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Influence on tunnel magnetoresistance of spin configurations localized within insulators
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We theoretically study effects on tunnel magnetoresistdmtéR) of spin configurations localized within
insulating barriers. Two cases are treated herein: interaction between a tunneling electron and an isolated
classical spin being canted at an angle to the magnetization axis of the ferromagnetic leads, and interaction
between a tunneling electron and many quantum spins within the insulating barrier. The characteristic features
of TMR observed ins-doped ferromagnetic tunnel junctions and in grain boundaries of metallic manganites
are discussed in view of the results obtained.
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[. INTRODUCTION reduce the magnitude of TMR. Spin-flip tunneling has so far
been studied for systems in which the localized spins are
The tunnel magnetoresistan¢&MR) of ferromagnetic located at or near the interfacks’’ or paramagnetic
tunnel junctions(FTJ's has attracted much interest for its impurities'® However, because the tunneling electron should
potential use in technological applicatioh®.It is well  interact with many localized spins in the GB, the extent to
known that TMR depends crucially on the quality of insulat- which the spin-flip tunneling influences the GB-TMR may
ing barriers; magnetic impurities and/or magnetically activestill be nontrivial. As for the enhancement of TMR in
defects in the barrier strongly influence TMR. Recent devel-5-doped FTJ's, Jansen and Lodtfehave extended the
opment of fabrication techniques for samples has made fheory of resonant tunnelify** to show that a spin-
possible to control the quality of the insulating barrier. Jan-dependent distribution of resonant levels can afford the ob-

sen and Moodefd have measured TMR for FTJ's where S€rved results. However, the role of a possible canting of
thin Fe, Co, or Ni layers are inserted within the barriér ( magnetic moments of Fe, Co, or Ni within the barrier has not

doping. They have observed an enhancement of the TMR®t examined.

ratio for Fe doping, but decreases for Co and Ni doping.ﬂuThe purpose of the present work is to investigate the in-

o . ence on TMR of various spin configurations of both clas-
Anof[her example of .TMR being mfluenceq by_the quality of sical and quantum spins within the insulators. We deal herein
barriers may be grain bounda(B) tunneling in mangan-

: GB i iinally ob d7 | | with the following two cases. The first involves an interac-
ltes. GB tunneling was originally observed for polycrystal- i of 4 tunneling electron with an isolated classical spin

Img samples O,f metallic manganites at low temperatures, 'Being canted at an angle in relation to the magnetization axis
which TMR ratios of several 10% have been repoft®e-  of the ferromagnetic leads. In view of the results obtained, a
cent experiments have demonstrated that tunneling throughpﬁ\)ssime mechanism of enhanced TMR in Fe-doped FTJ's
well-controlled, artificially fabricated GB brings about quite | be discussed. The other involves the interaction between
high TMR ratios! Detailed study of the voltage and tempera- 3 tunneling electron and quantum spins of finite number in
ture dependence of GB-TMR has revealed that spinthe insulating barrier, which may be considered a model of
dependent inelastic tunnelifr inelastic tunneling due to  GB tunneling in manganites. We will study the effects of the
imperfection of the GBRef. 9 plays an important role. The gpin configurations and spin-flip tunneling on TMR in this
magnetic-field dependence of TMR, on the other hand, sugcase. The linear-response theory is adopted to calculate the
gests a second-order tunneling through $B. tunnel conductance at a zero-bias limit in a one-dimensional
The interpretations of the characteristic behaviors of GBTnode| The out”ne of the paper is as fo”ows: The mode' and
TMR in manganites described above are quite reasonable, §3sjc formula for tunnel conductance are given in Sec. Il
a GB should include both structural and magnetic imperfecTMR's for junctions with classical spins and quantum spins
tions. In the GB of manganites, the atomic disorder preventgre treated in Secs. Il and 1V, respectively, and Sec. V is

electrons from hopping, making the double exchangejevoted to a summary of this paper.
interactiort:*?ineffective and resulting in an insulating char-

acter of the GB. Because the localized spins of manganese

ions should still exist in the GB, the tunneling electrons may Il. MODEL

interact with the localized spins. A similar phenomenon may '

occur in 5-doped FTJ's, while TMR ofs-doped FTJ's is at We adopt herein a one-dimensional tight-binding model

first sight different from the GB-TMR in manganites, as Fe,for FTJ's consisting of two ferromagnetic metal leads sepa-

Co, and Ni atoms introduced into oxide barriers can be oxi+ated by an insulating barrier. Localized spins exist within

dized to form localized spins. the barrier and interact with the tunneling electrons. A sche-
The interaction between the tunneling electrons and localmatic figure of the system is presented in Fig. 1.

ized spins gives rise to spin-flip tunneling, which is known to  The Hamiltonian is given by
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L r R ratio for FTJ’s with a single classical spin within the barrier,
which is canted at an anglin relation to the magnetization

axis of the ferromagnetic leads. The conductance of a real

AV MY FTJ may be obtained by taking an average over the distribu-
tion of 6 by assuming that the real FTJ is a parallel junction

FIG. 1. Schematic figure of a one-dimensional tunnel junctionformed by the present one-dimensional model.

treated in the present work. Arrows indicate localized spins in the

barrier region I. L and R indicate the left- and right-hand side leads, A. Formalism of the TMR ratio

respectively.

As we deal with a single spin, the; term in the Hamil-

H=H,+H,+Hc+H;. (1)  tonian is irrelevant. We first consider a case in whict
. . =0. The effect of the external field will be taken into con-

H; represents electron hopping between nearest-neighb@fyeration in the next subsection. Thi term gives spin-

sites and is given as dependent energy levels within the barrier for the tunneling
electrons,
He= > ticl.cjo, i)

7 vo— (+)KS2=¢€; (). 7
The indexn is omitted for simplicity, as there is only one
+ localized spin. In order to obtain an explicit expression of the
Hy:% VigCigCios (3 TMR ratio as a function of the canting angieof the local-
) ) ) ) ized spin, we take a local spin axis parallel to the localized
gives site- and spin-dependent energy levels which also  gpin Consequently, the expression of the conductdhis

represent the gxchange splitting of the fe(romagnetic 'eadﬁiven by a 2 by 2matrix equation where Green’s function is
Hy and H; indicate the exchange interaction between tun-

. ) ; - “expressed as
neling electrons and localized spins, and between Iocallzeg P

whereo=1 or |. The second term,

spins within the insulating barrier, respectively. They can be + f + f +_ A o0
written as G; 00522+Gl S|n22 (G} —G[)cos;sin;
Sl R A e 2
He=—K> S, s, (4) (Gj —GJ)cos;sin; G{sm2§+cho§§
n
and (8)
with spin-dependent Green’s functio®s, , the expression
Hy=J2 SuSi—ueX Sth® (5  of which will be given later, and the local density of states is

(mn) " given by
Here, S and s are the localized spin and the spin of the D 0
tunneling electron, respectivelil and J indicate the cou- D — ol )
pling between localized spins and the tunneling electron and @ 0 Dg

between localized spins, respectively, drd is the external
magnetic field acting on the localized spins. Théactor is  with a=L,R.
taken to be 2.0. The external magnetic field is introduced By introducing spin polarizatio® ,,«=L,R, of the fer-
only to control the spin configurations of the localized spins.romagnetic leads as
The Zeeman effect on the itinerant electrons is neglected. We
also assume that the antiparallalP) alignment of the mag- Dax=(1£P,)D 0, (10
netization of the ferromagnetic leads can be altered to a pagng taking the trace over the spin, we get
allel (P) alignment by an infinitesimally small magnetic field.
The tunnel conductance at the zero-bias limit can be cal-, 4m2e?

— 2412 _
culated using the Kubo formula or, equivalently, a formulal = ——tt""DroD ol (1+PLcosf)(1+ Prcosd)G, Gy
given by Caroliet al, 2%

o2 +(1—-P_cos)(1—Prcod)G, G
— 2+2+12 - + + -

whereD, r), is the density of states at the edge site of thewhich is the general expression obtained for tunnel conduc-
L(R) lead, ands,( ) is a retardedadvancefiGreen’s func-  tance.

tion for the barrier region I. The trace includes the summa- Because we focus our attention on TMR férdoped
tion overo, andt andt’ are the hopping integrals between FTJ's where the Fe, Co, and Ni ions are located at the middle
theL lead and regiom, and between thR lead and region, of the barrier, the lifetime broadening of the energy leggl
respectively. due to intermixing with the ferromagnetic leads can be ne-
glected. Consequently, the local Green’s functiGiscan be
approximated as G,G;~1/A2 and GG/ +G| G/

In this section, we formulate an expression of the TMR~2/A,A |, with A,=¢€,— €z, where the energy of Green’s

IIl. TMR FOR JUNCTIONS WITH CLASSICAL SPINS
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function is taken as the Fermi energy. Here we assume
A,>0 due to strong on-site Coulomb repulsion at the ionic
site within the barrier.

The expression of the tunnel conductance is simplified as

MR ratio

FZFO

I e T
A% Af ATALLR A% Af L R

X(cosf)+ , (12

! 12PP S
5 &, LPr(cos 6)

with

2
FO:47Tze_t2t,2DL0DRO (13)
h ' (b)

where(- - -) indicates an average over the distributionéof up spin —l— down spin
| |

The tunnel conductancEp for P alignment of magneti- A'L
zation of the ferromagnetic leads is calculated by takg £p
>0 andPgr>0, andI'5p for AP alignment is calculated by / I_I /
choosingP, >0 andPr<0. The TMR ratio is defined as

IF'oe—Tap FIG. 2. (a) Calculated results of the TMR ratio as functions of
T (14) A /A1=6 with P=0.3 and6,=0,0.57 and 7. (b) A schematic
P diagram showing the spin-filtering effect due to the spin-dependent
We see that whed;=A |, the expression of the TMR ratio €nergy levels of the magnetic impurity.
is reduced to 2

MR ratio=

En= k SiIrf(6— 6,) — ugh®*Scosé, (16)
2P Pgr

MR ratio= ———— (15

1+PpPg’ where the angled, characterizes the anisotropy axis. We

) ~ determine the direction of the localized spgify minimizing
In the following we study the effects of the angle distribution E, for a given value 0oh®S/x, assuming a uniform distri-

on the TMR ratio, because the spin-dependent distribution oftjon of ¢, such that— 6,< 8,< 6. Figure 3 represents the

the energye,, has already been studied. calculated TMR ratios as functions b*S/ « for §=1.5 and
2.0 with P=0.3, §,=0.57. The MR ratio increases with
B. Calculated results and discussion increasingh®*S/ x as expected.

Last, we present calculated results of sample-to-sample
fluctuations of the tunnel conductance for both P and AP
alignments. The fluctuations are defined by

First, we calculate thé | /AT = 6 dependence of TMR for
a uniform distribution off, — 6,< < 6,. Calculated results
of the TMR ratio as functions o are shown in Fig. 2 for
6,=0.0, 0.57, and, with |P_|=|Pg|=P=0.3. We see that
the TMR ratio is enhanced fa¥>1.0 when the distribution SU ((T%(0))—(I'(6))*)"? L
of 6y is confined to aroundy=0. These results are quite T (I'(0)) ' (17
reasonable, a$ spin electrons are blocked from tunneling,
while T spin electrons are not wheh /A;>1.0. This is a — 71—
kind of spin-filtering effect. In the case that /A,>1.0 and
P> 0, the spin filtering is effective when the localized spin is
nearly parallel to the magnetization of the ferromagnets,
while it is ineffective when the distribution of the localized
spins is isotropic. The spin-filtering effect caused by the
spin-dependent energy level may be clearly understood in a
schematic diagram shown in Fig(k2. When the up spin
energy level of the impurity is closer to the Fermi energy
than the down spin energy level, the spin polarization of the 0.25 M M
transmittance through the barrier becomes higher. 0.0 0.5 1.0 1.5 2.0

Second, we study the effects of local uniaxial anisotropy uBheXS/K (arb.)
of the localized moments within the barrier. We assume that
the direction of the localized spin is determined by the fol- FIG. 3. Calculated results of the TMR ratio as functions of
lowing anisotropy energy: he, S/ k with P=0.3 andé=1.5 and 2.0.

035

0.30

MR ratio
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0.00 FIG. 5. An example of a basis set generated from an antiferro-
05 magntic alignment of the localized spins. Upper and lower arrows

in each box indicate the spins of the tunneling electron and local-
ized spins, respectively.
FIG. 4. Calculated results of fluctuations in conductance for
parallel and antiparallel alignment of the magnetizations as funcimerical calculations in this case to obtain the TMR ratio
tions of § with P=0.3 and6,=0 and. instead of formulating a simple expression of the TMR ratio
as in the previous section.
for both P and AP alignments. Figure 4 shows the calculated
results of ST'/T" as functions ofé with 00='0.0 andw aqd A. Method of calculation
P=0.3. As can be seen from E(L2), there is no fluctuation . o )
at 5=1.0. Large fluctuations in the P alignment come from _We now deal with the full Hamiltonian; a uniform hop-
the linear term of co% Because the linear term vanishes Ping t between the nearest-neighbor sites is assumeH for
when P_ = —Pg, the fluctuations in the AP alignment are @nd H, includes uniform exchange splitting (+)Aex for
very small. T(1) spin electrons in the ferromagnetic leads and a spin-
In order to compare theoretical and experimental resultsndependent potential in the barrier region. _
one should relatd , with the electronic state of Fe, Co, and  In order to treatH, andH,, we prepare the following
Ni atoms resolved into the barrier 6fdoped FTJ's in which Many-body basis function for the tight-binding basis set,
we are interested. Because the resolved atoms may form :
magnetic layers with a thickness of less than one monolayer, ‘I’iaM:CiaW% (18
the transition atoms could be oxidized by nearby oxygen

atoms to form localized spins. If this is the case, the mag¥/herei and|u) indicate the electron position and spin con-

netic states of these ions depend on the numbet elfec- figurations of the localized spins in the barrier, respectively.

trons. When this number is 5, the magnetic state may be a When sitei is on the leads,.) represents the ground state of

high-spin state, and the spin of an additional electron there€ localized spins determined by;, while there are many

fore tends to align parallel to the localized spin, which meanéntermediate states when the electron is inside the barrier

thatK is positive in the present model. In contrast, when the€9i0n because the electron creates new states via the ex-
number ofd electrons is=5, the spin of the tunneling elec- change interaction. The new states can be generated by op-

tron will be antiparallel to the localized spin, meaning tiat ezratlnng to the ground state of the localized spins, keeping
is negative. Because Fe ions have the least numbet of S+ St CONStant wheres,, is the z component of the total
electrons among Fe, Co, and Ni, it is highly probable that FéPin angular momentum of the localized spifial of these
ions satisfy a relation of\| /A,>1.0, while the others do €W states are taken into con5|derat|qn to calculate th.e tun'nel
not, offering a possible explanation for the enhanced TMREOnductance. An example of the basis set for a barrier with
ratio for the 8 dopant of Fe atoms in FTJ's. Jansen andtwo localized spins is shown_m Fig. 5, Where there are six
Lodder® have included a spin-dependent distribution of theStates generated from an antiferromagnetic alignment of two
energy level of impurities by extending the work done bylocahzed spins. Because Fhe nL_lmper of bas!s functions thus
Bratkovsky?’ They showed that the spin-dependent distribu_cons.tructed'mcreases rap@ly with increases in the n'umbgr of
tion of the energy level of impurities may enhance the TMRlocalized spins, we deal with only eight localized spins with
although the spin-independent distribution may reduce thé=1/2 each in the present work. The tunnel conductance at
TMR. Our work focused on the role of the spin-dependenth€ zero-bias limit is calculated by using E) by taking
energy level itself and the angle distribution of the localizedthe mtermedlgte states thus constructed into conS|dgrat|on.
moment. Our results may be supplemental to the works done The following parameter values have been used in units
by Jansen and Loddé&t. of t; K= 2 (ferromagnetic interactionJ=0.1 (antiferromag-
netic interactioh, andu=2.0 for the barrier potential. The
specific choice of the sign ok and J has been made by
considering the grain-boundary tunneling in manganites. The
In this section, we treat the tunneling of an electron thatexchange field acting on the nearest-neighbor localized spins
interacts with localized quantum spins within the barrier. Befrom the ferromagnetic leads is assumed to be negligibly
cause the localized spins themselves interact with each otheatnall in the present case. The spin configuration of the lo-
one should basically treat a many-body problem to calculatealized spins in the ground state is determined by diagonal-
the tunnel conductance. One should therefore perform ntizing H; for a given external magnetic fielef, In order to

IV. TMR FOR JUNCTIONS WITH QUANTUM SPINS
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B FIG. 7. Calculated results of the TMR ratio as a function of the
Hp Fermi energyer for S;,=0 and 1 withK, _=0.0.

FIG. 6. Calculated results of the spin-asymmetry ratio of tunne
conductance as a function of the external magnetic fiel&gr
Inset: Tunnel conductance as a functionkof _ for a case where
the barrier region includes five and three| localized spins.

Yhe usual potential barrier because no spin-filtering effect ex-
ists in this case, and the result is quite similar to that obtained
previously in the free-electron mod€lFor ex<—0.8, py
>I'p, is satisfied. Especiallye~ — 1.0, I'p; is much higher
than I'p |, resulting in a quite high TMR ratio. Agg is
raised,I's; becomes higher and the TMR ratio becomes zero
aroundeg~—0.8. Foreg>—0.8, we getl'p;<I'p, . When
Sh,= 1.0, the] spin electrons becomes more transparent, and
I'p; therefore increases. Therefore the TMR raticSgt= 1
is large for eg=—0.7, while it is small fore;=—0.7 as
_ _ _ compared with the TMR ratio &,,=0.

F|r§t, we treat systems with paramagnetic leads where the Figure 8 shows the TMR ratio with and without spin-flip
Fermi leveleg is taken to be— 1.0. Figure 6 shows the cal- tunneling as a function ofi* (or S2) for ez=—0.99 and
culated results of the spin-asymmetry ratib; ¢ I'))/(I'y  _ 5 The TMR ratio increases monotonically with increas-

+1')) of the tunnel conductance, wheig is theo COMPO- g hex\yhene = —0.99, while it becomes zero once around
nent of the tunnel conductand& The inset shows the de- Si,=1 for eg=—0.5, as the valud'p; being smaller than

. _ : ot -9,
pendence .OT{E on K|+* I&r a f'):ﬁd ;/alueloﬂ<z(—12.(t). W'th. I'p, is compensated for due to the exchange interaction, as
Increases In the vaiue &, —, the nnel conductance in- \yantioned above. We see that the spin-flip tunneling de-
creases, because the lowest energy level for the tunnel ele feases the ratio by onby 10%
tron interacting with the localized spins decreases due to the Because the ferromagnetic hanganites are nearly half me-
transverse terms of the exchange interaction. The ratio (

AT T blotted funetion of th I tallic with a spin polarization of~0.728 the position of the
—I')/(I'y+1I')) plotted as a function of the external mag- o mi evel should be close to the band bottom. Therefore

qetic fie!d hex (or_ Sfm)_ increases with increas_ing magnetic hq high TMR ratio observed by Philipet al” may be rea-
field. This result is quite reasonable, as thepin electrons  gonaply understood. Furthermore, the approximately linear
become more transparent due to the ferromagnetic exchanggrease in the TMR ratio with increasing magnetic field is in

interaction with ingrea;ing aligpmept of the Iocglize.d Spins-qualitative agreement with experimental increas¥sLee
We see that the spin-flip tunneling, i.e., the contribution from

the K. _ term, decreases the spin-asymmetry ratio by NG
~10%. The contribution is large for intermediate values for 0 1 2 3 4
S, of the localized spins. 1.0 T T I

Next we deal with systems with ferromagnetic leads. The e ﬁ
exchange potentiat A, of the ferromagnetic leads is taken
to be £1.0. With this choice for the exchange splitting, the
bottom of the minority spin density of states-isl.0. When
h®*=0, the localized spins align antiferromagnetically so
that S;,=0. By changing the magnetization direction of the ]
ferromagnetic leads, keeping the antiferromagnetic spin 0.2 s g=—05 -
alignment of the localized spins unchanged, the TMR ratio e p :
defined by Up—T'ap)/I'p can be calculated. With further 0
increases ih®* S;, increases. B

The TMR ratio ath®*=0 is dependent on the position of Hy
the Fermi leveleg. Figure 7 shows the dependence of the G, 8. Calculated results of the TMR ratio as a function of the
TMR ratio on eg for S{,=0.0 and 1.0 withK, - =0.0. The  external field orSZ, for e-=—0.99 (circles and —0.5 (triangle$
solid curve forS;,=0.0 corresponds to a tunneling through with K, =0 (closed symbolsandK ™ ~=2.0 (open symbols

clarify the contribution of the spin-flip process to the tunnel
conductance, we have separately treated the conktdioi
the longitudinal K,) and transverseK, _) components of
the exchange interaction.

B. Calculated results

o
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et al1% have attributed the dependence of GB-TMRhSiiat  have shown, by giving an explicit expression of the TMR
high magnetic fields to a second-order process, pointing outatio, that the enhancement of the TMR ratio drdoped
that a{cog6) term appears in the expression of the tunnelFTJ's can be understood in terms of the spin dependence of
conductance. It is interesting to note that the same factdthe energy levels within the barrier region, and that the TMR
appears in Eq(12) obtained in Sec. Ill. Although the size of ratio increases with increasing external magnetic field when
the magnetic domains considered by Leeal. is much the localized spin has a uniaxial anisotropy. We have further
larger than the system treated in Sec. lll, a similar mechademonstrated that the sample-to-sample fluctuations of the
nism might be responsible in GB-TMR. tunnel conductance are weaker in the AP alignment of the
Finally, we would like to remark on the method we have magnetization of the leads. In the case where the tunneling
adopted. As the exchange interaction in the Hamiltonian is o&lectron interacts with quantum spins, we have extended the
a many-body interaction, our method can be applied only fotreatment of tunnel conductance to take into account the
the low-carrier(tunneling electrondensity limit for a finite  many-body effects of the exchange interaction. We found
number of localized spins. Because we have dealt with @hat the TMR ratio is decreased by approximately 10% due
zero-bias limit, we assumed that the final states are the sante the spin-flip process caused by the exchange interaction,
with the initial ones in the calculation of the trace in E6)..  and that it increases with an increasing total magnetic mo-
Despite these limitations, we believe that the present calcunent of GB, in agreement with experimental results. A uni-
lation may capture some essential features of GB-TMR. Ified theory to treat the exchange interaction between the tun-
should also be noted that our method is different from thanheling electrons and localized spins in larger regions remains
used for quantum dots showing Kondo resonance because be studied in future. Our theory has been restricted to
we are dealing with ferromagnetic Kondo coupling in this zero-bias limit and therefore any relevance to tunnel spec-
section. Thus the situation in our case is different from thosdroscopy for spin excitations, etc., may be given in a future
considered by Appelbauthand Andersotf where the leads work. Quantitative comparison between the theoretical and

are paramagnetic. experimental results may require adequate information on
the distribution of the spin-dependent energy levels as well
V. SUMMARY as the angle distribution of localized spins.
We have studied TMR in FTJ’s in which the tunneling ACKNOWLEDGMENT

electrons interact with localized spin in the barrier. In the
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