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Effect of spin diffusion on Gilbert damping for a very thin permalloy layer
in Cu/permalloy/Cu/Pt films
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Ferromagnetic resonan¢EMR) was measured for Cu/permalléiy) (20, 30, 40 A/Cu (dc,)/Pt (0, 50 A)
films with variousdc, to clarify the effect of spin diffusion driven by the precession of magnetization on
Gilbert damping. The peak-to-peak linewiditH ,, of the FMR spectra for Cu/Py/Cu/Pt films was very large
atde,=0 A, and decreased remarkablydgs,=30 A. Aboved,=30 A, it decreased gradually with increas-
ing dc, in the anomalously wide range df,,. The out-of-plane angular dependence of the FMR of C(@®y
A)iCu (dgy)/Pt (0, 50 A) films was measured and analyzed using a Landau-Lifshitz-Gilbert equation that took
into account the local variation of the effective demagnetizing field. The Gilbert damping coeffiebt
tained from the analysis for Cu/Py/Cu/Pt films was about twice as large as that for Cu/Py/Cu films even at
dc,=100 A and decreased gradually dg, increased. Atdc,=2000-3000 A,G for Cu/Py/Cu/Pt and Cu/
Py/Cu films has the same value. We discussed the influence of spin diffusion driven by the precession of
magnetization in FMR o1 using a previously proposed model. The calcula®eds dg,, fitted well to the
experimental one, and the other features of the experimental results are well explained by the model.
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[. INTRODUCTION on that of the spin-orbit couplintf,so it is unclear whether
spin diffusion is responsible for the enhancementGofor
Recently, it has been predicted theoretically that a spinPt/Py/Pt or Pd/Py/Pd films. Therefore, we studied the line-
polarized current can excite spin wave or drive the reversafVidth of FMR for Cu/Py/Cu/Pt films with various Cu spacer
of magnetization in a very thin ferromagnetic metgM)  @Yer thicknesses to examine the effect of spin diffusioion
layer involved in a FM/normal met&NM)/FM film.12 Many for a very thin Py film. The experimental results have already

. - . L been briefly reportedf In this paper, we describe the experi-
groups have examined the prediction experimentediy,it is mental data in detail and discu&s for Cu/Py/Cu/Pt films

expected to be applicable to magnetoelectronics, such as t%in% the phenomenological model proposed by Silsbee
magnetic random access membryurthermore, Berger has gt g

suggested that the inverse effects can also appear in FM/

NM/FM films, such as spin accumulation induced by the Il. EXPERIMENTAL PROCEDURE

precession of magnetization in the ferromagnetic resonance Films were prepared by maanetron sputtering on the sub-
(FMR)."™* For a full understanding of the effects of spin- ¢ia1 of Cornir?g ?059 glgss cgoled by vl\alater. T?le base pres-
polarl_zed current on t_he_ dynamics of magnetization, study 0§ ;e was less than 510’ Torr, and Ar pressure was 7
such inverse effects is important. mTorr. Cu/Py €ip,)/Cu (dc)/Pt (50 A) films were system-

A similar inverse effect has been studied in FM/NM bi- atica”y fabricated with Varyingjpy and dCu- We also fabri-
layers using conduction-electron spin resonatG&ESR cated Cu/Py ¢p,)/Cu (dc,) films and Cu/Py @p,)/Cu (50
combined with FMR~’ Silsbeeet al. suggested that the pre- A)/Cu (50 A)/Pt(50 A) films as control samples. In fabricat-
cession of magnetization for a FM layer can drive conducing Cu/Py @dp,)/Cu (50 A)icu (50 A)/Pt (50 A) films, the
tion spin diffusion at the FM/NM interfac®If the thickness ~ films were exposed to air after sputtering the first 50 A Cu
of the FM layer is sufficiently thin, it can be expected thatSpacer layer. In addition, Cu/P¥30 A)/Cu (100 Ay/Pt
spin diffusion driven by the precession of magnetization in{ded/Cu (50 A) films were also prepared with variods.

FMR also influences the dynamics of magnetization for thel "€ thickness of the Cu buffer layer was S0 A for all
FM layer, particularly the magnetic damping, in a Nwm/ S@mples. FMR was measured using<dand (9.77 GHz
FM/NM film. Intrinsic magnetic damping, so-called Gilbert electron-spin-resonance spectrometer and a TE 102 cavity.
damping, has been extensively investigated for bulk or FMO" measurements of the out-of-plane angular dependence of

film using measurements of the linewidth and the line shap& MR, the sample was fixed on a quartz rod, and a goniom-
of FMR spectrun2®Myhile no studies of a similar nature ©ter Was used to vary the angle. Magnetization measurements

have been reported of Gilbert damping for a thin FM layer. Were carried out by a superconducting quantum interfer_ence
To clarify the effect of spin diffusion on Gilbert damping device magnetom_eter. The su_rface mor_phology of the films
for a very thin FM layer, we studied the linewidth of FMR Was measured using an atomic force microscope.
for a thin NiggFe,o permalloy(Py) layer in NM/Py/NM films
(NM=Cu, Ta, Pd, and P£>* In this study, it has been
found that Gilbert damping coefficier® increased when
NM =Pt or Pd, and was almost unchanged for NEu or The linewidth of FMR reflects not only but also the
Ta. For bulk FM, the magnitude @ is considered to depend magnetic inhomogeneities in a film, such as the local varia-

IIl. METHOD OF ANALYSIS OF THE OUT-OF-PLANE
ANGULAR DEPENDENCE OF FMR
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FIG. 1. The coordinate system used for measurement and anal

sis of the out-of-plane angular dependence of FMR.

tion of magnetic anisotropy, the so-called anisotropy disper-

sion. In order to evaluat& for the films from the linewidth

of FMR, we carried out measurements and numerical analy-

ses of the out-of-plane angular dependence of FfAR:11-13
which is based on the Landau-Lifshitz-GilbeftLG)
equatiort

dM

X—
MET:

= &
YMs
HereM, Hgt, h, andMg are the vectors of the magnetiza-
tion, the effective magnetic field acting v, the external

microwave field, and the saturation magnetization, respec-

tively. ¥y and a are the gyromagnetic ratio and the dimen-
sionless damping coefficient, defined as=gug/% and «
=G/yMg, respectively. Hereg, ug, andz are theg factor,
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with the perpendicular magnetic anisotropy constant 6
is obtained from the following equation:

2H o5 SIN(6— 6,y) =47M o SIN 26. )

One also obtains the full width at half maximu@wWHM) of

a FMR spectrum caused intrinsically by Gilbert damping
from Eq. (1), which is expressed 52
d(w/y)|~?

AHinI a’(H1+ Hz) W
res

®

Ve assume that the FWHM due to the anisotropy dispersion

for the out-of-plane direction is expressed’ds?

Hres dHres
d(dmM | S A™Men) ¥ 55
Here, A(47mMg4) and A 6y represent the dispersion of the
magnitude and the direction ofM ¢, respectively. Equa-
tion (9) states that the extrinsic linewidikhH ., is caused by
the local variation of the magnitude and the direction of
47 M ¢ through the local variation dfl,.s. The influence of
the anisotropy dispersion parallel to a film plane®H ., is
not taken into account since it is considered to be small for
Py films*® The peak-to-peak linewidthH ,, is assumed to
be expressed &s!12

Aby. (9

AHex:’

AHpp=AH,/\3+AH, /3. (10)

Here, the multiplying of 1Y3 is the correction of the differ-

the Bohr magneton number, and the Planck constant, respeence between the FWHM and the peak-to-peak linewidth for

tively. We took into account the external dc magnetic field,

the line shape of Lorentziam,.s Vs 8y is calculated using

the demagnetizing field, and the perpendicular anisotrop¥gs. (4)—(7) numerically, and is fitted to the experimental

field asHg;. The coordinate system is as in Fig. 1. The
vector of the external dc magnetic fiel lies in theY-Z
plane, and its direction is defined Iy, . h is parallel to the
X direction and is written as

h=she '“'X. 2
Here,w=2=f, andf is the microwave frequency. The small
precession oM around the equilibrium direction is taken as
a solution of Eq(1), which is given as

M= M,e "X+ sMe ' “ly+Mgz. 3)

Here, thez axis is taken to be the equilibrium direction de-
fined by 6. They-z plane lies in theY-Z plane, and the
axis is identical to theX axis. Substituting Eq92) and (3)
into Eq.(1), one obtains the resonance condition of the FM
on the linear approximation, which is given by the following

relationst®12

wly=HiH,, (4)
H1=H €09 0 — 6) —47M ¢C0S 20, (5)
H,=H,o0q Oy — 0) — 47M 4COS 6. (6)

Here,H,s is the resonance field andmM ¢ is the effective
demagnetizing field defined asM s=47Ms— 2K, /Mg,

Hies VS 6y by adjusting the value af and 4mM . AH, vs

0y, is also calculated from Eq#&4)—(10) numerically, usingy
and 4w M ¢ obtained from the fitting oH s vS 6y, and is
fitted to the experimentalH,, vs 6 by adjusting the value
of a, A (4mM), andA 6y . It is noted that the multiplying
of 1/{/3 for the second term of E@10) has been omitted in
other papers!!’Since the spectra for our films were Lorent-
zian except ford,=0°, we assumed the multiplying of
1/\/3. However, the value ofr evaluated from the fitting
does not depend on this assumption.

IV. EXPERIMENTAL RESULTS

Figure 2a) shows the examples of FMR spectra measured
at 8,=90° for Cu/Py(30 A)/Cu (dc,)/Pt films with various

rdcu- The spectra are normalized and are shown as a function

of the external dc magnetic field arouhtj.s. Although the
spectra fordc,=0 and 30 A are slightly asymmetric, the
spectra keep the line shape of a Lorentzian fodg|]. Fig-

ure Ab) shows the spectra for Cu/Rg0 A)/Cu (100 A)/Pt
and Cu/Py(30 A)/Cu (100 A) films in the same manner as
that in Fig. Za). The calculated Lorentzian curves are shown
in Fig. 2(b) with the solid lines. Lorentzian curves fit the
experimental data almost completely for both the films. It is
unlikely that the difference oAH,, between the films with
and without the Pt layer is due to the increase of anisotropy
dispersion in a film, because if the anisotropy dispersion
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FIG. 2. (a) Normalized FMR spectra measuredéa=90° for
Cu/Py (30 A)/Cu (dgy)/Pt films with variousdc,. Horizontal axis
is the external dc magnetic field measured frdm;. (b) Normal-
ized FMR spectra measured &= 90° for Cu/Py(30 A)/Cu (100

A)/Pt film (open circles and Cu/Py(30 A)/Cu (100 A) film (solid

circles. Lines are the calculated Lorentzian curves and are fitted t
the experimental data. The experimental data points are thinned f&
easier viewing.

tion of H,.s, the line shape would tend to become Gaussiantespectively. Lines are visual guides.
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FIG. 3. d¢, dependence of the peak-to-peak linewidtH ;, (a)
Jn the thinner regime oflc, and (b) in the full range ofdg, for
u/Py dpy)/Cu (dc))/Pt (dpy films. Data were obtained from the

FMR spectra measured at=90°. The open and the solid symbols
correspond to the data fdp="50 and 0 A, respectivelyD (®), A

were to increasé\H ,, dominantly through the local varia- (A), and B (CJ) represent the data fatp,=20, 30, and 40 A,

like or a heavily distorted line shag@ln addition, we note
that the shapes of the magnetization curves for these filmsMR for Cu/Py(30 A)/Cu (dc,)/Pt (0, 50 A) films. Figures
5(a) and §b) show examples of the out-of-plane angular de-

are same.

Figures 8a) and 3b) showdc, dependence oAH, for
Cu/Py (dpy)/Cu (dc)/Pt (0,50 A films with variousdpy in
the thinner regime oflc, and in the full range ofl,, re-
spectively.AH,, was obtained from the FMR spectra mea-tively. The peak ofAH,,
sured atd=90°. As seen in Fig. @), AH,, for Cu/Py/
Cu/Pt film is rather large aic,=0 A. Such a largeAH
has also been observed for Pt/Py/Pt fifi® By inserting a
30 A thick Cu spacer layedH,, drops remarkably, imply-
ing that the large increase &fH,
contact of the Pt layer. WhileyH ,, for Cu/Py/Cu/Pt film is

requires the intimate

pendence oAH,, andH s for Cu/Py/Cu(100 A) and Cu/
Py/Cu (100 A)/Pt films, respectivelyAH,, vs 6 andH, ¢

vs 6, exhibit strong peaks ai;=15° andd,=0°, respec-

at 6,=15° is because of the in-
crease of the linewidth due to Gilbert dampitid?13 The
peak ofH,. at 6,,=0° is caused by the demagnetizing field
that is operatively strong at this angle. In the databf,, vs

0y for both films, another small peak is also found éat
=0°. This small peak is due to the dispersion of the magni-
tude of 4rM, which is also effective at this angté*16

still larger than that for the films without the Pt layer, and The data oH,.s Vs 8y in the insets of Figs.(®) and §b) are

decreases gradually for a wide rangedy,, as shown in

nearly the same, indicating thgtand 47 M .« are same be-

Fig. 3(b), AH,, for Cu/Py/Cu films increases slightly with tween the two films. On the other hantit ,, for Cu/Py/Cu
increasingdc,. AH,, for the films with and without the Pt (100 A)/Pt film is larger than that for the film without the Pt
layer becomes almost the samedat=2000—3000 A. With
decreasinglp,, the difference ofAH,, between those films
increases in the thin regime df,,. On the other hand{,

is independent ofl, and is not influenced by the Pt layer.
Figure 4 showsAH,, for Cu/Py (30 A)/Cu (100 A)/Pt
(dpy/Cu films as a function ofip;. AH,, was obtained from

AH,, (Oe)

the FMR spectra measured &{=90°. AH,, increases rap-

T0F

60

50

40,

idly in the very thin regime ofdp; and saturates aflp;

30

=10 A. This thickness is supposedly the thickness at which
the Pt islands become a continuous layer and entirely cover
the surface of the Cu layer. This result implies that the in-

crease ofAH, for Cu/Py/Cu/Pt film requires only the inter-
face between the Cu and the Pt layer.

0

10

dyy (B)

20

FIG. 4. dp; dependence o H,, for Cu/Py (30 Acu (100
A)IPt (dpy/Cu films. AHp, was obtained from the FMR spectra

We measured the out-of-plane angular dependence afieasured ab,;=90°. The line is a visual guide.
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200 | FIG. 6. d¢, dependence of Gilbert damping coefficigatfor
Cu/Py (30 A)/Cu (d,)/Pt films (open circlé and Cu/Py(30 A)/Cu
g (dey films (solid circle). Lines are the calculated data and are fitted
% to the experimental ones using E@25), (33), and(34) with Gp,
Z 100f =0.69x10° s™, x,=9.8x 10"’ (in cgs uni}, D,=120 cnf/s, |,
P =2000 A, andl'=30 cm/s. Solid and broken lines correspond to
as*—0 andag=0, respectively.
0

another reported valué.The value of 4rM .« was found to
be about 7.5 kG. This value is almost same as the average
value of 4rMg=7.2 kG for these films, so tha&, is neg-
FIG. 5. The out-of-plane angular dependenceAsf,, for (a) ligible for the films, and this agrees with other rep&r’tsNo
Cu/Py(30 A)/Cu (100 A) and(b) Cu/Py(30 A)/Cu (100 E«)/Pt film,  dependences af(47M ) or A6y ondc, and the presence
respectively. Insets show the out-of-plane angular dependence @ff the Pt layer are also reasonable findings, because
H,es- Open circles represent the experimental data. Solid lines arg (47M ) andA 6y for a thin Py layer are considered to be
the calculated data and are fitted to the experimental ones. Brokegye to the local fluctuation afpy and the waviness of the Py
dotted, and dotted-and-broken lines are the three components of trpgyer'lz and such structural imperfections cannot be influ-
calculatedAH,,. The best-fitted parameters age=2.11, 4qu\/| off enced by an overlayer structure.
o S AT 72, e 0T g o showst for Gy (0 AVCu @c)/Pt a
~0.012, A(47M ) =205 G, andAOH.:(S.052° e]Ifor éu/Py,(30 Cu/Py(30 A)/Cu (d¢,) films asa function ofl.,. The vglue
A)ICu (100 AP, respectivell. of G was eyaluated fronw usingg and Mg for_ea_mh film.

The errors inG are mostly due to the uncertainties Mifs.

) ) _ The trend ofG for Cu/Py/Cu @)/Pt and Cu/Py/Cudc,)
layer in the full range off},. The increase oAH,, in the  fims js similar to that ofAH,, shown in Fig. 8b). In the
full range of 6, cannot be explained by two-magnon scatter-thin region ofdg,, G for Cu/Py/Cu/Pt films is found to be
ing, because the ”r‘Z%Width due to two-magnon scattering igpout two times larger than that for films without the Pt
zero aroundg};=0°."" To our knowledge, such an INCrease Jayer. G for Cu/Py/Cu/Pt films decreases monotonically with
of AH, is only explainable by the increasing at™ increasingdc,. G for Cu/Py/Cu films is close to the bulk

The experimental data dfi;es vs 6,y and AHp, vs 0y yalue of G for Py in Ref. 23 atdc,=100 A and increases

were analyzed using the method described in Sec. lll. Thgjightly asd,., increasesG for both films becomes equal at
examples of the results of fitting are shown in Fige)@nd ¢ —2000-3000 A.

5(b) with the solid lines. The calculated data are well fitted to
the experimental data faxH,, andH 5. Three components
of the calculatedAH,,, which areAH;,/\/3 and the first
and the second terms dfH,,/+/3, are shown in Figs.(8) The largeAH,, for Cu/Py/Pt films in Fig. &) or G for
and 8b) with the broken, the dotted and the dotted-and-Pt/Py/Pt films in Refs. 12 and 13 can be explained qualita-
broken lines, respectively. The magnitudes of these thregvely by theories for Gilbert damping for bulk F&f.Similar
components oAH,, are proportional tar, A(4mMcg), and  explanations have been made for the enhancemef iof
A6y, from Egs.(8) and(9). Therefore A(4mMyy) andA @y  epitaxial Fe and Ni ultrathin film&* However, the rapid
are almost the same between the two films, and enlig  decrease oAH,, in Fig. 3@ implies that such an explana-
significantly different. tion is difficult for Cu/Py/Cu/Pt films, and some other
Analysis of the other films showed that ondysystemati- mechanism should be taken into consideration for the expla-
cally depended on, and the presence of the Pt layer. The nation of the enhancement &ffor these films. In discussing
value ofg for these films was about 2.11, which agreed withthe mechanism of the enhancement@ffor Cu/Py/Cu/Pt

V. DISCUSSION

104413-4
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Py Cu Pt where\ is the molecular field coefficient, arid, which had
been neglected in Ref. 6, is essential for our discussion. In
the case off=0, Eq.(11) is identical to Eq.(1) by taking

v= 1y andG=Gg, namely, the dynamics of the magnetiza-
tion are determined only by the nature of the localized elec-
tron spins. The dynamics &l ; are assumed to be expressed

as
dM Mi—xiAM J
e yMpaM - RS )
7 dt T dpy
O xuxun du Here,y;, x;, and7; are the gyromagnetic ratio, Pauli para-
FIG. 7. A schematic illustration of the coordinate system used inmagnetlp susceptlblllfty, and the spln-relaxatlc_)n t|rr_1e for the
the discussion. conduction electron in the Py layer, respectively.is the

current density of the spin magnetic moment diffusing out of

films, we note that the enhancement®fwas not observed (he Py layer at the Py/Cu interface. We do not treat the spa-
for Cu/Py/Cu/Cu/Pt films. This means that the enhancemeritd! variation ofM inside the Py layer. The molecular field
of G for Cu/Py/Cu/Pt films is caused by some mediationOf the exchange interactiooM is taken only into account as
inside the Cu spacer layer. The mediation of the Rudermarihe effective magnetic field. The dynamics and the transport
Kittel-Kasuya-Yosida—like spin polarization is excluded be-0f M, are well described by the Bloch-Torrey equatid,
cause it is known to be limited near the Py/Cu interf&c.

is also difficult to consider that the enhancemenGat due Jmp oy maXH— mp— xpH D 5_2(m —y.H)
to the pinholes or the diffusion of Pt atoms, because the Cu 4t Vel s Poz2" P Xpt)-
spacer layer is thick enough, and its surface is smooth from (14)

the AFM measurements. We consider that this long-range )
effect is related to the spin diffusion of the conduction elec-?p: Xp» @nd 7, denote the same as thoseMf. Dy, is the

tron in the Cu spacer layer, since the conduction electron cafiiffusion coefficient for the conduction electron in the Cu

diffuse for a long distance in a Cu layer without losing its [2Yer- We neglect any other magnetic field actingnap ex-

spin memon?>2° The spin diffusion can be driven by the cept for.H. The ;patlgl variation of, depends only on the

precession of magnetization in FMR, as mentioned in S&c. 1.Z direction and is uniform in th&-Y plane. The spin diffu-

The enhancement dB for Cu/Py/Cu/Pt films is discussed Sion at the Py/Cu interface is taken into account as the

from such a point of view, based on the phenomenologicaPoundary condition aZ=0. Assuming that there is no spin

model proposed by Silsbext al® relaxation at this interface, and neglecting the small differ-
The schematic illustration for this discussion is shown in€nce betweeny; and v, the boundary condition is ex-

Fig. 7. For simplicity, we neglect the effect of the Cu buffer Pressed ds

layer.M is the vector of the magnetic moment per unit vol- Mo vAM  me— v H

ume for the localized electron spins in the Py layéf. and Jo=go=T | XA ™ Xp 15

m,, are those for the conduction-electron spins in the Py layer Xt Xp

and the Cu layer, respectiveld, h, theX-Y-Z coordinate, \yhereT" characterizes the rate of the spin diffusion at this
and thex-y-z one are defined the same as those in Fig. 1. Th‘i'hterface.\]p is the current density of the spin magnetic mo-

dynamics ofM are described by ment inside the Cu layer, and is given as
! dM—Mx Hegt+h Ge deM+T Jp=—D i(m— H) (16)
Je dt - (eﬁ)m rrall P p 57 (Mp— xpH)-
11

The spin relaxation at the Cu/Pt interface or the surface of
where y; is the gyromagnetic ratio anG is the Gilbert the; Cu layer is also .tak_en into accgggnt as the boundary con-
damping coefficient for the localized electron spins. We redition atZ=dc,, which is given by

ardM andH. to be the same as those in Ed)), since the _
?nagnetizatior?\fllf of the conduction—electror??pins is much Jp= as(My = xpH). (7
smaller than that of the localized electron spins. We use GilHere, a5 characterizes the rate of the spin relaxation at the
bert's expression as the magnetic damping term, namely, theu/Pt interface or the Cu surface.
second term of Eq(11). In Ref. 6, Bloch's expression was  We analyzeT on the linear approximation using Egs.
used, while Gilbert’s expression is appropriate for describing11)—(17). On resonance in FMRy excites the small preces-
the magnetic damping for the strongly coupled spind/e  sion of M around the equilibrium direction, which is ex-
assume that the torque by the exchange interactidiois  pressed the same as that in E8). The precession ol
expressed as drivesM; by the exchange interaction, which is given as

T=MXAM;, (12) M(t)= x;AM(t) + M ;e i, (18)

104413-5
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Here, the first and the second terms are the instantaneoi&guation(24) means that the nonequilibrium magnetization
equilibrium magnetization and the induced nonequilibriuminduced by the precession bf is lost from the Py layer on
magnetization, respectively. The induced nonequilibriumresonance of FMR. Substituting Eq48) and (24) into Eq.
magnetization oM; diffuses from the Py to the Cu layer as (13) and introducing

the spin current described in E@L5), and the nonequilib- _

rium magnetization ofm, is built up inside the Cu layer, OM (1) = =M (1)x =1 6M 1)y, (26)
which is expressed as one obtains

My(Z,t)= xpH+ dmy(Z)e ", (19 i 7o
: . Mt =" wxAoM. (27)

The first and the second terms are the thermal equilibrium 1-i(o* o) Te

magnetization and the induced nonequilibrium magnetiza: _ ; : — ;

tion, respectively. We take the linear combination of theadoM;z=0. Here.w is defined as;=yiAMs, andreis

. . . he effective spin-relaxation time for the conduction electron
rightward and the leftward propagating wave as a solution o}n the Py layer, which is also defined as
dmy(Z), which is given by '

1/Teﬁ51/7f+reﬁ/)(fdpy. (28)

5mp(Z)=_:§7 , (smpze™ei+ ompe *ei%)e,;. (200 4, is considered to be quite large for an ordinary FM, such
SR as Py, so that/w;<1 is sufficiently satisfied, and we as-
Here,e,; is the polarization vector of the precession given asUM€
epi=[x:ti(cos,8)y1i(sin,8)z]/\/§ and e,,=—(sing)y (wiTen)  2<1. (29
+(cosp)z, with B= 60— 6,,. Substituting Eqs(19) and(20)

into Eq. (14), one obtains the propagation constagtgiven Taking the leading order of the real and the imaginary parts

of Eq. (27) on this assumption, Eq27) becomes

as
— (= ; 2
krz)tzi(wiwp)/Dp_lgzr (21) 5Mf:—(+1/wf+|/waeﬁ)wa)\5Mi. (30)
Using Egs.(12), (18), (26), and(30), one obtains the follow-
ko, =iw/Dy—1,2. (22)  ing expression fofl :
He_re,wp is 'the .Larr'nor frequency defined ag= ypH, and Y\ dM Xngffl M
|, is the spin-diffusion length for the Cu layer definedlgs T=— rTEE —M XW. (31
=D, 7,. Equations21) and(22) mean that the wavelength i (viMsg)

and the attenuating length of the propagating spin densityhe first and the second terms are the additional terms of the
depend orH, | ;, and the polarization of the precession. Suchgyromagnetic ratigthe so-calledy shift), and Gilbert damp-
a propagating mode is inherent for the transport of the premg, respectively. Substituting Eq31) into Eq. (11), one

cessional spin of the conduction electi} and which is  gbtains an LLG equation, which is the same as @g}, by
different from the usual spin transport, such as the currenfaking y= . and

perpendicular-to-plane magnetoresistance, for which the

characteristic length ik, . While, in the case of G=Gg+ xi/ Te- (32)
[(0*wp) Tp]2<1 and (wrp)2<l, (23) Here, we used(f)\_<l an_d velvs=1, which are satisfied in
an ordinary FM.y is not influenced by the dynamics and the
k,zj: —Irjz is approximately obtained from Eg$21) and transport of the conduction-electron spins, so that it is inde-
(223 In a further analysis, we assume that E2@) is sat-  pendent ofdp, and dc,. In the case ofGe=0 and ey
isfied for the Cu layer, for simplicityﬁmgj and 5m'|;j are =17, EQ.(32) is in accord with the previous theory for Gil-

determined from Eqgs(15)—(17) using Eqgs.(18)—(20), and  bert damping of bulk FM based on tised model3* Using
the relation betweedm,(0) and My is obtained. Using its ~ Eds.(25), (28), and(32), G is rewritten as

relations with Eqs(15), (18), and(19), we obtain the follow- )
ing relation: G=Gp,+G', (33

whereGp, is the Gilbert damping coefficient for the bulk Py,
which is defined a&p=Gg+ x¢/7;, andG’ is the interfa-
cial contribution ofG, which is defined as

Jp= (Tl xp) M e~ (24)

Here,I' ¢ is the effective rate of the interfacial spin diffusion
modified by the dynamics and transport wf,, which is

defined as G'=Teq/dpy. (34)
. Here, x; was canceled out, so th&' is independent of the
r-ler-14 Dp| (Dp/lp)taniide,/lp) + as properties inside the Py laye®’ increases with decreasing
eff Xp lp /| (Dpl/ly)+agtanide,/l,)] dpy, so thatG’ is not negligible for a very thin Py layer. In

(25 the case thail, is sufficiently small, Eq(34) becomes
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G'=[T"*+(xpas) 1 /dpy, (39

takingdc <l in Eq. (25). The magnitude oG’ is governed

PHYSICAL REVIEW 86, 104413 (2002

into consideration the influence @y, andl, of the ordinary
and the spin-orbit scattering by defects and photidfrom
the kinetic argument based on the free-electron madgls

by the rate of the spin diffusion at the Py/Cu interface and,gnsidered to be expressedas=uve/2(1— €).282%Here, e
the relaxing rate of spin at the Cu/Pt Interface or the C.Uis the probability of the spin-flip reflection at an interface or

surface. If the spin relaxation at the Cu/Pt interface is infi-
nitely strong, namely ag'—0, Eq. (35) becomesG’

=I'/dp,. This means that the Cu layer in contact with the Pt
layer operates as a spin sink. In the case of no spin relaxatio

at the Cu surface, namelys=0, G’ becomes zero, because
the spin diffusion from the Py to the Cu layer is balanced o
that from the Cu to the Py layer. On the other hand, in th
case ofdc>1,, G’ is expressed as

G'=[ '+ (xpDp/lp) 11 Hdpy.

The spin relaxation at the Cu/Pt interface or the Cu surface i

n . . .
dmpurity atom in a host metal, respectively, /o5 for a Pt

a surface. For the Cu/Pt interfacez 0.3 is estimated from
as=3%x10" cm/s using this relation and vp=1.6

x 10 cm/s. The lower limit ofe is considered to be evalu-
Red roughly fromo, /os;, whereo, and o4 are the cross
section of the resistivity and the spin-flip scattering for an

atom in Cu is evaluated to be0.1,>>3®so thate=0.3 is a
reasonable estimaté:=30 cm/s at the Py/Cu interface in
our films is also roughly consistent with=15 cm/s esti-
mated from the best value &F'/y,=1.5x10" cm/s in Ref.
8 takingI''=T" and y,=9.8X 10‘%. In addition, according

not operative in this regime because spin cannot diffuse bgg g microscopic calculation df,*° I for NM/NM tunnel

yondl, inside the Cu layer. Instead ofs, G’ is influenced
by the bulk spin relaxation of Cu, namely, involved inl ;.

In order to quantitatively examine this model, the calcu-
lated G vs d, was fitted to the experimental one using Egs.
(29, (33), and (34). In the fitting, we took Gp,=0.69
x10° s, which corresponded to the value 6f for Cu/
Py/Cu (100 A) film, and x,~9.8x10" " in cgs unit. The
value of y, was estimated fronjypz,u§3n/2EF on the free-
electron model using an electron densitp=8.5
X 10?2 cm 2 and a Fermi energf:=7 eV for Cu® Fur-
thermore,ag for the Cu surface was taken to be zero in the
fitting for Cu/Py/Cu films, becauseg for the Cu surface is
considered to be negligibly smafi. The remaining unknown
parameters ar®, |,, I', and ag for the Cu/Pt interface.
The values oD, andl, can be determined almost indepen-
dently from the fitting. While, the value df and ag for the

junction is given ad = ¢(ug/e)?R™1, wheree is the elec-

tron charge andR is the junction resistance at the NM/NM
interface. If this relation is valid for a metallic contact of
FM/NM in our casel'=30 cm/s leads tR<1 fQ) m? from
this relation, which is also consistent wilt=0.5 fQ0 m? for
the sputtered Py/Cu/Py filnf§.

This model also agrees with the experimental data, except
for the fitting of G vs d¢,,. It is expected from Eq35) that
the difference ofAH, between Cu/Py/Cu/Pt and Cu/Py/Cu
films increases adp, decreases in the thinner regimedy,
as in Fig. 3b). In addition, this model provides a natural
explanation for the experimental fact th@tfor Cu/Py/Cu/
Cu/Pt films was not enhanced. For Cu/Py/Cu/Cu/Pt films, the
spin diffusion is disturbed by the low conductive regime that
possibly exists in the middle of the Cu spacer layer, so@at

Cu/Pt interface cannot be obtained uniquely, because of tHg considered to be same as that for Cu/Py/Cu films. Silsbee
various combinations of the valuesBfandas for the Cu/Pt €t al.have also reported the similar influence of oxidation or
interface that are allowed for the best fitting@ovs dc, for ~ contamination at the interface on the transmitted signal of
Cu/Py/Cu/Pt films. An example of the fitting is shown in Fig. CESR for their bilaye?. .

6 with the solid and the broken lines for Cu/Py/Cu/Pt and The assumption of Eq23) has to be self-consistently

Cu/Py/Cu films, respectively. The fitting shown in Fig. 6 was
performed taking:ngO for the Cu/Pt interface and regard-

satisfied withr,=3x10" 12 5 estimated fronD, andl,, ob-
tained from the fitting. In the case of,~3x10 **s, the

ing Dy, |p, andI” as adjustable parameters. The calculatecapproximation of Eq(23) is crude nea,=0°, because the

G vs d, is well fitted to the experimental data. From this
fitting, the values ofDy, |,, andI" were obtained to be
120+ 20 cnf/s, 2000-500 A, and 3@5 cm/s, respec-
tively. In the case of a fitting taking ~1—0 and adjusting
the values ofD,, |,, and as for the Cu/Pt interface, we
obtained the result of the fitting and the valuesfandl
were the same as those in Fig. 6, angfor the Cu/Pt inter-
face was 3 0.5x 10’ cm/s. Thus, although we cannot ob-
tain the exact values df andag for the Cu/Pt interface, they
are restricted a¥'=30 cm/s andas=3x10" cm/s for the
Cu/Pt interface for the best fittin@ , for the bulk-Cu on the
free-electron model is estimated to bel60 cnf/s from
D,=v,A,/3 using the Fermi velocity ,~1.6x10° cm/s
and the mean free path,~300 A3 The typical reported
values ofl , are=4500 A at 4.2 K in Ref. 25 0r=3500 A at
RT in Ref. 26. The values dD, andl, obtained from the

magnitude ofH becomes very large nearby this angle as
shown in the insets of Figs(& and 3b). However, this is
considered to be almost ineffective for the fitting in Fig. 6,
since the experiment& is mostly determined by the mag-
nitude of AH,, near #;=90°, as shown in Figs.(8 and
5(b). A check of the validity of Eq.(29) is also required
because Eq29) is essential for deriving Eq31) as Gilbert
type damping” w; is considered to be identical ta)¥/7,
whereJ andS are the constants of theed exchange and the
average spin of the localized-electron moment, respec-
tively. Taking J=0.4 eV from Ref. 41 and5=0.5, w; is
estimated to be=6x10*s 1. 7 is estimated to be=3

x 10" * s from the spin-diffusion length for Plg=55 A in
Ref. 40, assuming the diffusion coefficient for Hy;
=10 cnf/s. The value ofl"¢¢/ x1dp, used in the fitting is
found to be less than aboutx110**s™! by assumingy,

fitting are consistent with the above referred values, taking= y;. Thus, Eq.(29) is satisfied enough in the fitting.
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We comment on the validity of using E@L3). In Ref. 6,

PHYSICAL REVIEW B 66, 104413(2002

between conduction and localized spin sysfér.ompari-

Silsbeeet al. had originally taken into account the spatial son between these other reports and our result is further sub-
variation of M; using a Bloch-Torry equation, as performed ject.

for the Cu layer. In such a case, the spatial variatioMefis
characterized by the propagation constant fokBy which

is defined by changing the indgxinto f in Egs.(21) and
(22) and becomeskf;=iw(/D¢ with w>w, 7. This
means that the propagation bf; is heavily damped in the
range ofy2D¢/w¢, not by the bulk spin relaxation but by the
exchange interaction. In the casedp{< y2D;/w;, the spa-
tial variation of M; can be neglected, and E{.3) is satis-
fied. Takingws=6x 10" s ! andD{=10 cnt/s, \2D¢/w;

is estimated to be=20 A. This length is comparable to or
smaller than not onlylp, but also the mean free path for Py.

Such a rapid variation of magnetization cannot be describe

by the Bloch-Torry equatioff Therefore, the validity of Eq.

(13) cannot be fully justified. Further experimental and the-
oretical studies are needed for clarifying the validity of Eq.

(13.

Our experimental result and its interpretation agreed wit

the microscopic theories taking into account spin currenf@me the s ) . S
P g P vePin diffusion driven by the precession of magnetization in

generated by the precession of magnetization in NM/FM/N

films.*243 On the other hand, Berger theoretically suggeste

that G was enhanced in FM/NM/FM films? and this was
also confirmed recently in Fe/Au/Fe filfi&.It is unclear
whether the mechanism of the enhancementGofor Fe/
Au/Fe film is essentially different from that for our films. It
is likely that the roll of a thick Fe layer for Fe/Au/Fe film is

VI. SUMMARY

FMR was measured for Cu/Pydg)/Cu (dc)/Pt films
with variousdc, anddp, in order to clarify the effect of spin
diffusion driven by the precession of magnetization on Gil-
bert dampingAH,, for Cu/Py/Cu/Pt films was very large at
de,=0 A and decreased remarkably &¢,=30 A. Above
de,=30 A, it decreased gradually with increasidg, in the
anomalously wide range alg,. This trend became more
remarkable with decreasindp,. The out-of-plane angular
dependence of FMR for Cu/R®0 A)/Cu (dc,)/Pt (0, 50 A)
jims was measured and analyzed using an LLG equation
aking into account the local variation ofM o;. The value
of G obtained from the analysis for Cu/Py/Cu/Pt films was
about twice as large as that for Cu/Py/Cu films eved&t
=100 A and decreased gradually dg, increased. Aidc,

W 2000-3000 AG for Cu/Py/Cu/Pt and Cu/Py/Cu films be-

ame the same value. We also discussed the influence of the

MR on G using the model proposed in the past. The calcu-
ated G vs d¢,, was well fitted to the experimental one, and
the model explained other features of the experimental
results.
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