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Works well for SU(N) spins when N — oo

Gergely Szirmai

J. B. Marston, I. Affleck, Phys. Rev. B 39, 11538 (1989)
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I (nuclear spin)

J = 0 (total electron spin)
2 € on outer orbit
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I (nuclear spin)

F = I (total hyperfine spin)

J = 0 (total electron spin)
2 € on outer orbit

Collisions are spin independent

A. Gorshkov et al, Nat. Phys. 6, 289 (2010)
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I (nuclear spin)

F = I (total hyperfine spin)

J = 0 (total electron spin)
2 € on outer orbit

’ Collisions are spin independent

A. Gorshkov et al, Nat. Phys. 6, 289 (2010)

SU(N = 21 + 1) symmetric models
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I (nuclear spin)

F = I (total hyperfine spin)

J = 0 (total electron spin)
2 € on outer orbit

’ Collisions are spin independent

A. Gorshkov et al, Nat. Phys. 6, 289 (2010)

SU(N = 21 + 1) symmetric models
Examplel™Yh: [ = g = 2] + 1 = 6 spin components
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periodic potential created by standing wave laser light

Via(r, z) = Voe_27’2/“’2 (2) gin? (kpz)
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particle transport is forbidden, but

spins can exchange without current
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particle transport is forbidden, but

’ spins can exchange without current ‘

42
:_chzaﬂajﬁc:5+z(pl Ci o Za_1)7 JZF
(3,5)
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A

particle transport is forbidden, but

’ spins can exchange without current ‘

4¢2
:_chzaﬂajﬁcﬁ+z(pl zaza_l)a JZF
(i,9)

for square lattice: M. Hermele et al, Phys. Rev. Lett. 103, 135301 (2009)
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Z = /D[c, cle=Sledl
B
S[C, 5] = / dT{ZEi’a(aT + Qoi)ci,a
0 i

—-J Z Ci,aCj,aCj,8Ci,3 + Z ©i(Ci,aCija — 1)

(4,4) g

F=—kpTlhZz

the action is quartic, we need to introduce the mean-fields with a
Hubbard-Stratonovich transformation.
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B
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2”

Z = /D[X X*]e_ foB dTZ<i7j>[%|Xi,j|2+ln det G; ()]
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7 — /D[C, e, X, X*]e—SHS[C7E7X7X*]

B
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0 i
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2”

Z = /D[X X*]e_ foﬁ dTZ<i7j>[%|Xi,j|2+ln det Gy ()]

finite temperature Green's function
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Xij 5G-1 Gauge invariance: i
Xij=J-tr| g Xij = Xi,j€

infinitely many solutions

(60;—06:)

5X;<,j

Gij




. _ Gauge invariance:
Xi,j Gt 9

Xij = J - tr g(sX;j Xij — X@',jez

(60;—06:)

infinitely many solutions

Gij




Xij g1 Gauge invariance:

— i(0;—6;
Xij = -tr g(S * Xij = Xi,jGZ( 5=
Xi,j o :
infinitely many solutions
Gij
E | I, \ I, \ I3

—6.148 | —0.159 — 0.276¢ | —0.159 — 0.2767 | —0.159 — 0.276¢
—6.148 | —0.159 4+ 0.2767 | —0.159 + 0.276¢ | —0.159 + 0.2767

I = x1-X2- X3 X4 X5 - X6 = || €@
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infinitely many solutions
Gij
E | I, \ I, \ I3

—6.148 | —0.159 — 0.276¢ | —0.159 — 0.2767 | —0.159 — 0.276¢
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Xi,j 5g_1 Gauge invariance: A
Xag =0\ O X = Xi€ "
,J
infinitely many solutions
Gij
E | 10, \ Il \ I,

—6.148 | —0.159 — 0.276¢ | —0.159 — 0.276i | —0.159 — 0.2764
—6.148 | —0.159 4+ 0.2767 | —0.159 + 0.276¢ | —0.159 + 0.2764
—6.062 0.460 —0.223 —0.223
—6.062 —0.223 0.460 —0.223
—6.062 —0.223 —0.223 0.460

1 0 0

0 1 0

0 0 1
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has a triple
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due to the frustrated
nature of the dual
lattice alternating
fluxes are unfavorable
here.
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Xij g1 Gauge invariance:

Xij =J (G55 Xig 7 Xig€
“J

i(0;—06;)

infinitely many solutions

Gij

uniform, lattice and
5U(6) rotational
symmetric,

has a mean-field
generated flux:
21
o=2"
3

E | 11, | 11, \ 1,
—6.148 | —0.159 — 0.2767 | —0.159 — 0.2767 | —0.159 — 0.2767
—6.148 | —0.159 + 0.276i | —0.159 + 0.276i | —0.159 + 0.276i
—6.062 0.460 —0.223 —0.223
—6.062 —0.223 0.460 —0.223 : o,
—6.062 —0.223 —0.223 0.460 @@ g o e s
0 0 ooy =
1 0 g
! ) o208

also has a triple
degeneracy,

violates ti
reversal symmery.

has zero fluxes for

I =x1-X2 X3 X4 X5 X6 = [II[e'® @ @ @ e
i samprter

is the honeycomb
analog of the
box phase
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T
all the spin liquid phases "melt" around the same temperature

the free energy per plaquette:

J(T,V)

kT 7
f(T,V):—B?an(B) o

the free energies at mean-field level
approach each other without crossing

the chiral spin liquid phase has the lowest
free energy also for T>0.

—— chiral phase
pi-flux phase
plaquette phase
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Sett = Sot Y [69(2,1(“%))] [Di,j;k,l(if"n) Ai,j;k,l(iwn))} {5Xi,j(iwn))]

(i), (k1) 6Xk’l(*l.wn A;:j;k,l(_lwn) Dk,l;i,j(_iwn 6)(;](*2&)”
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Sett = Sot+ Y. [59(271(1"”"))] [Dw:k»l(iwn) Ai,jsk,z(iwn))} |:5Xi,j(iwn)):|

gy (E ) OXk,1(—iwn A:,j;k,l(_iwn) D ;5 (—iwn 5X;j(*iwn
6G—1 oGt
Q’” Dijmag=tr|G——G—
Xi,j Xkl OXij  OXky
0G~t _6G—1
W»MOMN‘\NW AiJ;k’l - tr <g5 — g5
Xi,j Xk, Xij  OXk,l
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Seff = SO""

)3 [5XZ,z(iwn)] [Di,j;k,l(iwn) Ai,j;k,z(iwn)} {5Xi,j(iwn)]
i (i) (AL (—in) Dt (—ien)] i (ieon)
6g71 5g71
\ANMO\NMN Di,j;k,l = t[‘ gig -
Xi,j Xk, 0Xi,j 5Xk,l
0G~t _6G—1
W»MOW Ai,j;k,l = tr <g5g5
Xi,j Xk, Xij  OXk,l

the stability of the phase is decided by the excitation spectrum:

=0

*

det |:Di,j;k,l(iwn) A ik, (iwn) }
Tima(Ziwn) Dy (—iwn)]
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Seff = SO""

6xf7j(fiwn

)3 [5XZ,z(iwn)] [Di,j;k,l(iwn) Ai,j;k,z(iwn)} {5Xi,j(iwn)]
Gdd) OX k1 (—iwn) Azj;k,l(_iwn) Dy 1;4,5 (—iwn) )
0G—t _6G1
\ANMO\NMN Di,j;k,l = t[‘ gig -
Xi,j Xk, OXij  OXky
0G~t _6G—1
W»MOW Ai,j;k,l = tr <g6g5
Xi,j Xk, Xij  OXk,l

the stability of the phase is decided by the excitation spectrum:

=0

*

i,j;k,l(—iwn) Dk,l;i,j(—iwn)} i —w

the excitations also give corrections to the free energy.

dot |:Di,j;k,l(iwn) Ai ik (iwn)
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Seff = SO""

> [5XZ,z(iwn)] [Di,j;k,l(iwn) Ai,j;k,l(iwn)} {5Xi,j(iwn)]
w2 i) A (i) D (i) o (—iwn)
0G—t _6G1
\WMO/V\/MN Di,j;k,l = t[‘ gig -
Xi,j Xk, OXij  OXky
0G~t _6G—1
W»MOW Ai,j;k,l = tr <g6g5
Xi,j Xk, Xij  OXk,l

the stability of the phase is decided by the excitation spectrum:

=0

*

ot | Pudskiliwn) — Aijiki(iwn)
i,j;k,l(—iwn) Dk,l;i,j(—iwn)

:| Wy —w
the excitations also give corrections to the free energy.

difficulties arise due to the constraints and also due to gauge invariance.
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We considered thermodynamic properties of spin-5/2 alkaline-earth-metal
fermions in a honeycomb lattice.

At low temperatures the charge degrees of freedom are frozen, and the spin
dynamics realizes a chiral spin liquid state with a dynamically generated flux
that violates time reversal invariance.

The low energy excitations in an infinite system are gauge bosons of U(1)
Chern-Simons field theory.

The higher energy spin liquid states are also interesting generalizations of
their square lattice counterparts.

Phys. Rev. A 84, 011611(R) (2011)
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