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Topological insulator spin-momentum locked surface states have been of interest for their contribu-
tion to highly efficient charge-to-spin conversion. However, the potential interactions between spin states
in topological insulators and orbital momentum from light metals remain unexplored. Here, leveraging
orbital and spin torques in the ferromagnet/Cu/Bi0.85Sb0.15 heterostructure, a significant enhancement in
dampinglike spin efficiency of up to six times is observed. We establish that the underlying mechanism
for the improvement is due to the enhanced crystallinity of the topological insulator when Cu is used as
an interlayer, coupled with substantial bulk orbital momentum generated by the light metal Cu. This com-
plementary combination of topological insulators and light metals exceeds their individual contributions,
laying critical groundwork for effective performance.
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I. INTRODUCTION

Investigating the fundamental mechanisms responsible
for the spin Hall effect has contributed to the discovery of
topological physics [1–21], as well as of the orbital Hall
and orbital Rashba effects [22–36]. In a 3D topological
insulator (TI), topologically protected spin-polarized sur-
face states surround topologically insulating bulk states
with a preserved time-reversal symmetry [8–21]. These
topological spin-polarized textures can be electrically con-
ducted into the ferromagnet to produce nonequilibrium
spin torques on magnetization [37,38]. The TI-induced
spin torques produce a large dampinglike field, which
enables the ultralow-powered electrical control of mag-
netization. One key property of TIs is the resistance of
topological surface states to lattice distortions or defects
due to time-reversal symmetry [3,21]. This property has
enabled TIs, such as BiSb, to be sputtered and display
large spin torques in charge transport measurements [8–
11,37–50]. In BiSb, the crystallographic orientation of the
BiSb(012) plane intersects the Brillouin zone across three
Dirac cones at �̄, M̄, and X̄, which is most crucial for
spin-torque generation [40].

Apart from TIs, heavy metals (HMs) have been the
conventional spin-torque source, which utilizes strong
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spin-orbit coupling to generate and inject spin currents into
adjacent ferromagnets (FMs). However, in sharp contrast,
light metals with weak spin-orbit coupling have been rig-
orously studied in recent years as a new family of torque
sources [25–36]. In light metals, orbital torque arises from
the transverse momentum generated in localized electron
orbitals under an externally applied electric field that can
exert torque on magnetic films even under weak spin-orbit
coupling (SOC) [31–35]. Leveraging the complementary
effects of the light metals and the 3D topological insula-
tors holds significant promise for enhancing spin-torque
efficiency.

Here, we investigated the dampinglike spin-torque effi-
ciency for a range of thin interlayer materials, including
Cu, Ti, and Pt, in a perpendicularly magnetized [Pt/Co]6
multilayer and polycrystalline BiSb heterostructure. The
Cu interlayer demonstrated the strongest enhancement
in dampinglike efficiency, owing partly to the improved
BiSb(012) crystallinity when deposited on top of the Cu
layer, as verified via an x-ray diffraction (XRD) analysis
(for details, see Figs. 5–8 within the Appendix). When
the thickness of the Cu interlayer is increased, the par-
tial contribution of the orbital torques from the bulk of
the Cu layer property was observed. Several permuta-
tions of the FM/Cu/BiSb heterostructure were fabricated
to conclusively demonstrate the complementary natures of
the Cu and BiSb layers that generate torque beyond their
individual contributions.
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II. EXPERIMENTAL PROCEDURE

Figure 1(a) shows a schematic of the sample structures.
All the samples were grown at room temperature by using
an AJA ultrahigh vacuum magnetron sputtering system.
The base pressure was below 6 × 10−8 Torr and the sput-
tering pressure was 2 mTorr with an argon flow rate of
20 sccm.

Co, Pt, and Ti were deposited using 50 W of dc
power, while BiSb was deposited using 25 W of rf
power. Deposition rates were calibrated using atomic
force microscopy (AFM) measurements of the film thick-
ness over extended deposition periods (700–1000 s) per
material.

A Ti (2 nm) seed layer was deposited on Si/SiO2
substrates for good film adhesion. The deposited ferro-
magnetic [Pt/Co]6 multilayer, which has perpendicular
magnetization, was first sputter-grown on silicon sub-
strates, followed by an interlayer/BiSb stack. Different
interlayer materials consisting of Cu, Ti, and Pt were
chosen for investigation. The bottom and top Ti (2 nm)
layers served as adhesion and capping layers, respectively.
Spin-torque efficiency was obtained by measuring Vω and
V2ω with respect to a longitudinal magnetic field regime
[51]. The adiabatic frequency of the alternating charge
current was 307.1 Hz. The charge current density j AC
was varied in steps of 1 × 109 Am−2 from 2.5 × 1010 to
3.0 × 1010 Am−2, corresponding to an applied alternat-
ing charge current of 0.20–0.24 A prior to insertion of
any interlayer. The applied charge current changed accord-
ingly with the addition of a thicker interlayer, maintaining
the same applied charge current densities per measure-
ment. The cross-sectional width and height were 30 µm
and (40.4 + x) nm, where x refers to the thickness of the
interlayer.

III. RESULTS AND DISCUSSION

Cu and Ti are light spin-orbit coupling materials as
opposed to the heavy metal Pt, which has strong SOC.
These interlayers are grown below the BiSb layer, lead-
ing to a significant influence on the BiSb crystal growth.
Figure 1(b) shows the resulting dampinglike field per unit
charge current density HDL/jBiSb measured by using the
harmonic Hall technique [51]. The baseline HDL/jBiSb from
that of the BiSb layer without any interlayer was high at
(640 ± 20) Oe MA−1 cm2 due to the large spin Hall con-
ductivity of BiSb [40]. The measurements show that the
insertion of the heavy Pt and light Ti interlayers in the
heterostructures does not have any major impact on the
enhancement of the spin torque. In contrast, the insertion
of light metal Cu interlayer has contributed to the rapid
increase of efficiency, up to 136% at 2 nm. In the fol-
lowing sections, the mechanisms of the enhancement are
discussed and experimentally assessed.

The XRD measurements of the heterostructures reveal
that only the Cu interlayer heterostructure enables a clear
improvement to the BiSb(012) diffraction peak inten-
sity, while that of the other interlayer materials have
weakened, as shown in Fig. 2(a). The extractions of
the full-width half maximum (FWHM) from the diffrac-
tion peaks via Gaussian fitting (the details can be found
in Fig. 5 within the Appendix) and the estimation of
the crystallite size, D, through the Scherrer equation,
D = Kλ/FWHM(2θ) cos(θ) [52], as shown in Fig. 2(b),
confirm an aligned result where only the Cu interlayer
heterostructure shows improved crystallinity. The com-
plementary alignment in trend between spin-torque effi-
ciency from Fig. 1(b) and crystallite size in Fig. 2(b)
implies the correlation of BiSb(012) ordering to the
measured spin-torque efficiency in the FM/spacer/BiSb

Ti (2 nm)

Bi0.85 Sb0.15 (30 nm)

Interlayer ( nm)
[Pt (0.5 nm) / Co (0.5 nm)] 6

Si/SiO2 substrate 

Ti (2 nm)

(a) (b)

FIG. 1. (a) Schematic of the stack structures, where different interlayer materials of Cu, Ti, or Pt are chosen for investigation. (b)
Measurements of the dampinglike efficiency, normalized to charge current density in the BiSb, for different interlayer thicknesses and
materials.
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(a) (b)

FIG. 2. (a) XRD plots of the measured BiSb(012) peaks for each sample with a Pt, Ti, and Cu interlayer, and (b) the BiSb(012)

crystallite sizes of the samples extracted from the XRD measurements as the interlayer thicknesses are varied.

structures. The increased crystallinity of the BiSb(012)

planes, observed from the increasing crystallite size, sup-
ports spin-torque generation [40,50] from the topological
insulator layer.

To probe the origins of these observed complementary
effects, the Cu interlayer thickness-dependent damping-
like spin-torque efficiency per unit charge current density
(ξ

j
DL) measurements were carried out; the results are shown

in Fig. 3(a). By varying the Cu interlayer thickness up
to 10 nm, the dampinglike spin-torque efficiency per unit
charge current density,

ξ
j
DL = 2e

�
tFMMS

HDL

jBiSb
,

increases and peaks at an interlayer Cu thickness of 7 nm
with ξ

j
DL = 65 ± 3 before decreasing with larger Cu thick-

nesses.
In probing the linkage between crystallinity and the

spin-current behavior, the measurement of the XRD peaks
across 2θ reveals strong BiSb(012) intensity and resolution
with an increasing crystallite size up to 5 nm. This suggests
that the Cu interlayer promotes the increase of spin torques
due to Dirac state formation [40] from crystallinity-related
mechanisms up to 5 nm. Figure 3(b) shows that the BiSb
crystallite size increases with larger Cu thickness and the
BiSb(012) crystallinity reaches an optimum level with a
plateau at 3–5 nm. Beyond 5 nm, it degrades at ∼1.0–1.5%
per nanometer with a further increase of the Cu thickness.
This implies that the BiSb(012) crystallinity accounts for
ξ

j
DL with thinner interlayers between 0 to 5 nm, beyond

which the continued increase in ξ
j
DL suggests the presence

of a bulk effect scaling with the Cu interlayer thickness.
Both the trend of increasing spin-torque efficiency, ξ

j
DL,

and crystallite sizes, D, align at small Cu thicknesses.
However, for Cu thicknesses above 5 nm, the ξ

j
DL value

continually rises to its peak at about 8 nm while the

BiSb(012) crystallite size starts to degrade. While part
of the increase in the ξ

j
DL values can be attributed to the

improved BiSb crystallinity, the divergent trend of the
ξ

j
DL values and the BiSb(012) crystallite size within a Cu

thickness of 3–7 nm suggests that the Cu interlayer partly
accounts for the peaking of theξ j

DL value at 8 nm, inde-
pendent from the BiSb(012) crystallinity factor above a
Cu thickness of 5 nm. Thus, both the conduction of the
spin-current and the orbital torques generated in the Cu
interlayer contribute to the total torque exerted on the
FM. Moreover, ξ

j
DL is limited at larger Cu thicknesses

beyond its peak value due to the detriment of the wors-
ening BiSb crystallinity overcoming the improvements
introduced by Cu.

Figure 3 shows that spin-torque efficiency remains ele-
vated due to the bulk orbital Hall contributions, even
beyond crystallinity peaks at intermediate Cu thicknesses,
highlighting the complementary roles of BiSb(012) crys-
tallinity and orbital momentum generation and transfer
for enhancing spin-torque performance. This interplay is
a central theme of our study; we have carefully designed
our experimental framework to capture and analyze these
mechanisms.

At ultrathin Cu interlayer thicknesses, spin-torque effi-
ciency strongly correlates with BiSb(012) crystallinity,
indicating a dominant interfacial contribution. In contrast,
at larger Cu thicknesses, the systematic enhancement of the
orbital momentum is reflected by the increased spin-torque
efficiency, demonstrating significant bulk contributions
from the Cu interlayer.

The observed deviations between the BiSb(012) crys-
tallite size and spin-torque efficiency underscore the com-
plementary roles of these mechanisms. Specifically, while
crystallinity peaks at intermediate Cu thicknesses, torque
efficiency remains elevated due to the bulk orbital Hall
contributions, which operate independently and collabora-
tively with interfacial topological surface states.
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(a) (b) (c)

FIG. 3. (a) Measurements of the spin-orbit torque efficiency across a range of Cu interlayer thicknesses. The dotted lines serve as a
guide for the eyes. (b) Change in crystallite size of BiSb(012) with Cu interlayer thickness. (c) Average induced out-of-plane effective
field H z

eff for the Cu interlayer samples over the absolute value of direct current I dc injected under an in-plane field Hx =+2 kOe and
an externally applied out-of-plane field Hz = +220 Oe.

To characterize the switching behavior of the samples,
the induced effective out-of-plane field H z

eff was measured
and plotted over the applied absolute direct current. Here,
H z

eff reflects the effective out-of-plane field exerted by
switching torques, which has been widely used in vari-
ous studies to characterize trends in spin-torque efficiency
[53–55]. The parameter H z

eff provides a robust indication
of the efficiency of switching torques, particularly in sys-
tems where direct switching measurements are hindered by
high coercivity, which ensures measurements are not con-
founded by stochastic effects prevalent in low coercivity
systems.

As shown in Fig. 3(c), H z
eff increases systematically with

greater Cu interlayer thickness. At an absolute direct cur-
rent of 0.8 mA, a maximum H z

eff is 14.6 and 4.83 times
higher in 10-nm Cu and 4-nm Cu samples, respectively,
compared with a 0-nm Cu sample. This enhancement is
attributed to the enlarged orbital momentum generated
by the additional Cu atomic layers, which amplifies the
spin Hall angle by providing a stronger source for spin-
torque conversion in the ferromagnetic layer. The observed
improvement in H z

eff directly reflects spin-torque efficiency
driven by the orbital Hall and orbital momentum transfer
effects.

To uncover the interplay between the Cu interlayer and
the BiSb layer that provides the observed large spin torque,
a series of samples with permutations of the FM/Cu/BiSb
heterostructure and reference samples were fabricated, and
their ξ

j
DL values were measured, as shown in Fig. 4(a).

Firstly, by comparing FM/Ti (2 nm), FM/Cu(2 nm), and
FM/Pt(2 nm), i.e., Samples S1, S2, and S3, respectively,
we note that for the same interlayer thickness, Sample S3
has a larger ξ

j
DL value of 0.51 ± 0.01 due to the property

of a large spin-orbit coupling in the heavy metal Pt. How-
ever, when the Cu thickness was increased from 2 to 10 nm
in Sample S4, the ξ

j
DL value increased further to 1.6 ± 0.2,

consistent with the presence of strong orbital torque orig-
inating from the light metal. On the other hand, Sample
S7, i.e., FM/BiSb, has a significantly larger ξ

j
DL value at

10.8 ± 0.7 for the contributions from the TI property. By
using the Cu(10 nm) as an interlayer between the FM and
the BiSb film, as revealed by the measurement of Sam-
ple S5, the ξ

j
DL value increases significantly to 50 ± 12,

exceeding the individual contributions by Cu and BiSb.
This result suggests that the pairing of Cu as an interlayer
with BiSb leads to greater spin-torque efficiency per unit
current density than from the individual Cu or BiSb thin
films alone due to a combination of BiSb(012) crystallinity
and orbital torques arising from the Cu interlayer.

To further clarify any interfacial effects at the Cu/BiSb
interface, an additional sample with a 1-nm-thick MgO
layer inserted between the Cu and the BiSb was prepared.
The measured dampinglike spin efficiency per unit cur-
rent density value, ξ

j
DL, of the sample with the disrupted

Cu/BiSb interface was lowered by 22% to 37.3 ± 0.7 but
remains significantly larger than that of the BiSb without
any interlayer, i.e., 10.8 ± 0.7. Thus, the interfacial contri-
bution of the Cu/BiSb interface plays a minimal role in the
spin torque, while the bulk of the Cu layer contributes sig-
nificantly to the ξ

j
DL enhancement originating from orbital

torques.
The observed 25% reduction of the spin Hall angle

upon MgO insertion in Fig. 4(a) can be attributed to a
combination of factors, including crystallinity degradation
and spin transmission limitations. The minor decrease in
BiSb crystallinity likely reduces the quality of topolog-
ical surface states, partially accounting for the reduced
spin-torque efficiency. Additionally, the MgO layer, act-
ing as an insulator, introduces additional resistance to
spin-current transmission across the interface, providing a
further contribution to the observed reduction. These fac-
tors, considered together, suggest that the contribution of
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(a) (b)

FIG. 4. (a) Comparison of the dampinglike spin-torque efficiency, ξ
j
DL, with respect to a variety of materials and their thicknesses,

i.e., Ti, Cu, Pt, and BiSb. The actual ξ
j
DL values of Samples S5–S7 are scaled down by ten times, indicated by the words in white, for

ease of visual comparison with the significantly smaller ξ
j
DL values for Samples S1–S3. (b) Schematic of the complementary effects

from spin and orbital torques acting upon the ferromagnet under an applied current density, japplied.

the Cu/BiSb interface to the total spin-torque efficiency is
minimal.

Furthermore, our data indicates that the Cu/BiSb inter-
face does not dominate the spin Hall angle enhancement.
This conclusion is further supported by the linear trend in
spin-torque efficiency observed as a function of Cu thick-
ness in Fig. 3(a). If interfacial Rashba effects were signifi-
cant, we would expect a sharp increase in spin efficiency at
the lowest Cu thicknesses, followed by a decrease toward
saturation. Instead, the monotonic increase at the narrower
Cu thicknesses suggests that bulk and crystallinity effects
are the primary contributors to the observed efficiency.

In summary, the observed 25% reduction in the spin
Hall angle after MgO insertion can be largely explained
by crystallinity degradation and spin transmission limita-
tions due to the insulating nature of MgO, as supported
by additional XRD measurements (for the details, see the
comparison of BiSb(012) crystallinity in the Cu/BiSb and
Cu/MgO/BiSb samples in Fig. 9 within the Appendix).
This supports the explanation that the Cu/BiSb interfa-
cial effects have negligible contributions to the spin Hall
angle enhancement. Our findings are consistent with a
predominantly bulk-driven mechanism for the observed
complementary effects.

As explained earlier, the results analyzed suggest the
presence of a complementary effect from spin and orbital
torques with BiSb(012) crystallinity in the Cu/BiSb het-
erostructure. The mechanism is illustrated in Fig. 4(b),
where improved BiSb(012) crystallinity increases the spin-
current injection into the FM. The spin-momentum-locked
Dirac states on the surface of the topological insulator
are conducted into the FM through the light metal inter-
layer. By increasing the crystallinity of BiSb(012), the spin
polarization of the momentum-locked states is reinforced
and, thus, increases the spin torques registered in the FM.

Concurrently, another mechanism arises from the orbital
Hall momentum formed within the bulk of the light metal
layer under the applied electric field. The applied current
density, j applied, flowing through the Cu layer establishes
a strong orbital Hall momentum in the bulk of the Cu
layer, which scales with the Cu thickness. The observed
decrease in spin-torque efficiency per unit current density
from around 7 nm in Fig. 3(a) correlates with a drop in
spin-polarized topological surface states, inferred from the
slightly deteriorating crystallinity of the BiSb(012) plane
from 7 nm in Fig. 3(b). The orbital Hall momentum trans-
mits from the light metal layer bulk into the FM, where
orbital torques are thus exerted. Taking both possible
mechanisms into consideration, our results reveal a highly
effective complementary spin torque achieved by pairing a
light metal Cu with the topological insulator BiSb, which
significantly enhanced the spin-torque efficiencies above
that of constituent Cu or BiSb alone.

IV. CONCLUSION

In conclusion, the light metal Cu as an interlayer demon-
strated a strong complementary enhancement of spin-
torque efficiency for the perpendicular magnetization of
a [Pt/Co] multilayer. The complementary enhancement
utilized both the orbital torque from the bulk of the Cu
layer and the improved BiSb(012) crystallinity of up to 4%
using a Cu seed layer. Signatures of the orbital torque from
the bulk of the Cu layer were observed via the six times
enhancement of the spin Hall angle within the Cu/BiSb
stack, as total torque increased steadily up to a larger Cu
thickness of 7 nm. The complementary effects from the
orbital and spin torques in the Cu/BiSb heterostructure
observed in this work pave the way for an approach that
surpasses incumbent TI spin-torque performance.
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(a) (b)

FIG. 5. (a) Gaussian fit of the BiSb(012) peak on the 0-nm interlayer XRD data. (b) BiSb(012) peak full-width half maximum
(FWHM) taken from the Gaussian fit of the peaks for each different interlayer sample. The Cu interlayer sample peaks had the lowest
FWHM.
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APPENDIX: XRD CALCULATIONS, Bi0.85Sb0.15
LATTICE CONSTANTS AND ANALYSIS,

COMPARISON WITH THEORETICAL
ESTIMATES OF BISB LATTICE CONSTANTS,

AND XRD DATA FOR Cu/MgO/Bi0.85Sb0.15

Figure 5(a) gives an example of how a Gaussian fit was
used to extract the peak position of 27.37°, as well as the
peak width or full-width half maximum (FWHM), in the
Cu(0 nm) sample. This simple method was repeated for
each of the peaks and across all the Cu interlayer sam-
ples. All peaks in the XRD plots were identified with the
MATCH! XRD analysis software. We found in Fig. 5(b)
that the Cu interlayer samples produced Bi0.85Sb0.15(012)

(a) (b) (c)

(d) (e) (f)

FIG. 6. (a) A schematic of the nanoscale crystalline domains and the atomic crystal lattice unit cell in BiSb grown atop the interlayer.
(b) Lattice constants ahex and chex of BiSb compared with their theoretical values. Cross-material comparisons for (c) ahex and (d) chex.
(e) Ratio of the intralattice spacing in BiSb and the interlayer, ahex,BiSb/ahex,Interlayer. (f) Percentage change in ahex,BiSb/ahex,Interlayer
relative to the case in which no interlayer is present.
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(a) (b)

FIG. 7. (a) XRD plots cropped from 22.5 to 45°, highlighting the BiSb(012) lattice peaks, and (b) the full-width half maximum
(FWHM) for Cu with 1–9 nm interlayer thicknesses.

peaks of the lowest FWHMs, which indicated peaks that
were the most defined with optimal lattice ordering in the
Bi0.85Sb0.15 films grown atop of the Cu interlayer samples.

Within each of the polycrystalline domains in sputtered
Bi0.85Sb0.15 on the Angstrom scale. The Bi and Sb atoms
are ordered neatly [47] with 85% and 15% probability,
respectively, into individual atomic positions in hexago-
nal unit lattices without dislocation [Fig. 6(a)]. Prior to
interlayer insertion, the lattice constants ahex = 4.448 ±
0.001 Å and chex = 12.17 ± 0.02 Å for Bi0.85Sb0.15 match
their theoretical values of 4.45 Å and 11.93 Å by 99.96%
and 98.02%, respectively [Fig. 6(b)]. The theoretical val-
ues were provided by the Materials Project [56], a non-
profit international effort to simulate and compute the
material properties of inorganic materials.

The lattice constants that define the hexagonal unit cell
of the Bi0.85Sb0.15 lattice, i.e., ahex and chex, depend on

the interlayer material and thickness. After the addition of
interlayers beneath Bi0.85Sb0.15, the lattice parameters are
altered [Figs. 6(c) and 6(d)], causing varying degrees of
ahex lattice mismatch between Bi0.85Sb0.15 and the inter-
layer [Fig. 6(e)]. Pt, Ti, and Cu demonstrate increasingly
observable �ahex and �chex. With an increasing Pt inter-
layer thickness beneath it, the Bi0.85Sb0.15 lattice is slightly
stretched along ahex, which increases by up to 0.02% and
is most significantly compressed as chex reduces by 0.41%.
Ti causes ahex to reduce by up to 0.04% and chex to increase
by up to 0.77%, while Cu most greatly reduces ahex by
0.2% and increases chex by 0.63%. For Bi0.85Sb0.15 grown
atop Ti and Cu, the lattice shrinks along ahex and is pulled
along chex. The largest decrease in ahex using Cu, which
is above 0.1% greater in magnitude compared with the
change from any other interlayer, correlates strongly with
the largest decrease in the Bi0.85Sb0.15 intralattice spacing.

FIG. 8. Lattice parameters ahex (orange hexagon) and chex (blue diamond) of the BiSb lattice unit cell (green) as the Cu interlayer
below it increases in thickness.
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We infer that the largest mismatch between Bi0.85Sb0.15 and
Cu causes the largest strain in Bi0.85Sb0.15 grown atop the
Cu interlayer.

In Fig. 6(f), the BiSb-to-interlayer ahex ratio is decreased
by 0.20% when Cu is the interlayer, followed by −0.02%
and +0.02% for the Ti and Pt interlayer, respectively.
Values for the lattice constants of each of the interlayer
materials, i.e., Ti (hexagonal phase), Cu (cubic phase),
and Pt (cubic fcc phase), were obtained from the Mate-
rials Project [56] database. The larger lattice mismatches
between BiSb and the Pt and Ti interlayers resulted in an
increased peak broadening [Fig. 5(b)] by 1.0%–1.2% and
3.0%–3.7%, respectively.

The Bi0.85Sb0.15(012) peaks for all the Cu interlayer
thicknesses were higher than in the no interlayer case
[Fig. 7(a)]. Meanwhile, Fig. 7(b) shows that there was

(a)

(b)

FIG. 9. XRD plots of the intensity against 2θ for the sam-
ples (a) S5 and (b) S6, with a drop displayed in the BiSb(012)

crystallite size D = Kλ/β cos(θ) by 3.32%. The crystallite size
was calculated by the Scherrer equation, where K = 0.9 is the
Scherrer constant, and was used throughout all the crystallite size
calculations. Here, λ represents the wavelength of emitted x-rays
from the Cu anode in the Rigaku XRD system used for measure-
ments, which is 1.54 Å. Moreover, β is the fitted 2θ FWHM of
the BiSb(012) peaks in (a) and (b) and θ is the Bragg angle; both
quantities are expressed in radians.

a plateauing of the full-width half maximum (FWHM),
settling around 0.38° from 1 to 5 nm, with the peak broad-
ening beyond 5 nm by increases of ∼1%. The results of
this data were used to calculate the lattice constants for
Bi0.85Sb0.15 in the Cu interlayer samples.

The ahex and bhex parameters of the hexagonal
Bi0.85Sb0.15 unit cell lattice change as Cu increases beyond
2 nm (Fig. 8). The intraplanar spacing ahex in Bi0.85Sb0.15
tends to decrease with increasing Cu thickness below it
while chex increases. Thus, the hexagonal Bi0.85Sb0.15 unit
cell stretches along chex while being compressed along
ahex whenever Cu increases in thickness by another few
Angstroms. In the Bi0.85Sb0.15 lattice, a previously increas-
ing chex plateaus around 4.43 Å while ahex continues to
drop from 5-nm Cu to 7-nm Cu; this means there is now
only an intraplanar compression without a stretching along
chex. The decrease in Bi0.85Sb0.15(012) crystalline size after
7 nm corresponds to the drop in ξ

j
DL beyond 7 nm.

The use of the MgO insertion layer in Sample S6 of
Fig. 4(a) aims to exclude the potential Cu/Bi0.85Sb0.15
interfacial effects. Figure 9 reveals that the insertion of this
MgO layer in Sample S6 leads to a measured 3% reduc-
tion in the Bi0.85Sb0.15(012) crystallite size, as quantified
from the FWHM of the XRD patterns in our measurements
from Fig. 9. Despite this minor crystallinity degradation,
the spin Hall angle in Fig. 4(a) remains at 37, retaining
75% of the improvement attributed to the Bi0.85Sb0.15 layer
in the Cu/BiSb sample. This result supports the explana-
tion that interfacial effects from the Cu/BiSb interface are
not the primary contributors to the observed spin-torque
efficiency.
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