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We studied the electronic structure of rare-earth ditelluride (ReTez: Re = La, Pr, Sm, and Gd)
by using photoemission spectroscopy. From the X-ray photoelectron spectroscopy (XPS) study of
the 3d core levels of the rare-earth elements, we found that all the rare-earth elements were trivalent.
We also made theoretical calculations using the Gunnarsson and Schonhammer approximation and
multiplet calculations for the rare-earth elements, and found that the La and Gd 3d peaks were well
explained by our calculations. There was very little change in the lineshapes of the Te 3d peaks of
different rare-earth elements. On the other hand, the valence band spectra studied with ultraviolet
photoelectron spectroscopy (UPS) showed a slight change in the Te p band for different rare-earth
elements. According to the UPS data, LaTes had a very low carrier density at the Fermi level while
SmTes and PrTes show strongly metallic characters near the Fermi level.

I. INTRODUCTION

The physical properties of the rare-earth metal-
chalcogenide compounds ReX,, (Re denotes rare earth
elements; X denotes S, Se, or Te) are very impor-
tant areas which have not been explored much in solid-
state physics. Especially, rare-earth-based compounds
with layered structures, which are strongly correlated
f-electron systems with a low charge carrier density,
are being intensively studied nowadays [1,2]. Further-
more, ReX,, compounds are of great interest because
they might show a charge density wave (CDW) transition
as seen in NbSez and have two dimensional properties.
However, the physical mechanisms of the magnetic tran-
sition and the interplay between electrical resistance and
magnetic interaction are not fully understood yet. So
far, these materials have been hardly studied by photoe-
mission spectroscopy.

Among the ReX,, compounds are members that var-
iously host large commensurate distortions, ordered
and disordered vacancy structures, and small-amplitude
fermi-surface-driven CDWs. These materials have lay-
ered structures in which corrugated cubic rare-earth
chalcogen slabs alternate with planar chalcogen square
lattices [3]. The ReXs compounds have a remarkably
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simple electronic structure, as the bands associated with
the rare-earth chalcogen slab atoms do not contribute
to the fermi surface, which is entirely derived from the
square chalcogen sheets. Tight-binding band calcula-
tions for square chalcogen lattices reveal a simple fermi
surface geometry with substantial potential for nesting
[4]. A recent study of LaTey and rare-earth tritellurides
by using transmission electron microscopy showed that
the CDWs were stabilized even at room temperature
[3,5]. This CDW distortion may be responsible for the
large resistivity value.

In this work, we studied the electronic structure of
ReTe; (Re = La, Sm, Pr, or Gd) with rare-earth and
Te 3d core-level and valence band photoemission spec-
tra. From the X-ray photoelectron spectroscopy (XPS)
study of the 3d core levels we found that the rare-
earth elements of ReTey; were trivalent. We had also
made theoretical calculations using the Gunnarsson and
Schénhammer scheme for Anderson Impurity hamilto-
nian for the rare-earth elements and found that the La
3d peaks were well explained by our calculations. For
the Pr and Sm, we found weak satellite structures in the
main peaks. These structures were caused by hybridiza-
tion with legands. The Gd 3d peaks and their satellite
structures agree well with the muliplet calculation.
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Fig. 1. Photoemission spectra of the rare-earth 3d core
level of (a) LaTes, (b) PrTez, (c) SmTes, and (d) GdTe:
taken with an Al-Ka (hv = 1486.6 eV) radiation source.
The X-ray satellite contribution is subtracted from the raw
data. The filled circles represent the experimental data, the
dashed lines the background, and the solid lines in (a) and
(d) the fitting results using the GS approximation [14] and
the multiplet calculations, respectively.

The valence band spectra studied with ultra vio-
let photoelectron spectroscopy (UPS) showed a slight
change in Te p band depending on the rare-earth ele-
ments. The spectrum of the LaTe, valence band showed
a very low carrier density at the Fermi level, indicative of
a semiconduction character. The valence band spectra
of Sm and Pr ditelluride had almost the same line shapes
and slightly broader bands than the La spectrum, and
we saw that they had strong metallic characters. The
Gd sample also showed a slightly metallic behavior with
a relatively small Fermi edge.

This paper is organized as follows: In Sec. II, experi-
mental details are described. In Sec. III, XPS and UPS
results for ReTe, are presented. Finally conclusions are
summarized in Sec. IV.

II. EXPERIMENTS

We made the ReXs samples (Re = La, Pr, Sm, and

Gd) as described elsewhere [6]. The overall size of these
samples was 5 mm in diameter. The crystal structures of
all samples were checked using X-ray analysis. In order
to obtain clean surfaces for photoemission spectroscopy
measurements, we scraped the samples in situ. Photo-
electron spectra were taken by using an HA-150 con-
centric hemispherical analyzer (VSW Scientific Instru-
ments) at room temperature; the analyzer was attached
to an ultra high vacuum (UHV) system. During the ex-
periments, the pressure was better than 2 x 107 mbar.
We used Al-Ka (hv = 1486.6 V) radiation for the mea-
surement of the rare-earth 3d and Te 3d peaks, and He 1
and He IT (hv = 21.2 and 40.8 eV, respectively) radiation
for the measurement of the rare-earth 4f and valence-
band spectra. The overall instrumental resolutions were
better than 1.0 eV (XPS) and 100 meV (UPS) includ-
ing the photon energy width. The O 1s and the C 1s
signals were measured to check whether that the sam-
ple surface was clear of other contaminants. In the UPS
experiments, we did not observe any oxygen- or carbon-
related peaks. However, in the case of XPS, O 1s and C
1s core-level peaks were detected. These C and O peaks,
we think, came from the sample holder since a wider
area was usually covered by the X-ray source than the
He discharge lamp (beam size <1 mm). Therefore, we
calibrated all core level spectra against the C 1s peak.

III. RESULTS AND DISCUSSION

Figure 1 shows the 3d core-level spectra of LaTes,
PrTe;, SmTes, and GdTey, which are typical of rare-
earth compounds. In all four spectra, we can see the
double-peak structures of 3ds/, and 3dsz/p, which are
due to spin-orbit splitting, and their satellites as in other
rare-earth compounds [7-10]. The fact that each 3d core-
level spectrum is very similar to those of other triva-
lent rare-earth compounds suggests all the rare-earth el-
ements are trivalent.

The La 3d spectra of LaTey in Fig. 1(a), like these of
other rare-earth compounds, show a double-peak struc-
ture near 840 eV due to spin-orbit splitting with e;,_g =
16.8 eV. The large structure on the higher binding energy
side of the main peak is the La Auger peak. Also we can
see a satellite structure on the lower binding energy side
of each spin-orbit main peak. This satellite structure has
been observed before in typical trivalent La compound
like Las O3 and is known to be caused by f hybridization
with conduction states [11]. As in other trivalent La com-
pounds, the main peak and the satellite structure can be
ascribed to 3d4f° and 3d4f! peaks (underline denotes a
hole state), respectively. The Anderson impurity Hamil-
tonian (ATH) can give a quantitative description of the
spectral profiles as compared with experiments. In the
formulation of Gunnarsson and Schénhammer (GS),the
ATH the can be written as:

H = E Ekgair(o_akg—FafE aingam,a
ko mo
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+[Ecnc + Ufc(l - nc) Z afingama] (1)
mo
This Hamiltonian contains a conduction band with en-
ergy dispersion €y, an impurity atomic level with degen-

eracy Ny, and an energy ¢ (bare f-level energy) corre-
sponding to the total energy difference between consec-
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utive f-occupations when hybridization and f-Coulomb
correlation energies are ignored. Uyy is the on-site f-f
Coulomb repulsion, which is the energy needed for the
formation of two non-interacting f"~! and f"*! states.
Vkm is a hopping matrix element between the f orbital
and a conduction state. The last term in the second
square bracket is considered in order to describe the ex-
citations of a deep core level at an energy e., where Uy,
is the attraction energy between an f state and the core
hole, and n. is the electron occupation in the core level
[12]. Tt is useful to introduce new one-particle states

le,mo) = V(€)™Y V*i(e — )|k, 0)
k

by using the assumption [13,14]

> Ve Vemdle =) = > |Vil*6(e — er)dmm: = [V(€)]*Smmr
k

k

The AIH can now be rewritten as

Ny

H = Z [/ eazuawde + [ef — Upe(l — ne)) a:r,al, + / [V(e)alaw + H.c} de +U Z Ny | + €ne + H,

v=1

We have introduced a combined index v = (m, o), and
the factor \/p(e€) is absorbed in V(€), where p(e€) is the
conduction density of states (DOS).

Calculations of core-level XPS spectral functions us-
ing the AIH show that the satellite structure depends
strongly upon the hybridization strength. According to
the calculations, the satellite of La 3d on the lower bind-
ing energy side is the well-screened 3d peaks which arise
when charge is transferred to the 4f level from ligands.
For the model calculations using the Gunnarsson and
Schénhammer approximation [14], we used the following
set of model parameters; the hybridization parameter
V = 0.04 eV, the correlation energy between rare-earth
4f electrons Usy = 5.0 eV, the core-f Coulomb attrac-
tion interaction Uy, = 6.7 eV, the 4f-level energy rel-
ative to the Fermi level e = 1.7 eV, the 3d core-level

v<p

binding energy e3;= 836.4 eV, and the spin-orbit split-
ting €34, .= 16.8 eV. Also we use the Te p band which
is gotten from the UPS data as |V (¢€)|? by assuming a
constant hybridization strength [15]. Using this set of
model parameters, we found that the experimental La
3d line shape could be well explained as shown with the
solid line in Fig. 1(a). Table 1 shows a summary of these
fitting results.

Figure 1(b) presents the Pr 3d XPS core level spectra
with a double-peak structure due to spin-orbit splitting
(Ep 35, = 933.6 eV and Fr_g =19.9 eV); the spectra
are like those of other rare-earth compounds. Although
the surface of the sample was cleaned and scraped, the
1s peak of oxygen could still be observed. In PrTes, the
extra structure around Eg = 975 eV can be identified
as an oxygen K LozLos Auger line. The sample size of

Table 1. Values of binding energy, spin-orbit splitting, and linewidth for the 3d peaks of ReTes rare-earth compounds . The
results for LaTe, are obtained from our calculation by using the GS formulation [14], and the values for GdTe; are obtained
from Hartree-Fock-Slater multiplet calculations. In the case of Pr and Sm, we approximately get these values from the figures.

Sample | €5/2 L-S splitting FWHM ef \%4 Uy Uye
LaTes 836.4 16.8 2.7 1.7 0.04 5.0 6.7
PrTe, 933.6 19.9 3.9
SmTes 1083.6 26.8 3.6

GdTe: 1187.7 32.5

5.3
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Fig. 2. Te 3d core level spectra of rare-earth ditellurides
in LaTes, PrTes, SmTes, and GdTes taken with Al-K«
(hv = 1486.6 e¢V) radiation source. The filled circles rep-
resent the experimental data, and the solid lines the curve-
fitting results. X-ray satellite contribution is subtracted from
the raw data.

the PrTes;, 3 mm in diameter in these experiments is
much smaller than those of other rare-earth tellurides.
These oxygen peaks, as discussed above, are considered
to come from the sample holder when special regard is
paid to the fact that the aperture size of the analyzer de-
termining the sampling area is 5 x 10 mm. The complex
structure of 3dz/, might be due to a 4f-induced multi-
plet. According to recent works on praseodymium oxide,
the praseodymium ions in ProO3 and PrO; are trivalent
with a 4 f2 and tetravalent with a 4 f! configuration in the
ground state [16]. The Pr 3d XPS spectra in this experi-
ment are analogous to those of trivalent of ProOs. In the
final state of the trivalent Pr 3d XPS spectra, according
to the ATH scheme, the 4f2 and 4f3L configurations are
strongly mixed through covalency hybridization. Weak
structures, which are related to hybridization, can also
be seen at EFg = 927 and 948 eV.

Figure 1(c) shows the XPS spectrum of SmTe; in the
Sm 3d core region. The peaks around Ep = 1084 and
1110 eV are ascribed to the ﬁ5/24f5 and 37(13/24f5 states

of the Sm®* ion (3d stands for the core hole state with
a 3d° configuration), respectively. We can also see weak

extra structures in the higher binding energy region of
each main peak. We think they are die to a 4 f-induced
multiplet effect as in other rare-earth compounds, and
this structure is in good agreement with that of triva-
lent Sm [17]. In the lower Ep region of each of the main
peaks, namely, at Ep = 1075 and 1100 eV, other remark-
able structures related to the Sm?* ions, which are as-
cribed to 3d4f, are observed. We can think of two pos-
sible origins for these divalent peaks: a surface-valence
transition or the mixed-valency of Sm in the bulk of
SmTes. We believe the surface-valence transition, where
the valence of the Sm ion is different from that of the
bulk as observed in many rare-earth compounds, is the
more probable origin for the following reasons: First,
since the kinetic energy for this photoelectron is about
170 eV, the surface sensitivity is quite high, so we expect
an appreciable part of this core-level spectrum to come
from the surface [18]. Second is a comparison between
the Sm 3d and 4d core-level spectra. The multiplet struc-
tures are more prominently observed in the Sm 4d core
level spectra (not shown here). Since the kinetic ener-
gies are larger than 1100 eV and the surface sensitivity
is less than that from Sm 3d XPS, the 4d4f% compo-
nents should be observable in the smaller Ep region of
the 4d%4 f° multiplet structures in the Sm 4d XPS if the
Sm in SmTes is mixed valency. However, we can not see
any remarkable structure in Sm 4d, which indicates the
Sm bulk has a trivalent character in SmTe;. Third is
the magnetic property of SmTe. It is thought that the
ground states of the Sm3* and the Sm?* ions are repre-
sented by J = % and 0, respectively. Thus, no magnetic
moment is expected for the latter state. Also, the triva-
lent Sm ion is consistent with the magnetic susceptibility
of SmTe;_, [19].

Figure 1(d) shows the Gd 3ds/, and 3ds/, peaks of
GdTes. These data exhibit main and satellite structures
as in other trivalent Gd compounds. The extra peak of
the 4f7 — 3d°4f7 electronic configuration appears at a
higher binding energy for the trivalent Gd compounds
due to the 3d4f7 final state multiplet structure, which is
well understood both in theory and experiment [20].

In Fig. 2, we show the X-ray photoelectron spectra
of the Te 3d core-level of LaTey, PrTey, SmTes, and
GdTe;. We note that the positions and the full widths at
half maximum (FWHM) of the peaks appear to have al-
most the same values for all rare-earth compounds. This
similarity in the Te 3d spectra, we think, supports the
foregone conclusion that all the rare-earth elements have
the same 3+ valence. In that case, the Te ligands would
have a similar chemical valency. On the other hand, a
careful inspection reveals that the line widths of Te 3d
is slightly broader than in typical Te basis II-VI semi-
conductors [21], which is likely due to two probable Te
sites in ReTes. As we noted before, ReTey is a strongly
two-dimensional material. There are two crystallograph-
ically different sites for Te atoms in the structure. One
of the Te atoms sits in the corrugated cubic layer of the
rare-earth and Te atoms, and the other in the planar
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Table 2. Curve fitting results of Te 3d for ReTes com-
pounds. €5/2, L-S, L-W, and G-W represent the binding en-
ergy of 3ds/2, spin-orbit splitting, the Lorentzian width, and
the Gaussian width, respectively. All the values are given
in units of eV. The binding energy, the L-S splitting, and
Lorentzian width are free parameters in our fitting. We used
the Gaussian width to represent the instrumental resolution.

Sample | €5/2 L-S L-W G-W
LaTes 572.37 10.4 1.1 1.0
PrTes 572.28 10.3 1.1 1.0
SmTe, 572.32 10.4 1.1 1.0
GdTe, 572.27 10.4 1.1 1.0

square lattice sheet of Te atoms [19]. Therefore, we ex-
pect the Te atoms at the two different sites to experience
different chemical environments, leading to a slight dif-
ference in the Te 3d spectra. The curve fitting results
are summarized at Table 2.

Figure 3 is the valence band spectra of rare earth ditel-
lurides taken with a He I (hv = 21.2 V) discharge lamp.
Experiments using a He II source produce more or less
similar data when the background is properly subtracted.
The valence-band spectra with the He T and the He II
sources also attest to the quality of the samples since
these spectra do not show any O- or C-related structure.

In Fig. 3, the valence-band spectra of ReTe, are
shown. The Fermi level of each spectrum and the spec-
tral position were determined using the Fermi edge of
the Ag valence band measured at the same experimen-
tal cycle as the ReTes data. These valence-band spectra
taken with a He discharge lamp mainly reflect the Te
5p-band because the photoionization cross-section of the
rare-earth 4f level is much smaller than that of the Te
5p-band at this photon energy [22]. Furthermore, in the
case of Gd and Sm, the 4f level is located far below the
Fermi level [23].

In the valence-band spectra of rare-earth ditelluride,
one can see that there is a slight change in the Te p-
band depending on the rare-earth element. Interestingly
enough, the spectrum of LaTes shows a very low carrier
density at the Fermi level, which is indicative of a semi-
conducting character. This semiconducting character is
also consistent with the satellite structures of the La 3d
core level. However, the semiconducting behavior con-
tradicts the results of the band calculations. The elec-
tronic structure of LaTes was calculated using a tight-
binding model [3], first principle calculations [24], and a
precise one-electron full-potential linearized-augmented
plane-wave (FLAPW) method [25]. Unlike the exper-
imental findings, all the band calculations agree that
LaTey is metallic with a majority contribution at the
Fermi level coming from the 5p of the Te square sheet in
the tetragonal c-plane.

The spectra of the Sm and the Pr valence bands have
almost the same line shapes and slightly broader bands
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Fig. 3. Valence-band spectra of the rare-earth ditellurides
LaTeg, PrTes, SmTey, and GdTe; taken with a He I (hv =
21.2 eV) discharge lamp. All spectra are normalized by the
maximum peak height, and the Fermi level is marked by the
vertical line. The Fermi edge is clearly seen in the data of
PrTez, SmTez, and GdTe,.

than the spectrum of the La valence band. From the
data, we conclude that the Sm and the Pr samples are
metallic. The Gd sample also shows a slightly metallic
behavior with a relatively small density of states at the
Fermi edge.

IV. SUMMARY

We have presented the core-level and valence-band
spectra of ReTes (Re = La, Pr, Sm, or Gd). The 3d core-
level spectra obtained from X-ray photoelectron spec-
troscopy of rare-earth elements show that all the rare-
earth elements are trivalent. In the case of La 3d core
levels, main peaks and satellite peaks denoted as 3d4 f°
and 3d4f' are well described by our calculation using
the formulation of Gunnarsson and Schonhammer for the
Anderson impurity Hamiltonian. According to our cal-
culations, the satellites arise from the hybridization of f
electrons with the ligand Te p level. The 3d structures
of Gd, Pr, and Sm are interpreted as arising either from
multiplet effects due to f electrons in a photoemission
process or from surface-valence transition phenomena.
In particular, the Gd 3d peaks are in good agreement
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with the calculated 3d XPS of 4f7 ion, which corresponds
to the 3d?4f7 electronic configuration. In the Te 3d core
levels obtained from the XPS, we found no change in the
line shapes of the Te 3d peaks within the resolution of
our experiment. However, there is evidence of two chem-
ical environments at the Te site. Valence-band spectra
studied using UPS show that there is a slight change in
the Te p band, depending on the rare-earth elements.
Our data show that LaTe; has a very low carrier density
at the Fermi level in contrast to the prediction of the
band calculations. On the other hand, the Sm and the
Pr samples show strongly metallic characters near the
Fermi level in our data.
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