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Electrical resistivity (p) and thermoelectric power (a) measure-
ments were carried ouf in air on Cu,_,Cd,Cr;0, (0 < X =< 1.0)
spinel oxides in the temperature ranges 300873 K and 300-723 K,
respectively. Thermal activation energy (E,), carrier concentration
(n), activation energy for carrier concentration generation (E,),
and mobility (g} values have been calculated from the resistivity
and thermoelectric power data. The results show that conduction
in cadmium-substituted CuCr,Q, samples is by hopping of charge
carriers on the octahedral sites. The charpe carrier hopping is,
however, impeded at lower temperatures due to the ‘targer
Cro—Crt . distance when the large Cd?* ion (97 pm) is substituted
for the Cu?* jon (72 pm) in the tetrahedral site of the CuCr,0,
lattice. The temperature dependence of o shows a change in the
sign of the slope at the temperature at which hopping conduction
becomes evident.  © 1994 Academlc Press, nc.

INTRODUCTION

CuCr,0, is a tetragonally distorted normal spinel under-
going a tetragonal-to-cubic phase transition at 800 K (1-3).
Electrical resistivity measurements on CuCr,Q, have
shown that the tetragonal-to-cubic phase transition is
manifested as a hysteresis loop in the log p vs {/T heating
and cooling plots and p-type conduction in CuCr,Q, is by
hopping of charge carriers between the octahedral site
Ce3* and Cr'* ions (4). Electrical resistivity measure-
ments on Cu; Mg Cr,04and CuCr,__ Al O, samples indi-
cated that the conduction mechanism does not change
when Cu?* is substituted by Mg?* or Cr** is substituted
by AI'* (5). Thermoelcctric power measurements on Cu
Cr,Q), show p-type conduction and the Seebeck coefficient
(e} increases with increasing temperature. This is quite
unusual for a semiconductor but has also been found in
other semiconductors reported cartier (5, 6); in p-type
magnesium-substituted chromite spinels, i.e., Cu,_ Mg,
Cr,0,, Padmanaban found an increasing trend of « with
increasing temperature (7). However, in aluminum-substi-
tuted CuCr,Q, spinels, i.e., CuCry_, Al Q,, it is observed
that the conduction type changes from p-type to n-type
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and initially « decreases with increasing tempera-
ture—the usual change expected for a semiconduc-
tor—but above a certain temperature @ increases with
increasing temperature (5).

The aim of the present work was to investigate the
effect of substituting Cd?** in CuCr,0, (Cu,_,Cd,Cr,0,)
on the conduction type of the spinel chromite and to study
the temperature dependence of the Seebeck coefficient.

EXPERIMENTAL

Solid solutions of Cu,_,Cd,Cr,0, for x = 0.0,0.1, 0.2,
0.3, 0.4, 0.45, 0.6, (.8, and 1.0 were prepared following
the usual ceramic technique described elsewhere (8).

X-ray diffraction analyses of all the samples were car-
ried out using a Philips X-ray diffraction until (Model PW
1710) using CuKe radiation with a Ni filter.

Resistivity measurements and thermoelectric power
measurements of all the samples were carried out in air
in the temperature ranges 300-873 K and 300-723 K fol-
lowing the procedure described elsewhere (4, 5). All the
samples were anncaled before each measurement to elimi-
nate any grain boundary effect.

RESULTS

Table | gives the chemical compositions of various cad-
mium-substituted CuCr,Q, samples and their code names,
degree of tetragonality (¢ /a,), distance between octahe-
dral site cations (B-B distance), and room temperature
resistivity (p).

Resistivities of all the samples followed the exponen-
tial [aw

P = py exp(E/KT)

in the studied temperature range, where p is resistivity
in ohm-cm, T the absolute temperature, k£ the Boltzmann
constant, and E, the thermal activation energy. Figures
1 and 2 show the log p vs 1/T heating and cooling plots
for all the cadmium-substituted copper chromite samples,
i.e., Cu,_,Cd,Cr,0, (x = 0.0 to 1.0). The results in Figs.
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TABLE 1
Sample Composition, Code Name, cy/a,, Apparent B-B Distance, and Room Temperature
Resistivity (p) in Cu,_,Cd Cr,0, System

Sample B-B distance o
composition Code name colag (A) (£0.003) (ohm-cm)
CuCr,0, CDo 0.915 2912 .00 x 10F
CitgoCiy ;,Cry0y cD1 0.925 2.930 7.08 x 10
Cuy5Cdy 2Cr0; cD2 0.930 2.932 562 x 10
Cuy 7Cdy ,CriO; CD3 0.940 2.946 112 % 10°
CuyCd, Cr,0, CD4 2.976 112 x 10
CuyyCdy(Cr:0, CD6 2.982 .77 x 10°
Cuy.,Cdy 4C1,0, CD8 3.006 2.818 x 10°
CdCr,Q, CDI10 3.015 794 x 108

1 and 2 show that for all the samples, the cooling plots
retrace the heating plots except in the temperature range
where a hysteresis loop appears in heating and cooling
plots of the tetragonal samples. The experiments were
repeated several times and the results were always found
to be reproducible. The heating plots were not retraced
by the cooling plots in the unannealed samples, a result
attributed to grain boundary effect (4). Table 1 shows
that the room temperature (~300 K} resistivity values
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FIG. 1. Heating and cooling plots of log p vs 1/T for (a) CDO, (b)

CD1, (c) CD2, and (d) CD3.

(p) do not change with cadmium substitution, except for
CdCr,0,. Thermal activation energy (E,) values have
been calculated for cadmium-substituted CuCr,0, sam-
ples from the slopes of the log p vs 1/T plots and are given
in Table 2.

The reduced thermoelectric power o' (o = aelk) vs
I/T plots for all the cadmium-substituted CuCr,0, sam-
ples are shown in Fig. 3. The results show that the Cu,_,
Cd, Cr,0, samples remain p-type in the temperature range
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FIG. 2. Heating and cooling plots of log p vs 1/T for (a) CD4, (b)
CD5, () CDa, (d) CDS, and (e} CD10.
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TABLE 2
Density of States (N'), Charge Carrier Concentration (n), Optical Phonon Frequency (), Thermal Activation Energy (E,)
and Activation Energy for Charge Carrier Generation (E,) for Various Cu,_,Cd, Cr,(, Samples

Temperature range

313-473 K 473-713 K
N x 107 " vy
Sample code {cm™%) fem ™) (sec™ b E, eV E, (V) E, {eV) E, (&V)
CDO 5,727 5.10 x 10¥ 3.30 x 10! 0.40 0.11 0.35 0.73
CD1 5,621 2.03 x 104 1.83 x 10! 0.14 0.15 0.58 0.19
cD2 5.609 2.68 x 10% 7.38 x 101 0.0 0.20 0.65 0.20
CD4 5.367 3.02 x 102 2.50 x 19° 0.04 0.33 0.36 0.17
CD6 5.337 1.50 x 102 1.37 x 10" 0.04 0.58 0.45 0.49
CD8 5.208 1.09 x 102 4.61 x 10° 0.09 0.46 0.56 0.62
CDI10 5.162 4.10 x 10% 8.43 x 10° 0.16 0.41 0.56 0.30

studied. However, the plots show a change in the sign of
the slope above a certain temperature. From the values
of «, the values of carrier concentration n have been
calculated using the formula

n = Nexp(—alk),

where N is the density of states involved in the conduction
process, k is the Boltzmann ¢onstant, and « 1s the Seeback
coefficient. N values have been calculated following the
method of Metselaar et alf. (10) and are shown in Table 2.
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FIG. 3. Plots of & vs I/T for (a) CDO0, (b) CDI, (c} CD3. (d) CDs,
and {e) CDIO.

The plots of In n vs I/T for CuCr,0, and cadmium-
substituted samples are shown in Fig. 4. The plots show
that carrier concentration decreases linearly up to ~200
K, and above this temperature, it increases. For CuCr,Q,,
however, n always decreases with increasing tempera-
ture, the decrease being much steeper above ~200 K.,
From the slope of the piot, E, was calcualted following
Morin er al. (11) and the values are shown in Table 2.
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FIG. 4. Plots of In # vs 1/T for (a) CDO, (b) CDI, (c) CD3, (d)} CD$,
and (e) CDI0.
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FIG. 5. Plots of In (p/T) vs I/T for (a) CDO, {b) CD?, {c) CD3, (d) CD6, and (e} CDI10.

In (p/T) vs 1/T plots for Cu,_,Cd Cr,0, samples are
shown in Fig. 5. For x = 0.0 (CDQ), the plot is linear,
but for x > 0, the plots become nonlinear, particularly at
low temperatures. Taking the linear part of the In (o/T)
vs 1/T plots, the optical phonon frequency values (v,) and
mobility values (u) at different temperatures have been
calculated following the procedure described in Ref. (10).
Table 2 shows that the optical phonon frequencies (v,) do
not change much up to x = 0.2 but for x > 0.2, they
change. Figure 6 shows that the mobility values of Cu
Cr,Q, show some change at lower temperatures but re-
main unchanged at higher temperatures. The mobilities
of the cadmium substituted samples increase at higher
temperatures but show very little change at lower temper-
atures.

DISCUSSION

Earlier studies by Basak et al. (8) have shown that a
complete solid solution, i.e., Cu,_,Cd Cr,0, (x = 0 to
x = 1.0), is formed when copper is substituted by cad-
mium in CuCr,0, spinel oxide and the samples with x =
(0.4 are tetragonal. The results of resistivity measurements
on Cu,_,Cd Cr,0, show very little change in the room
temperature resistivity with x except for CdCr,0,. The
log p vs 1/T heating and cooling plots of the tetragonally
distorted cadmium-substituted samples in Figs. 1 and 2
show the presence of hysteresis loops similar to the plot
of CuCr,0,. In CuCr,0,, the presence of a hysteresis

loop in the log p vs 1/T heating and cooling plots was
attributed to a reversible, diffusionless, fast, martensitic
type of phase transition {tetragonal to cubic) (4) and hence
the presence of a hysteresis loop in the log p vs U/T
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FIG. 6. Plots of logy, i vs UUT for {a) CDO, (b) CD3, (¢) CD6, and
(d) CD10.
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plots of cadmium-substituted sampies suggests that these
samples also undergo tetragonal to cubic phase transition,
However, in the absence of high temperature X-ray data,
the phase change temperatures could not be ascertained.
Also the formation of cubic phase at high temperatures
could not be recorded. Figure 1 shows the presence of a
very small hysteresis loop in CD4, which suggests that
this sample is tetragonal. Its X-ray pattern, however,
shows only broad lines and could not be identified as a
tetragonal sample, The plot of CD3 has no hysteresis loop,
indicating that it is a cubic sample not undergoing any
phase transition. These results indicate that the Cu,_ Cd,
Cr,0, samples with x = 0.45 are cubic spinels, which
could not be ascertained from X-ray powder diffraction
analysis alone.

Thermoelectric power («) measurements show that all
the cadmium-substituted CuCr,0, samples are p-type in
the temperature range studied. This ts expected, as the
valencies of copper and chromium are not changed by
cadmium substitution. The results of reduced thermoelec-
tric power («") in Fig. 3 show that in the cadmium-substi-
tuted samples, as in CuCr,Q,, o’ increases with increasing
temperature. However, this trend changes above a certain
temperature and «' decreases with increasing tempera-
ture. This behavior is observed even for a very small
substitution of cadmium (x = 0.2).

The values of the charge carrier density (x) calculated
from o show that in CuCr,0,, n decreases with increasing
temperature, but in the cadmium-substituted samples, ini-
tially » decreases and then increases (Fig. 4) as has been
found in various other ferrites (9). The mobilities of these
samples increase with rise in temperature, the initial in-
crease being very small (Fig. 6). The mobility of CuCr,0,,
however, increases initiaily but then becomes constant,
These results suggest that the cadmium-substituted chro-
mite spinels remain p-type for all the values of x, i.¢., 0.0
to 1.0, and show normal semiconductor behavior only
above a certain temperature. As the Crl} content is not
altered during CuZ! substitution by Cd?*, the charge car-
rier concentration is expected to be the same in all the
samples; this is shown in the values of » calculated at
room temperature for the various Cu, _,Cd,Cr,Q, samples
(Table 2),

In order to ascertain the conduction mechanism in these
sampies, E, values were compared with, E, values. Table
2 shows that in the tetragonal samples, particularly in the
higher temperature range, £, > E,, which implies that
hopping conduction occurs in all these samples. For Cu
Cr,0,, in the lower temperature range, £, > E, and the
mobility alse increases with an increase in.temperature,
showing that in this spinel oxide hopping conduction oc-
curs, as was suggested by Murthy et al. (4). However, in
the high temperature range, CuCr,0, shows that E, >
E,. Also, the mobility does not show any change in this
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temperature range. This implies that at higher tempera-
tures, the conduction in CuCr,Q4 is probably not by
charge hopping. Also the carrier density changes by al-
most one order of magnitude in this temperature range.
These results suggest that at higher temperatures, Cu
Cr,0, may be following band conduction, as was found
by Reddy et al. for lithium ferrites (9). However, in the
latter as well as in CuCr,0y, the mobilities are smaller
than is usually found in band conduction. Moreover,
Padmanaban et al. (5) have shown that for CuCr,0,, the
In{p/T) vs 1/Tplotis linear and the calculated v, values are
in the optical phonon frequency range, implying hopping
conduction in the temperature range studied. Thus it
seems that even if E, > E, and the mobility is independent
of temperature, the semiconductor may not follow band
conduction. However, the resuits of CuCr,0, do indicate
that some change in its conduction process is oceurring
above ~300 K. Figure 5 shows that for Cu,_,Cd,Cr,0,
samples, In {p/T) vs 1/T plots are linear above 370 K for
0 < x < 0.4, ie.,inthe tetragonal samples only. The plots
of the cubic samples are nonlinear, the values are also
smaller, and comparison of E, and E, values seems to
suggest that these samples follow band conduction. How-
ever, too much emphasis cannot be put on the v, values,
as these have been calculated from the approximated,
linear portions of the In (o/T) vs 1/T plots. Large distances
between the octahedral site cations (Table 1} cannot favor
band formation by orbital overlap, and hence these semi-
conductors cannot be expected to follow band conduc-
tion, The small mobility values also do not support band
conduction. Thus it appears that the substitution of a
larger Cd?* ion (97 pm) for Cu®™ (72 pm) in the tetrahedral
site of the spinel lattice does not change the conduction
type to band conduction, but seems to impede the hopping
of charge carriers between the octahedral site cations,
and so there is very little change in resistivity as the
temperature is increased (Figs. 1 and 2).- However, as
the temperature continues to increase, the impediment is
reduced, which is manifest in an increase in conductivity,
mobility, and number of the charge carriers. Thus, at
lower temperatures, In (o/T} changes nonlinearly with
temperature, but as temperature increases, hopping of
the charge carriers between the octahedral site cations
become possible, giving rise to linear In (p/T) vs 1/T plots.
From these results it may be concluded that substitution
of Cd** in CuCr,0, does not change the conduction type
of the spinel oxide; i.e., it remains p-type and as in Cu
Cr,0,, conduction in Cu, _,Cd Cr,0, samples are by hop-
ping of holes between the octahedral site cations.
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