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Abstract

The effect of substitution of Sr** ions for Gd®* ions on the phase composition, electrical
resistivity, thermoelectricity, and thermal conductivity of rare-earth cobalt oxides Gd;.Sr,CoO3.s
(x = 0.8 and 0.9) has been investigated. It has been determined that at the investigated
strontium concentrations, the single-phase disordered nonstoichiometric cubic perovskites and
superstructures with ordered Sr**/Gd** ions and anion vacancies can be formed. The influence
of ordering/disordering of Gd and Sr cations over crystal-lattice A- sites on the thermoelectric
figure of merit and sample stability at high temperatures has been studied. The thermoelectric
figure of merit of the disordered samples was found to exceed by far the analogous parameter
of the ordered samples, which allows us to consider the disordering as a way of improving the
thermoelectric parameters. Two contributions to the conductivities are discussed: high-
temperature thermoactivation and low-temperatures variable range hopping. The parameters
of the Mott electronic structure, including DOS N(gg), hopping energy € (the energy of hopping
conductivity activation), and hopping length R,, have been estimated

Keywords: substituted rare earth cobalt oxides, thermoelectric oxide materials, ordered
and disordered states

1. Introduction

The (A'1,A")B'1.,B",0,, compounds, where A" and A" are lanthanides, rare-earth, or
alkali metals and B’ and B" are transition metals, belong to the systems with strong electron
correlations, which have been in focus for the past few decades. These materials are interesting
for fundamental research and attract close attention by the diversity of possible iso- and
heterovalent substitutions and the potential of synthesizing compounds with the desired
physicochemical properties for application in various sensors, solid oxide fuel cells, catalysts,



thermoelectric and cathode materials, etc. [1-8] The physical properties of these compounds
have been discussed in a great number of experimental and theoretical works [9-16].

A key role in the formation of the properties of (A’A")BO;s perovskites is played by their
crystal and electronic structures and the nature of A and B cations. In most studies on the
interplay of the chemical composition of substituted perovskites and their physical properties,
the change in the magnetic behavior or transport properties upon heterovalent substitution in
the A- site (e.g., Sr** for La®*) was attributed to the occurrence of oxygen vacancies or the
change in the B-ion state. The combined electron, X-ray, and neutron diffraction study made it
possible to establish the conditions for forming single-phase rare-earth-substituted Ln;.
«SrCo03.5 (Ln = La® — Yb®*) cobaltites and showed the existence of a complex of tetragonal and
orthorhombic superstructures, the properties of which are determined by the cation type and
oxygen deficiency [17, 18]. During the Ln;,SriCo0Oss perovskites formation, different
equilibrium distributions of Sr** and Ln** ions can occur, depending on the ratio between ionic
radii of cations. In the elements Ln = La—Nd, the structure with the completely disordered
distribution of Sr*’/Ln’* cations over crystallographic A sites is stable at any temperature [17,
18]. The disordered Ln;,SryCoO3s.s perovskites can be obtained in the form of metastable phases
by quenching of the high-temperature phases [19]. However, despite a great number of works
devoted to the ordered/disordered perovskites, the consideration of the effect of order-
disorder transitions on the properties of materials is usually limited to the oxygen vacancy
ordering in the anion sublattice, whereas the comparative analysis of physical and chemical
properties at different cation distributions over A- sites is rarely met [19]. It is worth noting that
the ordering of Gd/Sr cations leads to the occurrence of specific heat and thermal expansion
anomalies and to the extraordinary magnetic behavior near 350 K [20]. Among a huge variety of
investigated materials, complex (A'A")Co0O3.s cobalt oxides with the perovskite structure hold a
special place. They are characterized by the Co®" ion multiplicity fluctuations [21], which lead to
the features in the magnetic, electrical, and structural properties [22] and make the physical
processes occurring in these compound more difficult to understand. The substituted rare-
earth cobaltites can also exhibit intriguing thermoelectric properties. The main characteristic of
a thermoelectric material is the thermoelectric conversion efficiency Z=520/k, where S is the
Seebeck coefficient (thermoelectric power), o is the electrical conductivity, and k is the thermal
conductivity, which is more frequently determined by the dimensionless thermoelectric figure
of merit ZT = S?0T/k (T is the absolute temperature). Thus, the high Seebeck coefficient and
electrical conductivity in combination with the low thermal conductivity are the necessary
characteristics of a high-quality thermoelectric material. The power factor P = S?c is determined
by the electronic properties of a material, while the thermal conductivity k = k. + kpp, is the sum
of the electron (k) and lattice (kyn) contributions. According to the Wiedemann-Franz law, the
electrical conductivity and electronic thermal conductivity are related as ke;= LoT, where L is the
Lorentz number [23-25]; therefore, the conductivity increases with the electronic thermal
conductivity, which complicates the enhancement of the thermoelectric figure of merit. Taking
into account that the ZT value can be optimized via reducing the phonon thermal conductivity,
here we investigated the effects of A-site cation ordering/disordering on the thermoelectric
and magnetic properties of Gd;,S5r«Co0Os.s (x = 0.8 and 0.9) and perform a comparative analysis
of these materials.



2. Experimental

Polycrystalline Gd;.,SrCoOss (x = 0.8 and 0.9) samples were synthesized from the
stoichiometric mixture of Co3z04 (99.7%, metals basis), Gd,03 (99.99%, REQO), and SrCOs (99.99%,
metals basis) oxides in an alundum crucible using a conventional ceramic technology in the
triple grinding-calcination cycle at a temperature of 1473 K for 8 h (24 h in total) in air. The
resulting product was thoroughly crushed in an agate mortar and pressed in discs 5 mm in
diameter and 1-2 mm in height or in bars 10x5x2 mm in size. Then, the samples were held at
1473 K for 12 hours. One part of the samples was slowly cooled in a furnace in air at a rate of 2
deg/min and the other part of the samples was rapidly cooled (tempered) at a rate of 30
deg/sec. Finally, all the samples were held at 773 K for 6 h to stabilize the oxygen content.

X-ray diffraction study was carried out using a PANalyticalX'PertPRO powder
diffractometer (Netherlands, CoKa); images were obtained in a HTK 1200N high-temperature
chamber (AntonPaar, Austria) in the 20 angle range of 10-140 deg. Lattice parameters were
determined from the positions of diffraction maxima using the ITO program [26]. The crystal
structure was refined by the full profile analysis of X-ray diffraction patterns using the Rietveld
method [27] and derivative difference minimization (DDM) [28].

The oxygen content was determined from the mass loss Am (%) [29] on a
NETZSCHSTA449C analyzer equipped with an AeolosQMS 403C mass spectrometer. The mass
loss was measured during sample reduction in the 5-% H,-Ar mixture flux upon heating to 1127
K at a rate of 10 deg/min, assuming cobalt to be reduced to the metallic state. The reduction
was performed in a corundum (Al,03) crucible with a perforated cover; the sample mass was
22+0.5 mg. To take into account the ejection force, we performed control measurements on an
empty crucible (zero line) under the same conditions. The determination error was 6 =+ 0.01.

The thermoelectric power and thermal conductivity measurements and electrical
resistivity determination by a four-probe method at 2-300 K were performed on a PPMS-9
Physical Property Measurement System (QuantumDesign, USA) equipped with special units at
the Center of Collective Use of the Lebedev Physical Institute, Russian Academy of Sciences.

Temperature dependences of the Seebeck coefficient and electrical resistivity in the
temperature range of 300-700 K were obtained on a thermopower and resistivity
measurement setup [30] at the loffe Physical-Technical Institute, Russian Academy of Sciences.

The discrepancy between the electrical conductivity data obtained by the four-probe
method and the thermopower values obtained on a PPMS-9 facility and a thermopower and
resistivity measurement setup at the same temperature (300 K) was no higher than 20 % for all
the samples.

3. Results and discussion

Gadolinium-strontium cobaltite Gd;.SryCoOs.s (x = 0.8 and 0.9) samples were subjected
to heat treatment in different regimes and had the identical chemical composition pairwise, but
different distributions of Sr**/Gd** cations and anion vacancies over crystal lattice sites (Fig. 1).
The samples heated to 1473 K in air represent a cubic perovskite phase with the uniform
random distribution of Sr**/Gd’" cations and anion vacancies over the corresponding crystal
lattice sites. Upon rapid (over 30 deg/sec) cooling from 1473 K, the uniform random



distribution of Sr**/Gd®" ions over the crystal lattice is frozen with the formation of a single-
phase metastable material with a cubic structure (Gd;. SryCoO;3.s-disordered). Upon slow (2
deg/min) cooling from 1473 K to room temperature, the lower-symmetry phase forms due to
the partial ordering of Sr*’/Gd** cations and anion vacancies, as indicated by the occurrence of
additional superstructural reflections (Gd;.Sr«CoOs.s-ordered). The tetragonal cation/vacancies
ordered phase formed was similar to that described in [31] for Ln;_,SrCoOs-s and the process of
Sr**/Gd®" cation ordering was studied by us in detail earlier [32]. The phase purity of tetragonal
perovskite was confirmed by precise XRD structural analysis and complete crystal structures of
the tetragonal ordered perovskites were refined using the DDM method [28] that has been
proven to provide detailed and reliable structural information from powder diffraction data
including the atomic coordinates and site occupancies. The method applied did not reveal in
the annealed samples any phase but tetragonal ordered perovskite. X-ray diffraction patterns
of the Gd;,SrCoOszs (x = 0.8 and 0.9) samples with the ordered and disordered Sr/Gd
distribution are shown in Fig. 2. The main properties of the samples are given in Table 1. For all
the investigated Gd;..S5r«Co0s.5 (x = 0.8 and 0.9) cobaltites, the 6 value of the ordered samples is
larger.

Figure 3 shows temperature dependences of the resistivity for the synthesized samples,
which exhibit a semiconductor character. Temperature dependences of the resistivity in the
heating/cooling regimes are fully identical. At temperatures below 100 K, the resistivity of the
ordered samples at fixed temperatures is much higher than that of the disordered ones. This
property is observed up to room temperature, at which this difference becomes smaller,
although remains over the entire temperature range (Inserts in Figs. 3a and 3b). Comparison of
the samples with different substitution levels shows that at the same ordering/disordering the
resistivity of the compounds with x = 0.1 is smaller than that of the compounds with x =0.2.

Figure 3 presents the temperature dependence of the resistivity. The higher resistivity of
the ordered samples can be attributed to the unit cell symmetry lowering at the transition from
the cubic to tetragonal lattice structure of the perovskite, which results from the partial
ordering of Sr**/Gd®* cations and anion vacancies. The similar increase in the resistivity (the
electrical conductivity drop) with the symmetry lowering from cubic to orthorhombic was
observed in undoped LnCoO; rare-earth cobaltites (Ln — lanthanide) with a decrease in the
average ionic radius [33] (upon isovalent substitution of one rare-earth ion for another [34]),
which is accompanied by a decrease in the Co-O-Co bond angles from 180 and overlap of 3d
Co® and 2p O” orbitals in the CoOg octahedron [35, 36]. The ordered samples had the larger
number of oxygen vacancies (over ) than the disordered ones at the same sintering condition,
which results in the lower carrier density (the lower conductivities). In addition, the higher
oxygen vacancy concentration can lead to an increase in the Co—O bond length and O-Co-0
bond angle from the ideal 180° bond angle, which causes a decrease in the overlap between
the 3d Co and 2p O orbitals and band widths.

In spite of the fact that the tetragonal phase has an ordered structure, nevertheless,
there is some disorder in the system which is due to the not rigidly fixed but more or less
preferable arrangement of ions in the crystal lattice sites. This leads to the appearance of tails
of the density of states of the valence band and the conduction band and the edges of mobility



[37] E,, and E, (Fig. 4a). The width of the band gap is defined as Eé"rd) =E, —E, . In the cubic

phase there is total disorder which also leads to the appearance of localized states in the
spectrum. Since a semiconducting resistance course is observed for disordered cubic samples at
low temperatures, they can be attributed to the intermediate-doped case, when the impurity
band is separated by forbidden regions from both the valence band and the conduction band or
by the region of localized states (Fig. 4b). Since the electrical resistivity of ordered samples at
low temperatures exceeds the electrical resistivity of disordered ones, we should expect that
ECTS WO

At the sufficiently high temperatures (T > 200 K), the resistivity of all the samples
exhibits the thermoactivated behavior In(p) = Au(E./ksT) (inset in Fig. 3). The fitting
parameters for the high-temperature range are given in Table 2. The activation energy E, is
about 0.05-0.1 eV; the value for the ordered samples is higher. As the temperature decreases,
the resistivity increasingly deviates from the linear law, i.e., does not agree with the data of this

1/4

model. The dependence of In(p) on T~ (Fig. 5) shows the variable range hopping (VRH)

behavior of all the compounds. The general hopping conductivity expression is p(T) =
B

kpN(ep)g3’
where N (er) —is the density of states (DOS) at the Fermi level,  is the localization length, B=21
is the constant, and kg is Boltzmann constant [38]. Ignoring the temperature dependence of

AVRH-exp(Tg/T)1/4. Here, To— is the Mott conductivity characteristic temperature T, =

pre-factor Ay, we fitted the low-temperature resistivity data and found that the linear
correlation coefficient R rises in the VRH regime, which strongly supports the investigated
model. For example, for the ordered Gdy,5rpsCo03s sample, a straight fitting these curves
yields R = 0.9887 for the activated mode and R = 0.9997 for the VRH mode. Assuming the
carrier wave function to decay with a decrease in distance r as ¢ ~ exp(-r/¢), the Mott VRH
works when the hopping length exceeds the localization radius (R, > £). The Mott electronic
structure parameters, including the DOS N(gf), hopping energy &€ (the activation energy

determining the hopping conductivity), and hopping length R, were estimated at temperatures
1

of T = 65 for Gdp 15rp9Co0s3.sand T = 87 K for GdySr9gCo0s.5as R, = %SK (%)Z' € -

RN Ger)’
where the localization length & was taken equal to the Bohr radius ro= 3 A. The N(gg) values are
about 10%°-10%*, which is typical of conventional oxides (Table 3). The energy required for
carrier transport between two localized states with different € values was found to be ~0.01 eV.
The carriers moved within the hopping interval Ry, which is larger than the localization length &
by a factor of almost 10.

Figure 6 shows temperature dependences of the thermal conductivity k (Fig. 6a) and
Seebeck coefficient (thermoelectric power) S (Fig. 6b) for the ordered and disordered Gd;.
xSrCo03.s samples. With an increase in temperature, the thermoelectric power of all the
samples changes its sign from negative to positive, and, for the disordered samples, the
transition temperature, as well as the absolute values of maxima, are much higher than those
for the ordered compounds. The maximum S value is observed in the disordered Gdy ,5rygCo03.
ssample and amounts to 110 puV/K at 235 K; S = 0 at T = 98 K. The higher thermoelectric power
of the disordered samples is most likely due to the fact that the mobile oxygen amount in the
metastable cubic cobaltites is higher than in the stable tetragonal forms [19].



The thermal conductivity increases with temperature and the Gdp,SrpsC003.s
compounds are characterized by the almost linear monotonic dependences, while the thermal
conductivity of Gdy 1Srp.9Co03.sincreases sharply near 175 K.

Figure 7 shows temperature dependences of the electronic thermal conductivity
calculated using the Wiedemann-Franz law k. = LoT, where L = 2.44 x 10® V2K is the Lorentz
constant for the degenerate electron statistics [25]. It can be seen that the k., values increase
monotonically with increasing temperature and are not large; therefore, the main contribution
to the total thermal conductivity in the investigated temperature range is made by the thermal
conductivity of the lattice.

Figure 8 shows temperature dependences of the dimensionless thermoelectric figure of
merit for the ordered and disordered Gd.,SrCoOs.s samples, which were calculated using the
experimental electrical resistivity, thermoelectric power, and thermal conductivity data. In the
obtained dependences, the maxima are observed at T = 284 K for the Gdy,SrysCo03.s-
disordered compound (ZT = 0.057), at T = 179 K for the Gdy, ;SrysCo03.s-disordered compound
(ZT =0.006), at T =300 K for the Gdy ,5rysCo0;3.s-ordered compound (ZT = 0.002), and at T = 248
K for the Gdp 15rp.9Co03.s-ordered compound (ZT = 0.0005). It can be seen that the maximum
figure of merit of the disordered samples significantly exceeds the figure of merit of the
ordered samples. The differences by a factor of almost 30 for Gdy ,Srp.sCo03.s and by a factor of
more than 10 for Gdy 1Srp.9Co03.s are observed. These results allow us to consider fabrication of
disordered metastable cubic cobaltites to be a way of improving the thermoelectric figure of
merit of such samples.

To estimate the quality of low-temperature data and verify the sample stability in the
high-temperature range (T > 300 K), we measured the resistivity and thermopower of the Gd;.
xSryCo03 s-ordered (x = 0.1 and 0.2) samples in the inert atmosphere (Fig. 9). The measurements
were performed in the helium (He-99.99%) atmosphere in the heating and cooling regimes. The
difference between the data obtained on different facilities under different conditions in the
docking temperature range of 300-318 K lies between 5-20 %, which indicates the good
measurement quality. The absence of discrepancies in the behavior of electrical resistivity and
thermoelectric power at high temperatures in the heating and cooling regimes speaks about
the high stability of the ordered Gd;.,Sr,Co0O3.s (x = 0.1 and 0.2) compounds.

4. Conclusions

We synthesized Gd;,S5rCo0;3.s (x = 0.8 and 0.9) gadolinium-strontium cobaltite samples
with the identical chemical composition and different Sr’/Gd** cation and anion vacancy
distributions over crystal lattice sites: (i) random uniform Sr**/Gd®* distribution with the
formation of a metastable single-phase material with a cubic structure (Gd;,SryCoOs.s-
disordered) and (ii) partial ordering of Sr*’/Gd* cations and anion vacancies with the formation
of a tetragonal superstructure (Gd;.SryCoOs.s-ordered). The resistivity and thermal conductivity
of the samples with Sr**/Gd’®* cations disordered over the crystal-lattice A sites are
systematically lower than those of the partially ordered samples, while the Seebeck coefficient
of the former samples is, vice versa, much higher.

We discussed the two contributions to the conductivities: thermoactivation at high
temperatures and variable range hopping at low temperatures.



The maximum thermoelectric figure of merit of the disordered samples exceeds by far
the figure of merit of the ordered samples. The ZT value for disordered Gd, ,SrpsCo0s s is larger
than for the ordered sample by a factor of almost 30. The ratio for Gdy,;5rg.9Co03.s is 12. These
results allow us to consider fabrication of the disordered metastable cubic cobaltites as a way
of improving the thermoelectric figure of merit in similar compounds. The maximum figure of
merit ZT = 0.057 obtained for the Gdy ,SrysCo0s3.s compound at T = 284 is good for ceramic
samples of this type (the thermoelectric conversion efficiency is Z= 2 * 10” K™). The absence of
discrepancies between the behavior of electrical resistivity and thermoelectric power in the
temperature range of 300-700 K in the heating and cooling regimes is indicative of the high
temperature stability of the ordered Gd;.,SrCoO3s.s (x = 0.1 and 0.2) compounds.
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TOC: Temperature dependences of the dimensionless thermoelectric figure of merit of the
ordered (stars) and disordered (circles) Gd;..SrCoO3.s samples.



Fig. 1. Schematic of (a) the ideal cubic structure and (b) the structure ordered over the A sitesof
the Ln;,SrCoOs.s (Ln = Sm, Gd, Dy, Y, Ho, Er, Tm, Yb) double perovskite [31]. White and black
circles indicate A sites and octahedra show B-cation positions. Oxygen ions/anion vacancies are
located at the octahedra apexes. 02 marks the primary oxygen vacancy localization in the

ordered structure.
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Fig. 2. X-ray diffraction patterns of (1) Gdy,SrosCoOszs at T = 1473 K, (2) Gdy.2Sr0.sCo03.5-
disordered at T = 298 K, (3) Gdy.,SrosCo0s.s-ordered at T = 298 K, and (4) Gdp.1Sro.9Co003.s-
ordered at T = 298 K. X is cubic perovskite structure reflections and * is the superstructural

reflections of the tetragonal perovskite.
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Fig. 3. Temperature dependences of the cobaltite resistivity. Insets: resistivity data plotted as
In(p) versus 10°/T. The straight line shows the activated behavior of Gdy :5r0.9C003.s at high
temperatures.



Fig. 4. Scheme of the density of states of tetragonal ordered (a) and cubic disordered (b)
perovskites Gd;.,Sr,Co0s, x = 0.8, 0.9. The valence band, the conduction band, and the impurity
band are shown by a solid line. The dotted line shows the tails of the density of states, and the
dashed line marks the edges of mobility.
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Fig. 5. Dependence of the resistivity on 1/T1/4. It can be seen that the variable range hopping

model fits well the obtained data. The straight lines are linear fits. The fitted parameters are
given in Table 1.
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Fig. 6. Temperature dependences of (a) the thermal conductivity and (b) Seebeck coefficient for
the ordered (stars) and disordered (circles) Gd;.,SrvCoO3.s samples.
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Fig. 7. Temperature dependences of the electronic thermal conductivity for ordered (stars) and
disordered (circles) samples Gd;,SrvCoO3.s.
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Fig. 8. Temperature dependences of the dimensionless thermoelectric figure of merit of the
ordered (stars) and disordered (circles) Gd;.xSrCoO3.s samples.
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Fig. 9. Temperature dependences of the resistance of (a) the ordered Gd, ,SrysC00s.s and (b)
Gdy.1Srp.9C003.s samples in the heating (light triangles) and cooling (dark triangles) regimes.
Inserts: similar data on the thermoelectric power.



Table 1. Structure, nonstoichiometry (8) (298 K), and disordering temperatures (Toq.dis) of the

Gd145rCo03.ssamples

X 5] State Lattice a, A b,A |c A Tord-dis, K
0.2 0.29 | disordered | cubic 3.8342 (6)
0.2 0.37 | ordered tetragonal 7.6785(2) 15.3981 (5) | 1383
0.1 0.31 | disordered | cubic 3.8462
0.1 0.33 | ordered tetragonal 3.8428 7.7203 ~1263
Table 2. Fitting parameters for the thermoactivated and VRH conductivities

Thermoactivated regime VRH regime

(200 < T< 300 K) (T< 160K)
Ager107 (Q-cm) E. (eV) Avru(Q-cm) To-10° (K)

Gdy.1Srp.9C00;3.s-disordered 3.27+0.02 0.049+0.001 | (55.56+5.64)-10° | 0.77+0.03
Gdy.15r0.9C003.s-ordered 0.93+0.03 0.086+0.001 | (6.78+0.66)-10° 2.7410.07
Gdy;SrpgCo0; s-disordered 5.23+0.08 0.051+0.001 (3.081-0.19)-10'8 10.33+0.15
Gdy.;Srp.sC00;3.s-ordered 1.38+0.03 0.106+0.001 | (0.16+0.08)-10° | 47.38%5.52

Table 3. Low-temperature Mott parameters DOS N(gr), hopping energies €, and hopping lengths
Ry for Gdo,15r0.9C003.5 (at 65 K) and Gdy.»Sro.sCo0s.5 (at 87 K) for a localization length of =3 A

N(er) (evtecm™) | e€(eV) | Rn A
Gdy,.15r0.9C003.s-disordered 11.74-10% 0.013 | 11.73
Gdy,15r0.9C00;.s-ordered 3.31-10%" 0.017 | 16.11
Gdy,25r0.5C00;.s-disordered 8.74-10%° 0.030 | 20.88
Gdy,25rgsC003.s-ordered 1.91-10% 0.044 | 30.56




