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Single-crystalline α-Sn films on the wafer scale are epitaxially grown on InSb (001) substrates by
molecular-beam epitaxy. The Berry phase for α-Sn is extracted to be −0.64π from the quantum oscil-
lations of the magnetoconductivity. Angle- and temperature-dependent Shubnikov–de Haas oscillations
substantiate that the α-Sn film has a spherical Fermi surface and small effective mass (0.039m0; m0 is the
resting mass of an electron), which are in agreement with the features of three-dimensional Dirac semimet-
als. In addition, an extremely large magnetoresistance of over 4.5 × 105% at 1.5 K is observed. These
α-Sn films, with wafer-scale dimensions and extremely large magnetoresistance, may pave the way for
device applications of topological materials.
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I. INTRODUCTION

Topological materials represent an emerging quantum
state of matter and are intriguing for their topologically
nontrivial electronic structures [1–3]. Transport phenom-
ena are extensively investigated to demonstrate these
unusual electronic properties in topological materials, such
as large magnetoresistance (MR) [4–8], chiral-anomaly-
induced negative MR [9], planar Hall effect (PHE)
[10–13], weak antilocalization (WAL) [14,15], and spin-
momentum locking [16,17]. Among them, Shubnikov–de
Haas (SdH) oscillations of MR can reveal the π -Berry
phase of Dirac fermions, which is the fingerprint of topo-
logical materials [18]. In addition to the physical signif-
icance, the magnetotransport properties make topological
materials promising for electronic device applications.

α-Sn, also known as gray tin, is an allotrope of tin
with a diamond crystal structure. Farrow et al. demon-
strated epitaxial α-Sn films using molecular-beam epitaxy
(MBE) in 1981 and the alpha phase could be stabilized by
the substrate up to room temperature [19]. α-Sn is theo-
retically predicted to be a zero-gap semiconductor [20],
but it is also predicted to change into a topological insu-
lator with biaxial tensile strain and a Dirac semimetal
with compressive strain [21–23]. Different from other
compound topological materials, α-Sn is an elemental
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material and easy to grow without worrying about non-
stoichiometric defects. Stimulated by these advantages,
the topological surface states of α-Sn films are observed
by angle-resolved photoemission spectroscopy (ARPES)
[24–28]. Transport studies are also reported for α-Sn
[29,30] and even stanene [31,32]. However, direct trans-
port evidence, i.e., a nontrivial Berry phase in α-Sn, is
somewhat difficult to obtain due to the contribution from
the conductive substrate. The reported SdH oscillations
are still not strong enough, which may be limited by the
film quality. More importantly, while most studies focus
on the topological insulator phase in α-Sn, the Dirac
semimetal phase in α-Sn has not been confirmed by trans-
port yet. From the viewpoint of device applications, Dirac
semimetal α-Sn can also demonstrate high spin-to-charge
conversion [33] and magnetization-switching [34] efficien-
cies, as well as the topological insulator phase [35], show-
ing potential for application in spintronic devices. On the
other hand, potential magnetotransport properties, such as
large or negative magnetoresistance [22], have never been
reported experimentally. Based on the abovementioned
facts, further exploration of α-Sn films is valuable.

Here, we successfully grow a series of single-crystalline
wafer-scale α-Sn films on InSb (001) substrates by MBE
and observe strong SdH quantum oscillations in a mag-
netotransport study. Analysis of the SdH oscillations
proves that the α-Sn films have a finite Berry phase
and spherical Fermi surface, which are the fingerprints
of three-dimensional (3D) Dirac semimetals. In addition,
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we observe an extremely large magnetoresistance of over
4.5 × 105% at 1.5 K and over 3.0 × 104% within a wide
temperature range (100–200 K). These superior physical
properties make these wafer-scale α-Sn films a promising
material platform for device applications.

II. EXPERIMENT

The α-Sn samples are grown using two MBE systems,
a III–V MBE system (Veeco GENxplor) equipped with In
(99.999 99%) and Sb (99.999 995%) solid-state sources for
InSb treatment and a group-IV MBE system (Dr. Eberl
MBE-Komponenten Octoplus 300) equipped with a high-
purity Sn (99.9999%) solid-state source for α-Sn growth.
InSb (001) (a = 6.480 Å) substrates are treated in the III–V
system to remove surface oxides under a Sb atmosphere,
after which an InSb buffer layer is grown to improve the
surface quality. The streaky (2 × 4) surface reconstruction
is observed by reflection high-energy electron diffraction
(RHEED) (see Fig. S1 within the Supplemental Material
[36]), indicating a cleaned Sb-stabilized InSb surface. To
avoid reoxidation during transfer, an amorphous Sb cap-
ping layer is deposited on the InSb surface. Afterwards,
the substrate is transferred to the group-IV system, and
the Sb capping layer is desorbed thermally before α-Sn
growth. Before α-Sn growth, the substrate temperature is
quickly cooled to well-below room temperature by directly
contacting the sample holder with a cooling plate (kept
below −100 °C) for 15 min. α-Sn growth is performed
with a background pressure of <5 × 10−10 mbar. The
growth rate is about approximately 0.1 Å/s (approximately
4 monolayers/min). The surface reconstruction is changed
to (2 × 2) during growth, indicating the formation of α-Sn.
The schematic sample structure is shown in the inset of
Fig. 1(a).

The α-Sn samples are cleaved to about 5 × 5 mm2

squares for electrical measurements. The electrical trans-
port measurements are performed in a physical-property
measurement system (PPMS, Quantum Design, Tmin= 2 K
and Bmax= 9 T) with an excitation current of 100 µA. Mea-
surements at higher magnetic fields are performed in an
integrated superconducting-magnet system (TeslatronPT,
Oxford instrument, Tmin= 1.5 K and Bmax= 14 T). Indium
or silver paste is used as the contacts in a four-probe
configuration.

III. RESULTS AND DISCUSSION

Structural characterizations of the α-Sn films are sum-
marized in Fig. 1. The epitaxial growth of α-Sn on
InSb substrate is confirmed by reciprocal space mapping
(RSM), as shown in Fig. 1(a). The α-Sn peak appears
below the InSb peak with the same in-plane lattice con-
stant. The out-of-plane lattice constant of the α-Sn film
is calculated to be 6.499 Å, corresponding to an in-plane
compressive strain or a uniaxial tensile strain. Additional

small peaks appearing periodically along the fully strained
line are the thickness fringes, indicating the smooth surface
of the film and a sharp interface between film and substrate.
Figure 1(b) is a photograph of a quarter (¼ × 2′′) α-Sn
sample. No macroscopic defects, such as β phase, can be
seen on the whole sample. The capability of large-area
epitaxy is the prerequisite for device fabrication and inte-
gration. The alpha phase of Sn and high-quality interface
are also verified by Raman spectra and cross-section trans-
mission electron microscopy (TEM) in Figs. 1(c) and 1(d),
respectively. A Raman peak can be clearly seen around
197 cm−1, which is the fingerprint of the alpha phase
[37]. In Fig. 1(d), the high-angle annular dark-field scan-
ning TEM (HAADF STEM) and corresponding energy-
dispersive spectroscopy (EDS) show the sharp interface
between α-Sn and InSb, as well as the uniform thickness
and chemical composition of the α-Sn films. Figure 1(e)
shows the surface morphology of the α-Sn film revealed
by atomic force microscopy (AFM). We can see stripelike
features on the surface that result from coherent growth on
the InSb substrate (see Fig. S2 within the Supplemental
Material [36]). Even with these features, the α-Sn sur-
face is quite smooth. For example, the surface roughness
is only about 2 nm for a 100-nm-thick α-Sn film. More
structural characterizations, such as x-ray diffraction, on
samples with different α-Sn thicknesses can be found in
previous work [38].

Figure 2 mainly shows the magnetotransport properties
of the α-Sn sample at low temperatures. The temperature-
dependent resistance, Rxx, at different magnetic fields (B)
is shown in Fig. 2(a). Rxx is enhanced significantly under
external B over the whole temperature range (2–300 K).
Metallic behavior (dRxx/dT > 0) appears below 200 K, and
at higher temperatures, it shows semiconducting behav-
ior (dRxx/dT < 0). Figure 2(b) shows the MR at 2 K for
the α-Sn samples with different film thicknesses and InSb
for comparison. The value of MR can be calculated by
�Rxx(B)/Rxx(0) × 100%. MR increases as the magnetic
field increases up to 9 T with no sign of saturation. Notably,
the MR value of the α-Sn samples (over 2.0 × 104% at 9 T)
is about an order of magnitude larger than that of InSb
(approximately 2.0 × 103% at 9 T). Remarkably, clearer
SdH oscillations can be seen on the MR curves of the α-
Sn samples, and the peaks appear at different fields from
those of the InSb substrate, as indicated by the arrows
in Fig. 2(b). Comparing Figs. 2(a) and 2(b), we believe
the large MR is attributed to the α-Sn films, rather than
the InSb substrate. Since there is no essential difference
among the α-Sn samples with different thicknesses [see
Fig. 2(b)], we mainly report the results on a 20-nm α-Sn
sample hereafter.

To show the topologically nontrivial character of the
Dirac fermions in α-Sn, the Berry phase is extracted
from the SdH oscillations in the magnetoconductiv-
ity [39]. The measured resistivity can be converted into the
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(a) (b)

(c) (e)

(d)

FIG. 1. Structural characterizations of α-Sn samples. (a) RSM of the (115) plane of an α-Sn sample. Dashed lines indicate fully
strained and fully relaxed states. q[110] and q[001] are coordinates in reciprocal space and represent the in-plane and out-of-plane
directions, respectively; rlu represents reciprocal lattice unit. Inset shows the sample structure. (b) Photograph of an as-grown ¼ × 2′′
α-Sn sample. (c) Raman spectra of α-Sn samples with different thicknesses. Raman shift peak of α-Sn is around 197 cm−1. (d) Cross-
section HAADF STEM (left) and corresponding EDS (right) images of an α-Sn sample. Sn signals are colored in blue. (e) α-Sn surface
morphology measured by AFM.

conductivity using

σxx = ρxx
ρ2

yx+ρ2
xx

, σxy = ρyx

ρ2
yx+ρ2

xx
, (1)

where ρxx and ρyx are the longitudinal resistivity and
Hall resistivity, respectively. The longitudinal conductiv-
ity oscillations after subtracting the background are shown
in Figs. 2(c) and 2(d), which can be described by the
Lifshitz-Kosevich formula [40]:

�σxx ∝ cos 2π
(F

B − γ + δ
)

, (2)

where the phase shift is γ = 1/2 − φB/2π with Berry
phase φB. δ is related to the Fermi-surface dimension,
which is zero for a two-dimensional system and ±1/8 for
a 3D system, and F is the oscillation frequency. Therefore,
the Berry phase can be extracted by plotting the Landau
index versus magnetic field and fitting with

F
BN

= N + γ − δ , (3)

where BN is the magnetic field at oscillation extrema.
The oscillation maxima appear at the fields where the

Fermi level coincides with the N th Landau level. There-
fore, we assign the maximum to integer N and minimum
to half-integer N, and the extracted Berry phases are
(−0.64 ± 0.26)π for the α-Sn sample and (0.06 ± 0.14)π
for InSb, as shown in Fig. 2(e). It is naturally expected
because InSb is topologically trivial. Considering the
phase shift, δ, for the 3D Fermi surface, this change in
Berry phase evidently shows the topologically nontrivial
character of α-Sn. We also confirm the conclusion from
the analysis using the Hall conductivity oscillations (see
Fig. S3 within the Supplemental Material [36]).

The fermiology of the α-Sn films is further charac-
terized by tilting-angle and temperature-dependent SdH
oscillations. The shape and size of the Fermi surface can
be demonstrated by the angle-dependent measurements,
and the results are shown in Fig. 3(a). The experimen-
tal setup is shown in the inset of Fig. 3(a). The sample
is rotated, so that the magnetic field is tilted at an angle,
θ , from the sample-surface normal ([001] direction) to the
current direction ([110] direction). The MR magnitude is
suppressed under the tilted B, and the shape of the Fermi
surface can be estimated from the angle dependence of
the oscillations. It can be seen that the oscillations are
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(a) (b)

(c) (d) (e)

FIG. 2. Topologically nontrivial transport in α-Sn samples. (a)
Temperature-dependent resistance measured at 0, 4, 6, and 9 T on
a 20-nm α-Sn sample. (b) MR curves of α-Sn samples with dif-
ferent thicknesses at 2 K. InSb data are shown for comparison.
Arrows denote oscillation peaks. (c),(d) Longitudinal conductiv-
ity oscillations of the α-Sn sample and InSb, respectively. (e)
Landau index plots according to conductivity oscillations of the
α-Sn sample and InSb. Dashed lines are linear fittings using
Eq. (3).

angle independent, which is indicative of a 3D spheri-
cal Fermi surface, while the oscillations from InSb (see
Fig. S4 within the Supplemental Material [36]) have a
slight shift, which may be due to the warped Fermi sur-
face [41]. The spherical Fermi surface is expected for a
diamond-structured Dirac semimetal with the Fermi level
close enough to the Dirac point. Considering 20-nm α-Sn
as a bulk system and combining this with the previous pre-
dictions [22] and ARPES results [26,42], we believe our
transport results can provide evidence for the 3D Dirac
semimetal phase in α-Sn. This is consistent with theoret-
ical predictions that compressive strains can give rise to
the Dirac semimetal phase in α-Sn. We note that α-Sn
on InSb (001) is considered to be a topological insula-
tor for thinner films (≤6.55 nm) in several experimental
studies [24,25,29], while our study shows that it is a
Dirac semimetal with larger thicknesses (≥10 nm). This
suggests that a topological phase transition may occur
between 6.55 and 10 nm for α-Sn on InSb (001), which
can be explained by the quantum-confinement effect, as
discussed by de Coster et al. [43]. They point out that
the quantum-confinement effect can open a bulk gap
and induce a topologically insulating state in α-Sn. As

the quantum-confinement effect becomes stronger with
decreasing thickness, a topological phase transition from
a Dirac semimetal to a topological insulator can occur in
the α-Sn films, even those that are compressively strained.
It is reasonable that the thickness at which this phase
transition occur is much thinner on InSb than that on
CdTe (approximately 40 nm [43]) because InSb provides
a weaker quantum-confinement effect to α-Sn.

Figure 3(b) shows the MR curves measured at selected
temperatures. One can see that the SdH oscillations
become weaker as the temperature increases and vanish
above 30 K due to the thermal broadening of the Landau
levels, as shown in the inset of Fig. 3(c). The decreased
oscillation amplitude with temperature can be used to
extract the effective mass using [18]

�Rxx(B) ∝ 2π2kBTm∗/�eB
sinh(2π2kBTm∗/�eB)

, (4)

where m∗ is the carrier’s effective mass, � is the reduced
Planck constant, and kB is the Boltzmann constant. The
magnetic field, B, is chosen to be 2.5 T for the α-Sn sam-
ple. Fitting of the oscillation amplitudes from 2 to 30 K
results in an effective mass of (0.039 ± 0.001)m0 for the
α-Sn sample, where m0 is the rest mass of an electron.
This value is slightly larger than the previously reported
value (0.023m0) [44] for the � valley of α-Sn but is still
within the experimental uncertainty. This small effective
mass is consistent with a Dirac band and usually leads to
high mobility.

Careful observation of Fig. 3(b) shows two important
properties: (1) an extremely large MR of over 4.5 × 105%
at 1.5 K and 14 T; and (2) a relatively large MR
(>3.0 × 104% at 9 T) persists within a wide temperature
range (100–200 K) above the liquid-nitrogen point. The
latter can be seen in Fig. 3(d), where MR at 9 T as a
function of temperature is illustrated. The MR value of the
α-Sn sample increases until 100 K, then reaches a plateau
(MR ∼ 3.2×104%) between 100 and 200 K, and finally
decreases as the temperature increases to 300 K, consis-
tent with the trend in Fig. 2(a). This unusual dependence
is different from typical behavior, where MR decreases
monotonically with temperature [5,45]. This indicates that
a large MR is a robust property of the α-Sn samples. This
large MR is promising for highly sensitive magnetic sens-
ing or storage. In particular, a magnetic sensitivity of about
13.4%/Oe can be estimated from the slope of the MR curve
above 10 T at 1.5 K in the inset of Fig. 3(b), indicating
it is possibly capable of being used for the detection and
calibration of a small magnetic field on the order of 1 Oe.

The carrier concentration and mobility are calculated
from the Hall resistance curves at selected temperatures
in Fig. 3(e) using a single-band Drude model and the
results are shown in Fig. 3(f). A lower carrier concentra-
tion (2.4 × 1016 cm−3 compared with 1.3 × 1017 cm−3 of
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(a) (b) (c)

(d) (e) (f)

FIG. 3. Angle- and temperature-dependent magnetotransport properties of the α-Sn sample. (a) Angle-dependent MR curves.
Dashed lines are guides for the eye. Inset shows a schematic of the measurement configuration. (b) Temperature-dependent MR
curves. Inset shows MR measured up to 14 T, yielding a value over 4.5 × 105% at 1.5 K. (c) Oscillation amplitudes as a function of
temperature. Red curve is the fitting curve using Eq. (4), resulting in an effective mass of m* ∼ 0.039m0. (d) MR at 9 T read from (b)
as a function of temperature. (d) Temperature-dependent Hall resistance curves. (e) Temperature-dependent carrier concentration and
mobility of the α-Sn sample calculated from Hall effect measurements.

InSb at 2 K, as shown in Fig. S7 within the Supplemen-
tal Material [36]) ensures a higher mobility, on the order
of 5 × 104 cm2 V−1 s−1, in the α-Sn samples. This carrier
concentration is consistent with the value estimated from
the frequency of the SdH oscillations. In a 3D system, the
carrier concentration can be calculated by

nSdH = 1
3π2

( 2eF
�

)3/2 , (5)

with the frequency, F, obtained from the slopes of the fit-
ting lines in Fig. 2(d), which is 1.86 T for the α-Sn sample.
The calculated nSdH is 1.4 × 1016 cm−3, which is close to
the value derived from the Hall measurement at 2 K. This
consistency supports the 3D Fermi surface indicated by the
SdH oscillations.

In this paragraph, we would like to discuss the MR
in α-Sn further. So far, a unified theory to explain the
large MR in topological materials is missing and many
physical origins have been proposed [5–7,46]. Here we
attribute the large MR at 1.5 K and 14 T to the behavior
of Dirac fermions in the extreme quantum limit. First, we
estimate the Fermi energy from the carrier concentration.

The Fermi vector can be calculated by kF = (3π2nHall)
1/3

to be about 8.9 × 10−3 Å−1 and the corresponding Fermi
energy, EF = �kFvF , is about 29 meV, assuming a Fermi
velocity of 5 × 105 m/s, as measured by ARPES [42]. This
low Fermi energy is absolutely within the linear range of
the Dirac bands and leads to a spherical Fermi surface.
Second, we observe that the MR in our study is almost
linear at higher magnetic fields (>9 T), as shown in the
inset of Fig. 3(b), with no sign of saturation. Therefore,
it is likely to result from the extreme quantum limit, where
all the electrons occupy the lowest Landau level, according
to the Abrikosov’s model [47]. The condition to reach this
state can be estimated by the criterion EF < �ωc, where
ωc = eB/m∗ is the cyclotron frequency. So, the magnetic
field needed to realize the extreme quantum limit is about
5.75 T, which is well consistent with the experimental
value of 5.81 T for the N = 1 Landau index, as shown in
Fig. 2(c). Finally, the large MR value at higher tempera-
tures in Fig. 3(d) is probably due to high mobility, as the
unusual MR versus T curve in Fig. 3(d) is similar to the
temperature dependence of mobility in Fig. 3(e). In addi-
tion, this high mobility suggests a long transport-relaxation
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time, which can be calculated from μ = eτtr/m∗ to be
about 870 fs. It is an order of magnitude larger than the
value reported for α-Sn capped with AlOx [29]. A similar
value has been obtained in a recent study [48]. This long
relaxation time ensures that more nonequilibrium carriers
can be transformed into charge or spin current. Therefore,
further improvements of spin-charge conversion efficiency
can be expected.

Finally, we perform a brief discussion with respect to
the α-Sn contribution in our samples. This can be demon-
strated with a simple parallel-resistor model, as discussed
in Sec. S8 within the Supplemental Material [36]. From
this model, we can estimate a lower-limit contribution of
α-Sn of about 58% at 2 K, which is enough to show the
nontrivial properties of α-Sn films. This is consistent with
the obvious difference between the α-Sn samples and InSb
substrate shown in Figs. 2 and 3.

IV. CONCLUSIONS

We successfully grow high-quality epitaxial α-Sn films
on the wafer scale on InSb substrates by MBE and show
the topologically nontrivial character in these α-Sn films
through a transport study. Direct-transport evidence of a
3D Dirac semimetal phase and large magnetoresistance
effects in α-Sn are reported. A Berry phase of −0.64π

and a 3D spherical Fermi surface support biaxially com-
pressed α-Sn being a Dirac semimetal, as theoretically
predicted and observed by ARPES. In addition, a large MR
of over 4.5 × 105% at 1.5 K and over 3.0 × 104% over a
wide temperature range (100–200 K) is observed, which
is probably due to the extreme quantum limit and high
mobility, respectively. This Dirac semimetal α-Sn on the
wafer scale may be an ideal platform for the exploration
of electronic and spintronic device applications. In partic-
ular, it is capable of highly sensitive magnetic sensing on
the order of 1 Oe and promising for spintronic devices with
higher spin-charge conversion efficiencies due to its longer
transport-relaxation time (approximately 870 fs).
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