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We report here a study on the electrical and magnetic properties;of Ba CoO;

in the re-entrant semiconducting region= 0.20). We find that in this material:

(i) the insulator-metal-insulator sequence is unstable and evolves toward a purely
semiconducting behavior; the initial versusT curve can be reinstated upon appropriate
annealing treatments; (ii) there are relaxation effects that can be seen by changing the
polarity of the electrodes; (iii) there is a negative magnetoresistApge ~ 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 account
these experimental observations, we can interpret this material as an inhomogeneous
system where two thermodynamic phases, one semiconducting and the other metallic and
ferromagnetic, coexist, although they are crystallographically indistinguishable.

I. INTRODUCTION and antiferromagnetic exchange interactions, the mate-

Early studies on the magnetic and electrical prop-1als La—.SLCoG; evolve toward a metallic ferromag-

erties of magnetic semiconductors such as EuSe ariftic Pehavior. According to an earlier interpretatién,
EuTe showed that their particular properties can bd" the doped samples paramagneti¢ Laoexisted with

described as a consequence of their heterogeneity ddgifomagnetic S -rich clusters, the ferromagnetic com-

to a two-phase segregation. This segregation forms feOnent increasing with. Re-examination of this system
romagnetic (FM) microregions (called ferrons, giantN@s léd some authors to propose a phase diagram for

quasimolecules, or magnetic polarons) within an antithe electronic structure of this very complex systém.

ferromagnetic (AFT < Ty) or paramagnetic (PM[ > According_ to their interpretation, upon 2$r doping
Ty) phasé. This idea was used by some authors tothe material segregates into two distinguishable elec-

explain the peculiar transport properties in the coppeFroniC states that coexist within the same crystallographic

oxide superconductof€ More recently, it has been used Phase: hole-rich metallic ferromagnetic regions, where

to interpret the colossal magnetoresistance observed [i€ €0 ions are in an intermediate-spin configuration, and

manganese perovskites near the Curie temperéture. & N0le-poor matrix similar to LaCofwhich experiences
Another perovskite system where a phase segre? thermally induced low-spin to high-spin transition.

gation has been reported is LaSr,CoO;. The ex- For low Sr contentsc < 0.20 the hole-rich regions are
treme member of the series with= Ox LaCoQ,, shows isolated from one another and show spin-glass behavior

peculiar magnetic and transport properties due to &t7 < T, and the samples are semiconducting. For high

thermally induced spin transition from low-spin @g( €nough Sr contents; = 0.30, magnetic and electrical
(15¢°) to mostly high-spin C& (r4¢?).68 The complete percolation are achieved and the samples are metallic

evolution and interpretation of both its electrical ang@nd ferromagnetic. For intermediate compositions the

magnetic properties as a function of temperature hav@Uthors reportgd bulk ferromggnetlsm beldw and
been recently revised. insulator-metal-insulator transitions (I-M-1), also known

Upon Sr doping, very noticeable changes take pIac@S re-entrant semiconducting behavior (RSB), as tem-

in the materid® while LaCoQ shows high resistivity Perature rises. . o
In order to gain insight into the peculiarities of that

re-entrant semiconducting region and into other effects
apermanent address: CentraoAtico de Bariloche—Carrera de Inves- due to the _presence 0f.tW0 pha_ses, we have carried
tigador del CONICET (Argentina). out magnetlc and electrical studies on;L&8,CoG;
bAddress all correspondence to this author. e-mail: tonasr@udc.es systems, with (B= Ca, Sr, and Ba) that show RSB. In
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this paper we focus our study on one of these materials: To eliminate the thermoelectric effect the resistivity
La,_.Ba,CoO; with x = 0.2. data were obtained, as commonly done, calculating the
averagep* andp~ (+ and— stand for the direction of
the current) out of 10 values, respectively, and getting
IIl. EXPERIMENTAL an average resistange= (p* + p~)/2. But in some

LaygoBay20C00; was prepared by decomposition of cases, as will be shown below, only one polarity of the
the corresponding mixture of nitrates. Stoichiometriccurrent was used for the experiments, thus measuring
amounts of dry LgO; and BaCQ were dissolved in eitherp* or p~.
nitric acid and mixed with the appropriate volume of The temperature dependence of the resistivity,

a cobalt nitrate solution prepared and standardized, asas measured in a zero magnetic field € 0) and
reported in Ref. 9. The resulting solution was warmedunder a constant field = 5 kOe). The time depen-
up so as to slowly evaporate the solvent. The so-obtainedence ofp™ and p~ was studied at room temperature
mixture of nitrates was decomposed at 6@0 The by measuring them every second for some minutes.
resulting product was pressed into pellets and was theffter a time 7; the polarity of I was inverted and
annealed at 1000—-110C/79 h and cooled slowly to finally restored after a time,. The magnetoresistance
room temperature at 6TC/h. [Ap/p = p(H) — p(0)/p(0)] was measured between 0

The so-obtained Ba compound was crystalline andgnd 10 kOe, in steps of 100 Oe, at those temperatures
single phase, as shown by its x-ray powder diffractionwhere thepo (H) versusT curves, corresponding t§ =
pattern obtained from a SIEMENS D-50000 apparatusO and H = 5 kOe, showed bigger separation.

Scanning electron micrographs showed the microstruc-
ture of sintered grains. The final grain size is approxi-
mately 2 um. ll. RESULTS

The magnetic properties were studied in a VSM  When we partially replace Ba by Ba&"' in the
vibrating magnetometer. Zero-field-cool (ZFC) and field-cobalt perovskite we find RSB in La,Ba,CoO; for
cool (FC) magnetic susceptibility data were obtained inx = 0.20.

a field of 1 kOe from77 < T (K) < 330. ZFC and FC This sample shows bulk ferromagnetism below a
magnetization curves M(H) were obtained using fields offc = 175 K [Fig. 1(a)] and typical hysteresis loops with
+10 kOe at 77 K, at the temperature where the metala coercitive magnetic fieldH,) of 1200 Oe at 77 K
insulator transition took place in the resistivity versusand a remanent magnetizatig®,) of 3300 emymol.
temperature measurements, and at temperatures slighthbove 250 K the data can be fitted to a Curie—Weiss
below and abovelc. law with an effective magnetic momeff s = V/8C)

The electrical resistivity of bars (1 X 4 X 8) mn? of 4.6 up and a Weiss constant of 155K. Fix < T <
was studied in the temperature intervidl < T (K) < 250 K there is a positive deviation from the Curie—Weiss
300 in a four-probe homemade device equipped withlaw [Fig. 1(b)] and hysteresis in th&/(H) measure-

a commercial Oxford ITC4 temperature controller, aments withH. < 100 Oe andM, < 300 emymol.
precision electrical current HP 6181C source, a Keithley  As for the electrical behavior of this material, Fig. 2
2001 multimeter, and a Hall probe. showsp(T) data for the fresh sample (A). The sample

Constant dc currentd() < 7 (mA) < 50], with an  is semiconducting below &), and above aly»,
error of 0.03%, were applied across the entire crosand metallic for Ty < T < Typ, as indicated in
section (A) of the bar samples through electrodes (coppehat figure.
wires) situated at the ends of the specimen. The voltage Interestingly enough, the electrical resistivity is ob-
was measured in the scale of 200 mV, with a resolutiorserved to evolve with time, as can be seen in the same
of 10 nV, through two additional electrodes separated byigure. There we plop(T)/p (180 K) versusT in order
a distancel/ and welded in between the former. The elec-to compare how the semiconducting re-entrant behavior
trical resistivity was computed as = VA/Id = R;A/d.  disappears in the interval of several weeks.

The electrical contacts between the electrodes and In order to eliminate contact effects as a source
the sample were mostly made with silver paint, but inof the observed semiconducting behavior, the electrical
some special cases they were replaced by gold sputteredntacts were changed. Thus, while silver paint contacts
on the samples or by indium contacts. were used when measuring the first two times (A and

To check the quality of the voltage contacts, theB), after detecting the evolution in B we removed the
electrical resistance between them was measured at twgillver paint contacts with acetone and made four new
(R,,) and four(R,,,) wires. Assuming thak,,, = 2R, + contacts (C). In order to make the fourth measurement,

R, and thatR,, = R,, the contact resistance B. = we removed the previous contacts and, on the opposite
(Ra, — R4,)/2. The contacts were considered satisfacface of the pellet, we pressed metallic indium on the
tory only whenR./Ry, < 20. wires (D). Other measurements were done sputtering
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FIG. 1. Magnetic properties of lkgoBay0Co0;: (a) ZFC and S

FC temperature dependence of the molar magnetic susceptibilit-2
(x = M/H). The data were taken with = 1 kOe. (b) Temperature S 400

dependence of the inverse of the susceptibility. Fit of the experi- 2
mental data to a Curie—Weiss law giveés= 155K and C = | [ T
2.65 emymol K [250 < T (K) < 330]. 200 b i
gold on the sample and welding the wires by mean: I R \ ]
of silver paint. of .
2 1 i 1 i L L 1 I 1
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It is worth noting at this point that although the 20 30 40
electrical properties of this sample clearly vary with time, 26
from the qrystallographic point of Vi_e\_N the sample doesFIG. 3. Powder x-ray diffraction pattern of the aged sample
not experience any structural modification, as seen bya, gBa, ,(Co0; that gives thep versusT D curve shown in
x-ray powder diffraction (Fig. 3). Also, no changes wereFig. 2. From the crystallographic point of view the material has
observed in its magnetic behavior. not deteriorated.

When the aged samples were again thermally treated
at the final annealing temperature of synthesis and slowly  The materials that show the I-M-I sequence (samples
cooled to room temperature, we could restore the asA, B, and C) also display other interesting properties.
preparedp versusT curve (similar to sample A in If we measure their resistance at room temperature as
Fig. 2). a function of time using a constant curreht in one
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direction, initially we obtain a constant value @f

during at,. A change in the direction of the current, now
I~, produces a change in the polarity of the electrode:
and gives rise to a jump froqp* to other p~. This

behavior is expected in any resistance measured by th
method. It is due to the presence of thermal EMFs
effects in the welds because dissimilar materials ar

5.6

4.8

joined together. But while in other metallic and low-

resistivity(m{) cm) semiconducting samples we observe __
a practically instantaneous change in the polarity, ir &

the La giBay0C00; sample when the initial polarity,
I", is restored after,, an unexpected time dependent
resistivity, p,", different from p, , is measured. After
approximately 600 g, is recovered, as represented in
Fig. 4. This effect is not present in samples without RSB

To get a deeper insight into this peculiar behav-
ior we also studied this phenomenon as a function o

temperature. We took a sample showing thee— I
transition (sample C in Fig. 2) and measuiet(7) on

cooling down. Apparently, the sample has a semicon

ductor behavior with two jumps at 175 K and 115 K,

respectively (Fig. 5). Then, at 77 K, we changed the

polarity of the current ang (7)) was measured warming

up. In this case the sample shows a semiconductin

behavior from 77 to 115 K and metallic fdf (K) >
115, the positive slope 0p(T) again changing afc
175 K (Fig. 5).

3.5

p(m Q.cm)

20

600 800

time (sec.)

400 1000

FIG. 4. Room temperaturg versus time data of lggoBay20C00;.
The figure shows the relaxation pf" after having applied & 10 mA
intensity durings; = 400 s followed by a change in the polarity of
the current to—10 mA for 7, = 40 s and finally restoring the initial
+10 mA.

2536

40

G

Q

32

24

16

',

f@ﬁw‘&

084

50 100 150 200 250 300

T(K)

FIG. 5. p*(H) versusT, p (H) versusT and the average (H)
versusT curves corresponding to a sample ofkgBag 20C00; with
RSB (sample C in Fig. 2). The results of warming up applying
—i (p~) and cooling down applyingti (p™) are represented by
—p— when H =0 and by ———— whenH = 5 kOe. p(0) and

p (5 kOe) are shown as a solid line and as dots, respectively.

When we measureg inverting the direction of
the current at every temperature, as explained in the
experimental section, we obtained the averagalso
represented in Fig. 5. A small thermal hysteresis was
observed between the cooling down and warming up
curves. In this case, we can observe thdtes approxi-
mately at the geometric average pf* cooling down
curve andp~ warming up curve.

To study the influence off in thesep(T) curves
we measureg * (T), p (T), and p(T) under a field of
H = 5 kOe. The results are also plotted in Fig. 5.

An enlarged view of the effect of afl of 5 kOe
on the p(T) curve can be seen in Fig. 6(a). At the
temperature where separation betweengtfekOe) and
p(0) curves goes through a maximuri,= 135 K, we
measured the magnetoresistance of the sample: 2—3%
[Fig. 6(b)]. A strong noise is noticeably observed in
these measurements.

We also measured the effect of the field on the
p(T) curve of the sample that does not show any more
RSB (sample D in Fig. 2) and its magnetoresistance at
160 K [Figs. 7(a) and 7(b)]. In this case it is worth
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FIG. 6. (a) Enlarged view of the (H) versusT data of sample C
with RSB. Data corresponding t = 0 are represented by circles FIG. 7. (@) p(H) versusT data of sample D that has lost the
and those corresponding b = 5 kOe by triangles. The arrow shows RSB. Data corresponding té/ = 0 are indicated by circles and

the temperature at which the magnetoresistance was measured. IttRose corresponding t& = 5 kOe are indicated by triangles. The
plotted in part (b) of the figure. temperature at which the magnetoresistance was measured is marked

with an arrow. (b)p(H) of this sample at 160 K.

noting that the noise is much lower than in the previous
measurements and the differences between the warmingjqogic» hehavior, (jii) resistivity fluctuations near the
up and cooling down curves (thermal hysteresis) arg, _ ; transition, and (iv)~2—3% magnetoresistance
more clearly seen. for a field of 9 kOe, especially nedt,;.
In general, the behavior observed in these experi-

IV. DISCUSSION ments can be understood as a result of segregation of

We can summarize the phenomena reported by usvo phasesd.It has recently been proposed that in these
in LaggBay20C00; in the semiconducting re-entrant cobalt perovskites there are two distinguishable elec-
region as (i) temporal evolution g& versusT curves, tronic phases that coexist in the same crystallographic
(i) relaxation effects in its electrical resistivity and phase? One would be hole-rich, metallic, and ferro-
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magnetic, where the Co ions are in an intermediatd his, in turn, will change the density of charge carriers
spin configuration. The other would be hole-poor, semi-and thereforep. With time, as the charge distribution in
conducting, and with antiferromagnetic exchange interthe semiconducting media evolves toward the original
actions, in which the Co ions are in a spin state thatonfiguration, the resistivity tends to its initial value.
changes with temperatuté. Within this model of two distinguishable electronic

In this LaygoBay20C00; material the ferromagnetic phases coexisting within the same crystallographic
phase has already reached the percolation thresholghase, the resistivity fluctuations observed in our
so that bulk ferromagnetism is observed beldw=  measurements near thd — I transition (which are
175 K. Nevertheless, positive deviation from the much larger than those found in related systems such as
Curie—Weiss law in the paramagnetic region is observe@€MR Lay,;;Ca,3;Mn0O;%) could originate in fluctuations
below 250 K. This deviation can be originated byof the magnetization in the ferromagnetic clusters.
the presence of magnetic short range order in smalNevertheless, we can not discard the fact that grain
clusters abovel-.2> The persistence of some of theseboundaries can also be playing an important role in
superparamagnetic clusters above 250 K could bsuch behavior. In this context, it is well known that
contributing to the enhanced effective magnetic momentypical grain boundary phenomena such as segregation,
(meit = 4.6 wp) observed with respect to the value oxygen nonstoichiometry, other complex defects, ®tc.,
(mefr = 3.5 wp) found in equivalent cobalt systentts. can greatly affect the sample resistivifyln this case,

Alternating electrical conduction behaviors, I-M-I, defect motion at the grain boundaries would produce
that predominate in different temperature ranges revealsicroscopic inhomogeneities in the material that could
the presence of those two phases. give rise to inhomogeneities in its electrical transport,

The predominant phase controls the electrical behavthis contributing to the observed noise enhancement
ior defining the region with RSB. At low temperatures near theM — I transition.
the metallic regions, which have not percolated yet, As for magnetoresistance in cobalt perovskites, sev-
are disconnected so that the semiconducting behaviaral authors have recently reported magnetoresistance in
of the other phase is observed. Betweg&p;; and La—Sr—Co—O perovskités!® and have proposed their
Ty1» Spin-state changes in that semiconducting phasapplication as a magnetic field sensbr.
allow the metallic, ferromagnetic clusters to percolate, The 2-3% magnetoresistance shown by these
and the spin-disorder scattering is the dominant mechd-ag goBay 20C00; samples at temperatures n&a;; and
nism. The temperature coefficiedip/dT changes its Ty, for a field as low as 9 kOe could be interpreted
sign at the Curie point, thus indicating that the bandas the result of growth of the hole-rich ferromagnetic
structure is affected by the magnetic ordering. Aboveregions under the application of the field at the expense
Ty or Tc, the bulk system is paramagnetic, althoughof the poor-conducting matrix, through changes in its
small ferromagnetic clusters could be present with &Co-spin state. These values of magnetoresistance would
very small conductivity, and the hole-poor phase domibe a promising result if the noise did not affect the
nates the electrical conduction that takes place by theneasurements so much. This can be a serious drawback
movement of charge carriers through the semiconductinépr the possible use of these materials as magnetic
phase with an activated mobility. Sensors.

Other support for the model of two electrically As for the observed electrical “aging” and evolution
different phases coexisting in the system comes fronmwith time, it could be related to small changes in
the relaxation effects observed when the polarity ofthe oxygen stoichiometric of the sample. This assump-
the current is changed and from its “diodic” behavior.tion is supported by preliminary oxygen analysesy
In this context, a ferroelectric field effect in epitaxial the fact that appropriate thermal treatments that allow
heterostructures of Pb(g4>Tio48)Os (PZT)/SrRUQ has  the sample to recover its oxygen contéiian restore the
recently been reportéd. In these heterostructures, the initial p versusT curve, and by results reported by other
ferroelectric polarization of PZT induces a nonvolatile authors on the evolution from metallic to semiconducting
change in the carrier density of the adjacent metallidehavior of La_,Sr,CoQ; thin films2!

ferromagnetic SrRu@ perovskite layer, giving rise to Finally, it is worth mentioning that the reported
a change in its resistivity. This change pfwas non- effects of temporal evolution, relaxation effects, and
volatile for a period of several days. fluctuation in its electrical resistivity, as well as its

A similar phenomenon can be occurring in these“diodic” behavior are not restricted to this barium-
RSB samples. If these materials are thought of as adoped material. We have also observed it in other
electrical inhomogeneous medium, where some metallipolycrystalline cobalt perovskites that we have prepared
clusters are covered with a semiconducting and dielectriby different routes and with different particle siZe,
material, the change in the polarity of electrodes willand that also show RSB behavior:LaSr,Co0; (x =
affect the charge distribution in the dielectric medium.0.20, 0.25) and L& 7¢Cay30C00;.2°
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More work is in progress to try to completely clarify o.

these surprising and interesting effects and to fully

separate the intragranular and intergranular contribution%o'
P 9 9 1. J.B. Goodenough, Mater. Res. B@|.967 (1971).

12.
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