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Quantum control of trapped polyatomic molecules

for eEDM searches

Loic Anderegg"?*, Nathaniel B. Vilas?, Christian Hallas"?, Paige Robichaud’?, Arian Jadbabaie®,
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Ultracold polyatomic molecules are promising candidates for experiments in quantum science and precision
searches for physics beyond the Standard Model. A key requirement is the ability to achieve full quantum
control over the internal structure of the molecules. In this work, we established coherent control of individual
quantum states in calcium monohydroxide (CaOH) and demonstrated a method for searching for the
electron electric dipole moment (eEDM). Optically trapped, ultracold CaOH molecules were 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 was performed. To extend the coherence time, we used eEDM-
sensitive states with tunable, near-zero magnetic field sensitivity. Our results establish a path for eEDM

searches with trapped polyatomic molecules.

he rich structure of polyatomic molecules

makes them an appealing platform for

experiments in quantum science (7-4),

ultracold chemistry (5), and precision mea-

surements (6-10). Key to this structure is
the presence of near-degenerate states of oppo-
site parity, which allow the molecules to be
easily polarized in the laboratory frame with
the application of a small electric field. Such
states are generic among polyatomic mole-
cules, but rare in diatomics, and may be useful
for applications such as analog simulation of
quantum magnetism models (Z, 2) or for real-
izing switchable interactions and long-lived
qubit states for quantum computing (4). Addi-
tionally, the parity-doublet states in trapped
polyatomic molecules are expected to be an
invaluable tool for systematic error rejection
in precision measurements of physics beyond
the Standard Model (BSM) (6). To date, several
species of polyatomic molecules have been
laser cooled and/or trapped at ultracold tem-
peratures (11-17).

One powerful avenue for tabletop BSM
searches is probing for the electron electric
dipole moment (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). Present state-of-the-art
eEDM experiments are broadly sensitive to
T-violating physics at energies much greater
than 1TeV (23-28). All such experiments use
Ramsey spectroscopy to measure an energy
shift caused by the interaction of the electron
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with the large electric field that is present in-
side a polarized molecule (24-26, 27, 29). Mo-
lecular beam experiments have achieved high
statistical sensitivity by measuring a large num-
ber of molecules over a =1-ms coherence time
(24, 25), whereas molecular ion-based exper-
iments have used long Ramsey interrogation
times (=1 s), though with lower numbers
(26, 27, 29). Measurements with trapped neu-
tral polyatomic molecules can potentially com-
bine the best features of each approach to
achieve orders-of-magnitude improved statis-
tical sensitivity (6).

Experimental approach for polyatomic
molecule control

In this work, 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 protocol starts with preparing
ultracold, optically trapped molecules in a
single hyperfine level, after which a static elec-
tric field is applied to polarize the molecules.
The strength of the polarizing 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 superposition of these zero
g-factor spin states, which precesses under the
influence of an external magnetic field. The
precession phase is then read out by a combi-
nation of microwave pulses and optical cycling.

We observed spin precession over a range of
electric and magnetic fields and characterized
the present 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 realistically achieved. We therefore realized
the key components of an eEDM measure-
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ity arises from the relativistic motion of-...C
electron, which is enhanced by higher-mass
nuclei. Although the light mass of CaOH pre-
cludes a competitive eEDM measurement (30),
the protocol demonstrated here is directly
transferable to heavier laser-cooled alkaline
earth monohydroxides with identical inter-
nal level structures, such as SrOH, YbOH, and
RaOH, which have substantially enhanced sen-
sitivity to the eEDM (6, 11, 12, 30, 31).

In eEDM measurements with polarized mol-
ecules, the electron spin s precesses under the
influence of an external magnetic field B, and
the internal electric field of the molecule E.,
which can be large owing to relativistic effects.
Time evolution is described by the Hamiltonian

H = gsupBsS - Z — deEeiiS - 7t

= gsupBzMs — deEeZ (1

Here, g5 = 2 is the electron spin g-factor, g is the
Bohr magneton, B;, points along the lab Z axis,
and the internal field E points along the mol-
ecule’s internuclear axis 7. We define the
quantities Ms =S -Z and =S -2 to de-
scribe the electron’s magnetic sensitivity and
EDM sensitivity, respectively. The effect of the
eEDM can be isolated by switching the orien-
tation of the applied magnetic field or, alter-
natively, by switching internal states to change
the sign of Mg or X. Performing both switches
is a powerful technique for suppressing sys-
tematic errors (25, 26).

Present EDM bounds rely on specific states
in diatomic molecules that have an unusually
small g-factor, which reduces 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
magnetic g-factors. In this work, we engineered
reduced magnetic sensitivity by using an ap-
plied electric field E, to tune Mg to a zero-
crossing while maintaining substantial eEDM
sensitivity X. This technique is generic to poly-
atomic molecules with parity doublets. Details
of a specific M = 1 pair of zero g-factor states
are shown in Fig. 1, A and B, with further in-
formation provided in (34). We emphasize that
near the zero g-factor crossing, the eEDM sen-
sitivity is nearly maximal because of the large
projection of the electron spin onto the inter-
nal electric field of the molecule. Sensitivity to
transverse magnetic fields is also suppressed
in these zero g-factor states (34).

Experimental overview and
single-state preparation

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-um waist
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Fig. 1. Overview of the experiment. (A) A geometric picture of the bending
molecule at the zero g-factor crossing, showing that the electron spin (§) has a finite
projection on the molecule axis (), giving eEDM sensitivity. However, the electron spin (S)
is orthogonal to the magnetic field (B), which results in suppressed magnetic field
sensitivity. (B) The magnetic sensitivity (top) and eEDM sensitivity (bottom)

for a pair of zero g-factor states (N =1, J = 1/2*, F = 1, M = £1) are shown as

a function of the applied electric field. (C) Experimental sequence to prepare the

size, as described in previous work (15). The
ODT is linearly polarized, and its polarization
vector €opr defines the Z axis, along which we
also apply magnetic and electric fields, B =
B,Z and E = E;Z, respectively, as depicted
in Fig. 1A. We first nondestructively image the
molecules in the ODT for 10 ms as normaliza-
tion against variation in the number of trapped
molecules. The molecules are then prtically
pumped into the N = 1" levels of the X =*(010)
vibrational bending mode (75) (Fig. 1C), and
the trap depth is adiabatically lowered by 3.5
times to reduce the effect of ac Stark shifts
from the trap light and to lower the temper-
ature of the molecules to 34 uK. Any molecules
that were not pumped into NV = 1" levels of the
bending mode are heated out of the trap with
a pulse of resonant laser light.

After transfer to the X =¥ (010)(N = 17)
state, the molecular population is initially
spread across 12 hyperfine Zeeman sublevels in
the spin-rotation components J = 1/2 and 3/2.
To prepare the molecules in a single hyperfine
state, we used a combination of optical pump-
ing and microwave pulses, as shown in Fig. 1C.
We first applied microwaves from the N =1,
J =3/2 state up tothe N = 2, J = 3/2" state.
Because this transition is parity-forbidden, we
applied 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, vge2 drove an optical transition to the ex-
cited A'TI(010)x*>Z(~),J =1/2* state. This
state predominately decays to both the F = 0
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eEDM-sensitive state. First, the molecules are pumped into a single quantum state
(N=1,J=1/2", F = 0) with a combination of microwave drives and optical pumping
(I). Next, a microwave n-pulse drives the molecules into the N=2,J=3/2", F = 2,
Mg = 0 state (ll). Lastly, the eEDM measurement state is prepared as a coherent
superposition of the N =1, J = 1/27, F = 1, Mg = £1 states with a microwave n-pulse
(I1). The states that are optically detectable with the detection light are shown in
black, whereas those not addressed by the detection light are in gray.
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Fig. 2. Spin precession. (A) Spin precession of the eEDM-sensitive state in the presence of a bias magnetic
field. Error bars represent 68% confidence intervals. au, arbitrary units. (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 B; = 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 (34).

(the target state) and F= 1 states in the N =1,
J =1/2" manifold. After 3 ms of optical pump-
ing, the microwaves were switched to drive
the accumulated N = 1, J = 1/27, F = 1 pop-
ulation to the same N = 2, J = 3/2” state in
X (010), where they are excited by the optical
light and pumped into the target F' = O state.
Once this optical pumping sequence is com-
plete, we adiabatically ramped the electric field
to E, = 150 V/cm to substantially mix parity,
then drove the population uptothe N=2,J =
3/27, F =2, M = 0 state with a microwave r-pulse
(Fig. 1C, II). We cleaned out any remaining
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population in the N = 1 state with a depletion
laser that resonantly drives the population to
undetected rotational levels.

Spin precession in an eEDM-sensitive state

To perform spin precession in the eEDM-
sensitive state, we first adiabatically ramped
the electric field to a value E, then turned on a
small bias magnetic field B,. We measured the
electron spin precession frequency using a
procedure analogous to Ramsey spectroscopy
(24, 25). The molecules were prepared by driving
a m-pulse (2.5 ps), with microwaves linearly
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Fig. 3. Coherence time of the spin-precession signal. (A) Measured coherence times t versus B; at
different electric fields (red and blue markers, which correspond to different magnetic field sensitivities).
The coherence time scales as 1/B; owing to ac Stark-shift broadening then plateaus at a limit set by the
magnetic field instability 8B. 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 8 = 4ff mG, and the
fitted decoherence time due to light shifts is = = (1/B7) x SOffg ms x mG. (B) Spin-precession signal, at B, =
15 mG, near the zero g-factor crossing (0.06 MHz/G; red) and far from the crossing (1.0 MHz/G; blue).
Shaded regions indicate the fitted exponential decay envelope of the oscillations; the 1.0 MHz/G data are
excluded from the top panel for clarity. The spin-precession coherence time is extended by 16 times by

approaching the zero g-factor point.
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polarized along the lab X axis, into the “bright”
superposition state |B) = (|M = 1)+|M = —1))/
V2 within the N = 1,J = 1/2", F = 1, M = 1
eEDM-sensitive manifold (Fig. 1C, IIT). The
state begins to oscillate between the bright
state and the “dark” state|D) = (|[M =1)—|M =
—1))/+/2 at a rate wsp= pcgBz Where the effec-
tive magnetic moment U.¢ = Up8efr = SEllg
((Ms)py—q — (Ms)y—_,) is tuned by means of
the applied electric field E, (Fig. 1B). The con-
tribution from the d.E.¢ term in Eq. 1 is neg-
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ligible in CaOH but could be measured in
heavier molecules with much larger E.g. After
a given time, a second n-pulse was applied to
stop spin precession and transfer the bright
state to the optically detectable N = 2,.J = 3/2~
level. Once the electric field was ramped down,
the population remaining in the eEDM mani-
fold, which has the opposite parity, is not op-
tically detectable. We then imaged the ODT
again and took the ratio of the first and second
images (Fig. 2A). At long spin precession times
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(>10 ms), losses from background gas collisions
(~1 s), blackbody excitation (~1 s), and the spon-
taneous lifetime of the bending mode (~0.7 s)
lead to an overall loss of signal, as characterized
in (75). This effect is mitigated with a fixed dura-
tion between the first and second images, making
the loss independent of the precession time.
To map out the location of the zero g-factor
crossing, we performed spin precession mea-
surements at a fixed magnetic field B, = 110 mG
for different electric fields (Fig. 2B). The spin
precession frequency corresponds to an effec-
tive g-factor at that electric field. We found
that the zero g-factor crossing within the N =1,
J=1/2%, F =1, M = +1 eEDM manifold occurs
at an electric field of 59.6 V/cm, in agreement
with theory calculations described in (34). We
note that there is another zero g-factor cross-
ing for the N = 1,J = 3/2*, F = 1 manifold at
~64 V/cm, which has a smaller eEDM sen-
sitivity but the opposite slope of g versus E,
thereby providing a powerful resource to re-
ject systematic errors related to imperfect field
reversals (34). We emphasize that although
the location of these crossings is dependent on
the structure of a specific molecule, their exist-
ence is generic in polyatomic molecules, which
naturally have parity-doublet structure (6).

Coherence time and limitations

A critical component of the spin precession
measurement is the coherence time, which sets
the sensitivity of an eEDM search. Figure 3A
shows the measured coherence time of our
system at different applied fields B, and E.
We characterized two dominant limitations
that wash out oscillations at long times. Var-
iations in the spin precession frequency can
be linearly expanded as dwsp = Her(8Bz) +
(Buerp)B. The first term describes magnetic
field noise and drift of the applied bias field,
given by 6B The second term describes noise
and drifts in the g-factor, dg.s, which can arise
from instability in the applied electric field,
E, or from ac Stark shifts (described below).
Drifts in the bias electric field E, were found
to be negligible in our apparatus.
Decoherence caused by magnetic field noise,
0B, is independent of the applied magnetic
field but is proportional to pes and can be
mitigated by operating near the zero g-factor
crossing. As shown in Fig. 3B, at an electric
field of 90 V/cm, corresponding to a large mag-
netic moment of p = 1.0 MHZ/G, we realized
a magnetic field noise-limited coherence time
of 0.5 ms at B, = 15 mG (blue points). At an
electric field of 61.5 V/cm, corresponding to
Uetr = 0.06 MHz/G, which is much closer to the
zero g-factor location, we found a coherence time
of 4 ms at the same B, (red points in Fig. 3B).
At higher magnetic fields, the primary lim-
itation to the coherence time is ac Stark shifts
from the optical trapping light (Fig. 4). The
intense Z-polarized ODT light leads to a shift
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in the electric field at which the zero g-factor
crossing occurs. Owing to the finite tempera-
ture of the molecules within the trap, they will
explore different intensities of trap light and
hence have different values of g.¢. The spread
Oge¢r causes variation of wgp, which leads to de-
coherence. In contrast to the magnetic field
noise term, this effect is independent of the
electric field E, but decreases monotonically
with B, which scales the frequency sensitivity
to g-factor variations, dwsp = B Ol The insen-
sitivity of g-factor broadening to the exact value
of g is demonstrated in Fig. 4C. Decoher-
ence caused by ac Stark shifts can be reduced
by cooling the molecules to lower temperatures
or by decreasing B,. The bias magnetic field
can be reduced arbitrarily far until either trans-
verse magnetic fields or magnetic field noise
becomes dominant. From the decoherence rates
measured in this work, it is expected that ac
Stark shift-limited coherence times of ~1 s
could be achieved at bias fields of B, ~ 100 uG.

From the above discussion, it is expected
that the longest achievable coherence times
will occur for very small g-factors, g = 0, and
very small bias fields, B, = 0. Minimizing B,
requires reducing the effects of both magnetic
field noise and transverse magnetic fields to
well below the level of the bias-field energy
shifts. We canceled the transverse magnetic
fields to below 1 mG by maximizing the spin
precession period under the influence of trans-
verse B fields only, and actively monitored and
fed back on the magnetic field along each axis
to minimize noise and drifts in B, Note that
the stainless-steel vacuum chamber has no mag-
netic shielding, which leads to high levels of
magnetic field noise that would not be present
in an apparatus designed for an eEDM search.
Even under these conditions, we achieved
a coherence time of 30 ms at an electric field of
60.3 V/cm (corresponding to g = 0.02 MHz/G)
and a bias field of B, = 2 mG (34). However, at
such a low bias field, the molecules are sensi-
tive to 60-Hz magnetic field noise that is pres-
ent in the unshielded apparatus, which is on
the same order as the bias field. Because the
experiment is phase-stable with respect to the
ac line frequency, this 60-Hz magnetic field
fluctuation causes a time-dependent spin pre-
cession frequency. Nevertheless, our prototype
experiment confirms that long coherence times
are possible. Any future eEDM experiment
would have magnetic shielding that would
greatly suppress nefarious magnetic fields from
the environment. Such shielding could read-
ily enable coherence times that exceed that of
the ~0.5-s lifetime of the bending modes of
similar linear polyatomic molecules with larger
eEDM sensitivity (75).

Discussion and outlook

We have realized coherent control of optically
trapped polyatomic molecules and demonstra-
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ted a realistic experimental roadmap for future
eEDM measurements. By leveraging the dis-
tinctive features of the quantum levels in poly-
atomic molecules, we achieved a coherence
time of 30 ms for paramagnetic molecules in a
stainless-steel chamber with no magnetic shield-
ing. With common shielding techniques used
in past EDM experiments, there is a clear path
to reducing stray fields and extending coher-
ence times to >100 ms. At such a level, the
dominant limitation becomes the finite lifetime
of the bending mode (15). Even longer coher-
ence times are possible with the right choice of
parity-doublet states, as found in symmetric or
asymmetric top molecules (6, 13, 35, 36).
Following this roadmap with heavier trap-
ped polyatomic molecules has the potential
to provide orders-of-magnitude improvements
to present bounds on T-violating physics. Using
a recent study of the X(010) state in YbOH
(87), we identified similar N = 1 zero g-factor
states for eEDM measurements with greatly
improved sensitivity. In addition to the g-factor
tuning demonstrated in this work, polyatomic
molecules provide the ability to reverse the
sign of X without reversing Mg, which is a crucial
feature of recent experiments that has greatly
improved the limit on the eEDM (25, 27). For
example, in the N = 1 manifold of CaOH, there
is another zero g-factor crossing at a nearby
electric field value, with 69% smaller values of
X and opposite sign. Because the ratio of eEDM
sensitivity to g-factor versus E slope differs be-
tween these two crossings, measurements at
both points could be used to suppress systemat-
ics caused by nonreversing fields that couple to
the electric field dependence of the g-factor (25).
This work provides an experimental dem-
onstration of the advantages of the rich level
structure of polyatomic molecules for preci-
sion measurements. Although we focused here
on spin precession with 7-reversed states (M =
+1), many levels of interest can be favorably
engineered for precision measurement exper-
iments. 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-
violating physics. In another recent work (7), a
microwave clock between rovibrational states
in SrOH was proposed as a sensitive probe of
ultralight dark matter, by using transitions
tuned to electric and/or magnetic insensitiv-
ity. In these proposals, and as now experi-
mentally demonstrated in our work, coherent
control and state engineering in polyatomic
molecules can mitigate systematic errors and
enable robust searches for new physics.
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Editor’'s summary

Cold molecules hold much promise as a platform for investigating fundamental problems in physics such as matter-
antimatter asymmetry through precise measurements of the electron’s electric dipole moment (eéEDM). Researchers
have used diatomic molecules for this purpose. Polyatomic molecules have even more favorable properties but are
more difficult to control. Anderegg et al. demonstrate coherent control of individual quantum states in the polyatomic
molecule calcium monohydroxide. Their findings enable the measurement of eEDM in this and related systems, which
is expected to lead to improved precision. —Jelena Stajic
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