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Electrical transport in manganite granular systems
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A systematic investigation of magnetic and transport properties is carried out for La2/3Ca1/3MnO3 granular
system. Based on the magnetization measurement, it is argued that oscillatory indirect magnetic exchange
coupling via the boundary material with thicknesss sandwiched between the neighboring grains exists in
polycrystalline manganites. By introducing a distribution function ofs and averaging the conductivity deduced
from the spin-polarized tunneling model for the neighboring grains, we obtain a general expression for the
temperature dependence of resistance that can reproduce the experimental data observed in polycrystalline
manganites. The present model provides information on the microscopic transport mechanism.
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The perovskite manganites of type La2/3Ca1/3MnO3 have
stimulated considerable scientific and technological inte
because of their exotic magnetic and electronic properties1–3

Most notable of these properties are the paramagnetic
ferromagnetic~PM-FM! transition at Curie temperatureTC ,
the insulator-to-metal~I-M ! transition at the temperatur
TIM , and the so-called colossal magnetoresista
~CMR!—a substantial reduction in resistivity upon applic
tion of magnetic fields. For single crystalline manganit
TIM is shown to be almost the same asTC ; one, therefore,
believes that the transition to metallic behavior is due to
FM ordering of Mn spins as indicated in the doubl
exchange model.4 Growing attention is being paid to poly
crystalline manganites in which the grain boundary effe
dramatically modify their physical properties.5 TIM of poly-
crystalline samples is usually lower thanTC and the differ-
ence betweenTC and TIM increases with decreasing gra
size.6,7 Polycrystalline manganites also exhibit CMR effe
however, another kind of MR~i.e., the intergrain MR! is
superimposed on the CMR effect.7

Despite the fact that the CMR has been intensively st
ied theoretically, the physical mechanism is still controv
sial. Experimentally, the CMR is found to be a peaked fu
tion of T2,7,8 and the maximum value appears nearTIM but
not TC . In all samples showing CMR, the CMR nearTIM is
found to exhibitT-dependent behavior similar to that for th
resistance (R)-versus-T dependence measured in zero ma
netic field, suggesting the same underlying physical origin
both the CMR and the transport process.8 It is, therefore,
needed to study the transport mechanism in order to un
stand the physical origin of the CMR.

The transport mechanism is not very well understood.
pecially, the nature and the role of the grain boundary in
lating barrier of structural origin on the transport behavior
not clear. In this paper we attempted to seek an answer to
question in the particular context of La2/3Ca1/3MnO3 granular
system. Similar to that observed in FM multilayer films,9,12

we propose that the magnetic exchange coupling via
boundary material sandwiched between the neighbo
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grains shows an oscillatory behavior with boundary thic
nesss. Based on this assumption, an explanation is prese
for the observation of zero magnetization without magne
field in polycrystalline manganites. By averaging over t
distribution ofs to the conductivity deduced from the spin
polarized tunneling model, we propose a model that can
produce the temperature dependence of resistance obs
in polycrystalline manganites.

The polycrystalline La2/3Ca1/3MnO3 sample was prepare
by the sol-gel method6 followed by a sintering treatment a
1100°C for 12 h. The x-ray diffraction analysis confirme
that the sample is single phase of perovskite crystalline st
ture. In Fig. 1 we present the pattern of surface distribut
over a 434 mm2 area revealed by the atomic force micr
scopic analysis. It can be found that the sample is a typ
granular one with an average grain diameterd;300 nm.
Electronic transport and magnetic properties were meas
in a commercial Physical Property Measurement Sys
~Quantum Design PPMS!.

Shown in Fig. 2, by open circles, is theR vs T dependence

FIG. 1. ~Color online! Grain distribution over a 434 mm2 area
revealed by the atomic force microscopic analysis for polycrys
line La2/3Ca1/3MnO3.
©2003 The American Physical Society23-1
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measured in zero field.TIM is determined to be;180 K
from the resistance peak. On cooling fromT.TIM to T
,TIM , the temperature dependence ofR changes from insu-
lating behavior ofdR/dT,0 to metallic one ofdR/dT.0.
MagnetizationM as a function ofT is measured in a field o
0.1 T, which is also displayed in Fig. 2 by solid circles.TC is
determined to be;250 K below which the change in
dM/dT clearly occurs, as indicated by dot line in Fig. 2. T
TC-value thus obtained is very close to the Curie tempera
commonly reported on La2/3Ca1/3MnO3 single crystals. Pre-
vious studies7 revealed thatTC remains constant for all the
samples with different grain sizes. It implies thatTC is in-
trinsic to perovskite manganites, and the grain size has
effect onTC .

An essential fact should be noted in the measuremen
M vs T dependence. For the 0.1 T field, the maximum m
netization appearing at low temperatures is only;45 emu/g,
which is about half of the saturation value;93 emu/g esti-
mated by assuming a complete FM alignment of all M
spins. The maximum value in the measured magnetizatio
further decreased with decreasing applied field. This po
out that the magnetization tends to vanish with decreas
the field to zero. As is well known, a ferromagnet has
spontaneous magnetizationM (T) even in zero applied mag
netic field. This, however, cannot be obtained directly in e
periments since the measurement forM (T) is always per-
formed when a field is applied. In order to obtainM (T) in
zero field, we have performed the measurement of magn
zation as a function of applied field at various constant te
peratures. In Fig. 3 we display the field dependence of m
netization at several constant temperatures. The res
indicate basic features similar to that observed in gran
ferromagnets: The high-T regime, as seen atT5250 or 300
K, shows typical PM behavior; while for the low-T range,M
first shows a sharp increase and then tends to saturate
increasingH. In all the cases,M is found to be zero when no
field is applied. Similar results are commonly reported
polycrystalline ~even single crystalline! manganites.13 This
queries the validity of any explanation of the metallic co
ductivity due to the long-range FM ordering belowTC .

As seen in Fig. 1, the polycrystalline manganite is a ty

FIG. 2. Temperature dependence of resistance~open circles! in
zero field and magnetization~solid circles! in a 0.1 T field, mea-
sured in polycrystalline La2/3Ca1/3MnO3 . dM/dT is indicated by
the dot line. The solid line is the fit detailed in the text.
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cal granular system. A thin boundary layer with thickness
should be present around each grain. The physical prop
of the grain boundary region should be different from th
inside the grains, probably due to~i! the deviation of sto-
ichiometric composition,~ii ! the termination of crystalline
structure, and~iii ! the change of Mn environment at the gra
boundaries. Actually, the following viewpoint has bee
widely accepted, namely, some insulating and nonmagn
material present should be at the grain boundary reg
Therefore, it is reasonable to consider that the grain~the i th
grain, say! below TC is a ferromagnet with a spontaneou
magnetic momentM i due to the FM alignment of Mn spin
with the help of the double-exchange interaction. Nevert
less, it is likely that without external magnetic field, the
magnetic moments are arbitrarily oriented, giving no effe
tive contribution to the total magnetization, name
M (T,H50)5( iM i50.

The thermal energy can cause the random alignmen
magnetic moments. This consideration, however, cannot
plain the experimental observation of zero magnetization
truth, even at temperatures down to the lowest available t
perature (;2 K in our laboratory!, where the low thermal
energy is insufficient to affect the alignment of magne
moments, the measured magnetization is still zero in the c
of zero field. We therefore need to consider the other eff
Here a plausibility argument for the observation ofM (T,H
50)50 is presented by taking into account the exchan
coupling constantJ between the neighboring FM grains as
function ofs . For a real polycrystalline sample, bothd ands
would follow a wide distribution. For the sake of simplicity
we assume that the grains are roughly uniform in size so
each grain has the same magnetic momentM i ~the corre-
sponding effective spin is represented bySi), but s can vary
from one pair of grains to the next. We then expect that
exchange coupling energy of grainsi and j is given by

Ei j 522J~s!Si•Sj . ~1!

The earlier studies9–12 on two FM layers separated by th
nonmagnetic transition metal generally showed an osc
tory behavior inJ with s. For instance,J in Co/Cu multilayer
structures varies fromJ.0 ~FM coupling! to J,0 ~antifer-

FIG. 3. Field dependence of magnetization for several sele
temperatures measured in polycrystalline La2/3Ca1/3MnO3.
3-2
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ELECTRICAL TRANSPORT IN MANGANITE GRANULAR . . . PHYSICAL REVIEW B 68, 184423 ~2003!
romagnetic coupling! on increasing s from ;1 nm to
;2 nm. Further studies revealed that such an oscillatoryJ
is a general phenomenon for the exchange coupling via t
sition metals sandwiched between FM layers.12 We, there-
fore, expect that such an oscillatory inJ also exists in poly-
crystalline manganites. A random distribution of grain pa
with different ~FM and antiferromagnetic! couplings gives
zero resultant magnetic moment, thereforeM (T,H50)50.

We now turn to the discussion of electrical conductivity
polycrystalline manganites. For a granular FM metallic s
tem, the electrical conductivity is usually understood
terms of the spin-polarized tunnelling model proposed firs
by Helman and Abeles.14,15This model gives the temperatur
dependence of the conductivity as

s}e22sxF1

2
~11P!e2(Ec1W/2kBT)

1
1

2
~12P!e2(Ec2W/2kBT)G , ~2!

wherex5A2mU/\2 (U the barrier height,m the effective
mass of charge carrier! andP is the spin-polarization of the
charge carriers.Ec is the charging energy which can be a
proximately expressed16 in terms of d and s as Ec
'(e2/4pe0d)@(s/d)/(1/21s/d)#. W is the magnetic-
dependent energy barrier which is introduced when the m
netic moments of the neighboring grains are not parallel

As discussed above, polycrystalline manganite sample
T,TC do actually behave as granular FM metallic system
The manganite samples, on the other hand, show a ne
complete spin-polarization of the charge carriers17 because a
relatively narrow majority-carrier conduction band is com
pletely separated from the minority band by a large Hun
energy and an exchange energy, implyingP'100%. For the
polycrystalline sample used in the present study,Ec/2kB is
estimated to be much smaller than;1 K from the depen-
dence Ec'(e2/4pe0d)@(s/d)/(1/21s/d)# due to s!d
;300 nm. For the temperature range studied, we, theref
omit theEC contribution to the conductivity. When the spin
polarized tunneling model is applied to two manganite gra
i and j separated by insulating boundary material, the c
ductivity can be approximated as

s}e22sx2(W/2kBT). ~3!

At T.TC , the conductivity has the general form of therm
activation, i.e.,s}e2Eg /kBT, whereEg is the activation en-
ergy. On cooling~warming! from TC

1 (TC
2), the conductivity

should be continuous, implying 2Eg5W(T5TC). We, there-
fore, can extend Eq.~3! to the PM phase if lettingEg
5W(T5TC)/2. Equation~3! is obtained only for the two
neighboring grains. In order to obtain the total conductiv
of the sample, the expression shown in Eq.~3! has to be
averaged over the distribution ofs. The total conductivity
can be then written as

s}E
0

`

D~s!e22sx2(W/2kBT)ds, ~4!
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where D(s) is a distribution function ofs and it has the
general feature of vanishing in the limits ofs→0 and s
→`, and*0

`D(s)ds51.
Based on the above argument of magnetic coupling pr

erties of the neighboring grains, it is reasonable to assu
that the most probable value ofs is located ats;s1 and s
;s2, respectively, wheres1,s2. If Di(s) represents the dis
tribution function nearsi ( i 51,2!, the total distribution
function can be then viewed as the sum of both functio
i.e., D(s)5D1(s)1D2(s). Equation~4! then becomes

s}E
0

`

D1~s!e22sx2(W/2kBT)ds

1E
0

`

D2~s!e22sx2(W/2kBT)ds. ~5!

Clearly,Di(s) is a peaked function and the maximum val
of Di(s) occurs ats5si . When s deviates fromsi , Di(s)
quickly decreases to zero. Therefore,W(s) appearing in the
first and second terms of Eq.~5! can be, approximately, re
placed withW(s1) and W(s2), respectively. Fors;s1, the
magnetic moments of the neighboring grains belowTC are
ferromagnetically coupled, leading to a reduction in t
magnetic-dependent energy barrier. In this case, this ba
is often expressed asW(s1)5W1(12m2), whereW1 is aT-
andH- independent constant,m5A^Si•Sj&/S

2 is the magne-
tization normalized to the saturation value for each gr
under consideration and̂. . . & indicates statistical average
For s;s2, the magnetic-dependent energy barrier is appro
mated as a constant, i.e.,W(s2)5W2, due to the antiferro-
magnetic coupling of magnetic moments of the neighbor
grains atT,TC . Based on these discussions, the total c
ductivity can be rewritten as

s}S E
0

`

D1~s!e22sxdsD 3e2W1(12m2)/2kBT

1S E
0

`

D2~s!e22sxdsD 3e2W2/2kBT. ~6!

Letting r15eW1(12m2)/2kBT, r25eW2/2kBT, the total resis-
tance is finally given by

1/R5A1 /r11A2 /r2 , ~7!

where Ai is a constant proportional to*0
`Di(s)e22sxds ( i

51, 2!.
Equation~7! is similar, in form, to that obtained by con

sidering two parallel conduction channels18 with low ~metal-
lic below TC) resistivity r1 and high~always insulating! re-
sistivity r2, respectively. In the present situation, however
is derived from the more general consideration. It must
emphasized that the present model is derived from the s
polarized tunneling and the thermal activation. Therefore,
present model provides information on the microsco
transport mechanism. To be convincing, we must show
based on this model we can explain, quantitatively, the
perimental observations for the temperature dependenc
resistance measured in polycrystalline manganites. Cont
3-3
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ous line in Fig. 2 is the fit to the data measured in the sam
under investigation by usingA150.085V21, A2550V21,
W1/2kB51050 K, W2/2kB51800 K andm(T) calculated in
terms of the mean-field self-consistency equation withJ
51.84 andTC5250 K. It can be found that a satisfactory
to the data is indeed obtained for the whole tempera
range, covering from high-T insulating region to low-T me-
tallic one.

Clearly, the conductivity behavior is strongly affected
the grain boundary effect. There are various factors that
increase the grain boundary effect. In the present appro
this effect is phenomenologically considered through b
parametersA1 andW1. IncreasingW1 increases the height o
the magnetic-dependent energy barrier, causing a decrea
the FM coupling between neighboring grain moments.
the other hand,A1}*0

`D1(s)e22sxds is determined by dis-
tribution functionD1(s) and the tunneling matrix over thi
distribution. Since the most probable value ofs is located at
s;s1 for distributionD1(s), e22sx in expressionA1 can be
approximately replaced withe22s1x. One then, approxi-
mately, hasA1}*0

`D1(s)ds which is proportional to the vol-
ume fraction of the metallic region. DecreasingA1 is there-
fore equivalent to a decrease in volume fraction of
metallic region. These discussions are summarized by c
sidering two sets ofR vs. T curves calculated in terms of Eq
~7! for polycrystalline La2/3Ca1/3MnO3 with TC;250 K. The
first set ofR vs T curves, as indicated in Fig. 4~a!, is calcu-
lated by decreasingA1 from 1 V21 to 0.1V21 while fixing
parametersA2 , W1/2kB , and W2/2kB at 50 V21, 1000 K,
and 1800 K, respectively. The other set ofR vs T curves, as

FIG. 4. R vs T curves calculated for polycrystallin
La2/3Ca1/3MnO3 with TC;250 K by decreasingA1 from 1 to 0.1 in
steps of 0.1~a! and by increasingW1/2kB from 600 K to 1400 K in
steps of 100~b!.
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displayed in Fig. 4~b! is obtained by increasingW1/2kB from
600 to 1400 K but fixing parametersA1 , A2, andW2/2kB at
0.2V21, 50V21 and 1800 K, respectively. It can be foun
that althoughTC is fixed at 250 K, the I-M transition is
gradually moved toward the low-T region with increasing
grain boundary effect. Associated with the decrease ofTIM ,
the peak resistance is largely increased, and the low-T resis-
tance is also increased. All these features are similar to
commonly observed in polycrystalline La2/3Ca1/3MnO3.

The present model can also be applied to yield exp
mental features of electronic transport observed in the o
manganite perovskites. Here we take polycrystall
La2/3Sr1/3MnO3 with TC;350 K as an example. In order t
obtain resistivityr(T) in unit of Vcm, bothA1 andA2 are in
units ofVcm21. Indicated in Fig. 5 is a set ofr vs T curves
calculated by the present model for polycrystalli
La2/3Sr1/3MnO3 with TC;350 K, whereA1 changes from 10
to 1 while parametersA2 , W1/2kB , andW2/2kB are fixed at
50Vcm21, 1000 K, and 1800 K, respectively. The resu
show that for samples with higherA1, which is equivalent to
a larger volume fraction of the metallic region, the metal
conductivity is observed over the whole temperature ra
below TC . With decreasing volume fraction of the metall
region the I-M transition is observed near room temperatu
On further decreasing the volume fraction of the meta
region, the I-M transition is gradually moved toward th
low-T region. Associated with the decrease ofTIM , the re-
sistivity peak is clearly increased, and the low-T resistivity is
also increased. All these features are similar to that co
monly observed in polycrystalline La2/3Sr1/3MnO3.

Letting si50 andWi5W ( i 51,2! in Eq. ~6!, the present
model can be extended to the case of single crystals. AT
.TC , m50, Eq. ~6! is reduced to the case ofs
}e2W/2kBT, indicating a thermal activation insulating beha
ior. At T,TC , the sample is composed of small regio
called domains or polarons. The directions of magnetizat
of different domains~polarons! need not be parallel. If the
magnetic moments of the neighboring domains~polarons!
are parallel, the conductivity is proportional t
e2W(12m2)/2kBT. Otherwise, the conductivity is always insu
lating, i.e.,s}e2W/2kBT. Representing the number densiti

FIG. 5. Temperature dependence of resistivity calculated
polycrystalline La2/3Sr1/3MnO3 with TC;350 K by decreasingA1

from 10 to 1 in steps of 1 but fixingA2 , W1/2kB , andW2/2kB at 50,
1100 K, and 1800 K, respectively.
3-4
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ELECTRICAL TRANSPORT IN MANGANITE GRANULAR . . . PHYSICAL REVIEW B 68, 184423 ~2003!
of domain~polaron! pairs with parallel and antiparallel mo
ment alignments asp and ~1-p), respectively, the total con
ductivity for single crystalline manganites can be expres
ass}pe2W(12m2)/2kBT1(12p)e2W/2kBT.

Finally, based on Eqs.~6! and ~7!, we present a possibl
discussion on the magnetoresistance effect observed in p
crystalline manganites. The application of magnetic fie
decreasesr1 nearTC due to the field-induced increase inm.
r2 nearTC is high in zero field due to the antiferromagne
coupling of magnetic moments of the neighboring grai
When a sufficiently high field is applied, the field align
magnetic moments of the neighboring grains, leading t
large reduction inr2. Both contributions cause a substant
reduction inR and hence the CMR. AtT!TC , r1 is basi-
cally independent of the field due to the nearly complete
alignment of magnetic moments of the neighboring gra
distributed overD(s1). But the application of magnetic
fields can cause a reduction inr2 due to the field-induced
rotation of magnetic moments from grains distributed o
the D(s2). Therefore, even atT!TC , polycrystalline man-
m

sh

v.

.T

, J

u,

w
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ganites would also show a low-T magnetoresistance beha
ior. These predictions are in qualitative agreement with
perimental data obtained in polycrystalline manganites.

In summary, we have proposed a model for describing
electronic transport behavior in polycrystalline manganit
The basic physical idea is based on the assumption of o
latory indirect magnetic exchange coupling via the bound
material with thicknesss sandwiched between the neighbo
ing grains. By introducing a distribution function ofs and
averaging the conductivity deduced from the spin-polariz
tunneling model for the neighboring grains, we obtain a g
eral expression for the temperature dependence of resist
that can reproduce the experimental data observed in p
crystalline manganites. The magnetoresistance behavior~in-
cluding the CMR nearTC and the low-T magnetoresistance!
observed in polycrystalline manganites can be also well
plained by the present model.

This work was supported by the National Science Fo
dation of China~Grant Nos. 10174022 and 10374032!.
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