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Abstract: The magnetic properties (magnetic susceptibility, magnetic moment) and Weiss constant
for lanthanum-doped CuCr1−xLaxS2 (x = 0; 0.005; 0.01; 0.015; 0.03) solid solutions were studied
using static magnetochemistry at 80–750 K. The samples were characterized by both powder X-ray
diffraction and energy-dispersive X-ray spectroscopy. It was shown that synthesized samples are
single-phased up to x ≤ 0.01. The presence of the additional phase in the solid solutions with
x > 0.015 caused deviation from the simple isovalent Cr3+→Ln3+ cationic substitution principle. It
was found that magnetic susceptibility and the Weiss constant are significantly affected by both
magnetic properties and lanthanum concentration for the solid solutions doped up to x = 0.01. The
largest magnetic moment value of 3.88 µB was measured for the initial CuCrS2-matrix. The lowest
value of 3.77 µB was measured for the CuCr0.99La0.01S2 solid solution. The lowest Weiss constant
value of−147 K was observed for the initial matrix; the highest one was observed for CuCr0.99La0.01S2

(−139 K). The largest Seebeck coefficient value of 373 µV/K was measured for CuCr0.985La0.015S2

at 500 K; the obtained value was 3.3 times greater compared to the initial CuCrS2-matrix. The field
dependence of the magnetic susceptibility allowed one to conclude the absence of ferromagnetic
contributions in the total magnetic susceptibility of CuCr1−xLaxS2. The data on magnetic properties
can be successfully utilized to investigate the limits of doping atom suitability and order–disorder
phase transition temperature in CuCrS2-based solid solutions.

Keywords: layered copper-chromium disulfide; static magnetochemistry; lanthanides; lanthanum;
Seebeck coefficient; Hall voltage; thermoelectricity

1. Introduction

The transition and rare-earth metal dichalcogenides are considered to be promising
functional materials. The combination of the magnetic, thermoelectric, electrophysical and
optical properties of these compounds facilitates their application in spintronics, energy
harvesting, sensor technologies and optoelectronics [1]. Some properties are attributed to
the structure of transition metal and rare-earth metal dichalcogenides formed by alternating
X–M–X layers (X—chalcogenide, M—metal). The functional properties can be easily tuned
by substitution of the metal and chalcogenide atoms. Note that interlayer space can be
intercalated not only with the atoms, but also with organic cations and molecules [2,3].
Thus, the combination of cationic substitution and intercalation allows one to design and
fabricate new hybrid materials with enhanced functional properties. However, some MX2-
layers in pure form could be unstable in normal conditions [4,5]. For instance, the unstable
CrS2-layers in CuCrS2 dichalcogenide are stabilized by the copper atoms intercalated be-
tween the layers. Thus, the sublattices of chromium atoms in CrS2-layers and copper atoms
in the interlayer gap form the quasi-layered structure of CuCrS2 [6,7]. Note that copper
atoms could occupy two different crystallographic sites. However, as reported previously,
the octahedral sites in the copper sublattice are unoccupied at room temperature and
copper atoms are placed in the tetrahedral sites [8–12]. At higher temperatures (≥690 K),
the mobility of atoms increases, and copper atoms can slide between the tetrahedral and
octahedral sites, thereby forming the conductivity channels. The ionic conductivity of
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CuCrS2 and CuCrS2-based solid solutions allows one to consider these compounds as
promising superionic materials for application in the chemical current sources and chem-
ical sensing devices [9,10,12,13]. The superionic properties of CuCrS2 were successfully
improved by the cationic substitution of chromium with vanadium or iron atoms [10,14].
The initial CuCrS2-matrix is an antiferromagnetic compound with a Neel temperature of
40 K. At temperatures below the Neel temperature, chromium Cr3+ ions in CrS2-layers
have a ferromagnetic arrangement with an antiferromagnetic ordering between the layers.
The intercalation of the interlayer gap significantly affects the magnetic arrangement of
the layers and results in non-collinear magnetic ordering between the neighboring layers.
Consequently, this leads to a non-zero magnetic moment that is circularly arranged perpen-
dicular to the layer along the c crystallographic axis. Thus, the helimagnetic ordering is
observed. The combination of both helimagnetic ordering and semiconductor electrical
behavior allow one to consider CuCrS2 as a promising material for application in magnetic
memory devices. At temperatures above the Neel temperature, CuCrS2 and CuCrS2-based
solid solutions are paramagnetic. The magnetic susceptibility obeys the Curie-Weiss law
with a negative Weiss constant Θ of ~−100 K and corresponds to antiferromagnetic ex-
change interaction [8,9,15–23]. Note that the vanadium-doped solid solutions based on
the CuCrS2-matrix were reported to demonstrate colossal magnetoresistance (CMR) at the
same temperature range [16,17,24,25]. The CMR effect in these compounds was related to
the presence of the different magnetic phases. Thus, CuCrS2-based solid solutions could be
considered to be promising materials for magnetic sensors and magnetic memory devices
based on the CMR effect. The promising values of the Seebeck coefficient of CuCrS2 and
CuCrS2-based solid solutions in the room-temperature and higher-temperature ranges
have recently gained significant attention [1,11,21,26–37]. For instance, the high values of
both the Seebeck coefficient and the thermoelectric figure of merit (ZT) for the individ-
ual specimens of CuCrS2-matrix were reported [29,32,34]. Note that the coexistence of
both thermoelectric properties and ionic conductivity allows one to consider CuCrS2 and
CuCrS2-based solid solutions as phonon-glass electron-crystal (PGEC) materials [38–40].
The high thermoelectric performance of PGEC materials is achieved due to effective phonon
scattering on mobile cations migrating through the fixed matrix with a high Seebeck co-
efficient value. Hence, CuCrS2-based solid solutions can be considered to be promising
functional materials for the fabrication of high-efficiency thermoelectric generators (TEGs)
and solid-state temperature sensors [32,39,40]. Note that phonon scattering can significantly
affect thermoelectric properties. In magnetic thermoelectric materials, the scattering pro-
cess involves both phonons and magnons and is referred to as magnon–phonon scattering
due to the significant contribution of the scattering over the magnetic structure [40–42].
Thus, one can conclude that the study of the magnetic properties of CuCrS2-matrix and
CuCrS2-based solid solutions is of special interest. However, to date, the majority of studies
have been focused on CuCrS2-based solid solutions doped with transition metal atoms.
The studies concerning lanthanide-doped CuCr0.99Ln0.01S2 solid solutions were primarily
focused on the variation of doping atom type (from La to Lu) at a consistent concentra-
tion [1,18,21,22,27,28,43]. It should be noted that the cation substitution of chromium atoms
in the initial CuCrS2-matrix with lanthanum atoms led to the largest increase in the Seebeck
coefficient among the series of lanthanide-doped solid solutions CuCr0.99Ln0.01S2(Ln = La
. . . Lu) [1,21,28]. Therefore, it is of great interest to study the influence of doping concen-
tration on the magnetic and thermoelectric properties of lanthanide-doped CuCrS2-based
solid solutions.

Here, we report the detailed study of the magnetic properties of lanthanum-doped
CuCr1−xLaxS2 (x = 0; 0.005; 0.01; 0.015; 0.03) solid solutions. The samples were charac-
terized using powder X-ray diffraction (XRD), energy dispersive X-ray (EDX) analysis
and scanning electron microscopy (SEM). The obtained data on the sample morphology,
phase composition and magnetic properties were used for the interpretation of the Seebeck
coefficient behavior of CuCr1−xLaxS2 solid solutions.



Magnetochemistry 2023, 9, 168 3 of 15

2. Experimental

The powder samples of CuCr1−xLaxS2 (x = 0; 0.005; 0.01; 0.015; 0.03) solid solutions
and CuLaS2 sulfide were synthesized using metal oxides CuO, Cr2O3 and La2O3 with
a purity of 99.99%. The stoichiometric mixture of the initial oxides in a glassy carbon
crucible was placed in a horizontal high-temperature quartz tube furnace. The sulfidization
procedure was carried out in argon flow by the gaseous thermolysis products of ammonium
rhodanide (NH4SCN) at 1050 ◦C [21,22,44]. The products were grounded several times
during the sulfidization procedure. The completeness of the sulfidization process was
controlled by powder X-ray diffraction (XRD).

The surface morphology was studied by scanning electron microscopy (SEM) on a Jeol
JSM 6700F scanning electron microscope (Jeol, Tokyo, Japan) at an accelerating voltage of
15 kV. The element mapping was acquired by energy dispersive X-ray (EDX) analysis using
a Bruker Quantax 200 with a X-Flash 6|60 detector (Bruker, Berlin, Germany). The detector
energy resolution was <129 eV. The measured data were analyzed using Esprit 2.1 software
with P/B-ZAF correction (accounting for the background, atomic number, absorption and
secondary fluorescence).

The magnetic properties of CuCr1−xLaxS2 were measured using the Faraday technique
in the extended temperature range of 80–750 K. The temperature was stabilized using a
Delta DTB9696 temperature controller (Delta Electronics, Taipei, Taiwan). The signal
from the magnetometer was measured using a Keysight 34465A voltmeter (Keysight
Technologies, Santa-Rosa, CA, USA). The magnetic field strength was varied in the range
of 4.7 to 8.2 kOe. The powder sample of ~20 mg in an open quartz ampoule was placed
in the measurement cell of the magnetometer and then vacuumed to 0.01 Torr pressure.
Then, the measurement cell was filled with helium of 5 Torr pressure. The diamagnetic
contributions to the magnetic susceptibility value were taken into account according to the
additive Pascal scheme. The ferromagnetic contribution was estimated using the data of
the inverse field dependence of the magnetic susceptibility χ(1/H). The effective magnetic
was calculated as follows [45,46]:

µeff(T) ≈
√

8·χT

The Seebeck coefficient temperature dependencies of CuCr1−xLaxS2 (x = 0; 0.005; 0.01;
0.015; 0.03; 1) were measured in a rarefied helium atmosphere of 5 Torr. The ceramic
samples were prepared by compressing the synthesized powder samples at 923 K under
a uniaxial pressure of 70 MPa for 2 h in a vacuum of 5 × 10−5 Torr. The ceramic samples
were positioned between two copper contact pads with integrated heaters. A temperature
gradient of 5 K was applied to the sample and maintained using a Thermodat-13K5
temperature controller. The thermoelectric power arising from the sample was recorded
using a 61/2 Keysight 34465A multimeter. During the measurements, the temperature
gradient was reversed from +5 K to −5 K. Thus, the total Seebeck coefficient value was
measured as a slope of the voltage generated by the sample as a function of temperature
gradient. The experimental setup was tested using a thermocouple grade constantan
reference sample.

The Hall voltage measurements were carried out at room temperature using a laboratory-
made setup, employing the Van der Pauw technique. A DC magnetic field of 1T was applied
perpendicular to both the current and the sample plane. A current of 10 mA was passed
through the sample. The Hall voltage was measured using a 61/2 Keysight 34461A voltmeter.
During the measurements, the magnetic field polarity and the current direction were
systematically reversed, and, subsequently, the current and potential probes were swapped.
The Hall voltage value was determined through eight independent measurements. The
Hall voltage polarity was calibrated using a reference sample of a p-type silicon wafer.
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3. Results and Discussion

The XRD patterns for the initial CuCrS2-matrix and CuCr1−xLaxS2 (x = 0.005; 0.01;
0.015; 0.03) solid solutions after the final sulfidation stage are plotted in Figure 1. The
synthesized solid solutions are isostructural to the initial matrix and corresponded to the
rhombohedral R3m space group [5,47]. The XRD data are in good agreement with the
previously reported data for the lanthanide-doped CuCr0.99Ln0.01S2 solid solutions and the
reference data of the Inorganic Crystal Structure Database (ICSD) for the initial CuCrS2-
matrix (ICSD card ID 100594). However, the additional diffraction peaks of CuLaS2 phase
(marked with * symbol in Figure 1) can be observed in the XRD patterns of CuCr1−xLaxS2
(x = 0.015; 0.03). Thus, one can conclude that the solubility limit of lanthanum in CuCrS2-
matrix is approximately one atomic percent. Note that the data concerning vanadium-, iron-
and manganese-substituted solid solutions CuCr1−xMxS2 (M = V, Mn, Fe; x = 0 ÷ 0.4) esti-
mate the solubility of these metals as ~20 at.%. This could be due to the higher lanthanum
atomic radii compared to traditional metals. The solubility limits of other lanthanides are
assumed to vary from approximately one to a few percent. In order to clarify the influence
of the CuLaS2 impurity phase on magnetic and thermoelectric properties, this compound
was also synthesized. The XRD pattern of CuLaS2 is presented in Figure 1. Note that
CuLaS2 can be crystallized in several space groups: P21/c, P1121/b and P63 [47]. It was
found that the obtained CuLaS2 sample consisted of particles of different pace groups.
However, the particles of the P21/c space group are prevalent. The diffraction peaks of
the CuLaS2 phase are significantly overlapped with those for CuCr1−xLaxS2. However,
only the most intense peak at 23.7◦ of the CuLaS2 phase is observed in the XRD patterns
for the high-doping CuCr1−xLaxS2 (x = 0.015; 0.03) solid solutions. Table 1 lists the lattice
parameters for CuCr1−xLaxS2 solid solutions calculated from the XRD data. It was found
that a and c lattice parameters have an increasing trend to x = 0.01. This fact is in agree-
ment with the substitution of Cr3+ to La3+ ions. The decrease in the lattice parameters for
x = 0.015 and x = 0.03 could be due to the formation of the CuLaS2 phase. For instance, the
redundant lanthanum atoms that cannot be dissolved in CuCrS2-matrix were used in the
formation of the CuLaS2 phase. Hence, the formation of the CuLaS2 phase can promote the
emergence of vacancies in the copper sublattice and, therein, cause the unit cell parameters
to decrease.
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Table 1. The calculated lattice parameters for CuCr1−xLaxS2.

Sample a, Å c, Å

CuCrS2 3.482(7) 18.701(5)

CuCr0.995La0.005S2 3.482(9) 18.706(6)

CuCr0.99La0.01S2 3.483(6) 18.716(4)

CuCr0.985La0.015S2 3.479(1) 18.686(8)

CuCr0.97La0.03S2 3.480(1) 18.696(7)

The EDX mapping images of the powder and ceramic samples are plotted in
Figures 2 and 3, respectively. As can be seen, EDX mapping reveals a homogeneous
distribution of the matrix elements (Cu, Cr, S) for both the powder and ceramic samples.
However, in the case of lanthanum distribution, homogeneity was observed only for the
solid solutions with low doping concentrations (x = 0.005; 0.01). An increase in lanthanum
concentration to x = 0.015 and x = 0.03 resulted in the enlargement of the regions with
increased lanthanum concentration for both the powder (Figure 2) and ceramic (Figure 3)
samples. The obtained result correlates with the XRD data discussed above. Hence, one
can conclude that the observed regions can be identified as inclusions of the CuLaS2 phase.
The morphology of the powder particles for the initial CuCrS2-matrix and CuCr1−xLaxS2
solid solutions, observed by SEM, is depicted in Figures 4 and 5, respectively. The high-
magnification SEM images (Figure 4) clearly reveal the layered structure of the initial matrix.
The sheet-like powder grains and the stepped structure of the larger particles indicate the
preservation of the layered structure after the cationic substitution (Figure 5).
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Magnetic susceptibility (χ) of chemical compounds is the sum of various magnetic
contributions: diamagnetic, paramagnetic and ferromagnetic [45,46]. Diamagnetism is
a fundamental property of matter. It is associated with the response of electrons to an
externally applied magnetic field. The external magnetic field induces the circulation of
electrons to compensate for the applied field. The paramagnetic contributions primarily
arise from the presence of unpaired electrons and the temperature-independent Van Vleck
paramagnetism, which occurs due to the circulation of electrons in an external magnetic
field. The ferromagnetic contributions are associated with the internal Weiss molecular
field, which results in the alignment of magnetic moments in parallel orientations. This
contribution is most significant for ferromagnetic materials. The weak ferromagnetism
can also be associated with non-collinear antiferromagnetic ordering in antiferromagnetic
materials. It should be noted that the magnetochemical measurements can be significantly
influenced by the presence of magnetic impurities. For instance, the presence of ferro-
magnetic impurities in the composition of vanadium-doped CuCr1−xVxS2 solid solutions
resulted in a significant overestimation of the total magnetic susceptibility value [45]. Note
that the ferromagnetic contribution could be the reason for the deviation observed in the
reported data concerning the magnetic properties of CuCr1−xVxS2 [20]. Hence, in order to
take into account the possible presence of ferromagnetic impurities in the composition of
CuCr1−xLaxS2, the inverse magnetic field dependencies of magnetic susceptibility χ(1/H)
were analyzed. The positive slope of χ(1/H) should indicate the presence of the ferro-
magnetic contribution [20,45]. However, the absence of the slope of χ(1/H) dependencies
for CuCr1−xLaxS2 allows one to conclude the absence of ferromagnetic impurities in the
composition of the samples studied. As an example, the inverse field dependence of χ for
CuCr0.97La0.03S2 is shown in Figure 6a. Note that the ferromagnetic contributions in the
previously studied CuCr1−xVxS2 solid solutions increased with vanadium concentration.
As an illustration, the χ(1/H) dependence for the CuCr0.95V0.05S2 sample with magnetic
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impurities is shown in Figure 6b. Note that the doping concentration of x = 0.05 is assumed
to be comparable to that for CuCr0.97La0.03S2. Thus, one can conclude that the investigated
samples do not contain any ferromagnetic impurities.
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The temperature dependencies of the magnetic susceptibility of CuCr1−xLaxS2 are
shown in Figure 7. It can be observed that the temperature dependencies for CuCr1−xLaxS2
solid solutions closely overlapped with those for the initial CuCrS2-matrix. The depen-
dencies for CuCr1−xLaxS2 demonstrated a hyperbolic behavior, which is typical for an-
tiferromagnetic compounds, within the temperature range above the Neel temperature
(Figure 7a) [45,46]. A linear dependence of the inverse magnetic susceptibility was observed
for the samples studied within the temperature range of 80–600 K. In the temperature re-
gion above 600 K, a slight deviation from the linear shape was observed (Figure 7b). The
deviations were clearly observed in the temperature dependencies of the effective magnetic
moment µeff (Figure 7c,d). It was previously reported that this deviation corresponds to
the order–disorder phase transition (ODT) [8,10,11,22,48]. The ODT temperature of ~695 K
was previously determined using differential scanning calorimetry (DSC) [11,22]. Note that
µeff(T) temperature dependence can be also used to determine the magnetic phase transition
temperature [45,46]. In this regard, the minima of µeff(T) in the high-temperature region
were measured using spline interpolation (Figure 8). Note that the measured value of 699 K
for the initial CuCrS2-matrix was found to be 4 degrees greater compared to the reported
DSC measurements [11,22]. This could be attributed to the indirect relationship between
the mechanism of the structural ODT and the changes in µeff. It was previously suggested
that the ODT leads to an increase in the indirect exchange interaction as a result of the
sliding of copper atoms into the octahedral sites [22]. Therefore, the increase in exchange
interaction could be attributed to the decrease in µeff within the temperature region of the
ODT. In the concentration range x ≤ 0.015, the temperatures of µeff(T) minima are within
a one-degree difference compared to the initial CuCrS2-matrix. This fact correlates with
the DSC data reported previously for lanthanide-doped CuCr0.99Ln0.01S2 (Ln = La . . . Lu)
solid solutions [22]. The temperature of µeff(T) minimum for CuCr0.97Ln0.03S2 was shifted
by 5 degrees compared to the CuCrS2-matrix. Thus, the trend of temperature decreasing
with an increase in lanthanum concentration was observed. Note that this observed trend
was previously empirically assumed for the vanadium-doped CuCr1−xVxS2 solid solu-
tions [9,10,13]. It was assumed that an increase in vanadium concentration promoted a
decrease in the formation energy of defects. In the case of lanthanum-doped CuCr1−xLaxS2
solid solutions, the observed trend could also be related to a decrease in the formation
energy of defects. This could be due to the larger ionic radius of lanthanum compared to
chromium. Thus, one can conclude that the analysis of µeff(T) dependencies can be used to
study the ODT, at least for CuCrS2-based solid solutions.
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The linear behavior of the 1/χ temperature dependencies of CuCr1−xLaxS2 within the
temperature range of 80–600 K allows one to approximate the χ(T) dependencies using the
Curie-Weiss law (solid lines in Figure 7):

χ(T) =
C

T−Θ
=

NAµ
2
B

3k(T−Θ)
µ2

eff

where T is temperature, k is the Boltzmann constant, NA is the Avogadro number, µB is the
Bohr magneton, µeff is the effective magnetic moment and Θ is the Weiss constant [45,46].

The µeff and Θ concentration dependencies are shown in Figure 9a,b. The µeff value of
3.88 µB for CuCrS2 correlates well with the theoretical value of 3.87 µB corresponded to the
Cr3+ state [45,46]. The cationic substitution led to the µeff value decrease for CuCr1−xLaxS2
solid solutions compared to the initial CuCrS2-matrix. This fact indicates the simple isova-
lent substitution model of paramagnetic Cr3+ to diamagnetic La3+ ions [22,49]. Note that
the µeff(x) was monotonically decreased in the concentration range of x ≤ 0.01. The lowest
µeff value of 3.77 µB was measured for CuCr0.99La0.01S2. Further increase in lanthanum
concentration does not significantly affect the µeff value.
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The behavior of µeff(x) dependency at the concentration range of x > 0.01 could
be related to the presence of the CuLaS2 impurity phase, discussed above. Formally,
CuLaS2 is expected to be a diamagnetic compound since copper(I), lanthanum(III) and
sulfur(II) are diamagnetic species [45,46]. In order to confirm this suggestion, the pure
CuLaS2 phase was additionally synthesized. Accordingly, the CuLaS2 phase exhibited a
negative magnetic susceptibility value (Figure 10a). An increase in the χ value within the
temperature range below 300 K indicated the presence of magnetic impurities in the sample.
Indeed, the analysis of χ(1/H) indicated the presence of ferromagnetic contributions
within the temperature range studied. As an illustrative example, Figure 10b depicts the
inverse field dependency measured at 80 K. Note that a similar trend was observed at
other temperatures as well. The correction in the ferromagnetic contribution resulted in a
decrease in the total χ value. However, even after the correction procedure, the tendency
of χ to increase was preserved in the temperature range below 200 K. This could be due
to the presence of paramagnetic impurities in the sample in addition to the ferromagnetic
impurities. Note that 1/χ(T) dependency was not linear and could not be fitted using
the Curie-Weiss law approximation. This fact allows one to confirm the presence of a few
types of impurities with different magnetic properties. However, the measurements of
magnetic susceptibility for the CuLaS2 phase have consistently shown that the contribution
of this impurity to the main CuCr1−xLaxS2 phase was negligibly small. Thus, one can
conclude that the contribution of the CuLaS2 impurity phase could not be the direct reason
for the observed behavior of µeff(x) dependency in the concentration range of x > 0.01. On
the other hand, the presence of the additional phase in the composition of CuCr1−xLaxS2
could lead to the emergence of defects. For instance, defects in the chromium or copper
sublattice could affect the magnetic moment of neighboring atoms. Thus, the decrease in
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the concentration of chromium atoms could be compensated by the presence of additional
magnetic moments. However, the magnetic moment concentration dependency can be
used to study the solubility limit of doping atoms in CuCrS2-based solid solutions.
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The concentration dependency of Θ for CuCr1−xLaxS2 demonstrated a similar behav-
ior to that of the µeff(x) dependence (Figure 9b,c, respectively). In the concentration range
x≤ 0.01, the absolute value of Θ was decreased. A further increase in lanthanum concentra-
tion led to a slight increase in the absolute value of Θ. Note that lanthanum has an unfilled
f -shell, resulting in spin-only behavior of the magnetic properties of CuCr1−xLaxS2. Since
the Weiss constant is related to the total exchange interaction, spin value, and, consequently,
the effective magnetic moment, one can utilize this relationship to calculate the exchange
interaction value as follows [45,46]:

Θ =
2s(s + 1)

3k ∑ zi Ji =
µ2

eff
6k ∑ zi Ji

where s is the spin, zi is the magnetic coordination number, Ji is the exchange interaction
between magnetic centers and i is the magnetic center number. The concentration depen-
dence of the exchange interaction absolute value is presented in Figure 9c. The obtained
values indicate the absence of significant changes in the magnetic exchange interaction
ΣziJi in the solid solutions studied. Thus, one can conclude that changes in the Θ value are
due to changes in the effective magnetic moment.

As discussed above, CuCrS2-based solid solutions are considered to be promising
thermoelectric materials. Thus, measurement of the Seebeck coefficient of CuCr1−xLaxS2
was carried out (Figure 11). The positive sign of the Seebeck coefficient indicates the
preservation of p-type conductivity in CuCr1−xLaxS2 after the cationic substitution of
the initial CuCrS2-matrix. It was previously reported that the cationic substitution of
chromium atoms with lanthanum in CuCr0.99La0.01S2 led to a significant increase in the
Seebeck coefficient compared to the initial matrix [21]. The current study confirms the
previous findings.

Note that all the solid solutions showed a higher Seebeck coefficient compared to the
initial CuCrS2-matrix. The largest Seebeck coefficient value of 373 µV/K was measured
at 500 K for CuCr0.015La0.015S2. The obtained value was 3.3 times greater compared to
the initial matrix (113 µV/K). This could be due to electronic structure reconfiguration
after cationic substitution. For instance, the occupied 3d-states of chromium in the case
of the initial CuCrS2-matrix are replaced by the unoccupied 4f -states of lanthanum in
CuCr1−xLaxS2 solid solutions. This process leads to an electronic density decrease at the
valence band top and, consequently, causes a shift of the valence band top to the higher
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binding energy region [21,49]. Note that, as reported previously, DFT calculations for the
model solid solutions with a high lanthanum concentration (x ≈ 0.33) lead to vanishing
of the band gap [27,49]. Thus, one could expect an increase in the Seebeck coefficient
value at the low lanthanum concentration region (x ≤ 0.01) and a decrease in the Seebeck
coefficient value with increasing lanthanum concentration (x→0.33). However, the influ-
ence of lanthanum concentration on the Seebeck coefficient behavior is more complicated.
For instance, the Seebeck coefficient was significantly increased for x = 0.005 compared
to the initial matrix. A further concentration increase to x = 0.01 led to a decrease in the
Seebeck coefficient value. Hence, one can conclude that the proposed model agrees well
with the observed behavior of the lanthanum concentration influence for solid solutions
with x ≤ 0.01. However, an increase in the concentration to x = 0.015 caused a further
increase in the Seebeck coefficient compared to CuCr0.99La0.01S2. The observed Seebeck
coefficient values for CuCr0.985La0.015S2 are comparable with those for CuCr0.995La0.005S2.
The Seebeck coefficient for the solid solutions with the highest lanthanum concentration
CuCr0.97La0.03S2 are lower compared to CuCr0.985La0.015S2. As mentioned above, the solid
solutions with x ≥ 0.015 contained the additional CuLaS2 phase. The Seebeck coefficient
temperature dependency for CuLaS2 is presented in Figure 11. The Seebeck coefficient
values for CuLaS2 are much lower compared to CuCrS2 and CuCr1−xLaxS2 solid solutions.
Thus, the presence of the CuLaS2 phase in CuCr1−xLaxS2 could not be a direct reason
for the increase in the Seebeck coefficient observed for CuCr0.985La0.015S2. On the other
hand, indirect mechanisms such as increase in defectiveness, lattice strain or phase bound-
aries due to the presence of CuLaS2 inclusions could affect the total Seebeck coefficient
value [40,42].
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CuLaS2 sulfide.

The measured carrier concentrations for CuCr1−xLaxS2 solid solutions at room tem-
perature are presented in Figure 12. The positive sign of the Hall voltage confirmed the
p-type conductivity of CuCr1−xLaxS2. The decrease in carrier concentration was observed
for lanthanum concertation of x ≤ 0.015 (Figure 12). This fact is consistent with previously
reported results, which showed the cationic substitution of chromium atoms leads to a
decrease in carrier concentration in CuCrS2-based solid solutions [1]. The lowest carrier
concentration of ~3× 1016 cm−3 was measured for CuCr0.985La0.015S2 with a higher Seebeck
coefficient value. Note that the carrier concentration for CuCr0.985La0.015S2 was an order
lower compared to the other solid solutions studied. An increase in lanthanum concentra-
tion leads to an increase in carrier concentration of ~4.4 × 1017 for CuCr0.97La0.03S2. Thus,
the observed trend of charge carrier concentration increase confirmed the proposed model
of electronic structure reconfiguration discussed above.
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4. Conclusions

The influence of the doping atom concentration on the magnetic properties of CuCrS2-
based CuCr1−xLaxS2 (x = 0; 0.005; 0.01; 0.015; 0.03) solid solutions was studied. The
magnetic susceptibility, magnetic moment and Weiss constant of the samples were analyzed
using static magnetochemistry within a wide temperature range of 80 to 750 K. The low-
doping solid solutions with a lanthanum concentration of x ≤ 0.01 were determined to be
single-phased based on the obtained XRD and EDX data. The deviation from the simple
isovalent Cr3+→Ln3+ cationic substitution principle was observed for solid solutions with
a higher lanthanum concentration of x > 0.01. The magnetic properties of CuCr1−xLaxS2
were found to be significantly influenced by lanthanum concentration, especially in the
low-doping concentration region of x ≤ 0.01. The highest magnetic moment value of
3.88 µB was measured for the initial CuCrS2-matrix. The lowest value of 3.77 µB was
observed for the CuCr0.99La0.01S2 solid solution. The minimum Weiss constant of −147 K
was measured for the initial matrix. The maximum value of −139 K was observed for
CuCr0.99La0.01S2. An increase in the Seebeck coefficient value is observed after the cationic
substitution of CuCrS2 with lanthanum. The maximum value of 373 µV/K was measured
for CuCr0.985La0.015S2 at 500 K. The obtained value was 3.3 times greater compared to the
initial CuCrS2-matrix. The cationic substitution of chromium atoms in the initial matrix
results in a decrease in the charge carrier concentration. The lowest carrier concentration of
~3× 1016 cm−3 was measured for CuCr0.985La0.015S2 with a higher Seebeck coefficient value.
The field dependence of the magnetic susceptibility indicated the absence of ferromagnetic
contributions in the total magnetic susceptibility value of CuCr1−xLaxS2. It should be
noted that the previously reported data on vanadium-doped solid solutions demonstrated
a significant ferromagnetic contribution in the magnetic susceptibility value. The data on
magnetic properties can be successfully utilized to investigate the limits of doping atom
suitability and ODT temperature in CuCrS2-based solid solutions.
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