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Abstract: A comprehensive study of the thermoelectric properties of CuCrgg9Lng 1S, (Ln = La...Lu)
disulfides was carried out in a temperature range of 300 to 740 K. The temperature dependencies
of the Seebeck coefficient, electrical resistivity, and thermal conductivity were analyzed. It was
found that the cationic substitution of chromium with lanthanides in the crystal structure of layered
copper—chromium disulfide, CuCrS, resulted in notable changes in the thermoelectric performance
of CuCrpg9ling1Sy. The cationic substitution led to an increase in the Seebeck coefficient and
electrical resistivity and a thermal conductivity decrease. The highest values of the thermoelectric
figure of merit and power factor corresponded to the praseodymium-doped sample and an initial
CuCrS,-matrix at 700-740 K. The cationic substitution with lanthanum, cerium, praseodymium,
samarium, and terbium allowed for an enhancement of the thermoelectric performance of the initial
matrix at a temperature range below 600 K. The cationic substitution of CuCrS; with lanthanum and
praseodymium ions appeared to be the most promising approach for increasing the thermoelectric

performance of the initial matrix.

Keywords: layered copper-chromium disulfide; lanthanides; thermoelectricity; Seebeck coefficient;
electrical resistivity; thermoelectric figure of merit; power factor

1. Introduction

The layered copper—chromium disulfide CuCrS, is considered a multipurpose func-
tional material with a quasilayered structure formed by CrS,-layers separated by a van
der Waals gap filled with copper ions [1-8]. Some of the crystallographic sites in this
gap are unfilled at room temperature [9-11]. However, under specific conditions, the
copper ions are able to hop between these sites, thereby moving throughout the otherwise
solid crystal. This phenomenon leads to the order-to-disorder phase transition (ODT) in
CuCrS; disulfide at temperatures above 670 K [10-12]. The presence of the ODT in the
high-temperature range in CuCrS,-based compounds results in ferroelectric properties.
Thus, these compounds could be considered functional materials for the fabrication of vari-
ous high-temperature electronic devices, such as tunable ferroelectric capacitors (varactors)
and resistors (memristors). The ionic conductivity of CuCrSy-based compounds allows one
to consider them promising materials for the fabrication of chemical current sources and
chemotronic devices [9,13-18]. The helimagnetic ordering demonstrated at low temper-
atures by the layered copper—-chromium disulfide matrix allows one to consider CuCrS,
a material for the fabrication of solid-state memory devices. The functional properties of
CuCrS;-based compounds can be tuned by the cationic substitution of the initial matrix.
The cationic substitution of metal atoms in the initial CuCrS;-matrix with V, Mn, or Ag
promotes an increase in the ionic conductivity of the prepared compounds [9,13,19,20]. Fur-
thermore, the cationic substitution can induce the emergence of new functional properties in
CuCrS,-based compounds. For instance, cationic substitution with V not only enhances the
ionic conductivity of CuCrj_4 VxS, compounds but also induces colossal magnetoresistivity
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and metal-to-insulator (MIT) phase transition [21-25]. The substitution of S atoms with
Se has been reported to improve the thermoelectric properties of CuCrS,_,Seyx compared
with CuCrX; (X =S, Se) matrix compounds [26,27]. In recent years, the thermoelectric
properties of CuCrS, and layered dichalcogenides, such as ACrX;,-type (A = Cu, Ag, Au;
X =5, Se), have garnered particular interest. The high values of the Seebeck coefficient value
and ionic conductivity allow one to consider ACrX,-matix- and ACrX;-based compounds
phonon glass—electron crystal (PGEC) materials [1,4,28,29]. However, the majority of the
experimental data correspond to initial matrix compounds. For instance, the layered anti-
ferromagnet copper—chromium disulfide CuCrS; demonstrates enhanced values regarding
the thermoelectric figure of merit (ZT), up to ~2 [30,31]. The combination of the aforemen-
tioned properties allows CuCrSy-based compounds to be considered promising materials
for the fabrication of high-performance thermoelectric generators (TEGs). The cationic
substitution of the CuCrS;-matrix is significantly affected by the thermoelectric properties
of the initial matrix [32-36]. It was previously reported that the cationic substitution of the
CuCrS;-matrix with a low concentration of doping atoms could enhance the thermoelectric
properties of the initial matrix. For instance, CuCrS;-based compounds doped with iron
atoms, such as CuCr;_4FexS;, up to a concentration of x = 0.03, have demonstrated high
values of the Seebeck coefficient [32]. Lanthanide chalcogenides are considered promising
compounds for designing of efficient thermoelectric materials [37,38]. This is due to the
significant contribution of f-states in the formation of the electronic structure of these mate-
rials [39,40]. Note that the increased localization of electronic density in the band gap region
is considered one of the most significant features determining the total Seebeck coefficient
value of semiconductor thermoelectric compounds. Note that an increase in the doping
atom concentration in CuCrS;-based compounds causes the suppression of the Seebeck
coefficient due to the MIT [23,25,32]. Thus, according to previous studies, a concentration
of x = 0.01 is considered to be optimal. Note that the cationic substitution of chromium in
the CuCrS,-matrix with lanthanide atoms, from lanthanum to lutecium, in CuCr; _,LnyS,
has been reported to occur via the isovalent principle with Cr?* to Ln®* [34,35,39,41]. A
study of compounds doped with promethium was excluded from this study due to its
radioactivity and rarity. Thus, the enhancement of the Seebeck coefficient can be primarily
attributed to the contribution of the f-states of lanthanides in the reconstruction of elec-
tronic structure resulting from the cationic substitution process. The present study involved
experimental data concerning the analysis of the total set of thermoelectric parameters,
including electrical resistivity, thermal conductivity, thermoelectric figure of merit (ZT), and
power factor (PF), of layered antiferromagnet CuCrpggLng ;S (Ln = La. . .Lu) compounds.

2. Experimental

CuCrpg99Lng 1Sy (Ln = La. . .Lu) compounds were synthesized using high-purity com-
mercial metal oxides via the previously reported sulfidation route [34]. The samples were
found to be single-phase and isostructural to the initial CuCrSy-matrix [41]. The XRD data
evidencing the cationic substitution of the chromium atoms with lanthanides and the study
of the doping mechanism were reported previously [35,36,39-41]. The ceramic samples
were prepared by compressing the synthesized powder samples under uniaxial pressure
in a vacuum [34]. The measurements of the Seebeck coefficient of the CuCryg9Lng 1Sy
compounds were carried out using the original experimental setup described in detail
in [32,34,36].

The electrical resistivity was measured in a rarefied helium atmosphere of 5 Torr using
the Van der Pauw technique. Electric probes were fixed on the sample’s surface using the
conducting compound prepared from a mixture of graphite powder and high-temperature
glue. The measurements were carried out using a 6%2 Keysight 34465A voltmeter (Keysight
Technologies, Santa Rosa, CA, USA). During the measurements, the current direction
was reversed. The temperature of the sample was maintained using a Thermodat-13 K5
temperature controller.
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The thermal conductivity was studied using a comparative steady-state measurement
technique in a vacuum with a residual pressure of 10~2 Torr. A quartz disk with a diameter
of 10.5 mm and a thickness of 3.2 mm was used as the reference sample. The average
dimensions of the ceramic samples of CuCrgg9Lng 1S, were the same as those of the
reference sample’s dimensions. The ceramic sample, the copper disk, and the reference
sample were placed between a temperature-controlled copper heater and a heat sink. The
temperature in the measurement cell was measured by a thermocouple mounted in a
copper disk sandwiched between the sample and the reference. The surfaces of the disks,
perpendicular to the heat flow direction, were treated with a mixture of graphite powder
and polymethylsiloxane to reduce the thermal contact resistance. The measurement cell
volume was surrounded by a brass thermal shield with a temperature three degrees lower
than the temperature of the heat sink. A temperature gradient of five degrees between the
heater and the heat sink was maintained using a Thermodat-13 K5 temperature controller.

The Hall mobility (u) for the CuCrgg9Ling 1S, compounds was calculated using the
values of the electrical resistivity (p) at 300 K and charge carrier concentrations (n) reported
previously [34] as 1 = (e-n-p)~!, where e is the elementary charge.

The thermoelectric figure of merit (ZT) was calculated using the measured values
of the Seebeck coefficient (S), electrical resistivity (p), and thermal conductivity (k) as
ZT =S*T/(p-k). The power factor was calculated as PF = S%/p.

3. Results and Discussion

The Seebeck coefficient temperature dependencies S(T) for the initial CuCrS;-matrix
and CuCrgg9Lng 1S, (Ln = La. . .Lu) compounds are plotted in Figure 1. The measured S(T)
dependencies demonstrated similar behavior to those of the initial matrix. However, the
dependency of the compound doped with lanthanum atoms demonstrated a different be-
havior (red curve in Figure 1). As can be seen in Figure 1, the measured S(T) dependencies
can be divided into two regions. The first one corresponds to a temperature range of 300 to
500 K. Here, the doped compounds exhibited an increase in the Seebeck coefficient value
compared with the initial matrix, except for the samples doped with Tm and Ce. At the
second temperature range (T > 500 K), the compounds doped with La, Ce, Pr, Gd, and Tb
demonstrated further increases in the Seebeck coefficient. In contrast, the cationic substitu-
tion with other lanthanide atoms caused Seebeck coefficient suppression. At a temperature
region of 650-700 K, an inflection feature was observed. As was previously reported, this
could be due to the order-to-disorder (ODT) phase transition that occurs in CuCrS;-based
compounds [10-12]. Note that for the initial CuCrS;-matrix, the ODT is accompanied by a
significant reconstruction of the electronic structure, leading to the vanishing of the band
gap [12]. The inflection feature can be primarily observed for CuCrgg9Lag 1S;. For clarity,
Figure 1 plots the enlarged region of the S(T) within a temperature range ~100 K below and
~50 K above the ODT at ~690 K.

The observed enhancement of the Seebeck coefficient for CuCrggglag 1S, can be
attributed to the reconstruction of the band structure during the cationic substitution pro-
cess [34,35,39]. For instance, the cationic substitution of Cr>* ions, bearing three unpaired
electrons in the 3d-level, by La®* with an empty 4f-level, leads to a decrease in the electronic
density in the valence band top region. This results in a shift of the valence band top
toward a higher binding energy region, thereby increasing the band gap. Consequently,
the total Seebeck coefficient value is increased. Thus, one can conclude that the proposed
explanation—in the case of doping with Ce or Pr bearing a lower number of electrons
compared with Cr—can also be applied to the interpretation of the observed behavior of the
S(T) dependencies. The behavior of the S(T) for other lanthanide ions can be attributed to
the features of the localization of the 4f-levels in the band structure of CuCrgg9Lag 01S;. For
instance, the binding energy of the 4f-levels increases with the lanthanide atomic number.
Note that an increase in the substitution concentration causes Seebeck coefficient suppres-
sion due to the metal-insulator transition (MIT) [32,33]. An increase in the lanthanide
concentration to x = 0.03 results in the presence of an additional CuLnS, impurity phase
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in the composition of CuCrj_4LnyS,, as was previously shown for lanthanum [33]. The
Seebeck coefficient value increases as a function of the lanthanum concentration up to
x = 0.015. However, a further increase in the lanthanum concentration leads to Seebeck
coefficient suppression due to the metal-to-insulator transition (MIT).
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Figure 1. Seebeck coefficient temperature dependencies for initial CuCrS;-matrix and doped

CuCrgg9Lng 1Sy (Ln = La...Lu) disulfides. Inset: The enlarged region of the S(T) within a tem-
perature range ~100 K below and ~50 K above the ODT.

The temperature dependencies of the electrical resistivity (p) for CuCrgg9Lng 1Sy
exhibited typical behavior for these semiconductor compounds (Figure 2). The electrical
resistivity gradually decreases with temperature. The doped samples, except those with
Tb, demonstrate an increase in p compared with the initial matrix at 300 K. However, in the
high-temperature region, the lower electrical resistivity value corresponds to CuCrS;,. In
the case of CuCrgg9lng 1Sy, the lowest value can be observed for CuCrg g9Prg 1S, while
the largest one can be observed for CuCrgg9Lag 15o.

The representation of In(p) in the inverse temperature scale (1/T) can be used to
estimate the activation energy value (E;). An example of inverse temperature dependence
for the initial CuCrSy-matrix is plotted in Figure 3a. The observed dependence can be
divided into several parts, revealing two linear regions. The first one can be attributed
to the high-temperature region (T > 670 K), while the second one can be attributed to the
lower-temperature region (T < 300 K). The third region between 300 to 670 K exhibited
non-linear behavior related to the influence of the ionic conductivity of the CuCrS,-matrix.
The calculated values of E,, as a function of the lanthanide atomic number, are plotted in
Figure 3b,c. At temperatures below 300 K, the largest value of E, corresponds to the La-
doped sample, which exhibited the largest values of S (Figure 3b). This could be attributed
to the increase in the band gap discussed above. An increase in E,; was also observed in
the Sm-, Dy-, Er-, Tm, and Yb-doped samples. The values of E; for the samples doped
with Ce, Pr, Nd, Eu, and Lu are comparable to those of the initial matrix. The observed
decrease in E, for the Tb-doped sample could be attributed to the localization of the Tb4f-
states in the energy region between the Fermi level and the conduction band bottom. The
linear behavior of In(p) at the high-temperature range (T > 670 K) is related to a change
in the electrical conductivity mechanism of CuCrS,, for instance, the transition from the
p-type conductivity to mixed electronic-ionic conductivity in CuCrS;-based compounds
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at temperatures above 670 K [9,13,14]. The calculated E, values at T > 670 K are plotted
in Figure 3c. Note that the obtained values are one order of magnitude greater compared
with those at T < 300 K. The cationic substitution led to a decrease in activation energy
compared with the initial matrix. The E, values tend to decrease up to Tb and then increase.
This could be due to an increase in sample defectiveness caused by the difference between
the ionic radii of Cr and the substituted ion, as was reported for CuCr;_,VxS; [9,13,14].
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Figure 2. Electrical resistivity temperature dependence for initial CuCrS,-matrix and doped
CuCrgg9lng 1S, (Ln = La. . .Lu) disulfides.
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Figure 3. Inverse temperature dependence of electrical resistivity in logarithmic scale for initial
CuCrS;-matrix (a) and activation energy values for doped CuCrpg9Lng 1S, (Ln = La. . .Lu) disulfides
at temperatures below 300 K (b) and in a high-temperature range (c).

The calculated Hall mobility (p), as a function of the lanthanide atomic number (Z), is
plotted in Figure 4. It was previously shown that the lanthanide atom type affects the charge
carrier concentration value. The electronic structure reconfiguration and the redistribution
of the partial density of states (pDOS), both in the conduction and in the valence band
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during the cationic substitution, result in variation in the charge carrier concentration of
CuCrgg9Llng 1S;. The cationic substitution leads to the emergence of the additional f-states
of lanthanide atoms in the Fermi-level region. For instance, the charge carrier concentration
value for CuCryg9Lng 1S, doped with lanthanides from La to Gd is decreased compared
with the initial CuCrS,-matix [35,39]. Cationic substitution with Tb, Dy, Ho, Er, and Lu
demonstrates values comparable to those of the initial CuCrSy-matrix. Thus, one can
conclude that the carrier concentration in CuCrgg9Lng 1S; is proportional to the lanthanide
atomic number. The Hall mobility value, y, of the initial CuCrS,-matrix was 3 cm?/(V-s).
The obtained value was lower compared with ~10 cm?/(V-s), which was reported for the
crystal flake of CuCrS, [30]. This could be attributed to the differences in the real spatial
structure of the ceramic and crystal flake samples. For instance, the additional scattering
of charge carriers at grain boundaries can significantly affect the overall charge carrier
mobility. Note that the high confidence intervals for both measured values of the Hall
voltage and electrical resistivity resulted in the low accuracy of the final carrier mobility
value for the doped samples from La to Gd. However, the tendency of u to decrease
towards the end of the lanthanide series can be observed. This could be attributed to an
increase in the scattering of charge carriers by the heavier lanthanide ions. Note that the
decrease in charge carrier mobility correlates with an increase in the electrical resistivity of
CuCry_xLnS; compounds compared with the initial CuCrSy-matrix.
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Figure 4. Hall mobility for initial CuCrS;-matrix and doped CuCrgg9Lng 1S, (Ln = La. . .Lu) disul-
fides at 300 K.

The behavior of the thermal conductivity temperature dependencies for the CuCrS,-
matrix and the lanthanide-doped samples was similar (Figure 5). The obtained dependen-
cies can be divided into two regions. The first one corresponds to an increase in thermal
conductivity due to an increase in both the charge carrier concentration and the lattice
thermal conductivity at 300-500 K. Note that the lattice thermal conductivity is determined
by the heat capacity, phonon phase velocity, and phonon mean free path length [42,43].
The heat capacity of CuCrgg9Lng 1S; increases as a function of temperature, reaching a
maximum of the ODT temperature region [12,41]. The thermal conductivity at the higher
temperature range can be attributed to a heat capacity decrease or an increase in the phonon
scattering induced by the mobile copper cations (the PGEC concept). The thermal conduc-
tivity value of ~1 W/(m-K) measured for the initial CuCrS,-matrix correlated well with
the data reported previously [30,31,44,45]. The cationic substitution led to a decrease in
the thermal conductivity of CuCrgg9Lng 1S, compared with the initial matrix, except for
the samples doped with Tb and Lu. This could be attributed to the greater atomic mass of
lanthanides compared with chromium, which promotes an increase in phonon scattering.
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The observed increase in the Tb- and Lu-doped samples could be due to the increased
sample’s thermal contact conductance. Note that, unfortunately, the direct separation of the
total thermal conductivity for the doped CuCrgg9Lng 1S, compounds into electronic and
lattice components according to the Wiedemann-Franz law is not possible. This is due to
several reasons. Firstly, this principle is limited to degenerate semiconductors and metals.
Secondly, the mixed ion—electron type of conductivity in CuCrS,-based compounds is also
affected by the total thermal conductivity.

T T T T T T T T T T T
300 400 500 600 700 800
T(K)
Figure 5. Thermal conductivity temperature dependencies for initial CuCrS;-matrix and doped
CuCrpg9Lng 1S, (Ln = La. . .Lu) disulfides.

The temperature dependencies of the thermoelectric figure of merit (ZT) for the
doped CuCrpg9Lng Sy (Ln = La...Lu) compounds and the initial CuCrSy-matrix are
plotted in Figure 6a. In the room temperature region, both the initial CuCrSy-matrix
and CuCrgg9Lng S, exhibited low ZT values (~10~7 + 1079) owing to the high elec-
trical resistivity of the samples studied. As discussed above, the Seebeck coefficient of
CuCrg99Lng 015, increases with temperature, while the electrical resistivity decreases, re-
sulting in an increase in ZT. The cationic substitutions with La, Ce, Pr, Sm, and Tb allow
one to increase the ZT value in a temperature range below 600 K compared with the initial
matrix. The most significant enhancement of ZT was observed for the CuCryg9Lag 0152
sample. The largest ZT value, ~0.09, was obtained for the praseodymium-doped sample
and the initial CuCrS;-matrix at 740 K. Thus, La and Pr can be considered the most promis-
ing lanthanides for enhancing the thermoelectric properties of the initial CuCrS;-matrix.
Another important parameter of thermoelectric materials is the power factor (PF). The ini-
tial matrix and Ln-doped samples exhibited a low PF of ~10~® mW/(m-K?) at temperatures
below 500 K. The largest PF, ~0.14 mW/ (m-K?), corresponded to the initial CuCrSy-matrix
at 740 K. The samples doped with La and Pr exhibited a similar trend to that observed
for ZT, suggesting that they are the most promising lanthanides for enhancing the power
factor (PF) of the initial CuCrS,-matrix.
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Figure 6. Thermoelectric figure of merit (a) and power factor (b) temperature dependencies for initial
CuCrSy-matrix and doped CuCryg9Lng 1S, (Ln = La. . .Lu) disulfides.

The obtained value of ZT for the initial CuCrS;-matrix is consistent with data reported
in [45] and much lower than the values reported in [30,31]. Note that the value of ZT
is significantly affected by the synthesis route [31,44]. The most significant parameter
affecting the value of ZT is electrical resistivity [31,42,43]. Therefore, reducing the material
electrical resistivity could be a means of further enhancing both the ZT and PF param-
eters of CuCrS;-based compounds. The enhanced thermoelectric performance and low
electrical resistivity of the samples doped with La and Pr allow one to consider these com-
pounds promising materials for the design of composite materials. The increased values of
ZT at high temperatures allow one to expect further enhancement of the thermoelectric
performance of CuCrS,-based materials at T > 740 K.

4. Conclusions

A comprehensive study of all thermoelectric parameters, including the Seebeck coef-
ficient, electrical resistivity, thermal conductivity, the thermoelectric figure of merit, and
power factor, was carried out for lanthanide-doped CuCrjg9Lng 1Sy (Ln = La. . .Lu) disul-
fides. The cationic substitution of chromium atoms in CuCrS, with lanthanides affected
the thermoelectric properties of the initial matrix. The most significant enhancement of the
Seebeck coefficient was observed for the La-doped sample. Cationic substitution allows
one to increase both the ZT and PF values of samples doped with La, Ce, Pr, Sm, and Tb at
a temperature range below 600 K. The most significant enhancement of ZT was observed
for CuCrgg9Lag1Sy. The largest value of ZT, ~0.09, was obtained for CuCryg9Prp 015, at
740 K. The order-to-disorder phase transition (ODT) at T~670 K significantly affected the
thermoelectric parameters of CuCrgg9Lng1S;. The enhanced thermoelectric performance
and low electrical resistivity of the samples doped with La and Pr allow one to consider
these compounds promising materials for the design of composite materials. The increased
values of ZT at high temperatures allow one to expect further enhancement of the thermo-
electric performance of CuCrS;-based materials at T > 740 K. The high value of the Seebeck
coefficient makes doped CuCrgg9Lng 1S, disulfides promising functional materials for the
fabrication of high-temperature sensors.
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