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A semiclassical model of the spin momentum transfer in ferromagnetic(fdh)/normal metal

(NM) structures is presented. It is based on the Landau-Lifshitz equation of motion and the
exchange interaction in FM, and on the spin diffusion equation in NM. The internal magnetic field
is treated by employing Maxwell's equations. A precessing magnetization in FM creates a spin
current which is described by spin pumping proposed by Tserkovatyak The back flow of spins

from NM into FM is assumed to be proportional to the spin accumulation in NM as proposed by
Silsbeeet al. These theoretical calculations are tested against the experimental results obtained by
different groups. A good agreement was found for Py/Cu samples, but spin pumping is significantly
enhanced in Py/Pt systems. D03 American Institute of Physic§DOI: 10.1063/1.1555374

In our recent ferromagnetic resonarl&R) studied™ time, and MY=MN— yph is the excess magnetization in
it was shown that the transfer of the spin momentum acrosgiM, where yp is the Pauli susceptibility. The effective field
ferromagnetidFM)/normal metalNM) interfaces can result HE is derived from the total Gibbs free energy which con-
in nonlocal interface Gilbert damping’GThe generation of  tains the external fields, magnetocrystaline anisotropies, and
spin momentum in magnetic ultrathin films was theoreticallyexchange interactiohThe effective fieldHY, in NM con-
described by Tserkovnyakt al® and the effect was called tains only the external dc, internal fietd, and the demag-
“spin pumping.” The presence of a second magnetic layemetizing field perpendicular to the sample plane. Equations

creates a spin sink?®’ The combination of spin pump and (1) and(2) were solved in a small angle approximation using
spin sink in the ballistic limit leads to an additional interface

Gilbert damping. In this article we extend the spin pump and MF=(mf uMs:mE): (€)
spin sink mechanisms to the nonballistic electron transport N N N
which includes a full treatment of the Landau—Lifshit.) oM™ =(m, — xph,xpH,m;), (4)

equation of motion in FM and diffusion equation in NM and \yhereH is the external applied magnetic field. The time and

Maxwell's equations accounting for a finite penetration ofgpaiia| variations of the rf components were assumed to be
the rf fields. _ ~explwt—k2), wherek is the propagation wave vector and
The coordinate system was chosen in such a way that thg is the rf angular frequency. Maxwell's equations in Gauss-

sample normal is parallel to treaxis. The external dc field, 4 ynits neglecting the displacement current for this geom-
H, lies in the sample plane and is parallel to thaxis, and

etry are
the internal electromagnetic rf fields ate=(h,0,0), e y
=(0,e,0). The LL equations of motion in FM and NM layers —4zkdim,+ (k?—ik3)h=0, (5)
can be written as
e C

1 oMF G aMF =ko—, b,=0, (6)
———=—(M"XHgp+ 202('\/": , ) U S
vy ot Y M at

. " where o is the appropriate conductivitg, is the velocity of
1M D oM light in free space, anbl2=(4micw)/c?. The skin depths
—_— = N N — 2 N_ Ll 0
S ot =~ (MUxHG)+ v ZaMt- o, @ —c\@roa).

. ) Equationsg(1), (2), (5), and(6) provide the secular equa-
where y is the absolute value of the electron gyromagnetiGon, for k. In both cases, FM and NM, the secular equation

ratio, Ms is the saturation magnetization of FM&, is the  oqt5 in a cubic equation ik? which leads to si% wave
Intrinsic Gilbert dampingp is the diffusion constantin NM  ,;mpers with corresponding six waves of propagation. The
(D=0E7e//6, v is the Fermi velocity and, is the electron (¢ magnetization and electromagnetic field components are
momentum relaxation time 7 is the spin—flip relaxation  given by a linear superposition of six waves. The coefficients
are evaluated by matching the boundary conditions at the
3E|ectronic mail: rurban@sfu.ca film interfaces.
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We assume no direct exchange interaction between the 60 ’ @l
FM and NM layers. The coupling between FM and NM is :ﬂ"""pmg
caused by spin currents across the FM/NM interface. We T 40 eddy ‘o
consider three contributions to the net spin flow: T e —
< 20 — t,5200" T,
Intrisnic O 04 J
EMoNM =" —, (1 500 1000 “10"10° 10" 10° 10° 10
4mM?2 at d,, (A1 Ay 1]

Uetnm N FIG. 1. (a) Total FMR linewidthAH as a function ofdgy, at f=10 GHz.
INM—FM= 4 oM™, (8) Calculations were carried out for FM using permalléfy, NiggFe,
4 47M¢=10.7 kOe, G;=0.7x10°s, p=15 uQcm) and NM using Cu
Dk (p=1 uQcm, 7,,=2.5X10" s, D=95 cnt/s). The dashed line corre-
| e=—— SMN. (9) sponds to a single Py layer and therefdrd is caused by the bulk proper-
diff ties. The solid line shows the linewidth which includes spin pumpigg (
=1x10®cm?), assuming a perfect sink at the FM/NM interfadg,(
I em_nm IS described by the spin pumping model proposed=0). (b) AH as a function of the NM thickness for two different values of
by Tserkovnyalet al>® parameteng represents is the num- 7s¢- The solid lines correspond to a perfect mirror at the back side of NM
ber of Conducting channels per unit aqrevmich is directly [d(éM)/dz=0]. The dashed lines correspond to a perfect spin sink at the

i ixi back side of NM ¢M=0).
related the interface mixing conductan@é' by ack side of NM ¢M =0)

g”=;G”, (10 bracket arises from the interface torques generated by the

exchange coupling and the interface perpendicular uniaxial
wheree is the electron charge, artdis Planck’s constant. anisotropy.

G'! were evaluated for different interfaces by first principle NM:
. . 10 :
band calculations by Xiat al:

Inv_rm Was proposed by Silsbeet al!*? from a lem—nm= v em T it - (13
simple kinematic argumentyy, is the transmission coeffi-
cient for conduction electrons from NM into FM. Tserk-
ovnyaket al. used forlyy_ gy @ similar term (2*in their
notatior). The transmission coefficierty,, can be deter-
mined by direct comparison ofy_ry andl 22 (Ref. 9 and

The calculations were carried out for symmetric driving.
This means that the rf componentshoét both outer surfaces
are equal.

It is interesting to explore the following aspects of the
above theory:

is found to be (A) The strength of'!:g'! can be found in Ref. 10 and
gl ranges between 1 andx2.0cm™2. In the limit of tyy
tNM=7rk—2, (11 —0 there is no backflow of the spin momentum from NM
F

into FM. This corresponds to a “perfect spin sink” and gives

wherek is the Fermi wave vector. Note, that the coefficientthe maximum effect regardless @y (thickness of NM, D,
in Eq. (7) andtyy, are proportional to the number of conduct- and 7g;.
ing channels, which reduces the number of free fitting pa- (B) FMR linewidth, AH vs dgy: Figure Xa) shows the
rameters. Sincg'! ~k2/47, 2 the transmission coefficient is total FMR linewidth as a function of the FM layer thickness
~0.25. dev. The dotted line does not include spin pumpirgg (
4 is present only in NM. It represents the flux of non- =0). In this case, there are two region§) For dgy
equilibrium spins away from the FM/NM interface into the <300A AH is dominated by the intrinsic dampir@, of a
NM bulk. M relaxes back to equilibrium with the rate of Single layer;(ii) for dgy>500A the additional broadening
1rgs. arises from eddy currents. The solid line includes spin pump-
At each interface there are two electromagnetic bounding (g''=1x10"cm™?). Amazingly, the additional broad-
ary conditions(continuity of h and ). In addition, the fol- €ning alwaysscales like Idgy. For dey>500A the addi-
lowing four boundary conditions satisfy the magnetic andtional interface damping is negligible\e with and without

spin flow requirements at the FM/NM and NM/FM inter- 9'* are within 1 Og. _ _
faces. (C) G vsdyy, influence of\g;: In Fig. 1(b) the solid

lines represent calculated total Gilbert damping G assuming

FM: a perfect mirror at the back side of NMI(éM)/dz=0]. For
2A K 0 " dym<<Ass=UEp V7756 the rf magnetization accumulates in
—M—k—M— M+ Tem— v = I Nm—Fm s NM and the spin currenlyy_ gy COmMpensates the spin
S S

pumping current gy, yu resulting in zero interface damping
A @ - (G=Gy). When_dNM beco_m_es comparable tog; the spin
M_SkMx—HFMHNM:INMHFM' currentlyv_rm IS Not sufficient to compensatey_,nm re-
sulting in increased Gilbert damping. This increase eventu-
whereA is the strength of the bulk exchange coupling &d ally saturates and its final value depends on the ratio of
is the interface perpendicular uniaxial anisotropls<€ 7e1/ 751 - The dashed line in Fig.(b) represents a perfect spin
—Kscog(6) [erg/cnt]), see Ref. 8. The term in the round sink at the back side of NM@=0). Note, that in this case
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™ tween Fe and Pd is kept at its minimum. The additional
| Gilbert damping atf=24 GHz was found to be 0.3
x10°s™ L. This value is small compared to the increase in
G (1.7x10fs™ 1) that was measured by Mizukaret all*

) for the same FM thickness. In interpretation of our data we
A= 10'Al have to invoke a finite spin diffusion length. The required
o 162 12)’ 1‘0. pre \{alue is)\sf'z.70 A. However, that needsy= 7, .Wh'i(.:h we

d (/&] find upreallstlc. The mean free pa_th exceedg s_lgn_lfu?,antly the

N Pd thinkness; therefore, we are in the ballistic limit where
FIG. 2. AH for Py (20 A) covered by Cuflyy) for RT (solid ling and a  our theory does not apply. In the ballistic limit it is more
cryogenic temperaturédashed ling with the resistivity ratio equal to 10. reasonable to interpret the measured data by determining the
Calculations were carried out &t=10 GHz. For RTre=2.5x 10 "sand  fraction of I ey Which was absorbed in Pd. In Mizuka-
e=14¢/ 7= 100. € was assumed to be temperature independent. mi's experiment everything is absorbed, in our measure-
ments only 20% is lost in Pd.

In separate experiments Mizukarat al!® studied the

cGilbert damping as a function afc, (from 10 nm to over 1
Mm) in  glass/Cu(5 nyiPy/Cu(dc,) and glass/
Cu(5 nm/Py(3 nm/Cu(d¢,)/Pt samples. Their results are
similar to those shown in Fig. () for 74;=2007s (\g¢
=0.2um). Notice, that Cu on its own is a poor spin sink

for dym<$As; ONe obtains a perfect spin sirfkquivalent to
tym=0) and for a large Cu thickness there is no differenc
between the Cu/ perfect-sink and Cu/ perfect-mirror.

(D) Influence of the skin deptl#. It is interesting to
discuss the limit when the skin depftbecomes comparable

or even less theing;. Figure 2 simulates the effect of de-
gven fordc,>\s;. In glass/Cu/Py/Cudc,)/Pt structures one

creasing temperature. The solid line corresponds to Py/Cu
room temperaturéRT), and the dashed line corresponds to aVaS able to explore the role of the Pt layer when separated

cryogenic temperaturéCT) with the resistivity ratio equal to  ToM Py by a variable thickness of Cu. The experimental

10. In this calculation the ratio between, and .; was _results were possible to explaln_ by assuming that the Cu{Pt
assumed to be temperature independent. The spin diffusidRtérface acted as a perfect spin sink and therefore the in-
lengths for RT and CT are 0.1 andzim, respectively. The Créase in the Gilbert damping can be explained by the maxi-
corresponding skin depths are 0.5 and Qr8, respectively. Mum strength of spin pumping in Cu.

For RT the ratioR= 5/)‘“%5, _Wh'le .for ('?T wa 1/6. Note, The authors thank Y. Tserkovnyak, E. Simanek, and J. F.
that in both cases the additional linewidth increases whegsocpran for valuable discussions. Financial support from the
dvw becomes comparable s, and saturates fotm Natural Sciences and Engineering Research Council of
<Ast . . . _ Canada(NSERQ and Canadian Institute for Advanced Re-
In the remainder of this article some recent eXpe”me”ta%earch(ClAR) is gratefully acknowledged. G.W. thanks the

results will be discussed. Mizukaneit al** and Invarsson  sorman Academic Exchange Servi@AAD) for a gener-
et al'® investigated the FMR linewidth in Py films which J scholarship.
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