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Semimetals

Characterization by band structure.

Semimetal: gapless semiconductor.

Doping: µ.
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Weyl semimetal

Chiral fermions (3+1 dim) with dispersion: ∼ ~σ · ~k .

Theoretical treatment: ideal or weakly interacting case.

Interesting topological transport phenomena.
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Typical phase diagram

1 Introduction

The AdS/CMT program, see [1] and references therein, is a useful tool for the
description of strongly interacting condensed-matter systems that grew out of the
AdS/CFT correspondence [2] recently. In its first instance it entails a duality
between a gravity theory in a (d+1)-dimensional anti-de Sitter (AdS) bulk space-
time and a strongly interacting conformal quantum field theory (CFT) living on
the d-dimensional boundary of the AdS space. Perturbations away from the exact
quantum critical point described by the conformal field theory can be realized, for
instance, by considering a black brane in the anti-de Sitter space-time leading to a
nonzero temperature for the theory on the boundary. Furthermore, a black brane
charged with respect to an electro-magnetic gauge field corresponds to adding a
chemical potential to the CFT. Studies of fermionic correlation functions in these
systems lead to interesting Fermi and non-Fermi-like behavior [3, 4, 5, 6].

T

µQCP

Figure 1: The phase diagram of a particle-hole symmetric semi-metal. The tem-
perature of the semi-metal is denoted by T and the chemical potential, which de-
termines the nature and amount of doping of the semi-metal, by µ. The dashed
lines denote the smooth crossover between the classical and quantum behavior of
the normal phase of the semi-metal. The latter is governed by the quantum critical
point (QCP) at zero temperature and zero chemical potential.

To understand that the AdS/CFT correspondence may also be useful for con-
densed-matter physics, let us revisit the phase diagram of a particle-hole symmet-
ric semi-metal. It is shown in figure 1, in a manner convenient for this discussion.
Plotting the phase diagram in this way clearly shows that the behavior of the
semi-metal is governed by a quantum critical point at zero temperature and zero
chemical potential. Within the context of the AdS/CFT correspondence, the con-
formal field theory associated with this quantum critical point has a particular
important feature, namely that under a scale transformation the time direction

2

Quantum critical point, scale invariance.

Dynamical scaling exponent z : k → `k and ω → `zω

Strongly interacting: holographic description.
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Outline

AdS/CMT as a tool: phenomenological approach.

Requires experimentally accessible observables.

Calculate single-particle Green’s function.

Investigate single-particle spectra (z = 2).

Quantum phase transition.
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Some References

Lifshitz holography and black holes:
Kachru, Liu, Muligan; Taylor (2008); ...
Hartnoll, Polchinski, Silverstein and Tong (2010);...
Nordita (Keranen and Thorlacius (2012), Zingg,...)

AdS/Lifshitz fermions:
MIT, Leiden (2009); Alishahiha et al. (2012), ...

Semi-holography, Arpes sum-rules:
Faulkner, Polchinski (2011);
Gursoy, Plauschinn, Stoof, S.V. (2012)

Weyl semimetals:
Burkov and Balents (2011);
Wan, Turner, Vishwanath and Savrasov (2011)
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Gravitational background

+

+

−

UV

IR

Lifshitz background in 5D with
Dirac fermions Ψ = (Ψ+,Ψ−)
of mass −z/2 < M < z/2.

Elementary fermion on boundary:

Sδ =

−
∫

d4x
√
−h
(

Ψ
†

+ /DzΨ+ + Ψ
†

+Ψ−
)

Solve Dirac equation in
gravitational background:
Ψ− = ΣΨ+.

Σ couples to operators with
∆O(M). Interactions of Ψ+ with
CFT.

GR(~k , ω) = − 1

ω− 1
λ~σ·

~k|k|z−1−Σ(~k,ω)
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Single-particle spectra

GR(~k , ω) = − 1

ω − 1
λ~σ · ~k |k |z−1 − Σ(~k, ω)

Spectral-weight function:

ρ(~k , ω) =
1

π
Im GR(~k , ω) = − Im Σ

( Re G−1
R )2 + Im Σ2

Quasiparticles: Im Σ related to lifetime.

Experimentally accessible (e.g. with ARPES).
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λ > 0

k

ω

GR(~k , ω) = − 1

ω− 1
λ
~σ·~k|k|−Σ(~k,ω)

Umut Gürsoy, Vivian Jacobs, Erik Plauschinn, Henk Stoof, S.V. Based on arXiv: 1209.2593 and 1112.5074.Lifshitz holography for undoped Weyl semimetals



Introduction
Single-particle Green’s function for Lifshitz fermions

Results
Conclusion

Single-particle spectra
Fermi surfaces
Momentum distribution
Quasiparticle decay rate
Ground state occupation
Phase diagram

λ < 0

k

ω

GR(~k , ω) = − 1

ω− 1
λ
~σ·~k|k|−Σ(~k,ω)

Σ ∼ k2M

Kinetic ∼ k2

Fermi surfaces:

kF = |λ|
1

2−2M
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Fermi surface

Long-living quasiparticles: sharp peak in ρ.

Decay rate Γ(ω) ∼ Im Σ(kF , ω) vanishes (as ω2).
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Nk =
∫ 0
−∞ dωρ(k, ω).

Z << 1: strong interactions.
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Im Σ(kF , ω) vanishes exponentially for ω → 0.

Analytic WKB calculation confirms this.

General feature of holographic Fermi liquids.
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Dashed blue curve: numerics
Solid red curve: WKB

Umut Gürsoy, Vivian Jacobs, Erik Plauschinn, Henk Stoof, S.V. Based on arXiv: 1209.2593 and 1112.5074.Lifshitz holography for undoped Weyl semimetals



Introduction
Single-particle Green’s function for Lifshitz fermions

Results
Conclusion

Single-particle spectra
Fermi surfaces
Momentum distribution
Quasiparticle decay rate
Ground state occupation
Phase diagram

Ground state occupation
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λ < 0λ > 0
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Phase diagram

λ

T

non-Fermi-liquid phase

Fermi-liquid phase

quantum-critical
phase
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Summary

Prescription for single-particle Green’s function from
holography.

Phenomenological model for class of Weyl semimetals at
strong coupling.

Fermi-liquid and non-Fermi-liquid phases.
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Outlook

How to create gaps, shifts in band structure, non-chiral
systems,...

Investigate topological transport properties.

Non-zero doping: add chemical potential.

Feedback from experiments.
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