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Quantum phase transitions in two-dimensional metals
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Quantum phase transitions in two-dimensional metals

Type ll: Fermi surface reconstruction

1 ) ’
S ’
‘. Quantum - AFM field ¢,
‘. critical ,’ +
y k Fermi surface
y k. with a

boson-fermion
Yukawa coupling



Quantum phase transitions in two-dimensional metals
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Applies to hole-doped cuprates



Quantum phase transitions in two-dimensional metals
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Quantum phase transitions in two-dimensional metals
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Overdamped boson
localization

from Harris disorder

Aavishkar A. Patel, Peter Lunts, S.S., PNAS 121, 2402052121 (2024)




Fermi surface + critical boson with no spatial disorder

A critical boson ¢
5(k)> Vk e.q. Ising-nematic order,
spin-density wave order,
Higgs boson for Fermi-volume changing transition
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Fermi surface + critical boson with potential disorder

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

spin-density wave order,
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Spatially random potential v(r) with v(r) = 0, v(r)v(r’') = v46(r — /)




Fermi surface + critical boson with potential and interaction disorder

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

spin-density wave order,

@ %N (s + 85(r)] [6(r) g ot (r)(r) ()
ki
K [Ved(r)]* +ulp(r)]* +v(r)y' (r)y(r)

ab

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.



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



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.
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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
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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.5., PNAS 121,e2402052121 (2024)



Bosonic eigenmodes in random mass Hertz theory
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of d=2 Yukawa-SYK

€

Aavishkar A. Patel,
Peter Lunts, S.S.,
PNAS to appear,
arXiv:2312.06751




Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,
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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 121,
e2402052121 (2024)




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
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T.Vojta and J. Schmalian, PRB 72, 045438 (2005)
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Effects of Dissipation on a Quantum Critical Point with Disorder
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Strong disorder RG identical to that for the RTFIM
~ JioJa;

Jij = Jij - 5, HRTrIM = — E Jijlilj — E 55X j
~ 28283 (27) J
SS9 — Numerically studied in d=2 b
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O. Motrunich, S.-C. Mau, D.A. Huse and D.S. Fisher,
PRB 61 (2000) 1160
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Strong disorder RG identical to that for the RTFIM
~ JioJa;

Jij = Jij - 5, HRTrIM = — E Jijlilj — E 55X j
~ 28283 (27) J
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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.



Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Physics of RTFIM, with logarithmically
slow growth of localization length with
decreasing energy

Aavishkar A. Patel,
Peter Lunts, S.S.,
PNAS 121,
e2402052121 (2024)




Model for sign-free QMC
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Boson eigenmodes at © = 0 from QMC

e Localization length vs eigenvalue
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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)




Bosonic eigenmodes in random mass Hertz theory
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Bosonic eigenmodes in random mass Hertz theory
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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

|

controlled approach to obtain a tunable
Non-Fermi liquid state
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[Noga Bashan, Evyatar Tulipman, Jorg Schmalian, Erez Berg, arXiv:2310.07768j
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Mapping of extended
fermions+bosons regime to

d=2 Yukawa-SYK model



Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of d=2 Yukawa-SYK

Aavishkar A. Patel,
Peter Lunts, S.S.,
PNAS 121,
e2402052121 (2024)




Fermi surface + critical boson with potential and interaction disorder

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

spin-density wave order,

@ %N (s + 85(r)] [6(r) g ot (r)(r) ()
ki
K [Ved(r)]* +ulp(r)]* +v(r)y' (r)y(r)

ab

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.



Fermi surface + critical boson with potential and interaction disorder

Ly =1y ( ’ . 5(k)) Yk

Wb

Kx

ab

E

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

Higgs boson for Fermi-volume changing transition

6s(r)] [¢(r)]7

99T (r)p(r) o(r)

—_—
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u[¢(r)]"

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

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.
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 — /)

Spatially random Yukawa coupling ¢’(r) with ¢/(7) =0, ¢’(7)g'(7") = ¢"*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 ( | €(k’) wk e.g. Ising-nematic order,

spin-density wave order,

Kx

@ ' \ +5 [p(r)]* + [g+ ¢ (M) T (1) (r) ¢(r)
K [V ()] + ug(r))!

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) ~

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)




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 Esterlis, to appear
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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)
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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 Esterlis, to appear

. €2K/(hd,)
o(w) = i— -
T w)
W -7
m 7(w)
!0 ——H—n07—7v8b-"+—+——+———+——+—++
10. (e) - V)2
260
1. g
E — T/t = 0.25 5
0.1 = 2 2o 20 30 _
—— T/t =0.10 Ay _
el gt | | ()
0.1 1. 10 0 1 2

w/t w/t



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 Esterlis, to appear
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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)
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Strange metal and superconductor g=>0

in the two-dimensional Yukawa-SYK model
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