Ancilla qubit wavefunctions
for the pseudogap metal phase
of the cuprates

Tensor Networks: From Simulations to Holography |l|
Perimeter Institute, Vaterloo

November |6, 2020 PHYSICS
Subir Sachdeyv

Talk online: sachdev.physics.harvard.edu HARVARD



Yahui Zhang



Luttinger theorem for Fermi liquids

Consider a general model of interacting electrons ¢y, ¢y and S = 1/2

Spins S = (1/2)][;0045]857 Za fnga = 1.

cacg + cgca = 0af fafg + fgfa = 0aBs Calp+ fpCa =0

We can also think of the spins as qubits with S = (1/2)(X,Y, Z)
the Pauli qubit operators.
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Luttinger theorem for Fermi liquids

Luttinger’s theorem states that the momentum space volume enclosed by the Fermi
surface (the location of a discontinuity in the electron distribution function) equals

(1/2)(density of all electrons)x (27)% modulo the density contained in filled bands
(which can accommodate 2 electrons per unit cell).
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Luttinger theorem for Fermi liquids

Luttinger’s theorem states that the momentum space volume enclosed by the Fermi
surface (the location of a discontinuity in the electron distribution function) equals

(1/2)(density of all electrons)x (27)% modulo the density contained in filled bands
(which can accommodate 2 electrons per unit cell).

Note that each spin S is included as one electron in the electron density count.

The traditional proofs rely upon a perturbative expansion about the iree electron
limit. In this proof we use the f, representation of S, and replace the constraint

> flfa by an interaction Uff;fojfb and expand about Uy = 0.

More recent proofs (Oshikawa; Else, Thorngren,Senthil) use an ‘anomaly’ associated
with the combination of translations and the U(1) symmetry of electron number
conservation, and can work directly with spin qubits.
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The ¢ electrons ‘Kondo screen’ the f spin at low energies:
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Luttinger volume in Kondo Ilattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.
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Luttinger volume in Kondo Ilattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.
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The ¢ electrons ‘Kondo screen’ the f spins in the FL phase:
The f electrons ‘dissolve’ into the Fermi sea.
The Fermi surtace is large: encloses volume of 1 + p electrons.

Varma, Coleman, Millis, PA. Lee, Q. Si,Auerbach, Levin....
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Luttinger volume in Kondo Ilattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.
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Luttinger volume in Kondo Ilattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.
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The Kondo lattice model has a gauge symmetry: fio — €% f;,
This gauge symmetry is fully broken by a Higgs condensate (c! f,) in the FL phase.
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Luttinger volume violation

The Luttinger volume can be violated in a metal when there 1is
‘bulk topological order’ i.e. excitations associated with fractional-
ization and emergent gauge fields.

T. Senthil, M.Vojta, and S. Sachdev, PRB 69,0351 11 (2004)
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Luttinger volume violation

The Luttinger volume can be violated in a metal when there 1is
‘bulk topological order’ i.e. excitations associated with fractional-
ization and emergent gauge fields.

The ‘anomaly’ associated with the global U(1)xtranslational sym-
metries can be satisfied by a contribution from the emergent gauge
fluxes.

In this manner with obtain the FLL™ phase: a metallic phase with a
Fermi surface of Fermi-liquid-like electronic quasiparticles, enclos-
ing a non-Luttinger volume.

T. Senthil, M.Vojta, and S. Sachdev, PRB 69,0351 11 (2004)
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Kondo lattice of f electron spins coupled
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FL* phase in Kondo lattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.
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FL* phase in Kondo lattice models

Kondo lattice of f electron spins coupled

V.I. Anisimoy, |.A. Nekrasoy,
to a conduction band of c electrons of density p.

D.E. Kondakov, T.M. Rice & M. Sigrist,
EP|B 25, 191 (2002)

L. de' Medici,A. Georges,S. Biermann,
Kondo breakdown or ‘selective Mott’ transition PRB 72,205124 (2005)
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Metal-metal transitions in Kondo lattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition
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Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

Shortcomings:

e Only works well for a particular spin liquid in the f
band: the spinon Fermi surface with a trivial PSG.
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Metal-metal transitions in Kondo lattice models

Kondo lattice of f electron spins coupled
to a conduction band of c electrons of density p.

Kondo-breakdown or ‘selective Mott’ transition

Shortcomings:

e Only works well for a particular spin liquid in the f
band: the spinon Fermi surface with a trivial PSG.

e No natural extension to the case where the non-FL
state has magnetic order.

e No simple extension to one-band model.
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Momentum-space view at large p
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Momentum-space view at large p

I-p mobile electrons =
I +p mobile holes in a filled band



Momentum-space view at large p
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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)



Momentum-space view at small p
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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)



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

Yawen Fang, Gaé€l 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, arXiv:2004.01725

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. We find that our data 1s most
consistent with a Fermi1 surface that has been reconstructed by a Q = (7t,7t) wavevector. While static Q = (7t,7t) antiferromagnetism 1is not found
at these dopings, our results suggest that this wavevector 1s a fundamental organizing principle of the pseudogap phase.
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Hole doped cuprates

The remarkable underlying ground states of cuprate superconductors

Cyril Proust and Louis Taillefer, Annual Review Condensed Matter Physics 10, 409 (2019)
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FL* in 2 one=band model

e Can realize the FL™ state as a doped spin liquid in which spinons and
holons bind to form ‘electrons’, which then form a small Fermi surtface
(X.-G. Wen and P. A. Lee, PRL 76, 503 (1996) ); but there is no complete
description of this process, except in the very strong binding limit of
dimer ‘electrons’ (M. Punk, A. Allais, and S. Sachdev,PNAS 112, 9552
(2015)). This approach does not yield a theory of the transition to

the FL state.
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FL*

S.Sachdev PRB 49, 6770 (1994); X.-G.Wen and P.A. Lee PRL 76, 503 (1996)
R. K. Kaul, A. Kolezhuk, M. Levin, S. Sachdeyv, and T. Senthil, PRB 75, 235122 (2007)

Each green
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“bound

state” of a
vacancy and a
free spin
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M. Punk, A. Allais, and S. Sachdev, PNAS 112, 9552 (2015)
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FL* in 2 one=band model

e Can realize the FL™ state as a doped spin liquid in which spinons and
holons bind to form ‘electrons’, which then form a small Fermi surtface
(X.-G. Wen and P. A. Lee, PRL 76, 503 (1996) ); but there is no complete
description of this process, except in the very strong binding limit of
dimer ‘electrons’ (M. Punk, A. Allais, and S. Sachdev,PNAS 112, 9552
(2015)). This approach does not yield a theory of the transition to

the FL state.
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FL* and FL in 2 one=band model
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FL* in 2 one=band model
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FL* and FL in 2 one=band model

Physical layer @

Ancilla flidden g 17,
__—» layers

qubits = = KO

AF or FL™

~

\_

Small Fermi surface of size p

D) = [Projection onto rung singlets of W, \ﬂ

> |Slater determinant of (C, ¥))
& |Slater determinant of Ef>

~

J

@ @ @ ® (<« density
1+p

--------------------------- U,, S

Yahui Zhang

~

Large Fermi surface of size 1 + p

&) = |Rung singlets of U, {Iv!>
® |Slater determinant of C')

\_

Ya-Hui Zhang, S. Sachdev, PRR 2,023172; PRB 102, 155124 (2020)




FL* and FL in 2 one=band model

Write fermion operators as 2 X 2 matrices

v, 0l ’ ¥, vl

Single occupancy constraints of W, ¥ leads to SU(2)1 x SU(2)2 gauge symmetry: & i

SU(2);: ¥ — WU, , U — U

SU(2)s : v v , v — v,
P.A. Lee, N. Nagaosa, and X.-G.Wen, RMP 78, 17 (2006)

Yahui Zhang

Local singlet formation (‘antiferromagnetism’) S 4+ S5 =~ 0 leads to SU(2)s gauge symmetry:

SU(2)g: ¥ —Us¥® , ¥ —UgW

S. Sachdev, M. A. Metlitski, Yang Qi, and Cenke Xu, PRB 80, 155129 (2009)
S. Sachdey, H. D. Scammell, M. S. Scheurer, and G.Tarnopolsky, PRB 99,054516 (2019)

Ya-Hui Zhang, S. Sachdev, PRR 2,023172; PRB 102, 155124 (2020)



Metal-metal transitions in a one=band model
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See also Liujun Zou, D. Chowdhury, PRR 2,023344 (2020)
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Ancilla qubit theory of FL™* and FL phases in a one-band model

e FL* as the pseudogap metal with carrier density p. Variants of the theory can
have broken symmetries (e.g. antiferromagnetism) without fractionalization
in the pseudogap metal.
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Ancilla qubit theory of FL* and FL phases in a one-band model

e FL* as the pseudogap metal with carrier density p. Variants of the theory can
have broken symmetries (e.g. antiferromagnetism) without fractionalization
in the pseudogap metal.

e (Ghost fermions, carrying neither spin nor charge, emerge as additional low
energy excitations near the critical point to the FL phase. While the ancilla
qubits are gauged away as ‘fake’ in the UV theory, the ghost fermions are
physical excitations in the IR theory, which can be detected by thermal probes.

e The ghost fermions are coupled to 2 gauge fields: the first arising from the no
double occupancy constraint, and the second from transforming to a rotating
reference frame in spin space. These gauge fields lead respectively to repulsive
and attractive interactions between the ghost fermions.

See also Liujun Zou, D. Chowdhury, PRR 2,023344 (2020) Ya-Hui Zhang, S. Sachdev, PRR 2,023172; PRB 102, 155124 (2020)
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Ancilla qubits for the cuprates

By introducing a double layer of ancilla qubits, we are able to describe
a FL™* phase in a single band model: some of the electrons localize
into an insulator of spins, while the others form a Luttinger-volume-
violating Fermi surface.

A metal-metal quantum phase transition with a change in carrier
density from p in a FL* phase, to 1 4+ p in a FL phase.

Fractionalization of the electron in the critical regime.
Unexpectedly large low-1" entropy near the critical point.

It would be interesting to use PEPS/tensor-network technology to
compute properties of the ancilla wavefunctions for FL*!



