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Abstract

Lao55105C01-xNixO3.5 (0 < x < 0.6) ceramics were prepared using a conventional solid-
state ceramic route. The thermal properties - thermal conductivity and heat capacity - of
these ceramics were measured by the photopyroelectric technique. The thermal
conductivity was found to increase with increasing Ni content. These materials were also
found to exhibit a metallic type variation of thermal conductivity with temperature, and
no metal - insulator (M-I) transition was found to occur in any of the samples prepared by
this route. However, a M-I transition was found to occur in Lags5ro5C003.5 samples
prepared by hot pressing. The difference is attributed to variations in oxygen content in

the samples.



1. Introduction

Currently there is considerable interest in the chemical and physical properties of
Lanthanum Strontium Cobaltate ceramics with the general formula LagsSrgsCoOs
(LSCO) due to their potential applications in the fields of catalysis [1,2], dense ceramic
membranes [3], gas sensors [4,5], oxide fuel cell electrodes [6-8], electrodes for
ferroelectric memory devices [9,10] and giant magneto - resistance devices [11-13].
LSCO ceramics are widely used as electrode materials because of their isotropic low
electrical resistivity [14,15] and good chemical stability. The resistivity of (001) oriented
LSCO thin films is in the range of 130 - 200 pohm-cm, whereas in the bulk it is about 90
pohm-cm [16]. It has been reported that substitution of Sr** for La** in LaCoO; brings
about remarkable changes in the system, such as a metal-insulator transition [17], change
in crystal structure [18], etc. It is found that lattice distortion and electrical resistivity of

this material increase with increasing strontium content.

The pseudocubic lattice constant of LSCO (3.83A°) closely matches many ferroelectric
materials of interest. Recently, LSCO perovskites have been reported as a suitable
electrode material [10,19-21] that is capable of providing superior fatigue and imprint
resistance in ferroelectric thin film devices. The reason for the superior performance of
devices based on conductive LSCO perovskite electrodes is that they are compatible with
perovskite ferroelectrics both chemically and crystallographically. The use of an LSCO
cathode in a sealed-off CO, laser was found to improve the performance of the laser in
both output power and operating life [4,5,22]. LSCO is non-stoichiometric and the non-
stoichiometry parameter O increases with strontium content (x) and increasing
temperature or decreasing oxygen partial pressure [23]. More recently, Schwartz et al.
[24,25] have found that partial substitution of Co by Ni (LSCNO) increases the electrical
conductivity of LSCO.



In addition to the many technological applications of these materials, LaCoOj; and other
rare earth cobaltates are also of scientific interest because of the peculiar way their
magnetic and electrical transport properties change with temperature [26]. Early work on
LaCoOs established the existence of a thermally induced spin transition from low spin Co
to mostly high spin Co*" [26], which has been used to explain the observed temperature
dependence. Since then, many investigations have been carried out in order to elucidate
how this spin transition takes place and the material evolves from semiconducting to

metallic behavior as the temperature increases [27].

Even though several workers have previously investigated the electrical conductivity and
related properties of LSCO, very little is known about their thermal conductivity. The
only paper that discusses thermal properties of these materials is by Morgan [28], who
has predicted a relatively high thermal conductivity for LSCO. The present work was
undertaken to investigate the thermal properties of LSCO and LSCNO.

2. Sample Preparation

Samples of Laos5ro5C01-xNixOs.5 (LSCNO) with x varied between 0 and 0.6 were
prepared by a conventional solid state ceramic route. High purity La,O3 Co304, NiO and
SrCOs; were weighed in the desired stoichiometric ratios, thoroughly mixed and ball
milled for 24 hours. The suspension was dried and calcined at 1100°C for 4 hours, and
the resulting calcined powder was ground well in an agate mortar with 3% PV A added as
binder, and again dried and ground well. The fine powder so obtained was pressed into
pellets of thickness 1 mm and 10 mm diameter under a pressure of about 0.01 kbar. The
pellets were then sintered at 1300°C for 2 hrs. The samples were hand lapped and

polished to a thickness of nearly 0.5 mm for photopyroelectric measurements.

Pure LagsSro5C00;3.5 (LSCO) samples were also prepared by hot pressing at 1100°C at a
pressure of 1 kbar in the presence of an oxygen flow. Discs of thickness nearly 1 mm

were cut with a slow speed diamond wheel saw. They were then hand lapped and



polished to a thickness of approximately 0.5 mm for the measurements reported in this

work.

3. Experimental Details

The photopyroelectric (PPE) technique has been used to determine the thermal
parameters of the samples. A 120 mW He-Cd laser of wavelength 442 nm was used as
the optical heating source with its intensity modulated by a mechanical chopper. A PVDF
film of thickness 28um, with a Ni-Cr coating on both sides, was used as the pyroelectric
detector, with a pyroelectric coefficient p = - 25 x 10° C/m” K. The output signal was
measured using a dual phase lock-in amplifier. The modulation frequency was
maintained above 40Hz to ensure that the detector, the sample and the backing medium
were thermally thick during the measurements. More details of the experimental set up
are given in reference [29]. The thermal thickness of LSCO and LSCNO samples has
been verified by plotting the PPE amplitude and phase with frequency at different

temperatures between room temperature and 180 K.

Measurement of the PPE signal phase and amplitude enables one to determine the
thermal diffusivity o (defined as k/pc,, where k is the thermal conductivity, p is the
density, and ¢, is the heat capacity of the sample) and the thermal effusivity e (defined as

\/(kpcp)), respectively [29]. The k and ¢, of the samples are determined from the
measured values of « and e and the density p, which was determined by the Archimedes
method. The experimental set up was calibrated by making measurements on a reference
sample such as copper, as already reported earlier [29]. Measurements as a function of
temperature were made during the heating cycle at a heating rate of approximately
0.5K/min and data were collected every 1K, and at smaller intervals near the M-I
transition temperature. The temperature was measured with a platinum resistance sensor

placed close to the sample inside the measurement chamber.



4. Results

Figurel shows the variation of PPE amplitude and phase with temperature for LSCO. It is
seen that the PPE amplitude decreases monotonically with increase in temperature. The
PPE phase also behaves in a similar manner, with a gradual decrease in its value with
increase in temperature. No marked anomaly is observed in either the PPE amplitude or

phase as the temperature is varied from about 160 K to room temperature.

Fig. 2 shows the variation of thermal diffusivity and effusivity of LSCO with
temperature. It is seen that thermal diffusivity shows a gradual decrease with temperature,
with no anomaly seen at any temperature. Since the thermal diffusivity is directly
proportional to PPE phase, the variation of a with temperature is similar to the
corresponding variation in PPE phase. Thermal effusivity also shows a gradual increase
from 160 K up to room temperature. The nature of the variation of these two parameters
with temperature indicates that no transition of any kind occurs for LSCO, with the

sample showing pure metallic behavior throughout the scanned temperature range.

Fig. 3 shows the variation of thermal conductivity and heat capacity of LSCO with
temperature. It is seen that thermal conductivity shows a variation similar to the thermal
diffusivity variation, whereas heat capacity increases with temperature. The variation of
thermal conductivity with temperature highlights the metallic nature of the LSCO sample
with no anomaly seen between 160 K and 300 K.

In order to understand the effect of Ni doping on the thermal properties of LSCO, we
have measured the density and thermal parameters of the Lags5ro5C01-xNixO3.5 system
with x = 0.0, 0.1, 0.2, 0.4, 0.5 and 0.6. Fig. 4 shows the variation of the density of
LSCNO samples as a function of Ni concentration. It may be noted that the density
increases with Ni content. Figure 5 shows the variation of thermal diffusivity and thermal

effusivity with Ni concentration for the LSCNO system at room temperature. It is seen



that thermal diffusivity increases monotonically with Ni content. Thermal effusivity also
increases with Ni content up to x = 0.4, but beyond this doping level, it decreases

gradually with Ni content.

Figure 6 shows the variation of thermal conductivity and heat capacity of the LSCNO
system with Ni concentration. Unlike thermal diffusivity, which shows a gradual increase
with composition, thermal conductivity shows a more rapid increase up to x = 0.4 and
thereafter it’s value is almost constant. Heat capacity behaves in a similar manner. It is
obvious from Fig. 6 that thermal conductivity increases by nearly a factor of three and

heat capacity almost doubles as the Ni content is increased from x=0 to x=0.4

In order to study the temperature dependence of the thermal properties of LSCNO, we
have carried out PPE measurements on all the samples from 160 K to 300K. The PPE
amplitude and phase have been measured as a function of temperature and the variations
are found to be similar to those shown in Fig.1 for undoped LSCO. Figure 7 shows the
variation of thermal diffusivity and thermal effusivity with temperature for the
Laos5r05C006Ni0403.5 sample. Similar to the undoped LSCO sample, the thermal
diffusivity decreases with temperature while thermal effusivity increases. All other
samples show similar variations with temperature. Compared to LSCO, the values of «
are increased significantly for the Ni doped samples at all temperatures at which
measurements have been carried out. The thermal effusivity of the LSCNO samples also

shows a corresponding increase at all temperatures compared to LSCO.

Figure 8 shows the temperature variation of thermal conductivity and heat capacity of the
LaosSr05C00.6Ni0.4O3.5 sample. The variations of both & and ¢, are similar to that of the
parent sample LaosSro5C00s.5. As for a, the value of & increases substantially upon Ni
doping. All the other samples with different Ni concentrations show similar variations in
accordance with the variations shown in Fig.6. The variation of thermal conductivity with
temperature indicates that all of the Ni substituted samples exhibit metallic behavior in

the temperature range under consideration.



PPE measurements have also been carried out on the LSCO samples prepared by hot
pressing. The corresponding variations of thermal diffusivity and thermal effusivity
determined from the PPE phase and amplitude values are shown in Fig. 9. The thermal
conductivity and heat capacity have been evaluated from the thermal diffusivity and
effusivity values and are plotted against temperature in Fig.10. As can be noted from
Figs. 9 and 10, all the thermal parameters undergo anomalous changes at around 240K.
As is evident from Fig.10, thermal conductivity increases with temperature up to 240K
and beyond this it decreases with temperature. Based on this behavior it may be
concluded that the material exhibits insulator type behavior below 240K and metal type
behavior above this temperature. The material thus exhibits an insulator - metal

transition at around 240K.

5. Discussion of Results

The observed variation of the thermal parameters for the LSCO system can be explained
as follows. In LaCoOs, all the cobalt ions are in the diamagnetic low-spin configuration at

6 0
e

very low temperatures. The low spin Co™ (1, €.,

'4,,) is, however, more stable with

respect to the high spin Co™" (£, e; ,’

T,,) state by only about 0.05 eV. With increasing

1" jons transform to Co’". Raccah and Goodenough [30] have

temperature, the Co
identified a symmetry change from R3¢ to R3 after this ordering and also observed a
transition due to delocalization of the e, electrons (localized at lower temperatures at
high-spin Co>" ions) to & - band electrons at 1210 K. Beyond this eg - o transition,

LaCoO; becomes metallic.

Substitution of Sr** for La’" in LaCoO; leads to high electrical conductivity and
antiferromagnetic exchange interactions. As x increases, LSCO evolves toward a
ferromagnetic intermediate spin state with o electrons [31]. Bahadur et al. [32] have
reported Mossbauer results supporting the intermediate spin state for the ferromagnetic
regions of their samples. According to early literature, the x = 0.5 composition is a good

conductor (resistivity p < 10 Q-cm) and has a metallic type temperature coefficient. In



addition, it is ferromagnetic. Previous studies on LSCO have led to the suggestion that in
the doped samples, paramagnetic La’" regions coexist with ferromagnetic Sr*" rich
clusters in the same crystallographic phase, the ferromagnetic component increasing with

x[32].

The ferromagnetism observed in the LSCO system could be due to one of the following
three mechanisms: (i) ordering of high spin and low spin cations through ferromagnetic
super exchange between them via the intervening oxygen ion [31]; (ii) Zener double
exchange [33]; and (iii) itinerant-electron ferromagnetism [30,31]. The first mechanism,
based on a localized electron model due to Anderson, was modified by Goodenough to
account for the ferromagnetic interactions observed in the system. He showed that if
octahedral site magnetic cations are located on opposite sides of a common anion, they
interact ferromagnetically if one cation has completely empty e, orbitals and the other has
half filled e, orbitals. However, this mechanism was abandoned later in favor of the

itinerant electron ferromagnetism model.

As per the phase diagram for LSCO suggested by Goodenough [31], LagsSrgsCoOs
belongs to the cluster glass phase. In this system, the double exchange between the
trivalent and tetravalent cobalt spins and the exchange interaction between high spin Co**

and low spin Co™

is considered to be ferromagnetic whereas the super exchange
interactions between high spin (Co’*-Co’*, Co*"-Co*") are antiferromagnetic. The
competition between the ferromagnetic and antiferromagnetic interactions along with the
randomness lead to SG states observed for 0 < x < 0.18. When the ferromagnetic
exchange interactions just overcome the antiferromagnetic ones, the cluster glass phase

appears with short range ferromagnetic ordering (0.18 <x <0.5) [31].

Earlier workers studied the effect of Co doping on the properties of the La-Ni-O system

[34]. It was seen that while LaNiO; is metallic, LaCoO; is an insulator. At low

temperature ( T< 200K) Co’" is in the low-spin state (3, ,e)), the conduction band o

formed by the e, state and oxygen p-orbitals is empty, and the #,, band is full. At higher



temperatures (7 > 200 K) the Co ion undergoes a transition to a high-spin state (¢, p ez ),

which populates the o band and the conductivity increases. Co also introduces disorder
in the band structure due to the difference in the 3d levels [E**(Co) - E**(Ni) = 1eV]. Most
probably, the M-I transition in this material occurs in the o band. Previous studies on
LaNi;.,Co,O3 have shown that as x is increased, temperature coefficient of conductivity
doldT (at room temperature) changes sign for x =0.4, which corresponds to n = 10** /
cm’. This electron concentration is estimated from the assumption that each
Ni**contributes one electron to the conduction band. The thermal conductivity results

obtained for the Ni-doped samples of this study also exhibit a similar pattern, with the

thermal conductivity increasing up to x = 0.4 (corresponding to Co concentration of 0.6).

The hot pressed LSCO samples behave in a different manner. It is found that thermal
effusivity, thermal diffusivity, thermal conductivity and heat capacity show a peak at
about 240K (see Figures 9 and 10). Magnetic and transport measurements have shown a
M-I transition at about 250K in bulk LSCO samples [35, 36]. Madhukar ef al. [37] have
observed a similar broad transition in the variation of resistivity with temperature over
the range 200-250K in thin films. They reported that the M-I transition depends on the
oxygen content in the sample. Our results indicate that the sintering atmosphere and
oxygen stoichiometry play a dominant role in bringing about M-I transition in this family
of samples. In the present case, LSCNO ceramic samples were prepared by conventional
solid - state ceramic route and LSCO hot pressing was done in the presence of oxygen.
This may be the reason for the absence of M-I transition in conventionally prepared

samples.

6. Conclusions

Thermal parameters viz. thermal diffusivity (o) thermal effusivity (e), thermal
conductivity (K) and heat capacity (c,) of LagsSrosCo0Os.s have been measured between
160 K and 300 K. It is seen that the system is metallic throughout the temperature range

and we can state that no temperature-dependent M-I transition is observed in the samples



prepared by conventional solid state sintering. In order to analyze the effect of Ni doping
on LagsSrpsCo0s.5, we have measured the composition dependence of «, e, K and c,,.
The thermal conductivity and heat capacity are found to increase with Ni content. We
have also measured the temperature dependence of thermal conductivity and heat
capacity on LaosSro5C01.xNixOs5 samples. As with pure LSCO, the LSCNO samples
prepared by the conventional method do not exhibit any temperature dependent M-I
transition. However, pure LSCO prepared by hot pressing in the presence of an oxygen
flow at 1100°C shows a clear M-I transition. This difference in properties is attributed to

the difference in the oxygen content of this sample.
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Figure captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Variation of PPE amplitude and phase with temperature for Lag sSrysCoO3.s.

Variation of thermal diffusivity and thermal effusivity with temperature for
La0_58r0_5C003_5.

Variation of thermal conductivity and heat capacity with temperature for
Lao_ssr0,5COO3_5.

Variation of density with Ni content for the Laj 5Sry sCo;xNixOs.5 system.

Variation of thermal diffusivity and thermal effusivity with Ni content for the
Lag 5Sr9 5Co1.xNixO3.5 system at 300 K
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Fig. 6: Variation of thermal conductivity and heat capacity with Ni content for the
Lag 5Srp 5Co1.xNixO3.5 system at 300 K

Fig. 7: Variation of thermal diffusivity and thermal effusivity with temperature for the
Lag 5Sr95Co0.6Ni9 4035 system.

Fig. 8: Variation of thermal conductivity and heat capacity with temperature for the
Lao,5Sr0,5C00,6Nio,403_5 system.

Fig. 9: Variation of thermal diffusivity and thermal effusivity with temperature for hot
pressed Lag sSrp sC00Os.s.

Fig. 10: Variation of thermal conductivity and heat capacity with temperature for hot
pressed Lag sSrpsCo0Os.s.
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