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and magnetization precession.[5] Such 
demonstrations have fueled consider-
able ongoing efforts in the development 
of SOT-based energy-efficient spintronic 
devices, including memory, logic, and 
microwave and terahertz oscillators.

Very recent work, however, shows that 
SOT devices with even higher efficiency 
may be achievable if one replaces the 
heavy metal with a topological insulator 
(TI). Due to intrinsic spin-momentum 
locking of the topological surface states 
(TSS), a TI material can convert a charge 
current into a spin current at an efficiency 
that is substantially higher than in a heavy 
metal. In particular, highly efficient mag-
netization switching has already been 
realized in a large number of TI/magnet 
bilayered systems.[6,7,8,9,10,11,12,13] The TI 

component has ranged from Bi2Se3 to (Bi1−xSbx)2Te3 to Bi0.9Sb0.1 
to SmB6. The magnetic layers have included ferromagnetic 
metals, ferrimagnetic alloys, ferrimagnetic insulators, and mag-
netically doped TI films.

In principle, topological surface states (TSS) should exist in 
any topological quantum material, including Dirac semimetals 
and Weyl semimetals. Whenever a topological material is inter-
faced with a topologically trivial material, TSS arise naturally at 
the interface, as a result of different band topologies of the two 
materials. These TSS are all expected to exhibit spin-momentum 
locking, due to the broken inversion symmetry at the interface. 

Recent experiments show that topological surface states (TSS) in topological 
insulators (TI) can be exploited to manipulate magnetic ordering in ferro-
magnets. In principle, TSS should also exist for other topological materials, 
but it remains unexplored as to whether such states can also be utilized to 
manipulate ferromagnets. Herein, current-induced magnetization switching 
enabled by TSS in a non-TI topological material, namely, a topological Dirac 
semimetal α-Sn, is reported. The experiments use an α-Sn/Ag/CoFeB trilayer 
structure. The magnetization in the CoFeB layer can be switched by a charge 
current at room temperature, without an external magnetic field. The data 
show that the switching is driven by the TSS of the α-Sn layer, rather than 
spin-orbit coupling in the bulk of the α-Sn layer or current-produced heating. 
The switching efficiency is as high as in TI systems. This shows that the 
topological Dirac semimetal α-Sn is as promising as TI materials in terms of 
spintronic applications.
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Spin-orbit torque (SOT) refers to a torque exerted on magnetic 
moments in a magnet by a spin current in a neighboring mate-
rial that is produced by a charge current via spin-orbit coupling 
(SOC). The SOT phenomenon is of major fundamental and 
practical interest. Through SOT processes, one can use electric 
currents to manipulate magnetic ordering, and such manipula-
tion is of great technological significance.

Earlier work has focused on layered heterostructures based 
on heavy metals, such as Pt, Ta, and W.[1,2,3] Strong SOC in 
heavy metals has allowed for experimental demonstrations of 
SOT-driven magnetization reversal,[1,2,3] domain wall motion,[4] 
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As such, one would naturally expect that non-TI topological 
materials may have a charge-to-spin conversion efficiency as 
high as in TI systems and therefore may also be used to effec-
tively manipulate magnets. Such a possibility has been demon-
strated very recently for Weyl semimetals, by the use of WTe2/
Ni81Fe19 bilayered structures.[14] WTe2 is a topological Weyl sem-
imetal, a non-TI material.[14,15,16,17] As of yet, no work has been 
reported for topological Dirac semimetals.

This article reports on the experimental observation of highly 
efficient magnetization switching enabled by SOT from a non-TI 
topological quantum material, namely, the topological Dirac 
semimetal α-Sn. Unstrained α-Sn is a gapless semiconductor in 
which the quadratic conduction and valence bands touch at the 
Γ point near the Fermi level. This band touching is protected by 
the cubic symmetry of the α-Sn structure. If the cubic symmetry 
is broken by a tensile strain along the [001] or [111] directions, the 
two bands cross each other near the Fermi level, forming two 
Dirac points. This gives rise to a topological Dirac semimetal 
(TDS) phase.[18,19,20] Such band crossing is protected by the rota-
tional symmetry that remains unbroken by the tensile strain.

The origin of the TSS in the strain driven TDS α-Sn film of 
interest here comes from band inversion. Figure  1 elucidates 
the band configuration. The conduction and valence ( 8Γ+) bands 
near the Fermi level are derived from p electrons, while the s 
electron-derived ( 7Γ−) band is below the Fermi level, as shown 
in Figure 1a. This band structure is quite different from that for 
other group-IV diamond structure semiconductors such as Si 
and Ge. Note that the 7Γ− band is pushed below the Fermi level. 
This is mainly due to the scalar relativistic effects that affect 
the s electrons.[21,22] The TSS bridge the 8Γ+ conduction band 
and the 7Γ− valence band,[18,19] as indicated by the red dashed 
lines in Figure  1a. Figure  1b conveys the essence of the spin-
momentum locking of the electrons for the TSS in α-Sn. This 
locking has been previously confirmed via spin-resolved, angle-
resolved photoemission spectroscopy (ARPES).[23,24] Figure  1c 
conveys the potential for efficient charge-to-spin conversion 
that has been previously demonstrated via spin pumping exper-
iments by Rojas-Sanchez et  al.[25] Note that such TSS are dif-
ferent from topological Fermi arc states; Fermi arc states may 
also be present in α-Sn thin films but they do not contribute to 
the switching, as discussed shortly.

In this work, α-Sn thin films were grown on single-crystal 
Si substrates by sputtering. The lattice constant of α-Sn 
(a = 6.489 Å) is larger than that of Si (a = 5.4307 Å); this lattice 
mismatch gives rise to a perpendicular tensile strain in the α-Sn 
films and therefore makes the films a TDS (topological Dirac 
semimetal) phase.[18,19,20] The TDS properties of the α-Sn films 
were characterized through electrical transport measurements 
and analyses. The switching experiment was carried out with 
a micron-sized rectangular element made of an α-Sn(6  nm)/
Ag(2 nm)/CoFeB(2 nm) trilayered structure. The magnetization 
in CoFeB favors alignment along the length directions of the 
rectangular element. Field-free, current-induced switching of 
the magnetization between the length directions was observed 
at room temperature, with a switching current density (Jc) of 
about 1.7 × 106 A cm−2. The analysis based on Jc yielded an SOT 
efficiency of 6.1 in the α-Sn film. This SOT efficiency is com-
parable to that for TI systems and is substantially higher than 
that for heavy metals. Control measurements indicate that the 
switching is enabled mostly by the TSS in the α-Sn film, rather 
than by SOC in the bulk of the α-Sn film or current-produced 
heating effects in the structure.

Three important points should be highlighted prior to the 
presentation of the results. (1) The TDS is a relatively newly-
discovered topological quantum phase. In comparison with 
other TDS materials,[26,27,28] α-Sn is more attractive because: (a) 
it is a single-element material and is therefore relatively easy to 
grow and (b) it can transform to other topological phases, such 
as a TI or a topological Weyl semimetal, under certain strain or 
magnetic field conditions.[18,19,20] (2) This work, together with the 
recent work on Weyl semimetals,[14] demonstrate that non-TI 
topological quantum materials may be as promising as TI mate-
rials in terms of spintronics applications. This significantly 
broadens the range of SOT materials available for the highly-effi-
cient manipulation of magnetism. (3) These results will likely 
have a transformative impact on the ongoing industrial develop-
ment of SOT devices. There are three reasons: (a) The α-Sn thin 
films were grown on Si, a common industrial substrate. (b) They 
were grown by sputtering, an industry-friendly film growth tech-
nique. (c) Highly-efficient switching was demonstrated at room 
temperature without any external magnetic field.

The α-Sn films were grown on commercial single-crystal 
(111) Si substrates by DC sputtering, as described in detail in 
Section  S1, Supporting Information. The representative struc-
tural and morphological properties of the films are presented in 
Figure 2. Figure 2a shows X-ray diffraction (XRD) spectra for a 
5.8 nm-thick Sn film (blue) and a 9.6 nm-thick Sn film (green). 
Figure  2b shows the XRD (111) fitting results for the 5.8 nm 
film. The red profile shows the fit to a Voigt trial function, the 
red vertical dashed line shows the peak position of the Voigt 
profile, and the gray vertical dashed line shows the theoreti-
cally expected position of the peak. Figures 2c and 2d present 
an atomic force microscopy (AFM) surface image in 2D and 3D 
forms, respectively, for the 5.8 nm film. The roughness value 
indicated was determined by averaging over the AFM measure-
ments on five different 1 µm × 1 µm areas; the indicated uncer-
tainty corresponds to the standard deviation.

Four results are evident from the data in Figure  2. (1) In 
Figure 2a, the 5.8 nm film shows a peak for α-Sn and no peaks 
for b-Sn, while the 9.6 nm film shows a peak for b-Sn and no 
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Figure 1.  Schematic of the band structure and topological surface states 
(TSS) in Dirac semimetal α-Sn thin films. a) Band structure. b) Spin-
momentum locking of the TSS at the Fermi level (EF). c) Spin current on 
an α-Sn surface.
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peaks for α-Sn. This shows that the thinner 5.8 nm film is α-Sn 
while the thicker 9.6 nm film is b-Sn. This phase change with 
thickness is considered in Section S2, Supporting Information.

(2) Note that there is only one peak for the α-Sn in the 
5.8 nm film. This is a possible indication of quasi-epitaxial 
growth of the α-Sn film.

(3) The α-Sn (111) peak in Figure 2b appears on the left side 
of the theoretically expected peak position. This indicates the 
presence of a perpendicular tensile strain or an in-plane com-
pressive strain in the film. This is consistent with the expecta-
tion that an α-Sn film grown on a Si substrate should exhibit an 
in-plane compressive strain because the lattice constant of α-Sn 
is larger than that of Si. The fitting in Figure 2b yields a lattice 
constant of about 6.514 Å for the 5.8 nm film. This corresponds 
to a perpendicular tensile strain of ≈0.38%. It is this significant 
strain that makes the α-Sn film a topological Dirac semimetal 
(TDS).[18,19,20]

(4) Figures  2c and 2d show that the 5.8 nm film has low 
roughness. This, in turn, can facilitate the fabrication of layered 
heterostructures with high-quality interfaces for switching 

experiments. It is noteworthy that the surface morphology of 
the α-Sn film is very similar to that of α-Sn films grown previ-
ously by molecular beam epitaxy (MBE).[29] Figure 2c indicates 
an α-Sn grain size in the 15–20 nm range, which is comparable 
to the range of grain sizes for MBE-grown films.[29]

Figure  3 presents transport data that show the features of 
TDS materials. Figure 3a depicts the basic measurement con-
figuration. Figure  3b gives the Hall resistance (Rxy) and lon-
gitudinal resistance (Rxx) of a Hall bar structure made of a 
Si/α-Sn(6.0  nm)/Si3N4(3  nm) sample versus the applied per-
pendicular magnetic field (H) at room temperature. Figures 3d 
and 3e show Rxx and the corresponding conductance (Gxx) data, 
respectively, for a Si/α-Sn(5.8  nm)/SiO2(1  nm) sample meas-
ured as a function of temperature (T) at H = 0.

The data in Figure 3b show three important results. (1) The 
Rxy versus H response is strongly nonlinear, as shown by the 
black circles. This strongly suggests the presence of parallel 
conduction channels in the α-Sn film, something that is fairly 
common in TDS materials.[30] In contrast, the thicker b-Sn 
films exhibit the usual linear Rxy versus H responses, as shown 
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Figure 2.  Structural and morphological properties of α-Sn thin films. a) XRD spectra of a 5.8 nm-thick Sn film and a 9.6 nm-thick Sn film. b) Fitting of 
the α-Sn (111) peak of the 5.8 nm film. c) AFM surface image of the 5.8 nm film. d) 3D form of the image in (c).

Figure 3.  Electrical transport properties of α-Sn thin films. a) Measurement configuration. b) Hall resistance (Rxy, left axis) and longitudinal resistance 
(Rxx, right axis) of a Si/α-Sn(6 nm)/Si3N4(3 nm) sample measured as a function of the magnetic field (H). The circles show the experimental data, while 
the curves show numerical fits. c) Carrier properties obtained from the numerical fitting shown in (b). d) Rxx of a Si/α-Sn(5.8 nm)/SiO2(1 nm) sample 
measured as a function of temperature (T) at H = 0. e) Corresponding longitudinal conductance (Gxx) of Rxx in (d). In (d,e), the solid circles show the 
experimental data, while the curves are numerical fits.
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in Figure S4, Supporting Information. (2) The Rxx versus H data 
show a quadratic field dependence at low fields (H < 20 kOe), 
as indicated by the quadratic fit (blue curve) in the right graph 
in Figure 3b. This quadratic response is common for non-mag-
netic systems, including TDS materials,[27,30] and is believed 
to arise from the Lorentz deflection of the carriers in the α-Sn 
film. (3) The Rxx versus H data show non-saturating linear mag-
netoresistance at high fields (H > 50 kOe). This is an important 
property of TDS materials, although its physical origin is still 
under debate.[27,30,31]

The above three results, taken together, clearly indicate that 
the 6.0 nm Sn film is a semimetal, rather than a metal. In other 
words, the film is α-Sn, rather than b-Sn. This conclusion is 
further supported by the fact that the resistivity of these α-Sn 
films (5.6 × 10−4 Ω cm) is more than one order of magnitude 
higher than for metallic b-Sn films grown on Si substrates 
(1.5 × 10−5 Ω cm). These results, together with the strain prop-
erty indicated by the XRD data in Figure  2b, suggest that the 
6.0 nm film is a topological Dirac semimetal.

In addition to the above qualitative results, one can also 
achieve a more quantitative understanding on the properties of 
the α-Sn films by numerically fitting the Rxx(H) and Rxy(H) data 
in Figure 3b, as in previous works.[30,32,33] The two red curves in 
Figure 3b show the simultaneous fits of Rxx(H) and Rxy(H) to a 
three-channel model in which two channels are n-type and the 
other is p-type:
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l
xx xxρ =  (thickness t  = 6  nm, width w  = 100  µm, 

length l = 300 µm) and ρxy = Rxy t denote the longitudinal and 
Hall resistivities, respectively; σxx and σxy are the 2D longitu-
dinal and Hall sheet conductivities, respectively; ni is the 2D 
carrier density (positive); e and μi denote the carrier charge and 
mobility, respectively (negative for electrons and positive for 
holes); and μ0 = 4π × 10−7 H m−1 is the nominal free-space per-
meability constant.

It is evident that the two fits in Figure  3b match the data 
extremely well. On the other hand, the fitting turns out to be 
poor if one considers either a two-channel model, or a three-
channel model with one n-type and the other two p-type (see 
Figure S3 and Table S2, Supporting Information). These 
results, taken together, indicate that the three-channel model 
adopted here can accurately describe the electrical transport 
properties of these α-Sn films. Note that the fitting shown in 
Figure 3b is for a field range from −40 kOe to 40 kOe, not for 
the entire field range, because Equations  (3) and (4) are valid 

for weak fields only. Fits for different field ranges are presented 
in Section S5, Supporting Information.

The table in Figure  3c gives parameters from the fits in 
Figure  3b, along with sheet resistance Rs,i  = (nieμi)−1  values, 
shown for reference. The carriers in the first two channels have 
relatively high density and low mobility. They can be assigned 
to holes and electrons activated thermally for the bulk states. As 
reported previously,[26,27] due to the band crossing at the Fermi 
level (see Figure 1a), TDS materials can undergo thermal activa-
tion in which electrons in the valence band (green lines) below 
the Dirac points can be thermally activated to the conduction 
band (blue lines) above the Dirac points. These carriers can also 
be attributed to indirect inter-band thermal transitions in the 
α-Sn film, as discussed previously.[30]

The third channel can be assigned to the topological surface 
states (TSS). There are three main reasons for this. (1) The car-
riers are n-type, which agrees with the fact that the Dirac point 
of the TSS is below the Fermi level [see Figure  1a].[18,19,20] An 
analysis based on the Figure  3c parameters indicates that the 
Dirac point of the TSS is about 0.14 eV below the Fermi level (see 
Section S5, Supporting Information). This is roughly consistent 
with previous ARPES measurement results.[18,24,25] (2) The carrier 
mobility of the third channel is relatively high. This is expected. 
In contrast with bulk states or trivial surface states, the TSS do 
not undergo backscattering. In the case that the surface states 
are trivial or non-topological, one would expect a low mobility 
because the states could be localized by disorder or defects on 
the film surface. This is plausible, in that the α-Sn film consists 
of nanoscale grains {see Figure  2c and Ref. [29]}. (3) Finally, 
the presence of the TSS in sputtered α-Sn thin films has been 
recently confirmed from a comprehensive ferromagnetic reso-
nance study on a series of Sn/ferromagnet layered structures.[34]

Two other important results are evident from the table in 
Figure 3c. (1) The carrier density is larger for the first channel 
than for the second channel. This difference indicates that the 
net carrier density of the bulk states is p-type, and the Fermi 
level is therefore below the bulk Dirac point (see Section S5, 
Supporting Infomation), rather than exactly cutting it as in the 
schematic diagram in Figure  1a. (2) The sheet resistance data 
indicate that the bulk states account for ≈68% of the conduc-
tivity of the α-Sn film, while the TSS account for about 32%. 
Both components are important, but the bulk states dominate.

Figure  3d,e presents the temperature (T)-dependent Rxx or 
Gxx data that further confirm the TDS nature of the α-Sn films. 
In Figure 3d, the solid circles show the Rxx data, while the red 
curve is a fit to
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The term Rsemi denotes the semiconducting-like resist-
ance associated with the thermal activation described above. 
Equation  (6) follows the Arrhenius model.[30] The term Rmetal 
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describes the metallic-like resistance due to the scattering of 
electrons with phonons. Equation  (7) follows the Bloch–Grü-
neisen model.[30] Note that in Equation  (6), R∞ denotes the 
resistances at the high T limit, Eg represents the activation 
energy, and kB is the Boltzmann constant; In Equation (7), R0 is 
the resistance at T = 0 K due to electron-defect scattering, and 
C1 and C2 are constants related to the prevalence of electron–
phonon interactions in the metallic states and the dimensions 
of the Hall bar structure. In order to better present the two 
contributions in Equation (5), Figure 3e gives the Gxx data, the 
fitted Gxx values, and the two components of the fitted values.

Figure 3d,e shows two significant results. (1) The Rxx(T) curve 
shows a peak response, with a semiconducting-like behavior in 
the high T region while a metallic-like behavior in the low T 
region. This is consistent with the Rxx(T) responses observed 
previously in other TDS thin films.[26,27,30] (2) The experimental 
data can be fitted very well over the entire T range; the fitting 
yields Eg  = 68 ± 3 meV, which is comparable to the 81 meV 
value reported previously for an MBE-grown α-Sn thin film.[30] 
These two observations together evidently support the above 
interpretation of the thermal activation process.

Several notes should be made about the data in Figure 3d,e. 
(1) The metallic component shown by the orange curve in 
Figure  3e includes contributions from both the bulk and the 
TSS, and the fitting analysis does not allow for the quantitative 
separation of the two contributions. (2) The other parameters 
from the fitting include R∞ = 655 Ω, R0 = 6.45 kΩ, C1 = 20 Ω K−1, 
and C2 = 1.77 × 10−5 Ω K−5. (3) The fitting analysis was also car-
ried out with the T−5 term in Equation (7) replaced by a T−4 term, 
as in ref. [30]. The fit obtained is very similar to that shown in 
Figure 3d,e, except that a slightly higher Eg value (71 ± 3 meV) 
yielded. (4) Rxx at T = 0 in Figure 3d is not the same as Rxx at 
H = 0 in Figure 3b. Possible reasons for this include the differ-
ences in the α-Sn film thicknesses and the capping layers.
Figure  4 shows the main data on SOT-induced magnetiza-

tion switching. Figure 4a shows the basic experimental configu-
ration, with a picture of the switching device on the left and a 
diagram of the layered structure on the right. Figure 4b,c pre-
sents the magneto-optical Kerr effect (MOKE) data for field- and 
current-induced switching, respectively, both measured at room 
temperature.

As shown in Figure 4a, the core of the switching device is a 
30  µm × 15  µm rectangle made of an α-Sn(6  nm)/Ag(2  nm)/
CoFeB(2  nm) trilayer structure. A 6 nm-thick α-Sn film was 

used for three reasons. (1) Thicker films may have the β phase, 
not the α phase, as the dominant phase, as shown in Figure 2a; 
β-Sn films do have SOC in the bulk, but it is weak and no 
stronger than that in Ag.[34] (2) In thinner films there may exist 
a quantum confinement effect that can turn the films into TI 
materials or quantum spin Hall insulators.[35,36] (3) The trans-
port properties of the 6 nm α-Sn film are already known, as 
presented in Figure 3.

The CoFeB layer in the structure is a ferromagnetic amor-
phous alloy. The easy axis in the CoFeB film is along the rec-
tangle length directions (the y axis), as discussed in Section S9, 
Supporting Information. This facilitates the switching of the 
magnetization (M) between the ±y directions.

The Ag layer works as a spacer to physically separate the 
active films. Previous work has shown that in a TI/ferromagnet 
bilayered structure, the TSS can be modified or even sup-
pressed by the magnetic ordering in the ferromagnet.[37,38,39] 
Recent experiments have demonstrated that this is actually the 
case in α-Sn/ferromagnet bilayers.[25] The data also showed that 
an ultrathin Ag spacer could protect the TSS in the α-Sn film. 
Silver was chosen as a spacer for two main reasons. First, it has 
a long spin diffusion length (≈700  nm) and a small spin Hall 
angle (0.0068)[40] and can therefore enable efficient transfer 
of spin from the α-Sn film to the CoFeB film. Second, the 
proximity-induced magnetic moment in Ag is only 0.0136μB 
per atom,[41] or smaller,[42] one order of magnitude below that 
of Pt (0.42μB)[43] or Pd (0.41μB).[44] If the moment induced in 
Ag is large, it could modify or suppress the TSS in the α-Sn 
film.[37,38,39] The Ag spacer thickness was chosen to be 2 nm in 
this work, mainly because the same thickness had been used 
for the α-Sn/Ag/Fe and α-Sn/Ag/NiFe heterostructures in pre-
vious studies.[25,34]

The data in Figure  4b indicate that the CoFeB element can 
be switched with a modest magnetic field of about 80 Oe. The 
data in Figure 4c show that the same switching can be achieved 
by a current, in the absence of an external field. It is believed 
that this switching is induced by the spin current in the α-Sn 
film that is produced by the charge current along the x axis 
and has a spin polarization along the y axis [see Figure 1c]. The 
spin current exerts an anti-damping torque on M, and the latter 
induces domain nucleation and drives domain walls to move in 
the CoFeB film. This gives rise to switching of M between the 
±y directions. Such switching through SOT-driven domain wall 
motion is the same as in previous SOT switching in TI- and 
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Figure 4.  Magnetization switching in a Si/α-Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) structure. a) Experimental configuration. b) Field-induced switching 
measured by a magneto-optical Kerr effect (MOKE) technique. c) Field-free, current-induced switching measured by the MOKE technique.
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Weyl-semimetal-based structures.[8,14] It shares the same geom-
etry as the so-called type-y switching.[45] More details about the 
switching processes are given in Section S14, Supporting Infor-
mation. The data in Figure 4c were obtained with current pulse 
widths (τp) of 0.1  ms. The switching currents were 31.1  mA, 
which corresponds to a current density (Jc) of 1.69 × 106 A cm−2 
in the α-Sn film.

Several additional remarks are in order. First, prior to the 
data collection for Figure 4b,c), an external field was applied to 
saturate M in the CoFeB film along the +y direction. Second, 
the two hysteresis loops in Figure 4b,c are shown to evolve in 
opposite senses. This is solely due to the definition of the sign 
of the charge current; a flip in the current sign would lead to 
two loops with the same evolution. Third, the overall change of 
the MOKE voltage in Figure 4c is slightly smaller than that in 
Figure  4b. There are two possible reasons for this difference. 
(1) The current-induced switching may not be as complete as 
the field-induced switching due to the use of a modest charge 
current. (2) There may be a difference in the position of the 
MOKE laser beam relative to the device center during the 
measurements that could cause a difference in the intensity 
of the MOKE signals. Finally, the MOKE loops in Figure  4b,c 
are quite noisy, due presumably to the use of extremely thin 
(2 nm) CoFeB films. Averaging of signals from multiple meas-
urements could be used to improve the signal-to-noise ratio. 
Nevertheless, the switching response is in clear evidence.

The field-free, room-temperature, current-induced switching 
shown in Figure  4 is very intriguing. In order to be sure the 
process is indeed SOT-induced magnetization switching, it is 
important to consider other options such as processes arising 
from (1) the Oersted field produced by the current, (2) current-
caused Joule heating, or (3) a SOT process due to the bulk of 
the α-Sn film. These alternatives are considered below.

Consider option (1), Oersted field switching. The switching 
current cited above corresponds to an Oersted field of ≈4.6 Oe. 
This is significantly smaller than the switching field shown in 
Figure  4b. Thus, one cannot attribute the current switching 
to the Oersted field. One caveat may apply, however. Some of 
the imperfections at the edges or corners of the CoFeB ele-
ment may comprise optimum locations for domain nuclea-
tion. It is possible that the current-produced Oersted fields are 
strong enough to trigger domain nucleation at those locations. 

One reverse caveat also may apply, however. One would need a 
much larger Oersted field (about 80  Oe) to move the domain 
walls across the entire CoFeB element to a sufficient degree to 
obtain switching.

Consider option (2), heating-associated switching. Figure  5 
shows switching data for different pulse widths. One can see 
that a decrease in the pulse width τp gives rise to a slightly 
noisier loop, but no notable changes in the loop width. Spe-
cifically, as τp is reduced by two orders of magnitudes, the 
switching current Jc increases only by about 3.6%. These results 
are discussed in detail in Section S13, Supporting Information. 
It is clear that the switching responses shown here cannot be 
attributed to the heating effects produced by the current.

Further checks were made based on additional data on two 
control samples, one with no α-Sn layer and one with no Ag 
layer. Comparison data are shown in Figure  6. Specifically, 
the data in a,b,c) present the MOKE signals for α-Sn(6  nm)/
Ag(2  nm)/CoFeB(2  nm), Ag(2  nm)/CoFeB(2  nm), and 
α-Sn(6  nm)/CoFeB(2  nm), respectively. The control samples 
were prepared using the same substrates, targets, and sput-
tering conditions. It is evident that no switching responses are 
observed in Figure 6b,c), even with larger currents. It is abun-
dantly clear that the switching results shown in Figure 4 cannot 
be attributed to the current-produced Oersted field or heating.

Further, the absence of a switching response in the α-Sn/
CoFeB control sample with no intermediate Ag spacer indicates 
that the SOT from the bulk of the α-Sn film alone is not suf-
ficient to switch the CoFeB layer. This result is consistent with 
recent experimental work that showed that the SOC in the bulk 
of sputtered α-Sn films is no stronger than that in Ag.[34] Note 
that there are no TSS at the α-Sn/CoFeB interface, due to the 
reason mentioned above. Any SOT effects, if present in the 
structure, would be mostly due to the bulk of the α-Sn film. As 
such, option (3) can be ruled out. Additionally, the absence of 
a switching response in the α-Sn/CoFeB sample also suggests 
that band bending-associated Rashba effects, if present at the 
α-Sn surfaces, are too weak to induce switching. This is dis-
cussed in Section S17, Supporting Information.

In summary, the experimental data presented in Figures  5 
and  6 evidently show that the demonstrated magnetization 
switching is induced by the SOT associated with the TSS in the 
α-Sn film. It is not due to the current-produced Oersted field, 
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Figure 5.  Effects of current pulse duration (τp) on switching in a Si/α-Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) structure. a,b,c) The switching responses for 
three different τp, as indicated. d) The switching current density (Jc) and SOT efficiency (θ) as a function of τp.
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Joule heating, an SOT associated with the bulk states in the 
α-Sn, or interfacial Rashba effects.

The above results, considered as a whole, demonstrate that 
the current switching in the α-Sn/Ag/CoFeB sample is mostly 
associated with the TSS in the structure. This suggests that 
TSS in TDS α-Sn can be utilized to manipulate magnets, just 
as TSS in TI materials. In order to compare the efficiencies of 
TDS α-Sn with TI materials as well as heavy metals in terms of 
SOT production, one can define a dimensionless charge-to-spin 
conversion efficiency as

J

J
s

c

θ =
�

(8)

where Js and Jc denote the nominal spin current density and 
the charge current density, respectively. This SOT efficiency can 
be easily estimated from the switching current measured exper-
imentally.[8] It corresponds to the spin Hall angle of a material 
in which the same charge current density as in the α-Sn film 
could produce the same spin current density.

The red points in Figure  5d represent the estimated 
efficiency θ values. The details about the θ evaluation are 
provided in Section S14, Supporting Information. The data 
in Figure 5d show that as the current duration is reduced by 
two orders of magnitude, θ remains almost unchanged as 
expected, being around 6.1. This value is comparable to that 
in TI thin films and is one order of magnitude higher than 
that in heavy metals (see Table S3, Supporting Information); 
previous work showed θ  = 1.7 in BixSe1−x at room tempera-
ture,[8] θ = 2.0–3.5 in Bi2Se3 at 4.2 K,[46] and θ = 0.15 in Ta at 
room temperature.[3]

The parameter θ defined by Equation (8) enables a straight-
forward comparison of the efficiency in this work with the 
efficiencies reported previously in the interpretation of charge-
to-spin conversion in TIs and heavy metals, but strictly speaking 
it is inappropriate to use θ to characterize the efficiency in this 
work as the switching is mostly associated with the 2D TSS, 
rather than the bulk states in the α-Sn. Instead, one can define 
a 2D efficiency as[47,48]

q
J

j
s

c

=
�

(9)

where Js is the 3D spin current density as in Equation (8), while 
jc is the 2D surface current density for the TSS. With Rs in the 
table in Figure 3c, one obtains q ≈ 6.3 nm−1 for the TSS in the 
α-Sn (see Section S15, Supporting Information). This value 
is comparable to the previously reported value (1.0 nm−1) for 
Sb2Te3.[47] This result further shows that the SOT efficiency in 
the α-Sn in this work is comparable to that in TI thin films.

With the above-determined SOT efficiency, it is also possible 
to estimate the power consumption for the SOT switching in 
the α-Sn/Ag/CoFeB structure. Following the analysis proce-
dures in ref. [49], one finds that the power needed for switching 
in the α-Sn/Ag/CoFeB structure is two or three orders of mag-
nitude lower than that in heavy-metal-based SOT switching 
devices, as shown in Section S16, Supporting Information. This 
result further demonstrates the merit of TDS α-Sn for energy-
efficient SOT spintronic device applications.

Five final remarks are as follows.

1.	 This work demonstrates α-Sn TSS-induced field-free room-
temperature switching of a ferromagnet with in-plane mag-
netization. Future studies using ferromagnets with perpen-
dicular anisotropy are important from the perspectives of 
high-density memory and logic applications. Note that the 
SOT memory concept is very attractive currently as it allows 
for low-current switching and also enables the separation of 
the writing and reading channels.

2.	The switching in this work is realized through domain 
nucleation and domain wall motion, as in previous SOT 
switching in TI- and Weyl-semimetal-based structures.[8,14] 
The reason for this is that the size of the switching element 
is much larger than the domain wall width (280 nm; see Sec-
tion S12, Supporting Information). Though this work is of 
great interest for racetrack memory applications,[50] future 
work is also of great interest to demonstrate the switching of 
a nanoscale, single-domain magnetic island by an SOT from 
a neighboring α-Sn layer. The switching in such an island 
will be achieved through magnetization rotation, which will 
be induced by the SOT in the same manner as the domain 
nucleation and the dynamics associated with the domain 
wall motion are driven by the SOT in this work. Note that 
switching in a nanoscale ferromagnetic island cannot be 
measured by the conventional MOKE technique, but it can 
be detected electrically via the differential planar Hall effect 
if M is in-plane,[51] or via the anomalous Hall effect if M is 
out-of-plane.

3.	Future work is also of great interest that makes use of strain 
engineering to modify the band structure[18,19,20] or voltage 
gating to tune the Fermi level in α-Sn, to examine the effects 
of the bulk states on the spin-momentum locking in the TSS, 
and also explore the possibilities of realizing α-Sn thin films 
with an even higher SOT efficiency. In the case of TI mate-
rials, it has been demonstrated experimentally that a decrease 
in the bulk conductivity could either largely enhance or sup-
press the spin-momentum locking of the TSS.[47,52] More-
over, recent theoretical and experimental studies show that 
the introduction of graphene as an interlayer to a TI-based 
heterostructure can result in substantial enhancement in 
SOC and thereby give rise to strong Rashba–Edelstein effects 
in the structure.[53,54] It would be very interesting in future 
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Figure 6.  Comparison of MOKE voltage versus current responses in 
three different structures.
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to explore the switching efficiency enhancement through the 
replacement of the Ag spacer in the α-Sn/Ag/CoFeB trilayer 
structures with graphene.

4.	 As mentioned above, the existence of the TSS in α-Sn 
thin films has been confirmed previously through 
ARPES measurements by a number of different research 
groups.[18,23,24,25,30,36,55] Further, there has also been previous 
work that used spin-resolved ARPES measurements to con-
firm the spin-momentum locking of the TSS in α-Sn thin 
films.[23,24] Though the transport and switching data pre-
sented above evidently indicates the presence of the TSS 
in the α-Sn films in this work, it is still worthy to use the 
ARPES technique to measure the TSS in the films in the 
future.

5.	 In addition to the TSS concerned in this work, TDS α-Sn 
should also host topological Fermi arc surface states;[56] these 
states are expected to exist on surfaces parallel to the uniaxial 
tensile axis,[19] namely, the four side surfaces of the α-Sn film 
in this work. It is interesting to study how to use such Fermi 
arc states for SOT switching in the future.

Experimental Section
The α-Sn thin films were grown on single-crystal (111) Si substrates 
by DC magnetron sputtering. The substrates were rinsed sequentially 
with acetone, isopropyl alcohol, and DI water before being loaded 
into the sputtering chamber. Prior to sputtering, the chamber had a 
base pressure of 2.0 × 10−8 Torr; substrate biasing was performed that 
included several cycles of Ar ion sputtering of the substrate surface and 
the post-annealing of the substrate at 250 °C. The Ar ion sputtering 
process was aimed at removing the thin oxidized layer on the top of the 
substrate, while the post-annealing process was taken to remove the 
moisture adherent on the substrate surface. After removing the oxidized 
layer and the surface moisture, the α-Sn deposition was then carried 
out at room temperature, at a rate of about 2 nm min−1. The sputtering 
power was set to a low value of 15 W, in order to minimize the heating 
effect during the deposition. The layered heterostructures in this work 
were all grown in the same sputtering chamber without breaking the 
vacuum. The film thicknesses were determined through X-ray reflection 
and atomic force microscopy (AFM) measurements.

The measurements of the electrical transport properties of α-Sn thin 
films made use of a Hall bar device fabricated through photolithography 
and argon ion milling processes. The switching device was fabricated 
from a Si/Sn(6  nm)/Ag(2  nm)/CoFeB(2  nm) thin-film stack. The 
measurements of the magnetization switching were carried out with a 
longitudinal MOKE system.

More details about the materials and the methods are provided in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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