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In the heavy fermion system, development of the Kondo coherence usually occurs as a crossover behavior.
However, accurate definition of the onset temperature for complete formation of the heavy quasiparticles is
to some extent controversial. Here, the electronic structure of the quasi-two-dimensional Kondo lattice CeSb2

has been studied by high resolution angle-resolved photoemission spectroscopy (ARPES) and dynamical mean-
field theory approach combined with density functional theory. A heavy quasiparticle band, which originates
from the hybridization between f electrons and conduction electrons, has been observed directly. Moreover,
temperature-dependent electronic structure study reveals a transition from high-temperature local spins to low-
temperature itinerant electrons in CeSb2 and the onset temperature of the hybridized c-f spectral weight revealed
by laser-ARPES is consistent with the crossover temperature from transport and magnetic measurements. Our
findings are essential for a microscopic understanding of different energy scales in the heavy fermion system and
demonstrate the probability of laser-ARPES in studying the bulk 4f-electron properties of Ce-based compounds.
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I. INTRODUCTION

Single ion Kondo effect in a metal host has been well
revealed and its characteristic energy scale can be ascribed to
the Kondo temperature (TK), below which the local moments
in the single ion are screened by the conduction electrons
[1]. However, when a dense array of magnetic moments
surrounded by the conduction electron sea [2,3] forms in a
compound, the so-called Kondo lattice systems, the situa-
tion becomes more complicated and many exotic properties
emerge, such as unconventional superconductivity, quantum
critical transition, and so on. It is widely believed that there is
a localized to itinerant transition of the f electrons when tem-
perature decreases in the heavy fermion (HF) systems [4,5].
Traditionally, the localized-itinerant transition temperature,
or the so-called coherent temperature (T ∗), can be deter-
mined by the thermodynamic, transport, magnetic, or spectral
measurements and the coherent temperatures revealed by dif-
ferent techniques are in a sense consistent with each other
[6]. However, recent high-resolution angle-resolved photoe-
mission spectroscopy (ARPES) studies of some HF systems
found that the onset temperature (T ARPES) of the emergence
of f spectral weight is much higher than T ∗ [4,7–10]. The
discrepancy of the above two different energy scales (T ∗ and
T ARPES) raises two open questions: (1) What do the two en-
ergy scales really represent? (2) Which temperature is the real
onset temperature of the c-f hybridization? More experimental
and theoretical research is needed to fully understand these
issues.
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In the Kondo lattice systems, a category of quasi-
two-dimensional rare-earth diantimonides ReSb2 is reported
possessing many interesting properties, such as charge den-
sity wave transition, superconductivity, and so on [11,12].
In these compounds, CeSb2 is the ideal material to study
c-f hybridization because the only f electron in CeSb2

makes it simpler than other rare-earth diantimonides when
considering the interaction between conduction electrons
and f electrons. CeSb2 is also an excellent platform to
study magnetism. At ambient pressure, it has several mag-
netic transition temperatures as follows: 15.5, 11.5, 9.5, and
6.5 K, which corresponds to the paramagnetic-magnetically
ordered (MO) state, MO-antiferromagnetic (AFM), AFM-
AFM, and AFM-ferromagnetic transitions, respectively. By
applying pressure, another transition from ferromagnetic state
to nonmagnetic state appears [13,14]. Whether there is any
interaction between magnetism and the HF state in this f -
electron compound is still unknown. ARPES is a powerful
tool to illustrate this issue, which can detect the electronic
structure of both the HF state and magnetism at the same time.
However, up to now, systematic ARPES study of CeSb2 is still
lacking.

The crystal structures of rare-earth diantimonides are
highly anisotropic for crystallizing in the layered orthorhom-
bic structure and should be easily cleaved. However, due to
the loose and chaotic atomic layer lying on the surface after
cleaving [12], it is difficult to obtain their accurate surface
electronic structures. Thus these compounds are rarely studied
by ARPES or scanning tunneling microscopy (STM). Bulk
sensitive electronic-structure-study techniques are helpful to
study the detailed electronic structures of those compounds,
such as soft x-ray ARPES or laser ARPES. However, the
energy resolution of soft x-ray ARPES measurements is about
100 meV, which is insufficient to detect the fine structures of
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f states, typically within the energy scale of kBT ∗ [15,16].
Laser ARPES is ideal to explore such small dispersions due to
its remarkably high resolution, and especially it is more bulk
sensitive.

Here we report a combined electronic structure study of the
Kondo lattice CeSb2 by synchrotron radiation ARPES, laser
ARPES, and density functional theory (DFT) plus dynamical
mean-field theory (DMFT) calculations. The hybridized c-f
state is clearly observed with both synchrotron radiation and
laser ARPES measurements. Temperature-dependent experi-
ments clearly reveal the localized-itinerant transition of the
f electrons and the T ARPES of CeSb2 by laser ARPES is
consistent with its coherent temperature T ∗. Our findings give
a microscopic understanding of the electronic structure of the
CeSb2 compound and provide the feasibility of laser ARPES
to study the bulk 4 f electrons of Ce-based compound.

II. EXPERIMENT

High-quality single crystals of CeSb2 were grown by the
self-flux method. Chemical compositions of the single crystals
were determined by energy dispersive spectroscopy (EDS).
X-ray diffraction (XRD) measurements were performed on a
PANalytical X’Pert Pro diffractometer (Cu Kα radiation). Re-
sistivity and magnetism measurements were performed with
the Quantum Design Physical Property Measurement System
(PPMS). ARPES data in Figs. 2 and 3 were collected at the
“Dreamline” beamline of the Shanghai Synchrotron Radiation
Facility (SSRF) with a Scienta D80 analyzer. The energy reso-
lution is 17 meV and the angle resolution is 0.2°. The ARPES
data in Fig. 4 were obtained at the 6-eV-laser end station with
a VG Scienta R4000 photoelectron analyzer. The combined
energy resolution is 3 meV or better, and the momentum
resolution is better than 0.006 Å–1. Before performing laser
ARPES experiments, the in-plane orientations of CeSb2 sam-
ples were determined with a Laue diffractometer. Before
performing ARPES measurements, samples were cleaved in
situ parallel to the (001) surface in the ultrahigh vacuum
condition at 25 K. Base pressures of both systems are below
5 × 10–11 mbar during the whole measurements. For theoret-
ical calculations, we adopt the charge self-consistent version
of DFT plus embedded-DMFT approach, as implemented in
Haule’s code [17], to investigate the correlation effects on
temperature evolution of the electronic structure of CeSb2.
For the DFT part, the WIEN2K package [18] was used. The
Perdew-Burke-Ernzehof (PBE) functional [19] was adopted
to approximate the exchange-correlation functional. The spin-
orbital coupling was included in a second-order variational
manner. To ensure the convergence of physical quantities, a
mesh of 27 × 27 × 6 was used for the integration over the
Brillouin zone within the modified tetrahedron method [20].
The basis set size was controlled by RMTKMAX = 8.0, while
for the DMFT part, we adopt U = 6.0 eV and J = 0.7 eV
for describing correlations in the 4 f orbital, which has been
used successfully in describing several cerium compounds
resembling to f -electron behavior in CeSb2 [21,22]. For
the double-counting term, we chose the fully localized limit
scheme [23] and the initial occupation of f orbital n0

f was set
to 1. The constructed multiorbital quantum impurity model
was then solved using the vertex-corrected one-crossing

FIG. 1. Crystal structure and physical properties of CeSb2. (a)
Schematic crystal structure of CeSb2 with lattice constants of a =
0.63 nm, b = 0.61 nm, c = 1.82 nm [27]. (b) XRD pattern for the
as-grown facet of CeSb2 single crystals, with (001) diffraction peaks
observed exclusively. The inset is the low energy electron diffraction
(LEED) pattern of the cleaved surface of CeSb2. (c) Temperature
dependence of the resistivity of CeSb2. The black arrow repre-
sents the crossover region around T ∗. The inset is the schematic of
the localized-itinerant transition of the Kondo lattice systems as a
function of temperature. The black and red arrows represent the f
electrons and conduction electrons, respectively. The shadow repre-
sents the formation of the heavy quasiparticles. (d) Inverse magnetic
susceptibility of CeSb2 as a function of temperature with an applied
magnetic field of 0.3 T. The susceptibility data at high temperature is
fitted by the Curie-Weiss formula (black dashed line).

approximation (OCA) [24] as the solver. The combination
of the DFT and DMFT introduced two self-consistent loops
which were repeated until the convergence condition was
satisfied. Based on the converged charge and self-energy,
the momentum-resolved single-particle spectral function
A(k,ω) and finite-temperature two-dimensional Fermi surface
at kz = 0 plane were obtained with the same recipe as adopted
in Ref. [25]. To obtain the Fermi surface at finite T , the
quasiparticle approximation was adopted by computing the
DFT + DMFT eigenvalues εkl (l denotes the orbital character)
at zero frequency limit εkl (ω = 0) and setting its imaginary
part as zero. Therefore the Fermi surface was defined as k
points satisfying Re[εkl (ω = 0) − μ = 0]. In our calcula-
tions, the crystal structure parameters referred to a record in
the SpringerMaterials database [26].

III. RESULTS

Figure 1(a) displays the schematic crystal structure of
CeSb2. The lattice constant c of CeSb2 is much larger than
those of a and b. High quality and orientation of the as-grown
facet of CeSb2 are confirmed by XRD and LEED pat-
terns in Fig. 1(b). The resistivity-temperature curve exhibits
an obvious crossover behavior around 100 K in Fig. 1(c).
The magnetic spin susceptibility also shows the deviation
from high temperature Curie-Weiss behavior at ∼100 K in
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FIG. 2. Fermi surface topology and valence band structure of CeSb2. (a) Bulk Brillouin zone (BZ) of CeSb2. The green and pink planes
indicate the boundary (Z-R-T, kz = π ) and center (�-S-Y, kz = 0) planes of the BZ of CeSb2, respectively. (b) Calculated Fermi surface
topologies of CeSb2 at kz = 0 and kz = π planes, respectively. The solid red line in the left panel represents the Fermi surface topology at
kz = 0, while the dashed line in the right panel represents the one at kz = π . (c) Photoemission intensity map at EF integrated over a window
[EF − 10 meV, EF + 10 meV] of CeSb2 at 25 K with the photon energy of 24 eV at the “Dreamline” beamline with LH polarized light.
(d) Calculated valence band structure of CeSb2. The inset is the amplified data along the �-S direction and the black dashed line denotes the
band α. (e),(f) Valence band structure of the CeSb2 (001) surface along the �-Y1 and �-Y2 directions measured with the photon energy of 26 eV
at the “Dreamline” beamline with LH polarized light.

Fig. 1(d), indicating the coherent temperature T ∗ of CeSb2

is about 100 K. These indications from resistivity and mag-
netism measurements have been widely observed in other

f -electron HF materials and are related to the hybridization
between local moments and conduction electrons [6,28,29].
At high temperature, the f electrons are localized. With

FIG. 3. Photoemission intensity distributions of CeSb2 along the �-Y1 direction at 25 K with (a) off-resonance (114 eV) LH-polarized
photon, (b) on-resonance (121 eV) LH-polarized, and (c) on-resonance (121 eV) LV-polarized photons. (d) Angle-integrated energy distribution
curves of CeSb2 taken with off- and on-resonance photon energy, respectively. f -band positions are highlighted with the green dashed lines.
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FIG. 4. Temperature dependence of the band structure of CeSb2 along the �-S direction with 6-eV laser ARPES. (a)–(f) Photoemission
intensity plots of CeSb2 along the �-S direction as a function of temperature. We warm up the samples from 25 to 90 K (a)–(e) and then
cool them down to 25 K (f). The nearly unchanged data quality excludes the possibility of surface aging. (g) Angle-integrated photoemission
spectroscopy (AIPES) data of CeSb2 extracted from (a)–(e). The dashed line is the smoothed AIPES data at 90 K. The black triangle is the
mark of f band structure.

decreasing temperature, the f electrons start to hybridize with
the conduction electrons accompanied by the formation of
heavy quasiparticles as shown in the inset of Fig. 1(c). The
Sommerfeld coefficient γ of CeSb2 measured by specific heat
data is about 50 mJ/(mol K2) [12], which is much smaller
than other HF compounds, such as CeCoIn5 and YbRh2Si2

[30,31]. The relatively small γ implies that CeSb2 is a moder-
ate HF compound.

Figures 2(a)–2(c) display the bulk BZ and Fermi surface
topologies of CeSb2. Due to the slight difference between
the in-plane lattice constants a and b, the Fermi surface of
CeSb2 has a twofold symmetry in the kx-ky plane. At the
kz = 0 plane as shown in Fig. 2(b), the topology of the Fermi
surface consists of a quasisquarelike pocket centered at the
� point. Along the �-Y1 direction, there are two eyeball-like
pockets, which are missing from the �-Y2 direction, indicat-
ing its twofold symmetry. The Fermi surface at the kz = π

plane is similar to the one at the kz = 0 plane, as shown in
Fig. 2(b). The experimental photoemission intensity map at
EF of CeSb2 is consistent with the theoretical one, as shown
in Fig. 2(c). Both the quasisquarelike pocket and eyeball-like
pockets along �-Y1 can be clearly observed. Figure 2(d) shows
the calculated valence band structure of CeSb2 at 20 K. One
pronounced character of the band structure is the obvious f
weight around the Fermi level. Hybridization between the f
electrons and the conduction band can be clearly observed
along the �-Y1 and �-S directions in Fig. 2(d). The appearance
of the f electron states is also confirmed from our experimen-
tal data, as shown in Figs. 2(e) and 4. Along the �-Y1 direction,
an electron band hybridizes with f electrons around the �

point near the Fermi level, while along the �-Y2 direction, a
hole band is observed around the � point with its top at around
0.2 eV binding energy.

To trace the fine structure of f bands, resonant ARPES
measurements are conducted at the Ce 4d-4 f transition edge

to enhance the f -electron photoemission intensity. Compari-
son of Figs. 3(a) and 3(b) illustrates the enhancement of the
f bands by on-resonant condition [Fig. 3(b)]. Strongly disper-
sive conduction bands dominate the off-resonant data, while
three nearly flat bands can be observed in the on-resonant data.
The flat band at 2.6 eV binding energy with strong intensity
can be assigned to the initial 4 f 0 state, while those near EF and
at 0.29 eV binding energy are attributed to the 4 f 1

5/2 state and
its spin-orbit-split 4 f 1

7/2 component, respectively. As it turns
out, the 4 f 1

5/2 state is sensitive to the polarization of the light.
A significant enhancement is observed under linear vertical
(LV)-polarized light compared with linear horizontal (LH)
polarization [Fig. 3(c)]. In contrast, the overall features of the
4 f 1

7/2 and 4 f 0 states seem to be insensitive to the polarization.
The existence of the 4 f 1

5/2 state also implies the hybridization
between f electrons and conduction electrons.

Due to extremely high energy resolution and bulk sensitive
properties, laser ARPES is a great tool to detect detailed
bulk electronic structures. In order to trace the evolution of
the f spectral weight accurately, we conducted temperature-
dependent 6-eV laser ARPES measurements on CeSb2, as
shown in Fig. 4. Figures 4(a)–4(f) display the valence band
structure of CeSb2 along �-S as a function of temperature.
At the lowest temperature in Figs. 4(a) or 4(f), the holelike
band α can be clearly observed along the �-S direction, and
another weak spectral weight, which is located at −12 meV
(marked by the black triangles), is also visible. This relatively
weak spectral weight is located at the similar position with
the calculated hybridized c-f band in Fig. 2(d) and can also be
found in other f -electron materials [32,33], which suggests
that it is probably from the mixing of the orbital character
of the conduction band into the f -electron resonance (or its
side bands) due to hybridization, namely the hybridized c-f
state. The weakness of the spectral weight may be due to
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240 K(e)

FIG. 5. Calculated temperature dependent band structure of CeSb2. (a)–(e) Electronic structure of CeSb2 at five selected temperatures with
DFT + DMFT approach. (f)–(j) Amplified data of panels (a)–(e) along the �-S direction.

small photoemission cross section of the photons when we
use the laser resource (6 eV) to excite the photoelectrons.
The photoemission cross section of the Ce 4 f orbitals is
approximately one or two orders of magnitude smaller than
the other conduction orbitals, such as Ce (5d) and Sb (5p)
[34]. But other factors that will influence the intensities cannot
be excluded, such as the photon polarization, matrix elements,
and so on.

With increasing temperature, one pronounced character of
the valence band structure is the broadening and weakening
of the c-f hybridized spectral weight (marked by the black
triangle). When the sample temperature is increased up to
90 K, the c-f hybridized spectral weight seems to have totally
disappeared in Fig. 4(e), which is due to weakening of the
hybridization strength between f electrons and conduction
electrons. At low temperature, f electrons hybridize with
the conduction electrons and the heavy quasiparticle band
forms around the Fermi level. As the temperature increases,
the f electrons become more localized and the quasiparticle
band weakens and finally disappears. This evolution of the c-f
hybridized spectral weight as a function of temperature can
also be clearly reflected in the angle-integrated photoemission
spectroscopy (AIPES) data in Fig. 4(g). Besides, we find
that, at low temperature, the c-f hybridized band is located
below the Fermi level. This phenomenon can explain why
the Sommerfeld coefficient of CeSb2 [∼50 mJ/(mol K2)] is
smaller than other Ce-based HF compounds. The Sommerfeld
coefficient γ can be described as follows:

γ = m∗kFk2
B/3h̄2.

Here, m∗ is proportional to the density of states (DOS) at
EF. kF is the Fermi velocity. kB is the Boltzmann constant
and h̄ is the Planck constant. For the CeSb2 compound, its c-f
hybridized spectral weight is located slightly below the Fermi
level and the DOS at EF is small as shown in Figs. 4(a) and
4(g). This situation is quite similar to the antiferromagnetic
HF compound USb2, whose f band is also below the Fermi
level and Sommerfeld coefficient is just 25 mJ/(mol K2) [35].
Except for the c-f hybridized band, the holelike α band also
broadens with increasing temperature. From the temperature-
dependent data in Fig. 4, the onset temperature (T ARPES) of

the c-f hybridized spectral weight of CeSb2 is above 70 K
and not far from 90 K, which is consistent with the crossover
temperature T ∗ from resistivity and magnetic measurements
in Figs. 1(c) and 1(d).

To have a better understanding of the electronic struc-
ture evolution with temperature in CeSb2, we also performed
DFT + DMFT calculations as a function of temperature in
Fig. 5. The dispersive α band along the �-S direction can
be well reproduced. The most pronounced character of the
band structure from calculated results is also the weakening of
the f spectral weight around the Fermi level with increasing
temperature, which results from the decreased hybridization
strength between f electrons and conduction electrons. This
localization of the hybridized band is consistent with the
experimental results in Fig. 4, but the theoretical temperature-
dependent spectra indicate that the onset temperature of the
coherent f spectral weight is between 120 and 180 K as shown
in Figs. 5(f)–5(j). Above 180 K, the hybridized spectral is
totally disappeared and the calculated onset temperature is a
little higher than the experimental one. Several factors proba-
bly contribute to the difference between the experimental and
theoretical results, such as the neglection of the crystal struc-
ture parameter changes with different temperature, which may
affect the exotic behavior of 4 f electrons. Besides, the crys-
tal field effect cannot be accurately described by the current
DFT + DMFT method, which may influence the electronic
structure near EF. Those results give a direct evidence of the
existence of the c-f hybridization in CeSb2, even though its
Sommerfeld coefficient is small.

IV. DISCUSSION AND CONCLUSIONS

In f -electron systems, there are many energy scales. For
single magnetic moment in a metal host, the standard en-
ergy scale is the Kondo temperature (TK), below which the
magnetic moment is screened by the conduction electrons.
When the magnetic moments form a dense array and sur-
rounded by the conduction electron sea, namely the Kondo
lattice system, the moments not only can be screened by the
conduction electrons, but also can interact with each other
by Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. In
the Kondo lattice system, the f electrons can hybridize with

045133-5



YUN ZHANG et al. PHYSICAL REVIEW B 106, 045133 (2022)

conduction electrons and form the HF state and the energy
scale should be the coherent temperature (T ∗), below which
the HF state emerges. The coherent temperature is quite
different from the Kondo temperature in that it reflects the
collective behavior of f electrons. For T ∗, different experi-
mental techniques usually yield similar values for the same
HF compound. Conventional HF coherence temperature T ∗
is defined as the maximum point in the ρ-T curve, which
mainly reflects the bulk properties of materials. However,
recent ARPES studies of Ce-based HF systems found that the
onset temperature (T ARPES) of the emergence of f spectral
weight is much higher than the coherent temperature T ∗ [4,6–
10]. We know the f -electron behavior in the HF system on
the surface is different from the bulk one [36]. Surface effect
may be one of the reasons for this discrepancy. Previously,
the photon energies used for the determination of T ARPES

are usually in the range 21.2–122 eV. In the photoelectric
process, the electrons’ inelastic mean free path in solids in
this photon energy range is less than 1 nm or 2 monolay-
ers [37], which makes the results easier to be affected by
the surface, while the inelastic mean free path of electrons
with laser resource is about 3–5 nm or 6–20 monolayers
and the detected photoemission signals are much more bulk
sensitive [37]. Previously, laser ARPES measurements have
been performed on several HF systems, such as URu2Si2 and
YbRh2Si2 [38,39], and the f -electron behaviors are clearly
exhibited. Especially, the T ARPES of YbRh2Si2 determined
by the laser resource is consistent with its T ∗ [6], while the
T ARPES determined from more surface sensitive measurement
is much higher than its T ∗ [9], further emphasizing the surface
effect when considering the f weight evolution. Previously,
7-eV-laser ARPES measurements have also been performed
in the Ce-based HF compound CeSb [40]. Unfortunately, due
to the small 4 f photoionization cross section, the f electron
state is unable to be distinguished. Here our results demon-
strate the possibility of detecting the hybridized c-f states in

CeSb2 by 6-eV-laser ARPES and we also find that the onset
temperature (T ARPES) of the emergence of f spectral weight
of CeSb2 is more consistent with its coherent temperature.
The detection of the hybridized c-f state by 6-eV-laser ARPES
may result from the matrix element effect. Recently some
ARPES measurements on Ce-based compounds with different
terminations also illustrate the importance of surface or bulk
condition when considering the properties of c-f hybridiza-
tion [41–43]. These results bring into reach the ultimate goal
of quantitatively testing many-body theories that link spec-
troscopy and transport properties, for both the bulk and the
surface, separately.

To summarize, we have performed high resolution ARPES
measurements and DFT + DMFT calculations to reveal the
band structure of the two-dimensional Kondo lattice CeSb2.
Direct hybridization between the f electrons and conduction
electrons is clearly observed. Temperature-dependent laser
ARPES experiments reveal the localized-itinerant transition
of the f electrons. The onset temperature of the hybridized c-f
spectral weight by bulk sensitive laser ARPES is consistent
with the crossover temperature from resistivity and magnetic
measurements. Our findings prove essential for a microscopic
understanding of the intricate properties of CeSb2 compound
and exhibit the feasibility to study the Ce-based compound
with laser ARPES.
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