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The electronic energy level structure of yttrium monoxide (YO) provides a long-lived, low-lying 2A
state ideal for high-precision molecular spectroscopy, narrowline laser cooling at the single photon-recoil
limit, and studying dipolar physics with unprecedented interaction strength. High-resolution laser spec-
troscopy of ultracold laser-cooled YO molecules is used to study the Stark effect in the A'? A3, J = 3/2
state. An immediate onset of the linear Stark effect is observed in the presence of weak applied electric
fields due to the near-degenerate A doublet and the large electric dipole moment. By applying a small
electric field the Stark-insensitive state is spectroscopically isolated and the absolute transition frequency
to the X2X+ electronic ground state is determined with a fractional frequency uncertainty of 9 x 1072,
This electric field control is necessary to implement a quasi-closed photon-cycling scheme that preserves
parity. With this scheme the first narrowline laser cooling of a molecule is demonstrated, reducing the
temperature of sub-Doppler cooled YO in two dimensions.
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I. INTRODUCTION

Polar molecules are versatile quantum systems with
a broad range of applications in the fields of precision
spectroscopy [1], searches for fundamental symmetry vio-
lations [2—4], quantum simulation of strongly interacting
systems [5—10], quantum computation [11—15], and cold
chemistry [16,17]. The rich internal structure of polar
molecules is foundational to these applications; exploitable
features include narrow transitions over a broad spectral
range, close lying states of opposite parity, and tunable
intermolecular interactions. The complexity of the molec-
ular structure makes it challenging to control the external
and internal degrees of freedom. In pioneering works,
experimental techniques have been developed to control
the molecular motion using inhomogeneous electric and
magnetic fields [18-24], as well as optical pumping to
address internal states [25-28]. Today, direct laser cooling
of molecules provides a route toward combined control on
the single-quanta level.
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The primary challenge of molecular laser cooling
has been identifying sufficiently closed photon-cycling
schemes. Early proposals suggested that vibrational clo-
sure is accessible in molecules with highly diagonal
Franck-Condon factors [29]. In addition, rotational closure
is achievable when utilizing angular-momentum and par-
ity selection rules between X+ and IT electronic states [30,
31]. Following this recipe, direct laser cooling of diatomic
and polyatomic molecules has been achieved [32-34],
along with confinement in magneto-optical traps [35-40],
sub-Doppler cooling [41—46], and optical dipole trapping
with densities high enough to study two-body collisions
[47] at the single partial wave limit [48]. Whereas all these
successes utilized strong IT <— X and X <« I7 transi-
tions, the use of other excited electronic states can further
expand the internal and motional state control available to
laser-cooled molecules.

Most laser-cooled diatomic molecules possess a 2 A state
in the vicinity of the energetically lowest 2IT state. If the
2A is the first excited electronic state (below the 2IT),
the rotational closure of the 2IT <— 2X* photon-cycling
scheme is weakly broken. Spontaneous decay through the
2 A state provides a two-photon decay pathway to opposite-
parity ground states [49]. Nevertheless, this electronic
state configuration yields metastable A states with many
unique features to utilize: (1) The long natural lifetime
of the excited state allows for precise optical molecular

Published by the American Physical Society
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spectroscopy; (2) The narrow transition linewidth enables
laser cooling to the photon-recoil limit [50-52]; (3) The
near-degenerate A doublet and large molecular electric
dipole moment (i, ~ 7 D) enable weak dc electric fields
to polarize the molecules with orders of magnitude smaller
field strengths than currently required for ground-state
molecules [53—56].

Extending photon-cycling schemes to incorporate the
metastable 2A state comes with two challenges related to
rotational closure. First, the angular momentum of the 2A
state is too large to establish rotationally closed cycling
as introduced by Stuhl et al. [30]. Radiative decay from
the 2A excited state always branches to at least two 2%~
rotational states. Second, the A-doublet splitting is so
small that even stray electric fields partially polarize the
2 A state. A polarized field-sensitive Stark state no longer
possesses a definite parity, opening spontaneous decay
pathways to four 2X* rotational states. State-of-the-art
three-dimensional electric-field compensation is currently
limited to approximately 0.5 mV cm™! [57,58], insufficient
to prevent partial polarization of the A state. In fact, it is
much simpler to apply a small electric field to spectroscop-
ically isolate a single field-insensitive Stark state which
retains pure parity [59].

In this work we identify and implement photon-cycling
schemes for the metastable >A state within a laser-cooled
molecule. To enhance rotational closure, we apply elec-
tric fields to control the A Stark states. These tech-
niques are demonstrated with yttrium monoxide [*°Y'®0,
shorthand YO] and are applicable to a broader class of
metal-monoxides M'°0 (M = *Sc, ¥Y, 3La, ?"Ac).
The manuscript is structured as follows: In Sec. II we
outline the low-lying electronic energy level structure of
the MO molecules, focusing on the properties of the
2A state. Section III introduces the experimental tech-
niques used to prepare ultracold YO molecules. Section [V
presents the results on high-resolution optical spectroscopy
of A’2Az/; < X?E* transitions. Section V demonstrates
the first narrowline laser cooling of a molecule (see Refs.
[50-52] for proposals). Section VI discusses prospec-
tive experiments utilizing the longer-lived A’?As, state.
Finally, Sec. VII presents conclusions drawn from this YO
case study.

II. ENERGY LEVEL STRUCTURE

The common energy level structure of MO molecules
arises from the strong ionic bond involving a single
valence electron localized at the metal center. Figure 1
schematically depicts the ordering of the lowest excited
electronic states of the metal monoxides. They all have
the same ¥ — A — II electronic state ordering, providing
a metastable 2A state [60—64] with a natural lifetime much
longer than the 21T state. The lowest electronic states have
been well characterized and the spectroscopic constants
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FIG. 1. Energy level diagram of the lowest three electronic

states in the diatomic MO molecules. The large Fermi contact
interaction dominates the fine structure in the X 2%+ ground elec-
tronic state, whereas the spin-orbit interaction (Asp) is dominant
in the 2IT and 2A excited states. The lifetime and the A-doublet
splitting in the ?A state are primarily inherited from the I13,,
state through homogeneous Hjpom and heterogeneous Hye inter-
actions depicted by the double arrows. The parity of each state is
depicted within the parentheses.

for ScO, YO, and LaO are available with sufficient accu-
racy for the broad transitions [60—68]. However, only a few
studies of the long-lived ?A states are available [63,64,69]
and important properties such as its A-doublet splitting
remain unresolved.

The angular-momentum coupling in the XX+ ground
state is dominated by the interaction between electron-spin
and nuclear-spin, and best described by using the Hund’s
case (bgs) coupling scheme. The large Fermi contact inter-
action leads to two energetically well-separated manifolds
with a total spin G = I + S, where § is the total electron
spin and 7 is the nuclear spin of the metal nucleus. The
rotational angular momentum N couples with G' to form
the total angular momentum including spins F = N + G.
The notation (N, G, F') will be used to specify the quantum
numbers of the X2>X* state. This electronic ground state
possesses definite parity, alternating between positive and
negative parity according to (—1)" for a given rotational
manifold.

The angular-momentum coupling in the A’ ?A and A *T1
excited electronic states is dominated by the spin-orbit
interaction and best described by Hund’s case (a) coupling
scheme. The term symbol 25*!|A|,q describes the elec-
tronic state: 25 + 1 is the spin multiplicity, A and X are
the projections of the electronic orbital angular momen-
tum and electron spin onto the internuclear axis, respec-
tively, and Q = A + X. The letters X, I1, A, ... are used
to represent |A| = 0, 1,2, ... in the term symbol. Since the
projection of the angular momentum onto the internuclear
axis can be positive or negative, there exist two quantum
states (A doublet) with identical magnitudes of X, A, and
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Q. The parity eigenfunctions for Hund’s case (a) basis are
1
V2

|n=A32793i>= (|773A5239>ilna_A:_E:_Q»:

(1)

where 1 contains all other quantum numbers, such as the
vibrational quantum number v, the total angular momen-
tum quantum number J, the total angular momentum quan-
tum number including spin F, and the projection quantum
number mp required to define each quantum state [70,71].

The energy degeneracy of the 2IT A doublets is lifted
by interactions with nearby 2%+ states. Since each rota-
tional state in 2X* states has a fixed parity, a parity-
dependent perturbation is induced through spin-orbit and
electronic-rotational interactions [72—74]. The perturba-
tions result in a A-doublet splitting that strongly depends
on the underlying coupling strength and the energy dif-
ference AE = |Ep — Ex| between the electronic energy
states. In the lowest rotational states of the A *TI electronic
state, the A-doublet splitting can be estimated by the Mul-
liken parameter g ~ 4B%/ AE for *I13 2 [73], where B is the
rotational constant. Homogeneous spin-orbit interactions
(AQ = 0) are usually A5/B ~ 10° times stronger than
heterogeneous electronic-rotational interactions (A =
+1), where A%, is the spectroscopically resolved spin-
orbit coupling constant of the 2IT state. Thus, the A-
doublet splitting for the 2IT, /2 state can be estimated as
p ~ qAS, /B [73]. The same mechanisms apply to the A-
doublet splitting of 2A states via perturbation from the
lifted degeneracy of the parity doublets within the nearby
211 states [75].

The radiative lifetime 7, and the A-doublet split-
ting of the A’2A;), state are dominated by the admixed
ATl /2 character resulting from the homogeneous inter-
action Hpom. The class of metal monoxide molecules
considered herein possess effective off-diagonal spin-orbit
coupling matrix elements much smaller than the spectro-
scopic resolved spin-orbit coupling constant [64], leading
to lifetimes T ~ 10 ws, about 10° larger than the AT
state lifetime 7. The admixture of the A 215 /2 state deter-
mines not only the lifetime, but also the A-doublet splitting
8% ~ qrn/ta ~ q- 1073 (8% ~ 6kHz for YO). The ?As)»
state admixing with 2I15), is even further suppressed as
it results from the heterogeneous interaction Hye;. There-
fore, the radiative decay rate and the A-doublet splitting
of the 2As), state are expected to be at least 10° smaller
than in the 2 A5 /2 state. The dominant interactions for each
electronic state and relative energy splittings are shown
diagrammatically in Fig. 1.

The near degeneracy of the opposite-parity A-doublet
states and the large molecular electric dipole moment (see
Table II in Sec. VI) makes the A states of MO molecules
extraordinarily sensitive to external electric fields. The
Stark interaction can be calculated precisely for the lowest

J states, where rotational distortion is negligible. The field-
dependent energy levels can be obtained by diagonalizing
the effective Hamiltonian

Htot = HO + HS’ (2)

where H contains the field-free energy levels and Hg
represents the nonrelativistic Stark effect. The Stark effect
matrix elements using parity symmetrized eigenfunctions
[Eq. (8.429) from Ref. [70]] are calculated as

(QJ,1,F,mp, %] — To(ue) Ty (E)|Q,J I, F ,mp, F)
= —pE(=D)f -2 (F)e (F)e ()O ()

F 1 F'\|J F I J 1 J 3
—mr 0 mprg F J 1 -2 0 Q ’()

where 1. is the electric dipole moment of the % A state, £ is
the electric field strength, and ® (x) = +/2x + 1. Since the
hyperfine splitting is much larger than §%, one can restrict
the calculation in the weak-field limit to a single value of
Q, J and F'. The weak-field limit of Eq. (3) simplifies to

<Q’Js[9FsmFs:i:| - T(l)(MC)T(l)(ENQsJa]’FamF’:F)
JJU+D+FFE+D) I+

= —Me |

2FF+1DJJ +1)
= —UegEmp. 4)
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The Stark interaction induced by electric fields of the
order of 107 Vem™! is comparable to 8 and polarizes
the molecule in the laboratory frame. The field-dependent
|mp| # O states become aligned to the electric field and
no longer possess definite parity. Hence, the parity selec-
tion rule for dipole transitions involving these states is no
longer valid [see Fig. 2(b)].

The spontaneous decay path A’?A — X2X* does not
obey rotational closure, but one can limit the branching to
two rotational manifolds of the ground electronic state. The
decay pathways for YO are depicted in Fig. 2(b), where
we use [J, F, |mg|P] to specify all relevant quantum num-
bers of the 2A3/2 state and a parity label p € {+, —, =}
for a positive, negative, or mixed parity state, respec-
tively. The branching ratios from A'2Aj3), [3/2, 1, |mp|P]
to the ground electronic state are calculated using the
Hund’s case (b) to (a) basis transformation provided in
Ref. [76]. Spontaneous decays to even rotational states
are equally distributed between N = 0 and N = 2. Con-
versely, the decays to odd rotational states possess 90%
branching to N =1 versus 10% branching to N = 3.
Therefore spectroscopically addressing the positive parity
A’ 2A3/2 [3/2,1,07] state is advantageous for establish-
ing quasi-closed cycling. This is achieved by utilizing the
Stark effect and demonstrated in Sec. V.
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FIG. 2. (a) The relevant electronic states in YO with their
transition wavelengths and radiative decay rates, along with the
Franck-Condon factors ¢,,,s between the first two vibrational
states of X 22+ and the ground vibrational state of A’2Aj3)5. (b)
The allowed decay channels for the A’2As,, [3/2, 1, |mp[P] —
X2%7 transitions. The branching ratios are provided and rep-
resented by the relative darkness of the double-arrow to each
ground state. A weak electric field mixes the parity of |mp| = 1
states, leading to a breakdown of the parity selection rule for
electric dipole transitions. Dashed lines represent the entirety
of allowed decay pathways when the excited state has mixed

parity.

II. EXPERIMENTAL PROCEDURE AND STATE
PREPARATION

All experiments in this study utilize an ultracold ensem-
ble of ¥Y'®O molecules prepared in a single hyperfine
sublevel of the lowest two rotational states of X2X .
The experimental apparatus and sequence are described
in Refs. [43,44]; therefore we emphasize only key exper-
imental details. A cold beam of YO with mean for-
ward velocity of 160ms~! is produced by pulsed laser
ablation of a ceramic Y,O; target in a single-stage
cryogenic helium buffer gas cell at 4K. The molecules
are decelerated by chirped laser slowing utilizing the
A’y J =1/2 < X?*E+ N =1 transitions. Sufficient
cycling closure is achieved by optically repumping popu-
lation branching to the first two excited vibrational modes
(v =1,2) of the X?>Z 7 state. However, the & — A — II
electronic state configuration leads to weak violation of
the rotational closure scheme. The low-lying A’2Aj),

provides a two-photon decay pathway from A 21, to the
even parity X 2%+ N = 0,2 electronic ground states. This
leakage is resolved in the v = 0 manifold by mixing the
N =1 < N =0 ground states with resonant microwave
radiation and optically pumping the N =2 population
into N = 0. With this scheme, molecules are slowed to
<10ms~! and captured by a dual frequency magneto-
optical trap (MOT), routinely loading 10° molecules with
a temperature of 2 mK. To further cool and compress the
molecular cloud, a blue-detuned sub-Doppler MOT [44] is
applied, followed by a gray-molasses-cooling pulse pro-
viding number densities of approximately 1 x 10% cm™3
with a temperature of 3 pK.

Population transfer into a single quantum state
(N,G,F)=(1,1,0) is achieved by employing a near-
resonant optical pumping sequence with two laser tones
addressing the Azl'll/z «~ X2%* (1, 1,{1,2}) and (1,0, 1)
transitions [48]. A 500-ws long state preparation pulse
transfers >95% of the population into the target state at the
expense of marginal heating to 4 wK. To mitigate further
heating due to off-resonant scattering, the total intensity /
of each laser tone is set to s = I /I, ~ 0.05. The satura-
tion intensity is Iy = mhcl'/3A> where ' and A are the
natural linewidth and transition wavelength, respectively
[Fig. 2(a)]. To initialize the molecules in an even-parity
ground state, we transfer the X2X*(1,1,0) population
to the X2%%(0,1,1) absolute ground state by applying
an adiabatic Landau-Zener frequency-chirped microwave
pulse. Following state preparation, all repump lasers
and microwave tones are switched off unless otherwise
stated.

After state preparation, a tunable electric field E,p, with
a field strength 0.25Vem™! to 0.75Vem™' is applied
along the z direction opposing gravity. The weak applied
electric field induces a Stark interaction between the near
degenerate opposite-parity states in the A’?A manifold.
The field strength is chosen such that the interaction is
strong compared to the A-doublet splitting (5%), but weak
with respect to the hyperfine splitting between the F = 1
and F =2 A'?As)J = 3/2 excited states. This electric
field tunability enables precision Stark spectroscopy of the
A’2A3/2 [/, F, |mg|P] states using a 689 nm external cav-
ity diode laser. This narrow-linewidth laser is phase-locked
to a low-noise erbium-doped fiber frequency comb, which
is stabilized to an ultrastable monolithic cryogenic silicon
cavity and referenced against the strontium clock transition
[77,78]. Circular-polarized light is coupled along the x-y
laser-beam axes to form a oo~ optical molasses. Dark
states are rapidly destabilized by the thermal velocity of the
molecules [79,80]. After a 4-ms long interrogation time we
measure the remaining population of the initialized state
(Sec. 1V) or the temperature of the molecular ensemble
by time-of-flight expansion (Sec. V) as a function of the
applied laser frequency.
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FIG. 3. Laser spectroscopy to the A’2As), [3/2, 1, |mp|P] states in the presence of a weak applied electric field Eyypi. Panel (a) depicts
the detuning-dependent depletion (solid markers) of the initial (1, 1, 0) ground-state population for three different values of E,p. Panel
(b) shows the effect of the Stark interaction in the small field limit for the four field-sensitive and the two field-insensitive states. Panel
(c) presents spectra from the (1, 1,0) (solid dots) and (0, 1, 1) (solid diamonds) ground states to the two opposite pure-parity states of
the A’2A;), [3/2, 1,0] state. A Gaussian lineshape model (orange lines) is used to obtain each center frequency.

IV. OPTICAL STARK SPECTROSCOPY

The long lifetime of the A’2A state provides narrow
transitions to the electronic ground state while the small
A-doublet splitting leads to a large electric field suscepti-
bility. We investigated these properties by precision optical
spectroscopy in the presence of a small applied electric
field. The A’? A3, [3/2, 1, [mp[P] < X2 E 7 transitions are
resolved by measuring depletion signatures of the ground-
state population following a 4-ms long exposure to the
near-resonant laser. Molecules remaining within the initial
ground state are measured by a fluorescent readout scheme
utilizing the strong A >TT <— X2X 7 transition. Figure 3(a)
presents the normalized depletion ratio of the (1, 1, 0) pop-
ulation as a function of detuning § from the field-free tran-
sition frequency. The depletion was enhanced by employ-
ing the two-tone N = 1 optical pumping scheme via the
broad transition to continuously repopulate the (1,1,0)
ground state during the laser interrogation sequence.

Each spectrum consists of three depletion dips corre-
sponding to transitions to different field-dependent Stark
states. The data are fit by three skewed Gaussians account-
ing for Doppler and inhomogeneous Stark broadening.
Figure 3(b) schematically illustrates the Stark interac-
tion between the opposite-parity states of the A doublet.
The Stark interaction is proportional to the magnitude
of the magnetic quantum number |mg| and the effec-
tive electric dipole moment u.s =~ 3.8 D [see Eq. (4) and
Ref. [81], respectively]. The resonant frequencies of the
Stark-sensitive |mpg| = 1 states evolve linearly with the
applied electric field strength [see Fig. 3(a)]. This lin-
ear field dependence demonstrates full polarization of
the [3/2,1,1] states for each applied field. Comparing
the field-insensitive central transition frequency against
the center-of-gravity of the field-dependent transitions

places an approximate upper bound 84 < 30kHz. Our
experimentally constrained A-doublet splitting and the

observed Stark shifts indicate the A’2Aj), state is fully
polarized by field strengths Ep ~ 0.01 Vem™'.

The unperturbed central depletion dip within each spec-
trum corresponds to the myr = 0 transition frequency. This
first-order Stark-insensitive state is used to define the field-
free transition frequency and remains a pure-parity eigen-
state for all applied fields. Conversely, the field-dependent
|mp| =1 states no longer possess definite parity when
polarized. The lack of definite parity explains the field-
sensitive states’ enhanced depletion within each spectrum,
since the parity-mixed states possess additional decay
pathways [dashed lines in Fig. 2(b)]. A weak electric field
of approximately 0.5 Vem™' was applied throughout all
following experiments. This applied field is sufficient to
spectroscopically isolate the electric and magnetic field-
insensitive my = 0 states within the center of the Stark
manifold.

Figure 3(c) presents ground-state depletion mea-
surements of both the [3/2,1,07] < (1,1,0) and the
[3/2,1,07] <= (0,1,1) transitions, with the correspond-
ing frequencies denoted by v} and v}, respectively. The
ground-state populations are initialized as discussed above
in Sec. III. To mitigate line distortions, spectroscopy was
taken at a low intensity (2/y) while all other sources
of radiation were switched off. The normalized depletion
signals from N = 1 (solid circles) and N = 0 (solid dia-
monds) are presented with their corresponding standard
deviations (blue lines) derived from 60 measurements.
The centroid transition frequencies were obtained from
a weighted least-squares Gaussian lineshape fit, account-
ing for the dominant inhomogeneous Doppler broadening.
To recover the absolute transition frequencies vy and vy,
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TABLE 1. Frequency corrections (§v) and uncertainties (o)
considered for determining the absolute transition frequencies v

and v, .

Sv (kHz) o (kHz)
Recoil shift 3.99 0
Quadratic Stark shift 2.8 1.1
Doppler shift 0 0.08
(1,1,0) 0 0
Zeeman shift (0,1, 1) 0 1.5
Pressure shift 0 ~ (1079)
BBR ac-Stark shift 0 0.1
ac-Stark shift 0 ~ (107?)
Total 6.8 1.9

the measurements were corrected by subtracting the recoil
and quadratic Stark shifts. Table I summarizes the lead-
ing shifts and uncertainties considered for this absolute
transition frequency determination.

The quadratic Stark shift is calculated precisely using
Eq. (3), the energy splitting to the nearest opposite-
parity hyperfine state, and the observed first-order Stark
shift of the field-sensitive states. The A’2A3/2 J=3/2
F =2 hyperfine state is measured to lie 105.3(3) MHz
beneath the addressed /' = 1 state. The uncertainty of the
quadratic Stark shift is estimated from the inhomogeneous
line broadening of the field-dependent states.

The first-order Doppler shift averages to zero by using a
retroreflected, counter-propagating beam path. The associ-
ated uncertainty is derived assuming a maximal misalign-
ment of 1 mrad between the counter-propagating beams
and the velocity of the molecular cloud after 6 ms of free
fall.

The A’2A3,5[3/2,1,07] <~ X?E% (1,1,0) transition
has no first-order differential Zeeman shift and the Earth’s
magnetic field is actively compensated in all three dimen-
sions to less than 5 mG. The transition involving the
X2%% (0,1, 1) state is sensitive to a residual magnetic field
and the Zeeman shift is estimated for a maximal population
imbalance between the myp = £1 states of 10%.

The pressure shift, differential ac-Stark shift induced
by black body radiation (BBR-shift), and ac-Stark shift
induced by the spectroscopy laser are much smaller than
the statistical uncertainty. The dominant contribution of
the BBR-shift in the A’ 2 A3, arises from the A ?I1;), state
and is estimated to be ~ 10 Hz (following the procedure of
Ref. [82]). The uncertainty for the BBR-shift is quoted to
be 10 times this leading contribution, which is still well
below our current experimental resolution. Close-lying
hyperfine states are the leading contribution to ac-Stark
shifts, which is calculated to be of the order of 10 Hz. The
molecular density is too small for the van der Waals inter-
action to perturb the observed transition frequency, even
under the assumption of partial polarization.

Accounting for all shifts considered above, the corrected
transition frequencies of the A’?A3/, [3/2,1,0] < X?E™F
transitions are

Vi = 434680051302(3)sat (1)syst kHz,
v, = 434703333707 (3)stat (2)syst kHz.

These frequencies, with a relative uncertainty of 9x 1072,
comprise two of the most precise direct optical electronic
transitions measured within a polar molecule. Addition-
ally, the difference between the two obtained optical fre-
quencies Av = vy — v = 23282405(6) kHz is used to
further constrain the 2As /2 A-doublet splitting. Compar-
ing Av against the well-known first rotational splitting
of the X2X* ground states v(%’ll’?)) = 23282405(4) kHz
obtained by Fourier-transform microwave spectroscopy
[66], reveals 65 = 0(7) kHz. This result is in good agree-
ment with the approximated value §§ ~ gtn/ta = 6kHz
derived in Sec. II.

We demonstrated that excitation to a single quantum
state of the A’2A;), state with a well-defined parity is
possible in the presence of a weak applied electric field.
Spectroscopic addressability of a pure-parity excited state
is crucial for laser cooling on the narrowline transition to
constrain the decay pathways to a minimal set of ground
states. Furthermore, we used transitions between mag-
netic and electric field-insensitive states to measure optical
transitions with an absolute accuracy 9x 10" and con-
strained the A-doublet splitting to below 7 kHz by optical
spectroscopy.

V. NARROWLINE LASER COOLING

The pure-parity [3/2, 1, 0] excited states provide the
optimal A’ >A;, cycling center for narrowline laser cool-
ing. Although no strict rotational closure scheme exists for
2A < 2%7 transitions, the asymmetric branching from
[3/2,1,0%] provides enhanced rotational closure within
the N =1 manifold [see Fig. 2(b)]. However, photon
cycling on a single sublevel of the A’?Aj, excited
state constrains the X2 (1, G, F) hyperfine sublevels
available for laser cooling. Notably, AF = 0 transitions
between myr = 0 sublevels are dipole forbidden, as well as
mp = 0 <— mp = £2 transitions. Therefore, each hyper-
fine state within the X>X+ N = 1 manifold possess dark
sublevels except for the (1, 1,0) state. For all subsequent
data, the molecular population is initialized in the (1, 1, 0)
ground state as explained in Sec. III.

Narrowline laser cooling is demonstrated by employ-
ing the A’2A;,[3/2,1,07] < X2E* (1,1,0) transition.
Cycling closure within the N = 1 manifold is achieved
by continuously repopulating the (1,1,0) state. Two
additional laser tones optically repump the (1,0, 1) and
(1,1,{1,2}) ground states via A2H1/2. Higher rovibra-
tional branching is optically pumped back to N = 1. This
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FIG. 4. Radial temperatures after applying a 4-ms long nar-
rowline laser cooling sequence involving (a) repump lasers con-
necting the ?I1;, state and (b) only narrowline transitions. A
least-squares fit to the time-integrated solution to Eq. (5) is pro-
vided (black line) with the 95% confidence interval (gray-shaded
region) to model the detuning-dependent cooling for both scans.
Each laser cooling scheme is depicted on the right-hand side.

A’T1, ,-repumping and A’?Aj;)»-cooling scheme [right-
hand side of Fig. 4(a)] is applied for 4 ms while the molec-
ular cloud is in free fall. The measured radial temperatures
presented in Fig. 4(a) (solid black squares) are obtained
by time-of-flight measurements as a function of the static
detuning § from the narrowline transition resonance. The
cooling transition linewidth is power broadened with a
saturation parameter s = [/l &~ 100 to ensure the laser
addresses broad classes of the molecular velocity distribu-
tion.

The radial temperature of the molecular ensemble rises
to 10 uK due to off-resonant scattering from the N =1
broadline repumpers. As the narrowline laser is scanned
through resonance a strong temperature dependence is
observed; heating is damped when the laser is red detuned
(6 < 0) and enhanced when blue detuned (6 > 0). This
radial temperature evolution is modeled by the time-
integrated solution of the thermal rate equation [83]

3

dr 3+ D\ E.Rya 2
Y s T =T ()
dr ks m

where T is the radial temperature, 7, the radial tempera-
ture in the absence of the narrowline laser, E, the recoil
energy (E;/kg = 192nK), m the mass of 3°Y'°0, Ry
the scattering rate, o the damping coefficient, and ¢ the
evolution time. The scattering rate and damping coeffi-
cient incorporate the detuning dependence according to

A =21 x4,

(6)

Rscatt =

r K
2145+ (A/T)?

and
8hk2s A

I [t+s+ea/m7

I' =27 x 6.9kHz is the natural linewidth of the
narrow transition [64], and k = 27 /689 nm is the cor-
responding wavenumber. Equation (5) is derived for D-
dimensional cooling and three-dimensional isotropic spon-
taneous emission [84]. The model fit parameters for the
two-dimensional cooling (D = 2) are the saturation param-
eter s, the initial temperature 7, and the evolution time z.
The least-squares optimized values for the data presented
in Fig. 4(a) are s =220(30), Ty, =9.87(12) uK, and
t = 47(3) us. The qualitative agreement of the detuning-
dependent temperature evolution across the 300kHz
detuning range demonstrates the effect of narrowline
Doppler cooling. Nevertheless, the photon scattering
required to continuously optically pump the molecules
to the (1,1,0) ground state outpaces the cooling on the
narrowline transition. Therefore, any cycling scheme that
implements repumping based on a broad transition pro-
vides cycling closure at the cost of heating.

To circumvent the repump-induced heating, we imple-
ment an alternative cooling scheme addressing only nar-
row transitions to the A’2A; 52 state. The [3/2,1,07]
excited state predominately branches to two hyperfine lev-
els within the v = 0 manifold: 33.33% to (1, 1,0) and
25% to each of the (1,0, 1) |mp| = 1 degenerate sublevels.
With all molecules initialized in the (1, 1,0) ground state,
our two-tone narrowline laser cooling scheme [right-hand
side of Fig. 4(b)] provides closure for 83.33% of the rota-
tional branching pathways. Accounting for higher vibra-
tional loss, the number of photons scattered is limited to
{n,) =3.6. Our all-narrowline laser cooling scheme is
applied for 4 ms while the molecular cloud is in free fall,
with each laser tone intensity set to / &~ 100/;. The two
tones are scanned in lockstep with a 4kHz two-photon
detuning to prevent the formation of a A-enhanced dark
state. In general, coherent dark states are rapidly destabi-
lized at our thermal velocities by motion-induced nonadia-
batic transitions [79] and do not limit the scattered photon
number.

Figure 4(b) presents the measured radial tempera-
tures (open black circles) as a function of § from the
[3/2,1,07] < (1,1,0) narrowline transition frequency.
Even with a limited photon budget, the temperature evo-
lution recovers a Doppler cooling signature. Having elim-
inated the off-resonant repump heating, the initial 4 pK
radial temperature undergoes narrowline cooling (heating)
as the laser is red (blue) detuned. The time-integrated
solution to Eq. (5) is fit to the data according to a

(N

o =
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least-squares optimization (black line) with the accompa-
nying 95% confidence interval represented by the gray-
shaded region.

The optimized model parameters are s = 160(60),
To = 3.93(8) wK, and ¢ = 13(3) pus. The recovered satu-
ration parameter and initial temperature agree with our
independently measured values. To interpret the evolution
time ¢, we derived the mean number of scattered photons
(né,) For our experimental configuration with two retrore-

flected laser beams (n/y) = 2I't = 1.1(3), which lies below

our expectation of <ny> = 3.6. The time-integrated solution
to Eq. (5) models well the overall temperature evolu-
tion. However, the model deviates from the experimen-
tal data for detunings around § = —I'4/1 4 s/4w where
Doppler theory predicts the most efficient cooling [85].
The projected 250(160) nK cooling underestimates the
observed temperature reduction by more than a factor of
2. The underestimated cooling deduced from the fit is self-
consistent with the low number of scattered photons (n’y)
and can be attributed to the relative simplicity of the model.

The measured mean temperature reduction of
730(130) nK across the five data points in the
—45 kHz to —25kHz range provides clear experimen-
tal evidence for the first narrowline laser cooling of
molecules. From the (n],> = 3.6 photon number budget and
the photon recoil energy, one can conclude that this nar-
rowline cooling is very efficient. Further cooling is limited
by the cycling closure and because the radial temperature
approaches the Doppler temperature limit for the power-
broadened transition linewidth. Both limitations are merely
technical and can be overcome with modifications to our
all-narrowline cooling scheme.

The mean number of scattered photons can readily be
enhanced by addressing all allowed decay pathways to
the vibrational ground state (v = 0), namely, the 10%
branching to (3,1,2) and 6.66% branching to (1,1,2).
The addition of two laser tones repumping these ground
states via narrow transitions would double the number
of photons scattered to (ny) = 7.7. Repumping the three
N =1 hyperfine states within the v = 1 manifold would
enhance photon scattering to (ny) = 45. These prospec-
tive photon-cycling schemes require longer interrogation
times, which can be achieved by loading the molecules into
a state-insensitive magic-wavelength optical dipole trap
[86]. These future upgrades would enable cooling to the
photon-recoil limit or to the motional ground state within a
tightly confining optical lattice or tweezer. Sideband cool-
ing of trapped molecules [87,88] to their motional ground
state will prove critical to improve current thermal-motion-
limited rotational decoherence rates [89].

VI. PROSPECTS: 2As);

As described in Sec. 11, MO molecules possess a long-
lived A’2A state with near-degenerate A doublets. This

TABLE II. Calculated lifetimes and molecular electric dipole
moment for the metastable first-excited electronic state of the
MO molecules.

Taz), (MS) Tagj, (MS) e (Debye)
ScO 0.795 954 8.1
YO 0.045 312 7.8
LaO 0.402 2581 7.0
AcO 0.009 74 75

excited state level structure enables weak electric fields to
polarize the molecules and spectroscopically isolate indi-
vidual Stark states (see Fig. 3). Although the experiments
presented above primarily addressed the unperturbed pure-
parity states, the A’ 2A field-sensitive states remain attrac-
tive for future work in the fields of quantum simulation and
precision measurements. To overcome the limitation of the
A'2A, ,2 lifetime, we propose to extend our experiments
to the even longer-lived A’2As), state in MO molecules.
Relativistic exact two-component coupled-cluster singles
and doubles (X2C-CCSD) and equation-of-motion CCSD
(EOM-CCSD) calculations are used to obtain excited-
state lifetimes, electric dipole moments, and nuclear Schiff
moment (NSM) sensitivity factors (see Supplemental
Material for details [90]).

First, we consider the lifetimes of the A’ ?A electronic
states for all MO molecules. These are calculated at the
X2C-EOM-CCSD level [91] and are provided in Table II.
Our calculations use the X2X* state as the reference state
and model the A’?A state by promoting the unpaired
electron to the § orbital. The lifetimes of the A'?Aj3)
states are determined by the A’2Az, — X2E* transi-
tion. The transition dipole moments originate from the
ns-np hybridization in the X2X+ state and the (n — 1)d-
np hybridization in the A’?A; /2 state due to the ligand
field. The lifetimes of the A’2As /2 states have contribu-
tions from two decay pathways, the A’?As;, — X2EF
electric quadrupole transition and the A’2As;; — A’2A3),
electric dipole transition. The general trend to shorter
lifetimes for molecules with increasing atomic number
Z 1is attributed to both an increasing electric quadrupole
moment of the A’?As;, — X7 transition and the cubic
scaling of the A’?As;, — A'2A;, decay rate with the
spin-orbit coupling constant. One notable exception is that
the long lifetime of LaO arises from the low transition fre-
quency of A’?As;, — X2ET, which leads to a reduction
of the decay rate. The calculated lifetimes are adequate
to serve as an order-of-magnitude estimation, evidenced
by the YO A’?A;, lifetime of 45 s reasonably agreeing
with the experimentally determined lifetime of 23(2) us
[64]. Our calculations suggest all A’?Aj), states possess
sufficiently narrow transitions to be used for resolved-
sideband cooling (see Sec. V). Alternatively, the almost
10* times longer A’?As), lifetimes broaden the scope
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of experimental applications available to MO molecules.
Although the field-insensitive A’ ?As;, < X2>E T ultra-
narrow transitions hold promise for a future optical molec-
ular lattice clock, primary focus is paid to applications
utilizing the electric field control of the long-lived A’ 2 As
field-sensitive states.

Quantum simulation with MO molecules in their
A'2As 2 field-sensitive states considerably relaxes the
applied fields necessary to engineer long-range dipo-
lar interactions. Traditionally, the strong intermolecular
dipole-dipole interaction V44 is engineered by dressing
adjacent rotational levels within the electronic ground
state [7,8,92,93]. A lab-frame permanent dipole moment
is induced as opposite-parity rotational manifolds are cou-
pled, either by strong dc electric fields (Eappi ~ hcB/jie
~ 10kVem™") [54,94] or near-resonant microwave radi-
ation [10,95]. Conversely, the near-degenerate A dou-
blet and relatively large electric dipole moment of the
A% A5, state reduces the required dc electric field strength
(Eappl < h8% /e ~ 10 mVcem™!) by orders of magnitude.
The strength of the long-range anisotropic dipole-dipole
interaction can be tuned beyond Vg/h = 10kHz in a
1064 nm optical lattice, surpassing state-of-the-art molec-
ular quantum simulation platforms [10,94-97]. Further-
more, all A’2As /2 state lifetimes referenced in Table II
far exceed the interaction times necessary to observe inter-
molecular dipolar exchange [98,99]. Therefore, an alterna-
tive pathway to engineering strongly interacting quantum
matter becomes realizable within the metastable A’?As 2
excited state of MO molecules.

Besides quantum simulation, polar molecules have also
become widely adopted in experiments searching for vio-
lations of fundamental symmetries [2—4,100—103]. When
a charge-parity-violating interaction involves a time-
reversal antisymmetric operator, e.g., in the search for an
electron electric dipole moment (eEDM), the electronic
contribution to the molecular sensitivity parameter comes
entirely from the open-shell electrons. An enhanced sen-
sitivity to an eEDM 1is obtained with a molecular state
containing an no molecular orbital [102,104]. Therefore,
A’2A states are less sensitive than X 2E+ states, because
the open-shell #§ electron contributes much less to the
molecular sensitivity parameters than a core-penetrating
no electron. Although largely insensitive to the eEDM, the
metastable A’2A states still prove suitable for other pre-
cision experiments searching for beyond-standard-model
(BSM) physics.

The A’2A states exhibit enhanced sensitivity for CP-
violating interactions with molecular sensitivity param-
eters involving time-reversal symmetric operators. An
important example, of rapidly growing interest, is the
search for a NSM in the hadronic sector [105]. The NSM
molecular sensitivity factor (Wyxsm) has contributions from
both closed-shell and open-shell electrons. Among the
two types of chemical contributions to Wysy [106], the

TABLE III. Molecular sensitivity factors for nuclear Schiff
moment Wysm computed at the exact two-component coupled-
cluster singles and doubles level for the X 2+ electronic ground
state and the long-lived A’ 2As /2 excited state of MO molecules
[in units of /4 egal ~ 44 h Hz/(e fm®)].

MO Wnsm Wnsm
(X*2) (A"?Asp)
ScO —-309 —647
YO —1169 —2444
LaO —1794 —-5161
AcO —-23110 —52278

contribution due to the electron-drawing effects of the
ligand comes from closed-shell electrons and is usually
dominant. The back-polarization of the open-shell electron
at the metal site provides an oppositely signed contribu-
tion and reduces Wnsm. Importantly, this back-polarization
contribution for MO molecules is much smaller in the
A’2A state than in the X?X7 state. The reduced back-
polarization is attributed to the non-core-penetrating open-
shell nd electron. Enhanced molecular sensitivity factors
are presented in Table Il where Wysum of the A’2As),
states are two-to-three times larger than the correspond-
ing calculated values for the X2X* ground states. This
serves as the first proposal to use metastable A’'2As),
excited states for precision searches of BSM physics.
227AcO is a particularly promising candidate for NSM
searches because of the large octupole deformation of
the 227 Ac nucleus substantially increasing the measurable
energy shift [107—109]. The resulting nuclear enhancement
and large Wysm sensitivity factor of the 22’ AcO A’2As 2
electronic state compares favorably against 22’AcF
(Wnsm = —8400 in the X ! 2% ground state), a molecule
predicted to have record CP-violating NSM energy shifts
[110].

VII. CONCLUSION

All current laser-cooled molecules rely on rotationally
closed cycling schemes exploiting highly diagonal and
strong electronic transitions. While this recipe has enabled
immense progress, the utility of other excited electronic
states has largely remained unexplored. In particular, a
subclass of molecules (M O) have a metastable A’?A as
their first excited state, which possesses near-degenerate
opposite-parity sublevels and long lifetimes. How these
novel features provide additional quantum control for
molecules is demonstrated with ultracold YO throughout
this study.

We first characterize the narrow transition through opti-
cal spectroscopy of the A’ 2A; » Stark states. Spectroscopy
taken across a series of applied electric fields reveals full
polarization in the laboratory frame at £}, =~ 0.01 Vem™!.
Transition frequencies to opposite-parity field-insensitive
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states were measured with a relative uncertainty of
9 x 107'2, constraining the A’?*A;,, A-doublet splitting
to 8% < 7kHz. Pure-parity excited states are isolated via
the tunable Stark interaction and enable a quasi-closed
photon-cycling scheme.

Utilizing our electric field control, the first narrowline
laser cooling of a molecule is achieved. The radial temper-
ature of the molecular cloud was cooled by 0.73(13) pK in
free-space. Incorporating this cooling technique within an
optical lattice is a promising pathway to initialize a large
ensemble of molecules in their three-dimensional motional
ground state for future quantum simulation platforms.
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