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Effects of spin accumulation in magnetic multilayers
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The diffusion equation for the spin accumulation in magnetic multilayers is extended to capture the time-
dependent buildup of spin accumulation as well as the influence of an external field and arbitrary magnetization
orientations on the spin accumulation. One obtains a consistent formulation for spin accumulation that can
explain such important effects as spin injection, spin filtering, and spin transfer on an equal footing. Spin
transfer is determined by the amount of spin accumulation at the interfaces whereas spin filtering by the
departure from collinear magnetization orientations. The noncollinear magnetization orientations lead to a
spatial decay of the spin accumulation in the transverse direction of the multilayer plane. Spin filtering can thus
be associated with a new length scale in the transverse direction. Moreover, spin filtering is in correspondence
with a biquadratic coupling between layers and changes in the angular dependence of the giant magnetoresis-
tance. What is interesting is that spin filtering is not a prerequisite to spin transfer. Different scenarios for
current-induced magnetization reversal are discussed in which, depending largely on the geometry of the
magnetic multilayer, either spin injection or spin transfer will be dominant.
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[. INTRODUCTION also gave a theoretical description based on nonequilibrium
thermodynamics which was formulated independently b
y p y by
Essential to electronic devices are interfaces across whic¥an Son, van Kempen, and Wyder in terms of a diffusion
the distribution of individual types of carriers has to change &duations for spin-dependent chemical potentialsjving at
In magnetic multilayersMML's ) the bulk transport charac- € Same conclusions. They realized that a current across a
teristics in alternating magnetic and nonmagnetic layers re§|ngle magnetic layer leads to the bg|ldup of nonethbnum
quire the distribution of spin-up and spin-down conductionma?gnef['zat'On‘swI s—spin accumulation—at the interfaces.
This arises from different scattering probabilities for spin-up

electrons to change across the interface. In the presence of;?ﬂd spin-down conduction electrons in the ferromagnet

current this leads to spin accumulation. The spin degree o Much of the impetus to study spin accumulation in more

freerm of the conduiction elect.rons can be used in ."’I.S'm'.latﬁetail was given by the discovery of giant magnetoresistance
fashion as electrons and holes in se.m|.c<_)ndyctors,.gl\(lng.ns&MR) in magnetic multilayers in the CPP geometry by Pratt
to numerous new effects such as spin injection, spin filteringet 516 This led to a number of theoretical works that ex-
and spin transfer. To fully exploit MML's in electronic de- tended the basic models to describe spin accumulation. More
vices, it is thus important to understand the effect of spingetailed treatments have been given later on the basis of
accumulation in more detail. linear response theory and the Boltzmann equation,
The purpose of this work is then to extend earlier formu-respectively.® It could be shown that the essential features
lations on spin accumulation without adding to their com-of spin accumulation are captured by the spin-dependent dif-
plexity. We will focus on metal-based MML's where trans- fusion equation and reasonable quantitative agreement
port is considered to be diffusive and spin informationreached when spin-flip scattering at the interfaces was in-
conserved over a length scale of the order of the thickness afluded in the form of boundary conditioAsn general, only
the layers. Building on a limiting case of combined transportcollinear orientations of the magnetizations in successive
equations for spin and charge in conjunction with coupledmagnetic layers were considered.
Landau-Lifshitz equations derived in a previous wonke Later, Daugueet al. measured the angular dependence of
will analyze in detail the obtained diffusion equation. In par-the CPP-MR effect in MMLS. Their experiments show a
ticular, we will study the time development of the buildup of small but rather noticeable departure from the predictedcos
spin accumulation which has, at least to our knowledge, notlependence of the CPP-MR. The problem of angular depen-
been addressed so far. The transient behavior of spin accdence of the CPP-MR was first studied by Wegial. in a
mulation is an important issue since ultrafast switching, renumerical band-structure calculation of a superlattice which
quired, for example, in magnetic read heads or memory deconfirmed that the angular dependence is not solely de-
vices, could in principle lead to a number of unexpectedscribed by co#.’’° Comparing the linear response calcula-
effects when one wants to use MML'’s with currents perpen+ions of Camblonget al!! with those of Vedyayeet al.?
dicular to the plane of the layerCPPB in future devices. one notices that the departure of the éaependence is due
In addition, we will discuss the effects arising from high to the band structure. These results have been confirmed by
currents and the noncollinearity of the magnetization inHernandoet al. in a semiclassical calculatidi.Since these
consecutive layers at steady state. These effects are spieatments are rather involved, we would like to revisit this
injection, spin filtering, and spin transfer. problem and show that in a simple phenomenological formu-
Spin accumulation is a well-studied phenomena datindation based on a generalized diffusion equation the experi-
back to the seminal works of Johnson and Silshéélhey  ments can not only be well explained but one also finds
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simple analytical expressions. In particular, our treatmenthe bilinear term which is discussed here in the diffusive
lends itself to the interesting interpretation that the origin forregime.
the departure of the casbehavior is that of spin filtering. The NEXI can be regarded as a “figure of merit” for
We consider spin filtering as the reorientation of the mag-detecting spin injection. We understand the term spin injec-
netic moment of the conduction electrons towards the direction as the change in the nonequilibrium magnetization of a
tion of the effective field of the magnetic background. In System due to the presence of an external source of nonequi-
MMLs the effect of spin filtering was first studied by librium magnetization, for instance, another layer. We con-
SlonczewsKi*!® based on a quantum mechanical treatmentSider this change a “nonlocal” chapge as distinct from the
The effect of spin filtering reported therein was of the order 0cal” change induced by a layer itself. A way to produce
of the s-d exchange splitting of the conduction electrons inSUch & nonlocal change in the nonequilibrium magnetization
the molecular field of the localized electrons. The spin reoriS 10 INJeCt & spin current into a ferr’emagnet_lc_layer which
ents itself therefore within a few monolayers completely. In&Cts as the “detector” or “analyzer” of the injected spin
the context of MMLUs this is in contradiction to the measured CUrent. This has been realized experimentally by letting a
angular behavior of the CPP-MR where a departure of th&Pin-polarized electron beam produced in a photocathode
cosé dependence is a small correction; there is no complet@3SS through a magnetic f.?ﬂ-or by using a multilayer struc-
suppression of the CPP-MR. We will show that spin filtering 1ure Of at least two magnetic layers separated by a nonmag-
is indeed a much smaller effect limited by the amount of spirl"€¢ one*~*%*0"*Whereas in the former setup the photo-

accumulation. It occurs over a length scale comparable to thg2thode can be regarded as the “polarizer"—the source of
spin diffusion length. It is only in the limit of half-metallic SPin-polarized electrons—and the magnetic layer takes the

magnetic layers that spin filtering is bound to a few mono-function of an “analyzer,” the latter scenario is somewhat

layers at the interface, a case treated by Baztligl’ more complex in that the two magnetic laydrsth signifi-

The interesting proposition made in Refs. 14—16 is thaf_:antly spin-polarize the current. In the limit of a MML with

spin filtering leads to spin transfer: the dissipative loss ofVersion symmetry at steady state, one can no longer distin-
spin angular momentum from one magnetic subsystem tgwsh the two magnetic layers am_j the concept of a polarizer
another that can under certain conditions lead to the excit2"d @nalyzer breaks down; the bilinear coupling of the NEXI

tion of spin waves(microwaves. According to Newton's largely vanishes and there is only the, in general, much

third law, angular momentum must be conserved in a systenj/éaker biquadratic coupling of the NEXI left. This implies

As spin filtering is a transverse effect on the magnetic molnat also the spin injection is largely reduced. ,
One would assume from the works on spin

ment of the conduction electrons, the torque thus created in 4-1701.22 RS
the background magnetization is also transvéts&®®The transfef _“*“that the absence of spin injection would

simplicity of the argument adds to its beauty. Yet we find that€cessarily mean that spin transfer cannot occur and spin
spin filtering is in general not related to spin transfer betweeflV2ves cannot be excited. That this is, however, not the case
magnetic subsystems. This is due to the fact that the domfas been shown in Ref. 1. This also allows one to reconcile

nant relaxation mechanism for the nonequilibrium magneti{h€ notion of spin transfer with the experiments of Tsoi

30,31 26 : .
zation of the conduction electrons is to the lattice, for ex-&t al. .a.nd Myerset al™> where a single magm?t'c layer
ample, via spin-orbit couplinﬂf’.’zo Spin filtering s was sufficient to observe current-induced excitations. Here,

therefore, likely to be deterrent to spin transfer as it reduce¥/® Will discuss how spin transfer and spin injection lead to
the nonequilibrium magnetization. different current-induced switching behavior. We find that for

Spin transfer only occurs when the energy is conserved igiﬁerent_ geometries of the system studied one or the other
the process of flipping a spin and exciting a spin wave as ha@€chanism will be prevalent,
been stressed by Berg@rFor the energy to be conserved, a The rest of the paper is then structured as fo_IIows. In Sec.
large nonequilibrium magnetizations is required. Referenceld We derive phenomenological transport equations for non-

1 and 22 show that spin transfer is governed by this condicollinear structures. In Sec. Il we deal with applications of
tion. Once the condition is met, spin transfer is a very effi-the diffusion equation and discuss the different physical sce-

cient process to relax the nonequilibrium magnetizationn@rios outlined above. These af8) the time-dependent

However, it is only this additional contribution of the non- Puildup of spin accumulation(B) spin filtering in noncol-
{inear MMLs, (C) magnetic field effects due to noncollinear-

equilibrium magnetization which conserves energy that i o i i
relaxes within a few monolayers. |ty which turn out to _be negligible(D) the blqua_dratlc cou-
Spin filtering, which does not have an energy barrier toP!iNg Of the NEXI which can be regarded as being caused by
overcome, induces a torque on the background magnetiz& SPin current-induced quadrupole fiel) spin transfer and
tion, nevertheless. Because this torque is related to a curredlicrowave generation, and, finallyf) a discussion of
induced biquadratic coupling, it leads, however, to a precesSurrent-induced switching being either based on spin injec-
sion which is conservative and extends into the bulk of thdion Or Spin transfer. Conclusions are drawn in Sec. IV.
layer. This biquadratic coupling can be regarded as the next
order in the expansion of the nonequilibrium exchange inter-
action (NEXI). In contrast to the bilinear couplirfg;?® the
biguadratic coupling exists even in symmetric structures. In deriving the transport and continuity equations, we fol-
However, for the systems that show current-induced magndew a particularly instructive treatment given by Toriy
tization revers&f~?®the dominant contribution comes from (see also Ref. 37 For simplicity, we assume a fixed back-

II. DERIVATIONS
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ground of magnetic moments that is constant in time. the s-d-type exchange interaction between the conduction

The justification for a phenomenological approach lies inelectrons and the more localized electrons producing the
the length scales involved in transport across MML's. Themagnetic background,
transport is governed by two characteristic length scales, the
electron mean free path and the spin diffusion length; in Esg= —aMs-My. )
general, the thickness of the individual layers exceeds thén Eq. (2) only thez component is taken into account since
size of the electron mean free path in metallic structures buthe spin is oriented along tteaxis. When we rewrite Eq1)
not that of the spin diffusion lengthWhereas charge trans- with help of Eq.(2), the z component of the magnetization
port is therefore largely diffusive, spin information is con- current takes the following form:
served on a length scale comparable to the layer thickness. ., s = - N N
This led to the use of spin-dependent chemical potentials In=we(d1=3)==puMVV=DVMg+DxsVHes.
whose spatial dependence is described in terms of a diffusion (4)
equatior”® Although this approach is very intuitive for col-  We have introduced the conduction electron magnetiza-
Ime.ar MML's muph of its clarity |sllos_t w'hen. considering tion M2= ue(n;—n)), the electron mobility us=e/K
arbitrary orientations of the magnetization in different layers.=epN(g)/n, and the susceptibility ys=w5n/(DK)
Its correspondence_ to the approach taken in the following is- MéN(SF), where the expressions after the second equality
referred to Appendix A. . implies free conduction electrons aid(er) denotes the

We will embark on phenomenological arguments basegensity of states at the Fermi level. In principle, for general
on drift and diffusion currents to derive expressions for bothhand structures all transport parameters are spin dependent.
spin and charge current. These have to be combined with thgowever, in a phenomenological approach this dependence
appropriate continuity equations in order to derive the diffu-can be absorbed in the already existing spin-dependent pa-
sion equation governing the buildup of spin accumulationrameters. The total number of electrons is givenrbyn;,
For the spin current the corresponding continuity equationsy n; and does not depend on the axis of spin quantization.
turn out to be coupled Landau-Lifshitz equations betweenhex andy components can be obtained in a similar manner.
the paramagnetic subsystem of conduction electrons and IRealizing that the equilibrium magnetization is given by
Calized magnetiC moments. The deriVation Of the |atter iq\/lg:XSHef‘fi the fu” magnetization current becomes
referred to Appendix B.

Ju=—uMVV-DVsMy, (5)

A. Transport equations where SMg=M¢— Mg is the nonequilibrium magnetization,

The axes of the system are chosen to be arbitrarily oril-€-» SPin accumulation in the system. The expressid#™
ented with respect to the field direction of the layers. The= SMs/xs can be regarded as some additional magnetic
conduction electron spins shall be quantized alongzthe- f|eld.,'|n'the presence of Whlgh the magnetization would be in
ordinate axis andh, is the number of spin-upg=1) and _equmbrlum. Johr!son and SI|Sb6§ re_cognlzed itas a g_eneral-
spin down =) electrons in this direction, respectively. ized force that drives the magnetization curr‘é@n% obtains
As for electrons and holes in semiconductors, we use her€ir result by linearization of Eq5), i.e., Ms—Mg andD
the concepts of drift and diffusion current for spin-up andindependent of changes m In Eq. (5) the flow Jy, is ex-
spin-down electrons. In the presence of both external ﬁe|d§ressed in terms of the forc&a/ andﬁéMS as well as their
and a carrier density gradient, the carrier current density ofespective kinetic coefficients. An equivalent term has been
the two types can be written as the sum of a term proporintroduced in Ref. 5 where spin accumulation is understood
tional to the drift velocityv , and a term proportional to the as the current-induced difference in “chemical potentials”
density gradient: for spin-up and spin-down electrons. The equivalence be-

tween the above-described treatment with that of a spinor
j =nao —-DVn 1) notation of the chemical potential_is given in A_ppendix A.

g e o By the same thermodynamic principle, one finds an analo-
and D is the diffusion constant. We assume that the driﬁgous_e_xpression for the electrip current with different. kinetic
coefficients. However, employing the line of reasoning that
led to Eq.(4) and assuming just for now that tlzeaxis of
i ) RN quantization corresponds to the field direction, we find the
electric and magnetic moment, i.&p,=F,, where following expression for the electric current density:

velocity is proportional to the force on the conduction elec-
tron produced by the action of the field gradients on its

>

Fo=—eVV*ugVHZ, 2 Je=e(J;+J))

_ Vi Vi 79142
and we neglected the cyclotron effect. The positive sign is =~ oVV=eDVnt uMVHe
for spin-up electrons and the negative sign for spin-down . s 2eD .
electrons. The effective magnetic fightly=H.+ M4 con- =—0VV-—=MVéM é—TV(mnl), (6)
tains the external field and the molecular field coupled to the Xs

conduction electrons via an exchange constanThe mo- Whereo=e’n/K=e’DN(e) is the conductivity. The term
lecular field is derived from the energy per unit volume ofﬁ(nTnl) is somewhat unexpected from the thermodynamic
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reasoning above as it does not appear as a “classical” forcpath, and one may neglect additional charge accumulation
on the conduction electrons. From the particular form of thiseffects. This argument was put forward in the treatment of
term, one may deduce that this force is due to the electronvalet and Fert to neglect a similar term which arises as a
electron interactions in the system which are causing a dif‘Boltzmann correction.® It had also been pointed out by
fusion of the electric charge and can lead to charge accumuohnson and Silsbee that the use of a renormalized diffusion
lation effects. This may be best seen for the case of @onstant allows for a difference in the spin and charge accu-
nonmagnetic metal whene, =n, =n/2. The second term in mulation lengtt: i.e., charge and spin are less coupled in
Eqg. (6) vanishes, and one simply recovers the spin‘ealistic MML's than a free-electron description would
independent transport equation in terms of drift and diffusiorpredict.

currents:

B. Continuity equations

-

Je=—0oVV—eDVn. Equations(5) and (7) are not yet sufficient to determine
In the opposite limit of a strong ferromagnet or even half-the spin accumulation. Out of equilibrium, one requires the

metal, where the spin subbands are strongly spkitn , the additional condition of continuity. For the electric current
last term in Eq(6) may be neglected. Assuming for now the this is the standard continuity equation
latter limit, the conjugate equation to E() for arbitrary

spin orientation is then eﬁ_n =-V-J. (8
at
je: —oVV— Hs M- V SM .. 7) For the magnetizatipn current a s_imilar expression is satisfied
s if we consider a single magnetic layer in the absence of

. o ., .external magnetic fields. In a general MML, however, mag-
Since e'ec”‘?.” a_md magn§t|zat_|on curr ents have to ‘.’a”'Sh 'Retization is transported across a number of magnetic layers.
thermal e_qumbrlum, an Einstein relgtlon between dn‘fusmnThe conduction electrons, thus, experience a large change in
and mobility constants has to hold, "%:eD/.(kBT)' For molecular fields from the background magnetization so that
We have to describe the continuity of the spin polarization of
_ _ the conduction electrons instead. The change in magnetic
mass and g the Fermi velocity. _ _ moment is governed by three contributions: the contribution
So far we have considered only quasifree conduction elecst 1orque exerted by the magnetic background on the vector
trons. Such a treatment is likely to overestimate the dn‘fusmqmmem the contribution of relaxation processes, and, fi-
processes in a ferromagnetic metal. It is, however, possiblgaly the rate of change of magnetization through the surface
to define the transport coefficients in a more general formys 2" nit volume elemeny, which is described by the mag-
the conductivity can be written as= ”e:“s:_”ethr/ m* and  petization current. The first two conditions lead to standard
the diffusion constant ab = « 7y, wherer is the transport | 4nqau-Lifshitz equations which have to be supplemented
scattering time which has contributions from spin-py the action of the magnetization current. The change
independent impurity scattering and spin-dependent scatteg; ihe magnetic moment per volume element due to the
ing Tt;lzTF1+ ’T;l; m* iS the renormalized or eﬁective magnetization current is
mass of the conduction electrons. The const&nfu%/S is
also renormalized. In general, one has to consider quasipar- J dv(&MS) as . -
[Im!

kgT=muvZ/3, wherem is the effective conduction electron

ticles close to the Fermi surface, aéigwhich is equal to or Vo | ot = V_On"JM:V'JM , €)
smaller than unity, can then be obtained with help of Fermi
liquid theory which also allows one to determine the effec-yheren is the unit vector on the surfacg of the volume

tive mass and a renormalized transport scattering time igjement. The Landau-Lifshitz equation for a static magnetic
order to obtain reasonable agreement with experiments. Heckground derived in Appendix B reads as

we consider these parameters as phenomenological con-

stants. In particular a reduced value &fin the diffusion Mg .
constant accounts for the delocalized nature of the a YMXHe+V-Jy=—
electrons in most transition metals.

Such an effectively reduced diffusion constant impliesOn the left-hand sidéLHS) of the equation the additional
that the magnetization transport is reduced relative to théerm — a(ys— vq) (MsX M4) ought to be included if the sys-
charge transport. Therefore, later in the text we shall distintem has different gyromagnetic ratigg+ y4 for the s- and
guish between the equilibrium polarizati?/(ugn) anda  d-electron systems. In Sec. Ill C, we will show that any of
spin-transport asymmetry fact@rrelating to the nonequilib- these “precession” terms are negligible for most experimen-
rium magnetization. Only for simple parabolic conductiontal situations concerning metallic MMLs. The terms on the
bands are they identical. A smaller value fprieads also to right-hand side are due to relaxation with characteristic times
a more satisfying reasoning why the last term in Ej.is 75 and 74, . Both are mainly due to conduction electron spin
negligible compared to the other two terms. On a more heurelaxation to the lattice, for example, via spin-orbit
ristic level this means that in most metallic MML's the spin coupling®® In general,s-d scattering conserves angular mo-
diffusion length is much larger than the electron mean freementum, so that it does not contribute to relaxation if the

My Mg

7dl Tsl

(10
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magnetic backgrounil is fixed3® In such a situatiorrg is IE(+0)=— uFMZVY, (119
the only contribution to the conduction-electron spin relax-
ation 7g, also known ag,. However, thes-d scattering can J,’T'A(ioo)=0. (11b)

couple conduction electrons to thermal magnons of the back-

ground magnetization which is the origin of the first term onassuming a current flowing along a fixed axis. In EtLb)

the right-hand sidé¢see Appendix B and Refs. 52 and 54 for the drift part is absent as the battery in nonmagnetic. Since

detail9. This is a weak effect at low temperatures. The mag-J,, has to be continuous everywhere, it follows that there is

nitude of SMy depends approximately on temperature aso polarization of the current at the interfadg (=)

given by the Bloch lawsM 4=My(0)~My(T)=T*% Inthe  — 3N (+0) = 0. Therefore, the current across a “perfect” fer-

following we always considef=0. _ romagnet, where Eq119 determineslf, everywhere in the
We note that Eq(10) does not describe the precession of farromagnet, is always unpolarized. The resistance of the fer-

the magnetization due to an oscillating external field, Sinc%magnet is held identical for both spin channels by the
we assumed that the magnetic background is held fixed. Alsﬁoundary conditions.

in the re%ime, where spin-wave excitations occur due to high | general, however, it is more likely that there exist spin-
curr_en';s? Eq. (10) can only describe the onset of spin-wave fji, hrocesses outside the structure under consideration. In
excitation after which it is no longer valid and one has 10 gther words, it seems reasonable to assume that it is possible
retreat to the more general equations given in Ref. 1.1n bothy graw different currents for spin-up and -down electrons
cases one has to take the dynamics of the magnetic backym the battery. In such a case the battery produces a non-
ground into account. l\_levertheless, Et0) SEIVes our pur-  gquilibrium magnetization, and one has oniM (=)
pose to study the buildup of spin accumulation across a_ g\ (—»)=0. To be more explicit, we consider the
. . S . ]
MML before these excitations can occur. buildup of spin accumulation at the interfases 0, between
a ferromagnet and a nonmagnetic metal layer, when a current
IIl. APPLICATIONS is flowing in thex direction across it. With Eq(5) the mag-

A. Time-dependent buildup of spin accumulation netization current in each layer can be approximated by

One of the effects not yet studied when considering trans- . B
port across magnetic multilayers is the time-dependent JE,.% —,LLEMEVV~ ?U’EBE, (129
buildup of nonequilibrium magnetization or spin accumula-
tion. One would like to know how the nonequilibrium mag- 3 amix.0)
netization distributes itself in the multilayer before the steady MN=-D—6M=-D ey (12b)
state is reached. The steady state requi@h charge and ax e 2
spin distributiongo be constant over time. Here we study the
transient processes of spin accumulation.

In Eq. (129 the first approximation is given by the fact that
due to metallic conduction the current in the ferromagnet is
We noted before that the length scales for charge and SPI minated by the drift part whereas the second approxima-

transport are very different in MML and, hence, their time ;= . ; S
ion is a linearization in the dependence of the background
scales. Therefore, one can assume that a steady state fQr

charge transport is established instantaneously, i.e., with'magnetlzatlon wherg is the spin *asymmedry” factor in the

i :
7v~10"1°-10"1* s, whereas the spin accumulation reaches,Perr]rorr]nagmﬁ'TheI asg/ m?;egry factq(; IS e:jtransport paralr_ne;cjer
steady state only after.~7.~10-2-10 1 s. In the fol- _ "Nich in general, should be considered as a renormalized or

i . . . _phenomenological quantity, respectively. For simple para-
lowing we consider times longer than the transport scattering . . . : . .
) . L olic conduction bands it can be directly associated with the
time and shorter than the spin relaxation time.

; ot 0z
We would like to motivate the physical situation by study- conduction electron magnetizatig=M"/(#gn). The av-

ing two simple examples. One could imagine the following®@3€ conductivity in the ferromagnet is given by =(1
situation. A ferromagnet is in contact with a “battery” that —8%)/p¢ and the electric field defined &= —VV. As be-
allows no spin-flip scattering. Then the current entering thdore, in Eq.(12b) the drift part is absent as there is no back-
ferromagnet becomes only polarized by the spin-flip scatterground magnetization in the nonmagnetic metal. The func-
ing in the ferromagnet itself. The buildup of spin accumula-tion m(x,t) determines the spin accumulation in the
tion is entirely determined by the relaxation timg of the =~ nonmagnetic layer.
ferromagnet. Although this scenario seems, at first, likely to In order to study its time development, we further assume
be realized in many experiments, it leads to the interestinghat due to the dominance of the drift contribution to the
somewhat paradoxical situation that the current across @lectric current for both magnetic and nonmagnetic layers its
“perfect” ferromagnet, i.e., one without spin-flip processes,divergence is zero, i.e., that it has reached steady state. This
stays always unpolarized. This can be seen from théappens within the transport scattering timgwhich is of
following line of reasoning. the order of 10°-101* s. Before the spin accumulation
The corresponding boundary condition that requires théias reached a steady stage= 7, <t<75~10"12-10 10 s,
battery not to produce a nonequilibrium magnetization isthe form of Egs.(12) allows one to treat the ferromagnetic
SMy(—»)=6My()=0. At the interface between ferro- layer as a constant source of nonequilibrium magnetization
magnet and nonmagnetic battety, one has therefore from with mg=m(0,t) at all times for the above interval. For the
Eq. (5 transient problem in the nonmagnetic layer 0 one has the
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mlx, t]/mo am(x,t) Dy .
1 J',:‘A(X,t)Z—DNT:mO Fe’x 4Dt (16)

0.8
The buildup of spin accumulation is connected to the flow of

0.6 nonequilibrium magnetization across the interface, i.ex at
=0 from the ferromagnet into the nonmagnetic layer, which

0.4 is determined by Eq(16),

0.2

IO beoe =M = (17)
1 2 3 2 5 * M Ix=0""To ) "

FIG. 1. Spin accumulation profile in the nonmagnetic layer de-This flow tends to decrease over time. The amount of mag-

veloping in the time steps from left to rig2t=0.01, 0.1, 1, 10, netization having entered the nonmagnetic layer after time
100, 1000 in units of an arbitrary area.

t Dyt
initial condition thatm(x>0,t;)=0 and Eq.(10) reduces at M(t)= Vf dt’ In(X,t")|x—o+=2vmg N (18
zero temperature and in the absence of relaxation to 0

where v is the area of the cross section of the interface,
am(x,t) _ a*m(x,t) allows us to determine the spin accumulatiog This could
o D PN (13 be done by measuring the magnetic moménts a function
of time by femtosecond magnetomettyee, for example,
Ref. 29 for related experimentsSuch a measurement gives

where m(x,t) =mo—m(x,t). One, however, has to bear in , girect way to access the amount of spin accumulation at an
mind that the spin accumulation at the interface depends ORterface and would be of great value.

the total resistance of the structure. Therefore, there is only a Although the flow across the interface vanishes in Eq.
fraction of the rate given by the drift curre(it2g which one (17) if t—o0, it is limited tot=r,,; therefore one reaches a

can actually drive across the interface. This fraction is giveryie a4y _state condition for the magnetization current. In such

by the spin accumulation calculated in the resistor-in-seriea case, we replace the LHS of the diffusion equatits) by
model, where due to the time scale in consideration spin '

diffusion can be neglected. The semi-infinite layers have reM.0)/ 7| an~d impose again the bound.ary condition thf"‘t
sistivities for spin-up and spin-down channgi§=2p%(1  bothJy andm(x,t) be conserved at the interface. In addi-
+ ) andpf=2p? . For a constant external bisthat is the tion, the diffusion term in the ferrqmagnet has to bg added to
same for each spin channel and the boundary conditioffd: (123. We also neglect terms in the nonequilibrium mag-
m(—,ts) — m(=,to) =0, the initial spin accumulation at the netization that are of ordgs” and assume that the average
interface is given by density of states is the same in both materials. Then we can

substitute in Eq(17) =t by 75, andmg by?

2BpE PN x
_ ANEN

Mo=eVupeN(er) ——— w2 (14) me=eJ BNEMPEPN

— - e N(S ) ’

(pE+pN) " (BpE) 0™ =-eMBINLEF NPt + Aol

As pointed out before, dt=t, there is no spin accumulation whereh g ()= /DF(N)T;(N) is the spin diffusion length in the

in the nonmagnetic layer, so that(x,t))=0 or M(x,ty)  respective material. Due to spin diffusion, this result differs
=mg. The solution to Eq(13) can be found via Laplace from that in Eq.(14).

transformation into an image function given by simple
exponentials similar to the steady-state problem. Th
backtransformation leads to an error function,

(19

eB. Spin accumulation in noncollinear structures: Spin filtering

As was pointed out in the Introduction, we consider spin
filtering as the reorientation of the magnetic moment of the
) , (15)  conduction electrons towards the magnetic background. The
\/D_Nt idea is that there is a higher scattering rate for unaligned
moments than for already aligned ones. This effect, which is
or the error function complement fan(x,t), respectively, caused by the anisotropy in spin space, can be described by
shown normalized to the initial spin accumulatiog in Fig.  two different spin diffusion lengths for the conduction elec-
1. At time t=o, m(x,t)=m,. This result is only valid as- tron spin: one for aligned spinsermed paralleland a sec-
suming that the spin diffusion length is infinite. In reality the ond shorter one for spins that are not aligned with the back-
accumulation stops growing after g, because of spin re- ground magnetizatiotermed transverse or antiparallelf

m(x,t) =mq Erf

laxation on this time scale. the nonequilibrium magnetization is, thus, antiparallel to the
The magnetization current in the nonmagnetic layer camagnetic background, its decay away from the interface will
be derived together with E¢15) from Eq. (12b): be fastest.
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The effect of spin filtering is studied on two identical for the nonequilibrium magnetization at the boundary,
semi-infinite ferromagnetic layers, whose magnetization vecéM¢(0*)— éM¢(0~)=0, the solution is still underdeter-
torsM | andMg are at an arbitrary anglein thezy interface  mined as we have 12 instead of 6 coefficients. To determine
plane atx=0. We rewrite the electric field in Eq5) with  the remaining coefficients, we make use of the fact that the
help of Eq.(7) in terms of the electric current: ansatz(22) has to be a solution of Eq21) at x=0.

For our example we find that there is no contribution to

s _ M s = _ = the nonequilibrium magnetization along tRecoordinate so
In=""g Pl DLV oMs=p(p- VoM ], 20 thatm’ .. =m}., =0. An intermixing between the coordinates

occurs only between the andy directions in the left and

xngﬁ f\c,>vre gfe?tr:;?c ?re\ée((::fr: dai:tﬁ)or:algzsgsm ils '\:leslgtg gnt)o th eright ferromagnets. Since for these coefficients the general
P ) expression is rather complex, we would like to focus on the
asymmetry factor in the ferromagnet gg= 3. In the two

ferromagnets we have thenp,=(0,08). and pg case of perpendicular alignmerét=7/2, where in the left

=(0,8sin6,8cosh). The electric current shall be directed layer

along thex direction and we neglect spin-dependent scatter- N 1— \/1——,82 Y
ing at the interfaces so that the magnetization current is con- mj,.=-m},=¢ =IN——F—— =5 B,
served at the interface,(0")—J,(07)=0. To determine B B 2

the nonequilibrium magnetization, we need to apply also Edand  all other terms being zero. The factor
(10). In the present case we assume that one can neglecte , .N(er)J. /0% depends on the current. The last expres-
effects from the precession term caused by the external fielg;;, only holds approximately fg82<1. For 82~ 1 one has
He (see Sec. Il §. At steady state Eq10) with Eq. (20) ¢\ instead. With these coefficients the expressi@® for

reads as the spatial distribution of the nonequilibrium magnetization
5 5 is particularly simple as it keeps only one of the exponentials
J 5MS_ ) 9" oM :5MS for each coordinate:
D P P 5 (21
X oX Tsl 0 0
Without the second term in the square parentheses(Zgy. N—N,
would be the standard spin diffusion equation written in vec-  OMs(X<0)= §HT 0fe™M—{ 1]e™N
tor form® and the nonequilibrium magnetization proportional 1 0
to B. Including the second term in the square parentheses,
which has a prefactor proportional 8, the nonequilibrium 0 0
magnetization contains then in addition corrections to the SM (x>0):§)\H_M 0]e*ni_| 1]e
order of 3. s B L 0 '

The term in the square parentheses can be written in ma-
trix form and mixes the different coordinates if the matrix is

. . ; From the above expression follows that at the interface the
not diagonal, leading to the following ansatz:

nonequilibrium magnetization is for both layers at 45° to
SM(X) =My e M+ m,. e=¥ (22) their respegt.ive. backgrounq magqetization. Singe-\ | ,
the nonequilibrium magnetization in the bulk of the layers

wherem, ,. are vectors in spin space. We introduced a spirsufficiently far away from the interface will be directed along
diffusion length for aligned spins|= \Dg7g (termed paral-  thezdirection in the left layer and along they direction in
lel) and a shorter one for spins which are not aligned the right layer. For a better understanding this result is to be
=NV1- B? (termed transverse or antiparallelVe see that compared with an antiparallel configuratiagh= =, where
the “transverse effect” gets larger the larger the polarizationm}, =m}.=mj. =0 and m5,=¢8\, /(1— %) as given
B of the conduction electron is. The necessity of an addipreviously in Ref. 8. Whereas in the antiparallel configura-
tional spin diffusion length has been recognized before irtion the decay of the nonequilibrium magnetization away
transport across domain waff$.However, this is the first from the interface scales with, and is confined to the
time that the presence of an additional spin diffusion lengthcoordinate, in the perpendicular configuration the decay has
leads to an anisotropic behavior in the spin diffusion withboth contributions in the andz coordinates, but scales dif-
respect to spin space. Although our treatment is closely referently. If it were to scale in the same way, the nonequilib-
lated to that Hernando and co-workErsvho express the rium magnetization would be always at 45° to the magneti-
effects of the noncollinearity via a mixing conductance forzation of the layers; i.e., its direction takes always the mean
spin-up and spin-down electrons, such an anisotropy had naff p, andpg, as it is at the interface.
been recognized. The occurrence of the shorter spin diffusion length

In order to have bounded solutionssate, we choose the N, —transverse spin diffusion length—leads to the effect of
coefficients in Eq.22) as follows:m;_#0, m,_#0, and  spin filtering In the present form, one can think of this effect
m,, =m,, =0 in the right layer, whereasn;, #0, m,, as an anisotropy in the relaxation of nonequilibrium magne-
#0, andm;_=m,_=0in the left layer; i.e., the left layer is tization. The preferential direction of the nonequilibrium
equivalent to coefficients with a+" index and the right magnetization is parallel to the background magnetization
layer with a “—” one. When we use the continuity condition alongp, or pg, respectively. In particular for half-metal,
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then the resistance change of the structure with respect to the
mutual orientation of the magnetization of the layers, i.e., to
oM, the angled, which is associated to the voltage drop across
< the interface,
R 1 fx ) Vv
z ST T3] L ox
My = L [p M1+ pr- M)
exsvJde S e s\
. o 2)\Lp|*:—
FIG. 2. Shown is the effect of spin filtering. In order to make the =B (1—cosh)F(0), (23

figure easier to view, the background magnetization of the right v

layer is now in thez direction and that of the left layer at an angle where v is the area of the interface between the two ferro-
6 (left and right are exchanged with respect to the calculated exmagnetic layers. We introduced a function describing the de-

ample. The spin accumulation profile changes alongxtiiirection  parture from the coé behavior of the resistance:
of a ferromagnetic layer. At the interfa¢elosest to the viewerthe

nonequilibrium magnetization is at 45° to the background magne- AL N 2 0 (%
tization of the layer. Since here it is assumed that<), the 7‘_\\ 1+ 7‘_\\_'3 cos| 3
nonequilibrium magnetization relaxes to the background magneti- F( )= X
zation, along thez axis, before it finally decays away from the 8— B 7+cog26)]+ oL S— B 7—cog20
zation, & BT+ cos20)]+ {8 7~ cos26)]}

: 0
where B~1, the effect becomes very large, sincg—0. B2 cog 5
The result of spin filtering is a “twisting” andelaxation of ~l - (24)
the nonequilibrium magnetization as shown in Fig. 2. From a 1+1-p52

microscopic point of view, electrons precess around the loc . . o
s-d field®2! given the populations and energies are different, o' 2" antiparallel alignment of the magnetization of the
erromagnets the last term in expressi@#) vanishes and

for spin-up and spin-down electrons. This process, when av- ; Aoy % 8
eraged over elastic and inelastic scattering events, leads (o obtain the result thatRs=25"), p¢ .” The departure of

different speeds for electrons diffusing along the parallel andN€ Strict cos) dependence is Iaagest for close to parallel
perpendicular directions to the local exchange field. Since wé&'ignment and is proportional 18" as expected from Eq.
describe a diffusion process, the picture on spin filtering de!21- For Co layers, wherg~0.4, the correction is then up
veloped here is different to that of Slonczewski who was first® 8%—a small but noticeable effetThe form of the fitting
to point out a similar effect in a ballistic treatment of the function in Ref. 9 is somewhat corresponding to E2{).
conduction through a tunnel junctidf. How_ever, therein it was argued th_at this effect can only occur

In Slonczewski's treatment, however, the effect was pro_for different magnetic layer ma.lterllals. Here we show that the
portional to the exchange splitting of the conduction electrorfleParture from the casbehavior is a feature of the polar-
bands, i.e.@My, and not just to the nonequilibrium magne- ization effects arising from noncollinearity: spin filtering.
tization 6M4 as found here. Thus the associated “preces-
sion” is several orders of magnitudes faster than for the case
treated heré*?! Also in that example spin filtering was a
large effect and localized at the interface. This does not seem One would expect that another interesting effect present
to be applicable to the MML's for which one has measuredin noncollinear structures is that of the magnetic fieldon
the angular dependence of the CPP-MR; for these one findbe nonequilibrium magnetization. However, this effect is in
only small departures from the césdependence, while a fact rather small and becomes only relevant at steady state if
strong spin filtering would completely suppress theits related term in Eq.10) is comparable to or larger than the
CPP-MR? It seems when simply matching wave functions inelastic scattering rate, i.em~1/7g. In the following we
certain aspects of spin transport are omitfgkh instructive  shall explain this in more detail. A similar treatmentggfin
example is to compare Eq®8a) and(8b) of Ref. 24 with Eq.  precessiordue to the influence of an external magnetic field
(2) of Ref. 40 which lacks the effects arising from the non-on the nonequilibrium magnetization in the nonmagnetic
equilibrium magnetization.In Sec. Il E we will show that spacer between two ferromagnetic electrodes was given in
Slonczewski's idea of spin filtering is only applicable beyondRef. 13.
a spin accumulation threshold. In our phenomenological ap- For simplicity, we study again two semi-infinite ferromag-
proach spin filtering occurs in the bulk of the layer and isnets with a steady-state current as before but now ignore the
only for half metals strictly localized at the interface. corrections to the nonequilibrium magnetizationgh calcu-

In the following, we would like to show how the effect of lated in the previous section. We consider, in addition, that
spin filtering influences the angular dependence of the CPRhe right layer shall be pinned and that the influence of the
MR, a quantity of experimental interest. The CPP-MR ismagnetic field compared to inelastic scattering is small

C. Spin accumulation in noncollinear structures:
Magnetic field effects
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1/78> wg. However, in the left ferromagnet these quantities=1.0 and singy/2)=0.1 so thatk =\ and«=0.1A . The
are comparable to each othen-';lrfw w, . We choose its mag- latter leads to a period for the oscillations of Gu3n. In
netization to be directed along thedirection for conve- order to obtain shorter periods which lead to an observable
nience and let that of the right layer oriented at an arbitraryspatial variation, one needs to apply significantly higher
angled in thezy plane. Instead of E421), we need to solve fields or needs extremely long spin lifetimes; both assump-

for the left ferromagnet tions seem to be unrealistic for metallic MML even for very
pure nonmagnetic spacer layéfdt becomes only feasible
Mg Mg in semiconductors which show extraordinary long spin
= +ySMXHg (25

lifetimes*~*3 The termséM%, therefore, can be neglected
since, in addition,\g~0. Finally, one can writedM(x
and the corresponding equation for the right one that does:0)~ — ¢BA sin 't which is what one would also obtain
not contain the last term. In order not to complicate ourin the absence of the field term in E@5). The same line of
model, the diffusion constants in both layers are roughlyreasoning holds if we would include the term(ys
identical as well as the resistivities. These equations have to y,)(sM X M) in the LHS of Eq.(25) which is present

be supplemented with the usual boundary conditions of confor different gyromagnetic ratiosy.# y4 of the s and
tinuity at the interfacex=0. d-electron systems.

Rather than using a linear combination of exponential as  An important aspect of the above calculation is that also
an ansatz, we transform E5) into circular coordinates so  for noncollinear orientations of the magnetic moments in dif-
that we have ferent layers the distribution of the nonequilibrium magneti-

e (1) e e (N zation M is governed by a standard diffusion equation; the
Mg (x<0)=m_e , effect of local magnetic fields on the nonequilibrium magne-
tization is rather small. Although calculated in a phenomeno-
logical picture, our results also point to the fact that the field
, o due to thes-d type of coupling of the conduction electrons to
OM(x=<0)=mie™", the local magnetic moments is not altering the nonequilib-
where )\L:\/D_Tls_p 1\ =cos@iy2)/N, , and  « rium m(_31gn.etiz(.ationél_\/lS as I_Ic_)rr:g as thhe Iocarl] back%rc;gnd
=sin(yy/2)/\ . The latter two quantities describe a decayingma?r?et'zat'on !Is.bsyatlonary. t'e vt\{ay t € elxc. e:que tle ﬁCtS
and oscillatory behavior of the nonequilibrium magnetiza—gn %non?t?u('j'. r|uhm magnetization 1S only Indirect as has
tion, respectively. Their contribution is determined by the een described In the previous section.
ratio betweenv, and relaxation time, tai,= T;,wL (assum-
ing that the field is oriented along thedirection so that D. Spin injection and NEXI: Bilinear, biquadratic, and
w,=|yHZ|). The corresponding treatment for the right fer- bicubic coupling
romagnet is largely simplified due to the relative smaliness  The occurrence of spin accumulation has the important
of the field term: oM (x=0)=mge ¥*r, where \g  consequence that it can act as an additional magnetic field on
= \/DT;, and v={+,—,z}. After determining the coeffi- the magnetic background. This effect, the bilinear coupling
cients m g, with help of the continuity conditions at the of the nonequilibrium exchange interactioh?is compen-
interface, the nonequilibrium magnetization is a real quantitysated in structures with an inversion symmetry and linear

2 L
X Ts)

5MS_(X$ O) — m[e+iKX+(X/)\),

in Cartesian coordinates: transport. However, if either the transport is nonlinear, as for
, _ _ example across point contacts and tunnel junctions, or the
MY (x<0)= =B SinO] Ny COLkX) FAgsSIN(kX)],  structure is asymmetric, the magnetic layers become bilin-
early coupled and certain magnetization configurations be-

SMi(x<0)= {BA(1—cosh)e ., come preferable. For sufficiently large currents the coupling

forces the magnetization of the layers to reorfénfhe
NEXI will be largest if the nonequilibrium magnetization in

a ferromagnetic layer is completely determined by an exter-
nal source, the polarizer. Hence, the NEXI can be regarded
as a “figure of merit” for detecting spin injection by a

where ¢ has been defined in the previous sectioh,
=N ARr/(N_tAR) is a ratio of the spin diffusion lengths
from  the left and right  layers, A.=[\_
+AgCOS@/2) /[ (N\r/N) +2 cosfl/2)+ 1], and  \g
=ArSIN(W/2)/[ (Ng/\) +2 cosf/2)+1]. The expression magnetic layer, the analyzer.

for SMg(x=<0) shows that at large distances from the inter- A gingle magnetic layer always creates an excess of non-
face the total/noneqwhbnu_m magnetization tends to zerogqyilibrium magnetization at one interface and a deficiency
However, SM¥(x<0) retains an oscillatory dependence. on the opposite interfads** This distribution of nonequilib-
For this dependence to have a noticeable effect, the period ¢fym magnetization depends on the direction of the current
the oscillations should not be significantly longer than thesq that it is reversed by reversing the current. For a single
system size. As a demonstration that this, however, will benagnetic layer the nonequilibrium magnetization exists only
generally the case we take 75=1/4. For an external mag- “locally” (in the sense as determined in the Introdudtias
netic field of 1.4 T the relaxation time has then to H;g long as the electric current is uniform throughout the system
=1.0 ns which corresponds roughly to a spin diffusionit is fully compensated when integrated over the leads. Two
length A, of several 100 nm. For these values @#Z) magnetic layers in close proximity will establish a nonequi-
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librium magnetization profile that depends on the mutual ori-coupling makes only sense relative to each other for a given
entation of their local magnetizations. Similar layers will direction of the current. In Eq27) we introduced a biqua-
each produce similar profiles, so that the change betweedratic coupling constani, and a scaling factoA which is
different magnetization directions will be large, yet the non-unity for 8~1 and approacheg?/4 for B<1:

equilibrium magnetization within each layer is almost un-

changed. In the limit of a MML with inversion symmetry at aC VA
steady state, one can no longer distinguish the two magnetic a2= 2
“ P « » (2ugn)® Yo
layers and the concept of “polarizer” and “analyzer” breaks
down. —
In essence, the concept of two magnetic layers acting as a A= MN=A_1-V1-B .
polarizer and analyzer is best fulfilled if one replaces the N+AL 14 \/1—,82

analyzer by a single spin impurity, so that there is no b":mkl'herefore, the bilinear and bicubic terms to the coupling can

effect on the polarizer. Due to the exchange interaction beE)e ianored for most ferromaanets apart from half-metals
tween the conduction electrons and the spin impurity, the 9 9 P

. 4
local moment orients itself with respect to the direction of SNce they are of the order @ rather thang®. The current

the moments of the conduction electrons emitted from théiependence is given by the dimensionless parameter

T * —
polarizer. The current mediates thus a NEXI between the €JePr MeuaN(er) B/M, whereM =M (g)|. Here, we fo-

polarizer and the analyzer that determines the minimum erUS O the biquadratic term which becomes minimal or maxi-
ergy configuratio®~2%In a multilayer the sign of the NEXI mal, depending on the direction of the current, for perpen-

is determined by the direction of the current due to the redicular alignmentg=/2. This is in correspondence to the
spective change in the nonequilibrium magnetization profileStandard bilinear NEXI term which range is determined by

In this sense the NEXI can be regarded as the figure of merff?€ SPin diffusion lengti, . However, there is a subtle dif-
for detecting the spin injection with the analyzer. ference in that the energy discriminates now between a per-

So far, when calculating the NEXI, only the nonequilib- P€ndicular configu_ration of the magnetic momentsini-
rium magnetization to first order in the polarizatignwhich ~ Mum in energy ag=m/2) and a collinear onemaximum in
produced bilinear coupling has been tredted® We have €nerdy atf=m/2) and its range is also determined by .
seen in Sec. Il B that there are, however, higher-order conl herefore, the effect of the nonequilibrium magnetization is
tributions to the nonequilibrium magnetization. These termdhat of a quadrupole field distinguishing perpendicular from
proportional tog? led to a deviation of the cagbehavior in ~ collinear alignment. _ , ,
the angular dependence of the magnetoresistance. The samelt SE€MS surprising that a current can induce a biquadratic
model that predicts the resistance also yields the coupfing, COUPIing for two identical semi-infinite magnetic layers.

and here we would like to find the associated change in theikéwise the departure of the césiependence of the mag-
coupling. netoresistance was unexpected. Yet when the latter effect was

An instructive case is that of two semi-infinite ferromag- PUt into the context of spin filtering, it occurred naturally.
nets, which shows no bilinear coupling of the NEXI propor- S.pm fllter!ng can also be regarded as _the'drlvmg force_ for'the
tional to B2. This is also one of the few cases that givesblqu_adrat!c cogplmg. As the“noneqU|I|bE|um magnetization
simple algebraic expressions, because usually the eXprege_orlents itself in af[runcateq corkscreyv towards the back-
sions for such a calculation become rather involved. Th&round magnetizatioitsee Fig. 2, the field created by the
averaged nonequilibrium contribution to tised exchange nonequilibrium magnetization changes its direction accord-

interaction can be written according to ES) as ingly. This leads to a perpendicular component in the non-
equilibrium magnetization. As the nonequilibrium magneti-

y [ zation takes an intermediate orientation between the
Esq=—ay | dxdMy(x)-My(x). (26)  background magnetization of the two layers, the perpendicu-
0/ lar component has contributions along the axes. Whereas the
It is interesting to note that the integrand is similar to thelinear contributions cancel in a symmetric structure, the qua-
expression foRg, that led to Eq.(23).2* We now insert the dratic ones add. These can be either positive or negative
solutions to the nonequilibrium magnetizati@®) into Eq.  depending on the direction of the current. The distinguishing
(26) and find feature of the biquadratic coupling contribution from the bi-
linear one is that the biquadratic coupling is always present.

, 4 ) AM_ -MR) When the bilinear term exists, however, the biquadratic cou-
Enexi =~ a2[M™= (M- Mg)“] 1_T pling is negligible for most structures apart from those based
on half-metals.
=—a,M*sirf6(1— A cosb), (27

where we made the same approximation in the denominator E. Spin transfer and microwave generation

that led to Eq(24). From the first expression, one can iden-  Berger® and Slonczewskf"?! pointed out that at an inter-

tify bilinear, bigquadratic, and bicubic coupling terms. All face between a ferromagnet and a nonmagnetic metal spin
coupling terms depend linearly on current which producesvaves can be excited. Their theories build on band structure
the feature that they change sign on reversing the currenéffects at such an interface where an incoming conduction
Therefore, the notion of bilinear, biquadratic, and bicubicelectron has different refractive indices depending on its spin
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(a) m? [x]/mo (b) m* [x]/mo

FIG. 3. Normalized spin accumulation profile

0.6 along thex axis in a Co/Cu/Co/Cu MML fora)
0.4 parallel,(b) antiparallel, and perpendicular orien-

0.2 0.2 tations. The latter has a profile for tfie) y and
. N (d) zcomponents of the nonequilibrium magneti-
-40 20 20 40 -40 20 20 40 zation, respectively. The profiles are normalized
to the spin accumulation at the first Co/Cu inter-
; face atx=0. The first Cu layer has zero thickness

(C) mY [x]/mg (d) m® [x] /mp

and resistance. The second Co layexis5 nm
thick. The spin diffusion lengths were taken 44

- nm in Co and 150 nm in the Cu. The resistivity of
) .8 . .
0.5 the second Cu layer is about an order of magni-

0.6 tude less than in the Co.
20 40

0.4
“10 20 20 0 * 0.2
-0.25
-0.5 -40 -20 *
orientation; the magnetic moment of an incoming conduction 2
) o Mg Mg
electron at an angle with the magnetization of the layer pre- o= , (28
cesses in the local exchange field of the laigee Sec. Il B. X Tsl

Both theories are similar in relying on spin injection but
fundamentally different in the way spin waves are excited
Slonczewski’'s main idea is that spin filtering is associate
with the relaxation of angular momentum to the magnetic
background. In Secs. Il B and Il C we have considered a
rather general situation in which the nonequilibrium magnes bare mg(z) are constant vectors for layer, wheren is

tization does not transfer its angular momentum to the b"’mkéither the left or right ferromagnetic layer or nonmagnetic
ground magnetization but to the lattice vig;. The relax-

aion of magnetic moment to the background layer. These constants need to be determined by appropriate

o ) . . boundary conditions along thedirection. At each interface
magnetization—spin transfer—exists only above a dynamic

threshold determined by the spin-wave gap of the backPOoth nonequilibrium magnetizatiodM s and spin currenﬁM

ground magnetization. This is the distinguishing feature of2'€ continuous. The nonequilibrium magnetization for our
Berger’s theory® full model system turns out to be a superposition of the local

Experimentally, however, it has been found by Tsoi andMoment vectors of the leffixed) and right(free) magnetic
co-workerd®3 and Myers and co-workefS that a spin flip  2yer. Vge write - then M(x) =m,(x) +mg(x), where
of the conduction electron can excite collective spin wavedNL®|Ms®lIMa,L(r =ML - The nonequilibrium magne-
of distinct frequency above a certain threshold curergn  tization proﬁle is given in Fig. 3 for different orientations of
in a single magnetic layetn Ref. 1 it was argued that above the magnetic moment vectors. _
a dynamic threshold spin transfer is promoted by the scatter- When we introduced the effects of the NEXI in the equa-
ing rate .y which leads to spin-flip processes that excite thetion of motion for the background magnetization in Ref. 25,
local moments to emit microwavespin waves For these We neglected the effects of relaxation between conduction
processes to occur, the nonequilibrium magnetization has tglectrons and background magnetization; i.e., we assumed
be sufficiently large at the interfaces of a ferromagnet. Therethat 754"~ 745 ~0. Therefore, the equation of motion in Ref.
fore, the excitation processes can, for example, occur eved needs to be supplemented by these additional relaxation
for an initially unpolarized current, but may be absent in anterms derived in the AppendpEg. (B11b)]:
antiparallel configuration of two ferromagnetic layers.

In the following we are interested in a setup similar to the Mg
experiments of Refs. 26—-28: two Co layers, of which one is ot YMrXHRRg,
considered to be fixed and thicker than the spin diffusion
Iength_)\F, separated by a Cu layer of negligible re.sis'gance Rr=AegMrX[(M_+Mg) X Hr]—AgMrX (MgX Hg),
and thickness. As previously, we take the magnetization to (30)
being constant throughout each layer and we choose the cur-
rent along thex direction. In the present approximation, one Where )\Jéd)= T4sgHrMg. The nonlocal effects of the
can write the orientation of the nonequilibrium magnetiza-magnetization current are included in the effective field of
tion in each layer as given by its background magnetizationthe background magnetization. For the right layer, we have
Without the corrections 8%, Eq. (21) takes the form Hr= Hgﬁ,R+ aegM |+ a(M2’R+ mg). Instead ofa.M, we

and can be solved for each layer seperately by making the
following ansatz:

SMP(x) = me X314+ mieX/As), (29)

054401-11



C. HEIDE PHYSICAL REVIEW B 65 054401

introduced the effective nonequilibrium coupling field given for this particular case of a Co/Cu/Co/Cu structure.
HRE'=aM_ between the layers in Ref. 25. The above expression has been obtained from(E8). ne-
The expressiof30) is identical with the one given in Ref. glecting the self-energy contributions. The functidi
1 and a generalization of the damping term given in Ref. 25=e~'r/*F(1—e~'r/*f) also depends on the thickness of the
in that it includes not only damping terms producedHby  right layer so that forlg<Ar one has approximately;
but also the spin accumulation effects of each individual=Ig/\g. In other words, for this particular configuration the
layer that enter as spin-transfer terms and are proportional teossibility for spin transfer of electrons incident from the left
Asg* Toq - SPin transfer sets in wheRgy(m_+mg) over-  (fixed) layer is largest if NEXI is largest.
comes\ 4Mg on the RHS of Eq(30). For an infinitely thin If the condition(31) is met and spin transfer sets in, the
plate magnetized in the direction perpendicular to the plat@xpressiong33) for m_andmg are no longer valid to de-
so that approximatelyHi~H,—47Mg=—wy,/y one Scribe the nonequilibrium magnetization, if we were to in-
obtains the conditioh crease the current further. In such a case one needs to solve
the dynamic problem of coupled Landau-Lifshitz equations
as pointed out in Ref. 1. However, one can obtain a rough
<0, (3D estimate of theadditional contributions. When spin transfer
occurs, the spin diffusion length in the ferromagnet is
where A u(X) = —#hy[m_(X) + mg(X)]/ xs is the difference changed by the additional spin-transfer relaxation channel
in “chemical potential” for spin-up and spin-down determined byrsy, Ng=Dr7s and g 1= 7 b+ 7t 27
electrons’® The presence of a second ferromagnetic layer is |n order to obtain the scattering time4, we can use the
not necessary to predict current-induced excitations. As indetailed balance” relation between susceptibilities and scat-
Ref. 1, we could have introduced an effective field due totering times of thes- andd-electron systems given in E¢f)
spin transfer insteadoH=(m_+mg) 74/(7sqxa), Where  of Ref. 1: y47sq= Xs7gs- THis is helpful since the scattering
Xa/74is given by Eq(B10). The modulus of this field shows time 74.~10"°-10%° has been estimated befdfeThe
a linear dependence on the current: static susceptibility of the--electron system is in the case of
an infinitely thin plate approximately:

Tdl

B+ A u(Xg)
HTSHUTR Tart Tds

SH=JAy. (32
0 0
The parameter\, is a length due to spin transfer. As for Xo:aMd% IMg IHeftg _ i
Hnexi» 6H changes sign when the direction of the current is 47 oH, 3Hgﬁd oH,  4m’
reversed. '

We study now our example trilayer in more detail where Thus, with a Pauli susceptibilitys~10"° we obtain for
the analysis is reduced to consider the fréght) layer only. ~ 7sa~10**~10"'°'s or a spin diffusion length \¢
Making use of the ansat29) and connecting the left ferro- ~1-10 nm which is of the order of the electron mean free
magnetic layer, the right ferromagnetic layer, and the nonPath so that the concept of spin diffusion is to replaced by
magnetic layer by virtue of the above-mentioned boundaryhat of a simple decay in the nonequilibrium magnetization at
conditions, one obtains explicit expressions for the nonequithe interface. This is in fact comparable to the length scale
librium magnetization in each layer. Since the nonequilib-for which the nonequilibrium magnetization decays in Berg-
filum magnetization does not change too significantly acros§r's theory:® In other words, Berger’s theory provides the
the free layer, one can integrate over it. The injected nonspin-transfer timersy which is an unknown parameter in our
equilibrium magnetizations in the right layer take thePhenomenological approach. The reasoning is similar to

following form: Slonczewski'$®?! and goes as follows. The-d scattering
rate equals roughly the precession rate of the nonequilibrium
Ne (PENE—pNAN) T magnetization in the molecular field of the background mag-
P, NI W Mg, (338 netization. Using for example E4B8a) and assuming that

there is no external magnetic field, one obtains

Ne peNefit oo

m :—C_
- 2l peNetpNAN

M, (33b)

Jp M
YOMsX aMg=ar M X Mg =—— (35)
S

— F(N H —
where Aeqy=\VDey7e(.  The functions fi=(1 o 7.4 =Jplh, wherel is the s-d coupling constant ang

—Ir/\g\2 _ —2Ir/\ H
—e RUF)”andf,=1—e “R7F depend on the thickness of e number of spins per unit voluri&Typical values forlp
the layer. Fofz<\g one can retain only linear terms, so that 5.6 0 1-0.5 eV so that one has agajp-1014-10"% s. It

f1~0 andf,~2Ig/\g . For Co/Cupehe>pyhy andin this s important to understand that expressi@8) is a “snap-

limit the free layer can be considered as an “analyzer” of thegnot” of the magnetization dynamics above thresh¢gd)

injected spin current as the contributionrok vanishes(re- 44 not a condition that determines the threshold.

fer to Fig. 3. This is also the case of maximal NEXI which  \e can now calculate the contributions to the nonequilib-

can be seen from the effective coupling constant, rium magnetization which occun addition to the expres-
sions(33) for m; andmg. Since the spin diffusion length is

' (34) ~ now at least an order of magnitude shorter, we use the limit

PENET PNAN wherelg>\¢ so thatf;~1 andf,~1:

Qeff (PENE—pNAN) T3
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= shown in the previous sectiow, is, in general, restricted to
TRML(R)v 36 the region at the interface and grows only slowly into the
bulk of the layer with increasing current as also higher-

wherec,; is the parametec for the critical current deter- frequency modes are eX_C“E‘Jd- _ _
mined from the condition(31). The total nonequilibrium We would like to consider a simple example to determine
magnetization in the rightfree) layer is now SM¢=m, t_h‘fi' possible dgla;; time. _Tolt/;rn ovgr "’:_ Iocall m?menStofb
+mg+m, +mg. The last two terms are the above threshold,,. =’ one needs two spin- conduction electrons to be

o o R flipped. Assuming that the damping of the modes occurs on
contribution to the nonequilibrium magnetizatiodM.

L much longer time scales as the spin transfer given condition
Whereas the above threshold contribution of the NEXI van+31) js satisfied, i.e.74> 7.4, One can calculate a delay time

ishes f3~0) due to the relaxation of the conduction elec-qye to the spin transfer by setting the magnetization

tron spins to the local moments, spin transfer dependgf the background magnetization equal to the transferred
strongly on the mutual orientation of the layers. It Va”'Sheﬁqonequilibrium magnetization:

for a parallel configuration of the layers and yield .

=cAgM/ly for an antiparallel configuration. The treatments _ TsdTd VE M Ve M

in Refs. 15,16 and 21 have, in essence, determined the non- tsw Ta— Tsq Vi 5|\/|Sm75dv_tr M’ 37)

equilibrium magnetization by only taking the contribution ) i i ,
For small Co/Cu/Co pillar devices,the ratioVe/V, might

M, for C;i=0 into account, therefpre ngglectmg the NEX.I’ vary between 1 and 10. Due to the lateral confinement of the
the dependence on the mutual orientation of the magnetiza-

tion of the layers, and the possibility to have spin transfer forp'”ar‘ the Spin V\;]av?s are reflectgd atjhe Pﬁundarzles.keepmg
an initially unpolarized current, the energy in the layer. Assumingq~10 s, the time

delay to the switching would then be of the ordertgf=1

——10 ns for a ratio oM/éM~10°*~1C. These times are

F. Current-induced switching: Spin transfer vs spin injection considerably longer than what one obtains from magnetic
Both spin injection—the change in the nonequilibrium field switching but is in agreement of switching as a nonlin-

magnetization of a system due to the presence of an externgf’ multlmod_e process where there is an initial delay tme of
source of nonequilibrium magnetization—and  spin pumped oscillations before the reversal process can 8t in.

transfer—the dissipative loss of spin angular momentum The pillar structures show, however, different behavior for
from one magnetic subsystem to another—can, in principlec,ilfferent mutual alignment of t_he magnetic layers as can be
lead to current induced switching. This happens for suffideduced from the data on critical switching current versus
ciently strong currents whehlyey, and SH, respectively, gxternal magnetic fieIﬁ?Whereqs for switching from an an-
drive the system into resonance at its e,igenmodes Sin arallel to a parallel configuration there seems to be reason-
Hnex) €an be treated as an effective Zeeman term, it usuall I'e algreement.wnh thg spin-transfer picture, th? reverse
excites many different modes instantaneously, so that the r —W'tCh.'ng operation requires much shorter rela>_<at|on times
versal process sets in immediately. On the contraH,is to fit the data. From our discussion in the previous section
usually delayed by driving the low-frequency modes first. mthere could pe n 'pr|nC|pIe three reasons. Becaqse .for Fhe
this sense there is some similarity between spin transfer arfeprallel conﬁguratlon the nonequ'|l|br.|um' magnetization Is
an external pumping field. This analogy becomes useful tgnuch smaller at the interfaces, switching is more in line with
understand how spin transfer can actually trigger a magnet?’-"hat one would expect from switching due to spin

zation reversal since low-frequency modes, in particular, thémec“cm'25 Qn the_ other hand,_ one could argue that in the
uniform mode, are as such not sufficient to drive a reversa?ara”el configuration the contribution of spin tran~sfer above
process; only nonlinear spin waves do. In the case of afhreshold(31) is very small since the contributioms, and
external pumping field, nonlinear spin waves are parametrimg cancel each other so that it becomes more difficult to
cally excited when the field amplitude is large. This pictureexcite higher-frequency modes. Finally the switching is
of the switching dynamics corresponds then to a nonlineadriven by the spin accumulation on the reverse side of the
multimode process similar to what has been studied byree magnetic layer. Clearer evidence that switching can be
Safonov and Bertram for small grains in the absence of Gilcaused by spin transfer is given by Wegrowe and co-workers
bert damping® where after a period of uniform oscillations who observe switching only from an antiparallel to a parallel
nonlinear excitations set in which can be thought of as “anconfiguration in ferromagnetic nanowires but never the other
overheating of the magnetic system” carrying out theway around
reversal process. From the ratioVg/V,, one notices, however, that spin
In terms of spin-transfer switching requires that the systransfer cannot lead to switching in experiments with point
tem is constantly pumped or stimulated as in a LASER caveontacts; the contact area is small compared to the volume of
ity. (The SWASER concept by Berger needs to be supplethe film and spin waves will be carried away from the con-
mented by a cavit§}) Hence, there are two constraints which tact region, allowing them to decay more easily. In fact, the
have to be taken into account: relaxation of the excitechoint contact spectral’l/dV? were even featurele€sor
modes and the geometry, i.e., the ratio between the region apin-wave excitations at least occurred for currents well
spin transfern/, and the volume of the laye/: . Via condi- above the switching of the domains at the point contact
tion (31), V, depends critically on current; as has beenregion?® Whereas in the former there existed a double-

My (r)~ + (C— Cerit)
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domain structure in the contact region of which only oneitself in the angular behavior of the CPP-MRYet when
could be reversed by the current, so that a double-plateastudying transport in MML's composed of half-metals, spin
structure was observed in the GMR, the latter showed cleafiltering can be very large and should not be neglected. Also
switching behavior and can be explained by spin injectionwe pointed out that a concomitant to spin filtering is a biqua-
i.e., the NEXI® dratic coupling of the NEXI. All these effects arise from
corrections to the spin accumulation when considering
noncollinear geometries for MMLs.

Further, it was shown how the nonequilibrium magnetiza-

For the development of electronic devices based ortion changes as soon as spin-transfer sets in above threshold.
MML's where a current is driven across the interfaces it isThe threshold is determined by the amount of spin accumu-
important to employ a general but relatively simple picturelation at the interfaces whereby the latter depends strongly
that allows one to capture the main features of spin accumuwsn the mutual orientation of the magnetization of the layers.
lation. In the present work we derived a simple diffusion The dynamic picture developed by SlonczeW&kt is only
equation Eq. (10) whereJy, is given by Eq(20)] describing ~ @pplicable in the above threshold regime; i.e., the spin-
the time and spatial dependence of the conduction electrofi@nsfer ternifirst term in Eq.(30)] dominates spin injection
nonequilibrium magnetization, i.e., the spin accumulation@nd cannot be used to determine the threshold itself. What is
This diffusion equation is a generalization of the one given inmportant to realize that both spin injectfSnand spin
Ref. 5, allowing us to treat arbitrary configurations of thetrz_:msfeiL can drive a magnetization reversal. Which process
background magnetization within a single magnetic layer oill be dominant depends largely on the geometry of the
that of a MML on which we focused in this work. Based on MML under consideration.
this equation, we could develop a coherent framework for
treating apart from spin accumulation the phenomena of spin

filtering, spin injection, and spin transfer. , _ I'would like to thank R. J. Elliott, P. E. Zilberman, and P.
The transient behavior of the spin accumulation at an iny Levy for many helpful comments as well as F. J. Albert,
terface between a ferromagnet and nonmagnetic layer coulgh B Bazaliy, L. Berger, D. E. Buyler, R. A. Buhrman, V.
be pictured in terms of a diffusion from a constant sourcecyos, P. A. Graberg, R. H. Koch, B. Kuanr, E. B. Myers,
into a semi-infinite body. For metallic systems a steady statg _g. wegrowe, and M. Tsoi for stimulating discussions.
is reached within picoseconds and, therefore, does nognis work was supported by the Defense Advanced
present a technological obstacle to high-speed switching aResearch Projects Agency and the Office of Naval

plications. We could show that the time-dependent procesgesearch (Grant No. N00014-96-1-1207 and Contract
is, nevertheless, of interest as it provides a direct way tqyo MDA972-99-C-0009

measure the amount of spin accumulation at an interface. As
for comparison, in semiconductor structures the spin life-ApPPENDIX A: RELATION TO SPINOR REPRESENTATION
times can be several orders of magnitudes larger than in OF CHEMICAL POTENTIAL
metals*~*3so that the time-dependent buildup could take a
few nanoseconds, provided spins can be injected efficiently Instead of using the notion of separate currents for charge
from a ferromagnet into the semiconductor. For transition2nd spin, often another approach is used in terms of spinor
metal semiconductor junctions this is a well-known currents. The latter occurs more naturally from microscopic
problerﬁ17 since the amount of Spin accumulati[n'b at the Calculations, where the wave functions of the System are
interface is negligible. All quantities of experimental interest, Written as Pauli spinors. For discussing the magnetic proper-
such as the NEXInot presented here for a semiconductorties, however, itis more convenient to use the approach used
spacer layer scale apZ/p¥ which tends to zero due to the N the present work. _In the followmg, a _few relatlon_s are
large resistance of the semiconductor, as can be seen froptated that show equivalent expressions in the two different
Eq. (14), for example. It has been pointed out, however, by'€Presentations. , , ,
Grundler that for ballistic conduction across a band-matched The electric current and spin current are defined in terms
MML, one could conceive an observable nonequilibrium©f SPinor currents as
magnetization in the semiconductor since the “resistance” in
the semiconductor is effectively reduced for ballistic
transport’® Promising candidates to measure the spin accu-
mulation at an interface would be multilayers based on 3M=ETV{¢TWJU'0}. (A2)
magnetic semiconductdfs or half-metals as CrQ>* e

By studying the effects of noncollinearity, we arrived at a\yhere ¢ is the vector of Pauli matrices. This can be used to
new undgrstqndmg of spin filtering being caused by two dif-,a\yrite the spinor current,
ferent spin diffusion lengths: a transverse one and parallel

IV. CONCLUSIONS

ACKNOWLEDGMENTS

Je=Tr{Jyor}, (A1)

one. These gave a basis for the intuitive notion that conduc- _ e .
tion electrons whose moments are not aligned with the back- 3. J Jet ——Ju —Iu
o L Y HB HB
ground magnetization ought to be more strongly scattered J=| . = , (A3)
than those whose moments are aligned. In transition metals i I i*,\*ﬂ je_ —jﬁn
this gives a small, albeit, noticeable effect which manifests B MB
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wherejhﬁ:j’,f,liijp. In analogy, it is possible to give an By means of irreversible thermodynamics the components of

expression of the chemical potential in spinor representatiorfiM; /dt are linear functions of the components of the
additional field,

h fu
pt oMz oM aM;, S
.1 Xs Xs (Ad) ——==2> LUHF, (B3)
“2| ay _ hy ’ v =
—M~  pu——056M? o o -
Xs Xs where £" is a tensor of kinetic coefficients whose compo-

. . — ) ) nents are functions of the magnetization=x,y,z. The On-
where 6M == 6M*+ MY and u=2 eV is proportional to sager theorem states that!(M) = £ii(—M), so that, when
the applied bias. It is also interesting to write down Ohm's,\yiting i — £+ £ in terms of a symmetric and antisym-
Igw which can be derived by applying the ak_Jove rela-metric tensor, one ﬁndgisj(M)ZEjSi(_M) and/jg(M)z
tions to Egs.(5) and (7). After a couple of rather involved —/:J;(—M). The components of the antisymmetric tensor

transformations, one arrives at - . o ;
form in linear order an axial vector which is an odd function
1 1-p? —p* of magnetization,L} = yEﬁz 18ijkMy, where y will have
E,jf)) f,:( the meaning of the magnetomechanical ratio. Assuming the
1- 2 presence of an axial anisotropy in an isotropic ferromagnet,
(A5)  the symmetric tensor is taken diagonal in linear ordef

where p*=p*=ipY. This matrix can also be expressed as_ \id;; and will be responsible for the relaxation processes

Doyt =By Gyyr- P, Wherep is the polarization vector in- " (€ system. Now, we can write E(B3) as
troduced before. For collinear alignment, this expression

V_)A e
M=
o*

J+

reduced to the standard redult dd_'\:l — yM X Hog+ NH*, (B4)
Vie=—epgls, (AB)  where we assumed for simplicity;=\;. At temperatures

far below the Curie point, an external field produces only a

change in the direction of the magnetization not in its mag-

nitude. If we take the scalar product of E&4) with M and

requireM? being constant, the motion ® can be consid-
Although one could derive the full Landau-Lifshitz equa- €réd as being confined to the surface of a sphere. By virtue of

tions from microscopic theorie;>® we follow the spirit of HXM=0, one finds the standard Landau-Lifshitz equations

our phenomenological approach and turn to thermodynamic

methods for irreversible processes as outlined in Refs. 37, dM A

54, and 55. This allows us to describe the magnetization gt = YMXHeqt WMX(MXHeﬁ)- (BS)

dynamics with rather general assumptions and treat the ef-

fects of strong interatomic exchange interactions and weal order to describe the magnetic properties of the combined
s-d coupling, simultaneously. spin systems of the paramagnetic conduction electtoms

The equilibrium state of the magnetic system will be dis-ferred to ass electrong and the localized magnetic moments
turbed when a magnetic fielde; changes quickly. Its tem-  of the core electrongreferred to asd electrony, we must,
perature and magnetizatidi change so that due to relax- however, consider two coupled equations of motion for the
ation processes they do no longer satisfy the equation GhagnetizatiorMs andM 4, respectively. Therefore, we write
state. Rather the equation of state now defines a fitld similar to Eqg.(B3) a system of equations that contain in
which differs fromH¢. The differenceH* =H.4— H can be ~ addition terms that connect both electron subsystems with
regarded as an additional magnetic field as in the case of tRach other:

magnetization current. By definition, one always s M

where the second spin index has been suppressed.

APPENDIX B: LANDAU-LIFSHITZ EQUATIONS

i3 3

=0. Since relaxation processes are present, the magnetic dMSIE CIAS+S £y (B6a)
subsystem generates entropy: dt (&) 7sss gy s e
TdS=dU—Hey-dM +H* -dM, (B1) ami, &3

. . . — = LY H* + LYH* B6b

whereU is the internal energy of the magnetic subsystem. dt ,Zl dd™’d 121 ds’’s (B6b)

The first two terms determine the equilibrium contribution _
and the last term the nonequilibrium contribution. One therewhere H§(d)=Heﬁ,s(d)—Hs(d). The effective fields are
fore finds for the rate of entropy production of the magneticdifferent fors- andd-electron systems,
subsystem,
Hes=Het aMy,
dAs ~ dM

=H (B2)

Tt Tt Hefta=H g+ aMs+Hag,
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in that apart from the_ differens-d exchange pontributions SM gy =M s(d) = Xs(ayHeft.s(d) - (B9)

the d-electron system includes the effect of direct exchange, . . .
anisotropy, dipole-dipole interactions, and the Oerstedt field here are a couple of points we would like to discugs.

of the conduction-electron Current—jgﬁ’dz He+ Haipt+ Han One can see that the scattering rates bgtweerand
+Hgq+Hing. The fieldsﬁs(d) are connected to the magneti- d-electron systems are exactly balanced to their lowest order;

. . ; ~ a scattering “out” term in one subsystem has always an
zations by the relationshipd g4y = xs(a)Hs(q) - In the ferro-

equivalent scattering “in” term in the other one. They con-

magnetic subsystem the susceptibility depends on the history, .« the total spin angular momentidn=M -+ M in the
S

of the applied field and has only a formal meaning. It has tqsystem.(Z) If we assume for a moment that we are interested

be replqceq by requiring constan_cy of the magnitude of the, .o mbined solutions of Eq¢B8a) and (B8h) where(B8b)
magnetizationM 4. Conversely, since we can assume theia independent of time and assume tM&HHgﬁd and v,

system of conduction electrons being paramagnetic, instea

. o - e ! = y4, We obtain the equation of motidd0). (3) In order to
of th_e.r_nag_nltude of the magne;ﬂzahon beln_g fixed, its SuS'point out the difference between a fully paramagnetic system
ceptibility is constant and given approximately bys

~ 2 o e treated in Ref. 52 and the system under study, we shall make
= (7.7)"N(z¢)/4. We express the kinetic coefficients as use of the condition thdtM4| is constant. Multiplying Eqg.

3 (B8b) by M4, one can obtain the following relation:
ij _XS Kk ij_ Xd
Ess—_5ij+7’sz gijkMg,  Lgg=— —3ij, )
Ts k=1 ds Xd l |Md| 6MS Md) (Blo)
B7 — = - )
(B73 Ta  Hefra-Ma\ 7 Tsd
3
i Xd i Xs which, when inserted into EqéB8a) and (B8b), allows one
ij _Ado o o mk ij__ AS o » q . )
Edd T4 % 7";1 gijkMd, - Las Tsd 9 to rewrite the RHS of these equations as
(B7b)
wherer; '=r7_j'+ 7t and ry '= 7,0+ 74t . We introduced Mg _ 5MS:)\ M gX (M gX Heggt q) — oM
. . . . ds'Vid d eff,d
different magnetomechanical ratios ®andd spin systems Tds Ts Ty
and relaxation times that either couple the spin systems,
and 74s, Or couple to some heat bath such as the lattige, ~AeMgX (MsXHetr ), (B11a
andy, . The equations of motion are not yet complete, since
we have not taken into account the presence of a magnetiza- oM _ oMy Ao M X (SM_X H
tion current in Eq(B6a). The total derivative with respect to Tsd g sdhd (OMsX Hef,a)

time is replaced byM/dt+V - 3,, with the help of relation
(9), so that the equations of motion have formally the same
form as in Ref. 52:

—NgMgX(MgXHegsq), (B1llb

where we introduced;lz ToHefra- Mg @and the relaxation

M L. My oM, times 7' = 75"+ 7o (1a1+ 709 17as, and 7yt = 1o (7qy
i~ YsMsXHerstV-Iu= PSR (B8a  + 7,9 L7y, which couple in Eq(B11a the nonequilibrium
magnetizationdM g explicitly to the relaxation processes of
Mg M. My the magnetic background. These damping terms explicitly
T—ydeX Hea= - - T_d (B8h) conserve the magnitude of the magnetization of the

d-electron system which is not the case for thelectron
Since the system relaxes to its instantaneous or locaystem.(4) One can see from EdB8b) or (B11b) that the
equilibrium value of magnetization, the nonequilibrium scattering “in” term can lead to excitations in tlieelectron

magnetization takes the form system via the nonequilibrium magnetizatiéM .
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