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1. Introduction：Topological Metals? 
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How to define TM? 

Gapless boundary states 



1. Introduction：Topological Invariants for Insulators 

Z-number for T-broken QH or QAH insulators (2D) 
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 TKNN, PRL (1982): 

Haldane, PRL (1988):     Lattice Model (Honeycomb); 

Z2 number for Topological insulators with T-symmetry 

Realization:       Fang &Dai, Science 2010 (Theory);   Xue, Science 2013 (Exp.) 

                                                  ( Cr-doped (BiSb)Te3 thin film ) 

n=Chern number 

2D:   Kane & Mele (2005, 2006); Bernevig & Zhang (2006);      HgTe, InAs/GaSb 

3D:   More & Balents (2007); Fu & Kane (2007);   

         H. J. Zhang, et. al. (2009);  Y.Xia, et.al. (2009); Y.Chen (2010)      Bi2Se3, Bi2Te3 

Simple view: Two QAH-layers related by T-symmetry 

Onoda & Nagaosa: PRL (2003);       S. C. Zhang: PRB (2006); PRL (2008) 



1. Introduction:  K-space as parameter space 

Bloch State： 

Gauge Freedom： ¢unk = eif (k ) unk Hk
¢unk =enk ¢unk

Berry Connection： 

Gauge dependent 

Berry Curvature： 

Gauge invariant 

Symmetry： 



1. Introduction：Magnetic Field in K-space 

Key quantity: 

           can be viewed as magnetic field in k-space 

                [  Sundaram & Niu, et.al,  PRB (1999);  Jungwirth & Niu, et.al, PRL (2002);   

                   Fang, et.al, Science (2003);   Y. Yao & Niu, et.al. PRL (2004)]  
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Anomalous Hall Effect 



1. Introduction：Massless Dirac & Weyl Fermion 

Massless Dirac (4x4): 

    ( Reducible !! )  

(1)  Topological Objects 

(2)  Gapless, no mass term 

(3)  Chirality ± (left or right-hand) 

(4)Protected by translation 

     (k must be well defined) 

Magnetic Monopoles: 

magnetic Charge 

Fang, Science (2003). 

Weyl nodes: 
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-cŝ × p̂ 0
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Weyl representation (2x2): 

    ( Irreducible !! ) 

Left-hand  +  right-hand  



1. Introduction：Topological Invariant for Metals 

Definition:  

CFS=0, normal metal 

CFS≠0, topological Weyl metal 

         if Ef at node (k=0)  topological semimetal 

Notes: 

   (1)   |Q| can be more than 1 

   (2)   +Q & -Q monopoles have to appear in pair in lattice, 

          but may separate in K. (No-go Theorem) 

   (3)   +Q & -Q monopoles can annihilate. 

   (4)   Defined only for 3D k-space 

FS 

Volovik, JETP (2002). 

Z. J. Wang, et.al., PRB (2012) 



1. Introduction：Special Case: 3D Dirac Semimetal 

H (k) = k ×s M *

M -k ×s
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If both T and I symmetry are present: 

          +Q & -Q Weyl nodes have to overlap in K-space 

H (k) =
k ×s 0

0 -k ×s
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3D Dirac semimetal:   

   (1) Pseudo fermi arcs on surface 

   (2) Giant diamagnetism: χ(ε)≈log(1/ε) 

   (3) Linear Quantum magneto-resistance. 

   (4) QSHE in its quantum-well structure 

Need crystal symmetry protection. 

+  

Case I: M≠0, Insulator Case II: M=0, 3D Dirac Semimetal 

Z. J. Wang, et.al., PRB (2012). 

S. M. Young, et.al., PRL (2012).  Critical Point 



2. Novel Properties：Magnetic Monopoles in bulk 

=>  Anomalous/Spin Hall Effect,                     [Fang, et.al, Science (2003)] 

      Quantum AHE/SHE for quantum well structure 

      (with higher plateaus & Tc, etc.)               [X. Gu, et.al. PRL (2011), HgCr2Se4 ] 
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2. Novel Properties：Chiral Anomaly 

=> Negative MR for E//B,           [Nielsen & Ninomiya, Phys. Lett. (1983)] 

      Non-local Transport                [ S. A. Parameswaran, et.al. PRX (2013)] 

Intra-node: No back-scattering 

Landau Levels 
εn 

K// 



2. Novel Properties：Fermi arcs on Surfaces 

=>  Surface Fermi arcs, [ X. Wan, et.al, PRL (2011) ] 

       Saturated Quantum Oscillation  [A.C.Potter, et.al., Nature Comm. (2014)] 

Thickness L dependent 



2. Novel Properties：Spin-Momentum Lock in 3D 

   Doping  =>  Topological Superconductor (TSC) 

Schematic Multiple FS in general 
[ X. L. Qi, et.al, PRB (2010)] 

Topological Invariant: 

v =
1

2
CFS sgn(DFS )

FS

å

Criteria: 

      (1)  CFS≠0 

      (2)   ΔFS have opposite signs. 

Weak interaction limit: 

       No T-invariant TSC  

       in I-symmetric WSM or DSM 

P. Hosur, et.al., PRB 90, 045130 (2014). 



3. Prediction & Exp.:  Several Proposals 



3. Prediction & Exp.:  Band Inversion Mechanism 

Weyl Semimetal: 

Dirac Semimetal: 

Gapped in 2D 

Gapless in 3D 

SOC 

SOC 

Gapped in  

both 2D & 3D 

Gapless if 

+ Crystal symmetry 

Transition State between TI and NI: 

( Murakami, arXiv:1006.1183) 
Fragile 



3. Prediction & Exp.:  Dirac Semimetals 

Na3Bi 
Z. J. Wang, PRB 85, 195320 (2012) 

ARPES:   
       Z. K. Liu, Science (2014). 

       S. Y. Xu, Science (2014).    

Cd3As2 
Z. J. Wang, PRB 88, 125423 (2013) 

ARPES:   
       Z. K. Liu, Nature Mater. (2014). 

       M. Neupane, Nature Comm. (2014). 

       S. Borisenko, PRL (2014).   



3. Predictions & Exp: T-broken Weyl Semimetal: HgCr2Se4 

G. Xu, et.al, PRL (2011) Tc=106K 



3. Predictions & Exp: T-broken Weyl Semimetal: HgCr2Se4 

Single s-band Half Metallicity:    

P = 95%,  97% 
Y. Q. Li, et.al, (2014). 



3. Prediction & Exp: T-invariant WSM: TaAs family 

Family:  TaAs, TaP, NbAs, NbP (I41md, 109, C4v)   
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Nominal valence:  Ta+3As-3,    Ta-5d2 

         Ta-5d, yz/zx occupied 

Important Symm.:  Mx, My 

                  Mxy, M-xy + glide 



3. Prediction & Exp: T-invariant WSM: TaAs family 



3. Prediction & Exp: T-invariant WSM: TaAs family 

GGA 

GGA+SOC 

 12 pairs of Weyl nodes. 

 MCN=1 (Mx, My) 

 Z2=0 for Mxy 

H.M.Weng, et.al, PRX (2015). 



3. Prediction & Exp: T-invariant WSM: TaAs family 



3. Prediction & Exp: T-invariant WSM: TaAs family 

Calculated Surface States 



3. Prediction & Exp: T-invariant WSM: TaAs family 

Fermi Arcs:  odd Number of Fermi cuts 

ARPES: B. Q. Lu, et.al., arXiv:1502.04684 (2015). 

                    See also, 1502.03807 (2015).     



3. Prediction & Exp: T-invariant WSM: TaAs family 

Negative MR is observed for E ⁄⁄ B. 

Transport: X. C. Huang, et.al., arXiv:1503.01304 (2015). 

                              See also, 1502.00251 (2015).     



Summary: 

1. Definition of Topological Metals 

2. Novel Properties of TSM. 

3. Dirac SM: Na3Bi, Cd3As2 

4. Weyl SM: HgCr2Se4, TaAs, NbAs, TaP, NbP 

✔ ✔ ✔ New State 


