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Abstract
The study of the valence state, local environment structure and magnetic properties of novel type CuCr0.99Ln0.01S2 (Ln = La, 
Ce) solid solutions was carried out using X-ray absorption spectroscopy, finite difference method simulations and static 
magnetic susceptibility measurements. The good agreement between experimental and calculated data indicates that cati-
onic substitution does not lead to significant changes in the copper, chromium and sulfur local environment character and 
electronic density distribution. The copper atoms were found to be in Cu+ oxidation state, the sulfur atoms—in S2− oxidation 
state and the chromium atoms—in Cr3+ state. The cationic substitution of chromium by lanthanum and cerium in CuCrS2 
does not significantly affect the effective magnetic moment and exchange interactions character. The lanthanum-doped 
CuCr0.99Ln0.01S2 solid solution demonstrates the Seebeck coefficient value 4 times greater than for CuCrS2-matrix at 500 K.

Keywords  XANES · Finite difference method · X-ray techniques · Simulation and modeling · Functional materials · 
Electronic materials · Magnetic properties · Seebeck coefficient

1  Introduction

The layered copper–chromium disulfides are promising 
functional materials that exhibit a wide range of functional 
properties for practical application: thermoelectricity [1–3], 
ionic conductivity [4–6] and multiferroic effects [7, 8]. The 
CuCrS2 disulfide was recently found in the mineral composi-
tion of meteorite Uakit [9].

Cationic substitution of chromium with transition metal 
atoms is one of effective methods to control electric and 
magnetic properties in the solid solutions based on CuCrS2. 
For example, the vanadium concentration increase in 
solid solutions CuCr1−xVxS2 causes an increase in the 
ionic conductivity [4, 5] and induces a metal–insulator 
transition (MIT) [10–12]. The MIT is accompanied with 

thermoelectric properties changing [3] and arising of the 
colossal magnetoresistance [10, 11].

The chromium cationic substitution with the transition 
metals in the CuCr1−xMxS2 (M = V, Mn, Fe) system is well 
known and investigated, but there is no information about 
the lanthanide-substituted copper–chromium disulfide. It 
should be motioned that the most promising thermoelectric 
properties were observed in case of low-doped solid solu-
tions [3]. Thus, in present work the novel type of solid solu-
tions—the lanthanum- and cerium-doped copper–chromium 
disulfide CuCr0.99Ln0.01S2, was studied.

The physical properties of functional materials depend on 
the character of the atom distribution over crystallographic 
positions in the crystal lattice and the electronic density 
distribution features [13, 14]. Hence, the understanding of 
the functional properties nature requires use of the methods 
sensitive to the atom local environment and oxidation state. 
Thus, XANES (X-ray absorption near edge structure) spec-
troscopy was used for the electronic and spatial structure 
both the interpretation of the magnetic properties.
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2 � Experimental

The samples CuCrS2 and CuCr0.99Ln0.01S2 (Ln = La, Ce) 
were synthesized from CuO, Cr2O3, La2O3 and CeO2 
oxides with purity of 99.99%. A mixture of oxides was 
placed in a horizontal boat in a quartz reactor. The air 
from the reaction volume was removed by argon gas flow 
and the decomposition products of ammonium rhodanide 
(NH4SCN). The reaction mixture was heated to a tem-
perature of 1050 °C and grounded for several times dur-
ing the synthesis. The completeness of sulfidization was 
controlled by the samples weighing both powder X-ray 
diffraction (XRD). The samples under study have a rhom-
bohedral structure (R3m) of α-NaFeO2 (Inorganic Crystal 
Structure Data base (ICSD) [15]). The similarity of the 
diffraction patterns indicated the matrix crystal structure 
preservation after cationic substitution (Fig. 1). The meas-
ured unit cell parameters at room temperature are listed in 
Table 1. It should be noted that the lattice parameters for 
undoped CuCrS2 matrix are in agreement with reference 
data [15].

X-ray absorption edges of copper atoms in the sam-
ples under study were obtained by a standard transmission 
mode using synchrotron radiation at VEPP-3 storage ring 
in Siberian Synchrotron and Terahertz Radiation Centre 

(Budker Institute of Nuclear Physics SB RAS, Novosi-
birsk). A slotted Si(111) crystal monochromator with reso-
lution 6 × 103 was used for synchrotron radiation mono-
chromatization [16]. X-ray absorption edges of chromium 
and sulfur atoms were obtained by a standard transmission 
mode using synchrotron radiation at VEPP-4 storage ring 
on the metrology station “Cosmos” in Siberian Synchro-
tron and Terahertz Radiation Centre (Budker Institute of 
Nuclear Physics SB RAS, Novosibirsk). A double crystal 
Si(111) monochromator with resolution ~ 1 × 104 was used 
for synchrotron radiation monochromatization [17].

The finite difference method for near edge structure 
(FDMNES software package) was used to simulate X-ray 
absorption near edge structure (XANES) spectra using 
Hedin–Lundqvist exchange and correlation potential [18, 
19]. In the simulation process, the atom state with an elec-
tron vacancy (hole) on the orbital corresponding to the 
ground state and an additional electron on the lower unoc-
cupied orbital was considered. The simulations for undoped 
disulfide matrix CuCrS2 and solid solutions CuCr0.99Ln0.01S2 
(Ln = La, Ce) were performed on clusters radius of 8.5 Å 
consisting of 160 atoms. The simulations of the cation-sub-
stituted solid solutions were performed on the cluster with 
center chromium atom replaced with lanthanide atom. The 
unit cell parameters for quantum-chemical simulation were 
taken from the powder X-ray diffraction data (Table 1).

The static magnetic susceptibility measurements were 
carried out using the Faraday balance technique. The tem-
perature stabilization of the samples was controlled using a 
Delta DTB9696 temperature controller in the temperature 
range of 80–740 K. The measurements were carried out in 
a rarefied 5 Torr helium atmosphere. The magnetic field 
strength was 7.3 kOe. The diamagnetic contributions into 
the magnetic susceptibility value were taken into account 
using Pascal scheme.

The Seebeck coefficient temperature dependencies were 
carried out in a rarefied 5 Torr helium atmosphere on the 
cylindrical compressed (~ 70 MPa) samples placed between 
two copper contact pads. The samples were compressed in 
vacuum at 650 °C. The estimated sample density was ~ 4.1 g/
cm3. The 10 °C temperature gradient between the copper 
pads was maintained by Thermodat-13K5 temperature con-
troller. The thermoelectric power occurring between the 
pads was measured using digital voltmeter Belvar V7-53.

3 � Results and discussion

X-ray absorption near-edge structure (XANES) spectros-
copy is a well-established technique providing data on the 
electronic and spatial structure. The absorption edge energy 
corresponds to the core-level energy characterizing the ele-
ments oxidation state. The spectral shape in the near-edge 

Fig. 1   Powder diffraction patterns of CuCrS2 and CuCr0.99Ln0.01S2 
(Ln = La, Ce) solid solutions

Table 1   Measured unit cell parameters for CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce)

Sample a (Å) c (Å)

CuCrS2 3.480(4) 18.689(5)
CuCr0.99La0.01S2 3.480(1) 18.693(1)
CuCr0.99Ce0.01S2 3.480(8) 18.698(9)
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region provides information about the electronic properties 
and the local environment of the absorbing atom [20].

3.1 � Copper K‑edges

The copper K-edges of undoped matrix CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce) solid solutions are shown in 
Fig. 2. The similarity of the K-edges before and after cati-
onic substitution indicates that the copper local environment 
surrounding character is preserved after cationic substitu-
tion. The simulated XANES spectra (Fig. 2) are in good 
agreement with experimental data. It should be noted that 
pre-edge structure in case of the experimental edges was not 
resolved well enough as in simulated spectra. The mismatch 
between theoretical and experimental results could be due 
to the chemical bonding description in terms of the local 
density approximation (LDA). The LDA method considers 
the inhomogeneous electron density as being locally homo-
geneous and uses the exchange–correlation hole known for 
the homogeneous system. Thus, the features located in the 
pre-edge region (A0) sensitive to the bond hybridization near 
Fermi level (as well as local environment character) could 
be overestimated [21, 22].

The line-shape analysis of experimental and simulated 
Cu K-edges has shown the B feature intensity increase after 
cationic substitution. The energy position (8980.7 eV) of the 
experimental copper K-edge inflection point of the pre-edge 
shoulder does not change after cationic substitution. This 
fact indicates that cationic substitution does not significantly 
affect the electronic density for copper atoms. It was previ-
ously shown that the oxidation state in undoped disulfide 
matrix could be described as follows Cu+Cr3+(S2−)2 [8, 13, 
23]. Therefore, the copper oxidation state (Cu+) remains the 
same as in the initial matrix.

3.2 � Chromium K‑edges

The chromium K-edges of CuCrS2 and CuCr0.99Ln0.01S2 
(Ln = La, Ce) are shown in Fig. 3. The fine structure (fea-
tures A0–E) similarity indicates the similarity of the local 
environment character of chromium atoms after cationic 
substitution. The experimental spectra line-shape is well 
agreed with simulated spectra. The lower intensity of D fea-
ture in comparison with those in the experimental K-edges 
could be due to the spectra convolution procedure used in 
the FDMNES software package. The high-energy feature E 

Fig. 2   Experimental and simulated CuK-edges in CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce) solid solutions

Fig. 3   Experimental and simulated CrK-edges in CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce) solid solutions
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could be related to the extended X-ray absorption fine struc-
ture (EXAFS) [24]. The calculations in the EXAFS region 
require a different approach taking into account the inter-
ference between the outgoing photoelectron wave functions 
from the absorbing atoms and the returning wave functions 
backscattered from atoms in the surrounding region [25–27]. 
The energy position (5993.3 eV) of the experimental chro-
mium K-edge inflection point of the pre-edge shoulder does 
not change after cationic substitution. Thus, one can con-
clude that cationic substitution with lanthanides does not 
significantly affect the electronic density for chromium 
atoms. Therefore, the chromium oxidation state (Cr3+) in 
lanthanide-doped solid solutions remains the same as in the 
initial matrix.

3.3 � Sulfur K‑edges

The sulfur K-edges of CuCrS2 and CuCr0.99Ln0.01S2 
(Ln = La, Ce) are shown in Fig. 4. The similarity of the 
experimental sulfur K-edges for CuCrS2 and doped solid 
solutions indicates the sulfur local environment character 
preservation. The fine structure of the simulated spectra is 
well agreed with experimental data. However, the pre-edge 
features A1 and A2 have “inverse” ratio in comparison with 
those for the experimental spectra. It could be due to LDA 
method limitations concerning chemical bonding description 
that was mentioned above (see paragraph 3.1). The cationic 
substitution of CuCrS2 with lanthanum and cerium led to 
the intensity increase in B, D and E features. This trend is in 
good agreement with proposed substitution model both in 
the experiment and simulated spectra. The energy position 
(2469.7 eV) of A1 feature does not change after cationic sub-
stitution and corresponds to S2− oxidation state. The absent 
of energy position shifts of sulfur K-edges indicates that 
cationic substitution does not significantly affect the elec-
tronic density of sulfur atoms.

3.4 � Simulation for lanthanide L3‑edges

The simulated L3-edge for lanthanum and cerium in 
CuCr0.99Ln0.01S2 (Ln = La, Ce) is shown in Fig. 5. The 
local environment in case of La- and Ce-doped solid solu-
tions is the same. Hence, one could expect the lanthanide 
L3-edges features similarity. This statement is in good 
agreement with simulation results (Fig. 5). It should be 
mentioned that lanthanum and cerium L3-edges are plot-
ted with the respect to the edge energies (Eedge). Thus, one 
can note that the energy position of the pre-edge feature A, 
the low-energy features B–D both the high-energy feature 
E are the same for La- and Ce-doped solid solutions. The 
absent of the significant energy position shifts of the X-ray 
absorption edges discussed above (see Sects. 3.1–3.3) and 

taking into account the charge balance allow one to con-
clude that lanthanide atoms should be in Ln3+ oxidation 
state.

3.5 � Magnetic susceptibility

The molar magnetic susceptibility temperature dependen-
cies for CuCrS2 and CuCr0.99Ln0.01S2 (Ln = La, Ce) are 
shown in Fig. 6 (the filled symbols). The linear depend-
ence of the invert magnetic susceptibility (Fig.  6, the 
empty symbols) allows one to approximate obtained 
dependencies using Curie–Weiss law [28, 29]:

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 paramagnetic Curie 
temperature:

(1)�(T) =
C

T − �
=

NA�
2

B

3k(T − �)
�2

eff
,

Fig. 4   Experimental and simulated S K-edges in CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce) solid solutions
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where S is the spin, zi is the magnetic coordination number, 
Ji is the exchange interaction between magnetic centers, i is 
the magnetic center number.

The approximation results are shown in Figs. 6 and 7 
by the solid lines. The μeff = 3.75 ± 0.03 μB for CuCrS2 is 
in good agreement with the Cu+Cr3+(S2−)2 distribution 
and corresponds to Cr3+ oxidation state (μtheor. = 3.87 μB). 
The cationic substitution does not significantly affect the 
μeff value for CuCr0.99La0.01S2 (μeff = 3.71 ± 0.03 μB) and 
CuCr0.99Ce0.01S2 (μeff = 3.77 ± 0.05 μB) in comparison with 
those for CuCrS2. Thus, one can conclude that cationic 

(2)� =
2S(S + 1)

3k

∑

ziJi,

substitution does not affect the chromium and copper oxi-
dation state. It should be emphasized that this fact is in good 
agreement with XANES data discussed above.

The paramagnetic Curie temperature analysis has 
shown that the mean exchange interaction integrals ΣziJi 
are negative. That fact corresponds to the prevalence 
of antiferromagnetic exchange interactions in the com-
pounds studied. The cationic substitution does not sig-
nificantly affect the paramagnetic Curie temperature value 
(θ = − 125 ± 6 K (CuCrS2), − 133 ± 4 K (CuCr0.99La0.01S2) 
and − 135 ± 5  K (CuCr0.99La0.01S2)). The θ value for 
CuCrS2 is in good agreement with data reported in [7, 13, 
23 and 24]. It should be also noted that that the effective 
magnetic moment temperature dependence (Fig. 7) char-
acter is typical for antiferromagnetic compounds [28, 29]. 

Fig. 5   Simulated Ln L3-edges in CuCr0.99Ln0.01S2 (Ln = La, Ce) solid 
solutions

Fig. 6   Static magnetic susceptibility measurements for CuCrS2 and 
CuCr0.99Ln0.01S2 (Ln = La, Ce) solid solutions: χ(T) (filed symbols) 
and 1/χ(T) (empty symbols)

Fig. 7   Effective magnetic moment for CuCrS2 and CuCr0.99Ln0.01S2 
(Ln = La, Ce)
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The μeff value increases as a function of temperature in 
CuCrS2 and CuCr0.99Ln0.01S2 (Ln = La, Ce). The antifer-
romagnetic ordering of magnetic moments in the case of 
CuCrS2-matrix at temperatures below the Neel tempera-
ture (TN ≈ 40 K) was shown in [7, 13, 23 and 24]. In the 
temperature range above TN, the inverse magnetic suscep-
tibility of CuCrS2 was found to be linear and could be 
described in terms of Curie–Weiss law. In the vanadium-
doped solid solutions CuCr1−xVxS2 (x < 0.2), the antifer-
romagnetic ordering characteristic to the CuCrS2-matrix is 
preserved [23]. Thus, one can conclude that antiferromag-
netic ordering at low temperature range for lanthanide-
doped solid solutions CuCr0.99Ln0.01S2 is preserved.

3.6 � Seebeck coefficient

The temperature dependences of the Seebeck coefficient 
(S) for lanthanide-doped solid solutions CuCr0.99Ln0.01S2 
and CuCrS2-matrix are shown in Fig.  8. The posi-
tive sign of S indicates p-type conduction in the tem-
perature range of 100 to 500  K. The largest S values 
over investigated temperature range were observed for 
CuCr0.99La0.01S2 (the maximum value is ~ 320 μV/K at 
500 K). The Seebeck coefficient increases in the row 
CuCrS2 → CuCr0.99Ce0.01S2 → CuCr0.99La0.01S2. The 
increase in S could be due to the metal-isolator transition 
in the cation-substituted solid solutions [3]. The signifi-
cant increase in S in CuCr0.99La0.01S2 could be associated 
with the electronic structure features of lanthanum, since 
Ln3+ has an empty 4f-shell. The replacing of chromium 
3d-states with empty lanthanum 4f-states leads to the elec-
tronic density decrease in the valence band region. Thus, 
the Seebeck coefficient value in the lanthanide-doped 

solid solution increases in comparison with those for 
CuCrS2-matrix.

4 � Conclusion

The comprehensive study of the lanthanide-doped solid solu-
tions CuCr0.99Ln0.01S2 (Ln = La, Ce) using X-ray absorption 
spectroscopy and static magnetochemistry was carried out.

The local atomic environment in the lanthanide-doped 
solid solutions CuCr0.99Ln0.01S2 remains unaffected after 
cationic substitution. The cationic substitution of chromium 
was confirmed by the changes observed in the K-edges fine 
structure features intensity. The similarity of the simulated 
and experimental data validates the proposed model of the 
cationic substitution.

The copper atoms were found to be Cu+, the chromium 
atoms—Cr3+ and the sulfur atoms S2− oxidation state. The 
lanthanide atoms were found to be Ln3+ due to the absence 
of the significant changes of the X-ray absorption K-edges 
both the charge balance.

The cationic substitution for CuCr0.99Ln0.01S2 (Ln = La, 
Ce) does not significantly affect magnetic properties. How-
ever, there is an affect on the Seebeck coefficient value for 
CuCr0.99Ln0.01S2 (Ln = La, Ce) in comparison with those for 
CuCrS2-matrix was observed. The lanthanum-doped solid 
solution has the largest Seebeck coefficient value (4 times 
greater than for CuCrS2-matrix at 500 K). This could be due 
to the electronic structure features of lanthanum, since Ln3+ 
has an empty 4f-shell.
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