High-Temperature Superconductivity
and Strong Correlations (IT)

Zheng-Yu Weng

Institute for Advanced Study
Tsinghua University, Beijing

ICAM-2011-Tsinghua Summer School 2014.7.25



Outline

High-T_ superconductivity: A general survey

High-T._ cuprates as strongly correlated electron systems
Mott physics: Basic organizing principles

Examples

Understanding of the phase diagram

Summary and conclusion



Mechanism of superconductivity in high-T_cuprates: What is the most essential issue?
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1 Ground state wavefunction =

» (Cooper pair condensation

BCS like: d-wave pairing symmetry; AFM

Bogoliubov nodal quasiparticle; GL equation (low-energy, long distance)

>@nal st@(short-range, high-energy)

non-FL-like: pseudogap, AF, strange metal, ...

guantum order? long-range entanglement? fractionalization? competing order?

=
» Example: Anderson’s RVB theory: \\ SM

P, : Gutzwiller projection ¥4 = Fs|BCS) PG ,:"\': FL
doped Mott insulator picture: on-site Coulomb repulsion /l d-SC* doping

no double occupancy
Baskaran, Zou, Anderson; ...



Cuprates = doped Mott Insulator

Anderson, Science 1987

one-band large-U Hubbard/t-] model: Mott insulator doped Mott insulator
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How to construct the ground state at finite doping?

Guiding principles:

* No double occupancy constraint

Anderson’s RVB ansatz: |"PRVB> = PG|BCS> P. : Gutzwiller projection

* Accurate AFM ground state at half-filling limit

C

O 72 ¢y 7

VAR B B Heisenberg model:
—

1 7‘M¢ 7 well describes antiferromagnetism in the cuprate
J

S S {Quantum Phase Transitions) S. Sachdev
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Ground state at Half-filling:

Liang —Docout-Anderson wave function

spin RVB pairing
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bosonic resonating valence bond (b-RVB) state!

variational energy E. =-03344  m=0.30
exact numerics E. =-03346 m=0.31

Liang, Docout, Anderson (1988)



How to construct the ground state at finite doping?
Guiding principles:

* No double occupancy constraint

 Accurate AFM ground state at half-filling limit

|b-RVB)

 Emergent sign structure for the t-J/Hubbard model



Statistical sign structure for Fermion systems

Fermion signs

V(Xx,,X,,...) = =W (x,,X,,...)

Landau Fermi Liquid
PR fermionic particle exchange n(k) A Fermi Gas

Zk=1

kr

N(K)A Fermi Liquid

Z. = Tr(e_ﬂH) = 2 (=D W(c), W(c)=0

loop c




(1) Fermiliguid: Fermion signs

Z= Y, (=D"OW() W(c)=0

loop ¢

(2) Off Diagonal Long Rang Order (ODLRO):
compensating the Fermion signs

Bose condensation O

Cooper pairing in SC state Y

CDW (“exciton” condensation)

SDW (weak coupling) 7
¥
7

(3) Antiferromagnetic order (strong coupling)

ZHeisenberg — 2 W(C) W(C) = 2 (ﬁj / 2)n 5

loop ¢ n!

Complete disappearance of Fermion signs!

M/N/‘FMQ,I’E -



Single-hole-doped Heiserberg model:

Z . =Tr(e’)= 2 T.W(c)

loop ¢
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Phase string effect
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D.N. Sheng, Y.C. Chen, ZYW, PRL (1996); ZYW etal,PRB (1997)



General sign structure at arbitrary doping, dimensions,
temperature for the t-J model
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How to construct the ground state at finite doping?

Guiding principles:
* No double occupancy constraint

 Accurate AFM ground state at half-filling limit

 Emergent sign structure for the t-J/Hubbard model

Organizing principles for emergent physics of
strongly correlated electrons!




New class of ground state wave function

¥, )=e”|b-RVB) protected by Mott gap!
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P. : Gutzwiller projection
Z.Y. Weng, NJP (2011)




Wave function expression:
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Example: Two-leg t-J ladder doped by one or two holes
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Half-filled 2-leg ladder is a Mott insulator .

with a spin gap
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DMRG simulation

two hole binding energy (t/J=3)
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Z.Zhu, et al. arXiv: 1409. 3241;

hole distribution

Fermi point reconstruction
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t-J model

c
binding energy
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-dXHY/dt;

loop

C

Z=Y 1W(c)

sigma t-J model 7 = §‘ W(c)
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Variational Monte Carlo study
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W,)=| 2.0, “c, |b-RVB)
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t-J model
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Moral of the story of the doped two-leg t-J/Hubbard ladder
“pseudogap phenomenon”:

. spin gapped background

. charge modulation
. Fermi point reconstruction
. charge modulation «—» strong pairing

two sides of one coin!

phase string effect is responsible
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Issue of quasiparticle: S. White, D. Scalapino, S. Kivelson,  arXiv. 1502.04403
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Breakdown of the Landau's one-to-one correspondence of qp picture
(Fermi surface reconstruction in violation of the Luttinger theorem)



2D case at finite doping:
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kBTc ~ Eg/6

e[) Iocalization\/ SC \/ FL

*» doping

|b—RVB> AFM spin liquid ) ‘Kondo lattice’
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superconducting transition
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J.W. Mei & ZYW, PRB (2010)



Global phase diagram
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T charge-spin long-range entanglement by phase string effect
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Fractionalization description of the ground state
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— backflow spinon: BCS-like

|®,) =exp (ZW bT bT )

— bosonic spinon: b-RVB

three hidden orders



two-dimensional limit, T>0 Competing order or Fluctuating regime?

A
T  Competing orders: generalized GL eq.
~ J/kg \\ * Fluctuations: fractionalization of electron degrees
‘0 of degree due to Mottness
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short-range AF order

charge localization
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S.P. Kou, X.L. Qi, ZYW, PRB (2005)
P.Ye, C.S. Tian, X.L. Qi, ZYW, PRL (2011)

Mean-field theory

O O— > Y. Ma, P.Ye, ZYW, NIJP (2014

long-range AF order Strange metal behavior

o short-range AF order
charge localization Z.C. Gu, ZYW, PRB (2005)



Conclusion

Constructed a ground state wavefunction based on three general principles:
= No double occupancy constraint;
|'¥;)=€"|b-RVB)  Correct AFM state at half-filling;

Phase string sign structure at finite doping

By VMC, the wavefunction reproduces the novel properties of one-hole-doped
2-leg t-J model by DMRG:

QCP, charge modulation, Fermi surface reconstruction etc.

In 2D, the wavefunction predicts AFM, d-wave SC, and FL phases as a function
of doping

Fractionalization and mutual Chern-Simons gauge theory description of
elementary excitations and finite-temperature phase diagram
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