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E l e k t r o n  u n d  G r a v i t a t i o n .  I. 
Von I te rmann  Weyl  in Princeton, N. J. 

(Eingegangen am 8. ~fai 1929). 

E i n l e i t u n g .  Verh~iltnis der allgemeinen Relativit~tstheorie zu den quanten- 
theoretischen Feldgleiehungen des spinnenden Elektrons: Masse, Eichinvarianz, 
Fernparallelismus. Zu erwartende Modifikationen der D i r  acschen Theorie. - -  
I. Z w e i k o m p o n e n t e n t h e o r i e :  Die Wellenfunktion y; hat nur zwei Komponenten. 
- -  w 1. Bindung der Transformation der ~ an die Lorentztransformation des normalen 
Achsenkreuzes in der vierdimensionalen Welt. Asymmetrie yon Zukunft und Ver- 
gangenheit, von rechts und links. - -  w 2. In der allgemeinen Relativit~tstheorie 
wird die Metrik in einem Weltpunkt festgelegt durch ein normales Achsenkreuz. 
Komponenten yon Vektoren relativ zu den Achsen und den Koordinaten. Kovariante 
Differentiation yon y~. - -  w 3. Allgemein invariante Fassung der D i r a c s c h e n  
WirkungsgrSl]e, welche fiir das Wcllenfeld der Materie eharakteristiseh ist. - -  
w 4. Die differentiellen Erhaltungss~tze yon Energie und Impuls und die Symmetric 
des Impulstensors folffen aus der doppelten Invarianz: 1. gegen~iber Koordinaten- 
transformation, 2. gegeniiber Drehungcn des Achsenkreuzes. hnpuls und Impuls- 
moment der Materie. - -  w 5. E in  st e ins  klassische Gravitationstheorie in der neuen 
analytischen Formulierung. Gravitationsenergie. - -  w 6. Das elektromagnetische 
Feld. Aus der Unbestimmtheit des Eichfaktors in ~ ergibt sich die Notwendigkeit 
der Einffihrung der elektromagnetisehea Potentiale. Eichinvarianz and Erhaltung 
der Elektrizit~t. Das Raumintegral der Ladung. Einfiihrung tier Masse. Diskussion 
und Zuriickweisung einer anderen ~15glichkeit, in wefcher die Elektrizit~t nicht 

als Begleitph~nomen der Materie, sondern tier Gravitation erscheint. 

E i n l e i t u n g .  

I n  dieser  A r b e i t  en twick le  ich in ausgeIi ihr ter  F o r m  elne Gravi ta t ion ,  
E lek t r i z i t~ t  und Mater ie  umfassende Theorie ,  yon der  eine kurze  Skizze 
in den Proc.  Nat.  Acad., Apr i l  1929, ersehienen ist. Es  i s t  von  ver-  
schledenen Autoren  der  Zusammenhang der E i n s t e i n s c h e n  Theor ie  des 
Fernpara l le l i smus  mi t  der Splntheor le  des E lek t rons  bemerk t  w o r d e n * .  
Tro tz  gewisser  ~ormaler (~bereinst immungen un te rsche ide t  sich main Ansa tz  
in rad ika le r  Weise  dadurch, da~ ieh den Fernpara l l e l l smus  ablehne und 
an E i n s t e i n s  klassiseher  Rela~ivi t~ts theor ie  der  G r a v i t a t i o n  festhalte.  

Um zweier  Grfinde wi l len  ve r sp r i ch t  die A d a p t i o n  d e r  P a u l i -  
D i r a c s c h e n  T h e o r i e  d e s  s p i n n e n d e n  E l e k t r o n s  a n  d i e  a l l g e m e i n e  
R e l a t i v i t ~ t  zu phys ika l i sch  f ruchtbaren  Ergebnissen  zu fiihren. 1. Die  
D i r a e s e h e  Theor ie ,  in welcher  das Wel l en fe ld  des E lek t rons  dutch ein 
Po ten t i a l  ~ mi t  v ie r  Komponenten  beschrieben wird,  g ib t  doppel t  zu v i e l  
E n e r g i e n i v e a u s ;  man sol l te  darum, ohne die re la t iv i s t i sehe  Inva r i anz  
preiszugeben,  zu den zwei  Komponen ten  der  P a u l i s c h e n  Theor ie  zuriiek- 

* E. W i g n e r ,  ZS. f. Phys. 5~, 592, 1929; u. a. 
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Neben der bier besproehenen Theorie des elektromagnetisehen Feldes, 
die ieh fiir die riehtige halte, weil sie so natiirlieh aus der Willkiirlichkeit 
des Eiehfaktors in ~ entspringt and darum die erlahrungsgema~ be- 
stehende Eichinvarianz in Zusammenhang mit dem Erhaltungssatz fiir die 
Elektrizitat verstehen lai]t, bietet sieh noeh eine andere dar, welehe die 
Elektrizitat mit der Gravitation verkniipit. Das Glied (26) hat die 
gleiehe Form wie der zweite Tell yon m, Formel (17); ~ (c~) spielt in 
diesem die gleiehe Rolle wie f (~) in ienem. Man mag daher erwarten, 
dal] Materie und Gravitation, ~ und eP (cr flit sieh sehon ausreichen, die 
elektromagnetischen Erseheinungen zu erklfiren, indem man die GrSi3en 
~(a )  als die elektromagne~ischen Potentiale anspricht. Jene Grii~en 
h~ngen so yon den ep (~) und ihren ersten Ableitungen ab, daft Invarianz 
statt[indet gegeniiber beliebigen Koordinatentrans[ormationen. Was aber 
die Drehungen der Aehsenkreuze anlangt, so ~ransformieren sich die r (~) 
nur dann wie die Komponenten eines festen Vektors im Aehsenkreuz, wenn 
die Achsenkreuze in allen Punkten d e r s e 1 b e n Drehung unterwoffen werden, 
Ignoriert man das Materiefeld und aehtet nur au~ den Zusammenhang 
yon Elektrizitat und Gravitation, so kommt man also auf eine Theorie der 
Elektrizitat genau yon der gleichen Art, wie sie E i n s t e i n  neuerdings 
versueht hat. Immerhin ware bier der Fernparallelismus nur vorgetauseht. 

Ieh babe reich iiberzeugt, da~ man durch diesen vielleicht zunaehst 
ver]ockenden Ansatz nieht zu den Maxwel l schen  Gleichungen gelangt. 
Ferner bliebe die Eichinvarianz ganz r~tselhalt; das elektromagnetisehe 
Potential selbst und nicht bloI3 die Feldstarke hatte physikalisehe Be- 
deutung. Darum glaube ich, da~ diese Idee au[ einen Holzweg fiihrt, 
dal~ wir vielmehr dem Fingerzeig zu trauen haben, den uns die Eieh- 
invarianz gab: die E l e k t r i z i t a t  ein B e g l e i t p h a n o m e n  des m a t e -  
r i e l l e n  W e l l e n f e l d e s  und n i c h t  der  G r a v i t a t i o n .  

Palmer Physical Laboratory, Princeton University, 19. April 1929~ 

H. Weyl,  Z. Phys. 56, 330–352 (1929). 

H. Weyl had a Princeton address in his 1929 Weyl fermion paper! 

He was at the Institute for Adv. Studies (IAS) from 1933 to 1954 



Theory: Weyl (1929), Volovik (1987, 2015); von Neumann & Wigner (1929) 

Weyl Fermions and Quantum Topology 

M.Z. Hasan (Princeton) talk at KITP  



Volovik, Phys. Scr. (2015) 

Weyl Fermions and Quantum Topology 

M.Z. Hasan (Princeton) talk at KITP  



Science (2015); 16th July 

16th July, 2015 



Fermi arc (“fractional” Fermi surfaces) in topological systems 

double Weyl node  à 



Princeton ARPES team 
 

+ more … 

Suyang Xu Ilya Belopolski Nasser Alidoust 

Madhab Neupane Guang Bian 
Hao Zheng 



         Physics/Experiments/ARPES Team at Princeton 
 

           SuYang Xu, Chang Liu, N. Alidoust, M. Neupane, Ilya Belopolski  
          Pavel Shibayev, Daksh Sharma, MZH (Princeton) 
            (previously) D.Hsieh (CalTech), D.Qian (Shanghai), L.A.Wray (LBNL) 
 
 

         Sample chemistry/MBE Collaborations 
         Solid-State: S. Jia, Y. Hor, R.J. Cava (PU Chemistry) F.C. Chou (Taiwan) 
          MBE films: D. Zhang, A. Richardella, Nitin Samarth (PennState) 
          MBE/SolidState: Yong Chen et al (Purdue);  
          MBE: M. Brahlek, Bansal, S.-H. Oh (Rutgers) 
          SSS: Morosan (Rice); TKI samples : Z. Fisk 
          Transport: J. Xiong, N.P. Ong (Princeton), L. Balicas (Florida) 
 
          National Lab Beamline Support+Collaborators 
         H.K. Mo, A. Wray, Z. Hussain, A. Fedorov et.al., (LBNL/ALS-Berkeley) 
          G. Landolt; B. Slomski; J.H. Dil, J. Osterwalder et.al., (SLS/COPHEE) 
          M. Leandersson; T. Balasubramanian; A. Preobrajenski (MaxIII)  
          M. Hashimoto, D.H. Lu et.al., (SSRL/Stanford) 
          E. Vescovo (NSLS); Tomasz Durakiewicz (Los Alamos) 
          S. Barriga; D. Marchenko; A. Varykhalov; O. Rader (BESSY);  
          T. Kondo, S. Shin (ISSP and Univ. of Tokyo) 
                   
                              

 
 
 
 
 
 
 
 
 
 
 

 

MBE samples: D. Zhang, N. Samarth (PennState) 
also Y. Chen et.al., (Purdue) 
MBE Interface/Heterostructures : S. Oh  
Bulk Crystals & Chemistry: S. Jia, R.J. Cava (PU-Chem) 
 
Numerics/DFT: H.Lin, A. Bansil (Northeastern) 

 



Lets focus on (band) INSULATORS first  

2D 

2D 

3D TI is a NEW topological state 
first NON-quantHall-like topological matter!  

3D 



Phase Diagram of Topological Matter and Experimental Realizations  

November 2014 
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Topo Insulators 

νο = ΘΜΕ/π 
Θ=π (odd) 

 
Topological “order parameters!” 
 {ν0, ν1 ν2 ν3 } 

Chern no. 
(D. Thouless et.al., M. Berry) 

 
(Bulk-Boundary Correspondence) 



Lets look at transport first 

 
Bulk insulating (intrinsic) Topological insulators exist. 
 
Latest paper : Xu et.al, Nature Physics (2014) 



QHE for a  3D Topo.Insulator : Bi(Sb/Te)Se2
Purdue & Princeton 
(Xu et.al, Hasan & Chen)
Magnet Lab in Florida

Nature Physics (2014)

TI = 2 surf’s(Top + Bot.) of Dirac gas
LL = (nt+1/2)+(nb+1/2)=nt+nb+1

Transport 

only Integer QHE ! 



Yes! 
 
Bulk insulating (intrinsic) 
Topological insulators exist. 
 
Latest paper : Xu et.al, Nature Physics (2014) 



Since the bulk is intrinsically insulating in these topo.insulators, it is possible to  
observe topo. surface state transport in the form of QHE (since QHE is only possible  
with 2D electron syst. like 2DEG or 2D surface states). 
 
BUT by looking at the transport data alone one cannot tell if topo. Insulators are  
a new states of matter (?) since transport (QHE) do not couple to the Z2 invariants  
directly. 
 
Measurements of Z2 invariants were done (first) by  SPECTROSCOPIES 
Thus it is ARPES that provided the first proof of Z2 topology of insulators 
introduced by Kane & Mele. 
 



Topo. Insulator 

Topo. Superconductors 
Helical Pairing 

 Weyl Semimetals 
Topological Fermi Arcs 

Majorana Weyl Fermion 



 
 
1.  Surface States exist and locate inside the bandgap 
     and ½ metallic throughout (Nature’08, submit. 2007) 

2.  Spin - Momentum Locking (Spin-Texture, Berry’s phase)  
     (Nature’09,  Science’09) 

3.  Topo Phase transition (BI to TI) via spin-orbit tuning 
(Science’10-11) 

 
4.   Robust up to room temperature (Nature’09) 

5.  Absence of backscatt. by Spin-Texture (Nature’09)  
 
           
M.Z.H. & CL Kane, Rev. Mod. Phys.  82, 3045 (2010) 

Topological Insulators 
A New Form of Quantum Matter 



Experiments on Topo.Insulators (3D) 

S.-Y. Xu et.al., 2011 
Science ’11, arXiv’11 

Topo. Q. Phase Transition 

Superconductivity 

Hor et.al., PRL 2010 
Wray et.al., Nphy’10 
Ando et.al, PRL ‘11 

Magnetic TI 

Xia et.al, arXiv. 2008 
Wray et.al., Nat.Ph’10 
Chen et.al, Science ‘10 

Bi2X3 

Xia et.al, 2008 (arXiv’08, KITP 08)  
Xia et.al, 2009 (Nature Phys.) and 
Hsieh et.al., Nature 2009 
Chen et.al, Sci ’09, Zhang et. NatP ‘09  

 
Hsieh et.al., NATURE 08 (sub. 2007) 

Hsieh et.al., SCIENCE 09  
Roushan et.al., NATURE 09 

 
 
 

STM Landau quantization 
  Xue et.al., PRL 2010 

Analytis et.al, NatPhys ’10 
Xiong et.al., arXiv’11 

Quantum Hall effect 

Bi-Sb 

 500+  
Papers on Bi-based TIs 

Topo. Kondo Insulators 

QAHE 



V. Mourik et al., Science 336, 1003 (2012). Delft group 
L. Rokhinson et al., Nature Phys. (2012). Purdue group 
Das et al., Nature Phys. 8, 887 (2012). Israel group 
…….more on nanowires… 
S. Nadj-Perge et al., Science 346, 602 (2014) STM   
 
These are analogs of Quantum Hall fluids (T-breaking, chiral)  
 
 
How about the Z2 Topo. Insulators (Helical) 
 
Goals:  Not just ZBP but observe: 
1.  Helical Cooper Pairing 
2.  Topo. SC gap 
3.  Order parameter (p + ip) 
 
 

T-breaking topo. Superconductors 



Slide from C. Kane 

Majorana Platform 



 Helical pairing,  
(Singlet+Triplet) 

ky 

kx 

e- 

e- 

+k 

-k 

 Helical SC, 
Odd number of Helical pairing 

Helical SC

MF

MF

E

k

MF

Topo. Superconductors 

Topo. SF/SC:  Volovik;  Kitaev, Moore-Read; Roy;  Sato;  Fu-Kane, many others   

Topo.SC/SF :  He3(B) 

Fu-Kane 



       2D                                                  3D  

1 QL 7 QL 

3D to 2D Topo. Insulators : Bi2(Se/Te)3 

Neupane et.al., 
Samarth & MZH 
Nature Commun. 
’13 (arXiv) 
 
Work by 
Xue & Jia groups 
’12 (w/out  Spin) 

Spin changes 
as one 2D -> 3D 
3D ! 2D (BULK) 

MBE growth 



s	
  wave	
  supercond	
  

Topological	
  insulator	
  (Bi2Se3)	
  Spin-ARPES Observation of  
Proximity effect 
SC/Bi2Se3  Interface ? 

Make a Topological Superconductor: Superconducting Heterostructures 
 
Guiding principle : spin-texture evolution 
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Data Images: http://physics.princeton.edu/zahidhasangroup/ 



ObservaAon/demonstraAon	
  of	
  	
  	
  
SC	
  in	
  the	
  topo.	
  Dirac	
  SSs	
  (Bi2Se3/NbSe2)	
  

S.-Y. Xu, C. Liu et al., Nature Phys. 10, 943 (2014). 



S.-Y. Xu, C. Liu et al., Nature Phys. 10, 943 (2014). 

Topo.	
  Supercond.	
  Gap	
  ~	
  1.5	
  meV	
  	
  (large!)	
  



ObservaAon	
  of	
  	
  SC	
  in	
  the	
  Dirac	
  SSs	
  =	
  
Helical	
  TSC	
  



SC	
  gap	
  fiUng	
  
Surafce	
  	
  px±ipy	
  ;	
  Bulk	
  band:	
  	
  s-­‐wave	
  

	
  	
  

BCS s-wave px±ipy 

Surface state gap fitting 

Bulk 

SSs 
Surface vs bulk gap fitting 



2D Topo. Superconductor 

S. Xu, C. Liu et.al., (MZH) Nature Phys (2014) 

ARPES         MBE Growth 
Feedback Loop! 



Samples can be driven near a Critical Point ���
(Emergent SuperSymmetry in theory) ���

                          see prediction by Grover, Vishwanath et.al., Science’14 

ARPES         Growth 
Feedback Loop! 

S. Xu, et.al., (MZH) Nature Phys (2014) 



Search for TRI Topo. Superconductors .. 

Centrosymmetric 
Cux(Bi2Se3)   3.8K 
Pdx(Bi2Te3)   4.0K 
TlBiTe2   0.1K 
Non-Centrosymmetric 
LaPtBi            0.3K 
Li2Pt3B  3.0K 
CePt3Si  0.7K 
More.. 

  

Engineering the Proximity effect 

Natural Superconductor 
(Majorana bound on the surface) 

2D Topo. Superconductor  
by imaging of Helical Cooper Pairing  



Fermi arc (“fractional” Fermi surfaces) in topological systems 

double Weyl node  à 





Weyl	
  fermion	
  in	
  THEORY	
  
H. Weyl (1929)  at Princeton IAS (1933-55) 
particle physics (Pauli, Yang-Lee, A. Salam..) 
 
Weyl Fermions in Crystals/SSP (1937-): 
C. Herring (1937),  
Abrikosov & Belyavosky (1971) 
Nielsen-Ninomiya (1983) 
Volovik (1998) 
  Murakami (2007),…more… 
Wan, Turner, Vishwanath, Savrasov 2011 PRB 
Y. Ran’s group (boston) 2011 PRB 
Iridate – spc. magnetic order etc. 
Burkov, Balents et.al., 2011 PRL 
TI/NI multilayers – fine tuning, magnetic order 
 
Many more proposals on magnetic compounds 
also TI compounds by many groups  
Including  my group ! 
Singh et.al. (Lin, Hasan & Bansil), PRB 2012 
 
 

Image: L. Balents, Physics (2011) 

Solid State quasiparticle Weyl 



Weyl	
  fermions	
  

4×4

Weyl equation
2×2
m

 =
 0

H.Weyl 1929

The chiral anomaly:
neutral pion decay

Weyl semimetals: 
1.  Provide the first ever realization of Weyl fermions in all physics 
2.  Extend the classification of topological phases of matter beyond insulators 
3.  Host Fermi arc surface states 
4.  Realize the condensed matter chiral anomaly 
5.  Many more exotic phenomena (both surf. & bulk!!!) 



Subm. last year (November 2014) 



Can metals be topological ? 
bulk Gapless  but  topological 

  
 

Fermi arc metals 
(iridates and other candidates)  



 

Topological Phase Transition 
 M.Z.H. & CL Kane, Rev. Mod. Phys.  82, 3045 (2010) 



Imaging a Topo. Insulator being born  
out of a Bloch Insulator as SOC is tuned 

S.Y. Xu, Y. Xia, L. Wray et.al., (MZH) SCIENCE ’11                                                 



Fermi Arc SSs: Topo. Dirac semimetal���
Bi-based (SOI) materials again

Bi(Na1-xKx)3 

S. Xu et.al., (MZH) Science (2014) Adv.OnLine 



Fermi surface = 2 surface arcs + bulk Dirac nodes

S. Xu et.al., (MZH) Science (2015) 



Phase Diagram of Topological Matter and Experimental Relaizations  

FP/Theory:   
Huang, Xu, Belopolski et.al., (Lin & MZH)  Nature Commun. 2015 



24	
  Weyl	
  nodes	
  in	
  the	
  bulk	
  of	
  TaAs	
  
FIGURES from  
Huang, Xu, Belopolski et.al., (Lin & MZH)  Nature Commun. 2015 



ARPES-­‐1:	
  Surface	
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ARPES Calculation 

Y

X



ARPES-­‐1:	
  Surface	
  Fermi	
  arcs	
  



ARPES-­‐1:	
  Weyl	
  Fermi	
  arcs	
  
Co-­‐propagaAng	
  



ARPES	
  on	
  Weyl	
  Semimetal	
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(Bulk sensitive) 

Low Photon Energy 
(surface sensitive) 



ARPES-­‐2:	
  Bulk	
  Weyl	
  fermions	
  



ARPES-­‐2:	
  Bulk	
  Weyl	
  fermions	
  
Away	
  from	
  Kramers	
  points	
  or	
  rotaAonal	
  axes!	
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FP-Theory:Huang, Xu, Belopolski, Lin et. (MZH), Nature Commun. 2015 (subm 2014) 
ARPES Expts & Theory: Hasan, Xu, Guang in  Proc. of Nobel Sympos. 2014 (2015) 
FP-Theory: Bernevig, Weng, Dai et.al.,                      Phys Rev. X  2015 (subm. 2015) 
ARPES Expts: Xu, Belopolski et.al., (MZH)       Science (July) 2015 (subm. Feb 2015) 
           

Weyl  
Fermions 

Fermi 
Arcs 

Monopole 
- Anti MP Weyl 

Semimetals 

Weyl Fermion semimetals and Topological Fermi arcs 



(NbAs) 

S.-Y. Xu et al., arXiv:1504.01350 (2015)  



Science (2015); 16th July 

July 16th, 2015 

August, 2015 





Topo.Insulator à

Topo. Superconductors

Topo. Phase Transition -> 
WEYL Semimetals

Conclusions & Outlook: 

Helical Cooper Pairing 

Weyl Fermion  
Semimetals & Fermi arcs 

Future: New topo. supercond’s, Weyl fermion materials, Line-node topo. semimetals… 
Topological quantum phase transitions,  phase diagrams, novel excitations 



Thanks ! 



Nature ’08 (sub. in 2007) 
Science ‘09 
Nature Phys.‘09 
Nature ‘09 
PhyRevLett ‘09 
Nature ‘09 
Nature Phys. ‘10 
PhyRevLett. ‘10 
Nature Mat. ‘10 
 

RevModPhys. ’10 
AnnRevCMP. ‘11 
 

Nature Phys. ‘11 
PhyRevLett.’12 
Nature Comm.’12 
Science ‘11 
Nature Phys.’12 
Nature Comm.’13 
Science ‘13 
Nature Comm.’14a 
Nature Comm.’14b 
Nature Comm.’14c 
Nature Phys’ 14  
Nature Phys’ 14  
Science 2015 
 
 
 

 MZH, Xu, Neupane  Topo Insulators, Topo Cryst. Insulators & Topo Kondo Insulators, arXiv(2014) 
 MZH, Xia, Hsieh, Wray et.al.,     (Book ch.)  Topological Insulators,  Elsevier/Oxford (2013)  
 
               
                                            MZH  and  C.L. Kane       Rev. of Mod. Phys., (RMP) 82, 3045 (2010)  
                                            MZH  and   J.E. Moore     Ann. Rev. of Cond. Mat. Phy., 2, 78 (2011)  

Topological Condensed Matter Physics 



 
 
1.  Surface States exist and locate inside the bandgap 
     and ½ metallic throughout (Nature’08, submit. 2007) 

2.  Spin - Momentum Locking (Spin-Texture, Berry’s phase)  
     (Nature’09,  Science’09) 

3.  Topo Phase transition (BI to TI) via spin-orbit tuning 
(Science’10-11) 

 
4.   Robust up to room temperature (Nature’09) 

5.  Absence of backscatt. by Spin-Texture (Nature’09)  
 
           
M.Z.H. & CL Kane, Rev. Mod. Phys.  82, 3045 (2010) 

Topological Insulators 
A New Form of Quantum Matter 



First five experimental papers on 3DTI (Topological Insulators) 
 
A topological Dirac insulator in a quantum spin Hall phase [Princeton] 
Nature 452, 970 (2008); D.Hsieh, D.Qian, Y.Xia et.al., [April, '08] Submt.(2007)  
 
Observation of Unconventional Quantum Spin Textures in Topological Insulators 
Science 323, 919 (2009); D.Hsieh, Y.Xia, L.A.Wray et al., [February, '09] Submt.(2008)  
 
Observation of a large-gap topological-insulator class with a single Dirac cone  
on the surface 
Nature Physics 5, 398 (2009); [Princeton] 
Y.Xia, D.Qian, L.A.Wray, D.Hsieh et al., [May '09] Sub. (2008) and extended version at  
           A tunable topological insulator in the spin helical Dirac transport regime 
          Nature 460, 1101 (2009); D.Hsieh, Y.Xia, D.Qian et.al., Submt.(2009) [Princeton] 
 
p-type Bi2Se3 for topological insulator and low-temperature thermoelectric  
applications.; Phys.Rev.B 79, 195208 (2009);  
Y.Hor, A.Richardella, Y.Xia, D.Hsieh et.al., [May '09] Submt.(2009) [Princeton] 
 
Experimental Realization of a Three-Dimensional Topological Insulator. Bi2Te3  
Science 325,178 (2009); Y.L.Chen, J.Analytis,.. S.-C. Zhang et al., [Stanford]  
[June '09] Submt.(Mar. 2009)   
 

See SCZ talk at this session. 



Distribution of experimental works in topo. Insulators (2007-2011) 

3D 2D 



QHE for a  3D Topo.Insulator : Bi(Sb/Te)Se2
Purdue & Princeton 
(Xu et.al, Hasan & Chen)
Magnet Lab in Florida

Nature Physics (2014)

TI = 2 surf’s(Top + Bot.) of Dirac gas
LL = (nt+1/2)+(nb+1/2)=nt+nb+1

Transport 

only Integer QHE ! 



(SPT) Topological Insulators 

QSH edge States (1D) by TRS 

{ν
ο
 } (Chern Parity invariants) Z2 

Protected	
  Surface	
  States	
  :New	
  2DEG	
  
3D Topological Insulators 

Konig et. Science (2007)[Subm. 2007, June] 

Hsieh et. Nature (2008) [Subm. 2007, Nov] 
2D Topological Insulators 

But no spin measurement 
was reported in 2007 
as noted by the authors 



Yes! 
 
Bulk insulating (intrinsic) 
Topological insulators exist. 
 
Latest paper : Xu et.al, Nature Physics (2014) 



Experiments on Topo.Insulators (3D) 

S.-Y. Xu et.al., 2011 
Science ’11, arXiv’11 

Topo. Q. Phase Transition 

Superconductivity 

Hor et.al., PRL 2010 
Wray et.al., Nphy’10 
Ando et.al, PRL ‘11 

Magnetic TI 

Xia et.al, arXiv. 2008 
Wray et.al., Nat.Ph’10 
Chen et.al, Science ‘10 

Bi2X3 

Xia et.al, 2008 (arXiv’08, KITP 08)  
Xia et.al, 2009 (Nature Phys.) and 
Hsieh et.al., Nature 2009 
Chen et.al, Sci ’09, Zhang et. NatP ‘09  

 
Hsieh et.al., NATURE 08 (sub. 2007) 

Hsieh et.al., SCIENCE 09  
Roushan et.al., NATURE 09 

 
 
 

STM Landau quantization 
  Xue et.al., PRL 2010 

Analytis et.al, NatPhys ’10 
Xiong et.al., arXiv’11 

Quantum Hall effect 

Bi-Sb 

 500+  
Papers on Bi-based TIs 

Topo. Kondo Insulators 

QAHE 
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  Z.	
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Nature	
  Commun.	
  6:7373	
  (2015)	
  (submiled	
  Nov.	
  2014)	
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  of	
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  Weyl	
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  ;	
  S.-­‐Y.	
  Xu,	
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Science	
  349,	
  613	
  (2015)	
  
	
  

Discovery	
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  Fermion	
  state	
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  Xu,	
  N.	
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  Belopolski,	
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  A.	
  Kaminski,	
  H.	
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Nature	
  Physics	
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Experimental	
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  of	
  a	
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  ;	
  S.-­‐Y.	
  Xu,	
  I.	
  Belopolski,	
  D.	
  S.	
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  Lee,	
  H.	
  Lu,	
  S.-­‐M.	
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