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Fermi surfacetantiferromagnetism

Metal with “large” Fermi surface



Fermi surfacetantiferromagnetism

Fermi surfaces translated by K = (7, 7).



Fermi surfacetantiferromagnetism

“Hot” spots
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Fermi surface + critical boson with no spatial disorder
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Fermi surface reconstruction from
spin density wave (SDW) order
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‘Extreme drag: the fermions ¢ “drag” the bosons ¢ as they move, and so electrical current
does not relax, even though strong c-¢ scattering leads to absence of ¢ quasiparticles.

\— _J




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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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.
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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.
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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

@ .. .. D
- T §/ i Similar analysis in d = 1 works very well
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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)
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Extended bosons:
physics of d=2 Yukawa-SYK
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Bosonic eigenmodes in random mass Hertz theory

¢ eigenmodes localization length £,

Physics of RTFIM, with logarithmically
slow growth of localization length with
decreasing energy
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e2402052121 (2024)




Bosonic eigenmodes in random mass Hertz theory
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Fermi-volume-changing QPT in the Kondo lattice
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Assume Jg 1s chosen so that at Jx = 0
the S; spins have a fractionalized spin liquid ground state.

Represent S; by fermionic spinons: §; = f ! TM fior
ijgfia = 1 for all 2.



Fermi-volume-changing QPT in the Kondo lattice
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Fermi-volume-changing QPT in the Kondo lattice
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Kondo lattice
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One-band model has an ‘inverted’ Kondo lattice transition
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Kondo lattice + critical boson with potential and interaction disorder
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Kondo lattice + critical boson with potential and interaction disorder
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Kondo lattice + critical boson with potential and interaction disorder

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

+K [V, @(r)]* +u[®(r)]* +v(r)c! (r)cs ()

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

Analyze 2d-YSYK model in a self-averaging manner as in the SYK model.
Should be applicable as long as eigenmodes of ®(r) are extended.



2d-YSYK model: Fermi surface + critical boson with interaction disorder

Residual resistivity is determined by v
Linear-in-T resistivity determined by ¢’
Iransport insensitive to g
Marginal Fermi liquid self energy > ~ wlnw

T'In(1/T) specific heat




Strange metal and superconductor in the
two-dimensional Yukawa-Sachdev-Ye-Kitaev model

Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S, llya Esterlis, PRL in press; arXiv:2406.07608
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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)

lo| (kS/cm)

10°

La2_XSrXCuO4 a E
\ —
AS\ 2 -
RS o, -
\N ¥ 4
\6)
N _
€ao = 2.76 N
I | || ] ] ] I .| I| l
1072 101

hw (eV)

2K/ (hd,)
>k
h
hwm () )
m 7(w)
S —
7T % b“
. oV
"\*\\—____—{,—:_:_—_5
— 9K —15K
— 20K —30K -
f! — 150 K —
‘W — 200 K — 250 K
— 300 K i
R N N NN TR TR T NN NN NN SA NN SN N
0.1 0.2 0.3 0.4

hw (eV)

Lag_XS

D
I

FXCUO4
0.24
19 K



Strange metal and superconductor in the
two-dimensional Yukawa-Sachdev-Ye-Kitaev model

Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S, llya Esterlis, PRL in press; arXiv:2406.07608

. €2K/(hd,)
o(w) = i— -
T w)
%, -7
m 7(w)
0 —m—mH—r——w——————7——
10. (e) - v /2
260
1. g
- ~ 0.9 —
o —— T/t = 0.25 5
0.1 = 2 2o 20 30 _
—— T/t = 0.10 S _
el gVt | ) D
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)

e*K/(hd.)
o(w) =1 :
m*(w) h
huw -1
m 7(w)
Planckian dynamics!
0'4~'_';;<"”1'5:<"""'é'- T T T T 1
L 20K —30K 60; hw <04 eV b_- T(w) L h F FLCU
03 L ‘ - 40K < T < 300K : o kT kT
i — 150 K / 50 [ ~
- — 200 K — 250 K i

i — 300 K - and entropy

N\S(T — 0) ~Tln(1/T).

h/T (eV)

; 150 K - Laz_,SrCuOy
_ — 200 K —250 K —
N~ IK:2111meV_ 300K _ p = 0.24
EE— SE— —— 0 \ | ! | ! l L | ! L
ool 02 03 04 0 20 40 60 80 100 I =19 K

i (eV) ho [k T



Strange metal and superconductor in the
two-dimensional Yukawa-Sachdev-Ye-Kitaev model

Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, Jorg Schmalian, S.S, llya Esterlis, PRL in press; arXiv:2406.07608

e*K/(hd.)
o(w) =i———>
m*(w) h
hw -1
m 7(w)
s oo [ Planckian dynamics!
0.30 6; é
|  T/t=0.04—-05 ; h huw
0.25} 5 : /TOU):: £
| | } kBT k’BT
b‘0.20} O 4t :
5 c ; and entropy
. . — 3_' .
— Th=0275 = TA=0.15 - S(T — O) N Tln(l/T)
0.10 Th=025 = T/t=0.125" 21 ) g
: e - | in 2d-YSYK model
005 — -0z — TR=00TE" ' S i [(unlike zero temperature
: = Tt =0.175 : g : .
80 o5 10 15 20 25 % 10 20 30 40 50 60 entmpy in SYK mOdel)’

w/t w/T
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Skewed non-Fermi liquids and the Seebeck effect

Antoine Georges ©!>>* and Jernej Mravlje ©° PRR 3,043132 (2021)

We consider non-Fermi liquids in which the inelastic scattering rate has an intrinsic particle-hole asym-
metry and obeys w/T scaling. We show that, in contrast to Fermi liquids, this asymmetry influences the
low-temperature behavior of the thermopower even when the impurity scattering dominates. Implications for the

unconventional sign and temperature dependence of the thermopower in cuprates in the strange metal (Planckian)
regime are emphasized.

The particle-hole asymmetry in the & propagator (for the FL*-FL transition)
~ 1/(—iw + ¢* + y|w| + a)
leads to a skewed marginal Fermi liquid.
The ¢ propagator (for the SDW-FL transition) does not have the —iw term, and so is not skewed.

P Lunts, A.A. Patel, and S.S., arXiv:2412.15330
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BCS /Bogoliubov quasiparticles
In a d-wave superconductor
Er = (g}, + A2)1/2
A = Ag (cosk, — cosk,)

4 nodal points where

1/2
Eko-l—q — (U%’Cﬁ_ T Uiqﬁ) p.

with v > vA.
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Obtain d-wave
superconductor and charge
order from a theory of

confinement instabilities
of FL*.

The resulting low 1" ordered
states should be
adiabatically connected to
the corresponding states

obtained from instabilities
of FL.
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- FL*>dsc*

[ A (w=0, k;r,ky )/ Ao

T AR = A (cos ky, — cos k)
0.8
0.6
. Adding d-wave pairing

to the hole pockets
02  leads to 8 nodal points???




- FL*>dsc*

[Ac (@=0,k; 1, )l Ao 8 nodal points of
110 Bogoliubov quasiparticles
s from the Fermi pockets
| and
0.6 4 nodal points of

fermionic Dirac spinons from
the m-flux spin liquid
02 Such a spin liquid is required

to be present
. in the background for FL*:
k, realized by S5 spins.

0.4




FL*>dSC

Shubhayu Chatterjee and S. Sachdey,
PRB 94,205117 (2016)
Maine Christos and S.Sachdey,

npj Quantum Materials 9, 4 (2024)
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d-wave superconductor obtained
by condensing charge-e, SU(2)
fundamental boson B.

The B Higgs condensate allows
spinons and Bogoliubov

quasiparticles
to hybridize.

8 nodal points annihilate each
other, leaving 4 nodal points
with anisotropic velocities, just
as in a BCS d-wave state.
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The spinons do not become the
Bogoliubov quasiparticles,
they annihilate the unwanted
Bogoliubov quasiparticles.

This leads to a d-wave superconductor
with 4 nodal Bogoliubov quasiparticles,
with vp > vAa,
consistent with observations.
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