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Crystallographic and low frequency conductivity
studies of the spinel systems CuFe,0,; and
CU1_XZI‘IXGao.1FE1.9O4; (0.0 S XS 0.5)
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Authority, Cairo, Egypt

Spinel solid solutions of CuFe,04 and Cuq_,Zn,Gag 1Fe 90,4 with (0.0 < x < 0.5) are
synthesized. Crystallographic phase transformation from tetragonal-to-cubic occurred at
x = 0.2. The derived structural parameters manifest that Zn occupies the tetrahedral A-site
while Cu and Ga occupy the octahedral B-site and Fe distributes among A- and B-sites.
Electrical conductivity measurements of these materials as a function of temperature and
frequency revealed semiconducting behavior except CuFe,O, sample, which has a metallic
behavior at low frequency and at high frequency, semiconductor-to-metallic transition
occurred as temperature increases. The metallic behavior in this sample is attributed to
cation-cation interactions at B-site while, the semiconductor behavior in
Cuq_xZn,Gag 1Fe1 904 compounds is due to the cation-anion—cation interactions at the
same site in the spinel lattice. All compositions exhibit transition with change in the slope
of conductivity versus temperature curve. This transition temperature (T.) decreases
linearly with increasing Zn content x. The relation of the universal exponent s with
temperature gives evidence that over large polaron OLP and correlated barrier hopping
CBH conduction mechanisms are presented in CuFe,04 and Cuq_xZn,Gag1Fe 90,
compounds respectively. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Many ferrites have the spinel-type structure [1, 2] which
can be described in terms of a nearly cubic close-packed
arrangement of anions with one-half of the octahedral
interstices (B-sites) and one-eighth of the tetrahedral
interstices (A-sites) filled with cations, the space group
being Fd3 m. The general formula of compounds with
the spinel structure is AB,O,4 and there are eight of these
units in a unit cell. In the non-ideal structure the anions
are displaced from their ideal positions along [direc-
tions away from the nearest tetrahedral hole]. This de-
viation is quantified by the oxygen parameter, u, which
is 0.375 in the ideal structure, but very often takes sig-
nificantly higher values [1, 3, 4].

The study of transition metal oxides (TMO), espe-
cially spinel ferrites is of great importance from both
fundamental and applied research points of view [5, 6].
The characteristic physical properties of the spinel fer-
rites (e.g., electric and magnetic properties) arise from
the ability of these compounds to distribute the cations
amongst the available tetrahedral A- and octahedral B-
sites [7, 8]. ZnFe,04 is an example for a normal spinel
where Zn ions are occupying the A-site, Fe ions are at
B-sits, and CuFe;Qy is an inverse spinel where Cu ions
are at B-sites and Fe ions distributed equally between
A- and B-sites [9]. Due to the Jahn-Teller (JT) effect,
many TM compounds show a more or less strong de-
viation from their ideal crystal structure. Examples can

0022-2461 © 2005 Springer Science + Business Media, Inc.

be found in the spinel and the perovskite family [10].
The copper compounds are very special due to JT dis-
tortion of CuOg octahedron [11]. The JT distortion in
copper ferrospinel has established that the critical num-
ber of octahedral site Cu?* ions per formula unit for a
cooperative distortion to tetragonal symmetry at room
temperature is 0.8 [9]. The aim of the present work is
to study the effect of Zn doping on the crystal struc-
ture and frequency dependence of conductivity for the
spinel systems CuFe,04 and Cu;_,Zn,Gag Fe; 904
(0.0 < x < 0.5). In addition, the role of direct and
indirect interactions between cations and anions over
the octahedral B-sites in these compounds aimed to be
clarified.

2. Experimental

The studied compounds CuFe,O4 and Cu;_,Zn,
Gay 1 Fe; 904 with x ranges from 0.0 to 0.5 are pre-
pared by solid-state reactions using CuO, Fe, 03, Ga; 03
and ZnO (with purity >99.99%) as starting materi-
als. The mixture of the oxide powders is prefired at
(950-1100°C) depending on the CuO content for 24 h.
The product is reground and fired again at the same
conditions to improve homogeneity. The final powders
are pressed into pellets and sintered at (1000—1200°C)
for 8 h, then slowly cooled to room temperature.
X-ray powder diffraction (XRD) measurements are
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obtained using CuK, radiation and their analysis
showed that the products are crystallized in single-
phase spinel with tetragonal unit cell for CuFe,04,
CHG30,1F61_904 and Cu0_92n0_1G30,1F61_904 and cubic
unit cell for samples with 0.2 < x < 0.5. It is usually
accepted; based on the criticism that the reliability of
X-ray diffraction methods with respect to the solution
of the exact cation distribution between A- and B-sites
in the spinel structure of ferrites generally not great
compared with neutron diffraction method. However,
if there is a sufficient difference of atomic number be-
tween the cations resent in the spinel structure. The re-
liability of the measured characteristic parameters [i.e.,
the cation distribution and the oxygen positional pa-
rameter, u] strongly depends on the precision of the
observed X-ray line intensities and on the theoretical
data used for the scattering model of the system. The
electrical measurements are carried out on the prepared
samples in the form of pellets with surfaces coated with
silver paste to ensure good electrical contact and with
dimensions of (~1 cm in diameter ~4 mm in thick-
ness) using two-probe method with the applying of a
complex impedance technique. Where, SR510 Lock-in
amplifier is used to measure the voltage difference (Vr)
between the two ends of known resistance R which is
connected in series with the sample (in an equivalent
RC circuit) in the frequency range (10°-10° Hz). The
value of R is adjusted such that Vg is very small (less
than 1%) compared with the value of the applied volt-
age V across the sample [the root mean square (r.m.s.)
value of V = 1 volt]. The current / passes through
the sample has two components. The conductivity o is
calculated from the in-phase component (/ cos 0) using
the formula; 0 = I cos@ (d/A) and I = Vr/R, where,
d is the thickness of the sample, A is the cross-sectional
area, 6 is phase difference between V and /. Samples
were kept under vacuum (~1.3 x 10~* Pa) during the
measurements.

3. Results and discussion

Fig. 1 shows the XRD patterns of the prepared sam-
ples CuFe,;04 and Cu;_,Zn,Gay Fe; 904 with (0.0 <
x < 0.5). The diffraction peaks are fitted by modi-
fied Gaussian functions. The result of indexing XRD
patterns shows that the nominal composition structures
with different concentration are single phase with no ad-
ditional lines corresponding to any other phases, where
the lattice parameters are obtained from the fitting of
the diffracted peaks.

Tetragonal structure is obtained for CuFe,;O4,
CuGaO.1F61_904 and CUO,9ZHO_1G30,1F61.904 with
c¢/a > 1 as shown in Table I. This can be explained
as; the metal sites in most TMO system have octahe-
dral site symmetry (Dy), in which each TM ions Cu is
surrounded by six oxygen ions, MOg, and the TM ion
becomes tetragonal (Dg4y) due to the lattice distortion
with the elongation of the out-of-phase M—O bonding
lengths and the shortening of the in-plane M—O one
[9]. The cooperative nature of the crystal distortions in
these compounds can be rationalized in terms of elastic
interactions between the locally distorted polyhedra.
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Figure 1 XRD patterns for CuFe;O4 and Cuj_,Zn,Gag Fe; 904 at
room temperature.

Statistical theories of such distortions in spinels
(octahedral sites) [13—16] demonstrate that tetragonal
structures result from parallel alignments of tetrago-
nally distorted polyhedra in a cubic unit cell. This
agrees with the values of the ¢ parameter in the tetrag-
onal unit cell which are close to the values of the lattice
parameter a of the cubic unit cell as given in Table 1.

In the present study, the tetragonal distortion in
CuFe204, CuGao‘lFel .904 and CuO.gzno‘l Gao,]Fe] .904

TABLE I Lattice parameters for samples with tetragonal unit cell

Sample c(A) aA) c/a

CuFe;04 8.2245(6) 5.9694(8) 1.366
CuGay, Fe; 904 8.3748(2) 6.1285(3) 1.377
Cug9Zng.1Gag.1Fe1 904 8.3938(3) 6.1363(4) 1.368




TABLE II Determined structure parameters for samples with cubic
cell for the spinel Cu;_,Zn,Gag 1Fe| 9Oy series. The reliability R was
calculated using 13 reflections

X (a) A U +0.001 Fe g £0.005 R

0.2 8.3838(8) 0.384 1.11 0.022
0.3 8.3850(6) 0.385 1.20 0.017
0.4 8.3998(2) 0.385 1.32 0.019
0.5 8.4074(7) 0.385 1.41 0.024

compounds is attributed to the cooperative distortion
that driven by the octahedral Cu’* (3d°). As Zn’>* sub-
stitutes Cu”* in this system, it replaces Fe’* at A-site
[9]. This is due to the site preference of Zn>* [9] which
leads to transfer Fe3* from A-site to B-sites and in
turns a crystallographic transformation from tetragonal
to cubic structure is occurred at (x > 0.2 as shown
in Fig. 1). This crystallographic transformation is at-
tributed to the decrease of the concentration of the JT
ions [Cu?t (3d%)] in the host structure at the octahedral
sites because of Zn substitution and leads to a high-
symmetry phase (the cubic phase).

The determined lattice parameter a for samples with
cubic unit cell at different compositional parameter x is
given in Table II, where a increases with increasing Zn
concentration. This is due to the fact that Pauling ionic
radius of Zn®* (0.74 A) is greater than that of Cu®*
(0.72 A).

The intensity for each diffraction peak in the XRD
patterns is given by

Qi SIN(TT /otnyg) L
a(20) = 1
k1 (20) . g 2(2?:k?6hkl @i

where the adjustable parameters for each diffraction
peak are the Integrated intensity Iy, the full width at
half maximum (FWHM) Iy, the position 26 and the
exponent oy . An exponential factor in 26 was incor-
porated into Equation 1 to account for the curvature of
the background at low angles.

To derive the cation distribution from the obtained
integral intensities, the Lorentz polarization factor, the
average Debye-Waller temperature factor, the atomic
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scattering factors as a function of sin /A are corrected
for anomalous dispersion (for numerical values, see In-
ternational Tables for X-ray Crystallography, Vol. IV,
1974). The multiplicity factor and the atomic posi-
tions have been taken into account for the calculation
of the reflection intensities [17]. Oxygen parameter u
and cation distribution parameters have been allowed
to vary during a non-linear least squares minimization
of the reliability factor R [18, 19].

An example of step scan XRD pattern is shown in
Fig. 2. The analysis of the line profiles revealed that the
FWHM ranged from 0.17° at two diffraction angles to
0.24° at high diffraction angles and that the exponent
ank in equation 1 had an average value of 2.5, irrespec-
tive of the investigated samples. These values indicate
arelatively high degree of crystallinity for the involved
samples.

The evaluation of the octahedral Ga content was not
straightforward. Generally, it is not possible to distin-
guish between transition metal ions differing by not
more than a small number of electrons. The atomic scat-
tering factors of Fe and Zn, after correction for anoma-
lous dispersion, are not sufficiently different from each
other to have a marked effect on the calculated inten-
sities of the diffraction peaks and consequently, distin-
guishing between Fe and Zn is not possible. Knowing
the strong preference of Zn for four-fold coordination,
one could assume that all Zn ions occupy tetrahedral
sites. Therefore, only the distribution of the Ga and Fe
1ons between both sites could be derived from the XRD
spectra with some accuracy. The results are tabulated
in Tables II and III.

Fig. 3 shows the variation of conductivity as (Ino)
with reciprocal of temperature as (1000/7) at dif-
ferent frequencies for the synthesized CuFe,O4 and
Cu;_,Zn,Gag Fe; 904 samples. Results in this fig-
ure reveal that for CuFe,O4 sample, at low frequency
regime, metallic behavior of conductivity o with
temperature is observed (where, o decreases with in-
creasing temperature). As temperature increases con-
ductivity o shows transition from semiconducting
-to- metallic at high frequency regime. The fre-
quency dependence of conductivity ¢ in this sample
is clear at high frequency. Increasing temperature, this
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Figure 2 Step scan XRD pattern for Cuj_,Zn,Gag 1 Fe; 9O4 at room temperature.
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Figure 3 Conductivity as In o versus 1000/ for CuFe;O4 and Cu;_,Zn,Gag Fe; 904 at different frequencies.

dependence decreases and conductivity o becomes fre-
quency independent at 650 K, which separates the ferri-
magnetic region (where o is frequency dependent) and
the paramagnetic region (where o is frequency inde-
pendent) [20].

As Ga substitutes for Fe in CuFe,O4, the con-
ductivity shows a semiconducting behavior (where,
o increases with increasing temperature). The fre-
quency dependence of conductivity in this sample is
clear at low range of temperature. In addition, the
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relation shows a change in the slope at temperature
(460 K).

Replacing Zn instead of Cu in the Cu;_,Zn,
Gag 1 Fe| 9O4 compound affects the dependence of con-
ductivity on both temperature and frequency as follows:

At low Zn content x = 0.1 and 0.2, the conduc-
tivity shows frequency dependence at low tempera-
ture for different frequencies except the very low range
where, o nearly has a frequency independence at high
temperature. The relation of o with temperature for



TABLE III Cation distribution deduced from the X-ray analysis for the compositions CuFe,04 and Cuj_,Zn,Gag 1 Fe; 904 with (0.0 < x < 0.5)

Site

Space group Sample (4a) (8d) (16h)
14y/amd CuFe,04 Fe3t Fe3t, Cu?t 02
4/amd CuGag.1Fe1 904 Fe’+ Galt, Fejt, Cul* 072
141/amd Cug.9Zng.1Gag.1Fe1 904 ZnZt Fell Gajl, Fejh, Cugh 02

(8a) (16d) (32h)
Fd3m Cug.gZng»Gag 1Fe1 9Oy Zn(z)fg, Gagﬁ1 ,Fegfgg Ga%BQ,Feﬁl ,Cué@ 02
Fd3m Cug7Zng3Gag 1 Fe; 9Oy ZH(Z)E, Fegﬁ Gagj,FC?;,Cu%; 02
Fd3m Cug 6Zno.4Gag.1Fe1.904 Zn2, Gag b, Fedto Gajhg Feih, Cult 072
Fd3m CugsZngsGag,.1Fe1 904 Znkt, Gadh Feghy Gally Felh .Cul®: 02

these samples has remarkable changes at (433 and
408 K) for samples with x = 0.1 and 0.2 respectively.

As Zn content increases x > 0.2, the frequency de-
pendence of conductivity is observed over the whole
range of temperature and the relations show changes in
slope at 380, 353 and 328 K for x = 0.3, 0.4 and 0.5
respectively.

The transition-metal cation at octahedral sites is in-
terstices of an anion sublattice. The electrostatic inter-
actions between anion and cation electrons cause split-
ting of cation 3d-level into more stable triply degener-
ate tp, level (dyy, dy,, d,x atomic orbitals directed away
from neighboring anions) and less stable, doubly de-
generate e, level (dy, dyo—y> atomic orbitals directed
towards neighboring anions) [21]. The factors that af-
fect the interaction between any pair of cations are the
relative coordination of their anion octahedral and the
number of cation outer electrons.

Anderson [22] pointed out that if the cation—anion—
cation angle is 90°, the predominant interactions are
assumed to be cation—cation interactions, and when
this angle is 180° or as small as 120°, the cation—
anion—cation interactions is optimal. In addition, Good-
enough [23], Ata-Allah and Fayek [24] and Ata-Allah
[25] pointed out that in the rocksalt-type structure and
spinel structure, both cation—anion—cation interactions
and cation—cation interactions can be simultaneously
presented. They also, stated that for 5 < m < 8 (where,
m is the number of electrons in 3d-levels) the cation—
anion—cation interaction must be stronger. In the case
of strong cation—anion—cation interactions and weak
cation—cation interactions, the materials have semicon-
ductor (or insulator) behavior. However, if cations of
same element but different valence are simultaneously
present, the materials may have metallic type o—T char-
acter below a ferromagnetic Curie temperature [23]. In
case of strong cation—cation interactions between oc-
tahedral B-site cations, these materials have a metallic
behavior and may become semiconductor at low tem-
perature.

Compositions under investigation are transition—
metal-oxide semiconductors with the spinel structure,
which are known to be low—mobility materials. Their
transport properties are arising from charge transfer be-
tween octahedral cations by hopping of localized d-
electrons. This hopping mechanism is confined to the
valence distribution of cations that occupy the oxygen
octahedral site.

In the present materials, Cu?* ions in the CuFe,04
unit cell, are occupying the octahedral B-sites as re-
ported earlier [17, 26, 27] and the cation distribution
in this sample has the form (Fe**)[Fe**Cu?*]0;~ [9]
where the parenthesis refer to the tetrahedral A-site and
square bracket refer to the octahedral B-site. While,
Ga’** and Zn?" ions, due to their site preference [28],
and Mossbauer studies on Cu;_,Zn,Gag3Fe; 704 [9]
and from the crystallographic parameters estimated
above are occupying the octahedral and tetrahedral in
present compounds. Therefore, the cation—cation in-
teraction [Cu?T—Cu?*] and the cation—anion—cation
interaction between [Fe’*—-0O>~—Fe**] are predomi-
nant at the octahedral site in CuFe,O4 sample. The
substitution of Ga’* with a closed 3d shell (3d'%)
in place of Fe at the octahedral B-site in CuFe;O4
decreases the number of [Fe’*—O>~—Fe3*] interac-
tions. In addition, the presence of Ga’t at the B-
site screens the [Cu?t—Cu?*] and [Fe’t—0%? —Fe37]
interactions in this sample and lead to decrease the
frequency dependence of conductivity as shown in
Fig. 3. Substitution of Zn in place of Cu in this sys-
tem, it replaces Fe at the tetrahedral site and leads to
transfer more Fe ions to the octahedral site [9]. This
increases the [Fe3t—0>~—Fe3*] interactions and de-
creases the cation—cation interaction between Cu—Cu
over the octahedral sites. This means that a strong
cation—anion—cation interactions and weak cation—
cation interactions, is present and leads to a semicon-
ductor behavior as clearly shown in Fig. 3 in these
compositions.

Fig. 4 shows the activation energies calculated from
the relation between In o and 1000/T (Fig. 3) according
to the equation 0 = o,exp(—E/kT), where E is the
activation energy and k is the Boltzmann’s constant.

The relation shows the following remarks:

— The CuFe,0,4 sample has a semiconductor behav-
ior with positive temperature coefficient of conductiv-
ity (TCC) (do/dt) [29, 30] at low temperature range.
While at high temperature range, the sample has a
metallic behavior with negative TCC as illustrated in
Fig. 3.

Samples with the compositional parameter (0.0 <
x < 0.5) show a semiconducting behavior with positive
TCC. The relation clearly shows that; as Zn replaces Cu
in this unit cell the semiconductor behavior increases.
This could be explained as;
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Figure 4 Plot of activation energy as a function of frequency for
CuFe;04 and Cuj_,Zn,Gag 1 Fe 904 with x from 0.0 to 0.5 compounds.

— Compositions with high Cu content, Cu—Cu inter-
actions have more contribution to the conductivity
and leads to metallic behavior as in CuFe,;O4 [18,
23].

— Substitution of Ga and Zn in the present unit cell,
in one hand, decreases the Cu—Cu interactions
where, on the other hand, the Fe-O—Fe interac-
tions are the most predominant. This leads to the
semiconducting behavior in these compositions
[20, 22].

The common feature of semiconductors (and some
disordered systems) is that the frequency-dependent
of conductivity increases approximately linearly [31].
This feature can be seen in Fig. 5 where In o is plotted
against In w; (0 = 27 f).

In the present studied materials the total conductivity
at a given frequency is considered as;

Ototal(®) = 06 + 0 (@) (1
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Figure 5 Conductivity as Ino versus Inw for CuFe;O4 and
Cu;_,ZnyGag | Fej 904 with x from 0.0 to 0.5 at different temperatures.

where o, is the dc conductivity due to band conduc-
tion and o (w) is the ac conductivity due to hopping
conduction. The conductivity o (w) obeys the empiri-
cal formula of frequency dependence given by the ac
power law: [32]

o(w) = B(T)o*™ )

where B(T) is constant and the exponent s(7') < 1.
The ac power law regime of the conductivity at

high frequency has been widely observed in systems

involving correlated hopping transport as for ionic



conduction. The behaviors of o (w) and s as a functions
of both frequency and temperature when correlation
effect are important as follows;

— The fractional exponent s is a measure of the de-
gree of correlation between o and frequency where, s
should be zero for random hopping (i.e. o is frequency
independent) and tends to one as correlation increases
(i.e. o is frequency dependent).

— In general, the dependence of s on temperature is
a function of the conduction mechanism. Qualitatively,
small polarons (SP) are usually associated with increase
in s with increasing temperature, while correlated bar-
rier hopping (CBH) shows a decrease in s with increas-
ing T. Overlap large polarons (OLP) show a linearly
decreasing s with T reaching a minimum then start to
increase again [32].

The results of Ino versus Inw graph when fitted to the
equation;
Inoc =InB(T)+slhow 3)

Yields a values of s and In B(T') where their depen-
dence on temperature is shown in Fig. 6. It is clearly
shown that s decreases with increasing temperature for
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the CuFe,Oy4 sample in the low temperature range up to
~400 K. This means that the correlated barrier hopping
(CBH) is the most predominant hopping mechanism in
this sample. As Ga substitutes for Fe in this system the
hopping conduction mechanism becomes OLP as indi-
cated in Fig. 5 where s almost linearly decreases with T
reaching a minimum then start to increase again. Sub-
stitution of Cu with Zn in the present system of ferrites,
the CBH is present in the whole measured temperature
range.

The variation of both s and In B with temperature
seems to be sensitive to the observed phase transforma-
tion. Anomalies in both s-7 and In B-T relations are
observed at the transition temperatures. Abrupt changes
in s and In B have previously been noted to occur at the
transition temperature [7¢] from the magnetic region
to the paramagnetic region [33].

These changes in both s-T and In B-T relations are
coincides with that observed at the abrupt changes in the
variation of the conductivity as In o with reciprocal of
temperature as (1000/7) at different frequency Fig. 3.

The transition temperature 7¢ determined from
these relations Figs 3 and 6 is plotted against the
compositional parameter x and displayed in Fig. 7.
The relation shows that, substitution of Fe with Ga in
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Figure 6 The relation of the universal exponent s and the pre-exponential In B with temperature for CuFe;O4 and Cuj_,Zn,Gag 1Fe; 904 with x

from 0.0 to 0.5 samples.

2929



530

460 &

390

Curie Temperature T¢ (K)

320 L 1 1 1 1 1 1 1 L
0 0.1 0.2 0.3 0.4

Zn content x

0.5

Figure 7 A plot of the transition temperature 7, with the compositional
parameter x for Cu;_,Zn,Gag Fe; 9Oy spinel ferrites.

CuFe;04 decreases T¢ from (650 to 460 K) and the
substitution of Cu with Zn results in a linear decrease
of T¢ with zinc content x. This agrees with pervious
studies for superexchange interaction for various ox-
ides [9, 24, 25, 34], which indicated that the Curie tem-
perature depends primarily upon the number of Fe3*—
O?~—Fe?* linkages. In our ferrite spinels CuFe,0y4 and
Cuj_,Zn,Gag Fe; 904, Tc depends not only on the
number of Fe3* -O?~—Fe3* linkages at octahedral sites
but also, upon the number of Fe’*—0?~Fe3* linkages
at tetrahedral site. Replacement of Ga in place of Fe
decrease these linkages at octahedral sites and the sub-
stitution of Cu with Zn decreases these linkages at tetra-
hedral sites and therefore transition temperature T¢ is
decreased.

4. Conclusion

From the obtained results and above discussions, it can
conclude that: the metallic behavior is the most predom-
inant in CuFe,O4 where cation-cation [Cu-Cu] interac-
tion is major at B-sites. The semiconductor behavior is
associated with compounds having Zn content, where
cation—anion—cation [Fe—O-Fe] interaction is major at
B-sites. In addition, over large polaron OLP and cor-
related barrier hopping CBH conduction mechanisms
are presented in CuFe,O4 and Cu;_,Zn,Gag Fe; 9O4
compounds respectively. The transition temperature T¢
is decreased linearly with increasing Zn content.
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