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Experiments on the cuprate
pseudogap phase
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Observation of the Yamaji effect in a cuprate superconductor
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At the Yamaji angle, the orbits
N R B #- in the plane orthogonal to B
o doping o have an area which is
independent of momentum in the
¢ direction, to first order in the
hopping along the ¢ direction.
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Fluctuating order theories
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Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).

Area enclosed by the Fermi surface is the same as that for free
fermions with the same symmetry
Luttinger, 1960 - perturbative;
Oshikawa, 2000 - non-perturbative anomaly matching




Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).

Area enclosed by the Fermi surface is the same as that for free
fermions with the same symmetry
Luttinger, 1960 - perturbative;
Oshikawa, 2000 - non-perturbative anomaly matching

Fractionalized Fermi liquids (FL*)

There can be metals with Fermi surface area not equal to the Luttinger value
provided the fractionalized excitations of a spin liquid are also present. The sum
of the Fermi surface and spin liquid anomalies equals the Oshikawa anomaly.

T. Senthil, . S., M.Vojta, PRL 90, 216403 (2003); T. Senthil, M.Vojta, S.S., PRB 69, 0351 | | (2004)
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Doping an insulating antiferromagnet with holes of density p

Ordinary metal e
uttinger area.

—£5 No broken symmetry

At large p, we obtain a gas of nearly free
fermionic holes of density /+p (relative to
the filled band with 2 electrons per site)
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Doping an insulating antiferromagnet with holes of density p
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Hole dynamics in an antiferromagnet across a deconfined quantum critical point

Ribhu K. Kaul,! Alexei Kolezhuk,!* Michael Levin,! Subir Sachdev,! and T. Senthil**
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Theory of FL*
in a Kondo lattice



Fermi-volume-changing QPT in the Kondo lattice
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7 ‘Sl <«—density /

Assume J; i1s chosen so that at Jx = 0
the S1; spins have a fractionalized spin liquid ground state.
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Fermi-volume-changing QPT in the Kondo lattice
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FL* pseudogap meftal
in single-band models
using ancillas




Ancilla theory of the Hubbard model ubbard
(Foolproof method to satisfy the Oshikawa anomaly) mnodel of
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1+p

Ya-Hui Zhang

Ya-Hui Zhang and S. S., PRR 2,023172 (2020)
A. Nikolaenko, M. Tikhanovskaya, S. S., and Ya-Hui Zhang, PRB 103,235138 (2021)
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Ancilla theory of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)

et Large
o—e@ ® } Fermi surface.
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o o o Trivial
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VARRVERRY
T FL
........................................... 3 doplng p
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Ancilla theory of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)
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Ancilla theory of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)
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Ancilla theory of FL*

_ t t ' Doy
H¥ondo lattice = E —135C; Cio — U135 150 T150 Heavy Fermi liquid
i,J ' of electrons ¢, f;

Si ~ fI ousfi
— ) @ (cly fria + flincia) ta el AP

E. Mascot, A. Nikolaenko, M. Tikhanovskaya, Ya-Hui Zhang, D. K. Morr,and S.S., PRB 105,075146 (2022)

Kondo lattice heavy Fermi liquid.
Size 1 +p+ 1 = p (mod 2).
Small Fermi surface!

Your favorite spin liquid {
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Nearly-critical
quantum spin liquid
on the square lattice




$=1/2 square lattice Represent spins in terms of
S = 1/2 bosonic spinons S ~ bl o,3b3

U(1) gauge symmetry: b — be'?

7 CP' U(1) gauge theory.
| 't Hooft /Lieb-Schultz-Mattis
(b, % 0: (o) = 0 anomalies realized by

Néel order Valence bond solid (VBS) monopole Berry phases.

Jo ) Jq

L, = ‘(QJ — mu)za|2 + 5|Zoz|2 + u\za\4 + Lmonopole

T. Senthil, A. Vishwanath, L. Balents, S. Sachdeyv, N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
and M. P. A. Fisher, Science 303, 1490 (2004) N. Read and S. Sachdev, Phys. Rev. B 42, 4568 (1990)

Critical spin liquid
without quasiparticles?’




$=1/2 square lattice Represent spins in terms of

= 1/2 fermionic spinons S ~ f! o aﬁf A

I. Affleck and J.B. Marston, PRB 37, 3774 (1988)

Massless Dirac ™.
. fermionic spinons.”

e ——
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L =iy, D, .

N; =2 SU(2) QCD



$=1/2 square lattice Represent spins in terms of

= 1/2 fermionic spinons S ~ f ‘La'ag fg

I. Affleck and J.B. Marston, PRB 37, 3774 (1988)
Ying Ran and X.-G. Wen, cond-mat/0609620

C. Wang, A. Nahum, M. A. Metlitski, C. Xu,
T. Senthil, Phys. Rev. X 7,031051 (2017)

or
ky
, Massless Dirac ‘
Néel order Valence bond solid (VBS) fermipnic §pinon'§,,"
Critical spin liquid —
L =1y)y,D, .

without quasiparticles?’

K
Ny =2SU(2) QCD  Confining instability also to Néel and VBS.



S5=1/2 square lattice ! .

Bosonic SPINoONS:

)>1U

) gauge theory

s

\_

SU(2) gauge theory of Ny = 2

fundamental, massless, Dirac fermions.

Obtained from a saddle-point of

fermionic spinons moving in m-flux.

J

Nearly-critical
Neel/VBS spin
liquid without

quasiparticles (
obeying 't Hooft/
LSM anomalies

/_§

-

O(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~

Many numerical works show that deconfined critical theory applies over a
substantial length scale, but ultimately confines at the longest distances.

A. Tanaka and X. Hu, Phys. Rev. Lett. 95,036402 (2005); T. Senthil and M.P.A. Fisher Phys. Rev. B 74, 064405 (2006); C. Wang, A. Nahum, M. A. Metlitski, C. Xu,
T. Senthil, Phys. Rev. X 7,031051 (2017); Zheng Zhou, Liangdong Hu, Wei Zhu, Yin-Chen He, PRX 14,021044 (2024); S. M. Chester N. Su, PRL 132, 111601
(2024). B.-B. Chen, X. Zhang, Y. Wang, K. Sun, Z.Y. Meng, PRL 132, 246503 (2024); J. Takahashi, H. Shao, B. Zhao, W. Guo, A. W. Sandvik, arXiv:2405.06607.



SU(2) gauge theory of

FL* pseudogap meftal

in single-band models
using ancillas




Ancilla theory of FL*
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Kondo lattice heavy Fermi liquid.
Size 1 +p+ 1 = p (mod 2).
Small Fermi surface!

Your favorite spin liquid {




Ancilla theory of FL*

_ t t ' Doy
Hxondo 1attice = E —tijC; Cja — U1,ij flmflja Heavy Fermi liquid
id - of electrons c, f;

Si ~ fI oasfi
_ Z b (C};aflia T ffiacia) : P

e Aot v, —wtrr..w. ) - o fit m-flux Ss spin liquid.

(Fermionic spinons f moving in 7-flux and an emergent SU(2) gauge field U )

Kondo lattice heavy Fermi liquid.
Size 1 +p+ 1 = p (mod 2).
Small Fermi surface!

m-Hlux spin liquid {




_ Z ' f f '
HKondo lattice — _t’ijciacja T tl,ij fliafljoz

Ancilla theory of FL*

1,]

o Z d (C’];aflia T ffz’ozc":@)

Hpin liquid = iJZ €i; (QZUij\Ijj - \If;-Uji‘I’i) ;

(27)

Heavy Fermi liquid
of electrons ¢, f;

Sl 7 ffao-aﬁflﬁ

V. — ( f a0 > m-flux S9 spin liquid.
(/

Heoupling = Z ( ikiflJriaf’iOé T BSieaﬁffiaffg + HC)}

()

Kondo lattice heavy Fermi liquid.
Size 1 +p+ 1 = p (mod 2).

Small Fermi Surface'

m-Hlux spin liquid

2

f

— fiaaﬁfﬂ

. , R
Couple Kondo lattice and

spin liquid by charge e,
(2) fundamental Higgs boson B




Ancilla theory of FL*

_ _ i J ' Coe
Hxondo 1attice = E —tijC; Cja — U1,ij flmflja Heavy Fermi liquid
id - of electrons c, f;

Sl ™ fTao-Ck f]_
B Z ¢ (Ciaflioz T ffiac’i@) taap 1

Hpin liquid = tJ Z €ij (‘IJI Ui W, — \IJ; sz’\Iji) - U, = ( ; it > w-ﬂg;c igfirir;ﬁl}ciuid.

(27)
4 . . )
H coupling = Z ( iy flme fia + Bsica 3 fLa fjﬁ 4 H.C.) Couple Kon§_o lattice and
: spin liquid by charge e,
VHiges = E2[B, U] + E4[B, U] (SU(2) fundamental Higgs boson B

Kondo lattice heavy Fermi liquid.

4 ~N . B
Vhiges dictated Size 1 +p+1 = p (mod 2).

by symmetry of Small Fermi Surface' {

spin liquid

m-flux spin liquid




Adding charge fluctuations to the w-flux spin liquid

Es [B U — TZBTB° +z’wZef,;j (BTUI,;J'B° —BTUj,,;B)
(13)

sz _I_Vlzpz Pz+m‘|‘ﬂz+y +gZ‘Azg| _I_leng_l_KlZ 17

(13)

+ V11 Zﬂi Pita+y T Pitzd—1 ‘|‘V222Pi Pit+2&+2g T Pi 2:@-2@)
site charge density: <cl§acm> ~ 0; = B,j; B,
bond density: <ciacm + c;acm> ~ Qij = Q;; = Im (BZGZJU B )

bond current: 7j<cT C. — cTac > ~ Ji; = —Jj; = Re (Ber U..B. )

(Yol Xo! 7 117 1) ]

Pairing: <€agcmcj5> ~ A,,;j — Aj,,; — €abBa,,;€f,;jUf,;ijj :

M. Christos, Zhu-Xi Luo, H. Shackleton, Ya-Hui Zhang, M. S. Scheurer, and S. S., PNAS 120, €2302701 120 (2023)



Born-Oppenheimer theory of FL* pseudogap

Zyi0 = / || pB; / | | PUs;j exp
i (i3)

— (VHiggS[B,U] — %ZRGTI H U,,;j

1] €

E

-

\_

e Simulation of classical, thermal theory for bosons B, U

defined by ZQ_|_()

e Diagonalize 3-layer fermion Hamiltonian for ¢, fi, f

for each snapshot of B, U, and average.

~N




Born-Oppenheimer theory of FL* pseudogap

1" = 0 phase diagram

VHiges chosen so that the ground state 1s a d-wave superconductor,

and second best state is a period-4 stripe.
H. Pandey,

M. Christos,

PM. Bonetti,

R. Shanker,

S. Sharma,

S.S.,
arXiv:2507.05336

o B4
Minimize VHiges W.I.T. <( B, >>

Set U,,;j = 1.

this work
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A Four Unit Cell Periodic Pattern of Quasi-
Particle States Surrounding Vortex Cores
In BiZSrZCaCu203+5

J. E. Hoflman, E. W. Hudson,
K. M. Lang, V. Madhavan,
H. Eisaki, S. Uchida, J.C. Davis
Science 295, 466 (2002)



Born-Oppenheimer theory of FL* pseudogap
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Born-Oppenheimer theory of FL* pseudogap

Consequences for fermion spectrum

o At T' = 0, the d-wave superconductor obtained by
condensing 5 has 4 nodal points with vp > va
(earlier spin liquid theories had vp ~ va).

o For I' > T,., with thermal fluctuations of B and U,
Fermi pockets turn into Fermi arcs.

¢ (Quantum oscillations associated with pocket size p/8
can survive when photoemission shows only Fermi
arcs.
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Consequences for fermion spectrum
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.
o At T' = 0, the d-wave superconductor obtained by

condensing B has 4 nodal points with vgp > va
(earlier spin liquid theories had vg ~ va).

J

o For I' > T,., with thermal fluctuations of B and U,
Fermi pockets turn into Fermi arcs.

¢ (Quantum oscillations associated with pocket size p/8
can survive when photoemission shows only Fermi
arcs.



FL* = d-SC:
Cooper pairing of the Fermi surtace?
FL* has 4 electron-like pockets

and 4 nodal spinons
of the m-flux spin liquid




FL* = d-SC:

Cooper pairing of the Fermi surface?
B = (e + A7)
A = Ap (cos k, — cos k)

No!

Leads to 8 nodal points of
Bogoliubov quasiparticles
and 4 nodal spinons of w-flux spin liquid.

FL* = d-SC*

ks

BCS mechanism applied to FL* pseudogap leads to non-BCS superconductor!




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

Maine Christos and S.S,,

npj Quantum Materials 9,4 (2024)

Alternative route to d-wave superconductivity:

Use the pre-existing pairing of the
underlying spin liquid
and confine the spin liquid!




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

Maine Christos and S.S,,

npj Quantum Materials 9,4 (2024)

Alternative route to d-wave superconductivity:

Confine the m-flux spin-liquid by a
condensate of B, (B) # 0 for
a suitable Higgs potential £4(B).
T'his leads to a d-wave superconductor
with 4 nodal points and vg > vA!
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Alternative route to d-wave superconductivity:

Confine the m-flux spin-liquid by a
condensate of B, (B) # 0 for
a suitable Higgs potential £4(B).
T'his leads to a d-wave superconductor
with 4 nodal points and vg > vA!

Resolves difficulty in early theories of
d-SC from spin liquids
(Zhang, Gros,Rice, Shiba (1988);
Kotliar, Liu (1988)),
in which spinons turned into Bogoliubov
quasiparticles with vgp =~ vAa.
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Non-BCS mechahism applied to pseudogap leads to BCS superconductor!




Born-Oppenheimer theory of FL* pseudogap

Consequences for fermion spectrum

o At T' = 0, the d-wave superconductor obtained by
condensing 5 has 4 nodal points with vp > va
(earlier spin liquid theories had vp ~ va).

-

\_

o For I' > 1., with thermal fluctuations of B and U,
Fermi pockets turn into Fermi arcs.

~

/

¢ (Quantum oscillations associated with pocket size p/8
can survive when photoemission shows only Fermi
arcs.



Ancilla theory of FL* and its confinement
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Ancilla theory of FL* and its confinement

Photoemission expts
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Consequences for fermion spectrum
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Ancilla theory of FL* and its confinement
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Temperature, T (K)
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