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Abstract

The oxytelluride are layered structure materials shows low lattice thermal conductivity and
hence making them suitable for high temperature thermoelectric materials. We report the
electronic structural properties of rare-earth doped oxytellurides [LnyO,Te (Ln=La, Sm and
Gd) ] prepared by solid state reaction method. This research is focused on the suitability of
rare-earth oxychalcogenide as a thermoelectric material using electronic structure investiga-
tions. The X-ray absorption spectra at O K-edge show the O 2p bonding with Ln 5d and
4f and Te bs states and the Ln M-edges show that the valences of Ln are to be trivalent or
mixed state. The Ln M-edges are also simulated with Cowan code, and electronic structures
of these oxytellurides are discussed. The substitution of different rare earth metals at the
Ln-site, may enhance the thermoelectric property and stability of the material.

Keywords: Rare earth alloys and compounds, NEXAFS, synchrotron radiation

PACS: 71.20.Eh, 78.70.Dm

*Corresponding author: Phone/Fax: ++91-9779713212,
Email address: sgautam@pu.ac.in (Sanjeev Gautam)

Preprint submitted to Vacuum September 10, 2018



1. Introduction

The rare-earth based oxychalcogenides belong to the group of compounds with oxygen,
sulfur, selenium, and tellurium. Rare earth chalcogenides with high oxygen concentration
result in a distinct and nearly stoichiometric oxychalcogenides, Ln,O,X (X =S, Se, Te).
These compounds have many interesting optical, electrical, magnetic and thermoelectric
properties and are very promising candidates for many diverse practical applications in
lasers, wide gap electro-luminescent devices, LED phosphors and scintillation detectors |1,
2, 3.

Surprisingly, few studies have been carried out in these compounds especially in oxytel-
lurides due to technical difficulties in the sample preparation. The rare-earth oxytellurides,
LnyOsTe (Ln = La-Nd and Sm-Ho) crystalizes in the tetragonal crystal structure, space
group I4/mmm (space group 139) with two(2) formulas per unit cell [2, 4]. Such a crystal
structure is an anti-ThCr,Sis-type, where the Ln3* positive ions are surrounded by eight
-ve ions (40%" and 4Te?") in a distorted square antiprism structure. These polyhedra are
links together in manner that provides a well maintained crystal structure along with charge
balance [4]. If the rule of electron counting is followed, then the oxidation states of Ln, O
and Te are expected to be 3+, 2- and 2-, respectively. Llanos et al. have also investigated
the magnetic, optical properties along with electronic structure of LnyOsTe (Ln=La, Sm
and Gd) [4].

The rare-earth oxychalcogenides have a similar electronic structure as compared to
BipOoX (X=Se, Te), whose lattice thermal conductivity is of the range of the glass like
structure. So, there is a possibility that LnyO;Te (Ln=La, Sm and Gd) should show a
similar behavior[5]. The operating temperature of this structure is approximately 800 K
because of the decomposition factor (~ 1200 K), which limits its temperature range. A suit-
able study of LnyOsTe (Ln=La, Sm and Gd) , could give an idea to enhance the operating
temperature and hence to make it a suitable candidate for high temperature thermoelectric
material.

Bi,O,Te material consists of (BiyOs)?" layer and Te?~ square net layer, alternatively



arranged along the c-axis, making a layered structure material. The oxygen anions are
tetrahedrally coordinated by 4 Bi cations at a distance of 2.3434 A forming fluorite type
slabs. Each Bi cation is at the center of the square antiprism, surrounded by 4 O and 4 Te
anions. The reported figure of merit for BioOyTe is approx. 0.13 at 573 K because of the low
charge carrier concentration[5, 6]. Hence, if the charge carrier concentration is enhanced,
higher figure of merit can be achieved. Also, as the thermal conductivity decreases with
increase in mean atomic weight, so replacing Bi-atom by a RE-metal may show even lower
thermal conductivity as compared to BisOsTe and BisOsSe [7]. The modification in the
electronic structure due to the substitution of rare-earth(RE) metal at Bi-site (Ln-site),
could help in comprehending the variation in the thermoelectric properties.

Among the spectroscopic techniques, the near-edge X-ray absorption fine structure (NEX-
AFS) spectroscopy gives specific information about the unoccupied states. NEXAFS spec-
troscopy is an effective tool to study 4 f-electronic states of rare-earth compounds and has
clarified the origin of their unique behavior. This study provides information about elec-
tronic and atomic structure. Using these studies one can understand the bonding of O
with rare-earth ions, valence of rare-earth ions and resulting electronic structure, which
determines their optical and magnetic properties.

Present study focuses the electronic structure of LnyOsTe (Ln=La, Sm and Gd) using
NEXAFS spectroscopy with special reference to the nature of O 2p bonding and valence

states of the rare-earth ions.

2. Experimental

Compounds reported in this paper were synthesized starting from the respective (Sigma
Aldrich 99%) pure oxides (LasO3 SmyO3 and GdyO3 ) and elemental tellurium. The reac-
tants, elemental tellurium and respective rare-earth oxides, were adjacentely placed in an
alumina boat and heated for 5 hrs under controlled hydrogen flow at 950 K. Sample prepa-
ration details are described in literature [4]. The crystalline phase and composition were
analyzed using X-ray diffraction (XRD), and energy-dispersive spectroscopy (EDS), respec-

tively [4]. For electronic structure investigation, NEXAFS measurements were carried out
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at the 10D (XAS KIST) beamline of Pohang Accelerator Lab. (Pohang, South Korea) with
3 GeV energy and 300 mA storage ring current in top-up mode. These measurements were
performed at ultra-high vacuum (~ 1072 Torr) at 300 K (RT) with a beamline resolution
about 0.6 eV at O K-edge energy. All spectra were normalized to the post-edge step height

using Athena, after a constant background subtraction [8].

3. Results and discussion

3.1. Structural study

The XRD patterns of LnyOsTe (Ln=La, Sm and Gd) reflect the crystallinity and ho-
mogeneity of the prepared samples, as described in an earlier publication [4]. The crystal
structure is discussed as an anti-isotype with ThCrySis, where the Ln®T +ve ions are sur-
rounded by eight -ve ions (40?~ and 4Te?")[4, 9]. The highest intense peak for LnyO,Te
(Ln=La, Sm and Gd) is observed at 30°. The experimental pattern agree with the calculated
pattern from ICS database[10], which is also well supported as discussed by Llanos et al.
and Weber et al. .

3.2. FElectronic structure through NEXAFS

3.2.1. O K-edge NEXAFS

Figure 1 shows the normalized O K-edge NEXAFS spectra for LnyOsTe compounds. All
the major spectral features at 529.5, 535, and 538.9 eV are marked as A;, By and C;. In
general, O K-edge spectrum provides information about the unoccupied O 2p states[11, 12].
Usually, rare earth oxides show two broad spectral features associated with O-2p hybridiza-
tion with Ln 5d states. Nachimuthu et al. and Lee et al. observed two broad peaks centered
at 532 eV and 537 eV [13, 14]. As evident in the inset of Fig. 1, three major spectral
features are clearly seen in this case of rare-earth tellurides. The post-edge feature (C;) may
be assigned to the complex hybridization of Lin 4 f-5d-states with O-2p states. Based on the
electronic configuration, in trivalent state, La has no electrons, Sm 5 electrons and Gd 7

electrons in the 4f level.
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Figure 1: (Color online) Normalized NEXAFS spectra at O K-edge of LnyOyTe (Ln=La, Sm and Gd) .

Sm is one the “anomalous” rare-earths (together with Ce, Eu and Yb) which may
adopt two different valence states according to external parameters (pressure, temperature,
stresses, etc.) or internal parameters (chemical pressure, stoichiometry, etc.)[15, 16]. C1
feature is representative of the mixed valance state, which is shown by Sm but not by La
and Gd. Small C1 feature is also indicative of oxygen vacancy, which may be possible due to
large La-series size. In contrast to this, the pre-edge feature (A;) is highest for Gd and then
decreases for Sm and La, respectively, which is direct evidence of O-2p hybridization with
Ln 5d states. There is an extra feature seen for Smy;OyTe as assigned by an up-arrow, at the
post-edge, which may be due to the extra-vacancies in this compound responsible for large

Van Vleck contribution as reported earlier [4, 17]. Suljoti et al. assign these peaks A; and
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C1 to Ln-O covalent bonding. The difference in their spectra may arise because of variation
in crystal geometry, coordination numbers, and particle shape. Shifting of this peak towards
the lower energy and strengthen across the series may indicate change of bonding and hence

of valence state [18].

3.2.2. Ms4-edge NEXAFS

NEXAFS spectra at Ms 4-edge on Ln-ions is a useful technique to comprehend the ground
state 4 f electron occupancy and hybridization state, which reveal the (average) valence state
of the lanthanide ion[19]. Therefore, the M5 4-edge absorption spectra of lanthanide ions is
collected by monitoring the lanthanide MNN Auger lines in a fixed energy window. The
NEXAFS spectra for La/Sm/Gd M-edges as shown in Fig. 2 (a, b & ¢, resp.) shows two
peaks positioned at 830, 845 eV and, 1075, 1105 eV, and, 1188, 1218 eV respectively. These
peaks are assigned to the 3d-4f transition and the separation between the peaks is due to
the spin-orbit splitting of the 3d5/2(Ms) and 3ds/2(M4) level. The reason to the multiplet

feature in each of the peaks is the spin-orbit moment coupling of 3d and 4 f states [18, 20].
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Figure 2: (Color online) Normalized NEXAFS spectra at (a) La Ms 4-edge for LasO2Te, (b) Sm M5,4-edge
for SmpO2Te, and (¢) Gd M5 4-edge for GdaO2Te.

The 4f electrons in the lanthanides are screened from interatomic interaction of outer
5s and bp orbital, owing to its overly localized nature. As a result of this, 4f orbital
behaves as a strong centrifugal barrier in core-hole potential. Hence the contribution from

the higher empty nf states (n > 5) in the absorption spectra is suppressed. On the other
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hand, low density of the higher np empty states (below the conduction band) contribution
is weak[20]. In view of the above, the Mj;4-edge absorption spectra are mostly due to
3dP04 " —3d%4 "+ electronic transitions. Every distinct M5 and My absorption line indicate
a significant multiplet structure, which is governed by the Coulomb and exchange interaction
between the 3d? core hole and the 4f electrons (strong 4f shell localization) and the spin-
orbit coupling of the core hole and 4f electrons (j — j coupling), i.e., the fine structure is
due to the intermediate coupling of the 3d° hole and 4f electrons in the lanthanide ions.

The distinct fine structure and different intensity ratios between the muliplets is due
to spin-orbit interaction between electrons of 4f-shell and exchange interaction between
electrons of 3d holes and 4f electrons, which further depends upon the number present in
the 4f shell. Therefore, the fine structure pattern of the M;4-edge absorption spectra is
a indication of the electronic configuration of the 4 f subshell and which further unveil the
(mean) oxidation state of the Ln-ions. The fine structure of the rare-earth oxychalcogenide
samples obtained using X-ray absorption spectra is further strongly supported by Thole
et al. , where they have used Cowan’s atomic multiplet Hartree-Fock calculations with
relativistic corrections [21] in the intermediate coupling, i.e., including all the states of the
4™ configuration for the ground state and 3d%4 f"*! final state, for all the lanthanide ions
and for all ionization states known in the solid state. This comparative study reveals that
Ln-ions are in 3+ oxidation state, making ground state occupancy of 4f° — 4f13 for La to
Yb.

In Figs. 2 (a,b & ¢), we have simulated the calculations for La, Sm and Gd-ions using
Cowan code in CTM4XAS 5.0 as discussed by Thole et al. . The calculated NEXAFS spectra
are compared with experimental data collected at the XAS beamline. In the case of La and
Sm, an electronic ground state configuration of 4f° and 4f° is revealed respectively, while
for Gd-ions an electronic ground state configuration of 4f7 is observed. Theoretical study
indicate that the oxidation state of La and Gd-ions are 43, while mixed oxidation state of
+2/43 was observed in case of Sm-ions. The M;, NEXAFS spectra were recorded in the
electron yield (TEY) mode, which allows observation of surface induced valence changes due

to its moderate surface sensitivity. Hence, it is predicted that due to a small crystallite size
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of the samples, there is no surface induced valence changes.

The La/Sm/Gd M-edge spectrum in Figs.2 (a, b & c) involve pre-threshold peaks and a
giant peak, in good agreement with the 4d-4f transition [22, 23]. The spectral features of
La and Gd M-edges exhibit trivalent states and the Sm M-edges appear to indicate trivalent
state or mixed valence state as the peak shape matches with trivalent state, with mixed

feature of divalent and peak broadening [4, 18, 24].

4. Conclusions

The NEXAFS measurements at O K- and Ln M-edges provide the electronic structure
of LnyOyTe (Ln=La, Sm and Gd) . La and Gd exist in trivalent state and Sm appears
to be in trivalent or mixed valence state. In BiyOsTe system, Bi exists in +2 state. So,
it is expected that rare-earth oxychalcogenide may show better electric conductivity than
Bi;OsTe system, because of higher charge carrier concentration. Oxygen and change in
local symmetry may be the reason for enhanced magnetic properties in these materials as

observed in other reports.
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