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Kohn’s Theorem

PHYSICAL REVIEW VOLUME 123, NUMBER 4 AUGUST 15, 1961

Cyclotron Resonance and de Haas-van Alphen Oscillations of an
Interacting Electron Gas*

WALTER KOHN
Unazversity of California at San Diego, La Jolla, California

(Received April 5, 1961)

An electron gas with short-range interactions is considered in the presence of a uniform magnetic field.
It is shown that (1) the cyclotron resonance frequency is independent of the interaction; (2) for a two-
dimensional gas, the de Haas—van Alphen period is independent of the interaction. The low-lying excited
states are briefly discussed. '

In the absence of umklapp and impurities,

the Fermi liquid is a perfect metal.
olw)=1D/(w — w.)



What about
non-Fermi liquids?

(NFLs: metals with a Fermi surface
but no quasiparticles)




Quantum criticality of Ising-nematic ordering in a metal
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Pomeranchuk instability as a function of coupling J
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Quantum criticality of Ising-nematic ordering in a metal
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Fermi surface
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Fermi surface + critical boson
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Fermi surface + critical boson
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Solution of Migdal-Eliashberg equations for electron (G)
and boson (D) Green’s functions at small w: P.A. Lee (1989)
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Fermi surface + critical boson
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Transport—a perfect metal!
Conservation of momentum and
fermion-boson drag imply:

Relo(w)| = Dé(w) + ...

p(r)]

a critical boson @
e.g. Ising-nematic order
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S. A. Hartnoll, P. K. Kovtun, M. Muller, and S.S. PRB 76, 144502 (2007)

D. L. Maslov, V. I. Yudson, and A. V. Chubukov PRL 106, 106403 (20
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Fermi surface + critical boson
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Optical conductivity—Diagrams
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Re [o(w)] = C |w|~2/3

Yong Baek Kim, A. Furusaki, Xi1ao-Gang Wen,
and P. A. Lee, PRB 50, 17917 (1994).



Fermi surface + critical boson
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Optical conductivity—Diagrams
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Re [O’ ( )] C |w | _2/ 3 Yong Baek Kim, A. Furusaki, Xiao-Gang Wen,
and P. A. Lee, PRB 50, 17917 (1994).

: g 0
C=0; ow=iD/(w—w:)+w +...
Haoyu Guo, Aavishkar Patel, Ilya Esterlis, S.S., PRB 106, 115151 (2022)
Haoyu Guo, Aavishkar Patel, S.S., to appear




Experimental properties
of strange metals
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Transport properties of a strange metal:

1. Resistivity p(T) =po+ AT + ... asT — 0
and p(T) < h/e? (in d = 2).
Metals with p(T') > h/e* are bad metals.
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Electronic properties of a marginal Fermi liquid:

1. Photoemission: nearly marginal Fermi liquid electron spectral density:

how
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T.]. Reber....D. Dessau, Nature Communications 10,5737 (2019)
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Electronic properties of a marginal Fermi liquid:

1. Photoemission: nearly marginal Fermi liquid electron spectral density:
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2. Speciﬁc heat ~ Tln(l/T) as 1 — 0. S.A. Hartnoll and A.P. MacKenzie, RMP (2022)



Universal theory
of strange metals




Fermi surface + critical boson with potential disorder
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Spatially random potential v(r) with v(r) = 0, v(r)v(r") = v*6(r — ')



Fermi surface + critical boson with potential disorder
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Marginal Fermi liquid self energy and T In(1/7") specific heat
Halperin Lee Read (1993)



Fermi surface + critical boson with potential disorder

P .

A . a critical boson ¢

( I g(k)> Vi e.g. Ising-nematic order
2

(7))

W(T)w(r) aﬁ(r)

J
Conductivity: o(w) ~ ] ; ~
10 Ttrans
Ttrans

MFL self-energy cancels in transport.




Fermi surface coupled to a critical boson:

No spatial disorder
A non-Fermi liquid but NO strange metal transport

Fermi surface coupled to a critical boson:
Potential disorder v
A marginal Fermi liquid but NO strange metal transport




Fermi surface coupled to a critical boson:

No spatial disorder
A non-Fermi liquid but NO strange metal transport

Fermi surface coupled to a critical boson:
Potential disorder v
A marginal Fermi liquid but NO strange metal transport

Fermi surface coupled to a critical boson:

Interaction disorder g’

A marginal Fermi liquid AND strange metal transport



Fermi surface + critical boson with potential disorder
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Spatially random interactions!

OD23K

Puddle formation, persistent gaps, and ol o |
non-mean-field breakdown of 43[—‘_’_,_\_0:3;‘-
superconductivity in overdoped 20}

(Pb,B1)25r,Cu046+3

Willem O. Tromp, Tjerk Benschop, Jian-Feng Ge,
Irene Battisti, Koen M. Bastiaans, Damianos Chatzopoulos,
Amber Vervloet, Steef Smit, Erik van Heumen,

Mark S. Golden, Yinkai Huang, Takeshi Kondo, Y1 Yin,
Jennifer E. Hoffman, Miguel Antonio Sulangi, Jan Zaanen,

Milan P. Allan

Our scanning tunneling spectroscopy measurements in the
overdoped regime of the (Pb,B1),Sr,CuQOg.s high-
temperature superconductor show the emergence of
puddled superconductivity, featuring nanoscale
superconducting i1slands 1n a metallic matrix

arXiv:2205.09740



Fermi surface + critical boson with potential and interaction disorder
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Fermi surface + critical boson with potential and interaction disorder
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¢* “mass” disorder J'(r) is strongly relevant;
rescale ¢ to move disorder to the Yukawa coupling;

Spatially random Yukawa coupling ¢’(r) with ¢/(7) =0, ¢’(7)g¢'(7") = ¢"*6(r — ')

Spatially random potential v(r) with v(r) = 0, v(r)v(r’) = v*6(r — r’)



Fermi surface coupled to a critical boson with disorder
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Marginal Fermi liquid self energy and 7T In(1/7") specific heat



Fermi surface coupled to a critical boson with disorder
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Fermi surface coupled to a critical boson with disorder
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Electron Green’s function: G(w) ~ 1 1
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Residual resistivity is determined by v?; Linear-in-T resistivity determined by ¢’*;
Transport insensitive to g; Marginal Fermi liquid self energy and 7' In(1/7") specific heat.



Fermi surface coupled to a critical boson:

No spatial disorder
A non-Fermi liquid but NOT a strange metal

Fermi surface coupled to a critical boson:
Potential disorder v
A marginal Fermi liquid but NOT a strange metal

Fermi surface coupled to a critical boson:

Interaction disorder g’

A marginal Fermi liquid AND a strange metal
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