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Abstract—Studying the X-ray absorption near-edge structure shows that cation substitution of a MnS matrix
with lanthanide atoms does not significantly affect the character of the local environment of metal (manga-
nese, dysprosium, thulium and ytterbium) and sulfur atoms in lanthanide-doped Lng ysMng ¢5sS (Ln = Dy,
Tm, YD) solid solutions. Comparison of the experimental and theoretical data obtained by the finite-differ-
ence method has revealed that the main contributions of the unoccupied p- and d-states of manganese and
p-states of sulfur are localized at the conduction-band bottom, both in the case of the initial MnS matrix and
in the case of lanthanide-substituted Lng sMn ¢5S solid solutions. The main contributions of unoccupied
f-states of ytterbium and thulium in Ln,ysMng ¢sS (Ln = Tm, Yb) solid solutions are shifted to the high-
energy region of the conduction band, while the f-states of dysprosium in dysprosium-doped Dy, jsMn 955
solid solutions are localized near the conduction-band bottom. According to the calculated model spectra, it
is found that the contributions of the free lanthanide d-states in Ln, ysMn, ¢5sS (Ln = Dy, Tm, Yb) solid solu-
tions are shifted to the region of the conduction-band bottom with an increase of the atomic number of the
lanthanide atom.
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INTRODUCTION

Currently, one of the areas of materials science
under development is the search for highly efficient
thermoelectric materials based on sulfides of transi-
tion and rare-earth metals [1—6]. One of the represen-
tatives of this class of compounds are cation-substi-
tuted manganese sulfides M,Mn, _,S(M is a transition
or rare-earth metal), for which there is data on high
values of the Seebeck coefficient (S ~ —8000...
900 uV/K [7—10]; §~ 18000 uwV/K [11]). The physical
properties of solid solutions can be controlled by
changing the type and concentration of substituting
atoms. However, an increase in the degree of cation
substitution in M,Mn,__,S above x > 0.05 leads to the
appearance of a metal—dielectric concentration tran-
sition, which results in a change in the electrical prop-
erties due to rearrangement of the electronic structure
in the process of cation substitution [5—7, 12, 13]. The
electrophysical properties of thermoelectric materials
largely depend on the features of the structure of the
electronic structure. The Seebeck coefficient of semi-

conductors .S can be calculated by the following for-
mula [2, 5]:

(lnﬂ + 2)nu,, - (ln N, + 2)pup
§=-klr 1 p , (D)
e nw, + pi,,

where k is the Boltzmann constant; e is the elementary
charge; N, and N, are the effective density of states in
the conduction and valence bands, respectively; n, p,
W,, and Y, are the concentration and mobility of elec-
trons (n) and holes (p) respectively. As can be seen
from expression (1), in addition to the components
associated with the concentration and characteristics
of charge carriers, the Seebeck coefficient of semicon-
ductors is determined by the distribution of the density
of states in the conduction and valence bands. Thus,
one can conclude that understanding the features of
the formation of an electronic structure is one of the
key aspects in optimizing, predicting, and interpreting
the thermoelectric properties of functional materials.
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The corresponding information can be obtained using
both experimental methods of spectroscopy and theo-
retical methods of quantum chemistry. The purpose of
this work is to conduct a comprehensive study of the
features of the formation of the conduction band of
the initial MnS matrix and L»n ,Mn,__S solid solutions
on its basis by analyzing the structure of the X-ray
absorption near-edge structure (XANES) and com-
paring experimental data with the results of modeling
the density of free states.

EXPERIMENTAL

Powder samples Ln Mn, _ S(Ln = Dy, Tm, Yb; x =
0; 0.05) were obtained by solid-phase synthesis from
industrial metal oxides in a sulfiding atmosphere.
Manganese oxide MnO, was used as the initial solid
reagents (Technical Specification (TU) 6-09-5198-
84) and rare-earth metals Dy,0;, Tm,0; and Yb,0;
(brands DiO-I, TuO-I and IbO-V) with a purity of
99.99%. A mixture of oxides in the required stoichio-
metric ratio was thoroughly ground in an agate mortar
for ~30 min. Next, the resulting mixture was placed in
a glassy carbon boat that was loaded into a horizontal
quartz reactor, in which the required temperature was
set to ~1050°C. The thermolysis products of ammo-
nium thiocyanate NH,CNS (State Standard (GOST
27067—86)) were used as the sulfiding reagent [14]. The
control of the completeness of sulfidation was carried out
by weighing and X-ray phase analysis [15, 16].

The X-ray absorption spectra of lanthanides Ln =
Dy, Tm, Yb (L; edge) and manganese (K edge) were
obtained in the transmission mode using synchrotron
radiation at the VEPP-3 storage ring at the EXAFS
spectroscopy station of the Center for Collective Use
of the Siberian Center for Synchrotron and Terahertz
Radiation (Budker Institute of Nuclear Physics, Sibe-
rian Branch, Russian Academy of Sciences, Novosi-
birsk). We used a two-crystal Si(111) monochromator
with an energy resolution (AE/E) of 1.6 x 10~*in the
studied energy range. For each sample, weights were
made for the optimal absorption jump. To obtain the
spectra, the test compounds were ground and pressed
with cellulose, transparent in the studied X-ray range.

The X-ray absorption spectra of sulfur (K edge)
were obtained in the transmission mode using syn-
chrotron radiation at the VEPP-4 storage ring on the
Kosmos metrological station at the Center for Collec-
tive Use of the Siberian Center for Synchrotron and
Terahertz Radiation (Budker Institute of Nuclear
Physics, Siberian Branch, Russian Academy of Sci-
ences, Novosibirsk). The experiments were carried out
using a two-crystal Si(111) monochromator with an
energy resolution of AE/E = 1 x 10~* in the studied
energy range. To obtain spectra using glue, the sam-
ples were uniformly applied to a Mylar film 3 um
thick. Each absorber consisted of two film layers with
a deposited sample.
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Simulation of the XANES spectra and calculation
of the partial densities of states were carried out by the
finite-difference method in the FDMNES software
package [17, 18]. The Hedin—Langqvist potential was
used as the exchange-correlation potential. To simu-
late the XANES spectra of Ln Mn,_,S solid solutions
of one and four nonequivalent manganese atoms has
been replaced by a lanthanide atom (Dy, Tm or Yb),
we used the values obtained on the basis of the X-ray
phase analysis data as the lattice parameter a. Inside
the cluster under consideration, the potential created
by atoms was described in terms of the local electron
density approximation. In the course of the calcula-
tions, the optimal cluster size of 8.5 A (out of
147 atoms) was selected, which ensures the best agree-
ment between the theoretical and experimental spectra.

RESULTS AND DISCUSSION

The X-ray absorption K edge of sulfur for powder
samples of the initial MnS matrix and L#n;ysMny ¢5S
(Ln = Dy, Tm, Yb) solid solutions are shown in Fig. 1.
A comparison of the structure of the absorption spec-
tra of MnS showed that the main features of the exper-
imental XANES spectra (features A—G in Fig. 1) are
retained for all studied compositions. The similarity of
the structure of the spectra of cation-substituted solid
solutions and the initial matrix allows us to conclude
that in Lnj (sMn, ¢sS, the structural type of the initial
matrix is retained, and the nature of the local environ-
ment of sulfur atoms does not change. It can also be
noted that the energy position and structure of the
absorption spectrum sulfur K edge for the MnS matrix
agrees well with the data obtained in [19—21]. The
obsence of the changes in the pre-edge structure (fea-
tures A and B in Fig. 1) of the absorption edge of the
solid solutions indicates that cation substitution does
not significantly affect the nature of the local environ-
ment of sulfur atoms.

To study the features of the formation of the con-
duction band, modeling of the experimental XANES
spectra Ln,Mn,_,S was carried out (marked “Calcula-
tion” in Fig. 1). It should be noted that, in this case,
the model absorption spectra are presented without
taking into account the instrumental broadening and
the width of the internal level from which an electron
was knocked out. For convenience of comparison with
experimental data, the model spectra and partial con-
tributions of the densities of states are presented on an
arbitrary scale, and the ratio of the partial contribu-
tions to each other is retained and corresponds to the
output data of the FDMNES software package. Com-
parison of the structure of the experimental absorp-
tion sulfur K edges (denoted “Experiment”) with the
results of calculations showed that the main contribu-
tion to the structure of the spectrum near the absorp-
tion edge is made by the density of p-states of sulfur
(features A—G) and free p-states of atoms correspond-
ing to 1s — np dipole transitions. In the pre-edge (fea-
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Fig. 1. Experimental and calculated K edges and the partial contributions of p- and s-states of sulfur for the initial MnS matrix
(a) and lanthanide-substituted solid solutions Lng gsMn 95S (Ln = Dy (b), Tm (c), and Yb (d)).

ture A) and high-energy region of the experimental
spectra (features £ and F) there are maxima that cor-
respond to the maxima of the s- and p-states of sulfur.
However, according to selection rules, the transitions
ls — ns are forbidden and probably a correlation
between the structure of s-states and the correspond-
ing spectral features due to the hybridization of s- and
p-states in the region of lower free states of the con-
duction band due to chemical bonding.

In the case of the K absorption edge of manganese,
comparison of the experimental data (“Experiment”
in Fig. 2) and the results of modeling partial contribu-
tions of the density of states (denoted “Calculation”)
showed that the main contribution to the structure of
the edge (features A—C) is brought by free p states of
manganese atoms. The presence of the pre-edge fea-
ture A, is due to contributions of the p- and d states of
manganese atoms. The contribution of d-states into
the structure of the corresponding absorption maxi-
mum is due to the hybridization of p- and d-states, as
well as the presence of a significant electron density on
the d-shell of Mn? [22]. The absorption maximum in
the experimental K edges corresponding to s-states of
manganese atoms is localized near the features 4 and
B. However, since, according to selection rules, tran-
sitions 1s — ns are prohibited, as in the case of the K
absorption edge of sulfur, correlation between the
structure of the s-states and the corresponding spec-
tral features is due to the appearance of the hybridiza-
tion of free s- and p-states of manganese atoms. The
structure of the high-energy feature D is mainly a
result of the contributions of p-states of manganese
atoms, which is due to the fact that the probability of

Is — np dipole transitions is larger in comparison with
that for 1s — nd quadrupole transitions. Thus, we can
conclude that the structure of the spectral feature D is
mainly due to the contributions of free p-states.

Analysis of partial contributions of the free states
electron density the L; absorption edge of lanthanides
(Fig. 3) showed that the largest contribution to the
structure of the main maximum of the L; edge (fea-
tures A and B) is made by the s- and d-states of the lan-
thanides. This is due to the fact that the probability of
2p — ns and 2p — nd dipole transitions is greater than
in the case of 2p — nf quadrupole transitions, and
2p — np transitions are prohibited. In the case of
Dy, 9sMng¢sS, the calculated spectrum near the L;
edge of dysprosium has a similar structure with the
spectra near the L, edge of thulium and ytterbium in
LngysMng ¢sS (Ln = Tm, Yb). The structure of the
main maximum of the absorption edge (features A and
B) is also due to the contributions of the s- and d-states
of lanthanide atoms. However, for the L, edge of dys-
prosium, in contrast to thulium and ytterbium, the
main contribution of f-states is localized in the low-
energy region of the bottom of the conduction band,
which is probably due to partial filling of the f~shell of
dysprosium, which is less than in the case of thulium
and ytterbium atoms.

Representation of the experimental (Fig. 4a) and
model (Figs. 4b and 4c) XANES spectra of metals and
sulfur on a single energy scale makes it possible to
determine the nature of the distribution of free states
in the conduction band. For greater clarity, Fig. 4
shows the model spectra both with instrumental
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Fig. 2. Experimental and calculated K edges and partial contributions of d-, p-, and s-states of manganese for the initial MnS
matrix (a) and lanthanide-substituted solid solutions Lng gsMny ¢5S (Lrn = Dy (b), Tm (c), and Yb (d)).
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Fig. 3. Experimental and calculated L3 edges and partial contributions f-, d-, p-, and s-states of lanthanides for solid solutions
Lny ysMn 95S (Ln = Dy (a), Tm (b), and Yb (c)).

broadening (Fig. 4b) and without it (Fig. 4c). The nd-states of manganese (Fig. 2). Cation substitution of
lower free states in the conduction band in Ln,Mn,_,S  the initial MnS matrix leads to the appearance of con-
correspond to the np-states of sulfur (Fig. 1) and the tributions of the nd-states of lanthanides in the energy

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 17 No. 6 2023



1518 SYROKVASHIN et al.
(a) (b) (c)
Yb,Mn,_,S YbMn,_,S YbMn,_,S
Mn K Mn K
Mn K
S K SK
SK
Yb L
Yb
1 1 1 1 1 1 1 1 1 1 1 1 1
TmMn,_,S TmMn,_,S TmMn,_,S
2} W (72}
= Mn K = Mn K = Mn K
= SK = >
el o] el
5 5 SK % SK
~ ~ Tm L ~
Tm L
1 1 1 1 1 1 1 1 1 1 1 1 1
DYXMnl 7xs DYanl 7xs DYXMnl —xS
Mn K
Mn K
SK
SK
Dy L
1 1 1 1 1 1 1 1 1 1 1 1 1
0 15 30 45 60 0 15 30 45 60 0 15 30 45 60
E, eV E, eV E, eV

Fig. 4. Representation of XANES spectra Ln,Mn;_ S(Ln = Dy, Tm, Yb) on a unified energy scale: experimental data (a), and
model spectra with (b) and without instrumental broadening (c).

structure of the bottom of the conduction band (Fig. 3).
It can also be noted that the corresponding contribu-
tion shifts to the bottom of the conduction band with
an increase in the atomic number of the lanthanide
atom (Figs. 4b and 4c). An analysis of the partial con-
tributions of the states to the absorption spectra
showed that in the case of solid solutions with dyspro-
sium Dy Mn,;_,S in the region of the bottom of the
conduction band, there is also a significant contribu-
tion of nf-states of dysprosium atoms (Fig. 3). In the
high-energy region of the conduction band, there are
contributions of np- and nd-states of manganese,
np-states of sulfur, as well as nf-states of the lantha-
nides. Thus, the energy binding of the experimental
spectra of metals and sulfur confirms the mutual
arrangement of the contributions of the corresponding
elements in the structure of the conduction band.

CONCLUSIONS

A joint study of the fine structure of the XANES
spectra and data on the distribution of the density of
states obtained by quantum-chemistry methods made
it possible to obtain data on the features of the elec-
tronic structure of the conduction band of the initial
MnS matrix and lanthanide-substituted solid solu-
tions LngosMng¢sS (Ln = Dy, Tm, Yb). It is shown
that the main contributions of free p- and d-states of

manganese and p-states of sulfur are localized in the
region of the bottom of the conduction band. Major
contributions of free f-states of ytterbium and thulium
are shifted in the high-energy region relative to the
bottom of the conduction band, while the f-states of
dysprosium are localized in the bottom of the conduc-
tion band. The contributions of free d-states of lantha-
nides shifts to the bottom of the conduction band with an
increase in the atomic number of the lanthanide atom.
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