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Quantum criticality of AF ordering in a metal
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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

Higgs boson with
D the fundamental cauge charge

of an emergent SU(2) gauge field.
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Ya-Hui Zhang and S.S. Phys. Rev. Research 2,023172 (2020); Phys. Rev. B 102, 155124 (2020) doping p
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Fermi surface + critical boson with no spatial disorder

9, A critical boson
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e.g. Ising-nematic order,
spin-density wave order,

Higgs boson for Fermi-volume changing transition
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A non-Fermi liquid in the
- electron spectral function
B(w) ~ w? but a pertect metal in transport!

Haoyu Guo, Aavishkar Patel, Ilya Esterlis, S.S., PRB 106, 115151 (2022)
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Yukawa-SYK models
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with ¢;;, iIndependent random numbers with g;;z = 0, sz = ¢?. Large N saddle-point equations:

Make the low frequency ansatz
. . —(1—-2A) : 1—4A 1 1
G(iw) ~ —isgn(w)|w] . D(iw) ~ |w 7 < A < 5

A consistent solution exists for

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



Yukawa-SYK models
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Fermi surface + critical boson with no spatial disorder
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Fermi surface + critical boson with potential disorder
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Fermi surface + critical boson with potential and interaction disorder
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RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
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Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)
Spatially random mass ds(r) with ds(r) = 0, ds(r)ds(r’) = ds%6(r — ')

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
Rescale ¢(r) to obtain a theory with ds(r) = 0.



Fermi surface + critical boson with potential and interaction disorder

0 A critical boson ¢
‘Cw o wk ( | 6(k) wk e.g. Ising-nematic order,

spin-density wave order,

Kx

1N +5 [6(r))? + g+ /()] 01 ()0 (r) 6(r)
K [Vro(r)]* + ulo(r))’

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

+o(r)y! (r)p(r)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)
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Rescale ¢(r) to obtain a theory with ds(r) = 0.



Fermi surface + critical boson with potential and interaction disorder
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Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)

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

Analyze such a theory in a self-averaging manner as in the Yukawa-SYK model.




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

o(r)¢" (r)y(r)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)

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



Fermi surface + critical boson with potential and interaction disorder

SY K-type self-consistent equations

S(r,1) = ¢?>D(1,1)G(7, 1) + V2 G(1,1)8%(r) + ¢'*G(7,v) D(1,1)6%(1),
(r,r) = —¢*G(—7, —1)G(7,r) — ¢ G(—7,1)G(1,1)5% (1),

1
1) —
Gliw, k) iw—e(k) + p— X(iw, k)’
1
D(i€2, q) =

0?2+ q? +m; —11(iQ,q)

O O

Conductivity: (a) (b) (c) (d) (e)
%9 939 OV,gq
2 72

all ladders and bubbles.....




Fermi surface + critical boson with potential and interaction disorder

Electron Green’s function: G(w) ~ 1 1

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

Te  Tin(W)

1 1 g2 m™ (w 2 [ g°
Fet s (Gl s 2 (G

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

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



Fermi surface + critical boson with potential and interaction disorder

Electron Green’s function: G(w) ~

Te Tin(w) v m . /U
Conductivity: o(w) 1
ONAUCULIVILY. O 1 . m?;rans (Ld)
(100,
Ttrans(w) I
1 2 /2 Mirans(@) 29"
N _ rans - In( A
Ttrans(w) v —I_g |w| | " y n( /w)

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

Marginal Fermi liquid self energy and 7T In(1/T') specific heat.

Residual resistivity is determined by v*; Linear-in-T" resistivity determined by ¢'%;

Transport insensitive to g;
Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S.S., Science 381, 790 (2023)




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)
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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
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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
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Strange metal and superconductor g=>0

in the two-dimensional Yukawa-SYK model
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Quantum Interference of Hydrodynamic Modes
in a Dirty Marginal Fermi Liquid

Tsz Chun Wu, Yunxiang Liao, Matthew S. Foster
Phys. Rev. B 106, 155108 (2022)

Diffusion (Altshuler-Aronov) corrections to conductivity are singular ~ —1/T.

Our interpretation:
need to consider the feedback on the boson propagator from stronger disorder,
where the dominant effect is the localization of overdamped bosonic modes ...



Fermi surface + critical boson with potential and interaction disorder
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A critical boson ¢

e.g. Ising-nematic order,
spin-density wave order,

Higgs boson for Fermi-volume changing transition
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Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdeyv, Science 381, 790 (2023)

Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)
Spatially random mass ds(r) with ds(r) = 0, ds(r)ds(r’) = ds%6(r — ')

RG analysis (Harris criterion) shows that ds(r) is most relevant disorder.
Mapping of ds(r) to g'(r) only works if eigenmodes of ¢(r) are extended.



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.

7 + s, '
qu :/dT _§Z(¢ia _¢ja)2 +Z(S 28] ¢?a | 4?\4 (¢?CL)2)_
(i5) J

T A\ A\
S¢d 25 LL (W‘Q| + Q2/02) |¢ja(iQ)‘2 :
Qg

where a = 1... M is a flavor index for an order parameter with O(M) symmetry.
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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.

7 + s, '
qu :/dT _§Z(¢ia _¢ja)2 +Z(S 28] ¢?a | 4?\4 (¢?CL)2)_
(i5) J

T N\ N\
Sed 25 LL (W‘Q| = Q2/02) |¢ja(iQ)‘2 7
Qg

where a = 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

- T §/ i - Similar analysis in d = 1 works very well A
C . )2 °7 42 A. Del Maestro, B. Rosenow, M. Miiller and S. Sachdev,
S¢ = / ar 9 Z (Pia — Pja)” + Z % gbja_ i Phys. Rev. Lett. 101, 035701 (2008). )
(i) J
u ~ —— w w .
—/ / / Xl VX
Sj = s+t 37 2 (als, s, =S THHUT Y ) 3.2
M 6 TSpd vIQ + Q% /c? + e
a O « Q

where e, and 1), are eigenvalues and eigenfunctions of the ¢ quadratic form in Sy, labeled by
- _ 2
the index av = 1...L" for a L x L sample. Aavishkar A. Patel, Peter Lunts, S.S., PNAS to appear, arXiv:2312.0675 |
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Landau-damped bosonic eigenmodes with random mass
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Key fact: Similarity of classical O(NN > 2) chain with 1/r* interactions,
and classical Ising chain with short-range interactions.
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Boson eigenmodes at © = 0 from QMC

e Localization length vs eigenvalue
Lo
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e
. 2
10 disorder samples, L. = 40, ft =66, g~ =1/2, A = A,

e Same qualitative features as large-M: localization followed
by slow delocalization as energy is reduced.

Aavishkar A. Patel, Peter Lunts, M. Albergo (to appear)
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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
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controlled approach to obtain a tunable
Non-Fermi liquid state
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