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Spin liquid phases
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Spin liquid phases
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Spin liquid phases

Mean-field bonds: y;; — Xi;

Plaquette operator

M=XijXik--Xi= AbS[I_I]ei¢

@ ® = nm (ninteger): no time reversal symmetry breaking.
@ With nontrivial ®: time reversal symmetry breaking.

e Low lying excitations composite particle
(spinon + an elementary flux) — anyons.
o Effective gauge theory.



F = % system on a square lattice



F= % system on square lattice

Let us recall the n.n. Hamiltonian in the limit of strong repulsion:

Har 2 = L4 [90 2" + g, a@g’j)]

i A 2 - )
where Wé = CrT,m C;:O.z Cj.03Ci,0, Ps, and Pg are antisymmetric.

Hamiltonian with 2 parameters.
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F= % system on square lattice

Let us recall the n.n. Hamiltonian in the limit of strong repulsion:

Har 2 = L4 [90 2" + g, @é”’)] |

() I S - 2 i i
where P = ¢; 5 ¢; 5,6j,0,Ci,o, Ps, and Pg are antisymmetric.

Hamiltonian with 2 parameters.

HZf:S/Z = Z("ﬁ [ao nin; + a4 S,‘Sj = az(S,'S/‘)z a4 a3(S,-Sj)3] J

Hamiltonian with 4 parameters

One can exploit the fact that 150 and 152 are antisymmetric with respect
to the exchange of the spin of the colliding particles
leading to a new effective Hamiltonian:



K} .
5 system on square lattice

Hett = Y.<ij> |:an (ninj + x;fj)(i,j - ni) +as (sisj + szBi,/ - Tfn,-)}

E. Sz. and M. Lewenstein EPL 93 66005 (2011)
”

Site- and bond-centered operators

@ n= czac,;a (particle number at site /)

Q@ S = C,TaFa,ﬁ Cip (spin at site /)
@ xij= C,Ta Cj,a (scalar valence bonds)

@ B = CzaFa_lg ¢;p (vector valence bonds)
v

Nonuniform bond centered orders

@ (|xij|?) =< (S;S;) — spin-Peierls distorsion  B.Marston and J. Affleck PRB (1989)

@ (|B;;[?) = (QiQ;) — quadrupole-Peierls distorsion




SU(2) bond-ordered states

The nonlocal part of the mean-field Hamiltonian:

(a,, (%1.i) O p + as (By) Fa,ﬁ) ClaGip +H-C.

@ A more suitable new link parameter: U;; = (B, ;) F, with the usual
inner product in the 3 dimensional space of the generators F.

e U;; is a member of SU(2)
e 4 x 4 matrix for F = 3/2 fermionic atoms
® The SU(2) plaquette: M5Y?) = U, U, , Uy U
@ The SU(2) plaquette MY is also invariant under the U(1)
gauge transformation defined above: ¢; s — Ci.c€'?,
(i) = (21) €990, and Uy — U090,



Mean-field phase diagram: F = 3/2, 1/4 filling, square lattice
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Nonzero order parameters
e AFM: (S))
@ box phase: (i)

e valence bond solid state
e plaquettes with flux ® =0, or =7
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In presence of magnetic field

Hamiltonian with magnetic field:

H" = HMF hY s
i

-gt q‘uadru‘pole d‘imer/t‘)oxt ] (@)
I box state#- | Order parameters
-12} FM - @ SU(2) dimer/
5 16 ] tj u Quadrupole dimer:
: | } (Si), (i) (Bij)
'20: Vi b= @ SU(2) plaquette/
—o4l : ::: Quadrupole plaquette:
02 04 06 08 (Si). (Xij)» (Bij)
5 =t =

E. Sz. and M. Lewenstein EPL 93 66005 (2011)



In presence of magnetic field

Linear Zeeman energy: @, = grUugB

Quadratic Zeeman energy: 0g = Z)’—E
@ @y hyperfine splitting (1-10 GHz)
@ gr: gyromagnetic factor

@ Ug: Bohr magneton

The quadratic
Zeeman term can
be neglected if

[0) [0)

52 >1= Kh[ > 1




In presence of magnetic field
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Quadratic Zeeman energy: 0g = Z)’—; The quadratic
@ oy hyperfine splitting (1-10 GHz) Zeeman term can
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° : gyromagnetic factor
gr: gy g %: >1= %th > 1

@ Ug: Bohr magneton

Magnetic field was considered in units of ¢.

Vo = g, o &= (Vo/wp)'/*
where t ~ wp ~ 1 —100 kHz.

@ V) potential depth,
(wg/2m ~ 400.98 kHz for °Be)

@ g recoil energy
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In presence of magnetic field

Linear Zeeman energy: @, = grUugB
2 .
Quadratic Zeeman energy: 0g = Z)’—; The quadratic
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@ Ug: Bohr magneton

Magnetic field was considered in units of ¢.

Vo = g, o &= (Vo/wp)'/*
where t ~ wp ~ 1 —100 kHz.

@ V) potential depth,
(wg/2m ~ 400.98 kHz for °Be)

@ g recoil energy

Result: the SU(2) plaquette state has the lowest enegy at w; ~ 0.1 — 1t (0.1-100 kHz)

Oy /@, ~ 10* — 107 J




Competing spin liquid states of SU(6) symmetric
spin-5/2 fermions on a honeycomb lattice



Néel state vs. spin liquid state

Spin iuid - VB state

Néel state is not energetically The ground state expectedly
favorable. consists SU(6) singlets
M. Hermele, V. Gurarie, A. M. Rey, PRL (2009). (6 atomS W|th F - g can fOrm

an SU(6) singlet)




Ground state spin liquid states — Technical details

Finite temperature field theory

Hle, ¢l = =¥y CfT,aC/,aC,T,ﬁ Cip
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Finite temperature field theory

Hle, ¢l = =¥y CfT,aC/,aCjT,ﬁ Cip

Partition function: Z = [[dc][de]exp(— [ dzL[c,e])
Llc,c]=Y,Ciad:Cia+H and #atoms= #sites




Ground state spin liquid states — Technical details

Finite temperature field theory

Hle, ¢l = =¥y C/T,aC/,aCjT,ﬁ Cip

Partition function: Z = [[dc][de]exp(— [ dzL[c,e])
Llc,c]=Y,Ciad:Cia+H and #atoms= #sites

v

Decoupling procedure:

Hubbard-Stratonovich transformation: L[c,c] — L[c,C; @, x]
auxiliary fields: ¢; (on-site, real), and J;; (link, complex)

Z = [[dg]ldx]lde][dc] exp(— [ dr Llc,e; 9, x]) = [lde]ldx]Z[9, x]




Ground state spin liquid states — Technical details

Finite temperature field theory

Hle, ¢l = =¥y C/T,aC/,aCjT,ﬁ Cip

Partition function: Z = [[dc][de]exp(— [ dzL[c,e])
Llc,c]=Y,Ciad:Cia+H and #atoms= #sites

v

Decoupling procedure:

Hubbard-Stratonovich transformation: L[c,c] — L[c,C; @, x]
auxiliary fields: ¢; (on-site, real), and J;; (link, complex)

Z = [[dg]ldx]lde][dc] exp(— [ dr Llc,e; 9, x]) = [lde]ldx]Z[9, x]

Zlg,x] = exp(— J§ dv L) [3 11,7 +Indete,y(z)]) J

Saddle-point — and beyond...




Ground state spin liquid states — Technical details

Partition function and free energy
7 = /D[c, E]eiS[C’E]
S[CC / dT|:ZCla +801 Ci,a
0

fJZcmcjacjgczg+Z<pz CzaCzafl)
(4.5)

F=—-kgThhZz



Ground state spin liquid states — Technical details

Partition function and free energy
Z = /D[c, gle=Sled
S[CC / dT|:ZCla +801 Ci,a
0

fJZc,ac]acjgcngrZ% Czaczafl)
(4.5)

F=—-kgThhZz

Partition function after a Hubbard-Stratonovich transformation

7 — /D[c, E,X,X*]eszS[C’E‘X’X*]
B
Shusle, ] :/ dT{ZEi,a(aﬂ' + ¢i)cia
0 i

_ . - 1 2
- E (XiA,jCj,aCz‘,a T XijCalja = 5 [xi,5 )
(i,7)



Ground state spin liquid states — Technical details

Integrating out the fermion fields:

Z = /D[X X*]e_ foﬁ dTZ<i,j>[%|Xi,j|2+ln det G; ;(7)]

finite temperature Green's function



Ground state spin liquid states — Technical details

Integrating out the fermion fields:

B
—[Tdr > Lixi i|?+In det G,
Z:/D[x,x*]e e “’”[M}*g”“”
finite temperature Green's function

Saddle-point approximation:

%/,j(el) ﬁVXI,j qo+5%//(Q) w
0i(q) = BV(P/5”0+6(P/( )- oy

{8y}=0




Ground state spin liquid states — Technical details

Integrating out the fermion fields:

i /D[X e o dTZw[W’ Gy ()

finite temperature Green's function

Saddle-point approximation:

%/,j(el) ﬁVXI,j qo+5%//(Q) w
0i(q) = BV(P/5”0+6(P/( )- oy

{8y}=0

trlog(B¥ ") = trlog [[3(%(5)1 —Z)} = trlog (ﬁ%(g;) + i W.

n=1 n



Ground state spin liquid states

Xij= Jtr <g0;7271>

My = X1 XeXsXa X526 = |M1e?




Ground state spin liquid states

Xij= Jtr <g0;7271>

My = X1 XeXsXa X526 = |M1e?

- | E
a) Chiral spin liquid state | —6.148
b) Straggered flux state | —6.062
c) Valence bond crystal —6
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Staggered flux state

@ has a triple
degeneracy,

@ is the honeycomb
analog of the pi-flux
phase

@ due to the frustrated
nature of the dual
lattice alternating
fluxes are unfavorable
here.




Y A @ also has a triple
degeneracy,

@ has zero fluxes for

) every plaquette,
@ @ @ @ is composed of
¢ disjoint plaquettes,
" o @ is the honeycomb
S analog of the
. box phase




Chiral spin liquid state

@ uniform, lattice and
SuU(6) rotational
symmetric,

@ has a mean-field
generated flux:
B 27
=5
@ violates time
reversal symmetry.




Chiral spin liquid state

@ chiral edge states appear,
@ there is a nonzero transverse conductivity:
C =6,

@ quasiparticle statistics is fractionalized,
each spinon carriesa &, = 7r/3
elementary flux.

F in units of g




Chiral spin liquid state

@ The low energy fluctuations are phase fluctuations of the mean field,
Xij = X?‘jf ei‘“vi, and the lowest energy spinon excitations.

@ G;j is a gauge field, with the transformation property:
Qi — Qi 5 + 0; — Gj.

@ The effective theory is then a U(1) Chern-Simons theory coupled to
6 spinon fields

1 ¢ .
L= Sng? (e —vb?) — Ee“ 2a,0,a)

6

. ) 1 )
+ Z [—zcj,a(at —iag)cra + %cza(&- + zai)ch,a
=1 s

@ Detection through the magnetic structure factor:

57 (i, 45 t) = (57 (1)55(0))



Finite temperature behavior

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
0 01 02 03 04 05 06 07 08 09

chiral state quasiplaquette state plaquette state
x1| (units of J/kp) 0_9‘“‘ (units of J/kp) | [x1| (units of J/kp)
\\\\\\ a) 0.8 b) 1 09 ©)
Ny 07 0.8
Ny 06 07
\\ 05 0.6
\\\ 04 @,@ g'j @ @
NBRR02020; 0200}
\ - < 0.2
V{ o @@ 0.1 @ @
1

T (units of J/kp)

0
0 01 02 03
T (

04 05 0.6 07 08 09
T (units of J/kg)

0
0 01 02 03 04 05 06 07 08 09

T (units of J/kp)

All the spin liquid phases "melt" around the same critical temperature.



Finite temperature behavior
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@ No new state occurs as lowest free

@ The SP free energies approach each

@ The chiral state remains the lowest
free energy solution even at T > 0.

energy SP solution.
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Stability analysis

82(%2)2
Stability matrix: C, .y~ ———"—
Y Y I xudxv

chiral spin liquid quasiplaquette
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Stability analysis

. . *(%X)?
Stability matrix: Cyy~ ——-——
Y Y I xudxv

chiral spin liquid quasiplaquette
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The quasiplaquette state collapses into the lower free energy chiral
spin liquid state. J




Experimentally measurable quantities

Structure factor: S(r,7;r,0) = (S;(r,7)S,(r,0))

chiral spin liquid quasiplaquette
a 7 0210 )« 0210
0.1
0.204 e, 0 0.204
~ Vs
P, 0.198 0.198
(/ \\
/ N\ M 0.192 0.192
y /
X
/ \ 0.186 0.186
/I \\
20 ,\" J K 0180 > 0 0.180
A\ /
\\\ / 0174 0174
A\ /
\\ ,/I 0.168 0.168
\. /
| —— / 0.162 0.162
0.156 0.156
™ 5 1 0.150 -7 0.150




Experimentally measurable quantities
Structure factor: S(r,7;r,0) = (S;(r,7)S,(r,0))
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Unambiguous features — Suitable tool to distinguish the phases.
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Experimental measurable quantities

Spectral density: piot(®) = Y, ImS(k, )
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Thank you for your attention



