical polarization, then, could be switched by reversing the
population of chiral domains. The use of resonant magnetic scattering by cir-
cularly polarized X-rays with linear polarimetry analisis of the scattered beam
offers a strong sensitivity to the imbalance in the chiral domain populations,
since the handedness of the circular polarisation naturally couples to the sense
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FIGURE 7.14: (a) Experimental setup used to measure the magnetic satellites in YBCFO
using circularly polarized incident X-rays and electric fields applied along the b direc-
tion of the crystal. (b) π′-polarization channel analysis of the (3.50.53.6) magnetic satel-
lite for CL (red squares) and CR (green circles) incident polarizations, recorded at zero
electric field (E1 = 0 ) and at the maximum positive electric field applied (Emax ≈ 6.67
kV/cm). (c) Evolution at 50 K of the oriented magnetic chiral domains parametrized by
the CL/CR ratio of the (3.50.53.6) integrated intensity along a complete [-Emax,+Emax]
cycle, being |Emax| ≈ 6.67 kV/cm. From 1 to 4, red(blue) points indicate measurements
increasing(decreasing) E-field. Inset for comparison: Ratio of magnetic domains with
positive/negative helicity spirals in ME AF2 phase of Mn0.85Co0.15WO4 single crystal
(Mn K edge at 7.5 K) along a complete E-field cycle (E//b axis).

of rotation of the magnetic moments, bringing to an accurate description of the
domain state.
The magnetoelectric coupling in YBCFO was studied applying electric fields

parallel to the (010) direction [see Fig. 7.12(a)]. For this end the RMXS response
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in the (0.5 0.5 3.6) incommensurate reflection at 50 K was measured as a func-
tion of the chirality of circularly polarized incident X-rays in the FeK edge. Fig.
7.14(a) illustrates the experiment conducted in the I16@DLS beamline to study
the chiral domain distribution as a function of poling E-fields along b. Incid-
ent circular left (CL) and circular right (CR) polarizations were generated from
the initially π-polarized photons using a diamond quarter-wave phase plate re-
tarder. Aiming for signal-to-noise ratio minimization the azimuthal rotation (ψ)
on the (3.5 0.5 3.6) reflection was optimized and an harmonic rejection mirror
was set up. The CL-π′ and CR-π′ magnetic intensities of this reflection were
recorded at several values of bias V applied across the sample ranging from
-Vmax to +Vmax, being |Vmax| = 1 kV (separation between holder plates was
∼1.5 mm). Fig. 7.14(b) shows the (3.5 0.5 3.6) magnetic satellite at zero field
(E=0 kV) and at the maximum electric field (Emax ≈ 6.67 kV/cm) that could
be applied safely to avoid sample damage due to dielectric breakdown. The
population of chiral magnetic domains was parametrized by the ratio between
integrated intensities of the (3.5 0.5 3.6) reflection measured under CL and CR

incident polarizations. Henceforth this parameter will be denoted as CL/CR.
A zone equally populated with left- and right- handed chiral domains would
correspond to a CL/CR = 1 ratio, whereas ratios CL/CR > 1 or CL/CR < 1

are indicative of predominance of one type of chiral domain. In Fig. 7.14(b)
we can see that CL-π′ and CR-π′ measurements display remarkably different
intensities, indicating a magnetic domain decompensation in the area illumin-
ted by the beam. However, the evolution of the CL/CR ratio measured along a
complete [-Emax,+Emax] cycle with maximum electric field |Emax| ≈ 6.67 kV/cm,
disclosed in Fig. 7.14(c), shows no significant deviation within errors from the
initial CL/CR ≈ 1.45 ratio, let alone a chiral domain population reversal. This
behavior is far from the expected in spiral magnetic order multiferroics, where
spin orbit coupling is at the origin of the interplay between an external electric
field and the magnetic chiral domain state. In such materials, according to the
DM antisymmetric exchange mechanism, the switching of electrical polariza-
tion is achieved by reversing the chirality of magnetic spiral domains as a con-
sequence of the application of an external electric field. As an example, the inset
in Fig. 7.14(c) shows as a reference case the magnetoelectric response measured
in I16@DLS beamline on a single crystal of the Mn0.85Co0.15WO4 wolframite,
which displays cycloidal magnetic order in a narrow temperature range (AF2
phase, 6 K< TN2 <10 K) with propagation vector k = (−0.214, 1/2, 0.457) (un-
published data ontained from internal communications, complementary to Ref.
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FIGURE 7.15: Topographic map of the CL/CR intensity ratio at 50 K and zero electric
field obtained by circularly polarized incident X-rays at the Fe K edge. Measurements
were done on the magnetic satellite reflection (3.5 0.5 0.6) in π′ polarization channel.
A 5×5 array of measurements were done along the crystal surface as represented by
the white dashed lines covering a 0.6×0.6 mm2 surface area with Δx = 0.15 mm and
Δy = 0.15 mm tanslations. The colours represent zones with different CL/CR ratio,
and the gray area at the bottom left corner corresponds to a sample edge.

[132]). The shown CL/CR intensity ratio, which was measured at the I16 beam-
line at the Mn K edge at 7.5 K nominal temperature, shows that in this material
the ratio of magnetic domains with positive/negative helicity spirals can be
reversed under in-situ application of an E-field (E//b axis), and that the ME re-
sponse is generated exclusively by Mn spins order.

Finally, a real space map of the CL/CR intensity ratio was measured at 50
K in zero electric field conditions along the YBCFO crystal surface covering a
0.6×0.6 mm2 area. The 2D surface map shown in Fig. 7.15 allowed to resolve
inhomogeneities in the domain populations, as evidenced by the variation of
the CL/CR ratio (represented by a color scale). The CL/CR > 1 ratios observed
suggest the dominance of one type of chiral domain in the area analyzed. Re-
member that from neutron measurements, which provide averaged informa-
tion on the full crystal volume, we proved that nearly identical amounts of
left- and right- handed chiral domains were present in similar electric field and
temperature conditions. Hence, the existence of zones with CL/CR < 1 is also
expected. Further work is necessary to confirm this.

In summary, the results obtained from RMXS are fully compatible with the
single crystal neutron diffraction and neutron polarimetry observations. The
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CL/CR > 1 RMXS intensity ratios support the existence of the noncollinear
spiral order, which displays an inhomogeneous distribution of chiral domains
as suggested by the surface mapping. In addition, the absence of magnetoelec-
tric coupling is in agreement with a purely helical magnetic spiral as observed
from neutron experiments.

7.9 Probing the anisotropy of the magnetic spiral

response to magnetic fields

In the case of spiral magnetic order it is clear that the orientation of the rotation
plane of the spiral plays a very important role in the presence of electric polar-
ization, as well as on its direction and magnitude. In this sense, as observed
in the Mn1−xCoxWO4 family of multiferroic compounds [129], the application
of magnetic fields could induce modifications on relevant characteristics of the
spiral such as its eccentricity or the direction of the magnetic easy-axis. This
has a great relevance in the case of the YBCFO single crystal studied in this
chapter, where the absence of magnetoelectric response in the ICM phase could
attributed to the purely helical configuration of the spins and the generation of
a cycloidal component would be beneficial in virtue of the DM interaction. Very
little is known about the response of the spiral to magnetic fields. Moreover, J.
Lyu et al. [51] have very recently reported the observation of weak ferromag-
netism (WFM) linked to the high-temperature spiral phase when the sample
is cooled under magnetic field (3 × 10−4 μB/f.u. at 7 T, not detectable using
neutrons). Although this finding needs to be corroborated and the existence of
coupling between the orientation of the spiral and the WFM component is not
proved yet, this could open the way to a magnetic field-driven modification of
the spiral orientation, directly related to the polarization direction. Disposing
of quality spiral single crystals allows investigating the anisotropic response to
magnetic fields.

In our magnetometry measurements, the M(H) curves shown in Fig. 7.16(a)
disclose very different responses under dc fields applied along the principal
crystallographic directions. For H parallel to the in-plane direction (H//b, top
panel), we observe field-induced transitions at relatively low fields (1-7 T range,
according to the maxima in the δM/δH derivative), and the noticeable presence
of hysteresis indicating a first-order transition. In contrast, for H applied along
the perpendicular direction (H//c, bottom panel), M(H) evolutions show no
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FIGURE 7.16: (a) Isothermal magnetization curves along the principal crystallographic
directions versus dc magnetic field measured at different temperatures (170 K, 150 K,
130 K) below TS =195 K (top panel: H//b, bottom panel: H//c). Insets: first order
derivative of the magnetization with respect to the applied field. (b) Real component
of the ac susceptibility versus superimposed dc field amplitudes along the b axis (χ′

b),
measured at different temperatures (300 K, 180 K, 170 K, 150 K, 130 K and 120 K). The
sample was heated to the collinear phase (above TS) and cooled in ZF before recording
complete [0T,9T] magnetic field cycles at each fixed temperature. For clarity reasons
only curves increasing H are plotted, the complete curves are shown in Fig. C.2 [App.
C].

signs of field-induced transitions, at least up to 7 T (notice the flat δM/δH evol-
ution). This anisotropic magnetic response is explained by the orientation of
the magnetic easy-plane in this crystal. In accordance with our neutron studies,
the spins in the helical magnetic spiral are not being modified by the influence
of a perpendicular magnetic field (namely, parallel to the chirality vector of the
spiral Q = Si × Sj).

To better monitor the above described field-induced departure from the lin-
ear variation of magnetization with field applied along the b direction, we stud-
ied the ac susceptibility at fixed temperatures as a function of the dc field, super-
imposed in the same direction as the ac field. The in-phase component of the
susceptibility χ′

b illustrated on Fig. 7.16(b) shows that the transition becomes
more defined as we approach to the spiral-to-collinear transition at TS = 195 K.
In addition, the critical field Hc for the field-induced transition (defined as the
maximum in the χ′

b susceptibility, which should correspond to the maximum
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FIGURE 7.17: Single crystal neutron diffraction under magnetic fields applied parallel
to the b axis (q-scans using D10). H-QL 2D projections and contour maps showing the
isothermal magnetic field dependence (up to 6 T) of the QL scans along the (0.5, 0.5,
L) line centered around the (½ ½ ½) position (range 0.3<L<0.7), measured at selected
temperatures below TS = 195 K. The integrated intensities of the (0.5 0.5 0.5) and (0.5
0.5 0.5±q) magnetic Bragg reflections associated to the k1 and k2 propagation vectors
are also plotted upon increasing and decreasing magnetic fields (represented by filled
and empty symbols, respectively).

slope in the dc magnetization curves), decreases down to fields as low as 1.8 T
at 180 K [the evolution of Hc is plotted in the inset of Fig. 7.16(a)]. Interestingly,
at 300 K a susceptibility peak shows up at ≈ 0.6 T, indicating the existence of a
field-induced process also in the collinear phase.

In order to get insight on the nature of these field-induced magnetic trans-
itions, multiple QL-scans along the (0.5, 0.5, L) line (range 0.3<L<0.7) were re-
corded on the D10 single crystal neutron diffractometer using a 6T cryomagnet.
In particular, the magnetic evolution of the circular spiral phase contained in the
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ab plane was characterized at fixed temperatures T < TS under magnetic fields
applied along the b axis. The H-QL projections in Fig. 7.17 display in a visual
way the impact of magnetic field in the spiral. At 10 K, the (0.5, 0.5, 0.5±q)
incommensurate satellites are invariant for fields up to 6 T, denoting a strong
stability of the spiral phase at low temperature. According to magnetometry,
this stability range of the spiral should be maintained up to ∼130 K, where the
critical field becomes low enough (HC<6 T) and the magnetic phase starts to
display a strong response to magnetic fields. The evolutions obtained on tem-
peratures above 130 K show that the spiral order is gradually suppressed in
favour of a commensurate (CM) magnetic phase with kz = 1/2 translational
symmetry. This is very clear from the evolution of the integrated (0.5 0.5 0.5)
and (0.5 0.5 0.5±q) magnetic intensities. In measurements done at 130 K, the
transition is not completed up to the highest applied field of 6 T, and complete
transition are observed at 150 K and 170 K. Despite the impact of magnetic
field on the spiral is similar to that of temperature, we should highlight two
remarkable differences: (i) the transition is characterized by the coexistence of
the two phases along a finite range of magnetic field, which becomes narrower
for temperatures closer to TS, in agreement with the susceptibility; (ii) along the
transition, the magnetic field produces an insignificant effect on the separation
between the two (0.5 0.5 0.5±q) satellites, as confirmed by the qs(H) evolutions
(plotted in Fig. C.3 [App. C]). Whereas more investigations are necessary to
elucidate which is the mechanism leading to the destruction of the spiral, and
to determine the new stabilized CM structure, a remarkable finding is that the
transition is not caused by a continuous reduction of the twist angle (canting)
formed by the two spins in the bipyramids, which would eventually produce
the CM collinear order. Another interesting observation is the persistence of
certain amount of CM phase when the magnetic field is retreated after reach-
ing the magnetic transition. The fraction of remanent CM phase increases as
temperature decreases. Hence, the hystheresis observed in the magnetometry
curves is explained by the competition of the two magnetic phases.

The intensity of selected nuclear reflections was also monitored to asses the
possible emergence of ferromagnetic phases with k =(0,0,0) propagation vec-
tor. From the evolution under field of the (100) and (001) integrated intensities
at 150 K and 10 K, shown in Fig. C.4 [App. C], we did not observe any signature
of the field-induced WFM reported in Ref. [51] for YBCFO powder samples.
This is not surprising, as WFM requires a FC process, and in our NPD measure-
ments the crystal was cooled in zero field (ZFC). Furthermore, according to the
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extremely small value of the net magnetization reported in [51] (3×10−4 μB/f.u.
at 7 T), the WFM signal under FC would be far below the detection limit of our
data. In this regard, it should be also mentioned that the signature of a ferro-
magnetic phase was neither observed in the SQUID magnetization curves, as
no net remanence was detected after decreasing the magnetic field from 7 T. In
any case, to demonstrate the presence of WFM in our crystal would require a
specific study using special measurement routines such as the so-called PUND
(positive-up negative-down) protocol, used in Ref. [51] to measure the WFM
hystheresis cycles in powder samples.

7.10 Summary

The realization of "spiral order by disorder" has been thoroughly investigated in a
single crystal of YBCFO with a cationic disorder level of nd = 0.31(2), grown by
a modified version of the traveling solvent floating zone technique. The crystal
exhibits a modulation qS = 0.104 r.l.u. and a commensurate-to-incommensurate
transition at TS = 195 K, higher than in most known spiral-induced multiferroic
type-II materials.
The limitations of NPD forced us to investigate the real magnetic nature of
the “so-called” spiral magnetic phase of YBCFO by means of (i) unpolarized
single-crystal neutron diffraction (SCND), (ii) spherical neutron polarimetry
(SNP) and (iii) synchrotron resonant magnetic X-ray scattering (RMXS). This
unavoidable study was necessary to remove the ambiguities that persisted in
the literature about this important family of perovskites, mainly due to the lack
of single-crystals.
Collinear modulated and non-collinear spiral models, including the analysis
of magnetic and chiral domains, were confronted to the experiments on crys-
tals using these quantum-beam techniques. In the crystal studied the emerging
picture requires the combination of two perpendicular modulations to give a
non-collinear circular helicoidal order below TS = 195 K, in which the interplay
of the modulation and the transition temperature matches the prediction of the
Scaramucci model. Equally populated ±1 magnetic chiral domains were found
in crystals of macroscopic size using neutrons, although RMXS allowed to re-
solve spatial inhomogeneities in the chiral domain populations of the helicoidal
phase.
In the AF1 ordering of the crystal, collinear moments were found parallel to
the ab plane and aligned along the diagonal axis. The volume fractions of the
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conjugated (twin) domains [D1/D2 = 53/47(0.5) %] in AF1 were close but more
decompensated than the fractions of chiral domains found in AF2. This sug-
gests that a given type of collinear AF1 domain generates below TS any of the
two types of chiral domains, indistinctly.
Spherical neutron polarimetry results validate and give robustness to the helic-
oidal description obtained from unpolarized neutron experiments on the single
crystal. We disclosed a deviation of the magnetic phase ϕ′ between m1 and m2

moments in the chemical cell when enters the helicoidal order not predicted in
the model. Instead of perfectly antiparallel, in the spiral configuration Fe and
Cu spins in the unit cell form ϕ′

S = 172(1)◦.
Application of electrical fields parallel to (1-1 0) (SNP) and to (0 1 0) direction
(RMXS by circularly polarized x-rays with linear polarimetry analysis) did not
modify the population of chiral domains, where the spin rotation plane of the
circular helix was parallel to the ab plane. The absence of magnetoelectric coup-
ling is in agreement with a purely helical magnetic spiral.

First, this work confirms the ability of this family of compounds to stabilize
a high-temperature magnetic spiral. Second, the work evidences the need to de-
velop efficient strategies to fabricate YBCFO-type perovskites as single crystals,
epitaxial films or heterostructures where the chiral spiral order may be formed
with predominant cycloidal configuration. If Dzyaloshinskii-Moriya interac-
tion turns out to be too small to facilitate cycloidal spiral in our crystal, it is
of importance to pursue the exploration of strategies able to enhance the DM
coupling or facilitate non-null cycloidal components. Some recent works seem
to indicate that a higher B-site disorder, some selected partial cationic substi-
tutions or stress-based strategies in films through appropriate selection of the
substrates could locally modify the tetragonal symmetry and/or favor an easy-
magnetic plane not orthogonal to the c axis, the direction of the ICM magnetic
modulation.
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Chapter 8
Complex magnetism investigated in the

frustrated ε-Fe2O3 multiferroic

8.1 Introduction

Iron oxides constitute an exceptional family of materials that have been stud-
ied for many decades, because they present fundamental interest and proved
and promising applicability for new technologies based on biochemical, mag-
netic, catalytic or multiferroic properties [72, 145–147]. Apart from the amorph-
ous Fe2O3, Iron (III) oxide shows four known polymorph crystal structures:
α-Fe2O3 (hematite), β-Fe2O3 and γ-Fe2O3 (maghemite) and ε-Fe2O3 [75]. While
hematite is the most common phase, ε-Fe2O3 is the most elusive and one of
the less studied polymorphs. This is because its formation requires the mu-
tually exclusive conditions of high temperatures and small sizes [60, 62, 148].
The use of sol-gel methods with Si alcoxides and Fe salts made it possible to
confine Fe2O3 nanoparticles in a silica matrix to prevent their growth while
annealed above 1000 ◦C, allowing, for the first time, to obtain virtually pure
ε-Fe2O3, opening the door to the study of this rare polymorph [61, 64, 149]. The
structural characterization evidenced a complex non-centrosymmetric Pna21
structure isomorphous to the multiferroic GaFeO3, with four Fe sites in the
asymmetrical unit: three in octahedral and one in tetrahedral environments
[62]. The coordination octahedra Fe1O6 and Fe2O6 are largely distorted, Fe3O6

is a regular octahedron and Fe4O4 is the tetrahedron. For clarity we will use
the Fe1d, Fe2d, Fe3r, Fe4t atomic labels where "d", "r" and "t" refer to "distor-
ted", "regular" and "tetrahedral" polyhedral coordination, respectively. The struc-
tural characteristics of ε-Fe2O3 will be further addressed in detail in Chapter
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9. The magnetic studies revealed an unexpected huge room temperature coer-
civity: 20 kOe, making it the transition metal oxide with the highest coercivity
and an appealing material for the next-generation high-density magnetic re-
cording media, high-frequency electromagnetic wave absorbers or a building
block for exchange coupled permanent magnets [65–67]. Moreover, other im-
portant functionalities of ε-Fe2O3 are related with its magnetoelectric[70] and
multiferroic properties [72]. These properties, quite unique among single metal
oxides, stem from the structural features specific to this polymorph, in spite of
being considered a structural intermediate between α-Fe2O3 and γ-Fe2O3. Its
structure produces a rich temperature-dependent diagram of magnetic phases.
Between TC = 500 K and TN2 = 150 K, ε-Fe2O3 exhibits a collinear ferrimag-
netic structure due to the antiferromagnetic (AF) coupling (parallel to the a-
axis) between dissimilar magnetic sublattices. This oxide then presents a broad
low-temperature incommensurate magnetic transition starting at 150 K (ICM)
[63, 68], characterized by a large reduction of the coercivity, the remanent and
the saturation magnetization [68]. Under further cooling, below ∼85 K, the
ground magnetic order is stabilized [66]. Noticeable anomalies in the dielectric
permittivity were reported in conjunction with these two successive transitions
[70]. In addition, significant magnetostriction effects were observed in the in-
terval 85-150 K where magnetic changes take place and spin-lattice coupling
brings about atomic shifts within the orthorhombic cell and a non-monotonous
evolution of the Fe-O bonds [71]. A nonzero orbital magnetic moment (mL ∼
0.15 μB/Fe at RT under 40 kOe) was detected by X-ray magnetic circular di-
chroism (XMCD) in the super-hard collinear ferrimagnetic phase (150 K < T <
490 K), which is suppressed by the magnetostructural changes concurrent with
the magnetic transitions within the 85-150 K interval. On cooling, the coercive
field drops in that interval from 20 kOe to 0.8 kOe, and then increases again un-
der further cooling in the low-temperature magnetic phase (ICM), below 85 K
[67]. Likewise, a reentrant behavior of the orbital moment was also monitored
by XMCD in the low temperature magnetic phase [67]. The concurrent mag-
netostructural changes in the coordination polyhedra around Fe3+ sites and the
reentrant evolution of the orbital moment should be seen as the signature of
a relevant spin-orbit coupling in this magnetoelectric compound. Finally, the
RT coexistence of ferrimagnetism and ferroelectricity, albeit with a small mag-
netocapacitance response, in thin epitaxial films of ε-Fe2O3 further highlights
the relevance of magnetoelastic couplings in this system, for which possible
multiferroic properties in bulk form are still a subject of debate. Importantly,
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although the Curie temperature of ε-Fe2O3 has been postulated as TC ∼ 500 K
[61, 147, 150, 151] no systematic studies of the magnetic properties above this
temperature can be found in the literature. The geometrical spin frustration
and Spin-Orbit Coupling effects (SOC) provides a rich magnetic phase diagram
with at least four different magnetic states in zero field (PM/FM1/FM2/ICM),
which we have investigated in the present chapter. Some of them were previ-
ously unknown.

8.2 Sample preparation and experimental methods

Synthesis of ε-Fe2O3 nanoparticles

Polycrystalline ε-Fe2O3 was obtained thanks to the collaboration with Martí
Gich (ICMAB-CSIC) who prepared a silica gel containing 28 wt% Fe2O3 from
an hidroethanolic sol of tetraethyl orthosilicate (TEOS) of molar composition
TEOS:Ethanol:water=1:5:6 containing dissolved iron nitrate nonahydrate. First,
5.4 ml of milliQ water and 26 ml of absolut ethanol (Panreac) were added to a
100 ml beaker and stirred for 5 min. Then, the 10.60 g of iron nitrate (Ald-
rich) were dissolved and the solution which attained a pH ∼0.35. Finally 20 ml
of TEOS (Aldrich) were added dropwise to the solution under stirring (∼200
rpm). The stirring, with the beaker covered, was maintained for 20 minutes
after adding the TEOS. The sol was then distributed in 6 cm diameter petri
dishes, attaining a level of 2-4 mm, which were placed in a plastic box, closed
with its cover but not hermetically sealed, and placed in chemical hood at 23
◦C. Gelation took place in about two weeks. The gels were removed from the
petri dishes, allowed to dry and subsequently grinded in a ceramic mortar to be
further dried at 60 ◦C in a stove. Then the xerogels were placed in an alumina
boat and treated in a tubular furnace in air atmosphere at 200 ◦C/h to 450 ◦C
and then to 1100 ◦C at 80 ◦C/h, and were held for 3 h at this temperature before
being cooled to room temperature at 350 ◦C/h. About 7.5 g of SiO2/ε-Fe2O3

composite were obtained. The resulting material consisted of single crystalline
ε-F2O3 nanoparticles embedded in a silica matrix with an average diameter of
around 20 nm as observed by transmission electron microscopy. The silica was
etched in hot (80 ◦C) concentrated NaOH aqueous solution (12 M). For this pur-
pose a round bottomed flask was filled with 180 ml of distilled water in which
76 g NaOH were dissolved, then about 5 g of SiO2/ε-Fe2O3 composite were
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added to it and stirred overnight in a hot plate set at 80 ◦C using a water re-
frigerated condenser to avoid evaporation of water and a silicone oil bath to
maintain an homogeneous temperature around the flask. Then the suspension
was centrifuged at 6000 rpm for 2 min and the supernatant was discarded. The
collected solid was re-dispersed in water and the centrifugation was repeated
twice. Finally the tubes used for centrifugation were placed in a stove at 60 ◦C
and about 1.5 g of ε-Fe2O3 nanoparticles were collected after drying. The qual-
ity of the samples was assessed by transmission electron microscopy, magnetic
measurements and X-ray diffraction [60, 68].

Characterization methods

• Magnetometry: The magnetic characterization, using dc and ac magnetic
fields, was performed in collaboration with Martí Gich. He measured the as-
prepared ε-Fe2O3 nanoparticles embedded in SiO2 using a Superconducting
Quantum Interferometer Device (SQUID) and a Vibrating Sample Magneto-
meter (VSM) in a Physical Properties Measuring System (PPMS) both from
Quantum Design. For the VSM measurements the ε-Fe2O3/SiO2 material was
mixed with a high-temperature alumina cement. The use of ε-Fe2O3/SiO2 com-
posite instead of ε-Fe2O3 was necessary to avoid the transformation of ε-Fe2O3

to magnetite due to high temperatures and the vacuum environment during
the measurements. The ac-susceptibility measurements were performed at 30
Hz and 1 kHz with a magnetic field amplitude of 4 Oe from 300 K to 750 K.
The temperature dependence of the magnetization, M, was studied after zero
field cooled (ZFC) and FC conditions under a dc field of 1 kOe from 300 to 900
K. Hysteresis loops were obtained between 900K and 300 K with a maximum
applied magnetic field of 70 kOe.

• Neutron powder diffraction: Neutron diffraction experiments were conduc-
ted at the high-flux reactor of the Institut Laue Langevin (Grenoble, France)
on D2B and D1B powder diffractometers. For the characterization of the high-
temperature magnetic orders, NPD patterns were collected using the high-
intensity, high-resolution D2B diffractometer of the Institute Laue-Langevin
(ILL, Grenoble), between room temperature (RT) and 850 K (λ = 1.594 Å). For
the magnetic characterization of the nanoparticles at low temperature, high
quality neutron diffractograms were obtained at the high-intensity D1B powder
diffractometer (λ = 2.52 Å) at fixed temperatures betewwn 1.5 K and 150 K,
each one with an acquisition time of 30 min. Structural and magnetic Rietveld
refinements were carried out using the Fullprof program [97]. Crystallographic
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tools from the Bilbao Crystallographic server [102–104] and ISOTROPY Soft-
ware Suite [105] were also used.

8.3 Unveiling successive high-temperature ferri-

magnetic orderings in ε-Fe2O3

Initially, using diffraction and magnetometry techniques, I have investigated
the magnetic and magnetostructural properties of ε-Fe2O3 nanoparticles at high
temperatures (300 K < T < 900 K). In this section I will show that, contrary to
the earlier accepted scenario, ε-Fe2O3 remains ferrimagnetic up to at least T =
850 K, although with a reduced magnetization and a moderate coercivity.

8.3.1 Magnetic characterization: beyond the ultra-hard fer-
rimagnetic phase

The temperature dependence of the ZFC and FC magnetization of the ε-Fe2O3

particles embedded in SiO2 is plotted in Fig. 8.1(a). Two ferrimagnetic regimes
with very different magnetic behavior can be clearly distinguished below and
above ∼500 K (denoted FM2 and FM1 respectively). Remarkably, contrary to
the scenario assumed in previous reports, the ferrimagnetic FM2 phase (pre-
viously reported to display super-hard ferrimagnetic response, with "gigantic"
coercivity values exceeding 20 kOe) does not become paramagnetic above 500
K. The M (T) evolution in Fig. 8.1 reveals a second phase transition, evidencing
the existence of a new ferrimagnetic state (FM1) between 500 K and ∼850 K.
The transition temperature between FM1 and FM2 can be established at TN2 =
480 K by the lambda-shaped peak in the ac susceptibility vs temperature curve
presented in the inset of Fig. 8.1(a). From the hysteresis loops at T > 500 K it
can be clearly seen that FM1 presents a ferromagnetic behavior with finite net
magnetic moment and coercivity, HC.

However, as can be seen in Fig. 8.1(b) there is a drastic collapse of the large
HC (characteristic of FM2) and M [50 kOe] at TN2 = 480 K [see Figs. 8.1(b,c)].
Moreover, upon heating, M [50 kOe] undergoes a Brillouin-type monotonic de-
crease up to 550 K, although the coercivity (and remanence, Mr) sharply drop
well before this temperature, having practically vanished around ∼480 K. Nev-
ertheless, although HC shrinks by more than a factor 10 from HC ∼ 16 kOe at
RT, it remains moderate (∼400 Oe) even at T � 500K (TN2) [see Fig. 8.1(d)].
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FIGURE 8.1: (a) FC (green) and ZFC (blue) dc magnetization curves (1 kOe) of the ε-
Fe2O3 nanoparticles embedded in SiO2 between 300 and 900 K. Inset: real part of the
ac-susceptibility (hac = 4 Oe). (b) Temperature evolution of the coercive field (HC; left
axis) and net magnetic moment at 50 kOe (M [5 kOe]; right axis). Inset: dependence of
the Mr/M [50 kOe] ratio. Hysteresis loops characteristic of (c) the FM2 phase and (d)
the FM1 phase (note the different x- and y-scales in both figures, and the loops at 490
K and 650 K included in both panels for the sake of comparison).

Importantly, from the evolution of the magnetic properties it can be established
that the critical temperature of the FM1 phase is about TN1 ∼ 850 K. Hence,
although there is a drastic breakdown of the super-hard ferrimagnetic state at
TN2 = 480 K, it does not give rise to a paramagnetic phase, but it is transformed
into a new softer ferrimagnetic state.

8.3.2 Neutron diffraction study of successive ferrimagnetic
phases

To better understand the nature of the very high-temperature ferrimagnetic
phase a systematic NPD study was performed. As can be seen in Fig. 8.2(a), the
intensity of the magnetic peaks (011) and (002) progressively decreases as the
temperature is increased from RT to 850 K. In agreement with the magnetiza-
tion results, the intensity of the magnetic peaks remains finite even far above
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FIGURE 8.2: (a) Neutron patterns at selected temperatures in the range comprising the
main magnetic peaks (011) and (002). (b) Square-root of the neutron integrated intens-
ity of the strongest magnetic reflection (002). (c) Evolution of the neutron diffraction
intensities above TN2 for the characteristic magnetic reflections. (d) Evolution of the
ordered magnetic moments refined at Fe1d (brown), Fe2d (yellow), Fe3r (red) and Fe4t
(green) sites in the structure.

TN2. However, the temperature dependence of the squared root of the integ-
rated intensity of the (002) peak (proportional to the ordered moment), shown
in Fig. 8.2(b), strongly differs from a Brillouin-type evolution and exhibits the
shape of a long magnetic tail that persists far beyond TN2.

The magnetic structures and atomic ordered moments were fully analyzed
using the neutron diffraction patterns at the two selected temperatures 305 K
and 510 K. The former being representative of the ferrimagnetic phase FM2,
and the second (above but close to TN2 = 480 K) of the new ferrimagnetic phase
FM1. Note that the magnetic reflections detected between TN2(= 480 K) and
TN1(∼850 K) do not indicate changes in the extinction conditions or the transla-
tional symmetry.
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FIGURE 8.3: Neutron Rietveld refinement (black line) of the NPD patterns for ε-Fe2O3

obtained at 305 K (T < TN2, FM2 ordering) and 510 K (TN2 < T < TN1, FM1 ordering)
(D2B, red circles: experimental points; bottom blue line: difference). Upper row of
reflections correspond to the Pna21 structure, the lower one to the magnetic ordered
phase (Pna′2′1). Goodness factors at 305 K (510K): RB = 2.48 (1.8), Rf = 1.55 (1.1), Rm

= 2.92 (1.2), χ2 = 0.31 (3.5). (Right) Schematic view of the FM1 (bottom) and FM2 (top)
magnetic ordering at the same temperatures. Fe1d (brown), Fe2d (yellow), Fe3r (red)
and Fe4t (green), O (dark blue).

Possible magnetic or Shubnikov space groups compatible with the Pna21
symmetry and null magnetic propagation vector k = (0,0,0) were considered.
It was found that the magnetic ordering adopts the same magnetic space group
(MSG) in the two ferrimagnetic phases, Pna′2′1 [n. 33.147, transformation to
standard settings: (a, b, c; 0, 0, 0)] [97, 102, 104]. The Rietveld refinement
of neutron patterns at 305 K (FM2 magnetic phase) and 510 K (FM1 magnetic
phase) are plotted in Fig. 8.3 and the results are summarized in Table 9.2.

Interestingly, despite the abrupt drop in the displayed by magnetization at
TN2, there are ordered magnetic moments with very large mx components that
steadily persist in the interval TN2(=480 K) < T < TN1(=850 K) (m, magnetic mo-
ment). Nevertheless, they are found selectively in Fe1d and Fe2d octahedral
sites. These two Fe positions are magnetically robust and persist antiferromag-
netically coupled above TN2. Their antiparallel ordered moments as refined at
intermediate temperatures have been plotted in Fig. 8.2(d). Remarkably, the
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main difference detected between FM2 and FM1 orders concerns the high de-
gree of magnetic disorder at the Fe3rO6 and Fe4tO4 sites. Neutron data did
not allow us discern ordered moments at Fe3r and Fe4t sites independently,
and their moments were kept (above TN2) identical and antiparallel, forcing
mx[Fe3r]= -mx[Fe4t], in the neutron refinements. The refined mx moments at
these positions are also displayed in the Fig.8.2(d), which shows the evolution
of the ordered moments (mx) refined for the four Fe sites. In the high temper-
ature phase the difference between the moments in one antiparallel pair (e.g.
Fe3r/Fe4t) is smaller than our experimental error. At RT (305 K) the resultant
net uncompensated moment ∼0.2 μB/Fe (i.e. 14 emu/g) is in agreement with
Ms values (net ferromagnetic signal) previously reported [64, 68]. Therefore, at

TABLE 8.1: Magnetic groups and refined magnetic moments in the ferrimagnetic FM1
(TN1) and FM2 (TN2) phases. The d, r and t labels of the four iron sites refer to distorted,
regular and tetrahedral polyhedra, respectively). The goodness factors are given in Fig.
8.3.

Temperature 300 K 510 K
Magnetic

Space Group
Pna′2′

1 (n. 33.147) Pna′2′
1 (n. 33.147)

Transformation to
standard setting (a, b, c; 0, 0, 0)

Fe atoms in
the

asymmetric
unit

Coordinates Expressed in parent Ort. setting:
Fe1d ≈ (0.193,0.149, 0.581)
Fe2d ≈ (0.682,0.031, 0.792)
Fe3r ≈ (0.809,0.158, 0.307)
Fe4t ≈ (0.181, 0.153, 0.000)

Magnetic
phase FM2 FM1

Refined
moments

mx[Fe1d] = 3.6 (1) μB/Fe
mx[Fe2d] = -3.6 (1) μB/Fe
mx[Fe3r] = -2.7 (1) μB/Fe
mx[Fe4t] = 2.5 (3) μB/Fe

mx[Fe1d] = 3.1 (1) μB/Fe
mx[Fe2d] = -3.1 (1) μB/Fe
mx[Fe3r] = -0.9 (2) μB/Fe
mx[Fe4t] = 0.9 (3) μB/Fe

Magnetic
structure
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the FM2/FM1 (hard/soft) ferrimagnetic phase boundary, there is a clear dis-
ruption of the magnetic order of the iron spins occupying the tetrahedral Fe4t
and the undistorted octahedral Fe3r sites. The small moment values refined at
510 K indicate that Fe3r and Fe4t sublattices are practically disordered above
TN2. Likewise, the onset of magnetic ordering near 850 K is essentially driven
by the AFM coupling of Fe spins in the more distorted octahedral positions
(Fe1d and Fe2d). Fig. 8.2(d) clearly illustrates the anomalous evolution of the
ordered moments at Fe3r/Fe4t sites. Most likely this evolution is the result of
strong frustration effects between sublattices, which can be identified by the
broad magnetic reflections at high temperatures.
Using a molecular-field model, the appearance of spontaneous magnetization
in the FM2 phase of ε-Fe2O3 has been associated with the lower superexchange
ZijJij values of the tetrahedral site, compared to those of octahedral sites [150].
As can be seen in Fig. 8.2(d) the ordered moments at the Fe1d and Fe2d sites are
larger than in the Fe4t tetragonal site in the whole range above room temper-
ature, in concordance with the theoretical predictions. On another hand, our
neutron diffraction results establish that the abrupt enhancement of the mag-
netization below TN2 takes place concurrently with the long-range ordering of
Fe4t magnetic atoms occupying the tetrahedral site.
Interestingly, the new ferrimagnetic-paramagnetic boundary is shifted towards
the upper characteristic ordering temperatures of ferrimagnetic iron oxides,
950 K for α-Fe2O3, 940 K for γ-Fe2O3 and 853 K for Fe2O3, indicating that ε-
Fe2O3 presents comparable magnetic coupling strengths. Notably, the NPD
analysis unambiguously demonstrates that the ordered magnetic components
are associated to ε-Fe2O3, ruling out the possibility that the magnetic response
above 480 K might be due to impurities of the ferrimagnetic oxides mentioned
above, which present a completely different set of magnetic reflections [see Figs.
D.1(a,b) in App. D.1]. Additionally, the fact that some of the magnetic peaks,
although very broad, remain finite at 850 K may indicate the possible existence
of a frustrated (with no long-range order) ferrimagnetic phase even above TN1,
similar to other oxide systems [152].
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8.4 The incommensurate magnetic ground state

in ε-Fe2O3

The large contrast between the magnetic properties of the successive phases
in ε-Fe2O3 is illustrated in Fig. 8.4 from the temperature dependence of the
magnetization and the coercive field between 10 K and 920 K. In the previous
sections we have shown that above the ultra-hard ferrimagnetic (FM1) phase
there is a soft ferrimagnetic order (FM1) where Fe3r and Fe4t moments are
disordered. The soft FM1 phase displays a much smaller ferromagnetic com-
ponent and vanishes above 850 K, where we find the PM state. This section
will focus on the magnetic evolution below the ultra-hard ferrimagnetic phase
(FM1) (T < 150 K), in which notable anomalies in the dielectric permittivity and
a sheer reduction of the coercivity (from 20 kOe to 0.8 kOe) have been observed
between 150 K and 100 K under cooling [see Fig. 8.4] associated to the onset of
a commensurate-incommensurate transition (FIM2-ICM) [63, 68].

FIGURE 8.4: Successive magnetic phase transitions in ε-Fe2O3 shown from the temper-
ature evolution of the FC dc M/M300K normalized magnetization curves (red points;
left axis) and the coercive field HC (blue points; right axis). The sketches on top of the
figure illustrate, from right to left, the paramagnetic phase (PM) and the successive soft
(FM1) and ultra-hard (FM2) high-temperature ferrimagnetic orders.
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Although the existence of an incommensurate magnetic phase below 150 K
is well known and has been reported in previous works, its microscopic struc-
ture is still under debate. Different attempts to give an answer to this relevant
question have been carried out by means of different techniques, which include
Mössbauer spectroscopy [63, 153], neutron diffraction [63, 68] and Nuclear For-
ward Scattering (NFS) [76].
In the NPD study carried out by M. Gich et al. [63], it is mentioned that the hel-
ical or spiral magnetic structures (of constant m modulus) that could account
for the narrow Mössbauer lines in the LT phase are inconsistent with the NPD
fits, which were better explained using a collinear magnetic order model with
sinusoidally modulated m amplitudes along the a axis. To make compatible
the Mössbauer and NPD results, they proposed a possible solution consisting
of a square-wave modulated structure (with constant m modulus), i.e. the su-
perposition of a series of sinusoidally modulated structures whose propagation
vectors are the harmonics of kICM. Although neutron diffraction data was thor-
oughly analyzed in Ref. [63], it didn’t accomplish the quality necessary to un-
ambiguously discern between the different proposed models.
On the other hand, Knyazev and co-workers reported that a non-collinear mag-
netic structure with the magnetic spiral as the ground state of the system could
be compatible with the results obtained in a synchrotron NFS study [76]. In that
work, in order to observe any transformation of the magnetic structure during
the magnetic transition, a 4 T magnetic field was applied aimed to align the
magnetic moments in the particles, hence promoting a measurable anisotropic
NFS response. The main weakness of this work lies on assuming that the mag-
netic order is not significantly influenced by an external magnetic field. As it
will demonstrated in this thesis, the ICM order is destroyed as a consequence of
applying relatively low magnetic fields, which could indicate that the conclu-
sions obtained in Ref. [76] are the result of a misinterpretation of the NFS data.
Furthermore, ignoring what has been said, the magnetic properties of those ε-
Fe2O3 nanoparticles could differ from ours due the notably smaller diameter (8
nm, closer to the superparamagnetic limit).

8.4.1 Neutron diffraction study of the incommensurate mag-
netic ground state

A detailed analysis of the ground magnetic order in ε-Fe2O3 using magnetic dif-
fraction is still lacking. In order to fulfill this purpose, we extended our neutron
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FIGURE 8.5: (a) Neutron powder diffraction (NPD) patterns (D1B@ILL, λ=2.52 Å) of
the ε-Fe2O3 nanoparticles measured at 1.5, 75, 100, 115, and 150 K. The vertical dashed
lines indicate the indexing of the most relevant nuclear and magnetic reflections. The
asterisk signals the (012) structural reflection of the secondary α-Fe2O3 phase. (b) Pro-
files and contour map showing the T-Q projection of the temperature dependence for
the neutron-diffracted intensities around the (011) reflection. The neutron intensities
illustrate the emergence of the (0 1±δ 1) satellites characteristic of the ICM phase below
TICM ∼ 150 K with propagation vector kICM = (0, δ, 0).

diffraction study to the low temperature range (T < 150 K) by collecting in the
D1B diffractometer (λ = 2.52 Å) neutron patterns over a wider Q-range than
in previous NPD studies. Fig. 8.5(a) shows the low Q region of the NPD pat-
terns measured at five selected temperatures between 1.5 K and 150 K. From
these measurements, we observe that the intensity of (011), (110), (111) and
(120) commensurate magnetic reflections, characteristic of the super-hard ferri-
magnetic phase (FM2) with null propagation vector, start to decrease, signaling
the onset of the FM2-ICM transition. This agrees with the sharp kink observed
in the M(T) curve at approximately TICM ∼ 150 K (see Fig. 8.4). The reduction
of the commensurate FM2 magnetic peaks is accompained by the emergence of
new satellites near these reflections, which can be indexed with an incommen-
surate propagation vector kICM = (0, δ, 0). The value of the incommensurability
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FIGURE 8.6: Rietveld refinement (black curve) of the D1B neutron diffraction pattern
(red circles) at 1.5 K for different circular spiral configurations (MR = MI): (a) cycloidal
model with spins rotating in the ab plane (Q//c), (b) cycloidal model with spins rotating
in the bc plane (Q//a) and (c) helical model with spins rotating in the ac plane (Q//b).
(Chirality, Q ∼ Si ×Sj) (Right) Projections of the three spiral magnetic orders along 10
successive unit cells along b, the direction of propagation of the spin rotations, defined
by the kICM = (0, δ, 0) wave vector (δ ∼ 0.11 r.l.u.). Fe1d (brown), Fe2d (yellow), Fe3r
(red) and Fe4t (green). The rotation plane of the spiral is indicated for clarity.

at 1.5 K is δ = 0.1091(3) r.l.u. (reciprocal lattice units). The phase transition is
more clearly illustrated from the T-Q contour map in Fig. 8.5(b), which shows
in detail the thermal evolution of the magnetic reflections (011) and (0 1±δ 1).
In addition, the observation of higher order (1 2±δ 0) satellites reasserts the
incommensurate nature of the ground magnetic state.

To fully elucidate the exact incommensurate ground magnetic structure in
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ε-Fe2O3, we have carefully analyzed the neutron diffractogram at the lowest
temperature (1.5 K), where the FM2 ferrimagnetic order has completely trans-
formed and the ICM magnetic order is stable. First of all, we have probed the
agreement of the Rierveld fits using three different circular helimagnetic and
cycloidal structures (with constant m modulus, MR = MI). Remember that as in
similar chiral structures previously studied in this thesis, the incommensurate
magnetic structure can be described as

mlj(k) =MRuj cos 2π (k ·Rl + Φj) +MIvj sin 2π (k ·Rl + Φj) (8.1)

where mlj is the magnetic moment of the atom j in the unit cell l, Rl is the vec-
tor joining the arbitrary origin to the origin of unit cell l, and Φj is a magnetic
phase. uj and vj are the perpendicular unitary vectors defining the spin rota-
tion plane and MR and MI are the amplitudes of the elliptical envelope of the
rotation plane of the moments. In particular, we have tested the three configur-
ations where the chirality vector of the spiral (i.e. the vector perpendicular to
the plane of rotation of the spins, Q = Si × Sj) is parallel to the three crystallo-
graphic directions. For simplicity, in our refinements we have considered that
the symmetry relations between magnetic moments at the four Fe sublattices
in the preceding FM1 phase are preserved in the low temperature magnetic or-
der. The neutron fits are shown in Fig. 8.6(a-c), where projections of the three
magnetic structures embracing 10 unit cells are shown to illustrate the trans-
lational symmetry along the b axis. According to the incommensurability of
the propagation vector (δ ∼ 0.11 r.l.u.), after 1/δ ∼10 unit cells the spins have
roughly completed a full rotation cycle. The refined moments and agreement
parameters corresponding to these fits are summarized in Table 8.2(a-c). Out of
these three chiral order models, the best agreement was found for the cycloidal
case where the rotation plane of the spins (easy plane) lies in the ab plane [the
Q//c case in Tab. 8.2(a)].

Another possible magnetic configuration could be the collinear structure
where the amplitudes of the ordered moments m along the a direction are si-
nusoidally modulated along b. As shown in Table 8.2(d), this model resulted in
significantly better agreement factors than the cyclodal structure. However, the
simple sine wave model yields non-physical magnetic moments in the four Fe
sublattices, clearly above the maximum possible values (5 μB for high-spin Fe3+
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cations). This observation is in agreement with the previous neutron study car-
ried out by M. Gich et al. [63]. In addition, as previously mentioned, the Möss-
bauer components at the ground magnetic order (below ∼90 K) reported in Ref.
[63] display narrow hyperfine field distributions for all the sites, as opposite to
what one would expect in a sine-modulated magnetic structure with a peri-
odicity of ∼10 unit cells, where the amplitude of the moments range between
zero and the maximum amplitude. A square wave collinear model with con-
stant amplitudes arises as an alternative to the spiral and sinusoidal models.

TABLE 8.2: Refined magnetic moments and agreement factors in the ICM magnetic or-
der (1.5 K) using different models. (Upper panel) Chiral magnetic models (spiral order
with constant m modulus, MR = MI) with three different orientations of the rotation
plane of the spins (normal to the chirality Q = Si ×Sj): (a) Q//c, (b) Q//a and (c) Q//b.
(Lower panel) Collinear order models (Q = 0) with spins oriented along the a axis,
where the amplitudes of the moments are described as: (a) a sinusoidally modulated
spin wave (MI = 0) and (b) a square-wave modulated structure with an antitranslation
(1’| 0, 1/2, 0). Colors in magnetic structure projections: Fe1d (brown), Fe2d (yellow),
Fe3r (red) and Fe4t (green), O (dark blue).

CHIRAL MODELS

(Q �= 0, MR = MI)
(a) Q//c (cycloidal) (b) Q//a (cycloidal) (c) Q//b (helical)

Refined
moments

mx[Fe1d] = 3.685 (67) μB/Fe
mx[Fe2d] = -3.685 (67) μB/Fe
mx[Fe3r] = -4.66 (12) μB/Fe
mx[Fe4t] = 4.37 (24) μB/Fe

mx[Fe1d] = 5.84 (12) μB/Fe
mx[Fe2d] = -5.84 (12) μB/Fe
mx[Fe3r] = -6.24 (17) μB/Fe
mx[Fe4t] = 4.89 (30) μB/Fe

mx[Fe1d] = 6.15 (12) μB/Fe
mx[Fe2d] = -6.15 (12) μB/Fe
mx[Fe3r] = -4.81 (13) μB/Fe
mx[Fe4t] = 4.44 (28) μB/Fe

Agreement
factors

χ2 = 2.17
RB = 0.415
Rf = 0.310
Rm = 1.5

χ2 = 9.21
RB = 1.45
Rf = 0.843
Rm = 4.66

χ2 = 9.34
RB = 0.963
Rf = 0.724
Rm = 4.79

Magnetic
structure

COLLINEAR MODELS

(Q = 0) (d) Sinusoidal model (MI = 0) (e) Anti-phase boundary model

Refined
moments

mx[Fe1d] = 5.72 (11) μB/Fe
mx[Fe2d] = -5.72 (11) μB/Fe
mx[Fe3r] = -6.71 (18) μB/Fe
mx[Fe4t] = 6.20 (31) μB/Fe

mx[Fe1d] = 4.410 (93) μB/Fe
mx[Fe2d] = -4.410 (93) μB/Fe
mx[Fe3r] = -4.718 (92) μB/Fe
mx[Fe4t] = 4.702 (98) μB/Fe

Agreement
factors

χ2 = 2.04
RB = 0.356
Rf = 0.271
Rm = 0.973

χ2 = 3.68
RB = 0.716
Rf = 0.455
Rm = 2.55

Magnetic
structure
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FIGURE 8.7: (a) Refinement (black curve) of the diffracted neutron intensities at 1.5 K
(red circles) using a model for the ICM order based on magnetic anti-phase boundaries
(APB). (b) Schematic view of the collinear magnetic ordering, where the magnetic unit
cell (bM ≈ 8.75 nm long) consists of an antitranslation (1’| 0, 1/2, 0) of five successive
unit cells along b. (c) Real scale illustration of the AP magnetic domains within a ε-
Fe2O3 nanoparticle (∼20 nm in diameter). Vertical dashed lines (in red) indicate the
magnetic anti-phase boundaries (APB) separating the AP magnetic domains.

In this work I have proved that the magnetic intensities in the NPD patterns at
1.5 K are perfectly compatible with this model. Fig. 8.7(a) shows the Rietveld
fit, for which a magnetic cell of dimensions a0 × 5b0 × c0 [with a0 = 5.0744 (3)
Å, b0 = 8.7748 (4) Å, c0 = 9.4629 (3) Å] was defined, containing in total 80 Fe
atoms1 with collinear moments laying along the a axis as in the commensurate
ferrimagnetic phase (FM2). The successive anti-phase (AP) magnetic domains
along b are generated by approximately an antitranslation symmetry operation
(1’| 0, 1/2, 0), which leads to the 10 unit cell periodicity of the ICM magnetic
order [see Fig. 8.7(b)]. The results of the fit are summarized in Table 8.2(e).
In contrast with the sine wave model, the square wave model approach led
to physically consistent magnetic moments: mx[Fe1d]=-mx[Fe2d] = 4.410 (93)
μB/Fe, mx[Fe3r] = -4.718 (92) μB/Fe and mx[Fe4t] = 4.702 (98) μB/Fe.

Bearing in mind that the size of the ε-Fe2O3 nanoparticles studied was ∼20

1Each one of the four Fei sublattices generates 20 positions in that cell due to the Pna21
space group of the structure, which has a single Wyckoff position of fourfold symmetry.
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nm (determined by TEM), it is interesting to notice that the length of the mag-
netic cell (bM = 10b0 = 8.75 nm) would only allow to accomodate up to approx-
imately four magnetic antiphase (AP) domains. This is illustrated in Fig. 8.7(c),
where a possible distribution of the AP magnetic domains is shown in an over-
simplified way to give a better appreciation of the magnetic periodicity in rela-
tion with the size of the monocrystalline nanoparticles. In this figure the mag-
netic anti-phase boundaries (APB) separating the AP magnetic domains are in-
dicated by the vertical dashed lines (in red), although its real distribution might
entail more complexity.

Besides the NPD results, there are strong arguments in favour of postulat-
ing this model as a most ptobable candidate for the ground magnetic order of
ε-Fe2O3. On the one hand, a ground magnetic phase preserving the collinear
arrangement of the AF2 phase seems more consistent than a non-collinear or-
der given the strong magnetic anisotropy of the system. On the other hand, it
allows to understand the AF2-ICM magnetic transition in terms of formation
of anti-phase "defects". In this respect, the unstability region observed between
150 K and 90 K, before the ground magnetic order is stabilized, could be re-
lated to the formation and/or redistribution of such magnetic AP boundaries.
According to the Mössbauer study in [63], the sextet linewidth broadening in
the the spectra in this temperature range seems to indicate the appearance of
some disorder at the different crystallographic sites. Moreover, the AF2-ICM
transition (i.e. the capability of the system to minimize its energy by creating
anti-phase magnetic domains) is probably triggered by the underlying collapse
of the orbital moment of some Fe atoms in the same temperature range, re-
ported in Ref. [71] from synchrotron XMCD measurements. As we will see in
the next chapter, the existence of a sizeable nonzero orbital moment above 150
K is thought to be at the origin of the huge magnetic coercivity and magneto-
crystalline anisotropy in ε-Fe2O3, as the switching of the magnetization could
necessarily involve atomic shifts in virtue of the spin-orbit coupling.

8.5 Summary

Summarizing, in the preceding sections we have investigated the complex mag-
netism in ε-Fe2O3 in the high- and low- temperature ranges beyond the super-
hard ferrimagnetic order. Contrary to the scenario proposed in the literature,
magnetic order in this magnetoelectric Iron (III) polymorph does not disap-
pear at the super-hard-ferrimagnetic transition near 480 K. We have shown that
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a second ferrimagnetic phase (FM1) persists up to much higher temperatures
(near 850 K). The super-hard ferrimagnetic FM2 phase (holding giant coerciv-
ity) is transformed to a different ferrimagnet state, FM1, with a much smaller
ferromagnetic component and coercivity. Both magnetic orders adopt the mag-
netic space group Pna′2′1 (n. 33.147), where the main difference between them
is the disruption of the magnetic order associated to the Fe3r and Fe4t magnetic
atoms. Above 480 K, the iron spins at the sublattices that occupy the regu-
lar octahedra Fe3O6 and Fe4O4 tetrahedra can hardly keep their antiparallel
magnetizations and become rapidly disordered. Consequently, the spontan-
eous FM magnetization that was sustained by the different magnetic moments
in these antiparallel sublattices in FM2 quickly vanishes in FM1. Thus, the small
FM component persisting up to TN1 ≈ 850 K results from a slightly dissimilar
magnetization at the antiparallel Fe1d and Fe2d sublattices. Hence, we have
demonstrated that the ferrimagnetic-paramagnetic phase boundary in ε-Fe2O3

is TN1 ∼ 850 K. This temperature is similar to the Curie point in other iron ox-
ides, confirming comparable magnetic coupling strengths. This may open the
door to further expand the working range of this multifunctional iron oxide. In
fact, these new findings may be an indication that the presumed multiferrroic
properties of ε-Fe2O3 at room temperature actually could persist and extend
also into the new ferrimagnetic FM1 phase.

On the other hand, we have also revisited the magnetic order emerging be-
low the super-hard FM2 phase by means of high-resolution neutron diffraction,
verifying the emergence of magnetic satellites around the different commen-
surate magnetic reflections below the expected temperature (TICM ∼ 150 K).
The incommensurate reflections are successfully indexed using a wave vector
kICM = (0, δ, 0), with δ ≈ 0.11 r.l.u at 1.5 K. The comparative analysis of the
neutron diffraction data in the ground magnetic state of ε-Fe2O3, conducted
using different chiral and collinear models, confirms that the magnetic intensit-
ies are compatible with a magnetic ordering with periodic anti-phase domains.
The stabilization of this magnetic order is subsequent to the collapse of the or-
bital moment in Fe atoms within the 85-150 K interval, and is probably linked
to some magnetostructural effects during the wide FM2-ICM transition under
cooling. Very likely some local structural changes persist into the ICM phase.
They are very likely associated to the narrow regions separating two antiphase
magnetic domains. Indeed, I expect that, locally, an inversion center could de-
velop at the APBs. Hence the local symmetry of Fe atoms (particularly the Fe4t)
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that are in the APBs would differ from the known symmetry inside each AP do-
main (Pna′2′1).



Chapter 9
Understanding the magnetostructural

properties of ε-Fe2O3

9.1 Introduction

The Pna21 structure of ε-Fe2O3 is geometrically frustrated, and exhibits mag-
netically frustrated triangular exchange paths. A key feature is the spin frustra-
tion between tetrahedral-site Fe4t spins that can have a strong effect on the
magnetic order. The transformation between the high temperature and the
low temperature ICM magnetic structures, which is accompanied by a mag-
netic softening, has been attributed to second order lattice distortions involving
changes in the coordination of some of the Fe sites, leading to a weakening of
the spin-orbit interactions [71]. The nonzero orbital moment in ε-Fe2O3 is pre-
sumed to result from Fe 3d-O 2p mixing and O 2p to Fe 3d charge transfer in the
strongly distorted Fe3+ coordination polyhedra [71, 77]. However, the mech-
anisms that trigger the high-temperature ferrimagnetic transition studied and
described in the previous chapter have not yet been deciphered.
Regarding the room temperature multiferroicity of ε-Fe2O3, the origin of its fer-
roelectricity is still uncertain, as well as the microscopic basis of the exceptional
super-hard ferrimagnetic properties or the mechanism to explain the reported
switching of the ferroelectric polarization, which are all being subject of debate.
So far, in absence of single-crystals, experiments have confirmed reversible fer-
roelectric switching at room temperature only in films [72]. Using in situ scan-
ning transmission electron microscopy (STEM) on ε-Fe2O3 films, partial switch-
ing of the domains was observed at small electric fields, disclosing that inside
domain walls the real structure is close to the nonpolar Pbcn symmetry [73] [see
Fig. 9.1].
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FIGURE 9.1: The ferroelectric domain structure in ε-Fe2O3. (a) Scanning transmission
electron microscopy (STEM) images along the [100] zone axis of the ε-Fe2O3 film show-
ing a smile (upper panel) and cry (lower panel) alignment of the Fe2 and Fe3 ions. The
corresponding structural models are shown on the right. (b) Image of two polar do-
mains (yellow and blue areas) separated by a non-polar boundary (grey area). Figure
obtained from Ref. [73].

The results presented in this chapter will gather several clues that point
very clearly to a magnetostriction-based mechanism as the responsible for the
huge coercivity in the super-hard phase of ε-Fe2O3. Using synchrotron X-rays
(SXRPD) we have observed and identified outstanding subtle atomic shifts across
the hard/soft (FM2/FM1) ferrimagnetic transition at 500 K, which are coupled
to changes in some frustrated Fe-O-Fe magnetic bonds. Additionally, a NPD
study under magnetic fields on the super-hard and the incommensurate mag-
netic order gives further insight on the possible magnetostrictive mechanisms
behind the unconventional properties of this exceptional Iron(III) polymorph.

9.2 Experimental methods
• Synchrotron and neutron diffraction: Synchrotron X-ray powder diffraction

patterns (SXRPD) were collected at the BL04-MSPD beamline [107] of the ALBA
Synchrotron Light Facility (Barcelona, Spain) using λ = 0.41284(6) Å in the tem-
perature range between 100 K and 925 K. Above 300 K the sample was heated
at a rate of 3 K/min using a Cyberstar-FMB Oxford hot air blower with acquis-
ition times of 100 s per pattern. Below 300 K the heating rate (using an Oxford
Cryostream) was 5 K/min, with an acquisition time of 50 s per pattern. Patterns
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were continuously recorded by the MYTHEN position sensitive detector while
warming the sample. Structural Rietveld refinements of the SXRPD were car-
ried out using the sequential refinement tool implemented in the Fullprof set of
programs [97].

• Neutron powder diffraction under magnetic field: The neutron powder dif-
fraction (NPD) study under magnetic fields was carried out at the high-flux re-
actor of the Institut Laue Langevin (Grenoble, France), using the high-intensity,
high-resolution two-axis D20 diffractometer. Measurements were made on ε-
Fe2O3 samples between 10 K and 300 K using a cryomagnet providing mag-
netic fields up to 6 T. A wavelength 1.54 and 2.41 Å were employed, the former
providing excellent resolution of the magnetic reflections at low q, and the latter
a wider q-range for structural study. For the isothermal H-field loops, 40 min
patterns were collected at different magnetic field values using the scanning
detector mode, in which a total of 40 patterns of 60 sec collected along a Theta-
scan (-8<θ0<-6, step 0.05◦) were merged for signal-to-noise ratio enhancement.
In the case of variable-temperature measurements, 10 min simple acquisitions
using the fixed detector mode were collected in dynamic mode by means of
temperature ramps with heating rates of 0.75 K/min.
Due to the nanoparticle powder nature of the samples, it was necessary to over-
come the possible appearance of preferred orientation caused by the reorient-
ation of the powder grains under the application of magnetic fields. It is very
important to avoid this effect in order to obtain reliable data from which we
aim detecting magnetostrictive effects by Rietveld refinement of the nuclear in-
tensities. With this purpose, for the measurements within the low temperature
range (10 K to 130 K), the ε-Fe2O3 sample was immersed into deuterated iso-
propanol (2-Propanol-d8 99.5 atom % D, Sigma-Aldrich) which was frozen on
cooling, in order to prevent reorientation of the nanoparticles under the ap-
plication of magnetic fields. To avoid crystallization of the isopropanol, which
freezes around T ∼ 115 K in a glassy state, the liquid solution was loaded into
a cylindrical vanadium holder, mounted on the stick, and rapidly cooled at
zero field inside the cryomagnet. For the measurements at temperatures above
the freezing point of deuterated isopropanol, we prepared a second sample in
which the ε-Fe2O3 nanoparticles were embedded in an amorphous silica mat-
rix. In this sample, each grain contains hundreds of randomly oriented ε-Fe2O3

nanoparticles, thus reducing a lot the possibility of preferred orientation effects
due to magnetic field application. Additionally, a cadmium cylinder (opaque
to neutrons) was used to keep the powder tight inside the vanadium container.
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9.3 Structural characterization: the non-centro-

symmetric Pna21 structure

First it is worth emphasizing that the orthorhombic Pna21 structure was stable
up to the highest temperature reached (923 K). Namely, no transition to other
more stable iron oxides (e.g., α-Fe2O3 or γ-Fe2O3) has been observed up to that
temperature. The structural parameters of ε-Fe2O3 and agreement factors from
the refinement of SXRPD patterns obtained at 305 K and 510 K can be seen in
Table 9.1. Figure 9.2(a) displays a projection of the ε-Fe2O3 non-centrosymmetric
Pna21 structure, composed of four different Fe sites in the asymmetrical unit
cell, three octahedral and one tetrahedral environments. The coordination oc-
tahedra Fe1O6 and Fe2O6 are largely distorted, Fe3O6 is a regular octahedron
and Fe4O4 is the tetrahedron. For clarity we will use the Fe1d, Fe2d, Fe3r, Fe4t
atomic labels where "d", "r" and "t" refer to "distorted", "regular" and "tetrahedral"
polyhedral coordination, respectively.

The presence of very minority impurities was carefully explored by a de-
tailed examination of high intensity synchrotron patterns. We detected a 2.3(9)
% in weight of α-Fe2O3 (hematite) as impurity phase in our nanograin ceramic
samples of ε-Fe2O3 [corresponding to the bottom row of bars in the refined
synchrotron pattern shown in Fig. 9.2(b)]. This corresponds to a 0.7 wt.% in the
SiO2/Fe2O3 composite used for magnetic measurements.

FIGURE 9.2: (a) Crystallographic projection of ε-Fe2O3. The four crystallographically
independent Fe sites are shown with different colors in the structure (Fe1, brown; Fe2,
yellow; Fe3, red; Fe4, green). O atoms are represented in dark blue. (b) Rietveld refine-
ment (black solid line) of the synchrotron X-ray pattern of ε-Fe2O3 collected at 300 K
(red circles: experimental points; bottom blue line: difference). The top row of bars (in
red) corresponds to ε-Fe2O3, while the bottom row (in blue) is for hematite (α-Fe2O3,
2.3(9) % weight). The inset shows an enlarged view of the high-angle region.
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TABLE 9.1: Lattice parameters and atomic coordinates ε-Fe2O3 obtained from SXRPD
at 300 K and 510 K using the Pna21 space group.

T=300 K T=510 K
Atom x/a y/b z/c Atom x/a y/b z/c

Fe1 0.1947 (5) 0.1497 (3) 0.5806 (2) Fe1 0.1928 (6) 0.1499 (4) 0.5813 (2)
Fe2 0.6828 (3) 0.0323 (2) 0.7921 (3) Fe2 0.6823 (4) 0.0314 (2) 0.7918 (3)
Fe3 0.8083 (3) 0.1592 (2) 0.3062 (2) Fe3 0.8105 (4) 0.1583 (2) 0.3079 (2)
Fe4 0.1816 (5) 0.1538 (3) 0 Fe4 0.1819 (6) 0.1542 (4) 0
O1 0.9754 (13) 0.3276 (5) 0.4340 (5) O1 0.9739 (14) 0.3281 (6) 0.4345 (6)
O2 0.5112 (13) 0.4933 (8) 0.4187 (9) O2 0.5030 (14) 0.4907 (9) 0.4227 (13)
O3 0.6537 (15) 1.0011 (7) 0.1895 (5) O3 0.6533 (18) 0.9990 (8) 0.1859 (5)
O4 0.1624 (14) 0.1622 (8) 0.1956 (4) O4 0.1614 (16) 0.1608 (8) 0.1959 (4)
O5 0.8449 (15) 0.1657 (8) 0.6680 (5) O5 0.8450 (17) 0.1669 (10) 0.6698 (5)
O6 0.5286 (13) 0.1590 (9) 0.9375 (6) O6 0.5386 (14) 0.1654 (10) 0.9366 (7)

a = 5.0967(2) b = 8.7953(3) c = 9.4770(3) a = 5.1133(2) b = 8.8163(4) c = 9.4822(4)

Agreement factors for SXRPD pattern at 300 K (510 K): RB = 1.35 (1.31), Rf = 1.04 (1.01), Rm = 4.45 (4.48), χ2

= 4.6 (4.8).

9.4 Magneto-structural coupling at the ferrimag-

netic transitions: synchrotron X-ray diffraction

study

Magnetic ordering at high temperatures in ε-Fe2O3 concurs with significant
magnetostructural and thermal expansion anomalies, as shown by the evol-
ution of the orthorhombic cell obtained from SXRPD (Fig. 9.3). The cell volume
reveals an abrupt contraction (≈-0.1 %) at about 500 K upon cooling from high
temperature [Fig. 9.3(a)] with the appearance of the super-hard FM2 phase.
The anomaly is also visible in the evolution of all three a(T), b(T) and c(T) cell
parameters [Fig. 9.3(b)]: a and b abruptly contract and c expands when Fe3r
and Fe4t spins become long-range ordered (TN2).

In Fig. 9.3(c) we plot the linear thermal expansion coefficients αi, deduced
from li(T) as αi=1/li0×dli/dT (li: a, b, c), where li0 is the value of the li parameter
(size of the unit cell along i: a, b, c) at 305 K. No change in the crystal system
is observed in the range of temperatures studied. Solid curves are fits of the
function l(T) = A+BΘcoth(Θs/T), where A and B are coefficients of the fit and
Θs is a saturation temperature that results in zero slope as T→0 K. Θs was set at
300 K to give flattening of the curves below ∼150 K. The function was fitted to
data in the interval 598–803 K, well above TN1, and extrapolated to the whole
temperature range to make clear the deviations from the expected evolution.

Interestingly, there are anomalous contributions to the lattice evolution
which are concurrent with the magnetic transitions. On the one hand, the most
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FIGURE 9.3: (a) Evolution of the unit-cell volume along the transition from the soft
FM1 phase to the ultra-hard FM2 ferrimagnetic phase on cooling below ∼500 K. The
evolution of the magnetic coercivity HC is also plotted (right axis). (b) Temperature
dependence of the orthorhombic cell parameters in the 100-925 K range showing mag-
netostructural anomalies associated to the emergence of the FM1 and FM2 ferrimag-
netic orders. The solid curves (in red) are baselines obtained by fitting the coth func-
tion, l(T) = A + BΘscoth(Θs/T), to data between 598 k and 803 K, with the value of
s fixed at 300 K. (c) The linear thermal expansion coefficient αi (i = a, b and c) derived
from SXRPD data and li(T) as αi=1/li0 × dli/dT . The temperature dependence of the
coefficients αa(T), αb(T) and αc(T) are shown on the top, middle and bottom panels,
respectively.

prominent exchange-striction effects come up accompanying the hard/soft fer-
rimagnetic phase boundary [see the evolution of HC in Fig. 9.3(a)]. The strength
of magnetostructural coupling associated with the ordering transition at TN2 ≈
500 K is strongly anisotropic in a manner that it is close to uniaxial, i.e. elong-
ation along the crystallographic c-direction with more or less uniform contrac-
tion in the ab-plane. The largest contraction occurs along the a-direction, i.e.
the magnetic easy axis along which the magnetic moment at Fe3r and Fe4t sites
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become ordered upon cooling. Similarly, the evolution of αb(T) in Fig. 9.3(c)
also shows a significant anomaly in the range 700-825 K which could be caused
by the appearance of magnetic order at Fe1d and Fe2d sites in the FM1 phase,
which is in concordance with the small deviation observed in b(T) near ∼800
K [Fig. 9.3(b)]. Note that the exchange-striction effect at TN1 provides further
evidence that the magnetic properties between 480 K and 850 K do not origin-
ate from impurities, but from the FM1 phase of ε-Fe2O3. In this way, although
both ferrimagnetic phases exhibit the same magnetic space group [Pna′2′1 (n.
33.147)] and moment orientation (parallel to a), the observed magnetostruc-
tural response is very different in both transitions. The origin of these differ-
ences should correlate with the dissimilar character of each of the phases (i.e.,
fully ordered FM2 vs partially frustrated FM1). Finally, there is no obvious an-
omalous lattice evolution nor break in any of the the αi slopes within ∼100-150
K, where the AF2-ICM magnetic transition occurs.

9.4.1 Evolution of the interatomic distances along the suc-
cessive ferrimagnetic orderings in ε-Fe2O3

Besides the relevant exchange-striction effects above described, originated by
the ordering of the Fe3r and Fe4t sublattices which leads to a the highly an-
isotropic ultra-hard ferrimagnetic phase, the evolution of the cell parameters
don’t tell much about the possible existence of underlying variations in the in-
teratomic distances and bond angles. Hence, the X-ray diffraction data was
thoroughly analyzed so as to obtain the evolution of the atomic positions in the
coordination polyhedra around Fe3+ sites.

In view of the difficulty entailed by the complexity of the ε-Fe2O3 structure,
a great deal of effort was done to obtain reliable results. The required accuracy
was accomplished thanks to the outstanding quality of the SXRPD data collec-
ted at the MSPD beamline of the Alba synchrotron and the quality and purity of
the ε-Fe2O3 sample studied, which allowed to detect tiny varitions with a resol-
ution down to ∼0.01 Å. The Rietveld analysis of the thermodiffractometry data,
carried out using the FullProf suite [97], allowed to determine the evolution of
the coordinates for the atoms sitting at the 10 nonequivalent fourfold symmetry
Wycoff positions (4 occupied by iron and 6 by the oxygen anions). For each of
the approximately 180 patterns analyzed, the refinements of the structural para-
meters (30 independent atomic coordinates and the atomic displacement para-
meters) converged to a unequivocally to a unique solution. Fig. 9.4(a) shows
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FIGURE 9.4: Temperature dependence of the coordination polyhedra around the four
nonequivalent Fe3+ sites in the ε-Fe2O3 structure (Fe1d, brown; Fe2d, yellow; Fe3r,
red; Fe4t, green) along the transition from the soft FM1 phase to the ultra-hard FM2
ferrimagnetic phase. (a) Contraction upon cooling of the different FeOn polyhedra
parametrized by the 〈Fe−O〉 average interatomic distance (left panel) and the volume
of the polyhedra (right panel). (b) Evolution of the polyhedral distortion Δ, calculated
according to its definition in Eq. (9.1) for the strongly distorted octahedra around Fe1d
and Fe2d (left panel) and for the regular coordinarions surrounding Fe3r and Fe4t.

the overall thermal evolution of the four FeOn coordinated polyhedra around
the four nonequivalent Fe sites, parametrized by the average 〈Fe−O〉 bond
length between the oxygens and the central Fe3+ cations and by the volume
enclosed by the polyhedra, obtained from the refined atomic coordinates. The



Chapter 9. Understanding the magnetostructural properties of ε-Fe2O3 281

evolution of these two parameters disclose that while in the three octahedrally
coordinated sites (Fe1O6, Fe2O6 and Fe3O6) the oxygens tend to get closer to
the central metal under cooling, the average size of the lower coordination one
(Fe4O4) remains nearly constant. This is not surprising considering that the
Coulomb interactions are stronger in the lower coordination tetrahedron due to
its remarkably shorter Fe-O distaces. Moreover, the average octahedra contrac-
tions are not monotonous. Anomalies observed in the evolution of the average
〈Fe−O〉 distance and the polyhedra volumes can be clearly identified in the
range of temperatures where the ordering of magnetic moments at the F3r and
Fe4t sites gives way to the super-hard ferrimagnetic regime (FM2). Another
indicator of the occurring structural changes is the distortion Δ of the FeOn

polyhedra shown in Fig. 9.4(a), which is defined as:

Δ =

√∑n
i=1 (di − 〈d〉)2

〈d〉 (9.1)

where 〈d〉 = (
∑n

i=1 di)/n is the average 〈Fe−O〉 distance. A distortion Δ = 0

would correspond to a regular polyhedron, and larger values indicate larger
deviation from the regular case. Interestingly, the two strongly distorted Fe1d
and Fe2d octahedra display opposite evolutions of Δ, which nearly stabilize
under cooling below TN2 ∼ 450 K, where the their distortion become similar.
The low distortion value in the Fe3r octahedra increases constantly along the
whole temperature range. For the Fe4t tetrahedra the distortion remains always
very close to zero displaying small variations.

Figure 9.5 shows the evolution of the nearest Fe-O bond lengths at the four
Fe sublattices where the atomic displacements are evident near TN2 ≈ 500 K.
The largest and the shortest Fe-O distances are both found in the Fe2dO6 oc-
tahedra, which as seen in Fig. 9.4(b) presents the largest distortion among the
four Fe sites. In a first principles theoretical analysis of the electronic structure
of ε-Fe2O3, Yoshikiyo et al. [77] proposed that one of the possible origins of the
huge coercive field could be the spin-orbit interaction arising from the single-
ion magnetocrystalline anisotropy. From the calculations it was proposed that
nonzero orbital angular momentum L could originate from a Fe3d-O2p hybrid-
ization between Fe and O. However, the Fe2-O5 and Fe4-O5 distances, corres-
ponding to oxygen atoms with closest proximity to Fe3+, increase across the
magnetic transition, while atomic shifts with the opposite tendency would be
expected if the large coercivity arised only as a consequence of an electron trans-
fer between Fe and O.



282 Chapter 9. Understanding the magnetostructural properties of ε-Fe2O3

FIGURE 9.5: Evolution as a function of the temperature of the individual Fe-O bond
lengths plotted separate panels for the four FeOn polyhedra in ε-Fe2O3. Vertical dashed
lines indicate the AF1-AF2 and the AF2-ICM magnetic transitions at TN2 ≈ 500 K and
TICM ≈ 150 K, respectively.

In order to explore other possibilities related to the structural evolution,
we have calculated the bond angles and distances for some selected Fe-O-Fe
superexchange paths. However, the low symmetry of the ε−Fe2O3 structure
makes the spin interactions rather complicated. Considering only the Nearest
Neighbors between Fe-Fe pairs involving Fe-O bond lengths that do not ex-
ceed 2.4 Å, the Ji superexchange interactions involve 57 Fe-O-Fe paths. The
magnitudes of all of the superexchange interactions were studied by means of
density-functional-theory (DFT) calculations in Ref. [154], where it was found
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FIGURE 9.6: (a) Scheme of the strongest AFM spin superexchange interactions in ε-
Fe2O3. Intra-layer and inter-layer interactions are shown in black and red, respectively.
The strong J5 interaction is the origin of spin frustration in the J5, J8, and J9 triangle
involving the regular Fe3r and Fe4t sites. Figure adapted from Ref. [154]. (b) Projection
of the Pna21 structure showing the Fe-O-Fe superexchange paths studied at the J5, J8
and J9 frustrated triangle. (c-e) Evolution of the Fe-O bond lengths (left axis) and the
Fe-O-Fe bond angles (right axis) for the J5, J8 and J9 AFM couplings, calculated from
the refined atomic coordinates as a function of the temperature. (f) Evolution of the J5
coupling parameter in the strong J5: Fe4-O6-Fe4’ superexchange path, calculated from
the refined bond angle θ5 using Eq. (9.2).

that all of them are of the AFM nature. A diagram showing the most relevant
the super-exchange interactions between Fe-Fe pairs is shown in Fig. 9.5(a),
where the inter-layer J8 to J21 are indicated by red arrows and J5, J6 intra-layer
couplings are shown in black. From the calculations in [154], the following
issues are specially relevant for our discussion: (i) the intra-layer exchange in-
teractions are weaker than the inter-layer exchange interactions, meaning that
the magnetic structure is mainly determined and might be disturbed by the lat-
ter. (ii) The strongest intra-sheet interaction is found between the tetrahedral
Fe4-Fe4 sites within sheet I (J5: Fe4-O6-Fe4’), which is smaller but still not neg-
ligible when compared with the strongest inter-sheet interaction (J11: Fe1-O5-
Fe2) between layers I-II. (iii) A strong spin frustration arises as a consequence
of the strong intra-layer Fe4-Fe4 exchange interaction (J5), which can be easily



284 Chapter 9. Understanding the magnetostructural properties of ε-Fe2O3

seen from the frustrated triangle composed by the AFM J5, J8, and J9 interac-
tions in Fig. 9.5(a).

With these considerations, we are now ready to discuss the possible effects
of the structural evolution on the magnetic order through the evolution of the
superexchange Fe-O-Fe paths. In particular, we have analyzed the evolution
of the bond angles and distances in the frustrated J5, J8, and J9 triangle [il-
lustrated in Fig. 9.5(b)]. The temperature evolution of the corresponding Fe-O
bond lengths and Fe-O-Fe bond angles are plotted in Figs. 9.5(c-e). The super-
exchange interactions between d5 orbitals of Fe3+ in the frustrated triangle are
interpretated according to the by the Goodenough-Kanamori-Anderson (GKA)
rules [134][135][136], which determines its sign and strength. For Fe3+-O-Fe3+

bonds the coupling is AFM for both the 90◦ and 180◦ bond angles. As pre-
viously reported [150, 155], the strength of the Ji superexchange interactions
depends on the Fe–O–Fe bond angle (θi) according to the following formula:

Ji(θ) = J90◦sin
2θi + J180◦cos

2θi (9.2)

where the parameters J90◦ and J180◦ are specific of the bonding characteristics.
Fig. 9.5(f) shows the evolution of the J5 coupling parameter calculated from
the refined Fe-O-Fe angle (θ5) using Eq. (9.2). We used J90◦ ≈ 0.75 meV and
J180◦ ≈ 14.0 meV, obtained from DFT based calculations in Ref. [156]. It should
be mentioned that the evolution of J5 in Fig. 9.5(f) is an approximation and
reflects only the effect of bond angle variations. The J90◦ and J180◦ parameters
depend not only on the Fe–O–Fe bond angle, but also on the Fe-O bond lengths
in tetrahedral coordination.

On cooling, the evolution of J5 indicates an abrupt decrease in the strength
of the magnetic coupling between the two tetrahedral Fe4-Fe4 pairs, starting at
approximately TN2 ∼ 500 K. Furthermore, this weakening of J5 is accompanied
by a strengthening of both the J8 and J9 couplings, as it can be deduced from

TABLE 9.2: Fe-O-Fe bond angle (Θ) and Fe-O distances (d1 and d2) for the J5, J8 and J9
superexchange couplings in the frustrating triangle, obtained from the refined atomic
coordinates at 300 K (AF2) and 510 K (AF1).

T=300 K T=500 K

Fe-O-Fe path d1 (Å) d2 (Å) θi (deg) d1 (Å) d2 (Å) θi (deg)
J5: Fe4-O6-Fe4’ 1.872 (1) 1.843 (1) 111.6 (1) 1.867 (1) 1.841 (1) 112.3 (1)
J8: Fe3-O4’-Fe4’ 2.053 (1) 1.857 (1) 121.5 (1) 2.066 (1) 1.870 (1) 121.1 (1)
J9: Fe3-O4-Fe4 1.857 (1) 2.053 (1) 125.2 (1) 1.870 (1) 2.066 (1) 124.7 (1)
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the increase of their bond angles (θ8 and θ9) and the reduction of the corres-
ponding Fe-O interatomic distances [see Fig. 9.5(c-d)]. Table 9.2 summarizes
the values of the Fe-O-Fe bond angles and interatomic distances for J5, J8 and
J9 and its comparison between 510 K (AF1) and 300 K (AF2). The small struc-
tural variations observed have a great relevance on the magnetic ordering of
the frustrated Fe3 and Fe4 sites.

Summarizing, the ordering of the Fe3r and Fe4t magnetic moments in the
AF1-AF2 transition is compatible with the variations observed in the magnetic
couplings of the J5, J8, and J9 triangle, which undergoes a relaxation of the spin
magnetic frustration due to the structural evolution affecting mainly the spins
at the Fe3 and Fe4 sublattices.

9.5 Neutron investigation of the magnetostructural

response of ε-Fe2O3 under magnetic field

9.5.1 Magnetostrictive effects under magnetic field at the
ultra-hard ferrimagnetic order

As seen in previous sections of this chapter, the magnetostrictive mechanisms
play an undeniable role on the emergence and properties of the high temperat-
ure ferrimagnetic phases in ε-Fe2O3, as well as on its outstanding magnetocrys-
talline anisotropy. In order to gain insight on the possible magneto-structural
mechanism that gives rise to the unique super-hard phase (FM2) in this exotic
trivalent iron oxide, neutron diffraction measurements were conducted at the
high-intensity D20 diffractometer using a cryomagnet allowing to apply fields
up to 5 T. For this, several NPD patterns were collected at 300 K between 0 and 5
T with a step of 0.5 T between them. The refinement of the CM magnetic reflec-
tions in the neutron patterns showed a nearly constant increase of the average
moments at the different collinear Fe sublattices [see Fig. 9.7(a)]. The absence
of strong anomalies in the evolution of the magnetic intensities and refined mo-
ments are compatible with an inversion of the direction of the collinear spins,
which are oriented along a direction, as the neutron intensities resulting from
these two magnetic order states would be undistinguishable to our unpolar-
ized NPD. However, the Rietveld analysis of the nuclear intensities are rather
appealing. The evolution of the average 〈Fe−O〉 average interatomic distance
and the Δ distortion at the four nonequivalent coordinated FeOn sites shown
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FIGURE 9.7: Magnetic field dependence of different magnetic and structural paramet-
ers at the super-hard AF2 phase obtained from NPD fits (D20@ILL, λ = 1.54 Å) at 300
K. (a) Evolution of the average ordered magnetic moment at the Fe sites. (b-c) Variation
of the 〈Fe−O〉 average interatomic distance and distortion Δ at the different Fe3+ co-
ordination polyhedra.

in Figs. 9.7(b-c) evidence the existence of atomic shifts under magnetic field
that can give insights on the origin of the huge coercive field of the super-hard
phase.
Although this investigation is still ongoing and measurements along complete
[-H,H] cycles are required to fully characterize the mechanism behind the fer-
rimagnetic swithching, the results presented in this section are in the line of a
magnetostriction-based mechanism, where the huge coercivity (20 kOe at RT)
result from the necessary field to provoke subtle atomic shifts able to release
some Fe-O-Fe exchange couplings in the frustrated structure during the mag-
netization switching, allowing finally the propagation of the reverse magnetiz-
ation state.

9.5.2 Suppression of the ICM magnetic order under mag-
netic field

The magnetic response of the low temperature ICM magnetic order to external
magnetic fields has also been been investigated. To the date, nothing is known
about the effect of magnetic fields on the this phase beyond the bulk magnetic
characterization, which revealed a critical reduction of the large coercivity at
the FM2 ferrimagnetic from 20 kOe to 0.8 kOe, and of the remnant and the sat-
uration magnetization [see Fig. 8.4 in Chapter 8]. To better understand this
behaviour, isothermal NPD measurements were carried out up to 5 T at differ-
ent temperatures below TN2 ∼ 150 K. Measurements were performed at 10 K,
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FIGURE 9.8: Neutron diffraction under magnetic fields on ε-Fe2O3 nanoparticles
(D20@ILL, λ = 1.54 Å). 2D Q-H projections and contour maps showing the isothermal
magnetic field dependence (up to 5 T) of the neutron-diffracted intensities around the
(1 2 0) magnetic reflection, measured at (a) 20 K and (b) 55 K, both below TICM ≈ 150
K. The intensity of the (1 2±δ 0) magnetic satellites is transferred to the CM (1 2 0)
satellites due to the suppression of the ICM phase at rather low magnetic fields. (c)
Field dependence of magnetic phase fractions of the ICM and the field-induced CM
magnetic phases, obtained by fitting the magnetic reflections associated to its respect-
ive propagation vectors, kICM = (0,δ,0) (blue squares) and kCM = (0,0,0) (red triangles).

20 K, 55 K and 75 K after cooling the sample in zero field.
The neutrons revealed that under applied magnetic fields ranging from 0 T to
1 T, the low temperature magnetic order [with magnetic propagation vector
kICM = (0,δ,0)] undergoes an incommensurate-to-commensurate transition, as
it can be observed from the Q-H contour maps of the magnetic intensities at
20 K and 55 K, plotted in Figs. 9.8(a-b). The evolution of the (1 2±δ 0) peaks
illustrate a strong reduction of the ICM satellites, indicating that the ICM order
is suppressed in favour of a field-induced CM magnetic order with the same
propagation vector as that of the high temperature ferrimagnetic phases. It
should be noticed that for none of the temperatures the total transformation of
the ICM into CM magnetic order is achieved at the maximum magnetic field
applied (5 T), as reflected by the refined magnetic phase fractions plotted in
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Fig. 9.8(c). Likely, the coexistence of CM and ICM magnetic domains could be
attributed to the magnetic anisotropy of the ICM order. Since we have a ran-
dom distribution of nanoparticle orientations, the projection of the maximum
magnetic field that is effectively applied along the magnetic easy axis of each
monocrystalline particle can range from 0 T to 5 T, thus causing a virtual coex-
istence of the two separated phases and a broadening of the magnetic transition.

FIGURE 9.9: Evolution upon increasing magnetic field of the relative ICM and CM
magnetic phase fractions, obtained from neutron neutron diffraction patterns at dif-
ferent fixed temperatures (10 K, 20 K, 55 K and 75 K). Filled points correspond to the
ICM phase, and empty points to the CM one. Inset: Dependence with the temperature
of the approximate critical field of the induced magnetic transition obtained from the
maximum slope in the curves. The HC values obtained from macroscopic susceptibility
measurements are also shown for comparison.

The ICM-CM magnetic-field-induced transition was monitored at different
temperatures, as illustrated in Fig. 9.9. The critical field of the magnetic trans-
ition (HC) versus temperature, determined from each set of isothermal meas-
urements, is shown as an inset in this figure. We observe that the ICM phase
is more stable at lower temperatures, and the critical field decreases as we ap-
proach to the ordering temperature of the incommensurate phase (AF2-ICM,
TN2 ∼ 150 K). The remanent signal in the magnetization curves is well ex-
plained by the remanence of the certain amount of the CM phase, and low
critical fields needed to transform the ICM phase into the CM also agrees with
the magnetic coercivity values obtained in bulk magnetzation measurements.
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9.6 Summary

In the this chapter we have investigated the puzzling magneto-structural prop-
erties of polycrystalline ε-Fe2O3 and its effects on the successive magnetic phases.
First, on a detailed synchrotron X-ray thermodiffraction study in a wide tem-
perature range between 100 K and and 925 K, we have shown from the evol-
ution of the lattice constants and the linear thermal expansion coefficients that
the ordering of the ultra-hard ferrimagnetic phase (FM2) at TN2 ≈ 500 K is con-
current with a strong anisotropic exchange-striction effect, caused by the order-
ing of the two frustrated Fe3r and Fe4t collinear sublattices. By carefully re-
fining the atomic coordinates we have fully determined evolution of the Pna21
structure, which allowed to obtain the evolution of bond lengths and angles in
the Fe-O-Fe superexchange paths in the J5, J8, and J9 triangle, where spin frus-
tration is enhanced by the strong coupling between the Fe4t-Fe4t tetrahedral
pairs (J5). A sharp decrease of the Fe4-O-Fe4 angle (J5), which is accompained
by an increase in the bond angle between the two other Fe-Fe pairs (J8 and J9),
produces a weakening of the frustrating J5 superexchange coupling, while J8
and J9 are strengthened. The release of the magnetic frustration favours the
ordering of the Fe3r and Fe4t sublattices, which lead to the super-hard ferri-
magnetic order with strong magnetocrystalline anisotropy.
Subsequently, we presented the results of a first neutron diffraction study under
magnetic fields, which revealed several noteworthy issues towards the under-
standing the complex magnetism in ε-Fe2O3. On the one hand, we give un-
precedented evidences that the ferrimagnetic switching at the ultra-hard FM2
phase is inherently correlated to the displacement of some atoms in the struc-
ture. The magnetostriction mechanism driving the ferrimagnetic switching at
RT is probably related to the unconventional ferroelectric swithching mech-
anism proposed to explain the ferroelectric polarization at RT in ε-Fe2O3 thin
films, which is based on subtle atomic displacements favored by an interme-
diate nonpolar Pbcn state [73]. On the other hand, we have revealed that the
incommensurate magnetic order below TICM ≈ 150 K can be suppressed by
applying remarkably low magnetic fields (below 1 T). The commensurate field-
induced magnetic order with null propagation vector replacing the ICM or-
der is likely similar to the ferrimagnetic CM phase. The model for the ICM
order proposed in Chapter 8, based on periodic anti-phase (AP) domains, al-
lows to consistently understand this field-induced magnetic transition as the
consequence of switching of the AP magnetic domains. The switching of the
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AP domains would be driven by a similar magnetostrictive mechanism as in
the ferrimagnetic switching in the super-hard AF2 phase. Although this mech-
anism is still not well understood, the parallelism with the mechanism to the
polarization reversal suggests that at the boundary regions connecting the suc-
cessive anti-phase magnetic domains (the anti-phase bondaries, APBs), the struc-
ture adopts locally an intermediate nonpolar state. Among the nonpolar sym-
metries closest to the Pna21 space group, the Pbcn one arises as the most likely
candidate. According to the first-principles calculations by K. Xu et al. [157],
the energy barrier associated to the nonpolar Pbcn state in ε-Fe2O3 is only 85
meV/f.u., much lower than the barrier calculated for the Pnna phase of GaFeO3

(0.6 [158], 0.5 [157] or -1.3 eV/f.u. [159]).
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General conclusions

In this thesis, we have investigated the relevance and effects of magnetic frus-
tration in correlated iron based oxides, where the unusually high stability of
their interesting magnetic and ferroic properties stem from the strong magnetic
couplings involving Fe cations. Along this manuscript, the YBaCuFeO5 and
ε-Fe2O3 ferrite systems were addressed in two main parts, in which synchro-
tron and neutron techniques were selectively combined to characterize differ-
ent aspects related to their complex magnetism and the impact of its coupled
structural properties, as well as their magnetoelectric response and the effects
of external magnetic fields. The main conclusions obtained in this work have
already been presented in the last section of each chapter. However, an overall
view of the major highlights is summarized breafly in this chapter.

Investigating the family of spin-induced YBaCuFeO5 multiferroics with high-
Tc chiral magnetism

• The magnetic phase diagram of YBaCuFeO5, where magnetic frustration
is strictly driven by Fe3+ [Cu2+] chemical disorder, is extended to nearly fully
disordered compounds, increasing the stability of the helimagnetic order up to
TS ≈ 366 K by means of optimized quenching processes. The stability of the
modulated order cannot overcome the stability of the collinear order, leading
to a Lifshitz multicritical point (LP) which divides the phase diagram into para-
magnetic (PM), collinear (AF1) and spiral (AF2) phases, which coexist at the LP.
The triple point driven by Fe/Cu disorder sets a limit to the thermal stability
and a critical end point for the formation of the spiral. Above the critical dis-
order (nc

d � 0.47) the system enters in the phase-separated regime, characterized
by the presence of magnetic phase segregation.
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• In contrast with the usual assumption in previous reports, we find that
in YBCFO there is a critical threshold of disorder or minimum frustration level,
determined at n0 ≈ 0.112, below which a long-range spiral magnetic state can-
not be formed. If the concentration of AFM Fe-Fe bonds is too low, the dipolar
interaction (mediated by spin waves) between individual canted spins in the
vicinity of the separated Fe/Fe bonds decay without forming a coherent spiral.
Bipyramids with strong AFM coupling can then favour short-ranged minority
regions with tendency to kz = 0.

• We have described how the magnetic anisotropy of the spirals phase in
YBCFO can be controlled keeping invariant its chemical composition through
the degree of B-site chemical disorder, which is linearly related to the tilting of
the rotation plane of the spins in the spiral. Favorurably to ferroelectricity in
the DM scenario, increasing the level of Fe/Cu disorder increases the cycloidal
component (Q ⊥ qS) of the spiral.

• The degree of Fe/Cu cation disorder has a relevant impact on the YB-
CFO structure. On the one hand, the pyramid height at the Cu-rich pyramid
site is more elongated than in the Fe-rich one in virtue of the Jahn-Teller dis-
tortion between basal and apical distances around Cu2+, as confirmed by the
longer[shorter] bond lengths between Cu[Fe] and the apical oxygen. On the
other hand, B-site disorder tends to make uniform the two nominal MO5 pyr-
amids, which become practically indistinguishable when a nearly random
Fe/Cu distributions is reached. Hence, increasing Fe/Cu randomness inher-
ently results in additional lattice effects (decrease [increase] of dt [ds]) that also
contribute to frustration through the tuning of the magnetic exchange coup-
lings.

• In the aim of finding alternative strategies to upgrade the properties of
YBaCuFeO5, B-site divalent non-JT substitutions have been explored. The in-
vestigation of different families of YBa(Cu,M)FeO5 layered perovskites (M =
Co, Zn, Mg) validates an extraordinarily efficient way to enhance the stability
of the spiral order, in which the strong overall contraction of the bipyramidal
thickness, caused by the dilution of JT Cu2+ ions in the structure, enhance the
strong AFM couplings in Fe2O9 improper bipyramids, thus raising the mag-
netic frustration. Maximum stabilities of the spiral, are reached at the tri-critical
point, far beyond RT: TS ∼ 355 K in Co-samples and 340 K in Zn-doped com-
pounds, keeping just a moderate disorder.

• Among the different divalent B-site substitutions investigated, qualitat-
ive significant differences on the doping dependence of the magnetic phase
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diagram stem from the character of coupled spin pairs at the bipyramids. In
particular, the replacement of FM Cu2+/Fe2+ pairs by AFM Co2+/Fe2+ (and
Co2+/Cu2+) dimers (in CoMO9 bipyramids) leads to an induced phase separation
characterized by collinear AFM regions (AF3, kz = 0). Remarkably, this phase
separation is avoided by using the non-magnetic Zn2+ cation (instead of Co),
producing an advantageous single magnetic spiral state below TS.

• In Zn substituted samples prepared using different cooling methods we
have extended the incommensurate modulation (qs) achieving the largest mag-
netic discommensuration never seen in this family of compounds (qs = 0.201,
giving a twist angle ϕ = 72.47(5)◦ in the spiral). Regarding the magnetic aniso-
tropy, inserting divalent Co or Zn at the Cu site has interestingly different im-
pacts on the the tilting of the chiral easy plane. While Co produces a systematic
reorientation towards a nearly cycloidal spin order (Q ⊥ qS), highly favorable
to ferroelectricity, the effect of Zn is in the opposite direction and leads to a less
favourable inclined helix-type spiral order.

• Besides the steric effects produced by chemical substitutions, the struc-
tural evolution in YBCFO under hydrostatic pressure reveals that up to 20 GPa
the distance separating successive bilayers is rather uncompressible, whereas
the bilayer thickness displays much higher compressibility. This validates the
possibility of further stabilizing the spiral order by the effect of external pres-
sure.

• The succesful growth of high quality YBCFO single crystals by a mod-
ified Traveling Solvent Floating Zone (TSFZ) technique is reported. The B-
site disorder of different single crystals, thoroughly quantified by SXRPD and
SCND measurements, reveals that inherently to the slow pulling rates of the
TSFZ technique the resulting perovskites display high levels of Fe/Cu cationic
order. In good agreement with the extrapolated minimal critical threshold in
powder samples (n0 ≈ 0.112), magnetic diffraction evidenced that the modu-
lated spiral order is lacking only in single crystals with Fe/Cu disorder below
nd � 0.112. A single crystal above this threshold (nd ≈ 0.30) is the only one
adopting the incommensurate state with TS ≈ 195 K. Noteworthily, in ordered
crystals, a detailed NPD characterization of the magnetic moments at the two
seggregated collinear domains [kz = 1/2 (AF1) and kz = 0 (AF3)] confirms that
the latter are associated to regions in the crystal with higher cationic disorder
where the Fe-Cu ferromagnetic coupling between spins sharing a bipyramid
becomes antiferromagnetic. Noteworthily, a detailed NPD characterization in
ordered crystals, allows to confirm that the AF3 collinear domains with kz =
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0 translational symmetry are associated to minoritary regions in the crystal
with higher cationic disorder, where the Fe-Cu ferromagnetic coupling between
spins sharing a bipyramid becomes antiferromagnetic.

• The combination of several single crystal studies allowed to overcome
the limitations of NPD to elucidate the real magnetic nature of the presumed
spiral magnetic order in YBCFO. The picture emerging from different com-
plementary quantum-beam techniques, which include (i) unpolarized single-
crystal neutron diffraction (SCND), (ii) spherical neutron polarimetry (SNP)
and (iii) synchrotron resonant magnetic X-ray scattering (RMXS), unambigu-
ously converges to a solution that requires the combination of two perpendic-
ular modulations to give a non-collinear circular helicoidal order below TS =
195 K, in which the interplay of the modulation and the transition temperature
matches the prediction of the Scaramucci model. Whereas equally populated
±1 magnetic chiral domains were found in crystals of macroscopic size using
neutrons, RMXS allowed to resolve spatial inhomogeneities in the chiral do-
main populations of the helicoidal phase.

• The above mentioned investigations on the YBCFO single crystal also al-
lowed to determine with precision that the spins are parallel to the tetragonal
ab plane both in the spiral phase and in the preceding AF1 collinear order above
TS. In the latter, collinear moments were also found to be aligned along the di-
agonal axis. On the other hand, the fact that the slightly decompensated volume
fractions of the AF1 conjugated (twin) domains differ from the nearly identical
fractions of chiral domains in AF2, suggests that the former can generate indis-
tinctly any of the two types of chiralities below TS. Interestingly, SCND results
also unveil a deviation from collinearity between m1 and m2 moments in the
chemical cell, characterized as a magnetic phase ϕ′

S = 172(1)◦, which is not pre-
dicted in the model.

• The absence of magnetoelectric response in the studied YBCFO crystal is
concluded after the unability to modify the population of chiral domains un-
der electrical fields parallel to (1-1 0) (SNP) and to (0 1 0) direction (RMXS by
circularly polarized x-rays with linear polarimetry analysis). where the spin
rotation plane of the circular helix was parallel to the ab plane. This result is
in agreement with a purely helical magnetic spiral in the DM scenario for the
multiferroicity of this system.

• The anisotropy of the magnetic spiral response in YBCFO single crystals
is related to the in-plane orientation of the helix. Bulk susceptibility and SCND
measurements, show that field-induced transitions at relatively low fields (1-7
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T range) occur when H is applied parallel to the in-plane direction (H//b), and
no changes occur (up to 9 T) for H applied along the perpendicular direction
(H//c). Neutron experiments reveal that the field-induced transition is associ-
ated to the suppression of the spiral and the emergence of a CM order with the
same wave vector as the in the high temperature AF1 phase.

Outlook: The search of strategies for the fabrication of single crystals en-
hancing the cycloidal component in the spiral order, as well as its thermal sta-
bility, are imperative, and will allow the study of the magnetoelectric response
of this family under a variety of conditions. The understanding of the experi-
mental results presented in this work provides several important clues to define
and inspire these new design strategies that could be also applied to materials
in the form of epitaxial thin films and heterostructures.
This research also opens the door to the combination of selected A- and B-site
cation substitutions. Some which could also help to bring about a depression
of the conductivity. Some of these research lines are already being developed
in our group (CMEOS) in parallel to the work presented in this Thesis.

Magnetostructural properties of ε-Fe2O3, a high-TC multiferroic with super-
hard ferrimagnetism

• Contrary to what was stablished in the literature, the magnetoelectric ε-
Fe2O3 polymorph displays a soft ferrimagnetic order phase (FM1) above the
ultra-hard ferrimagnetic order (FM2) that extends to much higher temperat-
ures, between 500 K and 850 K. The PM-AF1-AF2 successive magnetic trans-
itions have been thoroughly studied in the whole temperature range, and have
been fully described using the magnetic space groups approach. Both AF1 and
AF2 magnetic orders adopt the magnetic space group Pna′2′1 (n. 33.147), and
the soft to ultra-hard ferrimagnetism is activated by the magnetic ordering of
the regular octahedral and tetrahedral frustrated sites: Fe3r and Fe4t. The small
FM component persisting up to TN1 ≈ 850 K is explained from a slightly dis-
similar magnetization at the antiparallel Fe1d and Fe2d sublattices.

• The SXRPD structural study across the FM1-FM2 (soft-hard) ferrimag-
netic transition unveils the magnetostructural effects behind the ordering of
the Fe3r and Fe4t sublattices. The evolution of the bond lengths and angles
in the the triangularly frustrated Fe-O-Fe superexchange interactions disclose
a strong reduction of the spin frustration, mainly originated by the weakening
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of the strongly coupled Fe4t-Fe4t tetrahedral pairs. The Fe3r and Fe4t sublat-
tices become ordered as a result of this, triggering the onset of the super-hard
ferrimagnetic order.

• For the ICM magnetic order emerging below the super-hard FM2 phase
(TICM ∼ 150 K), different helimagnetic, spiral and collinear models proposed in
the literature were analyzed in the light of a neutron diffraction investigation
and the results from earlier Mössbauer and NFS studies. It has been confirmed
that the ground magnetic order in ε-Fe2O3 is compatible with a collinear order-
ing with periodic anti-phase domains with magnetic moments along a. The sta-
bilization of this phase is likely subsequent to magnetostructural effects linked
to the collapse of the macroscopic Fe orbital moment between 85-150 K. These
preparatory structural changes are very likely associated to the narrow anti-
phase boundary regions separating the periodic magnetic domains, that could
imply the appearance, locally, of an inversion center (i.e. a nonpolar symmetry).

• The neutron diffraction study under magnetic fields provides evidence
of a magnetostriction mechanism driving the ferrimagnetic switching at the
ultra-hard FM2 phase. The reversal of the magnetic moments likely implies
the transformation into a symmetrically equivalent nonpolar Pna21 structures.
The huge coercive fields to achieve the switching of the magnetization are then
a consequence of the necessary atomic displacements between these two sym-
metric structures that could be associated to an intermediate nonpolar Pbcn
state. A similar mechanism could also explain the suppression of the low tem-
perature ICM order by the effect of magnetic fields as the consequence of the
switching of the anti-phase (AP) domains, where probably a Pbcn nonpolar
intermediate state localized at the anti-phase bondaries (APBs) separates the
symmetric magnetic/structural domains.
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Appendix A
Supplementary information for Chapter 4:

Helimagnets by disorder: its role on the
high-temperature magnetic spiral in the YBCFO

perovskite

A.1 Quantitative determination of cation disorder

in YBCFO: X-ray versus neutron diffraction

In general, quantifying any fractional occupation of a crystallographic site by
one or various chemical species using diffraction methods can be a difficult
and elusive task in some cases. Each problem (determination of cation dis-
order, chemical composition, oxygen content, etc.) requires of an appropriate
choice of experimental parameters: type of radiation, wavelength, instrument
and sample conditions.
One of the aims of this work is to determine with the maximum accuracy and
reliability the cation disorder at the B-sites of the YBaCuFeO5 perovskite, which
are occupied by Fe and Cu atoms. To achieve this, the differences between the
total scattered radiation by the atoms located at (1/2, 1/2, z ≈ 3/4) and those
placed at (1/2, 1/2, z ≈ 1/4) positions have to be above the instrumental detec-
tion limit of the diffractometer.
The capability of X-ray and neutron diffraction techniques to resolve and quantify
cation disorder is strongly conditioned by the difference between the scattering
lengths of the cations involved. In this sense, the quantitative determination of
Fe/Cu disorder in this system has proven to be extremely challenging due to
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the similarity of Fe and Cu scattering lengths whether we use X-rays or neut-
rons. The choice of high-resolution synchrotron X-ray diffraction for describing
the Fe/Cu occupancy presents some advantages over neutrons in the present
case. Some of them are listed as follows:

(i) First, the occupancy can be refined from synchrotron X-ray patterns col-
lected at room temperature simply using a single phase (the structural phase).
The joint refinement of several phases in neutron patterns (nuclear and mag-
netic) adds uncertainty and may compromise the refined values for the oc-
cupancy. X-rays avoid the undesirable interference from magnetic intensities,
which are present and coexist with nuclear peaks in our D20 neutron diffracto-
grams up to very high temperatures since Neel temperatures (TN1) are very
high in YBCFO.

(ii) Synchrotron X-ray can provide shorter wavelengths that allows to ac-
cess a much wider Q-range than neutrons. The number of observed nuclear
peaks in neutron diffractograms may not be enough to analyze the occupancy.

(iii) Finally, in consideration of the previous points, determining the Cu/Fe
chemical disorder using neutrons is not so favorable compared to X-rays in re-
gard to the scattering lengths. Although X-ray scattering lengths are very sim-
ilar for Fe and Cu due to its proportional dependence with the atomic number
[Z(Fe)=26 and Z(Cu)=29], the neutron scattering lengths of the two magnetic
cations are also rather similar: 9.45 fm for Fe and 7.72 fm for Cu.

For the above mentioned reasons, most of the structural information presen-
ted in this dissertation (including Fe and Cu cation occupancies) was obtained
from refinements of synchrotron X-ray powder diffraction (SXRD) diffracto-
grams [Fig. A.1(a)]. D20 neutron data collected with λ = 2.41 Å is not optim-
ized to determine the occupancy. In order to increase the number of observed
nuclear peaks in neutron diffractograms, three samples in the two extremes of
the YBCFO series (S1, S2 and S7) were also measured on D20 using a shorter
wavelength (λ = 1.54 Å) at high temperature, in the paramagnetic state at 490
K, where magnetic peaks are absent [Fig. A.1(b)]. The occupancies obtained
from Rietveld refinements are shown in Table A.1. Although thermal agitation
effects in these neutron patterns are far greater than in the X-ray data collected
at 300 K, Table A.1 shows that the occupancies obtained near 500 K (in the para-
magnetic regime) from these additional neutron measurements agree very well
within errors and are compatible with synchrotron X-ray results.
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FIGURE A.1: (a) Rietveld fits of the MSPD@Alba synchrotron X-ray diffraction patterns
(λ = 0.413570 Å) at 300 K for the S1, S2 and S3 YBCFO samples. Inset: Detail of the high-
angles region. (b) Fits of the D20@ILL pure nuclear neutron intensities (λ = 1.54 Å) at
490 K for the same samples. (Black line: calculated pattern, red circles: experimental
points, blue line: observed-calculated difference, green bars: position markers of the
X-ray and neutron nuclear Bragg reflections).

TABLE A.1: Comparison of the refined Cu/Fe occupancies from Rietveld refinements
of MSPD@Alba synchrotron data (λ = 0.413570 Å) at T = 300 K and D20@ILL neutron
diffraction data using λ = 1.54 Å at T = 490 K (in the paramagnetic phase) for samples
S1, S2 and S7 (end members of the series). Agreement factors from neutron refinements:
S1 (RB : 4.11, Rf : 2.37, χ2: 169); S2 (RB : 3.64, Rf : 2.23, χ2: 182); S3 (RB : 3.75, Rf : 2.24,
χ2: 213).

S1 S2 S7
Synchrotron X-ray

Occ(Cu1/Fe2) 0.706 (29) 0.684 (28) 0.560 (43)MSPD@Alba
λ = 0.413570 Å

Occ(Fe1*/Cu2*) = nd 0.294 (29) 0.316 (28) 0.440 (43)T = 300 K
Neutrons

Occ(Cu1/Fe2) 0.749 (16) 0.688 (16) 0.595 (26)D20@ILL
λ = 1.54 Å

Occ(Fe1*/Cu2*) = nd 0.251 (16) 0.312 (16) 0.405 (26)T = 490 K
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A.2 Electrical characterization: polarization

With the aim of probing the ferroelectric properties of these compounds, electric-
field dependent polarization P(E) measurements for samples S2, S4 and S5 (300
◦C/h cooled, liquid nitrogen quenched and water quenched) were carried out
at room temperature (RT) and 77 K. Disc-shaped pellets of 0.5 mm thickness
and surface about 50 mm2 were measured using silver paint as electrodes. At
RT the samples show values of resistance of ∼70 kΩ (S2); ∼100 kΩ (S4) and
∼40 MΩ (S5), indicating a strong variation increasing cation disorder. The S5
sample was 400 times more insulating than S4 sample. At ambient temperat-
ure the maximum voltage applied for the P(E) cycles was 10 V at frequencies
of 100 Hz and 250 Hz (sinusoidal waveform). Fig. A.2 shows that the main
contribution at RT is purely resistive and the P(E) loops have the characteristic
ellipsoidal shape, which strongly depends on the frequency. For the S5 sample,
an ellipsoidal P(E) cycle is also obtained but in this case, as the resistance is
higher than for the other two samples, there is also a capacitive contribution
(linear dependence of P with E for a pure capacitance) resulting in a dielectric
behavior with losses, which strongly depends on the frequency too.

Figs. A.3(a) and A.3(b) report the loops obtained at 77 K for S5 and S2
samples (in the liquid nitrogen cryostat). The samples become more insulat-
ing on cooling, and a maximum voltage of 850 V could be applied. Fig. A.3(a)
(top panel) show P(E) cycles in sample S5 increasing the voltage at fixed fre-
quency of 250 Hz (sine voltage waveform). The observed ellipsoidal shape cor-
responds to a lossy dielectric behavior with both resistance and capacitance
contributions. Fig. A.3(b) (top panel) show similar measurements for sample
S2, in this case using a triangle waveform. Although in this case the shape of
the P(E) curve for the triangle voltage waveform is closer to a ferroelectric be-
havior, the strong dependence of the P(E) curve on the frequency agrees with
the absence of ferroelectricity also in the S5 sample. The P(E) curves at the max-
imum voltage (850 V) are compared for 250 Hz and 100 Hz and using a triangle
waveform in the bottom panels, confirming this point. Comparing the two spe-
cimens, higher values of P (∼+20%) are measured in S5 respect to the S2 sample.
No signs of spontaneous ferroelectricity was detected in these samples.
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FIGURE A.2: P (E) loops measured at room temperature (RT) at different amplitudes of
the electric field (5 V and 10 V) and at two different frequencies (100 Hz and 250 Hz) for
(a) S2 cooled at 300 ◦C/h, (b) S4 liquid nitrogen quenched, and (c) S5 water quenched
samples.
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FIGURE A.3: P(E) loops for (a) S5 sample quenched in water and (b) S2 sample cooled
at 200 ◦C/h. Top: P(E) loops measured at 77 K at different amplitudes of the electric
field. Bottom: P(E) loops collected at 77 K at two different frequencies of the sinusoidal
excitation voltage of 850 V and using a triangle waveform.



Appendix B
Supplementary information for Chapter 5:

Enhancing the spiral stability in YBCFO by B-site
divalent non-JT substitutions

This appendix includes figures and tables that complement the discus-
sion on the effect of B-site chemical doping in Chapter 5. Here we show
the fitted SXRPD diffraction patterns measured at the BL06-MSPD beam-

line of the ALBA Synchrotron Light Facility (Cerdanyola del Vallès, Spain) at
300 K for the structural characterization of the YBaCu1−xCoxFeO5 and
YBaCu1−xZnxFeO5 series, and tables showing the corresponding refined struc-
tural parameters and agreement factors. Information regarding the
YBa(Cu,Co)FeO5 series, which was studied in collaboration with X. Zhang, can
be also found in Ref. [133].
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B.1 SXRPD Rietveld fits of Cu/Co-doped samples

FIGURE B.1: Rietveld refinement (black curve) of the synchrotron X-ray intensities (red
circles) at 300 K for the YBaCu1−xCoxFeO5 samples (with doping values x = 0.01, 0.03,
0.04, 0.05, 0.06, 0.065, 0.075, 0.10, 0.125, 0.15, 0.20 and 0.25) prepared with a cooling rate
of 300 ◦C/h. Bottom blue line is the observed-calculated difference, and the row with
green bars represents the calculated Bragg positions. Inset: detail of the high-angles
region in the Co-25% refinement. Figure adapted from work done in collaboration
with X. Zhang, reported in Ref. [133].
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B.2 SXRPD Rietveld fits of Zn/Co-doped samples

FIGURE B.2: Rietveld refinement (black curve) of the synchrotron X-ray intensities (red
circles) at 300 K for the YBaCu1−xZnxFeO5 samples (with doping values x = 0, 0.02,
0.05, 0.075, 0.1, 0.125 and 0.15) quenched in liquid nitrogen. Bottom blue line is the
observed-calculated difference, and the row with green bars represents the calculated
Bragg positions. Inset: detail of the high-angles region in the Zn-15% refinement.
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TABLE B.2: YBaCu1−xZnxFeO5 (quenched in liquid nitrogen). Structural parameters at
T = 300 K and agreement factors from Rietveld refinement of MSPD@ALBA synchro-
tron data (λ=0.413378 Å). [∗: minority fraction; nd (disorder)=Occ Fe1∗/(Cu,Zn)2∗]. The
coordinates of each metal [M: (Cu,Zn) or Fe] are constrained by z(M1)+z(M2)=1.

T=300 K
P4mm

Zn-0% Zn-2% Zn-5% Zn-7.5% Zn-10% Zn-12.5% Zn-15%

a=b (Å) 3.87566 (2) 3.87627 (2) 3.87736 (2) 3.87861 (2) 3.87957 (1) 3.88037 (1) 3.88109 (2)
c (Å) 7.66056 (4) 7.65990 (4) 7.65855 (4) 7.65681 (4) 7.65539 (3) 7.65437 (3) 7.65338 (4)
ΔT ≡c/2a 0.988290 (7) 0.988050 (7) 0.987601 (7) 0.987062 (7) 0.986633 (5) 0.986291 (5) 0.985984 (7)
V (Å3) 115.0675 (13) 115.0934 (13) 115.1380 (13) 115.1860 (13) 115.2216 (10) 115.2536 (10) 115.2817 (13)

Y
1a (00z) z/c 0.4937 (8) 0.49438 (7) 0.4936 (7) 0.4935 (8) 0.4947 (9) 0.4943 (7) 0.4943 (7)

Ba
1a (00z) z/c 0 0 0 0 0 0 0

(Cu,Zn)1
1b (½ ½ z) z/c 0.71837 (49) 0.71753 (42) 0.71935 (37) 0.72239 (48) 0.72107 (52) 0.72193 (40) 0.72340 (44)

Fe1∗

1b (½ ½ z) z/c 0.74578 (94) 0.74505 (84) 0.74611 (81) 0.74489 (89) 0.74689 (99) 0.74818 (78) 0.74937 (76)

(Cu,Zn)2∗

1b (½ ½ z) z/c 0.28163 (49) 0.28247 (42) 0.28065 (37) 0.27761 (48) 0.27893 (52) 0.27807 (40) 0.27660 (44)

Fe2
1b (½ ½ z) z/c 0.25422 (94) 0.25495 (84) 0.25389 (81) 0.25511 (89) 0.25311 (99) 0.25182 (78) 0.25063 (76)

O1
1b (½ ½ z) z/c 0.0045 (10) 0.0040 (9) 0.0036 (9) 0.0020 (11) 0.0033 (14) 0.0018 (10) 0.0023 (10)

O2
2c (½ 0 z) z/c 0.3119 (10) 0.3117 (9) 0.3098 (9) 0.3101 (10) 0.3096 (11) 0.3090 (10) 0.3090 (10)

O3
2c (½ 0 z) z/c 0.6815 (10) 0.6812 (10) 0.6813 (10) 0.6821 (11) 0.6815 (14) 0.6822 (10) 0.6821 (10)

Occ (Cu,Zn)1/Fe2 1− nd 0.613 (28) 0.628 (29) 0.584 (28) 0.590 (20) 0.609 (28) 0.573 (29) 0.595 (31)
Occ Fe1∗/(Cu,Zn)2∗ nd 0.387 (28) 0.372 (29) 0.416 (28) 0.410 (20) 0.391 (28) 0.427 (29) 0.405 (31)
χ2 57.8 74.9 84.7 92.4 79.1 112 130
RB 3.68 2.04 2.60 2.93 2.25 4.12 2.93
Rf 1.8 2.86 3.17 3.58 2.72 3.18 2.93





Appendix C
Supplementary information for Chapter 7: Does

a magnetic spiral exist in YBCFO? A single
crystal investigation

C.1 Spherical neutron polarimetry: experimental

results and calculations

This appendix gathers the complete set of neutron polarimetry measurements
and the simulations of the Pif terms of the neutron polarization matrices (P )
discussed in the Spherical Neutron Polarimetry part in Chapter 7:

• Table C.1 shows the 5 incommensurate reflections investigated in the in-
commensurate phase (AF2, k2) with polarized neutrons (measured in D3@ILL
at 10 K and 100 K): (000) + k, (001) + k, (002) + k, (112)− k and (114)− k. For
the two last, the polarization elements Pif were measured first with positive in-
cident polarization (Pi > 0), and then additionally also with negative (inverted)
incident polarization (Pi < 0), denoted in the table as P−if . The experimental
polarization values shown in the table were corrected for the 3He neutron spin
filter efficiency from several measurements of Pzz on the (111) nuclear reflec-
tion. The values obtained from fits to the SNP experimental data using sinus-
oidal and spiral magnetic models are also shown for comparison. Refinements
were done using the Mag2Pol program [98].

• Fig. C.1 shows simulations of the polarization matrix (Pif ) elements for
the neutron polarization matrices (P ) at the incommensurate phase for the
(112)−k incommensurate reflection [k2 = (0.5, 0.5, 0.6)]. They were done using
the Mag2Pol program [98] as a function of the magnetic domain populations in

317
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different ICM order models: (a) circular spiral model with chiral magnetic do-
mains (C1, C2) and spins rotating in the ab plane, (b) sinusoidal model with con-
jugated magnetic domains (D1, D2) along the a axis, and (c) sinusoidal model
with the conjugated magnetic domains along the ab diagonal.

TABLE C.1: Best fits of the SNP matrices measured at 10 K and 100 K (AF2 incommen-
surate phase) using a sinusoidal (MI ∼ 0) and spiral (MR = MI ) models. Magnetic
models were refined using using Mag2Pol including two types of magnetic domains
(twin or chiral domains, depending on the model).

T = 10 K T = 100 K

AF2 (ICM)
k2 = (0.5, 0.5, 0.6)

Sinusoidal model (MI ∼ 0)

D1/D2 = 48.9/51.1 (0.9)
χ2=110.46; χ2

r=1.84

Spiral model (MR = MI)
C1/C2 = 49.9/50.1 (0.4)

χ2=105.22; χ2
r=1.75

AF2 (ICM)
k2 = (0.5, 0.5, 0.6)

Sinusoidal model (MI ∼ 0)

D1/D2 = 47.6/52.4 (0.5)
χ2=105.29; χ2

r=1.73

Spiral model (MR = MI)
C1/C2 = 50.0/50.0 (0.3)

χ2=91.61; χ2
r=1.50

(hkl) Pfi obs cal obs-cal cal obs-cal obs cal obs-cal cal obs-cal

(000) + k

Pxx -1.006 (15) -1.000 -0.006 -1.000 -0.006 -0.988 (12) -1.000 0.013 -1.000 0.013
Pxy 0.020 (18) 0.000 0.020 0.000 0.020 -0.003 (14) 0.000 -0.003 0.000 -0.003
Pxz -0.036 (18) 0.000 -0.036 0.000 -0.036 -0.051 (14) 0.000 -0.051 0.000 -0.051
Pyy 0.039 (18) 0.000 0.039 -0.002 0.041 0.030 (14) 0.000 0.030 0.000 0.030
Pyx -0.699 (17) -0.693 -0.006 -0.708 0.009 -0.737 (13) -0.704 -0.032 -0.736 0.000
Pyz 0.096 (19) 0.068 0.028 0.085 0.011 0.092 (14) 0.074 0.018 0.071 0.020
Pzx -0.005 (18) 0.000 -0.005 -0.002 -0.003 -0.003 (14) 0.000 -0.003 0.000 -0.003
Pzy 0.093 (18) 0.068 0.025 0.085 0.008 0.083 (14) 0.074 0.009 0.071 0.011
Pzz 0.711 (17) 0.693 0.018 0.708 0.003 0.739 (12) 0.704 0.035 0.736 0.003

(112)− k

Pxx -1.004 (13) -1.000 -0.004 -1.000 -0.004 -1.007 (10) -1.000 -0.007 -1.000 -0.007
Pxy -0.009 (16) 0.000 -0.009 0.000 -0.009 -0.012 (12) 0.000 -0.012 0.000 -0.012
Pxz 0.015 (16) 0.000 0.015 0.000 0.015 -0.009 (12) 0.000 -0.009 0.000 -0.009
Pyy 0.047 (16) 0.000 0.047 0.003 0.044 0.026 (12) 0.000 0.026 0.000 0.026
Pyx -0.330 (16) -0.312 -0.018 -0.316 -0.014 -0.342 (12) -0.336 -0.005 -0.339 -0.003
Pyz 0.036 (16) 0.040 -0.004 0.050 -0.014 0.036 (12) 0.042 -0.005 0.042 -0.006
Pzx 0.040 (16) 0.000 0.040 0.003 0.037 0.008 (12) 0.000 0.008 0.000 0.008
Pzy 0.041 (16) 0.040 0.001 0.050 -0.010 0.020 (12) 0.042 -0.022 0.042 -0.022
Pzz 0.332 (16) 0.312 0.020 0.316 0.016 0.337 (11) 0.336 0.001 0.339 -0.001

(112)− k

P−xx 1.031 (14) 1.000 0.031 1.000 0.031 1.009 (10) 1.000 0.009 1.000 0.009
P−xy 0.003 (16) 0.000 0.003 0.000 0.003 -0.004 (12) 0.000 -0.004 0.000 -0.004
P−xz 0.006 (17) 0.000 0.006 0.000 0.006 -0.014 (12) 0.000 -0.014 0.000 -0.014
P−yy -0.031 (16) 0.000 -0.031 0.003 -0.033 0.001 (12) 0.000 0.001 0.000 0.001
P−yx 0.354 (16) 0.312 0.042 0.316 0.038 0.329 (12) 0.336 -0.007 0.339 -0.009
P−yz -0.039 (17) -0.040 0.001 -0.050 0.012 -0.033 (13) -0.042 0.009 -0.042 0.010
P−zx -0.003 (17) 0.000 -0.003 0.003 -0.006 0.002 (12) 0.000 0.002 0.000 0.002
P−zy -0.059 (17) -0.040 -0.019 -0.050 -0.009 -0.039 (12) -0.042 0.002 -0.042 0.003
P−zz -0.293 (17) -0.312 0.019 -0.316 0.023 -0.326 (12) -0.336 0.010 -0.339 0.012

(001) + k

Pxx -0.986 (26) -1.000 0.014 -1.000 0.014 -1.022 (18) -1.000 -0.022 -1.000 -0.022
Pxy 0.038 (29) 0.000 0.038 0.000 0.038 0.007 (20) 0.000 0.007 0.000 0.007
Pxz -0.030 (28) 0.000 -0.030 0.000 -0.030 -0.013 (20) 0.000 -0.013 0.000 -0.013
Pyy 0.040 (27) 0.000 0.040 -0.003 0.043 0.052 (21) 0.000 0.052 0.000 0.052
Pyx -0.173 (28) -0.259 0.087 -0.261 0.089 -0.271 (20) -0.285 0.014 -0.282 0.011
Pyz 0.061 (29) 0.035 0.026 0.045 0.016 0.052 (20) 0.037 0.015 0.038 0.014
Pzx -0.011 (28) 0.000 -0.011 -0.003 -0.008 0.014 (20) 0.000 0.014 0.000 0.014
Pzy 0.045 (28) 0.035 0.010 0.045 0.000 0.055 (21) 0.037 0.018 0.038 0.017
Pzz 0.266 (29) 0.259 0.006 0.261 0.004 0.295 (20) 0.285 0.010 0.282 0.014

(002) + k

Pxx -1.058 (30) -1.000 -0.058 -1.000 -0.058 -0.998 (22) -1.000 0.002 -1.000 0.002
Pxy 0.033 (32) 0.000 0.033 0.000 0.033 0.026 (24) 0.000 0.026 0.000 0.026
Pxz -0.010 (30) 0.000 -0.010 0.000 -0.010 0.015 (24) 0.000 0.015 0.000 0.015
Pyy 0.020 (32) 0.000 0.020 -0.003 0.023 0.043 (24) 0.000 0.043 0.000 0.043
Pyx -0.066 (33) -0.121 0.055 -0.117 0.050 -0.147 (24) -0.150 0.003 -0.130 -0.017
Pyz 0.000 (33) 0.022 -0.022 0.029 -0.028 -0.033 (23) 0.021 -0.054 0.024 -0.057
Pzx 0.001 (32) 0.000 0.001 -0.003 0.004 0.020 (25) 0.000 0.020 0.000 0.020
Pzy 0.013 (31) 0.022 -0.009 0.029 -0.016 0.025 (25) 0.021 0.004 0.024 0.001
Pzz 0.108 (32) 0.121 -0.014 0.117 -0.009 0.118 (25) 0.150 -0.032 0.130 -0.012

(114)− k

Pxx -0.999 (57) -1.000 0.001 -1.000 0.001 -0.980 (44) -1.000 0.020 -1.000 0.020
Pxy 0.016 (50) 0.000 0.016 0.000 0.016 -0.008 (40) 0.000 -0.008 0.000 -0.008
Pxz 0.033 (53) 0.000 0.033 0.000 0.033 0.032 (39) 0.000 0.032 0.000 0.032
Pyy 0.112 (51) 0.000 0.112 0.003 0.109 0.011 (43) 0.000 0.011 0.000 0.011
Pyx -0.053 (51) -0.078 0.024 -0.071 0.017 -0.092 (38) -0.107 0.016 -0.081 -0.011
Pyz 0.090 (54) 0.016 0.073 0.022 0.068 -0.030 (43) 0.015 -0.046 0.018 -0.049
Pzx 0.091 (50) 0.000 0.091 0.003 0.088 0.063 (40) 0.000 0.063 0.000 0.063
Pzy 0.014 (52) 0.016 -0.003 0.022 -0.008 -0.039 (41) 0.015 -0.055 0.018 -0.058
Pzz 0.070 (49) 0.078 -0.008 0.071 -0.001 0.154 (37) 0.107 0.047 0.081 0.073

(114)− k

P−xx 1.008 (57) 1.000 0.008 1.000 0.008 0.973 (48) 1.000 -0.027 1.000 -0.027
P−xy -0.118 (52) 0.000 -0.118 0.000 -0.118 0.030 (40) 0.000 0.030 0.000 0.030
P−xz -0.151 (48) 0.000 -0.151 0.000 -0.151 -0.006 (44) 0.000 -0.006 0.000 -0.006
P−yy -0.114 (51) 0.000 -0.114 0.003 -0.117 -0.033 (40) 0.000 -0.033 0.000 -0.033
P−yx 0.031 (50) 0.078 -0.047 0.071 -0.040 0.083 (39) 0.107 -0.025 0.081 0.002
P−yz -0.021 (56) -0.016 -0.004 -0.022 0.001 -0.007 (38) -0.015 0.008 -0.018 0.011
P−zx -0.090 (52) 0.000 -0.090 0.003 -0.093 -0.015 (39) 0.000 -0.015 0.000 -0.015
P−zy -0.067 (51) -0.016 -0.050 -0.022 -0.044 -0.001 (39) -0.015 0.014 -0.018 0.018
P−zz -0.050 (52) -0.078 0.027 -0.071 0.020 -0.034 (40) -0.107 0.074 -0.081 0.047
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Pif (0, 100) Pif (50, 50) Pif (100, 0)⎛
⎝−1 0 0

0 − 1 0
0 0 1

⎞
⎠

⎛
⎝−1 0 0

0 −0.333 0
0 0 0.333

⎞
⎠

⎛
⎝−1 0 0

0 1 0
0 0 − 1

⎞
⎠

FIGURE C.1: Simulations of the Pif terms of the neutron polarization matrices (P ) at
the incommensurate phase for the (112) − k magnetic reflection as a function of the
magnetic domain populations in three different models: (a) circular spiral model with
chiral magnetic domains (C1, C2) and rotating spins in the ab plane; (b) sinusoidal
collinear model with conjugated magnetic domains (D1, D2) along the a/b axis; (c)
sinusoidal collinear model with the conjugated magnetic domains (D1, D2) along the
ab diagonals of the tetragonal cell.
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C.2 Response of the spiral phase to magnetic fields:

complementary magnetometry and NPD fig-

ures

The supplementary magnetometry and NPD results used in the discussion of
the spiral magnetic response under magnetic fields are shown below:

FIGURE C.2: In-phase component of the ac susceptibility versus superimposed dc field
amplitudes along b (χ′

b), measured at different temperatures (300 K, 180 k, 170 K, 150
K, 130 K and 120 K). The sample was heated to the collinear phase (above TS = 195 K)
and cooled in ZF before recording complete [0T,9T] magnetic field cycles at each fixed
temperature.
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FIGURE C.3: Evolution of the spiral discommensuration in YBCFO single crystal under
magnetic fields (D10, ILL). (a) Dependence under magnetic fields along the b axis of qs
obtained from the position of (0.5 0.5 0.5±q) ICM satellites in the neutron QL scans.
Isothermal dependencies were measured at 10 K, 130 K, 150 K and 170 K. (b) Variation
of qs respect to its value at zero field (qs,0), Δqs=qs-qs,0. The twist angle ϕ (canting)
formed by two spins of a bipyramid in the spiral phase is also indicated in the right
vertical axes (ϕ = 2πqs).

FIGURE C.4: Evolution under magnetic fields applied along b of the integrated (100)
and (001) neutron intensities in YBCFO single crystal (D10, ILL). Only nuclear contribu-
tion (i.e., no induced FM phase) is observed within the detection limit of the technique.



Appendix D
Supplementary information for Chapter 8:

Complex magnetism investigated in the
frustrated ε-Fe2O3 multiferroic

• Fig. D.1(a) shows the Rietveld analysis of a synchrotron X-ray powder
diffraction pattern (BL04-MSPD@Alba, λ = 0.41284(6) Å) collected on the ε-
Fe2O3 sample at RT. All peaks in the diffraction pattern are well fitted using
the orthorhombic Pna21 symmetry corresponding to the ε-Fe2O3 phase except
for residual traces of α-Fe2O3. The amount of hematite (α-Fe2O3) impurity in
the sample was found to be < 2.3 wt. %.

• Fig. D.1(b) displays a simulation of a neutron diffraction pattern of 50
wt. % ε-Fe2O3 and 50 wt. % α-Fe2O3 compared to the experimental pattern
collected at 305 K (D2B@ILL, λ = 1.594 Å). The two main magnetic peaks from
hematite would appear in different positions to those observed in ε-Fe2O3.

323
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FIGURE D.1: (a) Rietveld fit of the synchrotron X-ray pattern of ε-Fe2O3 collected at
RT (red circles: experimental points; bottom blue line: difference). The top row of
bars (in red) are for ε-Fe2O3, and the bottom row (in blue) refers to hematite (α-Fe2O3,
2.3(9) % weight). (b) Rietveld calculation (black solid line) of the neutron pattern of
ε-Fe2O3 compared to the experimental pattern collected at 305 K (red circles: experi-
mental points). The top rows of bars (in red and blue) corresponds to the structural
and magnetic phases of ε-Fe2O3, while the bottom row (in green) is for the magnetic
phase of hematite (ε-Fe2O3), which has been included for the calculation in the same
proportion as the epsilon-phase.
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[147] Jiří Tuček et al. ε-Fe2O3: An advanced nanomaterial exhibiting giant coercive
field, millimeter-wave ferromagnetic resonance, and magnetoelectric coupling.
2010. DOI: 10.1021/cm101967h.

[148] Shunsuke Sakurai et al. “First observation of phase transformation of all
four Fe2O 3 phases (γ → ε → β → α-phase)”. In: Journal of the American
Chemical Society 131.51 (2009). ISSN: 00027863. DOI: 10.1021/ja90460
69.

[149] E. Tronc, C. Chanéac and J.P. Jolivet. “Structural and Magnetic Char-
acterization of ε-Fe2O3”. In: Journal of Solid State Chemistry 139.1 (Aug.
1998), pp. 93–104. ISSN: 00224596. DOI: 10.1006/jssc.1998.7817.

[150] Shin-ichi Ohkoshi, Asuka Namai and Shunsuke Sakurai. “The Origin
of Ferromagnetism in ε-Fe <sub>2</sub> O <sub>3</sub> and ε-Ga
<sub> <i>x</i> </sub> Fe <sub> 2 <i>x</i> </sub> O <sub>3</sub>
Nanomagnets”. In: The Journal of Physical Chemistry C 113.26 (July 2009),
pp. 11235–11238. ISSN: 1932-7447. DOI: 10.1021/jp901637y.

[151] J. López-Sánchez et al. “Sol-gel synthesis and micro-raman characteriz-
ation of -Fe2O3 micro- and nanoparticles”. In: Chemistry of Materials 28.2
(2016). ISSN: 15205002. DOI: 10.1021/acs.chemmater.5b03566.

[152] Akira Kuriki et al. “Diffuse scattering due to geometrical frustration
in Mn3O4”. In: Journal of the Physical Society of Japan 72.2 (2003). ISSN:
00319015. DOI: 10.1143/JPSJ.72.458.

[153] Yu V. Knyazev et al. “Mössbauer Study of the Magnetic Transition in -
Fe2O3 Nanoparticles Using Synchrotron and Radionuclide Sources”. In:
JETP Letters 110.9 (2019). ISSN: 10906487. DOI: 10.1134/S0021364019
210082.

[154] K. Xu et al. “Origin of Ferrimagnetism and Ferroelectricity in Room-
Temperature Multiferroic Fe2O3”. In: Physical Review Applied 9.4 (2018).
ISSN: 2331-7019.

[155] Kiyosi Motida and SyÔdhei Miyahara. “On the 90◦ Exchange Interaction
Between Cations (Cr3+, Mn2+, Fe3+ and Ni2+) in Oxides”. In: Journal of



Bibliography 339

the Physical Society of Japan 28.5 (1970). ISSN: 13474073. DOI: 10.1143/
JPSJ.28.1188.

[156] K. Knížek, P. Novák and Z. Jirák. “Exchange interactions in -Fe2O3:
GGA + U calculations”. In: Journal of Physics Condensed Matter 33.15 (2021).
ISSN: 1361648X. DOI: 10.1088/1361-648X/abdb13.

[157] Imran Ahamed, Ralph Skomski and Arti Kashyap. “Controlling the mag-
netocrystalline anisotropy of ε-Fe2O3”. In: AIP Advances 9.3 (2019). ISSN:
21583226. DOI: 10.1063/1.5080144.

[158] Somdutta Mukherjee et al. “Room temperature nanoscale ferroelectri-
city in magnetoelectric GaFeO 3 epitaxial thin films”. In: Physical Review
Letters 111.8 (2013). ISSN: 00319007. DOI: 10.1103/PhysRevLett.
111.087601.

[159] Daniel Stoeffler. “First principles study of the electric polarization and of
its switching in the multiferroic GaFeO 3 system”. In: Journal of Physics
Condensed Matter 24.18 (2012). ISSN: 09538984. DOI: 10.1088/0953-
8984/24/18/185502.


	Títol de la tesi: High-Tc Magnetic Spirals andFe-based Frustrated Multiferroics
	Nom autor/a: ARNAU ROMAGUERA CAMPS


