PHYSICAL REVIEW B 103, 224428 (2021)

Spin-orbit torques and magnetotransport properties of «-Sn and S-Sn heterostructures
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Topological insulators have emerged as an important material class for efficient spin-charge interconversion.
Most topological insulators considered to date are binary or ternary compounds, with the exception of «-Sn. Here

we report a comprehensive characterization of the growth, magnetotransport properties, and current-induced
spin-orbit torques of «-Sn and B-Sn-based ferromagnetic heterostructures. We show that a-Sn grown with a Bi
surfactant on CdTe(001) promotes large spin-orbit torques in a ferromagnetic FeCo layer at room temperature,
comparable to Pt, whereas «-Sn grown without Bi surfactant and the nontopological phase, S-Sn, induce

lower torques. The dampinglike and fieldlike spin-orbit torque efficiency in «-Sn with Bi are 0.12 and 0.18,
respectively. Further, we show that «-Sn grown with and without Bi presents a spin-Hall-like magnetoresistance
comparable to that found in heavy metal/ferromagnet bilayers. Our work demonstrates direct and efficient
charge-to-spin conversion in «-Sn ferromagnetic heterostructures, showing that «-Sn is a promising material
for current-induced magnetization control in spintronic devices.

DOI: 10.1103/PhysRevB.103.224428

I. INTRODUCTION

Topological insulators (TIs) have attracted strong attention
in spintronics as potential candidates for the efficient inter-
conversion of charge and spin currents. TIs have a bulk band
gap and conducting states at their boundaries, which exhibit
spin-momentum locking [1-4]. Owing to this feature, electric
conduction via the TIs’ surface states can be harnessed for
the generation of spin currents in spintronic devices. There
exist already numerous studies where TIs have been used for
generating spin-orbit torques (SOTs) in ferromagnetic het-
erostructures [5—12]. Finding new TIs and characterizing the
existing ones constitutes an important challenge of spintronics
research.

SOTs are current-induced magnetic torques capable of
manipulating the magnetization of magnetic thin films and
nanostructures. SOTs were originally discovered and exten-
sively studied in heavy metal/ferromagnet bilayers [13-22]
and noncentrosymmetric magnetic semiconductors [23,24].
In these systems, SOTs rely on charge-to-spin conversion
due to interfacial and bulk mechanisms, such as the Rashba-
Edelstein and spin-Hall effect, respectively [18].

Since the first reports of SOTs from TIs [5,6], extensive
efforts have been made to explore TIs as efficient SOT gener-
ators. The origins of SOTs in the TI-based systems, however,
are not yet well understood. SOTs were initially attributed to
the TIs” spin-momentum locked surface states [6]; this view
is now under debate due to the possible, perhaps dominant,
role of the bulk conduction in intrinsically doped TIs. The
latter enables the bulk spin-Hall effect to become a source of
SOTs [10]. Additionally, the formation of Rashba-split sur-
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face bands and the Rashba-Edelstein effect play an important
role at TI/ferromagnet (FM) interfaces [7]. Therefore, disen-
tangling the surface state contributions vs other potential SOT
sources is not trivial. Moreover, it is unclear whether the prop-
erties of the TIs are preserved when they come in contact with
magnetic materials, which is usually the case in SOT studies.
For instance, magnetic impurities may destroy the topological
surface states [25]. Also, intermixing, commonly occurring at
the interfaces between TIs and FMs, can be detrimental for
SOTs [12,26].

Whereas most SOT investigations have focused
on Bi-based binary and ternary compounds such as
Bi;Ses;, Bi,Sby_,, and (Bi,Sb;_,),Tes [27,28], other TI
systems such as a-Sn have been much less studied despite
their simpler stoichiometry [29-32]. «-Sn is an allotropic
phase of Sn, which crystallizes in the diamond cubic structure.
In the bulk form, @-Sn is a zero-gap semimetal in which the
usual conduction and valence bands are inverted. In the
thin film form, strain and quantum confinement open a
band gap, making «-Sn a topological insulator [29,30,33].
The presence of spin-polarized topological surface states
has been confirmed by angle-resolved photoemission
spectroscopy [29,30,32]. Recently, Rojas-Sanchez et al.
performed spin-pumping experiments on an «-Sn/Ag/Fe
heterostructure and reported a spin-to-charge conversion
efficiency significantly larger than that of the 5d heavy
metals [34]. This finding makes «-Sn a promising
candidate for the reciprocal process of charge-to-spin
conversion and efficient generation of SOTs. To our
knowledge, measurements of SOTs in «-Sn-based magnetic
heterostructures have not been reported so far.

Motivated by the spin-pumping experiments on «-Sn [34]
and the lack of SOT studies in this material, we conducted a
comprehensive investigation of the growth, magnetotransport
properties, and SOTs in a variety of Sn-based ferromagnetic
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heterostructures. The aim of this study is twofold. First,
we characterize the direct charge-to-spin conversion in o-Sn
by performing SOT measurements. We compare the results
obtained on FeCo deposited on epitaxial «-Sn grown on
CdTe(001) with and without Bi surfactant as well as on
B-Sn grown on MgO(001)/FeCo. Second, we measure the
magnetoresistance and anomalous Hall effect in these three
systems, discussing their behavior in relationship to the SOTs.
We find that «-Sn with Bi surfactant presents the largest
SOT efficiency, comparable to that of the 5d heavy metals,
whereas «-Sn without Bi and B-Sn have efficiencies that
are about two times and four times smaller, respectively.
The fieldlike SOT is larger than the dampinglike SOT in all
the heterostructures. The «-Sn heterostructures also present
a spin-Hall-like magnetoresistance, which is another signa-
ture of strong charge-to-spin conversion in these systems.
These findings show that «-Sn is an efficient material for
generating current-induced SOTs and highlight the impor-
tance of Bi for improving the SOT efficiency and modifying
the magnetotransport properties of «-Sn-based ferromagnetic
heterostructures.

This paper is organized as follows. Section II describes
the sample growth and structural characterization. In Sec. III
we present the magnetic and electrical characterization of the
Sn/FeCo heterostructures. In Sec. IV we present the SOTs
measurement and compare the torque efficiencies. The results
are discussed in Sec. V, followed by the conclusions given in
Sec. VL.

II. SAMPLES

A. Substrate preparation and film growth

The Sn and FeCo films were deposited at room temperature
by molecular beam epitaxy in an ultrahigh-vacuum system
with base pressure <107 mbar. High-purity elements (>
99.999%) were evaporated from Knudsen cells with the fol-
lowing growth rates monitored by a quartz crystal balance: Bi
(0.8 A/min), Sn (1.2 A/min), Fe (0.4 A/min), Co (0.37 A/min),
and Al (0.9 A/min). Fe and Co were codeposited and Al
was deposited with an O, pressure of 1.6x107% mbar. As
mentioned earlier, we fabricated and studied three different
heterostructures: (i) CdTe(001)/Bi [3.5 Al/a-Sn [50 Al/FeCo
[17 A)/AlOy; (ii) CdTe(001)/ee-Sn [50 Al/FeCo [17 A)/AlO;
(iii) MgO(001)/FeCo [17 A)/B-Sn [50 A]/AlOy. Henceforth,
we refer to those heterostructures as «-Sn/Bi, @-Sn, and B-
Sn, respectively. Additionally, to serve as a reference, we
deposited single films of «-Sn [50 A] and FeCo [17 A] on
CdTe(001) and a single film of FeCo [17 Alon MgO(001), all
capped by AlOy.

Bulk «-Sn is structurally stable only below 13.2 °C,
whereas thin films are stable above 100 °C [35]. For this study,
we selected a film thickness of 50 A, which is in the 39-55 A
range in which strain and quantum confinement effects make
o-Sn a TI [29]. The epitaxial growth of «-Sn (lattice constant
a = 6.489 A) has been reported on InSb (a = 6.479 A) and
CdTe (a = 6.482 A) [35-37]. Here we chose CdTe due to
its higher resistivity with respect to InSb to minimize current
shunting through the substrate in the electrical and SOT mea-
surements.

The preparation of the CdTe substrates before the film
deposition was crucial to grow high-quality «-Sn films. We
first sonicated the substrates in acetone, rinsed them in iso-
propanol and methanol, etched them for 20 s in a 0.5%
bromine-methanol solution to remove the top pristine oxide
layer, and finally rinsed them for 1 min in water to form a
heat-sensitive TeOy film. Subsequently, the substrates were
inserted into the vacuum chamber, sputtered with Ar ions for
10 min, and heated to about 230 °C for 10 min to remove the
TeOy film. The heterostructures were then obtained by subse-
quent deposition of the layers described above. In the «-Sn/Bi
sample, Bi was used because of its surfactant properties in the
growth of Sn and Sn-based thin films: Bi promotes the growth
of @-Sn on InSb [29] and of SnGe on Ge [38]. In both cases,
Bi segregates to the surface of the growing film, which we
expect to occur in our films as well. The preparation of the
MgO substrate involved sonication in acetone, isopropanol,
and methanol. The MgO substrate was then inserted into the
vacuum chamber and heated to about 500 °C for 90 min. The
deposition of the 8-Sn heterostructure followed.

B. Structural characterization

The crystal structure of the heterostructures was charac-
terized using a combination of in situ reflection high-energy
electron diffraction (RHEED) and ex situ x-ray diffraction
(XRD). RHEED was performed along the [100] direction for
CdTe and the [110] direction for MgO. RHEED patterns were
recorded for the prepared substrates and after every deposited
layer, except for the AlO4 capping. The XRD of the full
heterostructure was performed using a PANalytical X’ Pert®
diffractometer with Cu K« radiation (A = 1.5406 10\).

Figure 1(a) shows the RHEED patterns from the three
samples studied here. The two «-Sn samples exhibit similar
patterns for the CdTe substrates and «-Sn films. These lay-
ers have thus similar lateral lattice spacing (indicated at the
bottom), independently of the presence of the Bi surfactant
layer. The resemblance of the patterns proves the epitaxial
growth of a-Sn on CdTe(001). The streaky reflections, which
are indicative of the two-dimensional character of the films,
also present intensity spots that we attribute to the roughness
of the underlying substrate. The RHEED pattern of the FeCo
films grown on «-Sn shows rings on a cloudy background,
suggesting that the FeCo layers consist of both polycrystalline
and amorphous phases. In the 8-Sn sample, the RHEED pat-
terns are similar for the MgO substrate and the FeCo layer,
proving the epitaxial deposition of the latter. The $-Sn film
presents a spotty pattern, indicating that the film consists
of three-dimensional islands. The spacing of this pattern is
nevertheless comparable with the base lattice constant of 8-Sn
(a=b=15.832 A, c=3.182 A, tetragonal structure).

Figure 1(b) shows the XRD measurements of the three
samples. The vertical lines indicate the 26 angle of the rel-
evant crystallographic reflexes. The (004) reflexes of CdTe
and «-Sn are indistinguishable, owing to their similar lattice
constants. The XRD of the two «-Sn samples shows only
the reflexes of CdTe, as the FeCo layer is either too thin or
too disordered to be detected. The XRD measurement of the
B-Sn sample shows the reflexes of MgO and epitaxial 8-Sn,
whereas the FeCo could not be detected. The RHEED and
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FIG. 1. (a) RHEED images of the different layers in the «-Sn/Bi, o-Sn, and 8-Sn heterostructures, each column corresponding to a sample
and each row corresponding to a layer, from the substrates (bottom) to the last deposited layer (top) before capping. The RHEED patterns
are along [100] for CdTe(001) and [110] for MgO(001). The lattice spacing associated to the distance in reciprocal space between relevant
reflexes of the RHEED patterns are shown at the bottom of the figure. The sample with «-Sn/Bi (left) and «-Sn (center) show the RHEED
patterns expected for epitaxial ¢-Sn on CdTe. The sample with B-Sn (right) shows RHEED patterns of epitaxial FeCo and B-Sn. (b) X-ray
diffractograms with a sketch of the corresponding heterostructures. &-Sn/Bi and «-Sn (bottom and center) show only the reflexes of the CdTe
substrate, whereas -Sn (top) present the reflexes of both epitaxial f-Sn and MgO substrate.

XRD measurements collectively indicate the successful depo-
sition of @-Sn and B-Sn films, as anticipated. To shed light
on the position of the Bi atoms in samples including «-Sn we
performed angle-dependent x-ray photoelectron spectroscopy
(XPS) on a similar heterostructure consisting of CdTe/Bi
[3.5 Al/a-Sn [50 A}/Co [17 A)/Al [15 A]. The results of this
study indicate that the largest concentration of Bi is located
below the top Al layer. This confirms that Bi has a strong
tendency to behave as a surfactant for Sn grown on CdTe
and additionally diffuses and segregates through the magnetic
layer. From the XPS data, however, we cannot exclude that
some Bi atoms might be incorporated in the Sn and magnetic
layer.

III. MAGNETIC AND ELECTRICAL
CHARACTERIZATION

A. Magnetic properties

‘We measured the magnetization of the as-grown layers as a
function of in-plane magnetic fields using a superconducting
quantum interference device (SQUID) at room temperature
[see Fig. 2(a)]. The films have saturation magnetization My =
0.7x10° A/m (a-Sn/Bi, solid blue circles), 1.0x10° A/m
(«-Sn, open blue circles), and 1.5x 10° A/m (B-Sn, solid red
squares). FeCo thin films grown on «-Sn have a strongly re-
duced magnetization compared to those grown on MgO(001).
We attribute the larger M, of 8-Sn with respect to the «-Sn
samples to the larger M of the body-centered cubic (bcc)
phase of FeCo when grown epitaxially on MgO (M, ~ 2x 10°
A/m) [39]. We assume that FeCo grows face-centered cubic
(fcc) on «-Sn. This phase has a lower M compared to the bce
phase, as shown for FeCo grown on diamond (M; ~ 1.4x 10°
A/m) [40], which has the same crystal structure as «-Sn.
Moreover, issues common to ultrathin films such as interfacial

mixing with nonmagnetic elements and dead layer formation
lead to a further reduction of M; in our films, because the M,
of our samples remains lower than either the bce or fcc phase
of bulk FeCo. The as-grown FeCo layers deposited on «-Sn
also possess a weak uniaxial magnetic anisotropy in the range
of 1 mT along one of the (110) directions of CdTe(001). This
phenomenon, typically observed in magnetic thin films grown
on substrates with the zinc-blende structure [41], indicates
that the [1 —1 0] and [110] directions of the «-Sn(100) layer
grown on CdTe(001) are not symmetrically equivalent, just as
is the case for the substrate.

The magnetotransport measurements were performed on
Hall bar devices of 10 um width and 100 um length fab-
ricated by photolithography and ion milling [see Fig. 2(c)].
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 of up to 2.2 T at room tem-
perature. Using the reference system shown in Fig. 2(c), we
define ¢ as the azimuthal angle 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 ac current and recording the first and second harmonics
of the transverse and longitudinal resistances as a function of
the magnetic field direction (angle scan) or amplitude (field
sweep). All measurements were performed in the dark to
suppress the photovoltaic effect of CdTe. We used current
densities in the range of j = (1.4-2.8)x 10® A/cm? with a fre-
quency of w/2m = 10 Hz. The current density j is calculated
by considering the thickness of the entire stack, excluding the
substrate and the AlO, capping.

We measured the first harmonic Hall signal (R, u) as a
function of out-of-plane magnetic field (B,) for characterizing
the anomalous Hall resistance (Rayg) and the saturation field
B, as shown in Fig. 2(b). In this configuration, R,y is
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FIG. 2. (a) Magnetic hysteresis loops as a function of in-plane magnetic field measured by SQUID. (b) Anomalous Hall resistance as
a function of out-of-plane magnetic field. (c) Patterned device and coordinate system. The angle 6 (not shown) is the polar angle between

the z axis and the magnetization vector m. (d)—(f) Percent variation of the longitudinal resistance normalized with respect to Ry

= R(m||x)

for the angular scans xy, zy, and zx (see the inset). The scans are performed in a constant magnetic field By = 2.2 T. Data are shown for
a-Sn/Bi (d), @-Sn (e), and B-Sn (f). The current density used to perform the measurements shown in (b) and (d)—(f) is j=1.4x10° A/cm?. All

measurements were performed at room temperature.

proportional to the z component of m. Because of the in-plane
anisotropy, the field required to saturate the magnetization
out-of-plane is defined as Bgt = Bdem — Bpma- Here Bgen 1S
the demagnetizing field, with Bgey, ~ (oM, and Bpya is the
effective perpendicular anisotropy field. We then calculated
Bpma, taking M, from the SQUID measurements and Bgy from
the out-of-plane field scan, and estimated the perpendicular
magnetic anisotropy constant as K, = (MBpma)/2 [42]. For
the «-Sn/Bi, «-Sn, and B-Sn samples, we found By, = 470,
625, and 780 mT, corresponding to K; = 1.4x 10°,3.2x10°,
and 8.3x103 J/m?, respectively. The difference in K, val-
ues can be ascribed to the different interface contribution to
the magnetic anisotropy. In particular, for the §-Sn sample
with FeCo epitaxially grown on MgO, we found an enhanced
K . We also extracted Rapg = [Rape(m||z)—Rape(m||-2z)]/2,
which gives Ragg = 1.1 © for «-Sn/Bi, 3.5 @ for «-Sn, and
5.4 Q for $-Sn. The factor 3 difference in Rapg between the
two «-Sn samples will be discussed in the context of SOTSs in
Sec. V.

B. Magnetoresistance

We further characterized the resistivity and magnetoresis-
tance by measuring the first harmonic longitudinal resistance
(Ry,L)- For a-Sn/Bi, o-Sn, and B-Sn, the resistivities are p =
179, 204, and 342 12 cm. The magnetoresistance R,, 1, can be

written as a function of the magnetization angles ¢ and 6 in
its most general form as [43]

RoL = Ro — ARx sin0 coszgo — AR,y sin6 sinz(p, €))]
where Ry = R(m||x), AR,y is the resistance difference be-
tween magnetization pointing along the z axis and the x
axis, ARy is the resistance difference between magnetiza-
tion pointing along the z axis and the y axis, and AR,y =
AR,y — AR,,. We measured the magnetoresistance by rotat-
ing the devices in the xy, zy, and zx planes in a static magnetic
field of 2.2 T, which is large enough to saturate m along any
direction in all the samples. Figures 2(d)-2(f) show the per-
cent variation of R, 1 with respect to Ry = R(m||x). Both the
a-Sn samples present similar magnetoresistance characterized
by ARyy ~ AR,y > 0 and AR, ~ 0, with & *y ~ 0.02% for
a-Sn/Bi and 0.05% for «-Sn. This behavior d1ffers from the
typical anisotropic magnetoresistance of polycrystalline thin
films, for which the resistance is larger when m is orthogonal
to the current, resulting in AR,y ~ AR, > 0 and AR,, ~ 0.
According to observations made in ultrathin magnetic lay-
ers in contact with heavy metals, different explanations have
been proposed for this unusual magnetoresistance, which rely
on the so-called spin-Hall magnetoresistance (SMR) [44] or
the anisotropic interface magnetoresistance [45]. In the first
scenario, a large magnetoresistance appears in AR,y and AR,
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due to the asymmetry in the absorption and reflection of the
spin current generated by the bulk spin-Hall effect of the
nonmagnetic conductor upon the rotation of m in the zy and
xy planes [43,46,47]. In the second scenario, spin scattering
due to a localized spin-orbit potential at the interface leads to
a strong dependence of the magnetoresistance on the out-of-
plane component of m, giving rise to a large AR,y [48,49].
These effects are hard to separate in practice, but are both
indicative of charge-spin conversion effects taking place in
bilayer systems [50,51]. Thus, the finite AR,y is a first sig-
nature that current injection in «-Sn/FeCo layers can generate
significant SOTs. In contrast, the 8-Sn sample shows nonzero
values for all three magnetoresistances %, A,:i 2 and %}“.
We shall discuss these magnetoresistance data in the context
of SOTs in Sec. V.

IV. SPIN-ORBIT TORQUES

A. Harmonic Hall voltage detection of spin-orbit torques

SOTs consist of two components: a fieldlike torque (FL-
SOT, including the Oersted field contribution due to current
flowing in the nonmagnetic layer) Tgr 10 ~ mxy, and a
dampinglike torque (DL-SOT) Tpp ~ mx(mxy). Their ac-
tion on the magnetization can be described by effective fields
that are accessible experimentally: Bg 0. ~y and Bpp ~
mxy. We measured the SOT effective fields of the three
samples using the harmonic Hall voltage detection tech-
nique discussed in detail in Ref. [19]. The method involves
recording the first and the second harmonic Hall resistance
at frequencies w and 2w, respectively, as a function of the
direction or intensity of an external magnetic field. Below, we
present an exemplary step-by-step process explaining how we
quantified the SOTs in the «-Sn/Bi sample.

The first harmonic Hall resistance consists of contributions
from the anomalous Hall effect (Ragg) and the planar Hall
effect (Rpyg) that can be expressed as a function of the mag-
netization angles 6 and ¢:

Ry,u = Rapgcosf + Rpug sin” 6 sin 2¢. 2)

The second harmonic Hall resistance consists of the resistance
contributions from SOTs (RpL+0e and Rpr), which are due
to the SOT-induced oscillations of the magnetization, and the
magnetothermal effects (Rang) due to the anomalous Nernst
effect [17,19]. When the magnetization lies in-plane, as it is
the case for our samples, the second harmonic Hall resistance
can be written as follows:

Rowyi = Rprtoe (2c08° ¢ — cos @) — S(RpL + Rang) cos .
3)
The different ¢ dependence of Rprioe and Rpr, make the
xy angle scan the most convenient measurement method to
separate the two contributions. Further, these SOT resistances
are inversely proportional to the external magnetic field, the
increase of which progressively suppresses the torques’ ac-
tion. Rang shares the same ¢ dependency with Rpp, but it
is field independent. Thus, the two terms can be ultimately
separated via their different magnetic field dependence. For
these reasons, we quantified the SOTs by performing xy angle
scan measurements at different external magnetic fields Bey;.
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FIG. 3. SOT quantification in @-Sn/Bi. (a) Angle scan of R,, i as
a function of ¢ at different B.y,. The oscillations of R, iy are due to the
planar Hall effect. (b) Angle scan of R,, g recorded simultaneously
with R, y showing contributions from SOT, Oersted field, and mag-
netothermal effects. Points are experimental data and lines are fits
to Eq. (3). The current density in (a) and (b) is j=2.8x10% A/cm?.
(c) Dependence of the FL-SOT resistance and DL-SOT resistance as
a function of the inverse of their corresponding B.g (defined in the
main text). (d) Dependence of the SOT effective fields as a function
of the applied current density. The lines are linear fits to the data. The
estimated Oersted field is plotted as a dashed line.

Figure 3(a) shows the first harmonic Hall signal of the
sample «-Sn/Bi for xy angle scans at three representative
fields. The main signal contribution arises from the planar
Hall effect, whose corresponding resistance Rpyg increases
with By, indicating that the magnetization is not completely
saturated for the smaller applied fields. Figure 3(b) shows the
second harmonic Hall signal recorded simultaneously with the
first harmonic signal. We fitted Ry, i using Eq. (3), finding the
two coefficients (R 10e) and (Rpr, + Rang) at different Bey;.

We quantified the FL-SOT by exploiting the field-

dependent relation Rpp 0. = %’2’*{‘? BrL+0e, With Begf = Bext

[19]. Figure 3(c) presents Rpp 0. Versus BLt (red dots), with

each data point rescaled by a factor ﬁlﬁm) to account for the
varying Rpyg at different Bey, with max(Rpyg ) being the max-
imum value of Rpyg. In this type of plot, Brr 0. corresponds
to the slope of the fit (red dashed line) divided by %.
Next, to determine Bgr,, we subtracted the calculated Oersted
field Bo. from Bpgp 1o, taking Bo. = “;—S", where g is the
vacuum permeability, w the current linewidth, and Is, the cur-
rent flowing in the nonmagnetic layer. Is, was estimated using
a parallel resistor model for the Sn/FeCo bilayer by measuring
the four-point resistance of the full heterostructures and sin-
gle FeCo films grown on CdTe and MgO substrates. Table I

presents the resistivity and the four-point resistance of the full
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TABLE I. Summary of the electrical properties of «-Sn/Bi, «-Sn, and 8-Sn obtained using a parallel resistor model at room temperature.
From left to right: resistivity and four-point resistance (measured between two contacts 50 um apart) of the full heterostructure and single
FeCo film grown on different substrates, current branching ratio in the Sn and FeCo layer, current and average current density flowing through

the full heterostructure, and current density in the Sn layer.

Isn Ireco 1

P R PFeCo RFeCo 1 I J an
Sample (12 cm) (k) (1 cm) kS2) (%) (%) (mA) (10° A/cm?) (10° A/cm?)
«-Sn/Bi 179 1.3 72 2.1 42 58 2 2.84 1.68
«-Sn 204 1.5 72 2.1 31 69 2 2.98 1.24
B-Sn 342 2.4 224 6.6 63 37 2 2.98 1.18

heterostructures (p, R) and single FeCo films (ppeco, Rreco)
together with the resultant branching of the current in the Sn
and FeCo layers, defined as 157“ and IF%, where [ is the total
current sent through the full heterostructure.

We quantified the DL-SOT by considering the dif-
ferent field dependence of Bpp and the magnetothermal
effects due to the out-of-plane thermal gradient pro-
duced by Joule heating. More specifically, we accounted
for the anomalous Nernst effect represented by the re-
sistance Rang. This effect depends exclusively on the
magnetization and thermal gradient, and is thus indepen-
dent of By. To separate Rang from Rpp in Eq. (3),
we used the relation (Rpr + Rang) = Ré\:;[fE BpL, + RANE,
where Begt = Bext + Baem + Bpma [19]. Figure 3(c) shows
(RpL + Rang) versus 1/(Bext + Baem + Bpma) (black dots).
In this plot, Bp, corresponds to the slope of the fit (black
dashed line) divided by (Rang), whereas Rang corresponds
to the intercept with the y axis, the only residual resistance
contribution when By, — 00.

For the a-Sn/Bi sample, we additionally took into account
the ordinary Nernst effect (ONE), given by RongBextCOS @5,
where @p is the azimuthal angle of the applied field Bey. This
term adds to Eq. (3) a resistance proportional to Bey and the
out-of-plane thermal gradient. Spintronic devices containing
Bi and Bi-based alloys often exhibit a large ONE due to their
low thermal conductivity and large Nernst coefficient [52].
In these systems, the ONE can play an important role for
properly quantifying the SOTs [53]. For «-Sn/Bi, modifi-
cations of the electronic band structure or growth quality
induced by Bi [29] could also affect the thermoelectric prop-
erties of the stack. Experimentally, we measured RongBext by
performing a field scan at ¢z = 0 with Bey > 1.5 T, where
Rrr+0e and Rpp, are suppressed and Rang is constant. For
j=2.8%x10"% A/em? and By, = 1.5 T, we found RongBext =
1.8x10~* Q, which is about half of Rang. We then subtracted
the measured RongBext cOS @p to the raw second harmonic
Hall resistance signal of «-Sn/Bi. In contrast, in @-Sn and
B-Sn, we found a negligible ONE.

Figure 3(d) shows Bpp and Bp;, after subtraction of Bo,
as a function of j, together with the estimated Bo. (dashed
line) in @-Sn/Bi. The red and black lines are fits forced to
intercept at zero, which serve as guides to the eye. The good
agreement between fits and data proves the linear relation
between SOTs and injected current density. By using the same
method, we quantified the SOT effective fields in the «-Sn
and B-Sn samples. In the next section we compare the SOT
efficiency for all samples.

B. Effective spin-orbit fields and SOT efficiencies

The SOT effective fields measured in different samples
can be compared by converting them into so-called SOT ef-
ficiencies [17,18,54]. There are two ways to do so. The first
one is by normalizing the SOT effective fields to the current
density, and the second one is by normalizing then to the
applied electric field, which depends on the resistivity but is
independent of the current distribution in the heterostructure.
The two efficiencies are respectively defined as follows:

; 2e BpL rL
E]éL,FL = EMJF ) (4)
J
2e Bpr FL
ESL,FL = ?MJF E 5)

where e is the elementary charge, % the reduced Planck con-
stant, j the current density, £ the applied electric field, and
tr the thickness of the ferromagnet. %L’FL represents the ratio
of the spin current absorbed by the ferromagnet relative to the
injected charge current, which can be considered as an effec-
tive spin-Hall angle. & ;. on the other hand, represents the
ratio of the spin current absorbed by the ferromagnet relative
to the applied electric field, that is, the effective spin-Hall con-
ductivity. Considering that spin reflection and memory loss
take place at the interface between nonmagnetic and magnetic
materials, the efficiencies calculated by the above formulas
constitute the lower bound for quantifying the charge-to-spin
conversion capacity of a nonmagnetic layer.

Figures 4(a) and 4(b) compares the efficiencies of DL-SOT
(black columns) and FL-SOT (red columns, after subtraction
of the Oersted field contribution) for the three samples with
respect to j and E, respectively. We note that the definition
of the current density in the context of SOT efficiency may
be ambiguous. Some consider this term as the average current
density flowing through the full thickness of the heterostruc-
ture (here defined as j), whereas others apply a parallel
resistor model to separate the currents flowing through the
nonmagnetic metal (here defined as js,) and the ferromag-
netic layer. The estimated values of j and js, are shown in
Table 1. In Fig. 4(a) we account for both current densities,
showing &J" i, as colored bars and &}, , as white error bars.
Depending on the resistance ratio bet\;vqen the nonmagnetic
and ferromagnetic layers, 5" and &2  can differ sig-
nificantly from each other, as seen by cofnparing a-Sn and
B-Sn in Fig. 4. In any case, we find that «-Sn/Bi shows
the largest DL- and FL-SOT efficiency, followed by «-Sn
and B-Sn.
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FIG. 4. Comparison of the SOT efficiency in o-Sn/Bi, «-Sn, and
B-Sn. (a) Efficiency with respect to the current density, showing
SéSL",FL as colored bars and féL,FL as white error bars. jg, refers to
the current density considering the partial current exclusively flowing
through the Sn layer, whereas j refers to the average current density
flowing through the full thickness of the heterostructure. (b) Effi-
ciency with respect to the electric field. The efficiencies of §-Sn are
multiplied by —1 to account for the inverted structure.

V. DISCUSSION

In this section, we compare our findings with the litera-
ture and examine the correlation between the SOT efficiency
and magnetotransport properties of our samples, and discuss
the role of the Bi surfactant. The most relevant proper-
ties on which we base our discussion are summarized in
Table II.

A. Comparison of SOTs with literature

Here we compare the SOTs efficiency of the «-Sn samples
with the literature, and particularly with the spin-pumping
measurements of the only previously studied «-Sn-based
ferromagnetic system: «-Sn [50 A)/Bi [3.5 A]/Ag [0 and
20 A]/Fe [50 A] [34]. The Ag spacer layer in this study
was used to preserve the topological insulator nature of the
a-Sn film. A monolayer of Bi was used also in this sys-
tem to improve the growth of «a-Sn [29,34]. With the Ag
spacer, the spin-to-charge conversion efficiency was reported
to be 0.62, a value one order of magnitude larger than
Pt, considering a spin diffusion length of 3.4 nm. Without
spacer, the conversion efficiency was shown to be negli-
gible, in line with the disappearance of the Dirac cone

observed by angle-resolved photoemission [34]. Interestingly
though, we measure a sizable SOT efficiency (or charge-
to-spin conversion) in «-Sn samples in direct contact with
the ferromagnet. Our values of E]gSL“ = 0.12 (0.06), «Séﬁ‘ =
0.18 (0.10) in a-Sn with Bi (without Bi) are lower but still
significant compared with the spin-to-charge conversion ef-
ficiency measured by spin pumping in Ref. [34]. In making
such a comparison, one should note that the conversion effi-
ciency of the same material, measured by different techniques
and on different samples can vary. In particular, TIs exhibit
&), spreading over several orders of magnitude from below
0.01 [55] to more than 1 [6]. In our case, we cannot ex-
clude that the use of a different substrate or measurement
geometry could affect the conversion efficiency. Neverthe-
less, our results support the finding that «-Sn is an efficient
material for spin-charge interconversion. Additionally we ev-
idenced that the FL torque is large and even larger than
the DL torque; a property that could not be studied by spin
pumping.

Next, we compare the SOT efficiencies obtained in «-
Sn/Bi with other SOT materials. Pt is by far the most studied
single-element metal in the context of SOTs, with reported
efficiencies per current density in the range of S]’sL,Pt =
0.06-0.2, EéL_Pt = —0.01-0.12[17,18]. Our values for ESL are
comparable to Pt. The efficiencies per electric field, &5 =
0.39x10° (2m)~! and &5 = 0.58x10° (2m)~!, are lower
by a factor of 5-10 compared to the spin-Hall conductivity of
Pt because «-Sn has a significantly larger resistivity than Pt.
In terms of torque direction, we find that the SOTs generated
by «-Sn have the same sign as in Pt/Co with the same stacking
order between nonmagnetic and magnetic layers [17]. The
SOT efficiencies of «-Sn/Bi are compatible with the lower
range of the efficiencies found for the Bi-chalcogenide TIs,
which are spread out over two orders of magnitude. For ex-
ample, BiSes has &) p = 0.3-18 and &5 5 = 1-1.5x10°
(2m)~! [6,56-59], (Bi, Sb),Te; has ééL/FL = 0.4-3 [59-61],

and Bi,Sb;_4 has ééL L = 0.5-52 [9,10]. These values fluc-
tuate significantly depending on TI composition, current
normalization, and TI thickness, as well as on the mea-
surement method and conditions, which hinders a stricter
comparison of our results with other TI systems. Interestingly,
our measurements also show that the nontopological phase
B-Sn presents finite DL- and FL-SOT efficiency, which are,
however, about a factor 4 smaller relative to «-Sn/Bi.

TABLE II. Summary of the magnetic properties and SOT efficiencies of «-Sn/Bi, &-Sn, and 8-Sn. All data measured at room temperature.
From left to right: resistivity, saturation magnetization, out-of-plane saturation field, perpendicular magnetic anisotropy constant, anomalous
Hall resistance, normalized magnetoresistance for xy, zy, and zx angular scans, and DL- and FL-SOT efficiency normalized to the current

density and to the electric field.

p M, Ba K Rup S A2 A iy & &b &
Sample (ufcm) (10°A/m) (mT) (10°3/m3) (Q) (%) (%) (%) x1072 x1072  [10* (@m)~'] [10* (2m)~!]
a-Sn/Bi 179 0.7 470 1.4 1.1 0.02 0.02 ~0 120 = 0.1 17.6 £ 0.1 39 £ 0.1 5.8 £ 0.1
a-Sn 204 1.0 625 3.2 3.5 0.05 0.05 ~0 59 £0.1 100 £ 0.2 1.3 £ 0.1 2.1 £ 0.1
B-Sn 342 1.5 780 8.3 54 0.05 0.015 —-0.035 —29 £ 03 —-55+0.1 -0.7 £ 0.1 —14 £ 0.1
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B. Role of the Bi surfactant

Since the SOT efficiencies are significantly higher in o-
Sn/Bi compared to «-Sn, we further comment on the role of
the Bi surfactant. A previous core-level photoemission study
has shown that the Bi atoms segregate on top of epitaxial
a-Sn grown on InSb(001) [29]. Our angle-dependent XPS
data qualitatively show that Bi locates near the surface of
our o-Sn-based heterostructure, despite being the first layer
to be deposited on the CdTe substrate. This indicates that Bi
has a strong tendency to diffuse through the deposited layers,
behaving as a surfactant for Sn grown on CdTe and also segre-
gating on top of the magnetic layer. An indication that the Bi
atoms are located in contact with the FeCo layer additionally
comes from the lower Rapgg of @-Sn/Bi with respect to «-Sn,
despite their comparable resistivity (see Table II). Sagasta
et al. showed a similar reduction of Ragg when a bismuth
oxide layer is placed next to Co, attributing it to an interfacial
skew scattering contribution to the Hall resistance of opposite
sign with respect to the bulk AHE in Co [62].

Considering the high diffusivity of Bi atoms, and depend-
ing on their exact location, Bi may play different roles in
generating the SOTs. In the case of Bi atoms locating between
the FeCo and the AlOy layers, the interfacial region Bi/FeCo
may become a source of SOTs itself due to the nontopologi-
cal Rashba-Edelstein effect, as is the case for Bi/Ag surface
alloy [63,64]. These SOTs, generated in the upper side of
FeCo, would then add to the SOTs generated by the «-Sn layer
below, eventually leading to larger SOT in the «-Sn/Bi sam-
ple. Another possibility is that o-Sn films grown with Bi as
a surfactant have enhanced interfacial topological properties
relative to a-Sn grown without Bi. In the first angle-resolved
photoemission study of «-Sn grown on InSb(001), it was
shown that «-Sn covered by a monolayer of Bi presents topo-
logical surface states that have a sharper and more isotropic
dispersion relative to the bare a-Sn surface [29]. Therefore,
together with its surfactant effect, Bi might promote the for-
mation of spin-momentum locked topological surface states
that contribute to the charge-to-spin conversion. Finally, some
Bi atoms might be incorporated in the FeCo and Sn layers,
which would also affect the generation and absorption of a
spin current.

The exact role of Bi thus remains ambiguous, in particular
whether it leads to a significant improvement of the topolog-
ical properties of the interface or it is a source of interfacial
Rashba-Edelstein effect. Regarding the ultimate enhancement
of charge-to-spin conversion given by Bi in the «-Sn-based
system, we note that also the spin pumping results in Ref. [34]
have been obtained on «-Sn/Ag/Fe grown with a Bi surfactant,
which might enhance the spin-to-charge conversion efficiency
when in contact with Ag [63].

C. Correlation between magnetotransport properties and SOTs

In Table II, we observe a direct correlation between the
perpendicular magnetic anisotropy (PMA), represented by the
constant K, and the anomalous Hall effect (AHE), repre-
sented by the Hall resistance Rayg. Both decrease going from
B-Sn to «-Sn and finally «-Sn/Bi. Such a decrease is too
large to be ascribed solely to the reduction of M; in these
samples. Moreover, K| and Rayg are inversely correlated with

the SOT efficiencies, i.e., the stronger the SOTs, the lower the
PMA and AHE. This inverse correlation is in striking con-
trast with the direct correlation between K| and the DL-SOT
observed in heterostructures where 5d metals are the main
SOT source [50,65,66] or where a transition-metal spacer is
inserted between Pt or W and the ferromagnetic layer [50,65].
In general, the PMA and AHE are very sensitive to the spin-
orbit coupling at the interface. If we compare «-Sn/Bi and
a-Sn, for which the only difference is the use of the Bi
surfactant, it is clear that Bi significantly decreases the PMA
and AHE of FeCo while enhancing the SOT efficiency. This
behavior might be tentatively explained by assuming that Bi
induces an interfacial skew scattering contribution to the AHE
of opposite sign with respect to the bulk AHE in FeCo, similar
to Co/Bi, O3 bilayers [62], and enhances at the same time
the generation of SOTs. The SOTs might then be increased
by the generation of an additional Rashba interface on top
of FeCo, or by promoting the formation of spin-momentum
locked interface states, or eventually by the formation of a spin
current by skew scattering [29,63,64,67,68]. An enhancement
of the SOTs due to intermixing of Bi and Sn in the bulk of
the «-Sn layer appears less likely given the tendency of Bi to
segregate on top of Sn [29] and the strong reduction of the
PMA and AHE in «-Sn/Bi relative to «-Sn.

Another unusual inverse correlation is that between the
SOT efficiency and the SMR-like magnetoresistance in o-
Sn/Bi and «-Sn (Table II). Measurements of the SMR and
SOTs in transition-metal bilayers reveal a direct correlation
between these two quantities [47,50,67]. Instead, we observe

that 2 ‘y ~ Alfzy ~ O 05% 1is larger in a-Sn compared to o-
Sn/Bi, where ny ~

" 2Ry~ 0.02%, while the SOT efficiency
is larger in «-Sn/Bi. Tins might be understood considering
the different dependencies that SMR and SOT efficiency have
on magnetization and film thickness. The SMR amplitude
can be reduced when thickness of the magnetic layer is too
small [69], possibly due to a reduced magnetization [70]. The
M of @-Sn/Bi is smaller than that of «-Sn despite the similar
thickness of the ferromagnetic layer, likely affecting the SMR
amplitude. Additionally, as seen in the drift-diffusion model of
the spin-Hall effect with spin-Hall angle 6syg, we note that the
SOT efficiency and the SMR do not have the same dependency
upon the spin diffusion length X,. In the spin-Hall picture,
the SMR amplitude is proportional to Osup’As, whereas the
SOT efficiency is directly proportional to fsyg [71]. There-
fore a reduction of A; due to the addition of Bi could lead
to an enhanced torque efficiency but a reduced SMR signal.
The magnetoresistance behavior of 8-Sn, on the other hand,
is more similar to that expected for the anisotropic mag-
netoresistance of FeCo [72], in agreement with the smaller
charge-to-spin conversion derived from the SOT measure-
ments.

VI. CONCLUSIONS

In summary, we have characterized the epitaxial growth
of Sn on CdTe(001) and Mg/FeCo(001) showing that single-
phase «-Sn and B-Sn epitaxial films can be obtained by
proper choice of the substrate. All the FeCo films, which are
17 A thick, present in-plane magnetization driven by shape
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anisotropy and a competing out-of-plane magnetic anisotropy
that is largest for 8-Sn where FeCo is grown on MgO. Our
measurements evidence the emergence of SMR-like magne-
toresistance in FeCo grown on «-Sn, which is a signature of
current-induced spin accumulation in this system. The damp-
inglike and fieldlike SOT efficiencies are larger in «-Sn/Bi
(&5 = 0.12, 5" = 0.18), intermediate in o-Sn (§2" = 0.06,

&' = 0.10), and smaller in B-Sn (&5 = 0.03, &3 = 0.06).
We further found an inverse correlation between the SOT
efficiency and the AHE and PMA, highlighting the impor-
tance of the Bi surfactant for improving the SOT efficiency
and modifying the magnetotransport properties in «-Sn-based

ferromagnetic heterostructures. Our results show that «-Sn
grown with a Bi surfactant is an efficient material for direct
charge-to-spin conversion and generation of SOTs.
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