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Why is spatial disorder
needed for a theory of
strange metals at low-T?




Kohn’s Theorem
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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.)



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



Spatially random interactions!

OD23K

Puddle formation, persistent gaps, and ol UD25K
non-mean-field breakdown of 23[_‘_,—'_'_‘—5_
superconductivity in overdoped 40 OFT3sK .
(Pb ,Bi)le’zCllO6+6 ___|=‘.__.'_\__\:I_

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

Nature Materials 22, 703 (2023)

In the Hubbard model,
disorder 1in the hopping ¢;;
cenerates disorder in the

+2 |
exchange interaction J;; = % 0
A (meVY)



https://www.nature.com/nmat

Fermi surface + critical boson with potential disorder
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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¢' (") = ¢*6(r — ')

E. E.Aldape, T. Cookmeyer, Aavishkar A. Patel, and Ehud Altman, PRB 105,235111 (2022)

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



Fermi surface + critical boson with potential and interaction disorder
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J?)OSOH Green’s function: D(q,iQ) ~ 1/(¢* + v|Q])

Fermion selt energy:
2
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Marginal Fermi liquid self energy and 7T In(1/7") specific heat



Fermi surface + critical boson with potential and interaction disorder
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all ladders and bubbles.....




Fermi surface + critical boson with potential and interaction 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)

Electron Green’s function: G(w) ~ 1 1

W (k) + i ( : ) sen(w)

Te  Tin(W)

1 2 1 g° . m*(w) 2 (¢° 2
-~ W)N(UQ |9/>\W| ; ~— |55 +g7 | In(A/w)

Te Tin ( U

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.



Observable properties:

1. Resistivity p(T) ~ v* + ¢*T.
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2. Optical conductivity
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B. Michon...... A. Georges, Nat. Commun. 14, 3033 (2023)
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B. Michon...... A. Georges, Nat. Commun. 14, 3033 (2023)

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

hw 1 hw
Im¥(w) ~ |w]**® ith a ~ 1/2 ~ |w|®
mX(w) ~ |w] > (kBT> with o /2 ; — w|Py (kBT>

T.]. Reber....D. Dessau, Nature Communications 10,5737 (2019)




Observable properties:

L.

2.

Resistivity p(T) ~ v* + ¢°T.

Optical conductivity

( ) K ] | ‘ o o
W) = : ~ (W|Ps
’ 1 M (@) T Torans(@) kT

(100,
Ttrans (W) m

B. Michon...... A. Georges, Nat. Commun. 14, 3033 (2023)

. Photoemission: nearly marginal Fermi liquid electron spectral density:

hw

. 1 hw
ImY(w) ~ |w|** P <k3T> with a = 1/2 ; — ~ |w|Ps (kBT>

T.]. Reber....D. Dessau, Nature Communications 10,5737 (2019)

. Specific heat ~ T'In(1/T) as T' — 0.

S.A. Hartnoll and A.P. MacKenzie, RMP (2022)



Observable properties:

3

5. Cyclotron resonance.
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FIG. 8: Cyclotron mass renormalization ¢ = *¢ at different values of potential disorder

(&

(represented by scattering rate I') and interaction disorder (represented by A). The bare
cyclotron frequency is w, = 0.5. When w, > I', the cyclotron mass is only weakly renormalized by

I', but is more sensitive to A.



Observable properties:

5. Cyclotron resonance.

Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S., Aavishkar Patel, arXi1v:2308.01956

6. Shot noise. Fano factor:
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Alex Nikolaenko, S.S., Aavishkar Patel, arXiv:2305.02336

Alexander Nikolaenko
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(. Magnetotransport: Hall effect and magnetoresistance
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6. Shot noise. Fano factor:
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Alex Nikolaenko, S.S., Aavishkar Patel, arXiv:2305.02336
(. Magnetotransport: Hall effect and magnetoresistance

S 1 (14 7g*V/(4(2m)*v?)
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Serhii Kryhin, S.S., Pavel Volkov, to appear...



Observable properties:

9. Spectral functions and superfluid density upon onset of superconductivity.

Chenyuan L1, Davide Valentinis, Haoyu Guo, S.S., Jorg Schmalian, Aavishkar Patel, Ilya Esterlis to appear...
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10. Thermoelectric response.
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9. Spectral functions and superfluid density upon onset of superconductivity.

Chenyuan L1, Davide Valentinis, Haoyu Guo, S.S., Jorg Schmalian, Aavishkar Patel, Ilya Esterlis to appear...

10. Thermoelectric response.

Peter Lunts, S.S., Aavishkar Patel..............

11. Dynamic density fluctuations (for EELS).

Xuepeng Wang, Debanjan Chowdhury, Phys. Rev. B 107, 125157 (2023)



Application to the
cuprates
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Zhang and Sachdev Phys. Rev. Research 2,023 172 (2020); Phys. Rev.B 102, 155124 (2020)
‘H; Higgs boson with
D the fundamental cauge charge
of an emergent SU(2) gauge field.

@ =1 - 1) /v2 | Large Fermi surtface
@ @ CRD = (1t o) +[o 1) /V2 of size 1 +p
Small Fermi surface
of size p FL* FL
; (@) # 0 (@) =0

spin liquid.

doping p



QMC results:
beyond SYK-large N

Aavishkar Patel Michael Albergo Peter Lunts



Model for QMC

e Sign-problem free hybrid quantum Monte Carlo with . interactions.
e Set ..., in order to isolate effects of . (next phase of project will consider ...)

2
S :/dT Z Z wal’gﬁ'ﬂ?[a’T — (_1)a,u — 577,77’ — tcu,’F’,’F”] wa,a,j,ff”

— =

o=1,) a=z,y j=1 7,7

1, . - 1 _ - - ﬁ = e
+ / dr Y| 50:627 + 5(V6: + 567 + 169" + X % [ Sl O[] T g+ ]

o0’ =1,) j=1

Two-band structure: Berg, Metlitski, Sachdey, (Corresponds to random anti-ferromagnetic interactions)
Science 338 1606-1609 (2012).

coupling ¢ = const coupling ¢ = spatially random

Aavishkar Patel, Michael Albergo, Peter Lunts (to appear)



Some results: phase transition

0.04 - — [, = 40, 5t = 20
’ —— [ =30, 8t = 20
0.03 -
N\
AN
~
2 0.02 -
\
o
>
0.01 -
0.00 - r
50 55 60 65 70 75 80 8.5 0.0 0.5 1.0 1.5 2.0
e ; develops quasi-long range order (.-.), for .-.. e Boson mass dependence on . gives an

estimate of correlation length exponent .....
at .»-» (for a boson dispersion that is

. 19 quadratic at small .).
Coupling ¢'“ =t =2FEr/5=W/6.

Linear dimension L
Quenched disorder average over 10 samples.

Aavishkar Patel, Michael Albergo, Peter Lunts (to appear)
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Some results: boson propagator

o 10°: D™ (iw,q) — D™ (iw, 0) o< ¢*2%%
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| 102 ,/’ n— B
Q 5’
10°
Qdiag

« Momentum dependence of inverse ;propagator is
close to - at small . (small deviations in exponent

are due to lattice effects).

q=0)

0) - D~1(0,

IWn, q

D=1
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@}’
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1071 109
Whn

e Frequency dependence of inverse :
propagator is consistent with . Landau
damping at low frequencies.

Bt =56 L =40 ¢° =t=2Ep/5=W/6 T =T,

Quenched disorder average over 22 samples

Aavishkar Patel, Michael Albergo, Peter Lunts (to appear)



Some results: fermion self energy

099 ,-" o MFL fit: a(wIn(l +b/w) + bln(1 + w/b)) + ¢ + dw
i ;' e a = 0.195,b = 0.039, ¢ = 0.234, d = 0.021

T V28 i /@:;:»’*?/ Marginal FL with finite UV cutoff ., and a

| i  oodl constant residual . that is .-independent
x 0.27- 'l ,@’::/

é 0.26 //,’;llll'/ ---- MFL fit nFL fit; qw'=° + ¢ + dw

N 2 ---- nFL fit

= A = a = 0.093,¢=0.25,¢ = 0.1,d = 0.0

— / I 0 ni = =N . . .

- 0.25 ,' Fit to nFL with exponent . . is bad for

1.0 1.2 small .

00 02 04 06 08
W
Bt =56 L =40 ¢° =t=2Ep/5=W/6 T = T

Quenched disorder average over 22 samples

e Frequency scaling of . averaged over contour close to FS is compatible
with marginal FL form at low frequencies.

Aavishkar Patel, Michael Albergo, Peter Lunts (to appear)



Universal theory of strange metals
Fermi surface + critical boson with potential and interaction disorder

Ly = lw; ( 0 I 5(k)> b A (?ritical bos.on 0
e.g. Ising-nematic order,
spin-density wave order,

Higgs boson for Fermi-volume changing transition

Ly = slo(r)]* + [g+ g/ (M ()1 (r) o(r)
+o(r)Y! (r)Y(r)

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

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



