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Luttinger, 1960: Area enclosed by the Fermi surtace is the
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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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Observation of the
Yamaji effect
in the cuprate pseudogap

See also:
Fermi surface transformation at the pseudogap critical point of a cuprate superconductor

Yawen Fang, Gaél Grissonnanche, Anaélle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei,
Maxime Dion, Jianshi Zhou, David Graf, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, Nature Physics 18, 558 (2022)

Angle-dependent magnetoresistance (ADMR) of Laj ¢ Ndg 4Sr;CuOy



Observation of the Yamaji effectinacuprate nature physics

Superconductor Mun K. Chan®'’ , Katherine A. Schreiber'!, Oscar E. Ayala-Valenzuela®’, 21, 1753 (2025)
Eric D. Bauer ®?, Arkady Shekhter®' & NeilHarrison®'  published online: 16 September 2025
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Superconductor Mun K. Chan®'’ , Katherine A. Schreiber'!, Oscar E. Ayala-Valenzuela®’, 21, 1753 (2025)
Eric D. Bauer ®?, Arkady Shekhter®' & NeilHarrison®'  published online: 16 September 2025
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The observation of the Yamaji peakis evidence for small Fermi-surface
pockets in the normal state of the pseudogap phase. The small size of the
pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not
o L l l | expected giventhe absence of long-range broken translational symmetry.
0 30 60 %0 Predicted FL* pocket fraction = p/8 = 1.25% !
0 C) Fluctuating AF metal fraction = p/4 = 2.5%.

(p/8 also in Yang-Rice-Zjang ansatz, Peter Johnson photoemission,

and Jenny Hoffman and Seamus Davis STMs; Stanescu-Kotliar) Jing-Yu Zhao, S. Chatterjee, S. S.,Ya-Hui Zhang, arXiv:2510.13943
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Mean field theory with (£,80i00;3) 7 O
D.P. Arovas and A. Auerbach, PRB 38, 316 (1988).
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Néel order Spin gap
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N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
N. Read and S. Sachdev, Phys. Rev. B 42,4568 (1990)
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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)
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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

Valence bond solid (VBS) monopole Berry phases.
Consistent with many
numerical studies
- 2 2 4
L, = ‘(QJ — mu)za| + 8|2a|” + u|2a|” + 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)
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Represent spins in terms of
= 1/2 fermionic spinons S ~ f ‘La'ag fg

G. Baskaran, Z. Zou, P.W. Anderson, Solid State Comm. 63, 973 (1987); G. Kotliar PRB 37, 3664 (1988)
I. Affleck, J.B. Marston, PRB 37, 3774 (1988); F.C. Zhang, C. Gros, T.M. Rice, H. Shiba

i Supercond. Sci. Tech. 1, 36 (1988)
Hsplnhquld = 1J E €15 ( fja — fjafia)
(23)
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$=1/2 square lattice Represent spins in terms of

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

Hspinliquid — ZJZG'L] (\PIUzg\Pg — \IJ;UJ@\I/,,) : \Ifz — ( fllg )
(23)

D
.
Q.
|
-

L = Z'JWMDM@D;

, Massless Dirac ™.
.. fermionic spinons.

©
™.
Q.
|
|
-

Ja/ J1

N; =2 SU(2) QCD



S5=1/2 square lattice

or

L = ZEWMDMDL

Néel order Valence bond solid (VBS)
———— J2/ 1
Critical spin liquid Confining instability

without quasiparticles? to Néel and VBS,

Ny =2SU(2) QCD as in CP' theory of Read+SS

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, MIT Ph.D. thesis (2007)

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

| Massless Dirac ™.
.. fermionic spinons.




4 . . )
S=1/2 square lattice [OSOnIC spmons:
CP" U(1) gauge theory

- N. Read and S. Sachdev, PRL 62, 1694 (1989)J

Nearly-critical
$=1/2 square
lattice
-

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

! SU(2) gauge theory of Ny = 2 antiferromagnet B
fundamental, massless, Dirac fermions. without SO(5) non-linear o-model
I. Affleck and J.B. Marston, PRB 37, 3774 (1988) quasiparticles of Néel/VBS orders

Obtained from a saddle-point of | _—— with k=1 WZW term
i fermionic spinons moving in mw-flux. ) . b

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.



Fractionalized

Intertwined
Orders




Adding charge fluctuations to the w-flux spin liquid

e Begin with the m-flux spin liquid in the fermionic spinon description.

4 )
. . fi
Hp=iJ ) _ei (ffafja — f}afia) =i > i (‘I’IUia“I’j - W}Uji‘Pi) W = ( fTT
(i5)

_ (23) y

H ¢ is invariant under SU(2) rotations in spin and SU(2) rotations in Nambu space; U;; is
the SU(2) gauge field.

€ij = —1 r N
N\ _J
€ig — 1

M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M.S. Scheurer, and S.S., PNAS 120, €2302701120 (2023)



Adding charge fluctuations to the w-flux spin liquid

e Begin with the m-flux spin liquid in the fermionic spinon description.

4 )
. . fi
Hp=iJ ) _ei (ffafja — f}afia) =i > i (‘I’IUia“I’j - W}Uji‘Pi) W = ( fTT
(i5)

(i) )

H ¢ is invariant under SU(2) rotations in spin and SU(2) rotations in Nambu space; U;; is
the SU(2) gauge field.

€ij = —1 r N
N\ _J
eij =1

e Introduce a charge e, SU(2) fundamental boson B; such that the
composite of B; and V; is an electron. The projective symmetries require:

M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M.S. Scheurer, and S.S., PNAS 120, €2302701120 (2023)



4 )
fo, and B both move in m-flux

\_ J
Symmetry fa B, ei; = —1

T:B (_1)yfoz (_1)yBa €iq —
T, fa B, :
Py (_1)xfoz (_1):133&
Py (_1)yfoz (_1)yBa
P, 1", | (~1)B,
T (=1)"eapfp | (=1)""Bq

Projective transformations of the f spinons
and B chargons on lattice sites ¢ = (z, y)
under the symmetries
T, : (x,y) = (z+1,y); T, : (z,y) = (x,y+1);
Py (Qj,y) — (_ajvy); Py : (QZ,y) — (.CI’J, _y>;
P., : (z,y) = (y,x); and time-reversal 7.
The indices «, 8 refer to global SU(2) spin,
while the index a = 1, 2 refers to gauge SU(2).

M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S.S., PNAS 120, €2302701120 (2023)



Projective transformations of the f spinons
and B chargons on lattice sites ¢ = (z, y)
under the symmetries

Ty : (x,y) = (x+1,y); T, : (z,y) = (z,y+1);

Px : (:c,y) — (—Qj,y), Py : (Qj,y) — (ZZ’}, _y>7
P., : (z,y) = (y,x); and time-reversal 7.
The indices «, 8 refer to global SU(2) spin,

while the index a = 1, 2 refers to gauge SU(2).

s )
f, and B both move in m-flux
- J
Symmetry 1o B, o
1] —

T:U (_1)yfoz (—1)yBa €ij _ 1
Ty fa Ba
Pa: (_1)xfa (—1)xBa Do | | |
Py (-]_)yfa (_1)yBa alr'lng: <€O{ﬁczacjﬁ> ~
Fay (=1)*¥ fa (—1)" B, A;; = A = €apBaieijUij Bps
T (—=1)*eapfs | (=1)"T¥B,

Ciacia

site charge density: < ! > ~ D; = B;Bi

SN | f
bond density: <c. C. —I—Cjacm>

(¥Rl Xo!
~ QRij = Qjs = Im (B,}feijU,,;ij)
NN I
bond current: 7 <cmcja — CjaC,,;a>

T 1) 1] J

M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M.S. Scheurer, and S.S., PNAS 120, €2302701120 (2023)



4 R

Energy functional for B and U: £(B,U| = &|B,U]| + &4|B,U| + Ey pm|U]
N y

&[B,U] = (r+2v2w) Y BIBi +iwy_ es5 ( B[Us; B; — BjU;iB;)

(27)

U
Ea|B,U| = 52/)3 + Wi Zﬂi (Pita + Pity) +QZ‘AU|2 T JlZQ'%j +Klz‘]i2j
i i (i7) (#7) %)

+ Vi Z pi (Pitat+y + Pita—g) T Voo Z pi (Pit2a+29 T Pit2a—25)

EYM[U] :KZ 1 ;RQTI H U,,;j

1] €

M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M.S. Scheurer, and S.S., PNAS 120, €2302701120 (2023)



Adding charge fluctuations to the w-flux spin liquid

By £0 | (B =0

M. Christos, Zhu-Xi Luo, H. Shackleton, Ya-Hui Zhang,
M. S. Scheurer,and S.S., PNAS 120, 2302701120 (2023)



Adding charge fluctuations to the w-flux spin liquid

(B) # 0

Confining phase: Confining phase:
Néel order VBS order

S
[From the theory of f, spinonsj

r

M. Christos, Zhu-Xi Luo, H. Shackleton, Ya-Hui Zhang,
M. S. Scheurer,and S.S., PNAS 120, 2302701120 (2023)



Adding charge fluctuations to the w-flux spin liquid

4(1 4+ v2)*K;

(B) # 0

Including only
nearest-neighbor
couplings in B

-1.0 05 0.0 0.5
4(1 + \/5)2J1

Phase B Phase C
d-wave SC d-density
(N7 NI N O

p p |
4 4 4
B P

1.0

Phase A Phase A
(T,0) stripe (0,m) stripe

Confining phase: Confining phase:
Néel order VBS order

S
[From the theory of f, spinonsj

r

M. Christos, Zhu-Xi Luo, H. Shackleton, Ya-Hui Zhang,
M. S. Scheurer,and S.S., PNAS 120, 2302701120 (2023)



s 2
At T = 0, minimize £|B, U].

\- )

this work

d-SC with

4 nodal quasiparticles

0.0 -
0.0 0.5 1.0 1.5 2.0 2.0 3.0

4(1+ \/5)2‘/11

Parameters chosen so that the ground state is a d-wave superconductor,
and second best state is a period-4 stripe.



Zot0 = /HDBJ

(Monte Carlo at a temperature T]

H DUf,;j CXP

(27)

—&

B,U.

-

\_

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

defined by ZQ_|_()

~




[Monte Carlo at a temperature T]

Bond density Phase of pairing amplitude



[Monte Carlo at a temperature T]

Bond density Phase of pairing amplitude



100A

0 pA |

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)



[Monte Carlo at a temperature T]

0.20-
T = 0.15-
Helicity

s

Modulus —0.10-
~—
E

0.05-

0.00-

0.00 0.05 0.10 0.15 0.20



Theory of hole pockets
and fractionalized
intertwined orders




Ancilla Layer Model of FL* in a single-band Hubbard model

Hubbard
model of
Ya-Hui Zhang and S. Sachdey, :
Phys. Rev. Res. 2, 023172 (2020) ® ® ® ® o ® C, <—hole density
i 1+p

Ancilla qubits
in a “trivial”

o o o S O )
AT

Schrieffer- Wolft

transformation
at large J |

yieldS U ~ JI2</JJ_

® C, <« Freeholesof

density
1+p




Ancilla Layer Model of FL* in a single-band Hubbard model

_E : T T
HKondo lattice — _t'ijciacja _ tl,ij fliafljoz
i.j _

o Z d (C’];aflia an ffiaci@)

Heavy Fermi liquid
of electrons c, f;

S ~ ffaa'ozﬁflﬁ

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 {




Ancilla Layer Model of FL* in a single-band Hubbard model

B + J D
Hxondo 1attice = E —tijC; Cja — U1,ij flmflja Heavy Fermi liquid
id - of electrons c, f;

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

Hgpin liquid = tJ Z €ij (‘Ifi Ui W, — \IJ; Uji\Iji) - U, = ( ; ’gf > W-ﬂg izfixir;ﬁl}czuid,
(2) +Ey m[U] il a

(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 {




Ancilla Layer Model of FL* in a single-band Hubbard model

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

Sl ™ fTao-Ck f]_
- Z ® (Ciafl":@ + fsz'ozC":Oé) : P

o Aetrw. —oti.w). . fit \{r-flux S, spin liquid.
s =17 (it ipns)s v (et g
: Couple Kondo lattice and h

spin liquid by charge e,

(%) ‘|‘5YM[U]
Heoupling = Z ( ikiflJriaf’iOé T BSieaﬁffiaffg + HC)}

Viiges = E2[B, U] + &4 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




Ancilla Layer Model of FL* in a single-band Hubbard model

Higgs field & determines
the pseudogap.
In FL* (&) # 0,
antinodal pseudogap 1is

determined by (P),
and electrons ¢, are in 4

area p/8 hole pockets.

e Spinons f, in bottom layer are in a w-flux spin liquid with a SU(2) gauge field U.
e Higgs boson B has charge e, and is a SU(2) fundamental.
e Yukawa coupling between c,, f, and B.

e B is a fractionalized order parameter, whose composites describe numerous
superconducting and charge order parameters!



[Monte Carlo at a temperature T]

¢ (27)

r ~
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.
\_ J




A(k, W = O)/AO

FL* fermionic spectrum with B =0, U =1
4 holes pockets of size p/8;
4 nodal spinons



0.9 1.0

~ ™
Monte Carlo at a

temperature 1" > 1t
N Y

FL* fermionic spectrum with B =0, U =1
4 holes pockets of size p/8;
4 nodal spinons




Kyle M. Shen, ...Z.-X. Shen, Science 307, 901 (2005)

Photoemission observations

—0.9 0 0.9 1.0

Monte Carlo at a
temperature 1" > 1t

~

J




From FL* to dSC,

and the nature of
nodal quasiparticles




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.



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!




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!




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!

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.



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!

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.

ks

Non-BCS mechahism applied to pseudogap leads to BCS superconductor!




From the FL* pseudogap to

d-SC and FL

300 <B> —
(@) #0 T
Ty FL* Strange metal

3
— 200 Pseudogap
o
"g TSC, onset
Q TC, onset’¢"' N
E " ) ~ S
®
= | Charge

100 . order

0
Keimer, Kivelson, Norman, Hole doping, p

Uchida, and Zaanen,
Nature 518, 179 (2015)
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