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Weyl semi-metals:

Big cond-mat story of 2015
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- This sketch illustrates the notion of handedness, or chirality, which 1s found throughout nature. Most chemical structures
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A study by Princeton researchers presents evidence for a long-sought phenomenon—first theorized in
(end the 1960s and predicted to be found in crystals in 1983—called the "chiral anomaly” in a metallic
i compound of sodium and bismuth. The additional finding of an increase in conductivity in the material
may suggest ways to improve electrical conductance and minimize energy consumption in future
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AdS/CFT

Motto:

".. if the gravitational field didnt exist, one
could invent it for the purposes of this
paper...”

"Theory of Thermal Transport Coefficients”
Luttinger Phys. Rev. 135, A1505, (1964)




AdS/CFT

W

if string theory didnt exist, one could
invent it for the purposes of computing
transport coefficients in strongly coupled
theories...”

® Shear viscosity in QGP
® Relativistic 2"? oder hydrodynamics

® Relativistic superfluids
e CME + CVE

® Weyl semi-metals
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AdS/CMT

Anything you can do | can do better

e s

in a crystal
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Weyl semi-metal

Linear band touching

Conduction band

Filling level A3

Valence band




VVeyl semi-metal

Topological constraint: Nielsen-Ninomiya theorem

(k))dk

Berry connection A = (¥(k)

Fp=dA

dFfFg =0
/de Z]{E_
4 _i UZQW_

[Witten]

[Kiritsis]

BZ has no boundary !
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QFT model

L =1p(iv" 0y + M + v57:b)¢)

spectrum:

M<b beff:\/bQ—MQ M >b: Meff:\/MQ—bQ

e
/\ f\\




QFT model

M <b: bet = \/172 — M? ﬁeﬂ” — ¢(17“au -+ 757zbeﬁ)w

constant gauge field Do = AP
axial gauge trafo Ox = bogrz
axial anomaly [ = /d4:1:95F A F
: oI’
electric current JH = ——
5A,
™ “order parameter”
AHE | for topological
Haldane S Semi-me tal state
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QFT model

M>b:  Mg—= /M2 — b2 Lot = Y (v 0, + Meg )

gapped phase beys =0

More generally: more Dirac cones could be present that
are inert: topologically trivial semi-metal

N
L =P(iy" 0, + M + v57:b)1 + ¥ (i 0, )0

g=1
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QFT model

Instead of constructing effective low energy theory:
compute AHE directly in UV model

odd part of

however:

— undetermined
[Jackiw:““When radiative corrections are finite but undetermined” hep-th/9903044 ]
4 R
o : =
Oply = o5 (Fs N F5 +3F N F) — i2M U0
7r
0,J" =0
- Y,

fixes the result!
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The holographic WSM

Why wanno do this? WSM is weakly coupled !

Motivation:

* Weakly coupled up to now

* How does WSM work without quasiparticles

* How does WSM work without notion of Berry phase
* Anomalous transport in holography

* Transport in general is easy in holography

* Holography can teach interesting qualitative lessens

® its fun ..

[Jacobs, Stoof,Vandoren] [Gursoy Jacobs, Plauschin, Stoof,Vandoren]
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The holographic WSM

Minimal ingredients

* One AdS gauge field for electric current

* One AdS gauge field for axial current

* One scalar field charged under axial symmetry
* Boundary Value of charged scalar = Mass M

* Boundary Value of axial gauge field = b

* Metric to get the dynamics




Action of HoloWSM

4 )

1 1 1
L=—"—(R+12)— -F* - ZF?
2/#( +12) 4 45+

+ %A5 A (F5 A Fs + 3F A F)+
+ (0, +igA))®|* — V(®)

\_ J

* Cosmological constant = AdS

* Very specific CS term = form of Anomaly

* Scalar potential determines dimension of dual scalar
operator (we chose dim=3) i.e. mass deformation
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Holographic WSM

Currents:
e )
JH = lim +/—g¢g (f“r — 4aer“”p>‘Anga)
T—>00
4
(s o)
\_ _J

Note contribution from CS term: consistent currents

Anomalies:

9,J" =0

9, Jt = 3(F5/\F5+3]-"/\]—"—zq\/7[ (D, ®*) — &* (D, ®)]|,—u
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Holographic WSM

Couplings = Boundary conditions:

dr?

Metric: ds®|p o0 = —5 + r*(—dt® + )
(A
“electric” gauge field: Aylrsoo =0
axial gauge field: A |r o0 = bE;,

scalar field: r®|, oo = M
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Holographic WSM

Solving the eoms with above boundary conditions and
we find 3 distinct classes of solutions

* Topological phase: M<0.744b A°(0) =b.g ®(0) =0

e Critical point: M=0.744b A> =P ?(0) = ¢o

Z

d 2
ds?® = ugr?(—dt* + dz* + dy?) + hir*Pdz* ! ;
b~04, ug~1.47 ot

* Trivial phase: M>0.744b A20)=0 @(0) = Omin

dV
d_CI) (¢min) =0




Holographic WSM

Running of
axial gauge field:

Running of
scalar field:

.o

100

10°

10°
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Holographic WSM

Smoking gun of topological state of matter : AHE

Oy = 8aA2(0)
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Holographic WSM

Diagonal conductivities at T=0: 0zz = 0yy = 02> = 0

Diagonal conductivities at T>0:

Ozxx — Oyy

ia i T/b=0.03
. E T/b=0.04
. \;EEEE-;-;-;-:%-:E%%%%%““’*“’“““““\ T/b=0.05

| | | Mo | o




Summary

* Holographic model with topological quantum phase transition
* Order parameter = AHE

* RG flow interpretation

e Correct anomaly structure is important

* Axial symmetry is broken by mass term (intervalley coupling)
* Diagonal conductivities vanish at T=0

* For T>0 anisotropic conductivities with peak/dip at (M/b).
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Outlook

* Beyond AHE study CME, CSE,AME, NMR CMYV, ...

* Beyond conductivities study viscosities

* Different forms of potentials (bulk scalar mass)
* Intervalley scattering rates

* Disorder

* Holographic Fermi arcs
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* Different forms of potentials (bulk scalar mass)
* Intervalley scattering rates

* Disorder

* Holographic Fermi arcs

Thank You!
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