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¥ Motivation: analogs of FQHS in the Peld of frustre
guantum magnetism ?

¥ CProjected Entangled Pair StatesE (PEPS) AnsSt
simple realizations:

¥ The RVB 2 spin liquid
¥ A d+id Abelian chiral spin liguid (CSL)

¥ CHolographicE framework : bulk-edge corresponde
CEntanglement SpectrumE and edge modes

¥ Towards constructing non-Abelian CSL
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CTopological spin liquidsE
beyond the
Corder parameterk paradigm

* no spontaneous broken symmetry
*no local order but...

* Topological order

-

Excitations are fractional (CanyonsE)

GS degeneracy
depends on topology of space

X. G. Wen {

| .
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Edge states in topological chiral systéms

Y

Lauchli et al., 2009

Li & Haldane PRL 2008
Regnault, Bernevig & Haldane, 2009

Long Range Entanglemesaip- edge modes are protected !

Use new tools borrowed from quantum information
based on the concept of entanglement
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Chiral SL in microscopic spin-1/2 models ?

Paradigmatic chiral SKglmeyer-Laughlin, 1987, = % FQHS on a lattice

B. Bauer, L. Cincio, B. P. Keller, M. Dolfi, G. Vidal, S. Trebst, A. W. W. Ludwig
Nature Communications 5, 5137 (2014)

A A Mott phase of a large-U Hubbard model

H — JHBZS

,jkEA

| J T-invariant H:
0 Chiral SL ! |
' Yin-Chen He, D. N. Sheng, Yan Chen
l'_l_—). Phys. Rev. Lett. 112, 137202 (2014)
(Critical ?) SL T Shou-Shu Gong, Wei Zhu, D. N. Sheng

- Scientific Reports 4, 6317 (2014
Edge modes : chiral c=1 CFT (SU(2) WZW) cientific Reports (2014)
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A CtoyE gapped spin liquid:

the RVB spin liquid

>

spin-1/2 RVB

. P. Fazekas and P.W. Anderson

Philosophical Magazine 30, 423-440 (1974)

Topological liquid

Equal-weight superposition  Hasting-Oshikawa-Lieb-Schulz-Mattis theorem
of NN singlet coverings
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Two CtypesE of cylinder boundaries

cylinder geometry / / :
1< )

< O ::.E g




Eigenstates of a CWilson loopE operator

+ no vison Rux: Wy = +1

7o vison Rux:Wy = 11



75 spin liquid : \ \
topological GS inserting Cspinonsk and Cvisonsk

G, = +1
W, = +1

v@ _______ We L _>. " same class as
KitaevOs Toric Code
S G, = —1 _ (Pxed point§ =0 )
S




The spin-1/2 RVB can be written as a PEPS |

1/260
(D=3)

virtual states:

/

S) = 101) = [10) +|22) x

Project onto physical subspace S=1/2 (d=2)

B,
o, PEPS tensor

Il> o,
!

B>

Gauge symmetry: topological order is encoded at the tensor level
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The PEPS as a variational an#atz

= Zcil,i2,...,iN\’i1,’i2, --.,iN>
Ai

0.0 By .o 1= {1’ o ’dphyS} |. Cirac

B, a,B=11,... @ F. Verstraete
P G.Vidal
a o . . .
g 2 dimension of auxilary
B, (or virtual) space N = NN,

Lyl L, hw,

CoefbcientsCyi, 1, ..in, n, } 4, ,{',{'{
r

of the wavefunction

‘ TT

OcontractO product of tensors .\.&:i.
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Two possible CroutesE :

use simple PEPS ansatz to Investigal
physical (e.gopological, etc...)properties

Conceptual understanding

optimize PEPS to construcbmpetitive
ansatz for microscopic models

G.Vidal, T. Xiang, R. Orus, P. Corboz,... & many more

Simulations of real materials



No-go theorem for chiral PEPS$ ?

J. Dubail, N. Read
Phys. Rev. B 92, 205307 (2015)

Chiral TNS of free fermions have
no gapped (local) parent Hamiltonians at F/ -

T.B. Wahl, H.-H. Tu, N. Schuch, J.I. Cirac
Exemple by 50 < Rev. Lett. 111, 236805 (2013)

«They are ground states of two different kinds of free-fermion

Hamiltonians: (i) local and gapless;
(i) gapped, but with hopping amplitudes that decay according to a

power law.»

For interacting spinss there any obstruction to construct
chiral topological PEPS ?

not fully !

Exemple by Shuo Yang, Thorsten B. Wahl, Hong-Hao Tu, Norbert Schuch, J. Ignacio Cirac
Phys. Rev. Lett. 114, 106803 (2015)

but ... diverging correlation length
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R
Necessary conditions: ’

Constructing a chiral RvB PHPS

——o—

YV G, € C,, reRexion symmetries - —¢—¢—¢— R,

L 1
Gz‘\Ij — ‘\Ij* 7éme-zeamedm

Realized for a PEPS ansatz with the form:

U =U,+i0,

S + 1g symmetry

.Rx—y



Implementing point-group symmetr‘es

Can be achievedt the level
of the local PEPS tensor:

A=R+11

de_yQ -+ dey

«Poor-man» approach for small D :

DS - s _
Rlurd Rldru — tUruld — _Rdrul Ruldr?
_ L S
Ilurd — _Ildru = —1 ruld — [drul uldr'

Systematic classification of SU(2)-symmetric tensors
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D=3 PEPS Ansatz

CTeleportationE tensors
L.Wang, DP, Z.-C. Gu, X.-G. Wen,

RVB tensor F. Verstraete, PRL111, 037202 (2013)
(NN singlets) Generate NNN singlets

2 | $
A=A NRi+ ARs 4+ 1 Achirall

Point group sym.: d 2,2 ey

inherits //,, gauge symmetry
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Transfer Matrix

<! ! >: Vieft I\Ithight

I r DZNV XDZNV SGZXOAN

Ll

/D
Is
N

_ w Build Cdouble layerE tensor network
s } 4, € by contracting physical variables

A*

> |

Spectrum of TM providesorrelation lengths
Leading eigenvector (Cbxed pointE) giwesmnglement Spectrum
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Gapless topological sectdrs

- 4 sectors can be constructed

- TM gapless: compatible with
algebraic SL

retain critical
Rohksar-Kivelson dimer
liguid on a bipartite lattice
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S S .t
+ (@)} 0o

Subleading eigenvalues of TM

O
b
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CHolographicE framewo

rk

puk A B
? edge
pa = Trp|! ><' |

Reduced density matrix



2
! b

lives” on the boundary

Basic formula! o = U" U

N

Isometry: maps 2D onto 1D

J. Ignacio Cirac, DP, Norbert Schuch, Frank Verstraete, Phys. Rev. B 83, 245134 (2011)
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Entanglement spectrum of chiral RVB

Even sector Ctower of stateskE

¥ % o + I
M E * * - — )\'1=)\2=1 )”chiral=.| ]
! * ~
f . | | even/0-flux v 71
== ! L’ ’ C: 1 P
¥ Lo *
HE I B O 50 A
R I R S=1 p
E | it M v S=2 % E
S [+ o o S=3 % i "3
8l X @ADOR0 . 3
% S5k ’*’ | - %‘-- s 2
= [ (F2(1)+2(0) L R T c
| (2)+4(1)+2(0) it @
S | 20+0 ¥ ]| VE | o
T (2)+2(1)+2(0) .. % S
& _*b (D+0) - 2(1)+(0) .4 { @
%(1) | | 0+ % |
e (@) KW r\(lb) ,
0 (0 Nv=8 - L1 (0) v—1 1o
I L ! l 1 ! 1 | 1 | | | |
0 1/2 0 /2

momentum K

momentum K

(1)



Entanglement spectrum of chiral RVB (I‘I)

Odd sector Ctower of statesE

T $ T I 3 /,y | T T T | T T I,/
i y t A=A=1 A =1 ’
¥ A& 1 "2 chiral
k. * = 7 + S=1/2| odd/0-flux i
* N T % * S=3/2 ’
o + ¥ Vv S=5/2
* ;L' S * others X:%TI =
E | + " e ~
2 S 7 - . 45 E
s |+ o
() i .(,’ |r+: /’ o
a |F2(32)+3(1/2) Sa TR I 5 | o
2 + o i ’ . * i c
c L . ’ } 1 o
® (3/2)+2(1/2) i . =
= s . - o Q
@ ‘ . 2(3/2)+3(1/2) % o
o ,f ’
S
& FOm+r) | GRr#232) % £
c ()
o ZE (3/2)+(1/2)
A (112) 1T Y -
o (c) (d)
0+ (1/2) N=8 - (2 N,=12 o
I l l 1 I 1 1 1 I | 1 | I l l 1
0 /2 0 /2
momentum K momentum K
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SU(2) Entanglement spectrub

WZW SUQ2). CFT = Luttinger Liquid

U C 9 . :
Ecrr(S,,mp,n) = ( - S +my,n) at SU(2)-symmetric poir
N, 24
Even sector Odd sector
Table 15.1. States in the lowest grades of the $u(2), Table 15.2. States in the lowest grades of the §21(2); module
module L||.0|. L|o.u-
Ly S su(2) Lo 23 su(2) N ,
2 =1 0 1 2 decomposition -2 -1 0 1 2 3  decomposition E?;i;'z‘i& ﬂifncesco
1 1 1 (N David Sénéchal
0 1 (0) :
1 1 1 1 2) : Pl M
2 1 2 1 (2)+(0) 3 P22 1 (1) sy
3 s 3 2 22)+0) B . 3 3 3)+2(1) Conformal Field Theory
4 I 3 5 3 1 (20 ¥ 2 5 5 2 2(3)+3(1)
5 1 5 7 5 (4+42)+2(0y % 3 7 7 3 3(3)+4(1)
6 2 7 117 2 2AH5Q)+40) Z 1 5 11 11 5 1 (5)+43)16(1)
e
€hb — —

ou
Ctopo — — In 2/2

E = NveO T €topo =+ ECFT
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Entanglement entrody

1 11
Sn = ———— Ln{Tr(pa)"}

(Renyi)

Svn = —Tr{palnpa}

(Von Neumann)

OareaO law

SVN ™ CN”U o STE Kitaev & Preskill, 2006

T Levin & Wen, 2006

subleading correction to area law:
topological entropy
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EE of non-chiral RVB (kagodwe)

8: T T T T T T T
NN RVB gé
O /= W=
% G =-1
) W, =-1
) G =+1
24— R W =+1
4 G =+1
>
Wy =+1
A =
2;_ /// ]
Oé_//// —:
f €— -LnD ~ -0.693(1) —=
I N AN NN S ISR S
O 2 4 6 8 |
N\)
StE ~ —In 2 /o spin liquid
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EE of chiral liguid (CFT predictions)

Kitaev & Preskill, 2006

q +1 Levin & Wen, 2006
™ GoNv + €topo

Renyi: S q
q

€topo — | 1112/2

Von Neumann SVN ~ (2€O)Nfu T €topo

U
Ny
(e) 1 v Y
T oy
1
00 L= _
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EE of square chiral RVB liquid (PEPS)

—
—
—
—
—e
—A
—
D —
—
—
a—

5 7]
4_ /]
. /] VN even/O-flux
. etopo"'zeoNv //-}— ’ (exact)
: 7 1 |, GS even/0-flux
E L e (exact)
> 3F i - GS even/0-flux
o - s + 73 | " (D=12,36,60)
= JE gl 1 | 5 Renyi even/o-flux
A e O 3 |* (exact)
- 2F / ix’ 5.~ Renyi even/0-flux
C . O -7 31 |*(D=12,36,60)
()] - 7/ ,’, &4"4 _
E » // //’ ,./o" 7]
QL % Er-"" -
=2 1t i [y =
¥ S = o -
S L s e etopo"'eONv:
C S 2 T N
G) ~ /7 7 ’/"° -
0 APt -
— /,/ P 2 —
C T . e =n/6u~0.18
—re o~ -Ln(2)/2 () ] 0
- even sectors - u~2 91
1L I | I | I | I | I | I | 7
b4 6 38 10 12
Nv
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Non-Abelian CSL ?

Would host non-Abelian fractional excitations (anyons) !

Several exemples in the FQHE world:
- Moore-Read FQHS with Clsing anyonsE ‘
- Read-Rezayi FQHS with CFibonacci anyonsk

New developments:

B. Estienne, Z. Papic, N. Regnault, and B. A. Bernevig
«Matrix product states for trial quantum hall states», Phys. Rev. B 87, 161112 (2013)

Symmetrization of multi-layers system:

Cécile Repellin et al.
Projective construction of the Zk Read-Rezayi fractional quantum hall states and

their excitations on the torus geometry," Phys. Rev. B 92, 115128 (2015)

Carlos Fernandez-Gonzalez, Roger S. K. Mong, Olivier Landon-Cardinal, David Perez-

Garcia, and Norbert Schuch
Constructing topological models by symmetrization: A peps study," arXiv:1608.00594
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Double-layer tensor
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Entanglement spectrum

15l§ ”
? }Q
33 ) p 2(1/2)+/2(3/2)-
31. (1/2)+(3/2)@/ . o
\® o /0(1//2)+(3/2), (O{1)+2)
12y~ .~ .
0.5 9/,/ o’/
0(1/2) // (1)
0 Cw} _ .
0 m 2T T
2 nidd
k 3
2 1
| 32 (1) 3]
8 G)HG) (0)+(1) [4]
+2) 0] 2D)+203) 121 (0)+2(1)+(2) [12]
+(2) [15] 4(2)+3(2)+(2) [26] 2(0)+3(1)+2(2) [21]

3 sectors of the SU(2)e WZW model



Summary

¥ Conceptual understanding of important
correlated phases in quantum magnetism :

¥ Non-chiral & chiral topological SLs

¥ Virtual degrees of freedom play «physical role»
at boundary : edge states

¥ Some issues:

¥ Are PEPS chiral SLs always gapless ?
(see Dubail & Read)

¥ Could they be considered as critical lines
between gapped topological phases ?
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PEPS framework for spin liquids

Norbert Schuch, DP, J. Ignacio Cirac, and David Pérez-Garcia,
Phys. Rev. B 86, 115108 (2012)

DP, Norbert Schuch, David Pérez-Garcia, and J. Ignacio Cirac,
Phys. Rev. B 86,014404 (2012)

Norbert Schuch, DP, J. Ignacio Cirac, and David Perez-Garcia
Phys. Rev. Lett. 111,090501 (2013)

DP and Norbert Schuch, Phys. Rev. B 87, 140407 (2013)

Chiral spin liguids
DP, J. Ignacio Cirac and Norbert Schuch, Phys. Rev. B 91, 224431 (2015)

DP, Norbert Schuch and Ian Affleck, Phys. Rev. B 93,
174414 (2016) (Editor’s suggestion)

Classibcation of spin liquid

Matthieu Mambrini, Roman Orus & DP,
arXiv:1608.06003

mercredi 2 novembre 16


http://arxiv.org/find/cond-mat/1/au:+Poilblanc_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Poilblanc_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Poilblanc_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Poilblanc_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cirac_J/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cirac_J/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Perez_Garcia_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Perez_Garcia_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Schuch_N/0/1/0/all/0/1

