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Abstract: The oxidation states of atoms in CuCry_,LaxS; (x = 0-0.03) solid solutions were determined
using the analysis of Cu2p, Cr2p, S2p, and La3d core level binding energy. The cationic substitution
did not significantly affect the charge distribution on matrix elements (Cu, Cr, and S). The oxidation
states of the atoms were identified as S?~ for sulfur, Cu* for copper, and Cr>* for chromium. The
cationic substitution in CuCr;_4LaxS; was found to occur via the isovalent principle. The cationic
substitution of CuCrS, matrix with lanthanum ions led to the enhancement of the Seebeck coefficient
comparing CuCryj.4LaxS; to the initial matrix. The observed enhancement was attributed to the
reconstruction of the valence band electronic structure after the cationic substitution. The maximum
Seebeck coefficient value of 412 uV /K was measured for CuCrgggsLag 9155, at 420 K. An increase
in the lanthanum concentration to x = 0.03 caused a suppression of the Seebeck coefficient. The
synthetic route was found to significantly affect both the magnetic properties and charge carrier
concentration. The magnetic properties of CuCrj_4LayS; synthesized using metal sulfide reagents
cannot be interpreted using the simple isovalent Cr®* to La®* cationic substitution model. The
defectiveness of the samples and the formation of the impurity CuLaS, phase could be additional
factors that affect the magnetic properties of CuCrj_4LayS;.

Keywords: layered copper-chromium disulfide; lanthanides; XPS; electronic structure; static
magnetochemistry; Seebeck coefficient; thermoelectric materials

1. Introduction

Rapid technical progress demands the development of advanced functional mate-
rials and the improvement of the properties of existing materials through a series of
research progress. In this context, multipurpose functional materials such as graphene,
carbon nanotubes, and layered compounds based on transition metal chalcogenides are of
special interest. Layered copper-chromium disulfide CuCrS,- and CuCrS,-based cation-
substituted solid solutions can be considered as multipurpose advanced functional materi-
als. These compounds exhibit various promising functional properties and effects, includ-
ing thermoelectricity [1-7], ionic conductivity [8-10] and the order-to-disorder transition
(ODT) [9,11-13], magnetoresistance [14,15] and the metal-to-insulator transition
(MIT) [14,16], helimagnetic arrangement [17-19], light-absorbing [20] and luminescence
properties [21], and ferroelectricity [22,23]. The combination of functional properties
in CuCrS;-based solid solutions makes them promising materials for the fabrication
of various electronic devices, including temperature sensors, thermoelectric generators
(TEGs) [2,5-7,24], solid-state current sources [8,9], magnetic field sensors [14], solid-state
memory [18,22,23], and electric or magnetic-field-driven valves [14,22,23].

The thermoelectric properties of CuCrS,-based compounds are of special interest due
to the presence of ionic conductivity. The combination of thermoelectric and superionic
properties allows one to consider these compounds as phonon liquid electronic crystal
(PLEC) materials. PLEC materials, such as sulfide- or selenide-based compounds, possess
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a high Seebeck coefficient. This is due to the fact that these compounds have a fixed crystal
matrix, resulting in low thermal conductivity related to the presence of mobile cations
effectively scattering the phonons [25-31]. In the case of CuCrS;-based solid solutions, the
chromium sublattice formed by the -S-Cr-S- layers can be considered as the “fixed” crystal
matrix. At high temperatures, the mobile copper cations can migrate between different
crystallographic sites in the copper sublattice and, thereby, can be considered as a phonon
liquid [9,12,17]. The cationic substitution of the matrix elements (Cu, Cr or S) affects the
Seebeck coefficient and ionic conductivity of CuCrS,-based compounds [3,9,10,32-36]. The
cationic substitution of Cr atoms in the low-dopant concentration range (x < 0.03) increases
both the Seebeck coefficient value and the ionic conductivity of CuCr_4MxS; solid solutions
(M—transition metal or lanthanide atom) [3,33,35,36]. A systematic study focused on the
thermoelectric properties and electronic structure of lanthanide-doped CuCryg9Lng 915
solid solutions revealed a notable enhancement in the Seebeck coefficient value after cationic
substitution [32,33,35,36]. The most significant enhancement of the thermoelectric proper-
ties was reported for the La-doped CuCrj.xLaxS; solid solutions [33,35,36]. Note that the
Seebeck coefficient can be considered as one of the key parameters of the efficient thermo-
electric materials used in temperature sensors and TEGs [37]. The critical analysis of the
reported data concerning the study of functional properties of CuCrS;-based solid solutions
indicates that the synthesis route and sample treatment significantly impact the thermoelec-
tric, electrophysical, and magnetic properties of these materials [1,3,4,14,16,21,38-41]. For
instance, the overwhelming majority of the reported studies were carried out on samples
synthesized using commercial metal oxides as the initial reagents to obtain CuCrSy-matrix
and CuCrS;-based solid solutions [3,32-34,39]. In particular, the series of the lanthanum-
substituted solid solutions CuCry.xLaxS; (x = 0-0.03) was previously obtained and charac-
terized using powder X-ray diffraction, static magnetochemistry, Seebeck coefficient, and
Hall voltage measurements [42]. However, the final synthesis product had an additional
impurity CuLa$S; phase in the high-dopant-concentration region for CuCry.4LaxS, (x > 0.01)
solid solutions. The presence of the impurity phase affected both the thermoelectric and
magnetic properties of CuCrj.4LaxS; solid solutions. In this regard, it was suggested to vary
the initial reagent compounds and study their influence on the formation of CuLaS, phase
in the final synthesis products and, therein, the thermoelectric and magnetic properties of
CuCrixLaxS, (x = 0-0.03) solid solutions.

2. Experimental

The initial sulfide reagents Cr,S; and La,S; were synthesized using commercial metal
oxides Cr;O3 and Lay;O3 with a purity of 99.99%. The metal oxide powder in a glassy car-
bon boat was placed in a horizontal high-temperature quartz tube furnace. The sulfidation
of the oxide powder was carried out with the gaseous decomposition products of NH;SCN
at a temperature of 1050°C. High-purity argon gas was used as the carrier gas. During the
sulfidation procedure, the product was ground for several times. The completeness of sulfi-
dation was controlled at each grinding stage through powder X-ray diffraction (XRD) using
a non-monochromatic CuK« X-ray radiation source (A = 1.5406 A) on a Bruker D8 Advance
diffractometer (Bruker, Berlin, Germany). Then, using the synthesized sulfide powders
of Cr,S3, LaySs, and the commercial Cu,S with a purity of 99.99%, the final CuCry.4LaxS;
(x=0,0.005,0.01, 0.015, and 0.03) products were synthesized. The synthesis route was the
same as for the preparation of the initial sulfide powders. The phase composition and the
formation of the final CuCrj_,LaxS; product were analyzed using XRD.

The X-ray photoelectron spectroscopy (XPS) study of CuCry.LaxS, was conducted
using an ESCALAB 220i spectrometer (Thermo Fisher Scientific, Kingfisher, UK). The XPS
lines of copper (Cu2p), lanthanum (La3d), and sulfur (S2p) were recorded at room tempera-
ture with a non-monochromatic AlIKx X-ray source (hv = 1486.6 eV). The chromium (Cr2p)
lines were recorded using a non-monochromatic MgKo X-ray source (hv = 1253.6 eV). The
sample was fixed on a substrate using double-sided adhesive conductive carbon tape. The
energy scale of the spectrometer was calibrated based on the line positions of metallic gold
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Au4f;,; (84.0 eV) and copper Cu2ps/, (932.6 eV). The measured binding energy (BE) values
were corrected using the carbon Cls-line (284.8 eV) corresponding to adventitious carbon
atoms in the near-surface layers of the samples. The XPS data were processed using a
CasaXPS 2.3.15 software [43]. The measurement accuracy of BE values was of 0.2 eV.

The magnetic properties of CuCr;_LaxS; were investigated over an extended tempera-
ture range of 80-750 K using a Faraday balance-type experimental setup. A powder sample
of ~20 mg in an open-type quartz cucurbit was placed in the measurement cell volume.
Subsequently, the system was evacuated to a pressure of 0.01 Torr. Following this, the
measurement cell was filled with helium to a pressure of 5 Torr. The temperature within the
measurement cell volume was maintained using a Delta DTB9696 temperature controller.
The voltage generated by the torsion-type quartz microbalance was measured using a
high-precision digital 61 Keysight 34465 A voltmeter (Keysight Technologies, Santa-Rosa,
CA, USA). The magnetic susceptibility data were treated using the additive Pascal scheme.
The potential presence of ferromagnetic impurities was controlled by the inverse field
dependence of the magnetic susceptibility x (1/H). The effective magnetic moment was

calculated as follows:
perf(T) ~ /8XT

The temperature dependence of the Seebeck coefficient for CuCr;_yxLayS, was mea-
sured using a self-designed experimental setup. The ceramic samples were prepared by
compressing the synthesized powder under a uniaxial pressure of 70 MPa for 2 h in a
vacuum of 5 x 107> Torr at 923 K. The ceramic sample was positioned within the mea-
surement cell, precisely situated between copper contact pads equipped with integrated
50 W nichrome wire heaters. Then, the measurement cell was evacuated and subsequently
filled with helium with a pressure of 5 Torr. The thermoelectric power generated by the
sample was measured using a 6% Keysight 34465 A voltmeter (Keysight Technologies,
Santa-Rosa, CA, USA). The experimental setup was validated using a constantan reference
sample of thermocouple grade. The temperature of the contact pads was maintained
by a Thermodat-13K5 temperature controller (LLC RPE Control Systems, Perm, Russia)
using a platinum RTD sensor. During the measurements, the direction of the temperature
gradient was systematically altered as +5, 0, and —5 K. Thus, the total Seebeck coefficient
value was calculated as a slope of the voltage generated by the sample as a function of the
temperature gradient.

Hall voltage measurements were conducted at ambient room temperature using
the Van der Pauw technique. A direct current (DC) magnetic field of 1 T was applied
perpendicularly to both the direction of the electrical current and the sample plane. A
current of 10 mA was passed through the sample. The Hall voltage was measured using
a 63 Keysight 34465 A voltmeter. Throughout the measurement procedure, a systematic
reversal of magnetic field polarity and current direction was carried out, followed by a
subsequent interchange of the current and potential measurement probes. The Hall voltage
value was determined through eight independent measurements. The polarity of the Hall
voltage was calibrated using reference samples of n- and p-type silicon wafers.

3. Results and Discussion

The XRD data for the powder samples studied are plotted in Figure 1. The solid
solutions CuCry.4LaxS, synthesized using the initial sulfide reagents and the initial CuCrS,
matrix are isostructural (R3m space group). The XRD data are consistent with the reference
data for CuCrS, of the ICSD database [44]. However, the additional weak diffraction peak
at 23.6° could be observed for the CuCryg7Lag ¢3S, solid solution (marked with * symbol
in Figure 1). The corresponding diffraction peak was attributed previously to CuLaS,
impurity phase for the samples obtained using initial metal oxide reagents [42]. Note that
the corresponding peak in [42] occurred in the solid solutions with a lower lanthanum
concentration range (x > 0.01). Thus, one can conclude that the solubility limit of La in
CuCrS;-matrix is 1.5 at.% greater than it was previously suggested in [42]. However, the
lattice parameters increased for solid solutions with x < 0.01 and decreased at a higher
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lanthanum concentration range (Table 1). Thus, one can conclude that the first trend is
related to the isovalent cationic substitution of Cr®* with La3*, while the second trend
corresponds to the formation of CuLaS, phase [42]. Consequently, the formation of CuLaS,
phase also occurred at x > 0.01. Note that the absence of the diffraction peak of LaCrS,
for CuCrgggsLag 0155, solid solution could be due to the low concentration of the impurity
phase. The pure CuLaS; phase was additionally synthesized as the reference sample for
XPS measurements. The XRD data for CuLaS; synthesized powder sample is depicted in
Figure 1. The obtained CuLaS; sample consisted of particles with different space groups
(P24/c, P1124/b, and P63) [42]. However, the P2;/c phase was prevalent.

Intensity (arb.units)

25 30 35 40 45 50 55
20 (degrees)

Figure 1. XRD patterns for CuCrj_4LaxS, powder samples. *—most intense peak of CulLaS,
impurity phase.

Table 1. The lattice parameters calculated for CuCr_yLaxS,.

o o

a, A c, A
CuCrS; 3.4807(9) 18.701(6)
CuCrgg95Lag 00552 3.4816(8) 18.707(6)
CuCrgg9Lag 0152 3.4820(8) 18.708(6)
CuCrgggsLag 01552 3.4807(9) 18.702(6)
CuCrygyLag 0352 3.478(1) 18.689(6)

The oxidation state of atoms in complex chemical compounds is an important pa-
rameter of particular interest. This is due to the fact that besides the electronic density
distribution, the oxidation state is related to magnetic properties, magnetoresistance, and
luminescence [14,45,46]. Furthermore, the oxidation state of dopant atoms affects the
carrier concentration. For instance, if the oxidation state of dopant atoms is lower (or
higher) compared to matrix atoms, thereby, the concentration of electrons (or holes) could
be increased. X-ray photoelectron spectroscopy (XPS) is one of the most effective physical
methods providing data on the oxidation state of atoms. The binding energy (BE) of core
levels is related to the charge localized on the investigated atom [47]. Therefore, XPS
allows one to selectively study the oxidation state of elements, even in the case of complex
multi-element compounds such as CuCrS,-based solid solutions [41].
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The XPS core level regions of copper, chromium, lanthanum, and sulfur in CuCry,LaxS;
solid solutions and CuLaS, impurity phase are plotted in Figures 2 and 3. The measured
BEs of Cu2p-, Cr2p-, S2p-, and La3d-lines are listed in Table 2.
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Figure 2. XPS lines for CuCr;_«LnyS; and CuLaS,: (a) Cu2p and (b) S2p region.
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Figure 3. XPS lines for CuCry.«LnyS; and CuLa$S,: (a) Cr2p- and (b) La3d-region.

Table 2. BE values for Cu2p-, Cr2p-, S2p-, and La3d-lines.

Cu2ps, Cr2psp» S2p3p La3ds/,
con e T W
CuCr 995La0 0055 931.6 g;‘éé }ggg 834.9
CuCrog9Lag.01S 931.8 g;‘ég iggg 834.7
CuCro5Lag 0155 931.6 g;‘éﬁ iggg 834.8
CuCrogrLag 035 932.0 g;‘;f 12;2 834.7
CuLaS, 931.9 - 160.4 835.2

162.1
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The Cu2p-region is represented by two intense lines related to the spin-orbit splitting
of the Cu2p-level to Cu2pj,,- and Cu2p; /,-sublevels (Figure 2a). Note that the intense
satellite lines at ~940 eV, which were previously observed for CuCrgg9Lng 915, synthesized
from the oxide reagents [33,35,36], are absent in the Cu2p-region of the samples studied. The
presence of the satellites is the characteristic feature that indicates the presence of the surface
Cu?t species in copper compounds and CuCrS,-based solid solutions [33,35,36,48]. The
sharp symmetric line-shape observed in the measured Cu2p-lines additionally confirms
the absence of the surface Cu?* species. However, the reported data concerning the
copper oxidation state in the initial CuCrS,-matrix also indicated the absence of the Cu?*
state in CuCrS; synthesized using pure elements and metal-organic reagents [1,21,40]. A
systematic study of the charge distribution in CuCrS,-based solid solutions using both
the surface-sensitive XPS technique and bulk-sensitive techniques (X-ray spectroscopy
and magnetochemistry) showed that Cu?* was localized on the surface [32,33,35,36,39,49].
Thus, varying the synthesis route allows one to obtain samples with or without Cu?* on
the sample surface. The measured BE values of the main Cu2p3/,-line were in the range
of 931.6 to 932.0 eV and correspond to Cu* in sulfide and selenide compounds of copper
(CuyS, BE = 932.0 + 932.2 eV; Cu,Se, BE = 931.0 = 932.2 eV [50,51]). The lanthanum
concentration increase did not significantly affect the BE of Cu2pj/,-lines in CuCr;_«LaxSp
solid solutions. Thus, one can conclude that the cationic substitution in CuCry_,LaxS, did
not significantly affect the electronic density localized on the copper atoms. The measured
BE of Cu2pj3 /;-lines in CuLaS; was in the same energy range as that for CuCry_,LayS,. This
fact indicates that CuLaS; impurity phase did not significantly affect the Cu2p-region in
CuCry4LayS;. Note that the Cu2ps,, BE values measured in the present study were shifted
to the low-energy region compared to those for CuCrS,-based solid solutions obtained from
the metal oxide initial reagents reported previously (CuCrS;, CuCrq.xMS;, BE =~ 932.2 =
932.6 eV) [33,36]. This could be due to the significant covalence contribution of the M-S
bonding compared to the M-O. For instance, the M-S bonding leads to greater localization
of the electron density on copper atoms in the sulfides compared to oxide compounds [52].
Note that the BE values of Cu2ps/;-lines for CuCrS, samples obtained using pure elements
or metal-organic compounds were within the range of 932.0 to 932.1 eV [1,21,40]. Thus, one
can conclude that the BE of Cu2p-lines could vary depending on the synthesis route.

The Cr2p-region for CuCrj.4LaxS, is depicted in Figure 3a. The spin-orbit doublet
of Cr2pq/,- and Cr2p3/,-lines can be observed, similar to the case of Cu2p-lines. How-
evet, the line-shape of the Cr2p-lines is asymmetric with a shoulder in the high-energy
region. Thus, one can conclude that the Cr2p-region represents a superposition of two
components. The low-energy line (marked as I in Figure 3a) with a BE of 574.2 to 574.5 eV
could be associated with the Cr’* in sulfide (Cr,S; BE ~ 574.4-575.4 eV) or selenide
(CrpSes BE = 574.4-575.4 €V, CuCrSe,, BE ~ 574.7 eV; CuCr,Sey, BE ~ 574.5 eV) com-
pounds of chromium [40,50,51]. As it was previously reported in [33,36], the high-energy
line (marked as II in Figure 3a) with a BE of 576.6 to 577.2 eV is attributed to the ox-
ide compounds of chromium on the sample surface (Cr,O3, BE =~ 576.5 eV; CuCrO,,
BE ~ 576.0 eV [50,51]). Hence, the low-energy components are considered to correspond
to the chromium atoms in CuCrj_,LayxS, solid solutions. Thus, one can conclude that
cationic substitution did not affect the BE of the Cr2p lines and, thereby, the electron density
localized on the chromium atoms. Note that measured BE values were shifted to the low-
energy region compared to those for CuCrS,-based solid solutions obtained from the metal
oxide initial reagents reported previously (BE ~ 574.6-574.8 [33,36]). In the case of CuCrS,
obtained using pure elements, the BE of the Cr2ps ,-line was within the range of 574.6 to
574.8 eV [1,40]. Of particular note is that in the case of CuCrS, synthesized using metal-
organic reagents, the BE of 576.6 eV, corresponding to the Cr2p3 /»-line, was significantly
shifted to the high-energy region [21]. The observed shift could indicate a significant oxida-
tion of chromium atoms in the near-surface layers of the sample. However, the contribution
of the II component prevailed. Thus, one can conclude that the Cr2p-region, as well as the
Cu2p-region, was significantly affected by the synthesis route. Note that the integral inten-
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sity ratio of the components in the Cr2p-region of CuCry.xLaxS, was more variable than it
was observed previously for CuCrpg9Lng 1S, (Ln = La. . .Lu) solid solutions synthesized
using metal oxide reagents [33,35,36]. The most intense component II was observed for
CuCrg97Lng 0357 solid solution. This could be due to the highest concentration of CuLaS,
impurity phase, which results in increased defectiveness of the chromium sublattice and,
consequently, the lighter oxidation of chromium atoms in the near-surface layers.

The S2p-region for CuCrj.«LaxS; is represented by an unresolved line consisting of
the 52pq /»- and S2pj /»-components of the spin-orbit doublet (Figure 2b). Note that the
S2p-region exhibits two groups of lines. The first group of lines (denoted as I in Figure 2b)
with a BE of 160.6-161.0 eV arises from the sulfur atoms in the composition of CuCr4LaxS;
and corresponds to the S2- state [33,36,50]. Thus, taking into account the measured BE
values of the corresponding components, one can conclude that cationic substitution of the
initial CuCrS;-matrix did not affect electron density localized on the sulfur atoms. The mea-
sured BE values correlate with those for transition metal sulfides (FeS, BE ~ 160.8-161.4 eV,
TiS,, BE ~ 160.9 eV; CuFeS,, BE ~ 161.5 eV [50,51]). The second group (denoted as II
in Figure 2b) with a BE of 162.5-162.7 eV is associated with the sulfur atoms of poly-
sulfide groups and elemental sulfur in the defective near-surface layers on the samples.
Note that the presence of the corresponding sulfur surface species is typical for inorganic
sulfur compounds [53,54]. The measured S2p-lines for CuCr;.4La,S, were shifted to the
low-energy region compared to the samples synthesized using the metal oxide reagents
(BE =~ 160.9-161.5 eV [33,36,50]). Meanwhile, CuCrS, samples synthesized using meta-
organic reagents exhibited an intermediate S2p-line BE of 161.0 eV [21]. The S2p-region for
the impurity CuLaS, phase is represented with the same line-shape as the solid solutions
studied (Figure 2b). The measured BE for CuLaS, was slightly shifted in the low-energy
spectral region. This fact allows one to conclude that the presence of the impurity CuLaS,
phase in the composition of the final CuCr;_4LaxS; products could lead to a slight shift of
the S2p-line to the low-energy region if the CuLaS, concentration is high.

The La3d-region for CuCr;.«LaxS; solid solutions is presented in Figure 3b. Note that
the spin-orbit splitting value for the La3d-level is ~17 eV. Thus, the La3ds/,-line could
be analyzed separately from La3dj3,,. The La3ds ,-line exhibits two intense components
(denoted as 1 and 2) arising due to the many-electron process [47]. The main low-energy
line with a BE of 834.7-834.9 eV correlates well with the La" oxidation state (LayOs,
BE ~ 834.0-835.2 eV [50,51]). The absence of significant shifts of the La3d-line indicated the
preservation of electron density localized on the lanthanum atoms in CuCr;_4LayxS; with an
increase in lanthanum concentration. However, the line-shape for CuCr;_«LaxSy (x > 0.01)
solid solutions changed. This resulted in the evolution of the line-shape, and for x = 0.03,
the La3ds ,-line was similar to that for CuLa$S; and corresponded to the impurity phase
concentration increase. Taking into account the relatively low total lanthanum concentration
in comparison to other elements in CuCry.4LaySy, CuLaS; could noticeably impact the
line-shape even when the impurity phase concentration was low. The measured BE of
La3ds /;-lines was shifted to the low-energy region compared to the previously investigated
samples synthesized using the metal oxide reagents (CuCrgg9Lag 91S,, BE ~ 835.4 eV [35]).

Static magnetic measurements can provide data concerning the effective magnetic mo-
ment, the magnetic phase transition temperature, the presence of specific magnetic impurities,
and the exchange interactions between the magnetic centers in the sample studied. Since the
Ueff Of transition elements depends on their oxidation state, one could obtain data concerning
the electronic density localized on the magnetic centers. However, in the case of complex
chemical compounds containing a few different types of magnetic centers, the interpretation
of e values could be significantly complicated due to the macroscopic behavior of the
method [55,56]. Magnetochemistry data are used as a method to study charge distribution
in CuCrS;-based solid solutions [10,11,14,34,38,39,42,57]. Note that the obtained data led
to contradictory conclusions regarding the oxidation state of copper and chromium ions,
even in the initial CuCuS,-matrix. For instance, studies have shown Cu* and Cr?* [9], the
coexistence of Cu*/Cr®* and Cu®*/Cr?* distributions [14,58], and Cu* and Cr®* [57]. The
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systematic studies involving both the macroscopic static magnetochemistry measurements
and element-selective XPS and X-ray spectroscopy techniques allow one to conclude that
deviations from the simple charge balance model of Cu*Cr®*(S*), could be attributed to the
presence of magnetic impurities and surface oxidation state species [32-36,39]. However, the
reported data could be attributed to the sample series obtained by using the same synthesis
route using metal oxide initial reagents. Here, we report a study of magnetic properties for the
samples synthesized using metal sulfide initial reagents and attempt to assess the potential
influence of the synthesis route on the obtained data.

The magnetic properties of CuCrj_LaxS, solid solutions synthesized using the metal
sulfide initial reagents are presented in Figure 4. It was previously reported that the inverse
magnetic susceptibility (1/x) of similar samples synthesized using metal oxide initial
reagents showed a linear dependence on temperature within the temperature range of
80 to 600 K [42]. However, the solid solutions CuCrggg5Lag 09552 and CuCrgggsLag 91557
demonstrated deviations from linear dependence. The observed deviation consequently
affected the behavior of the X(T) and p¢(T) dependencies compared to the other samples.
The most significant deviation was observed at temperatures below 400K. The presence of
magnetic impurities leads to the overestimation of pg [55]. The positive slope of x as the
function of the inverse value of the applied magnetic field strength for CuCrgg95Lag 00552
and CuCrygsLag 9155, indicated the influence of ferromagnetic impurities at T < 400 K (as
shown in the inset in Figure 4a) [55]. The behavior of x(T), 1/x(T), and p¢(T) dependencies
(marked as 0.005* and 0.015* in Figure 4) was similar to that for the other samples after the
correction procedure. The corrected and non-corrected data correlate well at T > 400 K. Note
that other samples did not contain ferromagnetic impurities. The magnetic susceptibility of
the impurity CuLaS, phase was negative. This fact indicated that CuLa$S, is diamagnetic.
The absolute value of x for CuLaS, was two orders of magnitude lower compared to the
main CuCry.4LayS; phase. Thus, one can conclude that the presence of the diamagnetic
impurity did not significantly affect the magnetic properties of the main phase. That fact
correlates well with the previously reported data [42].
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Figure 4. Temperature dependencies of magnetic susceptibility (a,d), inverse magnetic susceptibility
(b), and effective magnetic moment (c,d) for CuCry.4LaxS, (a—c) solid solutions and CuLa$S, (d).
*—data after correction procedure.
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A slight decrease in the x and p¢ values is observed (Figure 4a and inset in Figure 4c,
respectively) within the temperature range of 600-750 K. It was previously reported that
the observed behavior is associated with the order-disorder phase transition (ODT) [34,42].
Hence, one can conclude that the data on magnetic properties can provide additional
information on the order—disorder phase transition temperature for the samples studied.
The concentration dependency of the ¢ minimum temperature for CuCrj.4LaxS, is shown
in Figure 5. A general trend of the ¢ minimum temperature decreasing as a function
of lanthanum concentration is observed. It was previously suggested that the observed
behavior could be associated with a decrease in the defect formation energy [42]. Thus,
the dependencies of the p.¢ minimum temperature for the samples synthesized from
metal sulfide reagents correlate with those reported for the samples obtained using metal
oxide reagents.

701 -

700 % }

699 -

698 - } %
697 -

696 -
695 -

694 - }

693 -

Temperature of puy (K)

692 1 1 1 1 L
0 0.005 0.010 0.015 0.030

Lanthanum concentration

Figure 5. Minimum temperature of effective magnetic moment for CuCrj_LayS, solid solutions.

The temperature dependencies of x after the correction procedure were approximated
according to the Curie-Weiss law (solid lines in Figure 4) [55]. The concentration dependen-
cies of the ¢ and Weiss constant (@) are presented in Figures 6a and 6b, respectively. The
Letr Value of 3.77 pug measured for the initial CuCrS,-matrix correlates well with the experi-
mental values of the g for Cr®* compounds. However, the obtained value is slightly less
than the theoretical value of 3.87 up [55,56]. The obtained value is less compared to the sam-
ple synthesized using metal oxide reagents [42]. Note that the concentration dependency
of the e for CuCry.4LaxS; shown in Figure 6 deviates from that reported in [42]. The peg
increased for CuCrj_«LaxS; (x < 0.01), while in the case of samples obtained using metal ox-
ide regents, it decreased. This fact contradicts the simple model of the cationic substitution
of paramagnetic Cr3* with diamagnetic La%* ions, which assumes a L, decrease. Note that
the oxidation states of metal atoms determined using XPS were Cu*, Cr3*, and La 3*. Thus,
only the Cr®* ions carry the magnetic moment due to the presence of unpaired electrons
on the 3d-shell. Hence, the slight variation of the ¢ value is attributed to the fluctuation
of the electronic density localized on chromium atoms. This could be due to the sample
defectiveness resulting from the incorporation of La®* ions during the cationic substitution,
as suggested in previous studies [42]. The ¢ value decrease for x > 0.01 could be related
to the diamagnetic impurity CuLaS; phase formation [42]. The concentration dependencies
of the Weiss constant © can be represented by two characteristic ranges of x < 0.01 and x
> 0.01, respectively. The first one corresponds to a notable decrease in the absolute value
of ©, and the second one is associated with minor variations in the absolute value of ©.
In terms of the molecular field theory, the ® value is associated with the spin localized
on the magnetic center and the absolute value of the total magnetic exchange interaction

[Y Jizi | [55,56]. Since the La3* ions are diamagnetic, the ) _J;z; | could be simply calculated
(Figure 6¢) as was described in [39,42]. The 1) J;z;| value increased for CuCrj.4LaxSp
(x £ 0.01). This could be due to the increase in electronic density localized on the chromium
atoms and, consequently, the overlap of the electron cloud of the chromium atoms with
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Mo (1)
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the electron densities of the neighboring atoms. The second concentration range x > 0.01
corresponds to the formation of the impurity CuLaS, phase.
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Figure 6. Concentration dependencies of effective magnetic moment (a), Weiss constants (b), and
total magnetic exchange interaction absolute value (c) for CuCry_,LaxS; solid solutions.

In addition to the data on the atom oxidation state, XPS spectroscopy allows one to
obtain experimental data concerning the valence band (VB) structure [47]. The VB structure
and the partial density of states (DOS) for the initial CuCrS;-matrix and CuCrpggLag 152
solid solutions obtained using oxygen metal initial reagents were discussed previously [3,35].
An example of the theoretical VB calculation based on the DOS calculations for the initial
CuCrS;-matrix is presented in Figure 7a. It was previously demonstrated that the simple
broadening of the total density of states (denoted “DOS” in Figure 7a) using the AlK«-line
width (“DOS br.” in Figure 7a) did not yield a good agreement between the theoretical and
experimental data [35]. Taking into account the photoionization cross-section value (opp),
one could recalculate the partial contribution in the total DOS (“DOS x op1,” in Figure 7a)
and broaden it using the AlK«-line width (“DOS x oy, br.” in Figure 7a). The line-shape of
the calculated VB correlates well with the experimental VB. Since the copper atoms have a
higher oy, value, the experimental VB is mainly determined by the copper states, resulting
in a triangle-like line-shape. For the calculation of the lanthanide-doped CuCrj.4LaxS;, the
variation in lanthanum concentration was taken into account by a simple recalculation of
the partial contribution of the lanthanum DOS reported previously [35]. The theoretical VB
spectra for CuCry.4LaxSy(x = 0.005-0.03) solid solutions are presented in Figure 7b. The
similarity of the line-shape of both theoretical and experimental VB (Figure 7c) allows one to
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conclude that cationic substitution did not significantly affect the partial DOS distribution
in the VB of CuCrq_LaxS;. This could be due to the low lanthanum concentration and,
therein, low contributions of the lanthanum states in the VB structure. Furthermore, the
lanthanum has an unfilled 4f-shell. Thus, the contribution of the lanthanum states is low,
especially when compared to the contribution of the copper states. The experimental
VB of the impurity CuLaS; phase has a similar shape to the one for CuCry.4LaxS; solid
solutions (Figure 7c). Thus, one can conclude that the presence of - CuLaS; impurity in the
composition of CuCrj_4LaxS; samples did not significantly distort the VB structure.
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Figure 7. Density of states distribution (a), theoretical valence band spectra (b), and experimental
XPS valence band spectra (c) of CuCry_4LaxS, solid solutions.

The Seebeck coefficient (S) temperature dependencies for CuCrj4LaxS; solid solutions
studied are plotted in Figure 8a. The S values measured in the current study are higher
compared to the previously reported data for the samples obtained using metal oxide
initial reagents [42]. Thus, the Seebeck coefficient of CuCrS,-based solid solutions could
be increased by changing the synthesis route. In the case of initial metal oxide reagents,
during the sulfidation procedure, the oxygen atoms in the reaction mixture are replaced
by the sulfur atoms from the sulfidation atmosphere. When one uses sulfide metal initial
reagents, the sulfidation atmosphere prevents sulfur depletion from the reaction mixture.
Hence, in the first route, some residual oxygen could be preserved after the sulfidation
procedure in the composition of samples. The residual oxygen atoms could introduce
additional dopant or trap centers, affecting the total charge carrier concentration and S
values. Note that the sample defectiveness increase discussed above could also impact the
total carrier concentration. The Seebeck coefficient of CuCr;_yLaxS, tended to saturate at
high temperatures (T > 400 K). It should be noted that using the metal oxides as the initial
reagents resulted in a shift of the saturation to a higher temperature region (T > 500 K) [42]
due to the presence of the residual oxygen affecting the total carrier concentration [45]. The
charge carrier concentration measured at room temperature is plotted in Figure 7b. The
carrier concentration (holes according to the Hall voltage polarity) measured for the initial
CuCrSy-matrix (1.5-10'7) is lower compared to that previously reported for the samples
obtained using metal oxygen reagents (6.8-10'7) [42].
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Figure 8. Seebeck coefficient temperature dependence (a) and carrier concentration at room tempera-
ture (b) for CuCr; _,LayS; solid solutions.

As was reported previously [32,33,35,36,42], the cationic substitution of chromium
atoms in CuCrS,-matrix with lanthanum atoms leads to an increase in the S value, as ob-
served in Figure 8. The maximum S value of 412 uV /K was measured for CuCr ggsLag 01552
at 420 K. The obtained value is higher compared to the maximum value of 373 uV/K
reported in [42]. Further increasing the lanthanum concentration to x = 0.03 caused a sup-
pression of the Seebeck coefficient. The observed concentration behavior of the Seebeck co-
efficient correlated with electronic structure reconfiguration reported for lanthanum-doped
and CuCrS,-based solid solutions [3,32,33,35,36,42]. For instance, at low concentrations x
< 0.015, the S value of CuCrj.4Lax5; increases due to the shift of the valence band top to a
higher binding energy region. The further concentration increase gradually leads to the
band gap narrowing, ultimately resulting in it completely vanishing at high dopant concen-
trations [3,34]. The corresponding model is in good agreement with the measured carrier
concentrations presented in Figure 8b. The carrier concentration decreasing at x = 0.005
could be related to the shift of the valence band top. The carrier concentration increased
at x > 0.01 due to the band gap narrowing. The deviation of the carrier concentration
from the increasing trend at x = 0.015 could be attributed to the presence of the CuLaS,
impurity. Thus, the synthesis route could affect both the Seebeck coefficient value and
carrier concentration. The variation of the initial reagents from the metal oxides to sulfides
initial reagents could be utilized to increase the Seebeck coefficient.

4. Conclusions

A comprehensive study involving XPS spectroscopy, static magnetochemistry, the
Seebeck coefficient, and the Hall voltage measurements for the lanthanum-substituted solid
solutions CuCrj.«LayS; (x =0, 0.005, 0.01, 0.015, and 0.03) synthesized using metal sulfide
initial regents was carried out. It was shown that the cationic substitution occurs via the
isovalent principle Cr>* —La®* for all lanthanum concentrations. The cationic substitution
did not affect the charge distribution on the matrix elements Cu®, Cr3*, and $2~. The most
significant effect of the impurity CulLaS; phase was observed in the Ln3d-region. The
measured BE of Cu2p-, Cr2p-, S2p- and La3d-lines were shifted to the low-energy region
compared to the previously reported data for the CuCrS;-based solid solutions obtained
using the metal oxide initial reagents. This could be due to the significant covalence contri-
bution of the M-S bonding compared to the M-O. The magnetic properties of CuCrj_4LaxSp
solid solutions synthesized using metal sulfide reagents cannot be interpreted using the
simple isovalent Cr?* to La3* cationic substitution model. The defectiveness of the samples
and the formation of the impurity CuLaS; phase could be additional factors that affect the
magnetic properties of CuCry.4LayS; solid solutions. The concentration dependencies of
the pegr, ©, and 1) J;z; | were significantly influenced by the synthesis route. The cationic
substitution did not significantly affect the partial density of states distribution in the ex-
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perimental valence band structure of CuCry.4LaxS; solid solutions. The maximum Seebeck
coefficient value of 412 nV /K was measured for CuCrgggsLag 155, at 420 K. An increase in
the lanthanum concentration to x = 0.03 caused a suppression of the Seebeck coefficient.
The variation of the initial reagents from the metal oxides to sulfides initial reagents can be
utilized to increase the Seebeck coefficient.
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