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Creation of a persistent current and vortex in a Bose-Einstein condensate of alkali-metal atoms
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It is shown theoretically that a persistent current can be continuously created in a Bose-Einstein condensate
(BEC) of alkali-metal atoms confined in a multiply connected region by making use of a spin degree of
freedom of the order parameter of a BEC. We demonstrate that this persistent current is easily transformed into
a vortex. Relaxation processes of these BEC after the confining field is turned off are also studied, so that our
analyses are compared with time-of-flight experiments. The results are shown to clearly reflect the existence of
a persistent current.

PACS numbgs): 03.75.Fi, 67.40.Vs, 05.30.Jp

[. INTRODUCTION dently by Ho[8], whose calculations turned out to be equiva-
lent. This framework is based on the Bogoliubov theory ex-
Since the discovery of Bose-Einstein condensation irtended to a vectorial order parameter with three components,
alkali-metal atomg$1], numerous attempts are made to showcorresponding tang=1, 0, and—1 of theF=1 atomic hy-
that the system exhibits superfluidity. One of these attemptperfine state. As a result, the generalized Gross-Pitaevskii
is to create and observe quantized vortices. Recently the voequation was constructed. They calculated low-lying collec-
tex is indeed created2] using a two-component Bose- tive modes such as sound waves, spin waves, and their
Einstein condensat@BEC). coupled modes, and predicted various topological defects or
In the present paper, we propose a method to create a statpin textures.
with a persistent current or a vortex, where the hyperfine spin This paper is organized as follows. In Sec. |, the order
F of alkali-metal atoms is fully utilized. This method was parameter of a BEC witk =1 is discussed. We employ two
briefly reported on in Ref.3], and more detailed theoretical sets of basis vectors, and their transformations are also con-
and numerical analyses are made in the present paper. Asidered. Then the generalized Gross-Pitaevskii equation is

though we restrict ourselves mainly to the c&sel to sim-  introduced. In Sec. lll, we consider the cross disgyration
plify our discussions, our method is also applicable to casetexture which is expected to appear in an loffe-Pritchard trap.
with an arbitraryF. Section IV is the main part of the present paper. We first

A BEC with F=1 may be expressed in terms of a three-consider an axially symmetric BEC without a current con-
component order parameter, similarly to the spin or the orfined in an loffe-Pritchard trap with an optical plug. A strong
bital part of superfluid®He. In particular, a spin-polarized magnetic field is applied along the axis of the BEC. Then the
BEC has the same order parameter as thatH#-A [4]. In  sign of this axial magnetic field is adiabatically changed so
the case where the spin-exchange interaction is ferromadhat the local magnetization vector flips in the end of this
netic, the BEC is spin polarized even in the absence of aprocess. Then it is shown that a persistent current with two
external magnetic field. Even when the spin-exchange intemdnits of circulation is created. If the optical plug may be
action is antiferromagnetic, it may also be spin polarizedfurned off at this stage, we are left with a vortex line. The
provided that the Zeeman energy is larger than the spintopological justification for this behavior is also given. Ob-
exchange energy. Accordingly, each of the weak-field-servational consequences of the existence of a quantized vor-
seeking states and strong-field-seeking states has the sate or a persistent current are discussed in Sec. V, where the
order parameter as ifHe-A. relaxation of the order parameter after the confining fields

In contrast with 3He-A, the local order parameter con- are turned off is studied. Section VI is devoted to a summary
figuration, known as gexturein 3He[4], of a spin-polarized and discussions.

BEC may be easily controllable by a magnetic field. Making
use of this property, a BEC in a vortex state or with a per-
sistent current can be continuously created from a BEC with-
out circulation by adiabatically changing an external mag- A. Spinor order parameter
netic field, as shown below. Quite recently topological

. . o Let F, (a=X,y,z) be the angular momentum operators
mampulatlon O.f a BEC with m_t_er_nal degrees of freedom WaSyith F=1. The eigenvalues df, are 1, 0, and-1, and their
realized experimentally by utilizing that freeddi.

The general theoretical framework for describing a spinorCorresDondlng eigenvectors, that safiBtyi)=ili), are

II. SPINOR BOSE-EINSTEIN CONDENSATE

BEC [6] was given by Ohmi and Machid&], and indepen- 1 0 0
H={ 0], 1o=|1], [-1H={0/. @
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In this basis, called the-quantized basis;, is represented
as
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in the XY Z basis, wherey=\=,[¥,JZ andm andn are real
unit vectors. We also define

(0t i=mxn, 9
F.=—|1 0 1],
V2 0 1 0 which represents the direction of the atomic hyperspin. The
three real vectorsng,n,i) form a triad.
0 -1 0 In the above explanation the direction of the axis of quan-
i tization is namedz. We may take this direction to be arbi-
Fﬁﬁ 1 0 -1y, (2)  trary. When the axis is parallel to the direction of the mag-
0 1 0 netic field B in this papey, the Zeeman energy term is
written most simply. We call thi8-quantized BQ) notation.
1 0 O When the direction of the axis does not vary spatially and
00 0 parallel to thez axis, we call thisz-quantizedZQ) notation.
Fo= ' The kinetic-energy term is written simply in this way. The
0 0 -1 numerical details are given in the Appendix.
which satisfy  the commutatior) reIation[F_a Fgl B. Gross-Pitaevskii equations
=iF ,&,p,. The order paramete®') is expanded in terms _ ) )
of |i) as The time-dependent form of the Gross-PitaevsiiiP)
equation with a spin-degree of freedom obtained by Ohmi
_ and Machidd 7], originally in theXY Z basis, can be rewrit-
|‘I’>:i:0+l Wili). (3 tenin ZQ notation as
J
It is convenient for our purposes to introduce another set i—WP:=!h+0,0; 2 |w, |2
. . . ot ) ik njk I
of basis vector$a) (a=x,y,z) called theXY Zbasis which !
satisfyF ,|a)=0. Note thaiz)=|0) by definition. The vec-
tors|x) and|y) are obtained by rotating) around they axis +02 (\P,(Fa),pllfp)(Fa)jk]\Ifk, (10)
and thex axis by * 7/2: a Ip
where
T 1
|x>=exp(—lng)|z>=E<—|1>+|—1>>, @ ro
hjk(r):< ~ m _,U«+V(r))5jk_3jk, (11
T i
|y>:eX IEFX |Z>:E(|l>+|_1>) (5) Bx_iBy
B, N 0
Then the order parametg¥) may be decomposed in terms _ .
of |a) as f= B, +iBy 0 B,—iBy (12)
V2 V2
V)= 2 V,la). (6) B.+iB
a=X,y,z 0 X y -B
z
V2

The component¥’; andWV , are related to each other as

-1 i
vy |7 & |
¥y |=] 0 o0 1||w, @)
v, i |_ 0 v,

V2 2

In a spin-polarized BEC, the weak- or strong-field-
seeking state is represented by an order parameter

0 8

‘/, i in
\/Ee (m+in)

m is the mass of an atom, ai¥ (B, ,B,,B,) is a magnetic
field scaled so that the amplitude is the Zeeman energy of the
atom. The potentiaV(r) is spin independent, andj =0,

+1 are the spin indices in the ZQ basis. The parameajgrs
and g5 denote the strength of the interactions. The relation-
ship betweenB,,B,,B,) and is explained in the Appen-
dix. Time-independent solutions of GP equation are obtained
by solving

0= hjk+gn5jk2| w2

+0s> % T (FipP)(Fi P, (19
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The above equations are derived from the Hamiltonian

H=J dr> W (nhy(NW(r)
jk
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ov [ H2V?

o om _:U“+V(r)1B(r)+(gn+gs)|q’|2]\P-

(19

In ; ; We have ignored the small corrections, which come from the
5 > Wi(NW (W (r)w;(r) spatial dependence of the quantization axis, to the kinetic-
Ik energy term. This is the usual GP equation without the spin

Os 2 degrees of freedom.
t5 > (E WIN(F)p¥u(n| - (14 WhenB,=0, the order parameter with the highest eigen-
a K value, corresponding to the strong-field-seeking state, is

Ill. STRONG- AND WEAK-FIELD-SEEKING STATES
IN AN IOFFE-PRITCHARD TRAP

We consider a system of BEC which is uniform along the
z axis. The cylindrical coordinates=(r,¢,z) are intro-
duced. Suppose that an loffe-Pritchard field

B=(B,(r)cos¢,—B,(r)sin¢,B,) (15

is applied to the system. We consider a two dimensional
system of a BEC, uniform along treaxis, in the following
calculations. SdB, is treated as a constant, which differs
from the usual loffe-Pritchard field. There should be a blue-
detuned laser beam penetrating along zhexis to prevent

1 .

—alo

5€
v, 1
Vo | =y E e, (20)
v,

“aid

5e

wherew is an integer andy is the amplitude of®. In the
XY Z basis, this is rewritten as

the atoms from escaping from the trap by spin flipping. Ohmi o1
and Machidd 7] showed that there appears the cross disgy- —| E sing
ration whenB,=0. ¥,
Let us derive the configuration of the condensate in this 1 W
system. TheB matrix [Eq. (12)] becomes Wy [=y| —i 2 cose | €™ (21)
. v
B B e’ 0 Z 1
z 1 \/E E
efi¢/> e|¢
B=| B, 2 0 BLE : (160 The correspondingn, n, andi vectors are
—ig N : : .
0 Bi%f’ B, M= (sin ¢ Sin(W ), coS¢h SiN(W ), cog W b)),
2

The eigenvalues oB are £B and 0, whereB= \/Bf + BZ2,
and the corresponding eigenvectors, denotedi iy, are

(BxB,e'®

1
|=Leo=5g| *V2B. |, (17)
(B¥B,e ¢
_ wri
— BL e|¢
1
B,e ¢
The vectorg1)pg and|— 1)gq are identified with the strong-
field-seeking state and the weak-field-seeking state respec-
tively. Accordingly when the whole system is in the strong-
or the weak-field-seeking state, the order parameter is written
in terms of these vectors a¥)=¥(r)|*=1)gy. The BY
term in Eqs.(10) and(11) is then simplified to=B(r)W¥, so
that the GP equation takes the form or

063610-3

n=(— sing oYW @), — COS COIW ), SINWh)),
(22

T=(cos¢,—sin¢,0).

In the weak-field-seeking state, the order parameter is
tten as

1.

el

29
v, 1
Yo =y —E ee (23
Vo,

1
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1 ’ B,=B,,cog w(1—t/T)], (26)
—i—=sin
V2
v, L B, =Bl rsifa«(1-t/T)],
Yy | =y¢| —i—=cos¢ | e"?. (24)
s V2 wheret is the time. The factors of the field are taken to be
z 1 B//h=200 J/0 um) andB,,/h=2x10* J/h (note that
-— the scaled magnetic field represents the Zeeman energdy and
V2 is the Planck constantOne finds from Eq(26) thatB, flips

from —B,, to B,g, so thati also flips in the end of the

Th i iad i . .
e corresponding triad is evolution. The Larmor frequency i®, ~0.6x 10> Hz for

S (e ; ; _ B/h~2x10° J/h. Thus o, T~18. The spin-independent
m= (sin¢ sin(w¢), cos¢ sin(we), —cogwe)), potential is L
N=(=sin¢ coYW¢), —cosp cos W), —sin(we)),
(25 m(2mv)? r?
V(r)=Tr2+U exp — =/, (27
o

[=(—cosg,sine,0).

with »=200 Hz, U/h=1x10* J/h andro=5 um. The
first term of Eq.(27) is the confining potential, while the
second term is the potential produced by the optical plug.

We obtained the order parameter profile by numerical in-
tegration of the time-dependent GP equaltid@). The initial

In the present Sectiorh we propose a Simp|e method t§tate is taken to be the grOUnd state with no circulation. The
create a persistent Currdm‘nd also a vortex Sta)tm a torus- magnetic field Changes the direction SlOle from upward to
shaped BEC from a state with no persistent current. Then #ownward according to Eq26), as shown in Fig. (&), so
will be shown that this persistent current is easily transthat the atoms remain in the strong-field-seeking state. The
formed to a vortex. change in the number of theh component,

In the following we consider two cases separately. In case
I, the condensate is confined optically and the spin of each
atom points the direction of the magnetic field. That is, the Nk(t):f Wy (r,t)|?d’r  (k=—1,0,1) (28)
atoms are strong-field seekers. In case I, the magnetic field
is also used to confine the condensate. The spin of atoms
points are antiparallel to the magnetic field, and the atom&
are weak-field seekers. The former case has an advantage in
its theoretical simplicity. On the other hand, the latter case
does not require an apparatus for optical confinement except
for the repulsive plug around=0, and can be realizable
more easily.

In the following discussions we consider a BEC of Na
atoms with F=1. The mass of the atonm=3.81
X 1028 kg, the interaction parameterds=4m#%a/m, and

This T vector field in both Eqgs(22) and (25) clearly repre-
sents the cross disgyration.

IV. CREATION OF VORTEX

shown in Fig. 1b). The total particle density
n(r, =2 [¥(r,0)? (29

changes with the magnetic field, as shown in Fig).1
The resulting triad configurations are shown in Fig. 2 for
t=0, 15, and 30 ms. Figure(® shows the initial vector

: . . fi ions. Fi h h fi i
a scattering lengtla=2.75< 10 ° m is employed. We ig- configurations. Figure (B) shows the vector configurations

nore the other interaction parametgg. This is possible Whent=15 ms. Thel texture IS nothing but.the cross dis-
since the whole condensate is assumed to be in either @Yration explained in Sec. lil sindg, now vanishes. We see
strong- or weak-field-seeking state as a whole in the followthat the vectorsn and n rotate around by 2w as we go
ing. In those states the interaction terms in the GP equatioAround thez axis once. Finally whet=30 ms, we obtain a
are reduced as shown in Ed.9). texture withl almost points up everywhere. The vectans

The particle density is taken to be around®@n 2, and  andp rotate around by 47 as one goes around thzeaxis

the detailed dens_|ty profile is given In each figure. The_ tlmeonce in this case, and one finally obtains a unifértexture
span of the persistent current creation process30 ms is

h : this is betwedthe L p "1 with a circulation with a winding number 2.
chosen, since this IS be weethe Larmor frequendy Now that a persistent current is created, it is easy to trans-
~1 msec and the lifetime of the condensaté sec.

form this into a vortex. The BEC haska= 1 component only
at t=30 ms. Then there are no atoms near the ax<

A. Case I: optical confinement since the centrifugal force prevents the atoms from coming
The external magnetic fielB(r, ¢,z) takes the form close to the axis. Thus one may simply turn off the optical
plug to obtain a vortex. The details are analyzed in Sec.

(Bx,By)=B, (cos¢,—sing), IV B.
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FIG. 1. The process of the persistent current creation in case
(@) Magnetic field atr=10 um as a function of time. Because
B, «r, the total magnetic field varies slightly at-10 um. (b)

Particle numberd\, as a function of time. The condensate has a

V¥ _, component only at=0, and a¥, component only at=T.

(c) Total number density distribution. The condensate is almost

fixed at around =9 um by the optical potentiaV/(r). However,
the change of the total magnetic figlsee captior(a)] causes the
change in the radial distribution, as shown here.

PHYSICAL REVIEW 81 063610

FIG. 2. The triad configurations fdr=0, 15, and 30 ms. The
arrows denoté, while m andn are on the disk. The line on the disk
is m. Note that there is no need to drawsince it is uniquely given
by Ixm. Whent=0 and 30 ms,i points down and up, respec-
tively. Whent=15 ms, 1 lies almost on thexy plane.

B. Case Il: magnetic confinement

In case |, the condensate is confined with a spin-
independent optical trap. Here in case Il, we consider a situ-
ation where the quadrapole magnetic fighty. (15)] always
exists, and the additional fieB, changes from a large posi-
five value to a large negative value as shown in Fig):3

(Bx,By)=B, (cos¢,—sing),
B,=B,o(1—2t/T), (30)

B, =BIr.
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FIG. 3. The process of persistent current creation in cage)ll.

Magnetic field atr=10 wm as a function of time. InitiallyB, is
positive, in contrast with case (b) Particle numberd, as func-
tions of time. The condensate is mostly composed #f & com-
ponent att=0, while and mostly of al’'; component at=T. (¢

Total density distribution. Contrary to case |, the condensate is con

fined by theB, part of the magnetic field at largerThen the radial
change is more eminent than that of case I.

Here we takeB|/h=400 J/(0 um), B,y/h=2x10* Jh,

PHYSICAL REVIEW A 61 063610

;2
V(r)=U exp(—?), (31

0

where we takaJ/h=1x10* J/h andro=5 um.

The evolution of the order parameter field was analyzed
numerically, and it was found that the order parameter con-
figurations in this case are essentially the same as in case |.
Figure 3b) shows the temporal evolution of the components
N(t), and Fig. 3c) shows the total density profile at various
times.

The persistent current created here may also be trans-
formed into a vortex. The BEC is mostly composed df a
=1 component at=30 ms, and there is only a small num-
ber of atoms near=0. Suppose the optical plug is turned
off. Then atoms will escape but this process should be very
slow. Thus one expects that the vortex is stable for a consid-
erable period of time.

C. Mathematical analysis of continuous creation of circulation

It may be surprising that we haw®ntinuouslycreated a
persistent currenta vorteXy from a system without circula-
tion. Mathematically this is justified by invoking homotopy

theory[9,10]. Let us denote a rotation around directiomy

an anglex by a “vector” ae. This rotation is expressed as a
rotation matrix

R(é,a)=(1—C08a)ﬁiﬁj+COSa5ij —Sinasijkﬁk. (32)

Sincea may be restricted within the regionOa=< 7, the set
of all the rotations is represented by a Bl with the radius

. Note however that the pointse and — e corresponds to
equivalent rotations. Thus all the antipodal points on the sur-
face of the ball must be identified. This sp&#Z, is called

the three-dimensional real projective space, denote®hy

Let us take a “standard” triadry,Ng,1o) shown in Fig.
4. Then an arbitrary triad is obtained by applying a certain

rotation ece to the standard triad. Thus the local vector con-
figguration is in one-to-one correspondence with a point in
P

Consider an order parameter configuration shown in Fig.
2(a). When one circumnavigates the circle, one finds that all
the triads along the circle are obtained from the standard one
by applying no rotations, namelyy=0. Thus this circle is
mapped to the origin oP3. Next consider the triads in Fig.
2(b). As one goes along the circle, one finds that the standard
triad is rotated by an anglew/2 around the axis
é=(—sin¢,—cos¢,0) shown in Fig. 4 Thus this circle is
mapped to a circle iP3 with the radiusw/2; see Fig. 4.
Finally, consider the triads in Fig.(®. All the T vectors
point up, and the standard triad is rotated dyaround the

axise given above. Thus the the circle in FigcRis mapped
to a great circle with the radius.

andT=30 ms. Contrary to case |, the atoms are in a weak- The change of the images iR3, namely, a point— a

field-seeking state, and the gradientRyfis responsible for

circle with the radiusm/2— a circle with the radiusr, is

the confinement of the condensate. The optical plug producesontinuous(or more precisely homotopicwhich shows that

a spin-independent potential

the deformation of the triads is indeed continuous. In con-
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real space 4

o

oé spacé
o=m

/2
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v, (B=B,)e'?
Vo +\2B, e, (34)
v, (B¥Bye '*

I
@)

whereC is a complex number independentéfandw is an
integer.

Let us consider case(tase Il can be analyzed similarly
When t=0, the magnetic field isg, ,B,)=(0,+B,y). As
shown in Eq. (34), the condensate behaves as_;
xe!W~¢ and ¥,=¥,=0. Because we start with a state
with no circulation, the integew must be 1.

. The component8, andB, change as shown in, for ex-
)oc/é ample, Fig. 1a), fromt=0 tot=T. Both B, and B+B,)
have finite values during the change, and the condenBate
\ stays in the strong-field-seeking state. The phase fagtor
¢ will not change during the process for the order parameter to
be defined uniquely. Thus we talee=1 throughout the pro-
cess. Whert=T, the magnetic field is§, ,B,)=(0,£B,).
Py Sincew=1, Eq.(34) leads to the conclusion that we have a
Lo condensate with;xe?'¢ andW¥,=W¥ _,=0. Accordingly a
vortex with the winding number 2 has been created.
A similar discussion is possible in the system with- 2
atoms using the eigenvector given in E47). Starting from

_ _ R . a state with no winding number, we eventually obtain a state
figuration (a), the vectorm does not rotate arountland  ith the winding number 4.

therefore there is no current flowing around the circle. In

configuration (b), however,m rotates a.round while one V. DETECTION OF VORTEX: TIME-OE-FLIGHT

goes along the circle once, which implies a vortex of wind- IMAGING

ing number 1. Similarlym winds around twice in configu- . _

ration (c), and the vortex has the winding number 2. We The detection of a vortetor persistent currephas been
stress again that the creation of this winding numfoercir- & problem as difficult as their creation. We consider the re-
culation is continuous and the final configuration is stable solaxation of the spinor texture after the confining field and the

far as the external magnetic field forceto point upward. optical plug are turned off to fac‘”t"?‘te the_ comparispn be-
tween our theory and experiments, in particular the time-of-

flight analysis.
The temporal evolution of the BEC is described by the
The continuous current creation can be explained morédme-dependent GP equatidi0). We consider case | and
generally using the eigenvectors of tifematrix with the  case Il separately.
highest and lowest eigenvalues in the BQ basis. The mag-
netic field expressed in th8 matrix is the dominant factor A. Case |
that determines the behavior of the order paramiteiVe ) . )
first discuss a BEC withF =1, which we have analyzed in We consider three cases where the confining p'otent|als
the present paper. are turned off separately &FO, T/2, andT ms. There is no
The magnetic field$Eq. (26) in case | and Eq(30) in vortex att=0, while thgre is a vortex with a winding ngmber
case I] are of the form of Eq(15). The correspondinds 2 att=T. The comparison between these two cases is essen-

matrix is given by Eq(16). Because the magnetic fields are 2l 1 obs?rve our vortex.
sufficiently strong, we may assume that the order parameter (1) t=0: The condensate has a comportént; only. The

W is proportional to the highestupper sign or lowest density profile att=0 is determined by solving the time-
(lower sign eigenvector independent GP equation. The relaxation process after the

_ potentials are turned off is found by solving the time-
(B=B,)e'? dependent GP equatidi0), whose result is shown in Fig.

standard triad 1y

FIG. 4. The real-space configuration &fthe P2 space and the
standard triad. The thick arrows ase vectors.

D. Angular momentum analysis of current creation

1 5(a). SinceV _; has no singularity at the origin, the conden-
E 1>BQ:E = \/EBi ) (33 sate fills the central regiorr -0) in later time. It is interest-
(B¥B,e "¢ ing to note that the componeris, and¥, do not appear at
a later time since the total spin must be conserved.
of the B matrix. Case | uses the highdsipper sign eigen- (i) t=T/2: The cross disgyration appears in this stage.

vector, and case Il uses the lowélstwer sign eigenvector. The order parameter of this texture is given by E2f)) with
The order parameter is w=1. Thus all the components are nonvanishing in this case.

063610-7
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[10%m-3 [10%m-3]

0.06[
0.041
0.02r

(a)

(b)

FIG. 6. Temporal evolution of the condensates when the poten-
tials are turned off afa) t=0 and(b) t=T. In both cases the
description of the lines are the same as that in Fig. 5. The three axes
are the density10?° m~3), the radial directior{uzm), and time(ms).

relaxation process. The absence of the condensate @tat
an arbitrary time is a clear distinction between césé¢ and
the rest, which may be used to show the existence of the
vortex or the persistent current experimentally.
Comparing Figs. &), 5(b), and Fc), we find the follow-
ing: The empty region around=0, which shows the exis-
FIG. 5. Temporal evolution of the condensd®.The potentials  tence of the vortex, has a length scale an order ofudfl
are turned off at=0. The solid line is the total density purely made after 7-ms relaxation, and the length will be sufficient to
of [¥_4|%. (b) The potentials are turned off &t T/2. The solid line  gpseryve experimentally. Because the length scale of the cen-
is the total densitZ,|¥,|? while the dashed line, the dotted line, tral vacuum region is almost the same as that of the density

H 2 2 2
et o ooy o iars e . g 12VeS  arger (o, th resolio of the maging wi
- oo heck h r density waves.
(c) The potentials are turned off &= T. The solid line is the total e checked by the outer density waves

number density, composed p¥,|? only. The condensate has the

winding number 2 and cannot fill the central region. This should be

compared with (a) and (b). The three axes are the density B. Case Il

(16°°m™3), the radial directior(xm), and time(ms). Figure Ga) shows the relaxation process when the poten-
tials are turned off at=0, while they are turned off at
=T in Fig. 6b). Because the magnetic field is not exactly
parallel or antiparallel to the axis, the nondominant com-
rponent of the condensate appears slightly in both cases.

After the potentials are turned off &0 the order parameter
relaxes, as shown in Fig.(y. The componentV, has a
winding number 1, while¥'; has a winding number 2, and
hence they cannot fill the central region. The central regio
nearr =0 may be filled only with theV _; component, since
it has vanishing winding number. Note also that ¥gcom-

ponent is dominant in the vicinity af~1 xm. In summary, we have proposed a method to create a per-
(iii) t=T: The vectorl points up now, and henc# _; sistent current and a vortex with the winding number 2 in a
=V¥,=0, whileWw,+#0. Figure %c) shows the temporal evo- Bose-Einstein condensate of alkali-metal atoms. The dynam-
lution of the order parameter after the potentials are turneits of vortex creation are simulated by solving the time-
off. Since the order parameter has a nontrivial phase factor, dependent Gross-PitaevskP) equation. The continuity of
cannot fill the central region at all in later times. Similarly to this process is justified by invoking homotopy theory and
case(i), the component¥, and ¥V _; do not appear in the also by the angular momentum analysis. The existence of the

VI. SUMMARY AND DISCUSSIONS

063610-8
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vortex may be demonstrated by comparing the time-of-flighthe winding number 1 by simply preparing a sample in the

data before and after the vortex creation. loffe-Pritchard trap and applying a strong magnetic field
It is also possible to create a persistent current or a vortealong thez axis.

with the winding number 1. Suppose one prepares the

ground state in the loffe-Pritchard field. The resulting texture ACKNOWLEDGMENTS

is the cross disgyration with |?o winding of tha vector The work of MN was supported partially by a Grant-in-
around thel vector as shown if7]. Then apply a strong Aid for Scientific Research Fund of the Ministry of Educa-
magnetic fieldB, either parallel to or antiparallel to the  tion, Science, Sports and Culture, No. 11640361.

axis. Thel vector in the resulting texture points up or down,

depending on the direction &, or whether the state is weak APPENDIX: MAGNETIC-FIELD MATRIX

field seeking or strong field seeking. In any case,ntheec- We consider a system of atoms with sgin=f. The F

tor rotates arountionce as one circumnavigates aroundzhe matrices, which are the angular momentum operators, are
axis once. Thus one obtains a persistent current or a vortex gfiven by

0 V2fx1
2
V2fx1 0 V(2f—-1)2
2 2
V(2f—-1)2
FX: - 5 il
2
0 V1x2f
2
V1x2f 0
2
0 V2fx1
2i
Vv2fXx1 0 V(2f—=1)2
2i 2i
Jef-nz .
Fy= - g g , (A2)
2i
0 V1xX2f
2i
V1xX2f 0
2
(Fp=f+1-j (j=12,...,2+1).
|
They satisfy the commutation relati¢f , ,F g]=iF &4, - The order parameter of a BEC is written with a vector of
We write the magnetic field with B vector 2f+1 components, and operators are expressed in terms of
(2f+1)x(2f+ 1) square matrices. We call the operator for
B, sin d, cos6, B, cosd, the Zeeman energy fd8 matrix. We can choose the quanti-
B, | —=g| sine,sing, | =| B, sing (A2) zation axis so that th8 matrix is proportional to the matrix
y| = y z | — L z |,

F,. We call this theB-quantized BQ) notation, becausB is
B, cosd, B, proportional to the quantization axis.
The B matrix in the ZQ notation is obtained by successive
where O<¢,<m and 0<6,<2m7. The amplitude|l§| is  spatial rotationg), along they axis and#, along thez axis,
scaled so that it represents the Zeeman energy. as

063610-9
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Byo= UTBBQU, (A3) The eigenvector with the lowest eigenvalue is

UT=exp(—iF,0,)exp —iF0,).

B-B, ,
Let us study a few examples. Whér 1, Te 10z
0
B, _, B
B, Ee 10, 0 ufl o = _J_% . (A5)
B, B, . B+B, .
Byo=| —=¢€'’ 0 —e 0% |, Ad e'fz
B, .
0 —g'? -B
25 ‘ Whenf=2,
|
2B, B e % 0 0 0

3 : 3 :
BZQ: 0 \/;BJ_ e' 02 0 \/;BJ_ e—l 02 0 . (A6)
0 0 35 @it -B B, e '
EBLe z z 1€

The eigenvector with the lowest eigenvalue is

siné, o
-B 5 (1—cosoy)e '

B(sind,)? \/g : (A7)

sin Oy
2
2
1+ cosey) o210,
2

C
ot
» O O o o
Il
O

-B (1+cos6,)e'’
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