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Spintronic devices are based on heterojunctions of two materials with differ-
ent magnetic and electronic properties. Although an energy barrier is naturally
formed even at the interface of metallic heterojunctions, its impact on spin
transport has been overlooked. Here, using diffusive spin Hall currents, we
provide evidence that the inherent energy barrier governs the spin transport
even in metallic systems. We find a sizable field-like torque, much larger than
the damping-like counterpart, in Nig;Fe;o/Big1Sbg o bilayers. This is a distinct
signature of barrier-mediated spin-orbit torques, which is consistent with our
theory that predicts a strong modification of the spin mixing conductance
induced by the energy barrier. Our results suggest that the spin mixing con-
ductance and the corresponding spin-orbit torques are strongly altered by
minimizing the work function difference in the heterostructure. These findings

provide a new mechanism to control spin transport and spin torque phe-
nomena by interfacial engineering of metallic heterostructures.

Junctions formed at the contact between two different materials are
fundamental building blocks of solid-state devices. Prominent exam-
ples include junctions consisting of two materials with different elec-
tronic properties, such as metal/semiconductor junctions. When a
metal is brought into contact with a semiconductor, a potential barrier
for electrons is formed, as shown in Fig. 1a, due to the mismatch of the
work functions of the two materials'?. Since the energy barrier, known
as a Schottky barrier, governs charge transport across the interface,
energy barrier engineering plays a key role in improving the perfor-
mance of electronic devices in a variety of modern electronic
applications’.

An alternative technology that exploits the electron spin
rather than its charge, spintronics, relies on junctions consisting of
two materials with different magnetic properties*”. Emerging

spin-orbitronic technology is based on the ability to manipulate the
magnetization in magnetic/nonmagnetic-material junctions through
bulk and interfacial spin-orbit couplings®. In a magnetic hetero-
structure, a charge current applied parallel to the interface generates a
nonequilibrium spin current and spin polarization via the spin Hall
effect due to the bulk spin-orbit coupling in the heavy metal layer” and/
or the Rashba-Edelstein effect due to the spin-orbit coupling at the
interface® . The nonequilibrium spins arising from the spin-orbit
coupling exert spin-orbit torques (SOTs) on the spins in the ferro-
magnetic layer, enabling electrical manipulation of the magnetization.
Manipulation of magnetization by SOTs, including field-like (FL) and
damping:-like (DL) torques, is responsible for the development of many
ultralow-power and fast spin-orbitronic nanodevices based on spin-
orbit coupling, such as nonvolatile magnetic memories”, nanoscale
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microwave or terahertz sources”, and neuromorphic computing
devices™.

Analogous to metal/semiconductor junctions, energy barriers are
ubiquitous in solid-state devices, including spin-orbitronic devices.
Even in a metal/metal heterojunction, a difference in the work func-
tions of the two adjacent layers results in the formation of an energy
barrier, manifested by a contact potential difference. This suggests
that interface engineering of metallic heterostructures may provide a
route to control and improve the performance of spin-orbitronic
devices because the SOTs originating from the bulk spin Hall effect are
governed by spin transport across the interface™. Although the
impact of an insertion layer on spin transport and SOTs has been
investigated extensively” >, the role of inherent barriers in metallic
spin-orbitronic devices has been overlooked.

In this work, we report the observation of SOTs governed by
energy barriers inherent at metallic interfaces. By measuring SOTs for
Nig;Fe;o/Big1Sbo.o bilayers without any insertion layer, we find that the
spin Hall effect in the semimetal Big ;Sbg o layer generates a sizable FL
torque, which is several times larger than the induced DL torque, in
sharp contrast to the conventional SOTSs originating from the bulk spin
Hall effect in metallic heterostructures. Our observation shows a
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Fig. 1| Energy barrier for charge transport across interfaces. lllustration of
energy band diagrams for a, metal/semiconductor, and b, metal/semimetal con-
tacts in thermal equilibrium. When electrons are transferred from the semi-
conductor or the semimetal to the metal upon equilibration of the Fermi levels £,
the semiconductor or semimetal conduction band (CB) edge E. and valence band
(VB) edge E, will bend upwards, leading to the creation of a depletion region. Ey,¢
represents the vacuum level.

counterintuitive larger imaginary part Im[G'"] relative to the real part
Re[G"*] of the spin mixing conductance in the NigFejo/Bio1Sbo.o
bilayers, which is consistent with our theory. The theory reveals that
spin-dependent hopping and spin-independent hopping determine
the spin mixing conductance, which characterizes the spin transmis-
sion and reflection, and hence DL and FL torques in ferromagnetic-
metal/semimetal junctions. By replacing the NigFe;o layer with
Co7,Tb,g to minimize the size of the energy barrier, we show that spin
transmission across the interface becomes more efficient, as evi-
denced by a more than two orders of magnitude enhancement of
Re[G"'], leading to a large DL torque efficiency (up to 0.51) generated
by the spin Hall effect in Big ;Sbg.o. These experimental and theoretical
results demonstrate that engineering of inherent energy barriers in
metallic spintronic devices provide a route to tailor the SOTs torques.
We choose the topological semimetal Biy;Sbg o as the source of a
diffusive spin current for two reasons. First, the formation of a metal/
semimetal contact amplifies the effects of an interfacial energy barrier
on spin transport compared to conventional metallic spin-orbitronic
devices. The reason for this is that the carrier density of Bi,Sb;_, alloys
is at least an order of magnitude smaller than that of frequently used
heavy metals, such as Pt, but much larger than that of semiconductors;
the formation of a metal/semimetal contact results in an atomically
thin carrier depletion layer on the semimetal side, as shown in Fig. 1b,
which is prominent compared to that in metal/metal heterojunctions.
Second, because of the presence of “hot spots" for Berry curvature in
the Brillouin zone, the intrinsic spin Hall conductivity of Bi,Sb;-, has
been predicted to be comparable to that of heavy metals and much
larger than that of semiconductors®. Along with a well-defined surface
in Sb-rich films, these features make semimetallic Big;Sbo o a promis-
ing source of a bulk spin current (see also Supplementary Note 1).

Results

SOTs generated by spin Hall effect

We first investigate the spin transport across a NigFe;o/BigiSbo.o
interface through SOT characterization combined with drift-diffusion
analysis. Nig;Fe;o(6 nm)/Big;Sboo(t) bilayers are fabricated by radio
frequency (RF) magnetron sputtering, where the numbers in par-
entheses represent the thickness ¢ (see Methods for details). In Fig. 2a,
we show cross-sectional transmission electron microscopy (TEM)

40 ¢

Fig. 2 | Structural characterization and ST-FMR. a Bright-field cross-sectional
TEM image (upper panel) and corresponding high-resolution image (bottom left
panel) of the Nig;Fe;o(6 nm)/Big;Sbo 9(10 nm) bilayer. The bottom right panel
shows enlarged images of the selected regions indicated by the white dashed
rectangles in the Bip;Sbg o layer. b Schematic of the ST-FMR measurement on the
in-plane magnetized Nig;Fe;o/Bio1Sbo o bilayer. The applied RF current induces
effective fields, which drive precession of the magnetization M around the external
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magnetic field H (dashed arrow), where H is applied at 45° with respect to the
longitudinal direction of the device. ¢ Magnetic field H dependence of the rectified
voltage Vpix for the Nig;Fe;o(6 nm)/Big1Sbg o(10 nm) bilayer measured at room
temperature with RF current frequencies of 4-10 GHz. d Fitting result of the ST-
FMR signal for the sample used in (c) at 7 GHz. The turquoise and red curves
present the symmetric Lorentzian (VsLsym) and antisymmetric Lorentzian (VoL asym)
components, respectively.
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Fig. 3 | Characterization of SOTs and transport properties. a DL(FL) SOT effi-
ciency per electric field fgL(FL) as a function of the Bip ;Sbo o layer thickness ¢ for the
Nig;Fe;o(6 nm)/Big;Sbg o and Co7,Tb,g(6 nm)/BigSbg o bilayers. The error bars
correspond to the standard deviation from the ST-FMR measurements in multiple
devices and the linear fit to the second harmonic signals. The solid curves are fits to
the ff,L and fﬁL data obtained by employing the drift-diffusion approach given as
equations (1) and (2). Thickness ¢ dependence of b sheet resistance Ry, and

c corresponding 3D resistivity p for the Bip;Sbo o film. All measurements were
performed at room temperature. Simplified energy band diagrams of the

d Nig;Fe;o/Bi1Sbo.o, and e Co7,Tb,g/Big1Sbo.o bilayers in thermal equilibrium. At
the Nig;Fe;o/Big1Sbo. interface, electron transfer from Big;Sbg o to Nig;Fe;o occurs
to equilibrate the Fermi levels, as the work function @y e, >®gi, s, , - This results
in the creation of an electron depletion region at the atomic scale on the Big;Sbo.o
side. In contrast, at the Co,,Tb,s/Big1Sbo o interface, the difference in the work
functions gives rise to transfer of electrons from Co,,Tb,g to Bip;Sbo o because
Do, Toys <PBiy by, » AN thus, nearly no electron barrier is formed on the

Bio'lsbo'g side.

images of the Nig;Fe;o/Big1Sbo o bilayer. The TEM images show grains
with different crystallographic orientations in the Big;Sbg ¢ layer and a
distinct interface between the Nig;Fe;o and Big;Sbg o layers. The poly-
crystalline feature of the Big;Sboo layer with two preferred crystal-
lographic orientations is consistent with the X-ray diffraction results,
eliminating any possible variation in the microstructure upon chan-
ging the thickness (see Supplementary Note 1).

For the in-plane magnetized Nig;Fe;o/Bio1Sbo o films, we measure
the spin torque ferromagnetic resonance (ST-FMR) at room tempera-
ture, as shown in Fig. 2b. In the device, an in-plane RF current induces
a transverse spin current in the Big;Sboo layer, diffusing towards
the Nig,Fe;o layer. The spin transport across the Nig;Fe;o/Big;1Sbog
interface gives rise to oscillating torques with a frequency £, including
DL and FL torques, exerted on the magnetization of the NigFejo
layer under the FMR condition. In Fig. 2c, we show representative
ST-FMR spectra at different f for the NigFe;o/BigiSboo film with
t=10nm. The ST-FMR spectra can be decomposed into symmetric
(Loym(H)=W?/[(toH — ptoHpyg)* + W?]) and antisymmetric (L ysym(H) =
W(poH — toHenp) /[(HoH — HoHpvr)” + W?))  functions™?: Vi =
VeLsym(H) + Valasym(H), where W is the spectral width, H is the external
magnetic field, and Hpvr is the FMR field. As shown in Fig. 2d, we
observe a clear symmetric component V;, determined by the DL
effective field Hp,, as well as an antisymmetric component V,, attrib-
uted to the sum of the FL effective field Hg; and the current-induced
Oersted field Ho.. We determine Hp, and Hg_ by fitting the ST-FMR
spectra at f=7 GHz**%, where the RF current /g flowing in the device is
determined with a vector network analyzer (see Supplementary
Note 2). The obtained Hp, and Hg, with different Big ;Sbg o thicknesses
are further converted to the SOT efficiency per unit electric field E,
fgum=(2€/h)p0MStFHDL(FL)/E, as shown in Fig. 3a, where e is the
electron charge, #1 is the reduced Planck constant, y is the vacuum
permeability, Mg is the saturation magnetization, and ¢ is the thickness
of the magnetic layer.

Figure 3a shows that both the magnitudes of &5, and &5, mono-
tonically increase over a fairly long length scale with increasing the
Bip.1Sbo o layer thickness ¢. We also note that the magnitude of the FL
torque efficiency &£, dominates the DL torque efficiency &5, at all ¢,
which is in sharp contrast to the SOTs in conventional ferromagnetic-

metal/heavy-metal devices, where &, is negligible compared to &5, %,

The thickness-dependent SOT efficiencies suggest that the SOTs ori-
ginate from the bulk spin Hall effect in the Big;Sboo layer. However,
unavoidable self-doping effects and the coexistence of topological
surface states (TSSs) and bulk states in the topological semimetal may
lead to anomalous thickness-dependent transport properties®’, which
can subsequently be responsible for the unexpected behavior of
thickness-dependent SOT generation. To test this possibility, we
investigate the transport properties of the Bip;Sbgo layers with dif-
ferent t. As shown in Fig. 3b, the sheet resistance Ry, of the Big1Sbo.o
film is nearly proportional to 1/¢ at room temperature. This result
indicates that the transport is dominated by the bulk conduction. In
fact, the three-dimensional (3D) resistivity p is well reproduced by an
empirical model that takes into account the carrier reflection at
the surface, as shown in Fig. 3c, demonstrating the bulk-dominated
conduction with invariable transport properties upon changing
the thickness (see Supplementary Note 3). We also note that the
temperature dependence of the conductivity, with an analysis
based on a parallel conduction model, suggests the presence of a small
hopping term incorporated into the total conduction®**', The nearly
thickness-independent contribution of the metallic channel to the
total conductivity ~0.93 reflects the disordered nature but stable
transport properties of the sputtered Big;Sboo films (see Supple-
mentary Note 4).

On the basis of the bulk-dominated conduction with the invariable
transport properties, we attribute the thickness-dependent SOT effi-
ciencies to an intrinsic bulk feature of the disordered topological
semimetal Big;Sbog. The SOTs induced by the spin Hall effect are
described by employing a drift-diffusion approach, where the spin
transport at the interface is governed by the complex spin mixing
conductance G"**%

2Py REIGT 2y, RE[GT 1 + tanh(t/Ag)] + (2P IMGT])
[2A,peispRelG1]+ tanh(e/A)]” + 24Py ImIGH )2

&, - %05 [1—sech(t/A)]
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With the extracted Bip;Sbg.o bulk resistivity, pgisp =350.3 pQcm,
equations (1) and (2) fit the ¢ dependence of &5, and &£, fairly well, as
shown in Fig. 3a, providing the real and imaginary parts of the spin
mixing  conductance as  Re[G™*]=0.023x10%0"'m?  and
Im[G™]=0.133x10" Q'm™, respectively. From the fitting, we also
obtain the spin diffusion length A;=24.8+1.0 nm, which is much
longer than that of normal metal SOT source materials, including Pt
(2.0nm)*, B-Ta (2.5nm)** and W (1.5nm)*, determined by a similar
analysis based on SOT characterization. The bulk spin Hall con-
ductivity in Big;Sbg o is extracted as o = (3.68 + 0.17) x 10°(f/2e)Q'm™
(see also Supplementary Note 5).

SOTs governed by inherent energy barrier

A striking feature of the SOT generation in the NigFe;o/BipiSbo.o
bilayers is that the FL torque and Im[G''] are much larger than the DL
torque and Re[G™], respectively, in sharp contrast to the conventional
bulk-dominated SOTs and the spin mixing conductance in metallic
devices. It is known that spin transport across a non-magnetic/mag-
netic interface is well characterized by the spin mixing conductance
based on magnetoelectronic circuit theory™. In this model, the real
part of the spin mixing conductance, Re[G'*], determines the spin
transmission associated with the DL-torque generation and the ima-
ginary part of the spin mixing conductance, Im[G'*], determines the
reflection of spins exchange coupled to the interfacial magnetization
associated with the FL-torque generation (see equations (1) and (2)).
We note that the extracted Re[G''] is more than three orders of
magnitude smaller than that of the Nig,Fe,o/Pt interface®. At inter-
metallic interfaces, Re[G''] is close to the Sharvin conductance
Ggp, = (1/h)(ek/2m)?, which is the limit of the spin mixing conductance,
where kg is the Fermi wavenumber”>%, In such system, Re[G"*] is much
larger than Im[G™*]. For a simple 3D isotropic Fermi surface, Re[G''] is
proportional to n*” because kg = (3n2n)1/ 3, where n is the carrier den-
sity, suggesting that Re[G'] is smaller for materials with lower carrier
density. However, the large difference in Re[G'}] between the Nig;Fe;o/
Bip1Sbo.o and Nig;Fe;o/Pt interfaces cannot be attributed to the dif-
ference in the carrier density between Big;Sboo and Pt; the carrier
density of the disordered Bip;Sboo film is in the range of
0.1x10%cm3<n<12x10%cm™ (Supplementary Note 6), while that
of Ptis 1.6 x 102 cm™, giving a Re[G"V] (Pt)/Re[G™] (Bio.1Sbo o) ratio of
less than 30. Here, the small Re[G"*] in the Nig;Fe;o/Big1Sbo.o bilayer is
also confirmed by measuring the magnetic damping (see also Sup-
plementary Note 7).

The unconventional feature of the SOTs and spin mixing con-
ductance in the Nig;Fe;o/Big 1Sbg.o heterostructure can be attributed to
the formation of an energy barrier at the interface. At the interface of
metallic heterostructures, a mismatch of the work functions ¢ of the
two metals leads to the formation of an interfacial energy barrier,
arising from the creation of a carrier depletion region. In the Nig;Fe;o/
Bio1Sbo o junction, the work function of Nig,Feyo is @i, re,, =4-83 ev,
while that of ¢g;_ sy, , is estimated to be @g; s, , ~4.55 €V by adopting
a two-component alloy model with the work functions of Bi and Sb
(Supplementary Note 8). As a result, electron transfer from the
Bio1Sbo o layer to the Nig;Fe;o layer appears upon equilibration of the
Fermi levels, resulting in the formation of a depletion region of elec-
trons at the atomic scale in the vicinity of the Big;Sboo side of the
Nig;Fe;o/Big1Sbo.o interface. Since the resulting barrier at the Nig;Fe;o/
Big1Sbo o interface is much thinner than that at metal/semiconductor
interfaces, no signature of the barrier can be found from current-
voltage measurements across the interface. Nevertheless, we observed
the unconventional feature of the spin mixing conductance; Im[G'*] is
much larger than Re[G'] in the metallic bilayer, which suggests sizable
incident spin reflection at the interface. This result is in sharp contrast
to the conventional wisdom that Im[G'*] is very small in metallic
interfaces**, This observation demonstrates that even the ultrathin
inherent barrier governs the spin mixing conductance and the

corresponding SOT generation, which has been overlooked so far.
Note that this energy barrier occurs for the transport of both electrons
in the conduction band and holes in the valence band from the
BipiSbo layer to the Nig,Fe;o layer. Regarding the energy band dia-
gram, a distinct feature of semimetals is that the Fermi level is located
above the conduction band minimum and below the valence band
maximum (Fig. 1b), rather than pinned in the band gap as in semi-
conductors (Fig. 1a). Since the Fermi level of BigiSbo lies less than
~0.16 eV above the conduction band maximum at the L point in the
Brillouin zone**, the interfacial charge transfer gives rise to an electron
energy barrier for the spin transport from the BigSboo layer to the
Nig;Fe;o layer. Since the conduction of the Big;Sbg ¢ layer is dominated
by hole transport (Supplementary Note 6), taking the hole spin
transport across the interface into account is essential. In describing
the hole injection from the Big;Sbo o layer to the Nig;Fe;o layer, or its
equivalent electron transport from the NigFe;o layer to the valence
band of the Biy;Sboo layer, one can expect an even higher energy
barrier owing to the band bending of the valence band above the Fermi
level, as illustrated in Fig. 3d. This corresponds to an energy barrier for
the hole spin transport.

To uncover the microscopic origin of the large imaginary part of
the spin mixing conductance in the Nig;Fe;o/Big1Sbg o bilayer, we model
the depletion region and emergent energy barrier between magnetic-
metal and semimetal layers by an interfacial potential barrier consisting
of a spin-independent part and a spin-dependent part. Within the
microscopic tight-binding formalism, we model the electron hopping
through this interfacial potential barrier by a spin-independent hopping
amplitude 6t and a spin-dependent hopping amplitude J (see Fig. 4a).
Using a 3D scattering formalism*"~*°, we compute the real and imaginary
parts of the spin mixing conductance (Supplementary Note 9). Fig-
ure 4b, ¢ summarize our analytical results. In Fig. 4b, we show that
depending on the spin-dependent hopping amplitude /, the imaginary
part of the spin mixing conductance may be an order of magnitude
larger than its real part. Notably, another significant feature is that the
interfacial hopping modifies the real part of the spin mixing con-
ductance, which may lead to orders of magnitude enhancement with
decreasing size of the energy barrier, as shown in Fig. 4c.

Energy barrier engineering of SOTs
To verify the generality of the concept of an energy barrier effect on
spin transport across metallic heterostructures, we perform a cross-
check by quantifying the SOT efficiency for perpendicularly magne-
tized Co7,Tbyg(6 Nnm)/Big1Sbg o(¢) films with another widely used har-
monic technique. The choice of the Tb-based metallic magnet is due to
the low work function of Tb (3e V), which can minimize the effect of an
energy barrier compared to the NigFe;o/BipiSboo films. The work
function of Co7,Tbas is Pco,1h,, ~4-47 eV(<Pg;, sp,, ~4-55€V), and
hence there is nearly no energy barrier formed on the Big ;Sbg ¢ side, as
illustrated in Fig. 3e. We employ the out-of-plane angular-dependent
harmonic Hall measurement technique to characterize the direction
and magnitude of the DL torque for the perpendicularly magnetized
device at room temperature (see Fig. 5a)*°.

In Fig. 5b, we show the first and second harmonic Hall resistances,
R, and R,,, measured by rotating the external magnetic field in the xz
plane. In this result, the contributions from the ordinary Hall effect and
the ordinary Nernst effect have been subtracted from the measured
first and second harmonic signals, respectively (Supplementary
Note 10). We estimate the out-of-plane angle 6y, of the net magneti-
zation at each magnetic field angle 8,, using 8,, = arccos(R,,/Rae) — T,
where Raye is the anomalous Hall coefficient. Here, the — term arises
from the fact that the transport measurement detects the direction of
the magnetization of Co because the 4f band of Tb is well below the
Fermi level, while the net magnetization is dominated by Tb in the
Co7,Tb,g film. As shown in Fig. 5b, the change in R,, as a function of Gy
opens upwards, which is consistent with the picture of Tb-dominated
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Fig. 4 | Theoretical modelling. a (Left) Schematic setup of the semimetal/ferro-
magnetic-metal heterostructure and induced depletion region at the interface.
(Right) Semi-infinite 3D cubic lattice structure and its relevant parameters used for
the tight-binding model. The ferromagnetic metal is modelled by a 2D layer as a
boundary condition with a hopping integral ¢,, while the semimetal layer is mod-
elled by a semi-infinite region with a hopping integral ¢, and J is the exchange
coupling between the spin of conduction electrons in the semimetal layer and

magnetic moments in the ferromagnetic layer. / and 6t = t, - ¢,, effectively repre-
sent spin-dependent and spin-independent hopping across an energy barrier
induced by the depletion region. b Ratio between the imaginary and real parts of
the spin mixing conductance G™ as a function of spin-independent interfacial
hopping amplitude 6t and spin-dependent interfacial hopping amplitude /. ¢ Real
part of the spin mixing conductance Re[G"*] as a function of &t for various J.
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Fig. 5 | Harmonic signals and temperature dependence of SOT. a Schematic of
the out-of-plane angular-dependent harmonic Hall measurement on the perpendi-
cularly magnetized Co7,Tb,g/Big1Sbo.o bilayer. An alternating current is applied
along the longitudinal direction of the device with an external magnetic field H
rotating in the xz plane, where the magnetization coherently rotates with H. The
magnetization angle 6, represents the angle between the net magnetization and film

normal directions. b First R, and second R,,, harmonic signals as a function of the
magnetization angle 6y, for the Co,,Tb,g(6 nm)/Big1Sb o(10 nm) bilayer at room
temperature. The signals were recorded simultaneously under different external
magpnetic fields, 1.2 to 3.9 T. ¢ DL torque efficiency per electric field &, EL as a function
of temperature T for the Co;,Tb,g(6 nm)/Big;Sbo.o(10 nm) bilayer. The error bars
denote the standard deviation from the linear fit to the second harmonic signals.

net magnetization. Using dR,,/d(sinBy)= — RONE — (1/2)RupeHpy
[1 — 4(Rpye/Rane)?)/(H + Hy), we determine the DL torque efficiency
&E| for the Co7,Tb,g/Bio 1Sboo film, where RANE is the second harmonic
signal due to the anomalous Nernst effect, H is the anisotropy field,
and Rpye is the planar Hall resistance (Supplementary Notes 10 and 11).
In Fig. 3a, we plot the DL torque efficiency for the Co;,Tb,g/Big1Sbo.o
film. This result provides further evidence of the thickness-dependent
€EDL. The sign of $EDL in the Co7,Tb,g/Big 1Sbg o film is the same as that in
the Nig;Fe;o/Big1Sbo.o film but opposite to that generated by a Co-Tb
single-layer film*, supporting that the DL torque originates from the
bulk spin Hall effect in the Big;Sboo layer.

We find that the topological semimetal Big;Sboo becomes an
efficient source of the SOT through energy barrier engineering, i.e.,
minimizing the mismatch of the work functions of the magnetic
layer and the Big;Sboo layer. Figure 3a shows that the fgL of the

Co7,Tb,g/Big1Sbg o bilayer is more than eight times greater than that of
the Nig;Fe;o/Big1Sbo o bilayer when ¢ =26 nm. These sizable DL torques
are further confirmed by performing magnetization switching on
Co7,Tb,g/Big1Sbo e with strong perpendicular magnetic anisotropy
(see Supplementary Note 12). Note that a DL-torque enhancement due
to an exchange torque near the magnetization compensation point,
such as that observed in Co,-,Gd,/Pt™, is unlikely to occur in the
Co7,Tb,g/Big1Sbg o films since the spin Hall angle is nearly unchanged
in Co,,Tb,/Ta upon changing the Tb concentration®>. We also note
that the clear difference in fEDL between the Nig;Fe;o/Big1Sbo o and the
Co7,Tb,g/Big1Sbg o films cannot primarily be attributed to a potential
discrepancy in the estimated efficiencies produced by the different
characterization techniques?”.

The enhancement of the DL torque efficiency is more
likely associated with an enhancement in Re[G'']. We obtain

Nature Communications | (2023)14:5187



Article

https://doi.org/10.1038/s41467-023-40876-9

Re[G™V]=7.11x 10830 'm™ at the Co,,Tb,g/Big1Sbo.o interface by fitting
the ¢ dependence of fEDL for the Co7,Tb,g/BigiSboo bilayer using
equation (1) with the o5 and Apg;s;, values obtained from the results for
the NigFeo/BigiSboo device and under the assumption of
Im[G"*] <« Re[G™] due to the vanished energy barrier (see also Sup-
plementary Note 13), where the dimensionless parameter of the spin-
dependent hopping is expected to be in the range of 0.5 to 1. This
result suggests that Re[G™*] is enhanced by more than two orders of
magnitude by replacing Nig;Fe;o with Co;,Tb,g. The estimated value of
Re[G''] at the Co,,Tb,g/Big:Sbo.o interface is close to the Sharvin
conductance of Big;Sbgo, which is in the range of 3x10®Q™m™ to
17 x 108 O'm™. Here, the maximum EEL in the Co7,Tb,g/Big1Sbg o film
corresponds to the dimensionless DL torque efficiency, or the effective
spin Hall angle, of EDL:EELp:O.SIiO.IS (see also Supplementary
Note 1). This value is larger than that in SOT devices with widely used
heavy metals, such as Pt and Ta, and is comparable to that in a SOT
device with a recently proposed heavy metal alloy, Aug »sPtg7s, with
&pL =0.35* (see Supplementary Table I).

To further capture the characteristics of the SOTs originating
from the spin Hall effect in topological semimetals, we measure tem-
perature T dependence of the DL torque efficiency fEL for the
Co07,Tb,g(6 nm)/Big 1Sbo (10 nm) film, where the interfacial barrier can
be neglected. As shown in Fig. 5c, 6,51 is almost independent of Tin the
Co7,Tb,g/Big1Sbo o bilayer. This result is different from the T depen-
dence of the DL torque efficiency in heterostructures consisted of
Bi/Sb multilayers (Bi,Sb;-,) and CoFeB, where the DL torque efficiency
has been found to be suppressed at low 7. We note that the spin
transport in the Bi,Sb;-,/CoFeB film can be affected by an interfacial
barrier. In the Bi,Sb;_,/CoFeB films, the CoFeB layer is interfaced with
Bi. Since the work function of Bi, 4.34 eV, is smaller than that of CoFeB,
4.83 eV, an energy barrier is formed at the Bi,Sb;_,/CoFeB interface.
The observed T-dependent behavior in the Bi,Sb,_,/CoFeB films can be
understood in terms of spin transport modulated by the thermionic
emission; in the presence of the energy barrier, the thermal activation
of electrons plays an important role in the electron transport across
the interface, which subsequently modifies the spin transport and
torque generation efficiency. The suppression of the torque efficiency
at low T in the Bi,Sb,_,/CoFeB structure might be highly related to the
suppression of the spin transmission due to the thermionic emission.
In contrast to the BiSb;_,/CoFeB structure, no energy barrier is
expected to be present at the Co,,Tb,g/BigSbos interface, and thus
this mechanism is absent in the Co,,Tb,g/Big;1Sbo o bilayer.

The nearly T-independent &5, observed for the Co,,Tb,g/Bio1Sbo.o
bilayer is consistent with the torque generation originating from the
bulk spin Hall effect and spin transmission free from an energy barrier.
Considering the fact that the bulk resistivity of the Big;Sboo layer
(350.3 pQm) falls in the dirty metallic regime, the spin Hall conductivity
or EL should scale with the electrical conductivity of the Big;Sbg o layer.
However, we found that a change in the conductivity of the Big;Sbo.o
layer is only less than 9% upon lowering T from 300K to 20K
(see Supplementary Note 4). This result indicates that the spin Hall
conductivity barely changes with T, which is consistent with the nearly
T-independent § SL, shown in Fig. 5c. While nontrivial surface states may
also be present in the Bip1Sbo o layer (see Supplementary Note 14), the
T-independent behaviour eliminates the possible contribution from the
surface states to the DL torque because this contribution is expected to
be enhanced at low 7°°*. The minor role of the surface states in gen-
erating the DL torque is consistent with the strong Big ;Sbg o-thickness
dependence of the DL torque efficiency, shown in Fig. 3, which evi-
dences the bulk-dominated DL torque generation.

Summary and outlook

In this work, we have presented the concept of the SOTs governed by
an inherent energy barrier in metallic contacts. Experimentally, by
measuring the ST-FMR, we found that the DL and FL torque efficiencies

in the Nig;Fe;o/Bio1Sbo.o bilayer increase with the Big;Sbg o thickness,
indicating that both SOTSs originate from the bulk spin Hall effect. This
finding allows us to analyze the Big ;Sbg o-thickness dependence of the
DL and FL torque efficiencies based on the drift-diffusion approach
where the interfacial spin transfer is characterized by the spin mixing
conductance. This analysis enables us to extract the real and imaginary
parts of the spin mixing conductance as Re[G"*]=0.023 x 10" Q'm™
and Im[G™] = 0.133 x 10" Q’m™?, respectively. The extracted real part
of the spin mixing conductance is two-orders of magnitude smaller
than the Sharvin conductance of Big;Sbg. This finding supports the
existence of an interfacial energy barrier, which is consistent with the
analysis of the work function mismatch. The crucial role of the inter-
facial barrier in generating the SOTSs is further supported by our cal-
culation. As a cross-check, we also aimed to quantify the SOT
efficiencies in a Big;Sbg.o-based system without an interfacial energy
barrier. From our analysis of work function mismatch, we found that
the Co7,Tb,g/Big1Sboo bilayer meets this requirement. However, the
large magnetic damping in Co;,Tb,g makes it difficult to quantify the
SOT efficiencies for the Co7,Tb,s/BigiSboo bilayer by the ST-FMR.
Therefore, instead of ST-FMR, we used the second harmonic techni-
que, which is widely considered to be the most reliable for char-
acterizing the SOT efficiency of perpendicularly magnetized films. By
taking into account all possible contributions, such as Nernst signals,
we extracted the DL-SOT efficiency for the Co,,Tb,g/Big1Sbg o bilayer.
The result shows that the DL-SOT efficiency of the Co7,Tb,g/Big1Sbo.o
bilayer is clearly higher than that of the Nig;Fe;o/Big1Sbo o bilayer. The
corresponding real part of the spin mixing conductance, Re[G"']
=7.11x102Q'm™, of the Co7,Tb,g/BigiSboo bilayer is found to be
close to the Sharvin conductance, as expected from the minor role of
the interfacial barrier due to the lower work function of Co;,Tb,s.

The above experimental and theoretical observations support the
scenario that an inherent barrier governs the SOT generation even in
metallic contacts. However, the use of the two different experimental
techniques for the SOT characterization could potentially lead to a
large discrepancy between the estimated torque efficiencies if artifact
contributions dominate the detected signals. To avoid this risk, we
have carefully designed our experiments to clarify the role of an
interfacial energy barrier in the generation of the SOTs. This includes
the comparison of the FL and DL torque efficiencies, the evaluation of
the spin mixing conductance, the analysis of work function mismatch,
and the development of the theoretical model. We have carefully
checked the validity of the ST-FMR analysis (see Supplementary
Note 2). We also note that the tiny Re[G"*] suggested by the SOTs in the
Nig;Fe1o/Big1Sboo bilayer is supported by the magnetic damping
measurement (see Supplementary Note 7). We believe that these
results provide evidence for the essential role of the inherent barrier in
the generation of the SOTs. Here, in this work, we focus on the
Co7,Tb,g/Big1Sbo o bilayer for the temperature-dependent measure-
ment. At the NigFeo/BipiSboo interface, the presence of finite
roughness and stacking faults can introduce atomic inhomogeneity,
potentially leading to variations in the energy barrier. Consequently,
the temperature-dependent behavior of spin transport across the
interfacial energy barrier may be more complex than a simple model of
thermionic emission®®. Further systematic studies are required to fully
understand the SOT generation in the presence of inherent barriers,
which presents an interesting topic for future research.

The SOTs observed in Nig;Fe;o/Big 1Sbo o bilayer are characterized
by the large Im[G'1/Re[G™] ratio even though their origin is the bulk
spin Hall effect. This character is different from the widely studied
SOTs associated with interfacial spin-orbit coupling in metallic
systems®. In the latter scenario, the interfacial spin-flip scattering
modulates the spin transmission probability across the interface,
where the discontinuity of the spin current depends on the strength of
the interfacial spin-orbit coupling. This effect, known as spin memory
loss, is manifested as a vanishingly small Im[G™] compared to Re[G"*].
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Different from this scenario, our experimental and theoretical results
show that an energy barrier due to the formation of a carrier depletion
region governs the spin mixing conductance by modifying the ampli-
tudes of the spin-dependent and spin-independent hopping. This
subsequently has a significant impact on the generation of FL and DL
torques.

The role of interfacial barriers in electrical spin injection in
ferromagnetic-metal/semiconductor junctions has been dis-
cussed over the past two decades. The role of interfacial barriers
in the SOT generation by the spin Hall effect is clearly different
from that in the electrical spin injection into semiconductors. In
the electrical spin injection into a semiconductor, an electric
voltage is applied across a ferromagnetic-metal/semiconductor
interface. An interfacial barrier, including a Schottky barrier and
an artificial insertion layer, has been used to improve the spin
transmission efficiency across the interface because it allows to
circumvent the impedance mismatch problem®. In contrast, in the
SOT generation by the spin Hall effect, incident spin reflection is
promoted by an inherent barrier, resulting in the sizable FL tor-
que in the metallic bilayers. It is important to note that due to the
extremely low spin transmission probability across Schottky or
oxide-insertion layers in the diffusive regime, it has been chal-
lenging to investigate the generation of SOTs through a combi-
nation of experimental and theoretical studies. Our results
demonstrate that an ultrathin energy barrier, naturally formed at
the magnetic-metal/semimetal interface, significantly impacts the
spin mixing conductance. This provides a unique opportunity to
uncover the physics of the generation of SOTs in metallic
heterostructures.

Our experimental and theoretical results demonstrate that
energy barriers inherent in metallic spintronic devices are the key
to control the FL and DL torques. The high carrier density of
heavy metals limits the efficient control of the spin Hall effect and
SOTs. The advantages of semimetals, such as Big;Sbg.o, in terms
of their relatively low carrier density with sizable SOT generation
efficiencies allow to create ultrathin energy barriers, providing a
possible route to simultaneously tailor the FL and the DL torques.
Of particular importance is that the results open a route to tailor
the FL torque by interface engineering. Recent advances in spin-
orbitronics have demonstrated the crucial role of the FL torque in
spin-orbitronic phenomena and functionalities. In particular, the
FL torque dynamically influences the magnetic domain wall chir-
ality, which is a key element for improving the SOT switching
efficiency®® and realizing unipolar magnetization switching®.
More recently, a large FL torque is predicted to be crucial for
ultrafast and highly efficient field-free switching®.

The formation of an interfacial energy barrier in semimetal-based
heterojunctions is a general effect when the Fermi level of the semi-
metal lies above that of the metal. Given the growing interest in uti-
lizing novel materials such as topological semimetals, including Dirac
and Weyl semimetals®>**, and metallic van der Waals ferromagnets®>°¢,
our results highlight the crucial role of interfacial energy barriers in the
pursuit of high-performance spintronic devices. Moreover, the impact
of inherent barriers on the spin mixing conductance is not only
important for the generation of SOTs but also for a variety of phe-
nomena induced by spin transport, such as spin Hall magnetoresis-
tance, spin Seebeck effect, and spin pumping. Therefore, our results
shed light on the importance of inherent energy barriers, ubiquitous in
heterojunctions, in the engineering of spintronic devices and under-
standing of spintronic phenomena.

Methods

Device fabrication

All films were grown on thermally oxidized Si substrates at room
temperature by RF magnetron sputtering. A Big;Sboo layer with a

thickness ¢ ranging from 6 to 70 nm was first deposited using a com-
posite Big ;Sbg o target with the base pressure of the chamber less than
1x107 Pa. The composition of the Big;Sbgo films was confirmed by
energy-dispersive X-ray spectroscopy. The Ar pressure during the
deposition was fixed at 0.25Pa, and an RF power of 70 W yielded a
sputtering rate of 3.2 A/s. For the transport measurements, the
Bio.1Sbo o single-layer films were patterned into Hall bars with a width
of 250 um and a length of 1050 pm using the shadow mask technique.
The film surface was capped by 2.5 nm-thick Al,O3 to prevent oxida-
tion. For the devices used for ST-FMR measurements, the Nig;Fe;9 layer
was grown on the Big;Sbgo layer at a deposition rate of 0.5 A/s, fol-
lowed by a 2.5 nm-thick Al,O5; capping layer. The bilayer films were
patterned into rectangular strips with a width of 7 um and a length of
49 um by photolithography and lift-off techniques. For the devices
used for second harmonic measurements, the Co,,Tb,s layer was
prepared by cosputtering Co and Tb targets directly on top of the
Bio1Sbo o layer and subsequently capped by 3 nm-thick Al to prevent
oxidation. The RF power for the Co target was 120 W, and that for the
Tb target was 49 W. The composition of the films was determined from
the well-calibrated deposition rate. For the second harmonic mea-
surements, the films were patterned into Hall cross bar devices with a
width of 10 pm and a length of 40 pm using photolithography with a
negative resist followed by Ar-ion milling and lift-off techniques.

Spin-torque ferromagnetic resonance

The SOTs of the in-plane magnetized Nig;Fe;o/Bio1Sbo o bilayer films
were characterized by ST-FMR. For the measurement, an RF current
was applied to the device along its longitudinal direction using
an analogue signal generator. The rectified voltage generated from
the mixing of the RF current and the oscillating resistance due to the
magnetization precession of the NigFe;o layer was detected on the
inductive side of the bias tee with a nanovoltmeter. To measure the RF
current flowing in the device, the transmission and reflection coeffi-
cients were determined using a vector network analyser in the relevant
frequency range (4-10 GHz).

Second harmonic measurements

For the perpendicular magnetized Co,,Tb,g/Big1Sbg o bilayer films, we
employed the out-of-plane angular-dependent harmonic Hall mea-
surement technique to characterize the SOTs. This method allows
contributions from the anomalous Nernst effect and the ordinary
Nernst effect to the second harmonic voltage to be eliminated. The
latter can dominate the signal, leading to overestimation of the spin
Hall conductivity in topological insulators and semimetals. During the
measurement, an alternating current with a frequency of 85Hz was
injected into the device using a multifunction generator. The magnetic
field slightly deviated from the film normal direction and was rotated
in the out-of-plane direction of the sample, where the net magnetiza-
tion coherently rotated with the external field and no magnetic mul-
tidomains were formed. The first and second harmonic Hall voltages
were simultaneously detected using two lock-in amplifiers triggered at
the same frequency by a current source.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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