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The search for large-gap quantum spin Hall (QSH) insulators and effective approaches to tune QSH

states is important for both fundamental and practical interests. Based on first-principles calculations we

find two-dimensional tin films are QSH insulators with sizable bulk gaps of 0.3 eV, sufficiently large for

practical applications at room temperature. These QSH states can be effectively tuned by chemical

functionalization and by external strain. The mechanism for the QSH effect in this system is band

inversion at the � point, similar to the case of a HgTe quantum well. With surface doping of magnetic

elements, the quantum anomalous Hall effect could also be realized.
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Topological insulators (TIs) are new states of quantum
matter that are interesting for both fundamental condense-
matter physics and material science [1–4]. Such states are
characterized by an insulating bulk, and metallic surface or
edge states protected by time-reversal symmetry. Whereas
the surface states of three-dimensional topological insula-
tors are not protected against scattering at any angle other
than 180 degrees, the robustness of conducting edge states
from backscattering has already been demonstrated in the
two-dimensional topological insulator HgTe quantum well
[5,6]. This is promising for the realization of conducting
channels without dissipation.

The stoichiometric crystals Bi2Se3, Bi2Te3, and Sb2Te3
[7–9] offer ideal model systems for the experimental inves-
tigation of three-dimensional (3D) TIs. For two-dimensional
(2D) TIs or quantum spin Hall (QSH) insulators, the HgTe
quantumwell is a well-established system, but its bulk gap is
too small, with the QSH effect observed only at low tem-
peratures (below 10K) [6]. Extensive effort has been devoted
to search new QSH insulators [10–16]; however, desirable
materials preferably with large bulk gaps are still lacking.

On the other hand, following the success of graphene,
various chemical classes of 2D materials including novel
materials initially considered to exist only in the realm of
theory have been synthesized [17,18]. Particularly, the
2D group IV honeycomb lattices, that are interesting
for electronics [19], have been successively fabricated. For
instance, a hydrogenated graphene (graphane) [20], a silicon
counterpart of graphene (silicene) [21], and a germanium
graphane analogue [22] were experimentally found. Also,
ultrathin tin films that are presumably to be buckled mono-
layer and in a honeycomb lattice were observed by early
molecular beam epitaxy experiments [23,24].

This Letter reports a series of large-gap QSH insulators in
functionalized tin films, based on first-principles calcula-
tions. The chemical symbol of tin is Sn, originating from the

Latin word ‘‘stannum’’ for tin; therefore, a monolayer of tin
film can be called ‘‘stanene,’’ in analogy with graphene and
silicene. Similarly, the hydrogen terminated tin film could
be called ‘‘stanane.’’ These new QSH insulators have extra-
ordinarily large bulk gaps (� 0:3 eV), their QSH states can
be effectively tuned by chemical functionalization and by
external strain, and their use is benefited from the abundant
degree of freedom in the chemical functional group.
All these make tin films intriguing for applications. For
example, by controlling the chemical functionalization, dis-
sipationless conduction ‘‘wires’’ could be patterned in an
ultrathin tin film for low-power-consumption electronics.
First-principles calculations based on density functional

theory were performed by the Vienna ab initio simulation
package [25], using the projector-augmented-wave poten-
tial with 4d electrons of tin described as valence and the
plane-wave basis with an energy cutoff of 500 eV.
The exchange-correlation functional was treated using
the Perdew-Burke-Ernzerhof [26] generalized-gradient ap-
proximation. The predicted topology was further verified
by using the Heyd-Scuseria-Ernzerhof hybrid functional
[27]. For tin films in QSH states, the two types of funcito-
nals predict essentially the same nontrivial bulk gaps, as
these bulk gaps are opened by the spin-orbital coupling
(SOC) effect. The SOC was included in the self-consistent
calculations of electronic structure.
Figures 1(a) and 1(b) show optimal geometries for sta-

nene and decorated stanene, denoted as 2D Sn and 2D SnX,
respectively. X represents the chemical functional group. A
low-buckled configuration is found to be more stable for
stanene [19], in contrast to the planar geometry of graphene.
This is related to the relatively weak �-� bonding between
tin atoms. The buckling enhances the overlap between �
and � orbitals and stabilizes the system. The same mecha-
nism also applies for silicene which shares a similar con-
figuration. For decorated stanene structures (like stanane),
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they have a stable sp3 configuration analogous to graphane,
with the chemical functional groups alternating on both
sides of the nanosheet in their most stable configuration
[see Fig. 1(b)]. We further confirmed the stability of the
2D tin films by phonon calculations that show no imaginary
frequency. Compared to stanene, in decorated stanene the
Sn-Sn bond length slightly increases, the buckling of the tin
nanosheet decreases, and the equilibrium lattice constant
enhances as shown in Fig. 1(c). Whereas the inversion
symmetry holds for both types of systems.

The band structure of stanene is shown in Fig. 2(a). Two
energy bands cross linearly at theK (andK0 ¼ �K) point
without SOC; a band gap opens when the SOC is turned on.
Thus stanene is a QSH insulator [28], similar to graphene
[10]. With the stronger SOC, stanene has a larger gap of
0.1 eV. Since the graphene analogue of lead (the heaviest
element of group IV) is a metal, the value of 0.1 eV seems
to be the largest nontrivial gap we could achieve for 2D
group IV films. Such an upper limit, however, can be
significantly broken through, as we will show.

Chemical functionalization of 2D materials is a powerful
tool to create newmaterials with desirable features, as graph-
ane [20] or fluorinated graphene [29] to graphene. The great
flexibility in the selection of the chemical functional group
enables forming a series of chemically new materials. We
find the concept useful for designing new QSH insulators,
particularly in 2D tin films. Compared to stanene, decorated

(or functionalized) stanene structures offer much more pos-
sibilities. We considered some typical chemical functional
groups for demonstration. As summarized in Fig. 1(c), some
chemical functional groups (e.g., X ¼ -F, -Cl, -Br, -I, and
-OH) result in QSH insulators, whereas some others (e.g.,
X ¼ -H) do not. Remarkably, the chemical functionalization
creates QSH insulators with sizable nontrivial bulk gaps of
0.3 eV, considerably exceeding the presumed upper limit
settled by the system without decoration.
To reveal the impressive effect of chemical functionaliza-

tion, we take fluorinated stanene as an example. Figure 2(b)
presents its band structure without and with SOC. Compared
to stanene, one can clearly see that at the K point the band
gap is substantially enlarged due to the saturation of the �
orbital. A similar feature is observed for the fluorination of
graphene. For graphene, the chemical functionalization
destroys the low-energy physics at the K point and drives
the system into a trivial phase. Fluorinated graphene is a
trivial insulator, whereas fluorinated stanene is not, which is
confirmed by calculating the parities of the Bloch wave
functions for occupied bands at all time-reversal invariant
points (including one � and three M points), based on the
method proposed by Fu and Kane [30]. Qualitative differ-
ences between the two systems exist at the � point.
Fluorinated stanene is gapless with the valence and conduc-
tion bands degenerate at the � point when excluding
SOC, and becomes fully gapped when including SOC.

FIG. 2 (color online). Band structure for (a) stanene, (b) fluorinated stanene, and (c) stanane without (black dash-dotted lines) and
with (red solid lines) spin-orbital coupling. The inset of (a) shows a zoomed in energy dispersion near the K point. The Fermi level is
indicated by the dashed line. Parities of the Bloch states at the � point are denoted by þ, �.

FIG. 1 (color online). (a),(b) Crystal structure for stanene (2D Sn) and decorated stanene (2D SnX) from the top (side) view [upper
(lower)]. X represents the chemical functional group. In a unit cell Sn (X) is related to Sn0 (X0) by an inversion operation. (c) The
calculated energy gap for stanene (labeled by ‘‘none’’) and decorated stanene (labeled by ‘‘-X’’) at their equilibrium lattice constants.
Red squares and blue circles mark topological and trivial insulators, respectively.
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In comparison, the band gap of the fluorinated graphene is
large at the � point and negligibly affected by the SOC
effect (data not shown). Moreover, for the 2D tin system
the chemical functionalization induces a parity exchange
between occupied and unoccupied bands at the � point. As
indicated in Figs. 2(a) and 2(b), at the � point a negative-
parity Bloch state forms the conduction band minimum for
stanene and shifts downwards into valence bands upon the
chemical functionalization, leaving a positive-parity Bloch
state as the conduction band minimum for fluorinated sta-
nene. Such a parity change, that is nontrivial to the topology
[30], is not observed for the graphene system due to the large
energy gap at the � point.

To get a physical understanding of the topological
nature, we start from atomic orbitals and consider the
effect of chemical bonding and SOC on the energy levels
at the � point for fluorinated stanene. This is schematically
illustrated in two stages (I) and (II) in Fig. 3(a). States
around the Fermi energy are mainly contributed by the
atomic s and px;y orbitals of Sn (5s

25p2), whose pz orbital

is saturated by F (2s22p5). Therefore, we focus on s and
px;y orbitals of Sn and neglect the effect of other atomic

orbitals. In stage (I), the chemical bonding between Sn-Sn
atoms forms bonding and antibonding states for both s and
px;y orbitals. These states are labeled as js�i and jp�

x;yi,
where the superscript (þ ,�) denotes the parity. Energy
levels close to the Fermi energy turn out to be js�i and
jpþ

x;yi. While js�i is typically above jpþ
x;yi in energy (like

for graphane), the order is reversed in the present system.
Before turning on SOC, the px and py orbitals are degen-

erate due to the C3 rotation symmetry, and the system is
a zero-gap semiconductor. As the SOC effect is taken into
account in stage (II), the degeneracy of the jpþ

x;yi level is
lifted, opening a full energy gap. This introduces a non-
trivial insulating phase with an inverted order of js�i and
jpþ

x;yi. The mechanism is similar as for HgTe quantum

well [5], Heusler compounds [31,32], and KHgSb [33],
which also have the so-called s-p-type band inversion [34].
To illustrate the band inversion process explicitly, we

present in Fig. 3(b) the calculated energy levels js�i and
jpþ

x;yi at the � point for fluorinated stanene under different

hydrostatic strains. When compressing the lattice, the
antibonding state js�i shifts upwards with respect to the
bonding state jpþ

x;yi. A crossing between the js�i level and
the upper jpþ

x;yi level occurs at a critical strain of around

�7%. This level crossing leads to a parity exchange
between occupied and unoccupied bands and, therefore,
induces a topological phase transition from a TI to a trivial
insulator.
As the interval between the energy levels js�i and jpþ

x;yi
at the � point sensitively depends on the bonding strength
between Sn-Sn atoms, the band inversion and the associ-
ated QSH states can be tuned effectively by attaching
different types of chemical functional groups and by apply-
ing external strain. At the equilibrium lattice constant, the
band inversion exists for some chemical functional groups
(like X ¼ -F) whereas not for others [like X ¼ -H, see
Fig. 2(c)], resulting in topologically different phases as
summarized in Fig. 1(c). In addition, external strain can
be introduced by deposition onto a substrate or by exerting
mechanical forces to a suspended sample. Here the non-
trivial gaps are opened between the split jpþ

x;yi states due to
the SOC effect for Sn-Sn bonds. Their magnitude depends
weakly on the type of chemical functional group, and stays
very large (� 0:3 eV) owing to the strong SOC of tin.
One of the prominent features of QSH insulators is the

existence of gapless edge states that are helical with the
spin-momentum locked. To see the helical edge states
explicitly, we construct nanoribbon structures with sym-
metric edges, for which edge states are degenerate due to
the existence of two edges. The widths of nanoribbons are
selected to be large enough to avoid interactions between

FIG. 3 (color online). (a) Schematic diagram of the evolution from the atomic s and px;y orbitals of Sn into the conduction and
valence bands at the � point for fluorinated stanene. The stages (I) and (II) represent the effect of turning on chemical bonding and
spin-orbital coupling, respectively (see text). The green dashed line denotes the Fermi energy EF. (b) The energy levels js�i and jpþ

x;yi
of fluorinated stanene at the � point under different hydrostatic strains, with a schematic representation shown in the inset. The center
of the two split jpþ

x;yi levels is defined as the energy zero.
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edge states. Without loss of generality, we consider
armchair-type edges, and saturate the dangling bonds of
edge atoms by H for stanene and by the functional group
‘‘-X’’ for decorated stanene. The calculated band structures
of nanoribbons are presented in Fig. 4. For stanene and
fluorinated stanene, one can easily see helical edge states
that form bands dispersing in the bulk gap and crossing
linearly at the � point. Each edge has a single pair of
helical edge states for both systems. In comparison, no
helical edge state exists for stanane. The results agree well
with the parity analysis. Helical edge states are very useful
for electronics and spintronics owing to their robustness
against scattering. As an important quantity related to
applications, the Fermi velocity of helical edge states vF

is around 4:4� 105 m=s for stanene and 6:8� 105 m=s
for fluorinated stanene. The latter value is significantly
larger than that for the HgTe quantum well (5:5�
105 m=s) [3], advantageous for high-speed devices and
circuits. Moreover, for the nontrivial decorated stanene
systems vF noticeably varies when the chemical functional
group is modified. For instance, vF varies from �5:2 to
�7:2� 105 m=s if changing X ¼ -I to X ¼ -Cl.

The 2D tin films are useful for applications not only
because of their large nontrivial bulk gaps, but also because
of the tunability of QSH states by chemical functionaliza-
tion. Varying the chemical functional group quantitatively
changes the Fermi velocity of helical edges states, or even
qualitatively changes the topology, resulting in topologically

different phases. On the experimental side, various tech-
niques have been developed to grow 2Dmaterials, including
mechanical exfoliation, chemical exfoliation, molecule or
atom intercalation, molecular beam epitaxy (MBE), and so
on [18]. Among them MBE is the most convenient way to
grow the ultrathin tin materials, probably on substrates like
hexagonal boron nitride, highly orientated pyrolytic graphite
(HOPG), and the (111) surfaces of CdTe or InSb. Based on
MBE, the synthesis of silicene [21] and possible formation
of a tin monolayer in graphene structure [23,24] were
reported. Moreover, the chemical functionalization may
be achieved by exposure to atomic or molecular gases or
by chemical reaction in solvents.
Next we discuss the possible role of a substrate, as the tin

film in experiment is usually supported by a substrate. The
interactions with a substrate, when weak without forming
any chemical bond (for instance on a monolayer hexagonal
boron nitride), have little effect on the electronic structure
(including the band gap and topological order) of a decorated
tin film. In contrast, the formation of chemical bonds with a
substrate has a strong impact on the geometry and electronic
structure of the tin film. In cases of the strong coupling, a
decorated tin film keeps as a QSH insulator provided that its
band structure has a band gap at the K point and also has a
band inversion at the � point. Once the Sn’s pz orbitals are
fully saturated either by forming chemical bonds with the
substrate or by chemical functionalization, a band gap opens
at the K point. Then the system is topologically nontrivial

(a) (b) (c)

FIG. 4 (color online). Band structure of armchair-edge nanoribbons for (a) stanene, (b) fluorinated stanene, and (c) stanane.
The ribbon widths are 15.2, 8.4, and 7.8 nm, respectively. X0 ¼ 0:2�=L0, where L0 is the periodicity of the nanoribbon along its length
direction. Helical edge states are visualized by red lines crossing linearly at the � point for stanene and fluorinated stanene. No helical
edge state exists for stanane.

FIG. 5 (color online). A schematic diagram showing helical edge states at the phase boundary between the topological insulator and
trivial insulator, and that are embedded in an atomically thin tin sheet with different chemical functional groups (e.g., X1 ¼ -F and
X2 ¼ -H). The helical edge states can be patterned by controlling the chemical functionalization and used as dissipationless
conducting ‘‘wires’’ for electronic circuits.
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provided that a band inversion occurs at the � point, which
can be controlled effectively by strain as demonstrated in
Fig. 3(b). The scenario is confirmed by our calculations
for iodinated stanene (2D SnI) on the clean CdTe(111)B
(Te-terminated) surface. In this strongly coupled system,
the nontrivial topological phase remains observable,
although the band gap reduces (to around 0.1 eV). Our results
indicate that it is feasible to observe the nontrivial topological
phase in the decorated tin film on a substrate.

As one of potential applications, helical edge states,
which appear at the phase boundary, can be embedded
in stanene by using different chemical functional groups,
as shown schematically in Fig. 5. Since the atomic-scale
control over the chemical functionalization is feasible
nowadays, helical edge states can be patterned in a con-
trolled way to be used as dissipationless conducting
‘‘wires’’ for electronic circuits. The proposal, if realized,
could significantly lower the power consumption and
heat generation rates of electronic devices, which is crucial
for the development of modern integrated circuits.
Furthermore, breaking the time-reversal symmetry of the
QSH state can lead to the quantum anomalous Hall state
[3,35–37] that is another quantum state supporting dissi-
pationless conducting channels. The quantum anomalous
Hall state can be realized in tin films probably by
surface doping of magnetic atoms or molecules, like
Cr-doped Bi2ðSexTe1�xÞ3 TI films [38], which will be
discussed in future work.
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