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Bi is predicted to be an efficient generator of spin–orbit torques (SOTs), with charge-to-spin
conversion efficiency comparable to those of prototypical heavy metals, such as Ta, W, and Pt.
However, experimental reports provide widely scattered interconversion efficiencies, while the origin
of the large conversion signal in Bi/Ag bilayers remains controversial. Here, we investigate charge-to-
spin conversion in epitaxial and polycrystalline Bi-based magnetic heterostructures by measuring
the damping-like SOT using magneto-optic Kerr effect magnetometry, complemented by structural
and spectroscopic analyses and comparison with harmonic Hall resistance measurements. We show
that inserting an Ag spacer between Bi(001) and metallic ferromagnets (FeCo or Ni) enhances the
SOT efficiency by more than one order of magnitude, reaching an effective spin Hall conductivity of
approximately 2× 105 (h̄/2e) S/m, in excellent agreement with theoretical expectations for bulk Bi.
This enhancement can be consistently explained by the preservation of the structural and chemical
integrity of Bi− otherwise compromised by the direct deposition of a ferromagnetic overlayer− rather
than by Rashba spin–orbit coupling at the Bi/Ag interface. We show that Ag forms an atomically
sharp, chemically inert interface with Bi that, unlike other metallic spacers such as Al and Cu, prevents
interdiffusion and solid-state dewetting while enabling efficient charge-to-spin conversion. Angle-
resolved photoemission spectroscopy reveals no measurable enhancement of the Rashba spin splitting
at the Bi(001) surface upon Ag deposition. Comparative studies across epitaxial, polycrystalline,
and intentionally surface-oxidized Bi films, beyond oxygen doses known to destroy Bi(001) surface
states, reveal that structural disorder has a negative impact on the SOT efficiency. Meanwhile,
the retention of 72% of the SOT efficiency following oxygen exposure indicates a dominant bulk
contribution to spin-current generation in Bi/Ag heterostructures, yielding an effective Bi spin Hall
angle of approximately 1. By establishing a direct correlation between atomic-scale integrity and
charge-to-spin conversion, this study provides design principles to improve the reliability of Bi-based
SOT devices and offers a robust framework for interpreting spin–charge interconversion in Bi and
Bi/Ag systems.

I. INTRODUCTION

Current-induced spin–orbit torques (SOTs) provide a
versatile tool to develop magnetic technologies for infor-
mation processing and storage [1, 2]. These technologies
exploit materials capable of efficient charge-to-spin or
charge-to-orbital conversion to manipulate the magne-
tization of magnetic layers and nanostructures. Such
conversions arise from the spin Hall effect (SHE) [3], the
spin Rashba–Edelstein effect (REE) [4, 5], and their or-
bital counterparts [6, 7]. While the SHE stems from
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bulk spin–orbit coupling, the REE emerges from spin-
momentum locking of the Fermi contour at the surface of
topological materials and at the so-called Rashba inter-
faces, characterized by spin-split electronic states. This
phenomenon, known as Rashba spin–orbit coupling, arises
from the interplay between atomic spin–orbit interaction,
which ties the electron’s spin to its orbital angular momen-
tum, and the non-centrosymmetric crystal field created by
broken inversion symmetry, which lifts the orbital degen-
eracy and generates a momentum- and band-dependent
orbital angular momentum [4].

Bi is the heaviest non-radioactive element and exhibits
pronounced spin–orbit coupling effects in its electronic
band structure [8, 9], making it a highly attractive mate-
rial for realizing spin injectors and detectors. According
to theoretical studies, the spin Hall conductivity (SHC) of
semimetallic Bi is large and comparable to that of Pt, with
predicted values spanning (0.9−2.1)×105(h̄/2e) S/m, the
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latter corresponding to a spin Hall angle (SHA) of 0.24 [9–
11]. The SHC of Bi is also expected to be as large as
that of the topological insulator material Bi0.83Sb0.17 [10].
The emergence of Rashba interfaces in multilayer systems
may further enhance the spin–charge interconversion ef-
ficiency beyond theoretical expectations for bulk Bi, as
they introduce additional inversion-symmetry breaking.

Despite a general consensus on the theoretical side that
Bi should exhibit highly efficient spin–charge interconver-
sion, experimental studies have reported widely scattered
results. First, the measured SHA of Bi ranges from nearly
negligible (0−0.02) [12–19] to exceptionally large values,
exceeding 0.5 and 5 in Refs. 20 and 21, respectively. Sec-
ond, while Bi-rich Bi–Sb alloys consistently show a large
SHA, even when charge-to-spin conversion is promoted
by thermally excited bulk carriers rather than topological
surface states [22–24], this sizable SHA is not reliably
reproduced in pure Bi [14–19, 25], despite the similarity
in the band structure between the two materials. Third,
recent experimental studies of epitaxial Bi films reported
a highly anisotropic SHA, varying from −0.027 in Bi(001)
to 0.37 in Bi(012) [26, 27]. This is in stark contrast to
the relatively small anisotropy reported in Ref. 20 as well
as in theoretical studies [9, 11].

Beyond its bulk-related spin Hall properties, Bi has
also garnered considerable attention in the context of
interface-driven spin–orbit coupling effects [28, 29]. In
fact, the first signature of a large spin-to-charge con-
version via inverse REE in a fully metallic system was
reported in a Bi/Ag bilayer using spin pumping [25]. This
discovery sparked extensive research into the Bi/Ag sys-
tem via different techniques, e.g., spin pumping [14–16],
spin-polarized positron beams [30], spin-torque ferromag-
netic resonance [31], magnetoresistance [32], and THz
emission [33, 34]. However, conflicting findings emerged,
including weak spin-to-charge conversion in the presence
of ferromagnetic insulators [17, 19] and bulk-dominated
rather than interface-driven transport [35, 36]. Moreover,
the small conversion efficiency reported in Bi single lay-
ers relative to Bi/Ag [14–16, 25] reinforces the idea of
interface-driven conversion, but is not compatible with
the large SHC expected in Bi.

In a recent study [37], it was proposed that the inverse
REE arises at the interface between Bi/Ag and metallic
ferromagnets (FMs) and is strongly influenced by the
ferromagnetic layer. However, the films used in this study
suffered from strong interlayer mixing, as Bi was detected
in both the capping Ag and the Ni overlayer. This behav-
ior reflects the low sticking coefficient and the inherent
diffusive tendency of Bi [38, 39] which stem from its low
melting point (≈ 271 ◦C) and relatively high volatility.
As a result, Bi can segregate across both magnetic and
nonmagnetic layers [40, 41], leading to the formation of
interfacial [42] and bulk [37] alloys. The extent of this in-
termixing is highly sensitive to parameters such as growth
conditions, substrate choice, capping layers, and strain
gradients [43–49]. Overall, these factors complicate the
fabrication of well-defined Bi-based heterostructures and

pose significant challenges to probing the intrinsic mag-
netotransport properties of Bi. Remarkably, alloying Bi
with a small percentage of Sb significantly enhances its
thermal and structural stability, reducing surface rough-
ness and allowing the growth of more robust heterostruc-
tures [38, 50, 51]. Against this backdrop, addressing
the correlation between structural and spin–charge in-
terconversion properties of Bi-based multilayers becomes
paramount, as this interplay has been largely overlooked.

Here, we investigate charge-to-spin conversion in quasi-
epitaxial (001)-oriented and polycrystalline Bi single lay-
ers and Bi/Ag bilayers interfaced with different metallic
FMs using magneto-optic Kerr effect (MOKE) magnetom-
etry, an accurate technique free of spurious magnetother-
mal and magnon-induced signals [52]. By combining scan-
ning transmission electron microscopy (STEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffrac-
tion (XRD), angle-resolved photoemission spectroscopy
(ARPES), and MOKE magnetometry, we establish a clear
link between the structural, electronic, and magnetotrans-
port properties of various Bi-based heterostructures. Our
study demonstrates that both the sign and magnitude of
the damping-like SOT efficiencies are critically governed
by the materials adjoining the Bi layer, which strongly
influences its structural integrity. In particular, we find
that Bi films are highly susceptible to solid-state dewet-
ting, alloying, oxidation, and crystallographic transfor-
mation when directly interfaced with metallic FMs such
as FeCo and Ni. Similar effects occur upon contact with
nonmagnetic metals such as Cu and Al. Conversely, inter-
facing Bi with an Ag overlayer suppresses these structural
degradation pathways, preserving the smoothness and
continuity of the Bi layer. As a result, the effective SHC
in Bi/Ag/FM is enhanced by more than one order of mag-
nitude compared to Bi/FM, reaching values of (1.9 ± 0.1)
and (0.70 ± 0.03)×105(h̄/2e) S/m for quasi-epitaxial and
polycrystalline Bi layers, respectively, consistent with
theoretical predictions for bulk Bi [9]. The sign of the
SHC in Bi/Ag/FM is positive, similar to Pt. Conversely,
the SHC has a negative sign in Bi/FeCo, which we at-
tribute to negative self-induced magnetic torques in the
ferromagnetic layer. In Bi(001)/Ni, pronounced Bi–Ni
alloying leads to a reduced (yet positive) effective SHC
compared to Bi(001)/Ag/Ni. Inverting the stacking order,
that is, depositing Bi on top of Ni, directly stabilizes a
(012) texture and suppresses interlayer mixing, yielding
a positive SHC in Ni/Bi that remains largely unaffected
by the deposition of an Ag overlayer. Altogether, these
observations indicate that Ag serves as a spin-transparent
diffusion barrier that prevents catastrophic modifications
of the Bi layer when in direct contact with other metals,
in particular ferromagnetic metals. The large charge-to-
spin conversion efficiency obtained with an Ag interlayer
is largely associated with a preserved sample integrity,
rather than an enhanced Rashba–Edelstein contribution
in the Bi/Ag system. Our claim is further supported by
ARPES measurements, which reveal that Ag deposition
does not affect the Rashba spin splitting at the surface
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states of Bi(001). Further exposure of Bi(001) to an oxy-
gen dose sufficient to destroy its surface states [53] prior
to Ag deposition reduces the SOT efficiency by only about
28%, providing compelling evidence for bulk-dominated
spin generation. Therefore, our results show that the
previously reported discrepancies on spin–charge inter-
conversion in Bi films could be solely caused by a strong
variability in the structural quality of the samples.

This paper is organized as follows. Section II intro-
duces the experimental techniques employed in this work.
Section III A details the epitaxial growth, structural char-
acterization, and stabilization of Bi(001) thin films on
BaF2(111) (see also Note 1 of the Supplemental Mate-
rial [54]). Section III B discusses the ARPES spectrum of
Bi(001) and the influence of Ag adatoms. Section III C,
complemented by Supplementary Note 2 of the Supple-
mental Material [54], provides a comprehensive structural
and magnetic characterization of Bi(001)/Ag/FM het-
erostructures with and without Ag spacer. Section III D
reports the MOKE measurements of the damping-like
SOT in the different samples, with further details pro-
vided in Note 3 of the Supplemental Material [54], and
includes a comparison with relevant literature. The esti-
mated torque efficiencies are compared to those obtained
from harmonic Hall resistance (HHR) measurements in
Note 4 of the Supplemental Material [54]. Section III E
extends the study to (012)-textured and polycrystalline
Bi-based heterostructures, while Sec. III D 3 and Note 5 of
the Supplemental Material [54] address Bi(001)/X/FeCo,
with X = Al and Cu. The results are discussed and fur-
ther correlated with literature reports in Sec. IV, followed
by the conclusions in Sec. V. A consolidated summary
of the structural, magnetic, and charge-to-spin conver-
sion properties for all investigated samples is provided in
Fig. 6 below, facilitating direct comparison and correlation
across the different heterostructures.

II. METHODS

A. Thin-film deposition

The films were deposited by molecular beam epitaxy
(MBE) in an ultra-high vacuum (UHV) system with a
base pressure of 10−10 mbar. BaF2(111) and MgO(001)
substrates from SurfaceNet GmbH were cleaned by se-
quential sonication in (i) acetone and (ii) isopropanol (for
BaF2) or ethanol (for MgO), with each step lasting 5 min.
After cleaning, the substrates were degassed in UHV at
500 ◦C for 60 min. High-purity elements (≥ 99.999%)
were evaporated while maintaining the chamber pressure
in the 10−10 mbar range. The growth rates were cali-
brated prior to deposition using quartz crystal microbal-
ances and kept approximately constant across samples:
Bi on MgO and BaF2 (3.0 Å/min), Bi on Ni (1.4 Å/min),
Ag (1.3 Å/min), Cu (1.0 Å/min), Fe (0.6 Å/min), Co
(0.6 Å/min), Ni (1.2 Å/min), and Al (1.2 Å/min). For
Bi growth on top of BaF2 and MgO (Ni), the substrates
were precooled to −30 ◦C (−190 ◦C) and the evaporation

was initiated within 5 min of transfer into a separated
chamber. Bi was deposited at oblique incidence of the
molecular beam, following the procedure described in
Ref. 23, which is known to suppress crystal twinning in
Bi0.9Sb0.1(001) films. However, unlike Bi0.9Sb0.1(001),
full suppression of twinning was not achieved in Bi(001)
{see Fig. S1(a) within the Supplemental Material [54]}.
After growth, the Bi films were annealed at approximately
200 ◦C for 45 min. Ag, Cu, and Al were deposited on Bi
at −190 ◦C to suppress interlayer diffusion and minimize
surface roughness. Fe and Co were co-deposited at room
temperature from separate rod-fed electron-beam sources.
Ni films on MgO were deposited at room temperature and
subsequently annealed at 350 ◦C for 45 min. All layers
other than Bi were deposited with the molecular beam
oriented at normal incidence. In multilayers, no post-
deposition annealing was performed to avoid intermixing
and alloying, unless otherwise specified. To prevent sam-
ple oxidation upon air exposure, a protective aluminum
oxide (AlOx) capping layer was deposited in two steps.
First, an initial 10 Å of Al was grown in UHV at room
temperature. Each sample was then exposed to molec-
ular oxygen at 1.6 × 10−6 mbar for 5 min, after which
an additional 25 Å of Al was deposited under the same
oxygen pressure. Post-growth sample characterization
via X-ray techniques was performed using a Panalytical
X’Pert MRD diffractometer for X-ray reflectivity (XRR)
and azimuthal angle scans and a Panalytical X’Pert PRO
MPD diffractometer for XRD θ/2θ scans, employing Cu
K-α1 radiation.

B. Device fabrication

Hall bar devices with a width of 10 µm and a length
of 100 µm were fabricated using optical lithography and
Ar ion milling. Each device features three Hall branches,
equally spaced by 50 µm. In the first step, UV photolithog-
raphy was used to define photoresist patches matching the
geometry of the Hall bars. The unprotected regions were
then etched down to the substrate using Ar ion milling.
Residual photoresist was removed through repeated oxy-
gen plasma ashing cycles. A second photolithography
step was performed to pattern photoresist trenches for
the electrical contacts. Metallic contact pads, consist-
ing of Cr[10 nm]/Au[200 nm], were deposited by thermal
evaporation, followed by lift-off in acetone to complete
the device fabrication.

C. Scanning transmission electron microscopy

High-resolution high-angle annular dark-field STEM
(HAADF-STEM) imaging was performed using a FEI
Titan G2 60-300 transmission electron microscope oper-
ated at 300 kV, equipped with a CEOS probe aberration
corrector, and offering subnanometer resolution of 0.8 nm.
Cross-sectional TEM lamellae were prepared using a FEI
Helios 650 DualBeam FIB system with a Ga ion source.
The focused ion beam was initially operated at 30 kV and
progressively reduced below 5 kV in the final milling steps
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to minimize surface damage.

D. Angle-resolved photoemission spectroscopy

ARPES measurements were carried out at the VUV-
Photoemission beamline of the Elettra synchrotron in
Trieste, Italy, using horizontally polarized light with a
photon energy of 50 eV. The sample was kept at 17 K dur-
ing the measurements. The experimental end-station was
equipped with a Scienta R-4000 electron spectrometer lo-
cated at a 45◦ angle relative to the incident photon beam.
The samples were prepared in situ using an integrated
MBE system with a base pressure of 2× 10−10 mbar,
equipped with low-energy electron diffraction apparatus
for surface characterization.

E. Magneto-optic Kerr effect

We used polar MOKE to measure the SOT in nonmag-
net/ferromagnet (NM/FM) heterostructures [52, 55, 56].
This technique relies on measuring the SOT-induced os-
cillations of the magnetization upon injection of an al-
ternating current of amplitude I into a Hall-bar-shaped
sample. For a current directed along x, a nonequilibrium
spin accumulation with polarization σ ∥y is generated at
the NM/FM interface via mechanisms such as the SHE
and REE. Absorption of the spin accumulation by the
FM results in a damping-like SOT [1], which can be rep-
resented via an effective field BDL =BDL σ×m, where
m is the unit magnetization vector [57]. In the linear-
response regime, if the magnetization is aligned parallel
or antiparallel to the current direction by an external
magnetic field of amplitude Hx, BDL drives small out-
of-plane oscillations of the magnetization along z, at the
modulation frequency of the injected current. In devices
with homogeneous magnetic, interfacial, and current-flow
properties, this effective field is spatially uniform across
the current channel [52, 55]. Additionally, the Oersted
field induces out-of-plane magnetization tilts of opposite
sign at opposite edges of the Hall bar. For thin-film ge-
ometries (t ≪ w, with t the thickness and w the width
of the current line), the z component of the Oersted
field can be analytically estimated using the Biot-Savart
law [55, 58, 59],

Hz
Oe(y) = − I

2π w
ln

[
w −

(
w
2 + y

)
w
2 + y

]
. (1)

Unlike the damping-like effective field, the Oersted field
does not depend on the orientation of the magnetiza-
tion and is solely defined by the charge current direction.
Therefore, the two fields can be distinguished by their op-
posite symmetry with respect to magnetization reversal.

In this work, we used a linearly polarized laser beam
with a wavelength of 520 nm focused at normal incidence
on the sample surface and a spot diameter of approxi-
mately 0.5 µm at full width half maximum. The samples
were mounted on nanopositioners that allowed for high-
precision scanning of the laser spot over the device surface.

The electrical current was modulated at a frequency of
8751 Hz. The polar MOKE geometry makes the experi-
ment exclusively sensitive to the out-of-plane components
of the magnetization. The rotation of the light polariza-
tion upon reflection from the sample because of changes
in the magnetization direction, namely the Kerr rota-
tion θK , was measured using a balanced photodetector
and a lock-in amplifier [60]. The magnetization oscilla-
tions are detected as the first harmonic component of
θK , making the MOKE technique largely insensitive to
magnetothermal effects, which instead contribute to the
second harmonic response.

The Kerr rotation components arising from the Oersted
and damping-like effective fields are given by [55]:

θOe
K =

θK(Hx) + θK(−Hx)

2
, (2a)

θDL
K =

θK(Hx) − θK(−Hx)

2
. (2b)

By scanning the laser beam along the y axis, the spatial
profile of θK was captured. Measurements were performed
while successively reversing the external magnetic field
direction between ±x. The quantities θOe

K and θDL
K were

obtained by symmetrizing the data according to Eq. (2).
By fitting the functional dependence given by Eq. (1) to
the experimental θOe

K profile, the Kerr rotation (in units of
µrad) was directly related to the corresponding effective
field (in units of mT), yielding the calibration constant
(magneto-optical constant) of the measured system. As
both the damping-like and the Oersted fields cause a tilt
of the magnetization in the out-of-plane direction, the
extracted magneto-optical constant applies to both con-
tributions. Consequently, BDL was obtained by fitting
a constant line to the spatial profile of θDL

K , excluding
data near the device edges to avoid spurious boundary
effects. The negligible contribution of a quadratic MOKE
signal [56] was verified via field-scan measurements {see
Fig. S4(d) within the Supplemental Material [54]}. A
detailed description of the MOKE setup and torque evalu-
ation procedure used in this study can be found in Refs. 52
and 60.

III. RESULTS

A. Growth of quasi-epitaxial Bi(001)

We fabricated ferromagnetic heterostructures of the
type BaF2(111)/Bi(001)[10]/Ag[5]/FM[tFM]/AlOx, here-
inafter referred to as Bi(001)/Ag/FM, with and without
an Ag spacer, using MBE (see details in Sec. II A). Here,
the thicknesses are expressed in [nm], whereas the crys-
tallographic orientation of Bi is expressed according to
the three-index hexagonal notation. The ferromagnetic
layer consists of either Fe0.5Co0.5[2] or Ni[5]. Figures 1(a)
and 1(b) show a schematic of the Bi/Ag/FM stack and a
cross-sectional HAADF-STEM image of the representa-
tive sample Bi(001)/Ag/FeCo, respectively. We note that
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FIG. 1. Structural characterization of Bi(001)-based heterostructures grown on BaF2(111). (a) Schematic of the Bi(001)/Ag/FM
stack. (b, c) HAADF-STEM images of (b) Bi[10]/Ag[5]/FeCo[2] and (c) Bi[10]/FeCo[2]. The lamellae were cut from the Hall
bar devices used to perform SOT measurements. (d) RHEED pattern of a 10-nm-thick Bi film after annealing (top) and of the
BaF2(111) substrate prior to Bi deposition (bottom). The data were acquired with an electron beam energy of 30 keV. The
white arrows are guides to the eye for identifying the residual Bi(012) reflexes. (e) XRR of a 10-nm-thick uncapped Bi film. (f)
AFM Z-sensor image of a 10-nm-thick uncapped Bi film. All thicknesses are expressed in [nm].

to account for possible sample alteration during device
fabrication, the STEM samples were prepared from Hall
bar devices rather than from the full films (see details
in Sec. II C). The HAADF-STEM image reveals a sharp
interface between Bi and Ag, with no major interdiffusion
between the two layers. In addition, the thicknesses of the
individual layers are in good agreement with the nominal
values provided in Fig. 1(a). From electron diffraction
analysis, we deduce that all layers are quasi-epitaxial [see
insets of Fig. 1(b), highlighting the atomic planes of Bi
and FeCo], with the [001] axis of Bi oriented out of the
plane and a calculated in-plane lattice constant of the
hexagonal unit cell aBi ≈ 4.54 Å, which is close to the bulk
value [8]. HAADF-STEM results are in excellent agree-
ment with the XRD θ/2θ scans performed on the full
film, as reported in Fig. 3(b). In particular, reflexes from
the crystal planes (111) and (222) of BaF2, (003), (006),
and (009) of Bi, and (220) of Ag confirm the epitaxial
relationship between the substrate and the different layers.
In this regard, the absence of any reflexes from FeCo can
be ascribed to the small thickness of the film and the high
background signal arising from the X-ray fluorescence of
Fe-containing materials irradiated with Cu radiation [61].

From the position of the (006) Bi peak (2θ = 45.69◦) and
the angular spacing between the Laue oscillations, we es-
timated an out-of-plane lattice constant of the hexagonal
unit cell cBi ≈ 11.9 Å and an out-of-plane crystallite size
of approximately 8.85 nm, respectively {see Fig. S1(b)
within the Supplemental Material [54]}. Interestingly,
the HAADF-STEM image of the nominal Bi(001)/FeCo
sample in Fig. 1(c) reveals that removing the Ag spacer
leads to a pronounced degradation of the film structure.
In particular, HAADF-STEM analysis shows regions in
which the film continuity is completely disrupted {see
Fig. S2(a) within the Supplemental Material [54]}, as well
as continuous areas exhibiting a pronounced Bi surface
roughness (exceeding 2 nm) together with the formation
of an additional interlayer between Bi and FeCo. As a
result, the nominal Bi(001)/FeCo stacking sequence is no
longer preserved. Complementary EDX analysis identi-
fies this additional interlayer as AlOx and also indicates
substantial Bi oxidation. The corresponding EDX maps
for the Bi(001)/Ag/FeCo and Bi(001)/FeCo samples are
shown in Fig. S2 within the Supplemental Material [54].

To gain more insight into the structural properties of
Bi single layer grown on BaF2(111), we performed in
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situ RHEED and ex situ atomic force microscopy (AFM)
and XRR on uncapped Bi single layers. Figure 1(d)
presents the RHEED pattern of Bi (top) and BaF2(111)
prior to Bi deposition (bottom) for the illustrative case
of the electron beam oriented along the [112̄] crystal-
lographic axis of the substrate. The RHEED pattern
acquired on the postannealed Bi film exhibits a sixfold
azimuthal symmetry, consistent with the (001) crystal-
lographic orientation of the film. From the horizontal
spacing between the reflexes, we estimate a lattice mis-
match between Bi(001) and BaF2(111) of approximately
3.2%, which confirms that the Bi film is not compres-
sively strained but relaxed to its bulk lattice constant
{see Fig. S1(c) within the Supplemental Material [54] for
the supporting reciprocal space mapping data}. The pres-
ence of faint extra-reflexes (highlighted by white arrows)
is indicative of residual (012)-oriented crystal grains in
the film, not fully suppressed by the post-growth thermal
treatment, confirming the quasi-epitaxial growth of Bi.
The elongation of the reflexes in the RHEED pattern
provides a first indication of the smoothness of the Bi
film. The roughness and root-mean-square roughness ex-
tracted from XRR and AFM measurements in Figs. 1(e)
and 1(f) are Rq = 0.35 ± 0.08 nm and Rrms ≈ 0.3 nm, re-
spectively. These values are lower than the roughness
values of 2, 3, and 3.5 nm reported in the literature for 8-
nm-thick Bi films thermally evaporated on YIG(111) [17],
Al2O3(0001) [30], and SiO2 [25], respectively. Also, the
film is smoother than the 15-nm-thick sputtered Bi in
Ref. 20, with estimated roughness of 3 nm from AFM and
5 nm from XRR. A comparable roughness of 0.4 nm was
reported for a 31.6-nm-thick Bi film sputter-deposited on
a YIG slab at low temperature [19].

B. Electronic structure of Bi(001)/Ag

The BiAg2 substitutional surface alloy, formed by de-
positing 1/3 monolayer (ML) of Bi on Ag(111), exhibits
the largest Rashba spin splitting reported to date [62].
However, the reciprocal configuration−namely, the de-
position of Ag on Bi− remains largely unexplored. The
BiAg2 alloy tends to form on the surface of Ag layers
grown on top of a BiAg2-terminated Ag(111) crystal,
owing to the surfactant behavior of Bi [39]. A similar
tendency could manifest when Ag is deposited on top of
a Bi(001) crystal, thereby substantiating the microscopic
origin of the giant spin-to-charge conversion efficiency in
the Bi/Ag bilayer [25].

To directly test this scenario, we performed ARPES
on Bi(001) films coated with varying sub-monolayer to
monolayer thicknesses of Ag (1 ML = 2.36 Å). The photon
energy of 50 eV employed in these experiments provides
the highest surface sensitivity, since electrons photoemit-
ted near the Fermi energy (the region of interest in this
case) have kinetic energies of approximately 45 eV, where
the inelastic mean free path curve for electrons in solids
has its absolute minimum (λ= 0.5 nm) [63]. This means
that approximately 99% of the photoelectrons that have

not undergone inelastic scattering events within the ma-
terial are generated within 1.5 nm of the Bi film surface.
This condition allows us to capture in detail the changes
induced by Ag deposition on the electronic structure of
the Bi film.

Figure 2(a) shows the band dispersion of a pristine
4-nm-thick Bi(001) film grown on a (7 × 7)-reconstructed
Si(111) substrate, along the Γ̄− K̄ direction of the surface
Brillouin zone. The inset highlights the Bi spin-polarized
surface states near the Fermi level. The measured band
structure is consistent with previous reports [64, 65]. Fur-
thermore, in Fig. 2(a), quantum well states can be rec-
ognized following their characterization in Ref. 65, thus
confirming the atomically defined nature of the surface
and interface planes. Ag was deposited at liquid-nitrogen
temperature to minimize surface roughness and suppress
interdiffusion, followed by self-annealing at room tem-
perature. Figures 2(b-d) show that, as the Ag coverage
increases from 0.1 to 1 ML, the dispersion of the Bi elec-
tronic states remains essentially unaltered, and no new
electronic states emerge. The major change consists of
an increased broadening of the photoemission peaks, in-
dicating that Ag acts as a scattering source for the pho-
toelectrons emitted from the Bi(001) film. Overall, this
analysis demonstrates that the BiAg2 surface alloy does
not form upon Ag deposition on Bi(001).

C. Structural and magnetic properties of
Bi(001)/Ag/FM and Bi(001)/FM heterostructures

We assessed the structural continuity of the multilayer
stacks grown on the BaF2(111) substrate using optical
microscopy, as shown in Figs. 3(a) and 3(d) for samples
incorporating FeCo and Ni as ferromagnetic layers, respec-
tively. Bi(001)/Ag/FeCo is continuous, consistent with
the HAADF-STEM observations discussed in Sec. III A.
In contrast, direct deposition of FeCo onto Bi(001) dis-
rupts the structural integrity of the Bi film, as evidenced
by the visible pinholes or voids in the optical micrograph.
The measured depth using AFM ranges from 10 to 20 nm,
depending on the probed surface region. These features
are indicative of Bi solid-state dewetting, likely driven
by interfacial strain developed during the growth of the
FeCo overlayer (see Fig. S3 within the Supplemental Ma-
terial [54] for supporting scanning electron microscopy
measurements). This finding is fully consistent with
HAADF-STEM imaging of Bi(001)/FeCo, discussed in
Sec. III A, which shows film discontinuity, Bi roughening
and oxidation, and interlayer mixing. Despite such pro-
nounced morphological differences, the XRD θ/2θ scans
of Bi(001)/Ag/FeCo and Bi(001)/FeCo shown in Fig. 3(b)
appear qualitatively similar. Minor distinctions are the
lower diffraction peak intensity and the slightly faster at-
tenuation of the Laue fringes in the Bi(001)/FeCo sample,
indicative of reduced structural coherence in the absence
of an Ag spacer.

Interestingly, although Bi/Ni retains a continuous mor-
phology, as shown in Fig. 3(d), XRD θ/2θ measurements
reported in Fig. 3(e) reveal substantial chemical inter-
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FIG. 2. ARPES spectra. (a-d) Electronic dispersion of (a) 10-BL-thick Bi(001) grown on 7× 7−Si(111) before Ag deposition
and after deposition of (b) 0.1ML, (c) 0.3ML, and (d) 1ML of Ag (1 BL of Bi= 3.93 Å, 1ML of Ag=2.36 Å). The inset in (a)
shows a zoom on the Rashba-split surface state of Bi(001) at the Fermi level. The spectra were acquired at a temperature of
17K and a photon energy of 50 eV along the Γ̄− K̄ direction of the first Brillouin zone of Bi(001). The data were treated with a
Fourier filter to remove the grid structure from the experimental setup.

action between Bi and Ni. Direct deposition of Ni onto
Bi(001) leads to interlayer diffusion and the formation of
a polycrystalline Bi–Ni alloy. This is evidenced by the ap-
pearance of multiple diffraction peaks in the XRD pattern
of Bi/Ni, which can be attributed to the Bi3Ni alloy based
on their angular position. Additionally, the residual unal-
loyed Bi(001) converts into Bi(012). Effectively, the nom-
inal Bi(001)/Ni stack transforms into a Bi(012)/Bi3Ni/Ni
structure, here referred to as Bi/Ni. Despite alloying,
the overall film remains continuous, in contrast to the
solid-state dewetting observed in Bi(001)/FeCo. Once
again, these results underscore the stabilizing role of the
Ag spacer, which preserves the structural and chemical
integrity of Bi.

Further, we characterized the magnetic properties
of the heterostructures using a superconducting quan-
tum interference device (SQUID) at room temperature.
Figures 3(c) and 3(f) show the magnetic moment per
unit area as a function of the in-plane external mag-
netic field measured for FeCo- and Ni-based samples,
respectively. Using the nominal thickness of the fer-
romagnetic layer, we can extract saturation magnetiza-
tion values of Ms = 1.87 × 106 A/m for Bi(001)/Ag/FeCo,
2.05× 106 A/m for Bi(001)/FeCo, and 1.63× 106 A/m for
Ag/FeCo. These values are in good agreement with the
bulk saturation magnetization reported for bcc Fe0.5Co0.5
of 1.95 × 106 A/m [66]. The smaller Ms of Ag/FeCo can
be attributed to common effects observed in ultra-thin
ferromagnetic films, such as interfacial mixing with non-
magnetic elements and the formation of magnetically dead
layers. Equivalently, we can extract Ms = 3.54 × 105 A/m
for Bi(001)/Ag/Ni, which is close to the bulk value re-
ported for Ni of 4.88 × 105 A/m [66]. In contrast, Bi/Ni
exhibits an approximately 34% reduction in the measured
magnetic moment per unit area (1.16 mA) with respect to
Bi(001)/Ag/Ni (1.77 mA). This observation is consistent
with the structural evidence of Bi–Ni interfacial mix-
ing. Assuming that this reduction arises primarily from

alloying-induced loss of magnetic volume, we can estimate
an effective Ni thickness tNi ≤ 3.3 nm in the Bi/Ni sample.
To further corroborate this finding, we performed anoma-
lous Hall measurements on patterned Hall bar devices and
estimated an anomalous Hall resistance of RAHE = 0.07 Ω
for Bi(001)/Ag/Ni and 0.56 Ω for Bi/Ni {see Fig. S7(a)
within the Supplemental Material [54]}. Using a parallel
resistor model, we further estimated the partial current
flowing through the Bi and Ni layers in Bi(001)/Ag/Ni,
which corresponds to about 45% of the total current. In
the ideal scenario of constant Ni thickness across the sam-
ples, we would expect the anomalous Hall resistance of

Bi/Ni to scale as R
Bi/Ni
AHE =R

Bi/Ag/Ni
AHE / 0.45≈ 0.16 Ω, which

is about 3.6 times smaller than the experimentally mea-
sured value. Assuming the standard scaling relation
RAHE = ρAHE/tFM, where ρAHE is the anomalous Hall
resistivity and tFM is the thickness of the ferromagnetic
layer, we infer a residual Ni thickness of only 1.4 nm in
Bi/Ni.

D. SOTs in Bi(001)/Ag/FM and Bi(001)/FM
heterostructures

To quantify the damping-like SOT in our samples, we
employed scanning MOKE magnetometry (see Sec. II E
and Refs. 55 and 56). Unlike the HHR method [67],
MOKE detection is inherently insensitive to current-
induced magnetothermal effects and magnonic contri-
butions, providing a significant advantage for accurate
SOT quantification [52, 68]. This is especially relevant
in Bi-based heterostructures, where the combination of
Bi’s high carrier mobility and low carrier density promote
pronounced Nernst effects [17, 69]. The resulting trans-
verse thermoelectric voltages exhibit the same symmetry
with respect to the in-plane magnetization angle as the
damping-like transverse voltage (see details in Note 4 of
the Supplemental Material [54]). Consequently, methods
such as the HHR, which rely on performing in-plane scans
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FIG. 3. Structural and magnetic characterization of Bi(001)-based heterostructures grown on BaF2(111). (a) Optical
microscope images of a section of the Hall bar device along the current line of Bi[10]/Ag[5]/FeCo[2] (left) and Bi[10]/FeCo[2]
(right). (b) XRD θ/2θ scans of Bi[10]/Ag[5]/FeCo[2] and Bi[10]/FeCo[2]. (c) Room-temperature magnetization curves measured
by SQUID magnetometry for Bi[10]/Ag[5]/FeCo[2], Bi[10]/FeCo[2], and Ag[5]/FeCo[2]. (d) Optical microscope images of
a section of the Hall bar device along the current line of Bi[10]/Ag[5]/Ni[5] (left) and Bi[10]/Ni[5] (right). (e) XRD θ/2θ
scans of Bi[10]/Ag[5]/Ni[5] and Bi[10]/Ni[5]. In the latter, the Bi–Ni interdiffusion causes the conversion of Bi(001)/Ni into
Bi(012)/Bi3Ni/Ni. The diffractogram of the Bi3Ni alloy, shown as a reference, was retrieved from the Powder Diffraction File
00-054-0537 provided by the International Centre for Diffraction Data. (f) Room-temperature magnetization curves measured
by SQUID magnetometry for Bi[10]/Ag[5]/Ni[5] and Bi[10]/Ni[5]. µ0HIP in (c) and (f) denotes the external magnetic field
applied in the sample plane. All thicknesses are expressed in [nm].

of the magnetization direction, can fail to disentangle the
overlapping signals, especially when the transverse voltage
due to the ordinary Nernst effect and damping-like SOT
are of comparable magnitude. Moreover, Ni is particularly
prone to magnonic excitations because of its relatively
low saturation magnetization and low Curie temperature
among the 3d ferromagnetic transition metals, further
complicating the HHR analysis. A comprehensive com-
parison between MOKE and HHR is provided in Note 4
of the Supplemental Material [54]. The results clearly re-
veal a substantial misestimation of the damping-like SOT
magnitude in both FeCo- and Ni-based samples when
the latter approach is used, underscoring the importance
of employing a detection method that is robust against
thermal and magnonic artifacts.

To measure current-induced SOTs, we patterned the
sample in the form of Hall bar devices (see details in
Sec. II B), as illustrated in Fig. 4(a). Here, the current

injection direction defines the x-axis of the coordinate sys-
tem, whereas RL represents the four-probe longitudinal
resistance. A schematic cross-sectional view of the device
is shown in the same Fig. 4(a), depicting a transverse
cut along the current line and outlining the MOKE-based
SOT detection method (see details in Sec. II E). Fig-
ures 4(b-e) show the optical reflectance as well as the
antisymmetric (θOe

K ) and symmetric (θDL
K ) components

of the Kerr rotation for the various FeCo- and Ni-based
samples, corresponding to the Oersted and damping-like
contributions, respectively. For the Bi(001)/FeCo sam-
ple, the scans were carried out over a continuous section
of the current line with no visible pinholes under the
optical microscope, as evidenced by the nearly constant
optical reflectance in Fig. 4(c). Fits to θOe

K using Eq. (2a)
and to θDL

K using a constant are shown as solid lines.
Data shown in panel (b) are acquired with 4 mA of total
charge current flowing in the device, in (c) with 2.5 mA,
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while in (d) and (e) with 5 mA. Throughout this work,
a positive θDL

K indicates a positive damping-like effective
field, consistent with the convention used for Pt/Co bi-
layers (bottom/top configuration). Although the polarity
of the Oersted field remains the same across the sam-
ples, we observe a clear sign reversal of the damping-like
Kerr rotation for Bi(001)/FeCo. Specifically, θDL

K is posi-
tive in Bi(001)/Ag/FeCo and Bi(001)/Ag/Ni, negative in
Bi(001)/FeCo, and again positive in Bi/Ni. This implies
that removing the Ag spacer reverses the direction of
the damping-like SOT in FeCo-based samples, but not in
Ni-based ones. It is also important to note that, despite
the Kerr rotation signals of Bi(001)/Ag/Ni and Bi/Ni in
Figs. 4(d) and 4(e) were recorded under the same total
current, Bi/Ni presents a marked decrease in both θOe

K
and signal-to-noise ratio compared to Bi(001)/Ag/Ni. In
this regard, although Bz

Oe as defined in Eq. (1) depends
only on I and w, θOe

K is also dependent on both the thick-
ness and the magneto-optical constant of the ferromag-
netic layer, where the former defines the magneto-optical
interaction volume. Assuming similar magneto-optical
constants for the two Ni-based samples, the degraded
signal in Bi/Ni is a clear indication of inhomogeneity and
reduced magnetic volume, further evidencing substantial
Bi–Ni intermixing {see also Fig. S4(a) within the Supple-
mental Material [54] for overlaid data}. To have a more
quantitative estimate of the damping-like effective field
in Bi/Ni and account for possible inhomogeneity in the
Bi–Ni intermixing across the Hall bar device, we further
integrated the Kerr rotation signal recorded at different
x positions along the current line. With this procedure, a
positive offset superimposed on the characteristic antisym-
metric Kerr rotation profile expected for a homogeneous
Oersted field could be obtained, indicating the presence
of a damping-like SOT contribution with positive sign in
Bi/Ni.

1. SOT efficiencies and comparison with literature

Figures 4(f) and 4(g) show the estimated damping-like
effective field as a function of the total current density for
FeCo- and Ni-based samples, respectively. To compare
the strength of the damping-like SOT across different
samples, we quantified the damping-like SOT efficiency
with respect to the electric field E as

ξEDL =
2e

h̄

Ms tFM BDL

E
, (3)

expressed in units of [S/m], where MstFM is the satura-
tion magnetization per unit area extracted from SQUID
magnetometry (see details in Sec. III C), whereas BDL/E
is obtained from the slope of linear fits to the data in
Figs. 4(f) and 4(g), with intercepts constrained to zero.
ξEDL is commonly referred to as the effective SHC, where
the term effective acknowledges the influence of spin re-
flection and spin memory loss at the interface between the
nonmagnetic and the magnetic layer. In this sense, ξEDL
represents a lower bound on the intrinsic charge-to-spin

conversion capability of the nonmagnetic layer. Multipli-
cation of ξEDL by (h̄/2e) yields the SHC in units of angular
momentum, as often reported in the theoretical literature.
Throughout this work, positive ξEDL values denote the
same SHC sign as Pt.

We choose to normalize the damping-like effective field
by the electric field rather than the current density in the
nonmagnetic layer in order to avoid assumptions about
current partitioning in the multilayer stack. This is partic-
ularly relevant given the stack-dependent microstructure,
hence resistivity, of the Bi layer as well as the presence of
interfacial conduction channels that are not captured by
simplified parallel resistor models. Estimating the effec-
tive SHA as ξjNM

DL = ξEDL/σ0 would require prior knowledge
of both the microscopic origin of the SOT and the elec-
trical conductivity σ0 of the spin-converting layer. This
conductivity may include contributions from bulk, inter-
face, or alloyed regions. Such parameters are generally un-
known or poorly defined in structurally complex systems
like Bi-based heterostructures. Conversely, ξEDL provides
a robust and assumption-free metric to compare SOT in
systems with distinct structural and compositional prop-
erties. The estimated ξEDL values for the different samples
are reported in Fig. 4(h) and further compiled in the
summary figure (see Fig. 6).

We find large and positive SOT efficiencies of
ξEDL = (1.69 ± 0.05)× 105 S/m for Bi(001)/Ag/FeCo and
(1.9 ± 0.1)× 105 S/m for Bi(001)/Ag/Ni. These values
are comparable to those of prototypical heavy metal
systems used for the generation of SOT, such as Pt,
with ξEDL in the range of (2.43−3.5)× 105 S/m [1]. Our
values are also consistent with those reported for a
Bi0.9Sb0.1(001)/FeCo bilayer of (2.2± 0.2)× 105 S/m [23]
and for Bi(001)/NiFe and Bi0.84Sb0.16(001)/NiFe bilayers
of approximately 1.2× 105 S/m [24]. The SOT efficien-
cies of our Bi(001)/Ag/FM heterostructures significantly
exceed those reported for sputter-deposited Bi/CoFeB
bilayers of about 0.54× 105 S/m [20], and align well with
theoretical predictions for the intrinsic SHC of Bi [9, 10].
By replacing the quasi-epitaxial Bi(001) with a polycrys-
talline Bi film, we observe a significant reduction of the
SOT efficiency, which approaches the value provided in
Ref. 20. The results on polycrystalline Bi are further
discussed in Sec. III E. Unlike Ref. 37, which reported
more than an order of magnitude enhancement of the
spin-to-charge conversion efficiency in YIG/Bi/Ag/FM
upon replacing Fe with Ni, we do not find a strong de-
pendence of the damping-like SOT on the ferromagnetic
layer. In our study, replacing FeCo with Ni yields a mod-
est increase of less than 15% in ξEDL. This discrepancy
likely originates from structural differences between the
samples. Reference 37 reports extensive Bi diffusion into
both the Ag and Ni layers, which may drastically mod-
ify both bulk and interfacial spin–orbit coupling effects.
In contrast, our HAADF-STEM imaging (see details in
Sec. III A) shows a sharp and well-defined Bi(001)/Ag in-
terface, suggesting limited interlayer diffusion and preser-
vation of the intrinsic electronic structure of Bi. Upon
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FIG. 4. SOT measurements of Bi(001)-based heterostructures grown on BaF2(111). (a) Illustration of a Hall bar device
with superimposed electrical connections and reference system (bottom) and schematic of the scanning MOKE magnetometry
in polar geometry used to perform optical measurements of SOTs (top). A laser beam (green line) is focused onto the Hall
bar device and scanned along a transverse cross section of the current line (indicated by the green dotted arrow). The Kerr
rotation (θK) caused by the out-of-plane magnetization oscillation induced by the Oersted field and the damping-like effective
field is recorded. (b-e) MOKE detection of damping-like SOT in (b) Bi[10]/Ag[5]/FeCo[2] at j=2.35× 1010 A/m2 (I =4mA),
(c) Bi[10]/FeCo[2] at 2.08 × 1010 A/m2 (2.5mA) (d) Bi[10]/Ag[5]/Ni[5] at 2.50 × 1010 A/m2 (5mA), and (e) Bi[10]/Ni[5] at
3.33× 1010 A/m2 (5mA). The data were acquired with an in-plane magnetic field (µ0Hx) of 80mT. The gray dots represent the
optical reflectance (R) of the sample, whereas the red/green squares and the black circles represent the Kerr rotation induced by
the Oersted field (θOe

K ) and the damping-like field (θDL
K ), calculated using Eqs. (2a) and (2b), respectively. The continuous lines

are fits to the data. (f, g) Damping-like effective field (BDL) versus average current density (j) for the samples with FM equal to
(f) FeCo and (g) Ni. The solid lines are linear fits to the data with intercept forced to zero. (h) Damping-like SOT efficiency
(ξEDL) with respect to the electric field (E) estimated for the different samples using the linear fits in (f) and (g). The errors are
calculated from the uncertainty in the fits in (f) and (g) and in the saturation magnetic moment per unit area (Ms tFM). For
Bi[10]/FeCo[2], results from two nominally identical samples are included. Positive SOT efficiencies indicate a positive SHC sign,
consistent with that of Pt. All thicknesses are expressed in [nm].

removal of the Ag spacer, the SOT efficiency decreases
markedly to ξEDL = (0.18 ± 0.06)× 105 S/m in Bi/Ni and
(−0.068 ± 0.003)× 105 S/m in Bi(001)/FeCo, with the
latter additionally exhibiting a sign reversal of the SOT.
Because of the large signal-to-noise ratio affecting the
MOKE data of Bi/Ni, the SOT efficiency was estimated
from the integrated Kerr rotation signal, rather than from
a single line scan, as discussed above. To investigate the
origin of the negative SOT in Bi(001)/FeCo, we mea-
sured a reference sample consisting of an Ag/FeCo bilayer
grown on BaF2(111), which yields a similarly negative

value of (−0.078 ± 0.001)× 105 S/m. The agreement in
both magnitude and sign suggests that the damping-like
SOT in Bi(001)/FeCo and Ag/FeCo originates from self-
torques within the FeCo layer, rather than from spin
current generation in either Bi or Ag. This interpretation
is consistent with previous studies reporting a negligi-
ble SHA for Ag [25, 70]. It is interesting to note that
the SOT efficiency of our Bi(001)/FeCo closely matches
the value provided for an amorphous Bi0.9Sb0.1/FeCo
bilayer of (−0.060 ± 0.002)× 105 S/m in Ref. 23. This
study revealed a nearly two orders of magnitude reduction
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in ξEDL when transitioning from epitaxial to amorphous
Bi0.9Sb0.1, accompanied by a sign reversal. Such a trend
mirrors the evolution of the SOT efficiency in our Bi(001)-
based samples upon removal of the Ag spacer, which leads
to degradation of the Bi film.

2. Influence of Bi surface oxidation

To assess the role of the Bi/Ag interfacial quality in gen-
erating and transmitting a spin current, we intentionally
degraded the Bi(001) surface prior to Ag deposition by ex-
posing it to an oxygen partial pressure of 1.6× 10−6 mbar
for 5 min, corresponding to a total oxygen dose of 360
Langmuirs (L). This experiment is inspired by ARPES
measurements [53], which show that the surface state
band of Bi(001) vanishes beyond an O2 exposure of 4.5 L.
The oxygen dose of 360 L was therefore deliberately cho-
sen to exceed the threshold required to destroy the surface
states of Bi, while preventing bulk oxidation or degra-
dation. We verified the retention of the bulk structural
properties of Bi using both in situ and ex situ structural
characterization techniques. Immediately after oxygen
exposure, the RHEED streaks of Bi(001) remained vis-
ible, albeit noticeably blurred, indicating that the film
was not fully oxidized or amorphized within the near-
surface region probed by the electron beam. Additionally,
HAADF-STEM and EDX analyses revealed no measur-
able change in the structural quality of Bi and no evidence
of bulk oxidation compared to the pristine sample.

Following oxygen exposure, we find that the SOT ef-
ficiency of Bi(001)+O2/Ag/FeCo decreases by approxi-
mately 28% compared to Bi(001)/Ag/FeCo. The substan-
tial residual torque signal, measured despite the expected
suppression of surface states, implies that the damping-
like SOT in Bi(001)/Ag/FM heterostructures is not ex-
clusively interface driven. Instead, it involves a dominant
bulk-mediated contribution, such as spin current gen-
eration via the SHE in Bi and its subsequent diffusion
through the spin-transparent Ag layer. We emphasize
that the oxygen exposure does not enable a quantita-
tive separation of surface state and bulk contributions,
as surface oxidation may also reduce the interface spin
transparency for spin Hall currents generated in the bulk
or introduce additional spin memory loss.

3. Cu and Al spacers

Notably, we find that replacing Ag with alternative
metallic spacers, such as Cu or Al, does not preserve the
structural integrity of the Bi(001) film. In both cases,
similar to the scenario without any spacer, the Bi layer
exhibits significant discontinuity {see Fig. S8(b) within
the Supplemental Material [54]}. In Bi(001)/Cu/FeCo,
EDX analysis reveals strong overlap between the Bi and
Cu signals, suggesting Bi–Cu intermixing and the forma-
tion of a Bi-rich alloy {see Fig. S8(e) within the Supple-
mental Material [54]}. This overlap can be rationalized
by considering that the electron beam crosses different
sections of the lamella characterized by distinct local com-
positions, as result of solid-state dewetting and island

formation: Bi/Cu/FeCo regions, where the film remains
continuous, and Cu/FeCo regions that experienced local
Bi film breakup during Cu deposition. The resulting EDX
signal would therefore represent an average of these two
local compositions, mimicking the appearance of Bi–Cu
intermixing. This interpretation is consistent with the
persistence of both the diffraction peaks of Bi in the
XRD θ/2θ scan {see Fig. S8(c) within the Supplemental
Material [54]} and the Bi atomic planes in the HAADF-
STEM image {see Fig. S8(d) within the Supplemental
Material [54]}. The Bi(001)/Cu/FeCo sample exhibits
an SOT efficiency of ξEDL = (0.37 ± 0.01)× 105 S/m, which
is significantly reduced compared to Bi(001)/Ag/FeCo.
Interestingly, the positive ξEDL contrasts with previous
studies [41, 70, 71] that report a negative SHA in Cu
doped with Bi impurities. The observed discrepancy may
arise from several possible mechanisms: (i) the Bi-rich
Bi–Cu alloy, different from Bi-doped Cu samples, may
intrisically show a positive SHA; (ii) the positive SOT
contribution from residual, unalloyed Bi regions may par-
tially offset the negative SOT contribution from Bi–Cu
alloy, resulting in an overall positive effective SHC; (iii)
a Bi concentration gradient at the interface between the
Bi–Cu alloy and the Cu layer may give rise to interfa-
cial spin–orbit coupling contributing to the measured
SOT signal; and (iv) solid-state dewetting may promote
edge or side oxidation, where oxidized Cu has previously
been shown to exhibit significant spin–charge intercon-
version efficiency [72]. Employing an Al spacer leads to
even greater destabilization of the Bi film, resulting in
a negligibly small SOT signal {see Fig. S8(f) within the
Supplemental Material [54]}. We note that, similarly to
Ag, light metals such as Cu and Al present very long
spin diffusion lengths exceeding 100 nm [73], ruling out
reduced SOT efficiency coming from spin absorption in
the metallic spacer.

E. Structural characterization and SOTs in
polycrystalline and Bi(012)-based heterostructures

To gain deeper insight into the origin of the SOT in
the Bi/Ag bilayer, we further investigated the influence
of Bi’s structural properties on the magnitude and sign
of the damping-like SOT. For this purpose, we fabricated
additional heterostructures with distinct crystallographic
configurations, namely, MgO(001)/Bi[10]/Ag[5]/FeCo[2]/
AlOx and MgO(001)/Ni[5]/Bi[3]/Ag[5]/AlOx, with and
without Ag layer (see details in Sec. II A). Schematics
of the sample stacks are provided in Figs. 5(a) and 5(e),
respectively.

1. Poly-Bi/Ag/FeCo heterostructure

In the former heterostructure−hereafter referred to
as poly-Bi/Ag/FeCo−Bi grown on MgO(001) forms a
polycrystalline film, composed of a mixture of (001) and
(012)-oriented crystallites, as shown in the XRD θ/2θ
scan in Fig. 5(b). Although the Ag(110) texture is re-
tained, the Laue oscillations associated with the (003) and
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FIG. 5. Structural characterization and SOT measurements of polycrystalline and (012)-textured Bi-based heterostructures
grown on MgO(001). (a, e) Schematic of the sample stacks, namely (a) poly-Bi[10]/Ag[5]/FeCo[2] and (e) Ni[5]/Bi[3](012)/Ag[5].
(b, f) XRD θ/2θ scans of (b) poly-Bi[10]/Ag[5]/FeCo[2] and (f) Ni[5]/Bi[3](012)/Ag[5]. (c, g) Optical microscope images of a
section of the Hall bar devices along the current line of (b) poly-Bi[10]/Ag[5]/FeCo[2] (left) and poly-Bi[10]/FeCo[2] (right); (f)
Ni[5]/Bi[3](012)/Ag[5] (left) and Ni[5]/Bi[3](012) (right). (d, h) Damping-like SOT efficiencies (ξEDL) with respect to the electric
field (E) estimated using Eq. (3) for (d) poly-Bi[10]/Ag[5]/FeCo[2] and (h) Ni[5]/Bi[3](012)/Ag[5], with and without Ag. Error
bars reflect the uncertainties of the weighted linear fits to the damping-like effective field (BDL) vs the average current density
(j) with intercept forced to zero and of the saturation magnetic moment per unit area (MstFM). Positive SOT efficiencies
indicate a positive SHC, consistent in sign with that of Pt. All thicknesses are expressed in [nm].

(006) Bi reflexes are significantly damped compared to
those observed in Bi(001)/Ag/FeCo, indicating increased
structural roughness. This is further supported by the
analysis of the (003) Bi peak: from its full width at half
maximum, we estimate an out-of-plane crystallite size of
approximately 13.9 nm using the Scherrer equation (with
a shape factor of 0.94). This value exceeds the nominal Bi
thickness of 10 nm, evidencing substantial surface rough-
ness in the polycrystalline Bi film grown on MgO(001).
Interestingly, similar to Bi(001)/FeCo, the poly-Bi/FeCo
sample exhibits discontinuity in the Bi layer, with voids
clearly visible in the optical microscopy image of Fig. 5(c).

The SOT efficiencies of poly-Bi/Ag/FeCo and poly-
Bi/FeCo are ξEDL = (0.70 ± 0.03) and (−0.064 ± 0.002) ×
105 S/m, respectively, as reported in Fig. 5(d). Notably,
ξEDL in poly-Bi/Ag/FeCo is reduced by nearly 60% com-
pared to Bi(001)/Ag/FeCo, underscoring the strong sen-
sitivity of the damping-like SOT to the structural and

crystalline quality of Bi. This highlights the importance
of epitaxial ordering and smooth interfaces in achieving
efficient charge-to-spin conversion. Several mechanisms
can contribute to the reduced SOT efficiency observed in
the polycrystalline Bi film. Structural disorder, includ-
ing grain boundaries and crystallographic defects, can
induce variations in both the intrinsic SHC [9] and ex-
trinsic skew-scattering contribution [74]. Moreover, the
enhanced interdiffusion of different chemical species pro-
moted by the higher density of grain boundaries can result
in shifts of the electrochemical potential and modifications
of the carrier population, to which the intrinsic SHC of
Dirac-like semimetals such as Bi is known to be highly
sensitive [9, 22]. Finally, poorer interface quality and local
interfacial oxidation can reduce spin transparency for both
bulk and interfacial spin currents [1, 75], thus lowering the
overall conversion efficiency. We note that the residual
torque signal observed for poly-Bi/FeCo in Fig. 5(d) is
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comparable to that of Bi(001)/FeCo in Fig. 4(h). This
supports the interpretation that, in the absence of an
Ag spacer, the residual SOT primarily originates from
self-torques within the FeCo layer.

2. Ni/Bi(012)/Ag heterostructure

The XRD pattern of the second heterostruc-
ture−hereafter referred to as Ni/Bi(012)/Ag− exhibits
distinct reflections from the (022) crystal planes of Ni, the
(012) planes of Bi, and the (111) planes of Ag, indicating
that Bi is (012)-textured, as shown in Fig. 5(f). This
crystallographic alignment between Bi(012) and Ag(111)
is consistent with previous reports [62]. In Ni/Bi(012)/Ag,
we intentionally limited the thickness of Bi to 3 nm to
allow the spin angular momentum generated at the Bi/Ag
interface to partially propagate into the underlying Ni
layer, rather than being fully absorbed within Bi. This de-
sign choice is motivated by the findings of Ref. 27, in which
the spin-to-charge conversion in Ni/Bi(012) heterostruc-
tures saturates at a Bi thickness of approximately 6 nm.
Although a quantitative evaluation of the charge-to-spin
conversion efficiency in Ni/Bi(012) lies beyond the scope
of this study, we aim to assess whether the insertion of an
Ag layer enhances the SOT signal of Bi, potentially via
interfacial REE or Bi–Ag intermixing. The Bi films grown
on Ni(011) appear continuous and uniform, as evidenced
by the micrographs in Fig. 5(g). However, in contrast to
the case where Ni is deposited on Bi(001), we observe no
evidence of Bi–Ni alloying for this stacking configuration.
Specifically, XRD measurements reveal no intermetallic
diffraction peaks, and the Ni layer retains a robust mag-
netic response. The Oersted component of the Kerr rota-
tion amplitude measured by MOKE is comparable to that
of Bi(001)/Ag/Ni, under the same total applied current
{see Fig. S4(b) within the Supplemental Material [54]}.
Furthermore, saturation magnetization values extracted
from SQUID magnetometry are Ms = 3.33 × 105 A/m for
Ni/Bi(012)/Ag and 3.30 × 105 A/m for Ni/Bi(012), both
closely matching that of Bi(001)/Ag/Ni of 3.54×105 A/m
{see Fig. S4(c) within the Supplemental Material [54]}.
These findings indicate that the Ni layer in Ni/Bi(012)
remains continuous and magnetically intact, in stark con-
trast to the significant interlayer diffusion and magnetic
degradation observed when Ni is deposited on top of
Bi(001).

The SOT efficiencies of Ni/Bi(012)/Ag and Ni/Bi(012)
are ξEDL = (0.38± 0.01) and (0.40 ± 0.01)× 105 S/m, re-
spectively, as reported in Fig. 5(h). We note that the
sign of BDL in these layers is opposite with respect to
Bi(001)/Ag/Ni and Bi/Ni because of the reversed stack-
ing order between the NM and the FM. The sign of ξEDL,
however, remains positive, consistent with our sign con-
vention based on the SHC of Pt. Interestingly, Ni/Bi(012)
exhibits a large SOT efficiency even without an Ag spacer
between Bi and the FM and despite the Bi layer being
only 3-nm-thick. Furthermore, depositing an Ag over-
layer on top of Bi(012) has no measurable effect on the

magnitude of the damping-like SOT. However, we cannot
exclude the possibility of a spin-diffusion length in our Bi
film much shorter than 3 nm, which would suppress any
measurable contribution to the charge-to-spin conversion
originating from the top Bi/Ag interface.

IV. DISCUSSION

We now compare the damping-like SOT efficiency across
the various Bi-based heterostructures, correlating their
structural and electronic properties with the correspond-
ing torque magnitudes. Through this comparative analy-
sis, we gain insights into the mechanisms underlying the
charge-to-spin conversion in Bi and Bi/Ag bilayers. We
further extract an effective SHA for Bi and benchmark our
findings against previous literature reports on spin–charge
interconversion in similar Bi and Bi/Ag system.

A. Correlation between SOTs and structural
properties

The large and positive damping-like SOT observed
in Bi(001)/Ag/FeCo, when compared to the small and
negative torque signal measured in Bi(001)/FeCo and
Ag/FeCo, at first glance appears to support the widely
proposed scenario of a strong REE at the Bi/Ag interface.
However, structural analysis based on HAADF-STEM and
EDX reveals that the nominal Bi(001)/FeCo heterostruc-
ture effectively transforms into a Bi(001)/AlOx/FeCo
stack (see Sec. III A). In this configuration, AlOx from
the capping layer is unexpectedly detected at the Bi/FM
interface, forming an insulating barrier that hinders spin
transfer from Bi to FeCo. Moreover, the Bi layer exhibits
significant oxygen incorporation and surface roughness,
indicating that removal of the Ag spacer leads to deteriora-
tion of both the structural and chemical integrity of the Bi
film. Although this observation does not rule out a contri-
bution to the SOT from Rashba spin–orbit coupling at the
Bi/Ag interface, it strongly underscores the critical role of
the Ag spacer in preserving the Bi quality. Notably, this
stabilizing effect is not replicated by other metallic spacers
such as Cu or Al (see Sec. III D 3). Further evidence for
the detrimental impact of Bi oxidation comes from a ref-
erence sample in which Bi(001) was intentionally exposed
to a controlled oxygen dose sufficient to degrade its sur-
face states, following the experimental findings of Ref. 53.
While a residual torque signal persists, suggesting a non-
negligible bulk contribution to the charge-to-spin conver-
sion, the overall magnitude of the damping-like SOT is
substantially reduced (see Sec. III D 2). This observation
is consistent with a previous report of time-dependent
deterioration of the inverse SHE in an uncapped Bi layer
owing to progressive oxidation [26]. Our study also reveals
that the microscopic mechanisms driving changes in the
compositional and microstructural properties of Bi films
are strongly correlated with the mechanical stress and
chemical environment imposed by adjoining layers. For
instance, while no intermixing is observed when textured
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Bi(012) is deposited on Ni(011), reversing the stacking or-
der− i.e., depositing Ni onto Bi(001)− induces significant
interdiffusion and the formation of a Bi3Ni intermetallic
compound, which fundamentally alters the origin of the
SOT (see Secs. III C and III E). These considerations also
help elucidate the origin of the apparent anisotropy in the
charge-to-spin conversion properties of our Bi films. In
fact, the large damping-like SOT observed in Ni/Bi(012),
as compared to the much smaller signals in Bi(001)/FM
(see Secs. III D and III E), can be largely explained by
the extrinsic properties specific to each heterostructure,
rather than to anisotropic transport effects intrinsic to the
electronic structure of Bi. This interpretation is further
supported by the observation that Bi(001) transforms
into Bi(012) when capped by Ni. Although the anisotropy
of the intrinsic SHC of Bi may partially contribute to
the observed scaling of the SOT efficiency, assessing its
role would require a comparison between samples with
matched structural characteristics, conditions not satisfied
by the current sample set.

These observations help rationalize inconsistencies pre-
viously reported in the literature. Most Bi/Ag bilayer
studies are based on spin pumping, a characterization
technique that relies on relatively thick ferromagnetic
layers (10−20 nm) to ensure efficient and uniform ferro-
magnetic resonance excitation. Permalloy (Py, Ni80Fe20)
is the most commonly used ferromagnet, and its Ni-rich
composition makes it chemically prone to alloying with
Bi. The small or negligible spin-to-charge conversion sig-
nals reported in several spin pumping studies [14, 16, 25],
where Bi is directly interfaced with Py, may be explained
by strong Bi–Py intermixing. Such intermixing could
remain largely undetected since the bulk properties of the
thick Py layer would be only weakly affected and thus re-
tain their magnetic character. Moreover, capping Bi with
thick FMs may obscure signatures of solid-state dewetting:
instead of visible film breakup, dewetting may manifest
only as an overall increase in surface roughness, unless
depth-sensitive characterization techniques are employed.

Overall, our findings highlight the importance of exercis-
ing caution when interpreting spin–charge interconversion
experiments in Bi-based heterostructures. Underlying
solid-state dewetting and bulk/interfacial reactions are
highly sensitive to the choice of ferromagnetic material,
stacking order, interface chemistry, and growth conditions.
Thickness is also a key factor governing the structural,
electronic, and transport properties of Bi [45, 76, 77]. A
representative example is the large REE observed at the
metallic surfaces of Bi nanocrystals, which is promoted
by quantum confinement effects in ultrathin Bi films [29].
Without careful structural and chemical characterization,
such subtle yet crucial variations in sample configuration
may remain undetected, leading to misleading compar-
isons among nominally similar stacks and contributing to
the large variability of the reported spin–charge intercon-
version efficiencies across different studies.

B. Origin of SOTs

ARPES measurements demonstrate that a long-range
ordered BiAg2 alloy does not form at the Bi(001)/Ag
interface (see Sec. III B). While ARPES alone cannot rule
out the formation of a disordered alloy region promot-
ing charge-to-spin conversion, HAADF-STEM imaging
reveals a Bi/Ag interfacial region of approximately 1 nm
in Bi(001)/Ag/FeCo. This indicates that significant inter-
mixing between Bi and Ag is unlikely in this sample (see
Sec. III A). Moreover, if a disordered interfacial Bi–Ag
alloy was responsible for the large damping-like SOT in
Bi(001)/Ag/FM, one would expect a significant enhance-
ment of the SOT signal when Ag is deposited atop Bi in
similar sample stacks. However, we observe no measurable
change in damping-like SOT magnitude upon depositing
Ag on Ni/Bi(012). Importantly, Ni/Bi(012) is the only
sample in which the Bi layer retains its structural and
chemical integrity without an Ag spacer, and it is also
the only configuration in which Bi alone generates a ro-
bust damping-like SOT signal (see Sec. III E). Overall,
the insertion of an Ag spacer enhances the SOT signal
only when the integrity of the Bi layer would otherwise
be compromised. To support this interpretation, we re-
fer to the summary Fig. 6 which reveals a clear trend:
continuous, chemically intact Bi layers consistently yield
stronger charge-to-spin conversion, substantiating the role
of Ag as an effective barrier against intermixing and a
promoter of interface spin transparency. This conclusion
parallels findings in (Bi1−xSbx)2Te3, where intercalated
normal metal spacers between the topological insulator
and a permalloy layer are shown to reduce intermixing
and spin memory loss, factors that can significantly alter
the nature of SOT [78]. This interpretation is also consis-
tent with the large SHAs of 0.3−0.4 recently measured
for the Bi(001) semimetal and the topological insulators
Bi0.84Sb0.16(001) and Bi0.79Sb0.21(001), in excellent agree-
ment with tight binding calculations of the intrinsic SHC
from bulk states [24].

C. Effective SHA and comparison with literature

Based on the above considerations, we extract the effec-
tive SHA of Bi under the assumption that the measured
damping-like SOT in Bi(001)/Ag/FM arises from a com-
bined contribution of bulk and surface effects within the
Bi layer, and that Ag primarily acts as a structural stabi-
lizer rather than a source of interfacial spin–orbit coupling.
Within this framework, we compute ξjBi

DL = ξEDL/σBi, us-
ing the electrical conductivity of Bi σBi = 1.57 × 105 S/m
(corresponding to a resistivity of ρBi = 635 µΩ cm) esti-
mated from a Bi(001) single layer capped with AlOx.

This yields ξjBi

DL = 1.2 ± 0.2, based on the average ξEDL ob-
tained for Bi(001)/Ag/FeCo and Bi(001)/Ag/Ni. This
value is in strong agreement with the average SHA of
1.3 reported previously for textured Bi(001)/Ag bilay-
ers [25]. It also closely matches the effective SHA of
1.0 ± 0.1 reported for Bi0.9Sb0.1(001) [23], with charge-
to-spin conversion attributed to thermally excited holes
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from the bulk states rather than to topological surface
states. The similarity in the calculated bulk band struc-
tures of Bi and Bi0.9Sb0.1 [10], as well as the comparable
SOT efficiencies observed in these systems [both grown on
BaF2(111) under similar MBE conditions] point to a simi-
lar bulk-dominated origin of the SOT. The key distinction
presumably lies in the stabilization strategy of the Bi-
containing layer: while Ref. 23 achieved Bi stabilization
through Sb alloying, in our case structural Bi integrity is
preserved through the insertion of an Ag spacer. A more
rigorous determination of the intrinsic SHA of Bi would
require separating surface and bulk contributions to the
measured charge-to-spin conversion, as well as accounting
for possible self-induced torques in the Ni layer [79]. We
can therefore extract the effective SHA of Bi considering
the SOT efficiency of Bi(001)+O2/Ag/FeCo, which con-
tains no Ni and for which oxygen exposure is expected
to strongly suppress the Bi surface states. This yields
ξjBi

DL = 0.78 ± 0.03, providing a lower bound for the bulk-
dominated spin-current generation in Bi.

V. CONCLUSIONS

We have systematically investigated the relationship
between the structural properties and charge-to-spin con-
version efficiency in Bi- and Bi/Ag-based magnetic het-
erostructures capped with AlOx, including smooth epi-
taxial Bi(001) films as well as polycrystalline and (012)-
textured layers with increased surface roughness. Our
combined structural, spectroscopic, and MOKE-based
SOT analyses reveal that the effective SHC (ξEDL), ex-
pressed in units of [×105 S/m] in the following, is pri-
marily governed by the structural and chemical stability
of the Bi layer, rather than by the REE at the Bi/Ag
interface.

When a 10-nm-thick Bi(001) film grown on BaF2(111)
is directly in contact with metallic FMs such as FeCo
or Ni, we observe destabilization processes− including
solid-state dewetting, roughening, oxidation, crystallo-
graphic reorientation, and interlayer mixing− that dis-
rupt the intrinsic electronic structure of Bi and hinder
effective angular momentum transfer to the FM. As a
result, the nominal Bi(001)/FeCo stack exhibits small,
negative, self-induced torques originating in the FeCo layer
(ξEDL =−0.068 ± 0.03), effectively behaving as a partially
oxidized Bi(001)/AlOx/FeCo system. Likewise, the nom-
inal Bi(001)/Ni stack develops spatially inhomogeneous
and weak positive damping-like SOT (ξEDL = 0.18 ± 0.06)
because of its transformation into a Bi(012)/Bi3Ni/Ni
configuration. Introducing a thin Ag spacer between
Bi and the FM successfully suppresses these degrada-
tion pathways, enabling large, positive, and spatially uni-
form damping-like SOT (ξEDL = 1.69 ± 0.05 with FeCo
and 1.9 ± 0.1 with Ni), consistent with theoretical pre-
diction of bulk-mediated spin transport in semimetallic
Bi. Extending the study to polycrystalline Bi grown on
MgO(001) reveals similar degradation in the absence of
an Ag spacer and an effective SHC reduction of nearly

60% in poly-Bi/Ag/FeCo (ξEDL = 0.70 ± 0.03) compared
to Bi(001)/Ag/FeCo, reinforcing the strong sensitivity
of the torque efficiency to the structural and crystalline
quality of Bi.

Further indications that the large charge-to-spin con-
version signal in Bi(001)/Ag originates primarily from the
preservation of Bi’s bulk-like properties are provided by
several complementary experimental observations. Unlike
Ag, alternative metallic spacers such as Cu and Al fail
to stabilize the Bi layer and yield significantly reduced
or negligible damping-like SOT, underscoring the unique
role of the Ag spacer as both efficient diffusion barrier
and promoter of interface spin transparency. ARPES
measurements demonstrate that Ag deposition on Bi(001)
does not produce a long-range ordered Bi–Ag Rashba
alloy but rather preserves the pristine band dispersion of
Bi. Moreover, controlled oxygen exposure of the Bi(001)
surface prior to Ag deposition reduces the effective SHC
by approximately 28%, yet leaves a significant residual
signal (ξEDL = 1.22 ± 0.05), consistent with the robustness
of a bulk-dominated spin current generation mechanism.
This yields a giant effective SHA for Bi of about 1. Finally,
a 3-nm-thick Bi(012) film grown on a Ni(011) underlayer,
despite lacking an Ag spacer, retains its structural con-
tinuity and shows no evidence of intermixing with Ni,
in stark contrast to the nominal Bi(001)/Ni heterostruc-
ture. This inverted stack exhibits a sizable effective SHC
(ξEDL = 0.40 ± 0.01), which appears largely independent of
the establishment of a Bi/Ag interface.

Taken together, these findings establish that the preser-
vation of a structurally and chemically intact Bi layer
is the key requirement for achieving large and reliable
spin current generation and transmission. This provides
a unified framework that helps reconcile long-standing
discrepancies in the reported spin–charge interconversion
efficiencies of Bi-based heterostructures. Future work
should focus on refining epitaxial growth strategies, ex-
ploring alternative diffusion barriers with high spin trans-
parency, and examining possible intrinsic anisotropies
in Bi magnetotransport using structurally equivalent Bi
films. Such efforts may pave the way toward robust Bi-
based spin–orbitronic architectures that fully leverage the
large intrinsic spin–charge interconversion capabilities of
semimetallic Bi.
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Nominal stack t

[nm]

MstFM

[mA]

Rxx

[Ω]

Optical

micrograph

ξEDL

[×105 S/m]

Integral structures

Bi(001)/Ag/FeCo 10/5/2 3.73(2) 351

1 20

1.69(5)

1.22(5)

0.70(3)

−0.078(1)

1.9(1)

0.38(1)

0.40(1)

Bi(001)+O2/Ag/FeCo 10/5/2 3.64(2) 420

poly-Bi/Ag/FeCo 10/5/2 3.77(2) 551

Ag/FeCo 5/2 3.26(1) 750

Bi(001)/Ag/Ni 10/5/5 1.77(2) 231

Ni/Bi(012)/Ag 5/3/5 1.67(2) 285

Ni/Bi(012) 5/3 1.65(2) 417

Solid state dewetting and/or alloying

Bi(001)/FeCo 10/2 4.09(2) 1925

1 20

−0.068(3)

−0.064(2)

0.37(1)

0.01(1)

0.18(6)

poly-Bi/FeCo 10/2 3.36(2) 1310

Bi(001)/Cu/FeCo 10/5/2 3.34(2) 307

Bi(001)/Al/FeCo 10/5/2 2.53(1) 1083

Bi(001)/Ni 10/5 1.16(2) 515

FIG. 6. Summary of the structural, magnetic, electrical, and charge-to-spin conversion properties of the different samples. Shown
in order are: nominal stack, layer thickness, saturation magnetization per unit area (MstFM), four-probe longitudinal resistance
(RL), optical micrograph, and horizontal bar plot of the effective SHC (ξEDL). The sample stacks follow the bottom-to-top-layer
convention. Red bars indicate samples with Fe0.5Co0.5, whereas green bars indicate samples with Ni as ferromagnetic layers.
Positive ξEDL values correspond to a positive SHC of the nonmagnetic layer, consistent with that of Pt. All the stacks include an
AlOx[5 nm] cap. Numbers in parentheses denote the measurement uncertainty in the last digit.
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D. Pacilé, P. Bruno, K. Kern, and M. Grioni, Giant Spin
Splitting through Surface Alloying, Phys. Rev. Lett. 98,
186807 (2007).

[63] M. P. Seah and W. A. Dench, Quantitative electron spec-
troscopy of surfaces: A standard data base for electron
inelastic mean free paths in solids, Surf. Interface Anal.
1, 2 (1979).

[64] T. Hirahara, K. Miyamoto, I. Matsuda, T. Kadono,
A. Kimura, T. Nagao, G. Bihlmayer, E. V. Chulkov,
S. Qiao, K. Shimada, H. Namatame, M. Taniguchi, and
S. Hasegawa, Direct observation of spin splitting in bis-
muth surface states, Phys. Rev. B 76, 153305 (2007).

[65] G. Bian, T. Miller, and T.-C. Chiang, Electronic struc-
ture and surface-mediated metastability of Bi films on
Si(111)-7 × 7 studied by angle-resolved photoemission
spectroscopy, Phys. Rev. B 80, 245407 (2009).

[66] J. M. D. Coey, Magnetism and Magnetic Materials (Cam-
bridge University Press, Cambridge, 2010).

[67] C. O. Avci, K. Garello, M. Gabureac, A. Ghosh,
A. Fuhrer, S. F. Alvarado, and P. Gambardella, Inter-
play of spin-orbit torque and thermoelectric effects in
ferromagnet/normal-metal bilayers, Phys. Rev. B 90,
224427 (2014).
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