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ABSTRACT

The results of a study of copper chromite ceramic samples doped with magnesium are presented. The samples were synthesized
according to the solid-phase method using a special procedure for preparing the initial mixture, which ensures a uniform distri-
bution of magnesium with its content from 0.2 to 6%. The substitution of chromium for magnesium in the crystal lattice is con-
firmed by Raman scattering of light and EPR spectra. As the magnesium content increases from 0 to 6 at.%, the resistivity of the
synthesized samples decreases by more than 3 orders of magnitude at room temperature. High thermopower values were
obtained, and it was shown that the main charge carriers are holes, and the predominant mechanism of hole transport in doped
samples is hopping transfer over localized states, whose density decreases with an increase in energy near the Fermi energy. It
is shown that the localization radius increases with an increase in magnesium content.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086413

INTRODUCTION

Chromite copper belongs to the class of delafossites1; this
material is conductive and transparent to visible light. In addi-
tion, this material has hole conductivity,1–3 and the number of
known transparent p-type semiconductors is strongly limited.
This makes copper chromite promising for applications in
optoelectronics. Recently it was discovered that copper chro-
mite exhibits large values of the Seebeck coefficient that are
weakly dependent on temperature, which also makes it prom-
ising for thermoelectric applications,1,4 The main problem
associated with the use of copper chromite in electronics is
its low electrical conductivity.1–5 It was shown that, in order to
increase the electrical conductivity, copper chromite can be
doped with elements of group II of the periodic table.3–8

The dopant behavior and charge transfer mechanisms
in the doped copper chromite remain largely unexplored
and unexplained. This is related to the complexity of the
electronic structure of copper chromite,1,9,10 the rather high
polarizability of the crystal lattice,11 and the presence of a
quasi-two-dimensional lattice of magnetic chromium ions.12–14

In addition, there are significant experimental difficulties in
obtaining copper compounds with a valence of I with a uniform
distribution of the dopant. In the context of the above, the
study of doped copper chromite is relevant both from a scien-
tific and practical points of view.

The purpose of this work is the synthesis of homoge-
neous copper chromite samples doped with magnesium, the
study of electrical conductivity, thermoelectric properties,

Low Temperature
Physics ARTICLE scitation.org/journal/ltp

Low Temp. Phys. 45, 000000 (2019); doi: 10.1063/1.5086413 45, 000000-194

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5086413
https://doi.org/10.1063/1.5086413
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5086413
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5086413&domain=aip.scitation.org&date_stamp=2019-00-00
mailto:kulb@mig.phys.msu.ru
https://doi.org/10.1063/1.5086413
https://aip.scitation.org/journal/ltp


and electron paramagnetic resonance (EPR) for copper chro-
mite with different magnesium content.

1. SYNTHESIS AND CHARACTERIZATION OF SAMPLES

Samples of the CuCr1–хMgхO2 ceramics, where х =0, 0.002,
0.008, 0.015, 0.03, and 0.06, were synthesized and studied in the
present work. Synthesis was carried out according to the nitrate
method. Synthesis of doped samples for uniform distribution of
impurities in the samples (up to the 0.2% concentration of mag-
nesium) began with obtaining a homogeneous mixture of chro-
mium, copper, and magnesium oxides via the liquid phase. The
source oxides were obtained by thermolysis of Cr, Mg, and Cu
in the NH4NO3 melt according to the following reactions:

Cu(NO3)2 � 3H2O ! CuOþ 2NO2 " þ 1=2O2 " þ 3H2O " , (1)

Mg(NO3)2 � 6H2O ! MgOþ 2NO2 " þ1=2O2 " þ6H2O " , (2)

2Cr(NO3)3 � 9H2O ! Cr2O3 þ 6NO2 " þ3=2O2 " þ9H2O " , (3)

NH4NO3 ! NH3 þHNO3: (4)

The calculated amounts of Cr, Mg, and Cu nitrates were
mixed in a glass in a dry crystalline form. An equal weight of
NH4NO3 was added to the resulting mixture of salts. The
mixture was heated on a sand bath until melting (dissolving
the salts in their own water of crystallization at a tempera-
ture of about 100°С), and the decomposition of mixtures of
nitrates was carried out in the NH4NO3 melt. As decomposi-
tion occurs in a fraction of a second – in fact, in an explosive
manner – decomposition was carried out in small 5 g por-
tions of the mixture of salts in 10 steps. Portions of 5 g of
crystalline NH4NO3 were added to each portion (5 g) of the
dry mixture of metal nitrates, stirred and placed in a 0.6 l
beaker, and then placed in a sand bath. The powder melted
in its own water of crystallization at 100°C. A complete
disappearance of the precipitate and the formation of a
dark-green regular solution were achieved by stirring. The
solution was left in a sand bath for 5 minutes; this was followed
by its boiling and a sharp powerful decomposition, accompa-
nied by the release of smoke, brown vapor, and partial disper-
sion of the thermolysis product powder. A black-brown
powder of decomposition products of nitrates was obtained in
the glass after cooling and collected. The thermolysis proce-
dure was carried out with new portions of the mixture of salts.
The thermolysis product was annealed in a furnace at 500°C
for 30min for the final decomposition of nitrates; then, it was
milled, pressed into tablets with a diameter of 25mm, and
sintered in an argon stream at 1000–1100°C, at which the
following reaction proceeded

2CuOþ (1� x)Cr2O3 þ (2x)MgO ! 2CuCr1�xMgxO2 þ 1=2O2 " : (5)

After sintering, the samples were cooled with the
furnace in a stream of high-purity argon to prevent possible

oxidation of copper with oxygen. This synthesis procedure
ensured the uniformity of the distribution of magnesium in
the sample in the case of its low content.

The structure and composition of the synthesized samples
were studied by X-ray phase analysis. According to the
obtained diffraction patterns, examples of which are shown in
Fig. 1, samples containing magnesium up to х = 0.03 inclusive,
were phase-pure delafossite (silicon was added as a reference).

The MgCr2O4 spinel impurity phase appears in the sample
with magnesium content х = 0.06. Consequently, the boundary
of the homogeneity region of the CuCr1–xMgxO2 solid solution
lies between 3 and 6 at.% of magnesium. The lines of silicon
added to determine the lattice parameters are also indicated in
Fig. 1, except for the lines of delafossite and spinel.

Raman spectra were measured at room temperature for
an additional study of the structure of samples; excitation was
performed using a He–Ne laser with a wavelength of 632.7
nm. In order to avoid overheating of the sample by laser radi-
ation, the laser radiation power was selected in such a way
that, when it is increased by 3 times, the shift of the maxima
of the main lines did not exceed 0.2 cm–1. The measured
Raman spectra are presented in Fig. 2. Only two intense lines
from the phonon modes A1g and Eg and diffuse features from
the phonon modes CuCrO2 were observed in the Raman
spectra, the appearance of which in the spectra are forbidden
by the selection rules.13 This confirms the phase composition
of the synthesized samples. Fig. 3 shows the positions of the
maxima of the main lines in the Raman spectra for different
magnesium contents, which are obtained by approximating
the Raman spectra using the Lorentz function.

When the magnesium content changes from х = 0 to
х = 0.06, there is no systematic change in the position of the
Eg lines in the Raman spectra within the error of determining
the maximum. A slight tendency to shift towards increasing
frequency with an increase in magnesium content up to
х = 0.03 is observed for the A1g line. The vibrational mode Eg

represents triangular oscillations of the lattice perpendicular
to the с axis, and the A1g mode represents oscillations of
O–Cu–O bonds along the c axis, i.e. associated with the rela-
tive displacement of layers in the delafossite structure.13

Consequently, the observed tendency of an increase in
the frequency of oscillations of the A1g mode with an increase

FIG. 1. X-ray diffraction patterns of synthesized copper chromite samples with
the 0 and 6 at.% content of Mg.
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in the Mg content from х = 0 to х = 0.03 can be associated
with a decrease in the mass of the atomic layers when Cr is
replaced with lighter magnesium.

2. EFFECT OF DOPING WITH MAGNESIUM ON THE
ELECTRICAL CONDUCTIVITY OF THE STUDIED
SAMPLES

The temperature dependences of resistivity are studied
at a wide range of temperatures below 300 K. The resistivity

was measured by the four-contact method with two opposite
directions of current to eliminate the thermopower. The orig-
inal ceramic samples are cut in the form of rectangular paral-
lelepipeds using a diamond disc in order to measure the
resistivity. The typical sizes of samples were as follows: the
distance between the current contacts was 10mm, the cross-
section was 3 × 3mm, the distance between the potential
contacts was 3–4mm. The contacts were made of In–Sn–Pb
alloy. The measurements were carried out in a low-
temperature insert in a transport Dewar vessel with liquid
helium. The sample temperature was measured with a dual-
junction copper/constantan thermocouple. One of the ther-
mocouple junctions was in thermal contact with the sample,
and the second was at 0°C. The temperature dependences of
the resistivity ρ of the studied samples are presented in Fig. 4.

The resistivity increases rapidly with a decrease in tem-
perature for all samples. Dependence of the resistivity on
the temperature of samples with a 0 and 0.2 at.% content of
Mg is described by the activation law over the entire tem-
perature range:

ρ ¼ ρ0 exp
Ea

kBT

� �
, (6)

where ρ is the resistivity of ceramics, ρ0 is the pre-exponential
factor, Ea is the activation energy, kB is the Boltzmann cons-
tant, T is the temperature. This dependence is presented in
Fig. 5 in ln ρ(1=T) coordinates. The activation energies for
these samples are 0.28 and 0.17 eV, respectively.

At the same time, the resistivity and activation energy
significantly decrease with an increase in Mg content from 0
to 6 at.%. The activation energy of electrical conductivity
decreases with a decrease in temperature for samples with a
magnesium content of 0.8, 1.5, 3, and 6 at.%.

In order to determine the mechanism of conductivity,
let us estimate the ratio of the mean free path l of holes to
the average wavelength λ for non-degenerate statistics
under the assumption that the acceptor concentration is
equal to the magnesium concentration, and the room

FIG. 3. The positions of the maxima of Eg (a) and A1g (b) lines for different
magnesium contents, which are obtained by approximating the Raman spectra
using the Lorentz function. FIG. 4. Temperature dependences of the resistivity of CuCr1–xMgxO2 samples.

FIG. 2. Raman spectra of CuCr1–xMgxO2 samples with different magnesium
content.
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temperature corresponds to the impurity ionization region.
In this case, the hole concentration in the valence band is
determined by their activation from the impurity level, and
the observed activation energy of the resistivity also deter-
mines the activation energy of the hole concentration. In
these assumptions

1
λ
¼ kTl ¼ 2mkBT

e2�hρ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NMgNV

p exp
Ea

kBT

� �
, (7)

NV ¼
ffiffiffi
2
π

r
2

ffiffiffi
2

p
(mkBT)

3=2

3π2�h3
, (8)

where NMg is the volume concentration of Mg, m is the
effective mass of holes, which is assumed to be equal to the
free electron mass. The results of evaluation are presented
in Table 1.

The obtained kTl values are less than 1 for samples with a
magnesium content of 0.8 at.% or more, which indicates the
hopping mechanism of hole transfer.

In the case of hopping mechanism of conduction, a
decrease in the activation energy with decreasing temperature
is often associated with conductivity with a variable jump
length. If the density of states near the Fermi level varies slightly
in the energy range of the order of several kBT, the resistivity

temperature dependence is described by Mott’s law15:

ρ ¼ ρ0 exp
T0

T

� �1=4
" #

, (9)

T0 ¼ β

kBgFr3
, (10)

where β is a numerical coefficient (β = 21.2 ± 1.2), gF is the density
of states at the Fermi level, r is the radius of localization of the
states involved in the hole transport.

A gap in the density of states can open at low tempera-
tures near the Fermi level, which is associated with the
Coulomb interaction of holes. If the gap width exceeds kBT,
the Shklovsky–Efros law15 is satisfied for the resistivity tem-
perature dependence:

ρ ¼ ρ0 exp
T1

T

� �1=2
" #

, (11)

T1 ¼ 2:8e2

4πεε0rkB
: (12)

FIG. 5. Temperature dependences of the resistivity of CuCr1–xMgxO2 samples
in ln ρ(1=T ) coordinates.

FIG. 6. Temperature dependences of the resistivity of CuCr1–xMgxO2 samples
in coordinates ln ρ(1=T1=4) (a) and ln ρ(1=T1=2) (b).

Table 1. Calculated kTl values for the CuCr1–xMgxO2 samples.

Mg content, at.% kTl

0.2 26
0.8 0.96
1.5 0.16
3 0.15
6 0.025
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The sample resistivity temperature dependences in the
coordinates ln ρ(1=T1=4) and ln ρ(1=T1=2) are shown in Fig. 6. It
can be seen that the resistivity temperature dependences are
better straightened in coordinates ln ρ(1=T1=2). This indicates
the formation of a gap in the density of states near the Fermi
level.

The parameters Т1, obtained as a result of approximation
of the resistivity temperature dependences, are presented in
Table 2. The parameter Т1 is used to estimate the radius of
localization of states that contribute to the hopping conduc-
tivity. The obtained localization radius values are presented in
Table 2. In order to calculate the localization radius, we used
the geometric mean of the dielectric constant tensor compo-
nents for the directions along and perpendicular to the c axis,
which is equal to 14.11

3. SEEBECK COEFFICIENT OF THE STUDIED SAMPLES

Measurements of the Seebeck coefficient were carried
out using the four-probe method under conditions of a cons-
tant gradient of temperature from 0.1 to 1 K. Examples of tem-
perature dependences of the Seebeck coefficient of the
studied samples are presented in Fig. 7.

A positive Seebeck coefficient was observed for all the
studied samples, which corresponds to the hole conductivity.
The Seebeck coefficient value decreased with a decrease in
temperature. A tendency of decrease in the Seebeck coeffi-
cient with an increase in magnesium content was observed
for doped samples. However, the smallest Seebeck coefficient
was observed for the undoped sample.

The observed values and temperature dependences of
the Seebeck coefficient can be qualitatively explained within
the framework of the hopping conduction mechanism estab-
lished from the resistivity temperature dependences. In the
case of hopping charge transport, the Seebeck coefficient is
determined by the following expression16

S ¼ 1
eT

Ð
(E� F)ν(E)b(E)dEÐ

ν(E)b(E)dE
, (13)

where ν(E) and b(E) are the density of states and the average
number of state bonds with energy E, F is the Fermi energy.
This expression is positive if the product of ν(E) and b(E)
decreases with increasing energy. Thus, a positive sign and a
high value of the Seebeck coefficient in both doped and
undoped samples indicate that hole transfer occurs in local-
ized states of the tail of the density of states of the valence

band. In this case, the observed temperature dependences of
the resistivity and the Seebeck coefficient can be qualitatively
explained by the type of density of states and the location of
the Fermi level shown in Fig. 8.

At sufficiently high temperatures for hopping charge
transfer in the tails of rapidly changing density of states, the
main contribution to electrical conductivity is made by jumps
between states with energy close to the Fermi energy and the
so-called transport energy Et, at which the probability of a
jump with an increase in hole energy has a sharp maximum.17

As the temperature decreases, the transport level of energy
shifts to the Fermi level, and the temperature dependence of
the electrical conductivity changes from activation to a

Table 2. Parameters Т1 and localization radius r determined from the resistivity
temperature dependences.

x Т1, K r, nm

0.008 17939 0.52
0.015 8654.74 1.08
0.03 8824.36 1.06
0.06 684.402 13.65

FIG. 7. Temperature dependences of the Seebeck coefficient.

FIG. 8. Schematic representation of the tail of the density of states in the
valence band: F is the Fermi energy; Et is the transport level of energy of ther-
mally activated jumps of holes, which make the greatest contribution to the elec-
trical conductivity.
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dependence described by the Mott’s law or the Shklovsky–
Efros law. The transition can be carried out in a wide range of
temperatures, in which the temperature dependence of resis-
tivity is intermediate in nature. With the existence of a trans-
port level of energy in the activation dependence region, the
activation energy is close to F – Et. In this case, on the basis
of the expression (8) for the Seebeck coefficient, we can
obtain the following rough estimate:

S � EA

eT
: (14)

For the studied samples, the estimation according to this
equation gives slightly lower values, which are, however, com-
parable with the experimental values of the Seebeck coeffi-
cient, for example, 195 μV/K for a sample with magnesium
content x = 0.015 and 560 μV/K for magnesium content
x = 0.02. The lower values compared with the experimental
values obtained according to the expression (14) may be
related to the fact that not only the density of states, but also
the localization radius, as well as the influence of the
Coulomb gap in the density of states, changes with energy.

4. ERP SPECTROSCOPY OF THE STUDIED SAMPLES

EPR spectra were measured at temperatures from 30
to 295 K in order to obtain additional information on the
paramagnetic properties of the studied samples. The EPR
spectra for a sample with x = 0 at various temperatures are
presented in Fig. 9.

In the EPR spectra of both magnesium-doped and
undoped samples, one broad intense line, associated with the
presence of interacting chromium ions, is observed.12 The
width of this line greatly increases with a decrease in temper-
ature, and this signal becomes almost immeasurable at a tem-
perature below 30 K. The dependences of the EPR signal line
width on temperature for samples with magnesium content
of 0 and 3 at.% are shown in Fig. 10(a). Figure 10(b) shows the
dependences of the relative paramagnetic susceptibility — a

double-integrated EPR signal normalized to a value at 250 K
for the same samples.

It can be seen that the paramagnetic susceptibility in
doped samples increases with decreasing temperature from
250 to 100 K more than in the undoped sample, and the tem-
perature dependence of the susceptibility of doped samples
in the temperature range from 100–250 K is closer to the
Curie–Weiss law than in the undoped sample.

This tendency is consistent with the results of direct
measurements of the magnetic susceptibility of magnesium
doped copper chromite18 and can be explained by the
partial replacement of magnetic chromium ions by nonmag-
netic magnesium ions in a quasi-two-dimensional frustrated
lattice. An increase in the EPR line width upon doping with
magnesium can be associated with an increase in the elec-
trical conductivity and, accordingly, the absorption of elec-
tromagnetic radiation in the samples.

CONCLUSION

Ceramic samples of copper chromite with a magnesium
content of 0, 0.2, 0.8, 1.5, 3, and 6 at.% were synthesized using a
method that ensures a uniform distribution of the dopant.
X-ray diffraction analysis showed that samples with magnesium
content of up to 3 at.% are single-phased. The phase composi-
tion of the samples was confirmed by Raman spectroscopy. The
A1g line shift with an increase in magnesium content indicated

FIG. 9. EPR spectra of a sample of copper chromite with x = 0 measured at
various temperatures.

FIG. 10. Temperature dependences of the EPR signal line width (a) and relative
paramagnetic susceptibility (b) for samples containing 0 and 3 at.% of Mg.
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that chromium is replaced by magnesium in the crystal lattice,
which was confirmed by a change in the temperature depen-
dences of the EPR spectra upon doping with magnesium.

The temperature dependences of resistivity and the
Seebeck coefficient of the synthesized samples were mea-
sured over a wide range of temperatures. The hole conduction
type is confirmed by a positive sign of the Seebeck coefficient.
Verification of the Joffe–Regel criterion demonstrated that the
hopping mechanism of hole transport prevails in magnesium-
doped samples.

According to the analysis of the resistivity temperature
dependences, we obtained estimates of the localization radius
of the states involved in hole transport. It is shown that the tem-
perature dependences of the resistivity and the Seebeck coeffi-
cient for doped samples can be explained by the hole transfer in
the tail of the density of states near the valence band.
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