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We report the measurement of efficient charge-to-spin conversion at room temperature in Weyl
semimetal-ferromagnet heterostructures with both oxidized and pristine interfaces. Polycrystalline films
of the Weyl semimetal, TaAs, are grown by molecular beam epitaxy on (001) GaAs and interfaced with
a metallic ferromagnet (Ni0.8Fe0.2). Spin-torque ferromagnetic resonance (ST FMR) measurements yield
a spin-torque ratio as large as ξFMR = 0.45 ± 0.25 in samples with an oxidized interface. By studying
ST FMR in these samples with varying Ni0.8Fe0.2 layer thickness, we find that the dampinglike-torque
efficiency is ξDL = 1.36 ± 0.66. In samples with a pristine (unoxidized) interface, the spin-torque ratio is
ξFMR = −0.27 ± 0.14 and has opposite sign to that observed in oxidized samples. We also find a lower
bound on the spin Hall conductivity (424 ± 110�/e S/cm), which is surprisingly consistent with theoretical
predictions for the single-crystal Weyl semimetal state of TaAs.

DOI: 10.1103/PhysRevApplied.18.054004

The electrical manipulation of the spin degree of free-
dom in a material is a fundamental scientific aim that
has a direct impact on nonvolatile, low dissipation mag-
netic memory applications. In this context, heavy met-
als and topological insulators have proven to be attrac-
tive platforms to study charge-spin interconversion due
to the presence of significant spin Hall and Rashba-
Edelstein effects [1–9]. More recently, Dirac and Weyl
semimetals have started attracting interest for spintron-
ics because of the potential for combining topological
aspects of the band structure with increased electrical
conductivity [10–16]. In particular, TaAs is an archety-
pal topological Weyl semimetal of contemporary interest
[17] that has spin polarized surface states [18]. Although
it is theoretically predicted to have a giant intrinsic spin
Hall conductivity [19], this has yet to be demonstrated
experimentally. Additionally, the role of natural oxida-
tion has usually been neglected in topological materi-
als, even though it has been shown that it can enhance
the charge-spin interconversion efficiency in heavy met-
als and Dirac semimetals [13,20,21]. Several mechanisms
have been proposed to explain this phenomenon, such
as the presence of Rashba spin textures at the interface
[22–24] or a theoretically predicted giant orbital Hall
effect that can be further enhanced in oxide interfaces
[25,26].

*nsamarth@psu.edu

In this paper, we report measurements of the charge-spin
interconversion phenomenon in polycrystalline thin films
of TaAs interfaced with a metallic ferromagnet (Ni0.8Fe0.2)
with and without natural surface oxidation. We show that
at room temperature, the spin-torque ratio (also called spin-
torque efficiency) in oxidized TaAs films can be as large
as ξFMR = 0.45 ± 0.25. We also present measurements of
a completely in vacuo grown TaAs/Ni80Fe20 heterostruc-
ture, obtaining a spin-torque ratio ξFMR = −0.27 ± 0.14
with a spin Hall conductivity that agrees quantitatively
with prior ab initio calculations for the Weyl semimetal
phase of TaAs [19]. This is surprising since the films mea-
sured here are polycrystalline. Notably, the sign of the
spin-torque ratio is opposite for pristine versus oxidized
samples since the sign of the symmetric component of the
ST FMR spectra changes with oxidation. We then present
a systematic study of the spin-torque ratio in oxidized
TaAs samples as a function of the ferromagnet thickness
and observe the presence of a significant fieldlike torque.
Finally, we show that the sign change of the the spin-
torque ratio also occurs when in simple metal Ta/Ni0.8Fe0.2
heterostructures when comparing oxidized and pristine
interfaces.

We first discuss the synthesis of polycrystalline TaAs
thin films using molecular beam epitaxy (MBE). TaAs
crystallizes in a body-centered tetragonal structure (I41md
space group) with a lattice constant of a = 0.3437 nm and
c = 1.1656 nm [17,18]. This makes it challenging to find
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an appropriate substrate for its thin-film epitaxial growth
given that most commonly available semiconductors do
not have lattice constants in this range [27]. We note that
MBE growth of thin films of the related Weyl semimet-
als, NbP and TaP, has been reported using a thin Nb
buffer layer on (001) MgO [28]. We try different substrates
and find that GaAs (001) has the correct surface chem-
istry to nucleate TaAs growth. We carry out the synthesis
in a VEECO 930 MBE chamber, monitoring the sample
with reflection high-energy electron diffraction (RHEED)
at 12 keV. After desorbing the native oxide on an epiready
semi-insulating (001) GaAs substrate, we grow 30 nm of
GaAs at a thermocouple temperature of 720 ◦C using Ga
(5N) and As (5N) evaporated from different uncracked
effusion cells. The Ga (As) beam equivalent pressure is
5 × 10−8 (7 × 10−7) torr. We then cool down the substrate
to a thermocouple temperature of 400 ◦C in the presence
of As flux. At this point, we observe a RHEED pattern
showing a 2 × 4 GaAs surface reconstruction [Fig. 1 (a)].
We then increase the temperature to 700–800 ◦C and con-
jointly deposited As and Ta (the latter from a four-pocket
e-beam evaporator), obtaining the RHEED pattern shown
in Fig. 1(b), which displays characteristics of the polycrys-
talline nature of the TaAs thin film (see Appendix A for
details). We then transfer the TaAs films to an external
electron-beam evaporator for the deposition of Ni0.8Fe0.2.
Most of the samples studied here are transferred with a
brief exposure to ambient, leading to an oxidized inter-
face between TaAs and Ni0.8Fe0.2. A few samples are
transferred using a vacuum suitcase enabling the study
of TaAs/Ni0.8Fe0.2 heterostructures with a pristine inter-
face. The complexity of the transfer procedure currently
prevents us from doing a systematic study of unoxidized
TaAs/Ni0.8Fe0.2 heterostructures as a function of Ni0.8Fe0.2
or TaAs layer thickness. The thickness of the Ni0.8Fe0.2 is
controlled by a quartz crystal monitor during growth, and
the deposition rate of each layer is then confirmed ex situ
using x-ray reflectivity measurements. We also grow sim-
ple metal Ta/Ni0.8Fe0.2 heterostructures with and without
natural oxidation on SiO2 substrates using electron-beam
evaporation for further spin-torque analysis. All samples
used in ST FMR experiments are capped with 3 nm of Al
to prevent oxidation of the Ni0.8Fe0.2 layer. Our past studies
show self-limited oxidation of such Al layers [13].

We study the structural quality and crystalline phase of
the TaAs films using x-ray diffraction. Figure 1(c) shows
a 2θ − ω scan of a TaAs film, revealing (004), (008), and
(112) peaks corresponding to the body-centered tetrago-
nal phase of TaAs. Measurements of the rocking curve
around the (004) peak show a full width half maximum
angle of 0.73◦. A reciprocal space map around the TaAs
(004) peak displays isotropic broadening, consistent with
the polycrystalline nature of the film [Fig. 1(d)]. Figure
1(e) shows the surface morphology of the film measured
using atomic force microscopy (AFM). We observe several

grains with a size of up to 100 × 50 nm2. Height pro-
files of the AFM data in the vertical direction [Fig. 1(f)]
show 1-nm height variations between different grains that
match the lattice constant of TaAs along the c axis [17,18].
We also use electrical measurements in 10-nm- and 30-
nm-thick TaAs films using a 1 × 0.5 mm2 Hall-bar con-
figuration and determine a resistivity in the range 124 to
318 µ� cm. These values are 2 to 5 times larger than the
values reported in bulk crystals of TaAs [29]. Magnetore-
sistance measurements at low temperature (T = 2 K) show
signs of weak localization and Hall-effect measurements
yield carrier densities on the order of 1021–1022 cm−3 (see
Appendix).

To obtain a deeper understanding of the microscopic
structure of the TaAs thin films, we performed high-
angle annular dark-field scanning transmission electron
microscopy (HAADF STEM). Figure 2(a) shows a lower
magnification image of the film cross-section having
neighboring crystalline regions of different orientations,
corresponding to the grains of TaAs about 5–10 nm in
size. This can be better appreciated by taking the Fourier
transform of smaller sections of the film showing unique
crystal orientations, in order to identify the grain-boundary
regions as shown in Fig. 2(b). The polycrystalline nature of
the TaAs film grown can possibly result from the large lat-
tice mismatch between TaAs and GaAs, 17.5% in the 〈100〉
direction and 16.5% in the 〈110〉 direction. To obtain the
chemical composition information from the film, we use
energy dispersive x-ray (EDX) spectroscopy in the TEM
measurements [Fig. 2(c)]. Elemental distribution across
the heterostructure showed a 1:1 stoichiometry between Ta
and As in the film region [Fig. 2(d)]. Additionally, the 2-
nm region of darker contrast seen in the HAADF images
corresponds to the presence of an oxide layer of TaAsOx,
on the film surface also seen in the elemental maps. This
is produced by the air exposure of the sample between
the growth and its measurement (see Appendix F). This
is further confirmed by x-ray spectroscopy from the sur-
face of the film with take-off angles of 30◦ and 80◦ with
respect to the sample surface plane. The spectra reveals
the presence of Ta, As, Ta2O5, and AsOx on its surface
(see Appendix C).

We now discuss measurements of charge-spin conver-
sion using ST FMR, focusing on the naturally oxidized
TaAs/Ni0.8Fe0.2 heterostructures. We use standard lithogra-
phy techniques to pattern the films into 50 × 10 µm2 bars
and deposited Ti/Au contacts for electrical measurement
[Fig. 3(a)]. We measure a total of 16 devices including
TaAs and Ta films with and without natural oxidation
of its surface before the Ni0.8Fe0.2 deposition. Amongst
these, we include the data of one TaAs film with a pris-
tine surface. All the ST FMR measurements involving
TaAs are performed in 10-nm-thick films. At this thick-
ness, we can neglect possible spin-pumping contributions
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FIG. 1. RHEED pattern of the GaAs (a) and TaAs (b) layers along the [110] GaAs crystal direction. (c) X-ray diffraction 2θ scan of
a 30-nm-thick TaAs film. The inset shows the rocking curve of the (004) TaAs peak, showing a full width half maximum of 0.73◦. (d)
Reciprocal space map of the TaAs thin film around the (004) peak in relative lattice units (RLUs). (e) AFM image of the TaAs surface
with a 100-nm scale bar. (f) Height profiles along the vertical directions shown in (e) of the TaAs film.

in the measured signal due to the inverse Hall effect that
has been reported in other semimetals at thicknesses higher
than 10 nm [30,31]. To perform the ST FMR experiments
[Fig. 3(b)], we apply a radio-frequency charge current
(Jc) along the heterostructure, which produces a flow of
angular momentum (spin current, Js) in a direction per-
pendicular to the flow of charge via the spin Hall or
Rashba-Edelstein effects. The spin accumulation in the
TaAs/Ni0.8Fe0.2 interface, after being absorbed into the
ferromagnet, applies a torque on its magnetization caus-
ing it to precess. This phenomenon can then be measured

as a rectified voltage across the device (Vmix) due to
the mixing of the applied current and the anisotropic
magnetoresistance of the ferromagnet [2] (see Appendix
D). This allows us to obtain the spectra shown in Figs.
3(c) and 3(d). In addition to the spin-generated torques,
the flow of charge also produces an Oersted field that
interacts with the magnetization and produces an out-
of-plane torque that can be used to quantify the spin-
torque ratio [2,3]. We fit the resonance spectrum with
a symmetric and antisymmetric Lorentzian contribution
and determine the spin-torque ratio, which is given by
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(a) (b)

(c) (d)

FIG. 2. (a) HAADF STEM image of the heterostructure cross section showing an approximately 10-nm polycrystalline TaAs film
grown on the GaAs layer. Scale bar is 5 nm. (b) Higher magnification STEM images of regions highlighted in (a) with their corre-
sponding fast Fourier transforms (FFTs), showing the different grains present in the polycrystalline TaAs film layer highlighted in (a).
Scale bars are 1 nm. (c) Elemental maps of As, Ta, and O, showing the distribution of these elements across the film interface. Scale
bar is 5 nm. (d) Concentration (atomic percent) of the Ta, Ga, As, and O elements across the thin-film section obtained from STEM
EDX.

[2,4,13]

ξFMR = S
A

( e
�

)
μ0MStTaAstNiFe

[
1 +

(
Meff

Hres

)]1/2

. (1)

Here, ξFMR is the spin-torque ratio, S (A) is the ampli-
tude of the symmetric (antisymmetric) Lorentzian fit, e is
the charge of the electron, � is the reduced Planck con-
stant, μ0 is the permeability of free space, MS = 560 kA/m
is the saturation magnetization of Ni0.8Fe0.2 measured in a
superconducting quantum interference device magnetome-
ter, tTaAs is the thickness of the TaAs layer, tNiFe is the
thickness of the ferromagnet, Meff is the effective magne-
tization obtained from fitting the Kittel FMR equation to
the spectra and Hres is the magnitude of magnetic field at
which the resonance happens.

If the symmetric signal is produced solely by spin torque
(in-plane) while the antisymmetric signal is produced by
a combination of spin torque, Oersted field and other
current-induced effective field-like torques (out-of-plane),

we can write Eq. (1) as [3]:

1
ξFMR

= 1
ξDL

(
1 + �

e
ξFL

μ0MStTaAstNiFe

)
. (2)

Here, ξDL(FL) = (2e/�)(4πMStNiFe)(HOP(IP)/Jc) is the effi-
ciency of the in-plane, dampinglike (out-of-plane, field-
like) torques, defined as the normalized ratio of the field
HOP(IP) generated in the out-of-plane (in-plane) directions
to the charge current flowing in the device [3]. In systems
where the current-induced effective fieldlike torque is neg-
ligible, the spin-torque ratio is equal to the dampinglike
torque efficiency (ξFMR = ξDL).

First, we focus on the naturally oxidized samples (abbre-
viated as TaAsOx in the rest of this work). In Fig. 3(c), we
observe the spectra of a 10-nm oxidized TaAs film with an
8-nm Ni0.8Fe0.2 layer. When we fit the data, we see a large
symmetric component in the spectrum (VDL) that is larger
than the antisymmetric one (VFL) and has the same sign
as platinum control samples (not shown). We extract the
spin-torque ratio of this heterostructure using Eq. (1) and
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FIG. 3. (a) Optical image of a device used for ST FMR measurements. The scale bar represents 100 µm. (b) Schematic of the charge-
to-spin conversion process in TaAs/Ni0.8Fe0.2 heterostructures. Room-temperature ST FMR spectra measured at different excitation
frequencies of (c) a 10-nm naturally oxidized TaAs polycrystalline film with 8 nm of Ni0.8Fe0.2 and (d) a nonoxidized 10-nm TaAs
polycrystalline film with 5 nm of Ni0.8Fe0.2 (d). Fitted data of (e) the oxidized and (f) nonoxidized samples described in (c) and (d),
respectively. These show the dampinglike symmetric (VDL) and fieldlike antisymmetric (VFL) Lorentzian contributions used in the fit.
(g) Spin-torque ratio of TaAs and Ta with and without natural oxidation as a function of Ni0.8Fe0.2 thickness. The solid line shows the
fit of the TaAsOx data and the dashed line its saturation value.

obtain ξFMR = 0.45 ± 0.25. For further insight into the ori-
gin of this large spin-torque ratio, we grow a set of samples
with fixed TaAs thickness (10 nm) and different Ni0.8Fe0.2
thickness. We compute the spin-torque ratio of each sam-
ple and observe that it monotonically increases with the

thickness of the ferromagnet [Fig. 3(g)]. This indicates
the presence of a significant current-induced positive field-
like torque [32] and a giant dampinglike torque with an
efficiency higher than our largest experimental value (see
Appendix E). To quantify this phenomenon, we perform
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a linear fit of the inverse spin-torque ratio as a function
of the inverse ferromagnet thickness considering a 2-nm
dead layer in the ferromagnet and use Eq. (2) to determine
the dampinglike and fieldlike torque efficiencies. These
values are ξDL = 1.36 ± 0.66 and ξFL = 0.30 ± 0.15 (see
Appendix E). The linear behavior of the data used for the
regression suggests that the spin-pumping effect is negligi-
ble in these samples [31]. At present, we cannot determine
the spin Hall conductivity of oxidized TaAs due to the dif-
ficulty of precisely determining the electrical conductivity
of TaAsOx. Nevertheless, the value of the dampinglike and
fieldlike torque efficiency is comparable to that measured
in topological insulators (Bi2Se3) [4,5,33] and higher than
heavy metals (Pt, Ta) [3,34,35], Weyl semimetals (WTe2)
[36], Dirac semimetals (Cd3As2)[13], and Dirac nodal-line
semimetals (IrO2) [34].

Next we focus on the pristine (unoxidized) TaAs/Ni0.8
Fe0.2 heterostructure. Figure 3(f) shows that the symmet-
ric component of the spectra changes sign with respect to
the one taken in oxidized samples [Fig. 3(e)]. We follow
the same procedure described above and obtain the spin-
torque ratio of nonoxidized TaAs ξFMR = −0.27 ± 0.07.
The sign of the spin-torque ratio is opposite to naturally
oxidized TaAs and Pt control samples (see Appendix D).
Assuming the effective fieldlike torque is negligible in the
pristine TaAs sample, this sets a lower bound on the spin
Hall angle (θSH) due to the less than ideal spin trans-
parency of the Ni0.8Fe0.2 interface (θSH ≥ ξFMR) [3]. The
spin-torque ratio can then be combined with our elec-
trical conductivity measurements to obtain the spin Hall
conductivity of TaAs. We find that in TaAs the lowest
value of electrical conductivity measured in a Hall-bar
configuration is (σxx = 3144 S cm−1), which implies that
|σSH| = (�/2e)|θSH|σxx � 424 ± 110 (�/e) (S/cm). This
experimental value agrees with the theoretical prediction
of a negative giant spin Hall conductivity in TaAs [19].
We notice that the theoretical spin Hall conductivity of
TaAs strongly depends on the position of the chemical
potential in the film. Sample variation, the polycrystalline
nature of our films, and a possible band-bending effect due
to the adjacent ferromagnet makes it challenging to relate
the measured and theoretical quantities. Nevertheless this
value seems to quantitatively agree with the first-principles
calculation near the Fermi level [19].

To study the effect of the oxide on the giant damping
like spin-torque ratio measured in TaAs films, we measure
the ST FMR spectra of simple metal Ta/Ni0.8Fe0.2 het-
erostructures evaporated on SiO2 with and without natural
oxidation. We kept the Ta layer fixed at 6 nm, varied the
Ni0.8Fe0.2 thickness, and computed the spin-torque ratio
of each device [Fig. 3(f)]. Even though there is variation
among samples due to the lack of precise control over
the oxide layer, we find that oxidation at the interface
changes the sign of the spin-torque ratio: it is positive in
naturally oxidized Ta (TaOx/Ni0.8Fe0.2) (ξFMR = 0.037 ±

0.030) while it is negative in nonoxidized Ta/Ni0.8Fe0.2
heterostrucures (ξFMR = −0.032 ± 0.009). These values
are one order of magnitude smaller than the ones mea-
sured in TaAs; thus, the oxide itself cannot alone explain
the large spin-torque ratio measured in TaAs. Neverthe-
less, this comparison with control Ta layers show once
again our qualitative finding that the presence of oxide can
change the sign of the symmetric component in the ST
FMR spectrum.

In conclusion, we demonstrate that it is possible to
deposit thin films of TaAs on GaAs in a way that is
compatible with standard III-V semiconductor process-
ing. This allows us to experimentally measure a giant
spin-torque ratio in naturally oxidized and pristine poly-
crystalline TaAs/Ni0.8Fe0.2 heterostructures. We observe
the presence of large dampinglike and fieldlike torques
with efficiencies that are greater in magnitude than other
materials of contemporary interest [3–5,13,33–36]. The
extracted spin Hall conductivity of pristine TaAs is in
remarkable agreement with theoretical predictions [19].
We show that the presence of an oxide produces a posi-
tive damping-like torque efficiency that changes the sign
of the symmetric component of the ST-FMR spectrum.
We show that the electronic states of this oxide layer
located in the surface of the film can be spin polarized
and could easily be confused with a topological surface
state. For this reason our work calls for caution while
claiming topological behavior in oxidized materials. Sev-
eral mechanisms have been identified as possible ways to
produce spin torques due to oxidation, including enhanced
spin Hall and Rashba-Edelstein effects [13,20], material-
dependent electron distribution near interfaces [21], and an
oxide-enhanced giant orbital Hall effect in transition met-
als [25,26]. The polycrystalline nature of our films may
possibly also enhance the spin-torque ratio due to quantum
confinement effects, akin to observations in topological
insulators [37], but this is only speculation at present. The
topological Weyl semimetal nature of TaAs with spin-
polarized surface states also likely plays a key role in
enhancing the intrinsic spin Hall conductivity [19]. Deter-
mining and separating each of these contributions requires
a higher control of the heterostructure that goes beyond
the scope of this work. Nevertheless, our observation of
a sign change in the ST FMR spectra in oxidized sam-
ples is an easy and immediate way to discriminate between
intrinsic effects and effects due to oxidation. The large
spin-torque efficiencies demonstrated in TaAs have an
immediate impact for fundamental research on spin-related
phenomena in topological materials and in technological
spintronic applications.

ACKNOWLEDGMENTS

The authors would like to thank D.C. Ralph for valu-
able comments and A. Sengupta for providing access to

054004-6



GIANT DAMPINGLIKE-TORQUE EFFICIENCY... PHYS. REV. APPLIED 18, 054004 (2022)

apparatus used in ST FMR measurements. The principal
support for this project is provided by SMART, one of
seven centers of nCORE, a Semiconductor Research Cor-
poration program, sponsored by the National Institute of
Standards and Technology (NIST). This supported the syn-
thesis and standard characterization of TaAs heterostruc-
tures as well as charge-spin conversion measurements
(W.Y., Y.O., J.D., N.S.) and their characterization using
STEM (S.G., A.M.). Additional support for materials syn-
thesis and characterization was provided by the Penn State
Two-Dimensional Crystal Consortium-Materials Innova-
tion Platform (2DCC-MIP) under NSF Grant No. DMR-
2039351 (R.X., E.S., A.R., N.S.). Parts of this work were
carried out in the Characterization Facility, University of
Minnesota, which receives partial support from the NSF
through the MRSEC (Award No. DMR-2011401) and the
NNCI (Award No. ECCS-2025124) programs.

APPENDIX A: GROWTH OF TaAs THIN FILMS
AND RHEED PATTERNS ALONG DIFFERENT

CRYSTAL DIRECTIONS

TaAs crystallizes in a body-centered tetragonal structure
(I41md space group) with a lattice constant of a = 0.3437
nm and c = 1.1656 nm [17,18]. This makes it especially
challenging to find an appropriate substrate for the thin-
film epitaxial growth of TaAs given that most commonly
available semiconductors have lattice constants ranging
from 0.541 to 0.648 nm [27]. We try to deposit TaAs
in a variety of substrates including GaAs, MgO, SrTiO3,
GaSb, and MgAl2O4 with the hope of stabilizing the film
in a crystal orientation different than (001). Neverthe-
less, none of these samples show a clear RHEED pattern
except for the films grown on GaAs; this suggests that
GaAs has the correct surface chemistry to nucleate TaAs
growth. A second major obstacle in the synthesis of TaAs

is the extremely high temperature (approximately 3000 ◦C)
required for Ta evaporation. This cannot be achieved with
a regular Knudsen effusion cell; if Ta is evaporated from a
crucible in this temperature range, the vapor pressure of the
crucible itself is significant enough to cause contamination
in the sample. For these reasons, we evaporate Ta from
2- and 4-mm-diameter rods using a four-pocket electron-
beam evaporator. To achieve a reasonable Ta deposition
rate, we increase the power applied to the rod until it melts
and forms a controlled molten drop on one end. This allow
us to achieve growth rates as high as 2.5 nm/h for the 2-mm
rod and 10 nm/h for the 4-mm rod.

In Fig. 4, we show the RHEED patterns of GaAs and
TaAs films along different crystal directions. GaAs shows
a 2 × 4 surface reconstruction. In TaAs, the separation
between fringes changes continuously as we rotate the
sample, indicating polycrystalline growth.

APPENDIX B: ELECTRICAL
CHARACTERIZATION OF TaAs IN THE

HALL-BAR CONFIGURATION

We used standard lithography techniques to pattern a
1 × 0.5 mm2 Hall bar (Fig. 5) and measured its resis-
tance and Hall effect as a function of temperature and
magnetic field. The resistivity of the sample monotoni-
cally increases with increasing temperature consistent with
the expected metallic behavior of TaAs [29]. The resid-
ual resistivity ratio is small, consistent with the disorder
in the polycrystalline film. At low temperature (T � 10 K,
the magnetoresistance shows holelike behavior with sig-
natures of weak antilocalization. We compute the carrier
density in the TaAs thin films using the Hall effect and
obtain values on the order of 1021–1022 cm−3.

GaAs 0° [110] GaAs 45° [100] GaAs 90° [ 10]

TaAs 90°TaAs 45°TaAs 0°

FIG. 4. RHEED patterns of GaAs and TaAs along different crystal directions.
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(b) Resistivity of a 30-nm-thick TaAs film as a function of temperature. (c) Optical image of the Hall bar used in these measurements.

APPENDIX C: XPS DATA ON TaAs THIN FILMS

XPS experiments are performed on TaAs films of dif-
ferent thicknesses (Fig. 6) using a Physical Electronics
VersaProbe II instrument equipped with a monochromatic
Al Kα x-ray source (hν = 1486.7 eV) and a concen-
tric hemispherical analyzer. Charge neutralization is per-
formed using both low-energy electrons (< 5 eV) and Ar
ions. The binding energy axis is calibrated using sputter
cleaned Cu (Cu 2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV)
and Au foils (Au 4f7/2 = 83.96 eV). Peaks are charge ref-
erenced to CHx band in the carbon 1s spectra at 284.8 eV.
Measurements are made at takeoff angles of 30◦ and 80◦
with respect to the sample surface plane. This results in a
typical sampling depth of 2–3 nm and 4–6 nm, respectively
(95% of the signal originated from this depth or shallower).
Quantification is done using instrumental relative sensi-
tivity factors that account for the x-ray cross section and
inelastic mean free path of the electrons.

FIG. 6. XPS data taken on a 10-nm-thick oxidized TaAs film
measured at 80◦ with respect to the sample surface plane indicat-
ing the presence of Ta2O5 and AsOx.

APPENDIX D: ST FMR MEASUREMENTS OF
OXIDIZED AND PRISTINE Ta AND TaAs

All the ST FMR measurements are performed at
room temperature using a Keithley 2182 nanovoltmeter,
a radiofrequency current of 2 to 7 GHz and an external
magnetic field up to 1600 Oe. Figure 7 shows the ST
FMR spectrum of oxidized and pristine TaAs and Ta films
that have been interfaced with Ni0.8Fe0.2 films of differ-
ent thickness. These signals are fitted using a symmetric
and antisymmetric Lorentzian. The fieldlike antisymmet-
ric contribution (VFL) has the same sign in all the samples
while the symmetric contribution (VDL) changes sign in
oxidized films in comparison with pristine ones. We also
observe a large enhancement of spin-torque ratio in the
pristine and oxidized TaAs films in comparison with pure
Ta ones. This indicates that the spin-torque signal mea-
sured in TaAsOx cannot be explained by the presence of
TaOx alone.

APPENDIX E: ANALYSIS OF THE SPIN-TORQUE
RATIO IN OXIDIZED TaAs SAMPLES WITH
DIFFERENT FERROMAGNET THICKNESS

To separate the contributions of the dampinglike torque
and other current-induced effective fieldlike torques in oxi-
dized TaAs films [3], we grow a set of samples where we
keep the thickness of the TaAs layer constant at 10 nm and
vary the thickness of the ferromagnetic Ni0.8Fe0.2 layer. We
notice that the spin-torque ratio is close to zero in samples
with 2 nm of Ni0.8Fe0.2. Together with a noticeable rough-
ness in the TaAs surface [Fig. 2(a) of the main text], this
suggests the possible presence of an approximately 2-nm
dead magnetic layer at the TaAs/Ni0.8Fe0.2 interface. To
take this effect into account, we subtract the thickness of
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this dead layer from the Ni0.8Fe0.2 thickness, as measured
using a quartz crystal monitor during the deposition. This
allows us to use Eq. (E1) [Eq. (2) in the main text] to deter-
mine the dampinglike and fieldlike torque efficiencies of
oxidized TaAs.

1
ξFMR

= 1
ξDL

(
1 + �

e
ξFL

μ0MStTaAstNiFe

)
. (E1)

Here, ξFMR is the measured spin-torque ratio, ξDL(FL) =
(2e/�)(Js,DL(FL)/Jc) is the spin-torque efficiency of the
in-plane, dampinglike (out-of-plane, fieldlike) torques
defined as the ratio of the spin current generating each

torque by the amount of charge current flowing in the
device, e is the charge of the electron, � is the reduced
Planck constant, μ0 is the permeability of free space, MS =
560 kA/m is the saturation magnetization of Ni0.8Fe0.2,
tTaAs is the thickness of the TaAs layer, tNiFe is the effec-
tive thickness of the ferromagnet after subtracting the
dead-layer thickness (2 nm).

We perform a linear regression on the data shown in Fig.
8(a) and obtain the efficiencies to be ξDL = 1.36 ± 0.66
and ξFL = 0.30 ± 0.15. This indicates the presence of a
significant positive current-induced fieldlike torque on this
system and a giant dampinglike torque with an efficiency
higher than our largest experimental value (ξFMR = 0.45

6

5

4

3

2

1

0

0.50.40.30.20.10.0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

86420

F
M

R

NiFe thickness - 2 nm (nm)

F
M

R
–1

(NiFe thickness - 2 nm)–1 (nm–1)

(b)(a)

Data
Fit

Data
Fit

ξ ξ

FIG. 8. (a) Inverse spin-torque ratio as a function of inverse Ni0.8Fe0.2 thickness for oxidized TaAs films showing the data and its
linear fit. (b) Spin-torque ratio as a function of Ni0.8Fe0.2 thickness for the same sample as (a). The values for the fit are determined from
(a). In both panels, we subtract 2 nm to the Ni0.8Fe0.2 thickness to account for a possible ferromagnetic dead layer at the TaAs/Ni0.8Fe0.2
interface.
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with 8-nm Ni0.8Fe0.2. This can be seen better in Fig. 8(b),
in which we use the parameters obtained from the linear fit
to draw the nonlinear behavior of the spin-torque ratio as
a function of ferromagnet thickness. We perform a sim-
ilar analysis ignoring the presence of the ferromagnetic
dead layer and obtain an unphysical negative damping-
like torque efficiency that does not agree with the positive
dampinglike torque (symmetric component of the ST FMR
spectra) measured in oxidized samples [Fig. 7(a)]. More-
over, the linear behavior of the data shows that other
possible artifacts, like spin pumping due to the inverse spin
Hall effect are not significant in the heterostructure [31].

APPENDIX F: STEM CHARACTERIZATION OF
TaAs FILMS

Samples for cross-section STEM characterization are
prepared on a FEI Helios Nanolab G4 dual-beam focused
ion-beam (FIB) instrument. The sample is coated with
amorphous carbon prior to sectioning, in order to prevent
film-surface damage by the Ga ion beam. The sample is
thinned first using a 30-keV Ga ion beam follow by 2
keV Ga ion beam to remove the damage surface layers.
HAADF STEM imaging and STEM EDX spectroscopy
are performed on an aberration-corrected FEI Titan G2
60–300 (S)TEM microscope, which is equipped with a
CEOS DCOR probe corrector, a monochromator and a
super-x-EDX spectrometer. The microscope is operated at
200 keV with a probe convergence angle of 25.5 mrad.
The inner and outer collection angles used for the HAADF
detector are 55 and 200 mrad, respectively. EDX maps
are collected and analyzed using the Bruker Espirit 1.9
software.
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