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We have investigated the magnetoresistance~MR! of the perovskite oxide La12xSrxCoO3 for 0 <x<0.4
which shows a spin-state transition from low-spin CoIII to high-spin Co31 as a function of temperature. In the
metallic compositions (x>0.25) appreciable MR occurs only near the ferromagnetic Curie temperature. For
the most metallic compositionx50.4, there is a small positive contribution to the MR near theTc . In the
insulating samples (x<0.2) the MR shows a large hysteresis which depends on the temperature. The value of
the MR is negative and large in the insulating compositions and shows a maximum near the temperature where
magnetic studies showed a spin-glass-like transition. We also find a strong role of the spin-state transition of
the Co31 ions in the electronic transport leading to a characteristic behavior of the MR in the Co31-rich
insulating samples.@S0163-1829~96!01645-1#

I. INTRODUCTION

The recent discovery of giant magnetoresistance~GMR!
in Mn-based oxides1–11 L12xAxMnO3 (L5La, Nd, Pr, etc.,
andA5Ca, Sr, Ba, Pb, etc.! has led to further investigation
of the physical and chemical properties of these oxides in
detail. Unlike Mn-based oxides~manganates!, there are very
few reports on the magnetoresistance behavior of Co-based
oxides~cobaltates!.12–14Even though hole doping~by substi-
tution of Sr21 for La31) in antiferromagnetic~AFM! insu-
lating LaMnO3 as well as in LaCoO3 renders ferromag-
netism ~FM! and metallicity, there are certain differences
between these two systems in spin structure. We elaborate
these differences below. The present MR results indicate that
these differences between the two systems should be taken
into account to ascertain whether MR arises from the same
origin.

Sr substitution in LaMnO3 leads to the conversion of
Mn31 (t2g

3 eg
1 , S52) into Mn41 (t2g

3 , S53/2). Magnetic
studies on this system show that there is a core spin arising
from 1/2-filled t2g

3 levels. Since the exchange energy is larger
than the crystal field energy, the high-spin state is stable in
Mn-based systems. No thermal variation of the spin state of
the Mn ion has been reported so far. A strong Hund’s rule
coupling of the core spin with the more mobile carriers~hole
or electron! in theeg orbitals determines most of the observ-
able behavior of the Mn-based system. However, in
LaCoO3, the Co ion is predominantly in low-spin-state
CoIII (t2g

6 , S50) at low temperature, and with increases in
temperature, a progressive conversion of low-spin CoIII into
high-spin Co31 (t2g

4 eg
2 , S52) takes place.15–18This happens

because at low temperature a large crystal field stabilizes the
low-spin state. However, the energy difference between the
two spin states being low ('0.03 eV!, thermal excitation can
provide a transition to a high-spin configuration. In the tem-
perature range 100 K<T<350 K, the ratio of high-spin to
low-spin Co reaches 50 : 50 with short-range ordering
of low-spin and high-spin Co ions18 and above 600 K
LaCoO3 shows metallic behavior.

16,17On Sr substitution, tet-
ravalent Co ions are created. They can be low-spin CoIV

(t2g
5 , S51/2) or high-spin Co41 (t2g

3 eg
2 , S55/2). Recent

electron spectroscopy24 results show that high-spin Co41 is
'1 eV lower in energy than low-spin CoIV. Sr-substituted
La12xSrxCoO3 thus contains a mixture of low-spin CoIII

(t2g
6 ), low-spin CoIV(t2g

5 ), and some high-spin Co31

(t2g
4 eg

2) and high-spin Co41(t2g
3 eg

2) depending on the tem-
perature as well as the value ofx.

The absence of a half-filledt2g orbital in the low-spin Co
ion gives rise to less strong Hund’s rule coupling of the
carrier to the core spin. This is an important fact that distin-
guishes the Co system from the Mn system. We show in this
paper that these aspects of the Co ions along with the spin-
state transition of the Co31 ions are essential ingredients in
understanding the MR data.

The superexchange interaction CoIV-O-Co31 or
Co41-O-Co31 is known to be ferromagnetic and the ex-
change intereactions between the ions with the same valency
state are antiferromagnetic.15–18Whether the ferromagnetism
in cobaltates is mediated by a double-exchange mechanism
or not is clearly not understood at present. However, the
absence of the half-filledt2g level providing the core spin
and a strong Hund’s rule coupling, unlike the manganates,
make this mechanism a less likely possibility.

At this stage it will be worthwhile to consider the mag-
netic phase diagram of La12xSrxCoO3 as has been proposed
by different investigators18–21as shown in Fig. 1. As we will
see below the magnetic phase diagram helps us to understand
MR data as well as the zero-field resistivity data to be re-
ported in this paper. It can be seen that there are two distinct
regions in the phase diagram. Forx.0.2–0.25 one sees the
onset of ferromagnetic transition~denoted byTc) but the
resulting ferromagnetic state does not have a long-range or-
der. Rather it becomes like a cluster of ferromagnetic regions
embedded in a nonferromagnetic matrix. Forx,0.1, one ob-
serves a spin-glass-like state at lower temperature and there
seems to exist a spin-state-transition temperature marked by
Ts in this region. In the transition region 0.2.x.0.1 the
behavior seems to be more complicated and there seems to
be disagreement between different investigators. We avoided
this region~shaded in Fig. 1! in the present work. The data
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presented here include the regionx<0.1 andx>0.2. The
main objective of this paper is to study MR for samples with
different x and correlate our observation with the magnetic
phase diagram. In particular, forx<0.1 ~in the region of the
onset of spin-glass behavior! no MR data has been reported
so far. We have carried out measurements of resistivity~r!,
magnetoresistance„MR5@r(H)2r(0)#/r~0!, where r~0!
and r~H! are the resistivities at zero field and at a field of
H Tesla, respectively…, and ac x on the samples for
0<x<0.4.

II. EXPERIMENTAL DETAILS

The compounds of La12xSrxCoO3 (0<x<0.4) were
prepared by the ceramic method staring with predried
La2O3, CoC2O4•2H2O, and SrCO3. Accurately weighed
amounts of the reactants in required proportions were mixed
and ground together with acetone. The mixture was heated at
1100 °C for 1 day. The mixture was then ground again, pel-
letized, and heated at 1100 °C in air for 3 days. The phase
purity was checked with x rays and the samples were found
to be of single phase and the diffraction pattern compared
well with the reported data.

The resistivity was measured by the four-probe method
using an ac bridge operating at 20 Hz. The magnetoresis-
tance measurement was done with a superconducting sole-
noid immersed in liquid He. The ac susceptiblity~at 2 mT
and 77 K<T<400 K! was measured by mutual inductance
bridge operating at 100 Hz.

III. RESULTS AND DISCUSSION

A. ac susceptibility

The ac susceptibility (x) of the sample withx>0.1 is
shown in Fig. 2~for the samples with less Sr content our
bridge was not sensitive enough to locate any transition!.
TheTc’s of the samples are 190 K, 240 K, 240 K, and 245 K
for x50.2, 0.25, 0.3, and 0.4 compositions, respectively. For

x50.1 composition susceptibility rises noticeably below 150
K but the value ofx is very small compared to the other
samples. This rise inx may mean the formation of local
ferromagnetic clusters or regions in which spins have ferro-
magnetic correlation over considerable length scales. The
Tc’s of our samples are very close to those found in previous
studies.18–20 We see that the onset of the FM transition is
rather sharp at least for samples withx>0.2. The acx ’s of
all the samples~measured at 2 mT! show a peak at a tem-
perature close to but lower thanTc and then come down
rather prominently as the temperature is lowered. The tem-
perature dependence ofx below Tc is very similar to the
field-cooled~FC! dc magnetization measured at 2 mT by Itoh
et al.19 and similar to that of Gangulyet al.20 It is this par-
ticular behavior along with the time dependence of the mag-
netization (M ) seen in Ref. 19 as well as the lack of proper
saturation of (M ) even in fields as high as 5–6 T that points
to the fact that the ferromagnetic order seen in the cobaltates
lacks proper long-range order.~This is in sharp contrast to
manganates7 where all the properties of a long-range ferro-
magnet are seen forx50.3.)

The rapid fall ofx in the ferromagnetic state can come
from essentially two sources. The initial susceptibilityx(T)
}Ms(T)

2/K(T), whereMs(T) is the saturation magnetiza-
tion at the temperatureT andK(T) is the anisotropy energy
density.x(T) will decrease ifK(T) increase orMs(T) de-
crease. The previous22 magnetization data for samples with
x.0.2 show that theMs measured at a higher field has the
normal temperature dependence of theMs as expected of a
ferromagnet and does not decrease at low temperature. One
would therefore conclude that the decrease ofx below Tc
arises because of an increase of the anisotropic energy den-
sity on cooling belowTc . This anisotropic energy blocks the
spins and forbids them to respond to a weaker magnetic field.
As we see below, the signature of this strong anisotropy is
shown up as a marked hysteresis of MR on field cycling for
the insulating samples (x<0.1). Our results on the ac sus-
ceptibility therefore serve as a magnetic characterization of
the samples used in the subsequent transport measurement
studies as well as are a reconfirmation of some of the previ-
ous observations.

IV. RESISTIVITY IN ZERO FIELD

A. Insulating samples

The zero-field resistivity~r! of the samples is shown in
Fig. 3. The resistivity decreases with increasingx and the

FIG. 1. The schematic phase diagram of La12xSrxCoO3. The Sr
concentration (x) is shown along theX axis. The Tc(S) and
Tc(I ) represent the profile of the ferromagnetic transition tempera-
ture from Refs. 18 and 19, respectively. The open and solid circles
correspond to that of theTc value reported in Ref. 20 and the
present investigation, respectively. The solid square represents the
value taken from Ref. 21.Ts(S) is the spin-state-transition tempera-
ture from Ref. 18. SG, spin glass; CG, cluster glass; FM, ferromag-
netic metal; PM, paramagnetic metal. The hatched region is the
transition region.

FIG. 2. The magnetic susceptibity~acx) for La12xSrxCoO3.
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behavior of the temperature dependence ofr changes
abruptly around the compositionx50.2 ~see Fig. 6 for clar-
ity!. For thex50 sample the resistivity becomes too high
below 100 K to be measurable by our apparatus and also for
this sample the contact resistance become very high so that
even a four-probe measurement starts to give error. We
found that ther(T) for these samples follows the behavior

r~T!5r0exp@~T0 /T!n#, ~1!

wheren5 1
2. This is the signature of variable range hopping

~VRH! in the presence of a Coulomb gap in the density of
states or Efros-Shlovskii-~ES-! type hopping.23 ~To distin-
guish it from the regular VRH hopping wheren5 1

2 we call
this ES hopping.! We demonstrate this in Fig. 4 where we
have plotted lnr(T) vs T21/2. For thex50 sample the tem-
perature region of data is very limited. Though in the limited
range the data fit to Eq.~1! we find that the fit does not give
physically rational parameters. This is because the values of
T0 (523105 K! and r0 (54.6310210 V cm) are physi-
cally unjustifiable. So for this sample we think that the fit to
Eq. ~1! is just an accident. For this it may be good to talk
about an Arrhenius-type relation@n51 in Eq. ~1!# with an
activation gap50.2 eV. For the other insulating samples the
ES type of hopping forT,130 K seems to be a physical
possibility. The values ofT0 are 3965 K, 1902 K, and 37 K

andr0 are 20.5 mV cm, 23.6 mV cm, and 45.7 mV cm for
x50.07, 0.1, and 0.2 samples, respectively. This is the cor-
rect order ofr0. ~Note thatr0 is generally of the order of
1/sMott , wheresMott is the Mott minimum conductiviity in
these samples.! For most materialsr starts to show a nega-
tive dr/dT whenr,1/sMott . It can be seen from our data of
the x50.2 sample~see Fig. 6! that the activated behavior
starts when the resistivity becomes higher than 50 mV cm.
So we conclude that the values ofr0 obtained from the fit are
physically justifiable. The values ofT0 for the samples with
x50.07 and 0.1 are also reasonable; however, for the sample
x50.2 the value ofT0 is too low and this is expected be-
cause the sample is close to theM -I transition boundary. In
fact Eq. ~1! is valid only for the regionT!T0. As a result,
relation~1! for this sample should really be tested much be-
low 4 K and we therefore do not assign much significance to
the value ofT0 for this sample except for noting that it is
close to theM -I transition boundary. For the samples
x50.07 andx50.1 we tried to estimate a localization length
^j& from the values ofT0 using the relation23

kBT051.5e2/~k^j&!, ~2!

wheree is the electronic charge andk is the dielectric con-
stant. The numerical factor~1.5! is an esitmate and depends
somewhat on how far one is from the criticalM -I transition
point. Using Eq.~2! we find that for thex50.07 sample the
localization lengtĥ j&'7.1 Å and for thex50.1 sample this
is '15 Å. ~For these estimates we usedk510. The exact
value of the^j& will depend on the proper knowledge of
k.! These values are of the order of a few~2–4! lattice spac-
ings. For these samples the value of the pseudocubic lattice
parameterac is around 3.83 Å. This is the approximate
length of a Co-O-Co bond. This implies that the charge can
travel a distance of a few lattice spacings even when the
substitution level is onlyx50.1. Asx approaches the critical
compositionx50.2 from below, the value of̂j& becomes
larger and eventually it will diverge at the critical composi-
tion. For the samples withx<0.2 the charge carriers are
predominantly hole type. This can be concluded from the
thermopower data.18,26 If we assign one hole carrier to each
Co41 ions created by substitution by one Sr21, we find that
the mean distance between the donors (^r s&) is around
1.5ac for the x50.07 sample and 1.34ac for the x50.1
sample. For thex50.2 sample this becomes 0.98ac and we
have theM -I transition. The ratiôj&/^r s& is already.1 for
the samples withx50.07 and they will increase asx ap-
proaches 0.2. We carried out the above discussions to set the
length scale of the electronic conduction in these materials.
This is an important parameter in the analysis of our MR
data. Because if the carriers are confined only to one unit cell
~or over a distance of one Co-O-Co bond! and there is a
ferromagnetic correlation of spins over a few lattice spac-
ings, then the carriers will not be affected by the cluster
nature of the magnetic spins. The cluster nature of the spin
order will affect the MR significantly if the spin correlation
length is comparable to the localization length.

B. Metallic samples

For the samples withx>0.25 the behavior ofr for most
of the temperature range is metallic and the value ofr de-

FIG. 3. The temperature dependence of the resistivity~r! of
La12xSrxCoO3.

FIG. 4. The Efros-Slovskii type of conduction in the insulating
samples.
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creases drastically as the Sr content~i.e., x) is increased. In
order to see the manifestations of the magnetic transition
associated with the samples, we show in Fig. 5 the scaled
temperature derivative (1/r)(dr/dT) as a function of tem-
perature. One can clearly see that there is a change in slope
at T5Tc in all the samples. We can assign the change in
slope as a gradual decrease of the spin-disorder scattering~as
in a conventional ferromagnet! on the onset of FM order. It
is also interesting that the scaled slope in all the samples
increases as the samples become more metallic. In fact, for
the x50.25 sample it is almost zero forT.Tc and it is
slightly negative for the sample withx50.2. The sample
with x50.2 needs special mention as it is at the boundary of
the M -I transition. This composition is close to but larger
than the compositionx50.18 where one sees the onset of
FM order. Though the value ofr for this material is much
smaller than those of the samples with smallerx, it shows an
insulatorlike behavior atT,100 K as mentioned in the
above subsection. Above 100 K,r shows a rather shallow
temperature dependence with a broad hump at around 190–
200 K which is very close to theTc of this material~see Fig.
6!. We can assign the broad hump in ther atT5190–200 K
to the FM transition and to the decrease of the spin disorder
scattering on the onset of FM order. Though the (dr/dT) is
,0 in this composition forT.Tc , we think that at higher
temperature it has itinerant carriers albeit like a marginal
metal25 and a perceptible contribution tor arises from the
spin-disorder scattering which gets frozen out asT is de-
creased belowTc , giving rise to the broad hump.

The rapid rise inr for T,100 K may be related to the
onset of the spin-state transition of trivalent Co ions from a
high-spin to low-spin state. In fact we have the signature of
this transition even in the metallic samples. It can be seen
that below 50 K in all the samples we have a small rise in
r as the temperature is decreased~see Figs. 5 and 6!. In Fig.
5 this shows up as a negative (dr/dT) at the lowest tempera-
tures. Such a small rise inr at low temperatures has been
seen in a number of metallic oxides25 and this does not nec-
essarily mean entry into a nonmetallic phase. This small rise
can arise from disorder-induced effects. However, since in
all the samples~irrespective of theirr) the onset of the low-
temperature rise occurs at around the same temperature,

other causes like the spin-state transition of the trivalent Co
ions can also be a possibility. We suggest the following sce-
nario for the electronic transport which agrees well with the
magnetic phase diagram for the samples~see Fig. 1!.

The FM as well as the metallic behavior in these samples
is related to the formation of Co41 ~or CoIV) ions on Sr21

substitution. The magnetic data18,19 suggest a lack of proper
long-range ferromagnetic order and a cluster-glass-type be-
havior. Therfore this material seems to contain ferromagnetic
clusters~containing Co41 or CoIV) which are metallic and
an intercluster medium which is semiconducting and con-
tains trivalent Co ions both in the high-spin and low-spin
states whose population depends on the temperature.@It has
been shown18 from magnetic studies on samples with low Sr
substitution that for 135 K,T,300 K the populations for
the two spin states are around 50% each and forT,100 K
most of the trivalent Co ions go to the low-spin (S50)
state.# For x>0.2, the ferromagnetic clusters containing pre-
dominantly Co41 percolate to form a large macrosopic clus-
ter which shows up as a bulk ferromagnetic transition. How-
ever, the connecting regions of these clusters contain
trivalent Co ions which act like a temperature-dependent
‘‘switch’’ between the clusters. It permits charge transport
when the Co ion is in a high-spin state~Co31) and localizes
carriers in the cluster when in the low-spin state~CoIII ). ~In
polycrystalline materials these trivalent Co ions can reside
also in crystallographic grain boundaries.! The effect of this
can be particularly seen for the sample withx50.2 which is
very close to the percolation threshold. Its electrical conduc-
tivity will have comparable contributions coming from the
FM clusters as well as from the intercluster medium. As the
temperaure goes below 100 K the spin-state transition will
make the most of the Co31 ions to go to the low-spin state
and thus gradually localizing the carriers in the FM clusters.
Then, this will show up as a large rise inr for T,100 K. For
materials withx>0.25 which have a concentration of metal-
lic and FM clusters well beyond the percolation threshold,
the conduction is mostly metallic with a small contribution
coming from the trivalent Co ions residing at the surface of
the clusters. As a result the effect of the spin-state transition
is very much suppressed. Nevertheless, it makes a distinct
mark onr at low temperatures. Thus the resistivity behavior
has a clear signature of the spin-state transition of the triva-
lent Co ions.~Note that we exercise caution over here. It has
not yet been settled beyond doubt18,21 if the high-spin–low-
spin transition of the Co ions seen in the pure LaCoO3 per-
sists even when Sr is doped into the system. Our resistivity
data add evidence for the existence of the spin-state transi-
tion at least in the presence of dilute Sr substitution.! Below,
we present and analyze the magnetoresistance data in view
of the above physical picture.

V. MAGNETORESISTANCE

The magnetoresistance of the samples shows rather fasci-
nating behavior and depends very crucially on the level of Sr
substitution. For the metallic and ferromagnetic sides the MR
is mostly negative and it is typical of a ferromagnetic metal.
But for x,0.2 the MR becomes large~and negative!. In fact
there is a qualitative difference of the nature of MR for the

FIG. 5. The scaled temperature derivative@(1/r)(dr/dT)# of
La12xSrxCoO3 as a function of temperature. Note the increase in the
value of the derivative nearTc in the metallic samples.
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samples withx>0.2 andx,0.2. In this paper we would like
to bring this particular aspect into focus. We first show the
MR data of the more metallic samples. Preliminary MR data
at T54.2 K for the metallic samples have been reported by
us earlier.12 The MR in these materials is found to be isotro-
pic as in manganates. The samples in the present studies are
different from those used in the preliminary report and we
present here the data of all the samples for the complete
temperature rangeT<300 K.

A. Magnetoresistance„MR … of the metallic samples„x>0.2…

The MR data for the more metallic samples are shown in
Figs. 6 and 7. In Fig. 6 we show ther as a function of
temperature in zero field as well as in a field of 6 T. In Fig.
7 we show the MR as a function of temperature in a field of
6 T. We have shown the negative MR along the positiveY
axis. ForT,Tc the MR is negative for all the samples. It can
be seen that as the sample becomes more metallic the MR
decreases and in the most metallic sample (x50.4) it has a
positive contribution which shows up when the negative con-
tribution becomes small atT'Tc or at T.Tc . If this posi-
tive contribution would not have been there, thex50.4
sample would have shown a peak close toTc ~marked by a
downward arrow in the graph! as in the x50.3 and
x50.25 samples. The expected behavior in the absence of
the positive contribution is sketched as a dashed line in Fig.
7. In fact the positive contribution for thex50.4 sample
deserves attention. Such a positive contribution has also been
seen in a closely related ferromagnetic metallic oxide
SrRuO3 ~Ref. 27!. The origin for this positive MR in ferro-
magnetic metallic oxides has not yet been explained. This is
a small effect compared to very large negative MR seen in
the oxides in general and therefore it often escapes attention.
There are two aspects to this positive MR. First, it can come
from the conventional orbital effects as in any other metal
but its magnitude is distinctly orders of magnitude higher

than what one expects to see in a conductor of such resistiv-
ities at such a high temperature. Second, we find that the
positive MR may have a link to the FM transition as well
because it shows an enhancement nearTc . A detailed inves-
tigation of this positive MR in metallic ferromagnetic oxides
will definitely be worthwhile.

For thex50.3 andx50.25 samples, the highest value of
MR is seen close toTc . The value of the MR even at the
peak is much smaller than that of the manganates. This be-
havior of the metallic samples, showing a peak in the nega-
tive MR close toTc , is a normal behavior expected of a
metallic ferromagnet~like Ni! whose spin-disorder scattering
is suppressed on application of the magnetic field, the scat-
tering being strongest near theTc and the negative MR also
the largest. For the samplex50.25 which is barely on the
metallic side, an additional contribution starts to show up.
This additional contribution is negative and small but dis-
tinctly present. This contribution shows a broad peak around
130–140 K. This new contribution to the MR becomes
clearer for thex50.2 sample. In this sample the MR does
not show a peak atTc . This is expected because the contri-
bution of the spin-disorder scattering to the resistivity is
small in this sample. As a result the conventional negative
MR seen nearTc in a ferromagnetic metal is not seen in this
material. The new contribution, as explained in the next sub-
section, has its origin linked to the random freezing of fer-
romagnetic clusters~or a spin-glass-like transition! which
have been seen for the samples with lessx. For this material
(x50.2) there will be larger clusters which link up to show
a ferromagnetic transition. But there will be a substantial
number of smaller clusters which will freeze in random di-
rections. The field dependence of MR in the metallic sample

FIG. 6. The temperature dependence of resistivity in zero field
~0 T! and in the field of 6 Tesla~6 T! for the compositions
x50.2, 0.25, 0.3, and 0.4.

FIG. 7. Magnetoresistance~MR! as a function of temperature
for x50.2, 0.25, 0.3, and 0.4.~Note that MR is plotted along the
positiveY axis.!
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at a given temperature is almost linear as reported before.12,14

The magnitude as well as the field dependence of the MR in
the cobaltates is much different from those in the mangan-
ates. The difference in spin structure and the nature of the
ferromagnetism and MR behavior in cobaltates point to the
fact that a Zener double-exchange mechanism may be less
operative here, unlike in the manganates.

The annealing condition changes the value of resistivity
and MR but not the main qualitative feautures of MR. The
previously reported12 samples were annealed at 1000 °C for
24 h and had distinctly higher resistivities than the present
samples which were annealed at 1100 °C for much longer
duration. The annealing condition by changing the oxygen
stoichiometry changes the Co41/Co31 ratio, leading to
changes in the physical properties. In this paper we made all
the samples with the same preparative condition so that the
internal consistency is preserved and the systematics are not
affected.

B. Magnetoresistance of the insulating samples

We have just seen that as the sample approaches the in-
sulating side the ferromagnetism is suppressed and along
with that the negative peak of the MR, characteristic of a
metallic ferromagnet, seen near theTc is also suppressed.
Instead, a new negative contribution to the MR showing up
at lower temperatures starts taking over. The more insulating
samples which have no ferromagnetic order show this new
contribution as a rather giant effect.

In Fig. 8, we show the data for the three insulating
samples. Here we plot the fractional resistivity change as a
function of the magnetic field at a given temperature. In
these materials we could not do the measurements in the way
we have done for the metallic samples~i.e., fix the field and
vary the temperature! because of the strong hysteresis and
dependence of the data on the magnetic history. Under such
conditions, a number of ‘‘memory’’ effects are seen which
unfortunately make the observation very complicated. To
stick to the basic observation of the MR we followed the
route mentioned below. The samples were first cooled in
zero field to the lowest temperature and then the applied
magnetic field was increased from 0 T to 6 T andgradually
decreased back to 0 T . Thefield ramp up and down rates are
0.01 T/sec. The samples were then warmed up to above 300
K and then cooled down again in zero field to the new tem-
perature and the field data were taken. If the warming up to
above room temperature~before any new temperature point!
is not done, then the data are completely history dependent
and often conflicting. It is important that the sample be pre-
pared fresh~without any field history! before application of
the field at every temperature. This, however, makes the ex-
periment very time consuming. We see that as the field is
increased the resistivity decreases almost linearly and shows
no sign of saturation up to a field of 6 T. When the field is
decreased,r does not increase again but in all the three
samplesr actually decreases somewhat when the field is
decreased to zero.~This happens mostly at higher tempera-
turesT.100 K.! This leads to a nonclosure of the resistivity
at the zero field. For thex50 sample for which we could do
the measurements down to 130 K this behavior persists until
the lowest temperature. But for the less resistivex50.07 and

x50.1 samples the very strong hysteresis and the resistivity
nonclosure actually become very small at lower temperatures
although the actual value of the MR is higher at lower tem-
peratures~see data at 4.2 K and 40 K!. We have demon-
strated this in Fig. 9 where we have plotted the MR at field 6
T as a function of temperature and in the inset we showed the
resistivity nonclosure (a). The data have been taken from

FIG. 8. The MR of insulating compositionsx50, 0.07, and 0.1
as a function of the applied field. The arrow indicates the direction
of field sweep.

FIG. 9. The MR~at 6 T! as a function ofT for the insulating
samples. The inset shows the extent of hysteresis nonclosure of the
MR after a field cycle~see text for details!.
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Fig. 8. We define the resistivity nonclosure as
a5@r0

12r0
2#/r0

1 where r0
1 is the resistivity of a virgin

sample~before application of a field! andr0
2 is the resistivity

of the same sample when the field is brought back to zero
again after ramping up to 6 T. Both MR anda in all the
samples are very small above 250 K. This is the temperature
of the bulk ferromagnetic transition and also the temperature
of the formation of ferromagnetically correlated regions in
the Sr-substituted systems. It is therefore clear that the mag-
netic field will have a perceptible effect~leading to a nega-
tive MR! only when the temperature is low enough com-
pared to the energy involved in the ferromagnetic exchange
so that cluster formation can take place, leading to a signifi-
cant contribution to the MR. As the temperature is decreased
below 250 K, the MR as well as thea rises rapidly. For the
x50.07 and 0.1 samples the MR continues to rise at lower
temperatures, eventually showing a maximum in the tem-
perature range around 40–50 K which is close to the spin-
glass-like transition temperature (Tg) seen in the two mate-
rials ~see Fig. 1!. Interestingly,a shows a maximum at much
higher temperature (T5120–140 K!. Due to the paucity in
the data points, these temperatures could not be identified
very accurately. For thex50 sample we could not have the
data below 130 K. But the trend of the data shows thata
may reach a peak in this sample also at around the same
temperature range as the other two samples. The hysteresis
effects and magnitude ofa in the temperature range
100,T,200 K are time-dependent effects and they are ex-
pected to have a relation to the field sweep rate. Only the
data for the field sweep rate of 0.01 T/sec are shown in Figs.
8 and 9. The data were taken at the field sweep rate of 0.005
T/sec, 0.01 T/sec, and 0.03 T/sec at selected temperatures.
While at 4.2 K and above 200 K the differences betweena
for different field sweep rates are within 0.1%, in the tem-
perature range 100–200 Ka can differ by 5%. Generally
a increases with increasing field sweep rate in 100–200 K
range and hence it is very essential to remove the memory of
the previously applied field by heating the sample to room
temperature and cooling it to the prescibed temperature in
zero field before starting any new measurement.

The above data also show that there are two distinct con-
tributions to the MR~in the samplesx50.07 andx50.1)
and they show dominating effects at two temperature re-
gions. One of them, associated with the cluster freezing or
spin-glass-like transition, dominates at lower temperatures.
The other, with very strong hysteresis effects, shows up at
higher temperatures. Below we will try to identify the likely
origins of these contributions in the light of the scenario we
proposed above for the electronic transport.

In Fig. 10, we show a simple schematic of the hole trans-
port in these materials~containing Co41 in high-spin or low-
spin states! as they hop from site to site. The other sites
where the holes can go contain high-spin Co31 ions. The
relative population of the high-spin and low-spin trivalent
cobalt ions will depend on temperature~as in the x50
sample! as well as on the concentration of tetravalent Co
ions created by Sr substitution. This is because, as has been
argued in Ref. 18, a Co41 ~or CoIV) stabilizes a high-spin
Co31 near it. As a result there is a relative clustering of
high-spin Co31 around a tetravalent Co ion and this stabili-
zation is by lattice distortion and not by a thermal stabiliza-

tion, unlike that in pure LaCoO3. This allows us to distin-
guish between two types of high-spin Co31: ~1! those
created by thermal energy and whose population goes down
because of the spin-state transition as the temperature is low-
ered below 100 K and~2! those created near a tetravalent Co
ion by lattice stabilization which does not undergo a spin-
state transition as the temperature is lowered. If we assume a
strong Hund rule coupling which stabilizes the high-spin
state, then for a carrier to go from one site to the other, the
spin of the carrier has to be of correct orientation with re-
spect to the total spin of the cation sitting on the site the
carrier goes to. In fact it can be seen from Fig. 10 that the
spins of the cations of the two sites have to be ferromagneti-
cally aligned for maximum probability of hopping. For low-
spin CoIII with S50, this, however, is not an issue. The role
of the magnetic field will therefore be to align the spins of
the high-spin Co31 and the CoIV or Co41 ions so that the
hopping probability increases there by reducing the resis-
tance and giving rise to the negative MR. On cooling below
100 K more high-spin Co31 ~which are not stabilized in a
high-spin state around a tetravalent Co! undergo transition to
zero moment carrying low-spin CoIII and as a result the ef-
fects of the spin alignments are of not much consequence to
the hopping of the carriers and the effect of the magnetic
field on transport is reduced. We think that this is happening
in the x50 sample. In this sample the hole~carriers! are
thermally activated, and as a result there are very few Co41

ions which are intentionally put in. Most of the Co31 spins
are therefore able to undergo a temperature-driven high-spin
to low-spin transition. As a result the effect of the magnetic
field on the transport is likely to diminish in thex50 sample
asT is lowered to near or below 100 K. At higher tempera-
tures the parallel alignment of the Co31 spins with that of
the Co41 or CoIV spins will help transport and thus we find
a negative MR. But the spins see a strong local random
single-ion anisotropy which tends to hold them in a random
orientation. Application of the field lowers the barriers and

FIG. 10. A schematic diagram of hole transport in the cobal-
tates. The spin-conserving hole transfer from high-spin or low-spin
tetravalent Co to high-spin trivalent Co gives rise to ferromag-
netism and metallic behavior.
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rotates the spins within certain length scales to parallel ori-
entation. On removal of the field this orientation is retained
and we see a strong hysteresis and resistivity nonclosure.

In the case of thex50.07 sample and thex50.1 sample
there are two types of Co31 ions. Near the tetravalent Co
ions forming a ferromagnetically correlated region~or a clus-
ter with a large spin! there will be stable Co31 ions. In the
space in between~the intercluster medium! there will be
Co31 ions which can undergo a transition to a low-spin state.
At higher temperature the effects due to the intercluster me-
dium will dominate, leading to a large hysteresis as in the
x50 sample. But as soon as the temperature goes below 100
K the effect of the magnetic field on the intercluster medium
will go down. The effect of the magnetic field on the elec-
tronic transport within the cluster will then start to dominate.
These clusters containing predominantly tetravalent Co and
stable high-spin Co31 have ferromagnetically correlated
spins. The correlations become better at lower temperatures,
leading to more MR at lower temperatures. However, when
these clusters freeze in random orientations at the spin-glass-
like transitionTg , the spins are also locked in random direc-
tions and this reduces the effect of the magnetic field on the
spin orientation, leading to less MR.

To summarize, we find that the transport in the low-x
insulating samples is controlled by the trivalent spins and
their spin states. The hopping of the carrier from site to site
is favored by a ferromagnetic spin alignment and the effect
of the magnetic field is to create this alignment so that the
resulting effect is a negative MR. The spin-state transition of
the Co31 ions affects the spins which are mainly unattached
and do not belong to a ferromagnetic cluster consisting of
tetravalent Co ions. As a result the magnetic field has effects
on these ions as long as they are in the high-spin state. But
for the trivalent Co ions which are stabilized by local distor-
tion and attached to clusters, the spin-state transition does
not take place and charge transport in these clusters is af-
fected by the magnetic field even at low temperatures and the
MR in this region is decided by the cluster dynamics.

VI. CONCLUSIONS

In this paper we have presented and tried to analyze the
resistiviy and magnetoresistance data of a rather fascinating
class of solids which actually show the spin-state transition

of the transition metal. The important results of our experi-
ment are the following.

~1! In the metallic compositions (x>0.2) the MR is not
substantial. It reaches a value of 4–8% atT5Tc . For the
most metallic sample (x50.4) there is a positive contribu-
tion nearTc in addition to the dominant negative MR. At low
temperature MR becomes very small.

~2! For the composition close to the critical region
x'0.2, the cluster nature of the spin order shows up in MR.
The magnitude of MR is still small (,5%! but it shows peak
in the temperature region where the cluster-freezing and/or
spin-glass-like transition shows up.

~3! In the insulating samples (x,0.2) MR is large and
negative and shows strong hysteresis effect. The origin of the
hysteresis is explained as originating from the spin-state
transition of Co ions.

~4! It also appears from our study that substantial negative
MR can occur even when there are spin clusters instead of
long-range ferrromagnetic order. The materials in this com-
position range are in the insulating state or in the critical
region of the metal-insulator transition.

To our knowledge this is the first attempt to comprehen-
sively study the MR in a solid showing a spin-state transi-
tion. There are a large number of issues related to the hys-
teresis effects observed in these materials which we did not
discuss because we wanted to focus on the main issues in the
paper. These effects are being looked into extensively and
will be published elsewhere.

We also point out that the charge transport in this material
has certain specialities in addition to the spin-state transition.
In general materials showing VRH and ES type of hopping
show positive MR at low temperatures due to orbital
effects.23 However, here we have hopping in the presence of
spin interactions which give rise to large negative MR. But
the interaction is not strong enough to modify the Coulomb
gap occurring in the density of states near the Fermi level.
When the material has more itinerant carriers and becomes
metallic the screening will increase, leading to a short
screening length, and the Coulomb gap formed by long-
range interaction will vanish.
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