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We experimentally studied the spin-dependent collision dynamics of87Rb spin-2 Bose-Einstein condensates
confined in an optical trap. The condensed atoms were initially populated in theuF=2,mF=0l 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 be 1.4s2d310−13 cm3 s−1. 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 eachmF component.
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I. INTRODUCTION

Multicomponent Bose-Einstein condensates produced
from dilute atomic gases have opened up new fields for the
study of quantum matter waves and superfluids. The first
reports of the use of these systems were made by the JILA
group [1] using 87Rb condensates confined in a magnetic
trap. Sympathetic cooling and, later, two-photon transitions
[2] were applied to produce two-component condensates
comprised of two hyperfine spin states. The system produced
in that study is regarded as a spin-1/2 condensate, and a large
number of interesting studies such as vortex formation[3]
and spatial resolution of spin waves[4] have been carried out
since then. However, in this system, the atoms are fixed in
weak-seeking magnetic states, and external fields such as
microwaves are required to couple each of the components.

In contrast, an optical trap enables confinement of the
atoms in all the magnetic substates; i.e., the internal spin
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
substates through interatomic interactions in the absence of
external coupling fields. The ground- and excited-state struc-
tures can be determined according to their magnetic and to-
pological properties[5–8]. The MIT group was the first to
succeed in optically confining Na spin-1 condensates[9].
Since then, that group has studied the ground-state structure
[10], metastability[11], and quantum tunneling[12] of Na
spinor condensates. Recent investigations of87Rb spin-1
condensates have shown that their magnetization is ferro-
magnetic[13,14].

The spin-2 condensate is a more attractive system, be-
cause it is thought to have a new magnetic response. Koashi
and Ueda[8] and Ciobanuet al. [15] reported that spin-
singlet “trios” (cyclic states) can be formed in this system.
Furthermore, a rich variety of spinor dynamics is expected
from spin-2 condensates with greater spin values than those
reported for other systems. To date, a number of theoretical

[8,15–18] and experimental[13,14,19] investigations have
been conducted on this system. In particular, the Hamburg
group has recently measured the spinor dynamics of87Rb
spin-2 condensates at a fixed magnetic field strength and
reported evidence of antiferromagnetic behavior[13].

In this paper, we experimentally investigate the spin-
mixing dynamics and trap loss of optically confined87Rb
spin-2 condensates at various magnetic field strengths. Ini-
tially, condensates in which almost all of the atoms were
polarized in theuF=2,mF=0l state were prepared in a trap.
We confirmed that the trap loss rate in this state is two orders
of magnitude higher than in the stretched states(mF= +2 and
−2 states), due to inelastic two-body collisions. The magnetic
field and atomic density dependence on the spinor dynamics
in the F=2 manifold were also demonstrated. Furthermore,
we discuss the ground-state magnetic properties of the sys-
tem by investigating changes in the spin-mixing rates at vari-
ous magnetic field strengths.

II. THEORETICAL BACKGROUND

A condensate with spin degrees of freedom is represented
by a vector order parameter that is symmetrical under rota-
tion in the hyperfine spin space of a zero-strength magnetic
field and has 2F+1 components, whereF is the hyperfine
spin. The mean-field theory was extended with the vector
order parameter, and various properties of spinor conden-
sates have been theoretically suggested[6–8,15–18]. The
ground-state structure of a spinor condensate is formed as
minimizing the spin-dependent interatomic interaction en-
ergy. For theF=2 system, taking into account the effects of
an external magnetic field, the energy is characterized by the
following function [8,13,18]:

espin= c1kFW l2 +
4

5
c2uks−lu − pkFzl − qkFz

2l, s1d

wherekFW l, kFzl, andks−l denote the average spin,z compo-
nent, and spin-singlet pair amplitude, andp andq correspond
to the linear and quadratic Zeeman energies, respectively.c1
and c2 are parameters that characterize the spin-dependent*Electronic address: kuwamoto@qo.phys.gakushuin.ac.jp
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mean-field energies and are defined by thes-wave scattering
lengthsaf for binary collisions with total spinf as follows
[8,15]:

c1 =
4p"2

m

a4 − a2

7
, c2 =

4p"2

m

7a0 − 10a2 + 3a4

7
, s2d

wherem denotes the mass of a rubidium atom.
The s-wave scattering lengthsa0, a2, anda4 were calcu-

lated by Klausenet al. [17] based on experimental results by
Robertset al. [20]. Using these results, thec1 andc2 values
were calculated to be 9.2310−20 Hz m3 and −1.5
310−19 Hz m3. Although these magnitudes are about 80 and
50 times smaller than the spin-independent mean-field coef-
ficient fc0=s4p"2/mds4a2+3a4d /7g, their signs and relative
magnitudes determine the dynamic and stationary properties
as well as the magnetic responses of spin-2 condensates
when the external magnetic field is either small or zero. The
energy ranges of the first and second terms in Eq.(1) were
estimated to bekB30–4 nK andkB30–1 nK using the ini-
tial mean atom densityn=2.131014 cm−3 in our experi-
ments and thes-wave scattering lengths given in Ref.[17].
While the magnetization of87Rb spin-2 condensates has
been predicted to be antiferromagnetic, their corresponding
point in the phase diagram shown in Ref.[17] is very close
to the cyclic phase. Thus, in order to determine conclusive
criteria regarding the magnetization of this system, it is im-
portant to study the spinor dynamics at various magnetic
field strengths.

The ground state of the system is formed by the
total spin-conserved interactions between atoms such as
u2,0l+ u2,0l↔ u2, +1l+ u2,−1l, u2, +1l+ u2,−1l↔ u2, +2l
+ u2,−2l, and u2,0l+ u2,0l↔ u2, +2l+ u2,−2l, assuming that
we ignore the loss of atoms. We also note that there are
several selection rules relating to the spin-exchange pro-
cesses. The first term in Eq.(1) allows for the processes with
DmF= ±1, and the second term allows forDmF= ±2 interac-
tions [13].

III. EXPERIMENT

We used a simple double magneto-optical trap(MOT)
apparatus to accumulate ultracold87Rb atoms. The atoms
collected in the first MOT were continuously transferred to
the second MOT by irradiating with a weak near-resonant cw
laser beam focused on the center of the atomic cloud. More
than 109 atoms can be collected in the second MOT over a
time interval of 3 s. The atoms were then pumped optically
into the u2, +2l state and recaptured in the Ioffe-Pritchard
(clover-leaf) type magnetic trap. Bose-Einstein condensates
containing 106 atoms were created by evaporative cooling
with an rf field for 14 s.

The condensates were then loaded into an optical trap
formed by two far off-resonant laser beams with a wave-
length of 850 nm. One of the laser beams was irradiated
along the long axis of the cigar-shaped condensates with a
power of 7 mW and a 1/e2 radius at a focus of 24mm. The
second laser with 11 mW of power was focused perpendicu-
larly across the first beam, with a waist radius of 90mm.
Under these conditions and taking into account the effect of

gravity, the potential depth of the trap is calculated to be
about 1mK. The power fluctuations of both lasers were less
than 1%. After the creation of the condensates, the power
from both lasers was simultaneously ramped exponentially
for 50 ms. The magnetic trap was then quickly turned off. A
transfer rate of nearly 100% was achieved. The aspect ratio
of the condensates in the trap was estimated to be 11, and the
average trap frequency measured from the release energy of
the condensates[9] was found to be 82 Hz.

We experimentally confirmed that all of the condensed
atoms transferred to the optical trap populated in theu2,
−2l state even though the condensed atoms were in theu2,
+2l state in the magnetic trap. This occurred because when
the magnetic trap was turned off, there was a slight delay in
the switch-off timing of the current through the compensa-
tion coil pair, which was driven independently from the main
coils of the magnetic trap and used to control the minimum
field strength at the trap center. That is, because the direction
of the magnetic field from the compensation coils was oppo-
site to that of the field produced by the main coils(and also
opposite to the magnetic field from the whole coils of mag-
netic trap) along the long axis of the cigar-shaped conden-
sates, the field direction was nonadiabatically reversed when
the magnetic trap was turned off, whereas the initial direction
of the atomic spin did not change. We found that the condi-
tion of the atomic population did not affect our experiments,
and we therefore used the condition described above.

Lifetime measurements were performed on the optically
trapped condensates in theu2,−2l state. The 1/e lifetime of
4.0s1.6d s was obtained by applying an exponential fit to the
data after excluding the initial faster decay part caused by
inelastic three-body collisions. This value is shorter than that
of the magnetic trap for which the lifetime was measured to
be approximately 7 s. To explain this observation, we believe
that the heating rate of the condensates increased in compari-
son to the magnetic trap, because noncondensed atoms were
confined in thearm region, which is the noncrossed region of
the two laser beams in a crossed-type optical trap[21]. The
photon scattering rate was found to be 2310−3 s−1, and
therefore the light absorption by atoms was ignored. The
lifetime used in this study was sufficient, however, to mea-
sure the spinor dynamics under investigation.

To study the spinor dynamics, the condensates in theu2,
−2l state were transferred to theu2,0l state by sweeping the
rf field through resonance in an external magnetic field of
20 G [22]. This field value allowed us to selectively prepare
the desired states by quadratic Zeeman shifts. By controlling
the sweep time, sweep range, and amplitude of the rf field,
we achieved a transfer rate of more than 90%. The above
manipulations were performed after 400 ms of transferring
the condensates to the optical trap. After state preparation,
the 20-G field was turned off, and accurately controlled ex-
ternal magnetic fields in the range from 0.1 to 3.0 G were
immediately applied. Under these conditions, optically
trapped condensates in theu2,0l state evolved for a variable
amount of time. The optical trap was turned off at the end of
the time evolution period, and absorption imaging was ap-
plied after free expansion ranging from 15 to 22 ms to mea-
sure the population distribution of each spin component. The
different spin components were then spatially separated us-
ing the Stern-Gerlach method[9].
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The residual magnetic field of 10 mG was measured with
microwave transitions between theF=2 andF=1 hyperfine
states of the optically confined condensates. We also esti-
mated the residual gradient field, using a Hall probe magne-
tometer, to be 30 mG/cm.

IV. RESULTS AND DISCUSSION

We first demonstrate the time evolution of optically con-
fined condensates initially prepared in theu2,0l state in a
magnetic field strength of 3.0 G. Figure 1(a) depicts the
time-of-flight absorption images taken after various evolu-
tion times. Populations in states other than the initial one
were negligible, whereas the production of either atom pairs
in the u2, ±1l state or in theu2, ±2l state produced by the
spin exchange caused by collisions between twomF=0 at-
oms was favored energetically for the total internal Zeeman
energy. In the 3-G magnetic filed, the release energies corre-
spond to 31 nK per atom for the production of au2, ±1l atom
pair and 124 nK per atom for the production of au2, ±2l
atom pair. This result suggests that the spin-mixing dynamics
within the F=2 manifold is for some reason suppressed un-
der the magnetic field strength conditions.

The number ofu2,0l atoms in the trap rapidly decreased
[Fig. 1(b)] in comparison with those in the stretched state
su2,−2ld due to hyperfine-changing inelastic collisions such
as u2,0l+ u2,0l→ u1,mFl+ uF ,mF8l (hereF=1,2). If the con-
verted atoms had acquired an amount of kinetic energy cor-
responding to the energy difference between the hyperfine
statesF=1 and 2, they would certainly have escaped from
the trap. The loss of atoms from the trap can be described by
a differential equation as follows:

dN

dt
= − sK1 + K2knl + K3kn2ldN, s3d

whereN is the number of atoms andK1 is a rate coefficient
for density-independent losses such as residual gas scattering

and light absorption.K2 andK3 represent the decay rates for
inelastic two- and three-body collisions, andn is the density
of condensates. ForK2, we obtained a value of 2.1s2d
310−13 cm3 s−1 by fitting Eq. (3) to the data, whereK1 and
K3 terms were ignored because their contribution to the de-
cay was considered to be extremely small. If a decay curve is
drawn using the measured values forK1=0.25 s−1, K2=2.1
310−13 cm3 s−1, and K3=1.8310−29 cm6 s−1 [23], we can
see that it overlaps with the fitted curve shown in Fig. 1(b)
within the resolution of this plot. The value obtained forK2
is in fair agreement with the upper limit measured to be 3
310−13 cm3 s−1 by the JILA group for87Rb condenstates in
u2,1l state in a magnetic trap[24].

We also performed the same measurements at magnetic
field strengths of 1.5, 1.0, 0.75, 0.5, 0.3, and 0.1 G. Figure 2
shows the number of atoms of each component and the total
number of atoms as a function of trap time at a magnetic
field strength of 1.5 G. The atom number ofu2, ±1l compo-
nents rapidly increased for the first 12 ms, then gradually
decreased in the same way as theu2,0l component. The
u2, ±2l components were rarely observed, and the production
of these components through both the first and second terms
in Eq. (1) was fully suppressed in this magnetic field.

Although we observed similar evolutions for each compo-
nent in the 1.0-G magnetic field, a dramatic change in spin
mixing occurred after exposure to magnetic fields in the
range of 0.75–0.3 G. Figure 3 illustrates the evolution of
relative populations for magnetic fields of 1.5, 0.75, 0.3, and
0.1 G. At a magnetic field strength of 0.75 G[Fig. 3(b)],
oscillations in the relative populations ofu2,0l and u2, ±1l
components were clearly observed for the first 20 ms. Al-
though similar spinor oscillations have been observed in
other studies[13,14], these studies have only reported oscil-
lation time scales over the range from 100 to 200 ms. In the
present study, trap time measurements of more than 100 ms
could not be investigated because of the limited sensitivity of
the charge-coupled-device(CCD) camera. This phenomenon
in spin-mixing dynamics has been predicted theoretically for
spin-1 condenstates in the absence of a magnetic field[7,25].

As shown in Fig. 3(b), the u2, ±2l components are pro-
duced very slowly, and the kinetic energy obtained by atoms

FIG. 1. Reduction in the number of condensed atoms in an
optical trap at a magnetic field strength of 3.0 G.(a) Absorption
images of atomic clouds after free expansions of 22 ms(upper two)
and 18 ms(lowest one). Storage times are also shown on the right-
hand side. A Stern-Gerlach separation was applied to distinguish the
different mF components.u2,0l was the predominant component
observed. The size of the field of view for each image is 1.1
30.45 mm.(b) Number of condensed atoms in theu2,0l state re-
maining in the trap as a function of trap time. Each data point
represents the average of three measurements. Error bars indicate
the standard deviation. The curve was fitted to Eq.(3), after omit-
ting theK1 andK3 terms.

FIG. 2. Number of atoms in theu2,0l (solid circles), u2, ±1l
(open squares), and u2, ±2l (solid triangles) states, as a function of
trap time at a magnetic field strength of 1.5 G. The total number of
atoms (solid diamonds) is also shown. Each point represents the
average of five measurements. Error bars indicate the standard
deviation.
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converted through theu2, +1l+ u2,−1l→ u2, +2l+ u2,−2l
process is fairly smalls6 nK/atomd. This characteristic of
spin-mixing dynamics demonstrates that the production of
u2,0l atom pairs is favored by theu2, +1l+ u2,−1l collision
process at a magnetic field strength of 0.75 G. This observa-
tion is interesting considering that endothermic processes
su2, +1l+ u2,−1l→23 u2,0ld are favored(leading to a re-
duction in the temperature of the whole system); however,

this did not occur at a magnetic field strength of 0.3 G[Fig.
3(c)].

In addition, we observed dips in the density distributions
of condensed atoms as shown in Fig. 4. At a trap time of
7 ms, the dip was seen at the center of the condensate in the
u2,0l state[Figs. 4(a) and 4(c)] and subsequently appeared in
the u2, ±1l components at a trap time of 10 ms[Fig. 4(b)].
This indicates that the spin-mixing dynamics developed
more frequently in the higher-density regions of the conden-
sates. Similar phase separations have also been observed for
the F=1 spinor condensates of Na atoms in the equilibrium
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 G[Fig. 3(c)], the ini-
tial decrease in the relative population of theu2,0l compo-
nent was larger than was observed at 0.75 G. The population
of u2, ±1l components also increased. In addition, the rela-
tive population ofu2, ±2l components increased, and popu-
lation oscillations were clearly observed for these compo-
nents. Furthermore, a delay in the population gain was
observed for theu2, ±2l components; i.e., the relative popu-
lation for u2, ±2l components began to increase at a trap time
of 7 ms. A similar time delay has also been reported by Ref.
[13]. This result indicates that increased spin exchange oc-
curs at lower magnetic field strength. In addition, it was

FIG. 3. Relative populations in theu2,0l (solid circles), u2, ±1l
(open squares), and u2, ±2l (solid triangle) states, as a function of
trap time at magnetic field strengths of 1.5 G(a), 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.

FIG. 4. Images taken after evolutions of 7 ms(a) and 10 ms(b)
in a magnetic field strength of 0.75 G. The dips in the density
distributions of the condensed atoms are shown in the center of the
condensates in a vertical direction for theu2,0l component(a) and
the u2, ±1l components(b). The size of the field of view for each
image is 1.030.4 mm.(c) Horizontal profiles of each component in
(a) were cut at the center in the vertical direction.
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demonstrated that the spin exchange develops mainly be-
tween neighbor states; i.e.,u2, ±1l components are first con-
verted from theu2,0l component, and thenu2, ±2l compo-
nents are produced from theu2, ±1l components. This shows
that the contribution of thec2 term in Eq.(1) is extremely
small for 87Rb spin-2 condensates.

Comparing Figs. 3(b) and 3(c), the swinging backof the
u2,0l component population reached a peak at a trap time of
about 10 ms in a 0.75-G magnetic field, whereas at 0.3 G,
the peak occurred at a trap time of about 20 ms. We suppose
that this slowdown in the oscillation is caused by an increase
in the population ofu2, ±2l components. Population oscilla-
tions were not observed at a magnetic field strength of 0.1 G
[Fig. 3(d)]. However, the tendency in the evolution of rela-
tive populations was consistent with the result for the
0.3-G magnetic field strength.

The standard deviations of each of the data points were
found to increase at lower magnetic field strengths. Under
weak stray ac magnetic fields, the off-resonant rf transitions
between different Zeeman states can take place[14]. Thus, it
is possible that these ac magnetic fields affect the relative
population distribution between differentmF components.
This effect might also increase with a decrease in the
strength of the external dc magnetic field. We searched for
these fields using a Hall probe magnetometer and by mea-
suring the evolution of optically trapped condensates in the
u2,−2l state. However, we did not detect any ac magnetic
fields. We suppose that the increase in the fluctuation of
populations might have resulted from small population oscil-
lations occurring on a faster time scale than the time interval
employed for our measurements.

Ground-state structure and magnetization of87Rb spin-2
condensates were deduced from the magnetic field depen-
dence of their spinor dynamics. Figure 5 illustrates the rela-
tive populations for each component measured after a trap
time of 70 ms, as a function of the magnetic field strength.
The relative population ofu2, ±2l components increases with
a decrease of magnetic field strength, while populations of
the other components decreased. One of the ground states of
spin-2 condensates with antiferromagnetic properties in the
absence of a magnetic field is predicted to be a mixture of
u2,−2l+ u2, +2l [18]. However, if a cyclic phase is the

ground state of the system, the configuration ofu2,−2l
+ u2,0l+ u2, +2l is stable [13]. Our system did not com-
pletely reach equilibrium conditions within the time scale
investigated. Nevertheless, the tendency of the magnetic field
dependence of the spinor dynamics demonstrates an antifer-
romagnetic nature for the87Rb spin-2 condensates investi-
gated in this study.

Finally, we illustrated the loss rates due to the inelastic
two-body collisions measured for the various magnetic fields
(Fig. 6). The values were obtained by fitting Eq.(3) and
omitting the termsK1 and K2 for the evolution of the total
number of atoms. No obvious dependence of the loss rates
on the magnetic field strength observed. This indicates that
spin-mixing dynamics does not contribute to the trap loss
and evolve in the hyperfine spin state of theF=2 manifold.
The mean value of 1.4s2d310−13 cm3 s−1 is in fair agree-
ment with the value reported by[13].

V. CONCLUSIONS

We studied the dynamics of optically trapped87Rb spin-2
condensates. Although the condensed atoms in the non-
stretched state and the mixture of differentmF components
were lost from the trap at high rates due to hyperfine-
changing collisions, spin-mixing processes between different
mF components were observed at various magnetic field
strengths. The population oscillation of themF components
during the evolution of spin mixing was also observed. In
addition, we found that this phenomenon occurred only at
specific magnetic field strengths. We also demonstrated that
the spin-dependent interactions occurred in the high-density
regions of the spinor condensates. By observing the tendency
for relative populations of each of themF components after
70 ms time evolution in the optical trap at various magnetic
field strengths, we deduced that the87Rb spin-2 condensate
had antiferromagnetic properties. We also confirmed that no
external trap losses occurred during the spin-mixing process

FIG. 5. Relative populations of each spin component after
70 ms storage time in the optical trap represented as a function of
the various magnetic field strengths. Solid circles indicate theu2,0l
component, solid squares theu2, ±1l component, and solid triangles
the u2, ±2l component.

FIG. 6. Loss rates for an inelastic two-body collision at various
magnetic field strengths. The values were determined by fitting Eq.
(3) and omitting theK1 andK3 terms for the evolution of the total
number of atoms in each data set. At a magnetic field strength of
1.0 G, the data points were plotted separately because the two val-
ues were very close. The magnitude of the error for each point was
dependent on the error in the measured trap frequency, which was
estimated to be 8 Hz.
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for magnetic field strengths from 0.1 to 1.5 G. Our future
work will involve studies of the spinor dynamics of this sys-
tem at near-zero magnetic field strength, using an improved
apparatus. Such studies are likely to improve our knowledge
of the magnetic properties of this system. We also plan to
study the mixture ofF=1 andF=2 spinor condensates to
probe the interactions between the spinor condensates af-
fected by different magnetization.
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