Antiferromagnetism and superfluidity of a
dipolar Fermi gas in a 2D optical lattice

i

School of Physics, Peking University

Collaborator: XI/{&

( cond-mat/1106.2194 )



Outline

(1) Background introduction
(2) Effective lattice model in a resonant AC field
(3) Antiferromagnetic state at half filling

(4) Superfluid states with d-wave and extended
S-wave symmetries

(5) Conclusion



(1) Background Introduction

Alkali atom
® S=l/2

. Hyperfine spin F=S+I

Magnetic moment 4, = U

Bose atoms: ’Li, 23Na, 8’Rb...
Fermi atoms: °Li, 49K ...

Hetero-nuclear molecule: 8’'Rb%K ...



Creating 8’Rb*°K polar molecules (JILA)

—
)]
T

45+5P

AN 7
| <\ 8 = (V= 10) / e
o | 2p @2 //
J“a / P
8t 1./
c |
o 6L
° | (998 nm)
Tz 7
=
o) 0.4+
| -
[4b] L
0 o2}
02k , i
li) = Feshbach Molecules
ool | I
L ‘ asy /4S+5S_
02+ 4
9==oN /X
5 15

Stimulated Raman adiabatic passage
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Internuclear Separation (a,)

Electric dipole:

0.052(2) Debye
(Triplet rovibrational ground state)

0.566(17) Debye (Singlet)

Density~1012 cm3

Temperature~1.5T



Dipole-dipole interaction

( Long-range and anisotropic )

1 |
Vaa(r) = (I_g,) {Da-Dgp —3(D4 -é,)(é-Dg)}

In DC field, Vaia(r) = (d°/r?)[1 — 3(z%/r?)]
Interesting properties of a dipolar Fermi gas:

(1) Anisotropic Fermi surface
(2) Mechanical collapse at high density

(3) P-wave superfluid and other novel states



(2) Effective model in a resonant AC field

Single molecule Hamiltonian

P’
HD = — + Hﬂpt _I_H?‘otr

2m
rotational energy H,.,; = BJ? —d - Ec(t).

AC field Eac(t) = Eac cos(wt)z

Rotational states |0,0> and |1,0> can be coupled by an AC field.

hA T 'y Effective rotational energy
T11.-1> 10> |1,1> )
%) 0 ()
2B ho rot — Q QB . hJJ 3
|0_,0_> () = dEJlC/\/E

In resonance limit, |0,0> and |1,0> states are degenerate.



Dipole matrix
(0,0[d|0,0) = 0, (1,0[d[1,0) = 0,
(0,0/d, 4|1,0) = 0.

(0.0]d.|1.0) = d//3.

Pseudospin states
[ 1) = (/0,0) +[1,0))/v2 and | |) = (]0,0) — [1,0))/v2,
(t|d| Ly =0, (t |d| 1) = dz/v/3, and (] |d] |) = —dz/v/3.

Dipolar Ising interaction between pseudospins

1 — 3 cos? 0
S’iz*s'jz

Via(ri — 1) = 4d?
da(ri = 13) SEB VRS



Effective model in a 2D optical lattice

Z -!‘- EU(JJ_’_(.EJCQG' _|_ Z]UL’V'SJH_'_( Zn Tnil'
(i.9).0 %75;

Jij = Ad*/(3[r; — r]?)

Remarks:

(1) Onsite interaction U may lead to molecule loss through chemical
reaction, and may be tuned by Feshbach resonace. It can make the
phase diagram much more complicated. We consider only U=0.

(2) Dipolar Ising interaction leads to antiferromagnetic spin order or spin-

singlet pairing between nearest-neighbor fermions.



(3) Antiferromagnetic state at half filling

Antiferromagnetic order

A

(si~) = m for sublattice A

(sj.) = —m for sublattice B

| |

Mean-field approximation

SizSjz = <S-iz>5j: + <5iz>5’jz — <S'I'-3><Sj3>

Mean-field Hamiltonian

Haip = — Z t(c‘:;[gcjg + c:j; +Cio ) + h.-'m.(z Sir — Z Sj)

(i,5),0 i€ A jeB

h m \




Mean-field Hamiltonian in k-space

hm
Hap = o S (afqawt + bl b, — af ai, — blibir)
k

hm?N
+ > 2, Do + bl i) — 2
k.o
Bare band
S = —Qt(cos k.a + cos k-ya'):

Effective spin-coupling constant

h=> (=1)"Jo = —2.646.]
i#0

J = 4d*/(3a?)



Canonical transformation

Xkt — UkUKkt + "E.-’kka_. k| = -'u.kbu + Uk 1s

'}kT Uk ka — UkUkt. _}k | — Uklk| — Uk bk 1

Diagonalized mean-field Hamiltonian

- hm*N
o — 7 | + o ¢ o4
HJ_‘]LF — Z(Ek O:'ko. Ctk{'f + Ek _-'L-}kg_-'{:}kﬂ') - 2 s
k.o

guasi-particle energy gi — :|:\/ i+ (h2m)2

Self-consistency equation
1 1 1
==Y [0 — ) — O — )],
h- :\* - 25—1(0— [ (H Ek) (H Ek ﬂ

At half filling, the antiferromagnetic state always exists.



Antiferromagnetic-state energy vs. filling factor

Jjt=3

Eap/t

0.75 0.8 0.85 0.9 0.95 1
n

Beyond half filling, the negative compressibility shows that

the antiferromagnetic state is subject to mechanical collapse.



(4) Superfluid states with d-wave and
extended s-wave symmetries

Antiferromagnetic Dipolar Ising interaction leads to

attraction between opposite spins.

Effective pairing interaction

.f.
—— Z ]U(sT(ET(u(J\L
17&;
In mean-field approximation

—— Z Jii [(zT(J\L ciLCit) + ((T:ITC:}QC:NC:@-_T - (c:;.ch:j;Q (cjrcin)].
275;



Mean-field Hamiltonian

Hqp = Z(Ek — ﬂ.-)CTLGkaU + Z( KC—k| Ckt T Akc T( K| — Ar ),
k

ko
bare band cx = —2t(cos kya + cos kya),
gap Ak =) fuw g
]i.iI

pair susceptibility g, = ((ﬁ:_k\L(‘_:kﬂ

pairing interaction Jrw = 4,\ > ; Jijexpli(k — k') - (r; — r;)).
i#]

Bogoliubov transformation

Ct = u‘kdk']‘ v de k| C_x| — u‘kd—ki — ?—f}kd]T{T:



Diagonalized mean-field Hamiltonian

H SE — A«T(Egp — ;,I..’}'?_.) -+ Z Ekd]T{gdkcrr
ko

Quasi-particle energy

Ey = \/(Ek — 1) + [Ag[?

Gap equation

Density equation

1 Sk — M
n=1-
g N Xk: 2

Gap and density equations can be solved together self-consistently.



ReAk/t
o

(a) At J/t = 3 and n = 0.656, d-wave symmetry.

x107°

Numerical results

x 107°

(b)

0.5
Kya/t

1 0 0.5
Kya/m

.

(cos ky — cosk,)

(b) At J/t = 3 and n = 0.29, extended-s-wave symmetry. (cosk, + cosk,)

At J/t =3 and n = 0.483, (c) real part shows the extended-s-wave symmetry.

(d) the imaginary part of the gap shows d-wave symmetry.



(4) Conclusion

Phase diagram at zero temperature
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Remaining Issues:

Stability, finite temperature, fluctuations, onsite interaction...



