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Spin transport was investigated in magnetic single GaAs /16 Fe /mAg /20 Au�001� and double
GaAs /16 Fe /nAg /12 Fe /20 Au�001� layer structures prepared by molecular-beam epitaxy, where
m=0,5 ,20,1500 and n=20,100,300,500,1500. The integers represent the number of Fe, Ag, and Au atomic
layers, respectively. The set of Ag spacers in magnetic double layers allowed one to investigate nonlocal spin
transport from ballistic to fully developed spin-diffusion limit. The spin transport in these structures was
investigated using spin pumping effect at the 16Fe/Ag�001� interface. Ferromagnetic resonance �FMR� studies
were carried out using standard microwave spectrometers at 9, 36, and 72 GHz. The FMR linewidth �H in the
above structures was found to follow Gilbert damping mechanism. The measured �H as a function of the
Ag spacer thickness in GaAs /16 Fe /n Ag /12 Fe /20 Au�001� was interpreted using Kirchhoff’s laws for
spin electronics which includes the spin diffusion across the Ag spacer allowing one to determine the electron
charge and spin-flip time scattering parameters and the spin-diffusion length in the Ag thin-film spacers.
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I. INTRODUCTION

Spin dynamics and spintronic devices are increasingly
based on nonlocal spin transport using magnetic films where
spin-dependent electron scattering plays a significant role;
see, e.g., lateral spin valves1–3 and spin Hall effects.4 In these
systems the accumulated spin-density in a normal-metal
�NM� polycrystalline thin-film wire is generated by a par-
tially spin polarized electric current at the ferromagnetic/
normal-metal �F/NM� interface. A quantitative description of
spin transport in these systems is complicated by grain
boundaries in polycrystalline NM wires and complex struc-
ture of F/NM and NM/F junctions. The studies presented in
this paper were carried out by investigating the spin transport
in crystalline Ag films in magnetic single Fe/Ag and double
Fe/Ag/Fe thin-film structures by injecting a pure spin current
at the Fe/Ag interface using rf spin-pumping effect. This
simplifies the quantitative treatment of spin injection and
avoids electron scattering at polycrystalline grains. However
the interface electron diffuse scattering was present in our
samples. It will be shown that its presence is a necessary
prerequisite for the quantitative treatment of spin transport in
thin magnetic heterostructures with a weak electron-phonon
scattering. The data analysis was carried out using Kirch-
hoff’s laws of spintronics.5 The Ag spacers with the n atomic
layers �n=20,100,300,500,1500� in Fe/Ag/Fe structures al-
lowed one to investigate nonlocal spin transport from ballis-
tic to fully developed spin-diffusion limit.

The planar thin-film geometry used in this paper is similar
to those employed in the current-perpendicular-to-plane giant
magneto resistance �CPP-GMR� structures and magnetic tun-
neling junction �MTJ� devices.

The intrinsic ferromagnetic resonance �FMR� linewidth
�H �half width at half maximum� in the measured Fe films
was found to be linearly dependent on the effective micro-
wave angular frequency field � /�, where � is absolute value
of gyromagnetic ratio. The coefficient of proportionality is
given by the dimensionless Gilbert damping parameter �,

�H=��� /��. In magnetic multilayer which include ferro-
magnetic and normal-metal spacer layers one has to include
interface spin pumping.6,7 Spin dynamics generates a peri-
staltic interface spin current at the F/NM interface leading to
an accumulated spin density in NM. This accumulated den-
sity diffuses across the NM spacer and leads to interface
damping. The itinerant electrons in normal metal are affected
by momentum, �m, �leading to electrical resistance� and spin-
flip, �sf, �leading to loss of spin momentum� scattering pa-
rameters. In normal metals the spin-flip scattering is caused
by weak spin-orbit coupling. This means that only some of
the momentum scattering events are accompanied by spin-
flip events, and therefore �sf ��m, see Ref. 8. The spin-
diffusion length 	sd=vF��m�sf /3�1/2 represents the length
scale on which the accumulated momentum density in NM
relaxes back to the lattice.

The results presented in this paper are an extension of our
studies of spin transport in the Au films using Fe/Au�001�
and Fe/Au/Fe�001� structures.9,10

II. GROWTH STUDIES

The Fe, Ag, and Au films were deposited at room tem-
perature �RT� under ultrahigh vacuum �UHV� conditions
��10−10 Torr pressure� using molecular-beam epitaxy
�MBE�. The substrate was a commonly used
4
6-GaAs�001� reconstructed template. The 4
6 surface
reconstruction was obtained by subsequent atomic hydrogen
cleaning, Ar+ sputtering and annealing the GaAs�001� wafer
at �600 °C. Reflection high-energy electron diffraction
�RHEED� patterns and scanning tunneling microscopy
�STM� images showed that this reconstruction consists of
two mixed phases: �a� �95% is 2
6 reconstruction having

As dimers and dangling bonds oriented along the �11̄0� crys-
tallographic direction. �b� �5% is 4
2 GaAs�001� with the
dangling bonds of Ga oriented along the �110� direction.

Layer-by-layer growth was monitored by means of
RHEED intensity oscillations. After deposition of an equiva-
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lent of three atomic layers of Fe on GaAs�001� a
continuous film was formed. The surface of Fe and Ag
films consisted of atomic terraces approximately 3–4 and 15
nm wide, respectively. All studied structures were terminated
by a crystalline 20 Au�001� layer for protection in
ambient conditions. Further details can be found in Ref. 10.
The following single and double layer magnetic
structures were prepared: GaAs /16 Fe /mAg /20 Au�001�
and GaAs /16 Fe /nAg /12 Fe /20 Au�001� �m=0,5 ,20,
1500 and n=20,100,300,500,1500�. The integers represent
the number of atomic layers. The spacing between the atomic
layers are 0.145, 0.204, and 0.2045 nm for Fe, Au, and Ag,
respectively.

The surface passivation by Au of the Ag surface in the
Fe/Ag�001� samples was an essential step. The samples with-
out the Au cap layer were quickly affected by a small level
surface oxidation of Ag which led surprisingly to lattice de-
fects in the underlying Fe film resulting in significant extrin-
sic magnetic damping �two magnon scattering� making the
study of spin transport in uncapped GaAs/Fe/Ag samples
impossible.

III. SPIN PUMPING THEORY

Quantitative description of spin transport in magnetic me-
tallic heterostructures by magnetoelectronics and Kirchhoff’s
laws11 employs a concept of accumulated spin density and
spin current in NM. It is not a priori clear how Kirchhoff’s
laws can be applied to ultrathin NM layers where electrons
can propagate between interfaces in ballistic manner. One
needs a globally diffuse system where the momentum distri-
bution of incident electrons on each interface is randomized
and consequently one can define the chemical potential for
the majority and minority electrons resulting in the accumu-
lated density of spins in NM. Tserkovnyak et al.5 showed
that such randomization in the momentum space can be pro-
vided by a sufficient interface diffuse scattering. The inter-
face scattering in GaAs/Fe/Au�001� structures was investi-
gated in our quantitative in-plane GMR studies. The sheet
resistances were measured as a function of the film thickness
and the results were interpreted by using semiclassical Bolt-
zmann equation which incorporates the electronic properties
from first-principles local-density calculations.12 The mea-
sured magnetoresistance was found to be consistent with the
diffuse �random� scattering parameters P=0.45 and 0.23 for
the minority and majority spins at the Fe/Au interface and
nearly complete diffuse scattering �P=1� at the Au/vacuum
interface. This means that even in MBE grown crystalline
samples the diffuse scattering at interfaces is strongly present
and thus allowing one to use the concept of spin electronic
circuits and Kirchhoff’s laws. Tserkovnyak et al.5 showed
that in this case the interface impedances �obtained from
first-principles band calculations� have to be renormalized by
subtracting from them the Sharvin impedance, see further
discussion in Ref. 5.

In F1/NM/F2 and F/NM systems the circuit elements are
as follows: �a� ferromagnetic layers provide spin current ter-
minals; sources �spin pump� and sinks �spin detector�. �b�
F1/NM, NM/F2, and NM/vacuum �ambient� interfaces rep-

resent the circuit nodes. �c� NM spacer represents a spatially
extended spin conductor.

The spin dynamics in the classical limit in a single ultra-
thin ferromagnetic film can be described by the Landau-
Lifshitz-Gilbert �LLG� equation of motion13

1

�

�M

�t
= − �M 
 Heff� +

�

�
�M 


�u

�t
� , �1�

where u is the unit vector in the direction of the magnetiza-
tion M, �=g	e	 /2mc is the absolute value of the gyromag-
netic ratio, and � is the dimensionless Gilbert damping pa-
rameter. The first term on the right-hand side represents the
precessional torque in the internal field Heff and the second
term represents the Gilbert damping torque.13,14 Tserkovnyak
et al.6 and Heinrich et al.7 showed that an interface damping
can be generated by pumping the spin current from a ferro-
magnet �F� into an adjacent normal-metal �NM� layer. The
pumped spin momentum is given by

Isp =
�

4�
Re�g↑↓��u 


�u

�t
� , �2�

where g↑↓ is the spin mixing conductance �in units of e2 /h� is
dependent on the transmission t↑ , t↓ and reflection r↑ ,r↓ co-
efficients for majority �↑ � and minority �↓ � spins, respec-
tively;

g↑↓ = 

l

�1 − Re�rl
↑rl

↓� + tl
↑tl

↓��� �
kF

2

4�
= 1.2n2/3, �3�

where l is the number of spin channels impinging at the
F/NM interface, kF is the wave-number at the Fermi surface
of NM, and n is the density of electrons per spin in the
normal-metal NM. For small precessional angles of M the
pumped spin momentum is almost entirely transverse to the
static magnetic moment. In magnetic Au/Fe/Ag/Fe/
GaAs�001� double layer structures the FMR fields can be
separated by several kOe due to the presence of strong inter-
face anisotropies.7,13 As it was pointed out above the spin
mixing conductance g↑↓ has to be replaced by its renormal-
ized value by subtracting the Sharvin resistance,

1

g̃↑↓
=

1

g↑↓
−

1

gsh
. �4�

The interface and Shavrin conductances for Fe/Au�001� in-
terfaces were calculated by Zwierzycki et al.15 using density-
functional electron band calculations. The Shavrin conduc-
tance is half of the g↑↓=1.2
1015 cm−2 in units of e2 /h.
This means g̃↑↓=2g↑↓. The difference in g↑↓ between the Au
and Ag spacers is negligible because the densities of elec-
trons in Ag and Au are almost identical �see Eq. �3��.

Our calculations were limited to spin-diffusion theory. In
fact at the present time there is no spin transport theory
equivalent to nonlocal net electron transport using Boltz-
mann’s equations. The spin transport equations at the inter-
faces �nodes� are described by Tserkovnyak et al.5 The spin
current generated at the F1/NM interface leads to an accu-
mulated spin momentum density sN inside the NM spacer
layer. At the F1/NM node the accumulated spin-density
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partly flows back to the F1 spin reservoir. This back flow is
given by Eq. �26� in Ref. 5. In our experiments we used a
small rf excitation and consequently spin pumping leads to
only transverse �with respect to the magnetic moment of F1�
accumulated spin density �see Eq. �2��. This significantly
simplifies the spin back-flow current because its transverse
component is entirely absorbed by F1 at the interface F1/
NM. In the work by Tserkovnyak, Brataas, and Bauer the
induced spin flow is expressed using the spin accumulation
vector �s=�↑−�↓, where �↑ and �↓ are the Fermi levels for
the majority and minority electrons in NM. This is not intui-
tive picture for experimentalists. In experiments one mea-
sures directly the flow of spin momentum which enters the
right hand side of LLG equations of motion �1�. Using a
simple relationship sN= �� /2�N�EF��s between the accumu-
lated spin density sN and �s and replacing the spin mixing
conductance g↑↓ by the number of impinging electron chan-
nels at the F/NM interface, see Eq. �3� one can show that that
the back spin flow current in Eq. �26� in Ref. 5 is given by

−
1

2
vFsN, �5�

where vF and N�EF� are the Fermi velocity in NM, and elec-
tron density of states at the Fermi level in NM, respectively.
The fraction 1/2 represents an effective transmission coeffi-
cient between NM and F.

At this point one can write the full set of Kirchhoff’s
equations using the layer F1 as spin current source magnetic
terminal and layer F2 as spin sink magnetic terminal. The
F1/NM, NM/F2, and NM/vacuum interfaces are the circuit
nodes and the NM spacer as a spatially distributed spin con-
ductor.

F1/NM node: first and second Kirchhoff’s laws for the
terminal F1 and node F1/NM are included in equation,

js −
1

2
vFsN = − D

�sN

�x
, �6�

where the spin current source js is given by Eq. �2� with g↑↓
replaced by g̃↑↓. The right-hand side represents the net flow
of spin momentum from F1 into NM �continuity of the spin
current at the F1/NM node� and D is the diffusion coefficient
in NM given by

D = vF
2�m/3, �7�

where �m is the electron momentum relaxation time. Notice
that the terminal F1 acts also as a spin sink.

NM/F2 node: continuity of the current at the NM/F2
node. The F2 terminal acts as a spin sink,

− D
�sN

�x
=

1

2
vFsN. �8�

The boundary condition in Eq. �8� is valid for the case when
the layer F2 is off resonance and therefore contributes neg-
ligibly to spin pumping. The magnetic momentum current
reaching the NM/F2 interface is fully absorbed by the F2
layer �spin detector� and acts as a driving torque for the F2
layer resulting in its rf excitation, see Ref. 10.

NM/vacuum node: the second terminal is vacuum �ambi-
ent� that reflects the spin current,

�sN

�x
= 0. �9�

The spin momentum transport across the NM spacer is de-
scribed by diffusion equation �equivalent to distributed
conductance�5

�sN

�t
= D

�2sN

�x2 −
1

�sf
sN, �10�

where �sf is the spin-flip relaxation time and x is the coordi-
nate in the perpendicular direction to the interface. Equation
�10� determines the penetration of sN inside the NM spacer.
The spin-diffusion length in the limit of low driving frequen-
cies ��
1 /�sf� is given by

	sd = �D�sf�1/2 = vF��sf�m/3�1/2. �11�

Solutions of differential Eq. �10� require two vectorial
boundary conditions. For magnetic single F1/NM and double
F1/NM/F2 layer structures they are given by Eqs. �6� and �9�
and Eqs. �6� and �8�, respectively. These equations are
equivalent to Eqs. �65�, �67�, and �77� in Ref. 5.

The above diffusion equations can be solved analytically.
The additional interface damping in F1 is given by the net
spin-current flow at the F1/NM interface �see Eq. �6��. For
F1/NM structures this leads to the interface damping param-
eter �sp

�sp
s = �1 −

�1 + e−2kd�
1

2
vF


Dk +
1

2
vF + e−2kd�
1

2
vF − Dk��



g�B

4�Ms
g̃↑↓

1

d
, �12�

where d is the thickness of NM, k=1 /	sp. In the limit of
d�	sp

�sp
s = �

��/3

��/3 +
1

2
� g�B

4�Ms
g̃↑↓

1

d
, �13�

where �=�m /�sf. Note that the approach to saturation for �sp
is proportional to the product of the electron lifetimes
�	sd=vF��m�sf /3�1/2� while the maximum increase in damp-
ing is given by the ratio �=�m /�sf.

For a double layer F1/NM/F2 the additional interface spin
pumping damping is given by
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�sp
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1
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2
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1

2
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− e−2kd
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1
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g�B

4�Ms
g̃↑↓

1

d
. �14�

Obviously in the limit d�	sp Eqs. �12� and �14� lead to the
same result given in Eq. �13�. Notice that the square brackets
in Eqs. �12� and �14� are given by �m and �sf, see above.
Therefore fitting the data requires us to determine the spin
mixing conductance g↑↓, bulk Gilbert damping �b, �m, and
�sf parameters. The parameters vF �=1.4
108 cm /s in Ag�,
the Landé g factor �=2.09 in Fe�, and the saturation magne-
tization Ms �=1.71
103 G in Fe� are well-known constants.

IV. RESULTS

The frequency dependence of the FMR linewidth �H�f�
for the 16 Fe layer in GaAs /16 Fe /nAg /12 Fe /20 Au�001�
is shown in Fig. 1. FMR measurements in this study were
carried out at room temperature �RT�. Note that �H�f� is a
linear function of the microwave frequency �f� with a small
zero frequency offset of 4 Oe. This demonstrates a high qual-
ity of MBE grown Fe films with very small presence of
extrinsic damping. The average Gilbert damping parameter �
was determined from the slope of �H�f� shown in Fig. 1.

Notice that � decreases with an increasing Ag layer thick-
ness. This is expected since the maximum of spin pumping
damping is achieved by the second 12 Fe layer which acts as
a perfect spin sink �brake�. With an increasing Ag layer

thickness only a part of the spin accumulated momentum
density in Ag reaches the 12 Fe layer and consequently the
spin pumping damping becomes increasingly governed by
spin relaxation in the Ag spacer which is less effective-
spin brake than the Ag/16 Fe interface, see also Eq. �14�. The
total damping parameter � for the 16 Fe layer in
16 Fe /nAg /12 Fe /20 Au �filled circles� and 16 Fe /mAg /
20 Au �open circles� structures as a function of the Ag layer
thickness is shown in Fig. 2.

Fitting the data for the magnetic double layers using Eq.
�14� required to determine the bulk Gilbert damping �b and
spin mixing conductance g↑↓. These two parameters were
obtained using the GaAs/16 Fe/20 Ag/20 Au�001� and
GaAs/16 Fe/20 Ag/12 Fe/20 Au�001� samples, see Fig. 2.
The sample GaAs/16Fe/20Ag/10Au�001�, having a de-
creased thickness of the Au capping layer by a factor of two,
had the same FMR linewidth as that in GaAs/16 Fe/20 Ag/20
Au�001�. This clearly indicates that in these samples the re-
laxation of spin momentum inside the Ag and Au layers can
be neglected. Therefore the FMR linewidth from the sample
GaAs/16 Fe/20 Ag/20 Au�001� allows one to determine the
intrinsic bulk Gilbert damping for the 16 Fe film;
�b= �3.7�0.2�
10−3. The FMR linewidth in the magnetic
double layer GaAs/16 Fe/20 Ag/12 Fe/20 Au�001� sample is
then given by adding the contributions from the bulk Gilbert
damping �b and a maximum spin pumping interface damp-
ing. The second 12 Fe layer acts as a perfect spin sink for the
spin current generated in the 20 Ag spacer. In this case the
spin transport with the 20 Ag spacer is simplified, the spin
transport is in ballistic limit �unattenuated inside the Ag
spacer�. The accumulated magnetic moment in the 20 Ag
spacer creates two currents. The first current �− 1

2vFsN� moves

FIG. 1. The FMR linewidth �H as a function of the
microwave frequency f in the 16 Fe film in
GaAs /16 Fe /nAg /12 Fe /20 Au�001� structures �n=20,100,
300,500,1500� are shown by the open symbols. The integers rep-
resents the number of atomic layers. The thickness of the Ag spacer
is also shown in the inset with appropriate symbols. The solid
symbols show the FMR linewidth for the 16 Fe layer in
GaAs /16 Fe /mAg /20 Au�001� structures �m=0, 5, 20, and 1500�.
The thickness of the Ag cover layer is also shown in the inset with
appropriate symbols. Notice that the FMR linewidth in Fe/Ag/Fe
decreases with an increasing Ag layer thickness; in Fe/Ag/Au it is
nearly independent of the Ag layer thickness for m=0, 5, and 20
and becomes noticeably increased for m=1500.

FIG. 2. Thickness dependence of the damping parameter �
in 16 Fe as a function of the Ag spacer in
GaAs /16Fe /nAg /12 Fe /20 Au�001�, see the solid circles, where
n=20,100,300,500,1500. The spacing between the atomic layers
are 0.145, 0.204, and 0.2045 nm for Fe, Au, and Ag, respectively.
The damping parameter was obtained from the slopes of linear fits
in Fig. 1. The open circles correspond to the damping in single
magnetic layers GaAs /16 Fe /mAg /20 Au�001� with m=20 and
1500. The upper and lower solid lines were obtained by using the
parameters obtained in fitting procedure �a�, see Table I. The upper
dashed line was obtained by fitting the first four solid points �pro-
cedure �b��, fitting parameters are listed in Table I. The bottom
dashed line was obtained by using Eq. �12� and the parameters
employed for fitting the first four solid circles �procedure �b��.
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toward the 16 Fe/20 Ag interface and the second current
�+ 1

2vFsN� moves toward the 20 Ag/12 Fe interface, and they
are fully absorbed at the Fe/Ag and Ag/Fe interfaces. In this
case only half of the pumped spin momentum gets absorbed
at the 20 Ag/16 Fe interface and contributes to the FMR
linewidth in the 16 Fe layer. In this spin ballistic limit

�sp =
g�B

4�Ms
g↑↓

1

d
, �15�

where the Landé g factor and saturation magnetization Ms
for Fe is 2.09 and 1.71
103 G, respectively. Equation �15�
can be also obtained from Eq. �14� for d→0. The
Fermi velocity in Ag is known to be vF=1.4
108 cm /s.
The Gilbert parameter � for the 16 Fe film in GaAs/16 Fe/20
Ag/12 Fe/20 Au�001� after subtraction of �b resulted
�using Eq. �15�� in the spin mixing conductance
g↑↓=1.1
1015 cm−2. It is important to note that this mea-
sured g↑↓=1.1
1015 cm−2 is just slightly below the calcu-
lated g↑↓=1.2
1015 cm−2 using first-principles electron
band calculations15 carried out at T=0.

Analysis of the data by spin-diffusion equation requires a
comment. It is strictly valid for Ag spacers significantly
thicker than the electron mean free path, �. From the Ag bulk
conductivity at RT one obtains �b,m=3.7
10−14 s and cor-
responding ��50 nm. Clearly the points for the Ag thick-
ness 21, 61, and 102 nm in Fig. 2 are affected by electron
bulk and diffuse scattering at the Fe/Ag/Fe interfaces. The
last two data points with the 1500 Ag layer �306 nm� in are
already in a fully developed diffuse limit. This is important
because this asymptotic limit determines the ratio of the elec-
tron relaxation time constants �. The parameter � is a small
number in weak spin-orbit interaction systems. In discus-
sions one usually uses its reciprocal value which is described
further on by the parameter �=1 /�. Our analysis were car-
ried out using two fitting procedures.

�a� This fitting procedure used the data points satisfying
the spin ballistic and fully spin-diffusion limits. In this case
we are limited to the samples GaAs/16 Fe/20 Ag/20 Au,
GaAs/16 Fe/20 Ag/12 Fe/20 Au, GaAs/16 Fe/1500 Ag/20
Au, and GaAs/16 Fe/1500 Ag/12 Fe/20 Au. The first two
samples allowed one to determine the parameters �b and g↑↓,
see above. The ratio 306 /50�6 assures that the samples
with the thick 1500 Ag �306 nm� layer are in a proper spin-
diffusion limit where the momentum relaxation time is given
mostly by scattering with phonons inside the Ag spacer and
little affected by interface diffuse scattering, see the thick-
ness dependence of sheet resistance in Ref. 12. Therefore �m
is given by the Ag bulk momentum relaxation time at RT,
�b,m=3.7
10−14 s. In this case one needs to find only
�sf which is required to fit these two data points for
d=300 nm. All other parameters are known. Analysis of
data from Fig. 2 resulted in �sf =3.2
10−12 s for the
GaAs/16 Fe/1500 Ag/20 Au sample and �sf =1.8
10−12 s
for GaAs/16 Fe/1500 Ag/12 Fe/20 Au sample. The
average value of the spin-flip scattering time,
�̄sf = �2.5�0.7�
10−12 s. The error for �sf was estimated by
taking the standard deviation of the mean. The corresponding
parameters �̄=68�20 and spin-diffusion length of

	̄sd=245�30 nm. All parameters are listed in Table I.
The solid lines shown in Fig. 2 were obtained by
employing Eqs. �12� and �14� with the parameters of �m and
�̄sf = �2.5�0.7
�10−12 s listed in Table I.

The solid lines fit for the data points with 1500 Ag are
within the error bar of FMR measurements. However the
upper solid line significantly deviates from the data points in
the thickness range where the electron charge and spin trans-
port inside the Ag spacer is neither in ballistic nor spin-
diffusion limit �mixed state� and is affected by diffuse scat-
tering at interfaces.

�b� In this fitting procedure the spin-diffusion theory was
applied to all data points for the magnetic double layer struc-
tures except the last point �1500 Ag spacer�. The �b and g↑↓
were determined in the spin ballistic limit �here d→0� and
are equal to those in approach �a�. In this case one carries out
two parameter fit for �m and �sf. In this approach one can
estimate effective electron-spin transport parameters in the
thickness range where the charge and spin transport are in
mixed state, neither in fully ballistic nor fully spin-diffusion
limits, and affected by diffuse scattering at interfaces. Fitting
parameters for �m

eff, �sf
eff, �eff, and 	sd

eff are listed in Table I.
Computer fit to the solid points is shown by the upper

dotted line in Fig. 2. The lower dotted line is given by Eq.
�12�, the fitting parameters are listed in Table I.

V. DISCUSSION OF RESULTS

Notice that the solid lines in Figs. 2 provide a poor fit for
intermediate thicknesses. That can be expected because
simple diffuse theory does not account properly for nonlocal
electron and spin transport. The average electron momentum
relaxation time obtained in �b� is about 35% lower than that
in the bulk Ag, see Table I. This is reasonable result consid-
ering that the ratio of the Ag spacer thickness to the mean
free path in bulk Ag is in the range of 1–2. It is interesting to
note that the parameters � obtained in �a� and �b� are very
close and consequently the spin-diffusion length in �b� is
lower than that in �a�. Similar measurements using single
magnetic GaAs/Fe/Au�001� structures resulted in �m by a
factor of two smaller than that found in the bulk Au.9,10 This

TABLE I. Fitting parameters for the momentum, �m, �m
eff, and

spin flip, �̄sf, �sf
eff, relaxation time constants were obtained by pro-

cedure listed in the text under the label �a� and label �b�, respec-

tively. The spin-diffusion lengths 	̄sd and 	sd
eff were calculated using

Eq. �10�. The �̄ and �eff are given by ratios of �̄sf /�m and �sf
eff /�m

eff

respectively.

Fitting �m �̄sf �̄ 	̄sd

Procedure �a� 10−14 s 10−12 s nm

Solid lines in Fig. 2 3.7 �bulk� 2.5�0.7 68�20 245�30

Fitting �m
eff �sf

eff �eff 	sd
eff

Procedure �b� 10−14 s 10−12 s nm

Dotted lines in Fig. 2 2.4 1.6 67 158
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can be expected considering that the ratio d /� in the Au films
was smaller than that in the Ag spacers. The parameter
��70 for Ag is significantly larger that that found in Au
��=12� and the effective spin-diffusion length
	sd

eff�160 nm is larger than that found in the Au films
�=35 nm�.9 This is expected because the atomic number Z of
Au �=79� is appreciably larger than that of Ag �=47� and
consequently the spin-orbit interaction in Au is appreciably
stronger than that in Ag.

It is interesting to compare the electron relaxation time
parameters in our thin-film structures with the results ob-
tained by Monod et al. using thick Ag and Au crystalline
slabs in electron-spin resonance �ESR� experiments.16 In
their case the interfaces played very minor role in electron
scattering. However their ESR measurements had to be car-
ried out close to liquid He temperature. The resistivity ratio
in their samples reached several thousands. In order to com-
pare their and our results one has to use a parameter that can
be in principle weakly dependent on temperature. The pa-
rameter �=1 /�=�sf /�m is possibly the best choice.
According to Elliot8 one expects that in simple metals
�sf =�m / ��g�2, where �g is the deviation of the g-factor from
the free-electron value. �g=� /�E, where � is the spin-orbit
interaction parameter and �E is an appropriate difference in
energy levels.17 Since �g and �E are weakly dependent on
temperature the parameter � could be expected to have weak
dependence on temperature. In our work the mean value of
the parameter �̄�70 �obtained for thick Ag spacer using
fitting procedure �a�� while in the ESR studies ��400.18

One should emphasize that the best information about the
parameter � is obtained in fitting procedure �a� where spin-
diffusion theory is valid. In this case the Ag spacer thickness
is about a factor of six larger that the mean free path of
electron; the sheet resistance even in the presence of diffuse
scattering reaches nearly its bulk value.12 This means that the
randomness in electron momentum distribution is already
governed by scattering with phonons thermally excited in-
side the Ag spacer. Therefore it is quite possible that the
lower value for � in our measurements compared to that in
ESR is caused by intrinsic mechanism. One should realize
that the ESR measurements had to be carried out at cryo-
genic temperatures well below the Debye temperature �TD�,
while our RT measurements were carried out well above TD.
This suggests that the spin-flip relaxation rate is significantly
enhanced by scattering of electrons with thermally excited
phonons having q wave vectors across a whole Brillouin
zone.

Surprising result for the parameter � was found in the
study by Godfrey and Johnson3 using a lateral spin valve
Py/Ag mesoscopic wire/Py structure. The spin-diffusion
length at RT in their study was 140 nm which is smaller than
in our studies, 245 nm. However it is interesting to note that
their samples have significantly increased resistivity by a
factor 3.4 and 2.6 compared to those in fitting procedures �a�
and �b�, respectively. Surprisingly their �sf =2.6
10−12 s is
very close to that found in our studies in pure spin-diffusion
limit �fitting procedure �a��, �̄sf =2.5
10−12 s. In fact their
appreciable larger value of ��240 was caused by a signifi-
cantly smaller momentum relaxation parameter in the lateral
spin valves when compared to our results. This would imply

that a strong defect scattering in their Ag wires contributed
only weakly to spin-flip scattering. This is indeed surprising
result considering that nonlocal spin valves have more com-
plicated geometry with bigger surface area for interface scat-
tering �compared to our planar geometry� and include grain
boundaries in polycrystalline Ag.

VI. CONCLUSIONS

Spin transport in magnetic double GaAs/Fe/Ag/Fe/
Au�001� and single GaAs/Fe/Ag/Au�001� layer structures
was investigated by spin pumping effect using FMR line-
width as a function of the Ag spacer. The results were inter-
preted by using magnetoelectronics circuits and Kirchhoff’s
laws and spin-diffusion equations inside the Ag spacers. The
spin mixing conductance had to be enhanced by subtracting
the Sharvin conductance which justifies the use of Kirch-
hoff’s laws in our studies. Four parameters were required to
fit the FMR data; the bulk damping �b in Fe, spin mixing
conductance g↑↓, spin momentum relaxation time �m, and
spin-flip relaxation time �sf. �b and g↑↓ were determined
from the magnetic single and double Fe layer samples satis-
fying the ballistic spin momentum transport. The relaxation
times were determined by two fitting procedures: �a� the spin
transport satisfied fully spin-diffusion limit; electron charge
and spin relaxation are governed by scattering with phonons
inside the spacer. �b� Spin-diffusion theory was applied to an
intermediate range of thicknesses allowing one to determine
effective electron scattering time parameters. In this case the
electron charge and spin transport is in a mixed state; only
partly ballistic and affected by diffuse scattering at inter-
faces.

The following fitting parameters were found:
�b=0,0037, g↑↓=1.1
1015 cm−2. �a� The momentum relax-
ation time �m=3.7
10−14 s �bulk Ag�, spin-flip relaxation
time �̄sf =2.5�0.7
10−12 s, the corresponding spin-

diffusion length 	̄sd=245�30 nm, and the ratio of relax-
ation time parameters �̄=68�20. �b� �m

eff=2.4
10−14 s,
�sf

eff=1.6
10−12 s, 	sd
eff=158 nm, and the ratio of relaxation-

time parameter �eff=67. These results were compared and
discussed with the results obtained in the bulk Ag slabs car-
ried out at cryogenic temperatures and with the nonlocal Ag
spin valves. It is argued that a significant decrease in the
parameter � �by a factor 5� in our FMR studies carried out at
RT compared to those performed using ESR technique at
cryogenic temperatures can be caused by a significantly en-
hanced spin-flip scattering by phonons at RT. Surprising dif-
ferences between the results in our and the lateral spin valve
�nanoscopic systems� studies beg for formulating a full non-
local spin transport theory allowing one to account properly
for the spin-dependent phonon, impurity, grain boundary, and
interface scattering.
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