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• Surface instability control
• Entangled spin-orbital texture 

3D topological insulator Bi2Se3
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Topological invariant: quantity that does not 
change under continuous deformation 

Ordinary insulator 
 (e.g. vacuum)Topological insulator

Joel E. Moore, Nature (2010)
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Why “Topological”



Bi2Se3: crystal structure

X.T. Zhu et al.,PRL 107. 186102 (2011)

Bi: 6s26p3

Se: 4s24p4

Bi2Se3



Liu et al, PRB 82, 045122 (2010)

Energy levels of Bi2Se3

hybridization Bonding
antibonding crystal field SOC



Trivial to Topological Insulator: Spin-orbit-driven Transition



Trivial to non-trivial topological phase transition

S.Y. Xu, et al., Science (2011)

BiTl(S1-xSex)2

T. Sato, et al., Nat. Phys. (2011)

Modulate SOC



Protected by 
time-reversal symmetry

No backscattering

Robust Topological Surface Dirac Fermions

),(),( ↓−Ψ=↑Ψ kk
Chiral spin texture

ARPES+ 
Spin-polarimeter

Hsieh, Hasan, Dil, et al. 2009

Roushan et al. Nature 2009



Magnetoelectric effect

Spintronics
: 

TI + FM

Quantum 
computing: 
TI + FM + SC

Magnetic monopole

Majorana fermions No-Abelian statisticsHasan, et. al., RMP 
(2010) 

Qi, et. al., RMP (2011)

Application Potential  
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Momentum Conservation
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Angle-Resolved Photoemission Spectroscopy



Angle-Resolved Photoemission Spectroscopy

Courtesy of Y.L. Chen
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Sr2RuO4
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ΔθΔE (meV)

● Improved energy resolution 
● Improved momentum resolution 
● Improved data-acquisition efficiency

Parallel multi-angle recording

Angle-Resolved Photoemission Spectroscopy

A. Damascelli et al., PRL 85, 5194 (2000)



• High energy resolution 

          ΔE<1meV  
• High angular precision 

             ± 0.05º 
• Low base temperature 

             ~ 2 K 
• Photon energies 

          H2, He, Ne 
• Polarization control 

             linear 
• Ultra-high vacuum 

         ~ 10-11 torr 
• Surface / Thin films 

• Low Energy Electron Diffraction



New Developments: ARPES + Spin + Time

Wang et al., PRL 107, 207602 (2011) 

ARPES+Spin polarimeter ARPES+Time of Fight
UBC - Geneva

Nishide et a., New J. Phys. 12, 065011 (2010)
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C60

Nature 2003

Nanotubes
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Quantum Wells Diamond

Nature 2005

ARPES: Widespread Impact in Complex Materials

HTSC’s

Science 1999 Nature 2000

QuasicrystalsCDW’s

Science 2000Nature 2005

CMR’s



How to discriminate bulk & surface? 

Courtesy of Y.L. Chen



How to discriminate bulk & surface? 

Y.L. Chen et al., Science (2009)

Bi2Te3 Bi2Se3
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Bi2Se3 Bi2Te3

D. Hsieh, et al., Nature (2009)
Y.L.Chen, et al., Science (2009)

Theory: H.J. Zhang, et al., Nat. Phys. (2009)

ARPES on 3D TIs since 2009



ARPES on 3D TIs: MBE, 2DEG, warp, new materials……

Y. Zhang, et al., Nat. Phys. (2010)

Bi2Se3: MBE thin film

K. Kuroda, et al., RPL (2012)

PbBi2Te4

Y.L. Chen, et al., RPL (2010)

TlBiSe2 TlBiTe2

T. Sato, et al., RPL (2010) K. Miyamoto, et al., RPL (2012)

Cu0.12Bi2Se3

K. Kuroda, et al., RPL (2010)

M. Bianchi, et al., Nat. Comm. (2010)

2DEG

K. Kuroda, et al., RPL (2010)

Bi2Se3: Warped DC

BiTe2Se

L. Wary, et al., Nat. Phys. (2010)

M. Neupane, et al., RPB (2012)
T. Arakane, et al., Nat. Comm. (2012)



Broken time-reversal symmetry: magnetic impurities
Bi2Se3 (Bi0.88Fe0.12)2Se3.7

Y.L. Chen, et al., Science (2010)

S.Y. Xu, et al., Nat. Phys. (2012)

MEB thin film: Mn-Bi2Se3

HedgehogChiral

Spin texture of DC



Zhang et al., Nat. phys. 5, 438 (2009) Dirac point (DP) moving with time 

Problems on the materials:
• N-type bulk.
• Instability of the as-cleaved 

sample surface in UHV.
• Parabolic continuum of states: 
     K// is not a good quantum 
number.

Can we overcome these 
problems? Z.-H. Zhu et al., Phys. Rev. Lett. 107, 186405 (2011)

Impurities at the surface of Bi2Se3



K-deposited Bi2Se3: Spin-splitting control

K-evaporation induces Rashba states

Potassium-evaporation
Z.H. Zhu et al., PRL 107, 186405 (2011)



D. Hsieh et al. Nature (2009)  

M. Hasan and C. Kane, RMP (2010)
Measured spin polarization range: 10-80% 
~30% Bi1-xSbx D. Hsieh et al. Science (2009)  
~20% Bi2Te3 D. Hsieh et al. Nature (2009) 
~10% Bi2Se3 T. Hirahara et al. PRB (2010) 
~60% Bi2Te3 S. Souma et al. PRL (2011) 
~75% Bi2Se3 Z.-H. Pan et al. PRL (2011) 
~40% BiTlSe2 S.-Y. Xu et al. Science (2011) 
>80% Bi2Se3 C. Jozwiak et al. PRB (2011)

First principle calculations: 50-85%  
~50% Bi2X3 (X=Se, Te)   O.V. Yazyev et al. PRL 
(2010) 
~85% Bi2Se3                Y. Zhao et al. Nano Lett. 
(2011)

Phenomenological model: 100%

?

Spin texture of topological surface state 
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Absence of backscattering

Simple idea:
LETTERS

Transmission of topological surface states through
surface barriers
Jungpil Seo1, Pedram Roushan1, Haim Beidenkopf1, Y. S. Hor2, R. J. Cava2 & Ali Yazdani1

Topological surface states are a class of novel electronic states that
are of potential interest in quantum computing or spintronic
applications1–7. Unlike conventional two-dimensional electron
states, these surface states are expected to be immune to localization
and to overcome barriers caused by material imperfection8–14 .
Previous experiments have demonstrated that topological surface
states do not backscatter between equal and opposite momentum
states, owing to their chiral spin texture15–18. However, so far there is
no evidence that these states in fact transmit through naturally
occurring surface defects. Here we use a scanning tunnelling micro-
scope to measure the transmission and reflection probabilities of
topological surface states of antimony through naturally occurring
crystalline steps separating atomic terraces. In contrast to non-
topological surface states of common metals (copper, silver and
gold)19–23, which are either reflected or absorbed by atomic steps,
we show that topological surface states of antimony penetrate such
barriers with high probability. This demonstration of the extended
nature of antimony’s topological surface states suggests that such
states may be useful for high current transmission even in the pres-
ence of atomic-scale irregularities—an electronic feature sought to
efficiently interconnect nanoscale devices.

Topological surface states occur on compounds for which strong
spin–orbit interaction influences the bulk electronic band structure
in a fundamental way1–7. The key experimental signatures of topo-
logical surface states are an odd number of crossings of their energy–
momentum dispersion at the Fermi level and chiral spin texture that
locks the surface electrons’ momenta to their spin angular momen-
ta8–11,15–18. Angle-resolved photoemission spectroscopy (ARPES)
measurements have observed both signatures of topological surface
states for a number of compounds with a bulk gap, the so-called
topological insulators such as Bi12xSbx, Bi2Se3 and Bi2Te3 and on
the (111) surface of the semimetal antimony8–11 (Sb). The two fea-
tures of topological surface states alter their response to crystalline
imperfections, first by eliminating 180u backscattering, owing to
scattering restriction imposed by their spin texture, and second by
the virtue of the odd number of band crossings, which prevents the
surface states from being fully gapped when perturbed. The com-
bination of these features makes the topological surface states robust
against localization; hence, they are predicted to wrap the surface of
the topological bulk sample regardless of the presence of surface
defects. Previous scanning tunnelling microscopy (STM) experi-
ments have provided evidence for the absence of 180u backscattering
of these surface states by examining the scattering from substitutional
impurities and atomic step edges15–18. However, these experiments do
not demonstrate whether topological surface states are in fact
extended, as they do not probe the transmission properties of these
states. In fact, it is possible that in the presence of spin–orbit inter-
action, 180u backscattering is forbidden but electronic states can still

be localized by surface defects. An example of this situation is the
spin-split surface states of Au(111) that become localized by scatter-
ing from atomic step edges22,23. Topological surface states must be
immune to such localization. To test this unique feature of topo-
logical surface states, we have used STM to examine antimony’s
surface states and to measure their reflection by and transmission
through atomic steps.

We have studied the (111) surface of antimony in a home-built
cryogenic STM that operates at 4 K. Single crystals of antimony were
cleaved in situ in ultrahigh vacuum to expose a pristine surface. The
STM topographic image shows nanometre-sized atomic terraces that
are separated by single atom-height steps along the ½1!110" crystal-
lographic direction (Fig. 1a). We have examined the spatial and energy
dependence of the local density of states (LDOS) within the terraces by
performing differential conductance (dI/dV) measurements along a
line perpendicular to the step edges. In Fig. 1b, the spatially averaged
spectroscopic measurements for terraces of different widths show
peaks that signal the occurrence of quantized resonances. These spec-
troscopic features start at around 2225 meV, which is the bottom of
the topological surface state bands as measured by ARPES studies8,18.
Resolving the spatial variation of the LDOS within each terrace
(Fig. 1c), we find clear evidence for quantized resonances, with nearly
equal spacing in energy (see also Supplementary Information). The
quantized resonances and the standing-wave patterns in the LDOS are
caused by scattering of antimony’s topological surface states from the
atomic step edges and can be analysed to obtain reflection properties
of these steps.

We first demonstrate that the standing-wave patterns and the
nearly linear quantized resonances in LDOS can be understood on

1Joseph Henry Laboratories & Department of Physics, Princeton University, Princeton, New Jersey 08544, USA. 2Department of Chemistry, Princeton University, Princeton, New
Jersey 08544, USA.
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Figure 1 | The topological surface states of Sb(111) on atomic terraces.
a, STM topographic image (Vbias 5 1 V, I 5 8 pA) of a 2,500 Å-by-1,250 Å
area showing terraces of various widths separated by 3.7 Å-high single
atomic steps. b, The dI/dV measurement averaged over each terrace shows
quantized peaks. The spectra are offset vertically for clarity. c, Spatially and
energetically resolved dI/dV measurements taken along the dotted arrow in
a demonstrate the interference in space and the quantization in energy.

Vol 466 | 15 July 2010 | doi:10.1038/nature09189
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Periodic table of topological materials
Existence or absence of topological phases depends on  

symmetry and dimensionality of the system.

8

Symmetry d

AZ ⇥ ⌅ ⇧ 1 2 3 4 5 6 7 8

A 0 0 0 0 Z 0 Z 0 Z 0 Z
AIII 0 0 1 Z 0 Z 0 Z 0 Z 0

AI 1 0 0 0 0 0 Z 0 Z2 Z2 Z
BDI 1 1 1 Z 0 0 0 Z 0 Z2 Z2

D 0 1 0 Z2 Z 0 0 0 Z 0 Z2

DIII �1 1 1 Z2 Z2 Z 0 0 0 Z 0

AII �1 0 0 0 Z2 Z2 Z 0 0 0 Z
CII �1 �1 1 Z 0 Z2 Z2 Z 0 0 0

C 0 �1 0 0 Z 0 Z2 Z2 Z 0 0

CI 1 �1 1 0 0 Z 0 Z2 Z2 Z 0

TABLE I Periodic table of topological insulators and super-
conductors. The 10 symmetry classes are labeled using the
notation of Altland and Zirnbauer (1997) (AZ) and are spec-
ified by presence or absence of T symmetry ⇥, particle-hole
symmetry ⌅ and chiral symmetry ⇧ = ⌅⇥. ±1 and 0 denotes
the presence and absence of symmetry, with ±1 specifying
the value of ⇥2 and ⌅2. As a function of symmetry and space
dimensionality, d, the topological classifications (Z, Z2 and 0)
show a regular pattern that repeats when d ! d+ 8.

3. Periodic table

Topological insulators and superconductors fit to-
gether into a rich and elegant mathematical structure
that generalizes the notions of topological band theory
described above (Schnyder, et al., 2008; Kitaev, 2009;
Schnyder, et al., 2009; Ryu, et al., 2010). The classes
of equivalent Hamiltonians are determined by specifying
the symmetry class and the dimensionality. The symme-
try class depends on the presence or absence of T sym-
metry (8) with ⇥2 = ±1 and/or particle-hole symmetry
(15) with ⌅2 = ±1. There are 10 distinct classes, which
are closely related to the Altland and Zirnbauer (1997)
classification of random matrices. The topological clas-
sifications, given by Z, Z2 or 0, show a regular pattern
as a function of symmetry class and dimensionality and
can be arranged into the periodic table of topological in-
sulators and superconductors shown in Table I.

The quantum Hall state (Class A, no symmetry; d =
2), the Z2 topological insulators (Class AII, ⇥2 = �1;
d = 2, 3) and the Z2 and Z topological superconductors
(Class D, ⌅2 = 1; d = 1, 2) described above are each
entries in the periodic table. There are also other non
trivial entries describing di↵erent topological supercon-
ducting and superfluid phases. Each non trivial phase is
predicted, via the bulk-boundary correspondence to have
gapless boundary states. One notable example is super-
fluid 3He B (Volovik, 2003; Roy, 2008; Schnyder, et al.,
2008; Nagato, Higashitani and Nagai, 2009; Qi, et al.,
2009; Volovik, 2009), in (Class DIII, ⇥2 = �1, ⌅2 = +1;
d = 3) which has a Z classification, along with gapless 2D
Majorana fermion modes on its surface. A generalization
of the quantum Hall state introduced by Zhang and Hu

E

EF

Conduction Band

Valence Band
Quantum spin 
Hall insulator ν=1

Conventional 
Insulator ν=0

(a) (b)

k0/a−π /a−π

FIG. 5 Edge states in the quantum spin Hall insulator. (a)
shows the interface between a QSHI and an ordinary insula-
tor, and (b) shows the edge state dispersion in the graphene
model, in which up and down spins propagate in opposite
directions.

(2001) corresponds to the d = 4 entry in class A or AII.
There are also other entries in physical dimensions that
have yet to be filled by realistic systems. The search is
on to discover such phases.

III. QUANTUM SPIN HALL INSULATOR

The 2D topological insulator is known as a quantum
spin Hall insulator. This state was originally theorized
to exist in graphene (Kane and Mele, 2005a) and in 2D
semiconductor systems with a uniform strain gradient
(Bernevig and Zhang, 2006). It was subsequently pre-
dicted to exist (Bernevig, Hughes and Zhang, 2006), and
was then observed (König, et al., 2007), in HgCdTe quan-
tum well structures. In section III.A we will introduce
the physics of this state in the model graphene system
and describe its novel edge states. Section III.B will re-
view the experiments, which have also been the subject
of the review article by König, et al. (2008).

A. Model system: graphene

In section II.B.2 we argued that the degeneracy at the
Dirac point in graphene is protected by inversion and
T symmetry. That argument ignored the spin of the
electrons. The spin orbit interaction allows a new mass
term in (3) that respects all of graphene’s symmetries. In
the simplest picture, the intrinsic spin orbit interaction
commutes with the electron spin Sz, so the Hamiltonian
decouples into two independent Hamiltonians for the up
and down spins. The resulting theory is simply two copies
the Haldane (1988) model with opposite signs of the Hall
conductivity for up and down spins. This does not violate
T symmetry because time reversal flips both the spin and
�xy. In an applied electric field, the up and down spins
have Hall currents that flow in opposite directions. The
Hall conductivity is thus zero, but there is a quantized
spin Hall conductivity, defined by J

"
x � J

#
x = �

s
xyEy with

�
s
xy = e/2⇡ – a quantum spin Hall e↵ect. Related ideas

were mentioned in earlier work on the planar state of
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