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Kagome kagome Surround, surround the bird.

Kago no naka no tori wa You are a trapped bird inside the cage.
ltsuitsu deyaru When oh when will you come out?
Yoake no ban ni At the dawn’s twilight, |

Tsuru to kame ga subetta The crane and the turtle both slid.

| _ : 1
Ushiro no shoumen - Daare Right behind you - Who__s It

-- a Japanese nursery rnyme




Kagome materials (-> Young Lee and Philippe Sindzingre talks)

volborthite Cu3V207(0OH)2 2H20 } SCGO srcrGa0 S = 3/2
S=12
herbertsmithite ~ ZnCu3(OH)6CI2 jarosites  KM3(OH)6(S04)2
K=Cr (S =3/2) K=Fe (S =5/2)
Classical kagome magnets
H = Jnf S, S, continuous local GS degeneracy S4 1 88 4+ 8¢ — gvA
H=J Z/ cos (pr — ) infinitely many degenerate GSs Huse and Rutenberg (92)

Numerics on quantum kagome magnets (-> Philippe Sindzingre talk)

S=1/2 quantum kagome Heisenberg modekexact diagonalization upto N=36

disordered ground state Lecheminant et al (1997) Waldtmann et al (1998)
small (or zero) spin gap A~ Jj20 or 0 gapless spin liquid 2
many low-lying singlets : ~ 1.15site

c.f qguantum XY kagome AF Sindzingre (unpublished)




Approach in terms of vortices

easy-plane quantum AF: J >> J°
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Approach in terms of vortices
half-integer spin n’ = 1/2

easy-plane quantum AF: J >> J°

1 integer spin
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XY <-> Scalar QED3 dua“ty Dasgupta and Halperin (81)

Nelson (88) D.-H. Lee and M.P.A Fisher (89)

rotor Hamiltonian; #r "r

H=—) Jywcos (901" — Y — bg(,)xz’) +2 0 (nr - n8)2

r

" spin <«— dual flux A
1
n0 o (V xa), =n, — n”
geometircal — VoOrtex density
frustration frustration
> 0 =n (V-e)x = Ny — 1/2
\ triangle /

scalar QED3: %x' &xx'
H =21 Jyw€ly + v STV x a)f = 3 taow €08 (Ox — O — ayy)

xx/ (27T) 2 xx’

e*=  vortex creation/annihilation operator

axx  U(1) gauge field




XY <-> Scalar QED3 dua“ty Dasgupta and Halperin (81)

Nelson (88) M.P.A Fisher, D.-H. Lee (89)

rotor Hamiltonian; #r "r

H=—) Jywcos (901" — $r — bg(,)xz’) +2 0 (nr - n8)2

r

s ~
solid Higgs (SC)
superfluid Coulomb
NG boson gapless photon
- y

scalar QED3: %xx' &xx'

U
H = 2n° Z/ Jx €20 ) zr: (V X a)? =3ty cos (Ox — Oy — ay,)

xx’

e*=  vortex creation/annihilation operator
axx  U(1) gauge field




looking for a saddle point :

extracting effective theory by fermionization Fradkin (89)

vortex(fermion)
et = dl exp i Y arg(x,a:’)Nx/]
rFx!
Chern-Simons gauge field

\ vortex(boson) / (V x A), = 2w Ny

errm - = Z [txx’djcdx’e_i(axx/—i_Axx,) + hC]

_ _ vortex band structure
'flux smearing’ mean field

8 Dirac cones




critical spin liquid: algebraic vortex liquid phase (AVL)

1
N=8 non-compact QED3 St = / d’x w Vo (O = i) Yy + 53 (undar)’

a
- CS gauge field is irrelvant vortex(fermion)
-N=8>N_c¢ (?) gauge field is strongly screened

- all fermion bilinears are prohibited by PSG

- there is no monople <- microscopic Sz conservation law (non-compact = no-monopole event)

a Algebraic Spin Liquid (ASL) AVL O
SU(2) symmetric U(1) symmetric
fermionic spinons fermionic vortices

compact U(1) gauge field
always confining non-compact U(1) gauge field
bare gauge coupling is large (infinity)

many mean field candidates -> energetics "natural” mean field, but no energetics
"landscape problem"

subtlities in time-reversal symmetry /




roton minima from vortex-antivortex exitations
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dynamical structure factors from PSG

N=8 QED3 'remembers’ the original lattice model through its PSG
symmetry transformation + gauge transformation

O(w? — q?) . . o V x a oot
22 (1 — T M, .
Sk =K+ q,w) P ferminon bilinears P = T Z Y Mt +
128
N, ~ 3 — 32N = 2.46 @ :|:Q :‘:P172,3 ky A
Rantner and Wen (02) 7r/\/§ Ms Q
L]
"o | @ MM
— @(WQ — q2) kx
ST (k=K +q,w) x (o2 — q@)@r2  monopole insertion o0, 27T73
@ ®
ne~053N—-1=324 @ all 12 momenta P, M,
Borokhov, Kapustin, Wu (02)




Summary and future issues

effective field theory: N=8 QED3 + PSG
large N <P many competing ordered states nearby

stability of spin liquid state (no chiral symmetry breaking)

roton minima, dynamical suseptibilities

specific heat C~1T* thermal conductivity  x~T

- low-T specific data of herbertsmithite C~T" a<l

- including distortion -- application to volborthite

- connection to other SL states ? U(1) compact QED3 with N=4, Ran et al.
gapped Z2 SL, Sachdev, Wang and Vishwanath|




discussions . dynamical structure factors

ky A
5 (q,w) = (5*(~q, ~w)S”(q,w)) o/ VM
A

gapless spin liquid senarios M,
o @(w2 - q2) P 'lix
S B(k =K +q, w) X (w2 — q2)(2—77)/2 @ K P 27-‘-/3

slave particle approach: (Hastings, Ran et al.) My

(fermionic spinons, 4 Dirac + U(1) gauge field)

algebraic votex approach (easy-plane):
(fermionic vortices, 8 Dirac+ U(1) gauge field)

e~ 3= g = 246 @ +Q 12,3

ne ~0.53N —1 =324 @ all 12 momenta




discussions . dynamical structure factors

gapped spin liquid senarios -> look for minima

slave particle approach: (Sachdev, Wang and Vishwanath)

(gapped Z2 spin liguid, bosonic spinon)

four different saddle points :

V3 x /3 ordering vector

k, A k, A k, A
‘o | o WM
k., k., k.,
¥ > > O——@ >
21 /3 27 /3 Pi/ " or/3
P: ¢ M,
zero flux state (), = —(), state zero flux state (); = (), state pi flux states OHex, 7Rhom state

mHex, mRhom state




discussions . dynamical structure factors

Numerical dynamical structure factor by Andreas Laeuchli (Philippe Sindzingre talk)

Helton et al. PRL (2007)
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integrated over 0.25<|Q|<1.5 AMN-1}

c.f.

1T ~

T. Imali et al. cond-mat/0703141
O. Ofer et al., cond-mat/0610540
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