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We report the full internal state control of ultracold Na®’Rb molecules, including vibrational, rotational, and
hyperfine degrees of freedom. Starting from a sample of weakly bound Feshbach molecules, we realize the creation
of molecules in single hyperfine levels of both the rovibrational ground and excited states with a high-efficiency and
high-resolution stimulated Raman adiabatic passage. This capability brings broad possibilities for investigating
ultracold polar molecules with different chemical reactivities and interactions with a single molecular species.
Moreover, starting from the rovibrational and hyperfine ground state, we achieve rotational and hyperfine control
with one- and two-photon microwave spectroscopy to reach levels not accessible by the stimulated Raman transfer.
The combination of these two techniques results in complete control over the internal state of ultracold polar
molecules, which paves the way to study state-dependent molecular collisions and state-controlled chemical

reactions.
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Ultracold polar molecules (UPMs) have long been predicted
to have great potential applications in ultracold chemistry
[1], quantum simulation of novel many-body physics [2—4],
and quantum computation [5]. In recent years, with more
and more ultracold molecular species of different chemical
reactivities and quantum statistics being created [6—10], some
of these predictions are becoming experimental reality. In the
pioneering *°K®"Rb experiment of JILA, an ultracold chemical
reaction was observed and controlled by a dipolar interaction
and dimensionality [11-13], alattice gas of UPMs with a filling
factor above the percolation threshold was created [14,15],
and many-body dipolar spin exchange in optical lattices was
observed [16,17].

A prerequisite for all of these achievements is a sample of
UPMs with well-controlled internal states satisfying specific
application requirements. Because of the permanent electric
dipole moments (PEDMs) of UPMs, a very convenient method
for rotational and hyperfine state control is microwave spec-
troscopy, which has been successfully implemented in several
species [18-21]. Coupling rotational levels coherently with a
microwave is an important way of inducing dipolar interac-
tions between molecules for realizing novel lattice quantum
magnetism models [16,17,22,23] and topological phases [24].
Microwave dressing can also be combined with static electric
fields to engineer long-range repulsive barriers for suppressing
inelastic collisions [25]. In addition, at some particular electric
fields, UPMs created at the J = 1 rotational level (with J
the rotational quantum number) with the help of microwave
spectroscopy are predicted to have enough favorable elastic-
to-inelastic collision ratios for evaporative cooling [26-29].
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In this Rapid Communication, we adopt microwave spec-
troscopy to control the rotational and hyperfine states of the
ultracold ground-state >>Na®”Rb molecules, which possess the
largest PEDM among the available ultracold molecular species
[30]. In addition, we also demonstrate hyperfine-resolved
control of the vibrational and rotational states directly via
the stimulated Raman adiabatic passage (STIRAP) population
transfer. Vibrational excitation has been established as an effi-
cient technique to modify the rate and product state distribution
of chemical reactions since the 1970’s [31-33]. Importantly,
for the several nonreactive UPMs recently produced in the
lowest vibrational state (v = 0, with v the vibrational quantum
number) [34], including ’Rb'**Cs [7,8], **Na*’K [9], and
23Na¥”Rb [10], the chemical reaction can be activated if the first
excited vibrational state (v = 1) is populated instead. Actually,
the capability of producing both v = 0 and v = 1 molecules,
as shown in Figs. 1(b) and 1(c), has already enabled us to inves-
tigate the ultracold collisions of bosonic 2*Na®’Rb molecules
with different chemical reactivities [35], but this has not been
explored in the other species. Here, we present hyperfine-
resolved vibrational level control by STIRAP and rotational
level control by microwave fields together to demonstrate the
complete manipulation of the internal states of UPMs.

The experiment starts from a pure sample of weakly bound
23Na®’Rb Feshbach molecules obtained via magnetoassocia-
tion with a 347.6 G Feshbach resonance between >*Na and
87Rb atoms both in their |F = 1,My = 1) hyperfine Zeeman
states [36,37]. Here, F is the total atomic angular momentum,
while M is its projection along the quantization axis provided
by the magnetic field, which is along the vertical direction
and has a strength of B = 335.2 G after magnetoassociation.
The sample, which typically has 1.2x10* molecules with a
temperature of 600 nK and a peak density of 5x10'! cm™3,
is trapped in a cigar-shaped optical potential formed by two
crossed 1064.4 nm laser beams. A STIRAP is then applied
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FIG. 1. Hyperfine-resolved internal state control with Raman
lights. (a) shows the 2*Na®"Rb potential energy curves and the two-
photon Raman process for population transfer. (b)—(d) are STIRAP
spectra of the (v=0,J =0), (v=1,J =0), and (v=0,J =2)
states of the X'+ potential obtained by tuning the frequency of
L,. The energy zeros of (b)—(d) correspond to binding energies of
149.209 97(9), 146.037 18(9), and 149.197 47(9) THz relative to
two free atoms both in |F = 1,M; = 1) states at 335.2 G, with the
uncertainties determined by the wavelength meter used for absolute
frequency measurement. In (d), the spectrum in black circles is
obtained with L, of m polarization, and the one in red squares is
obtained with o * polarization. (b) and (c) are obtained with mixed L,
polarizations. The color-coded vertical bars in (b) and (d) indicate the
calculated positions of the hyperfine levels using the fitted coupling
constants in Table I with My = 3inred, My = 2inblue,and M = 1
in green.

to transfer the molecules to the target rovibrational levels of
the X! = potential. Figure 1(a) shows the two-photon Raman
process schematically, in which the pump light L couples the
Feshbach state and the intermediate state while the dump light
L, couples the intermediate state and the final rovibrational
state. L; and L, copropagate perpendicularly to the magnetic
field. The two Raman lasers are locked to the same ultrastable
high-finesse optical cavity using the Pound-Drever-Hall tech-
nique [38] with their linewidths narrowed down to 1 kHz.

The intermediate state for the STIRAP, which is the same
one used to produce the absolute ground-state >*Na®’Rb
molecule, is a singlet-triplet mixed 2! £ *-1°IT level with about
5% 2'st character [10,39]. Owing to the favorable Franck-
Condon overlap, this level has strong transition strengths to
a series of vibrational levels near the bottom of the X'X+
potential [Fig. 1(a)]. Indeed, by tuning the laser frequencies,
we successfully transfer the molecules to the rovibrational
ground state (v = 0,J = 0), the first excited vibrational state
(v = 1,J = 0), and the second excited rotational state (v = 0,
J =2) [Figs. 1(b)-1(d), respectively]. Higher vibrational
states, if necessary, could also be populated similarly.

A challenge to produce 2Na®’Rb molecules in a single
quantum state is the small hyperfine splittings. For the X' £+
state with zero total electronic angular momentum, the domi-
nant contributions of the hyperfine structure (HFS) come from
the atomic nuclear spins and their coupling with the nuclear
rotation. With the nuclear spins of 23Na and ¥Rb atoms, Iy, =
Iry = 3/2, there are (2J + 1)(2Iry + 1)(2Ina + 1) = 16, 48,
and 80 hyperfine levels for rotational states with J = 0, 1, and
2, respectively. The overall frequency span of the HFS in each
rotational state is only 2—-6 MHz, while the intervals between
adjacent hyperfine levels are even much smaller.

To prepare molecules in a single hyperfine level via
STIRAP, two-photon linewidths narrower than the splittings
between adjacent levels are needed. We achieve this with
carefully chosen Rabi frequencies and long Raman pulses.
The well-resolved HFS of the three rovibrational states in
Figs. 1(b)-1(d) are obtained with Raman laser pulses of
200 ws and maximum Rabi frequencies of 27 x 0.8 MHz with
corresponding two-photon linewidths of about 30 kHz. Under
these conditions, nearly 90% population transfer efficiencies
can still be achieved. To eliminate the ac Stark shift induced
by the trapping lights for a precise determination of the HFS
line positions, the optical dipole trap is turned off during the
two-photon Raman process.

Because of the angular momentum selection rules, not all
the hyperfine levels can be reached by the two-photon Raman
process. At B = 335.2 G, energy levels of each vibrational
state v in the X'X* potential can be represented in the
uncoupled basis |J,m ;,mY?, m¥®), with m ;, my?, and m&® the
projections of J s fNa, and be. During the transfer process,
Mp = my +m® +mB is always a good quantum number.
With My = 2 for the Feshbach molecules and the polarization
of L, fixed linearly along the B field, L, with o* and &
polarization can only access hyperfine levels with Mp = 1, 2,
and 3. For the J = 0 rotational states with My = m)® + m&®,
there are six allowed hyperfine levels. In Figs. 1(b) and
1(c), these hyperfine levels, including the absolute ground
state in the (v =0,J = 0) state labeled as |0,0,3/2,3/2)
with Mp = 3, are all resolved and thus can be populated
with high quantum purity. Figure 1(d) contains 22 of the
total 29 accessible hyperfine levels of the J = 2 state, which
is much more complicated due to the nuclear spins and
rotation coupling. It is also more challenging to populate
some of the J =2 hyperfine levels with 100% purity due
to very close level spacings. As demonstrated in Fig. 1(d),
the situation can be improved with the help of the angular
momentum selection rules by controlling the polarization
of Lz.
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FIG. 2. HFS of the J = 1 rotational state probed by microwave
spectroscopy. (a) depicts the allowed microwave transitions with
different microwave polarizations starting from the Mr = 3 absolute
ground state |0,0,3/2,3/2). (b) shows the observed HFS of the J = 1
state manifested as loss of the absolute ground-state population. The
microwave pulse length is 50 us, which is shorter than a 7 pulse for
the power used. The colored vertical bars are the calculated positions
of the relevant hyperfine levels of J = 1 using the fitted coupling
constants in Table I.

Due to the parity selection rule, molecules cannot be
prepared to the J = 1 state directly via a STIRAP. This can
be compensated by applying a microwave pulse driving the
J =0 — J =1 transition after transferring the molecules to
the J = O state [18—21]. This transition is typically very strong
since the microwave couples directly to the large PEDM of
ground-state 2Na®’Rb molecules [10,30]. To probe the HFS
of the J = 1 state, we detect the remaining J = 0 molecules
with respect to the frequency after applying the microwave
pulse. The frequency of the microwave is tuned around 2B, =
4.179 GHz, with B, the rotational constant. To eliminate
the ac Stark shift, the optical trap is turned off during the
pulse. Typically, the microwave only changes the rotational
level following AJ = £1 and Am; = 0, % 1, but will not flip
the nuclear spins directly. However, because of the coupling
between the nuclear spins and rotation, it becomes possible to
manipulate the nuclear spins with electric dipole transitions.
Figure 2(b) shows the spectrum with six hyperfine levels of
the J = 1 state observed starting from the My = 3 level of
J=0.

To describe the observed HFS, we use the Hamiltonian
[19,43,44]

H = Hrot + th + Hz, (1)

with H;o = B,J(J + 1) the rotational splitting, Hps =
Y Vi- Qi+ aid - Ii+c3lng- T Irp+ calna - Iry

the hyperfine interactions, and H; = —g,unyJ - B —
Zi gi(l —o))unlI; - B the Zeeman effects from the nuclear
spins and rotation, with py the nuclear magneton, g, the
rotational g-factor, g; the nuclear g-factors, and o; the nuclear
shielding tensor with i = Na,Rb. For Hy, the first term

TABLE 1. Coupling constants in the molecular Hamiltonian
[Eq. (1)] for the v = 0 state of **Na®Rb molecules. As ¢y, crp, and
c3 are very small and barely affect the fitting results, they are fixed
to the values provided in Ref. [40] during the fitting. The theoretical
value of B, is calculated with the experimental X' ¥ potential in
Ref. [41].

Constant Value Reference

B, 2.0896628(4) GHz This work
2.08966 GHz [41]

(eq O)na —0.139(40) MHz This work
—0.132 MHz [40]

(eq O)ro —3.048(13) MHz This work
—2.984 MHz [40]
CNa 60.7 Hz [40]
CRb 983.8 Hz [40]
c3 259.3 Hz [40]

Cy 6.56(23) kHz This work
5.73 kHz [40]

gna(l — ona) 1.484(1) This work
1.477 [42]

gro(1 — orp) 1.832(1) This work
1.827 [42]

g 0.001(6) This work

is the electric quadrupole interactions associated with the
coupling constants (eqQ);. This term dominates Hys for
excited rotational states but vanishes for J = 0. It is also the
main cause of the nuclear spin and rotation mixing, which
makes nuclear spin flip by microwave fields possible. The
second term represents the direct rotation and nuclear spin
coupling, which is typically rather small (Table I). The last two
terms describes the tensor and scalar interactions between the
nuclear spins. At B = 335.2 G, for J = O states, the nuclear
Zeeman effect dominates all the other contributions, which
results in a monotonous dependence of the hyperfine energy on
My [Figs. 1(b) and 1(c)]. For J > 0, the electric quadrupole
interactions are comparable to the nuclear Zeeman effects.
Thus, the hyperfine energy also depends strongly on m; and
the order of the HFS is more complicated. As summarized
in Table I, using this model to fit the observed hyperfine
levels of the (v = 0; J = 0,1,2) states in Figs. 1(b), 1(d) and
2(b), the coupling constants for the hyperfine and Zeeman
interactions are extracted. The fitting results are indicated by
the color-coded vertical bars in Figs. 1(b), 1(d) and 2(b). The
positions of the hyperfine levels from the measurement and
the fitting agree with each other within 10 kHz.

From the fitting results, we also determine the mixing ratio
of the |J,m;,m}* m®®) basis components in each hyperfine
level. As shown by the example in Fig. 3(a), the selected
Mp = 2 hyperfine level in the (v = 0,J = 1) state has sig-
nificant |1,—-1,3/2,3/2), [1,0,3/2,1/2), and |1,1,3/2,—1/2)
components. The |1,—1,3/2,3/2) component allows this level
to be addressed from the absolute ground state |0,0,3/2,3/2).
As shown by the coherent Rabi oscillations in Fig. 3(b),
with a microwave 7 pulse, the population can be completely
transferred from J =0to J = 1.

In addition, the |1,0,3/2,1/2) and |1,1,3/2,—1/2) com-
ponents of the (v =0,J = 1) level in Fig. 3(a) also enable
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FIG. 3. Coherent population transfer between the hyperfine levels
ofthe J/ = 0and J = 1 states with microwave pulses. (a) illustrates an
example scheme for the coherent manipulation. The selected Mp = 2
hyperfine level of the J = 1 state consists of a superposition of three
nuclear spin components. (b)—(d) show the observed Rabi oscillations
for the three microwave transitions in (a). (c) and (d) are measured
after transferring the populationto J = 1 fromthe |0,0,3/2,3/2) level
with a 7 pulse.

us to manipulate the hyperfine levels of the J = 0 state. As
illustrated in Fig. 3(a), after transferring moleculestothe J = 1
level with a 7 pulse, a second microwave pulse can be applied
to prepare molecules to J = 0 hyperfine levels different from
the initial one. The Mp =2 and Mp = 1 hyperfine levels
of the J = 0O state also contain more than one nuclear spin
component. The microwave transition strength is only between
components of the same nuclear spin configurations of the two
addressed levels, e.g., the |1,0,3/2,1/2) and the |0,0,3/2,1/2)
components for the AMp = 0 transition. Figures 3(c) and 3(d)
show the Rabi oscillations when these transitions are driven
resonantly. Another 7 pulse to the |0,0,3/2,3/2) level is also

applied subsequently to the second pulse in order to monitor
the remaining population in the J = 1 level.

As expected, the transitions in Fig. 3 are all rather strong.
With a moderate microwave power, appreciable Rabi fre-
quencies of 27 x18.1(1) kHz [Fig. 3(b)], 27 x21.8(1) kHz
[Fig. 3(c)], and 27 x10.2(1) kHz [Fig. 3(d)] can already be
achieved. The ratios of the Rabi frequencies are in good
agreement with the calculated mixing ratios of the different
components for the levels involved in each corresponding
transition. These large Rabi frequencies will allow us to prepare
molecules in different hyperfine levels as well as coherent
superpositions of two rotational states in very short time scales
for various purposes in future investigations.

In summary, we achieve full control over the internal
degrees of freedom of the ?Na%’Rb molecule, including
vibrational, rotational, and hyperfine levels, by combining
a STIRAP and the microwave spectroscopy. The hyperfine
coupling constants of the vibrational ground state are deter-
mined with high accuracy by fitting the observed hyperfine
levels of the three rotational states J = 0,1,2. The control
over the internal states of the molecules paves the way to
investigate molecular collisions at different states, especially
to compare molecular losses with or without the presence
of a chemical reaction [35]. Since both the PEDM and the
molecule-molecule interaction can vary with vibrational levels
[30,45], this work thus also makes it possible to investigate few-
and many-body physics with molecules of different properties
in the same experimental setup without changing the molecular
species. Furthermore, with the microwave coupling rotational
states with different parities together, a direct dipole-dipole
interaction between molecules can be induced, which makes it
possible to engineer the molecular interactions and collision
properties [25,46,47]. This will also induce a dipolar spin-
exchange interaction, as already demonstrated with “°K®’Rb
molecules in optical lattices [16,17]. In the same configuration,
for 2*Na¥’Rb molecules with PEDMs of 3.2 D [10], the
spin-exchange interaction is over 30 times larger than “°K®’Rb
[16,17]. This should make the interaction effects beyond the
nearest-neighboring sites readily observable.
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and the National Basic Research Program of China (Grant No.
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