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強相関電子系の世界
～ 量子多体論の最前線 ～ 　
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アインシュタイン カマリンオンネス
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超伝導の謎
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More is different !

多様性と普遍性、そして創発性

多は異なり  P.W. Anderson
1977 ノーベル賞
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物質合成技術

ナノテクノロジー
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超伝導、超流動、量子磁性、半導体

◇ 光格子

強相関の物理 （電子系に限らない）

冷却原子、BEC

凝縮系の理論
量子力学と統計力学に基づき解明、予言

=量子系の統計物理学

分野の
大きな広がり！
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1. フェルミ粒子とボース粒子
2. 固体中の電子たち：自由な電子

凝縮系の理論：量子多体論の最前線
～ 強相関電子系の世界を中心として ～

3. エキゾチックな量子凝縮相
○超伝導
○トポロジカルな量子系
○ナノ量子系-朝永ラッティンジャー液体

4. レーザー冷却原子: 新たな研究舞台



強相関電子系の世界
「量子多体論の最前線」

　フェルミ粒子 ＆　ボーズ粒子　

多粒子系の量子論
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凝縮系の理論：量子多体論の最前線

量子力学
粒子性と波動性

量子化：とびとび

+
‐

水素原子

これは１個の粒子（波動）の性質

ギモン：多くの粒子が集まると？？？

水素原子の
エネルギー準位

光

光
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本質的な違い！
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冷却原子の
        ＢＥ凝縮
Hot topics
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ほとんどの状態が凍結ギモン？

多様な物性 半導体、ナノ量子系、磁性、誘電体超伝導

フェルミ粒子としての電子 ？！
etc
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電子ガス （フェルミガス）
固体中の電子たち

自由に動く、
　　　でもフェルミ粒子なので．．．
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電子間の相互作用 電子相関
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磁性
その他

この境付近の電
子が電流に寄与
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例：超伝導 電気抵抗なし
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引力相互作用
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磁性：スピン間の相互作用

相互作用の重要性！
多様な物性

構造転移：電子・格子の相互作用

量子論とフェルミ統計性だけじゃダメ
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基礎物理
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フェルミレベル付近

電子間の相互作用

最先端テクノロジー

超伝導、量子磁性、半導体、ナノ量子現象、etc

◇ 固体中の電子たち

◇ 多彩な現象

物性理論の中心課題
典型的な多体問題！電子相関

他の粒子をにらみながら、量子力学的に運動

基礎物理



強相関電子系の世界
「量子多体論の最前線」

エキゾチックな量子凝縮相
量子多体効果の醍醐味
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エキゾチックな超伝導



京都

凝縮系の理論：量子多体論の最前線

高温超伝導
| 1986年　La2CuO4 ホールドープ

銅酸化物セラミックを
　　　金属にしたら

超伝導

温度

抵
抗
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高温超伝導
| 1986年　La2CuO4 ホールドープ

銅酸化物セラミックを
　　　金属にしたら

超伝導
超伝導転移温度１００Ｋ

（それまで２０Ｋくらい）

温度

抵
抗
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エキゾチックな超伝導

最高~１５０Ｋ
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凝縮系の理論：量子多体論の最前線

高温超伝導
| 1986年　La2CuO4 ホールドープ

銅酸化物セラミックを
　　　金属にしたら

超伝導
超伝導転移温度１００Ｋ

（それまで２０Ｋくらい）

実用化
液体窒素の沸点より高い

７７Ｋ
温度

抵
抗

ノーベル賞
１９８７

エキゾチックな超伝導

最高~１５０Ｋ
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凝縮系の理論：量子多体論の最前線

Why  銅酸化物？ 
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Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3
with a single Dirac cone on the surface
Haijun Zhang1, Chao-Xing Liu2, Xiao-Liang Qi3, Xi Dai1, Zhong Fang1 and Shou-Cheng Zhang3*
Topological insulators are new states of quantum matter in which surface states residing in the bulk insulating gap of such
systems are protected by time-reversal symmetry. The study of such states was originally inspired by the robustness to
scattering of conducting edge states in quantum Hall systems. Recently, such analogies have resulted in the discovery of
topologically protected states in two-dimensional and three-dimensional band insulators with large spin–orbit coupling. So
far, the only known three-dimensional topological insulator is BixSb1−x, which is an alloy with complex surface states. Here, we
present the results of first-principles electronic structure calculations of the layered, stoichiometric crystals Sb2Te3, Sb2Se3,
Bi2Te3 and Bi2Se3. Our calculations predict that Sb2Te3, Bi2Te3 and Bi2Se3 are topological insulators, whereas Sb2Se3 is not.
These topological insulators have robust and simple surface states consisting of a single Dirac cone at the � point. In addition,
we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological θ term of
the form Sθ = (θ/2π)(α/2π)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and α is the fine-structure
constant10. θ = 0 describes a conventional insulator, whereas θ =π
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the

1
Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China,

2
Center for

Advanced Study, Tsinghua University, Beijing 100084, China,
3
Department of Physics, McCullough Building, Stanford University, Stanford, California

94305-4045, USA. *e-mail: sczhang@stanford.edu.
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Figure 1 | Crystal structure. a, Crystal structure of Bi2Se3 with three
primitive lattice vectors denoted as t1,2,3. A quintuple layer with

Se1–Bi1–Se2–Bi1
�
–Se1

�
is indicated by the red square. b, Top view along

the z-direction. The triangle lattice in one quintuple layer has three different
positions, denoted as A, B and C. c, Side view of the quintuple layer

structure. Along the z-direction, the stacking order of Se and Bi atomic

layers is ···–C(Se1�)–A(Se1)–B(Bi1)–C(Se2)–A(Bi1�)–B(Se1�)–C(Se1)–···.
The Se1 (Bi1) layer can be related to the Se1

�
(Bi1

�
) layer by an inversion

operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1−x alloy has been predicted
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Bi2Se3

14

Spin-ARPES

FIG. 11 Absence of backscattering: Quasiparticle interfer-
ence observed at the surface of Bi0.92Sb0.08 exhibits and ab-
sence of elastic backscattering: (a) Spatially resolved con-
ductance maps of the (111) surface obtained at 0 mV over
a 1000Å×1000Å. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin-
ARPES measurements are shown with arrows. (c) Fourier
transform scanning tunneling spectroscopy (FT-STS) at EF .
(d) The joint density of states (JDOS) at EF . (e) The spin-
dependent scattering probability(SSP) at EF . (f) Close-up of
the JDOS, FT-STS and SSP at EF , along the Γ-M direction.
Adapted from Hsieh, et al., 2009a; Roushan, et al., 2009.

C. Second generation materials: Bi2Se3, Bi2Te3, Sb2Te3

The surface structure of Bi1−xSbx was rather compli-

cated and the band gap was rather small. This motivated

a search for topological insulators with a larger band gap

and simpler surface spectrum. A second generation of 3D

topological insulator materials (Moore, 2009), especially

Bi2Se3, offer the potential for topologically protected be-

havior in ordinary crystals at room temperature and zero

magnetic field. In 2008, work led by the Princeton group

used ARPES and first principles calculations to study

the surface band structure of Bi2Se3 and observed the

characteristic signature of a topological insulator in the

form of a single Dirac cone (Xia, et al., 2009a). Con-

current theoretical work by Zhang, H., et al. (2009) used
electronic structure methods to show that Bi2Se3 is just

one of several new large band gap topological insulators.

Zhang, H., et al. (2009) also provided a simple tight-

binding model to capture the single Dirac cone observed

in these materials. Detailed and systematic surface inves-
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FIG. 12 Helical fermions: Spin-momentum locked helical
surface Dirac fermions are hallmark signatures of topological
insulators. (a) ARPES data for Bi2Se3 reveals surface elec-
tronic states with a single spin-polarized Dirac cone. The
Surface Fermi surface (b) exhibits a chiral left-handed spin
texture. (c) Surface electronic structure of Bi2Se3 computed
in the local density approximation. The shaded regions de-
scribe bulk states, and the red lines are surface states. (d)
Schematic of the spin polarized surface state dispersion in
Bi2X3 (1; 000) topological insulators. Adapted from Xia, et
al., 2008; Hsieh, et al., 2009b; Xia, et al., 2009b.

tigations of Bi2Se3 (Hor, et al., 2009; Hsieh, et al., 2009b;
Park, et al., 2010), Bi2Te3 (Chen, et al., 2009; Hsieh, et
al., 2009b,c; Xia, et al., 2009b) and Sb2Te3 (Hsieh, et
al., 2009c) confirmed the topological band structure of

all 3 of these materials. This also explained earlier puz-

zling observations on Bi2Te3 (Noh, et al., 2008). These

works showed that the topological insulator behavior in

these materials is associated with a band inversion at

k = 0, leading to the (1; 000) topological class. The

(1; 000) phase observed in the Bi2Se3 series differs from

the (1; 111) phase in Bi1−xSbx due to its weak topologi-

cal invariant, which has implications for the behavior of

dislocations(Ran, Zhang and Vishwanath, 2009).

Though the phase observed in the Bi2Se3 class has the

same strong topological invariant ν0 = 1 as Bi1−xSbx,

there are three crucial differences that suggest that

this series may become the reference material for fu-

ture experiments. The Bi2Se3 surface state is found

from ARPES and theory to be a nearly idealized sin-

gle Dirac cone as seen from the experimental data in

Figs. 12,13,16. Second, Bi2Se3 is stoichiometric (i.e.,

a pure compound rather than an alloy like Bi1−xSbx)

and hence can be prepared in principle at higher purity.

While the topological insulator phase is predicted to be

quite robust to disorder, many experimental probes of

the phase, including ARPES of the surface band struc-

ture, are clearer in high-purity samples. Finally, and

perhaps most important for applications, Bi2Se3 has a

large band gap of approximately 0.3 eV (3600
◦
K). This

indicates that in its high purity form Bi2Se3 can exhibit

(2009)(2007)
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Topological insulators are new states of quantum matter in which surface states residing in the bulk insulating gap of such
systems are protected by time-reversal symmetry. The study of such states was originally inspired by the robustness to
scattering of conducting edge states in quantum Hall systems. Recently, such analogies have resulted in the discovery of
topologically protected states in two-dimensional and three-dimensional band insulators with large spin–orbit coupling. So
far, the only known three-dimensional topological insulator is BixSb1−x, which is an alloy with complex surface states. Here, we
present the results of first-principles electronic structure calculations of the layered, stoichiometric crystals Sb2Te3, Sb2Se3,
Bi2Te3 and Bi2Se3. Our calculations predict that Sb2Te3, Bi2Te3 and Bi2Se3 are topological insulators, whereas Sb2Se3 is not.
These topological insulators have robust and simple surface states consisting of a single Dirac cone at the � point. In addition,
we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological θ term of
the form Sθ = (θ/2π)(α/2π)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and α is the fine-structure
constant10. θ = 0 describes a conventional insulator, whereas θ =π
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the
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The Se1 (Bi1) layer can be related to the Se1
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(Bi1

�
) layer by an inversion

operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1−x alloy has been predicted
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FIG. 11 Absence of backscattering: Quasiparticle interfer-
ence observed at the surface of Bi0.92Sb0.08 exhibits and ab-
sence of elastic backscattering: (a) Spatially resolved con-
ductance maps of the (111) surface obtained at 0 mV over
a 1000Å×1000Å. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin-
ARPES measurements are shown with arrows. (c) Fourier
transform scanning tunneling spectroscopy (FT-STS) at EF .
(d) The joint density of states (JDOS) at EF . (e) The spin-
dependent scattering probability(SSP) at EF . (f) Close-up of
the JDOS, FT-STS and SSP at EF , along the Γ-M direction.
Adapted from Hsieh, et al., 2009a; Roushan, et al., 2009.

C. Second generation materials: Bi2Se3, Bi2Te3, Sb2Te3

The surface structure of Bi1−xSbx was rather compli-

cated and the band gap was rather small. This motivated

a search for topological insulators with a larger band gap

and simpler surface spectrum. A second generation of 3D

topological insulator materials (Moore, 2009), especially

Bi2Se3, offer the potential for topologically protected be-

havior in ordinary crystals at room temperature and zero

magnetic field. In 2008, work led by the Princeton group

used ARPES and first principles calculations to study

the surface band structure of Bi2Se3 and observed the

characteristic signature of a topological insulator in the

form of a single Dirac cone (Xia, et al., 2009a). Con-

current theoretical work by Zhang, H., et al. (2009) used
electronic structure methods to show that Bi2Se3 is just

one of several new large band gap topological insulators.

Zhang, H., et al. (2009) also provided a simple tight-

binding model to capture the single Dirac cone observed

in these materials. Detailed and systematic surface inves-
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FIG. 12 Helical fermions: Spin-momentum locked helical
surface Dirac fermions are hallmark signatures of topological
insulators. (a) ARPES data for Bi2Se3 reveals surface elec-
tronic states with a single spin-polarized Dirac cone. The
Surface Fermi surface (b) exhibits a chiral left-handed spin
texture. (c) Surface electronic structure of Bi2Se3 computed
in the local density approximation. The shaded regions de-
scribe bulk states, and the red lines are surface states. (d)
Schematic of the spin polarized surface state dispersion in
Bi2X3 (1; 000) topological insulators. Adapted from Xia, et
al., 2008; Hsieh, et al., 2009b; Xia, et al., 2009b.

tigations of Bi2Se3 (Hor, et al., 2009; Hsieh, et al., 2009b;
Park, et al., 2010), Bi2Te3 (Chen, et al., 2009; Hsieh, et
al., 2009b,c; Xia, et al., 2009b) and Sb2Te3 (Hsieh, et
al., 2009c) confirmed the topological band structure of

all 3 of these materials. This also explained earlier puz-

zling observations on Bi2Te3 (Noh, et al., 2008). These

works showed that the topological insulator behavior in

these materials is associated with a band inversion at

k = 0, leading to the (1; 000) topological class. The

(1; 000) phase observed in the Bi2Se3 series differs from

the (1; 111) phase in Bi1−xSbx due to its weak topologi-

cal invariant, which has implications for the behavior of

dislocations(Ran, Zhang and Vishwanath, 2009).

Though the phase observed in the Bi2Se3 class has the

same strong topological invariant ν0 = 1 as Bi1−xSbx,

there are three crucial differences that suggest that

this series may become the reference material for fu-

ture experiments. The Bi2Se3 surface state is found

from ARPES and theory to be a nearly idealized sin-

gle Dirac cone as seen from the experimental data in

Figs. 12,13,16. Second, Bi2Se3 is stoichiometric (i.e.,

a pure compound rather than an alloy like Bi1−xSbx)

and hence can be prepared in principle at higher purity.

While the topological insulator phase is predicted to be

quite robust to disorder, many experimental probes of

the phase, including ARPES of the surface band struc-

ture, are clearer in high-purity samples. Finally, and

perhaps most important for applications, Bi2Se3 has a

large band gap of approximately 0.3 eV (3600
◦
K). This

indicates that in its high purity form Bi2Se3 can exhibit
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Topological insulators are new states of quantum matter in which surface states residing in the bulk insulating gap of such
systems are protected by time-reversal symmetry. The study of such states was originally inspired by the robustness to
scattering of conducting edge states in quantum Hall systems. Recently, such analogies have resulted in the discovery of
topologically protected states in two-dimensional and three-dimensional band insulators with large spin–orbit coupling. So
far, the only known three-dimensional topological insulator is BixSb1−x, which is an alloy with complex surface states. Here, we
present the results of first-principles electronic structure calculations of the layered, stoichiometric crystals Sb2Te3, Sb2Se3,
Bi2Te3 and Bi2Se3. Our calculations predict that Sb2Te3, Bi2Te3 and Bi2Se3 are topological insulators, whereas Sb2Se3 is not.
These topological insulators have robust and simple surface states consisting of a single Dirac cone at the � point. In addition,
we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological θ term of
the form Sθ = (θ/2π)(α/2π)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and α is the fine-structure
constant10. θ = 0 describes a conventional insulator, whereas θ =π
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the
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layers is ···–C(Se1�)–A(Se1)–B(Bi1)–C(Se2)–A(Bi1�)–B(Se1�)–C(Se1)–···.
The Se1 (Bi1) layer can be related to the Se1

�
(Bi1

�
) layer by an inversion

operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1−x alloy has been predicted
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FIG. 11 Absence of backscattering: Quasiparticle interfer-
ence observed at the surface of Bi0.92Sb0.08 exhibits and ab-
sence of elastic backscattering: (a) Spatially resolved con-
ductance maps of the (111) surface obtained at 0 mV over
a 1000Å×1000Å. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin-
ARPES measurements are shown with arrows. (c) Fourier
transform scanning tunneling spectroscopy (FT-STS) at EF .
(d) The joint density of states (JDOS) at EF . (e) The spin-
dependent scattering probability(SSP) at EF . (f) Close-up of
the JDOS, FT-STS and SSP at EF , along the Γ-M direction.
Adapted from Hsieh, et al., 2009a; Roushan, et al., 2009.
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havior in ordinary crystals at room temperature and zero
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current theoretical work by Zhang, H., et al. (2009) used
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Schematic of the spin polarized surface state dispersion in
Bi2X3 (1; 000) topological insulators. Adapted from Xia, et
al., 2008; Hsieh, et al., 2009b; Xia, et al., 2009b.

tigations of Bi2Se3 (Hor, et al., 2009; Hsieh, et al., 2009b;
Park, et al., 2010), Bi2Te3 (Chen, et al., 2009; Hsieh, et
al., 2009b,c; Xia, et al., 2009b) and Sb2Te3 (Hsieh, et
al., 2009c) confirmed the topological band structure of

all 3 of these materials. This also explained earlier puz-

zling observations on Bi2Te3 (Noh, et al., 2008). These

works showed that the topological insulator behavior in

these materials is associated with a band inversion at

k = 0, leading to the (1; 000) topological class. The

(1; 000) phase observed in the Bi2Se3 series differs from

the (1; 111) phase in Bi1−xSbx due to its weak topologi-

cal invariant, which has implications for the behavior of

dislocations(Ran, Zhang and Vishwanath, 2009).

Though the phase observed in the Bi2Se3 class has the

same strong topological invariant ν0 = 1 as Bi1−xSbx,

there are three crucial differences that suggest that

this series may become the reference material for fu-

ture experiments. The Bi2Se3 surface state is found

from ARPES and theory to be a nearly idealized sin-

gle Dirac cone as seen from the experimental data in

Figs. 12,13,16. Second, Bi2Se3 is stoichiometric (i.e.,

a pure compound rather than an alloy like Bi1−xSbx)

and hence can be prepared in principle at higher purity.

While the topological insulator phase is predicted to be

quite robust to disorder, many experimental probes of

the phase, including ARPES of the surface band struc-

ture, are clearer in high-purity samples. Finally, and

perhaps most important for applications, Bi2Se3 has a

large band gap of approximately 0.3 eV (3600
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we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological θ term of
the form Sθ = (θ/2π)(α/2π)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and α is the fine-structure
constant10. θ = 0 describes a conventional insulator, whereas θ =π
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the
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operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1−x alloy has been predicted
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ence observed at the surface of Bi0.92Sb0.08 exhibits and ab-
sence of elastic backscattering: (a) Spatially resolved con-
ductance maps of the (111) surface obtained at 0 mV over
a 1000Å×1000Å. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin-
ARPES measurements are shown with arrows. (c) Fourier
transform scanning tunneling spectroscopy (FT-STS) at EF .
(d) The joint density of states (JDOS) at EF . (e) The spin-
dependent scattering probability(SSP) at EF . (f) Close-up of
the JDOS, FT-STS and SSP at EF , along the Γ-M direction.
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present the results of first-principles electronic structure calculations of the layered, stoichiometric crystals Sb2Te3, Sb2Se3,
Bi2Te3 and Bi2Se3. Our calculations predict that Sb2Te3, Bi2Te3 and Bi2Se3 are topological insulators, whereas Sb2Se3 is not.
These topological insulators have robust and simple surface states consisting of a single Dirac cone at the � point. In addition,
we predict that Bi2Se3 has a topologically non-trivial energy gap of 0.3 eV, which is larger than the energy scale of room
temperature. We further present a simple and unified continuum model that captures the salient topological features of this
class of materials.

Recently, the subject of time-reversal-invariant topological
insulators has attracted great attention in condensed-matter
physics1–12. Topological insulators in two or three dimensions

have insulating energy gaps in the bulk, and gapless edge or
surface states on the sample boundary that are protected by
time-reversal symmetry. The surface states of a three-dimensional
(3D) topological insulator consist of an odd number of massless
Dirac cones, with a single Dirac cone being the simplest case.
The existence of an odd number of massless Dirac cones on the
surface is ensured by the Z2 topological invariant7–9 of the bulk.
Furthermore, owing to the Kramers theorem, no time-reversal-
invariant perturbation can open up an insulating gap at the Dirac
point on the surface. However, a topological insulator can become
fully insulating both in the bulk and on the surface if a time-
reversal-breaking perturbation is introduced on the surface. In
this case, the electromagnetic response of three-dimensional (3D)
topological insulators is described by the topological θ term of
the form Sθ = (θ/2π)(α/2π)

�
d3x dt E ·B, where E and B are

the conventional electromagnetic fields and α is the fine-structure
constant10. θ = 0 describes a conventional insulator, whereas θ =π
describes topological insulators. Such a physically measurable and
topologically non-trivial response originates from the odd number
of Dirac fermions on the surface of a topological insulator.

Soon after the theoretical prediction5, the 2D topological
insulator exhibiting the quantum spin Hall effect was experimen-
tally observed in HgTe quantum wells6. The electronic states of the
2D HgTe quantum wells are well described by a 2+1-dimensional
Dirac equation where the mass term is continuously tunable by
the thickness of the quantum well. Beyond a critical thickness,
the Dirac mass term of the 2D quantum well changes sign from
being positive to negative, and a pair of gapless helical edge states
appears inside the bulk energy gap. This microscopic mechanism
for obtaining topological insulators by inverting the bulk Dirac
gap spectrum can also be generalized to other 2D and 3D sys-
tems. The guiding principle is to search for insulators where the

1
Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China,

2
Center for

Advanced Study, Tsinghua University, Beijing 100084, China,
3
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Figure 1 | Crystal structure. a, Crystal structure of Bi2Se3 with three
primitive lattice vectors denoted as t1,2,3. A quintuple layer with

Se1–Bi1–Se2–Bi1
�
–Se1

�
is indicated by the red square. b, Top view along

the z-direction. The triangle lattice in one quintuple layer has three different
positions, denoted as A, B and C. c, Side view of the quintuple layer

structure. Along the z-direction, the stacking order of Se and Bi atomic

layers is ···–C(Se1�)–A(Se1)–B(Bi1)–C(Se2)–A(Bi1�)–B(Se1�)–C(Se1)–···.
The Se1 (Bi1) layer can be related to the Se1

�
(Bi1

�
) layer by an inversion

operation in which the Se2 atoms have the role of inversion centres.

conduction and the valence bands have the opposite parity, and
a ‘band inversion’ occurs when the strength of some parameter,
say the spin–orbit coupling (SOC), is tuned. For systems with
inversion symmetry, a method based on the parity eigenvalues of
band states at time-reversal-invariant points can be applied13. On
the basis of this analysis, the BixSb1−x alloy has been predicted
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Bi2Se3

14

Spin-ARPES

FIG. 11 Absence of backscattering: Quasiparticle interfer-
ence observed at the surface of Bi0.92Sb0.08 exhibits and ab-
sence of elastic backscattering: (a) Spatially resolved con-
ductance maps of the (111) surface obtained at 0 mV over
a 1000Å×1000Å. (b) Spin-ARPES map of the surface state
measured at the Fermi level. The spin textures from spin-
ARPES measurements are shown with arrows. (c) Fourier
transform scanning tunneling spectroscopy (FT-STS) at EF .
(d) The joint density of states (JDOS) at EF . (e) The spin-
dependent scattering probability(SSP) at EF . (f) Close-up of
the JDOS, FT-STS and SSP at EF , along the Γ-M direction.
Adapted from Hsieh, et al., 2009a; Roushan, et al., 2009.

C. Second generation materials: Bi2Se3, Bi2Te3, Sb2Te3

The surface structure of Bi1−xSbx was rather compli-

cated and the band gap was rather small. This motivated

a search for topological insulators with a larger band gap

and simpler surface spectrum. A second generation of 3D

topological insulator materials (Moore, 2009), especially

Bi2Se3, offer the potential for topologically protected be-

havior in ordinary crystals at room temperature and zero

magnetic field. In 2008, work led by the Princeton group

used ARPES and first principles calculations to study

the surface band structure of Bi2Se3 and observed the

characteristic signature of a topological insulator in the

form of a single Dirac cone (Xia, et al., 2009a). Con-

current theoretical work by Zhang, H., et al. (2009) used
electronic structure methods to show that Bi2Se3 is just

one of several new large band gap topological insulators.

Zhang, H., et al. (2009) also provided a simple tight-

binding model to capture the single Dirac cone observed

in these materials. Detailed and systematic surface inves-
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FIG. 12 Helical fermions: Spin-momentum locked helical
surface Dirac fermions are hallmark signatures of topological
insulators. (a) ARPES data for Bi2Se3 reveals surface elec-
tronic states with a single spin-polarized Dirac cone. The
Surface Fermi surface (b) exhibits a chiral left-handed spin
texture. (c) Surface electronic structure of Bi2Se3 computed
in the local density approximation. The shaded regions de-
scribe bulk states, and the red lines are surface states. (d)
Schematic of the spin polarized surface state dispersion in
Bi2X3 (1; 000) topological insulators. Adapted from Xia, et
al., 2008; Hsieh, et al., 2009b; Xia, et al., 2009b.

tigations of Bi2Se3 (Hor, et al., 2009; Hsieh, et al., 2009b;
Park, et al., 2010), Bi2Te3 (Chen, et al., 2009; Hsieh, et
al., 2009b,c; Xia, et al., 2009b) and Sb2Te3 (Hsieh, et
al., 2009c) confirmed the topological band structure of

all 3 of these materials. This also explained earlier puz-

zling observations on Bi2Te3 (Noh, et al., 2008). These

works showed that the topological insulator behavior in

these materials is associated with a band inversion at

k = 0, leading to the (1; 000) topological class. The

(1; 000) phase observed in the Bi2Se3 series differs from

the (1; 111) phase in Bi1−xSbx due to its weak topologi-

cal invariant, which has implications for the behavior of

dislocations(Ran, Zhang and Vishwanath, 2009).

Though the phase observed in the Bi2Se3 class has the

same strong topological invariant ν0 = 1 as Bi1−xSbx,

there are three crucial differences that suggest that

this series may become the reference material for fu-

ture experiments. The Bi2Se3 surface state is found

from ARPES and theory to be a nearly idealized sin-

gle Dirac cone as seen from the experimental data in

Figs. 12,13,16. Second, Bi2Se3 is stoichiometric (i.e.,

a pure compound rather than an alloy like Bi1−xSbx)

and hence can be prepared in principle at higher purity.

While the topological insulator phase is predicted to be

quite robust to disorder, many experimental probes of

the phase, including ARPES of the surface band struc-

ture, are clearer in high-purity samples. Finally, and

perhaps most important for applications, Bi2Se3 has a

large band gap of approximately 0.3 eV (3600
◦
K). This

indicates that in its high purity form Bi2Se3 can exhibit

(2009)(2007)
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ディラック・フェルミオンのように振る舞う？

光速度の約300分の１
さまざまな応用： スピントロニクス，量子情報
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基礎物理の研究舞台

レーザートラップによる光格子

多様性の中の普遍性

朝永ラッティンジャー液体

実現!!

美しい理論体系
５０年前の朝永の夢 場の理論による定式化

素粒子も物性も
境界ないでしょ。
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レーザー冷却

6×10-8 K の低温まで到達可能

量子力学的効果とドップラー効果

冷却された原子集団Rb, Na, Li, H, Ybなど

京大 高橋研

原子気体の温度を下げる
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レーザー冷却

6×10-8 K の低温まで到達可能

量子力学的効果とドップラー効果

冷却された原子集団Rb, Na, Li, H, Ybなど

理想的な量子力学系

ボーズ・アインシュタイン
凝縮(BEC)

京大 高橋研

2001年
ノーベル賞

原子気体の温度を下げる
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光格子(Optical Lattice)
円偏光

E

光の作るポテンシャル

直線偏光 直線偏光

z

X

Y
格子間距離

ポテンシャル

気体原子

光格子

◇トポロジカルな量子相

◇超流動 - 絶縁体転移

◇人工的なゲージ場（“電磁場，
　”グルーオン場””）の生成
◇１次元、２次元の相関系 などなど

   原子間相互作用や
空間次元も自在に操れる
不純物，乱れの影響ない
固体物理にはない状態

も可能

凝縮系理論
New field !
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凝縮系の理論：量子多体論の最前線

ボーズ・アインシュタイン凝縮体(BEC)

光格子での実験 (Bloch et.al. 2002)

超流動-絶縁体相転移

磁場トラップ

W

E

W 小

超流動

W 大

絶縁体
Wで制御

BEC

観測！
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冷却原子

理想的な New 研究舞台

◇光格子：　量子パラメタ、自由に操れる
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光の干渉

超伝導
金属
絶縁体

光格子

レーザー物理、統計物理、物性物理

◇人工的なゲージ場(中性原子に働く“電磁場”，
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量子状態

固体物理には
ないような
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◇中性原子のBEC

Cold atoms are very hot　!

冷却原子

凝縮系理論として
理想的な New 研究舞台

◇光格子：　量子パラメタ、自由に操れる

レーザー
光の干渉

超伝導
金属
絶縁体

光格子

レーザー物理、統計物理、物性物理

◇人工的なゲージ場(中性原子に働く“電磁場”，
 “グルーオン場”（人工QCD））の生成 エキゾチック

量子状態

固体物理には
ないような

などなど
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まとめ

強相関電子系
量子スピン系ナノ量子系

凝縮系物理学 量子論　多体物理

光格子
量子相転移

など
分野の広がり 超伝導・超流動

スライド資料 凝縮系理論ＨＰ http://cond.scphys.kyoto-u.ac.jp
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凝縮系の理論：量子多体論の最前線

まとめ

強相関電子系
量子スピン系ナノ量子系

◇豊富な実験、新奇な現象の発見

基礎物理の研究舞台

多様性、普遍性、そして創発性

凝縮系物理学 量子論　多体物理

光格子

◇量子物理、統計物理の活躍舞台
基礎物理学の手法

量子相転移
など

分野の広がり

キーワード

超伝導・超流動

スライド資料 凝縮系理論ＨＰ http://cond.scphys.kyoto-u.ac.jp

http://cond.scphys.kyoto-u.ac.jp
http://cond.scphys.kyoto-u.ac.jp


強相関電子系の世界
「量子多体論の最前線」

Thank you 
   for your attention 


