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Topological materials, possessing spin-momentum locked topological surface states (TSS), have attracted
much interest due to their potential applications in spintronics. α-phase Sn (α-Sn), being one of them, displays
enriched topological phases via band-gap engineering through a strain or confinement effect. In this work, we
investigated the band evolution of in-plane compressively strained α-Sn(001) thin films on InSb(001) in a wide
range of thickness from 3 bilayers (BL) to 370 BL by combining angle-resolved photoemission spectra and
first-principles calculations. Gapped surface states evolved to a linearly dispersive TSS at a critical thickness of
6 BL, indicating that the system undergoes a phase transition from topologically trivial to nontrivial. For films
thicker than 30 BL, additional Rashba-like surface states (RSS) were identified. These RSS served as preformed
TSS in another strain-induced topological phase transition. In thick films, 370-BL α-Sn(001), so as to preclude
the confinement effect in thin films, our results were consistent with a Dirac semimetal phase with Dirac nodes
located along �–Z . This thickness-dependent band-structure study deepens our understanding of topological
phase transitions and the evolution of Dirac states. Furthermore, the coexistence of TSS and RSS in a Dirac
semimetal α-Sn might significantly enhance the potential for spintronic applications.

DOI: 10.1103/PhysRevB.105.075109

I. INTRODUCTION

The diverse topological phases of matter have been fever-
ishly studied not only for scientific interest but also for their
potential applications [1–6]. Featured by their special Dirac
cones in the band structure, novel quantum oscillations are
frequently observed in systems hosting Dirac fermions [7,8].
Extremely large linear magnetoresistance and a chiral mag-
netic effect have been found in Dirac and Weyl semimetals
[7]. Applications utilizing these Dirac states are now being ex-
tensively investigated in many fields including thermoelectric
devices, photonic devices, spin-based field-effect transistors
and memories, etc. [5,6,9–11]. α-phase Sn (α-Sn), a group-IV
element with a diamond structure, is one material that pro-
vides an ideal platform to realize abundant topological phases
based on its nontrivial band topology. Unlike other group-IV
elements such as Si and Ge, α-Sn is a zero-gap semicon-
ductor with inverted p-like �8 and s-like �−

7 bands [12,13],
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which is similar to the band ordering of HgTe and some half-
Heusler compounds [14,15]. In addition, α-Sn is free from
off-stoichiometry and the related defect issues in compound
materials through its elemental nature, making α-Sn promis-
ing for high-mobility Dirac fermion transport. Moreover, a
large spin-to-charge conversion at room temperature and an
efficient current-induced magnetization switching have been
demonstrated in α-Sn/magnetic metal heterostructures, mak-
ing α-Sn attractive for spintronic applications [16–18]. As a
nontoxic group-IV member with inverted bands, α-Sn offers
more advantages than other compound topological materials
for the development of technology.

In the exploration of topological phase transitions, band-
gap engineering via a quantum-confinement effect or strain
modulation has been a commonly adopted route other than
chemical doping [19,20]. Band evolution in a few atomic
layers of thin films attracts much attention as the confinement
effect has a significant influence on the band gap. A thickness-
dependent topological phase transition typically occurs when
the system endures a band inversion during the band-gap engi-
neering. A single-layer α-Sn, especially in orientation (111),
is of great interest because of its honeycomblike structure
analogous to graphene and a large quantum spin Hall gap,
0.1–0.44 eV [21–23]. As the film becomes thicker, a two-
dimensional (2D) to three-dimensional (3D) band transition
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occurs; the unstrained α-Sn becomes a zero-gap semiconduc-
tor. With a further biaxial compressive (tensile) strain applied
in plane, the system becomes a Dirac semimetal (topological
insulator, TI) [24–26]. Besides the interesting phase transition
found in α-Sn(111), band evolution in orientation (001) is
worth studying and has yet to be fully explored in a wide range
of thickness. Initiating from the reported topological surface
states (TSS) connecting the inverted bulk bands in α-Sn(001)
and α-Sn(111) [24,26–30], investigating how the TSS form
and evolve in varied topological phases provides an insightful
perspective on the phase transitions.

In this work, we have studied the electronic structure
of in-plane compressively strained α-Sn(001) on InSb(001)
substrates with thickness varied from a few bilayers (BL)
to 370 BL. Comprehensive angle-resolved photoemission
spectroscopy (ARPES) experiments were undertaken on high-
quality α-Sn thin films prepared by molecular-beam epitaxy
(MBE). Compared with previous work [27,28,31], our films
exhibited excellent crystallinity and showed clear band dis-
persions with sharp TSS. A critical thickness, 6 BL, for the
transition between topologically trivial and nontrivial phases
was experimentally determined in undoped α-Sn(001) thin
films. As the film thickness exceeded 30 BL, additional
Rashba-like surface states (RSS) were identified and were
associated with the preformed topological surface states in
the phase transition to a 3D TI. Moreover, compared with
calculations according to density-functional theory (DFT), 3D
Dirac nodes were found at kz ∼ 0.0276 Å–1 away from the
� point around the Fermi energy (EF). The thickness- and
strain-dependent topological phase transitions in α-Sn(001)
provide fruitful insight into the surface electronic structure of
α-Sn and could be generalized to other Dirac materials.

II. METHODS

The preparation and characterization of α-Sn thin films
on InSb(001) are described as follows. The InSb substrate
treatment in this work is referred to the method in the lit-
erature [32,33]. The base pressure of the MBE chamber
was less than 4 × 10–10 Torr. An InSb epilayer (thickness
235 nm) with growth rate 0.47 μm/h was deposited to ensure
a smooth initial surface for the α-Sn growth (see Sec. I of
the Supplemental Material [34]). The substrate temperature
was then decreased below room temperature for deposition
of Sn. Varied growth rates of α-Sn were adopted depending
on the film thickness. Respectively, 160, 40, and 5.3 s/BL
were used for few-, 30-, and 370-BL α-Sn(001) films. One
BL of α-Sn(001) corresponds to a half conventional unit cell
as shown in Fig. 1(a). Clear reflection high-energy electron
diffraction (RHEED) intensity oscillations were observed dur-
ing the growth of all films, indicating a layer-by-layer growth
mode and providing a precise thickness control (Fig. S2(a)
in Sec. II of the Supplemental Material [34]). The ARPES
measurements were performed at beamline BL21B1 of Tai-
wan Light Source (TLS) in National Synchrotron Radiation
Research Center (NSRRC). All data were recorded using an
analyzer (Scienta R4000) with accepting angle ±15°. The
overall energy resolution determined from the Fermi edge of
a Au thin film was about 30 meV. X-ray diffraction (XRD)
measurements were conducted at beamlines BL07A, BL13A,

FIG. 1. (a) Crystal models of unstrained and strained α-Sn(001);
the lattice parameters a0, b0, and c0 in unstrained α-Sn(001) are
6.489 Å; the in-plane lattice parameters a and b of strained α-
Sn/InSb(001) are 6.479 Å; the out-of-plane lattice parameter c of
strained α-Sn/InSb(001) is 6.501 Å. (b) RHEED patterns of 30-BL
α-Sn(001). (c) XRD radial scans across the α-Sn and InSb (004)
reflections of samples with various thicknesses showing clear Pen-
dellösung fringes. Inset: enlarged figure of 370-BL α-Sn/InSb(001)
near (004) reflection. (d) Reciprocal-space map around the (115)
reflections of α-Sn and InSb and the corresponding L scan across
both reflections of 370-BL α-Sn/InSb(001).

and BL17B of TLS in NSRRC. Surface morphologies of α-Sn
were characterized using an atomic-force microscope (AFM,
with a Park XE-100 system).

Theoretical calculations of the α-Sn band structure were
based on the projector augmented-wave method as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
within the generalized gradient approximation scheme, with
spin-orbit coupling (SOC) included. A Gamma-Pack k-point
mesh 13 × 13 × 7 was used; the lattice parameters were based
on experimental values measured with XRD. The atomic po-
sitions were relaxed until the residual forces were less than
0.001 eV/Å. For the surface electronic structure, a slab model
was used with the surface terminated by hydrogen to eliminate
dangling bonds. The surface spectral weight was calculated
using the semi-infinite Green’s function approach [35] with
an additional Rashba SOC considered.

III. RESULTS AND DISCUSSION

An unstrained α-Sn single crystal has a diamond structure
with lattice parameter 6.489 Å. To date, most stable α-Sn
films were pseudomorphically grown on semiconducting InSb
or CdTe substrates. A slight in-plane compressive strain in
α-Sn thin films naturally occurs because of the lattice mis-
match (∼ 0.15%) with the substrate, regardless of (001)-
or (111)-oriented heterostructures. In α-Sn/InSb(001), the
crystal symmetry of α-Sn changes from cubic (space group
No. 227) to tetragonal (No. 141), as illustrated in Fig. 1(a).
Strained α-Sn thin films were grown directly on well-prepared
InSb(001) episurfaces with no intentional doping. The crys-
tal structure of α-Sn was then characterized with RHEED,
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FIG. 2. (a) Bulk and surface BZ of strained α-Sn(001); (b) schematic band diagram of in-plane compressively strained α-Sn(001);
(c) ARPES spectra and the second derivative plot of 30-BL α-Sn/InSb(001) taken with incident photon energy 21.2 eV along �̄–X′ at room
temperature; (d) surface morphology; and (e) the line profile of the blue arrow in (d) of 30-BL α-Sn(001) by AFM.

low-energy electron diffraction (LEED), and XRD. The sur-
face reconstruction (2 × 1) of α-Sn(001) was found in
RHEED and LEED patterns (Fig. 1(b) and Fig. S2(b) in Sec. II
of the Supplemental Material [34]), indicating a well-ordered
surface. Excellent strained growth from a few BL to 370 BL
was achieved and verified with XRD. Pronounced Pendellö-
sung fringes were observed in the L scans across the (004) and
(115) reflections as shown in Figs. 1(c) and 1(d), indicating
sharp interfaces. The narrow rocking curve of the α-Sn(004)
reflection, with a full width 0.0264° at half maximum (370-
BL α-Sn) near that of the InSb(004), 0.0263°, revealed the
excellent crystallinity and a low defect density. According
to the XRD reciprocal-space map shown in Fig. 1(d), the
lateral peak position of the α-Sn (115) reflection is well
aligned with that of InSb, manifesting that a fully strained
epitaxial α-Sn film on InSb(001) is retained even for the
370-BL (120-nm) film. Furthermore, the in-plane strain along
two orthogonal directions [110] and [11̄0] were the same
as verified in measurements of two off-normal reflections
(115) and (11̄5), revealing a tetragonal lattice deformation and
a biaxial in-plane compressive strain 0.15%. The measured
in-plane and out-of-plane lattice parameters were 6.479 and
6.501 Å, respectively. More details of the strain analysis and

measurement of the lattice parameters appear in Sec. III of the
Supplemental Material [34] (see also Refs. [36,37]).

After the crystal structure and strain state of α-Sn thin films
were confirmed, the samples were ready for ARPES measure-
ments of the thickness-dependent topological band structure.
The bulk and surface Brillouin zones (BZ) of strained α-
Sn(001) are shown in Fig. 2(a). Similar to the inverted band
structure in HgTe, a heavy hole band (�+

8,v) lies between
inverted bands �+

8,c and �−
7 [15,38]. �+

7 is below �−
7 be-

cause of the strong SOC; this effect generates a second band
inversion in α-Sn [12,24]. The notation used in describing
TSS in this work is referred to the previous study by Ro-
galev et al. [24]. TSS1 connects the inverted bands of �+

8,c

and �−
7 , whereas TSS2 links the inverted bands of �−

7 and
�+

7 as shown in Fig. 2(b). The in-plane biaxial compressive
strain in α-Sn grown on InSb breaks the cubic symmetry
and introduces an energy gap at the � point. α-Sn enters
the topological Dirac semimetal (TDS) phase with a pair of
Dirac nodes located in �–Z . At a moderate thickness, 30 BL,
of α-Sn(001), both TSS1 and TSS2 were clearly observed
at room temperature [Fig. 2(c)]. Furthermore, large terraces
with root-mean-square roughness 0.9 Å were achieved as
shown in Fig. 2(d). The step height ∼3.2 Å corresponds to the
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FIG. 3. (a) ARPES spectra of 3-, 6-, and 8-BL α-Sn(001) along
�̄–X̄ with incident photon energy 21.2 eV; (b) second derivative plots
of (a).

thickness of 1-BL α-Sn(001). The smooth and atomically flat
surface is an important factor in yielding these sharp ARPES
spectra.

Under effective control of substrate temperature and
growth rate, the interdiffusion problem between film and sub-
strate was greatly reduced (see Sec. IV of the Supplemental
Material [34]). Our results indicate that the excellent crys-
tallinity to detect the TSS was achieved without the commonly
used Te dopants or Bi surface treatment in α-Sn growth
[24,27,28]. The pure α-Sn films offer advantages for study
of the band topology. Notably, distinct RSS bands appeared in
the band-mapping results. The in-depth discussion of the RSS
will be presented in later paragraphs. The band dispersions
along �̄–X̄ and �̄–X′ are identical in 30-BL α-Sn, indicating
the consistency with the fourfold rotational symmetry ob-
served from RHEED and LEED patterns. The Fermi velocity
of TSS1 is 5.2 × 105 m/s, which agrees with the value of pure
α-Sn [(4.8–5.2) × 105 m/s] [39]. Moreover, in contrast to the
Dirac point (DP) located at 150 meV above EF in previous
work [31], a clear difference in this work is that the DP was
located almost at EF. The notable difference in the position
of the DP between this work and other is attributed to less
interdiffused indium atoms with improved methods of sample
preparation. The higher chemical potential in our α-Sn films
gave us access to study the evolution of TSS.

The band evolution in a few BL of α-Sn is discussed
here, focusing on the evolution of TSS1. Before α-Sn growth,
clear band mappings of bare InSb(001)-4 × 2/c(8 × 2) sub-
strates are presented in Sec. I of the Supplemental Material
[34] (see also Ref. [40] therein), indicating an atomically
ordered surface. After the deposition of 3-BL α-Sn, α-Sn
bands emerged clearly and behaved much different from that
of InSb. Figure 3 displays ARPES spectra of these few BL
(3-, 6-, and 8-BL) α-Sn samples and the corresponding second

derivative plots along �̄–X̄ measured with an incident photon
energy 21.2 eV. An M-shaped hole band and a V-shaped
electron pocket were found in the 3-BL sample, attributed to a
wave-function hybridization of top and bottom surface states
[41]. The conduction-band minimum was located at binding
energy (EB) ∼ 0.07 eV and the valence-band maximum was
at ∼ 0.17 eV EB at �̄. The gap size was about 100 meV.
Detailed analysis on the evolution of TSS1 from the normal
emission spectra is given in Sec. V of the Supplemental Mate-
rial [34]. The separated hole and electron bands transformed
into a linearly dispersive TSS1 as the film became thicker
than 6 BL. In an 8-BL sample, sharper ARPES spectra with
a gapless TSS1 were attained. The TSS1 in the 8-BL sample
had the same Fermi velocity as that in 6-BL and 30-BL ones.
This experimental observation of a critical thickness in the
topological phase transition is close to our DFT calculations
(see Sec. VI of the Supplemental Material [34]) and a recent
prediction in freestanding α-Sn(001) [41].

During the survey of TSS in α-Sn, we discovered an ex-
tra pair of surface states located outside TSS1 in all α-Sn
films thicker than 30 BL. These extra surface states behaved
as RSS manifested by a pair of paraboliclike bands with a
momentum shift along �̄–X̄ and �̄–X′ as shown in Figs. 2(c)
and 4(b). Figure 4(a) exhibits the constant energy mappings
of 370-BL α-Sn; distinct squarelike intensity distributions
(yellow arrows) were observed outside the Dirac cone of
TSS1 (red dashed lines). Band mappings and DFT results
along �̄–X̄ and �̄–M̄ are displayed in Figs. 4(b)–4(e). A
significant difference of band structures in these two high-
symmetry directions is that a large band splitting of RSS
was clearly resolved in �̄–X̄, whereas the band splitting of
RSS was minuscule in �̄–M̄, indicating an anisotropic behav-
ior of the RSS. In our DFT calculations, spin-split surface
bands, a typical characteristic of RSS, were observed. Note
that to achieve an excellent agreement with the experimental
results, an additional Rashba SOC was included in the DFT
calculations; without this Rashba SOC, the RSS still existed
but the band splitting in momentum was rather small (see
Sec. VII of the Supplemental Material [34]). The surface
potential of α-Sn was modified by a Rashba Hamiltonian HR,
HR = R

∑
n,k‖ c†

n,k‖ (σysinkxa − σxsinkya)cn,k‖, in which R, n,
σi, and a are the magnitude of the Rashba effect, the index
of orbitals in the system, Pauli matrices, and the lattice pa-
rameter, respectively [42]. R = 0.2 eV was used here. The
2D characteristics of the RSS and TSS1 were examined with
a measurement dependent on photon energy, as shown in
Fig. 4(f). A dispersionless behavior in the plot of kz versus k//

indicated the 2D nature for RSS and TSS1 bands. In the E–k
cuts parallel to �̄–M̄ (cuts 1 and 3) shown in Figs. 4(g) and
4(h), a clear splitting of the RSS was observed, consistent with
the two surface bands identified in �̄–X̄. The RSS were more
dispersive in �̄–M̄ than in �̄–X̄. This anisotropic behavior of
RSS is correlated to a warping effect caused by the crystal
symmetry in α-Sn(001). In addition, a Rashba coefficient
αR ∼ 1.5 eVÅ was estimated from the band dispersion along
�̄–X̄ (see Sec. VIII of the Supplemental Material [34]), and

is ∼ 4.5× larger than that of Au(111) [43].
Observing such a large Rashba band splitting is remark-

able in the surface of a single-element crystal. In systems
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FIG. 4. (a) Stack of constant energy contours of 370-BL strained α-Sn(001) thin film with TSS1 marked in red dashed line and RSS marked
with yellow arrows. (b) ARPES spectra and (c) DFT results along �̄–X̄; (d) ARPES spectra and (e) DFT results along �̄–M̄; the red and the
blue curves in the DFT calculations are spin-polarized surface states with the spin projections along [11̄0] for band mapping along �̄–X̄ and
along [010] for band mapping along �̄–M̄; the colors denote the spin polarization as shown in the color scale; the gray bands are bulk bands.
(f) kz–k// plot (k// along �̄–X̄) at 0.2 eV EB; (g) constant energy contour at 0.2 eV EB; (h) ARPES spectra along �̄–M̄ (cut 2) and other parallel
cuts (1 and 3); each cut is separated by 0.078 Å–1 with its direction labeled in (g); all ARPES spectra were acquired with incident photon
energy 20 eV.

possessing a large Rashba effect, besides a strong SOC, inver-
sion asymmetry is essential. As the bulk inversion symmetry
is still preserved for in-plane biaxially strained α-Sn(001)
films, the RSS are related to the structural inversion asymme-
try on the surface. Instead of finding these RSS in extremely
thin films, in which a quantum-confinement effect and a sub-
strate effect play major roles, the observed RSS in thick α-Sn
films indicated their origin to be merely from the upper sur-
face. We noticed also that the orientation for the largest band
splitting, �̄–X̄ or �̄–X′, is parallel to the dimer rows on the
(2 × 1)-reconstructed α-Sn surfaces; the surface potential of
the dimered surface could hence be a reason for this large band
splitting. The surface Sn dimers could act as dipoles [44],
providing a necessary electric field to account for the Rashba
band splitting.

Inspired by the band evolution of TSS in a topological
phase transition from a normal insulator to a 3D TI [42,45],
the appearance of the RSS in a Dirac semimetal strained
α-Sn(001) can be regarded as the preformed surface states of
another TSS. As illustrated in Fig. 5(a), the RSS of a normal
insulator in bulk conduction bands (BCB) and bulk valence
bands (BVB) touch each other and form a gapless state as the

band inversion occurs. One pair of preformed surface states
in the BCB and the BVB evolves to a TSS; the other pair
becomes surface resonance states and damps into bulk bands.
Dirac semimetals could serve as one topological phase at the
critical point of the topological phase transition, but RSS have
not yet been found in previously reported Dirac semimetals.
Having substantially good surfaces of Dirac semimetals for
ARPES measurements is also challenging, especially for thin
films. In this work, elemental Dirac semimetal α-Sn(001)
thin films with far fewer defects can be viewed as an ideal
intermediate state among the transitions to trivial insulating
and many other topological phases, providing an excellent
platform to study the TSS evolution. For instance, α-Sn can
turn into a 3D TI with an applied in-plane biaxial tensile strain
or in-plane uniaxial strain. According to our DFT results,
the original TDS of an in-plane biaxial compressive strained
α-Sn [Fig. 5(b)] becomes a 3D TI featuring a TSS formed in
the bulk band gap under an applied in-plane uniaxial strain
[Fig. 5(c)]. Investigation of RSS in a topological system not
limited to TI but also for other semimetals provides profound
insight into the origin of TSS. For TSS in Dirac semimetals,
most studies focused on Fermi arcs connecting the Dirac

075109-5



K. H. M. CHEN et al. PHYSICAL REVIEW B 105, 075109 (2022)

FIG. 5. (a) Schematic of the band evolution of the RSS and TSS in a topological phase transition; DFT results of α-Sn(001) along �̄–M̄
under (b) an in-plane biaxial compressive strain 0.15% and (c) an in-plane uniaxial compressive strain 0.6% with no additional Rashba SOC.
The red and the blue curves in the DFT calculations are spin-polarized surface states with the spin projections along [010]; the colors denotes
the spin polarization as shown in the color scale and the gray bands are bulk bands.

nodes. Our work indicates that the RSS in (001) are other
surface states, besides the Fermi arcs predicted in (100) [25],
correlated with the band topology in the Dirac semimetal
of strained α-Sn. Having RSS coexisting with TSS1 could
provide an efficient and gate-tunable spin-charge conversion
[46,47], which offers great potential in spintronics.

In the following, we focus on the behavior of the bulk
bands in search of 3D Dirac bands or nodes in α-Sn(001),
which has previously not been demonstrated experimentally.
The ARPES results of α-Sn were nearly the same for films
thicker than 30 BL. To preclude the confinement effect com-
monly found in few-BL films, a thicker film, 370 BL, of

α-Sn was prepared to probe the bulk band structure. The
momenta kz along �–Z were determined from a photon
energy-dependent experiment with an inner potential V0 9.3 ±
0.5 eV (see Sec. IX of the Supplemental Material [34]). Fig-
ure 6(a) shows clear bulk bands instead of quantized subbands
in the band mapping measured along [100] (�̄–M̄) using pho-
ton energy 123.5 eV (�003) at 80 K. Calculated bands along
[100] [Fig. 6(b)] were overlaid on the band mapping with
green dots in Fig. 6(a), revealing a considerably good match
with each other. Clear bulk bands of �+

8,v, �−
7 , and �+

7 at the �

point were also identified. The energy separation E0 between
p-like �+

8,v and s-like �−
7 is 0.60 eV and the split-off energy �

FIG. 6. (a) ARPES results of 370-BL α-Sn(001) at �003; (b) DFT-calculated band structure of α-Sn(001) under in-plane biaxial compressive
strain 0.15%; (c) magnified figure in the vicinity of � in X–�–Z; (d) photon energy-dependent ARPES results of �+

8,v near �003 along �̄ − M̄
with their corresponding kz values at EF in unit 4π /c. The gray dashed line and green dots superimposed in (a) and (d) are parabolic fitting of
the heavy hole band and DFT calculations, respectively.
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between �+
8,v and �+

7 is 0.84 eV in the presence of SOC; these
directly measured results are consistent with our DFT calcu-
lations and earlier work using other techniques [12,48,49].
Considering a nearly free-electron model for the heavy hole
band at the � point, a fitted parabolic band dispersion was su-
perimposed on the band mapping with a gray dashed line. The
effective mass was derived to be 0.34 ± 0.05 m0 along [100],
in which m0 is the electron rest mass, slightly larger than
the unstrained one (0.26 m0) obtained from band calculations
[50,51]. Benefiting from greatly reduced interdiffusion from
the substrate–film interface, �+

8,v was observed at ∼ 0.16 eV
EB; this result provided an opportunity to search for Dirac
nodes in in-plane compressively strained α-Sn(001).

According to the DFT calculations in Figs. 6(b) and
6(c), the predicted Dirac nodes were located at ±0.0276 Å–1

(±0.014 · 4π/c) away from the � point in �–Z . The linearly
dispersive Dirac bands were limited to a small E–k region
marked as a red box in Fig. 6(c). A small energy gap of
17 meV appeared at the zone center because of the cubic
symmetry breaking in the in-plane compressively strained
α-Sn(001). The photon energy-dependent ARPES spectra of
the heavy hole band near �003 and EF agreed well with the
DFT results, as shown in Fig. 6(d). The Dirac nodes were
located approximately at the spectra taken at 122.1 and 124.9
eV. Along �–Z , the 3D Dirac band in strained α-Sn(001)
was less dispersive than that reported for strained α-Sn(111)
within ±5% of the band periodicity [26]. The calculated sep-
aration of the 3D Dirac nodes in α-Sn/InSb(001) (∼0.06 Å–1)
caused by the in-plane compressive strain (0.15%) was 1/3
to 1/5 those of other Dirac semimetals such as Na3Bi
(0.19 Å–1) [52] and Cd3As2 (0.32 Å–1) [53]. Hence, resolving
the two separate 3D Dirac nodes and linearly dispersive Dirac
bands unambiguously is much more difficult in strained α-
Sn(001)/InSb.

IV. CONCLUSION

We report here a comprehensive study of the electronic
structure of compressively strained α-Sn/InSb(001). Consid-
erably purer α-Sn films were prepared with MBE, leading
to sharp ARPES spectra for a thorough understanding of the
topological band structure. A transition from a topologically
trivial to nontrivial phase was observed at critical thickness
6 BL. A pair of anisotropic RSS were discovered in α-Sn(001)

films thicker than 30 BL; they were regarded as preformed
TSS, providing insight into the evolution of a TSS in a topo-
logical phase transition and the surface electronic structure of
a Dirac material. In a 370-BL film, which is thick enough
to preclude the confinement effect, both the bulk band dis-
persions and the valence-band parameters have been directly
measured. Supported by the DFT results, the Dirac nodes were
found in our strained α-Sn/InSb(001) but were difficult to
resolve individually in ARPES spectra because of the small
momentum separation in �–Z . A more viable approach would
be to adopt another substrate with a smaller lattice parameter
to produce a greater in-plane biaxial compressive strain in
α-Sn for a wider separation of Dirac nodes in k space. As
revealed by our results, α-Sn provides a rich playground to
realize various topological phases of matter, such as TDS,
TI, etc. The coexistence of RSS and TSS1, typified by an
efficient and gate-tunable spin-charge conversion, might offer
great opportunities for applications in the modern technology
of spintronics.
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