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We make a theoretical study of the quantum oscillations of the tunneling magnetoresiSitReas a

function of the spacer layer thickness. Such oscillations were recently observed in tunneling junctions with a
nonmagnetic metallic spacer at the barrier-electrode interface. We calculate the TMR ratio for disordered
tunneling junctions containing a spacer at which quantum well states are formed. A single-orbital tight-binding
model, the linear response theory, and the coherent potential approximation are used for the calculation. As a
function of the spacer thickness, calculated TMR ratio shows damped oscillation around zero with a single
period given by the Fermi wave vector of the spacer, which is consistent with observed results. It is shown that
momentum selection due to the insulating barrier and conduction via quantum well states in the spacer,
mediated by diffusive scattering caused by disorder, are essential features required to explain the observed
oscillation in the TMR ratio. We further show that calculated results can be reproduced by the stationary phase
approximation, which implies that obtained results hold qualitatively in more realistic band models.
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[. INTRODUCTION change coupling(Ref. 17 and references therginThe
experiments of Yuasat al'® pose some very fundamental

Large magnetoresistarice observed in ferromagnetic questions concerning the effect of a nonmagnetic metallic
tunneling junctions, ferromagnetic metdFM)/insulator interlayer on TMR. The fact that nonzero TMR has been
(1)/EM, currently attracts much interest due to technologicalobserved for a thick spacer layer is the first clear evidence of
applications such as magnetic sensors and magnetic randaroherent tunneling across the whole junction. This cannot be
access memory elements. The tunneling current through FMinderstood within the classical thedfywhich would predict
[/FM junctions is usually discussed in terms of the spin-strictly zero TMR. Nonzero TMR can be explained within
polarized densities of staté®OS) in the ferromagnetic elec- the Kubo formalism applied to a junction with a vacuum
trodes. The spin asymmetry of DOS gives rise to a differencgap® but the two principal features of the observed oscilla-
in currents between paralléP) and antiparalle[AP) orien-  tions listed above cannot be understood within the existing
tations of the electrode magnetizations and results in the turtheories.
nel magnetoresistan¢@MR).3~ It follows from this model The properties of conductance and TMR oscillations ob-
that the interfacial electronic structure should be an imporserved in epitaxial FM/Cu/FM junctions are quite different
tant factor in TMR®~° To test this idea, attempts have beenfrom those studied theoretically for metallic traylayers in the
made to alter the interfacial electronic structure by introduc-ballistic limit.*>%° First, in contrast to the observed single
ing nonmagnetic (NM) metallic interlayers into the period of oscillation, multiple oscillation periods have been
junction-** The observed TMR ratid%* of such FM/  predicted for metallic junctions. In addition to FS periods
I/NM/FM junctions showed an almost monotonic decreasgkg), the theory predicts also periodk.f) arising from a
with increasing thickness of the inserted layers of Au, Cu, orsudden cutoff of the conductance which occurs when the
Cr. Zhang and LeW have explained this decrease of TMR component of the electron energy perpendicular to the layers
in terms of the decoherence of electrons propagating acrossfalls below the edge of a quantum wé@W) formed in the
nonmagnetic layer. NM layer. The theoretical results on TMR in FMCu/FM

The apparent agreement between the théoand the junctions with a vacuum gadpalso predict multiple oscilla-
early experiments on the junctions with nonmagnetic intertion periods. Second, the theory for FM/vacuum/Cu/FM
layers has been challenged by the recent observation of TMRinction fails completely to explain the observed oscillation
in high-quality NiFe/A},Oz/Cu/Co junctions in which the of TMR about a zero average value.
Cu/Co electrode is a single crystal.These experiments The purpose of this work is to give a theoretical explana-
show clear oscillations of the TMR as function of Cu thick- tion for the characteristic features of the observed oscillation
ness. Two characteristic features of the oscillations have beén TMR,® especially, the reasons for vanishing the average
observed{i) the average TMR decays to zero with increas-TMR and selection ok oscillation period. To achieve the
ing Cu thicknesstii) the period of oscillations is determined purpose, we include disorddf?° in our calculation since
solely by the extremal wave vectér at the Cu Fermi sur- diffusive scattering is disregarded in previous theot?es.
face (FS) belly. This is the same period that has been ob-We calculate the spin-dependent conductance and the TMR
served in the photoemission speéfrand oscillatory ex- ratio by applying the linear response theory and the single-
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site coherent potential approximatidl€PA) to a simple (a) g, FM | NM FM
tight-binding model. ®) (AP)

In this paper we show that the diffusive scatter{mgrtex
correction) is decisive for the transport properties in tunnel-
ing junctions containing quantum well and that the combined g, T m T

effects of barrier thickness and disorder can explain all the \I/
essential features of experimental results. In particular, we

NCa

will demonstrate thati) increasing barrier thickness and dis- (b)

order in the barrier increases the amplitude ofkp@scilla- %

tion period relative to thé, period, andii) the disorder in ~~ |™™™ e Ll """" e
the barrier decreases the asymptotic value of the TMR ratic R S - L+ ... oo
to zero. We further show that the calculated results can be g — 3 7
reproduced by the stationary phase approximatiomhich L Lam

implies that this technique is applicable to a realistic multio-
rbital model of the tunneling junction. This clearly shows ©

that the spanning vectd: of the Cu FS is responsible for ,FM,’“\\f | |NM | |FM - N
the observed oscillation period. In addition, we show that the § 7 L l \ TN R E BN
NZRNi

. . . . . { 3
amplitude of the oscillation becomes small with decreasing -2 RN ) < /F
mean free path of the spacer. AN R AN s
This paper is organized as follows. In Sec. I, a simple o . S . . . . M .
tight-binding model for ferromagnetic tunneling junctions -1 M(T)[/a] k. [gt/a] kx[gt/a]

containing a quantum well is presented. Then, a formulation
of the conductance within a framework of the Kubo formula (d) ,

and the single-site CPA with the vertex correction is given. In FM T+ 1 NM ' FM .-, l
Sec. Il numerical results obtained for both clean and disor- _ 7 |1 S 1 [ /\ 17 . 1%,
dered junctions are shown and the effect of the disorder or E S R MBI -
the quantum oscillation of TMR is clarified. Finally we sum- = | "\ “*}° ~ e W ME
marize this paper in Sec. IV. I \__,’ 1 T 171 N

B s T PR I R S

IIl. MODEL AND METHOD ki [rla] ks [n/a] k. [n/a]
A. Model FIG. 1. (Color onlineg Schematic representation of DQ9),

. . . . potential profile(b), and projected Fermi surfa¢eS) in P (c) and

Let us consider a FMI/NM/FM junction on a simple  ap () alignments of a FM/NM/FM junction. In AP alignment, the
cubic lattice with lattice spacing, where FM,|, and NM  magnetization of right FM is opposite to that of left FM. (h),
denote a ferromagnetic electrode, an insulating barrier, angh-site potentials fot and| spins are shown by dashed and dotted
a nonmagnetic metallic spacer, respectivedge Fig. 1 lines, respectively. Inc) and (d), projected FS off and | spin
We choose(001) axis (z axis) as a stacking direction and states in FM are regions inside of dashed and dotted loops, respec-
use (|,!) representation wherg is a positional vector in tively. NM FS is shown by solid loop and dash-dotted circles in NM
x-y direction and labels the layer iz direction. Initially we  FS of (c) and(d) give the cutoff wave vectokg, for | and1 spin
adopt a single-orbital tight-binding Hamiltonian in order states, respectively.
to model a Co/AJO;/Cu/Co junction (analogous to

NiFe/Al,03/Cu/Co junction studied in Ref. 15 Here, we chose the magnetization direction of left FM as the

global spin quantization axis. IR (AP) alignment, the mag-
H=W+V (1) netization of right FM is parallelantiparalle] to that of left
FM. Since the majority spin band of Co is similar to the Cu
band, we set in the left FNW gy, =Vyy . The potential pro-
- + file of the system and the FS projected okfek, plane for
W= -t E (Cr” 1oCrf et H.c), (2} poth P and AP alignments are shown in Figgbll 1(c), and
(D (40 1(d), respectively, wherdg = (k,k,) is the element of the
wave vector parallel to the-y plane, or the lateral direction.
. It is clear that quantum well states are formed in NM layer
V= 2 Vlr”oc;r 1oCr o (3) only for | -spin electrons ifP alignment and -spin electrons
(N H in AP alignment. Since the insulating A barrier is amor-
phous in real junctions, we introduce disorder in the barrier
wherec, | (C;rH 1.0) is the annihilation(creation operator  py settingV,| =V,+ AV, or V,—AV, randomly depending
of an electron with spinr(=T,|) at site ¢|,1), t the hop-  on the site in equal probabilities. We also introduce disorder
ping integral between nearest-neighbor sites, Xiﬁg the in NM by settingV[}‘U:VN,\,pLAVN,\,I or Vyy—AVym . Alto-

on-site potential for an electron with spinat site ¢ ,1). gether, the on-site potential is
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EM s | eleft FM @ ®)
V,£AV,, lel
V(r”’l): VNMiAVNMi |ENM
Ve, | eright FMin P(AP).
4)
The tunneling conductance for-spin electron inP (AP) ©

alignment is given by

e2
PP kzk, tecary(kj— k'), (5)
(K

Wheretg(AP)(k”—>k”’) is the transmission coefficient for an FIG. 2. (Color online Feynman diagrams for conductanca).
electron incident from the left FM witk) and scattered into and(b) denote the first and second terms of right-hand side of Eq.
the right FM with k| . TMR ratio is defined by TMR:1 (9, respectively.(c) represents the ladder approximation for the
_(G,TAP—'— G}AP)/(GIL*' G,l;,). vertex _functlon in Eq(15). Solid line with an arrow, dashed I_|ne,
open circle, and shaded area are the effective Green'’s function, the

single-sitet matrix, the local current operator, and the vertex func-
tion, respectively.

In this subsection, we formulate the electrical conduc-
tance for layered system including disorder mentioned in In the mean-field approximation, the configurational aver-
preceding subsection by using the linear response theory aradje of the product of two Green’s functions is divided into

B. Formulation of the conductance

the CPA. two parts agsee Fig. 2

In the Kubo formula® the conductance is expressed by
current-current correlation functions. Conductaéor the (3,(m)G(21)I,(N)G(2y))
currents perpendicular to the layers direction per spin . . . .
channel is given &8 =J(mM)G(21)J,(n)G(2,)

ah L . +3,mMG(2)A(21,3,n),2)G(z5).  (9)
6= i TmIE(z-)~§(z.))

(2m The first term is the product of the two effective Green's

. - - functions which include the effective media, or self-energy.
XJ(MIg(z-)—9(z:)1]), 6)  The second term is the vertex correction which should be

where the bracket- - -) denotes the configurational average €stimated consistently with the self-energy to satisfy the cur-
of the quantity “ - -” over the disorder. We omit the spin ent conservation law. In simple alloy systems, the vertex

index o for simplicity in this subsection. The local current correction vanishes due to the symmetry of the system. How-

operatorJ,(1) in the z direction and the Green’s function ever, in tunneling junctions, the correction does not van|§h
- 3 because of the layered structure of the system and describes
g(z) are given by

diffusive scattering processes where electron momentum
ieta along layers is not conserved.
Ih)=— > (cf 1+ 1Cr l_C:‘ Cri 1+1) 7) We adopt the single-site CP@Ref. 33 as a mean-field
ho AT N approximation and outline below how the effective Green’s
. . function G(z) and the vertex functiom\ (z;,J,(n),z,) are
9(z-)=(z-1-H)™%, (z.=Eg*i0), (8)  determined* In the CPA, the effective Green’s function is

whereEg is the Fermi energy. obtained by replacing random potentidlwith an effective

In order to calculate the conductance, we need to evaluat@edia’®
the configurational average of the product of two Green’s ~ .
functions such a¢J,(m)g(z;)J,(n)9(z,)). G(2)=[z1-W-3(2)] " (10
The configurational average can be evaluated by several A ) ) ]
methods, for example, numerical simulation and mean-fieldvhereX(z) is the coherent potential. In the single-site ap-
approximation. In the numerical simulation, the conductanc@roximation, the coherent potential becomes site diagonal
is calculated for a cluster whose size is finite in lateral@nd depends on the layer index in a layered system,
direction®® The average value of the conductance is obtained
by statistical averaging over clusters which have different Sy 4
configuration of disorder. The formulation is straightforward E(Z)_% E'(Z)Cru ACrpl- (11)
and the conductance is expressed in terms of fully real-space
Green’s functions which can be obtained numerically by usThe potentialX,(z) is determined so that the average of the
ing the recursion methot. single-sitet matrix vanishes, i.e.,
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(7l(z))=0, (12)  dependent vertex functiond’} by solving Egs.(15) and
' (16). Then we calculate the conductance by using E6s.
and(9).
ml(2)=[V]-2(21{1-g [ 2)[V]-3/(2)]} L Because of the current conservation law, the layer indices

(13 m andn of local current operators in E¢) are arbitrary. We
R ) have confirmed that the conductance does not depend on the
Here, since, then,G has the translational invariance in the choice ofm andn in our calculation. When we taka andn
surface layers of left and right leads, respectively, the expres-
sion for conductance is reduced to Ef).*
In order to confirm the results obtained by the CPA, we
have also performed numerical simulatithtor finite-size

!
M7

x-y directions,g,,

is rewritten in ;,I) representation as

gl (2)= = > e (kg |

1K Ny, % {(Z_Wk”)l clusters. In the numerical simulations, aX224 sites super-
R ” cell with 32x 32 supercelk; points in two-dimensional Bril-
—3(2)} k1), (14)  louin zone was used. The results obtained by the CPA and

the numerical simulation agree satisfactorily. The CPA calcu-
whereWkHZ —2t[ cosk,@)+cosk,a)]. The coherent potential lation, however, has advantages over the numerical simula-

is a complex number at layers with disorder reflecting thefiOn in computational time and memory.

effect of scatterings whereas it is the only on-site potential at | "€ Mmethod of the single site CPA with the vertex correc-
layers without disorder. Therefore, by solving self-consistenfion has been agplled to metallic multilayéfsordinal tun-
equations(12)—(14), we can obtair®,(z) and the effective neling junctions’* and also tunneling junctions containing

. 8 . .
Green’s function as long as the number of disordered |ayerg1anganlte§. It has been shown that the method is appli-
is finite. cable even to rather strongly disordered syst&hadthough

Next we evaluate the vertex correction term in E9). the single site CPA neglects the correlation between scatter-

The vertex correction should be calculated consistently witd19S:

the coherent potentialself-energy in order to satisfy the

current conservation law. We apply the ladder approximation Ill. RESULTS
and calculate Feynman diagrams in Fi¢e)2In this approxi-

mation, the vertex function becomes site diagonalAas
=Eru,|A|cI”’|crH,, and A, satisfies the following equatiotf:

In our numerical calculations, we use in the left FM
Vemr=Vam=2.382 and Vg =5.382. The barrier poten-
tial and and the Fermi energy are set\4s=9.0t and E¢
=0, respectively. The barrier thickness is five atomic layers
Ai(21,3,(n),2,) unless specified. Such a choice of parameters reproduces ap-
proximately the observed TMR ratio for a junction without
=<T|r”(21) T{”(Zz)> /C|r|”r”[21.Jz(n),Zz] ;?:n?%numsgn;et:@.spacer and the oscillation period originating
We show calculated results for clean junctionA\
=AVyu=0), junctions with disorder in the insulating bar-
e A rir rier (AV,#0,AVyy=0), and junctions with disorder in both
2 gIIH'H(Zl)A"(Zl"]Z(n)’ZZ)gIUI”(ZZ) (19 ihe barrier and the spaceh{/,# 0,AVyy#0) in Secs. Il A,

(i 1" ;
Jru,n 1B, and Ill C, respectively.

K121, 3:(m) 2] ={G(z) MGz} (16) A TMR in clean junctions
First, the spin-dependent conductances and TMR ratios of
Equation(15) is a simultaneous equation far;, which can  junctions without disorder XV,=AVyy=0) are shown in
be solved since\, is nonzero only at layers with disorder. Figs. 3a) and 3b), respectively. It can be seen th@ap and

In the present formalism, the conductance is expressed l:g;,lp oscillate with the NM layer thicknedsy,, due to inter-
guantities which recover the translational invariance in latference of electrons in the spacer quantum well. The oscilla-
eral direction. Therefore, mixed(,|) representation is used tions are a superposition of two periods: the FS period deter-
in the calculation. The procedure to calculate the conducmined by the Fermi wave vect&g and a period given by the
tance is summarized as follows. We first calculate the layereutoff wave vectok,. The Fermi wave vector, which origi-
dependent coherent potentia&,} by solving Egs.(12)  nates from the state witk;=0, is given by 2coskga)
—(14). Once the coherent potentials are determined, any ma=Vyy—Eg—4t. The cutoff period originates from sudden
trix elements of the effective Green’s function in E44) cutoff of the conductance & points shown by dash-dotted
can be easily calculated because the effective Green’s funcurve in NM FS of Figs. (c) and Xd), and the cutoff wave
tion is ky diagona* We use the recursion mettdor the  vector is given by 2coskga) = Vyw— Veu, +2t.1°
calculation. The surface Green’s function of electrodes, For the potential parameters chosen, the FS and cutoff
which is required for the method, is given in an analytic periods, corresponding tke=4m/5a and k.,=27/3a, are
way® in our simple model. Next, we calculate the layer- 5a and 3a. The situation here is analogous to that of CPP-
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FIG. 3. (Color onlineg Conductancga) and TMR ratio(b) of
clean junctions. Conductances forand | spin electrons are de-
noted byA (A) and® (O), respectively, folP (AP) alignment of

0
Ly [layer]

magnetizations. Dashed lines are guide to the eye.

GMR in a Co/Cu/Co trilayet’ The TMR ratio shown in Fig.
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G)p On the barrier thicknesk, with all the conductances
being normalized to the asymptotic valudg” and G for
Lyv—, respectively. The oscillation period G,% clearly
tends to & with increasing barrier thickness. This result is
explained as follows. Since the wave vedtgiparallel to the
interface is conserved in the system without disorder, the
transmission probability 5 Ap(k|) for an electron incident
from the left FM with momentunk; on the barrier is given

as Tg(A_P_)(_k”)=tg(AP)(kHHkH). In Fig. 5, _the transmission
probabilities are plotted as functions kf in a logarithmic
scale. HereT}, takes a finite value in wider range &
plane than the others because of large FM F$-epin elec-
tron and the momentum conservation. The transmission
probability depends strongly on the angle of incidence of
electrons on the barrier, and the normal inciden
=(0,0)] contributes most to the conductance. It follows that,
as the barrier thickness increases, the oscillation due to cutoff
k points, i.e.,k;#(0,0), becomes progressively weakened
compared to that of the FS oscillation, i.&=(0,0). For
G,p, the increase in oscillation period frona3o 5a is only
seen for largerL,. This may be due to the fact that
T;p[kH=(0,0)]/zk”T1\P(kH) is smaller than THK,
=(0,0)]/EKHT}_,(kH), i.e., the contribution of normal inci-

dence to the conductan@,p is smaller than that tG). As
a result, the oscillation period of the TMR ratio is not quite
5a for the present barrier thickness.

3(b) oscillates with the same periods as the conductance and

has a finite asymptotic value for large NM thicknesses. These
results are consistent with those of Ref. 18 where the effect

of disorder was ignored.

Figure 4 shows the dependence of oscillationésinand
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FIG. 4. (Color onling Conductances} for various thicknesses

B. TMR in disordered junctions

Next, we introduce disorder into the insulating barrier
(AV,=0.5,AVyy=0) and show the corresponding calcu-
lated results of spin-dependent conductance and TMR ratio
in Figs. §a) and 8b). The c:onductancés,&P is clearly en-
hanced by disorder whereas all the other conductagggs
Gp, andG} are hardly affectedG , now oscillates almost
exclusively with period & (i.e., kg period aboutGl [see
Fig. 6(@]. This results in a TMR ratio which now oscillates
around zero with the periodas This should be contrasted
with the ordered case in which the TMR ratio oscillates with
two periods about a constant backgrodetl Fig. 6b) and
Fig. 3(b)]. The asymptotic values of the TMR ratio hgy
—oo are shown in the inset of Fig.(l® as functions of the
barrier thickness. Both the cases with and without disorder
are shown. The asymptotic value of the TMR ratio for junc-
tions without disorder decreases slowly with increading
whereas that for junctions with disorder decreases rapidly
and becomes zero for lardg.

To gain a better understanding of the effects of disorder
on the magnitude o6 ), and on the period of oscillations,
we have calculated the dependence of the transmission prob-
ability on k. Figure 7 shows the transmission probabilities
Thap(k)) for an electron incident from the left FM with
momentunk on the barrier. In disordered junctions, sirkge
is not necessarily conservedlgpy(k)) is given as
Tg(AP)(k”)EEkﬁtg(AP)(kHekH’). In the absence of disorder,

of clean insulating barrier normalized to the asymptotic value obthe contribution toT p in the momentum space is concen-
tained atL \,— . Dashed lines are guides to the eye.

trated neak=(0,0) as shown in Fig.(®). However, disor-
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FIG. 5. (Colon k; dependence of transmission probabilities for clean junctions. Transmission probabilifieanaf| spin electrons
incident from left FM withk; are plotted in(a) and (b) for P alignment, andc) and(d) for AP alignment.

der opens up additional Channk!ﬁoutside this area contrib- the conductance. For diffusive scattering, on the other hand,
uting to T jp in Fig. 7(c). This is becausk is not conserved the entire set ok points on the FS contributes to transport.
in diffusive scattering. In the absence of disorder, okly ~More precisely,k; points corresponding to quantum well
points on the FS satisfying the conservation contribute to states contribute now to the conductance. Thigs@oints
appear as sharp peaks in Figcj7and they fall on concentric
15 ' I ' ™ (a) rings in thek; space.

It is clear from Fig. 7c), and examination of thé-spin
FM FS, that the number of opéq channels contributing to
The, is now the same as that contributing T@. This ex-
plains the increase in the constant part of the conductance
Gp to a value of approximatel},. In addition, the intro-
duction of diffusive scattering has almost eliminated the
sharp momentum cut off seen in Fig(cy, which explains
why thek,, oscillation period ofG,&P is weakened by disor-
der. The other transmission probabilities are not greatly af-
fected by the introduction of disord¢Figs. 7a), 7(b), and
7(d)] since scattering cannot open néywchannels in these
cases. This explains why the introduction of disorder has
negligible effect on the conductanc€s,, G5, andGp. It
is worth noting that the vertex correction is decisive for the
transport properties in tunneling junctions containing a quan-
tum well since most of the change @), and TMR ratio is
brought about by the vertex correction.

We therefore expect that in the presence of disorder, the
Ly [ayer] oscillatory part of the conductance is derived entirely from

FIG. 6. (Color onling Conductancéa) and TMR ratio(b) of ~ States In the region df;=(0,0). _|n order to check this hy-
disordered junctions. Notation is same as in Fig. 2. Solid lines ar®0thesis, we have used the stationary phase metesiRef.
obtained by the stationary phase approximation. Dash-dotted curved and references thergjrwhich is able to determine the
in (b) denote 1L, dependence. Inset ¢): Asymptotic values of ~ Oscillatory contributions from isolated regions of the Bril-
TMR ratio obtained at yy— ¢ for clean (O) and disordered®) louin zone, for thick spacers. The results, depicted by solid
junctions. curves in Figs. @) and Gb), are in excellent agreement with
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1
N 6

.

(c)

FIG. 7. (Color) k| dependence of transmission probabilities for disordered junctions. Transmission probabiliti@schf spin electrons
incident from left FM withk are plotted in(a) and (b) for P alignment, andc) and(d) for AP alignment.

the numerical calculations fdryy=5. This indicates that of the spacer FS &+ (0,0) are removed because perpen-
the oscillation period observed in the experiment may bedicular tunnelingk;=(0,0) is favored in real junctionge-
determined in the stationary phase approximation for a fullyriod selection by barrier thickness

realistic model of the junction. The experimental findmg

that the os_cillation period is det_ermined by of the Cu C. Amplitude of TMR oscillation

spacer FS is thus naturally explained. ] ]

The physical interpretation of our results is as follows. In the preceding subsection, we have shown that the sta-
The observed vanishing average of the TMR ratio is exionary phase approximation may well explain the TMR ratio
plained by disorder in the barrier which opens up new obtained for junctions with disorder in the barrieee Fig.
channels in the conductance pfspin electrons in AP align- ). We can see from the result that the amplitude of the

ment. The number of open channels fprspin electrons oscillation is inversely pr(_)po_rtlonal thyw -“~ The experi- _
coming from a large FS of the left magnetic electrode ismental results, however, indicate a much faster decrease in

restricted, by the conservation kf in the ordered junction the oscillation amplitudé® We, therefore, introduce disorder

to the number of available channels on the FS of the right the NM layer as well as in the barriedV,=0.5,AVyy
electrode, which is small since its relevantFs is small. #0) and study how the amplitude of TMR oscillation is
Hence a spin asymmetry in transmission betwBeand AP affected by the_ scattering in the spacer. By changing the
alignments in the ordered junction arises. In a disorderedlisorder potential Vyy, we calculate the conductance for
junction, this restriction is removed and all the states froms€veral values of mean-free patjy in the spacer. We esti-
the large FS of the left electrode can now be scattered intglated the mean-free path simply agy=7ve/(2Im=)

the small FS of the right electrode. Hence the spin asymmedherevg and, are the Fermi velocity of bulk NM and the
try is removed, and with it the average TMimple argu- ~ coherent potential in bulk NM, respectively.

ments along these lines show that the other transmission [N Fi?- 8@), we show calculated results of the conduc-
probabilities are not so affected by disordler. tanceG,p for several values oy . We can see that the

The selection of a single oscillation periég@mong many conductancé y, decreases, i.e., the resistance increases with
possible is due to two factors. Periods corresponding todecreasing\yy, and that the amplitude of the oscillation is
sharp cutoffs occur in an ordered junction because of a missuppressed. Since we changqy, the resistance in the
match between the sizes of the FS of the FM and NM layersspacer changes. In the inset of Figa)3 we plot the resis-
The sharp cutoffs are “softened” in a disordered junctiontance 15, of the NM layer itself which is estimated for the
(the same argument as aboveriods coming from extrema system NM electrode/disordered NM layer/NM electrode.
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IV. CONCLUSION

1.5F
—_ We have shown that the observed period of TMR oscilla-
NS i tions and the oscillation of the TMR ratio around an aver-
& i i i aged value close to zero are explained by the combined ef-
'2 L9 Aoy ] % ' : 17 fects of tunneling barrier and disorder. Disorder introduces
>y f o™ T S I new conductance channels via quantum well states, which
‘E? K - 7788 = I'-&.—.- are confined at the nonmagnetic spacer in clean junctions.

050 =G 56 0 R [1ayelrﬁ) 15_| The new conduction channels increase the conductance of

L L L hid ! AP alignment to approximately that &f alignment, and av-

erage TMR ratio decreases to almost zero. Selection of per-
pendicular transmission due to the barrier and elimination of
the sharp FS cutoff due to the disorder remove the cutoff
oscillation period, and, only the FS period of the spacer re-
mains.

Since the diffusive scattering caused by disorder is essen-
tial to explain experimental results, we can say that the ver-
tex correction is decisive for the transport properties in tun-
neling junctions containing quantum well.

5 10 15 It has been also shown that the stationary phase approxi-

Ly [layer] mation reproduces results obtained for junctions with disor-
der in the barrier quite well. The fact shows that the observed
chillation period in experiments can be explained in terms
of the spanning vectdke of the Cu spacer FS.

FIG. 8. (Color onling ConductancGLp (a) and TMR ratio(b).
In (a), open circles, solid, dashed, and dash-dotted curves are resu

for \y\m=, 78a, 7.8, and 2.8, respectively. Inb), open squares - - .
and triangles are results foryy=15.6a and 2.@, respectively. In addition, we have shown that disorder in the spacer

Dash-dotted curves denotea/Lyy expLyy/Auy). INset of(a): breaks the interference occurred at the quantum well and

Resistance calculated for a system of NM electrode/disordered NNtUppresses the amplitude of the TMR oscillation. This is con-
layer/NM electrode. Solid, dashed, and dash-dotted curves are r&idered to be an origin of the rapid decrease in the amplitude
sults foryy=78a, 7.8, and 2.8, respectively. of the TMR oscillation observed in experiments.

We have used a rather simple tight-binding model in this
The resistance @, is too small to explain the change in the Paper since we intend to give qualitative explanation for the

resistance T}, if we consider that the total resistance is quantum oscillation of TMR. More realistic band calcula-
given in series of the tunneling resistance and the spacépns’ however, showed that interfacial electronic structures,
resistance. One explanation for large chang@ja could be _sch12’42s %?} tbondtlndg,' ¢ part]ially OXIdIZE(tj tzlfuérgénum
that the disorder breaks quantum interference of the WaVb?n n'ortar?tn foro'l:lf/lplg arLljc? t(;]:ugizge (;Eszr:]zznie Si:;irgnar
function caused by the quantum well at NM and makes thdMP P ' M

conductance smaller as compared with that with clean NM)hase approximation enables to include both the more real-

spacer. In Fig. &), we show calculated results of the TMR |sti_c electronic structureg qnd the effept of disorder in cal_cu—
ratio. It can be seen that the amplitude of the oscillation inlatlons. Such fully realistic calculations of TMR are in
the TMR ratio becomes small with decreasing, as well as Progress.
that in the conductance. We found that the amplitude of the

TMR oscillation can be descrlbeq well by the _form of ACKNOWLEDGMENTS
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