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Abstract: We studied t1-t2-J1-J2 model on Honeycomb lattice at finite doping. We find that when t_1 is very small, the t1-t2-J1-J2 model on
Honeycomb lattice may be in a supperconducting phase. Such a supperconducting phase is not driven by the pairing, but by entanglement.

Pirsa: 15070064 Page 1/43



Entanglement (statistics) driven
superconductivity

Xiao-Gang Wen

2015/7/9

ntanglemen riven supercon sductivily
’ 3 g Wer Enta ﬁ' t (!ullshc}
Xia0-Lang Wen di

Pirsa: 15070064
Page 2/43



Pirsa: 15070064 Page 3/43




Pirsa: 15070064

RVB states — highly entangled states

© Spll:l ordered states | 1. ..) are not highly entangled.
e String liquid states are not highly entangled:

|¢loo s) _Z ‘(,Mf OGOOP D YNHKXXS /<
P > ’L@’L@@ '51 ,/7,\,\ .'-.

b *ofloop
l Ioops) D) ’ﬂ@@@@ /\/} ///

22
|¢Ioops> and |¢loops)
are topologically ordered states
and have long-range entanglement:
—s Z»-topological order

and DS-topological order

e RVB state are htghly entangled.
- Charge-¢ holon /spin-3 spinon
— end of string.
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e Spin ordered states | 1 ..) are not highly entangled.

e String liquid states are not highly entangled:
|<b 00 s) e ‘{/2: (‘D a\(‘D ( A :
loop Z 5 r~> /_tj/j:/%(]e ﬂ///////\ ."-
‘D = of loops |2% ,L /Lq/(D @ 4 \//
l [oops Z( ) & ‘“j> @@@@6 é*{/ﬁ’ ?//

|¢loops) and Id)loops)

are topologically ordered states
and have long-range entanglement \—A—s=/—
—+ Zo-topological order />
and DS-topological order

e RVB state are htghly entangled. PF‘

- Charge-¢ holon/spm--* spinon
e

— end of string.
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RVB states — highly entangled states

e Spin ordered states | 1] ..) are not highly entangled.
e String liquid states are not highly entangled:
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| Ioops> and |¢Ioops)
are topologically ordered states

and have long-range entanglement'
— Z»-topological order
and DS-topological order
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e RVB state are hlghly entangled.

- Charge-¢e holon /spin-3 spinon

— end of string. ——
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Charge-e holon can be bosonic, fermionic, or semionic

What is the statistics of the Charge-e holon?
What is the spin of the Charge-e holon?
Fidkowski-Freedman-Nayak-Walker-Wang cond-mat/0610533

o g, (\_"’/}’) = 1 string liquid d)m( ) < ) = d)str( = )

o ol o) 0 1
360° rotation: T—:- ? and 7/ =Y\ — T: Ragoe = (l 0)

T-—E/ has spin 0 mod 1. T-— '/ has spin 1/2 mod 1.

e (55) = o e o (O 6) o< ()

0 0 0 -1
360° rotation: T—+ ¥ / = —Y ®_, —T. R360° = (1 0)

T-— 1"‘/ has spin —7 L mod 1. T— i % has spin 7 mod 1.

Entanglement (statistics) driven suf
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Charge-e holon can be bosonic, fermionic, or semionic

What is the statistics of the Charge-e holon?
What is the spin of the Charge-e holon?
Fidkowski-Freedman-Nayak-Walker-Wang cond-mat /0610583

o g, ("’;‘) = 1 string liquid ¢5t,( > < ) = ¢5t.-( |1 )

® .. 49_¢ 0 1
360° rotation: T—+ Yand 7 =Y - I Rigoe = (1 0)

T—”;’ has spin 0 mod 1. T— '/ has spin 1/2 mod 1.

o Dy (‘?\?g,) — (—)¥ " string liquid ¢,‘,( > < ) =
s —I: Rssoe = (

n —3 mod L. T—-lfhasspm mod 1.

-1
360° rotation: T—-‘r y

T-— 1“/ has spi

" T
Entanglement (statistics) driven superconductivity
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Spin-statistics theorem

e (2) — (b) = exchange two string-ends.

e (d) — (&) = 360° rotation of a string-end.
o Amplitude (2) = Amplitude (e)

e Exchange two string-ends plus a 360° rotation of one of the

string-end generate no phase.

_; Spin-statistics theorem

Entanglement (statistics) driven suf
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Spin-statistics theorem

(b)

e (2) — (b) = exchange two string-ends.

e (d) — (&) = 360° rotation of a string-end.
e Amplitude (3) = Amplitude (e)

e Exchange two string-
string-end generate no phase.

—; Spin-statistics theorem

Entanglement (statistics) driven

ends plus a 360° rotation of one of tl

Page 10/43



RVB states — highly entangled states

e Spin ordered states | 1] ..) are not highly entangled.
e String liquid states are not highly entangled:

| ¥ IS8 PODDD 15553
() = # of loops |75 @ ,&
| Ioops) Z( ) ,,,> 1’@@@@

|oops)

[ Ioops> and Id)loops)
are topologically ordered states

and have long-range entanglement
—» Z»-topological order
and DS-topological order

o RVB state are hlghly entangled.
_ Charge-e holon /spm-— spinon
— end of string.
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Spin-statistics theorem

(b) (c)

e (2) — (b) = exchange two string-ends.

o (d) — (&) = 360° rotation of a string-end.
o Amplitude (a) = Amplitude (e)

e Exchange two string-ends plus a 360° rotation of one of the

string-end generate no phase.

— Spin—statistics theorem

Entanglement (sumt}u! driven superconductivity
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J1-J5 spin model on honeycomb lattice

H=JIZS,--S,--:-—J;;,ZS,--S,-

nnn

e RVB-AF [ T‘ALB) = fll .,LATB)I Liu-Wen, to apper
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t1-tp-J1-J, model on honeycomb lattice

© 2Iave-particle: Unphysical Hilbert space generated by £,|,=1.1.b
i - 9 3 =115
hysical states: | ) = £,'10¢0p). | 1) = £|0¢0p). |hole) = b'[0£0p)

Physical operators: ¢;, = f,-,,b,?. S; = Lflaf
ra

_ 4 ) Lt g g
HrJ — —?Zf: f', f fﬂ_ ?Zﬁiﬁ“@z@i

nn nnn

0y kbt ~ &Y fhfbt]
nn

o Mean-field theory approach
Hmean = Z("\;f;T. fjo + A,}-f;. f}.‘L#F“-f +h.c.)+ Z f,.f[ao +(=)'3 o]

(i)
be Jx Afi=1-x = [Onean(iL5:0)

o Minimize ((Dmean(\ij- Aj. ’)-)!Htlld)mean(\ﬁ- Aj: J)) to get
5 — Mean-field phase diagram.
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t1-1>-J1-J» model on honeycomb lattice

e Slave-particle: Unphy5|cal Hilbert space generated by f[a=t.]. b
Physical states: | |) = f:L'|0;0,,,.[ = fT|O,r0;,). |hole) = bT|0£0)

Physical operators: ¢, = fiubl. S;= lf.fcrf-

H”—__Z "‘”J' ' __Zf fhjuf

nn nnn

—1 ) i bb'—rto finbib]

nn nnn

e Mean-field theory approach

T T I __ _ ! Z1F
Hme.-m=Z(—\;,-::.:i5-,.+A,-,-ﬁ.,_fj, s +—he) Zf 20 + (=)'8 o*f

{if)
b= \/)? flrf, =1—Xx. — l¢mf~an(\u A ')))

'i)IHtJId)mean(\l]'- Aij- ‘U) to get

hase diagram.
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e Slave-particle: Unphysical Hilbert space generated by £, [,=1.b
Physical states: | |) = f,j[OFOb). | 1) = £0¢0). | hole) = bT|0£0p)
Physical operators: ¢, = fia b; S; = %ﬁio‘f;

x : J>
HFJ — -—él f:',lifl'ufjljf}‘i 2 fl f,,fif;;

fiabib) — an Gabib!

nnn

o Mean-field theory approach

A = Z( \,jf' DLt e hiCo) Zfr[ao'

{if)
b = Vx. fif=1—-x. — id)m,,_.an(\,-j.A,-j.r))

'i)lHtJId)mean(\ij-A
an- Feld phase diagram.

Entanglement

[ Minimize (d)mean(\u
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e Fort; =0, x >
= . X T \ gy "
> 0.03 — “Pairing” state = s-wave superconductor

—a— Painug State === Hoppinp State

—a— Stagpered Potential State

Sopred P eds

_';zbf?“f 0

. ¢ for Staggered Potential State

- Holons are bosons. (Superconductivity with repulsive interaction
Liu-Wen, to apper

between charges)

e For large t1 — “Hopping" state = semi-metal.

- Holons are fermions. |
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o Fort; =0, x>
= ' X oL > s "
> 0.03 — “Pairing" state = s-wave superconductor

e S Hagping Siate

—— Staggered Potentual State

Sorxed Mot pud s

& for Staggered Potential State

_ Holons are bosons. (Superconductivity with repulsive interaction
Liusl

between charges)

e For large t1 — “Hopping’ state = semi-metal.
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e For t; =0, x > 0.03 — “Pairing” state = s-wave superconductor

=&— Paunng State =e— Hopping State

—a— Staggered Potential State

Sopmed v enad s

ivity with repulsive inte

- Holons are bosons. (Superconduct
between charges)

e For large t1 — “Hopping state = semi-
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Three ansatz

e “Pairing” state (RVB at x = 0, superconductor for x # 0)

Hmean = Z(A _ ol T h. C’ Z aof

nn
- Boson condensation — superconductor with superflmd density
Ps ~ X

e “Hopping” state (RVB at x =0, semi-metal for x # 0)

Hinean = 3 _(—=Xfih fia + bc.) = Zaog.ffj
nn i

- Boson condensation — FL (semi-metal) with Z ~ X

o “Staggered field" state (AF at x =0, AF-semi-metal for x # 0)

. T 2= ‘fiﬂzlﬁ
Hineon = 3 (—Xfibfia + b +3flleo+ ()

nn |
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Xiao-Gang Wen

Pirsa: 15070064
Page 21/43



Pirsa: 15070064

t1-to-J1-J» model on honeycomb lattice

© gLave-particle Unphysical Hilbert space generated by fala=t.1. b
a=i..*
ysical states: | |) = fT|0f0b) 1) = fA 10£0p). |hole) = bT[0£0p)

Physical operators: ¢, = f,,.bf S; = 1f.'crﬁ

H”___Zn"lif JZﬁfﬁ

nn nnn

- qZ T Fabib] #r-,Zf fiabib}

nnn

e Mean-field theory approach

Hmean Z( \'f i ' -'J ,:.C.‘f ol T h.C.) - Z f‘i.[ao -+ (__)f'f)' ﬂ'z]ﬁ

b=\/; f;'fi-'l—'x- =2 ld)mean(\l;ﬂaij*‘)-))

(s)[Htlld)mean(\l}'- Djj- J)) to get
ase diagram.
iven superconductivity
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° Slave_--particle: Unphysical Hilbert space generated by £, |o=r.,. b
Physical states: | |) = ff[O;O,,). [ERE= f;[OfOb)- |hole) = bT|0£0p)

Physical operators: ¢, = fi,bl. S;= %fr.i'o’f,-

nn

0 3 F bt — & 2 b

nn nnn

e Mean-field theory approach

Hmean = Z(— \,‘:,.I(.:,T1 fetar A)‘f;. lfir-‘,. » -+ h.c.) + Z f:[ao + (-—)"fi a®]f;

(i)
be Vi ffi=1-x = [Onen(tiL-0)

: A-‘! ').)[Htllcbmean( \UE A.-'j- "))) to get
ase diagram.
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H=leS;-Sj+JQZS;-Sj
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Liu-Wen, to apper

+ Vananooal Parameter
1.5
[

12

Ll

1| S S
05

08h bt b m e e mte e et
L L 1 i

e For doped case — t-J model:

Ht_; =J125,--Sj+.12§:5,--5j
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Three ansatz

e “Pairing” state (RVB at x = 0, superconductor for x # 0)

Hmean = Z(Afri GT)’FHJ =+ h.C.) - Z aofleJ
nn i

- Boson condensation — superconductor with superfluid density
Ps ~ X

e “Hopping” state (RVB at x =0, semi-metal for x # 0)

I

Hrnean = Z(_—\fj, Grl + h.C.) "" Zaof}rfi
nn

_ Boson condensation — FL (semi-metal) with Z ~ x

o “Staggered field" state (AF at x =0, AF-semi-metal for x # 0)

| : - .f + (- '.I)‘ r‘Tz]!‘:-
Han = D0 (—Xafia + F€) 3 Zf 20+ (=)0 71f
nn

¥ t
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The SU(2) theory at x =0

Hmean = Z = (\j; ﬁ-if{,. - A,j f,‘..lj’_f 2P +f?.C.)

Rewrite the above a SU.(2) form
Pl BN —\f Ay
b2) T\ T \By X
Hrmean = Z -'.';rUr]r"'-'j
Hyy = Z % ((r_';fr:; - 1)(:)}!}- —1)+ (t.',-Tifrzr.';r.}.'ifT't.f + h.c.))
Both H and Hmean are inV. under local SU(2)
= Wibi. U5 — WiuzWi. Wi €SU@

Physical states | 1) and [ 1) are local SU.(2) singlet
_~ SU(2) gauge theory

Entanglement (statistics) driven supercond
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SU(2) meanfield phase diagram

Meanfield solutions:
e sfF: (b) = 0 and U,".;-_,;_}',

or (SU(2) gauge equiv.) Uiy = (-‘-A

The first one has no pairing Aj =0

the second one has d-wave pairing for f,.
o =F: (b)) =0and y =4
e uRVB: (b) =0and A =0
e FL: (b) #0and A =0
o SC: (b)#OandA#O
o SL: (b)) =0and A=x=0

T

0.2

Xiao-Gang Wen
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The SU (2) theory at x - -0  - Wen-Lee cond mat/0506065.

Unphysical Hilbert space generated by SU.(2) doublets ;. by[a=1.2
e Physical states are local SU.(2) singlet.
Only three physucal states per site:
[4) =1[0). |1)=rviei[0). [hole) =
e Physical operators :
1 + ’ <,
S,‘ — _iflio.f; C‘:'r' e 7__2—[%‘{ e
and the t-J Hamiltonian

H, = Z i ((, 10 — 1)+ ( '}-Tirr"r ' 'l'ffﬁ"r fin h.c.))
— ST - h.C. |
5] Z(C,..- J LA .‘l"-!,.‘.“_b;,"rb,').

[T
are inv. under local SU_(2) (commute wuthj',- —
liquids:
field Hamiltonian for spin lig
g T — —Z[, Ui+ (bfv;b; + h.c.)]
mPan

7 m.
=2 lwmean(uij- Vr'j)) — phase diagra
Xiao-Gang Wen
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SU(2)

Meanfield solutions:
o sk: (b) =0and U; 25

or (SU(2) gauge equiv.) Uijzy =

The first one has no pairing A; =0

the second one has d-wave pairing for f,.
e 7F: (b) =0and y =A
e uRVB: (b) =0and A =0
o FL: (b) #0and A =0
e SC:; (b)%OandA;&O
o SL: {b):OandA=\=0

T/

0.2
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SU(2) meanfield phase d

Meanfield solutions:

or (SU(2) gauge equiv.) Uyiosy = (-

The first one has no pairing Aj; =0

the second one has d-wave pairing for f,.
o 7F: (b)=0and y =A
e uRVB: (b) =0and A =0
o FL: (b) #0and A =0
e SC: (b) #0 and A #0
e SL: (b):OandA:\ZO

TN

0.2
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SU(2) meanfield phase d

Meanfield solutions:
SESER(b)y =0iand U; ;105 =

e (SU(Q) gauge EQUEV.) Uiz Y (“‘A

The first one has no pairing A;; =0

the second one has d-wave pairing for f,.
o 7F: (b)=0and y =A
e uRVB: (b) =0and A =0
o FL: (b) #0and A =0
e SC: (b) #0 and A #0
o SL: (b) =0and A =) =0

T

Xiso-Gang Wen
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SU(2) meanfield phase diagr

Meanfield solutions:
® SFC (b) = 0 and U,-_,'_.,:;__(, = (—

or (SU(2) gauge equiv.) U;jzzy = (

The first one has no pairing A;; =0

the second one has d-wave pairing for ;.
e 7F: (b)=0and y =A
e uRVB: (b) =0and A =0
e FL: (b) #0and A =0
o SC: (b) #0 and A #0
o SL: (b)=0and A=x=0

T
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Electron spectral function
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Quasi-particle dispersion in SC state
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Quasi-particle dispersion in SC state

/

min. gap
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A new slave-particle construction — “dopon!’ construction

- Slave-particle: spinon f, + holon b — electron ¢, = f,b

- “Dopon": spinon £, + dopon (electron) d, — holon b = dif,

e Unphysical Hilbert space generated by two spin-1/2 fermion
operators: fy.dx|a=+ (fa on Cu d-orbital and d, on O p-orbital)

e Three physical states per site:
| ) = £11060a). [1) = £1070s). [hole) = ffeasd;]0r00)

< t-J Hamiltonian (S, = %ﬁfaf,) Ribeiro-Wen cond-mat /0601174

Hey = JZ S;-S; (1 = d;fd,-) (1 = d;fd,-)

e “Dopon” meanfield Hamiltonian:
= 3 [efugty + vi(did; = hc)

Hmean =

—) |wmean ( uij-
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Electron spectral function for “dopon’ construction

-2J
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Electron spectral function for “dopon’ construction

.

x=0.05

.
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