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Bose-Einstein condensates have been prepared in long-lived metastable excited states
complementary types of metastable states were observed. The first is due to the immiscibi
multiple components in the condensate, and the second to local suppression of spin-relaxation col
Relaxation via recondensation of noncondensed atoms, spin relaxation, and quantum tunnelin
observed. These experiments were done withF ­ 1 spinor Bose-Einstein condensates of sodiu
confined in an optical dipole trap. [S0031-9007(99)08657-3]

PACS numbers: 03.75.Fi, 05.30.Jp, 64.60.My, 67.40.Fd
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Metastable states of matter, excited states which re
only slowly to the ground state, are commonly encou
tered. This slow relaxation often arises from the presen
of free-energy barriers that prevent a system from direc
evolving toward its ground state; if the thermal energy
overcome this barrier is not available, the metastable st
may be long lived.

Many properties of Bose-Einstein condensates in d
lute atomic gases [1–4] arise from metastability; indee
such condensates are themselves metastable, since the
equilibrium state is a solid at these low temperature
Bose-Einstein condensates in gases with attractive int
actions [3] are metastable against collapse due to a
netic energy barrier [5]. The persistence of rotations
condensates with repulsive interactions hinges on whet
vortices are metastable in singly [6] or multiply connecte
[7,8] geometries. Similarly, dark solitons in restricted ge
ometries are predicted to be long lived [9] akin to th
recently observed metastable states in superfluid3He-B
[10]. Finally, Pu and Bigelow discussed spatial distribu
tions of two-species condensates which are metastable
to repulsion between the two species [11].

In this Letter, we report on the observation o
two complementary types of metastability inF ­ 1
spinor Bose-Einstein condensates of sodium. In one
two-component condensate in thejF ­ 1, mF ­ 1, 0l
hyperfine states was stable in spin composition, b
spontaneously formed a metastable spatial arrangemen
spin domains. In the other, a single componentjmF ­ 0l
condensate was metastable in spin composition with
spect to the development ofjmF ­ 61l ground-state spin
domains. In both cases, the energy barriers which cau
the metastability (as low as 0.1 nK) were much small
than the temperature of the gas (about 100 nK) whi
would suggest a rapid thermal relaxation. However, sin
the thermal energy is only available to noncondens
atoms, this thermal relaxation was slowed considerab
due to the high condensate fraction and the extrem
diluteness of the noncondensed cloud.

Spinor Bose-Einstein condensates were prepared a
previous work [12]. Condensates in thejF ­ 1, mF ­
0031-9007y99y82(11)y2228(4)$15.00
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21l state were created in a magnetic trap [13] and th
transferred to an optical dipole trap formed by a sing
infrared laser beam [14]. The beam was weakly focus
producing cigar-shaped traps with depths of1 2 mK,
radial trap frequencies of about 500 Hz, and aspect rat
of about 70. After transfer, Landau-Zener rf-swee
placed the optically trapped atoms into the desired init
spin states. Condensates were then held for as long
20 s during which time the condensate numbers deca
from about106 to 105. Condensate densities ranged fro
s5 to 1d 3 1014 cm23.

The spin-state distribution along the long axis of th
optical trap was probed by a Stern-Gerlach spin separa
combined with time-of-flight imaging [12]. After a sudden
switch off of the optical trap, the condensate expand
primarily radially. After 5 ms, a magnetic field gradient o
several Gycm separated the different spin-state populatio
without distorting them. Axial striations observed in time
of-flight images therefore reflected the spatial structu
of the trapped condensate. After a total time-of-flight
15–30 ms, the atoms were optically pumped to thejF ­
2, mF ­ 2l hyperfine state, and imaged with resonant ligh

For our first set of experiments, a condensate in
superposition of thejF ­ 1, mF ­ 1, 0l hyperfine states
was prepared by first transferring all of the atoms to t
jmF ­ 1l state with an adiabatic rf-sweep at low fiel
(1 G), and then transferring half of the population to th
jmF ­ 0l state with a nonadiabatic sweep at high fie
(15 G). The sample then evolved freely in a 15 G bi
field which prevented the formation ofjmF ­ 21l spin
domains due to the large quadratic Zeeman energy b
rier [12].

Following their preparation, the two spin componen
began to separate radially (Fig. 1, sideways in image
Within 50 ms, axial density striations were observe
indicating the formation ofjmF ­ 1l and jmF ­ 0l spin
domains. The striations were initially angled due to rad
excitations which tilted the domain walls at various angl
to the long axis of the cloud. After about 100 ms, th
striations became horizontal, indicating the dissipation
radial motion and the orientation of the domain wal
© 1999 The American Physical Society
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FIG. 1. Spontaneous formation of metastable states in a 15 G bias field. Condensates were probed at various times
overlappingjmF ­ 1, 0l mixed condensate was prepared. ThejmF ­ 1l (top) andjmF ­ 0l (bottom) states were separated durin
their free expansion. Striations reflect the presence of alternatingø40 mm axial spin domains which form 50 ms after stat
preparation. Only a200 mm slice of the cloud was imaged, by using a narrow optical pumping beam, to improve resolu
Arrows indicate the axial and radial directions in the optical trap. The height of each image is 1.3 mm.
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perpendicular to the axis of the cloud. The spin domai
reached typical sizes of40 6 15 mm, slightly larger than
their size after 50 ms. Thereafter, the clouds were e
sentially unchanged—only the total number of atom
diminished due to three-body losses. Matching the im
ages of thejmF ­ 1l and jmF ­ 0l spin distributions
showed that these long-lived states consist of persiste
alternatingjmF ­ 1l andjmF ­ 0l spin domains.

Phase separation in two-component condensate mixtu
is predicted by mean-field theory [15–18]. The mea
field interaction energy of such condensates is given
2p h̄2ym 3 sn2

aaa 1 n2
bab 1 2nanbaabd, where m is

the common atomic mass,na andnb are the densities of
each of the components,aa and ab are the same-species
scattering lengths, andaab is the scattering length for
interspecies collisions. The mean-field energy is min
mized by phase separation when the scattering leng
obey the relationaab .

p
aaab. At low magnetic fields,

the scattering lengths in theF ­ 1 spinor system are
determined byaFtot­0 andaFtot­2 which describe collisions
between atoms with total angular momentumFtot ­ 0, 2
[19]. Defining ā ­ s2aFtot­2 1 aFtot­0dy3 and Da ­
saFtot­2 2 aFtot­0dy3, the scattering lengths for thejmF ­
1, 0l two-component system are given bya0 ­ ā, and
a1 ­ a01 ­ ā 1 Da. SinceDa . 0 [12], a01 .

p
a0a1

and the components phase separate. Interestingly,
phase separation should not occur in the nonconden
cloud because the same-species mean-field interac
energies are doubled due to exchange terms.

The tendency of a two-component mixture to pha
separate implies the presence of imaginary frequenc
for out-of-phase collective excitations of the overlappin
components (spin waves) [18,20]. This means that su
condensates are unstable, and slight perturbations g
exponentially. In our experiment, density and magne
field inhomogeneities may yield slight perturbations i
the initial state, corresponding to an initial distributio
of spin wave excitations. The spontaneous formation
spin domains thus constitutes an observation of spin wa
with imaginary frequencies at wavelengths of10 50 mm,
corresponding to the size of the spin domains which a
initially formed.

The many-domain spin distribution is a macroscop
cally occupied excited state; the ground state of t
two-component system would contain only one doma
ns
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each of jmF ­ 0l and jmF ­ 1l atoms, minimizing
the surface energy of the domain walls [21]. For th
many-domain state to decay directly to the ground sta
the two condensate components would have to eit
overlap or else pass by each other without overlappin
Such motion is energetically forbidden: the former du
to the mean-field energy (typically 50 Hz or 2.5 nK
[12]), and the latter due to the large kinetic energ
required to vary the condensate wave function radia
(the condensate is about5 mm wide, yielding a kinetic
energy barrier of 50–100 Hz) [22]. For this reason, th
excited states we observe are metastable. In comp
son, experiments on two-component mixtures of87Rb
showed no metastability, due in part to the nearly sphe
cal traps (aspect ratio of1y

p
8) which were used [23].

The typical size of the metastable spin domains can
understood by considering the width of the domain wa
(.3 mm [24]). Spin domains smaller than this width d
not prevent the tunneling of unlike-spin atoms throug
the domain, and thus small spin domains are free to m
grate through the cloud and coalesce with other like-sp
domains. Spin domains which are several times larg
than the boundary width prevent the tunneling of atom
across the domain, and are thus stable. Metastable
mains shorter thanø25 mm were not observed, although
the above description suggests that domains as shor
ø10 mm could be stable. This may be due to either a
axial smearing of small domains during their free expa
sion prior to imaging, or perhaps the destabilization
small domains by the initial radial excitations in the trap
ped cloud.

The spontaneously formed metastable states persi
for at least 20 s in the absence of an externally appl
magnetic field gradient. The lifetime of the metastab
state was shortened by applying a magnetic field gradi
along the axis of the trap. At field gradients of 0.1 Gycm
or greater, the metastable states decayed to the ground
within experimentally accessible times of 10 s or less.

To study this decay with a well-defined initial state, w
first created a metastable two-domain system. A stro
magnetic field gradient was applied, causing the ma
spin domains to collapse into the ground state of tw
domains with thejmF ­ 1l domain at the high-field end
of the cloud. A weaker field gradient (0.1 Gycm) was
then applied in the opposite direction, which energetica
2229
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favored the rearrangement of the spin domains at oppos
ends of the cloud. In spite of this gradient, the two
domain system was metastable (Fig. 2). It decayed slow
to equilibrium via two processes: a slow process whic
dominated for the first 12 s, and a fast process (between
and 13 s) which suddenly depleted the metastable doma

The slow process caused a gradual increase in
number of atoms in the two ground-state spin domain
which saturated at about5 3 104 atoms in each. The
rate of accumulation did not depend strongly on con
densate density, which was varied by decreasing the
tal number of atoms before creating the metastable sta
Thus, the slow process is probably due to reconden
tion of the dilute thermal cloud into ground-state spi
domains, driven by a differenceDm between the chemi-
cal potential of the thermal cloud and the energy of th
ground state.

Studies of the formation of one-component Bose co
densates in harmonic traps [25,26] considered the ca
T ¿ m, whereT is the temperature of the cloud, andm

is the chemical potential of the condensate (m . 0 due to
interactions). For optically trapped Bose condensates,
temperature is about 1y10 of the optical trap depth due
to evaporation, i.e.,T ø 100 nK [14]. For typical den-
sities of3 3 1014 cm23, m ­ 220 nK . T . Thus, pre-
vious studies of condensate formation may not apply
these metastable states.

The sudden decay to the ground state after the slo
relaxation indicated the onset of a faster relaxation mech
nism, which occurred once the decaying condensate h
reached a critical density. The dependence of this critic
density on the applied field gradient suggests the on
of quantum tunneling across the metastable spin domai
Such behavior will be reported in greater detail elsewhe

The metastable states discussed so far involved mu
component mixtures stable in composition, but metastab
in their spatial distribution. Conversely, we identified
another form of metastability in which a single com
ponent condensate was stable in its spatial distributio
but metastable in its hyperfine composition. This wa
observed in spinor condensates with an overall spin pr
jection kFzl ­ 0 along the magnetic field axis. Conden
sates were prepared using Landau-Zener rf-sweeps at h
fields (30 G) in one of two ways: Either the entire trappe

FIG. 2. Relaxation of metastable states in a 15 G axial bi
field and a 0.1 Gycm gradient. Images show metastable (oute
and ground-state (inner) spin domains ofjmF ­ 1l and jmF ­
0l atoms, probed at various times after state preparation. T
metastable domains decayed slowly for 12 s before tunneli
quickly to the ground state. The direction of the field gradien
(B0) is indicated. The height of each image is 1.3 mm.
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condensate was placed in thejmF ­ 0l state by a single
rf-sweep, or the condensate was placed in a 50-50 m
ture of thejmF ­ 11l and jmF ­ 21l states using two
rf-sweeps. The condensates were then allowed to re
the ground state at a magnetic bias fieldB0 and axial field
gradientB0. The ground-state spin structure was studi
previously as a function ofB0 andB0 in Ref. [12].

The evolution to equilibrium from the two starting con
ditions was quite different (Fig. 3). When starting from
the jmF ­ 0l state, the condensate remained in that st
for about three seconds before evolving over the next f
seconds to the ground state. On the other hand, st
ing from an equal mixture ofjmF ­ 11l andjmF ­ 21l
atoms, the fraction of atoms in thejmF ­ 0l state grew
without delay, arriving at equilibrium within just 200 ms

This difference can be understood by considering
spin-relaxation collision, in which twojmF ­ 0l atoms
collide to produce ajmF ­ 1l and ajmF ­ 21l atom.
In the presence of a magnetic fieldB0, quadratic Zeeman
shifts cause the energy of the twojmF ­ 0l atoms to be
lower than that of thejmF ­ 1l and jmF ­ 21l atoms
by 2 3 390 Hz 3 sB0yG d2. Because of this activation
energy, condensate atoms in thejmF ­ 0l state cannot
undergo spin-relaxation collisions. Thus, even though t
creation ofjmF ­ 1l andjmF ­ 21l spin domains at the
ends of the condensate is energetically favoredglobally in
the presence of a magnetic field gradient, thejmF ­ 0l
condensate cannot overcome thelocal energy barrier for
spin relaxation. On the other hand, condensate atom
the jmF ­ 1l and jmF ­ 21l states can directly lower
their energy through such collisions, and equilibra
quickly.

The decay of the metastablejmF ­ 0l state was studied
by varying the bias fieldB0, the field gradientB0, and the
trap depthU. Evolution curves under various condition
(Fig. 4) were characterized by a delay timeTd before
the fraction of condensate atoms in thejmF ­ 0l state
decayed exponentially to equilibrium with a relaxatio
time constantt. Increasing the bias fieldB0 did not
affect t significantly, but increased the delay time from
Td . 1.9 s at small bias fields (55 mG) toTd . 3.6 s for
larger fields (250 mG). Lowering the trap depth from
2 to 1.2 mK increased bothTd from about 0.6 to 4 s,
and t from about 3.8 to 6.6 s. Increasing the magne
field gradient from 11 to 44 mGycm induced only a weak
lowering oft, andTd was not affected significantly.

The delay timeTd should reflect the time scale for the
gradual accumulation ofjmF ­ 61l atoms in the thermal
cloud before they reach a critical density and conden
into the ground-state spin domains. Increasing the b
field increases the quadratic Zeeman energy barrier for s
relaxation, lengtheningTd. However, the clear variation
of Td as the energy barrier is changed from 0.1 nK
55 mG to 2.5 nK at 250 mG, energies much smaller th
the temperature ofT ø 100 nK, cannot be explained on
the basis of thermal spin-relaxation collisions. Furth
study of these relaxation time scales is warranted [27].
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FIG. 3. Metastability of the purejmF ­ 0l state in the
presence of a magnetic bias field (250 mG), and gradie
(44 mGycm). The evolution toward equilibrium of an initially
pure jmF ­ 0l condensate (open symbols), and a mixtur
of jmF ­ 1l and jmF ­ 21l (closed symbols) is shown by
plotting the fraction of atoms in thejmF ­ 0l state vs dwell
time in the optical trap.

In conclusion, we have identified a novel form o
metastability in Bose-Einstein condensates which occu
at temperatures much higher than the energy barrier
evolution to the ground state. This metastability arises d
to the high condensate fraction which dramatically slow
down thermal relaxation. This offers the opportunity t
study the kinetics of condensation and of the dissolutio
of metastable condensates in “slow motion,” on tim
scales much longer than collision times, and periods
collective excitations. Furthermore, we have observe
spontaneous phase separation in a two-component mixt
in accordance with the predictions of mean-field theory.

FIG. 4. Decay ofjmF ­ 0l metastable states. The lines ar
exponential decay fits to thejmF ­ 0l fraction after a delay
time Td . Increasing the bias field (top) increasedTd . Lowering
the temperature of the gas (bottom) increased bothTd and
the exponential decay timet. The magnetic bias field
B0, the gradientB0, and the trap depthU for each curve are
the following: (a) 55 mG, 44 mGycm, 2 mK ; (b) 250 mG,
44 mGycm, 2 mK ; (c) 20 mG, 11 mGycm, 2 mK ; and
(d) 20 mG, 11 mGycm, 1.2 mK .
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