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We consider a binary dipolar Bose—Einstein condensate confined in a rotating harmonic plus quartic potential trap.
The ground-state vortex structures are numerically obtained as a function of the contact interactions and the dipole—dipole
interaction in both slow and rapid rotation cases. The results show that the vortex configurations depend strongly on
the strength of the contact interactions, the relative strength between dipolar and contact interactions, as well as on the
orientation of the dipoles. A variety of exotic ground-state vortex structures, such as pentagonal and hexagon vortex lattice,
square vortex lattice with a central vortex, annular vortex lines, and straight vortex lines, are observed by turning such
controllable parameters. Our results deepen the understanding of effects of dipole—dipole interaction on the topological

defects.
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1. Introduction

During the past decades, topological defects, such as

341 and merons,>% have

quantized vortices,!?! skyrmions,|
attracted a lot of interest in many branches of physics ranging
from condensed matter to high-energy physics. The success-
ful realization of multi-component Bose—Einstein condensate
(BEC) in experiment offers us an effective platform to study
such defects due to the highly controllable parameters.!”! Var-
ious ground-state structures and dynamic properties are pre-
sented in the two-component BEC system. [8-11]

Recently, the dipolar BECs with large magnetic moment
atomic species have been realized successfully in practical
experiments.['?~13] Different from the isotropic contact inter-
action, the dipole—dipole interaction (DDI) is anisotropy, and
not only attractive but also repulsive, relying on the angle 0 be-
tween the polarization axis and the vector r between the two
dipoles. The DDI has been discussed as an important tool for
studying multibody physics, which provides means for quan-
tum computation, quantum magnetism simulation, and the re-
alization of various topological defects.!1%!7]

In practical experiments, BECs are usually confined by
external potential; the ground-state and dynamics proper-
ties of BEC are significantly affected by different shapes
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of external potential. Very recently, a binary dipolar con-
densate, which consists of dipolar and scalar atoms, has
drawn considerable attention. However, most of the previ-
ous studies have focused on harmonic potential,['3!° optical

lattice,!?-23 toroidal trap,>*!

concentrically coupled annular
trap, 2321 and so on. In such situations, a large number of ex-
otic ground-state structures are observed due to the presence
of DDI. The only drawback of such potential lies in the fact
that the rotational frequency cannot exceed the frequency of
radial trap oscillator, and thus one cannot reach the fast rota-
tion region.

In this paper, we are interested in a typical toroidal trap,
which is known as the Mexican hat potential and consists of
a harmonic plus quartic potential.[*”?8] The ground-state of a
two-component miscible BEC confined in this trap has been
studied in Ref. [29]. Soon after that, the ground-state proper-
ties of Rashba spin—orbit-coupled spin-1/2 BEC in the same
trap have been studied by Wang er al.*”! In what follows,
we will study the ground-state properties of a rotating dipo-
lar BEC confined in this harmonic plus quartic potential trap,
and investigate the effects of strength and orientation of DDI,
contact interaction, and rotation on the vortex properties of
dipolar BEC.

*Project supported by the Sichuan Province Education Department Key Natural Science Fund, China (Grant No. 17ZA339), the Chongging Research Program of
Basic Research and Frontier Technology, China (Grant No. cstc2014jcyjA50016), and the National Natural Science Foundation of China (Grant No. 61504016).
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The rest of this paper is organized as follows. The theoret-
ical model describing a quasi-two-dimensional (Q2D) binary
rotating BEC under the harmonic plus quartic trap is intro-
duced in Section 2. The main numerical results of the ground-
state vortex structures under both slow rotation and rapid rota-
tion are presented in Section 3. Finally, the main conclusions
are summarized in Section 4.

2. Theory model

We begin with a rotating binary dipolar BEC, which con-
tains atoms with magnetic dipoles (denoted by component 1)
and scalar atoms (denoted by component 2), and is confined to
a Q2D harmonic plus quartic trap in the x—y plane. Within the
framework of zero-temperature mean-field theory, the ground
state and dynamics of such a system can be well described by
the following coupled Gross—Pitaevskii (GP) equations

indy (rt)/ot
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where m; is the atomic mass of component i, and we sim-
ply assume that the masses of the two component atoms are
equal as m; = my = m; £ is the effective rotation frequency
of the system. The coefficients U = Uy = 477:h2a1 1/m and
Uy =Up = 477:h2a12 /m are the intra- and inter-component
interaction strengths, where a;; is the corresponding s-wave
scattering length between atoms. L, = —if(xd, — yd,) is the
orbital angular momentum of z-component. The wave func-
tions are normalized as [ (|1 (r,1))> + |wa(r,1)[*)dr = N with
N being the total number of atoms in condensate.

When all dipoles are polarized along the same direc-
tion by an external field, the explicit dipole—dipole interaction
reads!!!

Caq 1 —3cos? 0

n_
Uga(r r)—47r P

; 2
where Cyqq = pou? describes the strength of the DDI for mag-
netic dipoles, with y and u respectively being the vacuum
magnetic permeability and the dipole moment of the atoms. 6
is the angle between the polarization axis and the vector 7 be-
tween the two dipoles. The external potential which is known

as the Mexican hat potential can be written as!>!

1 2 r2 2
V(r) = S Moy {Vo(ao—aoro> ]

1 2 ?
= Shoy {%(%Vo) ] 3)

where ®, is the radial oscillation frequency, ap = \/fi/mw,
is the oscillator length, Vj and ry are dimensionless constants,
and r = \/x2 +y? is the radial coordinate. The lowest point
of the trap is (faogrp, 0), and the highest center point of the
trap is (0, he, Vord/2). Without loss of generality, we are
particularly concerned about the case with Vo =0.5and ro =5
by introducing the scales characterizing the trapping poten-
tial: the length ag, and time 1/@, , which can also be realized
in real experiments. Therefore, the dimensionless coupled GP
equations can be rewritten as
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where B;; = 4nma;N and B, = B1 = 2mapN are correspond-
ing to the strengths of intra- and inter-component interactions,
respectively. The dimensionless wave functions are normal-
izedas [ (|w1(n0)* + w2 (r,0) ) dr=1. L = —i(xd, — ydy) is

the dimensionless orbital angular momentum of z-component

2
_ _ Hop’m
and €qq = daa/ds = 150

ing length for contact interaction of dipolar component; hence

where ag is the s-wave scatter-

agq can be interpreted as “dipole length”, which is defined as
agq = Cgam/ (3#).131 The DDI provides an attractive interac-
tion in the case of €4 < 0, and vice versa. Meanwhile, for
€4q < 1, the short-range part of intra-component interaction
dominates and the DDI provides a correction; however, for
large values of €4 > 1, the long-range DDI dominates, and
the strong restriction of the quartic potential will prevent the
system from collapsing; it can keep the system stable even
though the DDI reaches to 3.

3. Results and discussion

By numerically solving the dimensionless coupled GP
Eq. (4), we can obtain the ground-state vortex structures of the
system within an imaginary-time propagation approach. 3233
We prepare reasonable initial wave functions for such two
components, and then propagate such functions in imaginary
time to reach a stable state. We have to note that in the pres-
ence of quartic trap, although the rotation frequency is larger
than the confined oscillator frequency of harmonic potential,
the BEC can keep stable for the strong confinement of quar-

tic trap; in other words, we can study the ground state of

010308-2



Chin. Phys. B Vol. 28, No. 1 (2019) 010308

this system for both slow rotation (2 < 1) and rapid rota-
tion (2 > 1). Meanwhile, the DDI introduces another con-
trollable parameter, which leads to a much larger parameter
space. Therefore, we can expect that a variety of exotic vor-
tex structures will be exhibited in this system. Without loss
of generality, in this paper, we try to simplify the situation
by choosing equivalent intra-component interaction constants
as B = Bi11 = B = 100 and investigate various ground-state
vortex structures as a function of inter-component interaction
B12, DDI, and the rotation frequency. In what follows we first
study the slow rotation case, and then move to the rapid rota-
tion case.

3.1. The ground-state vortex structures for slow rotation

We begin with the case of slow rotation. Figure 1 shows
the density and phase distributions of the system for different
inter-component interactions and DDIs. We can consider the
condition of 6 = 7/2 firstly; under this condition, the DDI is
purely repulsive and isotropic. In the absence of DDI, the sys-
tem shows phase coexistence or phase separation, depending
on whether B11Bx2 < B2 or Bi1Bx > B2. Typical examples

(a)

are shown in the first column of Fig. 1(a) for B = 50 and
P12 = 250, corresponding to the first and third rows, respec-
tively. For the coexistence case, both the dipolar and scalar
components are mixed and circularly distributed around the
lowest potential energy point (r = +rp). In addition, three
hidden vortices are formed at the center of the circles in the
When the DDI is introduced and takes a
small value, such as g49 = 1, the effective repulsive interac-

two components.

tion in dipolar component increases, and its density expands to
the outside and inside. Compared with the scalar component,
three hidden vortices in the dipolar component are separated
from each other, as shown in the second row of Fig. 1(b). In-
creasing the DDI to £44 = 2 (see the first two rows of Fig. 1(c)),
the density distribution of dipolar component is further ex-
panded. In this case, five visible vortices appear in the dipolar
component, and a central vortex is surrounded by four vor-
tices. For a larger value of DDI, such as €49 = 4, the den-
sity and phase distribution are shown in the top two rows of
Fig. 1(d), where the central vortex is destroyed by the strong
repulsion of dipolar component, and the other four vortices are
distributed as square vortex structure.

2ALL/P P

Fig. 1. Typical two-dimensional atomic density and phase profiles of slow rotation for different inter-component interactions (1, = 50

in the top two rows and 1> = 250 in the bottom two rows) and DDIs. The strengths of dipolar interaction are set as (a) €gq =

0, (b)

€4d = 1, (¢) €49 = 2, and (d) €44 = 4 for the top two rows, and (a) €gg = 0, (b) €qq = 2, (¢) €44 = 3, and (d) €49 = 4 for the bottom two

rows. Other parameters are set as = 0.7 and 6 = 7/2.

For the phase separation case (1, = 250), the density and
phase distribution are shown in the bottom two rows of Fig. 1.
The dipolar component and scalar component atoms are sepa-
rated from each other due to the strong repulsion between the
two components without DDI, which is shown in Fig. 1(a). In
the presence of DDI (g44 = 2), the density of scalar compo-
nent is separated to two parts and surrounded by the dipolar
component, and the density of dipolar component is expanded

and forms a central visible vortex. If we increase the DDI to
larger values as g9 = 3 and &9 = 4, which are shown in the
bottom two rows of Figs. 1(c) and 1(d), respectively, the den-
sity of scalar component forms an annulus distribution and is
surrounded by the dipolar component. Similar to the phase
coexistence case, the effective repulsive interaction of dipolar
component increases with the increase of the DDI. Moreover,
the hidden vortices in the dipolar component become visible
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and form regular vortex lattices with a central vortex, such as
pentagon and hexagon.

3.2. The ground-state vortex structures for rapid rotation

We now move to the case of rapid rotation 2 = 2.5. For
the phase coexistence case and in the absence of DDI (see
Fig. 2(a)), both dipolar and scalar component atoms are dis-
tributed in the lowest potential energy of annulus, which is
similar to the first row of Fig. 1(a). But the scope of density
area is much narrower than that in Fig. 1(a). Moreover, we can
see that the number of hidden vortices is much larger than that
in Fig. 1(a) too. When the DDI is introduced and increased to
€4q = 1, typical density and phase distributions are shown in
the top two rows of Fig. 2(b). On the one hand, the annular
condensate of dipolar component becomes wider, and on the
other hand, most of the hidden vortices move from the center
of the annular condensate to the inner edge. Meanwhile, some
of them become visible and form a vortex ring in the annular

\|/

AW //l\\
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0000 0%:9 Q/
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x

condensate. We have to note that although some of the hidden
vortices in the scalar component are also moving outward, the
condensate is compressed too thin to form visible vortices. As
the DDI increases to €34 = 2, shown in the top two rows of
Fig. 3(c), a visible vortex ring is formed in the annular con-
densate of dipolar component. Interestingly, a hidden vortex
ring, together with a high-order hidden vortex, is formed in
the central region. However, the scalar component atoms form
a robust annular stripe condensate in the place of the visible
vortex ring of the dipolar condensate. This robustness of the
annular stripe condensate actually prevents the movement of
its own vortices and the formation of visible vortices. Finally,
if the DDI increases to an even larger value, such as €49 = 4,
shown in the top two rows of Fig. 2(d), the number of visi-
ble vortices in dipolar component further increases, and more
and more visible vortices are formed in the annular conden-
sate. However, the scalar component is also compressed into
an annular stripe condensate with hidden vortices.

Fig. 2. The typical two-dimensional atomic density and phase profiles of the slow rotation case for different inter-component interactions
(B12 = 50 for the top two rows and 31, = 250 for the bottom two rows) and DDIs. The strengths of dipolar interaction are set as (a) €49 = 0, (b)
€qd = 1, (c) €49 =2, and (d) g9 = 4 for the top two rows, and (a) €gg = 0, (b) €49 = 0.3, (¢) €4g = 2, and (d) &gq = 4 for the bottom two rows.

Other parameters are set as 2 = 2.5 and 6 = /2.

The bottom two rows of Fig. 2 show the vortex structures
and its associated phase profiles for a larger value of inter-
component interaction i, = 250. In the absence of DDI (see
Fig. 2(a)), the dipolar and scalar component are distributed in
the lowest potential energy area, but both of them are separated
into five lumps and alternately arranged. When a small DDI
(€44 = 0.3) is introduced (see Fig. 2(b)), the density distribu-
tions of the two components are melt into three lumps. Further
increasing the DDI to &4 = 2 (see Fig. 2(c)), a novel vortex
structure is formed, the dipolar component forms a shell, and
the empty parts of the annular dipolar component are filled by

the scalar component. In the meantime, the vortices of dipolar

component are located in the empty part. Interestingly, when
the DDI is further increased to €44 = 4, there are two annu-
lar condensates with two annular vortices lines alternately ar-
ranged in the dipolar component. The density of scalar com-
ponent is distributed between the two annular condensates of
dipolar component. The condensates of dipolar and scalar
components form the ball-and-shell vortex structures. Further-
more, the dipolar component condensate occupies the outside
and forms a shell, while the scalar component with small in-

teraction occupies the internal position and forms a ball; these

phenomena are shown in the rightmost column of Fig. 2.
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3.3. The ground-state vortex structures for 6 =0

Finally, we will consider the case that the polarization
is parallel to the condensate plane. For the sake of sim-
plicity, we now assume that the direction of polarization is
along the x-axis (8 = 0). In this case, DDI is attractive along
the x-direction and repulsive along the y-direction. Figure 3
shows the typical density and phase distributions of this sys-
tem for varied inter-component interaction, rotation frequency,
and DDI. The ground-state vortex structures for slow rotation
(£2 = 0.7) are shown in Figs. 3(a) and 3(b), while figures 3(c)
and 3(d) are for rapid rotation (2= 2.5). The top two rows
of Fig. 3 are the density and phase distributions for § = 100
and B> = 50, and the bottom two rows are the density and
phase distributions for f = 100 and f;2 = 250. The density
and phase distributions without DDI can be seen in Figs. 1(a)
and 2(a). A weak DDI, such as €34 = 0.5, can induce a self-
induced squeezing of the cloud along the y-axis, because they
are attractive in the x-axis direction but repulsive in the y-axis
direction; therefore, a vortex line is formed along the x-axis
However, the weak DDI in
dipolar component and inter-component interaction cannot de-
stroy the rotation symmetry of the scalar component; the den-
sity distribution also keeps a ring-like profile, which can be

between two semicircle planes.

seen from the top two rows of Fig. 3(a). With the increase of
DDI to €44 = 3, one can see from Fig. 3(b) that more and more
density stripes and vortex lines are formed and parallel to the
x-axis. It is easy to find out that the number of vortices in the
dipolar component condensate increases with DDI.

For the rapid rotation (£2 = 2.5) case, the density and
phase distributions are shown in the top two rows of Figs. 3(c)
and 3(d). More density stripes and vortex lines are formed
and paralleled to the x-axis in the dipolar component when the

[ s—
o O
C)c

B
L'

1%

> 0

4™

440 4
T

DDI is €49 = 0.5. The strong centrifugal force produced by
rapid rotation repels the dipolar atoms to the outside, while
the anisotropic DDI repels them to the y-axis; therefore, most
dipolar atoms are repelled outside and form stripes along the
x-axis. When the DDI increases to €3q = 3, the strong DDI can
overcome the centrifugal force, and the condensate density in
the center increases to the same thickness as that in the edge.
Although the density distribution of the dipolar component is
obviously changed by the DDI, the density distribution of the
scalar component is not changed and kept the profile of ring-
like stripe, which is shown in the top two rows of Fig. 3(d).

The bottom two rows of Fig. 3 show the density and phase
distributions of the system for the phase separation case with
Bi12=250. For slow rotation case (2 = 0.7) and weak DDI
(€44 = 0.5), the density distributions of dipolar component are
squeezed as two stripes along the x-axis, and the dipolar com-
ponent condensate of the two stripes divides the ring-like con-
densate of the scalar component into four parts, as shown in
the bottom two rows of Fig. 3(a). When the DDI increases to
€44 = 3, four stripes are formed and vortex lines are distributed
between them; however, the four parts of scalar condensate are
reconnected in the two bottom rows of Fig. 3(b).

For the rapid rotation case (2 = 2.5), the density and
phase distributions are shown in the bottom two rows of
Figs. 3(c) and 3(d). It is easy to find out that the weak DDI can
induce two high density stripes and three low density stripes,
which are alternately arranged. Further increasing the DDI to
€44 = 3, the number of stripes increases and the scope of the
stripes becomes smaller and smaller. In addition, three vortex
lines are formed among these density stripes. The condensate
of scalar component is divided into four parts too.

(d)

Fig. 3. The typical two-dimensional atomic density and phase profiles of the slow rotation case for different inter-component interactions
(B12 = 50 for the top two rows and 1, = 250 for the bottom two rows) and rotation frequencies: (a) and (b) 2 = 0.7, and (c) and (d) 2 =2.5;
for different DDIs: (a) and (c) €44 = 0.5, and (b) and (d) &34 = 3. Other parameter is 8 = 0.
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As discussed in our previous work,?% 32Cr, 194Dy, and
168y are candidate for observing the described effects in ex-
periment. Dipolar component 1 and nondipolar component 2
consist of states with spin projections m; = —J and m; =0, re-
spectively. The typical particle number is about 10°-10° and
the unit length is ag = 1 pm, which is the typical unit length in
BEC experiments. The two-body interaction between atoms
can be controlled by modifying atomic collisions through the
precise control of scattering lengths by magnetically tuning
the Feshbach resonances. The DDI must be combined with
the reduction of the contact interaction via the optical Fesh-
bach resonances. Within the existing experimental techniques,
these parameters can be realized experimentally.

4. Conclusion

In summary, we have investigated the combined effects
of DDI, inter-component contact interaction, and rotation on
the ground-state properties of a two-component dipolar BEC
confined in a harmonic plus quartic trapping potential. Both
slow and fast rotation cases are considered. Different from
previous studies, the special external potential considered in
the present work allows us to reach fast rotating region. A
variety of ground-state vortex structures, including ring-like
stripes, square, pentagonal and hexagonal vortex lattice, annu-
lar vortices lines, and straight vortex lines, are presented by
adjusting the strength and orientation of DDI and the inter-
component interaction. Our results show that the DDI is a
powerful tool for exploring various topological defects in de-
generate quantum gases.
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