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By combining scanning tunneling microscopy/spectroscopy (STM/STS), angle-resolved photoe-
mission spectroscopy (ARPES) and density functional theory (DFT) band calculations, we directly
observe and resolve the one-dimensional (1D) edge states of single bilayer (BL) Bi(111) islands on
clean BisTes and Bi(111)-covered BizTes substrates. The edge states are localized in the vicinity
of step edges having a ~2nm wide spatial distribution in real space and reside in the energy gap
of the Bi(111) BL. Our results demonstrate the existence of non-trivial topological edge states of

single Bi(111) bilayer as a 2D topological insulator.

Topological insulators (TIs) - a newly discovered quan-
tum class of materials with topological order [1-7]- have
attracted intensive studies in last five years due to their
unique quantum properties as proposed by theorists, such
as magnetic monopole [8], Majorana fermions [9], anoma-
lous quantum Hall effect [10], and spin related novel phe-
nomena [11, 12]. Holding charge excitation gaps in the
bulk, TIs are characterized by metallic states in the 1D
edges (2D TI) or 2D surfaces (3D TI). In these metal-
lic channels opposite flowing charge currents are locked
to the opposite spins. For spin transport, 2D TI can
be advantageous over 3D TI because electrons can only
move along two directions in a 2D TI. So far, how-
ever, only one 2D TT system -HgTe/CdTe quantum well-
has been theoretically proposed [1] and experimentally
demonstrated [2]. Several other 2D TIs are proposed,
and one system that has possibly drawn most attention
is ultra-thin Bi(111) films [13-16]. Very recently, sin-
gle bilayer Bi(111) has been grown on BisTes substrate
showing band structures indicative of 2D TI properties
[17, 18]. Unfortunately, unlike 3D TIs, it is impossible to
measure the dispersion relations of edge states of 2D TIs
in momentum space by ARPES. To our best knowledge,
no observation of Bi(111) edge states has been reported.

FIG. 1. STM images of (a) 0.5 BL (90 nmx90nm), (b) 0.8 BL
(46 nmx46 nm), and (c) 1.5 BLs (64 nmx64nm) Bi(111) on
40 QL BizTes. The inset of (a) shows the atomically resolved
image of 1 BL Bi(111) on BizTes.

In this Letter, using real space resolution of STM /ST,
we directly observe and resolve the edge states of single
BL Bi(111) islands, in both real and energy space, which
are grown on clean BigTes and Bi(111)-covered BisTes
substrates.In real space, the edge states display a ~2nm
wide spatial distribution next to the island step edge, as
consistently shown by both STS and first principle calcu-
lations. In energy space, by comparing ARPES spectra
and DFT band structures, the energy position of the ob-
served edge states was found to lie inside the energy gap
of the Bi(111) BL on both substrates. Our results indi-
cate that the observed edges states are closely related to
the 2D topological properties of Bi(111).

The experiments were carried out in ultrahigh vacuum
(UHV) with a base pressure better than 1x1071% Torr.
40 QL BizTe3(111) films were grown on Si(111)-7x7 sub-
strate [19, 20]. Bi(111) films were grown on BisTes films
at 200K to reduce the possible intermixing of Bi and
Te. STM/STS measurements were carried out at 4.2 K.
ARPES measurements were performed with Helium dis-
charge lamp (Hel 21.2eV) and 28-60eV photons in ad-
vanced light source (ALS) beamline 12.0.1 with energy
resolution better than 25 meV and angular resolution
better than 0.02 A~! at 100K and 15K using Scienta an-
alyzers. First-principles DFT calculations were carried
out in the framework of the Perdew-Burke-Ernzerhof-
type generalized gradient proximation using the VASP
package [21]. The lattice parameters of the substrate
were taken from experiments (a =4.386 A for BiyTes),
and the Bi bilayer is strained to match the substrate lat-
tice parameter. All calculations were performed with a
plane-wave cutoff of 600eV on an 11x11x1 Monkhorst-
Pack k-point mesh. The substrate is modeled by a slab
of 6 quintuple-layer (QL) BisTes and the vacuum layers
are over 20 A to ensure decoupling between neighboring
slabs. During structural relaxation, atoms in the lower
4 QL substrate are fixed in their respective bulk posi-



tions, and the Bi overlayer and upper 2 QL of substrate
are allowed to relax until the atomic forces are smaller
than 0.01eV/A.

Bismuth grows on BisTes in the layer-by-layer mode
with a minimum unit of one BL. The Bi(111) film grows
first into individual triangular islands for coverage less
than 0.5BL [Fig. 1(a)] and then the islands coalescence
into a continuous BL film with triangle-like holes as the
Bi coverage increases [Fig. 1(b)]. The second BL Bi(111)
islands grow after the first BL is almost completed [Fig.
1(c)]. Both the first and second BL Bi(111) films have the
hexagonal lattice structure [see inset of Fig. 1(a)] with
the same lattice constant of Bi;Tes. Sharp and straight
edges can be found for the first and second BL Bi(111)
island without any reconstruction at the step edge. All
the following ST'S studies concentrate only on those sharp
edges to exclude the possible chemical and/or electrical
interference at the meandering step edges.

Figure 2 presents STS maps of 1BL Bi(111) islands
near the step edges on the clean BisTes (1 BL/BiyTes
step) and 1BL Bi-covered BiyTez substrate (1BL/Bi-
BiyTes step). The topography of 1BL/BisTes step is
shown in Fig. 2(a) with Bi in the upper terrace and
BigTes in the lower terrace. Figure 2(b) shows the real-
space STS mapping and figure 2(c) shows the bias voltage
dependence of the edge states measured perpendicular to
the step edge as marked by the blue arrowed line in Fig.
2 (a). The red dashed lines mark the approximate po-
sition of the step edge in Figs. 2(a)-(c). Sharp STS
features were observed next to the step edge, as shown
by the STS mapping in Fig. 2(b) (Viias=283mV) and
spectra in Fig. 2(c). The edge states are visible in the
energy range between +136mV to +370mV indicated
by red dots in Fig. 2(c). Their peak positions are es-
sentially energy independent within this energy window,
which excludes the possibility of their standing wave ori-
gin. Near the dominant peaks marked as red dots in Fig.
2(c), there are some weak and broad dispersive peaks
which are energy dependent coming from the electronic
standing waves (interference) on the surface.

The edge states were observed at the 1 BL/Bi-BisTes
step as well, as shown in Fig. 2 (d)-(f), which corre-
sponds to Fig. 2(a)-(c), respectively. The Bi(111) island
edge states are qualitatively similar on two substrates but
with some notable quantitative differences. The 1 BL/Bi-
BisTes edge state appears in a narrower energy window
from +295mV to +377mV than the 1BL/BisTes edge
state from +136mV to +370mV. This is because the
band gap of 1BL/Bi-BisTes is smaller than 1BL/Bi-
BigTes (comparing Fig. 4d to 4a below). Also, the 1
BL/Bi-BisTes edge state has a lower intensity than the
1BL/BiyTes edge state. This is possibly related to the
larger background density variation from the standing
wave originated from quantum interference of the scat-
tered electrons on the complete first Bi(111) BL [Bi(111)
surface] as marked by the blue dots in Fig. 2(f). This
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FIG. 2. (a) STM image of 1BL/BisTes island showing the
step edge between them (Vsampie=0.75V, I= 245pA). (b)
STS map at +283mV corresponding to (a). (c) Profiles of
STS maps together with the STM line scan along the blue
arrowed line in (a). Every neighboring STS profiles have the
same bias difference of 16.7mV. (d) The STM image of a
step edge between 1 BL/Bi-BisTes island (Vsampie=1.0V, I=
300pA). (e) STS map at +338mV corresponding to (d). (f)
Profiles of STS maps together with the STM line scan along
the blue arrowed line in (d). Every neighboring STS profiles
have the same bias difference of 6.5 mV. The red dots mark
the peak position of the edge states. The blue dots mark the
peaks of surface standing waves. The red dashed lines in (a-f)
indicate the location of step edges.

interference peak changes its position with the increasing
bias voltages (dispersive). The edge states are, however,
not observed in thicker films (not shown) possibly due to
the strong interference pattern at the surface or due to
the nearly gapless bulk states of Bi(111).

For both Bi(111) islands of 1 BL/BisTes and 1 BL/Bi-
BisTes, the edge state spreads over several atomic rows
with a ~2nm width in real space. It is much wider than
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FIG. 3. (a) Band structure of the Bi(111) zigzag edge ribbon
with a width of 20 unit cells. The shaded regions are the
bulk states with a gap; the two solid blue lines inside gap are
edge states. The arrows denote the spin orientations of edge
states indicating spin warping continuously perpendicular k.
Here, only one edge state spin orientations are plotted for
each band. (b) Real-space charge density distribution of the
edge states at different k-points as marked in (a).
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the typical electronic edge state, arising from edge dan-
gling bonds or atomic reconstructions, which is highly
localized on the edge atoms in one or two lattices and
decays exponentially away from the edge such as the
edge state of graphene [22, 23]. Note that the contribu-
tion of the chemical dangling bonds, even present, can-
not influence the feature nm away from step edge. The
penetration depth of the topological edge states varies
from a few to a few tens of nanometers depending on
their k-space dispersion that is different from material
to material[15, 24]. The wide spatial distribution in real
space (relative to normal electronic edge state) indicates
that these are likely topological edge states of 2D TlIs.
To further confirm this, we calculated the edge states of
a freestanding Bi(111) BL nanoribbon, which is tensile
strained to the lattice constant of BisTes. The bands are
plotted in Fig. 3(a), and the real-space edge state distri-
bution is shown in Fig. 3(b). The edge state is character-
ized by an odd number of crossings over the Fermi sur-
face (from 0.0 to 1.0 in k space) and the spin-momentum
locking (the spin are perpendicular to k) indicating its
topological nature. The width of the spatial distribution
is k-point dependent ranging from ~0.7-2nm, as shown
for six k-points in Fig. 3(b). At a given energy, the
experimentally measured distribution has contributions
from multiple k-points, giving rise to the observed width.
These results generally agree well with the previous the-
oretical calculations [15]. Note that the calculated gap
in Fig. 3(a) is much larger than the experimental one,
because it is calculated for a freestanding ribbon. When
it is placed on a substrate, the gap reduces substantially,
as we discuss below.

The strong k-dependence alone can’t prove the topo-
logical edge sate, because non-topological surface state
can show a strong k-dependence too [25]. The 1D topo-
logical edge states are expected to be inside the bulk gap

of 2D TIs [6, 15]. Because the observed edge states in
Fig. 2 are located above the Fermi level where no ex-
perimental data are available, we compare our STS data
with the DFT band calculations. Fig. 4(a) and (d) show
the bands of top Bi(111) BL of one and two BLs of Bi on
BisTes substrate, respectively. We note that the Dirac
point in the calculated DFT band structure is not purely
from the BisTes substrate, but a hybridized state be-
tween BiyTes and Bi BL [17, 18] as the energy of Bi BL
Dirac point induced by the substrate coincides with that
of BisTez. In the ARPES experiment, due to the pho-
toelectron escape depth (0.5-1nm), the measured band
dispersions mainly come from the top Bi BL. Fig. 4(b)
and (e) show the ARPES data laid on top of the DFT
bands only from the top Bi BL. The overall agreement
between ARPES spectra and DFT bands are very good
except the slight shift of Fermi level, which has allowed
us to extract the energy position of edge states. Note
that due to the limited thickness of BisTes used, quan-
tum well states are present in the calculated band [Fig.
4(a) and (d)], but absent in the experimental spectra in
Fig. 4(b) and (e), taken from the Bi(111) BL on 40 QL
B12T€3.

Figure 4 (¢) and (f) shows the dI/dV curves of the
inner terrace (red rectangle in the inset) and the edge-
state area (blue rectangle in the inset) in the island of
1BL/BiyTes and 1BL/Bi-BisTes, respectively. It has
been demonstrated that the Dirac point corresponds to a
dip in the dI/dV spectra due to its zero density of states
[26]. Thus, we can align the ”dip” feature in the STS
spectra [Fig. 4(c) and (f)] to the calculated Dirac point
[Fig. 4(a)-(b) and 4(d)-(e)], as marked by the dashed ver-
tical blue lines. Then, we can locate the energy position
of the edge states relative to the band gap position of
Bi(111) BL. For the 1 BL/BisTes step edge (Fig. 3c), in
the energy window from 4136 mV to +370mV, the blue
curve intensity is noticeably higher than the red curve,
which is exactly where the edge states are located (Fig.
2¢). Tt also agrees well with the calculated band gap
(~76meV) of 1BL/BisTes film in Fig. 4(a) and (b), as
marked by two dashed vertical orange lines. It is reason-
able to expect that the STS attain higher contrast when
STM scans over the edge state within the energy win-
dow of the band gap, where the surface electronic states
are absent and the edge electronic states are highly local-
ized within. The observed energy range of edge states is
slightly larger than the band gap, possibly due to the en-
ergy extension of edge states in large k [15]. Very similar
results are obtained for the 1 BL/Bi-BisTes edge states
as shown in Fig. 4(d)-(f), except with a smaller gap
(~44meV) and lower contrast in the energy window of
4+295mV to +377mV. The fact that edge states are ob-
served next to the step edge with spatial distribution of
several nanometers in real space and lies directly inside
the 2D bulk band gaps in both cases clearly demonstrates
the existence of 1D topological in-gap edge states in Bi
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FIG. 4. (a)[(d)], Calculated density of the electronic structure in the topmost Bi(111) BL of 1BL/BisTes [2 BL/BizTes] (M-
I-M). QW?” marks the quantum well states. (b)[(e)], ARPES spectrum for 1BL [2BL] Bi(111) on 40 QL BisTes together

with the surface originated bands taken from (a)[(d)].

(c) [(f)], STS of the step edge (Blue) and the inner terrace (Red) of

1BL/BizTes [1 BL/Bi-BisTes] island averaged over the area as marked in the inset of (c) [(f)]. The STS, ARPES and calculated
bands are aligned by the Dirac point "DP” as indicated by the blue dash line. The orange dash lines mark the band gap of

topmost Bi BL.

bilayer. Our DFT calculations also show the 1D helical
spin-momentum locking property of the edge states as
shown in Fig. 3(a), which is an interesting subject for
future experimental study.
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