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We report the observation of coherent heteronuclear spin dynamics driven by inter-species spin-
spin interaction in an ultracold spinor mixture, which manifests as periodical and well correlated
spin oscillations between two atomic species. In particular, we investigate the magnetic field de-
pendence of the oscillations and find a resonance behavior which depends on both the linear and
quadratic Zeeman effects and the spin-dependent interaction. We also demonstrate a unique knob
for controlling the spin dynamics in the spinor mixture with species-dependent vector light shifts.

Understanding collective spin dynamics is a problem of
fundamental importance in modern many-body physics.
Central to this understanding is the role of spin-spin in-
teractions and their interplay with the Zeeman energy.
In this regard, the ultracold spinor quantum gas [1] pro-
vides a powerful platform for investigating spin dynamics
due to its high controllability. So far, a rich variety of
phenomena have been explored experimentally, includ-
ing spin oscillations in spinor Bose-Einstein condensate
(BEC) [2-10] and in thermal Bose gases [11], as well as
various types of spin textures [12-15]. Very recently, co-
herent spin oscillations in a spinor Fermi gas [16] and its
relaxation [17] have been investigated.

Until now, however, spin dynamics in ultracold atoms
has been explored only in a single atomic species. Here,
we realize a system consisting of distinguishable spin-1
87Rb and ??Na atoms, and demonstrate well-controlled
and long-lived coherent spin oscillations between them.
Our study brings out several unique features of the spinor
mixtures. (1) For collisions between two distinguishable
spin-1 atoms, the interaction takes place over all three
total spin F' = 0,1 and 2 channels [18-24], while only
F = 0 and 2 are allowed for homonuclear collisions. (2)
Unlike the single species case, where only quadratic Zee-
man effect is important due to magnetization conserva-
tion [25], in spinor mixtures, both linear and quadratic
Zeeman effects are important. (3) The two species have
very different vector light shifts, which can be used to
generate a differential effective magnetic field. Together
with the external magnetic field, this can be used to fur-
ther control the spin dynamics.

The interaction between two heteronuclear spin-1
bosons at a distance r can be written as [18, 19],

Vig (r) = (o + pfy - f2 +vFy) 0 (1) , (1)

where a = (g1 + g2)/2 represents the spin-independent
interaction. The spin-dependent terms are given by
B = (92 —g1)/2 and v = (290 — 391 + g2)/2, with v
operates only in the F' = 0 channel via the projection
operator Py. f; and f5 label the hyperfine spins of two

different atoms. The coupling constants gr = 2wh%ap/u
are determined by the s-wave scattering lengths ap of the
corresponding F' channels and the reduced mass p, with
h the Planck’s constant. From previous studies [26, 27],
we have determined (o, 8, v) = 2wh?ap/ux (78.9, -2.5,
0.06), where ap is the Bohr radius. Similar to homonu-
clear spinor gases of 2Na and 8"Rb, both 3 and v are
much smaller than « [28]. The negative 8 indicates a
ferromagnetic heteronuclear spin-spin interaction, which
tends to align the spins of the two species along the same
direction.

Let us consider the collision between a 8"Rb atom in
spin state |m1) and a 2*Na atom in spin state |msz), which
we denote as |mi, ms) in the following. Here m = £1,0
are the three Zeeman sub-levels of the f = 1 hyperfine
state. The magnetic energy associated with |mq, mo) will
be denoted as E™"™2(B). The aforementioned 8 and ~y
terms can support several possible heteronuclear spin-
changing processes given that the atom numbers of indi-
vidual species and the system’s total magnetization are
conserved [36]. This is in stark contrast to the homonu-
clear spin-1 case, where only one spin-changing process
2|0) «» 1) + |—1) is allowed. In this work, we focus on
the following heteronuclear spin-changing process,

|O771> AN |7170>7 (2)

which is driven solely by the 8 term [36].

Intuitively, coherent spin dynamics of Eq. (2) can
be understood from the interplay between the spin-
dependent interaction energy (8 term) and the total
Zeeman energy difference between these two states:
AE(B) = E*~Y(B)— E~1%(B), as depicted in Fig. 1. In
analogy to a driven two-level system, when the two en-
ergies are very different, the system undergoes fast but
small amplitude detuned oscillations, while when they
are comparable, the system oscillates slowly with large
amplitude [25]. Since § is small, typical spin-dependent
mean-field energy is of the order of 10 Hz, and as a result,
visible heteronuclear spin oscillations can only occur near
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FIG. 1. (color online) Magnetic energy diagram for two het-
eronuclear spin-changing processes. For the process in Eq. (2)
(blue curve), AE has a zero-crossing point at By = 1.69 G .
Spin-changing process |0,1) > |1,0) (red dashed curve) has a
large detuning near By and is greatly suppressed.

AE = 0. As shown in Fig. 1, AF depends on the mag-
netic field B in a non-monotonic manner, and in particu-
lar vanishes at By = 1.69 G, where one expects resonant
spin dynamics. This coincidence is a result of the slightly
different Landé g-factors for 22Na and 8"Rb, including
contributions from both the linear and the quadratic Zee-
man energies [28]. Near By, homonuclear spin dynamics
is greatly suppressed due to large quadratic Zeeman shifts
and other heteronuclear spin-changing processes are also
suppressed due to large detuning. For example, the spin-
changing process |0,1) < |1,0) has a magnetic energy
difference larger than 1000 Hz and will be substantially
suppressed. Thus, working near By, we can single out
the process in Eq. (2) and obtain clear signatures of het-
eronuclear spin dynamics.

The considerations above offer only a qualitative pic-
ture of the inter-species spin dynamics. Experimentally,
we use a bulk sample consisting of an essentially pure
23Na BEC and a thermal gas of 8"Rb to increase the over-
lap of the two clouds. This many-body system is distinc-
tively different from the conventional two-level system
since spin- and density-dependent mean-field interactions
enter nonlinearly into the equations of motion and fur-
thermore, vary in the course of spin dynamics [28]. One
important consequence of the many-body effect is the
appearance of two magnetically tuned resonances as we
shall discuss momentarily.

We produce the ultracold mixture of 23Na and 8"Rb
atoms in a crossed optical dipole trap (ODT) with both
atoms initially prepared in the spin state |—1) [26, 37]. To
initiate the spin oscillations, we apply a radio-frequency
Rabi pulse to simultaneously prepare both Rb and Na
in coherent superposition states with most population
in |[—1) and |0) states, while population in the |+1)
states are typically less than 10%. To monitor the
spin dynamics, we detect the fractional spin population
pt, = Ni /N for each species from the absorption images
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FIG. 2. (color online) Coherent heteronuclear spin dynamics
at B = 1.9 G. a, b, evolution of the fractional spin population
of Rb (circle) and Na (square). ¢, d, magnetization oscilla-
tions of Rb and Na. The oscillation amplitudes differences
are due to the number imbalance. Inset: evolution of total
magnetization. Solid lines are sinusoidal fitting.

after various holding time. Here N/ is the atom number
of species i in spin state [m). N* = N*; + Nj + N, is
the total number of atoms of species i, with i = Na, Rb.

Fig. 2a and 2b show typical time evolution of p&P and

pN® at B = 1.9 G, respectively. The population in states
|—1) and |0) oscillate periodically, while those in state |1)
stays nearly constant. It is important to note the follow-
ing features: (1) States |—1) and |0) of each individual
species oscillate with 7-phase shift due to number con-
servation; (2) The synchronized oscillation between the
two species reflects the coherent spin dynamics driven
by heteronuclear spin-changing interaction. This is even
more clearly exhibited in the individual magnetization
dynamics. The fractional magnetization for each species
is M" = (N’ —N,)/N*. The total magnetization of the
system is defined as M = (N — NNp 4 NV — NED) /N
where N = 3. N* is the total number of atoms. As
shown in Fig. 2c¢, 2d and the inset, MN® and MEP are
not conserved, but M is conserved within a few percent.
The small variation in M is comparable to the uncer-
tainties (~ 5%) in atom number detection. The coher-
ent oscillations of MN* and MRP with a 7-phase dif-
ference is a clear signature of the coherent heteronuclear
spin-changing process. The clean oscillations between the
|—1) and |0) states also indicates that homonuclear and
other heteronuclear spin-changing processes are greatly
suppressed.

Similar measurements are performed for a range of
magnetic fields. Three examples are plotted in Fig. 3a.
Away from By, fast oscillation with small amplitude can
be observed, while very close to By, e.g. at B = 1.7
G (middle), the oscillation is slow but with large ampli-
tude. Comparing oscillations at B = 1.5 G (top) and 1.9
G (bottom), we note that the initial slopes of population
change for the same spin states have opposite signs on
different sides of By. For instance, at the very beginning,
the Rb |—1) population decreases at 1.5 G but increases
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FIG. 3. (color online) Dependence of heteronuclear spin dynamics on external magnetic field B. a, spin oscillations at B = 1.5
G (top), 1.7 G (middle) and 1.9 G (bottom) for |—1) of Rb (red circle) and |0) of Na (blue squares). The solid curves are for
eye guiding and error bars are from statistics of several shots. b, magnetic energy AFE vs. B. c, d, spin oscillation amplitudes
c and periods d extracted from the Rb data. Solid blue lines are calculations based on many-body kinetic equations using
experimental atomic conditions without fitting parameters. Error bars for both the amplitude and the period are from fitting
of the oscillations and represent one standard deviation. Mechanisms for the observed damping in the oscillations will be

investigated in future works.

at 1.9 G. The same behavior is observed for Na. This is
a direct reflection of the sign change of AF across By,
as depicted in Fig. 3b. These behaviors are well repro-
duced in our numerical simulations and the initial os-
cillation directions are consistent with the ferromagnetic
spin-changing interaction 5 < 0.

We extract the oscillation amplitudes and periods for
different magnetic fields and summarize the results in
Fig. 3c and 3d. Near By, the system is in the interac-
tion dominated regime where an asymmetric double peak
appears in the oscillation amplitude with a non-zero dip
in between. This can be understood by noting that res-
onance appears when |AF| and spin-dependent interac-
tion are comparable, which can occur on either side of By,
analogous to the single species case where the quadratic
Zeeman shift is tuned by microwave [38]. However, the
exact resonance positions depend also on homonuclear
spin-dependent interactions and initial conditions. The
double peak is, however, not readily distinguishable in
the period where only one peak is observed [28].

To understand the observed spin dynamics quanti-
tatively, we model the Na condensate with the time-
dependent Gross-Pitaevskii equation [20, 36] and the
thermal Rb cloud with the kinetic equation for the
Wigner distribution function [39, 40]. The dynamics
of the two species are coupled through the interaction
in Eq.(1). Within the random phase and single mode
approximations (SMA) [28], our simulation agrees quite

well with the measurements, as shown in Fig. 3c and 3d.
The simulated oscillation period shows only a small kink
near By, consistent with our experiment conditions. This
kink can be regarded as a remnant of the double peak
structure that occurs if the numbers of the two species
are equal. As the number imbalance increases, one of the
peaks gradually disappears, leading to a kink structure
in our simulation [28].

A unique feature of the heteronuclear spin dynamics is
its dependence on the vector light shift, which is spin- and
species-dependent [28]. In the following, we tune the el-
lipticity of the ODT beams to further control the spin dy-
namics. For large detuning A exceeding the excited state
fine structure splitting Apg, the spin-dependent vector
light shift is [41]

pm Ars
Un() o< "2 35 1), (3)

where wy is the energy splitting between the ground state
and the center of the D-lines, and I(7) is the light inten-
sity. The factor p characterizes the amount of circular
polarization with g = 0 for linear and p = +1 for pure o*
circular polarizations, respectively. U,, can be treated as
a“fictitious magnetic field” in the light propagation di-
rection [42]. Its projection, B,., along the quantization
axis alters the effective magnetic field seen by the atoms.
Due to the larger A, wy and smaller Apg for 23Na, B,
for 23Na is less than 1% of 8"Rb. For our final ODT,
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FIG. 4. (color online) Optical control of coherent heteronu-
clear spin dynamics with vector light shift. a, modified de-
pendence of AE on B with light induced effective magnetic
field Bac on Rb. b, resonance positions as observed in the
period vary with changing Bac. Solid curves are for eye guid-
ing and error bars are from fitting of the oscillations. B, is
calculated based on the measured light intensity I and p.

B.c. =~ 1.6 mG for Rb and 14 pG for Na if o = 1. So ef-
fectively speaking, by tuning g, we can control the linear
Zeeman energy for Rb and Na independently [28]. The
measurements shown in Fig. 2 and Fig. 3 are performed
with B, essentially zero.

Although small, B,. has a dramatic influence on the
heteronuclear spin dynamics. For simplicity, we neglect
the much smaller B,. for Na. The B,. for 8’Rb can shift
AF significantly, as illustrated in Fig. 4a. For B,. < 0,
the zero crossing point is shifted to smaller external mag-
netic fields. Eventually, for B,. < —0.2 mG the entire
AF curve is shifted to below zero and the zero crossing
disappears. In such cases, the spin dynamics will be es-
sentially driven by Zeeman energies with a peak at the
field of minimum |AE|. When B,. > 0, the zero cross-
ing point and thus the resonance position always shifts
to higher magnetic field.

Experimentally, ¢, and hence B,., can be tuned by
applying the external magnetic field in the horizontal
plane and inserting a A/4 waveplate into one of the ODT
beams. Here o = sin(26), where 0 is the angle between
the waveplate’s axis and the input linear polarization of
the light. For the typical 8 values in our experiment with-
out causing significant heating, B,. ranges from —0.32
to 0.32 mG. As shown in Fig. 4b, a rather small B,. can
cause a significant change. For example, at B,. = 0.32
mG, the resonance is shifted upwards by about 0.4 G.
While for negative B, such that the zero crossing dis-

appears, for example at B,. = —0.32 m@G, the lineshape
of the oscillation becomes much broader, which is a di-
rect manifestation of the oscillation’s far off resonance
character.

In conclusion, we have observed interaction driven
coherent spin-changing dynamics between two different
spin-1 Bose gases. Both the oscillation period and am-
plitude can be tuned over a large range with either ex-
ternal magnetic fields or, quite unique to our system, the
species-dependent vector light shift. This latter capabil-
ity is especially promising because it allows sensitive and
versatile control of the spin dynamics, as demonstrated
in our experiment.

Our system can serve as an ideal platform for sim-
ulating complicated spin systems, such as the coupled
electronic and nuclear spin system. Using implementa-
tions similar to the two-orbital magnetism model orig-
inally proposed for alkali-earth atoms [43], but replac-
ing the two orbits with two different kinds of atoms,
the bosonic Kondo model [44, 45] may be realized. In
addition, in analogy to the generation of entanglement
with spin-changing interactions in single species spinor
condensates [46, 47], the inter-species spin-changing in-
teraction can also be used to generate entanglement be-
tween distinguishable atoms [48]. Finally, similar dynam-
ics should exist in other ultracold spinor mixtures. In
fact, a proposal for realizing the spontaneous quantum
Hall effect and a chiral superfluid with the Bose-Fermi
spinor mixture was made recently [49)].
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