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Magnetoresistance through grain boundaries in a resonant-tunneling mechanism
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The effects of local spins inside grain boundaries on tunneling magnetoresistance are studied. A spin-
dependent multichannel picture is used to describe the magnetotransport processes across antiferromagnetic
grain boundaries. Using a resonant-tunnelling model within a mean-field scheme, we calculate the magnetore-
sistance caused by the change of the magnetic configuration of grains and inside grain boundaries. We show
that, unlike paramagnetic barriers, the existence of local spins in an antiferromagnetic grain-boundary always
decreases the low-field magnetoresistance. In the limit of complete spin polarization, a high-field slope pro-
portional to the grain boundary magnetization is found, which is consistent with the characteristics of the
high-field magnetoresistance phenomenon. By taking the effects of the direct-, resonant-, and inelastic-
tunneling processes into account simultaneously, we can explain the experimental results of extrinsic magne-
toresistance in highly spin-polarized magnetic oxides qualitatively.
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I. INTRODUCTION

Extrinsic magnetoresistance~MR! in grain-boundary sys-
tems of metallic oxides with high spin polarization, such
polycrystalline manganite bulk1 and thin film,2 CrO2 pressed
powders,3 etc., has attracted much attention for its scient
and technologic significance.4 Many models1,2,5–8 focusing
on the relationship between the behavior of the MR and
properties of grain boundaries~GB’s! in these systems hav
been proposed, based on different transport mechanism
without ruling out each other. Most of them1,2,5,6 treat the
grain boundary as an insulating barrier across which a s
polarized tunneling occurs between adjacent grains; som7,8

suggest that it might be a mesoscopic region with distor
magnetic and transport properties. So far none can exp
all the observed experimental facts.

Recent nonlinear conductance measurements perfor
on a lot of the grain-boundary systems of ferromagne
oxides6,9–11 gave clear experimental evidence for one of t
transport mechanisms: an inelastic-tunneling process
tween ferromagnetic grains via chains of local states in
GB’s. Such a process is characterized by the special po
law of the voltage and the temperature dependence of
conductance12

G5gs
VVs, eV@kBT ~1!

G5gs
TTs, eV!kBT. ~2!

Here,s5N22/(N11) (N>2), andN is the number of the
localized states composing the chain. Equations~1! and ~2!
are the well-known results of the Glazman-Matveev mode12

and were confirmed by Xuet al.13 in the experiments on the
conductance of the metal/amorphous silicon/metal junctio
A good agreement between the model and the data from
experiments on a lot of grain-boundary junctions6,9,10 and
some granular systems11 proved the existence of the inelast
tunneling via local states additional to the direct-tunnel
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channel in the GB transport. The total magnetoresistanc
suppressed due to the spin-polarization loss during
inelastic-tunneling process4,9,11and decays rapidly with tem
peratures or voltages increasing because of the enha
contribution of the inelastic tunnelling.9,11

As Glazman and Matveev pointed out,12 the presence of
localized states in the barrier opens up the possibility of
only the inelastic tunneling described by Eqs.~1! and~2! but
also an elastic tunneling via a single impurity in the barri
which is named as ‘‘resonant tunneling’’ due to its Loren
ian resonant characteristics. At low temperatures
resonant-tunneling process plays a dominant role until a
tain temperature is reached. After that, the contribution
inelastic two-impurity channels exceeds the contribution
the resonant tunneling and the inelastic processes of con
tion in chains consisting of more impurities are activat
with further increasing of temperature. This crossover fro
elastic resonant tunneling via a single impurity to inelas
tunneling via a chain of local states was also exhibited
experiments.13 In magnetic junctions having a single barri
with defects14,15 or in a double-barrier system16 in which a
quasibound state provides the resonant level, resonant
neling exhibits a particular contribution to the magnetores
tance compared to the direct tunneling . The total magnet
sistance may be reduced or enhanced, depending on det
environments, and sometimes the effects are expected t
dramatic.16

It seems curious that resonant-tunneling processes h
not attracted as much attention in the study of GB mag
toresistance. The low-temperature process is usually tre
as an ‘‘elastic channel’’ without distinguishing different co
tributions from the direct tunnelling and the resona
tunneling.9,11 On the other hand, the effects of local spi
inside the barrier on the GB magnetoresistance has be
subject of interest and considered to be responsible for
field dependence of the magetoresistance.5,17,18

These considerations motivated the present work on
effects of local spins inside the grain boundaries in
©2003 The American Physical Society13-1
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resonant-tunneling mechanism. We adopted a multicha
picture taking into account the interaction between lo
spins and tunneling electrons, and dealt with the magn
coupling between local spins using a mean-field approa
The consequent MR ratios, both at low fields and at h
fields, are calculated and a high-field slope of magnetoc
ductance is obtained. The results show a typical field dep
dence of the magnetoresistance found in the considered
terials. We expect that, after considering the GB propertie
a more detailed way, most of the experimental results of
magnetotransport properties of the grain-boundary syst
will be explained by a model combining the resona
tunneling process with the direct tunneling and higher-or
inelastic tunneling.

II. RESONANT-TUNNELING MODELS

As mentioned above, the resonant tunneling in a sing
barrier tunnel junction refers to the electron tunneling
one impurity inside the barrier. The conductance due to
elastic electron transition from the left electrode to the rig
via a localized state with energye i at the siteci in a barrier
of the heightf and widthw is given by19

g~e i ,ci !5
e2

2p\

4GLGR

~e2e i !
21G2

~3!

where G5GL1GR is the inverse lifetime of the resonan
states, given by a sum of the partial widthsGL(R) correspond-
ing to electron tunneling from the local state to the l
~right! electrode,20

GL(R)5
2mqL(R)

m2k0
21qL(R)

2

e22k0wL(R)

k0wL(R)
. ~4!

wL(R) is the distance of the local state from the left~right!
electrode,qL(R) is the Fermi wave vector in the left~right!
electrode,m is the effective electron mass in the barrier, a
k05A2mf/\2. Assuming a uniform distribution of the lo
calized states in energy space with a densityn near the Fermi
level, the resonant-tunneling conductance via an impurity
ci integrated over the energy space can be given in a g
approximation by15,21

g~ci !5
2e2n

\

GLGR

GL1GR
. ~5!

If the electrodes are ferromagnetic, the exchange split
of the energy bands of the electrodes will lead to the form
tion of two spin-dependent conductive channels@see Fig.
1~b!#, one for spin-up tunneling electrons and the other
spin-down~the spin direction is with respect to the magne
zation orientation of the grains!, and consequently a magne
toresistance due to the resonant tunneling. The conduct
for an electron with spins is determined by20

gs~ci ,e i !5
e2

2p\

4GLsGRs

~e2e is!21G2
~6!
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GLs(Rs)5
2mqLs(Rs)

m2k0
21qLs(Rs)

2

e22k0wL(R)

k0wL(R)
. ~7!

In a more complicated case of ferromagnetic electro
with paramagnetic impurities inside the barrier, the stro
exchange interaction between the local spin and the tun
ing electron will lead to an increase of the number of cha
nels as well as a modification to the resonant levels
consequently the correspondent inverse lifetime, as show
the theoretical work of Vedyayevet al.,21 where the spin-
dependent resonant tunneling across a barrier was stu
with paramagnetic impurities at an effective field from t
exchange interaction with the ferromagnetic electrodes. C
sidering a tunneling process via a local spinS at an effective
field He f f , a multichannel picture of resonant tunneling d
duced from their calculation results can be described as
lows.

~1! Supposing a local spin with an initial stateuS,m&,
there are four channels according to the initial and final sta
of the tunneling electron and the local spin@see Fig. 1~c!#.
The spin of the tunneling electron invaries in two of th
channels and flips in the other two while the total magne
component of the spins of the electron and the impu
keeps conserved. So the channels can be labeled bym, r,
andmj , wherem, r are the electron spins before and aft
the transition, respectively, andmj5m1m is the total spin
component along the field direction.

~2! Suppose the scattering potential amplitude on the
purity is D i and the exchange interaction between the el
tron and the local spin isJ. The possible resonant state
assumed to correspond to the multiplete i5D i2(S/2)J with
a total angular momentumj 5S1 1

2 . The contribution of the
other multiplete i85D i1@(S11)/2#J can be neglected sinc
e i is much closer to the Fermi energy than the latter beca

FIG. 1. The channel illustrations for different resonant-tunnel
processes:~1! monochannel in nonmagnetic junctions with no
magnetic impurities;~2! a two-channel process in ferromagnet
junctions with nonmagnetic impurities;~3! a multichannel process
in ferromagnetic junctions with paramagnetic impurities
3-2
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of the large value (;1 eV) of J and the strong Coulomb
repulsion on impurities in the considered materials.18,21 It
means only the state

u j 5S1 1
2 ,mj&5C1/2uS,m5mj2

1
2 ; 1

2 ,m5↑&

1C21/2uS,m5mj1
1
2 ; 1

2 ,m5↓& ~8!

goes into resonance. Then the correspondent inverse lifet
which is related to the possibilities of electron tunneli
from the local state to the left and right electrodes,20 can be
given by

g5~C1/2
2 GL↑1C21/2

2 GL↓!1~C1/2
2 GR↑1C21/2

2 GR↓!

5C1/2
2 G↑1C21/2

2 G↓ ~9!

with C61/2 denoting the Clebsch-Gordan coefficients,

C61/25
AS6mj1

1

2

2S11
, ~10!

and the partial widths for the left and right electrodes a
respectively, given by

gL
m5Cm

2 GLm , ~11!

gR
r 5Cr

2GRr . ~12!

Here GLs(s5↑,↓) is determined by Eq.~7! and Gs5GLs

1GRs .
~3! The statistical probabilitiesPmj

mr of a channel

(mj ,m,r), obtained from the calculated results in Ref. 2
are adjusted by the temperature-reduced effective fielh
5mBHe f f /kBT. For spin-conserved channels (m5r),

Pmj

mm5P~Sz5mj2m!5
exp~2Szh!

(
m52S

S

exp~2mh!

, ~13!

which is also the statistical probability of thez component of
local spins at the effective field, while for spin-flipping cha
nels,

Pmj

↑↓5Pmj

↓↑5
1

2
PS Sz5mj2

1

2D E f 2~e!de

1
1

2
PS Sz5mj1

1

2D E f 1~e!de, ~14!

where

f 2~e!5
1

kBT
f ↑~12 f ↓!

f 1~e!5
1

kBT
f ↓~12 f ↑!

and
05441
e,

,

,

f ↑,↓5
1

11e(e2eF7mBHe f f)/kBT
. ~15!

Then the total conductance for a channel (mj ,m,r) is
given by the combination of the quantum-mechanical pr
ability smj

mr and the statistical probabilityPmj

mr

gmj

mr5g0smj

mrPmj

mr , ~16!

where

smj

mr5
gLgR

g
~17!

is obtained by substituting the results of the tunnel wid
into the expression of the resonant-tunneling conductanc
shown in Eq.~5!, andg0 is the independent coefficient in
cluding the quantum of conductance and the densityn of the
distribution of the resonant levels.

III. GB TMR

Now we begin to study the spin-dependent tunnel
through a grain boundary in highly spin polarized magne
oxides such as perovskite manganite. Unlike tunnel juncti
with an amorphous13 or d-doped14,15 barrier, the grain-
boundary region contains lots of local spins interacting w
each other.4 Here we consider the case of a barrier with a
tiferromagnetically coupled local spins, which usually mo
els the GB region for typical half-metallic oxide
manganite4,18 and CrO2.22 To calculate transport processe
via these local spins is actually a many-body problem,18 but
the resonant-tunneling characteristics exhibited
experiments9–11 make us believe it is acceptable to deal w
the magnetic coupling in a mean-field approximation so t
the total conductance can be expressed by the sum o
resonant-tunneling processes via a local spinS at an effective
field

G5(
i

g~ci ,Hm
i !5(

i PA
g~ci ,Hm

A !1(
i PB

g~ci ,Hm
B !.

~18!

Here,g(ci,Hm
a ) (a5A,B) is the conductance via a local sp

at the siteci on sublatticea, and Hm
a is the conventional

effective field for sublatticea in antiferromagnets,

Hm
A5H01lMB , ~19!

Hm
B5H01lMA , ~20!

with H0 denoting the applied field,Ma[^Sz
a& is the average

value of thez component of the local spins on sublatticea,
and l is the mean-field parameter characterizing the
change interaction between the sublattices. The intrasub
tice interactions have been neglected.

Substituting the expressions of the resonant-tunne
conductance in Sec. II into Eq.~17! and considering tha
only the impurities located withink0

21 of the center of the
barrier contribute most to the conductance,13 the total con-
3-3
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ductance across a barrier with antiferromagnetically coup
spins inside it can be given by

G5G0F (
mj ,m,r

smj

mrS ci5
w

2 D Pmj

mr~Hm
A !

1 (
mj ,m,r

smj

mrS ci5
w

2 D Pmj

mr~Hm
B !G . ~21!

G0 is a constant from the summation over the distribution
resonant levels in energy and position space and will be c
celed out in the following calculation.

A. Low-field magnetoresistance

First we calculate the magnetoresistance caused by
change of the relative magnetic orientation of the electrod
which corresponds to the large and rapid decrease of
resistance observed in GB systems of magnetic oxides,
the low-field magnetoresistance~LFMR!.1–4 Compared with
the high-field region in which the resistance decrea
slowly, the magnetic-field scale of the low-field magneto
sistance is much smaller and has much less effect on the
configuration inside the barrier. So we can assume only
infinitesimally small field is needed to change the initial a
tiparallel ~AP! alignment of magnetization of the ferroma
netic electrodes to a parallel~P! alignment,18 and the MR
ratio defined as

MR5
GP2GAP

GP
~22!

can be calculated using Eq.~20! by takingH050.
Figure 2 shows the dependence of the MR ratio on

spin polarization of the electrodes

FIG. 2. The LFMR ratio vs the spin polarizationP for ~a! direct-
tunneling processes and resonant-tunneling processes via
spins with~b! S51/2, ~c! S53/2, ~d! S55/2, and~e! S510.
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P[
q↑2q↓
q↑1q↓

~23!

for different angular momentaS of local spins at low tem-
peratureT54.2 K, and compares it with the results of dire
tunneling using the Julliere model23

MRdir5
2P2

11P2
. ~24!

Fixed parameters are set asq↑51 Å21, k050.5 Å21, m
50.4 according to the typical values in ferromagne
junctions,21 and the mean-field parameterl5100 K. It can
be seen that the MR ratio due to resonant tunneling is sma
than that due to the direct tunneling in the entire range of
spin polarization, and the deviation is enlarged withS in-
creasing. At low temperatures, direct and resonant proce
coexist and the value of the total magnetoresistance dep
on their relative proportions. For perovskite manganitesS
5 3

2 , the magnetoresistance due to resonant-tunneling
cesses is only about 20% even in the limit of complete s
polarizationP51, so the total LFMR is expected to var
between 20% and 100%, which is in agreement with
observations in grain-boundary junctions.4

Thus the existence of local spins in the present case
ways affects the total magnetoresistance in a negative w
which is different from the results in the case of parama
netic impurities where the magnetoresistance may be ei
enhanced or suppressed.14,15,17,21Such a difference mainly
results from the existence of the two sublattices of lo
spins because of the antiferromagnetic coupling. As Fig
shows, although the local spins on sublatticeA (He f f.0)
can lead to a dramatic MR when the spin polarization

cal

FIG. 3. The calculated results of the normalized resona
tunneling conductance,g/g0, via a local spinS51/2 at the center of
the barrier for different values of the electrode spin polarizationP.
The solid lines represent the case of the parallel alignment of
electrode magnetization, and the dashed lines represent the an
allel alignment.
3-4
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large, the local spins on sublatticeB (He f f,0) will produce
opposite effects and lead to a decrease of the total MR.

B. High-field magnetoresistance

After the P configuration of magnetization of the ele
trodes is reached at a small field, the distribution of the lo
spins inside the barrier keeps changing with the applied fi
increasing further. From Eq.~20! we can see that it will
change the probabilityPmj

mr of the channels and the total con

ductance consequently. This magnetoresistance is a ‘‘h
field magnetoresistance, which refers to the gradual and
earlike decrease of the resistance following the dramatic
rapid LFMR observed in many GB systems.4 The high-field
magnetoresistance~or magnetoconductance, as defined
Ref. 5! phenomenon is usually described by a normaliz
high-field slope of the conductancekHF[1/@G(H0
50)#(dG/dH0).

In order to clarify the complicated dependence of t
resonant-tunneling conductance on the applied field,
adopted a simplifying assumption for the high-sp
polarization systems investigated:

Pmj

mr5 1
2 @P~Sz5mj2

1
2 !1P~Sz5mj2

1
2 !#~mÞr!. ~25!

Comparing it with the exact expression shown in Eq.~13!,
we can see that this assumption neglects the effects o
effective field on the Fermi distribution of the electrons
spin-flipping channels. When the spin polarization is hig
the spin-flipping channels contribute little with a small num
ber of the spin-down electrons and the approximation
come acceptable. Figure 4 illustrates the curves of the c
ductance vs the effective field for different spin polarizatio
calculated using the exact and the approximate express
respectively. The approximation leads to a deviation from

FIG. 4. The dependence of the normalized conductanceg/g0

due to resonant tunneling on the effective fieldmBHe f f /kBT from
exact calculation~lines! and the approximation Eq.~24! ~squares!
for high spin polarizations.
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exact results, but the characteristics of the field-depende
of the resonant-tunneling conductance are reserved. The
viation gradually vanished with the spin polarization a
proaching the limit of the half-metallicity (P51). Substitut-
ing Eq. ~24! into the conductance expression~20! and
rearranging the results, we get

G}
S11

2~2S11!
~G↑1G↓!1

S

2~2S11!
~G↑2G↓!MB ,

~26!

whereMB[^Sz&/S is the average normalized magnetizati
of local spins. From this linear dependence of the cond
tance on the average magnetization, we obtain the high-fi
slope of the conductance due to resonant tunneling via lo
spins

kHF5
S

S11
P8xB ~27!

with

P85
G↑2G↓
G↑1G↓

~28!

which represents the unbalance of the two channels with
considering the interaction between the local spins and
conducting electrons and is usually increased with the s
polarization increasing.xB[]MB /]H0 is the spin suscepti-
bility of the grain boundary. The variation of the proportio
ality constantkHF /xB with the local spinsS for half-metallic
systems is shown in Fig. 5.

The linear relationship between the high-field slope a
the GB spin susceptibility for high-spin-polarization system
reveals the effects of the spin configuration inside the bar
on the tunneling conductance. Note that this relations
seems to have been a consensus although direct experim

FIG. 5. The dependence of the ratio between the high-field sl
of the conductancekHF and the GB susceptibilityxB on local spins
S in the limit of half-metallicity.
3-5
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evidences are still unavailable.4 It is interesting that many
models taking into account the effects of GBs, no matter h
different mechanisms they are based on, drew the same
clusion that the high-field slope is proportional to the G
susceptibility.5,8,17The experiments detecting the GB magn
tism according to this proportional relation obtained the
sults coincident with those from other independe
measurements.4 The agreement of the results of the pres
model with this well-known prediction can be considered
another supportive proof for the existence of resona
tunneling processes.

IV. CONCLUSIONS

From all the results we gained a complete picture of h
the resonant-tunneling processes through an antiferrom
netic barrier acted on the field behavior of magnetoresista
and concluded that the resonant-tunneling processes ma
particular contribution to the magnetoresistance. Thus
grain-boundary conductance should be divided into th
parts:

G5Gdir1Gres1Ginel, ~29!

whereGdir , Gres, and Ginel represent the direct, the reso
nant, and the higher-order inelastic-tunneling conductan
respectively. Note that this model is different from the thre
current theory proposed by Ho¨feneret al. in which the direct
and the resonant processes are considered as one e
channel.9 Here, the direct-tunneling conductanceGdir pro-
vides a background low-field magnetoresistance with the
liere model as its simplest description. The resona
tunneling part Gres causes both magnetoresistan
decreasing at low fields and an extra high-field magneto
sistance proportional to the grain-boundary magnetizat
The spin-independent inelastic-tunneling channelGinel via
chains of local states is detrimental to the total magneto
sistance in the entire range of the applied field. With te
peratures or voltages increasing, both the low-field and
high-field magnetoresistance decrease because of the inc
ing contribution ofGinel and, because of its larger initia
e

, P
B

.

.

J.
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values, the low-field magnetoresistance will drop much m
rapid by than the latter, which is in agreement with the e
perimental results.4,5

In summary, we calculated the grain-boundary magneto
sistance at low and high fields on the basis of a sp
dependent resonant-tunneling model. The results confirm
further the existence of the resonant-tunneling mechan
which was implied by the observed higher-order inelas
tunneling characteristics in experiments. By using a gen
transport picture incorporating direct-, resonant-, a
inelastic-tunneling processes, many experimental results
be explained qualitatively, including the following.

~1! The measured values of low-field magnetoresistanc
low temperatures are usually smaller than that expecte
direct-tunneling models.

~2! The magnetoresistances at low fields and high fie
exhibit obviously different behaviors.

~3! The I -V ~or G-T) curves have special nonlinear cha
acteristics.

~4! The magnetoresistance will decay rapidly with tem
perature or voltage increase.

Of course, the conditions of real grain boundaries are m
more complex than what we have considered here. For
ample, they are very likely to show some spin-glass-l
properties due to the competition between the ferromagn
double-exchange and antiferromagnetic superexcha
interaction.4 Also the thickness of the grain-boundary regio
which naturally has a distribution in granular systems, w
affect the proportions of the three transport mechanism13

We expect, after considering more details of grain bou
aries, that a more accurate description based on the pre
model should be obtained of the transport mechanisms
grain-boundary systems of highly spin-polarized metallic o
ides.
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9C. Höfener, J.B. Philipp, J. Klein, L. Alff, A. Marx, B. Bu¨chner,
and R. Gross, Europhys. Lett.50, 681 ~2000!.

10N. Khare, U.P. Moharil, A.K. Gupta, A.K. Raychaudhuri, S.P. P
and R. Pinto, Appl. Phys. Lett.81, 325 ~2002!.

11J. Dai and J. Tang, Phys. Rev. B63, 064410~2001!.
12L.I. Glazman and K.A. Matveev, Zh. E´ksp. Teor. Fiz.94, 232

~1988! @Sov. Phys. JETP67, 1276~1988!#.
13Y. Xu, D. Ephron, and M.R. Beasley, Phys. Rev. B52, 2843

~1995!.
14R. Jansen and J.S. Moodera, Appl. Phys. Lett.75, 400 ~1999!.
15R. Jansen and J.C. Lodder, Phys. Rev. B61, 5860~2000!.
16A.G. Petukhov, A.N. Chantis, and D.O. Demchenko, Phys. R
3-6



. B

MAGNETORESISTANCE THROUGH GRAIN BOUNDARIES . . . PHYSICAL REVIEW B 68, 054413 ~2003!
Lett. 89, 107205~2002!.
17F. Guinea, Phys. Rev. B58, 9212~1998!.
18J. Inoue, N. Nishimura, and H. Itoh, Phys. Rev. B65, 104433

~2002!.
19A.I. Larkin and K.A. Matveev, Zh. E´ksp. Teor. Fiz.93, 1030

~1987! @Sov. Phys. JETP66, 580 ~1987!#.
05441
20A.M. Bratkovsky, Phys. Rev. B56, 2344~1997!.
21A. Vedyayev, D. Bagrets, A. Bagrets, and B. Dieny, Phys. Rev

63, 064429~2001!.
22Jianbiao Dai and Jinke Tang, Appl. Phys. Lett.77, 2840~2000!.
23M. Julliere, Phys. Lett.54A, 225 ~1975!.
3-7


