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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.
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RVB states — highly entangled states

© Splt\ ordered states | 1. ..) are not highly entangled.
e String liquid states are not highly entangled:

|¢Ioops) e Z C ;> %%%%

®
’L@Qz@%

% of loops (/7%
’OOPS) Z( Y ( q; $ @q) @

I

|¢Ioops> and Iq)[oops)

are topologically ordered states
and have long-range entanglement’
—s Z»-topological order

and DS-topological order

e RVB state are hlghly entangled.
- Charge-¢ holon/spin-3 spinon
— end of string.

Entanglement (statistics) driven superconductivily
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e Spin ordered states | 1 ..) are not highly entangled.

e String liquid states are not highly entangled:
Id)loops) = Z '\Q?:f GOOGPD /‘ V/// 05 /%%,
> q//.t/q}@q} //’/ //"\_h

() = _\# of loops (7% /L/‘D‘L(D@ \//
625 ) = S(-F K8 SR Pa0 ﬁw 2

|¢loops> and Id)loops)

are topologically ordered states
and have long-range entanglement
— Z»-topological order
and DS-topological order

e RVB state are htghly entangled. _‘_F

- Charge-¢ holon/spm-— spinon
* =T

— end of string.
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RVB states — highly entangled states

© Spir.1 ordered states | 1 ..) are not highly entangled.
e String liquid states are not highly entangled:
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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 &, (:ﬁ:f) = 1 string liquid ¢5t,( ) < ) = d>st,( o )

-

® g9 _0 DAL
360° rotation: T—+ Yand Y=Y — T; Risoe = (1 0)

T—,’; has spin 0 mod 1. T-— G/ has spin 1/2 mod 1.

o Dy (,’*08:) — (—)¥ oo stning liquid CD,"( D ) - —¢m( : )

' ® © 0 —1)
360° rotation: T : ’ ) = =\ — _T: Ragoe = (1 A

® 5
T : i@ has spin — mod L. T— i¥ has spin z mod 1.
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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 Oy, (:’0?) = 1 string liquid ¢'st,( P < ) = ¢str( BE )

~ L

®..0_0 ) 1l
360° rotation: T—'f iandiy/ = I Rigoe = (1 0)

T—-?:’ has spin 0 mod 1. T— '/ has spin 1/2 mod 1.

° <D,,,( ,\) — (—)F °''°%* string liquid ¢m( Yi< ) =

® 5 T Ragor = (

n—z 1 mod 1. T—-lfhasspm mod 1.

-1
360° rotation: T—r

T-—— 1"/ has spi
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Spin-statistics theorem

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

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

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

string-end generate no phase.

- Spin-st:atistics theorem

Entanglement (statistics) driven supert

Pirsa: 15070064
Page 9/43



Spin-statistics theorem

(a) (b)

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

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

o Exchange two string-ends plus a 360° rotation of one of tf

string-end generate no phase.

—; Spin-statistics theorem
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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:

Iq)loops) =2 R O> DOOY ’)c f/\’//f //"s
DOOOD Zpon
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22
[¢Ioops> and '(bloops)
are topologically ordered states
and have long-range entanglement’
—s Z»-topological order

and DS-topological order

o RVB state are highly entangled.
_ Charge-e holon /spin-3 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
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J1-J> spin model on honeycomb lattice

H=leS;-Sj+JQZS,'-Sj

nnn

e RVB-AF [ TA.LB) = HI .,LATB)I Liu-Wen, to apper

+ Vanational Parameter @
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t1-tp-J1-J, model on honeycomb lattice

e Slave-particle: Unphysicgl Hilbert space generated by f,|,=1.1.b
Physical states: | |) = f,'|0¢0p). | T) = fo|0(0;,). |hole) = b|0£0p)
Physical operators: ¢;, = f,-,,b;f". S; = %f;fcrf,-

i

J + ¢ J :
Hey = =5 > Fhfiaffifia =5 D fufiafisfi

nnn

=y AR = £l fabib]

nn nnn
o Mean-field theory approach

e = YOG Lo At theas = ) + Dl E g7
(i) ’

PRl — . | Pmean(Xii- Bij- 9))

j)) to get

\jj- Au ’)‘)lHtllcbmean(\ﬁ- A.-'j- (
§ — Mean-field phase diagram.
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t1-tp-J1-Jo model on honeycomb lattice

e Slave-particle: Unphysmal Hilbert space generated by £ [a=1.y. b
Physical states: | |) = f_', 0£0). | 1) = £'[00p). |hole) = b'|00p)

Physical operators: ¢;, = f; b? SH= %ﬂi'crf,-

H”___Z ia "‘_ng:.fn’j]f

nn nnn

—an bb' tto bb'

nn nnn

e Mean-field theory approach

T et + ()8 oZ|f;
Hmean = Z( \,.Jr o ‘..'.'- uf,.f:’_'- ] -*-hC Zf ao )rr]f,

{if)

b= ‘/)? fl f, =1—-Xx. — !(bmf:an(\ifﬂl}‘- ")_D

\j- Ajj- ")IHUI‘Dmean(\q Ajj-« 9)) to get
hase diagram.
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t1-tp-Ji-J model on honeycomb lattice

e Slave-particle: Unphysical Hilbert space generated by f.[o=r.|. b
Physical states: | |) = f' [0£0p)-| T) = f']O,rO;,) lhole) = b|0£0)

Physical operators: ¢, = finb!. S;=1iflof:

Heg =~ 37l fufl s = 3 2 ol

nn nnn

— 0> Fubibl —t2 ) fLfabib]

nn nnn

o Mean-field theory approach
Hemean = Z(—\Uﬂ fio =+ A:}'ﬁ-f, f;,-iﬁ.._: + h.c.) + Z £ [a0
(if) i :
PNl =1 —x. | Drmean(\ij- A )

’).)IHtJICbmean(\ij- A

e Minimize (¢mean(\u ‘
hase diagram.

Xii WA= Mean- ﬁeld p
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e Fort;] =0, x>
— d x \ " e "n
> 0.03 — “Pairing” state = s-wave superconductor

—a— Paining State  ~e= Hoppiag State
—a— Staggered Poteatial State

Sorred Pey os

. & 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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e For t; = ‘
1 — O' x ) 0 " > "
.03 — “Pairing" state = s-wave superconducto
r

=a— Painng State —e— Hoppug State
—a— Stagpered Poteatial State

wil »

Sapped M

. & for Staggered Potential State

_ Holons are bosons. (Superconductivity with repulsive interaction
Ll

between charges)

e For large t1 — “Hopping~ staté = semi-metal.

- Holons are fermions.
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Phase diagram for J, = t, = 2y

e For t; =0, x > 0.03 — “Pairing” state = s-wave superconductor

—A— Panng State —e— Hopping State

—a— Stagpered Potential State

Sorred Ny enad s

ivity with repulsive inte

- Holons are bosons. (Superconduct

between charges)

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

- HOIO"S are fermlons° Xiao-Gang Wen Entanglement ) <
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Three ansatz

e “Pairing” state (RVB at x =0, superconductor for x # 0)
€a8 + h.c.) Z aof
nn ]

- Boson condensation — superconductor with superfluid density
Ps ~ X

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

Hmean=Z(_\ .' + h.c.) Zaof

nn

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

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

. f,'; (= '.r)‘ O'z]f,'
Hmean"—"Z("’\ nJ“"'hC : Z ] [30 (-)

nn :
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t1-t2-J1-J» model on honeycomb lattice

© S|ave_t-partic|e: Unphysicgl Hilbert space generated by £, |,=11.b
Physical states: | |) = £(0¢0,). | 1) = £[0¢0). |hole) = bf[005)
Physical operators: ¢;, = 1’,-,,b.f SHE= lfi'c:ri‘}
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e Mean-field theory approach
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° S|av¢.?-partic|e: Unphysice_ll Hilbert space generated by f,|,=1. b
Physical states: | 1) = £[[0¢0,). | 1) = £10¢0s). [hole) = bf|0£0p)
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e Mean-field theory approach

Himean = Z( \ijfia i Auf::.f?r  + h.c.) jZfff[é'o“(")"“'f’z]ff

Ajj. 9))

b=\/‘£ f::ff"l_'x- - Id)mean(\ij-

()-)lHtchbmean(\ﬁ- Au "))) to get
Feld phase diagram.

e Minimize (¢mean(\
\ii-Bij- 0 = Mean-fi

Xiso-Gang Wen (1u:iﬂ.ia] driven superconductivity
120-

Page 23/43



HleZSf'SJ'+JZZS;-

nn nnn

MRVES AR [ als) — ol Lata):
I |A~L8> a | J.»A (B/- Liu-Wen, to apper

+ Vanational Parameter @

odel:

e For doped case —* t-J m
Ht_; = leS;-Sj-:—Jzzs,--Sj

nn nnn
Xiao-Gang Wen Entanglement (statis

Pirsa: 15070064
Page 24/43



Three ansatz

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

Hmean o Z(Aff:-u GT}FHJ -+ h.C.) —-— Z aoflrﬁ
nn i

- Boson condensation — superconductor with superfluid density
Ps ~ X

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

Hmean = Z("\fj, f;'u + h.c.) + Zagf;fﬂ-
nn i

with Z ~ x

_ Boson condensation — FL (semi-metal)

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

SEAE | S i el
Hmean =Z("'\fir.6'0 -h.C.)-r'Zf:- [ao-r'( )6 ol
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The SU(2) theory at x =0

Fmean = Z = (\j; ﬁ-ifi” ~+- A,j f,‘,.f::,j 2P +h.C.)

Rewrite the above a SU.(2) form
0 f Sl -
(:i) i (f'f) . U= ( ¢ A”)
i v Aij \ij
Hmean = Z "-';ruij" '
Hey = Z ﬁ ((rfr - 1) uly — h)s - (v '-Tifrzr'-r"* 2t +
4 L ) F ""f! .j.?.C.))
Both H and Hmean are inV. under local SU(2)
v > Wit uy — WigW. Wi €5U@)

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

Entanglement (1umuc:|} driven superconc
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SU(2) meanfield phase diagram

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

or (SU(Q) gauge equiv.) U,'_,'_.;,__;:/ — (.:.A

The first one has no pairing Aj =0

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

T

0.2

G Wen Entanglement [lhﬁlﬂu] driven superconductivity
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The SU(2) theory at x£0  w

Unph'ysical Hilbert space generated by SU.(2) doublets ¢;. by|a=1.2
e Physical states are local SU.(2) singlet. T
Only three physical states per site:

|‘L) [0/ JT) = 1 -)IO/ |/?O ':/—:b lff (1] |O\

e Physical operators

(s
Sf = Eﬁio'f, Cri = —:

and the t-J Hamiltonian

Hes = Z —‘271 ((r,',[ o 1)(,.}"!}_

—t Z(c;i;'.c,,f + h.c.)
T = wlehd; + [J}T‘b,‘).

. - ! el
are inv. under local SU.(2) (commute with T; ;

SU.(2) meanfield Hamiltonian for spin liquids:
e —}:[ Tug + (bivyb; + b.c.)]

)) — phase diagram.

— Iwmean(uij- Vij
Entanglement
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SU(2)

Meanfield solutions:
o sk: (b) =0and U; ;55

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

The first one has no pairing A; =0

the second one has d-wave pairing for f,.
e wF: (b) =0and y =A
e uRVB: (b) =0and A =0
o FL: (b) #0and A =0
~ N € (b)#OandA#O
o SL: (b) =0and A = X =0

T

0.2
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Meanfield solutions:
o sF: (b) =0and U;jizp = ( i

or (SU(2) gauge equiv.) Uiirzy = (:A

The first one has no pairing Aj; =0
the second one has d-wave pairing for f,.

e 7F: (b)=0and y =4

e uRVB: (b) =0and A =0
o FL: (b) #0and A =0

e SC: (b) #0 and A #0

e SL: (b):OandA:\:O

TN
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Meanfield solutions:
osk: (b) =0and U; iz

or (SU(2) gauge equiv.) Uiizy = ( ;

The first one has no pairing Aj; =0
the second one has d-wave pairing for f,.
o 7F: (b)=0and y =A

SLRVB: (b)) =0and A=0 ™
o FL: (b) #0and A =0
e SC: (b) #0 and A #0
e SL: (b):OandA=\=O
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SU(2) meanfield pha

i AN

Meanfield solutions:
oisEX(b) = 0and U;i:zp

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

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
e FL: (b) #0and A =0
e SC: (b) #OandA;—LO
oSL: (b)) =0and A=x=0

A

T
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Fermion
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-2Jd
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Electron spectral function i

e

-2J
L

(z2.x/2) (0.%)
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e

(d),~

min. gap
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Quasi-particle dispersion in SC state

R e
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\ [k, +h, )2 N

100 =
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Quasi-particle dispersion in SC state

N

\/\ Sk, v )2
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v -

(b)
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min. gag
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A new slave-particle construction — “dopon” construction

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

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

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

182

e Three physical states per site:
1) = £11004). (1) = Fl10r0,). [hole) = fleu3d}1070u)

o t-J Hamiltonian (S, — %ffa‘f}) Ribeiro-Wen cond-mat/0601174

by = 13055, (1= 4l4) (1= 44)
nn
Si +95j
e “Dopon” meanfield Hamiltonian:
' PR 2=
Hmean = —Z[".}.UJL} et Vlf(d,dj T h.c.

vi- bij)) = phase diagram.

Entanglement
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Electron spectral function for “dopon” construction
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D
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