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Theory of the bipolar spin switch
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We extend the Valet-Fert model of the perpendicular magnetoresistance in magnetic multilayers to describe
the spin accumulation and relaxation effects in the spin switch structure introduced by Johnson and calculate
the output voltage of the device. In contrast to the usual treatment by Johnson, we take into account the spin
relaxation in the ferromagnetic layers, and also the influence of interface resistances and interface spin flips.
We show that, for thin nonmagnetic layers, the output voltage is limited by the spin relaxation in the ferro-
magnetic layers. We find that the interpretation of the experimental data requires surprisingly long spin diffu-
sion lengths in both the magnetic and nonmagnetic layers, much longer than those derived from perpendicular
magnetoresistance in multilayers of similar materials.

. INTRODUCTION P5§
Rs=ARy/2= 7117, m’ 3
The subject of this paper is the theory of the “bipolar spin
switch” introduced by Mark Johnsol? This device is based ) ) ) o
on the spin accumulation effects generated by injecting 4'here, in the notation of Ref. 2 is the resistivity of the
spin polarized current from a ferromagnetic metal into a non’onmagnetic metalg; is the fp'”Nd'ffll/’ZS'O” length in Lhe
magnetic metal=> The geometry of Johnson’s spin switéh ~nonmagnetic metal, i.eds= (v 7T1/3)"" whererandTy
is shown in Fig. 1. A current is driven from a ferromagnetic &€ the momentum and spin relaxation times, respectively, in

) 3 A . a . . N . .
metal F, into a nonmagnetic meta. The spin polarization the nonmagnetic metab; is calledl ; in the VF model, A is

of this current creates spin accumulationi.e., anonequi- the area of thé-/N interface,d is the thickness of the non-
librium magnetizationthat can be described as a splitting Mmagnetic layer and is supposed to be much smaller &yan
between the chemical potentials of the spin up and spind 7., 7, are phenomenological coefficients expressing the
down conduction electrons. A second ferromagnetic materidPcomplete polarization of the current in the ferromagnets. It
F, is used to probe these chemical potentials. Its voltagéan be pointed out that E¢3) depends only on the spin

depends on the relative orientation of the magnetizations ifelaxation timeTY' in the nonmagnetic layerRe~T}/d),
F, andF, (Refs. 1, 2: whereas the spin accumulation is normally expected to ex-

tend by diffusion inF; and F,, and thus should be also
affected by the spin relaxation in the ferromagnetic layers.

Ve—Vapr=ARl 1) Johnson’s implicit assumption, as illustrated for example by
Fig. 1 in Refs. 1 and 2, is that,; andF, are half-metallic

or ferromagnets with a zero density of states at the Fermi level
for one of the spin directionéhe majority spin direction or
Vpap =+ (—)AR/2 (2)  spin?). With no empty states at the Fermi level in the spin

if the reference voltage is that of a nonmagnetic metal probe.
Here P and AP refer respectively to the parallel and antipar- |

allel arrangements of the magnetizations-ipandF,, andl N
is the current through thE,/N interface.
The same spin accumulation effects play an essential role F, F,
in the current-perpendicular-to-plane magnetoresistance of
magnetic multilayers, or CPP-MR° For typical experi- — v
mental results in which the balance between spin accumula-
tion and spin relaxation appears clearly, readers can refer, for

example, to Yanget al.” These experiments have been ac-
counted for in the model worked out by Valet and F&E |
mode) to describe the spin accumulation in periodic multi- <«— I |

| |

layered structure$!® Here we extend the VF model to
Johnson’s spin switch structure. The main difference from
Johnson’s calculatidrf is that we take into account thepin
relaxation not only in the nonmagnetic metal but also in the  FIG. 1. Schematic drawing of Johnson's spin switch device. The
ferromagnetic materialsThe classical result of Johnson for voltage measured as shown depends on the relative orientation of
AR is written as the magnetizations iff; andF,.
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direction, there is no spin flip and no relaxation of the out oflute spin direction (i.e., o==*1/2), J,(2)[J_(2)] and
equilibrium magnetization within the ferromagnetic méfal. ., (z)[x_(2)] are respectively the current density in the
In ferromagnetic metals such as Co, Ni, or Fe, it is cleardirectionz perpendicular to the layer planes and the electro-
that there is a nonzero density of states at the Fermi level ichemical potential of the spitt (spin —) electrons. With the
both spin directions. The spin relaxation time and spin diffu-uniform distribution of thez component of the current as-
sion length are not infinite, so that the spin accumulation andumed in the calculation, we have (=1, _,/A. Finally
AR should be affected by the spin relaxation rateEjrand  we write
F,. Our extension of the VF model to the spin switch prob-
lem takes into account the spin relaxation effects in both the prH=2pr (1% B) (4)
nonmagnetic and ferromagnetic materials and, as we wi
show, AR, depends not only on the spin relaxation time in
the nonmagnetic material but aléand essentially in usual
experimental conditionson the spin relaxation and diffusion
parameters in the ferromagnetic layers. Our notation for the
density of states at the Fermi level will B¢(Eg) for the
nonmagnetic metal, and,(Eg),N,(Eg) for the ferromag- (py is the resistivity of the metal In Sec. 1V, we shall also
netic material(for simplicity, we assume thd; andF, are  introduce interfacial nonspin-flip and spin-flip resistances.
made of the same matenalln contrast to the VF model The basic equations are the macroscopic equations dem-
where N(Eg), N;(Eg), and N|(Eg) were supposed to be onstrated from a microscopic Boltzmann model in Ref. 9.
equal, we have introduced three free parameters, so that, Bjhese equations are equivalent to those used by Johnson and
decreasingN,(Eg) to zero, we can go to the half-metallic co-workers:™ and van Soret al® The first equation is a
limit and compare our results with those of Johng&y. pseudo-Ohm's law,

l}or the resistivity of the spirf (spin |) channel in the ferro-
magnetic metal and, in the same way, for the honmagnetic
metal,

PI(1=2PN ©

3)].
The second significant difference between our approach J = 1 du, ©)
and that of Johnson is that we introduce spin dependent in- 7 lelp, dz°

terface resistances in the calculation. The importance of th
interface resistances in the perpendicular transport has be
clearly shown by the CPP-MR experiments in multilayers
and their interpretation‘%;9 As we will show, the interface 3,(2)+J_(2)=const )
resistances can play an important role as they tend to confine
the spin accumulation in the nonmagnetic layer and to in-or
creaseAR,. However, when some probability of spin flip
scattering by the interface is also introduced, this contributes di n di _ ®)
to the spin relaxation and leads to the opposite effect of a dz dz
reduction ofAR;.

This paper is organized as follows. In Sec. II, we extena‘ijd

wo other equations express the conservation of charge and
spin respectively,

the expressions describing the spin accumulation effects in dl. di_ AM]e|
the VF model to the case with different values of the density B , (9)
of states at the Fermi leveN(Eg), N;(Eg), and N, (E), dz dz T

and we describe how they can be applied to the spin switcyhereAM is the out of equilibrium magnetization afq its
geometry. In Sec. lll we present the calculation®; in the  ye|axation time(unlike in Ref. 9, we come back to the con-
simplest case where there is no interface resistance. We iQgantional notation for the magnetization relaxation tirfig,
troduce interface resistances and interface spin flips in Segeplacingry=2T,). T, has value§ ) andT£ in the nonmag-

IV and, in Sec. V, we relate our result f&rR; in the spin  npetic and ferromagnetic metals, respectively. The electro-

periment. Section VI is devoted to a discussion of the results

of our calculation and Sec. VII to a comparison with experi- wo(2)=u(2)+Au.(2). (10
ments on spin switch structures and CPP-MR experiments. . o ]
Our conclusions are summarized in Sec. VIII. m(2) is spin independent, whildu,(z) and Au_(2) are

A calculation based on a similar approach has been re;pin_depende_nt and relateq to the out of equilibrium magne-
cently worked out by Hershfield and Zh&oThey also take tization (or spin accumulationAM by
into account the spin relaxation in the ferromagnetic layers AM
and interface resistances but do not introduce the effect of Ap,=F—————
spin flip at interfaces. Most of their results are similar to = 2upNL(Ep)
ours. However, our conclusion on the influence of interface§\I
is definitely different.

11)

+(Ep) andN_(Eg) are the density of states in the two
channels and, depending on the orientation of the magneti-
zations, N, (Eg)=N;(Eg) and N_(Eg)=N,(Eg) or vice
versa.

By combining Eqgs.(6)—(11) we find thatAM, u.(2),

We adopt the notation of the VF modelx(]) refers to the  w(2), Au+(2), andJ.(z) obey the same differential equa-
majority (minority) spin direction,+(—) refers to the abso- tion as that found in Ref. 9,

II. BASIC EQUATIONS AND OUTLINE
OF THE CALCULATION
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dzf(z)_ f(2)
dz®  |NE*

(12) @

The spin diffusion length in the nhonmagnetic met@,has
the same expression as in Ref. 9

T? 1/2
IN=| 1
sf (zeZPK]N(EF)) ( 3)

or, if py, is expressed in a free electron model, !

IN= - (14

AN Sf) 12 b N © N

With A=7v¢ , A= =2T YvE. — — + —
The new expression for the spin diffusion length in the —1/2 1z A o 2 -
ferromagnetic metaly, is ‘

|5= T ! + ! " 15
| 2%t |NEn T NED|] 0

a7

which reduces to the expression of Ref. 9 whghisex- [ 1 -
pressed in a free electron model ade(Eg) =N, (Eg). The [ R
functions w.(2), J.(2), etc. are therefore linear combina- - »
tions of constant, linear, and exponential terms | — I~
[exp(Z/IgP)].

As illustrated by Fig. £a), the difficulty of Johnson’s ge-
ometry for a theoretical treatment is that the current lines
curve down progressively. The current arrives along the hori-
zontal direction of the figure and goes out vertically. Some
current lines, illustrated by line 1, crods penetraté~, and FIG. 2. (a) Current distribution in the spin switch devicén)
then curve down to go out alorld. Some others turn down Current distribution for a conventional current-perpendicular-to-
within N between thé=;/N andF,/N interfaces; see line 2. plane geometry with currert2. (c) Current distribution with two
Some others, see line 3, have practically turned to the vertiuniform currentsl/2 flowing from z=* to a drain in thez=0
cal direction before penetrating,/N interfaces. An exact Pplane. A total current flows downwards in the=0 plane.(d)
solution of the problem would depend inevitably on the geo-Current distribution obtained by adding up the current distributions
metrical parameters of the structure, so that we have adopté) and(c), as an approximation df).
the following approximate solution.

We consider the current distribution obtained by addingchemical potentials are continuous at the/N and N/F,
up the current distributions of Figs(l and Zc). In Fig.  interfaces in this case. In Sec. IV we take into account the

2(b), a uniform current/2 flows horizontally fromz=—x to interfacial resistance and interfacial spin relaxation. This
z=+ (as in a conventional CPP-MR experimerin Fig.  leads to a discontinuity of the electrochemical potentials re-
2(c), a current /2 flows fromz=—ox to z=0, while an equal lated to the interface resistance and a discontinuity of the
current!/2 flows in the opposite direction from=-+ to  Spin currents related to the spin flip interface resistance.
z=0. The plang=0 is a drain collecting the two currents, so
that there is a total currehtdownwards. Addlng up the two I1l. CALCULATION WITHOUT INTERFACE RESISTANCE
distributions of Figs. &) and Zc) leads to the current dis-
tribution of Fig. 2d), where a currenit flows fromz=—o to We first calculate the electrochemical potenjial(z) for
z=0, and az=0, curves down abruptly to the vertical direc- the situation of Fig. &) (horizontal current density/2 from
tion. In the real distribution of Fig.(), some of the current Z=—c to z=+c) and we will consider successively AP and
lines curve down aftez=0, some before. However, since the P configurations oF, andF,. We choose the value gf. at
scaling length of the spin accumulation effects is very longz=0 as reference and write
the solution with an abrupt turn a=0 should provide us
with an approximate solution to the problem. J J

What we have to calculate now is the electrochemical ,ui(z)=—ep’F‘(1—B2) > (z+a)+epy > a+éuti(z)
potential u.(z) for both the current distributions of Figs.
2(b) and Zc) and successively for antiparalleAP) and par- +ALY2) in Fy, (16)
allel (P) arrangements of the magnetizationsHp and F . -
This will be done first in Sec. Ill without interfacial resis-
tance and interfacial spin relaxation, consequently not only
the charge current but also the spin current and the electro-

P ————

J
Mi(z)z—ep’,\]inrAMﬂ(z) in N, 17
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X J J . For the spin switch problem, we are interested in the voltage
p+(2)=—epg(1-B%) > (z—a)—epy 5 5> atop(z) difference betweem=+« andz=0. We ignore the contribu-
tion from linear terms which will be cancelled by terms with
+AMiZ(Z) in Fy, (18)  opposite signs of the current distribution of FigcR We
- keep
where the termssuFi(z), Au'X(2), AuN(2), suF(2),
A,uiz(z) are generated by the spin accumulation effects and, 5 a
according to Eq(12), are linear combinations of constant, .y —BJ cos N
. . Ey - ME sf
linear, and exponential term@xp(*zly) in F, and F, Vpp= =
Ny - e 1 a 1 a

exp(xzlg) in NJ. 2 +~w smk( —F cosr( )

The boundary conditions when there is no interface resis- il st ! PF' '

tance and no interfacial spin flips are the followingi(z) (27)

andu_(2z) are continuous &= *+a (a=t\/2, ty is the thick-
ness ofN); the charge currentJ].(z)+J_(z)] is equal to  Inthe case of & configuration(majority spin in the positive
JI2 everywhere; and the spin current proportional toorientation in bothF; andF,) the solution is written as
[J+(2)—J_(2)] is continuous az= *+a, where the current
densities].. are related tqu. by Eq. (6). 1 1

In the case of an AP configuratigmajority spins with a -
positive orientation inF; and negative irF,), the solution SuFUz)=SuL— piN1(Ee) pN|(Eg) urexpz/IF)
can be written as F 1 1 F st

o b
TPl
1 B 1 (28
piN+(ErF)  p N (EF)
SuFU2)= Spp— — g urexpZIE), .
—+— Apiz)=*——— plexpz/f 29
(19
Apft ! /1 A 2 inh(z/I (30)
w.(2)= m HEeXp(Z/15), (20) ul(2)= N(E N(E,) MnSinh(z s
A (2)= =gy #ncoshizly, (2D rt 1
F N (E N, (E
suFo(z) = — opp+ PNER) PNGES) L e,
1 1 .t
N:(Ef) p,N,(E Pr Py
51”":2(2):_5,(14:"' pT T( l::L) pf l( F) MFqu_Z”;)’ (31)
—_ + —_
Py Py 22 1
Auf2(z)=F———— ulexp(—z/15). 32
lu‘_( ) +NT(1)(EF) ME F( Sf) ( )
1
Apf2()=+——— urexp—2z/15), 23
#2(2) N, (Ep) ©F =2y @3 The expression ofi, is still given by Eq.(24), while x/ and
with Sur can be obtained by replacing cosh by sinh in Hg§)
and (26). The voltage difference betweear+« and z=0
eBIN(E;) (contribution from linear terms excluded written as
F
MNTTT a 1 a\l’ (24)
sin cos a
[ RIS r(' PH r(lls\lf , - B4 smr( )
v — Ouf B N
a a P" e 1 a 1 a
4uncosh v lexp 2| —— Cos o —F Sinh
l'si l'si PN'st | Prlst It
ME= 1 17 (25 (33
N(E +
( F)(NT(EF) NL(EF)) _ _ -
For the solution of Fig. @), the variation of the electro-
a chemical potential can be calculated in a similar way. We
2,8,uNcosr( I—N) find that the voltage differences betwees +% and z=0,
Spup= sf (26) V,p and V;, for the AP andP configurations, respectively,

N(Ep) are related t0/,p andV; calculated above by
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Vap=—Vp, Finally, if we defineARg by Eq. (1), we find
r_ Vp—Vapt+V5—V,
Vp=—Vpp, (34 AR= P APAJ P AP (35)
as it can also be predicte from time reversal symmetry argu-
ments. or
tn LY
\ IBZ CcOos T,S\lf Sin TSN]( 6
R=a | 1 ty 1 ty 1 ty 1 [ty (36)
0 —_—
IR PTI e A PTIM L R PT xF SN 5N
|
After some algebraic calculation, this leads to rm)=2r§(11 ). (39

These interface resistances introduce discontinuity in the
*|ij A variation of the electrochemical potentials at the interfaces,
S

2 2
for example,
N\ 2 N .
p’ltllsf . tN lesf ty
1+|—¢] |sin +2—F cosh «
Pl | Pl I'st

+(=)
Johnson’s expression in Ref. 2, i.e., E§). in the present Iﬁr antm;erfac_lt_e ar= IZO [z=2 trTea?s Just befor@{ter)
article, can be found by taking the half-metallic limit for the suE(E:rI\naesr é‘g%Cuygg?Aexﬁféggz %rVNang/SAmEa:z ;yfhgr?z:n o
ferromagnetic metdli.e. (PF <) ~1=0] and the limit where 9, 9 9

. . of 1071 O m? (fQ m?), with spin asymmetry coefficients in
ty is much smaller thatly. In our notation, this gives the range 0.7—0.&0 be compared with bulk spin asymmetry

coefficients@=0.5 in the same systems
To take into account the effect of interface resistance, we
ZﬂszI replace the continuity condition for the electrochemical po-
T A (38  tentials in the preceding section by Ed0). This has two
effects.(1) If vy is different from g, this changes the polar-
ization of the injected current2) The spin accumulation is
IV. CALCULATION WITH INTERFACE RESISTANCES more confined in the nonmagnetic layer when there is an
interface resistance.
The first effect is not essential. It is clearly expected that
The importance of interface electron scattering had beewhen y is larger (smalley than 8, the current polarization
shown by a large number of giant magnetoresistancand AR, will be increased(decreased The second effect,
measurementS. We will first consider the effects associated related to spin confinement by interface resistances, is more
with scattering without spin flips. In the geometry with the interesting. To focus on the confinement effect, we will put
current perpendicular to the layer plane, this scattering ishe general expressions ferdifferent from g in Appendix A
expressed by introducing interface resistarfcéé8and exten-  and, in this section, we assume thaand 8 are equal. By
sive data on the value and spin dependence of these interfaggroducing Eq.(40) in the calculation of the preceding sec-
resistances have already been derived from experimfiehts. tion and y=p, we get the following expression f&R, in-
The notation in the VF model for the interface resistances isstead of Eq(37):

AR,=

1
(37) E[Mt(Z:Z(J)r)_Mr(zzza)]:rt‘]t(zzzo) (40)

AR=

A. Without interface spin flips

2B%pRI A

2 N .
[t Pl si ty
sinh v | +2 —F—+ cosh
lst/ PRIt Tp It

AR = (41)

* N

Pl st
[1+(—* A
PElstt Ty
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It can be checked easily that Eg.1) reduces to Eq(37) in 1 <
the absence of interface resistance, i.e., wifeequals zero. o (B =1 ) =T[4 =3 )5 = (I =3 )11, (42

B. With interface spin flips where (u —,u,)eo is the mean value ofd, (z2) —u_(2)] in

~ The interface resistances andr |, Eq.(39), introduced the interface region at=z,. As the thickness of the inter-
in theories of CPP-MR are supposed to be associated witfyceg (a few A) is much smaller than the spin diffusion

scatterings by interface roughness and Landauer type contliinear within this thickness, so that E@2) can be written as
butions from specular scattering by interface potential

steps.X? Rigorously, and whatever the mechanigmugh-
ness or Landauginvolved is, some proportion of scattering
with spin flip is expected if one takes into account the spin
orbit coupling in the scattering potentials or in the wave
functions. For 8 or noble metals, the order of magnitude of _.sf _ 1 _

this proportion is only 102 so that the spin flip scattering by =rpl(Jr =30 == d)g ] (49
interfaces has been neglected in the VF model of the CPP-

MR. However, as we show below, this small proportion of Equation(43) replaces the continuity equation of the spin
spin flip interface scattering can be important for the spincurrent used in Sec. Ill. Without interface spin fligf is
switch problem and is taken into account by introducing spininfinite and the continuity of the spin current is recovered. In
flip interface resistance in our calculation. The effect of theaddition, Eq.(40) must be written for the mean value of the
interface spin flip is to contribute to the relaxation of the spincurrentsd.. (z=2z,) = 1/2[J..(z¢) +J-(zg)].

accumulation and to produce a discontinuity in the spin cur- We have performed again the calculation of Sec. Il by
rent as expressed by the following equation: taking into account not only; but alsorf,f. We find forARg

56 [ps(Zg)Fui(zg)—m—(2g)—p-(zg)]

2B P o A

ARs= * N, _%|F_ ,sf 2 *IN, _*x|F S . (44)
pnlsiPE st g N pnlspEl st 1) tn
1+ & x|F sin N +2 &% |F cos N
sil %1 F | L% b PF!sf sf sil % F ., % b PF!sf sf
I PFlsf+rb+_f_r§ ) o| PElsitTh T

It can be checked that Eq44) reduces to Eq(41) when change per period of the multilayer. In the case without in-
rgf is infinite and to Eq(37) when, in additions}; is zero. terface spin flip, one obtains equivalent expressions to those
of the VF model in the limit te>15;.

V. CONNECTION WITH CPP-MR EXPERIMENTS V1. DISCUSSION

All the results presented in Sec. Ill and IV are for the We begin by discussing our results without interface re-
resistance\ R, defined for the Johnson geometry by Ef).  sistance. We have used E@7) with pf=10"8 Qm, p§
and related to a voltage difference betwdgnandN. But  =10"7 Q m, 8=0.5,1%=1.5 um to calculateA R, as a func-
our calculation can also be applied to the interpretation otion of t, for several value ofEf (the values ofpy, pf, B
CPP-MR experiments. In the CPP-MR geometry of Fig.are in the typical range derived from CPP measurements on
2(b), the extra voltage between=+L andz=—L with L Co/Cu in several grougs2the value of Y} is that derived by
much larger thahf is —26u/e for an AF configuratiorior ~ Johnsohfor Au, and is about 10 times larger than that found
—25ugle for a F configuration, that is twice the voltage from CPP-MR experiments on Co/Cu in Ref. B Figs. 3a)
Vp (Or Vp) measured in the Johnson geometry and given bynd 3b) we show plots ofARg and tyARg versusty for
Eq. (27 [or Eq.(33)]. The resistance change in this CPP-MR different values of Ef.
experiment is therefore written as Forty>1Y, the asymptotic variation akR; is always an
exponential decrease as exjt(; /|3Nf), and the prefactor of the
exponential decreases Whéfp decreases. In the opposite

ARCPF’:M=2ARS (45 limit, ty<If, the influence off; is even more pronounced.
AJ2 First, for zero spin relaxation in the ferromagnetic material
H F “ H H Y N
and can be calculated from the expressiond B, given in (-8, for pgl=ce or “half metallic limit" ) and forty<l,
Sec. Il and IV. Eq. (37) reduces to Johnson'’s restilthat is, in our notation
Equation(45) can also be applied to the CPP-MR of mul- o2k N TN
tilayers when the thickness of the magnetic layers is much AR.= B pnlst L (46)

larger tharl Ef. In this case, Eq45) expresses the resistance s Aty Aty’
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Aty/TY is simply the spin relaxation rate in the volumg, 5-

of the layerN, so that Eq.(46) means thatARy is entirely (@)

governed by the balance between spin injection and spin 4

relaxation in the voluméAt,. ConsequentlyAR (t\yARy) - rb*=0 1
diverges(tends to a constanasty tends to zero; see curves &3P 4 2

1 in Figs. 3a) and 3b). Also AR, tends to infinity at any © 50 fam® 2
value of ty when the spin relaxation time iN tends to - 500 fom? 3
infinity. 14 infinity 4

When the spin relaxation time in ferromagnetic material is
finite, the second term in the denominator of Egj7) has a

nonzero value, so thatR does not diverge af, tends to 4 5
zero. This can be seen in Fig. 3. More preciselyagends
to zero ¢y<IY), Eq. (37) becomes
R 28251 4 12,

Altn+ 215115 (ol pE) ] 47 10 ) r,=0 1
AR tends to a finite value that depends only on the param- € 8 50 fom?2 2
eters of the ferromagnetic metal: (_\'IC‘: . 2 500 fom? 3

(AR9)y 0= B2EIYA. (48) S 0/ infinty 4
By expressinggf from Eqg. (15), we obtain %Z 2 \

(ARs)tNHOZ%Z pfeT; (N (1E Y (1E )”1’2 LR
1(Er (B ty (um)

(49

We check that, when one of the densities of statds tands
to zero(“half-metallic limit,” without spin relaxation inF),
(ARg)t, o tends to infinity, which is consistent with the di-

FIG. 4. Influence of the interface resistan@eRg in (a) and
tNARg in (b) are plotted versuty for y=g with several values of
ri indicated in the figures. The other parameters are those of curve
vergence ay ' we have found in the limit of infinité;, Eq.  3'in Fig. 3. One sees that the introduction of interface resistance
(46). (without interface spin flip enhancesAR;. An infinite value of
The difference between the “half-metallic limit” and the r} (curve 4 restores the divergences afRg in ty? in the half
case of metals such as Co or Fe is easy to understand. In thestallic limit.
“half-metallic limit,” spin relaxation occurs only irN and
the number of spin flips per unit time is proportionalttp  sponds to the curves 3 in Fig).3t turns out thatARy in-
and to the splitting between the spinand spin| electro-  creases whemy increases and an infinite value of re-
chemical potentials. These spin flips balance the spin currentores the divergence d&fR ast ! that we had found in the
injected inN. Whent, tends to zero, the balance can be “half-metallic limit” (curves 1 in Fig. ® For a finite value
conserved only by increasing the potential splitting to infin-of ry , the limit of AR whenty tends to zero t(\,<lg‘f) is
ity. In contrast, in the general case, spin relaxation processgfmw
exist also in the ferromagnetic layers. More precisely, as spin
accumulation and relaxationFeﬁergd over abiduin F; and (ARs)tN%o=,32[p§|§f+ rEV/A, (50)
F,, ty is replaced by ty+ 21 (1N 15)%(p%/pE)] where the
additional thickness with relaxation)'2, is weighted by a  which is larger than the valyg®pf | 5/A for r} =0, Eq.(49).
factor taking into account the difference in the relaxation andrlhis is because the spin accumulation is now more confined
diffusion parameters ifr andN. into N by the interface resistance. Wheh tends to infinity,
We point out that, in Eq(49), (ARg)y, .o increases when  the spin accumulation is totally confined and the divergence
at least one of the densities of statesEat became small. asT1/Aty is restored.
Thus a strong ferromagnetic met&lo, Ni) in which one of To give rise to a non-negligible effect oARy);, .o and
the densities of states is relatively smédl band only is  more generally onARg, the interface resistancg must
intermediate between the half-metallic caf¢;(EF)=0, reach values of the order oI5, i.e., 5107 ** O m? with
(ARy)q=0="] and the case of a weak ferromagnetic metalhe typical values we have supposed frand!®;. This can
with a large density of states in both spin directighs). be inferred from Eq(50) and also seen directly in Fig. 4. In
We now proceed to the case with nonzero interface resiscontrast, the experimental values iff in systems such as
tance andy=p but without interface spin flip (G#0,  Co/Cu, Co/Ag, or NiFe/Ag are always around<$50 °
rf,f=oo). In Figs. 4a) and 4b), we have plotted the variation  m? that is much too small to produce an effect DR
with ty for ARg andtyA R calculated from Eq41) with the  Even if we take the much smaller valily=0.044 um de-
same values ofy,, pg , B, IS’\'f as in Fig. 3,I§f= 0.5um and rived from CPP experiments on Co/Cu by Pirabal.® val-
for different values ofr} (the curves 1 forf =0 corre- ues ofr} around 510 *® Q m? are still much too small to
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25¢ (a) In conclusion, we find that, in metallic systendeRs can-
not be significantly enhanced by the interface resistances.
2,0-\ e The usual experimental values igf are generally much too
£ A\ My = infinity 1 small and, moreover, any enhancement by exceptionally
S 151, 50 fom2 2 large interface resistances, should be strongly reduced by the
5 10 _\3 5fom? 3 effects of interface spin flips. However, as mentioned above,
A 2 this does not rule out the possibility of interesting effects by
aé"’ 05f 4 0.5fom” 4 other types of nonmetallic interfacésinnel junctions, etg.
0,00 1 2 3 4 5 VIl. COMPARISON WITH EXPERIMENTAL RESULTS
ty (um) The first important result of our calculation is that
AR((ty) does not diverge ds, tends to zero but saturates at
a constant value fdrN<I'S“f. As pointed out in Sec. VI, with
8- b e typical values of ; measured in metallic multilayefaround
1 (B)  r = infinity 1 5x10 6 O m?), the influence ofr} can be neglected and
6l 2 50 fom? 2 AR is expected to saturate at the valg&p;|5/A. The cor-
£ 3 5fom? 3 responding result for CPP-MR experiments is obtained from
G 4 2 Eq. (45):
o4 0.5 fom“ 4
< ARGty <15 te>15) = 2AR(ty<1§) = 28%pE I A,
' 2 (51)
= whereARSPPis the resistance change for one period.
°0 1 2 3 4 5 Before discussing spin switch data, we begin by showing

that the above result, E¢51), has been clearly observed in
CPP-MR measurements. If one considers that,tfer|5,
ty, the resistanc®$E" is practically that of a thickness:

with resistivity p*/(1— 8,

tN (um)

FIG. 5. Influence of the interface spin flipARg in (a) and
tyARg in (b) are plotted versut, for several values aff' indicated
in t.he flgyres..The other paramgfters are thqse .of curve 2 in Fig. 4, RXEPNtFpﬁ(l—BZ)/A, (52)
which is identical to curve 1 for, =0 (no spin flip.

N . ) ~which leads to a MR ratio independent fRf and inversely
produce a significant confinement of the spin accumu""‘t'mbroportional toty -

in the normal metal and a definite increaseAd®,. Never-

theless, this does not rule out that significant effects could be AR\ CPP 232 |§f
obtained by increasing above the typical values found up R ~ mﬁ - (53
to now in metallic structures. This could be done, for ex- AF =1 F

ample, by introducing insulating materials and tunnel resis-_ . . ) )
tanges a%/the interfages. The fi?st condition, however, is thd Nis behavior has been clearly observed in Co/Cu multilay-
spin dependence of these interface resistances. We rec§fied hanowires with thin Cu layers and thick Co laygsin
that, in Sec. IV and the discussion above, we have assuméhe range 0.06—km); see Fig. 4 in Ref. 8. The complete
that y equalsB. In contrast, as shown in Appendix A, the analysis of the CPP-MR measurements in Ref. 8 has given
enhancement of\R, by the interface resistance vanishesvalues ofg, y (0.36 and 0.85, respectivelylose to those
wheny tends to zero. In addition, at this point, we must alsoalready derived for Co/Cu by the Michigan State grbapd
consider that any interface resistance should also come withas also obtainet$(77 K)=140 nm. The value ofy de-
spin flip interface resistance, which we will discuss now. rived from the fit of the linear variation af R/R with t £ * is

In Figs. §a) and 3b) we show the variation oARs and 44 nm. We will compare these values I3f and I derived
tNAR, with ty calculated from Eq(44) with b vaIueigf from CPP-MR with those required to account for spin switch
PN: P Bl | already used for Fig. 4cp =5x10 data in the same thickness range.
(m? (value required to produce a significant increase of e proceed to the discussion of spin switch data obtained
AR, see curves 2 in Fig.)4nd for several values of . As by Johnsoh? on NiFe/Au/NiFe trilayersNiFe=permalloy
expectedAR; is reduced when some spin flip is introduced and already discussed by this author on the basis of .
andr}' progressively decreased from infinitwe recall that  which is equivalent to our Eq46) derived in the limit of
rif=o means that there is no interfacial spin flip zero spin relaxation in the ferromagnetic layers. As pointed

In Appendix B we estimate the value of expected from  out by Johnson, the fit of the experimental data with &3,
spin-orbit scatterings at interfaces and develop a more quaigven wheny, 7, (=% is assumed to be equal to 1, leads to
titative discussion. It turns out that, if the proportion of spin surprisingly long spin diffusion lengths in the nonmagnetic
flip scattering is similar in the scattering processes at interlayers, eithety= 1.5 um to account for the variation afRq
faces and inside the ferromagnetic lay€ia similar spin-  with ty, or a three times larger value to account for the
orbit interactiony the enhancement &R by the interface amplitude ofAR;.
resistances is, in first approximation, balanced by its reduc- When we introduce spin relaxation Fy andF,, and if
tion by interface spin flip. we neglect the influence of interface resistafsiace typical
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(a) N _ The really puzzling result of the above discussion is that
ly"=1.5um [ "=infinity the interpretation of the spin switch data of Johnson requires
10" o . ° 10pm much longer spin diffusion lengths than those derived from
—_ 500nm CPP-MR experiment = 0.15 um andl §=0.044um from
5 1020} :00“’" data on Co/CURef. 8]. One can argue that the materials are

different, NiFe/Au for the spin switch measurements and
Co/Cu for the CPP-MR. But this goes in the wrong direction
as Au has a stronger spin-orbit interaction than Cu and there-
fore a faster spin relaxation rate. On the other hand, NiFe and
Co have similar spin-orbit constants but the chemically dis-
ordered and more resistive NiFe should have a shorter spin
diffusion length. It has also been pointed out by Yamgl.’

that the spin diffusion lengths derived from CPP-MR are in
agreement with those estimated from ESR experimérgs,

that finally the puzzling question is why the interpretation of
the spin switch data requires so long spin diffusion lengths.
An alternative possibility to interpret the spin switch data
E . 20 with realistic spin diffusion lengths is to consider the pos-
g 107 - . ° sible influence of the interface resistances,in our nota-
o 1 Iy =30um  fy=10um tion. In Sec. VI we have seen that typical valuesrpffor
F 0% Spm metallic systems around I&-10' O m? are much too
f':”m small to enhanceé\Ry. To enhance significanttARg and
102 = ' ';Lgl; s account for the experimental data with more realistic spin
b (m) diffusion lengths, values off of the order of 510 3 Q m?
N

are required; see, for example, curves 3 in Fig. 4. In addition,
by considering only interface resistances without spin flip,
FIG. 6. The variation oftyAR versusty is compared with ~One overestimates the enhancemeni BE . It turns out from
experimental data on NiFe/Au/NiFe structur@®efs. 1, 2. The  the discussion in Appendix B that, with similar spin-orbit
curves have been calculated without interface resistance and withateractions and thus similar proportions of spin flip scatter-
out interface spin flips, ina) with I§=1.5 um and for several ing at the interfaces and in the ferromagnetic layers, the en-
values oflg, in (b) with I5=30 um and for several values ¢f.  hancement ofAR should be strongly reduced. Therefore it
The other parameters ap=0.48 () cm (from Ref. 1 for AU,  seems unlikely that the interface resistance can play a sig-
pi =16 uQ cm and g=0.56 for permalloy[thus corresponds to nificant role. Finally, it remains the puzzling result that the
pr=pf (1= %) =12 € cm] from results on permalloy in Ref. 6. interpretation of Johnson’s data requires much longer spin

In (a) the curves folgfa 10 um reproduce approximately the varia- (iffusion lengths than those derived from CPP-NRefs. 7,
tion with ty but the calculated values &fR; are smaller by about a 8) or ESR(Ref. 14 measurements.

factor of 10. In(b) it turns out that considerably large values of the
spin diffusion lengthgl5=30 um, I§=7-8 um) are required to

account for the absolute value AR at smallty . VIll. CONCLUSIONS

We have extended the VF modé! of the CPP-MR in
[nultilayers to calculate the output voltage of Johnson’s spin
switch2 This output voltageVp—Vp=ARgl, is governed
by the balance between the injection of spins by the current
. o and the relaxation of the resulting spin accumulation. In the
malloy (this corresponds to a resistivity of 120 cm for 5050500 of Johnsd? only the spin relaxation within the
NiFe) from results on permalloy in Ref. 6. In Fig(®, we  onmagnetic layers is taken into account, which leads to a
sho;/v curves calculated wnl@}:l.S pm and several values givergence ofAR, asty® when the nonmagnetic thickness
of I;, and in Fig. €b), with | ;=30 um and several values of tends to zero. In our calculation, we have taken into account
1% In Fig. 6(a), a reasonable fit of the variation with can  that spin relaxation also takes place in the part of the mag-
be obtained if the values df; are above 1Qum, but the netic layers into which the spin accumulation extends, and,
calculated values cAR, are too small by about a factor of also, we have introduced the effect of interface resistances
10. To account for the amplitude &fRg, it is necessary to and interface spin flips. The main results can be summarized
increase the spin diffusion lengths in both materials. Asas follows.
shown in Fig. €b), we can account for the values AR, at (a) AR, depends on the spin relaxation times in both the
small values oty for I§~7—8 um, I5~30 um, but then, ferromagnetic and nonmagnetic layers. For example, as the
the decrease df AR for ty>1 um is not reproduced. Her- nonmagnetic thicknesk, tends to zeroARg does not di-
shfield and zZhat¥ have fitted their model with the same verges as ! but saturates at a constant value determined by
experimental results and also conclude that similar long spitthe parameteréspin relaxation time, resistivijyof the ferro-
diffusion lengths are required. magnetic material[@RS:ﬁszI;/A).

values ofrj are too small by two orders of magnitude to
produce a significant effect; see Sec)VAR; is given by
Eq. (37). The curves shown and compared with experimenta
data in Fig. 6 have been calculated wjifj=0.48 u{) cm
(from Ref. 1 for Au, pf =16 uQ cm andB=0.56 for per-
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even when one ignores the spin flips by spin-orbit interac-

S (a) tions at the interfaces, the typical values of interface resis-
n tances in magnetic systems are much too small to produce a

. I = infinity 1 significant effect. However, it cannot be ruled out that other

S 37 ; 10pm 2 types qf interface Junct_lons, .Wlth hlgh resistance and small

B 500 nm 3 proportion _of transmission with spin flip, could help to con-

Sw 2r 100 nm 4 fine the spin accumulation and enharkR;.

4 (c) There is a close connection betwe&R and the re-
sistance change in a CPP-MR experimed®R°"F (t.>15, 1
period=2ARq, so that it is fruitful to compare spin switch

5 and CPP-MR experimental data. It turns out that the inter-
pretation of so far reported spin switch experimé&Atee-
quires much larger spin diffusion lengths than those derived
from CPP-MR experiments.

12+ (d) There is a definite convergence between the results of
(b) our model and those obtained by Hershfield and ZRa.
10 lsfF= infinity 1 minor difference is that they have not introduced interface

T 8 10pm 2 spin flips and arrive at different conclusions on the influence

G 500 nm 3 of interfaces.
% 6 We hope that our work will incite experimentalists to

S; al study spin switch structures of Johnson’s type or to devise

4 ) new microstructures based on spin accumulation effects.
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pi=10"°Qm, pf=10" Om, B=05. Curve 1, for an infinite  APPENDIX A: CALCULATION WITH DIFFERENT SPIN
1%, exhibits the divergence &R in ty! in the half metallic limit ASYMMETRIES FOR THE FERROMAGNETIC
(i.e., without spin relaxation i) (Refs. 1, 2. LAYERS AND THE INTERFACE RESISTANCES

(b) Although interface resistances can confine the spin We have performed the same calculation as in Sec. IV A,
accumulation into the nonmagnetic layer and thus enhancagain with only non-spin-flip interface resistance but now in
AR, a significant enhancement is unlikely for two reasonsthe general case where the bulk and interface spin asymme-
first, AR is not enhanced when one introduces a realistidry coefficients,8 and v, are different. Instead of Eq41),
proportion of spin-orbit scattering at the interfaces; secondlyyve find

20N S BPE S+ YT )2 IA(pEI S 1h)?
*lN 2 *lN . (Al)
[ ( PN st } . ’_<tN PN st "<tN)
1+| 7= I|sinh
pEltry It

pElGtry 15
For B=1v, Eq. (Al) reduces to Eq(41). It is easy to check that, compared to the value predicted by, AR, is larger
(smalley when v is larger(smalley than 8. For y=0, Eq.(Al) becomes

AR=
+2

2B%pNI AL +15 IpElg)?

N2 N . (A2)
14 P’l\rllsf sin t_N pmlsf t_N
PElHTE lg) " pElgtry I

sf

AR =
+2




6564 ALBERT FERT AND SHANG-FAN LEE 53

In the limit ty<1%, for example, Eq(A2) leads to
== (B7)

BA(pE15)?

AR =— 55 A
(ARIwo™ AGEEH D) ")

) _ ) ) wherep is now the mean proportion of spin-orbit scattering
Comparing with Eq.(50) for B=y, it turns out that, with jyside the ferromagnetic layers. A typical value pffor a
v=0, ARy is smaller than in the absence of interface resisterromagnetic metal like Co is again 10 Equations(B5)
tance and tends to zero whep becomes much larger than and (B7) can be introduced in the expressionsA®R,, Eq.

x| F
pelss- (44), to estimate the combined effectgf andr{'. We con-
sider, for example, the saturation valueAd®, whent, tends
APPENDIX B: INFLUENCE OF INTERFACE SPIN FLIPS to zero, that is, if we neglect the termgpX15/r",

We begin by estimating the spin flip interface resistance
rf and relatingr' to the interface resistanag . We adopt

the simple picture of an interfacial layer of thickness2in B2(pEIE+rE)
which structural and chemical disorders produce strong elec- (ARg)t, 0= A(1+—j|Ff/rsf5 (B8)
Prlsilp

tron scattering. The spin-orbit part of the scattering potentials
makes that a proportiop, of the scatterings is with spin flip
and contributes to the spin-lattice relaxation. For scatterin
in systems involving @ and 4 metals, 102 is a typical
value forp, .** The momentum and spin relaxation times in
the interfacial layer, respectively and T}, are in the ratio

Pi B2ro(ro+ \/Br;)
(ARg) 0= —=——————
A(Wpro+pirg)

gfntroducing Eqgs(B5) and(B7) in Eq. (B8) leads to

(B9)

7|

T_|l~p| . (B1)

We first check that, without interface spin flip, i.p,=0, Eq.
From Eqg.(9), the discontinuity of the spin current be- (Bg) becomes
tweenz=— Az andz=+ Az on each side of the interface at
z=0 is related to the nonequilibrium magnetizatidM in
the interfacial layer by

(ARy), 023_2 10 v | = gR(pEIE T IA
S — S

1023 Q-3 =2 e AW

e + -)-Az + —)+Az MBTll : (B10)
For an approximate calculation, we  suppose
N_ (Ef)=N_(Eg)=N(Eg) and write in agreement with Eq(50). Then, we suppose similar spin

flip proportions in bulk and interface scattering, i.p,=p.
- Equation(B9) becomes
AM=~ pg(p—p)N(Eg). (B3)

Introducing Eqs(B1) and (B3) in Eq. (B2) and identifying
to Eqg. (42) leads to g2
(AR, o= —= = BZpEIL/A, (B11)
7| " A\/E
r§f~ — (B4)
pe“N(Ep)Az

which is the expression derived fof =0, Eq. (48). This
means that there is no enhancemenA&; by the interface
resistances when the scatterings producing these interface re-
sistances have the same spin flip proportion as the scattering
4 To within the layers.

and, after relating\z/ 7, to the interface resistanag in a
free electron model, we obtain

[ piry’ (BS) To summarize, the introduction of interface resistance can
. improve the confinement of spin accumulation in the non-
with magnetic layer and enhandeR only when(a) r§ is larger
than the typical values of interface resistance in metallic
fike multilayers by two or three orders of magnitude gbythe
rozm- (B6) spin flip proportion in the scattering by interfaces is much

smaller than in bulk scattering, which in general should not
In a free electron model and with similar approximations, webe the case for most multilayered systems investigated up to
can write now.
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