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We report on the electronic structure of α-Sn films in the low thickness regime grown on
InSb(111)A. High-resolution angle-resolved photoemission (ARPES), enhanced at low photon ener-
gies, allows for the direct observation of the linearly dispersing 2D topological surface states (TSSs)
that exist between the second valence band and the conduction band. The Dirac point of this TSS
was found to be 200 meV below the Fermi level in 10-nm-thick films, which enables the observation
of the hybridization gap opening at the Dirac point of the TSS for thinner films. The cross-over to
a quasi-2D electronic structure is accompanied by a full gap opening at the Brillouin zone center,
in agreement with our density functional theory calculations. We further identify the thickness
regime of α-Sn films where the hybridization gap in TSS coexists with the topologically non-trivial
electronic structure which must result in a presence of 1D helical edge states.

I. INTRODUCTION

The low temperature α-phase of Sn belongs to a fam-
ily of materials with a topologically non-trivial electronic
band structure [1]. Due to its mono-elemental nature,
and the resulting favorable defect chemistry, α-Sn has
recently attracted considerable interest [2–7]. In partic-
ular, α-Sn thin films grown by molecular beam epitaxy
(MBE) exhibit outstanding quality [4, 7, 8]. In contrast
to Bi2X3 compounds (X = Se or Te), band inversion in
bulk α-Sn involves the second valence band (VB) Γ−7 and
conduction band (CB) Γ+

8 , which reveal s-like and p-like
character, respectively [9]. Such band order is also typ-
ical of HgTe [10, 11] and some half-Heusler compounds
[12] and results in fact in a double band inversion with a
pair of TSSs of different wavefunction localization char-
acter [5]. Most of the substrates available for epitaxial
growth provide an in-plane compressive strain for α-Sn
films, which drives them into a Dirac semimetal phase
[5, 13] with both TSSs being fully degenerate with bulk
states. Yet, previous studies on in-plane compressively
strained α-Sn thin films revealed that the hybridization
between the upper TSS, in focus of the present work, and
the bulk states is weak due to differences in the orbital
composition [5, 14]. This allows for the observation of

a sharp E(~k) dispersion of this TSS in spin- and angle-
resolved photoemission (ARPES).

The (111) surface of α-Sn is of particular interest due
to its close relationship to the family of 2D honeycomb
lattices in group IV high-Z materials, e.g., stanene, bis-
muthene and antimonene. These have been widely in-
vestigated, both theoretically and experimentally, as a
new platform for utilizing helical spin-polarized topolog-
ical edge states [15]. Despite numerous reports on the
fabrication of stanene on a variety of substrates [16–
22], the study of the 3D to 2D transition of the TSS
in α-Sn films has remained scarce. With the reduced

thickness, the 3D bulk band structure changes devel-
oping gap(s) due to increasing confinement in a quan-
tum well and the surface- and interface-TSSs (at the α-
Sn/substrate interface) wavefunctions start to overlap.
Similar to HgTe/CdTe quantum wells [23, 24], the bulk
band inversion in α-Sn can be lost at some certain criti-
cal thickness [25–27] or even show an oscillatory behavior
[28] depending on thickness. Additionally, given the band
inversion remains, the hybridization between surface- and
interface-TSSs in thin α-Sn films could open a gap at the
Dirac point (DP). In such case the system can be clas-
sified as a 2D quantum spin Hall insulator (QSHI) with
1D helical edge states.

In this paper we report on the electronic structure of
thin α-Sn films epitaxially grown on InSb(111)A, and,
in particular, on the evolution of the TSS as a function
of thickness exploiting high-resolution ARPES and den-
sity functional theory (DFT) calculations which notably
include the substrate. We find that, in contrast to α-
Sn on InSb(001), the DP of TSS for the (111) surface
orientation is situated significantly below the Fermi en-
ergy for 10 nm-thick α-Sn films. The latter enables the
direct observation of the hybridization gap opening at
the DP for thinner films. Thus, for a 3-nm-thick film we
find a gap in the TSS of the order of ∆Eg

peak ≈ 200 meV

(peak-to-peak). The electronic structure of the quasi-
2D 1-nm-thick films exhibits a full gap opening at the
Γ-point (∆Eg

peak ≈ 400 meV). Our DFT calculations for

thin α-Sn films on InSb(111)A show good agreement with
the experimental data, as well as provide evidence for the
spin-polarized character of the TSS. Furthermore, we es-
tablish that coexistence of the TSS hybridization gap and
the topologically non-trivial bandstructure appears in a
narrow α-Sn films thickness range of ∼ 2 - 10 nm, which
must result in a presence of a 1D helical edge states. In
addition, we report on a new (8×8) surface reconstruc-
tion observed in low-energy electron diffraction (LEED)
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and scanning tunneling microscopy (STM).

II. METHODS

α-Sn thin films were grown by MBE on n-doped In-
terminated InSb(111) substrates. The 8-effusion cell
MBE system is directly attached to the high-resolution
ARPES system at beamline I05 at the Diamond Light
Source (Didcot, UK), allowing for in-vacuum transfers
[29]. The substrates were cleaned by several Ar ions sput-
ter and anneal cycles until a clear (2×2)-reconstruction
was observed by LEED [see Fig. 1(a)]. During thin film
growth, the InSb(111) substrates were held at ambient
temperature and the α-Sn film quality was monitored by
reflection high-energy electron diffraction (RHEED). The
thickness of the Sn layers was varied by changing the de-
position time while keeping the flux from the effusion cell
constant.

ARPES measurements have been carried out with s
and p linearly polarized light, as well as circularly polar-
ized light, at varying photon energies at beamline I05.
The endstation is equipped with a Scienta R4000 hemi-
spherical electron analyzer that provides an ultimate en-
ergy and angular resolution of ∼ 5 meV and 0.1◦, respec-
tively.

STM experiments were performed with an Omicron
LT-STM at a base pressure p < 5×10−11 mbar (T=4 K)
using tungsten tips tested on a Ag(111) single crystal for
sharpness and spectroscopic properties.

For the DFT calculations we used the full-potential
linearized augmented plane wave method [30] as imple-
mented in the FLEUR code. We employed the local
density approximation to the exchange-correlation po-
tential [31]. Our models for the 0.7 nm and 2.5 nm Sn
films included four InSb(111)A substrate layers that were
charge-compensated on both sides by +/- 0.25 electronic
charges in the virtual crystal approximation to simulate
a flat profile of the band-edges. The 7.5 nm film was
calculated without substrate and in all cases hydrogen
was deposited on the upper and lower surface of the film
to saturate dangling bonds. To achieve a correct band-
ordering we applied the DFT+U scheme as described in
Ref.[2]. The same correction was applied to InSb, where
the band gap is also underestimated in DFT. The films
were relaxed and spin-orbit coupling was applied in a
self-consistent manner [32].

III. EXPERIMENTAL RESULTS

During growth, RHEED reveals a well-resolved 6-fold
streak pattern consistent with the substrate symmetry,
thus confirming the epitaxial growth of α-Sn films on
InSb(111)A substrate. However, in LEED, apart from
the main (1×1) pattern, as-grown α-Sn films show ad-
ditional spots stemming from the surface reconstruc-
tion: instead of the commonly observed (3×3) sur-
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FIG. 1. (a) LEED taken at E=45 eV on a clean InSb(111)A
substrate exhibits (2×2) surface reconstruction (orange cir-
cles denote (1×1) spots). (b) LEED taken at E=45 eV on
10 nm-thick α-Sn(111) film. Apart from the expected (1×1)
structure (orange circles), additional spots of high-order sur-
face reconstruction are observed. (c) SPA-LEED data taken
at E=87 eV and corresponding line profile (data plotted in
red, 4-peaks fit - in blue) through (00) and (10) spots al-
low to assign the new surface reconstruction to be (8×8).
(d) STM data measured with U=2 V, I=50 pA at T=4 K. (e)
STM data on smaller scale showing domains. (f) The height
profile along path labeled ’1’ in (d) reveals a step height of
3.6 Å.

face reconstruction, we find a higher-order reconstruc-
tion [Fig. 1(b)]. Spot-profile analysis LEED (SPA-
LEED) allowed to establish a (8×8) surface reconstruc-
tion [Fig. 1(c)] . The latter persists when mildly an-
nealing the sample at T ≈ 150 ◦C, leading to sharper
LEED and ARPES signals. When the annealing temper-
ature is increased further, the LEED pattern changes to
the (1×1) reconstruction, in agreement with other stud-
ies [33, 34]. In addition, we performed STM measure-
ments of 10 nm-thick α-Sn films, which are summarized
in Figs. 1(d-f). The STM measurements reveal domains
with a shape close to hexagonal, which could result from
twinning, i.e, an overlap of two 60◦-rotated triangular
domains. Twinning was indeed reported for α-Sn films
on Hg0.8Cd0.2Te(111) substrates [35]. The lateral size of
domains ranges from 7× to 8× lattice constant of un-
strained α-Sn (a = 4.59 Å). The step height h ≈ 3.6 Å
is consistent with the interplanar distance of α-Sn(111)
films of 3.75 Å. To the best of our knowledge, the (8×8)
surface reconstruction was not reported for α-Sn films so
far. Additional STM/STS measurements are necessary
to establish the exact structural model of this reconstruc-
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FIG. 2. Experimental electronic structure of a 10 nm-thick
α-Sn film on InSb(111)A. (a) Band map measured at a pho-
ton energy of hν = 18 eV and at T = 8 K along the Γ-K
direction. (b) Photon energy scan between hν = 33 eV and
hν = 120 eV (k⊥≈ 3 Å−1– 5.5 Å−1), taken along the Γ-K di-
rection at normal emission (EB=100 meV). The spectra have
been normalized to have equal intensity for each k⊥. (c-e)
Stacks of experimental constant energy contours at different
EB. Red dotted lines are a guides for the eye indicating TSS.

Figure 2(a) shows ARPES data obtained on a 10 nm-
thick α-Sn film using a photon energy of hν = 18 eV.
Such photon energy corresponds to a surface perpendic-
ular momentum k⊥ = 1.33×(2π/c), assuming an inner
potential of V0 = 5.8 eV [5] and c = 3.75 Å (interpla-
nar distance in α-Sn), which allows to highlight the sur-
face states. The very presence of a well-ordered surface
provides good quality ARPES data, while no signature
of a (8×8) reconstruction in the electronic structure is
observed. The Fermi level is pinned ∼ 100 meV be-
low the valence band maximum of the projected bulk
bands [Fig. 2(a)], therefore, the expected band gap in
the bulk electronic structure defined by quantum confine-
ment [26] is not accessible. Apart from the projected bulk
bands that possess 60◦-twinned 3-fold character visible in
Fig. 2(c-e), the electronic structure of α-Sn films harbor
an additional pair of linear-like crossing bands with a
cross-point ∼ 200 meV below EF [Fig. 2(a)]. The linear-
like state has a group velocity of (4.8 ± 0.5) eV Å, i.e.,
(7.3 ± 0.8) × 105 m/s [see Fig. 3(a)], which agrees well
with the previously reported value for α-Sn on InSb(001)
[2]. However, in contrast to α-Sn on InSb(001) and
InSb(111)B [13, 18], our data reveals a TSS with a DP
located higher in binding energy, which allows to ob-
serve the TSS branches below and above the DP. We
note that due to the doping level of our α-Sn films, as

well as the limited ARPES resolution, we are not able to
observe (gapped) topological surface states in the meV-
range near CB minimum which were recently reported in
transport data in HgTe films [36].

The two-dimensional character of the TSS is further
experimentally confirmed by measuring ARPES at differ-
ent photon energies [Fig. 2(b)]. Clearly, the TSS shows
no dispersion with varying photon energy (k⊥ momen-
tum) — except at the photon energies corresponding to
the bulk Γ-points in the surface normal direction where
the intensity of the bulk bands start to dominate (k⊥
= 3.3 Å−1(2×(2π/c)) and 5.0 Å−1(3×(2π/c))). We note
that, similar to the case of the (001)-surface, the momen-
tum distribution of the TSS at given binding energies is
isotropic in the k‖ plane and does not show any notice-
able warping effects [Figs. 2(c-e)].
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FIG. 3. ARPES band maps as a function of α-Sn film thick-
ness. The photon energy was 18 eV and the temperature 8 K.
EDCs at normal emission are overlayed on the left of each
panel. (a) 10 nm-thick, (b) 3 nm-thick, and, (c) 1 nm-thick
α-Sn films. (d) Clean InSb(111)A substrate.

The clear visibility of the DP allows for probing the
possible opening of a hybridization gap in TSS upon re-
ducing the α-Sn film thickness, i.e., to observe a transi-
tion from a quasi-3D TI to a quasi-2D TI with gapped
TSS. Figure 3 shows ARPES maps for different α-Sn film
thicknesses. The EDCs taken at the Γ-point are over-
layed on the left side of each map. Despite the relatively
thin film thickness, the energy distribution curve (EDC)
taken through the DP [Fig. 3(a)] does not reveal any hy-
bridization gap in the TSS in a 10 nm α-Sn film. We note
that the larger energy difference between s-like Γ−7 and
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p-like Γ+
8 bands in α-Sn, as compared to HgTe, leads to a

different critical quantum well thickness below which the
bulk band inversion is lost. The electron-like band from
the gapped TSS was calculated to cross the heavy-hole
band in CdTe/α-Sn quantum wells at a critical thick-
ness of 2.7 nm [26] (compare to tcrit = 6.3 nm for HgTe),
defining the transition to a 2D trivial state. Recently,
the QSHI phase in free-standing α-Sn(001) films was cal-
culated for thickness above dcrit ≈ 2 nm [27]. In contrast
to CdTe-based and free-standing (vacuum-based) quan-
tum wells, the semiconducting InSb substrate allows for
less localized interface-TSS at similar α-Sn film thick-
ness, which, in turn, reduces the TSSs hybridization and,
therefore, quantum well critical thickness.

With the thickness reduced to 3 nm we observe a slight
p-doping effect in the electronic structure (energy shift
∆E ≈ 80 meV). Such a behavior is consistent with shift
of the VB offset of ∼ 100 meV for thinner α-Sn films
(determined by XPS; not shown here). The band gap
in the projected bulk electronic structure remains unre-
solved in ARPES as it is still situated above the EF.
However, a clear reduction of the spectral weight at the
DP is observed for the 3-nm-thick film [Fig. 3(b)]. This
is likely a result of the TSS hybridization between the
surface- and interface-TSS. However, instead of a well-
defined hybridization gap, the corresponding EDC taken
at the Γ-point shows a rather broad local minimum at the
DP, which could be a combined effect of the background
of the projected bulk states and lateral fluctuations in
energy positions of the surface- and interface-TSS. The
energy difference between the EDC maxima is found to
be ∆Eg

peak ≈ 200 meV , which is again lower than the the-

oretical value for a CdTe/α-Sn quantum well [26]. This
discrepancy is most probably due to the more relaxed
boundary conditions.
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FIG. 4. ARPES data measured on a 1 nm-thick α-Sn film at
different photon energies hν of 18 eV (left), 39 eV (center),
and 98 eV (right). EDCs at normal emission are overlayed in
each panel.

Reducing the film thickness further, the TSS hybridiza-
tion becomes stronger. The 1 nm-thick α-Sn film reveals
a total gap of ∆Eg

peak ≥ 400 meV [see Fig. 3(c)] since
the CB minimum is at or higher than EF. In addi-
tion, the bulk electronic structure looses dispersive be-
havior in k⊥ due to a strong confinement. This can be
seen in Fig. 4 where the k‖-dispersion shows only a mi-
nor variation with photon energy. As a consequence, we

are not able to distinguish experimentally between hy-
bridized TSS states and quasi-2D bulk states. Note that
the measured film data are clearly distinct from those of a
clean InSb substrate [Fig. 3(d)]. The quasi-2D character
of the bulk electronic structure of the 1 nm-thick film is
consistent with the data reported in Ref. [18] for bilayer
stanene on InSb(111)B. Nevertheless, our results do not
fully agree with the data reported in Refs. [13, 18] for
thicker α-Sn films since the quantum well and TSS hy-
bridization effects are much more pronounced both in our
calculations (see Fig. 5) and in the experimental data.

In order to trace the change of the electronic struc-
ture with film thickness we performed DFT calculations.
Figure 5 presents the calculation results obtained for
7.1 nm-thick (a,c,e) and 0.75 nm-thick (b,d,f) α-Sn films
on InSb(111)A, respectively. The blue and red colors in
Figs. 5(a-d) denote the spin polarization, while the size
of the circles is proportional to the density of states in
the first two layers, and above the layers for the 0.75 nm-
thick and 7.1 nm-thick films, respectively. Figures 5(c,d)
show the enlarged region around EF comparable to the
experimental data presented in Fig. 3.
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FIG. 5. DFT calculations of a 7.1 nm-thick (a,c,e) and a
0.7 nm-thick (b,d,f) α-Sn film on InSb(111)A. (a-d) The blue
and red colors denote the spin polarization, while the size of
the circles is a measure of the surface density of states of the
α-Sn film. (e) The size of the circles is proportional to the
α-Sn density of states in the middle of the α-Sn film, i.e., bulk
states. (f) Same as (d), however, here the color indicates the
respective contributions from the Sn and InSb states.

For the 7.1-nm-thick α-Sn film, the linearly dispers-
ing spin-polarized surface states can be recognized in the
electronic structure [Figs. 5(a,c)]. Yet, in contrast to the
experimental data, the DP is located in the vicinity of EF

[Fig. 5(c)], which, in turn, is close to the valence band
maximum. Apart from this mismatch in the energy po-
sition that depends on the alignment of the potentials
between the substrate and the α-Sn film, the theoreti-
cal data agrees well with the experimental TSS shown
in Fig. 2(a). The size of the dots in Fig. 5(e) is propor-
tional to the density of states in the middle of the α-Sn
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film, and thus reveal a quantum confinement gap in the
bulk states of ∆Eg

bulk ≈ 200 meV. The hybridization gap
in TSS (Fig. 5(c)) has much smaller value of ∆Eg

peak ≈
30 meV.

For the 0.7 nm-thick α-Sn film, a gap of ∼330 meV in
the electronic structure is clearly resolved in calculations
[Figs. 5(b,d)], which is smaller than the experimentally
determined gap of at least ∼ 400 meV [Fig. 3(c)]. We
note that for such thin α-Sn films, the calculated density
of states in the first two layers also contain a contribution
from the InSb substrate states. However, as can be seen
in Fig. 5(f), the calculated gap of ∼ 330 meV is due to
Sn states.

TABLE I. Experimental TSS hybridization gap and theoret-
ical s-like and p-like bands order near EF at Γ-point as a
function of α-Sn thickness in α-Sn/InSb(111)A system.

α-Sn thickness TSS gap ∆Eg
peak Bands order

∼ 10 nm Not resolved Inverted

∼ 3 nm ≈200 meV Inverted

∼ 1 nm ≥400 meV Trivial

We further check the topological character of α-Sn thin
films by tracking the relative energy positions of s-like
and p-like bands near EF as a function of thickness. The
results are listed in Tab. I together with the values of
TSS hybridization gap estimated from the ARPES data.
For the 7.1 nm-thick films the band order is inverted, i.e.,
s-like minima is below p-like maxima. The band inver-
sion remains also in 2.5 nm-thick films where we find that
s-like band penetrates into the InSb substrate thus en-
hancing the effective quantum well width. However, in
the 0.7 nm-thick α-Sn film the s-like band position is now
above the p-like band, which is a signature of topologi-
cally trivial electronic structure. Therefore, the theoret-
ical critical thickness for transition to a trivial 2D in-
sulator dcrit is between 0.7 nm and 2.5 nm and can be
rouglhy estimated to have a value of dcrit = 1.6 nm. For
the α-Sn films with thickness more than dcrit and less
than ∼ 10 nm, the topologically protected 1D chiral edge
channels must be present owing to the gap in TSS and
inverted electronic band structure.

IV. CONCLUSIONS

In conclusion, we report on the electronic structure
of α-Sn films on InSb(111)A grown by MBE and, more

importantly, the evolution of the TSS as a function of
film thickness. We observe a new (8×8) surface recon-
struction, which to the best of our knowledge, was not
reported so far. As in case of α-Sn on InSb(001), in 10-
nm-thick α-Sn films the observed TSS is largely degener-
ate with the bulk band structure. However, the DP was
found to be ∼ 200 meV below the EF. The latter allows
for the observation of the hybridization gap opening in
the TSS for thinner α-Sn films: in 3-nm-thick α-Sn film
we determine a gap in the TSS of the order of ∼ 200 meV.
The crossover from the 3D to the quasi-2D stanene-like
electronic structure in a 1-nm-thick film is accompanied
by a full gap opening (∆Eg

peak ≈ 400 meV) at the Γ-
point in agreement with the calculated few-layer-stanene
electronic bandstructure. Our DFT electronic structure
calculations of thin α-Sn films on InSb(111)A show good
agreement with the experimental data, as well as pro-
vide evidence for the spin-polarized character of the ob-
served TSS. The latter, however, needs to be verified in
future experiments. Furthermore, while we have identi-
fied the topologically non-trivial character of ∼ 10 nm-
and ∼ 3 nm-thick α-Sn films, we find no band inversion
in the ∼ 1 nm-thick α-Sn film. Therefore, the thickness
regime of α-Sn films where both the gapped TSS and
topologically non-trivial bandstructure coexist is about
∼ 2 - 10 nm. In this thickness regime, topologically pro-
tected 1D chiral edge states must exist, although, not
easily accessible due to the overlap with the bulk bands.
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C. Blumenstein, G. Landolt, J. H. Dil, N. C. Plumb,



6

M. Radovic, A. Bostwick, E. Rotenberg, A. Fleszar,
G. Bihlmayer, D. Wortmann, G. Li, W. Hanke,
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A. Lemaitre, P. Le Fèvre, F. Bertran, A. Taleb-Ibrahimi,
H. Jaffrès, J.-M. George, and A. Fert, Angular-resolved
photoemission electron spectroscopy and transport
studies of the elemental topological insulator α-Sn,
Phys. Rev. B 98, 195445 (2018).

[8] O. Vail, P. Taylor, P. Folkes, B. Nichols, B. Haidet,
K. Mukherjee, and G. de Coster, Growth and Magne-
totransport in Thin Film α-Sn on CdTe, Physica Status
Solidi (b).

[9] Z. Zhu, Y. Cheng, and U. Schwingenschlögl, Band inver-
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