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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.




Transport properties of a strange metal:
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Transport properties of a strange metal:
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Planckian Behavior of Cuprate Superconductors: Reconciling the Scaling of Optical Conductivity
with Resistivity and Specific Heat
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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.

2. Optical conductivity
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Electronic properties of a marginal Fermi liquid:

O PhOtOGmiSSion Nature Communications 10,5737 (2019)

A unified form of low-energy nodal electronic

interactions in hole-doped cuprate
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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.

2. Optical conductivity
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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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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 coupled to a critical boson:

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




Quantum criticality of Ising-nematic ordering in a metal
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Pomeranchuk instability as a function of coupling J



Quantum criticality of Ising-nematic ordering in a metal
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Quantum criticality of Ising-nematic ordering in a metal
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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

a critical boson @
e.g. Ising-nematic order
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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) + ...
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Fermi surface + critical boson
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Optical conductivity—Diagrams
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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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Fermi surface + critical boson

These results can also be obtained from the saddle-point and response functions of
a (G-2>-D-11 action. Such an action can formally be obtained in a SYK-like large-/V
limit of a theory with couplings which are random in an additional (fictitious) flavor
space.
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Fermi surface + critical boson

These results can also be obtained from the saddle-point and response functions of
a (G-2>-D-11 action. Such an action can formally be obtained in a SYK-like large-/V
limit of a theory with couplings which are random in an additional (fictitious) flavor

space.

Z = /DGDEDDDHexp(—NSaH)

Saddle-point equations: M(1,r) = ¢°D(71,r)G(T,1),
Migdal-Eliashberg [1(r,r) = —¢°G(—7, —r)G(T,1),
1
Giw, k) =
(i, k) iw—e(k)+p—X(iw, k)’
1
D(i€, q)




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:

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 + 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

All results are obtained from the large N saddle-point and response functions of
this G->3-D-II theory:
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Fermi surface + critical boson with potential disorder

All results are obtained from the large N saddle-point and response functions of
this G->3-D-II theory:

Z = /DGDZDDDHGXP(—NSau)

Saddle-point equations
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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
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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!
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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

All results are obtained from the large N saddle-point and response functions of
this G-X-D-II theory:
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Fermi surface coupled to a critical boson with disorder

All results are obtained from the large N saddle-point and response functions of
this G-X-D-II theory:
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Saddle-point equations
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Fermi surface coupled to a critical boson with disorder

— "; ( 0 | 5(@) m a critical boson ¢
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J?)OSOH Green’s function: D(q,iQ) ~ 1/(¢* + v|Q])
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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

Ly = }; ( 0 | 5(k)> Vi a, C].fitical bossm 0

e.g. Ising-nematic order

P(r)]* + g+ g'(r)] YT (r)v(r) ¢(r)
+o(r)y! (r)i(r)

& J
SXE,

Conductivity: (a) (b) (c) (d) (e)
0Y,g 0%,9 OV,gq
2 72

all ladders and bubbles.....




Fermi surface coupled to a critical boson with disorder

1
Conductivity: o(w) ~ -
( ) 1 - mtrans (UJ)
TW
Ttrans (w) m
1 2 /2 M ans (W) 29/2
" . rairs ~ 1 A
Ttrans (w) v J ‘w| | T 7 n( /w)
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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




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.

2. Optical conductivity
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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)



