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Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)

Temperature, T (K)

300 |
b
200 Pseudogap
TSC, onset
TC,onset = e
’I
4
_' Charge
100 R order

Strange metal

Hole doping, p

Pirsa: 24030117

® o
@ v

®:

a

=l
¢ - ¢
o Y]
TN iy ,111.6802 A
1@
"— o
 §
, ,'?'."":;,’
e e, I8
& 3.8872 A
3.8227 A

YBa2 Cllg O6—|—a:

Page 4/61



Temperature, T (K)

Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)
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Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)
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Lowest T' phases obtained
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conventionally order phases
obtained from
the Fermi liquid.
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pmax

Build a theory for the
phase diagram from a
theory of the pseudogap
metal as a ‘metastable’
T = 0 quantum phase.

Strange metal described by
quantum critical region
of a T'= 0 quantum
transition between
the pseudogap metal (FL*)
and the Fermi liquid (FL).
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Anomalous Criticality in the
Electrical Resistivity of La,_,Sr,Cu0,

R. A. Cooper, Y. Wang,” B. Vignolle,? 0. ]. Lipscombe,” S. M. Hayden, Y. Tanabe,? T. Adachi,’ p(T) — p( 0) ~J Tn
Y. Koike,> M. Nohara,** H. Takagi,? Cyril Proust,” N. E. Husseyt
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Quantum criticality of AF ordering in a metal

. Quantum ’
‘. critical ,’

Francisco Borges, Anton Borissov, Ashutosh Singh, Andres Schlief, Sung-Sik Lee
Annals of Physics 450, 169221 (2023)
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Quantum criticality of Ising-nematic ordering in a metal

. Quantum ’
‘. critical ,’

Francisco Borges, Anton Borissov, Ashutosh Singh, Andres Schlief, Sung-Sik Lee
Annals of Physics 450, 169221 (2023)
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Pseudogap metal to Fermi liquid in single band model

f
Higgs boson with

D the fundamental gauge charge

\

of an emergent SU(2) gauge field.

\

J

CR DD =(to) +lo 1) /V2

Small Fermi surface
of size p

o (@) £ 0 (®) =
spin liquid.

FL*

@ o=t -1/v2 | Large Fermi surface
of size 1 + p

Ya-Hui Zhang and S.S. Phys. Rev. Research 2,023172 (2020); Phys. Rev. B 102, 155124 (2020) dOpiIlg P
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Quantum criticality of Ising-nematic ordering in a metal

. Quantum ’
‘. critical ,’

Francisco Borges, Anton Borissov, Ashutosh Singh, Andres Schlief, Sung-Sik Lee
Annals of Physics 450, 169221 (2023)
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Fermi surface + critical boson with no spatial disorder

_— 0 A critical boson ¢
ﬁ@b T wkz (87’ g 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+5 [p(r)]? +9 T (r)y(r) ¢(r)
+K [V ()] + u ¢(r)]*

A

A J

A non-Fermi liquid in the
electron spectral function

2/3 :
Y(w) ~w - but a perfect metal in transport!
olw)=1tD/(w—w:) +w” +...
k Haoyu Guo, Aavishkar Patel, Tlya Esterlis, S.S., PRB 106, 115151 (2022)
Haoyu Guo, Davide Valentinis, J. Schmalian, S.S., Aavishkar Patel, PRB 109, 075162 (2024)

D L. Maslov and A.V. Chubukov, Rep. Prog. Phys. 80, 026503 (2017)
Zhengyan Darius Shi, Dominic V. Else, Hart Goldman, T. Senthil, SciPost Phys. 14, 113 (2023)
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Quantum criticality of Ising-nematic ordering in a metal

. Quantum ’
‘. critical ,’

- Fermi
: Strongly-coupled liquid
| d gly P - iqui
& i 0 “non-Fermi liquid” <¢> =0
| q
metal Nith no >
quasiparticles S

Francisco Borges, Anton Borissov, Ashutosh Singh, Andres Schlief, Sung-Sik Lee
Annals of Physics 450, 169221 (2023)
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[I. Yukawa-SYK model]

IT. Universal Yukawa-SYK theory
in d=2 spatial dimensions

ITI. Random "mass” Hertz theory at low T
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Yukawa-SYK models
HZ—NZ”‘PI%-FZ% (7§ +wodz) + Zgzge’gb Vb
1 ¢

i€

with g;;¢ independent random numbers with g;;z = 0, @ —sg

Leads to fully self-consistent Migdal-Eliashberg equations
2l noig G¢G¢, Yo ~ g°GyGy in a SYK-like large N limit.

W. Fu, D. Gaiotto, J. Maldacena, and S. Sachdev, PRD 95, 026009 (2017)
J. Murugan, D. Stanford, and E. Witten, JHEP 08, 146 (2017)

A. A. Patel and S. Sachdev, PRB 98, 125134 (2018)

E. Marcus and S. Vandoren, JHEP 01, 166 (2018)

Yuxuan Wang, PRL 124, 017002 (2020)

I. Esterlis and J. Schmalian, PRB 100, 115132 (2019)

Yuxuan Wang and A. V. Chubukov, PRR 2, 033084 (2020)

E. E. Aldape, T. Cookmeyer, A. A. Patel, and E. Altman, arXiv:2012.00763
Jaewon Kim, E. Altman, and Xiangyu Cao, PRB 103, 081113 (2021)

W. Wang, A. Davis, G. Pan, Yuxuan Wang, and Zi Yang Meng, PRB 103, 195108 (2021)
I. Esterlis, H. Guo, A. A. Patel, and S. Sachdev, PRB 103, 235129 (2021).
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Yukawa-SYK models
H:_NZ¢I¢%+21 7T£ +w0§bg Zgag‘f@b Vjde
1 ¢

i€

with g;;¢ independent random numbers with g;;z = 0, fje — g2.Large N saddle-point equations:
e “

1 1
e . G(1 - ’ D(: i
: (#wn) iwn + o — B (iwy) (iwn)

\N\(\% = w2 + w? — (iwy,) m
= =@ -5, (1) = g?G(r)D(r) , (1) = —¢*G(r)G(-71) Hi— u\b:\g/g;
\. J

Make the low frequency ansatz

1 I
G(iw) ~ —isgn(w)|w|~ 2% | D@w) ~ |w|'™2 , <A<
A consistent solution exists for

AP
-1 A = 0.42037 ..
2(2A — 1)[sec(2mA) — 1] |. Esterlis and J. Schmalian, PRB 100, 15132 (2019)
See also Yuxuan Wang, PRL 124,017002 (2020)
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Yukawa-SYK models

T/WO

Quantum critical:
Impurity-like NFL

Free fermions

1/10F

Quantum critical:
| SYK-NFL

1 g

|. Esterlis and . Schmalian, PRB 100, 115132 (2019)
See also Yuxuan Wang, PRL 124,017002 (2020)
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Yukawa-SYK models
H:_NZ¢I¢1+21 7T£ +w0§bg Zg@jg’gbfégbg
1 ¢

i€

with g;;¢ independent random numbers with g;;z = 0, @ — g2.Large N saddle-point equations:
e “

1 1
e . G(1 — : D .
: (#wn) iwn + o — B (iwy) (iwn)

\N\(\% — w2 + w? — (iwy,) m
==@ -5, (1) = g?G(r)D(r) , (1) = —¢*G(r)G(-71) 1= u\b:\g/g;
\ J

Make the low frequency ansatz

1 1
G(iw) ~ —isgn(w)|w|~ 2% | D@w) ~ |w|'™2 , <A<z
A consistent solution exists for

Al
-1 A = 0.42037 ..
2(2A — 1)[sec(2mA) — 1] |. Esterlis and J. Schmalian, PRB 100, 15132 (2019)
See also Yuxuan Wang, PRL 124,017002 (2020)
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I. Yukawa-SYK model

IT. Universal Yukawa-SYK theory
in d=2 spatial dimensions

ITI. Random "mass” Hertz theory at low T
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Fermi surface + critical boson with potential disorder

_— 0 A critical boson ¢
ﬁ@b — wkz % i 8(k) wk e.g. Ising-nematic order,
spin-density wave order,
Higgs boson for Fermi-volume changing transition

. +5 [p(r)]? 9 97 (r)(r) o(r)
kx
J> K Vg +u o] +o(r)e! (r)(r)

A

a0
&

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v36(r — )
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Fermi surface + critical boson with potential and interaction disorder

0 critical boson
ﬁ@b — wl]:: ( i 8(k)> wk e.g.AIsin;-neln?atic ofder,
or spin-density wave order,
Ak Higgs boson for Fermi-volume changing transition
64
ﬂ T Hat gl + +oulru(r) o)
kx
LJ +K [Ved()]? +u ()] +o(r)p!(r)p(r)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v36(r — ')

Spatially random mass §s(r) with ds(r) = 0, ds(r)ds(r’) = §s25(r — r')
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Fermi surface + critical boson with potential and interaction disorder

_— 0 A critical boson ¢
ﬁ@b T wkz (87‘ g 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+[s + ds(r)] [¢(r)]* + +9 T (r)y(r) ¢(r)
+K [V o(r)]* +up(r)]* +o(r)p' (r)y(r)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v36(r — ')

Spatially random mass §s(r) with ds(r) = 0, ds(r)ds(r’) = §s25(r — r')

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
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Fermi surface + critical boson with potential and interaction disorder

— 0 A critical boson ¢
ﬁ@b _ wkz (87‘ i 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+[s + ds(r)] [#(r)]* + 99T (r)y(r) ¢(r)

+K [V o(r)]* +ulp(r)]* +o(r)p’ (r)y(r)

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381,790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’) = v36(r — ')

Spatially random mass §s(r) with ds(r) = 0, ds(r)ds(r’) = §s25(r — r')

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
Rescale ¢(r) to obtain a theory with ds(r) = 0.
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Fermi surface + critical boson with potential and interaction disorder

. 0 A critical boson ¢
ﬁ@b T wkz (87‘ Sl 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi—vcklme changing transition

+5 [p(r))? + [g+ g/ (P)] YT (r)y(r) ¢(r)
K [Ved(r)]? +ulp(r)])t +o(r)t (r)y(r)

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381,790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v36(r — ')

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

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
Rescale ¢(r) to obtain a theory with ds(r) = 0.
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Fermi surface + critical boson with potential and interaction disorder

— 0 A critical boson ¢
ﬁ@b T wkz (87‘ i 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+5 [p(r))? + [g+ g/ (P)] YT (r)y(r) ¢(r)
K [Ved(r)]? +ulp(r)])t +o(r)yt(r)y(r)

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381,790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v26(r — ')

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

Analyze such a theory in a self-averaging manner as in the Yukawa-SYK model.
Should be applicable as long as eigenmodes of ¢(r) are extended.
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Fermi surface + critical boson with potential and interaction disorder

SYK-type self-consistent equations

S(r,t) = ¢?D(r,1)G(1, 1) + v2G(7,1)8%(r) + ¢ *G(r, 1) D(7,1)8%(T),
I(r,1r) = —¢*G(—7, -1)G(7, 1) — ¢°G(—7,1)G(r,1)82(x),

1
-
Cléid iw —e(k) + p — X(iw k)’
1
D(i2, q) =

02+ q%2+m? —1I(i1N,q)

O O SCD D

Conductivity: (a) (b) (c) (d) (e)

?_) M
2 2

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

(

1 )

Electron Green’s function: G(w) ~

m*(w) , ( 1 1 )
W —e(k)+i| —+ sgn(w
)i (4 s ) senl)
L2 1 9 e m*w) 2(g®
—_— 2 ~J —_ . ~ — —_ l A
P v Tin (W) (’02 e ] m 7w \ v2 t9 ufdl)
k TJ. Reber....D. Dessau, Nature Communications 10,5737 (2019)

Marginal Fermi liquid self energy and T In(1/T) specific heat.

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S.S., Science 381, 790 (2023)
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Fermi surface + critical boson with potential and interaction disorder

i i '
Electron Green’s function: G(w) ~

m*(w) , ( 1 1 )
W —ek)+i| —+ sgn(w
— (k) T (w)
1, 1 9> | m*(w) 2 (g®
—_—~ ‘ ~ _— % ~ — —_— 1 A
b (Ug 9% )Wl 5 — =~ — (5 +g7 | In(A/w)
1
Conductivity: o(w) ~ 7 )
W trans
Ttra,ns(w) m
1 * 2 2
~ ’U2 _|_gl2|w| : mtra,ns(w) -~ g IH(A/LU)
R (G9), m T
\_ B. Michon...... A. Georges, Nat. Commun. 14, 3033 (2023))

Marginal Fermi liquid self energy and T In(1/T) specific heat.
Residual resistivity is determined by v?; Linear-in-7 resistivity determined by ¢'%;
Transport insensitive to g;
Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S.S., Science 381, 790 (2023)
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Fermi surface + critical boson with potential and interaction disorder

L 0 A critical boson ¢
ﬁ@b T wkz (87‘ i 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+5 [p(r))* + [g+ g/ (P)] YT (r)y(r) ¢(r)
K [Ved(r)]? +up(r)])t +o(r)t(r)y(r)

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381,790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v26(r — ')

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

Analyze such a theory in a self-averaging manner as in the Yukawa-SYK model.
Should be applicable as long as eigenmodes of ¢(r) are extended.

Pirsa: 24030117 Page 32/61



Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges
Nature Communications 14, Article number: 3033 (2023)

_ e’K/(hd.)
o(w) =1 .
m*(w) . h
hw————= +1
m T(w)
102 [ T L T T T T 1T 7 I'\I T T : 90 T T T l T T T l T T T I T T T
Las .St CuO, a 1?\_\/\ . b |
p=0.24 i A ___E_V___
Tz = 191K I ———
— 1 ¢ 60
£ ]
O oo L
9 10! 13
R 1 = — 30 K
o 1 b
- 1 B 30 .
(]
il — 150 K 4
— 200K — 250 K
— 300 K -
100 1 1 1 ||| 1 1 1 111 I\I 0 1 1 1 I 1 1 1 I 1 1 1 I L | 1
102 101 0 0.1 0.2 03 0.4
hw (eV) hw (eV)
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Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges
Nature Communications 14, Article number: 3033 (2023)

. e*K/(hd.)
glwli= i o) 7
hw————= +1
m T(w)
0.4 [ T T ] T T T T | T T T T I T T T l_ 70 T l T I T I T I T
::gOKK :ﬁi <y 60- hw < 0.4 eV b—-
03l 50-_ 40 K < T < 300 K i
i — 150 K I |
= | —200K —250K
B —30K r/r 40T 7
0= : BTk | '
= _ o s g
' - - 150 K A
i 10 — 200K — 250 K —
K =211 meV | — 300 K -
A S PP PSR B ) A N B —
0 0.1 0.2 0.3 0.4 0 20 40 60 30 100
hw (eV) hw/ke T
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Fermi surface + critical boson with potential and interaction disorder

i i '
Electron Green’s function: G(w) ~

m*(w) , ( 1 1 )
w —o(B) 1| — + sgn(w
— (k) T (w)
1 1 9> | m*(w) 2 (g°
—_—~ ‘ ~ _— % ~ — —_— 1 A
b (Ug 9% )Wl 5 — =~ — (5 +g7 | In(A/w)
1
Conductivity: o(w) ~ 7 )
W trans
Ttra,ns(w) m
1 * 2 /12
~ ’U2 _|_gl2|w| : mtra,ns(w) -~ g IH(A/LU)
Ttrans (W) m T
\_ B. Michon...... A. Georges, Nat. Commun. 14, 3033 (2023))

Marginal Fermi liquid self energy and T In(1/T) specific heat.
Residual resistivity is determined by v?; Linear-in-7 resistivity determined by ¢'%;
Transport insensitive to g;
Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S.S., Science 381, 790 (2023)
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Strange metal and superconductor g=0

in the two-dimensional Yukawa-SYK model
Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S., llya Esters, to appear

_ e’K/(hd.)
glu)i= 1
m*(w) . h
how———= +1
m T(w)
0.35- . 7 :
0.30+ 6L
T/t=0.04—-05
0.25+ 5L
i 0.20+ 4t
= =
o1t = 3f
; —_— Th=0275 — Ti=0.15
0.10¢ — Th=025 =— T/t=0125]] 2r
— T/t =0.225 Tht=01
0.05+ — TH=02 = T/t=0.075] r
- Th=0.175
0'0%.0 0.‘5 1.‘0 1.|5 2.'0 25 On 10 20 30 40 50 60
w/t w/T
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I. Yukawa-SYK model

IT. Universal Yukawa-SYK theory
in d=2 spatial dimensions

[III. Random "mass” Hertz theory at low T]
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Fermi surface + critical boson with potential and interaction disorder

_— 0 A critical boson ¢
ﬁ@b T wkz (87’ i 8(k)) wk e.g. Ising-nematic order,

spin-density wave order,
Higgs boson for Fermi-volume changing transition

+[s + 8s(r)] [o(r))? + [g + ¢ (7)] ¥ T (r)y(r) ()
K [Vep(®)? +up(r)]* +olr)yt (r)y(r)

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381,790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v36(r — )

Spatially random mass §s(r) with ds(r) = 0, ds(r)ds(r’) = §s25(r — r')

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
Mapping of ds(r) to ¢'(r) only works if eigenmodes of ¢(r) are extended.
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Bosonic eigenmodes in random mass Hertz theory

Integrate out the fermions (assuming fermionic eigenmodes remain extended), and considering
the Landau-damped Hertz theory for the boson alone, in the presence of a random mass.

o= [ ar[g 36— 630"+ (G20 + g7 (600))

(i3)

Ssi =5 33 (1191 +02/c) ',@bja(mnz ,

where ¢ = 1... M is a flavor index for an order parameter with O(M) symmetry. Analyze in a
self-consistent quadratic theory, treating disorder numerically exactly

J Similar analysis in d = 1 works very well
g e dr ( q5 q5 _|_ J q5 A. Del Maestro, B. Rosenow, M. Miiller and S. Sachdev,
o] 2 E : ia Ja E : ja Phys. Rev. Lett. 101, 035701 (2008).
(i)

1/)0«5?11,&(1'
3= st +—Z >3¢»+3¢»d_5+8 +UTZZ’Y‘Q|+92/CJQ—I—6

where e, and 1,; are eigenvalues and eigenfunctions of the ¢ quadratic form in 3¢, labeled by
: _ 2
the index ao=1...L* for a L x L sample. Aavishkar A. Patel, Peter Lunts, S.S., PNAS to appear, arXiv:2312.06751

Pirsa: 24030117 Page 39/61



Bosonic eigenmodes in random mass Hertz theory

3

Aavishkar A. Patel,

Peter Lunts, S.S.,
PNAS to appear,
arXiv:2312.06751
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Bosonic eigenmodes in random mass Hertz theory

Integrate out the fermions (assuming fermionic eigenmodes remain extended), and considering
the Landau-damped Hertz theory for the boson alone, in the presence of a random mass.

o= [ dr[g 36— 630"+ (G20 + g7 (650))

(25)
Spa =5 Z D (9 + 9%/ |¢ia (i) 2,
Q

where ¢ = 1... M is a flavor index for an order parameter with O(M) symmetry. Analyze in a
self-consistent quadratic theory, treating disorder numerically exactly

J Similar analysis in d = 1 works very well
g . dr ( q5 q5 _|_ J q5 A. Del Maestro, B. Rosenow, M. Miiller and S. Sachdev,
o] 2 E : ia Ja E : ja Phys. Rev. Lett. 101, 035701 (2008).

(i5)
?,Q,ba
8 =ikt +—Z >3¢»+3¢d_5+8 +UTZZ’Y‘Q|+k2/CJQ+ea

where e, and 1,; are eigenvalues and eigenfunctions of the ¢ quadratic form in 3¢, labeled by
: _ 2
the index o =1...L* for a L x L sample. Aavishkar A. Patel, Peter Lunts, S.S., PNAS to appear, arXiv:2312.06751
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of Yukawa-SYK

(]

Aavishkar A. Patel,

Peter Lunts, S.S.,
PNAS to appear,
arXiv:2312.06751

Pirsa: 24030117
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Landau-damped bosonic eigenmodes with random mass

¢ eigenmodes localization length £,

Why is the boson localization
length non-monotonic ?

Aavishkar A. Patel,

Peter Lunts, S.S.,
PNAS to appear,
arXiv:2312.06751
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T.Vojta and J. Schmalian, PRB 72, 045438 (2005)

PRL 99, 230601 (2007) PHYSICAL REVIEW LETTERS

Effects of Dissipation on a Quantum Critical Point with Disorder

José A. Hoyos, Chetan Kotabage, and Thomas Vojta
Department of Physics, University of Missouri-Rolla, Rolla, Missouri 65409, USA

s,= [ ar -3 duputit S [Foh+§ (60 5L S5 nlljaleon)
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T.Vojta and J. Schmalian, PRB 72, 045438 (2005)

PRL 99, 230601 (2007) PHYSICAL REVIEW LETTERS

Effects of Dissipation on a Quantum Critical Point with Disorder

José A. Hoyos, Chetan Kotabage, and Thomas Vojta
Department of Physics, University of Missouri-Rolla, Rolla, Missouri 65409, USA

Strong disorder RG identical to that for the RTFIM
T Ji 12 J 23

Jij = Jij + 5 Hrrrim = E J 72 E s; X
5 S983 (i7)
52 == Numerically studied in d=2 b
J23 b Y

O. Motrunich, S.-C. Mau, D.A. Huse and D.S. Fisher,
PRB 61 (2000) 1160
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PRL 99, 230601 (2007) PHYSICAL REVIEW LETTERS

Effects of Dissipation on a Quantum Critical Point with Disorder

José A. Hoyos, Chetan Kotabage, and Thomas Vojta
Department of Physics, University of Missouri-Rolla, Rolla, Missouri 65409, USA

Strong disorder RG identical to that for the RTFIM

~ JioJa;
“ta¥ sy
Jiz = Ji + 5 Hprrmv = E Tl E :53
> S983 (13)
52 = Lt . Numerically studied in d=2 b
J23 b Y

O. Motrunich, S.-C. Mau, D.A. Huse and D.S. Fisher,
PRB 61 *”000) | 160

Key fact: Similarity of classical O(/N > 2) chain with 1/r? interactions,
and classical Ising chain with short-range interactions.
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Strong disorder RG identical to that for the RTFIM
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“ta¥ sy
Jiz = Ji + 5 Hprrmv = E 2 E :53
> S983 (13)
52 = Lt . Numerically studied in d=2 b
J23 b Y

O. Motrunich, S.-C. Mau, D.A. Huse and D.S. Fisher,
PRB 61 (2000) 1160

Key fact: Similarity of classical O(IN > 2) chain with 1/r? interactions,
and classical Ising chain with short-range interactions.
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Model for sign-free QMC

2
S Zf Z v, ch =0= = (1) —0rm —tarm|taziv
T =0 :

o,0'=t,} j=1

T / dTZ[clz(&,_}) l(vcm TGP + T > [ar> YOl [Hn o 1o 1]

Two-band structure: Berg, Metlitsl
Sachdey, Science 338 1606-1609

(2012).

coupling g = const coupling g = spatially random
Aavishkar A. Patel, Peter Lunts, M. Albergo (to appear) be
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Bosonic eigenmodes in random mass Hertz theory

Transport scattering rate ,,.

. ) 74
Y(iw) = —itg* Ny 72

3

Aavishkar A. Patel,

Peter Lunts, S.S.,
PNAS to appear,
arXiv:i2312.06751
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Anomalous Criticality in the
Electrical Resistivity of La,_,Sr,Cu0,

R. A. Cooper, Y. Wang,” B. Vignolle,? 0. ]. Lipscombe,” S. M. Hayden, Y. Tanabe,? T. Adachi,’
Y. Koike,> M. Nohara,** H. Takagi,® Cyril Proust,” N. E. Husseyt

200 T

SCIENCE VOL 323 603 2009

Extended bosons:
physics of Yukawa-SYK[ ™

= ' X 100 -
Localized = u

overdamped |
bosons, =0
but extended

fermions . L
g O o 018 0.2 022 024 026 028 03 0.32

Hole doping p
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of Yukawa-SYK

20 A
10 +
Aavishkar A. Patel, ( a)
Peter Lunts, S.S.,
PNAS to appear, 10-4 10

arXiv:i2312.06751
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Tuneable non-Fermi liquid phase in electronic glasses

generalization of the Sachdev-Ye-Kitaev approach
to two-level systems in glasses

4

controlled approach to obtain a tunable
Non-Fermi liquid state

. . 30
strong renormalizations e ' non-Fermi liquid physics ! Bl
of the TLS distribution > i 7 g - - classical TLSs i
: <y 77 cios in electronic glasses -
function 20 o0 17/ - Rt
e W7/ 9 : 06 N4
= = o) 2 g Is this relevant to the = e, i
10 R " physics of correlated ™ . f\EITLS
- . b
W A quantum materials? ‘
0 - . 0 0 0

0 0.2 0.4 0.6 0.8 1 0 02 04 06 08 1 1:2
hp/h. a

[Noga Bashan, Evyatar Tulipman, Jérg Schmalian, Erez Berg, arXiv:2310.07768]
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Quantum criticality of AF ordering in a metal

. Quantum ’
‘. critical ,’

Francisco Borges, Anton Borissov, Ashutosh Singh, Andres Schlief, Sung-Sik Lee
Annals of Physics 450, 169221 (2023)
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Pseudogap metal to Fermi liquid in single band model

f
Higgs boson with

D the fundamental gauge charge

\

of an emergent SU(2) gauge field.

\

J

CR DD =(to) +lo 1) /V2

Small Fermi surface
of size p

o (@) £ 0 (®) =
spin liquid.

FL*

@ o=t -1/v2 | Large Fermi surface
of size 1 + p

Ya-Hui Zhang and S.S. Phys. Rev. Research 2,023172 (2020); Phys. Rev. B 102, 155124 (2020) dOpiIlg P
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of Yukawa-SYK

20 A
10 +
Aavishkar A. Patel, ( a)
Peter Lunts, S.S.,
PNAS to appear, 10-4 10

arXiv:i2312.06751
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Strange metal and superconductor g=0

in the two-dimensional Yukawa-SYK model
Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S., llya Esters, to appear

e’K/(hd.)
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Fermi surface + critical boson with potential and interaction disorder

SYK-type self-consistent equations

S(r,t) = ¢?D(r,1)G(1, 1) + v2G(7,1)8%(r) + ¢ *G(r, 1) D(7,1)8%(T),
I(r,r) = —¢*G(—7, -1)G(7, 1) — ¢°G(—7,1)G(r,1)82(x),

1
-
Gliaid iw —e(k) + p — X(iw, k)’
1
D(i2, q) =

02+ q%2+m? —1I(i1N,q)

O O SCD D

Conductivity: (a) (b) (c) (d) (e)

?_) M
2 2

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

SYK-type self-consistent equations
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