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Magnetic field dependence of the dynamics ot’Rb spin-2 Bose-Einstein condensates
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We experimentally studied the spin-dependent collision dynamié&Rif spin-2 Bose-Einstein condensates
confined in an optical trap. The condensed atoms were initially populated |f##,mz=0) state, and their
time evolutions in the trap were measured in the presence of external magnetic field strengths ranging from 0.1
to 3.0 G. The atom loss rate due to inelastic two-body collisions was found to ) %.407 13 cm® s, Spin
mixing in theF=2 manifold developed dramatically for the first few tens of milliseconds, and the oscillations
in the population distribution between different magnetic components were observed over a limited range of
magnetic field strengths. The antiferromagnetic property of this system was deduced from the magnetic field
dependence on the evolution of relative populations for eaclsomponent.
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I. INTRODUCTION [8,15-18 and experimenta[13,14,19 investigations have
) ) ] been conducted on this system. In particular, the Hamburg
Multicomponent Bose-Einstein condensates produceg;!’roup has recently measured the spinor dynamic&’®b

from dilute atomic gases have opened up new fields for the,in> condensates at a fixed magnetic field strength and
study of quantum matter waves and superfluids. The f'rSFeported evidence of antiferromagnetic behayis).

reports of the use of these systems were made by the JILA ', this paper, we experimentally investigate the spin-
group [1] using *'Rb condensates confined in a magneticyixing dynamics and trap loss of optically confindtRb
trap. Sympathetic cooling and, later, two-photon transitiongin_2 condensates at various magnetic field strengths. Ini-
[2] were applied to produce two-component condensateggly, condensates in which almost all of the atoms were
comprised of two hyperfine spin states. The system prOdUC%’olarized in thdF=2,m:=0) state were prepared in a trap.

in that study is regarded as a spin-1/2 condensate, and a largg, confirmed that the trap loss rate in this state is two orders
number of interesting studies such as vortex formaf®n ot magnitude higher than in the stretched staas= +2 and

and spatial resolution of spin wavg$ have been carried out _5 giatey due to inelastic two-body collisions. The magnetic
since then. However, in this system, the atoms are fixed ifie|q and atomic density dependence on the spinor dynamics
weak-seeking magnetic states, and external fields such §s the F=2 manifold were also demonstrated. Furthermore,
microwaves are required to couple each of the componentsye giscuss the ground-state magnetic properties of the sys-

In contrast, an optical trap enables confinement of th§em by investigating changes in the spin-mixing rates at vari-
atoms in all the magnetic substates; i.e., the internal spig magnetic field strengths.

degrees of freedom caused by the hyperfine spin of the atoms
are liberated. Under these conditions, the condensed atoms in
a magnetic substate can be converted into atoms in other Il. THEORETICAL BACKGROUND
substates through interatomic interactions in the absence of

external coupling fields. The ground- and excited-state stru;l-) A condensate with spin degrees of freedom is represented

tures can be determined according to their magnetic and t )y & vector order parameter that is symmetrical under rota-
pological propertieg5—8]. The MIT group was the first to
succeed in optically confining Na spin-1 condensdt@s
Since then, that group has studied the ground-state structu
[10], metastability[11], and quantum tunnelin§l2] of Na
spinor condensates. Recent investigations®®b spin-1
condensates have shown that their magnetization is ferr
magnetic[13,14].

The spin-2 condensate is a more attractive system, b
cause it is thought to have a new magnetic response. Koas
and Ueda[8] and Ciobanuet al. [15] reported that spin-
singlet “trios” (cyclic statey can be formed in this system. - 4
Furthermore, a rich variety of spinor dynamics is expected €spin= C1(F)* + gcz|<&>| - p(F) - a(F2), (1)
from spin-2 condensates with greater spin values than those
reported for other systems. To date, a number of theoreticgnere(F), (F,), and(s_) denote the average spincompo-

nent, and spin-singlet pair amplitude, gmendq correspond
to the linear and quadratic Zeeman energies, respectively.
*Electronic address: kuwamoto@dqo.phys.gakushuin.ac.jp and ¢, are parameters that characterize the spin-dependent

ion in the hyperfine spin space of a zero-strength magnetic
field and has E+1 components, wherE is the hyperfine
§8in. The mean-field theory was extended with the vector
order parameter, and various properties of spinor conden-
sates have been theoretically suggesied8,15-18 The
csground-state structure of a spinor condensate is formed as
minimizing the spin-dependent interatomic interaction en-
£ray. For theF=2 system, taking into account the effects of

n external magnetic field, the energy is characterized by the
ollowing function[8,13,18§:
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mean-field energies and are defined by siveave scattering gravity, the potential depth of the trap is calculated to be
lengthsa; for binary collisions with total spirf as follows about 1uK. The power fluctuations of both lasers were less
[8,19: than 1%. After the creation of the condensates, the power
) ) from both lasers was simultaneously ramped exponentially
o = Amha,—ay o= Amh® Tag— 108, + 33, 2 for 50 ms. The magnetic trap was then quickly turned off. A
T m 7 7 T m 7 ' transfer rate of nearly 100% was achieved. The aspect ratio
o of the condensates in the trap was estimated to be 11, and the
wherem denotes the mass of a rubidium atom. average trap frequency measured from the release energy of
The s-wave scattering lengthay, a,, anda, were calcu-  the condensate®] was found to be 82 Hz.
lated by Klauseret al.[17] based on experimental results by ~ We experimentally confirmed that all of the condensed
Robertset al. [20]. Using these results, thg andc, values  atoms transferred to the optical trap populated in [the
were calculated to be 9R210%°Hzm® and -1.5 -2) state even though the condensed atoms were if2the
X 107 Hz m®. Although these magnitudes are about 80 and+2) state in the magnetic trap. This occurred because when
50 times smaller than the spin-independent mean-field coethe magnetic trap was turned off, there was a slight delay in
ficient [co=(47h?/m)(4a,+3a,)/ 7], their signs and relative the switch-off timing of the current through the compensa-
magnitudes determine the dynamic and stationary propertie#n coil pair, which was driven independently from the main
as well as the magnetic responses of spin-2 condensat€8ils of the magnetic trap and used to control the minimum
when the external magnetic field is either small or zero. Thdi€ld strength at the trap center. That is, because the direction
energy ranges of the first and second terms in (Egwere o_f the magnetic fle!d from the compensation coﬂ_s was oppo-
estimated to bég X 0—4 nK andkg X 0—1 nK using the ini-  Sit€ t0 that of the field produced by the main caésid also
tial mean atom density=2.1x 104 cm3 in our experi- opposite to the magnetic flel'd from the. whole coils of mag-
ments and theswave cattering lengts given n Re7, 151 1) dong the long i of he cgar shaped conden,
bty . magnetlzanon_ of Rb sp|n72 con_densates hag the magnetic trap was turned off, whereas the initial direction
been predicted to be antiferromagnetic, their correspondin

int in the ph di h R . | 8 the atomic spin did not change. We found that the condi-
point in the phase diagram shown in REL7] is Very ClOS€ +ion of the atomic population did not affect our experiments,

S : o ; NCIUSIV&nd we therefore used the condition described above.
criteria regarding the magnetization of this system, it is im- | ifetime measurements were performed on the optically
portant to study the spinor dynamics at various magneti¢rapped condensates in ti -2) state. The 14 lifetime of
field strengths. . 4.0(1.6) s was obtained by applying an exponential fit to the
The ground state of the system is formed by thegata after excluding the initial faster decay part caused by
total spin-conserved interactions between atoms such afelastic three-body collisions. This value is shorter than that
2,0+]2,00=[2,+D+[2,-D, [2,+D+|2,-D[2,+2  of the magnetic trap for which the lifetime was measured to
+[2,-2), and[2,00+]2,0)« |2, +2+|2,-2), assuming that be approximately 7 s. To explain this observation, we believe
we ignore the loss of atoms. We also note that there arthat the heating rate of the condensates increased in compari-
several selection rules relating to the spin-exchange proson to the magnetic trap, because noncondensed atoms were
cesses. The first term in E€]) allows for the processes with confined in thearm region which is the noncrossed region of
Amg=+1, and the second term allows famz=*2 interac- the two laser beams in a crossed-type optical {21). The

tions [13]. photon scattering rate was found to be<20°s™, and
therefore the light absorption by atoms was ignored. The
IIl. EXPERIMENT lifetime use_d in this stt_de was s_ufficiernt, however, to mea-
sure the spinor dynamics under investigation.
We used a simple double magneto-optical t@pOT) To study the spinor dynamics, the condensates in2he

apparatus to accumulate ultracdtéRb atoms. The atoms -2) state were transferred to th,0) state by sweeping the
collected in the first MOT were continuously transferred torf field through resonance in an external magnetic field of
the second MOT by irradiating with a weak near-resonant cw20 G [22]. This field value allowed us to selectively prepare
laser beam focused on the center of the atomic cloud. Moréhe desired states by quadratic Zeeman shifts. By controlling
than 18 atoms can be collected in the second MOT over ahe sweep time, sweep range, and amplitude of the rf field,
time interval of 3 s. The atoms were then pumped opticallywe achieved a transfer rate of more than 90%. The above
into the |2, +2) state and recaptured in the loffe-Pritchard manipulations were performed after 400 ms of transferring
(clover-leaj type magnetic trap. Bose-Einstein condensateshe condensates to the optical trap. After state preparation,
containing 16 atoms were created by evaporative coolingthe 20-G field was turned off, and accurately controlled ex-
with an rf field for 14 s. ternal magnetic fields in the range from 0.1 to 3.0 G were

The condensates were then loaded into an optical trapnmediately applied. Under these conditions, optically
formed by two far off-resonant laser beams with a wave-trapped condensates in t{#& 0) state evolved for a variable
length of 850 nm. One of the laser beams was irradiateédmount of time. The optical trap was turned off at the end of
along the long axis of the cigar-shaped condensates with e time evolution period, and absorption imaging was ap-
power of 7 mW and a 1 radius at a focus of 24m. The  plied after free expansion ranging from 15 to 22 ms to mea-
second laser with 11 mW of power was focused perpendicusure the population distribution of each spin component. The
larly across the first beam, with a waist radius of @@.  different spin components were then spatially separated us-
Under these conditions and taking into account the effect oing the Stern-Gerlach methdé].
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FIG. 1. Reduction in the number of condensed atoms in an

optical trap at a magnetic field strength of 3.0 @) Absorption FIG. 2. Number of atoms in thé2,0) (solid circleg, |2, +1)
images of atomic clouds after free expansions of 2Aupper W  (gpen squargsand|2, +2) (solid triangles states, as a function of
and 18 mglowest ong. Storage times are also shown on the right- {5 time at a magnetic field strength of 1.5 G. The total number of
hand side. A Stern-Gerlach separation was applied to distinguish th&coms(solid diamonds is also shown. Each point represents the

different me_components|2,0) was the predominant component ayerage of five measurements. Error bars indicate the standard
observed. The size of the field of view for each image is 1.1yeaviation.

% 0.45 mm.(b) Number of condensed atoms in t{& 0) state re-

maining in the trap as a function of trap time. Each data pointand light absorptionk, andK; represent the decay rates for
represents the average of three measurements. Error bars indicatelastic two- and three-body collisions, ands the density
the standard deviation. The curve was fitted to &, after omit-  of condensates. FoK,, we obtained a value of 22)
ting theK, andKj terms. x 10713 cm?® s71 by fitting Eq. (3) to the data, wher&; and

K3 terms were ignored because their contribution to the de-

_The residual magnetic field of 10 mG was measured withay \as considered to be extremely small. If a decay curve is
microwave transitions between tie=2 andF=1 hyperfine  j3yn using the measured values foy=0.25 s, K,=2.1

states of the optically confined condensates. We also estiy 1013 ¢ 1. and Ks=1.8x 102 cnf s [23], we can

mated the residual gradient field, using a Hall probe magnesge that it overlaps with the fitted curve shown in Figh)1
tometer, to be 30 mG/cm. within the resolution of this plot. The value obtained o
is in fair agreement with the upper limit measured to be 3
V- RESULTS AND DISCUSSION X 10713 cm3gs‘l by the JILA group forf’Rb condenstates in
We first demonstrate the time evolution of optically con- |2,1) state in a magnetic traj24].

fined condensates initially prepared in /& 0) state in a We also performed the same measurements at magnetic
magnetic field strength of 3.0 G. Figurgal depicts the field strengths of 1.5, 1.0, 0.75, 0.5, 0.3, and 0.1 G. Figure 2
time-of-flight absorption images taken after various evolu-shows the number of atoms of each component and the total
tion times. Populations in states other than the initial onghumber of atoms as a function of trap time at a magnetic
were negligible, whereas the production of either atom pairsield strength of 1.5 G. The atom number|&f +1) compo-
in the |2, +1) state or in the2, +2) state produced by the nents rapidly increased for the first 12 ms, then gradually
spin exchange caused by collisions between twe=0 at-  decreased in the same way as {8e0) component. The
oms was favored energetically for the total internal Zeemar?, +2) components were rarely observed, and the production
energy. In the 3-G magnetic filed, the release energies correyf these components through both the first and second terms
spond to 31 nK per atom for the production dRa+1) atom  in Eq. (1) was fully suppressed in this magnetic field.
pair and 124 nK per atom for the production off3+2  Ajthough we observed similar evolutions for each compo-
atom pair. This result suggests that the spin-mixing dynamicgent in the 1.0-G magnetic field, a dramatic change in spin
within the F=2 manifold is for some reason suppressed Unyixing occurred after exposure to magnetic fields in the
der the magnetic field strength conditions. range of 0.75-0.3 G. Figure 3 illustrates the evolution of

.The Q“”ﬁber 042’0} atom'shinr:he trap rhapidly dicrgased relative populations for magnetic fields of 1.5, 0.75, 0.3, and
[Fig. 1(b)] in comparison with those in the stretche stateo.l G. At a magnetic field strength of 0.75 [Gig. 3b)],

(|2,-2) due to hyperfine-changing inelastic collisions SUChosciIIations in the relative populations ,0) and |2, +1)
as|2,0+(2,00—|1,mg)+|F,mp) (hereF=1,2). If the con-  components were clearly observed for the first 20 ms. Al-
verted atoms had acquired an amount of kinetic energy Coknoygh similar spinor oscillations have been observed in
responding to the energy difference between the hyperfingiher studieg13,14, these studies have only reported oscil-
statesF=1 and 2, they would certainly have escaped fromjaion time scales over the range from 100 to 200 ms. In the
the trap. The loss of atoms from the trap can be described bﬂresent study, trap time measurements of more than 100 ms
a differential equation as follows: could not be investigated because of the limited sensitivity of

dN 5 the charge-coupled-devi¢g€ECD) camera. This phenomenon
iy (K1 + Ky(n) + Kx(n))N, (3 in spin-mixing dynamics has been predicted theoretically for
spin-1 condenstates in the absence of a magnetic[ffe2&.
whereN is the number of atoms artd, is a rate coefficient As shown in Fig. 8), the |2, +2) components are pro-

for density-independent losses such as residual gas scatteridgced very slowly, and the kinetic energy obtained by atoms
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§* FIG. 4. Images taken after evolutions of 7 gagand 10 mgb)
2 0.5¢ a- in a magnetic field strength of 0.75 G. The dips in the density
B f j distributions of the condensed atoms are shown in the center of the
Zg .\ condensates in a vertical direction for tf2g0) componen{a) and
/ I\AA }& . the |2, +1) componentgh). The size of the field of view for each
o .l-AA ] image is 1.0< 0.4 mm.(c) Horizontal profiles of each component in
) 30 30 50 (a) were cut at the center in the vertical direction.
1 i j i 1 this did not occur at a magnetic field strength of 0.3Fg.
@ 3@l - B
g In addition, we observed dips in the density distributions
k5 of condensed atoms as shown in Fig. 4. At a trap time of
g o5l 7 ms, the dip was seen at the center of the condensate in the
§‘ ) I:'\(}i i‘ﬁ' |2,0) state[Figs. 4a) and 4c)] and subsequently appeared in
g the |2, £1) components at a trap time of 10 rfBig. 4(b)].
K \ .Q\.,._ -e| This indicates t.hat thg spin—mixipg dy.namics developed
more frequently in the higher-density regions of the conden-
ol . . sates. Similar phase separations have also been observed for
0 20 . 20 60 the F=1 spinor condensates of Na atoms in the equilibrium
Trap time (ms) condition [10]. However, the atom defects shown here are

considered to be transitional structures because the system
did not reach equilibrium.

At a magnetic field strength of 0.3 ig. 3¢)], the ini-
tial decrease in the relative population of tf2&80) compo-
nent was larger than was observed at 0.75 G. The population
of |2, 1) components also increased. In addition, the rela-
converted through thel2,+1D)+|2,-1)—|2,+2+|2,-2 tive population of|2, +2) components increased, and popu-
process is fairly small6 nK/atom. This characteristic of lation oscillations were clearly observed for these compo-
spin-mixing dynamics demonstrates that the production ofients. Furthermore, a delay in the population gain was
|2,0) atom pairs is favored by th@, +1)+[2,-1) collision  observed for thé2, +2) components; i.e., the relative popu-
process at a magnetic field strength of 0.75 G. This observdation for |2, +2) components began to increase at a trap time
tion is interesting considering that endothermic processesf 7 ms. A similar time delay has also been reported by Ref.
(|2,+D+[2,-1)—2x%]2,0) are favored(leading to a re- [13]. This result indicates that increased spin exchange oc-
duction in the temperature of the whole sysjefmowever, curs at lower magnetic field strength. In addition, it was

FIG. 3. Relative populations in the,0) (solid circles, |2, +1)
(open squargsand|2, +2) (solid triangle states, as a function of
trap time at magnetic field strengths of 1.5&, 0.75 G(b), 0.3 G
(c), and 0.1 G(d). Each point represents the average of five mea-
surements. Error bars indicate the statistical error.
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FIG. 5. Relative populations of each spin component after F|G. 6. Loss rates for an inelastic two-body collision at various
70 ms storage time in the optical trap represented as a function ghagnetic field strengths. The values were determined by fitting Eq.
the various magnetic field strengths. Solid circles indicatd2h@  (3) and omitting thek; andKs terms for the evolution of the total
component, solid squares t{& +1) component, and solid triangles number of atoms in each data set. At a magnetic field strength of
the |2, £2) component. 1.0 G, the data points were plotted separately because the two val-

demonstrated that the spin exchange develops mainly béj_es were very close. The magnitude of the error for each point was

tween neighbor states; i.¢2, +1) components are first con- dependent on the error in the measured trap frequency, which was
verted from the|2,0) component, and thej2, +2) compo- estimated to be 8 Hz.
nents are produced from th2, +1) components. This shows
that the contribution of the, term in Eq.(1) is extremely ~ground state of the system, the configuration [2f-2)
small for 8Rb spin-2 condensates. +|2,00+|2,+2 is stable[13]. Our system did not com-
Comparing Figs. @) and 3c), the swinging backof the  pletely reach equilibrium conditions within the time scale
|2,0) component population reached a peak at a trap time dhvestigated. Nevertheless, the tendency of the magnetic field
about 10 ms in a 0.75-G magnetic field, whereas at 0.3 Gjependence of the spinor dynamics demonstrates an antifer-
the peak occurred at a trap time of about 20 ms. We suppogemagnetic nature for th&’Rb spin-2 condensates investi-
that this slowdown in the oscillation is caused by an increas@ated in this study.
in the population of2, +2) components. Population oscilla-  Finally, we illustrated the loss rates due to the inelastic
tions were not observed at a magnetic field strength of 0.1 Gwo-body collisions measured for the various magnetic fields
[Fig. 3d)]. However, the tendency in the evolution of rela- (Fig. 6). The values were obtained by fitting E() and
tive populations was consistent with the result for theomitting the termsK; andK; for the evolution of the total
0.3-G magnetic field strength. number of atoms. No obvious dependence of the loss rates
The standard deviations of each of the data points wer@n the magnetic field strength observed. This indicates that
found to increase at lower magnetic field strengths. Undegpin-mixing dynamics does not contribute to the trap loss
weak stray ac magnetic fields, the off-resonant rf transition@nd evolve in the hyperfine spin state of #he2 manifold.
between different Zeeman states can take pladg Thus, it ~The mean value of 1(2)x 103 cm® st is in fair agree-
is possible that these ac magnetic fields affect the relativenent with the value reported Hy.3].
population distribution between differemb- components.
This effect might also increase with a decrease in the
strength of the external dc magnetic field. We searched for V. CONCLUSIONS
these fields using a Hall probe magnetometer and by mea-
suring the evolution of optically trapped condensates in the We studied the dynamics of optically trapp&&b spin-2
|2,-2) state. However, we did not detect any ac magneticcondensates. Although the condensed atoms in the non-
fields. We suppose that the increase in the fluctuation o$tretched state and the mixture of different components
populations might have resulted from small population oscilwere lost from the trap at high rates due to hyperfine-
lations occurring on a faster time scale than the time intervathanging collisions, spin-mixing processes between different
employed for our measurements. me components were observed at various magnetic field
Ground-state structure and magnetizatiorf @b spin-2  strengths. The population oscillation of thg components
condensates were deduced from the magnetic field depeduring the evolution of spin mixing was also observed. In
dence of their spinor dynamics. Figure 5 illustrates the relaaddition, we found that this phenomenon occurred only at
tive populations for each component measured after a tragpecific magnetic field strengths. We also demonstrated that
time of 70 ms, as a function of the magnetic field strengththe spin-dependent interactions occurred in the high-density
The relative population d&, +2) components increases with regions of the spinor condensates. By observing the tendency
a decrease of magnetic field strength, while populations ofor relative populations of each of tlrer components after
the other components decreased. One of the ground states@ ms time evolution in the optical trap at various magnetic
spin-2 condensates with antiferromagnetic properties in théeld strengths, we deduced that tFi®b spin-2 condensate
absence of a magnetic field is predicted to be a mixture ofad antiferromagnetic properties. We also confirmed that no
|2,-2+]2,+2 [18]. However, if a cyclic phase is the external trap losses occurred during the spin-mixing process
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