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Abstract
We present the electrical and magnetic properties of polycrystalline CuCrO2 synthesized by solid-state reaction determined 
to be a hexagonal phase with the space group R3m . The magnetization measurements have been carried out in the tempera-
ture range of 10–400 K, up to a field of 9 T. We observed negative magnetization under a negative internal field induced by 
the local structural distortions due to the change in the Cr-spin configuration in the CrO6 tetrahedral. We observed the uni-
directional exchange bias field, as well as the magnetization, shift along the magnetization axis at T = 10 K and T = 50 K, 
below and above the Néel temperature, TN ≈ 24 K. Based on the Modified Langevin function, the magnetization analyses 
reveal that the local nano-size short-range magnetic ordering forms at the temperatures below the irreversibility tempera-
ture, Tirr (where the magnetic susceptibility deviates from the high-temperature Curie–Weiss behavior). The nature of the 
inhomogeneous magnetic state has also been investigated under different approaches such as Griffith's phase. The resistivity 
measurements were performed in samples with different thermal treatment conditions. It is concluded that the surface of 
CuCrO2 grains is metallic and magnetically disordered, but the grains inside behave as an ideal antiferromagnetic insulator 
at lower temperatures. The resistivity measurements were performed in samples with different thermal treatment conditions. 
It is concluded that the semiconductor CuCrO2 behaves as an ideal antiferromagnetic insulator at lower temperatures.

Keywords  Thermo-induced moment · VRH Mott mechanism · negative magnetization · short-range magnetic order · 
exchange bias · delafossites

Introduction

The delafossite family of compounds is represented by the 
general chemical formula, A+1 B+3 O2, where A and B are 
metallic cations (A = monocation, B = trivalent transi-
tion metal ions). Such a family crystallizes in the layered 
R3m space group. These materials are mostly quasi-two-
dimensional and are highly frustrated between neighboring 
triangular layers as well as within a layer. They are known 
as multiferroic materials, which are magnetoelectric or fer-
roelectromagnetic compounds exhibiting both magnetization 
and dielectric polarization due to the coupling of the mag-
netic and dielectric ordering (the induction of magnetization 
by an electric field or the induction of a dielectric polari-
zation by a magnetic field). There are a large number of 
compounds in this family. Some of the typical examples of 
triangular antiferromagnetic multiferroic have already been 
reported by many researchers, such as CuFeO2,1–6 LiCrO2,7  
and LiNiO2.8
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On the other hand, magnetoelectric (ME) multiferroicity 
is not the only exotic phenomenon exhibited by this family 
of materials. In particular, the discovery of simultaneous 
transparency and p-type conductivity in CuAlO2 by Kawa-
zoe et al.9 laid the groundwork for developing transparent 
optoelectronic devices. These materials have also exhibited 
other critical applications as well known as transparent semi-
conducting oxides, luminescent materials, and p-type solar 
cell semiconductors.10,11

There has been a large increase in the amount of research 
in developing the understanding of these multiferroics 
materials. Delafossite CuCrO2 is one of the candidates for 
such magnetic ferroelectrics. Crystalline CuCrO2 is a tri-
angular lattice antiferromagnet and belongs to this family. 
It has attracted great attention owing to its potential appli-
cation in spintronics and multi-state memory devices.12,13 
CuCrO2 is an archetypal material of a frustrated triangular 
lattice antiferromagnet, which is known to show geometric 
magnetic frustration due to the antiferromagnetic interac-
tions between the magnetic trivalent ions Cr3+. Such a tri-
angular geometric spin arrangement leads to a disordered, 
macroscopically degenerate ground state. These all contain 
antiferromagnetic interactions that are frustrated by the tri-
angular geometry of the lattice. The competition between 
the near-neighbor and further-neighbor interactions causes 
frustration which may be seen in antiferromagnets on a two-
dimensional (2D) triangular lattice or a three-dimensional 
(3D) stacked-triangular (simple hexagonal) lattice. It con-
sists of two-dimensional triangular layers stacked along an 
orthogonal direction. The latter type of frustration may be 
realized in helimagnets, where a magnetic spiral is formed 
along a certain direction of the lattice. This geometry does 
not allow the existence of any spin configuration, simul-
taneously satisfying all the interactions between the spins. 
Due to the weak interlayer interaction, the material behaves 
as a quasi-two-dimensional magnet, which makes it even 
more interesting.13–15 CuCrO2, as a multiferroic geometri-
cally frustrated triangular antiferromagnet and exhibits a 
multitude of magnetic phases associated with structural 
changes. Based on a microscopic point of view, the fer-
roelectricity in CuCrO2 can be understood in terms of the 
scenario introduced by Arima.16 According to this model, 
the proper-screw spiral spin order in a low-symmetry crys-
tal can induce ferroelectricity through a variation in the 
metal–ligand hybridization with spin–orbit coupling. Here, 
ferroelectricity can be induced by unconventional magnetic 
ordering arising from geometrical magnetic frustration and 
breaking spatial inversion symmetry in crystals.17–19 Since 
frustrated structures are highly sensitive to external fields 
and any changes in the magnetic structure can alter the fer-
roelectricity, the application of magnetic fields may reveal 
several new magnetic and ferroelectric phases.20–23 It is 
suggested to read the study reported by Ledue et al.24 and 

references therein. CuCrO2 forms a rhombohedral lattice 
where the edge-shared CrO6 layers are alternatively stacked 
between Cu+ layers along the c-axis.25,26 The magnetic prop-
erties of CuCrO2 have been investigated by neutron diffrac-
tion experiments.26,27 The authors have proposed that the 
ground state of CuCrO2 exhibits a spinchiral out-of-plane 
120° spin structure in which three spins on a triangle form 
a 120o angle to each other and to the spiral plane parallel 
to the (110) plane, which is normal to the triangular lat-
tice plane. It was shown that the magnetic configuration of 
CuCrO2 below TN is a proper screw with an incommensurate 
propagation vector pointing along the28 direction. The mag-
netic properties are dominated by Cr3+ ions (3d3, S = 3/2) 
forming triangular lattice plans and are well represented by 
an S = 3/2 Heisenberg triangular lattice antiferromagnet. A 
single crystal of CuCrO2 undergoes two successive magnetic 
phase transitions at TN2 ≈24.2 K and TN1≈23.6 K, respec-
tively. It was found that ferroelectric polarization along the 
triangular lattice plane develops at TN1. A collinear antifer-
romagnetic structure occurs first, and then the out-of-plane 
120° spin structure forms with decreasing temperature.27

Substituting metals such as Mg, Ti, V, Mn, Fe, Co, Ni, 
Zn, Ga, Rh, and Al ions for the Cr ions is an effective way 
to change the electrical, magnetic, optical, and thermal 
transport properties and can induce novel magnetic phe-
nomena. Despite the slight change in their charge carrier 
density, the magnetic and transport properties show a very 
sensitive dependence. A very striking result follows from 
low Mg2+ doping, which strongly impacts the transport 
properties without inducing changes in the magnetic struc-
ture. The lowest conductivity can be achieved by doping 
Mg in the CuCrO2 family.29–35

As for the magnetic state of doped CuCrO2, ferro-
magnetism was realized in hole-doped CuCr1−x(Mg, Ca, 
Al)xO2,30,36 Cu(Cr1−xRhx)O2,37,38 Cu(Cr1−xCox)O2,39–41 
Cu(Cr1−xAlx)O2,42–44 Cu(Cr1−xNix)O2,45,46 Cu(Cr1−xMnx)
O2,47–50 Cu(Cr1-xFex)O2,51,52 Cu(Cr1−xTix)O2,53–57 
Cu(Cr1-xZnx)O2,58 and Cu(Cr1-xScx)O2.59 A spin glass state 
has been observed by the substitution of V3+ for Cr3+ sub-
stitution in the CuCr1−xVxO2 for x > 0.18.60,61 Similarly, 
nonmagnetic Al-doped systems give spin glass behavior.62 
The spin glass state and enhanced spiral phase have also 
been observed in the disorder induced by V/Al doping in 
CuCrO2.63

There is also a recent review paper on the delafossite 
oxide CuCrO2 where you can read (i.e., survey) related 
works including the chemical disorder effect, dilution of 
the magnetic exchange, and itinerant holes produced by 
substitutions on its magnetic state.64 Very recently, Bai 
et al. presented an account of the efforts in predicting and 
understanding the optoelectronic properties of the CuCrO2 
delafossite oxide.65
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In this paper, we extend our investigation of the complex 
magnetic behavior in CuCrO2. Much work on the magnetiza-
tion of CuCrO2 has been carried out, yet there are still some 
critical issues. We demonstrate how magnetic clusters evolve 
from paramagnetic states to long-range antiferromagnetic 
states. A temperature-dependent scenario of the complex 
magnetism of CuCrO2 is presented. This work may provide 
a better understanding of the system concerning how short-
range antiferromagnetic clusters exist with the paramagnetic 
matrix in between the pure paramagnetic and the antifer-
romagnetic transition temperatures of the system. These 
nano-sized clusters behave as a weak ferromagnet due to 
the thermo-induced magnetic moments. We also used a sim-
ple model considering the superparamagnetism  state in this 
compound to reveal the role of local short-scale correlations 
in the mechanism of the observed negative magnetization at 
low temperatures in the presence of low fields.

The resistivity measurements have been studied in detail 
to better understand the temperature dependence of the elec-
tric transport properties of this compound. It is demonstrated 
that this compound becomes a perfect antiferromagnetic 
insulator at lower temperatures, and also investigated how 
the resistivity changes under different thermal treatments. 
The complex magnetic states in the intermediate temperature 
range are discussed in detail, and a temperature-dependent 
scenario of the complex magnetism of CuCrO2 is presented. 
This work may provide a better understanding of the system 
about how short-range antiferromagnetic clusters exist with 
the paramagnetic matrix in between the pure paramagnetic 
and the antiferromagnetic transition temperatures of the 
system.

Materials and Methods

Highly pure (99.999%; Sigma-Aldric) Cu2O and Cr2O3 
chemicals were mixed in an agate mortar for redox reac-
tion (Cu2O + Cr2O3 →  2CuCrO2) to obtain the CuCrO2 
composition. For better atomic packing, the mixture was 
sintered in a furnace by slowly increasing the temperature 
to 900 °C. In the first sintering procedure, the samples were 
kept at 900 °C for 2.5 h, and the temperature was gradu-
ally decreased to room temperature by switching off the 
furnace. Then, the sample was taken out and subject to 
grinding in an agate mortar and sintered for a second time. 
Four °C/min increments were applied to reach the maxi-
mum 1000 °C second sintering temperature, and the sam-
ple was kept at that temperature for 3 h. The sample was 
then released from the furnace at room temperature. x-ray 
diffraction (XRD) measurements were performed using a 
Rigaku Multiflex XRD instrument using a monochromatic 
Cu Kα (1.5418 Å) source with the 2θ scan rate of 10°–90° to 
observe the structural phase pattern of the obtained CuCrO2 

(see the supplementary material and Figure S1). To clarify 
the surface morphology and elemental composition of the 
final CuCrO2 sample, high-angle annular dark-field scan-
ning transmission electron microscopy  and energy disper-
sive x-ray spectrometry  were used (see the supplementary 
material Table S1 and Figure S2). Before performing the 
resistivity measurements, the pressed rectangular-shaped 
bulk sample (at 4 GPa) was subjected to surface polishing. 
Resistivity measurements with the four-probe technique 
were performed in the temperature range of 5–300 K using 
a Keithley 6221-type current source (± 2 nA to ± 100 mA), 
HP 3458A V multimeter (max. 10–8 V), and Lakeshore 
A340 (1.4–475 K) temperature control device with a carbon 
glass thermometer. Magnetization measurements as a func-
tion of magnetic field and temperature were performed by a 
vibrating sample magnetometer (PPMS; Quantum Design) 
in the magnetic file up to ± 9 kOe.

Results and Discussion

Magnetization

Figure 1 shows ZFC (zero-field-cooled) and FC (field-
cooled) magnetization as a function of temperature in the 
applied magnetic field of 5 mT, 50 mT, 0.5 T, and 9 T, 
respectively. We observed a deviation in χ−1(T) behav-
ior from the Curie–Weiss law. The inverse susceptibility, 
χ−1(T), varies systematically from linear behavior at higher 
temperatures to non-linear behavior, having negative devia-
tion from Curie–Weiss behavior except for H = 9 T, but it 
deviates positively at lower temperatures. The anomalous 
behavior of the χ−1(T) will be handled by different scenarios, 
such as the magnetic state in the presence of an assembly of 
antiferromagnetic and ferromagnetic nano-domains coupled 
to each other by dipolar interactions or Griffiths phase (GP)-
like behavior at low temperatures. The magnetic state of the 
sample may be understood qualitatively using the Langevin 
function, as discussed below. In the paramagnetic regime, 
χ−1(T) versus T curves are fitted to the robust straight line. 
This yields the best fitting parameters leading to estimating 
the effective moment of magnetic Cr atoms, μeff in terms of 
μB/Cr, and the Curie–Weiss temperature, θcw(K). The val-
ues of these parameters are summarized in Table I for all 
measuring field values, and are also indicated in the figures 
depicted in the insets of Fig. 1.

It should be noted that μeff = 3.8 μB/f.u. for H = 90 T 
decreases to 2.89 μB /f.u. for H = 5 mT and θcw = 198.7 K 
for H = 90 T reduces to θcw = 82 K for H = 5 mT. This 
behavior may be attributed to the strong spin fluctuations 
(dynamic m in CuCrO2. This leads us to suggest that it is 
caused by dynamic susceptibility, which will be suppressed 
with the increasing field, and the effective field of the 
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antiferromagnetic interactions between nearest and next to 
neighboring Cr atoms acted on the Cr atom site over the 
measured time of magnetization becomes much stronger. 
Li et al.35 have reported that, based on their ESR measure-
ments, the AFM spin fluctuations are extremely strong in the 
undoped CuCrO2 sample. Distinct bifurcation of the ZFC 
and FC is also seen in this sample. We observe a huge bifur-
cation at the low field, here H = 5 mT. It starts at around Tirr 
≈ 140 K and decreases with the increasing field, becoming 
less and less discernible at H = 0.5 T and 9 T (not shown in 
the figure). The most intriguing feature observed is the nega-
tive magnetization at H = 5 mT. MZFC has a slight down-turn 

Fig. 1   Zero-field-cooled and field-cooled magnetization as a function 
of temperature in (a) H = 0.005 T, (b) H = 0.05 T, (c) H = 0.5 T, and 
(d) H  =  9  T; insets inverse magnetic susceptibility (χ−1) as a func-
tion of temperature showing Curie–Weiss fit in the high-temperature 

region (solid lines); the figure in the bottom right corner of the inset 
of (d) displays the magnetization data in detail at low temperatures, 
while the part circled in the lower left corner in  (d) is detailed in  (e).

Table I   The linear temperature 
fit of the inverse magnetic 
susceptibility (χ−1) data to the 
Curie–Weiss law yields the 
fitting parameters, the effective 
magnetic moment, μeff in terms 
of Bohr magneton, μB per 
paramagnetic Cr3+ ,  and the 
Curie–Weiss temperature, θcw 
(K)

H (T) θCW(T) μeff (emu/g)

0.005 82 2.89
0.05 158 3.66
0.5 196.5 3.82
9 198.7 3.80
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deviation from linear variation (C–W behavior) below 140 K 
(Tirr) and followed a dramatic drop at around 90 K and then 
changed its sign from positive to negative, reaching a certain 
negative level as the temperature is further decreased.

The magnetization reversal becomes more pronounced 
with the decreasing field, as shown in Fig. 2. Similar nega-
tive magnetization has already been observed in some RCrO3 
perovskite systems and some perovskite-type complex oxide 
systems.66–78 The transition from the paramagnetic phase to 
the antiferromagnetic phase occurs at around 24 K (consist-
ent with those reported earlier),29 as indicated in the figures 
obtained from the derivative of the ZFC magnetization con-
cerning the temperature. It should be noted that the Néel 
temperature (TN) shifts towards lower temperatures with the 
increase of the applied field, presumably due to lattice dis-
tortion. It is shown that the change in the Néel temperature 

is closely associated with the spin–lattice coupling, when the 
cation is subject to the crystalline field arising from distorted 
octahedrally or tetrahedrally surrounding anions with the 
applied field (Fig. 3).79

The other important outcome of this study is concerning 
the exchange bias observed for the first time in undoped 
stoichiometric CuCrO2. Figures 4 and 3b present the MFC(H) 
hysteresis loops at T = 10 K and 50 K up to H = ± 0.5 T, 
respectively. It should be noted that they show a shift in both 
the horizontal and vertical directions. It has been found that 
the exchange–bias field can be as large as 0.075 T at 10 K, 
and 0.05 T at 50 K. The magnitude of the magnetization 
M(H) in the positive field direction is larger than that in the 
opposite direction M(−H). The difference between the mag-
netization, ∆M(H) = M(H)-M(−H), is a measure of the num-
ber of frozen spins in the initial field direction, indicating 

Fig. 2   The cooled field magnetization, MFC(T) in H ≈ 1 Oe for 
CuCrO2; the continuous red line shows the fit to Eq. 2. Note that the 
negative magnetization occurs in the MFC for the fields smaller than 
the demagnetization field (Color figure online).

Fig. 3   The FC magnetic hysteresis loops at 10 K and 50 K in (a) and 
(b), respectively. Both the horizontal and vertical shifts in the FC 
loop are apparent. The black solid curve between the upper and lower 
branches of M(H) represents the reversible magnetization, Mrev(H). 
The turquoise solid line is a fitted curve using Eq. 1. The values of 

Hc1 and Hc2, as indicated in the figure, are the field values crossing 
the M  =  0 axis with the ascending (upper) and descending (lower) 
branches of the M–H loop. The vertical shift ∆M is also given as 
described in the text. The vertical shift, ∆M, is calculated from the 
difference between the magnetization values at H = 0.5 T.

Fig. 4   The reversible magnetization, Mrev as a function of the field 
between H = ± 0.5 T for the selected temperatures indicated.
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that the opposite field cannot reverse some spins. The verti-
cal shift may be ascribed to the frozen spins on the surface 
of the powder samples. The calculated values of, ∆M(H) are 
approximately 0.035 emu/g at T = 10 K, and 0.028 emu/g at 
T = 50 K. It is noted that all the M(H) loops above 50 K are 
symmetrical with respect to M = 0 axes (see Fig. 4).

It is also worth noting that the uni-directional anisotropy 
completely loses its rigidity,80 and that the coercive field 
is also greatly enhanced in both the zero-field-cooled or 
field-cooled loops for the field up to H = 9 T, as shown in 
Fig. 5. The observed hysteresis is quite symmetric with the 
enhanced coercive field as Hc = 0.13 T.

Figure 4 shows the magnetic field dependence of magnet-
ization, M(H), at selected temperatures in between 10 K ≤ T 
≤ 400 K for −5 T ≤ H ≤  + 0.5 T. The data for T = 10 K and 
50 K present the reversible component of the (M, H) loops, 
which is calculated from Mrev = [M+(H) + M−(H)]/2 where 
M+(H) and M−(H) are the upper and lower branches of the 
hysteresis curves. The magnetization curves at temperatures 
above 50 K are reversible, with no hysteresis varying almost 
linearly with H. To analyze the magnetization data, we used:

where L(x) is the Langevin function, L = coth(x)−1/x, χ is 
the paramagnetic susceptibility, and M0 is the temperature-
independent term, including the other impurity contribution 
to the magnetization. Using Eq. 1, the fitting parameters Ms 
(or μs), μeff, χ, and M0 are obtained (see Table II).

To demonstrate the quality of fitting, Mrev versus H 
together with the fitting curves are also plotted for T = 10 
and 50 K, as shown in Figs. 2 and 3. μs is the saturation 
magnetization moment per formula unit (f.u.). If we had 
measured one unpaired electron per f.u., this would give 
1 μs per f.u. We have clearly much less than 3.87 μB/f.u. in 
the temperature range of 10–400 K (this value comes from 
Cr3+ for this compound), as shown in Fig. 6a (the values 
of the fitting parameters taken from Table II). μeff comes 
from the initial slope of the magnetization curve, and is the 
magnetic moment per independent unit (high spin cluster). 
The main contribution to the magnetization comes from 
the second term, χH, which is associated with the para-
magnetic moment of the Cr3+ atom. From this fitting, we 
obtain μ = 3.53 μB/f.u. and the Curie–Weiss temperature, 
θcw = 190 K. Neither of the estimated values lie too far away 
from the expected values. Interestingly, the magnetic sus-
ceptibility, χ, passes through a maximum at around 90 K, 
presumably due to the created negative internal field as the 
temperature is decreased, as shown in Fig. 6b. This behavior 
provides further evidence for the negative internal field, as 
discussed below.

Here, we assume that the sample is composed of a num-
ber of similar but smaller domains (or clusters) embedded 
in the paramagnetic matrix inside each grain. There are 
three different major factors which play an important role 
in susceptibility. These are antiferromagnetic (AFM) small 
(nano-size) clusters, paramagnetic Cr3+ atoms, and grain 
surfaces. The first term represented by the Langevin func-
tion gives the contribution to the magnetization originating 
from the small AFM clusters. The small thermo-induced 
magnetic moments81 inside the order of the clusters behave 

(1)M = M
s
L(x) + �H +M0; x = �effH∕k

B
T

Fig. 5   The FC magnetic hysteresis loops at 10 K are plotted only in 
the field range between H = ± 2 T to present the observed hysteresis 
for cooled in H = 9 T. Note that the hysteresis is quite symmetrical 
with an enhanced coercivity compared to MFC(H) loops at low fields 
for CuCrO2.

Table II   The reversible 
magnetization, Mrev at 
selected temperatures, 
T = 10 K, 50 K,100 K, 180 K, 
220 K, 300 K, and 400 K, 
is fitted to the equation, 
M = MsL(x) + χH + M0 with 
x = μeffH/kBT 

The fitting parameters, Ms(or μs) (emu/g), μeff (μB/cluster), χ (emu/g Oe), and M0 (emu/g) are obtained as 
summarized in Table II.

Temperature 
T (K)

Ms (emu/g) μeff (μB/cluster) χ (× 10−5 emu/g Oe) M0 (× 10−6 emu/g)

10 0.3245 26.4 2.40 0.0166
20 0.1080 290.0 3.97 0.0142
100 0.0482 907.0 4.04 −3.3
180 0.0466 778.0 2.90 −6.10
220 0.0532 831.0 2.57 −8.20
300 0.0569 995.0 2.10 −10.0
400 0.0370 1301.0 1.80 −8.82
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as a weak ferromagnet. This behavior has been supported 
by the outcome of the susceptibility measurements. The fit-
ting parameter, μeff varies exactly linearly with temperature, 
T up to T = 100 K, as shown in Fig. 6c, being consistent 
with the linear temperature behavior of the thermo-induced 
AFM moments inside the cluster. This is in accordance 
with the susceptibility of ferrihydrite nanoparticles.82 As 
the temperature is further increased, then μeff stays almost 
constant in the intermediate temperature range. It should be 
noted that the average net moment over a small cluster size 
due to uncompensated spins will be much smaller than that 
obtained from thermo-induced magnetic moment prediction. 
In general, the total magnetic moment of an antiferromag-
netic nano-size region is expected to have contributions from 
both uncompensated spins and a thermo-induced moments. 
However, we ignore the contribution of the uncompensated 
moments.83

A negative magnetization and its coexistence with a 
negative exchange bias have been observed in many simi-
lar systems. For example, an orthochromite GdCrO3,66,67 

LaCr0.85Mn0.15O3, NdCr1-xMnxO3, LaCr0.8Mn0.2O3,
70–72  Fe-

doped CoCr2O4,74 Cr doped Co2TiO4,75 Ni5.33Ta0.67B2O10
76 

exhibited a magnetization reversal due to a negative internal 
field, and has taken a special place as an interesting series 
of compounds in this respect. The phenomena observed in 
all these compounds are explained based on the competition 
of the two magnetic sublattices. Firstly, Cooke et al.66 sug-
gested that the interaction between the Cr3+(AFM sublattice) 
and Gd3+ (PM sublattice) ions produces an effective field 
at the Gd sites, acting in the opposite direction as a cre-
ated negative field. A weak ferromagnetic component per-
pendicular to the chromium sublattice magnetization arises 
from canting of Cr moments away from strictly antiferro-
magnetic alignment. The origin of spin canting is attributed 
to an antisymmetric exchange interaction, as discussed by 
Dzyaloshinski and Moriya.84 Using the same two-magnetic 
sublattice model, Yoshii also investigated the magnetic state 
of the perovskite GdCrO3

67 and La1-xPrxCrO3.68 The nega-
tive magnetization observed in (La0.3Pr0.7)1-xCaxCrO3 ceram-
ics has been explained by Huang et al.73 Recently, Tripathi 

Fig. 6   The fitting parameters of Eq. 1 listed in Table II: (a) the mag-
netic moment per f.u. at saturation, μs , versus temperature, T is 
shown in two distinct temperature ranges; (b), χ versus T. Note that 
it passes through a maximum of around 80  K, which confirms the 
negative internal field. The solid red line shows the fitting to Curie–

Weiss’s expression; (c) μeff (μB/cluster) versus temperature, T in two 
distinct regions. Note that μeff increases almost linearly with tempera-
ture below 100 K as being consistent with the prediction for the tem-
perature dependence of thermo-induced magnetic moments (Color 
figure online).
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et al.77 have discussed the role of local short-scale corre-
lations in the mechanism of negative magnetization in the 
antiferromagnetically ordered GdCrO3. In GdCr03, the Cr 
ions order antiferromagnetically near 170 K. In addition to 
antiferromagnetism, a weak ferromagnetic component per-
pendicular to the Cr sublattice magnetization arises from 
canting of Cr moments. The origin of spin canting can be 
attributed to an antisymmetric exchange interaction, as dis-
cussed by Dzyaloshinski and Moriya. The ordered Cr system 
produces an internal field that is opposite in direction to the 
ferromagnetic component of the Cr moment.

It is seen that the phenomenon of negative magnetization 
is not limited to one type of compound, such as perovskite 
only, but can also be observed in other systems having an 
antiparallel ordering between two (or more) ferromagnetic 
sublattices corresponding to the different crystallographic 
sites. We suggest the reader read the review article by 
Kumar.78 It is likely that this model is applicable only to the 
substances comprising two and more magnetic sublattices. 
However, Tripathi et al.77 have pointed out that the observed 
negative magnetization depends on the thermal history of 
the sample for antiferromagnetically ordered GdCrO3, caus-
ing the validity of the two competing sublattice models in 
the microscopic view. In fact, the negative magnetization 
findings need to be interpreted with caution even in the 
case of getting a better fit to the experimental data using 
the suggested fitting formula. Microscopic approaches for 
understanding the origin of the negative internal field have 
brought encouragement using the negative internal field ter-
minology to interpret the negative magnetization observed 
in the system having only one magnetic lattice. Zhao et al.85 
have demonstrated that the oxygen octahedral tiltings in 
RMO3 perovskites play an important role. The coupling of 
the R and M magnetic moments with the oxygen octahe-
dral tilting gives an effective magnetic field acting on the R 
atoms, thereby paving the way to explain several intriguing 
features of these compounds, for example, a compensation 
temperature displayed. As for CuCrO2, we speculate that 
the superexchange interaction Cr 3+-O2−-Cr3+ due to CrO6 
octahedra tilting in the ab plane may produce a negative 
internal field on a paramagnetic Cr site, because a weak fer-
romagnetic superexchange interaction is also present due 
to the nearly 90° Cr-O-Cr bond in the edge-shared CrO6 
octahedra. Therefore, we can also adopt the negative inter-
nal field terminology and apply it to our undoped CuCrO2 
compound. We use the following equation to fit the mag-
netization curves:

Here, M0, C, H1, H, and θ stand for the temperature-inde-
pendent magnetization, including the magnetization M(−H1) 
and impurity effects, a Curie constant, an internal field from 

(2)M = M0 + C
(

H + H1

)

∕
(

T − �
c

)

Cr3+, an applied field (it is assumed to be temperature-inde-
pendent for first-order approximation in the fitting tempera-
ture range), and a Weiss temperature, respectively.

By fitting the MZFC(T) data at H  =  50 Oe (see 
Fig.  7a) using Eq.  2, the parameters are obtained as 
−8.1 × 10−3 emu/g, 8.6 × 10−3 emu.K/g Oe, −70 Oe, and 
98 K, respectively. We have determined the magnetization 
of CuCrO2 from the initial M(H) curves to be M (50 Oe) ≅ 
0.01 emu/g, very close to the value obtained from the fitting, 
M0. The relationship of M = MCr is almost satisfied below 
TN ( ∼ 24 K) when H is equal to −H1. The paramagnetic Cr3+ 
moment can be calculated from the Curie constant C, which 
was μeff ≈ 3.2 μB/Cr. For the Langevin fit to the magnetiza-
tion at T = 10 K, the effective magnetic moment for Cr was 
found to be 3.53 μB/Cr (as given above), not too far from 
this fair value. As for the Curie temperature, the interac-
tion between Cr atoms favors ferromagnetic alignment. In 
the paramagnetic regime at a temperature above 150 K, the 
Curie temperature has a tendency to antiferromagnetically 
align ( ∼−190 K). The fitting shows the negative internal 
field as H1 = −70 Oe.

To emphasize the negative internal field effect on the 
susceptibility, we also analyzed MZFC versus T data for 
H = 0.05 T and H = 0.5 T. Figure 7b and c show the suscep-
tibility Δ Mnet(T) data after subtracting the magnetization 
obeying Curie–Weiss behavior from the MZFC measured 
data. As shown in the figures, both curves begin to rise at 
around 100 K, and then pass through a maximum at T ∼ 35 K 
for H = 0.05 T, and T ∼ 60 K for H = 0.5 T, indicating that 
two competing factors play a role in the magnetization. As 
we have argued above, short-range antiferromagnetic order 
develops inside the grains and acts as a weak ferromagnet 
due to the thermo-induced moments in the field. It should be 
noted that the thermo-induced moment per Cr atom is much 
stronger than that of the uncompensated spins. The other 
factor gives a negative magnetization, which is attributed to 
the paramagnetic susceptibility of the Cr atoms. The internal 
negative field produces a magnetization (M) in the opposite 
direction to that of the applied field. However, if we assume 
that the sample contains a number of smaller (nano-size) 
but similar ferromagnetic and antiferromagnetic domains 
distributed randomly inside the micro-CuCrO2 particles in 
their demagnetized state, the average net magnetic moment 
can be  obtained statistically,86 and then the combination of 
these effects lead to:

where  it is assumed that there are two distinct states of 
the domains in the field,. thepr energies being E1 and E2, 
and one defines Eexc = E1-E2. Each state of E1 and E2 is 
assumed to have N1 and N2 degeneracy, respectively. 

(3)

Δ� =
�C

[(

T + �
)(

1 + n exp
(

−Eexc∕kBT
))] −

(1 − �)C1
(

T + �cw
) + �0
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v(T) = 1/[1 + (N2/N1)Exp(–Eexc/kBT)] is the fractional occu-
pation number of the state E1, If we suppose that < μ2 > is 
almost zero, where n = N2/N1 , which can be regarded as the 
ratio of the number of domains. The pre-factor γ denotes 
the volume fraction of the magnetically ordered region. It 
is noticed that the number of nano-size antiferromagnetic 
order regions increases with the decreasing temperature, 
which means that the magnetically ordered volume frac-
tion varies with temperature, and achieves its maximum 
value for the temperature at which ν (T) asymptotically 
approaches 1. The fitting parameters are summarized as fol-
lows: γC = 1.07 × 10−2 emu.K/g Oe (corresponding value 
of the effective moment per cluster, �

s
 = 3.56 (γns)1/2 μB/

cluster, where n
s
 is the number of f.u. per cluster), C1 ≅ 

6.0 × 10−3 emu.K/g Oe, which corresponds to μ = 2.66 μB/
f.u., θ = 44 K, θcw = 26.5 K, n = 2000, Eexc/kB = 585 K, and 
χ0 = 3.78 × 10−5 emu/g Oe for H = 0.05 T; γC = 2.03 × 10−3 
emu.K/g Oe (corresponding value of the effective moment 
per cluster, �

s
 = 1.57(γns)1/2 μB/cluster), C1 ≅ 6.0 × 10−3 

emu.K/g  Oe, which corresponds to μ  =  2.66 μB/f.u., 
θ = 111 K, θcw = 37 K, n = 2800, Eexc/kB = 645 K, and 
χ0 = 1.07X10−5 emu/g Oe for H = 0.5 T. Using the values, μs 
(the saturation magnetization moment per f.u.) from Table II 

and Fig. 6a, the estimated values vary almost linearly with 
decreasing temperature from 1 × 10−3 to 5 × 10−3 μB/f.u. 
in our fitting temperature range, while the maximum value 
of ns is found to be about 106γ (f.u./cluster), indicating the 
existence of nano-sized order regions. These analyses reveal 
that these correlations are most pronounced at low values of 
the applied magnetic field but become readily suppressed 
when the fields exceed 0.5 T. It is worth noting that, at a very 
high field, H = 9 T, the deviation of χ−1 from Curie–Weiss 
behavior changes its character from turn-down to turn-up 
(see Fig. 8).

As a result, CuCrO2 compounds demonstrate an inho-
mogeneous distribution of the order parameter through the 
sample in the intermediate temperature range. Octahedral 
tilting occurs when the cation at the Cr-site is too small 
to fill the cavity between CrO6 octahedrons, resulting in 
the lowering of crystal symmetry. This property raises an 
interesting question on the natural driving force, which 
induces lattice distortion. In-plane distortions in CuCrO2 
have been observed in high-resolution x-ray diffraction 
measurements.79  Kimura et al. suggested two possible 
scenarios for the origin of the driving for inducing lattice 
distortions: a spin–lattice coupling in such a frustrated 

Fig. 7   The magnetization, MZFC , versus the temperature, T, for the 
field H  =  50 Oe; the solid line is the best fit from Eq.  2 in (a). In 
(b) and (c), the magnetization, ∆Mnet , versus the temperature, T, after 
subtracting the high-temperature paramagnetic contribution from the 

total measured magnetization, M(T) in the ZFC case for the applied 
fields, H = 0.05 T and H = 0.5 T, respectively; the continuous line 
represents the curve fitted to Eq. 3.
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state causes a distortion (as inherent to the frustrated sys-
tem), or it occurs owing to the exchange magneto-striction 
mechanism. Asymmetry breaking takes place associated 
with the magnetoelastic stress placed on the triangular 
lattice through the Cu-O-Cu coupling (interlayers cou-
pling). Upon observation of some intriguing findings, such 
as a larger effective magnetic moment and large devia-
tion of inverse susceptibility χ−1 from Curie–Weiss law 
in CuCrO2, it is demonstrated whether or not the χ−1(T) 
may qualify as GP-like. The χ−1 for H = 0.5 T is replot-
ted exclusively (see Fig. 8). A possible origin of the non-
analytical behavior of χ−1 may be attributed to the defects  
which drive magnetic inhomogeneity, breaking long-range 
magnetic interactions in the ordered region or inducing 
local ordering in the paramagnetic matrix. Our experimen-
tal results bear a close resemblance to the GP-like behavior 
(neither reflecting long-range ferromagnetic order nor a 
pure paramagnetic one).87 χ−1 reveals high-T linear regions 
corresponding to the paramagnetic phases followed by the 
downturns. At low-T, the data show another linear region 
just above TN ( ∼ 24 K), as seen in Fig. 8. In fact, the tem-
perature derivative d/dT(χ−1) precisely indicates a devia-
tion from the Curie—Weiss law in the GP, as shown in 
the inset of Fig. 8. The plot of d/dT(χ−1) versus T shows a 
peak-like feature, between ∼ 20 K and 140 K, with a maxi-
mum at ∼ 85 K and ∼ 95 K for susceptibility measured in 
an applied field of 0.05 T and 0.5 T. The range of tempera-
ture over which the peak-like feature in the d(χ−1)/dT cov-
ers the region where GP is observed. The peak temperature 
is commonly used to obtain a much better fit. It is noticed 
that the intensity of d(χ−1)/dT reduces with the increas-
ing measuring field, H, it is expected to be suppressed by 

fields at a much higher field than H = 0.5 T and below 
H = 9 T, since the deviation from the linear-T behavior 
changes its polarity toward a turn-up direction at H = 9 T. 
The suppression by the field is mostly taken as a hallmark 
of GP singularities. The disappearance of the magnetic 
contribution arising from the short-range magnetic order 
with the applied magnetic field has already been observed 
in some compounds.88,89 GP is, generally, characterized by 
a DC magnetic susceptibility exponent (λ) using:

where a magnetic susceptibility exponent β = 1 − λ. The 
critical exponent λ represents a downturn deviation from 
the Curie—Weiss law occurring below the Griffiths tem-
perature TG. The TR

C
 temperature plays a similar role to the 

paramagnetic Curie temperature Θ in the Curie–Weiss for-
mula H/M ~ (T—Θ) for the paramagnetic phase. It is always 
possible to determine the fitting parameters, λ and TR

C
 . What 

is the most convincing way to test GP assertion? We have 
first applied Eq. 3 for  TR

C
 = 95 K (where d/dT(χ−1) versus 

T shows a peak at H = 0.5 T) to the data, yielding λ = 0.6 
lying in the range of 0 and 1. Relying on this fitting out-
come, even though the best fitting takes place in a very nar-
row interval covering only a few percent of the temperature 
range between the antiferromagnetic phase below the Neel 
temperature TN = 24 K and the pure paramagnetic phase 
above the GP temperature Tirr = 140 K, it may be taken 
as evidence of the GP. However, we believe that the most 
convincing evidence may be obtained if the fitting is han-
dled with the method used by Majee et al.,90 who recently 
reported on the investigation of the so-called GP-like in the 
non-magnetic Ti-doped antiferromagnetic delafossite com-
pound CuCr0.95Ti0.05O2 using Eq. 3 for the susceptibility. 
However, they have pointed out that, to get unambiguous 
results, the choice of TR

C
 should be such that λ = 0 in the 

region above the onset of GP, so that the equation converges 
to conventional Curie–Weiss law in the paramagnetic phase.

Using the same test, the fitting has been carried out for 
the different selected temperatures, as shown in Fig. 9. 
However, we get the best fit at TR

C
 = 30 K covering a wider 

temperature range, but this gives λ = −0.45, an unsuitable 
value for GP. Therefore, we can safely rule out the pres-
ence of GP. Moreover, a sharp downturn seen in inverse 
magnetic susceptibility fits perfectly (see Fig. 8) to the 
equation χ−1 = a* exp(−Eg/kBT) + c with a = 1.36 × 107 
emu−1.g Oe, Eg/kB = 420 K, and c = 7.5 × 104 emu-1.g Oe. 
The result confirms once more the evidence of the  pres-
ence of thermally activated clusters, as argued above.

As mentioned above, we observed exchange bias mani-
fested by significant shifts of M(H) loops at T = 10 K and 

(4)𝜒−1 =

(

T

T
R

C

− 1

)1−𝜆

; 0 < 𝜆 < 1

Fig. 8   The inverse susceptibility (χ−1) versus temperature (T) curve 
for H = 9 T. A sharp downturn seen in inverse magnetic susceptibil-
ity indicates a phase transition. The continuous lines with different 
colors show the fit to the modified Curie–Weiss law (red line) and the 
thermal activated domains' susceptibility [exp (Ea/kBT)] behavior pre-
sented with the cyan line) as described in the text. Inset the deviation 
of χ−1 from Curie–Weiss behavior (Color figure online).
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50 K in both the horizontal and vertical directions after 
field cooling from room temperature to the measuring tem-
perature. The exchange bias in CuCrO2 is dependent on the 
cooling field due to the influence of the magnetic field on 
the grain surfaces breaking the interfacial exchange inter-
actions induced by the grain surfaces. Usually, exchange 
bias has been observed in many different systems con-
taining FM (ferromagnetic)/AFM (antiferromagnetic) 
interfaces, such as inhomogeneous materials, thin films 
consisting of bilayers, and double superlattices. In addi-
tion to FM/AFM interfaces, exchange bias has also been 
observed in other types of interfaces involving spin glass 
(SG) and FM or AFM phases, e.g., (AFM, FM/SG) in nan-
oparticles.80,91 In some materials, a vertical shift along the 
magnetization axis in addition to the shift along the field 
axis also emerges. The existence of the vertical shift of the 
M(H) loop is most often best exemplified by nanoparticle 
systems,92,93 such as with other systems.94,95 However, 
they more typically occur in phase-separated systems, for 
example, in the perovskite cobaltite La1−xSrxCoO3. Tang 
et al.96 observed magnetization hysteresis loops exhibit-
ing both horizontal and vertical shifts. Exchange bias is 

strongly dependent on the measuring field and the cooling 
field, consisting of the change of the relative proportion 
of the coexisting phases by the external field. However, 
through the comprehensive study of the exchange bias 
in polycrystalline FM/AFM films, O'Grady et al. have 
recently revealed the existence of disordered interfacial 
spins as "spin clusters" analogous to a spin glass at the 
interface between the FM and AFM layers.97 These clus-
ters are believed to transmit the anisotropy from the AFM 
layer to the FM layer, allowing for interactions via the 
exchange coupling to the AFM and FM layers that gives 
rise to the coercivity of the FM layer. Recent studies on 
the exchange bias effect show that the interfacial spins 
produced by magnetically hard particles are responsi-
ble for the exchange bias effect and coercivity enhance-
ment by virtue of their exchange coupling,98 and that the 
interfacial spins produced by the magnetically soft phase 
(FeNi) do not contribute to the exchange bias.99 The simi-
larity between our system and the phase-separated sys-
tem may lead us to suggest the same mechanism as being 
responsible for the observed exchange bias effects. Fur-
thermore, according to a study on antiferromagnetic NiO 

Fig. 9   The susceptibility data are fitted to the modified Curie–Weiss 
law (Eq.  4) (solid line) for selected values of TR

C
 between the Néel 

temperature, TN ~ 24 K, and the paramagnetic transition temperature, 

Tirr ~ 140 K: (a) at T = 30 K, (b) at T = 50 K, (c) at T = 95 K, (d) at 
T = 120 K. The fitting parameter λ is indicated in the figure for each 
temperature.
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nanoparticles, it is predicted that a variety of reversal paths 
for the spin reversals may occur upon cycling the applied 
field due to the relatively weak coupling between the sub-
lattices, thereby resulting in significantly large coercivi-
ties and loop shifts.97–99 We could not rule out the pos-
sibility of the hysteresis loop shifts from the interfaces of 
small antiferromagnetic regions if the hysteresis shift was 
suppressed in the pure antiferromagnetic phase. In fact, 
because of our lack of knowledge about the volume frac-
tion of the antiferromagnetic region as a function of the 
temperature in the sample, we are not yet going to come to 
a conclusive result for our CuCrO2 compound. It requires 
finding the volume fraction of antiferromagnetic regions 
as a function of temperature on the samples annealed at 
various temperatures under atmospheric or high pressures 
in different atmospheres to change the surface morphology 
of the grains.

Resistivity

Electrical resistivity measurements of CuCrO2 show a 
semiconducting behavior. At temperatures below 220 K, it 
becomes a perfect insulator. Figure 10 shows the resistiv-
ity as a function of temperature in the temperature range 
of 4–300 K. Currently, the four-point probe in our labora-
tory is unable to measure very high resistivity. Indeed, the 
sharp drop in resistivity bears a close resemblance to the 
superconducting behavior. However, our resistivity measure-
ments indicate that the drop in resistivity arises entirely from 
the limited availability of high resistance. Recently, Tadee 
et al.52 performed resistivity measurements on Fe-doped 

CuCrO2 prepared using a self-combustion glycine nitrate 
process. Figure 11 is taken from this study. The most striking 
result to emerge from the resistivity data is that the resistiv-
ity clearly displays zero resistivity at temperatures below 
118 K. The zero resistivity was taken as evidence of the 
superconductivity. However, there is no reliable evidence 
for superconductivity, although there is a significant drop in 
resistivity at lower temperatures.

Furthermore, Li et al.101 have investigated the electrical, 
optical, and structural properties of amorphous CuCrO2 
films prepared by pulsed laser deposition using a nanocrys-
talline CuCrO2 target synthesized by the sol–gel method. 
Interestingly, the resistivity of the thin film is three orders 
of magnitude smaller than that of the bulk CuCrO2. They 
showed that unsaturated bonds and interstitial oxygen atoms 

Fig. 10   Resistivity, ρ, as a function of temperature for the as-prepared sample of CuCrO2 in (a) and a surface view of the rectangular shape bulk 
samples subjected to the HP acid treatment and surface polishing for the electrical resistivity measurements in (b).

Fig. 11   Resistivity, ρ, as a function of temperature for sintered 
CuCr1−xFexO2 (x  =  0.00, 0.05, and 0.10) ceramics. The figure is 
reprinted from Ref. 100 (see Fig. 6 in Ref. 100).
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have a major role in increasing the conductivity of the thin 
film. Lunca-Popa et al.100 argued that the Cu vacancies chain 
defects are responsible for the high conductivity observed 
in this material. Akin et al.102 demonstrated that Cu and O 
vacancies introduce holes in the lattice to enhance the con-
ductivity. The intrinsic conduction of CuCrO2 depends on 
defects, such as Cu vacancies and interstitial oxygen, as con-
firmed by Ngo et al.103 Very recently, Liu et al.104 showed 
that the reconfiguration of nanostructures on the surfaces of 
the nanoparticles of CuCrO2 causes drastic changes in the 
structural and electronic properties.

In this study, we have also focused on the impurities' 
effects on the resistivity by annealing the sample under dif-
ferent thermal conditions, which may give a unique insight 
into the effect of the surface morphology on the resistivity. 
In the first stage, the resistivity and magnetization measure-
ments were performed on the samples sintered at 900 °C/2 h 
(samples sintered at 900 °C are commonly used for meas-
urements on delafossite systems). It is well known that 
higher sintering temperatures and shorter sintering times are 
required to achieve the desired degree of bonding between 
the powder particles in a powder compact. Then we tried 
sintering at 1000 °C, but the problem of weak grain bounda-
ries was not solved, not leading to any noticeable changes in 
the resistivity results. However, when the sample was sin-
tered under 4 GPa at 900 °C and 700 °C, Cu precipitation 
formed on the surface of the specimens. We also observed 
Cr2O3 and O on the surface determined by an x-ray diffrac-
tion pattern (see the supplementary material). The separation 
of some substitute Cu atoms is closely related to the bonding 
energy. Strongly bonding atoms show a low reactivity when 
exposed to the reactant air molecules. The weak binding 
energy of Cu inside grains may cause some different effects. 
For example, low-charge density due to low-energy bonding 
of Cu results in a tendency either towards an insulating state 

(as we observed a perfect insulator in the core of grains) or 
to the formation of magnetic states (some local short-range 
magnetic ordering occurring inside grains at low tempera-
tures may be associated with weak bonding of the Cu atoms, 
as a possible case) or both states.

We assume that CuCrO2 becomes a perfect insulator at 
temperatures below 220 K. The high-temperature paramag-
netic resistivity can be analyzed by using different electri-
cal conduction mechanisms that have often been used in 
describing the transport properties of similar delafossite 
compounds. In analogy to previous studies on transition 
metal oxides, we have performed a resistivity analysis by 
using the simple Arrhenius expression:

The temperature dependence of the resistivity was fitted 
to the above equation. It is generally used to model activated 
behavior due to a band gap, Ea , or a mobility edge. It is 
assumed that ρ∞ is a temperature-independent pre-factor, 
implying that neither the carrier mobility nor the carrier 
density changes with temperature.

The linear plot ln ρ versus 1000/T follows an Arrhenius-
type law in a high T range above 260 K, as shown in Fig. 12a. 
The deviation from the linear behavior is presumably due 
to the thermal dependence of the pre-exponential factor or 
associated with the temperature dependence of broadband 
structures. In fact, the fitting yields reasonable values for the 
fitting parameters, ρ∞≈ 23 Ω-cm and Ea ≅ 350 meV, exactly 
the same as previously reported by Majee et al.105 However, 
the fitting after subtracting the temperature-independent 
residual resistivity term allows covering the whole meas-
urement range, as shown in Fig. 12b, and provides many 
reasonable values for the fitting parameters, ρ∞≈ 1.97 Ω-cm 

(5)� = �∞ exp

[

E
a
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Fig. 12   Plots of (a) ln(ρ) versus 103 T−1 and (b) ρ versus T for CuCrO2. The solid lines in (a) and (b) respectively are a fit of the simple Arrhe-
nius expression, Eq. 5, to the data.
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and Ea ≅ 256 meV, consistent those previously obtained val-
ues.106,107 In previous studies, the obtained activation energy, 
Ea , varies from one study to another between a few hundred 
meV and a few dozen meV.108 It is commonly believed that 
the activation energy, Ea , decreases with increasing conduc-
tivity (either doped bulk sample or un-doped thin films). As 
argued above, the weak bonding energy of Cu implies that 
the constituted Cu atoms are bonded weakly to the lattice, 
thereby leading the localization to cause the formation of 
a mobility edge or to variable-range hopping between the 
localized states. Thus, it seems that the resistivity can be best 
described in terms of a general expression of Mott's variable 
range hopping (VRH)28:

where ν = 1/(d + 1), d is the dimensionality of the system. 
The present study confirms previous findings109 and contrib-
utes additional evidence suggesting that localized Cu atoms 
have a predominant role in conductivity mechanisms. Ketir 
et al.109 have argued that the conductivity of CuCrO2 single 
crystal is highly anisotropic, being much greater perpen-
dicular to the c-axis with a conductivity σ⊥ of 3.36 × 10−5 
Ω−1 cm−1. σ⊥ increases with increasing temperature and 
obeys an exponential law indicating semiconducting-like 
behavior. The authors have also demonstrated that the con-
ductivity in CuCrO2 can be described predominantly by 
small polaron hopping through mixed-valence states of 
Cu+/2+ ions. It is noticed that the distance Cu+-Cu+, equal 
to the a-parameter, is larger than the interionic cation of the 
3d overlap distance, which is a minimum distance required 
for the itinerant electron character. The Cu:3d electrons are 
strongly localized and manifested themselves by the large 
thermopower.109 The presence of small polarons implies the 
existence of local lattice distortions, which also localize the 
charge carriers. The presence of local distortions110 has been 
discussed in the previous sub-section. We assume that all 
requirements are satisfied for this fitting. We performed the 
resistivity analysis in terms of small polaron hopping con-
duction where the conductivity can be expressed by:

where Ea is the activation energy, and σ0 is the pre-exponen-
tial factor. In this case, the small polaron has low mobility 
and behaves like a heavy particle with a finite mean-free path 
(l), such that the quantity (kF l) becomes less than unity, of 
being the wave vector and l the mean-free path, according 
to the Ioffe–Regel criteria.

Figure 13 shows the plots of ln(σT) versus T−1 for the 
polycrystalline CuCrO2. The linear fit yields the values of 
Ea indicated in the figure, which are consistent with those 
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reported for other transition metal oxides. However, the fit-
ting is limited to temperatures below 265 K. It is also noted 
that the derivative d(σ)/d(1/T) behaves in a non-monotonic 
behavior with temperature. On the other hand, it is generally 
predicted that the conduction mechanism changes from the 
thermally activated small polaron hopping to VRH conduc-
tion with decreasing temperature. This crossover was pre-
viously observed in CuCrO2

111 and CuCr0.95Mg0.05O2 thin 
film. Okuda et al.106 have pointed out the crossover from 
thermal activation to VRH occurs around the Curie–Weiss 
temperature θCW (for CuCrO2, it is about 300 K), leading to 
suggestions that the conductivity is coupled with the AF cor-
relation. One of the most obvious findings to emerge from 
the resistivity study is that the fitting (T > 300 K) based on 
the VRH mechanism confirms this assertion, as given below. 
A similar electrical mechanism can be found in other Cu-
based delafossite structure materials.

The conductivity of CuCrO2 has a mainly 2D character 
since its conductivity is highly anisotropic, as mentioned 
above. A value of ν = 1/3 is predicted for VRH transport 
in 2D. Therefore, the general Mott's expression reduces to:

It seems most appropriate to describe the resistivity data 
in a wide temperature range, which means that the carri-
ers are localized by random potential fluctuations hopping. 
According to this model, thermally activated electrons move 
from site to site by the same thermally activated tunneling 
process (hopping).

Figure 14 shows the σ(T) versus T plot with the model-fit-
ted curve. The quality of the fitting indicates that the model 
is a good fit for the data. The values of the best-fitting param-
eters are σ0 = 1.385 × 1016 Ω−1 cm−1, T0 = 3.05 × 107 K, 

(8)� = �∞ exp

[

(

−
T0

T

)1∕3
]

,

Fig. 13   Plot Ln(σT) versus 103  T−1  T for CuCrO2. The solid line is 
the fit of the polaron hopping conduction expression in Eq. 7. Note 
that a clear deviation is apparent around 260  K, at which d [LnσT/
d(T−1)] gives a maximum.
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σ1 = 9.13 × 10−7 Ω−1 cm.−1. The value of T0 is smaller by 
one order of magnitude than that reported by Majee et al.105 
However, they assumed that the conductivity in CuCrO2 has 
a 3D character, whereas they should have a 2D form for the 
resistivity, in accordance with the lack of multiferroicity at 
higher temperatures.33 The conductivity increases with tem-
perature from the completely pure insulator state with the 
conductivity, σ1 , to the conductivity, σ(T), at the measuring 
temperature, T. Here, the temperature scale T0 is related to 
the localization length ξ by Ref. 112:

N(EF) denotes the density of states at the Fermi level. 
From Eq. 9, and using T0 = 3.5 × 107 K with the localization 
length estimated as ξ ≈ 0.25 nm (it should be less than the 
distance Cu+-Cu+, a = 0.297 nm), we obtain the density of 
states at the Fermi energy to be N(EF) ~ 6 × 1020 eV−1 cm−1, 
which lies in the region predicted for doped semiconductors 
(1018–1020 eV−1 cm−3).112

Conclusions

Magnetic and electrical properties of polycrystalline CuCrO2 
prepared by usual solid-state reaction crystalized with the 
space group have been studied as a function of the field (up 
to H = 9 T) and the temperature (in the range of 10–400 K). 
We have observed a transition from a high-temperature par-
amagnetic phase to an inhomogeneous mixed phase with 
short-range antiferromagnetic ordering in the intermediate 
temperature range. As the temperature decreases, it is fol-
lowed by a magnetic phase transition to an antiferromagnetic 

(9)k
B
T0 =

24

�N
(

E
F

)

�3
,

state at about 24 K, manifesting itself as a stair-like drop 
in the magnetization curve. The short-range antiferromag-
netic correlations act as weak ferromagnets in the applied 
field. These order regions are suppressed by magnetic fields 
exceeding 0.5 T, evidenced by the positive deviation of 
χ−1(T) from Curie–Weiss at H = 9 T. Consequently, we con-
clude that interstitial oxygen (e.g., its related defects) plays a 
crucial role in causing local distortion on the CrO6 tetrahe-
dral, which gives rise to the enhancement of magnetization.

There are a few subtle points that are worth emphasizing 
in the magnetically inhomogeneous mixed phase. Based on 
the magnetic analyses using a modified Langevin function, 
it has been shown that the nano-size antiferromagnetic order 
region behaves as a weak ferromagnet. Thermo-induced 
moments are induced inside the grains due to weak antifer-
romagnetically coupled sublattices and become dominant 
over uncompensated spins. To understand the nature of the 
inhomogeneously magnetic ordered state, we have used Grif-
fith's phase approach. However, the analyses do not provide 
a favorable result to support the presence of Griffith's phase.

More interestingly, the magnetization data show  negative 
magnetization in the zero-field-cooling MZFC(T) curve below 
about 140 K, where the magnetization curve splits into 
MFC(T) and MZFC(T) branches. The negative magnetization 
is explained by considering the paramagnetic moment of Cr 
ions under the influence of a self-induced negative internal 
field due to lattice distortions. Two possible scenarios have 
been suggested for the origin of its driving force: spin–lattice 
coupling in such a frustrating system causes inherently to the 
internal negative field, or the exchange magneto-striction 
mechanism may become solely responsible for that field. 
The reason behind this is the magnetoelastic stress occur-
ring on triangular Cr layers through the Cu-O-Cu coupling 
(interlayers coupling).

In the presence of external magnetic fields, the system 
displays the exchange bias phenomenon. We observed 
exchange bias effects at T = 10 K and 50 K below and 
above the Néel temperature, TN (~ 24 K) in both the hori-
zontal (Huni) and vertical directions (∆ME) in the FC case 
for Hcool = 0.5 T. The hysteresis loop shifts from the origin 
along both the field axis and the magnetization axes with a 
temperature, T, and cooling field, Hcool , dependence. Both 
exchange bias effects are suppressed at Hcool = 9 T, but with 
significant coercivity enhancements. Our results demon-
strate that the exchange-biased phenomenon originates at 
the interfacial exchange interactions on the grain boundaries. 
As a result, the origin of the exchange bias effects has been 
attributed to the interfacial exchange interactions between 
the magnetically disordered (spin-glass-like) grain bound-
ary and the antiferromagnetically ordered regions inside the 
grains.

Finally, resistivity measurements were performed in 
samples with different thermal treatment conditions. It is 

Fig. 14   Conductivity, σ, of the CuCrO2 sample as a function of tem-
perature, T. The solid line is a fit of the VRH model (T−1/4 behavior) 
to the data, using Eq.  8 with an additional temperature-independent 
term, corresponding to the resistivity of the sample in the pure insu-
lating phase.
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concluded that the resistivity dropping to zero does not 
originate  from superconductivity, as previously suggested 
by Tadee et al.,52 but the semiconductor CuCrO2 behaves as 
an ideal antiferromagnetic insulator at lower temperatures. 
The resistivity above 220 K has been described as well based 
on the variable range hopping conduction model, first sug-
gested by Mott.
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tary material available at https://​doi.​org/​10.​1007/​s11664-​023-​10423-9.
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