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We present results of hard X-ray angle-resolved photoemission spectroscopy and photoemission
diffraction measurements performed on high-quality single crystals of the valence transition com-
pound EuPd2Si2 for temperatures 25 K ≤ T ≤ 300 K. At low temperatures we observe a Eu 4f
valence v = 2.5, which decreases to v = 2.1 for temperatures above the valence transition around
TV ≈ 160 K. The experimental valence numbers resulting from an evaluation of the Eu(III)/Eu(II)
3d core levels, are used for calculating band structures using density functional theory. The valence
transition significantly changes the band structure as determined by angle-resolved photoemission
spectroscopy. In particular, the Eu 5d valence bands are shifted to lower binding energies with
increasing Eu 4f occupancy. To a lesser extent, bands derived from the Si 3p and Pd 4d orbitals
are also affected. This observation suggests a partial charge transfer between Eu and Pd/Si sites.
Comparison with ab-initio theory shows a good agreement with experiment, in particular concerning
the unequal band shift with increasing Eu 4f occupancy.

I. INTRODUCTION

A large variety of interesting phenomena, such as
the Kondo effect and the appearance of heavy fermion
features, quantum criticality, unconventional supercon-
ductivity, exotic magnetism, and non-trivial topological
phases have been observed in metallic compounds con-
taining rare earth elements1–9.
Eu is particularly known to exhibit valence transi-

tions due to the small energy difference between the
divalent and trivalent states of the Eu ion, as has
been observed in the tetragonal compounds EuPd2Si2

10,
EuCu2Si2

11,12, and EuIr2Si2
9,13,14. These valence transi-

tions also occur under the application of pressure in the
tetragonal antiferromagnets EuRh2Si2

15, EuNi2Ge2
16,

and EuCo2Ge2
17. Alternatively, chemical pressure by

partial replacement of constituents has been used to tune
the valence transition18. Recently, the valence dynam-
ics has been investigated using time-resolved absorption
spectroscopy19.

EuPd2Si2 has attracted particular scientific attention
because the Eu ions in this material exhibit a substan-
tial valence transition from a non-integer value close to
a magnetic Eu(II) state to a non-integer value close to
a nonmagnetic Eu(III) state upon decreasing the tem-
perature6. The valence transition is associated with a
significant change in the magnetic properties. Eu(II) has
a large magnetic moment associated with localized 4f
-electrons, whereas Eu(III) has a zero moment ground
state10. In this compound, the valence transition near
150 K is also linked to a substantial volume reduction
from the Eu(II) state at room temperature to the domi-
nant Eu(III) state below the valence transition ambient
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FIG. 1. (a) Sketch of the direct space crystal structure of
EuPd2Si2 and coordinate system used in this article. Red ar-
rows denote the lattice expansion with increasing temperature
in the ab-plane caused by the valence transition. Green ar-
rows denote the partial charge transfer from the Si/Pd-planes
to the Eu crystal plane. (b) Corresponding Brillouin zone in
reciprocal space indicating the high-symmetry points.

pressure. The valence transition can be tuned by temper-
ature10, pressure20, or high magnetic fields21. Also, small
particle sizes influence the valence transition22. When
going through the valence transition, the lattice parame-
ter a is strongly reduced by about 2%6, while the lattice
parameter c remains almost constant [Fig. 1(a)]. Due
to this interplay between lattice and electronic degrees
of freedom, the strain in epitaxial thin films has been
shown to suppress the valence transition to temperatures
below 20 K23. Below this temperature, electronic trans-
port measurements indicate antiferromagnetic ordering.
While the changes in the lattice structure during the

valence transition are well known, the corresponding
changes in the electronic structure as observed by sur-
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face sensitive photoemission spectroscopy were found to
be obscured by the different behavior of the material at
the surface24–26.
The lack of nearest neighbor atoms at the surface (100)

surface allows expansion to counteract the valence tran-
sition at low temperatures. The high temperature diva-
lent state remains partially at the surface even at lower
temperatures, as has been found by photoemission spec-
troscopy in the vacuum ultraviolet and soft X-ray re-
gions25,26. In contrast, hard X-ray photoemission spec-
troscopy reveals the bulk electronic structure27.

The Anderson model analysis ascribes the drastic va-
lence change to the hybridization of the Eu 4f electrons
with the conduction electrons. Density Functional The-
ory calculations28 support this description. To experi-
mentally validate these studies we performed hard X-ray
angle-resolved photoemission spectroscopy experiments.
We observe changes in the spectral shape of the triva-
lent Eu(III) 3d spectra at the valence transition as well
as significant variations of the valence band structure in
agreement with density functional calculations.

II. EXPERIMENTAL

Single crystals of the compound EuPd2Si2 were syn-
thesized using the Czochralski method from an Eu-rich
levitating melt as described in Ref 29. The single crys-
tals were bonded to the sample holder using epoxy resin
with the (001) plane parallel to the sample holder plate.
Before being transferred into the vacuum chamber, the
crystals were cleaved using a wire cutter. The samples
are inserted into a He-cooled (25 K) sample stage on a
high-precision 6-axis hexapod manipulator of the time-
of-flight momentum microscope.

The experiments were performed at beamline P22 of
the storage ring PETRA III at DESY in Hamburg (Ger-
many)30. The photon energy was set to 3.4 keV in a
spot of about 10× 10 µm2 using a Si(220) double-crystal
monochromator. At 3.4 keV the total energy resolution
is determined by the photon band width of 100 meV.

A major advantage of angle-resolved photoelectron
spectroscopy in the hard X-ray range is the significant in-
crease in the inelastic mean free path of the escaping pho-
toelectrons. Therefore, the present results represent true
bulk properties. This is essential, because the valency of
Eu at the surface of valence fluctuating systems is diva-
lent and the valence crossover cannot be studied9,25,26.
To overcome the challenges of low cross-section and low

signal-to-background ratio in the hard X-ray regime, we
applied time-of-flight momentum microscopy31, which al-
lows highly-efficiency three-dimensional data acquisition
of the photoelectron intensity I(EB , kx, ky) as a function
of binding energy, EB = −(E − EF ), and momentum.
The large momentum field of view of 12 Å−1 simultane-
ously yields five adjacent Brillouin zones, where larger
parallel momentum leads to a decreasing perpendicular
momentum. This allows us to resolve the perpendicu-

lar momentum kz, covering in one experimental run a
range of ∆kz = 0.5G001, as shown in Ref.32. Noise re-
duction data processing limits the momentum resolution
to 0.08 Å−1 for the results presented below.
Data were acquired at 25 K and 300 K for 8 hours in

each case. Details of the data evaluation procedure are
described in Refs.33,34.

III. EXPERIMENTAL RESULTS

To quantify the valence number v of the Eu ions above
and below the valence transition we measured the Eu X-
ray photoelectron spectra (XPS) at a photon energy of
3.4 keV as shown in Fig. 2(a). At this photon energy the
inelastic mean free path of the photoelectrons is ≈ 4 nm35

and one obtains bulk-related information rather than sur-
face properties. Due to the spin-orbit interaction the Eu
3d spectrum is split into an Eu 3d5/2 and an Eu3d3/2
component with a splitting energy of 30 eV. Each com-
ponent is further split by a chemical shift depending on
the valence state, which is either Eu(II) or Eu(III). The
ionization state splitting is 10 eV. This large splitting al-
lows a precise determination of the mean valence from
the corresponding peak areas36.
Comparison of the high (300 K) and low (25 K) tem-

perature spectra shows a significant change in the ratio
between the Eu(II) and Eu(III) components. An eval-
uation of the peak area ratio results in values for the
valence number v = 2.1 (occupation number n = 6.9) at
high temperature, corresponding to an almost complete
Eu(II) ionization state, and an increase to v = 2.5 (occu-
pation number n = 6.5) at low temperature, indicating a
mixed Eu(II)/Eu(III) valence state.
Multiplet calculations37 of the XPS spectra, tak-

ing into account interatomic correlation effects, show
a very good agreement with the experimental spectra
[Fig. 2(b)]. The Eu(III) spectra are split by 2 eV due
to an atomic multiplet effect. For the Eu(II) spectra
we observe an additional splitting that is caused by the
inter-atomic exchange interaction. The Eu(II) ion car-
ries a local magnetic moment of 6 µB localized in the 4f
orbitals, while the magnetic moment of Eu(III) is zero.
The Eu 3d peaks are then split according to the magnetic
quantum number of the total angular momentum. Thus,
the different magnetic properties of Eu(II) and Eu(III)
ions are directly visible in the XPS spectra.

The valence band photoemission intensity measure-
ments [shown in Fig. 2(c)] show the density of states at
low and high temperatures. The spectra have been nor-
malized to the maximum at 4 eV binding energy. The
sharp peak near the Fermi level is due to the partially
filled Eu(II) 4f states. The increase of this peak reflects
the increase of the Eu(II)/Eu(III) ratio at high temper-
ature. The Eu(III) 4f states cause the small peaks at
2 eV and 8 eV binding energy at low temperature, which
disappear at high temperature. Thus, also the valence
spectra confirm the presence of an almost pure Eu(II)
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FIG. 2. (a) Temperature dependence of the Eu 3d core spec-
tra obtained with a photon energy of 3.4 keV at 300 K (red)
and 25 K (blue) for a EuPd2Si2 single crystal. The mean va-
lence number n results is derived from the ratio of the areas
of the corresponding 3d core orbitals. The specified binding
energies are referred to the Fermi level. (b) Corresponding
simulation using charge transfer multiplet calculations. (c)
Valence band energy distribution curves for 25 K and 300 K.
The photoemission intensity was integrated over a planar sec-
tion of the full Brillouin zone.

state at 300 K and a strong redistribution of the peak
heights on cooling below the valence transition tempera-
ture, in agreement with measurements on polycrystalline
EuPd2Si2 samples25.
X-ray photoelectron diffraction (XPD) patterns mea-

sured for a photon energy of 3.4 keV at the Eu(II) 3d5/2
core level reveal changes in the lattice structure upon
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FIG. 3. (a) X-ray photoelectron diffraction patterns mea-
sured for a photon energy of 3.4 keV at the Eu(II) 3d5/2 core
level at low temperature. Dark straight lines indicated by
blue lines mark Kikuchi lines. The distance between a pair
of Kikuchi lines corresponds to 2G110. (b) Similar data mea-
sured at room temperature. (c) Line profiles averaged along
the yellow thick lines in (a) and (b) (Blue full line for low
temperature and red full line for room temperature). Fits
to Gaussian functions of two corresponding intensity maxima
reveal an increase of the reciprocal lattice in the ab-plane by
(3 ± 1)% at low temperature as compared to room tempera-
ture.

cooling beyond the valence transition temperature [see
Fig. 3(a,b)]. Kikuchi lines indicate the in-plane reciprocal
lattice vectors. A pair of parallel Kikuchi lines along the
in-plane [110] directions is represented by straight lines
in Fig. 3(a,b). The distance between these two Kikuchi
lines is twice the reciprocal lattice vector G110. To quan-
tify the in-plane lattice expansion, we compare the line
profiles over the Kikuchi lines as shown in Fig. 3(c). A
Gaussian function fit to the two prominent intensity max-
ima leads to a reduction in G110 of 3±1% due to heating
above the valence transition temperature. The reduc-
tion in the reciprocal space corresponds to an increase in
the lattice in the direct space. The observed change is
consistent with previously observed changes of the lat-
tice parameter using X-ray diffraction29. In contrast to
X-ray diffraction, XPD probes the same sample volume
as the angle-resolved photoemission spectra discussed be-
low, thus confirming the structural changes in the probed
sample volume.
Detailed changes in local intensities in the XPD pat-

terns are due to the change in the lattice symmetry, i.e.
the in-plane lattice expansion contrasts with the almost
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FIG. 4. (a-h) Constant energy maps of the photoemission
intensity I(EB , kx, ky) for the indicated binding energies EB

measured at 25 K (a-d) and 300 K (e-h). The photon energy
is 3.4 keV. The photoemission intensity has been symmetrized
according to the crystal symmetry. (i-p) Binding energy ver-
sus parallel momentum sections of the photoemission data
array along the indicated high symmetry directions measured
at 25 K (i-l) and 300 K (m-p). The photoemission intensity
is normalized on the valence band energy distribution curve
shown in Fig. 2(c) and color coded on the indicated linear
orange-hot scale.

constant out-of-plane lattice parameter along the c-axis.
The XPD patterns are element-selective in the sense that
the presented patterns reveal the lattice structure from
the viewpoint of the Eu(II) ions in our case. For the case
of EuIr2Si2, it has been shown that photoelectron diffrac-
tion for 4d - 4f resonant photoelectron excitation probes
the Eu valency38. Since the lattice structure is known
from X-ray diffraction, a detailed discussion of the XPD
patterns is omitted here.

Figures 4(a-h) show the drastic change in the Fermi
surface between 25 K and 300 K. At 25 K, the section
through the Fermi surface in the highly symmetry Γ-Σ-
X plane shows ellipses centered on the X-points as the
brightest features with the long axis pointing along the
Γ−X direction. At room temperature, the ellipses have
collapsed into elongated point features.

The EB versus kx sections are dominated by two
dispersion-free bands of very high intensity, representing
the localized Eu 4f and Pd 4d states at binding ener-
gies of 0.5 eV and 3 eV [see Fig. 2(c)]. To extract the
dispersion of the bands intersecting the Fermi level, we
normalized the measured intensity by the momentum-
averaged energy distribution curve. This data processing

reveals the band dispersion of the conduction bands [see
Fig. 4(i-p)]. At 25 K, the corresponding intensity distri-
bution shows the electron bands near the X-points with
an electron-like parabolic dispersion [see Fig. 4(i)]. The
effective mass of this band is m/m0 = 1. At 300 K
this band has shifted to a higher energy and thus be-
comes almost unoccupied [see Fig. 2(m)]. As this change
is accompanied by the valence change from Eu(III) to
Eu(II), it is likely that the electron occupying the free-
electron-like state at low temperature has become local-
ized at 300 K, explaining the increase in the peak at
EB = 0.5 eV and the decrease in conductivity observed
in previous publications. Further details of the band dis-
persion characteristics are discussed below in comparison
with ab-initio DFT calculations.

IV. THEORETICAL RESULTS

All density functional theory (DFT) calculations were
carried out based on the full-potential local-orbital
minimum-basis as implemented in FPLO39,40 employ-
ing local density approximation (LDA) for the exchange-
correlation functional. Crystal information of the tetrag-
onal bulk EuPd2Si2 (I4/mmm) as determined experi-
mentally29,41,42 was adopted for the calculations. The
first Brillouin zone was sampled by a 21×21×21 k-mesh.
In all calculations, the Eu 4f orbitals were treated as
core states while fixing the 4f occupancy (n) to the val-
ues determined here by the XPS evaluation using the
open-core approximation as implemented in FPLO. As
a consequence, the Eu 4f states are not shown in the
electronic structure results. Figures 5(a,b) show LDA
orbital-projected band structures of EuPd2Si2 along the
high symmetry paths as shown in Fig. 1 (b) where each
orbital contribution is colored in orange (Eu 5d), green
(Pd 4d), and purple (Si 3p).
The number of valence electrons was set to n = 6.5

for the low temperature structure and to n = 6.9 for the
high temperature structure. These values correspond to
the change of the mixed Eu(II)/Eu(III) valence as deter-
mined by the XPD evaluation shown in Fig. 2. These
Eu-derived bands (Eu1 and Eu2, Fig. 5) shift to a lower
binding energy by about 0.5 eV when the valence num-
ber is changed from n = 6.5 to 6.9, corresponding to the
high temperature phase. The Eu 5d bands (orange) are
thus less occupied at higher temperatures.
Similarly, bands originating from Si orbitals (purple,

band Si1) and Pd 4d orbitals (green, band Pd1) shift
to lower binding energy with increasing valence number
n. In contrast, at different momentum values the Pd 4d
bands (green, band Pdb) are only marginally changed by
the different occupation number n.

The band shifts are also seen in the density-of-states
functions projected onto the Eu 5d, Pd 4d, and Si 3p
bands as shown in Figs. 5(c,d,e). Here, the Pd 4d bands
(green) form the largest contribution to the density of
states for EB = 3 to 4 eV. The center of mass of this
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(a)     Low temperature      EuPd2Si2        n = 6.5           
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FIG. 5. Full-potential local-orbital calculations of the EuPd2Si2 compound for high symmetry directions in momentum
space for valence numbers n = 6.5 (a) and n = 6.9 (b), corresponding to the low (a) and high (b) temperature phases. For
the definition of the high symmetry points see Fig. 1(b). Orbital projections shown in the fat band representation. Orange
bands correspond to Eu 5d-derived bands, green to Pd 4d-derived bands, and purple to Si 3p-derived bands. Orbital-projected
density-of-states functions (PDOS) for n = 6.5 and n = 6.9 for (c) Eu 5d, (d) Pd 4d, and (e) Si 3p.

large peak is shifted to lower binding energies with the
increased 4f occupation number n, i.e. in the same di-
rection as the shift of the Eu 5d and Si 3p bands. This
is in good agreement with the experimental data shown
in Fig. 2(c).

V. DISCUSSION

We directly compare the calculated band structure
with the experimentally obtained EB versus momentum
k sections using the data overlay shown in Figs. 6(a,b).
The calculated electron-like band with the minimum at
the X-point at EB = 0.6 eV (areas A and B in Fig. 6(a))
and the Fermi vector (mark kF,1) between the Γ- and
the X-point and the Fermi vector close to the Y-point
(area B), fits quite well to the experimental electron-like
band with high intensity. The band maxima at the Γ-
point near the Fermi level [C in Figs. 6(a)] has a pro-
nounced Eu 5d orbital character. Due to the decreasing

photoemission cross section with increasing orbital num-
ber it does not show up in the experimental data. The
weaker photoemission intensities at a binding energy be-
tween EB = 2 and 3 eV correspond to the calculated Pd
4d bands.
At the Z-point, the photoemission data show a weak

electron-like band with a minimum at EB = 0.8 eV. This
band corresponds to the calculated band in the same en-
ergy range of hybridized Si 3p - Pd 4d character.
Now, we turn to the high-temperature (300 K)

data. The high-temperature data show a lower signal-
to-background ratio due to the significantly increased
Debye-Waller scattering of photoemitted electrons, re-
sulting in an increase of detected electrons after scatter-
ing events at the expense of electrons from direct photoe-
mission processes. The intensity of scattered electrons is
less dominant at the Fermi level. Here, we observe a shift
of the EB = 0.6 eV minimum at the X-point (A) towards
the Fermi level, combined with a decrease of the Fermi
wave vector of this electron-like band (kF,1 and kF,2). In
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(a)     Low temperature      EuPd2Si2

(b)  High temperature       EuPd2Si2
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FIG. 6. Experimental photoemission intensity sections along
the measured high symmetry directions for the (a) low and
(b) high temperature data (Same color scales as in Fig. 4).
Overlay of orbital-projected bands from full-potential local-
orbital calculations of the EuPd2Si2 compound for selected
high symmetry directions in momentum space for valence
numbers n = 6.5 (a) and n = 6.9 (b), corresponding to the
low (a) and high (b) temperature phases.

our calculations we observe a similar band shift.
The calculated bands with at binding energies between

EB = 2 and 3 eV fit to the experimental data. The
theoretical and experimental bands show a shift to lower
binding energies compared to the low-temperature data.
This shift corresponds to the shift of the density-of-states
maximum in the same binding energy range in Fig. 2(c)
and to the calculated results shown in Fig. 5(c,d,e).

For further comparison of experiment and theory, we
show in Fig. 7 the Fermi surface derived from the pho-
toemission intensity and from the calculated band struc-
ture. Taking advantage of the fact that the free electron-
like final states are located on a spherical surface, we
determined the Fermi surface at different cuts through
the three-dimensional Brillouin zone parallel to the Γ-Σ-
X plane but at different kz values32. These slices are
then concatenated to the Fermi surface in the three-

(a)

(b)   (d)   

(c)   

FIG. 7. (a) Experimentally determined Fermi surface (grey)
within the Brillouin zone (red lines). Blue color shows one
out of four Fermi surface sheet in the extended Brillouin zone
scheme. (b) Calculated Fermi surface. (c) Calculated Fermi
surface in the extended Brillouin zone scheme. (d) Top view
of the data shown in (b).

dimensional Brillouin zone. The three-dimensional Fermi
surface in the Brillouin zone shown in Fig. 7(a) for the low
temperature data shows the Fermi surface sheets at the
edges of the Brillouin zone near the X-points. We used
blue for designating the Fermi surface extended into the
adjacent Brillouin zones. This Fermi surface sheet reveals
the tubular structure of this sheet, indicating the almost
two-dimensional character of this band. In direct space,
the corresponding electron state is predominantly local-
ized within the plane containing the Si ions [Fig. 1(a)].
The Fermi surface derived from the density functional

calculation [Fig. 7(b-d)] shows a shape of the Fermi sur-
face similar to the experimental one. To emphasize the
tubular character of the Fermi surface sheet, the theo-
retical data are also shown in an extended Brillouin zone
scheme [Fig. 7(c)]. Even the details of the elliptical cross
sections with the long axis along Γ - X and the short axis
along Z - Σ appear similar to the experimental ones.

VI. CONCLUSION

We have experimentally studied the microscopic mech-
anism of the valence transition of Eu ions in EuPd2Si2.
We determined the valence transition of the Eu ions us-
ing hard X-ray photoelectron spectroscopy, resulting in
an Eu ion charge of v = 2.1 at high temperature and
v = 2.5 at low temperature, corresponding to an Eu 4f
occupation number n = 6.9 and 6.5, respectively. By
evaluating the hard X-ray photoemission diffraction pat-
terns, we confirm the volume contraction at low tem-
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peratures in the probed sample volume. Using hard X-
ray angle-resolved photoemission spectroscopy, we stud-
ied the evolution of the valence transition in the bulk
band structure. We observed a pronounced shrinkage of
a Fermi surface sheet from low temperature to room tem-
perature. This is due to the up-shift of a hybridized Si
3p-Pd 4d valence band that is hybridized with Eu 5d or-
bitals (see kF,1 in Fig. 7(a,b)). The up-shift in energy is
associated with a decrease in the occupation number of
conduction band states and to an increase in the Eu 4f
occupation number. This observation suggests a partial
charge transfer between Eu and Pd/Si sites.

The combined experimental and theoretical effort al-
lows to understand the changes of the momentum-
resolved electronic structure in this compound. The va-
lence transition causes a charge transfer from localized
Eu 4f states to conduction band states at low tempera-
ture. The most significant changes are observed for those
bands that exhibit a partial Eu 5d orbital character.
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23 S. Kölsch, A. Schuck, M. Huth, O. Fedchenko, D. Vasi-
lyev, S. Chernov, O. Tkach, H.-J. Elmers, G. Schöönhense,
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