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YDbNisPs is the first known ferromagnetic metal showing a second-order quantum phase transi-
tion. Current theoretical understanding rules out second order ferromagnetic quantum criticality
in centrosymmetric 2D and 3D metals. Thus, studying the electronic structure of YbNisP2 is of
prime fundamental importance. Using angle-resolved photoemission spectroscopy, we experimen-
tally prove the existence of 1D Fermi surface contours. In addition, our results demonstrate that
part of the electronic structure of YbNisPy is made of states of higher dimensionality, thereby
bringing into question the fact that ferromagnetic quantum criticality in centrosymmetric crystals,
is exclusively found in 1D systems. Our experimental data show that the electronic structure of
YbNiyP; is a playground of mixed dimensionality, electron correlations, strong hybridization and
spin-orbit coupling, all of them providing new insights in understanding the origin of ferromagnetic

quantum criticality.

A distinct type of phase transition, referred to as a
quantum-critical point (QCP), occurs precisely at abso-
lute zero temperature. At this critical point, thermal
excitations cease to manifest, and the phase transition is
solely governed by quantum fluctuations stemming from
Heisenberg’s uncertainty principle [I]. One example of
such manifestation is ferromagnetic quantum-criticality
(FM QC) and although it has been extensively exam-
ined in a theoretical framework, it remains ill understood.
The central question is whether or not a continuous fer-
romagnetic quantum-critical point (FM QCP) exists in
clean metals. The current theoretical model to describe
FM QC in clean metals with a homogeneous magnetiza-
tion such as ferromagnets, ferrimagnets and canted fer-
romagnets, suggests that the coupling of electronic low-
energy modes, known as soft modes, to the fluctuations
of the order parameter results in a fluctuation-induced
first-order transition for systems with a 2D and 3D di-
mensionality [2]. Thereby, this interaction would make
continuous FM QC theoretically impossible in 2D and
3D systems. Thus, only 1D systems are compatible with
FM QC in clean metals. 2D or 3D electronic states are
in general incompatible with FM QCP and are expected
to lead to the above described first order transition, with
the sole exception of non-centrosymmetric systems with a

very strong spin-orbit interaction [3]. Most importantly,
the current theoretical framework leaves aside key inter-
action such as spin-orbit coupling [3] and Kondo effect
[, 5], hence, faces limitations in accurately describing
the physical properties of quasi-one-dimensional systems
hosting the aforementioned properties.

The heavy-fermion material YbNisPs is unique with
respect to FM QC [6]. It is the stoichiometric metallic
ferromagnet with the lowest Curie temperature observed
(T, = 0.15 K), hence suggesting its proximity to a QCP.
In fact, the partial substitution of P by As leads to a sys-
tematic reduction of T,, and eventually to the destruc-
tion of FM order and the occurrence of a second order
QCP when 10% of P atoms are substituted [6]. More-
over, YbNiyP5 is a Kondo lattice with a Kondo temper-
ature T =~ 8 K indicating strong Ni3d—Yb4f orbital
hybridization, according to resistivity and Seebeck coef-
ficient measurements [7]. Thus, YbNisPs has risen as a
paradigm of FM QC.

In YbNiyPo, Ni is not magnetic [7], and the Yb atoms
are arranged in chains along the c-direction and located
between edge-connected Ni tetrahedra, forming a tetrag-
onal ZrFe,Sis-type structure that is centrosymmetric —
see Fig. [Th. Such quasi-one-dimensional crystal struc-
ture is reflected in the anisotropy of the resistivity, about



5 times larger in-plane than out-of plane at 1.8 K [§].
In line with the anisotropic resistivity, band structure
calculations have identified Fermi surfaces with strong
one-dimensional character [7]. It is believed that such
quasi-1D electronic states are at the origin of the FM
QC in YbNiyPy [9]. Hence, although they do not take
into account electron correlations or d — f hybridization,
these theoretical predictions set an appealing basis to
understand the physics of this material. However, an ex-
perimental confirmation of quasi-1D Fermi sheets is still
missing.

On one hand, there are so far no direct measurements
of the electronic structure of YbNigzP;. The main
difficulty is that suitable single crystals are difficult to
grow and to prepare a clean surface for surface-sensitive
spectroscopies. Namely, cleaving is virtually impossible
because the crystals are extremely hard, while no other
surface preparation protocols have been established. On
the other hand, while quantum oscillations have been
observed [10], they cannot detect quasi-1D Fermi sheets
as the latter do not exhibit any closed Fermi surface
contours. Hence, Angle Resolved Photo Emission Spec-
troscopy (ARPES) is the way forward to understand the
complete electronic structure of YbNiyPs if the surface
can be prepared with alternative methods. Key ques-
tions at stake are the very existence of quasi-1D Fermi
sheets, their interplay or coexistence with Fermi surfaces
of higher dimensionality, their role in the macroscopic
properties of YbNisP», and the possible consequences of
d — f hybridization and electron correlations. All these
issues are central to the general understanding of FM
QCP in heavy-fermion materials [4] 9] [11].

In the present work, we experimentally prove the ex-
istence of the quasi-1D contours of YbNiyPs by means
of ARPES. Thus, our results establish a link between
the presence of 1D contours and FM QC in this mate-
rial. We observe, however, that these 1D sheets coexist
with other constant energy surfaces of 2D and 3D charac-
ter. Moreover, the observed electronic structure near the
Fermi level (EF) shows fingerprints of strong spin-orbit
coupling (SOC) and d — f hybridisation, demonstrating
that these features are important in understanding the
properties of YbNiyPs.

Our ARPES experiments were performed at the CAS-
SIOPEE beamline of the Synchrotron SOLEIL (France)
and at beamline 2A of the KEK Photon Factory (Japan).
Typical energy and angular resolutions were 15 meV and
0.25°, respectively.

In order to generate pristine surfaces for the ARPES
experiments, high-quality (11 0)-oriented YbNiyPs sin-
gle crystals were annealed in-situ, in UHV conditions,
to clean the surface from impurities left after polishing.
Subsequently, the surfaces underwent several in-situ cy-
cles, of mild bombardment with Ar" ions and anneal-
ing to promote recrystallization. The long-range order of

the surfaces was verified by means of low-energy electron
diffraction (LEED) —see Fig. S1 in [SI].

We compare our ARPES results to DFT calculations
where we confine the f electrons of Yb to the core, i.e.
we do not consider hybridisation of the f states. We im-
plement this f-core configuration in Wien2k [12] by cal-
culating the band structure for LuNiyPs using the lattice
parameters of YbNiyPy, with a full 4f shell well below
the Fermi level Er. LuNiyPs and YbNiyP, differ only by
one 4f hole and thus the band structure calculations of
LuNiyP5 result in a band structure where most bands are
merely shifted in energy relative to YbNiyPs. The band
structure calculations thus reveal the Fermi surfaces and
dimensionality of the conduction electrons [13] [14].

See the Supplemental Material for additional infor-
mation about the sample preparation, the experimental
methods, the reduction and analysis of the ARPES data,
and the DFT calculations.

In YbNiyPs, the near-Er f-core band structure cal-
culated by density functional theory (DFT) (Fig. S2 in
[SI]) shows five different bands dominated by Ni 3d char-
acter (Fig. S3 in [SI]), each represented with a different
color, straddling the Fermi level. At a binding energy
of 80 meV, the energy where we compare the DFT cal-
culations with the experimental results, just three out
of the five bands are present and give rise to the three
constant energy surfaces represented in Figs. to .
One can readily observe contours of different dimension-
ality ranging from quasi-1D (flat sheets) to textbook 3D
(doughnut) and of mixed dimensionality (jungle-gym).

In order to experimentally probe the dimensionality of
the electronic structure, we performed ARPES experi-
ments on YbNiyPsy single crystals in the paramagnetic
phase (T = 16 K). We chose (110)-oriented surfaces (i.e.
the highlighted plane in Fig. ) because this orientation
permits us to have spectroscopic fingerprints of all differ-
ent expected contours. Fig. corresponds to in-plane
constant energy (F — Ep = —80 meV) cut. The ARPES
signal being proportional to the so-called photoemission
matrix elements, dependent of geometrical considerations
(orbitals character, sample orientations and light polar-
ization), the raw constant energy surface (Fig. S4 in [SI))
shows a strong asymmetry between positive and negative
wave-vector along k(o1) [I5]. Using a mirror operation
we symmetrized the positive region of the raw constant
energy cut, corresponding to the resulting surface shown
in Fig. [If.

In the following, we will compare the experimental
ARPES results shown in Fig. with the theoretical
constant energy cut (CEC) (Figs. [Ik to[Ig) in the mea-
surement plane highlighted in Fig. [Ib, at a constant en-
ergy F — Er = —80 meV. We chose this energy because
the experimental contours are best resolved, but later on
we will compare the complete energy-momentum disper-
sion of the states (Fig. [3). The doughnut is observed
in Fig. as an ellipse centered around I' with semi-
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Figure 1.  (a) Crystalline structure of YbNiyP2 with the quasi-1D edge-connected Ni tetrahedra chains along the ¢ axis. (b) Brillouin
zone of YbNiysPo with its high symmetry points. The (110)-plane, parallel to the sample surface, is highlighted in light green. The (110)
and (001) planes are delimited by blue and pink contours, respectively. (c) to (¢) DFT constant energy (Er — 80 meV) contours, with the
different colors corresponding to the bands in Fig. S2 in [SI]. (f) In-plane constant energy (Er — 80 meV) cut in the (001) x (110) plane
measured with linear horizontal light polarization and symmetrized by a mirror operation along k(go1y = 0. Symmetrization has been
applied to the positive momentum values. (g) Theoretical constant energy (Er — 80 meV) cut. The different colors correspond to the
bands in Fig. S2 in [SI]. (h) Out-of-plane constant energy (Er — 80 meV) cut in the (001) x (110) plane measured with linear horizontal
light polarization. (i) Out-of-plane constant energy (Er —80 meV) cut in the (110) X (110) plane measured with linear horizontal polarized
light. For both (h) and (i), the horizontal axis corresponds to the direction perpendicular to the surface sample. The scale and tick position
of the vertical axes of panels (f)-(i) are all identical. The black dashed line indicates the measurement line in the reciprocal space for a
photon energy of 90 eV, used to measure the energy dispersions of Fig. EI
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contours. The pockets lying at the A - M - A edge of
the Brillouin zone at a momentum value of kg1y =~ 0.6
A=1 do not match with the theoretical computed con-
tours at £ — Ep = —80 meV. Nevertheless, they might
originate from band 4 or 5 of Fig. S2 in [SI] as their the-
oretical contours at the Fermi level match satisfactorily
the experimental ones at £ — Er = —80 meV. We spec-
ulate that the observed difference might be explained by
energy shifts not taken into account by standard DFT
calculations, for example, energy shifts due to the ex-
pected d — f hybridization. Fig. shows the calculated
contours of the constant energy cut observed in Figs.
to in the (001) x (110) plane. As discussed, the dough-
nut outer contours compare satisfactorily to the experi-
mental data, while the inner contours are broader than
what is experimentally observed. Moreover, the quasi-
1D sheets contours are also well captured by the calcu-
lations, whereas the jungle-gym contours present some
qualitative discrepancies from the measured constant en-
ergy cut. Specifically, they fail to describe the exact
shape of the pockets along the A - Z - A high-symmetry
line, as well as the pockets themselves along the A - M -
A high-symmetry line.

Since both (110) and (110) directions are equivalent in
tetragonal symmetry, one should expect to observe in the
former the same 1D contours as in Fig. [[f. In order to
verify the dimensionality of the experimentally observed
quasi-1D sheets, we will now make the distinction of the
experimental fingerprints expected of a truly 1D state
and of an hypothetical 2D cylindrical-like state that could
show a 1D fingerprint in certain planes. Fig. 2| compares
the expected experimental fingerprint of 1D and hypo-
thetical 2D cylindrical states in the (110) x (001) plane,
both similar to what is experimentally observed in Fig.
[lf. Therefore, in order to unequivocally determine the
dimensionality of the states observed in this plane and
confirm their 1D character, it is necessary to probe the
(110) x (001) and (110) x (110) planes, as depicted in
Fig. 2}

Figure[lh shows the out-of-plane constant energy (E —
Er = —80 meV) cut measured by systematically vary-
ing the photon energy between 30 and 100 eV (see 3D
k-space mapping in [SI] for more details). This figure
shows, as Fig. [If, a pair of identical 1D contours par-
allel to the k1¢y direction at almost constant momenta
koo1y ~ 0.35 A-1. This experimental topography is in
full agreement with the scenario of 1D states shown in
Fig. 2| (plane with blue contour).

In order to verify that the non-dispersive features ob-
served in Figs. [Tf and are indeed 1D and not arti-
facts of the ARPES 3D k-space mapping arising from
the intrinsic limitations of the out-of-plane mapping in
ARPES experiments, we performed a similar photon
energy-dependent measurement in a plane where no 1D
features are expected (i.e. the (110) x (110) plane at the

4

I’ point). The measurement is shown in Fig. and,
in line with our reasoning, no sign of 1D contours has
been observed at any binding energy. As previously, this
experimental topography is in full agreement with the
scenario of 1D states shown in Fig. [2[ (plane with pink
contour).

After comparing the constant energy cuts to the DFT
calculations, we now focus on the energy-momentum
maps along high symmetry lines. Fig. [3] shows a com-
parison between experimental data and calculated band
structure in the (001) x (110) plane. The band disper-
sion along the four high-symmetry directions is well cap-
tured by the calculations with minor variations with the
experimental data. In Fig. [Bh, along Z - T' - Z, an un-
expected electron-like pocket, originating form the most
inner ellipse, is observed around I'. Moreover, a weakly
dispersive band at Er attributed to the Yb 4f orbitals
is also detected. Along the M - I" - M direction, Fig. Bk,
one can observe spectral weight at the zone center where
no state is theoretically predicted, and might be of the
same origin as the one observed along Z - I' - Z. The
electron-like pocket in Fig. [Bp, with a band bottom of
~ 175 meV at the A high-symmetry point, is shifted to
smaller binding energy compared to the theoretical cal-
culations. Finally, in the map measured along the A - Z
- A direction, the band originating from the flat sheets
Fermi surface at around —350 meV is not observed, while
band 3 (jungle-gym), crossing the Fermi level, is rigidly
shifted to a slightly lower energy (by a~ 100 meV) and
may be split due to Rashba-like mechanism. A detailed
discussion of Fig. [3d can be found in Fig. S6 in [SI]. We
stress that despite these quantitative discrepancies, the
overall shape and qualitative dispersion of the theoretical
bands stay in good agreement with the experimental fea-
tures as already demonstrated during the discussion of
Fig. [[f. Most importantly, our data unequivocally prove
the existence of quasi-1D states and states of higher di-
mensionality in the electronic structure of YbNiyPs.

In conclusion, our results provide new insights on the
electronic structure of YbNiyP, and on the link between
dimensionality and ferromagnetic quantum-criticality.
We have experimentally shown that, while YbNiyPo
hosts quasi-1D states, part of its electronic structure is
also of higher dimensionality. Therefore, our results sug-
gest that a purely 1D electronic structure is not a neces-
sary condition for FM QC. This conclusion is in line with
recent ARPES results on CeRhgGey, a metal hosting a
pressure-induced QCP [16] [I7]. In this pure ferromag-
netic Kondo lattice system, no 1D features are observed
in its electronic structure [I8], while transport studies
observed hallmarks of a FM quantum critical point [19].
These studies further suggested that the occurrence of
FM QC was ascribed to the anisotropic hybridization in-
teraction between the conduction and Ce 4f bands [I§].
Moreover, in the case of YbNiyPs, our data reveal that
electronic correlations, d— f hybridization and spin-orbit
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Figure 3. Energy-momentum maps measured along high sym-
metry lines at hv = 90 eV together with their corresponding
calculated band structure. The borders of the DFT plots are
the borders of the Brillouin zone and for each ARPES map,
the borders of the Brillouin zone are indicated by the dashed
light green lines. The black dashed lines indicate the iso-
energy line of - 80 meV. (a) measured along Z - I" - Z. The map
has been obtained by summing pixel by pixel the maps mea-
sured with horizontally and vertically polarized light, where
the pixel intensity of the maps was divided by the maximal
pixel intensity of each map respectively. (b) measured along
A - M - A using horizontally polarized light. (c) measured
along M - I' - M using vertically polarized light. (d) mea-
sured along A - Z - A using horizontally polarized light.

coupling are all essential ingredients to describe its elec-
tronic structure and need to be worked out more conclu-
sively, using Dynamical Mean Field Theory (DMFT) or
extended DMFT to incorporate Kondo physics [20H22].
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SUPPLEMENTAL MATERIAL

Crystal growth

Single crystals of YbNiyPs were grown from a levitat-
ing melt using the Czochralski method under an Ar over-
pressure of 20 bar according to the procedure described in
[23]. The crystal structure was characterized by powder
x-ray diffraction on crushed single crystals, using Cu-K,
radiation on a Bruker D8 diffractometer and confirmed
the tetragonal ZrFe,Siy structure type (P4a/mnm) with
lattice parameters a = 7.0560(3) A, and ¢ = 3.5876(5) A.
Energy-dispersive x-ray spectroscopy revealed the stoi-
chiometry of the 142 compound within an error of 2 at%.
The single crystals were oriented by Laue method using
the white radiation of a tungsten anode (Miiller Mikro
91) and afterwards cut using a spark erosion device. In
preparation of the ARPES measurements the (110) sur-
face of the crystals were polished down to a surface rough-
ness of &~ 0.01 um with a precision of orientation < 1°
(MaTeck).

ARPES measurements

Typical electron energy and angular resolutions were
15 meV and 0.25°. In order to generate pristine sur-
faces for the ARPES experiments, the single crystals of
YbNiyPy were subject to various cycles of soft Ar bom-
bardment (800 eV at a grazing angle of 30° for about 20
minutes) followed by annealing for 5-10 minutes at ap-
proximately 550-600°C in UHV conditions. Low-energy



Figure 4. LEED image of YbNigP2 obtained after in-situ anneal-
ing, right before ARPES measurements.

electron diffraction (LEED) was employed to verify the
long-range crystallinity and cleanliness of our surfaces
after preparation —see Fig. [4 Clean surface prepa-
ration and ARPES experiments were performed at the
CASSIOPEE beamline of Synchrotron SOLEIL (France)
and at beamline 2A of KEK-Photon Factory (KEK-PF,
Japan) using hemispherical electron analyzers with ver-
tical and horizontal slits, respectively.

3D k-space mapping

Within the free-electron final state model, ARPES
measurements at constant photon energy hv give the
electronic structure at the surface of a spherical cap of
,/zgf(hy —d 4+ V)2,
free electron mass, ® is the work function, and Vy =
11 eV is the inner potential of YbNiyP5. Measurements
around normal emission provide the electronic structure
in a plane nearly parallel to the surface plane. Likewise,
measurements as a function of photon energy provide the
electronic structure in a plane perpendicular to the sur-
face.

radius k =

Here, m, is the

Density functional theory calculations

Band structure calculations of the f-core configura-
tion have been implemented in Wien2k [12] by calculat-
ing the band structure of LuNiyP5 using the experimen-
tally established crystal structure of YbNiyPo [24]. The
exchange correlation potential is approximated using the
Perdew-Burke-Ernzerhof generalized gradient [25]. We
use RKmax=9 resulting in a total-energy convergence
better than 10 meV and an energy range -5 to 5 Ry
thus treating the 4f, 5s, 5p, 5d, and 6s electrons of Lu
and the 3d and 4s as well as the 3s and 3p states of Ni
and P, respectively as valence states. Spin-orbit interac-
tions are approximated using relativistic local orbits with
a py/2 radial basis for Lu and scalar-relativistic orbits
for Ni. The total energy converges self-consistently bet-
ter than 1 meV using 3480 points in the Brillouin zone.
The band structure is then evaluated for selected paths

and planes in reciprocal space on a fine mesh for com-
parison with ARPES results. Fig. [5| shows the near-Er
f-core band structure of YbNiyP, calculated by density-
functional-theory (DFT). Five different bands dominated
by Ni 3d character (Fig. @, each represented with a dif-
ferent color, straddle the Fermi level. At a binding energy
of 80 meV, the energy where we compare the DFT cal-
culations with the experimental results, just three out of
the five bands are existing and give rise to the three con-
stant energy surfaces represented in Fig. 1c to le in the
main text.

Orbital character at Er

The states near the Fermi energy are dominated by
Ni-3d character as can be seen from Fig. [0} Only small
contributions from Yb and P are present in the f-core
calculation at the Fermi energy. Yet, the magnetism of
YDbNiyPs is not of nickel character [24]. Instead, the
magnetism stems from the Yb f moments which also
contribute to the Density of States (DoS) at low temper-
atures via the Kondo effect (not captured by the f-core
DFT calculation).

Raw ARPES data

The photoemission matrix elements are responsible of
an asymmetry between the positive and negative parts
along (001) for the in-plane constant energy surface
(CES) in the (110) x (001) plane (Fig. 1f of the main
text). Hence, as explained in the main paper, we sym-
metrized the data by a mirror operation and showed the
negative part kego1> < 0. Fig. [7] shows the raw in-plane
CES in the (110) x (001) plane at E — Er = - 80 meV.

In-plane Fermi surface

The constant energy cut at £ — Er = 0 meV (inte-
grated 40 meV bellow Ef) is shown in Fig. . Due to
strong matrix elements effects, the photoemission signal
is not symmetric in the k(o) negative and k o1y posi-
tive part of the image. Fig. Bp and [8k are, respectively,
the symmetrized constant energy cuts of the positive and
negative part of Fig. [8h. We will focus on these figures
to discuss the observed features and compare them to
the theoretical Fermi surface of Fig. [fd. First of all, one
can readily observe in paenl (a) an ensemble of quasi-flat
states straddling the Brillouin zone parallel to the k1
direction at an approximate k1) value ranging from 0.4
to 0.5 A=,

Through comparison to DFT calculations at Er shown
in panel (d), we can assign the quasi-flat states located



— band 1
band 2
— band 3
; band 4
— band 5
()
—
L
L
1
L
Figure 5.  f-core YbNigP2 band structure obtained by DFT calculations. Each band crossing the Fermi level is represented in a different

color. The gray lines are bands not crossing the Fermi level. The black dashed line indicates the iso-energy line of - 80 meV.

in the ko1y positive region, best seen in panel (c) at mo-
mentum value k1) ~ 0.5 A= to the jungle-gym FS.
The quasi-1D states observed in the k(1) negative re-
gion are fingerprints of the flat sheets F'S, best seen in
panel (c) at momentum value k1) ~ 0.4 A-1. In panel
(c), between the two pairs of the aforementioned bands,
we can see intensity features shaped as half circles that
we assign to the doughnut contour. Finally in panel (b),
at the edge of the A - Z - A line, one can identify the
feature in the middle of A - Z as originating from the
jungle-gym.

Since DFT is not able to capture the experimental FS
at Fr because of the Kondo hybridisation, only qualita-
tive comparison with the experimental data is possible.
Therefore, while we are able to track and identify the
different features making the complete FS at Fr, we are
not able to extract the exact positions and Fermi radii of
these states. In the main text (Fig. 3), one may notice
diffuse non-dispersing intensity near the Fermi energy
along the main high symmetry directions. This photoe-
mission intensity of presumably f-origin interacts with
the rest of the states altering their energy-momentum
dispersion. This is clearly shown in the next subsection
when we discuss the electronic structure along A - 7 -
A, and may as well happen for the doughnut Fermi con-
tours. Moreover, the doughnut Fermi contours are in the
immediate vicinity of I' where an electron pocket with
no theoretical counterpart has been observed in Figs. 3a
and 3c. For these reasons, the theoretical Fermi surface
cannot capture all experimental details.

Details on the electronic structure along A - Z - A

Other interesting features of the experimental band
structure can be seen in the energy-momentum disper-
sion map along A - Z - A, Fig. 3d in the main text. DFT
calculations shown in Fig. [Op, predict that the electronic
state originating from the jungle-gym contour crosses the
Fermi level two times. Our experimental results (Fig. [0b)
show that the two inner branches of this state appear to
be split resulting in four crossing points at the Fermi
level. Moreover, one can observe the presence of spectral
weight right below Er of Yb 4f origin, not captured by
DFT. This is reminiscent of other heavy fermion systems
where strong interaction between localized f orbitals and
other dispersive sates results in the formation of heavy
electron bands just below Ep [26] 27]. In order to ob-
tain more information on the near-Ef electronic struc-
ture we have performed further analysis of the experi-
mental data. Figure [0k presents a more detailed study
of the splitting band structure near the Fermi level. Each
red marker is obtained by fitting either the energy distri-
bution curves(EDC) or the molecular distribution curves
(MDC) and taking the local maxima. This procedure is
applied for every EDC between +0.17 A~! with an in-
tegration range of 0.01 A=! and MDC between 0.02 eV
and 0.22 eV with an integration range of 0.004 eV. In
this way, we can capture the central part of the flat band
just below Er, but also two parabolic bands that cross
each other at a high symmetry point with clear sign of
d — f hybridization. We fit each of the two parabolic
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Figure 7. Constant energy cut at £ — Er = - 80 meV in the

(110) x (001) plane, measured with LH polarization and a photon
energy of 90 eV.
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Figure 8. (a) Constant energy cut at E — Er = 0 eV in the (110)
x (001) plane, measured with LH polarization and a photon energy
of 90 eV. (b) Same data but symmetrized along the k(gg1y = 0 line
for k(go1y negative. (c) Same as (b) but for k1) positive. For
(a), (b) and (c) the Brillouin zone and high symmetry points are
superimposed on the data. (d) Calculated constant energy cut at
E — Erp = 0 eV in the first Brillouin zone.

branches with a cosine function which was also used to
fit the calculated parent band with great accuracy. There
are clear signs of a strong hybridization between this
set of parabolic states and the flat f-states. Both inner
and outer branches of the conducting state deviate sub-
stantially from the predicted dispersion (from the fit) to
higher k-values, i.e. undergo an effective mass enhance-
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Figure 9. (a) Calculated energy-momentum map along the A -

7 - A direction. The colored bands correspond to bands of Fig. El
(b) Energy-momentum map along A - Z - A measured with linear
horizontal polarized light. (c) Fit of the two parabolic bands in
panel (b) using the procedure described in the text. Red (pink)
markers are extracted from the MDCs (EDCs) fits, respectively.

ment, as they approach the energy position of the flat
f-state

Because of the symmetry breaking along the [110]
direction, a potential gradient in the out-of-plane direc-
tion confines this parabolic state, and therefore, it may
be prone to the Rashba effect when spin-orbit coupling
comes into play [28]. This could be an important
observation as the Rashba effect is a direct effect of
enhanced spin-orbit coupling and the latter has been
related to a possible mechanism for the existence of a
ferromagnetic quantum critical point in systems with
higher dimensionality [3]. It is therefore worthwhile to
evaluate the magnitude of a potential Rashba effect
in YbNiyPsy, although the aforementioned mechanism
cannot be directly applied to this case due to the
centrosymmetric nature of the crystal. Considering the
hypothesis of a Rashba splitting, the magnitude of the
Rashba effect can be quantified by the Rashba parameter
apr which is related to the energy difference of the two
branches at the band extrema. From our fit, we could
estimate a Rashba parameter of ~ 0.9 eVA. The value
of the ag Rashba parameter for YbNisP5 is much larger
than the typical values of most semiconductors [29], and
is around one sixth of the values in giant Rashba effect

bulk crystals [30] B1].

The electronic structure of YbNiyPs includes conduc-
tion states of low-dimensionality: there are states sub-
ject to in-plane confinement due to the presence of the
surface, or even to extra confinement within the sur-
face plane as in the case of the 1D sheets. Moreover,
YbNisPy contains f-electrons with strong magnetic mo-
ments which interact with the conduction states. A sur-
face potential gradient, the presence of magnetic mo-
ments and an appreciable d — f hybridisation are all in-
gredients that favour the development of Rashba-type
spin-splitting of the conduction states.
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