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Spin glass behaviour in the Co,-,Zn,TiO,4
compound
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A.c. susceptibility measurements were carried out on the disordered spinel system Co,_,Zn,TiO,
(0 < x < 1)between 10 and 80 K. Our measurements show three peaks in the y versus T curve for
Co,TiO, and CoZnTiO, compounds. In both compounds two peaks are very close to each other,
indicating that the Néel and semi-spin glass temperatures are very close. A third peak indicates the
presence of the semi-spin glass to spin glass transition. In Co, sZng s TiO, only one peak is

observed which indicates spin glass ordering at 26 K. Furthermore, the A-site canting present in
Co,TiO, and CoZnTiO, has a collinear and magnetic structure, indicating strong A-B coupling.
X-ray analysis indicated that compounds of the system Co,Zn,TiO, synthesized with cubic

symmetry. From transport properties it was found that the activation energy and thermoelectric
coefficient decrease with increasing concentration of Zn in the system. The mobility of the system

calculated from infrared measurements is typically of the order of 1072 cm2 V™' g~ " *

1. Introduction

Concerning the open questions of the transition of
spin-glass to a ferrimagnet which occurs in a number
of systems when the concentration is varied, and that
of the behaviour of samples just on the ferromag-
netic side of the critical concentration, a.c. suscepti-
bility, X-ray, electrical conductivity, thermoelectric
power and infrared measurements of the system
Co,-,Zn, TiO, are reported with a view to investigat-
ing the spin glass behaviour. The d.c. magnetization
measurements [ 1] showed the disordered spinel ferrite
Co, TiO, (cation distribution Co?* [Co?* Ti**]0O217)
to be a re-entrant ferrimagnet.

Some researchers [2—-4] have shown that it is pos-
sible to have three phase transitions (ferro/ferri/anti-
ferromagnetic state), namely the paramagnetic state
Tc <= Tn, Tyy (mixed phase 1) and Ty, (mixed phase
2). Although many examples of re-entrant behaviour
are available, only a few systems are known in which
the three transition temperatures To(7y), Ty, and
Tu: were determined experimentally. Wé¢ have re-
ported magnetic hysteresis studies and structural and
transport properties of various chalcogenides and
spinel systems [3, 6].

2. Experimental procedure

Starting from very pure stoichiometric CoO, ZnO and
TiO,, these compounds were prepared in appropriate
molar proportions in acetone. The pellets of these
compositions were prepared using poly(viny! acetate)
as a binder. Pellets were first slowly fired at 773 K for
20 h in order to remove the binder and then fired at

1173 K for 80 h. The samples were cooled slowly in air
at a rate of S0 K h™1,

This sequence was repeated until sharp X-ray dif-
fraction (XRD) peaks were obtained, then the samples
were characterized and indexed in terms of single-
phase cubical spinel structures. XRD analysis was
carried out with a Philips type PW 1050/70 dif-
fractometer using nickel-filtered CuK, radiation at
1°(20) min~! from 10 to 90°.

The celectrical conductivity was measured using
a Hewlett-Packard 4140 B-Pa current meter with
a sensittvity of the order of 107** A. The faces of each
pellet were coated with a thin layer of conducting
silver paste and measured from 300 to 500 K using the
two-probe technique.

The infrared spectra were recorded at room temper-
ature (Perkin—-Elmer 683) from 4800 to 400 cm™1!.
Thermoelectric power measurements for the system
were carried out from room temperature to 573 K by
sandwiching a thick peliet between the Cu—contantan
thermocouples and the potential difference generated
was recorded with a microvoltmeter.

The a.c. susceptibility measurements were carried
out using a two-phase lock-in amplifier with a sensi-
tivity of 100 mV, drive frequency of 20 kHz and with
a.c. amplitude of 0.7 V (r.m.s.) The offset of two ampli-
fiers for the background and sample run was removed
using special features (such as auto-function of the
lock-in amplifier).

3. Results and discussion
Fig. 1 shows the plot of a.c. susceptibility, as a function
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Figure 1 A.c. susceptibility versus temperature for Co, TiO,.

of temperature for the compound Co,TiO, of the
system Co,_,7Zn, TiO,. It is clear from the figure that
the Néel temperature and semi-spin glass ordering
temperature lie very close to each other, at around
38 K. Due to the superimposition of these peaks,
usually observed in spin glasses, an extra peak (third
peak) was noted for the first time in the Au~Fe system
by Kleiman ez al. [7]. They attributed the third peak
either to the freezing of loose spin or to the change
randomness of frozen spins. This does not seem to be
the case with Co,TiO,, which means that the third
peak observed by us at 26 K shows the transition from
the semi-spin glass to the spin glass state. At this
temperature even the spins that were ferrimagnetically
ordered along the longitudinal direction were also
frozen randomly. The reason for attributing the
transition to the pure spin glass freezing can be given
as that the spins in Co, TiO, are highly canted since
we have two sublattices in the spinel structure where
the magnetic ions exist and it is unlikely that spins at
both sites would freeze at the same temperature. [t
would depend on the degree of frustration in the spins
at A and B sites. This frustration would be different
depending on the canting angles. Villain [8] showed
that the canted local spin induces a long-range spin
canting and therefore we suggest that very weak inter-
actions due to long-range canting of spin would exist
in such a compound and it is likely that freezing of the
moments of the A and B sites would take place at
different temperatures. This behaviour can be under-
stood from the theory of replica-symmetry breaking as
suggested by Gabay and Toulouse [3]. The com-
pound Co; gsZng , TiO, has been reported to be anti-
ferromagnetic with collinear spin structure by neutron

7 K}

diffraction studies carried out by Gavoille and Hubsch
[91.

The results of our a.c. susceptibility measurements
of the compound Co, sZn, sTiO, for the system
Co, _,Zn, TiO, with x = 0.5 are shown in Fig. 2. We
observed only one transition due to spin-glass order-
ing in this compound at 26 K. This temperature is the
same as the spin-glass freezing temperature observed
in Co, TiO4. The compound CoZnTiO, of the system
Co,_,7Zn, TiO, with x = 1.0 exists with a collinear
spin structure unlike Co,TiO,. The a.c. susceptibility,
¥, versus T plot for CoZnTiO, is shown in Fig. 3. It
can be seen from this plot that three transitions are
present in this compound. Like Co, TiO, in this com-
pound, the Néel temperature and semi-spin glass
transition temperature are very close. We can at-
tribute these three peaks to the paramagnetic-to-
ferromagnetic (at 45 K), ferromagnetic-to-semi-spin
glass (at 41 K) and semi-spin glass-to-spin glass (at
61 K) transitions. Since the spin arrangement in this
compound is collinear, no extra transitions are ob-
served. The three peaks observed in this compound
could be explained by the Gabay and Toulouse [3]
replica-symmetry means field theory of vector spin
glass as was applicable to Co,TiO, and
Coy 5Zng 5 Ti0,.

The results of conductivity measurements as a func-
tion of temperature in the range 300-573 K for the
system Co,-.Zn,TiO, are shown in Fig. 4. The tem-
perature dependence of d.c. conductivity is exponen-
tial and could be described by

o = ogexp(— AE/KT)
The values of the activation energy, AE, above 300 K
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Figure 2 A.c. susceptibility versus temperature for Co, ;Zn, ,TiO,.
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Figure 3 A.c. susceptibility versus temperature for Co,Zn; TiO,.

are summarized in Table I. It is seen from this table
that the activation energy increases as the concentra-
tion of Zn increases. In the following an attempt is
made to justify the increase in activation energy for
conduction in the system studied. Actually, Zn?* d*°-
orbitals have lower energy and are more contracted
than Co?"d’~ orbitals, so increasing the content of
Zn will result in a greater activation energy for the
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TABLE I Values of the lattice constant a, activation energy AE
and thermoelectric coefficient ¢ of the spin glass system
Co,_, Zn TiO,

Compound a (nm) AE (eV}) c{pVK™)
Co,TiO, 0.8425 0.79 275

Co, 4Zn, ,TiO, 0.841 083 195
CoZnTiO, 0.8421 0.88 — 64
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Figure 4 Electrical conductivity against reciprocal temperature for
various compounds.

mobility of charge carriers, resulting in a decrease in
the conductivity. Furthermore, the high activation
energy for d.c. conductivity is due to the presence of
different types of cations at the B-site, such as
Co**[Co?* +Ti0,]O7” in Co,TiO,. Another
somewhat simple but plausible explanation for the
increase in activation energy could be ascribed to the
different possible oxidation states that are due to
mixed ions with possible pairing of mixed ions in the
form of oxygen-bridged associates as explained in
[10].

Linear plots of thermal e.m.f., AV, developed across
the samples as a function of the temperature difference,
AT, are given in Fig. 5. The values of the thermoelectric
coefficient, o, for the compound having 0 < x < 0.5
indicate p-type semiconduction whereas negative
values of o for the compound having x = 1.0 point to
n-type semiconduction. The p-type conduction is a co-
balt-rich formation which is shown as

C02+ + CO3+ s CO3+ + C02+

where the motion of Co®™ ions in the lattice can be

visualized as a motion of holes. It is clear from Table I
that with increasing concentration of Zn>* ions in the
lattice the thermoelectric coeflicient values decrease
and the compounds with x = 1.0 show n-type conduc-
tion. This may be attributed to the electron exchange
hopping mechanism. It was proved experimentally
[11] that volatilization of zinc occurs during the firing
process in most zinc-rich compounds and the cation
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Figure 5 Plot of AV against AT for the spin glass system
Co,_.Zn TiO,.
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Figure 6 Infrared absorption for Co, TiO,.

vacancies are created at tetrahedral (A) sites. As a re-
sult small numbers of octahedral (B) sites cation (Co)
may go to A sites, creating holes at B sites and hence
the compounds having 0 < x < 0.5 show p-type con-
duction. Infrared studies indicate the presence of two

strong absorption bands at 500 and 600cm™' as
shown in Fig. 6. However, the band at 600 cm ™' was
considered for calculating the mobility using
= (Y exp(— AEJKT (1)
wo= {7 jexp )

where AE is the average activation energy, k is the
Boltzmann constant, d is the jump length and v is the
lattice frequency.

The mobility, p, can be calculated using Equation 1
as postulated by Heikes and Johnston {12]. The mo-
bility value as calculated for our system was found to
be of the order 1072 cm?V ™1,
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