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We report here a study on the electrical and magnetic properties of La12xBaxCoO3

in the re-entrant semiconducting region (x ­ 0.20). We find that in this material:
(i) the insulator-metal-insulator sequence is unstable and evolves toward a purely
semiconducting behavior; the initialr versusT curve can be reinstated upon appropria
annealing treatments; (ii) there are relaxation effects that can be seen by changing t
polarity of the electrodes; (iii) there is a negative magnetoresistanceDryr , 2–3%,
for a field as low as 9 kOe, especially at the metal-insulating transition temperatures
and (iv) there are important fluctuations in the electrical resistivity. Taking into accou
these experimental observations, we can interpret this material as an inhomogeneou
system where two thermodynamic phases, one semiconducting and the other metal
ferromagnetic, coexist, although they are crystallographically indistinguishable.
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I. INTRODUCTION

Early studies on the magnetic and electrical pro
erties of magnetic semiconductors such as EuSe
EuTe showed that their particular properties can
described as a consequence of their heterogeneity
to a two-phase segregation. This segregation forms
romagnetic (FM) microregions (called ferrons, gia
quasimolecules, or magnetic polarons) within an an
ferromagnetic (AF,T , TN) or paramagnetic (PM,T .

TN ) phase.1 This idea was used by some authors
explain the peculiar transport properties in the copp
oxide superconductors.1,2 More recently, it has been use
to interpret the colossal magnetoresistance observe
manganese perovskites near the Curie temperature.3–5

Another perovskite system where a phase seg
gation has been reported is La12xSrxCoO3. The ex-
treme member of the series withx ­ 0, LaCoO3, shows
peculiar magnetic and transport properties due to
thermally induced spin transition from low-spin Co(III )
st6

2e0d to mostly high-spin Co31 st4
2e2d.6–8 The complete

evolution and interpretation of both its electrical an
magnetic properties as a function of temperature h
been recently revised.9

Upon Sr doping, very noticeable changes take pla
in the material10: while LaCoO3 shows high resistivity
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and antiferromagnetic exchange interactions, the ma
rials La12xSrxCoO3 evolve toward a metallic ferromag
netic behavior. According to an earlier interpretation11

in the doped samples paramagnetic La31 coexisted with
ferromagnetic Sr21-rich clusters, the ferromagnetic com
ponent increasing withx. Re-examination of this system
has led some authors to propose a phase diagram
the electronic structure of this very complex system12

According to their interpretation, upon Sr21 doping
the material segregates into two distinguishable el
tronic states that coexist within the same crystallograp
phase: hole-rich metallic ferromagnetic regions, whe
the Co ions are in an intermediate-spin configuration, a
a hole-poor matrix similar to LaCoO3 which experiences
a thermally induced low-spin to high-spin transition
For low Sr contentsx , 0.20 the hole-rich regions are
isolated from one another and show spin-glass beha
at T , Tg and the samples are semiconducting. For hi
enough Sr contents,x > 0.30, magnetic and electrica
percolation are achieved and the samples are meta
and ferromagnetic. For intermediate compositions t
authors reported bulk ferromagnetism belowTC and
insulator-metal-insulator transitions (I-M-I), also know
as re-entrant semiconducting behavior (RSB), as te
perature rises.

In order to gain insight into the peculiarities of tha
re-entrant semiconducting region and into other effe
due to the presence of two phases, we have car
out magnetic and electrical studies on La12xBxCoO3

systems, with (B­ Ca, Sr, and Ba) that show RSB. I
 1999 Materials Research Society 2533
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this paper we focus our study on one of these materi
La12xBaxCoO3 with x ­ 0.2.

II. EXPERIMENTAL

La0.80Ba0.20CoO3 was prepared by decomposition
the corresponding mixture of nitrates. Stoichiomet
amounts of dry La2O3 and BaCO3 were dissolved in
nitric acid and mixed with the appropriate volume
a cobalt nitrate solution prepared and standardized
reported in Ref. 9. The resulting solution was warm
up so as to slowly evaporate the solvent. The so-obtai
mixture of nitrates was decomposed at 600±C. The
resulting product was pressed into pellets and was t
annealed at 1000–1100±Cy79 h and cooled slowly to
room temperature at 60±Cyh.

The so-obtained Ba compound was crystalline a
single phase, as shown by its x-ray powder diffracti
pattern obtained from a SIEMENS D-50000 apparat
Scanning electron micrographs showed the microstr
ture of sintered grains. The final grain size is appro
mately 2 mm.

The magnetic properties were studied in a VS
vibrating magnetometer. Zero-field-cool (ZFC) and fie
cool (FC) magnetic susceptibility data were obtained
a field of 1 kOe from77 < T sKd < 330. ZFC and FC
magnetization curves M(H) were obtained using fields
610 kOe at 77 K, at the temperature where the me
insulator transition took place in the resistivity vers
temperature measurements, and at temperatures sli
below and aboveTC.

The electrical resistivity of bars,s1 3 4 3 8d mm3

was studied in the temperature interval77 < T sKd <

300 in a four-probe homemade device equipped w
a commercial Oxford ITC4 temperature controller,
precision electrical current HP 6181C source, a Keith
2001 multimeter, and a Hall probe.

Constant dc currents [10 < I smAd < 50], with an
error of 0.03%, were applied across the entire cr
section (A) of the bar samples through electrodes (cop
wires) situated at the ends of the specimen. The volt
was measured in the scale of 200 mV, with a resolut
of 10 nV, through two additional electrodes separated
a distanced and welded in between the former. The ele
trical resistivity was computed asr ­ VAyId ­ RsAyd.

The electrical contacts between the electrodes
the sample were mostly made with silver paint, but
some special cases they were replaced by gold sputt
on the samples or by indium contacts.

To check the quality of the voltage contacts, t
electrical resistance between them was measured at
sR2wd and foursR4wd wires. Assuming thatR2w ­ 2Rc 1

Rs and thatR4w ­ Rs, the contact resistance isRc ­
sR2w 2 R4wdy2. The contacts were considered satisfa
tory only whenRcyR4w < 20.
2534 J. Mater. Res., Vol.
ls:
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To eliminate the thermoelectric effect the resistiv
data were obtained, as commonly done, calculating
averagesr1 andr2 (1 and2 stand for the direction of
the current) out of 10 values, respectively, and gett
an average resistancer ­ sr1 1 r2dy2. But in some
cases, as will be shown below, only one polarity of t
current was used for the experiments, thus measu
either r1 or r2.

The temperature dependence of the resistivity,r,
was measured in a zero magnetic field (H ­ 0) and
under a constant field (H ­ 5 kOe). The time depen
dence ofr1 and r2 was studied at room temperatu
by measuring them every second for some minu
After a time t1 the polarity of I was inverted and
finally restored after a timet2. The magnetoresistanc
fDryr ­ rsHd 2 rs0dyrs0dg was measured between
and 10 kOe, in steps of 100 Oe, at those temperat
where thersHd versusT curves, corresponding toH ­
0 and H ­ 5 kOe, showed bigger separation.

III. RESULTS

When we partially replace La31 by Ba21 in the
cobalt perovskite we find RSB in La12xBaxCoO3 for
x ­ 0.20.

This sample shows bulk ferromagnetism below
TC ø 175 K [Fig. 1(a)] and typical hysteresis loops wit
a coercitive magnetic fieldsHcd of 1200 Oe at 77 K
and a remanent magnetizationsMrd of 3300 emuymol.
Above 250 K the data can be fitted to a Curie–We
law with an effective magnetic momentsmeff ø

p
8C d

of 4.6 mB and a Weiss constant of 155 K. ForTC , T <

250 K there is a positive deviation from the Curie–Wei
law [Fig. 1(b)] and hysteresis in theMsHd measure-
ments withHc , 100 Oe andMr , 300 emuymol.

As for the electrical behavior of this material, Fig.
showsrsT d data for the fresh sample (A). The samp
is semiconducting below aTMI1 and above aTMI2,
and metallic for TMI1 , T , TMI2, as indicated in
that figure.

Interestingly enough, the electrical resistivity is o
served to evolve with time, as can be seen in the sa
figure. There we plotrsT dyr s180 Kd versusT in order
to compare how the semiconducting re-entrant beha
disappears in the interval of several weeks.

In order to eliminate contact effects as a sou
of the observed semiconducting behavior, the electr
contacts were changed. Thus, while silver paint conta
were used when measuring the first two times (A a
B), after detecting the evolution in B we removed t
silver paint contacts with acetone and made four n
contacts (C). In order to make the fourth measurem
we removed the previous contacts and, on the oppo
face of the pellet, we pressed metallic indium on t
wires (D). Other measurements were done sputte
14, No. 6, Jun 1999
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FIG. 1. Magnetic properties of La0.80Ba0.20CoO3: (a) ZFC and
FC temperature dependence of the molar magnetic susceptib
sx ­ MyHd. The data were taken withH ­ 1 kOe. (b) Temperature
dependence of the inverse of the susceptibility. Fit of the exp
mental data to a Curie–Weiss law givesu ­ 155 K and C ­
2.65 emuymol K [250 , T (K) , 330].

gold on the sample and welding the wires by mea
of silver paint.

It is worth noting at this point that although th
electrical properties of this sample clearly vary with tim
from the crystallographic point of view the sample do
not experience any structural modification, as seen
x-ray powder diffraction (Fig. 3). Also, no changes we
observed in its magnetic behavior.

When the aged samples were again thermally trea
at the final annealing temperature of synthesis and slo
cooled to room temperature, we could restore the
preparedr versus T curve (similar to sample A in
Fig. 2).
J. Mater. Res., Vol. 1
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FIG. 2. Normalized electrical resistivityrsTdyr s180 Kd of La0.80-
Ba0.20CoO3 samples as a function of temperature. The sequence fr
A to D shows the temporal evolution of the samples every two mont
The absolute resistivities measured at 180 K are, approximately,rA ­
1.38 mV cm, rB ­ 1.61 mV cm, rC ­ 2.63 mV cm, and rD ­
2.28 mV cm.

FIG. 3. Powder x-ray diffraction pattern of the aged samp
La0.80Ba0.20CoO3 that gives ther versus T D curve shown in
Fig. 2. From the crystallographic point of view the material h
not deteriorated.

The materials that show the I-M-I sequence (samp
A, B, and C) also display other interesting propertie
If we measure their resistance at room temperature
a function of time using a constant currentI1 in one
4, No. 6, Jun 1999 2535
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direction, initially we obtain a constant value ofr
1
0

during at1. A change in the direction of the current, no
I2, produces a change in the polarity of the electrod
and gives rise to a jump fromr1 to other r2. This
behavior is expected in any resistance measured by
method. It is due to the presence of thermal EM
effects in the welds because dissimilar materials a
joined together. But while in other metallic and low
resistivitysmV cmd semiconducting samples we observ
a practically instantaneous change in the polarity,
the La0.80Ba0.20CoO3 sample when the initial polarity,
I1, is restored aftert2, an unexpected time depende
resistivity, r1

t , different from r
1
0 , is measured. After

approximately 600 sr1
0 is recovered, as represented

Fig. 4. This effect is not present in samples without RS
To get a deeper insight into this peculiar beha

ior we also studied this phenomenon as a function
temperature. We took a sample showing theM 2 I
transition (sample C in Fig. 2) and measuredr1sTd on
cooling down. Apparently, the sample has a semico
ductor behavior with two jumps at 175 K and 115 K
respectively (Fig. 5). Then, at 77 K, we changed t
polarity of the current andrsTd was measured warming
up. In this case the sample shows a semiconduct
behavior from 77 to 115 K and metallic forT sKd .

115, the positive slope ofrsTd again changing atTC ­
175 K (Fig. 5).

FIG. 4. Room temperaturer versus time data of La0.80Ba0.20CoO3.
The figure shows the relaxation ofr1 after having applied a110 mA
intensity duringt1 ­ 400 s followed by a change in the polarity o
the current to210 mA for t2 ­ 40 s and finally restoring the initial
110 mA.
2536 J. Mater. Res., Vol. 1
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FIG. 5. r1sHd versusT , r2sHd versusT and the averagersHd
versusT curves corresponding to a sample of La0.80Ba0.20CoO3 with
RSB (sample C in Fig. 2). The results of warming up applyin
2i sr2d and cooling down applying1i sr1d are represented by
2r2 when H ­ 0 and by –––– whenH ­ 5 kOe. rs0d and
rs5 kOed are shown as a solid line and as dots, respectively.

When we measuredr inverting the direction of
the current at every temperature, as explained in
experimental section, we obtained the averager also
represented in Fig. 5. A small thermal hysteresis w
observed between the cooling down and warming
curves. In this case, we can observe thatr lies approxi-
mately at the geometric average ofr1 cooling down
curve andr2 warming up curve.

To study the influence ofH in thesersT d curves
we measuredr1sTd, r2sTd, andrsT d under a field of
H ­ 5 kOe. The results are also plotted in Fig. 5.

An enlarged view of the effect of anH of 5 kOe
on the rsTd curve can be seen in Fig. 6(a). At th
temperature where separation between thers5 kOed and
rs0d curves goes through a maximum,T ­ 135 K, we
measured the magnetoresistance of the sample: 2–
[Fig. 6(b)]. A strong noise is noticeably observed
these measurements.

We also measured the effect of the field on t
rsT d curve of the sample that does not show any mo
RSB (sample D in Fig. 2) and its magnetoresistance
160 K [Figs. 7(a) and 7(b)]. In this case it is wort
4, No. 6, Jun 1999
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FIG. 6. (a) Enlarged view of thersHd versusT data of sample C
with RSB. Data corresponding toH ­ 0 are represented by circle
and those corresponding toH ­ 5 kOe by triangles. The arrow show
the temperature at which the magnetoresistance was measured
plotted in part (b) of the figure.

noting that the noise is much lower than in the previo
measurements and the differences between the warm
up and cooling down curves (thermal hysteresis)
more clearly seen.

IV. DISCUSSION

We can summarize the phenomena reported by
in La0.80Ba0.20CoO3 in the semiconducting re-entran
region as (i) temporal evolution ofr versusT curves,
(ii) relaxation effects in its electrical resistivity an
J. Mater. Res., Vol. 1
It is

s
ing
re

us
t

FIG. 7. (a) rsHd versus T data of sample D that has lost th
RSB. Data corresponding toH ­ 0 are indicated by circles and
those corresponding toH ­ 5 kOe are indicated by triangles. The
temperature at which the magnetoresistance was measured is ma
with an arrow. (b)rsHd of this sample at 160 K.

“diodic” behavior, (iii) resistivity fluctuations near the
M 2 I transition, and (iv),2–3% magnetoresistanc
for a field of 9 kOe, especially nearTMI.

In general, the behavior observed in these expe
ments can be understood as a result of segregation
two phases.1 It has recently been proposed that in the
cobalt perovskites there are two distinguishable el
tronic phases that coexist in the same crystallograp
phase.12 One would be hole-rich, metallic, and ferro
4, No. 6, Jun 1999 2537
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magnetic, where the Co ions are in an intermedi
spin configuration. The other would be hole-poor, sem
conducting, and with antiferromagnetic exchange int
actions, in which the Co ions are in a spin state th
changes with temperature.12

In this La0.80Ba0.20CoO3 material the ferromagnetic
phase has already reached the percolation thresh
so that bulk ferromagnetism is observed belowTC ­
175 K. Nevertheless, positive deviation from th
Curie–Weiss law in the paramagnetic region is observ
below 250 K. This deviation can be originated b
the presence of magnetic short range order in sm
clusters aboveTC.3 The persistence of some of thes
superparamagnetic clusters above 250 K could
contributing to the enhanced effective magnetic mom
smeff ­ 4.6 mBd observed with respect to the valu
smeff ­ 3.5 mBd found in equivalent cobalt systems.12

Alternating electrical conduction behaviors, I-M-
that predominate in different temperature ranges reve
the presence of those two phases.

The predominant phase controls the electrical beh
ior defining the region with RSB. At low temperature
the metallic regions, which have not percolated y
are disconnected so that the semiconducting beha
of the other phase is observed. BetweenTMI1 and
TMI2 spin-state changes in that semiconducting ph
allow the metallic, ferromagnetic clusters to percola
and the spin-disorder scattering is the dominant mec
nism. The temperature coefficient≠ry≠T changes its
sign at the Curie point, thus indicating that the ba
structure is affected by the magnetic ordering. Abo
TMI2 or TC, the bulk system is paramagnetic, althou
small ferromagnetic clusters could be present with
very small conductivity, and the hole-poor phase dom
nates the electrical conduction that takes place by
movement of charge carriers through the semiconduc
phase with an activated mobility.

Other support for the model of two electricall
different phases coexisting in the system comes fr
the relaxation effects observed when the polarity
the current is changed and from its “diodic” behavio
In this context, a ferroelectric field effect in epitaxia
heterostructures of Pb(Zr0.52Ti0.48)O3 (PZT)ySrRuO3 has
recently been reported.13 In these heterostructures, th
ferroelectric polarization of PZT induces a nonvolati
change in the carrier density of the adjacent meta
ferromagnetic SrRuO3 perovskite layer, giving rise to
a change in its resistivity. This change ofr was non-
volatile for a period of several days.

A similar phenomenon can be occurring in the
RSB samples. If these materials are thought of as
electrical inhomogeneous medium, where some meta
clusters are covered with a semiconducting and dielec
material, the change in the polarity of electrodes w
affect the charge distribution in the dielectric medium
2538 J. Mater. Res., Vol. 1
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This, in turn, will change the density of charge carrie
and thereforer. With time, as the charge distribution in
the semiconducting media evolves toward the origin
configuration, the resistivity tends to its initialr0 value.

Within this model of two distinguishable electroni
phases coexisting within the same crystallograp
phase, the resistivity fluctuations observed in o
measurements near theM 2 I transition (which are
much larger than those found in related systems such
CMR La2/3Ca1/3MnO3

14) could originate in fluctuations
of the magnetization in the ferromagnetic cluste
Nevertheless, we can not discard the fact that gr
boundaries can also be playing an important role
such behavior. In this context, it is well known tha
typical grain boundary phenomena such as segregat
oxygen nonstoichiometry, other complex defects, etc15

can greatly affect the sample resistivity.16 In this case,
defect motion at the grain boundaries would produ
microscopic inhomogeneities in the material that cou
give rise to inhomogeneities in its electrical transpo
this contributing to the observed noise enhancem
near theM 2 I transition.

As for magnetoresistance in cobalt perovskites, s
eral authors have recently reported magnetoresistanc
La–Sr–Co–O perovskites17,18 and have proposed thei
application as a magnetic field sensor.19

The 2–3% magnetoresistance shown by the
La0.80Ba0.20CoO3 samples at temperatures nearTMI1 and
TMI2 for a field as low as 9 kOe could be interprete
as the result of growth of the hole-rich ferromagne
regions under the application of the field at the expen
of the poor-conducting matrix, through changes in
Co-spin state. These values of magnetoresistance wo
be a promising result if the noise did not affect th
measurements so much. This can be a serious drawb
for the possible use of these materials as magn
sensors.

As for the observed electrical “aging” and evolutio
with time, it could be related to small changes
the oxygen stoichiometric of the sample. This assum
tion is supported by preliminary oxygen analyses,20 by
the fact that appropriate thermal treatments that all
the sample to recover its oxygen content20 can restore the
initial r versusT curve, and by results reported by othe
authors on the evolution from metallic to semiconducti
behavior of La12xSrxCoO3 thin films.21

Finally, it is worth mentioning that the reporte
effects of temporal evolution, relaxation effects, an
fluctuation in its electrical resistivity, as well as it
“diodic” behavior are not restricted to this barium
doped material. We have also observed it in oth
polycrystalline cobalt perovskites that we have prepa
by different routes and with different particle size,22

and that also show RSB behavior: La12xSrxCoO3 sx ­
0.20, 0.25d and La0.70Ca0.30CoO3.20
4, No. 6, Jun 1999
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More work is in progress to try to completely clarif
these surprising and interesting effects and to fu
separate the intragranular and intergranular contributi
to the observed electrical properties.
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