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We study a rotating two-component Bose-Einstein condensate in which an optically induced Josephson
coupling allows for population transfer between the two species. In a regime where separation of species is
favored, the ground state of the rotating system displays domain walls with velocity fields normal to them.
Such a configuration looks like a vortex split into two halves, with atoms circulating around the vortex and
changing their internal state as they cross the domain wall.

DOI: 10.1103/PhysReVvA.66.021602 PACS nuntBer03.75.Fi, 67.57.Fg, 67.90z

Vortex formation is generally viewed as an unequivocal To study this type of vortex structure, we analyze first a
signature of superfluid motion in atomic Bose-Einstein con+otating two-component condensate without optical coupling
densates. Both in one- and two-component systems, a nurfi-€., with impenetrable domain wallsind show that its be-
ber of vortexlike structures have been created and observetfvior is essentially that of a one-component system with a
[1,2] that confirm theoretical predictiori8—5]. The Joseph- @spl_aced axis pf r'ot_atlon. Then we show 'ghat vortex forma-
son effect between two weakly coupled condensates is afio" IS strongly inhibited because of the ability of the system
other paradigm of superfluid transport that so far has re’EO gam a_ngula( momentum by merely d|stan0|ng itsel from
ceived less attentiofi6—8]. In this paper. we present a the rotation axis. The picture changes qualitatively when a

bined studv of th fund | . ¢ Raman coupling is introduced to permit coherent hopping
combined study of these two fundamental properties of Supaqyeen the two internal states. Because the flow of particles

perfluid systems: vortex and Josephson dynamics. We stuqy 5 given state is no longer a conserved quantity, the circu-
the ground-state properties of a rotating double condensajgtion lines of a component can cross the domain wall with a
system in which the combined role of vortex formation andconcomitant decrease in their supporting superfluid density.
optical coupling between two different hyperfine states givesrhis results in a global structure of two asymmetrical vorti-
rise to a rich physical behavior. ces where matter is efficiently transported both in real space
A crucial consequence of the internal Josephson couplingnd within the hyperfine doublet.
is the generation of areffective attractionbetween both
atomic species due to the energy that atoms gain by choosing I. THE MODEL
a symmetric mixture of the coupled internal states. There-
fore, the most interesting physics is reached by combining In this paper we focus on double condensate systems such
this coupling with setups that otherwise favor species sepas those made of Rb at JILA], but this time in rotating
ration, such as a particular combination of atomic scatteringraps and with a permanent optical coupling between the
lengths[9,10] or a separation of the respective confining po-species. In the rotating frame of Ref5], the Gross-
tentials[11]. In these types of setups we find that the effec-Pitaevskii equations for the condensate wave functions read
tive attraction due to the optical coupling causes an increase
in the thickness of the domain wall where the two compo- iho,W,=
nents physically overlap. More important is the fact that, if
we add rotation to a Josephson coupled condensate with
separate domains, atoms can use the domain wall to mutate  ,  ,__
their internal state and shift between components in a con- T2
tinuous way. Combining this persistent current in the inner ) _ o
space with a persistent current in real space, the double cohl€r® H; correspond to the noninteracting Hamiltonians
densate may now easily create a vortex core for each conH, ,= —(A%12m)A+V(r— 1) —hQL,+4h 6, whereV(r)
ponent in the region where that component has a low density.=%mw2r2 is the trapping potentiak; is the center of the
Even for otherwise small values of the Josephson couplingrap for component, and(} is the angular speed. The mutual
thesesplit vorticessupport a net mass flow comparable tointeractionsU;; =47rﬁ2aij /m are proportional to the-wave
that of conventional vortices. The formation of these novelscattering lengtha;; . The last term in each equation models
structures is less costly in terms of angular speed because the optical coupling between species. This is a Josephson-
vortex of a given component is formed not within its own type coupling that allows atoms to change their internal state.
domain but in the opposite one, where its superfluid densitysince we focus on stationary configurations, the normaliza-
is low and the cost in kinetic energy is therefore small. tion of each wave function is fixedy;= [|W¥;(r)|?dr. Fi-
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FIG. 1. (a) Density profiles in scenarié for 1 =0. We show a

gray-scale plot of ;|2 (dark and a contour plot of,|? (solid
lines). The trap separation is indicated with dashed liflesType A

condensates for)=0.135. Gray-scale plot for the phase& (

=argy,), arrows for the direction of the velocity field/€V 6),
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FIG. 2. Scheme of an off-axis rotating trap. Both the center of
the trap and the trap itself rotate with angular sp&ed

tions that have lower energy, the so-called ground states.
Each of such solutions represents a stable, experimentally
realizable configuration.

We will consider two different scenarios in which the
double condensate exhibits domain walls, and which give
qualitatively similar results. The first case, which we call
“setup B,” corresponds to a situation in whicly;;=g5,
=N, g4,=2N, with a choice ofN=238. In this case the in-
equalityg§2> 011927 is satisfied and the domains form spon-
taneously 10] with no need for trap separation nor splitting,

and contour lines fofy,|2. (c) Separation of the atomic clouds and i.e.,X1,=0, m1=pu,.
(d) angular momentum as a function of the angular speed for sce- The second and most important scenario, which we call

nariosA (circles, solid ling andB (crosses, dashed lipneAll mag-
nitudes have been adimensionalized.

nally, ﬁg, is a tunable energy splitting in the hyperfine space

which controls the population of each component.

In this paper, we restrict our attention to axially symmet-
ric two-dimensional configurations which may describe
pancake-type trapil2]. In such traps the nonlinear param-

eter is affected by a corrective factd] andN; andN, are

“setup A,” corresponds to the case 8fRb [1] with param-
eter valuesgi gg):(élg4 33%aN (i.e.,N;=N,=N), and a

typical effective value oN=100. This type of condensate
has been studied in many previous experimental and theoret-
ical works. For®’Rb, the inequality mentioned above is close
to saturatio{10] and a separatior, = —x,=1 ensures the
formation of two different domains. The external splitting
takes small valuesy,— 1»,<0.01, and it does not influence
the results.

interpreted as the effective number of particles. To facilitate

the analysis, we introduce dimensionless variables/a,
and t=7/T. With this change andy;(x,t)=N; "¥;(r,7),
we write the equations for stationary states

ma= Y= Ny, (2a)

Hﬁ; 91l 2

Hothr= (2b)

Hz+§j: 92j|wj|2} Vo= Ny,

with rescaled HamiltonianskE 1,2)

Hi= 30— A+ (Xx—=x) 2+ Y2 +iQ(Xdy—ydy). (3

II. ROTATION WITHOUT JOSEPHSON COUPLING

Here we consider the cade=0. The existence of domain
walls implies that the motion of species is spatially con-
strained. Therefore, if we impose some angular speed to the
traps containing the condensates, each cloud tends to slip
tangentially to the domain wall. The density distribution is
similar to the case without rotation, but now, due to the cen-
trifugal force, the species separate a little and gain linear
speed. Together with the deformation of the clouds, this
mechanism permits acquiring a large amount of angular mo-
mentum without generating vortic¢Big. 1(d)], which only
form at very highQ) [>0.4 as Fig. 4a) shows.

In Fig. 1(a), we show the ground state of the rotating
double condensate system for=0, showing a structure of
domain walls that persists in the presence of rotation and

In Eq. (2), the splittingsd; are included in the chemical po- prevents the formation of vortices, as revealed by the phase
tentials. The parametér=2()z/w measures the intensity of and circulation patterns of Fig.(H). From Fig. 1c), it is

the optical coupling. Although it is widely tunable, in our evident that both the mutual repulsion and the rotation of the

work it will be spatially uniform and at most of order unity. trap increase the separation among species. The flow pattern
We have solved numerically E@2), looking for the solu- presents a curvature which is too smdig. 1(b)], and the
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FIG. 3. Rotating two-component condensate with coupling
=0.1, scenari® with N=100 and angular speddi=0.2.(a) Con-
tour lines for the moduli of the wave functiohg,| (solid line) and
|4,| (dashed ling (b) Contour levels forly,|, phase ¢=argy,,
gray scalg and velocity field ¢;=V argy,, triangles. (c) Con-
densate fluxe${)=|y;|%0 (", together with intensity of the optical
coupling, \| 4] ,|, along the liney=—0.097.(d) Position of the
vortex for a typeB condensate witlf)=0.28, as a function of the FIG. 4. (a), (b) Angular momentum per particl¢,, versus(
coupling. All units have been adimensionalized. and\, for type A andB condensates, respectivelg)—(e) Density
plots and(f)—(h) phase plots of states of a typerotating conden-

. . . . sate: A =0.315, 1=0.316 (¢), (f), 1=0.447 (d), (g), and Q
gain of angular momenturfFig. 1(d)] is due instead to the —0.474 (), (h). In (O)—(h) we plot both species sgparate(lal-

displacement of the condensat_e away f_rom thg origi_n. .. though they overlap All magnitudes are dimensionless.
To get a deeper understanding of this configuration, it is

useful to study the off—gxis rotation of a si.ngle comlponent IIl. ROLE OF JOSEPHSON COUPLING
condensate. It experiences a potentid(x,t)=3[x
—ro(t) JA(t)[X—rq(t)] with A(t) andr(t) rotating at speed In order to explain the role of Josephson coupling, let us

Q around a displaced axis, as depicted in Fig. 2. Thanks to first consider situatior. It is easy to show that the Joseph-

particular symmetry of the problefd3], the wave function son terms favor energetically the mixing of both species. In

for an off-axis rotating condensate can be written as a soluthe limit of strong coupling, they coexist in space even when

tion of the centered problem displaced a variable amount, their traps are separated. This is most intuitively appreciated
by inspecting the energy functional associated to &j.

Yoit(X,1) = beent &X_u,t)eimu.x/mf(t)_ 4) - B
° cenere E['lflll/fz]:f L1 Ha+ o Hoi,]
This tells us that the behavior of a condensate in an off-axis o 1o _
rotating trap is qualitatively similar to that of a condensate in +J i ]le il ¥l *—NRe(p1ip) | (D)

a centered trap: Vortices nucleate at similar angular speeds
and they all appear inside the condensed cloud. The differ- ling t by itself i inimized with luti
ence is that now the condensate has an additional source Epe coupling term by TIS€ll IS minimized with a solution

angular momentum due to its displacement with respect t&uch that arg, = argyy. The analogy with the off-axis rota-
the origin,LzocQ|u|zocQ(1—Qzlw2)*2r§. tion of a single condensafsee Eq.4)] suggests the varia-

. ; . tional wave function
These arguments, which are rigorous for the single con-

densate system, may be extended to the two-component con- o o

densate case when the overlap between clouds is small, g AX,y) e WY Zg T vy, (6)
meaning that vortices should appear in the center of the cor-

responding clouds even when each of the components is diSubstituting this ansatz into E@5), one gets an effective
placed from the axis of rotation. energy
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E~%(u—d)2+§u2+QUU—)\e‘“2+912Ce‘2“2, (7) conservation, which means that a large angular speed i; re-
quired to create them. However, for any nonzero coupling,

whereC is of order unity. Minimization with respect to the vortices may appeasutsidethe bulk of the clouds, at a vari-
velocity v leads tov = —Qu, and thus() favors separation. able distance from the origin. Placed at low-density regions,
More importantly, it is clear from Eq7) that\ effectively the twist of the phase requires less kinetic energy
decreases the repulsion between condensates. Thus, the seplak|*(V argy;)? and provides more angular momentum
ration u decreases with the strength of the optical couplingthan the mere separation of clouds.
and becomes zero for a strong enough value of the JosephsonIn Figs. 4a) and 4b), we plot the angular momentum per
coupling, \.. Both the repulsive interaction among bosonsparticle as a function of the Josephson coupling and the an-

and the rotation of the trap tend to inhibit mixture of speciesgular speed. The cliffs on the surface are due to the nucle-
thus increasing the value af,. For high enough, the two  ation of successive vortices. The separation of these vortices

components become essentially miscible. from thex=0 domain wall decreases very fast with increas-
ing \: Fig. 3(d) shows that, already for=0.05, the vortices
IV. VORTEX FORMATION become visible. The limih—07 for fixed Q is physically

smooth because in it vortices disappear continuously moving
The structure of matter flow in the condensate suffers aheir core to infinity, and carry a vanishing mass flow, as
drastic trasformation when the Josepson coupling is introevidenced in Fig. 4 by the decreasing height of the first step.
duced. The numerical results for setupsind B show that, At A=0, a much higher angular speed is needed to create
for some frequencies, the existence of a nonzero couplingortices, because these are necessarily off-ghire, Q
permits the formation of vortices that would be otherwise> (.45 is requireyl The main result is that a moderate optical
forbidden[Figs. 3a) and 4. These vortices involve a matter coupling (\~0.1) permits the formation of split vortices

flow which is orthogonal to the wall separating both conden-yjth important mass flow at lower angular velocities.
sates[Fig. 3(b)]. We note that the exact location of both

vortex cores depends on the intensity of the couplifig.
3(d)]. V. INTERNAL JOSEPHSON DYNAMICS

.The mathematical reason for this striking change !s that, The Hamiltonian(5) may be written as that of a nonrigid
wnk; a nonzero valuiI 0)': , the matter ;I_ow of eacrfl spefcl:les |sh endulum [8] with an effective interaction energy,
no longer conserved. Assuming a divergence-free flow, t _Eijgijo'ij(_l)lﬂv WhereaijEflwilzlelz, and an effec-

equation of continuity along the trajectory of a boson be- . . X —
quat inurty 9 J y S tive Rabi frequencyog={gS1,, With s1,= [ #14,. The con-

comes S ;
clusion is that, for the setups considered hexes(Q.5), the
a||? _ | ,|? internal two-state dynamics lies in the collective Josephson
o V1T TAREg) =~ — v, (8)  regime (wgr/N<E.<Nwg/2), while in the JILA experi-

ment[6], where no walls are formed, the same dynamics lies

Thus, as the current line is closed around the origin, there i# the noninteracting Rabi limitE.<2wg/N).
an exchange of bosons among components. A typical boson
flowing around the origin suffers a transformation from state
|1) to |2) and vice versa as it completes a circle.

Physically, there is a fundamental reason why bosons are This work has been partially supported by the Ministerio
transferred from one component to the other. Ker0, vor-  de Ciencia y Tecnologi under Grant Nos. BFM2000-0521
tices must lay inside each condensed cloud, due to curremind PB96-0080-C02.
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