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Topological	  Phases	  Theory:	  

	  Thouless	  et.al.,	  PRL	  1982;	  Laughlin,	  PRL	  1983	  
	  Haldane,	  PRL	  1983	  (SPT)	  &	  Haldane,	  PRL	  1988	  (QAHE)	  
	  Kane,	  Mele;	  PRL	  2005,	  Kane,	  Mele,	  Fu;	  PRL	  05	  -‐>	  PRL	  07	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  and	  many	  others….	  
Experiments	  :	  

2D	  :	  	  von	  Klitzing	  et.al.,	  PRL	  1980	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Int.	  QHE	  
	  	  	  	  	  	  	  	  	  Tsui	  et.al.,	  PRL	  1982	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Frq.	  QHE	  
	  	  	  	  	  	  	  	  	  Konig	  et.al,	  (Molenkamp)	  Sci’	  2007	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Spin	  QHE	  
	  	  	  	  	  	  	  	  	  Chang	  et.al.,	  (Q.Xue)	  Science	  2013	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Anom	  QHE	  
3D:	  	  	  Hsieh	  et.,	  (MZH)	  KITP’2007,	  Nature	  2008	  	  	  	  	  	  	  TSS,	  TI	  (3D-‐TI)	  
	  	  	  	  	  	  	  	  	  Xu	  et.al.,	  (MZH)	  Science’15,	  Science	  2015	  	  	  	  	  FermiArc,	  Weyl	  
	  	  	  	  	  	  	  	  	  and	  others…	  

+ Superconductivity 



ARPES team on Topo. Fermions (Weyl, Dirac, TNL) 
 

Su-Yang Xu 

Ilya Belopolski Nasser Alidoust 

Madhab Neupane Guang Bian 

Hao Zheng 

Weyl-Semimetals + Superconductivity TNL-Semimetals Dirac-Semimetals 

                              
S. Xu, G. Bian, M. Neupane, I. Belopolski, N. Alidoust, H. Zheng C. Liu, D. Sanchez 

            (previously) D.Hsieh (CalTech), L.A.Wray (SLAC/NYU), D.Qian (Shanghai) 
Samples: R. Sanker (India), C. Zhang, Shuang Jia (Peking),  F.C Chou (Taiwan) 
FP/DFT: G. Bian, S. Xu, I. Belopolski, MZH + A. Bansil (NEU), S. Huang, H. Lin (NUS)  



Topo Insulators 
Hedgehog Magnet Topo. Supercond. 

Insulators Magnets Superconductors 

Fermi-Arc Metal 

Metals/Semimetals 

Kondo Insulators 



Non-trivial insulators 

2D 

2D 

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

3D 

σxy = ne2/h 

1 
Invariant 

1 
Invariant 

4 
Invariant 

Haldane + spin-orbit  



σxy = ne2/h 
Transport 

Spin-sensitive 
Momentum-resolved 

Edge  vs.  Bulk 

? 
No	  quanFzed	  transport	  

via	  :	        {νi} 

QHE phases (2D) 

How	  to	  experimentally	  “measure”	  the	  	  
topological	  quantum	  numbers	  (νi)	  ?	  
4	  TQNs	  à	  15+1	  dis\nct	  insulators	  

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) 



500 



Helical Dirac fermions 

+K 
-K 

+K -K 

Hsieh, Qian, Wray et.al., (MZH)  Nature’08, Science’09, Nature’09 

One-to-One Spin-LinearMomentum Locking 

Berry’s phase  θ = π 
Invariant = θ/π =  1 



µ
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Helical Dirac fermions 



Spin-ARPES ! 

Calculations 



 
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 ! 

ARPES+Transport 



(SPT or Z2) Topo.Order at Room Temperature 
QH-like topological effect at 300K, No magnetic field 

Protected	  Surface	  States	  	  (New	  2DEG)	  

Hsieh, Qian, Wray, Xia  et.al., Nature’08, Science’09, Nature’09 



       2D                                                  3D  

1 QL 7 QL 

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

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

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

MBE growth 



 
 
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 
(Nature Physics, Science’10-11) 

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

5.  Absence of backscatt. by Spin-Texture (Nature’09)  
 
           
       

Gapped topological states: 
Topological Insulators 

 
 

 methodology to probe topo.matter…….. 

Th+Expts:       MZH & Kane,  Rev. Mod. Phys.  82, 3045 (2010) 



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 



	  

      Topo Insulators beyond Z2 or TRI  
 
                  TR invariance  " !  SG symmetry (TCI) 
 
 

 
 
 
 
 

PbSnTe and theory :     Fu-Kane ‘07;  Fu ‘11, Lin-Bansil-Fu et.al., ‘12 
PbSnTe 

Mirror Chern no. measured in Bi-Sb;  
Hsieh, Xia, et.al., (Kane & Hasan) SCIENCE’ 09 



2D Topo. (Helical) Superconductor 

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

ARPES         MBE Growth 
Feedback Loop 

More Gapped topological states: 



Slide from C. Kane 

Majorana Platform 



SC	  gap	  fiang	  
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 



MBE-STM (+ HR ARPES) 
Under construction	

 
 



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) 



Can gapless systs be topological? 
bulk Gapless  but  protected surface sates 

 
 

3+1 D 
 
 



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                                                 

Se rich 
(High-Z) 

S rich 
(Low-Z) 



first Solid-State Weyl 

Topological classification 
(Volovik, Wan et.al., others… 

Weyl (1929), Herring (1937), Nielsen-Ninomiya (1980s), Volovik (1987, 2003);  

Weyl Fermions and Topo. Invariants 



Weyl (1929), Herring (1937), Nielsen-Ninomiya (1980s), Volovik (1987, 2003);  

Weyl Fermions and Topo. Invariants 

All 3 Pauli Matrices  
are used up in 3D 
So gap opening is  

not possible 



Weyl	  fermion	  in	  materials	  
…    in Crystals/SSP (1937-): 
C. Herring (1937) [Princeton Univ.] 
Abrikosov & Benelyavsky (1971) 
Nielsen-Ninomiya (1983) 
Volovik (2003)  
 
Murakami (2007), Topo. Insulator connection… 
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 
Fang, Dai (also magnetic Hg-Cr-Se) 2012 
Many more proposals on magnetic compounds 
by many groups but all T-breaking  
But  
no expt’l realization of these predictions 
 
Early on I was interested in I-breaking Weyl 
Singh et.al. (Lin, MZH & Bansil), PRB 2012 
 
 

        Image: Burkov & Balents (2011) 

Solid State quasiparticle Weyl 



Wray:                           to magnetize the Dirac critical point 
Neupane & Sankar:                to magnetize Bi-Sb, Cd-As 
Suyang Xu & Ilya:   to search in the database to find I-broken materials  
 

Xu et.al., Science (2011) 





Searching for compounds



Challenges in finding an I-breaking Weyl semimetal 

•  >1000 I-breaking compounds entries (based on crystallographic library). 

•  So many compounds have negative MR, transport does not help!! 

•  Weyl nodes at arbitrary k points 

•  Where is the Fermi level ? 

•  What is the cleaved surface potential? 

•  How to separate surface and bulk? 

Calculation/Prediction can  NOT tell us that it will work 

Experimentally! So many people predicted so many Weyl compounds 
32	  



Searching for compounds
Conducted by  
Suyang Xu 
& Ilya Belopolski 
 
 
We found the  
TaAs, Ta3S2, 
Ta-Se-I class 



Ta3S2 – Topo. Weyl to Insulator Transition 
 

 

~ 4 % 

G. Chang*, S.-Y. Xu* et al. http://arxiv.org/abs/1512.08781 (2015) 

34	  





Some examples of Weyl materials candidates : 

 

SrSi2: Huang, S.-Y. Xu, Belopolski et al. PNAS 113, 1180 (2015)  

(Quadratic double Weyl) 

Ta3S2: Chang, Xu, Belopolski et.al., http://arxiv.org/abs/1512.08781 (2015)  

(Type II Weyl) 

Co2TiX (X=Si, Ge, and Sn):  

Chang, Xu, Belopolski et.al, http://arxiv.org/abs/1603.01255 (Magnetic Weyl) 

MoxW1-xTe/Se2: Chang, Xu, Belopolski et.al., Nature Commun. 7, 10639 (2016) 

More theoretical predictions forthcoming from our group.. 

 



TaAs FP: Huang, S. Xu,(Lin & MZH)  Nat. Commun. 2015 (subm. Nov 2014)

Searching for inversion-symm. breaking WSM

            See also: FP: Weng et al., (Fang, IOP group) PRX 2015 (subm. Jan 2015)

SrSi2 FP/Theory (quadratic Weyl!): Huang, S. (subm. 2015)

Ta = 5d36s2

As = 4s24p3

Similar cases: ZrTe, Ag2Se
Zr = 4d25s2

Te = 5s25p4
Ag = 4d105s1

Se = 4s24p4
(November 2014) 



November 2014 Materials algorithm for finding Weyl 



24	  Weyl	  nodes	  in	  the	  bulk	  of	  TaAs,	  NbAs	  

Theory FIGURES from  
S. Huang, Suyang Xu, Belopolski et.al.,  Nature Commun. 2015 



Surf. Potential 1 Surf. Potential 2 Surf. Potential 3 

Ta 5s 5d,  As 4s, 4p 

As 
Ta 
As 
Ta 
As 
Ta 

…
 

As 
Ta 



ARPES-‐1(low	  photon	  energies)	  

ARPES Calculation 

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



ARPES-‐1:	  Surface	  states	  

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



ARPES-‐1:	  Weyl	  Fermi	  surafces	  
Co-‐propaga\ng	  

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
  



Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



ARPES-‐2:	  Bulk	  fermions	  

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



ARPES: Surface vs. Bulk
hv = 650 eV

Γ

X

Y

M

hv = 90 eV

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  

High Photon Energy 
(Bulk sensitive) 

Low Photon Energy 
(surface sensitive) 



ARPES-‐2:	  Bulk	  Weyl	  fermions	  
Away	  from	  Kramers	  points	  or	  rota\onal	  axes	  

Weyl Fermion nodes 

-0.1            0.0             0.1
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k y
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Low

High

e

0

0.2

0.4

E B
 (e

V
)

k// (π/c)
-0.2              0.0             0.2

W2 Weyl fermions

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



                                                             “Half” Fermions                           



Spin polarization in TaAs ���
> 80%

Measured spin texture

0.4            0.2            0.0

Px
0.8

0.4

0.0

-0.4

-0.8

EB (eV)

Sp
in
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at
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n

0.4            0.2            0.0

Pz

EB (eV)

•  Singly degenerate
•  Spin pol. > 80%
•  Pz = 0 (C2T)

S.-Y. Xu et al., http://arxiv.org/abs/1510.08430 (2015) 



First STM images on Weyl���
atomic resolution view of the surface

H. Zheng, S.-Y. Xu, et al., (MZH) (2015) 
ACS Nano 



Weyl  
Fermions 

Fermi 
Arcs 

K-space: 
Monopole 
- Anti MP 

Weyl 
Semimetals 

Weyl quasipaticles & Topological Fermi arcs 

Weyl SM Data :        Xu, Belopolski, et.al.,         Science, 349, 613 (2015) 
Fermi arc Methods : Xu, Liu, Belopolski, et.al.,  Science, 347, 294 (2014)   AOP 
  



Science (2015); 16th July 

16th July, 2015 





First Experimental Papers on Weyl physics 
 
1.  S. Xu et al (Princeton); Science 349, 617 (2015)  Weyl fermion with Fermi arc 
  
2.  L. Lu et.al., (MIT); Science 349, 622 (2015) Weyl photonic (bosonic) crystal 
 
3.  B. Lv et al (IOP-China)  Phy. Rev. X (2015) Fermi arc  
and now more ….(including a few from us) 





TaAs (WSM) chiral anomaly - E�B
C.L. Zhang, Su-Yang Xu, Belopolski, Jia et al. arxiv:1503.02630 
(2015).

B (T)
See also 
Huang et al., Phys. Rev. X 5, 031023 (2015)



Tipping the Weyl cone

• Quantum transport in Dirac materials: Signatures of tilted and

anisotropic Dirac and Weyl cones

M. Trescher, B. Sbierski, P. W. Brouwer, and E. J. Bergholtz,

Phys. Rev. B 91, 115135 (2015) [arXiv:1501.04034]

• A new type of Weyl semimetals

A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, Z. Dai, and B. A.

Bernevig, arXiv:1507.01603

Recommended with a commentary by Carlo Beenakker, Leiden University

The Weyl cone of massless fermions is a diabolo-shaped surface in energy-
momentum space that separates electron-like states (moving in the direction
of the momentum) from hole-like states (moving opposite to the momentum).
This concept from particle physics first appeared in condensed matter in two-
dimensional structures (graphene and various layered organic compounds),
where it is more commonly referred to as a Dirac cone. Three-dimensional
realizations have now also been reported (see Vishwanath’s JCCMP contri-
bution from last February).

Conical band structure without any distortion (left), slightly tilted (center,

elliptic equi-energy contours), and tipped over (right, hyperbolic equi-energy

contours).

The counterpart of the Weyl cone in spacetime is the light cone, sepa-
rating events in the future from events in the past. The gravitational field
from a massive object tilts the light cone, and may even tip it over. For
the Weyl cone such a distortion is forbidden by particle-hole symmetry, but
that is not a fundamental symmetry in condensed matter. While in graphene
the high symmetry of the honeycomb lattice keeps the cone upright, tilting
is generic in 3D Weyl semimetals. The paper by Trescher et al. identifies
transport signatures of tilted Weyl cones, while Soluyanov et al. predict that
in WTe2 the symmetry can be broken so strongly that the Weyl cone tips
over — transforming the equi-energy contours from elliptic to hyperbolic (see

Tilting the Weyl Cone: Lorentz-violation 

20

FIG. 3: Type-II Weyl fermions in LaAlGe. a, SX-ARPES-measured kx − ky Fermi surface

map in the region marked by the green rectangle in panel c of Fig. 2. b, Measured and c, calculated

E−ky dispersion maps along the Cut y direction denoted in a, which clearly resolve the W2 type-II

Weyl node emerged by the crossing of linearly dispersing hole-like and an electron-like Weyl cones.

d, Measured and e, calculated E − kx dispersion maps for the direction along the Cut x in a.

Here, the two type-II W2 Weyl cones with opposite chirality nodes are resolved simultaneously.

The photon energy used in the measurements presented in a, b, d is 542 eV. f, Measured and g,

calculated E − kz dispersion map along Cut z, showing that the W2 Weyl cone also disperses

CM-JC 2015 

Lorentz violating tilt in Dirac & Weyl: Many theory papers at least since 1995 
Type-II by Soluyanov, Bernevig et.al., (2015) and others 
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et.al.,  

Ta3S2 is also  
Lorentz-violating 



Topological Nodal-Line Semimetals 

nodal line 

Chan et al., arXiv:1510.02759 (2015) 

 γ π = ±1
winding number 

bulk-boundary correspondece 

topo. surface states 

Fe
rm

i s
ur

fa
ce

 

“drumhead” 



Topological Nodal-Line Semimetals: PbTaSe2 

G. Bian, T.-R. Chang, R. Sankar et al., (MZH) Nature Commun. 7:10556 (2016) PbTaSe2: 

STM 

Theory & Experiments 



Topological Nodal-Line Semimetals: PbTaSe2 

Se-terminated surface	

Experimental goals: 

A.  Crossing of Pb and Ta bands 
B.  Ring-shaped bulk Fermi surface 
C.  Surface states 



Topological Nodal-Line Semimetals: PbTaSe2 

Ta	
Pb	

Ta	 Pb	

A 

B Pb and Ta bands 
Bulk Fermi ring 

ARPES	 First-principles	
C 

Surface states 



Topological Nodal-Line Semimetals: PbTaSe2 

Surface topological  
superconductivity 

T.-R. Chang*, P.-J. Chen*, G. Bian* et al., (MZH) arXiv:1511.06231 
(2015) 

     PbTaSe2:  Superconductivity Tc= 3.8 K 

     Nontrivial Z2, topological surface states  

 G. Bian, T.-R. Chang et al., (MZH)  arXiv:1508.07521 for nodal lines in TlTaSe2 

proximity effect 

TSS 



Future Weyl devices
Fermi arc transport

Potter et al. Nature Commun. (2014) 
Huang, SYX et al. Nature Commun. (2015) 

Nonlocal transport 

Parameswaran et al. PRX (2014) 

C.-K. Chan et al. arxiv:1509.05400 (2015).

Chiral photon driven AHE



Topo. Insulator 

Topo. Superconductors 
Helical Pairing 

 Weyl Semimetals 
Topological Fermi Arcs 

Majorana 
Weyl Fermion & TNL  Fermion 

Weyl Superconductors (topological) 
               Weyl - Majorana 



Topo Insulators 
Hedgehog Magnet Topo. Supercond. 

Insulators Magnets Superconductors 

Fermi-Arc Metal 

Semimetals 

Kondo Insulators 

NATURE’08, SCIENCE’08 
NATURE ’09, SCIENCE’11 

NATURE PHY’12, ‘11 

SCIENCE 2014 
SCIENCE 2015 
Nature Phys ’15 NATURE PHY’14 
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