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The temperature and electric, including magnetic-field, characteristics of ceramic samples
Er,_,Sr,Co0O;_g4 at temperatures ranging from room to liquid-helium temperatures and in mag-
netic fields to 4 kOe applied perpendicular to the direction of the transport current have been

investigated. Current-induced nonlinear features of percolation transport which are characteristics
for a metal-insulator transition have been observed for weak currents. Regular behavior such as a
decrease of the breakdown field with increasing concentration of divalent Sr and ordering effects
with decreasing temperature have been observed for the first time. An anomalous increase of the
conductivity and a large magnetoresistance effect in narrow Er and Sr concentration ranges, nar-
rower and shifted more in the direction of the metallic phase than in lanthanum manganites, has

been observed. The special behavior of the conductivity and the magnetoresistance, including
nonlinear effects, are explained from a unified point of view—magnetostructural phase transi-
tions, induced by a corresponding dopant concentration, temperature, or magnetic field, as well
as the presence of a spin-dependent contribution, associated with double-exchange of delocalized
electrons between heterovalent cobalt ions, to the mechanism of electron correlation.

© 2009 American Institute of Physics. [doi:10.1063/1.3266918]

I. INTRODUCTION

Extensive investigations of a number of multicomponent
perovskite systems synthesized on the basis of elements pos-
sessing appreciable, often strong, magnetism have led to the
conclusion that the unusual electron properties of these sys-
tems, such as high-temperature superconductivity or colossal
magnetoresistance, are due to competition between the elec-
trostatic and exchange, spin-spin and spin-orbital, interac-
tions correlating electronic states from localized to
delocalized."™ For this reason interest in studying the prop-
erties of compounds containing transition and rare-earth ele-
ments with partially filled d and f shells—sources of mag-
netic moments capable of becoming ordered into some type
of magnetic structures depending on the character of the
competition between the exchange interactions—remains un-
abated. Experiments have shown that the character of the
interactions which is responsible for the radical change in,
say, the conductivity of transition-metal oxides occurs only
in a definite interval of concentrations of the magnetic dop-
ants, which give the optimal conditions of correlation (opti-
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mal magnitude and sign of the exchange integral) of local
ionic magnetic moments and spins of the delocalized con-
duction electrons.'™ It has been found that, specifically, such
a stable configuration of the local ionic spins as “ferromag-
netic” ordering is always accompanied by an elevated con-
ductivity, which indicates the vital role that conduction elec-
trons play in establishing such a magnetic structure, in
contrast to antiferromagnetic and paramagnetic distributions
of the magnetic moments, characterized by a reduced or al-
most absent conductivity.6’7

Perovskite compounds are synthesized in crystalline
structures with two sublattices whose planes can differ by the
character of the alternation of the ionic spins within the
planes as well as from one plane to another in a series of
parallel planes, depending on temperature and dopant con-
centration. Figure 1 gives for a perovskite structure with al-
lotropic forms of simple cubic-type sublattices an idea of the
two-lattice structure of transition-metal perovskites, one sub-
lattice of which is formed by the rare-earth dopant ions and
alkali-earth atoms partially replacing them.

© 2009 American Institute of Physics
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FIG. 1. Crystal structure with two cubic sublattices of certain perovskite
compounds  (R—f-magnet, ~A—nonmagnetic  alkali-earth  metal,
M—d-magnet, O—oxygen atoms).

The least studied perovskite compounds are cobaltites
with the composition Re,_,Sr,Co0;_s with Re=Ho, Er (de-
noted below simply as HSCO, ESCO) as the doping addi-
tions. The use of Ho and Er as the dopants is interesting
because such doping permits analyzing the particulars of the
electronic correlation in systems with mixed valence with
sign changes of the magnetocrystallographic anisotropy and
magnetostriction, observed on going from Ho to Er. The lat-
ter is due to the fact that doping of cobalt oxides with the
indicated f magnets results in the appearance of high ener-
gies of magnetocrystallographic anisotropy and magneto-
striction, which are associated with large orbital magnetic
moments in these magnets as compared with the one or two
orders of magnitude smaller magnetic moments of spin-orbit
nature in a d metal with frozen orbital moments.® In addition,
in contrast to most perovskites with crystal structure close to
cubic (manganite series), the crystal structure of cobaltites
with Re=Ho, Er is subjected to very marked polyhedral
distortions.

The particulars of the magnetic anisotropy which is as-
sociated with Er and Ho made it possible to count on the
appearance in the cobaltites HSCO and ESCO of atypical
conducting properties which motivated us to study in the
present work, specifically, the transport properties of erbium
cobaltites. This is first such study performed in a wide dop-
ant concentration range (0.99 >x>0.25) and in combination
with temperature, magnetic-field, and electric properties. In a
previous work we studied the related HSCO ceramic
composition.g

Il. MATERIAL STRUCTURE. SAMPLES AND MEASUREMENT
PROCEDURE

The ceramic material ESCO was synthesized by the
standard three-phase technology.lo Our x-ray diffraction
studies, just as the previous structural studies of the HSCO
ceramic,'' confirmed the presence of polyhedral distortions
of the cubic lattice that result in the formation of an orthor-
hombically distorted perovskite structure of the type Pbnm
(GdFeO; prototype, Fig. 2). The basic crystallographic unit,
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FIG. 2. Orthorhombically distorted polyhedron of holmium-doped cobalt
perovskite. 1

which is the octahedron CoOQy, is turned in the ab plane and
makes an angle with the ¢ axis. In contrast to, say, LaCoOj3
the presence in the perovskite structure of rare-earth cations
Er and Ho with a shorter ionic radius has a direct conse-
quence larger deviations of the structure from undeformed
cubic perovskite, such as bending of the Co—O—Co bonds by
angles to 28° and shortening of the Co—O bond length in-
duced by the lower chemical pressure.12 As a result, accord-
ing to L(S)DA band calculations,"? the energy splitting of the
crystal field A =t,,—e, in cobaltites with Er and Ho is
greatly increased because of preferred hybridization of the
O-2p and Co-3d orbitals and the e, band becomes narrower.
Thus one could expect that the electric and transport proper-
ties of four-component compounds based on cobalt oxide
with Er, just as with HO, will differ from the known proper-
ties of perovskites with other rare-earth dopants, which will
give new information on the particulars of electron correla-
tion in mixed systems.

The samples in the form of rectangular parallelepipeds
were cut out with dimensions close to 0.25X0.55X 2.5 cm.
The contact areas under the current and potential probes
were deposited by ultrasonic soldering of ultrapure indium.
A four-probe method with a constant stabilized current was
used to perform the voltage measurements. The temperature
was measured with a TP 018-03 platinum thermometer,
which below 13 K was additionally calibrated at the super-
conducting transition temperature in lead and at liquid-
helium temperature. The quality of temperature stabilization
was the main determinant of the total measurement error,
which in no case exceeded 10%, at “liquid helium-liquid
nitrogen” and “liquid nitrogen-room temperature” intermedi-
ate temperatures.

IIl. RESULTS AND DISCUSSION
A. Nonlinear electric resistance in weak electric fields

Figure 3 displays the family of curves p(I/)—nonlinear
curves of the resistivity, normalized to the value PT,(I mA),
for samples with different dopant concentrations versus the
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FIG. 3. Current-induced jumps of the resistance at the threshold of perco-
lation conduction in ESCO sample with different degrees of doping at room
temperature (the half-sums of the currents flowing in two directions are
plotted along the x axis).

transport current at room temperature (7,) and exhibiting re-
sistance jumps in a, generally speaking, random direction.

The curves were constructed according to the data ob-
tained from measurements of the current-voltage character-
istics U-I for two directions of the current I:

p(D/p(1 mA) = [UH(D/[UM(1 mA).

In Fig. 4 the functions p(I)/pn. (left-hand axis) together
with the curves E(I) (right-hand axis) are plotted for both
measured directions of the current for two samples (x=0.35
and 0.65). Figure 5 illustrates for a sample with x=0.35 the
change of the direction of the resistance jump in the function
p(I)/ pmax With a change in position of the potential probes on
one and the same sample.

Figure 6 shows the current dependences of the unnor-
malized resistivity, averaged over two directions of the cur-
rent, measured for samples with different values of x at
liquid-nitrogen temperature (7y), which show the universal
(ordered) direction of the resistance jumps. The curves are
symmetric for both current directions and similar in form to
the average curves, just as the curves in Fig. 3 (compare
Figs. 4 and 5), for room temperature. The peak (i.e. direction
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FIG. 4. Current-induced resistance jumps at the threshold of percolation
conduction of two samples in both current directions together with the
current/voltage curves.
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FIG. 5. Resistance jumps with different sign at the threshold of percolation
conduction in different locations of one and the sample. Inset: position of
the potential probes L; # L,.

of the resistance jump) in the curve measured at the position
of the probes L; at T, (Fig. 5) changes sign at Ty (the curve
for x=0.35 in Fig. 6 was measured on the same probes L,).

For the four-contact measurements the “probe-sample”
characteristics of the contacts do not enter in the result of the
voltage measurement, in contrast to the case of two-contact
measurements where the appearance of the observed nonlin-
ear resistance jumps could be due to, for example, Schottky
barriers. In addition, we studied the nonlinearities for
samples with dimensions and in a current range such that
there was no Joule heating impeding the separation of the
characteristic nonlinear effects from secondary ones: as cur-
rent increases, the nonlinearities do not become stronger but
rather vanish, and subsequently the Ohm’s linear law is ob-
served in a reasonable interval of currents.

In summary, the nonlinear resistance jumps, which are
symmetric relative to opposite directions of the current, in
the curves presented in Figs. 3—6 are internal characteristics
of the materials studied and are a manifestation of crossover
between the regimes of non-ohmic (for weak currents) and
ohmic (for currents above a threshold value) conductivity.
This value of the current corresponds to an x-dependent
threshold value of the electrostatic field strength (referred to
below as the “breakdown field”). The presence of a voltage
threshold for the conduction onset obviously attests, in the
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FIG. 6. Current-induced resistance jumps on the threshold of percolation
conduction at temperature Ty for different samples.
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first place, that percolation transport occurs in ceramic
samples possessing a cluster structure and, in the second
place, that the ohmic regime is realized beyond the percola-
tion threshold, i.e. for electric fields much stronger than the
breakdown field due to the height of the tunneling barrier at
the boundary between clusters.

It goes without saying that the transition from the pre-
threshold “insulating” state to any type of conduction state,
including percolation, must always be accompanied by a
conduction jump in a universal direction (from smaller to
higher values) in the case of homogeneous samples or cluster
samples with the same (single-phase) character of conduc-
tion. Consequently, the observed sign change of the jump in
different samples at T, (Fig. 3-5) and at the transition from
T, to Ty in some samples (Figs. 3 and 5) conclusively attests
that in the case of percolation conductivity in our samples
the clusters are not single-phase with respect to the electronic
characteristics. The data in Figs. 5 and 6 are the most elo-
quent evidence of the latter. The observed reversal of the
jump direction with a change in the measurement positions
(different pairs of potential probes) in one and the same
sample (Fig. 5) and for measurements on the same pair of
probes of the same sample with 7,— Ty (Fig. 6) under con-
ditions of percolation conduction is possible only in the pres-
ence of several phases with different conduction mecha-
nisms, i.e. for mixed conduction even in the presence of
identical clusters.

We note that conduction nonlinearities such and other
types induced by the measuring current have also been ob-
served in other perovskite materials.”'*™"" In this connection
such nonlinear effects are being widely studied, since it has
become obvious that the conductivity of physically nonuni-
form systems is entirely determined by the competition be-
tween the activation and exchange mechanisms for percola-
tion electron transport with strong correlation of the behavior
of the electrons, so that such effects can carry important
information about the nature of such mechanisms.

Returning to the concept of mixed conduction, we shall
use, for example, the well-known representatives of two
physically substantiated phases of the system (ErfforiJ')
X(Coi* Cot*)0;. One is the ECO matrix with a hoping
mechanism of conduction (for example, Mott conductionlg),
o,, and the other is the SCO sublattice whose conductivity,
op, is due to theh double-exchange mechanism." Then the
total conductivity oy of the system can be written in the form

OFf
os=0,+op=0|1+—|;
o

o,~opatT~T,. (1)

It is reasonable to suppose that consecutive changes of the
dopant content x in systems with double exchange should, in
general, cause the ratio o/ oy to vary monotonically. Then a
random change in our samples of the direction of a resistance
jump, calculated from the sample-averaged voltage and as-
sociated with electric breakdown or an insulator-metal tran-
sition, can be due to only the percolation character of trans-
port at the percolation threshold. Indeed, the expression (1)
shows that the measured value of the resistance of the sample
beyond the percolation threshold should be

Chiang et al. 879

Ry=R:| 1+— s 2
s=Rp R, (2)

where Ri=0'l-_1(x)K; i=3, F, or s; K is the average geometric
parameter “length/cross section” of the part of the sample
between the potential probes (for i=2) or the geometric pa-
rameter of the percolation paths in all other cases. The resis-
tance jumps in Figs. 3-6 are the quantities AR=R,—Ry,
where R is the resistance measured before the percolation
threshold on the bottom edge of the current interval and lies,
together with Ry, in the interval [Ry, R].

It is evident from Eq. (2) that in this case the sign of AR
can change from one sample to another with different dopant
concentrations and random geometric parameters of the per-
colation paths, as is observed experimentally (Figs. 3-5). In
systems such as ESCO, which at room temperatures are para-
magnetic and charge-disordered (most hole-doped narrow-
band perovskites), the conditions for observing such nonlin-
ear effects must be very favorable.

A completely different situation should occur at low
temperatures, where oo is always much less than oy, SO
that Ry = Ry on most of the interval 0 <x <1 and, evidently,
in a wide range of values of K, though the character of the
conduction remains mixed (see below). In this case the jump
in the total resistance of the sample from the state of the
insulator to the conducting (ohmic) value will always have a
universal sign, AR=Ry,—Rsx>0, as is observed at Ty for
samples with the compositions indicated in Fig. 6.

Additional arguments supporting what has been said
above give the concentration dependences, presented in Fig.
7, of the breakdown field strength at the percolation thresh-
old. As the concentration parameter x is changed in succes-
sion, the breakdown fields at 7. vary nonmonotonically and
they are several orders of magnitude weaker than at Ty for
one and same samples. At liquid-nitrogen temperatures the
breakdown field is an evenly varying function of x. A feature
common to both curves is that the breakdown field decreases
with increasing concentration of divalent strontium. This
property, which has not been observed before and its obser-
vation is reported for the first time, apparently attests that as
the Sr concentration increases, the energy required for the
double-exchange mechanism and charge ordering to come
into play, raising the conduction to ohmic, decreases.
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FIG. 7. Breakdown electric field at the percolation threshold as a function of
the doping level of the ESCO system at two temperatures.
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FIG. 8. Temperature dependences of the resistivity of ESCO samples in a
wide range of Er and Sr concentrations.

We believe that the anomalous effects such as the meal-
insulator transition at the percolation threshold which mani-
fest at low values of the bias current can be used to identify
the charge-ordered state in the samples with ceramic struc-
ture.

IV. OHMIC CONDUCTIVITY ABOVE THE PERCOLATION
THRESHOLD

Figure 8 displays on a logarithmic scale a family of
curves of the resistivity of samples of the compound ESCO
versus the reciprocal of the temperature in a wide range of
values of the concentration parameter x.

The measurements were performed in the ohmic conduc-
tion region, i.e. at currents of at least 1 mA and no higher
than the currents at which the conductivity becomes nonlin-
ear because of Joule heating (>30-50 mA). Since the low-
temperature interval on the inverse temperature scale occu-
pies the larger portion of the X axis, the form of the curves
on the scale chosen (T<<50 K) gives an idea of the low-
temperature behavior of the ohmic conductivity. As one can
see, it is strongly nonlinear and closely related with the con-
centration of divalent Sr. As in other cobaltites,9 the behavior
of the conductivity of our samples does not correspond to
that of a single-phase system, specifically, it is not described
by an Arrhenius function for a purely semiconductor system.

We arrive at the same conclusion by analyzing the be-
havior of the same curves at temperatures close to room tem-
perature (T,). The curves in this region are presented in Fig.
9 in the coordinates of the function p,exp(AT~'4), which
describes activation “Mott” conductivity.18 Evidently, even
here the behavior of the conductivity as a function of tem-
perature depends strongly and likewise nonmonotonically on
the concentration of the dopant cations. Just as for low tem-
peratures, the conductivity cannot be described by only one
universal function, for example, only by an activation (hop-
ping) type function; this likewise attests that the system is
heterophase and that several types of exchange coupling
clearly compete with one another, one being indirect ferro-
magnetic coupling via the conduction electrons, known as
double exchange.

It follows from the curves in Figs. 8 and 9 that the op-
timal conditions for coupling of this type to manifest are
realized in the concentration range 0.85 <x<<0.99, where the
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FIG. 9. High-temperature (7,) behavior of the curves shown in Fig. 8, in
thermally active Mott conductivity coordinates.

monotonic variation of the conductivity as a function of x is
interrupted and the resistivity reaches its minimum value (at
x=0.95 for the chosen step of variation of x). In this concen-
tration range the conductivity is so far from the semiconduc-
tor value that it can be measured in a wide temperature range
right up to near-liquid-helium temperatures (down to 6 K),
while for all other concentrations it can be measured at tem-
peratures no lower than 50 K. It is evident from Fig. 10,
where the corresponding curves are presented, that at the
upper limit of the indicated concentration range the tempera-
ture dependence of the conductivity o(1/T) becomes non-
monotonic: as temperature decreases, the conductivity passes
through a minimum at 7= 150 K and through a maximum at
T=50 K. In this connection it can be supposed that in the x
range under discussion, and in any case at low temperatures
(T<50 K), with a low-spin state of Co such anomalous be-
havior of the conductivity, indicating the presence of a metal-
insulator transition, should be related with a very strong role
of the double-exchange mechanism, which competes with
the direct antiferromagnetic exchange coupling between the
magnetic moments of the d orbitals of cobalt ions.

If this is so, then the mixed conductivity oy of the sys-
tem as the conductivity of a two-phase structure (Er?for)zf)
X (Co’* Coj+)03, represented, just as in the preceding sec-

1-x
tion, as a sum of activation conductivity of a semiconductor

TR Er_Sr,CoO;

- 50K
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FIG. 10. Temperature behavior of the conductivity of the ESCO system in
the concentration range 0.99=x=0.85.
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matrix (band-gap semiconductor), o, and a ferromagnetic
component, oy, due to the double exchange of conduction
electrons between heterovalent Co ions, aligning the spins
parallel to one another, can have the form

oy =05+ 0p=0()exp(-A/T) + (ae*ah)(TJT), (3)

where a=|Co**|/|Co™*| is the fraction of Co** ions, T is the
Curie temperature, a is the lattice parameter, and /h is
Planck’s constant. The expression describes quite well the
temperature dependence of the conductivity below 50 K for
concentrations where double exchange is strong and a metal-
insulator transition occurs (Figs. 8 and 10).

Figure 10 shows the experimental values of the conduc-
tivity as a function of the inverse temperature for concentra-
tion 0.85=<x=0.99 together with the solid curves describing
the experimental data in accordance with the expression (3).
The lattice constant a=5.142 10\;11 the values of the adjust-
able parameters are as follows: To= 160 K (see below); A

=100K (x=099) and =50K (x=095); =, =675
@m)' (x=099) and  1600(Q-m)”  (x=0.95);
(ae*/ah)T-=100 K/(Q-m) (x=0.99) and =1000 K/

(Q2-m) (x=0.95). Hence it follows that the fraction of the
ions Co** participating in double exchange by delocalized
electrons with Co®* ions is, in order of magnitude, «
~107*=1075. Comparing the ratio o,/ o at the limits of the
temperature interval for the curves studied, we can verify
that a metal-insulator phase transition occurs in the x range
indicated:

o, 450K > 1

OF 000 (107°(6K) <1~

a, _]30(50K) > 1

0| 005 [12-107%(6 K) <1

The relations obtained clearly support the simultaneous pres-
ence in this system, just as in other perovskites, of antiferro-
magnetic (AFM) and ferromagnetic (FM) phases for all dop-
ant concentrations; in addition, metallization as a reflection
of the growing contribution of the FM phase, which lowers
the energy of the system, is the result of self-consistent, free-
carrier induced restructuring of the corresponding spin con-
figurations AFM — FM.

V. MAGNETORESISTIVE EFFECT

In contrast to, for example, narrow-gap, hole-doped,
four-component perovskite structures such as lanthanum
manganites, the ESCO system which we studied with a
smaller width of the e, multiplet of the d band">"” left lttle
hope for the appearance of a prominent magnetoresistive ef-
fect (MR). However, just as for the system HSCO,’ this ef-
fect, though not “colossal,” still can reach tens of percent in
individual cases, as is evident from the data presented in Fig.
11. It follows from this figure that, first and foremost, there
are two characteristic concentration ranges where the mag-
netoresistive effect is strong. These are the region near x
~().5, which in the literature is called the “half-metal” re-
gion, and the region x>0.8 where, as we saw above (Fig.
10), the most radical changes of the temperature behavior of
the conductivity of the samples in the absence of a magnetic
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FIG. 11. Magnetoresistance AR/Ry=[(Ry/R,)—1] versus the concentration
of nonmagnetic Sr in the concentration interval 0.99=x=0.25 in magnetic
field 4 kOe at two temperatures.

field are observed. The next important feature of the concen-
tration dependences of MR presented in Fig. 11 is the sign
change of MR at a transition from the temperatures 7, to Ty
for x>0.8. Since in “dirty” oxides, which our samples are,
the dynamic properties of the carriers do not manifest for all
practical purposes, the MR effects observed in perovskites
should reflect phenomena directly associated with the corre-
lation of the electronic states as a result of doping, tempera-
ture change, or application of a magnetic field, which set one
or another configuration of the magnetic moments of the ions
(four basic types of magnetic ordering in the basal planes of
the lattices are generally recognized; Goodenough was the
first one to study them®).

It is reasonable to assume on the basis of our data that
MR becomes appreciable (>5%) in ESCO at concentrations
for which the magnetic order undergoes critical changes and
it becomes very sensitive to external factors, specifically, the
application of very weak magnetic fields (we called attention
to this in Ref. 9, where we studied the HSCO system). This
is illustrated well in Fig. 12, which shows the dependence of
MR for a “half metal” (x=0.45) on magnetic fields no
greater than 4 kOe. Comparing the MR behavior in two tem-
perature ranges, T, (bottom curves) and Ty (top curves), we

20 a8k
L -/' = o
15- / ESCO
Jop X(Sr) = 0.45
=T 298 K
g i l/./.——‘._.
Top IETEIma . e 104K
i '\-\.\_ 264 K
i —
710 I 1 L 1 I 1 I 1 1 L 1 1 I 1 L
205 0 05 1.0 15 20 25 3.0 35 40
H, kOe

FIG. 12. Magnetoresistance of an ESCO sample with concentration of non-
magnetic Sr x=0.45 versus the magnetic field.
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FIG. 13. Temperature dependence of the magnetoresistance AR/R,

=[(Ry/Ry)—1] in the concentration interval of nonmagnetic Sr 0.99=x
=0.85 in magnetic field 4 kOe.

can see that for Ty the magnetic field dependence for the
composition with the indicated value x has a practically
“switching” character: when a field of about 1 kOe is applied
the conductivity drops by almost 17% and then remains such
at least to 4 kOe, while near 7, it varies smoothly as a func-
tion of H in 5-7% a range with different signs. It is clear that
such a difference in the behavior of the magnetoresistive
effect is possible if the character of the magnetic ordering of
the structures near 7, and Ty is radically different. The same
conclusion also follows from the concentration dependences
of MR in Fig. 11.

The most plausible supposition is that a phase transition
of the type paramagnet < charge-ordered antiferromagnet
« ferromagnet with ordering temperature 7,,~ 7= 160 K,
as estimated from the position of the top kink in the MR(T)
curves for other values of x (Fig. 13), occurs in the system of
ions Co®*/Co*" in the interval T,-Ty. This supposition is also
supported by the fact that the highest value of the MR
(=60%) in our experiment with H=4 kOe is attained pre-
cisely in samples with x=0.85 from the interval of dopant
concentrations where in the absence of a magnetic field the
conductivity changes radically on transitioning from x
=0.85 to x=0.99 in the direction of higher values at tempera-
tures below 100 K (see Fig. 10). Thus it can be supposed that
the latter effect is associated with an AFM < FM type phase
transition (indicated approximately in Fig. 13 by the bottom
arrow on the left-hand side).

VI. CONCLUSION

The temperature and concentration dependences of the
electric resistance of ceramic samples Er;_ Sr,CoO;_s were
studied from room to liquid-helium temperatures for erbium
concentrations 0.01 <1-x<0.75 and in magnetic fields to
4 kOe applied perpendicular to the direction of the transport
current.

Current-induced nonlinearities of percolation transport
(ER), which are characteristic for a metal-insulator transi-
tion, were found for weak currents in the absence of mag-
netic fields. Behavior such as a decrease of the breakdown
field with increasing concentration of divalent strontium and
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charge-ordering effects with decreasing temperature have
been observed for the first time. It was proposed that as the
Sr concentration increases, the probability of tunneling of the
carriers on the basis of the mechanism of double exchange
between heterovalent cobalt ions increases also, as a result of
which ohmic values of the conductivity are reached.

An anomalous increase of the conductivity and a strong
magnetoresistive effect were observed in a narrow range of
Er and Sr concentrations, narrower and more shifted in the
direction of the metallic phase than in lanthanum mangan-
ites. Analysis of the data attests to the presence in ESCO of
a very narrow hybridized 3d/e, band, supposedly due to
orthorhombic polyhedral distortions of the lattice because of
the chemical pressure due to the small radius of the erbium
ion. The behavior of the conductivity and MR are explained,
just as nonlinear ER effects, from a unified viewpoint—
magnetostructural phase transitions, induced by a corre-
sponding concentration of dopants, temperature, and mag-
netic field, as well as the presence of spin-dependent
contribution to the electron-correlation mechanism associ-
ated with double exchange of delocalized electrons. This
contribution to the conductivity of the system below 50 K
was evaluated.
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