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Ultracold polyatomic molecules are promising candidates for experiments in quantum science,
quantum sensing, ultracold chemistry, and precision measurements of physics beyond the Standard
Model. A key, yet unrealized, requirement of these experiments is the ability to achieve full quantum
control over the complex internal structure of the molecules. Here, we establish coherent control of
individual quantum states in a polyatomic molecule, calcium monohydroxide (CaOH), and use these
techniques to demonstrate a method for searching for the electron electric dipole moment (eEDM).
Optically trapped, ultracold CaOH molecules are prepared in a single quantum state, polarized in
an electric field, and coherently transferred into an eEDM sensitive state where an electron spin
precession measurement is performed. To extend the coherence time of the measurement, we utilize
eEDM sensitive states with tunable, near-zero magnetic field sensitivity. The spin precession coher-
ence time is limited by AC Stark shifts and uncontrolled magnetic fields. These results establish a
path for eEDM searches with trapped polyatomic molecules, towards orders-of-magnitude improved

experimental sensitivity to time-reversal-violating physics.

The rich structure of polyatomic molecules makes them
an appealing platform for experiments in quantum sci-
ence [1-4], ultracold chemistry [5], and precision mea-
surements [6-10]. Key to this structure is the presence
of near-degenerate states of opposite parity, which allow
the molecules to be easily polarized in the laboratory
frame with the application of a small electric field. Such
states are a novel resource, generic among polyatomic
molecules while rare in diatomics, that may be useful
for applications such as analog simulation of quantum
magnetism models [1, 2] or for realizing switchable inter-
actions and long-lived qubit states for quantum comput-
ing [4]. Additionally, the parity-doublet states in trapped
polyatomic molecules are expected to be an invaluable
tool for systematic error rejection in precision measure-
ments of physics beyond the Standard Model (BSM) [6].
To date, several species of polyatomic molecules have
been laser cooled and/or trapped at ultracold temper-
atures [11-17].

One powerful avenue for tabletop BSM searches is
probing for the electric dipole moment of the electron
(eEDM) [18-22], d., which violates time-reversal (T)
symmetry and is predicted by many BSM theories to
be orders of magnitude larger than the Standard Model
prediction [19, 20]. Current state-of-the-art eEDM ex-
periments are broadly sensitive to T-violating physics at
energies much greater than 1 TeV [23-28]. All such ex-
periments use Ramsey spectroscopy to measure an en-
ergy shift due to the interaction of the electron with the
large electric field present inside a polarized molecule [24—
27, 29]. Molecular beam experiments have achieved high
statistical sensitivity by measuring a large number of
molecules over a ~ 1 ms coherence time [24, 25], while

molecular ion-based experiments have used long Ram-
sey interrogation times (= 1 s) though with lower num-
bers [26, 27, 29]. Measurements with trapped neutral
polyatomic molecules can potentially combine the best
features of each approach to achieve orders-of-magnitude
improved statistical sensitivity [6].

In this Report, we demonstrate full quantum control
over the internal states of a trapped polyatomic molecule
in a vibrational bending mode with high polarizability
in small electric fields. The method starts with prepar-
ing ultracold, optically trapped molecules in a single hy-
perfine level, after which a static electric field is applied
to polarize the molecules. The strength of the polar-
izing electric field is tuned to obtain near-zero g-factor
spin states, which have strongly suppressed sensitivity
to magnetic field noise while retaining eEDM sensitivity.
Microwave pulses are applied to create a coherent super-
position of these zero g-factor spin states that precesses
under the influence of an external magnetic field. The
precession phase is then read out by a combination of
microwave pulses and optical cycling.

We observe spin precession over a range of electric and
magnetic fields and characterize the current limitations
to the coherence time of the measurement. With readily
attainable experimental parameters, coherence times on
the order of the state lifetime (>100 ms) could be realisti-
cally achieved. We therefore realize the key components
of an eEDM measurement in this system. Although the
light mass of CaOH precludes a competitive eEDM mea-
surement [30], the protocol demonstrated here is directly
transferable to heavier laser-cooled alkaline earth mono-
hydroxides with identical internal level structures, such
as SrOH, YbOH, and RaOH, which have significantly en-
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FIG. 1. (a) A geometric picture of the bending molecule at the zero g-factor crossing, showing the electron spin (S) has a finite

projection on the molecule axis (72), giving eEDM sensitivity. However, the electron spin (S) is orthogonal to the magnetic field

—

(B), resulting in suppressed magnetic field sensitivity. (b) The magnetic sensitivity (upper plot) and eEDM sensitivity (lower
plot) for a pair of zero g-factor states (N = 1,J = 1/27, F = 1, Mr = £1) are shown as a function of the applied electric
field. (c¢) Experimental sequence to prepare the eEDM sensitive state. First, the molecules are pumped into a single quantum
state (N = 1,J = 1/27, F = 0) with a combination of microwave drives and optical pumping (I). Next, a microwave m-pulse
drives the molecules into the N = 2,J = 3/27, F = 2, Mp = 0 state (II). Lastly, the eEDM measurement state is prepared as
a coherent superposition of the N =1,J =1/27,F =1 My = %1 states with a microwave m-pulse (III). The states which are
optically detectable with the detection light are shown in black, while those not addressed by the detection light are in grey.

hanced sensitivity to the eEDM [6, 11, 12, 30, 31].

In eEDM measurements with polarized molecules, the
electron spin S precesses under the influence of an ex-
ternal magnetic field Bz and the internal electric field of
the molecule, g, which can be large due to relativistic
effects. Time evolution is described by the Hamiltonian

H = gSNBBzg‘ Z - degcﬁ§~ n
= gS,uBBZMS - degeﬁz~ (1)

Here, gs ~ 2 is the electron spin g-factor, up is the
Bohr magneton, Bz points along the lab Z axis, and
the internal field E.g points along the molecule’s inter-
nuclear axis n. We define the quantities Mg = S.Zz
and ¥ = S - 7 to describe the electron’s magnetic sen-
sitivity and EDM sensitivity, respectively. The effect of
the eEDM can be isolated by switching the orientation of
the applied magnetic field or, alternatively, by switching
internal states to change the sign of Mg or ¥. Perform-
ing both switches is a powerful technique for suppressing
systematic errors [25, 26].

Current EDM bounds rely on specific states in di-
atomic molecules that have an unusually small g-factor,
reducing sensitivity to stray magnetic fields [24, 26].
However, CaOH, like other laser-coolable molecules with
structure amenable to eEDM searches [6, 31-33], has
a single valence electron, which results in large mag-

netic g-factors. In this work, we engineer reduced mag-
netic sensitivity by using an applied electric field Fz to
tune Mg to a zero-crossing, while maintaining signifi-
cant eEDM sensitivity . This technique is generic to
polyatomic molecules with parity-doublets. Details of a
specific M = +1 pair of zero g-factor states are shown
in Figure 1 (a)-(b), with further information in the Sup-
plemental Material. Sensitivity to transverse magnetic
fields is also suppressed in these zero g-factor states (see
Supplemental Material).

The experiment begins with laser-cooled CaOH
molecules loaded from a magneto-optical trap [14] into
an optical dipole trap (ODT) formed by a 1064 nm laser
beam with a 25 pm waist size, as described in previous
work [15]. The ODT is linearly polarized and its polar-
ization vector éopr defines the Z axis, along which we
also apply magnetic and electric fields, B = B;Z and
E = EzZ, respectively, as depicted in Figure 1(a). We
first non-destructively image the molecules in the ODT
for 10 ms as normalization against variation in the num-
ber of trapped molecules. The molecules are then opti-
cally pumped into the N = 1~ levels of the X?%+(010)
vibrational bending mode [15] (Figure 1(c)), and the trap
depth is adiabatically lowered by 3.5x to reduce the effect
of AC Stark shifts from the trap light and to lower the
temperature of the molecules to 34 pK. Any molecules
that were not pumped into N = 1~ levels of the bending
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FIG. 2. (a) Spin precession of the eEDM sensitive state in the presence of a bias magnetic field. (b) Magnetic field sensitivity
of the eEDM state in CaOH as a function of electric field. The field sensitivity is determined by measuring the spin precession
frequency at different electric fields with an applied magnetic field of Bz = 110 mG. Error bars are smaller than the markers.
The solid curve is the calculated magnetic field sensitivity in the presence of trap shifts using known molecular parameters, as

described in the Supplemental Material.

mode are heated out of the trap with a pulse of resonant
laser light. _

Following transfer to the X?%+(010)(N = 17) state,
the molecular population is initially spread across twelve
hyperfine Zeeman sublevels in the spin-rotation compo-
nents J = 1/2 and J = 3/2. To prepare the molecules in
a single hyperfine state, we use a combination of optical
pumping and microwave pulses, as shown in Figure 1(c).
We first apply microwaves from the (N =1,J = 3/27)
state up to the (N = 2,J = 3/27) state. As this
transition is parity-forbidden, we apply a small electric
field E; = 7.5 V/cm to slightly mix the parity of the
N =1 levels and provide transition strength. From the
N = 2 state, we drive an optical transition to the excited
A?T1(010)k2%(7), J = 1/2% state. This state predomi-
nately decays to both F' = 0 (the target state) and F = 1
states in the N = 1,J = 1/2~ manifold. After 3 ms of
optical pumping, the microwaves are switched to drive
the accumulated N = 1,J = 1/27, F = 1 population to
the same N = 2,.J = 3/2~ state in X (010), where they
are excited by the optical light and pumped into the tar-
get F' = 0 state. Once this optical pumping sequence
is complete, we adiabatically ramp the electric field to
E; =150 V/cm to significantly mix parity, then drive
population up to the N = 2,J =3/27,F =2, M =0
state with a microwave m-pulse (Figure 1(c)(IT)). We
clean out any remaining population in the N = 1 state
with a depletion laser that resonantly drives population
to undetected rotational levels.

To perform spin precession in the eEDM sensitive
state, we first adiabatically ramp the electric field to a
value Ez, then turn on a small bias magnetic field By.
We measure the electron spin precession frequency using
a procedure analogous to Ramsey spectroscopy [24, 25].
The molecules are prepared by driving a m-pulse (2.5
us), with microwaves linearly polarized along the lab X

axis, into the “bright” superposition state |B) = (|[M =
1) +|M = —1))/v/2 within the N = 1,J = 1/2T,F =
1, M = +1 eEDM sensitive manifold (Figure 1(c)). The
state begins to oscillate between the bright state and the
“dark” state |D) = (|M = 1) — |[M = —1))/V2 at a
rate wsp = pegBz, where the effective magnetic moment
pei = pBYeft = gspB((Ms) =1 — (Mg)p=—1) is tuned
via the applied electric field Ey (Figure 1(b)). The con-
tribution from the d.Eeg term in eqn. 1 is negligible in
CaOH, but could be measured in heavier molecules with
much larger Eg. After a given time, a second m-pulse
is applied to stop spin precession and transfer the bright
state to the optically detectable N = 2,J = 3/27 level.
Once the electric field is ramped down, the population
remaining in the eEDM manifold, which has the oppo-
site parity, is not optically detectable. We then image
the ODT again and take the ratio of the first and sec-
ond images (Figure 2(a)). At long spin precession times
(> 10 ms), losses from background gas collisions (~1 sec),
blackbody excitation (~1 sec), and the spontaneous life-
time of the bending mode (~0.7 sec) lead to an overall
loss of signal, as characterized in Ref. [15]. This effect
is mitigated with a fixed duration between the first and
second images, making the loss independent of the pre-
cession time.

To map out the location of the zero g-factor cross-
ing, we perform spin precession measurements at a fixed
magnetic field Bz = 110 mG for different electric fields
(Figure 2(b)). The spin precession frequency corresponds
to an effective g-factor at that electric field. We find
that the zero g-factor crossing within the N = 1,J =
1/2%,F =1, M = 41 eEDM manifold occurs at an elec-
tric field of 59.6 V/cm, in agreement with theory cal-
culations described in the Supplemental Material. We
note that there is another zero g-factor crossing for the
N =1,J = 3/2%, F = 1 manifold at ~ 64 V/cm, which
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FIG. 3. Coherence time of the spin precession signal. (a) Measured coherence times 7 versus Bz at different electric fields
(red and blue markers, corresponding to different magnetic field sensitivity). The coherence time scales as 1/Bz due to AC
Stark shift broadening, then plateaus at a limit set by the magnetic field instability §B. This limit increases as the g-factor
approaches zero. Solid and dashed curves are fit to the data. The ambient magnetic field noise determined from the fit is
6B = 477 mG, while the fitted decoherence time due to light shifts is 7 = (1/Bz) x 80775 msxmG. (b) The spin precession
coherence time at Bz = 15 mG is extended by 16x by approching the zero g-factor point.

has a smaller eEDM sensitivity but the opposite slope
of geg vs. FEz, thereby providing a powerful resource
to reject systematic errors related to imperfect field re-
versals (see Supplemental Material). We emphasize that
while the location of these crossings is dependent on the
structure of a specific molecule, their existence is generic
in polyatomic molecules, which naturally have parity-
doublet structure [6].

A critical component of the spin precession measure-
ment is the coherence time, which sets the sensitivity
of an eEDM search. Figure 3(a) shows the measured
coherence time of our system at different applied fields
Bz and E;. We characterize two dominant limitations
that wash out oscillations at long times. Variations in
the spin precession frequency can be linearly expanded
as dwsp = pef(0Bz) + (Opesr)Bz. The first term de-
scribes magnetic field noise and drift of the applied bias
field, given by  Bz. The second term describes noise and
drifts in the g-factor, dges, which can arise from insta-
bility in the applied electric field, Ez, or from AC Stark
shifts (described below). Drifts in the bias electric field
E; are found to be negligible in our apparatus.

Decoherence due to magnetic field noise, Bz, is inde-
pendent of the applied magnetic field but is proportional
to pesr, and can be mitigated by operating near the zero g-
factor crossing. As shown in Fig. 3(b), at an electric field
of 90 V/cm, corresponding to a large magnetic moment
of peg = 1.0 MHz/G, we realize a magnetic field noise-
limited coherence time of 0.5 ms at Bz ~ 15 mG. At an

electric field of 61.5 V/cm, corresponding to peg = 0.06
MHz/G, much closer to the zero g-factor location, we
find a coherence time of 4 ms at the same By.

At higher magnetic fields, the primary limitation to
the coherence time is due to AC stark shifts from the
optical trapping light (Fig. 4). The intense Z-polarized
ODT light leads to a shift in the electric field at which the
zero g-factor crossing occurs. Due to the finite temper-
ature of the molecules within the trap, they will explore
different intensities of trap light and hence have differ-
ent values of gog. The spread dges causes variation of
wsp, which leads to decoherence. In contrast to the mag-
netic field noise term, this effect is independent of the
electric field Ez but decreases monotonically with By,
which scales the frequency sensitivity to g-factor vari-
ations, dwgp = Bzdueg. The insensitivity of g-factor
broadening to the exact value of ges is demonstrated in
Fig. 4(c). Decoherence due to AC Stark shifts can be
reduced by cooling the molecules to lower temperatures
or by decreasing Bz. The bias magnetic field can be
reduced arbitrarily far until either transverse magnetic
fields or magnetic field noise become dominant. From
the decoherence rates measured in this work, it is ex-
pected that AC Stark shift-limited coherence times ~1 s
could be achieved at bias fields of Bz ~ 100 uG.

From the above discussion, it is expected that the
longest achievable coherence times will occur for very
small g-factors, geg =~ 0, and very small bias fields,
Bz =~ 0. Minimizing By requires reducing the effects of
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FIG. 4. Effect of trap light on coherence time. (a) The trap
light shifts the location of the zero crossing in peg. As a result,
molecules at a finite temperature explore different magnetic
field sensitivities pes. (b) Dependence of the spin precession
frequency (scaled by the trap depth Up) on position within
the trap. At lower magnetic fields, the relative change in
spin precession frequency is reduced. (c¢) Two spin precession
curves taken at the same magnetic field (Bz = 210 mG) but
at different electric fields, showing that the AC Stark shift
limitation is independent of the effective g-factor, since AC
Stark shifts dominate the coherence time for large bias fields.

both magnetic field noise and transverse magnetic fields
to well below the level of the bias field energy shifts. We
cancel the transverse magnetic fields to below 1 mG by
maximizing the spin precession period under the influ-
ence of transverse B fields only, and actively monitor
and feedback on the magnetic field along each axis to
minimize noise and drifts in Bz. Note that the stainless
steel vacuum chamber has no magnetic shielding, lead-
ing to high levels of magnetic field noise which would not
be present in an apparatus designed for an eEDM search.
Even under these conditions, we achieve a coherence time
of 30 ms at an electric field of 60.3 V/cm (corresponding
to et = 0.02 MHz/G) and a bias field of Bz =~ 2 mG,
(see Supplemental Material). However, at such a low bias
field, the molecules are sensitive to 60 Hz magnetic field
noise present in the unshielded apparatus, which is on
the same order as the bias field. Since the experiment is
phase stable with respect to the AC line frequency, this
60 Hz magnetic field fluctuation causes a time-dependent
spin precession frequency. Nevertheless, our prototype
experiment confirms that long coherence times are possi-
ble. Any future eEDM experiment would have magnetic

shielding that would greatly suppress nefarious magnetic
fields from the environment. Such shielding could readily
enable coherence times exceeding that of the ~ 0.5 s life-
time of the bending modes of similar linear polyatomic
molecules with larger eEDM sensitivity [15].

In summary, we have realized coherent control of opti-
cally trapped polyatomic molecules and demonstrated a
realistic experimental roadmap for future eEDM mea-
surements. By leveraging the unique features of the
quantum levels in polyatomic molecules, we achieve a
coherence time of 30 ms for paramagnetic molecules in a
stainless steel chamber with no magnetic shielding. With
common shielding techniques employed in past EDM ex-
periments, there is a clear path to reducing stray fields
and extending coherence times to > 100 ms. At such
a level, the dominant limitation becomes the finite life-
time of the bending mode [15]. Even longer coherence
times are possible with the right choice of parity dou-
blet states, as found in symmetric or asymmetric top
molecules [6, 13, 34, 35].

Following our established roadmap with heavier
trapped polyatomic molecules has the potential to
provide orders-of-magnitude improvements to current
bounds on T-violating physics. Using a recent study
of the X(010) state in YbOH [36], we have identified
similar N = 1 zero g-factor states for eEDM measure-
ments with significantly improved sensitivity. In addi-
tion to the g-factor tuning demonstrated in this work,
polyatomic molecules provide the ability to reverse the
sign of ¥ without reversing Mg - a crucial feature of re-
cent experiments that have greatly improved the limit
on the eEDM [25, 27]. For example, in the N = 1 mani-
fold of CaOH, there is another zero g-factor crossing at a
nearby electric field value, with 69% smaller values of ¥
and opposite sign. Since the ratio of eEDM sensitivity to
g-factor vs. Ez slope differs between these two crossings,
measurements at both points could be used to suppress
systematics due to non-reversing fields coupling to the
electric field dependence of the g-factor [25].

This work provides a first experimental demonstration
of the advantages of the rich level structure of polyatomic
molecules for precision measurements. While we have
focused here on spin precession with T-reversed states
(M = £1), many levels of interest can be favorably en-
gineered for precision measurement experiments. In a
recent proposal [9], parity-doublets, magnetically tuned
to degeneracy in optically trapped polyatomic molecules,
were shown to be advantageous for searches for parity vi-
olating physics. In another recent work [7], a microwave
clock between rovibrational states in STOH was proposed
as a sensitive probe of ultra-light dark matter, utilizing
transitions tuned to electric and/or magnetic insensitiv-
ity. In these proposals, and now experimentally demon-
strated in our work, coherent control and state engineer-
ing in polyatomic molecules can mitigate systematic er-
rors and enable robust searches for new physics.
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ZERO g-FACTOR STATES
Origin

In 2% electronic states of linear polyatomic molecules, the spin-rotation interaction, 'y]\_f .S , couples the molecular
rotation IV and the electron spin S to form the total angular momentum J. These states are well described in the
Hund’s case (b) coupled basis. An applied electric field Ez will interact with the molecular-frame electric dipole
moment pg, connecting states with opposite parity, AMp = 0, and AJ < 1. When ugEz > v, N and S are
uncoupled and well described by their lab frame projections My and Mg. However, in the intermediate field regime
with ugEy; ~ 7, the molecular eigenstates are mixed in both the Hund’s case (b) coupled basis and the decoupled
basis. Mp remains a good quantum number in the absence of transverse fields. In this regime, Mp # 0 states with
(Mg) = 0 can arise at specific field values. These states have no first order electron spin magnetic sensitivity, and,
unlike Mpr = 0 clock states, have large eEDM sensitivity near By = 0. We refer to these states as zero g-factor
states [6].

Zero g-factor states arise from avoided level crossings as free field states are mixed by the electric field. One of the
crossing states has (Mg) < 0, the other state has (Mg) > 0, and both have mixed My. The spin-rotation interaction
couples the states and lifts the crossing degeneracy, resulting in eigenstates that are superpositions of electron spin
up and down with (Mg) = 0, while retaining non-zero molecular orientation with (n) = (My¥¢) # 0. The lab frame
projection of 7 ensures that the eEDM interaction in the molecule frame does not rotationally average away.

Zero g-factor states are generically present in the Stark tuning of polyatomic molecules. The reduction of symmetry
in a polyatomic molecule allows for rotation about the internuclear axis, resulting in closely spaced doublets of opposite
parity. When these doublets are mixed by an applied electric field, they split into 2N + 1 groups of levels representing
the values of the molecular orientation (My¥¢). For each N manifold with parity doubling, avoided level crossings
generically occur between an My¢ = £+1 Stark manifold and an My¢ = 0 Stark manifold.

In diatomic molecules without parity-doubling, the existence of zero g-factor states requires an inverted spin rotation
structure (v < 0), such that the two J states are tuned closer to each other by an electric field. For example, the
YDbF molecule (v = —13.4 MHz [37, 38]) has zero g-factor states at £ ~ 866 V/cm in the N = 1 manifold, while
CaF does not. However, since |y|/B < 1 for most 23 diatomic molecules, the electric fields that mix spin-rotation
states are much less than those that polarize the molecule. Therefore, zero g-factor states occur when the molecule
has negligible lab-frame polarization, limiting eEDM sensitivity. For example, the aforementioned states in YbF have
[{X)| ~ 0.006, which is ~3% the value of ¥ in the zero g-factor states used in this work.

Characterization

To locate zero g-factor crossings and calculate eEDM sensitivities, we model the X (010) level structure using an
effective Hamiltonian approach [40-42]:

Heg = Hpoo + Hsr + Hyp + HHyp + Hzeeman + Hstark + HopT (23'
Hyo = B (N? = ) (

Hsr =~ (ﬁ.ﬁ—stz) (2c
Hy=—q (N7e %+ N2e?) (2d
Hiyp = bpl - S + g (3IZSZ e 5*) (2¢
Hzeeman = gsppBzSz (2f

Hstark = —pzEz (
Hopr = —d - Eopr (2h



Here, we use a similar Hamilton as Ref. [7]. Hgot is the rotational energy; Hgr is the spin-rotation interaction
accurate for low-N bending mode levels, with z defined in the molecule frame; Hy is the /-type doubling Hamiltonian,
with 4+ defined in the molecule frame, ¢ as the nuclear bending coordinate, and using the same phase convention as
Ref. [43]; Huyp is the hyperfine Fermi-contact and dipolar spin interactions, defined in the molecule frame; Hzeeman
describes the interaction of the electron spin magnetic moment with the lab-frame magnetic field; Hggarc is the
interaction of the Z-component of molecule-frame electric dipole moment pg with the lab frame DC electric field,
Ez; and Hopr is the interaction of the molecular dipole moment operator d with the electric field of the ODT laser,
Eopr = 50/2(€QDT6_Mt + C.C.).

To evaluate the molecule frame matrix elements, we follow the techniques outlined in Refs. [40, 41] to transform into
the lab frame. The field-free Hamiltonian parameters are taken from Ref. [44], except for the hyperfine parameters,
which were determined by the observed line positions to be by = 2.45 MHz and ¢ = 2.6 MHz, similar to those of the
X (000) state [45]. We use the same dipole moment, |u| = 1.47 D, as the X (000) state, determined in Ref. [46]. Matrix
elements of Hopr are calculated following Ref. [47] using the 1064nm dynamic polarizabilities reported in Ref. [15].

For the calculations discussed below and in the main text, the ODT is polarized along the laboratory Z axis and
the molecules sit at a fixed trap depth of 160 uK (corresponding to the average trap intensity seen by the molecules in
the experiment). As detailed in the main text, when the trapping light is aligned with Ey, it acts like a weak electric
field, shifting the zero g-factor crossing by ~ 1 V/cm from the field-free value. If the trapping light polarization is
rotated relative to Fyz, tensor light shifts can couple states with AMp = £2 or +1 (the linearity of the light ensures
there are no AMp = %1 vector shifts) [47]. The effects of this coupling are similar to those of transverse magnetic
fields, which we discuss below.

In the current work, we ignore nuclear and rotational Zeeman effects. Specifically, the magnetic sensitivity of CaOH
receives small contributions from nuclear spin of the H atom and the rotational magnetic moment of both the electrons
and the nuclear framework. While they have not yet been fully characterized, all of these effects will contribute at the
10~3up level or less. These additional g-factors do not depend strongly on the applied electric field, and result in a
small shift of the zero g-factor crossing location. Future work characterizing rotational magnetic moments of X (010)
states of laser-coolable metal hydroxides can enable more accurate predictions of zero g-factor field values.

In CaOH, each rotational state N supports multiple M = =+1 pairs of zero g-factor states. The states at finite
electric field can be labeled in terms of their adiabatically correlated zero-field quantum numbers |N, J?, F, M). In the
presence of trap shifts, the zero g-factor states for N = 1 occur at E = 59.6 V/cm for |J =1/27, F =1, M = +1) and
at E =64.1 V/cm for |J =3/27,F = 1,M = +1). The J = 1/2, M = 1 state is a superposition of 47% Myt = —1,
50% Myt =0, and 3% Mpy¢ = 1, while the J = 3/2, M = 1 state is 43% My¢ = —1, 48% My = 0, and 9% Myl = 1.
Both states are weak-electric-field seekers, yet the opposite molecule frame orientation of the spin results in differences
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FIG. S1. Electric field tuning of N = 1 zero g-factor states near Bz = 0 in the absence of trap shifts. Blue lines denote
Mp = +1 states and red lines My = —1. Solid traces denote the J = 1/2 state pair and dashed traces denote the J = 3/2
pair. The dotted vertical lines mark the electric field value of the zero g-factor crossing without trap shifts, ~60.5 V/cm for
J =1/2 and ~64.4 V/cm for J = 3/2. Grayed out traces are other states in the N = 1 manifold. (a) The g-factor gsup(Ms)
as a function of the applied electric field. (b) eEDM sensitivity (X) as a function of the applied electric field. A consequence of
the Hund’s case (b) coupling scheme is that 3 asymptotes to a maximum magnitude of S/(N(N + 1)) = 1/4 for fields where
the parity doublets are fully mixed but rotational mixing is negligible [39]. For fields where J is not fully mixed, some states
can exhibit [X| > 1/4.
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FIG. S2. Full electric and magnetic characterization of zero g-factor states in the N = 1 manifold of CaOH, without trap shifts.
(a, b) 2D plots of the effective g-factor difference between two M = +1 states, defined by geg = gspun ((Ms)m=+1 — (Ms)m=—1).
The plotted g-factor is normalized by gsup. The black line represents the contour where the M = 41 levels are nominally
degenerate. (c, d) 2D plots of the eEDM sensitivity, (¥)a=+1 — (¥)am=—1. The black line represents the geg = 0 contour.

in the value of ¥ and the g-factor slope. For CaOH, the magnetic sensitivity and eEDM sensitivity of N = 1 zero
g-factor states are shown in Fig. S1.

By diagonalizing Heg over a grid of (Ez, Bz) values, we can obtain 2D plots of g-factors and eEDM sensitivities
shown in Fig. S2. For generality, we consider the molecular structure in the absence of trap shifts. Using the Z-
symmetry of the Hamiltonian, we separately diagonalize each Mg block to avoid degeneracies at Bz = 0. Continuous
2D surfaces for eigenvalues and eigenvectors are obtained by ordering eigenstates at each value of (E, B) according to
their adiabatically correlated free field state. The application of an external magnetic field parallel to the electric field
results in (Mg) # 0 for an individual zero g-factor state, but the differential value between a zero g-factor pair can
still have A(Mg) = 0. This differential value means the superposition of a zero g-factor pair can maintain magnetic
insensitivity and EDM sensitivity over a range of fields, for example up to ~5 G for the J = 1/2, N = 1 pair.

The procedure we use here for identifying zero g-factor states can be generically extended to searching for favorable
transitions between states with differing eEDM sensitivities, similar to what has been already demonstrated in a
recent proposal to search for ultra-light dark matter using SrOH [7]. In addition, there are also fields of Bz ~ 10— 20
G and Ez =~ 0 where opposite parity states are tuned to near degeneracy. This is the field regime that has been
proposed for precision measurements of parity-violation in optically trapped polyatomic molecules [9].

We note that zero g-factor pairs also occur in N = 27. The crossings occur around 400 — 500 V/cm for states
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FIG. S3. (a) Stark shifts for N = 1 in CaOH. The J = 1/2% zero g-factor states are shown with a solid green line, while the
J = 3/2% zero g-factor states are indicated with a dashed green line. All other levels are grayed out. A vertical dotted line
indicates the location of the J = 1/2% zero g-factor crossing. (b) A zoomed in level diagram of the J = 1/2% zero g-factor
hyperfine manifold. The bias field splitting gegBz is not to scale. Transverse field couplings are shown with double sided
arrows, with blue (red) indicating negative (positive) Sx matrix element.

correlated with the negative parity manifold. Since many interactions increase in magnitude with larger NV, the
overall electric field scale of the intermediate regime increases. Additionally, the robustness of zero g-factor states
also improves, with some pairs able to maintain A{Mg) = 0 for magnetic fields up to 40 G. These N = 2 pairs also
have non-zero eEDM sensitivity for a wide range of magnetic field values.

TRANSVERSE MAGNETIC FIELDS

Transverse Field Sensitivity

We now expand our discussion to include the effect of transverse magnetic fields. Their effects can by modeled by
adding BxSx and By Sy terms to the effective Hamiltonian, which have the selection rule AMp = +1. For this
discussion, we focus on the level structure of the N = 1, J = 1/2% manifold in CaOH near the zero g-factor crossing
at 60.5 V/cm in the absence of trap shifts, shown in Figure S3. We note if there were no nuclear spin I, the two zero
g-factor states would be My = +1/2 states separated by AM = 1. In such a case these degenerate states would be
directly sensitive to transverse fields at first order, thereby reducing the g-factor suppression.

Due to the hyperfine structure from the nuclear spin of the H atom in CaOH, the degenerate Mr = +1 states in a
zero g-factor pair are coupled by second order transverse field interactions. These interactions are mediated via the
Mp = 0% states, where + denotes the upper or lower states. Using a Schrieffer-Wolff (aka Van-Vleck) transformation,
we can express the effective Hamiltonian matrix for second order coupling between the Mp = +1 states. We write
the states as |Mp), and for convenience we take the transverse field to point along X:
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2 (<—1|Sx|0+><0+|5x| +1) | (ZUSx[07)07[Sx| + 1>) 3)

AFEy+ AEq-
Here, AEy: is the energy difference of the Mp = 0F levels from the My = £1 levels. Our model provides the following
values: (07|Sx|+1) = (07 |Sx|—1) = —0.18, (07|Sx|+1) = —0.16, and (07|Sx|—1) = 0.16. The difference in sign is
a result of Clebsh-Gordon coeflicient phases, and only the relative phase is relevant. We also have A Fy+ = 0.98 MHz
and AE,- = —0.54 MHz. The combination of phases precludes the possibility of destructive interference. With these
parameters and defining g, = Hy1 _1/Bx, then eqn. 3 evaluates to (gsupBx)?(0.086/MHz) = (0.68 MHz/G?)B%.
Our model estimates the transverse sensitivity at Bx ~ 1 mG to be g, up ~ 7 x 1074 MHz/G, of the same order as
the neglected nuclear and rotational Zeeman terms. The suppressed transverse field sensitivity bounds the magnitude
of Bz, which must be large enough to define a quantization axis for the spin, gegBz > g1 B .

Cancellation of transverse magnetic fields

When transverse magnetic fields are dominant, the electron will be quantized along the transverse axis and there
is minimal spin precession by the bias By field. The transverse coupling results in eigenstates given by (|Mp =
1) +e'®|Mp = —1))/+/2, where the phase ¢ is set by the direction of B in the transverse plane. If ¢ = 0 or , only one
of these states is bright to the X -polarized state preparation microwaves, which means the initial state is stationary
under the transverse fields. For all other orientations, the transverse field causes spin precession with varying contrast,
depending on the specific value of ¢.

We are able to use transverse spin precesion to measure and zero transverse fields to the mG level. We do so by
operating with minimal bias field Bz = 0 and operating Ez near the zero g-factor crossing, such that g.gBz < g1 B .
We then apply a small transverse magnetic field to perform transverse spin precession. Here, the dynamics are
dominated by the transverse fields rather than the Z fields. We obtain field zeros by iteratively minimizing the
precession frequency by tuning the bias fields Bx and By .

IMPERFECT FIELD REVERSAL

We briefly present a systematic effect involving non-reversing fields in eEDM measurements with zero g-factor
states and discuss methods for its mitigation. The electric field dependence of geg can mimic an eEDM signal when
combined with other systematic effects, very much like in *A; molecules [25, 26]. When the sign of E7 is switched, a
non-reversing electric field Exg will cause a g-factor difference of gng = (dgesr/dEz)Eng. This will give an additional
spin precession signal gngBz. By perfectly reversing By as well, this precession signal can be distinguished from a
true EDM signal. However, if there is also a non-reversing magnetic field Bngr, there will still be a residual EDM signal
given by (dg/dE)ExrBnr. Using the measured slope of ~0.03 (MHz/G)/(V/cm), and using conservative estimates
of Engr ~ 1 mV/cm and Byg ~ 1 G, we obtain an estimate precession frequency of ~30 pHz. While this is an order
of magnitude smaller than the statistical error for the current best eEDM measurement measurement [48], it is still
desirable to devise methods to reduce the effect further.

Performing eEDM measurements at different zero g-factor states can help suppress systematic errors resulting from
the above mechanism. For example, the N = 1,J = 3/2 zero crossing has a different magnitude for X, which can be
used to distinguish a true eEDM from a systematic effect. Both N = 1 crossings are only separated by ~4 V/cm.
Furthermore, the zero g-factor states in N = 2~ can also be used for systematic checks, as they additionally offer
different geg vs Ez slopes as well as different ¥ values. The N = 2~ states can be populated directly by the
photon-cycling used to pump into the bending mode.

SPIN PRECESSION NEAR ZERO G-FACTOR

As discussed in the main text, the longest achievable coherence times occur at at combination of low effective g-
factors (which suppress § By decoherence) and low magnetic bias fields (which suppress dues decoherence). These low
g-factors and bias fields only very weakly enforce a quantization axis along Z, enhancing the potential for transverse
magnetic fields B to contribute. Such fields have the effect of (a) reducing the spin precession contrast and (b)
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FIG. S4. Spin precession at Ez = 60.3 V/cm and Bz = 2 mG. The fit includes a 60 Hz time-varying magnetic field whose
amplitude and phase are measured with a magnetometer. The coherence time fits to 30 ms.

altering the observed precession frequency. To avoid these effects, the condition g.gBz > g1 B, must therefore be
satisfied. To achieve this, we zero the transverse magnetic fields by intentionally taking spin precession data at Bz ~ 0
and geg ~ 0 while varying the transverse fields Bx and By. By minimizing the spin precession frequency as a function
of the transverse fields, we reduce B, to approximately 1 mG. In addition, long-term drifts in the dc magnetic field
along all three axes are compensated by actively feeding back on the magnetic field as measured with a fluxgate
magnetometer. Under these conditions, at an electric field of 60.3 V/cm (corresponding to ueg = 0.02 MHz/G) and
a bias field of Bz =~ 2 mG, we achieve a coherence time of 30 ms (Fig. S4).

At these very low bias fields, the molecules are also sensitive to 60 Hz magnetic field noise present in the unshielded
apparatus, whose amplitude is on the same order as Bz. Since the experiment is phase stable with respect to the AC
line frequency, this 60 Hz magnetic field fluctuation causes a time-dependent spin precession frequency. A fluxgate
magnetometer is used to measure the amplitude and phase of this 60 Hz field, which are then used as fixed parameters
in the fit shown in Figure S4.
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