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Noncollinear spin transfer in Co /Cu/Co multilayers (invited )
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This article has two parts. The first part uses a single point of view to discugefteetionand
averagingmechanisms of spin transfer between current-carrying electrons and the ferromagnetic
layers of magnetic/nonmagnetic heterostructures. The second part incorporates both effects into a
matrix Boltzmann equation and reports numerical results for current polarization, spin
accumulation, magnetoresistance, and spin-transfer torques for Co/Cu/Co multilayers. When
possible, the results are compared quantitatively with relevant experiment200® American
Institute of Physics.[DOI: 10.1063/1.1446123

I. INTRODUCTION Boltzmann equation to compute current polarization, spin ac-
cumulation, magnetoresistance, and spin transfer torques in
In 1996, Slonczewskiand Berget pointed out that an  Co/Cu/Co heterostructures. This approach is restricted to
electric current that flows perpendicularly through a mag-Ohmic transport, but it permits us to treat situations where
netic multilayer can exert a torque on the magnetic momentthe interface resistance does not necessarily dominate the
of the heterostructure. The torque arises because a polarizé@nsport and also where the layer thicknesses are less than
electron in a nonmagnet feels a large exchange field when felevant mean-free path&That is, we can treat spacer layers
propagates into a ferromagnet. For at least two distinct reasf arbitrary thickness. Our main results af@) spin—flip
sons, this interaction induces a transfer of spin angular maoscattering in the external leads is sufficient to polarize the
mentum(and hence a torquebetween the current-carrying current;(2) the two sources of spin transfer torque identified
electrons and the ferromagnetic layers of the heterostructurebove combine in a natural way3) the magnitude of the
One source of spin transfer, theflection mechanism torque depends on the reflection coefficients, the spin-
occurs because the reflection coefficient for electrons incidependent conductivity of the ferromagnets, and the layer
dent on a magnetic/nonmagnetic interface is spin dependerthicknesses(4) the dependence of the magnetoresistance on
The spin content of the reflected and transmitted wave functhe angle between the two ferromagnetic magnetization vec-
tions differ (in general so, inevitably, angular momentum is tors is not exactly sfé/2; and(5) satisfactory quantitative
gained or lost to the magnetization in the immediate vicinityagreement is found with the magnetoresistance data of Ka-
of the interface. A second source of spin transfer,alter- tine et al but not with the data of Grollieet al®
aging mechanismoccurs because the spins of electrons
transmitted into a ferromagnet from a nonmagnet precess ogseRVABLES AND PARAMETERS
around the magnetization of the ferromagnet. On account of
this precession, the component of the total conduction elec- This section defines the observables we use to discuss
tron spin transverse to the magnetization averages to zeffansport and spin transfer. We also give the numerical values
when summed over all electrons. Since total angular momerf2f the parameters used in our quantitative calculations for
tum is conserved, the ferromagnetic moments gain what thehin Co layers embedded in bulk-like Cu. Several of the most
electrons lose. relevant observables involve incoherent sums of quantities
Motivated by theoretical considerations of this kind, andthat are defined quantum mechanically for each electron.
prior experimental indications of current-induced magneUcO”e familiar example is the electron number current density
excitations: groups at Cornéll® and Orsa§ recently demon-
strated that the relative magnetization of the cobalt layers in  j(r)= 2 [¢5Vi,+h.cl. (1)
Co/Cu/Co trilayer structureg¢Fig. 1) can be switched by
passing an electric current through the structure. The ob-
served asymmetry of the switching with respect to the direc-

z o
tion of current flow is indicative of the effect of spin transfer y 0 M
torques(rather than an effect of a current-induced magnetic X j M /
field).

The theoretical treatment of this problem is complicated
by the fact that the magnetizations of the ferromagnetic lay- o T Cu\
ers are necessarily not collin€ar. In this article, we use a

lead spacer “Co lead
3E|ectronic mail: mark.stiles@nist.gov FIG. 1. Co/Cu/Co multilayer with noncollinear magnetizations.
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Less familiar is the current density of spin angular momen-and majority electrons in the ferromagnets have different
tum conductivities due to different Fermi velocitiggffective
72 masses and different scattering rates. We also assume that
Q(r)=— am > (45 (1) 0y @V (N +he]. (2 the interface resistance is due to _specular reﬂe_ctlon mstlead of
diffuse scattering. We parameterize the reflection amplitudes

The gradient of this quantity at any point in space is the local” {6rms of dimensionless parameters, chosen to give the
orrect interface resistancEsin the form

torque/volume exerted by the electrons on the rest of th&

system. Discontinuities are local torques/area exerted by the o K2
electrons. As the product notation indicat€y,is a tensor |Ra(k)|2=Z—F2, (5)
becauser has a direction an¥ ¢ has a direction. a  Ke+K

It is particularly useful to define a current polarization
vectorp(r) by contracting the space part Qfwith the num-
ber current density:

for an electron with wave vectdr and spino=1,| incident
on an interface with normak. For simplicity, we choose
R,(k) to be real for all the calculations reported in this
2 Q(r)-j(r) article!* Measured values of the interface resistance for
= (3  ColCu(Refs. 15 and 1Bare consistent with calculated re-
sults from first principles in the specular lintit!” but they
For a distribution of electron®(r) andj(r) should each be are also consistent with calculations in the diffuse lithit.
computed separately and then contracted. For a completely Resistances extracted from experiments performed at
polarized currentp is a unit vector that points in the direc- Michigan Stat&>'® were used to determine the parameters
tion of the polarization. The length @fis the up spin current we use to model Co/Cu structures. These include the mean
minus the down spin current, all divided by the total currentfree paths for CuX=110 nm) and CoX;=16.25 nm and
for up and down defined with respect to the directiorpof A ;=6 nm) as well as the reflectivities for Co/Cu interfaces
Notice that the current polarization and density polarizatior(a;=0.051 anda|=0.393). The spin—flip mean free path
(magnetizationneed not lie in the same direction or have thefor Cu (\;| =vg7;;=2000 nm) was taken from the spin-
same magnitude. We discuss such an example below. diffusion lengthyA X, extracted from a different set of ex-
We will also have occasion to discuss the voltage dropperiments on multilayers grown electrochemicaflyThe
AV that occur over various portions of the sample. To belayer thicknesses were taken from the experiments done by
precise about our usage of this symbol, it is important toKatineet al® These aréc(1)=10.0 nm,tc,=6.0 nm, and
recall that both the electric field and gradients of the den- tc(2)=2.5 nm.
sity deviation from equilibriumsn(r) lead to electric current
flow. In this context, it is usu&t to define an electrochemical
potential

PO e

Ill. RESULTS
2
sn(r)—eV(r), (4) A. Current polarization by spin—flip scattering

— 2m7°veh
wu(r)= iz
F

Inside a ferromagnetic metal like Co, Ohm’s layy, (
as the combination that enters the transport equations. Here;o,E) guarantees that the current is naturatiglarized
E=—-VV(r). Of courseV(r) andon(r) are related by the (j;#],) because the conductivities for majority and minority
Poisson equation. However, as far as the transport equatiospin electrons are different{ # o), while both spin types
are concerned, it does not matter how the two are distributedeel the same electric fiel&. By the same argument, the
Therefore, we are free to choose an approximate solution afurrent is naturallyunpolarizedin a nonmagnetic metal like
Poisson’s equation for which there is no charge accumula€u becauser, = o =o. However, for a heterostructure like
tion, Sn(r)=0, and interpretA u/e as the voltage change the one shown in Fig.(2)—a thin ferromagnetic film sand-
AV. This is what we have done in this article. wiched between two nonmagnetic leads—the steady-state
On the other hand, the electric field does not couple tacurrent polarization can deviatéocally) from its preferred
the deviation of the magnetization from its equilibrium bulk behavior in the presence of spin accumulation.
value. This is called the spin accumulatiotm(r). Gradi- To see this, suppose first that spin—flip scattering is ab-
ents of the spin accumulation lead to spin currents. sent. In that case, the number densities of up and down spin
The numerical results we report in the next section wereelectrons are conserved separately and the two spin types
obtained by solving a matrix Boltzmann equatiee Ap- conduct electricity in parallel. Moreover, Bteady statethe
pendiX appropriate to each portion of the heterostructureup and down spin currentand the current polarizatiorare
shown in Fig. 1(leads, ferromagnets, and spacer lay€he time independent and spatially uniform everywhere. For a
reflection and averaging mechanisms of spin transfer are ifayer of Co of thickness sandwiched between two Cu leads,
cluded automatically when we match the solutions togetheeach of length_, a simple series resistor model for the two
suitably using a generalization of the boundary conditionsspin channels conducting in parallel gives the polarization of
described in Ref. 12. The details will be given elsewhere. the current as
We make several simplifying approximations which are
not intrinsic to the Boltzmann equation method. We assume =1 _
that all Fermi surfaces are spheres of the same size. Minority 11 +1, L(4oy0 /o) +t(o1+0))

(6)
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Waintal et al® Here, we focus on the scattering state for a
polarized electron in a nonmagnet<(0) that is incident on

a ferromagnetX>0). If the incident electron spin points in
an arbitrary direction € ¢) with respect to the permanent
magnetization, we can write its wave function in the form

p=e"'?2cog 0/2)| ;) + €' P2 sin(612)| ). (7)
Here,

M z ficientsR, andT, . This has been discussed qualitatively by
| X

. 3, . . | ) =(e™*+ R )[T)  x<0
-100 -50 0 50 100 :TTe‘kTXH) x>0

x (nm) i i
[ )= (e +R e )[]) x<0
FIG. 2. Current polarization for a single ferromagnetic layar.A thin Co =Tleiklx| l> x>0, (8)

layer embedded between two semi-infinite Cu le@lsCurrent polarization
(solid line) and spin accumulatioftotted ling for a single Co layer embed- are scattering states in a majority/minority basis. Inserting

ded in Cu. The spin accumulation, defined as a density rather than a magtq (7) into E iV he inciden rren larization
netization, is put in a dimensionless, scaled form by dividing by the ratio of a. (7) into g 3) gives the inc dent current polarization as

the current to the Fermi velocity. Pinc= (SiﬂHCOSd),Sinﬂsind), co9). 9

It is straightforward(but tediou$ to compute the corre-
This formula shows that the current is unpolarized in thesponding quantitiep,.s andp,, from the transmitted and re-
limit that the leads become infinitely lond.{- ). flected waves generated by E@). We omit them here and
Now introduce spin—flip scattering in the leads. The cur-focus instead on the extreme case whigfe=1 andR =0
rent polarization can vary spatially in this case because onljor an incident electron with a spin pointed in théirection
the sumof the up and down spin currents is conserved. Thigthe magnetization in the direction. In this case, the inci-
is shown as the solid curve in Fig(l® wherep=p,z. Note  dent spin current polarization s,.= (0,1,0). Only up spins
that the current in the ferromagnet is polarized and the curare reflected, so the reflected spin current polarization is
rent in the leadgfar from the interfacesis unpolarized. In  ps=(0,0,1). Only down spins are transmitted, so the trans-
between,p,(x) varies on a scale set by the spin diffusion mitted spin current polarization {&=(0,0,—1).
length. Therefore, the presence of spin—flip scattéfirdy Note first that thez component o, is the same as the
lows the system to accommodate as much as possible to tlzecomponent op,.q+ Py, - The numerical value happens to be
“polarization desires” of both the ferromagnet and the non-zero in this case, but the stated equality is a general result.
magnet (as determined by their intrinsic conductivities Nothing very interesting happens to the component of the
Nonzero values of the dashed curve in Fig. 2 identify por-electron spin that is parallel to the quantization axis of the
tions of space where the spin density deviates from its equiferromagnet. By contrast, the transverse component of the
librium value, i.e., spin accumulation. As mentioned earlier,spin angular momentum does change. From Newton’s law
the gradient of this quantity contributes to the current polar{and Ehrenfest’s theoremthis is possible only if the mag-
ization. netization exerts a torque on the conduction electron spins.
Returning to the solid curve, the fact thaf(x) is sym-  For other angles and other reflection amplitudes, the amount
metrical around the origin tells us that the steady state curef transferred angular momentum is more complicated, but it
rent distribution is equally polarized on both sides of theis nonzero in general.
ferromagnetic layer. This means that no torque acts on the From the sentence below E) and using Eq(3), the
magnet. On the other hand, the nonzero gradienp,0X) torque exerted on the permanent magnetization=a) due
elsewhere tells us that distributed torques act throughout th this reflection mechanism is
leads where spin—flip scattering occurs. These torques are 5
equal an_d opposite at points Whlch are symmetrically dis- NR:AE(pincj ine— Ptrl tr— Prefii refl) L » (10)
posed with respect to the thin film. This means that current
flow in this system with a single ferromagnetic layer inducesyhere, A is the cross sectional area of the interface and the
a bending stress in the entire structure. In essence, the cobarrentsj;.., j.n, andj, are taken to be positive. The sub-
duction electrons transfer angular momentum from one leadcript L reminds us that this vector is transverse to the mag-
to the other. This interesting result motivates us to look intonetization. We have choséh=M?2, so the torque lies in the
the mechanisms of spin transfer in more detail. x—y plane specifically, they direction for our simplified
example.
B. Spin transfer by reflection

The fate of a polarized electron incident on a ferromag-
net depends on the angle between the electron spin momecr%t
and the magnetization direction of the magnet. We can en- The averaging mechanism of spin transfer is also a con-
code this effect of quantum mechanical exchange most corsequence of the exchange interaction. But, it is completely
cisely using spin-dependent reflection and transmission coeflistinct from the reflection mechanism. To see this, observe

Spin transfer by averaging
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first that the incident electron wave function H@) in the
nonmagnet is a coherent superposition of two degenerate
spinors with the same wave vector. When this electron enters
the ferromagnet, the majority and minority spin components
at the Fermi surface no longer share the same wave vector.
As a result, the electron spin precesses rapidly in real
space?! The spatial precession frequencies vary rapidly over
the Fermi surface so, when we sum over all current-carrying
electrons, the transverse component of the total conduction
electron spin averages to zero. In other words, an ensemble .
of electrons that enters a ferromagnetic layer witlhoazero =
transverse component of the current polarization, exits the
layer with zerotransverse component. From the change, the
torque the ensemble exerts on the permanent magnetization
is Na=3%Aj«(py) . - This “averaging” torque cancels part

of the “reflection” torque Eq.(10) so the net spin-transfer
torque is

VI (Q)

fi . .
N=Ng+Nx= Az(pincj inc— Pref ] refl) 1 - (11

The net torque manifests itself in a discontinuity in the
transverse angular-momentum current; the latter is zero in-
side the ferromagnet. For an electron “beam” with current -10 0 10 20
densityj, this torque is x (nm)

FIG. 3. \oltage, current polarization, and spin accumulation for a trilayer.

h
N:Aj =[1- RT RL](SiHGCO&ﬁ,Siné’Sin(ﬁ,O), (12 (a) A heterostructure with two Co layers, an interposed Cu layer, and two
2 semi-infinite Cu leads. Electron current flows in thdirection and the left

. . . . magnetization is in the direction and the right is in thg direction. (b)
if each electron is described by Hq) We remind the reader Shows the voltage drolectrochemical potentipthrough the structuréc)

thatR,; andR, are both real in our calculation. Also, since and(d) zandy components of the current polarization, respectivéyand
both reflection and averaging contribute to the torque, theré) zandy components of the spin accumulatitsee Fig. 2, respectively.
can be extreme cases where only one or the other contrib-

utes. For example, only the reflection mechanism contributes . .
if R,=1 andR,=0. Conversely, only the averaging mecha- Moreover, as in the sm_gle-lgyer problem(x) decreases_
nism contributes iR, =0 andR, =0. Both happen to give (too slowly to be seen in this plot due to the long spin-

the same numerical result for these particular cd&e®, diffu;ion length tdoward (zj(.arolén er:;ch lead &i:I TZisTh
=0 in Eq.(12) for both casek Finally, it is worth noting that again corresponds to a distributed torque in each lead. Thus,

the producR,R, in Eq. (12) is closely related to thenixing for electron flow from left to right through the multilayer, the
conductance G, used in the “circuit” theory of Ref. 7. qonductlon electrons extrgct angular mqmentum from_ the lat-
tice of the left lead(by spin—flip scatteringand deposit an
equal amount of angular momentum into the magnetization
D. Noncollinear transport in a trilayer of the right ferromagnet. A similar transfer occurs between
the right lead and the magnetization of the left ferromagnet.

We now apply all the above to a trilayer structure mod- . N : .
eled after the experiments of Refs. 5 and 6. The onel he transfers are in the same direction, as pointed out in Ref.

dimensional geometry is shown schematically in Fig).3 1, so that the current induces the two Co layers to "pin-

For simplicity, we first consider a situation where the mag—Whel(:rl]a:ne?(;Zanrg((af)dgﬁg\;'/o;e spin accumulation alona the
netization of the left ferromagnet points alongnd the mag- 9 P 9

netization of the right ferromagnet points alojigWe omit respective magnetization directions that is required for con-

spin—flip scattering in the spacer layer because its thicknesss'Ste(;]iCy V::ttlkr: t:j[ie C?:]CUI?;ed cu:rr]erln tipor:arlzratlorli. -I;rr:te rc;bw-
is small compared ta ;| . Solving the Boltzmann equation, ous discontinuiies in spin accumu'ation across e Infertaces

we see from imagdb) that the “voltage drop” is largest are due to the large spin dependence of the interface resis-

across the interfacegtbecause the interface resistance istance_s. From images) and(d_), the pO'aT'Za“Ofl Of_ the_cur-

large but not at all negligible across the layers themselves.ren.t in the Cu spacer Iayer_ls rough_ly in the-y direction

The relative slopes of the lines in the Co and Cu Iayersms'd(.a th_e spacer Iayer,. W.h”e from images and (f.)’ the

reflects their relative resistivities. polar|zAat|9n .Of the density in the Cu spacer layer is roughly
Figures &c) and 3d) show the current polarization along in the 2=y direction. The two are not collinear.

the magnetizations directions of the left and right ferromag- :

nets, respectively. Both are discontinuous at the interfacg' Angular dependence of resistance and torque

with the misaligned ferromagnet. This discontinuity is the For the structure illustrated in Fig. 3, Fig. 4 shows the

origin of the torque exerted on the respective magnetizationslependence of the resistance and the torque on the &ngle
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_. 005 ; T T about 0.001€). Moderate changes in the Co and Cu layer
G 0.04 -(2) . thicknesses do not change the results very much because the
S 0.03| - interfaces dominate the physics. We could bring the calcula-
S 002k - tion into agreement if there was much less spin dependence
o 0.01 | to the interface resistance or if the cross-sectional area of the
% 0.00=, , R multilayer was much different than the quoted value. In ad-
04 . . . dition to the possible sources of error discussed above, it is
(b) also possible that the ferromagnetic layers are not uniformly
021 - . S .
magnetized in either the parallel or the antiparallel state.
& 00 Figure 4b) shows the transverse part of the current po-
ook ] larization at the interface with the left ferromagnetic layer.
Again, this curve deviates significantly from simple 8ihe-
—04 havior. The deviation is highlighted in image) which
0.6 shows
0.5
= 0.4 g(6)=—p,()/sing. (13
% 8; We find that the deviations for the transverse current polar-
0.1F _ ization track the deviations for the magnetoresistance as we
0.0 . . . vary material parameters. These deviations are quite pro-
0° 90° 180° 270° 360° nounced, even for completely symmetric structures. The
0 maxima in the transverse currents do not occur for perpen-

FIG. 4. Magnetoresistance and torq(s.Shows the change in resistance as dicular alignment of the magnetizations, but rather happen
a function of the relative angle between the two magnetizatisotid ~ nearer to antiparallel alignment. For a symmetric structure
curve). The dotted curve is proportional to iéf2. The resistance has been ith magnetizations perpendicular to each other, the current
computed from the values in the text and a cross-sectional aree65% olarization is 0n|y 45° away from the magnetization The
nn?; (b) shows the transverse current polarization on the right ferromagnetkp N . ) .
layer; (c) shows the same quantity divided bysin 6. current polarization becomgs perpendicular to the magneti-
zations as they become antiparallel, but the amount of polar-
ization decreases to zero in that limit. This is significant be-

between the magnetizations of the two ferromagnets. Imag(éause the torque on the left ferromagnetic layer is

(@) shows that while the magnetoresistance varies roughl§)roportlonal to the transverse part of the spin current incident

like sir?@/2, there are significant deviations. Several®" t_f:_tra] mterfaq;a.d fthe t t istent
author$? find similar deviations using a fully quantum me- © Megniiiaie oF e “ordues We eompuie are consisten

chanical treatment. Our results show that nonsinusoidal beY/th those that cause reversal in experiment, but direct com-

havior occurs already at the semiclassical level if spin nonParnsonis difficult. As has been pointed out by otffefi is .
collinearity is treated properly. not simply a matter of cor'nputlngiwhen some energy barrier
Our computed value oR(180)—R(0) is about half of is overcome. .The tprque is zero in both the parallel and an-
the value measured by Katire al® Possible sources of this t|para_1llel configurations SO fluctuations away_from these ori-
discrepancy are (1) experimental uncertainty in the entations can be amplified by the current_-lnduced torque.
multilayer cross-sectional arg@n the order of 40% (2) Th? other_ sources of torque—magnetostatics, magnetocrys-
material differences in the structures grown at Cornell anc}a"'ne amsptropy, and external f|elds—!ead to_precession.
Michigan State; and3) the treatment of the leads in the T_he damping te_nds to reduce the amphtudg of the preces-
calculation. In our results, the leads have a higher resistancio countgractlng the effects of the (;urrent-lnduced torque.
for parallel alignment than for antiparallel alignment. TheAt some point, the current becomes high enough that a com-

current is largely unpolarized in the latter case, but not in thé:’IICated reversal occurs.

former, and there is extra resistance associated with the

spin—flip scattering that polarizes the current. We SUSPeqt, sUMMARY

that the wider leads used in the experiment would reduce this

effect leading to better agreement between the calculation We have used a matrix version of the Boltzmann equa-

and the measured results. Even though a series resistton to study perpendicular transport in submicron multilay-

model is not justified for layers thinner than the relevanters where the magnetizations of the ferromagnetic layers

mean free paths, we find from such a model, with no resispoint in different directions. Spin—flip scattering in the leads

tance in the leads, a factor of two increase in the differencensures that a polarized current flows. The boundary condi-

in resistance, in much better agreement with the measuretbns for the Boltzmann equation incorporate the reflection

result. and averaging mechanisms of spin transfer discussed by
We have carried out similar calculations to compare withSlonczewski and Berger. As a result, the conduction elec-

the results of Grollieret al® That comparison is much less trons and the magnetic moments of the ferromagnets exert

satisfactory. Using their experimental geometry and the samisrques on one another. Using material parameters extracted

transport parameters, we comp&gL80)—R(0) to be about from experiment, we computed the magnetoresistance, spin

0.00602. This is much larger than the experimental value ofaccumulation, current polarization, and magnetization
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torques for Co/Cu/Co structures similar to those used in eXsince the matrixg is related tof asg, is related tof ,, we
periments. The transport data were compared quantitativeljescribé® the transport in the spacer layer using the matrix
with data obtained at Cornell and Orsay and reasons wergnalog of Eq.(A1):

suggested to explain some discrepancies between theory and

experiment. The magnitudes of the computed torques were ag(K,r) a(k,r)—g(r)

comparable to the torques that induce magnetization reversal V- - eE-vl=— - (A5)

in the experiments.
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