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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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[. INTRODUCTION channel in the GB transport. The total magnetoresistance is
suppressed due to the spin-polarization loss during the
Extrinsic magnetoresistan¢®R) in grain-boundary sys- inelastic-tunneling proce$$tand decays rapidly with tem-
tems of metallic oxides with high spin polarization, such asperatures or voltages increasing because of the enhanced
polycrystalline manganite bulkand thin film? CrO, pressed  contribution of the inelastic tunnelliny:
powders® etc., has attracted much attention for its scientific As Glazman and Matveev pointed ddtthe presence of
and technologic significandeMany model$*°~®focusing  |ocalized states in the barrier opens up the possibility of not
on the relationship between the behavior of the MR and thenly the inelastic tunneling described by E¢b. and(2) but
properties of grain boundari¢&B’s) in these systems have also an elastic tunneling via a single impurity in the barrier,
been proposed, based on different transport mechanisms byhich is named as “resonant tunneling” due to its Lorentz-
without ruling out each other. Most of thém>°treat the jan resonant characteristics. At low temperatures the
grain boundary as an insulating barrier across which a spinresonant-tunneling process plays a dominant role until a cer-
polarized tunneling occurs between adjacent grains; §8me tain temperature is reached. After that, the contribution of
suggest that it might be a mesoscopic region with distorteghelastic two-impurity channels exceeds the contribution of
magnetic and transport properties. So far none can explaithe resonant tunneling and the inelastic processes of conduc-
all the observed experimental facts. tion in chains consisting of more impurities are activated
Recent nonlinear conductance measurements performggith further increasing of temperature. This crossover from
on a lot of the grain-boundary systems of ferromagnetice|astic resonant tunneling via a single impurity to inelastic
oxide$*"** gave clear experimental evidence for one of thetunneling via a chain of local states was also exhibited by
transport mechanisms: an inelastic-tunneling process besxperiments? In magnetic junctions having a single barrier
tween ferromagnetic grains via chains of local states in thyith defectd**® or in a double-barrier systéfhin which a
GB's. Such a process is characterized by the special powgjuasibound state provides the resonant level, resonant tun-
law of the voltage and the temperature dependence of thgeling exhibits a particular contribution to the magnetoresis-

conductancé tance compared to the direct tunneling . The total magnetore-
sistance may be reduced or enhanced, depending on detailed
G=gJVs, eVekgT (1) environments, and sometimes the effects are expected to be
dramatict®
G=ngs, eV<kgT. 2) It seems curious that resonant-tunneling processes have

not attracted as much attention in the study of GB magne-
Here,s=N—2/(N+1) (N=2), andN is the number of the toresistance. The low-temperature process is usually treated
localized states composing the chain. Equatitisand (2)  as an “elastic channel” without distinguishing different con-
are the well-known results of the Glazman-Matveev mtidel tributions from the direct tunnelling and the resonant
and were confirmed by Xat al® in the experiments on the tunneling®** On the other hand, the effects of local spins
conductance of the metal/amorphous silicon/metal junctionsnside the barrier on the GB magnetoresistance has been a
A good agreement between the model and the data from th&ubject of interest and considered to be responsible for the
experiments on a lot of grain-boundary juncti®fd® and  field dependence of the magetoresistahte'®
some granular systertgproved the existence of the inelastic ~ These considerations motivated the present work on the
tunneling via local states additional to the direct-tunnelingeffects of local spins inside the grain boundaries in a
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resonant-tunneling mechanism. We adopted a multichannel G
picture taking into account the interaction between local —
spins and tunneling electrons, and dealt with the magnetic @)

coupling between local spins using a mean-field approach.
The consequent MR ratios, both at low fields and at high
fields, are calculated and a high-field slope of magnetocon-

ductance is obtained. The results show a typical field depen- - G_"‘:l_
dence of the magnetoresistance found in the considered ma- s~

terials. We expect that, after considering the GB properties in T
a more detailed way, most of the experimental results of the G -
magnetotransport properties of the grain-boundary systems _"”:|—
will be explained by a model combining the resonant- (b) G *
tunneling process with the direct tunneling and higher-order —
inelastic tunneling. .

(©)
II. RESONANT-TUNNELING MODELS

. L. . FIG. 1. The channel illustrations for different resonant-tunneling
As mentioned above, the resonant tunneling in a singlepgcesses(1) monochannel in nonmagnetic junctions with non-

barrier tunnel junction refers to the electron tunneling Viamagnetic impurities(2) a two-channel process in ferromagnetic

one impurity inside the barrier. The conductance due to afnctions with nonmagnetic impuritie§3) a multichannel process
elastic electron transition from the left electrode to the rlghtin ferromagnetic junctions with paramagnetic impurities

via a localized state with energy at the sitec; in a barrier

of the height¢ and widthw is given by® with
e2 a1, r —2kow
gle ,c)= . L2 R - 3 I = 2mq,_U(RU) e 4% L(R). @
(eme)+T 7 msz+QEa(Ra) KoWi(r)
whereI'=T"| +T'r is the inverse lifetime of the resonant
states, given by a sum of the partial widligg, correspond-  In a more complicated case of ferromagnetic electrodes
ing to electron tunneling from the local state to the leftwith paramagnetic impurities inside the barrier, the strong
(right) electrode?® exchange interaction between the local spin and the tunnel-
ing electron will lead to an increase of the number of chan-
2mo () e~ 2KoWL(R) nels as well as a modification Fo the reso_nant levels anq
N''r= =35 W . (4)  consequently the correspondent inverse lifetime, as shown in
mkotair) MR the theoretical work of Vedyayeet al,?* where the spin-

dependent resonant tunneling across a barrier was studied

with paramagnetic impurities at an effective field from the

exchange interaction with the ferromagnetic electrodes. Con-

sidering a tunneling process via a local sfiat an effective

field He¢s, @ multichannel picture of resonant tunneling de-
uced from their calculation results can be described as fol-

W, (g is the distance of the local state from the lgfght)
electrode,q, (g is the Fermi wave vector in the leftight)
electrodem is the effective electron mass in the barrier, and
ko=+2me/#2. Assuming a uniform distribution of the lo-
calized states in energy space with a densityear the Fermi
level, the resonant-tunneling conductance via an impurity

s | . WS.
¢ integrated over the energy space can be given in a g008 . . . N
approximation by (1) Supposing a local spin with an initial stat§,m),

there are four channels according to the initial and final states
26?2y T Tx of the t_unneling electro_n and the Ioc_al sp@issee_ Fig. 1o)].
g(c)= T T ) The spin of the_ tu_nnellng electron invaries in two of thg
LTIR channels and flips in the other two while the total magnetic

component of the spins of the electron and the impurity

If the electrodes are ferromagnetic, the exchange splittingi{eeps conserved. So the channels can be labeled, by,
of the energy bands of the electrodes will lead to the formag 4\, where u 'p are the electron spins before ar,1d :';lfter
] 1 1

tllobn of tw?c sp|n_—depetndentlicondlucttlve char(;nt[ﬁee t';'g' ¢ the transition, respectively, and;=u+m is the total spin
(.)]’ one 1or spin-up tunneling electrons and the other prcomponent along the field direction.

sp|_n-dow_n(the_sp|n d|rect|on_ is with respect to the magneti- (2) Suppose the scattering potential amplitude on the im-
zation orientation of the graijpsand consequently a magne-

: st due to th . ina. Th duct urity is A; and the exchange interaction between the elec-
oresistance due fo the resonant unneling. The conductantty,, "ang the local spin id. The possible resonant state is
for an electron with spinr is determined bsf

assumed to correspond to the multipdet A; — (S/2)J with
) a total angular momenturj=S+ 1. The contribution of the

e Al ol R (6) other multiplete] = A;+[(S+1)/2]J can be neglected since
27h (e—¢,)%+T2 €; is much closer to the Fermi energy than the latter because

go’(Ci Yei):
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of the large value {1 eV) of J and the strong Coulomb 1
repulsion on impurities in the considered matert&fst It
means only the state

fm:l-f— gle—epT ugHer)/kgT " (19

Then the total conductance for a channei; (u,p) is
given by the combination of the quantum-mechanical prob-
+C_1lSm=mj+3;3,u=]) (8  ability a’n‘{’ and the statistical probabilit?‘nﬁjf’

lj=S+3,m)=CydSm=m;—3;3,u=1)

goes into resonance. Then the correspondent inverse lifetime, 1P g P PLP (16)
which is related to the possibilities of electron tunneling ™ My
from the local state to the left and right electrod®san be  where

given by
YLYR
mp—
y=(Cll 1 +C2 1l )+ (Cll R+ C2 1ol Tmy =y (17
=CI, I +C2 I, (9 s obtained by substituting the results of the tunnel widths

into the expression of the resonant-tunneling conductance as
shown in Eq.(5), andgy is the independent coefficient in-
cluding the quantum of conductance and the density the

with C. 4/, denoting the Clebsch-Gordan coefficients,

Stm;+ % distribution of the resonant levels.
1= 25+1 ' (10 lll. GB TMR
and the partial widths for the left and right electrodes are, Now we begin to study the spin-dependent tunneling
respectively, given by through a grain boundary in highly spin polarized magnetic
oxides such as perovskite manganite. Unlike tunnel junctions
Y=Cil',, (11)  with an amorphou$ or §-doped*!® barrier, the grain-
boundary region contains lots of local spins interacting with
ygzcier, (12)  each othef.Here we consider the case of a barrier with an-

_ i tiferromagnetically coupled local spins, which usually mod-
HereI'\ ,(¢=1,]) is determined by Eq(7) andI',=I'\, els the GB region for typical half-metallic oxides
+lRo- manganit&'® and CrQ.?? To calculate transport processes
(3 The statistical probabilitiesPr” of a channel via these local spins is actually a many-body probféroyit
(mj,u,p), obtained from the calculated results in Ref. 21,the resonant-tunneling  characteristics exhibited in
are adjusted by the temperature-reduced effective field experiment$ ™ make us believe it is acceptable to deal with

= ugHes/KgT. For spin-conserved channels € p), the magnetic coupling in a mean-field approximation so that
the total conductance can be expressed by the sum of all
exp(2S,h) resonant-tunneling processes via a local it an effective
P =PS=m-p=—<—"—"" @3 field

> . exp(2mh)

G=2 g(c Hp)=2> g(c,Ha+ > g(c HE).
which is also the statistical probability of tkecomponent of ! reA ieB

local spins at the effective field, while for spin-flipping chan- (18)
nels, Here,g(c,Hy) (a«=A,B) is the conductance via a local spin
1 1 at the sitec; on sublatticea, and Hy, is the conventional
Tl_pll_Z — effective field for sublatticer in antiferromagnets,
ij ij 2P(SZ m; Z)If‘(é)dé
L L HA=Ho+AMg, (19
+-P|S,=m+-|| f de, 14
2P| S=mit s j +(€)de (14 HB=Ho+AM,, (20)
where with Hy denoting the applied fieldvl ,=(S?) is the average

value of thez component of the local spins on sublattiee
and \ is the mean-field parameter characterizing the ex-
change interaction between the sublattices. The intrasublat-
tice interactions have been neglected.

1 Substituting the expressions of the resonant-tunneling

fole)=j=H(1-1) conductance in Sec. Il into Eq17) and considering that

B only the impurities located withik, * of the center of the

and barrier contribute most to the conductariéeéhe total con-

1
f(o=Hha=1f)
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FIG. 2. The LFMR ratio vs the spin polarizatiéhfor (a) direct- FIG. 3. The calculated results of the normalized resonant-
tunneling processes and resonant-tunneling processes via lodainneling conductance/go, via a local spirS=1/2 at the center of
spins with(b) S=1/2, (c) S=3/2, (d) S=5/2, and(e) S=10. the barrier for different values of the electrode spin polarizaion

The solid lines represent the case of the parallel alignment of the
8Iectrode magnetization, and the dashed lines represent the antipar-

ductance across a barrier with antiferromagnetically couple .
allel alignment.

spins inside it can be given by

q:—q,
w ) W 1
> ff’nﬁp(ci:§) P#]f(Hﬁw) i q;+q 23

mj,m,p !

G:GO

for different angular moment& of local spins at low tem-
n el o =— | pre(HBY | 21 peratu.reT—4..2 K, and compares it with the results of direct
2 Um( ' 2) m; m)} 1) tunneling using the Julliere mod@|

mj,u,p i
Gy is a constant from the summation over the distribution of dir 2p?
resonant levels in energy and position space and will be can- =m- (24)

celed out in the following calculation.
Fixed parameters are set gs=1 A™*, k,=0.5A"% m
A. Low-field magnetoresistance =0.4 according to the typical values in ferromagnetic

. . junctions?! and the mean-field parameter= 100 K. It can
First we calculate the magnetoresistance caused by t P

. SR ) e seen that the MR ratio due to resonant tunneling is smaller
cha_\nge of the relative magnetic orientation of the eIeCtrOde%han that due to the direct tunneling in the entire range of the
which corresponds to the large and rapid decrease of th

resistance observed in GB systems of magnetic oxides iegpin polarization, and the deviation is enlarged walfin-
. . - "“¢reasing. At low temperatures, direct and resonant processes
the low-field magnetoresistan¢eFMR).1~* Compared with g P P

the hiah-field reaion in which the resistance decr coexist and the value of the total magnetoresistance depends
slc?wlygth—eemagr?gtic(): field scaICe of tﬁe I?)?st?elgemagr?e?grseegn their relative proportions. For perovskite manganites
il - - T § H _ H _

sistance is much smaller and has much less effect on the spin?’ thg magnetoresistance du? to resonant tunneling pro

. RN . Uesses is only about 20% even in the limit of complete spin
configuration inside the barrier. So we can assume only an _,~ .~ . T .
I o . polarizationP=1, so the total LFMR is expected to vary
infinitesimally small field is needed to change the initial an-p ween 20% and 100%. which is in aareement with the
tiparallel (AP) alignment of magnetization of the ferromag- ' 9

. ; 8 observations in grain-boundary junctichs.
P:t?(;: deeiﬁﬁtergdae; to a paralléP) allgnmeml, and the MR Thus the existence of local spins in the present case al-

ways affects the total magnetoresistance in a negative way,
which is different from the results in the case of paramag-

_Gp—Gap netic impurities where the magnetoresistance may be either
MR= ——=—— (22) 517,21 : -
Gp enhanced or suppresséd>!"?!Such a difference mainly
results from the existence of the two sublattices of local
can be calculated using EQRO0) by takingHy=0. spins because of the antiferromagnetic coupling. As Fig. 3
Figure 2 shows the dependence of the MR ratio on theshows, although the local spins on sublattfegH¢;>0)
spin polarization of the electrodes can lead to a dramatic MR when the spin polarization is
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FIG. 4. The dependence of the normalized conductayigg FIG. 5. The dependence of the ratio between the high-field slope

due to resonant tunneling on the effective figlgHq¢¢/kgT from of the conductancer and the GB susceptibilityg on local spins
exact calculation(lines) and the approximation Eq24) (squares  Sin the limit of half-metallicity.
for high spin polarizations.
exact results, but the characteristics of the field-dependence
large, the local spins on sublatti@®(H.¢;<<0) will produce of the resonant-tunneling conductance are reserved. The de-
opposite effects and lead to a decrease of the total MR.  viation gradually vanished with the spin polarization ap-
proaching the limit of the half-metallicityR=1). Substitut-
B. High-field magnetoresistance ing Eqg. (24) into the conductance expressid20) and

. . o rearranging the results, we get
After the P configuration of magnetization of the elec-

trodes is reached at a small field, the distribution of the local S+1 S
spins inside the barrier keeps changing with the applied field G m(FﬁFLH M(FT_FL)MB'
increasing further. From Eq20) we can see that it will (26)

change the probabilit?ﬁf of the channels and the total con- _ _ o
ductance consequently. This magnetoresistance is a “higﬁ’yhere'\/lB=.<SZ>/S IS thg average normalized magnetization
of local spins. From this linear dependence of the conduc-

field magnetoresistance, which refers to the gradual and lin: th tizati btain the hiah-field
earlike decrease of the resistance following the dramatic antgnce on the average magnetization, we obtain the high-fie

rapid LFMR observed in many GB systefhghe high-field slope of the conductance due to resonant tunneling via local

magnetoresistancéor magnetoconductance, as defined inSpins

Ref. 5 phenomenon is usually described by a normalized S

high-field slope of the conductancexyr=1[G(HO Kne==—P' Xz (27)
=0)](dG/dHy). S+1

In order to clarify the complicated dependence of theyin
resonant-tunneling conductance on the applied field, we
adopted a simplifying assumption for the high-spin- r,-r,

!

polarization systems investigated: P'= T, (28)

Pﬁf= 3[P(S,=mj—3)+P(S,=m;—3)1(n#p). (25  which represents the unbalance of the two channels without
considering the interaction between the local spins and the

Comparing it with the exact expression shown in Etf),  conducting electrons and is usually increased with the spin
we can see that this assumption neglects the effects of theolarization increasingyg=JMg/JdH, is the spin suscepti-
effective field on the Fermi distribution of the electrons in bility of the grain boundary. The variation of the proportion-
spin-flipping channels. When the spin polarization is high,ality constantk g/ xg With the local spinsSfor half-metallic
the spin-flipping channels contribute little with a small num- systems is shown in Fig. 5.
ber of the spin-down electrons and the approximation be- The linear relationship between the high-field slope and
come acceptable. Figure 4 illustrates the curves of the corthe GB spin susceptibility for high-spin-polarization systems
ductance vs the effective field for different spin polarizationsreveals the effects of the spin configuration inside the barrier
calculated using the exact and the approximate expressioon the tunneling conductance. Note that this relationship
respectively. The approximation leads to a deviation from theseems to have been a consensus although direct experimental
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evidences are still unavailablelt is interesting that many values, the low-field magnetoresistance will drop much more
models taking into account the effects of GBs, no matter howapid by than the latter, which is in agreement with the ex-

different mechanisms they are based on, drew the same coperimental resultd>

clusion that the high-field slope is proportional to the GB  In summary, we calculated the grain-boundary magnetore-
susceptibility’®1"The experiments detecting the GB magne-sistance at low and high fields on the basis of a spin-

tism according to this proportional relation obtained the re-dependent resonant-tunneling model. The results confirmed
sults coincident with those from other independentfurther the existence of the resonant-tunneling mechanism
measurementsThe agreement of the results of the presentvhich was implied by the observed higher-order inelastic-

model with this well-known prediction can be considered agunneling characteristics in experiments. By using a general

another supportive proof for the existence of resonantiransport picture incorporating direct-, resonant-, and
tunneling processes. inelastic-tunneling processes, many experimental results can

be explained qualitatively, including the following.

IV. CONCLUSIONS (1) The measured values of low-field magnetoresistance at

From all the results we gained a complete picture of hovJOW temperatures are usually smaller than that expected in

the resonant-tunneling processes through an antiferromaél—'rea'tunne“ng models.

netic barrier acted on the field behavior of magnetoresistancgér(“zgitTQbeVgsglgeé?égrs;tfggﬁzv?érlsw fields and high fields
[ hat th - li k ' . )
and concluded that the resonant-tunneling processes make (3) Thel-V (or G-T) curves have special nonlinear char-

particular contribution to the magnetoresistance. Thus the teristi
grain-boundary conductance should be divided into thre&CtENstics. . . . .
(4) The magnetoresistance will decay rapidly with tem-

parts: ;
perature or voltage increase.

G=G"+G"s+ G, (29 Of course, the conditions of real grain boundaries are much
where GI", G, and G"®' represent the direct, the reso- MOre complex than what we have considered here. For ex-

nant, and the higher-order inelastic-tunneling conductancéMPle, they are very likely to show some spin-glass-like
respectively. Note that this model is different from the three-Properties due to the competition betwee‘? the ferromagnetic
current theory proposed by emeret al.in which the direct QOubIe-_exihange and ~ antiferromagnetic  superexchange
and the resonant processes are considered as one eladfjfgraction. Also the thickness of the grain-boundary region,
channef Here, the direct-tunneling conductanG8'™ pro- which naturally has a distribution in granular systems, will

vides a background low-field magnetoresistance with the Jugffect the proportions ,Of the three transport mechamE'Il S
liere model as its simplest description. The resonantYV€ €Xpect, after considering more details of grain bound-
tunneling part G causes both magnetoresistancea”es’ that a more accurate description based on the present

decreasing at low fields and an extra high-field magnetoreT0del should be obtained of the transport mechanisms in

sistance proportional to the grain-boundary magnetizationgram'boundary systems of highly spin-polarized metallic ox-
The spin-independent inelastic-tunneling chan®&l®' via ides
chains of local states is detrimental to the total magnetore-
sistance in the entire range of the applied field. With tem-
peratures or voltages increasing, both the low-field and the This work was supported in part by the Direct Grant for
high-field magnetoresistance decrease because of the incre@&search and in part by National Natural Science Foundation
ing contribution of G"®' and, because of its larger initial of China under Grant No. 10174049.
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