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ABSTRACT

The review is devoted to the conductive properties of the multielement compounds such as lanthanum and erbium cobaltites. These
properties are associated with a dopant-controlled interaction of the delocalized electrons with the local magnetic moments. It is considered
the basic physical mechanisms that determine the transport properties of perovskitelike materials. It is given main experimental results for
lanthanum and erbium cobaltites, and it is considered the influence of the polycrystallinity factor of samples on their galvanomagnetic

properties.
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1. INTRODUCTION

A large class of compounds with strong electron correlations
(SEC) includes materials based on transition metals with incom-
plete d or fatomic orbitals. The strong localization of these orbitals
in space leads to a significant interaction between electrons, in
contrast with the case of s or p electrons, and the inapplicability of
the approach of free electrons. The interaction of the spin, charge,
and orbital momentum of d or f electrons in such materials makes
them extremely sensitive to external influences such as tempera-
ture, magnetic field, pressure, or doping. This leads to the appear-
ance in such compounds of unique electronic and magnetic
properties. The most well-known and studied effects in the com-
pounds with SEC are the effect of a colossal magnetoresistance in
manganites' and the high-temperature superconductivity in
cuprates.” However, these are not all intriguing phenomena that

are observed in the strongly correlated systems; in addition to the
above, one can distinguish the following effects: the metal-insula-
tor transition,” charge ordering,” phase separation,”” ferroelectric-
ity and others. At the same time the polycrystallinity of the
samples, which is typical for granular composites such as ceramics,
plays a role in the appearance of these effects.”'” In general, the
mechanisms of transport of charge carriers in materials with SEC
can be divided into two types — intragranular mechanisms of
electron correlation and intergranular tunneling mechanisms,’
which leads to a mixed or hybrid conductivity. Since most of the
multicomponent compounds are synthesized in the form of granu-
lar ceramics, the important task for practical application is to find
out the mechanisms of intergranular tunneling and influence the
geometric and spatial parameters of crystallites to these mecha-
nisms. Such variety of phenomena in materials with SEC has
already led to a numerous technological solutions, and there is no
doubt about success of their further application in science and
technology.

Like in other perovskites electronic and magnetic properties of
the cobaltites are determined by Co—O—Co bonding. However,
the doping cation affects inclination and rotation of the octahedron
CoOs, and any deviation of the Co—O—Co of 180° reduces the
probability of carrying the e, electron and the width of the conduc-
tivity zone. In the case of the SrCoO; compound, the crystal struc-
ture is cubic, and the Co—O—Co bond angle is 180°. Accordingly,
this compound exhibits a metal behavior up to the lowest
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temperatures.'' The reduction of the doping ion radius distorts the
lattice and changes symmetry from cubic to rhombohedric or
ortho- rhombic with corresponding reduction of the Co—O—Co
bond angle.'” This takes place in the ReCoO; compounds, where
Re is a trivalent rare-earth element. In those compounds the
metal-insulator transition is observed at the temperature which
depends on the radius of cation Re."” The one of the latest reviews
dedicated to the different properties of the cobaltites is written by
B. Reveau and M. M. Seikh.'*

2. LACOO; (LCO)

LaCoQ; as the initial compound of the group La;_,Sr,CoO; is
typical broadband cobaltite. The crystal structure of this compound
is a distorted perovskite lattice with a rhombohedral symmetry (R3c)
at 300 K. The rhombohedral distortion arises due to the cooperative
rotation and compression of the octahedron CoOg along the axis
[111] through the displacement of the oxygen atoms. It should be
noted that the structural distortion decreases with a temperature
increasing, and above 1610 K, the lattice becomes cubic.””

Measurement of the bond gap in LaCoO; is conflicting,
various experimental techniques yield different results.'® However,
it was reported that in LaCoO3 an optical gap for carrying charge
~ 100-200 meV, and a spin gap, which is defined as the difference
between splitting by crystal field and Hund’s exchange ~10-
80meV.'""” As a result, at 0K, all of the Co ions are in the
low-spin state (tggeo), and LaCoO; is a diamagnetic insulator
(p>10Qcm).”” When  the temperature rises above 30K, the
thermal energy transfers some of the t,, electrons to the e, level
and the ions of Co are transferred to a higher spin state with a
magnetic moment. This spin transition occurs in the temperature
range from 30 to 100 K, and manifests itself as an increase in the
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magnetic susceptibility in this temperature range [Fig. 1(a)].
However, despite the fact that above 100 K Co ions have a magnetic
moment, the long-range magnetic order is not observed, and the
susceptibility corresponds to the paramagnetic Curie-Weiss behav-
ior. In addition, in the low-spin state, LaCoO; should exhibit a
weak diamagnetic response () <0), but the experiment shows an
increase in magnetic susceptibility when the temperature is lower
than 30K [Fig. 1(a)]. This behavior was explained by surface
effects,”’** local moments of oxygen vacancies” or other impuri-
ties. With regard to electronic transport, LaCoO; remains a
semiconductor up to a temperature of 500K, at which the
insulator-metal transition takes place [Fig. 1(a)]. The high-
temperature metallic ground state is due to an increase in the
amount of delocalized charge carriers and the closure of the charge
gap, which is similar to the case of hole doping.”* The last investi-
gations indicates the symmetry change in the Co 3d electron-orbital
states at around 500 K, which reveals the electron transfer from ,,
to e, orbitals similar to that of the spin crossover around 100 K.
The magnitude of the difference Compton profiles exhibits a steep
increase at 500 K, implying a cooperative character of the 500-K
spin-crossover phenomenon. The difference Compton profiles
show an increment of the characteristics of hybridization between
Co 3d and O 2p orbitals, which suggests the development of the
molecular orbital formation.”” The metal-insulator transition corre-
sponds to the plateau depending of the magnetic susceptibility on
the temperature, and the metallic state again obeys the Curie-Weiss
law [Fig. 1(a)]. Despite the fact that spin transition is clearly
observed in the range of 30-100 K on the magnetic susceptibility
curve, it is not so pronounced in transport measurements, correlat-
ing only with the peak of a magnetoresistance at 80 K in the field
9T, which is due to the inhibition of dispersion by strong magnetic
field at the spin disorder [Fig. 1(b)].”°

(b)

AL LaCoO,
H=90kOe

1 1 1 1 1 1 L
40 60 80 100 120 140
T,K

FIG. 1. (a) Temperature dependence of the specific resistance of the LaCoOs single crystal (top panel). Magnetic susceptibility of the same sample (lower panel)." (b)
The peak of the negative magnetoresistance at 80 K in the LaCoOj polycrystalline sample.?®
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3. LA;_xSRxCOO3 (LSCO), (LA; _xSRx):_v
AG,COO3(LSACO), LA,_yAG,COO3 (LACO)

The introduction of Sr in the LaCoOQ3 lattice greatly affects its
properties, both structural and electronic. The ion radius Sr** is
greater than the ion radius La*', so the average radius of the
doping ion increases, while decreasing the rhomboidric distortion
of the lattice. For x=0.5 the thombohedral symmetry changes by
cubic Pm3m at 300 K. This results in a change in the Co-O-Co
coupling angle to 180°.”” Effectively doping with strontium reduces
the transition temperature from the rhombohedric symmetry to the
cubic symmetry from 1610 K to 300 K.

The effect of doping with strontium on electrical properties is
slightly more complicated. The replacement of trivalent lanthanum
with divalent strontium converts the corresponding amount of
Co®" into the Co*" state and introduces a hole in the system.
Within one of the models, it is assumed that Co**, through a
smaller ion radius, draws neighboring oxygen ions, which in turn
leads to the disappearance of the spin gap in the nearest Co>" ions,
contributing to the Jan-Teller stabilization of the intermediate spin
state (ISS), while the Co** ions remain in the low spin state (LSS).
The double exchange between the ISS Co®* and LSS Co** ions,
which differ in 1 e, electron, delocalizes a e, hole within these seven
ions, thus creating a magnetic polaron with a large spin quantum
number.'””*" Yamaguchi et al reported a large spin of this
polaron S=10-16, indicating the possibility of the existence of a
high spin state (HSS).'” In light doping conditions (x = 0.04), these
spin polarons remain isolated and weakly interact, but they are
noticeably manifested in the low-temperature part of the susceptibil-
ity, in which a paramagnetic contribution appears below 100K."”
Experiments on the elastic neutron scattering’>"' suggest the pres-
ence of such polarons. It should be noted that this does not mean
the complete disappearance of the spin transition — the LSS ions
still exist in the unperturbed region. Most likely, their weak diamag-
netic signal is invisible in the background of a much larger paramag-
netic moment of ions in the ISS. Schematically, such magnetic
polaron is depicted in Fig. 2(a),”” and its influence on the suscepti-
bility of weakly doped compounds is shown in Fig. 2(b)."" Several
models were proposed to describe such system (for example,
Ref. 32), and qualitatively they all separate material on ferromagnetic
metallic and non-ferromagnetic insulating regions with the existence
of percolation above a certain critical level of doping.

When doping with strontium exceeds the critical value of
x=0.04, the polaron density becomes quite high for their integra-
tion and the formation of ferromagnetic cluster enriched with
holes. These clusters are in an isolating matrix, which, nonetheless,
contains separate polarons and a mixture of ISS Co®*/LSS Co**.
Such a phase separation into ferromagnetic clusters and a nonferro-
magnetic matrix is independently confirmed by methods of
small-angle neutron scattering,”” nuclear magnetic resonance,”™’
inelastic neutron scattering””"® and electron spin resonance.”’ In
practice, the phase separation in electrical transport manifests itself
as an intracluster giant magnetoresistance.”” Usually, metals with a
long-range ferromagnetic order exhibit an anisotropic magnetore-
sistance, which changes the sign when the angle between the
transport current and the applied magnetic field is changed.”’ In
the system La;_,Sr,CoO; with phase separation and isolated
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FIG. 2. (a) The schematic representation of the magnetic polaron detected in
Lay_,Sr,Co03 with weak doping.”” (b) The magnetic susceptibility of weakly-doped
crystals Lay_,Sr,Co0; exhibits inhibition of the low-temperature fall of susceptibilty.

ferromagnetic clusters, electrical transport is carried out by means
of jumps between clusters. This conductivity is maximal with the
parallel orientation of the spins of all clusters and minimal at
random orientation of spins. This leads to a large negative isotropic
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magnetoresistance in strong magnetic fields, which is similar to the
effect of the giant magnetoresistance, which is observed in artifi-
cially created multilayers and granular metals." ™" Figure 3 illus-
trates spin-disordered La;_,Sr,CoOj clusters in the phase separated
mode and an example of a giant magnetoresistance in a single
crystal La;_,Sr,CoOs5 with x=0.15.""

With increasing x, clusters increase in size, and for a critical
value of x=0.18 there is a sufficient overlapping between them to
form a percolation grid through the entire material. At this point,
in spite of the fact that the phase separation remains, in La;_,Sr,
CoO, there is an insulator-metal transition and the material begins

to behave like a ferromagnetic metal. The phase separation in the

. . . 30,4
metallic state is confirmed by nuclear magnetic resonance.’”"’

(b) MIT
oF 90} b
L T=10K ol 10 =
~10F g7 [111] - 10,8
—20Fx=0.15 30 | =
S, 300 0.0 0.05 0201-04 |
S —dof R
g L —1-0.6 E
_s0f 1 <
6ol 1-0.8 E
_ :'“ T |
0r Y R S

-100 50 0 50 100 150
H, kOe

FIG. 3. (a) lllustration of spin-disordered cluster state La;_,SryCoOs. (b) Giant
negative magnetoresistance of La;_,Sr,CoO; single crystal with doping level
x=0.15. The insert shows the evolution of the magnetoresistance with an
increase in the level of doping.”
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The phase separation exists up to x=0.22, at which the material
becomes a homogeneous ferromagnetic metal. However, in poly-
crystals above x = 0.22, the non-ferromagnetic regions are observed
by the method of nuclear magnetic resonance, and are explained
by non-stoichiometry of the grain boundaries. As temperature
rises, the long-range ferromagnetism evolves into ferromagnetic
clusters of small size, with subsequent transition to a homogeneous
paramagnetic state.””

The experimental data presented above are in good agreement
with the NMR "*’La studies.”® Figure 4 shows the phase diagram of
the La;_,Sr,CoO5 system from Ref. 49.

The properties of granular systems may differ, and sometimes
radically, from the properties of single crystals of the same compo-
sition. For example, polycrystals of ferromagnetic materials such as
Lag 7Sr93sMnO3, CrO,, Fe,Os, exhibit a large magnetoresistive effect
in small magnetic fields below the ferromagnetic transition temper-
ature. At the same time, under the same conditions, the magneto-
resistance of single crystals is much smaller or nonexistent.”’™> It
is clear from this fact that the giant magnetoresistance in such
systems is the result of the granular nature of the samples. And,
consequently, it should depend on the geometric and spatial factors
of the internal structure, such as the size of the particles, their
shape, the density of the packaging (porosity), etc.

T,K
700+
TV
600+
500- Oxygen deficiency
Semiconductor
400 Co(III) — Co(iii) Metal
300+
2004 Co™/Co = const. TMI
T pasrlzllzr?;-g. Ferromagnet
_.+h\.. .
1009 g ™7 2 (clusters + matrix)
U ~a.. -
spm-
Co(I}‘I)/A/A;Il?S: .
T T I
0 0.1 0.2

FIG. 4. The phase diagram of the La;_,Sr,CoO3 system from Ref. 49.
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In Fig. 5 it is shown the temperature dependencies of the resis-
tance of samples of lanthanum cobaltites LACO, LSACO and

LSCO differently doped with strontium and silver (dopant concen- 2 R =1
trations are shown in the figure). It can be seen that the hole y
doping with strontium, and not silver, radically changes the con-

ductivity of undoped perovskite cobaltite LCO, which typically g

shows semiconductor temperature behavior, similar to the behavior - B=0

approximately equal concentration of silver a samples resistance
varies greatly when strontium is introduced. For example, at

v
[}

of curve I. Thus, by comparing curves 1 and 2, we see that for QE*' L1 40 100 200 300
\EN
89

LSCO= >

T~ 100K, the resistance Ry of the samples with similar geometric 1.0k
parameters varies almost 10* times, and in units Ry / Rspox — 107 ’
times. L
Moreover, the decreasing in amount of silver which would
have increase the resistance of the samples, only an increasing in 0.9r | | | adaa ‘[‘ | |
tbe. quanFity of strontium deepens the n}etallic behavior of conduc- 0 ' 20 ' 40 ' 60 ' 30 ' 100 ' 120
tivity. It is observed over almost the entire temperature range below
300K except the low temperatures (30-60K), where minimum T,K
appears — the transition to nonmetal behavior. Apparently, this is
confirmation of the insignificant role of silver electrons in exchange FIG. 6. Minimum on the temperature dependence of a normalized resistance of
processes involving oxygen ions, possibly due to significant activa- the hole-doped cobaltites LSCO and LSACO at level of lanthanum substitution

by a strontium x~0.35 at B=0 and B=0.5T. On the insert — temperature

tion energies, which are confirmed by weak reactive and oxidative 54.55

abilities of this element, at least in the composites of the chemical
composition under consideration. Thus, the work™ is point out to
the high stability of Ag towards formation of Ag doped oxides

dependence of the LSACO resistance.

upon solid-state synthesis from Ag and oxide precursors. In Fig. 6 it is shown the low temperature part of the curves
It should be noted that the transition from metal to nonmetal with a transition from metal to nonmetal behavior of the conduc-
behavior was observed in massive granulated samples of the cobalt- tivity. The minimum on the dependencies R(T) means existence in
ite LSCO with grain size 1 um (Fig. 6). In the similar composition the corresponding temperature range the competing mechanisms
samples, but with the grain size of about 50 um, those minimum is of the electron correlations with comparable in magnitudes contri-
not detected.”” This indicates that the effect is due not so much to butions to the conductivity. This allows to conduct not only quali-
the hole doping level, but to the structural features, such as size tative, but also quantitative analysis of the nature of the observed
and density of grain distribution. minimum, since it facilitates the self-matching of parameters that
are used to describe the experiment by competing theoretical
models.
The concept of two contributions to conductivity — intra-
and intergranular — is chosen. The complete resistance of the
r Q 1 -LayAg,,Co0, system, normalized to the resistance of the sample at T'= T%, is rep-
1000 F \ resented as
F \ 2 — (La g5570,15)0.75A &0 25C005
| ] 3 = (Lag 65570 35)0.05A 80.05C005 (R(T))Y(R(T*)) = [G‘;1 + G;s}’T]T/<pT*>;
. 100k 4 — Lay ¢5S1,35C00; (1)
S N Ggispr = <0g;ISPT>,
g L
w . where G is the conductance as averaged over granular ensembles
& 10k -'l..‘ corresponding intragranular (G) and intergranular (Gyspy) contri-
. butions to the specific conductivity ¢ (the angle brackets mean
L -~. N -~-_. averaging), pp- — specific resistance at normalizing temperatures
! —_ -I-I-I-I-l-lgi. 5 o T* =4.2 and 300 K.
: o M The systems (Re)SCO (Re — trivalent rare-earth element) can
L{wmeeppeep-6—%"%" " i be represented as two-phase electronic systems.'” The conductivity
0 50 100 150 200 250 300 of one of the phases, the matrix (Re)CO, can be characterized by

T.K the thermoactivation mechanism of the semiconductor type osm
(for example, the Mott mechanism), and the conductivity of the
other phase, the sublattice SCO opp by the mechanism of the
double ferromagnetic exchange™ between conduction electrons of
the various valence ions of cobalt. It should be noted that direct

FIG. 5. Resistance of the hole-doped cobaltites, normalized to the resistance at
300 K, depending on the temperature.>***
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observation of double exchange in ferromagnetic La, ;Sr;3CoO; by
broadband ellipsometry was reported in Ref. 59, confirming that
the double exchange plays a major role in the ferromagnetism of
doped cobaltites. As a result, the intragranular contribution to the
conductivity will be written as oy = 0y, + opg and the conduc-
tance of the granule as a whole is written in the form

Oy = Ogy + Opg = o(1,)exp(—A/T) + (0e?lah)(Tc/T), 2)

where o = |Co*"|/|Co®"| is the proportion of Co*" ions, T¢ is the
Curie temperature, T, — room temperature, @ — lattice parameter,
h — Planck constant.

A parallel contribution to the conductivity of a granular mag-
netic system can be introduced by the intrinsic intergranular mech-
anism based on the principle of intergranular spin-polarized
tunneling (ISPT).”*" This model assumes that for tunneling
through the boundary between two granules with antiparallel mag-
netization an electron have to get over the potential barrier of the
order of the exchange energy E,,. As a result, the probability of tun-
neling, and the intergranular conductivity, are reduced by the
factor exp (—E,/kT) in comparison with the case of the ferromag-
netic orientation of the granules magnetization vectors. As shown
in paper Ref. 62, the model assumes a sharp change in the conduc-
tivity already in small magnetic fields ~0.1 T, if the initial (in zero
field) distribution of the directions of magnetization of the granules
was random (paramagnetic). However, it is obvious that this effect
would be absent if the distribution in the zero field was initially
close to antiferromagnetic (AFM). As will be seen below (Fig. 8)
the magnetic fields up to 10 T have practically no effect on the con-
ductivity of the samples with x = 0.35, which suggests an antiferro-
magnetic interaction of the granular magnetization in the zero field
in these samples. The indications for AFM exchange between gran-
ules are also in works Refs. 62-64.

In Ref. 62 the expression for the intergranular conductivity of
two granules due to the tunneling of spin-polarized electrons have
been obtained:

orspr < (1/2)(ny +np)[1 + P? cos 6], 3)

where the polarization coefficient P = (n; + n))/(ny — n)); nj, iy
— the densities of states of electrons at the Fermi level with spin
“up” and “down”, respectively. Expression (3) establishes the
dependence of the intergranular conductivity on the angle ©
between directions of magnetization of adjacent granules.
Following the so-called n—n conductivity models (in the nearest
neighbors), Eq. (3) was averaged on the magnitudes cos 6 and on
the probabilities of tunneling between the two pairs of the nearest
ones neighbors for the entire ensemble of granule systems, and also
it was taken into account the temperature dependence of the proba-
bility of tunneling thermoactivated charge carriers and the AFM
interaction of the granules.’”*"**"° Tt allows present intergranular
management in the form of:

Gispr = {o5pr(0 < T < T¢)) = [p,_,(U)] ™! [1 — P*(cos 6)], (4)

ARTICLE scitation.org/journal/ltp

where angle brackets mean averaging; U — height of the
intergranular  potential  barrier;  p,_,(U) = py 4+ BT>%;°>
(cos8) = coth(J/T) — (J/T)™ — spin correlation function

(81 - $,);°7% J — exchange energy of AFM interaction; p, — resid-
ual resistive contribution of n—n interactions in the unactivated
mode.

By combining Eqs. (2) and (4) in accordance with (1), it can
be obtained the complete (normalized) impedance of the sample
represented by solid curves in Fig. 7. Calculating these curves, it is
considered that the temperature behavior of the intragranular con-
ductivity can be quite general for the granular cobaltites. The com-
parison of the calculating and experimental data in the region of
the resistance minimum for the studying samples (Figs. 7 and 8)
gives grounds for the conclusion that the proper conductivity of
the granules in various samples with similar stoichiometry is deter-
mined by practically universal transfer mechanisms. At the same
time, the position and depth of the minimum under these condi-
tions depend mainly on the probability of intergranular tunneling,
which is characterized by intergranular resistance p,,_,, (U) that is,
from the values py and B. Although it was used p,_,, (U) in the
form proposed in Refs. 66 and 67, at the end of the temperature
interval with a minimum, the experimental curve exhibits a stron-
ger temperature dependence p,_,, (U) than in the case of taking
into account only the spin-wave term T2, Perhaps this indicates
the presence of a temperature dependence of the density imbalance
of carrier states with different spins, which is not taken into
account here. Thus, the two contributions concept reflected in the
Eq. (2), not only qualitatively, but also with an acceptable accuracy,
describes quantitatively the temperature behavior of the resistance
of the cobaltites samples at x = 0.35 in the region of the minimum.

Figure 7 separately shows the own contribution of the granules
(curve 3, SM + DE), the intergranular contribution (curve 2, ISPT)

{) SM+DE+ISPT

Q-o0.
L 000000 0-00-0-0-0

1 | L |
0 20 40 60 80 100 120
T,K

FIG. 7. Normalized resistance with minimum (open circles) and theoretical
curve calculated by the formula (1) (solid line 1) for the sample LSACO
(x=0.35, y=0.05). The intragranular contribution (curve 3) and the intergranular
one (curve 2) are shown separatelsy. Curve 4 is a spin correlation function for
AFM interaction of the granules.>**
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FIG. 8. Temperature dependencies of the resistance of samples with similar
geometric sizes of cobaltites LSCO (x=0.35) and LSACO (x=0.35, y=0.05)
for B=0 (curves 1 and 3) and in the applied magnetic field 10 T (curves 2
and 4).>°

and the spin correlation function for AFM interaction of the gran-
ules (curve 4), by means of which curve 2 for LSACO compound
was calculated, as well as the calculated total curve 1
(SM + DE + ISPT), passing through the experimental points.

The dependencies R(T) of the ceramic cobaltites LSCO and
LSACO samples in the external magnetic fields B=10T, as well as
in the zero magnetic field are shown in Fig. 8. It can be seen that
even the strong magnetic field practically does not change the posi-
tion of the minimum, and the negative magnetoresistance does not
exceed 6%. From the numerical calculations, it follows that the
effective field = 2uzH/|J| with B=10T and |]|/kB ~ 100K is
approximately 0.07. This is too low value to observe the difference
between the temperature dependencies of conductance in the mag-
netic field and without it. A similar behavior was observed in man-
ganites in the effective magnetic field up to 0.5.°°" In other words,
the energy of exchange interaction in cobaltites, which determines
the AFM ordering at those temperatures where the resistance
minimum is existing, is much greater than the magnetic energy in
the 10 T field.

4. ER,_xSRxCO3 (ESCO)

Erbium cobaltite (ESCO) synthesized by the standard
three-phase technology confirmed the presence of polyhedral dis-
tortions of the cubic lattice, leading to the formation of an ortho-
rhombically distorted structure of the type Pbnm (prototype
GdFeO;). A similar structure was observed in cobaltites with
golmium.*” Basic the crystallographic unit — the octahedron CoOg
— is rotated in the plane xy and inclined to the z axis. The pres-
ence in the perovskite structure of a rare earth ion with a
reduced ion radius (in comparison with La) leads to the bending of

ARTICLE scitation.org/journal/ltp

Co-0-Co coupling at an angle of 28° and a decrease in length
Co-O bond, induced by reduced chemical pressure.”’

The study of the evolution of the electrical properties of
erbium cobaltites in a wide range of concentrations of dopant Sr
(from 0.25 to 0.99) allows us to qualitatively link the behavior of
their conductivity to intragranular mechanisms. The experimentally
observed temperature dependences of the specific resistance for the
samples of almost all concentrations demonstrate a semiconductor
behavior. An exception is only the sample Erg;Srg99CoO;_s, for
which there is a narrow temperature range of the metallic behavior.
Figure 9 shows the temperature dependencies of the specific resis-
tance of the erbium cobaltites samples (ESCO) in a wide range of
the concentration parameter x. As can be seen from this figure, the
low-temperature behavior of the conductivity is substantially non-
linear and is closely related to the concentration of bivalent Sr. As
in other cobaltites,”' the behavior of the conductivity of the pre-
sented samples does not correspond to the behavior of the conduc-
tivity of a single-phase system and, in particular, is not described
by the Arrhenius function for a purely semiconductor system.

It is also evident that at high temperatures the temperature
behavior of the conductivity is strongly, and also not monotonically
depends on the concentration of doping cations (Fig. 10). As in the
case of low temperatures, conductivity can not be described by one
universal function, for example, only a function of the activation
(hopping) type, which also testifies to the heterophasicity of the
system and the explicit competition several types of the exchange
interaction, one of which is indirect ferromagnetic coupling
through conduction electrons, known as double exchange.’®

From curves in Figs. 9 and 10 it follows that the optimal con-
ditions for the manifestation of the coupling of this type are real-
ized in the range of concentrations 0.85 <x<0.99, in which the
monotonic change in conductivity with the change in x is inter-
rupted and a minimum resistance is achieved (at x=0.95 with
selected change step x).

103 - —+— Ery75515,5C00;, 5
: —o— Er; 551935C005 5
) F
107 F —*— Er) 5515,45C00; ;5
1 01 o —— Erg45515,55C00; ;5
g . i —a— By 3551 65C00; 5
g 10 £ —o— Ery,5519,5C00; 5
@) 10—1 C —x— Er; 1551955C00; 5
a F —a— Er1; 551, 6sC00; 5
-2r L
10 ¢
- /_——.
-3r
10 ¢
b —— Ero 01sr0 99C003 5
10 E . . .
0 140 160 180

l/T, 10°K"

FIG. 9. Temperature dependences of the specific resistance of the ESCO
samples in the wide range of the Sr concentration.”
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FIG. 10. High-temperature (T;) behavior of the curves shown in Fig. 9, in the
coordinates of Mott's thermoactivated conductivity. Symbols for the correspond-
ing x values are the same as in Fig. 9.

In this concentration range, the conductivity is so far from the
semiconductor that it allows it to be measured over a wide temper-
ature range up to helium temperatures (up to 6K), whereas for
other concentrations it is not lower than 50 K. Figure 11 shows that
at the upper edge of the indicated concentration interval, the tem-
perature dependence of the conductivity (1/T) acquires a nonmo-
notonic form: with the temperature decreasing, at T= 150K the
conductivity passes through the minimum, and at T~50K —
through the maximum. In this connection, it can be assumed that
in the discussed interval x, at least at low temperatures (T < 50 K),

1200}
1000
Er, Sr CoO,
800
= H=0
é 600
8 hh\iO\O\o\o
= 400 B\ \o\x:0.99
© 200 A\Z\ o\
\ S— A= mp\m = A
0 x=0.85 x=0.95
_.50|K.|.[.|.|.|.|.6|K
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
UT, K"

FIG. 11. The temperature behavior of the conductivity of the ESCO system in
the concentration range 0.85 < x < 0.99.">
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such anomalous behavior of the conductivity, indicating the pres-
ence of a metal-dielectric transition, must be associated with a
rather high role of the double exchange mechanism, which com-
petes with the direct antiferromagnetic exchange coupling between
the magnetic moments of the d orbitals of cobalt ions.

Taking the concept of a two-phase system, the conductivity of
the system can be presents as the sum of the contributions of the
hopping mechanism (for example, Mott mechanism) and the
double exchange mechanism, that is, in the form (2). In Fig. 11 it is
shown the experimental values of conductivity as a function of
inverse temperature for concentrations 0.85<x<0.99 with a
dashed curve describing the experimental data accordingly to the
expression (2). The values of the fitting parameters are as follows:
a=5142 A;° Tc=160K; A~ 50K; o(T,) = 1600 (Qm)~"; (ce’/ah)
T~ 1000 K/(€ m). This expression describes well the temperature
dependence of the conductivity at temperatures below 50K for
those concentrations where the double exchange is the most signifi-
cant and the transition metal-isolator takes place. Also from this it
follows that the proportion of Co** ions involved in the double
exchange in order of magnitude is o ~ 10™* —107°. Comparing the
ratio o,,,/opg at the edges of the temperature range, it can be seen
that in the mentioned interval of the values x the metal-insulator
transition is realized:

Gsm

12-1073(6K)

N { 30(50K)

ODE|x=0.95

These ratios clearly demonstrate the simultaneous presence of
antiferromagnetic (AFM) and ferromagnetic (FM) phases in the
given system. Wherein the metallization is a consequence of the
increasing contribution of the FM phase, which reduces the energy
of the system, and is the result of self-consistent rearrangement of
the corresponding spin configurations AFM — FM by free carriers.

Unlike, for example, from narrow-band hole doped four-
component perovskite-like structures such as lanthanum manga-
nites, the ESCO system with a smaller width of the e, multiplet of
the d band”*”” leaves little hope for an outstanding magnetoresis-
tive effect. However, this effect, although not “colossal”, still in
some cases can reach tens of percent. There are two characteristic
concentration regions where the magnetoresistance effect is signifi-
cant. This is an area near x~ 0.5 and an area x> 0.8, where the
most radical changes in the temperature behavior of the conductiv-
ity of the samples are observed in the absence of a magnetic field.
The important feature of the studying system is the change in the
sign of the magnetoresistance during the transitions from one char-
acteristic region x to another and from the range of temperatures
T, to the range Ty in the region x> 0.8. Since in “dirty” oxides,
which include ceramic specimens, the dynamic properties of the
carriers are practically not detected, the observed magneto-
resistance effects in perovskits, should reflect the phenomena
directly related to the correlation of electronic states as a result of
the doping, the temperature change or the applying of a magnetic
field, which determine one or another configuration of the mag-
netic moments of the ions.

It is reasonable to assume that the magnetoresistance in ESCO
becomes noticeable (> 5%) in those regions of concentration where
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FIG. 12. Field dependencies of the magnetoresistance of the ESCO system
with x = 0.45 at several temperatures.’”

the magnetic order undergoes critical changes and its character
becomes sensitive to the external factors, in particular, to the mag-
netic fields of insignificant magnitude. This is a good illustration of
Fig. 12, which shows the dependences of the magnetoresistance on
the magnetic field not higher than 4kOe for x =0.45. Comparing
the behavior of the magnetoresistance in two temperature intervals,
T, (lower curves) and Ty (upper curve), we see that, when Ty, the
dependence on the magnetic field has a practically “switching”
character: when the field is about 1kOe, the conductivity falls by

60
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50F b ¥ T
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FIG. 13. Temperature dependencies of the magnetoresistance ARIR, = [(R/
Ry)~"] with Sr concentration range 0.85<x<0.99 in the magnetic field 4 kOe.
The probable magnetic phase transitions are marked by arrows.””
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almost 17% and then it remains at least 4 kOe, and in the T, region
it smoothly depends on H within the range of 5-7% with a differ-
ent sign. Such a difference in the behavior of the magneto-resistive
effect is possible in the radical distinctions of the character of the
magnetic ordering of structures in the regions of T, and Ty. The
same conclusion follows from the concentration dependences of
the magnetoresistance.

The most plausible assumption is the presence of the para-
magnet < ferromagnet phase transition in the Co** /Co** ions
system with an ordering temperature Tc~ 160K, which is esti-
mated from the position of the upper fracture on the curves of the
magnetoresistance versus temperature (right arrows in Fig. 13).
This assumption is also confirmed by the fact that the greatest
value of the magnetoresistance (~ 60%) obtained at H=4kOe is
achieved precisely with x =0.85. This is that interval of the dopant
concentrations, where in the absence of a magnetic field during the
transition from x=0.85 to x=0.99 the conductivity radically
increase at temperatures below 100K (Fig. 11). Thus, we can
assume that the last effect is related to the phase transition of the
AFM < FM type, which in Fig. 13 is marked by the left lower
arrow.

5. CONCLUSION

This review presents the results of the investigations of the
electronic properties of the lanthanum and erbium cobaltites
doped with strontium and silver in the wide range of their concen-
trations. The presence of several phases with different conduction
mechanisms is proved, due to strong electron correlations. In par-
ticular, in erbium cobaltites an abnormal increase in conductivity
and a large magnetoresistance effect in the narrow range of the Sr
concentrations (0.85 <x <0.99) were found, that is associated with
the significant role of the double exchange mechanism. In bulk
granular lanthanum cobaltites with a granular size of about 1 pum,
the transition from metal to nonmetal conductivity with a tempera-
ture decreasing is observed. It is shown that this effect is due to the
intergranular mechanism of spin-polarized tunneling of the charge
carriers between the nearest granules in the conditions of their
constant antiferromagnetic exchange interaction.
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