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We demonstrate a versatile, state-dependent trapping scheme for the ground and first excited rotational
states of 23Na*’K molecules. Close to the rotational manifold of a narrow electronic transition, we
determine tune-out frequencies where the polarizability of one state vanishes while the other remains finite,
and a magic frequency where both states experience equal polarizability. The proximity of these
frequencies of only 10 GHz allows for dynamic switching between different trap configurations in a
single experiment, while still maintaining sufficiently low scattering rates.
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Trapping potentials for ultracold atoms and molecules
are based on spatially dependent energy shifts of their
internal states produced by magnetic, electric, or optical
fields. Generally, these energy shifts are state dependent,
which greatly affects the time evolution of superposition
states of atoms or molecules. Demand in precision quantum
metrology, simulation and computation have motivated the
careful design of state-dependent traps that offer better
control over quantum states. One limiting case is the magic
trapping condition, where the light shift of two internal
states is identical [1-3]. It is a key ingredient for achieving
long coherence time in atomic and molecular clocks [4-6].
Another limiting case is the tune-out condition, where the
light shift of one state vanishes while the other remains
finite [7,8]. Such highly state-dependent potentials can be
used in novel cooling schemes for atoms [9], selective
addressing and manipulation of quantum states [10-12].
Tune-out wavelengths have also been used for precision
measurements of atomic structure [13—18].

We extend these concepts to rotational states of ultracold
polar molecules [19-28]. Such molecules offer unique
possibilities for quantum engineering due to their strong
long-range dipolar interactions and long single-particle
lifetime [29-33]. Manipulating their rotational degrees of
freedom is particularly important for experimental control
of dipolar interactions. Though significant advances in
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controlling the internal states of molecules have been made
[34-40], engineering rotational states in optical dipole traps
remains technically challenging. This is due to both the
complex level structure of molecules and the strong
anisotropic coupling between the rotation of molecules
and optical trapping fields. In far-detuned optical dipole
traps, rotational magic conditions only exist at special light
polarizations or intensities [3,41-44]. This results in a high
sensitivity to polarization or intensity fluctuations, which
limits rotational coherence times. Additionally, tune-out
conditions, which could be powerful tools for evaporative
cooling in optical lattices, have never been demonstrated
for polar molecules. In this work, we demonstrate a
versatile, rotational-state dependent trapping scheme by
using laser light near-resonant with rotational transition
lines of a nominally forbidden molecular transition. This
allows us to create tune-out and magic conditions for
rotational states of molecules by controlling the laser
frequency, with first- and second-order insensitivity to
the polarization angle and intensity of light.

In our experiments, we use >’Na*’K molecules in their
rovibrational ground state |X'E*, » = 0,J = 0) as well as
their first rotationally excited state, |[J = 1,m; = 0). In the
following, we will refer to these states as |0) and |1),
respectively. The rotational-state dependent dipole trap is
realized with laser light slightly detuned from the
X', 0 =0,/ =0) < [p’Ty,v’ =0,/ = 1) transition
(subsequently called the X <> b transition), which was
previously studied in [45,46]. For detunings from this
transition comparable to the rotational constants, dynamic
polarizabilities depend strongly on the rotational level of
the X state (see Fig. 1). Tune-out conditions for both states
as well as a magic condition can thereby be achieved within
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FIG. 1. Overview of the rotational-state dependent trapping

scheme near the X <> b transition. (a) Level diagram of the NaK
molecule containing the X <> b transition and the two nearest
transitions from |1). (b) Schematic depiction of the potential
experienced by |0) (dark blue) and |1) (bright blue) molecules in
a dipole trap at the tune-out detuning for |0) (left panel), a tune-out
detuning for |1) (center panel) and the magic detuning (right panel).
(c) Frequency-dependent polarizability for |0) (dark blue) and |1)
(bright blue), assuming light polarization parallel to the quantization
axis. Each pole corresponds to one of the transitions shown in (a).

a frequency range of less than 10 GHz. All intermediate
ratios of polarizability can be realized between these
limiting cases. The X <> b transition is mostly electric-
dipole forbidden and therefore exhibits a narrow partial
linewidth of ' = 2z x 301(10) Hz, which is a measure of
the decay rate from an initial state to a specific final state.
This value is much smaller than the spacing between
rotational states, which leads to photon scattering rates
small enough to realize dipole traps at the tune-out and
magic frequencies.

The frequency of the X <> b transition is @y =
27 x 346.12358(7) THz, corresponding to a wavelength
of 1 =2866.1428(3) nm. The polarizabilities ay(A) and
a;(A) of a molecule in |0) or |1), respectively, in a light
field detuned by A from the X <> b transition can be
described by

3nc*T " (1)
Ay = — 53 % T %iso>
0 207 A
3rc? [cos?6 1 T(cos’d+3)
a = — -
! 203 \A+2(B+B)/h 5A-202B -B)/h
+ Aiso + aang (9> (2)

in the case where A is much larger than the hyperfine
structure of the resonance. Here, ;, and a,,,(6) are back-
ground terms that describe the polarization-independent and
-dependent contributions from the other far-detuned tran-
sitions, respectively, € denotes the angle between the light
polarization and the quantization axis, which is given by the
direction of the dc electric field in the experiment. B and B’
denote the ground and excited-state rotational constants,

respectively. The background polarizability terms can be
expressed as [2,42,47]

1

Xigo = 3 (Olﬂg + 2atJ’:g)’ (3)
2

g = T3 3 cos?(0) — 1](a{lg —ag,). (4)

where ay, and ay,

bg
perpendicular polarizabilities, respectively. The photon
scattering rate of molecules in |0) near the X <> b transition

is given by

are the background parallel and

3nc* IT,
where [/ is the light intensity and I, is the natural linewidth of
the excited state.

Our experimental cycle begins with the preparation of a
near-degenerate sample of molecules in the |0) state using
STIRAP, as described in [48]. Depending on the measure-
ment, this preparation is done either in a far-detuned crossed-
beam optical dipole trap or a one- or three-dimensional (1D
or 3D) optical lattice, see the Supplemental Material [49]. All
our measurements are performed at a magnetic field of
85.4 G. The 1/e radius of the molecule cloud is ~#30 ym. In
order to image the molecules, we perform a reverse STIRAP
procedure and employ absorption imaging on molecules in
the resulting Feshbach-molecule state |[FB). To measure the
effect of light at small detuning from the X <> b transition on
the molecules, we illuminate them with a laser beam at a
given detuning A. This beam is subsequently called the 866-
nm beam and is provided by a Ti:sapphire laser locked to a
wavelength meter with a systematic frequency error of less
than 50 MHz [57]. This is considered in all frequency errors
given in the following. The 866-nm beam is focused to a spot
of 1/ e?-radius 75 pm, such that molecules experience an
average intensity / of up to 2700 W/cm?.

To directly measure the frequency-dependent polariz-
ability ay(A) of molecules in the state |0), we prepared
molecules in the crossed dipole trap. The 866-nm beam was
turned on during one of the STIRAP pulses and the
resulting shift of the STIRAP two-photon resonance was
used to determine « [49]. As shown in Fig. 2(a), the data
for a agree well with the theory curve given by Eq. (1)
with parameters determined from the intensity-independent
measurements described later.

The tune-out detuning for the |0) state was also measured
with molecules in the crossed dipole trap. In addition to the
trap, the 866-nm beam was turned on and modulated for
160 ms with 100% peak-to-peak amplitude at a frequency
of 110 Hz, equal to the strongest heating resonance of the
dipole trap. After this procedure, we measured the molecule
cloud size by determining the root-mean-squared deviation
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FIG. 2. Polarizability and loss rate of molecules in state |0).
(a) Experimental data for polarizability ay(A) (orange circles)
and theoretical curve determined using parameters from inten-
sity-independent measurements (orange line.) The black dashed
line indicates zero. Inset: Determination of the tune-out detuning
for |0) by measuring cloud size after resonant heating. Grey
circles are root-mean-square cloud sizes and the solid line is a fit
used to find the minimum, see [49]. (b) Observed loss rate y; of
molecules in |0) subjected to 866-nm light at an intensity of
1150 W/cm? (blue circles). The loss rate at I = 0 was subtracted
from these data points. The blue solid line is a fit of Eq. (5)
with @, and I, as the fit parameters, where data points between
A =27x15GHz and A =27 x2.5 GHz were excluded to
avoid biasing the fit. The grey dashed line shows the prediction of
the photon scattering rate y . assuming [', = 2z x 11.1 kHz.
Error bars denote the standard error of the fit. Inset: Intensity
dependence of the loss rate at A = 2z x 1 GHz. The solid line is
a linear fit to the data.

of the density distribution, R, after 0.6 ms time of flight.
At ap(A) =0, the heating effect is minimized, so
that the smallest cloud size should be observed.
With the data shown in the inset of Fig. 2(a), the

tune-out point was determined to be located at A‘OO> =

27 x 3.85(8) GHz.

In order to trap molecules in an optical dipole trap with
long lifetime, the photon scattering rate must be low.
We measured the radiative lifetime by illuminating mole-
cules in state |0) with 866-nm light. The molecules were
frozen in a far-detuned 3D optical lattice to avoid colli-
sional loss. The molecule loss rate y; caused by the 866-nm
beam was determined by fitting an exponential decay curve
to the measured molecule numbers, see Fig. 2(b). From
these data, we determined the position of the resonance
feature at wgy = 27 x 346.12358(7) THz. To ensure that
this resonance was not shifted by the presence of far
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FIG. 3. Differential polarizability and magic detuning. (a) Ex-
perimental data for differential polarizability @y.,; from micro-
wave spectroscopy (orange circles) and fit to the data (orange
line). The fit function is a combination of three resonances as
described by Eq. (1), with a constant offset as well as the
linewidths and positions for each resonance as fit parameters.
(b) Determination of the magic detuning A,, via Ramsey
spectroscopy. Bright (dark) blue circles are experimentally
measured contrast after free evolution time ¢t = 0.4 ms(1.0 ms)
in the presence of 866-nm light. Lines are Lorentzian fits to the
respective data sets, used to determine the center. Error bars
denote one standard deviation and are determined from the
covariance matrix of the fits.

off-resonant dipole trap light, we performed additional
loss measurements for small values of A with all far-
detuned trapping light turned off and found a shift in
resonance frequency of less than 20 MHz. A calculation
with the optical potential method shows that molecules in
the |b°[,) state predominantly decay into states in the
|a’L") manifold [49]. We can therefore assume that every
photon scattering event leads to the loss of a molecule, such
that y; = y... Under this assumption, our experimental data
yields a value of I', = 13.0(5) kHz, which is in agreement
with the theoretical value of I', = 11.1 kHz. We addition-
ally investigated the dependence of y; on the light intensity,
see inset of Fig. 2(b). The observed linear dependence
excludes the presence of two-photon scattering processes in
this frequency range. At A =2z x 1.78(5) GHz we
observed a second, smaller loss peak, which we hypothesize
could be a transition to a state in the |»’IT-) manifold [49].
Still, at all detunings relevant for rotational-state dependent
trapping, we find loss rates low enough that lifetimes of more
than 1 s can be achieved in a 866-nm trap with a depth
of kg x 1 uK.
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FIG. 4. Dependence of (a) differential polarizability ag.,; and
(b) hyperpolarizability $ in |1) on light polarization angle 6 at the
magic detuning with a dc electric field of 86 V/cm. f represents
the second-order dependence of the light shift on the light
intensity [49].

To determine quantities associated with the excited
rotational state |1), we trapped molecules in a spin-
decoupled 1D magic lattice described in [42]. To decouple
rotation from nuclear spin and trapping light field, and
allow for a well-defined transition to |1), we employed a dc
electric field of 86 V/cm such that the angle between the
polarization of the 866-nm light and the electric field was 4
(2)°. The differential polarizability oy, = @; — @, was
measured via microwave spectroscopy [49]. The resulting
data agree with Egs. (1) and (2), see Fig. 3(a).

The magic detuning can be accurately measured via
Ramsey spectroscopy of the |0) <> |1) transition, which
consists of two resonant /2 microwave pulses separated
by a free evolution period with duration . We varied the
phase ¢ of the second microwave pulse for a given ¢ to
obtain Ramsey fringes. During the free evolution period,
the 866-nm beam was turned on. Any inhomogeneous
broadening of the microwave resonance due to the differ-
ential light shift of the 866-nm light reduces the contrast of
No(¢). Therefore, the magic detuning is identified as the
maximum of fringe contrast. By fitting a Lorentzian to the
contrast data, see Fig. 3(b), we determined the magic
detuning to be A,, = 27 x 10.15(6) GHz. The shift of A,
due to the 4° misalignment of @ is negligible compared to
other error sources. Both the first- and second-order
differential light shifts vanish and are first-order insensitive
to polarization imperfections at & = 0° as shown in Fig. 4.
Thus, if |0] < 0.5°, the differential light shift of the 866-nm
light at magic detuning can be a factor of 70 smaller than
that of a typical magic polarization trap. In the present
experiments, the coherence time is limited to about 1 ms
mostly by inhomogeneities of the electric field. Our
simulation shows that a coherence time of 30 ms in a
866-nm magic trap is feasible if the electric field fluctuation
is less than 0.3 mV /cm [49]. Alternatively, the electric field
could be replaced by a strong magnetic field for decoupling
the rotation and nuclear spins by Zeeman splitting. The
weak coupling between the rotation and magnetic field
could allow for longer coherence times.

We can uniquely determine the shape of the polar-
izability curve ay(A) from two frequencies that were

TABLE I. Summary of the molecular response at the X <> b
transition. Our values of w, and B’ are compared to literature
values for the 2Na’’K molecule.

Quantity Value Reference
o 27 x 346.12358(7) THz This work

27w x 346.1434 THz [46] (for *Na*K)
r 27 x 301(10) Hz This work
T, 27 % 13.0(5) kHz This work
al\)\g h x 105(3) Hz/(W/cm?) This work
g h x20(1) Hz/(W/cm?) This work
B hx 2.79(2) GHz This work

h x 2.85 GHz [46] (for *Na*K)

B h x 2.8217297(10) GHz [37]
Al)0> 27 x 3.85(8) GHz This work
Al)lﬂ —27 x 8.93(15) GHz This work
Al 27 % 7.95(15) GHz This work
A, 27 x 10.15(6) GHz This work
A* —27 % 6.78(17) GHz This work

measured in an intensity-independent manner. The first

of these is the tune-out detuning Aloo). The second is the
point where the two-photon detuning of STIRAP between
the Feshbach-molecule state |FB) and the state |0) becomes
insensitive to the 866-nm light intensity. This is achieved at
a detuning A* where molecules in |[FB) and |0) experience
the same light shift [49,58]. From these two measured
detunings and the value of w,, we computed the partial
linewidth of the X <> b transition I" as well as the isotropic
background polarizability a;, via Eq. (1). The location of
the poles of Eq. (2) and the known ground-state rotational
constant B were used to determine the excited-state rota-

tional constant B’. To find the values of the background

polarizability terms a,L'g and aﬁg, we used the known form of

ay(A) as well as Egs. (3)—(4) and required the differential
polarizability a,.,; to be zero at the measured value of A,,,.
Finally, using I" and the background polarizability terms,
we determined the two tune-out detunings of the state |1) to

the left and the right of the J = 1 <> J' = 2 transition, Al)l)’l

and Al)”’r. In combination, these quantities, summarized in
Table I, fully describe the behavior of molecules in the
presence of light near the X <> b transition.

In conclusion, we have demonstrated a versatile rota-
tional-state dependent optical dipole trap by utilizing a
nominally forbidden electronic transition from the singlet
ground state to the lowest electronically excited triplet state
of 2Na*K molecules. We precisely determined a tune-out
frequency for the ground-state molecules by resonant
modulation heating spectroscopy and a magic frequency
of rotational states by Ramsey interferometry. Our results
open new ways to address key challenges in the field of
ultracold polar molecules: for example, trapping molecules
in a lattice at one of the tune-out wavelengths would allow
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selective transfer of hotter molecules at the edge of the
lattice into the nontrapped state, thus removing entropy
from the sample. In such a lattice, the molecules could
thermalize via long-range interactions and would be
protected from collisional loss by Pauli blocking [59] or
dipole blocking [60], thereby enabling evaporative cooling.
The close proximity of the tune-out and magic frequencies
allows dynamic switching or even continuous modulation
between trap configurations with arbitrary ratios of
polarizability experienced by different rotational states.
This may open up new possibilities for Floquet engineering
of topological states in dipolar spin systems [61] or other
novel methods of dynamic control of quantum systems.
Another natural application of light near-resonant to the
X < b transition is to create repulsive potentials for
ultracold molecules, e.g., to trap them in the dark. Due
to the low photon scattering rates at small positive detun-
ing, one can generate a repulsive box trap with sufficiently
low intensity in its center to allow investigation of the
proposed photon-assisted loss of scattering complexes of
molecules [62—64]. Our methods can be generalized to
other species of ultracold bialkali molecules by carefully
choosing a similar narrow molecular transition.
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