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The two systems (a) and (b) for different values of x were synthesized. Their electron transport and
magnetic properties show a change in behavior above a critical value of x. Unlike the system La,_,Sr,
Co0;, itinerant electron ferromagnetism is not observed. This is explained on the basis of the absence
of an itinerant band of Co** whose generation is restricted on account of substitution of Ti**. Electron
transport in these two systems is compared with that of LaCoO; or La;-,Sr,Co0; and is discussed in
view of the presence of different valence states of cobalt and change in crystal field splitting. Spin-state
equilibria in these two systems are similar to that in LaCoO;.

Introduction

The system Ln}*,M2* CoOs; (Ln = rare
earth ions, M = Ca?*, Sr?*, or Ba?*) has
been studied extensively because of its
novel electronic and magnetic properties
(1-8). In La;_,Sr,Co03, which has been in-
vestigated more than others (1-6), for x >
0.125, the induction of sufficient Co** ions
(which forms the itinerant band) is respon-
sible for ferromagnetic as well as metallic
behavior. Here, the same transition metal
ion is in two valence states. Similarly, the
systems LaMM'O; (where M,M’' = Fe, Co,
and Ni) have also been found to have inter-
esting electrical and magnetic properties
(9, 10). We considered it worthwhile to re-
place one of the transition metal ions by a
diamagnetic ion of the tranmsition series.

Hence we synthesized and characterized
the following two systems: (a) LaCo,_,
Ti,O; and (b) La;-.Sr.Co,_,Ti,Os. In (a),
Co?* ions would be generated as more and
more Ti** ions are substituted, and on the
other hand, in (b) cobalt is expected to be in
only the Co3* state. This system is analo-
gous to La;_,Sr, CoQs, where Co** is inten-
tionally replaced by Ti**. It is expected that
this interplay of different valence states of
cobalt in these systems would effect the
electron transport as well as magnetic prop-
erties considerably.

Experimental

All the samples of the systems LaCo;-,
Ti,O; and La;-,Sr,Co;-,Ti,O; were pre-
pared by decomposition of appropriate
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mixtures of oxalates or oxides of high pu-
rity of the constituent elements. The result-
ing solids were repeatedly ground, in a ball
mill, pressed as pellets, and fired at 1475K
for several hours. X-Ray diffraction pat-
terns were taken at each stage to monitor
the completion of the reaction. The stan-
dard errors in ag and ag are *0.005 A and
0.05°, respectively. The dc electrical resis-
tivity measurements were made in the tem-
perature range 300-1000K by the usual
two-probe and four-probe techniques for
high- and low-resistivity samples in locally
fabricated cells. Frequency dependence of
resistivity was measured at 77 and 293K up
to 10 kHz frequency using the same cell.
Seebeck coefficients were measured rela-
tive to platinum in the temperature range
400-1000K. DTA was done using MOM-
505 Derivatograph (Hungarian). Magnetic
susceptibility measurements were carried
out with a PAR vibrating sample magne-
tometer (Model 150) between 300 and
700K. Chemical analysis shows that in the
LaCo,_,Ti,O; system, for x = 0.05, the
sample is nearly stoichiometric. However,
the amount of Co** is found to be more than
what is expected for charge neutrality for x
=0.15, 0.3, and 0.5. The 5 values for these
are +0.006, +0.016, and +0.168, respec-
tively. A similar observation has been re-
ported earlier (11, 12). In view of this, the
system LaCo,;_,Ti,0; will be designated as
LaCo,_,Ti,03+s in the text. However, in
the system La,_,Sr,Co;_,Ti,O;, cobalt ions
exist in the 3+ state only.

Resuits and Discussion

LaCoO; is a perovskite with thombohe-
dral distortion (ag = 5.386 A, ar = 60.87°).
Substitution of Sr2* for La’* reduces the
lattice distortion and the sample with x =
0.5 becomes cubic (3). A similar trend is
noticed in the present two series. The lat-
tice constants of the two series are tabu-
lated in Table 1. For the system LaCo;_;
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TABLE I

Latrice PARAMETERS OF LaCo,_,Ti,0s.5 AND
Lal_xSr,Co,_,Ti,Og

a Qg’

System x A ©
LaCo, . Ti,Oss 000 5380  60.87
0.05 5.388 60.78
0.15 5.420 60.49
La,_,Sr,Co,-,Ti,05* 0.00 5.380 60.87
0.05 5.381 60.71
0.30 5.420 60.48

¢ Compositions with x = 0.3 and x = 0.5 are cubic
with lattice constants of 5.50 and 5.56 A, respectively.

b Composition with x = 0.5 is cubic with a lattice
constant of 5.46 A.

Ti0s;5, as we substitute Ti** (ionic
radius ~0.64 A), some Co?* ions (ionic ra-
dius ~0.82 A) are generated for charge neu-
trality. The larger size of Co?* ions results
in an increase in the lattice constant and a
decrease in the lattice distortion. Samples
with x = 0.3 and 0.5 are cubic. No splitting
of X-ray lines was observed, as was ob-
served by Ramdass et al. (12). This could
be due to a difference in heat treatment
schedule. Similarly, in the system La;_,Sr,
Co,-,Ti0s, the lattice constant increases
and the distortion decreases slowly with x;
the sample with x = 0.5 is again cubic. Log
of resistivity, p, for the system LaCo-,
Ti,O;.s is plotted against the inverse of
temperature in Fig. 1. We have also given
the resistivity data for LaCoQ; for compari-
son (13). The resistivity behavior of the
sample with x = 0.05 is similar to that of
LaCoO, over the temperature range stud-
ied. Samples with x = 0.15, 0.3, and 0.50
show behavior different from that of La
Co00;. In general, the trend is similar to that
observed by Ramdass et al. (12). The acti-
vation energies for different regions are tab-
ulated in Table II. It is noteworthy that
there is a considerable change in the trend
around the composition x = 0.15.

The Seebeck coefficient, o, for LaCo;_,
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Fi1G. 1. Plot of log ps versus 1000/ T for the system
1;3C01-,Ti,03+5.

Ti, 0145, is plotted against inverse of tem-
perature in Fig. 2. This is negative for x =
0.05 up to 500K and thereafter it becomes
positive and remains constant. For x = 0.15
it is positive but small and is essentially in-
dependent of temperature. For x = 0.3 and
0.5, a is positive and large and shows pro-

TABLE II

DIFFERENT REGIONS AND ENERGY OF ACTIVATION,
En, in LaCoI_,Ti,OJH

Energy of activation,

Ea
Region (°K) (eV)

x 1 I Region I Region IT
0.00° 200-400 400~-650 0.20 0.54
0.05* 300-450 450-575 0.24 0.49
0.15 300-475 475-900 0.26 0.35
0.30 300--500 500-700 0.48 0.40
0.50 450-775 775-1050 0.84 0.66

@ For x = 0.05, region III extends from 575 to 700K with an
activation energy of 0.25 eV.

b For x = 0.00, region III extends from 600 to 900K with an
activation energy of 0.19 eV.
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nounced variation with temperature. Also,
it appears to increase with x above a critical
concentration. A similar trend is noticed by
Ramdass et al. (12).

We also measured the frequency depen-
dence of the conductivity for all the sam-
ples of the series LaCo,_,Ti,O;,5 at 77 and
293K (RT); a few typical results are shown
in Fig. 3. It is observed that all the sampies
showed a frequency dependence at 77K.
However, at room temperature, only the
samples with x > 0.15 showed a frequency
dependence but the slope is much less at
room temperature.

These electron transport properties can
be understood in terms of the band picture
of LaCoO; given by Bhide ez al. (13). La
Co0; is a p-type semiconductor in which
low-spin Co(II) (#, €9) is separated from
high-spin Co** (#3, e2) ions by approxi-
mately 0.02 eV. The electrical conduction
up to 400K gives an activation energy of 0.2
eV (see Table II and Fig. 1). This value
corresponds to the gap between filled r,,
orbitals and empty o* bands having e, sym-
metry. As we increase x, the activation en-
ergy in the first region increases slowly up
to x = 0.15. The drop in resistivity and the
high activation energy above 400K in La
Co0, are attributed to the small difference
in energy between high- and low-spin states
and to the entropy associated with random
spin directions (6). Now, when we substi-
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FiG. 3. Plot of log o, versus log f for the system
LaCol_ Tix03+5.

tute Ti**, Co** (3, €2) high-spin ions are
generated from high-spin Co’* ions (13, €2).
These Co?* ions act as donor centers. This
makes electrons majority carriers, which is
reflected in a negative Seebeck coefficient
for the sample with x = 0.05 at room tem-
perature and up to about S500K. This behav-
ior is similar to that found in LaMn,;_,Co,0,
for a low value of x (14). However, when
the temperature is raised above 500K, these
donor states probably get exhausted.
Hence, above 500K, this gives an ordinary
intrinsic behavior similar to LaCoQOs;. It
may be mentioned that E, for conduction
also changes around the same temperature.
The positive Seebeck coefficient for x =
0.15 indicates that holes are majority
charge carriers in these samples. Normally,
as more and more Ti** are substituted, n-
type semiconductivity should result. How-
ever, the observed trend is rather the re-
verse. This is probably caused by a
decrease in the electron mobility resulting
from the trapping of electrons in Ti**—Co?*
clusters. These clusters become significant
in number in samples with x > 0.15. The
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trapped electrons need additional activa-
tion energies for hopping. This may be the
reason for a sharp increase in activation en-
ergy in samples with x > 0.15. The decrease
of Seebeck coefficient at high temperature
could be due to release of trapped elec-
trons. The E, for conduction in the second
region is complicated by the fact that high-
and low-spin states differ little in energy,
Co?* and Co** states are formed due to
electron transfer, and high E, is attributed
to the driving force due to entropy associ-
ated with random spin directions (6). It is
also evident from the frequency depen-
dence of the conductivity data at room tem-
perature that conduction is partly by hop-
ping of charge carriers for samples with x >
0.15. In samples with x < 0.15, it is possible
that at low temperatures (77K) conduction
may be due to hopping between localized
sites. This behavior is very similar to that
found in the case of La,_,Sr,VO; (15). For
x = 0.15, the frequency dependence o ~ °
has a value of § < 0.5 and a pronounced
temperature dependence. We also observe
a similar behavior. Paths containing differ-
ent numbers of single site distances contrib-
ute to the ac conductivity and hence the
frequency dependence of conductivity is
weakened and the temperature variation is
enhanced (15, 16). Cluster formation in this
system may also lead to a similar type of
behavior (17).

To gain further insight into these similari-
ties of the system with LaCoO; or La,_,Sr,
Co0;, we plotted the inverse of the sus-
ceptibility against temperature for the
system LaCo,-,Ti,O3.5 in Fig. 4. All the
samples exhibit a plateau in the range
350-550K as found in LaCoQ;, which indi-
cates short-range ordering of spin states.
This ordering of spin states is also indicated
in the DTA plot by small peaks. Above and
below the plateau region, x ! versus T plots
are linear for all these samples. Below room
temperature, also, these samples have been
reported to show linear behavior and ab-



PROPERTIES OF La,_,Sr,Co;_,Ti,0;

o
- A
a
S “..v-—o.so
ro.t 0.30
€ 200 |- :‘. .::’
=] a v
- L Y | ]
> - YY) 4
E A. 0® M
ov e
- f R
2 1oof e
T o -~ ll'-.
-
0 1 | 1 | 1 1
0 200 400 800 800
T, K

FiG. 4. Plot of inverse of susceptibility against tem-
perature for LaCo,_,Ti,Os.s.

sence of magnetic ordering is indicated
(12). The susceptibility values of Ramdass
et al. (12) differ from ours but the trend is
similar. The susceptibility values could dif-
fer on account of different 8 values. It is
interesting to note that in this system (0 < x
< (.5), the susceptibility behavior is essen-
tially similar to that of LaCoOs. This could
be due to the presence of significant
amounts of trivalent cobalt ions in the sys-
tem in all the samples as found by chemical
analysis. In addition, ferromagnetic inter-
action is not feasible in the absence of a
sufficient concentration of Co** ions, which
form the itinerant band and are responsible
for ferromagnetic as well as metallic behav-
ior in the system La,_,Sr,Co0O; (2, 3).

Preliminary studies on the system La,_,
Sr,Co,-,Ti,0; have been carried out and
have been compared with the previous sys-
tem and with La,_,Sr,Co0O;.

Log of resistivity and Seebeck coefficient
are plotted against inverse of temperature
in Fig. 5. The behavior of the sample with x
= 0.05 is similar to that of LaCo0O;. All the
regions observed in the resistivity plot of
LaCoO; are distinctly seen in the plot of
this sample. The Seebeck coefficient is pos-
itive and decreases with temperature up to
about 700K in a fashion similar to LaCoO,,
after which it remains practically constant,
indicating saturation of charge carriers. A
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positive Seebeck coefficient indicates that
holes are the majority charge carriers. Thus
it is observed that the mechanism of con-
duction in this material (x = 0.05) at and
above room temperature is similar to that of
LaCo0s. On the other hand, the behavior of
the samples with x = 0.30 and x = 0.50 is
different from that of LaCoQ;. For these,
the activation energy of conduction
changes continuously with temperature and
the Seebeck coefficient is independent of
temperature. The observed trend in resis-
tivity and thermoelectric power behavior in
the samples with x = 0.3 and 0.5 may be
due to thermally activated hopping of small
polarons which may occur between Co(I1I)
sites through intermediate Co’* sites in-
volving two activation energies. Our expla-
nation is based on the model suggested by
Austin and Mott (18), where two types of
centers A and B are present and are sepa-
rated by a constant energy AU. For this
model to operate, AU > kT. In our case,
the two types of centers are low-spin
Co(I1I) and high-spin Co**. As we increase
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perature for the system La,_.Sr.Co,_,Ti,Os.
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x, the crystal field splitting decreases and
for x = 0.3 and 0.5, probably AU > kT and
this model is operative. If the hopping en-
ergy is divided equally between the two
sites, the Seebeck coefficient should be in-
dependent of temperature and is indeed so
in our case. A similar observation has been
made in the case of La;_,Sr,CrO; and is
explained in terms of small polaron hopping
(19).

To gain further insight into the mode of
conduction, we measured the ac conductiv-
ity for all the samples of the series La;_,Sr;
Co,_,Ti;0; at 77 and 293K. A few typical
plots of log o, versus log f are shown in
Fig. 6. It was observed that the sample with
x = 0.05 showed a frequency-independent
conductivity at room temperature while fre-
quency dependence was observed at 77K.
On the other hand, the samples with x = 0.3
and 0.5 showed frequency dependence at
both temperatures. However, the slopes
are less than what is expected for single site
hopping and have a pronounced tempera-
ture dependence. This trend is similar to
that observed in LaCo;_,Ti,Os4s. It is pos-
sible that at low concentration (x = 0.05)
and at low temperatures, there is localiza-
tion of charge carriers due to disorder ex-
hibiting frequency-dependent conductivity.
At higher temperatures (RT and above),
however, the conductivity is again fre-
quency independent. For higher concentra-
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FiG. 6. Plot of log o, versus log f for the system
Lal_,Sr,Col_ Tix03.
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Fi1G. 7. Plot of inverse susceptibility against temper-
ature for the system La,;_,Sr,Co,_.Ti 0.

tions (x = 0.3, 0.5), small polaron hopping
between Co(II]) sites through Co?* is in ac-
cord with the observed frequency depen-
dence in these materials. Furthermore,
Co(IID) and Co®* sites seem to be randomly
distributed in these materials, which leads
to multiple hopping. Multiple hopping is
more pronounced at higher temperatures
and this leads to a reduced frequency de-
pendence of o,; (16). This type of hopping
between equivalent sites through interme-
diate sites gives rise to weak frequency de-
pendence (20).

We plotted the inverse of the susceptibil-
ity versus temperature in Fig. 7 for this sys-
tem. Though these plots are similar to that
for the previous system, the plateau region
in this case lies between 450 and 650K. This
indicates that the energy difference be-
tween high- and low-spin states increases
compared to LaCoO; as the crystal field
splitting decreases. This also supports our
earlier assumption of AU > kT. The sus-
ceptibility behavior of this system could
also perhaps be explained assuming the ex-
istence of La-rich and Sr-rich regions as in
the case of La,_,Sr,CoO; (3). The magni-
tude of the susceptibility in the two systems
we have presently investigated is also com-
parable. All these observations suggest that
spin-state equilibria in these two systems
are essentially similar. In fact, the system
La;_,Sr,Co,-,Ti,O; should in principle
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show magnetic behavior similar to LaCoOs,
the reason being that the only magnetic ion
common to the two systems is Co’*. It
would be interesting to compare the three
systems (a) LaCo;_,Ti,Os,5, (b) La;_.Sr,
Co;-,Ti,03, and (¢) La;_.Sr,Co0O;, where
there is considerable change in the valence
states of cobalt. In these systems cobalt
ions exist in (a) divalent and trivalent
states, (b) in trivalent state only, and (c) in
trivalent and tetravalent states, respec-
tively. In La,_,Sr,Co0Os, the Co** forms the
itinerant band which is mainly responsible
for itinerant electron ferromagnetism. In
the present two systems because of the sub-
stitution of Ti**, the formation of Co** is
restricted. This, in fact, is the reason for the
localized behavior and the absence of ferro-
magnetic exchange interaction.
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