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Optical Excitation and Stabilization of Ultracold Field-Linked Tetratomic Molecules
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We propose a coherent optical population transfer of weakly bound field-linked (FL) tetratomic
molecules (tetramers) to deeper FL bound states using stimulated Raman adiabatic passage. We consider
static-electric-field shielded polar alkali-metal diatomic molecules and corresponding FL tetramers in their
X!'E+ + X'S* ground electronic state. We show that the excited metastable X'E+ 4 b*II electronic
manifold supports FL tetramers in a broader range of electric fields with collisional shielding extended to
zero field. We calculate the Franck-Condon factors between the ground and excited FL tetramers and show
that they are highly tunable with the electric field. We also predict photoassociation of ground-state
shielded molecules to the excited FL states in free-bound optical transitions. We propose proof-of-principle
experiments to implement stimulated Raman adiabatic passage and photoassociation using FL tetramers,
paving the way for the formation of deeply bound ultracold polyatomic molecules.
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Introduction—Shielding of polar molecules against colli-
sional loss has been instrumental in the realization of stable
ultracold molecular gases. Using external static-electric
[1-4], near-resonant microwave [5-8] or laser [9] fields,
long-range repulsion between a pair of polar molecules can
be engineered by controlling their dipole-dipole interaction.
Static-field and microwave shielding have been successfully
implemented [10-14], where the latter paved the way for
achieving Fermi degeneracy [15] and Bose-Einstein con-
densation of dipolar molecules [16].

The external field responsible for generating the shielding
repulsion at long range also creates an attractive dipolar
interaction at longer range. The resulting potential well can
be deep enough to support one or more quasibound states,
also known as “field-linked” (FL) states. Existence of FL
states was predicted 20 years ago [17], and they have been
studied for static-electric- and microwave-field scenarios
[18-20]. Only recently, they have been observed in the
collisions of microwave-shielded Na**K molecules [21] as
scattering resonances. Using such resonances, weakly
bound ultracold tetratomic molecules (hereafter “tet-
ramers”) have been associated in the long range from pairs
of diatomic Na*’K molecules [22].

At the same time, there is a growing interest in creating
ultracold polyatomic molecules. They provide unique
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opportunities in studies of cold chemistry [23,24], precision
measurements [25,26], exotic quantum phases [27], and
quantum information processing [28]. A few triatomic
species have been successfully laser cooled [29-33]; how-
ever, they need favorable rovibronic structure to establish
closed optical cycles. This limits the number of polyatomic
molecules that can be cooled directly to ultracold temper-
atures. FL tetramers, on the other hand, may provide
alternate pathways for obtaining ground-state stable ultra-
cold polyatomic molecules [22].

An extremely successful method for creating ultracold
diatomic molecules (hereafter “dimers”) from pairs of
ultracold atoms is magnetoassociation followed by stimu-
lated Raman adiabatic passage (STIRAP) [34,35]. STIRAP
involves two steps where the population from an initial
weakly bound state |/) is optically transferred to a target
deeply bound state |f) via an excited intermediate state |e).
The |i) — |e) is the excitation transition, whereas the
le) — |f) is the stabilization step. Here, we ask whether
it is possible to realize a STIRAP transfer of weakly bound
FL tetramer states (|i)) at the long range to deeper bound
states (|f)) at the short range, and thus extend the tool from
dimers to tetramers. There are however twofold challenges.
First, to locate an isolated |e) state from a very high density
of states for the tetramers. Second, to determine the full
sequence of STIRAP transfer of the FL tetramers to their
absolute ground state, which requires a full knowledge of
their interaction potential and transition dipole moment
surfaces.

In this Letter, we focus on the first challenge and show
that FL states exist in a vibronically excited manifold that
can serve as |e). Such states have the advantage that they are
well isolated and can be controlled via the external field. To
this end, we consider FL tetramers formed from shielded
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FIG. 1. (a) Schematic showing the envisaged STIRAP using FL

tetramers (solid horizontal lines). Molecules with more than one
FL state in X 4+ X may be used for demonstrating STIRAP via FL
states of X + b. Additionally, the PA of shielded dimers colliding
in X+ X (red dashed line) to FL states in X + b may be
envisaged. The natural linewidth y. of the b state determines
the lifetime of the FL states in X 4+ b. A representative vertical
green dashed line separates the short (SR) and long (LR) ranges.
(b),(c) Energies E, of the rotor pair levels of LiCs for thresholds
(b) X + b and (c) X + X as a function of F. Panel (c) is universal
for any polar diatomic molecule in state X. However, energies in
panel (b) depend on the differences in u and b, for states X and
b, so they are molecule-dependent.

polar alkali-metal dimers (and similar molecules) colliding
in their ground vibronic state (X'I*, v =0) (hereafter
“X”). We use an external static-electric field F for shielding
and show that FL tetramers coexist in the ground X + X
and the excited electronic manifold X + b [Fig. 1(a)],
where b denotes the long-lived excited vibronic state
(b’Iy+, v = 0). We choose such excited FL tetramer states
as |e), and study Franck-Condon factors (FCFs) between
the FL states of X + X and X + b as functions of F = |F
with NaCs and LiCs as representative examples.

Modeling the stabilization step to the absolute ground
state of tetramers remains a challenge. However, in the
following, we show that FL states of X + b are potential
candidates for achieving this goal. For this, we propose
proof-of-principle experiments for implementing STIRAP
to transfer population from a shallower FL state in X + X to
a deeper one within the same long-range potential well via
an excited FL state of X + b [Fig. 1(a)]. We demonstrate
this with LiCs, which supports two FL states in X 4+ X in
the presence of F. Additionally, we study photoassociation
(PA) prospects for converting shielded dimers of X + X to
FL tetramers in X + b. We consider RbCs and LiCs to
demonstrate PA to FL states in the excited X + b manifold.
We choose bosonic molecules, but our treatment is equally
applicable to the fermionic ones.

The metastable b state—The electronic spin-forbidden
transitions between X'}, and b’Ily+ of an alkali dimer are
weakly allowed only through the spin-orbit mixing of the
latter with AIZ(J)Z. The subscript 0T is the value of the

k]

projection @ of the total electronic angular momentum
along the dimer axis. Owing to a large FCF between the
vibronic states b and X, the optical transition X <> b is
observable, but has a very narrow linewidth. The radiative
decay of b to a*<* manifold is also very slow, making b a
metastable state. The natural linewidth y, of b for a few
alkali dimers has been measured [36-39], and except for
NaRb, y, is on the order of tens of kHz [see Supplemental
Material (SM) at [40] ]. As shown below, the fact that y, is
much smaller than the binding energies of the FL states in
X + b enables their optical addressing and manipulating.
Moreover, for an imperfect STIRAP transfer, it is an
advantage to have a metastable intermediate state to
mitigate any population loss.

Molecules in X and b states—In the presence of a static-
electric field F, the effective Hamiltonian for a spin-free
diatomic molecule A in vibronic state X is

~

ha = ilrot,A + i’Sth,A' (1)

Here, fzmt, A = by, Afz is the rotational Hamiltonian, where
b,o.a 1s the rotational constant andj' is the molecular

rotation. fzsmk’ A = —Ha - F, where u, is the dipole moment
along the dimer axis. Alkali dimers have nuclear spins
which give rise to an additional hyperfine Hamiltonian fzhf
[77]. However, the effects of fzhf on their scattering proper-
ties under effective shielding are very small [78,79]; hence
we ignore them.

Molecules in b*IT have additional terms in their effective
Hamiltonian in Eq. (1). The dominant one is the spin-orbit
coupling Hamiltonian %, which splits a IT term into the
fine-structure components “I1,,, with |@| = 0%, 1, 2. The +
of @ = 0 represents the symmetry under reflection through
a plane containing the molecular axis. Around the mini-
mum of the potential, the |w| > 0 levels are typically
separated from @ = 0F by tens of cm™' x hc [40], where
h and c are, respectively, the Planck constant and the speed
of light. The degeneracy of @ = 0% is lifted due to the
interactions with other electronic states of the same
symmetry. Their energy gap is typically tens of GHz x
h for most molecules [40]. The remaining terms of b*I1
Hamiltonian are namely, the orbital and spin contributions
in the rotational Hamiltonian denoted by /i, the spin-spin
ﬁss, the spin-rotation fzsr, the A-doubling szD, and hyperfine
fzhf terms. We denote these additional terms collectively as
fzadd = flrso + izss + izsr + flLD + flhf. In the Hund’s case
(a) basis, fladd has both diagonal and off-diagonal matrix
elements in w [77].

Our methodology involves only the lowest few rotational
levels of the vibronic state b. Since |w| > O states are
energetically far away compared to the rotational spacings,
izadd contributes small first- and second-order perturbative
corrections to the rotational energy levels in b. To a first
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approximation, we ignore these additional contributions as
they do not affect our methodology qualitatively. Moreover,

we ignore the terms in }Azsmk that are off-diagonal in @ = 0"
and 0~. This is again a justified approximation for most
molecules where the energy gap between @ = 0" and 0~
components is large compared to b, but it is not
appropriate for KRb, NaK, and LiRb. Therefore, we
consider the same effective Hamiltonian 7, Eq. (1), for
both X and b molecules, which simplifies our treatment
enormously. We will use the subscripts X and b for b, and
u to denote their values obtained after averaging over the
respective vibronic states. We calculate these parameters
using ab initio methods [41] as implemented in MOLPRO
[42] for alkali dimers and similar molecules of current
experimental interest [40]. We find that the ratio b, /u is
comparable for X and b molecules, allowing them to be
polarizable to a similar extent in the presence of F'. We label
the dimer levels by (ﬂ] m), where f§ represents the
vibronic state (X or b), } correlates with the free-rotor
quantum number j at zero field, and m is its conserved
projection along F.

Shielding and FL states in X + X—The interaction
between a pair of polar molecules A and B involved in
shielding, occurring at long range, is given by their dipole-
dipole interaction Hgyq = [pa - pg — 3(ua - R)(ug - R)]/
(47eyR?), where R is the intermolecular distance and R
is a unit vector along the intermolecular axis. Shielding
may occur when two pair levels that are connected by Hyq
are close enough in energy such that they are strongly
mixed. For static-field shielding, molecules colliding in
the state (ﬂ] m) = (X, 1,0) experience repulsion due to
mixing with the lower lying pair level (X,0,0) + (X, 2,0)
at fields above F = 3.244b, x/px [Fig. 1(c)]. The repul-
sion, however, becomes weak for F > 3.8b,, x/ix-

Shielding may be understood by adiabats that are the R-
dependent eigenvalues of /1 + hg + h2L?/ (24,04 R?) + H gy
Here, L is the angular momentum operator for relative
rotation of the two molecules and .4 is the corresponding
reduced mass. Figure 2(b) shows the adiabats for LiCs
for different partial waves L correlating with the initial
pair level (X,1,0)+ (X,1,0) at F =3.57byx/px
(7.5 kV /cm). It demonstrates that the adiabats are repulsive
for R < 400 bohr. In addition, A4 couples the incoming
L = 0 with L = 2 channel to produce an attraction at larger
distances that is asymptotically proportional to —d*/R*,
where d is the induced dipole moment along F. The
resulting potential well is shown in the inset of Fig. 2(b).
This potential well for molecules with larger values of py
can be deep enough to support FL states. For example,
NaRb and NaCs support one FL state each, LiCs supports
two, and KAg and CsAg [43] support more than two FL
states [20]. Here, we perform scattering calculations with
MOLSCAT [44] to determine the rate coefficients for elastic
scattering k,; and two-body loss k; ;o5 for various molecules
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FIG. 2. (a),(b) Adiabats for LiCs correlating to partial waves

L =0, 2,4, 6 for the initial threshold (a) (X, 1,0) + (b, 2,0), and
() (X,1,0) + (X, 1,0) at F =3.57b,, x/Hx. The adiabats are
shown relative to their initial thresholds. The incoming s-wave
(L = 0) channel is shown in red. Insets show expanded views of
the long-range potential wells that support FL tetramer states.
(c)—(e) Rate coefficients k for elastic scattering (red) and total
two-body loss (black) for collisions in X + b [solid curves in (c)
and (d)] and X + X [dashed curves in (e)].

using their ab initio determined p and b,,. We solve
coupled-channel equations using a fully absorbing boun-
dary condition at the short range [45,46]. We follow the
methodology of Ref. [4], but with a slightly different basis
set [40]. Figure 2(e) shows kg and kj o for LiCs at a
collision energy E.,; = 10 nK x kg, where kg is the
Boltzmann constant. The peaks in k. indicate the fields
where FL states cross the threshold.

Shielding and FL states in X + b manifold—Shielding in
X + b originates from a different physics. Owing to the dif-
ference in b, and p for X and b, any two pair levels
(X,j.m)+(b,j+1,m) and (X, ]+ 1,m) + (b, j, m) have
distinct energies. Two such pair levels for LiCs
(with by, > byo x) are shown as colored lines in
Fig. 1(b). This means molecules in the upper level, here
(X,1,0) + (b,2,0), experience repulsion due to mixing via
H 44 with the lower lying (X,2,0) + (b, 1,0). This feature
exists in all fields, including F = 0, which is an important
and surprising finding in this Letter. Note that molecules
with by x > byor, Will be shielded in (X,2,0) + (b,1,0)
due to coupling to the lower lying (X, 1,0) + (b,2,0) level.

There are two contributions to Hyy for molecules
interacting in two different vibronic states. The first is
between the permanent dipoles in X and b, and the other is
due to a resonant dipolar interaction between a pair of
superposition states of X and b. The former is responsible
for shielding repulsion in the upper level. The latter is
proportional to /@(b, where puy, is the X <> b transition
dipole moment, and thus is usually smaller. The details of
the interaction potential, the coupled-channel approach,
and the basis sets are given in SM [40]. Figure 2(a) shows
the adiabats for different L correlating to the pair level
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FIG. 3. Upper panels show binding energies E, of FL tetramer
states for (a) NaCs and (b) LiCs in their X + X (dashed black) and
X + b (solid colored) thresholds as functions of F. The FCFs are
shown in the lower panels. Their dash type and colors correlate to
the tetramer states of X + X and X + b, respectively, from the
upper panel.

(X,1,0) + (b,2,0) for LiCs at F =7.5 kV/cm, a field
where shielding in (X, 1,0) + (X, 1,0) is optimal. They are
repulsive at R < 350 bohr. Hereafter, we use X + X and
X + b to denote the thresholds (X, 1,0)+ (X, 1,0) and
(X,1,0) + (b,2,0), respectively. The inset in Fig. 2(a)
shows the long-range potential well for X + b, which is
deeper than the one in X + X (since u;, > py). The well can
support up to six FL states. Subsequently, we determine k
and kj o for LiCs for a broad range of fields at
E_oi = 10 nK X kg, as shown in Fig. 2(c) and 2(d). It is
evident that k; 1,5 for X 4 b collisions is highly suppressed
at most fields, including F = 0 and the ones relevant for
shielding in X + X. A discussion on the behavior of k; |y
is given in SM [40].

FCFs and STIRAP prospects—Here, we study the
bound-bound transitions between the FL states of X + X
and X + b. We calculate the binding energies E, of the FL.
tetramers as functions of F using coupled-channel methods
[20] interfaced with BOUND [47]. We choose fields where
shielding in both X 4+ X and X + b is effective. The number
of the FL states supported in the X + X and X + b thresh-
olds for various molecules is given in Table S2 in SM [40].
The binding energies of the FL states of NaCs and LiCs are
shown in the upper panels of Fig. 3. Note that the FL states
in both X + X and X 4 b are quasibound with a finite
energy width. However, static-electric-field shielding can
achieve extreme two-body loss suppression [see Fig. 2(c)
and 2(e)], making the energy widths of the FL states very
narrow [40]. Thus, for X + b FL states, their decay is almost
fully determined by the decay of the » molecules.

We calculate the FCFs (|F,¢|*) between the tetramer
states i of X + X and states f of X + b as shown in the
lower panels of Fig. 3. The quantities |F,¢|* contain the
radial plus the angular overlap of the tetramer wave

functions as described in SM [40]. The FCFs are highly
tunable with the electric field, particularly for LiCs, which
has multiple FL states in the ground X + X manifold. Thus,
transitions between FL tetramers are controllable with the
external field via the tunability of their FCFs. This is unlike
the scenario for the dimers, where FCFs cannot be tuned
easily [80]. The transition dipole moments D, between the
FL states are calculated from the FCFs using the relation
D,y = pxp|Fi¢| [40]. The transition wavelength 4 is mostly
determined by the vibronic transition energy 7'y, between X
and b. Among the alkali dimers, 4, ranges from 850 to
1200 nm, whereas for KAg and CsAg, 4y~ 500 and
550 nm, respectively [40].

Using our calculated FCFs for the FL tetramers of LiCs,
a proof-of-principle STIRAP experiment can be envisaged,
in which the population from the shallower tetramer state of
X + X can be transferred to the deeper one. The above
stabilization reduces the vibrationally averaged interdimer
distance (R), from 2800 to 950 bohr, nearly by a factor of
3. Similar proof-of-principle transfers can be realized for
KAg and CsAg, which accommodate multiple FL states in
X + X [20]. (R),, for the deepest FL state in X + b is about
850 and 600 bohr for NaCs and LiCs, respectively, which
are much smaller than the ones in X + X. This might be
promising in generating FCFs with deeper rovibrational
states embedded inside the long-range barrier of X + X. An
accurate determination of the intermediate and short-range
interactions is needed to verify this. It should be noted that
the STIRAP laser intensities should be low enough such
that the Rabi couplings and the differential ac Stark shifts
are smaller than the level spacings [40].

Photoassociation prospects—PA involves absorption of
a photon by a pair of colliding atoms to form an excited
diatomic molecule [81,82]. There have been theoretical
proposals on extending PA to atom-molecule [83,84] and
molecule-molecule [85] collisions, where the former have
been recently observed [86].

Here, we consider PA prospects by studying free-bound
transitions of shielded dimers colliding in X + X to FL
tetramers in X + b. We calculate the PA rate coefficient kpy
using the relation kpy = (9//2ptreako) D, [Sin|* 82,871
Here, g = 2 for identical molecules colliding in X + X and

ko = \/2UreaEcon/h*. The PA process for the transition of
scattering states |k) of X + X to bound states |n) of X + b is

encapsulated by the energy dependent S-matrix element
Sin(kg), defined as

rsrd
(Econ+he/A—he/lg)* +1[05 + T4

|Skn|2:

(2)

Here, 4 is the PA laser wavelength, /c/J, is the energy of
|n) relative to X + X, and I}, and T'¢ are, respectively, the
energy widths for the stimulated and spontaneous decay of
|n). The stimulated width is energy-dependent and is
defined as T (ko) = (4721/eoc)D? (ko), where € is the
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FIG. 4. Photoassociation rates kp, for colliding dimers in X + X
with E.,; = 500 nK x kg as functions of the binding energy of
X + b tetramer for (a) RbCs (F = 2.82 kV/cm, 4, = 1190 nm)
and (b) LiCs (F =7.30 kV/cm, Ay = 1160 nm) for different

laser intensities with I, = 5 pW/cm?.

vacuum permittivity, / is the laser intensity, and we
approximate I'Y by 7, of the b molecules.

Figure 4 shows the PA spectra for RbCs + RbCs and
LiCs 4+ LiCs at fixed electric fields for different laser
intensities. We consider y, = 20 kHz x i for both mole-
cules. We observe well-resolved PA signals for both
molecules. However, the intensities required are small.
This is mainly due to (1) the requirement that [}, < E,,
and (2) the long-range nature of the scattering wave
functions of X + X and bound wave functions of X + b
produce large values of |Fy,|?, thus requiring smaller /.
Figure 4 shows that / > 5 mW/cm? destroys the PA peaks.
Also, the PA rates become smaller as E_,; of the colliding
dimers in X + X increases [40]. For RbCs, FL states do not
exist in ground X + X. Nevertheless, our methods show that
the PA of RbCs + RbCs to FL tetramers in the X + b
manifold is possible. Similar physics is expected for KCs
molecules [40].

Outlook—The FL tetramers in X 4 b provide an excel-
lent tool to optically control ultracold tetramers. Our
predictions can be extended to microwave (MW) shielded
molecules, which offer higher tunability. One can control
the ellipticity of the MW polarization [21] or can imple-
ment double MW fields [8] to make the long-range
potential well deeper. This may allow at least two FL
states in X + X and implement our proposed STIRAP
pathway with more molecules. However, this may also
increase the two-body loss of the dimers [88]. Coupled-
channel calculations are required to verify this. Since our
methodology is based on the long-range dipolar interaction
of the dimers, our predictions are not susceptible to
experimental or theoretical uncertainties in determinations
of the molecular potentials at the short range.

Our ultimate goal is to transfer the FL states to deeply
bound tetramers near the global minimum of the ground
interaction potential. There might be two possible strate-
gies. First, the transfer to deeply bound tetramer states is
envisaged via X + b intermediate states. For this, one might
lower and shift the repulsive barrier in X + b to shorter
distances by controlling the external field parameters. This
will increase the FCFs with the X + X states. Second, the

deepest X + X FL state, which gets populated through our
proposed STIRAP pathway, can be coupled to a deeply
bound rovibrational state within X + X via a subsequent
STIRAP sequence. These directions require knowledge of
shorter-range tetramer potentials in both the ground and
excited electronic manifolds. We intend to address these in
our future studies.
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PROPERTIES OF THE DIMERS

Static-electric field shielding requires rotational constant
bt and the permanent dipole moment i of a molecule.
Here we consider the vibronic states (X'X+, v = 0) and
(b3I1,v" = 0) of alkali dimers of current ultracold experi-
mental interests, and KAg and CsAg. The vibronic states are
denoted as X and b. Using ab initio calculations, we compute
brot and p, and then average them over the radial wavefunc-
tions for X and b. We employ closed-shell (for X! X ) and
spin-restricted open-shell (for b*1I) coupled-cluster method
restricted to single, double, and noniterative triple excita-
tions [S1] to calculate the electronic energies around the vicin-
ity of their potential minima using MOLPRO [S2]. We use the
same atomic basis sets, bond functions, and number of elec-
trons correlated as in Ref. [S3] for the alkali dimers, and Ref.
[S4] for KAg and CsAg. The permanent dipole moments are
calculated with the finite-field approach as prescribed in Ref.
[S3]. The dipole moments for state b are not measured ex-
perimentally. Hence, for the sake of consistency, we use our
ab initio calculated values of b, and p for both X and b for
carrying out subsequent calculations for the tetramers.

The transitions between X and b states are governed by
their transition dipole moment pxp. The dipole forbidden
transition X < b is allowed via the mixing of b with the
nearby state A'X+ through spin-orbit coupling. We calcu-
late the electronic energies of the fine-structure components
of b3II near its potential minimum and the spin-orbit coupling
with the A' X+ state using the multireference configuration in-
teraction method restricted to single and double excitations as
implemented in MOLPRO. Fig. S1 shows a schematic of the
three potentials, namely, Xlﬁa';, Alz(; and b®IIy+ of the
same fine-structure component w = 0. For the alkali dimers,
we find that the state b>II lies below A'X* at the equilibrium
geometry of b. However, for KAg and CsAg, the potential for
A'S7 is deeper than the one for b*I1.

For the alkali dimers, the states Alza; and b3H0+ can be
well represented by Hund’s case (a) near the minimum of the
latter. We set up a 2 x 2 diabatic vibronic Hamiltonian with the
potentials b’IIy+ and A'X, as a function of the internuclear
distance r. The diagonal matrix elements are the sum of the
vibronic and the spin-orbit diagonal terms, whereas the off-
diagonal matrix element is their spin-orbit coupling term. We
calculate the lowest vibrational v/ = 0 state of b>IIy+ from
the coupled potentials using BOUND [S5]. The bound wave-
function for (b®II+, v’ = 0) has a component of the AIESF+
character. This component multiplied with the electronic tran-
sition dipole moment between X'XT and A'X* produces

FIG. S1. Schematic showing the w = 0 components of the three
relevant electronic potentials of the diatoms considered in this study.

uxp(r). We obtain the vibrationally averaged px using the
wavefunctions of (X'¥F, v = 0) and (b*TIy+,v" = 0).

The energy separations between the different w states of
b®II are also important. The rotational levels in b are per-
turbed by the w # 07 states. We expect such perturbations
to be small for most molecules, and for simplicity, we have
ignored them. This approximation is, however, incorrect for
molecules like KRb, NaK, and LiRb, where the state w = 0~
lies very close to w = 0. Note that for KAg and CsAg, the
avoided crossing between AlZ(TJr and b®IIy+ occurs close to
the minimum of the latter. This shifts the state b>IT,+ above
b®II,-, and for CsAg, it results to a large 1x5.

We summarize all the relevant parameters for the molecules
considered in this study in Table S1. The calculated values
are in fairly good agreement with the available experimen-
tally obtained ones. The natural linewidth . of state b has
been measured for a few alkali dimers, namely, 7. = 4.9 kHz
(*'K®7Rb [S6]), 20 kHz (for 8"Rb'33Cs [S7]), 13 kHz (for
Z3Na3%K [S8]), and 225 kHz (for 2Na®"Rb [S9]).

SCATTERING AND BOUND CALCULATIONS

Coupled-channel approach

We intend to calculate the FL bound states and scattering
properties of molecules in thresholds X+X and X+b using
coupled-channel formalism with their ab initio determined
properties. For X+X, a detailed theory can be found in Ref.
[S33]. Here we only present a brief summary for X+X and



TABLE S1. Parameters of the X! and b3TI potentials for different molecules arranged in increasing order of their dipole moment. r. is the

equilibrium distance in bohr. D, is the well depth in cm™

L b, is the rotational constant in MHz. w and pxp, are the permanent and transition
dipole moments in debye. The ratio by /g is in kV/iem. T = De(X'ET)

— De(b%TI) + T(*P) is the X' &+ — bII transition energy in

cm™ !, where T'(P) is the energy of the less electronegative alkali-metal atom in its lowest excited %P state relative to its ground 2S state. T

is the transition energy between the vibronic states X and b in cm™

L Itis defined as T'xp = T + AEyp + &0, where A ELip is the energy

difference between the v = 0 states of X' X and b*TI molecules, and & is the shift due to the asymptotic spin-orbit splitting of the 2P atom

in the b molecule so that it correlates to the 2S; /2 +2p, /2 threshold. The values of T(2

AEy: = Ey -

— By o+ and AEog1 = Ep1 — I, o+ are respectively the energy differences (in cm™

P) and &, are collected from Ref. [S10]. The quantities
1) between the v’ = 0 levels of the

fine-structure components w = 0~ and 0", and w = 1 and 0" of b3II. The experimental values, rounded off to the same significant digits as

for the values of the present work, are also shown.

Molecule X!+ properties b1 properties
Te D. brot 14 brot/ 14 Te D Te Txyp brot M MXb AEoi AEOl Refs.
41K87Rp 7.67 4150 1100 0.63 347 | 7.61 7120 9690 9610 1118 131 027 1.0 53 This work
7.69 4220 1100 057 3.83 | 7.61 7080 - 9620 1118 - - - - [S6, S11, S12]
8TRb133Cs | 836 3740 491 121 081 | 819 6500 8600 8420 512 206 055 7.0 120 This work
837 3840 490 122 0.80 | 820 6300 8720 - 510 - 0.68 - 93 [S13-S16]
39K133Cg 808 3980 917 1.86 098 | 791 6670 8670 8500 956 325 048 3.6 91 This work
8.10 4070 912 - - 790 6600 8830 - 960 - - - 105 [S17-S19]
23Na%9K 6.61 5220 2854 271 209 | 6.62 6750 11470 11460 2847 3.06 0.11 0.12 13 This work
661 5270 2848 272 208 | 661 6700 11560 - 2850 - 0.11 0.06 15 [S8, S20-S22]
23Na8Rb | 6.89 4970 2088 330 125 | 6.88 6400 11230 11150 2093 436  0.40 14 42 This work
6.88 5030 2090 3.2 1.30 | 6.87 6380 11310 - 2100 - 0.40 - 50 [S9, $23-S25]
7Li8"Rb 6.55 5890 6450 4.00 3.19 | 640 8380 10170 10080 6809 5.61 0.17  0.014 36 This work
6.55 5920 6470 4.00 321 - - - - - - - - - [S26, S27]
23Nal33Cs | 7.28 4870 1734 452 076 | 7.16 6200 10030 9850 1792 6.05 0.84 7.4 89 This work
728 4954 1736 475 072 | 7.14 6081 10240 - 1805 - - - 94 [S27-S29]
TLi33Cs 694 5810 5610 529 210 | 6.64 8170 9000 8610 6127 6.82 0.30 47 78 This work
693 5875 5604 5.5 202 | 667 8063 9175 - 6048 - - - 76 [S30-S32]
39K107TAg | 561 13200 2005 852 047 | 575 6110 20090 20060 1905 6.97  0.09 —1.6 47 This work
133Cs107Ag | 611 13560 814 977 0.7 | 6.12 6480 18440 18250 811  8.85 224 —83 140 This work

present the formalism for handling collisions in X +b.

In the presence of an external static electric field F' along
Z, the rotational states are field-dressed due to the Stark inter-
action. They are denoted |3, j, m) and correlate at zero field
to free-rotor states |3, j, m). The quantum number (3 labels
the vibronic state X or b. The projection m is conserved and

18,,m) =

"(F)1B, j,m). (S

We diagonalize the molecular Hamiltonian h as given in Eq.
(1) of the main text to calculate the coefficients cﬁ 7" at each
field F'.

For a pair of colliding molecules A and B, the Hamiltonian
reads

2
H= h
2,Ufred

d? L
(—8 "l

)+ ha+ s+ Vi, (52)
where Vi, is the interaction potential.
In the coupled-channel approach, the total wavefunction ¥
is expanded
(R R ’I’A,’I"B

12@ (R, 7a,78)¢hi(R),  (S3)

where 1;(R) are the radial wavefunctions, and 7 is a unit
vector along the axis of molecule A(B). We use a basis set of
functions,

|(I)l> :P’r]‘ﬁAajA7mA>|ﬁB53BamB>|L7ML); (S4)

where | L, M1,) are the eigenfunctions of L2 The operator 157,
is the permutation for identical molecules with = 1(—1) for
symmetric (antisymmetric) combination

1
2(1 + 6AB)

< (1A)1B) +n[B)|A) ) |L, ML), (S3)

Py |A)[B)|L, My) =

where \A(B)) = |Bam), ja®), Ma®)). The total parity ¢ =
n(—1)" is +(—) for identical bosonic (fermionic) molecules.

Interaction potential

Shielding occurs due to dipole-dipole interactions at inter-
molecular distances R > 100 bohr. At such distances, nei-
ther the chemical interactions nor the higher multipole terms
dominate. We therefore approximate Vi, ~ ﬁdd, defined in



the main text. For molecules in the same vibronic state as in
X+X, Hyq expressed in the spherical tensor form is

V6

Hy=—-——"-"1T
dd 4megR3

®(px, ix)C?(R),  (S6)
where T(® and C® are second-rank tensors, R is the unit
vector along the intermolecular axis and the components of
C?(R) are Racah-normalized spherical harmonics.

For molecules in different vibronic states as in X+b, ﬁdd
has two contributions

V6
4megR3

Hy = — C?(R) [T(z)(ﬂxa f15) + TP (fix, fixp) |-

(S7)
The first term in the square brackets is the interaction between
the permanent dipoles of X and b states. The second is the res-
onant dipolar interaction between the symmetrized pair states
proportional to the X < b transition dipole moment. Since
Wi, < px o, the second contribution is much smaller but
non-negligible for a few molecules.

Basis sets

We include field-dressed rotor functions up to 3max = 5 for
each molecule. However, this gives a basis set too large to
be used directly in coupled-channel calculations. We there-
fore divide the basis functions into two groups, namely “class
17 and “class 27, according to the pairs of rotor functions in-
volved. The class 1 pair functions are used explicitly in the
coupled-channel calculations, while the class 2 functions are
taken into account through Van Vleck transformations as de-
scribed in Ref. [S33]. We choose rotor pair levels in class 1
that are closest in energy to the initial level, and move the rest
to class 2.

For collisions in X+X, the initial rotor level is (3, 5, m) =
(X,1,0) + (X,1,0), so we include functions with (X,j <
2,|m| < min(j, 1)) in class 1. This produces a total number
of rotor pairs N,y = 28. The reason for restricting |m/| to 1
is that there is no first-order matrix element in ﬁdd that can
connect states with Am > 1, and m in the initial rotor levels
is 0.

For collisions in X +b, a larger number of functions in class
1 are required due to the difference in the p and by val-
ues. The initial rotor level is (ﬂA,jA,mA) + (637537m3) =
(X,1,0) + (b,2,0). We choose a total of N;o; = 39 func-
tions in class 1, which are closest to the initial level. With
the restrictions |m|, |m/| < 1, they are: (X, 1,m) + (b,1,m’)
(x9); (X,0,0) + (b,2,m) (x3); (X,2,m) + (b,0,0) (x3);
(X,1,m) + (b,2,m') (x9); (X,2,m) + (b,1,m’) (x9);
(X,0,0)+(b,3,m) (x3); and (X, 3,m)+ (b,0,0) (x3). The
number in the parentheses indicates the number of functions
for a given combination.

The transition energy between the rotor pair levels is around
T'xp (Table S1). Since T'xp > by, Wwe do not consider func-
tions with 8o = Bg = X or b in the basis set for calculations
in X+b.

TABLE S2. Scattering and bound-state properties at an electric field
F = 3.5bw,x /1ux, where shielding is most effective. The ratio
v = kei/k2,0ss 18 shown. #FLT indicates the number of FL states
supported by the long-range potential well for the incoming channel.
The subscripts g and e represent X +X and X +b, respectively.

Molecule  log,(v.) #FLT, log,y(y.) #FLT.
8TRb!33Cs 3.3 0 1.6 3
ZNaK 4.0 0 2.9 0
39K133Cs 5.0 0 24 3
25Na®"Rb 7.9 1 8.5 2
"Li*"Rb 9.2 1 11 3
2Nal?3Cs 11 1 11 4
TLit%3Cs 11 2 11 5
39K10TAg 12 3 10 4
133Cs197Ag 12 4 11 6

For the basis set in the partial waves, we consider L up to
Lnax = 20. Since ﬁdd conserves the parity of L, this means
it is restricted to take only even (odd) values for the bosons
(fermions). In the presence of F, the projection of the total
angular momentum for the colliding pair M, = ma + mp +
M7, is conserved. We perform calculations only for My =
0 for which the s-wave incoming channel is included in the
basis set. This is a reasonable approximation at a low collision
energy Feoi = 10 nKx kg considered here.

For calculations of the FL bound states, we consider a much
smaller set of class 1 functions. This is because the potential
well supporting the bound states has a dominant character of
the initial rotor pair level. There is only a small admixture
of the rotor level that lies just below the initial level, and is
responsible for the shielding repulsion in the latter. So, we in-
clude only (X,1,0)+(X,1,0) and (X, 0,0)+ (X, 2,0) levels
for X+X molecules, and (X, 1,0) + (b,2,0) and (X, 2,0) +
(b,1,0) levels for X+b molecules in class 1. Also, we restrict
Lax to 6.

The above basis sets produce bound and scattering proper-
ties converged to within 1%.

Rate coefficients and FL states

A colliding pair of molecules that reaches short range is
likely to be lost through processes that may include inelastic
transitions, chemical reactions, or laser absorption. To model
these processes, we solve the coupled equations subject to a
fully absorbing boundary condition at short range [S34, S35]
using MOLSCAT [S36]. The numerical methods used are as
described in Ref. [S33]. Table S2 summarizes the ratio v =
Ke1/ k2 10ss and the number of FL states for molecules that show
effective shielding at field F' = 3.5by01, x /10 x -



Suppression of two-body loss in X +b

The difference in by, for states X and b gives rise to non-
resonant dipolar interaction between two pair levels |1) =
(X,7,m)+(b,j+1,m)and |2) = (X,j+1,m)+ (b, j,m).
In second-order perturbation theory, the upper lying level ex-
periences repulsion proportional to |H15|?/AE15, where Hyy
is the coupling matrix element and A E5 is their energy sep-
aration. Hy5 is proportional to the product px f1p, and |AE1 5|
scales with |bror,p — brot, x | This repulsion achieves shielding
against two-body loss when molecules collide in the higher
lying pair state (between |1) and |2)). The repulsion persists
from zero field to very high fields, and eventually dies off due
to the interaction of the initial level with other thresholds lying
above.

The shielding interaction in X +b for LiCs is illustrated in
Fig. 2(a) of the main text where the pair level (X,1,0) +
(b,2,0) undergoes repulsion due to (X,2,0) + (b,1,0).
The field-dependency of kg and ks joss for LiCs initially in
(X,1,0) + (b,2,0) are shown in Fig. 2(c) and (d). At F — 0,
due to shielding, k3 joss is suppressed. However, at non-zero
small fields, there is enhanced £ joss Which is due to inelastic
transitions to lower lying levels (X, 1,m) + (b,2,m’), with
|m| + |m’| > 0. The rotational levels are field dressed and
hence the dipolar transitions (j,0) < (j, £1) are allowed. At
very long-range (R > 1000 bohr), the L = 2 channels of such
lower lying thresholds undergo avoided crossings with the in-
coming L = 0 channel of (X, 1,0) + (b,2,0), giving rise to
the inelastic transitions. At higher fields, these avoided cross-
ings occur at higher energies, which are energetically inacces-
sible at low collision energies. Hence, k2 1055 gets suppressed
again.

The peaks in k2 jo5s Occur due to two reasons — one from FL
states crossing the threshold, and the other due to the opening
up of new inelastic channels as a function of field. It will
also be interesting to study the dependency of k3 joss On the
collision energy and on the fine and hyperfine structure, which
we have ignored in this study. A detailed study is, however,
beyond the scope of the present work.

Energy widths of FL states of X +b

The FL states have a finite energy width because they are
embedded in an excited rovibronic manifold. Due to shield-
ing, any inelastic decay or tunneling through the shielding bar-
rier is highly suppressed. The higher the two-body loss sup-
pression, the narrower the widths of the FL states. We have
previously calculated the energy widths I'y due to two-body
loss for NaRb and NaCs colliding in X+X in Ref. [S37]. In
the following, we calculate I'; for a few FL states belong-
ing to the X + b threshold. We obtain I's by identifying the
Breit-Wigner resonant signature in the eigenphase sum from
the coupled-channel scattering calculations below the incom-
ing threshold, as described in Ref. [S38]. Table S3 shows I'y
for RbCs and KCs at two different electric fields. We chose

TABLE S3. Energy widths I'; (kHz xh) due to two-body loss for
FL states in X +b for RbCs and KCs. The labels v’ = —1 and v’ = 0
represent the shallowest and the deepest FL state, respectively. The
numbers are shown as (I'z, E,,), where E, indicates the binding en-
ergy (in kHz x h) of the corresponding state.

RbCs KCs
F bro y
px b x v =—1 v =0 v =-1 v =0
3.33 (0.01, 10)  (0.40,2240) | (0.03,20) (0.50, 2300)
3.50 (0.01,20) (0.90,2650) | (0.20,20) (9.00, 2440)

these two molecules because they have the least suppression
of two-body loss (Table S2). We indeed find that the deep-
est FL states have the largest energy widths since they have
a higher probability amplitude at shorter range. KCs has par-
ticularly large I's due to an enhanced nonadiabatic coupling
to nearby pair levels. For molecules with higher suppression
of two-body loss, their FL states have even smaller I's. We
therefore conclude that the lifetime of the FL states of X +b is
limited by the one-body decay of the b molecules.

TRANSITION DIPOLE MOMENTS AND
FRANCK-CONDON FACTORS

At large distances, properties of the tetramers can be ex-
pressed in terms of the properties of the dimers. Here we
intend to calculate the transition dipole moment (TDM) and
Franck-Condon factor (FCF) between states of X+X and
X+b in the two-molecule basis set and express them in terms
of single-molecule properties.

Dipole moment matrix elements

The matrix element of a dipole operator fiap) for tetramer
AB is expressed as the sum of individual dipole operators fia)
and fi(g) defined for the molecules A and B

Pas) = fua) + Q). (S8)

The dipole operators of the dimers fia) act only on the

individual dimer basis, and are diagonal in L and M. So
using Eq. (S1), we have

(Bas Jas malfay Brs Tas M) = Gmymi (—1)™ 1g, 1

. R
P S f(9gs +1)(27 + 1) <3A L 3A>

S =
— JAJA IAIA 000
JAIA

) 1

x| A A (S9)
—ma 0 ma

and a similar expression for dimer B. For convenience we

denote the RHS as pg, 5 d5,,,, Giml which separates the vi-
. . ’ A
bronic and the rotational parts.



TDMs and FCFs between FL tetramers

Let |¥;) and |¥¢) represent the wavefunctions for state 4
in X+X and state f in X+b, respectively. We are interested
in calculating the transition probabilities between these states,
which are governed by their TDMs D; ¢ given by

Dy = (Wil ¥y) = 3 ([ viassyedr)

kE'

X (D; | gy | s k) (S10)

J

<(I)g7i

ﬂ(AB)|(I)e,i’> = <Xv jA7mA; X:.}B:mB; LvML; +|ﬂE‘AB)|X73;\am;\; b,j],g, m%a L/a Min +>

where we have used the expansion of Eq. (S3). The super-
script T denotes a TDM operator. The first factor in the RHS
is the overlap of the radial wavefunctions, which we denote by
Rt ki For bound wavefunctions, R; i1 is dimensionless,
whereas for scattering states of X+X, R; x has dimensions
of (energy)~'/2 (if |¥;) are energy normalized). The second
factor is the expectation value of TDM in the coupled-channel
basis. Using Eq. (S4) for the definition of the channel func-
tions, we write the TDM matrix element as

(S11)

Expanding the above matrix element in terms of the unsymmetrized functions, we obtain

1 (5LL'5MLM'
(i k| Biam) | P p 1) = 5 ———c
@aBI*f 9 1+ 0an)

B - _ . ~ A . N . _
x [“X b (djsmmg,mg‘sAA’ + demmg,mg(sBA’) Xy (demA,jgm.g(sBA’ + djsmmg,mg‘sf‘f")] ;

A(B)

(S12)

where py,” is the vibrationally averaged transition dipole moment of dimer A(B). For identical molecules, Eq. (S12) reduces to

OLL M, M),

(@i 1| am) | Prpr) =
B!~ (1+daB)

where italic A(B) collectively represents the functions
|Ba), ja®), ma®)). We denote the RHS by fixuDif ks
which is a product of an electronic transition dipole moment
term and a dimensionless term representing the overlap be-
tween the rotational states of the different vibronic levels.
The final expression for the TDM matrix elements for the
tetramers is thus obtained by collecting all the terms

Diy = pxe Z Rig ik Dif ks
Tk

(S14)

‘We denote the summation term in the above by F; ¢, the square
of which is a generalized FCF between the tetramer states that
contains the overlap integral over all the internal coordinates
of a tetramer. They are defined as

2
|Fisl? = ‘ZRif,kk’Dif,kk' :
kk’

(S15)

Both R ki (F') and D; s i (F') are functions of the electric
field. The potential wells in X+X and X+b change shapes
with I, and so does Ry ki . On the other hand, the dressed
rotor functions are field dependent, which in turn imparts field
dependency on D; f xxs. This makes the FCFs | F;¢|? tunable
with F'.

For a scattering state |¥;) in X+X, the radial overlap ma-
trix elements R;y 1 have an energy dependency in addition

HXb (dﬁBmBjé,méaAA/ + dﬁAmAJ{;,mééBA/)’

(S13)

(

to field dependency. This makes |F;f|? as well as the D;y
energy dependent.

Rabi frequencies

We can estimate the Rabi frequencies €2, ; for the transitions
between the FL tetramers. They are given by
Qi = D;¢|Fycl /R, (S16)
where F. is the ac electric field of an external laser. For the
calculated FCFs for NaCs and LiCs as shown in Fig. 3 of the
main text, we determine the corresponding €2; r using the rela-
tion D;r = pxp|Fir| [Eqs. (S14) and (S15)]. The results for
an electric field strength corresponding to a laser of intensity
5 uW/cm? are shown in Fig. S2.
Additionally, we can estimate the ac Stark shifts due to the
transitions. The ac Stark shift for a near-resonant laser can be
approximated by

AE, = Q5 A/ (4A% +42), (S17)
where A is the detuning. Since . is of the order of tens of
kHz and Q;y is limited to similar values to keep transition
lines resolved, this naturally limits the Stark shift to the same
level of tens of kHz.
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FIG. S2. Rabi frequencies €2;5 for (a) NaCs and (b) LiCs subjected
to one of the STIRAP lasers with an intensity I = 5 pW/cm?.
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FIG. S3. Photoassociation rates kps as functions of binding energies
E,, of the FL tetramers in X +b for (a) RbCs (F' = 2.82 kV/cm,
Ao = 1190 nm) and (b) LiCs (F' = 7.30 kV/cm, \g = 1160 nm)
for different collision energies Ecoi/kg of the dimers in X+X. The
laser intensity is chosen to be 5 pW/cm?.

Due to the lower values of the Rabi frequencies, long co-
herence times 7" > 1/2;5 are needed to follow the dark state
adiabatically [S39]. This may be technically challenging but
achievable. For example, in atomic clock experiments, opti-
cal coherence time of up to 10 s can be obtained [S40, S41].
On the other hand, one can use a double-pass acousto-optic
modulator system [S42] to generate STIRAP pulses from a
single laser with two beams with a frequency difference of
~100 kHz, or drive the transitions with sidebands of a sin-
gle laser. With an optimal path length stabilization [S43], the
laser coherence time can exceed minutes.

ENERGY DEPENDENCY OF PHOTOASSOCIATION RATES

Figure S3 shows the photoassociation (PA) rates kpa cal-
culated for different collision energies of the dimers in the
X+X threshold. With increasing collision energies, the PA
process becomes much slower as expected due to decreasing
values of the FCFs between the scattering and the bound-state
wavefunctions. At very low energies the position of the peaks
converge towards the actual binding energies of the X+b FL
states.

* bijit.mukherjee @ fuw.edu.pl
t michal.tomza @ fuw.edu.pl

[S1] R. J. Bartlett and M. Musial, Coupled-cluster theory in quan-
tum chemistry, Rev. Mod. Phys. 79, 291 (2007).

[S2] H.-J. Werner, P. J. Knowles, et al., Molpro, version 2019.2, a
package of ab initio programs, see https://www.molpro.net.

[S3] H.Ladjimi and M. Tomza, Diatomic molecules of alkali-metal
and alkaline-earth-metal atoms: Interaction potentials, dipole
moments, and polarizabilities, Phys. Rev. A 109, 052814
(2024).

[S4] M. Smiatkowski and M. Tomza, Highly polar molecules con-
sisting of a copper or silver atom interacting with an alkali-
metal or alkaline-earth-metal atom, Phys. Rev. A 103, 022802
(2021).

[S5] J. M. Hutson and C. R. Le Sueur, BOUND and FIELD: pro-
grams for calculating bound states of interacting pairs of
atoms and molecules, Comp. Phys. Comm. 241, 1 (2019).

[S6] J. Kobayashi, K. Aikawa, K. Oasa, and S. Inouye, Prospects
for narrow-line cooling of KRb molecules in the rovibrational
ground state, Phys. Rev. A 89, 021401 (2014).

[S7] P. D. Gregory, L. M. Fernley, A. L. Tao, S. L. Bromley,
J. Stepp, Z. Zhang, S. Kotochigova, K. R. A. Hazzard, and
S. L. Cornish., Second-scale rotational coherence and dipolar
interactions in a gas of ultracold polar molecules, Nat. Phys.
20, 415 (2024).

[S8] R. Bause, M. Li, A. Schindewolf, X.-Y. Chen, M. Duda,
S. Kotochigova, 1. Bloch, and X.-Y. Luo, Tune-out and magic
wavelengths for ground-state 2*Na*®K molecules, Phys. Rev.
Lett. 125, 023201 (2020).

[S9] J. He, J. Lin, R. Vexiau, N. Bouloufa-Maafa, O. Dulieu,
and D. Wang, Characterization of the lowest electronically
excited-state ro-vibrational level of 2>Na8"Rb, New J. Phys.
23, 115003 (2021).

[S10] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team,
NIST Atomic Spectra Database (ver. 5.12), [Online]. Avail-
able: https://physics.nist.gov/asd [2016, Jan-
uary 31]. National Institute of Standards and Technology,
Gaithersburg, MD. (2024).

[S11] A. Pashov, O. Docenko, M. Tamanis, R. Ferber, H. Knockel,
and E. Tiemann, Coupling of the X'~1 and a®~ 7 states of
KRb, Phys. Rev. A 76, 022511 (2007).

[S12] K.-K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er,
B. Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne,
D. S. Jin, and J. Ye, A high phase-space-density gas of po-
lar molecules in the rovibrational ground state, Science 322,
231 (2008).

[S13] O. Docenko, M. Tamanis, R. Ferber, T. Bergeman, S. Ko-
tochigova, A. V. Stolyarov, A. de Faria Nogueira, and C. E.
Fellows, Spectroscopic data, spin-orbit functions, and revised
analysis of strong perturbative interactions for the o' £ " and
b>11 states of RbCs, Phys. Rev. A 81, 042511 (2010).

[S14] O. Docenko, M. Tamanis, R. Ferber, H. Knockel, and E. Tie-
mann, Singlet and triplet potentials of the ground-state atom
pair Rb + Cs studied by Fourier-transform spectroscopy,
Phys. Rev. A 83, 052519 (2011).

[S15] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P. Koppinger,
C. R. Le Sueur, C. L. Blackley, J. M. Hutson, and S. L. Cor-
nish, Creation of ultracold 8" Rb'*3*Cs molecules in the rovi-
brational ground state, Phys. Rev. Lett. 113, 255301 (2014).

[S16] Q. Guan, S. L. Cornish, and S. Kotochigova, Magic conditions
for multiple rotational states of bialkali molecules in optical
lattices, Phys. Rev. A 103, 043311 (2021).

[S17] R. Ferber, I. Klincare, O. Nikolayeva, M. Tamanis,
H. Knockel, E. Tiemann, and A. Pashov, The ground elec-
tronic state of KCs studied by fourier transform spectroscopy,
J. Chem. Phys. 128, 244316 (2008).


mailto:bijit.mukherjee@fuw.edu.pl
mailto:michal.tomza@fuw.edu.pl
https://doi.org/10.1103/RevModPhys.79.291
https://doi.org/10.1103/PhysRevA.109.052814
https://doi.org/10.1103/PhysRevA.109.052814
https://doi.org/10.1103/PhysRevA.103.022802
https://doi.org/10.1103/PhysRevA.103.022802
https://doi.org/10.1016/j.cpc.2019.02.017
https://doi.org/10.1103/PhysRevA.89.021401
https://doi.org/https://doi.org/10.1038/s41567-023-02328-5
https://doi.org/https://doi.org/10.1038/s41567-023-02328-5
https://doi.org/10.1103/PhysRevLett.125.023201
https://doi.org/10.1103/PhysRevLett.125.023201
https://doi.org/10.1088/1367-2630/ac2dad
https://doi.org/10.1088/1367-2630/ac2dad
https://doi.org/10.1103/PhysRevA.76.022511
https://doi.org/https://doi.org/10.1126/science.1163861
https://doi.org/https://doi.org/10.1126/science.1163861
https://doi.org/10.1103/PhysRevA.81.042511
https://doi.org/10.1103/PhysRevA.83.052519
https://doi.org/10.1103/PhysRevLett.113.255301
https://doi.org/10.1103/PhysRevA.103.043311
https://doi.org/10.1063/1.2943677

[S18] A. Kruzins, I. Klincare, O. Nikolayeva, M. Tamanis, R. Fer-
ber, E. A. Pazyuk, and A. V. Stolyarov, Fourier-transform
spectroscopy and coupled-channels deperturbation treatment
of the A*S " —b3II complex of KCs, Phys. Rev. A 81, 042509
(2010).

[S19] A. Kruzins, I. Klincare, O. Nikolayeva, M. Tamanis, R. Fer-
ber, E. A. Pazyuk, and A. V. Stolyarov, Fourier-transform
spectroscopy of (4)'EtT — A'ST — p*I1, A'ST — %I —
X'>F, and (1)3A; — 3T+ transitions in KCs and deper-
turbation treatment of A*S " and b°II states, J. Chem. Phys.
139, 244301 (2013).

[S20] I. Russier-Antoine, A. J. Ross, M. Aubert-Frécon, F. Mar-
tin, and P. Crozet, An improved potential energy curve for
the ground state of NaK, J. Phys. B - At. Mol. Opt. 33, 2753
(2000).

[S21] A. Gerdes, O. Dulieu, H. Knockel, and E. Tiemann, Stark ef-
fect measurements on the NaK molecule, Eur. Phys. J. D 65,
105 (2011).

[S22] H. Harker, P. Crozet, A. J. Ross, K. Richter, J. Jones, C. Faust,
J. Huennekens, A. V. Stolyarov, H. Salami, and T. Bergeman,
Experimental and theoretical studies of the coupled A'X*
and b 311 states of NaK, Phys. Rev. A 92, 012506 (2015).

[S23] O. Docenko, M. Tamanis, R. Ferber, A. Pashov, H. Knockel,
and E. Tiemann, Potential of the ground state of NaRb, Phys.
Rev. A 69, 042503 (2004).

[S24] O. Docenko, M. Tamanis, R. Ferber, E. A. Pazyuk, A. Zait-
sevskii, A. V. Stolyarov, A. Pashov, H. Knockel, and E. Tie-
mann, Deperturbation treatment of the A X" — b3II com-
plex of NaRb and prospects for ultracold molecule formation
in X 'Y (v = 0; J = 0), Phys. Rev. A 75, 042503 (2007).

[S25] M. Guo, B. Zhu, B. Lu, X. Ye, F Wang, R. Vexiau,
N. Bouloufa-Maafa, G. Quéméner, O. Dulieu, and D. Wang,
Creation of an ultracold gas of ground-state dipolar 2*Na®"Rb
molecules, Phys. Rev. Lett. 116, 205303 (2016).

[S26] M. Ivanova, A. Stein, A. Pashov, H. Knockel, and E. Tiemann,
The XX state of LiRb studied by Fourier-transform spec-
troscopy, J. Chem. Phys. 134, 024321 (2011).

[S27] P. J. Dagdigian and L. Wharton, Molecular beam elec-
tric deflection and resonance spectroscopy of the heteronu-
clear alkali dimers: *K"Li, Rb"Li, **K**Na, Rb**Na, and
133Cs%3Na, J. Chem. Phys. 57, 1487 (1972).

[S28] O. Docenko, M. Tamanis, R. Ferber, A. Pashov, H. Knockel,
and E. Tiemann, Spectroscopic studies of NaCs for the ground
state asymptote of Na plus Cs pairs, Eur. Phys. J. D 31, 205
(2004).

[S29] J. Zaharova, M. Tamanis, R. Ferber, A. N. Drozdova, E. A.
Pazyuk, and A. V. Stolyarov, Solution of the fully-mixed-
state problem: Direct deperturbation analysis of the A ¥ —

—b311 complex in a NaCs dimer, Phys. Rev. A 79, 012508
(2009).

[S30] P. Staanum, A. Pashov, H. Knockel, and E. Tiemann, X It
and a 3LV states of LiCs studied by Fourier-transform spec-
troscopy, Phys. Rev. A 75, 042513 (2007).

[S31] J. Deiglmayr, A. Grochola, M. Repp, O. Dulieu, R. Wester,
and M. Weidemiiller, Permanent dipole moment of LiCs in
the ground state, Phys. Rev. A 82, 032503 (2010).

[S32] P. Kowalczyk, W. Jastrzebski, J. Szczepkowski, E. A. Pazyuk,
and A. V. Stolyarov, Direct coupled-channels deperturbation
analysis of the A'S™ ~ b3IIT complex in LiCs with experi-
mental accuracy, J. Chem. Phys. 142, 234308 (2015).

[S33] B. Mukherjee, M. D. Frye, C. R. Le Sueur, M. R. Tarbutt, and
J. M. Hutson, Shielding collisions of ultracold CaF molecules
with static electric fields, Phys. Rev. Res. 5, 033097 (2023).

[S34] D. C. Clary and J. P. Henshaw, Chemical reactions dominated
by long-range intermolecular forces, Faraday Discuss. Chem.
Soc. 84, 333 (1987).

[S35] L. M. C. Janssen, Cold collision dynamics of NH radicals,
Ph.D. thesis, Radboud University, Nijmegen (2012).

[S36] J. M. Hutson and C. R. Le Sueur, MOLSCAT: a program for
non-reactive quantum scattering calculations on atomic and
molecular collisions, Comp. Phys. Comm. 241, 9 (2019).

[S37] B. Mukherjee and J. M. Hutson, Controlling collisional loss
and scattering lengths of ultracold dipolar molecules with
static electric fields, Phys. Rev. Res. 6, 013145 (2024).

[S38] M. D. Frye and J. M. Hutson, Characterizing quasibound
states and scattering resonances, Phys. Rev. Res. 2, 013291
(2020).

[S39] K. Bergmann, H. Theuer, and B. W. Shore, Coherent popula-
tion transfer among quantum states of atoms and molecules,
Rev. Mod. Phys. 70, 1003 (1998).

[S40] E. Oelker, R. B. Hutson, C. J. Kennedy, L. Sonderhouse,
T. Bothwell, A. Goban, D. Kedar, C. Sanner, J. M. Robinson,
G. E. Marti, D. G. Matei, T. Legero, M. Giunta, R. Holzwarth,
F. Riehle, U. Sterr, and J. Ye, Demonstration of 4.8 x 107
stability at 1 s for two independent optical clocks, Nat. Pho-
tonics 13, 714 (2019).

[S41] L. Yan, S. Lannig, W. R. Milner, M. N. Frankel, B. Lewis,
D. Lee, K. Kim, and J. Ye, High-power clock laser spectrally
tailored for high-fidelity quantum state engineering, Phys.
Rev. X 15, 031055 (2025).

[S42] E. A. Donley, T. P. Heavner, F. Levi, M. O. Tataw, and S. R.
Jefferts, Double-pass acousto-optic modulator system, Rev.
Sci. Instrum. 76, 063112 (2005).

[S43] L.-S. Ma, P. Jungner, J. Ye, and J. L. Hall, Delivering the same
optical frequency at two places: accurate cancellation of phase
noise introduced by an optical fiber or other time-varying path,
Opt. Lett. 19, 1777 (1994).


https://doi.org/10.1103/PhysRevA.81.042509
https://doi.org/10.1103/PhysRevA.81.042509
https://doi.org/10.1063/1.4844275
https://doi.org/10.1063/1.4844275
https://doi.org/10.1088/0953-4075/33/14/312
https://doi.org/10.1088/0953-4075/33/14/312
https://doi.org/https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/10.1103/PhysRevA.92.012506
https://doi.org/10.1103/PhysRevA.69.042503
https://doi.org/10.1103/PhysRevA.69.042503
https://doi.org/10.1103/PhysRevA.75.042503
https://doi.org/10.1103/PhysRevLett.116.205303
https://doi.org/10.1063/1.3524312
https://doi.org/https://doi.org/10.1063/1.1678429
https://doi.org/https://doi.org/10.1140/epjd/e2004-00156-5
https://doi.org/https://doi.org/10.1140/epjd/e2004-00156-5
https://doi.org/10.1103/PhysRevA.79.012508
https://doi.org/10.1103/PhysRevA.79.012508
https://doi.org/10.1103/PhysRevA.75.042513
https://doi.org/10.1103/PhysRevA.82.032503
https://doi.org/10.1063/1.4922610
https://doi.org/10.1103/PhysRevResearch.5.033097
https://doi.org/10.1039/DC9878400333
https://doi.org/10.1039/DC9878400333
https://doi.org/10.1016/j.cpc.2019.02.014
https://doi.org/10.1103/PhysRevResearch.6.013145
https://doi.org/10.1103/PhysRevResearch.2.013291
https://doi.org/10.1103/PhysRevResearch.2.013291
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1038/s41566-019-0493-4
https://doi.org/10.1038/s41566-019-0493-4
https://doi.org/10.1103/qw53-8b8r
https://doi.org/10.1103/qw53-8b8r
https://doi.org/10.1063/1.1930095
https://doi.org/10.1063/1.1930095
https://doi.org/10.1364/OL.19.001777

	Supplemental Material for  ``Optical excitation and stabilization of ultracold field-linked tetratomic molecules''
	Properties of the dimers
	Scattering and bound calculations
	Coupled-channel approach
	Interaction potential
	Basis sets
	Rate coefficients and FL states
	Suppression of two-body loss in X+b
	Energy widths of FL states of X+b


	Transition dipole moments and Franck-Condon factors
	Dipole moment matrix elements
	TDMs and FCFs between FL tetramers
	Rabi frequencies

	Energy dependency of photoassociation rates
	References


