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Size and shape of Fermi surface: important defining
feature of a Fermi liquid
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Luttinger’s theorem for Fermi liquids

In a Fermi liquid, volume Vi of Fermi surface is set
by electron density n independent of interaction strength.

Ve=(2n)n/2  (mod Brillouin zone volume).

Perturbative proof: Luttinger
Non-perturbative topological arguments:
Yamanaka, Oshikawa, Affleck (d = 1), Oshikawa (d > 1).

Oshikawa: Regard as ""topological quantization’’.
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Focus of this talk: strange metals

Many interesting metals where Landau’s Fermi Liquid
Theory breaks down.

“"Non-Fermi Liquid” metals: Very little theoretical
understanding though many interesting scattered ideas
exist
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A common phase diagram

Non
Fermi Liquid
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Example 1: high temperature superconductors
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Example 1: high temperature superconductors
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Example 2. Magnetic ordering in heavy fermion alloys
CePd,Si,, CeCug Au,, YbRN,SI,,......

Non —fermi liquid
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Phase A

Origin of Non-Fermi Liquid (NFL) physics?
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NFL: universal singularities of putative quantum critical point between phases A

and B

Saturday, October 22, 2011




Alternate (less common?) phase diagram

T |
/ Non-Fermi \
Conventional Liquid Phase Conventional

Certainly possible theoretically.
Experiment?

Some tantalizing examples: beta-YbAIB4, may be also with Ir substitution for Rh in
YbRh2Si2, MnSi?, hiTc? 9
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Approach from Fermi liquid

Crucial question:

Fate of the Fermi surface as a Fermi liquid metal undergoes a quantum

phase transition?

10
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Approach from Fermi liquid

Crucial question:

Fate of the Fermi surface as a Fermi liquid metal undergoes a quantum
phase transition?

Two general possibilities

Mutilate Kill

Fermi surface evolves

continuously but is distorted Original Fermi surface

completely disappears.

in some way. "
(Ferromagnet, nematic, SDW, (bl\r/leoatlt(érsvr\l;ltloni Kondo
CDW,....) e
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Mutilate versus Kill

Mutilate: Typically associated with development of broken symmetry
characterized by Landau order parameter.

Model: Fermi surface + X
(X = gapless bosons associated with singular order parameter fluctuations).

Kill: No Landau order parameter; physics beyond Landau-Ginzburg-Wilson
paradigm.

12

Saturday, October 22, 2011




Outline

1. Killing the Fermi surface: concept of critical FS, scaling theory, and
some calculations

2. New results on quantum critical points where FS is mutilated

(i) Controlled expansion for nematic and other similar (i.e
Pomeranchuk) quantum critical points in 2d

(i) QPT between an antiferromagnet and a spin liquid in a metal - non-
trivial scaling at an itinerant QCP.

13

Saturday, October 22, 2011




Killing a Fermi surface

At certain such T = 0 phase transitions in metals, an entire
Fermi surface may disappear.

Eg: (i) Heavy fermion "Kondo breakdown’
(ii) Transition from metal to (Mott) insulator
(iif) High-Tc cuprates as function of doping?

IF second order, non-fermi liquid very natural!
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Example: Evolution of Fermi surface across the
magnetic phase transition in CeRhIn5
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Example: Evolution of Fermi surface across the
magnetic phase transition in CeRhIn5
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A simpler example: the metal- insulator transition

Insulators do not have Fermi surfaces!

When a metal evolves into an insulator (eg by carrier
doping, or by tuning pressure), it must lose its Fermi
surface.
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How does Fermi surface die when a metal evolves into an
insulator?

Simplest possibility: Fermi surface shrinks in size and
disappears.
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Question more interesting if insulation is due to Coulomb repulsion, i.e, a "Mott’ insulator
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How does Fermi surface die when a metal evolves into a
Mott insulator?

Not fully understood......

Central to some of the most mysterious phenomena in
quantum condensed matter physics.

Mott insulator: simple in real space (electrons are particles)

Metal with Fermi surface: simple in momentum space
(electrons are waves)

Vicinity of Mott metal-insulator transition: neither
wave nor particle points of view superior.
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Possible experimental realization of a
second order Mott transition
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Evolution from metal to insulator
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Another example:

ligh temperature
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Basic question for theory

How can an entire Fermi surface disappear
continuously?
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Even more basic: What is the Fermi
surface?
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How might the Fermi surface die?
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Saturday, October 22, 2011




Electronic structure at criticality: ~ Critical
Fermi surface”
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Why a critical Fermi surface?
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Evolution of single particle gap
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Why a critical Fermi surface?
Evolution of momentum distribution
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Killing a Fermi surface
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Some obvious consequences/questions
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Scaling phenomenology at a quantum critical point with a
critical Fermi surface? TS, 2008

F()cuﬁ ih(k&\\g own C’J‘ed'nsvn c)\ejnsi@ Gf '51‘0\1"6}
w8 = 2 ICnl e 13l S(- (5 E)

n

Saturday, October 22, 2011




Critical Fermi surface: scaling for single
particle physics
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New possibility: angle dependent exponents
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Leaving the critical point
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Implications of angle dependent exponents
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Finite T crossovers
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? Calculational framework ?

1. Slave particle methods
View electron as composite of “slave’ particles with fractional quantum numbers

Reformulate electron model in terms of slave particles interacting
through gauge forces.

Provides concrete examples of phase transitions where an entire Fermi surface
disappears continuously.

Successes: Demonstrate critical Fermi surface,
emergence of non-fermi liquids (TS, 2008)

Important as proof of principle, application to experiment with caution.

2. A loooooooong shot: “Dual gravity’ calculations AAS/CMT
(Faulkner, Liu, McGreevy, Vegh, 2009)
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Mutilating a Fermi surface

40
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Electronic nematic: break lattice rotational symmetry without
breaking translational symmetry.

Growing number of examples in experiments. (Review: Fradkin et al, arXiv:0910.4166)

In a metal this leads to distortion of Fermi surface

Right at the quantum phase transition, Fermi surface of
electrons are coupled tfo critical fluctuations of nematic
order parameter.
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Nematic quantum criticality: O = nematic order parameter.
Exactly same structure in different problem - Fermi surface coupled to

transverse gauge field: O = transverse current density

For nematic criticality mass term for a prohibited by gauge invariance.
For gauge model mass term tuned away by going to critical point.
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Many papers: ‘89 - present

Boson self energy Landau damping; overdamped
boson

Fermion self energy Fermi liquid

destroyed!

Momentum independent
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A scattering off such a boson keeps the
fermion close to the Fermi surface.

True even for a non-isotropic Fermi surface
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Polchinski, ‘94
Altshuler et al, ‘94
Motrunich, Fisher, ‘07
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? Focus on R/L patches: s = +1 for R, -1 for L

For the nematic phase transition, the fermion-boson interaction
does not have the factor of s => some differences in physics with
gauge model, particularly in 2Kf and Cooper response
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S.S. Lee (2009) argues that the theory
remains strongly coupled at
large-N.

Infinite number of diagrams contribute at
each order.

Book-keeping device: a “double” line
notation for boson propagator.

All “planar’ diagrams survive in large-N limit.

What is the correct
low energy physics?
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Metlitski, Sachdev (arxiv:1001.1153) find three loop graphs
that contribute o(N*2) to boson propagator => failure of large-N
expansion?

Also at three loops, singular momentum dependence of fermion
self energy: qualitative difference with RPA
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Mross, McGreevy. Liu, TS, arXiv:1003.0894

Controlled calculations of singular scaling structure of
all physical quantities.

Examples: Boson, fermion Greens functions; universal 2Kf
singularities.
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Replace original “bare’ boson action by
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Gauge propagator

Fermion self energy
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Gauge propagator

Fermion self energy
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Perturbative 1-loop RG for coupling constant

Higher orders in epsilon? Necessary for some phenomena.
Other singularities?
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Nayak, Wilczek
This talk
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Power law suppression of tunneling density of states
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Expect singular non-Fermi liquid structure of 2Kf
[ \ density/spin correlations (Altshuler et al, 1994)

Saturday, October 22, 2011



Saturday, October 22, 2011



Gauge model: Useful point of view (Kim, Lee, Wen, ‘95, Stern, Halperin ‘95): smooth versus rough shape fluctuations of
Fermi surface.
Smooth shape fluctuations( eg, Long wavelength density/current response)Fermi liquid like.
Rough fluctuations (eg, 2Kf response, single particle response) non-Femi liquid like.

Nematic criticality similar except (of course) for order parameter | = 2 channel;
but beware mixing with | = O response, i.e, compressibility (M. Metlitski)
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Fermion self energy at o(1/N"2): understand in terms of two-particle
scattering amplitudes in 2Kf/Cooper channels
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Fermion self energy at o(1/N"2): understand in terms of two-particle
scattering amplitudes in 2Kf/Cooper channels

2Kf Cooper
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Fermion self energy at o(1/N"2): understand in terms of two-particle
scattering amplitudes in 2Kf/Cooper channels

2Kf Cooper

Signs determined by Amperean rule but
Cooper always dominates in magnitude due tfo
perfect “nesting’ in Cooper but not in 2Kf.
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Fermion self energy at o(1/N"2): understand in terms of two-particle
scattering amplitudes in 2Kf/Cooper channels

2Kf Cooper

Signs determined by Amperean rule but
Cooper always dominates in magnitude due tfo
perfect “nesting’ in Cooper but not in 2Kf.

Net sign determined by Cooper => fermion Greens function singularity
enhanced for nematic beyond RPA.
Suppression of tunneling density of states natural in terms of enhanced pairing
fluctuations.
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Nematic: We suggest theory is unstable toward breaking
franslation and other symmetries
=> no direct second order nematic transition.

Nayak, Wilczek
This talk

Similar fate for gauge model? Hope that N = 2, z_b = 3 is not part of unstable region!
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Fermi surface + X : simple, reasonably tractable, model for a non-fermi
liquid - control by expanding in dynamical exponent and 1/N.

Electronic spectrum has “critical Fermi surface’ with no sharp Landau
quasiparticle.

Cannot be described as Fermi surface +X.
Need fractionalized degrees of freedom; have stronger destruction of
Landau quasiparticle at critical point.
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