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Spin pumping and magnetization dynamics in metallic multilayers
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We study the magnetization dynamics in thin ferromagnetic films and small ferromagnetic particles in
contact with paramagnetic conductors. A moving magnetization vector causes “pumping” of spins into adja-
cent nonmagnetic layers. This spin transfer affects the magnetization dynamics similar to the Landau-Lifshitz-
Gilbert phenomenology. The additional Gilbert damping is significant for small ferromagnets, when the non-
magnetic layers efficiently relax the injected spins, but the effect is reduced when a spin accumulation build-up
in the normal metal opposes the spin pumping. The damping enhancement is govetaed, iy turn, can be
used to measuyehe mixing conductance or spin-torque parameter of the ferromagnet—normal-metal interface.
Our theoretical findings are confirmed by agreement with recent experiments in a variety of multilayer systems.
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I. INTRODUCTION More recently, several theoretical frameworks were put for-
ward proposing a mechanism for magnetization damping due

Spin-polarized transport through magnetic multilayers isto F-N interfacial processest®® This F-N coupling be-
the physical origin of many exciting phenomena such as gicomes important in the limit of ultrathin<{10 nm) ferro-
ant magnetoresistance and spin—current-induced magnetizaragnetic films and can lead to a sizable enhancement of the
tion reversalt~2 1t has attracted attention in the basic physicsdamping constant.
community and industry over the last decades, but there are Our theory is based on a new physical picture, according
still open fundamental questions. So far, the main researcto which the ferromagnetic damping can be understood as an
activity has been focused on the dc transport properties aidiabatic pumping of spins into the adjacent normal métals.
these systems. This spin transfer is governed by the reflection and transmis-

Ac magnetotransport has attracted considerably less attesion matrices of the system, analogous to the scattering
tion than its dc counterpart. In a recent pabese reported a  theory of transport and interlayer exchange coupling. The
novel mechanism by which a precessing ferromagnemicroscopic expression for the enhanced Gilbert damping
“pumps” a spin current into adjacent nonmagnetic conduc-and the renormalized gyromagnetic ratio can be calculated
tors proportional to the precession frequency, using a formalby simple models or by first-principles band-structure calcu-
ism analogous to that for the adiabatic pumping of charges ifations without adjustable parameters. The present theory
mesoscopic systemsWe showed that spin pumping pro- therefore allows quantitative predictions for the magnetiza-
foundly affects the dynamics of nanoscale ferromagnets antion damping in hybrid systems that can be tested by experi-
thin films, by renormalizing fundamental parameters such aments.
the gyromagnetic ratio and Gilbert damping parameter, in The Gilbert damping constant in thin ferromagnetic films
agreement with experimertts. has been experimentally studidd=l’ by measuring

The switching characteristics of a magnetic system deferromagnetic-resonan¢EMR) linewidths. In the regime of
pends in an essential way on the Gilbert damping constant ultrathin ferromagnetic filmsg was in some cases found to
In magnetic field-induced switching processes, for examplebe quite large in comparison with the bulk valug, and
a governs the technologically important magnetization re-sensitively depending on the substrate and capping layer ma-
versal time of ferromagnetic particles. Its typical intrinsic terials. For example, when a 20-A-thick permali@y) film
valu€’ ay=<10"? for transition metal ferromagnets is smaller was sandwiched between two Pt layers, its damping was
than its optimal value ofv=10"* for the fastest switching found to be a~10"1, but recovered its bulk value
rates® The present mechanism allows engineering of the~10"2 with a Cu buffer and capHeinrichet al* observed
damping constant by adding passive nonmagnetic compan enhanced damping ef 20-A-thick Fe films when they
nents to the system and/or adjusting the geometry to contralere grown on Ag bulk substrates but no significant change
spin flow and relaxation rates described in this paper, thug the damping constant was seen for films grown on GaAs
helping to create high-speed magnetoelectronic devicegven when the film thickness was reduced down to several
Also, in spin—current-induced magnetization reversal, theatomic monolayer®® We will demonstrate here that our
critical switching current is proportional t@.* theory explains all these experimental findings well.

For some time it has been understood that a ferromagnet— Previously, we studied the situation when the normal-
normal-metal F-N) interface leads to a dynamical coupling metal layers adjacent to the ferromagnetic films are perfect
between the ferromagnetic magnetization and the spins dfpin sinks, so that the spin accumulation in the normal metal
the conduction-band electrons in the normal m&ta.*?  vanished.Here this theory is generalized to consider the spin
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accumulation which enables us to explain experimental find-
ings for variousF-N system&'*1in a unified framework N
based on the spin-pumping picture.

The paper is organized as follow. In Sec. Il and the Ap- N - . F
pendix, the basic formalism of the adiabatic spin-pump - — pEmEp
theory' is derived using a scattering-matrix approach, and an S
alternative derivation is given for finite systems, which is
based on the conservation of energy and angular momentum. ==
In Secs. Il and IV, we solve the diffusion equation to de- m(t) Hs
scribe transport of injected spins in single and composite / Heg —+
normal-metal layers. The spin loss due to spin-orbit or other 51-5\ back
spin-flip processes is accounted for, leading to an overall R =T I

damping of the ferromagnetic magnetization precession. In
particular, we use the theory to analyze the representative
case of Gilbert damping in Py-Pt, Py-Cu, and Py-Cu-Pt hy-
brids, showing an excellent agreement between our theory
and the experimental resuft$® The last Sec. V is devoted to
discussions and conclusions. FIG. 1. A ferromagnetic filmF sandwiched between two non-
magnetic reservoirl. For simplicity of the discussion in this sec-
tion, we mainly focus on the dynamics in ofreght) reservoir while
suppressing the oth@eft), e.g., assuming it is insulating. The spin-
Consider arN-F-N junction as in Fig. 1 and Fig. 6 in the pumping current£"™ and the spin accumulatiops in the right
Appendix. Without a voltage bias, no spin or charge currentgeservoir can be found by conservation of energy, angular momen-
flow when the magnetization of the ferromagnet is constantim. and by applying circuit theory to the steady stafe™
in time. When the magnetization direction starts precessingf'sac -
(as, e.g., under the influence of an applied magnetic)fiald
spin current!?"™ is pumped out of the ferromagrfeThis When the ferromagnetic film is thicker than its transverse
current into a giverN layer depends on the complex-valued spin-coherence lengtd> 7/(kL—kL), wherek[!) are the
parameterA=A, +iA; (the “spin-pumping conductancg” spin-dependent Fermi wave vectorS, vanishe<® the spin
by pumping through a give&-N interface is governed entirely
by the interfacial mixing conductanck=g'!=g/'+ig/*,
|pump:£ Armxd—m—A- d_m _ (1) and we can consider only one of the two interfaces. This is
S 4 dt ' dt the regime we are focusing on in this paper. Note that the

Here, the time-dependent order parameter of the ferromagné@nductance matrig”" defined in Eq/(2) has to be renor-

is a unit vectorm(t), assuming a monodomain magnet with malized for highly transparent interfaces in columnar geom-
a spatially uniform magnetization at all times. A detailed etries (by properly subtracting Sharvin-resistance contribu-
derivation of Eq(1) based on the scattering-matrix theory of tions from the inverse conductance parametexrs discussed
transport is presented in the Appendix=g'' —t'! depends in Ref. 19.

on the scattering matrix of the ferromagnetic film since As shown beforé, the spin currenfEq. (1)] leads to a
damping of the ferromagnetic precession, resulting in a faster

alignment of the magnetization with theffective applied

II. PRECESSION-INDUCED SPIN PUMPING

977 E% [Omn= T mn(Tmn) ™1 (2) magnetic fieldHq. In the derivation by the time-dependent
scattering theory, the pumped spins are entirely absorbed by
is the dimensionless dc conductance méatrtxand the attached ideal reservoirs. In the following, it is shown

that Eq.(1) can be also derived for a finite system by observ-
ing that the enhanced rate of damping is accompanied by an
energy flow out of the ferromagnet, until a steady state is
established in the combinde-N system. For simplicity, as-
Here (see Fig. 6 r,, (. is a reflection coefficient for syme a magnetization which at timestarts rotating around
spin-up(spin-down electrons on the normal-metal side and the vector of the magnetic fielah(t)L Heg. In a short inter-

ti (th) is a transmission coefficient for spin-uspin-  val of time &t, it slowly (i.e., adiabatically changes tan(t
down) electrons across the ferromagnetic film from the op-+ §t) =m(t) + ém. In the presence of a large biiite non-
posite reservoir into the normal-metal layer, wher@ndn  magnetic reservoir without any spin-flip scattering attached
label the transverse modes at the Fermi energy in the normalo one side of the ferromagnet, this process can be expected
metal films. Note that the magnetization can take arbitrarto induce a(smal) nonvanishing spin accumulation
directions; in particulann(t) may be far away from its equi-

librium value. In such a case, the scattering matrix itself can

depend on the orientation of the magnetization, and one has ~n
to BseA(m) in Eq. (1). ? MsEf deTrlof(e€)], (4)

=2 trl . (3)
mn
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where ¢ is the Pauli matrix vector and(e) is the 2x2 F N
matrix distribution function at a given energy in the dm/dt um
reservoir! For a slow enough variation ah(t), this non- T —— IR
equilibrium spin imbalance must flow back into the ferro- Wy
magnet, canceling any spin current generated by the magne- My
tization rotation, since, due to the adiabatic assumption, the
system is always in a steady state. m(t) x | o

Let us assume for the moment that the spins are accumu-
lated in the reservoir along the magnetic figlg|Hq. Flow
of Ng spins into the normal metal transfers enemy¥y z < I
=Ngus/2 and angular-momentumi L y=N¢/2 (directed X
along Hg¢). By the conservation lawsAEr=—AEy and ’ S ! X
ALg=—ALy, for the corresponding values in the ferromag-
net. Using the magnetic enerdyEr= yALgHey, Wherey is FIG. 2. Schematic view of th&-N bilayer. Precession of the
the absolute gyromagnetic ratio of the ferromagnet, we thefagnetization directiom(t) of the ferromagnef pumps spins into
find that Ngug/2=yNg(A/2)Hes. It then follows thatus  the adjacent normal-metal layisrby inducing a spin currerf“™.
=hyHs=fw, wherew= yHg is the Larmor frequency of This leads to a build-up of the normal-metal spin accumulation
precession in the effective field: The spin-up and spin-dowrwhich either relaxes by spin-flip scattering or flows back into the
chemical potentials in the normal metal are split py  ferromagnet as2®*. In contrast to Fig. 1, th&l layer here is not an
=% w, the energy corresponding to the frequency of the perideal reservoir but rather a film of the same cross section as the
turbation. For a finite anglé betweenug andH.g, the same  magnetic layei; the spin accumulation is positid) dependent.
reasoning would lead ta =% w cosé, which is smaller than
the “energy boostZw of the time-dependent perturbation,
thus justifying our initial guess.

We can employ magnetoelectronic circuit thedrp de-
rive an expression for the backflow of spin currafi
which, as argued above, has to be equal to the pumpin
current| UmP= | back.

The spin current out of the ferromagnet carries angular
momentum perpendicular to the magnetization direction. By
conservation of angular momentum, the spins ejectedby
correspond to a torque= — I on the ferromagnet. If pos-

ible interfacial spin-flip processes are disregarded, the

rquer is entirely transferred to the coherent magnetization
precession. The dynamics of the ferromagnet can then be
described by a generalized Landau-Lifshitz-Gilbért.G)

l .
|gacK:_2ﬂ_(gllﬂs+ gl 'mx o) equatioR™?
i dm . dm dm Hot aqmx M, Y @
L PR TUL LSS TRl TRRAANC AL TR VIVACY

) where «a; is the dimensionless bulk Gilbert damping con-
Here, we usedis=%w and usL m, since by the conserva- stant,M, is the saturation magnetization of the ferromagnet,
tion of angular momentum, the spin transfer is proportionalyngy js its volume. The intrinsic bulk constant, is smaller
to the change in the directiofml m. We thus recover EQ. than the total Gilbert damping=aq+a’. The additional
(1) for the case of a single and finite reservoir. It is easy togampinga’ caused by the spin pumping is observable in, for

with Heg. Furthermore, a straightforward generalization ofpgre.

this discussion to the case of theF-N sandwich structure
recovers our previous resdkq. (1] , lll. SPIN —~ACCUMULATION-DRIVEN BACKFLOW

The expressions for the adiabatic SpIn pumping are not IN THE E-N AND N-F-N MULTILAYERS
the whole story, since spin-flip scattering is an important fact
of life in magnetoelectronics. In Ref. 4, we only considered The precession of the magnetization does not cause any
the extreme situation where the normal-metal layer is a percharge current in the system. The spin accumulation or non-
fect spin sink, so that all spins injected b§"™ relax by equilibrium chemical potential imbalanges(x) [similar to
spin-flip processes or leave the system; the total spin currefd. (4), but spatially dependent nduin the normal metal is
through the contact was, therefore, approximated Ipy & vector, which depends on the distance from the intentace
~1PU™P and 192~ 0. Here, we generalize that treatment to 0<<X<L, whereL is the thickness of the normal-metal film,
self-consistently take into account the spin build-up in theS€€ Fig. 2. _ o _
normal metal at dynamic equilibrium. We then find the con- When the ferromagnetic magnetization steadily rotates

tribution to I due to the spin—accumulation-driven current@ound thez axis,mxm and the normal-metal spin accumu-
1°2% hack into the ferromagnet: lation ug(x) are oriented along, as depicted in Fig. 2. There
. :

is no spin imbalance in the ferromagnet, becausés per-

| = Pump_ | back (6)  pendicular to the magnetization directiom As shown be-
low, the time-dependens is also perpendicular tm even
which vanishes in the absence of spin-flip scattering. in the case of grecessingerromagnet with time-dependent
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instantaneous rotation axis, as long as the precession fréthe spin—accumulation-driven spin curréf#* through the
quencyw is smaller than the spin-flip rates? in the normal  interface reads
metal.
The spin accumulation diffuses into the normal metal as 1
P I‘S’aCKzg[ZgMuS(x=O)+29i“m><;us(x=0)
o ps= Dé’zl-‘s_ TgFlILSa €S) —— '

. e . . + +gtt— . = .

whereD is the diffusion coefficient. The boundary conditions (9''+g" =29, )[m- us(x=0)Jm]. (13

are determined by the continuity of the spin current from theSubstituting Eq(10) into Eq.(13), we find for the total spin
ferromagnet into the normal metalxt0 and the vanishing current[Eq. (6)]
of the spin current at the outer boundaes L:

B
x=0: = —2(ANSD) U, =18 S[29{ 'Is+2g] ' mxI+(g'"+g" —2g;")

x=L: dus=0, 9 X(m-lgm], (14
whereis the (one-spin density of states in the film anl  where the spin current returning into the ferromagnet is gov-
is the area of the interface. The solution to £8). with the  erned by the “backflow” factorg,
boundary condition$Egs. (9)] is

Tsposp/h

_ coshk(x—L) 2l (10) p= tanh(L/\sp)

(15
M) = Gihel  ANSDx

. . i When the normal metal is shorter than the spin-diffusion
with_the wave vector k=Agpyl+io7sy where Asp length (L<\gp), B— 7spdlh, where 5=(NSL) ! is the
= D 7geis the spin-flip diffusion length in the normal metal. energy-level splitting. In the opposite regime of thick normal
In Ref. 22 we used arguments similar to those in the presefhetals (>\gp), B— 7sedsp/h. Basically, 8 [Eq. (15)] is
paper to calculate the spin accumulatidr®) generated by therefore the ratio between the energy level spacing of the
the precessing magnetization. While the size of the effect anflormal-metal film with a thicknesisse=min(L,\sp) and the
its relevance for spintronic applications are detailed in Refgpin-fiip rate.
22, in this work we focus on the role of the spin accumula- By inverting Eq.(14), we may express the total spin cur-

tion in the dynamics of the ferromagnetic magnetization.  rent| in terms of the pumped spin currer™[Eq. (1)]
We assume in the following that the precession frequency

 is smaller than the spin-flip relaxation rate< r¢¢ so that (BglH2] Byt
k~\gp. For a static applied field of 1 T, typically ls= 1+,89,”+—Tl X| 1= ———= mX 154,
~10'" s71. The elastic scattering rate corresponding to a 1+ B9, 1+4gr

mean free path of\¢~10 nm is 7,,'~10s™1. Conse-
quently, the derivation below is restricted to metals with aAfter substituting Eq(1) into Eq. (16), we recover the form
ratio of spin-conserved to spin-flip scattering times of Eq. (1) for the total spin currenks, but with a redefined
= 7¢/ 5= 10", In practice’’ this condition is easily satis- spin-pumping conductande=A, + A,

fied with higher impurity atomic numbe# (as e scales & ' '
Z*). The high-frequency limito= Ts_fl, on the other hand, is ho[~ dm .~ dm
relevant for hybrids with little spin-flip scattering in the nor- |s:E( ) :
mal metal, and was discussed in the context of the spin-

battery conceFﬁ? Nevertheless, we will see that a sizable A can be expressed in terms of the mixing conductayice
Gilbert damping enhancement requires a large spin-flip proband the backflow factog by

ability e=1071 (thereby guaranteeing that< r;fl) unless

the frequency is comparable with the elastic scattering rate in
the normal metal. The latter regime will not be treated in this
paper.

Using reIationDzvﬁre/S between the diffusion coeffi-
cientD (in three dimensionsthe Fermi velocityw ¢, and the X
elastic scattering timer,;, we find for the spin-diffusion
length

AmX———A

A
A

1 Bglt(1+pBglH 1
—Bglt(1+pglHt 1

(Bgl)? 1(@11L
1+8g/t] \git)

It has been showf that for realisticF-N interfacesg] '
Nsp=Ur\/TeTsd3. (11)  <g/', so thatg!'~g/'. (The latter approximation will be

An effective energy-level spacing of the states participatind'ﬁnp!'ed for the rest of the papgin this important regimes

in the spin-flip scattering events in a thick film can be de-vanishes and the term proportionalAp in Eq. (17) has the
fined by same form as and therefore enhances the phenomenological

Gilbert damping. This can be easily seen after substituting
Ssp=(NS\gp) L. (12 Eqg. (17) into Eq.(7): The last term on the right-hand side of

1+Bglt+ (18)
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Eqg. (7) can be combined with the second term by definingthat o’ ~ &, . This makes the lighter metals, such as Al, Cr,

the total Gilbert damping coefficieni= ay+a’, where and Cu, as well as heavier metals with oslglectrons in the
conduction band, such as Ag, Au, and Ta less effective spin
) " rs9sp/h ] 1gg’t sinks since these metals have a relatively small spin-orbit

a'=|1l+g anhLiney)| 4mp (19 coupling, typically corresponding te<10"2.232728eavier

elements withz=50 andp or d electrons in the conduction
is the additional damping constant due to the interfagidd ~ band, such as Pd and Pt, on the other hand, can be good or
coupling. Here,g, is the g factor andu is the total film  nearly perfect spin sinks as they have a much larger
magnetic moment in units gig . Equation(19) is the main =10"1.2% This conclusion explains the hierarchy of the ob-
result of this section. Wheh—o, Eq. (19) reduces to a served Gilbert damping enhancement in Ref. 6: Pt has about
simple resulta’ =g, gl{/(47u), where 2 electrons per atom in the conduction band, which are hy-
bridized with d orbitals, and a large atomic numbgr=78
1 1 and, consequently, leads to a large magnetization damping
— = +Rgp. (200  enhancement in thN-F-N sandwich for thin ferromagnetic
g 9! films. Pd which is above Pt in the periodic table having simi-
lar atomic configuration but smaller atomic numbes+ 46
Here Rsp= 7sedgp/h is the resistancéper spin, in units of  |eads to a sizable damping, but smaller than for Pt by a factor
h/e?) of the normal-metal layer of thicknesssp. [Which  of 2. Ta is a heavy elemerZ=73, but has onls electrons
follows from the Einstein's relationr=e’DN connecting and the damping enhancement is an order of magnitude
conductivity o with the diffusion coefficientD, and using smaller than in Pt. Finally, Cu is a relatively light element,
Eq. (12).] It follows that the effective spin pumping out of Z=29, with s electrons only and does not cause an observ-
the ferromagnet is governed Iy, i.e., the conductance of able damping enhancement at all. According to B), a
the F-N interface in series with diffusive normal-metal film sufficiently thick active layel-=\gp, is also required for a
with thickness\ gp.*° sizable spin relaxation.

The prefactor on the right-hand side of E@.9 sup- The limit of a large ratio of spin-flip to non-spin-flip scat-
presses the additional Gilbert damgfirdue to the spin an- tering e~1 deserves special attention. In this regime, Eq.
gular momentum that diffuses back into the ferromagnet. 1{21) does not hold, since by using the diffusion equafigg.
was disregarded in Ref. 4 where the normal metal wa$8)] and boundary conditionfEgs. (9)] we implicitly as-
viewed as a perfect spin sink. Because spins accumulate sumed thake<1. If =101, on the other hand, even inter-
the normal metal perpendicular to the ferromagnetic magnefacial scattering alone can efficiently relax the spin imbal-
tization, the spin—accumulation-driven transport across thance, and such films, therefore, are good or nearly perfect
F-N contact, as well as the spin pumping, is governed by a&pin sinks(so thata’ ~ ), regardless of their thicknegis
mixing conductance. This explains why the other compo-particular, they can be thinner than the elastic mean free
nents of the conductance matfikq. (2)] do not enter Eq. path.

(19). Infinite vs vanishing spin-flip rates in the normal metal

We now estimate the numerical values of the parametersre two extreme regimes for the magnetization dynamics in
in Eq. (19) for transition metal ferromagnets Fe, Co, and Ni, F-N bilayers. In the former case, the damping constant
in contact with relatively clean simple normal metals Al, Cr, = o+ g, g''/(4mw) is significantly enhanced for thin ferro-
Cu, Pd, Ag, Ta, Pt, and Au. For an isotropic electron gasmagnetic films, whereas in the latter cases o is indepen-
N=K&/(mhve). Using Egs. (1) and (12, we find  dent of the ferromagnetic film thickness. Experimentally, the
h/(6sp7se) =4\/e/3Ng,, whereNy,=SIE /(4 ) is the num-  two regimes are accessible by using Pt as a perfect or Cu as
ber of transverse channels in the normal metal and a poor spin sink in contact with a ferromagnetic thin film, as
=1, /75 is the spin-flip probability at each scattering. In done in Ref. 6 forN-Py-N sandwiches(Using theN-F-N
Ref. 26,g'! was calculated for Co-Cu and Fe-Cr interfacestrilayer simply increasea’ by the factor of 2, as compared
by first-principles band-structure calculations. It was foundto the F-N bilayer, due to the spin pumping through the two
that irrespective of the interfacial disordey/'~N,, for interfaces. The measured damping parame@: yMa is
these material combinations. As shown in Ref.d9,hasto  shown in Fig. 3 by circles.
be renormalized in such limit, making the effective conduc- For the Cu-Py-Cu trilayer, our theory predicG(d)
tances about twice as large. We thus arrive at an estimate =G, while for the Pt-Py-Pt sandwich

/ (gLup)® glis™t
& [ etanh L] Y, 21) Cld=Cot = 5~ 4
o

(22)

as a function of ferromagnetic film thickness The Pyg

where e/, =g,g'"/(4mu) is the Gilbert damping enhance- factor isg, ~2.1.° These expression agree with the experi-
ment assuming infinite spin-flip rate in the normal metalments forG,=1.0x10° s™! and g''S 1=2.6x 10" cm 2
rse—0, i.e., treating it as a perfect spin sifik. (see Fig. 3 Both numbers are very reasonabl®; equals
It follows that only for a high spin-flip probabilitye  the bulk value 0.71.0x10° s for Py?® while g'!S™*
=102, the normal-metal film can be a good spin sink socompares well withg'!S *~1.6x 10" cm 2 found in
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FIG. 3. Circles show measuréRef. 6 Gilbert parametets of FIG. 5. Circles show the measurements by Mizukanil.

a permalloy film with thicknesd sandwiched between two normal- (Ref. 1§ of the Gilbert damping in Py-Cu-Pt trilayer and Py-Cu
metal (Pt or Cy layers. Solid lines are predictions of our theory bilayer as a function of the Cu buffer thicknelssSolid lines are
with two fitting parametersG,, and g'!-Py bulk damping and our theoretical prediction according to E426) and(27).
Py-Pt mixing conductance, respectively, see @g).

assumed that the spins are driven into the first normal-metal
angular-magnetoresistandaMR) measurements in Py-Cu film (N1) of thicknesd.. While in N1, spins are allowed to
hybrids!® (We recall that here one has to use the renormaldiffuse through the film, where they can relax, diffuse back
ized mixing conductancg'!, in the notation of Ref. 19.In into the ferromagnet, or reach the second normal-metal layer
fact, since Pt has two conduction electrons per atom, whiléN2). N2 is taken to be a perfect spin sink: spins reaching
Cu-only one, and they have similar crystal structures, wéN2 either relax immediately by spin-flip processes or are
expectg!! to be larger in the case of the Py-Pt hybrid, jus-carried away before diffusing back intd1l. We show that
tifying the value used to fit the experimental data. We haveneasuring the ferromagnetic magnetization damping as a
thus demonstrated that the additional damping in ferromagfunction ofL in this configuration can be used to study the dc
netic thin films can be used to measure the mixing conducmixing conductance of the twhi1 film interfaces as well as

tance of theF-N interface. the N1 spin-diffusion time.
The analysis in this section was inspired by experiments

V. MAGNETIC DAMPING IN  F-N1-N2 TRILAYER of Mizukami et al,'® who in a follow-up to their systematic
' T study of Gilbert damping ifN-Py-N sandwiche$, studied
In this section we consider ferromagnetic spin pumpingmagnetization damping in Py-Cu and Py-Cu-Pt hybrids as a

into a bilayerN1-N2 normal-metal system, see Fig. 4. It is function of Cu film thickness.. The measured damping pa-
rameterG is shown by circles in Fig. 5. As shown in the

preceding section, Cu is a poor sink for the pumped spins,

F N1 N2 g ; ) X v
amy/dt — while Pt is nearly a perfect spin absorber, thus identifying the
> 1°°"F Cu film with N1 and the Pt layer witiN2.
Y m We use the same notation as in the previous section to

discuss thé=-N1 spin pumping with subsequent spin diffu-

m(t) x sion throughN1. Similar to Eqgs.(9), the boundary condi-
tions for the diffusion equatiog8) in the normal metaN1

f | Its’laCk IESCk are now
4 o L . x=0: dyus=—2(ANSD) g,

FIG. 4. Same as Fig. 2, but now the normal-metal system is
composed of a hilayeN1-N2 Ferromagnetic precession pumps
spins into the first normal-metal laydil. The spin build-up ilN1
may flow back into the ferromagngtas spin current?2, relaxin  ls1 andls, are the total spin currents through the leit (
N1, or return to the second normal-metal laje2 as spin current =0) and right k=L) interfaces, respectively,, (similarly
1%ck The spin accumulation iN2 is disregarded since the layer is to |5 [Eq. (6)] in the previous sectignincludes the pumped
assumed to be a perfect spin sink. spin curren{Eqg. (1)] and the spin-accumulation-driven spin

x=L: dyps=—2(ANSD) . (23
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current[Eq. (13)] contributions.lg,, on the other hand, is small spin-flip ratio,e<1, causes most of the spins trans-
entirely governed by th&l1— N2 spin-accumulation-driven ferred into the normal-metal layer to be scattered back and
flow relax in the ferromagnet before flipping their direction in the
Cu buffer. This leads only to a small damping enhancement,
(24) which saturates at.>\gp and vanishes in the limitL
<\gp. The situation changes after a Pt film, a very good

whereg is the conductance per spin of theL-N2 interface. spin s_ink, is connected to th(_a bilayer: If the normal-metal
Solving the diffusion equatiof8) with the boundary con- 1ayer is smaller than the elastic mean free patk\,, the
ditions (23), we find the spin currenty, as we did in the SPIN accumulatlo_n is uniform thrpgghout the Cu_ buffer. The
preceding section. The Gilbert damping enhancement due &N pumping will now be partitioned. A fraction of the
the spin relaxation in the composite normal-metal system i®umped spins reflects back into the ferromagnet, while the

g
lio=7 -ps(x=L),

then given by rest get transmitted and subsequently relax in the Pt layer.

The ratio between these two fractions equals the ratio be-

)| 14 q1 TsFOsD 1+tanhL/\sp)g7sedsp/h| 199" tween the conductance of the Py-Cu contact and the Co-Pt
“« 9 Th tanHL/hep) +grerdep/h | 4w contactg''/g, and is of the order of unity. This results in a

(25 large magnetization damping as a significant portion of the

Settingg=0 decouples the two normal-metal systems andfPin PUMpIng relaxes by spin-orbit scattering in Pt. When
reduces Eq(25) to Eq. (19) giving the damping coefficient S increased, Ie_ss spins manage to dlﬁu§e_through theT entire
of the F-N1 bilayer. From Eq(25), we get for the Py-cu Cu buffer, and, in the limit. >\ sp, the majority of the spins
(L)-Pt trilayer scatter back into the ferromagnet or relax in Cu not feeling

the presence of the Pt layer at all. In the intermediate regime,

B " Tsebsp 1+tani L/\gp)g7sedsp/h] 1 the spin pumping into the Pt layer has an algebraic fall-off on
G(L)=Go*|1+9 h  tanKL/\gp) +g7sedsp/h the scale of the elastic mean free path and exponential one on
2 a1 the scale of the spin-diffusion length.
(Qmp)“9''S (26) It is important to emphasize that the strong dependence of
2h d damping on the Cu layer thicknegsin the Py-Cu-Pt con-

figuration gives evidence of the spin accumulation in the
normal-metal system. This spin accumulation, in turn, indi-
(g up)?glist cates that an excited ferromagiias in the FMR experiment
2h d discussed hejetransfers spins into adjacent nonmagnetic
(27) layers, confirming our clairfy Furthermore, this supports our
concept of the spin battefy.

In the experiments, the permalloy thickneiss 30 A is fixed Before ending this section, it is illuminating to make a
and the Cu film thickness is varied between 3 and 1500 nm gmgq)| digression and further study E@6) in the limit of

as shown by the circles ir_1 Fig. 5. Our tht_aor_etical results, Eqsvanishing spin-flip processes in the buffer layét. Recall-

(26) and(27), are plotted in Fig. 5 by solid Iln-es. We use the ing our definitions for sp and dsp [Egs. (11) and (12)] and

f)i"ll%‘é‘”sn_gl_ &zrirgﬁtilzz: pr-(l;rt])gbilitiylk 1(/1%1(1)p§?1gd ?hoezgp;i?n taking limit rg—o, we find th?f Eq.(26) reduces to Eq.

; - €= - ith g7 imi .

diffusion length\ sp=250 nm for Cu(which correspond to (22), only with g replaced bygey [similarly to Eq. (20)]

elastic mean free pathy=\3eAgp=16 nm), in agreement

with values reported in literaturg;?830 glls =16

X 10" cm 2 from the aMR measurement$;and gS ! :i+RN1+} (28)

=3.5x 10 cm~2 for the Cu-Pt contact, which lies between gk gl g’

values for the majority and minority carriers as measured and

calculated for the Cu-Co interface. Figure 5 shows a re-

markable agreemertwithin the experimental errpbetween  WhereRy; is the resistance of the1 layer. The right-hand

the measurements and our theory. It is important to stresside of EQ.(28) is simply the inverse mixing conductance of

that while the profiles of the trends displayed in Fig. 5 reveathe N1 buffer in series with its two interface®ne with F

the diffusive nature of spin transfer in the Cu spacer, theyand one withN2);'® in particular, when layeN1 is thick

cannot be used to judge the validity of a detailed mechanisrenough, the total mixing conductangg} is just the conduc-

for spin injection(relaxation at the Py-CuCu-P) interface. tance of the diffusive normal-metal spacer separafirand

The case of our spin pumping picture is strongly supportedN2.*?>The spin pumping into laye¥1 with the subsequent

by the normalization of the curvém agreement with experi- diffusion and then spin absorption by the ideal spin ditik

men}, which are governed in our theory by quantities known(as discussed in this sectjiocan thus be viewed as the spin

from other sources. pumping across an effective combined scatterer separating
The trends in Fig. 5 can be understood as follows. Sincehe ferromagnetF) from the perfect spin sink2) [as done

Cu is a poor spin sink, a Py-Cu contact with a single Cu filmin obtaining Eq.(22)]. This shows consistency of our ap-

does not lead to a significant damping enhancement. Thproach.

and for the Py-Cu() bilayer (puttingg=0)

' 7sedsp/h
tani(L/\gp)

G(L)=Go+| 1+
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V. CONCLUSIONS AND DISCUSSIONS

Ferromagnets emit a spin current into adjacent normal ML=:\ ﬂﬁu
metals when the magnetization direction changes with time. N F N
We recently proposed a novel mechanism for this spin trans- ,
fer based on the picture of adiabatic spin pumgingwas t
shown that our theory explains the increased magnetization m(t) <
damping in ferromagnets in contact with normal metals in
measurements of FMR linewidthg*16:17 L

Whereas the spin pumping affects the magnetization dy- I
namics, it also creates a nonequilibrium magnetization in ad- d

jacent nonmagnetic films. In this paper we first calculate this

spin accumulation foF-N metallic multilayers and find that FIG. 6. Ferromagnetic filntF) sandwiched between two normal
it induces a spin backflow into the ferromagnetic layer thatyeta| layers ). The latter are taken to be reservoirs in common
reduces the spin pumping. This spin-accumulation-driveRhermal equilibrium. The reflection and transmission amplitudes
current is significant for light metals or metals with ory andt’ shown here govern the spin current pumped into the right
electrons in the conduction band, which have a small spintead.

flip to spin-conserving scattering ratio.
The picture of ferromagnetic spin pumping and subseyyhen the scattering matrig®?

A : ) . mni - (D) of the ferromagnetic
quent spin diffusion in the adja(_:ent ”.°r”!a' metal layers I%ayer varies slowly on the time scales of electronic relaxation
also applied to thé--N1-N2 configuration in order to ana-

. o S in th m, an adi [ roximation m . Th
lyze recent experimenfson magnetization damping in Py- the system, an adiabatic approximation may be used. The

) L2 annihilation operators for particles entering the reservoirs are
Cu-Pt trilayers. We showed that our theory quantitatively ex- b b 9

plains the experimental findings. Our analysis of thethen related to the operators of the outgoing states by the
experiments by Mizukamet al®® shows that FMR of ultra- |ns:'tcyzalgntaneous value of the scattering mati, (E)
thin ferromagnetic films in contact with single or composite = Smni+()@gn,/(E). In terms ofa,m, only, we can evalu-
normal-metal buffers is a powerful tool to investigate inter-ate the expectation valu@**(t)) of the current operator
facial transport properties of magnetic multilayers as well asising <a£m,|(E) agn ' (E"))="1(E) 8ppmndi  6(E—E'),
the spin relaxation parameters of the normal metal layers. wheref,(E) is the (isotropig distribution function in theth
reservoir. When the scattering matrix depends on a single
time-dependent paramet#(t), then the Fourier transform
of the current expectation vaIJe(w)=fdtei“"T|(t) can be

We are grateful to B. I. Halperin and Yu. V. Nazarov for written as
stimulating discussions. This work was supported in part by
the DARPA Grapt No. MDA 972-01-1-0024, the NEDO In- |A|(w)=§]x (@)X (@) (A2)
ternational Joint Research Grant Program “Nano- '

magnetoelectronics,” NSF Grant No. DMR 99-81283, theijn terms of a frequencyw- and X-dependent parameter
FOM, and the Schlumberger Foundation. QX| .32
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APPENDIX: ADIABATIC SPIN PUMPING

- e af.(E
G0 == 47 > dE(— 0 ))

Here we present a detailed discussion of spin pumping

into normal-metal layers by a precessing magnetization di- 9811 (E)
rectionm of an adjacent ferromagnet. A schematic of the X, (Lﬂm“,(E)—H.c.). (A3)
model is displayed in Fig. 6. The ferromagnetic lafeis a mn ax ’

a spin-dependent scatterer that governs electron transport
twi twolleft (L) and right [-metal irs. .
eehn 5 oge L an frlg h R)r]] normadme-a reserv9|rsh the dc Landauer-Btiker formula®® At equilibrium fg(E)
The 2x2 operatot, for the charge and spin currentinthe _¢ gy 'Eq (A2) is the lowest-order nonvanishing contri-

Ith lead (=L,R) can be expr_essed in _terms of Ope.ratorsbution to the current. Furthermore, at sufficiently low tem-
8am,(E) [Dem(E)] that annihilate a spire electron with o res e can approximatesf (E)/E by a 8 function
energy E leaving [entering the Ith lead through themth (o vered at Fermi energy. The expectation value of the 2

bEduation(AZ) is the first-order(in frequency correction to

channel: X2 particle-number operatoQ(w) [defined by ﬂ(t)
. =dQ,(t)/dt in time or byl,(w)=—iwQ(w) in frequency
'l‘laﬁ(t): - zm: J dEJE el (E-EA domain for thelth reservoir is then given by
x[ah (E E')—bl (E)bm (E’ A € ISmnt <1
[@pm, 1 (E)aam(E") =bpm (E)bam, (E')]. Qo)=|— X St THC| X(w), (A4)
(Al) 4’7T| mnl’ (?X ’

224403-8
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where the scattering matrices are evaluated at the Fermi en-
ergy. Because the prefactor on the right-hand side of Eq.

(A4) does not depend on frequeney the equation is also

valid in time domain. The change in particle numtﬁéﬁ(t)
is proportional to the modulatiodX(t) of parameteiX and

PHYSICAL REVIEW B66, 224403 (2002

e

- o lg,

o1
=l (A9)

we identify the charge curremt and spin currentg. Com-

the 2x2 matrix current(directed into the normal-metal Paring Egs.(A5), (A8), and (A9), we find that the charge

leads reads
. an, dX(t)
Il():e(?_XT' (A5)
where the “matrix emissivity” into lead is
o1 ISmnll '~ 1
W:m IX mn,II’+H'C' (AB)

mnl’

current vanished,.=0, and the spin current

. hode
Is=(Ajcose,A,,—Aising)— ——

47 dt (A10)

can be rewritten as Eql). Because the spin current trans-
forms as a vector, it is straightforward to show that € .is
also valid in the case of the general motion of the magneti-

If the spin-flip scattering in the ferromagnetic layer is disre-Zation direction.

garded, the scattering matrixcan be written in terms of the
spin-up and spin-down scattering coefficiests’ using the

projection matrices u'=(1+o-m)/2 and u'=(1-o
-m)/2:1

— s
Smnilr = Shy U+ S UL (A7)

Even though the mathematics of our scattering approach
to adiabatic spin pumping is entirely analogous to the
charge-pumping theory developed in Ref. 5, there are some
striking differences in the physics. In the case of a spin-
independent scatterer as in Ref. 5, the average charge-
pumping current has the same direction in the two leads, by
charge conservation: the charge entering the scattering region

The spin current pumped by the magnetization precession f#rough either lead must leave it within a period of the

obtained by identifyingX(t) = ¢(t), where ¢ is the azi-

external-gate variations. Whereas the particle number of the

muthal angle of the magnetization direction in the plane perfWo reservoirs muston averagebe conserved also here, the
pendicular to the precession axis. For simplicity, we assumédtal conduction-electron spin angular momentum is not con-

that the magnetizationrotates around they axis: m
=(sin¢,0,cosp). Using Eq.(A7), it is then easy to calculate
the emissivityEq. (A6)] for this process:

an,

1 .
ﬁ—— E[Ar0y+Ai(oxCOSqo—Uzsmqo)], (A8)

where A, (A;)=Re(Im) g''—t'!], as explained in Sec. II.

served. In fact, as we explained in Ref. 4 for a symmetric
system shown in Fig. 6, a precessing ferromagnet loses an-
gular momentum by polarizing adjacent nonmagnetic con-
ductors. In this respect, the phenomenon looks more similar
to a spin “well” or “fountain.” An excited ferromagnet
ejects spins in all directions into adjacent conductors by los-
ing its own angular momentum, rather than transfers
(“pumps”) spins from one lead to the other. The angular

Expanding the X 2 current into isotropic and traceless com- momentum has to be provided, of course, by the applied

ponents

magnetic field.
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