PHYSICAL REVIEW A 101, 053611 (2020)

Manipulation of heteronuclear spin dynamics with microwave and vector light shift
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We report the observation and manipulation of heteronuclear spin dynamics in a spin-1 mixture of ultracold
$Rb and *Na atoms. The dynamics is driven by the interspecies spin-dependent interaction and shows a
pronounced dependence on magnetic fields with influences from both linear and quadratic Zeeman shifts. Similar

to the well-studied homonuclear cases, the interspecies spin dynamics can be controlled by tuning the quadratic
Zeeman shift with far-detuned microwave fields. In addition, we successfully realize spin dynamics’ control with
vector light shifts which act as a species-selective effective magnetic field on ’Rb atoms. Both methods show
negligible loss of atoms thus will be powerful techniques for investigating spin dynamics with fast temporal and

high spatial resolutions.

DOI: 10.1103/PhysRevA.101.053611

I. INTRODUCTION

The spin degree of freedom in ultracold atomic gases has
been recognized as a great asset for rich physics since 1998
[1,2]. Indeed, in these so-called ultracold spinor gases, collec-
tive spin dynamics in the form of coherent spin population
oscillations have been investigated with Bose-condensated
atoms [3—12], as well as thermal Bose gases [13,14] and de-
generate Fermi gases [15,16]. With the help of these spin dy-
namics, spin squeezing and multiparticle entanglement with
potential applications in quantum metrology and quantum
information have been generated [17-21].

Central to the spin dynamics in spinor gases is the spin-
dependent interaction, which favors either ferromagetic (for
spin-1 8’Rb) or antiferromagnetic (for spin-1 >*Na and spin-2
87Rb) phases depending on its sign. In addition, the spin
dynamics and ground states in homonuclear spinor systems
are also dependent on the quadratic Zeeman energy, which
compete with the spin-dependent interaction. Although the
spin-dependent interaction is tied to the detailed interaction
properties of the atom and is thus hard to tune, the quadratic
Zeeman energy can be readily manipulated to control the
behavior of spinor gases. With homonuclear spinor gases,
many interesting physics has been explored along this line by
either changing the magnetic field directly or by applying a
detuned microwave field [8,22-24].

Spin dynamics can also occur between different atomic
species, e.g., between spin-1 >*Na and spin-1 8’Rb. Different
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from the homonuclear spin-1 case in which there are only
two allowed total spin channels with F =0 and 2, total
spin channels F = 0, 1, 2 are all allowed in the heteronuclear
spin-1 mixture. While spin oscillations in homonuclear spin-
1 systems can only happen via the 2|m =0) < |m = 1) +
|m = —1) process, several processes are allowed in heteronu-
clear spin-1 systems [25]. Here |m = 0, =1) denote the Zee-
man sublevels of the f = 1 hyperfine state.

Previously, we observed the coherent heteronuclear spin
oscillation [26] in a spin-1 mixture of ®’Rb and *’Na
atoms via the spin exchange process |m; = 0,m; = —1) <
|m; = —1, mp, = 0). Here, following the same notation as
[26], we denote a pair of spin-1 atoms with ’Rb in |m;)
and ’Na in |m,) as |m;, my). While the homonuclear spin
dynamics is only sensitive to the quadratic Zeeman shift,
heteronuclear spin dynamics depends on the total Zeeman
energy difference between the two sides of this process,
including contributions from both the linear and quadratic
Zeeman shifts. In addition, the heteronuclear spin dynamics
is also very sensitive to the “fictitious magnetic field” from
the vector light shift generated by the optical trap laser in a
species-specific manner [26,27].

In this work, we explore in detail the various aforemen-
tioned methods for controlling the heteronuclear spin dynam-
ics. We start from a pure |0, 0) mixture of 3Rb and **Na
atoms and focus on the process [which we call process (1)]

|0,0) < |1, —1). (1)

We observed the spin population oscillation following this
process and studied its dependence on magnetic field B. We
then demonstrate controlling of the spin dynamics by either
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a detuned microwave field or a laser beam, with both of them
selectively dressing the energy levels of 8’Rb atoms.

The paper is organized as follows. In Sec. II we go over
the theories for tuning the quadratic Zeeman shift of spin-1
atoms with a detuned microwave and inducing an effective
magnetic field with circular polarized light. In Secs. IIT A,
IIIB, and IIIC, we describe the experimental setup and the
observation of heteronuclear spin population with both a dual
BEC mixture and a thermal ’Rb + **Na BEC mixture. The
main results of controlling the spin dynamics with different
dressing fields are presented in Secs. III D and IITE.

II. THEORY

A. Heteronuclear spin dynamics in the
Rb and Na spin-1 mixture

In the basis of total spin, the heteronuclear interaction
between two atom species with individual spin f; = fo =1
can be expressed as [1,2]

V(R =B =@+ BF - f +yP)S(F - B),

where o« =27k (a; + a»)/p, B =27wh*(ay —ai)/; and
y = 2nh2(2ao —3a; + ay)/ i, with ap the scattering length
in the total spin channel F, u the reduced mass, Py the pro-
jection operator to F' = 0 manifold. 7 is the reduced Planck
constant. Among the three terms, 8 and y are spin-dependent
and responsible for the heteronuclear spin dynamics, while
the much larger « term is spin-independent and as a result is
irrelevant for the current work [26].

For the spin-1 mixture, the spin-exchange term 8 is much
larger than the singlet pairing term y [25,28]. Thus process (1)
depends mainly on the 8 term. For the ®’Rb and **Na system,
we verified previously that the sign of the 8 term is negative,
i.e., ferromagnetic [26], which tends to align the spins of the
two atoms along the same direction.

Under the interaction in Eq. (2), the total magnetization
of the system should be conserved. Starting from the |0, 0)
state, both the process (1) and |0, 0) <> |—1, 1) can satisfy
this requirement. However, these processes are driven by
the competition between the B term and the total Zeeman
energy difference AE between the two sides of the processes.
Since the energy scale of the B term is only several Hz, the
heteronuclear spin oscillation can only occur near the AE = 0
point. In the 8’Rb and 2*Na system, for process (1),

_ -1 3)

Zeeman

AE(B) = Ejgian
has a zero crossing at around By = 0.99 G as depicted by
the solid curve in Fig. 1(a). Here Egg’én:z;) is the total Zeeman
shift of a pair of atoms with 8’Rb in |m;) and **Na in |m,).
Heteronuclear spin exchange following process (1) can thus
happen near By. While for the other process, the magnitude
of AE(B) = E%%'e%an — E;;mljn keeps increasing with B [dash-
dot curve in Fig. 1(a)] and it is thus strongly suppressed
near By.

We note that homonuclear spinor dynamics for both 8’Rb
and >’Na can also occur accompanying the heteronuclear
ones. However, at around 1 G, these dynamics are also largely

suppressed by the quadratic Zeeman shifts. Thus working with
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FIG. 1. AE for the relevant heteronuclear spin oscillation pro-
cesses in the spin-1 8’Rb and *Na mixture. (a) AE(B) for pro-
cesses |0,0) <> |1, —1) (solid curve) and |0, 0) <> |—1, 1) (dash-
dot curve). (b) AE(B,A) with the microwave dressing field
[Eq. (5)]. The microwave is o™ polarized with A = 1.872 MHz.
Here the three nonzero Rabi frequencies are (2_;, 0.1, Q212) =
(10/+/3, 10, 10+/2) kHz. Inset: 8Epw (0, A) (solid black curve),
SEyw (1, A) (solid red curve) as a function of A at B =0.96 G.
(c) AE(B, Apy, Apy) with the vector light shift [Eq. (7)]. Here the
intensity of the o~ polarized 790-nm laser is set at 5 W/cm?. Inset:
8Ejign; for |0) (solid black curve) and |1) (solid red curve) states of
8Rb.

process (1) near By will give us both a clean starting point and
a very clear signature of heteronuclear dynamics.

B. Tuning AE by microwave

Microwave dressing is a widely used method for control-
ling spin oscillation dynamics in homonuclear spinor gases.
At a fixed dc magnetic field B, the presence of a microwave
field off-resonantly connecting the f = 1 and f = 2 hyperfine
levels can introduce an additional quadratic Zeeman shift.
This is due to the differential ac Zeeman shifts §Eyiw (m, A)
caused by the microwave because of the differences in de-
tunings and transition strengths for the m = 0, £1 Zeeman
levels of the f = 1 hyperfine state. The sign of the microwave-
induced quadratic Zeeman shift can also be readily changed
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by controlling the detuning A for exploring phases not acces-
sible with the dc magnetic field only [23,24].

When the Rabi frequency of the microwave transition is
much smaller than the detuning A, the ac Zeeman shift for
each m can be expressed as [10,24]

h Q2
SEyw(m, A) = — pn . @
o 4 ; A= (m'g, —mg )/

Here A is defined as the detuning with respect to
the |[f=1,m=0) <« |f=2,m =0) transition, gs=1 =
—0.5018 and gs— = 0.4998 are the hyperfine Lande g-
factors, and wp is the Bohr magneton. As shown in the inset
of Fig. 1(b) are § Epw for the m = 0 (solid black curve) and
1 (solid red curve) levels of f = 1 8’Rb atoms at B = 0.96 G
when A is tuned.

In the heteronuclear spinor system, because of the very
different hyperfine splittings, the microwave field can be se-
lectively applied to one species while leaving the other species
intact. For instance, the hyperfine splitting of 8’Rb is about
6.8 GHz, while that of 2Na is only around 1.7 GHz. Thus
a microwave field near resonance with the ’Rb hyperfine
transition will not affect the energy levels of **Na because
of the large detuning. This can still be used to control the
spin dynamics in process (1) since SEyw is different for
If =1,m=0)and|f = 1,m = 1) levels of *’Rb.

Taking the microwave-induced shifts on the 8’Rb energy
levels into account, the total internal energy difference be-
tween the two sides of process (1) is now

AE(B, A) = (E‘O’O) _ElL-b )

Zeeman Zeeman

+[8Emw(0, A) — Emw(1, A)l.  (5)

At a fixed B, by changing the detuning A of the microwave
field, AE and thus the spin dynamics can be tuned.

As shown in Fig. 1(b), applying a o+ polarized microwave
field with fixed frequency and power while varying B, the
zero crossing point of AE will be shifted to different B
field values. For this calculation, the microwave frequency
is 6836.5545 MHz while B is tuned from O to 2 G. Due
to selection rules, there are only three nonzero microwave
Rabi frequencies (£2_;,0, 20,1, £212) with ratios determined
by the relative transition strengths. We note that under this
configuration, there are actually several zero crossings in
Fig. 1(b) due to the Zeeman levels of the f = 2 hyperfine
state. In principle, all of them can be used for spin dynamics
control.

C. Tuning AE by vector light shift

In [26], we already demonstrated controlling the resonance
position of the heteronuclear spin oscillations with species
and spin-dependent vector light shift. In that work, the vector
light shift was induced by adding various amounts of circular
polarization components to the optical trap laser with a quarter
waveplate. Here we introduce an additional single frequency
laser to induce the vector light shift more flexibly.

For alkali atoms, when the laser detuning is much larger
than the excited state hyperfine splittings, the light shift can

be generally expressed as [29]

7l 2 1
3Eiignt(m, Ap1, Apy) = +

203 Apy  Api
grm  grm >
+50(— — —):|I(r). (6)
Apy  Ap

Here T" is the linewidth of the D lines, wy is the transition
frequency, Ap; (App) is the detuning of the laser with respect
to the D; (D) line, and =0 and *+1 for linearly and
circularly o* polarized light. In the above equation, the first
term comes from the spin-independent scalar ac polarizibility.
If the laser frequency is tuned to inbetween the excited-state
fine structures, this part of the light shift could become zero
as the signs of Ap; and Ap, are opposite. For 8’Rb, the cor-
responding wavelength for zero scalar light shift is 790.0 nm.
The second, spin-dependent term, which is only nonzero when
circularly polarized light is used (g # 0), is from the vector
polarizibility. The inset of Fig. 1(c) shows 8Ejign versus the
dressing laser wavelength for |0) (solid black curve) and |1)
(solid red curve) Zeeman levels of ’Rb under low magnetic
field. The light polarization is 6~ (o= —1).

In the heteronuclear 8’Rb and >*Na spinor system since the
D-line transition frequencies are very different for the two
species and 8 Ejigp is inversely proportional to the detuning,
the light shift can also be made essentially species-selective.
In the experiment, we use a laser operating at around 790 nm
which affects mainly the energy levels of 8’Rb with negligible
effect on *Na.

Taking 8Ejgn on *’Rb into account, the total internal
energy difference between the two sides of process (1) can
be expressed as

AE(B, Ap1, Ap) = (Epes

Zeeman

+ [6Etight (0, Ap1, App)
— 0Ejign (1, Ap1, Apo)]. (N

It can be seen that only the spin-dependent vector light shift
has influence on the spin dynamics. We note that the use of
near 790-nm light also minimizes the possible perturbation
to the optical trap potential which otherwise will modify the
sample density distribution. As shown in Fig. 1(c), fixing the
laser wavelength and intensity while changing the B fields,
the zero crossing point of AE can be tuned to far from that
without the o~ polarized laser.

In the homonuclear case, since the vector light shifts of
the |4+1) and |—1) spin states have the same magnitude but
the opposite sign, the process 2|0) <> |+1) 4+ |—1) is not
sensitive to uniform light field illumination.

— LD

Zeeman

III. EXPERIMENT AND RESULTS

A. Spinor mixture preparation and spin dynamics detection

We produce the ultracold ®’Rb and **Na mixture in a
crossed optical trap formed by two linearly polarized 1070-nm
laser beams with both atoms in their |—1) spin state. By
adjusting the final evaporation in the optical trap, either a
mixture of essentially pure Bose-Einstein condensate (BEC)
of both species or a pure 2*Na BEC plus a 8’Rb thermal cloud
can be obtained. The magnetic field is then ramped up to 60 G
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FIG. 2. Coherent heteronuclear spin oscillations in the spin-1
87Rb and 2Na dual BEC mixture following the |0,0) <> |1, —1)
process. (a) and (b) show the time evolution of the spin popula-
tion for ¥Rb and *Na, respectively. The magnetic field is held
at B =0.922 G during the entire process. The measured trap fre-
quencies are (wy, wy, w;) = 2w x (240, 240, 120) Hz for Rb and
2w x (280, 280, 140) Hz for Na. The number of atoms in the Rb
(Na) condensate is 3.0(2) x 10* (5.8(4) x 10%). The calculated peak
densities are 3.0 x 10" cm~ and 1.4 x 10" cm~> for Rb and Na,
respectively. Error bars represent 1 standard deviation of typically six
repetitions.

and subsequently a single rapid adiabatic passage is applied to
transfer simultaneously both atoms to their |0) state with near
100% efficiency. Such a high B filed is necessary to generate
enough frequency differences between the |—1) — |0) and
|0) — |1) transitions to avoid populating the |1) states via the
cascade transition [—1) — |0) — |1).

The |0, 0) mixture is then held at 4 G for one second to
make sure full equilibrium is reached. At this stage, no spin
dynamics is detected since AE is high. Finally, the magnetic
field is ramped to a range of lower values to observe the
spin population oscillations at different holding time ¢. For
detection, we switch off the optical trap and apply a magnetic
field gradient to separate the different spin states during the
time of flight expansion. Absorption image is then used to
record the number of atoms N,’; in each spin states |m) of
species i, with i = Na or Rb. The fractional spin population
p. = N! /N' can then be obtained from the total number of
each species N' = N' | + Nj + N' ;.

B. Coherent heteronuclear spin oscillations
in the double BEC mixture

We investigated the heteronuclear spin dynamics in the
double BEC mixture. Figure 2 shows the coherent spin
population following process (1) measured with the double
BEC at B = 0.922 G. Similar to the previously investigated
|0, —1) <> |—1,0) case [26], the synchronized oscillations
between the two species as well as between different com-
ponents of the same species are obvious signatures of the
coherent heteronuclear spin dynamics.

With both the double BEC mixture and the BEC 4 thermal
mixture, we observed the appearance of the third spin state
for both 8’Rb and **Na (Fig. 2). We verified experimentally
that, with either 3’Rb or **Na atoms alone in spin state |0), no
homonuclear spin dynamics can happen at the range of mag-
netic fields used in this investigation. We thus believe these
small amounts of population are a result of other heteronuclear
spin processes. For instance, the |—1) 2*Na atoms generated
by process (1) may initiate the |0, —1) <> |—1, 0) process to
produce ¥’Rb atom in the |—1) spin state.

In the previous work, the starting point is a nonequilibrium
spin configuration, thus the |0, —1) <> |—1,0) spin popu-
lation oscillation always happens immediately [26]. Here,
starting from the zero magnetization |0, 0) state, a delay can
be observed before the spin dynamics starts. In Fig. 2, this
delay is on the order of 150 ms. This is very similar to the
homonuclear spin-1 case, i.e., starting from spin state |0) of
87Rb or **Na, the homonuclear spin population oscillation
2|0) <> |—1) 4+ |1) always starts after a delay [6,23]. Such
a behavior can be explained by the fact that the |0) state
of the homonuclear spin-1 system is metastable and spin
dynamics can only be initiated by quantum fluctuation which
needs some time to build up. Similar physics may be also
dictating the heteronuclear dynamics here, but this has not
been investigated thoroughly.

C. Spin dynamics in the mixture of a ¥’ Rb thermal
cloud and a 2*Na BEC

A complication in using the double ’Rb and **Na BEC
mixture is the phase separation which leads to poor den-
sity overlap. This is due to the relatively large interspecies
repulsive interaction [30]. In addition, the difference in the
trap frequencies for the two species results in a differential
gravitational sag which displaces the centers of mass of the
two clouds in the vertical direction. The rather high trap
frequencies used in Fig. 2 are chosen to compensate these
effects and increase the density overlap. Nevertheless, we
found experimentally that the spin dynamics in the BEC
mixture depends very sensitively on the optical dipole trap.
For instance, when a very weak optical trap is used, the spin
oscillation becomes totally nonrepeatable. We believe this is
because of the modulation of the double BEC overlap and thus
the spin exchange energy due to the aforementioned reasons.
Because of this, for the purpose of investigating control of the
spin dynamics, we choose to use a mixture of a thermal cloud
of 8’Rb atoms and a BEC of *Na for the rest of this work.
In this configuration, the overlap between the two species is
always good, and the signal is more repeatable.

Similar to the double BEC case, correlated heteronuclear
spin population changes following process (1) can also be
observed. However, as shown by the time evolution of pgb
in Fig. 3, the oscillations are strongly overdamped with
no periodical features. From Figs. 3(a) to 3(f), the B field
dependence can be clearly observed from changes of the
delay time before the dynamics and the equilibrium fractional
population. To quantify this dependence, we fit the data with
a Sigmoid function to extract both the crossover time 77,
and the final saturated fractional population P, of $7Rb,
with the relation between the two parameters defined by pX°
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FIG. 3. Heteronuclear spin dynamics in the thermal ¥Rb and
2Na BEC spin-1 mixture following process (1). Time evolution of
ot for several magnetic fields. The solid curves are from fit to the
Sigmoid function. The error bars represent 1 standard deviation of
typically three to five repetitions. For these measurements, a nearly
spherical trap with measured trap frequencies of 2w x 64 Hz for Rb
and 2w x 72 Hz for Na is used. The calculated peak densities are
4.6 x 10'2 cm™ for the ’Rb thermal gas and 5.6 x 10'3 cm™ for
the **Na BEC.

(Ti2) = (1 + pmin)/2 [23]. Figures 4(a) and 4(b) show the
rate of the spin exchange I' = 1/7;,, and ppi, versus B. A
maximum of I'" can be observed at around 0.85 G, beyond
which the spin dynamics slows down and pp;, keeps increas-
ing. Near the zero crossing point of AE at 0.99 G, ppi, is
about 0.8 after one second which indicates a very slow spin
dynamics.

Currently, we lack a quantitative understanding of the
mismatch between the maximum of I' and the zero crossing
of AE. The fact that we are using a mixture of BEC and
thermal atoms makes it hard to treat the problem theoretically,

121(a)

pmln

05 0.6 07 08 0.9 10
B (G)

FIG. 4. Spin exchange rate I" and final population py,;, extracted
from Fig. 3. (a) I versus magnetic field extracted from the Sigmoid
fitting. (b) pmin versus magnetic field from the Sigmoid fitting. The
curves are for eye guiding.

==;E .\ij\._._.
0.4 0.6 0.8 1.0 1.2
B(G)

FIG. 5. Control of heteronuclear spin dynamics with microwave.
(a) The blue curve shows AE (B, A) with the microwave dressing
field, which is calculated with Eq. (5) using experimentally measured
parameters. (b) The black solid squares are the measured I of the
spin dynamics in the presence of the microwave; the red open squares
are the case without the microwave. All measurements are performed
at the same atomic conditions with peak densities of 2.2 x 102 cm™?
for the 8’Rb thermal cloud and 5.0 x 10'* cm~ for the **Na BEC.
The curves are for eye guiding.

especially with the possible thermal and quantum fluctuations
involved. Nevertheless, as has been pointed out in [26], the
spinor mixture is a many-body system, while the intuitive
understanding based on the argument of AE is only true for
two particles. The exact peak position of I' also depends on
the homonuclear spin-dependent interactions and possibly the
number ratios.

D. Tuning spin dynamics with microwave

To demonstrate microwave control of the heteronuclear
spin dynamics, we broadcast a microwave signal to the atoms
after the B field is ramped to the final value. In our experiment,
the polarization of the microwave field is not well controlled
and the exact amount of power radiated on the atoms is hard
to measure directly. To calibrate the microwave field, we drive
Rabi oscillations of several 7 and o transitions between
the f = 1 and f = 2 hyperfine Zeeman levels of ¥’Rb. From
the measured Rabi frequencies of these transitions, we deduce
the polarization distribution and intensity of the microwave
field using the well-known relative transition strengths. Rabi
frequencies of all other relevant transitions can then be ob-
tained accurately.

In the experiment, the microwave frequency is fixed
at 6836.18 MHz. For the microwave power used in this
work, the several measured on resonance Rabi frequen-
cies are Q2_j _» = 8.1 kHz, Q_; _; =4.5kHz, and Q2_; ¢ =
3.7 kHz, i.e., the microwave field has a mixed polarization
which can drive all possible transitions. We then calcu-
late the other several Rabi frequencies as © _; = 5.7 kHz,
QO,O =51 kHZ, QO,I =6.3 kHZ, QI,O =33 kHZ, Ql,l =
4.5 kHz, and 2, » = 8.9 kHz. Figure 5(a) shows AE versus
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FIG. 6. Control of heteronuclear spin dynamics with vector light
shift. (a) The blue curve shows the calculated AE (B, Ap;, App)
from Eq. (7) with the o~ polarized 789.817-nm laser beam. The
calculation is based on the peak intensity of the laser beam. (b) The
black solid squares are the measured I" with the vector light shift.
The atomic conditions are the same as those used in Fig. 5. For
comparison, the red open squares show the case without the laser
beam. The curves are for eye guiding.

magnetic field calculated from Eq. (5) with the calibrated
on-resonant Rabi frequencies. The three zero crossings are all
within the B field range for observing the heteronuclear spin
dynamics.

We map out the B field dependence of the spin dynamics
in the presence of the microwave dressing by measuring the
rate of the spin exchange I' following the same procedure as
in Sec. III C. We note that the peak position of I" depends
on the atomic conditions due to the resulting change of the
spin-dependent interaction. To see a clear signature of the
microwave dressing effect, it is thus important to perform
all the measurements with the same atomic conditions. As
shown in Fig. 5(b), without the microwave dressing, the peak
of I" appears at about 0.80 G. At the same atomic conditions
but with the microwave dressing, two peaks of I' can be
observed at around 0.55 and 0.88 G, which are close to the
two zero crossings of AE at 0.6 and 1 G, respectively. The
same as the case without the additional dressing fields, the
maximums of I also occur at B fields lower than the AE = 0
points.

The apparent shifts of the peak positions of I" and the ap-
pearance of the additional peak are both clear manifestations
of the manipulations of the heteronuclear spin dynamics with
microwave. However, no peak of I' is observed for the zero
crossing at around 1.2 G. The reason behind this is not fully
understood.

E. Tuning spin dynamics with vector light shift

As discussed in Sec. IIC, using light field to tune spin
dynamics is a unique capability in the heteronuclear spinor

system. Since process (1) depends directly on the linear
Zeeman shift, the effective magnetic field generated by the
vector light shift can induce a large change to the spin oscil-
lation resonance. Experimentally, we verify this with the help
of a free running external cavity diode laser tuned to 789.817
nm. It is introduced to the atoms along the quantization axis
defined by the magnetic field after passing through a A/4
waveplate for obtaining o~ polarization. The 1.15-mm beam
diameter is much larger than the sizes of the atomic clouds
to ensure a uniform illumination. From the measured laser
power, the peak intensity is calculated to be 0.5 W/cm?
which is enough to induce a differential vector light shift of
27 x 140 Hz between the |0) and |1) states of ’Rb. At this
intensity, no significant shortening of the trapping lifetime is
observed. As depicted in Fig. 6(a), in this configuration the
calculated zero crossing point of AE with Eq. (7) is shifted to
1.31G.

Figure 6(b) shows I' extracted from measuring the spin
dynamics at different B field with the light beam. The mea-
surement was performed with essentially the same atomic
condition as Fig. 5. Compared to the case without the light
field (red open squares), the measured shift of the resonance
is 0.17 G. This is about 50% smaller than the shift of the
zero-crossing points in AE. This disagreement could be due to
imperfections in the laser beam polarization and/or alignment
which result in a smaller shift than the calculation.

It is also noticed that the peak of I is significantly smaller
than the B field only case. One possible reason for this is
the laser power fluctuation. Since AE depends on the laser
power, such a fluctuation may diminish the spin population
oscillation. In future experiments, the laser power should be
carefully stabilized with a feedback control system.

IV. CONCLUSION

In summary, we observed and developed controlling meth-
ods for heteronuclear coherent spin dynamics. With the pro-
cess |0,0) <> |1, —1) in the spin-1 ’Rb and **Na mix-
ture, we showed that both the detuned microwave field and
circularly polarized light field can tune spin dynamics to
occur in regions not accessible with magnetic field only.
Since both microwave and light fields can be controlled in
a fast timescale, the methods studied here should be use-
ful for tuning the spin dynamics time dependently, such as
quenching. In addition, we find the versatile spatial control
of light could be a valuable capability. For instance, by
shrinking the laser beam size to smaller than that of the
atomic sample, it is possible to introduce a local spin dy-
namics manipulation [31,32]. It is also possible to form a
standing wave to induce a periodical modulation to the spin
dynamics.
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