PHYSICAL REVIEW APPLIED 19, 034012 (2023)

Crystallinity Control of the Topological-Insulator Surface BigsSby5(012) via
Interfacial Engineering for Enhanced Spin-Orbit Torque

H.Y.Poh®,!? C.C. 1. Ang®,! G.J. Lim®,! T. L. Jin®,' S. H. Lee,? E. K. Koh®,' F. Poh,? and
W. S. Lew®!”

' School of Physical and Mathematical Sciences, Nanyang Technological University, 21 Nanyang Link,
Singapore 637371, Singapore

* GLOBALFOUNDRIES Singapore Pte. Ltd., 60 Woodlands Industrial Park D St 2, Singapore 738406, Singapore

® (Received 22 November 2022; revised 27 January 2023; accepted 6 February 2023; published 3 March 2023)

Topological insulators demonstrate high charge-spin conversion efficiency due to their spin-momentum
locking at the Dirac surface states. However, the surface states are sensitive to disruption caused by
exchange coupling when interfaced with a ferromagnet. Here, we demonstrate the use of various nonmag-
netic insertion layer materials, Ti, Cu, and Pt, at the Co/Bi-Sb(012) interface to preserve the topological
surface state and promote spin-orbit-torque efficiency through the crystallinity control of Bi-Sb(012). For
20-nm-thick Bi-Sb, a spin Hall angle of up to 8.93 is observed with the use of a Pt insertion layer,
while it is otherwise negligible for Co/Bi-Sb(012) interfaces. We further explore the enhancement of
Bi-Sb(012) crystallinity with increasing Bi-Sb thickness, revealing a rapidly increasing spin-orbit-torque
efficiency that gradually saturates above 30 nm. A clear correlation between spin-orbit-torque efficiency
and Bi-Sb(012) crystalline size is identified using x-ray diffractometry, establishing the origin of the high
spin-orbit efficiency to be the Bi-Sb(012) crystalline orientation. Our work demonstrates the spin-orbit-
torque origin in Bi-Sb experimentally and paves the way for the adaptation of topological insulators as a

class of low-energy spin source material for spintronics applications.
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I. INTRODUCTION

The discovery of spin-orbit torque (SOT) has opened
avenues for applied spintronic devices by exploiting elec-
trical and spin manipulation to achieve fast magnetiza-
tion switching and low power consumption [1-3]. Heavy
metals such as Pt, Ta, and W are commonly used as
spin sources in ferromagnet-heavy-metal (FM/HM) het-
erostructures, where spin currents are generated via the
spin Hall effect due to strong spin-orbit coupling [4—7].
However, further development of HM-based SOT devices
has been limited by the spin Hall angle (<1) [7—11]. Owing
to recent advancements, topological insulators (TIs) have
gained much attention due to their unique spin-momentum
locking and topologically protected surface states [12—17]
[see Fig. 1(a)]. Recent works have reported large spin Hall
angle, fsy in several TIs, such as sy = 3.5 in Bi;Se;s,
Osy = 18.6 in Bi,Se;_,, and Osy ~ 52 in Bi-Sb/MnGa
[17—-19]. However, these TIs generally require an epitax-
ial single-crystalline structure afforded by the molecular-
beam epitaxy growth technique. Thus, they are not ideal
for integration and mass production in the semiconductor
industry. Furthermore, if the TI interfaces directly with
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a FM, the difference in the work function of the TI and
FM shifts the topological surface state below the Fermi
energy. The hybridization of these surface states with metal
bands will hence destroy the helical spin structure, and
the spin-momentum locking will not be preserved [14,20—
22]. Therefore, insertion layers such as Ru, Au, Cu,
and Ag have been previously used to decouple the direct
exchange coupling at the TI/FM interface [23—26]. Besides
exchange decoupling, the insertion layer also plays a crit-
ical role in influencing the crystallinity of the TIs and
consequently affects the SOT performance. Theoretical
prediction and angle-resolved photoemission spectroscopy
(ARPES) measurements have shown that the Bi-Sb(012)
topological surface state has three Dirac cones at the ', X,
and M points, which are crucial in obtaining strong SOT
[17,27,28]. Hence, an insertion layer that promotes a strong
Bi-Sb(012) phase is highly desirable.

In this work, we investigate the crystallinity con-
trol of Bi-Sb(012) in the magnetic multilayer structure,
Ti(1 nm)/Co(5 nm)/[Ti(1 nm), Cu(l nm), Pt(1 nm)]/Bi-
Sb(20 nm)/Ti(1 nm) [Fig. 1(b)], to promote the SOT by
utilizing different insertion layers (Ti, Cu, Pt) at the TI/FM
interface. The SOT efficiency of these device structures
is characterized using the harmonic Hall technique, and
crystallinity is determined using x-ray diffractometry. We
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Electronic band structure of a topological insulator and sample structure. (a) Dirac-like cone of the dispersion at the sur-

face of a topological insulator and real-space interpretation of the surface state of a topological insulator. (b) Schematic structure of
Ti/Co/[Ti, Cu, Pt]/Bi-Sb/Ti, where the elements in the square bracket are the different insertion layers.

also extend our work to explore the SOT performance
dependence on Bi-Sb thickness from 10 to 100 nm, which
reveals further improvement in SOT efficiency that closely
correlates to Bi-Sb(012) crystallinity.

II. EXPERIMENTAL DETAILS

The thin-film stacks of Ti(1 nm)/Co(5 nm)/[Cu(l nm),
Ti(1 nm), Pt(1 nm)]/Bigg5Sbg.15(20 nm)/Ti(1 nm), where
the square bracket indicates different insertion layers, are
deposited on a SiO, substrate using dc and rf magnetron
sputtering at room temperature. To improve the quality of
the Bi-Sb layer, the Bi-Sb is sputtered at a low sputtering
rate of 0.059 nm/s using rf magnetron sputtering of 30 W
with a base pressure of about 7 x 1078 Torr, and sputtering
pressure of 3 x 10~% Torr. Upon deposition, the thin films
are then patterned into a 5 x 20 wm? Hall cross structure
using a combination of optical lithography and the lift-
off technique. The harmonic Hall technique is then carried
out on these Hall cross devices to characterize the SOT
efficiency. In the harmonic Hall measurement, the first
harmonic Hall resistance, R,, and second harmonic Hall
resistance, R;,, are obtained with respect to the applied
magnetic field, where H,, the stationary magnetic field of
600 Oe, and H,,, the sweeping magnetic field ranging from
—4200 to 4200 Oe, are applied simultaneously. Average
ac density, J,. ranging from 2 x 10'° to 3 x 10 A/m?
is applied in the x direction to determine the dampinglike
field, Hp which can be extracted from R»,, [29,30],

RpHp

+RVT)X + ex*-x%, (1)

X

where R is the anomalous Hall resistance, Rp is the planar
Hall resistance, Ryr is the resistance due to thermal effect,
X = cos ¢, where ¢ is the azimuthal angle given by, ¢ =
arctan(H, /H,), and H; is the saturation field.

III. RESULTS AND DISCUSSIONS

Figure 2(a) shows the second harmonic Hall resistance,
Ry, with respect to the in-plane sweeping magnetic field
across different ranges of current density. The damping-
like field, Hp, is extracted using Eq. (1), and the rela-
tions between Hp and current density in Bi-Sb, Jgi s,
are plotted as shown in Fig. 2(b), where Jg;_sp, is calcu-
lated using the parallel resistor model across the Hall cross
structure. The Ryr term is found to be negligible from
the angular-dependent second-harmonic measurement (see
Supplemental Material [31]). Osy is then given by Osy =
(2eM;t/h)(Hp/Jpisy) [32—34], where e is the elementary
charge, M; is the saturation magnetization of the het-
erostructure, ¢ is thickness of the ferromagnetic layer, and
h is the reduced Planck’s constant. The 6sy values for
Pt, Ti, and Cu insertion layers are 8.93, 7.11, and 8.02,
respectively. In contrast, no SOT is observed when the TI
is directly adjacent to the ferromagnetic layer and sharing
a common interface, as similarly reported in other TI/FM
interface studies [24,35]. This observation further verifies
the theoretical prediction that the perturbation in the Dirac
cone due to the difference in work function between TI
and FM will cause a shift in the topological surface state
down below the Fermi energy where the hybridization of
these surface states with the metal band destroys the TI’s
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FIG. 2. Dampinglike term characterization by harmonic Hall
technique. (a) Ry, as a function of cos ¢, for average current den-
sity ranging from 2to 3 x 10! A/m?. (b) Dampinglike field as a
function of current density in Bi-Sb for different insertion layers.

helical spin structure [20,36,37]. The difference in mag-
nitude of Osy for different insertion layers (Pt, Ti, Cu)
can be explained by the crystallinity of Bi-Sb(012) grown
above it. Owing to different crystal structures and lattice
parameters of the various insertion layers, they promote
or impede the growth of the Bi-Sb(012) phase depending
on the lattice mismatch between the insertion and Bi-Sb
layers. The crystal orientation is crucial, as theoretical
prediction and ARPES measurements have shown that Bi-
Sb(012) has a topological surface state with three Dirac
cones at the T', X, and M points [17,27,28], which are
beneficial for charge-spin conversion. These Dirac cones
on the TI surface are Berry flux monopoles with the same
chirality, hence the numbers of Dirac cones are propor-
tional to the total Berry flux, which leads to higher surface
spin Hall conductivity [38]. Figure 3(a) shows the x-ray

diffraction (XRD) spectra for heterostructures with vari-
ous insertion layers. The results reveal that at 260 = 27.2°,
the peak intensity of Bi-Sb(012) is strongest with the Pt
insertion layer, followed by the Cu insertion layer, and
the Ti insertion layer. Using the XRD spectra full width
half maximum (FWHM) at 20 = 27.2°, the crystalline
size can be determined by using the Scherrer equation,
L =KX)/BcosB, where L is the crystalline size, K is the
Scherrer constant, X is the wavelength of the x-ray source,
and B is the FHWM in radians. The crystalline sizes of
Bi-Sb, L, are calculated to be L =18.7, 15.5, and 15.3 nm
for Pt, Cu, and Ti insertion layers, respectively, as shown
in Fig. 3(b). In addition, all the insertion layers dimin-
ish the Bi-Sb(003) peak while improving the Bi-Sb(012)
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FIG. 3. X-ray diffraction results and crystalline size calcula-

tions. (a) XRD 6 — 26 spectra for Bi-Sb heterostructure with dif-
ferent insertion layers grown on SiO, substrate at 260 = 20°—60°.
The peak for Si has been removed for clarity. (b) Crystalline size
calculated using Scherrer equation for different insertion layers.
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phase. The differences in the crystalline size for differ-
ent insertion layers may be due to the crystal stress and
mismatch at the Bi-Sb and insertion layer interface, as
Pt, Cu, and Ti have different crystal structures and domi-
nant phases. Although these insertion layers intermix with
the Bi-Sb to form an amorphous layer, the short-range
orders of these three different intermixed layers still differ,
resulting in different lattice mismatches, hence affecting
the crystallinity of the Bi-Sb(012) orientation. The trend
in the crystalline size for different insertion layers obtained

Bi-Sb

0.326 nm

FIG. 4. High-resolution transmission electron microscopy
(HRTEM) of Ti/Co/Pt/Bi-Sb/Ti structure. (a) Cross-section
TEM images of Ti/Co/Pt/Bi-Sb/Ti. (b) Electronic diffraction
pattern using fast Fourier transform.

from the XRD measurement correlates well with the SOT
efficiency, further supporting the relation between the crys-
tallinity of Bi-Sb(012) and SOT efficiency. To gain a
definitive view on the crystalline structure, high-resolution
transmission electron microscopy (HRTEM) is performed
on the Ti/Co/Pt/Bi-Sb/Ti structure. Figure 4(a) shows
the HRTEM image of the Ti/Co/Pt/Bi-Sb/Ti heterostruc-
ture, where highly crystalline Bi-Sb is observed. Owing to
the ultrathin layer of Pt, intermixing occurs between the
Pt insertion and Bi-Sb layers, which can be seen between
the Bi-Sb and Co layers. The sharp interface between the
intermixing of the Pt insertion and Bi-Sb, and Bi-Sb lay-
ers similarly exhibit good crystalline texture. Using fast
Fourier transform, we observe the corresponding electron
diffraction pattern as shown in Fig. 4(b). The interplane
spacing is determined from the distance from the center
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FIG. 5. XRD and spin Hall angle results for varying Bi-Sb

thickness. (a) Relation of spin Hall angle and crystalline size as
a function of Bi-Sb thickness. (b) XRD 0 — 26 spectra for Bi-Sb
heterostructure with various Bi-Sb thickness at 260 = 20°—30°.
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spots, which correspond to the crystal orientation of Bi-
Sb(012). This HRTEM image is thus in good agreement
with the XRD results discussed earlier.

The crystal structure of sputter-deposited materials also
improves with film thickness. As such, the Bi-Sb thick-
ness dependence ranging from 10 to 100 nm is studied.
Hall cross devices of Ti(1 nm)/Co(5 nm)/Pt (1 nm)/Bi-
Sb(10—100 nm)/Ti(1 nm) are fabricated and SOT effi-
ciency characterized using the harmonic Hall technique.
The relation between 6sy and Bi-Sb thickness is shown
in Fig. 5(a), where 6sy shows a similar sharp increase
with Bi-Sb thickness and gradually saturates above 30 nm.
The corresponding XRD results show a strong Bi-Sb(012)
crystallinity with peak intensity increasing significantly
with the increase in Bi-Sb thickness, as shown in Fig. 5(b).
The crystalline size of Bi-Sb(012) is evaluated using
the Scherrer equation and plotted in Fig. 5(a): a rapid
increase in the crystalline size from fgisp, = 10 nm to
tpi.sb = 50 nm, and gradual saturation at tgis, > 50 nm
is observed. As the Bi-Sb thickness increases, the crys-
tal grain tends to become larger and coalesce, leading to
the formation of larger grains and/or domains, leading to
improvement the Bi-Sb crystallinity [39]. The alignment
in the trend of crystalline size and SOT with Bi-Sb thick-
ness is evident, further supporting the attribution of strong
SOT to Bi-Sb(012) crystallinity.

IV. CONCLUSIONS

In conclusion, we show that an insertion layer is criti-
cal for Bi-Sb SOT generation and the SOT performance
depends on the Bi-Sb(012) crystallinity, which is promoted
by the insertion layer, with Pt being the optimal material in
this study, achieving 0sy of 8.93, compared with Cu and
Ti. The crystallinity of Bi-Sb(012) is further improved by
increasing Bi-Sb thickness, resulting in the increase of fsy
up to 14.91. A clear correlation between the SOT efficiency
and the Bi-Sb(012) crystalline size is observed, hence pro-
viding the experimental verification for the Bi-Sb(012)
crystalline orientation being the crucial contributor to SOT
generation in Bi-Sb.
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