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Vibrational branching fractions for laser cooling of nonlinear strontium-containing molecules
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The vibrational branching fractions from the lowest excited electronic state for STOCH3, StNH,, and SrSH
are measured at the <0.1% level. Spectra are obtained by driving the X-A transitions and dispersing the fluo-
rescence on a grating spectrometer. We also perform ab initio calculations for the energies of vibrational levels
relevant for laser cooling, as well as branching fractions to support the interpretations of all molecular spectra.
Symmetry-group analysis is applied in conjunction with our data to study rotational closure in these molecules.
These analyses indicate favorable prospects for laser cooling StNH, and other similar alkaline-earth-metal(-like)
amides for future beyond the Standard Model physics searches using polyatomic molecules with long-lived parity

doublets.
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I. INTRODUCTION

Laser-cooled and trapped polyatomic molecules are an at-
tractive platform for precision measurement. Recognition of
the long coherence times possible in their electronic ground
states has led to proposals for their use in searches for physics
beyond the Standard Model (BSM), such as permanent elec-
tric dipole moments (EDMs) of fundamental particles [1-8].
The advantage of polyatomic molecules in EDM experiments
over simpler laser-coolable diatomic molecules stems from
their low-lying closely spaced opposite parity states, known
as “parity doublets” [5-9]. This structure allows for the full
polarization of these species in the laboratory frame, and
hence the full realization of their intrinsic sensitivities to new
physics, as well as being powerfully useful in suppressing
systematic errors in precision searches for symmetry violation
[10,11].

Laser-cooled diatomic molecules (so far BaF, BaH, CaF,
CaH, SrF, YbF, and YO [12-18]) have long-lived (7 >
10 s) opposite-parity states arising from the rotation of nu-
clei around each other (i.e., “rotational states’). However,
there are two major differences between these states and the
parity-doublet states available in polyatomic molecules. First,
the energy separation between rotational states is ~10 GHz,
thus requiring an electric field £ > 10 kV/cm to achieve near
unity polarization. In contrast, the isoelectronic linear poly-
atomic species (e.g., CaOH, SrOH, and YbOH) contain parity
-doublet states arising from vibrational angular momentum
around the internuclear axis, and thus can be polarized with
fields about 1000 times smaller. Second, these parity-doublet
states result in a Stark level structure that is fundamentally
different than rotational state mixing in diatomic molecules.
For example, in the highly polarized limit, the polyatomic
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molecule structure for vibrationally excited states typically
includes two highly and oppositely oriented states, crucial for
rejection of systematic errors in EDM experiments, as well as
a state with zero orientation [5].

A disadvantage of using parity-doublet states in a vi-
brational excited state is the shorter spontaneous lifetime
compared to diatomic rotational states, 7 <1 s (e.g., see
Ref. [19]). Symmetric and asymmetric top molecules, which
we refer to as nonlinear molecules, feature many of the same
desirable properties as vibrationally excited linear polyatomic
molecules (low-field polarizability and compatibility with
laser cooling [8,20,21]) while also possessing parity-doublet
structures in the ground vibrational state with intrinsic life-
times 210 s. The benefits of nonlinear molecules for BSM
searches, including the possiblity for very long coherence
times, have been pointed out previously [8,20,21], but key
elements of laser cooling them are less explored than for
linear counterparts. While one-dimensional (1D) laser cool-
ing of a symmetric top species has been demonstrated [22],
and an extension to asymmetric top species has been pro-
posed [21] with initial studies already performed in CaNH,
[23], further work is required to establish a road map to full
three-dimensional (3D) laser cooling and trapping of such
molecules. In addition, the few extant studies of laser-cooling
low-symmetry molecules have focused predominantly on rel-
atively light molecules. While these species are of interest
for quantum information applications, many proposals for
BSM physics searches rely on constituent atoms at least as
heavy as Sr [2,5-9,11,24,25]. The effect of mass-dependent
perturbations on laser-cooling low-symmetry species is not
well understood. As such, studying heavier molecules, even in
the same symmetry group, provides vital information for pre-
cision measurement experiments that is not easy to generalize
from existing work. The same or similar molecules are also
of interest for quantum information platforms [26-29] and the
study of low-temperature chemical reactions [30,31].
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To laser cool any molecule, vibrational loss channels need
to be identified to sufficient resolution. Computational tech-
niques are rapidly improving [32-39], but predictions of
low-probability (~1074~1073) decay channels have not yet
been benchmarked against experimental results for heavy,
nonlinear polyatomic molecules where vibronic perturbations
are challenging to quantitatively model. As such, ab initio
methods cannot be solely relied upon to assess the laser coola-
bility of a complex molecule and direct measurements of the
vibrational branching fractions (VBFs) must be experimen-
tally recorded.

Although vibrational branching occurs during photon
cycling in any molecular species, rotational loss may qual-
itatively differ in nonlinear species compared to their linear
analogs. In linear species, rotationally closed transitions are
simple to identify based on parity and angular momentum
selection rules, and the ability to drive a single rotational
transition for most vibrational repumping levels is ensured
[40—42]. Such rotationally closed transitions are not generally
possible when laser cooling nonlinear molecules [20-22]. Ro-
tational leakage channels for laser-cooling schemes have not
been previously analyzed on the basis of general symmetry-
group properties. In particular, whether or not there are
nonlinear symmetry groups which have “sufficient” symmetry
to maintain rotational closure in reasonable perturbative limits
is an open question.

To address these questions, we measure the VBFs of the
lowest excited electronic states in three strontium-containing
molecules: STOCHj3, StNH,, and SrSH. We measure vibra-
tional branching fractions as small as 0.01%, and by doing so
investigate the mid-resolution vibrational branching of heavy
species in three distinct symmetry classes (Cs,, Cay, and Cy).
Our measurements also invite an analysis of the rotational
structure of the laser-cooling transitions proposed for these
molecules, and we expand upon ideas presented in Ref. [21].
We also point out known perturbations in the Sr-containing
species that exacerbate rotational leakage channels compared
to the previously studied Ca species.

Through these analyses, this work provides a side-by-
side comparison of the technical complexity required to
laser cool isoelectronic species as a function of molecular
symmetry. The combination of rovibrational analyses indi-
cates that the easiest molecule to laser cool among those
studied here is likely StTNH,, the species of intermediate sym-
metry C,,. Correspondingly, molecules from the C,, point
group such as StNH, (or heavier analogs such as BaNH,,
YbNH,, and RaNH,) appear to be the most preferable species
for a next-generation laser-cooled EDM-sensitive nonlinear
molecule, having fewer vibrational modes and rotational
leakage channels than SrOCHj;, but greater symmetry pro-
tection against internal perturbations than SrSH. This highly
motivates future work to measure VBFs in SrNH, at the
~1073 level, similar to prior work on SrOH [37], which
should be possible with a few additions to our current
methods.

Nevertheless, our work does not show the impossibility of
laser cooling in any of these species, suggesting that with suf-
ficient motivation laser cooling even C; (and more easily, Cy,
or C3,) molecules is realizable, in agreement with previous
proposals [20,21,43].
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FIG. 1. Schematic showing the apparatus as viewed from above.
A strontium metal target, located inside a cryogenic copper cell, is
ablated by an Nd:YAG laser. The strontium atoms then react with
the reactant gas to form the molecule of interest. The molecules are
thermalized to the cell temperature by helium buffer gas, and exit the
cell rotationally cold. A laser beam excites molecules to the lowest
excited electronic state, and the fluorescence from the subsequent
decay is collected into a spectrometer.

II. METHOD AND APPARATUS

A. Experiment

We measure the VBFs of the three molecular species using
the dispersed laser-induced fluorescence method and appara-
tus used in Ref. [37] for SrOH. The key details are briefly
repeated here for clarity. A schematic of the apparatus can be
seen in Fig. 1.

The molecules are produced in a cryogenic cell (~8 K)
by ablating a strontium target in the presence of both a
species-specific reactant gas and a helium buffer gas. Sr atoms
released by ablation react to form the molecules of interest,
which are then quickly thermalized to the cell temperature by
collisions with the buffer gas.

Methanol is used as the reactant gas to produce SrOCHj3,
ammonia for StNH,, and 1,3-propanedithiol for SrSH. The
reactant fill line temperature was kept at 275-310 K in all
cases, despite differences in vapor pressure, to prevent clogs
forming in the hot fill line due to ambient contamination in
the system. The gas pressure immediately upstream of the
fill line was approximately 4 mBar for methanol, 15 mBar
for ammonia, and 2.5 mBar (approximately the vapor pres-
sure) for 1,3-propanedithiol. Increasing the vapor pressure for
methanol and ammonia did not drastically improve molecular
production, but did coincide with a higher rate of clog for-
mation that necessitated warming up the cryogenic system to
near room temperature.

About 1”7 downstream of the production cell, the molecular
beam is intersected by a ~50-mW, ~5-mm diameter beam of
excitation light, tuned to the rovibronic transition of interest
(discussed in Sec. III). The excitation light is generated using

022811-2



VIBRATIONAL BRANCHING FRACTIONS FOR LASER ...

PHYSICAL REVIEW A 110, 022811 (2024)

a Matisse tuneable Ti:sapphire laser, and is locked to ~5 MHz
with a High Finesse WS7 wave meter.

The fluorescence from the molecular decays is collimated
with a 50-mm in-vacuum lens (focal length 35 mm) and di-
rected into a 0.67-m Czerny-Turner style spectrometer. The
overall collection efficiency is limited by the spectrometer’s
numerical aperture of 0.11. In the spectrometer, a 2400-
line/mm grating disperses a ~40-nm region of the spectrum
onto an EMCCD camera. We adjust the grating angle through-
out the data taking process to select different subsets of the
spectrum and thus cumulatively image over the entire wave-
length range of interest for each molecule.

Calibration of the spectrometer and camera system using
known frequencies allows us to infer the wavelength and
thus vibrational identity of the decays. The relative intensity
combined with the spectral response of the spectrometer and
camera allows us to obtain the relative probability of each
decay.

Off-resonant scatter from the ablation laser, fluorescence
from strontium atom decays, and EMCCD signal offsets can
all contribute to the fluorescence signal as false molecular
decays. We therefore take images of all combinations of ab-
lation laser on and off and excitation light on and off for a
given data point. A linear combination of images from these
four configurations provides only the spectrum of the light
emitted by the target molecules. We collect data using this
method long enough to reach an ultimate VBF sensitivity of
0.01%—-0.1%.

B. Computation

We have performed ab initio calculations for the vibra-
tional levels and branching fractions in StOCH3, StNH,, and
SrSH. The equilibrium structures and force constants for the
electronic ground and first excited states have been calculated
at the equation-of-motion electron attachment coupled-cluster
singles and doubles (EOMEA-CCSD) [44,45] level using
closed-shell electronic ground states of the cations as the
reference states and adding the open-shell electrons to ob-
tain the targeted electronic states of the neutral molecules.
The EOMEA-CCSD calculations treat the ground and excited
states of the neutral molecules on the same footing and have
been shown to provide accurate results for the vibronic en-
ergy levels and branching fractions in metal monohydroxides
[36-38].

The computed vibrational branching fractions have been
obtained by using the computed Franck-Condon factors and
transition energies. The calculations of the Franck-Condon
factors for the transitions from the vibrational ground state
of the electronic first excited states to vibrational ground
and excited states of the electronic ground states within the
double-harmonic approximation have been carried out using
the “FCSQUARE” module [46] of the CFOUR program [47,48].

The anharmonic contributions to the vibrational frequen-
cies and wave functions of the electronic ground state have
been accounted for using vibrational second-order perturba-
tion theory (VPT2) [49]. Fermi resonances have been resolved
by means of explicit diagonalization in the space of the
quasidegenerate vibrational modes. We have used the GUINEA
module [50] of the CFOUR program for the VPT2 calculations.

To account for nominally symmetry-forbidden transitions in
SrOCH3 and SrNH,, we have included the contributions from
the “direct vibronic coupling” (DVC) mechanism proposed in
earlier work [36,38], namely, the vibronic coupling between
the A ?Ey /> and B A’ states in StOCH; and between the A 2B,
and C %A, states in SINH,.

We have used the exact two-component (X2C) theory
[51,52] and the X2C recontracted basis sets to treat relativistic
effects. The spin-free exact two-component theory in its one-
electron variant (the SFX2C-1e scheme) [53] has been used
for the calculations of SrSH and SrNH,. Note that the first
excited states of STOCHj; are doubly degenerate in the Cs,
structure and are subject to Jahn-Teller distortion in the scalar
representation. Interestingly, in the spinor representation with
spin-orbit coupling included in the molecular orbitals, the
lowest excited electronic 2E1/2 state of SrOCHj; exhibits a
stable Cs, structure. This is similar to the observation for
RaOCHj; [54] and allows the calculations of the vibrational
branching fractions using the double-harmonic approxima-
tion. Therefore, we have used the spinor-based X2C approach
with atomic mean-field integrals (the X2CAMF scheme)
[55,56] for the calculation of StOCHj3. The implementation
of analytic X2C-EOM-CCSD gradients [54,57] in the CFOUR
program has greatly facilitated the calculations of equilibrium
structures and force constants presented here.

In the calculations of SrOCH; and SrSH, we have used
the cc-pwCVTZ basis set for Sr [58], cc-pCVTZ basis set
for S [59,60], and cc-pVTZ basis sets for O, C, and H [61].
The treatment of Fermi resonances in StNH, is very sensitive
to the relative vibrational frequencies of the quasidegenerate
vibrational modes. Aiming at accurate force fields, we have
adopted more extensive basis sets for calculations of StTNH,.
Here we have used the uncontracted ANO-RCC sets [62—-64]
for Sr, N, and H in the calculations of SrNH,, which are of
quadruple-zeta quality.

To investigate the potential relevance of '“N hyperfine
interactions to laser cooling of StNH,, we have carried out
X2CAMF-CCSD/ANO-RCC-unc calculations for the '“N
Fermi contact interaction constant (which is expected to be the
dominant contribution to the hyperfine structure) and electric
quadrupole-coupling constants eQq. The computed value for
the !N Fermi contact interaction constant in StTNH, amounts
to 17 MHz. For comparison, a value of 101 MHz for '°F Fermi
contact interaction constant in SrF computed at the same level
of theory agrees well with the measured value of 105 MHz
[65]. The computed 'H Fermi contact interaction constant
in SINH, is less than 1 MHz. The '*N electric quadrupole-
coupling constants are computed to be less than 4 MHz.
These calculations exploit analytic X2CAMF-CCSD gradient
technique [66,67] and provide all first-order properties imple-
mented in the CFOUR program, including the eEEDM sensitivity
parameters known as “effective electric fields.” The computed
effective electric fields in STNH, and SrF take values of 2.2
and 2.1 GV/cm, respectively. For comparison, we have also
carried out X2CAMF-CCSD/ANO-RCC-unc calculations for
BaNH,, YbNH,, and RaNH, and have obtained effective
electric field values of 6.5, 25.3, and 55.2 GV/cm, respec-
tively. These effective electric field values in metal amides
are similar to those in the corresponding metal monofluorides
and monohydroxides [67-72]. X2CAMF-CCSD calculations
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using the same basis sets as in the calculations for RaF and
RaOH [73] also show that RaNH, has a nuclear Schiff mo-
ment sensitivity factor similar to those of RaF and RaOH. The
X2CAMEF-CCSD value of —25613 a.u. for RaNH, is similar
to the values of —20254 a.u. for RaF and —23397 a.u. for
RaOH [73]. All of these calculations of first-order properties
have been performed using the SFX2C-1e-EOMEA-CCSD
equilibrium structures.

III. ROTATIONAL STRUCTURE
AND EXCITATION TRANSITIONS

Since much of the literature on laser-cooling molecules
is focused on diatomic and linear triatomic species, here we
outline the structural considerations of each of the molecules
studied in this work. These considerations are relevant to
both identifying the excitation transitions used to measure the
relevant VBFs, as well as for evaluating the robustness of
rotational closure.

A. SrOCH3;

SrOCHj3; is a C3, symmetric top molecule. The ground
electronic state is described as a 2A; representation [74,75].
Levels in this state are well represented by Hund’s case
(b) [88]. Since the end-over-end rotational constant B
(0.084 cm~' [76]) is much smaller in SrOCH; than the
symmetry-axis rotational constant A (5.185 cm~! [76]), the
rotational levels labeled by N are grouped into ladders of
distinct values of K = |K%|, where K% is the projection of
N onto the symmetry axis a; for clarity, we employ a su-
perscript silcrow to distinguish signed angular momentum
projections from unsigned ones. The spacing between K man-
ifolds is set by A — B. In states with K # 3n, each N level
has a rotational E representation and possesses nearly de-
generate opposite-parity states, known as a K doublet, split
only by weak hyperfine interactions [77]. Thus, any state in
these rotationally excited K manifolds will be easily polar-
ized and therefore of interest for EDM or quantum science
experiments.

The lowest electronic excited state is described as an 2E
representation [74,75], analogous to the 217 state in SrOH.
As in SrOH, there is large spin-orbit coupling that splits the
manifold into 2E > and *E3/, manifolds; we drive transitions
only to the former. This state is Hund’s case (a), so that each
rotational eigenstate has significant admixtures of distinct N
values.

We use the notation (N, K;J)* to label rotational states in
SrOCH3;, where the =+ sign denotes parity. In the situation of
Hund’s case (a) states where N is a bad quantum number, we
omit the N label. Likewise, we omit J and parity labels unless
necessary.

For molecules in the C3, point group, rotational closure
schemes have been previously identified [20,22,43]. We re-
iterate the main points with a slightly modified discussion
that emphasizes the structural selection rules in C3, molecules,
which will elucidate the comparison with the C,, and C; cases.
The differentiating factors between rotational closure in linear
versus C3, molecules arise for states with nonzero rigid body
rotational angular momentum about the a axis, K, which have
no analog in linear species.

Since there is no electric dipole moment perpendicular
to the symmetry axis, rovibronic transitions do not change
K (up to small perturbations such as the Jahn-Teller and
pseudo-Jahn-Teller interactions that couple rotational and
other angular momenta [33,78,79]) and an optical cycle
must occur between states with the same value of Ki. The
parity-doublet structure of interest to symmetry violation ex-
periments is not found in the K = Kz = 0 manifold of X 24,
so we focus on the optical cycles available with Kz = 1.

A given A ?E; (N, K') component of an eigenstate may
decay to X 2A4;(N”,K’' &+ 1) where N” = N’ or N’ £ 1, sub-
ject to N” > K” and K” > 0, a double-prime denotes a
ground-state label, and a single-prime denotes an excited-state
label. Ideally, the N’ = K’ = 0 state, with J' = 3, would be
targeted so that only N” = K” = 1 can be populated. Clearly,
a A 2E1/2(O, 0; %) state may mix with the A 2E1/2(1, 0; %)
state of the same parity while respecting J and parity con-
servation. Such a mixing will contribute additional decays to
X 2A1(2,0), necessitating a rotational repumping transition as
demonstrated in Ref. [22] for the CaOCHj laser-cooling cycle
originating from K" = 1.

We now present a brief heuristic argument for why the
(3, molecular symmetry offers no additional protection
against rotational state mixing in the A 2Ej»(K’ = 0) mani-
fold beyond that afforded by angular momentum and parity
selection rules. States with distinct N components within
the A 2E, ,2(K’ = 0) manifold essentially arise from different
combinations of (Ng, K = 1) states, where we have denoted
the rigid-body rotational angular momentum by Nk to distin-
guish it from the total angular momentum excluding spin N.
Since all of the (N, K = 1) rotational states have an E repre-
sentation in the C3, point group, it follows that there cannot be
a symmetry-based prohibition against mixing N’ = J — % and
N =J+ % states of the same parity within the K’ = 0 man-
ifold (which has Kj = 1). Since the A 2E1/2 state is Hund’s
case (a), the symmetry-allowed mixing between (0, O; %) and
(1,05 %) components is of order unity and the (0O; %) state
decays with comparable strength to both X 24,(1,1) and
X 2A,2,1).

To study the vibrational branching fractions from
the excited state used for laser cooling, we drive
X 2A1(1,1; 1) A 2E15(0; 1), as seen in Fig. 2. Here the
parity is denoted with &+ () in the ground (excited) manifold
because the parity doublets are split by a smaller energy gap
than the natural linewidth of the transition. The X 24,(1,1)
state is significantly populated in our CBGB despite having
a relatively large absolute rotational energy (owing to the
large rotational constant A = 5.2 cm~! [75]) because it is the
ground rovibronic state of the para-SrOCHj; isomer [22].

We also attempted to study SrCHj as part of this work.
However, we were unable to observe the molecule in our
CBGB and, as a result, tentatively suggest that SrCH;z be
disfavored compared to STOCHj3 for future laser-cooling ap-
plications (see Appendix A for details).

B. SrNH,

With a slightly lower degree of symmetry, STNH, belongs
to the C,, point group. The ground state is described by
the 24, representation [80,81]. As in SrtOCH3, this state is
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FIG. 2. Schematics showing the relevant rotational structure in (a) STOCHj3, (b) StTNH,, and (c) SrSH. Dashed lines show known rotational
decay channels, and identify states that will need to be addressed in order to photon cycle in each species. The asymmetric top states are
labeled as Nk, k.. In these molecules, the opposite parity states are not shown due to strict parity selection rules. Note also that these are only
the confirmed decay channels; see Appendix B for all possible loss channels given the excitations used here. Even when perturbations are
taken into account, STNH, requires the fewest rotational repumps per vibrational decay channel.

Hund’s case (b) [82]. Individual rotational levels are again
described by N. The projection K is no longer a good quantum
number, but we can identify states with the additional labels
K, (K.), denoting the value of K that would describe the
state if the molecule were adiabatically deformed to a prolate
(oblate) symmetric top. Because A > B & C in StNH,, the
level structure closely resembles that of a prolate symmetric
top with K, corresponding to K [82]. In the relevant case
where the symmetry axis is along the a inertial axis, the parity
of a state alternates with even vs odd values of K. and in the
vibronic ground state, the parity is given by P = (—1)X. The
allowed values of K. are N — K, and N — K, + 1. The states
comprising an effective parity doublet are therefore the two
allowed states with the same N and K, > 1 but different K.
These states are inherently split by an amount set by the rota-
tional constant asymmetry B — C > 0. In StNH, the splitting
between opposite-parity states in the N = K = 1 manifold
(in the rigid rotor model neglecting details of hyperfine and
spin-rotation structure) is ~130 MHz [83], large enough to
be spectroscopically resolvable but small enough to be easily
polarized.

The A 2B, state differs qualitatively from the first excited
state in STOH and SrOCH3 because in the lower-symmetry
group there are no doubly degenerate electronic manifolds.
Physically, the degeneracy of the IT orbital is broken by the
orientation of the hydrogen nuclei, and the in-plane vs out-
of-plane electron orbitals acquire distinct energies. However,
there is still a moderately strong spin-orbit interaction, so the
A 2B, state is described by Hund’s case (a) just as in STOH
[82]. Rotational states are labeled by (Nk, k.;J )*, where as
before £ denotes the parity of the state. J and parity labels are
omitted unless necessary.

Routes to rotational closure for C,, molecules have been
previously identified [21]. For b-type transitions like X-A,
the optical cycle proceeds on X 2A1(11)) <A 2B,(00; %)*.
Because parity alternates with K., a (103 %)* rotational state
from any B, vibronic manifold (possibly but not necessar-
ily A 2B,) has the same J and parity values as the excited
laser-cooling state. As seen for the case of C3, molecules, the
possibility should be considered that such a (1,9) state could
mix with A 2B,(0y), leading to rotational leakage channels
such as to X 24,(1o;) or X 24,(2,,). However, such a mix-

ing is strictly forbidden in C;, molecules, up to hyperfine
or Coriolis-type interactions that couple states of different
rotational symmetries (and which are expected to be very
weak). Specifically, the (Og) rotational state has the A; repre-
sentation, while the (1;¢) state has the B; representation; thus
the (Ogp) excited-state rotational label must be highly pure.
This behavior guarantees much stronger protection against
rotational leakage channels than in C3, or (as we will see) C;
molecules. See Appendix B for more details. We note that any
rotational leakage channel introduced by the weak rotational-
symmetry-violating perturbations mentioned above is likely to
require repumping for only the strongest vibrational decays, if
at all, in order to cycle ~10* photons.

To study the laser-cooling transition, we drive
X 2A1(111;%)* - A sz(OOO;%fr, as seen in Fig. 2. The
molecular symmetry enforces a relationship between the
rotational and hydrogen nuclear states, and (as discussed in
Appendix B) X 24,(1;) is the ground state of the Iy, = 1
isomer, where Iy, is the total hydrogen nuclear spin. Since
the nuclear spin is not efficiently changed during buffer
gas cooling, this state thus has a significant population in
our CBGB despite being at a relatively large energy (set
by A=13.5 cm™' [83]) compared to the absolute ground
X 2A1(Ooo) state.

We note that the nuclear spin state associated with the
nitrogen atom is always in the totally symmetric representa-
tion of the C,, group and thus has no effect on the selection
rules or naturally populated states of STNH,. Furthermore, the
hyperfine interaction arising from coupling of the nitrogen
spin to the electron spin can be expected to be weaker than in
StF owing to the smaller nuclear magnetic dipole moment of
both naturally abundant nitrogen isotopes, '“N (with Iy = 1,
uw=0.40 ux where uy is the nuclear magneton) and N
(with Iy = 3, u = —0.28 ), compared to °F (with /s = §,
® = 2.63 uy) [84]. Using the Fermi contact hyperfine constant
computed in Sec. II B, the '*N magnetic 3hyperﬁne splitting

amounts to around 23 MHz in the J = 5 manifold. In the

J = 1 manifold of "N and in both J manifolds of '°N, the hy-
perfine splittings are smaller. As also mentioned in Sec. II B,
the hydrogen magnetic hyperfine constant and '*N electric
quadrupole interaction constants (which have no analogs in
StF) are about an order of magnitude smaller than the '“N
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magnetic hyperfine constant. We therefore expect all hyper-
fine splittings to be within about +2 natural linewidths of the
X-A transition and to require no additional frequency side-
bands during laser cooling. To date, no hyperfine splittings in
SrNH; have been observed. Thus, only a single low-frequency
sideband is required to address the spin-rotation splitting in
order to achieve rotational closure in STNH,.

C. SrSH

With only a single reflection plane, SrSH belongs to the C;
point group [85]. Also an asymmetric top, the electronic and
rotational structure is similar to StTNH,. However, the point
group is smaller, and as a result there are only two allowed
representations. The ground electronic state transforms as the
A’ representation, and is analogous to the ground states of the
other molecules studied here [85]. The rotational structure in
X is the same as in STNH,, and we employ the same rotational
state notation. In the rigid rotor model (i.e., neglecting the
full structure including spin-rotation and hyperfine splittings),
the nominal parity splitting in the N = K, = 1 rotational state
manifold proposed for laser cooling of SrSH is ~30 MHz
[86].

The lowest electronic excited state of SrSH also trans-
forms as the A’ representation, but is again described as a
Hund’s case (a) state [85,87]. Although the first-order rota-
tional structure of this state is the same as in SrNH,, the
reduced symmetry is compatible with rotational state mixing
even in J = % states. Specifically, in vibronic A" manifolds
the rotational states with K, = +1 transform as A’ and those
with K. = —1 transform as A”. As a result, A'(Ogo; %) and
A'(140; %) states have the same rotational symmetry and may,
under the influence of perturbations, generically mix with
each other. Provided such a mixing exists, the laser-cooling
scheme suggested in Ref. [21] for the predominantly b-type
X 2A'-A A’ transition will be limited by rotational leakage
from the A 24’(1;¢) admixture to X 24’(1o;) and X 24’(25))
ground states.

The proposed laser-cooling transition
X 2A'(111)” —A 24’ (00: %)* could not be directly excited
in our CBGB because of the large rotational energy of
X 2A'(11,), set by the rotational constant A =9.71 cm™!
[86], and correspondingly low thermal population. In
principle, the X 2A’-A ?A’ transition dipole moment
contains a small “a-type” amplitude, so that A 2A’(0gp)
can also be populated from X 2A’(ly;). We therefore
drive X 2A’(1o1;5)™ —A 2A'(0g0; 3)* in order to measure
rovibrational branching fractions from the proposed
laser-cooling excited state, as seen in Fig. 2. We find this
transition to be of comparable strength to b-type transitions in
the X 2A’-A 2A’ band, consistent with the reports of Ref. [87]
where strong transitions were observed between K =0
and K, = 0 states due to a large excited-state perturbation.
Although a concrete physical origin of the perturbation was
not identified in that work, and cannot be inferred from our
measurements, we interpret these results as supporting the
existence of the mixing suggested above between A 2A’(000)
and A 24’(1,9). We note that Ref. [87] observed less evidence
of perturbation in the excited state of CaSH, highlighting
that although mixing between (Oyp) and (1;9p) would be
permitted in the excited state of any C; molecule, its actual

SrOCH; |
Y 2, 34, | |
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FIG. 3. VBF data for (a) SrOCHj;, (b) SrNH,, and (c) SrSH.
Insets show the same spectra at higher resolution. Accompanying
VBFs are found in Tables II-IV. States are labeled according to
the modes in Table I. State labels separated by commas indicate
transitions to different states that are unresolved by the spectrometer.

prevalence must be assessed on a case-by-case basis. We
provide additional evidence for this mixing in SrSH, and
discuss its implications for laser cooling in Sec. V.

IV. RESULTS

By driving transitions to the relevant rovibrational levels
in the first excited electronic states of SrOCHs, StNH,, and
SrSH, we record VBFs out of these states at or below the
~0.1% level. The resulting dispersed fluorescence spectra can
be seen in Fig. 3.

We use the calculated vibrational energies and branching
fractions to help identify each decay channel. We denote the
ith vibrational mode v;, identified for each molecule of interest
in Table I. Vibrational energy levels are labeled according to
the convention i) ja(j) - - - to denote the state with n(i) quanta
of excitation in mode v;, and so on. Modes with n(i) = O are
omitted, and the special case of the vibrational ground state is
denoted 0y. We do not measure or assign rotational branching
fractions to vibronic levels where multiple rotational levels
are populated. Peak intensities are computed by integrating
the signal over the width of a feature. The resulting calculated
VBFs can be found in Tables II-1V.
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TABLE I. Ground-state vibrational mode labels and representa-
tions for each of the species studied here.

SI'OCH3
Number Description Representation
1 C-H sym. stretch a
2 CH; umbrella a
3 C-O stretch a
4 Sr-O stretch a,
5 C-H asym. stretch e
6 Scissor e
7 Rock e
8 Sr-O-C bend e
SI'NHz
Number Description Representation
1 N-H sym. stretch a
2 NH, bend a
3 Sr-N stretch a
4 Sr-N-H out of plane bend b
5 N-H asym. stretch by
6 Sr-N-H in plane bend b,
SrSH
Number Description Representation
1 S-H stretch a
2 Sr-S stretch a
3 Sr-S-H bend a

V. DISCUSSION
A. SrOCH;

We measure the vibrational branching fractions of STOCHj3
over a range of 80 nm. We reach an ultimate VBF sensitivity

TABLE II. Predicted and observed vibrational state energies and
branching fractions from the SrOCH; A 2E, 2 ground vibrational
state. The predicted decays to 2,4, 3,, and 1, lie outside of the
measured wavelength range toward the infrared.

SI'OCHg A~ 2E1/2 00

TABLEIII. Predicted and observed vibrational state energies and
branching fractions from the StNH, A B, ground vibrational state.
We tentatively assign the observed 918 cm~! peak to the sum of
unresolved decays to 3, and 4,. The ratio of VBFs to these two
components is assumed to match the calculated ratio. The expected
decays to 2, and 1, lie outside of the measured wavelength range.

S]TNHZ A sz 0()

Energy (cm™!) VBF (%)
State Calc. Expt. Calc. Expt.
0o 0 0 94.024 95.1(2)
6, 260 252(4) 0.351 0.35(3)
3 454 459(1) 4.627 3.7(2)
6, 531 547(2) 0.869 0.63(3)
3,6 699 717(9) 0.019 0.04(1)
3, 904 918(4) 0.048 0.10(1)
4, 888 ~918 0.012 0.03(1)
3,6, 965 1007(2) 0.030 0.03(1)
64 1083 0.002 <0.03
2, 1540 0.014
1y 3331 0.003

over this range of ~0.01%. We find qualitatively worse scal-
ing of vibrational branching than in the isoelectronic linear
molecule SrOH; see Table II. We note two contributions to
this difference.

First, the decay to a single quantum of the Sr-O-C bending
mode (8;) is about an order of magnitude larger than to the
analogous (010) state of SrOH. This bending state is also ac-
companied by higher-probability decays to some combination
states (418, and 4,8;). Two vibronic coupling mechanisms
contribute to these decays. One is the Jahn-Teller effect JTE),
which mixes 0y and 8 in the A state, making these decays no
longer vibronically forbidden [88]. The other mechanism is
vibronic coupling between the A 2E states and the B %A state.
This is essentially the same as the “direct vibronic coupling”

TABLE V. Predicted and observed vibrational state energies and
branching fractions from the SrSH A 24’ ground vibrational state. A
shelf toward the red side of the peak arising from decays to 2,3,
is tentatively assigned to 2,; however, a reliable energy estimation
for 2, cannot be made due to the partially unresolved spectrum. The
predicted decay to 1 lies outside of the measured wavelength range.

Energy (cm™!) VBF (%)
State Calc. Expt. Calc. Expt. SrSH A 24’ 0
0o 0 0 92.688 94.7(2) Energy (cm™") VBF (%)
8 144 138(5) 0.145 0.18(8) State Calc. Expt. Calc. Expt.
8, 286 0.066 <0.02
4, 406 404(2) 6.369 4.5(2) () 0 0 88.383 85.2(5)
448 553 547(3) 0.009 0.017(7) 3; 268 268(2) 10.206 10.9(5)
4, 810 807(2) 0.123 0.145(10) 24 323 315(4) 0.629 1.85(9)
4,8, 960 965(5) 0.000 0.010(6) 3, 540 536(2) 0.499 1.51(8)
3; 1177 1138(2) 0.509 0.38(2) 213; 604 596(3) 0.113 0.29(2)
24 1472 1446(4) 0.055 0.037(7) 2, 634 ~623 0.102 0.07(4)
314 1582 1542(2) 0.023 0.033(6) 33 815 805(2) 0.013 0.17(3)
2144 1878 0.005 213, 889 875(2) 0.008 0.07(3)
3, 2339 0.002 2,31 928 0.010 <0.03
1 2799 0.006 1 2895 0.036
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(DVC) mechanism [36,38] in CaOH and SrOH that borrows
the intensity for the VBFs to (010) states. In the following we
also refer to this vibronic coupling mechanism as the DVC
mechanism.

These effects similarly contribute to enhancing the strength
of decays in CaOCHj3; to the 8; mode compared to (010) in
CaOH [33,89,90]. In the present computational treatment, the
inclusion of spin-orbit coupling has been shown to quench the
JTE; the first excited state with spin-orbit coupling has the
(3, structure as a minimum on the potential energy surface.
We have included the DVC contribution via perturbation the-
ory using the formulation reported in Ref. [38]. The VBF to
81 thus computed agrees reasonably well with the measured
value. The VBF to 8, in STOCHj is larger than that to the first
excited bending mode in SrOH. This is readily attributed to
the value of around 120 cm~! for the linear vibronic coupling
constant [91] between the A 2E and B 2A, states in StOCHj is
larger than the value of 70 cm ™! between the A 2] and B >y
states in SrOH [37].

The second cause of increased branching channels is sim-
ply that there are more modes (of both allowed and nominally
forbidden symmetry) to decay to than in smaller molecules.
In particular, in addition to the a; symmetry Sr-O stretch (vs),
SrOCHj3; also has an a; symmetry C-O stretch (v3). We find
decay to both the 3; and 3;4,; states above our measurement
sensitivity. Two other a; vibrational modes also exist, the
CH; “umbrella” mode (v;) and the C-H symmetric stretch
(v1). Near the noise floor we tentatively assign a small decay
to 21, though as expected it is suppressed compared to the
modes more closely coupled to the Sr atom. The decay to 1,
lies beyond our measured wavelength range, but calculations
predict the decay to this mode to be below our measurement
sensitivity of ~0.01%. Decays to the three remaining modes
in the molecule, namely, the C-H asymmetric stretch (vs),
CHj scissor (vg), and CH3 rock (v7), would be accompanied
by infrared fluorescence outside of our measurement range
but are all nominally symmetry forbidden. Our computational
work supports the negligibility of these modes at the sen-
sitivity of this work. Thus, several (though not all) modes
in SrOCH; without any analog in smaller species such as
SrOH or SrSH contribute relevant vibrational decays around
the 0.01% level.

One surprise in the spectrum is the lack of an observed
8, decay. Calculations predict that it should occur around the
0.07% level, as it is vibronically allowed. However, we see no
such decay, and bound the decay to <0.02%. We know of no
technical reason that a peak larger than this would not appear
in our dataset.

In all, we find at least nine vibrational levels populated
above 0.01% probability, compared to 5 in StOH. The mea-
surements and predictions are in generally good agreement.
We therefore tentatively extrapolate from the computed results
that approximately 11 vibrational states will be populated in
a photon cycle with 215 000 scatters, compared to 8 in STOH
[37]. In addition, as noted in Sec. III, most of these vibra-
tional repumpers will require addressing two well-separated
rotational states, increasing the experimental challenge sig-
nificantly further. Since the production rates of SrOH
and SrOCHj; are comparable, these factors unambiguously
indicate a much more challenging laser-cooling scheme for

SrOCHj;. Nevertheless, as the rotational closure is well under-
stood and the VBF measurements identify the relevant peaks
to the ~0.01% level, we expect STOCHj to be realistically
fully laser coolable with sufficient effort.

B. SI’NHZ

We measure VBFs for the SINH, A 2B, 0, state over a
similarly wide range of ~80 nm. Due to lower production,
however, our ultimate sensitivity is limited to ~0.05% branch-
ing fraction. We find a similar number of states populated at
our ultimate sensitivity as in SrOH (see Table III). However,
there are several important differences between SrNH, and
its linear analog. Most notably, the Sr-NH, bending motions,
which in a linear species are doubly degenerate, are separated
by >100 cm~! and belong to different 1D representations.
Decay to the in-plane vibrational bending excitation, 6;, can
be induced by vibronic perturbations between A 2B, 0y and
C %A,6,, owing to the b, symmetry of the vs mode. This decay
is much stronger than the analogous (010) decay in SrOH.
The out-of-plane v4 mode is predicted to be populated in
the 4, level near our measurement resolution, though we do
not observe a corresponding peak. Thus, despite the lack of
bending degeneracy, the lower symmetry of STNH, compared
to StOH does not seem to induce more loss channels at the
0.05% level.

Another difference from SrOH is that the NH, bend is
predicted to be populated around the 0.01% level, though
it is outside of our measured wavelength range. This is a
significantly higher level than ligand modes in SrOH, and in-
dicates a less polar bond, which is supported by spectroscopic
analysis [81]. The branching fraction to the N-H stretch mode
is predicted to be around 0.003%, smaller than that of the
C-H stretch in CaOCHj. This is likely not limiting for a target
photon budget of ~10* scatters. Overall, the loss channels in-
troduced by the amine group are manageable though nonzero.

In addition to these structural differences, there are also
several resonances that appear to perturb the ground-state
vibrational manifold substantially. In particular, the 3; and
6, states are close in energy and of the same symmetry, and
so are mixed by a strong Fermi resonance. Overtones and
combination bands will also be mixed (e.g., 3, and 3,6,).
Consider the transitions to the 3; and 6, states as examples.
The computed branching fraction to the 6, state within the
harmonic approximation is less than 0.1%. We thus infer that
the branching fraction of 0.6% for the transition to 6, observed
here predominantly arises from the mixing with the 3, state
due to the Fermi resonance. The VPT2 calculation that ex-
plicitly diagonalizes the 2 x 2 matrix expanded by the 3; and
6, harmonic oscillator wave functions shows that the 6, state
has around 15% contribution from the 3; harmonic oscillator
wave function. This gives rise to the ~1:5 intensity ratio
between the decays to the 6, and 3, states. Since these states
would likely be populated in 10* optical cycles even in the
absence of Fermi resonances, these ground-state resonances
should not substantially affect the complexity of laser cooling
the molecule. A similar Fermi resonance appears in CaOH
between the (100) and (020) modes and does not significantly
impact the number of states needed for full photon cycling
[89,92].
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We also note that the present calculations may not have
captured the resonances among the overtones accurately. The
computed levels for 3, and 6; agree well with the measured
values. However, the computations substantially underesti-
mate the level positions for the 3;6; and 3,6, states. Future
computational work will be focused on improving the poten-
tial energy surfaces and performing variational calculations of
vibrational structures to go beyond VPT2.

We find only seven vibrational states populated at the
~0.05% level, slightly more than in SrOH. Extrapolating to
the 215000 photon scatter level using computed branching
fractions, only nine vibrational states are expected to be pop-
ulated. At the same branching probability level there are eight
populated vibrational levels in StTOH. However, because ev-
ery vibrational decay is rotationally closed in StNH, (unlike
for the bending mode excitations in StOH), remarkably we
tentatively anticipate one fewer repumping laser to be neces-
sary to achieve the same degree of rovibronic closure. Thus
SrNH, appears a strong choice for full laser cooling in a fu-
ture precision measurement, as it is significantly simpler both
rotationally and vibrationally than SrOCH3, while possessing
long-lived parity-doublet structure in the ground state.

C. SrSH

In SrSH we see evidence of decay to all K, manifolds
allowed by selection rules on J from the A 2A’(Og; %)’
excited state. We find this well explained by the symmetry-
allowed mixing suggested previously between A 24’ (0g) and
A 2A'(1y9). Sheridan et al. also suggested a large perturbation
(of unclear fundamental origin) in SrSH that mixes K] =0
and 1 states.

To test the effect of the perturbation more rigorously, we
recorded the fluorescence spectrum for excitations to sev-
eral rotational levels in the A 2B, 0y state. We narrowed the
spectrometer slit to ~5 um to resolve the decays to distinct
K, manifolds, which are spaced on a scale set by the a-axis
rotational constant, A = 9.71 cm~', and thus resolvable [86].
Branching to different N and J levels within each K, manifold
remains unresolved.

In particular, we measured the decay patterns to the
X 24,0 vibrational state for excitations to J' = % and %
states in both K/ = 0, 1 manifolds. The results can be seen
in Fig. 4. There are clearly more decay channels from the
nominal A(1,¢; %) state than from either of the A(0Oq; %) or
Ay %) states, indicating a dependence of K, branching
fractions on J. At the simplest level, this behavior occurs
because an excited J' = % state can mix with other J' = %
states, implying at most N’ = 0, 1 components. Since K, <
N, consequently aJ' = % state has at most contributions from
the K/ = 0, 1 manifolds. For a b-type transition, these com-
ponents can populate K/ = 0, 1, 2 upon decay. On the other
hand, aJ' = % state can have components with N' = 1, 2 and
therefore K] = 0, 1, 2, which are allowed to decay via b-type
transitions to K = 0, 1, 2, 3.

Although parity and angular momentum selection rules
would allow A(2q; %) to mix with A(250; %), the decay spec-
trum of A(20;; %) does not show a significant decay to K/ = 3,
which would be expected from any A(220: %) admixture. Thus,

SrSH Rotational Branching
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FIG. 4. Comparison of rotational branching for four rotational
levels in the SrSH A 24’0, state to the X 2A’ 0, state. Each peak
corresponds to a decay to a different K, level in the ground state.
Dashed lines indicate the energies of K, levels using the measured
A constant [82]. Note that four decays only happen for K, = 1 and
J = % The other states show only three decays.

not every pair of states with the same J and parity have order-
unity mixing even in the presence of this perturbation.

Clearly, the admixture of the “leaky” rotational state
A A (1103 %) into the nominal optical cycling excited state
A A (0go; %) is of order unity and will therefore meaningfully
affect decays to all higher vibrational branches in X 24’ as
well. This behavior can be contrasted with any rotational
leakage channels that could plausibly be induced in STNH; by
Coriolis or hyperfine interactions, where few if any vibrational
states should require rotational repumping. The three K, mani-
folds populated in each of the SrSH vibrational decays are also
too widely spaced (=300 GHz) from the optical cycle origin
to be bridged by typical frequency modulation techniques.

Since the perturbations indicate that laser cooling this
species is likely exceedingly difficult, we only measure VBFs
to ~0.1% and examine a fluorescence wavelength range of
60 nm. Nevertheless, we can still analyze the VBFs, compare
the computations and experiment, and compare to the other
species studied here. We find poor vibrational branching for
photon cycling, with 6-7 states populated above 0.1%, signifi-
cantly worse than STOH, StOCH3, or StNH,. This comparison
is well explained by the difference in structure of the vibra-
tional modes compared to the other species. Particularly of
note, the C; point group has only two representations, both
one dimensional. All vibrational modes are a’ symmetry. Fur-
thermore, the most relevant modes, the Sr-S-H bend v, and
the Sr-S stretch v3, are close in energy and thus decays to
one are typically accompanied by decays to the other due to
mixing between vibrational states. This effectively introduces
a similarly strong bend or combination mode for every Sr-S
stretch, which matches the factor of ~2 difference in number
of populated decays at the 0.1% level compared to SrOH.

As shown in Table IV, the computed vibrational frequen-
cies agree well with the measured ones. The double-harmonic
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approximation tends to underestimate the VBFs to the over-
tones of the Ca-S stretching mode. This is consistent with the
observation for the Ca-O stretching modes of CaOH [38]. In
addition, we mention that the VBF to the S-H stretch mode,
11, in SrSH is predicted to be 0.036%, an order of magnitude
larger than that for the C-H stretch in STOCH3 and the N-H
stretch in StTNH,. This is also unfavorable for laser cooling.

We thus attribute both the poor rotational and vibrational
branching in SrSH to the low symmetry of the species. In
particular, the absence of higher symmetry is what allows
the K, mixing to occur in the A 2A’ state, as such a mixing
is forbidden in higher-symmetry analogs (specifically, in Cy,
species). Similarly, mixing between all vibrational states is
symmetry allowed, unlike in higher-symmetry species, sub-
stantially increasing the number of significant decays beyond
SrOH. Given that a single vibrational repumper requires at
least three widely spaced laser frequencies to address all
populated K/’ manifolds, and many more vibrational states
would be populated in an optical cycle of sufficient depth
to fully laser cool the molecule, these findings indicate that
molecules in the lowest-symmetry groups (Cs and C;) pose
significant challenges and are less favorable candidates for
laser-cooling experiments unless there is a strong specific
motivation to use such a species (for example, many chiral
molecules, including STOCHDT [21], belong to the C; point
group). However, such a motivation is not apparent for pre-
cision measurement applications such as EDM experiments,
where these lowest-symmetry groups possess states of only
similar polarizability and lifetime as C, and C;, molecules,
which are likely simpler to control.

VI. CONCLUSION

We measure the vibrational branching fractions of three
nonlinear strontium-containing molecules: STOCH3, StNH,,
and SrSH. Each of these species has sensitivity to BSM
physics searches similar to StF and StOH. The lower struc-
tural symmetry of these species offers parity doublets in the
vibronic ground state, thus combining the polarizability in
small electric fields and parity doublets of linear triatomics
with the long lifetime of rotational states in diatomics. We
measure VBFs and further elucidate to what degree these
nonlinear molecules are laser coolable.

There is evidence in the literature of severe perturbation
in higher electronic states for all three molecules [76,82,87],
suggesting that the simplest path to photon cycling is likely
through the A states. Side-by-side comparisons of laser coola-
bility as a function of molecular point group are studied for
these excited states in particular.

We identify complications with rotational closure re-
lated to the respective symmetry groups. The low symmetry
of SrSH allows perturbations that result in > 3 rotational
decays of comparable strength for each vibrational excita-
tion. The greater molecular symmetry in the Cs, and Cy,
point groups prevents these perturbations from appearing
at low order in StOCH3 and SrNH,. Conversely, there is
one fewer symmetry-allowed rotational loss channel for the
laser-cooling excitation in STNH, than in STOCHj3 due to the
lower symmetry of the former.

To asses vibrational loss channels, we measure the VBFs
out of each molecule’s A excited state to at least the 0.1%
level. We find that the number of vibrational loss channels
at this precision are similar between SrOH, SrOCHj3, and
SrNH,. SrSH is found to have significantly more loss channels
than SrOH. All loss channels for the three molecules are
measured to at least the 0.1% level, sufficient to implement
one-dimensional laser cooling in the style of Refs. [22,93].
Full 3D laser cooling in the typical configuration [92]
will require ~10x higher-resolution VBF measurements for
SrOCHj3; and SrNH;, and ~100x higher-resolution for SrSH.

Looking toward a future polyatomic molecule for the most
precise BSM searches, the choice of species to pursue further
is clear. In particular, the simplicity of rotational closure in
the C,, point group and controlled vibrational branching at
the 0.05% fractional level make StNH; the most promising
candidate for a next-generation search for the electron electric
dipole moment. Further investigation of the StNH, VBFs to
the 107> level is thus warranted to identify whether there
are any perturbations that appear at higher resolution, which
might prevent straightforward full laser cooling and control
of the species. These measurements will be possible with the
addition of Sr chemical enhancement light [75,82,94] and
spin-rotational closure. Such work would enable full laser
cooling of SrNH, and make possible an EDM experiment in
a long-lifetime conservative trap, reducing the volume over
which a high degree of systematic control is necessary.

We expect very similar behavior for other metal-containing
molecules (e.g., RaNH;, YbNH,, or BaNH,) that have signif-
icantly higher BSM sensitivity [38], though spin-orbit-related
complications will likely affect the electronic structure of
these heavier species. Investigations into the effect of increas-
ingly heavy optical cycling centers on laser cooling in such
nonlinear species is therefore highly motivated.
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APPENDIX A: ATTEMPTS TO PRODUCE SrCH;

As mentioned in Sec. III A, we were unable to observe
SrCHj3 in our CBGB using either chloromethane or methane
as a reactant gas. This molecule has been observed in room-
temperature sources [95], though even in that work it was
unobserved without Sr atom excitation light present. It has
never been observed in cryogenic sources. Further work is
needed to identify whether the production is merely sup-
pressed by lack of atomic excitation or whether at cryogenic
temperatures production is suppressed via some other mech-
anism (which would preclude the use of the molecule at all

022811-10



VIBRATIONAL BRANCHING FRACTIONS FOR LASER ...

PHYSICAL REVIEW A 110, 022811 (2024)

TABLE V. Rotational transition rules for asymmetric tops, up to
weak transitions allowed by perturbations (e.g., those that make N,
K., or K. imperfect state labels). In a structureless rigid rotor, | AN| <
L.

AK, AK. Exceptions
a type 0 +1 AN #0forK, - K/ =0
b type +1 +1
c type +1 0 AN #0forK, — K =0

in a laser-cooling experiment). Even in the former case, all
other laser-cooled species that report enhanced production
from atomic excitation have some non-negligible production
without it, and it thus seems questionable whether production
could match the output of STOH or the other species studied
here. In light of this, we suggest that this molecule does not
appear especially promising for EDM measurements due to a
substantial challenge with production.

APPENDIX B: SYMMETRY ANALYSIS FOR C; AND (3,
ROVIBRONIC BRANCHING

In this Appendix, we expand upon the ideas presented in
Sec. III regarding the consequences of molecular symmetry
point groups on the rotational closure in Cy and C;, molecules.
For each of these point groups, we present an overview of the
relevant representation theory with connections to the special
cases of STNH, and SrSH. We also briefly treat the situation
for C; molecules (for example, STOCHDT) for comparison.
We do not treat C3, molecules here, as the essential concepts
specific to that point group are already addressed in the litera-
ture [22]. We first discuss generic considerations of molecular
structure, and then treat each point group individually. All
representation theory results are derived from basic principles
outlined in [88] but are developed here in detail for clarity and
reference.

1. Transition selection rules and perturbations

For all asymmetric top molecules, the nominal transition
selection rules are shown in Table V (see Ref. [21]). The
a-type, b-type, and c-type selection rules apply for cases in
which the transition dipole moment is along the a, b, and
¢ axis, respectively. We denote a transition dipole moment
component along the i axis (where i = a, b, ¢) by T;. In re-
alistic cases, a transition dipole moment may have nonzero
components along multiple principal inertial axes. For ex-
ample, the X 2A’-A 2A’ transition dipole moment in SrSH is
predominantly along the b axis but also has a small com-
ponent along the a axis. We also note that a given energy
eigenstate might have contributions from multiple (N, k)
components. We warn the reader that in the literature, a single
(Nk,k,) label may be employed to label an energy eigenstate
based on the dominant rotational basis component, even if
a small admixture of other rotational basis components is
present. Up to hyperfine structure and the influence of external
fields, J is a perfectly good quantum number, and for doublet
molecules N =J =+ %, constraining the identity of (Nk.)
basis states that can mix. In Cy, C,,, and C;, molecules the
parity of a state is also pure even in the presence of realistic

perturbations. All dipole moment and rotational basis compo-
nents will contribute to the transition strengths between two
energy eigenstates according to Table V.

We now provide a general overview of vibronic decays.
In the Born-Oppenheimer approximation (BOA), the vibronic
transition dipole operator acts only on the electronic state, and
the transition probability from an initial vibrational state |i)
to a final vibrational state | j) is proportional to |{j|i)|? (i.e.,
governed by Franck-Condon factors). This inner product is
nonzero only for a final vibrational state with the same rep-
resentation as the initial vibrational state. Thus, in the BOA,
the representation of the vibrational state is unchanged during
decay.

However, the vibronic representation is obtained from the
product of electronic and vibrational representations. In cer-
tain cases, interactions can mix states of different electronic
and vibrational symmetries but the same vibronic symmetry.
This kind of vibronic coupling is a signature BOA breakdown.
Typically, BOA-forbidden decays are weak (e.g., ~107°
branching fraction) but not necessarily negligible at the level
of vibrational closure required for deep laser cooling. For this
reason, here we will rely on the vibronic representation (rather
than electronic and vibrational representations separately) to
determine better-respected selection rules on transitions.

In the same manner that states of different electronic and
vibrational representations (but the same vibronic representa-
tion) can mix via vibronic coupling, it is possible for states
of different vibronic representations to mix. The first notable
way in which mixing between states with different vibronic
representations occurs is Coriolis interactions, which couple
rigid body rotation with some other angular momentum (such
as a vibrational or electronic angular momentum). These in-
teractions can mix states only of the same total rovibronic
representation. Such perturbations will typically be relatively
small, and their effects (if any) on optical cycling have al-
ready been discussed in Ref. [21]. The second notable way
in which states with different vibronic representations mix
is spin-orbit interactions, via a term in the Hamiltonian like
ASCL;S;. This operator has the same representation as the
angular momentum J;, which is not generically the totally
symmetric representation and therefore can produce mixed
vibronic representations for an energy eigenstate. Such a term
is possible because the full symmetry group of a spin-doublet
molecule is an electron spin-double group [88] rather than the
molecular symmetry group that is more conventionally used in
the literature (including here). We note that for molecules like
SrSH and StNH;, because the ligand quenches orbital angular
momentum (in low-J states), we can expect spin-orbit inter-
actions to have a smaller influence on electronic state mixing
than in species like StTOH or StOCH3; with ~/ of electronic
orbital angular momentum around the molecular symmetry
axis. Insofar as such effects do mix states of different overall
vibronic symmetry, they play a role in laser cooling analogous
to the Coriolis effects mentioned above.

All vibronic-symmetry-violating perturbations are ex-
pected to be weak and to affect rotational branching only at a
low level, if at all (e.g., after scattering ~10°~10* photons or
more). As a result, any rotational leakage channels introduced
by such effects will likely be important only for the vibrational
states populated most frequently in an optical cycle, and can
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TABLE VI. Summary information for Cy, including the character
table, product table, operator representations, electronic states in
SrSH, and rotational state representations. Dipole operators T; and
angular momentum operators J; assume the molecule is in the ab
plane. We also note the rotational symmetry for an (Nk,, ) state
according to the even or odd identity of K..

E E* A A" Operators State K.
A 1 1 A A" T, Ty, J. X,AC Even
A" 1 -1 A" A’ T Ju, Iy B Odd

be addressed if needed by one or a few rotational repumps
even in a deep optical cycle. Another perturbation that could
conceivably be important in a sufficiently deep optical cycle
is hyperfine interactions, which could mix states of differ-
ent nuclear and rotational representations, but the same total
molecular state representation. Because hyperfine interactions
are small (<1 MHz) in molecules like SrSH and SrNH,,
where the nuclear-spin-bearing hydrogen atoms are far from
the metal-centered valence electron, here we treat them as
having a negligible effect on rotational state purity.

To summarize, in the following treatment of symmetry-
allowed and symmetry-forbidden transitions in C; and G,
molecules, we assume that there may be interactions that
mix states of different electronic and vibrational symmetries,
provided the vibronic symmetry remains pure. Specifically,
we neglect any possible effect of Coriolis or spin-orbit interac-
tions that could, in principle, mix states of different vibronic
symmetry. We also neglect any possible effect of hyperfine
interactions, which could mix states of different rotational
symmetry. Otherwise, we allow for the possibility of mixing
rotational state components (Ng, k.) in the excited manifold.
We will not consider the effect of rotational state mixing
in the ground electronic manifold. Such mixings have been
considered in Ref. [21], and can result in rotational leakage
on the order of ~107>. This is likely negligible for realistic
experiments, and could easily be addressed by microwave or
optical repumping schemes for any frequently populated vi-
brational states in the ground electronic manifold. Vibrational
states populated later in the optical cycle are even less likely
to require repumpers to address these weak rotational leakage
channels.

2. Analysis of C; molecules

We now consider the symmetry properties of C; molecules
relevant to rotational and vibrational transitions. Summary
information is presented in Table VI. The operations in the Cj
group are E (the identity) and E* (inversion, or equivalently
parity). The totally symmetric representation is A’, and the
odd-parity representation is A”.

In SrSH, the ground state is X 2A’ and the first three excited
states are A 2A’, B 2A’, and C 2A’. All vibrational states and
nuclear spin states are A’. Rotational states are A’ if K, is
even, and A” if K. is odd. This implies, for example, that states
in the X 2A’ manifold are even (odd) parity when K. is even
(odd). By examining the character and product tables, we can
see that X A’ — A 2A’ and X ?A’ — C %A’ are (a + b)-type
transitions, and X A’ — B 2A” is a c-type transition. To a

TABLE VII. Possible decays from an excited state in its nominal
ground rotational level, with a possible rotational state admixture,
for each excited vibronic symmetry and to each ground vibronic
symmetry. Superscript & denotes parity. The second and further
columns show ground rotational states and their possible population
pathways. For SrSH only A" vibronic levels exist in the XA’ manifold
but vibronic A” ground levels are shown for the general case. Entries
of i = a, b, ¢ denote fully allowed i-type transitions, while those with
€ factors require an excited-state admixture with (1;9) induced by
perturbations. An entry of — shows states compatible with J and P
selection rules for decays, but which cannot be populated via any
mechanism considered here.

A'T(0go)+€(1ip)]T — A'”” (Tor) () Qi) C2)

A"[(0go)+e(1i9)]” — A" a,eb b, ea €a €b
A"[(0gp)+e(110)]™ = AT (0p)  QRe2) (1) Q2r2)  (220)
A'[(0g0)+€(1)]t — A"~ €c — c — ec

good approximation, in SrSH the X 2A’ — A 2A’ transition is
b type (with a small a-type amplitude) and the X 24’ — C 2A’
transition is a type (with a small b-type amplitude).

Because all vibrational states are A’ in SrSH, no vibrational
decays are forbidden in the BOA. Here we analyze rotational
decays for all possible vibronic symmetry combinations in-
volving an upper (Ogo; %) state. Since we assume, for purposes
of this treatment, that only states with the same J, parity,
and vibronic symmetry can mix, a (Ogp; %) excited state in

either an A’ or A” vibronic state can mix only with a (1;9; %)
state of the same vibronic symmetry. For example, the (1)
rotational state (in a manifold with the same vibronic sym-
metry) would have opposite parity from (Oqyg), while a (2;)
rotational state cannot have J = % Furthermore, since (Ogp)
and (1,0) have the same rotational representation, namely,
A’, there is no additional symmetry-based prohibition against
these states mixing (as mentioned already in Sec. III). In
Table VII we show the possible rotational states populated in
a ground vibronic manifold, from a combination of (Oyy) and
(110) in an excited vibronic manifold. All ground rotational
states consistent with the appropriate parity selection rule and
containing a J = % or % level are presented.

We see that for A’ — A’ or A” — A” transitions, a nominal
(0gp) state can decay to (1p;) via a-type transitions or to (11;)
via b-type transitions, as expected. However, an admixture of
an excited (1,09) component can also enable decays to (2;) (a
type) and (251) (b type) as well as additional decay pathways
to (1o1) (b type) and (1) (a type). For example, in SrtSH
even if the A 2A’-X 2A’ transition dipole were exclusively b
type, an excited-state admixture of (1o;) would result in the
population of (1¢1) and (257).

Additionally, J and parity selection rules alone would al-
low vibronic transitions A” — A" or A" — A” originating from
an excited (Ogp; 1/2) state to populate (Ogo), (202), (110), (212),
or (270). As seen in Table VII, the nominal (0gy) excited
state leads to population of (1) while the possible admixture
of (1}p) can produce decays to (Ogo) and (25). However,
because both excited-state components have K. = 0, the (2(,)
and (2,) states with K. = 2 should not be populated upon
decay even though they possess J = % levels of the correct

parity.
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TABLE VIII. Summary information for C,,, including the char-
acter table, product table, operator representations, electronic states
in StNH;, and rotational state representations. Dipole operators T;
and angular momentum operators J; assume the molecule is in the ab
plane and with the symmetry axis along a. We also note the rotational
symmetry for an (Nk,x, ) state according to the even or odd identity
of K, and K_..

E (12) E* (12) Ay A, B; B, Operators State K,K.
Al 1 1 1 1 Al A2 Bl Bz Ta X, C ee
A 1 1 -1 -1 A, Ay B, B Ja eo
Bl 1 -1 -1 1 Bl Bz Al A2 Tca Jb B 00
Bz 1 —1 1 —1 BZ B] A2 A] Tb, Jc A oe

3. Analysis of C;, molecules

We now consider C, molecules such as SrNH,. The C,,
group possesses four symmetry operations: the identity E;
permutation of identical nuclei (12); inversion E*; and per-
mutation inversion (12)*. Representations even under (12) are
written A, while those odd under (12) are B. States even under
(12)* obtain a subscript of 1, while those odd under (12)*
obtain a subscript of 2. The four representations defined in this
way are summarized in Table VIII. A detailed treatment of the
rovibronic structure is much more complicated in STNH; com-
pared to SrSH, for several reasons. In addition to the greater
number of representations to consider, vibrational states and
nuclear states may not be in the totally symmetric representa-
tion. We begin with an analysis of the nuclear state symmetry,
followed by an analysis of allowed rotational decays from a
nominal (Ogo; %) state (with any combination of upper and
lower vibronic representations).

Directly applying symmetry operations to nuclear states
allows a given state’s representation to be determined. For
ordinary hydrogen with Iy = %, the triplet / =1 state has
symmetry A; and the singlet / = 0 state has symmetry B;.
For deuterium with Iy = 1, the quintet with / = 2 and sin-
glet with 7 = 0 both have representation A; and the triplet
with I = 1 has representation B,. With identical fermions, the
total molecular wave function must be odd under hydrogen
exchange and therefore transform as B; or B,. On the other
hand, with identical bosons, the total molecular wave function
must be even under hydrogen (i.e., deuterium) exchange and
therefore transform as A; or A,. This implies that not all nu-
clear spin states are compatible with a given rovibronic state.
The allowed nuclear state representation, nuclear spin states,
total molecular representation, and total state parity for every
combination of vibronic representation, rotational representa-
tion, and hydrogen spin magnitude is shown in Table IX.

The rotational representation of an (N, k. ) state depends on
whether both K, and K, are even or odd. However, the parity
of a state is, as for C,, determined only by whether K, is even
or odd (see Table VIII). Thus, the combination of parity and J
selection rules alone would enable (Og) in an excited vibronic
manifold to mix with, at most, a (1;9) state with the same vi-
bronic symmetry. However, unlike in the C; case, the (0yp) and
(140) states have different rotational symmetries and therefore
do not ordinarily mix under the classes of perturbations we
consider, described in Appendix B 1. Specifically, (Oyy) has A;

TABLE IX. Relationship between vibronic representation, nu-
clear spin, and rotational representation in C,, molecules. Rows
correspond to vibronic representations I',, and hydrogen nuclear
spins Iy, while columns correspond to rotational representations.
Entries are of the form I'yy, I; ', P specifying the required nuclear
state representation, nuclear spin, total molecular state representa-
tion, and associated state parity. A nuclear spin of e indicates allowed
values of I = 0 or 2.

Ly In Fot = Ay ot = AZ ot = By ot = B
Ay 1/2 By, 0;By,+ By, 0;B;,— A, 5B;,— A, 1585, +
Ay 1/2 By,0;B;,— By, 0;By,+ Ay, 1By, + Ay, 3By, —
B] 1/2 AI,I;BI,— A],I;Bz,+ Bz,O;Bz,—F BQ,O;Bl,—
B, 1/2 A, LBy, + A, L3Bi,— By, 0;B;,— B, 0;By, +
Al 1 Al,e;A1,+ Al,e;Az,— Bz,l;Az,— Bz,l;A1,+
A2 1 Al,e;Az,— A],e;A1,+ Bz, 1;A1,+ Bz,l;Az,—
B, I By, 1Ay, — By, LA, + A, eAL+ Ape A, —
Bz 1 Bz,l;A1,+ Bz,l;Az,— Al,e;Az,— Al,e;A1,+

symmetry while (1;0) has B, symmetry. Viewed another way,
as seen in Table IX, the (Ogp) and (1;¢) states exist for different
nuclear isomers and can only mix via hyperfine interactions,
provided the vibronic representation is pure.

We show the resulting rovibronic transitions in Table X.
For completeness, we construct tables with the possibility of
mixing excited state (Ogpp) and (lgg) components, but adopt
a new rotational state label notation (N, ) to emphasize the
appropriate nuclear state / in each case. As already mentioned,
in every case the admixture of (1;¢) into (Ogo) requires mixing

TABLE X. Allowed decays from an excited state in its nominal
ground rotational level, with possible rotational state admixture of
(119), for each excited vibronic representation and to each ground vi-
bronic representation. Superscript & denotes parity, and superscripts
within a rotational state label denotes nuclear spin /. For Iy = 2, e
signifies I = 0 while for Iy = 1, e signifies / = 0 or 2. The second
and further columns show ground rotational states and their possible
population pathways. Entries of i = a, b, ¢ denote fully allowed i-
type transitions, while those with € factors require an excited-state
admixture with (1,9) induced by perturbations. Entries of — show
states compatible with J and P selection rules on decays, but which
cannot be populated via mechanisms considered here.

Al[(00)+6(10)]+—>A_ 15D @) A @

AZ[(Ooo)"Fe(l 0)] _>A+ a —_ €a €a
Bi[(0g) + (1)1~ — BT (Ig) @) a5 @)
By[(0yy) + €(15)]" — B; a — €a €a

AL + (LI = By (1) (23)  (15) (25
Asl(Og) +e(1i)1™ — Bf  eb  €b -
Bil(0y) + (151" — AT (15 (25) (1} (21
By[(0h) + €(15)1T — A7 eb eb b
Ail(05)) + e(11)I" — By (0g)) (2 2) (%) (1 o) (28 2)
A [(08) +e(1j)]” — BT ec ec c

B [(0‘o>+e<1”o)]- — A7 (0%) (202) 25 () (212)
BZ[(O ()) +e(1 ())]+ — Ay €c — €c c —
Ai[(0g9) + e(Li)]+ — A- 0g) (2 2) (25 0) (1 0) @! 2>
Az[<ogo)+e<1{0)]- - Ar —

Bi[(0g) +€(1§)1~ — By (05 0) Q) 2 0) (19 0) (21 2)
Ba[(0L) + (1) — By _
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states with different total nuclear spin values. If we assume
that such a mixing is absolutely negligible, ¢ — 0, then for
every combination of ground and excited vibronic representa-
tions there is exactly one rotational state that can be populated
from the excited (Ogo; %) level (except for cases where the
vibronic manifolds differ by an A, representation, in which
case the transition is vibronically forbidden regardless of the
rotational levels involved). These results do not depend on the
value of the hydrogen spin Ij;. The increased symmetry of Cy,
compared to Cs therefore provides strong protection against
rotational leakage channels.

4. Analysis of C; molecules

Totally asymmetric (chiral) molecules such as STOCHDT
have also been considered for laser cooling. In this case,
the only operation in the molecular symmetry group is the
identity E, and the only representation is the totally symmetric
representation A. A molecule in C; cannot be in a parity

eigenstate because parity maps an enantiomer to its opposite
chirality, regardless of the rotational composition. In princi-
ple, one may obtain parity eigenstates of a chiral molecule
by considering an extended set of states that includes both
left- and right-handed configurations; the parity eigenstates
are constructed from even and odd linear combinations of
enantiomers. However, in most practical cases the tunneling
time between enantiomers is extremely long and a chiral iso-
mer may be considered in isolation, so that the C; molecular
symmetry group is appropriate.

In this situation, rotational branching is constrained only
by J selection rules. An excited (Ogg) state can decay to the
J = % or % sublevels of (119), (1¢1), or (11;). Furthermore,
excited-state rotational mixing of (Ogg) with (1¢;), (119), and
(1;1) may enable additional decays to (Op), (202), (211), (212),
(220), and (251). Nevertheless, the magnitudes of any excited-
state mixing or transition strength must be assessed on a case-
by-case basis, and these nine ground rotational states will not
typically be comparably populated.
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