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Creation of a Dipolar Superfluid in Optical Lattices
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We show that, by loading a Bose-Einstein condensate of two different atomic species into an optical
lattice, it is possible to achieve a Mott-insulator phase with exactly one atom of each species per lattice
site. A subsequent photoassociation leads to the formation of one heteronuclear molecule with a large
electric dipole moment, at each lattice site. The melting of such a dipolar Mott insulator creates a
dipolar superfluid, and eventually a dipolar molecular condensate.
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The physics of strongly correlated systems in ultra-
cold trapped quantum gases has attracted growing inter-
est recently concerning, in particular, 1D bosonic gases
[1], the fractional quantum-Hall effect in rotating Bose
gases [2], Bose gases with large scattering lengths [3,4],
and the Mott-insulator (MI) to superfluid (SF) phase
transition [5] in cold bosonic gases in optical lattices
[6,7]. The latter has been recently observed in a remark-
able experiment [8].

The physics of ultracold molecular gases is also a
very active research area. Cooling and trapping of mole-
cules can be achieved by means of buffer-gas techniques
[9], by employing the dipolar moments of polar mole-
cules [10], and by means of photoassociation of ultracold
atomic gases [11]. Jaksch et al [12] have recently pro-
posed that a bosonic atomic gas, which is in a MI phase
with exactly two atoms per site in an optical lattice, can
be used to obtain via photoassociation a superfluid gas of
homonuclear molecules, and eventually a molecular
Bose-Einstein condensate (BEC).

The influence of dipole-dipole forces on the proper-
ties of ultracold gases has also drawn considerable atten-
tion. It has been shown that these forces significantly
modify the ground state and excitations of trapped dipo-
lar BECs [13-18]. In addition, since dipole-dipole inter-
actions can be quite strong relative to the short-range
(contact) interactions, dipolar particles are considered
to be promising candidates for the implementation of
fast and robust quantum-computing schemes [19,20].
Several sources of cold dipolar bosons have been pro-
posed, including atoms with large magnetic moments
[14], and externally induced electric dipoles [13,15,19].
Perhaps the most promising perspective in this sense is
provided by ultracold gases of polar molecules with large
electric dipole moments, which could eventually domi-
nate the physics of the system [15,16].

This Letter is devoted to the analysis of the generation
of ultracold polar molecules in an optical lattice. We
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consider the loading of the lattice by a superfluid of
two different atomic species, and analyze the transition
into a MI phase with exactly one atom of each species per
site. This transition is followed by the formation of polar
dimers by photoassociation, or adiabatic passage. Finally,
the quantum melting of the molecular MI into a polar
molecular superfluid takes place.

We consider a miscible gas of two trapped atomic
bosonic species at very low temperature. Although our
calculations could, in principle, be employed for arbitrary
atoms, we have assumed below the particular mixture of
41K and ¥Rb, whose simultaneous Bose-Einstein con-
densation has been recently realized [21]. We additionally
consider that the binary gas is confined in a 2D optical
lattice, similarly to the 3D one-component case recently
observed in Ref. [8]. The transverse dimension is consid-
ered as harmonically confined. Typically, we employ
w, = 8 kHz, which guarantees that the transversal wave
function can be considered as the (Gaussian) ground state
of the harmonic oscillator of frequency w,. The physics of
the system is governed by the two-species generalization
of the Bose-Hubbard (BH) model, described by the
Hamiltonian

H = Z[Jaa:raj + Jbb;rbj] + Uaban-nb,-
) i

1
+ EZ[UOanai(nai — 1) + Ugpnpi(ny; — 1)) (1)

where a;, b; are the annihilation operators of 'K and
8Rb atoms at the lattice site i, which occupy a state
described by the Wannier functions w,(r — r;), wy(r —
r;) of the lowest energy band, localized on this site. This
implies that energies involved in the system are small
compared to the excitation energies to the second band.
We denote the position of the local minimum of the
optical potential as r;, and the number operator of K
(Rb) atoms at the site i as n, = a;ra,- (ny; = b:rb,-). In
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Eq. (1), only the nearest-neighbor tunneling is consid-
ered, which is described by the parameter J,, =
Jwr @ =)= EV2 + Vy(r)lw,,(r — r))d*r, where j
and i are the indices of neighboring sites, and
Vi(r) = Xeey, VEcos?(ky€) is the optical lattice poten-
tial (with wave vector K) which we consider to be the
same for both species. The optical potential for K and Rb
is almost the same for the detunings corresponding to the
wavelength 1064 nm of a Nd:Yag laser [22]. The same
species interact via a short-range pseudopotential,
which is described by the coefficients Uy,, Ugy: Ugyp =
4mh*ag gy [Iwa,(t — v)|*/my god’r, where ag, mg (agp,
mgp) are the scattering length and atomic mass of potas-
sium (rubidium). The interactions between different
species are characterized by the coefficient U,, =
27 agge Jlw,(r — )P lw, (e = 1) */mg,dir, where
agrp 1s the K—Rb scattering length, and m,, is the
reduced mass for K and Rb atoms. The scattering length
aggrp has been estimated recently to be of the order of
8.6 nm [21]; that is, the repulsive interactions between K
and Rb are stronger than those between K-K and Rb-Rb,
which are characterized by ax = 3.17 nm and ag, =
5.24 nm, respectively. As a result, it is energetically fa-
vorable for K and Rb particles to remain immiscible, i.e.,
to stay at different lattice sites, rather than in the same
ones. This situation can be, however, modified by means
of Feshbach resonances, which can strongly modify the
value of aggy, [23]. We have thus assumed that the value of
agrp can be reduced to 0.5,/agagy. In that case the two
components acquire a miscible phase.

We have considered square lattices up to 80 X 80
sites, with periodic boundary conditions. In the first
stage, we demonstrate the possibility of a transition
from a state with two miscible superfluids to a MI phase
with exactly one Rb and 1 K atom per site. To this aim we
first obtain the ground state using a variational Gutzwiller
ansatz [6], |Wy,r) = []; | ¢#:), where the product is over all
lattice sites. The functions | ¢;) for each site are expressed
in the Fock basis, [¢;) = > _ fﬁl’,)mln, m);, where n, m
indicate the occupation number for the K and Rb
atoms, respectively. For numerical reasons, we have as-
sumed that maximally three atoms of each species
can be present at any lattice site, and checked the validity
of this assumption self-consistently. The coeffi-
cients {f\),} are found by minimization of (¥, z|H —
Silanai + mpnpillWiyr), where the chemical potentials
Mg M Were chosen so that the mean numbers of K, Rb
atoms were equal to the number of lattice sites.

The ground state for weak lattice potentials corre-
sponds to the coexistence of superfluids for both species,
and it was used as the initial condition for subsequent
time-dependent calculations. This state is characterized
by a nonvanishing value of the superfluid order parame-
ters [{a;)|, [{b;)| (Fig. 1). To drive the system from SF to
MI phase, we slowly increase the lattice potential. This
process can be described using a dynamical Gutzwiller
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FIG. 1. Dynamical transition from the SF phase of 'K (solid
line) and 3"Rb (dashed line) atoms to the MI phase. The upper
plot shows the value of the order parameters [{a;)|, [{b;)|

(constant for all lattice sites) for both species, while the lower
W

one depicts the variance Var(n) = 1/(n?) — (n)*> of the on-site
occupation. The lattice potential was changed as V(1) = Vg +
(Vi = Vse)(t/15)? exp[1 — (¢/10)°], where Vgp =4, Vi =19
in units of recoil energy of #'K atoms, #, = 1.8 s for the case of
lattice wavelength 1064 nm.

method, as discussed in Ref. [12]. To this aim, one allows
the coefficients fﬁ,’)m to be time dependent and to follow
the dynamics derived from the time-dependent varia-
tional principle. The resulting equation becomes

i, = [;anm— 1)+ m(m — 1)} 0,

+ Ja[(p;l1< Vi + 1f1(1l-)i—1m + q);'l\/ﬁfi(zi)—l,m]
+ T m 1D+ Db ymf?

nm—1
+ Ugpnmfim, )

where ®¢ =%, (Vypla)|Wyp) and ®F =3, X
(Wyr|bj|W ). When the lattice potential increases, the
system follows the changes quasiadiabatically, and the
two species enter sequentially the MI phase with one
atom per site. As shown in Fig. 1, this occurs first for
the heavier Rb atoms at r = 0.75 s, and then at ¢ = 1.5s
for K. The superfluid K introduces random local modifi-
cations of the chemical potential for Rb. In our static
calculations, this results in a SF to MI transition for Rb
at —Uy,/J, = 25.6, instead of 23.2, expected for the
single-component case. In our dynamical calculations,
we obtain the transition at —Uy,/J, = 26.0 due to a
slight heating. For K, however, the transition occurs
when RbD is already in MI. Hence, the presence of Rb
just results in a global shift of the chemical potential, and
the dynamical transition at —Uy,/J, = 23.5 for K just
slightly departs due to heating from 23.2.

At the end of the process, each site contains one Rb and
one K atom, with relative atom number fluctuations less
than 3%. This, however, requires a sufficiently slow
modification of the lattice potential, typically within a
time scale of 2 sec for a lattice wavelength A = 1064 nm.
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Note that the time scale is provided by the inverse of the
recoil energy of the lattice, and therefore it scales as A%
We note also at this point that a transition 3 times faster
leads to about 2 times larger number fluctuation in the
final state. We want to stress that during the whole time
evolution the mean number of particles was constant, and
equal to the number of lattice sites, which gives us the
most complete analogy, within the Gutzwiller approach,
to the experimental situation.

Having obtained a MI phase with one Rb and one K
atom per site, a heteronuclear molecule can be generated
at each lattice site. One possible method would be two-
color Raman photoassociation to make ground state ' 3"
or 33" dimers. Since heteronuclear species do not have
gerade/ungerade symmetry, levels of either symmetry
could be formed via intermediate excited states of
Q =0" or 1 symmetry, where () labels projection of
electronic plus spin angular momentum on the molecular
axis. Since the () states excited at long range typically
have mixed singlet and triplet character, photoassociation
to ground '3 levels is even possible for collision of two
doubly spin-polarized atoms, which collide via the
ground 33" potential. The 1/R® dependence of the ex-
cited molecular potential for the case of heteronuclear
molecules, in contrast to the 1 /R3 dependence for the
homonuclear case, leads to excitation at relatively short
internuclear separation R. This difference may lead to
reduced Franck-Condon factors for the first excitation
step but enhanced factors for the second deexcitation
step [24]. In any case, our preliminary calculations in-
dicate that favorable paths for photoassociation should be
feasible. A second possible method of making ground
state molecules is available for heteronuclear dimers,
namely, use of a pulse of microwave radiation to directly
associate two colliding atoms in a one-color transition
from a scattering state to a bound dimer state. However,
the dipole matrix elements within the 33" state are
small, so this will need fairly high microwave power.
Either method will result in an excited vibrational level
not far below the dissociation limit. It should be possible
to use a succession of Raman pulses to transfer the
population from such a level to the ground v = 0 vibra-
tional level of the '3 % or 337 state, in a manner similar
to that described by Ref. [12]; microwave/infrared pulses
may also be feasible for this heteronuclear species. The
33% v = 0 level has a small dipole moment of 0.0046 a.u.
(1 a.u. is 8.478 X 1073° Cm), whereas it is much larger,
0.30 a.u., for the 13 v = 0 level [25]. In the latter case,
special care should be taken to prevent the heating due to
blackbody radiation, which could be avoided by an ap-
propriate shielding.

After the creation of the K-Rb dimers, the system
becomes single component. However, since the molecules
have a large dipole moment and are considered to be
oriented in the z direction by an external electric field
(=100 V/cm), we have to include the dipole-dipole in-
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teractions in our calculations. The Hamiltonian reads [7]

1 1
H = JZb;rbj +§UOZn,~(ni - 1) +§U0'1 an’nj
(@.j) i C@.J)

+—UUZZninj+..., (3)

where b; is the annihilation operator of a heteronuclear
molecule at the lattice site i. The number operator »n;, the
Wannier basis w(r — r;), and the tunneling coefficient J
for molecules are defined similarly as in Eq. (1) [26].
However, the interaction part significantly differs from
that of Eq. (1). The coefficients U,, are defined as follows:
Uy, = [Iwir = )PViu(e — o)l — )P &r d*r,
where o = |r; — r;||k|/47 is the dimensionless intersite
distance. In particular, U, determines the on-site inter-
actions, U, the nearest-neighbor interactions, U,, the
interactions between the next-nearest neighbors, etc.
Consequently, the respective summations in Egq. (3)
must be carried out over appropriate pairs of sites which
are marked by (- - -) for the nearest neighbors, ({- - -)) for
the next-nearest neighbors, etc. In the 2D calculations
presented below, we have taken into account interactions
with up to four neighbors (o =1, o, = V2, o3 =2,
o, = \/5), since the effects of interactions of a longer
range are negligible. For polarized dipoles, the interac-
tion potential is

1 —3cos20 4mh3a
[r — /|3 M

Vi = d* 8(r —r'), “)
where the first part of Eq. (4) provides the dipole-dipole
interaction characterized by the dipole moment d and
the angle 6 between the dipole direction and the vector
r — r’. The second part of Eq. (4) represents the short-
range interactions given by the s-wave scattering length a
and the molecular mass M. We use the dipole moment as
0.3 a.u. [25], and assume the s-wave scattering length of
K-Rb molecule as a = ,/axagy, [27].

We have checked that the MI phase of these hetero-
nuclear molecules is indeed the ground state of the system
for a mean lattice filling factor equal to 1. We employ this
state as the initial condition for our dynamical calcula-
tions of the melting of the MI phase towards a molecular
superfluid. It is, however, interesting to note that, by
itself, the MI phase of dipolar particles offers promising
perspectives as a quantum computation device [20]. The
melting dynamics is analyzed by employing again a dy-
namical Gutzwiller ansatz, but with the Hamiltonian (3).
During the dynamics, we consider a first stage in which
we reduce the lattice trapping potential up to 4 in recoil
energy units of K—Rb molecules. This first stage allows
us to reduce the value of —U,/J, but the system remains
still in the MI state mostly due to the large contribution of
the repulsive dipolar on-site interactions to the U, coef-
ficient. This process can be performed relatively fast since
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FIG. 2. Melting of *' K-¥Rb dimers initially in the MI phase.
The plot shows the time evolution of the molecular superfluid
order parameter [(b;)| (solid line), which is the same for all
lattice sites. The dashed line refers to static calculations of the
ground state of the dipolar molecules placed in the lattice. Note
a very sharp transition from the MI phase to the SF one, that
occurs at t = (0.2 s. The frequency of the transverse confine-
ment was changed as w,(t) = wyy + (wsp — wpp)t/fy, where
oy /27 = 8 kHz, wgp/27 = 6 kHz, and ¢, = 0.65 s.

the MI gap guarantees the adiabaticity at this stage. In a
second (relatively slower) stage, we have found it more
convenient to modify the transversal confinement. As
shown in Refs. [7,15], the properties of the dipolar gas
strongly depend on the aspect ratio of the on-site wave
function. In particular, by reducing the transverse con-
finement, the on-site wave function becomes more elon-
gated in the transverse direction. As a consequence, U,
decreases [7], and the system enters into the SF phase.
Figure 2 shows this process. Because of the noncom-
pletely adiabatic evolution, the gas does not exactly fol-
low the expected stationary result, although very clearly
a SF molecular phase is accomplished. The ratio
—U,/J = 23.2 at which the transition from MI to SF is
close to the value expected for a 2D single-component gas
without a permanent dipole moment, because at the tran-
sition point the ratios U,/U, are small. As shown in
Fig. 2, this dynamical transition into the SF phase occurs
for realistic parameters in a time scale of 1 s. This
transition can be realized, 50 times faster, although the
dynamics is in such a case not as smooth as in Fig. 2. In
this Letter, we have analyzed the formation of a superfluid
of polar molecules. We have considered the loading of a
BEC of ¥Rb and #'K atomic species into an optical
lattice. The modification of the lattice potential produces
the dynamical transition into a MI phase with only one
atom of each species per site. The atoms can then be
photoassociated on-site. Once the polar molecules are
created, a molecular M1 is formed. By reducing the lattice
potential and modifying the transverse confinement, such
MI evolves into a molecular superfluid within a feasible
time scale. Eventually, a molecular BEC is formed. The
mechanism studied in this Letter provides a perspective
towards a dipolar BEC.
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