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We summarize our recent scanning tunneling microscopy (STM) study of topological insulator thin

films grown by molecular beam epitaxy (MBE), which includes the observation of electron standing

waves on topological insulator surface and the Landau quantization of topological surface states. The

work has provided valuable information to the understanding of intriguing properties of topological

insulators, as predicted by theory.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Topological insulator is a new class of quantum material, which
possesses an energy gap in the bulk and nontrivial gapless states on
the surface. The surface states are comprised of an odd number of
massless Dirac cones in which crossing of two dispersion branches
with opposite spins is fully protected by the time-reversal-symme-
try at the Dirac point (Fig. 1). Topological insulators may provide
new route to generating novel phases and quasi-particles, and may
find applications in spintronics and quantum computing [1–7].

In 2009, a class of binary compounds [8–11], Bi2Se3, Bi2Te3 and
Sb2Te3, was shown to be the third generation of topological
insulators. Compared to Bi1�xSbx (0.07oxo0.22) alloy, the sur-
face states of the Bi2Se3 family contain only a single Dirac cone,
making it easier to be studied. Also, these materials are stoichio-
metric compounds and hence in principle can be prepared at
higher purity and quality. Finally and perhaps most importantly
for applications, Bi2Se3 has a larger band gap of approximately
0.36 eV. It implies that topological behavior can sustain at room
temperature. The unique properties of Bi2Se3 family have been
experimentally identified by, for example angle resolved photo-
emission spectroscopy (ARPES), scanning tunneling microscopy
(STM) and transport measurements.

STM is a surface sensitive technique based on the concept of
quantum tunneling. The atomically resolved structure of a surface
can be obtained by monitoring the tunneling current in an STM.
Besides its unprecedented capability to study surface topography,
information on electronic structure at a given location of a sample
can also be obtained. This type of measurement is called scanning
tunneling spectroscopy (STS) and typically results in a plot of the
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local density of states (LDOS) as a function of energy of the
sample. It has been widely used in the characterization of metals,
semiconductors and superconductors. Applying it to the study of
topological surface states, many intriguing properties have
recently been unveiled. In this paper, we give an overview on
the recent progress of STM study of topological insulators.
2. Electronic standing waves on topological insulators

In a crystal, the electronic eigen-states are described by Bloch
wavefunctions ckðrÞwith energy e and wavevector k. The dispersion
relation eðkÞ is usually measured by ARPES. In contrast, STM, which
is a real space imaging technique, cannot be used to directly
measure eðkÞ in momentum space. When disorders are introduced
into a sample, the change in potential leads to the elastic electron
scattering of the incident wave with a wave vector ki into kf¼kiþq,
with ki and kf being on the same constant-energy contour (CEC). The
quantum interference between the initial and final states results in a
standing wave pattern whose spatial period is given by l¼ 2p=9q9,
which are often referred to as the ‘‘Friedel oscillations’’. The
phenomena can be observed by STM as modulations of the
differential tunneling conductance. When the STM images of stand-
ing waves are Fourier transformed, the scattering wave vector q
becomes visible in the reciprocal space. This way, it simultaneously
provides real-space and momentum-space information.

In 1991, Don Eigler’s group and Avouris’ group independently
reported the observation of standing waves on a metal surface by
STM [12,13]. Afterwards, standing waves were imaged successively
on other metal (Ag, Au and Be) and semiconductor surfaces, and
even on high-Tc superconductors and graphene. STM has become a
powerful technique to study wavefunctions, electron scattering
processes and dispersion relation of a material.

The surface states of topological insulators possess spin-polarized
Dirac-cone structure and are protected by time-reversal symmetry.
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These unique characters are supposed to reflect in the scattering
processes and can be explored by standing waves using STM.

In this work, stoichiometric Bi2Te3 thin films were prepared on
single crystal substrate Si(1 1 1) by MBE [14]. The atomically flat
morphology imaged by STM reveals high quality of our samples.
The surface states of Bi2Te3 were investigated by STS, which gives
a measure of the local density of states of electrons at energy eV.
The differential conductance in the bulk insulating gap linearly
depends on the bias and is attributed to the gapless surface states.
According to the calculations, the topological states of Bi2Te3 form
a single Dirac cone at the center (G point) of the surface Brillouin
zone (SBZ) and the surface states around the G point overlap in
energy with the bulk valence band. For this reason, the Dirac
point is invisible in STS.

We deposited a small amount of Ag atoms on the clean surface
of the Bi2Te3 thin film. The atomically resolved STM image reveals
that a Ag atom substitutes a Bi atom in the second layer [15] The
dI/dV mapping was then carried out in a region containing Ag
Fig. 1. Single Dirac cone band structure of topological insulators.

Fig. 2. (a–f) Standing waves induced by Ag trimmers on Bi2Te3(1 1 1) surface at variou

current was set at 0.1 nA.
atoms. At each data point, the feedback was turned off and the
bias modulation was turned onto record dI/dV. This procedure
results in a series of spatial mapping of LDOS at various bias
voltages.

Fig. 2(a–f) summarizes the dI/dV maps for bias voltages
ranging from 50 to 400 mV. The first striking aspect of these
images is the existence of standing waves in the vicinity of the Ag
atoms. This phenomenon strongly supports the surface nature of
topological states. For bulk states, there will be continuous ranges
of wave vectors on the projected SBZ for a given energy. Usually,
no distinct interference fringe can be produced by bulk states and
visualized by STM.

To quantify the standing waves and obtain the scattering wave
vectors, we performed fast Fourier transformation (FFT) of the
dI/dV maps into the q space (Fig. 3). One important feature in the
power spectra can be immediately discerned by comparing the
sixfold symmetric pattern in the q space with the SBZ: the regions
with high intensity are always oriented toward the G�M direc-
tions, while the intensity in the G�K directions vanishes.

Such phenomena should be understood by exploring the
standing wave formation mechanisms. In momentum space, ki

and kf are on the same constant-energy contour (CEC) (Fig. 4).
There are various directions of scattering between initial and final
states. But most of these processes interfere destructively and
cannot generate the observed standing waves. The interference
patterns are dominated by the extremal points on the CEC, which
resembles with Fermat’s principle in optics. Applying the theory
to Bi2Te3 with strong warping effects, two extremal points q1 and
q2 are derived: q1 along G�K and q2 alongG�M.

However, only q2 generate the observed standing waves while
q1 are invisible in the power spectra. There is a simple argument
to account for the disappearance of q1: the time-reversal invar-
iance. q1 represents the backscattering between k and �k. These
two topological states are related by the time-reversal transfor-
mation: 9� k

!
kS¼ bT 9 k

!
mS, where bT is the time-reversal operator.

It is straightforward to show that

/� k
!

k9bU9 k
!

mS¼�/ k
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k9U9 k
!

mS¼ 0

for fermions, where U represents the impurity potential of non-
magnetic Ag impurity and is a time-reversal invariant operator.
Therefore, the backscattering between k and �k is quantum
s sample bias voltage. Each map is 28 nm�28 nm and has 128�128 pixels. The



Fig. 3. (a–f) FFT power spectra of the dI/dV maps in Fig. 2(a–f). SBZ in (a) is superimposed on the power spectra to indicate the directions in q space.

Fig. 4. Scattering geometry. CEC is in the shape of a hexagram. Pink arrows

indicate the initial wavevector while the green ones indicate the incident

wavevector.

P. Cheng et al. / Physica E 44 (2012) 912–916914
mechanically prohibited [15,16]. The absence of backscattering is
a spectacular manifestation of the time-reversal symmetry, which
offers a direct proof of the topological nature of the surface states.

Bi1�xSbx (0.07oxo0.22) alloy is another 3D topological
insulator. Its surface states consist of five Dirac cones, which have
been identified by ARPES measurement. Yazdani’s group reported
their STM study of scattering from disorder in Bi1�xSbx

(0.07oxo0.22) alloy [17]. Energy-resolved Fourier transform
scanning tunneling spectroscopy (FT-STS) was used to obtain
interference wavevectors in momentum space. By comparing
with spin-resolved ARPES data, a comprehensive analysis of all
the features demonstrated the allowed set of scattering wave-
vectors in total of eight, excluding those that connect states with
opposite spin. This spin-selected scattering explicitly proved the
time-reversal symmetry in topological surface states of this mate-
rial. Note that the allowed interference wavevectors in Bi1�xSbx

(0.07oxo0.22) alloy are intervalley scatterings between different
Dirac cones while in Bi2Te3 they are intravalley.

Kapitulnik’s group performed STM and STS study on Sn and Cd
doped Bi2Te3 crystals [18]. By analyzing oscillation amplitude of
electron standing waves observed across a step, they showed that
the oscillations are strongly damped compared to any normal
surface state. It is another hallmark of the strong suppression of
backscattering, hence supporting the time-reversal symmetry
protected surface states in Bi2Te3. A surprising observation they
showed is the emergence of pronounced oscillations with a
distinct wavevector at higher energies that may result from a
hexagonal warping of the surface state band.

Magnetic impurities can be introduced into topological insu-
lators in order to destroy the time-reversal symmetry, so that
backscattering process, which is prohibited around non-magnetic
impurities, will occur. Recently, Madhavan’s group reported the
first observation of backscattering process in magnetically doped
topological insulator Bi2Fe2�xTe3 by using Fourier transform of
STM dI/dV maps [19]. Similar to previous studies, a sixfold
symmetric pattern with intensity centered along the G�M direc-
tions was observed above þ150 meV. Remarkably, at low ener-
gies starting around þ60 meV, a new set of scattering vectors
centered along G�K emerged, not reported in prior studies. By
comparing with ARPES results, these new scattering channels are
identified to arise from the forbidden backscattering.
3. Landau quantization of topological insulators

Application of a magnetic field to conductors causes the charge
carriers to circulate in cyclotron orbits with quantized energies
called Landau levels (LLs). Landau quantization leads to charac-
teristic oscillations in many properties such as magnetoresistance
and it is also directly responsible for the well-known quantum
Hall effect. In normal metals and two-dimensional electron gases,
Landau levels are equally spaced. While for Dirac fermions,
Landau levels consist of a field-independent state at the Dirac
point and a sequence of levels with square-root dependence in
both field and index, instead of the usual linear dependence:
En ¼ sgnðnÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
29n9_eBu2

F

q
, n¼ 0,71,72UUUUUU (Fig. 5). The energy

En is measured relative to the Dirac point.
STS was proved to be a powerful tool to study the Landau

quantization in two-dimensional electron gas (2DEG) under mag-
netic fields. In 1998, Wiesendanger’s group first observed the
Landau levels by STS on n-InAs(1 1 0) [20]. And later in 2005,
Fukuyama’s group observed landau levels on HOPG [21]. Remark-
ably, they obtained both the localized and extended states



Fig. 5. Landau quantization of 2D free electon gas (a) and Dirac fermions (b).

Fig. 6. (a) Landau quantization of Bi2Se3 film acquired for various magnetic fields from 0T to 11T and (b)The fitting to the LL energies for magnetic fields from 8T to 11T.
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depending on energy relative to the Landau levels by using dI/dV

mappings near surface defects. The result provided a spectroscopic
statement that HOPG has a high-mobility quasi-2DEG, which is
eligible to show the quantum Hall effect. The first observation of
Dirac fermion’s Landau level was realized by Andrei’s group of
Rutgers University [22]. They found evidence of the coexistence of
both massless and massive Dirac fermions in graphite, which is
proposed to arise from different stacking structures of the graphite.
After single-layer graphene was eventually isolated in 2004, it has
become an ideal model system for theoretical and experimental
study of Dirac fermions. On the surface of graphene grown on
silicon carbide, Stroscio’s group of NIST directly observed the non-
equally-spaced energy spectrum of Landau levels, including the
hallmark zero-energy state of graphene, which is independent of
the applied magnetic field [23]. Notably, a complete linear collapse
of the Landau level energies was obtained by plotting En versusffiffiffiffiffiffiffiffiffiffi
9n9B

q
, confirming massless Dirac fermions in the epitaxial

graphene.
Topological surface states also consist of the massless Dirac

fermions as in graphene, so Landau quantization is predicted to be
observed in this system. The Bi2Se3 film was epitaxially grown on
graphitized 6H-SiC(0 0 0 1) substrate and has lower carrier den-
sity than those prepared by the self-flux technique, as demon-
strated by previous works [24,25]. The STM images exhibit the
hexagonal lattice structure and very small density of defects. The
high quality of the MBE films ensures the observation of Landau
levels.

At zero magnetic fields, the surface states of Bi2Se3 were
investigated by dI/dV measurement [26]. The Dirac point of the
topological states corresponds to the minimum of the spectrum.
When magnetic field is applied perpendicular to the sample surface,
a series of peaks of tunneling conductance are explicitly resolved
above the Dirac point. The magnetic field dependence of these peaks
in Fig. 6(a) clearly reveals the development of well-defined Landau
levels in Bi2Se3 with increasing field. The spectra demonstrate a
direct measurement of the Landau quantization of the topological
surface states. It has some common features with that of graphene.
Unlike the Landau levels of a 2DEG with parabolic dispersion, the
peaks are not equally spaced. In addition, there is always one peak
residing at the Dirac point in each dI/dV spectrum. The energy of this
LL is independent of the magnetic field. The absence of LLs below
the Dirac point results from the overlapping of the surface states
with the bulk valence band.

The Dirac fermion nature of the electrons is revealed by

plotting the energies of LLs versus
ffiffiffiffiffiffiffiffiffiffi
9n9B

q
. The peak positions of

LLs are determined by fitting the differential conductance with

multiple Gaussians. Notably, the En’s in the vicinity of the Fermi

level fall on a straight line as predicted. However, the energies of

LLs with smaller index n deviate from the linear fitting. This



Fig. 7. Suppression of LLs by defects. The three panels show the STM images and

the corresponding STS spectra of LLs at different Ag densities, respectively.
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deviation can be understood by considering the electrostatic field
between the sample surface and the STM tip. The density of the
induced charges in the presence of a tip is given by e0V/d, where
V�100 mV and d�1 nm are the sample bias voltage and the
distance between tip and sample, respectively. Typically, the
induced density of electrons is in the order of 1012 cm�2, which
is comparable to the intrinsic carrier density on the surface
without a tip. Thus, the effect due to the electric field in tunneling
junction is not negligible. With negative bias voltage, the field effect
moves the Dirac cone downwards to accommodate the induced
charges. Consequently, the apparent positions of the Landau levels
with small n tend to stay above the linear relation. After a calibration
was performed to the energy of Landau levels to eliminate this
electrostatic field, all the data collapse to a single line, suggesting

that the energy of LLs is scaled as
ffiffiffiffiffiffiffiffiffiffi
9n9B

q
(Fig. 6(b)). Fitting the data

to a straight line gives uF ¼ 3:4� 105 m=s.
We further confirm the 2D nature of the quantized states by

evaporating Ag atoms onto the surface of Bi2Se3. Presumably, the
LLs are sensitive to the defect scattering if the impurities are
located within the 2DEG. At low defect density, no explicit change
in the tunneling spectrum has been observed (Fig. 7(a)). The
defect scattering comes into effect when the distance between
impurities in the 2DEG is comparable to the magnetic length
(Fig. 7(b)). Finally, at even higher Ag atom coverage, the Landau
quantization is completely suppressed as expected (Fig. 7(c)). The
presence of distinct peaks and the suppression of LLs by surface
impurities strongly indicate that the peaks are due to Landau
quantization of the topological surface states within the bulk gap
of Bi2Se3. The observation of Landau quantization may eventually
lead to the realization of quantum Hall effect in topological
insulators.

In a meanwhile, Hanaguri’s group of RIKEN in Japan reported
their observation of Landau levels on the surface of Bi2Se3 single
crystals prepared by a melt-growth technique, which are similar
with the results on Bi2Se3 film grown by MBE. Using an analysis
based on Bohr–Sommerfeld quantization condition, the band
structure of the surface states was determined from the energy
of LLs [27].
4. Conclusions

The field of topological insulators is growing rapidly. The basic
properties have been established by theoretical insight and
experimental discoveries. However, there is still much work to
be done to realize the potential application of these dramatic
systems. Combining topological insulators with ordinary super-
conductors or magnetic materials is predicted to give rise to
exotic particles or states, such as topological magnetoelectric
effect [28] and Majorana fermions [29,30]. These predictions put
forward great challenges to materials synthesis and experimental
measurements. STM is expected to play more important role in
this exciting direction.
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