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Weyl Semimetals

Weyl Semimetals

A semimetal is a material with small overlap between valence and conductance bands. J
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Weyl Semimetals

Weyl Semimetals

A semimetal is a material with small overlap between valence and conductance bands.

What is a Weyl semimetal (WSM)?

@ In WSM the overlap occurs at isolated points in the

Brillouin zone (“nodes”) at the Fermi level.

@ These can be seen as sources of Berry curvature —

topological protection.

@ The effective d.o.f. are massless, relativistic fermions.

@ Nodes are non-degenerate — Weyl.

@ Nielsen-Ninomiya theorem — Nodes appear in pairs.
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Weyl Semimetals

Weyl semimetals features

J ~ usB + B%E + +aqg x E J
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Weyl Semimetals

Weyl semimetals features

J ~ usB + B%E + +aqg x E

Weyl semimetals have protected surface states
@ The Fermi surface presents curves linking the

Weyl nodes of opposite chirality at the surface
of the material: Fermi arcs.

@ Weyl nodes are topologically protected and so
are the Fermi arcs.

@ These modes behave as 1+1 massless fermions.
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Weyl Semimetals

Topological Phase Transition

Field theory model

L = (i7" Op + Y5722 + M)y
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Weyl Semimetals

Topological Phase Transition

Field theory model
L =P(iy" 0 + 572 + M)y J

M > a

Letr = P(iv"Ou + Mer )t

[Heinrich]
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Weyl Semimetals

Topological Phase Transition

Field theory model

L = (i7" Op + Y5722 + M)y

M > a M<a

Letr = P(iv"Ou + Mer )t Ler = Y(iv" 0y + Y5yzaer )
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Weyl Semimetals

The best thing about Weyl semimetals... They exist!

ARTICLES

PUBLISHED ONLINE: 17 AUGUST 2015 | DOI: 10.1038/NPHYS3437

Discovery of a Weyl fermion state with Fermi arcs

in niobium arsenide

Su-Yang Xu'2f, Nasser Alidoust'?", llya Belopolski'?!, Zhujun Yuan®, Guang Bian', Tay-Rong Chang'*,
Hao Zheng', Vladimir N. Strocov®, Daniel S. Sanchez', Guoging Chang®’, Chenglong Zhang?,
Daixiang Mou®®, Yun Wu®?, Lunan Huang®®, Chi-Cheng LeeS”, Shin-Ming Huang®”,

BaoKai Wang®”", Arun Bansil"®, Horng-Tay Jeng*", Titus Neupert™, Adam Kaminski®?, Hsin Lin®’,
Shuang Jia>® and M. Zahid Hasan'2*

NATURE PHYSICS | LETTER

Observation of Weyl nodes in TaAs

B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X. C. Huang, L. X. Zhao, G. F. Chen, C. E.
Matt, F. Bisti, V. N. Strocov, J. Mesot, Z. Fang, X. Dai, T. Qian, M. Shi & H. Ding

Iec Cor authors

Nature Physics 11, 724-727 (2015) | doi:10.1038/nphys3426
Recelved 07 April 2015 | Accepted 29 June 2015 | Published online 17 August 2015
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Weyl Semimetals
Dont worry!
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Weyl Semimetal in Holography

Holographic Weyl Semimetal

1 1 «
L= JH Hap = 2 F™Fop + (Ds®)"(D*®) = V(®) + S Aq (Foc Fe + 3Hpc Hae)
F=4dV, H=dA, D, =0, — iqA, [Landsteiner, Liu '15] [Landsteiner, Liu, Sun '15]
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Weyl Semimetal in Holography

Holographic Weyl Semimetal

1

(07
L=- ZHabHab - ZFabFab + (D®)*(D*®) — V() + gea"chAa (FbeFae + 3HpcHe)

F=4dV, H=dA, D, =0, — iqA, [Landsteiner, Liu '15] [Landsteiner, Liu, Sun '15]
v

The idea

@ Axial-Vector anomaly — U(1)'s coupled via Chern-Simons

@ M (i.e. explicit breaking of axial symmetry) — scalar coupled to axial + b.c.
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Weyl Semimetal in Holography

Holographic Weyl Semimetal

1 1 @
L=- ZHabHab - ZFabFab + (D®)*(D*®) — V() + gea"chAa (FbeFae + 3HpcHe)

F=4dV, H=dA, D, =0, — iqA, [Landsteiner, Liu '15] [Landsteiner, Liu, Sun '15]
v

The idea

@ Axial-Vector anomaly — U(1)'s coupled via Chern-Simons

@ M (i.e. explicit breaking of axial symmetry) — scalar coupled to axial + b.c.

Background Schwarzschild-AdSs ds? = —f(p)dt? + f=1(p)dp? + p?(dx? + dy? + dz?)
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Weyl| Semimetal in Holography

Holographic Weyl Semimetal

1

1 @
L=- ZHabHab - ZFS"Fab + (D®)*(D*®) — V() + gea"chAa (FbeFae + 3HpcHe)

F=4dV, H=dA, D, =0, — iqA, [Landsteiner, Liu '15] [Landsteiner, Liu, Sun '15]
v

The idea

@ Axial-Vector anomaly — U(1)'s coupled via Chern-Simons
@ M (i.e. explicit breaking of axial symmetry) — scalar coupled to axial + b.c.

Background Schwarzschild-AdSs ds? = —f(p)dt? + f=1(p)dp? + p?(dx? + dy? + dz?)
Field Ansatz and asymptotic conditions

Az(o0) ~a+ .., p(oc0) ~ M+ ... J
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Weyl| Semimetal in Holography

Holographic Weyl Semimetal

Two independent dimensionless parameters

T=T/M i=a/M
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Weyl Semimetal in Holography

Holographic Weyl Semimetal

Two independent dimensionless parameters

T=T/M i=a/M

Order Parameter: Anomalous Hall Conductivity

. 1
OAHC = (J)ILHO E(JXJy)R = 8aA,(pH)
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Weyl Semimetal in Holography

Holographic Weyl Semimetal

Two independent dimensionless parameters

T=T/M i=a/M

Order Parameter: Anomalous Hall Conductivity

(Jxdy)r = BaAz(pH)

1
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OAHC = lim
w—0
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Weyl Semimetal in Holography

HWS Surface states

Surface States

A,(x,00) = o(x, 00)

a) /M
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Weyl Semimetal in Holography RESIISEIRSEIS

HWS Surface states

Az(x,00) = a(x), o(x,00) = M,
Vi(x,00) = p, Vy(x,00) =0
3 0 -
2 -
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Weyl Semimetal in Holography RESIISEIRSEIS

HWS: Integrated surface current
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Weyl Semimetal in Holography RESIISEIRSEIS

HWS: Integrated surface current

@ At high temperatures (dashed) there is no trace of the phase transition.
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Weyl Semimetal in Holography RESIISEIRSEIS

HWS: Integrated surface current

@ At high temperatures (dashed) there is no trace of the phase transition.

@ At low temperatures the integrated current is constant for ar < ac.
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Weyl Semimetal in Holography RESIISEIRSEIS

HWS: Integrated surface current

@ At high temperatures (dashed) there is no trace of the phase transition.
@ At low temperatures the integrated current is constant for ar < ac.

@ It does not follow the weak coupling acgr = v/a2 — M2.
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Weyl Semimetal in Holography RESIISEIRSEIS

Last thoughts

The integrated current has a linear dependence on the AHC

Jy = Lz (acft,L — @eft,R) = p (TAHE,L — OAHE,R)

2

v
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Weyl Semimetal in Holography RESIISEIRSEIS

Last thoughts

The integrated current has a linear dependence on the AHC

Jy, = 2%2 (3ct,t — et,R) = K (CAHE,L — OAHE,R)

@ This supports the idea of the IR “a” (the AHC) as the effective node
distance.
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Weyl Semimetal in Holography RESIISEIRSEIS

Last thoughts

The integrated current has a linear dependence on the AHC

y = ziz (acft,L — @eft,R) = p (TAHE,L — OAHE,R)

@ This supports the idea of the IR “a” (the AHC) as the effective node
distance.

@ Fermi Arcs can be thought of as the zeroth Landau level induced by the
effective Bs = V x Ag, [Chernodub et al. '13]
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Weyl Semimetal in Holography RESIISEIRSEIS

Last thoughts

The integrated current has a linear dependence on the AHC

J, = 2%2 (actt.L — 2ctt,R) = pt(TAHE.L — OAHE,R)

@ This supports the idea of the IR “a” (the AHC) as the effective node
distance.

@ Fermi Arcs can be thought of as the zeroth Landau level induced by the
effective Bs = V x Ag, [Chernodub et al. '13]

@ It is not obvious since the well known CME formula J = 4—;2/185 holds only
in the homogeneous case.
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Weyl Semimetal in Holography RESIISEIRSEIS

Last thoughts

The integrated current has a linear dependence on the AHC

J, = 2%2 (actt.L — 2ctt,R) = pt(TAHE.L — OAHE,R)

@ This supports the idea of the IR “a” (the AHC) as the effective node
distance.

@ Fermi Arcs can be thought of as the zeroth Landau level induced by the
effective Bs = V x Ag, [Chernodub et al. '13]

@ It is not obvious since the well known CME formula J = 4—;2/185 holds only
in the homogeneous case.

@ This restricts the (axial) chiral magnetic conductivity in presence of
inhomogeneous (axial) magnetic fields.
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Last thoughts

Last thoughts

Open questions

@ Is the constraint on the inhomogeneous CME model dependent?
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Last thoughts

Last thoughts

Open questions

@ Is the constraint on the inhomogeneous CME model dependent?

@ Directly compute the Fermi Surface?
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Last thoughts

Last thoughts

Open questions

@ Is the constraint on the inhomogeneous CME model dependent?

@ Directly compute the Fermi Surface?

@ Can corrections to the dissipationless surface current be computed in
holography?
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Last thoughts

Last thoughts

Open questions

@ Is the constraint on the inhomogeneous CME model dependent?
@ Directly compute the Fermi Surface?

@ Can corrections to the dissipationless surface current be computed in
holography?

@ What about disorder? (in progress)
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Last thoughts

Last thoughts

Open questions

@ Is the constraint on the inhomogeneous CME model dependent?
@ Directly compute the Fermi Surface?

@ Can corrections to the dissipationless surface current be computed in
holography?

@ What about disorder? (in progress)

@ What about inversion symmetry?
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Last thoughts

Thanks for your attention!!
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