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Tune-out and magic wavelengths for ground-state Na*K molecules
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We demonstrate a versatile, rotational-state dependent trapping scheme for the ground and first
excited rotational states of 2*Na?’K molecules. Close to the rotational manifold of a narrow elec-
tronic 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 polari-
zability. 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.

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 quan-
tum metrology, simulation and computation has moti-
vated 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 [TH3]. Tt is a key ingredient for
achieving long coherence time in atomic and molecular
clocks [4,[5]. Another limiting case is the tune-out condi-
tion, where the light shift of one state vanishes while the
other remains finite [6}[7]. It can be used in novel cooling
schemes for atoms [§], selective addressing and manipu-
lation of quantum states [OHI1], and precision measure-
ments of atomic structure [I2HI7].

We extend these concepts to rotational states of ultra-
cold polar molecules [I8H27]. Such molecules offer unique
possibilities for quantum engineering due to their strong
long-range dipolar interactions and long single-particle
lifetime [28H32]. Manipulating their rotational states is
particularly important for experimental control of dipolar
interactions. Though significant advances in controlling
the internal states of molecules have been made [33H39],
achieving long rotational coherence in optical dipole traps
remains technically challenging as it requires careful con-
trol of trapping light polarization or intensity [40H42]. A
magic-frequency trap can be used to reduce sensitivity to
polarization angle or intensity fluctuation. Another ma-
jor challenge for ultracold molecules are two-body loss
processes originating from inelastic collisions that pre-
vent effective evaporative cooling. For fermionic species,
they can be suppressed by Pauli blocking in a three-
dimensional lattice [43]. However, removing high entropy
molecules from a lattice potential to achieve cooling in
such a configuration is not straightforward. This prob-
lem could be solved with a tune-out lattice which traps

molecules in one state while letting others escape. In this
work, we demonstrate a versatile rotational-state depen-
dent trapping scheme that could be used to address such
challenges by leveraging rotational transition lines of a
nominally forbidden molecular transition.

In our experiments, we use 23Na?9K molecules in their
rovibrational ground state | XX v = 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
X120 =0,J =0) < [b3p,v" = 0,J = 1) transi-
tion (subsequently called the X < b transition), which
was previously studied in [44]. For detunings from this
transition comparable to the rotational constants, dy-
namic polarizabilities depend strongly on the rotational
level of the X state (see Fig.[l)). Tune-out conditions for
both states as well as a magic condition can thereby be
achieved within 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 T' = 27 x 297(10) Hz, much
smaller than the spacing between rotational states. This
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 wy = 27 X
346.123 61(5) THz, corresponding to a wavelength of A =
866.1427(2) nm. The polarizabilities ap(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
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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), assum-
ing light polarization parallel to the quantization axis. Each
pole corresponds to one of the transitions shown in (a).

Here, aiso and aang(#) are background terms that de-
scribe the polarization-independent and -dependent con-
tributions from the other far-detuned transitions, respec-
tively, and € denotes the angle between the light po-
larization and the quantization axis, which is given by
the direction of the dc electric field in the experiment.
The background polarizability terms can be expressed
as 2| [41], [45]

1
Oliso = 3 (a‘tl)g + Qakfg) , (3)
2
Qang = 75 (3 cos? — 1) (al‘lg — oqu), (4)
where a{l and aﬁg are the background parallel and

perpendicular polarizabilities, respectively. The photon
scattering rate of molecules in |0) near the X < b tran-
sition is given by

3rc? I'T,
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where [ is the light intensity and I'. is the natural
linewidth of the excited state, expected to be I', ~ 3T
if the decay of the excited state to states other than the
ground vibrational state is negligible as is the case for
KRb molecules [46].

Our experimental cycle begins with the preparation of
a near-degenerate sample of molecules in the |0) state
using STIRAP as described in [47]. Depending on the
measurement, 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, described in

detail in the Supplemental Material [48]. The 1/e radius
of the molecule cloud is ~ 30 um. 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 error of
less than 50 MHz [49]. This systematic error is considered
in all frequency errors given in the following. The 866-
nm beam is focused to a spot of 1/e? radius 75 ym, such
that molecules experience an average intensity I of up to
2700 W /em?.

To directly measure the frequency-dependent polari-
zability ao(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 o as described in the Supplemental
Material [48]. We found that ag agrees well with the
theory curve as shown in Fig. a).

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 molecules
in state |0) with 866-nm light. The molecules were frozen
in a far-detuned 3D optical lattice to avoid collisional
loss. The molecule loss caused by the 866-nm beam was
determined by fitting an exponential decay curve to the
measured molecule numbers, see Fig. (b) From these
data, we determined the position of the resonance fea-
ture at wp = 27 x 346.12361(5) THz. To ensure that
this resonance was not shifted by the presence of far 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. Interestingly, we found
the measured molecule loss rates to be an order of mag-
nitude larger than the calculated photon-scattering rate
according to Eq. . Two-photon processes were ruled
out as a reason for the increased loss rate: On the one
hand, the molecule loss rate y, scales linearly with I, ex-
cluding an excitation process with two 866-nm photons,
see inset of Fig. 2(b). On the other hand, we did not ob-
serve a reduction of «y, in absence of the far off-resonant
trapping light, which rules out bichromatic two-photon
processes. A possible explanation for the increased loss
rate is that the decay of the b state to states other than
| X122+ v = 0), e.g. to the a®S manifold, is dominant
compared to the nominally forbidden X <« b transition,
leading to an increased natural linewidth I'. and there-
fore a larger photon scattering rate vs.. Unexpectedly, at
A = 27 x 1.83(5) GHz we also observed a second, smaller
loss peak which could not be attributed so far. Still,
at all detunings relevant for rotational-state dependent
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FIG. 2. Polarizability and loss rate of molecules in state |0).
(a) Experimental data for polarizability ao(A) (orange cir-
cles) and theoretical curve determined using parameters from
intensity-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 [48]. (b) Ob-
served loss rate 7z 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 I'. as the fit parameter, the
grey dashed line shows the prediction of the photon scattering
rate vsc assuming I'c = 3I'. Error bars denote the standard
error of the fit. Inset: Intensity dependence of the loss rate
at A = 27 x 1 GHz. The solid line is a linear fit to the data.

trapping, we find loss rates low enough that lifetimes of
more than 1s can be achieved in a 866-nm trap with a
depth of kp x 1 uK.

To identify the tune-out detuning for the |0) state, we
first prepared molecules in the crossed dipole trap. The
866-nm beam was additionally turned on and modulated
for 160 ms with 100% peak-to-peak amplitude at a fre-
quency of 110Hz, equal to the strongest heating reso-
nance of the dipole trap. After this procedure, we mea-
sured the molecule cloud size by determining the root-
mean-squared deviation of the density distribution, R,
after 0.6 ms time of flight. At ap(A) = 0, the heating ef-
fect is minimized, so that the smallest cloud size should
be observed. With the data shown in the inset of Fig.
a), the tune-out point was determined to be located at
AlY = 27 x 3.73(8) GHz.

To determine quantities associated with the excited
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FIG. 3. Differential polarizability and magic detuning. (a)
Experimental data for differential polarizability co«i1 from
microwave spectroscopy (orange circles) and fit to the data
(orange line). (b) Determination of the magic detuning via
Ramsey spectroscopy. Bright (dark) blue circles are exper-
imentally measured contrast after free evolution time ¢t =
0.4ms(1.0ms) 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.

rotational state |1), we trapped molecules in a spin-
decoupled 1D magic lattice described in [4I]. We em-
ployed a homogeneous 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 polariza-
bility aiges1 = a1 — g was measured via microwave spec-
troscopy as described in the Supplemental Material [4§].
The resulting data agree with Eqns. and , see Fig.
Bla).

The magic detuning can be accurately measured via
Ramsey spectroscopy of the |0) <> |1) transition, which
consists of two resonant 7/2 microwave pulses separated
by a free evolution period with duration ¢. We varied
the phase ¢ of the second microwave pulse for a given
t to obtain Ramsey fringes. The population Ny(¢) of
molecules that are projected back to the |0) state by
the second microwave pulse changes periodically with ¢.
During the free evolution period, the 866-nm beam was
turned on. Any inhomogeneous broadening of the mi-
crowave resonance due to the differential light shift of the
866-nm light reduces the contrast of Ny. Therefore, the
magic detuning is identified as the maximum of fringe
contrast. By fitting a Lorentzian to the contrast data,
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FIG. 4. Dependence of differential light shift on light polariza-
tion at the magic detuning with a dc electric field of 86 V /cm.
(a) Theoretical differential polarizability a1 as a function
of polarization angle 6. (b) Theoretical hyperpolarizability (3
of molecules in |1) as a function of polarization angle 6.

see Fig. [3(b), we determined the magic detuning to be
A, = 27 x 10.11(6) GHz. In these measurements, the
coherence time is limited to about 1ms by residual in-
homogeneities of the electric field. We expect a much
longer coherence time by compensating the electric field
gradient and trapping the molecules in a magic-frequency
lattice. The benefit of our setup is that for 0- and 90-
degree angles between the laser-field polarization and the
quantization axis, the derivative of the polarizability with
respect to the angle is zero, making our scheme robust
against polarization imperfections. At the same time,
this allows us to minimize differences in hyperpolarizabil-
ity of rotational levels thereby further minimizing deco-
herence, see Fig.

We can uniquely determine the shape of the polarizabi-
lity curve ag(A) from two frequencies that were measured
in an intensity-independent manner. The first of these
is the tune-out detuning Ag)). 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) experi-
ence the same light shift [48]. From these two measured
detunings and the value of wy, we computed the par-
tial linewidth of the X < b transition I' as well as the
isotropic background polarizability as, via Eq. (1)). The
location of the poles of Eq. and the known ground
state rotational constant B were used to determine the
excited state rotational constant B’. To find the values
of the background polarizability terms aL and i, we
used the known form of ap(A) as well as Eqnb ‘
and required the differential polarizability ag.1 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, All "~ and A‘l
In combination, these quantities, summarlzed in Table |I|,
fully describe the behaviour of molecules in the presence
of light near the X < b transition.

Our results open new ways to address challenges in the

TABLE I. Summary of the molecular response at the X <> b
transition.

Quantity Value Reference

wo 2m x 346.12361(5) THz This work
27 x 346.1434 THz [44]

r 27 x 297(10) Hz This work

al, h x 106(6) Hz/(W /cm?)) This work

g h x 21(3) Hz/(W /cm?)) This work

B’ h x 2.79(2) GHz This work
h x 2.85 GHz [44]

B h x 2.8217297(10) GHz 6]

Ag)) 2m x 3.73(8) GHz This work

Al —27 x 8.97(15) GHz This work

AT 21 x 7.91(15) GHz This work

A 27 x 10.11(6) GHz This work

A* —27 % 6.82(16) GHz This work

field of ultracold polar molecules. For example, trapping
molecules in a lattice at one of the tune-out wavelengths
would allow selective transfer of hotter molecules at the
edge of the lattice into the non-trapped state, thus re-
moving 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 [43] or dipole blocking [50]. Another natural
application 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 detuning
from the X < b transition, one can generate a repul-
sive box trap with a potential barrier of kg x 4 uK at
A = 27 x 1 GHz. The intensity in the trap’s center can
be as low as several W/cm?, enough to allow investiga-
tion of the proposed photon-assisted loss of scattering
complexes of molecules [51].

In conclusion, we demonstrated a versatile rotational-
state dependent optical dipole trap by utilizing a no-
minally forbidden electronic transition from the singlet
ground state to the lowest electronically excited triplet
state of 23Na?’K molecules. We precisely determined a
tune-out frequency for the ground state molecules by res-
onant modulation heating spectroscopy and a magic fre-
quency of rotational states by Ramsey interferometry.
These frequencies are so close that dynamical switch-
ing between different trapping configurations is possible.
The larger than expected photon scattering rate indicates
that previously neglected decay channels may play an im-
portant role for the lifetime of the excited state. How-
ever, long lifetimes of ground-state molecules can still
be achieved, e.g at the magic frequency, the radiative
molecule loss rate is as low as 0.1 Hz per kp x uK trap
depth. Our methods can be generalized to other species
of ultracold bi-alkali molecules by carefully choosing a
similar narrow molecular transition.
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SUPPLEMENTAL MATERIAL
Theoretical description of polarizability and loss rate

The matrix elements of the effective molecular Hamil-
tonian for detuned laser-molecule interaction can be writ-
ten as

Ryl

(i) = 3 =0

J

(S1)

using second-order perturbation theory while neglecting
the counter-rotating terms. Here, ;; = (j|d-€|i)Eq/h is
the Rabi frequency of an electric field with amplitude Fy
and polarization € on a dipole-allowed transition between

states |i) and [5), d = cizq 4TY1,4€7 is the dipole-

moment operator with d the corresponding one in the
molecular frame, Y;,, are spherical harmonics, and e?
are the spherical basis unit vectors where ¢ = 0,+1. The
laser detuning Aj; is defined as (E; — E;)/h — w where
E; and E; are the unperturbed energies of state |j) and
|i) respectively, and w is the laser photon frequency.

Now we suppose [i) is one of the two states of inter-
est in the ground vibronic state. When [i) is effectively
decoupled from any other energetically nearby states, as
realized in the spin-decoupled setup [41], we can approx-
imate its polarizability as

- —(ilHaipli) 1
@ 1 a Z 2h606 Aji ’ (82)

J

with the laser field intensity I and z;; = 1| d - €]i)].

In Born-Oppenheimer approximation, the wavefunc-
tion of |i) can be written as |i) = | X'1ZT)|v = 0)|J, m ).
We use the standard convention where a molecular state
is described by (25+1)A$ with the quantum numbers S
as spin, A as the projection of orbital electronic angular
momentum onto the molecular axis, and €2 as the projec-
tion of the total electronic angular momentum onto the
molecular axis.

To study laser frequency dependence of polarizability
near the narrow X <> b transition, we focus on the con-
tribution from the upper states of the X <« b transition,
which we call |5/), in the summation in Eq. (S2). The
contribution from the rest of the states can be approx-
imated to be constant with respect to laser frequency
within tens of GHz of detuning from the central fre-
quency wy, and is encapsulated in background terms.
The wavefunction of |j’) can be written similarly as
7y = [)|v' = 0)|J',m/;), where |b') is the electronic
wavefunction which mainly has b3IIy character, but also
has A'Y* character mixed in due to spin-orbit coupling.
We can write it as [0') = ¢1[b3Ilg) + ca] A'ST). Tt is such
mixing that gives the non-zero dipole matrix element be-
tween the ground states and |j').

The ¢ part of the matrix element of the dipole-moment
operator between |i) and |j') can be written as [52]

VAmed (b v I ml|dY | X TS v, Jymy) =

\ Eeloy(A'St v |dI XIS v) Y, /(2T + (2T + 1)
J 1 J J 1J

g (mff q mJ> (A’ P A) ’ (59

where ¢y (A'St o/|d|X'ST,v) is the Franck-Condon

overlap, p is the projection of the scattered photon’s

angular momentum onto the molecular axis, and S, %,

and A are the angular momentum quantum numbers cor-

responding to the ground and excited electronic states.
Since A = A’ = 0 for X'¥* and A'SY, we have

W, T s |dY 1 | XS v, Jmy) =
dor/(2J +1)(2J + 1)
J 1 J J 1 J
x (—m'J q m.;) <0 0 0) ’ (84)
where do = o (A'SH 0 = 0|d|X1EF, v = 0).

For state |0), the main contribution to the frequency-
dependent part of the polarizability comes from
|3y, v" = 0,J" = 1), and contributions of all other ex-
cited states can be approximated with a constant ajge,

defined in the main text. From Eq. and , we
have

3nc? T
= ——F — isoy S5
N (85)

2md2 1 ‘o
Ohege A T M0

Qo =

where we introduce the partial linewidth of the transition

_ W8 Awid (36)
3meghcd ™ 27eohc3

For state |1), the frequency-dependent part of the po-
larizability comes from the states [b3Ily,v" = 0,J" =
0,2), and the frequency-independent part is given by
Qiso + Qtang (), as defined in the main text. Unlike for the
|0) ground state, the polarizability of |1) depends on the
light polarization. For linearly polarized light with polar-
ization parallel to the quantization axis we have €, = €°,
and for polarization perpendicular to the quantization
axis we have €, = (e! +e~!)/v/2. With a polarization
angle 6, the polarization unit vector can be written as
€ =€,cosf+ €, sinf. Along with Eq. and , we
arrive at the equation for o in the main text.

The photon scattering rate of state |i) is given by

o,

J

where T'; is the natural linewidth of |j). For state |0),

3rc® IT.

Yoo = 2peB el et (S8)




where I, is the natural linewidth of |p*I1y,v" = 0, J" = 1),
and P8I includes the contribution from all other excited
states which can be neglected when the laser is near-
detuned. We can write I'. as a sum of partial linewidths
of different decay channels. The decay to different rota-
tional states |i) of | X'XF, v = 0) is given by

1 4wdd?
| 2 = 2070
=0 Z 3meghc? “i 9eohc?

%

=3I (S9)

If other decay channels are neglected, we have I', ~ 3T".
The differential light shift between the |0) and |1)
states can be approximated by [41]

St = %(aom(e)f +BE,O2 +O(%),  (S10)
where 6 is the polarization angle, ag.1 is the differen-
tial polarizability as defined in the main text, 5 is the
hyperpolarizability of |1), and E is the magnitude of the
applied dc electric field. An approximation for 8 can be
derived by considering the contribution from four-photon
couplings to the | XX+ v = 0,J = 1,m; = £1) states
and back. It reads

86, E) = 352%(@1(0) = an(n/2))2sin2(20),  (S11)

where d = 2.72D is the permanent dipole moment of
23Na40K.

Experimental setup

Molecule association is performed after preparing a
mixture of ~ 10° 23Na and “°K atoms each, at a tem-
perature of 300 nK and a magnetic field of 85.4 G in the
vertical (z) direction. We then apply a radiofrequency
pulse to create molecules in a weakly bound Feshbach
molecule state [FB) and use STIRAP as described in [47]
to create molecules in the rovibrational ground state |0).
This association procedure can be done either in a far-
detuned crossed-beam optical dipole trap or in a 1D or
3D optical lattice. The crossed dipole trap consists of a
1064-nm and a 1550-nm laser beam intersecting orthogo-
nally in the horizontal (x-y) plane. The trap frequencies
experienced by molecules in |0) in this trap are (94, 72,
233) Hz in the (z,y, z)-directions, respectively. The 1D
lattice is formed by a retro-reflected 1550-nm laser beam
and is magic for the |0) <> |1) transition. As described
n [41], this is achieved by applying a dc electric field in
the y-direction, which serves to decouple the rotational
states, the hyperfine states, and the trapping light field,
and by aligning the polarization of the lattice light with a
magic angle relative to this electric field. The 3D lattice
is used to suppress collisional loss in experiments that
require long molecule lifetimes. It is formed by three
retro-reflected laser beams: In the vertical direction, the

wavelength is 1550 nm and the beam size is 100 ym, al-
lowing for lattice depths of up to 800 E'r for ground state
molecules, where E is the photon-recoil energy for these
molecules in a lattice of the respective wavelength. In
both horizontal directions, the wavelength is 1064 nm and
the beam size is 300 ym. The maximal lattice depth in
these directions is 200 E'r. The 866-nm beam is focused
onto the molecules along the z-direction. Except in the
measurements to determine the polarization dependence
of the differential polarizability, the polarization of this
beam is always at an angle of 4(2)° to the y-direction,
almost parallel to the dc electric field.

Tune-out detuning determination

As described in the main text, the tune-out detuning
A(‘)m for molecules in state |0) was identified as the de-
tuning where the minimum of heating occurs when mod-
ulating the 866-nm beam at the heating resonance of the
crossed dipole trap. The heating process depends on the
sample temperature as well as the modulation amplitude
and modulation frequency. When the temperature of
molecules is much smaller than the trap depth and the
modulation is weak, the heating can be described as an
exponential increase in the sample’s energy with a time
constant 'y, = Sad(A)I2, 4 [53], where S depends on
the modulation frequency and I,0q4 is the modulation
amplitude of the intensity. For the case of strong heat-
ing, the temperature quickly saturates to an equilibrium
where the heating is balanced by hot molecules escaping
from the trap. However, for ag(A) =~ 0, the exponential
model can still be used. In linearized form, the expres-
sion for the cloud size R after modulating the 866-nm
beam power at a given modulation frequency for a fixed
time reads

2
R(A) = Ro+¢ (i - A1|0>> (S12)
0

Here, Ry is the initial cloud size and ¢ is a constant which
contains the dependence on intensity, modulation time
and modulation frequency. We used this expression with
Ry, &, and Ag)) as fit parameters to determine the detun-
ing at which the minimum of heating occurs and thereby
find the tune-out detuning, as shown in the inset of Fig.
2(a) of the main text.

Magic condition between Feshbach and ground-state
molecules

We also identified the magic detuning A* from wy
where molecules in the Feshbach-molecule state |FB) and
the rovibrational ground state |0) experience the same
light shift in a way that is independent of the intensity
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FIG. S1. Magic condition for [FB) and |0). Molecule number
measured at zero STIRAP two-photon detuning and in the
presence of 866-nm light at various A during STIRAP (red
circles). The solid line is a fit of Eq. . Error bars denote
the standard error of the mean of 6 data points.

of the 866-nm light. To do this, 866-nm light at various
values of A was turned on during one of the STIRAP
pulses at a two-photon detuning which was calibrated to
be resonant in the case with no 866-nm light. The in-
dividual light shifts of [FB) and |0) detune the STIRAP
two-photon resonance and thereby lower the molecule-
conversion efficiency unless ag(A) matches the polariza-
bility app of the molecules in |[FB) at A*. Because |FB)
is a very weakly bound state, its polarizability can be
computed to be apg = h x 76.26 Hz/(W /cm?) by sum-
ming the polarizabilities of the constituent atoms [54H56].
This number is approximately independent of A because
the molecular resonance is far below the lowest atomic
resonances of 2Na and °K. To determine A* from the
data, we model the drop in STTRAP conversion efficiency
due to the shift of the STIRAP two-photon resonance as

No =N, Ly/4 (S13)
O T2 /4 4 (I{ao(A) — aps) /h)*
where Nj is the number of molecules that we detect in
state |0), Niax is the number of detected molecules when
the STIRAP two-photon transition is on resonance, and
T', is the linewidth of the STIRAP two-photon resonance.
To obtain a fit function, the general form ag(A) = A/A+
a. was inserted into Eq. , and Npax, s, 4, and o
were used as fit parameters. We found the maximum
conversion efficiency at A* = —27 x 6.82(16) GHz, see

Fig. [S1]

Intensity calibration

The intensity of the 866-nm light was calibrated from
the measured light shift and the known polarizabilities
of ground state molecules o and of Feshbach molecules

80 T T T

60

40

20

Light shift (kHz)

0 L | L
0.0 0.5 1.0

Relative intensity (arb. units)

FIG. S2. Intensity calibration of the 866-nm light from known
polarizability at A = 27 x 80 GHz. Differential light shift be-
tween |0) and FB) measured via STIRAP two-photon reso-
nance shift dwrp«o for different intensities. Circles denote the
center frequencies of Lorentzian fits to the spectra recorded
at each intensity, error bars are derived from the covariance
matrix of the fit. The line is a linear fit to the center frequen-
cies.
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FIG. S3. Example data for polarizability measurements.
(a) Determination of ap via STIRAP two-photon resonance
shift. The 866-nm beam was turned on during STIRAP. Data
were taken at A = —27 x 2GHz and T = 1200 W/cm? (dark
red) and compared to a calibration measurement with the
866-nm light turned off (bright red). (b) Determination of
differential polarizability aop«1 via microwave spectroscopy.
Data were taken at A = 27 x 3 GHz and I = 69 W /cm? (dark
red) and compared to a calibration measurement taken with
the 866-nm light turned off (bright red). The solid lines are
Lorentzian fits. Error bars denote the standard error of the
mean of 3 to 4 data points.

arp at A = 27 x 80 GHz according to

howrpwo = (ao(2m x 80 GHz) — app)! (S14)

as shown in Fig. Specifically, we used the value
ao(2m x 80GHz) = h x 47(1) Hz/(W /cm?), which was

obtained from the previous measurements of A‘O()) and
A*. We found 2700(100) W /cm? at 100% relative power.

Polarizability measurements

The polarizability ag(A) of molecules in state |0) was
determined from the observed shift of STIRAP two-
photon resonance A, that occurred when turning the



866-nm beam on during one of the STIRAP pulses. Ex-
ample data is shown in Fig. [S3(a). The shift of two-
photon detuning is equal to the differential light shift
howrpwo(l, A) between the |FB) and |0) states. From
this, we obtained ag(A) via

Oéo(A) — QFB — h(SWFBHO(I, A)/I (515)

The precision of this method is limited by drifts of the
STIRAP two-photon resonance, which we compensated
as far as possible by performing regular calibration mea-
surements without 866-nm light.

The differential polarizability .1 was measured
via microwave spectroscopy. After the association of
molecules in the state |0) in the magic 1D lattice, their
rotational state can be changed to |1) via a resonant mi-
crowave m-pulse with a duration of 35 us. This can be
observed as molecule loss because molecules in |1) are
not resonant with the reverse STIRAP. The light shift
howoes1(A) of the |0) «» |1) transition caused by the
presence of 866-nm light during the microwave pulse then
yields Ol()<_>1(A) by

O{O(_)]_(A) = al(A) — Ozo(A) = h6W0<_>1<A)/I (816)

Example data for a scan of the microwave transition fre-
quency is shown in Fig. b). For all polarizability mea-
surements, the intensity of the 866-nm light was chosen
in order to achieve a compromise between the magni-
tude of the light shift and the inhomogeneous broaden-
ing caused by the finite size of the 866-nm beam. For
the measurements of «, the intensities we used were be-
tween 360 W/cm? and 2200 W/cm?. The measurements
of a¢y1 were performed at intensities between 70 W /cm?
and 550 W /cm?.

Polarization dependence

The polarization dependence of the polarizability
Qang(#) was determined by measurements of the differ-
ential polarizability ap.,; at a constant detuning A =
21 x 80 GHz and at various angles between the laser po-
larization and the electric field, see Fig. At this de-
tuning, o1 = qang(#) is a good approximation. The
results agree well with the prediction of Eq. (5) in the

main text as well with the values determined for alll . and

ozf;g in Table I of the main text.

Lifetime measurements

Data on molecule lifetime in the presence of 866-nm
light was obtained by holding molecules in the |0) state
in a deep 3D lattice. The association was done at lattice
depths of 150 E'g in the vertical direction and 15 - 20 Er
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FIG. S4. Dependence of differential polarizability ao«1 on
the angle 0 between laser polarization and electric field. The
measurements were performed at a detuning A = 27 x 80
GHz. Error bars denote the standard error of the mean of 4
to 8 data points. The solid line is a fit of Eq. (4) in the main
text.
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FIG. S5. Example data for lifetime measurements in a 3D
lattice in the presence of 866-nm light at a detuning A =
—27 x 1.5 GHz and intensity I = 1150 W/cm? are shown in
dark red. The measurement of the background loss rate in
the deep 3D lattice is shown in bright red. Circles are experi-
mental data, error bars denote the standard error of the mean
of 3 to 4 data points, and the solid lines are exponential fits
to determine the 1/e lifetime.

in the horizontal direction. After molecule association,
the lattice was ramped to 40 (120) Eg in the vertical
(horizontal) direction over 100ms for the data points at
detunings A > 27 x 1 GHz. This is the lattice configu-
ration in which we observed the longest 1/e lifetime of
ground-state molecules of 1.4s. For data points at de-
tunings A < 27 x 1 GHz, no additional lattice ramp was
performed, resulting in a molecule lifetime of 0.17s. The
866-nm beam was then ramped on over a time of 50 us to
an intensity of 1150 W/cm? and the molecules were held
for various durations before imaging, see Fig. [S5] For
each data point presented in Fig. 2(b) of the main text,
the loss rate measured in the respective lattice configu-
ration in absence of 866-nm light was subtracted.
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FIG. S6. Example data for determination of the magic detun-
ing via Ramsey spectroscopy. Data were taken after 0.4 ms
free evolution time at detunings A = 27 x 9.81 GHz (bright
circles) and A = 27 x 10.11 GHz (dark circles). Error bars
denote the standard error of the mean of 4 data points. The

solid lines are fits of Eq. (S17).
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Ramsey spectroscopy

Ramsey spectropscopy was used to determine the
magic frequency, at which the smallest dephasing occurs
for superpositions of the states |0) and |1). 866-nm light
at a given detuning was turned on during the free evolu-
tion time t. To mitigate a damped and chirped interfer-
ence fringe due to the fast drift of the electric field and
molecule loss, instead of changing ¢ between measure-
ments, we varied the phase ¢ of the second microwave
pulse for a given ¢t. The fringe contrast C' and initial
phase ¢ were determined by fitting the function

Vo) = Yt (1 0t) cos(é + o)

. (S17)

to the measured molecule numbers, see example data
shown in Fig. [S6}
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