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Abstract

Polyatomic molecules have been identified as sensitive probes of charge-parity violating and parity
violating physics beyond the Standard Model (BSM). For example, many linear triatomic
molecules are both laser-coolable and have parity doublets in the ground electronic X>%+(010)
state arising from the bending vibration, both features that can greatly aid BSM searches.
Understanding the X>Y(010) state is a crucial prerequisite to precision measurements with linear
polyatomic molecules. Here, we characterize the fundamental bending vibration of '7*YbOH using
high-resolution optical spectroscopy on the nominally forbidden X>$+(010) — A2IT, /,(000)
transition at 588 nm. We assign 39 transitions originating from the lowest rotational levels of the
X?%1(010) state, and accurately model the state’s structure with an effective Hamiltonian using
best-fit parameters. Additionally, we perform Stark and Zeeman spectroscopy on the X%+ (010)
state and fit the molecule-frame dipole moment to Dy, = 2.16(1) D and the effective electron
g-factor to gg = 2.07(2). Further, we use an empirical model to explain observed anomalous line
intensities in terms of interference from spin—orbit and vibronic perturbations in the excited

AL, /2(000) state. Our work is an essential step toward searches for BSM physics in YbOH and
other linear polyatomic molecules.

1. Introduction

Polyatomic molecules are at the frontier of advanced control over quantum complexity. Their additional
rovibrational degrees of freedom provide a large degree of control and tunability of both molecular structure
and interactions with a wide range of applications. Rapid progress [1-3] has been made in laser cooling
molecules, including polyatomic CaOH [4, 5], CaOCHj [6], StOH [7, 8], and YbOH [9]. Recently, CaOH
was optically trapped and laser-cooled to ultracold temperatures [10, 11]. Quantum control of polyatomic
molecules will benefit next-generation searches for new physics beyond the Standard Model [12-15], and
will enable advances in quantum computation, simulation, and chemistry [16-19].

Currently, measurements of diatomic ThO and HfF* bound charge-parity (CP) violating new physics at
TeV energy scales [20, 21]. These experiments benefit significantly from parity doubling, the occurrence of
nearly-degenerate levels of opposite parity. In molecules with parity doublets, the molecular axis can be
easily oriented in the lab frame with the application of modest electric fields [22]. Furthermore, when
polarized, these molecules have states oriented both along and against the applied field. Known as internal
co-magnetometers, these states allow for reversal of CP violating interactions without modifying the external
lab field [23]. This degree of control over molecular orientation is highly advantageous for robust systematic
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error rejection in searches for CP violation. In diatomic molecules, parity doublets require orbital angular
momentum, which conflicts with electronic requirements for efficient laser cooling, especially for heavy
molecules with enhanced sensitivity to new physics [12, 15].

Polyatomic molecules offer both generic parity doublets and laser cooling, and therefore provide a route
to significantly improve constraints on new CP violating physics by multiple orders of magnitude [12]. A
number of CP violation searches are underway with laser-coolable diatomic molecules, such as BaF [24],
YbF [25, 26], TIF [27], and RaF [28, 29]. Without parity doublets in their ground states, these molecules
require large electric fields (>10kV cm™") for significant polarization. By contrast, molecules with parity
doublets offer similar polarization in much smaller fields, and the variety of molecular orientations offer
richer possibilities for state tuning [22]. In polyatomic molecules, parity doublets arise from rotation around
the inter-nuclear axis and exist independently of the electronic structure used for laser cooling [1, 2, 12].
Examples of polyatomic parity doublets include K doublets in rotations of symmetric molecules, asymmetry
doublets in the rotations of asymmetric molecules, and ¢ doublets in bending modes of linear polyatomic
molecules.

YbOH molecules in their doubly-degenerate bending mode have been identified as sensitive probes of CP
violating physics [12]. The Yb-centered, core-penetrating valence electron provides both new physics
sensitivity and optical cycling, which was demonstrated with Sisyphus cooling of a YbOH beam to a
transverse temperature of <600 uK [9]. Meanwhile, the vibrational bending motion provides ¢-type parity
doublets that allow polarization control and internal co-magnetometry in modest external fields.
Furthermore, the multiple stable isotopes of Yb provide opportunities for CP violation searches in both the
hadronic and leptonic sectors of the Standard Model [12, 30-36]. Finally, other experiments leveraging the
bending motion of linear triatomic molecules, including CP violation searches with StOH [37] and
RaOH [12, 38], and parity-violation searches with linear triatomics [39], warrant further investigation of
these states, for which there is no previous, complete study of all molecular properties.

Here, we present a high-resolution, optical spectroscopy study of the fundamental bending vibration in
the electronic ground state of 174YbOH. The spectra are obtained by laser excitation on a rovibrationally
forbidden electronic transition in a cryogenic buffer gas beam (CBGB). By analyzing the field-free, Stark, and
Zeeman spectra, we model the rotational structure of the bending molecule, characterize the electric and
magnetic tuning of the levels, and extract the molecule-frame dipole moment. Our results demonstrate the
high level of control available in polyatomic molecules, which will be useful for future symmetry violation
searches.

The structure of the paper is as follows. First, we provide a brief overview of the overall molecular
structure in section 1.1. The methods are described in section 2, with section 2.1 describing the experimental
apparatus, and section 2.2 describing the effective Hamiltonians used to model the molecular states. In
section 3 we describe our experimental results and analysis. Section 3.1 discusses the field-free spectrum and
optimal state parameters, section 3.3 describes our model for the anomalous line intensities of the forbidden
transition, and section 3.2 presents the Stark and Zeeman spectra and their analysis. We conclude in section 4.

1.1. Molecular structure

In this section, we briefly review the structure of linear polyatomic molecules, including states with bending
vibration. We label the ground and excited state electronic states as X and A, respectively. Electronic states of
linear polyatomic molecules are labeled with the term symbol 257! A, (v, 4 v3 ), where A = L - it is the
projection of electronic orbital angular momentum L on the internuclear axis 71, ¥ = S 1 is the projection of
the electron spin S, 2 = A + ¥ = J - i1 is the total projection of the spin and rotational angular momentum J,
and v; denotes the number of quanta in the three vibrational modes of the molecule. For A = 0 states, an
additional +/— subscript is used to denote the parity of the electronic configuration, and the {2 subscript is
sometimes dropped. In YbOH [12], the v; mode is the Yb—O stretch, the v mode the O-H stretch, and, due
to the Yb mass, the doubly-degenerate v4 mode can be viewed as the bending of the H atom relative to the
Yb-O axis [40]. The additional ¢ label denotes the number of quanta of vibrational angular momentum G
projected on the internuclear axis, £ = G - /1. The degeneracy of 4/ states are lifted by higher order
perturbations, giving rise to parity doublets [41, 42].

The above electronic labeling scheme treats the vibrational degrees of freedom separately. However, for
states with non-zero ¢ and A, interactions of the electrons with the bending vibration, known as
Renner—Teller (RT) couphngs [43 44] will cause rovibrational splittings for different states of
K=A+/{=N-i Hereis N= ] S is the rovibrational angular momentum of the electrons and nuclei,
excluding spin. Note that N can receive contributions from multiple sources: the end-over-end molecular
rotation R, electronic orbital angular momentum L, and vibrational angular momentum G. When both RT
and SO couplings are present, neither K nor 2 are completely conserved, and instead the eigenstates have
well defined projection quantum number P =J - /i = A + ¢ + X.. We note that the total angular momentum
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cannot be less than the projection angular momentum. For example, in a state with well-defined N and K, we
always have N > |K|; a consequence relevant for this work is that the lowest rotational level of an £ = 1
bending mode has N =1.

We will restrict our discussion to states with v; = v; = 0 and v, € {1,0}, allowing us to write vibronic
term symbols as 257! Kp. Note that in the term symbols, both A and K are denoted as ¥, II, A, . .. to indicate
0,1,2, ..., similar to the S, P, D, ... notation in atoms. This can lead to confusion; for example the (010)
vibrational state in the ground electronic state is a 2% electronic state, but a 211 vibronic state. Whenever we
do not include the (v, v, v3) label, we are referring to a vibronic term, unless otherwise noted.

In this work, we study the XZZT/Z(OIIO) — A?I1, /,(000) band of 7*YbOH. This transition is nominally
forbidden in the dipole approximation, which requires A¢ = 0, and it occurs via intensity borrowing in the
excited state, as we discuss later. We will neglect the other spin—orbit (SO) manifold, A2II; /2(000), which is
located ~40 THz above A*IT, /2(000). The large SO coupling in YbOH means €2 is an approximately good
quantum number, even in bending states. For simplicity, we will abbreviate the ground state label as X(010)
and the excited state label as A(000).

In 7*YbOH, the 7*Yb nucleus has no nuclear spin, and the hyperfine structure from the distant
hydrogen nuclear spin I is optically unresolved [45] and only contributes to broadening in the ground state.
Therefore in this study we neglect I, and label states with well-defined total angular momentum J.
Throughout this work, we will use M to denote the projection of ] on the lab Z-axis.

Ground state quantum numbers are denoted with a double prime, e.g. N”', and excited states with a
single prime, e.g. ] . We denote rotational lines with notation similar to [46]. Given the parity doubling in
both X(010) and A(000), we add an additional label to denote the parity of the ground state. We label
transitions as 2NV A ]E,: 1;{,, (N'"). Here, F! =1 for the excited state, F/’ = 1,2 denotes ground states with

J'" =N'""+£S,and P'' = & denotes the ground state parity.

2. Methods

2.1. Experiment: apparatus and signals

The CBGB apparatus (figure 1(a)) is similar to that from our previous work [47, 48]. In summary, the buffer
gas cell is formed from a copper block with an interior cylindrical bore 7.5 cm long and 12.7 mm in diameter,
with windows on the sides for optical access. The cell is surrounded by radiation shields and cooled by a
pulse tube refrigerator down to ~4 K. Helium buffer gas is introduced in the back of the cell via a 3.2 mm gas
inlet tube, and passes through a diffuser 3.2 mm downstream in the cell. Typical flow rates are 3—6 standard
cubic centimeters per minute (SCCM). The buffer gas exits the cell via a 5mm diameter aperture at the front
of the cell. Activated charcoal fins on the interior surface of the 4 K radiation shields provide efficient
cryo-pumping of the He buffer gas.

YbOH molecules are produced by laser ablation of pressed powder targets made from a 1:1 stoichiometric
mixture of Yb(OH); powder and Yb powder (see supplementary materials). Laser ablation is performed by a
Nd:YAG laser at 532 nm with ~10 ns pulse length, 25-40 m] pulse energy, and ~9 Hz repetition rate. The
ablation laser is focused with a 300 or 400 mm lens placed approximately one focal length away from the
target. Hot molecules produced via ablation are subsequently thermalized by collisions with ~4 K He buffer
gas atoms [49]. We further increase YbOH yield by around an order of magnitude by exciting atomic Yb to
the excited *P; state [47]. Specifically, we send ~300 mW of 556 nm light into the cell to resonantly drive the
1Sy — 3P; transition of '74Yb. This technique significantly increases the quantity of YbOH in excited
vibrational states, including the X(010) state, whose population is increased by a factor of ~10.

A few milliseconds after ablation, the He gas flow extracts the molecules out of the cell through the
aperture. Molecule density is monitored both in the cell and outside the cell aperture with 577 nm
absorption probes resonant with the XR;; (0) line of the X(000) — A(000) transition at 17 325.0365 cm ™~
[46]. The extracted beam is rotationally and translationally cold, with a best fit rotational temperature of
1.7 K (discussed further in section 3.3), which can be lower than the cell temperature due to expansion
cooling out of the aperture [50]. However, the molecule beam can have significant excited vibrational
population, a result of inefficient vibrational thermalization from buffer gas collisions [51]. This provides a
significant advantage, as we obtain ~10° molecules exiting the cell in the excited bending mode as a result.
The molecular beam is collimated by a 6.4 mm diameter skimmer 4.8 cm downstream from the cell aperture,
a 9.5 mm diameter hole 11.4 cm downstream from the cell aperture, and a 5 mm diameter hole 23.7 cm
downstream from the cell aperture. The beam travels at 150-200 m s~ ! toward the laser-induced
fluorescence (LIF) measurement region located ~60 cm downstream from the cell. The region is pumped by
multiple turbomolecular pumps, and typical pressures when flowing He gas are 1-5 x 10~ Torr.

In YbOH, the A(000) — X(010) transition has a vibrational branching ratio of rg ;o = 0.054(4)% [52],
and the lifetime of the A2IT, /2 state is 7 = 20(2) ns [53]. The excited state population primarily
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Figure 1. Experimental schematic and sample signals. (a) YbOH molecules are produced in the 4 K cryogenic buffer gas cell
(brown box) by laser ablation (dark green triangle) of a solid pressed target. The molecules are thermalized by collisions with He
buffer gas continuously flowed into the cell. Chemical production of YbOH is enhanced by exciting Yb atoms using a laser (light
green line) resonant with the 'Sy — >P; atomic Yb transition. Some of the molecules are produced in the X(010) bending mode.
The molecules are entrained in the He gas flow and extracted out of the cell. We detect the molecule number density in the
X(000) state via absorption spectroscopy (yellow lines) both in the cell (i) and in front of the cell (ii). The molecular beam is
collimated by a skimmer and collimators before entering the probe region with electric and magnetic fields. We apply magnetic
fields using coils outside the vacuum chamber, and apply electric fields using ITO coated glass electrodes inside the vacuum
chamber. In the center of the fields, molecules in the X(010) state are excited by a laser (orange line) and their fluorescence is
collected through a light pipe to a PMT (iii). (b) Sample signals from the CBGB. (i) In-cell absorption on the ®R;; (0) line of
YbOH X(000) — A(000). The peak optical depth corresponds to a molecule density of ~5 x 10° cm~? in the X(000), N =0
state. (ii) Front of cell absorption on the same ®R;; (0) line. The peak optical depth corresponds to a molecule density of

~2 % 10° em™2. (iii) Fluorescence after excitation of the bending mode on a strong X(010) — A(000) line. The integrated signal
corresponds to ~8300 photons detected on the PMT.

decays to the vibrational ground state, X(000), with ooy = 89.44% branching. Therefore, in our experiment,
the fluorescence signal will saturate after roughly one photon scatter as the molecules are optically pumped
out of the bending mode and mostly into the ground state. With a ~1 mm Gaussian laser beam intersecting
a ~200 ms~! molecular beam, we can estimate the saturation parameter required for a single photon
scatter as s & 1 X 1072, Using the definition of saturation intensity for a transition with branching ratio r as
I, = mhe/(A\*7r) [54], we compute an intensity of I ~ 280 mW cm ™2 required to optically pump the forbidden
transition X(010) — A(000). For a 1 mm diameter Gaussian laser beam, this requires >2 mW of optical
power. While we have neglected rotational branching and other experimental imperfections in this analysis,
we observe the power requirements needed to produce fluorescence on such a forbidden line are feasible.

Downstream in the LIF region, molecules in the X(010) bending mode are excited by a 588 nm laser
resonant with the nominally forbidden X(010) — A(000) transition. The laser beam, with a ~1 mm
diameter and ~40 mW of power, is sent perpendicular to the molecular beam (see figure 1(a)) through
windows at Brewster’s angle. The resulting 577 nm fluorescence from decays to the X(000) state is collected
with a 19.4 mm diameter fused-quartz light pipe. A 25.4 mm diameter, 19 mm focal length retroreflecting
concave mirror opposite the light pipe improves collection efficiency. We filter out the 588 nm scattered
background light using a combination of interference and colored glass filters on the exit of the light pipe,
obtaining a signal-to-noise ratio of >10. The fluorescence signal is incident on a photomultiplier tube
(PMT) module (Hamamatsu H13543-300), and the resulting photocurrent is amplified with a 1078 AV !
trans-impedance amplifier with a 1.5 kHz low pass filter.
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To obtain the field-free spectrum, we scan the 588 nm probe laser and record its frequency using a
wavelength meter (HighFinesse WS7-30) with an absolute accuracy of 30 MHz and a measurement
resolution of 1 MHz. To improve the absolute accuracy, we use the probe light to co-record sub-Doppler I,
spectra, obtained with amplitude modulated saturated absorption spectroscopy [55]. Calibration of the laser
frequency using the I, spectra results in one standard deviation error of 2.35 MHz in absolute frequency
accuracy.

Figure 1(b) shows typical absorption and LIF signals obtained in a single shot. The LIF signal size
typically varies from shot to shot due to ablation yield fluctuations. To construct the field-free spectrum, we
scan the laser at approximately 1-2 MHz per shot, average the LIF signal for four shots, integrate over the
molecule pulse duration, and plot the data against the calibrated probe frequency. The observed peaks are fit
well by a Lorentzian function, with fitting errors <3 MHz. For the Stark and Zeeman spectra, we step the
laser in 3 MHz increments, and average the LIF signal for ten shots at each step.

For Stark spectroscopy, we use two indium tin oxide (ITO) coated glass plates separated by a 4.99(3) mm
gap to apply fields up to 265V ecm ™! in the LIF region. Before entering the field region, the molecular beam is
further collimated with a 3 mm hole in a grounded aluminum plate. The molecules traveling through the
ITO plates are then excited by the 588 nm laser (see figure 1(a)). The resulting fluorescence is collected
through the glass plates with the setup described earlier. For Zeeman spectroscopy, we generate magnetic
fields of 0-70 Gauss using two pairs of wire coils outside the vacuum chamber (see figure 1(a)). The two coil
pairs have a diameter of 21.4 cm with 500 windings each, and are each symmetrically spaced from the LIF
region with distances of 7.5(1) cm and 11.3(1) cm to the molecules.

2.2. Theory: effective Hamiltonian

The ground and excited states are modeled with an effective Hamiltonian approach [56]. The A(000) state is
well described by a Hund’s case (a) Hamiltonian, using parameters from a previous optical study on a
supersonic YbOH beam [46]. Complete details of the effective Hamiltonian are provided in the
supplementary materials. In the excited state, strong SO interactions mean N is not a well-defined quantum
number. Conversely, the molecule-frame projection quantum numbers A, ¥, and 2 are well-defined in
Hund’s case (a). Cross terms of SO and rotational perturbations give rise to the A-doubling interaction,
which mixes the projection quantum numbers. The resulting Hund’s case (a) A eigenstates are symmetric
and anti-symmetric superpositions of projections with well defined parity P:

€
V2

We use semicolons to indicate separable states. The phase factor p, = J — S — /£ is connected to the
convention for the action of the parity operator, P|A;S,%;J,Q, M) = (—1)P| — A;S,—3; ], —Q, M). This
phase convention is followed by [44, 57] (Details in the supplementary materials).

We model the ground X(010) state using a Hund’s case (b) effective Hamiltonian describing a *II vibronic
state. This approach has provided an accurate description of the vibrational bending modes in other metal
hydroxide molecules, such as CaOH and SrOH in optical [40] and millimeter wave [58] studies. The lack of
first-order SO interaction means the electron spin S is largely independent of the internuclear axis, and
therefore both ¥ and P are undefined. Hund’s case (b) is the natural basis, with N and its projection £ as good
quantum numbers. The states of X(010) are represented as tensor products of symmetric top eigenfunctions,
|N, K, M), with the eigenfunctions of the 2D simple harmonic oscillator, |v, £). The spin-rotation interaction
then couples N with S to form well-defined J. Finally, higher-order perturbations give rise to the £-doubling
interaction, which result in states of well-defined parity. The X eigenstates of good parity are written as:

|A; 8,5, M, P=+4) = (|A;S, 37,9, M) 4 (—1)P

1
V2

The phase factor in Hund’s case (b) is defined as p, = (— 1)V —£, The additional factor of ¢ = 1 means the
action of the parity operator on a singly excited bending mode is similar to that of a ¥~ electronic state.
While this phase convention has physical basis (see supplementary materials) and has been used in
literature [44, 57, 59-61], the choice is not universal. The parity phase and the sign of the /-doubling
Hamiltonian together determine if the lowest energy state is positive or negative parity.

We use an effective Hamiltonian for the X(010) state given by

M;N,S,],M,'P::H: (‘€§N757]7M>i(_1)pb‘_&NaSa]aM»’ (2)

Hy i) = BV = £) +7(N-§ = NuSe) +76N:Sz + 2 (NS e ™0 4 N_s_e?) - 10 (N30 4 N2e?).
(3)
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This form was first derived in [62] and is presented in detail in [59, 60, 63]. Here, all subscripts on
angular momenta (z, &) denote molecule-frame quantities. The azimuthal angle of the bending mode
normal coordinate is given by ¢. The first term gives the rotational energy of a symmetric top. The next two
terms describe the spin-rotation interaction coupling N and S to form J. The last two terms describe ¢-type
parity doubling caused by terms off-diagonal in the vibrational angular momentum G, and cause splittings
of opposite parity states. The N« operator acts on the symmetric top states [N, K, M), while the e=2¢
operator acts on the 2D harmonic oscillator states, |v,£). Further details of the matrix elements can be found
in the Supplementary Materials.

For the spin-rotation interaction we have modified the usual expression, YN - S, by subtracting vN.S; to
account for the bending motion. This modification is crucial for accurate description of low-N spectra (see
supplementary materials). Other perturbations can reintroduce this axial spin-rotation term into the
Hamiltonian, labeled in the literature with the coefficient v’ [62] or v¢ [59, 63]. The first order contribution
to 7 arises from magnetic dipole interactions [64] and is negligible for the Yb-centered electron in YbOH.
At higher order, a combination of vibronic coupling and SO interactions can contribute to v by mixing
states with II electronic character, as observed in NCO [65], CCH [66], and FeCO [67].

In equation (3), the g parity-doubling term is standard for a bending molecule in a >3 electronic state.
This term arises from Coriolis effects at second order, similar to the g term in A-doubling. The p¢ term, also
in analogy with A-doubling, is equivalent to a parity-dependent spin-rotation interaction. Owing to the
weak coupling of the spin to the internuclear axis in ¥ electronic states, this term is small and has only been
observed in submillimeter spectroscopy of metal hydroxides [58, 68], ZnCN [69], and CrCN [70]. As with
~6- this term receives higher-order contributions from vibronic mixing with electronic IT states.

In spherical tensor notation [56], the ¢-type doubling terms may be written in the molecule frame as
Ygi1€ 2 (pGT3(N,S) — 46 T34(N, N)).

We are using a sign convention for the ¢-type doubling Hamiltonian outlined by Brown [61, 63], where
the ¢-type doubling Hamiltonian mirrors that used for A-doubling. However matrix elements of £ involve
different phases than A. As a result of the (—1)* factor in our parity phase, we have the matrix elements
(0= +1]e*??|¢" = 71) = 1, differing from the azimuthal matrix elements for A-doubling. Matrix elements
and complete details of the effective Hamiltonian and conventions used are provided in the supplementary
materials.

We construct the predicted spectrum by first separately diagonalizing the effective Hamiltonians for the
ground and excited states. The Hamiltonian basis is truncated at N’/ = 6 for the X(010) state and J' = 15/2
for the A(000) state. Following [46], we include the P = 3/2 manifold when diagonalizing A(000). After
obtaining eigenvectors and eigenvalues, we convert all eigenvectors to Hund’s case (a) and compute matrix
elements of the transition dipole moment (TDM) operator. Details of the TDM operator are given in
section 3.3 and in the supplementary materials. For transitions with non-zero TDM, we compute the line
position by taking the difference of excited and ground eigenvalues.

3. Results

3.1. Field-free spectrum
The observed spectrum (figure 2) exhibits large splittings that match the excited state A-doubling and
rotational separation. We perform combination-difference tests [56] with these splittings to obtain initial
quantum number assignments of transitions. With these assignments, we compute initial guesses for the B,
7, and g Hamiltonian parameters for the X(010) state. Using these values and fixing the excited state
parameters, we construct a predicted spectrum and perform further line assignments (line notation is
described in 1.1). With this analysis, we determined the need for additional parameters p; and v¢ to
accurately describe the full spectrum.

Without the p¢ term, various R and P branch features deviate from the prediction by a magnitude
>20 MHz, much larger than our frequency error. Specifically, in the region scanned in figure 2, without pg,
lines with significant residuals are: *R}; (2),%R1; (3), ©P;(4), PQ}5(5), and PP} (5). The magnitude and parity
behavior of these residuals cannot be explained by centrifugal distortion, but can be explained by a
parity-dependent spin-rotation interaction, namely pg. By introducing pg into the prediction, all of these
residuals are reduced to values commensurate with the experimental error. Furthermore, using the fit value
of p, we predicted and found the RR} (4) and *R;; (5) lines (not visible in figure 2). These additional lines
are added to the final fit and confirm the need for a p; term to accurately model the full spectrum.

Unlike pg, the ¢ term does not scale with N "' However, we find this term necessary to describe the
N’ =1 structure, which was crucial for accurate Stark and Zeeman analysis in section 3.2. In particular, we
recorded multiple field-free calibration scans of the 2Q, (1) and 2Ry} (1) lines. Since these lines share the
same excited state, their separation is insensitive to error in the A(000) state parameters. We use the
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Figure 2. Field-free spectrum over a ~9 cm ! range. Orange upper part is experimental observation and blue lower
part is theory prediction. The prediction is using the effective model detailed in section 3.3, with mixing coefficients
(cu =0.33,c, = —0.47,cp = 0.82), and a temperature of T = 1.68 K. Lines marked with * are unassigned and could
arise from other isotopologues or bands.

Table 1. Spectroscopic parameters for the low-lying vibrational states of the X2X T manifold. The X(010) parameters are obtained from

the current work.

Parameter X(000) [45] X(010) X(100) [46]
To (cm™) 0 319.90 901(6) 529.3269(3)
B (MHz) 7348.4005(3) 7328.64(15) 7305.37(24)
~ (MHz) —81.15(6) —88.7(9) ~110.6(21)
v6 (MHz) — 16(2) —
q¢ (MHz) — —12.0(2) —
po (MHz) — ~11(1) —

separation of these lines to determine the N’ = 17 spin-rotation splitting to be 61.8(20) MHz, and we add
this value as an additional data point for our analysis. By including the v term in the spectral prediction,
were we obtain an accurate prediction of the N’/ = 1T splitting commensurate with our measurement error.

In total, we assigned 38 of the observed lines to 39 transitions originating from the N’/ = 1 through
N’ = 5 levels of the X(010) state. Note the 2R}, (1) and *Qy,(5) lines are overlapped. To obtain optimal
effective Hamiltonian parameters, we vary the X(010) state parameters and hold fixed the A(000) state
parameters to the values given in [46]. We construct predicted spectra and calculate the residuals between the
observed and predicted positions of all 39 assigned lines and the N’/ = 17 spin-rotation splitting. A full list
of line assignments is provided in the supplementary materials. We initially use the Nelder—Mead algorithm
to minimize the residuals and obtain preliminary parameters, which are then used as an input for further
optimization using the Levenberg—Marquardt algorithm. The final best-fit parameters, including p¢ and v,
are found to be robust to different initial parameter inputs.

The best fit parameters are presented in table 1. The fit residuals have a standard deviation of 6.1 MHz,
consistent to order unity with the error reported in the previous optical study of the A(000) state [46]. The
rotational and spin rotational X(010) parameters are in good agreement with those for X(000) and X(100),
also collected in table 1. The location of the origin T is in excellent agreement with previous dispersed
fluorescence studies [52, 53]. The rotational constant B decreases in 5((010) as a result of vibrational
corrections. The increasingly negative spin-rotation parameter v between the three vibrational states is a
result of second order SO perturbations from low-lying electronic states with 4f'%6s> electronic
configuration for the Yb centered electron, known as ‘4f hole’ states [45, 71].

Vibronic mixing with electronic *IT states can also explain the observed v¢ and pg parameters, which are
not typical for the bending mode of an isolated electronic 2% state. Vibronic mixing exchanges ¢ and A while
preserving K. As a result, the X(010) state can acquire some A > 0 electronic character, inheriting SO and
A-doubling interactions from neighboring 21T states. Specifically, in the effective Hamiltonian, these
interactions can arise at third-order via a combination of linear vibronic coupling and SO effects. This term
was first described by Brown in the context of SO corrections to electronic *IT states as a result of mixing with
other 2Y or 2A states [72]. Neighboring states that can contribute to ¢ and pg include both the A manifold
and the 4f hole states. The exact nature of the 4f hole states and their vibronic mixing in YbOH is currently
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Figure 3. Field-free level structure of the N = 1 manifold in the X(010) state. Though the hyperfine structure from the OH ligand
was not resolved in our work, we have approximated it using parameters from a study of the X(000) state [45]. We note the
hyperfine parameters are not expected to differ significantly between the lowest vibrational states. The X(010) levels are arranged

vertically by energy and horizontally by Mg, the lab Z-axis projection of total angular momentum including hyperfine, F=J+1
The states are labeled in the parity basis.

unknown and merits further study. However, their proximity to the ground state and their large SO
interactions could explain the significant magnitude of p; and ¢ in YbOH compared to other metal
hydroxides [58].

The ¢-type doubling parameter g is a similar magnitude to that of other metal-hydroxide X(010)
states [40, 58], and is in agreement with a recent theoretical calculation [73]. The parameter g can be
interpreted in terms of the Coriolis coupling constants of a triatomic molecule [40, 42]:

2
=+~ [ 1+ )] 42n : (4)

n=1,3 -

Here, v, is the number of quanta in the bending vibration w,, and (3, is the Coriolis coupling constant
between the bending mode and the v, stretch modes. To estimate ¢,1, we can estimate the value of ws (O-H
stretch) using the CaOH value of 3778 cm™! [74], and we set v; = 1, w, = Ty, and w; ~ 529.3 cm ™! [46].
Furthermore, we can use the relationship ¢3, 4 ¢3; = 1 [42] to eliminate ¢3;. Using our values of B and qg, we
then obtain a value of (31 ~ 0.137, slightly smaller than in CaOH (0.1969) [40] and SrOH (0.179) [75]. This
is likely due to the break down of the harmonic approximation w, ~ Ty and the approximation of B, ~ B.
Further work is needed for a complete vibrational characterization.

Using the parameters obtained from our analysis, we construct a field-free level diagram for the N =1
manifold of the X(010) state, shown in figure 3. As stated previously, N = 1 is the lowest rotational manifold
in the X(010) state, as we always have [N - 2| = 1. Due to their small parity splittings, N = 1 states are easily
polarized, making them useful for precision measurements [12]. The effect of the parity-dependent
spin-rotation term, pg, is apparent in the asymmetric parity-doubling of the J = 1/2 and J = 3/2 manifolds.
Though we are not sensitive to hyperfine splittings, for completeness we have included the H hyperfine
structure using the parameters obtained for the X(000) state in a previous study [45]. The hyperfine structure
is not expected to change significantly in the bending mode.

The recorded spectrum has lines present that could not be assigned with combination-differences using
the A(000) structure, and are not observed in the prediction using the best-fit parameters. The lines are
marked with * in figure 2. We conclude that some of these lines are indeed from '7*YbOH by comparing their
chemical enhancement [47] when using 1S, — 3P, transitions for different Yb isotopes. These lines could be
unthermalized rotational states, or possibly another overlapping A¢ = +1 band, such as the
X*$%(027%0) — AT, /,(010) bands.
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3.2. Stark and Zeeman spectra

After fitting the molecular structure with the field-free spectrum, we study the Stark and Zeeman spectra of
the molecule in the presence of static (DC) electric and magnetic fields, using the experimental setup
described in 2. We obtain the spectra by scanning the 588 nm probe laser across two lines corresponding to
the field-free N’/ = 1% — J' = 37 transition, 2Q, (1) and 2R}, (1). The applied DC fields point along z, while
the laser polarization is along x. Spectra are taken with the E-field varied from 0264 V. cm™! and with the
applied B-field varied from 0-70 G. Calibration spectra are taken with E; = 0 V.cm ™! and B < 0.5 G, and the
observed line positions are compared to the I,-corrected field-free positions to calibrate for frequency offsets.

The lines of interest are relatively well-isolated from other features, and the small N’/ = 1 parity doubling
allows us to enter the linear stark regime with modest laboratory fields >100 V cm™!. Since the parity
splittings of the excited A%II, /2 state are >13 GHz, and its molecule frame dipole moment is Dx = 0.43(10)

D [46], at the fields we consider the excited state Stark shifts are essentially negligible. Furthermore, given
our frequency resolution and the natural linewidth, we are only sensitive to the isotropic interaction of B
with the electron spin magnetic moment. Curl-type relationships [60] estimate anisotropic spin interactions
at 6 x 1077 up, and the nuclear magnetic moment is also suppressed at a similar level, with both effects giving
shifts below our resolution.

To obtain energy levels and predicted lines, we fix the field-free parameters and diagonalize the combined
Stark, Zeeman, and field-free Hamiltonian. We obtain optimal estimates for free Stark and Zeeman
parameters by least-squares minimization of the residuals between observed and predicted line positions.

Both ground and excited levels are magnetically sensitive. The Zeeman shifts of the AT, /2(000) and
X252+ (000) states were previously studied at similar magnetic field strengths in [46], and recently at high
fields (~1T) in [76]. Following these references, we use the following effective Zeeman Hamiltonians for the
ground and excited states:

HY = gspupSzBy (5a)

Hiee = géﬂBSZBZ +g1LzBz +gl/FLB <e_2iQS+B+ + e2i98737> . (Sh)

Here, Z refers to the lab-frame projection, + refer to the molecule frame projections, and 6 is the
electronic azimuthal coordinate. For the excited state, we use the values from [76], fixing g{ = 1.860, g, = 1.0,
and g/ = —0.724. For the ground state, we allow g5 to vary in the fits to find an effective value that accurately
describes the Zeeman shifts. While we do not include them here, at higher resolution or at higher field
values, additional terms are expected to contribute in the effective Zeeman Hamiltonian, including terms
associated with the bending angular momentum [60].

The Zeeman fits prefer a value of gg = 2.07(2), deviating from the free electron g-factor of 2.0023. The
experimental Zeeman shifts and the prediction from the optimized model are shown in figure 4. Corrections
to gg can arise from mixing involving other states with different Zeeman tuning. For example, the Zeeman
shifts of the A(000) state were fit to g4 = 1.860 in a recent high-field study [76], owing to perturbing 4f'*6s>
states. Since we observe perturbations from these 4f states in the field-free structure of the X(010) state, it is
natural to also find their effects in the Zeeman shifts. Furthermore, the 4f states are split into a higher energy,
SO anti-aligned manifold, and a lower energy, SO aligned manifold [71]. Due to energy proximity, while
A(000) predominantly interacts with the 4f hole anti-aligned manifold, X(010) will be perturbed more
strongly by the aligned manifold. The difference in electron alignment of the two SO 4f manifolds can
explain the difference between X(010) and A(000) in the sign of the deviation of g5 from its nominal value.

To describe the Stark shifts, for the both ground and excited states we use the Hamiltonian
Hg = —Dpyo) - E. The molecule frame dipole moment Dy, is kept as a free parameter, and obtained from
spectra where Ey is scanned with Bz < 0.5 G. The optimal fit value is D,,,; = 2.16(1) D= 1.09 h MHz
(Vem™!)~L, This value is in good agreement with the measured X(000) dipole moment of 1.9(2) D. In
figure 5, we plot the theoretical prediction based on the optimal fit against the observed line positions.

The Stark shifts confirm the assignment of the X(010) state and demonstrate the orientation control over
the molecular axis afforded by parity doublets. In the bending mode, the projection of the molecular axis on
the lab-frame Z-axis is given by 7 7= % o Mn¢. Note we use X, Y, Z to denote lab-frame axes and
x,,z to denote the molecule-frame. The molecule z axis and dipole moment D, both point from O to Yb.
For field-free states, (My¢) = 0, and the molecule is unpolarized. In the presence of an electric field fully
mixing parity doublets, the Stark shifts are linear, and the eigenstates are diagonal in the the decoupled basis
|¢; My, Ms). In this regime, the levels split into 2N + 1 dipole moment orientations pointing along M%iffl),
and splittings within each orientation manifold are due to the spin-rotation interaction.
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Figure 4. Zeeman spectroscopy of the X(010) state. The main plot shows the transition frequency shift (with subtracted offset) in
a magnetic field, the blue lines are optimized model predictions, and the orange circles are experimental measurements. Error
bars are 1-0 measured peak widths, set by a combination of radiative broadening and unresolved hyperfine structure, limiting the
ability to resolve closely-spaced lines. Lower subplots are slices of the spectra at various magnetic field values, with experimental
data in orange and predicted line locations indicated with vertical dashed blue lines. On the left, we show the field-free level
structure of the transitions studied.
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Figure 5. Stark spectroscopy of the X(010) state. The main plot shows the transition frequency shift (with subtracted offset) in an
electric field, the blue lines are optimized model predictions, and the orange circles are experimental measurements. The blue
color gradient represents parity forbidden transitions that gain strength at finite electric field. Error bars are 1-o peak widths, set
by a combination of radiative broadening and unresolved hyperfine structure, limiting the ability to resolve closely-spaced lines.
Lower subplots are slices of the spectra at various electric field values, with experimental data in orange and predicted line
locations indicated with vertical dashed blue lines. On the left, we show the field-free level structure of the transitions studied.

3.3. Anomalous intensities and perturbations

Since the A(000) state has been previously fully characterized [46], the assignment of energy levels in X(010)
is fairly straightforward using the effective Hamiltonian approach. However, because this transition is
nominally forbidden, interpreting the line intensities is a challenge. Electric dipole (E1) transitions involving
Al # 0 are forbidden in the Condon approximation, which separates electronic and vibrational degrees of
freedom [43, 77]. These nominally forbidden vibronic transitions have been observed spectroscopically in
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many species of linear triatomic molecules, including NCO [78], NCS [79], MgNC [80], CaOH [40, 81, 82],
SrOH [37, 75, 83], and YbOH [53], though modeling of the intensities is less common.

These transitions borrow intensity from E1l-allowed bands through a combination of vibronic and SO
perturbations [5, 52]. Branching ratios involving forbidden vibronic transitions in YbOH were measured in a
previous study [52] examining dispersed fluorescence from the A(000) state, with resolution at the 10~°
level. The experimentally observed vibrational branching was in good agreement with a theoretical study
published in the same work [52]. While these transitions are of interest as leakage channels for photon
cycling, they can also be a resource for spectroscopy, as we show in the current work.

The observed spectrum exhibits anomalous rotational line intensities, with certain transitions completely
missing at our level of sensitivity. For example, despite their expected thermal occupation (N’ < 3), the
P (1), PP (2), Q7 (2), PPy (3), QP (3), and QR (3) lines are missing (see supplemental material for a full
list of lines). Anomalous line intensities for forbidden transitions have been previously observed in other
molecules with vibronic mixing [40, 75, 80, 82, 83]. By considering the intensity-borrowing that gives
transition strength to these forbidden transitions, we develop a model that qualitatively explains the observed
line strengths.

In an E1 transition, the transition strength is proportional to the square of the TDM between the ground
and excited state, |(A|Tj(d)|X)|>. We are using spherical tensor notation, where p denotes the component of
the spherical tensor in the lab-frame and g in the molecule-frame. Using a Wigner D matrix, we can write the
lab frame dipole moment in terms of its molecule frame projections: Tj(d) = 3 4 Dlg}; (w)*Ty(d). In the E1
approximation, AY = 0, and the molecule-frame projection g of the TDM determines the selection rule for
A. The perpendicular g = +1 components drive AA = £1 transitions, for example the allowed A — X band,
while parallel g = 0 component drives AA = 0, for example the allowed B — X band.

In the limit of very large vibronic interaction, A and ¢ are fully mixed, and one might consider the
X(010) — A(000) transition as a vibronic 2IT — 21T parallel band, with AK = 0. In reality, the vibronic mixing
is perturbative in the ground and excited states, and A and ¢ are well-defined. As a result, the observed line
intensities are completely inconsistent with a solely parallel transition model.

Instead, we model the X(010) — A(000) transition as a mixture of perpendicular and parallel bands. We
consider the effects of vibronic perturbations with the selection rule A¢ = £1, which can result in intensity
borrowing. At first order, we have the dipolar RT Hamiltonian, also referred to as Herzberg—Teller
coupling [44, 57, 78],

\% (60— —i(o—
HRTZ%(LMPG(G D pLqpe @ ¢))- (6)

This interaction is a form of linear vibronic coupling [84]. Here, V; parameterizes the interaction strength,
6 is the electronic azimuthal coordinate, ¢ is the bending azimuthal coordinate as before, L+ is a
raising/lowering operator with AA = +1, and g+ is a dimensionless raising/lowering operator with A¢ = +1.
Physically, this interaction can be interpreted as the electrostatic interaction between the displaced bending
dipole moment and the electron cloud. The interaction preserves the composite projection number
K=A+¢.

At second order, the dipolar RT Hamiltonian can combine with the perpendicular SO Hamiltonian,

A
Hso = TL (L4S—+L-54), (7)

where Ly is defined as before, A is the off-diagonal SO coupling, and S+ is the raising/lowering operator
with AY = £+1. The combination of HST) x Hgg is an effective interaction with terms g+ S¢. This interaction
has AK = —AY, = £1, but preserves the total angular momentum projection number P = A+ X + /.
Denote the unperturbed excited state as |A*TI; /2(000))o and the true, perturbed eigenstate as
|A%TT, /2(000)). We can then expand the perturbed eigenstate in terms of dominant £ = 1 vibronic
contributions [5, 52]:
AT, /5(000)) o< |APTT, /(000 22t 010 220010 BT (010 (8)
|A”IT, /2(000)) o< [A™TL, /2(000))0 + cpu|p™%) /7 (010))0 + e |72 7(010))0 + ¢ BTIL(010))o.
The perturbative coefficients c,,, cx,cp represent the relative admixture of the intensity-borrowing states. The

relevant states and perturbations are shown schematically in figure 6. The MZZ§72) state is the P=1/2

component of the Q =1/2, v, = 1,A manifold, and the 522572) state is the P = 1/2 component in the Q = 3/2,
v, = 1,A manifold. These two states are connected to A2II, /2(000) by the second-order perturbation

Hgr x Hso. The B2I1 vibronic state is the v, = 1 component of the B2 21*/2 electronic state, and is connected to
AT, /2(000) state via the first-order perturbation Hgr.
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Figure 6. Level schematic for relevant states and perturbations in YbOH. Levels are labeled by their vibronic term symbol. We
detect the X(010) bending state (which is a vibronic 21T state) by laser excitation (orange line) up to the AIT, /2(000) state and
observe the fluorescence from decays to the ground X(000) state (yellow wavy line). This excitation is a forbidden E1 transition,
however, it acquires intensity by mixing of the excited A2IT, /2(000) state with other |£] = 1 states. Mixing with B(010) occurs via
first-order (blue) RT interactions, and mixing with the p, r(010) states occurs via second-order (purple) cross terms between RT
and SO (red) interactions. Not shown for simplicity are similar SO interactions between A2IT, /2(000) and B(000) and similar RT
interactions between 1, £(010) and B(000), which also contribute to state mixing.

Each of these perturbing states contribute to different molecule-frame components of the TDM. For
example, the transition X*IT — B*IT is generated by the g = 0, z component of the TDM, with AK = AP = 0.
The other transitions to x and x have IT — X vibronic character, and couple via the g = +1, x,y TDM
components. The perturbing x and « states have opposite spin orientation compared to the original A%TI, /2
state. This means the intensity-borrowing states have mixed spin projection ¥, and the AX = 0 selection rule
is not well-defined.

The transition was modeled by first diagonalizing the A1, /2(000) and X*5(010) states separately to
obtain the level positions of both states. To evaluate the TDM, the excited state vector is then replaced by a
linear combination of the intensity-borrowing state vectors with coefficients ¢, cx,cg. The change of basis
from A to y, x, and B uses appropriate selection rules for vibronic mixing and preserves parity (see
supplementary materials for details). For convenience, we take the mixing coefficients to be real, as we are
only sensitive to their relative sign differences. The total TDM is the sum over the individual TDMs evaluated
between X(010) and the intensity-borrowing states. To obtain the transition intensity, the TDM is squared
after the sum, allowing TDMs from different states to interfere with each other. This interference is the
source of the anomalous line intensities.

The mixing coefficients, ¢, ¢k, cg could not be modeled with a deperturbation Hamiltonian, since neither
the u, k, or B state have been extensively studied or modeled, and both states are expected to be affected by
perturbations from nearby states with 4f'*6s? Yb character [71]. Instead, the mixing coefficients are kept as
free parameters and their ratios were fit to the experimentally observed, relative field-free intensities. For the
intensity fits, the rotational temperature is also allowed to vary. Since only relative intensities were fit, the cg
parameter is held fixed. The normalized best fit mixing coefficients are found to be
(cuscr,cp) = (0.33,—0.47,0.82), with a best fit temperature of T = 1.68 K. Relative fit errors on the intensity
parameters are all ~10%. These coefficients imply ~67% of the £ = 1 character in AIT, /2(000) arises from
mixing with B(010), ~22% from x(010), and ~11% from p(010). This is in good agreement with recent
theory work on intensity borrowing in YbOH, which attributed 70% of the intensity borrowing to mixing
with B(010) [52]. However, it is important to note that due to interference effects, relative amplitudes of the
coefficients, not their squares, are important for determining rotational line intensities.

We find that using these parameters to model the transition provides good qualitative understanding of
the observed spectrum, as evidenced by the theory and experiment comparison in figure 2. Further studies of
the excited state perturbations would be required to improve the fit; however, as the exact intensities are not
critical for future experiments with this molecule, this model is sufficient to provide physical understanding
of the intensities and behavior of this transition.
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4. Conclusion

In this work, we performed high-resolution optical spectroscopy on the rovibrationally forbidden
X*57(010) — A%, /2(000) transition of 174YbOH. In total, we observed 39 transitions out of low rotational
states with N’/ < 5. The X(010) structure is well-described by a Hund’s case (b) 2II effective Hamiltonian,
and the ¢-type parity doubling is described by two constants, g = —12.0(2) MHz and p, = —11(1) MHz. We
modeled the anomalous line intensities of the forbidden band with mixing coefficients representing vibronic
perturbations in the excited state. The anomalous intensities arise from quantum interference between
TDMs from the perturbing B(010), 1(010), and #(010) states. From the Zeeman spectra, we found the
magnetic tuning of X(010) is consistent with an effective isotropic electron spin g-factor, gs = 2.07(2). From
the Stark spectra, we extracted the molecule-frame dipole moment of 2.16(1) D. These values are in good
agreement with the parameters of the X(000) state.

In our study, the hyperfine structure and higher-order Zeeman g-factors were unresolved. Our work
provides a basis for future studies with narrow-linewidth methods, such as RE, microwave, and two-photon
spectroscopy, to precisely determine these properties.

This work is an essential step towards measurements of CP violating physics in YbOH [12], as well as
other metal hydroxide molecules proposed for CP violation and parity violation searches that utilize the
parity doublets in the bending mode. We showed the X(010) state ¢-doubling offers spectroscopically
resolvable states of molecule polarization pointing along, against, and perpendicular to the applied electric
field, over a wide range of field values. This orientation control over the dipole moment offers robust
systematic error rejection without compromising laser cooling. The combination of these features make
linear polyatomics a promising platform for new physics searches. With our measured data, we can compute
the EDM sensitivity, which is proportional to the electron spin projection on the internuclear axis, 3. We
find a local maximum value of (X) =0.40 inthe N=1,]= %+ state at E=101 V. cm ™!, similar to what was
predicted in prior theoretical work [36, 85]. Furthermore, understanding the structure of *YbOH is a step
toward characterizing the more complicated structure of the odd isotopologues 7' YbOH and '*YbOH,
which have sensitivity to parity violation [39] and hadronic CP violation [30], respectively.

Lastly, our determination of the X(010) location and structure is crucial for understanding the
complicated excited state structure in YbOH. For example, with our knowledge of the bending frequency, we
can tentatively assign the unknown [17.33] band in [53] to the X*£7(010) — AZHI/Z(OIO) band. This would
put the excited AT, /2(010) manifold at approximately 17 652 cm™ !, This state is an excellent candidate for
optically pumping population from X(000) into X(010), an important step for signal-to-noise-ratio
improvements in precision measurements using the bending mode. Furthermore, the location of X(010) is
necessary for the determination of repumping pathways for laser cooling, slowing, and trapping of YbOH,
toward next-generation CP violation searches.
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