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The behaviors of f electrons are crucial for understanding the rich phase diagrams and ground-state properties of heavy
fermion (HF) systems. The complicated interactions between f electrons and conduction electrons largely enrich the basic
properties of HF compounds. Here the electronic structure, especially the f-electron character, of the charge-density-wave
(CDW) Kondo lattice compound CeTes has been studied by high-resolution angle-resolved photoemission spectroscopy.
A weakly dispersive quasiparticle band near the Fermi level has been observed directly, indicating hybridization between
f electrons and conduction electrons. Temperature-dependent measurements confirm the localized to itinerant transition of
f electrons as the temperature decreases. Furthermore, an energy gap formed by one conduction band at low temperature
is gradually closed with increasing temperature, which probably originates from the CDW transition at extremely high
temperature. Additionally, orbital information of different electrons has also been acquired with different photon energies
and polarizations, which indicates the anisotropy and diverse symmetries of the orbitals. Our results may help understand
the complicated f-electron behaviors when considering its interaction with other electrons/photons in CeTes and other

related compounds.

Keywords: 4f-electron, charge-density-wave, electronic structure, angle-resolved photoemission spectroscopy

PACS: 71.20.Eh, 71.27.+a, 79.60.—-, 71.45.Lr

1. Introduction

Investigating the physical connotation of f electrons in
heavy fermion (HF) systems is a challenging subject. Con-
sensus exists that the exotic quantum states such as uncon-
ventional superconductivity, magnetic order, hidden order and
non-Fermi liquid behaviors are all closely related to f elec-
trons in HF systems.!'=3] In HF materials, Kondo entangle-
ment plays a crucial role which is basically manifested by a
logarithmic increase of electric resistivity and a following de-
crease of the resistivity as the heavy quasiparticle emerges
with decreasing temperature. The hybridization between f
electrons and conduction electrons (f—c hybridization) gener-
ates the composite quasiparticles with heavy effective mass
and a larger Fermi surface (FS) volume.*>! In fact, the f elec-
trons exhibit dual properties, i.e., both localized and itinerant
traits.[%7] They are localized at high temperature and become
itinerant as the temperature decreases by hybridizing with con-
duction electrons.!®! Understanding the features of f elec-
trons is significant to explore the origin of the physical prop-
erties of HF systems. In this regard, a fundamental and indis-
pensable part is direct observation of the electronic structure,
especially the f-electron character, of HF systems.

Many rare earth tellurides RTe,, (n = 2, 3) display extraor-
dinary properties, such as charge-density-wave (CDW) transi-
tion and pressure-induced superconductivity.!'%-131 However,
CeTe, (n =2, 3) compounds do not turn into the supercon-
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ductivity state with applied pressure. At ambient pressure,
an antiferromagnetic transition temperature is found as low
as 4.3 K for CeTe,, while CeTes is antiferromagnetic below
In =28 K.U4] Besides, CeTes; shows a CDW state at room
temperature, however, the transition temperature has never
been observed even when the temperature is raised up as high
as 500 K.115:16]

Measurements of transport properties found a weak
Kondo lattice behavior below approximately 10 K before
CeTes orders into an antiferromagnetic ground state at Ty =
2.8 K. This implies the existence of Kondo entanglement in
CeTes at low temperature.!!”l Study of CeTes using nuclear
magnetic resonance (NMR) leads to the conclusion that there
is coupling between the Te (1) conduction electron band and
the Ce local moment, which induces the temperature depen-
dence of the '2°Te (1) NMR spectrum. CeTes also has an
unconventional CDW interacting between the Ce local mo-
ments and the strong Ce spin fluctuations.!!%1°) Scanning tun-
neling spectroscopy (STS) and Raman scattering measure-
ments reveal that the CDW transition opens an energy gap
of about 240 meV-740 meV in optimally nested regions on
the FS.[?2!1 Previous angle-resolved photoemission spec-
troscopy (ARPES) studies reported multiple shadow bands
and FS reconstruction induced by the CDW transition. [102%]
Time-resolved angle-resolved photoemission spectroscopy (tr-
ARPES) study reported the collective response of CeTes in the
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CDW phase. Momentum-dependent analysis combined with
density-functional theory (DFT) frozen phonon calculations
reveals different coupling to the band structure for amplitude

s.1231 However, details of the elec-

modes and optical phonon
tronic structure, especially how the f electrons interact with the
conduction electrons in the CDW state, are still unexplored.
Furthermore, the difference in f-electron features in the CDW
state and the normal state in other heavy fermion materials also
deserves special attention.

In this paper, we explore the electronic structure of CeTes
at different temperatures by ARPES and observe the localized
to itinerant transition of f electrons and the opening of an en-
ergy gap in one conduction band which is probably related to
the CDW state. We also present the electronic structure of
CeTes with different photon energies and polarizations. Mea-
surements with differently polarized light are conducted to dis-
tinguish information from different electron orbitals. Mean-
while, with 7 eV and 21.2 eV photons, the fine structure of the
bulk and surface states are obtained.

2. Experimental details

High-quality single crystals of CeTes were grown by
the flux method with a mixture of alkali chlorides as the
flux.[>* Single-crystal x-ray diffraction (XRD) data, shown in
Fig. 1(a), were acquired on a PANalytical X’ Pert Pro diffrac-
tometer (Cu K, radiation). As presented in Figs. 1(b)-1(d),
electrical resistivity and magnetization data were collected by
a Quantum Design physical properties measurement system
(PPMNS). Electrical resistivity was measured based on the four-
point electrodes method with its ACT module and magnetiza-
tion measurement was made by a SQUID magnetometer. All
ARPES data displayed here except those shown in Fig. 6 were
obtained at the “Dreamline” beamline of the Shanghai Syn-
chrotron Radiation Facility (SSRF) with a Scienta DA30 ana-
lyzer. The energy resolution is 17 meV and angle resolution
is 0.2°. The samples were cleaved along the b axis in ultra-
high vacuum conditions at 18 K before performing ARPES
measurements. The base pressure of the system was below
2 x 107'% mbar during the whole measurement. Laser ARPES
and He-lamp ARPES data were collected by the DA30L an-
alyzer and the base pressure was below 8 x 10~!! mbar. The
energy and angle resolutions for laser ARPES are 2.5 meV and
0.2°, respectively. The energy and angle resolutions for He-
lamp ARPES are better than 20 meV and 0.2°, respectively.

3. Results and discussion

The XRD result shown in Fig. 1(a) indicates the cleav-
age plane of the as-grown single crystal is the (010) plane of
CeTes. Meanwhile, the absence of other miscellaneous peaks
shows that the quality of CeTes is fairly good. As shown in

Fig. 1(b), the electrical resistivity versus temperature curve
displays a rather obvious linear behavior from 20 K to 300 K
with current flowing in the ac-plane. In the range of 3 K to
10 K, there is a plateau where the resistivity nearly remains
invariant with decreasing temperature. It is similar to the log-
arithmic increase with decreasing temperature and may indi-
cate a weak Kondo interaction.!'”! Around 3 K, a distinct kink
appears which is an indication of the magnetic transition. %3]
The residual resistivity ratio (RRR) of these samples reaches
71, implying their good crystal qualities. Figure 1(c) shows
the temperature dependence of the susceptibility x and in-
verse susceptibility 1/x with the magnetic field H = 0.5 T
perpendicular to the b axis (H_Lb). Above 50 K, 1/ displays
a nearly linear dependence, which is in good agreement with
the Curie—Weiss law, and indicates the Ce ions behave in the
typical localized model.? There is a broad hump below 50 K
in the 1/x-T curve. This obvious character may relate to the
crystalline-field-effect.!'*) Magnetization as a function of the
field with the magnetic field perpendicular to the b axis (H _Lb)
at different temperatures is shown in Fig. 1(d). At 30 K, a lin-
ear lineshape is observed. With decreasing temperature, there
is an intermediate state between the linear lineshape and obvi-
ous magnetization saturation at 5 K. The saturation suscepti-
bility at 2 K is smaller than that at 3 K. The smaller saturation
susceptibility at 2 K is consistent with the trend of resistivity
in Fig. 1(b) and reveals the possibility of an antiferromagnetic

transition below 3 K.!14]
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Fig. 1. Physical properties of CeTes. (a) Single-crystal XRD data of
CeTes. (b) Electrical resistivity of CeTes as a function of temperature
for currents flowing in the ac-plane. The inset on the top left shows the
zoomed-in diagram below 25 K. (c¢) Temperature dependence of suscepti-
bility x (blue dots) and inverse susceptibility 1/ (red dots) with a mag-
netic field of 0.5 T perpendicular to the b axis. (d) Magnetization as a
function of the field with the magnetic field perpendicular to the b axis at
2K,3K,5K, and 30 K.

The crystal structure of CeTes is sketched in Fig. 2(a),
which shows a layered ABBA stacking order along the b axis.
Here, A stands for the flat Te-Te slabs and the zigzag Ce-Te
slabs are described as B. The considerable b/a ratio of nearly
six reflects its two-dimensional feature. As the gray shaded
region between two Te—Te slabs shows, the weak interlayer

force makes it easy to form a cleavage surface and the topmost
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Te atoms are exposed. In such a flat square-net structure, the
px and p, orbitals of the Te atoms hybridize with each other
and a square-net electron cloud naturally forms,>’! while the
py orbital perpendicular to the Te—Te layers has a disposition to
interact with the electrons of the layers beneath. As Figs. 2(b)
and 2(c) show, when the bulk crystal structure is considered,
the periodicity of Te-Te layers is smaller than the bulk pe-
riodicity, leading to the change of the two-dimensional first
Brillouin zone (FBZ). We depict the two-dimensional FBZ in
Fig. 2(d). The dashed black lines reflect the surface state of the
topmost Te—Te slab and the solid red lines include the bulk in-
formation which is induced by a larger lattice constant mainly
resulting from the Ce—Te slabs. The observed FS in Fig. 2(e)
matches well with the projected BZ calculated with the lat-
tice constants considering the topmost Te—Te slab, while it
differs a little from the calculated BZ with the bulk lattice con-
stants. Since CeTes is a layered structure and easy to cleave, it
is possible that the FS contribution is primarily from the Te—

(d)

Te layer-terminated surface. Meanwhile, a slight contribution
from the Ce-Te layers may also exist. The topology of the FS
consists of three electron pockets, namely, a square-like elec-
tron pocket around the I'" point, the electron pocket between
the I and M points and another electron pocket around the M
point. In brief, it shows the typical square-net pocket feature
and the FS nesting induces CDW formation in CeTej.[20-2%]
Detailed band dispersion derived from the photoemission in-
tensity plots along the high-symmetry I'-M and I'-X direc-
tions are shown in Figs. 2(f)-2(g). Along I'-M, three bands
cross the Fermi level, which are marked with o, § and ¥, re-
spectively. Two bands marked with € and 7} are below Ep. The
electron-like ¥ band encloses the I' point, forming a square-
like electron pocket around the zone center. The pocket be-
tween the I and M points consists of electron-like o and 3
bands. As displayed in Fig. 2(g), B, 7, € and 1 bands can also
be clearly observed along I'-X, which show similar features
to those along the I'-M direction.
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Fig. 2. Crystal structure and electronic structure of CeTes. (a) Crystal structure of CeTes. Ce and Te atoms are in red and gray, respectively. The
shaded area indicates the cleavage plane. (b) Top view of CeTes after cleaving. The dotted circles are also shown in panel (c). (c) Positions of Ce
(red) and Te (gray) atoms in real space. (d) The Brillouin zone (BZ) of CeTes. The BZ of the bulk CeTes is depicted by the solid red line and BZ
of the topmost two-dimensional Te—Te slab is drawn in the dashed black line. (e) Photoemission intensity map of CeTes at Er with 108 eV photon
energy. The intensity is integrated over a window of [Er — 10 meV, Er + 10 meV]. The setting of the BZ is the same as that in panel (d). (f)—(g)
Photoemission intensity distributions along panel (f) I'-M and panel (g) I'-X at 18 K. Some typical bands are indicated with colored dashed lines.

To enhance the f-electron photoemission intensity, reso-
nant ARPES measurements were performed at the Ce 4d—4f
transition edge with 121 eV photons. Figures 3(a) and 3(b)
show the comparison of the ARPES data with on-resonant
121 eV photons and with off-resonant 114 eV photons along
I'-M. In Fig. 3(a), strongly dispersive bands which are cen-
tered around the I" and M points dominate the off-resonant
spectra. Compared with off-resonant photoemission intensity

distributions, the on-resonant spectrum reveals three nearly flat

bands at binding energies of 0.14 eV, 0.54 eV and 2.95 eV.
These flat bands reflect the enhancement of the Ce 4f emis-
sion with the on-resonant condition. This is similar to the 4f-
electron features observed in other Ce-based materials such
as CeColns, CeRhIns and Celrlns.[>8-3% However, the energy
positions of the three flat f bands are further away from the
Fermi level compared with other Ce-based compounds; in par-
ticular, the position of the f band near the Fermi level is obvi-

ously below the Fermi level. The one at 2.95 eV below Ef
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with strong intensity can be assigned to the initial 4f° state,
while those near 0.14 eV and at 0.54 eV below Eg are from
the 4f; /o state and its spin—orbital coupling (SOC) sideband
4f} /, component, respectively. (28311 The flat band at 2.95 eV
below Ef derives from the pure charge excitation (4f' — 4f%)
and is generally known as the ionization peak.3?) And the fea-
ture near 0.14 eV is actually the tail of the Kondo resonance
above Er. We further find the Kondo resonance state exhibits
a dispersive characteristic (red dotted line) which can be ob-
served near the M point, as shown in Fig. 3(d). Moreover,
the intensity of the 4f; ) State is much stronger than that of
the 4f; P and 4f° states. These features indicate the existence
of the hybridization between Ce 4f state and the conduction
bands. 3!

High
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Fig. 3. Off/on-resonant ARPES results. (a)—(b) Photoemission intensity
distributions of CeTes along I'-M taken at 20 K with (a) off-resonance
(114 eV) and (b) on-resonance (121 eV). (c) Angle-integrated energy dis-
tribution curves (EDCs) of CeTes with on- and off-resonance over the
momentum range of [—2.1 A=!, —0.7 A~!]. The f band positions are
marked with blue dashed lines. (d) EDCs of CeTes with 121 eV pho-
tons near the Fermi level. The red solid curve marks the M point and the
dashed red curve represents the f band dispersion near the M point. (e)
Photoemission intensity map of CeTe; at Er with 121 eV photons. The
intensity is integrated over a window of [Er — 30 meV, Er + 30 meV]. (f)
Isoenergetic surface of CeTes at 0.14 eV below Er with 121 eV photons.
The intensity is integrated over a window of [Er — 30 meV, Er 430 meV].

Meanwhile, the spectral intensity of the 4f§ Jp state ex-
hibits pronounced momentum dependence. The spectra of the
f state centered at the M point (red solid curve) in Figs. 3(e)

and 3(f) show strong intensity, while at other momentum loca-
tions, the intensity seems homogeneous and relatively weak.
To comprehensively understand the contribution of f electrons
to the Fermi surface, a photoemission intensity map at Ef with
121 eV is displayed in Fig. 3(e). In comparison with that in
Fig. 2(e), more f-electron features are observed and the spec-
tral intensity is relatively strong. Moreover, the constant en-
ergy surface at 0.14 eV below Ef, where the 4f; ) state is lo-
cated as shown in Fig. 3(f), reveals similar f-electron features
but with much stronger spectral intensity.

Figure 4 shows the detailed temperature evolution of the
resonant ARPES data along I'-X from 25 K to 253 K. From
Figs. 4(al)—4(a5), the photoemission intensity is dominated
by the strongly dispersive conduction bands. At 0.14 eV and
2.95 eV below Ef, two f-electron band features are obvious.
As the red arrow indicates in Fig. 4(al), an energy gap about
0.30 eV is observed in this conduction band. With increas-
ing temperature, the energy gap seems to be closing slowly
and detailed information of the gap will be discussed later. In
order to clarify the evolution of f-electron with temperature,
figure 4(b) displays the temperature dependence of the EDCs
near Er around the I" point. As previously mentioned, the f-
electron feature near Ef originates from the 4f; ) State. With
increasing temperature, no obvious shift of the peak position is
observed, but the change of strength is obvious. The lower the
temperature, the stronger the f-electron strength. This shows
that with decreasing temperature, f electrons go through the
localized to itinerant transition. However, because the peak
position of the f states do not show obvious change as shown
in Fig. 4(b), we propose the f states are not related to the CDW
state transition in CeTes. This is consistent with the high CDW
transition of CeTes. Consequently, the abnormal energy po-
sition of the 4f; ) State originates from other reasons, which
need further investigations. In addition, the temperature de-
pendence of the energy gap observed in Figs. 4(al)—4(ad) is
also shown in Fig. 4(c). A conduction band opens an energy
gap around the X point and the gap is located at about 0.50 eV—
0.85 eV below Er. As the EDCs show in Fig. 4(c), with in-
creasing temperature, the strength of the gap decreases and the
size of the gap becomes smaller. To explain the change of the
energy gap size more clearly, we carried out multipeak fitting
processing. In Fig. 4(d), it is clear that the size of the gap is
mainly about 0.20 eV-0.32 eV and has a negative correlation
with temperature. The above phenomenon shows that the gap
is gradually closed with the increase of temperature. The be-
havior in this temperature range is similar to that of CuTe and
VTe,, which are also CDW materials, indicating that the exis-
tence of the gap may be related to the formation of the CDW

34351 However, since the CDW transition temperature is

state. |
extremely high and more than 500 K, we cannot observe the

closing of the gap at this point.
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Fig. 4. Electronic structure of CeTes as a function of temperature. (al)—(a5) Resonant (121 eV) ARPES data of CeTes taken along I'-X with
121 eV at the labelled temperatures. (b) Temperature dependence of the EDCs around the I" point in panel (a). (c) Temperature dependence of
the EDCs around the position indicated by the red arrow in panel (al). (d) Temperature dependence of the gap. The size of the gap is obtained
by multipeak fitting using the Lorentz function. The error bar comes from the mean value and standard deviation obtained by fitting.
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Fig. 5. LV- and LH-polarized ARPES results. (a), (b) Photoemission intensity distributions of CeTes taken along I'-M with 121 eV LV- and
LH-polarized photons, respectively. (c), (d) Comparison of the angle-integrated EDCs of the black dashed regions in panel (a) with 121 eV
LV- and LH-polarized photons, respectively. (e), (f) Photoemission intensity distributions of CeTes taken along I'-M with 114 eV LV- and
LH-polarized photons, respectively. (g), (h) Comparison of the angle-integrated EDCs with 114 eV LV- and LH-polarized photons, respectively.

The integrated window in panel (e) is marked with the black dashed lines.

but the change of intensity is not apparent near the I" point.
(b) A hole-like band near the M point with LH-polarized pho-
tons shows strong dispersion which is located at about 1 eV
below Ep, while it is absent with LV-polarized light. (c) The
4f; J State near the M point is enhanced when the polariza-
tion is changed from LH to LV, while the state near the I"

To illustrate the effect of different polarized photons on
the band structure, LV- and LH-polarized ARPES measure-
ments were further conducted as shown in Fig. 5. From
Figs. 5(a)-5(d), there are three prominent features: (a) the in-
tensity of f bands near the Fermi level with LV-polarized pho-
tons is stronger than with LH polarization near the M point,
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point does not show significant difference with the light. The
anisotropy of the orbitals may be a pivotal factor that induces
the above phenomena. The variations of the f band and the

band at 1 eV below Er (see more apparent in panels (e)—(h))
with different polarized photons display obvious discrepancy,
which indicates diverse orbital symmetries.
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Fig. 6. Comparison of the electronic structures between surface and bulk of CeTes. (a) The inelastic mean free path of the photoelectrons as a
function of kinetic energy (bottom axis) and incident photon energy (top axis). Different colors represent the separation of the energy ranges of
vacuum ultraviolet (VUV) and soft x-ray light.[3®! (b) The moment cuts along the k, direction with photon energies of 7 eV and 21.2 eV. In order
to indicate the k, positions with different photon energies, we mark them in the same BZ. (c), (d) Photoemission intensity distributions of CeTes
along I'-M near the I" point with (c) 7 eV photons and (d) 21.2 eV photons. (e) Angle-integrated EDCs of CeTez with 7 eV and 21.2 eV photons

over the momentum range of [—0.04 A 004A™ ]

To compare the band structures of the surface and the
bulk, we conducted ARPES measurements with 7 eV and
21.2 eV photons. Figure 6(a) displays the approximate inelas-
tic mean free path of different photon energies, from which we
find the measurements performed with 7 eV photons are more
bulk sensitive than those taken with 21.2 eV photons. In the
photoelectric process, the electron inelastic mean free path in
solids with 21.2 eV is less than 1 nm or 2 monolayers, which
makes the results more easily affected by the surface, while
the inelastic mean free path of electrons with a laser is about
3-5 nm or 6-20 monolayers, so the detected photoemission
signals are much more bulk sensitive. To exclude the effect
of band structure discrepancy at different k, positions, the mo-
ment cuts along the k, direction with photon energies of 7 eV
and 21.2 eV are shown in Fig. 6(b). To compare directly, we
mark them in the same BZ, and find that the moment cuts taken
with both energies locate at approximately k, = 17.6% 27/c
along I'-Z (M-A). Here we define k; = 0 for the I points.
Photoemission intensity distributions along I'-M display ap-
parent discrepancies in Figs. 6(c) and 6(d). Three major bands
can be observed in the 7 eV spectrum, which are located at
binding energies of 0.24 eV, 0.44 eV and 0.66 eV. These three

bands can also be observed in the EDCs in Fig. 6(e). With
21.2 eV photons in Fig. 6(d), the band structure is quite dif-
ferent. Only two bands can be observed: one is narrow and
locates at the lower binding energy, while the other is fairly
broad and may consist of two peaks. The peak at 0.24 eV be-
low EF is almost at the same location with different photon en-
ergies as shown in Fig. 6(e), and the broad peak with 21.2 eV
photons is at a similar position with the two peaks at 0.44 eV
and 0.66 eV below Er with 7 eV photons. To illustrate the in-
tensity difference of the three bands in Figs. 6(c)-6(e), we can
refer to the photoelectric cross section as a function of photon
energy in Fig. 6(b).[*”] With regard to the Te 5p orbital, the
photoelectric cross section increases with decreasing photon
energy in the range of low photon energy. This tendency is
consistent with our experiment results and gives a reliable rea-
son for the intensity differences of the two peaks at the binding
energies of 0.24 eV and 0.66 eV. As for the peak at 0.44 eV
below Ef, a reasonable deduction is that the hybridization be-
tween the 0.44 eV peak with other states may influence the
intensity.

For CeTes, a prototypical CDW material, our research
focuses on its f-electron features and additional influencing
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factors such as temperature, light source energies and photon
polarization. We observe that the f electrons present a dis-
persive quasiparticle band, indicating hybridization between
the f electrons and conduction electrons. At the same time,
the f electrons go through a localized to itinerant transition
with changing temperature, which is common in other HF

(38401 Besides, we find an energy gap in one con-

materials.
duction band, and the strong temperature-dependent behavior
indicates that it may be related to the CDW transition. LV- and
LH-polarized ARPES measurements reveal anisotropy of the
orbitals with the same band, which shows different changes
of intensity around the I and M points, and diverse orbital
symmetries with different bands displaying various chang-
ing trends. With different energies, surface and bulk band
structures are fairly similar in the locations of peaks, indicat-
ing the three bands observed in the valence band structure in
Figs. 6(c)-6(e) are from the bulk state, which is common in

some Ce-based materials. [#1-43]

4. Conclusion

In summary, we have performed XRD, physical prop-
erty and high-resolution ARPES measurements of the CDW
f-electron compound CeTes. Our results illustrate the com-
prehensive electronic structure and f-electrons features in this
CDW material. We find a weakly dispersive quasiparticle band
around Ef which reflects the hybridization between f electrons
and conduction electrons. Additionally, the localized to itin-
erant transition of f electrons and the energy gap probably in-
duced by CDW are observed. We also discuss the influence of
different photon energies and polarized photons on the band
structure. Our findings illustrate the f-electrons properties in
the CDW state of CeTes, revealing differences between the
traditional HF materials and the CDW one, and contributing
to the understanding of the microscopic properties of CeTes
and other rare-earth tellurides.
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