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Large spin-to-charge conversion in ultrathin gold-silicon multilayers
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Investigation of the spin Hall effect in gold has triggered increasing interest over the past decade, since gold
combines the properties of a large bulk spin-diffusion length and strong interfacial spin-orbit coupling. However,
discrepancies between the values of the spin Hall angle of gold reported in the literature have brought into
question the microscopic origin of the spin Hall effect in Au. Here, we investigate the thickness dependence of
the effective spin-charge conversion efficiency in single Au films and ultrathin Au/Si multilayers by nonlocal
transport and spin-torque ferromagnetic resonance measurements. We show that the inferred effective spin-
charge conversion efficiency is strongly enhanced in ultrathin Au/Si multilayers, reaching exceedingly large
values of 0.99 £ 0.34 when the thickness of the individual Au layers is scaled down to 2 nm. These findings reveal
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the coexistence of a strong interfacial spin-to-charge conversion effect, which becomes dominant in ultrathin Au,
and bulk spin Hall effect with a relatively low bulk spin Hall angle of 0.012 £ 0.005. Our experimental results
suggest the key role of the intrinsic spin Hall effect enhancement along with a strong interfacial spin-orbit
coupling-related effect in the large spin-to-charge conversion in ultrathin Au.

DOI: 10.1103/PhysRevMaterials.5.064410

I. INTRODUCTION

The interplay between spin-orbit coupling (SOC) and low
dimensionality has attracted significant interest over the last
decade due to the prospect of exploring rich physical mecha-
nisms, as well as the potential impact on emerging spintronics
technologies [1-4]. One of the most prominent mechanisms
arising from the relativistic SOC is the spin Hall effect (SHE)
[5,6]. This effect converts unpolarized charge currents into
transverse spin currents, and vice versa, even in nonmag-
netic conductors due to spin-orbit coupling [5]. The efficiency
of the conversion of charge currents into spin currents via
SHE is characterized by the spin Hall angle (SHA), which
is defined as Osyg = (2e/h)(o)fy /of.), where a)fy and o are
the spin Hall and charge conductivities, respectively, e is the
electron charge, and 7 is the reduced Planck’s constant [5].
The SHE is material-dependent and can be generated by both
intrinsic and extrinsic mechanisms. The intrinsic mechanism
relies on the strong intrinsic SOC in materials such as 4d
and 5d transition metals [5]. On the other hand, the extrin-
sic mechanisms rely on scattering by impurities, and can be
attributed to skew scattering [7] or side jump [8] mechanisms.
Since its initial prediction by D’yakonov and Perel in 1971
[9], the spin Hall effect has attracted increasing interest from
theoretical [10—12] and experimental [13—17] viewpoints, and
has become an important tool for the injection, detection, and
manipulation of spin currents in thin films and heterostruc-
tures [5,6,18-23].

The spin Hall effect can also be characterized by the
spin-torque efficiency, which is defined in the case of non-
magnetic/magnetic heterostructures as Js/Jc, where Jg is
the spin current density absorbed by the magnetic layer and
generated via SHE by the charge current density Jc in the
nonmagnetic layer [24]. Note that for a perfectly transparent
nonmagnetic/magnetic interface and for a nonmagnetic layer
thickness much thicker than the spin-diffusion length, the
spin-torque efficiency and 6syg should be equal [24]. Recent
studies have explored new pathways to enhance the SHE by
investigating novel chemically inhomogeneous [25-28] and
multilayer [29,30] systems, and reported large spin-torque
efficiencies, namely 0.35 for Au; Pty alloys [25], —0.49 for
oxidized W [26], 0.9 for oxidized Pt [27,28], 0.37 for Pt/Hf
multilayers [29], and 0.35 for Pt/Ti multilayers [30]. More
importantly, the spin-torque efficiencies reported for these
novel systems are much larger than the Osyg values reported
for single-element layers, namely —0.33 for 8-W [19], ~0.1
for Pt [31,32], and 0.11 for Au [33], thus highlighting the
importance of chemical inhomogeneity and heterostructures
in the SHE mechanism. On the other hand, introducing low
dimensionality to heavy metals with a large bulk SHE can also
significantly enhance the spin-charge conversion efficiency
via interfacial SOC-related effects, such as the Rashba SOC

[34-37]. Hence, these emergent interfacial SOC phenom-
ena offer promising routes for 2D-spintronics applications
[1-3,38,39].

Since Au combines the properties of strong SOC at in-
terfaces [33,40-42] and a relatively large bulk spin-diffusion
length [43-45], it has been the focus of intense research
interest, evidenced by many experimental and theoretical in-
vestigations. In 2008, Seki et al. reported a giant SHA of 0.11
in 10-nm-thick Au using an FePt perpendicular spin injector
[33]. Later, nonlocal transport measurements by Mihajlovi¢
et al. showed the absence of the giant SHE in a 60-nm-thick
H-shaped Au structure (Osgg < 0.023) [46], thus triggering a
debate on the microscopic origin of the giant SHE in Au films.
Follow up experimental investigations using various methods,
such as nonlocal spin injection [47], spin pumping [48], and
nonlocal transport [49,50], have revealed that the SHA of Au
can be significantly reduced for films thicker than 10 nm.
More recently, first-principles calculations demonstrated the
presence of a strong interfacial contribution to the SHE in
Au-Fe bilayers, which was attributed to spin-dependent trans-
mission occurring within a few atomic layers [51]. More
importantly, such an interfacial contribution occurs at the
Au(111) interface where a strong Rashba SOC exists [40-42],
which is a hint that the Rashba-splitting of the Au(111)
surface states plays an important role in the spin-to-charge
conversion mechanism in Au [51]. These investigations give
insights into the origin of the large spin-to-charge conversion
in Au and suggest the important role of the interface scattering
[47,48,50] and/or the Rashba SOC [51].

To further elucidate the microscopic origin of the spin-to-
charge conversion in Au films, we present an experimental
investigation of the spin-to-charge conversion in ultrathin Au
films and ultrathin Au/Si multilayers, where the thickness
of the individual Au layers is scaled down to 2 nm. We
utilized two different transport measurement techniques to
probe the spin-to-charge conversion, nonlocal transport and
spin-torque ferromagnetic resonance (ST-FMR), which probe
the spin currents flow in the ultrathin Au layers in the in-plane
and the out-of-plane directions, respectively (see Fig. 1). It
would be more appropriate to characterize the spin-to-charge
conversion in ultrathin Au by an effective spin-charge con-
version efficiency (0), rather than by a bulk SHA (Osyg)
[see Eq. (1)], since the spin-to-charge conversion probed in
ultrathin Au can arise not only from bulk SHE, but also from
interfacial SOC-related effects. In the case of a spin-to-charge
conversion dominated by SHEs, 6. and 6syg should be equal.
We demonstrate that the inferred 6 is strongly enhanced in
ultrathin Au/Si multilayers, reaching values much larger than
all SHA values previously reported for Au films [33,48,50].
Moreover, a similar thickness-dependent behavior of 6. was
obtained using the ST-FMR technique, however, with much
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FIG. 1. [(a),(b)] Schematic representation of the spin Hall effect
in ultrathin Au/Si multilayers showing the in- and out-of-plane spin
currents, respectively. (c) Dark-field cross-sectional STEM image of
[Si (1.8 nm)/Au (2 nm)]ys multilayer stack sputtered on a glass/Cr
(3 nm), showing well-defined layered structure. The lighter regions
correspond to the Au layers, while the dark regions correspond to the
Si interlayers and the Cr buffer layer.

lower inferred 6. values. These findings indicate the coexis-
tence of the bulk SHE with a relatively low bulk SHA and
a strong interfacial SOC effect, which becomes dominant in
ultrathin Au.

II. SAMPLE FABRICATION

We have chosen to study the spin-to-charge conversion
in ultrathin Au/Si multilayers as they provide a unique op-
portunity to investigate the effective spin-charge conversion
efficiency of Au averaged over many individual Au layers.
Indeed, measuring the nonlocal transport in one ultrathin [Au
(tau)/Si (tsi)]y multilayer sample is equivalent to measuring N
different single ultrathin Au (#,,) layer samples, which would
give more accuracy on the effective spin-charge conversion
efficiency results. Moreover, it has been shown experimen-
tally that Au/Si(111) interfaces can have metallic spin-split
surface states with an energy splitting up to 190 meV, which
at the same time is very sensitive to the local structure [52].
Furthermore, Au/Si multilayers present a very promising sys-
tem that exhibits the properties of hyperbolic metamaterials
(HMMs), which have recently emerged as one of the prime
candidates for extraordinary manipulation of light [53,54].
In our nonlocal transport experiments, which probe the spin
currents flow in the in-plane direction, as shown in Fig. 1(a),
four different samples were investigated: two single poly-
crystalline Au films [Au (10 nm) and Au (60 nm)]; and
two Au/Si multilayers [[Si (1.8 nm)/Au (2 nm)]xs and Au
(5 nm)/[Si (4 nm)/Au (5 nm)]ys]. Each sample was deposited
on a glass/Cr (3 nm) substrate using a dc sputtering technique.
The Cr buffer layer is used to ensure good adhesion of the
single Au layers and the Au/Si multilayers to the substrate

(see Methods within the Supplemental Material [55]). The
thickness of the insulating Si interlayers is chosen to be
sufficiently large (f5; > 1.5 nm) to prevent strong coupling
between the individual Au layers [56]. To verify the multilayer
nature of the studied sample with the thinnest Si and Au layer
thicknesses of 1.8 nm and 2 nm, we performed dark-field
cross-sectional scanning transmission electron microscopy
(STEM). Figure 1(c) shows the cross-sectional STEM view of
the [Si (1.8 nm)/Au (2 nm)]ys multilayer structure, indicating
a well-defined layered Au/Si structure and the absence of
a strong cumulative roughness along the growth direction.
The multilayer nature of the studied Au/Si films was also
confirmed by x-ray reflectivity measurements, and with high-
resolution transmission microscopy (HR-TEM) imaging on
ultrathin Au/Si multilayers grown on a c¢-Si substrate (see
Fig. S1 within the Supplemental Material [55]).

To further investigate the dependence of spin Hall prop-
erties on the direction of the spin currents, we also used the
ST-FMR technique, which probes the spin currents that flow
in the out-of-plane direction, as illustrated in Fig. 1(b). In our
ST-FMR experiments, we investigated both single Au films
and ultrathin Au/Si multilayers: three single polycrystalline
Au (tay) films, where t5, = 2, 3, 5 nm; and nine Au (74,)/[Si
(tsi)/Au (tay)]x4 multilayers, where t5, = 2, 3, 4 nm and the
thickness of the insulating Si interlayers ts; = 2, 3, 4 nm. Each
of these single Au films and Au/Si multilayers was sputter-
deposited on a glass/Si (5 nm) substrate, and was capped with
Nig;Fej9 (4 nm)/SiNy (3 nm). The relatively low thickness of
the Nig; Fe g layer is chosen to ensure that the radio-frequency
(RF) charge current flows evenly through the Nig;Fe;o and
individual Au layers, while the 3-nm-thick SiNy capping layer
is used to prevent oxidation of the Nig; Fe 9 layer (see Methods
within the Supplemental Material [55]).

III. RESULTS

A. Nonlocal transport measurements

To probe the nonlocal transport, we patterned the four
studied films into H-bar devices depicted in Fig. 2(a) using
e-beam lithography and Ar ion-beam etching (see Methods
within the Supplemental Material [55]). A top-view scanning
electron microscope (SEM) image of the central region of
such a H-bar device is shown in Fig. 2(b). The Hall bar device
consists of six vertical wires of a width w separated by a
center-to-center distance L and bridged by a horizontal wire of
the same w. For the two Au/Si multilayers and the single Au
(10 nm) samples, w is chosen to be 90 nm; this dimensionality
is confirmed from SEM images, from which w is measured to
be (90 &£ 5) nm. On the other hand, the width w for the single
Au (60 nm) sample is (110 £ 5) nm to be consistent with the
previous study by Mihajlovi¢ ef al. on the nonlocal transport
in Au (60 nm) H-bar structures [46]. Moreover, the distance
between the vertical wires L is varied from (180 £ 10) nm to
(550 +£ 10) nm for all studied samples. To perform the non-
local transport measurements, an unpolarized ac current is
injected along the left vertical wire (y axis) while a nonlo-
cal voltage is measured in the adjacent wire (y direction).
Three different transport mechanisms contribute to the non-
local signal—the spin diffusive, the charge diffusive, and the
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(a) (b)

FIG. 2. (a) Experimental schematic of the nonlocal resistance
measurement on Au/Si multilayers. (b) Top-view SEM image of the
Si (1.8 nm)/Au (2 nm) multilayer film patterned into a H-bar device
with six vertical 90-nm-wide wires separated by various distances
and bridged by a horizontal one. [(c)—(e)] Schematic representation
of the three mechanisms involved in the nonlocal transport in H-bar
structures, namely the spin diffusive, the charge diffusive, and the
quasi-ballistic transport, respectively.

quasi-ballistic-electron transport, as illustrated in Figs. 2(c)—
2(e), respectively.

In the previous experimental studies utilizing nonlocal
transport, the spin diffusive contribution to the nonlocal signal
was interpreted solely in terms of the bulk SHE [46,49,50].
As shown in Fig. 2(c), the unpolarized charge current injected
along the vertical wire induces a spin current in the horizontal
wire due to the direct SHE. The spin current then diffuses and
induces charge accumulation across the adjacent vertical wire
via the inverse spin Hall effect (ISHE). Nevertheless, it was
reported by Abanin et al. [57] that the spin diffusive contri-
bution can result not only from the bulk SHE, but also from
interfacial SOC-related effects such as the Edelstein effect and
the Rashba SOC. Unlike for bulk SHE, the charge current in
systems with strong 2D Rashba SOC induces a spin accu-
mulation rather than a spin current, which creates a charge
current in the adjacent wire via the inverse Edelstein effect.
In our study, the spin diffusive contribution to the nonlocal
transport in single Au layers and ultrathin Au/Si multilayers
will be interpreted as originating from both the bulk SHE and
interfacial SOC-related effects. Therefore, the spin-to-charge
conversion in the studied H-bar structures is characterized by
an effective spin-charge conversion efficiency 6, rather than
by a bulk SHA 0gyg. According to the model by Abanin et al.
[57], the spin diffusive contribution to the nonlocal resistance
for I, < w, where [ is electron mean free path, is expressed
by

a1 LW L
Rnl = ERSqQSCZ exXp\| — Z . (1)
where [ is the spin-diffusion length, 6. is the effective spin-
charge conversion efficiency, and Ry, is the sheet resistance
of the wire. In the case of [Au (7ay)/Si (fsi)]n multilayers
where we assume that charge transport is negligible in Si, the

sheet resistance equals [\‘/’t‘:‘ , Where pa, is the resistivity of the
individual Au layers, f5, 18 the thickness of the individual Au
layers, and N is the number of repeats.

In addition to the spin diffusive contribution, charge diffu-
sion also contributes to the nonlocal signal when /. < w. This
corresponds to the spreading of the charge current density
into the horizontal wire, leading to a nonzero voltage in the
adjacent wire, as illustrated in Fig. 2(d). According to the van
der Pauw theorem [58], the charge diffusion contribution for
L > wis defined as

cd L
R =Ryexp| — n; . 2)

On the other hand, the electrons can also travel ballistically
over the horizontal wire and then scatter ballistically into the
lower region of the adjacent wire, thus generating a negative
voltage as shown in Fig. 2(e). As described in Ref. [46],
the quasi-ballistic contribution to the nonlocal signal can be
expressed by

b w L
R, = —bRygexp| — T exp| — n; , 3)
(]

where [, is the electron mean free path and b is a fitting
parameter. Hence, measuring a negative nonlocal resistance in
the studied H-bar structures would be a signature of the quasi-
ballistic transport mechanism [46]. To determine the sheet
resistance Ry of our four samples, we measured the local
resistance Ry as a function of temperature 7 for each segment
of the horizontal wire between the adjacent vertical wires, as
shown in the inset of Fig. 3(a). For both the local and nonlocal
transport measurements, we present resistance values that are
directly reported by a resistance bridge (AC Model 370 AC
Resistance Bridge, LakeShore Cryotronics, Inc.). One can see
from Fig. 3(a) that the local resistance R,y increases linearly
with the distance L at T = 5 K. Moreover, the linear fit of Ry,
crosses the L axis in a finite distance Ly, indicating that the
effective distance between each of the adjacent vertical wires
corresponds to Leis = L — Ly. This finding is in agreement with
previous studies [46], and is attributed to the spreading of the
charge current density into the vertical wires due to their finite
width [46]. For the two Au/Si multilayers and the single Au
(10 nm) layer samples, we measured an Ly of (135 £ 5) nm
[see Fig. 3(a) for Au (5 nm)/Si (4 nm) multilayers]. While for
the single Au (60 nm) layer sample with w = (110 £ 5) nm,
the measured Ly is (83 £ 5) nm, which is in agreement with
Ref. [46]. In the following, we will use L = L. in Eq. (1)-(3).

To accurately estimate the resistivity of the Au layers pay,
we first measured the resistivity of the 3-nm-thick Cr buffer
layer pcy by performing temperature dependent resistance
measurements on a glass/Cr (3 nm)/AlOx (3 nm) sample.
The AlOy capping layer is used to prevent oxidation of the Cr
layer. We found that the resistivity of the 3-nm-thick Cr layer
decreases with increasing temperature from 250.1 ©2 cm at
5 K to232.9 u2 cm at 300 K. Therefore, the high resistivity
of the 3-nm-thick Cr layer relative to that of Au indicates
that most of the charge current flows through the Au layers,
thus ruling out any strong contribution of the Cr layer to the
nonlocal transport in the four investigated samples. Having
considered the resistivity of the Cr buffer layer, we measured
the temperature dependence of the resistivity of the individual
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FIG. 3. (a) Resistance of each bridge wire between adjacent ver-
tical wires of Au (5 nm)/Si (4 nm) multilayers as a function of L
at T = 5 K. The blue solid line is a linear fit to the data. Upper
inset: Experimental schematic of the local resistance measurement
on Au/Si multilayers. (b) Resistivity pa, and the corresponding
electron mean free path /. as a function of the inverse Au thickness
1/tay at 5 K, measured for the Au (5, = 10, 60 nm) films, as well as
Au (tp, = 2, 5 nm)/Si multilayers. The lines are guide to the eyes.

Au layers (pay) for the four studied samples. Figure 3(b)
shows that the resistivity pa, is inversely proportional to the
thickness of the individual Au layers 7a,. Indeed, p, strongly
increases from a bulk value of 2.2 €2 cm (resp. 3.79 u€2 cm)
at 5 K (resp. 300 K) for the single Au (za, = 60 nm) sample,
to a much higher value of 29.4 Q2 cm (resp. 35.27 u2 cm) at
5 K (resp. 300 K) for Au (#4, = 2 nm)/Si (1.8 nm) multilayers.
Such an increase in resistivity for ultrathin Au is in agreement
with previous studies [48], and is mainly attributed to the
dominance of surface scattering for ultrathin films. We further
calculated the electron mean free path /. values for the four
studied samples using the Drude formula with an electron
density for Au of n = 5.9 x 10?8 m—3 [46]. We found that I,
strongly decreases from 38.2 nm (resp. 22.12 nm) at 5 K (resp.
300 K) for the single Au (60 nm) layer sample (in agreement
with Ref. [46]) to 2.95 nm (resp. 2.48 nm) at 5 K (resp. 300 K)
for Au (fpy = 2 nm)/Si (1.8 nm) multilayers. These findings
are attributed to the strong increase of pa, in the ultrathin
Au layers, and suggest that the quasi-ballistic contribution to
the nonlocal resistance will be strongly suppressed in ultrathin
Au-based multilayers.

We further measured the temperature dependence of the
nonlocal resistance R, and extracted 6, for the four stud-

C " L 1 L 1 L 1 1 1 L 1
0 50 100 150 200 250 300
T (K)
(b) [ T T T T T T T T T T T T]
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FIG. 4. (a) Temperature dependence of Ry /R,y measured for Au
(taw = 10, 60 nm) films and for adjacent wires separated by a distance
L = 340 nm. (b) Temperature dependence of R /Ry, measured for
Au (fa, = 5 nm)/Si (4 nm) and Au (t5, = 2 nm)/Si (1.8 nm)
multilayers and for wires separated by a distance L = 340 nm and
450 nm, respectively. (c) Logarithmic plot of the effective spin-
charge conversion efficiency 6. as a function of t,, measured at
T =5 K for the single Au (ta,= 10, 60 nm) films, as well as Au (¢a,
=5nm)/Si (4 nm) and Au (¢4, = 2 nm)/Si (1.8 nm) multilayers. The
blue solid line is a fit to the nonlocal transport data. For comparison,
we also plot the Osyg values of Au from literature. Red square: Study
of perpendicularly spin-polarized FePt/Au (10 nm) structure from
Seki et al. [33]. Magenta diamond: Nonlocal transport in Au (60 nm)
H-bar structure from Mihajlovi¢ et al. [46]. Green triangle: Nonlocal
transport in Au (10 nm) H-bar structure from Chen et al. [50].

ied samples. Since all three different contributions to R are
proportional to the sheet resistance Ry, we used the reduced
nonlocal resistance Ry /Ry to investigate their temperature
dependence. Figure 4(a) displays the T dependence of Ryj/Rsq
measured for the single Au (60 nm) layer with L = 340 nm.
One can see from Fig. 4(a) that R, /R decreases when T is
lowered and becomes negative around 33 K. This finding in-
dicates that the nonlocal transport becomes dominated by the
quasi-ballistic contribution at low temperatures in agreement
with previous studies [46,50]. In order to extract 6. of the
60-nm-thick Au layer, we followed the method of Mihajlovi¢
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et al. [46] by plotting Ry /R,q as a function of /.. As expected,
we found that Ry,/Ry, fits with the quasi-ballistic and charge
diffusive contributions to the nonlocal signal (Rﬁf’ + Rﬁl) /Rsqs
where the fitting parameter b = 22.14 is used (see Fig. S2
within the Supplemental Material [55]). Thus, we deduced
the T dependence of R¢ /Ry, by subtracting (RS + R?)/Ry,
from Ry1/Ryq. By assuming the spin-diffusion length of Au
= 168 nm (resp. 65 nm) reported in Ref. [45] (resp. Ref. [44]),
we extracted an upper limit for 6. of the Au (60 nm) sample
of 0.012 (resp. 0.022) at 5 K, thus confirming the absence of
a giant SHE in the studied Au (60 nm) sample. These inferred
O values are consistent with the work by Mihajlovié er al.
[46] and, more importantly, confirm the absence of any con-
tribution from the 3-nm-thick Cr buffer layer to the nonlocal
transport.

In contrast to the single Au (60 nm) layer, Ry/Ry; mea-
sured for the single Au (10 nm) layer with L = 340 nm is
always positive and increases when T is lowered, as shown
in Fig. 4(a). This finding is attributed to the increase of the
resistivity p, in the Au (10 nm) layer, as shown in Fig. 3(b),
leading to much lower /. values ranging from 7.47 nm at
300 K t0 9.92 nm at 5 K. Therefore, the contribution of (Rff +
Rﬁl) /Rsq t0 Ryi/Rsq measured for the Au (10 nm) layer is not
as dominant as for the Au (60 nm) layer, which explains the
difference observed in the T dependence of Ry/Ryq between
these two samples. By assuming the b value of ~ 22.14, we
found that (Rflf + Rﬁl) /Rsq corresponds to 7.18 x 10~*at5K
for the Au (10 nm) layer. By subtracting (R% + R%)/Ryq from
Ry1/Rgq, we deduced a spin-diffusion contribution Rfl‘f /Rsq of
4.27 x 10~*. To extract O, of Au (10 nm), we assumed [ =
(75 £ 5) nm at 5 K, as demonstrated in a recent study on the
nonlocal transport in Au (10 nm) [50]. From this, we extracted
0. of 0.1 £ 0.05 for the Au (10 nm) layer, which is in good
agreement with other previous studies [33,49,50] as shown
in Fig. 4(c). We now elucidate the nonlocal transport in the
ultrathin Au/Si multilayers via the same approach previously
used for the single Au layers. For Au (fa, < 5 nm) layers, the
electron mean free path [, is drastically reduced ([, < 6 nm)
as previously discussed in Fig. 3(b). Hence, the quasi-ballistic
contribution R?, /Rsq Will be strongly suppressed for the ul-
trathin Au/Si multilayers. Figure 4(b) shows that Ry /Ry
measured for the Au (74, < 5 nm)/Si multilayers is always
positive and increases when 7T is lowered, thus indicating
that the nonlocal transport in these two multilayers is mostly
dominated by the spin diffusion.

To extract 6. in these multilayers, we should first take into
consideration the change of the spin-diffusion length with the
increase of pa, in the ultrathin Au. Indeed, it was previously
reported in literature on materials with large /s and spin relax-
ation via the Elliott-Yafet mechanism such as Au [45] and Cu
[59], that [ at low T decreases with the resistivity following
the opposite trend of the thickness [45,59,60]. On the other
hand, we measured a strong increase of pa, at 5 K from the
bulk value of 2.2 to 29.4 u2 cm for 2-nm-thick Au. I is
thus expected to be shorter for the ultrathin Au/Si multilayers.
Therefore, it is reasonable to assume, for our estimation of a
lower limit of 6, that [ corresponds to at most (43 £ 5) nm
and (35 & 5) nm at 5 K for each of the individual Au (5 nm)
and Au (2 nm) layers, respectively. At T =5 K, we extracted
the following inferred values: 6 (foy = 5 nm) = 0.41 + 0.09

and Oy (tay = 2 nm) = 0.99 + 0.34, which are signifi-
cantly larger than those extracted for the single Au (za, = 10,
60 nm) films. Furthermore, we extracted an inferred room-
temperature (RT) 6. value of 0.87 + 0.34 for Au (2 nm)/Si
(1.8 nm) multilayers by assuming /; = (35 £ 5) nm, which
is exceedingly larger than bulk Osyg values reported for other
heavy metals, such as —0.33 for 8-W (from [19]), -0.12 for
B-Ta (from [20]), and 0.1 for Pt (from [31,32]). This implies
that these inferred effective spin-charge conversion efficien-
cies O cannot be interpreted solely in terms of the bulk SHE.
By plotting the 8. values inferred for the four samples in a
single graph on a logarithmic scale, one can see from Fig. 4(c)
that 6, at T = 5 K is strongly enhanced for ultrathin Au
thickness. This finding implies that the thickness and, there-
fore, the resistivity have a decisive effect on the spin-to-charge
conversion in Au. More importantly, this strongly suggests the
coexistence of a bulk SHE [0 ~ Os(tay = 60 nm) = 0.012
=4 0.005] with a strong interfacial SOC effect, which becomes
dominant in ultrathin Au. On the other hand, one can see that
the 6. value of 0.1 £ 0.05 inferred for a single Au (10 nm)
layer film is strongly enhanced when dicing the same Au layer
into five individual 2-nm-thick Au layers (i.e., [Au (2 nm)/Si
(1.8 nm)]ys multilayer) and reaches a large value of 0.99 +
0.34. This finding highlights the role of dicing the same Au
layer into several layers by inserting multiple ultrathin Si in
enhancing the effective spin-charge conversion efficiency, in
agreement with a recent study on Pt/Hf multilayers [29].

B. ST-FMR measurements

To give more insight into the microscopic origin of the
spin-to-charge conversion in the ultrathin Au layers, it is
important to elucidate the anisotropy of such a conversion
with respect to the spin current flow direction. In this con-
text, we further investigate the thickness-dependence of the
spin-to-charge conversion in Au by using the ST-FMR tech-
nique, which probes the spin currents flow in the out-of-plane
direction, as illustrated in Fig. 5(a). We studied both single
Au (ta,)/NigFej9 (4 nm) bilayers, where 75, = 2, 3, 5 nm;
and ultrathin Au (lAu)/[Sl (ISi)/ALl (tAu)]X4/NiglF619 (4 nm)
multilayers, where 75y, = 2, 3, 4 nm and t5; = 2, 3, 4 nm. The
magnetization M of the 4-nm-thick Nig; Fe 9 layer is oriented
in-plane.

To probe the ST-FMR, we first patterned these studied
films into 24-um-wide and 88-pum-long microstrips using
photolithography, and then fabricated symmetric waveguide
contacts using dc sputtering and lift-off (see Methods within
the Supplemental Material [55]). We applied an oscillating RF
charge current Ixr at fixed frequencies f (7-9 GHz) along
the microstrips, and swept an external magnetic field H in
the in-plane direction at an angle ¢ = 45° with respect to
the RF current direction, as illustrated in Fig. 5(a). An os-
cillating transverse spin current is then generated in each of
the individual Au layers via the SHE. Hence, an oscillating
spin-transfer torque induced by the out-of-plane spin cur-
rent from the top Au layer is exerted on the Nig Fe9 layer,
leading to magnetization precession and an oscillation of the
anisotropic magnetoresistance of NigjFejo. This anisotropic
magnetoresistance transforms the magnetization precession in
Nig; Fe;9 into an RF resistance oscillation, which, by mixing
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FIG. 5. ST-FMR measurement on single Au/Nig; Fe,9 bilayers and ultrathin [Si/Au]y/Nis; Fe o multilayer stacks. (a) Schematic represen-
tation of the ST-FMR measurement in the ultrathin Au (¢5,)/[Si (fs;)/Au (tay)lxa/Nig Fejo (4 nm) multilayer stack. Irr and Hgg represent the
applied radio frequency (RF) current and the corresponding Oersted field, respectively. The out-of-plane spin current generated via the SHE
in the top ultrathin Au layer induces a spin-transfer torque tsr in the Nig; Fe9 layer. 7y illustrates the torque induced by the Oersted field. H
and M correspond to the external applied field and the magnetization of the Nig, Fe g layer, respectively. ¢ = 45° is the angle between applied
field H and the magnetization M. [(b),(c)] Representative ST-FMR resonance signals measured on Au (#4,)/Nig;Fejo (4 nm) under a driving
frequency f = 8 GHz and at room temperature, where 74, = 2, 3 and 5 nm. The symbols in (b) represent the measured dc voltage Vi« data. The
solid lines in (b) and (c) represent the antisymmetric and symmetric Lorentzian fitting curves, respectively, whose sum fits the measured Vi,
data. (d) Logarithmic plot of 6. measured for single Au (7a,)/Pt (4 nm) bilayers as a function of z»,, where 75, = 2, 3, 5 nm. (e) Logarithmic
plot of 8. measured for ultrathin Au (fa,)/[Si (fsi)/Au (tau)]lxa/Nigi Fejo (4 nm) multilayers as a function of #4,, where #5, = 2, 3, 4 nm and

tsi = 2,3, 4 nm.

with the RF current, generates a measurable dc voltage signal
Vmix across the sample. By varying the strength of the applied
magnetic field H, the precession frequency of Nig Fejg is
controlled, creating a resonance in V. To extract the ef-
fective spin-charge conversion efficiency of Au, we then use
a lineshape analysis of the measured V. As described in
Ref. [24], Vix can be expressed by

Vi = — LR VRECOSQ o 4 AR (HD)]
mix — 4 d(p AZﬂ(df/dH)|H:Ho Sym Asym >

“

where Fsym(H) = AZ/[A2 +(H—Hy)?] is a symmetric
Lorentzian centered at the resonant field Hy with linewidth A,
Fasym = Fsym(H)(H — Hp)/ A is a antisymmetric Lorentzian,
y is the gyromagnetic ratio, R is the resistance of the mi-
crostrip, ¢ = 45° is the angle between applied field H and
the magnetization M, and Irg is the applied RF current. The
symmetric component S is a consequence of the spin Hall
antidamping torque induced by the out-of-plane spin current
from the top Au layer. The antisymmetric component A arises
from the field-like torques, expected to be dominated by the
Qersted field Hgr from the RF current in each of the individual
Au layers. The ST-FMR resonance signal Vy,;x measured on
single Au (#a,)/Nig; Fe9 (4 nm) bilayers is exemplarily shown

in Fig. 5(b). The corresponding antisymmetric and symmetric
peaks are shown in Figs. 5(b) and 5(c), respectively.

We further quantitatively determined the 6. values in the
studied samples by using the ratio of the symmetric compo-
nent S to the antisymmetric component A. As described in
Ref. [24], 6. of Au can be expressed by

N e/'LOMstNiFeNtAu 47[Meff %
Ose = — 1 , 5
- Sttt b))

where (g is the permeability in vacuum, Mj is the saturation
magnetization of Nig;Fe 9, M. is the effective magnetization
of Nig;Fej9, which characterizes the out-of-plane demagneti-
zation field, #\ire is the thickness of the Nig Fe g layer, 74, is
the thickness of the individual Au layers, N is the number of
the individual Au layers, and H is the external magnetic field.
For each of the studied samples, M; is measured with vibrating
sample magnetometry (VSM), while 4w M.¢ is extracted by
fitting the frequency dependence of the resonance field to the
Kittel equation [24]. We found that the values M and M. are
very similar, around 6.7 x 10° A/m, which is mainly due to
the strong in-plane anisotropy of the Nig,Fe,q layer.

Figure 5(d) displays the Au thickness dependency of
the room-temperature 6y values inferred for single Au
(tau)/Nig Fej9 (4 nm) bilayers, where t5, = 2, 3, 5 nm.
One can see from Fig. 5(d) that 6 strongly increases from
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8.5 x 1073 to 0.025 when fa, is scaled down from 5 to
2 nm, a trend that is consistent with the nonlocal transport
results. Nevertheless, these inferred room-temperature 6. val-
ues obtained from the ST-FMR are much smaller than those
extracted from the nonlocal transport at 5 K or 300 K. On the
other hand, the inferred 6. values obtained from the ST-FMR
do not account for the reduction of the spin transparency at
the Au/Nig;Fe,q interface originating from the spin backflow
(SBF) and the spin memory loss (SML) [61], which is thought
to often reduce of the out-of-plane spin torques by at least
a factor of two. By taking these effects into account, the
effective spin-charge conversion efficiency for 2-nm-thick Au
measured with ST-FMR is expected to be as large as 0.1,
which is still one order of magnitude lower than the efficiency
measured for 2-nm-thick Au with nonlocal transport. Hence,
the effects of spin memory loss/spin backflow alone cannot
explain the discrepancy between the effective spin-charge
conversion efficiency values.

The discrepancy between the inferred 6. values might also
suggest that the spin-to-charge conversion in ultrathin Au is
anisotropic, favoring more efficient spin-to-charge conversion
in the in-plane direction rather than the out-of-plane direction.
Indeed, large anisotropies of the spin Hall conductivities are
very plausible in multilayered samples, and that the nonlocal
transport and ST-FMR measurements probe the spin currents
flow in the in-plane and out-of-plane directions, respectively.
Just as a comparison, theoretical first-principle calculations
of SHEs in hcp elemental metals suggest anisotropies, even
exceeding the ones observed in our measurements, for spin
currents parallel or perpendicular to the basal plane [62].
This theoretical work predicted even the possibility of sign
changes of SHA for the two different directions. Furthermore,
anisotropies of spin Hall conductivities were also reported in
previous experimental studies [63—66].

We further extracted the room-temperature 6. values
in ultrathin Au (zay)/[Si (¢si)/Au (fau)]xa/NigiFejo (4 nm)
multilayers, as shown in Fig. 5(e). Similar to the sin-
gle Au/Nig Fejo bilayers, 6y increases from 0.012 to
0.039 by scaling down s, from 4 to 2 nm in ultrathin
[Si/Au]n/Nig; Fej9 multilayers. Note that these inferred 60
values are slightly larger than those obtained for single
Au/Nig;Feg bilayers. This finding may be explained by the
enhanced surface scattering in [Si/Au]y/Nig; Fe 9 multilayers
due to the sample roughness, which enhances the extrinsic
contribution to the SHE and, therefore, the 0. value.

IV. DISCUSSION

The sharp increase of the 6 in ultrathin Au, demonstrated
by both nonlocal transport and ST-FMR techniques, calls into
question the interpretation of the spin-to-charge conversion
as originating solely from the bulk SHE, and suggests the
coexistence of both bulk and interfacial mechanisms. To fur-
ther elucidate the microscopic origin of the spin-to-charge
conversion in Au, we discuss the thickness dependence of
05 by fully accounting for both intrinsic and extrinsic SHEs.
Owing to the intrinsic SOC in the band structure, the intrinsic
SHA in Au can be expressed by O™ = olfii™ /o4y,
where odjji™' is the intrinsic SHE conductivity and o 4, is the
longitudinal conductivity of Au. Such an intrinsic contribution

This work

O Non-local transport data 3
0O ST-FMR data

-1
107 ;
@
)
2
10 E E
Intrinsic contribution
10 F— o =731 0" .cm™ (Yao et al.)

s =400 Q" .cm™ (Guo et al.)

N C—
Oy (Q.cm™)

FIG. 6. Logarithmic plot of the effective spin-charge conversion
efficiency 6. as a function of the longitudinal conductivity o 4, of
Au for the samples investigated in this work with nonlocal transport
and ST-FMR measurements. The blue and red solid lines are a fit to
the nonlocal transport and ST-FMR data, respectively. The green and
magenta solid lines correspond to the intrinsic contribution to the
SHA in Au gininsic — gintrnsic /5, using odtinsic = 400 Q! cm~!
from Guo et al. [69] and olitiric = 731 Q=1 cm~! from Yao et al.
[70].

can be the dominant mechanism in a moderately dirty metal,
as reported in an experimental study on Pt by Sagasta et al.
[67]. Since scaling down the Au thickness to a few nm is
accompanied by a strong increase of the resistivity pa,, one
may intuitively attribute the strong enhancement of 0. in
ultrathin Au to the intrinsic SHE mechanism. Nevertheless,
the intrinsic SHE conductivity of Au is relatively small due
to the small d-electron density of states at the Fermi level,
in contrast to that of Pt [68]. Indeed, theoretical studies on
Au have predicted relatively small osi';}g“ic values, namely
400 Q' em~!' [69] and 731 ' cm~! [70]. To verify the role
of the intrinsic SHE in Au, we plot in Fig. 6 the inferred 6
values and the theoretically predicted ol as a function of
0 Ay On a logarithmic scale. Despite the discrepancy between
the 6. values inferred from the nonlocal transport and ST-
FMR measurements, one can see from Fig. 6 that logarithmic
slopes of 04 for both techniques are very similar. Moreover,
Fig. 6 shows that «9%‘};%“5“ increases in ultrathin Au with low
o au Vvalues, with a logarithmic slope smaller than the one
of the inferred 6. More importantly, the predicted ginsic
values in ultrathin Au are still smaller than the 6 values
inferred from the nonlocal transport measurements as well
as the SHA values reported in previous studies [33,46,50].
Therefore, the intrinsic SHE contribution alone cannot explain
the strong increase of 0 in ultrathin Au.

The strong increase of 6 is also unlikely to be explained
by the extrinsic skew scattering SHE, since this extrinsic
contribution is dominant only for clean metals [5] and should
decrease in the relatively highly resistive ultrathin Au. Nev-
ertheless, previous experimental and theoretical studies on
the SHE in Au using perpendicularly spin-polarized FePt/Au
structures revealed the key role of the extrinsic skew scattering
contribution [33,47,71,72]. Indeed, it was reported that the

064410-8



LARGE SPIN-TO-CHARGE CONVERSION IN ULTRATHIN ...

PHYSICAL REVIEW MATERIALS §, 064410 (2021)

large SHA of ~0.11 measured in FePt/Au (10 nm) structure
originates from the extrinsic surface-assisted skew scattering
due to Pt impurities [33,47,71] and/or Fe Kondo impurities
[72]. However, we measured a similar 6. value in Au (10 nm)
H-bar structures with the nonlocal transport, in agreement
with Ref. [50], where both magnetic and strong SOC impu-
rities are absent. This finding rules out the interpretation that
the strong increase of 6. in ultrathin Au layers arises from the
previously reported surface-assisted skew scattering mecha-
nism [33,47,71,72]. Furthermore, it was shown in a recent
theoretical study that the surface scattering combined with a
strong interfacial SOC can lead to a SHE that subscribes only
to the extrinsic side-jump SHE, which is usually dominant
for moderately dirty metals [73]. Hence, this extrinsic contri-
bution could explain the thickness-dependence of 6. in Au;
however, it is unlikely to explain the large 6. values inferred
in ultrathin Au from the nonlocal transport measurements.
The inverse proportionality between the effective spin-
charge conversion efficiency and the Au layer thickness
strongly suggest that the enhancement arises from an inter-
facial SOC phenomena, such as the Rashba-Edelstein effect.
On the other hand, previous angle-resolved photoemission
spectroscopy (ARPES) studies revealed a large Rashba-type
splitting on Au(111) surface [40-42], indicating the presence
of a strong interfacial Rashba SOC. More importantly, it has
been shown in a previous experimental study by Bondarenko
et al. that the Au/Si(111) interface can have metallic spin-split
surface states with a large spin-splitting energy of 190 meV
[52]. In our sputter-deposited ultrathin Au/Si multilayers,
the interfacial Rashba SOC effect might be strongly reduced
in the multilayer stacking due to the opposite directional
Rashba SOC in opposite interfaces. Note that the opposite
interfaces in low/high Z element-multilayers such as Au/Si
multilayers might be not equivalent, as it was previously
demonstrated on Nb/Si multilayers [74]. Hence, one would
expect that the Rashba-Edelstein contributions from the op-
posite interfaces in our sputter-deposited Au/Si multilayers
would not completely cancel out. Moreover, the interfacial
Rashba SOC effect will survive in the topmost layer where
a strong (111) out-of-plane texture interface was evidenced
by HR-TEM imaging (see Fig. S1 within the Supplemental
Material [55]), in agreement with Ref. [75]. The spin-splitting
energy at the Au/Si(111) interface is as large as the one
reported for the Bi/Ag(111) interface, i.e., 200 meV [76].
Moreover, Rojas-Sdnchez et al. experimentally demonstrated
a large spin-to-charge conversion at the Bi/Ag Rashba in-
terface [38], which yields a SHA of 1.5 when interpreted

only by the bulk SHE. Taking these findings into account,
the increase of the inferred 6. in ultrathin Au to exception-
ally large values (~0.99 for t4, = 2 nm) can be plausibly
explained by the Edelstein effect, arising from the strong
interfacial Rashba SOC. Nevertheless, the contribution of the
intrinsic SHE to enhancement of the effective spin-charge
conversion efficiency in ultrathin Au cannot be completely
excluded based on our findings in Fig. 6.

V. CONCLUSIONS

In conclusion, we have experimentally investigated the
thickness dependence of the effective spin-charge conver-
sion efficiency O, in single Au films and ultrathin Au/Si
multilayers with two different techniques, namely nonlocal
transport and ST-FMR. We first found that the 6, values
measured for the single Au (f4, = 10, 60 nm) layers are
consistent with the literature. Moreover, we demonstrated that
0s. of Au measured with the nonlocal transport in ultrathin
Au (tay = 2, 5 nm)/Si multilayers is strongly enhanced
and reaches exceedingly large inferred values. A similar
thickness-dependent behavior of 6. was obtained using the
ST-FMR technique, however, with much lower inferred 6,
values. Our experimental results evidence the coexistence of
a strong interfacial spin-to-charge conversion effect, which
becomes dominant in ultrathin Au, and bulk SHE with a
relatively low bulk SHA. More importantly, these findings
would suggest the key role of the intrinsic spin Hall ef-
fect enhancement along with a strong interfacial spin-orbit
coupling-related effect in enhancing the spin-to-charge con-
version in ultrathin Au, and help pave the way for the use of
ultrathin Au in emerging spintronic devices.
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