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Gilbert damping in magnetic multilayers
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We study the enhancement of the ferromagnetic relaxation rate in thin films due to the adjacent normal-metal
layers. Using linear-response theory, we derive the dissipative torque producedshy exehange interaction
at the ferromagnet—normal-metal interface. For a slow precession, the enhancement of the Gilbert damping
constant is proportional to the square of thel exchange constant times the zero-frequency limit of the
frequency derivative of the local dynamic spin susceptibility of the normal metal at the interface. Electron-
electron interactions increase the relaxation rate by the Stoner factor squared. We attribute the large anisotropic
enhancements of the relaxation rate observed recently in multilayers containing palladium to this mechanism.
For free electrons, the present theory compares favorably with recent spin-pumping results of Tserkovnyak
et al. [Phys. Rev. Lett88, 117601(2002].
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I. INTRODUCTION ferromagnetic film. This unique feature is observed on the
double ferromagnetic layer structufeSAlso, the additional
Ferromagnetic multilayers have attracted much attentiofierromagnetic relaxatiofFMR) linewidth for permalloy—
recently because of their applications in spintronics anchormal-metal sandwiches shows this dependencd. It
high-density magnetic recording devices. The present papghould be mentioned that already in 1987 a study of the FMR
is concerned with magnetic relaxation in a ferromagnetiginewidth showed an appreciable increase in the Gilbert
film (F) imbedded between nonmagnetic metallic lay&s.(  damping with decreasing thickness of the Fe ultrathin films
In particular, we study the enhancement of the Gilbert dampgrown on bulk Ag001) substrates.
ing in N/F/N sandwiches as compared with that of a single A similar trend is seen in ferromagnetic films that are in
ferromagnetic film. The Gilbert damping constdtis de-  contact with an antiferromagnetic layer. For instance, Sto-
fined by the Landau-Lifshitz-Gilber{LLG) equation of ecklein et all® studied FMR of permalloy thin films ex-
motion"? as change coupled to antiferromagnetic iron-manganese films.
The measured linewidth is proportionaldo . The mecha-
nism of the broadening is attributed to the dispersion of the
exchange bias and anisotrolfyBreaking of the antiferro-
magnetic order into a random domain pattern due to sur-
where M is the magnetization vectoM; is the saturation face roughness is conjectured to provide the source of the
magnetization, andtl¢; is the effective field which is given dispersion.
by Hets= —dE/JM whereE is the Gibbs free energy. The  More recently, McMichaekt al™ studied the FMR line-
gyromagnetic ratioy is a negative quantity-gug/A where  width of thin films deposited on antiferromagnetic NiO.
g is the spectroscopic splitting factor, anpg; is the Bohr  Compared to the uncoupled ferromagnetic films, the
magneton. The second term on the right-hand side of Bq. exchange-coupled films exhibit an additional linewidth that
represents the dissipative torque, the magnitude of which imcreases several times as the magnetization is rotated from
proportional toG. The LLG equation describes well both the the perpendicular to the in-plane direction. To explain this
static and the dynamic properties of ultrathin ferromagnetiqesult, McMichaelet al!! invoked the two-magnon model.
films and theN/F/N sandwichegfor a review see Ref.)3  Owing to the fluctuations of surface magnetic interactions,
The experimental and theoretical aspects of spin relaxatiothe uniform spin-wave mode excited by the FMR is allowed
in multilayers are covered in Ref. 4. to decay into the continuum of other short-wave modes that
The present investigation was motivated by the seminaare degenerate with the FMR mode. As the magnetization
work of Berger and by the experimerfts® inspired by his  orientation goes from the in-plane to the perpendicular direc-
paper. He considers a bilayé /N/F, in which the ferro-  tion, the spin-wave manifold moves towards higher frequen-
magnetF, acts a spin polarizer of the conduction electron.cies such that the number of short-wave modes degenerate as
The spin transfer between this electron and the precessirthe FMR mode decreases. A decrease of the decay rate en-
ferromagnetF, gives rise to the relaxation torque. Conse-sues, in qualitative agreement with the angular dependence
guently, there is an enhanced electron-magnon scatteringf the linewidth. Arias and Mill§12] developed a detailed
caused by the isotropis-d exchange at th&/N interface. theory of the two-magnon contribution to the linewidth and
Being a surface effect, the enhancement of the Gilbert cornresonance field shift of FMR in ultrathin films. Assuming
stant is presented a ! whered is the thickness of the surface defects in the form of bumps and pits, they derived
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the scattering matrix elements to be due to fluctuations of théhe dependence of the linewidth on the frequency is linear
Zeeman, dipolar, and surface anisotropy energies. It turns outith a negligible zero-frequency offset. Thus, the angular
that surface anisotropy yields a dominant contribution to thedependence of the linewidth observed in Refs. 6 and 8 con-
matrix element. Since it is generated at the surface, the marasts with the prediction of the two-magnon motfet!
trix element exhibits @ ~* dependence on the film thickness. What remains is to mention the dependence of the linewidth
This implies ad 2 dependence for the FMR linewidth—an 0N the thickness of the ferromagnetic film. Except for the
important signature of the two-magnon mechanism in ultrathicknesses of less than a characteristic coherence length,
thin films. Azevedcet al* measured the FMR linewidth and the linewidth data of Refs. 6-8 can be fitted withda*
resonance field shift in thin films of NiFe deposited on a Sidependence in contrast with thie > prediction of the two-
substrate as a function of the film thickness. Their data ar'agnon modet" Presumably, another mechanism for the
consistent with thel—2 prediction of the two-magnon theory FMR linewidth, related to the theory of Bergeis at work
of Arias and Mills?? Subsequently, Rezendet al}* used for ferromagnetic films in contact with a nonmagnetic metal.
FMR and Brillouin light scattering to study the spin-wave A mechanism for additional Gilbert damping WF/N
damping in NiFe/NiO sputtered on Si substrate. They foundptructures has been recently proposed by Tserkovnyak
a dramatiq20-fold) increase of the damping compared to the€t al'® These authors calculate the spin current pumped
Ni/Fe films on a Si substrate studied in Ref. 13. As a functiorthrough theN-F contact by the precession of the magnetiza-
of film thickness, the damping is again found in good agreelion vectorM(t). The theory is based on extending the scat-
ment with thed 2 dependence. Rezende al* explained tering approach of parametric charge pumping by Brotlver
these results using an adaptation of the two-magnon rffodelt0 Spin pumping.
in which the main source of scattering is fluctuations of the Like the theory of Berget the additional damping of Ref.
exchange coupling due to surface roughness. 16 scales inversely with the thickness of the ferromagnetic
Another signature of the two-magnon model of Ref. 12 isfilm, indicating that only thd=/N interface is involved. How-
the dependence of the linewidth on the microwave fre€ver, the expression for exceSs which we callG’, differs
quency. Referring to Fig. 4 of Ref. 12, we see that this deconsiderably from that of Ref. 5. In particulds,’ vanishes
pendence is nonlinear. In the experimentally relevant frewith vanishings-d exchange splitting. An attractive feature
quency range (10-40 GHz, the linewidth can be of this theory is that it link$G' to the transport properties of
approximated by a straight line. Subsequent extrapolation tthe interface. Due to exchange polarization of Bié&l con-
zero frequency yields a “zero-field offset.” Thus the zero- tact, the reflectiorfr) and transmissiofit) coefficients at the
field linewidth is a measure of the strength of the mechanisninterface depend on the orientation of the conduction-
of Arias and Mills!? This signature has been seen in a recenglectron spin with respect to the magnetization direction of
FMR study® of the crystalline Cr/Fe/GaAs ultrathin-film the ferromagnet. The formula fd&’ involves differences
structure grown by molecular-beam epitaxy. Above 10 GHzsuch asAr=r'—r!. Interestingly, similar quantities play a
the in-plane FMR linewidth is linearly dependent on the mi-role in the theory of interlayer magnetic coupling proposed
crowave frequency with an appreciable zero-frequency offby Bruno!® For instance, the Ruderman-Kittel-Kasuya-
set. Also the dependence of the linewidth on the angle beYosida(RKKY) coupling® between two-dimensional layers
tween the magnetization and the plane of the film iscan be obtained by calculating the interlayer coupling energy
consistent with the two-magnon model. Specifically, thein terms of the reflection coefficients andr! of the layers.
FMR linewidth decreases more than three times upon goindghese coefficients are obtained by solving a simple problem
from the in-plane to the perpendicular orientation of theof scattering bys-function potential. In the limit of weak
magnetization. exchange splittingcompared to the Fermi enengythe de-
Since our concern is experimental evidence of Gilbertrived interlayer coupling agrees with the RKKY result of
damping due t@-d exchange at thE/N interface® we need  Yafet®
to examine the extent to which the two-magnon mechanism These considerations prompt us to take another look at the
is present in the structures investigated in Refs. 6—8. Let utheory of enhanced relaxation in multilayers. The fact that
first consider the dependence of the FMR linewidth upon théRKKY theory*® involves transport properties at the interface
angle between the magnetization and the plane of the filnsimilar to the spin pump theory @’ Ref. 16 suggests that a
Mizukami et al® studied this dependence for a permalloy suitable generalization of RKKY theory to time-dependent
film sandwiched between two platinum cap layers and foundnagnetizationM(t) may unravel the needed dissipative
that the linewidth does not change as the magnetization rdorque of Eg.(1). We note that the standard approach to
tates from the in-plane to the perpendicular direction. For thdRKKY coupling is to use a linear-response thebty! and
permalloy film sandwiched between copper layers, there is aalculate the conduction-electron spin density induced by the
decrease of the linewidth seen upon such a rotation, howevegpntact exchange potential. In applications to interlayer cou-
there is a negligible change of the linewidth with the thick- pling between ferromagnetic layers with time-independent
ness of the film. For the double ferromagnetic layer, Heinrichmagnetization vectors, it is the static spin susceptibility of
et al.” found an additional linewidth that is 10% lower as thethe electron gas which determines the coupling. In the
magnetization goes from the in-plane to the perpendiculapresent paper, we consider a response to a slowly varying
direction. It should be noted that such a small decrease couliime-dependens-d exchange potential.
be associated with crystalline anisotropy in the film rather Owing to the dissipative part of the spin susceptibility, the
than present evidence for the two-magnon mechanism. Alsspin density induced by the precessionhft) will have a
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z tropic. According to Eq(2), it produces a dissipative torque
— g <« leading to an anisotropiG’. Explicit evaluation of this term
for an isotropic noninteracting electron gas yields a formula
for G’ which compares favorably with the spin pump theory
of Tserkovnyaket al*®
The proposed formulation allows us to incorporate inter-
X actions between the electrons in tNeregion. The general-
ized Hartree-Fock approximation shows that thg
w-dependent spin susceptibility of the interacting electron
gas is enhanced compared to the free-electron ¢ddsing
these results, we find that the partldf that contributes to
d the FMR frequency shift is enhanced by the Stoner factor,

A
v

FIG. 1. Atrilayer consisting of normal metafl) adjacent to a Se=[1-UN(ep)] 1, (4)
ferromagnetic film(F) of thicknessd. The s-d interaction generat-
ing the spin density is assumed to take place in contact layers of
thicknessa of the order of the lattice constant.

where U is the screened intra-atomic Coulomb interaction
andN(eg) is the electron density of states, per atom, at the
Fermi level?* On the other hand, we find th&’ is en-
hanced by a factor ofS2. The Stoner enhancement is
thought to be large in metals such as palladium and platinum.
Recent results using multilayers with Pd layers as a spacer

. S . show a significant enhancement of interface damping exhib-
ing of a charged particle in classical electrodynamfcEhus, iting a fogurfold anisotropy in keeping with thep p?esent

we put the dissipative torque of E@l) in correspondence theory?®
with the radiation reaction force acting on the particle. The Thié paper is organized as follows. In Sec. Il we derive

f|_rst term 9f Ea.(1) Correspon(_:ls to the_ external force. I_n the spin density induced by a two-dimensional layer of pre-
view of this a“"?"°9¥' we rewrite the dissipative torque in cessing spins, and the corresponding reaction field. Section
terms of a reaction fielt, , Il focuses on the dissipative part of the reaction field, and
the excess dampinG’ for an isotropic electron gas. An
= —[MX Hﬁd)], 2) expression folG’ in a free-electron model is derived for the
N/F/N structure withN layers of both infinite and finite
@ o thicknesses. The enhancementdfdue to electron-electron
where H;™ represents the dissipative part bf. For the jnteractions is considered within the generalized Hartree-
N/F/N system shown in Fig. 1, we find the reaction field Fock approximation. In Sec. IV we establish a relation be-
(see Appendix A tween the spin-pumping theory of Ref. 16 and our free-
electron result foiG'. The role of spin sink in theories of
H.(t) = ZJ—61<s(x:0t)> 3 Gilbert damping is discussed in Sec. V. The reaction field for
' vd o the N/F/N structure is derived in Appendix A. The role of
spin relaxation in the theory @’ is considered in Appendix
B. In Appendix C we derive the criterion for the validity of
the slow precession approximation.

component that is out of phase wit(t). Hence, such a
component will have a time-dependence givendiby/dt.
It is instructive to invoke the analogy to radiation damp-

G!

MM
y*M?

dt

whereJ is thes-d exchange coupling constarnt,s of order
of the lattice constant, and is the width of the ferromag-
netic film. The quantity(s(x=0)) is the spin density in-
duced at the=/N interface by thes-d exchange interaction
(x being the distance from the interfac&he expressio(3)
is quite general in the sense that it can be used for both We consider a two-dimensional layer of aligned spins im-
ballistic and diffusive cases. In the present paper we confinbedded in a normal metal. Notice that a similar model was
ourselves to the ballistic case and calculate the induced spimsed by Yafe? to calculate the interlayer coupling for time

II. DYNAMIC RKKY

density using linear-response the6ty. independent magnetizations. Here we take into account the
Assuming a slow precession bf(t), we find two contri-  time-dependence of the precessing magnetization.
butions. One is proportional td(t) with a coefficient given Our task is to derive the conduction-electron spin density

by the real part of the local spin susceptibility at zero fre-induced by thes-d exchange interaction taking place at the

quency. If the spin susceptibility is anisotropic, this termmagnetic layer. The Hamiltonian of the conduction electrons

leads to an anisotropic shift of the FMR frequency. For iso-is

tropic susceptibility, the quantity on the right-hand side of

Eq. (3) is a vector parallel taVi(t) and the corresponding L . ~

torque(2) vanishes. H=Ho—J Z d*rs(t)-s(r) 8*(r—ry), ®)
The second contribution ts(x=0)) is proportional to .

dM/dt. The coefficient of proportionality is the frequency where H, represents the Hamiltonian of the conducti®n

derivative of the imaginary part of the susceptibility taken atelectrons in the absence of the interaction with spins ofithe

w=0. Like the real part, this quantity is generally aniso-electrons of the ferromagnetic layer. As in the theory of time-

sheet
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independent RKKY interactiot’,?°H, corresponds to an in- e note that the second term on the right-hand side of Eq.
finite three-dimensional homogeneous Fermi gas. The se¢ll) follows by letting the derivative of the real part of the
ond term in Eq(5) is thes-d exchange interaction, with the Susceptibility, with respect t@, equal zero at»=0. This is
spins of the ferromagnetic sheet consisting of a single atomigonsistent with the reality condition, implying that the real
layer.J is thes-d exchange coupling constar®/)(t) is the  Ppart of the susceptibility is an even function @f The first
classical spin at the location, and%(r) is the spin-density te”’.‘ on the right-hand S|de00f EqD) correspon_ds to the
operator for the conduction electrons static RKKY result of Yafef® The second term is the dy-

For a uniform precession of aligned spins, we have namic generalization of RKKY for a slowly precessing mag-

netization.
, o) For an infinite medium, the sheet sums in Etl) can be
SOt =—M(1), (6)  evaluated by invoking translational invariance, and Fourier
Y transforming x,,(r.r; ,@) to q space’® Thus, we define a
where() is the volume of the unit cell. generic sum
The second term of Ed5) acts as a time-dependent per-
turbation that will be treated using linear-response théory. sheet
Thus, the expectation value of the component of the in- X, w)= > X @)
duced spin density is [
sheet . d3q sheet .
(s,(r,))=3> f d3r'f dt’ X, (rt,r't’) Zf (2m)° Z exfiq- (r—ri)Ix..(a o),
1 — 00
xSO(t) 8% =1y, ™ 13
where from which both terms of Eq(11) can be deduced.

To perform theq integral on the right-hands side of this

i - - equation, we set
XW(rt,r’t’)=%®(t—t’)<[sﬂ(r,t),sv(r’,t’)]} (8)

is the retarded spin-correlation functigsusceptibility,? 4=+, (14

with ©(t=t") the unit step function. wheregq; is confined to the sheet, ang is perpendicular to
ight- ' ' I '
Now, we evaluate the right-hand side of E@) assuming the sheet. For a square sheet of dréawe have

a slow precession. In Appendix C we derive a condition for
the validity of this assumption. We note that the sfimand
chargé’ pumping theories also require a slow precession to d3q dqu dg, 1
ensure adiabatic evolution of the ground state. j 03 :f =

Performing the’ integration, and applying the commuta- (2m)
tion law for the convolution, Eq(7) reads

dq,
(2m)2 E_F;H fﬁ a9

Assuming a continuous distribution of spins, the sheet
sheet sum in Eq.(13) is given by

(su(r0)=32 fxdt'sa”(t—t»x,w(r,ri,t'>. (9)

sheet
For slow precession, we write EI exf —i(q+a.)-ri]=Nsdg o, (16)
i i dsi(t) , . .
SO(t—t")=SW(t) —t' ———. (100  whereNg is number of spins in the sheet. Using E¢fs9)—
t (16), the right-hand side of Eq13) is evaluated, with the
Introducing this expansion into E@9), we obtain with result
use of Eq.(6)
sheet = NS dqi i
JO Xw(r,w>—p S P x(d )
(su(r,t))y=—1Iim| M,(t) 2. X (117 )
w—0
—n, [ S expia0v.(a @), (7
oM V(t) ShEEtﬁ Im X,LLV(r'ri ,w) —lls 20 q. X,LLV q,,w),
- > ., (1D
ot i Jw
whereng=N,/L? is the sheet density. Owing to the symme-
where try of the model, the quantit¥,,,(r,») depends only on the
. distancex from the sheet.
Frow)= dielet rrot). 12 Also, the induced spin density is a function xfUsing
Xl D) f—oc Xl B3 (12 Egs.(11), (13), and(17), we obtain
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JQ h%k-q
<S#(X,t)>=7|lm X (X, @) M (1) €ktql— €k = +A. (23
w—0
alm X, (x,w) dM (1) Expanding the Fermi functions, we have
LWL U .
Jo t ot (%.q
A A ) fk+qi_fkT:_ +A]. (24)
Using this result and Eq17) in Eq. (3), the u component deg\ m

of the reaction field is Using Egs.(23) and (24), the imaginary part of Eq(22)

ZJZQanS _ = dg becomes
r,M(t)lelm[f DOZX/.LV(q!w)MV(t) _ﬁz - (91:
4 00 |mX-(|—0)(q,(1))2E dk E
d (= dq dM,(t) 0 k
_(3’_(1) _wﬂlmx,tldv(q’w) dt (19) - ﬁqu
xf désin 0(A+ )
The first term on the right-hand side of this equation contrib- 0 m
utes to the torqug¢M X Hgy] only if x,, is anisotropic. In 72K.

ho—A—

this case an anisotropic shift of the FMR frequency ensues. X S q)' (25
On the other hand, the second term contributes to the dissi- m

pative torque that is nonvanishing for both isotropic and anyynere we used polar coordinates to perform khimtegra-

isotropic susceptibility. tion. Performing first the integration over the polar angle
we have
Ill. GILBERT DAMPING
w 2 . 2

In what follows, we consider the dissipative torque for an f désing| A+ q) 5( ho—A— f k.q)
isotropic electron gas. Thusy,,(q,»)=x(q,0)5,,, and 0 m
the dissipative part of the reaction fietf? is according to
Eg. (19) given by _ Mo [ |ho—Alm

K———]. (26)
@ 2J2Qans . [ 0 (= dq dM(t)
H (D)=~ 2d J)'Lno a_wf_mﬂlm)((q'w) dt Introducing this result into E¢(25), and converting thé
(20) integral toe, integration, we obtain at=0

Introducing this result in the right-hand side of Eg), we 0) _ mw [

obtain the damping enhancement constaht Im x77(a, @)= 167440 ded(e—er)
a d (= dg
1~932 22 im =1 =2 [2me |hw—Alm
G'=2J QnSMS(d>ul)|TO awﬁx 7TImX(q,w) . x@( - _| . |
(21) q
m’w |hw—Alm
A. Independent electrons = T6mhq F™ W . @27

First, we evaluate the expressi(®1) by disregarding the
electron-electron interaction in thid regions. However, a The unit step function on the right-hand side of this equa-
finite splitting A of the T- and | -spin bands is assumed. The tion equals 1 folg>q,, and is zero folg<q,, where
external magnetic field of the FMR experiment is one source
of this splitting. For a system of infinite size, this splitting [hw—A|m
establishes a lower cutoff on the wave veaotprAs shown QFT
below, this cutoff is essential for preventing the logarithmic F
divergence of Eq(21). Due to the spin splitting, the suscep-
tibility develops some anisotropy. Since transverse compo
nents of the reaction fieldl9) contribute to the dissipative
torque, we need to use in Eq2l1) the transverse
susceptibility*

(28)

_ Thus, q; acts as a lower cutoff in the integral of
Im x(q,0). Since|fiw—A|<ep, the upper cutoff is given
by g,~2kg. We then get using Eq27)

5_m yW) == — = n )
(0)(q w):fi_z d*k fk+qi_fkT (22) 27T x4 16724 o d 16724 |ﬁw—A|
T2 ) emi ho—ecq tagtin’ (29)
where Introducing this result into E¢21), we obtain
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. QA Mam)? 4deg the N layers in real samples is usually Tbsmaller than this
= —8 274 nT' (30 value, ensuring that the condition for slow precession is well
™ satisfied.

where we assumed a cubic lattice to wrifen.a=a®.
Strictly speakingG’ in this equation is not a simple Gilbert B. Finite normal layers
damping since its strength depends on the applied magnetic
field, but it is a weak dependence.

Let us now examine the validity of the slow precession
approximation(10) that was used to derive E¢30). In Ap-
pendix C we show that the term in EQLO) that is second
order int’ can be neglected when the FMR frequeagyand
the gapA satisfy the condition

We consider a ferromagnetic sheet imbedded between two
N layers each of thicknesB. Strictly speaking, in a finite
system, the translational invariance invoked in the evaluation
of the sheet sun(13) is broken. This complicates the calcu-
lation of the induced spin density. Nevertheless, a simplified
approximate evaluation of ,,(X,») can be carried out i

=0. In this case, the translational invariance is restored lo-

ho cally since the boundary at=D plays a small role. The
—4r< 1. (31)  boundary conditioBC) atx=D is taken in the form
€F
2A In—
A <S,u(x1t)>|x=D:0' (33)

For clean and infinitely thickN layers, the external mag- This condition follows from assuming that there is an infinite
netic field of the FMR experiment is the only source of thePotential step at the normal-metal-vacuum boundary. Thus,
gapA in the present formulation. However, as shown in SectheN-électron wave functions are forced to equal zero at the
IV, if we go beyond linear-response theory, an effective gag?oundary and so does the magnetization density. Applying
of orderJ. is obtained as a result of static spin polarizationthis BC to Eq.(18), the finiteD version of Eq.(17) reads

of the electron gas. Restricting ourselves to linear response,

nmax
we haveA =gugH. The magnetic field used by Mizukarsi — Ns
al.® ranges from 1 to 14 kOe as its orientation varies from the X%, @) D nzl COSAnX) X us(Gn » @) (34

in-plane to the perpendicular direction. Consequenili% _ .
ranges from 3.510° s ! to 48.5¢10° s . The preces- vyhereqnf w(n—_1/2)/D, anglnmaX:D/fa since it is the lat-
sional frequencyw, =6X 101° s~ 1, actually exceeda/# for tlpe spacing which dgtermmes the highest valuegef In
the in-plane orientation of the external field. According to aVieW of this, Eq.(21) is changed to
simple intuitive argument that the precessional frequency 28 Nmax
must be much smaller than the lowest excitation energy of 5% 2 20| 2
the fermion systemA/#, one would expect that the slow ¢"=4p’ QnSMSJ,ITO w nzl Im x(G. @) (39
precession approximation fails for this orientation of the
field. However, owing to the factor 2 Insd/A, the inequality ~ For noninteracting electrons without spin splitting, we have
(31) is well satisfied over the entire range of the field. Taking
ec=7 eV, as appropriate for copper, the left-hand side of m2w
Eq. (31) ranges from & 10 2 to 5x 10 ° as the field varies nzl M x(Qn @)= 757
from 1 to 14 kOe.

It is interesting that spin relaxation of the conduction elec-For D/a>1, we use the definition of the Euler constanpt
trons can provide an effective gap and a finite cutoff lengthe=1.78 to obtain
even in the limit of infinitely thickN layers. As shown in
Appendix B, the resulting cutoff length @;1~UFTS where 2 1
75 IS the spin-relaxation time. The corresponding value of the = o™~ P IN(4¥ENmax)-
effective gap isAqsi~%/75. The same quantity determines
the linewidth of the electron paramagnetic resonance of con- Using Egs.(35)—(37), we obtain
duction electrons. Its magnitude is presumably not negligible
in comparison with the magnetic splittirggugH. . Msam)?

In real samples, the gap is dominated by the effect of the =~ mln(D/a). (38)
finite thicknes of the normal layers. As shown in the next
subsection, the boundary conditions at the outer surfaces @fs expected, the boundary conditions in a finite slab imply a
the sandwich yield a cutoff;~D . The corresponding cutoff q,~D L.

Mmax

ngl a, ' (36)

Mmax

Nmax D

(37

energy gap is We now make an order-of-magnitude estimate of (38)
" for an iron film of thicknessd=D=10a where a=4
U 78 . . .
A~hge~ 2oF 32 X 10" ® cm. The constani can be estimated by relating it to
D the atomic exchange integrdl,,
We see that this gap becomes comparable with when 23
D~vr/w,. Forvg~10f cms !, andw,~6x10°° s 2, the I~ SdQ_ (39)
corresponding value db is 1.6< 10" 2 cm. The thickness of h?
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TakingJsq=0.1 eV andVi=1.7x10° G, Eq.(38) yields  ues in Pt. Another possibility is the suppressionGif by
G'~10% s 1. This agrees with the interface damping ob- spin accumulation in the normal layers. Since the spin-orbit
served recently in the double-layer structure by Urbaal®  coupling constant of Pt is largéby a factor of 3 than that
It should be pointed out that the second ferromagnetic layefor Pd, the spin-lattice relaxation rate in Pt is, according to
in this experiment plays a crucial role in establishing the spirthe theory of Ellio?® an order-of-magnitude stronger than
sink needed to prevent spin accumulation inkhiayers(see  that in Pd. As pointed out by Tserkovnyak al,'® spin-
Sec. V) accumulation takes place when the spin relaxation rate is

small. This is presumably responsible for the absence of a
C. Electron-electron interactions measurables’ in Cu/Py/Cu systerfi.
We now calculateG’ by taking into account interactions More convincing evidence for Stoner enhancemen§ of in-
between electrons in the normal metal. The eneralizet rface damping comes from the recent FMR studies on
Hartree-Fock approximation for the Hubk;ard mgdel yields 0Au/40Fe/40Au{3PﬂFe/Pq5/14Fe/GaAs(001) samplés.
the following expression for the transverse susceptibffity: Compared to a single-layer structure, these samples show a
" G’ that is enhanced by a factor of 4 and exhibits a strong
(0) fourfold in-plane anisotropy. Apparently, the presence of a
XI(—q’w) (40) second Fe layer provides an efficient spin sink. TRusis
1-0x(q,w)° determined by the exchange-enhanced susceptibility rather

- _ ) ) than the bottleneck due to a weak spin-lattice relaxation in
whereU=40U/#2?, andU is the screened intra-atomic Cou- the N layers.

x1(g,0)=

lomb energy. Using this formula, we have We now digress, for a moment, to consider the enhance-
ment of the FMR frequency shift due to interactions. Apply-
lim i["‘ﬂXT(q,w)] ing Eq. (40) to the static anisotropic susceptibility, and
w—00® making the approximation(42), we have y,,(q,0)
~Sex((q,0). Using this result in Eq(19), we see that the
=[1—UX(T0)(q,0)]_2 lim i[ImX(TO)(q,w)]. frequency shift for the interacting electronsSg times that

for the independent electrons. This prediction could be used,
in conjunction with the data for the anisotrofic, to clarify
(41) experimentally the role of interactions in the FMR of multi-
layers.

w—0

To simplify the evaluation of the integral of this quan-
tity, we take advantage of the weak dependence of the static

susceptibility onq for g<gg, and make the approximation IV. RELATION TO SPIN-PUMPING THEORY
©) ©) K2 We now show that for free electrons there is a similarity
X7 (9,0~ x77(0,0= 75 N(ep), (42 petween our formula30) for G’ and the spin-pumping

theory of Tserkovnyalet al® According to these authors,
whereN(eg) is the density of states, per atom, at the Fermithe excess damping produced by pumping of spins into ad-
energy. Using Eqsi41) and (42) in Eq. (35), we obtain the jacentN layers isG’ = yMa' where
enhancement;’, for interacting electrons in finitdk layers,

(IMam§:)? o= guug[ A +AR]

G~ In(D/a), (43) oML

: (44)

whereS is the Stoner factor defined in E@). An estimate  whereg, is the Landefactor, up is the Bohr magneton, and
of this factor for palladium and platinum can be made usinga®™ and AR are the interface parameters for the left and
the giant magnetic moments of dissolved &oms?>We use  yight N layers, respectively. In terms of the elements of the

the fact that the giant moment is proportional to the Stoneb s » scattering matrix, for a symmetrid/F/N sandwich
factor of the host. In this way, we fin for palladium and  hese parameters are ’ ’

platinum equal to 10 and 6, respectively. Thus, large values
of G’ are expected for sandwiches containing Pd and Pt as

normal layers. Mizukamet al® measured the Gilbert damp- AL AR A = } D el —rb 24 e —grli2y
ing constant iMN/F/N sandwiches, witlF as a thin film of a ' ' T2 m omn mnomn
permalloy (Py). These measurements show ti&t for the (45

Pd/Py/Pd system is well above that for the Cu/Py/Cu system.

However, it is about twice as small &' for the PtPy/Pt. where ¢),,.r) and ¢tk are the reflection and trans-
On the other hand, assuming all other parameters unchangeujssion coefficients for electrons with up and down spins.
Eq. (43) impliesG’ that is (10/6 times larger for Pd. Thus, The expressior{45) is to be evaluated with the transverse
we have to deal with a net factor of 5 discrepancy betweemodes (m,n) taken at the Fermi energy.

the experimefitand our theory. One possible explanation is  Following Bruno*® we consider the scattering df elec-
that other parameters in EGL3), such as), have larger val- trons by a ferromagnetic monolayer. Due to the conservation
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of transverse momentum,,=r,omn, Wherer ,=rq(k,),

PHYSICAL REVIEW B 67, 144418 (2003

We can bring this result closer to the form of our E80) by

andk, is the component of the electron wave vector perpenletting ng=a~ 2 andM = ySa 3, yielding

dicular to the monolayer.

The reflection coefficientsy(k,) are found by solving

the one-dimensional scattering problem for the potential
v(X)=vgd(X), (46)

whereuv is given by the interface coupling constahtand
by the magnitude of the atomic sp8of the ferromagnet

h
Vo= iEJSrg, (47
where the (+,—) signs correspond to the| () electron
spins, respectively.
The reflection coefficients for this problem Hte

—iB
—_ P
o=k Fig’ “8)
ré= A
where
Mvg
The transmission coefficients afe
ik
T—_
ty K -5 (50
L ik,
ti=——.
ik, +8
Equations(48) and (50) imply
4p%(kE—kf)
ro—role. =Ito—tol 2= (51)

T (kE—kf+
where we applied the identityk{+ k7). =kZ. Using this

result, the transverse-mode s) becomes a sum over the

in-plane wave vectorg. Converting thek; sum to a two-
dimensional integral, we have

L2 (ke  4BA(KE—Kf)
A= K2 2 e (52
m™Jo (kF k”‘l‘ﬁ)

Evaluating this integral, we geX,=(L?B?%/7)F(B) where

k2+ B2 k2
F 2Il - .
B

(53

Inserting Eqs(52) and(53) into Eq.(44) and expressing
with use of Eqs(47) and(49), we obtain

| ¥(mSJn)?

a'="—"—F(p).

54
8m2hMyd 59

2,2
Mza

2.2 __
ySng=

(55

Furthermore, assuming<<kg, the functionF(B) can be
approximated by

F(B)~2In—F o< 56
(B)~ NTess 23 (56)
From Egs.(54)—(56) we have
(IMam)? e
G =yMea'~—————In—. 5
TS T T hd Jsg (57

This equation shows a remarkable similarity with the expres-
sion (30). Note, however, that the logarithmic terms do not
match. If we consider an infinite system, and ignore the cut-
off due to the magnetic lengit82), the gapA vanishes, and
Eqg. (30) becomes logarithmically divergent. On the other
hand, Eq.(57) shows that there is an effective gap=J.y
corresponding to a finite cutoff;~kg(Jsq/€g). Thus, the
spin-pumping theory is divergence-free even for an infinite
system.

The presence of an effective gap~Jgy4, in the spin-
pumping theory is presumably linked to the fact that, in con-
trast to linear-response theory, it is of infinite order in the
coupling constand. This is seen in Eq54) whereF(B) is a
nonlinear function of8 given in Eq.(53). This kind of non-
linearity is generic in the scattering approach to transport
[see Eq.51)]. In fact, Brund® derives an exact expression
for the static RKKY coupling that goes beyond the linear-
response result of Yafét.

We now show that an effective gap of ordgyy can be
obtained in the framework of the present theory if the strong
static RKKY spin polarization of th&l layers induced by the
longitudinal ferromagnetic magnetization is included at the
outset. To analyze the dependence of this polarization, we
use Eq.(11). For staticM,, we obtain with use of Eq6)

sheet

<sz<x>>~JszZ x(X,ri,@=0), (58)

wherex is a fixed vector of lengttx perpendicular to the
ferromagnetic sheet. Fdb =00, and a continuous distribu-
tion of the ferromagnetic moments, the sheet sum on the
right-hand side of Eq(58) becomes

sheet

Ei: X(x,ri)~27-rnSJ:dririX(x—ri). (59

Using the three-dimensional RKKY range function for a
point sourcé? and making a substitution=x—r;, we ob-
tain from Egs.(58) and(59)
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% dr trilayers containing permalloy films show a strong depen-
f —3[sin(2kFr)—2kFr cog 2kgr)]. dence ofG’ onZ. In fact, for Cu, which has the smallesof
x T the N metals studied, there is a complete absence of a
(600 1/d-dependent’. Tserkovnyaket al® proposed that it is

Using integration by parts, the dependence of the in- the spin accumulation in thi layer that is responsible for

duced spin density takes the form of the range function de§uch a suppression of the ferromagnetic relaxation in the
rived by Yafet? copper layer. Note that the theory of spin pumping assumes

at the outset that the spin system in tRdayer is kept in

JSZnSmIé thermal equilibrium during the precession. For that one
(8X))~———5—
2

JS,ngm

472

(s,(x))~

cosX sinX

, needs an efficient spin-sink mechanism. The data of Ref. 8
X X? indicate that spin-lattice relaxation via spin-orbit coupffhg
(61)  provides the required spin sink. In fact, metals with larger
whereX=2ker, andSi(X) is the sine integral. In contrast &xhibit generally larger measured valuesf. This trend is
W|t_h the diverging three-dlmens_lonal range fungtlon_ for ain agreemflegft3 with the fact that the spin-lattice rzegaxatl_on rate
point sourcé? the pseudo one-dimensional function in Eq. Scales aZ™.*" In a recent paper, Tserkovnyakal ™ studied

m .
E_SI(X)_

(61) converges fox—0 to a finite value the role of spin accumulation in magnetization dynamics in
F/N and N/F/N multilayers. By taking into account the
JSngmié backflow of the spin current, the original idéaf relaxation
(S(x=0))~ B (62)  suppression by spin accumulation in tNdayers is given a

firm theoretical foundation.

We are interested in the effective spin splitting which is  Also the theory ofG’, presented in Sec. Ill, assumes that
responsible for this spin density. In a homogeneous electrof€ electron spins in thi layers are in thermal equilibrium.
gas of densityy, with the spin splitiingd, there is a uniform  This can be established either by the spin-lattice relaxation in

spin density the bulk or by surface relaxation. One way to include these
effects into the reaction field of Eq3) is to calculate the
3ANA quantity(s(0,t)) using the Bloch equation with diffusiofd.

(s))= T6e, (63)  This equation is to be solved with the BC that allows the

electron spin to be flipped upon collision with the surface.
If s,(x) decayed slowly on the scale of the Fermi wave-Such a BC has been proposed by Dy3bm terms of the
length, it would be a good approximation to calcul@é  Spin density(s) this so-called “evaporation” BC reads
from the susceptibility of a homogeneous electron gas with a
spin splitting obtained by equating the spin densit&® and

(63). In this way we get a maximum spin splitting,,,ax oS ~3p
given by F H<S>, (65)
4)eeS,ngmié
max™ 55— ~47mJgy. (64 ; o0 C R
37hn wherep is the probability that the spin flip will take place

upon reflection from the boundary, ard is the mean free

Actually, the decay o%,(x) is neither slow nor fast on path in the bulk. Due to surface irregularities and paramag-
the scale of the Fermi wavelength. Expanding the rightnetic surface impurities, the probabilitg can be large
hand side of Eq.61) for small X, we see thats,(x)) enough to provide the necessary spin sink even for layers
~(s,(0))(1—0.8gx). Hence, the spin density drops to a with small bulk disorder.
zero value at a distance of about one Fermi wavelength from Alternatively, the spin density and the reaction field can
the ferromagnetic sheet. Exact calculation of the local dybe obtained from the time-dependenk2 matrix kinetic
namic susceptibility in an electron gas with such an inhomoequations driven by precessing magnetization of the
geneity is a formidable task. Instead we argue, similar to Sederromagnef! Such an approach is inspired by the work of
11 B, that the local susceptibility at=0 is little influenced =~ Kambersky*? on intrinsic damping due to spin-orbit cou-
by the regions ok> k;l. Hence, it can be estimated using pling in bulk ferromagnets. This work invokes the idea of a
an effective gap that is less than,,,, and to an order-of- “breathing Fermi surface:” The chemical potential varies in
magnitude accuracy given By,. Using this gap in Eq(30), response to the time-dependent perturbation. However, the
we obtain a formula foG’ which compares favorably with distribution of the electrons does not respond instantaneously

the spin-pumping resuls7). to the perturbation. There is a time lag characterized by a
relaxation timer. In Ref. 23 we apply this idea to the case of
V. DISCUSSION dynamic interlayer exchange coupling. In this case it is the

spacer electrons which are affected by the spin-dependent
Our numerical estimate @&’ based on Eq(38) suggests potential at the interfaces, and the time variation of this po-
that a substantial enhancement of the FMR linewidth, that isential is due to the precession of the ferromagnetic moment.
independent of the atomic numb2y should be observed in Thus, the relevant relaxation time is the transverse spin-
N/F/N systems. In contrast, the data of Mizukamtial® on  relaxation timers,;,. The resulting effective damping field
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is, like Eq.(20), proportional todM(t)/dt, implying Gilbert  interlayer exchange coupling iR/N/F systems is roughly

damping. However, distinct from Eq0), it is also propor-  independent of the thickness of the ferromagnetic lajsae

tional to 7pip. also Ref. 4. Theoretical understanding of this fact stems
This brings us to question. Whether there is a system téom the work of Stiles and Zangwit discussed in Sec. V.

which the ballistic theory of the present paper is applicableSince only interface regions contribute to the torque, we pick

We believe that the double-layer structure studied in Ref. 6 i& magnetic atom in the plane=0, and consider the local

a good example of such a system. Here, the precessing laygtagnetic field H)(t) acting on its magnetic moment

F, deposits spin current into thd spacer and the second M®(t). Using Eq.(5), the expectation value of thed ex-

layer F, acts as an absorber of the transverse component ghange energy of this atom isJSM(t) - ((0,t)). If we write

the spin current—thus providing an effective spin sink. De-this quantity as—M®(t)-HO(t), whereM®(t)=yS(t),

tailed analysis of this mechanism has been presented in beailte local magnetic field is

tiful papers by Stiles and Zangwil?** These authors

showed that there is an oscillatory, power-law, decay of the Iy J

transmitted transverse-spin current that is caused both by H (t)_;@(o't))' (A2)

cancellations due to a distribution of precessional frequen-

cies and the rotation of the spin of the incoming spin uporFor a square film of arela?, the number of interface atoms is

reflection. Consequently, almost complete cancellation of th&?/a%. Thus, using Eq(A2), the net torque contributed by

transverse spin takes place after propagation into the ferrdsoth interfaces is

magnet by a few lattice constants. This finding also supports

our assumption that the excitation of transverse components 2121
of (s(x,t)), via s-d exchange, is confined to tH¢/F inter- T=——[MO(t)x(s(0))]. (A3)
face layer(see Appendix A ay

Since our results for the Gilbert damping const@ftare  \oting that the net maanetic moment of the film N
based on & =0 theory, whereas the FMR studies are done:M(i)ngd/ag and using qu(A3) in Eq. (A1) yields Eq.('gf.

at finite temperatures, it is important to have an estimate o/g\ similar approach has been used to deduce the effective
the_ temperature region over wh|c_h EC(SO) and (38) are field in ultrathin layers in the presence of interfa¢sse Eq.
valid. By considering thermal excitation across the energy(l 6 in Ref. 3

gapA, the criterion of validity iskgT<A. For N layers of
infinite thickness, G’ is given by Eg. (30) where A

=gugH. For the external magnetic field ranging from 1 to APPENDIX B:
10 kOe, the temperatufe= A/kg ranges from 0.2 K to 2 K. SPIN RELAXATION AND INFRARED CUTOFF
On the other hand, foN layers of finite thicknes®, the To include spin relaxation into the theory 6f , we start

energy gap is given by EC(32)1. Taking D=100<F_1' Ur  from Eq.(22) and replace the infinitesimal quantity by T
=10° cms™*, andkg=10° cm™*, the corresponding tem- —/-_ " where r, is the spin-relaxation time. Thus, the
peratureT=A/kg is 800 K. It should be pointed out that the ejectron-hole pairs with flipped spin are assumed to relax
expression(57), derived from spin-pumping theot§,in-  yjith a frequencyl'/#. A similar assumption has been made
volves an effective gaph~Jgq. ForJsq~1 eV, the corre- iy the theory of magnon relaxation visd interaction®®
sponding temperatur&/kg is of order 10 K. Moreover, we neglect the splitting. Making these changes
in Egs.(22)—(24), we obtain
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#%kq cosf/m
(ho—h2kqcoso/m)2+T2

We consider a trilayer shown in Fig. 1, and derive the (B2
reaction field from the torque equation

APPENDIX A: DERIVATION OF EQ. (3) I(k,q)= JO désing

Expanding the integrand to ordes, the 6 integration

[M¢(t) XH (1) ]=T(1), (A1)  vyields
where M¢(t) is the net magnetic moment of the ferromag-
netic film, andT(t) is the torque due to the-d interaction. _2ho -1, X
. . X I(k,q)= tan “x , (B3)
In what follows, we assume that this torque is contributed 2y 1+ x2

only by thes-d interaction with the outmost magnetic planes.
As pointed out by Bruno and Chappé&ttthis assumption is  wherex=7#2kg/(I'm). Using Eq.(B3), the k integration in
substantiated experimentally by the fact that the observe#tq. (B1) yields atT=0
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2

| (@.0) m“w
m W)=~
xT(d 8n2hq

-1 __VFTd @ e 22, MO,
tan “(veTsd) T+ orra)?) (s$7(r,1)) zyllinoR% " Z asx(r,ri |,
(B4 (C2
Consistent with Eq.(27), this expression is equal to WhereM+=Mx+iMy. Assuming a circular precession, we
m?w/(167%q) in the limit 7—. The evaluation of theg  have
integral of this expression is done by approximating tan

by mx/2 for x<1, and byw/2 for x>1. For eg>T", we

obtain On the right-hand side of EC2), we have two terms.
One is proportional tod?M,/dt?, the other one to

M, (t)=m;cosw,t,M(t)=—m;Sinw,t. (C3

dq m’w d?M,(t)/dt?. Using Eqg.(C3), we see that only the latter

a2
quEImXT(q"”)% 1672 IN(ve7z).  (BS)  term oscillates in phase with theVl(t)/dt term which cor-
responds to the second, Gilbert damping, term of @d).
Introducing this result into Eq(21), the damping en- Denoting this damping term gs"(r,t)), we calculate us-
hancement in the presence of spin relaxation is given by ing Egs.(C2), (C3), and(19) the ratio

JIMam)? (sP01)) o, [PAw)
o= S gt 0 Ra=mon ~ 2™ T O
8n2hid O (sD01) 2 4ol dA(®
whereq;~(vg7s) ! is the infrared cutoff mentioned at the where
end of Sec. Il A. - dg
A(w):J’ > Imx(q,). (CH
APPENDIX C: — T
VALIDITY OF SLOW PRECESSION APPROXIMATION For a free-electron gas, the expression on the right-hand side

of this equation is given by Eg29). Using this form of

To find the criterion for validity of the approximation used A(w) on the right-hand side of EGC4), we obtain

in Eq. (10) we expandS{)(t—t’) up to second order it

- i hw
Oy ISV 2 AP Ro1= ——— (C6)
SI=S OV g+ 3 g - ©Y 28 In—"

Introducing this expansion into E¢P), we obtain an induced |f R,;<1, thet’? term in the expansiofC1) plays a negli-
spin density that is given by Eql1), plus a term(sﬁ?(t)) gible role in comparison with the’ term. In this way, we
generated by the’? term in Eq.(C1). For the component, obtain the condition of slow precession approximation

say, u=X, we have quoted in Eq(31).
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