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Thickness dependence of spin Hall angle of Au grown on Y3Fe5O12 epitaxial films
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We measure the spin Hall angle in Au layers of 5–100 nm thicknesses by spin pumping from Y3Fe5O12

epitaxial films grown by ultrahigh vacuum, off-axis sputtering. We observe a striking increase in the spin Hall
angle for Au layers thinner than the measured spin diffusion length of 12.6 nm. In particular, the 5 nm Au layer
shows a large spin Hall angle of 0.087, compared to those of 0.016 and 0.017 for the 50 and 100 nm Au layers,
respectively, suggesting that the top surface plays a dominant role in spin Hall physics when the spin current
is able to reach it. Other spin pumping related parameters, including Gilbert damping enhancement, interfacial
spin mixing conductance, and spin current are also determined for Au layers of various thicknesses. Given the
pervasive role of ultrathin films in electrical and spin transport applications, this result emphasizes the importance
of considering the impact of the top surface and reveals the possibility of tuning critical spin parameters by film
thickness.
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The spin Hall effect (SHE) and its reciprocal process,
the inverse spin Hall effect (ISHE), have generated intense
interest in recent years as a means of producing, manipulating,
and detecting spin currents in nonmagnetic materials, opening
new routes to spin-based electronic applications [1–13]. The
ability to convert an unpolarized electrical current into a spin
current can be quantitatively described by the spin Hall angle
(θSH) [14,15]. θSH is a material-specific quantity that arises
from spin-orbit coupling (SOC). Its magnitude and sign are
primarily determined by atomic number, and for transition
metals, by the d-orbital filling [16–19]. Au is a transition metal
with a large atomic number of 79, which should lead to strong
SOC and hence a large θSH. As a result, both SHE and ISHE in
Au have been extensively studied by various techniques [20–
28]. These studies have reported values of θSH for Au between
0.25% (0.0025) and 11% (0.11). This broad range of measured
values can be attributed to the use of varying experimental
techniques and to Au layer thicknesses. Previously, we have
studied ISHE in a number of transition metals using Y3Fe5O12

(YIG) -based ferromagnetic resonance (FMR) spin pumping,
which provides very large ISHE signals [18]. In this paper, we
report systematic measurements of the spin Hall angle for a
series of Au films of thicknesses between 5 and 100 nm by
spin pumping in YIG/Au bilayers.

The YIG(16 nm) films are epitaxially grown on (111)-
oriented Gd3Ga5O12 (GGG) substrates by ultrahigh vacuum,
off-axis sputtering [29–31]. The substrate temperature is
750 °C during film growth and the substrate rotates at
10°/s to achieve optimal film uniformity. A radio-frequency
power of 60 W is used for YIG sputtering, which gives
a deposition rate of 0.51 nm/min. The Au is grown in
situ on the YIG film at room temperature by off-axis dc
sputtering at a deposition rate of 2.24 nm/min. The crystalline
quality of the YIG films and YIG/Au bilayers are examined
by x-ray diffraction (XRD) and x-ray reflectivity (XRR)
using a Bruker D8 Discover high-resolution triple-axis x-
ray diffractometer, and scanning transmission electron mi-

croscopy (STEM) using an FEI probe-corrected Titan3 80–300
S/TEM.

Figure 1(a) shows a 2θ -ω XRD scan of a 16 nm YIG on
GGG(111), which exhibits clear Laue oscillations. Despite the
shadowing of the YIG(444) peak by the GGG(444), we can
identify the location of YIG(444) from the Laue oscillations.
We obtain an out-of-plane lattice constant of 12.431 Å for
the YIG film, which is slightly larger than the bulk value
of 12.376 Å. Figure 1(b) shows an XRR spectrum for a
YIG(16 nm)/Au(41 nm) bilayer together with a simulation by
Bruker LEPTOS software. The simulation gives the thicknesses
of the YIG(16 nm) and Au(41 nm) layers as well as a YIG/Au
interfacial roughness of less than 1 Å. Figure 1(c) shows a high
angle annular dark field STEM image of the YIG/GGG(111)
interface viewed along the 〈110〉 direction, revealing the clear
garnet ordering in both the YIG film and the GGG substrate as
well as complete epitaxy between them. No structural defects
were detected in all areas examined by STEM. The XRD and
STEM results demonstrate that the YIG films have very high
crystalline quality and a clean, sharp interface with Au.

Figure 2(a) schematically shows the experimental setup
for FMR spin pumping and ISHE detection of the spin
current in a series of YIG(16 nm)/Au(tAu) bilayers, where
tAu is the Au thickness and all samples are approximately
1 mm × 5 mm. A dc magnetic field (H ) is applied in the
film plane and perpendicular to the sample length, while
an ISHE voltage is measured across the length of the Au
layer. Spin pumping measurements are performed in a Bruker
electron paramagnetic resonance (EPR) spectrometer with a
microwave cavity at a radio frequency (rf) of f = 9.65 GHz
and a microwave power of Prf = 200 mW. While a dc in-plane
magnetic field is swept across the YIG resonant field (Hres), the
rf field is applied to excite the uniform precession of the YIG
magnetization. At the Au interface, this excited precession
transfers angular momentum to the conduction electrons in
Au, generating a pure spin current, J s, in the Au. The spin
current travels through the Au perpendicular to the plane,
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FIG. 1. (a) Semilogarithmic 2θ -ω XRD scan of a 16 nm YIG
film grown on GGG(111) around the YIG(444) peak, showing Laue
oscillations and an arrow indicating the position of the YIG(444)
peak. (b) XRR scan (red) of a YIG(16 nm)/Au(41 nm) bilayer. The
simulation (blue) gives an interfacial roughness of less than 1 Å.
(c) STEM image of the YIG/GGG(111) interface shows complete
epitaxy, clear Y/Fe atomic ordering, and no detectable structural
defects throughout the films.

and is converted into a transverse charge current, J c, due
to ISHE. This results in a voltage difference, VISHE, between
the two ends of the Au layer, measured by a Keithley 2182A
nanovoltmeter.

Figure 2(b) shows three representative VISHE vs H−Hres

plots for YIG/Au bilayers with Au layer thicknesses of 5, 30,
50, and 100 nm. The ISHE voltage is as high as 143 μV
for the 5 nm Au sample and decreases for thicker Au. The

FIG. 2. (a) Schematic of inverse spin Hall measurement setup. (b)
ISHE voltage measurement for the 5, 30, 50, and 100 nm Au layers on
YIG(16 nm) taken at Prf = 200 mW. (c) Derivative FMR absorption
spectra for a bare YIG(16 nm) film, as well as YIG/Au(5 nm),
YIG/Au(30 nm), and YIG/Au(50 nm) bilayers.

magnitude of VISHE depends on a number of parameters given
by [5,6,14,32]

VISHE = −eθSH

σAutAu
λSD tanh

(
tAu

2λSD

)
g↑↓f LP

(
γ hrf

4πf α

)2

, (1)

where e is the electron charge, σAu is the Au conductivity, λSD

is the spin diffusion length in Au, g↑↓ is the effective interfacial
spin mixing conductance, L is the sample length, P = 1.21 is
a factor due to the ellipticity of magnetization precession [5],
γ is the gyromagnetic ratio, hrf = 0.25 Oe is the rf magnetic
field in the EPR cavity at Prf = 200 mW, and α is the Gilbert
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FIG. 3. Au thickness dependencies of (a) ISHE voltage, (b)
resistivity (ρ), and (c) normalized ISHE charge current, VISHE/Rw,
of the YIG/Au (tAu) bilayers, where R and w are the resistance and
sample width of each bilayer. The blue curve in (c) is a fitting to
extract the spin diffusion length.

damping constant of YIG. Figure 2(c) shows the derivative
spectra of FMR absorption for a bare YIG(16 nm) film and
three YIG(16 nm)/Au bilayers with 5, 30, and 50 nm Au layers.
The FMR linewidth increases from 
H = 4.3 Oe for the bare
YIG to 7.5, 19, and 20 Oe for the 5, 30, and 50 nm Au on
YIG, respectively. This broadening of the linewidth indicates
a clear damping enhancement and its dependence on the Au
thickness.

To calculate θSH, we focus on our measurements of λSD

and g↑↓, as the measurements of the other parameters are
straightforward. The spin diffusion length of the Au layers
is determined by the dependence of spin current on Au
thickness. Figure 3(a) shows the ISHE voltages of different
Au thicknesses from 5 to 100 nm. Since VISHE depends on
the resistivity/conductivity of the Au layers, we plot ρ vs tAu

in Fig. 3(b). The resistivity of the 5 nm Au film is about
two to three times higher than the other Au films due to the
dominance of surface scattering for very thin films. Figure 3(c)
shows VISHE/Rw, where R and w are the resistance and sample
width, respectively, of each YIG/Au bilayer. VISHE/Rw is the
ISHE-induced transverse charge current normalized by sample

width, which is proportional to the spin current pumped into the
Au layers. Assuming λSD is constant in the Au series, by fitting
the data in Fig. 3(c) to λSDtanh(tAu/2λSD) [33], we obtain
λSD = 12.6 ± 2.5 nm for the Au films. The effective interfacial
spin mixing conductance can be obtained from [5,6,20,34,35]

geff
↑↓ = 4πMstYIG

gμB
(αYIG/Au − αYIG), (2)

where Ms, g, and μB are the YIG saturation magnetization,
Landé g factor, and Bohr magneton, respectively. To calculate
geff

↑↓ we measure the spin pumping induced damping enhance-
ment in YIG/Au bilayers (αYIG/Au) as compared to a single
YIG layer (αYIG). Figure 2(c) shows that the damping constant
is enhanced in Au/YIG bilayers as compared to a bare YIG film
and the damping enhancement depends on the Au thickness.
In order to accurately determine the damping constants, we
performed frequency-dependent FMR measurements within
the range of 2–20 GHz for a bare YIG(16 nm) film and
six YIG(16nm)/Au(tAu) bilayers with tAu = 5,10,20,30,50,

FIG. 4. (a) Frequency dependencies of the FMR linewidth from
2 to 20 GHz for a YIG(16 nm) bare film, and six YIG/Au (tAu)
bilayers with tAu = 5,10,20,30,50, and 100 nm. The straight lines are
linear least-squares fits to the data, yielding Gilbert damping constant
of 6.13 × 10−4,10.1 × 10−4,23.4 × 10−4, 27.3 × 10−4,30.4 × 10−4,
33.8 × 10−4, and 34.1 × 10−4, respectively. (b) Au thickness depen-
dencies of spin Hall angle (red) and spin pumping induced damping
enhancement (blue).
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TABLE I. Parameters of different Au thicknesses on YIG(16 nm), including ISHE voltages, resistivities, and Gilbert damping enhancements
from the measurements, as well as calculated values of interfacial spin mixing conductances, spin Hall angles, and spin currents.

tAu(nm) VISHE(μV) αYIG/Au(10−4) αYIG(10−4) αsp = αYIG/Au − αYIG(10−4) ρ(μ� cm) g↑↓(1018m−2) θSH(10−2) Js(106A/m2)

5 143 10.1 ± 0.5 6.13 ± 0.64 3.97 ± 0.81 30.6 0.69 ± 0.14 8.7 ± 2.5 0.75 ± 0.22
10 131 23.4 ± 0.5 7.80 ± 0.80 15.6 ± 0.9 13.7 2.7 ± 0.2 3.8 ± 0.8 1.81 ± 0.39
20 64.1 27.3 ± 0.7 7.80 ± 0.80 19.5 ± 1.1 14.0 3.4 ± 0.2 1.8 ± 0.4 2.27 ± 0.48
30 60.5 30.4 ± 1.1 7.80 ± 0.80 22.6 ± 1.4 11.4 3.9 ± 0.2 2.0 ± 0.5 2.63 ± 0.56
50 27.5 33.8 ± 0.7 7.80 ± 0.80 26.0 ± 1.1 11.9 4.5 ± 0.3 1.6 ± 0.4 3.02 ± 0.47
100 14.2 34.1 ± 1.1 7.80 ± 0.80 26.3 ± 1.4 8.8 4.6 ± 0.3 1.7 ± 0.5 3.06 ± 0.41

and 100 nm, as shown in Fig. 4(a). They all exhibit a linear
frequency dependence, and the Gilbert damping constant can
be extracted from the slope by fitting the equation [36]


H = 
Hinh + 4παf√
3γ

, (3)

where 
Hinh is the inhomogeneous broadening [y intercept in
Fig. 4(a)] of YIG and γ = 2π × 28.0 GHz/T (assuming g =
2). For the bare YIG film, we obtain a low damping constant of
(6.13 ± 0.64) × 10−4. When a 5 nm Au layer is deposited on
YIG, the damping increases by 65% to (10.1 ± 0.5) × 10−4.
For thicker Au films, the damping constant continues to
increase, as shown in Table I and Fig. 4(b). The fact that the
two samples with 50 and 100 nm Au exhibit almost the same
damping constants indicates that the spin pumping induced
damping enhancement has saturated by approximately 50 nm
thickness of Au. From the measured damping constants, we
calculate the Gilbert damping enhancement, αsp = αYIG/Au −
αYIG, for the six bilayer samples.

Using the damping constants and other experimentally
measured parameters, we calculate the effective interfacial
spin mixing conductances geff

↑↓ for all the samples as shown
in Table I. The values of geff

↑↓ for the 50 and 100 nm Au
samples are nearly identical and notably large, indicating a
highly efficient interfacial spin transfer. We also note that the
YIG/Au(5 nm) sample shows a smaller geff

↑↓ (by a factor of 6.6).
From the obtained values of geff

↑↓, the spin current pumped from
YIG into Au can be calculated by [6,37]

Js = e

2π
g↑↓f P

(
γ hrf

4πf α

)2

, (4)

which is shown in Table I for the six samples. For the 5 nm Au
sample, the injected spins propagate from the YIG/Au interface
to the Au top surface without significant scattering. At the top
surface, a portion of the spins are scattered by the surface while
the rest are reflected back and accumulate in the Au layer. First,
the scattering at the Au surface may provide additional surface-
induced spin scattering to enhance the ISHE. Secondly, the
spin accumulation in thin Au layers suppresses the angular
momentum transfer at the YIG/Au interface, reducing the geff

↑↓
and Js , which is similar to previous reports [38,39]. For the 50
and 100 nm Au samples, the film thicknesses are considerably
larger than λSD; thus, most of the spins are scattered, producing
an ISHE before reaching the Au top surface without much spin
accumulation, resulting in large g↑↓ and Js .

Table I summarizes the spin pumping parameters of the
YIG/Au(tAu) bilayers. Using these parameters, we calculated

the spin Hall angles for the six Au films. From 20 to 100 nm
Au thicknesses, the spin Hall angle varies between 0.016 and
0.020, which are essentially constant within the experimental
uncertainty. This magnitude of θSH is reasonable for a heavy
element with an atomic number of 79, and can be considered
as the bulk value for Au. For thinner Au films, θSH doubles to
0.038 at 10 nm and more than doubles again to 0.087 for
the 5 nm Au, which is similar to our previously reported
value of 0.084 [18]. Figure 4(b) shows that θSH and αsp vary
systematically as a function of the Au thickness with different
effective length scales: θSH decreases quickly from 5 to 20 nm,
then reaches essentially an equilibrium value from 20 to 100
nm, while αsp continuously increases from 5 to 50 nm and has
saturated by 50 nm. This behavior is similar to that observed
in Co/Pt and Co/Cu/Pt systems with different length scales for
damping and spin pumping [40].

We speculate that the large value of the spin Hall angle
for 5 nm Au is due to two factors. First, the resistivity of
the 5 nm Au is about three times larger than the 50 and 100
nm Au, which can lead to a larger spin Hall angle, according
to the previous theoretical calculations [16]. However, this
should not be the only reason for the large θSH. Specifically,
for the 10 nm Au, its resistivity is comparable to those of
the thicker Au films, while the θSH of the 10 nm Au is twice
as large. The second possible mechanism is that the Au top
surface plays a significant role in spin scattering for the 5
and 10 nm films since their thicknesses are smaller than λSD

(12.6 nm). The Au/air interface may contribute a Rashba-type
spin-orbit coupling which enhances the ISHE in the thin Au
layers. Previously, angle-resolved photoemission spectroscopy
(ARPES) studies revealed a large surface spin-orbit splitting
of about 110 meV on Au(111) [41,42]. More recently, a spin
pumping study of NiFe/Ag/Bi structures demonstrated very
large Rashba coupling at the Ag/Bi interface and estimated
an extraordinarily large spin Hall angle [43]. It has also been
shown by first-principles calculations and ARPES studies that
Bi surfaces exhibit a strong Rashba spin-orbit splitting a few
times larger than that on Au surfaces [44]. Thus, a considerable
Rashba spin-orbit effect is expected to be present at the Au
surface, which may enhance the ISHE in Au films thinner than
the spin diffusion length. It should also be noted that Rashba
spin-orbit coupling may exist at the YIG/Au interface, but we
cannot probe it since all of the YIG/Au bilayers have the same
YIG/Au interfaces and the same resulting Rashba contribution.
The values of spin Hall angle obtained for the Au films reported
here should be considered as effective spin Hall angles which
represent the overall ability of a film of a given thickness to
convert a spin current to a transverse charge current.
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TABLE II. A comparison of spin Hall angles calculated for the
Au films as the spin diffusion length is varied. The first row shows
θSH for the experimentally obtained λSD = 12.6 nm (bold). The next
four rows show θSH for hypothetical values of λSD ranging from 10
to 60 nm to demonstrate how θSH is affected by λSD.

θSH

λSD(nm) 5 nm 10 nm 20 nm 30 nm 50 nm 100 nm

12.6 0.087 0.038 0.18 0.020 0.016 0.017
10 0.087 0.039 0.020 0.024 0.019 0.021
20 0.086 0.037 0.016 0.016 0.011 0.011
30 0.086 0.036 0.015 0.015 0.0093 0.0076
60 0.085 0.036 0.015 0.014 0.0080 0.0052

We point out that our fitting to extract λSD in Fig. 3(c)
assumes θSH is independent of the Au thickness, while the
obtained θSH varies for different thicknesses of Au layers,
resulting in uncertainty in the determined λSD. However, this
uncertainty in λSD does not affect the main result of this
work, i.e., the enhancement of θSH in the 5 and 10 nm Au.
To demonstrate this point, Table II shows the values of θSH for
the 5, 10, 20, 30, 50, and 100 nm Au layers as λSD is varied
from 12.6 nm to 10, 20, 30, and 60 nm [45]. Clearly, the values
of θSH for the 5 and 10 nm Au films are essentially unchanged
for λE between 10 and 60 nm, and are therefore reliable. As the

Au thickness increases, the variation in θSH gradually becomes
larger. For the 100 nm Au sample, θSH changes between 0.0052
and 0.021 within the range of λSD. We also note that in Fig. 3(c),
the value of VISHE/Rw (ISHE-induced charge current per unit
width) is essentially unchanged for tAu � 30 nm, indicating
that λSD should be smaller than 30 nm. Thus, despite the
uncertainty in λSD, we are confident that θSH is enhanced for
the 5 nm Au layer (θSH = 0.087) as compared to thicker Au
layers that exhibit bulklike values of the spin Hall angle.

In conclusion, we studied the thickness dependence of the
spin Hall angle of Au layers using FMR spin pumping in
YIG/Au bilayers by quantitative measurements of the ISHE
voltage, Gilbert damping enhancement, spin diffusion length,
interfacial spin mixing conductance, and spin current. We find
that the spin Hall angle is significantly enhanced for films
thinner than the spin diffusion length.
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