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Observation of a strongly ferromagnetic spinor Bose-Einstein condensate
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We report the observation of strongly ferromagnetic F = 1 spinor Bose-Einstein condensates of "Li atoms.
The condensates are generated in an optical dipole trap without using magnetic Feshbach resonances, so that
the condensates have internal spin degrees of freedom. Studying the nonequilibrium spin dynamics, we have
measured the ferromagnetic spin interaction energy and determined the s-wave scattering length difference
among total spin f channels to be ay—, — ay—o = —18(3) Bohr radius. This strong collision-channel dependence
leads to a large variation in the condensate size with different spin composition. We were able to excite a radial
monopole mode after a spin-flip transition between the |myr = 0) and |mr = 1) spin states. From the experiments,
we estimated the scattering length ratio as—,/as—o = 0.27(6), and determined as—, = 7(2) and as—o = 25(5)
Bohr radii, respectively. The results indicate the spin-dependent interaction energy of our system is as large as

46% of the condensate chemical potential.
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I. INTRODUCTION

The spinor Bose gas of ultracold atoms has been a pristine
platform for studying multi-component superfluid systems
like He-3 [1] and exotic superconductors [2]. In such systems
the condensate wavefunction has additional spin degrees of
freedom and is described by a vector or tensor order parameter
[3,4]. The system hosts intriguing many-body phases with
various topological excitations [5,6], and has been a testbed
for quantum information science using the spin squeezed state
[6,7]. To date, most of the experiments for spin-1 atoms have
been carried out using 8’Rb and >*Na atoms, which exhibit
very weak spin-dependent interactions compared to the spin-
independent one (e.g., ~0.48% in ®’Rb [8] and ~1.5% in **Na
atoms [9]). As a result, even though numerous efforts have
been made to tune the scattering length and the spin interac-
tion energy by either using optical [10] or microwave-induced
Feshbach resonance [11,12], spinor condensates with strong
interactions have been largely unexplored.

Spinor Bose-Einstein condensates of 'Li are predicted
to display strong spin-dependent interaction (~45% of the
density-density interaction [6]) and they have recently at-
tracted increasing attention. The strong ferromagnetic spin
interactions provide new opportunities to experimentally in-
vestigate the complex interplays between magnetic order and
superfluidity [13—18], universal coarsening dynamics after a
quantum phase transition [19-22], and to explore rich phases
in optical lattices [23,24]. In addition, the strong interactions
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can speed up the one-axis squeezing dynamics [25-29], and
macroscopic superposition states might be generated within
experimentally accessible timescales [30]. However, experi-
mental studies of spinor condensates of 'Li atoms have been
limited by the incompatible experimental conditions needed
to produce condensates with spin degrees of freedom. Since
the scattering length of the "Li is very small under moderate
magnetic fields, the condensates have been produced under a
strong magnetic field (~700 G) [31-34], where the scatter-
ing length is increased by using Feshbach resonances [35].
The strong Feshbach field, however, induces a large quadratic
Zeeman shift between magnetic sub-levels, freezing out the
spin-mixing collision process. This is in stark contrast to 8’Rb
and **Na atoms, where the scattering lengths are large enough
to generate Bose-Einstein condensates in an optical dipole
trap under a residual magnetic field [8,36].

In this work, we have overcome the technical difficulty and
report the creation of strongly ferromagnetic F = 1 spinor
Bose-Einstein condensates. By preparing a thermal gas near
the quantum degeneracy in a large volume optical trap, pure
condensates containing up to N = 7 x 103 atoms have been
produced after evaporation cooling without the aid of Fes-
hbach resonance. To measure the spin-dependent interaction
energy, we performed two independent experiments. We in-
vestigated magnetization dynamics across the quantum phase
transition point [between a polar (P) phase and an easy-plane
ferromagnetic (EPF) phase] [37], and examined the coherent
spin-mixing dynamics under various magnetic fields [8]. In
both experiments, we obtained similar results for the scat-
tering length differences, ay—» — ay—o = —18(3) ag, where
ag = 52.9 pm is the Bohr radius. Such a large difference in
scattering length caused noticeable changes in the condensate
size with different spin state. A two-dimensional breathing
mode was excited after the spin-flip transition from the |mp =
0) to the |mp = 1) state. From this experiment, we were able
to obtain a scattering length ratio, ay—,/as;—o = 0.27(6), and
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determine ay—, = 7(2) and ay_o = 25(5) ag, respectively. Our
results are close to the theoretical estimation obtained from
molecular energy level calculations (as—> = 6.8 ag and as—
= 23.9 ap) [6,38], and imply strongly ferromagnetic interac-
tions among the "Li atoms.

This paper is structured as follows. In Sec. II, the theoret-
ical backgrounds for measuring scattering length difference
are introduced. In Sec. III, we present the experimental setup
and cooling process used to realize the Bose-Einstein conden-
sates under a few Gauss of magnetic field. In Sec. IV, the
two different experiments are introduced, which measure the
scattering length difference and the ratio among the allowed
spin channels. We provide a summary and outlook in Sec. V.

II. MEASURING SPIN-DEPENDENT INTERACTION
ENERGY

We consider a Hamiltonian for a spin-1 Bose-Einstein con-
densate in a homogenous magnetic field B,

H= /drqﬁ(r)( " —V*4+V(r)+qF? )lil(r)

/dr( con® + cZI(F)|2> (1

where \i’(r) = (lﬁl, 1,50, 1/7_1 )T is a three component bosonic
field operator, m is the atomic mass, 7 is the Planck con-
stant _divided by 27, V(r) is a trapping potential, F =
(EC, E. ») 1S a spin-one matrix operator, and n = NARVE
the condensate density. The linear Zeeman shift is removed
because of magnetization conservation, and the quadratic
Zeeman shift for 'Li is ¢ = (h x 610 Hz/G?) B%. The ¢y =
4R (2a— + as—0)/3m and c¢; = 4wk (aj—y — as—o)/3m
are the spin-independent and spin-dependent interaction coef-
ficients, respectively, where ay is the s-wave scattering length
in the total spin f channel.

The ground state spin structures of the ferromagnetic
spinor condensates are determined by the competition
between the spin-dependent interaction energy (¢ = cyn) and
the quadratic Zeeman shift (¢), where the polar phase and the
easy-plane ferromagnetic phase are separated by a quantum
critical point, g, = 2|c| [Fig. 1(a)]. Below the critical point,
the P phase is dynamically unstable, and the quantum fluc-
tuations of the mp = %1 spin pairs are amplified to form
ferromagnetic spin domains [39-41]. The magnetization of
the P phase across the critical point has been previously
observed for Rb atoms [37,42], and in this work, we will
associate the spin interaction coefficient with the quadratic
Zeeman energy by locating the quantum critical point (|c;| =
q./2n) and determine the scattering length difference.

The spin-dependent interactions in the Hamiltonian in-
volve a spin-mixing collision process between the magnetic
sub-levels, 2|mp = 0) < |mp = 1) + |mp = —1), leading to
coherent oscillation dynamics in the spin population. The
spinor dynamics can be simplified by using a single mode ap-
proximation (SMA) [43], which assumes the condensates with
different spin states share the same spatial wave function ¢ (r).
The condensate order parameter is written as ¢(r)¢, a product
of ¢(r) and spinor ¢ = (\/pre™, \/poe™, \/p_ie®"), where
the p,,, and 6, denote the fractional population and phases
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FIG. 1. (a) Ground state phase diagram of a ferromagnetic spinor

condensate. As the quadratic Zeeman energy is varied, the polar
phase undergoes a phase transition to the easy-plan ferromagnetic
(EPF) phase (0 < g < g. = 2|c;|n) or to the easy-axis ferromagnetic
(EAF) phase (¢ < 0). (b), (c) Analytic calculation of spinor dynam-
ics under various magnetic fields with single mode approximation.
The initial spin state is & = (1/2, 1/+/2, 1/2), and the spin interac-
tion energy is set to ¢ = —h x 105 Hz. The oscillation periods shows
anonlinear dependence on magnetic field with a peak at g(By) = |c|.

of the Zeeman sublevels |mp), respectively. Within the SMA
the dynamics are described by two canonical variables, py and
0 = 0 4+ 0_; — 26), at a given magnetization, M = p; — p_;
[43]. For the ferromagnetic spin interaction (¢, < 0), the dy-
namics are divided into interaction (|c| > ¢) and the Zeeman
energy dominant (|c| < ¢) regimes, and a singular behavior
is expected when these two energy scales are comparable.
For example, with an initial state pp(0) = o, (0) = B8, and
M = 0, the oscillation period can be computed by elliptic inte-
gration of the first kind, and diverges at the magnetic field B,
which satisfies g(By) = |cla(1 + cos B) [Fig. 1(c)]. Thus, by
investigating the coherent oscillation dynamics under various
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TABLE I. Scattering length for binary s-wave collisions among
atoms in the F = 1 manifold. The estimation refers to the theoretical
calculation with a;—, = 6.8 ag and ay—o = 23.9 ap [6,38].

mrp = 1 mrp = 0 mr = -1
mrp = 1 a; = 6.8 as ay 18.2 as
mp =0 a M =125ap a
mp = —1 M =18.2agp a a

magnetic fields, the spin-dependent interaction energy and the
scattering length difference can be measured [8,9].

III. EXPERIMENTAL SETUP

The experiment began by making Bose-Einstein conden-
sates of 'Li atoms in an optical dipole trap under a few
Gauss of magnetic field. To obtain the condensates, we first
performed microwave evaporative cooling of the atoms in
the upper hyperfine state |F' =2, mp =2) in an optically
plugged quadrupole magnetic trap [34], and then transferred
the cold atoms to a quasi-two-dimensional (quasi-2D) optical
trap [44]. Since the quasi-2D trap has a larger trap volume
than the other trap geometries used in previous experiments
[31-34], we are able to trap more atoms with lower entropy
per particle at a given trap depth [45].

After loading the cold atoms in the quasi-2D trap, we
applied double Landau-Zener sweeps at 20 G to prepare the
atoms in the |F = 1, mp = 0) state, which has the largest in-
traspecies scattering lengths among the F = 1 hyperfine state
(see Table I). The collision rate was high enough (~150 Hz
with harmonic approximation) for conventional evaporation
cooling, and we cooled the atoms by lowering the trap depth.
The bimodal distribution of a BEC was observed 0.5 s af-
ter the cooling, and the pure condensates containing N, =

—
()
-~
—
-

7 x 10° atoms were generated after 5 s of full evaporation.
During the evaporation process, we kept the magnetic field
along the z axis at 20 G to prevent the thermal popula-
tions in the other spin states, and lowered the field to a few
Gauss after generating the BECs. The final trap frequen-
cies were (wy, oy, ;) = 27 x (8, 10, 680) Hz. The chemical
potential (« = h x 320 Hz) was less than half of the axial
trap frequency so that our system satisfied the 2D criterion.
The lifetime of the condensates was over 100 s. Details
on the experimental parameters and evaporative cooling pro-
cess are provided in Appendix.

The atomic density for each spin component (m, = £1, 0)
was detected by an absorption image after Stern-Gerlach spin
separation. After switching off the optical trap, the magnetic
field was rotated along the xy plane in 3 ms, and a field
gradient of 13 G/cm was applied for 5 ms in the x direction.
After 8 ms of free expansion, all the spin components were
spatially separated. Then, the atoms were optically pumped
into the |F = 2) state, and we took an absorption imaging
using the |F = 2) — |F’ = 3) resonant light.

IV. RESULTS

A. Quenched ferromagnetic Bose gas

We employed a rapid quench experiment to identify the
critical point, and to determine spin-dependent interaction
energy and scattering length difference. The BECs of "Li were
prepared in the |m, = 0) (]0)) state under 1 G of magnetic
field along the z direction. At this field strength, the quadratic
Zeeman shift (g = h x 610 Hz) was larger than the critical
point g., and the initial state was stable over several seconds.
Then, we reduced the magnetic field to By in 1.4 ms, and a
density profile of each spin state (ny, ng, n—;) was recorded
using spin-separated absorption imaging after a variable hold
time #, (absorption images are shown in Appendix). With this
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FIG. 2. Magnetization dynamics of the "Li spinor BEC after the quench. (a) The excitation population p, and (b) the mean magnetization
M, as a function of hold time for three different magnetic field (By = 220 mG in dark blue, By = 480 mG in sky blue, and By = 660 mG in
light blue). The dynamical instability of the polar phase is represented as exponential increases of the magnetization. Solid line at By = 220 mG
is the sigmoid fit with #;, < 5 ms. The data points represent averages of five independent experiments, and the error bars denote the one standard
deviation. The gray regions mark statistical bounds, where the observables are compatible with zero. (c) Temporal and spatial evolution of
the longitudinal magnetization F;(r.¢) after the quench (B = 220 mG). The instability starts at the condensate center, and the ferromagnetic
domains are rapidly developed in ~10 ms. In the long timescale (~100 ms), the domains are merged and separated because of the residual
field gradient. The central field of view used in the analysis is 120 um x 120 um (Appendix).
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FIG. 3. Identifying the quantum critical point. The steady state
mean magnetization M, (dark blue) and excited spin population o
(light blue) at a constant hold time #;* = 500 ms as a function of
magnetic field. The dashed line and dashed-dotted line represent
statistical zero for each observable. The plot shows sharp rises of M,
and p4; below the critical magnetic field, B, = 720(12) mG, which is
obtained from the bi-linear fit (solid lines, described in the text). The
uncertainty of the critical point indicates 95% confidence interval for
the fit.

imaging technique, we were able to study the stability of the
polar phase from the appearance of the |m, = £1) (] £ 1))
spin components and observe the ferromagnetic spin do-
mains by calculating the average longitudinal magnetization,
M, (t) = [ [{F,(ror, 1))|d*r/Ag, where A is the area of the
central region.

In deep quench (By = 220 mG), the domains first appear
at the trap center, where density is high, and develop over
the entire sample with the hold time [Fig. 2(c)]. The early
time dynamics show exponential growth of M,(¢) with a time
constant T, = 0.52(3) ms, which is the characteristic feature
of the dynamical instability [40,41]. Since the growth rate
is determined by the spin interaction energy, 1/t = 2|c|/A,
we can roughly estimate the spin interaction energy to be
lc] ~ h x 150 Hz. After 40 ms, the excited spin state popula-
tion p1; = (n; + n_1)/n reaches a steady state [Fig. 2(a)],
and the magnetization gradually decreases [Fig. 2(b)]. In this
regime, the polarized spin domains start to merge, and the
number of spin domains decreases, revealing the coarsen-
ing dynamics of ferromagnetic spin domains [46,47]. After
100 ms, because of the residual field gradient of 2 mG/cm, we
observe a phase separation between the | &= 1) spin state along
the gradient field direction [48]. When we quenched the mag-
netic field near the critical point (B; = 660 mG), the growth
dynamics slowed down (a steady state was achieved after a
few hundreds of ms) with a few percent of the population in
the | & 1) spin state.

To determine the quantum critical point, we measured the
M, and excitation population p4; at a fixed hold time #}* =
500 ms, and scanned the magnetic field. As shown in Fig. 3,
a clear onset of the M, (p+) is observed below the critical
magnetic field B., which can be extracted from a simple dou-
ble linear fit, M (B) = My + M, - max[(B. — B), 0], where

B. = 720(12) mG and g, = 320(12) Hz. In the vicinity of the
critical point, the spin domains appear only at the trap center,
such that the spin-dependent interaction energy can be related
to the critical point as |c;|n, = g./2 = 160(6) Hz, where n, is
the condensate peak density. The peak density was obtained
by measuring the mean field energy of the condensate, and
the scattering length of the polar condensates was assumed
to 12.5ap (Table I). During the measurement, we applied
short pulse (10 wus) laser light with low intensity (0.11) to
minimize doppler shift and de-pumping effect. The saturation
intensity I, of the "Li atoms is 2.54 mW /cm?. The peak den-
sity was n, = 2.9(5) x 10> cm™, and we calculated a;_, —
afr—o = —18(3) ag. This result is close to the theoretical cal-
culation obtained from the molecular levels, ar—> — ar—o =
—17.1ap [6,38].

B. Coherent spin-mixing dynamics

As a complementary experiment, we studied the coherent
spin-mixing dynamics under a various magnetic fields to mea-
sure the spin-dependent interaction energy and the s-wave
scattering length difference. We took the spinor vector &y =
(1/2,1/+/2,1/2) as an initial state, where the single mode
approximation (SMA) predicts a divergence of the oscillation
period and amplitude under an external magnetic field B,
[Fig. 1(c)]. The initial state was prepared by applying an
RF-pulse to the BECs in the |myr = 1) spin state. Here, the
condensates were produced after the evaporation cooling in
the optical trap, but after a longer cooling time (8 s) because
of its smaller scattering length compared to the |mp = 0)
spin state (Table I). The magnetic field was stabilized before
applying the rotating pulse, so that the spin dynamics started
right after the RF-pulse. Each spin component was resolved
by absorption imaging after the gradient pulse during the time
of flight.

Figure 4 displays the time evolution of the relative popula-
tion in the |0) spin state py(¢) under constant magnetic field.
The coherent oscillation represents the spin-mixing dynamics
between the magnetic sublevels, and the total magnetization
is preserved during the dynamics. The short oscillation period
(~6 ms) implies a strong spin-dependent interaction energy,
and the initial increase in the spin population py(¢) indicates
the dynamics are driven by the ferromagnetic spin interaction
(c; < 0).

Since the oscillation amplitude rapidly decreases over
the hold time, we characterized the spinor dynamics us-
ing the damped sinusoidal function, po(t) = pg + pae™"/*
sin(wt + ¢). pss is the steady-state value, T is a damping
constant, w is oscillation frequency, p,4 is the oscillation am-
plitude, and ¢ is the phase set by the initial state p(0) ~ 0.5.
Such strong damping can be understood in the context of the
break down of the single mode approximation. Our conden-
sate size, (R, R,) = (100, 80) um, is much larger than the
spin healing length & = h//2m|c| = 18 pm. In this regime,
the coherence of the spinor dynamics can be lost for the
following reasons. First, as in the quenched experiment, the
dynamical instability amplifies spin fluctuations of the initial
state, generating multiple spin domains in a random position.
Second, when the condensates have an inhomogeneous den-
sity distribution, for example, BECs in a harmonic potential,
the spin interaction energy and the oscillation frequency have
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FIG. 4. Coherent spinor dynamics in "Li condensates. Time evo-
lution of the relative spin population p, at magnetic field 0.17 G with
the initial state po(0) = 0.48, 8(0) = 0, and M = 0. Solid line is the
characteristic damped sinusoidal fit and the shaded envelopes repre-
sent the LDA (described in the text) with experimental uncertainties:
the initial state spin composition, the condensate density, and the
magnetic field. The spin domains are developed after one oscillation
(~6 ms), reducing the oscillation amplitude. The LDA curve shows
the mean spin-dependent interaction cyn,, = —h x 89(2) Hz. The
central area in the analysis is 80 um x 80 um.

spatial dependence. In both cases, the coherent dynamics can
be dephased after averaging the central area of the conden-
sates, which is necessary to reach a sufficient signal-to-noise
ratio.

Despite the strong damping in our experiment, we note that
the characteristic fit function reflects the key features of the
single mode spinor dynamics. This has been pointed out in the
numerical study [49], which shows that the initial suppression
of the coherent spin dynamics can be mostly attributed to
the inhomogeneous density. In the study, the magnetization
from the dynamical instability is negligible in the first few
oscillation cycles, and thus the short time dynamics can be
approximated to the damped harmonic function, where its
oscillation amplitude and the frequency are well matched
to those of single mode spinor dynamics with average
density (1ayg).

In the experiment, the effect of density inhomogeneity is
represented by increases in the damping coefficient as the
region of interest grows larger, which leads us to take the local
density approximation (LDA): the spin population py(r,t)
evolves in a single spatial mode with the local spin interaction
energy, con(r). The LDA can well describe the short time
dynamics with almost the same oscillation period (Fig. 4).
The smaller amplitude observed in the experiment might be
attributed to the spin domains. We further studied the coherent
spin dynamics under various magnetic fields and summarize
the results in Fig. 5. The oscillation period and its amplitude
show a peak near B; ~ 0.4 G, which is the characteristic fea-
ture of the simple theory with ferromagnetic spin interaction.
Treating the spin-dependent interaction energy (¢ = ¢a#,yg) as
a free parameter in the SMA, we obtained the best fit using
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FIG. 5. The oscillation period (a) and amplitude (b) as a function
of magnetic field with the initial spinor vector {y. Dashed lines are the
single mode theory fittings with the initial spinor vector &, [00(0) =
0.5,0(0) = 0,and M = 0]. The shaded regions include the statistical
uncertainties in the experiments. The peak values are located near
the magnetic field B; ~ 0.4 G. The data points are the mean value of
five independent experiments, and the error bars represent the 95%
confidence interval of the damped oscillation fits.

¢ = —h x 88(2) Hz. The average density was calculated from
the mean field energy, n,y, = 1.5(3) x 10" cm~3, and we de-
termined the scattering length difference to be ay—y — as—¢ =
—18(3) ap, which is similar to the results of previous section.

C. The scattering length ratio, a;—, /a;—

Lastly, we measured the scattering length ratio between
the total spin channel in the binary collision, y = as—/as—o,
such that the scattering length for each collision channel can
be determined together with the previous results. We first
estimated the ratio by directly comparing the radial size of the
trapped condensate with different spin states (jmg = 0) and
|[mp = 1)). Pure condensates of both spin states were prepared
by evaporation cooling. More atoms were in the |mp = 0)
state after full evaporation (Ny = 6.8 x 10° and N; = 4.4 x
10°). Figs. 6(a) and 6(b) show the condensate in the xy plane
and its horizontal cross section for both spin states. From the
radial scaling in two dimensions, R, & (aanNmF)l/ 4 where
a,, 1s the scattering length between two spin-mp atoms,
we have a,, _,/a,, _; = 1.8(3) and y = 0.29(4).

The results signify that a radial breathing mode can be ex-
cited after a spin-flip transition because of the sudden change
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FIG. 6. In-trap images and its cross section views of the con-
densates with (a) [mr =0) and (b) |mp = 1) spin states. Solid
lines are the Thomas-Fermi fits with background thermal distribu-
tion. (c) Time evolution of the potential energy per particle Eq
in two dimensional harmonic trap. The potential energy is normal-
ized by E,(0) = h x 120 Hz. Because of the trap anisotropy, the
quadrupole mode is excited after a few oscillation, and the potential
energy displays an amplitude modulation. Solid line is the sinusoidal
fit with two frequencies, wp = 27 x 20.1(2) Hz and wy =27 X
14.2(6) Hz. The measured frequencies are closed to the collective
excitation modes, breathing mode (wp = 2w,) and quadrupole mode
(wg = V2w,), in an isotropic trap with the mean trap frequency
(w, = 2w x 9 Hz). Each data point averages over three measure-
ments, and the error bars mean the one standard deviation.

in the scattering length. For example, after the spin-flip tran-
sition from |mp = 0) to |mp = 1) state, the condensate will
shrink after the pulse and be compressed until the initial
potential energy is fully converted into interaction energy.
Afterwards, it expands, displaying a radial oscillation. The
radial breathing mode is of particular interest in an isotropic
two dimensional harmonic potential, where the system has a
dynamical symmetry described by the Lorentz group SO(2,1)
[50,51]. Under the dynamical symmetry, the superfluid dy-
namics are greatly simplified. For example, solving the 2D
Gross-Pitaevskii equation, the potential energy per particle
Eyi(t) evolves as

Epoi(t) = 5(AE cos(wpt) + Eqy), 2

where Ey is the total energy of the system including interac-
tion energy (Eiy), potential energy (Epo), and Kinetic energy
(Exin). The AE = [Ep(0) — Ein(0) — Exin(0)] is oscillation

amplitude, and wp is the breathing mode frequency. In the
Thomas-Fermi approximation, the two-dimensional potential
energy is equal to the interaction energy, Ep,(0) = Ei?n, so
that AE = EX — E}, and Eo = EJ, + E} . The E!'" is the
mean field interaction energy of the condensates in the |mg)
spin state. Since the interaction energy is proportional to the
a,. , the normalized oscillation amplitude, AE /2E;,(0), and
the offset, E/2Ep(0), can be expressed as a function of the
scattering length ratio y,

AE 11—y

= , 3
2Epo(0) 2 +4y

Eoq 145y

2E B ' @
pot(0)  2+4y

Therefore the microscopic changes in scattering length can be
inferred by studying the 2D breathing mode dynamics.

We excited the breathing mode by applying an RF pulse
to the polar condensate under 5.6 G of magnetic field, where
the quadratic Zeeman shift (¢ = 19 kHz) was sufficiently
large so that all atoms were transferred to the |mp = 1) state.
Assuming that the condensate profile was preserved during
the evolution, we calculated the potential energy using the
Thomas-Fermi fit to the condensates, and plot the time evo-
lution of the normalized potential energy E,o(t)/Epet(0) in
Fig. 6(c). The potential energy oscillates periodically over
the hold time, and we observe an additional weak amplitude
modulation with a frequency of wp = 14 Hz. This can be
attributed to the trap anisotropy (w,/wy, = 0.8), which couples
a radial monopole mode to a quadrupole mode. As a result,
the above simple relations need corrections, and numerical
studies on the superfluid hydrodynamics will be required to
precisely measure the scattering length ratio after the interac-
tion quench.

In this study, we empirically estimated the scattering length
ratio by fitting the first three oscillations to a single cosine
function in Eq. (2), where the quadrupole mode was not sig-
nificantly developed. The fitted oscillation frequency is wp =
2w x 21.6(6) Hz, which is comparable to the twice mean
trap frequency, 20, = w, + w, = 27 x 18 Hz. To measure
the scattering length ratio, we take the relation of the normal-
ized offset Eq. (4) because the oscillation amplitude gradually
decreases in the first three cycles, and obtain the ratio y =
0.27(6). The result is consistent with the estimation that is
obtained by comparing spin polarized condensates size and
close to the theoretical estimation ay—,/as—o = 0.28, which
might indicate the correction term for the trap anisotropy
could be small in our experiment.

V. SUMMARY AND OUTLOOK

We have prepared the Bose-Einstein condensates of ’Li
atoms in a weak magnetic field and studied the nonequilibrium
spin dynamics of ferromagnetic spinor BECs. To measure the
scattering length difference among F = 1 hyperfine states, we
investigated the quantum phase transition from the P phase to
the EPF phase and coherent spinor dynamics under various
magnetic fields. Both experiments gave similar results for
scattering length difference, a;—> — ay—o = —18(3) ag. Addi-
tionally, we obtained the scattering length ratio ay—,/a;—¢ =
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0.27(6) by studying the 2D breathing mode dynamics, which
was induced by a spin-flip transition. Taking all measure-
ments together, we determined the scattering length for each
spin channel to be ar_, =7(2)ag and ay—o = 25(5)ag,
respectively.

The results demonstrate a strongly ferromagnetic spinor
condensate of Li atoms, where the spin interaction is as large
as 46% of the density-density interaction, and can be extended
in many ways. It allows us to study the Ising ferromagnetic in-
stability and other symmetry breaking phase transitions above
the Bose-Einstein condensation temperature [52], and inves-
tigate the relationship between spin and mass superfluidity
near the quantum critical point g~ = 0 [15,16]. Moreover,
given the fast timescale for coarsening dynamics and with the
long life time of the condensates, we could explore long time
thermalization processes and investigate universal behavior in
nonequilibrium quantum systems after compensating the field
gradient [20-22,53,54].
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APPENDIX: EVAPORATION COOLING TO BEC

In this section, we describe in more detail the experi-
mental processes used to generate the BECs without using
Feshbach resonance. To obtain large atom number conden-
sates, we first performed microwave evaporation cooling in a
plugged quadrupole magnetic trap with upper hyperfine spin
state |FF = 2, mp = 2), and then transferred the cold atoms to
a quasi-2D optical dipole trap. The quasi-2D optical trap is
made of a single optical sheet with a 1070 nm wavelength. Its
1/€* beam waist is 11 m (0.95 mm) in the z(y) direction [44].
The optical trap is displaced by 200 um below the zero-field
position of the quadrupole trap so that it does not interfere
with the optical plugging. After cooling the atoms to 20 uK,
we gradually turned on the optical trap, producing potential
depth Uy = 10 uK in 300 ms, and ramped down the field
gradient B; to zero in 400 ms (Fig. 7, inset). The microwave
was swept from 807 to 804 MHz during this process.

Right after the transfer, thermal gases with N = 8.5 x 10°
number of atoms were prepared and reached thermal equilib-
rium at 2.3 ©K. We note that the temperature in the dipole trap
was already very close to the condensate critical temperature
T. = 1.7 uK with the peak phase space density was order of
unity. Indeed, the condensates were observed after 0.5 s of
evaporation cooling by lowering the optical power. To have
better understandings of the transfer process, we calculated
the entropy per particle (S/Nkg) by measuring the atom num-
ber and temperature at various loading time [Fig. 7(a)]. The
analysis was done with the effective potential formed by the
quadrupole magnetic trap and the quasi-2D optical trap [45].
The S/Nkp curves shows we are able to cool down the atoms
to 3.5 uK after an adiabatic transfer, which is attributed to
large trap volume of the quasi-2D potential.
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FIG. 7. Loading and cooling thermal gases to generate Bose-
Einstein condensates. (a) Trajectory of temperature (7') and number
(N) of cold atoms during the optical trap transfer. The inset shows
experimental sequence of switching potential from the quadrupole
trap to the qausi-2D optical trap. After the transfer, we are able to
have 10% of atoms in the magnetic trap. (b) Estimated entropy per
particle during the transfer process. Dashed line marks the measured
entropy trajectory. (c). Atom number and temperature as a function
of evaporation time. The arrow indicates the birth of Bose-Einstein
condensation. All data points are measured over three independent
realizations, and the error bars are the 1 s.d. fluctuations of the data.

The final evaporation was done by lowering the trap depth
in 5 s with an exponential time constant of 2 s. To maxi-
mize intraspecies collision rate among the F = 1 hyperfine
state, we used the lower hyperfine spin state |F = 1, mp =
0), which was prepared by applying double Landau-Zener
sweeps. At the beginning of the evaporation we should keep
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(b)

n

FIG. 8. Spin dynamics after quenching the magnetic field.
(a) Stern-Gerlach spin-separated absorption images at various hold
time, #;,. The yellow square boxes (120 um x 120 pm) are the central
region of interest for each spin state. (b) Reconstructed images of
(F;(rr)) for each hold time.

the magnetic field to 20 G in order to suppress thermal pop-
ulation in the other spin states. Figure 7(c) displays the total
atom number (N) and temperature (7") during the evaporation
process.

Longitudinal magnetization

We analyze magnetization along z axis by taking spin-
separated absorption images (Fig. 8). We take central region
of condensate for each spin state to minimize the density
inhomogeneous effect. The longitudinal magnetization is cal-
culated by

(F) = — (A1)
) n+ng+n_y’
where the n; is the atomic density of |m, = j) spin state.

Taking average of the absolute longitudinal magnetization

over the central region,
1 2
M. = —/I(Fsz r, (A2)
Ag

where A is the central ROI, we are able to investigate the fer-
romagnetic domains after the quantum quench. For instance,
the finite value of the M, implies nonvanishing spin vector
ae [(F;)]) and the ferromagnetic spin domains. There-
fore the gradual increases of the spin components m, = %1
and the magnetization M, below the critical point in Fig. 3
can be understood as the formation of the magnetic spin
domains, not as the rotation of polar axis of the mr = 0 con-
densates. Moreover, dynamical evolution of the spin domains
can be studied qualitatively from the time evolution of the
M,, since in a weak magnetic field the spin vector could be
[F2] ~ [FL] [5].
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