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The remarkable underlying ground states of cuprate superconductors

Cyril Proust and Louis Taillefer, arXiv:1807.0507
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Theoretical framework

We can (exactly) transform the Hubbard
model to the “spin-fermion” model:
electrons c;, on the square lattice with
dispersion

_ T
- Zt ( Ci o z—l—’vp, T Cz—l—'vp,ozcz a)
—H Z Ci aCia + Hint

are coupled to a magnetic moment order
parameter ®P (i), p = x,y, 2
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Theoretical framework

For (fluctuating) SDW SRO, we transform
to a rotating reference frame using the SU(2)
rotation R,

Cit Vi +
— Rz , 9
(e )= (00
in terms of fermionic “chargons” 1, and a
Higgs field H*(7)

oP®P (1) = R; 0“H" (1) RI

The Higgs field is the SDW order in the
rotating reference frame.



Theoretical framework

We obtain different numbers of adjoint Higgs scalars,
N;,, depending upon the spatial dependence of the local spin correlations:

Neel correlations: Ny, = 1,
K = (m,m),
Ho (i) = H (r)er

Canted antiferromagnetic correlations: Nj, = 2,
K = (m,7),
H(i) = Hf (r)e"™ ™ + HS (r)

Unidirectional incommensurate correlations: N;, = 2,

K = (m,m—9),

H*(i) = Re {[Hf(r) + iHS (7)) eiK"’“i}

Bidirectional incommensurate correlations: N, = 4,
K,=(mm-9), K, = (7m—9,m),

HO (i) = Re {[H{(r) + iHg (r)] e/ K=" 4 [H3 (r) + iHE (r)] 5o m)



/ \ Fractionalized Fermi Liquid (FL*)

SDW SRO

Confinement
No topological order.

SDW LRO

U/t



Theory of the pseudogap phase
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(a) FL* (b) ACL

" Metals with emergent gauge fields (the blue dimers):\
(a) FL*: electron-like (b) ACL: spinless chargons

. with quasiparticles on a Fermi surface of size p |




Theory of the pseudogap phase

Field |Symbol|Statistics|SU(2)gauge|SU(2)spin|U(1)e.m.charge

Electron C fermion 1 -1
AF order b boson 1 0
fermion 2

2
3
1
boson 2
1

boson

SU(2) gauge theory: fractionalize the SDW order parameter into the Higgs field (H )
and the spinons (R); fractionalize the electron (¢) into chargons (/) and spinons
(R). When the Higgs field is condensed, the 1 fermions and R bosons are decon-
fined particles in an algebraic charge liquid (ACL) state, but with a strong residual
attractive interaction from the ¢;;. These can bind to form Fermi surfaces of quasi-
particles with the same quantum numbers as an electron in a fractionalized Fermi
liquid (FL*) state: the Fermi surfaces in the ACL/FL* states are reconstructed by
the Higgs condensate, in a manner similar to a state with long-range SDW order. In
the present SU(2) gauge theory, we ignored the interactions between the ¢ and R in
an ACL state, and obtained results in good agreement at intermediate temperatures
with cluster DMFEFT, and with photoemission observations on NCCO.




Theory of the pseudogap phase
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Fermi surface reconstruction in electron-doped cuprates Wei Wu, M. S. Scheurer, S. Chatterijee, S.
without antiferromagnetic long-range order, Sachdev,A. Georges, and M. Ferrero,
preprint Pseudogap and Fermi surface topology in

the two-dimensional Hubbard model
Physical Review X 8,021048 (2018)



Theory of optimal doping criticality

Statistics U(1)e.m.charge

Electron C fermion 1

2
AF order| & boson 1 3 0
Chargon| % fermion 2 1 -1
Spinon | R or z| boson 2 2 0
1

SU(2) gauge theory for quantum criticality: Assume the R spinons
and 1 chargons are gapped, and all the low energy fermionic exci-
tations are electron-like across the quantum critical point. Integrate
out the spinons R, the chargons 1, and the high energy c, to obtain
effective theory for Hy and the low energy c, near the Fermi surface.




Theory of optimal doping criticality

SU(2) gauge theory
SU(2) gauge theory with Nj adjoint Higgs fields H} (a =1,2,3, {=1...N})
with potential V(H;') and SU(2) gauge field Af,
with a quartic coupling to gauge-invariant fermions
with a large Fermi surface.
The quartic coupling is (assumed) innocuous, unlike a Yukawa coupling.

(1/2) (8, HY — eanc ALHE)® + V(H)

_Zzp ( zoz z—l—'vp, _I_C;r—I—'vp,oz za) “chza za
+Zz Ci,ac’i,OéHa( )Ha( )

V(HY) = s HCHS +ui (HIHN)? +uo HEHY HCHS + ..



[N = 1] Phase diagrams of SU(2) gauge theory
vary) | (Hf) #0 o) (Hy) =0

Exponentially large M

confinement length

Reconstructed Fermi surfaces at
distances smaller than the

Fermi liquid with
confinement length

large Fermi surface

A. C. Davis, A. Hart, T.W.B. Kibble, and A. Rajantie, Phys. Rev. D 65, 125008 (2002)



[N F = 4] Phase diagrams of SU(2) gauge theory
vary) | (Hi) #0 vaey!  (HE) =0

>

uy > 0:
Emergent deconfined Zs gauge field
with Ising-nematic order and large CDW susceptibility
or
uy < 0:
Confining U(1) gauge field
with charge density wave order

Hy

Fermi liquid with

Reconstructed (FL*) Fermi surfaces,
large Fermi surface

with large length scale confinement in the uy < 0 case

§ Large N expansion yields us > 0 near the h ~ ~ S
quantum critical point. Influence of fermions can Deconfined critical
9 change sign of us in the Higgs phase. y

\SU(Q) gauge theory

S. Hikami, Prog. Theor. Phys. 64, 1425 (1980)



