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the fermion trio is completed
Dirac (2005) – Majorana (2012) – Weyl (2015)

Princeton, Beijing, Oxford, Villigen 
ARPES exp. on TaAs, NbAs, TaP



whence the hype?
isn’t this just 3D graphene?

TaAs

 poisonous 
graphene?

gapped

“3D massless fermions are 
topologically protected”

gapless
a 2D Dirac cone can be gapped by a 

substrate; the only way to gap a pair of 
3D Weyl cones is to merge them

Weyl fermions come in two flavors, 
left-handed and right-handed
“3D massless fermions are chiral”



topological insulators: boring bulk, interesting surface
Weyl semimetals: interesting bulk and surface

and how do they compare with 
3D topological insulators?

usually a 2D surface has a 
Fermi circle (closed contour),
here there is a Fermi arc 
(open contour, end points 
connect the two Weyl cones)

Wan, Turner, Vishwanath, Savrasov (2011)



chiral anomaly: the zeroth Landau level of right-
handed Weyl fermions has only right-movers

Nielsen-Ninomiya (1983)

chiral magnetic effect (CME): 
a chemical potential difference 
µ between left-and right-
handed Weyl fermions drives 
a current density j=(e/h)2 µB 
parallel to the magnetic field B

in condensed matter (Weyl semimetal), 
we have no direct handle on µ

indirect magnetoresistance exp. exist



chiral anomaly of surface Fermi arc: all surface 
states spiral in the same direction along a wire

momentum

en
er

gy

A pair of Weyl cones 
in a Weyl semimetal, 
with broken time-
reversal symmetry 
and broken inversion 
symmetry. A surface 
Fermi arc connects 
the two cones.

because the surface states have a magnetic moment, 
they can be populated by a weak magnetic field: 
→ dj/dB=(e/h)2 µ  + bulk contributions

µ

chiral anomaly without Landau levels

β

µ/β



axial magnetization produces 
a spiraling Fermi arc 

superconductor proximity 
effect: propagating Majorana 
fermions that can be trapped 
by a gap inversion

Weyl-Majorana solenoid

& forthcoming update with 
analytical theory



• induced current expressed by 
Fermi level transmission 
probabilities Tn

• analogous to Landauer 
formula, with nonequilibrium 
population      in k-space

• alternative to Kubo formula 
(Chen, Wu & Burkov, Goswami & Tewari, 
Chang & Yang, Alavirad & Sau, Ma & Pesin, 
Zhong, Moore & Sousa...) 

scattering theory



Four-band model of a layered Weyl 
semimetal (Vazifeh & Franz, 2013)

µ term (strain) breaks inversion symmetry, 
displaces the cones along E 
β term (magnetization) breaks time-reversal 
symmetry, displaces the cones along kz



why isn’t the surface CME a finite-size effect?

# bulk modes ~ area A ≫ 
# surface modes ~ perimeter P, 
but surface magnetic moment 
~ A/P compensates for this

same current density j=(e/h)2 µB as the µ-driven CME



what about the bulk* contribution?
*magnetic gyrotropy (Ma & Pesin | Zhong, Moore & Sousa)

bulk & surface contributions have 
opposite sign ... will they cancel?

• no disorder (Tn ≡1): Ibulk = –½ Isurface

• long-range disorder is expected to 
suppress Ibulk further relative to Isurface



how about the original µ-driven CME, is that 
affected by the surface Fermi arcs?

the conversion of bulk Landau levels into surface states introduces a 
a Fermi-level dependence, that vanishes in the infinite-system limit



how about the original µ-driven CME, is that 
affected by the surface Fermi arcs?

the conversion of bulk Landau levels into surface states introduces a 
Fermi-level dependence, that vanishes in the infinite-system limit

no such EF dependence in 

the B-driven current



oscillating magnetic field B(ω)

I(ω)
induced current is quasi-stationary
ω-independent for ω >inelastic 
scattering rate & ω< µ
alternative: oscillate I & measure B

how to observe the 
chiral anomaly without Landau levels

Weyl semimetal

topological surface effect competes with 
nontopological bulk effect; since disorder 
suppresses predominantly the latter, we expect 
that impurities increase the induced current

chiral anomalous anomaly


