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Optical control of polyatomic molecules promises new opportunities in precision metrology, fun-
damental chemistry, quantum information, and many-body science. Contemporary experimental
and theoretical efforts have mostly focused on cycling photons via excitation of a single electron
localized to an alkaline earth (group 2)-like metal center. In this manuscript, we consider pathways
towards optical cycling in polyatomic molecules with multi-electron degrees of freedom, which arise
from two or more cycling electrons localized to p-block post-transition metal and metalloid (group
13, 14, and 15) centers. We characterize the electronic structure and rovibrational branching of
several prototypical candidates using ab initio quantum chemical methods. Despite increased inter-
nal complexity and challenging design parameters, we find several molecules possessing quasi-closed
photon cycling schemes with highly diagonal, visible and near-infrared transitions. Furthermore, we
identify new heuristics for engineering optically controllable and laser-coolable polyatomic molecules
with multi-electron cycling centers. Our results help elucidate the interplay between hybridization,
repulsion, and ionicity in optically active species and provide a first step towards using polyatomic
molecules with complex electronic structure as a resource for quantum science and measurement.

I. INTRODUCTION

Cold molecules are powerful platforms for exploring
a range of fundamental questions in physics and chem-
istry. Unique mechanical, spin, and dipolar degrees of
freedom available in molecules enable new possibilities in
quantum information [1–4] and simulation [5–7], preci-
sion measurement and metrology [8, 9], as well as state-
resolved chemistry [10–12]. In the last five years, laser
cooling and optical control have been extended to in-
creasingly complex polyatomic molecules, paving the way
towards the high phase space density [13, 14] and coher-
ent quantum control [15–17] necessary for realizing sci-
ence applications with cold gases of optically active poly-
atomic molecules. Simultaneously, theoretical under-
standing of the features that make molecules amenable
to optical cycling and laser cooling has significantly ad-
vanced [18–29], leading to the identification of several
classes of polyatomics with favorable chemical and struc-
tural configurations.

A key characteristic of photon cycling in molecules
is the presence of valence electrons localized to metal-
lic optical cycling centers (OCCs), which enable rapid,
repeated scattering of resonant photons for optical state
control, detection, and cooling. The simplest “monova-
lent” OCCs can be engineered by bonding an alkaline
earth-like (AEL) metal1 to a one-electron acceptor or

∗ phelanyu@caltech.edu
1 This includes alkaline earths (Be, Mg, Ca, Sr, Ba, Ra) and tran-

sition metals with s2 valence and filled d/f -shells (e.g. Yb, Hg)

pseudohalogen ligand [18, 19, 30–32], forming an open-
shell molecule (e.g. SrF [33–37], CaF [13, 15, 38–40],
YbF [41, 42], BaH [43], BaF [44, 45]) with an excited
electronic structure roughly similar to alkali atoms. The
remaining sσ electron on the metal is then polarized away
from the ionic metal-ligand bond. Metal-centered, atom-
like electronic excitations are highly decoupled from the
rovibrational modes of the molecule, with only a handful
of repumping lasers needed to scatter 103 − 105 photons
[18, 26, 46–48]. This heuristic has been very success-
ful at identifying laser-coolable molecules, and all poly-
atomic species laser cooled to date (SrOH [49], CaOH
[50, 51], YbOH [52], CaOCH3 [53]) have followed the
AEL-pseudohalogen template to form single electron,
alkali-like OCCs.

A natural question then follows: is it possible to de-
sign molecules containing optical centers with multiple lo-
calized cycling electrons, while preserving key structural
features that enable optical control and laser cooling?
In cold atom experiments, multi-electron degrees of free-
dom provide versatile mechanisms for both controlling
and studying the behavior of complex quantum systems.
Individual atoms that possess two (or more) valence cy-
cling electrons, such as AEL atoms, give rise to electronic
states with metastable lifetimes [54, 55], ultranarrow op-
tical transitions [56–58], perturbation-free “magic” trap-
ping conditions [59–61], efficient autoionization pathways
[62–64], and fully tunable couplings to internal spins [65].

Leveraging these features in multi-electron atoms has
been a principal factor enabling record-setting optical
lattice [66–69] and tweezer clocks [70, 71], analog many-
body simulators of SU(N) and multiorbital Hamiltonians
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[72–77], advanced atom interferometers [78], high-fidelity
entangling gates [64, 79, 80], and telecom-compatible
quantum transducers and memories [81–85].

In this paper, we assess the feasibility of using gener-
alized, “multivalent” electronic structure for photon cy-
cling and optical control of polyatomic molecules. For the
purposes of this manuscript, we define “multivalent” as
describing systems with multiple valence electrons local-
ized on the molecular OCC, in contrast to “monovalent”
systems with a single OCC-localized valence electron. We
find that the bonding paradigms needed to engineer mul-
tivalent OCCs in polyatomic molecules are significantly
different from the structural features previously used to
design monovalent candidates. Our resulting approach
is, to our knowledge, the first molecular design for OCCs
that leverages orbital repulsion and geometric stabiliza-
tion, rather than solely bond ionicity and hybridization,
to achieve quasi-closed cycling transitions.

As proof-of-principle, we theoretically examine poly-
atomic molecules functionalized with p-block elements
from group 13, 14, and 15 of the periodic table, such
as Al. Experimental studies have already found diatomic
analogs, namely AlF [86, 87], AlCl [88], and TlF [89, 90],
to be excellent laser cooling candidates, and theoreti-
cal work has identified around a dozen other promising
species composed of p-block elements bonded to a halo-
gen atom [91–101]. Functionalizing larger, polyatomic
molecules with multivalent OCCs would combine pre-
viously heterogeneous features in a single molecule: 1)
clock-state metrology and multi-electron degrees of free-
dom and 2) custom internal structure from the molec-
ular ligand, which can yield long-lived, highly polar-
izable states [8, 102], tunable long-range interactions
[3, 103, 104], and built-in co-magnetometers [8, 9]. How-
ever, the bonding paradigms which work to create cycling
centers on monovalent AEL-type OCCs, such as substi-
tuting a halogen for a hydroxide [9, 18, 19, 22, 105], do
not apply to these new systems. For example, AlF has
a structure which is highly amenable to photon cycling
[86, 87], while AlOH does not (see Sec. IV).

Thus, we must devise alternative approaches for iden-
tifying species which combine the advantages of poly-
atomic structure with multivalent cycling centers. By
choosing a linker atom which creates a more covalent
metal-ligand bond than oxygen (such as sulfur) we find
that molecular vibrations are decoupled from the valence
OCC electrons through an intricate interplay of orbital
hybridization, ionicity, and repulsion. We eluciate these
orbital mechanisms for a variety of OCCs and ligands
in order to gain insight into their effects on the internal
structure and photon cycling in our candidate systems.
These results in turn enable us to deduce new bonding
principles and optimal linker atom architectures for engi-
neering optically controllable polyatomic molecules with
complex electronic structure.

The model systems we characterize are of the form
MXH, where M is a group 13, 14, or 15 atom and X
is a chalcogen (X = O, S, Se, Te, Po) linker atom.

AlCa Si P

1 2 3

(a)

(b)

Figure 1. (a) Lewis dot structures depicting model “monova-
lent” and “multivalent” polyatomics with metal and metalloid
optical cycling centers bonded to a pseudohalogen ligand. (b)
Photon cycling in an idealized two-level system proceeds via
the (1) absorption of a resonant photon, (2) followed by a
transition to an excited electronic state. After the excited
state lifetime elapses, (3) the excited state decays, releasing a
photon through spontaneous emission.

Despite their increased structural complexity and chal-
lenging design constraints, our theoretical analysis pre-
dicts that several of these polyatomic molecules have
highly decoupled, visible wavelength and near-infrared
electronic transitions that support quasi-closed photon
cycling schemes. For each class of polyatomics, we find
species with diagonal Franck-Condon behavior, which in
some cases, may enable photon cycling schemes that are
quasi-closed up to one-part-in-105.

The manuscript is organized as follows. In section II,
we review some of the general principles behind photon
cycling, optical control, and laser cooling, while in sec-
tion III, we briefly describe our computational methods.
In section IV, we examine the electronic and vibrational
structure of several types of molecule, each of which has
multiple cycling electrons and discuss the bonding prin-
ciples which give rise to optical cycling. In section V, we
further explore the bonding of these molecules by con-
sidering the effect of different metals and ligands on the
structure of multivalent molecules. Finally, in section VI,
we discuss the outlook for experimental study of these
molecules and their potential applications.

II. PATHWAYS TO PHOTON CYCLING

During photon cycling, valence electrons hosted by
metallic OCCs undergo rapid cycles of coherent absorp-
tion and spontaneous emission of photons [30–32], which
can enable efficient optical state preparation, as well as
high-fidelity detection and control. The resulting mo-
mentum transfer, in analogy to atomic laser cooling
[106], can also facilitate slowing, cooling, and trapping of
the entire molecule. Building molecules with properties
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amenable to cycling, however, is a challenging task. For
instance, complex rovibrational structures in polyatomic
molecules can serve as “dark states” that interrupt an
otherwise idealized two-level system for photon cycling.
Indeed, laser-coolable molecules follow a strict set of re-
quirements on their internal structure [18, 46, 48], which
include 1) intense visible or near-visible electronic transi-
tions for photon cycling, 2) highly diagonal rovibrational
decays and Franck-Condon factors, and 3) the absence of
perturbing electronic states in the photon cycling path-
way.

Establishing a highly closed photon cycling scheme re-
quires detailed knowledge of transition energies and in-
tensities between the cycling states and possible decay
pathways to rovibrational dark states. Structural relax-
ation that accompanies spontaneous emission, in partic-
ular, will induce branching to vibrational substates, re-
quiring additional re-pump lasers to restore population
in the vibrationless cycling states. Most small, optically
active molecules – especially of low symmetry – have vi-
bronic wavefunctions that are separable under the Born-
Oppenheimer approximation (i.e. the vibrational wave-
function can be expressed as independent of the elec-
tronic coordinates). Vibrational decays can therefore be
predicted to high accuracy by computing Franck-Condon
factors (FCF), which are defined as the overlap integral
between vibrational wavefunctions ψv′ , ψv′′ :

qv′,v′′ =

∣∣∣∣ ∫ ψv′(Q′)ψv′′(Q′′)dQ

∣∣∣∣2 . (1)

Here, v′, v′′ are the vibrational quanta and Q are the
nuclear coordinates of the normal modes. The vibra-
tional branching ratios (VBRs) differ slightly from the
FCFs due to the wavelength dependence of the spon-
taneous emission rate. They are defined as VBR =∑

i,j(ω
3
v′
i,v

′′
j
qv′

i,v
′′
j

)/(ω3
k qk), where ωv′,v′′ is the transition

wavelength between |v′′〉 → |v′〉 and the FCFs q are nor-
malized over all decays.

Typically, 10 − 102 photons are needed for realizing
high fidelity optical state preparation, readout, and state
control. Similar numbers of photons can also be utilized
for radiative deflection [107, 108], steering, and confine-
ment [50, 52] of a cryogenic molecular beam. For laser
slowing and capture of a small polyatomic molecule, up
to 104 − 105 photons are typically needed. This thresh-
old, however, can be decreased significantly via indi-
rect slowing and cooling methods, such as Stark/Zeeman
deceleration [109–113], optoelectric slowing and cooling
schemes [114, 115], as well as Zeeman-Sisyphus slow-
ing [116, 117], which can precede direct loading into a
magnetic trap [118]. Magnetically assisted approaches
to slowing and trapping may be especially well-suited
for multi-electron OCCs due to the presence of high-spin
ground and metastable electronic states, as further dis-
cussed in Sec. VI.

As we shall see, the p-block metals we consider make
molecules which are bent. Unlike the highly symmet-
ric species that have been previously laser-cooled, the

molecules we consider are at most Cs symmetric and
classified as asymmetric top molecules (ATM). ATMs,
which possess three unequal moments of inertia (IA 6=
IB 6= IC), have electronic bands that can be categorized
as a-type, b-type, or c-type, depending on the orientation
of the transition dipole moment (TDM) relative to the
molecule’s three principal axes (a, b, c) (see Fig. 3 and
Table I). Each band has approximate angular momentum
selection rules that can be leveraged to realize rotation-
ally closed repump schemes with a manageable number
of sidebands, as was shown in [26] for monovalent ATMs.
This approach readily extends to multivalent ATMs, and
a detailed discussion can be found in Appendix B.

Monovalent ATMs with optical cycling centers based
on alkaline-earth metals have been previously considered
[26], and suitable ligands were found to maintain op-
tical cycling characteristics despite their lower symme-
try. In the systems we consider, we find that using an
ATM structure is in fact generally necessary for designing
OCCs based on p-block metals, as linear analogs broadly
appear to fail (see Appendix A).

III. COMPUTATIONAL APPROACH

We proceed by performing ab initio analyses of the
electronic and rovibrational structure of several poly-
atomics of the MXH form. The molecular candidates
that we consider have three distinct typologies, with sin-
glet, doublet, or triplet spin multiplicities in the ground
state. This organization generally corresponds to a group
13 (divalent), 14 (trivalent), or 15 (quadrivalent) optical
cycling center, respectively, attached to a pseudohalogen.

The systems we consider possess ground states that
at structural equilibrium are dominated by a single
electronic configuration, making them ideally suited for
analysis using coupled cluster methods [119]. Calcu-
lations of the ground states are performed using cou-
pled cluster with singles and doubles (CCSD), and ex-
cited states are characterized using analogous equation-
of-motion schemes (EOM-CCSD). EOM-CC approaches,
which are rigorously size-extensive, allow for multicon-
figurational descriptions of target states within a single-
reference formalism [120] and have been previously val-
idated [22, 23, 121–124] for predicting the properties of
a broad range of laser-coolable diatomic and polyatomic
molecules. In this work, the traditional EOM excitation
energies scheme (EOM-EE-CCSD) [125] is used to study
molecules with ground state singlet and triplet config-
urations (e.g. AlSH and PSH) from a singlet reference
wavefunction, while spin-flip (EOM-SF-CCSD) [126, 127]
is utilized for targeting states from a high-spin quartet
reference (e.g. SiSH).

All electronic structure calculations are performed us-
ing the QChem 5.4 package [128], with wavefunction
analyses conducted via the libwfa library [129]. Harmonic
FCFs including Duschinsky rotation are computed us-
ing the ezFCF code [130]. Correlation-consistent sets of
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aug-cc-pVTZ(-PP) quality [131–133] are used for calcu-
lations of single point energies, geometries, frequencies,
and transition intensities. For atoms heavier than pe-
riod 3, core electrons are modeled using Stuttgart-type
small core pseudopotentials (ECP10MDF, ECP28MDF,
ECP60MDF) [134, 135]. Spin-orbit matrix elements are
calculated perturbatively in the QChem code using the
Breit-Pauli (BP) Hamiltonian [136–138], for which we
utilize relativistically contracted all-electron atomic nat-
ural orbital (ANO-R0) sets [139] on the metal and met-
alloid cycling centers. Prior study [140] has found that
BP approaches – despite excluding non-perturbative rel-
ativistic effects – are able to capture dominant spin-orbit
contributions, even in period 6 and 7 systems.

IV. VIBRONIC STRUCTURE

A. Singlet Ground States: Group 13

The simplest multivalent case we consider is a sin-
glet system that arises from bonding a group 13 (i.e.
B, Al, Ga, In, Tl) center to a pseudohalogen ligand.
Among diatomic molecules, AlF [86, 87] and AlCl [88]
have strongly electronegative bonds and highly diago-
nal cycling transitions. One might expect, as with the
alkaline earth series of polyatomics, that replacing the
halogen atom with electronegative pseudohalogens, such
as hydroxide (-OH), cyanide (-CN), ethynyl (-CCH), or
boron dioxide (-OBO) ligands, would yield similarly laser
coolable molecules. This turns out to be not the case
(see Appendix A). Instead, we find that strongly bent
molecules containing ligands with less electronegative
character, such as hydrosulfide (-SH), do possess suitable
bonding and diagonal cycling transitions. Evidently, the
unique orbital hybridization that enables laser cooling
in AEL species does not universally translate to cycling
centers from other columns of the periodic table.

A model system that we consider is the multivalent
polyatomic alumininum monohydrosulfide (AlSH). In the

ground state configuration2 (X̃1A′), the Al-S bond is par-
tially ionic, with a Mulliken charge (QM ) of +0.23 on
the metal and −0.38 on the sulfur. This corresponds to
the withdrawal of a single sp-hybridized valence electron
from the Al atom, leaving an Al(3sσ) lone pair polar-
ized away from the bond. The S-H bond is almost or-
thogonal (∼ 90.19◦) to the Al-S bond, forming a prolate
asymmetric top with Cs symmetry. As we shall see, this

2 In this work, we adhere to spectroscopic conventions for labeling
electronic states. X̃ is always the ground state; excited states
with the same spin multiplicity as X̃ are Ã, B̃, . . ., whereas those
with different spin multiplicity are ã, b̃, . . ., both ordered in in-
creasing energy. The spin multiplicity is the superscript after
the state name. Ap indicates the symmetry of the state, with
A′ (A′′) indicating that the electronic wavefunction is in-plane
(out-of-plane) as shown in Fig. 2.

C̃ 1A’
3dσ 

X̃ 1A’

b̃ 3A”

c͂ 3A’

Σ+

Π

Σ+

Ã 1A’

B̃ 1A”

3pπ

3pσ

3sσ

Al+ C∞v Cs

3p

3d

3s

ã 3A’

3dπ 

(i) (ii) (iii) (iv)
Eel

Figure 2. Ligand field diagram for low-lying electronic states
of AlSH, not to scale. States are arranged bottom-up by in-
creasing electronic energy (Eel). On the farthest left are (i)
Al+ cation shells, which are then split by the ligand (-SH−)
field into (ii) molecule-frame projections of orbital angular
momentum (Λ = σ, π, δ, ...). These orbitals mix to yield the
electronic manifolds in the (iii) C∞v linear and (iv) Cs bent
limits of the molecule. Above each excited manifold in the
bent case are natural transition orbitals (isovalue = 0.05)
from the ground state computed using EOM-EE-CCSD. See
Appendix A for a complete list of molecular orbital (MO) cor-
relation diagrams and natural transition orbitals for relevant
species.

bond angle is a very important feature. The optimized
geometry has three normal modes, which approximately
correspond to Al-S stretch (v1), Al-S-H bend (v2), and
S-H stretch (v3), which are depicted in Fig. 3.

The lowest three triplet states are 2.3 to 4.2 eV above
the ground state and roughly correspond to the excita-
tion of a single Al-localized 3sσ electron to 3pπ + 3dπ
and 3pσ+ 3dσ orbitals. The 3sσ → 3pπ+ 3dπ excitation
is split by the off-axis SH ligand into an in-plane ã3A′

and out-of-plane b̃3A′′ state, while the 3sσ → 3pσ + 3dσ
excitation corresponds to an on-axis c̃3A′ state, as indi-
cated by the ligand field diagram and natural transition
orbital (NTO) analysis in Fig. 2 (see also Fig. 7 in
Appendix A). An analogous progression is obtained for
the singlet states, which are all at ultraviolet energies.
A summary of computed origins, rovibrational energies,
and optimized geometries for both sets of states is listed
in the Supplemental Material.

Out of these six lowest lying electronic states, which
are computed using EOM-EE-CCSD, we find that the
b̃3A′′ → X̃1A′ transition (∆E ∼ 2.74 eV) provides ex-
tremely diagonal vibrational branching, with an FCF of
q0,0 > 0.997 on the main vibrationless line. Dominant

off-diagonal decays to X̃ are to the first (q ∼ 10−3) and
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(1) X̃ 1A’ → ã 3A’

(2) X̃ 1A’ → b̃ 3A”

(2) X̃ 2A’ → Ã 2A’’ 

(1) X̃ 2A’ → ã 4A’’ 

PSH

1

(1) X̃ 3A’’ → ã 1A’ 

(2) X̃ 3A’’ → b̃ 1A”

2

1

2 1

1

2

SiSHAlSHCaSH

(1) X̃ 2A’ → ã 2A’

(2) X̃ 2A’ → b̃ 2A”

1

2

2

1

2

1

1

2

2

i

ii

iii

a

bc

v1 v2 v3

Figure 3. Top: Electronic configuration for ground and low-
lying excited states of group 2 (CaSH [26]), group 13 (AlSH),
group 14 (SiSH), and group 15 (PSH) molecules. Depicted
in the gray ovals on the left are frontier metal-centered MOs
approximately corresponding to (i) M+(sσ), (ii) M+(pπ̄), and
(iii) M+(pπ) atomic orbitals. Dashed yellow and solid green
colored arrows depict (1) cycling and (2) intermediate decay
channels, where circle and square labels indicate spin-allowed
and spin-forbidden transitions. Black arrows in each MO de-
note electronic spins in ground state configuration, while gray
arrows denote electronic spins upon excitation. See Fig. 7 in
Appendix A for complete MO and NTO schematics of low-
lying electronic transitions. Bottom left: Vibrational modes
roughly described as M-S stretch (v1), M-S-H bend (v2), and
S-H stretch (v3) in a multivalent asymmetric top molecule.
Bottom right: Rotational axis convention for asymmetric top
molecules (see Appendix B). By convention, the tuple (â, b̂, ĉ)
maps to the unit vectors (ẑ, x̂, ŷ) used to label atomic orbitals.

second quanta (q ∼ 10−4) of the v1 stretch mode. The

b̃3A′′ → X̃1A′ vibrationless decay has one of the high-
est predicted FCFs among polyatomic systems that have
been experimentally or theoretically characterized; how-
ever, as discussed later, losses from branching to interven-
ing electronic states are non-negligible for this molecule.

This finding is in line with prior theoretical and spec-
troscopic investigations of the iso-electronic AlF [86] and
AlCl molecules [88], which also found exceptionally high
FCFs between the X1Σ+ state and {a3Π, A1Π} man-
ifolds. Benchmarks of our theoretical approach are in
good agreement with observed geometries, energies, and
lifetimes of AlF, AlOH, and AlSH (see Table V in the
appendix).

Meanwhile, the analogous b̃3A′′ → X̃1A′ transition
in AlOH has very non-diagonal Franck Condon factors,
with < 30% branching to the vibrationless ground state.
There is an intuitive explanation for the diagonality of
the b̃3A′′ → X̃1A′ transition in AlSH versus AlOH, based

B-B

B-L

B-L

(a) (b)

B-BB-L

  

 

 

  

  

Figure 4. Simplified valence bonding (VB) diagram for (a)
AlSH and (b) AlOH. Arrows illustrate the two main repul-
sive effects involved in the geometry of the molecules: 1)
the bond-bond repulsion between the aluminum-chalcogen
and chalcogen-hydrogen bonds (purple dotted line, B-B) and
2) repulsion from the in-plane s lone pair on the chalcogen
against the two bonds (yellow solid line, B-L). In the absence
of strong bond-bond repulsion, the bonds lock into the near-
90◦geometry provided by the orthogonal p-orbitals on the co-
ordinating atom. This the case in (b) AlSH, where the 3pz
and 3px valence lobe orbitals (with + and − density compo-
nents shown) on the coordinating sulfur bond to the H and
to a sole 3sp-hybridized electron on the Al. The doubly occu-
pied sp orbital on the Al polarizes away from the Al-S bond,
resulting in a 90◦bond angle. Remaining out-of-plane 3py (cir-
cle with two dots) and in-plane 3s (teardrop with two dots)
lone pairs are depicted on the sulfur atom. Low-lying excited
states are formed by excited one of the two electrons in the
doubly occupied Al(3sp) orbital to in-plane Al(3px) and out-
of-plane Al(3py) orbitals. By contrast, in (b) AlOH, the short
Al-O and O-H bonds lead to strong repulsion that opens the
bond angle to >90◦. This results in sp hybridization of the
valence orbitals on the O atom, while the s lone pair builds
in p-character. Additional details on this description can be
found in Appendix A(2), which includes generalized valence
bond (GVB) natural orbitals and GVB diagrams for all three
molecular classes.

on qualitative arguments from valence bond (VB) theory
[141] (see Fig. 4). The larger size and lower electroneg-
ativity of S versus O results in increased bond lengths
and reduced repulsion between the Al-S and S-H bond-
ing electrons. The residual repulsion from the in-plane
S(3s) lone pair then dominates, causing AlSH to lock into
the near-90◦ bent configuration given by the (orthogo-
nal) bonding p orbitals in S. We find that this geometry
is stable when a valence electron around the Al atom
is excited into an out-of-plane excited orbital, which is
approximately decoupled from in-plane repulsive effects.

By contrast, the shorter bond lengths in AlOH (in-
duced by the electronegativity of the oxygen atom) cause
increased bond-bond repulsion that pushes the bond an-
gle past 90◦. This results in a bond angle that is highly
sensitive to changes in orbital hybridization, and there-
fore highly non-diagonal Franck-Condon behavior. This
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VB picture is validated in Sec. V by high-level molecu-
lar orbital (MO)-based calculations, where we substitute
even heavier atoms for S.

In contrast to the b̃3A′′ → X̃1A′ transition, the vi-
brationless transitions of AlSH from the other five ex-
cited manifolds to the ground state have either moder-
ate (< 0.7) or poor (< 0.3) FCFs (see Table I). The
sub-optimal vibrational branching for the in-plane states
{ã3A′, Ã1A′} can be understood in terms of the repul-
sion between an in-plane Al(3pπ̄) lobe with the S-H bond,
thereby opening the excited state bond angle to ∼ 100◦.
This structural change drives vibrational branching to
the bending mode (v2) and Al-S stretch modes (v1) dur-

ing {ã3A′, Ã1A′} → X̃1A′ transitions. Conversely, UV

excitations to the {c̃3A′, C̃1A′} states preserve the bond
angle, but also significantly reduce the ionicity of the Al-S
bond. This is evidenced by the reduced Mulliken charges
on Al, which is 0.03 for c̃3A′ and 0.08 for C̃1A′. Conse-
quently, these states exhibit substantially longer (> 28%)
bond length and increased branching to the ground state
v1 mode.

Globally, we also observe that the triplet states have
shorter bond lengths and more diagonal FCFs than the
excited singlet states. The B̃1A′′ → X̃1A′ vibration-
less decay, for instance, has an FCF of only ∼ 0.2, with
the primary v1 loss attributable to an increased (∼ 6%)
Al-S bond length in the excited state. This effect can
be rationalized as a consequence of spin-exchange effects
between the frontier orbitals. In the low-lying A′ and
A′′ excited states, a single valence electron from the dou-
bly occupied metal sσ antibonding orbital is promoted
to the pπ̄ and pπ antibonding orbitals, respectively. As
the singly occupied σ orbital is orthogonal to the singly
occupied pπ̄ and pπ orbitals, spin-exchange interactions
between the unpaired electrons in the triplet spin configu-
rations contribute negatively [142] to the many-electron
energy and stabilize the molecular potential. By con-
trast, in the singlet spin configurations, spin-exchange
interactions between the singly occupied, orthogonal or-
bitals contribute positively to the many-electron energy.
Minimizing the molecular potential in singlet excited con-
figurations therefore causes delocalization of the frontier
π orbitals and lengthening of the M-S bond.

The relevant vibronic level schematic for group 13
molecules, including AlSH is shown in Fig. 5. In the
case of AlSH, the cycling scheme is centered around a ∼
450 nm transition from X̃1A′ to b̃3A′′. The upper b̃3A′′

state has ∼ 0.1% and ∼ 0.02% admixtures with the X̃1A′

and Ã1A′ manifolds due to spin-orbit coupling, resulting
in an extremely narrow 2π×4.28 Hz (µ ∼ 2.81×10−3 D)
dipole-allowed transition from the ground state.3 Elec-
tronic decays from b̃3A′′ to the intermediate ã3A′ states
are calculated to have a TDM of µ ∼ 2.58 × 10−2 D.

3 This can be compared against transition widths for AEL-type
monovalent OCCs, which are typically ∼ 2π × 1 − 10 MHz.
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Figure 5. Generic photon cycling scheme for group 13
molecules, using vibronic branching data from InSH. The
main cycling transition (red solid arrow) is from X̃1A′ to

b̃3A′′. On the left, solid curved (purple) and dashed curved
(yellow) lines denote vibration-free decays to vibrational

channels in the X̃1A′ and ã3A′ manifolds, respectively, af-
ter spontaneous emission from the b̃3A′′ upper cycling state.
Pairs of gray dashed arrows depict the spin-orbit induced mix-
ing between the first excited singlet state Ã1A′ and the upper
b̃3A′′ cycling state. Levels on the right hand side depict lead-
ing off-diagonal FCFs for decays to the ã3A′ and X̃1A′ man-
ifolds, with corresponding transition wavelengths denoted λ2

and λ1, respectively. Decimals above the levels denote the
Franck-Condon factors (eq. 1) normalized relative to the re-
spective electronic transition, while numbers underneath in-
dicate the vibrational quanta in each mode (vi). Due to spin-
orbit effects from the In center, more than 99.995% of decays
out the b̃3A′′ state connect directly to the X̃1A′ state, as in-
dicated by the suppression factor (Γ1/Γ2) in the upper right
hand corner (see Table I). Analogous optical cycling schemes
can be utilized for all group 13 species, and cycling schemes
for other multivalent classes can be found in Fig. 9 and 10
in the Appendix. Note that level spacings are not drawn to
scale.

Long transition wavelengths, however, suppress the in-
tensity of this band by a ratio of at least 3.7:1 relative to
the b̃3A′′ → X̃1A′ cycling transition.

The long lifetime of the excited state would result
in very low scattering rates, making Dopper laser cool-
ing not feasible for AlSH. However, since the transition
dipole moment depends on the spin-orbit (SO) coupling,

we can improve both the scattering rate and the b̃3A′′ →
ã3A′ branching by choosing heavier group 13 cycling cen-
ters with increased SO effects. This naturally also leads
to an increased suppression factor for decays to the in-
tervening ã3A′ electronic state, as the intensity of the
dipole-allowed intermediate b̃3A′′ → ã3A′ decays do not
increase, and in fact, slightly decrease with the change
to heavier metal centers. We find that substituting the
Al cycling center with Ga and In atoms marginally de-
creases the vibrationless cycling line (b̃3A′′ → X̃1A′)
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FCF to 0.9804 and 0.9517, respectively, while signifi-
cantly increasing the SO-induced linewidths to 2π × 137
Hz (µ ∼ 1.32×10−2 D) and 2π×2.91 kHz (µ ∼ 6.67×10−2

D). The suppression factor into ã3A′ similarly increases
to 86.5 : 1 GaSH and 21200 : 1 for InSH. Scattering
of > 104 photons is therefore plausible before needing to
repump out of the intermediate ã3A′ state for these heav-
ier, isoelectronic species (see Supplemental Material for
details). Note, however, that branching at the . 10−4

level can be induced by vibronic effects [122, 143], which
are not considered here but warrant further study.

B. Doublet Ground States: Group 14

Next, we examine neutral polyatomic systems with
group 14 (e.g. C, Si, Ge) optical cycling centers bonded
to a hydrosulfide ligand (-SH). The molecules in this class
have doublet ground states similar to monovalent alkaline
earth-pseudohalogen systems, but a much larger valence
space that includes ground state electron occupation in
p-orbitals as well as s-orbitals localized to the optical cy-
cling centers.

A model system is SiSH. In its ground state, the Si
atom has two unpaired electrons in 3pz and 3px orbitals,
yielding a (3s)2(3pz)(3px) valence configuration. Like
AlSH, the ground state of SiSH consists of a bond be-
tween an unpaired Si(3pσ) orbital, which has Si(3pz)
character, and the unpaired SH σ-electron. The remain-
ing in-plane 3pπ̄ orbital Si(3px) contains one unpaired
electron and is the frontier orbital for a 2A′ electronic
manifold. As before, the residual Si(3s) lone pair elec-
trons polarize against the bond by mixing in negative 3pσ
character. Quartet configurations can be obtained by ex-
citing one of the Si(3s) electrons into the out-of-plane
Si(3pπ) orbital, which has Si(3py) character, to obtain a
4A′′ state (see Fig. 3 and Fig. 7 in Appendix A). This
configuration is analogous to high-spin states (4Σ−) that
have been spectroscopically observed in diatomics such as
CF [144], SiF [145, 146], and GeF [147]. Calculations for
group 14 molecules are performed via EOM-SF-CCSD,
using this high-spin quartet 4A′′(ms = 3/2) reference to
target low-spin ms = 0 states.

The ground state molecular geometry of SiSH is bent,
with a bond angle of ∼ 100◦. In analogy to earlier argu-
ments, the larger bond angle can be attributed to repul-
sion between the S-H bond and the in-plane Si(pπ̄) or-
bital. The Si-S bond is polar, with a Mulliken’s charge of
QM = +0.091 on the cycling center and QM = −0.279 on
S. Immediately above the ground state is a low-lying out-
of-plane Ã2A′′ state (0.56 eV) and in-plane B̃2A′ state
(3.79 eV), which corresponds to excitations from the in-
plane Si(3pπ̄) to the out-of-plane Si(3pπ) and Si(3pσ)
orbitals, respectively. A high-spin ã4A′′ state (2.65 eV)
with occupation in an out-of-plane Si(3pπ) orbital is pre-
dicted between the two doublet excited states. Above all
three states is the C̃2A′ manifold (3.95 eV), which has
occupation in Si(3dσ).

The optimal cycling transition in this system is from
the X̃2A′ to the ã4A′′ state. Between the ã4A′′ and
X̃2A′ state is the low-lying intermediate Ã2A′′ state,
which has non-diagonal decays to the ground state from
the ã4A′′ state. For the ã4A′′ → X̃2A′ cycling tran-
sition, the vibrationless FCF is q0,0 ∼ 0.7049, while
the leading off-diagonal decay to the first quantum of
the Si-S stretch mode (v1) has an FCF of q ∼ 0.2081.
Subleading off-diagonal losses at the percent-level in-
clude decays to the first quanta of the v2 bending mode
(q ∼ 5.04×10−2) and second quanta of the v1 Si-S stretch
mode (q ∼ 1.92 × 10−2). Despite a lower vibration-
less FCF than the group 13 and 15 systems considered
earlier, the sum of the leading two FCFs for the SiSH
ã4A′′ → X̃2A′ transition exceeds 90% and the sum of
the leading four FCFs exceeds 98%, which is compara-
ble to the leading FCFs of the most diagonal polyatomic
systems.

Intersystem transitions to the ã4A′′ state are allowed
via a combination of direct spin-orbit mixing with the
X2A′ state and intensity borrowing from spin-allowed
transitions to higher doublet states, resulting in kHz-
scale scattering rates. Branching to the intermediate
Ã2A′′ state is suppressed due to disfavored spin-orbit
couplings by a factor of ∼ 900 (see Table I). Substituting
the Si center for a Ge atom increases the scattering rate
and suppression factor by a factor of ∼ 3 at the cost of a
lower vibrationless FCF. We further find that substituent
cycling centers heavier than Ge (i.e. Sn and Pb) do not
provide stable geometries for photon cycling between the
ã4A′′ and X2A′ states.

C. Triplet Ground States: Group 15

In this section, we consider group 15 (P, As, Sb, Bi)
centers bonded to a hydrosulfide ligand (-SH) and find
that this approach works well, despite possessing signif-
icantly different electronic configurations from the origi-
nal group 13 prototype. Molecules with group 15 centers
have ground triplet configurations, which provide for a
unique set of properties to combine with optical cycling
and polyatomic structure, including large magnetic mo-
ments and hyperfine states with widely tunable spin cou-
plings in the ground electronic state.

We proceed with an analysis of the electronic struc-
ture of these systems, which is conducted using EOM-
EE-CCSD with a singlet reference. A prototypical case
is PSH. Unlike the Al atom, which only has a single
unpaired 3pσ electron in its ground state, the P atom
has three singly occupied p-orbitals, corresponding to
a (3s)2(3px)(3py)(3pz) high-spin valence configuration.
The unpaired P(3pσ) orbital, which has P(3pz) character,
pairs to an unpaired σ-orbital on the SH ligand, forming
a polar covalent bond between the P (QM = +0.052) and
S (QM = −0.246) atoms. The residual unpaired P(3pπ̄)
and P(3pπ) electrons, which have P(px) and P(py) char-
acter, form a 3A′′ state. Meanwhile, the P(3s) lone
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Table I. Transition energies, wavelengths, vibrationless FCFs (q00), linewidths, and band orientation (see Appendix B) for
cycling and decay transitions of MSH molecules. Data for intersystem lines assume intensity borrowing due to SO mixing.

(a) Singlet molecules

Cycling Transition (b̃3A′′ → X̃1A′) Intermediate Decay (b̃3A′′ → ã3A′)
Species ∆E (eV) λ (nm) q00 Γ (Hz) Band ∆E (eV) λ (nm) q00 Γ (Hz) Band Suppression
BSH 2.396 517 0.9600 2π × 4.24 ab-type 0.9350 1326 0.1708 2π × 97.6 c-type 0.0434
AlSH 2.744 451 0.9974 2π × 4.28 ab-type 0.4045 3065 0.5645 2π × 1.16 c-type 3.70
GaSH 3.113 398 0.9804 2π × 137 ab-type 0.4143 459 0.3658 2π × 1.58 c-type 86.5
InSH 2.921 424 0.9517 2π × 2910 ab-type 0.306 474 0.5455 2π × 0.137 c-type 21200
TlSH 3.330 372 0.5210 2π × 681000 ab-type 0.2297 400 0.2706 2π × 0.00996 c-type 6.83×107

(b) Doublet molecules

Cycling Transition (ã4A′′ → X̃2A′) Intermediate Decay (ã4A′′ → Ã2A′′)
Species ∆E (eV) λ (nm) q00 Γ (Hz) Band ∆E (eV) λ (nm) q00 Γ (Hz) Band Suppression
CSH 2.121 585 0.6667 2π × 37.8 ab-type 1.036 1143 0.3412 2π × 0.0298 c-type 1268
SiSH 2.654 467 0.7049 2π × 192 ab-type 2.090 593 0.7515 2π × 0.219 c-type 875
GeSH 2.845 436 0.2498 2π × 770 ab-type 2.319 535 0.5631 2π × 2.37 c-type 325

(c) Triplet molecules

Cycling Transition (b̃1A′′ → X̃3A′′) Intermediate Decay (b̃1A′′ → ã1A′)
Species ∆E (eV) λ (nm) q00 Γ (Hz) Band ∆E (eV) λ (nm) q00 Γ (Hz) Band Suppression
PSH 0.8558 1449 0.9018 2π × 8.86× 10−4 c-type 0.5307 2336 0.2986 2π × 14.4 c-type 6.13× 10−5

AsSH 0.8524 1455 0.9224 2π × 0.900 c-type 0.3773 3286 0.2690 2π × 3.53 c-type 0.255
SbSH 0.7897 1570 0.9572 2π × 2.46 c-type 0.1969 6297 0.5130 2π × 0.214 c-type 11.5
BiSH 0.7750 1600 0.9674 2π × 6.19 c-type 0.117 10566 0.3994 2π × 0.0308 c-type 200

pair mixes in some negative P(3pσ) character to polarize
against the new P-S bond. Singlet configurations of PSH
correspond to the singlet pairing of the singly occupied
P(3pπ̄) and P(3pπ) orbitals (1A′′) plus the two states
where either P(3pπ̄) or P(3pπ) are doubly occupied (see
Fig. 3 and Fig. 7 in Appendix A).

Due to nodal planes in the residual non-bonding
P(3pπ) and P(3pπ̄) orbitals, spin-exchange interactions
favor a triplet over a singlet configuration in the ground
state. The ground state of PSH therefore has the term
X̃3A′′. In this state, PSH has a bond angle of 96◦,
slightly larger than that of AlSH. The lowest singlet
states correspond to excitations from the out-of-plane
P(3pπ) orbital to the in-plane P(3pπ̄) orbital (ã1A′), the

out-of-plane P(3pπ) (b̃1A′′), and the on-axis P(3dσ) or-
bital (c̃1A′). These singlet states have origins at 0.325
eV, 0.856 eV, and 3.962 eV, respectively. Triplet pro-
gressions to the in-plane and out-of-plane P(pπ) orbitals

correspond to the Ã3A′ (3.468 eV) and B̃3A′′ (3.740 eV)
states.

Similar to our findings in the last section, we find that
the X̃3A′′ → b̃1A′′ transition provides the most diagonal
vibrationless FCF and is therefore well-suited as a cycling
transition. The main vibrationless decay has an FCF of
q0,0 ∼ 0.9018, with dominant decays to the first (q ∼
0.0907) and second (q ∼ 2.506× 10−3) quanta of the P-S
stretch mode (v1), the first (q ∼ 3.852× 10−3) quanta of
the bending mode (v2), and a q ∼ 6.621×10−4 decay to a
stretch-bend (v1 = 1, v2 = 1) combination state. Decays
from and to in-plane states (such as the intermediate

ã1A′ state) yield less diagonal FCFs, due to analogous
bonding principles discussed in the previous section.

For group 15 systems, the spin-orbit interaction on
the cycling center preferentially couples b̃1A′′ to in-plane
triplet states over out-of-plane triplet states as a conse-
quence of spatial selection rules (see Sec.V(B)). As the
ground state is out-of-plane for this class of molecules, the
intensity borrowing for the X̃3A′′ → b̃1A′′ cycling tran-
sition is weaker than in group 13 systems, resulting in
significantly narrower cycling transitions (see Table I(b)
and Sec. V(A)). As with group 13 molecules though,
substitution of heavier cycling centers leads to broader
cycling transitions and more heavily suppressed decays
to the intermediate ã1A′ state. We also find that the
vibrationless FCF on the cycling line is highly diagonal
(q0,0 > 90%) for all group 15 species and improves with
heavier OCC substituents.

V. DESIGN PRINCIPLES

A. Linker atom and bond polarity

The design of molecular OCCs requires cycling degrees
of freedom to be decoupled from rovibrational modes of
the molecule; that is – the geometry of the molecule
should not change upon excitation in the optical cy-
cling scheme. Linker atoms have a significant influence
on cycling characteristics in polyatomic systems, both
by controlling the nature of the OCC-ligand bond, as
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well as spatially decoupling the rovibrational modes of
the ligand from metal-centered cycling. Among con-
ventional AEL-pseudohalogen systems, the MOR motif,
which utilizes an oxygen atom to link cycling centers
(M) to a functional group (R), has seen enormous suc-
cess in identifying and engineering laser-coolable systems
[18, 19, 22, 23, 25, 27–29, 49–53, 148–152]. Other linker
paradigms (e.g. S, N, C) have also been explored for
monovalent molecules [18, 20, 21], particularly systems
of reduced symmetry [26].

In our analysis, we have considered the effects of a va-
riety of chalcogens (X=O, S, Se, Te, Po) as coordinating
atoms for optically active polyatomics. The lightest of all
the possible choices is oxygen, which – as mentioned ear-
lier – is widely used as a linker atom in monovalent, laser
coolable polyatomics. Bonds that are coordinated to the
p-electrons of oxygen naively adopt a perfect 90◦ angle,
due to the orthogonality of the atomic orbitals. This ge-
ometry, however, is further altered by electrostatic mech-
anisms. In the case of oxygen, the electronegative char-
acter of the atom produces a highly polar metal-ligand
bond, which has two effects on the structure of these
molecules. First, the ionicity of the bond causes coulom-
bic and bond-bond repulsion effects (which are optimal
in the linear case) [153–155] to overcome repulsion from
the in-plane oxygen lone pair (which prefers an acute
structure) [156], resulting in a linear or highly symmetric
nonlinear molecular geometry. Second, the highly polar
metal-ligand bond polarizes the unpaired cycling electron
away from the bond, decoupling it from the rest of the
molecule. Indeed, it has been widely suggested in the
cold molecule community that the existence of a highly
polar bond between the OCC and ligand may be an im-
portant condition for diagonal FCFs and laser coolability
[9, 18, 19, 22–24, 27–29].

By contrast, multivalent species with p-block OCCs
and an oxygen linker (i.e. AlOH) have nonlinear geome-
tries. This is due to the decreased polarity of the p-block
metal-oxygen bond, which competes with the orthogonal
configuration of the oxygen atomic orbitals involved in
the bond. We find that the highly electronegative nature
of the oxygen atom disrupts the vibrationless FCFs of
p-block systems by causing large bond angle deflection
upon excitation. This can be attributed to short metal-
oxygen and oxygen-pseudohalogen bond lengths in the
ground state, which induces bond-bond repulsion that
works against the repulsive effects of the in-plane oxygen
3s lone pair and the T-shaped preference of the oxygen
bonding orbitals. The result is an intermediate bond
angle4 that is much larger than 90◦, but smaller than

4 The rotational [157] and photoionization [158] spectra of AlOH
suggests that the molecule is quasi-linear, with large amplitude
bending motion. This is consistent with theoretical studies that
indicate a flat ground state bending potential [159] which sup-
ports a true bent equilibrium at ∼160◦[160] and a low-lying
quasi-linear transition state [161].
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Figure 6. Effects of chalcogen substituents on Franck-Condon
factors, molecular geometries, and bond polarity. Line plot
depicts bond angles for the cycling states X̃1A′ and b̃3A′′ of
five different AlXH molecular species with different chalcogen
linker atoms [X=O, S, Se, Te, and Po]. Pairs of bar plots in
the lower half of the panel indicate FCFs (left, purple) and
Mulliken charge difference (QM , right, yellow) between the
cycling center and linker atoms. A thin horizontal gray line
on the upper plot denotes 90◦ bond angle.

180◦(see Fig. 4(a)). As seen in our calculations (see
Fig. 6), the balancing of these competing effects cre-
ates a bond angle that is very sensitive to changes in the
metal-oxygen bond hybridization, with ∆θ > 30◦ shifts
in the bond angle upon excitation from the ground state.

Using an atom larger than oxygen decreases the metal-
ligand bond polarity, but also decreases bond repulsion.
This produces a ground state bond angle that is close to
90◦ and also more stable upon excitation (see Fig. 4(b)).
We find that sulfur and selenium are ideal linker atoms
that satisfy this requirement. Linker atoms heavier than
period 4 (i.e. tellurium and polonium) also produce
molecules with acceptable FCFs, although the larger spa-
tial extent of the heavy chalcogen lone pair results in an
acute ground state bond angle. Fig. 6 displays a chart of
ground and excited state bond angles and metal-ligand
Mullikan charges against choice of linker atom.

Superficially, these results suggest a new, if counter-
intuitive, heuristic: in bent, multivalent species, linker
substitutions that create less polar bonds may in fact
result in more diagonal FCFs. A more complete ex-
planation is that laser coolable polyatomics with stable
bond angles are likely to be found at opposite ends of
the metal-ligand ionicity spectrum, where the molecule
is either linear (i.e. CaOH) or T-shaped (i.e. CaSH), but
not in the intermediate regime (i.e. AlOH), where there
are multiple competing repulsive effects.

B. Spin-orbit coupling and mass tuning

The spin and spatial mechanisms that provide for
highly diagonal cycling schemes in the multivalent OCCs
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considered in this work also lead to transitions that are
partially forbidden by both spin and orbital selection
rules. This makes the spontaneous emission rates, and
therefore the performance of cycling schemes, strongly
dependent on the strength of spin-orbit effects induced
by the cycling center.

As discussed earlier, intersystem transitions, including
the primary cycling lines for all three classes of multi-
valent polyatomics discussed in this paper, gain inten-
sity from both dipole-allowed transitions and the ground
state dipole moment via spin-orbit coupling. In operator
form, the molecular spin-orbit term (Hso ∝ L ·S) can be
expressed as [162]:

Hso = Aso[LzSz + (L+S− + L−S+)/2]. (2)

For valence electrons centered around a single atom, the
molecular spin-orbit constant Aso roughly scales as Z2,
thus favoring multivalent species with heavier OCCs, as
seen earlier. The Lz and Sz operators act diagonally
on molecule-frame projections of orbital |Λ〉 and spin |Σ〉
angular momentum, respectively, while cross-terms in the
remaining half of eq. 2 mix states with ∆Λ = ±1 and
∆Σ = ∓1. MOs spaced apart by one quanta of orbital
angular momentum are therefore maximally mixed by
spin-orbit coupling. This leads to a geometric selection
rule (colloquially referred to as the “90 degree” or El-
Sayed’s rule by chemists) that orbitals with orthogonal
spatial components have the largest amount of spin-orbit
mixing and intersystem crossing [163–166].

Unlike in linear and highly symmetric molecules, Λ
and Σ are not good quantum numbers in ATMs due to
the breakdown in the intermolecular axis of symmetry.
Nonetheless, geometric selection rules for spin-orbit mix-
ing still apply to component atomic orbitals, leading to
rigorous mixing rules for MOs by their in-plane (A′) and
out-of-plane (A′′) character. Indeed, we observe in our
candidate systems that strong SOC arises between elec-
tronic states of orthogonal symmetry, and weak or zero
SOC manifests between electronic states of the same sym-
metry.

This has implications for expected scattering rates of
intersystem cycling transitions in multivalent species, as
the largest SOC – and therefore strongest intensity bor-
rowing – is expected when there are nearby orthogonal-
symmetry electronic states to which the spin-forbidden
excited state can couple. Furthermore, the most intense
dipole-allowed transitions occur between states of the
same symmetry, which accordingly lead to more favor-
able intensities for nearby spin-forbidden lines. We can
therefore deduce a general heuristic that more intense in-
tersystem cycling transitions can be found in heavy mul-
tivalent species with level structure that supports: 1)
an upper spin-forbidden electronic state with orthogo-
nal symmetry to the ground state and 2) a closely lying
dipole-allowed manifold with the same symmetry as the
ground electronic state.

This is the case for singlet group 13 and doublet group
14 systems considered in this paper, where an out-of-

plane (A′′) upper state couples strongly with an in-plane
(A′) ground state and the dipole-allowed progression to
a nearby in-plane (A′) excited state. Conversely, scat-
tering rates in triplet group 15 systems are reduced due
to the presence of a 3A′′ ground state with the same
symmetry as the 1A′′ upper state as well as dominant
intensity borrowing from a suppressed dipole transition
moment between the 3A′′ ground state and orthogonal
3A′ excited states.

VI. OUTLOOK

A. Production

Cryogenic buffer-gas cooling [167] is a standard ap-
proach for producing large amounts (> 1010 per pulse)
of cold, slow, gas-phase molecules. This technique en-
ables rapid thermalization and relaxation of “hot” reac-
tion products through collisions with He (or other inert)
buffer gas in a cryogenically cooled cell. A small aperture
allows extraction of cold molecules via hydrodynamic en-
trainment in the buffer gas. A wide variety of organic and
metallic molecules have been cooled using this technique,
which is an important tool in molecular laser cooling and
precision measurement.

While many of our candidate molecules have yet to
be experimentally produced and observed, cryogenically
compatible pathways have been established for synthe-
sizing numerous gas-phase metallic analogs at high den-
sities. Typical approaches to gas-phase synthesis in-
volve Nd:YAG laser ablation of a solid metal target, fol-
lowed by the introduction of a gas-phase precursor via
a heated capillary to produce the desired target species.
For instance, thiol compounds with alkali [168–170], al-
kaline earth [171–174], (post-)transition metal centers
[175, 176] – including aluminum [177] – (MSH) are rou-
tinely produced in the gas phase via evaporation or abla-
tion of solid metals in the presence of H2S gas. This
method should be readily extendable to syntheses of
MSH molecules with p-block metals. Synthesis of larger
polyatomics could potentially involve using gas-phase
methanethiol, (HSCH3), ethanthiol (HSC2H5), pentadi-
enyl (C5H5), or benzene (C6H6) precursors, in a simi-
lar manner to the production of oxygen-containing poly-
atomics with capillary-introduced alcohol reactants (i.e.
CH3OH, C2H6O) [28, 29, 143, 150, 178–182]. Cryogenic
yields can be further enhanced via state-selective excita-
tion of reactants, as was demonstrated in the buffer-gas
synthesis of YbOH molecules [183, 184].

B. Applications

Multivalent optical cycling centers offer new avenues
for quantum control, state preparation, and measure-
ment with cold molecules. As mentioned in Sec. I,
multi-electron degrees of freedom have been leveraged
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extensively in cold atom experiments utilizing alkaline
earth and transition metal species. Here, we have demon-
strated a pathway to combining multivalent optical cy-
cling centers with the unique and rich features of poly-
atomic molecular structure.

1. Trapping and Control

As in multi-electron atoms, the presence of two or
more optically active electrons in molecular OCCs gives
rise to tunable spin degrees of freedom, in both the
ground and excited states of the molecule. This mech-
anism is generically unavailable in monovalent OCCs
(e.g. AEM-pseudohalogens), which have a single opti-
cally active electron, and therefore photon cycling mani-
folds with only doublet spins and their half-integer ms =
{−1/2,+1/2} magnetic projections.

Higher valence OCCs, on the other hand, can support
states with a wide range of electronic spins S > 1/2 and
projections ms = {−S,+S}. For instance, multivalent
molecules with states possessing integer spins S = {0, 3},
such as those with group 13 and 15 OCCs, generically
contain zero magnetic projection (ms = 0) states, where
the sensitivities to external magnetic fields and couplings
to internal hyperfine structure (e.g. I ·S) are suppressed,
as well as high spin projection states ms = 3 where mag-
netic couplings are maximal.

Naturally, multivalent OCCs also possess metastable
electronic states with flipped spin multiplicity from the
ground state. These states, which were discussed exten-
sively in earlier sections in the context of photon cycling,
could also serve as shelving states for state preparation
and detection as well as long-lived storage or measure-
ment states for quantum information and sensing ap-
plications. Crossings between the scalar polarizabilities
of ground and spin-forbidden excited states, meanwhile,
give rise to perturbation-free “magic” dipole trapping
wavelengths relative to transitions between the two states
[59–61].

Due to their high electron-spin states, multivalent
molecules are compelling candidates for magnetically as-
sisted slowing and trapping. One demonstrated approach
is Zeeman-Sisyphus deceleration [116, 117] of a cryo-
genic beam, which can be followed by direct loading
into a deep, superconducting (& 1 T) magnetic trap
[118, 185, 186] as well as subsequent transfer into an
optical trap. This overcomes the limitation of direct
Doppler slowing or trapping on narrowline intersystem
transitions, while preserving photon budgets for high-
fidelity state preparation and readout, or laser cooling
of magnetically trapped molecules to ultralow Doppler
temperatures.

Alternatively, large radiative forces can be exerted di-
rectly on the molecules by using coherent techniques to
bypass spontaneous emission. The use of multiphoton
or stimulated optical techniques – such as CW polychro-
matic forces [108, 187–191] or ultrafast chirped π-pulses

[192, 193] – for instance, could extend experimental flex-
ibility by increasing effective scattering rates for narrow
cycling transitions identified in this work. Strong field
or light-dressing schemes, in analogy to optical quench
techniques used to cool on narrowline transitions of light
AEL atoms (e.g. Ca [194], Mg [195]), may also be useful
for decreasing effective lifetimes of excited cycling states
in multivalent polyatomic species, potentially increasing
scattering rates at the cost of mixing in transitions with
less diagonal VBRs.

2. Quantum simulation and information

In addition to offering unique control properties, the
internal structure generated by higher electronic valences
in polyatomic molecules could offer new avenues for en-
coding quantum information, particularly in electron and
nuclear spins [196, 197], but also in low-lying rotational
degrees of freedom. Structural asymmetry, as seen in
bent MSH molecules, may also confer particular advan-
tages for implementing error correction protocols [4].
Multivalent OCCs, in particular, possess fully tunable
spin-orbital (Λ · S) and spin-spin (I · S) internal inter-
actions via choice of ms state, where the electron spin
angular momenta can be fully coupled or decoupled from
other spin, orbital, and rotational modes. This could
allow for selective spin-spin/spin-orbit interaction for in-
formation transfer or, alternatively, full decoupling for
protection of encoded spins from decoherence.

Tunable spin couplings within multivalent molecules
could also have utility in many-body quantum simula-
tion. This can be illustrated via analogy with the struc-
ture of AEL atoms, which have been leveraged to simu-
late high-dimensional SU(N) Hamiltonians through nu-
clear spin-independence [72–77] as well as study multi-
orbital physics via orbital Feshbach resonances [198, 199]
and spin-orbital effects [199–204]. While a detailed dis-
cussion on this subject is beyond the scope of this work,
we posit that incorporating tunable multi-electron de-
grees of freedom with the unique benefits of polyatomic
molecular structure [8, 102] (e.g. high polarizability,
metastable co-magnetometers) could point to new direc-
tions in studies of strongly correlated quantum systems,
such as long-range lattice-spin models [103, 104, 205].

3. Precision measurement

The multivalent OCC paradigms developed in this
work could also be useful for future precision mea-
surements, particularly of fundamental symmetry viola-
tions [9, 206, 207]. Extending optical cycling to molecules
with multivalent centers not only offers access to optical
clock metrology and new electronic degrees of freedom,
but also unique nuclear structure unavailable to earlier
group elements. The heavy p-block elements Tl and Pb,
for instance, are known to provide significant sensitivity
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to T - and P -violating effects such as the electron EDM
and nuclear Schiff moments [208–210]. Inserting these
heavy centers into polyatomic molecules would yield in-
trinsically sensitive internal states [148, 211] that simul-
taneously possess parity doublets and high polarizability
useful for experimental measurements [8, 102]. While the
molecule TlSH appears to have limited photon cycling
capabilities, Tl- or Pb-containing polyatomic molecules
functionalized with different ligands may yield better per-
formance. The p-block also contains nuclei which are (or
nearly are) doubly magic. This condition makes nuclear
calculations of parity-violating effects, such as anapole
moments, more tractable and provides a useful venue for
interpretation of experimental results [212–214].

Similarly, it is worth exploring whether the approaches
introduced in this work for engineering optical cycling
into p-block centers could be extended to OCCs with even
higher orbital angular momentum valence, such as tran-
sition metal centers with optically active d- and f - shells.
Hg-containing molecules, for instance, are known to have
extremely large sensitivity to T, P -violating effects [215].
The triatomic HgOH [105], despite its high intrinsic sensi-
tivity and polarizability, does not cycle photons for sim-
ilar reasons to AlOH. Examining whether HgSH (and
analogous molecules) may efficiently cycle photons is a
well-motivated line of inquiry.

We note that the new design principles described
here could possibly be extended to molecular ions,
which have powerful advantages for precision measure-
ments [102, 216, 217] and quantum science [218, 219],
but are challenging systems for incorporating optical cy-
cling [24, 220, 221]. The limitations of narrow linewidth
transitions present in the types of molecules discussed
here would be less relevant in ion traps, which do not
rely on photon cycling to trap.

4. Extensions to complex molecules

In addition to exploring different choices of metal cen-
ters, ligand design may offer new internal structures and
features. A particularly promising avenue is ligand func-
tionalization of multivalent OCCs via an MSR-type mo-
tif where R is a complex or chiral functional group.
Prior experimental and theoretical studies with mono-
valent OCCs have found that AEM-pseudohalogen sys-
tems of the MOR, MSR, and MR-type possess proper-
ties favorable for laser cooling [18, 22, 26, 150–152, 182],
including cases where R is a complex organic ligand
[19, 27, 149, 222] up to as large as 60 atoms in size (i.e.
fullerene) [25]. Preliminary results suggest that large,
multivalent MSR-type molecules also exhibit structural
features conducive to photon cycling, including OCC-
localized frontier orbitals with visible-wavelength energy
spacings. Combining multi-electron OCC structure with
complex electronic ligand degrees of freedom, such as
via hypermetallic functionalization [20, 21], or tuning
Franck-Condon factors via ligand substitution [22, 27–

29] offers yet more unexplored design space.

VII. CONCLUSION

In this work, we have developed new design principles
for engineering optical cycling into polyatomic molecules
with multi-electron degrees of freedom, for which tra-
ditional design approaches fail. Using these paradigms,
we have found several prototypical and candidate multi-
valent systems (MXH) that demonstrate properties fa-
vorable for optical cycling. Theoretical characterization
indicates that these systems possess quasi-closed pho-
ton cycling schemes, exhibiting highly diagonal Franck-
Condon factors and visible or near-visible transition
wavelengths, with scattering rates dependent on spin-
orbit mixing. These systems are prime candidates for
further spectroscopic and computational investigations,
which will be needed to devise tailored photon cycling
and state control schemes for each molecule.

Through our analysis of multivalent OCCs, we have
also elucidated the unique bonding and electrostatic
mechanisms that enable highly diagonal cycling transi-
tions in candidate systems. We have furthermore identi-
fied structural motifs that allow us to scale multivalent
features to more complex polyatomic systems, including
chiral and large organic functional groups. Our results
provide new directions towards designing optical cycling
enters in polyatomic molecules with complex electronic
structure.
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Appendix A: Details on vibronic structure

1. Molecular orbital configurations

The electronic structures of the MSH multivalent sys-
tems considered in this manuscript follow a common
molecular orbital (MO) pattern. This can be seen by cor-
relating the 3s and 3p shells of the cycling center (i.e. Al,
Si, and P-like) to the valence orbitals of the hydrosulfide
ligand (-SH), which are the S-H σ-bonding, S(3pσ) un-
paired electron, and S(3pπ) lone pair orbitals. This forms
an MO progression that, in order of increasing energy,
can be described as S-H σ-bonding (1a′), M-S σ-bonding
(2a′), M-S π-bonding (1a′′), M-S σ-antibonding (1a′∗),
S-H σ-antibonding (2a′∗), and M-S π-antibonding (1a′′∗)
orbitals, as depicted in Fig. 7. A fourth non-bonding
orbital (3a′∗) is formed from M(3dσ)-localized orbitals.
These orbitals partially correlate to the ligand S(3pσ)
orbital and also mix into the M-S σ bonding orbital, as
indicated by the dotted line maps in the figure. Higher
angular momentum orbitals out of the M(d)-shell are not
implicated in our analysis of photon cycling channels and
therefore not examined for the sake of brevity.

For each model multivalent molecule (i.e. AlSH, SiSH,
PSH), we perform natural transition orbital (NTO) anal-
yses to elucidate the nature of the EOM-CC transitions
calculated in this work. Hole-orbital isosurfaces (iso
= 0.05) and amplitudes (σ̄) for dominant NTO compo-
nents are plotted in the upper panels of Fig. 7 and num-
bered from (i) up to (vi), which correspond to unique
EOM-CC transitions for each molecule. The EOM-CC
calculations are performed as described in the main text:
AlSH using EOM-EE-CCSD with a singlet ground state
reference, SiSH using EOM-SF-CCSD with a quartet ex-
cited state reference, and PSH using EOM-EE-CCSD
with a singlet excited state reference. Curved lines with
arrows overlaid on the MO schematics in Fig.7 depict the
primary MO configurations involved in the NTO compo-
nents for each transition.

As discussed in Sec. IV, the highest occupied molecu-
lar orbital of the AlSH ground manifold corresponds to
two paired electrons occupying the Al(sσ) orbital or 1a′∗,
which is the M-S σ-antibonding orbital. Excited state
triplet progressions, as depicted by the natural transition
orbital analysis in 7(a), correspond to spin-forbidden ex-
citations out of 1a′∗ into the higher lying in-plane Al(3p)

or 2a′∗ orbital [i: X̃1A′ → ã3A′], which maps to the in-
termediate decay state, the out-of-plane Al(3p) or 1a′′∗

orbital [ii: X̃1A′ → b̃3A′′], which is the cycling line, and

the in-plane Al(3dσ) or 3a′∗ orbital [iii: X̃1A′ → c̃3A′].

The ground singlet-to-excited singlet transitions are
described by a similar progression, with the first two tran-
sitions corresponding to spin-preserving excitations from
1a′∗ into the 2a′∗ [iv: X̃1A′ → Ã1A′] and 1a′′∗ orbitals

[v: X̃1A′ → B̃1A′′]. The third singlet-to-singlet transi-

tion [vi: X̃1A′ → C̃1A′] has mixed character, with NTO
transitions from both the Al(sσ) localized hole (1a′∗) ex-

citing to a particle orbital with Al(dσ) and S-H antibond-
ing components [vi.1] – which we approximately describe
as 3a′∗ – as well as excitations from the subvalent Al-S
π-bonding orbital (1A′′) into the Al-S π-antibonding or-
bital (1a′′∗) [vi.2]. The significant lengthing of the Al-S

bond from upon excitation to both the c̃3A′ and C̃1A′

states confirms the charge-transfer nature of the NTO
excitations to a delocalized Si(dσ) orbital as depicted by
[iii] and [vi.1].

For SiSH, the highest occupied molecular orbital
(HOMO) corresponds to a single unpaired electron lo-
calized on the in-plane Si(3pπ) orbital (2a′∗). Excita-
tions to the two lowest lying quartet states correspond
to spin-forbidden transitions [i: X̃2A′ → ã4A′′] between
the antibonding 1a′∗ to the M-S π-antibonding orbital
(1a′′∗) and the M-S π-bonding orbital to the M-S π an-

tibonding orbital [ii: X̃2A′ → b̃4A′]. The proposed pho-
ton cycling channel for SiSH is between the ground and
first excited quartet state, which have similar equilib-
rium geometries. Spin-allowed doublet-doublet excita-
tions, meanwhile, correspond to transitions between the
Si(3pπ)-localized 2a′∗ orbitals to the M-S π-antibonding

orbital (1a′′∗) [iii: X̃2A′ → Ã2A′′] and transitions be-
tween the Si(3sσ) antibonding orbital (1a′∗) and the in-

plane σ-antibonding orbital [iv: X̃2A′ → B̃2A′]. The

third doublet-doublet transition [v: X̃2A′ → C̃2A′] has
highly mixed character, which we approximately describe
as excitations out of the in-plane Si(pπ) antibonding or-
bital (2a′∗) into the Si(dσ) antibonding orbital (3a′∗).

As discussed earlier, PSH has a high-spin triplet
ground state due to spin exchange and nodal plane ef-
fects. In the MO schematic, this configuration corre-
sponds to two unpaired spins distributed between the
in-plane (2a′∗) and out-of-plane (1a′′∗) Si(3pπ)-localized
antibonding orbitals. The first spin-forbidden transition
[i: X̃3A′′ → ã1A′] the intermediate singlet state cor-
responds to a spin-forbidden from the upper Si(3pπ)-
localized 1a′′∗ orbital to the lower 2a′∗ orbital. This is a
higher energy configuration due to the nodal separation
between the two Si(pπ) lobes and the spin exchange en-
ergy, which is positive for paired electrons occupying the
2a′∗ orbital. The cycling transition to the second singlet
state [ii: X̃3A′′ → b̃1A′′], corresponds to a spin-forbidden
within the upper 1a′′∗ orbital [ii.2], as indicated by the
opposite phase convention in the hole-particle isosurfaces.
A trivial 2a′∗ → 2a′∗ transition component [ii.1] is also
identified by the NTO analysis, which we depict in Fig. 7
for completeness. The third spin-forbidden transition [iii:

X̃3A′′ → c̃1A′] corresponds to spin-forbidden excitations
from the unpaired Si(3π)-localized 1a′′∗ antibonding or-
bital to the Si(3dσ)-localized 3a′∗ antibonding orbital.

The spin-preserving triplet-to-triplet transitions,
meanwhile correspond to excitations from the frontier
1a′′∗ antibonding orbital to the Si(3dσ)-localized 3a′∗

antibonding orbital [iv: X̃3A′′ → Ã3A′] and excitation
of a single electron from the sub-valence Si(3sσ)-
localized 1a′∗ antibonding orbital to pair to the unpaired
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σ̅ = 0.305

σ̅ = 0.304

σ̅ = 0.0826

σ̅ = 0.0547

σ̅ = 0.854

(ii) X̃ 2A’ → b̃ 4A’ 

σ + 2π + 2δ

(a) AlSH

σ

σ + 2π

σ

v
iv

ii

iii

3s

3p

3d

i

vi.1

vi.2

σ + 2π + 2δ

(b) SiSH

σ + 2π

σ

v

iv

iii

i

ii

3s

3p

3d

σ + 2π + 2δ

(c) PSH

σ + 2π

σ

iv

ii.1

iii

3s

3p

3d

i
ii.2

vi

(i) X̃ 3A’’ → ã 1A’ 
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Figure 7. Natural transition orbitals (isovalue = 0.05) for low-lying electronic transitions (top) and molecular orbital correlation
diagrams (bottom) of three model multivalent species: (a) AlSH, (b) SiSH, and (c) PSH. Within each NTO panel are particle-
hole pairs for the labeled transition, where σ̄ denotes the relative NTO amplitude of each pair. Highlighted in green and yellow
panels are the primary cycling and ground-to-intermediate state transitions, following the convention of table I in the main
text. NTO calculations are performed using (a) EOM-EE-CCSD with a singlet ground state reference, (b) EOM-SF-CCSD
with a quartet excited state reference, (c) and EOM-EE-CCSD with a singlet excited state reference. Below the NTO diagrams
are MO correlation diagrams, which – for each of the three molecules – depict the ground state MO and spin configurations
that are formed from the correlation of cycling center (left) and hydrosulfide ligand (right) orbitals. Each MO is labeled by
its Cs symmetry character (A′, A′′), whereas the symmetry content of atomic and diatomic ligand orbital shells are labeled by
C∞v representations (σ, π, δ...), which are described in the text. Curved arrows correspond to hole-particle NTO transitions
depicted in the upper panels, which are individually identified by roman numerals, with subdivisions for transitions with multiple
significant NTO components. Transitions labels surrounded by circles and squares indicate spin-allowed and spin-forbidden
transitions, respectively. The cycling and ground-to-intermediate state transitions are identified with green and yellow solid
arrows, following the earlier color convention, while the remaining transitions are identified with dashed red arrows.

electron in the lower Si(3pπ)-localized 2a′∗ orbital [v:

X̃3A′′ → B̃3A′′].

2. Valence bonding and repulsion

As discussed in Sec. V(a), the interplay of bonding,
ionicity, and repulsion in MSH multivalent species plays
an important role in determining the ground and excited
state geometries, and by extension, the vibronic branch-
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Figure 8. Generalized valence bond (GVB) natural orbitals
and diagrams for molecules representative of the three multi-
valent classes: (a) AlSH, (b) SiSH, and (c) PSH. Depicted on
the left side of each sub-panel are the five highest occupied
bonding and non-bonding GVB natural orbitals (iso = 0.05),
labeled φ1 to φ5 and by their main atomic orbital contribu-
tions. Details of the procedure used to generate the orbitals
are described in Appendix A(2). The colored arrows B − B
(purple) andB−L (yellow) indicate bond-bond and bond-lone
pair repulsion between the plotted orbitals. The right inset of
each sub-panel (gray background) contains the corresponding
GVB diagram.

ing and viable photon cycling pathways. Bonding and
repulsion are largely described by interactions between
localized electron orbitals of the constituent atoms. The
delocalized nature of the MO basis considered in the pre-
vious section therefore makes it unsuitable for visualizing
these effects.

To examine the localized nature of bonding and lone

pair orbitals depicted schematically in Fig. 4, we gen-
erate generalized valence bond (GVB) natural orbitals
[141, 223] from canonical MOs using a Sano-type pro-
cedure [224] for each of the multivalent classes. The
Pipek-Mezey (PM) scheme [225] is used to compute lo-
calized molecular orbitals that initialize the method, and
all calculations are peformed over CCSD/aug-cc-pVTZ-
optimized geometries. Fig. 8 depicts the localized GVB
natural orbitals for representative systems from each of
the three multivalent classes (AlSH, PSH, SiSH), as well
as accompanying GVB diagrams. Plots and diagrams of
valence bonding and non-bonding orbitals are labeled as
φi using the index i = 1, .., 5.

In the case of AlSH (see Fig. 6(a)), φ1 denotes the
paired Al-centered 3sσ orbital, which is the frontier GVB
natural orbital and approximately describes the paired
Al-centered cycling electrons. For the SiSH molecule
(see Fig. 6(b)), φ1 denotes the non-bonding Si-centered
in-plane 3pπ orbitals, which approximately describes the
single unpaired Si-centered cycling electron. For the PSH
molecule (see Fig. 6(c)), φ1′ and φ1′′ denote the unpaired
in and out-of-plane 3pπ orbitals that approximately de-
scribe the triplet unpaired P-centered cycling electrons.

The remaining four GVB natural orbitals have com-
mon descriptions among all three molecules. φ2 and φ3
refer to in-plane s and out-of-plane pπ lone pairs that are
centered on the S atom, respectively. φ4 and φ5, mean-
while, refer to the metal-S and S-H bonding orbitals, re-
spectively. As discussed in Sec. IV and V, the bond angle
of the molecule is determined by competition between the
effects of bond-bond repulsion and lone pair-bond repul-
sion. Consistent with the notation in Fig. 4, the labeled
arrow B−B (green) in Fig. 8 depicts the repulsive inter-
action between the metal-S (φ4) and S-H (φ5) bonding
orbitals, while the B − L arrows (yellow) depict the re-
pulsion between the S in-plane lone pair (φ2) and the
bonding orbitals (φ4) and (φ5).

3. Vibrational Closure Schemes

In this section, we elaborate on the details of the
optical cycling schemes for each class of multivalent
molecules, as initially discussed in the main text in Sec.
II, and depicted in Fig. 5 for a model group 13 molecule,
namely AlSH. Additional photon cycling and vibrational
closure schemes – for group 15 and 14 molecules – shown
here in Fig. 9 and 10, respectively. Both figures depict
the main cycling line (red arrows) between the ground
state and spin-forbidden out-of-plane upper state, as well
as dominant vibrational decays to off-diagonal vibra-
tionals in the ground and intermediate electronic man-
ifolds.

In the case of class 15 molecules (Fig. 9), the ground

state is a high-spin X̃3A′′ manifold, while the upper
cycling state is a b̃1A′′ singlet state. This transition
is allowed by spin-orbit induced intensity borrowing on
dipole-allowed X̃3A′′ → Ã3A′ channel. Dominant off-
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Figure 9. Optical cycling schemes for group 15 systems,
demonstrated using BiSH vibrational branching ratios. The
main excitation transition (red solid arrow) is from X̃3A′′

to b̃1A′′. On the left, solid curved (purple) and dashed
curved (yellow) lines denote vibration-free decays to vibra-

tional channels in the X̃3A′′ and ã1A′ manifolds, respectively,
after spontaneous emission from the b̃1A′′ upper state. Pairs
of gray dashed arrows depict the spin-orbit induced mixing
between the first excited singlet state Ã3A′ and the upper
b̃1A′′ state. Levels on the right hand side depict leading off-
diagonal FCFs for decays to the ã1A′ and X̃3A′′ manifolds,
with corresponding transition wavelengths denoted λ2 and λ1,
respectively. Decimals above the levels denote the Franck-
Condon factors (eq. 1) normalized relative to the respective
electronic transition, while numbers underneath indicate the
vibrational quanta in each mode (vi). Due to spin-orbit ef-
fects from the Bi center, more than 99.5% of decays out the
b̃1A′′ state connect directly to the X̃3A′′ state, as indicated by
the suppression factor (Γ1/Γ2) in the upper right hand corner
(see Table I). Analogous pathways can be utilized to construct
cycling schemes for other group 15 species, and branching pat-
terns for other multivalent classes can be found in the Fig. 5
in the main text and Fig. 10 in the appendix. Level spacings
are not drawn to scale.

diagonal vibrational decays to both the ground and in-
termediate ã1A′ state are illustrated in blue and yel-
low (dotted boundary) panels, respectively. While the
scheme here specifically utilizes FC data for BiSH (which
has high electronic branching into the ground state), the
photon cycling scheme depicted here is generally appli-
cable to other group 15 systems listed in Table I of the
main text.

Meanwhile, Fig. 10 illustrates cycling and vibrational
closure schemes for group 14 molecules, utilizing SiSH
as a model system. Here, the ground state is a X̃2A′

manifold, with a quasi-diagonal cycling transition to the
upper ã4A′′ state. This transition is allowed both by
a combination of spin-orbit intensity borrowing from the
X̃2A′ → B̃2A′ transition, as well as direct mixing of ã4A′′

with the opposite-symmetry ground state. Leading vi-
brational decays to the ground and intermediate (Ã2A′′)
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Figure 10. Optical cycling schemes for group 14 systems,
demonstrated using SiSH branching ratios. The main excita-
tion transition (red solid arrow) is from X̃2A′ to ã4A′′. On the
left, solid curved (purple) and dashed curved (yellow) lines de-

note vibration-free decays to vibrational channels in the X̃2A′

and Ã2A′′ manifolds, respectively, after spontaneous emission
from the ã4A′′ upper state. Pairs of gray dashed arrows de-
pict the spin-orbit induced mixing between the first excited
singlet state B̃2A′ and the upper ã4A′′ state. Levels on the
right hand side depict leading off-diagonal FCFs for decays to
the Ã2A′′ and X̃2A′ manifolds, with corresponding transition
wavelengths denoted λ2 and λ1, respectively. Decimals above
the levels denote the Franck-Condon factors (eq. 1) normal-
ized relative to the respective electronic transition, while num-
bers underneath indicate the vibrational quanta in each mode
(vi). Due to spin-orbit effects from the Si center, more than
99.88% of decays out the ã4A′′ state connect directly to the
X̃2A′ state, as indicated by the suppression factor (Γ1/Γ2) in
the upper right hand corner (see Table I). Analogous path-
ways can be utilized to construct cycling schemes for other
group 14 species, and branching patterns for other multiva-
lent classes can be found in the Fig. 5 in the main text and
Fig. 9 in the appendix. Level spacings are not drawn to scale.

are again depicted with an analogous color scheme to the
figures for group 13 and 15 molecules. Note that although
the vibrationless FCF of the intermediate ã4A′′ → Ã2A′′

decay can be comparable, or sometimes even higher than
the primary ã4A′′ → X̃2A′′ line, it is not preferred as an
optical cycling channel due to the relatively weak inten-
sity of these transitions, as indicated in Table I of the
main text, as well as the existence of rapid decays into
the ground state from Ã2A′′ via relatively non-diagonal
vibronic channels.

4. Alternative ligands

As discussed in Sec. I and IV of the main text,
traditional approaches to constructing laser coolable
molecules by bonding cycling centers to highly elec-
tronegative ligands appear to fail for multivalent OCCs.
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This is evident from poor Franck-Condon performance
for a variety of multivalent species built from aluminum
centers bonded to common pseudohalogen ligands, in-
cluding hydroxide (-OH), (iso)cynanide (-CN), cyanate
(-NCO), acetylide (-CCH), fluoroacetylide (-CCF), and
the superhalogen boron dioxide (-OBO).

Data for these alternative systems, including low ly-
ing singlet and triplet Franck-Condon factors, Mulliken
charge differences between metal and linker atoms, as
well as calculated and experimental ligand electron affini-
ties can be found in Table II. All geometry, frequency,
and charge density calculations are performed in line with
methods described in the main text, using the EOM-EE-
CCSD method and basis sets of aug-cc-pVTZ quality.
Ligand electron affinity is calculated from the energy dif-
ference between an anion reference and a neutral con-
figuration, with geometries optimized using CCSD and
EOM-IP-CCSD, respectively.

Unlike aluminum hydroxide (AlOH), which adopts a
bent geometry in the ground state, as described earlier,
the additional pseudohalogen ligands we consider in this
section and Table II bond to Al to form molecules that
are predicted to have linear ground states, due to either
(1) the use of an non-chalcogen linker atom (e.g. C,
N) and therefore absence of lone-pair repulsive effects or
(2) highly electronegative metal-ligand interactions that
overcome lone-pair repulsive effects (e.g. AlOBO). De-
spite the apparent stability of their linear ground state
configurations, all of these molecules also possess excited
state geometries that are calculated to have either (1)
significantly different metal-ligand bond lengths relative
to the ground state and/or (2) large metal-ligand bend.
Either of these properties leads to large off-diagonal FC
behavior, which is fatal to achieving vibrationally closed
photon cycling.

The precise nature of the bonding mechanisms that
produce low vibrationless FCFs in the molecules (and
transitions) considered here is non-generic and highly
species-dependent. In addition, the set of alternative
pseudohalogen ligands considered here – while repre-
sentative of molecules previously analyzed in the laser-
cooling literature – is non-exhaustive. We are nonethe-
less able to extract some useful observations.

First, there is no global correlation between bond ion-
icity, measured both in terms of ligand electron affinity
and Mulliken charge difference between the linker and cy-
cling atom, and Franck-Condon behavior, although slight
improvements can be observed by switching to a more
ionic isomer (e.g. AlCN vs. AlNC). Second, oxygen-
containing ligands tend to perform poorly with multiva-
lent cycling centers, regardless of ligand electronegativ-
ity. This is due to the interaction of the oxygen lone pair
with high orbital angular momentum (Λ > 0) electrons
centered on the Al metal. This is most easily seen with
AlOH, as discussed earlier, but is also observed in AlNCO
and AlOBO, where excitation from a linear Al(3sσ)-like
ground state into Al(3pπ)-like excited manifolds leads
to bond angle bending and breaking of the linear sym-

Molecule (a) Ã→ X̃ (b) ã→ X̃ ∆QM EA (calc/exp)

AlCCH 0.2533 0.4852 0.0842 3.102/2.969(6)[226]

AlCCF < 0.01 0.48021 0.106 3.383/& 3.4(8)[227]

AlNCO – < 0.01 0.112 3.652/3.609(5)[228]

AlCN 0.1598 0.3177 0.379 3.989/3.862(4)[228]

AlNC 0.4734 0.6417 0.387 3.989/3.862(4)[228]

AlOBO – – 1.041 4.465/4.46(3)[229]

Molecule (c) B̃ → X̃ (d) b̃→ X̃ ∆QM EA (calc/exp)

AlSH 0.2030 0.9974 0.609 2.322/2.317(2)[230]

AlOH 0.0509 0.2468 0.981 1.761/1.82765(25)[231]

Table II. Vibrationless Franck-Condon factors (q00) for elec-
tronic transitions labeled (a)-(d), metal-ligand Mulliken
charge difference (a.u.), and ligand electron affinity (eV) for
(top) linear (Σ+) ground state and (bottom) bent (A′) ground
state molecules. In order of appearance, the full term sym-
bols for the transitions considered in the tables are: (a)

Ã1Π → X̃1Σ+, (b) ã3Π → X̃1Σ+, (c) B̃1A′′ → X̃1A′, and

(d) b̃3A′′ → X̃1A′. For the upper table, FCFs labeled by an
asterisk indicate transitions between a nonlinear or quasilin-
ear excited state and the linear ground state. Entries with
“−” indicate excited states that converge on strongly bent
transition states due to the interaction of the Al(3pπ) orbital
with the oxygen lone pair. See Supplemental Materials for
details.

metry due to interactions between the Al(3pπ) orbitals
and oxygen lone pairs. Third, despite the low perfor-
mance of FCFs considered in Table II, spin-forbidden
(triplet) transitions from the ground state do appear, for
molecules considered, to perturb molecular geometries
less relative to dipole-allowed singlet channels, which is
consistent with earlier findings for AlSH.

Appendix B: Details on rotational structure and
closure

Repumping of rotational decays in bent molecules can
be achieved by addressing sidebands that are allowed by
rotational and parity selection rules [26]. As discussed
earlier, the broken symmetry of ATMs complicates the
rotational level structure, which is described by the rigid
rotor Hamiltonian

Hrot = AN2
a +BN2

b + CN2
c , (B1)

where we have three unique rotational constants (A =
~/Ia4π, B = ~/Ib4π, C = ~/Ic4π) and three spinless
angular momentum operators Ni along the i-axis (see
Fig. 3 for axis convention). The rigid rotor spectrum
described by Hrot is labeled by the term NKa,Kc

. Here,
N is the total angular momentum without electron (S)
and nuclear spin (I), while Ka and Kc are approximate
quantum numbers that correspond to the projection of
N onto the symmetry axis of the molecule if it were dis-
torted to the limit of becoming a prolate (a-axis, A > C)
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Figure 11. Proposed rotational repumping scheme based on optical transitions identified for (a) 27AlSH, (b) 28SiSH, and (c)
31PSH in Fig. 5. Levels are listed using NKa,Kc , J , and Fi quantum numbers. In molecules with both metal I(ZM) and
hydrogen spins I(1H), F1 = J + I(ZM) and F2 = F1 + I(1H) denote the metal (M) and total hyperfine numbers, respectively,
where Z is the atomic mass of the metal. In open-shell states, the rotational levels are split by spin-orbit (Λa · S) and spin-
rotation (N ·S) couplings. For each spin-rotation branch, Γevr denotes the combined rovibronic-spin symmetry Γel×Γvib×Γrot

of the level. The red, thick solid line denotes the primary F → F−1 cycling transition from the ground state to the out-of-plane
target state. The yellow, thin dashed lines denote rotationally closed repumps out of the intermediate manifold. Note that for
spin-forbidden transition, only parity selection rules (see Table IV) are applied, while for spin-allowed transitions, both angular
momentum rules (see Table III) and parity are applied.

or oblate (c-axis, C > A) symmetric top, respectively.
Couplings to electronic and nuclear spins introduce the
angular momenta J = N + S and F = J + I. These
quantum numbers encapsulate the level shifts induced
by spin-orbit and hyperfine effects in the molecule.

Table III. Symmetries of NKa,Kb rotational wavefunctions for
prolate ATMs in terms of irreps of C2v and Cs point groups,
classified by the signs (σ) of Ka and Kc. Parity selection rules
for dipole transitions arise from the requirement Γ1×Γ2 ⊂ Γ∗,
where {Γ1, Γ2} are the symmetries of two rovibronic states
and Γ∗ is the electric dipole representation [232].

σ(Ka) σ(Kc) Γrot(C2v) Γrot(Cs)
+1 +1 A1 A′

+1 −1 A2 A′′

−1 −1 B1 A′′

−1 +1 B2 A′

Each rotational state also has a symmetry classification
(Γrot) in terms of the irreducible representations of the
molecular symmetry (MS) group [232]. For bent ATMs
with prolate rotational structure (i.e. A > B > C), the
two choices of irreducible representations (irreps) in the
Cs symmetry group (A′, A′′) map onto the parity (+/−)
of Kc for each rotational level, as seen in Table III. Each

Table IV. Approximate angular momentum selection rules
for dipole-allowed transitions in asymmetric top molecules,
as adapted from [26]. These rules occur in addition to the
standard rules on total angular momentum ∆J = 0, ±1 and
J ′ = J ′′ = 0, as well as the constraint that Ka +Kc = N or
N + 1 for 0 ≤ Ka,c ≤ N .

µ̂-axis ∆Ka ∆Kc Special cases
a-type 0 ±1 ∆N 6= 0 for K′a → K′′a = 0
b-type ±1 ±1
c-type ±1 0 ∆N 6= 0 for K′c → K′′c = 0

choice of |N, |Ka〉, for |Ka| > 0 therefore forms a parity
doublet that is closely spaced and split by the rotational
asymmetry ∆E ∝ [A(B+C)−(B+C)2]/[4(2A−B−C)]
[233]. Note that this is analogous to the hyperfine and
centrifugally induced parity-doubling in symmetric top
molecules [234–237].

Combining rotational MS classifications with elec-
tronic and vibrational symmetries yields a total symme-
try (Γevr), which is expressed as Γevr = Γel×Γvib×Γrot.
This gives rise to dipole parity selection rules, which re-
quire that the product symmetry of two E1-connected
rovibronic states (Γ1,Γ2) transform as the electric dipole
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representation (Γ∗).

Γ1 × Γ2 ⊂ Γ∗ (B2)

The representation Γ∗ is odd under inversion. For the
two most common ATM symmetry groups C2v and Cs,
this corresponds to A2 and A′′, respectively.

As summarized in Table III and IV, selection rules for
dipole transitions can be constructed based on both the
parity and the orientation of the electronic TDM (µ̂) rel-
ative to the rotational bands. It was recently shown
[26] that these selection rules can be leveraged to real-
ize rotationally closed cycling schemes in a broad class
of monovalent, open-shell ATMs using two or fewer RF
sidebands. We find that these principles can be read-
ily extended for closing cycling transitions in multiva-
lent closed-shell and high-spin systems, including mixed-
character intercombination lines.

1. Singlet Ground States: Group 13

For singlet group 13 molecules, spin-orbit mixing
causes the X̃1A′ → b̃3A′′ intercombination line to take on
the character of the dipole-allowed X̃1A′ → Ã1A′ transi-
tion. This is a hybrid ab-type band, due to mixed align-
ment of the TDM with the two in-plane principal axes.
The intermediate b̃3A′′ → ã3A′ decay, meanwhile, is a
dipole-allowed c-type band, with the TDM aligned with
the out-of-plane axis. This band follows c-type rotational
selection rules.

The high-spin character of the nuclei of most group 13
isotopes requires tailored study of rotational and hyper-
fine branching to determine a suitable cycling scheme.
To illustrate general principles, we perform an analy-
sis given a 27Al cycling center, which has nuclear spin
I = 5/2. In open-shell and high-spin manifolds of asym-
metric tops, spin-rotation (including spin-orbit) inter-
actions split each NKa,Kc

rotational level into multiple
J = N +S branches. For the excited triplet manifolds of
AlSH, each rotational level is split into three branches,
J = N − 1, N, and N + 1. The level diagrams in Fig. 11
classify each rotational branch in terms of Γevr for vibra-
tionless cycling states. The hyperfine state including the
27Al spin I(27Al) is denoted F1 = J+I(27Al), while total
hyperfine spin including hydrogen spin I(1H) is denoted
F2 = F1 + I(1H).

Overlaid arrows in figure 11 depict rotational closure
schemes for vibrationless cycling and repump transitions
in AlSH. The red, solid line depicts the main cycling tran-
sition between the X̃1A′ ground state and the b̃3A′′ upper
state. Due to the out-of-plane character of the excited
state, the intercombination cycling line must be driven
with even ∆Kc to respect parity, which are expected
to override the (approximate) ab-type angular momen-
tum selection rules in table IV to yield ∆Ka = 0,±1
and ∆Kc = 0 lines [238]. A rotationally closed cycling
scheme for vibrationless and even-parity vibrational tran-
sitions can therefore be constructed by driving F → F−1

(“type II”) lines from X̃1A′ |101, 1, 3/2, 1〉, |111, 1, 3/2, 1〉,
and |211, 1, 3/2, 1〉 to b̃3A′′ |101, 2, 1/2, 0〉, where we adopt
the |NKa,Kc

, J, F1, F2〉 notation to describe angular an-
gular momenta states. (Rotational schemes for repump-
ing lines involving odd-parity vibrational transitions can
be constructed using identical parity rules, while taking
into account the symmetry of vibrational states (Γvib)
involved.)

By contrast, for decays from the b̃3A′′ upper state to
the ã3A′ state, the usual spin-allowed dipole selection
rules apply. As a c-type transition, the allowed lines obey
parity and ∆Ka = ±1 and ∆Kc = 0 angular momentum
selection rules. A rotationally closed repumping scheme
from the ã3A′ state is depicted via thin, yellow dashed
lines in figure 11. A total of eight hyperfine sidebands
are implicated in the repumping pathways. For both the
cycling and repumping schemes, rotational spacings are
expected to be on the GHz-scale, while hyperfine and
spin-rotation splittings will typically be on the 10 MHz -
1 GHz scale, making individual sidebands fully address-
able via optical modulation with a manageable number
of seed lasers [239]. Note that hyperfine-induced decays
may populate other rotational states [32, 90]

2. Triplet Ground States: Group 15

For triplet group 15 molecules, the X̃3A′′ → b̃1A′′ cy-
cling line borrows intensity primarily from the X̃3A′′ →
Ã3A′ spin-allowed c-type transition. Fig. 11 depicts the
rotational closure scheme, including hyperfine effects, for
the model system 31PSH. Both the 31P and proton nu-
clei have I = 1/2, and we define two hyperfine quantum
numbers as F1 = J + I(31P) and F2 = F1 + I(1H).

Because both states involved in the X̃3A′′ → b̃1A′′

cycling line have the same electronic symmetry, parity
rules require odd ∆Kc for vibrationless and even-parity
vibrational transitions. We therefore expect that the al-
lowed lines correspond to ∆Ka = 0,±1 and ∆Kc = 0
rules. In the case of 31PSH, driving from two ground
rotational levels (101, 111), each with four hyperfine
sidebands (|0, 1/2, 1〉, |1, 1/2, 1〉, |1, 3/2, 1〉, |2, 3/2, 1〉) is
sufficient to close the main cycling line to the upper
b̃1A′′|000, 0, 1/2, 0〉 state. Decays from b̃1A′′|000, 0, 1/2, 0〉
to the intermediate ã1A′ state are spin-allowed and obey
c-type selection rules. Closure of the intermediate de-
cay can be achieved by repumping the |110, 1, 1/2, 1〉 and
|110, 1, 3/2, 1〉 sidebands in the ã1A′ state.

3. Doublet Ground States: Group 14

For doublet group 14 molecules, the X̃2A′ → ã4A′′

transition gains intensity primarily through spin-orbit
mixing with the spin-allowed X̃2A′ → B̃2A′ and X̃2A′ →
C̃2A′ ab-type transitions. The ã4A′′ → A2A′′ intermedi-
ate decay channel, meanwhile, gains intensity primarily
through mixing with the Ã2A′′ → B̃2A′ c-type channel.
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As before, Fig. 11 depicts the rotational closure scheme,
accounting hyperfine splittings, for 28SiSH. The lack of a
high-spin triplet electronic manifold, as well as the spin-0
character of the 28Si nucleus is a simplifying factor, and
we only define a single hyperfine number F = J + I(1H)
associated with the addition of hydrogen spin.

Due to their intercombination character, only parity
selection and overall angular momentum selection rules
are expected to apply for the cycling and intermedi-
ate decay lines in 28SiSH. For the cycling transition

(X̃2A′ → ã4A′′), rotational closure (for parity-even vi-
brational transitions) can be achieved by driving type II
transitions from three rotational states (101, 111, 211) and

five spin-rotation components (with F = 1) in X̃2A′ to
ã4A′′|101, 1/2, 0〉, where we denote the angular momen-
tum states as |NKa,Kc

, J, F 〉. The intermediate decay
channel can similarly be repumped by addressing three
rotational states (000, 202, 212) and three F = 1 spin-

rotation sidebands in Ã2A′′ to the F = 0 upper state.
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(a) AlF

X̃1Σ+ Calc. Exp. Err.

r0 1.674744 Å 1.65436(2) Å[240] +1.23%

ω0 786.66 cm−1 802.85(25) cm−1 [240] −2.01%

d0 1.5321 D 1.515(4) D [86] +1.12%

ã3Π

r0 1.6687 Å 1.6476 Å[241] +1.28%

ω0 812.89 cm−1 830.3(3) cm−1 [242] −2.10%

τ 13.56 ms > 1 ms [86] −
d0 1.8476 D 1.780(3) D [86] +3.78%

T0 26320.276 cm−1 27255.15(2) cm−1 [86] −3.43%

Ã1Π

r0 1.6680 Å 1.6485 Å[241] +1.95%

ω0 791.52 cm−1 803.9(5) cm−1 [243] −1.54%

τ 1.873 ns 1.90(3) ns [86] −1.42%

d0 1.4609 D 1.45(2) D [86] +0.75%

T0 43875.173 cm−1 43950.285(10) cm−1 [86] −0.17%

(c) AlSH

X̃1A′ Calc. Exp. Err.

r0(Al-S) 2.2646 Å 2.240(6) Å[177] +1.07%

r0(S-H) 1.3464 Å 1.36(4) Å[177] −1.00%

∠(Al-S-H) 90.19◦ 88.5±5.8◦[177] +1.91%

(b) AlOH

X̃1A′ Calc. Exp. Err.

r0(Al-O) 1.6924 Å 1.682 Å[157] +0.62%

r0(O-H) 0.9498 Å 0.878 Å[157], a

+8.18%

∠(Al-O-H) 157.54 Å ∼ 160◦[157], b −
ω(Al-O) 834.10 cm−1 810.7 cm−1 [244] +2.89%

ω(O-H) 4035.31 cm−1 3787.0 cm−1 [244] +6.56%

Ã1A′

ω(Al-O) 743.36 cm−1 807.6 cm−1 [158] −7.95%

ω(O-H) 3867.45 cm−1 3258.4 cm−1 [158] +18.7%

ω(bend) 624.80 cm−1 636.6 cm−1 [158] −1.85%

T0 39810 cm−1 40073 cm−1 [158] −0.65%

B̃1A′′

ω(Al-O) 747.55 cm−1 760.3 cm−1 [158] −1.68%

ω(bend) 598.92 cm−1 581.0 cm−1 [158] +3.08%

T0 41550 cm−1 41747 cm−1 [158] −0.47%

a The experimentally determined O-H bond length is unusually
short, which is suggested in [157] to be an artifact of large
amplitude vibrations in the observed states.

b Inferred in [157] from experimentally determined bond lengths
and comparisons against theoretical predictions [159, 160] of a
bent ground state with a low barrier to quasi-linearity [161].
This is consistent with rotational [157] and photonionization
spectra [158], which suggest that AlOH is, on average, a
near-linear molecule with large-amplitude zero point bending.

Table V. Calculated and experimental molecular constants for (a) AlF, (b) AlOH, and (c) AlSH. As described in the main text,
ab initio values are calculated using the EOM-EE-CCSD method with aug-cc-pVTZ basis sets. Spin-orbit data (for estimating
lifetimes of metastable states) is computed perturbatively using a Breit-Pauli Hamiltonian.
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Krylov, The Journal of Physical Chemistry Letters 11,
6670 (2020).

[150] I. Kozyryev, T. C. Steimle, P. Yu, D.-T. Nguyen, and
J. M. Doyle, New Journal of Physics 21, 052002 (2019).

[151] B. L. Augenbraun, Z. D. Lasner, A. Frenett,
H. Sawaoka, A. T. Le, J. M. Doyle, and T. C. Steimle,
Physical Review A 103, 022814 (2021).

[152] A. C. Paul, K. Sharma, H. Telfah, T. A. Miller, and
J. Liu, The Journal of Chemical Physics 155, 024301
(2021).

[153] G. M. Greetham and A. M. Ellis, Journal of Chemical
Physics 113, 8945 (2000).

[154] R. Essers, J. Tennyson, and P. E. S. Wormer, Chemical
Physics Letters 89, 223 (1982).

[155] Y. Ni, Laser Spectroscopy and Structure of MgOH and
MgOD: The A-X System, Ph.D. thesis, University of
California Santa Barbara (1986).

[156] W. L. Barclay, M. A. Anderson, and L. M. Ziurys,
Chemical Physics Letters 196, 225 (1992).

[157] A. J. Apponi, W. L. Barclay, Jr., and L. M. Ziurys, The
Astrophysical Journal Letters 414, L129 (1993).

[158] J. S. Pilgrim, D. L. Robbins, and M. A. Duncan, Chem-
ical Physics Letters 202, 203 (1993).

[159] T. Trabelsi and J. S. Francisco, The Astrophysical Jour-
nal 863, 139 (2018).

[160] G. Vacek, B. J. DeLeeuw, and H. F. Schaefer, The Jour-
nal of Chemical Physics 98, 8704 (1993).

[161] S. Li, K. W. Sattelmeyer, Y. Yamaguchi, and H. F.
Schaefer, The Journal of Chemical Physics 119, 12830
(2003).

[162] E. Hirota, High-Resolution Spectroscopy of Transient
Molecules, Vol. 40 (Springer-Verlag, Berlin, 1985).

https://doi.org/10.1103/PhysRevLett.98.253002
https://doi.org/10.1103/PhysRevLett.98.253002
https://doi.org/10.1103/PhysRevA.79.061407
https://doi.org/10.1088/1367-2630/aab9f5
https://doi.org/10.1103/PhysRevLett.127.173201
https://doi.org/10.1103/PhysRevLett.127.173201
https://doi.org/10.1038/nature11595
https://doi.org/10.1103/PhysRevLett.116.063005
https://doi.org/10.1103/PhysRevLett.116.063005
https://doi.org/10.1002/cphc.201600656
https://doi.org/10.1002/cphc.201600656
https://doi.org/10.1103/PhysRevLett.127.263002
https://doi.org/10.1103/PhysRevLett.112.113006
https://doi.org/10.1103/PhysRevLett.112.113006
https://doi.org/10.1007/978-94-011-0193-6_2
https://doi.org/10.1007/978-94-011-0193-6_2
https://doi.org/10.1007/978-94-011-0193-6_2
https://doi.org/10.1146/annurev.physchem.59.032607.093602
https://doi.org/10.1146/annurev.physchem.59.032607.093602
https://doi.org/10.1021/acs.jpca.0c00850
https://doi.org/10.1063/5.0063611
https://doi.org/10.1063/5.0063611
https://doi.org/10.1016/j.jms.2022.111625
https://doi.org/10.1016/j.jms.2022.111625
https://doi.org/10.1063/1.464746
https://doi.org/10.1063/1.464746
https://doi.org/10.1016/S0009-2614(01)00287-1
https://doi.org/10.1021/ar0402006
https://doi.org/10.1021/ar0402006
https://doi.org/10.1063/5.0055522
https://doi.org/10.1063/5.0055522
https://doi.org/10.1063/1.4885819
https://doi.org/10.1063/1.4885819
https://doi.org/10.1002/wcms.1546
https://doi.org/10.1002/wcms.1546
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.478678
https://doi.org/10.1063/1.478678
https://doi.org/10.1063/1.1622923
https://doi.org/10.1063/1.1622923
https://doi.org/10.1007/s002149900101
https://doi.org/10.1007/s002149900101
https://doi.org/10.1007/s002149900101
https://doi.org/10.1063/1.1305880
https://doi.org/10.1063/1.1305880
https://doi.org/10.1021/acs.jpca.8b10225
https://doi.org/10.1021/acs.jpca.8b10225
https://doi.org/10.1063/1.5108762
https://doi.org/10.1063/1.5108762
https://doi.org/10.1063/1.4927785
https://doi.org/10.1063/1.4927785
https://doi.org/10.1021/acs.jctc.9b00873
https://doi.org/10.1021/acs.jctc.9b00873
https://doi.org/10.1063/1.5012041
https://doi.org/10.1063/1.5012041
https://doi.org/10.1146/annurev.pc.29.100178.002051
https://doi.org/10.1146/annurev.pc.29.100178.002051
https://doi.org/10.1103/RevModPhys.34.80
https://doi.org/10.1063/1.5104278
https://doi.org/10.1063/1.5104278
https://doi.org/10.1063/1.445070
https://doi.org/10.1063/1.445070
https://doi.org/10.1139/p62-060
https://doi.org/10.1139/p62-060
https://doi.org/10.1139/p73-084
https://doi.org/10.1139/p73-084
https://doi.org/10.1139/p73-016
https://doi.org/10.1139/p73-016
https://doi.org/10.1088/1361-6455/aa8f34
https://doi.org/10.1088/1361-6455/aa8f34
https://doi.org/10.1088/1361-6455/aa8f34
https://doi.org/10.1021/acs.jpclett.0c01960
https://doi.org/10.1021/acs.jpclett.0c01960
https://doi.org/10.1088/1367-2630/ab19d7
https://doi.org/10.1103/PhysRevA.103.022814
https://doi.org/10.1063/5.0056550
https://doi.org/10.1063/5.0056550
https://doi.org/10.1063/1.1319344
https://doi.org/10.1063/1.1319344
https://doi.org/10.1016/0009-2614(82)80046-8
https://doi.org/10.1016/0009-2614(82)80046-8
https://doi.org/10.1016/0009-2614(92)85959-E
https://doi.org/10.1086/187013
https://doi.org/10.1086/187013
https://doi.org/10.1016/0009-2614(93)85266-Q
https://doi.org/10.1016/0009-2614(93)85266-Q
https://doi.org/10.3847/1538-4357/aad5e0
https://doi.org/10.3847/1538-4357/aad5e0
https://doi.org/10.1063/1.464478
https://doi.org/10.1063/1.464478
https://doi.org/10.1063/1.1627294
https://doi.org/10.1063/1.1627294
https://doi.org/10.1007/978-3-642-82477-7
https://doi.org/10.1007/978-3-642-82477-7


24

[163] L. Salem and C. Rowland, Angewandte Chemie Inter-
national Edition in English 11, 92 (1972).

[164] S. Shaik and N. D. Epiotis, Journal of the American
Chemical Society 100, 18 (1978).

[165] C. Doubleday, J. W. McIver, and M. Page, Journal of
the American Chemical Society 104, 6533 (1982).

[166] L. Carlacci, C. Doubleday, T. R. Furlani, H. F. King,
and J. W. McIver, Journal of the American Chemical
Society 109, 5323 (1987).

[167] N. R. Hutzler, H. I. Lu, and J. M. Doyle, Chemical
Reviews 112, 4803 (2012).

[168] E. Kagi and K. Kawaguchi, The Astrophysical Journal
491, L128 (1997).

[169] A. Janczyk and L. M. Ziurys, Chemical Physics Letters
365, 514 (2002).

[170] M. P. Bucchino, P. M. Sheridan, J. P. Young, M. K. L.
Binns, D. W. Ewing, and L. M. Ziurys, The Journal of
Chemical Physics 139, 214307 (2013).

[171] C. N. Jarman and P. F. Bernath, The Journal of Chem-
ical Physics 98, 6697 (1993).

[172] P. M. Sheridan, M. J. Dick, J.-G. Wang, and P. F.
Bernath, Molecular Physics 105, 569 (2007).

[173] A. Taleb-Bendiab and D. Chomiak, Chemical Physics
Letters 334, 195 (2001).

[174] C. T. Scurlock, T. Henderson, S. Bosely, K. Y. Jung,
and T. C. Steimle, The Journal of Chemical Physics
100, 5481 (1994).

[175] T. Okabayashi, T. Yamamoto, D.-i. Mizuguchi, E. Y.
Okabayashi, and M. Tanimoto, Chemical Physics Let-
ters 551, 26 (2012).

[176] M. P. Bucchino, G. R. Adande, D. T. Halfen, and L. M.
Ziurys, The Journal of Chemical Physics 147, 154313
(2017).

[177] A. Janczyk and L. M. Ziurys, The Astrophysical Journal
639, L107–L110 (2006).

[178] P. Crozet, F. Martin, A. J. Ross, C. Linton, M. J. Dick,
and A. G. Adam, Journal of Molecular Spectroscopy
213, 28–34 (2002).

[179] C. J. Whitham, S. A. Beaton, Y. Ito, and J. M. Brown,
Journal of Molecular Spectroscopy 191, 286–294 (1998).

[180] K.-i. C. Namiki, J. S. Robinson, and T. C. Steimle, J.
Chem. Phys. 109, 5283 (1998).

[181] M. Elhanine, R. Lawruszczuk, and B. Soep, Chemical
Physics Letters 288, 785–792 (1998).

[182] A. C. Paul, M. A. Reza, and J. Liu, Journal of Molecular
Spectroscopy 330, 142 (2016).

[183] A. Jadbabaie, N. H. Pilgram, J. Klos, S. Kotochigova,
and N. R. Hutzler, New Journal of Physics 22, 022002
(2020).

[184] N. H. Pilgram, A. Jadbabaie, Y. Zeng, N. R. Hutzler,
and T. C. Steimle, The Journal of Chemical Physics
154, 244309 (2021).

[185] W. C. Campbell, E. Tsikata, H.-I. Lu, L. D. van Buuren,
and J. M. Doyle, Physical Review Letters 98, 213001
(2007).

[186] J. D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich,
and J. M. Doyle, Nature 395, 148 (1998).

[187] H. Metcalf, Reviews of Modern Physics 89, 041001
(2017).

[188] M. A. Chieda and E. E. Eyler, Physical Review A 84,
063401 (2011).

[189] L. Aldridge, S. E. Galica, and E. E. Eyler, Physical Re-
view A 93, 013419 (2016).

[190] S. E. Galica, L. Aldridge, D. J. McCarron, E. E. Eyler,

and P. L. Gould, Physical Review A 98, 023408 (2018).
[191] K. Wenz, I. Kozyryev, R. L. McNally, L. Aldridge,

and T. Zelevinsky, Physical Review Research 2, 043377
(2020).

[192] A. M. Jayich, A. C. Vutha, M. T. Hummon, J. V. Porto,
and W. C. Campbell, Physical Review A 89, 023425
(2014).

[193] X. Long, S. S. Yu, A. M. Jayich, and W. C. Campbell,
Physical Review Letters 123, 033603 (2019).

[194] E. A. Curtis, C. W. Oates, and L. Hollberg, Physical
Review A 64, 031403 (2001).

[195] N. Rehbein, T. E. Mehlstäubler, J. Keupp, K. Molden-
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Table S1. Electronic energies (eV), rovibrational constants (cm−1), and geometries (Å, degrees) for group 13 MSH molecules
considered in Section II.

BSH ∆E r(B-S) r(S-H) ∠(B-S-H) A B C v1 v2 v3
X̃1A′ – 1.822 1.348 87.65 9.492 0.616 0.579 587.07 774.14 2676.45
ã3A′ 1.461 1.736 1.357 102.50 9.981 0.668 0.626 845.59 936.26 2534.03

b̃3A′′ 2.396 1.837 1.347 89.21 9.512 0.605 0.569 464.17 757.76 2693.52

Ã1A′ 3.694 1.705 1.407 105.90 9.623 0.687 0.641 815.13 939.58 1935.49

B̃1A′′ a 4.122 1.871 1.348 88.60 9.501 0.584 0.550 783.63i 496.84 2049.82
c̃3A′ 4.759 1.892 1.829 179.84 – 0.4870 – 187.75 565.26 801.93

C̃1A′ 4.918 2.563 1.347 86.48 9.535 0.311 0.302 297.31 336.29 2692.98
AlSH ∆E r(Al-S) r(S-H) ∠(Al-S-H) A B C v1 v2 v3
X̃1A′ – 2.264 1.346 90.19 9.523 0.221 0.216 426.18 496.56 2684.52
ã3A′ 2.340 2.203 1.344 98.59 9.833 0.233 0.227 428.68 502.46 2701.20

b̃3A′′ 2.744 2.259 1.346 90.09 9.522 0.222 0.217 429.62 497.47 2684.65

Ã1A′ 3.694 2.260 1.351 100.29 9.835 0.216 0.221 433.35 486.85 2649.27

B̃1A′′ 4.097 2.404 1.347 89.30 9.514 0.193 0.197 325.03 497.52 2681.22
c̃3A′ 4.161 2.899 1.347 89.88 9.512 0.135 0.133 17.48 478.35 2677.03

C̃1A′ a 4.381 3.153 1.346 90.27 9.520 0.114 0.113 107.77i 457.08 2679.83
GaSH ∆E r(Ga-S) r(S-H) ∠(Ga-S-H) A B C v1 v2 v3
X̃1A′ – 2.293 1.345 90.21 9.539 0.144 0.142 346.65 490.68 2691.94
ã3A′ 2.699 2.207 1.345 98.98 9.835 0.154 0.152 375.87 701.43 2664.27

b̃3A′′ 3.113 2.283 1.346 89.66 9.531 0.145 0.143 327.39 616.18 2694.97

B̃1A′′ 3.969 2.819 1.348 105.57 10.316 0.0943 0.0934 147.42 279.02 2655.63
c̃3A′ 3.999 3.542 1.344 179.99 – 0.0585 – 61.57 338.55 2712.45

C̃1A′ 4.167 3.152 1.347 88.18 9.517 0.144 0.142 113.60 201.60 2692.19
InSH ∆E r(In-S) r(S-H) ∠(In-S-H) A B C v1 v2 v3
X̃1A′ – 2.503 1.345 91.06 9.549 0.105 0.104 300.29 472.56 2691.19
ã3A′ 2.616 2.423 1.343 96.96 9.753 0.112 0.110 316.66 642.26 2698.88

b̃3A′′ 2.921 2.485 1.345 90.11 9.538 0.106 0.105 283.35 594.64 2696.07

Ã1A′ 3.556 2.602 1.345 96.08 9.675 0.0968 0.0959 160.14 530.21 2684.08
c̃3A′ 3.719 3.854 1.343 179.98 – 0.0432 – 33.38 367.44 2717.21

B̃1A′′ 3.745 3.132 1.346 87.95 9.535 0.0671 0.0667 33.76 257.11 2702.37

C̃1A′ 3.885 3.336 1.347 89.94 9.516 0.0591 0.0587 67.55 136.48 2692.06
TlSH ∆E r(Tl-S) r(S-H) ∠(Tl-S-H) A B C v1 v2 v3
X̃1A′ – 2.576 1.345 91.08 9.554 0.0893 0.0885 272.59 454.01 2692.25
ã3A′ 3.100 2.541 1.344 97.10 9.740 0.0915 0.0907 212.35 560.94 2691.48

b̃3A′′ 3.330 2.661 1.345 88.65 9.536 0.0838 0.0831 157.92 510.66 2701.71

Ã1A′ 3.512 2.968 1.345 95.09 9.635 0.0672 0.0667 71.31 275.75 2699.78
c̃3A′ 3.538 3.170 1.347 86.88 9.527 0.0591 0.0587 106.87 197.40 2692.33

B̃1A′′ 3.563 3.103 1.346 105.11 10.280 0.0612 0.0608 118.94 202.09 2678.72

C̃1A′ 3.704 3.388 1.347 89.60 9.515 0.0517 0.0514 87.27 162.82 2692.33

a State is unbound and pre-dissociative. Geometry and energies correspond to saddlepoints on the potential energy surface.
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Table S2. Electronic energies (eV), rovibrational constants (cm−1), and geometries (Å, degrees) for group 14 MSH molecules
considered in Section II.

CSH ∆E r(C-S) r(S-H) ∠(C-S-H) A B C v1 v2 v3
X̃2A′ – 1.664 1.361 101.64 9.855 0.637 0.682 805.80 921.01 2512.34

Ã2A′′ 1.085 1.767 1.351 85.21 9.488 0.616 0.578 586.73 774.00 2662.54
ã4A′′ 2.121 1.720 1.347 97.67 9.761 0.602 0.642 802.76 942.57 2650.00

B̃2A′ 3.488 1.352 1.755 98.47 9.746 0.616 0.579 729.04 930.90 2627.00

C̃2A′ 4.380 1.772 1.425 114.79 10.679 0.589 0.558 236.54 955.64 2031.77
SiSH ∆E r(Si-S) r(S-H) ∠(Si-S-H) A B C v1 v2 v3
X̃2A′ – 2.128 1.346 99.73 9.865 0.243 0.237 516.11 681.41 2667.08

Ã2A′′ 0.593 2.197 1.347 88.20 9.497 0.230 0.225 466.37 566.04 2675.51
ã4A′′ 2.646 2.187 1.344 96.01 9.705 0.226 0.232 434.40 739.17 2696.67

B̃2A′ 3.793 2.120 1.355 103.01 10.003 0.245 0.239 417.60 827.97 2556.84

C̃2A′ 3.894 2.640 1.349 103.33 10.103 0.158 0.156 263.62 363.54 2673.15
GeSH ∆E r(Ge-S) r(S-H) ∠(Ge-S-H) A B C v1 v2 v3
X̃2A′ – 2.209 1.345 98.69 9.830 0.148 0.150 410.73 654.91 2680.73

Ã2A′′ 0.525 2.271 1.347 89.28 9.513 0.141 0.143 384.28 557.66 2681.62
ã4A′′ 2.845 2.324 1.344 95.86 9.690 0.134 0.136 242.58 649.39 2700.67

B̃2A′ 3.042 3.019 1.345 93.50 9.595 0.0810 0.0803 75.02 272.28 2707.13

C̃2A′ 3.670 2.755 1.347 101.41 9.963 0.0968 0.0958 146.72 350.71 2687.71

Table S3. Electronic energies (eV), rovibrational constants (cm−1), and geometries (Å, degrees) for group 15 MSH molecules
considered in Section II.

PSH ∆E r(P-S) r(S-H) ∠(P-S-H) A B C v1 v2 v3
X̃3A′′ – 2.107 1.344 96.05 9.709 0.231 0.237 508.23 744.66 2693.56
ã1A′ 0.325 1.991 1.359 105.02 10.157 0.256 0.263 600.19 889.94 2533.13

b̃1A′′ 0.856 2.078 1.347 97.41 9.733 0.237 0.243 535.22 744.00 2659.74

Ã3A′ 3.468 2.223 1.362 107.95 10.432 0.206 0.210 413.65 710.99 2526.34

B̃3A′′ a 3.740 2.139 1.353 102.89 10.025 0.228 0.223 457.26i 450.37 2565.86
c̃1A′ 3.962 2.309 1.343 92.52 9.600 0.198 0.194 356.35 683.95 2698.57
AsSH ∆E r(As-S) r(S-H) ∠(As-S-H) A B C v1 v2 v3
X̃3A′′ – 2.222 1.343 95.30 9.689 0.149 0.146 401.33 712.08 2703.94
ã1A′ 0.475 2.114 1.352 103.57 10.090 0.163 0.160 495.79 716.90 2613.70

b̃1A′′ 0.852 2.196 1.345 96.49 9.710 0.152 0.149 429.09 658.02 2662.37

Ã3A′ 3.193 2.518 1.342 86.22 9.605 0.116 0.115 249.63 457.25 2712.55

B̃3A′′ 3.831 2.321 1.351 104.03 9.605 0.116 0.115 194.00 414.32 2727.01
c̃1A′ 3.788 2.508 1.341 86.59 9.607 0.117 0.116 247.95 638.28 2720.60
SbSH ∆E r(Sb-S) r(S-H) ∠(Sb-S-H) A B C v1 v2 v3
X̃3A′′ – 2.427 1.342 94.71 9.672 0.110 0.109 353.07 671.24 2711.20
ã1A′ 0.593 2.346 1.345 101.03 9.972 0.117 0.116 391.32 746.03 2670.33

b̃1A′′ 0.790 2.410 1.343 95.58 9.692 0.112 0.110 363.68 666.81 2701.20

Ã3A′ 2.805 2.691 1.343 88.61 9.572 0.0899 0.0890 245.33 423.23 2707.10

B̃3A′′ 3.681 2.551 1.347 102.06 10.011 0.0993 0.0983 297.11 551.80 2660.40
c̃1A′ 3.461 2.469 1.420 179.94 – 0.102 – 244.68 380.65 1935.27
BiSH ∆E r(Bi-S) r(S-H) ∠(Bi-S-H) A B C v1 v2 v3
X̃3A′′ – 2.516 1.341 94.45 9.678 0.0931 0.0923 323.28 645.81 2717.71
ã1A′ 0.658 2.440 1.343 100.18 9.944 0.0987 0.0978 354.46 706.33 2692.61

b̃1A′′ 0.775 2.501 1.342 95.13 9.678 0.0931 0.0923 330.65 386.65 2705.49

Ã3A′ 2.583 2.774 1.342 88.69 9.580 0.0769 0.0763 231.47 334.45 2702.03

B̃3A′′ 3.728 2.763 1.346 106.00 10.396 0.0768 0.0762 221.64 462.20 2678.71
c̃1A′ 3.111 2.309 1.341 87.77 9.590 0.0774 0.0767 232.26 379.37 2705.33

a State is unbound and pre-dissociative. Geometry and energies correspond to saddlepoints on the potential energy surface.
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Table S4. Calculated Franck-Condon factors (FCFs) for eight leading vibronic decays for cycling transitions in multivalent
molecules. Vibrational states are denoted with the shorthand convention (v1 v2 v3).

BSH AlSH GaSH InSH

b̃3A′′ → X̃1A′ FCF b̃3A′′ → X̃1A′ FCF b̃3A′′ → X̃1A′ FCF b̃3A′′ → X̃1A′ FCF
(000)→ (000) 0.9600 (000)→ (000) 0.9974 (000)→ (000) 0.9804 (000)→ (000) 0.9517
(000)→ (100) 0.01497 (000)→ (100) 2.373× 10−3 (000)→ (100) 0.01139 (000)→ (100) 0.03719
(000)→ (010) 0.01511 (000)→ (010) 2.309× 10−4 (000)→ (020) 5.910× 10−3 (000)→ (020) 5.854× 10−3

(000)→ (200) 7.835× 10−3 (000)→ (101) 3.192× 10−6 (000)→ (110) 8.691× 10−4 (000)→ (010) 2.345× 10−3

(000)→ (020) 4.236× 10−4 (000)→ (011) 2.369× 10−6 (000)→ (200) 6.751× 10−4 (000)→ (200) 2.123× 10−3

(000)→ (300) 3.093× 10−4 (000)→ (200) 1.384× 10−6 (000)→ (010) 5.467× 10−4 (000)→ (120) 2.765× 10−4

(000)→ (110) 1.467× 10−4 (000)→ (110) 7.536× 10−7 (000)→ (120) 8.754× 10−5 (000)→ (011) 1.861× 10−4

(000)→ (400) 9.401× 10−5 (000)→ (020) 2.257× 10−7 (000)→ (011) 6.548× 10−5 (000)→ (110) 1.404× 10−4

b̃3A′′ → ã3A′ FCF b̃3A′′ → ã3A′ FCF b̃3A′′ → ã3A′ FCF b̃3A′′ → ã3A′ FCF
(000)→ (010) 0.2466 (000)→ (000) 0.5645 (000)→ (000) 0.3658 (000)→ (000) 0.5455
(000)→ (000) 0.1708 (000)→ (010) 0.2485 (000)→ (100) 0.2125 (000)→ (100) 0.2076
(000)→ (020) 4.980× 10−3 (000)→ (020) 0.06006 (000)→ (010) 0.1357 (000)→ (010) 0.1084
(000)→ (510) 6.612× 10−3 (000)→ (110) 0.01666 (000)→ (200) 0.07661 (000)→ (200) 0.05159
(000)→ (120) 6.115× 10−3 (000)→ (030) 0.01311 (000)→ (110) 0.06946 (000)→ (110) 0.03542
(000)→ (101) 5.978× 10−3 (000)→ (101) 0.01020 (000)→ (020) 0.03233 (000)→ (020) 0.01413
(000)→ (700) 5.719× 10−3 (000)→ (111) 5.778× 10−3 (000)→ (210) 0.02251 (000)→ (300) 0.01023
(000)→ (020) 4.980× 10−3 (000)→ (120) 2.694× 10−3 (000)→ (300) 0.02154 (000)→ (210) 7.788× 10−3

TlSH CSH SiSH GeSH

b̃3A′′ → ã3A′ FCF ã4A′′ → X̃2A′ FCF ã4A′′ → X̃2A′ FCF ã4A′′ → X̃2A′ FCF
(000)→ (000) 0.5210 (000)→ (000) 0.6667 (000)→ (000) 0.7049 (000)→ (000) 0.2498
(000)→ (100) 0.2174 (000)→ (100) 0.1855 (000)→ (100) 0.2081 (000)→ (100) 0.2508
(000)→ (200) 0.1209 (000)→ (010) 0.07485 (000)→ (200) 0.05043 (000)→ (200) 0.1979
(000)→ (300) 0.05302 (000)→ (110) 0.03172 (000)→ (010) 0.01917 (000)→ (300) 0.1307
(000)→ (400) 0.02369 (000)→ (200) 0.01888 (000)→ (300) 0.01028 (000)→ (400) 0.07796
(000)→ (010) 0.01794 (000)→ (020) 6.588× 10−3 (000)→ (110) 2.614× 10−3 (000)→ (500) 0.04304
(000)→ (110) 0.01231 (000)→ (210) 5.073× 10−3 (000)→ (400) 1.909× 10−3 (000)→ (600) 0.02243
(000)→ (500) 9.774× 10−3 (000)→ (120) 3.459× 10−3 (000)→ (011) 1.174× 10−3 (000)→ (700) 0.01116

b̃3A′′ → ã3A′ FCF ã4A′′ → X̃2A′ FCF ã4A′′ → X̃2A′ FCF ã4A′′ → X̃2A′ FCF
(000)→ (000) 0.2706 (000)→ (000) 0.3412 (000)→ (000) 0.7515 (000)→ (000) 0.5631
(000)→ (100) 0.2362 (000)→ (100) 0.2235 (000)→ (010) 0.2083 (000)→ (100) 0.1894
(000)→ (200) 0.1407 (000)→ (010) 0.1691 (000)→ (100) 0.01423 (000)→ (010) 0.08689
(000)→ (010) 0.07526 (000)→ (110) 0.1067 (000)→ (020) 0.01265 (000)→ (200) 0.08541
(000)→ (300) 0.06789 (000)→ (020) 0.03838 (000)→ (011) 5.485× 10−3 (000)→ (300) 0.03029
(000)→ (110) 0.05896 (000)→ (120) 0.02814 (000)→ (120) 2.550× 10−3 (000)→ (300) 0.03029
(000)→ (210) 0.03404 (000)→ (120) 0.02323 (000)→ (021) 2.135× 10−3 (000)→ (110) 0.01331
(000)→ (400) 0.02870 (000)→ (111) 7.765× 10−3 (000)→ (001) 1.159× 10−3 (000)→ (400) 0.01097

PSH AsSH SbSH BiSH

b̃1A′′ → X̃3A′ FCF b̃1A′′ → X̃3A′ FCF b̃1A′′ → X̃3A′ FCF b̃1A′′ → X̃3A′ FCF
(000)→ (000) 0.9018 (000)→ (000) 0.9224 (000)→ (000) 0.9572 (000)→ (000) 0.9674
(000)→ (100) 9.074× 10−2 (100)→ (000) 0.06913 (000)→ (100) 0.03952 (000)→ (020) 0.03050
(000)→ (010) 3.852× 10−3 (000)→ (010) 5.412× 10−3 (000)→ (010) 2.684× 10−3 (000)→ (040) 1.443× 10−3

(000)→ (200) 2.506× 10−3 (000)→ (020) 1.362× 10−3 (000)→ (200) 3.351× 10−4 (000)→ (011) 4.409× 10−4

(000)→ (110) 6.621× 10−4 (000)→ (110) 5.081× 10−4 (000)→ (110) 2.042× 10−4 (000)→ (060) 7.583× 10−5

(000)→ (001) 2.229× 10−4 (000)→ (200) 4.726× 10−4 (000)→ (011) 7.613× 10−5 (000)→ (200) 7.041× 10−5

(000)→ (011) 1.648× 10−4 (000)→ (011) 2.257× 10−4 (000)→ (001) 2.977× 10−5 (000)→ (110) 4.556× 10−5

(000)→ (101) 4.968× 10−5 (000)→ (210) 2.208× 10−4 (000)→ (020) 1.709× 10−5 (000)→ (031) 4.171× 10−5

b̃1A′′ → ã1A′ FCF b̃1A′′ → ã1A′ FCF b̃1A′′ → ã1A′ FCF b̃1A′′ → ã1A′ FCF
(000)→ (000) 0.2986 (000)→ (000) 0.2690 (000)→ (000) 0.5130 (000)→ (000) 0.3994
(000)→ (100) 0.2954 (000)→ (100) 0.2780 (000)→ (100) 0.2797 (000)→ (100) 0.3044
(000)→ (200) 0.1633 (000)→ (200) 0.1616 (000)→ (200) 0.08656 (000)→ (200) 0.1267
(000)→ (300) 0.06617 (000)→ (300) 0.06906 (000)→ (010) 0.05086 (000)→ (300) 0.03802
(000)→ (010) 0.04189 (000)→ (010) 0.06129 (000)→ (110) 0.02369 (000)→ (020) 0.02171
(000)→ (110) 0.03943 (000)→ (110) 0.05213 (000)→ (300) 0.01983 (000)→ (010) 0.02093
(000)→ (400) 0.02183 (000)→ (210) 0.02505 (000)→ (210) 6.316× 10−3 (000)→ (120) 0.01669
(000)→ (210) 0.02083 (000)→ (400) 0.02412 (000)→ (020) 5.834× 10−3 (000)→ (110) 0.01638
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Table S5. Computed mean-field Breit-Pauli spin-orbit matrix elements (cm−1) for group 13 MSH molecules with respect to
spin-electronic states |Λ,Σ〉.

Matrix Element BSH AlSH GaSH InSH TlSH

〈X̃1A′, 0|ĤSO|b̃3A′′,±1〉 −34.041e∓0.964i 43.203e±1.333i 172.641e±3.563i 518.827e±9.871i 209.677e∓6140.860i

〈Ã1A′, 0|ĤSO|b̃3A′′,±1〉 −5.078e∓6.332i 2.821e∓28.488i −4.5965e±202.794i 25.886e∓793.378i 5212.156e±332.300i

〈B̃1A′′, 0|ĤSO|ã3A′,±1〉 −2.485e±8.770i 0.0863e∓29.389i 10.439e∓205.505i 32.190e∓806.937i −5123.191e∓216.603i

〈C̃1A′, 0|ĤSO|b̃3A′,±1〉 7.992e∓30.267i 5.388e±16.171i 23.325e∓9.280i 257.066e±31.535i −5206.329e∓540.624i

CSH SiSH GeSH

〈X̃2A′,± 1
2
|ĤSO|ã4A′′,± 3

2
〉 51.645e±8.795i −71.321e∓5.719i 64.008e±6.129i

〈X̃2A′,± 1
2
|ĤSO|ã4A′′,∓ 1

2
〉 29.817e∓5.078i −41.177e∓3.302i 36.955e∓3.538i

〈B̃2A′,± 1
2
|ĤSO|ã4A′′,± 3

2
〉 15.329e±4.737i 12.027e∓60.937i 13.746e±32.229i

〈B̃2A′,± 1
2
|ĤSO|ã4A′′,∓ 1

2
〉 8.850e∓2.735i 6.944e±35.182i 7.936e∓18.608i

〈C̃2A′,± 1
2
)|ĤSO|ã4A′′,± 3

2
)〉 4.635e−20.198i 80.457e−12.007i 93.260e12.370i

〈C̃2A′,± 1
2
|ĤSO|ã4A′′,∓ 1

2
〉 86.181e23.323 92.904e−13.864i −107.687e14.284i

PSH AsSH SbSH BiSH

〈X̃3A′′,±1|ĤSO|ã1A′, 0〉 −2.608e∓103.992i 12.889e∓592.464i −42.417e±1880.700i 10272.392e±247.815i

〈Ã3A′,±1|ĤSO|b̃1A′′, 0〉 16.024e±13.687i 372.723e±37.734i 1289.094e±52.616i −368.162e∓8585.580i

〈B̃3A′′,±1|ĤSO|ã1A′, 0〉 117.880e±9.027i −428.892e±4.021i 1162.687e±0.326 −7077.983e±166.707i

〈C̃3A′,±1|ĤSO|b̃1A′′, 0〉 – −16.942e±114.620i 902.415e±31.278i –

Table S6. Calculated moments (in Debye) for spin-allowed dipole transitions in multivalent MSH molecules

Transition Orientation BSH AlSH GaSH InSH TlSH

d0(X̃1A′) ab-type 1.7644 1.3585 1.8616 2.7739 3.7892

X̃1A′ → Ã1A′ ab-type 1.5059 2.5257 1.9927 2.1981 1.4057

X̃1A′ → B̃1A′′ c-type 1.5052 2.6114 1.9376 2.1372 1.3434

X̃1A′ → C̃1A′ ab-type 1.5051 0.3171 0.9196 0.7434 0.9694

ã3A′ → b̃3A′′ c-type 0.06753 0.02584 0.029131 0.01351 0.005602
CSH SiSH GeSH

d0(X̃2A′) ab-type 1.4663 0.8947 1.3986

X̃2A′ → Ã2A′′ c-type 0.1008 0.02842 0.02842

Ã2A′′ → B̃2A′ c-type 0.02508 0.2094 0.2551

Ã2A′′ → C̃2A′ c-type 0.1474 0.07286 0.03832
PSH AsSH SbSH BiSH

d0(X̃3A′′) ab-type 0.8065 0.9317 1.3588 2.0861

X̃3A′′ → Ã3A′ c-type 0.30537 0.3776 0.1753 0.4578

X̃3A′′ → B̃3A′′ ab-type 0.67851 0.6206 0.6950 0.4795

X̃3A′′ → C̃3A′ c-type 0.29843 0.07096 0.0712 0.06363

ã1A′ → b̃3A′′ c-type 0.06075 0.05008 0.03274 0.02700


	Multivalent optical cycling centers in polyatomic molecules
	Abstract
	I Introduction
	II Pathways to Photon Cycling
	III Computational Approach
	IV Vibronic Structure
	A Singlet Ground States: Group 13
	B Doublet Ground States: Group 14
	C Triplet Ground States: Group 15

	V Design principles
	A Linker atom and bond polarity
	B Spin-orbit coupling and mass tuning

	VI Outlook
	A Production
	B Applications
	1 Trapping and Control
	2 Quantum simulation and information
	3 Precision measurement
	4 Extensions to complex molecules


	VII Conclusion
	 Acknowledgments
	A Details on vibronic structure
	1 Molecular orbital configurations
	2 Valence bonding and repulsion
	3 Vibrational Closure Schemes
	4 Alternative ligands

	B Details on rotational structure and closure
	1 Singlet Ground States: Group 13
	2 Triplet Ground States: Group 15
	3 Doublet Ground States: Group 14

	 References


