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Mechanism	
  of	
  superconduc5vity	
  in	
  high-­‐Tc	
  cuprates:	
  	
  What	
  is	
  the	
  most	
  essen5al	
  issue?	
  
	
  
	
      Ground	
  state	
  wavefunc5on	
  =	
  Cooper	
  pair	
  condensa5on	
  +	
  addi5onal	
  structure	
  
	
  
	
  
Ø  Cooper	
  pair	
  condensa5on	
  	
  
	
  
	
    BCS	
  like:	
  	
  	
  d-­‐wave	
  pairing	
  symmetry;	
  	
  
	
     	
  
	
             Bogoliubov	
  nodal	
  quasipar5cle;	
  GL	
  equa5on	
  	
  	
  (low-­‐energy,	
  long	
  distance)	
  
	
  
Ø  addi5onal	
  structure	
  (short-­‐range,	
  high-­‐energy)	
  

	
    non-­‐FL-like:	
   pseudogap,	
  AF,	
  strange	
  metal,	
  ...	
  
	
  
	
  	
  	
  quantum	
  order?	
  	
  long-­‐range	
  entanglement?	
  frac5onaliza5on?	
  compe5ng	
  order?	
  
	
  
Ø  Example:	
  	
  Anderson’s	
  RVB	
  theory:	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
        	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  
	
  doped	
  Mo=	
  insulator	
  picture:	
  on-­‐site	
  Coulomb	
  repulsion	
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  double	
  occupancy	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
                       	
  
	
         	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
	
  
	
  
 

	
  AFM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  d-­‐SC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  FL	
  
 

PG SM 

ΨRVB = PG BCSPG :  Gutzwiller projection

d-­‐SC 

PG FL 

SM 

T 

doping 

Baskaran,	
  Zou,	
  Anderson;	
  ...	
  
 



Anderson,	
  	
  Science	
  1987 

	
  Cuprates	
  =	
  doped	
  Mo=	
  Insulator	
   

one-­‐band	
  large-­‐U	
  Hubbard/t-­‐J	
  model: Mo=	
  insulator 	
  doped	
  Mo=	
  insulator 

Heisenberg	
  model t-­‐J	
  model 

Half-­‐filling 



•  No	
  double	
  occupancy	
  constraint	
  

•  Accurate	
  AFM	
  ground	
  state	
  at	
  half-­‐filling	
  limit	
  
	
  

How to construct the ground state at finite doping? 

Guiding	
  principles: 

Anderson’s	
  RVB	
  ansatz: ΨRVB = PG BCS PG :  Gutzwiller projection

Heisenberg	
  model:	
  	
  
	
  
well	
  describes	
  an5ferromagne5sm	
  in	
  the	
  cuprate	
  
	
  
《Quantum	
  Phase	
  Transi5ons》	
  S.	
  Sachdev 



Ground	
  state	
  at	
  Half-­‐filling:	
  
	
   

Liang,	
  Docout,	
  Anderson	
  (1988) 

|b� RVBi =
X

{�s}

�RVB (�1,�1, · · ·,�N ) c†1�1
c†2�2

· · · c†N�N
|0i

�
RVB

({�s}) ⌘
X

partition

Y

(ij)

(�1)iWij

Wij /
1

|rij |3

i :" j :#

ij 2 A,B

bosonic	
  resona5ng	
  valence	
  bond	
  (b-­‐RVB)	
  state! 



•  No	
  double	
  occupancy	
  constraint	
  

•  Accurate	
  AFM	
  ground	
  state	
  at	
  half-­‐filling	
  limit	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
•  	
  	
  Emergent	
  sign	
  structure	
  for	
  the	
  t-­‐J/Hubbard	
  model	
  
 

How to construct the ground state at finite doping? 

Guiding	
  principles: 

b-RVB



Sta5s5cal	
  sign	
  structure	
  for	
  Fermion	
  systems 

ψ (x1, x2,...) = −ψ (x2, x1,...)

Fermion	
  signs 

Landau	
  Fermi	
  Liquid 

ZFG ≡ Tr e−βH( ) = (−1)Nex (c)W (c)
loop  c
∑  ,   W (c) ≥ 0



	
  
(1)  Fermi	
  liquid:	
  	
  	
  Fermion	
  signs	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  
(2)  Off	
  Diagonal	
  Long	
  Rang	
  Order	
  (ODLRO):	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  compensa5ng	
  the	
  Fermion	
  signs	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Bose	
  condensa5on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Cooper	
  pairing	
  in	
  SC	
  state	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  CDW	
  (“exciton”	
  condensa5on)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  SDW	
  (weak	
  coupling)	
  
	
  
	
  (3)	
  	
  	
  An5ferromagne5c	
  order	
  (strong	
  coupling)	
  
	
  
	
  

ZFG = (−1)Nex (c)W (c)
loop  c
∑     W (c) ≥ 0

ZHeisenberg = W (c)
loop  c
∑ W (c) = (βJ / 2)n

n!
δM↑↓+MQ ,n

n
∑ ≥ 0

Complete	
  disappearance	
  of	
  Fermion	
  signs! 



Phase string effect 

τ c ≡ (+1)× (−1)× (−1)× ......

   = −1( )Nh
↓ (c)

D.N. Sheng,  Y.C. Chen, ZYW,  PRL (1996)；ZYW et al., PRB  (1997)	

	


Z1−hole = Tr(e−βH ) = τ cW (c)
loop  c
∑

W (c) = 2t
J
⋅ 2t
J
... 2t
J

Mh (C )
  

(βJ / 2)n

n!
δMh+M↑↓ ,n

n
∑ ≥ 0

Single-­‐hole-­‐doped	
  Heiserberg	
  model:	
  	
  	
  	
  

＋ －



General	
  sign	
  structure	
  at	
  arbitrary	
  doping,	
  dimensions,	
  
temperature	
  for	
  the	
  t-­‐J	
  model	
   

Wu,	
  Weng,	
  Zaanen,	
  PRB	
  	
  (2008) 

=	
  total	
  steps	
  of	
  hole	
  hoppings	
  

)(CM ↑↓ =	
  total	
  number	
  of	
  spin	
  exchange	
  processes	
  

)(CM
h

)(CM
Q =	
  total	
  number	
  of	
  opposite	
  spin	
  	
  encounters	
  	
  

fermion	
  signs 



•  No	
  double	
  occupancy	
  constraint	
  

•  Accurate	
  AFM	
  ground	
  state	
  at	
  half-­‐filling	
  limit	
  
	
  
•  	
  	
  Emergent	
  sign	
  structure	
  for	
  the	
  t-­‐J/Hubbard	
  model	
  
 

How to construct the ground state at finite doping? 

Guiding	
  principles: 

Organizing	
  principles	
  for	
  emergent	
  physics	
  of	
  
	
  	
  	
  	
  	
  	
  	
  strongly	
  correlated	
  electrons! 



New class of ground state wave function  

 !ciσ = ciσe
− iΩ̂i

±2π

±π

0

Z.Y.	
  Weng,	
  	
  NJP	
  	
  (2011) 

ΨG = eD̂ b-RVB

D̂ = gij !ci↑ !cj↓
ij
∑

sign	
  structure	
  of	
  the	
  t-­‐J	
  model 

Ω̂i = − θi (l)nl↓
b

l
∑ ,    θi (l) = θl (i)±π

Anderson’s	
  one-component	
  
RVB	
  ansatz: 

ΨRVB = PG BCS

PG :  Gutzwiller projection

two-­‐component	
  RVB	
  state 

�
RVB

({�s}) ⌘
X

partition

Y

(ij)

(�1)iWij

protected by Mott gap!  



ΨG = KΦa (l1, l2,..., lNh
)ΦRVB(i1...; j1...)

ΨG = Λ̂h exp gijci↑cj↓
ij
∑⎛

⎝⎜
⎞

⎠⎟
b-RVB

Λ̂h = e−iΩ̂l
l
∏⎡
⎣⎢

⎤
⎦⎥
φh (l1,l2 ,...,lNh )

K ≡
z*lh − z

*
jd( )

| zlh − z jd |hd
∏ φh (l1,l2 ,...,lNh ) = zlh − ziu( )1/2 z*lh − z

*
jd( )1/2

hd
∏

zi
* − z j

*( )1/2
| zi − z j |

1/2
i≠ j
∏

hu
∏ φh (l1,l2 ,...,lNh )

ΨG = eD̂ b-RVB

Wave	
  func5on	
  expression: 

�
RVB

({�s}) ⌘
X

partition

Y

(ij)

(�1)iWij

mutual	
  sta5s5cs! 
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Half-­‐filled	
  2-­‐leg	
  ladder	
  is	
  a	
  Mo=	
  insulator	
  
with	
  a	
  spin	
  gap 

Example:	
  Two-­‐leg	
  t-­‐J	
  ladder	
  doped	
  by	
  one	
  or	
  two	
  holes 



DMRG	
  simula5on	
   

Fermi	
  point	
  reconstruc5on 

wavevector	
  	
  	
   Q0 = 2κ

charge	
  modula5on 

two	
  hole	
  binding	
  energy	
  (t/J=3) 

Z.	
  Zhu,	
  et	
  al.	
  arXiv:	
  1409.	
  3241;	
  	
  	
  1412.3462 
. 

hole	
  distribu5on 

strong	
  paring 



t-­‐J	
  model	
  	
  	
  	
   
Z = τ cW (c)

loop  c
∑

τ c ≡ (+1)× (−1)× (−1)× ......

	
  sigma	
  t-­‐J	
  model 

vanishing	
  binding 

Z = W (c)
loop  c
∑

Ht = −t ciσ
† c jσ + h.c.( )

〈ij 〉σ
∑

   
HJ = J SiS j −

1
4

ninj

⎛
⎝⎜

⎞
⎠⎟〈 ij 〉

∑

binding	
  energy 



short-range AF order 

T


T0

δ


long-range AF order 

~ J/kB 
TN


FL


PG
 SM


SC


lower PG


charge localization 

Varia5onal	
  Monte	
  Carlo	
  study	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Q-­‐R.Wang,	
  Y.	
  Qi,	
  ZYW 

A ΨG 1h
= φh (i) !ci↑

ij
∑

⎛

⎝⎜
⎞

⎠⎟
b-RVB

!ciσ = e−iΩ̂i ciσ
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FIG. 5. (color online). The hole density |'h(i)|2 is smooth
for ↵ < ↵c, and oscillating for ↵ > ↵c.
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FIG. 6. (color online). Two characteristic momenta Q
0

and
 turn out to be one. Q

0

is the charge modulation momentum.
 is defined as peak distance of nk or Zk.

IV. NATURE OF THE GROUND-STATE WAVE
FUNCTION (7)

In the last section, by using the VMC method, we
have variationally determined the wave function '

h

(i)
in Eq. (7) by optimizing the total energy. It has been
shown that the corresponding ground-state | 

G

i can sys-
tematically account for the essential features of the one-
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FIG. 7. (color online). Typical figures of momentum distri-
bution nk for ↵ < ↵c and ↵ > ↵c.

hole-doped 2-leg t-J ladder over the whole regime of the
anisotropic parameter ↵, as compared to the numerical
experiment of DMRG, including the qualitative transi-
tion at a QCP ↵

c

.
In the following, we examine closely the physical na-

ture of the variational wave function (7), especially in
the regime of ↵ > ↵

c

where it di↵ers from the Bloch-like
quasiparticle description (6) in a fundamental way.

A. Bloch-wave behavior of the doped hole at ↵ < ↵c

The main distinction between the variational wave
function (7) and the Bloch wave (6) lies in the many-

body phase factor e�i

ˆ

⌦

i appearing in the former. To
compare these two wave functions, one may introduce
the wave function overlap defined by

ak ⌘
BL

hk| 
G

i (15)

=
1p
N

x

X

i

eik·ri'
h

(i)h�
0

|e�i

ˆ

⌦

i |�
0

i.

Correspondingly the ”quasiparticle spectral weight”
Zk ⌘ |ak|2. Then the ground state of the variational
wave function (7) can be reexpressed as follows

| 
G

i = ak|kiBL

+ .... (16)

where the second term ... on the right-hand-side (rhs)
refers to the non-Bloch-like part that is orthogonal to
the first term.
We have shown that using the first term alone in the

variational procedure, i.e., the Bloch state, can always
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In the following, we examine closely the physical na-

ture of the variational wave function (7), especially in
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where it di↵ers from the Bloch-like
quasiparticle description (6) in a fundamental way.
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The main distinction between the variational wave
function (7) and the Bloch wave (6) lies in the many-

body phase factor e�i
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result in a commensurate momentum at k
0

= ⇡. At
↵ < ↵
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, the two ground states have a finite overlap Z
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6= 0 as shown in Fig. 4, implying that | 
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wave function (7) as shown in Fig. 2, the Bloch wave
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as a function of ↵ is shown in the inset of Fig. 8.
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the non-Bloch-term denoted by ... on the rhs of Eq. (16).
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because the latter cannot get the energy (local physics)
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nals the breakdown of the one-to-one correspondence in
momentum, namely, the momentum of the quasiparticle
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mean-field Bloch-wave solution, which is one of the cru-
cial principles in the Laudau’s quasiparticle description.
Here it is instructive to further examine how the quasi-
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emphasized that the key distinction between the varia-
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i . How-
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i, which
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(i) as the so-
lution of Eq. (11) in the variational procedure. Note
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Here the phase-string factor e�i
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i comes into the crucial
play: its phase di↵erence during the nearest neighbor
hopping gives rise to a nontrivial flux per plaquette in
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j#cj#. In the present variational approach,
one can numerically determine the flux associated with
h�

0

|t̂
ji

|�
0

i with the solution '
h

(i) as well as the physical
results given in Sec. III. A corresponding analytic mean-
field solution is also illustrated in Appendix III.

Therefore, the one-hole ground state state is indeed
correctly described by the variational wave function (7)
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In the last section, by using the VMC method, we
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hole-doped 2-leg t-J ladder over the whole regime of the
anisotropic parameter ↵, as compared to the numerical
experiment of DMRG, including the qualitative transi-
tion at a QCP ↵
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In the following, we examine closely the physical na-

ture of the variational wave function (7), especially in
the regime of ↵ > ↵
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where it di↵ers from the Bloch-like
quasiparticle description (6) in a fundamental way.

A. Bloch-wave behavior of the doped hole at ↵ < ↵c

The main distinction between the variational wave
function (7) and the Bloch wave (6) lies in the many-

body phase factor e�i

ˆ

⌦

i appearing in the former. To
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Correspondingly the ”quasiparticle spectral weight”
Zk ⌘ |ak|2. Then the ground state of the variational
wave function (7) can be reexpressed as follows
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where the second term ... on the right-hand-side (rhs)
refers to the non-Bloch-like part that is orthogonal to
the first term.
We have shown that using the first term alone in the

variational procedure, i.e., the Bloch state, can always
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The coefficients, 'h, gi j and Wi j , appearing in the original |9Gi (cf section 2.1), are incorporated
into three subsystem states as follows:

|8hi ⌘
X

{lh}
'h(l1, l2, . . .)h

†
l1

h†
l2

· · · |0ih, (21)

and

|8ai ⌘ exp

0

@
X

i j

g̃i j a
†
i#a†

j"

1

A |0ia, (22)

as well as

|8bi ⌘ exp

0

@
X

i j

Wi j b
†
i"b†

j#

1

A |0ib. (23)

Here the bosonic wavefunction 'h in |8hi defines a ‘holon’ state with a bosonic creation
operator h†

l acting on a vacuum |0ih; |8bi defines a neutral ‘spinon’ state with an RVB pairing
amplitude Wi j , where b†

i� as a bosonic creation operator acts on a vacuum |0ib; and |8ai
defines a ‘backflow spinon’ state with the pairing amplitude g̃i j ⌘ (�1)i gi j , where a†

i� denotes
a fermionic creation operator acting on a vacuum |0ia.

The projection operator P̂ in equation (20) is defined by

P̂ ⌘ P̂B P̂s, (24)

in which P̂s will enforce the single-occupancy constraint equation (15) in the spinon state |8bi
such that

|RVBi ⌘ P̂s|8bi (25)

with nb
i� ⌘ b†

i� bi� ; and P̂B will further enforce

na
i �̄ = nh

i nb
i� , (26)

such that each a-spinon always coincides with a holon as
P

� na
i �̄ = nh

i according to equations
(26) and (15) (here na

i �̄ ⌘ a†
i �̄ ai �̄ and nh

i ⌘ h†
i hi with �̄ ⌘ �� ). By applying P̂ , the physical

Hilbert space is restored in equation (20) as schematically shown in figure 2 in which the a-
spinons are indicated by the dashed arrows at the hole sites, while there is always a b-spinon
indicated by a solid arrow at each lattice site.

Note that the phase shift factor e�i�̂l in 3h has totally disappeared in the above direct-
product expression equation (20), where the electrons break up into fractionalized building
blocks: the holon h†, the spinon b†

� and the backflow spinon a†
� , forming three rather

‘conventional’ sub-states. The fractionalization form of the ground state equation (20) can be
straightforwardly obtained by substituting into equation (3) the following decomposition form
of the electron annihilation operator:

ci� = P̂ c̃i� (27)

with

c̃i� ⌘ h†
i a†

i �̄ (�� )i ei�̂i , (28)

which acts on the insulating ‘vacuum’ |0ih ⌦ |0ia ⌦ |RVBi. On the other hand, in the neutral
spin state |RVBi, the c†-operator can be re-expressed in terms of the bosonic spinon operator b†

i�
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to result [17] in equation (25) from equation (19), according to the decomposition equation (48)
given in section 3, where it is further demonstrated that the full spin operator can be expressed
as

Si = P̂S̃i , (29)

with

S̃i ⌘ S

b
i + S

a
i , (30)

where S

b
i denotes the spin operators for b-spinons (defined in equations (52) and (53)) and S

a
i

for a-spinons (defined in equations (73) and (74)).

2.2.2. Effective Hamiltonian. The electron fractionalization form (equation (20)) of the
ground state |9Gi will make the manipulation of the superconducting state more easy than
in the original form (equation (3)).

Define

|9̃Gi ⌘ |8hi ⌦ |8bi ⌦ |8ai, (31)

such that |9Gi = P̂|9̃Gi. Then ci� |9Gi = P̂ c̃i� |9̃Gi and Si |9Gi = P̂S̃i |9̃Gi, in which c̃i� and
S̃i directly act on the fractionalized states.

Based on the t–J model, we find that the direct product state |9̃Gi in equation (31) can be
effectively determined as the ground state of the following effective Hamiltonian:

Heff = Hh + Hs + Ha, (32)

which is composed of a holon hopping term

Hh = �th

X

hi ji
(eiAs

i j )h†
i h j + h.c., (33)

a b-spinon pairing term

Hs = �Js

X

hi ji�
(ei� Ah

i j )b†
i� b†

j�� + h.c. (34)

and an a-spinon term

Ha = �ta

X

hi ji�
e�i�0

i j a†
i� a j� � Ja

X

hi ji
⌘i j1̂

a
i j + h.c. + J

X

hi ji

�
S

a
i · S

b
j + S

b
i · S

a
i

�
, (35)

where 1̂a
i j ⌘ P

� �a†
i� a†

j�� and ⌘i j = +(�) for j = i ± x̂(ŷ) is a d-wave sign factor. Note that
the chemical (Lagrangian multiplier) terms implementing

X

i

h†
i hi =

X

i�

a†
i� ai� = �N (36)

and
X

i�

b†
i� bi� = N (37)

are all omitted in equations (33)–(35) for simplicity. One can always add them back in real
calculations.

Based on equation (31), the parameters th ⇠ t , Js ⇠ J , ta ⇠ t and Ja ⇠ J |h1̂ai| in equations
(33)–(35) can be determined as variational parameters minimizing the ground state energy of

New Journal of Physics 13 (2011) 103039 (http://www.njp.org/)

11

to result [17] in equation (25) from equation (19), according to the decomposition equation (48)
given in section 3, where it is further demonstrated that the full spin operator can be expressed
as

Si = P̂S̃i , (29)

with

S̃i ⌘ S

b
i + S

a
i , (30)

where S

b
i denotes the spin operators for b-spinons (defined in equations (52) and (53)) and S

a
i

for a-spinons (defined in equations (73) and (74)).

2.2.2. Effective Hamiltonian. The electron fractionalization form (equation (20)) of the
ground state |9Gi will make the manipulation of the superconducting state more easy than
in the original form (equation (3)).

Define

|9̃Gi ⌘ |8hi ⌦ |8bi ⌦ |8ai, (31)

such that |9Gi = P̂|9̃Gi. Then ci� |9Gi = P̂ c̃i� |9̃Gi and Si |9Gi = P̂S̃i |9̃Gi, in which c̃i� and
S̃i directly act on the fractionalized states.

Based on the t–J model, we find that the direct product state |9̃Gi in equation (31) can be
effectively determined as the ground state of the following effective Hamiltonian:

Heff = Hh + Hs + Ha, (32)

which is composed of a holon hopping term

Hh = �th

X

hi ji
(eiAs

i j )h†
i h j + h.c., (33)

a b-spinon pairing term

Hs = �Js

X

hi ji�
(ei� Ah

i j )b†
i� b†

j�� + h.c. (34)

and an a-spinon term

Ha = �ta

X

hi ji�
e�i�0

i j a†
i� a j� � Ja

X

hi ji
⌘i j1̂

a
i j + h.c. + J

X

hi ji

�
S

a
i · S

b
j + S

b
i · S

a
i

�
, (35)

where 1̂a
i j ⌘ P

� �a†
i� a†

j�� and ⌘i j = +(�) for j = i ± x̂(ŷ) is a d-wave sign factor. Note that
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  Conclusion	
  
	
  	
  

•  Constructed	
  a	
  ground	
  state	
  wavefunc5on	
  based	
  on	
  three	
  general	
  principles:	
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                          Correct	
  AFM	
  state	
  at	
  half-­‐filling;	
  
	
                          Phase	
  string	
  sign	
  structure	
  at	
  finite	
  doping	
  
	
  
•  By	
  VMC,the	
  wavefunc5on	
  reproduces	
  the	
  novel	
  proper5es	
  of	
  one-­‐hole-­‐doped	
  
	
     2-­‐leg	
  t-­‐J	
  model	
  by	
  DMRG:	
  
	
  
	
     QCP,	
  charge	
  modula5on,	
  Fermi	
  surface	
  reconstruc5on	
  etc.	
  	
  	
  
	
  
•  In	
  2D,	
  the	
  wavefunc5on	
  predicts	
  AFM,	
  d-­‐wave	
  SC,	
  and	
  FL	
  phases	
  as	
  a	
  func5on	
  
	
    of	
  doping	
  
	
  
•  	
  Frac5onaliza5on	
  and	
  mutual	
  Chern-­‐Simons	
  gauge	
  theory	
  descrip5on	
  of	
  	
  
	
     elementary	
  excita5ons	
  and	
  finite-­‐temperature	
  phase	
  diagram	
  	
  
	
  

ΨG = eD̂ b-RVB
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