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The electronic structure of Ce3Pd20X6 (X = Si, Ge) has been studied by using detailed density
functional theory (DFT) calculations and high-resolution photoelectron spectroscopy (PES) mea-
surements. The orbital decomposition of the electronic structure by DFT calculations indicate that
the Ce atoms in the (8c) site surrounded by 16 Pd atoms have a more localized nature and a tendency
to be magnetic. Ce atoms in the (4a) site surrounded by 12 Pd and 6 X atoms, on the other hand,
show only a negligible magnetic moment. In the photoemission valence-band spectra we observe a
strong f0 (Ce4+) component with a small fraction of f1 (Ce3+) component. The spectral weight of
the f1 component near the Fermi level of Ce3Pd20Si6 is stronger than that for Ce3Pd20Ge6 at the
4d-4f resonance, suggesting stronger c-f hybridization in the former. This may hint to the origin
of the large electronic specific coefficient of Ce3Pd20Si6 compared to Ce3Pd20Ge6.

I. INTRODUCTION

The caged compound Ce3Pd20Si6 is known to be one
of the heaviest electron Kondo systems with a low-
temperature electronic specific heat coefficient of γ = 8
J/mol K2.1,2 Such large γ value is normally attributed to
strong electron correlations and a large density of states
(DOS) at the Fermi level (EF). Ce3Pd20Si6 has a char-
acteristic geometric structure: Pd and Si atoms form
cages which accommodate Ce guest ions. The family of
R3Pd20X6 (R = La, Ce; X = Si, Ge) compounds is a
potential candidate for thermoelectric applications, hav-
ing large thermoelectric figure of merit, which is derived
from the rattling motion of guest atoms in the cage struc-
ture.3–8 Furthermore, it has attracted much interest that
the quantum criticality might be achieved in Ce3Pd20Si6
by hydrostatic pressure, chemical pressure, and magnetic
field.9

In Ce3Pd20Si6 Ce atoms occupy two different crys-
tallographic sites of 8c and 4a, which are surrounded
by 16 Pd atoms and 12 Pd and 6 Si atoms, respec-
tively.10 With decreasing temperature a quadrupole order
at TQ = 0.52 K at the (8c) site11 and antiferromagnetic
order at TN = 0.33 K at the (4a) site12 occurred and both
orders coexist at low temperature. Temperature depen-
dence of the resistivity showed a typical behavior due
to incoherent Kondo scattering.1,5 Its maximum corre-
sponds to the onset of the Kondo screening at the Kondo
temperature TK ≈ 20 K. It was suggested that Ce on the
(4a) site determined the Kondo properties, while Ce on
the (8c) site is responsible for the unusual magnetic be-
havior.13,14 Magnetic susceptibility was Curie-Weiss like
above 100 K with an effective magnetic moment close
to the theoretical value of 2.54µB based on the Hund
rule.1 Therefore Ce in the cage was expected to be nearly

in a Ce3+ state at high temperature. All this resulted
in a complex magnetic phase diagram.11,12,15,16 Under a
magnetic field the resistivity showed a linear temperature
dependence in the range between 0.1-0.6 K.4 This non-
Fermi liquid behavior signaled a field-induced quantum
critical point.3,6,17 Thus Ce3Pd20Si6 underwent a quan-
tum phase transition triggering the Kondo breakdown,
under the magnetic field with decreasing TN and increas-
ing TQ.18 The pressure effect on the transport proper-
ties was also studied, showing characteristic features of
these Kondo compounds for the Hall constant and the
electrical resistivity.19 However, the specific heat showed
little pressure dependence. To explain the contrasting
behavior, two Kondo temperatures for each Ce site were
considered. The Crystal Field (CF) effect is also im-
portant to understand the magnetic properties. Neutron
diffraction20 and ultrasonic measurements11 showed a Γ7

quartet ground state for the (4a) site, and Γ8 for the (8c)
site. However, the extrapolation from the inelastic neu-
tron scattering showed the CF ground-state at both Ce
sites ((8c) and (4a)) to be the Γ8 quartet.21

On the other hand, the isostructural germanide com-
pound Ce3Pd20Ge6 is a heavy-electron system with a
Kondo temperature of a few K.2 The electronic specific
heat coefficient of γ ∼ 0.7 J/mol K2 was smaller by
one order of magnitude compared to that of Ce3Pd20Si6
and the effective moment is nearly equal to that of
free trivalent Ce3+.2 and therefor comparable to that in
Ce3Pd20Si6. In Ce3Pd20Ge6 similar to Ce3Pd20Si6, TQ =
1.2 K and TN = 0.75 K were reported.22 A µSR study in-
dicated that Ce ions at the (4a) site played a major role in
Kondo-like behavior23 similar to Ce3Pd20Si6. Local den-
sity approximation (LDA) calculation for La3Pd20Ge6
including relativistic effect with the spin-orbit interac-
tion showed stronger mixing effects at the (4a) site than
compared to the (8a) site.24 Under pressure TN and TQ
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did not change up to 0.3 GPa.25 Ultrasonic experiment
showed an off-center rattling motion of Γ5 type at the
(4a) site.26 Thermally activated rattling of the Ce ion
over an anharmonic potential in a cage was observed for
the Ge compound, but not for the Si system.26,27 For
Ce3Pd20X6 (X = Si, Ge) no photoelectron spectroscopy
nor density functional theory (DFT) studies of the elec-
tronic structure have been reported so far.

In this paper we report results of DFT calculations
as well as ultraviolet (UV) and soft x-ray (SX) photo-
electron spectroscopy measurements28,29 for Ce3Pd20X6

(X = Si, Ge). We present calculations of the electronic
states of both compounds and discuss the site and spin
resolved nature of the Pd and Ce contributions to the
electronic structure. We further analyze the k- and or-
bital weight dependent band structure at EF in order to
probe the presence of c-f hybridization as well as specific
differences between both compounds. We then describe
the temperature dependence of the valence band in the
wide energy range and near EF. Results from 4d-4f res-
onant PES in the SX energy range are also presented and
Ce 4f derived spectra will be discussed.

II. DENSITY FUNCTIONAL THEORY
CALCULATIONS

A. Crystal structure

In Fig. 1 we show a schematic image of the cu-
bic Cr22C6-type crystal structure (space group Fm3̄m,
No. 225) of Ce3Pd20Si6 and Ce3Pd20Ge6.10 The simple
unit cell contains 116 atoms, consisting of 12 Ce, 80 Pd
and 24 X = (Si, Ge) atoms. In the primitive unit cell
the number of nonequivalent atoms is reduced to 2 Ce8c,
1 Ce4a, 12 Pdmix, 8 Pd8c as well as 6 X = (Si, Ge)
atoms. While the fractional coordinates in both unit cells
are identical, the lattice constants of Ce3Pd20Ge6 are ex-
panded by ∼1.3 % compared to Ce3Pd20Si6.10,21,22

As mentioned above, Ce atoms occupy two different
crystallographic sites (8c) and (4a) in the crystal struc-
ture. The two Ce8c atoms on the (8c) site, with cubic
Td symmetry, are located inside a cage made up of 16
Pd atoms. These Pd atoms are classified into 4 Pd8c

atoms which tetrahedrally surround the Ce8c atoms with
a shorter bond length and 12 Pdmix atoms with a slightly
longer distance from the Ce8c. The Pd16 cages form a
simple cubic sublattice inside the crystal. The Ce4a atom
on the (4a) site with cubic Oh symmetry is surrounded
by a cage consisting of 12 Pdmix and 6 X = (Si, Ge)
atoms in a face-centered cubic sublattice. Each of the 12
Pdmix atoms in the unit cell is part of three Ce cages,
sharing a bond with two neighboring Ce8c and one neigh-
boring Ce4a atoms. The bond length with the latter
is shorter suggesting a stronger interaction between the
Pdmix atoms and the Ce at the (4a) site compared to
the (8c) site. We may assume that the electronic states
of Pd8c atoms with the shortest Ce-Pd bond length in

FIG. 1. (Color online). (a) Schematic image of the cubic
Cr22C6-type crystal structure of Ce3Pd20X6 (X = Si, Ge).
(b) Ce4a on site (4a) is surrounded by a cage of 12 Pdmix and
6 Si/Ge atoms. (c) Ce8c on site (8c) is inside a cage of 4 Pd8c

and 12 Pd8c atoms.

the system are well localized within the Ce8c cage.

B. Partial Density of States

Taking into account the above crystal structures
we performed fully relativistic DFT calculations for
Ce3Pd20X6 (X = Si, Ge) using the elk code,30 which is
based on an all-electron full-potential linear augmented
plane wave (FP-LAPW) method. Exchange and correla-
tion energies were described by the LSDA functional in-
troduced by Perdew and Wang31 and we used a 4×4×4
Mankhorst-Pack mesh32 centered around the L-point
leading to 32 nonequivalent k-points sampling the Bril-
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louin zone. The maximum cutoff energy was 450 eV.
In the beginning of the self-consistent cycle a magnetic
field was applied throughout the entire unit cell in order
to break spin symmetry and allow the magnetic ground
state to emerge.33

In Fig. 2 we compare the spin and site integrated con-
tributions to the DOS of Ce3Pd20Si6 (2(a)-2(d)) and
Ce3Pd20Ge6 (2(e)-2(h)). In the topmost two graphs (2(a)
and 2(e)) we highlight the main contributions from each
species to the DOS, namely the Ce f , Pd d and X = (Si,
Ge) p orbitals. In the three graphs below we have re-
solved the contributions of all orbitals (s, p, d, and f)
from the three species inside the unit cell of Ce3Pd20Si6
(2(b)-2(d)) and Ce3Pd20Ge6 (2(f)-2(h)).

The first thing to notice is the overall close resem-
blance of the DOS of Ce3Pd20Si6 and Ce3Pd20Ge6 as
well as the overall weak contribution from X = (Si, Ge)
orbitals to the electronic structure. The Ce f states are
the main contribution to the conduction band and the
valence band is dominated by Pd d electrons with some
contribution of X p electrons at higher binding energies.
At the Fermi edge there is a weak multipeak structure
in the Ce 4f density mixing with Pd d states (Figs. 2(b)
and 2(f), inset). The contribution from the 4f states is
also clearly demonstrated by the Ce 4d − 4f resonance
during the PES measurements.

Searching for differences between the DOS of
Ce3Pd20Si6 and Ce3Pd20Ge6 we find a small shift (∼
30 meV) of the valence-band maximum (Eb ∼ 1.3 eV,
where Eb is the binding energy) towards EF. The main
features inside the valence band exhibit a more significant
shift (∼ 220 meV) in the same direction. The conduction
band as a whole also exhibits a small shift of ∼ 30 meV,
again towards EF.

While the overall DOS exhibits only minor differ-
ences between Ce3Pd20Si6 and Ce3Pd20Ge6, the litera-
ture shows very pronounced changes between the proper-
ties of the two compounds, the electric specific heat γexp
being one example. This apparent mismatch between
theory and experiment may be taken as a signature of
correlation effects being present in these compounds.

Generally speaking, it is possible to derive the electric
specific heat γtheo (= 2

3π
2kB

2ρ(EF)) from the calculated
density of states at the Fermi level ρ(EF). If we define
the enhancement factor γ̃ = γexp/γtheo as a measure of
the correlation strength in a material we can use ρ(EF)
for Ce3Pd20Si6 (13 states/eV/unit cell) and Ce3Pd20Ge6
(17.5 states/eV/unit cell) to derive γ̃CPS ∼ 250 for
Ce3Pd20Si6 and γ̃CPG ∼ 30 for Ce3Pd20Ge6. This re-
sult suggests that even though the experimental value of
the electronic specific heat of Ce3Pd20Ge6 is about one
order of magnitude lower than that of Ce3Pd20Si6 both
materials are actually strongly correlated.

The values of ρ(EF) of both compounds also suggests
that differences between the two may be present on a
smaller energy scale close to the Fermi level even though
the overall DOS is comparable. The difference of γ̃, on
the other hand, provided an indication that renormalized

FIG. 2. (Color online). (a) Main contributions to the den-
sity of state of Ce3Pd20Si6 (CPS) from Ce f , Pd d and Si
p orbitals. (b)-(d) Partial density of states calculated within
density functional theory for each species in Ce3Pd20Si6. (e)
Main contributions to the density of state of Ce3Pd20Ge6
(CPG) from Ce f , Pd d and Ge p orbitals. (f)-(h) Partial
density of states calculated within density functional theory
for each species in Ce3Pd20Ge6.

Ce f electrons should be considered to drive properties
of a correlated ground state. While more advanced the-
oretical methods are necessary to discuss the correlated
nature of the Ce 4f electrons, we may still use our DFT
results to shine some light on the spectra in the exper-
imental section. We will also try to highlight more of
the less pronounced differences between Ce3Pd20Si6 and
Ce3Pd20Ge6 as well as between the Ce 8c/4a and Pd
mix/8c sites which may facilitate our understanding on
the physical properties of these compounds

C. Spin and Site resolved DOS

In Fig. 3, we plot spin and site resolved DOS of the
Pd8c and Pdmix (Fig. 3(a)) and the Ce8c and Ce4a
(Fig. 3(b)) sites for Ce3Pd20Si6.34 Due to the overall sim-
ilarity of the DOS as seen in Fig. 2, we omit plotting the
corresponding graphs for Ce3Pd20Ge6.
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FIG. 3. (Color online). (a) Spin and site resolved Pd d partial
density of states for Ce3Pd20Si6. (b) Spin and site resolved
Ce f partial density of states for Ce3Pd20Si6.

In Fig. 3(a) we see that Pdmix dominates the low bind-
ing energy region of the valence band between Eb = 1.2
and 2.3 eV and has a peak at Eb = 4.1 eV. The Pd8c

states contribute to the valence band around Eb = 2.8 eV
and Eb = 4.7 eV. Both species contribute states around
Eb = 5.6 eV where the Si p states are mainly localized
(see Fig. 2(d)). Neither Pd site exhibits any spin polar-
ization in the valence band, which is in accordance with
the results from the calculation of the magnetic moment
at the Pd atoms, which showed only a negligible moment.

As Pd8c is at least partially shared between one (4a)
and two (8c) cages we may speculate that they facili-
tate an interaction between the different Cerium sites.
The more delocalized character of these atoms is also
supported by the fact that their partial DOS is slightly
increased in the c-f hybridization region close to EF

(Fig. 3(a)).

It has been suggested that each Ce site plays a specific
role in determining the Kondo (4a) and magnetic (8c)
properties of these materials. And indeed we find that
the calculation predicts a magnetic moment and a slightly
higher valency for Ce8c compared to Ce4a.

These differences are mirrored in the density of states,
if we compare the bandwidth and spin polarization of the

conduction bands of Ce8c and Ce4a (Fig. 3(b)). We see
that the (8c) coordination in the Pd16 cage leads to a
larger band width i.e. less electronic localization and a
strong spin polarization in the unoccupied states. Both
can be seen to lead to a dominance of spin polarized
f states from the (8c) site at and below EF (Fig. 3(b)
and inset). Taking into account the total number of Ce8c
atoms per unit cell, the contribution at and below EF (i.e.
the c-f hybridization region) is more than twice as large
as the corresponding Ce4a weight. One the other hand,
the f states from Ce4a show no significant magnetic po-
larization in the conduction band, a much smaller band
width and only limited polarization in the c-f region.
These results are consistent with the µSR study23 for
Ce3Pd20Ge6 and the LDA calculation24 for La3Pd20Ge6.

Interestingly, additional f states, even though very low
in density, from both Ce sites are present in the valence
band (Fig. 3(b), inset) below the c-f region. The Ce8c
from the Pd16 cage contributes additional f states around
Eb = 2.8 eV. While the mixed cage Ce4a site adds f
weight around Eb = 1.7 and 3.1 eV to the valence band
and around Eb = 4.2 eV close to the bottom of the va-
lence band. However, in contrast to the conduction band
and the c-f region, neither of the f states in the valence
band are spin polarized, most likely due to the dominant
weight of the Pd d electrons.

D. Spectral weight in the c-f hybridization close to
the Fermi level

In Fig. 4 we have plotted the Ce8c f (a) and Pd8c d
(b) weighted band structure of the Pd16 cage as well as
the Ce4a f (c) and Pdmix d (d) weighted band struc-
ture of the Pd12Si6 cage.35 Starting with the Pd16 cage
(Figs. 4(a) and 4(b)), thought to be responsible for the
magnetic properties, we see the contribution from the
spin polarized f electrons in the conduction band above
Eb = −100 meV decaying into the c-f region. The f
weight is comparable at different k-points in the Brillouin
zone and is reduced with increasing binding energy. The
Pd8c d-weight on the other hand is strongly reduced in
the hole like bands at the Γ-point as well as several bands
at higher binding energy near the Γ- and L-points.

The f and d weighted band structure contributed by
the Pd12Si6 cage, thought to be responsible for the Kondo
properties, exhibits some particular differences compared
to the corresponding Pd16 cage plots. First we see the
more localized nature of the conduction band indicated
by its lower binding energy onset above Eb = −200 meV.
In the c-f region the f weight is strongly localized in the
hole pocket at the Γ-point, weakly around the L-points
and almost completely absent below the Fermi level at
the other high symmetry points. Contrarily, the Pdmix

d-weight is more homogeneously distributed across the
Brillouin zone, compared to the Pd8c d-weight. In par-
ticular we now see a strong contribution at the Γ-point
and around the L-point, but also a slight increase of the d-
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FIG. 4. (Color online). (a) Band dispersion in the c-f hy-
bridization of Ce3Pd20Si6 weighted by the Ce8c-f states. (b)
Pd8c-d states (c) Ce4a-f states (d) Pdmix-d states

FIG. 5. (Color online). Band dispersion in the c-f hybridiza-
tion of Ce3Pd20Si6 (black) and Ce3Pd20Ge6 (green). Red ar-
rows mark the grazing bands Ce3Pd20Ge6. Blue arrow mark
regions with increased energy shift between both compounds.

weight in the bands at the X-point compared to Pd8c. As
mentioned during the initial discussion, the Pd8c atoms
are strongly bound to the Ce8c and we have reasoned
that Pdmix may be more hybridized with the Ce at the
(4c) site due to the reduced bond length. This is now be-
ing validated by the fact that the Pdmix weight is more
equally distributed across the Brillouin zone compared to
Pd8c.

E. Comparison of the bare band structures of both
compounds

In Fig. 5 we compare the unweighted band structure
of Ce3Pd20Si6 and Ce3Pd20Ge6 at the same high sym-
metry points used in the previous section. In both cal-
culations 6 bands are crossing the Fermi level. However,

for Ce3Pd20Si6 4 of these 6 form hole pockets around
the Γ-point and 2 electron like pockets at the X-point.
While Ce3Pd20Ge6 has 3 Fermi level crossings of hole
like bands at the Γ-point and 3 crossings of electron like
bands around the X-point. The dominance of hole pock-
ets in Ce3Pd20Si6 compared to Ce3Pd20Ge6 should lead
to a change in the nature of the charge carriers between
both systems.

Furthermore, in the case of Ce3Pd20Ge6 one additional
hole like band at the Γ-point and one additional electron
like band at the X-point graze the Fermi level within
2 and 5 meV, respectively (red arrows). These energy
differences are below the precision of our present calcu-
lation and at the current state it is not possible to argue
if one of these bands may be crossing the Fermi level.
In the latter case at least one more band would be con-
tributing to the Fermi surface of Ce3Pd20Ge6 compared
to Ce3Pd20Si6. However, even if the Fermi level were
to lie in the gap between both bands, such small energy
gaps can be expected to be overcome by temperature ac-
tivated excitation of electrons or holes, if the system is
at temperatures of a few K.36 This would lead to two
more bands contributing to the conducting properties of
Ce3Pd20Ge6 and strongly effect the temperature depen-
dent properties of the material.

Apart from the number of bands crossing the Fermi
level, it is possible to compare the relative energy shifts
of corresponding bands between both compounds due
to the overall similarities in the band structure. The
majority of bands close to the Fermi level is shifted be-
tween 0 and several 10 meV to higher binding energies,
if Ce3Pd20Si6 is compared to Ce3Pd20Ge6. That alone
may be explained by a quasi-rigid band shift of the Fermi
level or the under-sampling of the differently sized Bril-
louin zones. There are, however, notable exceptions from
this behavior where we find a shift of up to 120 meV in
the opposite direction at the X-, W- and K-points and
more importantly along the KΓ line (blue arrows). Along
this high symmetry line we see that the topmost hole-
like band visible at the Γ-point in Ce3Pd20Ge6 cross the
Fermi level again as a hole pocket around the center of
the KΓ line, while the corresponding band in Ce3Pd20Si6
remains well below EF .

Even though at the current stage it it not possible to
resolve the band structure of either compounds experi-
mentally, these theoretical results may motivate future
Hall, de Haas-van Alphen or angle resolved photoemis-
sion experiments that should be able to probe the type
of charge carriers, number of bands crossing the Fermi
level as well as the presence of hole pockets once suitable
single crystals become available14.

III. EXPERIMENTS

Polycrystalline Ce3Pd20X6 (X = Si, Ge) samples were
prepared by arc-melting stoichiometric mixtures of the
pure elements (Ce:3N; Pd:3N; Si:10N; Ge:5N) in an argon
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FIG. 6. (Color online). (a) Valence-band spectra near the
Fermi edge at 8−9.5 K and hν = 9.9, 12.2, 20.1, 30.3, 40 and
110 eV for Ce3Pd20Si6. (b) Partial density of states calculated
within DFT for Ce3Pd20Si6.

gas atmosphere and subsequent annealing in an evacu-
ated quartz tube for 120 hours at 800 ◦C.21 The annealed
samples were examined by powder x-ray diffraction and
found to be single phased.

SX and UV PES measurements were performed at the
undulator beamlines BL-1 and BL-9A at the Hiroshima
Synchrotron Radiation Center HiSOR, equipped with
high-resolution hemispherical electron-energy analyzers
(R4000, VG-SCIENTA).37,38 In the UV PES the total
energy resolution (∆E) was set to be less than 20 meV
at hν = 10-20 eV and 9 K under the vacuum pressure
below 2×10−9 Pa. In the SX PES ∆E was less than 50
meV for hν = 122 eV and 10 K with a vacuum pressure
below 10−8 Pa. The energy resolution and the Fermi
level, used for the binding energy calibration, are deter-
mined by fitting the Fermi edge of polycrystalline Au
evaporated on the sample holders using a convolution of
a Gaussian and the Fermi-Dirac function. All samples
were fractured at a temperature of around 10 K in-situ
just before the measurements.

In these compounds there are two Ce sites, which are
expected to show different physical properties and tem-
perature behavior. Our photoemission experiment, how-
ever, averages over both Ce sites.

FIG. 7. (Color online). (a) Temperature dependence of the
valence-band spectra at hν = 12.2 eV for Ce3Pd20Si6. (b)
Enlarged view of the valence-band spectra in (a) near the
Fermi edge. Direction of arrow corresponds to change in the
intensity at given binding energy when temperature decreases.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Temperature dependence

Figure 6 shows valence-band spectra in the wide bind-
ing energy range at 8−9.5 K and several incident pho-
ton energies for Ce3Pd20Si6. As shown in the DFT cal-
culations, in these spectra we observe the contribution
from mainly Pd 4d DOS and partially Si 3p DOS. The
electronic structure in this energy range below the 4d-
4f resonance reflects the Pd 4d DOS because of the low
photoionization cross-section of 4f electrons.39 The Pd
4d contribution to the valence band mainly consists of
three peaks at Eb ∼ 1.6 eV, ∼2.5 eV, and ∼ 4 eV. The
Pd 4d peak at Eb ∼ 2.5 eV at hν = 110 eV splits into
fine peaks at Eb < 40 eV because of the better resolution
in the UV range. The intensity at Eb > 5 eV in Fig. 6(a)
increases at hν = 12.2 eV due to the increase of the Si
3p photoionization cross-section.39 The DFT calculation
in Fig. 6(b) corresponds well to the hν-dependent PES
spectra. They mainly reflect the contribution from Pd
4d states due to the low cross sections for Ce 4f and Si
3p states.

Temperature dependence of the valence-band spec-
trum of Ce3Pd20Si6 at hν = 12.2 eV is shown in Fig. 7.
The intensity is normalized by the area at Eb < 8.2 eV.
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This incident photon energy is more bulk sensitive com-
pared to the Ce 4d-4f resonance energy and thus the
surface contribution is reduced. The valence-band spec-
tra mainly reflect the Pd 4d and Si 3p DOS. Figure 7(b)
shows that the peaks E and D becomes sharper with
decreasing temperature. This may be caused by the sup-
pression of thermal broadening at low temperatures or a
narrowing of the band width in the valence band caused
by increased electronic localization. The temperature de-
pendence of the Fermi edge, at low photon energies, can
be explained reasonably well by the Fermi-Dirac distri-
bution function. These results indicate a very weak tem-
perature dependence of the Pd 4d states.

Figure 8 shows temperature dependence of the valence-
band spectra at hν = 122 eV, where Ce 4d-4f resonance
occurs. Based on the analogy to the CePd3 spectra40,41

we assign the two sharp peaks near the Fermi edge and
the broad peak around 1.4−1.6 eV to Ce 4f15/2, 4f17/2
(spin-orbit satellite), and 4f0, respectively. The broad
maximum peak around 1.4−1.6 eV may include a tail
of the surface contribution of the Ce 4f components as
well as that of the Pd 4d components.41,42 We can con-
firm these assignments of the 4f peaks in the incident en-
ergy dependence of the 4d-4f resonance spectra described
below because of the resonant intensity enhancement of
these peaks.

We observe a strong f0 weight with a weak f1 weight in
the valence-band spectra, indicating weak c-f hybridiza-
tion, and localized nature of Ce 4f electrons. In Ce sys-
tem it undergoes from the Kondo regime to the mixed
valence regime with the hybridization strength.43 For the
PES spectrum the Anderson impurity model (AIM) pre-
dicts the coherent sharp peak (Kondo resonance) at kBTK
(TK: Kondo temperature) above EF and the tail of the
Kondo peak should be observed just below the Fermi edge
with incoherent broad side bands of f0 as a consequence
of the c-f hybridization. These features are intrinsically
many body characters. It is normally considered that
4f0 is the final sate with localized or poorly-screened 4f
character and 4f15/2 final state is forming the tails of the
Kondo resonance with itinerant or well-screened charac-
ter. The 4d-4f resonant spectra of Ce3Pd20Si6 can be
explained by the framework of the AIM. Here we note
that in CePd3 the Ce 3d core-level spectrum showed a
relatively weak f0 component compared to the intensity
of f1 and f2.40 This was considered a rather accurate
indicator of the hybridization in the ground state. Actu-
ally the magnetic susceptibility measurement showed Ce
charge state of nearly 3+.1 The core-level spectroscopy
of Ce 3d for for Ce3Pd20X6 is also desired to obtain the
exact valence state in the ground state.

In Fig. 8(a) the spectral weight of the Pd 4d component
at Eb ∼ 2.5 eV seems to decrease with decreasing tem-
perature similar to what we have shown for low photon
energies (compare Figs. 7(a) and 7(b)). However here the
feature lies on the tail of a strong f0 component and may
overlap with the 4f surface contribution. Therefore the
low photon energy measurement give more reliable infor-

FIG. 8. (Color online). (a) Temperature dependence of
the valence-band spectra at hν = 122 eV for Ce3Pd20Si6.
(b) Contour intensity map of temperature dependence of the
valence-band spectra in (a). (c) Enlarged view of the valence-
band spectra in (a) near the Fermi edge. Direction of arrows
in (c) correspond to change in the intensity at given binding
energy when temperature decreases.

mation about the temperature dependence of the Pd 4d
dominated valence band.

In Fig. 8(c) an expanded view of the valence-band spec-
tra near EF is shown as a function of temperature. We
observe a peak at Eb ∼ 0.28 eV, which reflects the Ce
4f7/2 spectral feature. The temperature dependence of
the resistivity showed the onset of the Kondo screening
with a maximum at about 20 K.8 We should observe
the development of the psudogap around the Fermi edge
at low temperatures due to the hybridization.1,13 How-
ever, the intensity of 4f5/2 in Fig. 8(c) only shows a weak
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FIG. 9. (Color online). (a) Valence-band spectra at 10 and
100 K at hν = 122 eV for Ce3Pd20Ge6. (b) Enlarged view of
the valence-band spectra in (a) near the Fermi edge.

temperature dependence because of the resolution broad-
ening of 40 meV. Winkler et al.6,7 concluded that the
Ce ions at (4a) site plays a minor role in the incoher-
ent Kondo scattering at high temperatures and Ce ions
at the (8c) site have a higher Kondo temperature than
those at the (4a) site. Our PES is not cite-selective and
thus indicates a superposition of the valence-band spec-
tra from the two distinct Ce sites. High-resolution angle
resolves photoemission spectroscopy measurements of the
valence-band spectra from single crystals remain future
work.

In Figs. 9(a) and 9(b) we show the valence-band spec-
tra of Ce3Pd20Ge6 at 10 and 100 K. We do not see signif-
icant temperature dependence. This result is reasonable
because the Kondo temperature was estimated to be on
the order of a few K,2 which is below the temperature
measured in this experiment.

B. Resonant PES

Figures 10(a) and 10(b) show the valence-band spec-
tra measured around hν = 110 − 130 eV for Ce3Pd20Si6
and Ce3Pd20Ge6, respectively, where the Ce 4d-4f reso-
nance occurs. In Figs. 10(c) and 10(d) we show contour
intensity maps as a function of the incident photon en-
ergies, where a strong enhancement of the intensity of
4f1 and 4f0 components is observed at the 4d-4f reso-
nance. This again confirms the assignment of these 4f
components described above. Pd 4d state has a Cooper
minimum at around hν ∼ 115 eV.39 The cross section of
the Ce 4f state is actually decreasing above hν ∼ 60 eV.

In Fig. 10(e) we show the spectra of on- and off-
resonance for Ce3Pd20Si6 and Ce3Pd20Ge6. Figure 10(f)

FIG. 10. (Color online). (a) Resonant photoelectron spectra
of valence band for Ce3Pd20Si6 at 8 K in the incident energy
range of hν = 110.5-130.1 eV. (b) Contour intensity map of
the resonant spectra in (a) as a function of the incident pho-
ton energies. (c) Resonant photoelectron spectra of valence
band for Ce3Pd20Ge6 at 10 K in the incident energy range of
hν = 110-130 eV. (d) Contour intensity map of the resonant
spectra in (c) as a function of the incident photon energies.
(e) Comparison of the spectra at 110 eV (off resonance) and
122 eV (on resonance) for Ce3Pd20Si6 and Ce3Pd20Ge6. The
on-resonance spectra are normalized at 7 eV. The off-resonant
spectra intensity is normalized to the intensity at 4 eV for the
on-resonance spectra. (f) Difference of the intensity between
on and off resonant spectra for Ce3Pd20Si6 and Ce3Pd20Ge6.

shows the intensity difference between the spectra on-
and off-resonance. The off-resonant spectra do not show
a significant difference between these two compounds.
We should note, however, that the relative spectral in-
tensity ratio f1/f0 for Ce3Pd20Si6 is apparently stronger
than that for Ce3Pd20Ge6. This result indicates that the
c-f hybridization of Ce3Pd20Si6, even though weak com-
pared to other correlated materials, is stronger than that
of Ce3Pd20Ge6 and this is a possible origin of the larger
γ of Ce3Pd20Si6.

In the DFT calculations no pronounced difference is
observed in the valence and conduction bands between
Ce3Pd20Si6 and Ce3Pd20Ge6 although the band struc-
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ture close to EF is different. In general, photoemission
spectra are described by single-particle spectral function,
which is in proportion to the imaginary part of the single-
particle Greens function.44 Especially, in the case of the
Ce 4f derived spectra, due to strong electron correla-
tion, the self-energy correction plays an important role.
Thus the Ce 4f spectrum deviates significantly from the
DOS predicted by the DFT calculation for the ground
state electronic structure. For the angle-integrated Ce 4f
spectra, we assume that AIM can describe the observed
major spectral features. However, in order to analyze
the Ce 4f spectra quantitatively, we would need to sep-
arate the electronic states at (8c) and (4a) sites as well
as surface contribution.

V. CONCLUSION

We performed detailed density functional theory
calculations and high-resolution photoelectron spec-
troscopy measurements for the heavy fermion compound
Ce3Pd20X6 (X = Si, Ge) in the UV and SX photon en-
ergy ranges and we were able to clarified both experi-
mentally and theoretically the different contributions to
the electronic structure.

The DFT calculation of the density of states was able
to identify the main orbital contributions to the valence
band and conduction band of these materials and shows
an overall good agreement with the experimental valence-
band spectra. By comparing calculated and experimen-
tal values of the electronic specific heat coefficient γ we
were able to gauge the relative strength of correlation in
both compounds. Even though the calculation was not
able to describe electron correlations, the presence of c-
f hybridization was supported by comparing a plot of
the d and f weights in the k-dependent band structure.
At the Fermi level, differences in the band structures of

Ce3Pd20Si6 and Ce3Pd20Ge6 could be shown to exist and
strongly motivate future experiments.

Experimentally we demonstrated that the valence-
band spectra of Ce3Pd20Si6, taken at low photon en-
ergies, show only a weak temperature dependence and
are dominated by Pd d states. Tuning the photon en-
ergies across the Ce 4d-4f resonance, in the soft x-ray
regime, clearly revealed Ce 4f states in the valence band
close to EF of these compounds. However, even at res-
onance no pronounced temperature dependence was ob-
served in the valence band or at EF of these compounds.
We further observe a rather strong f0 (Ce4+) compo-
nent with only a small fraction of f1 (Ce3+) component,
indicating weak c-f hybridization and a more localized
nature of the 4f electrons in these correlated materials.
The relative intensity f1/f0 for Ce3Pd20Si6 is stronger
than that of Ce3Pd20Ge6 at 4d-4f resonance, suggesting
stronger c-f hybridization in the former. This may hint
to the origin of the large electronic specific heat coeffi-
cient of Ce3Pd20Si6. In order to detect Kondo-like be-
havior near EF, high-resolution low temperature photoe-
mission measurements of the electronic structure should
be performed.

ACKNOWLEDGMENTS

The experiments were performed at HiSOR beamlines
BL-1 and BL-9A (HiSOR under Proposals No. 11-A-10
& No. 12-A-1) in Hiroshima University. We thank the
N-BARD, Hiroshima University for supplying the liquid
helium as well as P. Aebi for helpful discussion. E. F. S
acknowledges financial support by the JSPS postdoctoral
fellowship for overseas researchers as well as the Alexan-
der von Humboldt Foundation and the Swiss National
Foundation fellowship for prospective researchers (grant
number: PBFRP2 140028)

∗ Corresponding author: yamaoka@spring8.or.jp
† Corresponding author: schwier@hiroshima-u.ac.jp
1 N. Takeda, J. Kitagawa, and M. Ishikawa, J. Phys. Soc.

Jpn. 64, 387 (1995).
2 J. Kitagawa, N. Takeda, and M. Ishikawa, Phys. Rev. B
53, 5101 (1996).

3 A. M. Strydom, A. Pikul, F. Steglich, and S. Paschen, J.
Phys.: Conf. Ser. 51, 239 (2006).

4 S. Paschen, M. Müller, J. Custers, M. Kriegisch, A.
Prokofiev, G. Hilscher, W. Steiner, A. Pikul, F. Steglich,
and A. M. Strydom, J. Magn. Magn. Mater. 316, 90
(2007).

5 A. Prokofiev, J. Custers, M. Kriegisch, S. Laumann, M.
Müller, H. Sassik, R. Svagera, M. Waas, K. Neumaier, A.
M. Strydom, and S. Paschen, Phys. Rev. B 80, 235107
(2009).

6 H. Winkler, S. Laumann, J. Custers, A. Prokofiev, and S.
Paschen, Phys. Status Solidi B 247, 516 (2010).

7 H. Winkler, K.-A. Lorenzer, S. Laumann, J. Custers, A.

Prokofiev, and S. Paschen, J. Phys.: Condens. Matter 23,
094208 (2011).

8 J. Custers, K.-A. Lorenzer, M. Müller, A. Prokofiev, A.
Sidorenko, H.Winkler, A. M. Strydom, Y. Shimura, T.
Sakakibara, R. Yu, Q. Si, and S. Paschen, Nature Mater.
11, 189 (2012).

9 A. Prokofiev, A. Sidorenko, K. Hradil, M. Ikeda, R.
Svagera, M. Waas, H. Winkler, K. Neumaier, and S.
Paschen, Nature Mater. 12, 1096 (2013).

10 A. V. Grivanov, Yu. D. Seropegin, and O. I. Bodak, J.
Alloys & Compd. 204, L9 (1994).

11 T. Goto, T. Watanabe, S. Tsuduki, H. Kobayashi, Y.
Nemoto, T. Yanagisawa, M. Alatsu, G. Ano, O. Suzuki,
N. Takeda, A. Dönni, and H. Kitazawa, J. Phys. Soc. Jpn.
78, 024716 (2009).

12 H. Mitamura, T. Tayama, T. Sakakibara, S. Tsuduki, G.
Ano, I. Ishii, M. Akatsu, Y. Nemoto, T. Goto, A. Kikkawa,
and H. Kitazawa, J. Phys. Soc. Jpn. 79, 074712 (2010).
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