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Effect of spin diffusion on Gilbert damping for a very thin permalloy layer
in CuÕpermalloyÕCuÕPt films

S. Mizukami,* Y. Ando, and T. Miyazaki
Department of Applied Physics, Graduate School of Engineering, Tohoku University, Aoba-yama 05, Sendai, Japan

~Received 11 March 2002; revised manuscript received 18 June 2002; published 16 September 2002!

Ferromagnetic resonance~FMR! was measured for Cu/permalloy~Py! ~20, 30, 40 Å!/Cu (dCu)/Pt ~0, 50 Å!
films with variousdCu to clarify the effect of spin diffusion driven by the precession of magnetization on
Gilbert damping. The peak-to-peak linewidthDHpp of the FMR spectra for Cu/Py/Cu/Pt films was very large
at dCu50 Å, and decreased remarkably atdCu530 Å. AbovedCu530 Å, it decreased gradually with increas-
ing dCu in the anomalously wide range ofdCu. The out-of-plane angular dependence of the FMR of Cu/Py~30
Å!/Cu (dCu)/Pt ~0, 50 Å! 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 coefficientG ob-
tained from the analysis for Cu/Py/Cu/Pt films was about twice as large as that for Cu/Py/Cu films even at
dCu5100 Å and decreased gradually asdCu increased. AtdCu52000–3000 Å,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 onG using a previously proposed model. The calculatedG vs dCu fitted well to the
experimental one, and the other features of the experimental results are well explained by the model.

DOI: 10.1103/PhysRevB.66.104413 PACS number~s!: 75.70.2i, 76.50.1g, 72.25.Mk, 72.25.Rb
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I. INTRODUCTION

Recently, it has been predicted theoretically that a sp
polarized current can excite spin wave or drive the reve
of magnetization in a very thin ferromagnetic metal~FM!
layer involved in a FM/normal metal~NM!/FM film.1,2 Many
groups have examined the prediction experimentally,3 as it is
expected to be applicable to magnetoelectronics, such a
magnetic random access memory.2 Furthermore, Berger ha
suggested that the inverse effects can also appear in
NM/FM films, such as spin accumulation induced by t
precession of magnetization in the ferromagnetic resona
~FMR!.1,4 For a full understanding of the effects of spi
polarized current on the dynamics of magnetization, study
such inverse effects is important.

A similar inverse effect has been studied in FM/NM b
layers using conduction-electron spin resonance~CESR!
combined with FMR.5–7 Silsbeeet al.suggested that the pre
cession of magnetization for a FM layer can drive cond
tion spin diffusion at the FM/NM interface.6 If the thickness
of the FM layer is sufficiently thin, it can be expected th
spin diffusion driven by the precession of magnetization
FMR also influences the dynamics of magnetization for
FM layer, particularly the magnetic damping, in a NM
FM/NM film. Intrinsic magnetic damping, so-called Gilbe
damping, has been extensively investigated for bulk or
film using measurements of the linewidth and the line sh
of FMR spectrum,8,10,9,11while no studies of a similar natur
have been reported of Gilbert damping for a thin FM lay

To clarify the effect of spin diffusion on Gilbert dampin
for a very thin FM layer, we studied the linewidth of FM
for a thin Ni80Fe20 permalloy~Py! layer in NM/Py/NM films
~NM5Cu, Ta, Pd, and Pt!.12,13 In this study, it has been
found that Gilbert damping coefficientG increased when
NM5Pt or Pd, and was almost unchanged for NM5Cu or
Ta. For bulk FM, the magnitude ofG is considered to depen
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on that of the spin-orbit coupling,14 so it is unclear whether
spin diffusion is responsible for the enhancement ofG for
Pt/Py/Pt or Pd/Py/Pd films. Therefore, we studied the li
width of FMR for Cu/Py/Cu/Pt films with various Cu spac
layer thicknesses to examine the effect of spin diffusion onG
for a very thin Py film. The experimental results have alrea
been briefly reported.15 In this paper, we describe the exper
mental data in detail and discussG for Cu/Py/Cu/Pt films
using the phenomenological model proposed by Sils
et al.6

II. EXPERIMENTAL PROCEDURE

Films were prepared by magnetron sputtering on the s
strate of Corning 7059 glass cooled by water. The base p
sure was less than 531027 Torr, and Ar pressure was 7
mTorr. Cu/Py (dPy)/Cu (dCu)/Pt ~50 Å! films were system-
atically fabricated with varyingdPy anddCu. We also fabri-
cated Cu/Py (dPy)/Cu (dCu) films and Cu/Py (dPy)/Cu ~50
Å!/Cu ~50 Å!/Pt ~50 Å! films as control samples. In fabrica
ing Cu/Py (dPy)/Cu ~50 Å!/Cu ~50 Å!/Pt ~50 Å! films, the
films were exposed to air after sputtering the first 50 Å
spacer layer. In addition, Cu/Py~30 Å!/Cu ~100 Å!/Pt
(dPt)/Cu ~50 Å! films were also prepared with variousdPt.
The thickness of the Cu buffer layer was 50 Å for a
samples. FMR was measured using aX-band ~9.77 GHz!
electron-spin-resonance spectrometer and a TE 102 ca
For measurements of the out-of-plane angular dependenc
FMR, the sample was fixed on a quartz rod, and a gonio
eter was used to vary the angle. Magnetization measurem
were carried out by a superconducting quantum interfere
device magnetometer. The surface morphology of the fi
was measured using an atomic force microscope.

III. METHOD OF ANALYSIS OF THE OUT-OF-PLANE
ANGULAR DEPENDENCE OF FMR

The linewidth of FMR reflects not onlyG but also the
magnetic inhomogeneities in a film, such as the local va
©2002 The American Physical Society13-1



e

al

a-

e
n-

p
ld
op
he

ll
s

e-

R
g

ng

ion

e

of

for

for

al

t-
f

red

tion

e

s
n

e
is

opy
ion

na
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tion of magnetic anisotropy, the so-called anisotropy disp
sion. In order to evaluateG for the films from the linewidth
of FMR, we carried out measurements and numerical an
ses of the out-of-plane angular dependence of FMR,16,17,11–13

which is based on the Landau-Lifshitz-Gilbert~LLG!
equation,8

2
1

g

dM

dt
5M3~Heff1h!2

a

gMS
M3

dM

dt
. ~1!

HereM , Heff , h, andMS are the vectors of the magnetiz
tion, the effective magnetic field acting onM , the external
microwave field, and the saturation magnetization, resp
tively. g and a are the gyromagnetic ratio and the dime
sionless damping coefficient, defined asg[gmB /\ and a
[G/gMS , respectively. Here,g, mB , and\ are theg factor,
the Bohr magneton number, and the Planck constant, res
tively. We took into account the external dc magnetic fie
the demagnetizing field, and the perpendicular anisotr
field as Heff . The coordinate system is as in Fig. 1. T
vector of the external dc magnetic fieldH lies in the Y-Z
plane, and its direction is defined byuH . h is parallel to the
X direction and is written as

h5dhe2 ivtX̂. ~2!

Here,v52p f , andf is the microwave frequency. The sma
precession ofM around the equilibrium direction is taken a
a solution of Eq.~1!, which is given as

M5dMxe
2 ivtx̂1dM ye

2 ivtŷ1MSẑ. ~3!

Here, thez axis is taken to be the equilibrium direction d
fined by u. The y-z plane lies in theY-Z plane, and thex
axis is identical to theX axis. Substituting Eqs.~2! and ~3!
into Eq.~1!, one obtains the resonance condition of the FM
on the linear approximation, which is given by the followin
relations,16,12

v/g5AH1H2, ~4!

H15Hrescos~uH2u!24pMeffcos 2u, ~5!

H25Hrescos~uH2u!24pMeffcos2u. ~6!

Here,Hres is the resonance field and 4pMeff is the effective
demagnetizing field defined as 4pMeff[4pMS22K' /MS ,

FIG. 1. The coordinate system used for measurement and a
sis of the out-of-plane angular dependence of FMR.
10441
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with the perpendicular magnetic anisotropy constantK' . u
is obtained from the following equation:

2Hres sin~u2uH!54pMeff sin 2u. ~7!

One also obtains the full width at half maximum~FWHM! of
a FMR spectrum caused intrinsically by Gilbert dampi
from Eq. ~1!, which is expressed as16,12

DH in5a~H11H2!Ud~v/g!

dHres
U21

. ~8!

We assume that the FWHM due to the anisotropy dispers
for the out-of-plane direction is expressed as17,11,12

DHex5U dHres

d~4pMeff!
UD~4pMeff!1UdHres

duH
UDuH . ~9!

Here, D(4pMeff) and DuH represent the dispersion of th
magnitude and the direction of 4pMeff , respectively. Equa-
tion ~9! states that the extrinsic linewidthDHex is caused by
the local variation of the magnitude and the direction
4pMeff through the local variation ofHres . The influence of
the anisotropy dispersion parallel to a film plane onDHex is
not taken into account since it is considered to be small
Py films.18 The peak-to-peak linewidthDHpp is assumed to
be expressed as17,11,12

DHpp5DH in /A31DHex/A3. ~10!

Here, the multiplying of 1/A3 is the correction of the differ-
ence between the FWHM and the peak-to-peak linewidth
the line shape of Lorentzian.Hres vs uH is calculated using
Eqs. ~4!–~7! numerically, and is fitted to the experiment
Hres vs uH by adjusting the value ofg and 4pMeff . DHpp vs
uH is also calculated from Eqs.~4!–~10! numerically, usingg
and 4pMeff obtained from the fitting ofHres vs uH , and is
fitted to the experimentalDHpp vs uH by adjusting the value
of a, D (4pMeff), andDuH . It is noted that the multiplying
of 1/A3 for the second term of Eq.~10! has been omitted in
other papers.11,17Since the spectra for our films were Loren
zian except foruH.0°, we assumed the multiplying o
1/A3. However, the value ofa evaluated from the fitting
does not depend on this assumption.

IV. EXPERIMENTAL RESULTS

Figure 2~a! shows the examples of FMR spectra measu
at uH590° for Cu/Py~30 Å!/Cu (dCu)/Pt films with various
dCu. The spectra are normalized and are shown as a func
of the external dc magnetic field aroundHres . Although the
spectra fordCu50 and 30 Å are slightly asymmetric, th
spectra keep the line shape of a Lorentzian for alldCu. Fig-
ure 2~b! shows the spectra for Cu/Py~30 Å!/Cu ~100 Å!/Pt
and Cu/Py~30 Å!/Cu ~100 Å! films in the same manner a
that in Fig. 2~a!. The calculated Lorentzian curves are show
in Fig. 2~b! with the solid lines. Lorentzian curves fit th
experimental data almost completely for both the films. It
unlikely that the difference ofDHpp between the films with
and without the Pt layer is due to the increase of anisotr
dispersion in a film, because if the anisotropy dispers

ly-
3-2
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EFFECT OF SPIN DIFFUSION ON GILBERT DAMPING . . . PHYSICAL REVIEW B66, 104413 ~2002!
were to increaseDHpp dominantly through the local varia
tion of Hres , the line shape would tend to become Gaussi
like or a heavily distorted line shape.19 In addition, we note
that the shapes of the magnetization curves for these fi
are same.

Figures 3~a! and 3~b! showdCu dependence ofDHpp for
Cu/Py (dPy)/Cu (dCu)/Pt ~0,50 Å! films with variousdPy in
the thinner regime ofdCu and in the full range ofdCu, re-
spectively.DHpp was obtained from the FMR spectra me
sured atuH590°. As seen in Fig. 3~a!, DHpp for Cu/Py/
Cu/Pt film is rather large atdCu50 Å. Such a largeDHpp
has also been observed for Pt/Py/Pt film.12,13 By inserting a
30 Å thick Cu spacer layer,DHpp drops remarkably, imply-
ing that the large increase ofDHpp requires the intimate
contact of the Pt layer. While,DHpp for Cu/Py/Cu/Pt film is
still larger than that for the films without the Pt layer, an
decreases gradually for a wide range ofdCu, as shown in
Fig. 3~b!, DHpp for Cu/Py/Cu films increases slightly wit
increasingdCu. DHpp for the films with and without the P
layer becomes almost the same atdCu52000–3000 Å. With
decreasingdPy, the difference ofDHpp between those films
increases in the thin regime ofdCu. On the other hand,Hres
is independent ofdCu and is not influenced by the Pt layer

Figure 4 showsDHpp for Cu/Py ~30 Å!/Cu ~100 Å!/Pt
(dPt)/Cu films as a function ofdPt. DHpp was obtained from
the FMR spectra measured atuH590°. DHpp increases rap-
idly in the very thin regime ofdPt and saturates atdPt
.10 Å. This thickness is supposedly the thickness at wh
the Pt islands become a continuous layer and entirely co
the surface of the Cu layer. This result implies that the
crease ofDHpp for Cu/Py/Cu/Pt film requires only the inter
face between the Cu and the Pt layer.

We measured the out-of-plane angular dependence

FIG. 2. ~a! Normalized FMR spectra measured atuH590° for
Cu/Py ~30 Å!/Cu (dCu)/Pt films with variousdCu. Horizontal axis
is the external dc magnetic field measured fromHres . ~b! Normal-
ized FMR spectra measured atuH590° for Cu/Py~30 Å!/Cu ~100
Å!/Pt film ~open circles! and Cu/Py~30 Å!/Cu ~100 Å! film ~solid
circles!. Lines are the calculated Lorentzian curves and are fitte
the experimental data. The experimental data points are thinne
easier viewing.
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FMR for Cu/Py~30 Å!/Cu (dCu)/Pt ~0, 50 Å! films. Figures
5~a! and 5~b! show examples of the out-of-plane angular d
pendence ofDHpp andHres for Cu/Py/Cu~100 Å! and Cu/
Py/Cu ~100 Å!/Pt films, respectively.DHpp vs uH andHres
vs uH exhibit strong peaks atuH.15° anduH50°, respec-
tively. The peak ofDHpp at uH.15° is because of the in
crease of the linewidth due to Gilbert damping.16,12,13 The
peak ofHres at uH50° is caused by the demagnetizing fie
that is operatively strong at this angle. In the data ofDHpp vs
uH for both films, another small peak is also found atuH
50°. This small peak is due to the dispersion of the mag
tude of 4pMeff , which is also effective at this angle.12,13,16

The data ofHres vs uH in the insets of Figs. 5~a! and 5~b! are
nearly the same, indicating thatg and 4pMeff are same be-
tween the two films. On the other hand,DHpp for Cu/Py/Cu
~100 Å!/Pt film is larger than that for the film without the P

to
for

FIG. 3. dCu dependence of the peak-to-peak linewidthDHpp ~a!
in the thinner regime ofdCu and ~b! in the full range ofdCu for
Cu/Py (dPy)/Cu (dCu)/Pt (dPt) films. Data were obtained from the
FMR spectra measured atuH590°. The open and the solid symbo
correspond to the data fordPt550 and 0 Å, respectively.s (d), m

(n), and j (h) represent the data fordPy520, 30, and 40 Å,
respectively. Lines are visual guides.

FIG. 4. dPt dependence ofDHpp for Cu/Py ~30 Å!/Cu ~100
Å!/Pt (dPt)/Cu films. DHpp was obtained from the FMR spectr
measured atuH590°. The line is a visual guide.
3-3
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layer in the full range ofuH . The increase ofDHpp in the
full range ofuH cannot be explained by two-magnon scatt
ing, because the linewidth due to two-magnon scatterin
zero arounduH50°.20 To our knowledge, such an increas
of DHpp is only explainable by the increasing ofa.12,13

The experimental data ofHres vs uH and DHpp vs uH
were analyzed using the method described in Sec. III.
examples of the results of fitting are shown in Figs. 5~a! and
5~b! with the solid lines. The calculated data are well fitted
the experimental data forDHpp andHres . Three components
of the calculatedDHpp , which areDH in /A3 and the first
and the second terms ofDHex/A3, are shown in Figs. 5~a!
and 5~b! with the broken, the dotted and the dotted-an
broken lines, respectively. The magnitudes of these th
components ofDHpp are proportional toa, D(4pMeff), and
DuH from Eqs.~8! and~9!. Therefore,D(4pMeff) andDuH
are almost the same between the two films, and onlya is
significantly different.

Analysis of the other films showed that onlya systemati-
cally depended ondCu and the presence of the Pt layer. T
value ofg for these films was about 2.11, which agreed w

FIG. 5. The out-of-plane angular dependence ofDHpp for ~a!
Cu/Py~30 Å!/Cu ~100 Å! and~b! Cu/Py~30 Å!/Cu ~100 Å!/Pt film,
respectively. Insets show the out-of-plane angular dependenc
Hres . Open circles represent the experimental data. Solid lines
the calculated data and are fitted to the experimental ones. Bro
dotted, and dotted-and-broken lines are the three components o
calculatedDHpp . The best-fitted parameters areg52.11, 4pMeff

57.5 kG, a50.0065, D(4pMeff)5175 G, andDuH50.057° for
Cu/Py ~30 Å!/Cu ~100 Å! and g52.11, 4pMeff57.4 kG, a
50.012, D(4pMeff)5205 G, andDuH50.052° for Cu/Py ~30
Å!/Cu ~100 Å!/Pt, respectively.
10441
-
is

e

-
e

another reported value.21 The value of 4pMeff was found to
be about 7.5 kG. This value is almost same as the ave
value of 4pMS.7.2 kG for these films, so thatK' is neg-
ligible for the films, and this agrees with other reports.22 No
dependences ofD(4pMeff) or DuH on dCu and the presence
of the Pt layer are also reasonable findings, beca
D(4pMeff) andDuH for a thin Py layer are considered to b
due to the local fluctuation ofdPy and the waviness of the P
layer,12 and such structural imperfections cannot be infl
enced by an overlayer structure.

Figure 6 showsG for Cu/Py ~30 Å!/Cu (dCu)/Pt and
Cu/Py~30 Å!/Cu (dCu) films as a function ofdCu. The value
of G was evaluated froma using g and MS for each film.
The errors inG are mostly due to the uncertainties ofMS .
The trend ofG for Cu/Py/Cu (dCu)/Pt and Cu/Py/Cu (dCu)
films is similar to that ofDHpp shown in Fig. 3~b!. In the
thin region ofdCu, G for Cu/Py/Cu/Pt films is found to be
about two times larger than that for films without the
layer.G for Cu/Py/Cu/Pt films decreases monotonically w
increasingdCu. G for Cu/Py/Cu films is close to the bulk
value of G for Py in Ref. 23 atdCu5100 Å and increases
slightly asdCu increases.G for both films becomes equal a
dCu52000–3000 Å.

V. DISCUSSION

The largeDHpp for Cu/Py/Pt films in Fig. 3~a! or G for
Pt/Py/Pt films in Refs. 12 and 13 can be explained qual
tively by theories for Gilbert damping for bulk FM.14 Similar
explanations have been made for the enhancement ofG in
epitaxial Fe and Ni ultrathin films.10,11 However, the rapid
decrease ofDHpp in Fig. 3~a! implies that such an explana
tion is difficult for Cu/Py/Cu/Pt films, and some othe
mechanism should be taken into consideration for the ex
nation of the enhancement ofG for these films. In discussing
the mechanism of the enhancement ofG for Cu/Py/Cu/Pt

of
re
n,

the

FIG. 6. dCu dependence of Gilbert damping coefficientG for
Cu/Py~30 Å!/Cu (dCu)/Pt films ~open circle! and Cu/Py~30 Å!/Cu
(dCu) films ~solid circle!. Lines are the calculated data and are fitt
to the experimental ones using Eqs.~25!, ~33!, and ~34! with GPy

50.693108 s21, xp59.831027 ~in cgs unit!, Dp5120 cm2/s, l p

52000 Å, andG530 cm/s. Solid and broken lines correspond
aS

21→0 andaS50, respectively.
3-4
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EFFECT OF SPIN DIFFUSION ON GILBERT DAMPING . . . PHYSICAL REVIEW B66, 104413 ~2002!
films, we note that the enhancement ofG was not observed
for Cu/Py/Cu/Cu/Pt films. This means that the enhancem
of G for Cu/Py/Cu/Pt films is caused by some mediati
inside the Cu spacer layer. The mediation of the Ruderm
Kittel-Kasuya-Yosida–like spin polarization is excluded b
cause it is known to be limited near the Py/Cu interface.24 It
is also difficult to consider that the enhancement ofG is due
to the pinholes or the diffusion of Pt atoms, because the
spacer layer is thick enough, and its surface is smooth f
the AFM measurements. We consider that this long-ra
effect is related to the spin diffusion of the conduction ele
tron in the Cu spacer layer, since the conduction electron
diffuse for a long distance in a Cu layer without losing
spin memory.25,26 The spin diffusion can be driven by th
precession of magnetization in FMR, as mentioned in Sec6

The enhancement ofG for Cu/Py/Cu/Pt films is discusse
from such a point of view, based on the phenomenolog
model proposed by Silsbeeet al.6

The schematic illustration for this discussion is shown
Fig. 7. For simplicity, we neglect the effect of the Cu buff
layer.M is the vector of the magnetic moment per unit vo
ume for the localized electron spins in the Py layer.M f and
mp are those for the conduction-electron spins in the Py la
and the Cu layer, respectively.H, h, the X-Y-Z coordinate,
and thex-y-z one are defined the same as those in Fig. 1.
dynamics ofM are described by

2
1

gF

dM

dt
5M3~Heff1h!2

GF

~gFMS!2
M3

dM

dt
1T,

~11!

where gF is the gyromagnetic ratio andGF is the Gilbert
damping coefficient for the localized electron spins. We
gardM andHeff to be the same as those in Eq.~1!, since the
magnetizationM f of the conduction-electron spins is muc
smaller than that of the localized electron spins. We use
bert’s expression as the magnetic damping term, namely
second term of Eq.~11!. In Ref. 6, Bloch’s expression wa
used, while Gilbert’s expression is appropriate for describ
the magnetic damping for the strongly coupled spins.27 We
assume that the torque by the exchange interaction ofM f is
expressed as

T5M3lM f , ~12!

FIG. 7. A schematic illustration of the coordinate system used
the discussion.
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wherel is the molecular field coefficient, andT, which had
been neglected in Ref. 6, is essential for our discussion
the case ofT50, Eq. ~11! is identical to Eq.~1! by taking
g5gF andG5GF , namely, the dynamics of the magnetiz
tion are determined only by the nature of the localized el
tron spins. The dynamics ofM f are assumed to be express
as

dM f

dt
52g fM f3lM2

M f2x flM

t f
2

Jf

dPy
. ~13!

Here,g f , x f , andt f are the gyromagnetic ratio, Pauli par
magnetic susceptibility, and the spin-relaxation time for t
conduction electron in the Py layer, respectively.Jf is the
current density of the spin magnetic moment diffusing out
the Py layer at the Py/Cu interface. We do not treat the s
tial variation ofM f inside the Py layer. The molecular fiel
of the exchange interactionlM is taken only into account a
the effective magnetic field. The dynamics and the transp
of mp are well described by the Bloch-Torrey equation,6,28

]mp

]t
52gpmp3H2

mp2xpH

tp
1Dp

]2

]Z2
~mp2xpH!.

~14!

gp , xp , andtp denote the same as those ofM f . Dp is the
diffusion coefficient for the conduction electron in the C
layer. We neglect any other magnetic field acting onmp ex-
cept forH. The spatial variation ofmp depends only on the
Z direction and is uniform in theX-Y plane. The spin diffu-
sion at the Py/Cu interface is taken into account as
boundary condition atZ50. Assuming that there is no spi
relaxation at this interface, and neglecting the small diff
ence betweeng f and gp , the boundary condition is ex
pressed as6

Jf5Jp5GS M f2x flM

x f
2

mp2xpH

xp
D , ~15!

whereG characterizes the rate of the spin diffusion at th
interface.Jp is the current density of the spin magnetic m
ment inside the Cu layer, and is given as

Jp52Dp

]

]Z
~mp2xpH!. ~16!

The spin relaxation at the Cu/Pt interface or the surface
the Cu layer is also taken into account as the boundary c
dition at Z5dCu, which is given by28,29

Jp5aS~mp2xpH!. ~17!

Here,aS characterizes the rate of the spin relaxation at
Cu/Pt interface or the Cu surface.

We analyzeT on the linear approximation using Eq
~11!–~17!. On resonance in FMR,h excites the small preces
sion of M around the equilibrium direction, which is ex
pressed the same as that in Eq.~3!. The precession ofM
drivesM f by the exchange interaction, which is given as

M f~ t !5x flM ~ t !1dM fe
2 ivt. ~18!

n

3-5
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Here, the first and the second terms are the instantan
equilibrium magnetization and the induced nonequilibriu
magnetization, respectively. The induced nonequilibri
magnetization ofM f diffuses from the Py to the Cu layer a
the spin current described in Eq.~15!, and the nonequilib-
rium magnetization ofmp is built up inside the Cu layer
which is expressed as

mp~Z,t !5xpH1dmp~Z!e2 ivt. ~19!

The first and the second terms are the thermal equilibr
magnetization and the induced nonequilibrium magnet
tion, respectively. We take the linear combination of t
rightward and the leftward propagating wave as a solution
dmp(Z), which is given by

dmp~Z!5 (
j 51,2,z

~dmp j
R eikp jZ1dmp j

L e2 ikp jZ!êp j . ~20!

Here,êp j is the polarization vector of the precession given
êp65@ x̂7 i (cosb)ŷ7 i (sinb)ẑ#/A2 and êpz52(sinb)ŷ
1(cosb)ẑ, with b[u2uH . Substituting Eqs.~19! and~20!
into Eq.~14!, one obtains the propagation constantkp j given
as

kp6
2 5 i ~v6vp!/Dp2 l p

22 , ~21!

kpz
2 5 iv/Dp2 l p

22 . ~22!

Here,vp is the Larmor frequency defined asvp[gpH, and
l p is the spin-diffusion length for the Cu layer defined asl p

[ADptp. Equations~21! and~22! mean that the wavelengt
and the attenuating length of the propagating spin den
depend onH, l p , and the polarization of the precession. Su
a propagating mode is inherent for the transport of the p
cessional spin of the conduction electron,30,31 and which is
different from the usual spin transport, such as the curr
perpendicular-to-plane magnetoresistance, for which
characteristic length isl p .32 While, in the case of

@~v6vp!tp#2!1 and ~vtp!2!1, ~23!

kp j
2 52 l p

22 is approximately obtained from Eqs.~21! and
~22!.33 In a further analysis, we assume that Eq.~23! is sat-
isfied for the Cu layer, for simplicity.dmp j

R and dmp j
L are

determined from Eqs.~15!–~17! using Eqs.~18!–~20!, and
the relation betweendmp(0) anddM f is obtained. Using its
relations with Eqs.~15!, ~18!, and~19!, we obtain the follow-
ing relation:

Jf5~Geff /x f !dM fe
2 ivt. ~24!

Here,Geff is the effective rate of the interfacial spin diffusio
modified by the dynamics and transport ofmp , which is
defined as

Geff
21[G211FxpS Dp

l p
D ~Dp / l p!tanh~dCu/ l p!1aS

~Dp / l p!1aStanh~dCu/ l p!G
21

.

~25!
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Equation~24! means that the nonequilibrium magnetizati
induced by the precession ofM is lost from the Py layer on
resonance of FMR. Substituting Eqs.~18! and ~24! into Eq.
~13! and introducing

dM ( f )6[dM ( f )x6 idM ( f )y , ~26!

one obtains

dM f 65
i teff

12 i ~v6v f !teff
vx fldM 6 ~27!

anddM f z50. Here,v f is defined asv f[g flMS , andteff is
the effective spin-relaxation time for the conduction electr
in the Py layer, which is also defined as

1/teff[1/t f1Geff /x fdPy. ~28!

v f is considered to be quite large for an ordinary FM, su
as Py, so thatv/v f!1 is sufficiently satisfied, and we as
sume

~v fteff!
22!1. ~29!

Taking the leading order of the real and the imaginary pa
of Eq. ~27! on this assumption, Eq.~27! becomes

dM f 65~71/v f1 i /v f
2teff!vx fldM 6 . ~30!

Using Eqs.~12!, ~18!, ~26!, and~30!, one obtains the follow-
ing expression forT:

T5
x fl

g f

dM

dt
2

x fteff
21

~g fMS!2
M3

dM

dt
. ~31!

The first and the second terms are the additional terms of
gyromagnetic ratio~the so-calledg shift!, and Gilbert damp-
ing, respectively. Substituting Eq.~31! into Eq. ~11!, one
obtains an LLG equation, which is the same as Eq.~1!, by
taking g5gF and

G5GF1x f /teff . ~32!

Here, we usedx fl!1 andgF /g f.1, which are satisfied in
an ordinary FM.g is not influenced by the dynamics and th
transport of the conduction-electron spins, so that it is in
pendent ofdPy and dCu. In the case ofGF50 and teff
5t f , Eq. ~32! is in accord with the previous theory for Gil
bert damping of bulk FM based on thes-d model.34 Using
Eqs.~25!, ~28!, and~32!, G is rewritten as

G5GPy1G8, ~33!

whereGPy is the Gilbert damping coefficient for the bulk P
which is defined asGPy[GF1x f /t f , andG8 is the interfa-
cial contribution ofG, which is defined as

G8[Geff /dPy. ~34!

Here,x f was canceled out, so thatG8 is independent of the
properties inside the Py layer.G8 increases with decreasin
dPy, so thatG8 is not negligible for a very thin Py layer. In
the case thatdCu is sufficiently small, Eq.~34! becomes
3-6
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G85@G211~xpaS!21#21/dPy, ~35!

takingdCu! l p in Eq. ~25!. The magnitude ofG8 is governed
by the rate of the spin diffusion at the Py/Cu interface a
the relaxing rate of spin at the Cu/Pt interface or the
surface. If the spin relaxation at the Cu/Pt interface is in
nitely strong, namelyaS

21→0, Eq. ~35! becomes G8
5G/dPy. This means that the Cu layer in contact with the
layer operates as a spin sink. In the case of no spin relaxa
at the Cu surface, namelyaS50, G8 becomes zero, becaus
the spin diffusion from the Py to the Cu layer is balanced
that from the Cu to the Py layer. On the other hand, in
case ofdCu@ l p , G8 is expressed as

G85@G211~xpDp / l p!21#21/dPy.

The spin relaxation at the Cu/Pt interface or the Cu surfac
not operative in this regime because spin cannot diffuse
yond l p inside the Cu layer. Instead ofaS , G8 is influenced
by the bulk spin relaxation of Cu, namely,tp involved in l p .

In order to quantitatively examine this model, the calc
latedG vs dCu was fitted to the experimental one using Eq
~25!, ~33!, and ~34!. In the fitting, we took GPy50.69
3108 s21, which corresponded to the value ofG for Cu/
Py/Cu ~100 Å! film, and xp.9.831027 in cgs unit. The
value ofxp was estimated fromxp5mB

23n/2EF on the free-
electron model using an electron densityn.8.5
31022 cm23 and a Fermi energyEF57 eV for Cu.35 Fur-
thermore,aS for the Cu surface was taken to be zero in t
fitting for Cu/Py/Cu films, becauseaS for the Cu surface is
considered to be negligibly small.36 The remaining unknown
parameters areDp , l p , G, and aS for the Cu/Pt interface.
The values ofDp and l p can be determined almost indepe
dently from the fitting. While, the value ofG andaS for the
Cu/Pt interface cannot be obtained uniquely, because of
various combinations of the values ofG andaS for the Cu/Pt
interface that are allowed for the best fitting toG vs dCu for
Cu/Py/Cu/Pt films. An example of the fitting is shown in Fi
6 with the solid and the broken lines for Cu/Py/Cu/Pt a
Cu/Py/Cu films, respectively. The fitting shown in Fig. 6 w
performed takingaS

21→0 for the Cu/Pt interface and regard
ing Dp , l p , andG as adjustable parameters. The calcula
G vs dCu is well fitted to the experimental data. From th
fitting, the values ofDp , l p , and G were obtained to be
120620 cm2/s, 20006500 Å, and 3065 cm/s, respec-
tively. In the case of a fitting takingG21→0 and adjusting
the values ofDp , l p , and aS for the Cu/Pt interface, we
obtained the result of the fitting and the values ofDp and l p
were the same as those in Fig. 6, andaS for the Cu/Pt inter-
face was 360.53107 cm/s. Thus, although we cannot o
tain the exact values ofG andaS for the Cu/Pt interface, they
are restricted asG>30 cm/s andaS>33107 cm/s for the
Cu/Pt interface for the best fitting.Dp for the bulk-Cu on the
free-electron model is estimated to be.160 cm2/s from
Dp5vpLp/3 using the Fermi velocityvp.1.63108 cm/s
and the mean free pathLp.300 Å.35 The typical reported
values ofl p are.4500 Å at 4.2 K in Ref. 25 or.3500 Å at
RT in Ref. 26. The values ofDp and l p obtained from the
fitting are consistent with the above referred values, tak
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into consideration the influence onDp andl p of the ordinary
and the spin-orbit scattering by defects and phonon.37 From
the kinetic argument based on the free-electron model,aS is
considered to be expressed asaS5vpe/2(12e).28,29Here,e
is the probability of the spin-flip reflection at an interface
a surface. For the Cu/Pt interface,e>0.3 is estimated from
aS>33107 cm/s using this relation and vp.1.6
3108 cm/s. The lower limit ofe is considered to be evalu
ated roughly froms r /ss f , wheres r and ss f are the cross
section of the resistivity and the spin-flip scattering for
impurity atom in a host metal, respectively.s r /ss f for a Pt
atom in Cu is evaluated to be.0.1,25,38 so thate>0.3 is a
reasonable estimate.G>30 cm/s at the Py/Cu interface i
our films is also roughly consistent withG.15 cm/s esti-
mated from the best value ofG8/xp51.53107 cm/s in Ref.
6 taking G85G and xp.9.831027. In addition, according
to a microscopic calculation ofG,39 G for NM/NM tunnel
junction is given asG5j(mB /e)2R21, 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 o
FM/NM in our case,G>30 cm/s leads toR<1 fV m2 from
this relation, which is also consistent withR50.5 fV m2 for
the sputtered Py/Cu/Py films.40

This model also agrees with the experimental data, exc
for the fitting of G vs dCu. It is expected from Eq.~35! that
the difference ofDHpp between Cu/Py/Cu/Pt and Cu/Py/C
films increases asdPy decreases in the thinner regime ofdCu

as in Fig. 3~b!. In addition, this model provides a natur
explanation for the experimental fact thatG for Cu/Py/Cu/
Cu/Pt films was not enhanced. For Cu/Py/Cu/Cu/Pt films,
spin diffusion is disturbed by the low conductive regime th
possibly exists in the middle of the Cu spacer layer, so thaG
is considered to be same as that for Cu/Py/Cu films. Sils
et al. have also reported the similar influence of oxidation
contamination at the interface on the transmitted signa
CESR for their bilayer.6

The assumption of Eq.~23! has to be self-consistentl
satisfied withtp.3310212 s estimated fromDp and l p ob-
tained from the fitting. In the case oftp.3310212 s, the
approximation of Eq.~23! is crude nearuH50°, because the
magnitude ofH becomes very large nearby this angle
shown in the insets of Figs. 5~a! and 5~b!. However, this is
considered to be almost ineffective for the fitting in Fig.
since the experimentalG is mostly determined by the mag
nitude of DHpp nearuH590°, as shown in Figs. 5~a! and
5~b!. A check of the validity of Eq.~29! is also required
because Eq.~29! is essential for deriving Eq.~31! as Gilbert
type damping.34 v f is considered to be identical to 2JS/\,
whereJ andS are the constants of thes-d exchange and the
average spin of the localizedd-electron moment, respec
tively. Taking J50.4 eV from Ref. 41 andS50.5, v f is
estimated to be.631014 s21. t f is estimated to be.3
310214 s from the spin-diffusion length for Pyl f.55 Å in
Ref. 40, assuming the diffusion coefficient for PyD f
.10 cm2/s. The value ofGeff /x fdPy used in the fitting is
found to be less than about 131014 s21 by assumingxp
5x f . Thus, Eq.~29! is satisfied enough in the fitting.
3-7
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We comment on the validity of using Eq.~13!. In Ref. 6,
Silsbeeet al. had originally taken into account the spati
variation ofM f using a Bloch-Torry equation, as performe
for the Cu layer. In such a case, the spatial variation ofM f is
characterized by the propagation constant for Pykf j , which
is defined by changing the indexp into f in Eqs. ~21! and
~22! and becomeskf j

2 . iv f /D f with v f@v, t f
21 . This

means that the propagation ofM f is heavily damped in the
range ofA2D f /v f , not by the bulk spin relaxation but by th
exchange interaction. In the case ofdPy!A2D f /v f , the spa-
tial variation ofM f can be neglected, and Eq.~13! is satis-
fied. Takingv f.631014 s21 andD f.10 cm2/s, A2D f /v f
is estimated to be.20 Å. This length is comparable to o
smaller than not onlydPy but also the mean free path for P
Such a rapid variation of magnetization cannot be descri
by the Bloch-Torry equation.28 Therefore, the validity of Eq.
~13! cannot be fully justified. Further experimental and th
oretical studies are needed for clarifying the validity of E
~13!.

Our experimental result and its interpretation agreed w
the microscopic theories taking into account spin curr
generated by the precession of magnetization in NM/FM/N
films.42,43 On the other hand, Berger theoretically sugges
that G was enhanced in FM/NM/FM films,1,4 and this was
also confirmed recently in Fe/Au/Fe films.44 It is unclear
whether the mechanism of the enhancement ofG for Fe/
Au/Fe film is essentially different from that for our films.
is likely that the roll of a thick Fe layer for Fe/Au/Fe film i
the same as that of Pt layer for ours, because the relaxa
for precessional spin is strongly operative in a sufficien
thick FM film because of the larges-d exchange, as de
scribed above.6,43 In addition, a phenomenological model d
scribing spin dynamics and transport for FM was also s
gested recently, which was somewhat different from
model used in this paper and took into account not o
charge and spin current but also the cross spin relaxa
o

o

tt
,
l
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between conduction and localized spin system.45 Compari-
son between these other reports and our result is further
ject.

VI. SUMMARY

FMR was measured for Cu/Py (dPy)/Cu (dCu)/Pt films
with variousdCu anddPy in order to clarify the effect of spin
diffusion driven by the precession of magnetization on G
bert damping.DHpp for Cu/Py/Cu/Pt films was very large a
dCu50 Å and decreased remarkably atdCu530 Å. Above
dCu530 Å, it decreased gradually with increasingdCu in the
anomalously wide range ofdCu. This trend became mor
remarkable with decreasingdPy. The out-of-plane angula
dependence of FMR for Cu/Py~30 Å!/Cu (dCu)/Pt ~0, 50 Å!
films was measured and analyzed using an LLG equa
taking into account the local variation of 4pMeff . The value
of G obtained from the analysis for Cu/Py/Cu/Pt films w
about twice as large as that for Cu/Py/Cu films even atdCu
5100 Å and decreased gradually asdCu increased. AtdCu
52000–3000 Å,G for Cu/Py/Cu/Pt and Cu/Py/Cu films be
came the same value. We also discussed the influence o
spin diffusion driven by the precession of magnetization
FMR on G using the model proposed in the past. The ca
latedG vs dCu was well fitted to the experimental one, a
the model explained other features of the experime
results.
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