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Dynamics in spinor condensates tuned by a microwave dressing field
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We experimentally study spin dynamics in a sodium antiferromagnetic spinor condensate as a result of
spin-dependent interactions ¢ and microwave dressing field interactions characterized by the net quadratic
Zeeman effect g,e.. In contrast to magnetic fields, microwave dressing fields enable us to access both negative
and positive values of g, We find an experimental signature to determine the sign of g, and observe harmonic
spin population oscillations at every g, except near each separatrix in phase space where spin oscillation
period diverges. No spin domains and spatial modes are observed in our system. Our data in the negative gpe
region exactly resembles what is predicted to occur in a ferromagnetic spinor condensate in the positive gpe
region. This observation agrees with an important prediction derived from the mean-field theory: spin dynamics
in spin-1 condensates substantially depends on the sign of g,/c. This work uses only one atomic species to
reveal mean-field spin dynamics, especially the remarkably different relationship between each separatrix and
the magnetization, of spin-1 antiferromagnetic and ferromagnetic spinor condensates.
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I. INTRODUCTION

An atomic Bose-Einstein condensate (BEC) is a state
where all atoms have a single collective wave function for
their spatial degrees of freedom. The key benefit of spinor
BECs is the additional spin degree of freedom. Together
with Feshbach resonances and optical lattices which tune the
interatomic interactions, spinor BECs constitute a fascinating
collective quantum system offering an unprecedented degree
of control over such parameters as spin, temperature, and
the dimensionality of the system [1,2]. Spinor BECs have
become one of the fastest-moving research frontiers in the
past 15 years. A number of atomic species have proven to
be perfect candidates in the study of spinor BECs, such as
F =1 and F = 2 hyperfine spin states of 3’Rb atoms [1-7]
and F = 1 hyperfine spin manifolds of *Na atoms [8-12].
Many interesting phenomena due to the interconversion among
multiple spin states and magnetic field interactions have
been experimentally demonstrated in spinor BECs, such as
spin population dynamics [1-9], quantum number fluctuation
[10,13], various quantum phase transitions [1,9,11,12], and
quantum spin-nematic squeezing [14]. Spinor BEC systems
have been successfully described with a classical two-
dimensional phase space [1,2,15-17], a rotor model [18], or a
quantum model [13,17].

In this paper, we experimentally study spin-mixing dy-
namics in a F = 1 sodium spinor condensate starting from
a nonequilibrium initial state, driven by the net quadratic
Zeeman energy gnet = qm + gp and antiferromagnetic spin-
dependent interactions c. Here g and gy, are the quadratic
Zeeman shifts induced by magnetic fields and microwave
dressing fields, respectively. The spin-dependent interaction
energy ¢ is proportional to the mean BEC density and
the difference in the f =0 and f =2 s-wave scattering
lengths, where f is the summed spin angular momentum
in a collision. It is well known that ¢ > 0 (or ¢ < 0) in
F = 1 antiferromagnetic >*Na (or ferromagnetic 8’Rb) spinor
BECs. In contrast to a magnetic field, a microwave dressing
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field enables us to access both negative and positive values
of gner- A method to characterize microwave dressing fields
and an approach to adiabatically sweep gpe from —oo to
400 are also explained. In both negative and positive gpet
regions, we observe spin population oscillations resulting
from coherent collisional interconversion among two |F =
1, mp =0) atoms, one |F =1, mgp = +1) atom, and one
|F =1, mp = —1) atom. In every spin oscillation studied in
this paper, our data show that the population of the my =0
state averaged over time is always larger (or smaller) than its
initial value as long as gner < 0 (0Or gpnet > 0). This observation
provides a clear experimental signature to determine the sign of
Gnet- We also find a remarkably different relationship between
the total magnetization m and a separatrix in phase space where
spin oscillation period diverges: The position of the separatrix
moves slightly with m in the positive gy, region, while the
separatrix quickly disappears when m is away from zero in
the negative gt region. Our data agree with an important
prediction derived by Ref. [17]: The spin-mixing dynamics in
F =1 spinor condensates substantially depends on the sign
of R = gnet/c. This work uses only one atomic species to
reveal mean-field spin dynamics, especially the relationship
between each separatrix and the magnetization, which are
predicted to appear differently in F' = 1 antiferromagnetic and
ferromagnetic spinor condensates.

Because no spin domains and spatial modes are observed
in our system, the single spatial mode approximation (SMA),
in which all spin states have the same spatial wave function,
appears to be a proper theoretical model to understand our data.
Similarly to Refs. [1,16], we take into account the conservation
of the total atom number and the total magnetization m. Spin-
mixing dynamics ina F' = 1 spinor BEC can thus be described
with a two-dimensional (py versus 6) phase space, where the
fractional population p,,, and the phase 8,,, of each mr state
are independent of position. The BEC energy E and the time
evolution of py and 6 may be expressed as [1,16]

E = quei(1 — po)

+cpol(1 = po) + v/ (1 — po)? — m2 cosb],

po = —(2/M)DE /30,6 = (2/R)DE [3po. ()
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Here 6 = 6,1 + 6_; — 20, is the relative phase among the
three mp spin states and 7 is the reduced Planck constant.
The induced linear Zeeman shift remains the same during the
collisional spin interconversion and is thus ignored. The total
magnetization is m = py; — p—;. Spin dynamics in F = 1
antiferromagnetic and ferromagnetic spinor BECs have been
studied in magnetic fields where gne = gp B? > 0 with
23Na and 3"Rb atoms, respectively [1]. A few methods have
been explored for generating a negative quadratic Zeeman
shift, such as via a microwave dressing field [1,11,19-21] or
through a linearly polarized off-resonant laser beam [22]. In
this paper, we choose the first method.

II. EXPERIMENTAL SETUP

The experimental setup is similar to that illustrated in our
previous work [23]. Hot *Na atoms are slowed by a spin-flip
Zeeman slower, captured in a standard magneto-optical trap,
cooled through a polarization gradient cooling process to
40 nK, and loaded into a crossed optical dipole trap originating
from a linearly polarized high-power infrared laser at 1064 nm.
After an optimized 6-s forced evaporative cooling process,
a pure F =1 BEC of 1.0 x 10° sodium atoms is created.
The spin healing length and the Thomas-Fermi radii of a
typical condensate studied in this paper are 13 um and (6.1,
6.1, 4.3) um, respectively. We can polarize atoms in the
F =1 BEC fully to the |F = 1,mp = —1) state by applying
a weak magnetic field gradient during the first half of the
forced evaporation (or fully to the |F = 1,mp = 0) state by
adding a very strong magnetic bias field during the entire 6-s
forced evaporation). We then ramp up a small magnetic bias
field with its strength B being 271.5(4) mG, while turning
off the field gradient. An rf-pulse resonant with the linear
Zeeman splitting is applied to prepare an initial state with
any desired combination of the three my states, which is
followed by abruptly switching on an off-resonant microwave
pulse to generate a proper microwave dressing field. To create
sufficiently large g, a microwave antenna designed for a
frequency near the |F = 1) <> |F = 2) transition is placed
a few inches above the center of the magneto-optical trap
and connected to a function generator outputting a maximum
power of 10 W. The actual power used in this paper is
~8 W. After various hold times ¢ in the optical dipole
trap, the microwave dressing fields are quickly turned off.
Populations of the multiple spin states are then measured
via the standard absorption imaging preceded by a 3-ms
Stern-Gerlach separation and a 7-ms time of flight.

The exact value of g is carefully calibrated from a
few experimental parameters, such as the polarization and
frequency of a microwave pulse. Similarly to Refs. [19,21],
we express the value of gpe; as

Gnet = 4B + g™
o aBzh + 8E|mF:1 + 5E|mF:—1 - 28E|mp:0
2 9
h Qi m
$Ely, = 1 Y memsk
4 oty Bmemetk
h Q
_ " Z mp,mp+k i (2)
4 A—[(mp+k)/2—(—mp/2)]lupB
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FIG. 1. (Color online) g, as a function of A. The residual
magnetic field is B = 271.5(4) mG. Dashed blue lines represent the
predictions derived from Eq. (2) when the microwave pulse is purely
7 polarized and its corresponding on-resonance Rabi frequencies
are Q2 =R _1=Q10=0R_10=R0,1 =2=0 Q=
Q1 =4.2 kHz, and 2y = 4.9 kHz. Solid red lines represent the
predictions from Eq. (2) for a typical microwave pulse used in
this paper. The specially chosen polarization of this pulse yields
nine on-resonance Rabi frequencies as follows: Q_; , = 5.1 kHz,
Q-1 = 3.6 kHz, and Q;( =2.1 kHz are from the o~ -polarized
component of the pulse; Q_; _; = Qo = RQ;,; =0 are from the
m-polarized component of the pulse; and Q_; ¢ = 2.3 kHz, ¢, =
3.9 kHz, and 2, , = 5.5 kHz are from the o *-polarized component
of the pulse (see text). In this paper, A is tuned within the range of
—190kHzto 190kHz fromthe |F = I|,mp = 0) < |F =2,mp = 0)
transition.

where a ~ 277 Hz/G? (or a ~ 71 Hz/G?) for F =1 »*Na
(or 8’Rb) atoms, the microwave pulse is detuned by A
fromthe |F = 1,mp = 0) < |F = 2,mp = 0) transition, and
h is the Planck constant. We define £ as 0 or £1 for a
- or a ot-polarized microwave pulse, respectively. For a
given polarization k, the allowed transition is |F = 1,mp) <
|F =2,mp+k) and its on-resonance Rabi frequency is
Qurmpik X NI Conpmpiks Where Cppompix is the Clebsch-
Gordan coefficient of the transition and I is the intensity of this
purely polarized microwave pulse. We also define A, 1,1k =
A —[(mp +k)/2 — (—mp/2)]u g B as the frequency detuning
of the microwave pulse with respect to the |F = 1,mp) —
|F = 2,mp + k) transition, where p g is the Bohr magneton.
A purely m-polarized microwave pulse has been a popular
choice in some publications [1,20,21]. However, we apply
microwave pulses of a specially chosen polarization, in order
to continuously scan gy, from large negative values to big posi-
tive values at a moderate microwave power. Figure 1 compares
microwave dressing fields induced by a typical microwave
pulse used in this paper and a purely 7 -polarized microwave
pulse. This comparison clearly shows that it is possible to
continuously or adiabatically sweep g¢net from —oo to 400
simply by continuously tuning A from —190 kHz to 190 kHz
with our specially chosen microwave pulses at a power of 8 W.
Another advantage of choosing such microwave pulses is to
conveniently place the microwave antenna on our apparatus
without blocking optical components. To ensure an accurate
calibration of g, based on Eq. (2), we measure the nine
on-resonance Rabi frequencies 2 daily through monitoring
the number of atoms excited by a resonant microwave pulse
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FIG. 2. (Color online) (a) Time evolutions of py at gne/h =
+93Hz > 0 (solid blue triangles) and gn./h = —83 Hz < 0 (solid
red circles) with m = 0 and ¢/ h = 52(1) Hz. It is important to note
that the two curves start from the same initial state with 6], = 0.
Solid lines are sinusoidal fits to the data. (b) Equal-energy contour
plots based on Eq. (1) for the two experimental conditions shown
in Fig. 2(a), i.e., gne > 0 (left) and gne < O (right). The heavy
solid blue and red lines represent the energy of the above two
experimental conditions, respectively. The dotted black horizontal
line is to emphasize the fact that the above two experiments start
with the same initial state which is marked by the solid black circles.
Dashed black lines represent the energy of the separatrix between the
running and oscillatory phase solutions. Darker colors correspond to
lower energies.

to the F =2 state as a function of the pulse duration. A
typical example of the Rabi frequency measurement is shown
in Fig. 3(a). We find that uncertainties of 2 and gy are ~2%
and ~5%, respectively.

III. DYNAMICS OF SPINOR CONDENSATES
IN MICROWAVE DRESSING FIELDS

We observe spin oscillations at every given value of gpe
within a wide range, i.e., —240 Hz < gnei/ h < 240 Hz. Typi-
cal time evolutions of py starting with the same nonequilibrium
initial state at a negative and a positive g are shown in
Fig. 2(a). We find that these evolutions can be well fit by
sinusoidal functions of the similar oscillation period 7" and
amplitude A. Note that the hold time 7 is kept between zero
and 2T < 100 ms, in order to ensure accurate measurements
of spin dynamics and avoid significant atom losses due to the
presence of off-resonant microwave pulses. On the other hand,
our data in Fig. 2(a) show that the value of (p,) drastically
differs in the two spin oscillations: (pg) > pol;=o as long as
gnet < 0, while (pg) < polr=0 if gnet > 0. Here (pg) is the
average value of py over time in a spin oscillation and py|;—g is
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the initial value of py. This phenomenon is observed at every
value of gner Wwhen spin oscillations start with the same initial
state, although the period 7" and amplitude A change with gpe.
The above observations agree well with predictions from the
mean-field SMA theory [i.e., Eq. (1)] as shown by the heavy
solid lines in Fig. 2(b): pg is limited between (pp|;=0 — 2A)
and pg|,—o at gner > 0, while it is restricted between pp|;—o and
(poli=0 + 2A) at gner < 0. We can thus use the phenomenon to
conveniently determine the sign of gy, i.€., by comparing the
value of (pp) of a spin oscillation to the value of pg|;—o.

The value of T as a function of gy is then plotted in
Fig. 3 for m =0 and m = 0.2, which demonstrates two
interesting results. First, when m = 0, the spin oscillation
is harmonic except near the critical values (i.e., gnet/h =
452 Hz) where the period diverges. This agrees with the
predictions derived from Eq. (1), as shown by the dotted red
line in Fig. 3. The energy contour E., where the oscillation
becomes anharmonic is defined as a separatrix in phase space.
A point on the separatrix satisfies the equation gy =6 =0
according to the mean-field SMA theory. In fact, for our
sodium system with ¢ > 0, Esp = gner for gnee > 0, while
Eewp =0 at m =0 for gnee < 0. Figure 3 shows that the T
Versus gne; curve is symmetric with respect to the gpey = 0
axis at m = 0. The period T decreases rapidly with increasing
|gnet| When |gne| is large, which corresponds to the “Zeeman
regime” with running phase solutions. In the opposite limit,
the period only weakly depends on |gyet|, which represents the
“interaction regime” with oscillatory phase solutions. Here
|gnet| 1s the absolute value of gne. The value of 6 is (or is
not) restricted in the regions with oscillatory (or running)
phase solutions. References [8,9] reported observations of
the similar phenomena for g, > 0 with a F = 1 antiferro-
magnetic spinor condensate; however, they did not access the
negative gyt region.

Figure 3 also demonstrates a remarkably different relation-
ship between the total magnetization m and the separatrix
in phase space: the position of the separatrix moves slightly
with m in the positive gy region, while the separatrix quickly
disappears when m is away from zero in the negative gne
region. Good agreements between our data and the mean-field
SMA theory are shown in the inset [Fig. 3(b)] and the main
figure in Fig. 3. Interestingly, we find that the spin dynamics
which appear in our antiferromagnetic sodium system in the
negative g region exactly resembles what is predicted to
occur in a ferromagnetic spinor condensate in the positive gpe
region [16,17]. Note that R = gpe/c is negative in both of
these two cases. This observation agrees with an important
prediction made by Ref. [17]: The spin-mixing dynamics in
F =1 spinor condensates substantially depends on the sign
of R. As a matter of fact, our results in the negative gpe region
are similar to those reported with a F = 1 ferromagnetic ®’Rb
spinor condensate in magnetic fields where gner > 0 [1,3]. Itis
worth noting that our data in Fig. 3 may also be extrapolated
to understand the relationship between the separatrix and m in
the ferromagnetic Rb system, although this relationship has not
been experimentally explored yet. This paper may thus be the
first to use only one atomic species to reveal mean-field spin
dynamics, especially the different relationship between each
separatrix and the magnetization of F = 1 antiferromagnetic
and ferromagnetic spinor condensates.
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FIG. 3. (Color online) The spin oscillation period as a function of g, for m = 0 (open red circles) and m = 0.2 (open blue triangles).
The lines are fits based on Eq. (1), which yield the following fit parameters: po|,—o = 0.48, 0], = 0, and ¢/ h = 52(1) Hz for m = 0 and
poli=0 = 0.48, 0|,—0 = 0, and ¢/ h = 47(1) Hz for m = 0.2. The fit parameters are within the 5% uncertainty of our measurements. Note the
different scales of the left and right vertical axes. Inset (a): The number of F = 2 atoms excited by a resonant microwave pulse as a function
of the pulse duration. The solid line is a sinusoidal fit to extract the on-resonance Rabi frequency 2 of the pulse. Inset (b): Amplitudes A of
spin oscillations shown in the main figure as a function of g, at m = 0. The dashed black line is a fit based on Eq. (1) with the same set of fit

parameters as that applied in the main figure.

IV. CONCLUSION

In conclusion, we have experimentally studied spin dynam-
ics of a sodium spinor condensate in a microwave dressing
field. In both negative and positive g, regions, we have
observed harmonic spin oscillations and found that the sign
of gner can be determined by comparing (pg) to pg|;—g. Our
data also demonstrate that the position of the separatrix
in phase space moves slightly with m in the positive gne
region, while the separatrix quickly disappears when m is
away from zero in the negative g region. Our data can
be well fit by the mean-field theory and agree with one
of its important predictions: The spin-mixing dynamics in
F = 1 spinor condensates substantially depends on the sign of
R = gynet/c. This work uses only one atomic species to reveal
mean-field spin dynamics and the different dependence of each

separatrix on m in F' = 1 antiferromagnetic and ferromagnetic
spinor condensates. In addition, microwave pulses used in
this paper can be applied to cancel out stray magnetic fields
and adiabatically sweep gper from —oo to 400. This allows
studies on interesting but unexplored phenomena at gpe, = 0,
for example, realizing a maximally entangled Dicke state with
antiferromagnetic spinor condensates through quantum phase
transitions [24].
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