Title: Gapless Spin Liquidsin Two Dimensions
Date: May 27, 2010 10:30 AM
URL: http://pirsa.org/10050075

Abstract: Many crystalline materials predicted by band theory to be metals are insulators due to strong electron interactions. Both experiment and
theory suggest that such Mott-insulators can exhibit exotic gapless spin-liquid ground states, having no magnetic or any other order. Such
&ldquo;critical spin liquids&rdquo; will possess power law spin correlations which oscillate at various wavevectors. In a sub-class dubbed
&ldquo;Spin Bose-Metals& rdquo; the singularities reside along surfaces in momentum space, analogous to a Fermi surface but without long-lived
guasiparticle excitations. | will describe recent theoretical progress in accessing such states via controlled numerical and analytical studies on
guasi-1d model systems.
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Gapless Spin Liquids in Two dimensions

MPA Fisher (with O. Motrunich, D. Sheng and Matt Block)
Penmeter Institute 05/27/10

us - Quantum Phases of 2d electrons (spins) with
ergent rather than broken symmetry

tine:

uantum theory of solids; Metals and Band Insulators
tt insulators
pin liquids

pless spin liguids ==
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“Simplicity” of Electrons in solids

paration of energy scales for the electrons;

netic energy

d Coulomb energy: EKE ’ Ecoul 2 Trnom = T]ab
G Flows
= - = _
7 - ¥ s 7\ T=0 fixed point
| T
=0

QUANTUM PHASE
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Quantum Theory of Solids:
2 dominant phases

d number of electrons/cell >

Metals

{
number of electrons/cell - Band Insulators
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Band Theory: Metals versus insulators

Energy Bands
Band insulators: Filled bands

Metals: Partially filled highest energy band

Even number of electrons/cell - (usually) a band insulator

Odd number per cell - always a metal
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But most d and f shell crystals with odd number of
electrons are NOT metals

ue to Coulomb repuilsion
lectrons gets stuck on atoms

Mott Insulators”

Mott Insulators:
Insulating materials with odd
number of electrons/unit cell
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Quantum Phases of Electrons

d number of electrons/cell
m atomic s or p orbitals)

number of electrons/cell

umber of electrons/cell
ic d or f orbitals)
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Spin Physics in Mott insulators

Toy model - Hubbard with one electron/site H=—tY lc cia +he]+UY 1

o il

For U>>t electrons get self localized - residual s=1/2 operator per site
Generalized Heisenberg spin model: H-*P! T § ']!J*Sf . ‘SJ S =
t]

Global symmetry: SU(2) spin symmetry

Discrete lattice point/space group
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Symmetry breaking in Mott insulators

Mott Insulator ==  Unit cell doubling (“Band Insulator™)

Syvmmetry
breakine 2 electrons/cell

Ex: 2d square Lattice AFM
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Quantum Phases of Electrons

d number of electrons/cell - Metal
m atomic s or p orbitals)

number of electrons/cell .

Band Insulator

Symmetry breaking

/ eg AFM
umber of electrons/cell - Mott

ic d or f orbitals) insulator

e, a0
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2d Spin liquids

Mott insulators with no broken symmetries

Theorem (Matt Hastings, 2005): Mott insulators on an L by L torus
have a low energy excitation with (E,-E,) < In(L)/L

Remarkable implication: 2d spin liquids come in two flavors
1) Topological Spin Liquids
2) Gapless Spin liquids

// Topological Spin Liquids
Spin Liquids

broken ) —— ———__ Gapless Spin Liquids
(emergent symmetries)
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Topological Spin Liquids

RVE state (Anderson)

logical Spin liquids are time reversal invariant analogs
the Fractional Quantum Hall effect states

Gap to all bulk excitations
Ground state degeneracies on a torus

“Particle” excitations with fractional quantum
numbers. eg spinon

Simplest is short-ranged RVB, Z, Gauge structure

No example (yet) of a physically reasonable SU(2) spin
model with a topological spin liquid ground state
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Gapless Spin liquids

Stable gapless phases with no broken symmetries 4 &&(4%

no free particle description
Valence bonds on all length scales
Power-law correlations with anomalous exponents

Emergent symmetries at low energies

Lattice scale physics manifest in IR
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Topological Spin Liquids

RVB state (Anderson)

logical Spin liquids are time reversal invariant analogs
the Fractional Quantum Hall effect states

Gap to all bulk excitations
Ground state degeneracies on a torus

“Particle” excitations with fractional quantum
numbers, eg spinon

Simplest is short-ranged RVB, Z, Gauge structure

No example (yet) of a physically reasonable SU(2) spin
model with a topological spin iquid ground state
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Gapless Spin liquids

Stable gapless phases with no broken symmetries 1 &‘(“%

no free particle description
Valence bonds on all length scales
Power-law correlations with anomalous exponents

Emergent symmetries at low energies

Lattice scale physics manifest in IR
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2 classes of gapless SL's

Algebraic Spin Liquids

Power law correlations at a
finite set of discrete momenta

“Spin Bose-Metals”

Spin correlation functions singular along
surfaces in momentum space

“Bose Surfaces” = ===

Pirsa: 10050075 Page 16/73



2d Spin liquids

///__. Topological Spin Liquids

Algebraic SL
— ——___ Gapless Spin Liquids g
S Spin Bose-Metal

Spin Liquids
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Access gapless spin liquids?

Algebraic spin liquids Kagome lattice AFM

» Frustration
 low spin (s=1/2) X
 low coordination number (Kagome lattice)

« Volborthite Cu,V,0,(OH), 2H,0 Cu®* s=1/2
- Herbertsmithite ZnCu.(OH),.Cl, Cu®* s=1/2,

) Spin Bose-Metals

 Quasi-itinerancy Triangplar Iatl:_ice based
« “Weak™ Mott insulator Organic Mott insulators
« Small charge gap. comparable to J
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Theoretical route to Gapless SL's: Slave-fermions

Generalized Heisenberg s=1/2 model

H=J2S,-Sp+ -

rr")
ermionic representation of spin-1/2

= f
S: :f,;fiz fulftn = 13
eneral “Hartree-Fock™ in the singlet channel

Htrial e Z fuf,i‘f;n
]

—  |Up) w—|Uoin) =P(|0))
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Access gapless spin liquids?

Algebraic spin liquids Kagome lattice AFM

» Frustration
* low spin (s=1/2) v
 low coordination number (Kagome lattice)

« Volborthite Cu,V.,0,(OH), 2H,0 Cu®* s=1/2
» Herbertsmithite ZnCu.(OH).Cl, Cu** s=1/2,

) Spin Bose-Metals

» Quasi-itinerancy Triangular lattice based
= “Weak™ Mott insulator Organic Mott insulators
« Small charge gap. comparable to J
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Theoretical route to Gapless SL's: Slave-fermions

Generalized Heisenberg s=1/2 model

H=J2S,-Sy+ -

rr")

ermionic representation of spin-1/2

= f
Se =f;_, ;fa: f"]fH'l = 1;
eneral “Hartree-Fock™ in the singlet channel

.li_
Htrial o E fuf,nf_;n
ij

— (V) w— Vi) =P (| 0))
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Gutzwiller-projected “Spinon” determinant

P ( 'Fermi Sea) = H CI_TCLit'aC))

k<kfr

al(M) (1) ) (1) ) 1)+l 2D (1) WD
A
ol -d|(1) (D) (D) (1) (1) () + ..

real-space configurations

Arrive at a spin wavefunction
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Gauge Theory

uge redundancy:

== == = - =
ey 7 & Ifif_lt leaves spin nvanant Si — f;Tﬂgﬂjfij

d gauge field to eliminate redundancy

H = _tz t-‘”"’lf,‘:lf_;u +H,
t]

ust treat a_ as a dynamical vanable

u—hZ ehi—K Y cos(Vxa) (V-8 + fifi =

sSgquares

ionic spinons minimally coupled to compact U(1) gauge field;
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Examples of “fermionic” spin liquids

uniform flux staggered flux

uRVB

real hoppin

Kalmeyer
-Laughiin

d,”.? Z2 spin liquid

d+id chiral SL

AX fovav

irsa: 10050075
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Gauge Theory

10 - | = _—
i — £ =f tCx leaves spin invariant e = f:'Ta Oosfis

d gauge field to eiiminate redundancy
— § ai; £71 :
H__t (' Jf“lfjfl _"_Hfl
1]

ust treat a_ as a dynamical vanable

Huzhszj_ﬁp Z C'U".‘_'-(T)({T‘] (v'f-“)l'—f:f!:l

(27) Hl";‘uf.l res

ionic spinons minimally coupled to compact U(1) gauge field;
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Theoretical route to Gapless SL's

Generalized Heisenberg s=1/2 model

H=J2S,-Sy+ -

(rr'")
ermionic representation of spin-1/2

s f
Sr =f, ;f:z f”,frn = 1;
eneral “Hartree-Fock™ in the singlet channel

.'F.
Htrial e E f:;fu}fjn
]

- Slave-fermions

— (V) w— Vo) =P (|P0))
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Gauge Theory

10 e . = =
aen = € lfia leaves spin invariant Si — f;;.ga.jfij

gauge field to eliminate redundancy

H= _tZ fu”fl}fj”  J H”
17,

ust treat a_ as a dynamical vanable

u—hZ 2, —K Y cos(V xa) (V-&+ fifi=1

sSgquares

ionic spinons minimally coupled to compact U(1) gauge field;
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Examples of “fermionic” spin liquids

uniform flux

staggered flux

uRVB

real hoppin

Kalmeyer
-Laughiin

d+id chiral SL
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Algebraic Spin Liquid (example)

Staggered flux state on 2d square lattice

Mean field Hamiltomian:

0=— 3 {li+1)"5PA) f-.+Hcl},

reAd . NNr

Band structure has relativistic dispersion
with four 2-component Dirac fermions

ffective field theory is non-compact QED3

in ” : l .
Lp=Y[-iy™(3,+ia,)]¥ + 222§ (€ndp@)* + -,

ote: can argue that the monopoles are irrelevant due to massiess Fermions.
fFRobpakov confinement argument for pure compact U(1) gauge theory) Page 29/73



Emergent symmetry in Algebraic spin liquid

Spin Hamiltonian has global SU(2) spin symmetry H=J>, S,-S,. + ---

(rr'")

Low energy effective field theory is non-compact
QED3 with SU(4) flavor symmetry and
U(1) flux conservation symmetry
£E=\F‘[—iy"1&“+i¢:")]‘l'+_’l:z (€ ada)” + -, Ay -
i g Ay S -
Iy o>
The SU(4) symmetry encodes slowly varying /—%‘—" ==
competing order parameters . - - g

The U(1) flux conservation symmetry encodes S
a conserved spin chirality :

mlOMWﬂ Al §1 - (§2 X §3) Page 30/73
S, s.




Candidate Spin Bose-Metal: k-(ET),Cu,(CN),

200 i
Kanoda et. al. PRL 91, 177001 (2005) 100 | Crossover
: |
— . *; = SO
S Mott insutator : e
Modelled as tnangular Hubbard at half filling 10§ E
Weak Mott insulator - metal under pressure Spinlquid) = Tc =
No magnetic order down to 20mK ~ 10 J
Large entropy — more than in a metal 1 :
“Metallic” specific heat, C~T : : Pim“fﬂw : E

Motrunich (2005) . S. Lee and PA. Lee (2005)
suggested spin liquid with “spinon Fermi surface”

Pirsa: 10050075 Page 31/73



Hubbard on triangular lattice

At half filling e o= _rz Cia +U Zn‘r, .

metal P77 insulator / Heisenberg model

= > - un
\ = \ AVAVAVAVAVAVAY,

Fermi liquid Weak Mott insulator with AV AVAYAVAVAYAY,
small charge gap NANNNNYN

IN/NNNNNN/
NNNNN N Y
AVAVAVAVAVAVAY

eak Mott Insulator —-> spin model! with ring exchange

Heg = ZS S,

J“u-'-h{ B

rhiommbi

Ring exchange mimics Pna E —_— g
- 1234 °°
Pirsa: 15}5!1&!’9& ﬂu(.‘.’tuﬂhﬂnﬁ Page 32/73



Weak Mott insulator: Which spin liquid?

Motrunich (2005)

Long charge (€o(x)ck(0)) ~ e™*/¢ £E>>a

correiation length, /\

ess: Spin correlations “inside” correlation length
semble” spin correlations of free fermion metal.

lllating at 2k. = -t
(S(x) - S(0)) ~ cos(2kpx)/z”
Spmon ferm surface

: e is not physical in the
propriate spin liguid: oot

iller projected Fermi sea
IIWWSBas&m,v Page 33/73



Phenomenology of Spin Bose-Metal
(from Gutzwiller wf and Gauge theory)

ingular spin structure factor at “2k:" in Spin Bose-Metal
ore singular than in Fermi liquid metal)

1 iguid

- . . - -

2k “Bose surface” in
tnangular lattice Spin Bose-Metal
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Is projected Fermi sea a good caricature
of Triangular ring model ground state?

Hring — JEZ S; ’ Sj . -]1 Z UDUH + h.c.)
£

rhombi

Variational Monte Carlo analysis suggests it might be for J /J,>0.3
(O. Motrunich - 2005)

theoretical quandary: Triangular ring model is intractable

« Exact diagonalization: so small,

* Quantum Monte Cario - sign problem

» Vanational Monte Carlo - biased

* DMRG - problematic in 2d ?????

Pirsa: 10050075 Page 35/73



Quasi-1d route to Spin Bose-Metal

Triangular strips: \/\/\/\/\/\/\/\

Algebraic Spin liquid Spin Bose-Metal

Few gapless 1d modes Fingerpnnt of 2d singuiar surface -
many gapless 1d modes. of order N

New spin liquid phases on quasi-1d strips,
= w05 @@Ch a descendent of a 2d Spin Bose-Metal Page 3673




2-leg zigzag strip

i) (1234
i K.
- L . - — . -
- - - - - - - - - - - -
xr x+] x+2 x+3
D. Sheng. O. Motrunich, MPAF
Analysis of J,-J,-K model on zigzag strip PRB ieg?j%g]

Vanational Monte Carlo of Gutzwiller wavefunctions
DMRG
Bosonization of gauge theory
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Gutzwiller Wavefunction on zigzag

21, cosik) - 21, coB(2N) - u

0
t-| = .9 J - . 1‘:\
t, e —
= gy
Ly t. ! .
Hrrml Z 5 f;.w.f_,h‘: 2
1] .
Vo) g (Wonin) = = ( ll'”) Spinon band structure
fermion spins Gutzwiller
determinant projection
Single Variational parameter: t,/t, or ke,
(key+ke, = pil2)
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Gutzwiller wf; SU(4) Exponents?

tzwiller wf: 2 Fermi sea's LeSiD i syl etustme i S ey IROTY
A 25 - - - - —— y
’ —— ] Spin structure ; S e 108 o)
S factor for L=512 =
15
SEE =N 3
’ 2
. Ny & Wy, WA \/ 2 s .
- B~
o= . 3 2 3 8 2 3
&

Power law spin correlator _§(r) _ §{0)> o

Exponent consistent a=3/2 = agy

WlﬂlSU{dr} spin chain Sanas - 0DER L=512 chasn spm-spen COMeiations: © real SCICe
- i s i lSir) SI0. (MNO= 168, m
| i
utzwiller wf doesn't “know™ about -l @ 1;; :

different spinon velociies a0 e 1
Analytic progress possible?? o
(Schur poiynomials? Matrix product states?) re04

Y, _e—

(efiaicame-Shastry SU(Z) chain with -
exact Guizwiller Fermi sea ground siate) x



DMRG Phase diagram of zigzag ring model

14 | . . .

1_2 - - - - . —4I

-
-
a8
a
=
1

e 100500750 , ) 0 0.5 15 2 2.5 3 3.5 0o



Bethe chain and VBS-2 States

tEEEEH —

ethe chain state; “1d analog of Neel state” _ :
Valence Bond solid (VBS-2 )

S.-5,) ~ 1) /2

Spin structure factor

- =J_:1..1?=-1.J3={],L:132

AD DR
- Gestrw (98 05
7.0 Gutrw mDrowves

60
50
40
30
20
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DMRG Phase diagram of zigzag ring model

1.4

_[
L]
*
*

M —a—

1_2[‘ - - - * -1I

0 .
irsa; 100500 . 5 0 0 = 5
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Bethe chain and VBS-2 States

tEEEEH =

ethe chain state; “1d analog of Neel state” :
Valence Bond solid (VBS-2 )

S - Sg) ~ 1)" /a

Spin structure factor

'(__..qz.l. = 1..12=-1.J3=ﬂ. L=192
AD DMRG -
er Catrw (9603
7.0 GoiTw TOrowec
6.0
50
40
30

20

irsa: 10050075 Page 43/73
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Spin Bose-Metal: Spin Structure Factor

Singularities in momentum space locate the “Bose” surface (points in 1d)

(Sk - S_&) \ /

Kang =Jy = 1. Jp =0, Jy =0; L=144

a 18 OMRG -
o Gutrw (61, 11) |
N 14 Gutre mprovec 1
?H" 12 . ‘.""--.-.0
5 10 ..'
a - -
= o8 i Y
= y
- 'D.E 1l r- i
= 04 e
= .
- 02 e
00 <
Q e Mey ey 2  Keply, Tig x
qQ
: T -
iler mproved has 2 vanational parameters) '
e 3 ...
: \ .
\ f

gular momenta can be identified with 2k_, 2k_, easa
itH '‘Bi¥er into Gutzwiller wavefunction! ol et | Fagesans



DMRG Phase diagram of zigzag ring model

14 + . 9 5

1_2 - - - * L] —i

-
.
g
=]
=
1

1 5 2 2.5 3 3,&e 45/73
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2-leg zigzag strip

- - - - - -
4 K-cng,
- L - - - - -
- - - - - - - - - - - -»

D. Sheng. O. Motrunich, MPAF

Analysis of J,-J.-K model on zigzag strip PRB (2009)

Vanational Monte Carlo of Gutzwiller wavefunctions
DMRG

Bosonization of gauge theory
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Spin Bose-Metal: Spin Structure Factor

Singularities in momentum space locate the “Bose” surface (points in 1d)

b, £

(Sk - S_&)
K-wzJ,_,:1_Jz=ﬂ'_J3=ﬂ'_ L=144
A - Gustzw (61 m) : *
W 3 Gutre morovec .
& 12 F o
8 10 : 4 ;
'g 08 t'.‘f‘--"a- 1:
! -p" ‘v‘
£ 08 - - :
= 04 y —
8 02
0.0 e
0 &2 hq"‘h:: e kc‘z'ki P PN x
q
liler mproved has 2 vanational parameters)
~ - . - K S

gular momenta can be identified with 2k_, 2k, e =
it Biter into Gutzwiller wavefunction! ﬁ_ b TR



DMRG

Evolution of singular momentum
("“Bose” surface)

Kong =43 = 1. J3 =0, varying J: L=96

20 - Py A
a2 '
a0 e, mc
02

15 04 . v
08 . c
o8 od -

F Q

10 . * ! [+

e Si% .- o 8
" .2 . I“-‘! §
s 23 ; =

05 -

‘i =

# :

00 = - %
0 : |
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K_W=J._=1,J3=n_ varyng J, L=96
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Bethe chain and VBS-2 States

HHHH e

ethe chain state; “1d analog of Neel state” _
Valence Bond solid (VBS-2 )

:"i.__ . _"k_ — I E I

Spin structure factor

- :J..,:'i_..l?:-'l J3='UL=EQ
80 :Jll‘-{] -

7.0 Gutrw m'uv;:
60
50
40
30
20

10 /
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DMRG Phase diagram of zigzag ring model

1_4 - - * *

n—r—

1-2 F - - - -

VTP —

-
-
a
a
=
1

e 10050078 , 0 0.5 1.5 2 2.5 3 3.5c50m



20 Py
Q2
oo
0.2
o0&
o8

10 X

05 232
*i.2t

rl'.
.J
00 &

DMRG

Kong =3 = 1. Jy =0, varying J: L=96

Evolution of singular momentum
("“Bose” surface)
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Kg =Jy = 1, Jy =0, varyng J,. L=96

T -

Ay Sere 3, ©®
w - ““ﬁr v
= e SBM. g, &
L] - VBSd gy
v ~—— vas2 &
E -_-‘v-r-—-t&m = — -
5 5 e

T a2 o ——
H i -

3 = & -
%:rﬂ- S T oot

2 "_n.’“".-“q.

=

£ Bethe Spmn Bose-Metal VBS-3 SBM VBS2
@
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Entanglement in SBM?
Quasi-1d Gauge Theory

¥ '.P Ea F '
Mm J‘r-r'-r = Z = a ':..rP-zrr ' -"‘"-.., s.".. thr -:'“"
points, . P &= \
ize and integrate fP ~ o Paa +Po,_. | I‘"-.
ﬁad L 2 | - = ‘._\-/’..'

ixed-point” theory of zigzag Spin Bose-Metal Lo =L, + =8

Two gapless spin modes £ = 3 2 ' [ig@,gm 12 4+ (0200 ;-
2= S lva”
S WS E f3_ 2 . 2
Gapless spin-chirality mode Ly=3 —(0:0y )" + v(0:0,)°
27g |v
x=5_-[5 x i X ~ 99,

ergent global symmetnies: SU(2)xSU(2) and U(1) Spin chirality

Pirsa: 10050075 3 Gapless Boson modes — central charge ¢c=3 page 52173




Measure c=3 with DMRG?
Entanglement Entropy

r  =x Bethe c=1
) + A Spin Bose-metal c=3.1

(VBS-2 c~2: VBS-3 c—~1.5)

— lj I
= L=2e
LB
L=80
4 T2
=08
= I st
= u
-
= &
£ | .z = 0.0 (S5
% = .
3 : -
E .; 25 < 3y =-1.0 (Bete) -
g g /‘
E = 24 3
“ #
5 e y
-
L—=
1 '
10 - =
g = (L™ wm{xXA)
Sutwvoes ergmm X
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Entanglement entropy in SBM consistent with c=3 for 3 gapless Boson modes!



Entanglement in SBM?
Quasi-1d Gauge Theory

=R - T
T 1Pkg,.x 2
about two _,f'_,..r = Z el KFa _f,F".Jr; 7 - “"'*. f:- N
wltﬁ. a P - .
e and integrate Frug =~ et FPaa+P,q e
A\ .'Jl
field B L

ixed-point” theory of zigzag Spin Bose-Metal [ _, — [ _ _._ £,

Two gapless spin modes L. = 1 Z iu)_g'm 2 4 v (8.0..)3
2% i |
ax=]l 2% =
: = 1 B 2 _ 2
Gapless spin-chirality mode L, = = -(0-0, )" + v(0:0, )"
27g |v
\.:*‘;‘-.r-i'i*‘:’:rxh‘;:rirlj \mar":\

rgent global symmetnes: SU(2)xSU(2) and U(1) Spin chirality
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Measure c=3 with DMRG?
Entanglement Entropy

I = X Bethe c=1
( ) + A Spin Bose-metal c=3.1

(VBS-2 c~2: VBS-3 c~1.5)

=4 =24
]
L=80
4F =72
L=26
= = as
= —= I
3 =
£ =008 =
§ : st . ;
-
3 5 £
= = | 4
E Ei _— g i =10 (Beta) |
? E | -/‘
= =
£ a T : 1
-
15k = 4
L—"=
T‘

Sutmvstees g X
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Entanglement entropy in SBM consistent with c=3 for 3 gapless Boson modes!



Phase Diagram (preliminary); 4-leg Triangular Ladder

—+ P—————

0 0.2
Rung? Spin-Bose-Metal

]
W
- W
- 2 i |
" s e =
—_ - -
r - -
¥ . -
— —_
- -
= » F ! *
- -
'_ - » = [ -
= b 4
r : i —— — 1
e - 4
- ]
. L]
' P

Spin structure factor shows singularities
consistent with a Spin-Bose-Metal.
Singlets along the “rungs” (ie. 3-band Spinon-Fermi-Sea wavefunction)
pirsa: BB AC—0 with 5 gapless modes, ie. c=5 s 5D

it

|
L

1
i

L]




Measure c=3 with DMRG?
Entanglement Entropy

e Bethe c=1
- ) + A Spin Bose-metal c=3.1

(VBS-2 c~2: VBS-3 c—~1.5)

p— ‘5'

=1 =24
L@
=80

4F L2

=26

= >

b ~ I

= -

£ =00 (SEAEy -

E i 3t - ; -
-

s : £

E E 25 | !

B i < - 1
£ : = Iy lﬂm*
S g
= - 2 1
“ F

s E == |
*‘

Sosvete— eng X
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Entanglement entropy in SBM consistent with c=3 for 3 gapless Boson modes!



Phase Diagram (preliminary); 4-leg Triangular Ladder

e

0 0.2

K/J

Rung? Spin-Bose-Metal

/]

Singlets along the “rungs”
Pirsa: 159&)75=0

Spin structure factor shows singularities
consistent with a Spin-Bose-Metal,

(ie. 3-band Spinon-Fermi-Sea wavefunction)

with 5 gapless modes, ie. c=5
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Entanglement Entropy for SBM
on N-leg ladder

For length L segment on N-leg ladder expect

= — ‘—; log(L/a) + A S

For 2d Spin Bose-Metal expectation is that
L by L region has entanglement entropy

S24(L) ~ Llog(L/a)

..2d Spin Bose-Metal as entangled as a 2d Fermi liquid



Summary on 2d Spin liquids

« Spin liguids - Motit insulators with no broken symmetnes
= Two classes of spin liquids - Topological and Gapless

- Gapless spin liquids are stable quantum phases with emergent symmetries
(lattice scale physics manifest in the IR)

- Algebraic spin liquids can have large giobal emergent symmetnes. eg SU(4) x U(1) flux

- Spin Bose-Metals have Singular Bose surfaces in momentum space

Challenge:

2d Gapless spin liquids are highly entangled states
with no free particle description,

New non-perturbative approaches are needed —
tensor product states useful??

Pirsa: 10050075

Quasi-1d offers one route to Spin Bose-Metals



Measure c=3 with DMRG?
Entanglement Entropy

5 Bethe c=1
S(X,L) = Elog(—sin—) + A Spin Bose-metal c=3.1

(VBS-2 c~2: VBS-3 c—~1.5)
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Entanglement entropy in SBM consistent with c=3 for 3 gapless Boson modes!



Evolution of singular momentum
("“Bose” surface)

DMRG

. Kong =J3 = 1. Jy = 0. varying J. L=96 g =y = 1, Jy =0, varying Jis
L=04 A, —— —— e
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15 e ") - VES3 g, *
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Gutzwiller wf; SU(4) Exponents?

tzwiller wf: 2 Fermi sea's P PP p—
‘ $ =r ) T '
: —— —— Spin structure - _ 108 om
. factor for L=512 §
15
-:‘JF"I': e 'r'lr !—1‘\" i
£ s
. ey = B I:‘\/ 2&5.
& =
g o — ===
= 3 2 i 2 3

Power law spin correlator (S(zx) - 5(0)) ~ cos(xx/2)|z|~°

Exponent consistent a=3/2 = asyu)
WIﬁ'ISU{"»]SpII’Idlaﬂ"I e L=512 chan spa-agen comuiatons ¢ sl Soace
- S e i ¢ <1 SO (D= 168, P50
‘ {

utzwiller wf doesn't “know™ about = m:;';
different spinon velocities 001 i 1
Analytic progress possible?? —
(Schur polynomiails? Matrix product states?) Te04
(Phsxtadesanre-Shastry SU(2) chain with e

exact Guizwiller Fermi sea ground siate) x



Gutzwiller Wavefunction on zigzag

T 2ncoum - 2h o -m
.
0
t, 2 . j“‘? - - “:\'
t 2
t‘?=-.'rl‘ ﬁ
i -3
Hrrial S E f,__, f“;f_rfr .
1__|' 5
-= X
o
Vy) e (Wi, =F’ ( mp”) Spinon band structure
fermion spins Gutzwiller
determinant projection

Single Variational parameter: U/t or ke,

(Kestkey = PI/2)
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2-leg zigzag strip

) liq
- I- - - - - -
- - - - - - - - - - - -
x x+] x+2 x+3
: _ : D. Sheng. O. Motrunich. MPAF
Analysis of J,-J.-K model on zigzag strip PRB (2009)

Vanational Monte Cario of Gutzwiller wavefunctions
DMRG
Bosonization of gauge theory
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Is projected Fermi sea a good caricature
of Triangular ring model ground state?

Hring = J!ZS: 'S; + Jy Z *RJH + h.c.)

1) rhombi

Variational Monte Carlo analysis suggests it might be for J,/J,>0.3
(O. Motrunich - 2005)

theoretical quandary: Triangular ring model is intractable

» Exact diagonalization: so small,

* Quantum Monte Cario - sign problem

« VVariational Monte Carlo - biased

* DMRG - problematic in 2d ????7
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Phenomenology of Spin Bose-Metal
(from Gutzwiller wf and Gauge theory)

ingular spin structure factor at “2k:" in Spin Bose-Metal
ore singular than in Fermi liquid metal)

{Sk - S_g) (Sg - 5_»5)

i liquid A

- - -
- . . .

'Irk. -— 'I-k
2ke 2k,

2k- “Bose surface” in
triangular lattice Spin Bose-Metal
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Weak Mott insulator: Which spin liquid?

Motrunich (2005)

Long charge (€a(x)ck(0)) ~ e~ /¢ £E>>a

correlation length,

ess: Spin correlations “inside” correlation length
semble” spin correlations of free fermion metal,

illating at 2k, = =
(S(x) - S(0)) ~ cos(2kpx)/x°

Spinon fermi surface
. R 1S not physical in the
propnate spin liguid: ouin
iller projected Fermi sea
*Spitf Bose-Metal”) i 23



Is projected Fermi sea a good caricature
of Triangular ring model ground state?

Hrmg — JEZS; . SJ Y - -]; Z '[I)UH + h.c.)
1

rhombi

Variational Monte Carlo analysis suggests it might be for J,/J,>0.3
(O. Motrunich - 2005)

theoretical quandary: Triangular ring model is intractable

» Exact diagonalization: so small,

* Quantum Monte Cario - sign problem

» VVanational Monte Carlo - biased

* DMRG - problematic in 2d ?????
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Quasi-1d route to Spin Bose-Metal

Triangular strips: \/\/\/\/\/\/\/\

Algebraic Spin liquid Spin Bose-Metal

Few gapless 1d modes Fingerpnnt of 2d singular surface -
many gapless 1d modes. of order N

New spin liquid phases on quasi-1d strips,
1005005 @@CH @ descendent of a 2d Spin Bose-Metal Page 70173




2-leg zigzag strip

Ha=JY S;-S;+K Y  [Piass+ P34

i7) (1234

L = E = L = E = E 3 E =
y Ko
- L - - - - -
- - - E 3 - - - E 3 - - - -

D. Sheng. O. Motrunich, MPAF

Analysis of J,-J,-K model on zigzag strip PRB (2009)

Vanational Monte Cario of Gutzwiller wavefunctions
DMRG

Bosonization of gauge theory

Pirsa: 10050075 Page 71/73



Spin Bose-Metal: Spin Structure Factor

Singularities in momentum space locate the “Bose” surface (points in 1d)

(Sk - S_&) \ /

K =dy =1, J=0 Jy =0 L=144

A 16 ODNRG -
d Gutzw (61, 11) |
N 14 Guzrm morowec |
?r:r 12 3 -'q.-__;
F 10 s
= - -
f 0B ""'.‘.f‘- '.'-_i‘vaq'
2 08 | 7 '
= 04 e’
s 02 7
00 <
0 . P28 gy 2 Moy, e ¥ x
q
T L
lller mproved has 2 vanational parameters)
(I, | -

gular momenta can be identified with 2k_, 2k_, : 7
it Biter into Gutzwiller wavefunction! 2 | ht Page 72173



Entanglement in SBM?
Quasi-1d Gauge Theory .

e
- 1Py,
1abm:tt'm fulz) = E: 2 o a3 =
points. a.P = |
- - e i _ pf IS |
e and integrate fPae ~ €' ¥Faa P8, . J

ixed-point” theory of zigzag Spin Bose-Metal £ o—F _.- £

Two gapless spin modes L. = 1 Z | ii‘c‘)-ﬂ,,,, 2 4 v (0000 F!
2:Tr::l""l-f‘ﬂ. | ..
e E R 2 : 2
Gapless spin-chirality mode Ly = 5— | -(0:0y)" +v(0:0y)"
27g |v
\.:'[;,r-l':'f’:rx-(;-:irl: \Maf"-':\

rgent global symmetries: SU(2)xSU(2) and U(1) Spin chirality
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