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Paramagnon theory of the Hubbard model
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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;,.
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A FL* state is realized when the antiferromagnetic Kondo coupling dominates
over J |, and the ¢, and S; form a heavy Fermi liquid state (as found in the heavy
fermion compounds) of hole density (1+p)+1 =2+ p = p mod 2!

The S5 must form an ‘odd’ spin liquid which does not break translational
symmetry, to obtain a metal with a non-Luttinger volume Fermi surface.
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Trial wavefunctions in the paramagnon fractionalization theory
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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 Ss.
We can compute their influence on the electronic spectrum perturbatively
in the exchange couplings in terms of the dynamic spin susceptibility ;.
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Spin liquid of Ss:

(A) Schwinger boson representation (S9; = b);aa'a@bw) leads to
spin liquid described by CP* field theory: N r = 2 relativistic
complex scalars, Z, coupled to a U(1) gauge field.

Confinement transition: Condensation of Z leads to (m, 7) Néel
order, or incommensurate spiral spin density waves.
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(A) Schwinger boson representation (S9; = bzaa'agbw) leads to

spin liquid described by CP* field theory: N r = 2 relativistic (\
complex scalars, Z, coupled to a U(1) gauge field. Boson-
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(B) Schwinger fermion representation (So; = fl. & asf2i) and Chong Warg
m-flux mean field theory leads to spin liquid described by a SU(2) co e
gauge theory with Ny = 2 massless Dirac fermions, W. T AT

There is now good evidence that the Ny =2 SU(2)-QCD CF'T is not stable.
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Spin liquid of Ss:

(A) Schwinger boson representation (S9; = bzaa'agbw) leads to

spin liquid described by CP* field theory: N r = 2 relativistic (\
complex scalars, Z, coupled to a U(1) gauge field. Boson-
Confinement transition: Condensation of Z leads to (m, 7) Néel farmion
order, or incommensurate spiral spin density waves.

duality
(B) Schwinger fermion representation (Ss; = f;fmdaﬁf 2;p) and g g
m-flux mean field theory leads to spin liquid described by a SU(2) co e
gauge theory with Ny = 2 massless Dirac fermions, W. " 031051 (017,

Confinement transition: Condensation of (¥ f;), (U f]), leads to
d-wave superconductivity, charge density wave, pair density wave.
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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.



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.

e Outlook:
— ‘Back side’ of hole pockets in FL* phase may be observable in cleaner
samples.

— Theory for multi-point correlators in cold atom experiments.

— Theory for FL*-FL transition leads to strange metal with spatially ran-
dom couplings.

— Theory of quantum oscillations in underdoped cuprates at high fields.



