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Abstract 

Perovskites oxides are of strong interest due the huge potential range of applications 

they offer with a particularly simple structure, such as spintronics, magneto-optic 

devices, or catalysis, and most of these applications require the use of thin films and 

heterostructures. Most of the electronic properties of perovskites are determined by 

the physics associated with the transition metal and the corner-sharing oxygen anions 

of the BO6 octahedra therefore, in double perovskite structures, the ordered 

arrangement of cations in the B-site position is of major relevance. 

Chemical solution deposition (CSD) techniques are promising methodologies to 

achieve epitaxial oxide thin films combining high performance with high easy 

scalability, environment friendly fabrication and low cost. In this thesis, the polymer-

assisted deposition (PAD), an aqueous CSD method, is used to prepare derivatives of 

lanthanum manganite perovskite films, including La0.92MnO3, La0.7Sr0.3MnO3, 

La2CoMnO6 and La2NiMnO6 films on SrTiO3 and LaAlO3 substrates. La0.92MnO3 and 

La0.7Sr0.3MnO3 display ferromagnetic metallic conducting properties, La2CoMnO6 and 

La2NiMnO6 are ferromagnetic insulating. All these films have Curie temperatures near 

room temperature. 

Firstly, we introduced the basic concepts related to perovskite oxides, including the 

structure and the magnetic properties, and the methods to grow oxide thin films. 

Secondly, more detailed processes of PAD method and characterizations will be 

presented. The third part is a compilation of articles of the La0.92MnO3, La2CoMnO6 

and La2NiMnO6 films. All the films were prepared by PAD method. The thermal 

behavior of the mixed metal polymer precursor solution was traced by combining 

differential scanning calorimetry and thermogravimetric analysis. The structural 

features were studied by X-ray diffraction. The thickness was measured with X-ray 

reflectivity. The surface topography of the films was measured by AFM. Static 

magnetic properties were measured using a SQUID magnetometer. The scanning 

transmission electron microscopy (STEM) measurements together with electron 

energy loss spectroscopy (EELS) was used to confirm the full Co/Mn cationic ordering 

in La2CoMnO6 films, and ALBA synchrotron radiation facilities were used to investigate 
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the disordering in La2NiMnO6 films. The dynamic magnetic properties of La0.92MnO3 

thin films and La0.92MnO3/Pt bilayers as a function of temperature were studied by 

using a ferromagnetic resonance spectrometer. 

The results show that the particular crystallization and growth process conditions of 

PAD (very slow rate, close to thermodynamic equilibrium conditions) promote high 

crystallinity and quality of the films, as well as favors spontaneous B-site cationic 

ordering, almost full B-site cationic ordering can be achieved in La2CoMnO6 while the 

ordering factor in La2NiMnO6 films is around 80%. The La2CoMnO6 and La2NiMnO6 

samples prepared by RTA have similar values of saturation magnetization and Curie 

temperature to the counterpart films prepared by using conventional annealing 

processes, indicating a low influence of the annealing heating ramp rate on the B-B’ 

site cationic ordering. However, the magnetic behavior of samples prepared by RTA 

or conventional annealing is slightly different suggesting a different microstructure. 

For instance, antiphase boundaries (APB) in RTA samples are easily suppressed by a 

post-annealing treatment while they are not in samples prepared by conventional 

annealing process. On the other hand, ferromagnetic resonance (FMR) measurements 

in La0.92MnO3 films and La0.92MnO3/Pt bilayers indicate a clear increase of the 

magnetic damping in the later, which may be indicative of the transfer of spin 

momentum from La0.92MnO3 to the Pt layer by spin pumping. This fact demonstrates 

that PAD technique allows obtaining complex oxide thin films of high microstructural 

quality suitable for spintronics applications.  

Our results make evident the CSD-PAD method can be competitive with physical 

methods allowing obtaining complex oxide epitaxial thin films of high quality. In 

particular, the growth conditions of PAD are prone to promote spontaneous B-site 

cationic ordering in double perovskite oxide. 
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1.1 Transition metal oxides 

Oxides have a complex crystallo-chemical structure with strong interactions between 

lattice, spin and charge degrees of freedom and offer a broad variety of functionalities 

going from high temperature superconductivity to different types of ferroic orderings. 

Additionally, these materials also offer many different possibilities to tune their 

properties acting upon their structure: structural distortions (symmetry, bond lengths 

and bond angles) structural defects (stacking faults, dislocations, vacancies, epitaxial 

strain) or their doping rate: transition metals (TM) have multiple valence states. For 

these reasons complex oxides, and especially TM oxides, are both of strong theoretical 

and technological interest. From the fundamental point of view, they are a unique 

system to study strongly correlated electron systems, while their physical and 

chemical properties allow a plethora of technological applications covering from 

energy harvesting to catalyst or spintronics (Figure 1). For example, TiO2, WO3, BiVO4, 

α-Fe2O3, and Cu2O are photocatalysts and can be used for solar water splitting,1 

La1−xSrxMnO3, LiNbO3, PbTiO3, BaTiO3, and BiFeO3 are candidates for non-volatile 

memory,2-3 Cr2O3, Mn2O3, Co3O4, NiO, CuO, SrO, and In2O3 are selected for gas 

sensors,4 Cu2O, TiO2, BaTiO3, BiFeO3, and LiNbO3 can act as light harvesting materials,5 

oxides like TiOx, WOx, LaTi1−xCuxO3, and La2CuO4 can catalyze the hydrogenation of 

carbon oxides to produce organics like olefins or alcohols,6 YBa2Cu3O7, HgBa2Ca2Cu3O8, 

and Tl2Ba2Ca2Cu3O10 are high-temperature superconductors7-9, LaMnO3, LaCoO3, ZrO2, 

LaGaO3 and CeO2 are potential materials for the construction of solid oxide fuel cells 

(SOFCs),10 and Mn2O3, Co3O4, NiO, CuO, SrO, In2O3, WO3, and TiO2 can be used as 

thermoelectric generators.11 
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Figure 1. The wide range of applications of metal oxides. (reproduced from Haribabu et al., ref12) 

Chemical composition and crystal structure can have significant impact on the physical 

properties of these materials. The common structures of binary oxide materials (i.e., 

MO, MO2, M2O3, M = metal cation) include rock salt (i.e.,VO, CoO and MnO), wurtzite 

(i.e., ZnO), fluorite (i.e., CeO2, ThO2 and ZrO2), rutile (i.e., TiO2, IrO2, and RuO2), and 

corundum (i.e., Al2O3, V2O3, and Cr2O3). Common ternary oxides structures include the 

ilmenite (i.e., FeTiO3, MnTiO3 and LiNbO3), spinel (i.e., MgAl2O4, CoFe2O4 and LiTi2O4), 

perovskite (i.e., CaTiO3, SrRuO3 and BiFeO3), and perovskite-derived structures such as 

the Ruddlesden–Popper series and other layered-perovskite structures.13 The 

properties of these metal oxides range from insulators to semiconductors to metals 

to superconductors and even magnets. 

Among the different structures of ternary oxides, perovskites are of strong interest 

due to the broad variety of possibilities they offer with a particularly simple structure, 

such as ferroelectricity, magnetism, high temperature superconductivity (HTSC), 

colossal magnetoresistance (CMR), metal-insulator transitions (MIT), and 

multiferroicity (coexistence of ferroelectricity and magnetism).14 
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In fact, almost half of the elements in the periodic table can be accommodated into 

the structure at either the A-site or the B-site. The ideal ABO3 perovskite unit has a 

cubic structure with a lattice constant of about 4.00 Å,15-18 and most of its electronic 

properties are determined by the physics associated with the transition metal and the 

corner-sharing oxygen anions of the BO6 octahedra. Charge, lattice, spin and orbital 

degrees of freedom strongly interact with each other19 and, hence, physical properties 

of perovskites can be properly tuned by acting upon the interplay between them. 

1.2 Perovskite crystal structure 

The general composition of perovskite oxides has the formula ABO3, where A is usually 

a large cation, typically an alkali, alkaline earth or rare earth metal and B is usually a 

medium-sized transition metal. The ABO3 perovskite structure consists of a three-

dimensional network of corner-sharing BO6 octahedra in which the A-site cations 

occupy the dodecahedral sites surrounded by twelve oxygen ions. (Figure 2 (a)).20-21 

Thus A-site should be appropriate to 12 coordination, B-site to octahedral 

coordination and O to linear coordination. 

The substitution of the A and B site cations gives rise to a very large number (several 

hundred) of perovskite derivatives with subtle variations in structure. For example, 

the presence of more than one cation at A and B sites results in compositions such as 

AA’B2O6 (double A-site), A2BB’O6 (double B-site), where A, A’ or B, B’ cations order at 

the respective sublattices.22-23 Their unit cells are twice that of perovskite, so they are 

known as double perovskites. Since A-site cations usually act as an electron donor to 

the BO6 octahedral and the physical properties are highly dependent on B-site cations, 

double perovskites usually indicate double B-site perovskites.24  

There are 3 types of cation ordering in A2BB’O6 double perovskites: (1) random, (2) 

rock-salt, B and Bʹ cations arrange in a chessboard pattern in all the three 

crystallographic directions (Figure 2 (b)), (3) layered.25 The types of ordering are 

generally determined by the charge difference between the B-site cations. When the 

charge difference less than 2, the B-site cations arrange randomly, the possible space 

groups are cubic (Pm-3m) and orthorhombic (Pbnm); when the charge difference ≥ 2, 
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the rock-salt ordering dominates, the possible space groups are cubic (Fm-3m), 

tetragonal (I4/m) and monoclinic (P21/n).24. The rock-salt double perovskite is the 

most abundant and investigated type. 

The perovskite oxides are generally approximated as ionic compounds, the charge 

balance needed to maintain neutrality. In ABO3 structure, if the charges on the cations 

are written as qA and qB, then qA+qB=6. In the case of A2BB’O6, the equation is 

2×qA+qB+qB’=12. 

 

Figure 2. (a) Cubic perovskite (Pm-3m) structure, (b) The rock-salt ordered double perovskite 

(A2BB’O6) structure (Fm-3m) 

The ideal stoichiometric ABO3 structure is cubic (Pm-3m), and the space group of a 

cubic rock-salt A2BBʹO6 double perovskites is Fm-3m, the new axes run parallel to the 

simple cubic perovskite axes, and the lattice parameter is twice the simple cubic lattice 

parameter ap, where ap is the ideal single cubic perovskite cell.  

Goldschmidt proposed a tolerance factor to predict the stability and distortion of the 

perovskite.26 The tolerance factor, t, is defined as 

t= rA+rO

2 (rB+rO)
                                                              Eq. 1 

where rA, rB and rO are the ionic radius of the respective A, B and oxygen ions. 

For substituted phase A1-xAx’BO3, t can be written as:27 

t= (1-x)rA+xrA'+rO

2 (rB+rO)
                                                        Eq. 2 

and in the case of A2BBʹO6:25 
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t= rA+rO

2 (
rB+rB'

2
+rO)

                                                         Eq. 3 

With the variation in A-site cation ionic radius, the structure adjusts the size of the 12-

coordinate site by cooperatively tilting the BO6 octahedra and bending the B-O-B 

bonds. This resulting structure deviates from the ideal cubic structure and adopts 

lower symmetries with a realignment of the unit cell axes. 

For a small deviation in t of ABO3, the crystal structure changes from cubic to 

rhombohedral or orthorhombic symmetry:20 

 

and in the case of A2BBʹO6 double perovskite:28 

 

The space groups differences between a random orthorhombic (Pbnm) and a rock salt 

monoclinic (P21/n) double perovskite are very subtle, diffraction patterns for 

compounds crystallizing in these space groups are very similar, extreme care must be 

taken in assigning space groups for them. The only reflection condition that justifies a 

rock salt arrangement with P21/n symmetry is the presence of 0kl: k=2n+1.29 

Many important physical properties of perovskites are determined by the BO6 

octahedra, such as magnetic and electronic properties. This is because these are often 

mediated by the electron configurations of the B-site cations. The A-site cations tend 

to be closed-shell ions with a fixed valence and so less responsive to chemical 

manipulation for tuning the chemical and physical properties. 

There are three types of modifications in the structure of the perovskite, namely, B-

site cation displacement, BO6 tilt/rotation and BO6 distortion. The B-site cation 
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displacement and BO6 tilt/rotation are usually associated with the size of the B-site 

and A-site cations, respectively. The BO6 distortions are a result of interactions 

between the cation electron orbitals and the surrounding O anions, typified by the 

Jahn–Teller effect. These tilts and rotations are also extremely sensitive to external 

stimuli, including temperature, pressure and strain. This latter aspect is particularly 

important in the case of thin films epitaxially grown onto a suitable substrate.27 

The relationship of the property versus the composition and structure would provide 

tracks for designing the perovskite materials.  

1.3 Superexchange and double exchange in lanthanum manganite 

perovskite 

Most of the CMR oxomanganates are based on the perovskite parent compound 

LaMnO3, an antiferromagnetic (AFM) insulator. Bulk LaMnO3 exhibits a variation of 

the electronic correlations (i.e., different strength of the electronic interactions in the 

system) as a function of temperature. At low temperature the system is a Mott-

Hubbard A-type antiferromagnetic (A-AFM) insulator that crystallizes in the Pbnm 

orthorhombic structure (Figure 3 (a)).30 Ferromagnetically aligned ab-layers are 

coupled antiferromagnetically along c-axis (Figure 3 (b)).31-33 However, at 

temperatures above TJT = 750 K the system becomes a pseudo-cubic ferromagnetic 

(FM) metal. The LaMnO3 has a nominal formula La3+Mn3+O3, containing a population 

of Mn3+ (3d4, , S=2, high-spin (HS)) cations. The Mn3+ cation is a Jahn-Teller ion, 

and the oxygen coordination octahedra are elongated. This results in a distorted 

perovskite structure. The AFM insulator phases are attributed to superexchange (SE) 

interactions between the Mn3+ cations and the p orbitals of the linking oxygen 

atoms.34-35 The Mn3+ cations are in apex-shared octahedra, and the La3+ cations in the 

cage sites between the octahedra and the cation-anion-cation geometry is linear so 

that the superexchange mechanism suggests that these phases should promote the 

antiferromagnetic (antiparallel) alignment of the magnetic moments. Schematically 

(Figure 3 (c)), a cation with an overall spin-up configuration can interact with a spin-

down (red arrow) electron in a filled oxygen p orbital, with a consequence that the 
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other (spin-up, blue arrow) electron in the oxygen p orbital must then induce a 

favorable exchange to enforce an overall spin-down configuration in the other cation. 

However, no actual electron exchange takes place between cations and anion, and the 

exchange is virtual. 

 

Figure 3. (a) LaMnO3 (Pbnm) crystal structure, (b) A-type (001)p alignment, (c) Schematic of 180° 

superexchange between two paramagnetic cations via the filled p orbitals of an intermediate oxygen 

ion.27 

B-site substituted lanthanum manganites have the general formula LaBxMn1-xO3 (B = 

Fe, Co, Ni, Cu, Zn or Ti),35-42 when x = 0.5 and the B-site cations are ordered, they form 

the double perovskite structure and are always written as La2BMnO6. Among them, 

La2CoMnO6 and La2NiMnO6 are more appealing since the charge difference between 

Co or Ni and Mn is +2, leading to a rock-salt (P21/n) structure and to unique 

ferromagnetic and electronic properties. They are ferromagnetic and insulating 

material due to the B-site (Ni2+-O-Mn4+ or Co2+-O- Mn4+) superexchange 

interactions.43-45 

A-site substituted lanthanum manganites have the general formula La1−xAxMnO3, or 

La1-xAxMn1-x
3+ Mnx

4+O3 (A = Ca, Sr, Ba, or simply Lanthanum vacancies), the material is 

generally ferromagnetic and metallic (FMM) below Curie temperatures (TC) when 0.2 

< x < 0.5.46 The generation of Mn4+ (3d3, t2g
3 , S=3/2) cations to maintain charge 

neutrality dilutes the Jahn–Teller (J-T) distortions of Mn3+ (3d4, , S=2). With the 
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appearance of the Mn mixed valence state (Mn3+ - Mn4+), J-T distortion is partially 

released and electrons can travel from one Mn cation to another according to the 

double exchange (DE) mechanism devised by Zener in 1951.47-48 The key in DE 

mechanism, as in superexchange, is that the interaction between Mn neighbors is 

mediated by oxygen ions. In double exchange, one Mn3+ ion transfers an electron to 

an adjacent O2− ion, but as this has filled p orbitals, to make this possible, the O2− ion 

simultaneously transfers one of its electrons to a neighboring Mn4+ ion. In essence, 

the electron hops from Mn3+ to Mn4+ via intermediate oxygen ions (Figure 4 (b)). In 

the process the charges on the Mn ions are reversed and because all of the orbitals on 

the oxygen ion are full and electrons are spin paired, a spin-up electron moving from 

Mn3+ will displace a spin-up electron from O2− onto Mn4+. This DE is only favorable if 

there are parallel spins on the two Mn cations involved, thus it leads to ferromagnetic 

alignment of neighbor Mn moments. Note that in DE mechanism, there is an actual 

electron transfer from one cation to another (in contrast to superexchange 

interactions in which virtual electrons are interchanged), leading always to 

ferromagnetic alignment. (Figure 4 (a)). 

 

Figure 4. (a) Schematic of Ferromagnetic ordering, (b) Double exchange, schematic: Mn3+ (3d4, , 

S=2) cation, left, transfers a spin-up electron to an oxygen p orbital, center (arrow), which 

simultaneously transfers a spin-up electron, right (arrow), to an empty orbital on the receiving cation 

Mn4+ (3d3, t2g
3 , S=3/2), forcing ferromagnetic alignment of spins.27 
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1.4 Derivative of lanthanum manganite perovskite 

The AFM insulator phase limits the applications of LaMnO3, introducing a distortion of 

the MnO6 octahedra can tune it into a ferromagnetic (FM) metallic conducting phase. 

However, the stoichiometric LaMnO3 is a complex system where it is very difficult to 

disentangle the effects of strain, oxygenation and cation vacancies on the magnetic 

state.49 A relatively easy way to modify the properties of LaMnO3 consists in 

substituting part of the La or Mn cations. 

In this thesis, we have grown and investigated thin films of the following derivative 

from LaMnO3: 

i) By introducing ion vacancies in La site of the LaMnO3, a ferromagnetic metallic 

conductor phase, La0.92MnO3, was obtained(Figure 5 (a));  

ii) Substituting 30% of La by Sr, a ferromagnetic metallic phase La0.7Sr0.3MnO3 

with higher TC was obtained (Figure 5 (b); and  

iii) By substituting half of the Mn with Co or Ni, ferromagnetic and insulating 

double perovskites (Figure 5 (c) La2CoMnO6 and (d) La2NiMnO6) were prepared. 

The films were deposited on top of different substrates with perovskite structure 

(SrTiO3, LaAlO3,…) by using the PAD technique. Those different materials were 

selected because they are of potential interest for the implementation of different 

magetoelectronic devices due to their ferromagnetic character, high TC and high 

saturation magnetization (Ms) values.50-52 

 

Figure 5. (a) La0.92MnO3 (R-3c), (b) La0.7Sr0.3MnO3 (R-3c), (c) La2CoMnO6 (P21/n), (d) La2NiMnO6 (P21/n), 

crystal structures. 
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Concerning La0.92MnO3, an amount of 8% of La vacancies in LaMnO3 introduces 24% 

of Mn4+ (holes) into the lattice, the nominal valence states are La0.92
3+ Mn0.76

3+ Mn0.24
4+ O3, 

this is the same amount of holes that in La0.76Ca0.24MnO3, for instance, although the 

smaller cationic disorder in La0.92MnO3 makes its electronic conductivity much larger, 

while its Curie temperature increases up to values close to 300 K.53 The appearance of 

the metallic ferromagnetic behavior is explained by the DE mechanism. 

La0.7Sr0.3MnO3, with the nominal valence states of La0.7
3+ Sr0.3

2+ Mn0.7
3+

Mn0.3
4+ O3, is one the 

most important substituted lanthanum manganite for its high TC value (TC=370 K).54 

The ferromagnetic metallic state in this compound is the typical example of the DE 

mechanism between Mn3+ (3d4, t2g
3 eg

1, S=2) and Mn4+ (3d3t2g
3 , S=3/2). 

The double perovskites La2CoMnO6 and La2NiMnO6 are much more complicated 

systems, the degree of ordering of the B-site cations of is crucial to their magnetic and 

electronic properties. The phases with ordered arrangements of B and B’ are in a ‘rock 

salt’ fashion in all the three crystallographic directions, the space group is monoclinic 

P21/n at room temperature, at high temperatures, the phase transitions from the 

monoclinic P21/n to the trigonal R-3 takes place.55 The average Co-O-Mn and Ni-O-Mn 

bond angles in ordered phases are close to 160°, which favor SE interactions and FM 

alignment.56-59 The random distribution results in an orthorhombic structure Pbnm 

and R-3c.  

The ordered phases are ferromagnetic insulator with high Curie temperatures, for 

example, TC (La2CoMnO6) =230 K, and TC (La2NiMnO6) =270 K. This behavior could be 

explained by ferromagnetic (FM) superexchange interactions according to the 

Goodenough-Kanamori rules. The nominal valence states are La2
3+Co2+Mn4+O6 

(TC=230 K), La2
3+Ni2+Mn4+O6  (TC=270 K), and the super-exchange interactions are 

between Co2+ (3d7, t2g
5 eg

2, S = 3/2) and Mn4+ (3d3 t2g
3 , S=3/2) ions in one case, and 

between Ni2+ (3d8, t2g
6 eg

2, S=1) and Mn4+ (3d3 t2g
3 , S=3/2) ions in the other case. The 

spin only theoretical saturation magnetization value for fully ordered LCMO is 6 μB/f.u., 

and for LNMO, the value is 5 μB/f.u..35, 37-39 
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The difference of size and charge of the cations are the major driving force for the B-

site ordering.25 It has been established that a large difference in size and charge of the 

B-B’ site cations provides a material with higher degree of ordering.60 The ionic radii 

difference between Ni2+ (83.0 pm) and Mn4+ (67.0 pm) is 16.0 pm, and is 21.5 pm for 

Co2+ (HS, 88.5 pm) and Mn4+,61 the energy barrier for the site exchange of Ni2+ and 

Mn4+ is lower than that of Co2+ and Mn4+, so in LNMO is more difficult to achieve full 

B-site ordering. 

There are two major reasons responsible for the Ms reduction, and the shape changes 

in the M-T curves and the magnetic hysteresis loops of FM double perovskite, they are 

anti-site (AS) disorder and antiphase boundary (APB), respectively. 

The AS disorder is the situation that B cations partially exchange the sites with B’ 

cations (Figure 6 (a)). The AS disorder and the percentage of ordering are related by 

the expression: x = (100-2y), where x is the percentage of ordering and y is the 

percentage of AS disorder. In FM double perovskites, the MS decreases with increasing 

AS disorder. In ordered LCMO or LNMO, the FM superexchange between Co2+/Ni2+and 

Mn4+ (Ni2+-O-Mn4+ or Co2+-O- Mn4+) promotes the Ms, in contrast, AS defects lead to 

AFM superexchange interactions (Co2+-O-Co2+, Ni2+-O-Ni2+, and Mn4+-O-Mn4+), and 

consequently, will reduce the Ms. AS disorder has a direct influence on the magnetic 

properties of the double perovskites, therefore the departure of the Ms of a given 

sample from these spin only Ms values is interpreted as a measure of the degree of 

Co/Mn or Ni/Mn disorder in the structure. For example, if measured Ms of a LNMO 

film is 4.0 μB/f.u., then the percentage of ordering is 80%, and the percentage of AS 

disorder is 10%. 

In ordered La2CoMnO6/La2NiMnO6, different B-site ordered domains can exist. In one 

domain, the Mn can be sitting on the B site, while on a B’ site in another. An APB is 

created where two such domains meet, and this leads to AFM Mn4+-O-Mn4+ 

interactions across the interface (Figure 6 (b)). APB is able to explain additional 

unusual features of magnetization which AS disorder cannot do, namely, the small 

coercivity and low remanence.62 At a zero magnetic field, the FM domains on opposite 
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sides of the APB will align antiparallel to each other giving rise to a steep reduction of 

the magnetization. 

 

Figure 6. (a) Schematic of anti-site disorder in an (001) plane of La2CoMnO6/La2NiMnO6. (b) Schematic 

of an anti-phase boundary in an (001) plane of La2CoMnO6/La2NiMnO6. (reproduced from 

Goodenough and Dass, ref62) 

Since the size and charge difference of B-site cations are intrinsic effects, more efforts 

are focused on the reduction of the antisite defects. The generation of antisite defects 

is temperature sensitive and is influenced by the preparation methods employed.35, 

37-38 The final amount of antisite defects on the double perovskite structure has 

consequences for the electronic and magnetic properties of the samples. Therefore, 

an accurate control of processing temperatures and oxygen pressure is required to 

prepare high quality LCMO and LNMO films with optimal magnetic properties. 

1.5 Oxide thin films synthesis methods 

1.5.1 Vapour deposition method 

Vapor phase crystal growth methods have been used extensively for the preparation 

of epitaxial thin films. It describes any process that a film becomes larger in mass due 

to transference of source material from the vapor onto the surface of a substrate. 
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Figure 7 schematically illustrates the basic features of evaporative deposition.63 In this 

process, thermal energy is supplied to a source material, atoms are evaporated and 

deposit onto a substrate. Single crystal perovskite substrates are usually used for the 

deposition of perovskite films. The process is normally carried out in a vacuum 

chamber to enable control of the vapor composition. 

 

Figure 7. Schematic of the basic features of vapor deposition system63 

PVD is the process that the vapor is created by physical method without a chemical 

reaction, CVD is the process that the material deposited is the product of a chemical 

reaction.63 Important PVD techniques include sputtering, pulsed laser deposition 

(PLD), molecular beam epitaxy (MBE). Metalorganic CVD (MOCVD) is the most 

frequently used CVD methods. 

Sputter deposition is a process in which material ejects from a target by the 

bombardment of high-energy ions condenses onto a substrate in a high vacuum 

chamber. Figure 8 schematically shows the basic elements of a sputter deposition 

system. The target is a piece of material with the desired composition of the film, it 

serves as the cathode. The substrates are placed on a substrate holder which serves 

as the anode. Low pressure argon (10−3–10−1 Torr) is introduced into the chamber as 

the sputtering gas. When a voltage of several hundred to a thousand volts is applied 

between the cathode and the anode, Ar+ ions are formed, creating a glow discharge 

in the deposition chamber. The positive Ar+ ions are accelerated to strike the anode 

target, surface atoms physically leave the target and form the vapor in the chamber, 

then condense on the substrate to form a film.64-66  
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Figure 8. Schematic of the sputtering64 

PLD is a process that material ejects from a target by the strike of high-energy laser 

beam, and condenses onto a substrate in a vacuum chamber. Figure 9 schematically 

shows the basic elements of a PLD system. A pulsed laser beam is focused onto a 

target of the material to be deposited, vaporizes or ablates a small amount of the 

material creating a plasma plume. The ablated material is ejected from the target in a 

highly forward-directed plume, and condenses on a heated substrate forming a thin 

film with the same composition of the target. The background pressures rang from 

ultrahigh vacuum (UHV) to 1 Torr.67  

 

Figure 9. Schematic of the PLD64 

MBE is a process that pure atoms ejected by a Knudsen cell cross an ultrahigh vacuum 

(typically below 10−10 Torr) chamber and condenses onto a substrate. Figure 10 shows 

the schematic diagram of a MBE system. Knudsen cells (K-cells) are usually employed 

as effusion cells for the production of beams from condensed (solid or liquid) materials. 
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Ultrapure source materials are placed in Knudsen cells and evaporated by radiative 

heating to produce molecular beams. The substrate is mounted on a heated holder 

opposite to the effusion cells. Reflection high-energy electron diffraction (RHEED) is 

often applied for in situ monitoring of the growing process.68-69 

 

Figure 10. Schematic of the MBE68 

CVD is a process that the precursors, gases or vapor react or decompose on the 

substrate at high temperature in a vacuum chamber. The volatile compounds react 

near the surface of the substrate to form a solid film. Other gaseous by-products are 

removed by a continuous carrier gas flow.70 The MOCVD is a CVD technique using 

organo-metallic precursors. Figure 11 shows the schematic diagram of a MOCVD 

system. The precursor solutions are sent in pulsed regime droplets inside the 

evaporator by using an injector. The droplets are transported to the deposition 

chamber by a mixture of the carrier gas (Ar, or N2) and a reactive gas (O2), and then 

adsorbed on the substrate surface. The reactive species thus diffuse at the surface and 

react in heterogeneous phase to form a film.71 



18 

 

Figure 11. Schematic of the MOCVD72 

The advantages of vapor deposition techniques include high crystal quality, precise 

control of composition and thickness at atomic-scale. However, there are also some 

drawbacks. For example, all the vapor deposition methods require large capital 

investment since the vapor depositions are often carried out under vacuum conditions; 

the size and shape of the sample are limited by the vacuum chamber; the prices of the 

targets or element sources are very high; and some toxic or corrosive gases may be 

used. 

1.5.2 Chemical solution deposition (CSD) 

Among the well-developed deposition techniques, chemical solution deposition (CSD) 

is noted for its easy setup, low cost, easy scalability, the ability of coating on irregular 

surfaces, and because the high vacuum system is not necessary. In addition, the 

thicknesses can be well controlled by the modification of the concentration of the 

precursor solution, and the desired stoichiometry of the films is easy to control. 

Usually, a typical CSD process for thin film deposition includes three steps (Figure 12): 

precursor solution preparation, surface coating, and thermal treatment. 
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Figure 12. Flow chart of a typical CSD process 

Many aspects have to be considered for the choice of synthesis strategy in each step.73 

In the solution precursor preparation process, the solubility of the solute should be 

high enough to form the precursor solution with a high concentration, and the 

precursor solution should be uniform, stable, and no phase separation should occur.  

For surface coating, the wettability and viscosity are important. The wetting between 

the precursor solution and the substrate should be good and the viscosity of the 

precursor solution should be properly adjusted for a uniform thickness and crack free 

surface. 

For the thermal treatment, the chemical composition of precursor should be as simple 

as possible to make sure that all of the chemical elements except the desired cations 

can be released completely during the annealing. 

The most commonly employed methods for metal oxide thin film preparation include 

sol–gel, chelate, and metallo-organic decomposition (MOD). 

Sol–gel Processes 

Sol-gel deposition is a process in which metallic alkoxides are hydrolysed in alcohol 

solvents with the help of water, and go through a condensation reaction with the 

elimination of water and alcohol, providing a solid oxide film deposited on a substrate 

after thermal treatment. The reactions in the sol-gel process result in the formation 

of oligomeric species and are as follows: 

 

Hydrolysis 
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M(OR)x+H2O M(OR)x-1(OH)+ROH                                           Eq. 4 

Condensation (water elimination)  

2M(OR)x-1(OH) M2O(OR)2x-2+ H2O                                           Eq. 5 

Condensation (alcohol elimination) 

2M(OR)x-1(OH) M2O(OR)2x-3(OH)+ ROH                                  Eq. 6 

A key point is the control of the amount of water and the process of adding the water 

to avoid precipitation. The sol-gel method is water sensitive, so the preparation should 

be conducted in low humidity, inert gas atmosphere or with addition of stabilizing 

agents.74 

Chelate Processes 

Chelate is a process that relies on the molecular modification of alkoxide compounds 

through reactions with other reagents, and forms new chemical species that are more 

stable and possess better film formation behavior. Compounds such as acetic acid, 

acetylacetone, or amine compounds are often employed in chelate processes, since 

they are reactive with alkoxides, and the reaction products are less hydrolysis sensitive 

and can reduce the tendency to excessive polymerization or precipitation. The 

reaction between a metal alkoxide and acetic acid is shown below: 

M(OR)n+xCH3COOH M(OR)n-1(OOCCH3)x+xROH                        Eq. 7 

MOD process 

The MOD is a process in which metalorganic compounds are dissolved in a solvent, 

such as xylene, and combining different solutions to obtain the desired stoichiometry 

the final solution is then coated onto a substrate. Long-chain carboxylate compounds, 

such as titanium di-methoxy di-neodecanoate are generally used as the metal 

precursors in the MOD process. The MOD solution is hydrolysis insensitive There is 

nearly no reaction among the starting reagents, the final solution is just the simple 

mixtures of them.74 
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An overview of the starting materials, solvent, process chemistry, and relative 

advantages and disadvantages of the three principal methods of inorganic thin film 

preparation is shown in Table 1. 

Table 1. Principal Chemical Solution Deposition Methods 

 Sol-Gel Chelate MOD 

Starting 

materials 

Inorganic metal salts or 

metal organic 

compounds, typically as 

metal alkoxides 

Multiple metal-organic 

precursors, such as metal 

carboxylate, alkoxide, and/or 

β-diketonate 

Long-chain 

metal 

carboxylates 

Solvent Alcohol 
Acetic acid, acetylacetone or 

amine compounds 

Inert solvents, 

such as xylene 

Mixture 

state 

Molecular shape, extent 

oligomeric species with 

M−O−M bonds 

Small oligomeric species Simple mixtures 

Ambience 

humidity 

Low humidity, inert gas 

atmosphere or addition 

of stabilizing agents 

Low humidity, dry box and 

inert atmosphere conditions 

Common 

ambience 

Control 

(Incr.) 
 

Simplicity 

(Incr.) 
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2. Objectives of this thesis 

Among the large amount of materials and combinations of materials with potential 

functionalities, metal oxides constitute a vast and interesting family, exhibiting 

numerous properties already in the bulk state. Ferroelectric, ferromagnetic 

multiferroic or superconducting are some of the behaviors found among the large 

variety of metal oxides, which range from rather simple binary oxides such as Fe3O4, 

TiO2, ZrO2, or ZnO, to more complex materials like binary and ternary metal 

perovskites or spinels (LaMnO3, SrTiO3, La0.7Sr0.3MnO3, La2CoMnO6, La2NiMnO6, 

BiFeO3, CoFe2O4, …). Nowadays, most of the new technological applications of 

materials require the use of thin films and heterostructures to take advantage of the 

varied benefits of miniaturization. 

In the context of stoichiometry control, scalability and high throughput required for 

application purposes, chemical solution deposition approaches to grow thin films offer 

a great potential. In addition, in the actual circumstances where the demand for 

sustainable and environmentally friendly reactants and processes steadily increases, 

polymer assisted deposition (PAD) is very attractive, since it is based on using aqueous 

solutions of environmentally friendly metal salts and commercially available polymers. 

However, serious concerns have been raised on the control of surface and interfacial 

quality of films grown by chemical solution deposition, limiting their use in emergent 

applications relaying in flat sharp interfaces, for example, for spintronics. 

In the present thesis we undertake the challenge of realizing and exploring different 

high-quality perovskite oxide thin films, namely LCMO, LNMO, LSMO and LMO on STO 

and LAO substrates by the PAD approach. The results of LCMO, LNMO, and LMO films 

were published. The physical properties of these materials are strongly dependent on 

the ordered arrangement of cations, especially the B-site ordering in the double 

perovskite structure. Therefore, these materials constitute an excellent playground to 

investigate the influence of the PAD growth process on the structure and properties 

of complex oxides. On the other hand, bilayer films are necessary in devices based on 

the spin transfer torque effect and the surface/interface roughness or magnetic 

inhomogeneities strongly impact their properties. As a result, the requirements for a 
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good functional film include high crystallinity, low surface roughness, good electric 

properties, and good magnetic properties. 

The first objective has been to optimize the preparation of the mixed metal polymer 

mother solution for each cation, which will be used afterwards to prepare the 

precursor solution for each oxide compound with the desired stoichiomtery. In 

addition to the effort done in controlling the growth of these complex oxides on STO 

and LAO substrates, we have also explored them in depth performing a 

comprehensive characterization of their surface morphology, crystallography, 

microstucture and magnetic and transport properties. 

The magnetic properties of LCMO films (MS ≈ 6 μB/f.u. and TC ≈ 230 K) prepared by 

PAD are indicative of almost full Co/Mn B-site cationic ordering, favored by the 

particular grow conditions of PAD, very slow rate, close to thermodynamic equilibrium 

conditions. The double perovskite cationic arrangement was investigated by high 

resolution scanning transmission electron microscopy (STEM) images. For LNMO 

epitaxial thin films, complete ordering is more difficult to attain due to the smaller 

ionic radii difference between Ni2+ and Mn4+. Consequently, saturation magnetization 

values are depleted compared with the expected spin-only theoretical value (MS =5 

B/f.u.). The oxidation state of the transition metal cations was determined by 

synchrotron x-ray absorption studies. Further, the effect of fast heating rates on the 

magnetic properties of LCMO and LNMO epitaxial thin films was analyzed.  

The static and dynamic magnetic properties of high-quality LMO thin films on STO 

were prepared by PAD were investigated. Ferromagnetic resonance measurements in 

LMO films and LMO/Pt bilayers indicate the transfer of spin momentum from LMO to 

the Pt layer by spin pumping, which demonstrate that the PAD technique allows 

obtaining complex oxide thin films of high microstructural and interfacial quality 

suitable for spintronic applications.  
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3.1 Polymer Assisted Deposition (PAD) 

Polymer-assisted deposition (PAD) was first introduced in 2004 by Jia et. al.1 to 

prepare metal-oxide films. Different from the CSD methods mentioned above, it 

employs water as the solvent. PAD is a wet chemical method that uses water-soluble 

polymers to bind metal ions as film precursors. The key to PAD is that the polymer 

controls the viscosity and binds metal-ions, resulting in a homogeneous distribution 

of metal precursors in the solution and the formation of uniform metal-organic 

precursor films. The latter feature makes it possible to grow simple and complex 

epitaxial metal-oxides with desired physical and structural properties. The PAD 

process is illustrated in Figure 13.  

As PAD itself is a chemical solution deposition method, it has the traditional 

advantages of CSD. Importantly, the precursors are stable, and they can be coated by 

spin, dip, or spray on to the substrate. Furthermore, it has features, such as binding 

metals directly to the polymer, that prevent the pre-formation of metal-oxide in the 

solution before the polymer is decomposed.2The precursor solutions are very stable 

and not sensitive to the ambience humidity, a common hood is enough almost for all 

the process. Compared with the CSD methods in Table 1, the PAD process is simpler 

and easier.  

 

Figure 13. Flow chart of the polymer assisted deposition process 
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3.1.1 Solution chemistry of PAD 

The PAD solutions contain water, salt(s), and polymer(s). The salts are water soluble 

metallic salts (nitrate, chloride, acetate, oxalate, etc) and their hydrate. The most used 

polymer is polyethyleneimine (PEI) due to its large amount of terminal amino (-NH2) 

groups, the simple PEI polymer binds well to the first row transition metals.3 Some 

hard metals, such as titanium or strontium, cannot bind directly to PEI. There are two 

ways to improve the coordination ability of PEI. One way is to chemically modify the 

PEI polymer, such as carboxylatedpolyethylenimine (CPEI), phosphorylated-

polyethylenimine (PPEI), sulfonated-polyethylenimine (SPEI).4 Another method is to 

use ethylenediaminetetraacetic acid (EDTA) to coordinate with metals to form anionic 

metal complexes, and then coordinate to protonated PEI. The major advantage of the 

EDTA route is that EDTA forms stable complexes with almost all metals. The EDTA 

complexes bind to the PEI via a combination of hydrogen bonding and electrostatic 

attraction as seen in Figure 14. Metal polymer solution with over 45 different elements 

are able to be produced using either pure PEI or PEI–EDTA.3  

 

Figure 14. Schematic of the formation of [M-EDTA]-PEI complex, illustrated by Mn2+. The cation 

chelates with EDTA to form a complex with negative charge, then combine with protonated PEI. 

3.1.2 Stability and pH 

The pH plays a very important role in the formation of [M-EDTA]-PEI complexes. The 

PEI used in this thesis is branched with a molecular weight of 25,000. In the aqueous 

PEI solution, the pKa for primary, secondary and tertiary amines are 10.5, 6.4 and 4.2, 

respectively5. The enhancement of electrostatic interactions, particularly hydrogen 
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bonds, takes place at lower values of pH, where most of amines of PEI are protonated.5 

The hydrolysis of cations occurs at very high value of pH, and precipitations of metal 

hydroxides appear. For instance, La3+ hydrolysis occurs at pH ≈ 8.56 while a pH ≈7 is 

enough to hydrolyze Mn2+.7 But when the pH value is too low, the chelating ability of 

EDTA will be weakened. 

Another situation that should be considered is the mixing of different mother 

solutions according to the targeted stoichiometry. Their pH values should be similar 

to avoid precipitations during the mixing process. After all the situations were taken 

into consideration, the pH values of the different mother solutions prepared in this 

work were set up to be close to 6. 

3.1.3 PAD mother solutions preparation 

The main solution preparation process is the same with other CSD, the differences are 

the use of ultrafiltration to remove unbound low molecular weight cations or anions, 

and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) to measure 

the concentration of the cations. Figure 15 is the schematic of precursor solution 

preparation process of La2CoMnO6 solution. 

 

Figure 15. Schematic of precursor solution preparation process of La2CoMnO6 
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3.1.3.1 Precursor solution preparation 

EDTA is not easy to dissolve in water directly. Usually, 2 g PEI are dissolved in 40 mL 

water firstly obtaining a basic solution of pH≈11, then EDTA is added into the solution, 

and the pH value decreases. The pH value is measured with pH-meter, and ammonia 

or nitric acid were used to adjust the pH value to around 6. High purity metal nitrates 

or chlorides were used as cations sources. After the metal salts were dissolved in the 

EDTA-PEI solution, the final pH values were adjusted again. Since EDTA is a 

polydentate ligand, and the cations used in this thesis are polycoordinationable, the 

molar ratios of metal and EDTA were set up to 1:1. The mass ratios of EDTA and PEI 

were 1:1 or 1:2, which resulted in different binding degrees and viscosities. The 

solutions were heated at 50 °C for a few hours with stirring to ensure all the chemicals 

were dissolved completely. After preparation of a given solutions, they were kept 

several hours before filtration, just to confirm that no precipitate is formed. The 

solutions were filtered through a syringe membrane filter with a pore size of 0.22 μm 

PTFE filter to remove undissolved chemicals or impurities introduced during the 

preparation process like dust. The same filtration will be repeated before and after 

the ultrafiltration, since all the processed are perform in a common laboratory. 

3.1.3.2 Ultrafiltration 

One of the key features of the precursor solution of PAD is the use of an Amicon  

filtration unit to remove non-coordinated cation and anion species. The solution is 

passed through a membrane to wash out cations and anions not coordinated with 

polymers. This is possible because of the large difference in molecular weight and size 

between the polymer and the cations. Filtering the solution prevents precipitation and 

therefore yields a homogeneous solution (and ultimately a homogeneous coating) at 

the molecular level. Filtration plays an important role in the growth of high quality 

epitaxial films. This step is especially critical in the growth of epitaxial complex 

materials where two or more cations are involved.8 
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Figure 16. (a) Photo of an Amicon ultrafiltration cell used in the experiments. (b) Amicon stirred cell 

model 8200, capacity 200 mL. 

Firstly, the Amicon filtration unit model 8200 (Figure 16) was assemble from the 

bottom to the top. Secondly, 40 mL metal polymer solution were transferred into the 

cell, and 110 mL Milli-Q water were added, the total volume of the solution was 150 

mL. Then the cell was closed with the cap and mounted in the stand assembly. Finally, 

the pressure relief valve was closed, and the N2 inlet valve opens (0.5~1.0 bar) to 

increase the pressure in the cell and let the solution overpass the membrane filter 

drop by drop until a final volume of less than 20 mL was reached. 

The operation was repeated two to three times, adding Milli-Q water up to 150 mL 

before each filtration. The filtration ends up to attaining the desired volume 20~25 ml, 

the concentration of PEI is about 0.1 g/mL. The stirring speed is controlled by a 

magnetic stirrer under the cell, usually operated at 60 rpm.  

The membranes had a cut-off molecular weight of 10 kDa, only cations and EDTA 

which are coordinated to polymers over this molecular weight value will retain in the 

cell. The retained and permeated solutions were collected for concentration 

measurements. All the retained solutions were kept in a refrigerator. 
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3.1.3.3 ICP-AES 

Metal concentration analysis was conducted using inductively coupled plasma-atomic 

emission spectrometer (ICP-AES), located at the Servei d’Anàlisi Química of the UAB. 

The efficiency of the interaction of PEI to metals and to anionic complexes can be 

studied by comparing the yield between retained and permeated portions during 

Amicon filtration. The efficiency of PEI to coordinate different metals was quantified 

through the degree of retention of metal ions after ultrafiltration of the solutions. In 

order to calculate the degree of retention, the retained and permeated volumes must 

be taken into account, besides the molar concentration, so that the ratio between the 

number of moles (n) is obtained. 

Retention= nretained

nretained+npermeated
= Retained ·Vret.

Retained ·Vret.+ Permeated ·Vperm.
                          Eq. 8

The higher the formation of the metal complex polymer species the higher the degree 

of retention, because in order to remain into the retained portion of the filtered 

solution, the metal or the complex metal necessarily must be coordinated to PEI. The 

degree of retention after ultrafiltration, as well as the pH value of metal polymer 

solutions is summarized in Table 2. The degree of retention of different ions prepared 

in this thesis, and pictures of precursor solutions are shown in Figure 17. The viscosity 

of the solutions were measured with a DMA 4100m Anton Paar densimeter with a 

micro-viscometer module Lovis 2000 ME, the viscosity values range from 3 to 4 MPa s. 

Table 2. Degree of retention of different ions at their corresponding pH value in solutions. The 

proportion of EDTA with respect to metal, and the proportion of EDTA to PEI, is also indicated. 

Cation Salt pH c(mmol/l) 
Rentention 

(%) 

M:EDTA 

molar ratio 

EDTA:PEI 

mass ratio 

La3+ La(NO3)3·6H2O 6.03 230.37 76.69 1:1 1:1 

Sr2+ Sr(NO3)2 5.34 125.54 46.95 1:1 1:1 

Ni2+ NiCl2·6H2O 6.48 168.67 66.5 1:1 1:1 

Co2+ Co(NO3)2·6H2O 8.01 146.44 53.31 1:1 1:2 

Mn2+ Mn(NO3)2·5H2O 5.29 176.38 67.05 1:1 1:1 

Ru3+ RuCl3·xH2O 7.90 11.0 85.25 1:1 1:1.5 
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Figure 17. (a) Degree of retention of different ions prepared in this thesis, (b) Pictures of different 

precursor solutions. 

3.1.3.4 Preparation of precursor solution for a given compound 

according to stoichiometry 

PAD can be used for the synthesis of poly-cationic compounds because polymer 

coordination prevents any undesired reaction in the solution due to differences in 

chemical reactivity among metals. As mentioned above, the pH values of the metal 

polymer solutions were adjusted to be close to 6, so no precipitation occurred during 

mixing, and the final mixture solutions could be stable for months. The purified 

solutions of each individual cation are then mixed according to the final desired 

stoichiometry. 

In this thesis, nine different poly-cationic solutions were prepared; they are 

La0.92MnO3, La2CoMnO6, La2NiMnO6, LaNiO3, La0.7Sr0.3MnO3, La0.5Sr0.5CoO3, LaCoO3, 

SrCoO3 and SrRuO3. 

As an example, below we show the characteristic data for mixing of individual 

solutions with a given molar concentration for obtaining 2 mL of the solution for 

La0.92MnO3 in a concentration of 56.7 mM with respect to Mn: 

Table 3. Mixing of individual La and Mn solutions to obtain a La0.92MnO3 precursor solution 

Cation Stoichiometry pH Molar concentration (mM) Volume (μL) 

La 0.92 6.03 230.37 798.7 

Mn 1 5.29 176.38 1133.9 
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Typical film thickness obtained with this solution concentration was around 10 nm. 

For the formation of films with a thickness of 25 nm, the solution was concentrated to 

around 130 mM reaching a final volume of 0.91 mL prior to spin-coating. 

The different precursor solutions are transferred by using micropipettes with low-

retention tips for a higher accuracy. After mixing, the final solution is usually 

evaporated or diluted for increasing or decreasing the molar concentration. The 

concentration is an important parameter in spin-coating at the time of varying the 

thickness layer. The relation between the thickness and solution concentration varies 

with the composition of the solution. At a speed of 4000 rpm for the spin coater, in 

the cases of LCMO and LNMO, if the concentration of the solution is about 20 mM, 

then the thickness of the grown film was around 5 nm. Increasing the concentration 

to about 60 mM, the thickness increased to be about 20 nm. But for LSMO films, a 

concentration of 150 mM is necessary to produce a film of 20 nm. It has to be aware 

that the viscosity is related to the concentration, so the concentration-thickness 

relationship is not necessarily linear. 

3.2 Thermogravimetric analysis of solutions 

The last step of the PAD process is the thermal treatment, it mainly consists of the 

decomposition of organics (<600 °C) and crystallization of metal oxides (700-1000 °C). 

The thermal behavior of the poly-cationic solutions was analyzed by means of 

thermogravimetry (TG) and differential thermal analysis (DTA). The temperature 

range from room temperature to 500 °C, provides information on water loss and on 

the thermal stability of the polymer. In the solutions, besides water there are metal 

nitrates, PEI, and EDTA. From room temperature to ~ 250 °C, the weight loss 

corresponds to the process of evaporation of residual water and dehydration.9 Pure 

EDTA decomposes to acetic acid, formic acid, and ethylenediamine in water at a 

temperature range from 200°C to 260 °C.10 When EDTA chelates with metal ions, such 

as Fe, Ni, the decomposition temperature will increase to 230-310 °C.11 PEI starts to 

decompose from 230 °C, loses more than 80% mass at about 450 °C, and it will be 

removed completely above 550 °C. An important aspect of PEI is that this polymer 

undergoes de-polymerization instead of a combustion, the only reaction product is 
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CH2=CHNH2.8 The decomposition processes of PEI and EDTA are shown in Figure 18 

(a), all the organics are decomposed to small volatile molecules and removed from the 

film, as a result, only metal oxides remain. Furthermore, before completely 

decomposed, the polymer keeps the homogenous mixing of the metals and inhibits 

the crystallization of the oxides as a result, high quality complex metal-oxide films 

without second phase inclusions are formed at higher temperatures.12 

As an example, we show the thermogravimetric analysis performed on a 

La0.7Sr0.3MnO3 precursor solution. Before the measurement, the solution was dried at 

80 °C to remove most of the water to form a powder mixture. Figure 18 (b) shows the 

TG and DTA curves of the sample. The mass loss step with no peak on the DTA curve 

upon heating to about 200 °C is due to evaporation of water. Between 250 °C and 

350 °C, the major mass loss step with the strong exothermic DTA peak at about 310 °C 

comes from the decomposition of the PEI and EDTA. The residual organics continue to 

decompose until 500 °C. The mass loss from 310 to 500 °C with the small exo-peak 

close to 440 °C comes from PEI with higher molecular weight. Finally, the mass loss is 

close to 90%. The actual thermal behavior of the metal-polymer film may be different 

from the powder, but the thermogravimetric analysis is still helpful for the 

understanding of the decomposition process and the proper selection for 

crystallization temperature of the film. 
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Figure 18. (a) Decomposition of PEI and EDTA, (b) The TG/DTA curves of La0.7Sr0.3MnO3 precursor. The 

precursor solution was dried at 80 °C prior analysis. The analyses were performed in flowing air 

atmosphere with a 20 °C /min heating rate. The sample mass was about 5.69 mg. 

3.3 Substrate treatment for atomically flat surface  

3.3.1 Structure of substrate 

Epitaxial growth refers to the process of growing a single-crystalline film with a 

structural coherence, crystallographic orientation and lattice matching to the 

structure of the crystal substrate (Figure 19). To grow an epitaxial perovskite film, the 

requirements for substrate include perovskite crystal structure, lattice match as well 

as chemical compatibility, especially, substrates with atomically flat and chemically 

homogeneous surfaces, i.e., surfaces with the step-terrace structure of one-unit cell 

step height and also of single chemical termination, are indispensable for the growth 

of high quality epitaxial thin films with atomically controlled interface. 
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Figure 19. Epitaxial growth 
 

Figure 20. Schematics of epitaxial growing 

attending to lattice parameter mismatch, f.(a) f < 

0, tensile; (b) f > 0, compressive; (c) f >> 0, relaxed 

The strain introduced by the substrate helps to modulate the unit of the upper film 

cell both in tensile or compressive way (Figure 20). The mismatch between the lattice 

constant of the substrate (asubstrate) and the film (afilm) can be quantified by a parameter, 

f. 

f= (αfilm-αsubstrate)/ αsubstrate×100                                        Eq. 9 

The diversity of substrates as evident from Figure 21 means that for a given material 

a very close to lattice-match substrate can be chosen to produce a film in its most 

natural state with almost no structural strain. It also means that either compressive or 

tensile strain can be induced in the film by choosing appropriate lattice-mismatched 

substrates to alter the functionalities. 

 

Figure 21. Comparative cubic or pseudocubic lattice constant (Å) of various perovskite thin films and 

commercially available substrates, STO and LAO are used in this thesis.13-20 
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Table 4 includes the list of some commercially available single crystal metal oxide 

substrates. We can see that structure and lattice constant of substrate and film maybe 

not the same. The lattice parameters of the film are measured by X-ray diffraction, if 

the film is not a cubic structure, it should be simplified by reference to a pseudocubic 

structure. For example, the pseudo-cubic lattice constant for a rhombohedral (R-3c) 

La0.7Sr0.3MnO3  film is ap ≈ √2ar/(1+cos p), p = acos[(1-2cos r)/(2cos r-3)], where  

and  are lattice constant and angles of rhombohedral structures, respectively.21 For 

a monoclinic (P21/n) La2CoMnO6 film, ap ≈ a/√2 ≈ b/√2 ≈ c/2, β ≈ 90°. 

Table 4. List of commercially available single crystal metal oxide substrates with preferable 

orientations used for thin film growth.13 

Substrate Orientation Structure 
Lattice 

constants (Å) 

Cubic (pseudo) 

lattice constant (Å) 

NdScO3 (NSO) (110) Orthorhombic 

a = 5.57 

b = 5.77 

c = 7.99 

4.00 

KTaO3 (KTO) (001) Cubic a = 3.988 3.988 

SrTiO3 (STO) (001) Cubic a = 3.905 3.905 

LaAlO3 (LAO) (001) Rhombohedral a = 3.78 3.78 

La0.18Sr0.82 

Al0.59Ta0.41O3 

(LSAT) 

(001) Cubic a = 3.88 3.88 

YAlO3 (YAO) (110) Orthorhombic 

a = 5.18 

b = 5.33 

c = 7.37 

3.72 

Commercially available substrate crystals usually come with mechanically polished 

surfaces of low miscut angle, typically less than 0.1° (Figure 22 (a)).13 Along the [001] 

direction, a perovskite ABO3 crystal consists of alternate stacking of AO and BO2 layers, 

and the surface of as-received substrates is always composed of a mixed layer of AO 

and BO2 (Figure 22 (b)).22 The surface is far from being flat and homogeneous with 

step height from 0.2 nm to 0.6 nm.  
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The terminating plane of the substrate determines the stacking sequence of the film. 

Suppose that the substrate has the following -AO-BO2-AO-BO2- structure in the (001) 

direction. When growing a thin film of say A’O-B’O2, the most favorable order in the 

film would be dictated by the order in the substrate for reasons of charge neutrality 

leading to -AO-BO2-AO-BO2-A’O-B’O2-. However, if the termination is not unique, 

schematically indicated in Figure 22 (b), regions of the thin film have the slightly 

different order -AO-BO2-AO-B’O2-A’O-. This order will perpetuate in each subsequent 

layer applied. Therefore, one must ensure a single-terminated surface.22 

    

Figure 22. (a) Schematic representation of a substrate. Miscut angle ( ) of a substrate, defined as the 

angle between surface normal (Sn) and the crystal plane normal (Cn), determines step height and 

terrace width. It is seen that the step height would increase with an increase in miscut angle.13 (b) A 

schematic representation of a mixed-terminated surface with steps of 0.2, 0.4, and 0.6 nm high.22 

Following, we are going to describe the treatment performed in the different used 

commercial substrates in order to obtain flat and single terminated substrates. 

3.3.2 Treatment for STO substrates 

In the case of STO, TiO2 termination is more stable than the SrO termination, and re-

etching the substrate after the high temperature annealing in an O2 environment 

produces a nearly perfect atomically flat surface. Homogenous termination on a TiO2 

surface will favor the preferential deposition of AO (A-site) layer of the perovskite 

(ABO3) film, thus forming an epitaxial TiO2-AO interface. 

Buffered hydrofluoric acid (BHF) and “aqua regia” are used in the etching process.23-29 

BHF is more toxic and should be used in clean room, so we choose the “aqua regia” to 

etch STO, all the process could be performed in an ordinary hood. The original recipe 

is from Kareev et al..29 
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Initially, the 5x5 mm2 crystals were soaked for 20~25 min in de-ionized (DI) water at 

70  to create soluble hydroxide complexes Sr(OH)x+xH2O at the surface. Next, 20 

min of wet etching in HCl-HNO3 (3:1) acidic solution was applied to remove the surface 

SrO layer. Further, the substrates were thoroughly rinsed out with DI water to remove 

the acidic contamination and cleaned in acetone and methanol. 

Finally, the etched samples were annealed at 1000 °C for 30 min in the 0.5 l/min O2 

flux to facilitate the recrystallization of the surface. 

 

Figure 23. Substrate treatment process for STO substrates 

3.3.3 Treatment for LAO substrates  

High temperature annealing can produce singly AlO2-terminated LAO (001) surfaces.30-

31 The substrates were annealed at 900 °C for 300 min in the 0.5 l/min O2 flux to 

facilitate the surface re-crystallization to get AlO2 terminated atomically flat 

substrates with terraces. 

After treating substrates according to the surface treatment procedures described 

above, atomic force microscopy (AFM) was used to ensure structural flatness of the 

surface. The surface of an as-received (001) substrate would be far from being flat and 

homogeneous (Figure 24 (a), (d)). After the prescribed treatment procedures, the 

substrate surface turns into a step-terrace structure (Figure 24 (b), (e)) and the line 

profiles show the height of the terraces. 
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Figure 24. (a) 5 x 5 μm2 AFM topography image of an as received STO (001) substrate from CrysTec 

GmbH, RMS ~ 0.1 nm (b) AFM image of the same sample after treatment, clearly displaying flat 

terraces, RMS~0.1 nm. (c) Line profile along the terraces, demonstrating that their height is very close 

to lattice parameter of ~ 0.4 nm. (d) 5 x 5 μm2 AFM topography image of an as received LAO (001) 

substrate from CrysTec GmbH, RMS ~ 0.1 nm. (e) AFM image of the same sample after treatment, 

clearly displaying flat terraces, RMS ~ 0.1 nm. (f) Line profile along the terraces, demonstrating that 

their height is very close to lattice parameter of ~ 0.4 nm. 

Except for the chemical challenges, one of the foremost problems in water-based 

chemical solution deposition is the poor affinity of polar aqueous solutions to the 

substrate surface. The reasons may be the intrinsic hydrophobic surface properties or 

organic contamination. In most cases, a surface-wetting reagent was added to the 

precursor solution in order to adjust its viscosity and surface tension. Also a physical 

UV/ozone technique has been reported 32. For this cleaning procedure, the substrate 

is placed in a closed container where continuously ozone is produced and destroyed 

by the illumination of oxygen with UV radiation of two different wavelengths. During 

this process, atomic oxygen is formed as an intermediate product, which being a very 

strong oxidizer, is able to decompose all organic contaminants from the substrate by 

oxidation.33 In the case of Si substrate, during the UV/ozone treatment process, 

hydroxyl-rich oxide film can be generated on Si surface, which increases the 
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hydrophilicity.34-35 It also works on other substrates like Pt, Ir, or IrO2.32 The UV/ozone 

treatment process increases the wettability of the surfaces of perovskite substrates in 

the same way. 

Therefore, an important step process for the substrates before spin-coating of the 

precursor solution is surface cleaning. Firstly, they are cleaned and dried with 

methanol and cleanroom wipers. Next they are put in the UV/ozone cleaner (UVO 

cleaner model No. 42-220 from Jelight Company Inc.) for 20 minutes to increase 

surface wettability (Figure 25). 

 

Figure 25. UV/O3 treatments reduce the contact angle of water to almost zero. It allows excellent 

wetting behavior of (most) water based precursor solutions on different types of substrates. 

After the solution and substrate are prepared, the next step is spin-coating the 

precursor solution on top of the substrate, followed by a thermal treatment at high 

temperature in a tube furnace. 

3.4 Solution spin-coating 

The most commonly used technique in the laboratory for solution deposition on top 

of a substrate is spin coating (Figure 26). The substrate is first fixed on the holder of 

the spinner by a double faced tape at the backside. The precursor solution is dropped 

on the substrate by the help of a micropipette, typical dispensed volume is (12 μl). The 

optimized spin coating conditions are the following: substrate rotation speed of 4000–

6000 rpm with a total time of 90 seconds, including an acceleration and deceleration 

time of 1 second, respectively. The thickness of the as-prepared wet film can be 

controlled by rotation speed, spinning time, and solution concentration and viscosity. 
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Figure 26. (a) Spin-coater SMA SPINNER 6000 Pro used in this work. (b) Steps involved in deposition: 

(1) dispense of the coating solution, (2) fluid flow dominated thinning, and (3) solvent evaporation 

and coating “set”. 

Spin speed is one of the most important factors in spin coating. The speed affects the 

degree of radial (centrifugal) force applied to the liquid solution as well as the 

velocity.36 In particular, the high-speed spin step generally defines the final film 

thickness. Theoretically it was predicted for spin-coating of polymers that the film 

thickness would vary according to the relationship t = A·cn·ωm, where t is the film 

thickness, c is the concentration of the solution and ω is the rotation velocity37-38. Film 

thickness is largely a balance between the force applied to shear the fluid solution 

towards the edge of the substrate and the drying rate which affects the viscosity of 

the solution. The viscosity increases as the solution dries, until the radial force can no 

longer move the solution over the surface. At this point, the film thickness will not 

decrease significantly with increased spin time.39  

The acceleration of the substrate can also affect the properties of the coated film. In 

some processes, 50% of the solvents in the solution will be lost due to evaporation in 

the first few seconds of the process.39 Relatively high acceleration benefits the 

uniformity of the film. 

The comets, environmental sensitivity, and edge effects are common defects 

encountered in the spin coating process. 
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The comets usually occur when relatively large solid particles impede the normal flow 

patterns of the solution on the substrate.40 The comets can be avoided by solution 

filtration and substrate cleaning. 

Environmental sensitivity effects are mainly caused by the humidity of the 

surrounding air. The PAD solutions are water based with low viscosity and relatively 

limited vapor pressure at room temperature, which are less sensitive to the 

environment and allow a uniform evaporation and a good solution spread. 

In fact, for us the most difficult problem is the edge effect. Since the substrates are 

square, the air flow over the protruding parts (corners) will be perturbed, resulting in 

non-uniformity in coating thickness in the corner areas (5%~20% of the surface). These 

patterns occur when spin coating on a squared substrate outside the circumference 

of the inscribed circle, where radial uniformity is lost.41 

 

Figure 27. (a) Schematic (side view ant top view) of the solution accumulation at the corners of the 

substrate due to the edge effect. (b) Silicon pieces “puzzle” around the substrate (in blue), to 

minimize the edge effect. (c) The photo of the puzzle. (d) The photo of a metal polymer film with edge 

effect. (e) The photo of the same sample with (d), after the thermal treatment. 

Edge effect is almost inevitable in the spin-coating process on square substrates 

(Figure 27), especially at low speed. It makes troubles for the obtaining of precise 

results of further characterizations, for instance, the saturation magnetization of 

ferromagnetic films. A framework made of silicon pieces is used to overcome this 

situation, the idea is let the edge effect occurs on the framework, instead of the 

substrate we need. The Si pieces have the same thickness and the same length of the 



53 

shorter edge as the perovskite substrates; they are cleaned, and put in the UV/ozone 

cleaner to make sure the surface wettability is similar. After a tight puzzle of the 

substrates is mounted properly, the precursor solution is dropped on top of it, covers 

the whole perovskite substrate, and part of Si framework. The schematics of the Si 

puzzle are shown in Figure 27 (b) and (c). A metal polymer film with an upper right 

corner is shown in Figure 27 (d). A very important condition is that all the pieces in the 

puzzle should on the same plane. This method cannot produce a perfect film every 

time, but improves a lot reducing the edge effects. The Si pieces used are also 

substrate grade with super high quality, they are chosen just for its low price 

compared with the perovskite substrates. 

3.5 Thermal treatment 

 

Figure 28. Approximate temperature ranges for processes contributing to densification and 

crystallization of thin films by PAD processed at moderate ramp rates (~5–50 °C/min).42 

Following deposition by spin coating, the film may be described as a viscoelastic solid 

consisting of a polymer network with bound metal ions (the skeleton) and some 

residual water in the film. Both the organics and the water must be removed from the 

film prior to conversion to the crystalline state. This requires significant structural 

rearrangement, which occurs through a variety of chemical and physical processes at 

a variety of length scales over a range of temperatures. The processes involved in the 

transformation from the as-deposited into the crystalline state, as well as typical 

temperature ranges in which they occur, are illustrated in Figure 28. The process could 
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be roughly divided into decomposition of organics (<600 °C) and crystallization of 

metal oxides (700-1000 °C) with some overlaps. In practice, the thermal treatment is 

performed in a tube oven with O2 flux. As described in the TG/DTA analysis of LSMO 

precursor, the polymers decompose completely above 550 °C. In the case of films, at 

this temperature, the organics are removed from the M-O-M backbone, and the 

amorphous network condenses with 90% weight loss or more. As the temperature 

increases above 600 °C, the structural rearranges with concomitant decrease in the 

free energy of the material. After crystallization at high temperature (700-1000 °C) 

with dwell time, the perovskite phase stabilizes in the cooling process. Various other 

factors, such as substrate, ramp rate, heat treatment atmosphere, film thickness, and 

film composition may each impact the temperature regime in which the processes 

noted in Figure 28 will occur. The extent of overlap of these processes, film 

crystallization behavior, microstructure, orientation and epitaxial growth are all 

influenced by these parameters. 

 

Figure 29. (a) Schematic of free energy vs. temperature for crystalline and chemically derived 

amorphous materials. Also indicated is the thermodynamic driving force for the transformation, ΔGv. 

(Adapted from ref. 43-44 (b) Volume and surface energy contributions to the barriers for homogeneous 

and heterogeneous nucleation.9 (c) Schematic representation of the liquid-drop model used for the 

calculation of the Gibbs free energy. 

The decomposition behavior has been discussed above. The other important step is 

the crystallization. The free energy map of free energy vs. temperature has been used 

to understand the crystallization behavior of PAD thin films. This process starts with 

amorphous oxide film, ends up with crystalline perovskite. Since there is no special 

theory for PAD process, the crystallization behavior of sol-gel process is used here (see 



55 

Figure 29). Figure 29 (a) shows that the free energy of the CSD amorphous thin film is 

greater than that of the crystalline state. The difference in the free energy between 

the amorphous film and the crystallized thin film is ΔGv (volumetric free energy; J/m3). 

The driving force associated with the nucleation of the crystalline phase is dependent 

on both the crystallization temperature and the free energy of the amorphous state. 

Chemical, physical and structural factors can each contribute to the free energy of the 

film. 

The phase transformation in the films is described by using the classic nucleation and 

growth theory. The governing equation for homogeneous nucleation of a spherical 

crystalline nucleus (Figure 29 (c)), with radius ‘r’, in a uniform amorphous host is given 

by: 

                                               Eq. 10 

where the first and second terms are known as “volume” and “surface” free energy, 

respectively. ΔGv, the Gibbs free energy per unit volume, is the driving force for 

crystallization, which is the difference in the free energies of the amorphous and 

crystalline states, and γ is the surface energy per unit area associated with the 

formation of the nucleus. 

Figure 29 (b) shows the change in the volume, surface and total free energy as a 

function of the radius of the nucleus. It can be seen that there exists a critical radius 

(r*) below which the newly formed nucleus is not stable, while for r > r*, the nucleus 

is stable and continues to grow. The energy barrier, ΔG*, that the nucleation process 

must overcome to form a stable nucleus is given by: 

                                                                  Eq. 11 

In heterogeneous nucleation, the above equation may be multiplied by a contact angle 

term that is dependent on the surface energies of the interfaces associated with the 

growth surface (which for CSD films is most often the substrate), crystal and 

amorphous phases, as: 

                                                       Eq. 12 
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                                                         Eq. 13 

where,  is the contact or wetting angle measured between crystal and the substrate 

surface (Figure 29 (c)). Energetically, heterogeneous nucleation will always be 

preferred (see Figure 29 (b)), because preferential nucleation sites, such as the 

substrate surface, impurity phases or grain boundaries require less energy due to a 

lower effective surface energy. 

The free energies of the amorphous and crystalline states, and γ are related to the 

composition and structure of the film and substrate. Once the precursor solution and 

the substrate are chosen, the most important parameter for the driving force ΔGv is 

the temperature. 

In the context of thermal treatment of CSD films, Vila-Fungueiriño et al. prepared 

La0.92MnO3 and La0.7Sr0.3MnO3 films on STO by PAD at 950 °C, in air. 5, 45-47 Xie et al. 

prepared La0.9MnO3 films on LAO at 700 - 1000 °C, in air, found that the films grown 

at 800 - 950 °C showed higher metal-insulator transition temperatures and lower 

resistance48. Jain et al. prepared La0.67Sr0.33MnO3 films on LAO by PAD at 750, 850, and 

950 °C, in oxygen atmosphere. The results showed that as the annealing temperature 

was increased to 950°C, the homogeneity in the film improves, resulting in a sharper 

transition in M-T curves.49-50Jian et al. prepared La0.7Sr0.3MnO3 films on LAO by CSD at 

1000 °C, in O2 atmosphere. The solution was prepared with metal-acetate and 

propionic acid was used as solvent.51Hasenkox et al. prepared La0.7Sr0.3MnO3, films on 

LAO by CSD at 850 °C, in oxygen atmosphere. The solution was prepared by dissolving 

metal propionates of La, Sr, Ca and Mn in propionic acid.52 Hassini et al. prepared 

La0.7Sr0.3MnO3 films on STO by CSD at 900-1000 °C. The solution was prepared with 

metal propionates of La, Sr, Ca and Mn, the solvent was propionic acid. The results 

showed that good physical properties were achieved above annealing temperatures 

of 900 °C. 53Xie et al. prepared La2NiMnO6 films on LAO by PAD at 900 °C, in air.54 

Most of the thermal treatments are carried out in air or O2 flux, the oxidizing 

atmosphere is very important for the valence of the B site in the perovskite. The inert 

or reducing gases are also used to investigate the effects of the atmosphere on the 

structure and properties of the film. Nasui et al. prepared La0.66Sr0.33MnO3 films on 
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STO by CSD in O2 and air. The TC of the LSMO thin films is about 320 K and 350 K for 

the films annealed in oxygen and air, respectively.54 Wang et al. prepared 

polycrystalline La2NiMnO6 films on LAO by CSD at 900 °C for 2h in different 

atmosphere. The solution was prepared with metal acetate of La, Ni, and Mn, 

propionic acid was used as chelating agent and butyl alcohol was used as solvent. The 

TC of the LNMO films annealed in O2, air and N2 are 277 K, 268 K, and 132 K, 

respectively.55 

Another important parameter is the heating ramp. Two kinds of ramps were used in 

this thesis, the conventional annealing (≤15 °C/min) and rapid thermal annealing (≥ 

20 °C/s) (Figure 30). 

At slow heating ramps, specimens are gradually heated up, and thus, removal of 

organic species and crystallization take place at significantly separated temperatures 

(Figure 28). In practice, a step at 350-500 °C was set for the decomposition of the 

organics for the conventional annealing process (Figure 30 (a)). The ramps are less 

than 15 °C/min, the most used ramp is 2 °C/min. The crystallization will not start until 

the organics are decomposed completely; the final decomposition temperature is very 

close to the crystallization temperature, with a slow heating ramp, the process is very 

close to thermodynamic equilibrium conditions, which is beneficial for the high 

crystallinity12 and B-site ordering. 

Higher ramp rates tend to delay structural changes to higher temperature, the 

temperature regime over which organic removal, densification and crystallization 

processes occur is further compressed. RTA can facilitate densification prior to the 

onset of crystallization,9 and the nucleation occurs at high temperature in a situation 

similar to that of isothermal annealing, which leads to a more homogeneous texture 

and grain size distribution.56 Additionally, short dwell time at high temperature may 

avoid segregations and the possible diffusion reactions between films and substrate.57 
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Figure 30. (a) Schematic drawing of the thermal treatment profile used in the PAD process. Polymer 

PEI is depolymerized at a temperature 350 - 500 °C. Oxides crystalize at 700 - 1000 °C. Heat and 

cooling ramps are less than 15 °C/min. (b) Rapid thermal annealing profile. Heat and cooling ramps 

are higher than 20 °C/s. The organic removal, densification and crystallization processes are 

compressed to high temperature at 700 - 1000 °C. 

3.6. Structural characterization and magnetic properties 

3.6.1 X-ray thin films characterization 

X-ray diffraction and reflectivity are very useful techniques for the structural 

characterization of thin films. Different type of experimental setups, including -2  

scans, rocking curve measurements, reciprocal space map, and reflectivity allow 

obtaining valuable information regarding the structural features of the films. -2  

scans provide information about the composition; the orientation and the lattice 

mismatch between the film and the substrate and therefore provide information 

regarding structural strain and stress. Rocking curves are used to determine the 

crystalline perfection, the strain inside the film, the type and parameter of defects, 

and the sharpness of the interface between the film and the substrate. Reciprocal 

space maps (RSM) provide information about the tilt, strain, mismatch, and relaxation. 

X-ray reflectivity (XRR) measurements provide information about thickness, 

roughness, and density of the films. 

The structural properties of the epitaxial films were studied by X-ray diffraction and 

reflectivity using a D5000 (Siemens) diffractometer, an X’Pert MRD (PANalytical) four-

angle diffractometer with monochromatic Cu-Kα1 radiation (1.54060 Å) and a Bruker 

D8 Advance GADDS system. 
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Figure 31. (a) Bragg-Brentano ( -2 ) geometry. The X-ray tube is fixed, the sample and detector 

rotate. (b) -2  scan of the La0.92MnO3 thin film (22 nm) on a STO substrate. (c) Details of the -2  

scan around the (002) STO 

The X-ray diffraction measurement is based on the Bragg’s law: 

λ = 2d sin                                                                  Eq. 14 

where λ is the wavelength of the incident X-ray, d is the distance between each 

adjacent crystal layer, and  is the angle between the incident X-ray and the sample 

surface. 

A -2  instrumental setup is shown in Figure 31 (a). The sample is mounted on the 

holder in the center of the instrument, the X-ray tube is fixed, the sample and the 

detector rotate. The sample-detector distance R is kept constant in the scan to avoid 

affecting the scattered intensity. If the angle between the incident beam and the 

sample surface is defined as in, and the angle between the scattered beam and the 

sample surface is defined as out, then during the whole scan, in= out. The angle 

between the scattered beam and the extended incident beam is 2 , that’s why the 

measurement procedure is called -2  scan. The detector measures the intensity of 

the scattered beam throughout the scan. The results are typically presented as a 

function of photon intensity versus 2 . 

The usual -2  ranges used in this thesis are from 20° to 80°, and from 42° to 

52°(Figure 31 (b), (c)). Figure 31 (b) demonstrate that LMO thin film is in a single phase 

with only (00l) peaks. Figure 31 (c) shows the detail of (002) reflection peak. 
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Figure 32. (a) A schematic representation of the setup of the rocking curve imaging. The sample is 

tilted while the detector is set in an angle (only ω changes). (b) The rocking curve obtained around the 

(002) reflection of LNMO/STO film (20 nm) exhibiting a FWHM=0.13°. 

A rocking curve, or ω scan, consists in a ω (incidence angle) scan around a fixed 2 0 

value (diffraction angle) of a particularly intense peak (usually those oriented to the 

substrate with a low index value), while the sample is tilted on the  circle (“rocked”) 

in the vicinity of the Bragg angle 0. In this configuration ω is decoupled to . The result 

is a plot of X-ray intensity versus ω. It provides information about the degree of 

crystallinity, texture, and mosaicity, attending to the Full Width at Half Maximum 

(FWHM). The lower the FWHM value the higher the film crystallinity; for single-crystals 

the FWHM value is usually less than 0.1°. A broadening of the curve can be related to 

the presence of mosaicity, dislocation, or curvature in the sample. The Figure 32 (b) 

shows the rocking curve of a LNMO/STO film, with a FWHM value of 0.13°. This 

relatively small FWHM value indicates that the grown film has a good crystallinity with 

some mosaicity.

 

Figure 33. RSM configuration. (a) Schematic view of a four-axes diffractometer with a linear detector 

(1D). (b) Reciprocal space map around (103) reflections for LCMO/STO film (20 nm). 
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A reciprocal space map (RSM) consists in performing various rocking curves with 

increasing scattering angle 2 , or makes use of successive radial scans and map 

directly in reciprocal space. To get information about the lattice parameters, the scan 

axis must be changed from  and  to the wave vectors parallel to the surface Qx and 

perpendicular to the surface Qz with the following relations:58 

  Eq. 15

 Eq. 16

where Qx and Qz are the equivalent reciprocal space distances on the equivalent real 

space distances.  

Absolute values of in-plane a, and out of plane parameter c can be extracted from the 

position of the peak, again corrected by a ω and  shift deduced from the substrate 

peaks with: 

a= h

Qx
 Eq. 17

c= l

Qz
Eq. 18

where h and l are the Miller reflection indexes of the peak. 

Typical RSM were scanned around the (103) reflections of substrate and films. The 

coordinates system is oriented with the horizontal axis, Qx//[100], parallel to the 

substrate interface and the vertical axis, Qz//[010], perpendicular to the substrate. 

Figure 33 (b) shows the reciprocal space map around (103) reflections for a LCMO film 

on STO. It reveals that the film is fully strained without any measurable difference of 

the in-plane lattice parameters. 
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Figure 34. (a) A schematic representation of the setup of the XRR. 2θ ranges from 0.5-5°. (b) XRR 

pattern of a La0.7Sr0.3MnO3 (26.3 nm) film and the corresponding fit. 

XRR consists in a ω/2  scan in symmetric configuration in a similar way to a typical 

θ/2θ scan, but with much smaller 2  angles (0.5-5°) (Figure 34). Below a critical 

incidence angle c (depending on the material density), the X-Rays are completely 

reflected leading to a total external reflection, above this critical angle the beam 

penetration increases and due to interference phenomena of the scattered X-rays the 

curve shows characteristic intensity oscillations. The period of those oscillations is 

related to the film thickness. The relationship between the thickness t and the 

distance between two adjacent fringes for 2 m+1 and 2 m is:59 

2 m+1 - 2 m  /t                                                                               Eq. 19

where m is an index to each oscillation maximum. 

The Figure 34 (b) shows the XRR pattern from 0.5° to 5°, of a La0.7Sr0.3MnO3 film, which 

extracted thickness was 26.3 nm, the data was fitted by the program GenX 2.3.5. In 

practice, the XRR works when the RMS value is less than 5 nm. 

3.6.2 Atomic force microscopy 

Atomic force microscopy (AFM) is a powerful technique for characterizing surface 

topography properties of materials within a range from few nanometers to few 

micrometers. In this thesis AFM experiments have been performed in thin films in the 

range 4-80 nm with an MFP-3D Asylum Research AFM (Oxford Instruments). 

The basic components include a stand AFM head, an X-Y scanner, and a base, shown 

in Figure 35 (a). All these components are connected to the controller and computer.60 
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The base is the metal plate on which the head and scanner sit. It contains critical signal 

conditioning electronics for the scanner and acts as the electronic hub for connecting 

the controller to the scanner and head. The X-Y scanner holds the sample and scans it 

laterally in X and Y beneath the tip. It contains piezoelectric actuators, flexure based 

translations stages, and high resolution position sensors. The head holds the 

cantilever chip and contains the optical lever detection system, and electronics and 

the vertical (Z) motion actuator and sensor. In short, it moves the cantilever vertically 

as the sample moves laterally beneath it. It also contains optics for illuminating and 

optically imaging the sample and cantilever from above. 

 

Figure 35. (a) Basic AFM Components, (b) Simplified schematic of MFP-3D system.60 

All the AFM images in this thesis were measured in non-contact mode, the cantilever 

is used as a mechanical resonator and brought to oscillate very close (~12 nm) to the 

surface, the mechanical interaction between the cantilever tip and the sample is 

exploited to yield surface topography. Inside the head, the optical lever detection 

(Figure 35 (b)) is used to sense the force on the cantilever. Optical techniques are used 

to measure the bending of a flexible cantilever as it responds to mechanical 

interactions with the surface of the film. An SLD (super luminescent diode) shines onto 

the back of the reflective cantilever which is mounted at roughly eleven degrees with 

respect to the sample plane. A lens focuses the light beam from the SLD at the lever. 

The light reflects off the cantilever and up to a re-collimation lens and mirror to the 
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position sensitive detector. The measured cantilever deflection is used to generate 

the topographical image of the sample surface. 

During the scanning process, the movements of the sample in X-Y direction is recorded 

with the X-Y scanner, the head records the height data of the surface, namely, the 

AFM scans over a sample and maps out the surface topography in three dimensions. 

The AFM system can plot 3D images of the surface of the sample, and calculate the 

surface roughness. The roughness typically expressed by the root mean square (RMS). 

RMS is the square root of the distribution of surface height; it describes the finish of 

optical surfaces. 

The AFM topography images of LMO films displayed in Figure 36 show flat surfaces 

with an RMS surface roughness value of <1 nm, thus indicating that the samples have 

a high microstructural quality. The terrace-like morphology imposed by the conformal 

growth on top of the substrate steps. 
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Figure 36. Atomic force microscopy surface topography images (10 × 10 μm2, and 5 × 5 μm2) of 

representative La0.92MnO3 thin film samples on top of STO substrates with different thicknesses. Films 

thermally treated in conventional annealing conditions, 2 °C/min heating ramp, dwell time 60 min at 

990 °C with an oxygen flow of 0.1 l/min. (a) and (b), 10 nm thick film; (c) and (d), 23 nm thick film. 

3.6.3 Magnetic properties characterization 
Magnetization measurements were performed using Magnetic Property 

Measurement System (MPMS XL-7T) from Quantum Design, with a radio frequency 

superconducting quantum interference device (RF SQUID) (Figure 37). The 

temperature is controlled with combination of cold helium gas, and heaters, the 

temperature range is from 2 K to 400 K. The external axial magnetic field, from -7 Tesla 

to +7 Tesla, is provided by a superconducting solenoid. 
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Figure 37. (a) MPMS XL-7T system, (b) Schematic setup of a SQUID magnetometer with 2nd order 

gradiometer. The inset shows the SQUID response VSQUID versus sample position (x-pos.)61. 

SQUID magnetometers usually detect the change of magnetic flux created by 

mechanically moving the sample through a superconducting pick-up coil which is 

converted to a voltage VSQUID. For the MPMS, the position is denoted as the x direction 

which is parallel to the external magnetic field Bext so that one obtains raw data where 

VSQUID is plotted versus x-pos. as shown in Figure 37 (b). To suppress the influence of 

all kinds of external magnetic fields, the pick-up coils are made with a configuration of 

second order gradiometer. The entire detection system is sketched in Figure 37 (b) 

and the inset exemplarily shows a single SQUID scan where the maximum of VSQUID at 

x-pos. of 2 cm corresponds to the sample directly positioned in-between the double 

coil of the pick-up gradiometer. The output data contains temperature, field, and 

moment, which can be calculated and give the relationship of magnetization vs. field 

and magnetization vs. temperature. The signal for thin films is generally weak (of the 

order of 10-5 emu) with a diamagnetic contribution coming from the substrate which 

is not negligible. When measuring hysteresis loops, the diamagnetic contribution gives 

a negative slope at high magnetic fields. This slope should be subtracted by adjusting 

the slope of the cycle at high fields. 
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Figure 38. Sketch of a low-background sample mounting inside a transparent disposable plastic straw. 

(a) Geometry if only in-plane magnetization curves are to be measured. (b) Square-shaped sample 

size which can be rotated from in-plane (ip) to out-of-plane (op) geometry.61 

Transparent disposable plastic straws serve as sample holder where the sample is held 

in place by no other means than clamping it in-between the walls of the straw (see 

Figure 38). If the external magnetic field is parallel to the film plane, it’s called in plane 

(IP) geometry; and when the external magnetic field is perpendicular to the film plane 

is the out of plane (OP) geometry. 

In order to properly quantify the magnetization of a grown thin film (in units of 

emu/cm3 or μB/f.u.), it is necessary to precisely determine the volume of the film. The 

film thickness can be measured with XRR. However, as discussed in the spin-coating 

process section, some films may have some irregular corners with accumulated 

material on them due to the border effect. This fact will introduce large error to the 

volume determination. 

 

 

Figure 39. Piranha solution etching 

In order to overcome this inconvenient, a piranha solution etching method is used to 

remove the corners. Figure 39 shows a schematic of the process. The piranha solution 
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is a mixture solution of 30% H2O2 and 98% H2SO4 with a volume ration of 32:1. The 10% 

piranha water solution is enough for the etching. The piranha solution can dissolve the 

film, but can’t hurt the substrate. A resin (Shipley 1813 photoresist) is used to protect 

the film. Firstly, the resin is deposited on the film with the help of a pipette, covering 

the uniform area of the film, and leaving the corners outside. Next the film is put in a 

ventilated electric oven at 120 °C for 10 minutes to cure the resin. In this way, the 

resin is dried and converted into a solid resistant to the piranha solution. Then the film 

is soaked in the 10% piranha solution for less than 1 minute, to etch away the corners 

without hurting the protected region of the film. After the corners were removed 

completely, the film is soaked in water to stop the etching. Finally, the sample is 

washed with acetone in an ultrasonic bath in order to remove the resin, leaving only 

the film part with uniform thickness. The estimated error in the volume determination 

of our films is around 5 - 8 %. 

Two kinds of experimental procedures were used to measure M-T curves in this thesis. 

One is a simple field cooled procedure to determine the TC, a magnetic field (ip or op) 

usually of 1 kOe was applied to the film while cooling from RT to 10K, and the magnetic 

moment of the film is measured while temperature increases from 10 K to 400 K, 

above the TC. The other procedure is the well-known zero field cooling / field cooling 

(ZFC/FC) process. In a ZFC process, the sample is firstly cooled down from above TC 

down to 10 K in zero field, then an external field of 1kOe is applied and the data are 

collected in the warming up process. Once the temperature is above TC, keeping the 

external field constant at 1 kOe, the sample is cooled down to 10 K, and then data are 

collected in the warming up process. This is the so-called FC process. From the thermal 

dependence of ZFC/FC magnetization curves, TC and magnetic anisotropy effect can 

be obtained. 

Hysteresis loops were usually collected at 10 K, along the easy magnetization axis of 

the film, in a range field of ± 7 T. The IP/OP M-H loops allow determining the magnetic 

anisotropy of the film on different substrates. 

Figure 40 shows the field cooled M-T curve and M-H loop of a 20 nm La0.92MnO3/STO 

film. The TC of the film is 325 K, the MS is 360 emu/cm3. 
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Figure 40. (a) Temperature dependence of the magnetization measured at 1 kOe (field-cooled) for a 

20 nm LMO/STO film, magnetic field applied in plane. (b) M-H loop of the same LMO/STO film 

measured at 10 K, magnetic field applied in plane. The film was grown at 990 °C for 60 min in air. 

3.6.4 Electric transport measurements 

Electric transport measurements on the films have been performed using a Physical 

Property Measurement System (PPMS) from Quantum Design. The four corners of the 

film are connected to a standard puck for PPMS with silver paint and silver wires. The 

four-point contact configuration allows avoiding the contribution of contact resistivity. 

The four contacts were connected to 2 channels of the puck with 8 silver wires at the 

same time; see Figure 41 (a). Firstly, the current is applied to channel 1 through 2 

contacts (C and D) and voltage is measured on the other 2 (A and B). Then, a second 

measurement is performed by applying current to channel 2 through 2 other contacts 

(A and D) and voltage is measured on the remaining ones (B and C). 
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Figure 41. (a) Van der Pauw configuration employed to perform resistivity measurements, (b) 

Standard puck for DC resistance measurement, (c) Resistivity vs temperature curves of a 10.8 nm 

La0.92MnO3 film on LAO, measures at 0T and 9T and the extracted magnetoresistance curve 

The film resistivity is calculated with the following van der Pauw method,62 

ρ= πt
ln2

Rch1+Rch2
2

f Eq. 20

 

where Rch1=(VA-VB)/ICD and Rch2=(VB-VC)/IAD are the resistances for the 2 measurements, 

t is the thickness of the sample, and f is the multiplying factor between 0 and 1 and 

depends on the ratio Rch1

Rch2
. 

The resistivity is always measured from 10 K to a temperature higher than TC, with a 

field of 9 T or with zero field. The magnetoresistance value is given by: 

Eq. 21

Figure 41 (c) shows the resistivity versus temperature curves of a 10.8 nm La0.92MnO3 

film on LAO, measured at 0 T and 9 T. The magnetoresistance value is 77% at the 

metal-insulator transition temperature, near 250 K. 
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4.1 La2CoMnO6 epitaxial thin films grown by polymer assisted 

deposition and confirmation of full Co/Mn cationic ordering 

achievement 

Double perovskite La2CoMnO6 (LCMO) oxides are of interest because of their physical 

properties; being ferromagnetic insulating oxides with a high a Curie temperature (TC 

 230 K) have important applications in fields as diverse as spintronics, magneto-optic 

devices, or catalysis. However, these properties are strongly dependent on the 

ordered arrangement of Co and Mn cations in the double perovskite structure. In this 

work, we have shown that slow grow rates close to thermodynamic equilibrium 

conditions in polymer assisted deposition-based growth methods are advantageous 

promoting spontaneous B-site cationic ordering. 

The PAD process includes precursor solution preparation, spin-coating, and thermal 

annealing for phase formation and crystallization. Individual solutions were prepared 

by using metal salts of lanthanum (III) nitrate, cobalt (II) nitrate, and Mn (II) nitrate. In 

the initial step PEI-EDTA–Metal complexes stables in water were prepared. Each 

individual solution was filtered by using Amicon filtration units (10 kDa), and retained 

portions were analyzed by inductively coupled plasma. The solutions were mixed 

according to the desired La:Co:Mn 2:1:1 final stoichiometry. After, polymeric layers 

were deposited on SrTiO3 (STO) single crystal substrates and then they were annealed 

in a horizontal tube furnace (800 °C to 950 °C) under an oxygen flow.  

XRD patterns and reciprocal space maps reveal that the LCMO films grow epitaxial, 

cube-on-cube and fully strained with the STO substrate. The AFM topography images 

show flat surfaces with an RMS surface roughness value below 1 nm, thus indicating 

that grown films have a high microstructural quality.  

Ferromagnetic ordering in LCMO double perovskites is explained by superexchange 

interaction between Mn4+ and Co2+ cations via the oxygen ions, and it is very sensitive 

to the cationic ordering in the B-sublattice of the double perovskite structure. LCMO 

films show saturation magnetization values close to 6 μB/f.u., the corresponding spin-

only theoretical value of saturation magnetization; and a TC ≈ 230 K, thus indicating 
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full cationic ordering of Co2+/Mn4+ in the B sublattice. Confirmation of full Co/Mn 

cationic ordering is found by detailed scanning transmission electron microscopy 

(STEM) measurements together with electron energy loss spectroscopy (EELS) maps, 

performed in collaboration with researchers at Oak Ridge National Laboratory (USA). 

This study demonstrates the advantage of the chemical solution deposition PAD 

method over physical methods (far from thermodynamic equilibrium growth) to 

optimize B-site ordering as well as the desirable physical properties of functional 

double perovskite oxide thin films. In addition, in the context where the demand for 

sustainable and environmentally friendly reactants and processes steadily increases, 

PAD is based on using aqueous solutions of environmentally friendly metal salts and 

commercially available polymers. 
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Abstract
Double perovskite oxides are of interest because of their electric, magnetic, and elastic properties; however, these
properties are strongly dependent on the ordered arrangement of cations in the double perovskite structure.
Therefore, many efforts have been made to improve the level of cationic ordering to obtain optimal properties while
suppressing antisite defect formation. Here, epitaxial double perovskite La2CoMnO6 thin films were grown on top of
(001)-STO oriented substrates by a polymer-assisted deposition chemical solution approach. Confirmation of the
achievement of full Co/Mn cationic ordering was found by scanning transmission electron microscopy (STEM)
measurements; EELS maps indicated the ordered occupancy of B–B′ sites by Co/Mn cations. As a result, optimal
magnetic properties (Msat ≈ 6 μB/f.u. and Tc ≈ 230 K) are obtained. We show that the slow growth rates that occur
close to thermodynamic equilibrium conditions in chemical solution methods represent an advantageous alternative
to physical deposition methods for the preparation of oxide thin films in which complex cationic ordering is involved.

Introduction
Complex oxides are a class of materials with a plethora

of physical properties of strong interest for many different
technological applications from catalysis to spintronics1,2.
In addition, there are many possibilities to tune their final
physical properties by changing their microstructure
(structural strain, microstructural defects, and vacancies)
and doping rate. On the other hand, the spectacular
advance of thin film preparation and characterization
techniques has opened the possibility of engineering
physical properties of oxides on the atomic scale, which
allows the design of devices with new functionalities3,4.
In this context, transition metal oxides with a double

perovskite structure have attracted considerable attention
because of their unique electrical, magnetic, and elastic

properties5–7. The simple ABO3 chemical formula of
perovskites allows for high structural and compositional
flexibility, as both A and B sites can accommodate a wide
variety of atomic combinations. As a result, in double
perovskite (AA′)(BB′)O3 compounds, in which the A and
B sites contain more than one element, cation ordering
can play an important role in determining the material
properties. In particular, A2BB′O6 double perovskite
physical properties are strongly affected by the cationic
ordering of B and B′-site sublattices, which in turn is very
sensitive to the particular synthesis conditions.
La2CoMnO6 (LCMO) exemplifies the challenges asso-
ciated with structure-property engineering of multi-
component oxide systems8–11. When full cationic
ordering is achieved, LCMO is a ferromagnetic (FM)
semiconductor with a relatively high FM Curie tempera-
ture, TC ≈ 230 K, making it very attractive for thermo-
electric and spintronic applications12,13. FM ordering is
explained by the superexchange interaction between Mn4+

and Co2+ according to the Goodenough–Kanamori

© The Author(s) 2019
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Narcis Mestres (narcis.mestres@icmab.es)
1Institut de Ciència de Materials de Barcelona (ICMAB), Consejo Superior de
Investigaciones Científicas (CSIC), Campus UAB, 08193 Bellaterra, Spain
2Materials Science and Technology Division, Oak Ridge National Laboratory,
Oak Ridge, TN 37831, USA

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

83



rules14–16, and it is very sensitive to the cationic ordering
in the B-sublattice17. Spontaneous cationic ordering of the
B, B′-site sublattice is difficult to attain, and tedious
annealing processes under a controlled atmosphere are
usually required. Currently, there is no clear agreement in
the literature regarding the most convenient strategy to
achieve full cationic ordering, and the benefits and
drawbacks of crystal growth close to/far from thermo-
dynamic equilibrium conditions have been discussed18.
Films prepared by chemical solution deposition meth-

ods have the final amount of material with the required
stoichiometry already deposited on the substrate at the
very beginning of the growth process (ex situ growth
process). Therefore, it is expected that the film growth
will proceed close to thermodynamic equilibrium condi-
tions, which should promote the high crystallinity and
quality of the films19. In contrast, physical deposition
methods such as pulsed laser deposition (PLD) or radio-
frequency (RF) magnetron sputtering deposition are
nonequilibrium growth techniques owing to the con-
tinuous deposition of material and to the high electronic
excitation, degree of ionization, and kinetic energies of the
flux of atomic species incident on the substrate18.
Specifically, in the case of LCMO, most of the results

reported in the literature correspond to epitaxial thin
films grown by PLD. As mentioned above, crystal growth
occurs under conditions far from equilibrium, and
ordered occupancy of the B and B′ positions is difficult to
attain. Usually, as-grown LCMO films prepared by PLD
do not exhibit high cationic ordering, making additional
annealing processes in ambient oxygen necessary10,20,21.
Strategies based on structural strain effects leading to the
formation of two different sized B-site spaces in a rock salt
arrangement have been recently proposed as a way to
induce spontaneous cationic ordering of the B, B′-site
sublattice in epitaxial thin films;22 however, the results are
not conclusive. High-quality LCMO thin films have also
been prepared by using RF magnetron sputtering. A very
narrow window for the growth of the ordered phase was
identified; however, an annealing process at sufficiently
high temperatures (~900 °C) in an oxygen-rich atmo-
sphere (PO2 > 400 Torr) is necessary to obtain optimal
magnetic properties, which are indicative of a high
cationic ordering23.
Therefore, the precise physicochemical mechanisms

that promote spontaneous B-site cationic ordering are
still unknown. In this regard, control of the growth
kinetics has been proposed as an effective tool to achieve
spontaneous cationic ordering because B-site differences
may be enhanced at the growth front24. For this reason,
the use of chemical methods that allow thin film growth
close to equilibrium conditions, in contrast to physical
growth methods (PLD and sputtering), might be an
interesting alternative for obtaining spontaneous cationic

ordering. In fact, the growth of LCMO on (111)-SrTiO3

(STO) substrates has been explored using metal–organic
aerosol deposition (MAD)25, and excellent saturation
magnetization (Msat) and Curie temperature values
indicative of high cationic ordering have been obtained.
Polymer-assisted deposition (PAD) is an affordable and

environmentally friendly chemical solution deposition
technique with great potential for the preparation of
complex oxide thin films. In the PAD technique, stable
metal–polymer solutions are used as film precursors, and
the polymer not only controls the solution viscosity but
also binds the metal ions to form a homogeneous solu-
tion26–28. As a chemical solution route, PAD provides an
attractive opportunity to grow films close to thermo-
dynamic equilibrium conditions. The characteristic
growth conditions of PAD have already been shown to be
advantageous for the stabilization of materials with
complex structures or chemical composition, such as
misfit cobalt oxides29 and Y3Fe5O12 yttrium iron garnet30.
On the other hand, PAD might also be useful to clarify the
role of structural strain in stimulating spontaneous
cationic ordering because it has been shown that struc-
tural strain accommodation may proceed in a different
way in samples prepared by PAD. As demonstrated in
epitaxial La0.7Sr0.3MnO3 thin films grown on STO,
structural accommodation through complex rotation of
the MnO6 octahedra is different in films grown by PLD
and PAD31.
Since material properties and hence functionality

strongly depend on the preparation method and proces-
sing steps, in the present work, we report the successful
epitaxial growth of highly ordered LCMO double per-
ovskite thin films on (001)-STO substrates by PAD. Epi-
taxial films with thicknesses in the range of 3–30 nm with
excellent magnetic properties (Msat ≈ 6 μB/f.u. and Tc ≈
230 K) were prepared. Films are in-plane (IP) fully
strained with a flat surface displaying root mean squared
(RMS) surface roughness values of <1 nm. No signals were
detected from secondary phases. A powerful confirmation
of the spontaneous B-site cationic ordering was obtained
through aberration-corrected scanning transmission
electron microscopy (STEM) measurements. Atomically
resolved elemental electron energy loss spectroscopy
(EELS) maps made evident the ordered occupancy of B–B′
sites by Co–Mn cations, as inferred from the optimal
values of the Msat and Curie temperature.

materials and methods
Thin film growth
The PAD technique relies on the use of water-soluble

polymers with functional –NH2 groups that coordinate
cations and prevent their hydrolysis. The polymers used
should be compatible with the metal precursors and
should undergo clean decomposition upon heating27. The
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precursor solution for the growth of the LCMO thin film
was prepared by mixing three separate aqueous solutions
of La, Co, and Mn bound to polymers. Separate solutions
were prepared using high-purity (>99.9%) metal salts of
lanthanum(III) nitrate, cobalt(II) nitrate, and Mn(II)
nitrate. The polymer used in the experiment was bran-
ched polyethyleneimine (PEI), average Mw ~25,000, and
ethylenediaminetetraacetic acid (EDTA) was used as a
complexing agent; both were from Sigma Aldrich. Water
used in the solution preparation was purified using a
Milli-Q water treatment system.
In detail, individual solutions of the different metal ions

were prepared by dissolving the corresponding nitrate
salts in water and EDTA (1:1 molar ratio). PEI was
incorporated into the solution in a 1:1 mass ratio with
EDTA. Each individual solution was filtrated using Ami-
con® filtration units (10 kDa), and retained portions were
analyzed by inductively coupled plasma (ICP) (Optima
4300™ DV ICP-OES Perkin-Elmer). The final concentra-
tions of the solutions used in this work were [La]=
230.4 mM, [Co]= 146.4 mM, and [Mn]= 176.4 mM. The
solutions were mixed according to the desired La:Co:Mn
2:1:1 final stoichiometry and concentrated to reach a final
cation concentration of ≈61 mM with respect to Mn.
These conditions were adjusted to produce films in the
range of ≈20–30 nm. Similarly, more diluted solutions
were adjusted to obtain films in the range of a few nm
(3–5 nm).
The precursor solutions obtained in this way were spin

coated on top of 0.5 × 0.5 cm2 (001)-STO substrates from
Crystec, GmbH, Germany. Prior to deposition, the as-
received substrates were chemically etched and thermally
treated to create TiO2-terminated substrates with atom-
ically flat terraces32. After the polymeric layer was
deposited, it was annealed in a horizontal tube furnace
under an oxygen flow to eliminate the presence of oxygen
vacancies. The precursor films were slowly heated from
room temperature to 500 °C, and the ramp was stopped
for 60min to ensure that the solvent was evaporated and
the polymer decomposed at a slow rate to avoid the for-
mation of pinholes and cracks. PEI decomposes at ≈550 °C,
i.e., immediately before the crystallization of the inorganic
film. The metal ions are released to form oxides after
polymer decomposition, and higher substrate tempera-
tures will lead to the growth of epitaxial films27,28.
Therefore, after the step, the samples were heated at a
ramp rate of 3 °C/min from 800 °C to 950 °C for film
crystallization. The cooling ramp was also set at 3 °C/min.

Characterization of the structural and physical properties
The structural properties of the epitaxial films were

studied by X-ray diffraction and reflectivity using a D5000
(Siemens) diffractometer, an X’Pert MRD (PANalytical)
four-angle diffractometer with monochromatic Cu-Kα1

radiation (1.54060 Å) and a Bruker D8 Advance GADDS
system. Magnetization measurements were performed
using a superconducting quantum interference device
(SQUID; Quantum Design) as a function of temperature
and magnetic field. External magnetic fields were applied
both parallel (IP configuration) and perpendicular (OP
configuration) to the sample plane. The diamagnetic
contribution of the substrate and other instrumental
contributions were properly corrected33. The relative
error in the determination of the Msat was ~5% and was
mostly attributable to the error in the estimation of the
film volume. The surface topography of the films was
investigated by atomic force microscopy (AFM) using an
Asylum Research MFP-3D microscope in tapping mode.
The microstructure of the LCMO film and the B-site
ordering at the atomic scale were studied using STEM in
combination with EELS. Specimens for STEM were pre-
pared by conventional methods, grinding, and Ar-ion
milling. The STEM images and EELS spectral images were
acquired with an aberration-corrected Nion Ultra-
STEMTM 200 operated at 200 kV and equipped with a 5th
order Nion aberration corrector. The particular geometry
of these microscopes allows for the simultaneous acqui-
sition of different signals from two singular detectors.

Results and discussion
After a careful optimization process (see Supporting

Information), we determined the ideal growth conditions
(growth temperature of 900 °C, annealing time of ~1 h,
and oxygen flow above 0.3 l/min) to obtain the optimal
magnetic properties, which were close to the theoretically
expected values. Samples prepared under other conditions
show depressed magnetization values.
A typical XRD pattern corresponding to an LCMO film

annealed at 900 °C on an STO substrate is shown in Fig. 1.
The corresponding film thickness, extracted from the X-
ray reflectivity measurements, is ~10 nm (Supporting
Information, Fig. S1). The epitaxial nature of the LCMO
film is evidenced by the detection of only (001) peaks
along with the corresponding STO-(001) peaks originat-
ing from the STO-(001) substrate and the Kβ reflection
(see Fig. 1a). An out-of-plane lattice parameter c=
3.859 Å is estimated from the high-resolution X-ray dif-
fraction pattern of the (002) diffraction peak (see Fig. 1b).
The film is IP fully strained with a lattice mismatch of

~0.4%. The 3D reciprocal space tomography reveals the
presence of superstructure peaks of the type ðhk l

2Þ (l=
odd), and the absence of reflections of the type ðh2 klÞ (h=
odd) and ðh k

2 lÞ (k= odd) indicates that the cell of LCMO
(√2ap × √2ap × 2ap, with ap= primitive perovskite) is
oriented with the c-direction out of plane (OP) (Sup-
porting Information, Fig. S2). The epitaxial nature of the
LCMO films is further confirmed by the reciprocal space
maps around the STO-(103) reflection that reveal that the

Wang et al. NPG Asia Materials (2019)11:44 Page 3 of 8 44

85



films grow epitaxially, cube-on-cube and fully strained
with the STO substrate (Supporting Information, Fig. S3).
In addition, the AFM topography images displayed in

Fig. 2 show flat surfaces with an RMS surface roughness
value of <1 nm, thus indicating that the samples have a
high microstructural quality. Fig. 2a, b clearly shows the
terrace-like morphology imposed by the conformal
growth on top of the substrate steps.
The magnetic properties of a 26-nm-thick LCMO/STO

thin film grown at 900 °C for 60min with an oxygen flow
of 0.3 l/min are shown in Fig. 3. Figure 3a shows the
temperature dependence of magnetization (zero field

cooling and field cooling measurements) in the tem-
perature range from 10 K to 300 K under a magnetic field
of H= 1 kOe applied along the IP direction. The Curie
temperature Tc= 230 K was estimated from the mini-
mum of the function (1/M)(dM/dT). No signals for the
coexistence of different FM phases, as usually occurs in
oxygen-deficient samples prepared by PLD or sputter-
ing10,23, are detected; thus, we assume that the samples
are fully oxygenated. In Fig. 3b, the measured low tem-
perature (10 K) Msat ≈ 5.9 μB/f.u. and IP coercive field of
Hc ≈ 10 kOe agree well with the data reported for B-site
ordered LCMO bulk34 and thin film samples20,23,25. On
the other hand, samples not grown under optimal con-
ditions show depressed magnetization values (Supporting
Information, Fig. S4). Even though the XRD data cannot
provide information regarding B-site cationic ordering, in
addition to the improvement in the magnetic properties,
the degree of crystallinity and the microstructural film
quality also improve with increasing annealing time and
oxygen flux, as shown in the reciprocal space maps dis-
played in Fig. S3 in the Supporting Information.
The high values of Msat and Tc indicate a high degree of

Co/Mn cationic ordering. As mentioned previously, both
values are very sensitive to cationic ordering and are sub-
stantially reduced in disordered samples. As indicated above,
FM ordering in the insulating LCMO originates from the
superexchange interaction between Co2+ ions in the high
spin state (3d7: t2g

5 eg
2) with half-filled eg orbitals and the

overall spin S= 3/2 and Mn4+ ions (3d3: t2g
3 eg

0) with empty
eg orbitals and S= 3/2 mediated by oxygen anions,
according to the Goodenough–Kanamori–Anderson
rules14–16. As a result, a large theoretical saturation spin only
moment, Msat= 6 μB/f.u. and a relatively high value of TC

~230 K are predicted. In this scenario, cationic disorder
promotes the appearance of Mn4+–O–Mn4+ and
Co2+–O–Co2+ bonding, generating antiferromagnetic
superexchange interactions and lowering both theMsat and
the Curie temperature in partially disordered samples.
Figure 3b also shows the strong anisotropic behavior of

the samples. When the magnetic field is applied perpen-
dicular to the sample plane (the OP configuration),
saturation is reached at ~30 kOe, while when the field is
applied parallel to the sample plane (the IP configuration),
saturation is not reached even at 80 kOe. Thus, the
perpendicular-to-plane direction is the easy magnetiza-
tion direction, as previously observed in samples grown by
RF magnetron sputtering23,35. Our previous results for
samples prepared by RF sputtering indicate that the Co2+

valence state is preferentially stabilized irrespective of the
structural strain even in nonstoichiometric samples36. In
addition, it was also shown that anisotropy in LCMO films
is mainly driven by spin-orbit coupling of Co2+ and is
strain-dependent. Under tensile strain, as in LCMO films
grown on STO, a strong increase in the angular

Fig. 1 a X-ray diffraction pattern of 10 nm thick LCMO/STO film grown
at 900 °C. The (001) peaks of the LCMO film and STO substrate are
indicated. b High-resolution XRD pattern of the (002) diffraction peak.
The oscillations around the main diffraction peak are an indication of
the high structural quality of the epitaxial LCMO films
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contribution to the magnetic moment of Co2+ occurs and
generates a strong perpendicular magnetic anisotropy35,36,
as in the present case. On the other hand, M(H) loops in
Fig. 3b show the typical bi-loop shape recurrent in many
cases reported in the literature10,22. The origin of this
sudden drop in the remanent magnetization at H= 0,
which has been erroneously attributed in some cases to
the existence of two magnetic domains possessing dif-
ferent coercivities10, is due to the existence of antiphase
boundaries. Antiphase boundaries appear because the
nucleation of Co2+ and Mn4+ cationic ordering may
occur at different positions in different regions of the
sample, and when regions with inverted Co2+ and Mn4+

positions relative to the other merge together, an anti-
phase boundary is formed. As noted by Dass and Good-
enough8, at the antiphase interface of Co2+–O–Co2+ or
Mn4+–O–Mn4+, AF interactions occur; thus, lowering
the field from saturation at H= 0 causes any antiphase
regions to revert back to an antiparallel orientation with a
180° change in the spin orientation across an antiphase
boundary, which would produce the observed sudden
drop in the remnant magnetization. This drop is more
pronounced in thinner films (Supporting Information,
Fig. S5), indicating a larger contribution of antiphase
boundaries on the magnetic hysteresis loops. Accordingly,
the bi-loop features of the hysteresis cycle are not
observed in samples without extended antiphase bound-
aries or with ordered regions separated by a blurred dis-
ordered boundary region25. Therefore, from the magnetic
measurements, we conclude that our LCMO films present
almost full Mn4+–Co2+ cationic ordering.
Aberration-corrected STEM images obtained for opti-

mally grown films give further support to the high B-site
cationic ordering degree of films grown by the PAD
approach. As mentioned above, the particular geometry of
the microscope used allows for acquiring different signals
simultaneously from two singular detectors in such a way
that electrons that are scattered at high angles are

Fig. 2 AFM surface topography images (5 × 5 μm2) of samples with different thicknesses, a 3 nm, b 10 nm, and c 26 nm, grown at 900 °C for 30 min
with an oxygen flow of 0.3 l/min showing RMS roughness values well below 1 nm; a and b clearly show the terrace-like morphology imposed by the
conformal growth on top of the substrate steps

Fig. 3 a Magnetization vs temperature of an LCMO/STO film of 26 nm
grown at 900 °C measured after zero field cooling (open symbols) and
field cooling (solid symbols) with a magnetic field of 1 KOe in-plane. b
M–H loops recorded at 10 K by applying a mmradagnetic field parallel
to (100)-STO, in-plane; and parallel to (001)-STO, out of plane
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recorded with a high angle annular detector that produces
a contrast interpretable in terms of the atomic number Z
of the different atomic species. Thus, this is an effective
structure imaging mode specifically for the atomic scale37.
Simultaneously, those electrons that are scattered at much
lower angles can be collected by an annular bright field
(ABF) detector, which is a direct beam disk that allows the
imaging of light and heavy atoms in a single STEM image,
thus probing the A, B, and O sublattices of the ABO3-
perovskite structure38,39. The coherent interference of
such electrons results in a phase image that presents an
inverted contrast with respect to the Z-contrast images.
Fig. 4a, b show a Z-contrast image of the 30-nm-thick
LCMO film and a higher magnification ABF image of the
LCMO structure. Both images were acquired along the
[110] pseudocubic projection, which allows visualization
of the BO6 octahedral rotation and the buckling of the O
sublattice of LCMO, as clearly seen in Fig. 4b. Such rip-
pling is due to the presence of octahedral tilts along the
[100]pc and [010]pc directions8,34. The structure and
chemistry of the material can be probed simultaneously
by using another imaging detector, such as an electron
energy loss spectrometer, together with the high angle
annular detector.
Figure 5 shows from left to right the Z-contrast image of

the LCMO structure from which the spectrum image (see
marked area in green) was acquired, the simultaneously
acquired annular dark field (ADF) image, the atomic
resolution maps of the La M, Co L, and Mn L absorption
edges and the RGB image produced by overlaying the Co
(in red) and Mn (in green) elemental maps. Whereas the
La elemental map shows a continuous A-site contrast,
both Co and Mn maps show an intensity variation in
every other B-site atomic column, consistent with order-
ing. Indeed, the checkerboard pattern evidenced by the

RGB map unambiguously demonstrates the Co/Mn
ordering of the LCMO phase. Therefore, STEM images
provide powerful confirmation that PAD growth pro-
motes the desired double perovskite cationic ordering, as
inferred from the optimal values of the Msat and Curie
temperature.
To date, there is no clear knowledge regarding the

mechanism controlling B-site cationic ordering, and
efforts to attain it have been mainly focused on obtaining
two well-differentiated B-sites so that different cations
will spontaneously choose one of them according to steric
or charge distribution criteria. In this regard, it was
recently claimed that a high degree of cationic ordering
can be obtained by growing LCMO on (111)-STO sub-
strates instead of the commonly used (001)-STO22.
It was argued that (111)-substrate growth induces an

“in-plane” strain that combined with the intrinsically til-
ted oxygen octahedra, following the a−a−c+ scheme of the
P21/n (monoclinic) space group40, generates the forma-
tion of two different sized B-site spaces in a rock salt
arrangement. This particular arrangement would promote
the desired double perovskite cationic ordering, resulting
in excellent magnetic properties. However, authors in
ref. 22 report fully strained epitaxial growth on the (111)
substrate incompatible with the monoclinic crystal system
but compatible with the trigonal one. It is worth men-
tioning that many single perovskites crystallize in the
rhombohedral R3c space group (e.g., LaCoO3

41, LaNiO3
42,

and La2/3Sr1/3MnO3
43). Thus, this crystal system can

naturally accommodate the strain imposed by the (111)
orientation of the substrate with the a−a−a− octahedral
tilting scheme without creating two differently sized B-site
cages. In addition, it is important to remark that the
conclusion regarding the higher degree of cationic
ordering in samples prepared on (111)-STO substrates
was derived by comparing magnetization values measured
with the magnetic field applied parallel to the sample
plane and that, in the case of the (001)-STO samples,
corresponds to the hard magnetization direction.

Fig. 4 a Z-contrast image of an optimally grown LCMO/STO film. b
ABF image of the LCMO structure. The probe-forming aperture half
angle was 30 mrad, and the half angles of the ABF detector spanned
from 15 to 30 mrad. Both images are viewed along the [110]
pseudocubic projection, which allows visualization of the buckling of
the O sublattice. Inset in b, schematics of the LCMO structure showing
the distortions revealed by the ABF image

Fig. 5 From left to right, Z-contrast image of the LCMO film, ADF
image, atomic maps of the La M, Co L, and Mn L absorption edges
and the RGB map produced by overlaying the Co (in red) and Mn (in
green) elemental maps. The inset in the Z-contrast image shows the
region where a spectral image was acquired. The spectral image was
acquired along the [110]-zone axis for visualizing the B-site ordering
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Therefore, the lower values of the magnetization obtained
in the (001)-STO samples do not necessarily imply a
lower cationic ordering but result from the strong per-
pendicular magnetic anisotropy present in the (001)-
oriented LCMO thin films35.
It has also been proposed that growth instabilities at the

growth front may be a possible alternative to induce
spontaneous B-site cationic ordering. The notable differ-
ences between thermal evaporation methods and CSD
techniques represent clearly different approaches.
Undoubtedly, in CSD techniques, the microstructure and
orientation of the thin films can be significantly influ-
enced by the solution and material chemistry, substrate
characteristics, and annealing conditions. Moreover, in
the PAD method, the direct binding between the metal
and polymer stabilizes the metal complexes so that they
do not experience preformation in the solution prior to
polymer decomposition44, thus increasing the lifetime of
the solution and preventing early metal oxide formation
during the deposition stage. Thermogravimetric analysis
indicated complete degradation of the polymer above
≈550 °C, and the high thermal stability of PEI prevents the
formation of the oxide film phase below this temperature.
Consequently, the removal of the organic material and the
crystallization of the film both take place at the same
temperature27,28. Furthermore, the slow decomposition of
the polymer promotes the formation of the inorganic film
at a very slow rate close to thermodynamic equilibrium
conditions and promotes its high crystallinity and quality.
Thus, the nucleation and growth processes in PAD films
are substantially different from those occurring in films
prepared by thermal evaporation. In the latter case,
atomic species arrive at the substrate surface, typically at a
temperature close to 900 °C, with kinetic energies in the
range from tens of eV to a few hundred eV, and they have
to thermalize. Therefore, crystallization and film growth
occur far from thermodynamic equilibrium conditions45;
i.e., surface diffusion is high and atomic species can move
easily, which might make B-site cationic ordering difficult
and require the use of ulterior high temperature annealing
processes to improve it. In contrast, the formation and
crystallization of a solid phase from liquid-based solutions
requires a much smaller thermodynamic-driving force
than thermal evaporation methods18. Thus, in films pre-
pared by PAD, crystallization of the oxide takes place near
the decomposition temperature of the polymer, i.e., 550 °C,
i.e., close to thermodynamic equilibrium conditions. The
slow growth conditions of PAD can be much more
favorable for attaining spontaneous B-site cationic
ordering, as observed in our case. In fact, PAD has been
revealed as a very appropriate method to prepare complex
oxide phases with complex cationic ordering28.

Conclusions
High-quality epitaxial LCMO films have been prepared

with a single one-step growth process using the PAD
technique on top of STO (001)-oriented substrates. The
magnetic properties of the films (Msat ≈ 6 μB/f.u. and
Tc ≈ 230 K) are indicative of almost full Co/Mn B-site
cationic ordering. Further support for the existence of full
Co/Mn cationic ordering is obtained by STEM measure-
ments; EELS maps indicate the ordered occupancy of B–B′
sites by Co/Mn cations. The magnetic properties of
LCMO are highly sensitive to B-site cationic ordering;
therefore, obtaining full cationic ordering is fundamental
for potential technological applications. To date, there is
no clear knowledge regarding the mechanism controlling
B-site cationic ordering, and different strategies relying on
structural strain and growth instabilities have been pro-
posed but without conclusive results. In this work, we
show that the particular crystallization and growth pro-
cess conditions of PAD (very slow rate, close to thermo-
dynamic equilibrium conditions) promote the high
crystallinity and quality of the films, as well as B-site
cationic ordering. We believe that the obtained results
show the advantage of the CSD–PAD method over phy-
sical methods (far from thermodynamic equilibrium
growth) to optimize B-site ordering as well as the desir-
able physical properties of functional double perovskite
oxide thin films. In addition, in the context where the
demand for sustainable and environmentally friendly
reactants and processes steadily increases, PAD is based in
aqueous solutions of environmentally friendly metal salts
and commercially available polymers.
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S1. X-ray reflectivity spectra of epitaxial LCMO/STO thin films 

 

Figure S1: X-ray reflectivity spectra of two LCMO/STO films of thickness 10 nm (black 

line) and 26 nm (red line) respectively 

 

 

S2. 3D reciprocal space tomography of LCMO/STO films 

 

3D reciprocal space tomography was done by collecting diffracted intensity using a 

Bruker D8 advance diffractometer equipped with a 2D GADDS detector (four-circles). 

Phi-scans where performed at small steps ( = 0.5o) for two different values of  angle 

(28 o, 63o) and two different values of  angle (  2  at the center of the detector, 25o, 

45o). Figure S2 shows the collected intensity at two cuts of the reciprocal space, 

perpendicular to (001) direction at values of qz~ 1/aSTO (S2(a)) and qz~ 1/2aSTO (S2(b)). 
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3 
 

In figure S2(a) all diffraction peaks have integer indices, no peaks indexed as (h/2k1) 

(h=odd) or (hk/21) (k=odd) can be seen (indices are referred to primitive cubic 

reciprocal lattice). Besides, diffraction peaks indexed as (hk½) can be seen in figure 

S2(b) but not in figure S2(a). This shows that LCMO is orientated with c perpendicular 

to the film.1 
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Figure S2: Cuts of the reciprocal space at around (a) l=1 (qz~ 1/aSTO) and (b) l= ½ 

(qz~ 1/2aSTO). 

  

(a) (b) 

94



4 
 

S3. Reciprocal space maps of samples grown under different conditions 

 

Reciprocal space maps of two 26 nm thick samples prepared under different annealing 

conditions are shown in Figure S3. Sample (a) exhibits very good magnetization 

properties and has been prepared with a long annealing time at high oxygen flow, 

while sample (b) has been annealed for a short time under low oxygen flow. In both 

cases LCMO films grow epitaxial cube-on-cube and fully strained with the substrate. 

XRD spectra of different samples indicate that the degree of crystallinity and the 

microstructural film’s quality improves with increasing annealing time and oxygen 

flow.  
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Figure S3: Reciprocal space maps around STO-(103) reflection for two samples 

prepared at: (a) 900 °C, with long annealing time (60 min) and high oxygen flow (0.3 

l/min); and (b)  900 °C, with short annealing time (15 min) and low oxygen flow (0.1 

l/min).  
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S4. Magnetization Vs. temperature of films grown under different conditions 

 

Figure S4: Magnetization vs. temperature of different films grown under different 

conditions, measured under an applied magnetic field H=1 kOe.  

 

From figure S4, it is evidenced that to obtain good magnetic ordering it is necessary to 

attain high enough temperatures (900 °C), long annealing times (60 min) and high 

oxygen flow (0.3 l/min). Samples grown under lower oxygen flow (0.1 l/min) or shorter 

annealing times show lower magnetization values. In concomitance with the 

improvement in magnetic properties, the degree of crystallinity and the micro-

structural film’s quality also improves with increasing annealing time and oxygen flux, 

as it can be appreciated from Figure S3. 
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S5. M(H) hysteresis loops of epitaxial LCMO/STO epitaxial thin films of different 
thickness 

 

 

Figure S5: Out of plane M(H) hysteresis loops at 10K for two LCMO films grown on STO 

of different thickness (a) 26 nm, (b) 10 nm. 

 

M(H) loops in Figure S5 show the typical biloop shape. The origin of this sudden drop 

of the remanent magnetization at H=0, is due to the existence of antiphase 

boundaries. Antiphase boundaries appear because nucleation of Co2+ and Mn4+ 

cationic ordering may occur at different positions in different regions of the sample, 
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when regions with inverted Co2+ and Mn4+ positions relative to the other merge 

together an antiphase boundary is formed.  As pointed out by Dass and Goodenough,2 

at the antiphase interface Co2+-O-Co2+ or Mn4+-O-Mn4+ AF interactions occur, on 

lowering field from saturation, at H=0, any antiphase regions would revert back to an 

antiparallel orientation with a 180° change of spin orientation across an antiphase 

boundary, which would produce the observed sudden drop of the remanent 

magnetization.  This drop is more pronounced in thinner films indicating a larger 

contribution of antiphase boundaries on the magnetic hysteresis loops.  
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4.2 La2CoMnO6 and La2NiMnO6 double perovskite epitaxial thin films 

grown by polymer assisted deposition, structural and magnetic 

properties 

Chemical solution deposition techniques are appearing as a very promising 

methodology to achieve epitaxial oxide thin films combining high performance with 

high throughput and low cost. As already mentioned in the previous chapter, complex 

oxides with double perovskite structure (A2BBʹO6) exhibit a breadth of multifunctional 

properties with a vast potential range of applications in many different fields of 

technological interest. Moreover, the physical properties of these materials are 

strongly dependent on the ordered arrangement of cations in the B sublattice of the 

double perovskite structure, which is hard to attain. Thus, promoting spontaneous 

cationic ordering has become a very relevant issue. This work represents the extension 

of the knowledge gained in the polymer assisted deposition (PAD) of 

La2CoMnO6/SrTiO3 epitaxial thin films (see previous article) and we investigate the 

growth of epitaxial ferromagnetic insulating double perovskite La2CoMnO6 (LCMO) 

and La2NiMnO6 (LNMO) thin films on SrTiO3 (STO) and LaAlO3 (LAO) single-crystal 

substrates by using the PAD method. 

Stable complexes of PEI-EDTA–Metal in water were prepared for each single metal. 

After careful filtering and inductive coupled plasma analysis, precursor solutions with 

the desired composition and stoichiometry were prepared. The heating ramps were 

optimized by analyzing the precursor solution decomposition by combined differential 

scanning calorimetry (DSC) and thermogravimetric (TG) analysis in collaboration with 

Grup de Recerca en Materials i Termodinàmica (Universitat de Girona). Atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) images showed that the 

surfaces of the films are flat and that the composition is uniform across the whole 

surface area. The reciprocal space maps and high-resolution θ/2θ scans allow 

determining the lattice parameters making evident that LCMO/STO and LNMO/STO 

thin films grow epitaxially and fully strained on top of STO substrates. In contrast, in 

the case of LAO substrates LCMO films grow fully relaxed while LNMO films grow 

partially relaxed. 
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The magnetic properties of LCMO epitaxial films, saturation magnetization Ms ≈ 5.9 

μB/f.u. and Curie temperature TC ≈ 230 K, are indicative of almost full Co/Mn B-site 

cationic ordering, in good agreement with previous scanning transmission electron 

microscopy (STEM) studies. LNMO epitaxial thin films, on their side, display TC values 

about 270 K, but saturation magnetization values MS ≈ 4 μB/f.u, are depleted 

compared with the expected spin-only theoretical value (MS = 5 μB/f.u), which suggest 

the existence of anti-site disorder (ASD) at the Ni/Mn sublattice. 

By using X-ray absorption spectroscopy measurements performed at ALBA 

synchrotron radiation facilities, we have verified that the oxidation state of Ni is +2, 

and that of Mn is +4, irrespective to the structural strain and the amount of ASD of the 

samples. Therefore, since no other than Mn4+ and Ni2+ valence states are present in 

the samples, we conclude that the reduction of magnetic moment in the LNMO 

samples is linked to the disordered Ni-Mn occupancy of the B sublattice, i.e. 

introducing ASD. ASD give place to Ni2+-O2−-Ni2+ and Mn4+-O2−-Mn4+ superexchange 

antiferromagnetic interactions reducing the saturation magnetization, MS, value by a 

factor of (1−2XASD), with XASD being the fraction of ASD. 

The observed differences in the B’-site cationic ordering between LCMO and LNMO 

thin films are attributed to the larger ionic radii difference between Co2+ and Mn4+ 

compared to that of Ni2+ and Mn4+, making B-site cationic ordering in the LCMO system 

more favorable than for LNMO. 
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Abstract: Double perovskite structure (A2BB’O6) oxides ex-

hibit a breadth of multifunctional properties with a huge po-

tential range of applications in fields as diverse as spintron-
ics, magneto-optic devices, or catalysis, and most of these

applications require the use of thin films and heterostruc-
tures. Chemical solution deposition techniques are appear-

ing as a very promising methodology to achieve epitaxial
oxide thin films combining high performance with high

throughput and low cost. In addition, the physical properties

of these materials are strongly dependent on the ordered ar-
rangement of cations in the double perovskite structure.

Thus, promoting spontaneous cationic ordering has become

a relevant issue. In this work, our recent achievements by
using polymer-assisted deposition (PAD) of environmentally
friendly, water-based solutions for the growth of epitaxial
ferromagnetic insulating double perovskite La2CoMnO6 and
La2NiMnO6 thin films on SrTiO3 and LaAlO3 single-crystal sub-

strates are presented. It is shown that the particular crystalli-
zation and growth process conditions of PAD (very slow

rate, close to thermodynamic equilibrium conditions) pro-

mote high crystallinity and quality of the films, as well as
favors spontaneous B-site cationic ordering.

Introduction

Complex oxides are a class of materials of strong technological

relevance because they not only present a broad variety of

physical properties of technological interest but there are also
several different mechanisms to modify these physical proper-

ties at convenience. In particular, the crystalline structure and
aspects related to it (strain, defects, vacancies, cationic order-

ing, …) are an important playground to tune material proper-
ties. A common structure in oxide materials is the perovskite

structure; ideal ABO3 perovskite structure has a cubic symme-

try and most of the electronic properties are determined by
the physics associated with the transition metal and the

corner-sharing oxygen anions of the BO6 octahedra. The

double perovskite structure of the A2BB’O6-type, made of
stacking single perovskite units, have attracted considerable at-

tention because of their unique electrical, magnetic, and elastic

properties. In the ideal double perovskite structure, in which A
is an alkaline earth or a rare-earth metal cation and B and B’
are transition metal cations, there exists a 3D network of alter-
nating BO6 and B’O6 octahedra.[1] As a result of this, the final

physical properties are strongly affected by the B-site cationic
ordering.[2] Achieving full cationic ordering is challenging be-

cause the alternative occupancy of the B/B’-site ions can be in-

fluenced by several factors, such as synthesis conditions and
ionic features. As a general rule, a large difference in size and
charge of the B/B’-site cations provides a material with a
higher degree of ordering.[1]

In particular, La2MMnO6 (M=Co, Ni) compounds with B-site
ordering display high Curie temperatures,[3] which has been ex-

plained by ferromagnetic (FM) superexchange interactions ac-
cording to the Goodenough–Kanamori rules.[4] In addition,
these oxides combine their high-temperature FM with insulat-

ing behavior.[5] Dielectric properties close to room tempera-
ture[6] and large magnetic field induced changes in the electric

resistivity have also been reported.[7] These properties make
La2MMnO6 double perovskites interesting candidates for po-

tential thin-film spin-based electronics,[8] lead-free materials for

use in solar cells[9] and more recently, for cathode materials in
intermediate temperature solid-oxide fuel cells.[10] However,

some of these properties critically depend on the degree of
cationic ordering. In particular, the lack of cationic ordering re-

sults in competing ferro- and antiferromagnetic interactions
and depressed saturation magnetization,[5a] making the mag-
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netic behavior a good indicator for the degree of cation order-
ing.

As oxides are increasingly applied as thin films or nanostruc-
tures to harness the varied benefits of miniaturization, conven-

ient film deposition methods have to be developed. Although
high-vacuum methods like molecular beam epitaxy,[11] radiofre-

quency sputtering,[12] and pulsed laser deposition (PLD)[13] pro-
vide, in general, unquestionable advantages for the growth of
metal oxide thin films including high crystal quality, precise

control of composition and thickness at the atomic-scale, more
affordable alternatives are desirable. In this context, solution-

based fabrication methods are being pursued as an alternative
for economically viable and large-scale production of function-
al ceramic oxide thin films, nanoparticles, mesoporous solids
films, or bulk ceramics.[14] The main advantage of this chemical

solution deposition (CSD) methodology is the low cost, and

easy scalability, associated with the process because the use of
high vacuum systems is no longer required. In addition, the

precursor solution can be modified in terms of solvent and
molarity to tune different desirable thicknesses. Another ad-

vantage is the easy control of the desired final stoichiometry
and the in situ doping feasibility, simply by adding a doping

agent to the precursor solution. The trend nowadays is the de-

velopment of solution-based processes that are environmental-
ly friendly and processes that can be used with low-tempera-

ture techniques such as self-combustion and deep-ultraviolet
photochemical activation, enabling the direct integration of

metal oxide layers on low melting point polymeric substrates
for flexible electronic systems.[15] Despite these achievements,

the mechanism transforming combustion-precursors into

oxides is under debate and several authors have cast doubts
that combustion really occurs in thin films.[16] Recent results by

means of photocatalytically assisted decomposition of liquid
precursors of metal oxides show the successful integration of

crystalline metal oxides on flexible substrates at temperatures
as low as 325 8C.[17]

Concerning environmentally friendly precursor solutions,

water is well recognized as an ideal and green solvent. Howev-
er, with metal ions that are easy to hydrolyze (e.g. , La3+ , Sr2+),

it is difficult to form a stable solution in water.[18] Moreover, it
is hard to control the real metal ion concentration of the aque-

ous precursor solution, which often results in nonstoichiomet-
ric growth of the thin film compound. These problems have

been solved by the approach proposed by Jia et al. ,[19] which
involved preparing a stable metal-ion aqueous system, based
on a homogeneous metal-polymer complex solution. A water-

soluble polymer is used to bind and stabilize the metal ions in
the precursor solution and, at the same time, facilitate the film

coating. Specifically, the metal ions (usually nitrate salts or
chloride salts) are coordinated with lone-pair electrons of the

nitrogen atoms in the polyethyleneimine (PEI) polymer, pre-

venting in this way hydrolysis of metal ions and hence forming
stable metal-polymer complexes.[19,20] In some cases, the use of

an additional complexing agent like ethylenediaminetetraace-
tic acid (EDTA) is required to improve the coordination of

metal cations to the polymer. To recapitulate, the polymer-
assisted deposition (PAD) route is only composed of metal

nitrates, multidentate polymers, and deionized water, and con-
sequently it is considered to be free of health risks and envi-

ronmentally friendly. Moreover, PAD solutions are highly stable
over time and allow preparation of a library of a large number
of metal cations, which can be subsequently mixed according
to the desired stoichiometry. As a surfactant-assisted synthesis
method, the PEI present in the solution controls the viscosity
and binds metal ions, resulting in homogeneous mixing of
metal ions in the gel and the formation of uniform metal–or-

ganic films, providing a facile chemical approach to both
simple and complex crack-free epitaxial metal oxide films.

Despite the scientific and technological interest in
La2CoMnO6 and La2NiMnO6 double perovskites, more effort is

needed to bring them from laboratory research to applications.
Towards this end, it is essential to search for synthesis routes

able to provide thin films of target products with low cost and

good control of the composition, cation ordering, and cation
charge and coupling. In this context, the above-mentioned

specificities of PAD have proven to be very beneficial for the
growth of complex oxide layers[21] and, recently, we have dem-

onstrated the PAD growth of B-site ordered La2CoMnO6/SrTiO3

double perovskite epitaxial thin films, with perfect crystallinity

and a high degree of B-site cationic ordering.[22]

In the present work, we report the epitaxial growth of
La2CoMnO6 (LCMO) and La2NiMnO6 (LNMO) compounds on

(001)-SrTiO3 (STO) and (001)-LaAlO3 (LAO) substrates by the
PAD technique. We have investigated the influence of the sub-

strate, on the structure and magnetic properties of the films.
LCMO epitaxial thin films exhibit a single magnetic phase with

high saturation magnetization (Ms) values, indicative of full

Co2+/Mn4+ B-site cationic ordering, whereas the LNMO films
showed a more complex magnetic behavior suggesting the

persistence of anti-site defects lowering MS with respect to the
spin-only maximum theoretical value.

Results and Discussion

To trace the thermal behavior of the mixed metal polymer pre-

cursor solution thin films during the annealing in a convention-
al tube furnace, we used thermogravimetric analysis combined

with differential scanning calorimetry (TGA/DSC). Films of sev-
eral hundreds of nanometers were obtained by the free

spreading of a microdrop containing the precursor solution on
glass substrates. High purity oxygen and synthetic air at a flow
rate around 50 mLmin�1 were used to control the furnace at-

mosphere with a heating rate of 20 8Cmin�1. Figure 1 shows
the TGA curve for a La2NiMnO6 precursor solution film. It can

be seen that the sample begins to decompose at 220 8C, and
that there is gradual mass loss (PEI, EDTA, and nitrates loss)

that finishes at around 550 8C. This suggests that the polymer

and nitrate compound is completely decomposed and that the
La2NiMnO6 phase may be obtained above this temperature.

The heat of decomposition has been measured by DSC and an
exothermic signal has been recorded with an exchanged heat

of approximately 7.500 Jg�1, which is consistent with the
redox reaction between the polymer and the nitrate groups.
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In the PAD process, the coordination between the polymers

and the metal cations prevents premature nucleation below
the temperature of decomposition of the polymers. In this

way, the metal cations are inactive before the polymers are
thermally decomposed.[20a,21] Thus, crystallization of the oxide

takes place near the decomposition temperature of the poly-

mer and nitrates, that is, close to thermodynamic equilibrium
conditions; and it has been proposed that these particular

growth conditions of PAD are much more favorable for attain-
ing spontaneous B-site cationic ordering.[22]

Figure 2 shows atomic force microscopy topography images
in tapping mode of representative LCMO and LNMO films

grown on top of STO and LAO substrates (film thickness d

�25 nm). Samples were grown at 900 8C, with heating and
cooling ramps of 3 degreesmin�1, dwell time 60 min, and

oxygen flow 0.3 Lmin�1. Topography shows a high-quality flat
surface with root-mean-square (rms) values of surface rough-

ness below 2 nm in all cases. For samples grown on STO sub-
strates the RMS values are below 1 nm. This fact may be relat-

ed to the lower lattice mismatch between LCMO and LNMO

and STO substrates, which favors coherent growth (see below).
Samples with thicknesses below 10 nm clearly show the ter-
race-like morphology imposed by the conformal growth on
top of the substrate steps.[22] Sample uniformity across the
whole surface area has been demonstrated by field-emission
scanning electron microscopy, visualizing secondary electron

images (information on topography) as well as backscattered
electron images (sensitive to differences in composition).

The structural features of LCMO and LNMO films grown on
STO and LAO substrates have been studied by X-ray diffrac-
tion. The epitaxial nature of the films was evidenced by the de-
tection of only (00 l) peaks along with the corresponding (00 l)
peaks originating from the (001)-STO and -LAO substrates,
and the Kb reflection. No superlattice peaks as a result of

cation ordering were observed in the measured XRD spectra.
These peaks are expected to be within the noise level in the
present case[23] owing to the fact that Co/Mn and Ni/Mn have

a very similar number of electrons; and consequently, their
form factors are too similar to give a sizeable contrast in X-ray

diffraction.
Reciprocal space maps of LCMO films around the (103) sub-

strate peaks (Figure 3 (a) and (b)) reveal that the films on STO

substrates grow fully strained without any measurable differ-
ence of the in-plane lattice parameters, as illustrated by Fig-

ure 3 (a). An out-of-plane lattice parameter c=3.872 � is esti-
mated from the high-resolution X-ray diffraction pattern of the

(002) diffraction peak (see Figure 3 (c)). These measurements
performed in new samples confirm our previous results on the

LCMO/STO system[22] and make evident the high stability of

the precursor solutions and the reproducibility of the samples.
On the other hand, LCMO films grown on LAO were fully re-

laxed, and the in-plane parameter estimated from the recipro-
cal space map is about a=3.89 �, Figure 3 (b). The high-resolu-

tion q/2q scan around the (002) substrate peak (Figure 3 (d))
was used to estimate an out-of-plane lattice parameter c=

3.886 �. These values are consistent with a fully relaxed LCMO/

LAO film.
A similar analysis was conducted on LNMO films. Reciprocal

space maps of LNMO films around (103) substrate peaks (Fig-
ure 4 (a) and (b)) show that the films grown on STO substrates

are fully strained (Figure 4 (a)). An out-of-plane lattice parame-
ter c=3.854 � is estimated from the high-resolution X-ray dif-

fraction pattern of the (002) diffraction peak (see Figure 4 (c)),

which is shorter than the corresponding in-plane lattice param-
eter. In contrast, the peak position of the (103) reflection of

the LNMO films grown on LAO is clearly shifted from that of
the LAO substrate along the Q100 axis (Figure 4 (b)). Although
LNMO films are also grown epitaxially on LAO substrates, the
large lattice mismatch (�2.61%) between the films and the

Figure 1. TGA and DSC curves of the thermal decomposition of La2NiMnO6

precursors, made from nitrate precursors, EDTA, and PEI.

Figure 2. Atomic force microscopy surface topography images (5�5 mm2) of representative La2MMnO6 thin film samples with thickness values close to 25 nm,
on top of STO and LAO substrates. Root-mean-square (RMS) roughness values are below 2 nm in all cases.
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LAO substrate causes a relaxation of the film structure. In addi-

tion, the larger broadening of the LNMO film peak on LAO in-
dicates that part of the sample is fully relaxed and some part is

not.
As the lattice parameters of pseudocubic bulk La2CoMnO6

(apc=3.89 �)[24] and La2NiMnO6 (apc=3.879 �)[25] are close to

the lattice parameters of the STO substrate (a=3.905 �),
epitaxial La2CoMnO6 and La2NiMnO6 thin films grow coherently

on this substrate. However, owing to the large nominal lattice
mismatch of the LCMO/LAO (�2.61%) and LNMO/LAO

(�2.31%) systems, LCMO grows fully relaxed and LNMO par-
tially relaxed on LAO substrates for film thickness of approxi-

mately 20 nm.
Our previous results on LCMO thin films prepared by sput-

tering indicate that irrespective of the structural strain (tensile

or compressive), the oxidation states of Co and Mn ions are
Co2+ and Mn4+ .[26] According to the Goodenough–Kanamori

rules,[4] superexchange interaction between high spin Co2+

(3d7, t2g
5e2g, S=3/2) and Mn4+ (3d3, t2g

3e0g, S=3/2) cations pro-

motes ferromagnetic ordering in fully ordered LCMO films.

Consequently, a Curie temperature, TC�230 K, and a spin-only
theoretical saturation magnetization, MS=6 mB/f.u. is ob-

served.[5,6] However, Co and Mn ions may interchange their
crystallographic sites, giving place to what is known as anti-

site disorder (ASD). As ASD will promote the appearance of
Co2+-O-Co2+ and Mn4+-O-Mn4+ antiferromagnetic (AFM) inter-

actions, the saturation magnetization, MS, will be reduced by a

factor (1�2XASD) with XASD the fraction of ASD disorder.[27]

Therefore, MS= (1�2XASD) 6 mB/f.u. is a very sensitive indicator

of the degree of B-site cationic ordering. Recently, we have
shown that the particular growth conditions of PAD (very slow
rate and close to thermodynamic equilibrium conditions) are

prone to promote high quality, as well as B-site ordered,
LCMO/STO epitaxial thin films.[22] Accordingly, the magnetic

properties extracted from measurements in optimized LCMO/
STO new samples (growth temperature 900 8C for 60 min with

an oxygen flow of 0.3 lmin�1) confirm the previous results ob-
tained in ref. [22] , and exhibit a Curie temperature of TC=

230 K (see Figure 5 (a)). Moreover, no signals for the coexis-
tence of different FM phases, as usually occurs in oxygen-defi-
cient samples prepared by PLD or sputtering[12b,28] are detect-

ed. In Figure 5 (b), the measured low-temperature (10 K) satura-
tion magnetization MS�5.9 mB/f.u. and a coercive field of Hc

�10 kOe for an external magnetic field applied perpendicular
to the substrate plane (OP-configuration) agree well with data

reported for B-site ordered LCMO bulk[29] and thin film sam-

ples.[12b,30]

Additionally, multiple nucleation sites can generate zones

with alternated Co/Mn local ordering. When two of these
zones merge together, deviations from the ideal Co/Mn order-

ing appear at the interface giving rise to Co2+-O-Co2+ and
Mn4+-O-Mn4+ AFM interactions generating an antiphase boun-

Figure 3. Reciprocal space maps around (103) reflections for LCMO films grown on a) STO and b) LAO. c,d) High-resolution q/2q XRD scans of the (002) re-
flections for the same samples.

Figure 4. Reciprocal space maps around the (103) reflections for LNMO films grown on a) STO and b) LAO. c,d) High-resolution q/2q XRD scans of the (002)
reflections for the same samples.
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dary (APB). APBs also promote a reduction of the saturation
magnetization; however, their effect is very much smaller than

that of ASD. They act as domain walls between the FM do-
mains, within which a Co2+/Mn4+ ordering exists,[2d,4b] and
their signature appears as a sudden drop in the remnant mag-

netization at H=0, as observed in Figure 5 (b).[5a,22] This figure
also makes evident the strong anisotropic behavior of the
LCMO/STO thin film samples, as the OP direction is the easy
magnetization direction, in agreement with theoretical predic-

tion and experimental evidence reported in previous
work.[12b,26]

The same behavior is observed for LCMO/LAO thin films (see
Figure 6). The temperature dependence of the magnetization
for a 20 nm thick sample grown at a temperature of 900 8C
with an oxygen flux of 0.3 Lmin�1, measured in IP configura-
tion under a field of 1 kOe is shown in Figure 6 (a). A Curie

temperature of 230 K was observed with no signals of any sec-
ondary phase, indicating optimum oxygen content and high

film quality.

One can also infer from the M(H) curves in Figure 6 (b) that
IP is the easy magnetization direction as expected for LCMO

films under in-plane tensile strain.[26b] On the other hand, Fig-
ure 6 (b) shows that IP saturation magnetization almost reaches

the spin-only saturation value of 6 mB/f.u. , therefore indicating
full B-site cationic ordering as in the case of LCMO/STO films.

As in the previous case, clear signatures of the existence of
APB are also evident in Figure 6 (b).

We move now to the analysis of the magnetic properties of
LNMO thin film samples. In contrast to the LCMO system, the
M(T) curves of the LNMO samples exhibit a more complex

structure, which in some cases has been considered as indica-
tive of the existence of different magnetic phases[31] with two

distinct magnetic transition temperatures at TC1�270 K and TC2
�150 K (see Figure 7 (a)). The sharp transition at TC1�270 K
was attributed to the Ni2+-O-Mn4+ superexchange interaction
between Ni2+ (3d8, t2g

6 eg
2, S=1) and Mn4+ (3d3, t2g

3 eg
0, S=3/

2) ions owing to Ni/Mn cation ordering. At the same time, the
broad transition at TC2 about 150 K was ascribed to the Ni3+-O-
Mn3+ superexchange interaction between low-spin Ni3+ (3d7,

t2g
6 eg

1, S=1/2) and high-spin Mn3+ (3d4, t2g
3 eg

1, S=2) cat-
ions.[32] However, recent results indicate that this particular

shape of the M(T) curve is not indicative of different magnetic
phases but may well be related to the existence of ASD (i.e. ,

disordered occupancy of the Ni/Mn sites).[33] Accordingly, fea-

tureless M(T) curves should be indicative of a smaller amount
of ASD (see Figure 7 (a)). Nevertheless, it is worth noting that

M(T) curves of the Ni/Mn system are always much flatter than
those of the Co/Mn system, which could be indicative of a

higher degree of cationic disorder. This fact is also confirmed
by a smaller saturation magnetization with respect to the spin-

Figure 5. a) Magnetization versus temperature of an LCMO/STO film of
26 nm grown at 900 8C measured after zero-field cooling (open symbols)
and field cooling (solid symbols) with a magnetic field of 1 kOe applied in-
plane. b) M–H loops recorded at 10 K by applying a magnetic field parallel
to the (100)-STO (in-plane) and parallel to (001)-STO (out-of-plane).

Figure 6. a) Magnetization versus temperature of an LCMO/LAO film of
20 nm grown at 900 8C measured after zero field cooling (open symbols)
and field cooling (solid symbols) with a magnetic field of 1 kOe applied in-
plane. b) M–H loops recorded at 10 K by applying a magnetic field parallel
to (100)-LAO (in-plane) and parallel to (001)-LAO (out-of-plane).
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only theoretical value of the LNMO system (Ms=5 mB/f.u. ; see
Figure 7 (b)). Figure 7 (a) also shows that the FM transition tem-

perature is TC�270 K, irrespective to the amount of ASD in the
sample, as TC is proportional to the strength of the superex-
change FM interactions, which are stronger in the LNMO

system than in LCMO.
Similar results are obtained for LNMO films grown on top of

LAO substrates. M(T) curves are very alike the LNMO/STO sam-
ples with a FM transition temperature TC�270 K. As in the pre-
vious case, samples with a larger amount of ASD exhibit a
non-monotonic M(T) curve with a local minimum around T

�150 K (see Figure 8 (a)). This is further supported by the
smaller saturation magnetization values obtained for these
samples.

Comparison between LCMO and LNMO magnetization
curves (see Figures 5 (b), 6 (b), 7 (b), and 8 (b)) make evident

that LCMO samples exhibit strong perpendicular magnetic ani-
sotropy, which is absent in LNMO samples. It is worth mention-

ing that LNMO samples show small in-plane anisotropy. Anoth-
er interesting difference between M(H) in LCMO and LNMO
systems is the absence of APB in the latter. The typical sudden

drop of the magnetization at H=0 observed very often in
M(H) curves of LCMO samples, associated with the existence of

APB, is completely absent in the case of LNMO samples. How-
ever, LNMO samples show clear evidence of ASD. The appear-

ance of ASD, where Ni and Mn ions interchange their crystallo-

graphic sites, would mask the effect of multiple nucleation
sites generating zones with alternated Ni/Mn local ordering,

thus precluding the formation of APB.
On the other hand, the obtained value of MS~4 mB/f.u. corre-

sponds to a concentration of ASD of about 10% [MS=

(1�2XASD)�5 mB/f.u.] , which is among the best of those report-
ed in the literature.[33b,c, 34] Therefore, we should conclude that

the particular growth conditions of this PAD technique pro-
mote a high degree of spontaneous B-site cationic ordering.

A way to discard the existence of secondary phases in our
samples is to determine the oxidation state of Ni and Mn ions.

For that purpose, an X-ray absorption spectroscopy (XAS)
study has been performed. XAS spectra were recorded across
the Ni and Mn L2,3 edges by using a Si-drift fluorescence detec-

tor in the BL29-BOREAS beamline at the ALBA Synchrotron
Light Source (Barcelona, Spain).[35] This technique is a very sen-

sitive local probe, ideal to study the valence state[36] and
spin[37] of the ions under analysis.

Figure 9 shows the partial fluorescence yield (PFY) spectra

corresponding to two LNMO samples with different amounts
of ASD (see Figure 7 (a)) in the energy range 845–875 eV. As in-

dicated, La-M4 and Ni-L2,3 absorption edges are in this range of
energies. Two important features can be observed for Ni

edges. First, the two maxima of the Ni-L3 edge show very dif-
ferent amplitudes and second, there is a clear split of the Ni-L2

Figure 7. a) Magnetization versus temperature of two LNMO/STO films with
different amounts of ASD, measured after field cooling with a magnetic field
of 1 kOe applied in-plane. b) M–H loops of the more ordered LNMO/STO
film in a) recorded at 10 K by applying a magnetic field H parallel to (100)-
STO (in-plane) and parallel to (001)-STO (out-of-plane).

Figure 8. a) Magnetization versus temperature of two LNMO/LAO films with
different amounts of ASD, measured after field cooling with a magnetic field
of 1 kOe applied in-plane. b) M–H loops of the more ordered LNMO/LAO
film in a) recorded at 10 K by applying a magnetic field H parallel to (100)-
LAO (in-plane) and parallel to (001)-LAO (out-of-plane).
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edge (see Figure 9 (a)). These two features have been identified

as evidence of Ni in a +2 oxidation state in both LaNiO3/

LaMnO3 multilayers[38] and in La2NiMnO6 bulk samples.[33b,c] Fig-
ure 9 (b) shows the absorption of the same sample in the

region corresponding to Mn-L2,3 edges. The position of the L3
maxima (643 eV) coincides quite well with that reported in

ref. [33b] for bulk samples of LNMO in which the valence of
Mn is identified as +4. Moreover, the feature visible at
640.8 eV was identified as having a strong d3 character of the

Mn electronic state Mn4+ .[39]

As evident from the figure, spectra corresponding to sam-

ples with different amounts of ASD are very much alike. There-
fore, XAS measurements confirm that the formal oxidation

states of Ni and Mn ions in our samples are Ni2+ and Mn4+ , ir-
respective of the structural strain, and in spite of the different

values of the saturation magnetization, that is, the amount of
ASD, in agreement with previous reports.[33b,c] So, we can con-
clude that the features observed in the M(T) curves in the

LNMO system are not due to the existence of different mag-
netic phases but to different amounts of disorder.

The final amount of ASD in a given sample can be influ-
enced by several factors including oxygen and cationic non-

stoichiometry, and synthesis and processing conditions.[40]

From a material synthesis standpoint, it has been shown that a
large difference between the ionic size and electronegativity of

the B/B’ cations is crucial to promote ordering.[1] XAS analysis
allows us to conclude that in both LCMO and LNMO systems

the oxidation states of Co, Ni, and Mn are Co2+ , Ni2+ , and
Mn4+ , therefore no mayor differences are expected from this

aspect. However, the ionic radii difference between Co2+ and
Mn4+ is larger than that between Ni2+ and Mn4+ [41] (21.5 pm

and 16.0 pm, respectively), which makes B-site cationic order-
ing in the LCMO system more favorable than for LNMO, as ex-

perimentally observed.

Conclusion

We have synthesized high-quality La2CoMnO6 and La2NiMnO6

epitaxial thin films on STO and LAO substrates by using a poly-
mer-assisted deposition technique. The physical properties of
these oxide compounds, in particular magnetic properties, are

very sensitive to the presence of long-range B-site cationic or-
dering; therefore, obtaining full cationic ordering is fundamen-
tal for potential technological applications. In this work, we
show that the particular growth process and crystallization
conditions of PAD (very slow rate, close to thermodynamic

equilibrium conditions) promote the high crystallinity and
quality of the films, as well as favoring high B-site cationic or-

dering.

The magnetic properties of La2CoMnO6 films (Ms�5.9 mB/f.u.
and TC�230K) are indicative of almost full Co/Mn B-site cat-

ionic ordering. However, signals indicating the presence of an-
tiphase boundaries are detected. In the case of La2NiMnO6 epi-

taxial thin films, superexchange interactions are a bit stronger,
leading to a ferromagnetic transition temperature of TC
�270 K. However, saturation magnetization values are deplet-
ed compared with the expected spin-only theoretical value

(Ms=5 mB/f.u.), which suggest the existence of anti-site disorder

at the Ni/Mn sublattice. Values around MS~4 mB/f.u. are ob-
tained, indicating around 10% ASD, which compares very well

with previous reports. The observed differences between
LCMO and LNMO are attributed to the ionic radii difference be-

tween Co2+ and Mn4+ and that of Ni2+ and Mn4+ making B-
site cationic ordering in the LCMO system more favorable than
for LNMO. By using X-ray absorption spectroscopy, we have

verified that the oxidation state of Ni is +2, and that of Mn is
+4, irrespective of the structural strain and the amount of ASD
of the samples. We conclude that the reduction of magnetic
moment in the LNMO samples is linked to the introduction of

Ni2+-O2�-Ni2+ and Mn4+-O2�-Mn4+ superexchange AF interac-
tions at anti-sites reducing the saturation magnetization, MS,

by a factor of (1�2XASD), with XASD being the fraction of ASD
disorder.

Our results make evident the advantage of the CSD-PAD

method over physical methods (far from thermodynamic equi-
librium growth) to optimize spontaneous B-site cationic order-

ing as well as the desirable physical properties of functional
double perovskite oxide thin films. In addition, in the context

where the demand for sustainable and environmentally friend-

ly reactants and processes steadily increases, PAD is based on
using aqueous solutions of environmentally friendly metal salts

and commercially available polymers.

Figure 9. Partial fluorescence yield (PFY) of Ni-L2,3 and Mn-L2,3 edges mea-
sured in the two LNMO/STO thin films displayed in Figure 7 (a), with different
amounts of ASD. Red line: high ordered sample, black line: lower ordered
sample.
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Experimental Section

Chemicals and solvents

The PAD technique relies on the use of water-soluble polymers
with functional -NH2 groups that coordinate cations and prevent
their hydrolysis. The precursor solution for the growth of the
LCMO and LNMO thin films were prepared by mixing three sepa-
rate aqueous solutions of La, Co, Mn and La, Ni, Mn, respectively,
bound to polymers. Separate solutions were prepared by using
high-purity (>99.9%) metal salts of lanthanum(III) nitrate, cobalt(II)
nitrate, nickel(II) chloride, and MnII nitrate. The polymer used was
branched PEI, with an average Mw�25,000, and EDTA was used as
a complexing agent; both were from Sigma–Aldrich. Water used in
the solution preparation was purified by using a Milli-Q water
treatment system.

Precursor solutions preparation

In detail, individual solutions of the different metal ions were pre-
pared by dissolving the corresponding nitrate salts in water and
EDTA (1:1 molar ratio). PEI was incorporated into the solution in a
1:1 mass ratio with EDTA. The electrostatic interactions of the pro-
tonated amino groups of PEI with the [EDTA–Metal]n� complex are
crucial for further successful deposition of a homogeneous film. As
the direct bonding between PEI and metal is too weak, the chelate
ligand EDTA is used to form the EDTA–metal complexes, which can
establish hydrogen-bonding and electrostatic interactions with
protonated PEI. The pH value plays an important role in the forma-
tion of stable individual solutions of different metals. The enhance-
ment of electrostatic interactions, particularly hydrogen bonds,
takes places at lower values of pH, where most of the amines of
PEI are protonated. The formation of more stable EDTA–metal
complexes prefers higher values of pH, whereas the hydrolysis of
some cations occurs at relatively high pH. For instance, a pH�7 is
enough to hydrolyze Mn2+ . The pH values of all the initial solutions
for each individual cation in this work were adjusted to near 6 to
balance all these situations, and prevent the precipitation when
mixing them to prepare the final multicationic solutions.

Subsequently, the non-coordinated cations of each single metal so-
lution can be easily removed by filtration processes to prepare a
homogeneous precursor solution for each single cation. Each indi-
vidual solution was filtered by using Amicon filtration units
(10 kDa), and retained portions were analyzed by inductively cou-
pled plasma (ICP; Optima 4300 DV ICP-OES PerkinElmer), for careful
determination of the cation concentration in the primary solutions.
The final concentrations of the solutions used in this work were
[La]=230.4 mm, [Co]=146.4 mm, [Ni]=272.6 mm, and [Mn]=
176.4 mm. From these primary solutions, the final aqueous precur-
sor solutions with the desired La/Co/Mn 2:1:1 and La/Ni/Mn 2:1:1
final stoichiometry were prepared, and concentrated to reach a
final cation concentration of 61–65 mm with respect to Mn. These
conditions were adjusted to produce films in the range of 16–
26 nm. Similarly, more diluted solutions were adjusted to obtain
films in the range of a few nm (3–5 nm). Typical viscosity values
were in the range h�3–4 MPas (measured with a DMA 4100m
Anton Paar densimeter, with a micro-viscometer module Lovis
2000 ME).

Thermal characterization

Thermal analysis experiments were carried out with a Mettler
Toledo TGA85eLF thermobalance. Complementary experiments
were carried out with a differential scanning calorimeter (DSC)

from TA Instruments (Q2000 apparatus). Films of several hundreds
of nanometers were obtained by the free spreading of a microdrop
containing the precursor solution on glass substrates. High-purity
oxygen and synthetic air at a flow rate of around 50 mLmin�1

were used to control the furnace atmosphere with heating rate of
20 8Cmin�1.

Thin films growth

The precursor solutions obtained in this way were spin-coated on
top of 0.5�0.5 cm2 (001)-STO and 0.5�0.5 cm2 (001)-LAO sub-
strates from Crystec GmbH, Germany. Prior to deposition, the as-re-
ceived STO substrates were chemically etched and thermally treat-
ed to create TiO2-terminated substrates with atomically flat terra-
ces,[42] and the LAO substrates were thermally treated to create
AlO2-terminated substrates with atomically flat terraces.

The last step is the thermal annealing of the spin-coated films
under oxygen flow for elimination of the organic components at
lower temperatures, and phase formation and crystallization at
higher temperatures. Thermal annealing was performed by using a
tube furnace with heating rates of several degrees Celsius per
minute, under oxygen flow (flow rates between 100 and
600 mLmin�1) to avoid the formation of oxygen vacancies. Good
quality samples were obtained for optimized growth conditions
(growth temperatures above 850 8C, annealing time of �1h, and
oxygen flow above 0.3 Lmin�1).

Characterization of structural and physical properties

The structural properties of the epitaxial films were studied by X-
ray diffraction and reflectivity by using a D5000 (Siemens) diffrac-
tometer, an X’Pert MRD (PANalytical) four-angle diffractometer with
monochromatic CuKa1 radiation (1.54060 �) and a Bruker D8 Ad-
vance GADDS system. Magnetization measurements were per-
formed by using a superconducting quantum interference device
(SQUID; Quantum Design) as a function of temperature and mag-
netic field. External magnetic fields were applied both parallel (IP
configuration) and perpendicular (OP configuration) to the sample
plane. The diamagnetic contribution of the substrate and other in-
strumental contributions were properly corrected.[43] The relative
error in the determination of the saturation magnetization (MS)
was approximately 5% and was mostly attributable to the error in
the estimation of the film volume. The surface topography of the
films was investigated by atomic force microscopy by using an
Asylum Research MFP-3D microscope in tapping mode.

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) were investigated at the Ni and Mn-L2,3 edges in
the BL29-BOREAS beamline at ALBA Synchrotron Light Source (Bar-
celona, Spain). The spectra were measured in both the total elec-
tron yield (TEY) mode and by partial fluorescence yield (PFY),
under ultrahigh vacuum conditions (2�10�10 mbar). PFY was mea-
sured by using a large area silicon drift detector collecting the
non-resonant emission of the O K-edge (energy window of about
100 eV) and applying the inverse partial fluorescence yield tech-
nique.[44] The applied magnetic field (parallel to the X-ray beam)
was 2 T. XAS measures were performed at T=150 K.
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4.3 La2CoMnO6 and La2NiMnO6 thin films prepared by PAD and 

crystallized by rapid thermal annealing (RTA) 

An important step, common to all chemical solution deposition (CSD) film growth 

methods, is the annealing process since the microstructure of the films can be severely 

affected by the precise features of the thermal processing. It is well known that 

crystallization usually begins during heating to the final annealing temperature. On 

the other hand, nucleation is delayed to higher temperatures when a rapid heating 

rate is used. As a consequence, when a low heating rate is used, it is expected that 

some disordered phases will nucleate during the heating process. On the contrary, if 

a rapid heating rate is used, the nucleation will be delayed, which in its turn should be 

beneficial for ordered phase nucleation, resulting in an enhancement of the ordered 

phase. 

In this work we have investigated the effect of fast heating rates (10-50 °C/s) on the 

structural and magnetic properties of manganese based double perovskite 

La2CoMnO6 and La2NiMnO6 thin films synthesized by using the polymer assisted 

deposition (PAD) approach. Results obtained in RTA samples are compared with those 

obtained in samples prepared by using conventional thermal processes, (heating rates 

2-10 °C/min). Stable polymer based precursor solutions were prepared and spin 

coated as described previously. 

It is found that samples prepared by RTA have similar values of saturation 

magnetization and Curie temperature to the counterpart prepared by using 

conventional thermal processes, thus indicating a low influence of the heating ramp 

rate on the B-B’ site cationic ordering of the A2BB’O6 double perovskite structure that 

is mainly controlled by charge difference and steric effects. However, a deeper 

analysis suggested a different microstructure. In the case of the LCMO system, 

samples prepared by RTA present almost full B-B’ site cationic ordering with Ms values 

close to the spin-only theoretical value of 6 B/f.u.; M-H loops exhibit the sudden drop 

of the remnant magnetization at H=0 indicative of the existence of anti-phase 

boundaries (APBs). In contrast to what is observed in samples prepared by 
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conventional annealing method, APBs in RTA samples are easily suppressed by a post-

annealing treatment under oxygen flow which indicates differences in the 

microstructure of the samples.  

In the case of the LNMO system full B-B’ site cationic ordering is harder to attain since 

the ionic radii difference between Ni2+ and Mn4+ is too small. The existence of an 

important amount of ASDs in LNMO samples precludes the appearance of APBs since 

the magnetic disorder already generated blurs out clear frontiers between zones with 

inverted Ni/Mn ordering. However, the values of Ms obtained both in LNMO/STO and 

LNMO/LAO after a post-RTA thermal treatment are among the best reported in the 

literature. In the case of the LNMO system, as previously mentioned, the existence of 

ASDs precludes de formation of APBs making difficult to detect differences in the 

magnetic behavior between RTA and conventionally annealed samples. However, the 

approach to magnetic saturation in M-H loops and irreversibility in zero field cooling-

field cooling M-T curves also suggest some differences. 
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Figure S1. High-resolution θ/2θ x-ray diffraction (XRD) scans of the (0 0 2) reflections comparing 
thin films grown by conventional thermal annealing (CTA) and rapid thermal annealing (RTA). (a) 
LCMO/LAO and (b) LNMO/LAO thin films. The slightly different strained state observed between 
the RTA and CTA LNMO/LAO thin films may be due to small differences on thickness or strain 
relaxation of the films. 

 
Figure S2. Rocking curves of the (0·0·2) reflections of (a) LNMO/STO thin film, and (b) LNMO/LAO 
thin film. The full width at half maximum (FWHM) values indicates the good crystallinity of the 
samples with some mosaicity. 

Zero field cooled-field cooled (ZFC-FC) magnetization curves for different La2NiMnO6 
(LNMO) epitaxial films prepared by rapid thermal annealing (RTA), measured at 100 Oe and 1 kOe 
are shown in Figure S3. For low fields (below coercive field Hc) irreversibility between ZFC and FC 
magnetization branches extends down to low temperatures. However, on increasing the applied 
field to 1 kOe, i.e. a field larger than Hc, the irreversibility is fully suppressed in samples prepared 
by conventional annealing process (see Figure S4), while it persists below about 40 K in the case of 
samples prepared by RTA (see Figure S3a).  
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Figure S3. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves measured at fields of 
100 Oe and 1 kOe for LNMO epitaxial thin film samples grown by Rapid Thermal Annealing (RTA). 
(a) LNMO/STO film thermally treated in RTA conditions (20 °C/s heating ramp, dwell time 20 min 
at 900 °C); (b) LNMO/LAO epitaxial film thermally treated in RTA conditions (20 °C/s heating 
ramp, dwell time 10 min at 900 °C). 

The existence of this low temperature irreversibility, for fields above Hc, in RTA samples is 
indicative of the existence of a higher magnetic disorder. This magnetic disorder should be 
attributable to the disorder generated by the simultaneous nucleation of grains in RTA samples and 
their interaction with anti site disorder (ASD). ASDs promote the appearance of Ni2+-O-Ni2+ and 
Mn4+-O-Mn4+ antiferromagnetic (AFM) interactions mimicking a spin glass-like behavior. Variations 
in the irreversibility between the ZFC and FC magnetization branches at low temperature should be 
somehow correlated with the amount of ASDs in the structure. In the case of LNMO/LAO with a 
higher degree of disorder irreversibility between ZFC and FC branches extends to higher 
temperatures (see Fig. S3b) even the global behavior is the same.  

As pointed out by Choudhury et al. [1], the random crystallographic occupation sets the stage 
for mixed ferromagnetic (FM) and AFM interactions between the transition metal cations and in 
turn, leads to inhomogeneous magnetic behavior in La2NiMnO6. In a perfectly ordered double 
perovskite, the magnetic exchange is governed by the FM Ni2+-O-Mn4+ interaction. With the 
occurrence of site disorder, additional AFM Ni2+-O-Ni2+ and Mn4+-O-Mn4+ paths are introduced. The 
spin glass like behavior that appears at low temperatures has its origin in the multiple exchange 
paths that arise due to mixed interactions [1, 2]. The competition between the FM and AFM 
interactions is the origin of the magnetic frustration which results in a spin glass-like state. 
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Figure S4. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves measured at fields of 
100 Oe and 1 kOe for LNMO epitaxial thin film samples grown by conventional thermal annealing 
(CTA). (a) LNMO/STO film thermally treated with 2 °C/min heating and cooling ramps, dwell time 
30 min at 875°C under oxygen flow, 0.4 l/min; (b) LNMO/LAO epitaxial film thermally treated at the 
same conditions as previous sample. 
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4.4 Dynamic magnetic properties and spin pumping in La0.92MnO3 

epitaxial thin films prepared by polymer assisted deposition 

As already mentioned in the previous chapters, growth of thin films by chemical 

methods has been a hot topic in the recent years as they offer appealing advantages 

over vacuum techniques as stoichiometric versatility and low-cost scalability. Among 

them, Polymer-Assisted-Deposition (PAD) is particularly attractive as it relies in 

environmentally friendly water-based solutions. However, serious concerns have 

been raised on the control of their interfacial quality hampering their use in emergent 

applications relaying in flat sharp interfaces, for example, for spintronics.  

In this work it is shown that La0.92MnO3 (LMO) epitaxial thin films grown by PAD are of 

high microstructural quality with low magnetic damping, thus suitable for spintronic 

applications.  

The preparation of the precursor solutions and the spin-coating processes are similar 

to that followed in the previous works. The final aqueous precursor solutions with the 

desired La/Mn 0.92:1 final stoichiometry were prepared. After the polymeric layer was 

deposited, it was annealed in a horizontal tube furnace under an oxygen flow, at 

950 °C for 30 min. 

XRD patterns and reciprocal space maps reveal that the films grow epitaxial, cube-on-

cube and fully strained with the SrTiO3 substrate. AFM topography studies show flat 

surfaces with RMS surface roughness values of ~ 0.2 nm. The observation of arrays of 

alternating dark and clear fringes in the scanning electron microscopy (SEM) images 

suggests the formation of ordered rhombohedral twin domains. These two features 

in AFM and SEM images demonstrate the high structural quality of the grown films. 

The M-T curves and M–H loops reveal that the LMO films are ferromagnetic with TC ~ 

290 K, and MS ~ 330 emu/cm3. The transport properties exhibited a well defined 

metal-to-insulator transition with TMI = 280 K, and ρ10K = 6×10-4 Ω cm. 

Ferromagnetic resonance measurements in LMO/Pt bilayers give clear indications of 

the aperture of a new angular momentum dissipation channel that would be indicative 

of injection of pure spin currents into the Pt layer by spin pumping. This transfer of 
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spin angular momentum through the interface between the ferromagnetic layer (LMO) 

and Pt layer is evidenced by an increase of magnetic damping. These results are of 

strong interest since they demonstrate that PAD technique allows obtaining complex 

oxide thin films of high microstructural quality suitable for spintronic applications. We 

also present a deep study of the temperature dependence of the magnetodynamic 

properties of LMO thin films prepared by PAD showing that microstructural strain 

release from rhombohedral bulk phase results in an in-plane four-fold anisotropy with 

[110] as easy axis.  

Our results suggest that LMO films grown by PAD may be used as efficient spin source 

systems in heterostructures for spintronic devices. 
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Dynamic magnetic properties and spin pumping in
polymer-assisted-deposited La0.92MnO3 thin films

Hailin Wang, Alberto Pomar, * Sergi Martı́n-Rio, Carlos Frontera,
Narcis Mestres and Benjamı́n Martı́nez

Complex oxide thin films grown by using chemical methods are of strong interest because of their low-

cost, environment friendly fabrication and easy scalability. However, their introduction in spintronic

applications or magnetic devices is still scarce mainly because of concerns regarding their interfacial quality.

Here, we report on the preparation by polymer-assisted-deposition (PAD) of epitaxial La0.92MnO3 (LMO) thin

films. We demonstrate that ferromagnetic conducting LMO thin films with smooth surfaces (rms B 0.2 nm)

can be prepared by PAD. By means of temperature-dependent broadband ferromagnetic resonance (FMR),

we show that the LMO film exhibits a four-fold in-plane anisotropy, with [110] being the easy in-plane axis,

compatible with strain release from the rhombohedral bulk phase. It has also been found that the isotropic

Gilbert damping, a, determined from the broadening of the FMR linewidth, does not show a relevant extrinsic

contribution and it exhibits an intraband-like temperature dependence, i.e. it increases as temperature

decreases. By capping LMO thin films with a 10 nm thick Pt layer deposited ex situ, damping is substantially

enhanced, from a value at 150 K of aLMO B 1 � 10�2 for the bare LMO film to aLMO+Pt B 2.5 � 10�2 for the

Pt capped film. This strong increase of magnetic damping is indicative of the transfer of spin momentum

from LMO to the Pt layer by spin pumping. Our results demostrate that LMO films grown by PAD may be

used as efficient spin source systems in heterostructures for spintronic devices.

1 Introduction

The utilization of transition metal oxides in spintronic applications
relies on the availability of high-quality thin films that may be
helpful in the ever-increasing demands of miniaturization and
reduced power consumption. Among the different promising
technologies, devices based on the spin transfer torque effect
are very appealing due to the possibility of manipulating spin
configurations in an efficient way with low power consumption.1

Thus, a noticeable effort has been devoted to studying the
magnetization switching processes, crucial to spin torque
phenomena and, in particular, to understanding and controling
magnetic damping.2,3 In general, low magnetic damping con-
stants may be achieved in transition metal oxide films, either in
insulating materials as yttrium iron garnet4 or in half-metallic
compounds as La2/3Sr1/3MnO3.

5 In the last case, the main
drawback arises from the important extrinsic contribution to
damping associated with the scattering of conduction electrons
by the two magnon mechanism.6 This extrinsic damping is
enhanced by the presence of surface/interface roughness or
magnetic inhomogenity originating from the defect landscape
of the film. Nevertheless, a tough tuning of the growth conditions

allows obtaining intrinsic damping values in the order of 10�3 for
films grown by using physical methods (pulsed laser deposition,
sputtering or molecular beam epitaxy).2 These low Gilbert damping
values open the possibility to use half-metallic manganite-based
oxides to generate pure spin currents by, for example, spin pumping
into a non magnetic metal. Although few investigations have been
made, there are already several promising results proving this
approach.7–10

The strong activity in the field has boosted a fast improve-
ment in the quality of grown thin films. Although high-vacuum
methods, such as molecular beam epitaxy,11 RF sputtering12

and pulsed laser deposition,13–15 offer unquestionable advan-
tages for the growth of metal oxide thin films like high crystal
quality, precise control of composition and thickness at atomic-
scale even for several unit cell thick films, more affordable
alternatives are desirable. Generally speaking, chemical deposition
techniques offer the ability to grow over large areas at low cost and
the versatility to easily tune stoichiometry in complex oxidesmakes
chemical deposition techniques very appealing. In particular,
polymer assisted deposition (PAD) has appeared as a competitive
route for environment friendly approaches as it is based on the
deposition of cationic aqueous solutions.16 It is also worth noting
that since the aqueous PAD precursor solutions are largely stable,
they enable setting a metal library easily to be mixed afterwards
to obtain finely compositionally controlled complex oxides.
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Moreover, although larger processing times may appear as a
drawback, the slow growth conditions of PAD close to thermo-
dynamic equilibrium conditions are adequate for the epitaxial
growth of ternary and complex oxides as has already been
demonstrated for a large variety of oxide films.17,18 Since the
energy balance involved during the growth process is quite
delicate, chemical growth methods may lead to a defect landscape
different from that generated by using vacuum techniques, resulting
in the modification of the physical properties of the films, as for
example, magnetic anisotropy.19 In spite of their importance, the
dynamic magnetic properties of chemically grown films remain an
open and unexplored topic.

The main aim of this work is to study the magnetic anisotropy
and damping of oxide thin films grown by PAD and to demon-
strate that they are suitable for spintronic applications. For this, we
have selected the ferromagnetic-metallic La0.92MnO3. LaMnO3, the
parent compound of the colossal magnetoresistance family of
manganite perovskites, has recently regained new attention as
an oxide catalyst for fuel cells and metal–air batteries,20 and as an
electrode material for supercapacitors,21 as well as due to its
unexpected ferromagnetic behavior in thin films.22–24 Although
bulk stoichiometric LaMnO3 is a Mott insulator and an A-type
antiferromagnet (AF), in thin film form, its properties may be
tuned into a ferromagnetic (FM) state due to the structural strain
induced by the substrate25,26 or by introducing ion vacancies (both
in La and Mn sites) in the material.27–29 However, LaMnO3 is a
complex system where it is very difficult to disentangle the effects
of strain, oxygenation and cation vacancies on the magnetic state.
On one hand, theoretical studies indicated that the FM behavior in
LaMnO3 thin films originates from the strain-induced orbital
ordering26 and this mechanism was invoked to explain the tuning
between AF and FM states in stoichiometric LaMnO3 thin films
prepared under different growth oxygen pressures.25 On the other
hand, the dependence of magnetic properties on film thickness is
still puzzling as, while an increase of saturationmagnetization and
transition temperature with increasing thickness was reported for
films grown on SrTiO3,

30 the opposite seems to occur for films
grown on LaAlO3 substrates.

31 It is worth noting that, in the case of
stoichiometric samples, the material exhibits an insulating char-
acter in both the AF and the FM states.25 However, in the presence
of cationic vacancies, to preserve charge neutrality, a mixed Mn3+

andMn4+ valence state appears. This mixed valence state promotes
the appearance of double exchange interaction via oxygen atoms
driving the system into a ferromagnetic and metallic state.28 As an
example, 8% of La site vacancies in LaMnO3 creates 24% of holes
at the Mn sites leading to a robust ferromagnetic ordering. This is
the amount of holes present in La0.76Ca0.24MnO3, for example,
although the smaller cationic disorder in La0.92MnO3 makes its
electronic conductivity much larger, and its Curie temperature
increases up to values close to Tc = 300 K making it interesting for
spintronic applications. In this work, we have studied, by broad-
band ferromagnetic resonance, the magnetodynamic properties of
ferromagnetic La0.92MnO3 thin films prepared by PAD. The inter-
est of this research is twofold. First, from amaterials point of view,
it is crucial to investigate if the continuous progress in the
quality of PAD films may overcome the challenging difficulties

of roughness and homogeneity control even for properties highly
dependent on defect structure as magnetic damping. Second, from
a physics point of view, an attempt is made to clarify the
mechanisms controlling the magnetodynamic behavior, which
will be fundamental for future prospects.

2 Thin film growth and
characterization

The La0.92MnO3 (LMO) thin films studied in this work were
grown by polymer-assisted-deposition (PAD) on (001)-SrTiO3

(STO) single-crystal substrates. Individual solutions of the
different metal ions were prepared by dissolving the corres-
ponding La and Mn nitrates in water with ethylenediaminetetra-
acetic acid (EDTA, 1 : 1 molar ratio) and polyethylenimine (PEI),
Sigma Aldrich, Ref 408727, with an average molecular weight of
25 000 (1 : 1 mass ratio to EDTA). Each individual solution was
filtrated using Amicon filtration units (10 kDa), and retained
portions were analyzed by Inductively Coupled Plasma (ICP)
spectroscopy (Optima 4300 DVt ICP-OES PerkinElmer). The
solutions were mixed according to the desired La :Mn 0.92 : 1
final stoichiometry ratio and spin coated on top of 5 � 5 mm2

(001)-SrTiO3 (STO) substrates purchased from Crystec GmbH,
Germany. The as-received substrates were chemically etched
and thermally treated to make them TiO2-terminated with
atomically flat terraces.32 After the deposition of the polymeric
layer, it was annealed in a horizontal tube furnace under oxygen
flow at 950 1C for 30 min. The results discussed in this paper
correspond to the layers of LMO of 10 nm as determined by
X-ray reflectometry. They were obtained using solutions with a
total cation concentration of 139 mM and a rate of 5000 rpm for
90 seconds during spinning.

Systematic y–2y X-ray measurements as shown in Fig. 1(a)
demonstrate that LMO thin films are in a single phase with no
signatures of reflections other than the standard pseudocubic
(00l) ones. High crystallinity and excellent out-of-plane orientation
of the film were evidenced by the low values, less than 0.11, of the
full-width at half-maximum (FWHM) of the rocking curves around
the (002) reflection peak (see the inset in Fig. 1(a)). In Fig. 1(b), we
show the detail of the y–2y scan around the (002) diffraction peak
where the deconvolution of the substrate and film peaks is
indicated by the corresponding lines. Fitting of the (00l) peak
positions leads to a pseudocubic out-of-plane parameter of a> B
3.87 Å. The strain state of the LMO films was studied by using
reciprocal space maps around (�103)STO reflections, as shown in
Fig. 1(c). As thin film reflection is very close to the substrate one, in
this case, to increase the signal-to-noise ratio, thicker films
(B20 nm) were used. The in-plane lattice parameter of the LMO
film, a8, matches that of the substrate one, i.e., a8 = 3.905 Å. With
these a8 and a> values, a rough estimation of pseudocubic volume
can be calculated leading to Vpc = a8

2a> B 59.0 Å3. The above
obtained values may be compared with the reported bulk ones. It is
known that the crystal structure of LaMnO3 perovskite strongly
depends on oxygen content. In particular, for La-deficient
La0.92MnOx samples, a transition has been reported from the
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orthorhombic Pnma structure for x = 2.88 to a rhombohedral
R%3c one for x = 2.98.33 Concomitant to this structural evolution,
unit cell volume is reduced from Vort = 61.0 Å3 for Pnma to Vrh =
58.9 Å3 for R%3c. Furthermore, rhombohedral lattice parameters
arh = 5.477 Å and arh = 60.6141 correspond to a pseudocubic

matching distance of apc ¼ 1=2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� 2 cos arh

p � 3:89 Å leading
to a +0.4% tensile mismatch by the STO substrate.34 Thus, our
experimental results suggest a strain accommodation mainly
through elastic mechanisms from the rhombohedral phase.35

Morphological characteristics of the LMO film surfaces were
analyzed via Atomic Force Microscopy (AFM) in tapping mode.
Under optimal growth conditions, films develop an atomically
flat surface that mimics the terrace-step morphology of the
surface of the underlying STO substrate, as shown in Fig. 2(a).
Quantitative analysis of a 5 mm � 5 mm image indicates a
flat surface with rms B 0.25 nm, i.e., less than one unit cell.
Further confirmation of the high quality of the surface

morphology and microstructure of the films was obtained via
scanning electron microscopy (SEM). Fig. 2(b) shows a typical
SEM image of a 10 nm thick LMO film. In this image, taken at a
small tilting angle of 21, we may observe the occurrence of
alternating parallel stripes with bright and dark contrast. Such
stripes are almost aligned with the [100] edges of the substrate
and they form domains ofB25 nm wide. As reported previously
for Sr doped LMO films, they are typical of an ordered twin
structure in rhombohedral films grown under tensile strain
and they are the result of smooth strain accommodation during
film growth.36

Static magnetic properties were measured using a Quantum
Design SQUID magnetometer with the external magnetic field
applied parallel to the substrate plane. Field-cooled temperature
dependence of magnetization, Fig. 3(a), as well as isothermal
hysteresis loops, Fig. 3(b), were measured. Note that magnetic
measurements have been corrected using the diamagnetic con-
tribution of the STO substrate. LMO films are strongly ferro-
magnetic and no significant differences were observed as a
function of thickness for samples in the range of 10–25 nm,
as evidenced in Fig. 3(a). Hysteresis loops recorded between
10 K and 200 K shown in Fig. 3(b) reflect the reduction of the
saturation and remnant magnetization expected from the tem-
perature dependence of magnetization presented in Fig. 3(a).
On the other hand, coercive fields are very small (less than 15 mT at
100 K) and very similar for all the studied samples irrespective of
their thickness, which suggests that in the thickness range analysed
(10–20 nm) the microstructure of the samples is very similar. As
mentioned above, although stoichiometric LaMnO3 is an antiferro-
magnetic insulator, the presence of La vacancies leads to a mixed
valence state of the Mn cation (Mn3+–Mn4+) that promotes the
strong ferromagnetic interaction mediated by the standard double
exchangemechanism. The obtained values of saturationmagnetiza-
tionM(5 K)B 330 emu cm�3 (corresponding toB2.1 mB f.u.

�1) and
transition temperature, Tc B 290 K, are slightly lower than expected
for La0.92MnO3 composition. Two main mechanisms may be
invoked to explain the reduction of the saturation magnetization
in thin films with respect to the bulk value. First, it is known that at

Fig. 1 (a) X-ray y–2y scan of the La0.92MnO3 thin film on a SrTiO3

substrate. For the LMO film, only (00l) reflections were observed. The
inset shows the rocking curve obtained around the (002) reflection of LMO
exhibiting a FWHM = 0.061. (b) Details of the y–2y scan around the
(002)STO reflection showing the deconvolution between the STO substrate
peak (blue lines) and the LMO peak (red lines). (c) Reciprocal space map of
the (�103)STO peak revealing in-plane compressive strain in the films.
Pseudocubic notation is always used.

Fig. 2 (a) Topography of the surface of a LMO thin film obtained via
atomic force microscopy in tapping mode. Terrace-step morphology
inherited from the underlying STO substrate can be seen. Overall roughness
rms B 0.2 nm. (b) Scanning electron microscopy of a LMO thin film. The
observation of arrays of alternating dark and clear fringes suggests the
formation of ordered rhombohedral twin domains. These two features in
(a) and (b) demonstrate the high quality of the surfaces of films prepared by
using chemical methods.
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the interface with the substrate, a non magnetic dead layer may be
formed due to the relaxation of biaxial stress during growth.35 In
this case, the measured magnetization values are affected by a
wrong estimation of the real magnetic thickness. However, this
dead layer tends to be of the order of a few unit cells and it cannot
explain the strong deviation from the expected magnetization value
in our films.35 A second possibility is linked to the oxygen content of
the film. In mixed valence manganites, where ferromagnetism is
mediated by double-exchange interactions, saturation magnetiza-
tion is controlled by the ratio Mn3+/Mn4+. A significant amount of
oxygen vacancies implies a lower concentration of Mn4+ cations
and thus a reduction of magnetization. This is the usual scenario
in oxygen-deficient films. However, in LaMnO3, a reduction of
magnetization was also observed in overoxidized bulk samples.28

Here, growth under strong oxidizing conditions promotes the

creation of cation vacancies (as interstitial sites are not available
for excess oxygen) and Mn4+-rich clusters may be formed. These
clusters enhance antiferromagnetic correlations between Mn4+

cations and thus, full ferromagnetism is not achieved. So, we
cannot disregard either of these mechanisms to explain our results
shown in Fig. 3(a). In the standard double exchange picture, a
metal–insulator transition (MIT) takes place, concomitant to the
magnetic transition. We have measured the transport properties of
the films, i.e., temperature dependence of their electrical resistivity
and magnetoresistance, defined as DrH/r = (rH � r0)/r0 by using a
standard 4-probe van der Pauw configuration. The results are
plotted in Fig. 3(c). Films exhibited a well defined metal-to-
insulator transition with TMI = 280 K defined as the inflexion point
in the r(T) curve. Residual resistance was found to be r10K = 6 �
10�4 O cm. This value is lower than that reported for La-deficient
LMO films grown by using physical methods.29 At an applied
magnetic field of 9 T, the maximum value of magnetoresistance
was found to be 60% at 280 K, i.e., close to the transition
temperature. As a summary, static magnetic and magnetotransport
measurements confirmed that LMO films grown by the PAD route
exhibit low disorder and strong ferromagnetic character driven by a
double-exchange mechanism.

3 Magnetodynamic properties and
discussion

The dynamic magnetic properties of LMO thin films as a
function of temperature were studied by using a ferromagnetic
resonance spectrometer (FMR) made of a broadband coplanar
waveguide (NanOsc), inserted in a Physical Properties Measure-
ments System (PPMS by Quantum Design). Measurements were
performed at constant temperature using a sweeping external
field at several fixed microwave frequencies (between 2 GHz
and 17 GHz). Two main in-plane orientations were studied,
either with the field applied along the main substrate edges,
i.e., m0H8[100]STO, or at 451 of the edges, i.e., m0H8[110]STO.
Fig. 4(a) shows typical FMR spectra obtained at 9 GHz and
100 K for both orientations. Note that, for a better comparison,
measured signals (proportional to the first derivative of the
microwave absorption intensity) have been renormalized to
their respective maximum values. Each FMR spectrum may be
fitted to the derivative of the sum of symmetric and antisym-
metric Lorentzian components as previously suggested.37 Solid
lines in Fig. 4(a) correspond to the respective fitting curves.
From these fittings, accurate values of the resonant field, Hres,
and of the half-width at half-maximum linewidth, DH, are
obtained. In transition metal oxide thin films, the presence of
a small secondary resonant mode attributed to the presence of
sample inhomogeneity is usually reported (secondary phase or
regions with slightly different Curie temperature or magnetiza-
tion that resonate at a different frequency/field).38 In our case,
in the whole studied temperature range, no signature of another
resonant mode was observed.

The noticeable difference of the resonance field for both
configurations just reflects a different saturation magnetization

Fig. 3 (a) Temperature dependence of the magnetization measured at
5 kOe (field-cooled) for a 10 nm (blue symbols) and a 22 nm (red symbols)
LMO film. (b) Hysteresis loops of a 10 nm LMO film measured at 10 K (red),
100 K (black) and 200 K (blue). (c) Temperature dependence of the
electrical resistivity in the absence of an external magnetic field (0 T)
(black curves) and with a magnetic field of 9 T (red curves). Magneto-
resistance defined as DrH/r = (rH � r0)/r0 is also shown (blue curves).
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in each direction, i.e., in-plane magnetocrystalline anisotropy.
In this case, [110] represents the in-plane easy axis (lower
resonant field). Such in-plane anisotropy has been previously
reported in other manganite based thin films39 and it is
believed to be a direct consequence of the highly epitaxial
growth of materials with lower symmetry (orthorhombic/rhombo-
hedral) onto cubic substrates as [110] is the in-plane projection of
the [111] direction that, in manganite based perovskites, is the bulk
easy axis.40 It is worth noting that in the present case, no measur-
able differences in the FMR response between [100] and [010]
directions have been observed. This is in agreement with previous
results in thin films grown by chemical methods.19 The absence of
any extra in-plane uniaxial anisotropy, which, on the contrary, is
usually observed in thin films grown by physical methods,41 has
been attributed to the different relaxation mechanisms involved
during epitaxial growth using diverse techniques. This leads to
different octahedral rotation patterns in the films to accommodate
the stress and, as a consequence, to change orbital overlap and the
magnetocrystalline anisotropy.

In the presence of in-plane anisotropy, the frequency depen-
dence of the resonant field is no longer described by the simple

Kittel relationship and symmetry considerations need to be
taken into account. For epitaxial thin films, a good approach is
to consider a tetragonal symmetry, i.e., by assuming [100] and
[010] directions to be equivalent. In this case, the resonance
condition may be written as41

f ¼ g
2p

m0 HRþH4ip cos4f
� �1=2� HRþMeff þ1

4
H4ip 3þcos4fð Þ

� �1=2

(1)

where g is the gyromagnetic ratio, f is the angle between the
in-plane applied magnetic field and the [100] direction, and
Meff is defined as 4pMeff = 4pMS � 2K>/MS and includes the out-
of-plane uniaxial anisotropy term K>, whereas H4ip is a four-
fold in-plane anisotropy field, H4ip = + 2K4ip/MS.

For the main in-plane directions, eqn (1) easily simplifies
and it may be written for H8[100], f = 01, as

f ¼ g
2p

m0 HR þH4ip

� �1=2
HR þMeff þH4ip

� �1=2
(2)

and, for H8[110], f = 451 as

f ¼ g
2p

m0 HR �H4ip

� �1=2
HR þMeff þ 1

2
H4ip

� �1=2

(3)

We have found that our experimental results may be nicely
fitted by eqn (2) and (3). Fig. 4(b) shows an example for data
taken at T = 100 K with solid lines being the best data fits
according to the above equations.

Although eqn (2) and (3) are overparametrized, simultaneous
and self-consistent fitting for both orientations allows obtaining
reliable values of H4ip. Its relation with temperature is plotted in
Fig. 5(a). In this plot, error bars arise by averaging the data from
several samples and taking into account the uncertainty in the
fitting. First, we may see that H4ip is negative, reflecting that
indeed [110] is the in-plane easy axis. Secondly, it monotonously
decreases when approaching the transition temperature. At
10 K, H4ip is of the order of �100 mT. By using MS values
obtained from static SQUIDmeasurements, this H4ip value leads
to an anisotropic constant of K4ip(10 K) = �1.8 � 104 erg cm�3,
which is similar to the reported values for manganite-based thin
films.19,39,42,43 Anisotropic fields are expected to decay with
temperature faster than saturation magnetization. In general,
a power law dependence of the type K(T)/K(T0) = [MS(T)/MS(T0)]

l

is expected, where K(T0) and MS(T0) are, respectively, the aniso-
tropic field and magnetization at low temperature while l
depends on the order of the anisotropy constant.41 The inset
in Fig. 5(a) shows the experimental dependence of K4ip(T)/
K4ip(T0) as a function of MS(T)/MS(T0) with T0 = 10 K. Experi-
mental data are properly described by a power-law behavior that
can be fitted by an exponent l = 6 (solid line).

On the other hand, g and Meff are closely interdependent
during the fitting process and a wide interval of values leads to
equally good fittings. Nevertheless, best fits have been obtained
for g/2p = gmB/hB 29.5 GHz T�1 implying that the gyromagnetic
factor, g B 2.1, is slightly higher than the spin-only value
of 2 usually observed in manganites and it seems to suggest a
small contribution from orbital angular momentum. With the

Fig. 4 (a) Ferromagnetic resonance spectra as a function of applied field
for the two main in-plane orientations, i.e., [110] and [100], taken at 100 K
and 9 GHz. Solid lines represent the best fittings to the sum of symmetric
and antisymmetric Lorentz line shapes as explained in the main text.
(b) Frequency dependence of the resonant field at 100 K for the two
main in-plane orientations. Solid lines correspond to the best simultaneous
fit of both experimental data to eqn (2) and (3) in the main text.
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above assumptions, the temperature dependence of Meff was
obtained and it is plotted in Fig. 5(b) where error bars reflect
uncertainty in the fitting parameters. By using the MS values
obtained from SQUID measurements, it easily follows that only
negative values of K> are able to fit the experimental data. As
mentioned above, K> includes not only any uniaxial magneto-
crystalline anisotropy but also shape anisotropy and both are
indistinguishable. A summary of the main magnetic parameters
extracted from static and dynamic magnetic measurements is
presented in Table 1.

The broadening of the resonance line, characterized by the
linewidth DH, is a direct measure of the magnetic damping of
the system. Damping is a key parameter for spintronic applications
since it is closely related to the magnetization switching speed.
Ideally, only intrinsic mechanisms contribute to the magnetic
damping and, in such cases, the broadening of the ferromagnetic
resonance linewidth may be described by a linear dependence on
the frequency:41

DH ¼ DH0 þ 4p
g
af (4)

In this expression, DH0 represents an inhomogenous broadening
and a is the intrinsic Gilbert damping. Fig. 6 shows the
dependence of DH as a function of frequency obtained at

150 K for the two in-plane directions, H8[100] and H8[110].
Noticeably, linewidth broadening is independent of in-plane
anisotropy and it is clear that the same straight line can nicely
fit both curves. Two crucial results emerge from this result.
First, DH0, which accounts for extrinsic broadening arising from
small magnetic inhomogenities in the sample, is very small
(DH0 B 1 mT), confirming overall the high quality of thin films
prepared by PAD. Secondly, the absence of anisotropy in DH and
its linear frequency dependence exclude the presence of any
noticeable two-magnon scattering contribution to damping, that
is known to be a limiting factor when obtaining low-damping
ferromagnetic conducting materials.6 Furthermore, two-magnon
scattering is usually activated by rough interfaces and surfaces
and thus, their absence is in agreement with the smooth surface
topography shown in Fig. 2. We may now soundly associate the
slope of linear fits in Fig. 6 to the intrinsic Gilbert damping and
by using eqn (4), we have obtained aLMO B 1 � 10�2 at T = 150 K.
This value is comparable with Gilbert damping values reported in
the literature for other complex oxide thin films with similar
thicknesses grown by using physical methods7,39,44 but there is
still some room for improvement.5 In particular, improving the
critical temperature of LMO thin films, either by optimizing
oxygen stoichiometry or cation deficiency, may lead to enhanced
damping parameters at room temperature. The inset in Fig. 6
shows the temperature evolution of the Gilbert coefficient. In
general, Gilbert damping is related to the spin–orbit coupling
linking the precessing magnetic moment to the lattice. The
annihilation of magnons generates scattering of electron–hole
pairs. Depending on if this occurs at the same band (intraband)
or not (interband), damping decreases with increasing tempera-
ture (conductivity-like, intraband) or increases with temperature
(resistivity-like, interband).2,5 Our results suggest that there is a
large range of temperatures where damping is essentially

Fig. 5 (a) Temperature dependence of the fourfold in-plane anisotropy
field, H4ip, extracted from fits as shown in Fig. 4. The inset shows the
power-law dependence of the normalized in-plane anisotropy constant
K4ip(T)/K4ip(T0) as a function of normalized magnetization MS(T)/MS(T0).
(b) Temperature dependence of Meff. Error bars correspond to the uncertainty
in the fit procedure and average over different samples. Dotted lines are guides
for the eyes.

Table 1 Dynamic magnetic properties obtained from FMR and SQUID
measurements

Parameter LMO/STO

Gyromagnetic ratio, g/2p 29.5 GHz T�1

Gilbert damping, a at 150 K 1 � 10�2

Inhomogeneous line-width, DH0 at 150 K o1 mT
In-plane anisotropic constant, K4ip at 10 K �1.8 � 104 erg cm�3

In-plane anisotropy field, H4ip at 10 K �100 mT
Spin-mixing conductance, gmk at 150 K B2 � 1014 cm�2

Fig. 6 Linewidth of ferromagnetic resonance of a LMO thin film as a
function of frequency for two in-plane orientations taken at 150 K (blue
squares and black dots). Linear behaviour corresponding to pure Gilbert
damping may be observed and it is represented by the dotted line. The
enhancement of damping after deposition of Pt as a cap layer is also
presented (red points) and it may be associated with spin pumping through
the FM/NM interface. Inset: Measured temperature dependence of Gilbert
damping for the same LMO film.
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constant (100 K o T o 200 K) and it increases rapidly at low
temperature (To 50 K), following a conductivity-like temperature
dependence, usually associated with intraband behaviour. It is
worth noting that our experimental finding is in agreement
with the scenario suggested for manganites, where damping is
governed by the so-called breathing Fermi surface model
(intraband).5

The low damping parameter obtained in these PAD-grown
LMO thin films opens the possibility to use them as a spin
current source, through a spin pumping mechanism. In this
phenomenon, a pure spin current is generated in a resonant
ferromagnetic (FM) system and pumped into an adjacent non-
magnetic (NM) conductor. When the conductor itself exhibits
efficient spin–orbit coupling, as in the case of Pt, the spin-
pumping mechanism will enhance the intrinsic Gilbert damping
of the FM due to the extra dissipation channel of angular
momentum because of spin pumping.45 However, the diffusion
of the spin-current towards the non-magnetic layer strongly
depends on the so-called effective spin-mixing conductance gmk
that measures the transparency of the FM/NM interface to spin
current and their ability to relax within the non-magnetic layer.
In this case, the Gilbert damping may be written as2,46

aLMOþPt ¼ aLMO þ gmB
4pMtLMO

g"# (5)

where tLMO is the thickness of the spin source film, i.e., the LMO
thin film, and mB is the Bohr magneton. The increase in Gilbert
damping Da = aLMO+Pt � aLMO has already been demonstrated for
different FM/NM combinations, including alloys or oxides (as
YIG47 or LSMO10) as a spin source, grown by using vacuum
techniques, such as sputtering or laser-ablation. However, it is
believed to be extremely sensitive to the interface quality.2 Thus,
it is important to demonstrate that ex situ thin films grown by
using chemical methods are suitable for spin generation. Red
data points in Fig. 6 correspond to the FMR linewidth at 150 K
along an easy axis of the same LMO thin film but after being
capped with a 10 nm thick Pt film. In spite of higher noise in the
curve, the increase in the damping is evident, and Gilbert
damping is increased up to aLMO+Pt B 2.5 � 10�2. A rough
estimation of the mixing conductance may be obtained from
eqn (5). By using the values determined above, we have obtained
gmk(150 K) B 2 � 1014 cm�2, comparable to that reported for
other oxide films,9 suggesting that interface transparency to spin
transport is not inhibited by chemical growth methods.

4 Conclusions

We have demonstrated that La0.92MnO3 epitaxial thin films
grown by polymer-assisted-deposition exhibit low roughness
surfaces and magnetic properties fulfilling the requirements to
be used as spin source active layers in heterostructures aimed for
spintronic devices. Static magnetic and transport measurements
show that LMO films are conducting and ferromagnetic, as
expected from a double exchange scenario. On the other hand,
dynamic magnetic properties were studied via broadband
ferromagnetic resonance spectroscopy and we demonstrated

the presence of an in-plane four-fold magnetic anisotropy with
[110] as an easy in-plane axis. In conjunction with microstructural
analysis, this magnetic anisotropy resulted from the strained
epitaxial growth of a LMO rhombohedral phase into the under-
lying cubic SrTiO3 substrate. Magnetic damping exhibits mainly
intrinsic Gilbert damping without appreciable contributions from
extrinsic mechanisms. In the presence of a 10 nm Pt capping, we
have observed a clear enhancement of magnetic damping that
may be indicative of effective spin injection into the Pt layer by
spin pumping from the LMO film. The effective mixing con-
ductance estimated from the measurements reveals an interface
between ex situ chemically grown LMO and Pt with reasonable
transparency to spin transport to be suitable for applications in
spintronic devices.
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5. General discussion of the results 

The aim of this Thesis is to setup and tune the PAD methodology for growing epitaxial 

functional oxide perovskite thin films of low surface roughness, high crystallinity, and 

optimal electric and magnetic properties, and investigate the possibility of 

applications. 

Growth condition optimization 

The optimization process for the growth conditions was carefully conducted for each 

system. The relationship between the growth parameters and the properties was 

studied, and then the ideal growth conditions were determined. 

The thickness is easily controlled by the speed of spin-coating and the concentration 

of the precursor solution. The PAD method showed high reproducibility. Typical 

thicknesses are from 5~30 nm. 

A very relevant process is the thermal treatment. 

TGA/DSC was used to trace the thermal behavior of the precursor solution from room 

temperature to 600 °C. The results show that the organic species begin to decompose 

at 220 °C, and finish at around 550 °C. 

The crystallization process at relatively higher temperature is more complicated. The 

conventional annealing process was studied firstly. The heating and cooling ramp, the 

final temperature, dwell, and the oxygen flow are very important parameters related 

to the surface roughness, crystallinity, electric and magnetic properties.  

The results of growth conditions of LCMO films indicate that high enough 

temperatures (900 °C), longer annealing time and higher oxygen flow are favorable 

for the degree of crystallinity, the microstructural film’s quality, and the magnetic 

properties; however, if these values are too high, the formation of segregations on the 

surface of the films occurs. Taking every aspect into consideration, we determined the 

ideal growth conditions (growth temperature of 900 °C, annealing time of ~1 h, 

heating and cooling ramps are 3 °C/min, and oxygen flow 0.3 l/min). 
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The optimized growth conditions for LNMO films are similar to those of LCMO films, 

although high ordering here is more difficult to attain due the closer atomic radii of 

Ni2+ and Mn4+. 

The ideal growth conditions for LMO films are as follows, growth temperature ranges 

from 950°C to 990°C, annealing time of ~1 h, heating and cooling ramps are 2 ~ 

4 °C/min, and oxygen flow 0.1 ~ 0.2 l/min. 

B-site ordering in LCMO and LNMO prepared by conventional annealing process 

Both LCMO and LNMO films were prepared by conventional annealing process. The 

magnetic properties of the LCMO films (Ms ≈ 6 μB/f.u. and TC ≈ 230 K) were close to 

the theoretical values, indicating almost full Co/Mn ordering. Then STEM in 

combination with EELS maps was used to prove the existence of full Co/Mn ordering. 

The sudden drop of the remnant magnetization at H=0 in the M-H loops can be 

explained by the existence of APBs. In the case of LNMO films, TC is around 270 K. 

However, Ms values are around 4 μB/f.u., corresponding to around 10% ASD 

concentration. The sudden drop of the remnant magnetization at H=0 was not 

observed in the M-H loop, indicating the absence of APBs. The X-ray absorption 

spectroscopy was used to measure the oxidation state of Ni, and Mn, they are +2 and 

+4, respectively. It proves that the reduction of the Ms comes from ASD, instead of 

different magnetic phases. 

B-site ordering in LCMO and LNMO prepared by RTA process 

The effect of fast heating rates was also investigated. The LCMO and LNMO films were 

also prepared by RTA with a heating ramp of 20 °C/s, and then compared with the 

counterpart samples prepared by conventional annealing process. The M-T curves of 

the as-grown LCMO/STO samples show some kind of magnetic disorder. The sudden 

drop of the remnant magnetization at H=0 and the relatively high MS value indicate 

the magnetic disorder is mainly associated with APBs. After post annealing at high 

temperature in oxygen flow, the APBs were completely suppressed. LCMO/LAO shows 

similar results. The as-grown LNMO/STO and LNMO/LAO show larger magnetic 

disorder, compared to the samples grown by conventional annealing process. The M-
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T curves exhibit a non-monotonic behavior with a local minimum, and the MS values 

are below 3.7 μB/f.u.. After a post-growth treatment in oxygen flow, the MS increase 

to around 4.3 μB/f.u., the M-T curves show a slower decay rate of the magnetization 

and an increase of TC. All these facts seem to indicate that the heating ramp rate has 

only minor influence on the B-B’ site cationic ordering that is mainly controlled by 

charge difference and steric effects. The disordering in LCMO films is mainly caused 

by the APBs, and they can be suppressed by a post-grow annealing under oxygen flow. 

The main cause of disordering in LNMO films is ASD, high ASD density precludes the 

formation of APB, and ASD cannot be suppressed by a post growth annealing. 

Dynamic magnetic properties and spin pumping in La0.92MnO3 thin films 

The LMO films show low surface roughness, and high crystallinity. The TC is around 

290 K, and the TMI is 280 K. At an applied magnetic field of 9 T, the magnetoresistance 

is 60% at 280 K. The dynamic magnetic properties were studied by using a 

ferromagnetic resonance spectrometer (FMR). The [110] axis is found to be the easy 

in-plane axis. The inhomogeneous line-width, H0, is very small (~ 1 mT) at 150 K, 

confirming overall the high quality of thin films and the smooth surface topography. 

The intrinsic Gilbert damping is αLMO ~ 1 10-2 at 150 K, it opens the possibility to use 

the LMO films as a spin current source, through a spin pumping mechanism. A 10 nm 

thick Pt layer was deposited on top of LMO film by using sputtering. The Gilbert 

damping  increases up to αLMO+Pt ~ 2.5 10-2. This increase of the magnetic damping is 

indicative of effective spin injection into the Pt layer by spin pumping from the LMO 

film. Our results demonstrate that LMO films grown by PAD may be used as efficient 

spin source systems in heterostructures for spintronic devices. 
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Chapter 6. Conclusions 
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6. Conclusions 

This thesis focus on the preparation of complex oxide thin films by using a 

methodology based on aqueous chemical solutions made of metal salts and water-

soluble polymers as film precursors known as polymer assisted deposition (PAD). 

Chemical solution deposition (CSD) has many advantages over vacuum techniques, 

such as low cost scalability, the ability of coating on irregular surfaces, and 

stoichiometric versatility. PAD is a very attractive CSD method, since it is based on 

using aqueous solutions of environmentally friendly metal salts and commercially 

available polymers. 

It was the first time that we faced the challenges of the PAD methodology at ICMAB-

CSIC, so the basics of the thin film growth process had to be set up from the very 

beginning. The preparation of the precursor solutions, spin-coating, and thermal 

treatments are the key steps for the film growth. Following thin film growth, surface 

roughness, crystallinity and electric and magnetic properties were characterized.  

The conclusions can be summarized as follows: 

In the solution preparation process, PEI, EDTA and the salts were added to water in 

sequence. After they were dissolved completely, they were filtered with membranes 

(cut-off molecular weight of 10 kDa) to remove non-coordinated species and 

undesired anions. The pH value has a very important impact on the stability of the 

solutions. In the preparation process, the cations have specific pH ranges to reach high 

retention. But finally their pH values were adjusted to close 6 to avoid precipitation 

during the mixing. Six precursor solutions with different cations were prepared, 

namely La3+, Sr2+, Ni2+, Co2+, Mn2+ and Ru3+. The concentrations of the cations were 

measured with ICP-AES. Most of the concentration values range from 100 mmol/l to 

200 mmol/l. Typical viscosity values were in the range   3-4 MPa s. 

Individual solutions were mixed according to the stoichiometric ratio of the cations of 

a given composition. In this thesis, nine different poly-cationic solutions were 

prepared; they are La0.92MnO3, La2CoMnO6, La2NiMnO6, LaNiO3, La0.7Sr0.3MnO3, 

La0.5Sr0.5CoO3, LaCoO3, SrCoO3 and SrRuO3. 
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Different films with thickness from 5 - 30 nm were prepared. The thickness is mainly 

controlled by the speed of spin-coating, and the concentration of the solutions. Speed 

above 4000 rpm is necessary for the uniformity of the thickness of the films.  

The thermal behavior of the precursor solution was traced by TGA/DSC, the organic 

species decompose from 220 °C to around 550 °C. Crystallization takes place at 

temperatures above 600 °C. The surfaces roughness, crystallinity, magnetic and 

electronic properties are more related with the crystallization, the dwell time, the 

heating ramp, and the O2 flow rate. 

High-quality epitaxial LCMO, LNMO and LMO films have been prepared with a single 

one-step growth process using the PAD technique on top of STO and LAO (001)-

oriented substrates. All the films are epitaxial and show low roughness surfaces, high 

crystallinity, and good magnetic properties. 

The LCMO and LNMO samples prepared by conventional annealing process display 

high B-site cationic ordering. The magnetic properties of the LCMO films (MS ≈ 6 μB/f.u. 

and TC ≈ 230 K) are indicative of almost full Co/Mn ordering. In the case of LNMO films, 

TC is around 270 K. However, MS values are around 4 μB/f.u., indicating around 10% 

ASD. The existence of full Co/Mn cationic ordering is supported by STEM 

measurements; EELS maps indicate the ordered occupancy of B–Bʹ sites by Co/Mn 

cations. By using X-ray absorption spectroscopy, we have verified that the oxidation 

state of Ni is +2, and that of Mn is +4, irrespective of the structural strain and the 

amount of ASD of the samples. We conclude that the reduction of magnetic moment 

in the LNMO samples is linked to the introduction of Ni2+-O2--Ni2+ and Mn4+-O2--Mn4+ 

superexchange AFM interactions at anti-sites reducing the MS. 

The magnetic properties of samples prepared by RTA are similar to the counterpart 

samples prepared by conventional annealing process. The annealing process seems to 

have only minor influence on the B-B’ site cationic ordering that is mainly controlled 

by charge difference and steric effects, however, the microstructure of the samples 

seems to be different. In the case of the LCMO system samples prepared by RTA 

present almost full B-B’ site cationic ordering, M-H loops exhibit the sudden drop of 

the remnant magnetization at H=0, indicative of the existence of APBs. In the case of 
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the LNMO system full B-B’ site cationic ordering is hard to obtain since the ionic radii 

difference between Ni2+ and Mn4+ is too small. However, the values of MS obtained 

both in LNMO/STO and LNMO/LAO, around 4.3 μB/f.u., after a post-RTA thermal 

treatment corresponding to an ASD concentration below 10% are among the best 

reported in the literature. APBs in RTA grown LCMO samples are easily suppressed by 

a post-annealing treatment. ASD in RTA grown LNMO samples cannot be suppressed 

by a post growth annealing. 

Static magnetic and transport measurements show that LMO films are metallic and 

ferromagnetic below TC  300 K. Dynamic magnetic properties show the presence of 

an in-plane four-fold magnetic anisotropy with [110] as an easy in-plane axis. 

Magnetic damping exhibits mainly intrinsic Gilbert damping without appreciable 

contributions from extrinsic mechanisms. In the presence of a 10 nm Pt capping, we 

have observed a clear enhancement of magnetic damping that may be indicative of 

effective spin injection into the Pt layer by spin pumping from the LMO film. The 

effective mixing conductance estimated from the measurements reveals an interface 

between ex situ chemically grown LMO and Pt with reasonable transparency to spin 

transport to be suitable for applications in spintronic devices. 

We have proved that that the PAD technique allows obtaining epitaxial complex oxide 

thin films of high microstructural quality and low surface and interfacial roughness 

suitable for spintronics applications. 
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Chapter 7. Future perspectives 
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7. Future perspectives 

The know-how gained during this PhD thesis work opens up a whole world in the field 

of PAD growth of functional oxide thin films and heterostructures. To mention a few 

interesting possibilities to be further investigated: 

Integration of functional oxides on semiconductors 

Coupling oxides with semiconductors can presage new and unexpected functionalities 

that exist in neither of the individual materials. As oxides and semiconductors exhibit 

properties that are complementary to one another, epitaxial heterostructures 

comprised of the two are promising to deliver rich functionalities. A serious challenge 

issue is to match the dissimilar (structurally, thermally, and in general chemically 

reactive) oxides and semiconductors in hybrid structures. Silicon is the most 

fundamental technological material for electronics. Thus, a successful coupling of 

functional oxides with silicon has an enormous potential for new applications in 

electronics. Therefore it is interesting to initiate the research on the integration of 

functional ferroelectric (BaTiO3, Hf1-xZrxO2) and ferromagnetic (La0.7Sr0.3MnO3, 

La0.92MnO3 …) oxides on Silicon using the PAD growth method. As a first approach it 

will be easier to use STO or YSZ buffer layers deposited on Silicon by physical methods 

(MBE or PLD).  

Oxide Bilayers 

Multiferroic materials possess at least two ferroic orders, like ferroelasticity, 

ferroelectricity, and ferro- or ferrimagnetism. Among the multiferroics, materials that 

show a coupling between the order phenomena are of special interest. In particular, 

the magnetoelectric (ME) coupling has attracted high interest for its potential 

applications in e.g. sensors or multistate data memories. Multiphase multiferroic 

systems are particularly attractive, since they often show strong ME-effects and the 

order temperatures of the different components can be tailored independently. The 

best examined multiferroic oxide systems are combinations of ferrimagnetic ferrite 

spinels like CoFe2O4 or NiFe2O4 and ferroelectric perovskites like barium titanate 

BaTiO3 or lead zirconate titanate PbZrxTi1-xO3. The nowadays most common way to 

fabricate CoFe2O4/BaTiO3 and NiFe2O4/BaTiO3 thin films is pulsed laser deposition 
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(PLD), which generally results in epitaxial films with smooth surfaces on the atomic 

scale. The PAD approach is highly attractive because the technical requirements are 

low and a large variety of chemical compositions can be tested within short times. PAD 

grown bilayer films consisting of MFe2O4 (M=Co, Ni) and BaTiO3 deposited on platinum 

coated silicon wafers are appealing to investigate the simultaneous presence of 

ferroelectric and ferrimagnetic properties of the bilayer samples as well as their 

magnetoelectric coupling. 

PAD grown nanocomposites 

In close connection with the previous paragraph, nanocomposite materials are 

artificial materials displaying enhanced functional properties or the combination of 

properties of different oxides. In this context, it is relevant the preparation from 

chemical solutions of nanocomposite oxide layers with better functional properties. 

Composite materials will be prepared from the incorporation into the PAD precursor 

solution of previously grown oxide nanoparticles (“ex-situ” approach) forming a 

colloidal solution. The preparation of multiferroic nanocomposites is foreseen. The 

aspects to be addressed will be the stability of the nanoparticles in the precursor 

solutions considering the specificities of the polymer based PAD solutions, the use of 

appropriate binders and solvents, the growth conditions (temperature, heating 

ramps, gas atmosphere, etc.) to obtain nanocomposites with a homogeneous 

distribution of nanoparticles, and the characterization of the structural and functional 

properties of the synthesized layers.  

Ferromagnetic insulating tunnel barriers 

The development of spintronic devices requires the generation and control of highly 

spin-polarized currents or pure spin currents. A way of obtaining a highly spin 

polarized current is by using the spin filtering effect through ferromagnetic-insulator-

ferromagnetic tunnel barriers. It has been shown that the same effect can be obtained 

simply by using a ferromagnetic insulating barrier. A single ferromagnetic insulating 

barrier with strong magnetocrystalline anisotropy is sufficient for realizing sensor and 

memory functionalities in a tunneling device based on tunneling anisotropic 

magnetoresitance. However, ferromagnetic insulators (FMI) are very scarce; among 



169 

the few FMI the double perovskite La2NiMnO6 is very attractive due to its high Curie 

temperature, TC  260K, and magnetodielectric properties. The requirements needed 

for an ideal tunnel barrier are high crystalline epitaxial quality, thickness below 4 nm 

and very smooth surface. We think that these requirements can be reached for 

La2NiMnO6 grown on Nb-doped STO substrates by the PAD approach after proper 

tuning of the solution rheological properties, the spin coating conditions and the 

thermal treatment. 

PAD solutions for inkjet printing 

The devices fabricated by vapor deposition or chemical solution deposition always 

need stencils, and masks or subsequent separating, removing or etching processes to 

make patterns. Inkjet printing not only can overcome these problems, but also has 

more advantages like accurate deposition of minute quantity of materials, the 

resolution in sub-micrometer range for patterning, and the ability to produce meter-

scale homogeneous films. Inkjet printing is attractive for various applications such as 

high temperature superconducting tape, electric devices, thin film transistor, and 

solar cells.  

The key challenge of inkjet printing is the ink preparation, the requirements for the 

ink include stability, proper viscosity (1~25 MPa s) and surface tension range (20~50 

mN m-1), and it should be chemically compatible with the printer system. The 

precursor solution of PAD method can be stable for months, even for years. The 

viscosity is in the range of the requirements. The chemicals in the solution will not 

react with the printer system. As a result, PAD precursor solutions are promising to be 

used in inkjet-printing technology. 
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Appendix 
Ferromagnetic resonance 

The dynamic magnetic properties of thin films were studied by using a ferromagnetic 

resonance spectrometer (FMR) made of a broadband coplanar waveguide (CPW) 

(NanOsc), inserted in a Physical Properties Measurements System (PPMS by Quantum 

Design). This experimental setup allows for a complete characterization of the 

dynamic magnetic properties as function of the external applied field and temperature 

in the frequency range between 2 and 18 GHz. 

Ferromagnetic resonance (FMR) is a very powerful experimental technique for the 

study of dynamical magnetic properties of materials. In our analysis, we will assume 

two basic simplifications: a) We will use the macrospin model, so that spatial 

variations of M are neglected and therefore, the magnetization is uniform over the 

sample. b) Internal effects such as exchange, anisotropy, and demagnetization are 

considered by a net effective internal field Hi, so that the total field is Heff = Hext +Hi. 

When a ferromagnetic sample with a magnetization M is placed in an external 

magnetic field, Hext, the magnetization will precess towards Hext to minimize the 

energy. Thus, a torque appears to drive a continuous precession of the magnetic 

moments around the effective field Heff. In the absence of losses, the equation of 

motion is given by: 1 

dM

dt
=-γM×H                                                            Eq. A 1 

where γ = gμB/ħ is the gyromagnetic ratio of the electron with the Landé factor g −2. 

In absence of internal fields, the magnetization will precess around Hext with the 

Larmor frequency L =  Hext = 28 GHzT−1. Eventually, M will reach equilibrium when it 

is parallel to Hext. To induce the precession of the magnetization during an FMR 

experiment, an RF magnetic field, hrf, is applied transverse to Heff. The hrf is applied by 

an electromagnetic signal that is transmitted through the CPW. When the frequency, 

f, of the transverse field is at the resonance condition, M will precess around Heff in a 

A
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precessional cone. The equation that describes the magnetization’s precession is the 

Landau-Lifshitz-Gilbert (LLG) equation:1 

                          Eq. A 2 

where α is the dimensionless Gilbert damping constant, of order 10-2 in ferromagnetic 

thin films. Heff is the total effective magnetic field which is a sum of static applied 

magnetic field (Hext) and internal magnetic field (Hin). The dynamics of the 

magnetization’s precession involves two torques (Figure A 1): the first pulls M towards 

H (damping torque, blue) and the second points orthogonally to M and H (the 

precessional torque, green). The damping torque moves the local magnetization 

vector toward the local effective field direction. The Gilbert damping parameter, α, is 

a dimensionless scaling term for the damping vector. This phenomenological term is 

related to the magnetization relaxation rate, which is of high interest for technological 

applications.2 

 

Figure A 1. (a) Torque components exerted on the magnetization M by rotational field H (b) Motion of 

M for constant H. 

Experimental setup of FMR 

A sketch of the experimental setup used in this thesis is shown in Figure A 2 together 

with a picture of the PPMS insert where the Helmholtz coils for field modulation, the 

sample holder with the CPW and RF coax cables are clearly appreciated. 

A
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Figure A 2. (a) Schematic broadband FMR measurement setup highlighting the critical components. 

(b) Cross section view of the CPW (yellow) with a sample on top. (c) Head of the PPMS insert where 

Helmholtz coils for field modulation, the sample holder with the CPW and RF coax cables are clearly 

appreciated. 

To measure a single FMR spectrum, the RF field is held at a fixed frequency while HDC 

magnetic field is swept from a high magnetic field down past the resonance condition. 

As HDC is swept through the resonance condition, the magnetization will begin to 

resonantly precess and will therefore absorb energy from the CPW. This decrease in 

transmitted RF energy when sweeping through the resonance field is converted to a 

DC voltage by a broadband RF diode. In order to improve the signal-to-noise ratio 

(SNR), a lock-in detection technique is often employed, which requires modulating the 

signal at a known frequency. This modulation is provided by an additional set of 

Helmholtz coils powered by an AC source which in-turn produces a small (~1 Oe) 

modulation (HAC) to the much larger HDC. Therefore, with this modified measurement 

scheme one actually measures the derivative of the transmitted power (dP/dHDC). An 

example of typical spectra is shown in Figure A 3. 

A
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Figure A 3. Ferromagnetic resonance spectra as a function of applied field for the two main in-plane 

orientations,.i.e., [110] and [100], taken at 100 K and 9 GHz in a La-deficient LMO film. 

The single spectrum gives access to two important experimental parameters, the 

resonance field Hres and the spectrum linewidth, ΔH that are related to the magnetic 

properties of the sample. The Hres and ΔH are extracted by fitting the absorption signal 

to the derivative of an asymmetrical Lorentzian. By analyzing the frequency 

dependence of Hres and ΔH the dynamical parameters of interest, namely the 

gyromagnetic ratio ( ), the effective magnetization (Meff), the Gilbert damping 

parameter (α), and the inhomogeneous broadening (ΔH0) can be extracted. The 

resonant field, Hres, and the resonance frequency, fres, are related through the Kittel 

equation: 3 

fres=
γ

2π
Hres(Hres+4πMeff)                                                           Eq. A 3 

By fitting experimental data according to the previous formula  and Meff can be 

determined. Then, with the obtained value of  by the fit of ΔH vs. f, values of α and 

ΔH0 can be determined: 4 

∆H= 2α

γ
f+∆H0                                                                       Eq. A 4 
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