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Spin—Orbit Torques and Spin Hall Magnetoresistance
Generated by Twin-Free and Amorphous Bij 4Sb, ;

Topological Insulator Films

Federico Binda,* Stefano Fedel, Santos Francisco Alvarado, Paul Noél,

and Pietro Gambardella*

Topological insulators have attracted great interest as generators of spin—orbit
torques (SOTSs) in spintronic devices. Bi,_,Sb, is a prominent topological
insulator that has a high charge-to-spin conversion efficiency. However, the
origin and magnitude of the SOTs induced by current-injection in Bi,_,Sb,
remain controversial. Here, the investigation of the SOTs and spin Hall
magnetoresistance resulting from charge-to-spin conversion in twin-free
epitaxial layers of Bij 4Sb, ;(0001) coupled to FeCo are investigated, and
compared with those of amorphous Bij ,Sb ;. A large charge-to-spin
conversion efficiency of 1 in the first case and less than 0.1 in the second is
found, confirming crystalline Bi, ,Sb, ; as a strong spin-injector material. The
SOTs and spin Hall magnetoresistance are independent of the direction of the
electric current, indicating that charge-to-spin conversion in single-crystal

Biy oSb, 1 (0001) is isotropic despite the strong anisotropy of the topological
surface states. Further, it is found that the damping-like SOT has a
non-monotonic temperature dependence with a minimum at 20 K. By
correlating the SOT with resistivity and weak antilocalization measurements,
charge—spin conversion is concluded to occur via thermally excited holes from
the bulk states above 20 K, and conduction through the isotropic surface
states with increasing spin polarization due to decreasing electron—electron

thin film heterostructures!!! and have ap-
plication in low-power magnetic memory
and logic devices.>* SOTs were initially
discovered in heavy metal/ferromagnet
bilayers!'*12l  and noncentrosymmetric
magnetic semiconductors.l31*] In these
materials, the most prominent charge-to-
spin conversion mechanisms are the spin
Hall effect and the Rashba—Edelstein effect,
usually associated with bulk and interfacial
spin—orbit coupling, respectively.!! Since
the first SOT studies, the quest for larger
charge-to-spin conversion efficiency has led
to exploring new materials as SOT genera-
tors. Topological insulators (TIs) are among
the most promising as they possess a bulk
band gap and conducting surface states
(SSs) in which the direction of the electrons’
wavevector and spin are coupled to each
other by the spin—orbit interaction.>1¢]
This so-called spin-momentum locking
allows for a fully spin-polarized current to
flow at the interface of the TI. This feature

scattering below 20 K.

1. Introduction

Spin—orbit torques (SOTs) are current-induced magnetic torques
that permit the electrical manipulation of the magnetization in
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has stimulated much interest in exploring

TIs as spin-injector materials for gener-

ating SOTs in ferromagnetic heterostruc-

tures, leading to several reports of a high

charge-to-spin conversion efficiency.['7-2]

Most of the TIs studied in the context of SOTs are bis-
muth chalcogenide compounds, such as Bi,Se,, Bi,Te;, and
(Bi;_,Sb,), Te;. The chalcogen elements Se and Te, however,
are highly volatile and reactive, causing interdiffusion in
heterostructures.[?7-2] Their growth as thin films further re-
quires an overpressure of Se and Te, with a consequent limita-
tion in stoichiometry accuracy.[*] As a consequence, the bismuth
chalcogenides often present metallic bulk conductivity due to the
presence of Se or Te vacancies.*'*?] The Bi,_, Sb, compound with
0.07 < x < 0.22 is a TI that avoids many of these issues.[153334]
In particular, Bi,,Sb,; possesses a narrow bandgap and car-
ries topological SSs with a sixfold rotational symmetry in the
(0001) plane, as shown by angle-resolved photoemission.>*37]
Several works investigated the SOTs in Bi,_, Sb, heterostructures
with x ~ 1,01819388] including current-induced magnetization
switching 183841431 However, the reported charge-to-spin conver-
sion efficiency varies from close to 0“>#4 to 52['8] depending on
the deposition method, crystalline and interface quality of the
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films, and techniques used to measure the SOTs. The magnitude
of the SOTs in Bi,_,Sb, heterostructures and their relationship
to crystalline order thus remain highly debated.

The origin of charge-to-spin conversion in Bi,,Sb,; is also
controversial. The large SOTs of epitaxial Bi, 4Sb,; have been as-
sociated with the spin-momentum locked SSs.['®] However, the
small bandgap of Bi,Sb,; allows for thermally excited carriers
to participate in the electric conduction, whereas charge doping
by defects can shift the Fermi level away from the gap. Hence,
the spin-Hall and Rashba Edelstein effects due to bulk carri-
ers can also contribute to charge-spin conversion and genera-
tion of SOTs.['*6] The actual role of the SSs in generating the
SOTs has been questioned in recent studies focusing on poly-
crystalline Bi,_,Sb, films.'*#] Such films, deposited by mag-
netron sputtering,[1>38-4247] are very promising for applications
but suffer from significant variations in film quality and imper-
fect crystal structure.[*® Moreover, crystal twinning often appears
in rhombohedral epitaxial films grown along the unit cell diago-
nal, as in the case of Bi,4Sby;(0001).1474>->3] The presence of de-
fects, crystal grains, and twinning makes it difficult to compare
the SOT generated by Bi, ,Sb, ; in different studies and also to pin
down the origin of charge-to-spin conversion, for example, by cor-
relating the magnetotransport properties with the band structure
of crystalline Bi, 4Sby, ,.13+36:37:5455]

Here, we investigate the generation of SOT and spin
Hall magnetoresistance in twin-free epitaxial and amorphous
Bi, Sb, ; /FeCo bilayers in order to shed light on the magnitude
and origin of charge-to-spin conversion in single-crystal and dis-
ordered Bi,,Sb, ;. This study includes SOT and magnetoresis-
tance measurements as a function of crystal orientation and tem-
perature in order to distinguish the bulk and SS contributions to
charge-spin conversion.

We developed a simple one-step method to grow twin-free
Bi; 4Sby ;(0001) thin films of high crystalline quality using molec-
ular beam epitaxy (MBE) on BaF,(111) substrates. Our single
layer epitaxial Bi,,Sb,,; films present the same transport prop-
erties as crystalline Bi;_,Sb,, in particular the increasing resis-
tance with temperature and the concomitant electron and hole
conduction.5¢571 The charge-to-spin conversion efficiency esti-
mated for the damping-like and field-like SOT in the epitax-
ial sample are close to 1 and 0.2 at room temperature, and
are reduced by 90% and 50% in the amorphous sample, re-
spectively. The corresponding spin Hall magnetoresistance is
0.25% and 0.07%. These results show that the charge-to-spin con-
version efficiency of crystalline Bi,,Sb,, is large compared to
heavy metals, but significantly smaller than reported for epitaxial
MnGa/Bi, ,Sb, , (1216) bilayers grown on GaAs(001).['8) We com-
ment on this discrepancy later in the manuscript. The compar-
ison between twin-free single-crystal Bi,,Sb,; and amorphous
Bi, Sb, ; shows that structural disorder has a strong negative im-
pact on the charge-to-spin conversion efficiency.

We further analyzed the SOT efficiency as a function of tem-
perature in twin-free epitaxial Bi, ,Sb, ;. We find that the effective
spin Hall conductivity decreases from 2.2 to 1.4 x 10° Q! m™!
from 300 to 20 K, indicating that thermally excited bulk carri-
ers are the main source of SOTs. Moreover, the SOT efficiency
is isotropic for current injection along different crystallographic
directions at any probed temperature, despite the anisotropic sur-
face and bulk band structure. These observations indicate that the
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carriers responsible for the SOTs originate from the isotropic T
point of the Brillouin zone. Additionally, below 20 K, we observe
prominent weak antilocalization effects and an upturn of the SOT
efficiency, which we associate with increased spin polarization
and conduction by the isotropic SSs around the I point relative to
the bulk. Our results provide a consistent description of charge—
spin conversion phenomena in epitaxial and disordered Bi, 4Sb, ,
thin films, as required for implementing this material in spin-
tronic devices.

2. Results and Discussion

2.1. Sample Growth and Structural Characterization

We fabricated two different ferromagnetic heterostruc-
tures grown by MBE (see Experimental Section):
i) BaF,(111)/Biy4Sby,[100  A]/FeCo[17  AJ/AlO, and
ii) MgO(001)/FeCo[17 A]/Bi;ySby;[100 A]/AlO,. The first
consists of the twin-free epitaxial Bi;4Sb,; film, grown with the
(0001) orientation on the BaF,(111) substrate. The second con-
sists of its amorphous counterpart deposited on the MgO(001)
substrate with inverted layer stacking to inhibit epitaxial growth.
We refer to these samples as twin-free Bi,,Sb,,; bilayer and
amorphous Bi,,Sb,; bilayer, respectively. Additionally, as con-
trol samples, we deposited single films of twin-free epitaxial
Bi, ,Sb,;[100 A] on BaF,(111), referred to as twin-free Bi,,Sby,
single layer, and FeCo[17 A] on MgO(001), both capped by
AlO,.

The twin-free Bi, ,Sb, ; film was deposited at a temperature of
—60 °C, with the molecular beam directed along the BaF, [121] di-
rection, incident at a 40 ° angle from the normal of the substrate,
followed by annealing to 200 °C. We attribute the suppression of
crystal twinning to the deposition at low temperature and to the
tilted molecular beam, which reduce the thermal energy of the
atoms on the substrate while imparting them a preferential in-
plane direction favoring the growth of a single twinning domain.
Deposition at room temperature and normal incidence, on the
other hand, produced a Bi, ,Sb, , epitaxial film with two twinning
domains of similar extension. The crystalline quality and sup-
pression of crystal twinning in the epitaxial Bij,Sb,; film were
characterized in situ by reflection high-energy electron diffrac-
tion (RHEED) and ex situ by X-ray diffraction (XRD) and atomic
force microscopy (AFM), as reported in Figure 1.

The epitaxy of rhombohedral Bi,,Sb,,(0001) growing on top
of cubic BaF, (111) is possible due to the lattice matching depicted
in Figure 1a. We note that Bi,,Sb,,; possesses a primitive rhom-
bohedral cell, shown in blue, and a conventional hexagonal cell,
shown in dark gray, to which we refer using the four-axis hexag-
onal notation (uvtw). The in-plane lattice constants are ap,; =
438 Aanday g, =4.54 AP leading to a Bi¢Sby, film with
a nominal 3.5% compressive strain. Owing to the similar size
of the Bi and Sb atoms, the Bi,Sb,; compound is a disordered
substitutional alloy. The top of Figure 1a depicts the crystal struc-
ture of one twinning domain; its twinned counterpart consists of
the same crystal structure rotated by 180° around the rhombohe-
dron diagonal.

The first proof of successful epitaxy is the similarity of the
RHEED patterns of the BaF,(111) substrate (bottom) and the
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Figure 1. Epitaxial relationship and structural characterization of Big gSbg 1 grown on BaF, (111). a) Unit cell of rhombohedral Biy Sbg ; (top) and cubic
BaF, (bottom). The orientation of the Biy 4Sby ; unit cell corresponds to one of the two possible twinning domains, and its conventional cell, in dark
gray, is described in the hexagonal lattice system with four axis-notation. b) RHEED patterns of the Biy gSbg 1 film and of the BaF, (111) substrate prior to
deposition. c) XRD 26/w scans of the twin-free and amorphous Big oSby 1 bilayer samples. d) Unit cells showing the crystallographic planes detected in
the XRD ¢ scans. ) XRD azimuthal ¢ scans showing the threefold rotational symmetry of Biy 4Sbq ; (top) and BaF, (bottom), which proves the existence
of a single twinning domain. f) AFM image of an uncapped twin-free Bij 4Sbg 1 film. The dashed contour highlights the triangular-shaped features of the

film, all similarly oriented, consistently with the growth of a single crystal domain.

Bi; 4Sb,, film (top) shown in Figure 1b; here, the electron beam
is maintained along a fixed direction, corresponding to [101] for
BaF, and [2110] for Bi,4Sb,,. This result confirms the match-
ing of the in-plane lattice constants, whereas the streaky reflec-
tions additionally indicate high crystal quality and surface flat-
ness. The subsequent FeCo layer grows epitaxially in the body-
centered cubic phase and twin-free, with the (110) plane oriented
out-of-plane, and the [001] direction parallel to the [1010] direc-
tion of Bi, 4Sb, ;, as indicated by the corresponding RHEED pat-
terns (see Section S1, Supporting Information). The second proof
of epitaxy is given by the 26/w XRD scan shown in Figure 1c.
The twin-free Bi,,Sb,; bilayer (top in blue) presents reflexes of
the BaF,(111) and Bi;,Sb,;(0006) planes, which, together with
the absence of any undesired reflexes, confirms the film epitaxy.
From the full width half maximum of the (0003) reflex, we calcu-
late a crystallite size of 93+5 A for Bi,,Sb,, using the Scherrer
equation, which is consistent with the nominal film thickness
(see Section S1, Supporting Information). The epitaxial FeCo
layer is too thin to be detected by XRD.

The suppression of crystal twinning is confirmed by perform-
ing azimuthal XRD ¢ scans. Figure 1d shows the unit cells of
the BaF, substrate (bottom) and Bi, ,Sb,, film (top), displaying
in color the crystallographic planes probed in the ¢ scans. We
investigated the {002} planes for BaF, and the {0112} planes for
Bi,,Sb,; (shown here are the planes belonging to the twinning
domain depicted at the top of Figure 1a). The ¢ scans presented
in Figure 1le show that BaF, has threefold rotational symmetry,
whereas Bi, ,Sb, ; has threefold symmetry shifted by 60° with re-
spect to BaF,, as expected from lattice match considerations. On
the other hand, a twinned Bi; ,Sb,; would have sixfold symme-
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try, which is not observed. The ¢ scans thus demonstrate the suc-
cessful deposition of twin-free epitaxial Bi,,Sb,;, growing with
the [1010] direction parallel to the [112] direction of BaF,.

Next, we characterized the topography of an uncapped twin-
free Bi,,Sb, ; film by AFM (Figure 1f). In the picture, triangular-
shaped features can be seen, all similarly oriented, consistently
with the absence of twinning. The root-mean-square rough-
ness is 0.37 + 0.02 nm. The surface is flatter than previous
reports on epitaxial BiSb(0001) with roughness from 0.6 to 1
nm.[19404739] This low roughness helps to obtain a high-quality
interface with the ferromagnetic layer (FM), as required for study-
ing SOTs accurately. Overall, the RHEED, XRD, and AFM mea-
surements demonstrate the successful deposition of twin-free
epitaxial Bij;qSb,,(0001) thin films of the highest quality. Pre-
vious work reporting twin-free growth of Bi,_,Sb,(0001) films
via MBE was based on a two-step growth method involving high
deposition temperatures (150 and 250 °C) and large film thick-
ness (= 300 nm).’!l Our method involves only a single depo-
sition step at low temperature with a tilted molecular beam
and is suited to deposit much thinner films. Other attempts to
deposit Bi;_,Sb,(0001) films using MBE involved Si(111) and
GaAs(111) substrates, but in the first case, no twinning study was
conducted,® and in the second, twinning was reported.[*53]

Finally, the RHEED patterns of the FeCo/Bi,,Sb,; sample
deposited on MgO present a cloudy background for both the
FeCo and Bi,,Sb,, layers, indicating amorphous growth (see
Section S1, Supporting Information). The amorphous nature of
this film is confirmed by the 20/ XRD scan in Figure 1c (gray
line), where we observe a strong reflex of MgO(001) and small
reflexes of non-epitaxial Bi,,Sb,, crystalline phases, indicating
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Figure 2. a—g) Magnetoresistance of the twin-free Biy 4Sby ;/FeCo bilayer (a—f) and amorphous Big qSbg ;/FeCo bilayer (g). The data points represent
the percent variation of the longitudinal resistance normalized with respect to Ry = R(mlly) as the magnetization rotates in the zx (open squares), zy
(open triangles), and xy (filled squares) planes. Panels (a—f) show the magnetoresistance when the current j||x is injected along different crystallographic
directions of BiggSbg ;. All measurements were performed at room temperature with current density j = 1.7 x 106 A cm~2 by rotating the sample in a

constant magnetic field By, = 1.8 T.

the growth of a small fraction of crystalline phases inside a larger
amorphous matrix.

2.2. Magnetoresistance

A first indication of strong charge—spin conversion in Bij ,Sb, ; is
obtained by performing magnetoresistance measurements. In a
single magnetic layer such as FeCo, the longitudinal magnetore-
sistance varies as Ry = R, + AR”mi , where R, is the resistance
measured when the unit vector magnetization m is orthogonal
to the current j|lx, and AR, is the increase of resistance when
m||j.[% In nonmagnetic/ferromagnetic bilayers, the spin injec-
tion from the nonmagnetic layer into the magnetic layer mod-
ifies the conductivity of the entire structure, and the resistance
assumes the general form:[¢!]

R = Ry + AR, m? + AR, m? = Ry + AR, sin’6cos’p + AR, cos*0 (1)

where R, is the resistance measured when m|ly, AR, is the
resistance difference between the magnetization pointing along
x (z) and y, and 6 and g are the polar and azimuthal angles of the
magnetization, respectively. If the spin current is polarized along
y, as is the case for the spin Hall and Rashba—Edelstein effects,
the resistance has a minimum for m||+y.

Figure 2 shows the magnetoresistance of the twin-free
and amorphous bilayer samples measured on patterned Hall
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bars, as described in the Experimental Section. The twin-free
Bi, 4Sb, ; /FeCo bilayer presents a magnetoresistance character-
ized by AR,, # AR,, > 0 and AR,, ~ 0. This behavior is char-
acteristic of the spin Hall magnetoresistance (SMR) in the ab-
sence of significant anisotropic magnetoresistance (AMR),[6263]
and is indicative of strong charge—spin conversion taking place
in the bilayer system. More precisely, AR,, > 0 is the char
acteristic signature of either the SMRI® or Rashba-Edelstein
magnetoresistance,[®*] whereby the current-induced spin accu-
mulation results in the increase of the bilayer conductivity when
the magnetization of the magnetic layer is aligned parallel or an-
tiparallel to the spin polarization of the conduction electrons. As
shown later, the charge-spin conversion in our samples is mainly
assigned to the bulk carriers of Bij ,Sb, ;, and we thus refer to this
effect as the SMR. We note also that AR,, ~ 0 and AR, ~ AR,,
are expected when the AMR of the magnetic layer is negligible
compared to the SMR.

The relative magnitude of the SMR, given by AR, /R, ~ 0.25%,
is as large as in Pt/Co bilayers, the prototypical system for SOT
generation, 16165661 and larger than reported for other TI/FM bi-
layers. Few observations of SMR-like resistance have been actu-
ally reported for such systems, despite their large SOTs. No SMR
was found in Bi,Se;/Y;Fe;0,*”! and an SMR of 0.15% was re-
ported in Bi, Se, /CoFeB, with a large AR, contribution thatis not
present in our epitaxial sample.[®®] Note that the ordinary magne-
toresistance (OMR) can also contribute significantly to the mag-
netoresistance of TI/FM bilayers, due to the high mobility of T1s.
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In 2D systems, the OMR is proportional to the square of the out-
of-plane field and appears as AR,, = AR, # 0. The OMR com-
plicates the overall magnetoresistance picture, hindering the es-
timation of the SMR when the AMR is also present (AR, # AR,
# 0). Magnetoresistance measurements performed as a function
of an out-of-plane magnetic field, however, show that the OMR is
negligible compared to the SMR in the twin-free Bi,,Sb, , /FeCo
bilayer (see Section S3, Supporting Information). This allows us
to confidently describe this system within the SMR scenario. As
the SMR is very sensitive to the quality of the interface and the
effective spin Hall angle of the TI, the strong SMR confirms the
high quality of our samples and the high conversion efficiency of
twin-free Bi, 4Sby ;.

Remarkably, the magnetoresistance of the twin-free sample is
nearly independent of the current injection direction, as shown
in Figure 2a—f for Hall bar devices oriented along six different
crystal directions, one 30° apart from the other. This is a first in-
dication that the charge-to-spin conversion mechanism in crys-
talline Bi,,Sb, ; is isotropic.

In contrast to the twin-free bilayer, the amorphous sample has
a significantly smaller magnetoresistance characterized by AR,
# AR, # AR, # 0, as shown in Figure 2g. This difference indi-
cates that the charge-spin conversion in amorphous Bi, ,Sb; is
strongly reduced compared to the single crystal Bi; ,Sb, ; and that
there is a contribution from the AMR of FeCo or from the OMR
of the amorphous Bi ,Sb, ;. We also find that the amorphous bi-
layer is more resistive than the twin-free bilayer. The resistivity
and magnetization data of both samples are summarized in Sec-
tion S2, Supporting Information.

2.3. Spin-Orbit Torque Efficiency

We quantified the SOTs using the harmonic Hall Voltage
method,['!l accounting for the contribution of the ordinary and
anomalous Nernst effects (see Sections S4 and S5, Supporting
Information). We estimated the following effective spin-orbit
fields: By, for the damping-like torque (DL-SOT) and By ¢,
which includes the Oersted field contribution, for the field-like
(FL-SOT). To determine B, we subtracted the calculated Oer-
sted field By, from By, ., taking By, = py Iy, /2w, where y, is
the vacuum permeability, w the current line width, and Iy, the
current flowing in the nonmagnetic layer. I, was estimated us-
ing a parallel resistor model by measuring the longitudinal resis-
tance of the two bilayer samples, a Bi, ,Sb, ; single film grown on
BaF,, and a FeCo single film grown on MgO.

In order to compare the SOTs in different systems, it is useful
to convert Bp; and By, into the so-called SOT efficiencies.[!1]
There are two types of efficiencies: The first normalizes the SOT
effective fields to the current density and the second to the ap-
plied electric field. The two efficiencies are, respectively, defined
DL = 2fMStF% and &l = ZTfMStFBLE'” where ¢ is the el-
ementary charge, # the reduced Planck constant, j the current
density, E = pj the applied electric field, p the resistivity of the bi-
layer, t; the thickness of the ferromagnet, and M, the saturation
magnetization. By measuring Bp,; and By, separately, we derive
the efficiencies &p,; and &g for the DL- and FL-SOT, respectively.
&, represents the ratio between the amount of spin current ab-
sorbed by the FM and the injected charge current, which can be

as:
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considered as an effective spin Hall angle. £E represents the ra-
tio between the spin current absorbed by the FM and the applied
electric field, thatis, the effective spin Hall conductivity. For SOTs
generated by TIs, it is common to calculate .;’JDL’FL with respect
to the current density flowing exclusively through the TI layer,
namely jpi;,. Depending on the resistivity of each layer, the values
of j and jyq, can differ significantly and therefore affect the effi-
ciencies. For this reason, we report both values of §}D1,FL and &%)
in Table 1. Accounting for the spin reflection and spin memory
loss occurring at the interface between nonmagnetic and mag-
netic layers, the SOT efficiencies defined above constitute the
lower bound for quantifying the charge-to-spin conversion of a
nonmagnetic layer.

Figure 3a,b presents images of the Hall bar devices used for the
SOT measurements. The room-temperature SOT efficiencies of
the twin-free and the amorphous Bi, ,Sb, ; bilayers are shown in
Figure 3c-f. For the epitaxial sample, we report the efficiencies as
a function of the crystallographic direction parallel to the applied
current. To appreciate the statistical variation of the efficiency, we
plot between two and four data points obtained from measuring
different devices for each crystallographic direction. Regardless
of the normalization method, we notice two important results
concerning the twin-free Bi; ,Sb, ; bilayer. On the one side, there
is no evident correlation between the magnitude of the DL- and
FL-SOT efficiency and the crystallographic direction along which
the current is injected: All the data points appear randomly scat-
tered within a region encompassing +20% of the average effi-
ciency. On the other side, S‘fl’ (£L)) reaches almost unity (2.2 x
10° Q7' m™') and is more than 20 times larger than in the amor-
phous bilayer. Likewise, g‘fb (&L is significantly larger in the
twin-free bilayer compared to the amorphous bilayer. The sign
of &) and &, are also inverted between the two samples, which
is due to the inverted layer stack. The average efficiency for all
devices and directions is reported in Table 1, with uncertainties
given by the standard deviation of the data.

We now compare the twin-free and amorphous bilayers by cor-
relating their SOT and magnetotransport properties and discuss
them in relation with other SOT-generating materials and simi-
lar Bi,_,Sb, compounds reported in the literature. The twin-free
epitaxial bilayer sample presents SOT efficiencies significantly
larger than the amorphous bilayer. A similar trend occurs for the
SMR (AR,,). From these observations, we conclude that the crys-
talline quality is crucial for achieving a large charge-to-spin con-
version in Bij,Sb, ;. Additionally, the ferromagnetic interface of
the amorphous Bi, ,Sb, ; bilayer is rougher than that of the twin-
free epitaxial bilayer, as RHEED images indicate. The interface
quality, which is affected also by the substrate and stacking order,
is another factor that can influence the charge-to-spin conversion
and the interface transparency to the spin current.

The SOT efficiency of the twin-free Bi, ,Sb, ; bilayer compares
favorably with the 5d heavy metals. Pt, the most investigated
material for SOT generation, has reported efficiencies per to-
tal current density of ‘SJDL,m = 0.06-0.2 and éJFL,Pt: —0.07, and
effective spin Hall conductivities of &f, , 2-4 x 10° Q™' m™},
&b p = —2x 10° Q7' m~ 1.1V For the same stacking order of the
nonmagnetic and magnetic layers, the DL-SOT has the same sign
as in Pt, whereas the FL-SOT has opposite sign.l'!l Due to the
larger resistivity of Bi, ,Sb, ; compared to Pt, the SOT efficiencies

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWILIOD 3A 81D 3|qeotjdde sy} Aq pausenob ke sapiie O ‘88N JO S9INJ 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PLR-SWLBHW0D" A3 | 1M ARIq 1 BU1IUO//SANY) SUORIPUOD PUe SWB L 8U3 89S *[£202/0T/80] U0 A%IqI 8UIIUO AB|IM ‘UoI7ARZ U3 A S0610E202 BLIPR/Z00T OT/I0P/W00 A8 | M AReiq 1 U1 |UO//STIY WOJ) papeojumoq ‘0 ‘S601TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Table 1. Resistivity, magnetoresistance, and SOT efficiency of the twin-free and amorphous Biy 4Sby ; samples at room temperature. The normalized
magnetoresistance is reported for xy, zy, and zx angular scans; the DL- and FL-SOT efficiency are normalized to the total current density (j), to the
current density through the Big gSbg 7 layer (jg;s,), and to the electric field (E). The uncertainty represents the standard deviation of the data measured

on different devices.

ARy ARzy AR j jBisb jBisb
Sample P Ry Ry R_OZX 'fIDL gFL ngL 'g/FL & &
[uQ cm] (%] (%] (%] %1072 X102 %1072 x1072 [10* Q" m] (104 Q' m7]
Twin-free 235 0.25 0.25 ~0 52+6 10+1 98 + 11 19+1 22+2 4+0.2
amorphous 515 0.07 0.05 —0.02 =3+1 —6+1 —4+1 -75+1 —0.6 +0.2 -1+02

normalized to the electric field are smaller than Pt. Compared
to other TIs, however, Bi, ,Sb, ; has a larger electrical conductiv-
ity, representing one of the best materials that combines a large
SOT efficiency with relatively low resistivity.!!33%521 SOT studies
using the harmonic Hall voltage method reported efficiencies
.fg‘L'FL spreading from 0.15 to 18 for Bi-based chalcogenides and
other TIs.[222670-75] The SOT efficiency measured in these sys-
tems varies significantly depending on the TI composition, cur-
rent density normalization, and measurement method.

Table 2 compares the SOT efficiency of heterostructures based
on Bi,_, Sb, reported in the literature. We focus here on the DL-
SOT, which received more attention due to its primary role in

inducing magnetization switching and domain wall motion.!!
Also in this case, we observe a significant spread of & and
&L, which can be explained by different considerations. The

largest SOT efficiency of 5’5‘5" = 52 has been reported for epitaxial
Bi, ,Sb,, (1216) deposited by MBE on GaAs(001)/Mn, ;Ga, ,.I"®!
This very large SOT efficiency has been measured indirectly

using the current-induced shift of hysteresis loops and at-
tributed to the SSs of the (1216) plane.®) Measurements of
textured Bi ¢ Sb, ;5(1120)/[Co/Pt] multilayers deposited by sput-

tering also gave a remarkable &2 = 10.7.%%1 Studies of sput-

tered Bi,_, Sb, films report &% of order unity,'#19404177] whereas

© 16— O e s e
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Figure 3. Efficiency of the damping-like and field-like SOTs at room temperature. a) Optical image of Hall bar devices patterned along different crystal-
lographic directions of the twin-free Big oSby ; /FeCo bilayer. b) Close up of a device with electrical contacts and coordinate system. Scale bar = 100 um
in both images. c,d) SOT efficiency with respect to jg;sp, for the DL and FL torques in the different samples. The direction of the current is indicated for
the twin-free Biy 9Sbg ;/FeCo bilayer. e,f) SOT efficiency with respect to the electric field E.
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Table 2. Summary of the different Bi;_,Sb, compounds investigated for SOT generation: composition, deposition technique, crystal structure, magnetic
anisotropy (perpendicular, PMA; in-plane, IPMA), measurement method (HHV, harmonic Hall voltage; HLS, hysteresis loop shift; SP, spin pumping),

and &8 and &€ at room temperature.

Composition Heterostructure Deposition Crystal Anisotropy, .ﬁffb tfgL
[Layer thickness, nm] technique structure method [10° Q!

m~]

Big.oSby 1 [this work] BaF, (111)/Big.4Sbq ;[10]/FeCo[1.7] MBE Epi (0001), IPMA, HHV 1 2.2

twin-free
Big.oSby ;8] GaAs(001)/Mng ¢ Gag 4[3]/Big.oSbo.1[10] MBE Epi (1216) PMA, HLS 52 130
Big 74 Sbg 614%%%] Si(111)/Big 74Sbg 26[4]/Col4] MBE, air transfer; Epi (0001) IPMA, HHV ~0 ~0
evaporation
Big g3 Big17"°! SiO, /Ta[0.5]/Te[2]/Big g3 Sbo.17[10]/ Sputtering of Bi/Sb Epi (0001) IPMA, HHV 1.2 0.6
CoFeB[2] multilayer
Big.g5Sbo 151 Si0,/MgO[10]/Pt[0.8]/Co[0.6]/Pt[0.8]/ Sputtering Unknown PMA, HHV 2.4
Big g5 Sbo.15[10]
Big 5 Sbg 514" SiO, /CoTb([2.7]/Pt[1]/Big g5 Sbg 15[10] Sputtering, air Textured PMA, HHV 3.2
transfer, MBE (0001)
Big g5 Sbg 1518 Al,0,(00071)/(Co[0.4]/Pt[0.4]),/ Sputtering Textured PMA, HHV 10.7 16
Bi0.855b0.15[10] (] 120)
Big 5 Sbg 1514 Si/SiO,/Ins. Sputtering Unknown PMA, HHV 3.5
buffer/(Co[0.4]/Pt[0.4]), /Big 5 Sbo 15[10]
Big 55 Sbg 154! Sputtering Unknown PMA, HHV 1.7
Al,03 (0007)/Big g5 Sbg 15[10]/Ru[1]/Co[1}/
P[1]
Big.g5Sbg 15144 Al,04(0001)/FeGaB[6]/Big g5 Sbo 15[10] Sputtering Polycrystalline IPMA, SP 0.01

measurements of epitaxial Bi,,,Sby,(0001) with a ferromag-
netic layer grown ex situl*?] gave a negligible efficiency and spin
pumping measurements of FeGaB/BiSb gave an efficiency of
1%.1*1 The large difference of &2 reported in the literature
was initially attributed to the difference in the crystalline quality
and orientation of the samples. Our comparative investigation
of samples grown in the same environment and measured us-
ing the same technique shows that single-crystal Bi, ,Sb, , (0001)
films have a much larger &% compared to amorphous Bi, ,Sby ;
and confirm the importance of high crystalline quality to reach
large conversion efficiency. However, the DL-SOT efficiency is
not as large as reported previously for Bi, ,Sby,(1216) films.

In order to shed light on the mechanisms at the origin of
the SOTs, we discuss the SOTs of the twin-free Bi,,Sb,,; bi-
layer in relationship with the surface and bulk band structure
of Biy4Sb,, obtained from ab initio electronic structure calcu-
lations and photoemission measurements.l**’%] The bulk Fermi
surface of Bi,,Sb,; presents a hole pocket at the T point of the
Brillouin zone and hole and electron pockets at the L points,
as sketched in Figure 4a.[3%35787] The valence and conduction
bands at the L points are separated by a small energy gap of
15 meVI®; furthermore, the band symmetry is inverted with re-
spect to a conventional insulator, making it topological. Figure 4b
shows the schematic dispersion of the bulk band states near the
T and L points, with the Fermi level positioned in the middle
of the L-point energy gap, as for an ideal semiconductor. The
small gap allows for the excitation of bulk carriers at high enough
temperature. Additionally, Bi, ,Sb, ; possesses highly anisotropic
SSs on the (0001) plane,3*3¢37] sketched on the projected Bril-
louin zone in Figure 4a.3%] Spin-polarized ARPES has shown that

Adv. Mater. 2023, 2304905 2304905 (7 of 12)

the isotropic SSs enclosing the T point present a clockwise in-
plane spin polarization. In contrast, the anisotropic SSs along the
['-M line present a spin polarization that points counterclockwise
around the T point with a sixfold rotational symmetry (see inset
in Figure 4).343637]

Atroom temperature, SOTs can be generated by both the spin-
polarized SSs and the thermally excited bulk carriers. Our re-
sult shows that the SOTs are isotropic at room temperature, in-
dependent of the direction of the injected current in the (0001)
plane. The same isotropic behavior appears in the SMR. This
evidence indicates that charge—spin conversion originates from
the isotropic SSs or bulk carriers with isotropic spin-momentum
locking near the T or T point.

2.4. Spin-Orbit Torque Efficiency versus Temperature

To gain further insight into the origin of the SOTs, we studied the
DL-SOT efficiency as a function of temperature. The conductivity
of the bulk carriers in a TI with a small bandgap such as Bi, 4Sb ,
is expected to diminish with decreasing temperature. Thus, the
topological SSs should increasingly dominate the transport at low
temperature, which allows for separating the bulk and SS contri-
butions. Figure 5a—d shows the temperature dependence of &£
measured along two nonequivalent high-symmetry directions to-
gether with the longitudinal resistance R; and saturation mag-
netization M, of the twin-free Bi;,Sb,; bilayer. Additionally, we
also characterized R; and the Hall resistance Ry, of a twin-free
Bi, 4Sb,; single layer.

The SOT efficiency accounts for the temperature-dependent

M, (Figure 5d), thus reflecting changes in the charge-spin

S
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conversion efficiency only. Within the error of our measure-
ments, we observe a similar behavior for devices oriented along
the [1210] and [1010] directions: & decreases with decreasing
temperature by about 40-50% until a minimum at about 20 K,
followed by a sharp increase at a lower temperature, which rises
almost up to the room-temperature value. The SOT generation is
isotropic at low temperatures as it is at room temperature.

As a first step to analyze the temperature dependence of the
SOT efficiency, we measured the temperature dependence of R;
for both the Bi, ,Sb, ; bilayer and the single layer samples, shown
in Figure 5c. Because the resistance of devices oriented along dif-
ferent crystallographic directions has a similar trend, we present
only the data relative to the [1210] direction. In the bilayer, R,
decreases by up to 5% until about 25 K, followed by a slight in-
crease. The decrease of resistance with temperature is attributed
to the resistivity of the metallic CoFe layer. The increase at low
temperature could either be due to the Kondo effect in FeCol®!
or to the increase of resistivity of the Bi,,Sb,, layer. We esti-
mated the percentage of current flowing through Bij,Sb,; in
the bilayer sample using a parallel resistor model. The inset of
Figure 5c shows that the current in the Bi,,Sb, ; layer decreases
by no more than 5% from 300 to 2 K, which cannot explain the
SOT variation as a function of temperature observed in our sam-
ples. The single layer sample has a semiconductor-like behavior
with a monotonous resistance increase of 15% down to 50 K, a
plateau between 50 and 15 K and a steep increase below 10 K. The
resistance plateau is usually associated with a dominant conduc-
tion contribution of the SSs.B!] A very similar semiconductor-
to-metal transition was also observed in Bi(0001) thin films and
associated with the presence of $Ss.828] The upturn below 10 K
is attributed to the quantum correction of the electron—electron
interaction.l®) The conductivity of our sample at 270 K (2.1 X
10° Q! m™!) is close to that reported for films of similar thick-
ness and stoichiometry (1-4 x 10° Q! m™1).[¥]

www.advmat.de

Figure 5e presents R, and Figure 5f) Ry at various temper-

atures for a single layer device oriented along [1210] and cur-
rent density j = 5 X 10* A cm~2. At room temperature, we ob-
serve an OMR effect with R; « B2, whereas below about 30 K, the
weak antilocalization effect becomes dominant. The weak antilo-
calization curves were fitted using the Hikami-Larkin—Nagaoka
equation® (see Section S7, Supporting Information). Our anal-
ysis indicates that there is only one channel that contributes to
the weak antilocalization at low temperature, whereas in a TI
like Bi,4Sb,;, we should expect multiple channels correspond-
ing to all the topological SSs. This apparent discrepancy can be
explained by the coupling of the topological SSs mediated by the
conducting bulk states, leading to only one coherent transport
channel. This bulk-surface coupling has been reported in TIs!®!
as well as in epitaxial Bi films.[8¢]

With decreasing temperature, the slope of Ry; changes from
positive to negative, indicating a change of the majority carrier
type from bulk hole carriers to electron carriers, either from the
bulk or the surface. The change of the majority carriers is also
observed in the bilayer at temperatures higher than 150 K, sug-
gesting that the transport properties of Bij,Sb, ; are not strongly
affected by the deposition of FeCo. From the increase of R, and
the change of slope of R};, we conclude that charge transport is
dominated by holes at high temperature and that both electrons
and holes contribute at low temperature, with the total number
ofhole carriers decreasing at low temperature. These conclusions
are in good agreement with the behavior expected from a small
bandgap semiconductor like Biy4Sb,;[*’! or from a semimetal
like Bi.[87-%]

The picture that emerges from our measurements is that the
SOT above 20 K are associated with thermally excited bulk hole
carriers at the T point of the Brillouin zone, in agreement with the
SMR and SOT measurements evidencing isotropic charge—spin
conversion. Our results are also in line with calculations of the

&
[1 219] /-> Q? @

Figure 4. a) 3D Brillouin zone of Bi 4Sbq 1 with bulk conduction pockets at the Fermi surface (bottom), and projected 2D Brillouin zone on the (0001)
plane showing the Fermi contours of the SSs (top). The arrows in the inset depicts the spin polarization of the SSs near the I point. b) Schematic band
structure of Big 4Sby 1 showing the dispersion of the bulk bands nearby the T and L points. The energy gaps correspond to those of bulk Big gSbg 1,3’
which represent a lower limit considering the gap opening effect due to quantum confinement in thin films.
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Figure 5. SOT efficiency and magnetotransport properties of the twin-free Biy 4Sby ; bilayer and single layer samples as a function of temperature. a,b)

SOT efficiency with respect to E as a function of temperature for the device oriented along [1210] and [1010], respectively. To account for Joule heating,
the temperature was calibrated by comparing the longitudinal resistances measured using a small current density, j = 4.2 X 10* A cm~2 and the SOT
measurement current, j= 1.7 x 10% Acm~2 (see Section S6, Supporting Information). c) Longitudinal resistance vs temperature of the twin-free Big Sby

bilayer and the single layer samples at j ~ 4 X10* A cm=2 for devices oriented along [1210]. (d) Saturation magnetization as a function of temperature.
(e,f) Longitudinal and Hall resistance of a twin-free Biy 4Sbq ; single layer with current applied along [1210].

spin Hall conductivity in BiSb,[**] where the T point contribution
gives positive spin Hall conductivity, whereas the contribution of
the L point is negative. Consequently, the lower the temperature,
the smaller the T point contribution to the transport, resulting in
lower SOT efficiency. A previous study of the temperature depen-
dence of SOTs in sputtered Bi,_, Sb, films also reported a correla-
tion between the amount of thermal carriers and SOT efficiency
but, differently from our work, attributed the thermal carriers to
electrons near the L point.[') We tentatively explain this discrep-
ancy with the unintentional doping in the sputtered film caused
by crystal defects, which brings the Fermi level near or into the
conduction band at all temperatures.

Furthermore, the DL-SOT efficiency of the twin-free bilayer in-
creases again below 20 K along both inequivalent crystallographic
axis of Biy,Sby ;. This strong increase corresponds neither to the
partial suppression of the bulk contribution to the conductivity
observed at around 50 K nor to the change of the main carrier
contribution from hole to electron occurring at the same temper-
ature. Instead, the SOT increase occurs when weak antilocaliza-
tion starts to dominate the magnetoresistance concurrently with
the increase of the phase coherence length (see Section S7, Sup-
porting Information). From the temperature dependence of the
phase coherence length, we conclude that the source of dephas-
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ing is electron—electron scattering, which decreases at low tem-
perature. While the specific role of the scattering on the SOT in
topological insulator heterostructures is not fully understood, in-
elastic electron—electron scattering is expected to be detrimental
to the spin polarization of the SSs and the resulting torques.!!
The increase of the spin polarization of the SSs at low tempera-
ture has been previously proposed to explain a similar increase of
the SOT below 10 K in magnetic topological insulator/topological
insulator bilayer.!?’] The weak antilocalization effect would also
reduce the resistivity of Bi,,Sb, ; leading to more efficient gen-
eration of SOT. However, this effect corresponds only to a 1-2%
resistance change, which can hardly explain the sharp increase
of the SOT. We conclude that the upturn of the SOT efficiency
below 20 K is due to the increased polarization of the isotropic
SSs around the I point at low temperature.

3. Conclusion

We have grown high-quality twin-free epitaxial layers of
Bij 4Sb,;(0001) using a single-step oblique MBE deposition
method at low temperature and investigated the magnetoresis-
tance and SOTs of Bi,,Sb, ; /FeCo bilayers as a function of cur-
rent direction and temperature. The epitaxial Bi,,Sb,,(0001)
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films present a semiconducting behavior, with charge transport
dominated by holes above 50 K and both electrons and holes at
low temperature. The magnetoresistance of epitaxial twin-free
Bi, Sb, ; /FeCo bilayers shows a sizable SMR-like behavior with
AR,,/R, = 0.25%, indicative of strong charge-spin conversion,
unlike that of amorphous bilayers. The charge-to-spin conver-
sion efficiency derived from measurements of the DL-SOT is
about 1 in the epitaxial Bi,,Sb,; and less than 0.1 in amorphous
Bi4Sb,;, showing that the crystalline quality is key to obtain
strong spin injection from this material. Both the SMR and SOTs
are isotropic in the epitaxial twin-free Bi, ,Sb,, bilayers, despite
the highly anisotropic SSs existing on the (0001) plane. Addi-
tionally, the SOT efficiency decreases strongly from 300 to 20 K.
These findings indicate that, down to 20 K, the SOTs originate
mainly from thermally excited hole carriers around the isotropic
T-point of the Brillouin zone in the bulk of the material. Finally,
below 20 K, the DL-SOT efficiency increases, reaching close to the
room-temperature value at 10.5 K. Based on weak antilocalization
measurements, we attribute this upturn to the increased spin po-
larization of the isotropic SSs around the I point of the Brillouin
zone due to reduced electron scattering. Our work demonstrates
anovel route to grow untwinned topological insulators and sheds
light on the magnitude of charge—spin conversion and the mech-
anisms at the origin of SOTs in epitaxial Bi,,Sb.

4. Experimental Section

Material Growth: The films were deposited by MBE in an ultrahigh-
vacuum system with base pressure of <1071 mbar. High-purity ele-
ments (>99.999%) were evaporated from Knudsen cells with the following
growth rates monitored using a quartz crystal balance: Bi (3.24 A min~),
Sb (0.31Amin~"), Fe (0.23 Amin~"), Co (0.21Amin~1), Al (0.9 A min~").
The elements Bi, Sb, Fe, and Co were co-deposited. A capping Al layer
was deposited with an O, pressure of 1.6 x 107¢ mbar on all samples
to protect them from air exposure. The MgO(001) and BaF,(111) sub-
strates were sonicated in acetone and isopropanol for 5 min before being
inserted into the vacuum chamber and heated to about 600 °C for 90 min.
The twin-free BiyqSbg 1 film was deposited at a temperature of —60 °C,
with the molecular beam directed along the BaF, [121] direction, at a 40°
angle from the surface normal. The suppression of crystal twinning was
attributed to the reduced random thermal energy of the adatoms on the
substrate held at low temperature and to the anisotropic in-plane veloc-
ity induced by the oblique deposition, which favor the growth of a single
twinning crystal domain. MBE at normal incidence at room temperature
produced a Big¢Sby ¢ epitaxial film possessing two twinning crystal do-
mains with similar extension (not shown). After deposition, the Biy 4Sby ;
film was annealed at about 200 °C for 30 min. All the other layers were
deposited at room temperature, with the molecular beam at normal inci-
dence, including the amorphous Bij 4Sby ; layer.

Device Fabrication: Hall bar devices of 10 um width and 100 pm length
were fabricated. A first step of UV-photolithography was performed to de-
posit photoresist patches of the same shape as the devices, followed by an
Ar-milling step to etch the uncovered area nearby the devices down to the
substrate. A second step of UV-photolithography was performed, followed
by a thermal evaporation step, in order to deposit metallic contact pads of
Ti [10 nm]/Au [200 nm] by lift-off.

Magnetotransport Measurements: The anomalous Hall resistance
(Rane) and the saturation field Bg,, of the bilayer samples were charac-
terized by using an alternate current and measuring the 1st harmonic Hall
signal (Ry) as a function of an out-of-plane magnetic field (see Support-
ing Information). Similar results were obtained for the differently oriented
devices of the twin-free Bij 4Sby ; bilayer sample. The magnetoresistance
was also characterized by measuring the 1st harmonic longitudinal resis-
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tance (R ) by rotating the devices in the xy, zy, zx planes in a static magnetic
field of 1.8 T, which is large enough to saturate the magnetization along
any direction in all the samples, as shown in Figure 2.

For the magnetotransport and SOT measurements of the twin-free
Big gSbg 1 bilayer and single layer samples, Hall bars oriented along six
different Bij oSbg ; crystal directions, one 30° apart from the other, were
used as shown in Figure 3a. At room temperature, the devices were wire-
bonded and mounted on a motorized stage allowing for in-plane and out-
of-plane rotations in an electromagnet producing fields up to 1.8 T. Using
the reference system shown in Figure 3b, ¢ is defined as the azimuthal an-
gle between the x-axis and the magnetization vector m, and 6 as the polar
angle between the z-axis and m. The measurements were performed using
an a.c. current and recording the 1st and 2nd harmonic of the transverse
(Hall) and longitudinal resistances as a function of the magnetic field di-
rection (angle scan) or amplitude (field sweep). Current densities in the
range of j = (0.7-1.7) X105 A cm~2 with a frequency of w/2x = 10 Hz were
used. The current density j is calculated by considering the total thickness
of the entire stack, excluding the AlO, capping. The resistivities of the bi-
layer and the single layer samples were measured, and then, via a parallel
resistor model, the resistivities of the other layers constituting the het-
erostructures were calculated. The data are shown in Section S1, Support-
ing Information.
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