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Powder X-ray diffraction data for the crystal structure, phase composition, and molar specific heat for
La; _ ,Gd,CoOj; cobaltites in the temperature range of 300—1000 K have been analyzed. The behavior of the
volume thermal expansion coefficient in cobaltites with isovalent doping in the temperature range of 100—
1000 K is studied. It is found that the B(7) curve exhibits two peaks at some doping levels. The rate of the
change in the occupation number for the high-spin state of cobalt ions is calculated for the compounds under
study taking into account the spin—orbit interaction. With the Birch—Murnaghan equation of state, it is
demonstrated that the low-temperature peak in the thermal expansion shifts with the growth of the pressure
toward higher temperatures and at pressure P ~ 7 GPa coincides with the second peak. The similarity in the
behavior of the thermal expansion coefficient in the La; _ ,Gd,CoO; compounds with the isovalent substitu-
tion and the undoped LnCoO; compound (Ln is a lanthanide) is considered. For the whole series of rare
earth cobalt oxides, the nature of two specific features in the temperature dependence of the specific heat and
thermal expansion is revealed and their relation to the occupation number for the high-spin state of cobalt

ions and to the insulator—metal transition is established.
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The promising applications of rare earth cobaltites
having the general formula Ln, _ .M CoO; (Ln is a
lanthanide and M is a rare earth or alkaline earth
metal) in different technological processes and devices
[1—3], as well as their usage as model materials in the
analysis of different physical characteristics, have sup-
ported a vivid interest in their studies for more than a
half century [4—6]. A characteristic feature of cobal-
tites is the manifestation of multiplicity fluctuations
[7] in Co*" resulting in the anomalies in their mag-
netic, electrical, and structural characteristics. Differ-
ent spin states of cobalt ions are due to the interplay
between the interatomic exchange interaction and the
crystal field, which depend on external conditions
such as temperature and pressure. As a result, cobalt

ions can be in the low-spin (LS, =0, tzég), interme-
diate-spin (IS, S= 1, 1,,e, ), and high-spin (HS, S =2,

t? geg) states. The chemical pressure arising at the par-
tial isovalent or complete substitution of one lantha-

nide for another in LnCoO; compounds can also play
the role of external pressure. Such pressure can lead to
either the stabilization or destabilization of the low-
spin ground state in Co* ions depending on the ionic
radius of the substituting chemical element. The ther-
mal expansion coefficients of rare earth cobaltites have
an unusual temperature dependence [8—10] and can
be anomalously large. The additional degrees of free-
dom related to the multiplicity fluctuations affect also
the transport characteristics such as electrical and
thermal conductivities and lead to unusually high
thermoelectric coefficients of cobaltites [11]. There-
fore, the studies of the fascinating properties of non-
stoichiometric cobaltites are promising also from the
viewpoint of the search for novel thermoelectric mate-
rials.

In [12], the coexistence of two types of domains
having the same crystal lattice symmetry but differing
in the b parameter and the unit cell volume was
revealed in the high-precision X-ray diffraction data
[12] for GdCoO; in an intermediate temperature range
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Parameters and volumes of the unit cells for polycrystalline La; _ ,Gd,CoO; samples

Composition

v/Z, A3

Unit cell parameters, A

LaCoO;
Laj 95Gd; ¢5C00;
Lay ¢Gdj;Co0O4

Lao_ng0.2COO3
Lao'sGdO‘SCOO:;
GdCoOs,

56.02 trigonal, Z=6

55.79 trigonal, Z=6

55.60 trigonal (55%)
55.68 orthorhombic (46%)
55.38 orthorhombic, Z=4
54.16 orthorhombic, Z= 4
52.54 orthorhombic, Z=4

5.44459(2) 13.0931(1)
5.43871(7) 13.0675(2)
5.4337(1) 13.0467(5)

5.4325(3) 5.3739(3) 7.6301(4)
5.4151(1) 5.3715(1) 7.6156(2)
5.3436(10) 5.3611(5) 7.5614(12)
5.2256(3) 5.3935(2) 7.4568(1)

(200—700 K). The ab initio DFT-GGA calculations
demonstrate that these domains correspond to two
possible states of GdCoO; with HS and LS configura-

tions of Co**. The calculations also reveal a nontrivial
relation of the anomalously high thermal expansion
coefficient in GdCoO; to the spin state changes in
Co*" ions. The thermal expansion of the crystal lattice
leads to a decrease in the spin gap (energy distance
between the low- and high-spin states) and to the
growth of the content of the high-spin states. On the
other hand, the larger ionic radius of the high-spin
Co*" ions gives rise to an additional growth of the vol-
ume on heating. As a result, the contribution of multi-
plicity fluctuations to the thermal expansion coeffi-
cient related to the large difference in the ionic radii
(about 10%) corresponding to the HS state (rys =
0.61 A) and LS state (rs=0.545 A) is an order of mag-
nitude larger than the usual contribution from anhar-
monicity. The two-phase model formulated in [ 12] pro-
vides a good qualitative description of the thermal
expansion characteristics of GdCoQO;, but does not
explain the existence of two peaks observed in the tem-
perature dependence of the thermal expansion coeffi-
cient of LnCoO; (Ln = La, Pr, Nd) compounds [§—10].

Our work is aimed at the study of the relation
between the multiplicity fluctuations and the struc-
tural and thermal anomalies in rare earth cobaltites.
With this aim in view, we study the thermal expansion
and molar specific heat of La, _ . Gd,CoO; (0<x<1)
rare earth cobaltites with the isovalent substitution
within the temperature range of 100—1000 K, calcu-
late the occupation number of the high-spin state, and
analyze the obtained data.

The polycrystalline La, _ ,Gd,CoO; (x = 0—1.0)
samples were prepared using the conventional ceramic
technology. High-purity (99.9%) La,0,, Gd,0;, and
Co0,0, oxides taken in the stoichiometric proportion
were thoroughly mixed in jasper mortar using ethanol.
Then, the mixture was annealed in air at 1100°C with
the triple repetition of the grinding—calcination
cycles. The pressurized pellets were annealed at the
same temperature for 24 h and then cooled to room
temperature at a rate of 2°C/min.

The X-ray structural and phase analysis was per-
formed using a PANalytical X’Pert PRO (Co K,) dif-
fractometer over the angular range 20 = 10°—140°.
The high-temperature measurement was performed
using an Anton Paar HTK 1200N camera. The data
processing was performed using the Rietveld method
of full-profile crystal-structure analysis for polycrys-
talline samples [13] with derivative difference minimi-
zation refinement [14].

The specific heat data at temperatures ranging
from 300 to 1073 K were calculated by the “ratio
method” using a Netzsch STA Jupiter 449C differen-
tial scanning calorimeter equipped with a special sam-
ple holder for C, measurements following the proce-
dure reported in [12].

The thermal expansion was studied within the tem-
perature range of 100—1000 K using a Netzsch Dil-
402C inductive dilatometer in the dynamic regime at
heating and cooling rates of 3—5 K/min. The mea-
surements were performed in a dry helium flow (at
100—700 K) and “in air” (at 300—1000 K).

The specific volume and the unit cell parameters
measured at room temperature are presented in the
table. The X-ray diffraction analysis does not reveal
any traces of uncontrolled impurities.

The detailed study of GdCoO; [12] indicates that
the Curie constant C,;and the Curie temperature ©

y Ceff ,
3kp(T — Ocfr)
the Avogadro number and 2k is the Boltzmann con-
stant, for the molar magnetic susceptibility of Co**
ions depend on temperature. Both of them are related
to the probability nyg for charge carriers to occupy the

high-spin state and to the width Ag of the spin gap as

in the expression Y c, = N where N, is

Cerr = gZU%aS(S + Dnys,
JeocoZSIS +1)
@e — Y Co=Co Ay,
ff —3kB HS
where
_ _8us exp(-Ag/kgT)
1+ gps exp(—Ag/kgT)

nys
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Fig. 1. (Color online) Measured temperature dependence of the molar specific heat and volume thermal expansion coefficient,
as well as the calculated dnys/dT function characterizing the rate of filling for the high-spin state. The values of C, and the ther—
mal expansion coefficient § for LaCoOj5 are taken from [20, 21] and [10], respectively. For clarity, the values of dnHS/d T are mul-
tiplied by the factors corresponding to the specific chemical compositions. The lattice specific heat is shown by the dashed line

in Fig. la.

g = 2 is the purely spin Landé factor, [y is the Bohr
magneton, S = 2 corresponds to the spin state of Co**
ion, Jo,_c, is the exchange integral for a pair of cobalt
ions, and g5 = 15 is the degeneracy order of the °T5,
level. The explicit expression A(7T) = Ayl1 — (T/Ts)"],
where A, is the spin gap at 7= 0 and 7is the tempera-
ture at which the spin gap vanishes, for the spin gap
[10] approximates well the results of the magnetic
measurements with the parameters A, = 2300 K, 75 =
800 K, and n = 4 for GdCoO; [12] and A, = 164 K,
Ts= 230 K, and n = 2.97 for LaCoO; [10]. The
parameters A, n, and Tgfor La, _,Gd,CoO; (x=10.2,
0.5, 0.8) were determined in [15] by fitting the experi-
mental data on the magnetic susceptibility. These data
allowed us to calculate the temperature dependence
nys(7) for the population of high-spin states in the
compounds under study and to plot the dnyg/dT
curves (Fig. 1). To compare the positions of peaks, the
values of dnyg/dT were multiplied by the correspond-
ing factors.

The measured temperature dependence of the vol-
ume thermal expansion coefficient 3 obtained on
cooling and on heating is shown in Fig. 1. Appreciable
hysteresis phenomena are not observed. A good agree-

JETP LETTERS Vol. 103 No.9 2016

ment between several series of measurements is
obtained. For the coefficient B in La,_,Gd,CoO;
(x=0, 0.2, 0.5), we observe two smeared anomalies
(at low and high temperatures). Such anomalies were
studied earlier in undoped LaCoO; [8, 10]. We can see
that the low-temperature peak in the temperature
dependence of the thermal expansion coefficient cor-
relates with that in dnyg/dT (Figs. 1a and 1b), indicat-

ing its relation to the transition of Co’" ions from the
low- to high-spin state. With the growth of the gado-
linium content, both peaks move toward higher tem-
peratures. At the same time, the first peak moves
much faster and the peaks eventually merge at the
doping level x between 0.5 and 0.8. We use the Birch—
Murnaghan equation of state [16, 17] for estimating
the additional chemical pressure following the method
described in [18]. This pressure arises because of the
lanthanide compression. We have obtained the “criti-
cal” value P.~ 7 GPa of such pressure, near which the
low-temperature peak in the temperature dependence
of the thermal expansion disappears. The correctness
of such estimate for P is confirmed by the existence of
the second peak in PrCoO; and NdCoO; and by its
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Fig. 2. (Color online) Unit cell volume for La; _ ,Gd,CoO; e 20+
samples versus the doping level x and the corresponding _E r
values of the additional chemical pressure. The arrows ‘M 15+
indicate the unit cell volumes for PrCoO3;, NdCoO3, and = "
SmCo0Oj5. The measured values of the unit cell volume are 10~
shown by points and connected for clarity by the solid line. 2 5 '_
. - . 0r
absence in SmCoO; [9, 10]. The similar shift was - | | | |
obseljved earlier for _the series of La, _ ,Eu,CoOj; solid _50 200 400 600 300 ' 1000
solutions [19]. In Fig. 2, we show the dependence of T (K)

the unit cell volume in La, _ ,Gd,CoO; on the doping
level x and the corresponding values of the additional
chemical pressure.

The measured specific heat is illustrated in Fig. 1.
We can see that the high-temperature anomalies,
which are not related to the multiplicity fluctuations,
turn out to be quite significant at high temperatures.
To find the characteristics associated with these
anomalies, we divide the molar specific heat for
La,_,Gd,CoO; compounds into the regular compo-
nent (the crystal lattice contribution) C; and the
anomalous contribution AC. To determine the contri-
bution to the specific heat coming from the anharmo-
nicity and free electrons, we use a linear combination
of the Debye and Einstein functions supplemented by
the linear term C;(T) = aCp(T) + bCyx(T) + cT. For fit-
ting C;(T) to the results of measurements, we use the
data reported in [20] for LaCoO; within the tempera-
ture range below 40 K and above 450 K, as well as the
data for YbCoO; within the temperature range of 300—
510 K [21], where the anomalous contribution to the
specific heat is fairly small. The results for C,(7) are
shown in Fig. 1a by the dashed line. The anomalous
contributions for La, _ ,Gd,CoO; (x=0, 0.2, 0.5, 0.8,
1) are illustrated in Fig. 3a. Naturally, the model under
discussion is simplified and gives only a rough esti-
mate for the anomalous specific heat and for the cor-
responding anomalous entropy.

In the AS(7) plots for La, _,Gd, CoO; (Fig. 3b), we
can see two contributions to the entropy, which are

Fig. 3. (Color online) Temperature dependences of the
anomalous specific heat AC(7) and of the anomalous con-
tribution to the entropy AS(7) for La; _ ,Gd,CoO3 (x =0,
0.2.0.5.0.8, 1). For LaCoO3, AC(T) and AS(T) are shown
within the whole temperature range.

related to the changes in the spin and electron states,
respectively. The entropy for the La, ;Gd,,CoO; solid
solution is close to that corresponding to the high-
temperature anomaly in LaCoO;; the entropy for
La; sGd, sCo0O; has an intermediate value; i.e., the
contribution from the low-temperature anomaly is
observed; and the entropy for La;,Gd, 3Co0O; is close
to the sum of entropies characteristic of the low- and
high-temperature anomalies observed in undoped
LaCoO; and GdCoO; compounds. Similar features
can also be seen in the behavior of the total (Fig. 1) and
anomalous (Fig. 3a) specific heats with the growth of
the gadolinium content in La, _ ,Gd,CoO;.

The specific heat at constant pressure is the deriv-
ative of enthalpy W= E + PV with respect to the tem-

perature: C, = Cl/4 . The internal energy can be rep-
P

resented in the form E(7) nps(T) Exs(T)  +
n (TN E 4(T), where nyg and n; g are the populations
of the high-spin (HS) and low-spin (LS) states,
respectively, and Eyg and E g are the energies of these
states. Since #n; g = 1 — nyg, we find that E(T) = E; (T) +

JETP LETTERS  Vol. 103
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nus(DAL(T), where A(T) = Eyg(T) — Es(7) is the
so-called spin gap (the energy difference between the
HS and LS states). Similarly, the specific volume is
W(T) = Vis(T) + nysAV(T), where A(T) = Vys(T) —
Vis(T). Therefore, the expressions for the enthalpy
and specific heat have the form W = E; ¢ + nyAg +
PVis + PnysAV = Wig + nys(Ag + PAV) and C, =

IWys| . Ons (As + PAV) + an(aAS N PaAV)
aT |, | orT oT ~ oT
Here, % = C;;S is the specific heat of the system

P
in the LS state, which can be treated as a certain back-
ground value. Cobalt ions in different spin states have
different radii (ryg > r.g); therefore, the volume
change with temperature AV(7T) can be written as the
sum of two contributions. The first contribution is due
to the change in the unit cell volume related to the
spin-state transition in the system of transition metal
ions and the second one comes from the thermal
expansion of the crystal lattice or the anharmonicity:

AV = Vi + BusD — V(1 + BisT) = AV, +

TBusVie — BrsV,'Y), where V¥ and VY are the unit
cell volumes at zero temperature corresponding to the
HS and LS states, respectively, and By and B, g are the
thermal expansion coefficients. As a result, we have

aAV = Busiie — Bus¥ ¥ and C,— C}° = a§HS(AS+

JA 0
PAV) + nyg {_S + P(BHSVHS - BLSVL(S)) .
oT
At atmospheric pressure, we can neglect the terms
proportional to pressure. In this approximation, we

have C, — C;S ~ an%AS + nHSa;L;, i.e., the contribu-

tion related to the population of the HS state. On heat-
ing, all rare earth cobalt oxides and their solid solu-
tions undergo a smooth insulator—metal transition.
The additional electron contribution to the specific
heat can be approximately written as C,

1( E(T)
aT eEg(T)/ZkT +1

the insulating state. Earlier, in [12, 15], we calculated
the temperature dependences E,(T) and Ag(T) for sev-
eral rare earth cobaltites. In Fig. 4, we show the tem-
perature dependence for the sum of two contributions

(C,— C,*) + C, for (a) LaC0Os3, (b) LaysGd,,Co0s,
and (c) GdCoO;. We can see that the growth in the

gadolinium content leads to a shift to higher tempera-
tures of the low-temperature feature in the specific

j, where E,(T) is the energy gap in

heat C, — C;s associated with the thermally driven
population of the HS state. The shift occurs owing to
the decrease in the spin gap. Then, both contributions
to the specific heat gradually merge.
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Fig. 4. (Color online) Temperature dependence of two fea-
tures in the specific heat for (a) LaCoOj, (b)
Lao,ng0‘2C003, and (C) GdCOO3

The combined analysis of the specific heat and
thermal expansion of rare earth cobalt oxides and their
solid solutions demonstrate that their temperature
dependence exhibits characteristic anomalies related
to the filling of the high-spin states of cobalt ions and
to the additional electron contribution arising at the
insulator—metal transition occurring with the growth
of the temperature. With the decrease in the radius of
the rare earth ion or with the growth of chemical pres-
sure, the spin gap in these compounds grows and we
observe the shift of the low-temperature feature
toward higher temperatures and the gradual merging
of the two contributions to the specific heat. For the
whole LnCoOj series, the pressure dependence of the
spin gap is presented in Fig. 3 in [18]. For lanthanides
heavier than Gd, the spin gap exceeds 2000 K and
achieves a value as high as 3700 K for Lu. This explains
the stabilization of the low-spin state of cobalt ions
and the absence of low-temperature anomalies in the
magnetic and thermal characteristics. The calcula-
tions of the specific heat discussed above qualitatively
interpret the behavior of two features in the tempera-
ture dependence observed in experiment, thus sup-
porting our conclusions. The combined analysis of the
new experimental data on the thermal expansion and
specific heat of La, _ ,,Gd, CoO; solid solutions and the
corresponding calculations taking into account the
contributions coming from the multiplicity fluctua-
tions and metallization presented in this paper pro-
vides an opportunity to get a good insight into the
mechanisms underlying the absence of two peaks in
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thermal characteristics of the rare earth cobaltites with
heavy lanthanides.
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