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Edge and interfacial states in a two-dimensional topological insulator: Bi(111) bilayer on Bi2 Te2 Se
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The electronic states of a single Bi(111) bilayer and its edges, suggested as a two-dimensional topological
insulator, are investigated by scanning tunneling spectroscopy (STS) and first-principles calculations. Wellordered bilayer films and islands with zigzag edges are grown epitaxially on a cleaved Bi2 Te2 Se crystal. The
calculation shows that the band gap of the Bi bilayer closes with a formation of a new but small hybridization
gap due to the strong interaction between Bi and Bi2 Te2 Se. Nevertheless, the topological nature of the Bi bilayer
and the topological edge state are preserved only with an energy shift. The edge-enhanced local density of states
are identified and visualized unambiguously by STS in good agreement with the calculation. This is a clear sign
of the topological edge state, which corresponds to the quantum spin Hall state. The interfacial state between Bi
and Bi2 Te2 Se is also identified inside the band gap region. This state exhibits a subtle edge modulation, which
was previously interpreted as the evidence of the topological edge state [Yang et al., Phys. Rev. Lett. 109, 016801
(2012)].
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I. INTRODUCTION

In the last few years the study of topological degrees
of freedom has become one of the most actively pursued
topics in condensed matter physics. In terms of materials,
this stream of researches has been triggered by the discovery
of the two-dimensional (2D) topological insulator (TI), the
HgTe/CdTe quantum well [1,2], and followed by the outbursting discovery of various three-dimensional (3D) TI crystals
starting with Bi tellurides (selenides) [3–10]. These materials
have nondegenerated spin-polarized Dirac fermion bands on
their surfaces [11], which are protected by the time-reversal
symmetry. In the 2D case, these bands correspond to quantum
spin Hall (QSH) states, which bear important potentials for
spintronic applications and the quantum computing [12,13].
In sharp contrast to various different types of 3D TI materials discovered, 2D material systems to realize the QSH state
have been extremely limited to HgTe/CdTe and InAs/GaSb
[1,2,14,15]. Moreover, while the existence of metallic edge
states was confirmed directly by spin- and angle-resolved
photoemission spectroscopy (ARPES) and scanning tunneling
spectroscopy (STS) for 3D TIs, no such study is available
for 2D TIs; the QSH states of HgTe and InAs were revealed
only by the transport measurements [2,15]. In this respect,
the recent progress in the growth and characterization of one
bilayer (BL) Bi(111) films, which were theoretically suggested
as a 2D TI [16,17], deserves particular attention [18–21].
So far, the ARPES and transport measurements on this film
could only probe the bulk 2D property without providing any
information on the edge electronic state [19,21], which is the
essential feature of 2D TI, due to the extremely low density of
edges in the film. On the other hand, a very recent scanning
tunneling microscopy (STM) and STS study claimed that the
edge-localized density of states (DOS) of a Bi(111) BL island

were resolved [22]. However, the DOS enhancement itself
was marginal and the corresponding energy was not clearly
separated from other spectral features nor consistent with the
calculation based on a freestanding Bi layer. More importantly,
a strong hybridization of the electronic bands of the Bi BL
and the substrate Bi2 Te3 was observed in both ARPES and
first-principles calculations to drive the BL apparently metallic
[19,20,22,23]. Therefore, the TI nature of the Bi BL film grown
on Bi2 Te3 is not clear at present.
In this paper, through STM, STS, and ARPES measurements and extensive first-principles calculations, we investigated the electronic states of Bi(111) one BL islands with
well-defined zigzag edges grown on fresh cleaved surfaces
of Bi2 Te2 Se. The strong interaction between the Bi layer
and the substrate is unraveled. The calculation reveals that
the topological edge state (TES) of the Bi BL is preserved
even after the strong hybridization with the substrate, which
replaces the band gap of the pristine Bi BL with a small
hybridization gap. This gap, playing an important role to
make the epitaxial Bi(111) BL a 2D TI, is confirmed by
the STS measurement. Moreover, the edge electronic state
was clearly distinguished from other spectral feature of the
Bi(111) BL including the characteristic interfacial states, in
good quantitative agreement with first-principles calculations
for a Bi(111) BL film and BL nanoribbons on top of Bi2 Te2 Se.
The marginal edge-enhanced STS feature observed previously
could be due to the edge modulation of the interfacial state
[22]. This work makes clear the 2D TI nature of a Bi(111)
BL on a strongly interacting substrate of a 3D TI Bi2 Te3 Se
and opens up the possibility for microscopic studies of a
quantum spin Hall channel. The present system is unique due
to the coexistence of the 2D and 3D topological insulators in
proximity although its implication is largely unknown.
II. EXPERIMENTAL AND THEORETICAL METHODS
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We used Bi2 Te2 Se single crystals as substrates, which were
grown using the self-flux method with a stoichiometry of
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chunks (Bi : Te : Se = 2 : 1.95 : 1.05) [24]. Experiments
were performed in ultrahigh vacuum better than 5×10−11
Torr, using a commercial low-temperature STM (Unisoku,
Japan). Bi2 Te2 Se single crystals were cleaved in UHV, and
well ordered surfaces were confirmed by atomically resolved
STM measurements. Our STS (dI /dV ) curves for the cleaved
surface of Bi2 Te2 Se are fully consistent with the previous work
[25]. Ultrathin Bi(111) films were grown at room temperature
by evaporating Bi from a Knudsen cell and samples were
cooled down to ∼78 K for STM and STS measurements.
The topography imaging was performed at several sample
biases and currents, mainly 1 V and 100 pA. STS spectra
were acquired using the lock-in technique with a bias-voltage
modulation of 1 kHz at 10–30 mVrms and a constant tunneling
current of 0.8–1 nA. The energy band positions of both the
substrate and the Bi(111) films were determined by ARPES
measurements, which will be described elsewhere.
First-principles calculations were carried out in the planewave basis within the generalized gradient approximation for
the exchange-correlation functional [26,27]. A cutoff energy
of 400 eV was used for the plane-wave expansion. A k-point
mesh of 11×11×1 was used for sampling the Brillouin zone.
The Bi(111)/Bi2 Te2 Se structure was simulated in a supercell
with one BL Bi(111) on one surface of a Bi2 Te2 Se slab with
a thickness of six quintuple layers (QLs) and a 2.0 nm thick
vacuum layer. We used the experimental lattice constant of
Bi2 Te2 Se, 0.436 nm [28]. The Bi(111) and three Bi2 Te2 Se
QLs were relaxed fully. In order to investigate edge states, we
carried out similar calculations for Bi(111) BL nanoribbons
(BNRs) of different widths with zigzag edges on top of a threeQL-thick Bi2 Te2 Se slab. The thickness is not thick enough to
secure the topological surface state of Bi2 Te2 Se but affects
little the electronic structure of the Bi(111) BL on top and its
interaction with the substrate as confirmed by the calculations
with a thicker film. While there is no previous calculation for
an epitaxial BNR to be compared with ours to the best of our
knowledge, our calculations for an epitaxial Bi(111) BL agree
well with the previous works [17,22].
III. RESULTS AND DISCUSSIONS

The STM image in Fig. 1(a) shows that the Bi layer grows as
triangular islands [29]. At certain coverage these islands form
a percolation network and the second layer starts to nucleate
before the first layer completes. The height and the lateral
unit cell of the islands were measured as ∼0.6 and ∼0.45 nm,
respectively, corresponding well to those of a single Bi(111)
BL. Individual atoms along islands edges were clearly resolved
[Fig. 1(b)], which unambiguously indicate that the edges are
mostly zigzag edges. Short armchair edges also appear as
the minority case, one of which is marked as a blue line
in Fig. 1(a).
In the middle of Bi(111) BL islands, we obtained STS
(dI /dV ) data with rich spectroscopic features [see the blue
line in Fig. 2(b)]. In particular, inside the band gap region of the
Bi(111) BL (Egap, Bi ) and the Bi2 Te2 Se (Egap, BTS ) substrate, we
find three very prominent peaks (α, β, and γ ) at about −0.14,
+0.03, and +0.4 eV, respectively (dashed lines).
Our first-principles calculations reproduce these features
clearly. As shown in Figs. 2(c), 2(d), and 3, the degenerate
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FIG. 1. (Color) (a) STM topography of Bi(111) BL islands on
Bi2 Te2 Se (Vs = 1 V, It = 100 pA, 250 nm × 250 nm). (b) High
resolution topography of a Bi(111) BL island and its edge. The
schematic of the atomic structure of a Bi(111) BL is shown together.
The zigzag and armchair edges are indicated by green and blue lines
in (a) and (b).

valence bands and conduction bands of Bi(111) BL are split
due to the inversion symmetry breaking by the interaction
with the substrate. We observe that one valence band splits
off significantly and disperses sharply up in energy to the
conduction band minimum (CBM) at +0.5 eV. There the
original band gap of the Bi(111) BL is closed and the
hybridization with the CBM of the substrate leads to a small
∗
gap just above the Fermi energy (Egap,
Bi ) [the gray bar in
Figs. 2(d) and 3(e)], which is very obvious in the STS spectrum
of Fig. 2(b). This unexpected hybridization gap is, in fact,
found to be very important for the TI nature as explained
below. The occupied part of these band structure, in particular,
the metallic band crossing the Fermi level, is consistent with
the previous ARPES measurements as well as with our own
work [19,22,23]. The above-mentioned spectral features in
STS [Fig. 2(b)] are found to be due to large DOS at the flat
parts of the bands as indicated by the dashed lines; those near
the Rashba band crossing in the valence band (α), around
the hybridization gap near the conduction band minimum of
Bi2 Te2 Se (β), and near the conduction band edge of the pristine
Bi(111) BL (γ ). As shown in the charge density distribution
in Fig. 4, α is mainly due to the valence bands of Bi(111)
BL. On the other hand, β and γ originate from the conduction
band minimum of Bi2 Te2 Se and the hybridized state between
the Bi(111) BL and the substrate, respectively. We thus call γ
the interfacial state, which is the characteristic feature of the
epitaxial Bi(111) BL [the green bulbs in Figs. 2(a) and 4(d)].
The interaction with the substrate changes the band structure so significantly that the topological nature and the edge
state of Bi(111)/Bi2 Te2 Se cannot be analyzed using the bands
of the floating Bi(111) BL as done in the previous works
[19,22]. Thus we calculated the edge electronic structure in
the epitaxial geometry. We used zigzag-edged Bi(111) BNRs
on top of three-QL-thick Bi2 Te2 Se film as shown in Figs. 2(a)
and 5 with a width of 8–11 Bi zigzag chains. The thickness
of 3 QLs is needed to reduce the computation load, which
is not thick enough to secure the topological surface state of
Bi2 Te2 Se. We, however, checked that this thickness reduction
affects little the electronic structure of the Bi(111) BL and its
edge state. Our calculations reproduce clearly the edge-state
bands, whose dispersion is surprisingly consistent with that of
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FIG. 2. (Color) (a) Atomic structures of a single Bi(111) BL
(bottom panel) and a zigzag-edged single Bi(111) BL nanoribbon
(BNR, top and middle panels) on top of Bi2 Te2 Se. Only part of
substrate QLs are shown for clarity. (b) Calculated partial DOS
originating from the BNR edge states together with corresponding
STS (dI /dV ) curves obtained at the center (blue) and the edge (red)
of a Bi(111) BL. Calculated band structure along the -K direction
(c) for a free standing pristine Bi(111) BL and (d) for the epitaxial BL
on the structure depicted in (a); the bands in blue and green originate
from the Bi(111) BL and the substrate bands are colored in gray
without showing the details for clarity. The orbital characteristics
of the bands from Bi(111) BL are distinguished in color; green for
px (py ) and blue for pz . The bands in red depict the edge states of
BNR (c) in the free-standing geometry and (d) on the substrate taken
from Fig. 5. The spin orientations are marked in the edge bands by
the heads and tails of arrows. The electron distributions for the edge
states of BNR (red) and the interfacial state γ at the bottom of the
conduction band of Bi(111) BL (green) are also shown in (a).
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FIG. 3. (Color online) (a)–(e) Calculated band structures of a
single Bi(111) BL on top of Bi2 Te2 Se at a distance of 4.0, 2.0,
1.0, 0.5, and 0 Å from the equilibrium distance, respectively. The
states originating from the Bi(111) BL are marked by blue (the
pz orbital) and green (px and py orbitals) dots. The bands of the
Bi2 Te2 Se substrate are located within the gray regions. (f) The
hexagon represents the first Brillouin zone (BZ) of a Bi(111) BL
on top of Bi2 Te2 Se and the red rectangle that of a Bi(111) nanoribbon
on top of Bi2 Te2 Se used in our calculations.

TES crossing this gap. The fine splittings of TES shown in
Fig. 2(d) are artifacts due to the finite width of the nanoribbon
used in the calculation, which become less obvious in the
calculation for wider ribbons (Fig. 5).
The TES is located between ±0.15 eV and its DOS are
predicted to have a strong peak at the energy of −0.06 eV below
the Fermi energy as shown in Fig. 2(b). The STS measurements
on a few well-ordered edges consistently exhibit the emergence
of a strong spectral peak at this energy isolated well from
other spectra feature of the Bi(111) BL (the red line and the
red colored peak). We further obtained STS (dI /dV ) spectra
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(b)
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(c)

β

(d)

γ

Bi BL

a free-standing Bi(111) BL qualitatively [16,17]. The overall
band dispersion, the Dirac cone at the zone boundary, and
the helical spin texture of the edge states are preserved while
its energy shifts substantially to a higher binding energy by
about 0.3 eV. This shift reflects the formation of the new
hybridization gap; the CBM shifts from +0.5 to +0.15 eV and
the edge state emerges from this new CBM. The energy shift is
crucial to locate the edge state in the experiment as discussed
below. The preservation of the edge states is guaranteed since
the band inversion, the essential characteristics of a TI, of the
Bi(111) BL survives in spite of the strong interaction with the
substrate as depicted in Figs. 2(c), 2(d), and 3. Based on the
band structure of the Bi(111) BL and its edge, we confirm that
the epitaxial Bi(111) BL on Bi2 Te2 Se is still a 2D TI with a
∗
small band gap (the hybridization gap, Egap,
Bi ) having a single

1st QL

2nd QL

FIG. 4. (Color) (a)–(d) The charge density plots for the valence
bands of a single Bi(111) BL on Bi2 Te2 Se in the optimized geometry
at the k points of β, γ , and α (c1 and c2 ) in Fig. 3(e). Green blobs
denote the isosurface of the charge density (1.5 × 10−5 /a03 , a0 being
the Bohr radius). Purple balls represent atoms in the Bi BL; gray, blue,
and yellow balls Bi, Te, and Se atoms, respectively, in the substrate.
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FIG. 5. (Color online) (a) and (b) Schematics of the atomic
structures of BNRs with zigzag edges on both sides. Two BNRs
with widths of 8 and 11 Bi zigzag chains, 8-ZBNR and 11-ZBNR,
respectively, are shown. Calculated band structures of (c) [(d)] the
8-ZBNR [11-ZBNR] on Bi2 Te2 Se 3 QLs based on the atomic structure
in (a) [(b)]. The states originating from edge (center) atoms are marked
by the red (blue) dots. The band width of the edge states are ∼0.26 eV,
which increases to ∼0.38 eV after the edge relaxation [Fig. 2(d)].

FIG. 7. (Color online) (a) STM topographic image (14.1 nm ×
6.2 nm) of a Bi(111) island on Bi2 Te2 Se. STS (dI /dV ) maps at
(b) −412, (c) −0.302, (d) −0.051, (e) +0.106, and (f) +0.200 V for
the area of (a). The profile of the STS maps along the arrow (X) in
(a) shows as an inset to each figure. Around −0.05 V, the Bi(111) BL
island edges show a pronounced contrast enhancement in the STS
maps indicating the edge state DOS.

sequentially along the line across one zigzag edge of a Bi(111)
BL island (Fig. 6). We notice apparent intensity modulations
of the prominent spectral features at the edge region. The β
feature is reduced substantially. The α state exhibits a similar
reduction but also an enhancement away from the edge. The

intensity modulations of α and other minor higher energy
features due to the valence bands of the Bi(111) BL follow
the standing wave behavior, which comes from the electron
backscattering by the edge. This will be described in detail
elsewhere. While such standing wave modulations appear for
a wide distance of 10 nm or so from the edges, the newly
observed state at −0.05 eV appear only at the edge region and
its energy is fully consistent with the calculation for the TES
[Figs. 2(b) and 2(d)]. Thus we can clearly state that the distinct
spectral feature at −0.05 eV is the unambiguous signature of
the TES. One can also note the filling of the hybridization gap
at the edge [see Fig. 2(b)], which is due to the edge state DOS
crossing this gap as predicted in the calculation.
The existence of the edge state is further corroborated by
the spatial STS (dI /dV ) maps for a Bi(111) island. The STS
map in Fig. 7(d) clearly indicates the enhanced DOS contrast
along one edge of a Bi(111) BL island within about 2–3 nm
from the edge. The energy range for this enhancement is well
confined between −0.1 V and Fermi level [Figs. 2(b) and 7(d)],
which agrees well with that of the dI /dV spectra and that of
our calculation for the edge state. The reason for the edge state
appearance as double lines in this map is not completely clear
but is thought to be related to the interference with the electron
standing wave of the valence band of the Bi film overlapped
in this energy range.
In sharp contrast to the present result, the previous STS
work showed the marginally enhanced dI /dV contrast at a
very different energy range in the empty states [22]. This
energy corresponds to γ near the CBM of a floating Bi(111)
BL and also to the highest energy for the edge state predicted
for a floating BL. However, even for the floating BL, the edge
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FIG. 6. (Color online) The 2D plot of the STS (dI /dV ) line scan
along the arrow indicated in the inset, which crosses one zigzag edge
of a Bi(111) BL island. The topography image in the inset covers
an area of 20 nm × 20 nm. Averaged dI /dV curves in the blue and
red rectangular regions, representing the center and edge parts of the
island, are shown in Fig. 2(b). Three major spectral features of the
Bi(111) bilayer film and the distinct edge state are indicated by arrows.
The topographic profile obtained during the STS measurement is
included at the bottom of the figure.
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state DOS at this energy is very low. Moreover, for the epitaxial
BL, this energy is well out of the energy range of the edge state
band and also out of the band gap due to the replacement of
the original band gap by the hybridization gap. That is, if this
enhancement is due to the TES, we have a fully unoccupied
edge state well out of the band gap, which is apparently out
of sense. The previous result itself could be reproduced in
the present measurement as the marginal intensity modulation
of γ , the interfacial state [see Fig. 2(b)]. For some edges
probed, the edge enhancement of γ becomes little bit more
pronounced, which is fully consistent with what observed
previously [22]. It is naturally expected that an interfacial state
experiences a strong perturbation near an edge of the island.
IV. CONCLUSIONS

strong interaction with the substrate, the band inversion of the
Bi film and the edge state are shown to be robust. The edge state
along the zigzag edge exhibits a substantial energy shift. This
edge state signature was unambiguously resolved in the STS
spectra and spatial maps. The interfacial state is also affected
near the edges, which were misinterpreted as the sign of the
edge state in the previous work [22]. While our work represents
the clear real space observation of the edge electronic state of
a 2D TI, which corresponds to a QSH state, the topological
or helical nature of the edge state has to be confirmed further,
for example, by a spin-polarized tunneling experiment [30].
Microscopic understanding of the nature of the edge states will
help explore exotic low dimensional physics such as the helical
Luttinger liquid and emerging physics from the coexistence of
the 2D and 3D TI with their 1D and 2D TES in proximity.

We investigated the electronic states at the interfaces and
along the zigzag step edge of a single Bi(111) bilayer film
grown on Bi2 Te2 Se by STM, STS measurements, and firstprinciple calculations. The strong interfacial interaction with
the substrate induces a large splitting of the degenerate valence
bands of Bi(111) and the band hybridization with those of
the substrate. The hybridization leads to the formation of a
characteristic interfacial state and a small hybridization energy
gap above the Fermi level for the Bi film. Irrespective of such a
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