PHYSICAL REVIEW A 66, 043606 (2002

Dynamics of the spin-2 Bose condensate driven by external magnetic fields
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Dynamic response of thE=2 spinor Bose-Einstein condensd®EC) under the influence of external
magnetic fields is studied. A general formula is given for the oscillation period to describe population transfer
from the initial polar state to other spin states. We show that when the frequency and the reduced amplitude of
the longitudinal magnetic field are related in a specific manner, the population of the initial spin-0 state will be
dynamically localized during time evolution. The effects of external noise and nonlinear spin-exchange inter-
action on the dynamics of the spinor BEC are studied. We show that while the external noise may eventually
destroy the Rabi oscillations and dynamic spin localization, these coherent phenomena are robust against the
nonlinear atomic interaction.
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[. INTRODUCTION BEC is that its response to an external magnetic field is
dominated by the electronic rather than the nuclear spin. This
Recent experiments offNa condensates confined in an opens up possibilities of manipulating the magnetism of su-
optical trap[1-3] have stimulated extensive interest in the perfluid vapors. Observation of spin domains by Stereger
study of multicomponent spinor Bose-Einstein condensatesl. at MIT [2] offers a remarkable example of such manipu-
(BECS. Due to the hyperfine spin of atoms, BECs of alkali- lations. Puet al.[9] investigated the effects of external mag-
metal atoms have internal degrees of freedom which are froaetic fields on the dynamics &f=1 spinor BEC and found
zen in a magnetic trap. Introduction of an optical trap liber-various magnetic-field-induced effects, such as stochastiza-
ates them to allow BEC to be in a superposition of magnetidion in population evolution, metastability in spin composi-
sublevels. Therefore, the spinor BEC can be represented byt@n, and dynamic localization in spin space. In this paper,
vector order parameter. The=1 spinor BEC was first theo- we investigate the time evolution of tfe=2 spinor BEC in
retically studied by Hd4], Ohmi and Machidd5] by gen- the presence of external magnetic fields with longitudinal
eralizing the Gross-PitaevskiiGP) equation under the re- and transverse field strengtlis,(t) and B, respectively.
striction of gauge and spin-rotation symmetry. Within theHere the longitudinal magnetic field lifts the energy degen-
mean-field theory, they predicted a rich set of new phenomeracy of the spin states through Zeeman effects, whereas the
ena such as spin textures and topological excitations. Lawansverse field appears as a coupling between different spin
et al.[6] constructed an excellent algebraic representation ofomponents. We assume the longitudinal field to be time
the F=1 BEC Hamiltonian to study the exact many-body dependent and that the transverse field is static. Using per-
states, and found that spin-exchange interactions cause a $etbation theory, a general formula for the oscillation period
of collective dynamic behavior of BEC. Since the spinorto describe the passing across the initial spin-polarized state
BEC appears feasible by using the=2 multiplet of bosons, is obtained. Another aspect we are interested in the effects of
such as®Na, ®’Rb, or ®Rb, it is necessary to investigate the external noise and the nonlinear spin-exchange interac-
the ground-state structure and magnetic responsé=e2  tions on the quantum coherent behavior of the spinor BEC.

spinor BEC. Recently, Ciobaret al. [7] generalized the ap- In Sec. I, the Hamiltonian for the spin-2 BEC system is
proach for theF =1 spinor BEC developed by Ho to study presented. The Rabi oscillation and dynamic spin localiza-
the ground-state structure of tie=2 spinor BEC. They tion are shown in Sec. lll. In Sec. IV, we discuss the effects

found that there are three possible phases in zero magne® external noise on the dynamics of the spinor BEC. A full
field, which are characterized by a pair of parameters depumerical discussion based on an effective one-dimensional
scribing the ferromagnetic order and the formation of singlenonlinear Schrdinger equation is given in Sec. V. A sum-
pairs. From current estimates of scattering lengths, they als@ary is given in Sec. VI.

found that the spinor BEC’s o¥’Rb and?*Na have a polar

ground state, whereas those®Rb and®Rb are cyclic and Il. THE MODEL: SINGLE-MODE APPROXIMATION
ferromagnetic, respectively. Koashi and U¢8astudied the . ) ) )
exact eigenspectra and eigenstatesFef2 spinor BEC. We consider the==2 spinor BEC subject to a spatial-

They found that, compared ®©=1 spinor BEC, the~=2 uniform magnetic field3(t). The Hamiltonian invariant un-

spinor BEC exhibits an even richer magnetic response due tder spin space rotation and gauge transformation is written in

guantum correlations among three bosons. terms of the five-component field operators:
Different from superfluid®He, a new feature in a spinor ¥,,, ..., ¥ _,, corresponding to the sublevelsng
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=+2,...,—2 of the hyperfine stat&=2. Namely, it is
given[7,8] by H=Hy+Hg,

72 Co
_ + + +app
Ho_f dr(mvwa-v«ya+uqfﬂa+ SV,

T % 2 [V E(F) gV pl2+co¥ i W (20520’ 00)
><<00|2/3;2/3’>\I’ﬁ\1’ﬁr), (1)

HB:_MBgff drq’;[é(t)F]a,B‘Pﬁl (2)

wherecy, c;, andc, are related to scattering lengths,

a,, anda, of the two colliding bosons, with total angular

momenta 0, 2, and 4, bg,=4nh%(3a,+4a,)/7TM, ¢,
=47h?(az—ay)/TM, and c,=4mh?(3a,—10a,
+7ag)/7M. In addition, we have introduced in Eq4) and
(2), 5X5 spin matrices; (i=x,Yy,2),

0 1 0 0 0
1 0 32 0 O
F,=| 0 V32 0 32 0], )
0 0 V32 0 1
0 0 0 1 0
0 1 0 0 O
-1 0 NET7Z 2 )
Fp=—i| 0 —V32 0 32 0|, (@
0 —y32 0 1
0 0 0 -1 0
2 00 0 O
010 0 ©
F{0 00 0 O (5)
000 -1 0
0 0 0 -2
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Hg=—uggiB(1)-F, (7)

where F=a%(F)) g8, 8, =81 =(a})?2—alal,+ajaj,
andc;=(c;)fdr|®|* We further assume that the magnetic
fields consist of longitudinal and transverse components.
Without loss of generality, the transverse direction of the
field is chosen to be along the axis, i.e., B(t)=B(t)z
+B,x. In such a case, the second-quantized Hamiltonian of
Hg is

Hg=—us0:Bi(t)(aja,+aja;—a’ja ;—a’,a )

— pegiBy(aja,+\3/2ajao+V3/2aja s +alia
+H.c). (8

Similar to Ciobanuet al. [7], mean-field approximation is

used such that the field operatars are replaced bg num-
bersa,=P,e'’s, whereP,=N,/N is the population in
spina, and#, the phase of wave functiam, . Furthermore,
since this paper deals with the quantum coherent behavior of
the system under the influence of the external magnetic
fields, we assume that the initial spin state of the BEC is the
eigenstate in the absence of external fields, consequently,
contribution from Hamiltoniar{6) is a constant energy shift,
and can be neglected in the dynamics. The semiclassical
equations of motion in Heisenberg representation can be de-
rived from the Hamiltoniard g [we introduce the state vector
a=(ay, ..., a_ "]

ia=Heg(t)a, 9)
where
Heff(t):_bl(t)Fz_ bxe- (10)

Here we have definet,(t) = ugg:B,(t) and b,= wgg¢B,.

The time evolution of the system has a rich set of intriguing
features with different initial conditions. In this paper, we
consider the case that the system begins with unperturbed
spin-0 statea(0)=(0,0,1,0,0J, i.e., thePO polar phase de-
fined by Ciobanwet al. [7]. This phase is possible to be re-
alized in 8Rb and **Na.

IIl. RABI OSCILLATIONS AND DYNAMIC
SPIN LOCALIZATION

We assume that the external magnetic field is weak so that In this section, we analyze the time evolution f2

the coordinate wave functioh(r) is independent of the spin
state and solely determined by the first three terms of Bg.

namely,[ —%#2V%/2M + U + co(N—1)|®|2]® = P, with N
being the total particle number. Substitutitity,=a,® into

Egs.(1) and(2) and keeping only spin-dependent terms, we

obtain

Cin -~ 2Con .
AEE+228.5 (6)

Ho=7 5

and

BEC described by Eq(9) with an initial polar statea(0)
=(0,0,1,0,0). Assuming thata(t)=exgi/dmy(DFle(t),
we obtain

i) =H (D e(t), (11)

where  H,(t) = —byexd —i[ydm()F,IFexgi[idr (D)F,].
Making use of the identity
expiNF ) Fyexp —iNF,)=F,cosh—Fsin\, (12

the formal solution of Eq(11) is obtained as
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@(t)ZTeX[{iJ’ dr{ X(T)Fx+Y(7)F,]|¢(0), (13 70

0 60

R 501

whereX(t) =b,cod [odmy(7)], Y(t) = b,sin fed (7], andT £ 401

denotes time ordering. Considering the situation in whichthe = 3]

transverse magnetic field, is weak, we may approximate 20

Eq. (13) by the following solution: 104

[t °% 2 4 6 8 10

(p(t)zeX[(ldeT[X(T)FX-i-Y(T)Fy] ¢(0). (19 b/®

) L ) ) ) FIG. 1. Scaled oscillation periodl/T, of the sinusoidal
This solution is valid to the first order i, and preserves magnetic-field case vs the reduced field strerig.

unitarity. After a straightforward calculation, we obtain the

time evolution of the population of spin-state as -

7= bdg(blw)’

(19

2
Pa(t)=|aa(t)|2=‘ > db(ml2)d5(w2)
p=-2 wherelJ, is the zeroth-order Bessel function of the first kind.
¢ 2 From this result, it can be seen that whhjtb/w) # 0, there
><exp< —iaf d7b|(r))eiﬁh , (15 exists a finite oscillation period, indicating that the popula-
0 tion can transit from an initial polar state to other spin states
within the driving process. Wheib=0, the longitudinal
wherex = [ [od7X(7)]*+[[od7Y(7)]?, and the matrix el-  field-free oscillation has periodTo=m/b,. The fact

ement is defined as |Jo(b/w)| <1 implies thatT=T,. This shows that the inva-
) . sion of the longitudinal magnetic field will suppress the co-
dz.(0)=(2Ble"'"Y[2a) (B,a=2,...,-2). (16)  herent population transfer among the five spin components.

i i . ) . The extreme case occurs when the reduced amplitude of the
In particular, the population of the initial spin-0 state at t'melongitudinal magnetic field/o is a root ofJ,. In this case,
tis we haveT— o, which implies that the population transfer is
totally suppressed. Hence the system will stay in the initial
t T . . e
f drlbxexp( if dTZbI(TZ)) ‘ polar state during the whole driving process. This is just the
0 0 phenomenon of spin localization. The above analysis is illus-
(17)  trated in Fig. 1, where the scaled oscillation peridd is
plotted againsb/w. It can be seen that the oscillation period

Thus to the first-order approximation i ,we obtain the jncreases significantly wheb/w approaches the roots of
analytical expression of the evolution probability for the gaggel functiond,.

spinor BEC remaining in the initial polar state. Expression
(17) is valid for arbitrary time-dependent external magnetic
fields. Obviously, exj[td ()] can be expanded as a dis-
crete Fourier series, and the time integral is either bounded

Po(t)=|ag(t)|?=cog

(b) A combination of static and sinusoidal magnetic fields
b,(t)=Dbg+ b cost). In this case, the oscillation period is

or increases linearly in timéon top of an oscillatory piege T= i 77 , (20)
In the former caseP, remains close to unity at all times b lim Sm(boWN/w)j (blw)
because of the smallness lof. This high population of the *No N sin(by7/ w) by /e
initial spin state is just the spin localization. In the latter case,
P, oscillates between 0 and 1, implying population transfer A . '
bgtweenPO and otherP, (a=*1, =2). Hence, we have whereJ is the Anger functiorj 10] defined by
the spin delocalization, i.e., Rabi oscillation. Thus, we obtain 1
the oscillation periodr as 3, (b)= ;J dx cogax— b sinx). (21)
0
v
T= . (19 : o _— :
R ! There exists an infinite oscillation period whbp/w#k (k
t"”o‘c T OdlexeX 1o dr2by(72) is an integer, which means that the population time evolu-

tion will undergo localization in the initially populated spin-0
q.State during the whole driving process. WheyY o=k, the

This result is still valid for any time-dependent external fiel o .
scillation period becomes

We give two examples of special time-dependent external
magnetic fields.
(a) Sinusoidal fieldb,(t) =bcost). According to Eg. ™

T

(18), the oscillation period is " bJ(blw)’ (22
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FIG. 2. Time evolution ofPy(t) with and without external noise in the static magnetic fiélth,= 10. (a) The case without the noise,
(b) the case with the nois#&/b,= 1.0 (solid curve, A/b,=5.0(dashed curve andA/b,=10.0(dotted curve b, 7, is fixed to be 1.0 for the
case with the noise.

whereJ arekth order Bessel functions. From this result, we tain two components, a stochastic pgft) and a systematic
find that we can have a finite oscillation period only whenpartby+b;cost), i.e.,
b/w is not equal to a root of,, and in this case the evolu-

tion of the initial polar phase is delocalized into other spin b (t)=by+b,cog wt) +f(t). (23

states. Ifb/w becomes a root of, the oscillation period

approaches infinity, and we have the spin localization. The noisef(t) is assumed to be characterized by an OU
process whereby it has zero average value and correlation
function

IV. EFFECTS OF EXTERNAL NOISE

In practice, since the external magnetic field may have a (f(Of(s))=A%xp —|t—s|/). (24)
fluctuation component, the effects of external noise have to
be considered. Another motivation for the introduction of anHere the quantitied and 7. are the strength and decay con-
external noise is to provide the fluctuations required to destants of the noise, respectively. When the noise is external to
stroy the coherence of the population transfer process and, the system, and therefore not necessarily thermal in charac-
suitable cases, leads to a rate process for the decay of ther, A and 7. can be varied in a controlled manner, and are
population. In the following, we study the dynamics of the not restricted by the physical properties of the system. In the
system when the external magnetic field has a fluctuatingbsence of an analytic solution, a numerical investigation of
component. In the simplest case, the statistical properties gfopulationP,(t) is adapted. The population distribution in
the imposed magnetic field can be prescribed to be indepetthe five components of spinor BEC with the external noise
dent of the characteristics of the system. As a versatile choicare solved numerically by generating trajectories for the dif-
for the noise, an Ornstein-Uhlenbe(®U) process[11] is  ferent realization of the noise. The proced{ii®] to inte-
used. This permits the investigation of the role of thegrate the stochastic equations is as follows. A stochastic term
strength and size of correlation time of the noise on the timés added at each step with its statistical properties described
evolution of the spinor BEC. Without loss of generality, the by an OU process. The OU process is generated by solving a
external longitudinal magnetic fielgl(t) is assumed to con- Langevin equation with a-correlated noise term. This en-

(a)

0.8 4 b

0.6 4 b

P (1)
P (1)

0.2 4

0.0

T T T
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FIG. 3. Time evolution ofPy(t) with and without external noise in sinusoidal magnetic fiblth,= 2, w/b,=10. (a) The case without
the noise(b) the case with the nois&/b,= 0.2 (solid curve, A/b,=0.6 (dashed curve andA/b,=1.0 (dotted curve b, is fixed to be
1.0 for the case with the noise.
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FIG. 4. Time evolution ofPy(t) with and without external noise in sinusoidal magnetic fidlth,=24.02, w/b,=10. (a) The case
without the noise(b) the case with the noisa/b,=1.0 (solid curve, A/b,=5.0 (dashed curve andA/b,=10.0 (dotted curvg by7. is
fixed to be 1.0 for the case with the noise.

sures that the correlation function é{t) has the desired with scaled periodl=T;/Jo(0.2), as shown in Fig.(d). In
statistical property given by Edq24). the case of a weak nois&/b,=0.2 (dashed curve the
We present in Fig. 2 the time evolution of the populationpopulationP, is still oscillatory in our scope of time, but its

Po(t) of spin-0 state in the static magnetic figld;=0 in  oscillation amplitude decreases with time. When the strength
Eq. (23)] for the value ofo,=10b, . In the absence of noise, of the noise increases th/b,=1.0 (dotted curvg the Rabi

as shown in Fig. @), the population of spin-0 state is always gscillation breaks down completely and the system decays
close to unity during time evolution. This effect is purely the t4st towards equilibrium. This suggests that the coherent
static spin localization. In this case, the longitudinal mag-gap; oscillation for a spinor BEC is sensitive to the external

netic field lifts the degeneracy of the fi\_/e spin components,yice and is destroyed even in a weak coupling regime. We
and the consequent energy mismatch hinders the BEC rangrso present in Fig. 4 the time evolution Bf, for the value

fer from the initially occupied polar state to its neighbors in ¢ blw=2.402, corresponding to the dynamic localization,

the spin space. In the case of the intermediate (1) N . .
. : o ) : as shown in Fig. @). In Fig. 4(b), we can see that in the case
noise modulation, as shown in Figk? (solid curve, it can intermediate A 7.~ 1) noise modulatiorisolid curve, the

be seen that the population of spin-0 state has a damp X ; . .
oscillation with a slow monotonic decay superimposed. Thé?oPulationPq still remains close to unity for an extremely
combination of noise and static magnetic field, suppressing®d time. This insensitivity to the presence of weak noise
population transfer, produces the decay. It also shows in Fig€flects the strength of the systematic field. When the
2(b) that with increasing the strength of noise, the decaystrength of noise increases to a strong coupling regime, a
becomes more rapid. Therefore, the decaying time can b@&ore rapid and less oscillatory decay is observed in the
controlled by varying the magnetic field or the strength ofpopulation evolution, as shown in Fig(b} (dotted curve
noise. Figure 5 shows the time evolution &, in the external
Figure 3 shows the time dependencyRy(t) in the time-  longitudinal magnetic fields consisting of static and time-
dependent longitudinal magnetic field with the systematicperiodic component$Eq. (23)]. The field parameters are
part by=b cost). The field parameters are chosen las chosen as,/b,=10, w/b,=10, andb,/b,=38.3, corre-
=2h, and w=10b,, corresponding to the Rabi oscillation sponding to the spin dynamic localization, as shown in Fig.

1'°WWTWWWTTWWJ

10 W
~ -,
" (o
0.8 E 084 = p, <
- H\“‘..‘.
. [
= 084 1 o o084 - Wy, E
~o ~5 e ™ oo,
o o s, L N
0.4 E 0.4- e, E
R S T ON
sast fetteens e
0.24 1 0.2 4 E
0.0 r ; . 0.0 r ; .
0 5 10 15 20 0 5 10 15 20
bt bt

FIG. 5. Time evolution ofPy(t) with and without external noise in a combination of static and sinusoidal magnetickiglo, = 10,
b, /b,=38.3, w/b,=10. (a) The case without the noisé)) the case with the nois&/b,=1.0(solid curve, A/b,=5.0 (dashed curve and
A/b,=10.0(dotted curve b, 7. is fixed to be 1.0 for the case with the noise.
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5(a). In the case of intermediaté\ .~ 1) noise modulation, 10} cmmcmmcmccmece—aaaa
similar to that shown in Fig. @), the populationP, of
spin-0 state remains close to unity in our scope of time. Even 0.8
in the strong coupling regim@ashed curve the fast oscil- 06k
lations still exist, suggesting the fundamental interplay be- g
tween the systematic and noise fields. With further increase - 04f
in the strength of noise, the system decays rapidly towards
equilibrium, and therefore, the spinor BEC initially localized 0.2}
in spin-0 state is delocalized and diffuses among all spin 0.0 s . s .
states, as shown in Fig(tH (dotted curve 0 40 80 120 160
ot
V. DYNAMIC SPIN LOCALIZATION BEYOND . , . o
SINGLE-MODE APPROXIMATION _FIG. 6. Time ev_olutlon ofPy(t) fo_r two kinds of initial popu-
lation: N;/N=0.2, i=-2,...,2 (solid line, Ng/N=1 (dashed

In the above discussions, the single-mode assumptioline). Other parameters are),=2mX60 Hz, a;=34.%9s, a,
(SMA) has been used: the wave function for each spin com=45.8ag, a,=64.55 for #Na (ag is the Bohr radius »=1, N
ponent retains the same spatial profile during the time devel= 10 000.
opment. Therefore, the possibility of high-energy mode ex-
citation is neglected and the system dynamics is fully gy, 3
described by the internal population transfer among the spin 1% —— =Ly + \[ 5T ot Ty o= Toh g~ Yis-
components. This SMA treatment is valid for a small particle
numberN. WhenN is large, the nonlinear spin-mixing pro- 3
cesses induce the large energy transfer from the initial _bx( \[51//0+ )
ground state to the excited modes, thus destroying the valid-
ity of the SMA. However, when the initial state is taken to be o
the eigenstate of Fhe mean-field GP equation, the SMAis 3 2:£¢/,2+f7,r/,71_f2¢72+ YEs_—bp_,
expected to describe well the dynamics in the absence of ot
dissipation and external drivind.3]. In this section, we go
beyond the SMA by means of a numerical simulation of the T2V, (269

time-spatial evolution of the system. 0 b = ) 5 5
Due to anisotropic nature of the optical trapping potentialVNére¢ ~ £=-d 122+ 2214+ CoN (| 2] +| ha|* + | ol
+|d_1|°+|p_5%) with transverse structure factom

the cigar shaped BEC is assumed to be quasi-one-

+b()y_q, (260

dimensional and hence the wave function associated with the J| ¢, (x.y)|*dxdy/ []#, (x,y)[*dxdy, fo=ci(¢3 ¢
spinw state may be written as +v3 1207 o+ 3205 b1+ qSil(ﬁ,z),_ f_=f%, f,
ot :(01/2)2?:72|¢i|2a and 57:(202/5)(¢3/2_ h1-1

ba(X,Y,2,) = b1 (XY) oz, )0, (25 +¢,¢_,). The above equations have been written in dimen-

sionless form and the units for length, energy, and time are
wherezis the direction of weak confinement, (x,y) isthe  \[7/(2mw,), hw,, and 1b,, respectively, where, is the
ground-state wave function of the two-dimensional harmoniGaxial trapping frequency. In the numerical simulation of the
oscillator, andw, the tight confinement frequency. Inserting dynamic equation§26), the initial wave functions are taken
Eq. (25) into Egs.(1) and (2), we obtain the equations of to pe ground state of the one-dimension GP equations
motio_n for the longitudinal wave functiong,(z,t) in a di-  £¢.(z,0)=we;(z,0), whereg;(z,0) satisfies the normaliza-
mensionless form tion f|¢i(z,0)|2dz=N; /N with N; the initial particle number
" in spini component.
. 2 * We first discuss the dynamics of the system in the absence
i ot = Lipp+ T by Tatho T Y255 =Dy =201 (D g2, of coupling magnetic fields. Figure 6 shows the time evolu-
(26  tion of the population of spin-0 component for two kinds of
initial population. The solid line in Fig. 6 corresponds to the
iy 3 initial state that five spin components are initially equally
ih7:£$1+f+(//2+ \[Ef_z/;OJrfzz,/xl—«//*ls_ populated, whereas the dotted line corresponds to the case
that the BEC initially populates spin-0 components. It shows
3 (solid line) that during time evolution, the population of
—b,| ¥+ \[zz//o) —b(t) ¢y, (26b) spin-0 component develops into a complex oscillatory struc-
ture, implying the excitation of high-energy modes. The ex-
v 3 citation originates from the fact that the initial state is not a
. 0 mean-field eigenstate of the SMA Hamiltonid), thus lead-
'hT =Lkt \/;(f*'//ﬁf'/’ v ing to a redistribution of the total enerdybetween the sym-
metric and unsymmetrical partdenoted byEg andE,, re-
+ oS- —b (Yt 1), (260 spectively of the total Hamiltonian. Whet, is sufficiently
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the phenomenon of dynamic spin localization is well-defined
beyond the simpl&MA. This robustness of dynamic local-
ization against nonlinear atomic interaction is in contrast to
the case of two-component BEC system, where there are no
energy-stable spin-polarized states.

VI. CONCLUSION

In summary, by the application of the external magnetic
fields which may contain a random component, we have
elaborated on the control of population transfer among the
internal spin states for thie=2 spinor BEC. After taking the
mean-field approximation, a general formula is obtained for
= the oscillation period to describe the quantum transition from
o” 0.4} . the initial spin polar state to other spin states. In particular,
when the frequency and reduced amplitude of the longitudi-
nal magnetic field are related in a specific manner, the popu-
0.0 . . . lation of the initial spin-0 state is dynamically localized dur-

0 20 40 60 80 ing the time evolution. In addition, the effects of external

ot noise on the coherent population transfer dynamics of the
z spinor BEC are studied. Our findings are the following.

(i) The Rabi oscillations are sensitive to the external
noise, and even weak coupling can destroy completely the
Rabi oscillations in an earlier length of time.

(iil) When the strength of noise is weak, because of strong
suppression caused by the systematic field, the static and

. . . . dynamic localization may remain for experimentally relevant
large, the higher modes are excited by the nonlinear Sp'nﬂ%es Y P y

mixing processes and the SMA description breaks down for a (iii) When the strength of noise is strong, delocalization

large value of the particle numbBl When the initial state is due to phase randomness occurs during time evolution and

chosen to be the SMA eigenstate, the population of spin-Qe jnitially localized BEC diffuses among five spin compo-
state does not vary in tim@lotted ling. Thus, SMA treat- nents.

ment is appropriate for the spin-polarized state with the BEC (iv) The Rabi oscillation and dynamic spin localization

localized in spin-0 component. _are robust against the nonlinear spin exchange interaction.

In the presence of external magnetic fields, the five Spin * 5 in order to observe the static or dynamic localization
components are coupled. The atomic population is feature spin space, one should produce stable magnetic fields,

by Rabi oscillations among the spin states. To see the validityhich have as little as possible the stochastic component.
of the SMA in studying the dynamic spin localization, we Although it is difficult to keep the external noise from intrud-

present in Fig. 7 the time evolution of the population of i, on"gynamics, recent observation of the well-defined co-
spin-0 state for several values of amplitude of oscillatory,qrance between the two BECH4, 15 suggests that the ex-

magnetic field. It shows that the weak transverse magnelig, 5| nojse can be greatly suppressed in an experimental
field couples the five spin components, inducing Rabi OSC"'setup. Therefore, we expect such macroscopic coherent

lation between the initial populated spin-0 state and the Othe(ﬁuantum controls as Rabi oscillation and dynamic localiza-

spin states. The presence of an additional oscillatory mag;, may be realized in spinor BEC experiments.
netic field slows down the oscillation periods. Finally, when

the field parameter is modulated to satigf{iw=2.4, as
shown in Fig. Tb), the Rabi oscillation completely stops and
the population of spin-0 state always remains close to unity This work was partially supported by a grant from the
during its time development. The good agreement betweeResearch Committee of The Hong Kong Polytechnic Univer-
the SMA results and exact numerical solution suggests thatity (Grant No. G-T308

FIG. 7. Time evolution ofPy(t) in the presence of a uniform
field b,=1. (a) The case without sinusoidal magnetic field) the
case with sinusoidal magnetic fieloj(t)=b cos@t), ®=10, b
=24. Other parameters are the same as used in Fig. 6.
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