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Luttinger relation
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Kondo lattice: HFL phase
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Density of the electrons
per unit cell = 1 + p,
Fermi surface size = 1 + p.
\Luttinger volume “large” Fermi Surface)

'HFL) = |Projection onto one f per site| > |Slater determinant of (c, f))

Coleman, Read, Newns, Millis, PA. Lee, Auerbach, Levin



Luttinger™ relation

e FL™: violation of the Luttinger relation in a metal requires the presence of
fractionalization and emergent gauge fields.

T. Senthil, M.Vojta, and S. S., PRL 90, 216403 (2003); PRB 69,035111 (2004)



Luttinger™ relation

e FL™: violation of the Luttinger relation in a metal requires the presence of
fractionalization and emergent gauge fields.

T. Senthil, M.Vojta, and S.S., PRL 90, 216403 (2003); PRB 69,0351 11 (2004)

e c.g. in a two-band Kondo lattice model of f and c electrons with total electron
density 1+ p, the f electrons can form a ‘spin liquid’ with 1 electron per site,
while the ¢ electrons form a metallic Fermi surtace of size p. The f spin liquid
then provides the required fractionalization and emergent gauge fields.
a.k.a.: orbitally selective Mott transition (OSMT)
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Luttinger™ relation

e FL™: violation of the Luttinger relation in a metal requires the presence of
fractionalization and emergent gauge fields.

T. Senthil, M.Vojta, and S.S., PRL 90, 216403 (2003); PRB 69,0351 11 (2004)

e c.g. in a two-band Kondo lattice model of f and c electrons with total electron
density 1+ p, the f electrons can form a ‘spin liquid’ with 1 electron per site,
while the ¢ electrons form a metallic Fermi surtace of size p. The f spin liquid
then provides the required fractionalization and emergent gauge fields.

a.k.a.: orbitally selective Mott transition (OSMT)
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e FL™: violation of the Luttinger relation in a metal requires the presence of
fractionalization and emergent gauge fields.

T. Senthil, M.Vojta, and S.S., PRL 90, 216403 (2003); PRB 69,0351 11 (2004)

e c.g. in a two-band Kondo lattice model of f and c electrons with total electron
density 1+ p, the f electrons can form a ‘spin liquid’ with 1 electron per site,
while the ¢ electrons form a metallic Fermi surtace of size p. The f spin liquid
then provides the required fractionalization and emergent gauge fields.

a.k.a.: orbitally selective Mott transition (OSMT)

e Key puzzle of the cuprate pseudogap state: how do we obtain a FL*™ state
with a Fermi surface of p holes in a single-band model with total hole density
1 +p? How can we democratically localize some holes and not others, when
all holes are in the same band?




Luttinger™ relation

FL*: violation of the Luttinger relation in a metal requires the presence of
fractionalization and emergent gauge fields.

T. Senthil, M.Vojta, and S.S., PRL 90, 216403 (2003); PRB 69,0351 11 (2004)

e.g. 1n a two-band Kondo lattice model of f and c electrons with total electron
density 1+ p, the f electrons can form a ‘spin liquid’ with 1 electron per site,
while the ¢ electrons form a metallic Fermi surtace of size p. The f spin liquid
then provides the required fractionalization and emergent gauge fields.

a.k.a.: orbitally selective Mott transition (OSMT)

Key puzzle of the cuprate pseudogap state: how do we obtain a FL™ state
with a Fermi surface of p holes in a single-band model with total hole density
1 +p? How can we democratically localize some holes and not others, when
all holes are in the same band?

Needed: a variational wavefunction for a FL* state in a single-band model.
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Photoemission at large p

(TT,70)
[+p holes
Overdoped TlyBasCuOgs
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]+p mobile holes in a filled band

M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)



Photoemission at small p

. CaZ—xNaxCu02C12
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“Fermi arcs’”

Kyle M. Shen, F. Ronning, D. H. Lu, F. Baumberger, N. J. C. Ingle, W. S. Lee, W. Meevasana,
Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, Z.-X. Shen, Science 307, 901 (2005)
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Photoemission at small p
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Reconstructed Fermi Surface of Underdoped BizSroCaCu20g4s Cuprate Superconductors, H.-B. Yang, J. D. Rameau,
Z.-H. Pan, G. D. Gu, P. D. Johnson, H. Claus, D. G. Hinks, and T. E. Kidd, PRL 107, 047003 (2011).



STM at small p
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Electron pockets are formed due to the
emergence of CDW phase.
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N. Harrison and S. E. Sebastian,PRL 106, 226402 (201 1).
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F. Laliberte, et al., npj Quantum material 3, 11 (2018)
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e (Quantum oscillations
imply a single electron
pocket.

e But computations on a
CDW applied to a large
Fermi surface FL state
lead to additional Fermi
surfaces in the anti-nodal
region.

(r/a, /b)

A.Allais, D. Chowdhury,
and S.S., Nat. Commun.
5,5771 (2014)



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 Grat, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, Nature Physics18, 558 (2022)

We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate Lal .6—xNd(Q 4SrxCuO4. Above the critical

doping p* —outside of the pseudogap phase—we find a Fermi surface that 1s in quantitative agreement with angle-resolved photoemission.
Below p*, however, the ADMR 1s qualitatively different, revealing a clear change in Fermi surface topology.
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|. Luttinger and Luttinger™ relations in metals

2. Spin liquids and emergent gauge fields

3. FL* and HFL phases of the Kondo lattice

4. Paramagnon fractionalization theory of the
pseudogap metal in a single band model



Triangular lattice antiferromagnet

H:J;SS

Nearest-neighbor model has non-collinear Neel order




Spin liquid: resonating valence bonds
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P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).
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e The boson creation
operator BT creates
a pair of spinons.

e A single spinon carries
boson number BTB = 1/2:
fractionalization!
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N. Read and B. Chakraborty, Phys. Rev.B 40, 7133 (1989)
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RVB: Z; spin liquid

Read and Sachdev (1990); Wen (1991)

The simplest stable spin liquid (which need not break time-reversal) is
the deconfined phase of a Zy gauge theory. There are ‘spinon’ excitations
which carry unit Zs electric charges, and ‘vison’ excitations which carry =
Z.o magnetic flux.

Anyon e (spinon) | € (spinon) | m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, ¢, m are mutual semions.
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For the J{-Jo model

}{::ell 2{: igi'f%“+‘JQ j{: :Si'é%ﬁ

11EN.N. 11EN.N.N.

use the parton decomposition

1
E;::Eif;Tbaﬁﬁﬂ | fjj}:::17

and Hubbard-Stratonovich transformations to obtain the quadratic fermion Hamilto-
nian

Hp=) _Pijf;afj(f +H.c. + Qijeo0 fio fjor + Hoc| + > Aifl, fio

1<J

with decoupling fields P;;, (;;, A;. The gapless Zs spin liquid state 1s obtained as a
saddle point with Q);; = Q, is Pij = Fij, \; = \; so that H r describes a ‘superconductor’
with nearest-neighbor hopping, nearest-neighbor d,2_,2» pairing, and second-neighbor
dy, pairing.
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Deconfined criticality and a gapless Z spin liquid Alex

. . . Thomson
in the square lattice antiferromagnet,
H. Shackleton, A. Thomson, and S. S., PRB 104,045110 (2021)
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Yejin Huh, M. Punk and SS, PRB 84,094419 (2011)




Z; gauge theory with matter: describes visons and spinons

To include the visons, we restrict fluctuations of ();; and P;; to

Then the system is described by the effective Hamiltonian

Qz’j — Qz’j Zz‘ '

H =H¢+ Hz,

i< j

%ZQZ—KZ H Zg—gZXg
l e 14

All terms are invariant under the Z, gauge transformation

Pi;fl, fio

Jic — 0ifi

)

H.c.

Pij = PijZ;

Qijgaa’fiafja’

)

i = x1.

H.C._

Zij = 0iZij05 5 Kij — Xij

Z A (ffjo'fia' — 1)

()

0, = =xl.



Pure Z; gauge theory: only describes vison sector

- {
Z X
T 1= XX
X
/

G; = (—1)%° for spin S antiferromagnets

For S = 1/2 we have an ‘odd’ spin liquid.

R. Jalabert and S. Sachdev, Physical Review B 44, 686 (1991)
S. Sachdev and M. Voita, Journal of the Physical Society of Japan 69, Suppl. B, 1 (2000); cond-mat/9910231



Pure Z; gauge theory: only describes vison sector
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Two visons (indicated by the
—1’s in the plaquettes)
connected by an invisible string.
The dashed lines indicate the
links, £, on which Z, = —1. The
plaquettes with an even number
of dashed lines on their edges
carry no Zs fluxes, and so are
‘invisible’.
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Kondo lattice

Hwr = Zepcl‘;acpg + ZJK CIUTM/ Cig' * ; + ZJH Si -9
S Z. —

2
(27)
F' L% 1) =10 -J)0 t)J 104 J0
2,] 2,]
FL*
JK
a Small Fermi surface of size p B
'FLx) = [Projection onto one f per site]
> ‘Slaﬂ;er determinant of f> N.Andrei and P. Coleman, PRL 62, 595 (1989)
: S. Burdin, D. R. Grempel, and A. Georges, PRB 66,0451 1| (2002)
_ @ [Slater determinant of @ T. Senthil, M.Vojta, and S. Sachdev, PRB 69, 0351 | | (2004)

A. Paramekanti and A.Vishwanath, PRB 70,2451 18 (2004)



Kondo lattice

Hir = ngcpo.cl:)g —|—§:JKCJr TJQJ Cin’ * 9, —I-ZJH S, - Sj

(37 )

HuFL = thngCJg + ZPZJ Jio + ZB ( £ _Cio + H.c.)

4I—,JK

\_

HFL) —

Large Fermi surface of size 1 + p

~

Projection onto one f per site|
] |Slater determinant of (¢, f))

J

Coleman, Read, Newns, Millis, PA. Lee, Auerbach, Levin
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Paramagnon theory of the Hubbard model

Z t’LJ C’LJC]U T U Z (n’LT ;) (nzi, ) H Z CigCio

1<

We use the operator equation (valid on each site 7):

1 1 2U U
U(TLT 2) (T% 2) — 2 52 | 1

Then we decouple the interaction via

2U 3 oo _
exp (?Z/d753> :/D(I)i(T) exp (Z/dT @@2 D, - (:T 7-2 Cio’ )

This yields the ‘Scalapino-Pines-Chubukov-Schmalian...” theory for a ‘paramagnon
quantum rotor’ ®; coupled to otherwise free termions c;,.




Paramagnon theory of the Hubbard model

Hubbard
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Paramagnon fractionalization theory of the Hubbard model
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A FL* state is realized when the antiferromagnetic Kondo coupling dominates
over J |, and the ¢, and S; form a “large” Fermi surface of hole density
(1+p)+1=2+4+p=p mod 2!

The S must form an ‘odd’ spin liquid which does not break translational
symmetry, to obtain a metal with a non-Luttinger volume Fermi surtace.
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FL* in a one=-band model “Fermi arc” spectral functions
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FL*: Condensate B breaks gauge symmetries in first ancilla layer.
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Photcem|55|on at small p
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Photoemission at small p
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FL* in a one=-band model Electronic dispersion
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Dynamic consequences of the spin liquid
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The only singular gauge fluctuations are those in the spin liquid of the Ws.
We can compute their influence on the electronic spectrum perturbatively
in the exchange couplings in terms of the dynamic spin susceptibility yg.
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Summary

e Paramagnon fractionalization theory of FL* for the pseudogap metal of the
cuprate high temperature superconductors:
Don’t fractionalize the mobile electron, but fractionalize the para-
magnon into ‘ancilla qubits’.
Predicts electronic spectra in good agreement with observations in both nodal
and anti-nodal regions.
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e Outlook:

— ‘Back side’ of hole pockets may be observable in cleaner samples.

— Theory for single electron pocket in confining CDW ordered phase, as
observed in quantum oscillations.

— Neutron scattering observation of excitations of spin liquid in second
ancilla layer.

— Theory for FL*-FL transition with ghost Fermi surfaces—strange metal?



