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Quantum criticality of Ising-nematic ordering in a metal
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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

+5 [o(r)] +9 T (r)(r) ¢(r)
+K [Vyo(r))? 4+ u[o(r)]




Fermi surface + critical boson with no spatial disorder

R 0 | A critical boson ¢
‘Cw — Tk O ' 5(k) wk e.g. Ising-nematic order,
spin-density wave order,
Higgs boson for Fermi-volume changing transition
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N(w) ~ w?/3 A non-Fermi liquid in the
o(w) =iD/(w —we) +w’ + ... electron spectral function
but a perfect metal in transport!

Haoyu Guo, D.Valentinis, J. Schmalian, S. S., and A.A. Patel, PRB 109,0/75162 (2024)



Fermi surface + critical boson with potential disorder
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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
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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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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 — ')




Fermi surface + critical boson with potential and interaction disorder
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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
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e.g. Ising-nematic order,
spin-density wave order,

Higgs boson for Fermi-volume changing transition
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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,
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+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 ¢
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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

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




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 ...



Landau-damped bosonic eigenmodes with random mass

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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Similar analysis in d = 1 works very well

Phys. Rev. Lett. 101, 035701 (2008).

~

A. Del Maestro, B. Rosenow, M. Miiller and S. Sachdev,

.

waiwaj

V9 4+ Q2 /c? +eq

where e, and 1), are eigenvalues and eigenfunctions of the ¢ quadratic form in Sy, labeled by

the index a=1..

.L? for a L x L sample.



Landau-damped bosonic eigenmodes with random mass
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Landau-damped bosonic eigenmodes with random mass

¢ eigenmodes localization length £,
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Landau-damped bosonic eigenmodes with random mass

¢ eigenmodes localization length £,

Extended bosons:
physics of Yukawa-SYK

1

Aavishkar A. Patel,
Peter Lunts,S.S.,
arXiv:2312.06751




Landau-damped bosonic eigenmodes with random mass
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Landau-damped bosonic eigenmodes with random mass

Aavishkar A. Patel,
Peter Lunts,S.S.,
arXiv:2312.06751

¢ eigenmodes localization length £,




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.,
arXiv:2312.06751




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)

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;

Jij = Jij - 5, HRTrIM = — E Jijlilj — E 55X j
~ 28283 (27) J
SS9 — Numerically studied in d=2 b

J23 Y Y

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



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
~ JioJa;

Jij = Jij - 5, HRTrIM = — E Jijlilj — E 55X j
~ 28283 (27) J
SS9 — Numerically studied in d=2 b

J23 Y Y

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

Key fact: Similarity of classical O(NN > 2) chain with 1/r* interactions,
and classical Ising chain with short-range interactions.



Landau-damped bosonic eigenmodes with random mass

¢ eigenmodes localization length £,

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

Aavishkar A. Patel,

Peter Lunts,S.S.,
arXiv:2312.06751




Landau-damped bosonic eigenmodes with random mass

¢ eigenmodes localization length £,

Extended bosons:
physics of Yukawa-SYK

Aavishkar A. Patel,

Peter Lunts,S.S.,
arXiv:2312.06751




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)




Transport scattering rate

W —Im[E%(w > 27T)] ~ const. + |w|® T
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Extended region in A with T-linear resistivity - a strange metal phase
Aavishkar A. Patel, Peter Lunts, S.S., arXiv:2312.0675 1

DC resnstmty

0. 200

0.175

0.150

0.125

0.100

0.075

0.050

0.025

-0.4

—Im[XF(w > 27T)] ~ const. + |w|

n

-0.40

1.8

- 1.6

- 1.4

1.2
1.0

A=—047=A S o 0,007 - \ = —0.375
0.030 - A = —0.4375 -~ ) — _0.35

A=-0425 e ) 006 - A= —0.3125
0.025 - A=—04 @ . . Ny .

(@ . o . o005 | (D) |
""""""""" N
0.020 - o e =
o e . @ <_~ 0.004 - .

0.015 - @ O .

o (O 0.003-

...... o ‘ .
0.010 - O o PORTE 0,002 - .".. |
Lt et . e
..-.' ........ rﬁ‘T“‘k, ..“.- ------
L o o] g e g
...... .""-'-. . "“‘ & “.ﬁ.k-«..--'_‘_'_‘_.-..-..-.-..-“"
0.000 i T 0.000 L.'g;.'n:::::. ....... | | | |
770.000 0.002 0.004 0.006 0.008 0.010 0012 0.014 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014




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. Hussey't

200
SCIENCE VOL 323 603 2009 |

150 -

yie -
. = -
=

- R e
By

018 0.2 0.22 024 0.26 0.28
Hole doping p

0.3 0.32




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. Hussey't

200 7

SCIENCE VOL 323 603 2009

Extended bosons:

......
. . =
— . .
=

— —
1 Y g —_—, “e
\

018 0.2 022 024 026 0.28 0.3 0.32
Hole doping p



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. Hussey't

SCIENCE VOL 323 603

Extended bosons:
physics onukawa SYK

2009

Localized
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bosons,
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