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We develop a research of spin currents in a >3Na spinor Bose—Einstein condensate (BEC) by applying a magnetic field
gradient. The spin current is successfully induced by the spin-dependent force arising from the magnetic field gradient. The
dynamics of the spin components under the magnetic force is investigated. The study is promising to be extended to produce
a longer spin-coherence and to enhance the sensitivity of the spin-mixing interferometry in a spinor BEC.
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1. Introduction

Neutral atom gas Bose—Einstein condensates (BECs)
have made new achievements to the field of condensed matter
physics.['=3] They provide highly controllable platforms for
simulating and exploring many condensated matter phenom-
ena. In this respect, research of spintronics*! is of particular
interest. Spin current is a key ingredient in the spintronics.

Spin currents were generated using exciton-polaritons

and excitons[>-0]

in a magnetic insulator. In ultracold atomic
gases,!’! the spin segregation and the spin Hall effect were
demonstrated in Refs. [8—11] Experimental phenomena re-
lated to the spin currents have also been observed in ultra-cold
Bose gases and Fermi gases.!'>!3] The spin current generation
and relaxation were studied in a quenched spin—orbit-coupled
BEC.!"*] The quantum bang-bang technique was employed to
control spin currents in a Bose gas.[!3 Spin-current-induced
phenomena can also be largely suppressed by the bang-bang
control consisting of periodically applied 7 pulses.!'®! The
spin current is a source of dephasing in applications of the
spin-mixing interferometry,!'”! which can be directly applied
to techniques of the AC magnetometry and spectrum analyzers
of the environment.[%!8] In the cold atom systems, a magnetic
field is hardly stabilized and eliminated.'!->°! The force on the
spin components produced by the magnetic field gradient will
induce the spin current.['%! The relating properties need to be
further researched.

In this work, we investigate properties of spin currents in
a 2>Na spin-1 BEC by applying a magnetic field gradient to
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the BEC in the z (vertical) direction. We record the position of
the spin component versus varying holding time, and observe
the travel distance with the fixed holding time under different
magnetic field gradients: the relative travel position z for spin
mr = 0 keeps unchanged, while the travel distance between
the data for spin mp = %1 depends linearly on the magnetic
field. These results pave the way for research and control of
spin current in the future.!]

2. Experimental setup

The setup is shown in Fig. 1(a). The details of the ex-
periment are similar to our previous work.!?>%3] The thermal
sodium flux was slowed down by a Zeeman slower and en-
tered to the science chamber,?*! in which the laser and evapo-
ration cooling as well as the spin current were carried out. The
viewports of the scientific chamber were used for the magneto-
optical-trap (MOT) beams and the dipole trapping beams. The
gradient magnetic field, generated by a pair of anti-Helmholtz
coils as shown in Fig. 1(a), would kick the atoms and sepa-
rate the spin components. The cross angle of the two dipole
trap laser beams was 45°. The dipole trap laser beams were
focused by two lenses with the focal distance f = 300 mm.
The beam waists of the dipole traps 1 and 2 were ~ 41 pm
and ~ 35 um measured using the parametric heating method
under a high dipole trap laser power of 14 W.[*] The num-
ber of atoms loaded into the optical dipole trap was about 10°.
Forced evaporation cooling was accomplished by reducing the
potential of the dipole trap. The potential was exponentially
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reduced within 4 s as shown in Fig. 1(b). The evaporation
time ¢, the time constant and the final dipole trap laser power
were optimized during the force evaporation. After 4 s force
evaporation in the dipole trap, the optical potential was as deep
as —5 puK. The number of the sodium BEC atoms in the F =1
state was 1.2 x 10°, and the temperature was about 56 nK. In
the experiment, the relative positions of spin components were
recorded by the horizonal absorption imaging CCD shown in
Fig. 1(a). As the spin current is induced by the gradient mag-
netic field along the z direction. Figure 1(b) shows the time
sequence to induce and research the spin current. BEC was
held in the dipole trap after force evaporation, the magnetic
field gradient was then switched on to induce the spin current.
The relative travel positions of spin components were recorded
by Stern—Gerlach (S-G) measurement followed by 8 ms time
of flight.
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Fig. 1. (a) Schematic illustration of the experimental setup. The waists
and the powers of the dipole trap beam 1 (beam 2) are ~ 41 pm
(~ 35 um) and ~ 70 mW (~ 60 mW). The crossing angle between
the dipole trap beams is 0 = 45°. The number of the spinor BEC atoms
is 1.2 x 10°, and the temperature of the BEC is 56 nK. The magnetic
field gradient dB;/dz is generated by the anti-Helmholtz coils, its di-
rection is shown by the arrow. (b) Time sequence for research of the
spin current induced by the magnetic filed gradient.

The gradient field along the vertical direction z (shown
in Fig. 1(a)) ranged from 10 G/cm to 30 G/cm. Spin currents
were then generated by application of a magnetic field gradi-
ent along the z direction, the sequence is shown in Fig. 1(b).
The magnetic field gradient was switched on at the end of the

force evaporation. The BEC was held in the dipole trap. After
a variable holding time, the BEC was released from the far off-
resonance optical dipole trap (FORT). Three spin components
of the sodium F = 1 spinor BEC were spatially separated by
an S-G absorption imaging. In order to confirm the generation
of the spin current, we record the relative positions z for every
mg.

3. Results and discussion

We set the magnetic field gradient to be 15 G/cm and
recorded the travel position of the three spin components un-
der the varying holding time. Figure 2 shows three typical
OD images under different holding times for spin mg = 1,0
components of the sodium F = 1 BEC. The position of the
three components with the zero holding time [Fig. 2(a)] was
set as the reference. Figure 2(b) shows that positions z for spin
mp = £1 move in the opposite directions, the relative position
z for mg = 0 keeps unchanged in comparison to Fig. 2(a). Fig-
ure 2(c) gives the absorption image with 170 ms holding time,
and we find that the relative positions along the z direction for
all three components are almost the same as in Fig. 2(a).

(a) 0 ms

(b) 15ms (c) 170 ms
Fig. 2. Typical absorption images of condensates (a) with the zero hold-
ing time set as the reference, and with different holding times: (b) 15 ms
and (c) 170 ms. Dashed lines indicate the relative positions of the spin
components under the different holding times.

The result shown in Fig. 2 indicates that the spin current is
successfully induced by the spin-dependent force arising from
the magnetic field gradient. The spin-dependent force applied
to the atoms determines the position and the motion direction
of each component, the stray magnetic field gradient in the
horizontal plane makes positions z for the two spins (mp = +£1)
move in the vertical direction.
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Fig. 3. Time dependence of the relative positions z for spins mp = 1 and

mp = 0 under the 20 G/cm magnetic field gradient. The position z with the
zero holding time is assumed to be zero.

Figure 3 shows the relative positions of the spin compo-

nents under variable holding times. We can find that when
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the holding time is under 15 ms, the difference Az between a
pair of positions for mg = +£1 increases gradually, and then
decreases. The time turning points for the maximum position
mainly depend on the oscillation of the magnetic field gradi-
ent. After 50 ms, the spin components nearly return to the ini-
tial positions and remain unchanged afterwards. These results
are in agreement with the theoretical predictions of Ref. [16].

The magnetic field gradient varied from 10 G/cm to
25 G/cm (electric current from 20 A to 50 A). We recorded the
maximum travel distance under different magnetic field gra-
dients for mp = —1. The result is shown in Fig. 4(a). The
maximum travel distance linearly depends on the magnetic
field gradient. The spin-dependent force is proportional to

—mg ddiz , where B, is the z component of the magnetic field

vector. In the time evolution, each mp acquires a momentum

Py = —Umg ddlizt (¢ is the time, up is the Bohr magneton).

The data for mp = £1 are acted by equal absolute forces with
opposite directions. The force on the mg = 0 component is
zero, and it does not move under the action of magnetic field
gradient. This can also be seen in Fig. 3, the mg = 0 compo-
nent does not move with the holding time. The magnetic field
needs to take several microseconds to become stable, which
may be the mainly reason why the data cannot pass through
(0,0) point in the Fig. 4(a).
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Fig. 4. (a) The maximum travel position for spin mp = —1 vs. the mag-
netic field gradient. The circles indicate the experimental results and the
line is the linear fit. (b) The travel distances with the fixed holding time
of 35 ms vs. the magnetic field gradient, in the experimental points and
the linear fits.

Finally, we recorded the travel distance for the three com-
ponents by changing the electric current in the anti-Helmholtz

coil from 10 A to 60 A, corresponding to the magnetic field
gradient from 5 G/cm to 30 G/cm, with the fixed holding time
of 35 ms. As the anti-
Helmholtz-coil electric current increases, the difference Az be-

The result is shown in Fig. 4(b).

tween a pair of positions for mg = £1 increases linearly in the
opposite directions, and the position z of the mr = 0 curve does
not change. The lines are the linear fits.

4. Conclusions

In summary, the spin current is generated by the magnetic
field gradient. The generation of the spin current is researched
by recording the relative position of each mr component. We
record the travel positions of the three spin components un-
der a variable holding time. We also record the travel distance
with a fixed holding time under different magnetic field gra-
dients. The position z for spin mg = 0 does not change with
the magnetic field. The difference Az between a pair of po-
sitions for mg = %1 increases gradually with the increase of
the electromagnet current. In the present work focused on ma-
nipulation of spin currents by recording the dynamic of spin
components under different magnetic field gradients, we find
that spin current has a fast response to the change of magnetic
field gradient and we hope to better apply spin current in the
field of ultra-cold atomic gas in the future, for example, the
application of the fast control technique to spin current.
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