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Self-consistent treatment of nonequilibrium spin torques in magnetic multilayers
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It is known that the transfer of spin angular momenta between current carriers and local moments occurs
near the interface of magnetic layers when their moments are noncollinear. However, to determine the mag-
nitude of the transfer, one should calculate the spin transport properties far beyond the interface regions. Based
on the spin-diffusion equation, we present a self-consistent approach to evaluate the spin torque for a number
of layered structures. One of the salient features is that the longitudinal and transverse components of spin
accumulations are intertwined from one layer to the next, due to the presence of the much longer longitudinal
spin-diffusion length and thus, the spin torque could be significantly amplified with respect to treatments which
concentrate solely on the transport at the interface. We conclude that bare spin currents do not properly
estimate the spin angular momentum transferred between the magnetic background; the spin transfer that
occurs at interfaces should be self-consistently determined by embedding it in our globally diffuse transport

calculations.
DOI: 10.1103/PhysRevB.67.104430 PACS nunier72.25-b, 72.15.Gd, 73.23:b
[. INTRODUCTION port. This is very much the spirit of CPP transport: the spin

transport is described by macroscopic spin diffusion while

The concept of using a spin polarized current to switchthe detail of the interface scattering is treated as a boundary
the orientation of a magnetic layer was developed by Slonceondition. The crossover from ballistic interface scattering to
zewski and Berget,and has been followed up by several diffusive scattering has been recently studied in d&t&i.
others?>~* Recently, we have proposed a way to understanénalogy, we argue that the spin torque should be calculated
this spin transfer torque by adopting the model we used tdy solving the transport equation for the entire structure. The
understand magnetoresistance for currents perpendicular toterface ballistic spin transfer, which is the center of the
the plane of the layefCPP.% Namely, two phenomena, CPP previous discussions, may be physically important; however,
magnetoresistand®R) and spin torque, originate from the it should be embedded in a larger picture, i.e., the ballistic
spin accumulation. The former is primarily associated withtransport across an interface should be connected to the dif-
the longitudinal spin accumulation and the latter is governedusive transport outside the interfacial region. We will show
by a transverse effect. The distinguishing feature betweem this paper that our semiclassical formalism supplies a
previous treatments and that we recently outlined lies in ounatural framework to incorporate this. Indeed Stiles and
focus on the spin transport for the entire CPP structure ratheéfangwill have done just this; however we make a key as-
than for the interface region alone. The specular scattering cfumption, that is different from theirs. That is, we assume
the current at interfaces between magnetic and nonmagnetibat a component of the spin-current transverse to the mag-
layers that is attendant to ballistic transmission can createetization exists in the magnetic layérgve should empha-
spin torquet? Here we start at the opposite extreme andsize that our transport calculation does not conflict with the
consider the spin torque due to the bulk of the magnetigphysics of ballistic transport at interfaces. In fact, we will see
layers and the diffuse scattering at interfaces; as is the caselow, the ballistic component can be accommodated within
for giant magnetoresistancé&sMR) reality is probably a our formalism.
mixture of these extreme positions. Here we specify a model system to calculate the spin

To understand the significance of our approach, we recatiorque: a magnetic multilayer whose essential elements con-
the physics of CPP-MR. The resistance of the entire CPRist of a thick magnetic layer, whose primary role is to po-
structure comes from various sources of scattering. If ondarize the current, a thin magnetic layer that is to be
only considers scattering at an interface, one may concerswitched, a nonmagnetic spacer layer so that there is no in-
trate on the calculation of the transmission coefficient for theerlayer exchange coupling between the thick and thin layers,
interface. However, ballistic transmission across an interfacand a nonmagnetic layer or lead on back of the thin magnetic
is not the only physics of the transport in magnetic multilay-layer; see Fig. 1. As we show in this paper the angular mo-
ers. The leads, as well as impurity scattering in the layersmentum transferred to a thin layfar exceedshe transverse
have to be included in the calculation of the resistance of theomponent(to the orientation of the magnetization of the
entire CPP structure. Therefore, one should embed the bathin layep of the bare portion of the incoming spin-polarized
listic interface scattering in the framework of the diffusive current, i.e., that part proportional to the electric field; see
scattering from the bulk of the layers, as well as the diffuseEq. (2) below? It is a direct consequence of the spin accu-
interface scattering, for a better approach to describing trangnaulation coming from the two primary layers, the thick mag-
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where both current(x) and fieldE(x) are directed along the

FIG. 1. Multllayereq pillarlike stru<_:ture u_sed for current |r_1duced growth directionx of the muItiIayer? Here® denotes a con-
reversal of a magnetic layer. FM2 is a thick ferromagnetic layer

with the thickness exceedingty and local magnetizatiom{?) ~ ductivity andD denotes a diffusion constant; the two are
=cos6e,—sinde,, Sp is a thin nonmagnetic spacer, FM1 is a thin related by the Einstein relatiof=e?N(eg)D for a degen-

ferromagnetic layer with the thickness and local magnetization grgte metal, Wherél(e,:) is the density of states at the Fermi

M{=e;,, and NM is a nonmagnetic back layer. level. The first term on the right-hand side of Eg) is the
bare contribution to the spin-polarized current from the elec-

netic and nonmagnetic back layers, that produce this buildugric field, the third term is the contribution from the spin-

The role of this accumulation in the spin current is given in@ccumulation attendant to the current across a magnetically
Eq. (7) of Ref. 5; it is a consequence of considering theithomogeneous structure; although the second term can be

keeping with our previous treatments of transport in mag_fuse. interface scattering beIovy, we will ngglect this term

netic multilayers with the proviso that one has to include thec®Ming from charge accumulation. As we will show in mag-

exchange interaction between the accumulation and the ma etic multilayers the contribution of the third term to the spin

netic background, also known as the “sd” interaction, to uqigtgagaﬂg?'gfa:ﬁoz\éir ft:ret:]'gsg in accumulation is

obtain the angular momentum transferred. It is this interac- q P

tion which produces the spin transfer between the current om  gi m

and the magnetic background. Among other things, the pa- 4 ﬁJr(J/ﬁ)mx My=— —, (3)

rameters entering our theory are determined from CPP trans- Jgt - X Tst

port measurements, except for the exchange interaction be-h is th in-fli | . . f th ducti

tween the itinerant electrons and the magnetic backgroundW ere7sy IS the spin-fiip relaxation time of the conduction
. . . : ._electron. While the last term is diffusive the spin motion

In this paper we first review the formalism presented in

P lculating th 4 effective field acti induced by the exchange interactidris not at all diffusive
Ref. 5 for calculating the torque and effective field acting onjy gnin space:; it describes a deterministic or ballistic rotation

a magnetic layer. In particular, we define the boundary cony the accumulation that itself is generated by diffusive spin-
ditions between the layers of the multilayer, and point oufji, processes. The diffusion equation for the macroscopic
what are the sources for the longitudinal and transverse spifriablesm andj,, can be derived from the Boltzmann equa-
accumulations when the magnetization of the layers are nonion for the spin distribution function in the limit, where the
collinear. In Sec. Ill we present our results for the spin ac4ength scaled)=vgh/J=\pyp, i.€., when the distance an
cumulation, spin currents and the torque, and effective fielglectron moves while its spin rotates byrds greater than
acting on the thin layer of the multilayer depicted in Fig. 1. the mean-free patl.in the opposite limit we are not able to
The bulk of our results are obtained numerically, however, inyerive such a simple relation between these variables from
certain limits we are able to give analytic expressions, €.g¢he Boltzmann equation; nonetheless, we will calculate the
for the amplification of the torque and effective field acting spin torque by using this expression and later evaluate the
on a layer due to the accumulation. In Sec. IV we present agjgnificance of the results. We note that in this treatment we
analytic expression for the amplification, and we indicateconsider the effect of the exchange interaction between the
how recentab initio determinations of the change of spin jtinerant electrons and the background magnetization
currents across a ferromagnetic-nonmagnéil/NM) in- - _ 3m.Mm,, ak.a. the “sd” interaction, in the equation of

terface can be incorporated at the interfaces between layegsotion for the distribution function. To write the spin cur-
in our diffusive treatment of the transport in a multilayeredent Eq.(2), in terms of the electric current

structure. The impact of transverse accumulation on GMR is

given in Sec. V; in particular in creating deviations from the A ang om

simple linear dependence of the resistance with the cosine of je=RegTrj)=2CoE(Xx)—2Dy——2D- —, (4
the angle between the thick and thin layers. X X

we insert this expression in E€R) to eliminate the electric

field and charge density, and we obtain
Il. REVIEW OF FORMALISM

By starting with the linear response of the current to the
electric field for diffusive transpott

N

. . om , am
Im=BjeMq—2Dg 5_5,3 My My- X
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where we have dropped an uninteresting term proportional tavhere\ ¢q= V1— 88’ \¢; and
the derivative of the charge accumulatieng/ox. Upon
placing this expression in Eq3) we find the equation of #m, m, m; XMy

motion for the spin current is w2, "2 (8)
1 om <92_m+ M M (92_”1 +ﬂ+ mXMg The longitudinal accumulatiom; decays at the length scale
2Dy dt  gx2 BB Mq| M- ax2| N A2 of the spin-diffusion length\¢y while the transverse spin

accumulatiorm; decays as\; if we assume\ ;<<Ag;. Itis
_ J . important to differentiate betweeRgy, which arises from
T 2_%5('8] eMa), ©®) spin-flip processes, and; which represents the decay of

transverse spin currents due to ordinary spin dependent,

where,8" are the spin-polarization parameters defined by . but non-spin-flip scattering. For cobalt we estimate in
the relationsC=BCoMy, whereMy is the unit vector to  Appendix A the transverse spin accumulation has a much
represent the direction of the local magnetization dhd shorter length scale compared to the longitudinal one; for
=p'DoMg4,” and we have defineds;=+2Dq7s; and X;  permalloy), is comparable to the spin-diffusion length. We
=2/D /3= N m¢pdy/37, wWhererg is the spin-flip relax-  limit our present study ta ;<.
ation time, andl is the exchange between the itinerant elec- The boundary conditions are that the spin accumulation
trons and the magnetic background. The diffusion constant isnd currenj,, are continuous across at interfaces as long as
D0~(l/3)v,2:7'= (1/3)v ek mip, Whereve is the Fermi veloc-  there is no specular or diffusive interface scattering; note that
ity, 7 is the momentum relaxation time, ang,¢, the mean- itis unnecessary to invoke th# function source term at the
free path)\,s,=ve7. As we indicate later, if one interprets boundary of a layesee Appendix A which specifies the
Mmip @S that associated with the diffusive scattering at interdiscontinuity indm/dx. As noted above, the source of this
faces one arrives at a much smaller estimates\fpthan  discontinuity in the accumulation is to guarantee the conti-
when one uses the mean-free path arriving from scattering inuity of the spin currentprovided no torque is created at
the bulk of the layers. interface, see belowtherefore we can simply invoke it; see

The term on the right-hand side of the time-dependenfppendix C. While we could, in principle, consider the ef-
diffusion equatior(6) for the spin accumulation is treource  fect of specular scattering at interfaces, as we have for other
term; it is this term that drives the accumulatidrHere we  problems associated with CPP transpdthis involves con-
will look for the steady-state solutions so that the first termsidering eachk vector separately for which a noncollinear
on the left-hand side is zero, and the electric curjgnis  multilayer is a cumbersome problem, and we will not ad-
constant throughout the multilayer. In Appendix A we dis-dress it. Others have considered specular scattering at inter-
cuss the source term; here we point out that this term guafaces and have shown it gives rise to spin torque at these
antees the continuity of the spin currgpt across the inter- boundaries:? The presence of diffuse scattering at interfaces
faces, provided the accumulation is continuous. This can bdue to both roughness and interdiffusion moncollinear
immediately verified by integrating E@6) across an inter- structures is treated in Appendix B.
face and using the definition of spin current Ef), or by Once having the spin accumulation we take a look at its
integrating Eq.(3). influence on the background magnetization. The equation of

We will proceed along the lines of the conventional treat-motion for the local magnetization is
ment for current perpendicular to the plane of the layers
(CPP in magnetic multilayers and focus on the discontinu- dMy dMy
ous variation of the background magnetization between the T YoMaX (He+Jm)+ adeT' ©
layers. In this treatment of CPP we assume that the magne-
tization is uniform throughout a layer so that the source termwhere y, is the gyromagnetic ratidi, is the magnetic field
is confined to interfaces between |ayé%§?in this case one including the contributions from the external field, anisot-
can take into account the source terms by appropriate boundéiopy, and magnetostatic field, the additional effective field
ary conditions; this is the procedure usually followed whenJm is due to coupling between the local momefisick-
calculating the spin accumulation in magnetic multilay€rs. ground magnetizationand the spin accumulation, and the
In this case, we set the source term in E).to zero, sepa- last term is the Gilbert damping term. As seen from &),
rate the spin accumulation into longitudin@arallel to the the longitudinal spin accumulation has no effect on the local
local moment and transversgperpendicular to thiscal mo- ~ moment; we can rewrite Eq9) in terms of the transverse
mend modes, and look for the steady-state solutions. Wespin accumulation only by replacing by m, . As shown in
stress that the terms longitudinal and transverse are relatiigef. 5 the two components of the accumulation in the plane
to the magnetization in the individual layers, i.e., they aretransverse to the magnetizatiMlgl) of the layer for which
locally defined and have no global meaning throughout awve are calculating the effect due to the spin current are
multilayer. Equation6) can now be written as

Jm, =aMPxMP+bm P, (10)
o’my _ my @ | zati :
— == =0, (7)  whereMy” is the magnetization of the other layer; in the

X Asdl case we discuss in this papesee Fig. ], Mgl) refers to the
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thin layer which is being switched aMgZ) to the thick layer In the following section we present our results for the spin
which polarizes the current and which gnnedso that it ~accumulation and current, and the ensuing spin torque and
does not rotate. By placing this form of the accumulation infield acting on the thin magnetic layer for the multilayer
the equation of motion for the background magnetizationdepicted in Fig. 1.

Eq. (9), we find that the transverse spin accumulation pro-

duces two effects simultaneously: the tebikt (V' x M@ is

the torque due to an “effective fieldM P, and the other is Ill. RESULTS

aM{Px (M@ x M) which is called the “spin torque” pre-
dicted by Slonczewski and BergeThe first term produces a
precessional motion aboM{" ; in this sense it actas ifthe
spin current creates a magnetic field Mﬁ,”. The second

The essential elements of the multilayered pillarlike struc-
ture used for current induced reversal of a magnetic fayer
are shown in Fig. 1. The nonmagnetic lead in back of the

i thick magnetic layer is not necessary for our discussion as
ter(rlr)1 acts 5(02)35 to increase or decrease the angle betwegg have taken the thickness of the ferromagnetic layer to the
Mg’ and Mg™; also, it acts so as to assist or oppose thqeft to exceed\ sy ; what matters is that the spin polarization
damping term in Eq(9). We stress that it is the sd exchange of the current is primarily dictated by the thick magnetic
interaction between the spin-accumulation attendant to CPﬁyer. Depending on the thickness of the thin magnetic layer,
and the background magnetization that are the origins of thg can have an effect on the longitudinal accumulation, how-
spin torquea and effective fieldb . ever, for the thicknessds of interest its role is minor. We

Another way of determining the torque transmitted by thepayve to solve for the spin accumulatiamand spin current
current to the background comes from recognizing that any_in four layers with 3 interfaces1) at the thick magnetic
gular momentum is conserved so tmat- M 4= const!® and layer and the nonmagnetic spacer laye® between the

spacer and the thin magnetic layer, d8ilbetween the thin
7~dm/dt=—dM4/dt. (11)  layer and the nonmagnetic back layer. At each interface there
are 3 components each fon andj, to match; in all 18
By following this alternate path, which is indeed the pathparameters. One approximation, which is valid for all cases
taken by most who have worked on this problem, we write of interest, is to consider the nonmagnetic spacer layer thick-
ness small compared to the spin-diffusion length in the non-
7~ dm/ dt+ dj /1 X, (12 magnetic spacer, i.ety <)\2‘d|~600 nm. Then botm and
jm are constant acrodsy;, in which case we can focus on
which says that the torque transmitted by a steady-state cuthree layers and only 12 parameters. In Appendices B and C
rent is given by the gradient of the spin current. When onéye derive the boundary conditions on the accumulation and
integrates this over a layer, or even across an interfac&urrent; with these conditions we can determine the spin cur-
which absorbs the momentum, we find rent across the entire structure, and consequently the spin
torque and effective field acting on the thin magnetic layer.
e i _ Without further simplifications we are unable to give analytic
Ar= fo (A m/X)AX=]m(te) = jm(0). (13 expressions for the accumulation and current across the
multilayer, and present our numerical results for these quan-
But from Egs.(3), (5), and(6) titie_s as We_II as the torque and fie_ld they create. In Fhe__fol-
lowing section we derive an analytic expression in a limiting
case.
(14) In Fig. 2 we show theotal (not per unit length as in Ref.
5) spin torque and effective field, see EG0), as a function
of the thickness of the thin magnetic laytgrwhich is being
From this form it follows that thex component of the torque Switched; for these figures we have takep=4 nm, which
comes from they component of the accumulation 8 is ~ is comparable to\n;,=6 nm in the bulk, andAf
defined as the direction in the layer which is receiving the =60 nm. While this value ok ; may be larger than what one
spin angular momentum. So this is contrary what one mayhould use for, say Co, the plots clearly indicate the new
think from hastily looking at Eq(5) where one sees that the phenomena that occur around the interfaces. In these plots
x component of the spin current is related to tieomponent we have considered neither specular nor diffuse scattering at
of the gradient of the spin accumulation; however, for thethe interfaces; the diffusion constail, is taken to be
torque it is thegradientof the spin current that enters. One 102 m?/s in the magnetic layers, and<L0 3 m?/s in the
can also apply Eq(13) across an interface aab initio ~ nonmagnetic layers here, as well as in all following plots.
calculationd~* have shown that spin-dependent specular reWhile the torque rapidly increases for small but fintie
flections indeed induce a torque at interfaces. In this case Eez )\ ; and then gradually levels off, the field is largest about
(14) should be interpreted as the discontinuity of the spinte~0.5\; and then decreases towards zero ijth this can
current at an interface; this is concomitant to either a rotatiobe understood as follows. When the thickness of the thin
of the accumulatiomn across the interface, a discontinuity in layertg is much smaller tham ;, the spin accumulation in
m, or a discontinuity in the background magnetization as wehe thin layer is the same as that of the thick layer at the
discuss in Appendix A. interface, and its direction is parallel to that of the magneti-

mX My
2
)‘J

(9jml X)~—2Do(d*m/ 9x?)~ — 2Dy
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FIG. 2. Total torquea sin thlﬁje(hagleuB) (a), and total effective field sin 6t; /Bje(hagle,uB) (b) acting on the thin ferromagnetic layer
as a function of its thicknes for A;=4 nm, \5;,=60 nm, and zero interface resistank® =0.

zation of the thick layeM{?) (remember we are not consid- tributions to the spin current in the regior»> —\ ;. This is
ering torques created at interfagesherefore, only the clear from the plots fomn, and jmx which goes to zero,
effective field exists, see EG10). As tr increases the spin While my—msiné, jp,,— Bjesing, m—mcosé, and jp,
accumulation in the thin magnetic layer rotates away from ~/A)eC0sé. With this identification it becomes clear, for ex-
M{?) and develops a transverse compondif x MV, i.e., ampie(,) why for §=90%, jmy—1, in units of Bjc, while

a spin torque develops. Indeed whige>\,;, the spin accu- m'El'he .results for the spin current in Fig. 3 are interesting;
mulation is rotated in the thin layer and thus the componen '

. e PONCMAr to the left the current is polarized alond{? as one
of the spin acc.umullauon in the plgne pf the.m.agnetlzanon%xpects in the bulk of a ferromagnetic. Also in the nonmag-
decreases rapidly, i.e., the effective field diminishes faSteﬁetic layer to the righk>t. there is no, or very little, spin

than the torque. As increases further there are no addi- ¢ rrent in thex—y directions; the current is polarized along
tional contributions to either the field and torque, becausg;(1) o the region— \ ,<x<tr acts as a “spin filter’

they represent effects that are centered at the interface Witasmuch as the component of the current transverse to the
the spacer layer and averaged over the entire thickness of theaynetization of the thin layer which is being switched is
thin magnetic layer. Although the effective field is negligible «3psorbed” within this region. That much has been predicted
compared to the torque in the limit of large it is notewor- by most treatments of current-induced switchtrfgthe sur-
thy that at its maximum the field is at least as large @&  prise lies when we look at the enhancedy or transverse
One also notes that while the torque and field teenasd b components of the spin current in the region abouD .8 As
are largest forg=180° and 0° they do not act on the back- the “torques” (what we call the spin torque and effective
ground magnetization because 8ir0; hered is the angle field) transmitted to the thin layet are just the difference
between the magnetizations of the thick and thin magnetibetween the transverse components of the spin current at the
layers. The largest effects are found #r 150°— 170°. boundaries of the thin magnetic layer, see E@), we find

In Fig. 3 we show the accumulation and spin current thatry= ] m x(X=tg) = jmx(X=0)~b for the effective field, and
produce these torques and fields for a thin-layer thicknessy=jm,y(X=tg) —jm,y(Xx=0)~a for the spin torque are both
t==3 nm which is close to where the torque term starts tcamplified when compared to what one finds when one ne-
not show the nonmagnetic spacer layer in these plots, i.e., we=0 is pinned so that the enhanced torques acting in the
plot m andj, as if ty=0. Also we take the magnetization in €gion of the interface do not produce any rotation. Zive
the thin layerM gl) as our globak axis; the current is along longitudinal component of th.e incoming spin current is not
the x axis which is along the growth direction of the ab_sorbed by the thin magnetic Iayer as th_ere is ho t.ransfer of
multilayer, and they direction is perpendicular to the other =P angular momentum along this directidp€Xsq); see

’ ; Fig. 3(f). The slight decrease ijy,, is due to the ambient

%pin—flip scattering in the magnetic layer which is character-

. ) ized by Aiy~60 nm in the plots shown in Fig. 3. The
ever for the thick layer, whose magnetizatib?) is at an much slower decrease i, ,(x>tg) comes from the spin-

: 1
angle ¢ relative toM{”, the globaly and z axes do not fip scattering in the nonmagnetic layer whosel,,

define what is meant by longitudinal and transverse in this_goo nne\F ;.

layer. Also in the nonmagnetic layers, where there is no equi- The |arge enhancement of the transverse spin currents can
librium magnetization, we talk only about longitudinal accu- pe ynderstood as follows. Around=0, which in our picture
mulation. Far from the interface<—\, the accumulation  contains the interfaces between the thick and thin magnetic
and current in the thick layer are collinear with backgroundjayers, the source term for the transverse spin accumulation
magnetizationM ), i.e., referred to its local axes they are i comparable to that for the longitudinal; as mentioned in
longitudinal with no transverse components, and the spifhe preceding section the spin accumulation makes up for the
current approaches its bare vajye- 8jM{” [see Eq(5)];  discontinuity in the “bare” spin current. At the interface be-
even though one still has a longitudinal spin accumulation inween the thick and thin layers, this is the component of the
the region— A5, <x<—\ its gradient is small compared to spin current, coming from the bulk of the thick magnetic
that of the transverse accumulation which makes large corlayer, that is perpendicular to the magnetization in the thin

thin magnetic layer refers to the directionandx—y ; how-
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FIG. 3.x, y, andz components of the spin accumulation 8j./v2\ ;J(ha3/eus) (8—(c), and spin-currenjt 8j, distribution(d)—(f) in
the structure shown on Fig. 1 fas=4 nm, \5;,=60 nm, and zero interface resistance.

layer. The distance over which it is absorbed is much smaIIeARI =0, to show effect of smallex, on torques; an¢§d|

than that for the longitudinal accumulatian<\£,,. There- =30-60 nm,\,=1—4 nm, AR, #0, to show effect of in-
fore, the gradient of the transverse accumulation about terface scattering on torques. We account for this scattering
=0 is large and as it is the gradient that contributes to thg, Appendix C by introducing thin “interfacial regions” in
spin current, Eq(5), we find an amplification of the trans- {he magnetic layers which have the enhanced scattering
verse components of the spin current at this interfaeally  foyng at interfaces, and derive the boundary conditions on
two interface This amplification isnot a maximum about  he accumulation and current in the presence of interface
6=90°, because in addition to the bare contribution, there igcattering as we let the thickness of the region tend to zero.
the component of the spin current that arises from the longiThe amount of the scatterinyR, and its spin dependence
tudinal accumulation in the thick layer, i.e., parallel to the 3ve taken from experimental data on CPP-&RvVhile the
magnetizatioM . For §=90° this longitudinal accumula-  giffuse interface scattering by itself produces sizeable dis-
tion is quite small, see Fig.(8), so that there is little ampli- continuities in the accumulation it does not create much
fication at this angle. In the following section we present aspin torque; this is one difference between our treatment
more quantitative reason for the enhancement. and others.

The plots in Fig. 3 were for the case ®f,=60 nm, In Figs. 4 and 5 we summarize our findings by showing
=4 nm, andtg~ where the torque starts to saturate. To plots of the spin torquasin @ and effective fieldb siné as
determine the roles of the spin diffusion lengitfy, (while  functions of the thickness: of the thin magnetic layer for
keeping\ )y,=600 nm), the spin transfer lengily, and the  different combinations ok ; g, AR, and for two differ-
interface resistance due to diffuse scattering at the interfacesnt angles, 30° and 150°, between the magnetic layers. We
AR, (see Appendix B on these plots we have rerun our find that interface resistance increases these torques and
program for:\fy=30 nm,\;=4 nm, AR =0, to show ef- causes the spin torque to achieve saturation for smiller
fect of reducedigq on torques;\f, =60 nm, A;=1 nm, By reducing the spin-diffusion length tf,=30 nm, we
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FIG. 4. Total torquea sin 6t /8j(hadeus) (a), (c), and total effective field sin &t /8j(hadeus) (b), (d) acting on the thin ferromagnetic
layer as a function of its thicknesgs for 6=30° for different values ok ; and\ £, in this layer, with and without interface resistance. Case
N;=4 nm, Agq=60 nm is represented by the solid line, casg=4 nm, \sq=30 is represented by the short-dashed line, cage
=1 nm, A¢q;=60 by the dashed-dotted line, and case=1 nm, A;4=30 by the long-dashed line.

find the spin torque and effective field are reduced. When we
reduce the spin transfer lengthxg=1 nm we find the spin

torque achieves saturation for smallgr and the effective 4 picture of the region in which spin angular momentum is

field is increased and peaks for lowtgr. transferred that is somewhat different from the conventional

While the number of plots for the accumulation and cur-picturel? i.e., that the spin transfer, as it is called, occurs
rents for different parameters and thicknesgeare too nu-  within the few angstroms or monolayers of the thin magnetic
merous to be shown in this paper, one can view them, inayer that is being switched. In the conventional picture we
color, at our website http://physics.nyu.edavs203 . would find the transverse spin current in the ferromagnet

IV. SPIN TRANSFER LAYERS

From the results presented in the last section we arrive at
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FIG. 5. Total torquea sin 6t /Bj(hadeus) (a), (c), and total effective field sin 6t /8j(fa)eus) (b), (d) acting on the thin ferromagnetic
layer as a function of its thicknesgs for §=150° for different values oX , and)\gdI in this layer, with and without interface resistance. Case

N;j=4 nm, \;q=60 nm is represented by the solid line, casg=4 nm, \;4q;=30 is represented by the short-dashed line, cage
=1 nm, A;q;=60 by the dashed-dotted line, and case=1 nm, \¢q=30 by the long-dashed line.
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would be zero rlleaxwo, and the smalle?\J the closer to m(x)=AN zemgdl, (15)
x=0. In the thick magnetic layer we find the transverse ' . ' '
components of the spin current goes to zero as expected fromhile for ty+d<x<ty+tg in the thin magnetic layer that is
Eq. (8), however, for the thin layer we find the region of spin to be switched,
transfer, defined as that in which the transverse components WF o
of the spin current are absorbed in Fig. 3, is overehére m(x)=(Be"sai+ Ce " sa)My, (16)
thin layer when we takég=3 nm; this corresponds.té and in the nonmagnetic back layer for ty+te,
=t:/\2\;=0.5 for the \;=4 nm we chose. For thinner

. . . N -
layers, e.g.tr=11 A, the transverse spin curreit y is not m(x)=Ee saM ;.. (17)

entirely absorbed by the layer. To better understand this be- ) »
havior we varied the length scale, from 4 nm to 1 nm The constants are obtained through the boundary conditions

while keeping thetz=3 nm the same, i.e., we varigdbe as we now show. These relations explicitly state that the spin
F— gy Gy -

tween 0.5 and 2, and found the transverse current still goet C:lfg:] lljll(",’}t(')?rt]h': fpe ur:gxéorr]\gelttil::dlgaelzr%%:sktgi deiﬁfr:rlc;nse;re n
to zero only atx=tg. However, for larger thicknesses gf g y Y

. Y and outside the interfacial spin transfer regions. To determine
such that=5 and by reducing the resistivity of the nonmag- p g

. ) 3 X the spin torque for each individual ferromagnetic layer, one
netic back layer relative to the magnetic layépically by ae4s to find the spin curreptand spin accumulatiomy in

a factor of 5,_We do fin.d the ar_1ticipated .behavior, i.e., the the nonmagnetic spacer layer. By assuming that the spacer
transverse spin current in the thin magnetic layer goes to ZeMyvert,, is small compared tmNdl i andm, are constant

- . - - sdl
before reaching the interface V.V'th the nonmag_nehc b"?‘CiécrosstN. Thetransversecomponents relative tiy (M) of j
layerx=tr. The reason for the different behavior in the thin andm, vary rapidly in the interfacial regions atdd<x<oo

layer arises from its g:onfmed geometry, i.e., the reﬂe(.:tlon%ndt,\,<x<tN+d (indeed they may be discontinuguahen
from the thin magnetic layer/nonmagnetic back layer inter- L . i
face create the patterns observed for the transverse s tlzompared to théongitudinal spin current and accumulation
currents P Pihich are continuous across the interfaces between the

On the basis of our results we can model the transfer o pacer'and the ferromagnetic layers, i.e., are constant' across
the spin angular momentum as occurring over a region o he entire region-d<x<ty+d; therefore the latter provide

several lengths of size; in the magnetic layers. We arrived he bridge between the accumulations in the regisss
at this result byassumingthe transport in the spin transfer —d, Eq.(15) and those fok>1y+d, Eq.(16). For example,
region is diffusive, so thak ;=\ pyd,/37. In a ballistic M- Moo= A (18)
treatment of this region one woupmbsitthat whatever trans- R

verse spin current enters the thin layer is absorbed by it oveand by placing Eq(15) in Eq. (5) we find

a characteristic lengtti,=27|k;—k | %, i.e., one could re- .

place our diffusive results withab initio calculations of the Jo: M2=,8je—2D0A/)\§d, (19
spin transfer across the region which is withdp of the
interface’* Having noticed this difference between diffu-
sive and ballistic treatments of transport near the interface,
is still necessary to performglobal diffusive calculation of
the spin-accumulation attendant to CPP across the entire p
larlike structures to determine the actual spin currents an
concomitantly the angular momentum transferred to the dm m

background magnetizatiorj;,, is not just its bare value d_OXM1,2;FOXM1,2* (20
BjeMy in these multilayered structures. Instead, one should X

self-consistently determine the transveessd longitudinal — and as the spin current is related to the gradient of the accu-
spin accumulation by taking into account the entire structurgnylation by Eq.(5) we find thatj,x M, ,= = (Dg/d)m,

as we have shown in the preceding section; here we presegty], , is approximately valid. By using this relation along

a simplified calculation that gives an analytic expression fokyith the boundary conditions mentioned above, we arrive at

the amplification. o the transverse current density in the spacer layer
Let us consider the limit that the transverse components

of the spin-current decay on the length sceje<tp<\g. i = B[ SiMO+(2d/\g)co28] M X (M X M),

Based on the band structure and the quantum-mechanical (22)
probability spin current, is only a few angstrom&.* We o

can incorporate this picture of interfacial thin “spin transfer Where we have taken the limit thet<tr<\s;. Clearly, asf
regions” into our global diffuse picture of the transport in the goes to zero orr, the magnitude of the spin torque is en-
same way as we inserted Scattering at interfdsegcu]ar hanced by a factor Gfsf/Zd Compared to the bare transverse
and diffuse in our calculation of CPP resistant&That is,  currentBj M, X (M;XM,). This huge enhancement comes
we posit that the spin accumulation in the region to the leftrom the interplay between longitudinal and transverse accu-
of thin spacer layex<—d, whered=d in the ballistic  mulations; it is the result of the global nature of the spin
limit and d=A\ in the diffusive limit, is(see Fig. 1 current even though the transverse component of the spin

for the interface ak=0. Similar expressions can be written
I({Jown at thex=ty andx=ty+tg interfaces.

As we postulate that the transverse components of the
I«171_ccumulation and current are limited to a spin transfer region
8f sized at the interfaces we have
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current and accumulation are absorbed within a regi@i  two “thick” magnetic layers, i.e., neglecting reflections
the interfaces. One should not take the lighit:0, because from the outer boundaries of the layers, with the mag-
the assumptions we made about the spin accumulation, EgsetizationsM ("= cos@2)e,+sin(@/2)e,, M{'=cos@2)e,
(15—(17) and (20) break down, i.e., in our calculation the —sin(6/2)e,, wherex is the direction of the electric current,
transverse currefjf cannot be absorbed withihas it tends ~ with a nonmagnetic spaceg<\L,,, and zero interface re-

to zero, and the enhancement does not blow up. sistance we obtain E¢23) with
There is an analogy with how one treats depletion layers
in semiconductop-n junctions; while the transport is treated 1
by the diffusion equation the characteristics of the depletion XTNT L (24

layers themselves are determined from quantum mechanics,
Similarly, while the matching of the Boltzmann distribution where

functions across interfaces are described by quantum me- (1= BB\

chanics, the overall transport in the magnetic multilayered A= L (25)

structure is a problem of diffusive transport. \/E)\Ed,

It should be stressed that this expressionyfas based on
the assumption that;<\ =Ny /V1—BB’. For cobalt\

The resistance of a magnetic multilayer for CPP has beef of the order of 3 nml\gdl is about 60 nm, taking? to be
extensively discussed. At first one limited oneselfntomi- .58 and calculatingd’ ~0.9 by using the densities of states
nally collinear configurations of the magnetic layers, i.e., fer-for up and down electrorfS,we estimatey to be about 50.
romagnetic and antiferromagnetic alignmerts-0°,180°  \We are unable to compare this to data on systems containing
(Refs. 12,13 and noncollinear structures were consideredcobalt; the one system that has been accurately measured has
where we took account only of the spin-dependent scatteringeen a series of Py)/Cu(20 nm/Py(t) ESBV with variable

through layer-dependent self-energies, but left out the effegiermalloy thicknesses ranging from 6-24 nm. The best-fit
of the background magnetization on the band structure, i-eyieldedX=1.17; however, asJ:)\Ef for permalloy our ex-

we considered conduction by fre_e-electron stateEhe ef-_ pressions fory are not applicablésee Appendix A
fect of band structure on CPP resistance has been con5|deredBy taking into account the resistance of the interfaces
0
by Vedyayev’:. _ o etween two FM layers and the normal metal spaA®, ,
When the idea of current induced switching was proposeg,« optain
it was immediately recognized that the transfer of angular

V. CORRECTIONS TO CPP RESISTANCE

momentum from the polarized current would have an effect 1 r
on the voltage drop across the multilayer being studfed:; X=ygn Lt —, (26)
since that time there have been several calculations of the (1+n) (1+0)(1-yy")

CPP rg:_sistance as a function of the _angle between magnet'%erer=AR|e2Ng(eF)(1— Y'31(1— y+'), eis the electron
layers?~" Also there has been experimental data on several NL is the density of stat { the interf A
multilayered structures that have confirmed that there ar&"arge.No 1S the densily of states at the intertage,y', y=
corrections to the simple c#/2) dependence of the CPP are the spin-polarization parameters for the con_ductlwty, dif-
resistancé? However, one impediment was that for multi- fusion ;onst?/r\}t, anq density bOf sLatessalt fthe mbtelrf(m
layered structures one does not have a good knowledge GyPpendix 2. We estimatey to be about or cobalt.

the orientation of the magnetization for the individual layers,
so that one does not have good data on the angular variation VI. DISCUSSION OF RESULTS
of the resistivity. Recently a study of this was made on an  the salient conclusion we arrive at is that the bare cur-
exchange biased spin valNESBV) so as to have a precise onts do not correctly estimate the amount of spin angular
determination of the angular dependence of the CPP*MR. omentum transferred from the polarized current to the
The normalized angular dependence of the resistance W ckground magnetization of the magnetic layers, in the lay-
defined as ered structures that have been studied to date. It is necessary
R(6)—R(0) to do a comp_le_t_e “globally diffusive’f transport calculation,
o= o (22)  With the possibility of interfacial ballistic inserts to account
R()—R(0) for the spin transfer there, in order to ascertain the enhance-
ment of this spin transfer by the accumulation attendant to
CPP transport. The size of the spin transfer region has not
been resolved, but we can circumvent this uncertainty by
Lﬁa&) (23 postulating a regiord in which a transverse component of
1+ xcog(6/2) the accumulation and current exist, and we can place in this
sector either results obtained fraah initio calculation? or
Here we present our calculation of the angular depeneur diffusive spin transfer. Also when we consider diffuse
dence of the CPP resistance based on the spin currents wserface scattering, the mean-free path in the region of the
find by using the diffusion equation for the spin accumula-spin transfer is considerably smaller, by at least one order of
tion in noncollinear structures; see Sec. Il. By treatingmagnitude, than in the bulk of the layers.

and the data was fit to

norm—
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The uncertainty in the size of the spin transfer region ACKNOWLEDGMENTS
comes from estimating the magnitude of the sd exchange
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Appendix A for permalloy?’ unfortunately no data exists

We would like to thank Albert Fert, Herve Hurdequint,

for Co® Indeed when we use this value fband thek g, in APPENDIX A
the bulk of Co, we find\ ;~3 nm in which case the spin _ o o
transfer region would be larger than tdg of the order of We separate the spin accumulation into longitudiipair-

several angstroms anticipated by othfers.However, when allel to thelocal momenj and trqnsverséperpendiculgr to
we use the\ ¢, appropriate to the interface between Co andthe local momen} modes. Equatior6) can now be written
Cu®?*we find\ ;~1 nm which is comparable to the upper 35
limit estimated from data on Co/Cu pillaf3.

Our conclusion about the amplification of the spin torque m_ my Je a_p
is independent of the size of the spin transfer redamslong Ix2 7\§d| " 2D, ax ¢
asd is large enough so that we can consider the conduction
in the semiclassical approximatiprbecause our overall cal- where Agq=+\1-BB \s;, D;=V1—BB Dy, and p(x)
culation of the diffusive transport outside the spin transfer= gM,, which represents thbare spin polarization of the
regions remains valid, in as much as it is identical to thecurrent coming solely from the electric current in the absence
well-established theory of Valet and Fert for CPP transportof spin accumulatiofsee Eqgs(5) and(2)], and
However, themagnitudeof the amplification of the spin
torque does depend af) see Eq.(21). The size of the spin
torque transmitted to the background is primarily governed

(A1)

2
amL mj_ mJ_XMd

by: the spin-dependent transport parameters of the thick ax? ng )\§

magnetic layer which creates the polarized spin currgnt, .

A, the spin-dependent interface scatterin rameter le |9P P

=ay, the spin-dependent interfac g paramete = 55| 3 Mo | 3,0Mg | XMq|. (A2)
and the resistivity and spin-diffusion length in the normal 2Dg [ dx X

back layer relative to that of the thick magnetic layer. The o ] )
characteristics for the relatively thin magnetic laygraised ~ 'N€ longitudinal accumulatiom) decays with the length
to observe current-induced switching do not determine th&cale of the spin-diffusion lengthyy, while the transverse
overall spin accumulation and current in the sample; othefPin accumulatiorm, decays as\, when we assuma,
than sensing the spin-polarized current through the sd exS\st- In @ typical transition-metal ferromagnet, e.g. Co, the
change interaction they do not affect the size of the spirsPin-diffusion length\ s has been measured to be about 60
torque acting on the thin layer. nm,'®2*so thath 3= \gq/V1— BB’ is about 80 nm. We es-

In our treatment of current induced switching we consid-timate ; by taking the typical diffusion constant of a metal
ered spin transport across the entire CPP structure rather thimbe 3<10™% m?/s andJ=0.1-0.4 eV (Ref. 28 so that\ ;
for the interface region alone, i.e., we have considered thé about 1.5 nm to 3 nm. Thus, the transverse spin accumu-
spin torques due to the bulk of the magnetic layers and thd@tion has a much shorter length scale compared to the lon-
which arises from diffuse scattering at interfaces. We havditudinal one; it is larger than the mean-free path in the in-
not considered the problem of matching the distributionterfacial region between Co and Cur1l nm, and is
functions across adjacent layers in the presencepetular ~comparable to\,;,~6 nm in the bulk of Co. For permalloy,
scattering at the interface; this requires a knowledge of th&vhere we can use the value df0.106 eV measured by
band structure in these layers and is outside the scope of ogpnduction electron resonarfée ;~3 nm which is compa-
study. The parameters entering our theory are determineble to Ay ,. We estimatehg; for permalloy by taking
from CPP transport measurements, exceptJfathe sd ex- Asg=5 nm, 3=0.7,*® and estimatingd’ ~0.95 by using the
change interaction. Previous treatments highlighted the spidensities of states for up and down electrdheie find \;
torque that is attendant to ballistic transmission across ar 10 nm. Therefore for multilayers containing Py our treat-
interface between magnetic and nonmagnetic layers; as is thent is not directly applicable as we assume in most of our
case for GMR reality is probably a mixture of these twowork \ ;<<\4¢; we have to go back to the diffusion equation
different positions. in Sec. Il and solve the equations in this lirfit.
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It makes a difference whether one treats the magnetizatior
My(Xx) as a continuous function or as a finite difference. For . S
example, in a domain wall, where one treats the magnetiza
tion as a continuously rotating vector, there is no longitudinal
component of the spin accumulation coming from the
interior of the wall itself becaused(dx)p~ (d/dx)(My) is
perpendicular, “tangential,” toVi4. In this case the trans- FM I NM
verse component of the source term exists. In our treatmen ' ! X
of transport across a domain wall we accounted for the con-
tinuously rotating magnetization in the wall by determining  FiG. 6. Structure of the interface between the layers at Fig. 1.
the correction to the electron states induced by the rotationsm is a semi-infinite ferromagnetic layer with the local magnetiza-
in spin spacé? we did not consider any spin accumulation. tion M{P)=cosée,—sin e, | is a diffuse interfacial layer with the
Another treatment of the same problem by Simdfe#ok  same local magnetization as in FM layer, and NM is a semi-infinite
an approach for the domain wall which is more consonanhonmagnetic layer.
with the equation of motion method we follow in this paper.

In that approach the transverse spin accumulation due to ti\ﬁ/

) , o : hen two identical magnetic layers are noncollinear there is
continuously rotating magnetization was determined, and he :
i L . a transverse source term given by E44) as well as a
was able to calculate its contribution to the domain-wall

resistance. longitudinal one, Eq(A3).

This continuous treatment for domain walls has to be con- " the multllayered.structurg depicted in Fig. 1,’ which
trasted with the conventional treatment for current perpenMCdels the case studied up till now for current-induced
dicular to the plane of the laye€PP in magnetic multi-  SWitching, no two magnetic layers are adjacent so the sole
layers where one focuses on the discontinuous variation cfource term that exists is given by H&3). In this case the
the magnetization between the layers; in this case one indedundary condition at the interfaces between adjacent
does have a longitudinal source term for the spin accumuladEM/NM layers is given by Eq(A6). However, as we make
tion as we now show. In the usual treatment of CPP wdhe assumption that the thickness of the nonmagnetic spacer
assume that the magnetization is uniform throughout a layeayer between the two magnetic layers is much smaller than
so that the source term is confined to interfaces betweeRl, we can replace the two sets of FM/NM boundaries by
layerst**3in this case one can take into account the sourcene and use the conditions, E¢a3) and (A4).
terms by appropriate boundary conditions; this is the proce-
dure usually followed when calculating the spin accumula-

<)
=<

\

tion in magnetic multilayer$® By discretizing the source APPENDIX B
terms in Eqgs.(Al) and (A2) we find for the longitudinal
accumulation In this appendix, we derive the boundary conditions at the

5i interfaces between the layers in Fig. 1. To achieve this goal,
le A1t K ' we consider a subsystem shown in Fig. 6 which consists of a
2D, j:iEﬂ Mi(1=M;-M;)a(x)), (A3) semi-infinite FM layer withx<<0 with the local magnetiza-
tion M=coste,—sinde,, a diffuse interfacial layed be-
tween 0<x<d' with the same local magnetization as in the
Bie R . FM layer, and a semi-infinite NM layer for>d'. Whend'
2D, 44 M; X (M; X Mj) 8(%;), (A4) s infinitesimally small, this subsystem represents the three
- FM-NM interfaces in Fig. 1, i.e., between the thick FM and
where the layer we are considering is labeledvhile the  spacer layers, between the spacer and thin FM lafengn
interfaces with the adjacent layejs-i=1 are atx;. For  spatially invertegi and between the thin FM and back NM
collinear structures we see that the transverse term is zerdayers. We assume that both spin accumulation and current
the longitudinal source term at the interface between tw@re continuous at the FM-and|-NM interfaces, and derive
identical magnetic layers is zero if they are parallel, and  the relation between spin accumulation and current=a@
. with the same quantities at=d' as the thickness of the
&Mﬁ(xo) (A5)  interfacial layerd' goes to zero. In this limit the parameters
Do of the interfacial layer, such ag,,, 74, J', A, and, most
if they are antiparallel; her, is the coordinate of the inter- important, its resistanc&R, remain constant; the latter con-
face between the two magnetic layers. At the interface bedition implies that the diffusion constant of the interfacial
tween magnetic and nonmagnetic layéFs1/NM) only the  layer Dy~d' asd'—0.
longitudinal source term existgrespective of the alignment We solve Eqgs(7), (8) for the spin accumulation and use

while for the transverse accumulation the source term is

of neighboring magnetic layer# is Eqg. (5) to find spin current in the ferromagnetic and interfa-
: cial layers. By adopting a set of local coordinatesy(z)
&Mig(xo). (A6)  such that thdocal magnetization isM;=e¢;, the spin accu-
2D, mulation and current in the FM layer take the form
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The boundary conditions for the continuity of the spin
accumulation and current at the interface between ferromag-
netic and interfacial layex=0 take the form

2ReG,=2ReGs+ 2ReGy,

2IMG,=2ImGs + 2ImGs, (B5)
G1:G3+G4
and
G Gs—G
—4D5Re — | =—4D}Rel ——— |,
I I
G Gs—G
—4DfIm| 2| = —4Dhim| —=—2|,  (B6)
IF I
2D5(1-BB') 2D5(1-yy")
jom — T Gy = e (G5~ G).
}‘sdl )\sdl

To relatem™(0) to m'(d'), andj’(0) toj! (d"), we use
the assumption that as the thickness of the interfacial layer
goes to zero, other parameters of the interfacial layer, such as
)\Sd|, J', and\); remain constant, but the diffusion constant
Dg, goes to zero with the same rate ds so thatd'/Dg
=const. Then, for example, for smail<\, the x compo-
nent of the spin accumulation at=d' may be written as

|
m';(d'a0)~2R6165+Gﬁ)+2R6((G5—Ge)|d,—

(B7)

By comparing this expression with Eq®5) and (B6), we
obtain a relation between thecomponents of spin accumu-
lation and current at=0 andx=d':

| Gs X
Jmy= —4Dg[Im Il—ex o —Im d'
+ + E m_( —0)= m_(O)_J _(0) ’ (B8)
(B4) 2Dy
| 2DL(1—yy') X and similarly,
Asdl Nsq | . F d'
y m;(d'HO)zm;(O)—Jm’;(O)Z—DB, (B9)
—G4exp( - |_) .
)\Sdl y d|
Herep, B’, are spin-polarization parameters for the conduc- m';(d'a0)= mZE(O)+je—, -
tivity defined in Sec. Il;y, v’ are similar parameters for the 2(1=vy") Dy
diffusion constant defined &3, = yC My in the bulk of the 1 d'
ferromagnetic layer, an®,=vy'DgMy for the interfacial _ern,E(O)—,T- (B10)
layer, and 2(1=yy') Dy
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In a manner similar to Eq(B7) the;component of spin

.Y 1
current atx=d' may be written as m3(0) —m{P(0)=—rj, ~+1j05(0) o
=7y 1-vyy
. Gs5—Gs . ! and
JLI;(d'—>0)%—4D'ORe( , )—2Re(|(c35+(36))T
+ I 9l
+S 1 _ 1
By comparing this expression with Eq®85) and (B6), we Jx(0) = 5(0)=m{ )(O)T
find the continuity condition for thex component of spin
current d'J
Imy(0) = 5)(0)=— m‘1’<0>— (B17)
' dl |
I d'—0)=]; 5(0) ~m(0) ——, (B11)
. d'
and, similarly, im0 =j5%(0)=mM(0) -
Tst
19l
j'm{d'_>0)=j;{0)+m§(o)d—‘] (B12) Note that spin-current conservation condition at the inter-
Y i h faces, which means that there are no torques acting at the
and interfaces, is due to the infinitely small thickness of the in-

terfacial layersd'—0. To write the boundary conditions at
d' the interface between the thick FM and NM spacer layers at
mearz(d —>0)_j —(0)—m—(0)—. (B13)  x=0, we have to change from the local coordinate system

o (x,y,2), related to the magnetization direction in the thick
With these relations we can now obtain the boundary condiFM layer, to the globalX,y,z) system. Any vectoa will be
tions at the three interfaces in the multilayered structure detransformed according to the following rule:
picted in Fig. 1.

By using the conditions, Eq$B8)—(B13), the boundary ax=ay,
conditions at the interface between the tkfinst) ferromag-
netic and nonmagnetiN) layers of the structure shown in ay=a,cosf+a,sin, (B19)
Fig. 1 atx=tg may be written immediately, since in the thin _
FM layer the local coordinate system,y,z) coincides with a;= —a,Sinf+a,coso.

the global axesx,y,z); we find By applying this transformation to the conditions, Egs.

(B8)—(B13), we obtain the following boundary conditions at
the interface between the thidkecond FM and nonmag-
netic space(S) layers:

my(te) —mB(te) = —rj G,

my (te) = miP(te) = —ri G (te), (B14)
my(0)—m{P(0)=—rj7},(0),

oY 1
my (te) —miD(te) =rje— " S imte)

my(0) —my~(0) = I’jel_ -sin¢
and
d'J (2) 1—yy'cosd
i tt)— 1 (te) = ) N
d'J! ) Y
me(tF)_J(l)(t )=m§1)(tp)7- (B15) +rjm (O)smecosﬁl_y7 ,
(B19)
dl
m2(te) — ifnn(te) = —m(te) -,
Tst m3(0) —m{P(0)=rj, -cosf
wherer=d'/2Dy,. Similarly, the boundary conditions at the 1=y
interface between the nonmagnetic spa@rand the thin p
(first) FM layer atx=0 take the form +rj (2) (O)smecosa1
—vy
m(0)—m{N(0)=rj ()(0),
o (2)(0) 1—yy'sirfe
m§(0) ~m{P(0)=rj 1}(0), (B16) ‘ 1y
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and . )
m;(0)—m;~(0)=

imx(0)= (2)(0)=_m§2)(0)cos¢9¥_m(zz)(O)sinG_d;LJl, z Z =y
4 g +rj “’(O)smacosﬁl_y,y
jﬁw(o)_ja,y(o):miz)(O)COSGT—mg,z)(O)SinZ&T

,(1+cos(9)

Tsf —1j (1)(0)2Lsm20
(2) . dl 1 ,y’),l L
+m;~(0)sind cost—, (B20)
Tst and
dIJI dl
ij(O) (2)(0)=m§2)(0)sin GT-FmZy(O)SinﬁCOSGT—I jfnl)(O)Zj%)(O). (B25)
sf
|
_ mgz)(O)co§0d—| _ Finally, we show that parameter d'/2D{, is proportional

to the interface resistancBR, found from CPP transport
measurement$. By considering expressiof#) for the elec-
Note that as the thickness of the interfacial lagiéigoes trical current in the interfacial layer, and the assumptions that
to zero, for diffuse scattering we considered one produceBy~d' and AL, remains constant as the thickness of the
large discontinuities in the spin-accumulatipqgs. (B14), interfacial layer d'—0, we find ARlzd'/ZCIO, or r
(B16), (B19)] proportional to finiter =d'/2Dy, but small  —g'/2D)=ARC!/D!. The parameter€!, and D! may be

discontinuities in the spin currentiEgs. (B15), (B17),  rejated via Einstein's relatiof, =e?N,(er)D;, so that the
(B20)] proportional tod', because), does not increase and parameter takes the form

75; does not decrease a@—0. In our picture finite thick-
ness of the interfacial layer is essential for torque production

Tst

at the interface. As we consider infinitely small interfacial - 1— 7"2
thicknessesl' =0, we obtain spin-current conservation con- r=ARe No(fp)l_ =, (B26)
ditions at each interface, Yy
iNte) =i B(tp), (B21)  whereeis the electron charg®y(e) is the density of states
at the interface at Fermi energy, ang’ is the spin-
i>(0)=jM(0), (B22)  polarization parameters for the density of states at the inter-
faces which is defined ds,= ’y”N My
and
j$(0)=j3(0). (B23) APPENDIX C
By eliminatingmS(0) andjS(0) from Egs.(B16), (B19), We solve the Eqgs(7), (8) for the spin accumulation in

each of three layers, and find spin currents using(Bg.In
the thick ferromagnetic layer, spin accumulation and current
take the form

(B22), and(B23), we finally obtain the boundary conditions
at the interface between thidlsecond and thin (first) FM
layers atx=0 (of course there is the NM spacer in-between,
however, its thicknessy is irrelevant for these boundary

conditions as long ag<\Yy): - 2Re{G [{ X ))
(1) @(0)=—2r]®) e 2R )
m’(0) —m~(0) = — 2rj ;,5,(0),
Y X X
m{P(0)—m{?(0)=—rj, -sin 0 m§2):2lm(Gzexp{—>)cosﬁ—Glex —— |sin®,
1_’)/’)’ |+ )\Sd|
/ (C1
(1)(0)2—)/7 (1+cog0)
1-vyy y y
y' (2)—2|m<Gzex;{| ))sin0+Glexp(T)cosa,
+r1(1)(0)sm000$0 , + A&l
1=y
(B24) and
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e aod el ]|

G, X
j$2)=—PBjesino—4D Im(I ex;{l ))cosa
+ +

2Do(1-BB") x|
+ O)\TG]_EX[{ E) siné (CZ)

(2) _ i G, X .
sz B]C0S6—4Dylm I—ex T sing
+ +

X
Glexp( T) cosé.
)\sdl

In the thin ferromagnetic layer

(1) X X—tg
m,~’=2Reg Gsex _E +2Re Ggex I ,

(1) X
my~=2Im| Ggexpg — —| | +2Im| Ggex

.

_ 2Dg(1-BB)

F
)\sdl

where

N E
4 = ——N
)\gf N oV2ay

PHYSICAL REVIEW B7, 104430 (2003

and

2D p( x—t )

N 0 F
im=—-—Aexp — . (Co)
" )\sNdI )\gdl

To obtain the 12 unknown constams, Ay, A,, Gy,
ReG,, ImG,, Gz, G4, ReG5, IMGy, ReGg, IMGg, we use
the boundary conditionsee Appendix B, Eq$B14), (B24),
(B21), and(B25)]:

me(te) —mP(te) = —rj (te),

my'(te) —m{P(te) = =i T (te), ()

mp(te) —miM(te) =]

Y (1) 1
- t
_ ’)/ sz( )1_
and

m{M(0)—m{P(0) = —2rj 1,(0),

W)= m@0)= —ri i
my~(0) —my~(0)=—rje — ~sin ¢

2—yy' (14 cog6)
1-vyy'

—ri53(0)

/

+1j (1)(0)S|necose
1-yy"

(C8)

mgl)(O)—mQZ)(0)=rjel ? ~(1+cos6)
—YY

I

+rj (O)smacosa
1-yy'

2—yy'sirfg

—riA0) ————,
1-vyy
imte) =i(te), (C9)
i30)=j(0), (C10

where the parameteris proportional to the interface resis-

and\ £y, is spin-diffusion length in FM layer. In the nonmag- tanceAR,, r=ARe?Ny(1—y'd/(1—yy'), e is the elec-

netic layer,

(CH

tron chargeN, is the density of states at the interfage,y’,

v" are the spin-polarization parameters for the conductivity,
diffusion constant, and density of states at the interféses
Appendix B. The other six boundary conditions come from
the conservation of spin current at the interfaces.
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