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| The Hubbard model |

~ _ /\+ A o\ Va¥
H =|- Z ConCors |+ UE”;T”N
(FJF") F
o=

Nearest neighbour On-site
hopping interaction

H
Electron doping ' Hole doping
)

Nd,_,Ce,CuO,

La,_ Sr.CuO,

Bi,Sr,CaCu,0q ¢

—_—
Y8a,Cu,0

YLBLCO
(La-doped YBa,Cu,0.)

! Oxygen occupancy La for Ba

=5 p-doping =sn-doping




| The half-filled Hubbard model |
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| The half-filled Hubbard model |
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| The hole-doped Hubbard model |
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Full N-body
Hilbert space

(Nagaoka) Ferromagnetism
at large coupling U

ST

J. Xu, C-C. Chang, E. J. Walter

& S.Zhang, J. Phys. Cond. Matter (2011) J.D. Gouveia, R.G. Dias,
Solid State Comm. (2014)
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Conventional variational approaches to the Hubbard model

Full N-body
No mean-field Hilbert space
superconductivity

T. Misawa, M. Imada,
arxiv/cond-mat (2013)




symme‘rr'y projected Hartree-Fock/BCS wavefunc‘rlon
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) The symmetry-projected Hartree-Fock/BCS wavefunction |

Generalized eigenvalue problem for the amplitudes
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Hartree-Fock-Bogoliubov
Hamiltonian expressed in terms of the
one-body transition density matrix
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A. Leprévost, O. Juillet, R. Frésard, to be published (2014).




Technical comments

Energy minimization by the conjugate gradient method through Thouless
parameterization of HF and BCS wavefunctions

We use a 16x4 supercell with antiperiodic/periodic boundary conditions

L» ~10*complex variables to be simultaneously determined

Translational invariance and lattice symmeftries (C,, group) are restored
+ Particle number projection for the BCS state

+ Spin rotational invariance partially restored during the optimization :
S.and spin-parity @,=(-1)" projections
L The variational N-body state corresponds to the superposition

of ~7.10* symmetry related wavefunctions

Full spin projection after basis optimization

Same unprojected basis states

New amplitudes from eigenvalue equation
with totally projected states




Signatures of spin-density wave and spiral or'der'ingsf

Classical SDW : §, o< COS((]S -F)ﬁ:
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) Signatures of spin-density wave and spiral orderings |

SDW with wavevector ¢
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Related peaks in the Fourier transform of the
spin-spin and density-density correlation functions

Dependence of magnetic
and charge correlations

on hole doping

U=12¢




) Signature of d-wave superconductivity |
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Phase diagram from symmetry-projected HF/BCS wavefunctions
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Reliability of the symmetry projected HF/BCS scheme 7

P" |®,,) is the exact ground-state at any coupling for the 2x2 cluster

A. Leprévost, O. Juillet & R. Frésard, Ann. der Phys. (2014)
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Reliability of the symmetry projected HF/BCS scheme
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Reliability of the symmetry projected HF/BCS scheme

8x8 lattice - U=10t

(Gutz.) (I)d—wave:

<[—A[>(r) /N —0.525 - bes
HF~BCS —0.536 (S:O) R

<I_AI>(F) /N —0.826
HF-BCS —0.829 (S=0)
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T. Giamarchi & C. Lhuillier, Phys. Rev. B. (1991)




Comparison with quantum number projection
on QMC and Gutzwiller wavefunctions
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Energy improvements on the symmetry projected HF/BCS scheme

W) S ) e} = AT (ﬁ o) + cﬁéés|¢%)cs>j
i=1 i=1

IBE) Full symmetry restoration during the optimization IS (N,E,S,SZ,"-)

) Mixture of unrestricted and HF/ BCS wave functions

States with good quantum number S, b

IBE) Sequential optimization
16x4 lattice - U=12t - N=56 electrons

S=0 projection < F1>(r) _
during the energy HF-BCS
minimization |E,,|

I YES NO ~-10.48 %

NO YES ~-1713 %

NO YES ~-14.96 %

Simultaneous HF

H e W ses optimization

R. Rodriguez-Guzman, C. Jiménez-Hoyos, G. Scuséria, arxiv/cond_mat (2014)




nergy improvements on the symmetry projected HF/BCS scherr




The symmetry projected HF/BCS scheme : new or not ? 7
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(*), (*) : Full symmetry restoration with totally unrestricted wavefunctions
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Summary

) Spiral, SDW, stripes find their place in the phase diagram of the 2D
Hubbard model.

mmm) They successively appear for decreasing doping at fixed U and for

increasing U at fixed doping.

) Coexistence with d-wave superconductivity has been evidenced for long-
ranged pairing correlations at strong coupling (U~10t) and up to a hole
doping ~0.2, when the holes are totally trapped in stripes.

) These features are robust against extensions of the wavefunction.
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