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We present a self-consistent effective medium theory for the magnetotransport in nanometric manganites on
the basis of the bond-disordered resistor network. The transport process here is assumed to be controlled by
both the charging energies of grains and the spin-polarized tunneling through grain boundaries. The effects of
network and band-bending at the grain boundaries on the magnetotransport are investigated. Our results are
compared with the experiments on nanometrig,43r;,sMnO5; and Lg;3Ca;sMnO5; good agreements are
found.

DOI: 10.1103/PhysRevB.71.014416 PACS nunt®er75.70.Cn, 72.80.Ng

[. INTRODUCTION these materials. To explore the LFMR limit in polycrystalline

Intergranular magnetoresistan¢tMR) in half-metallic ~ Manganites, Balcellet al. have systematically studied the
granular systems has attracted great interest since the discdl/2in size dependence of magnetotransport and pushed the
ery of low-field magnetoresistance in polycrystalline grain size down to the nanometer scaféhey have found
manganite$-® IMR is characterized by a negative variation that LFMR is almost saturated in the nanometer scale while
of resistance upon the application of an external magnetithe HFMR progressively rises with the decrease of grain
field. Two regimes are usually observed. At a low field, typi- size. In the sample with the smallest grain size, the upturn of
cally some hundreds of oersted, a rapid decrease of resithe low-temperature resistivity is observed and understood as
tance is observed, which can amount to 56% in dilute CrOa result of the existence of an intergranular Coulomb gap
powder compactsat low temperatures. At higher fields, a which adds to the tunneling barrier. On the other hand,
smoother, almost linear variation is found. These two reAndres et al. have compared the effects of grain size
gimes cross over at the field for which near magnetic satuand connectivity on the magnetotransport in granular
ration is achieved. Among these magnetic oxides, e.gl.a,7Ca Mn0Os.8Atwo-channel mode{metallic and insulat-
mixed-valence manganitéschromium dioxides, double ing) is proposed to explain both the LFMR and HFMR. The
perovskite manganitésind magnetit&€ mixed-valence man- decrease of resistance in the high fields is modeled by the
ganites of the type A,B,MnO5 (A=La, Nd; B=Ca, Ba, 9r opening of new metallic conduction channels in parallel
are undoubtedly one of the most studied for their remarkablahich is due to the ordering of Mn spins blocked at the grain
transport properties. They are generally believed to beurface. They concluded that it is the connectivity rather than
double-exchange ferromagnets and, therefore, have a neatlye grain size that determines the whole transport properties
100% spin-polarizatioriP) below the Curie temperaturk.. in polycrystalline manganite thin film. The same conclusion
By comparing the magnetotransport in single-crystallineis drawn by Garcia-Hernandez al.in the experiment on the
Lay,SipMnO; and polycrystalline ceramics in detail, low-temperature resistance of granular films of manganites
Hwanget al2 were the first to propose a model to explain thewith nanometric grain siz€sTo explain the upturn in the
IMR. They attributed IMR to spin-polarized tunneling low-temperature resistance and magnetic field dependent of
through the insulating grain boundaries in polycrystalline cethe Coulomb gap(A), they propose a phenomenological
ramics. And the high degree of spin-polarization of thesetheory in which a distribution of charging energies exists,
materials enhances the tunneling magnetoresistance effeciue mainly to the randomness in the intergranular resistance
Despite the apparent applicability of the tunneling modelrather than in grain diameter. More recently, extraordinarily
there are a number of features that cannot be readily undelarge magnetoresistance which approaches 100% is found in
stood within this picture. Among them, the large magnitudean ultrathin Lg Ca, sMnOs film by Ziesé and the mecha-
of high field magnetoresistandelFMR), which sometimes nisms are discussed on the network effects and the contribu-
exceeds the low-field response, is more difficult totion from magnetic energy ter,,. Clearly these complex
understand. properties of magnetotransport in granular manganites could

The properties of surface and interface in manganites argot be understood in a simple spin-polarized tunneling model
thought to be crucial in determining the magnetotransport iras for conventional granular ferromagnets, which is well de-
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scribed by Inoue and MaekawhAlso the magnetoresis- states at the Fermi enerdgg for electrons with spin; P is

tance never obeys the equafibn the spin polarization; ansl m, and ¢ are the thickness of the
P2 P tunneling barrier, the effective mass of electrons and the bar-
MR= ———, (1) rier height, respectively.
1+Pny Unlike conventional granular ferromagnets, grain bound-
wherem is the reduced magnetization of the systems. aries in manganites are the regions of magnetic disorders.

Our purpose in this paper is to address the complex ma The effects of such disorders on the magnetotransport have

netotransport phenomena in granular manganites describ@§€n discussed in many ways, e.g., Evettal. treated mag-
above and to account for the origin of the enhancement O@etoressyance in blcrys'tal phenomenologically in terms of
magnetoresistance found in recent experiments. To do this, 1@nges in local magnetic ordéand Leeet al. assumed the
bond-disordered random resistor network is proposed i9r&in bound_arles as parama_lgne_tm impurities in their second-
which the transport process is assumed to be controlled bfder tunneling modélHere in this paper, by the analogy of
both the charging energies of grains and spin-polarized turfn€ Study in a high-temperature superconducting cuprate, the
neling through grain boundaries. The effects of network andn@gnetic origin of¢> can be understood by,'””"duc'gg the
band-bending at the grain boundaries on the magnetotran§oNcept of band-bending effects at the grain boundafiés.
port (including low-field magnetoresistance, high-field mag_Fu_rukawa has shown 'Fhat f_or colossal magnetoresistance ma-
netoresistance, and Coulomb gagre investigated. Our tenals.the _magnehzaztloM induces a shift in the ch_em|cal
results are compared with the recent experiments on nan@otential withA¢~M= (Ref. 15. As a result of the disloca-
metric LaysSh,sMnO; and LaysCaysMnOs, good agree- tions and defects, there is a suppressed magnetic order close

ments are found. to the grain boundaries. In nanometric manganites, the grain
boundary is supposed to be paramagn€tié.The energy
Il. EXPRESSION OF INTERGRANULAR CONDUCTANCE barrier comes from the difference in chemical potential in the
Gj grain boundaries as compared to the grain bulk.

It is well established that the electrical conduction in The height of the built-in potentidkp) can be expressed

granular systems results from the transport of electrons 0"?513'14

holes from a charged grain to a neutral one. This requires the b Adg — Apgg = Mé - MéB, (6)

generation of a charge carrier by removing an electron from o _

a neutral grain and placing it in the neighboring hithertoWhereMg andMgg are the magnetization of grain bulk and

neutral grain at the expense of electrostatic charging energgf@in boundary, respectively. _

E.=€?/2C, whereC is the capacitance of a grain. An addi-  For the ferromagnetism qf bulk, the reduced magnetiza-

tional factor E./kgT is thus introduced to the whole resis- tion Mg can be expressed with a mean-field self-consistency

tance. As a consequence, at low temperatures and for sm&fuation,

grains it is very difficult to activate such a mechanism. The 3] me+h
. . . B

electrical transport is_effectively blocked. mg(h,t) = BJ(JTl : )

The typical InR~ JA/T behavior of the resistance in na-

nometric manganites shows that the electrical transport ighereB; is the Brillouin function defined by

similar with that in the conventional granular systems, where

the transport is controlled by the combination of the tunnel- B,(X) = 20+1 cotf( (23 + 1)X> 1 cott‘(l), (8)

ing through an insulating barrier and the charging energies 2J 2] 2J 2]

of grains. In the low electrical field regime the charge carri- .
X . .. whereJ is the angular momentum quantum numHhér/T,)

ers are thermally activated with the number den3|ty.S the normalized temperatura(H/H.) is the normalized
~exp(—E./kgT), so the conductance between two grains cal lormaiz nperatu el | 1alz

. magnetic field andH, is the saturation exchange field. For
be given a¥ . . .

the optimal perovskite manganites of the form
Gj= Gﬁexp(— EJ/kgT), (2)  Ay3B1sMn0Og3, Jis assumed to be 1.83.

For the paramagnetism of grain boundaries, the reduced

)

with Gg referring to the tunneling mobility between grains

adl magnetizatiormgg is expressed via the Langevin function,
h,t) = coth(uH/kgT) — kg T/uH, 9
GJ o (1+P? cos®)e ™, 3) | Meg(h,t) | Hu B-) Tt (9

where u is the effective magnetic moment of isolated Mn
where spins or their clusters.
_D;-D @ Thus the built-in potential can be expressed as

D; +D, b= o(Mg — M&g), (10

and where ¢, is barrier height whemmgg=0. Here we assume

K = \2medli? (5) that the grain boundaries possess almost the same saturation

magnetization with grain bulk.
Here, O is the relative angle between the orientation of the We can find from Eq(10) that the tunneling barrier dis-
magnetization of two graind) (a=1,]) is the density of appears when the temperature approaches the Curie tempera-
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ture T.. At low temperatures, because theg is insensitive  invariant for a certain system, which can be writteh’as

to external magnetic field, which is already saturated for its

ferromagnetism, while thé ¢gg increases linearly with an sk.=c, (19
external magnetic field, the barrier height is thus effectively

decreased under an external high field. This kind of chang# which c is a constant.

from the temperature abovig to low T is thought to be the With the condition ofsE.=c, there exists the tunneling
origin of appearance of intergranular resistance and continudistance

ous decrease of resistance at high external magnetic field in

bicrystalline manganite’s:14 B c
From the above consideration, we can find the external Sm= 2rksT’ (15)

magnetic field enter§;; not only in the variable of) as in

conventional granular systems, but also in the barrier heighfhich makes the intergranular conductance maximum. Thus
¢ we can find the dominant contribution to conductance at high
temperature is due to the tunneling between small grains

(large E;) separated by thin tunneling barrietsmall s),
lll. FRAMEWORK OF EFFECTIVE-MEDIUM THEORY while at low temperatures the dominant contribution is due

The resistor network model has become one of the modP large graingsmall E;) separated by thick tunneling barri-
extensively studied models in disordered systems. Here w@'s (large s). In the steepest descent approximation, the
consider a bond-disordered random resistor network on a hy2ij(S=Sm) is selected to represent the effective conductance
per cubic lattice of dimensiod’ > 1 (d’ =2 for 2D, d’ =3 for of the whole systems. For the magnetotransport in the model
3D, etc). The effective medium theory gives a reasonablePy Inoue and Maekawa, the steepest descent approximation
description of the transport properties in a resistor netbrk. iS used and the averages over the exponential factor and the
This approach is old and had been devised for the transpoPf€-exponential factor are conducted separateis might
properties of inhomogeneous materials first by BruggemaRe Proper for the conventional granular ferromagnets, where
and then independently by Landauer. Its successful applicdb€ spin-polarization is small and at the same time there is a
tion Of the perco'a‘tion theory has drawn the attention Of\Nide diStribution Of intergranular distance. HOWeVer, fOI’ the
many others in this field. Consider a random resistor networkligh degree of spin-polarization and the relatively narrow
by a homogeneous effective network or an effective mediun#listribution of intergranular distance, the contribution from
where each bond has the same average or effe@jv@he the non-maximum intergranular conductances in the expo-
value of G, is calculated in a self-consistent manner. To ac-nential factor should not be neglected. _
complish this, one bond embedded in the effective medium is In order to account for the properties described above and
assigned the conductance distribution of the actual randor#€ fact of exponential decrease of conductance when the
network. The value 06, is then determined with the condi- tunneling distance is away frosy, we suppose
tion that the voltage fluctuation across the special bond
within the effective medium, when averaged over the proper _S _
conductance distribution, is zero. The voltagé developed P(s) = sfn eXp(= /S, (16)
across such a special bond can be calculated for a discrete

lattice of 2’ nearest neighboring s to mimic the distribution of intergranular conductance in the
network, which is peaked aroursy,
v= _G'JL (12) The distribution of intergranular conductance is deter-
Gjj + (d' - )G mined by bothP(s) andf(®). If we assume all the grains are

esuperparamagnetism and have the same effective magnetic

For a bond-disordered random resistor network, th ) .
momentu as in Ref. 18, the effective conductance can be

effective-medium theory condition described above, i.e.

(v)=0, now reads as obtained by
G -G 1 1 (- ! ! 2m
——_—)=0. 12 = J Psdsf dcos&f dcos&f d
<c;ij +(d - 1)Ge> (12 d'G. (2m0)?), © N )., 2],
The above equation can be rewritten as a7
f f(G)dG - 1 , (13) 27 eh(cos 61+C0S 65)
G+(d' -1)G, d'G, xf de, ,
0 Gy(1 +P? cos@)elskeT219) + (d' - 1)G,

wheref(G) is the distribution of intergranular conductance.
Sheng has pointed out that in order to ensure the homo- (18)
geneity of the metallic grain concentration, the rabds
should have the same value for the different regions althougtvhere
both D (grain diameterands (intergranular distangemay
have a wider distributiof’ Follows that the product &E, is cos® = cosf; cosb, + sin 6, sin 6, coL o1 — ¢,), (19)
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- Generally speaking, the grains are ferromagnetic in nano-
Q=J singde e s’ (200 metric manganites. Here we focus on the absolute value of

° the magnetoresistance from two extreme states. In the de-

magnetizedDM) state, the effective conductance can be ob-
h=uH/kgT. (21)  tained from
|
- m singde 1

0.5 JO P(S)dsfo Go(1 + P? cosb)exp(— c/sksT — 2ks) + (d’' = 1)Go(DM)  d'G,(DM)" (22)

In the magnetizedM) state(whenH=Hy), dimensional resistor network. The quantity frgiR(6)) for
i i iagl
fc P(s)ds the resistors in series'fs
+ P2 - - +(d' - T singde
o Go(1 +P?)exp(- c/sksT — 2«s) + (d' = 1)Ge(M) <R(H:O)>o<0.5><J ¢ - P2 arctantt?)
1 o 1+P“cosé
= 23
d'Ge(M) 23 (28
The LFMR is defined as the relative difference betweerdnd
these two states, which results from the rotation of magneti-
zation of neighboring grains under an external magnetic (R(H=Hy)) « 1+p2 (29
field: *
Ge(M) — G¢(DM Thus
LFMR = M. (24)
Ge(M) s RH=0) ~(RH=HJ)
The field needed to rotate the grain in hanometric manganites (R(H=0))
ig usua}IIy I_ess than 015 thus in such a small field, the bar- (1 +P?)P? arctaniiP?) - 1
rier height is not affected. = . (30)

N 2
It is interesting to compare our results with those from (1 +P%)P*arctanitP)

models of resistors in parallel and resistors in series. The |y fact, the difference between these resistor network

quantities for comparison are described briefly below. models are often overlooked in the practical application and
The conductance of the resistor in parallel is givelt as  results are confusing. In the following we will discuss them

in detail.
G= Gof J ds f(s)g(®)(1 + P? cos®)

X exp(— 2ks— EJkgT), (25) IV. RESULTS AND DISCUSSIONS
wheref(s) andg(®) are, respectively, the distribution func-
tions of sand ®.

With the steepest descent approximation &cds®)
=n?, the conductance can be writtentas

First we will show the network effects on LFMR. In Fig.
1, we have plotted thE dependence of LFMR from E¢24)
for 2D and 3D cases and compared them with the results
from Eq. (27) and Eq.(30). It is found that wherP is less
than 0.5(the value of normal ferromagnetgshese models
G = Go(1 + P?mP)exp(— V8«xc/kgT), (26) give almost the same LFMR. However, whénincreases
) ) o ) beyond 0.5, a significant difference can be seen among these
wherem s the relative magnetization of the system. Itis alsoyagits. The LFMR calculated from E4) for a 3D case
noted that the experimental observed Coulomb §ag pro-  ith P=1 is 56%, which is the exact value of LFMR in

portional to 8«c/kg. _ . half-metallic CrG powder compacts in the experiment by
So the expression for the magnetoresistantl is Coeyet al? As for Eq.(30), for the reason of all the resistor
P2m? in series, a single insulatdin this case whend=7) can
MR=_——>—, (27)  block the whole current path. Thus in the demagnetized state,
1+ P27 . iy ) ) o>
the resistance can be infinite, while the resistance is finite in
and saturated value R?/(1+P?). a magnetized state, and so the magnetoresistance approaches

It is argued that for the main conduction path is deter-100%. This can be regarded as the upper bound of LFMR in
mined by the exponential factor x8 in the tunneling con- half-metallic granular systems. In real systems, the current
ductance, the magnetoresistance is determined by onean percolate above the percolation threshold. The higher
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o T Tt ] tance under an external magnetic field at 8Ve can see the

]l ----Ziese's model ., ]  conductance still obeys tHE’? rule, however the Coulomb
0ad - 2D L gap(A) (which is magnetic field insensitive in conventional
----- 3D {0 granular systemss lowered and the resistance is effectively
0.7 Inoue and Maekawa's model ;S decreased. To have a quantitative picture between an external

magnetic field and a Coulomb gap), in Fig. 2c) we have
| 1/c dependence of the Coulomb géfy) which is obtained
i from the linear fit of the temperature dependence of conduc-
] tance both aH=8T andH=0T from 5 K to 100 K(the lin-
e ear fitting process is not shown hgr&Ve can find, besides
T the effective decrease df upon the application of external
magnetic field, the variation of it increases with the increase
of ¢, i.e., the smaller the grain size, the stronger the depen-
l dence of the Coulomb gap@) on the field. This serves as the
4 explanation of experimental observation by Garcia-Herandez
et al,® where the field dependent Coulomb gap could not be
] readily understood in the picture of transport in conventional
] granular systems. The experimental data are shown in the
00 02 o4 06 08 10 inset for comparison. In Fig.(d), we have plotted the field
P dependence of the Coulomb g&p), where the value oA at
each field is obtained, as described above. The experimental
data on the smallest granulard&a;,sMnO5 are reproduced
in the inset. We can find our results agree with experimental
dimension of the systems, the easier for the current to percatata well. It is noted that a phenomenological model based
late. While for the model of resistor in parallel, the MR is on the consideration of intergranular connectivity was pro-
underestimated. posed by Garcia-Herandez al? for this problem, but with
Unlike the conventional granular metals, the surface layefour fitting parameters included. We can find the effect of
of manganite grains is high resistive and insulating. Thentergranular connectivity and its variation with an external
grains consist of a metallic core with diametérand an  magnetic field have been considered explicitly in ELp).
insulating shell with thickness And Moreover, since our calculation of the Coulomb gap is per-
formed on a complete resistor network, the relationship be-
e=D+2t, (31) tween the Coulomb gap and magnetoresistance is also re-

whered is the grain size defined in Ref. 7. A low limit of the Vealed-

thicknesst can be obtained assuming that it has a magneti- !N Fig. 3@, we have shown the t/dependence of
zationMg=0. With this assumption, in the core-shell model, LFMR. Itis found that LFMR depends weakly on the values
of c. Our calculations agree with experimental observations

t=(D/2)(1 - (Mg(D)/Mg(bulk)¥3). (32 in Ref. 7, which is shown in the inset of Fig(a3. In the
nanometric Lg3Ca,3Mn0O3, the LFMR is almost grain size
So the dependence bbn ® can be obtained. Itis found that independent. It should be noted that the increase of LFMR
t itself increases with the decrease ®f:° When the grain  with a decrease of grain size in them scale is due to the
size(?d) is changed, bot ands(=2t) vary and they vary in  increase of weak-link grain boundaries, i.e., the increase of
an opposite way, i.eD) decreases with the decreaseloénd  effective tunneling barriers. Here we discuss the cases where
s increases with the decrease @t The variation ofD/s  all the grains are well separated by insulating grain bound-
X(=c) has the same trend &@s. Thus with the decrease of gries.
grain size, the value o€ monotonically increases. In the By now, judging from the calculated low-field magnetore-
calculation above and below, we have chogerl nn*and  sistance and the temperature dependence of resistance, we
cis in units ofkg- nm and make qualitative comparisons with can find that the dominant contribution in the network is due
experimental data on both the Coulomb gap and magnetores the grains withs=s,,. For the distribution form of Eq(.16)
sistance. Sinc&c=e?/8meye(=10)r, whenc=10, it means  has guaranteed that the fraction of conductors I&as(s
is around 50 nm and at the same timis around 1 nnf=®  =s) is larger than the percolation threshéft), the essence
Since the incorporation of elements of grain diamé®r  of the problem has been grasped in our approach.

and intergranular distands), and their distributions through As described above, in granular manganites the field de-
P(s) in the resistor network, it is interesting to investigate pendence of magnetoresistance is usually divided into two
their influence on conductance and magnetoresistance. fparts. Following a rapid decrease of resistance at fields
Fig. 2(@), we have studied the temperature dependence airound 0.9 (LFMR), there is an almost linear term.
conductance. Th&,/Gy is plotted versusT 2. The linear In the two-channel model, the MR is written®as
dependence agrees with the experimental observations. _ 2 2
Clearly, the largerc, the smaller the conductance. In Fig. RH)/R(0) = 111 +aM*(H)/M][1 +bH], (33
2(b), we have shown the temperature dependence of condugtherea andb are microstructure dependent parameters.

0.6

0.5

044

LFMR

FIG. 1. P dependence of LFMR for three models.
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FIG. 2. (a) The temperature dependence of zero field conductance for samplesaith 1 and 0.1(b) The temperature dependence of
conductance for samples withx 10, 1, and 0.1 at a field ¢4 =8T. (c) The 1/c dependence of the Coulomb g&) for a zero field case and
H=8T. The inset shows the experimental data from RefddThe field dependence of the Coulomb ddy for a sample wittc=10. The
inset shows the experimental data from Ref. 9.

Itis also expressed in the form of magnetoconductance byelevant to the rotation of the magnetization of grains. It is
Leeet al,® found that there is a linear increase of conductance as a func-
(34) f[ior? of the field. It should be_note_d that our results als_o

indicate that conductance varies linearly with a magnetic
wherea’ andb’ are parameters. field, rather than resistance. This kind of observation has

Here we focus on the high-field response which is due tdeen emphasized in the experiments by &eal. on a series
the evolution of the band structure at grain boundaries. Thef manganite$.In Fig. 3(c), we have shown the t/depen-
HFMR is defined as dence of HFMR at 5 K. As mentioned abowemonotoni-

_ _ cally increases with the decrease of grain size. Thus our re-
HFMR =d(G(H > Hy)/G(H = Hy)/dH. (39 sults indicate HFMR increases with the decrease of grain

In Fig. 3(b), we have plotted the field dependence ofsize. This kind of variation has also been found in Ref. 7,

G./G(H=Hg), which represents the high field response, ir-which are shown in the inset.

glog=a’ +b'H,
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FIG. 3. (a) The 1/c dependence of LFMR at 5 K fd?=1, 0.8 and 0.6. The inset shows the experimental data on the graifdsize
dependence of LFMR from Ref. 7b) The field dependence @&./G(H=Hg) at 5 K for samples withc=10, 1 and 0.1(c) The 1fc
dependence of HFMR at 5 K. The inset shows the experimentalstaare dogson the grain sizé®) dependence of HFMR in Ref. 7. The
solid lines are guides for the eyes.

From the previous consideration of the field dependence V. SUMMARY
of magnetoresistance and its evolution with grain size, we
can conclude the great enhancement of magnetoresistanceln summary, we have studied the magnetotransport in the
observed in some granular manganifesith an ultrafine  nanometric manganites within a bond-disordered resistor
grain size is not directly related with the high value of spin-network. The transport process here is assumed to be con-
polarization, but is due to the effective decrease of barrietrolled by both the charging energies and spin-polarized tun-
height in the sample where the Coulomb @ap is giant. At neling through grain boundaries. The effects of network and
the same time, we would like to point out that in this article band-bending at the grain boundaries on the magnetotrans-
we focus our study on the temperatures below Curie temport (LFMR, HFMR and Coulomb gapare investigated. Our
peratureT.. Near T, the intrinsic phase-separation betweenresults on the grain size dependence of magnetotransport
the metallic phase and insulating one play an important rolagree with experiments very well and the origin of recently
in determining the magnetotransport in polycrystallinefound extraordinarily large magnetoresistance is well ex-
manganited? plained.
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