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Spin transport parameters in Ni80Fe20/Ru and Ni80Fe20/Ta bilayers
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We present a systematic study of the spin transport properties in two different bilayer systems, Ni80Fe20/Ru
and Ni80Fe20/Ta, combining ferromagnetic resonance (FMR) and inverse spin Hall effect (ISHE) voltage
measurements. We have estimated the effective spin mixing conductance g↑↓ by analyzing the permalloy (Py)
thickness dependence of the FMR linewidth obtaining g↑↓ = (3.8 ± 0.7) × 1015 cm−2 and g↑↓ = (1.3 ± 0.4) ×
1015 cm−2 for Py/Ru and Py/Ta, respectively. Analyzing the Ta thickness dependence of the ISHE voltage, we have
been able to extract the spin diffusion length, λSD = 1.5 ± 0.5 nm, and spin Hall angle, �SH = −0.03 ± 0.01,
of Ta. From the two series of Py/Ta bilayers—with thickness variation of ferromagnetic and nonmagnetic layers,
respectively—we demonstrate a path to estimate the spin diffusion length from the experimental data, independent
of the spin Hall angle and the microwave field amplitude.
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I. INTRODUCTION

The manipulation of the charge and spin degrees of freedom
in electron transport has attracted continuous interest in the
scientific community for many decades, with a remarkable and
persistent revival since the early 1990s [1]. In recent years,
the feasibility of spin pumping from a ferromagnetic (FM)
layer towards an adjacent nonmagnetic metallic film (NM)
was demonstrated in the form of a pure spin current [2,3],
which opened paths for the research in several new and novel
phenomena in this area [4]. The ability of some metals, like Pt,
Pd, or Ta, among others, to convert a spin current into a charge
current via the inverse spin Hall effect (ISHE) opens the way
to not only qualitative but also quantitative investigation and
understanding of the spin transport that takes place in this kind
of system.

Earlier studies on inverse spin Hall voltage induced by spin
pumping in FM/NM bilayers were carried out using preferably
Pt as the NM layer because of its large spin orbit interaction.
But several NM metals, like Pd, Mo, Au, and Ta, among others,
have been used to demonstrate the spin Hall effect in such
metals [5,6]. Applying the theory developed to describe this
phenomenon, it is possible to estimate different parameters like
the spin diffusion length, the spin Hall angle, or the effective
spin mixing conductance. Some of these parameters have a
broad range of reported values that depends mainly on the
method used for their estimation. For example, spin diffusion
length values found for Pt range roughly from 0.5 nm [7] to
10 nm [8]. This broad range can be also explained by spin
memory loss effects occurring at the interface [9].

In the following sections we present a detailed study of two
different systems of bilayers of permalloy (Py) with Ru and Ta,
characterized as a function of the thickness of the FM and/or
the NM layer. We show that Ru can effectively be used to
detect a spin current by measuring the voltage generated by the
inverse spin Hall effect. For both systems we have estimated
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the effective spin mixing conductance parameter, g↑↓. In the
case of the Py/Ta bilayer we present a set of spin transport
parameters estimated from the Py thickness dependence of the
FMR spectra and the inverse spin Hall voltage as a function
of the thickness of both the NM and the FM layer. We finally
describe a simple method for determining the spin diffusion
length independent of the spin Hall angle.

II. FILM FABRICATION AND STRUCTURAL
CHARACTERIZATION

Films have been fabricated by dc magnetron sputtering
on naturally oxidized Si (100) substrates. The chamber was
pumped down to a base pressure of 1 × 10−6 Torr and the
films were sputtered at 3 mTorr of Ar pressure, a power of
20 W, and a target-substrate distance of 10 cm. With these
parameters we obtained a sputtering rate of 0.06, 0.11, and
0.15 nm/s for Ru, Py, and Ta, respectively. Two different
series were grown keeping fixed the NM layer: tRu = 10 nm
and tTa = 5 nm and varying the thickness of the Py layer,
tPy = 5, 7, 9, and 11 nm. Complementarily, another series was
grown with different Ta layer thickness, tTa = 2, 5, 8, and 11
nm, and with Py thickness tPy = 10 nm (see Table I). Our
sputtering machine can host several substrates at the same
time, allowing one to deposit a complete series in exactly
the same sputtering conditions. In the case of Ta films the
sputtering variables were optimized in order to promote the
growth of the crystallographic β phase, as confirmed by x-ray
diffraction patterns performed on 133 nm reference films, with
a high electrical resistivity (ρ ∼ 2000 � nm). Although there
is a tendency in very thin Ta films to grow in an amorphous
phase, there are several reports in which it is shown that
by choosing the correct sputtering conditions the β phase is
dominant down to thicknesses of a few nanometers [10–13].
However, possible mixing of both phases should not be totally
discarded, especially in the thinnest samples studied in this
work (tTa = 2 nm).

FMR spectra were acquired at room temperature with a
commercial Bruker ESP 300 spectrometer at frequencies of
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TABLE I. Nominal layer thickness in the three different series of
bilayers.

Series 1 Series 2 Series 3

tPy (nm) tRu (nm) tPy (nm) tTa (nm) tPy (nm) tTa (nm)

5 10 5 5 10 2
7 10 7 5 10 5
9 10 9 5 10 8
11 10 11 5 10 11

9.4 GHz (X band), 24 GHz (K band), and 34 GHz (Q band).
The samples were placed at the center of a resonant cavity
where the derivative of the absorbed power was measured
using a standard field modulation and lock-in detection
technique, with a modulation frequency of 100 kHz and a
modulation amplitude of 10 Oe. The film plane was in all cases
parallel to the microwave excitation field. Angular variations
with respect to the external dc field were made around a vertical
axis parallel to the microwave field (see Fig. 1).

The inverse spin Hall voltage (VISHE) has been acquired
by measuring the voltage between the edges of the sample
[see sketch of Fig. 1(a)], while the external magnetic field was
swept in the vicinity of the resonance field of the ferromagnet.
Electrical contacts were made with two 25 μm diameter
aluminum wires fixed to the nonmagnetic layer of the sample
with silver paste. The signal was amplified by a high-gain
calibrated differential amplifier located close to the cavity to
reduce electronic noise. The amplified signal was connected
to the digitizer input of the FMR spectrometer in order to
synchronize this signal with the magnetic field sweep. The
ISHE measurements were all performed inside of the X-band
TE102 rectangular cavity (microwave frequency of 9.4 GHz)
and with the field modulation turned off.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Effective spin mixing conductance in Ru and Ta series

We have measured the FMR spectra and the inverse spin
Hall voltage in the whole set of samples. In Fig. 2 we show

(a) (b)

FIG. 1. (Color online) (a) Sketch of the geometrical setup of the
sample, the microwave field (hRF), and the external dc field, H.
(b) Coordinate reference system chosen to analyze the FMR and
the inverse spin Hall voltage measurements.

(a)

(b)

FIG. 2. (Color online) Typical voltage signal (VISHE) and FMR
absorption spectra (inset) in two bilayers of Py in contact with
different metals: (a) Ru; (b) Ta. The distance (L) between the electrical
contacts is 2.2 and 2.3 mm, respectively.

typical FMR spectra and the corresponding VISHE measured
on the bilayers Py(5 nm)/Ru(10 nm) and Py(5 nm)/Ta(5 nm).
In the two samples the FMR absorption derivative has, as
expected, near perfect odd symmetry with respect to the
resonance field and the ISHE signal is close to symmetric
which indicates that the contribution of anomalous Hall effect
is small compared to the ISHE part [5]. In addition, one finds
that the sign of the induced voltage is positive for Ru and
negative for Ta.

The theory describing the spin injection from a FM layer
fulfilling the resonance condition into an adjacent NM layer
is well established [2,14,15] and numerous experimental
results supporting these models can be found in the litera-
ture [5,6,16,17]. More precisely, a pure spin current appears as
a consequence of an additional interfacial relaxation process,
mediated by the conduction electrons of the normal metal, that
contributes to relax the magnetization of the FM layer to the
equilibrium configuration. This additional relaxation through
the interface is added to the intrinsic volume relaxation of
the FM and then an increment in the linewidth (�H ) of the
bilayer system is expected if compared with a single FM layer
which is not in contact with a NM. Note that if the thickness
of the FM layer is reduced, an increment of the linewidth
is also expected because the interfacial relaxation process
becomes more important when compared to volume processes,
which are reduced by the decreasing thickness. The intrinsic
linewidth is governed by the total Gilbert damping parameter
α, and includes a thickness independent volume term (α0) and
an interfacial term that increases with decreasing thickness.
The thickness dependence can be described by the following
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expression [2]:

α = α0 + γ

4πMs

�

tFM
g↑↓, (1)

where γ = gμB/� is the gyromagnetic ratio, g is the g factor,
� is the reduced Planck constant, Ms is the saturation mag-
netization, and g↑↓ is the effective spin mixing conductance.
The quantity g↑↓ is a property of the FM/NM interface and
is phenomenologically interpreted as the net efficiency of the
FM layer to transfer angular momentum across the FM/NM
interface [18]. The parameter α0 is the volume Gilbert damping
parameter and is expected to be close to that of a single FM
layer without any NM layer in contact.

In order to properly estimate the effective spin mixing
conductance from the linewidth it is important to consider
that �H is often enhanced by extrinsic contributions [19–21].
For example, the distribution of anisotropy axis (both in
magnitude and orientation), inhomogeneities within the films,
among other effects, can result in a wrong estimation of the
parameter g↑↓ if they are not properly considered. To separate
the extrinsic contributions (which may be assumed to be
independent of the excitation frequency) from the intrinsic
relaxation, a linear frequency dependence of �H is often
assumed and is phenomenologically described [22] by Eq. (2),

�H = �H0 + 2√
3

ω

γ
α. (2)

In this equation the total peak-to-peak linewidth �H is
the sum of the extrinsic contribution �H0 and the intrinsic
term proportional to the microwave excitation frequency
f = ω/2π .

We show in Fig. 3 the frequency dependence of �H

for the set of samples (a) Py(tPy)/Ta(5 nm) and (b) Py(tPy)/
Ru(10 nm) measured at X-, K-, and Q-band frequencies with
the external field applied parallel to the film. We found that,
within experimental error, the extrapolation to zero frequency
yields �H0 ≈ 0, indicating that the extrinsic contribution �H0

is negligibly small in all cases. Note that we have neglected any
extrinsic contribution coming from the two magnon scattering
process based on the fact that similar linewidths were observed
when the external field was applied parallel or perpendicular
to the film plane. Also, the typical square root frequency
dependence for this mechanism is not observable in the
experimental data of Fig. 3. This figure shows an increment of
the slope in both series of bilayers when the thickness of the Py
layer is decreased. Analyzing these data by using Eq. (2) we
can obtain the total Gilbert damping parameter for each sample
and then, from the dependence of this parameter as a function
of the inverse of the Py thickness [Eq. (1)], it is possible
to separate the volume and interfacial relaxation terms. In
Fig. 3(c) we plot α vs 1/tPy and, by performing a linear fit,
we estimated α0 and the effective spin mixing conductance.
We list in Table II the values of g↑↓ and α0 obtained for the
two sets of samples. For this estimation we used a saturation
magnetization Ms = 770 emu/cm3. The procedure used to
determine Ms and the surface anisotropy Ks is discussed in
Sec. III B. As already mentioned, α0 corresponds to the
volume Gilbert damping parameter of the Py layer without
the interfacial contribution to the relaxation. We obtained the
same value for both bilayers, α0 = 0.0083 ± 0.0022, that is

(a) (b)

(c)

FIG. 3. (Color online) Dependence of the peak to peak linewidth
of (a) Py(tPy)/Ta(5 nm) and (b) Py(tPy)/Ru(10 nm) series as a function
of the microwave excitation frequency. (c) Total Gilbert damping
parameter as a function of the inverse of the Py layer thickness for
both sets of samples.

comparable to previous reports in Py which range between
α0 ∼ 0.006 [23] and α0 ∼ 0.013 [24].

The value for the effective spin mixing conductance in the
Py/Ru interface is about three times larger than g↑↓ for Py/Ta.
The spin current injected in the NM layer is proportional to
g↑↓ and can be estimated [14,16] from

Js ŝ = �

4π
g↑↓m × dm

dt
, (3)

where m = M
Ms

is the reduced magnetization. Thus, from the

obtained values of g↑↓, we can conclude that Ru mediates
better than Ta the relaxation of the magnetization of the Py
layer by creating a larger pure spin current.

In this work we have used a model similar to that developed
in Ref. [16], by considering that the spin Hall voltage is
originated by the injected spin current averaged over a time

TABLE II. Effective spin mixing conductance g↑↓ and volume
Gilbert damping parameter α0 for the two series of samples
Py(tPy)/Ta(5 nm) and Py(tPy)/Ru(10 nm) obtained from a linear fit
of the data shown in Fig. 3(c).

Interface g↑↓(1015 cm−2) α0

Py/Ta 1.3 ± 0.4 0.0083 ± 0.0012
Py/Ru 3.8 ± 0.7 0.0083 ± 0.0022
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period. This results in a pure dc spin current propagating in the
x̂ direction (perpendicular to the interface) and polarized along
the magnetization direction ŝ [the reference system is sketched
in Fig. 1(b)]. The dc pure spin current is converted into a
charge current via the inverse spin Hall effect that deflects the
electrons preferentially to one end of the sample. The edge of
the sample where the charge accumulation takes place depends
on the sign of the deflection of the carriers, given by the sign
of the spin Hall angle, �SH ,

Jc = �SH

(−2e

�

)
J x

s (x̂ × ŝ), (4)

where Jc is the charge current, J x
s is the dc spin current that

takes different values inside of the NM layer along the x̂

direction, and e is the electron charge. The unit vectors x̂

and ŝ are the propagation and polarization directions of the
spin current, respectively.

We mentioned that Py/Ru and Py/Ta samples have opposite
signs of the measured VISHE signal (as can be seen in Fig. 2),
from which we conclude that Ru and Ta have opposite spin Hall
angle signs. This result was already pointed out in Ref. [25],
and it is related to the fact that the sign of the spin Hall
conductivity depends on the sign of the spin-orbit interaction,
being positive for more than half-filled d orbitals (as happens
in Ru, which has a 4d7 configuration, according to Hund’s
rules) and negative in the other case (Ta is a 5d3). The negative
sign of the Ta spin Hall angle was experimentally observed
in Ref. [6]. We have also observed that the ISHE voltage
measured on these two kinds of bilayers (with the same Py
thickness and similar electrodes separation) is always larger
(about one order of magnitude) in the series with Ta, although
the FMR linewidth and the effective spin mixing conductance
were always larger in the Ru series.

B. Angular variation of VISHE in the Ru series

As far as we know the inverse spin Hall voltage generated
in a Py/Ru bilayer has not been yet reported, which led us
to perform careful measurements to characterize the angular
dependence of the VISHE signal on φH , the angle between the
external magnetic field, H, and the film normal [see Fig. 1(b)].

We show in Fig. 4(a) the angular dependence of the voltage
measured in the neighborhood of the FMR resonance field, in
the sample Py(5 nm)/Ru(10 nm) at different angles, starting
from +90◦ and ending in −90◦. We have centered the VISHE

peak at the resonance field position to better appreciate the
evolution of the spectra for different angles. We have fitted
all measured spectra by an absorption (assumed of Lorentzian
shape) and a dispersion curve (Lorentzian-like derivative) as
suggested in Ref. [5]. With this procedure we could separate
the ISHE signal from the contribution originating from the
anomalous Hall effect in the FM layer, which are even and odd
functions, respectively. From the fitting it is possible to extract
the intensity of the symmetric component (VISHE), its field
position (Hr ), and linewidth (�H ). As expected, these two last
quantities coincide with the corresponding values measured in
FMR experiments. The antisymmetric contribution in each of
these spectra is very small as is readily observed in Fig. 4(a).
Also, the intensity of the spectra at 90◦ is equal, within

(a)

(b)

FIG. 4. (Color online) (a) ISHE voltage signal measured in an
X-Band FMR experiment performed in the Py(5 nm)/Ru(10 nm)
bilayer for different orientations of the magnetic field with respect to
the film normal (φH ). (b) Peak value of the symmetric contribution as a
function of the angle of the equilibrium magnetization (φ) normalized
by the VISHE acquired at φH = 90◦. The solid line corresponds to the
values obtained from Eq. (9) using the FMR data. Explored angles
are φH = ±90◦, ±60◦, ±40◦, ±20◦, ±10◦, and 0◦.

experimental error, but opposite in sign to that acquired at
−90◦, allowing us to discard any contributions coming from
anisotropic magnetoresistance effects [5].

Figure 5 shows the angular dependence of the resonance
field position and the linewidth of the bilayer Py(5 nm)/Ru(10
nm). A typical behavior for thin films is found, in which
Hr is maximum when H is applied perpendicular to the
film plane and �H peaks approximately where ∂Hr/∂φH

is maximum [26–28]. The Smit and Beljers formalism is
generally used [22] to obtain the dispersion relation for the
uniform mode of precession [Eq. (5)] and the equilibrium
angle of the magnetization [Eq. (6)]. From the measurements
of the resonance field with the applied field parallel and
perpendicular to the film plane it is then possible to obtain
the effective anisotropy field (Heff) and the g value. Once
the effective anisotropy field is calculated, from Eq. (6)
it is possible to estimate the angle of equilibrium of the
magnetization, φ. These quantities, Heff and φ, are necessary
for fitting the angular dependence of VISHE:(ω

γ

)2 = [Hr cos(φH − φ) − Heff cos2(φ)]

× [Hr cos(φH − φ) − Heff cos(2φ)], (5)

2Hr sin(φH − φ) + Heff sin(2φ) = 0. (6)
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FIG. 5. (Color online) Angular variation of the resonance field
(full symbols) and the linewidth (open symbols) in the bilayer
Py(5 nm)/Ru(10 nm) obtained from X-Band FMR experiments. The
solid line corresponds to the fitting using Eqs. (5) and (6), from which
we obtained Heff = 5920 Oe. The dotted line is a guide to the eye.

FMR experiments performed at parallel and perpendicular
geometries for different Py thicknesses show a relatively
constant g-factor value of g = 2.095 ± 0.009 and a decreasing
value of Heff when the thickness of Py is reduced. The
quantity Heff is related to the shape anisotropy (4πMs) of
the sample, but in thin films the surface anisotropy must be
also considered, especially for thicknesses in the nm range.
The usual expression to consider these two anisotropies is
given [29] by

Heff = 4πMs − 4Ks

MstPy
, (7)

where the last term is the surface anisotropy field written as
a function of the surface anisotropy constant (Ks) and the Py
thickness.

To estimate Ms , we used a reference thick film of
approximately 313 nm, which is thick enough to discard
surface effects. From the FMR data and Eq. (5) we deduced
Ms = 770 emu/cm3 and g = 2.091, which is coincident with
the g value of Py obtained in the studied bilayers. Note
that in very thin films a magnetically “dead” layer is often
considered in order to account for the reduced magnetization
of the surface layers which are in contact with the substrate or
the nonmagnetic metal. In this situation the nominal thickness
of the ferromagnetic layer should be corrected to an effective
one. In the present work we used the nominal Py thickness and
considered an uncertainty of 0.5 nm in the Py thicknesses to
take into account the possible presence of a dead layer. Small
departures from the proposed model could be due to this effect.

In Fig. 6 we show the dependence of the g factor and Heff

of the Py(t)/Ta and Py(t)/Ru series as a function of the inverse
of the Py thickness. It is important to mention that values of
Heff were obtained in most cases using only the resonance field

FIG. 6. (Color online) Thickness dependence of the effective
anisotropy field (Heff ) and the g factor of the Py(t)/Ta and Py(t)/Ru
series.

values parallel and perpendicular to the film plane. In Fig. 5
we fit the angular variation of the resonance field using all
experimental points and although this procedure is expected
to be more precise for the estimation of Heff the differences
between both methods are always smaller than a few percent.

By solving the Landau-Lifshitz-Gilbert equation of motion,
and following the same reasoning of Ref. [16] it is possible to
derive the angular dependence of the injected dc spin current
at the resonance condition [i.e., when Eq. (5) is satisfied]

J 0
s (φ) = γ

�

4π
g↑↓

(
hRF

α

)2

×
[

[Hr cos(φH − φ) − Heff cos(2φ)]

[2Hr cos(φH − φ) − Heff(3 cos2 φ − 1)]2

]
,

(8)

where hRF is the amplitude of the microwave magnetic
field inside of the resonant cavity. This expression is totally
equivalent to Eq. (12) of Ref. [16], but has been rearranged
to emphasize the dependence on the effective anisotropy field
and the relative orientation between the magnetization and the
external field.

The spin current shown in Eq. (8) corresponds to the
current at the interface of the FM/NM bilayer that propagates
diffusively inside the NM layer. Using the coordinate system
shown in Fig. 1(b) and from Eq. (4) one can figure out that
the pure spin current propagates in x direction and is polarized
along the magnetization direction. As VISHE ∝ J 0

s (φ) sin(φ), it
is convenient to define a normalized spin Hall effect voltage
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as

VN = J 0
s (φ)

J 0
s (φ = 90◦)

sin(φ)

= [Hr cos(φH − φ) − Heff cos(2φ)]

[2Hr cos(φH − φ) − Heff(3 cos2 φ − 1)]2

× [2H|| + Heff]2

H|| + Heff
sin(φ), (9)

where we defined H|| as the resonance field measured at
φ = φH = 90◦. The normalized experimental data of Fig. 4(b)
has been superimposed with the curve obtained from Eq. (9),
which depends exclusively on parameters obtained from the
FMR spectra. A very close agreement was found, supporting
the proposed model.

C. Microwave power dependence

We also studied the microwave power (P ) dependence of
the ISHE voltage in the sample Py(5 nm)/Ru(10 nm). All
measurements were performed with the external field parallel
to the plane of the sample along the y direction. We show
in Fig. 7 the obtained linear behavior of the maximum of
the measured voltage as a function of P . As explained in
the literature [16] this is a consequence of the dependence
of Eq. (8) with h2

RF. To understand the linear dependence of
VISHE as a function of P we can inspect the time averaged y

component of Eq. (3), J 0
s ∝ ∫ 2π

ω

0 [mx
dmz

dt
− mz

dmx

dt
]dt . As we

are in the linear response regime (m = χhRF) each transversal
component mi=x,z contributes with a hRF factor, making J 0

s ∝

FIG. 7. (Color online) Power dependence of the maximum in-
verse spin Hall voltage measured at H = Hr . In the inset we show
the Lorentzian shape of VISHE curves in the neighborhood of Hr . Data
correspond to the bilayer Py(5 nm)/Ru(10 nm) varying P from 4 mW
to 200 mW.

h2
RF and hence VISHE ∝ h2

RF. As P is proportional to h2
RF [30]

we obtain the linear behavior of the maximum of the measured
voltage as a function of the microwave power, as shown in
Fig. 7.

D. Estimation of the transport parameters in the Py/Ta series

To estimate the transport parameters involved in the ISHE
effect, we have studied two different series of Py/Ta bilayers.
The first set, Py(tPy)/Ta(5 nm), has variable Py thickness with
tPy = 5, 7, 9, and 11 nm and a fixed thickness of 5 nm for
the Ta layer. The second series, Py(10 nm)/Ta(tTa), has the
same Py thickness in all samples and the Ta layer thickness
takes the values tTa = 2, 5, 8, and 11 nm. In all cases we have
acquired the voltage signal by applying the magnetic field in
the plane of the sample with a microwave power P = 200 mW.
To perform the analysis we have extracted the VISHE symmetric
contribution of the signal, as already explained.

The dc spin current injected by the spin pumping phe-
nomena diffusively propagates in the NM layer and, via the
inverse spin Hall effect, it is converted into a charge current.
Because we work in an open circuit condition, this charge
current creates an electric field that cancels its propagation. The
theory and expression for the resulting voltage, see Eq. (10),
associated to this electric field is well established and can be
found in several articles [9,16],

VISHE = L

(
2e

�

)
�SH λSD tanh(tTa/2λSD)

tPyσPy + tTaσTa
J 0

s . (10)

In this equation L is the separation between the electrodes
where the voltage is measured, λSD is the spin diffusion length,
and σPy and σTa are the electrical conductivities of Py and Ta,
respectively.

All FMR effects are contained in J 0
s that takes the form of

Eq. (11) when the external field is applied parallel to the film
plane (φH = φ = 90◦)

J 0
s = γ

�

4π
g↑↓

(
hRF

α

)2
H|| + Heff

[2H|| + Heff]2
. (11)

Combining Eq. (10) with Eq. (11) we can define the
quantity ρ

ρ = VISHE

L

(
2π

e

)
α2

γg↑↓

[
[2H|| + Heff]2

H|| + Heff

]

= h2
RF

�SH λSD tanh(tTa/2λSD)

tPyσPy + tTaσTa
(12)

that, apart from a factor h2
RF, has units of resistivity (� nm). In

Fig. 8 we show the ρ curves obtained as a function of magnetic
field for each series. As expected from Eq. (12), ρ decreases
when tPy increases and has a more complex behavior as a
function of tTa. This suggests that the marked different behavior
of ρ with tPy and tTa may be used to extract separately the values
of λSD and �SH . We obtained the maximum of the symmetric
contribution in each of the curves, normalized this value in
order to calculate ρ, and plotted this variable as a function of
tPy and tTa, in Figs. 9(a) and 9(b), respectively. In Fig. 9(a)
we can observe that the experimental ρ as a function of tPy

follows approximately the hyperbolic functional dependence
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(a) (b)

FIG. 8. (Color online) ρ signal as a function of magnetic field for
(a) Py(tPy)/Ta(5 nm) and (b) Py(10 nm)/Ta(tTa) series.

of Eq. (12), ρ(tPy) = K/(tPyσPy + tTaσTa). Using the bulk con-
ductivities of Ta and Py [10,31], σTa = 0.0005 �−1nm−1and
σPy = 0.0022 �−1nm−1, and fitting the experimental data we
have obtained K = 0.091(7) (Oe2 nm).

The constant K can then be used to fit the experimental
values of ρ as a function of tTa for a fixed value of tPy using

ρ(tTa) = 1

tPyσPy + tTaσTa

K

tanh 5
2λSD

tanh
tTa

2λSD

. (13)

The best fit of the experimental data is shown in Fig. 9(b) and
was obtained for λSD = 1.5 ± 0.5 nm.

It is important to note here that this procedure allowed us
to experimentally determine the spin diffusion length in Ta
without knowing the spin Hall angle �SH or the microwave
field amplitude hRF.

With this estimation of λSD and knowing the value of hRF,
it is possible to calculate �SH . The TE102 resonant cavity
used in our experiment has a quality factor Q ∼ 2400 (defined
as Q = ω/�ω) that was not significantly changed when the
sample was placed inside. With this value of Q and following
Ref. [32] we estimated hRF ∼ 1.5(3) Oe, obtaining �SH ∼
−0.03 ± 0.01. It is worth mentioning that the experimental
determination of hRF is not straightforward and usually comes
with a large associated error. As a consequence, the spin Hall
angle is also expected to be affected by a large uncertainty, and
was estimated to be around 50% in our case.

We also note that our fittings of the experimental data were
made using the bulk electrical conductivities of Ta and Py. It
is well known that the conductivity depends on film thickness,
and the correction becomes important when the thickness is
reduced to 1 nm or less [33]. If we consider this correction

(a)

(b)

FIG. 9. (Color online) Dependence of ρ as function of the thick-
ness of (a) Py layer and (b) Ta layer. The continuous lines are the fits
obtained with Eq. (12) and the parameters indicated in the figure.

only a minor improvement is obtained in our data. However,
there are reports in the literature in which an experimental
thickness dependence of the conductivity of Ta [6] and Py [15]
is observed well above 1 nm. If we take into account these
values a slightly better fit of the experimental data can be
obtained but the spin diffusion length is almost unaffected.

IV. CONCLUSIONS

In summary, we have studied two bilayer systems, Py/Ru
and Py/Ta, as a function of the permalloy thickness tPy. In both
systems we estimated the effective spin mixing conductance
by analyzing the dependence of the FMR linewidth as a
function of tPy. We obtained a larger value of g↑↓ in the
Py/Ru system indicating that Ru mediates better the relaxation
of the magnetization of the Py layer during the resonance,
creating a larger pure spin current. In the same analysis,
extrapolating the tendency of the Gilbert damping parameter
as a function of the inverse of the film thickness, we have found
α0 = 0.0083 ± 0.0022 for the polycrystalline Py layer in both
systems.

Because the ability of Ru to convert a pure spin current
into a charge current has not been yet reported, we explored
the angular and microwave power dependence of the inverse
spin Hall voltage in the Py/Ru system obtaining an excellent
agreement with the predictions of the inverse spin Hall effect
theory. On the other hand, we estimated the spin diffusion
length and the spin Hall angle of Ta by analyzing the
dependence of the inverse spin Hall voltage in this system as a
function of both Py and Ta layer thicknesses obtaining λSD =

184401-7
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1.5 ± 0.5 nm and �SH = −0.03 ± 0.01 in agreement with
recently published results [6]. We have also experimentally
verified that Ru and Ta have opposite spin Hall angle signs.

Comparing both systems we have found that Ru produces
a larger spin current but, because of its higher conductivity
and probably a smaller spin Hall angle, it produces a weaker
inverse spin Hall voltage. On the contrary, despite its relatively
small g↑↓ value, Ta generates a larger VISHE because of its
higher resistivity and a larger spin Hall angle. The latter
result makes Ta a good candidate to be used as a spin current
detector without affecting considerably the Py magnetization
relaxation.
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