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Materials and Methods

The experiment sequence starts with the creation of neutral HfF molecules from ablating a
Hf rod in the presence of a gas comprising 1% SFes and 99% Ar. The gas is released into the
vacuum chamber through the opening of a pulsed valve (800 um orifice, 830 kPa backing
pressure) for 180 us. The neutral HfF molecules are cooled by supersonic expansion to a
translational and rotational temperature of ~10 K. To create HfF*, we cross two pulsed lasers (309
nm, 368 nm) with the supersonic beam downstream of the ablation to excite ground state neutral
HfF molecules to a Rydberg state with an excited ion core. The Rydberg molecules can then
autoionize to form **°Hf**F* jons, 35% of which are in the '=," (v’ = 0, J”” = 0) ground rovibronic
state (32).

The ionization process takes place inside the center of the ion trap, so that upon ionization,
we can immediately stop the ions with a pulsed stopping field and then trap them with the linear
guadrupole Paul trap. The rotating bias field is ramped on by applying an additional set of
sinusoidal voltages to the radial-confinement electrodes on top of the trapping radiofrequency
(RF) and direct current (DC) voltages. Under the influence of the rotating bias field and trapping
fields, the ions undergo a combination of secular harmonic motion at ax../(2n) = 5 kHz, trap-RF-
induced micromotion at awre/(21) = 50 kHz and rotating-bias-field-induced circular micromotion
at mo/(27) = 253 kHz in the radial plane. (In the axial direction, the ions experience only secular
harmonic motion at @,/(2x) = 0.8-3.6 kHz.)

In the presence of the rotating bias field, we populate ions in a desired Stark level-pair of the
SA; (v=0,J=1, F = 3/2) state using two Raman transfer lasers. The first transfer laser at 900 nm
drives the *ITy, (v’ = 1,J° = 1) « 3" (v = 0, J” = 0) transition while the second transfer laser at
986 nm drives the °[To. (v’ =1,J° = 1) — °A; (v =0, J = 1, F = 3/2) transition (33). Both lasers

are detuned by 160 MHz from their respective one-photon resonances to avoid populating the



*[I,, excited state. Light from both lasers is simultaneously directed onto the ions through the top
electrode of the ion trap for 1.2 ms, during which the trapped ions’ axial motion Doppler-shift the
transfer laser frequencies to sweep through the two-photon detuning. The desired Stark level-pair
is populated when the two-photon resonance condition is fulfilled.

To deplete ions from the |m = -3/2) sublevel within a Stark level-pair, we direct a -
polarized depletion laser, tuned to resonance with the *ITy, (v’ =1,J°=1) > A, (v=0,J=1,F =
3/2) transition, between two radially-confining trap electrodes onto the ions. The depletion laser
is stroboscopically turned on, with a duty cycle of 20%, whenever the rotating quantization axis
lies roughly parallel to the direction of laser propagation. 250 rotation cycles (about 1 ms) are
needed to fully deplete the ions from one of the two m sublevels. In the absence of a rotating

magnetic field, the depletion laser acts as a /2 pulse because the remaining ions are left in a

single |mry sublevel, which is an equal superposition of the eigenstates ‘i>B 0
rot —

For experiments where a rotating magnetic field is needed, the static magnetic field gradient
is applied prior to ionization by running current through a pair of anti-Helmholtz coils positioned
just outside the ion trap. The radial magnetic field gradient can be increased up to 1.65 G/cm,
which corresponds to an effective rotating magnetic field up to 0.037 G for a circular
micromotion radius of 0.22 mm obtained with a rotating electric field of 11.6 VV/cm. Reversing
the sign of the rotating magnetic field from positive to negative is accomplished by changing the
direction of applied current, such that the magnetic field gradient points radially outwards instead
of inwards. The static magnetic field component Bgaic acting on our rotating eigenstates generates
nothing but a negligible (< 10°°) phase modulation over a period of rotation. A displacement of
the null of the static magnetic-field quadrupole relative to the trap center along the radial or axial
directions therefore also exerts a negligible effect because it merely affects By and not B, and

because the quantization axis is nearly entirely defined by electric and not magnetic fields. Ref.



(2) offers a more in-depth analysis of the negligible effects of static magnetic-field gradient
misalignments on precision spectroscopy.

Finally, to detect the ions in a particular m, sublevel after the Ramsey sequence, we use the
depletion strobe-sequence to optically pump away ion population in the undesired m sublevel
without depopulating the desired sublevel, before photodissociating the ions remaining in the J =
1 state with 286 nm and 266 nm pulsed lasers. The dissociated ions are counted on a
microchannel plate as Hf* atomic ions, mass-resolved from HfF" in time-of-flight. The 286 nm
photon drives a bound-bound transition within the HfF" molecule and provides rotational-state

selectivity to the dissociation. A manuscript on the photodissociation process is being prepared.

Supplementary Text

Rotating-frame Hamiltonian

Within either the uppermost or lowermost Stark level-pair, the two sublevels {|mr = 3/2),
|mr = -3/2)} could be coherently coupled to each other via a three-photon transition. Alternative
to using three radiofrequency photons, we can take advantage of the coupling (via third-order
perturbative process) already provided by the rotation of the electric field.

The rotating-frame Hamiltonian is expressed in the {|mr = +3/2), |mr = -3/2)} basis as

follows (2):
3 A
_EgF:uB Brot E
H= , (S1)
A 3
E EgF/JB Brot

where gr is the magnetic g-factor for the F = 3/2 state, w5 is the Bohr magneton, B, is the
rotating magnetic field and A is the splitting between the energy eigenstates at B,y = 0. The
coupling energy A, which arises from the rotation of the quantization axis, is very similar for both
the uppermost and lowermost Stark level-pairs A*’. For a three-photon transition necessary to
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connect the my = +3/2 states, the average of A for the two Stark pairs is proportional to the ratio

of the rotation frequency i to the Stark energy dn¢E\o, raised to the power of three:

3
A= % (A" + AY)=27ha, (dh Orot J . (S2)

mf —rot
A is also proportional to the energy splitting between the parity eigenstates at zero electric field
wef, Which sets the scale of the coupling between states with opposite sign £2 (where (2 is the
projection of total angular momentum onto the molecular axis).

There is a slight frequency difference between A for the two Stark pairs, which comes from
interactions with the nearest F' = 1/2 hyperfine level, detuned from the F = 3/2 manifold by Eyf.
Specifically, the upper Stark pair is more repelled from the F = 1/2 levels than the lower Stark
pair. Perturbation theory on the Hilbert space of twelve |F, mz, £2) sublevels in the A, (v=0,J=
1) rotational state yields the following expression for oA:

3

d.E

=1 (A —av)= 8l heoy My moe. (S3)
2 8 dmf Erot EHF

We note that the numerical coefficients in Egs. (S2)-(S3) were calculated numerically for
Ref. (2), but there was an error in transcribing the results to that manuscript. The expressions
presented here are analytical results from perturbation theory and are consistent with revised
numerical calculations.

Figure S1 shows an experimental verification of the third-order dependence of 4 on 1/E,y,
measured by repeating the Ramsey spectroscopy technique for different values of E,. The lines
come from a simultaneous fit to A4“ and A’ using Eqs. (S2)-(S3). The sole adjustable parameter,
el (21), is determined to be 830(50) kHz. a./(27) was independently determined in Ref. (33) to
be 740(20) kHz, and the two measurements agree to within two standard deviations.

We take advantage of the strong dependence of the avoided-crossing splitting and its

eigenstates on E,, (Fig. S2) to execute m/2 pulses at high magnetic fields. For a given finite
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magnetic field, we can ramp E,, to an appropriate lower value and back in order to project the
initial |m) state onto an equal superposition of the energy eigenstates |+).
The full avoided-crossing energy measured as a function of B, for either the upper or

lower Stark pair, as shown in Fig. 3, is fit to the following function:

V! AV 2 3 ) . 2
2 :ZJ(WJ (G lo -] .

where B e is a magnetic field offset that shifts the avoided crossing away from zero along the

horizontal axis. The fit parameters yield A4“/4 = 25(1) Hz and A"k = 36(1) Hz, which are in good
agreement with that expected from Eqgs. (S2)-(S3). The magnetic field offsets fit t0 B“yfer =
0.15(11) mG and B'see; = 0.02(9) mG. The average of both offsets is roughly that expected from
driving currents up and down the radial confinement electrodes to provide the rotating bias field.
The difference between the two offsets, which is proportional to the eEDM signal, is consistent
with zero. Combined with the theoretical value for the effective electric field on the electron Eq
=24 GV/cm (19, 34), the difference in Bose Yields a preliminary eEDM limit of 1.5 x 10% e-cm.
The eEDM statistical uncertainty can potentially average to 1 x 10% e-cm in 12 hours
assuming 4 detected ions making the Ramsey transition, a 150 ms coherence time, and a 4 Hz
repetition rate for the experimental cycle. The systematic uncertainties have been estimated in

Ref. (2) to be on the order of 10% e-cm.

Sign of the magnetic g-factor

When the rotating quantization axis is tilted away from the plane of rotation by a small
angle «, such that one rotation traces out a cone with opening half-angle n/2 — o and solid
angle X4, the ions in a given my level accumulate a Berry phase shift (22)

¢Berry = _mFQSA =—Mg 27[(1_Sin(a)) : (85)



The resulting phase shift on the spin state |my), over one rotation period 7 = (2n)/ @, 1S

o ooy
correspondingly e il _ g * , where @, is the Zeeman frequency. The Berry

phase, modulo an integer multiple of &, translates to a frequency shift of (2)

_ ¢Berry

a)Berry -

a. (S6)

rot

=m, az)—;‘:(Zﬂ)(—sin(a)) ~—m, o

In the case of the quantization axis rotating about a small tipping angle (n/2-o. << 1), one

can describe the Berry-phase frequency shift instead as a sort of low-frequency AC Stark

perturbation (35, 36). For the maximal tipping angle of m/2, however, that perturbative approach

does not yield useful intuition. To verify the simple Berry phase result (S6) above, one may

instead laboriously rediagonalize the problem in a rotating frame (23).

To impart a Berry phase, we deliberately kick the ions above or below the plane of rotation.
The maximum tilt angle of the quantization axis is then given by a = E; nax/Eror, Where E; max iS
the maximum axial trapping field experienced by the ions as they oscillate away from the plane of
rotation (i.e. £, max < 0 for an upward kick). The diagonal terms of the Hamiltonian in Eq. (S1) in

turn become F M 9 125 B o, + @gepy Sin(@,t), where sin(w,z) > 0 in half an axial trap cycle.

Relating the energies of the sublevels back to experimental parameters, we obtain the
following dependence for the sign of wgery:

Sign (@geny) = + sign(my) sign(ery) sign(kick), (S7)
where @y is positive (negative) if the quantization axis rotates counter-clockwise (clockwise),
and sign(kick) is positive (negative) if the ions are kicked upwards (downwards).

Our convention for the sign of the magnetic g-factor is defined in Eq. (S1). Therefore, the
sign of the Zeeman energy is

sign(Zeeman energy) = - sign(my) sign(gr) sign(|zs|) sign(B”), (S8)



. . L . B . .
where B’ parameterizes the static magnetic field as B=B'zz — Epp . Since Byt = I'ot 0B/0p

and ry oc -E;o for circular motion, sign(B’) = sign(Bio).
It then follows from Eqgs. (S7) and (S8) that
sign(gr) = - sign(B’) sign(ar.r) sign(fringe frequency) sign(kick), (S9)

where sign(fringe frequency) is positive if the fringe frequency increases. Applying Eg. (S9) to
the data presented in Fig. 4, taken with B’ > 0 and @y > 0, g is determined to be positive.

Having understood the effect of Berry phase, we note that during an actual precision
measurement, care must be taken to collect data asynchronously with any unintended initial axial
slosh of the ions’ center of mass, so as to minimize systematic errors associated with Berry phase.

This should not pose a major technical challenge.



1/E., (cm’/V°)

Fig. S1. Measurement of avoided-crossing splitting at zero rotating magnetic field.
Ramsey fringe frequency (A/%) measured as a function of the magnitude of the rotating-bias-field

E.; (red crosses for the upper Stark pair and blue dots for the lower Stark pair). The lines are a
single-adjustable-parameter fit to the data using theory describing the rotating-frame Hamiltonian
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Fig. S2. Avoided-crossing splitting as a function of applied magnetic-field gradient.
Theory curves describing the avoided crossing, plotted with two different line thicknesses for the
two values of E,. The eigenstates are depicted as superpositions of the colors blue (for |mz =
3/2)) and green (for |mr = -3/2)). For a given magnetic-field gradient (e.g. 0.4 G/cm), the
eigenstates can change from being almost pure |m) states at E,,; = 12 V/cm to near-equal
superpositions of the two |m) states at E,, = 7 V/cm.
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