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Abstract—A coordinated investigation of the magnetic and electrical properties of polycrystalline cobalt oxide
compounds CdCoOs, Gd, ¢Ba, ;C005, and Gd,) ¢St ;C00s is carried out. Undoped GdCoO; reveals a low con-
ductivity; a magnetic moment of 7.4 uz per molecule, which is less than the theoretical value for the Gd** ion;
and an asymptotic Curie temperature of —6 K. Doping GdCoO5; with barium and strontium to substitution of
10 at. % Gd brings about an increase in the conductivity and magnetic transitions at 7 = 300 K for
Gdj¢Baj 1Co0O5 and T'= 170 K for Gd, oSt ;CoO5. The magnetization anomalies imply the formation of mag-
netic clusters. The behavior of the electrical conductivity at high temperatures suggests a variable activation
energy. At low temperatures, Mott hopping conduction sets in.

PACS numbers: 72.80.Ga, 75.25.+z, 71.30.+h
DOI: 10.1134/S1063783407080161

1. INTRODUCTION

Cobalt oxide compounds based on LaCoO; have
been attracting unwaning interest for over half the cen-
tury as materials exhibiting a variety of unique physical
properties, among them the appreciable magnetoresis-
tance [1], anomalous behavior of the magnetic suscep-
tibility [2, 3], thermopower [4—6], thermal expansion of
the crystal lattice [7], and metal-insulator transitions
[8-10]. A rich diversity of nontrivial physical effects
manifests itself in compounds of this series in both iso-
and nonisovalent substitutions of the rare-earth element
[11-15].

The recent increasing interest in cobalt oxides stems
from their promising application. The LnCoO;-based
compounds, where Ln stands for the lanthanum (Ln) or
a lanthanide (Y, Sm, Gd, Ho, etc.), can be used to
advantage in solid-state fuel cells (SOFC) [16], hetero-
geneous catalysts, oxygen membranes, and gas sensors
[12]. The fairly large thermopower generated in cobal-
tites of rare-earth metals gives grounds to consider
them as a viable alternative to traditional thermoelectric
materials [17]. The availability of new spin and orbital
degrees of freedom as compared to conventional semi-
conductors promises a broader spectrum of rare-earth
metal cobaltite applications in semiconductor electron-
ics and spintronics.

Considered from the standpoint of basic physics,
LaCoOs;-based compounds are model materials to
explore the part played by strong electronic correla-
tions, hybridization, and charge and orbital ordering in

formation of electronic states. Despite the more than
half-a-century-long history of investigation of cobalt
oxide compounds, some points in the nature and degree
of stability of both the ground and higher-lying elec-
tronic states still remain subjects of debate.

The electronic state of a transition metal ion remains
usually fixed, i.e., the total quantum number J, as well
as the number of electrons in the 3d orbitals, has prede-
termined values. In the oxides under study here, the
cobalt ion may not only reside in different valence
states but have different spin states for a fixed valence.
In many cases, the spin state of the cobalt ion varies
with temperature. This transition is accompanied by a
variation of the transport and magnetic properties. The
nature of the ionic state and its effect on the physical
properties are problems of fundamental importance in
the investigation of the cobalt oxides, which is inti-
mately connected with the existence of low-, high-, and
intermediate-spin states.

The crystal field acting on a single CoOg4 octahedron
splits the 3d orbitals into two e, and three ,, degenerate
levels separated by 10 Dq. The 3d shell of the ion con-
tains six (five) electrons for Co** (Co*"). The Hund’s

4 2 . . .
rule suggests the #,,¢, electronic configuration with a

spin S = 2 to be preferable for Co*, and t;ges with the

spin S = 5/2, for Co**. The Hund energy J}; and crystal-
field splitting 10 Dg compete. If neither energy domi-

. . 5 1 .
nates, one may conceive of the configuration 7,,e, with
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the spin S = 1 and 7, . e;, with § = 3/2 for the Co* and
Co* ions, respectively. The electronic states of the Co**

. . . . 6 0 5 0
(Co*) ion with electronic configurations e, (1r.e,),

t;geg (tsgeg ), and tgge; (tgg e; ) are called the low-spin
(LS), the high-spin (HS), and the intermediate-spin (IS)
states. It is the competition among the LS, HS, and IS
states that gives rise to the unique transport and mag-
netic properties of LaCoQO; and related compounds.

It is known that, at low temperatures (7' < 100 K),
LaCoOs; is a nonmagnetic insulator with cobalt ions in
the LS state. Many experimental studies dealing, for
instance, with polarized neutron scattering [18] and
Night shift [19], demonstrated that above 100 K the
spin state of the Co** ion changes, but its character has
not thus far been established. The Tanabe—Sugano dia-
grams make a crossover between the LS and HS terms
in a d° ion with a crystal field change of 10 Dq possible
[20]. By contrast, experiments suggest rather the inter-
mediate spin state [2].

In addition to a decrease in the temperature, the LS
state can be stabilized also through application of an
external [21-23] or chemical pressure [24] by replacing
the lanthanum with another element with a smaller
ionic radius. This should be attributed to the record-
high compressibility of the Co—O bond in cobalt oxide
compounds [21]. It was suggested [25] that in all com-
pounds of the LnCoO; series, with the exclusion of the
case with Ln = La, the Co** ion remains in the nonmag-
netic low-spin state up to room temperature. This sug-
gestion was substantiated experimentally [15, 24].

Despite a large number of publications dealing with
cobaltites of rare-earth metals, only the basic com-
pound LaCoO; may be considered presently as studied
well enough; note, however, that even this material,
more than half a century after the beginning of its inves-
tigation, continues to plague the researcher with novel
unexpected effects. Indeed, quite recently it was found
that even a very low doping of LaCoQO; with strontium,
for substitution concentrations x < 0.005, brings about
a strong change in its spin state [26]. Experimental data
on other members of the LnCoO; series are fairly
scarce, particularly in the low-temperature domain. At
the same time, adequate knowledge of the properties of
these compounds is needed to increase their application
potential. The present publication reports on an experi-
mental low-temperature study of the GdCoO; com-
pound with partial substitution of the rare-earth ion
with the Ba and Sr divalent ions.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

The polycrystalline samples were prepared by the
sol—gel technology [9], in which the cobalt and gadolin-
ium nitrates taken in stoichiometric ratio were dissolved
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Fig. 1. Fragments of the x-ray diffraction patterns of (/)
GdCOO3, (2) Gdo.gBa0'1C003, and (3) Gd0.9$r041C003
samples.

in deionized water and dried subsequently at 90°C for 6
h. The powder samples thus obtained were annealed at
300°C in air, pressed, and annealed again. In this way,
GdCo0;, Gd,¢Baj ;CoO; and Gd,¢Sry;Co0O; samples
were prepared. The pressed samples were rectangular
parallelepipeds measuring 4 X 2 X 1 mm.

The x-ray diffraction patterns of the samples were
obtained on a DRON-4 diffractometer.

We measured thermopower at room temperature,
temperature dependences of the electrical resistivity
from 80 to 400 K, temperature dependences of static
magnetization within the temperature range of 4.2—
300 K, and magnetization curves at different tempera-
tures in magnetic fields of up to 12 kQOe.

The electrical resistance of the samples was mea-
sured between clamp-on contacts applied with indium
amalgam. The ohmic nature of the contacts was
checked by monitoring the /-V characteristic. The sam-
ple with contacts was placed in a glass gas-flow cry-
ostat fixed between the poles of a laboratory magnet
and blown around by a properly controlled jet of the
cooling gas. The electrical resistance was measured by
the standard four-probe technique.

The sample magnetization was determined with a
computerized vibrating-coil magnetometer with a
superconducting solenoid.

3. EXPERIMENTAL RESULTS
3.1. Crystal Structure

X-ray diffraction showed all the samples to have an
orthorhombic distorted perovskite-like structure typical
of compounds of the LnCoQO; series. The lattice parame-
ters found agree with literature data [27]. Doping brings
about redistribution of peak intensities in the diffraction
patterns, which indicates additional lattice distortions
caused by introduction of the impurities. For compari-
son, Fig. 1 shows fragments of the diffraction patterns
corresponding to the scattering angles 20 = 32°-36°.
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Fig. 2. Temperature dependences of the magnetization and
the reciprocal of the magnetic susceptibility of GdCoO; in
the magnetic field H = 1 kOe.

3.2. Magnetization

Figure 2 displays the temperature dependence of the
magnetization M(T) of an undoped GdCoO; sample in
a magnetic field H = 1 kOe. The magnetization
increases strongly at low temperatures. On the whole,
the M(T) graph is monotonic and has no features. The
dependence of the reciprocal of the magnetic suscepti-
bility is well fitted by a straight line, thus permitting one
to derive the asymptotic Curie temperature 0, = -6 K
and the effective magnetic moment per formula unit,
Uegr = 7.381, where Ly is the Bohr magneton.

Figure 3 plots magnetization lines of a GACoO; sam-
ple at different temperatures. In fields of up to 12 kOe, all
these dependences are fitted by straight lines.

In contrast to the undoped GdCoO; compound, the
temperature dependences of magnetization of the
doped Gd,Ba;;CoO; and Gd,¢Sr,;CoO; samples
exhibit clearly pronounced features in the form of max-
ima near T,,,,; = 250 K for the first, and 7,,,,, = 100 K
for the second sample. Figure 4 plots these relations for
a magnetic field H = 1 kOe. The temperature at which
the magnetic transition sets in is approximately 300 K
for Gd, oBa, ;Co0; and 170 K for Gd,, ¢St ;C00O;. As is
seen from a comparison of the M(T) curves for
Gd, 4Ba; ;Co0O; obtained in different fields (Fig. 5), the
maximum in M(7) is most clearly pronounced in weak
magnetic fields. The FC (field-cooled) and ZFC (zero-
field-cooled) curves also behave in different ways. Fig-
ure Sa displays the temperature dependence of the
reciprocal of the magnetization of the sample, which
scales as 1/y. This dependence is nonmonotonic, passes
through a minimum at 7= 246 K, and is practically lin-
ear at the temperatures 280-300 K corresponding to the
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Fig. 3. Magnetization lines of GdCoOj at different temper-
atures.

onset of the magnetic transition. Approximation of the
linear part of the graph yields 6, = 276 K for the asymp-
totic Curie temperature and 2.07uy for the effective
magnetic moment per molecule.

At low temperatures, the behavior of M(T) of the
barium-doped gadolinium cobaltite approaches that of
the undoped GdCoO; sample, but the magnetization
of the doped sample measured at 4.2 K in different
fields is higher by 11-13%, a hardly expected obser-
vation, because 10% of the Gd** ions possessing a
large magnetic moment are replaced in this sample
with nonmagnetic Ba>*. The temperature dependence
of the reciprocal of the magnetic susceptibility of
Gd, ¢Bay CoO; follows at low temperatures the Curie—
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Fig. 4. Temperature dependences of the magnetization of
Gd, gBaj ;CoO3 and Gd ¢Sry ;CoO5 in the magnetic field
H =1 kOe and the reciprocal of the magnetic susceptibility
of GdothanCoO}
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Weiss law, just as that of GdCoO; does (Fig. 4). The
low-temperature linear part of the straight line approx-
imating the 1/y course yields for the asymptotic Curie
temperature 0, = -5.5 K and [ = 7.48p, values close
to those for the undoped sample, but the magnetic
moment of the molecule in this case is slightly larger.
As the temperature increases, one observes deviations
from the Curie—Weiss law, starting from 7 = 85 K. The
decrease in the slope of the tangent to the curve corre-
lates with the increase in the magnetic moment with
temperature.

Far enough from the critical temperatures corre-
sponding to the maximum in M(T), the dependences of
the magnetization of Gd,¢Ba, ;CoO; on magnetic field
H are very nearly linear, just as for GdCoO;. In the
vicinity of the temperature 7T,,,, ;, however, the magne-
tization curve exhibits a hysteresis loop. These loops
are shown in Figs. 6a—6d for four different tempera-
tures. The magnetization does not undergo a distinct
jump in the vicinity of the coercive field.

Similar hysteresis loops in magnetization are
observed for the GdoSry;CoO; sample at tempera-
tures near 100 K (Fig. 7). The only difference from the
barium-doped sample consists in that, in the low-tem-
perature domain, the loop does not disappear down to
T =4.3 K. Besides, the magnetization of the strontium-
doped sample at this temperature is the largest as com-
pared to the other two samples and exceeds by about
30% that of the undoped sample.

3.3. Electrical Conductivity

Thermopower measurements show all the samples
under study to have p conduction.

Measurements of the electrical resistivity revealed
that the undoped GdCoO; sample has a fairly high
room-temperature resistivity (p ~ 105 Q m), which
grows still more with decreasing temperature. Thus, at
low temperatures undoped GdCoO; may be classed
among dielectrics. Our value of the electrical resistivity
at room temperature is higher than the one reported ear-
lier for GdCoOs; in [8], which apparently should be
assigned to different technologies of sample prepara-
tion followed and, hence, different oxygen vacancy
concentrations, which affect strongly the resistivity.
The state of grain boundaries is also of considerable
importance, because we deal here with polycrystalline
granular materials. The electrical resistivity of the
Gd, ¢St ;Co0O; sample at room temperature is, in order
of magnitude, p ~ 102 Q m, and that of the
Gd, 4Ba, ;CoO; sample, ~10~' Q m.

The resistivity of doped samples grows markedly
with decreasing temperature. Figure 8 plots the natural
logarithm of the electrical conductivity ¢ = 1/p as a func-
tion of the reciprocal of the temperature 10%/T for the
Gd, 4Ba, ;Co0O; and Gd, 4Sr, ;CoO; samples. We readily
see that the graphs deviate substantially from the simple
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Fig. 5. Anomaly in the temperature dependence of the mag-
netization of Gdj gBag ;CoO3 in magnetic fields H = (a) 0,
(b) 0.1, and (c) 1.0 kOe. Panel (a) shows the temperature
dependence of the reciprocal of the magnetization.

law of activated conductivity ¢ = 6, exp(-A/kT) (A is the
activation energy, and k in the Boltzmann constant)
which would require the lines in Fig. 8 to be linear. The
varying activation energy is attributed [28] to anoma-
lous temperature-induced expansion of the lattice in
LnCoO; compounds. The temperature dependences of
the activation energy calculated [28] as a derivative of
the o(7) relation and of the linear expansion coefficient
o correlate well. Both these curves pass through a max-
imum in the 400-800-K region, depending on the lan-
thanide ion. Because our measurements were con-
ducted at lower temperatures, no maximum was
observed in the A(T) graph; as for the low-temperature
behavior of this quantity, it correlates with the data of
[28]. The temperature dependence of the activation
energy A derived from the slope of the tangent to the
curves in Fig. 8 is shown graphically in Fig. 9. The
room-temperature values of A found to be 0.17 and
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Fig. 6. Hysteresis loop in the magnetization of Gdj gBaj ;CoO5 at different temperatures.

0.24 eV for the Gd;¢Sr,;Co0; and Gd,¢Ba,;Co0O;

samples, respectively, are close to the value A ~ 0.2 eV
obtained in [28] for GACoO; at the same temperature.

The thermal expansion of the lattice was studied in
[28] for temperatures above 100-150 K. It was shown
that, at low temperatures, the linear expansion coeffi-
cient is small and that it depends on the temperature
weaker than is the case with the high-temperature
region. The high values of the electrical resistivity,
combined with the presence in the lattice of randomly
distributed substituting alkaline-earth ions, suggest
Anderson localization of carriers in the samples under
study and the onset of Mott variable-range hopping
(VRH) conduction described by the expression [29]

6 = 0y exp(-To/T)".

PHYSICS OF THE SOLID STATE  Vol. 49

The quantity 7, defines the characteristic hopping-con-
duction temperature, and the value of the constant Gy,
depends on the magnitude of electron-phonon cou-
pling. Figure 10 plots InG vs. temperature raised to —1/4
power. We readily see that the Mott law describes quite
satisfactorily the experimental data obtained at temper-
atures T < 300 K. At higher temperatures, as supposed
in [28], a transition from the Mott law of conduction to
the activated regime with a variable activation energy
apparently takes place.

4. RESULTS AND DISCUSSION

Our experimental studies of the cobaltite GdCoO;
and of doped GdCoO;-based compounds have revealed
specific features in the behavior of the magnetic prop-
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Fig. 7. Hysteresis loop in the magnetization of Gd, ¢Sr; {CoO3 at different temperatures.

erties of these materials. As for the undoped compound
GdCo0Os;, we have in mind its low-temperature magne-
tization, because the stoichiometric compound contains
magnetic ions of two kinds, the trivalent gadolinium
and cobalt. If we assume, as discussed earlier, that in
the temperature region involved, all trivalent cobalt
ions reside in the nonmagnetic LS state, then the total
observed magnetic moment should be attributed to the
practically noninteracting Gd** ions. In the absence of
interaction, the system under study should behave
purely paramagnetically, with 8 = 0 K and the theoreti-
cal value U = 7.94 pg. Experiment reveals, however,
negative values of 6 and a substantially smaller value of
Ueg- A similar behavior of magnetic systems containing
Gd** ions, i.e., a combination of a reduced magnetic
moment with negative values of the paramagnetic Curie
temperature, was observed more than once in Gd,0Os-
based oxide glasses [30-33]. As follows from our stud-
ies and data reported in [30-33], Gd** ions in the sys-
tems studied, rather than being fully isolated from one
another, interact, with this interaction containing an
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antiferromagnetic component. The exchange interac-
tion J quoted in the literature is, as a rule, not large.
Indeed, calculations [31] performed in the model of a
conventional Heisenberg antiferromagnet yielded J/k =
—0.135 K, while our result is J/k = -0.1 K.

Deviation from stoichiometry is known to play a
major part in formation of the properties of metal
oxides. This mechanism is particularly significant in
polycrystalline materials. Compounds in the LnCoO;
series are, as a rule, oxygen deficient [14, 34]. It was
shown, for instance, that annealing of St 775Y2,5C005
samples in an oxygen environment brings about a radi-
cal change in their magnetic properties [15]. Charge
neutrality considerations suggest that breakdown of
stoichiometry by the formation of oxygen vacancies
should give rise to creation of divalent Co?* ions in the
GdCoO; lattice. These ions can apparently act as nuclei
of antiferromagnetic microregions in the compound
under study.

The reduction of the Gd** magnetic moment as
compared to its theoretical value may be caused also by
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crystal field splitting of its ground state, the octet 3S,.
Experimental observation of this splitting by paramag-
netic resonance and its possible mechanisms are dis-
cussed in [35]. While both the experimentally observed
and the theoretical value of the splitting does not
exceed 1 K, it can affect the low-temperature magneti-
zation through activation of the spin—orbit interaction.

The totality of experimental data on the magnetiza-
tion of the Gd, yBa, ;CoO; sample indicates that, at low
temperatures, 7 < 100 K, it approaches in behavior the
undoped sample, but the absolute values of the magne-
tization reached were found unexpectedly to be 1-13%
larger. To preserve charge neutrality, the nonisovalent
substitution of divalent barium for the trivalent gadolin-
ium should bring about creation of an equivalent num-
ber of Co** ions, as well as of holes which initiate fer-
romagnetic ordering in the regions where they appear.
In these conditions, the ground state of Co** and of the
neighboring Co** ions may be not the low-spin one,
because nonisovalent ions appear primarily in the
vicinity of local lattice distortions, while the crystal
field depends critically on interatomic separation.

Thus, doping with barium cannot be reduced simply
to the effect of diamagnetic dilution. The formation of
quadrivalent cobalt ions should give rise to new kinds
of exchange interactions. It is the onset of magnetic
order in Gd, 4Ba; ;Co0O; and Gd,, ¢St ;CoO5 samples at
T =290 K for the former and 7= 170 K for the latter
compound that substantiate the existence of these inter-
actions. This phenomenon is characteristic of com-
pounds in the LnCoO; series, in which doping with
strontium and barium can bring about spin-glass and
even ferromagnetic ordering [13-15, 36]. The record-
high magnetic ordering temperature observed is 335 K
forY,_,Sr,CoO; [36].

A similar magnetic phase transition initiated by sub-
stitution of gadolinium with barium was observed ear-
lier for the Gd, sBa, sCoO; compound [13]. The transi-
tion to the magnetically ordered phase in
Gd, sBa; sCo0O; occurs at a temperature very close to
the one observed for Gd,¢Baj;CoO;, which suggests
the same strength and, probably, the same nature of the
exchange interaction in these two materials. The
exchange interaction is J/k ~ 90 K. The maximum mag-
netization in Gd, sBa,sCoO; at T,,,,; ~ 250 K is, how-
ever, 18 (!) times larger than the value obtained by us
for Gd,¢Ba; ;Co0O;. This may probably imply forma-
tion of extended ferromagnetically ordered clusters
around divalent alkaline-earth elements.

5. CONCLUSIONS

While information on the static magnetization is
clearly insufficient for precise establishment of the
nature of magnetic ordering in Gdy¢Ba,;CoO; and
Gd, ¢St ;CoO; in the vicinity of the critical tempera-
tures, the temperature and magnetic field dependences

PHYSICS OF THE SOLID STATE Vol. 49 No. 8 2007
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of the magnetization suggest that we are dealing here
most probably with the cluster spin-glass state rather
than with volume ferromagnetism.

One could point out more than one mechanism that
could be responsible for the formation of the magnetic
state in LnCoQj; involving alkaline-earth substitution.
First, introduction of an alkaline-earth ion with a large
ionic radius brings about a local lattice distortion and,
hence, a change in relative magnitude of crystal field
10 Dg and the Hund exchange energy Jy, which may
initiate a change in the spin state of the cobalt ions. Sec-
ond, an increase in the hole concentration and appear-
ance of Co** ions under nonisovalent substitution of a
rare- with an alkaline-earth one should create new
kinds of exchange interactions. Finally, this violation of
sample stoichiometry caused primarily by the presence
of oxygen vacancies gives rise now to formation of the
divalent cobalt Co**. The possibility of the onset of
charge and orbital ordering in doped rare-earth metal
cobaltites was also considered [10]. Thus, the GACoO5-
based compounds considered here can support simulta-
neous existence of cobalt ions in different valence and
spin states. The sign and strength of exchange interac-
tions depend strongly on interatomic distances, there-
fore, systems with local disorder created by oxygen
vacancies and dopants will be governed by exchange
interactions of opposite signs. We see that, at low tem-
peratures, GdCoO; and Gd,,Ba,,CoO; samples are
dominated by antiferromagnetic interaction manifest-
ing itself against the background of the conventional
gadolinium 4f paramagnetism, while about the critical
temperatures of 170 and 290 K magnetic order with a
ferromagnetic component sets in Gd,¢Sr, ;CoO; and
Gd, ¢Ba; ;Co0O; compounds.

As for the electrical conductivity, the doping-
induced hole creation should certainly give rise to its
growth, exactly what is observed experimentally both
in the present and in the preceding studies [14, 16]. No
clearly pronounced transition of the metal—insulator
type is, however, observed in the systems studied,
because at the dopant concentration chosen (x =0.1) the
conduction band holes reside apparently predominantly
in magnetically ordered clusters around the impurity
and the percolation threshold has not yet been reached.
At low temperatures, the local disorder caused by the
impurity favors the onset of Mott variable-range hop-
ping conduction. Above room temperature it is appar-
ently the activated mechanism of conduction that dom-
inates. The activation energy grows with increasing
temperature due to the anomalous linear thermal expan-
sion of the crystal lattice.
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