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Abstract

With the objective of exploring the unknown thermodynamic properties of Ni-substituted LnCoO; perovskite,
we present here an investigation of the temperature-dependent (10K < T < 300K) specific heat of
LnCog 9sNig ¢sO; (Ln=Pr and Nd) family. We report here probably for the first time the specific heat along with
other elastic and thermal properties of Ni doped perovskite cobaltate LnCoO; (Ln=Pr and Nd). In addition, the
results on the cohesive energy (¢) in orthorhombic perovskite phase, molecular force constant (f), Reststrahlen
frequency (v,) and Gruneisen parameter (y) are also presented.
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1. Introduction

Cobaltates of rare-earth elements with the chemical formula LnCoO; are important agile and multifunctional
materials, which are very promising for high temperature oxygen separation membranes and cathodes in solid
oxide fuel cells (SOFCs), heterogeneous catalysts, and gas sensors [1-2]. The LaCoO; perovskite is at present the
best studied representative of the rare-earth cobaltite family. LaCoO; exhibits two spin state transitions as the
temperature increases. The first transition is from low temperature low spin (LS) to intermediate spin (IS) state
near 100 K characterized by a steep jump of magnetization at the transition and the second one is from IS to high
spin (HS) state leading to an insulator-metal (I-M) transition around 500 K [3]. Throughout the LnCoOj series,
only LaCoO; has been analyzed with rhombohedral symmetry the rest of the members of the family with the
ionic radius of the rare-earth smaller than the ionic radius of La exhibit an orthorhombic crystallographic
structure. Recently, we have applied the modified rigid ion model (MRIM) to study the specific heat and thermal
expansion of cobaltates and manganites [4-6]. Motivated from the applicability and versatility of MRIM, we
have applied MRIM to investigate the temperature dependence of the specific heat, elastic and thermal properties
of LnCog¢sNig o505 (Ln= Pr, Nd). It is found that the model is successful in describing temperature dependent
(10K<T<300K) specific heat (C), cohesive energy (¢), molecular force constant (f), Reststrahlen frequency (v),
Debye temperature (6p) and Gruneisen parameter () of LnCog¢sNij sO; (Ln= Pr, Nd) perovskites.

This study is organized as follows: in Sect. 2, we briefly describe the computational method used in this
study. Results and discussion of the elastic and thermodynamic properties will be presented and compared with
the available experimental data and theoretical results in Sect. 3. Finally, conclusions and remarks are given in
Sect. 4.

2. Computational details

The effective interionic potential corresponding to the modified rigid ion model (MRIM) frame work is
expressed as [4-6]:

2
¢(r)= _%zzkzk'rk; - Z Ckk'rk;'6 + Znibiﬁkk' exp{(rk t+rn.— rkk')/pi}
e i

| Kk (1)
n;
+ ?bi [ﬁkk eXp{(zrk Tk )/pi}+ By exp{(Zrk. - rk'k')/pi}]
Here, first term is attractive long range (LR) coulomb interactions energy. The second term represents the
contributions of van der Waals (vdW) attraction for the dipole-dipole interaction and is determined by using the

Slater- Kirkwood Variational (SKV) method [7]. The third term is short range (SR) overlap repulsive energy
represented by the Hafemeister—Flygare-type (HF) interaction extended up to the second neighbour. In eqn. (1),
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rw represents separation between the nearest neighbours while r, and ry appearing in the next terms are

the second neighbour separation. r; (r;-) is the ionic radii of k (k') ion. n (n) is the number of nearest (next
nearest neighbour) ions. The summation is performed over all the kk’ ions. b; and p; are the hardness and range
parameters for the ith cation-anion pair (i = 1, 2) respectively and S is the Pauling coefficient [8] expressed as:

_ Z, Z, . 2)
,Bkk‘ _1+(Nk]+[Nk']

with Z; (Z;) and N, (N;-) as the valence and number of electrons in the outermost orbit of k (k’) ions respectively.
The model parameters (hardness and range) are determined from the equilibrium condition

[dgb(r)} _ -0 ) (3)

dr

and the bulk modulus

1 {d%(r)} . @)

N 9Kr, | dr’

The symbol K is the crystal structure constant, ryis the equilibrium nearest neighbor distance of the basic
perovskite cell and B is the bulk modulus. The cohesive energy for LnCoy ¢sNig 503 (Ln= Pr, Nd) is calculated
using equation (1) and other thermal properties such as the Debye temperature (6p), Reststrahlen frequency (v),
molecular force constant (f), Gruneisen parameter (y) and specific heat (C) are computed using the expressions
given in our papers [4-6]. The results are thus obtained and discussed below.

3. Results and discussion

Input data like unit cell parameters (a, b, c) and other interionic distances are taken from refs. [9] for
LnCoy95Nig 0503 (Ln= Pr, Nd) for the evaluation of model parameters (b;, p;) and (b,, p,) using eqn. (2) and (3)
and listed them in Table 1. We have determined the bulk modulus of LnCog¢sNipgsO; (Ln= Pr, Nd)
systematically on the basis of formulations of atoms in molecule (AIM) theory [10] and found to be good
agreement with earlier report [11]. We have applied MRIM to compute the cohesive and thermal properties of
these cobaltates and reported them in Table 2. Due to lack of experimental data on cohesive energy of these
compounds the value can only be compared with the value -144.54 eV for SmCoO; [12] indicating that the
compounds are stable at room temperatures. As a check we calculated the cohesive energy of these compounds
using the Generalized Kapustinskii Equation [13]. The values are found to be in close agreement with our
calculated values.

Table 1. The tolerance factor (t) and model parameters of LnCo; Ni,O; (Ln=Pr and Nd) perovskites.

Compound t pl(.&) b p, | b
(Co/ 10 A) 10
Ni-0) 19 (Ln 19
0) -0)
(Co/ 0]
Ni-O) (Ln
-0)
PrCo Ni 0.92 0.22 1.60 0.3 4.7
0.95 0.05
o 96 5 2 96 69
3
NdCo Ni 0.92 0.20 1.43 0.3 4.6
095 0.0
5 38 7 8 67 04
5 3
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Table 2. Cohesive and Thermal properties of LnCo; Ni,O3; (Ln=Pr and Nd) perovskites.
Comp B ¢ 0 f v 0 \
ound T (eV) ( b
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a ) equ 1 (
) ( atio ) T
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A R 2)
| |
M M
) )
PrCo0 1 - - 3 9. 4 :
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% 005 1 5 9 . 6 9 C
03 0 6 <
6 . 6
3
NdCoO 2 - - 4 1 4 3
Ni 1 1 151. 0 0. 8 .
% 00 3 5 0 . 0 2 :
53 2 7 . p)
2 . 4
1
Other 2 - 8. (
s 1 144, 5 p)
1 54° 8¢ -
8 )
d

)

2 Ref. [11],° Ref. [12], ¢ Ref. [14], ¢ Ref. [15]

The Reststrahlen frequency of these compounds is close to reported value of 8.58 THz for manganites [14]
and the value of Gruneisen parameter is close as reported earlier [15] but lack of experimental results on these
properties restrict us in predicting the accuracy of these values. Besides, we studied the temperature evolution of
the lattice specific heat (Cp) of PrCogsNig o505 (Fig. 1(a)) and of NdCoygy5Nip¢sO3 over the temperature range
10K <T <300K (Fig. 1(b)).
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Fig. 1. The variation of calculated specific heat of (a) PrCosNij 5Oz and (b) NdCosNij 5Oz as a function of
temperature (10 < T <300 K).

Our results are probably, the first reports of lattice specific heat at these temperatures and compositions. It
can be concluded that MRIM is successful in predicting the thermal and elastic properties of LnCoygsNig 503
(Ln=Pr, Nd) and the findings indicate that Debye temperature increases and cohesive energy decreases with the
decrease of tolerance factor. The increase in 0p indicates that an anomalous hardening of the lattice or decrease
in T-term in the specific heat occurs as we move from PrCo9sNig 0503 to NdCoy 9sNij 05Oz cobaltates.
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