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Perovskite series GdCry_,Co,05 (x = 0, 0.33, 0.5, 0.67 and 1)
was obtained using a solution combustion method. The powder
XRD was used for identification and structural characteriza-
tion of the obtained perovskites. All compounds crystallize
within the space group Pnma. The morphology of samples was
studied using SEM. The impedance and AC conductivity of
GdCr;_,Co,03 were studied using impedance spectroscopy in
a frequency range from 10 Hz to 10 MHz and in temperature
interval 297-337 K. Changes in electric modulus and DC con-
ductivity, with increasing of the value of x in the structures,
were observed. The AC conductivity obeyed the universal
power law, 6(®) = o6(0) + A®" and revealed semiconductor
behavior. The calculated activation energies of existing pro-
cesses varied with the cobalt content and applied frequency.
The impedance spectra showed non-Debye behavior with a dis-
tribution of relaxation times for relaxation and conductive pro-
cesses. The conduction mechanism for pure orthochromite and
orthocobaltite was defined and two types of conduction were
observed in the investigated temperature range for the complex
perovskites. In order to explain the results, an equivalent cir-
cuit with fitted values of circuit components was proposed.

I

IN recent decades, perovskite materials have been the sub-
ject of growing scientific interest. This is due to the inter-
play between the variation of perovskite composition and
structure, thus tuning the properties that perovskite materials
exhibit. Therefore, starting from the general formula of per-
ovskites, ABX;3 (where A, B denote cations, and X is an
anion), many different compounds may be derived via combi-
nations of A, B, and X, including the possibility for multiple
substitutions in the cationic positions leading to even larger
number of compounds.' It is well known that perovskites are
materials that exhibit a variety of different specific and
unique properties (superconductivity, giant magnetic resis-
tance, pyroelectricity, etc.).” As to the electrical properties,
the literature data indicate that different perovskites show
insulating, semiconducting or metal-conducting behaviors
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depending on the constituent elements, structures, and tem-
peratures.S’4

Perovskites containing cobalt or chromium ions in
B-position have been subject to many investigations, which
have shown that cobalt perovskites (RC0oO3) exhibit interest-
ing properties, including high electronic conductivity,’
metal-to-insulator transition with increasing temperature,®
significant catalytic activity’ and specific magnetic proper-
ties.> ' For GdCoOs;, it was found to be a semiconductor at
room temperature and that it undergoes semiconductor-to-
metal transition at 860 K.'' The rare earth chromites are
also interesting because of their relatively high electrical con-
ductivity, resistance to oxidation, high melting points'? and
multiferroic properties observed in some chromites.'>!*
Moreover, GdCrOs, was reported to behave as a semicon-
ductor in the temperature range of 300-1000 K."> However,
there are limited data on perovskites containing both Co>*
and Cr’" ions in B-position. Recently, we have reported on
the electric properties of YCrysCo505.'° We have also
presented the results regarding the synthesis and crystal struc-
tures of RCo_,Cr,O; perovskite materials (R = Pr or Gd,
x=0,0.33, 0.5, 0.67, and 1).'”'® There are practically no lit-
erature data concerning the electric properties of these series
of complex Co/Cr perovskites. Therefore, it seemed reason-
able to study the dependence of the electrical conductivity on
the content of cobalt and chromium in B-site. In this paper,
we present the results obtained for the impedance and AC
conductivity studies of various GdCr;_,Co,0O; materials.

II. Experimental Procedure

The investigated series GdCr;_,Co,0O; was synthesized
according to the procedure given in the paper of Dimi-
trovska-Lazova er al.'” The solution combustion synthesis
was performed using water solutions of corresponding metal
nitrates and urea as a fuel. The ratio between fuel (urea) and
oxidizers (nitrates) was set to one. The self-ignition reaction
was performed in muffle furnace preheated to a temperature
of ~773 K. The obtained precursors were subsequently cal-
cined at temperature of 1073 K for 4 h.

The purity of obtained perovskites as well as their crystal
structures was studied via powder X-ray diffraction. XRD
patterns were obtained using a powder diffractometer (Bru-
ker D8 Advance, Tucson, AZ) with CukK, radiation (Ni-fil-
tered) and detector (SolX) in the range from 10° to 120° 20
with a step-scanning rate of 0.02°. The microstructures of the
obtained compounds were investigated via SEM microscope
(Field-Emission FE-SEM Zeiss ULTRA PLUS, Oberkochen,
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Germany) using accelerating voltage of 2 kV. The samples
were put onto graphite tape and were not gold-sputtered
prior to the microscopy. Images were taken using In-lens
and/or standard Evernhart-Thornley secondary electron (SE)
detectors.

The LCR meter (HP 4192A; Agilent Technologies, Santa
Clara, CA) and solid dielectric test fixture (HP 16451B) with
four terminal electrodes with 38 mm diameter and a temper-
ature chamber, were used for the dielectric measurements at
parallel mode and impedance measurements at serial mode.
The AC voltage was 1 V. The flat surfaces of the pellets were
electroded using high purity silver paste. The dielectric
parameters capacitance (C,) and dielectric losses (tand), were
measured as a function of frequency (10 Hz—10 MHz) and of
temperature (297-337 K). The obtained data were further
used for estimation of complex electric modulus, real, and
AC conductivity. The experimental data of the real and
imaginary part of complex impedance were used to deduce
the electrical characterization of the materials and to propose
an equivalent circuit for possible conduction mechanisms.

III. Results and Discussion

(1) Structural and Morphological Analysis

The crystal structures of the end members of the series
(GdCo0; and GACrO5) have been reported previously.!>!924
Additionally, the thorough investigation of the crystal struc-
ture of the whole GdCr,_,Co0,03 (x =0, 0.33, 0.5, 0.67, and
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Fig. 1. XRD patterns of (a) GdCrOs;; (b) GdCry¢7C003303; (c)
GdCr0_5C00,503; (d) GdCr0_33C00,67O3; (e) GdCOO;
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1) series, obtained via a solution combustion method, was the
subject of our work.'” Here, only the most important struc-
tural characteristics related and relevant to this work will be
presented.

The XRD patterns of the GdCr;_,Co,O5 series are repre-
sented in Fig 1, showing a continuous shift of the positions
of the diffraction peaks toward higher values with increasing
x value, as the larger Cr*" is substituted with the smaller
Co®" ion. Thus, an isomorphous series of pure perovskite
phases was obtained with negligible amounts of Co;04 in
GdCr( 5C0(y 503 and GdCr(33C0(6703. The Rietveld refine-
ments of the crystal structures showed that the members of
GdCr;_,Co,05 series crystallize in the orthorhombic Pnma
space group with Z = 4. The lattice parameters and selected
distances and angles are given in Table I. The relationship
between the unit cell parameters in these compounds (b > ¢/
\2 > @) is the same as in O-type perovskites in which the
tilting of the octahedra is the primary source of distortion
from the ideal cubic structure. The calculated cell distortion
and orthorhombic distortion'” indicate that the unit cell dis-
tortion decreases with increasing Co content.

According to the average values of the Gd-O distances
(Table I), which are decreasing with the subsequent substitu-
tion of Cr*" with Co>", it could be concluded that the coor-
dination number of Gd>* cation is 10 in GdCoOs, but nine in
all other members of the series. It must be also emphasized
that the octahedrons become increasingly distorted as the
content of Co®" increases, but they are simultaneously less
tilted. An important physical characteristic for perovskites is
the so-called global instability index,? calculated on the bases
of bond valences.”*® The calculated global instability indi-
ces'” indicated the existence of lattice-induced strains in the
structure of the cobalt containing compounds, while GdCrO;
is a structure almost without any internal stress.

The SEM images of the surfaces for GdCr, ,Co,O3 are
shown in Fig. 2. Shapes are clearly visible, indicating the exis-
tence of polycrystalline porous microstructure, typical for per-
ovskites obtained by solution combustion method. The pure
orthochromite sample (a) is characterized by slightly elon-
gated spherical grain morphology. Individual grains are of rel-
atively narrow size distribution with an average size of
~150 nm. The addition of cobalt results in grain growth, so
the crystals appear to be less uniform in both size and shape.
The average grain size changes from the initial ~150 nm for
GdCrO;3 to ~300, ~400, and ~450 nm for GdCr( ¢7C00 3303,
GdCrysCop 505 and GdCry33Co0¢6703, respectively, and
reaches the final value of approximately 550 nm for GdCoOs;.
Grains retain slightly elongated spherical shapes up to

Table I. Unit Cell Parameters, Average A, B—O Distances, Deformation of Unit Cell (d), Orthorhombic Distortion (dist,), Tilt
Angles, Global Instability Index, Crystallographic Density and Porosity of GdCr,_,Co,03 Perovskites

Parameters GdCrO;3 GdCrg 67C0¢ 3303 GdCr.5C00 503 GdCr(33C00.6703 GdCoO5
a (/:%) 5.52447 (12) 5.4832 (2) 5.4573 (3) 5.4357 (3) 5.39074 (12)
b (A) 7.60552 (16) 7.5572 (3) 7.5280 (4) 7.5046 (4) 7.45514 (17)
c (A) i 5.31310 (11) 5.2850 (2) 5.2685 (3) 5.2541 (3) 5.22527 (12)
<Gd-0>y (A) 2.530 (2) 2.517 (2) 2.507 (2) 2.500 (3) 2.490 (3)
<B-O0>¢ (A) 1.983 (2) 1.969 (2) 1.957 (2) 1.953 (3) 1.930 (3)
B-O1-B (°) 148.85 (8) 149.30 (9) 151.76 (9) 150.84 (11) 153.60 (10)
B-02-B (°) 149.2 (2) 149.5 (3) 149.6 (3) 149.2 (4) 151.2 (4)
d 2.677 2.395 2.199 2.048 1.731
distorn 0.2914 0.2905 0.2901 0.2900 0.2892

6 0.044 0.014 0.103 0.134 0.138
0 (°) 15.493 15.283 14.116 14.131 13.722
o (°) 10.571 10.62 10.362 9.763 9.931
d (0 18.683 18.538 17.448 17.119 16.882
GII 0.054 0.161 0.183 0.189 0.199
Crystallographic density (g/cm®) 7.654 7.873 8.001 8.117 8.356
Porosity (%) 38.0 40.4 40.9 41.6 42.0
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Fig. 2. Microstructure of GdCr;_,Co,03, x =0, 0.33, 0.5, 0.67 and 1 for (a), (b), (c), (d) and (e), respectively.

x =0.5. At higher x values, individual grains exhibit sharp
edges and thus become less regular. Grains with sharp edges
are normally an indication of lower combustion temperature
during the GdCr;_,Co.,0Oj; synthesis. An interesting result was
obtained for GdCry sCog 503 where grains and grain bound-
aries are almost equally represented with almost uniform size.

(2) Electric Modulus Analysis
In order to review what is happening in the bulk material and
to separate the conduction processes in the low frequency
region, the electric modulus formalism was applied, which is
a highly appropriate method introduced by Macedo,” and is
used whenever one cannot extract any information from the
dielectric constant and loss measurements about the polariza-
tion processes involved in the structures. With this method,
the electrode polarization effect or mobile ion polarization are
suppressed and the conductivity coming from the material is
the only process observed. The electric modulus corresponds
to the relaxation of the electric field in the material when the
electric displacement remains constant.°

Complex electric modulus is defined as reciprocal of the
complex permittivity:>!

M =1/ =M +iM" (1)

where M* is the complex modulus, €* is the complex permit-
tivity, M’ and M" are real and imaginary parts of the

modulus, respectively. For pure conduction process, the
relaxation peak in the modulus plot would be observed,
while no peak would appear in corresponding &” plot. If the
dielectric relaxation process is present, a relaxation peak
would appear in both M* and &* representation.’>

The frequency dependence of the imaginary part M" of
complex modulus for all five investigated structures is shown
in Fig. 3. The spectra showed a broad and asymmetric non-
Debye behavior peaks with distribution of relaxation times
around the M" peak position frequency and incoming
another peak at higher frequencies. These peaks define the
transition from ion hopping from one site to the neighboring
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Fig. 3. Frequency dependence of imaginary part of complex electric
modulus at 297 K.
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site in low frequency range and long-range mobility to high
frequency short mobility range connected with localized
motion of the ions.

The mean relaxation times of the relaxation processes for
all five investigated structures were calculated from the fre-
quencies of the maximum points of the curves, (T ~ ©n ).
The highest value of t (26.54 ps) was observed for GrCrOs.
For other samples, the calculated t values were similar and
ranged in the interval 0.7238 — 0.8846 ps. The relatively high
t value for GrCrOj; in comparison to the other members of
the series might be due to the highest deviation of B-O1/02—
B angles from 180° in its structure (Table I). It is expected
that the magnitude of the orbital overlaps is determined by
the deviation angle as well as the nature of ions.>* Thus, with
decreasing orbital overlap (which means higher deviation
from 180°), there is an expected increase in resistivity, since
the band gap between the conduction and the valence bands
becomes greater.

Figure 4 shows the frequency dependence of M’ (a) and
M" (b) for GACrO; at various temperatures. The relaxation
peak observed for M"” is shifted toward higher frequencies
with increasing temperature, and its magnitude is increased,
i.e., the relaxation rate for this process increased with heat-
ing. The characteristic relaxation times calculated from the
frequency of the peak position were also fitted to the Arrhe-
nius law,t = 19 exp(E, /kgT), where 7 is relaxation time, kg is
Boltzman constant, FE, is activation energy of the thermal
process, and T is absolute temperature. The obtained values
of activation energies for the series are in interval 1.1 eV for
x=11to 0.8 eV for x = 0. The decrease of activation energy
with increasing cobalt content was established. The observed
activation energies of conduction processes could be con-
nected to the space charge model, which gives activation
energies in interval 1.07—1.48 eV. This model was used in
explanation of the dielectric relaxation phenomena in several
perovskite materials.3*3°

(3) Conductivity Study
Properties, such as real and imaginary part of the complex
permittivity, dielectric losses and electrical conductivity, are
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Fig. 4. Frequency dependence of (a) real and (b) imaginary parts of
complex electric modulus for GdCrO; at temperature interval 297-
337 K.
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closely related to the microstructure of the material and its
composition. Conductivity behavior of the prepared series
depending on frequency and temperature was also investi-
gated. The observed total conductivity was a sum of AC con-
ductivity, which came from a reversible hopping between two
states, and DC conductivity, which emerged from a percola-
tion path through the sample.

The porosity in the structures is evident from the SEM
photographs (Fig. 2), and has to be considered in further
analysis of the electric conductivity. It shows the presence of
the grain boundaries which affect the electrical behavior of
the structures.'> The porosity of the pellets was calculated
from the theoretical crystallographic®® and the experimental
density of the pellets and is in interval between 38% and
42%. The porosity slightly increases with increasing cobalt
amount in perovskite structures (Table I). For two-phase sys-
tems consisting of an electrically conductive (perovskite) and
nonconductive (porosity) phase, the corrected electrical con-
ductivity of the bulk, &, was calculated from the formula:*’

3 1
Seff = 5 Op <1 — por — dl_m) )

where o is the experimental value of the pellet conductivity,
por is the fraction of porosity (I — dexp/dr) and dim is three
for the three-dimensional system. The corrected value of elec-
trical conductivity is of the same order of magnitude as the
measured one, so it could be concluded that in the investi-
gated temperature range, the presence of grain boundaries
has no significant influence on the conductivity. This conclu-
sion is in agreement with the literature data,’® where the
changes in the bulk conductivity coming from the grain
boundaries are significant over 500 K.

The frequency-dependent conductivity spectra of all struc-
tures measured at room temperature are shown in Fig. 5(a).
The experimental data are shown as a plateau in the low fre-
quency region defined as o4, and the exhibited dispersion is
directly dependent on the frequency changes at high frequen-
cies. The width of the plateau region varied with cobalt con-
tent. Mixed structures, GdCr;_,Co,0;, exhibited higher cg4.
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Fig. 5. Frequency-dependent conductivity of GdCr,_,Co,05 series
for (a) 297 K; (b) 337 K.
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values than GdCrO; and GdCoO;. The o4, of GdCoO5; was
higher than the 64, of GdCrOs.

The DC conductivity was dominant in the low frequency
region until the hopping frequency o, (the frequency when
conductivity doubles 64.) was reached. At frequencies higher
than the hopping frequency w, AC conductivity became
dominant. The AC conductivity increased with increasing
frequency and the curves were merged at high frequencies.
The data were fitted to Jonscher’s power law:>®
o(0) = o(0) + A", where o (0) is the DC conductivity 4.
which is frequency independent, 4 is the preexponential fac-
tor and »n is the power law exponent with values 0 <n < 1.
The parameter n characterizes the interaction between the
charge carriers participating in the polarization process and
the value n =1 indicates an ideal case of Debye behavior
when no interaction happens. The lower value of n defines
stronger ion—ion coupling.®® The obtained n values were in
the 0.65-0.87 range and were dependent on cobalt content.
The highest value (0.84-0.87) was obtained for GdCrO;. For
the complex perovskites (Co/Cr), the values of n were
decreased with increasing content of cobalt (0.71-0.76 for
x = 0.33; 0.66-0.73 for x = 0.5 and 0.39; 0.52 for x = 0.67),
but for the pure orthocobaltite n value was again increased
(0.75-0.78). The data for pure orthochromite and orthoco-
baltite were close to the E)redicted value for temperature inde-
pendent n (around 0.8).4%%!

Figure 5(b) shows the frequency-dependent conductivity
behavior of all structures at 337 K. The most noticeable
increase of total conductivity was observed for GdCrO; and
the lowest changes of o were for GdCr(33C006703, i.c. the
structure that already showed high conductivity (grain
boundary conduction mechanism was dominant in all tem-
perature range). The difference between GdCrO; and
GdCoO; remained one order of magnitude. This behavior is
expected because grain boundaries for pure structures (x = 0,
1) appear at higher temperatures, while for the mixed struc-
tures they participate to the conductivity at lower tempera-
tures.

The DC conductivity is increasing with temperature, which
confirmed the semiconducting behavior of the materials. The
activation energies estimated from the Arrhenius plots in
accordance to the relation o4.(7) = Aexp(—E,/kpr) were
0.278, 0.258, 0.202, 0.220, and 0.223 ¢V for x(Co) = 0, 0.33,
0.5, 0.67 and 1, respectively and are in good agreement with
the literature.'>* Activation energy also showed decreasing
dependence with the increasing amount of cobalt in the
structures, showing the lowest value for x = 0.5. According
to the study of Subba Rao,* the energy bands associated
with rare earth ions are not relevant to the electrical conduc-
tion in RCrOs. He suggested the existence of a large number
of Cr** centers due to native defects in RCrO; and the con-
duction of holes from these centers to neighboring Cr’*
sites. However, the literature data point out that for RCoOs,
the spin state of Co®" and the temperature of LS-IS-HS
transitions depend on the rare earth cation.® Thus, as the
rare earth becomes smaller the progressive stabilization of
n*(Co-0) levels and large splitting between t,, and e,
orbitals is obeserved.** Therefore, the transitions to higher
spin configurations take place at higher temperatures.
Taking into consideration that GdCoO; undergoes spin
transition at 717 K° and that the temperature range in our
investigation is rather narrow and the maximum temperature
is 337 K, it could be concluded that Co®t must be in its
low spin state.

The values of activation energies lead to the conclusion
that conduction is extrinsic and is of the hole-hopping type.!'
Since the electrical conduction is directly connected to the
energy bands of the B-cation in the structure, the changes in
the conductivity are directly connected to the cobalt content.
The explanation could be found in the electronic configura-
tion of the two cations in the B-site, i.c., replacing of Cr**
(12g3eg0) with Co*”" (Zzg6€g0 in low-spin state, S =0).%
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Fig. 6. Frequency-dependent conductivity at various temperatures
for (a) GACrOs;; (b) GdCrj 5C0¢ 505.

Taguchi established the importance of the cation—anion—
cation overlap in the electrical properties of perovskites of
this type.** The ionic radius of Co®" ion in the high-spin
state is nearly equal to the ionic radius of the Cr’* ion and
this would not change the conductivity with increasing x.*’
The decrease of (Cr,Co)-O distance and increasing conductiv-
ity in GdCr,_,Co,03 with increasing x suggests that Co®™
ion must have been in the low-spin state (tzg(’). So the
increasing amount of smaller Co® " led to stronger m bonding
(overlap between the cation ¢ and oxygen p, orbitals), which
resulted in higher conductivity.

The frequency dependences of total conductivity at various
temperatures for GdCrO; (a) and GdCr(sCoy 505 (b) are
shown in Fig. 6. In the low frequency region, the results are
dictated by the behavior of DC conductivity, whereas at
higher frequencies, the power law is preserved. Conductivity
increased with increasing temperature showing that the semi-
conductor behavior and the hopping frequency o, (the point
of changing the conductivity from DC to AC) are shifted to
higher frequencies. The lowest value of conductivity was
observed for GdCrOj (the structure of lowest global instabil-
ity index), and the highest for GdCr33C0g 6703, presumably
the structure with the highest amount of conductive defects.
The changes of the conductivity behavior for complex per-
ovskites in this temperature interval are connected to the
grain boundaries contribution, whereas dominant conductive
mechanism for GACrO; and GdCoOj; is through the grains.

The above statements are consistent with the data from
SEM (Fig. 2). For GdCrO; and GdCoO; morphologies with
dominant grains over grain boundaries are observed, allow-
ing easy passage of the charge carriers from grain to grain
and confirming highly conductive nature of GdCrO; and
GdCoO;. The structure of GdCrO; was more compact, with
smaller grains, and it gave a lower value for conductivity
than the structure of GdCoOj. The free space between the
grains increased with higher content of Co, thus also increas-
ing the contribution of the grain boundaries to the overall
conductivity. This is observed for GdCry sCog 505 [Fig. 6(b)],
with two plateaus at low frequencies, one for the grain and
one for the grain-boundary contribution to the conductivity.
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(4) Impedance Spectra

Using an AC impedance analysis, it is possible to distinguish
between the grain boundary, bulk and grain-electrode effects,
which usually define the sites of traps for oxygen vacancies
and other defects. Moreover, from the relaxation processes
that take place in the material, the contributions to the total
conductivity coming from the bulk, the grain-boundary, and
the space charge polarization could be defined.

Figure7 shows the frequency dependence of Z’ and —Z" for
GdCrOs; (a) and GdCrg 5Co 503 (b) as a function of tempera-
ture. The decrease of Z’ with increasing frequency for temper-
atures implies that the relaxation process in the structures was
observed. The magnitude of Z’' in the low frequency range
decreased with increasing temperature, which is attributed to
the reduction of grains, grain boundaries, and the electrode
interface resistance. This is clearly shown in the graph of
GdCry5Co( 503 where different slopes with knees connected
to grain and grain boundaries are observed. All curves merged
at frequencies higher than 10 kHz, indicating space charge
releasing and increasing the conductivity in the structures.

From the frequency dependence of —Z", given on the
same figure, only one peak for GdCrO; could be noticed.
Such behavior is similar for all samples except for x = 0.5,
where another peak appears. The first peak at lower frequen-
cies for GdCr( sCog 503 corresponds to grain boundary resis-
tance and the second peak at higher frequencies to bulk
resistance.

The positions of the peaks were set to the center of the
dispersion region of Z'. The values for GACrO; and GdCoO;
showed higher impedance in comparison to the other sam-
ples, thus revealing a more stable structure of pure perovsk-
ites. A relatively low value of resistance was observed for
x = 0.67, which confirmed the high conductivity recorded for
this sample. The reason for higher conductivity of this sam-
ple may be in the high content of grain boundaries. The fre-
quencies for the peak positions were defined as the
frequencies for grain and grain boundary relaxation pro-
cesses (see the analysis from the conductivity and electric
modulus).

The degreasing of —Z" peak with increasing temperature
is also observed. It was noticed that the influence of grain
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Fig. 7. Frequency dependence of Z' and —Z" of (a) GdCrOs; (b)
GdCr( 5Coy 505 at various temperatures.
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boundary to the resistance increased and became dominant
with increasing temperature. However, the relative increase
of grain boundary resistance was less than the relative
decrease of grain bulk resistance, which led to the overall
increasing of conductivity with increasing temperature.

A shift of the peak positions to the higher frequency side
defines a thermally activated relaxation time, which obeyed
Arrhenius’ law, t©=19exp(E,/kpr). The activation energy
(E,) obtained from the Arrhenius plot was estimated to
0.36 eV for GdCrOs; 0.33 eV for GdCrg 67C003303; 0.44 eV
for GdCr33C006705 and 0.50 eV for GdCoO;. For
GdCrg5Cog 503, two activation energies are estimated:
0.43 eV for conductivity through grains and 0.25 eV for con-
ductivity through grain boundaries.

The peak frequencies m,,» in M" curves, Fig. 3, were
higher than @z~ in Z" curves, Fig. 7. This corresponds to
lower relaxation times for dielectric process related to the
relaxation times for the conduction process estimated from
impedance measurements. Different results for activation
energies obtained from M" and Z” defined different processes
in the bulk, conductive and dielectric relaxation.

(5) Impedance Spectra Fitting
Figure 8 shows the dependence of the imaginary versus real
part of the complex impedance, also called the Nyquist plot,
for all five structures at 297 K (a) and 337 K (b). The results
showed deformed semicircles revealing the Debye behavior at
high frequencies, where the angle of the intersect of arcs with
the real axis is 90°, whereas the angle of the intersect at low
frequencies is less than 90° and is temperature dependent.
Only GdCr(sCo(sO5 showed two clear separate semicircles,
confirming the presence of two different dispersion mecha-
nisms in the structure, which is not clear in other structures.
The experimental data corresponded to the equivalent cir-
cuit proposed by B. A. Boukamp,*® which comprised three
elements connected in series assigned to bulk, grain bound-
ary, and electrode contributions [Inset of Fig. §(a)]. Each of
the elements is composed of parallel connected resistors and
a constant phase element (CPE) for grain or grain boundary
(first two elements); or resistance and capacitor for electrode
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Fig. 8. Nyquist diagrams for all samples at (a) 297 K; (b) 337 K.
The inset graph is for GdCrO;. Equivalent circuit for
GdCr,_,Co0,0;5 is embeded in (a).
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contributions (third element). The presence of CPE is due to
the observed wide peak of —Z” that defines the distribution
around the mean relaxation time. In this proposed model,
the complex impedance is expressed by the equation:

Z*((D) =7 bulk + Z*gb + Z*ep

Z* _ Rg k _ Rgb
UK T A Ry (i) & 1 By Ry (i) 3
L _ Ry 3
P 1+ ioRy’

where A4, By, n and m are temperature-dependent parameters.

The point of intersection of the high frequency arc with the
real impedance axis at high frequency side, defined the serial
resistance of the circuit R,, which was small and negligible to
the overall resistance. The difference between two intersect
points of the semicircles gave the bulk (grain) resistance of
the material R, and the corresponding CPE,, was calculated
from the frequency of the highest point in the arc. The similar
calculation of grain boundary resistances Ry, and CPE,, was
performed on second semicircles which appeared with increas-
ing temperature. The resulted semicircles were not ideal, but
depressed and their centers were below the real axis. Mixed
structures revealed grain boundary effect, second arc in the
Figs. 8(a) and (b), at lower temperatures than GdCrO3 and
GdCoO; (most noticeable for x = 0.5). The difference from
ideal arc in the low frequency region was ascribed to the pres-
ence of the electrode polarization process, which was not well
defined because of measuring limitations. The value of the
bulk resistance calculated from the impedance plot for
GdCrO; is found to be higher by one order of magnitude
than that of GdCoO; and it decreased with mixing Cr and
Co, while grain boundary resistance increased.

The fitting results revealed the presence of the R,CPE,
parallel circuit and also the secondary grain boundary
Ry, CPEy, parallel circuit masked in the large semicircle of
bulk resistance. The estimated values of CPE,, and CPE,;, are
in the order of 0.02 nF for grains and 0.2 nF for grain
boundaries, respectively, and were decreasing with increasing
temperature. The fitted values of capacitance C,, were in
the order of 10 nF. The grain boundaries contributed to the
ionic transport and increased the conductivity due to the
presence of a large density of defects in the interfacial region
or the imperfect lattices of investigated structures.*’

The influence of the temperature on separation of the two
circles is evident. The grain boundary resistance increased,
respectively, to grain resistance with the increasing tempera-
ture, revealing the increasing influence of grain boundaries
on total conductivity in all samples. The values of R, were
not defined since the arcs at the low frequency region were
not sufficiently clear for accurate estimations.

The results of the temperature-dependent complex imped-
ance spectra for GdCrO; and GdCr, sCoq O3 are presented
in Figs. 9(a) and (b). The arcs were broad, depressed and
extended to the coordinate origin at all investigated tempera-
tures confirming the non-Debye behavior from before. Only
one arc for GdCrO; [Fig. 9(a)], due to a bulk transport
mechanism was present but another relaxation process with
mean time constant close to the main one appeared to be
masked. This relaxation process influenced the distortion of
the experimental arc. The second arc appeared at higher tem-
peratures and connected to the transport mechanism through
grain boundaries. The reducing of the resistance value with
increasing temperature revealed the negative resistance coeffi-
cient, similar to the results from the conductivity study. The
presence of two arcs in the whole temperature range (higher
impact of grains over grain boundaries at lower tempera-
tures) was observed for GdCr( sCoy 505 with increasing influ-
ence of grain boundaries at higher temperatures.
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Fig. 9. Nyquist plot of complex impedance at various temperatures
for (a) GdCrO; and (b) GdCr( 5Co¢ 505.

IV. Conclusion

The dielectric response of the prepared perovskite series
GdCr;_,Co, O3 (x =0, 0.33, 0.5, 0.67, and 1) was studied
with dielectric spectroscopy, and the experimental data were
analyzed by means of electric modulus formalism, conductiv-
ity studies, and impedance spectroscopy analysis.

The relaxation processes in GdCrOs observed in complex
modulus dependences, connected to broad and asymmetric
non-Debye behavior peaks of relaxation processes, had a
higher value of mean relaxation time than in other structures.
The smaller values of t were connected with the presence of
cobalt in the structures. Decreasing of activation energies for
relaxation processes also showed the influence of cobalt
increasing in the structures.

AC and DC conductivity also increased with increasing x.
The structures were defined as electronic conductors, with
p-type extrinsic semiconducting behavior in the studied tem-
perature range. The spin state of Co® " ions was assumed as
low (t2g6), which influenced the conductivity of the structures
with increasing x. The increasing amount of Co®* led to
increasing number of 3d electrons of the B-site cation and
stronger © bonding, which resulted in higher conductivity,
mostly observed for mixed structures (x = 0.5 and 0.67). The
higher conductivity is also connected to the increasing of
internal stress, i.e., global instability indices. All structures’
conductivities obeyed the universal power law.

Impedance spectra showed similar behavior as complex
electric modulus, non-Debye behavior with distribution of
relaxation times. The grain boundaries contribution to over-
all impedance, beside grain resistance was more pronounced
for mixed structures at lower temperatures and for GdCrs
and GdCoOs; at higher temperatures.

The equivalent circuit was proposed in order to define
grain and grain boundary resistances, and the corresponding
capacitances.
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