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Motivation: magnetic systems without long range order
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‘ J>0 ‘ antiferromagnetic coupling ‘

\" A
Local gauge invariance Mean field theory

10,
Cja — €77 Cja o a .
: Xij = \%,aCa) = Xjyi

T —40.
Cja €

H=-J Z cz’acj,ac}’ﬁcm + Z i (C;r,aci,a - 1)
(i.5) :
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Motivation: magnetic systems without long range order

H=JY ;-5
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‘ J>0 ‘ antiferromagnetic coupling ‘

\" 2" 2"
Local gauge invariance Mean field theory

10
Cja 7 €7 Cja s~ S
t s Xi,j i,055,a Xj,i
]
o =

Hpne = _JZ (Xz] Cj.aCia + X3, zcz ,aCj.a |Xi7j|2) + Z‘pi(czaci,a - 1)
(i,7) i
Works well for SU(N) spins when N — oo
J. B. Marston, I. Affleck, Phys. Rev. B 39, 11538 (1989)
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SU(N) systems are realized with alkaline earth atoms

I (nuclear spin)
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SU(N) systems are realized with alkaline earth atoms

I (nuclear spin)

F = I (total hyperfine spin)

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

’ Collisions are spin independent

SU(N = 21 + 1) symmetric models
Example!™Yh: [ = g = 2] + 1 = 6 Spin components
for square lattice: M. Hermele et al, Phys. Rev. Lett. 103, 135301 (2009)

[See also the talks of Karlo Penc and Edina Szirmai!]
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They realize the SU(N) Hubbard model...

Optical lattice
periodic potential created by standing wave laser light
Via(r, z) = Voe_2’°2/w2(z) sinz(kLz)

M

Tight binding Hamiltonian / Hubbard model

U
H = —tz ( CiaCio + H. c) - EZcZaczﬁcwcw,
i

(i,5)
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... and in the strongly interacting limit the SU(N) Heisenberg model

1 particle per site

¥

particle transport is forbidden, but

spins can exchange without current W
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... and in the strongly interacting limit the SU(N) Heisenberg model

1 particle per site

¥

particle transport is forbidden, but

‘ spins can exchange without current ‘

Low energy effective Hamiltonian (2nd order)
442
i==J Z 6370463'»‘16;»562'75 + Z Pi (c;r,ozci,a - 1)’ J = 7
(4,9) i
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Finite temperature field theory

Partition function after a Hubbard-Stratonovich transformation

Ui /D[c, E,X,X*]e—SHS[Cvé,XO(*]

B
SHs [C, E] = / dr |: Z Ei,a(av' + Qoi)ci,a
0 i

2)}

_ i 1
- Z (Xi,jCj,aCi,a T Xi,jChaCia = |Xi.j
(1,3)
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Finite temperature field theory

Partition function after a Hubbard-Stratonovich transformation

Z = / D[C, E, X, X*]e_SHS [076>X?X*]

B
SHs [C, E] = / dr |: Z Ei,a(av' + Qoi)ci,a
0 i

1
_ e
- E (Xi,jcj,aci,a + Xi,5Ci,aCj,a — Wi X,

2 )}
(4,9)
Integrating out the fermions

Z = /D[X,x*]e— J& Ea, Ly X P 4n det G ion)]
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Finite temperature field theory

Partition function after a Hubbard-Stratonovich transformation

Ui /D[c, E,X,X*]e—SHS[Cvé,XO(*]

B
SHs [C, E] = / dr |: Z Ei,a(av' + Qoi)ci,a
0 i

1
_ gy
- § (Xi,jCj,aCi,a + X;,;Ci,aCja — 7 3.5

2 )}
(4,9)
Integrating out the fermions

7= [ Dl xle B Zontyeest*in oo GG

finite temperature Green's function

Gergely Szirmai Spin liquid phases of alkaline earth atoms @ finite temperatures



The saddle point provides the mean field equations

Xi,j oGt
5] 6X:<7]
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The saddle point provides the mean field equations

Xi,j oGt
Xij = J-tr| g For evaluation we need to choose

6X;:j a periodically repeating unit cell.
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The saddle point provides the mean field equations

Xi,j 6G—1

Xij = J-tr| g For evaluation we need to choose

6X;:j a periodically repeating unit cell.

Gij

Solutions on a honeycomb lattice @ T=0

E | I \ II, \ I3
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The saddle point provides the mean field equations

Xi.j 6G~1
X; ;= J - tr G—— For evaluation we need to choose
b 6Xi 5 a periodically repeating unit cell.

E II II 11
E . e w7

—6.148 | —0.159 — 0.276 | —0.159 — 0.276i | —0.159 — 0.2767 @e
—6.148 | —0.159 + 0.276i | —0.159 + 0.276i | —0.150 + 0.276; 42 <2)
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The saddle point provides the mean field equations

Xi,j

Xij ="

For evaluation we need to choose
a periodically repeating unit cell.

eae
E I, I, Il eee%
—6.148 | —0.159 — 0.276 | —0.159 — 0.276i | —0.159 — 0.2767 99@
—6.148 | —0.159 + 0.276i | —0.159 + 0.276i | —0.150 + 0.276; 42 <2)
~6.062 0.460 —0.223 —0.293
~6.062 ~0.223 0.460 —0.223
—6.062 —0.223 —0.223 0.460 @@
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The saddle point provides the mean field equations

Xi,j 6G1
X, =dJ tr| G—— For evaluation we need to choose
b 5xfj a periodically repeating unit cell.

°@°
E | I, \ I, \ Il eee%
—6.148 | —0.159 — 0.276 | —0.159 — 0.276i | —0.159 — 0.2767 99@
—6.148 | —0.159 + 0.276i | —0.159 + 0.276i | —0.150 + 0.276; 42 <2)
~6.062 0.460 —0.223 —0.293
~6.062 ~0.223 0.460 —0.223
~6.062 —0.223 —0.223 0.460 060

i 0 0 ‘02020
0 1 0 @@

0 0 1
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The saddle point provides the mean field equations

Xi,j

Xi,j = Jtl‘

For evaluation we need to choose
a periodically repeating unit cell.

E | I, \ I, \ I,
—6.148 | —0.159 — 0.276 | —0.159 — 0.276i | —0.159 — 0.276i
—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
—6.062 —0.223 —0.223 0.460

1 0 0
0 1 0
0 0 1
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The spin liquid phases become unstable at finite temperatures

chiral phase m-flux phase plaquette phase
L ol L
" T T|" T
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The spin liquid phases become unstable at finite temperatures

chiral phase

m-flux phase

plaquette phase

|H| - »m,‘\\\ )

|

|

@ all the spin liquid phases "melt" around the same temperature
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The spin liquid phases become unstable at finite temperatures

chiral phase m-flux phase plaquette phase

o7 |H| B k“x\\ ‘\ " |H‘ ‘ ) |H‘

o or 2 s o4 05 o 07 08 0 1 ‘o o1 o2 o3 ¢ s os o7 s os 1 0 01 ez 83 o0& 05 o8 01 oa be |

@ all the spin liquid phases "melt" around the same temperature

o the stability of the phase can be decided by the second order term
of the effective action

0G—t _6G1
Di,j;k,l =tr g 6 * g 6 *
Xi,j Xi,j Xij  OXk,
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The spin liquid phases become unstable at finite temperatures

chiral phase m-flux phase plaquette phase

@ all the spin liquid phases "melt" around the same temperature

o the stability of the phase can be decided by the second order term
of the effective action

0G—t _6G1
Di,j;k,l =tr g 6 * g 6 *
Xi,j Xi,j Xij  OXk,

@ the excitations are given by zeroes of the dielectric function:

0 = det (0;,5;k,10 + JDi jik,1)
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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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