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We investigate the electronic structure of a Kondo lattice system, CeCuSb2 exhibiting significant mass
enhancement and Kondo-type behavior. We observe multiple features in the hard x-ray photoemission spectra
of Ce core levels due to strong final-state effects. The depth-resolved data exhibit a significant change in
relative intensity of the features with the surface sensitivity of the probe. The extracted surface and bulk spectral
functions are different and exhibit a Kondo-like feature at higher binding energies in addition to the well and
poorly screened features. The core-level spectra of Sb exhibit huge and complex changes as a function of the
surface sensitivity of the technique. The analysis of the experimental data suggests that the two nonequivalent
Sb sites possess different electronic structures and in each category, the Sb layers close to the surface are
different from the bulk ones. An increase in temperature influences the Ce-Sb hybridization significantly. The
plasmon–excitation-induced loss features are also observed in all core-level spectra. All these results reveal the
importance of Ce-Sb hybridizations and indicate that the complex renormalization of Ce-Sb hybridization may
be the reason for the exotic electronic properties of this system.
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I. INTRODUCTION

In rare-earth intermetallics, the hybridization between the
localized 4 f states and the itinerant states gives rise to sev-
eral exotic phenomena such as valence fluctuation [1–3],
heavy fermionic behavior, Kondo physics [4–6], unconven-
tional superconductivity [1], etc. The driving mechanism for
such complex properties is often associated with compet-
ing interactions of the strong electron correlation of the f
states, crystal electric field [7], spin-orbit coupling, etc. These
interaction parameters are strongly dependent on the local
environment around the rare-earth site as well as the kinetic
energy of the conduction states which is derived by the hop-
ping of charge carriers. To realize varied properties, these
parameters are exploited efficiently via the change in lattice
symmetries, chemical compositions, pressure, etc. The pres-
ence of one 4 f electron and its proximity to the Fermi level
in Ce relative to other rare-earths make Ce-based materials
highly interesting [8]. Strong hybridization of 4 f states with
the conduction states leads to several unique properties of
Ce-based compounds. This nature of Ce has interested both
experimentalists and theorists for many decades.

Among the varied class of materials, the electronic struc-
ture of ternary Ce-antimonides (CeTX2; T = Cu, Au, Ag...,
X = Sb, As, Te...) is relatively less studied. The uniqueness
of these materials is that they form in a layered tetragonal
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ZrCuSi2-type structure [9,10]. For example, in CeCuSb2, the
structure contains stacking of the Sb1-CeSb2-Cu-Sb2Ce-Sb1
layers as shown in Fig. 1(a). Here Sb1 and Sb2 are the two
nonequivalent Sb atoms with different Wycoff positions. This
crystal lattice belongs to the space group P4/nmm(129) with
lattice constants a = 4.337 Å and c = 10.233 Å [11]. In this
structure, the Ce atoms are more strongly hybridized with the
conduction layers consisting of Sb2CuSb2 layers. Sb1 atoms
form a square net structure and are relatively weakly coupled
to Ce. These materials show various interesting phenomena
such as anomalous bulk properties, mixed valency, heavy
fermionic nature, Kondo effect, etc. For example, CeCuSb2

and CeAuSb2 are antiferromagnets with Neél temperatures of
6.9 and 5.0 K, respectively, but CeNiSb2 is found to order
ferromagnetically below a Curie temperature of 6.0 K [11].
On the other hand, CeCuAs2 do not show magnetic order
down to the lowest temperature studied [12,13].

Here we studied the electronic structure of CeCuSb2 using
hard x-ray photoemission spectroscopy (HAXPES). The resis-
tivity of CeCuSb2 increases logarithmically with cooling from
the room temperature; it becomes maximum around 23 K for
the electric current, J ‖ [100]. For J ‖ [001], the resistivity
peak appears near 9 K manifesting strong anisotropy of the
system [11]. Cooling below the Neél temperature decreases
the resistivity as often observed in Kondo systems. From
the magnetic measurements in the paramagnetic phase, the
effective magnetic moment μeff is found to be 2.32 μB/Ce
for H ‖ [100] and 2.33 μB/Ce for H ‖ [001]. Such reduced
μeff from the free Ce3+ ion value of 2.54 μB/Ce is interpreted
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as a signature of the Kondo effect as evidenced in the transport
data [11]. The HAXPES data in this study show giant spectral
renormalization due to the change in surface sensitivity and
temperature.

II. EXPERIMENT

High quality single crystals of CeCuSb2 were grown using
Sb as self-flux by high-temperature solution growth method
[11]. Highly pure constituent elements Ce, Cu, and Sb were
taken in the molar ratio of 1:2:21 in a high quality recrystal-
lized alumina crucible; here, excess Cu was used to avoid the
CeSb2 phase formation. The crucible containing the elements
were sealed in an evacuated quartz ampoule with a partial
pressure of Ar gas. The crucible was then placed in a box-type
resistive heating furnace. The heating was done slowly at the
rate of 50 ◦C/h up to 1050 ◦C and held at this temperature for
about 24 h for proper homogenization. Then the furnace was
cooled down at the rate of 2 ◦C/h down to 700 ◦C, at which
point the excess Sb flux was centrifuged. Well-defined shiny
single crystals with plateletlike morphology were obtained.
The flat plane of the crystal corresponds to the (001) plane.

The chemical characterization of the sample was done
by the energy dispersive analysis of x-rays and crystallinity
of the sample was ensured by the Laue diffraction mea-
surement. In Fig. 1(b), a typical Laue pattern of CeCuSb2

is shown. Sharp spots demonstrate the good crystallinity of
the sample. The HAXPES measurements were carried out at
the P22 beamline (PETRA III, DESY, Hamburg, Germany)
using a high-resolution Phoibos electron analyzer with an
energy resolution close to 150 meV. The sample was cleaved
in an ultra-high vacuum condition with the chamber pres-
sure ∼10−10 Torr and immediately transferred to the analysis
chamber for measurements where the base pressure was main-
tained below 10−10 Torr. To vary the surface sensitivity of
the technique, the measurements were done with three largely
different photon energies, 8, 6, and 2.5 keV. The sample tem-
perature was varied in the range of 45–120 K using an open
cycle helium cryostat.

III. RESULTS AND DISCUSSION

We study the Ce 3d core-level spectra in Fig. 2. The ex-
perimental data were collected using 6 and 2.5 keV photon
energies. In Fig. 2(a), the data at different temperatures are

FIG. 1. (a) Crystal structure of CeCuSb2. (b) Laue pattern ex-
hibiting high crystallinity of the sample.

superimposed over each other. Each spectrum exhibits a large
number of distinct features. The spin-orbit split 3d5/2 peaks
are denoted by 1, 2, etc., and the corresponding 3d3/2 peaks
are denoted by primed numbers 1′, 2′, etc. In addition, there is
an intense feature at higher binding energy which is denoted
by 5. There are interesting changes in spectral features due
to the change in photon energy, e.g., the intensity of peaks
1 and 3 (similarly 1′ and 3′) is larger in the 2.5 keV data.
On the other hand, peak 2 and peak 4 are relatively more
intense in the 6 keV spectra. The escape depth [14] of the
Ce 3d photoelectrons is about 36 Å at 6 keV and hence
represents essentially the bulk electronic structure. At 2.5 keV,
the escape depth reduces to about 20 Å and shows relatively
more surface contributions than the 6 keV data. This suggests
that peaks 1 and 3 are the surface features and 2 and 4 are
associated with the bulk electronic structure. Spectra collected
at different temperatures are almost identical at both photon

FIG. 2. (a) Temperature evolution of the Ce 3d spectra col-
lected at 45 K (black), 70 K (red), and 120 K (blue) using 2.5
and 6 keV photon energies; 1, 2..., and 1′, 2′,... represent spin-orbit
split 3d5/2 and 3d3/2 spectra, respectively. Intensities beyond 910 eV
in the 6 keV data are rescaled by three times to show the temperature
dependence of the feature, 5. The raw data (black open circle) at
45 K and the fit curve (red line) of the (b) bulk and (c) surface Ce
3d spectra are superimposed. The component peaks are shown in the
lower panel. The spin-orbit split 3d5/2 and 3d3/2 spectra are denoted
by, respectively, As, Bs in (b), and Cs and Ds in (c). The intensity of
the features Ap, Bp in (b) and Cp, Dp in (c) are enhanced by a factor
of 2 and 3, respectively, for clarity.
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energies except for a small increment of the feature 5 at lower
temperatures in the 6 keV data.

In order to extract the surface and bulk spectral functions,
we have taken the 45 K data collected using 6 and 2.5 keV.
The photoemission spectral intensity I (ε) can be expressed as,
I (ε) = ∫ d

0 Is(ε)e−x/λdx + ∫ ∞
d Ib(ε)e−x/λdx. Here Ib(ε) and

Is(ε) are the bulk and surface spectral functions, respectively.
Effective thickness of the surface layer is d and λ is the
escape depth of the photoelectron. Integration of the above
equation provides I (ε) = Is(ε)(1 − e−d/λ) + Ib(ε)e−d/λ. Us-
ing this equation, d/λ as a parameter and considering that
the spectral intensity is non-negative, one can calculate the
surface and bulk spectra from the 2.5 and 6 keV data.

The extracted bulk and surface spectra are shown by sym-
bols in Figs. 2(b) and 2(c), respectively. There are several
distinct features in each case. Understanding the origin of
these features requires a detailed calculation of the Ce 3d
core-level spectra using the periodic Anderson model, which
is beyond the scope of our study and may not be necessary
for the conclusions of this paper. In order to get a qualitative
idea about different final states in this case, we have simulated
the surface and the bulk spectral functions by a set of Voigt
functions. The peaks are considered for the distinct features
observed in the experimental data. The least-squares error
method is adopted to get the best fit. The intensity ratios
of the spin-orbit split peaks are kept fixed according to the
ratio of their degeneracy. The best-fit results are shown by
the red line superimposed over the experimental spectra in the
figure.

Photoemission spectra represent the response functions of
the excited states due to the incident photon. The eigen-
states of the final-state Hamiltonian, which are different
from the initial-state Hamiltonian due to the presence of the
photo-hole, will have finite transitions from the ground state.
Therefore, multiple features are often observed in the pho-
toemission spectra; this phenomenon is called the final-state
effects. The electronic configurations for various final states
can be described as follows. (i) The f2 configuration corre-
sponds to a well-screened final state where an electron from
the neighboring sites hopped to the 4 f level at the photoe-
mission site to screen the positive charge due to the 3d hole
[15–17]. The presence of the well-screened feature indicates
finite hybridization of the 4 f states with the valence states that
enabled hopping [18,19]. (ii) The f1 peak is known as a poorly
screened feature where the core hole is not screened. Each of
these configurations will consist of several multiplets due to
the degeneracy of the 4 f levels and the availability of several
ligand states. (iii) In the presence of 4 f hybridization with
the valence states, the 4 f electrons can hop back and forth
between the conduction band and the 4 f level resulting in
multiple valency. In a strong coupling case, the local moment
due to the 4 f electron can be compensated via the formation
of a Kondo singlet. Thus the 4 f electrons gain itineracy due
to the entanglement with the conduction electrons. This state
is often represented by a f0 peak which appears at the higher
binding energy side [18–22].

We show the fitting results for the bulk spectra in
Fig. 2(b); the constituent peaks for the 3d5/2 bulk photoe-
mission are denoted by As and 3d3/2 peaks are denoted by

Bs. The spin-orbit splitting is found to be about 18.6 eV.
Considering the binding energy of the features, the results
from the Gunnarsson-Schönhammer model [18] and the sub-
sequent study by Imer-Wuilloud [19], we attribute the features
(A2, A3) and (A4, A5) to the f2 and f1 features, respec-
tively; multiple features represent the multiplet splitting of
these strongly correlated states [23,24]. Such multiplets are
observed in the Ce 3d core-level spectra of other systems
[25]. The observation of a distinct feature, A1 (B1 in the 3d3/2

case), is interesting and presumably related to the screening
by highly delocalized electrons as observed in other systems
[26–29]. These are observed essentially in the bulk spectra
due to higher itineracy in the bulk as expected. In Fig. 2(c),
we show the experimental (black open circles) and simulated
surface spectra (red lines). The 3d5/2 peaks are denoted by Cs
and 3d3/2 peaks by Ds. Spin-orbit splitting is about 18.5 eV.
Similar to the bulk spectra, C1, C2 (D1 and D2) are attributed
to the multiplets of the well-screened; f2 peaks and C3, C4,
C5 (D3, C4 and D5) correspond to the multiplets of the poorly
screened, f1 peaks.

We observe two additional features in both the surface and
the bulk electronic structures. The features with the subscript,
“P” indicate plasmon excitations along with the core-level
photoemission; this attribution is discussed later in the text.
The features A6 and B6 in the bulk spectra and C6 and D6 in
the surface spectra are very similar to the f0 peak observed in
earlier studies representing the signature of the Kondo peak
[18]. The intensity of the f0 peak appears to be very small in
both the cases. It is to be noted here that the peak positions
in the surface Ce 3d spectra ( f1 peak at 886 eV and f2 peak
at 881 eV) are very similar to the earlier reported data of
trivalent Ce [23]. This is consistent with the observation of
a weaker f0 peak in the surface spectra. Thus it appears that
the 4 f occupancy of the surface Ce is higher than the bulk 4 f
occupancy.

In order to verify this conclusion, we have simulated
the surface and bulk spectral features following the Imer-
Wuilloud model [19]. The features A1 and B1 are excluded
from the simulation of the bulk spectrum as they are not
considered in the model. The simulated results are shown
in Fig. 3. While the detailed multiplet structures cannot be
captured within this configuration interaction model, the sim-
ulated results shown by solid lines superimposed over the
experimental data exhibit a good description for the 4 f elec-
tron correlation strength Uf f = 9 eV and the charge transfer
energy � = 1 eV. The correlation strength between a 4 f
electron and a core hole Uf c is found to be 10 eV. These
parameters are the same for both the surface and the bulk
spectra. The binding energy of the Ce 4 f electrons ε f is
found to be −2.3 eV for the bulk and −2.5 eV for the surface
spectra. The 4 f occupancy estimated for the surface electronic
structure is 0.99, which suggests that the surface Ce atoms
possess close to trivalent configuration. The occupancy of
bulk Ce 4 f is about 0.93 indicating an enhancement of Ce
valency in the bulk consistent with the experimental results.
It is noted here that the electron correlation strengths required
to capture the experimental results using this model are some-
what larger than typical values found in Ce-based compounds.
More detailed calculations considering multiplet interactions
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FIG. 3. Experimental Ce 3d (a) bulk and (b) surface spectral
features to be simulated using the Imer-Wuilloud configuration in-
teraction model. Lines superimposed over the data are the simulated
results. The area plots in the lower panel in each case show the
spin-orbit split components.

are required to capture the experimental features. The present
results indicate that the surface Ce valency is indeed close to
trivalent configuration [23] and there is an enhancement of Ce
valency in the bulk electronic structure.

In Fig. 4(a), the Cu 2p and Sb 3d core-level spectra are
shown; the data were collected at 45 K using 6 keV photon en-
ergy. Sb 3d spectra exhibit four intense features corresponding
to 3d5/2 and 3d3/2 photoemission. The high binding energy re-
gions of the Sb 3d signal show two distinct features appearing
about 14 eV away from the 3d5/2 and 3d3/2 peaks; the energy
separation of the features is identical to the spin-orbit splitting
of Sb 3d levels. The Cu 2p spectrum also shows the signature
of such features; the higher binding energy region is shown
by rescaling the intensity for clarity. Similar features are also
observed in the Ce 3d spectra denoted by the subscript P in
Fig. 2. The appearance of such features in all the core-level
excitations indicates their link to the energy loss due to the
excitation of collective modes. The energy scale of these loss
features suggests the presence of electron-plasmon coupling
in this system.

Cu 2p spectra show two sharp peaks and a broad hump in-
between them. To identify the constituting features, we have
simulated the spectral function considering Voigt functions for
the distinct peaks. The fitted envelope is shown by the red
line superimposed over the experimental data. The intensity
in-between the Cu 2p3/2 and 2p1/2 peak appears due to the
Sb 3s excitations as marked in the figure. It is clear that Cu 2p
spin-orbit split contributions can be simulated by a single peak

FIG. 4. (a) Sb 3d (x scale at the top) and Cu 2p (bottom x scale)
core-level spectra collected using 6 keV photon energy at 45 K. The
line superimposed over the Cu 2p spectrum is the fit data. The con-
stituent peaks of the Cu 2p spectral region are shown by lines in the
lower panel. (b) Sb 3d peaks at 45 K collected using varied photon
energy. The inset shows the peak asymmetry near 539–540.5 eV
binding energy region in an expanded energy scale.

structure without satellite contributions. The binding energies
of these peaks are about 953 and 933 eV; the spin-orbit split-
ting is about 20 eV. These results suggest the monovalency of
Cu in CeCuSb2 [30].

In Fig. 4(b), we analyze the Sb 3d core-level peaks probed
by different photon energies at 45 K. Each of the spin-orbit
split Sb 3d (3d5/2 and Sb 3d3/2) spectral regions show mul-
tiple peaks. For example, the Sb 3d3/2 spectral region shows
distinct peaks at 537, 537.7, and 539.5 eV. The intensity of
the features changes significantly with the change in pho-
ton energy; all spectra are normalized by the intensity at
530.3 eV. Such huge spectral changes with photon energy
suggest significant surface-bulk differences as the change in
photon energy essentially changes the surface sensitivity of
the technique. The feature around 539.5 eV also shows some
spectral evolution; this is shown in the inset of the figure.
Clearly, there are two peaks in this region as marked by C
and D. With the increase in photon energy, the intensity of D
reduces with respect to the intensity of C leading to an overall
change in spectral lineshape.
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To analyze the Sb 3d spectra in more detail, we have fit
the experimental spectra as shown in Fig. 5. Figures 5(a)–5(c)
show the Sb 3d spectra recorded with 8, 6, and 2.5 keV photon
energies. The gray-shaded peaks represent the lowest energy
spin-orbit split features and appear at the binding energies of
527.6 and 537 eV; the spin-orbit splitting is about 9.4 eV. In
each of the spin-orbit split spectral region there are four peaks;
for 3d5/2 features, they are denoted by E1, E2, E3, and E4. E2,
E3, and E4 are about 0.7, 2.5, and 3 eV away from the lowest
energy feature, E1. With the decrease in photon energy, spec-
tral features exhibit drastic changes; (i) the relative intensity in
the region 526–529 eV with respect to the intensity between
529 and 532 eV reduces and (ii) the relative intensity ratios,
E2/E1 and E4/E3 enhances gradually.

In order to get a qualitative understanding of the above sce-
nario, we look at the crystal structure of CeCuSb2 in Fig. 5(d).
The unit cell is shown by solid lines. The crystal structure is a
layered structure and there are two nonequivalent positions of
Sb as denoted by Sb1 and Sb2. The Cu layer is sandwiched
by two Sb2 layers, which indicates a strong hybridization
between the Cu-Sb2. Thus the core hole in Sb2 will be ef-
ficiently screened by the electron density in Cu leading to a
feature at lower binding energies. Also, the Ce-Sb1 bond is
longer (3.34586 Å) than the Ce-Sb2 bond length (3.22972 Å).
Hence Sb1 is more atomiclike having weaker hybridization
with Ce compared with Ce-Sb2 hybridization. The reported
density of states calculation of this sample supports the greater
hybridization of the Sb2 5p state with Ce 5d and Cu 3d
states [31]. In addition, the Sb2 5p occupancy in the band
structure results is significantly larger than Sb1 5p occupancy
suggesting Sb2 valency to be more negative than Sb1 valency.

FIG. 5. Simulation of the Sb 3d spectra collected at 45 K using
(a) 8 keV, (b) 6 keV, and (c) 2.5 keV photon energies. The open
circles represent the experimental data and the lines superimposed
over them are the fit data. The lines below the experimental data
represent the constituent peaks. (d) Bulk unit cell of CeCuSb2. (e)
Schematic of the surface unit cell in the ground state; surface termi-
nation renormalizes Ce-Sb1 and Ce-Sb2 bondlengths.

FIG. 6. Sb 4d and Ce 5p spectra at different photon energies.

Therefore, the higher binding energy features E3 and E4 are
attributed to the photoemission from Sb1 sites and the lower
binding energy features E1 and E2 represent the Sb2 spectra.
The large intensity of E3 and E4 in the 2.5 keV data and its
reduction in intensity with the increase in bulk sensitivity of
the technique suggests that the sample is cleaved at the Sb1
layer.

In order to verify this identification, we show the Ce 5p and
Sb 4d core-level spectra collected at different photon energies
in Fig. 6. It is evident from the figure that the intensity of Ce
5p is the weakest in the most surface-sensitive case of 2.5 keV
data. The relative Ce 5p intensity is enhanced significantly
in the more bulk-sensitive 6 keV data suggesting that the
surface electronic structure is dominated by Sb contributions;
the relative photoemission cross-section remains almost the
same at these two energies. Within the Sb 4d spectral region,
we observe two sets of features marked as A and B in the
figure. The intensity of A is highest in the 2.5 keV data which
can be attributed to the surface Sb contributions which is
Sb1 if the cleaving occurs at the Sb layer. The feature A
becomes less intense along with an enhancement of feature
B intensity in the 6 keV data. These results establish the
description of cleaving of the sample at the Sb1 layer dis-
cussed above as well as the identification of Sb1 and Sb2
features.

The scenario at the surface will be significantly different
from the bulk as discussed in Fig. 5(e). The breaking of
translational symmetry at the surface will lead to a distortion
in the Ce-Sb2 layer which will change the relative Ce-Sb2
and Ce-Sb1 bond lengths as shown by arrows in the figure.
Therefore, the bonding of the surface Sb1 layer with the Ce
layer underneath may become relatively stronger than the Sb1
layers in the bulk affecting Ce-Sb2 bonding near the surface
layers. In any case, the surface Sb1 layer will be most atom-
iclike due to the absence of Ce layers on top arising from
translational symmetry breaking. From the spectral changes
with the photon energy, it is clear that the intensity of E2

becomes less significant with the increase in bulk sensitivity
and hence this can be attributed to the Sb2 layer close to the
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FIG. 7. Sb 4d spectra collected at 45 K using (a) 6 keV and
(b) 2.5 keV photon energies. The experimental data are shown by
symbols. The sumulation of these spectra are shown by lines. The
line superimposed over the experimental data represents the total
simulated spectral function and provide a good description. (c) Sb
3d spectra collected at 45 K (symbols) and 120 K (lines) using 2.5
and 6 keV excitation energies. The inset shows 120 K data (line)
superimposed on 45 K data (open circles) after shifting by 30 meV
toward lower binding energy. (d) Temperature evolution of the 6 keV
data of Sb 4d .

surface while the feature E1 represents the bulk Sb2 signal.
A similar scenario is observed in the case of E3 and E4; E4

is most intense in the 2.5 keV data and represents the spectra
corresponding to the top Sb1 layer while the feature E3 is the
Sb1 layer within the bulk.

We note here that the Ce core-level spectra show the signa-
ture of trivalent Ce-like behavior at the surface while the bulk
Ce valency is larger. Thus Sb2 close to the surface layer will
be less hybridized with Ce compared with those in the bulk,
and the effective Madelung potential at the surface Sb2 sites
will be larger than that in the bulk. This explains qualitatively
the two peak structures of the Sb2 3d core-level spectra and
the relative change in intensity of the two features with the
change in surface sensitivity of the technique. We hope these
results will help to initiate detailed theoretical calculation in
the future to understand the interesting electronic properties
of such materials.

In order to investigate the consistency of the above de-
scription, we probed the Sb 4d core-level spectra. The
experimental results collected at 45 K using 6 keV photon
energy are shown in Fig. 7(a) and those collected with 2.5 keV
photon energy are shown in Fig. 7(b). There are clearly two
sets of peaks each consisting of four features as found in
Sb 3d spectra. The intensity of these sets changes with the
change in photon energy that identifies their surface and bulk
character. Following the discussion above, the lower binding
energy features are attributed to the photoemission signals
from Sb2 while the ones are at higher binding energies are due
to Sb1. The spin-orbit split spectra situated at about 31.6 eV
(4d5/2) and 32.8 eV (4d3/2) binding energies are due to Sb2;
the spin-orbit splitting is about 1.2 eV. In each spectral re-

gion, the lower binding energy features correspond to the bulk
electronic structure and the surface features appear at higher
binding energies.

We now turn to the temperature dependence of the spectral
features. The Sb 3d5/2 spectrum at 2.5 keV photon energy
is shown in Fig. 7(c) for the sample temperatures of 45 and
120 K. Sb1 peaks do not show significant evolution except
for a small shift of 30 meV toward higher binding energy
at 120 K. This is shown in the inset by shifting the spec-
tra by 30 meV and they overlap almost perfectly. The Sb2
features exhibit significant change; the distinct surface Sb2
feature is reduced significantly in the 120 K data. This is
verified in the spectra collected at 6 keV [see Fig. 7(c)] as
well as Sb 4d at 6 keV [Fig. 7(d)]. All spectra show iden-
tical scenarios indicating the disappearance of the distinct
Sb2 surface feature at the higher temperature. This suggests
that the structural change close to the surface discussed in
Fig. 5(e) is relaxed due to thermal effects giving rise to almost
identical properties of the Sb2 sites in the spectra. The ther-
mal expansion of the Ce-Sb1 bond length would give rise to
further weakening of the Ce-Sb1 hybridization which is re-
flected by a small shift of the Sb1 peak toward higher binding
energy.

IV. CONCLUSION

In conclusion, we have studied the electronic structure
of a Kondo lattice system CeCuSb2 using hard x-ray pho-
toemission spectroscopy by varying the photon energy and
the sample temperature. Depth-resolved studies reveal signif-
icantly different surface and bulk electronic structures. The
results for Ce core-level spectra indicate that the surface Ce
has a lower valency than the valency of bulk Ce. We observe
the evidence of Kondo-like feature in the Ce 3d core-level
spectra consistent with significant mass enhancement (γ =
100 mJ/K2) and Kondo-like resistivity upturn. Cu is found to
be monovalent as observed in similar other systems. The core-
level spectra of Sb exhibit giant changes with the change in
photon energy and temperatures. There are two nonequivalent
Sb sites in the crystal structure, Sb1 and Sb2. Analysis of the
results suggests that the sample is cleaved at the Sb1 layer.
The properties of the Sb layers close to the surface are very
different from the bulk. The surface-bulk difference becomes
less significant at higher temperatures. These experimental re-
sults suggest the presence of significant Ce-Sb hybridizations
and their complex evolution with temperature which might be
the reason for exotic electronic properties in this system.

ACKNOWLEDGMENTS

The authors acknowledge the financial support under the
India-DESY program and the Department of Atomic En-
ergy (DAE), Government of India (Project Identification No.
RTI4003, DAE OM No. 1303/2/2019/R&D-II/DAE/2079
dated 11.02.2020). K.M. acknowledges support from BRNS,
DAE, Government of India under the DAE-SRC-OI Award
(Grant No. 21/08/2015-BRNS/10977).

205128-6



GIANT SPECTRAL RENORMALIZATION AND COMPLEX … PHYSICAL REVIEW B 105, 205128 (2022)

[1] S. Watanabe and K. Miyake, J. Phys.: Condens. Matter 23,
094217 (2011).

[2] C. Laubschat, E. Weschke, M. Domke, C. T. Simmons, and G.
Kaindl, Surf. Sci. 269-270, 605 (1992).

[3] C. Laubschat, E. Weschke, C. Holtz, M. Domke, O. Strebel, and
G. Kaindl, Phys. Rev. Lett. 65, 1639 (1990).

[4] S. Patil, S. K. Pandey, V. R. R. Medicherla, R. S. Singh, R.
Bindu, E. V. Sampathkumaran, and K. Maiti, J. Phys.: Condens.
Matter 22, 255602 (2010).

[5] K. Maiti, S. Patil, G. Adhikary, and G. Balakrishnan, J. Phys.:
Conf. Ser. 273, 012042 (2011).

[6] S. Patil, G. Adhikary, G. Balakrishnan, and K. Maiti, J. Phys.:
Condens. Matter 23, 495601 (2011).

[7] S. Patil, A. Generalov, M. Güttler, P. Kushwaha, A. Chikina,
K. Kummer, T. C. Rödel, A. F. Santander-Syro, N. Caroca-
Canales, C. Geibel, S. Danzenbächer, Y. Kucherenko, C.
Laubschat, J. W. Allen, and D. V. Vyalikh, Nat. Commun. 7,
11029 (2016).

[8] S. Patil, V. R. R. Medicherla, R. S. Singh, S. K. Pandey,
E. V. Sampathkumaran, and K. Maiti, Phys. Rev. B 82, 104428
(2010).

[9] M. Brylak, M. H. Möller, and W. Jeitschko, J. Solid State Chem.
115, 305 (1995).

[10] D. Kaczorowski, R. Kruk, J. P. Sanchez, B. Malaman, and F.
Wastin, Phys. Rev. B 58, 9227 (1998).

[11] A. Thamizhavel, T. Takeuchi, T. Okubo, M. Yamada, R. Asai,
S. Kirita, A. Galatanu, E. Yamamoto, T. Ebihara, Y. Inada, R.
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