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Valence Bonds Crystal Ground states

Columnar dimer state
Budnik AA, 2004
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Spin liquid states

DMRG: Yan, Huse, White Gapped Spin Liquid
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Spin liquid states

Gapped Spin Liquid

DMRG: Yan, Huse, White

o
@
Ngq = 8000 g { ) triplet gap >0
o /.__\_ No lattice symmetry breaking
= exponentially decaying corr.
=
e(C);SL —_— 0 4385 Z2 entangllement entropy (Jiang, Wang, Balents)
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Spin liquid states

DMRG: Yan, Huse, White Gapped Spin Liquid

0 /
& B | X K
nyq= 8000 £ AL LS LA K ) triplet gap >0
T AACSN A/ No lattice symmetry breaking
= exponentially decaying corr.
=
e(C);SL — _04385 Z2 entangllement entropy (liang, Wang, Balents)

VMC: Igbal, Becca, Sorella, Poilblanc  Algebraic Spin Liquid
/ ul'
U, 1s) = (1 i Z‘<-;;_.'H"') Uyvme) Tripletgap =0

k power law spin correlations

e°t = —0.4365
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Spin liquid states

DMRG: Yan, Huse, White Gapped Spin Liquid
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Ny = 8000 -_g ) ) A X)) tripletgap >0
B AAC S A/ No lattice symmetry breaking
= exponentially decaying corr.
a
e(C);SL — _04385 Z2 entangllement entropy (Jiang, Wang, Balents)
1

VMC: Igbal, Becca, Sorella, Poilblanc  Algebraic Spin Liquid
’ [

W, _1s) = (1 e Zu;_."i-{"‘) Uyvmce) Tripletgap =0
‘ k=1 ' power law spin correlations

v
PASL - _O 4365 Only 0.46% difference in energy --
“() o : qualitative difference in long range correlations

Page 7/53

Pirsa: 12100078



Triplet gap
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Contractor Renormalization (CORE)

//Sf‘ng D Zo COM/DL(Z‘e the efFfective
V/GMI‘/Z(O/’?/‘({/) in Che St‘nj/ef\S Seclor
£or /arger /cddtices

General Method: C.Morningstar, M.Weinstein, PRD (1996).
Square lattice Hubbard Model: E. Altman and A. A, PRB (2002).
Checkerboard+Pyrochlore: Berg, Altman, AA (2003)
Kagome (first attempt): Budnik, A.A. (2004);

Capponi, Lauchli, Mambrini, (2004).

Pirsa: 12100078 Page 10/53



Contractor Renormalization (CORE)
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Exact Diagonalizations (ED) of connected clusters

ren
Hi 2,3

=\ )
M .«'.11;::5; @ ‘EQ
= | 5
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Exact Diagonalizations (ED) of connected clusters

ren
”( 1,2,3)

<=\ )
M .«'.Ta;::.s \@ ‘EQ
= | 5.

Find low spectrum of H on the connected cluster.

Project the wavefunctions onto the reduced Hilbert space

)=[T) )= ) S )

n n<n

8”,
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Exact Diagonalizations (ED) of connected clusters

ren
1,28)

@_ b R, ) )
M .«'.11;::.5; \@ ‘EQ
= T .

Find low spectrum of H on the connected cluster.

Project the wavefunctions onto the reduced Hilbert space

P, >=>‘1T!”> ‘q;”>—— P’qa” 2’1!” qv 1p”>

n<n

n’

Construct renormalized cluster hamiltonians:

M N

H vy = Y e, X

1l =
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Exact Diagonalizations (ED) of connected clusters

ren
122)

<=\W )
M STL;::.S \@ ‘EQ
= | 5

Find low spectrum of H on the connected cluster.

Project the wavefunctions onto the reduced Hilbert space

)=[T) 0.5 [P S )

n n<n

8”,

Construct renormalized cluster hamiltonians:

M*
l[(ll(”\’ ) - gn|li7n ><IFH | o (an"a.’v | Hll * H'

= 0

08 gl H's.,

al ,..a'N)

Old perturbative RG
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CORE effective hamiltonian

S . . n ? ren
1. Effective Interactions hy"s ,=H,;5 , — > hi1}.(2}....{n—1)
all sub r‘fu,-.h rs

For fast convergence: sum minimally embedding shapes (e.g. rectangles)
E. Altman’s thesis.

2. Expansion in interaction range

H,, = 2 n+ > h,+ > h, + 2 R
i 1y UK 1K ..
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CORE effective hamiltonian

- e . . (n ’ ren
|. Effective Interactions R\ ,=H,5 , — > h(1y (2
all sub r‘fu-..'r rs

For fast convergence: sum minimally embedding shapes (e.g. rectangles)
E. Altman’s thesis.

2. Expansion in interaction range
H,, = 2 h+>h,+ > h, +
i i ik i

3. Truncation approximation depends on rapidly
decreasing interactions at longer ranges.
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CORE effective hamiltonian

S . . (n ’ ren
|. Effective Interactions hys ,=H,5 , — ) hi1y 2}.....{n—1)
n” -uh r‘!i[wf! rs

For fast convergence: sum minimally embedding shapes (e.g. rectangles)
E. Altman’s thesis.

2. Expansion in interaction range

H,, = 2 + le” + zlrw‘ +
3 —

h,
\ e

= coherence

3. Truncation approximation depends on rapidly
decreasing interactions at longer ranges.
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CORE effective hamiltonian

- v . . {7m) P ren
1. Effective Interactions his ,=Hio , — ) hi1y q2}.....{n—1)
nt” -uh r‘fn-..'e rs

For fast convergence: sum minimally embedding shapes (e.g. rectangles)
E. Altman’s thesis.

2. Expansion in interaction range

H,, = 2 + 2 h; + (Zhw‘ +
- —
= sl

h,
"\\\ T

2 coherence

3. Truncation approximation depends on rapidly
decreasing interactions at longer ranges.
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Star of (Magen) David Blocking

/L/\
Vo /

Ground state doublet

R\

DOVOLHLVOVE
X Ko X .A XA XX

/ . ’
_____________

Pseudospin “Ising” basis
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Star of (I\/Iagen) David Blocking

1

L / \ | 1) = m( L)+ |R))
/ R\ o
 Vauni ¢ [} =— 1 ‘“_< L} - IR))
vz—1/16

Ground state doublet

XXX XXX XX
Ko KXo Ko X KX A Xk
NI XYY YW YT Y

Pseudospin “Ising” basis

Reduced Hilbert space size: 2N/12 <& 2N
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CORE(2) versus Perturbation Theory
J J’
Perturbation Theory (PT)
Syromyatnikov, Maleyev, PRB (2002) /Sz J}

HOORE®) = By + h(SF + S7) + J*SFST + JVSYSY + J*S:S3

005) T T T — h
A ] ].‘l'
3 il I
)
: CORE(2)
-0.15)
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Groundstate of CORE(2)

AJAAA l: L /_\ R\
X XIX XIX XX X V=7 L

OO0 000 &

1. Product of antisymmetric singlets
2. Broken Lattice translational symmetry (12 site unit cell)
3. Point group symmetry pém (triangular lattice)
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CORE(2) — not yet converged
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Range 3 computation

 David stars

MO RTER X T TP oo
x

= s SSW-S S F FPIF-T ST 9L F- W L

36 sites spectrum

Sylvain Capponi:
Lanczos: 36 sites OBC, with point group symmetries
750*10° configurations. Toulouse CALMIP supercomputer

Ravi Chandra:
Lanczos-SVD algorithm™: 2 x 18 sites, 200 SVD states
Desktop PC with 15GB memory; relative precision 10

"Weinstein, AA, Ravi Chandra PRE 84 (2011)
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CORE(3) Interaction Parameters

”('uh'[-_..;; = Noeo + Z hr‘r{" e Z .]”(T;t:’}"f'
! (17),&

P ¥

{JJ’L'Q'A , X

2 Cx Cx
" o5 ok

Jo = 0 (Kagomeé)

Ja = +0.1

Ja = -0.1

-5.24629

-5.17068

-5.48631

-0.0692243

0.0593234

-0.362797

-0.00909679

-0.0154208

0.00112276

00118789

0.0018322

) e

-0.0176992

0.0210562

0.00368622

0.0201406

-0.02792

-0.0196486

-0).0282832

0.00455018

-0.00474948

0.00452468

0.000660095

-0.00141008

0.0104951
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CORE(3) Interaction Parameters

HOORE®) = Neg + Y hoi + Y Jaofof
[

(17),cx

alla E ,]:,“.le'.rT"'fT}\_'

:JJ‘L';'A_H

.I-. ,]-_n — 0 I'\:'ngnlul-"l I — {”I .f_n — (.1

)
-

co -5.24629 | -5.17068 -5.48631
< h -0.0692243 0.0593234 | -0.362797 >
J. 0.00909679 | -0.0154208 |0.00112276
Jij -0.0118789 0.00183224 |-0.0176992
J. 0.0210562 0.00368622 | 0.0201406
I .0.02792 -0.0196486 -sl__lr_*s'-'_ié:éj’_
Fce 0.00455018  [-0.00474948[0.00452468
J..o | 0.000660095 [-0.00141008| 0.0104951
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Truncat

Comparing ground state

jon Error CORE(3)

energy of CORE(3) to DMRG on large lattices

N

NS

AV

WA/ NAGAY,
NI XN/K
DLSAN

number of stars E.‘,f“m"‘3 '.’,J"'”'*"r Error
2R -0.4184521-0.417213| -0.001239
253 -0.4239531-0.422336 |- 0.001617
3 x4 -0.431150 (-0.428046 -0.003104
3 x5 -0.432688-0.429191 | -0.003497

K anges 27 3 effective interactions cre Very Small!

-3 CO’?&IB) CoWerge\S eoell.
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Truncat

Comparing ground state

jon Error CORE(3)

energy of CORE(3) to DMRG on large lattices

A7 Avea

A % - LY, ; .\v AV'
g A"A&Q%A‘\\. g
N/AVARVA\ V&

A NS A

number of stars| E§ “fF3 DRLRs Error
22 -0.418452(-0.417213| -0.001239
2x3 -0.4239531-0.422336|- 0.001617
3 x4 -0.431150 (-0.428046 -0.003104
35 -0.4326881-0.429191 | -0.003497

¢ ages 27 3 effectiVe interactions cre Very Sma/l!

2> COFRL3) Conmverges eoell.
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Is the GS a Spin Liquid?
H® = %Z(s'i - 9/4) + 4% Z (SA —9/4)

Amter
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(1E()
EA. = ==X
Aanhrr d(s

EA = _0687] < 3% modulation

iy —0665.] consistent with truncation error

Ex,
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Singlets spectra of large lattices

# Al # A2

-64.37144334047481208927 1 -64.36732936063638987889
-63.96754639332078085090 2 -63.86789783887156346509
-63.79832541628604047901 3 -63.84784614830449811507
-63.75933331555023642068 4 -63.70772139593811544955
-63.62067587174262683902 5 -63.57801300230658370083
-63.51830836371206601143 6 -63.51410861653796757764

3x4 MD'’s

o U bH WKNE
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CORE(3) on 27 MD’s
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CORE(3) on 27 MD’s
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Mean field theory-HVBC

[_-:F‘” = .\'t'uh Z cos -+ Z ], 5111 U, :-.'1[1 U’ + ]n COS U, COS UJ
(i)

+ .]:_,._,. COs H h‘ill H} r-iill U;\. -+ '_2.]:_.:: COS (}‘ COS (}J COS (f:)
)

{1k x

irsa: 12100078 Page 34/53



irsa: 12100078

Mean field theory-HVBC
!“-l'.".;’ = Ncoh Z cos () + Z Jsin 0; 5\'111”‘, + J. cos; (‘(m”l‘

-+ Z Jyrr COS 04 ‘a‘ill”_,-“will”.y |- _)f cos 7; co NU_'. C "“U(-.l
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Uniform Chiral State

EM(0) /N — cy = heogf + 3J sin® 6 + 3. cos® 0
+6.J} .- cos@sin®  + 2J... cos® 0
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Uniform Chiral State

EM (6)/N —cy = heogf + 3.J; sin® f + 3T cos2 f)
+6.J| .. cosfsin® 0 + 2J... cos® §
Dominant, negative ot
terms
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Uniforrm Chiral State

E¥M(9) /N = ¢y = heog + 3J.sin? 6 + 3. cos2 @
+6.J} - cos@sin® 6 + 2.J... cos® 6

Dominant, negatlve /
terms NGEN

’XX/XX/X
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Uniform Chiral State

B (0)/N = co = heoyf + 3., sin* § + 3.J. cos® 0
+6.J} - cos@sin” 6 + 2J... cos® 0
Dominant, negatlve /*
terms NN

’XX/XX/X

consistent with p6 (2D chiral) Spin Liquid
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Uniform Chiral State

EFM(9)/N — ey = hcos + 3J, sin? @ + 3., cos? 6
/‘+¢;,I_-_r.,. cos fsin® 0 + 2.J.,. cos’

Dominant, negative /
terms " 40 AN |

consistent with p6 (2D chiral) Spin Liquid
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Uniform Chiral State

EFM(0)/N — co = hcos + 3J,sin? 0 + 3J. cos®
/+¢;,I_-_,-.,. cos fsin® 0 + 2. cos’

Dominant, negative il
terms sl e Al ‘

consistent with p6 (2D chiral) Spin Liquid
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Projected Phase diagram
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Projected Phase diagram
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Projected Phase diagram
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Wall paper groups (6-fold rotations)

p6ém has reflections in three distinct directions.

,-x-u' \r - ‘--J’ i 5 -
\',|./r\(1- "'.‘I_
AR IEKAN
£ /N FAN /\jfj. AL

R L) _
AR

one of the 8 semi-regular another semi-regular another semi-regular ersian glazed tile
tessellations tessellation tessellation

Examples of group p6 has no reflections or glide reflections.

<}_}
f}‘}

p6 } }
;r”%
Computer generated Wall panelling, the ‘ersian ornament

Alhambra, Spain
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Chiral Order Parameter

VA AvAvAvAvA Av
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Chiral Dimer Configuration
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2-Dimer Chiral Order Parameter
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Dr:h:r'uf(q) = D(q) S

P6
e >0
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Q0
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Varying J2 —work in progress
i = Q1L I = 0.

| . pém ‘

6-HVBC i
e "y _ e ‘_s' N R T .‘:.0 psm
b (S7) A

b

*p6 Spin Liquid

Jp = —0.1

“"p6 Spin Liquid

J‘.'! .\!:.U " .\!_f'.'n AI.\H-'

0. 0.26473 0.42417
si +0.1{0.13904 |+0.14756 0.48028
Tt -0.1 10.43511 | 0.4999 0.246325
10 Y OISS’ 0
NG
e —_r N p6-HVBC
~10L

p6 Spin Lic}hib e S
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.

Summary

* CORE(3) is convergeq to about 0.4%

}
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o

Summary

* CORE(3) is converged to about 0.4%

* Dimer correlations afe consistent with p6 Chiral Spin
Liquid

Chiral order paraeter is defined

Phonon spliting can detect chirality

J2=-0.1 isin a different phase than J2=0,+0.1
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ummary

CORE(3) is convergeq to about 0.4%

Dimer correlations afe consistent with p6 Chiral Spin
Liquid

Chiral order paraeter is defined

Phonon spliting can detect chirality

J2=-0.1 isin a different phase than J2=0,+0.1
COKE /s proving useful...
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