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The temperature and magnetic field dependences of the electric resistance of ceramic samples
Ho 5551( 45C005_s and Hoy 4551 55C005_5 at temperatures ranging from room to liquid-nitrogen

temperature and magnetic fields to 7 kOe, applied perpendicular to the direction of current trans-

port, are studied. Electric conduction in these samples is of the semiconductor type, and the

magnetoresistance in a narrow temperature interval and comparable fields changed sign, ranging

from —50 to +120%. A nonlinear dependence of the resistance of the samples on the magnitude
of the transport current for weak currents and high sensitivity of the resistance to a weak mag-
netic field are observed. Analysis of the data shows a magnetic contribution (the presence of

low-spin (S=1) states tgge; or high-spin (§=2) states t‘z‘gez of the Co®* ions) to the mechanism of

interelectronic correlations under conditions of percolation conductivity of the systems investi-
gated. The corresponding activation energies are estimated.

© 2008 American Institute of Physics. [DOI: 10.1063/1.3009593]

I. INTRODUCTION

Extensive investigations of perovskite-like transition-
metal oxides and compounds based on them have shown that
these are systems with strong interelectronic correlation,
which is the main determinant of the electronic properties. It
has been established that correlation factors such as the
charge, spin, and orbital symmetry of the electrons in the
atoms of these compounds produce a great diversity of states
which depend on the character of a magnetic and electro-
static interactions. Neglecting HTSC, of the systems under
study the most common systems with interelectronic corre-
lations are manganites (perovskites MnO;) and cobaltites
(perovskites CoO5) doped with molybdenum, including with
the substitution of the latter by alkaline-earth elements Ba,
Ca, and Sr. The interest in these systems is explained by their
high sensitivity to factors which correlate ferromagnetic and
electronic states, and their capability of exhibiting unique
electronic properties, such as gigantic and colossal
magnetoresistance.173 However, the nature of such changes,
just as the mechanism of the correlation between electrons,
and perovskite-like compounds has still not been adequately
studied. In this connection it is desirable to extend the inves-
tigations to compounds with different degrees of influence of
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the factors which are responsible for the state of the elec-
trons. In the present work the conductivity of cobaltites in
which the electronic orbitals of Ho and Sr are such factors
are studied. The combination of these elements in different
concentrations as dopants of the perovskite CoOj; is interest-
ing because of the possibility of substantially changing the
state of the Co-3d and O-3p electrons.*® It is known that
Hund’s intra-atomic energy in the Co/O octahedra of the
cobaltites is of the same order of magnitude as the crystal
field energies, and as a result the Co* ions, generally speak-
ing, can occupy different spin states ranging from low-spin
(LS) tggeg ($=0) to high—spi7n (HS) t;‘geﬁ (S=2) and including
intermediate spin (IS) tgge:,, depending on the type and con-
centration of the rare-earth dopants. For example, in the
compound LaCoO;, which is a nonmagnetic dielectric at
normal pressure and low temperatures, a transition from the
ground low-spin into the paramagnetic state, corresponding
to a transition of the Co’* ions from the LS into the IS state,
occurs as a result of the thermal excitation of the cobalt ions.
For partial substitution of Sr>* ions for La** ions in the com-
pound La;_Sr,CoO; (x>18%) semiconducting samples
passed from the paramagnetic into the ferromagnetic state
with metallic conductivity.8 It is believed that the change of

© 2008 American Institute of Physics
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FIG. 1. Typical dependence of the resistance of prepared samples
Ho,_,Sr,CoO;_s on the magnitude of the dc transport current.

the spin state of the cobalt ions is closely associated with a
change of their valence from 3+ to 4+ as a result of a tran-
sition of one d electron into an unoccupied level near the top
of the valence band under the influence of the exchange in-
teraction between Co** and Co** ions. In the present work
the properties of the system Ho;_,Sr,CoO,_s are studied. As
expected, on account of the presence of holmium in this
system most cobalt ions are in the low-spin sate, the energy
of the high-spin state being no more than 0.08 eV higher.9 In
contrast to the lighter elements in orthorhombic perovskites,
Ho possesses the smallest ionic radius, which intensifies the
polyhedral distortions of the “lattice” of cobalt octahedra and
makes such distortions more temperature dependent. For ex-
ample, it is known that such distortions can behave non-
monotonically, alternately decreasing and increasing, reflect-
ing the non-systematic change of the spin state of the
transition-element ions as temperature systematically in-
creases from room temperature to ~1000 K.’

Il. RESULTS AND DISCUSSION

The transport properties of the ceramic samples
Hog 5551945C005_s (x=0.45) and Hog 45515 55Co0;5_5 (x
=0.55) were investigated. The samples were prepared using
the standard solid-phase synthesis technology.lo The samples
were 0.25X0.55X2.5 cm rectangular parallelepipeds. A
four-probe method with dc current was used to measure re-
sistance in a stabilization regime and with the total error of
the temperature reading less than 10%.

A. Conduction in the absence of a magnetic field

Figure 1 displays for all experimental samples the typi-
cal dependence of their resistance on the magnitude of the
transport current. For low currents this relation deviates from
Ohm’s law. Evidently, such a nonlinear effect, manifested as
an increase of the resistance along a certain direction on the
line of potential probes with increasing current (electric bias
eV), is possible only for percolation type conduction in
samples with cluster structure and tunneling conduction of
branched chains of potential barriers between clusters or with
electronic phase separation, which can result in macroscopic
nonuniformities and mixed percolation-type conduction.'" Tt
is evident in Fig. 1 that a region of ohmic conduction is
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FIG. 2. Temperature dependences of the resistance of the ceramic samples
Ho,_,Sr,Co0O5_s.

realized for currents above approximately 100 xA, which
can be regarded as corresponding to the percolation thresh-
old in our materials. In what follows, we shall discuss the
results obtained above the percolation threshold.

Figure 2 displays the typical curves of the temperature
dependences of the electric resistance of samples with the
indicated values of x in zero magnetic field at current 10 mA.
They qualitatively correspond to an Arrhenius function, i.e.
in general, their character corresponds to exponential semi-
conductor behavior.

However, a detailed analysis of these dependences re-
veals important features which can be conveniently analyzed
using a logarithmic representation of the curves. In Fig. 3 the
curves R(T) are plotted in the coordinates In R(T).

It is evident that in this representation the curves exhibit
nonlinearity and sensitivity to the dopant concentration, and
they cannot be described by a single universal Arrhenius
function with exponent ~T' as in the case of ideal semi-
conductor systems with intrinsic conductivity. Attempts to
describe the conduction in the experimental compounds by
universal exponentials with exponents ~T" (n<1), taking
account of the presence of strong nonuniformity (noncrystal-
linity) which gives rise to localization effects, likewise were
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FIG. 3. Experimental dependences of the resistance of samples in logarith-
mic units on the reciprocal of the temperature (points). Solid lines—
description using the expression (2) (see text for explanation).
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FIG. 4. Experimental temperature dependences of the resistance of samples
in logarithmic units in the following representations: 1) polaron conductivity
(curve 1, triangles); 2) hopping conductivity (Mott’s relation), curve 2
(circles).

unsuccessful. This follows from Fig. 4 where the same val-
ues of In R(T) as in Fig. 3 are presented as a function of
~T™" with n=1/4 (hopping conduction with a variable hop-
ping length,'> polaron conduction'’) and n=1/2 (hopping
conduction in the presence of correlation and flow
through'®).

Comparing the curves in Figs. 3 and 4 we conclude that
the Arrhenius relation corresponding to the conduction of
semiconductor matrices describes very accurately the behav-
ior of the conduction of our samples only at low tempera-
tures (see linear sections of the curves in Fig. 3). The remain-
ing conduction mechanisms of those indicated did not
describe the conduction, not only as a whole but also in
individual temperature intervals; this is indicated by the ab-
sence of the linear sections on the curves presented in Fig. 4
in the temperature coordinates corresponding to these
mechanisms.

It follows from Fig. 3 that for 7>125K in
Hoy 5551 45C005_5 and 7> 173 K in Hog 4551, 55C005_5 the
linear dependence of the function In R(T) on the parameter
1/T breaks down. This means that there exist at least two
parallel temperature-dependent conduction channels, which
itself indicates a large-scale phase separation of the system
and percolation conduction. We know that the phase separa-
tion is characteristic not only for magnetically ordered
phases but also for the paramagnetic state.” In our measure-
ments of the magnetic susceptibility no ferromagnetic re-
gions were found for our experimental samples. Apparently,
the absence of a ferromagnetic phase is due to the weakness
of the exchange interaction in our compounds,16 which is
additionally confirmed by the essentially pure semiconductor
behavior of the resistance at low temperatures in the range
1/7>0.006 (Fig. 3).

The model with two conduction channels presumes that
the conductivity o can be represented as a sum of the con-
ductivities of two parallel branches

0'=O'1+0'2=0'001F1+0'x2F2, (1)

where F| and F, are functions describing independent con-
tributions of the high-spin states in the narrow hole band and
states in the conduction band of the semiconductor matrix.

Chiang et al. 949

TABLE 1. Computed values of the activation energies for the samples
Hoy 45519.55C005_s and Hoy 55519.45C003_s (see Eq. (2)).

x R,.,Q2 ALK Ay K m
045 0.105 £ 2% 2500 + 0.05% 844 £0.5% 0.005
0.55 0.95 £0.5% 2500 £ 0.05% 690 +0.7% 0.005

Since o— 0, as T— %, we shall represent the distribution of
the contributions as

o=moF|+ (1 —m)o..F,,

where m is the o fraction and (1-m) the o, fraction. Cor-
respondingly, the total resistance of the samples can be writ-
ten in the form

R=R.[mF +(1-m)F,]; R.=03'(L/S) (2)

(L and S are, respectively, the length and cross-section of the
sample). For F; we chose the well-known expression for the
conductivity proportional to the concentration of Co ions
which are thermally excited in the high-spin state:” F 1
=v/[v+exp(A;/T)] (A, is the spin gap in the spectrum of LS
and HS ionic states; v=15 is the multiplicity of the HS
states); F, is the standard Arrhenius relation for the conduc-
tivity of a gap semiconductor: F,=exp(—A,/T). Table I
gives, together with the error of the description of the experi-
ment, the values obtained for the adjustable parameters by
using the expression (2) with the indicated functions F; and
F, to describe the behavior of the conductivity of the
samples of our experimental compounds.

The (relative) errors indicated in Table I are the devia-
tions of the quantities from the indicated values, which keep
the computed curves at any point within the limits of the
measurement error (~10%). The smallness of these values
shows that the model chosen for the conductivity describes
quite accurately the real temperature behavior of the resis-
tance of the samples of the experimental compound. It is
interesting that the value of A, in them is three times larger
than the gap between the LS and HS electronic states in
cobaltites with other dopants.9 This makes it possible to give
the following explanation for the existence of a contribution,
which is small (see Fig. 3, T>150 K) but fundamentally
important, to the conductivity that is associated with the
presence of hopping conduction between cobalt ions which
are present in different spin states in the experimental com-
pound.

One obvious difference of holmium-doped cobaltites
from cobaltites doped with other rare earths is the very small
ionic radius of Ho and therefore stronger coulomb interac-
tion along the Co-O line than in cobaltites doped with, for
example, lanthanum, whose ionic radius is almost 1.5 times
greater. As a result, the [1,,—e,] gap A, in the energy spec-
trum of Co—3d electrons will be much larger in the first case
than in the second case. It is reasonable to suppose that for
comparable concentrations of the second dopant, strontium,
activating the HS Co** ions, specifically, the Co** (tggez)
ions,"” the density of hole states which are realized by a
double exchange interaction between Co®* and Co** ions
cannot be large because of the substantial activation energy
of high-spin ionic states with a large [#,,—e,] gap. The nor-
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FIG. 5. Magnetoresistance of the sample Hoy 5551 45C005_s.

malized number F, of thermally excited Co®* ions varies for
Ho, 5551 45sC00;_s from F;=4-10"% (for Ho 4551, 5sC00;_5
from 1-107°) on heating from temperature 7,~ 150 K, taken
as the temperature of the transition into the paramagnetic
state and the onset of a double exchange interaction, to F
=3.7-1072 at T~ 300 K. The concentration 7, of holes par-
ticipating in the double exchange interaction can be obtained
from the expression18

kgTe=n,EA, (3)

where £ is the number of nearest-neighbor oxygen ions. The
hole concentration n,=0.98 at% for Hog s5S1)45C005_5 and
1.2 at% for H00'455r0'55C003_5.

lll. MAGNETORESISTANCE

In an external magnetic field H the conductivity of ce-
ramic samples Ho;_,Sr,CoO;_s with the experimental Sr
concentration exhibits a specific behavior which is even seen
in weak fields. Figures 5 and 6 display the magnetoresistance
(MR) of the samples as the ratio AR/Ry=[p(H)
—p(0)]/p(0) as a function of the magnetic field intensity. It is
evident that the most characteristic features of MR, such as
the sign change and the large values of the MR, appear pri-
marily in weak fields (up to 1 kOe) and at quite high tem-
peratures (not lower than approximately 150 K).

All this indicates that the electronic phase state of the
experimental compounds depends strongly on their magnetic
state, whose structure is determined by the character of the
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FIG. 6. Magnetoresistance of the sample Hoy 4551 55C005_s.
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spin ordering. The latter is established by, as shown, for ex-
ample, by an analysis of the system La,_,Sr,NiO,, the com-
petition between the antiferromagnetic interaction (between
localized 1,, states) and the ferromagnetic interaction (hop-
ping type between e, states).'” The room-temperature effects,
where the imposition of a magnetic field of only 1 kOe re-
sults in the appearance of negative magnetoresistance, i.e.
switching on of a mechanism for scattering of electrons by
magnetic (spin) disorder, are most striking. This shows that a
magnetic structure of ferromagnetic clusters with magnetic
moments (spins) which are randomly oriented in the absence
of a magnetic field, is present in our samples. However, the
paramagnetic character of the magnetic susceptibility ob-
served in our samples apparently indicates that the volume
occupied by such clusters is small. The capability of this spin
structure to rearrange itself even in a weak field shows that it
is magnetically unstable. This is also confirmed by the high
sensitivity of the magnetic structure to the charge ordering of
the system. Thus, as the Sr dopant concentration decreases
by 10%, the negative MR at 7=295 K changes by an order
of magnitude, from —3% (Fig. 5) to =50% (Fig. 6). As tem-
perature decreases by 20-30 K, the MR changes sign, be-
coming positive and reaching +120%, and it practically van-
ishes at T=78 K (Fig. 6). The nature of this effect is not
completely understood, and we hope that it can be elucidated
by studying the thermo-emf.

IV. CONCLUSION

The temperature and magnetic field dependences of the
electric resistance of the ceramic samples Hog 5551 45C005_s
and Hog 4551 55C005_5 at temperatures ranging from room
temperature to liquid-nitrogen temperature and magnetic
fields up to 7 kOe applied perpendicular to the direction of
the transport current were investigated. The electric conduc-
tivity of the samples in general is of a semiconductor char-
acter, and for weak currents it is a nonlinear function of the
magnitude of the current. It undergoes radical changes in
some temperature range even in weak magnetic fields. This
results in changes of the magnetoresistance from —50% to
+120%. No single mechanism of hopping conduction de-
scribes the temperature behavior of the conductivity within
the experimental temperature interval. Analysis of the data
obtained shows that a magnetic contribution (the presence of
low-spin states tgge;, or high-spin states tggei of Co’" ions)
appears in the correlation between electrons when a substan-
tial spin gap is present together with percolation transport.
Estimates of the corresponding activation energies were pre-
sented.
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