
Supplementary Materials for 

Quantum control of trapped polyatomic molecules for eEDM searches 

Loïc Anderegg et al. 

Corresponding authors: Loïc Anderegg, anderegg@g.harvard.edu; Nicholas R. Hutzler, hutzler@caltech.edu 

Science 382, 665 (2023) 

DOI: 10.1126/science.adg8155 

The PDF file includes: 

Supplementary Text 

Figs. S1 to S4 

References 



2

ZERO g-FACTOR STATES

Origin

In 2Σ electronic states of linear polyatomic molecules, the spin-rotation interaction, γN⃗ · S⃗, couples the molecular
rotation N 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 µE , connecting states with opposite parity, ∆MF = 0, and ∆J ≤ 1. When µEEZ ≫ γ, N and S are
uncoupled and well described by their lab frame projections MN and MS . However, in the intermediate field regime
with µEEZ ∼ γ, the molecular eigenstates are mixed in both the Hund’s case (b) coupled basis and the decoupled
basis. MF remains a good quantum number in the absence of transverse fields. In this regime, MF ̸= 0 states with
⟨MS⟩ = 0 can arise at specific field values. These states have no first order electron spin magnetic sensitivity, and,
unlike MF = 0 clock states, have large eEDM sensitivity near BZ = 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 ⟨MS⟩ < 0, the other state has ⟨MS⟩ > 0, and both have mixed MN . 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 ⟨MS⟩ = 0, while retaining non-zero molecular orientation with ⟨n̂⟩ = ⟨MN ℓ⟩ ̸= 0. The lab frame
projection of n̂ 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 ⟨MN ℓ⟩. For each N manifold with parity doubling, avoided level crossings
generically occur between an MNℓ = ±1 Stark manifold and an MNℓ = 0 Stark manifold.

In diatomic molecules without parity-doubling, the existence of zero g-factor states requires an inverted spin rotation
structure (γ < 0), such that the two J states are tuned closer to each other by an electric field. For example, the
YbF molecule (γ = −13.4 MHz [39, 40]) has zero g-factor states at E ≈ 866 V/cm in the N = 1 manifold, while
CaF does not. However, since |γ|/B ≪ 1 for most 2Σ 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
|⟨Σ⟩| ≈ 0.006, which is ∼3% the value of Σ in the zero g-factor states used in this work.

Characterization

To locate zero g-factor crossings and calculate eEDM sensitivities, we model the X̃(010) level structure using an
effective Hamiltonian approach [41–43]:

Heff = HRot +HSR +Hℓ +HHyp +HZeeman +HStark +HODT (S1a)

HRot = B
(
N⃗2 − ℓ2

)
(S1b)

HSR = γ
(
N⃗ · S⃗ −NzSz

)
(S1c)

Hℓ = −qℓ
(
N2

+e
−i2ϕ +N2

−e
i2ϕ

)
(S1d)

HHyp = bF I⃗ · S⃗ +
c

3

(
3IzSz − I⃗ · S⃗

)
(S1e)

HZeeman = gSµBBZSZ (S1f)

HStark = −µZEZ (S1g)

HODT = −d⃗ · E⃗ODT (S1h)

Here, we use a similar Hamilton as Ref. [7]. HRot is the rotational energy; HSR is the spin-rotation interaction
accurate for low-N bending mode levels, with z defined in the molecule frame; Hℓ is the ℓ-type doubling Hamiltonian,
with ± defined in the molecule frame, ϕ as the nuclear bending coordinate, and using the same phase convention as
Ref. [44]; HHyp is the hyperfine Fermi-contact and dipolar spin interactions, defined in the molecule frame; HZeeman
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describes the interaction of the electron spin magnetic moment with the lab-frame magnetic field; HStark is the
interaction of the Z-component of molecule-frame electric dipole moment µE with the lab frame DC electric field,
EZ ; and HODT is the interaction of the molecular dipole moment operator d⃗ with the electric field of the ODT laser,
E⃗ODT = E0/2(ϵ̂ODTe

−iωt + c.c.).
To evaluate the molecule frame matrix elements, we follow the techniques outlined in Refs. [41, 42] to transform into

the lab frame. The field-free Hamiltonian parameters are taken from Ref. [46], except for the hyperfine parameters,
which were determined by the observed line positions to be bF = 2.45 MHz and c = 2.6 MHz, similar to those of the
X̃(000) state [47]. We use the same dipole moment, |µ| = 1.47 D, as the X̃(000) state, determined in Ref. [48]. Matrix
elements of HODT are calculated following Ref. [49] 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 µK (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 EZ , 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 EZ , tensor light shifts can couple states with ∆MF = ±2 or ±1 (the linearity of the light ensures
there are no ∆MF = ±1 vector shifts) [49]. 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
10−3µB 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 X̃(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, Jp, 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 = 1/2+, F = 1,M = ±1⟩ and
at E = 64.1 V/cm for |J = 3/2+, F = 1,M = ±1⟩. The J = 1/2,M = 1 state is a superposition of 47% MNℓ = −1,
50% MN ℓ = 0, and 3% MNℓ = 1, while the J = 3/2,M = 1 state is 43% MN ℓ = −1, 48% MN = 0, and 9% MNℓ = 1.
Both states are weak-electric-field seekers, yet the opposite molecule frame orientation of the spin results in differences
in the value of Σ 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 Heff 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-

(a) (b)

FIG. S1. Electric field tuning of N = 1 zero g-factor states near BZ = 0 in the absence of trap shifts. Blue lines denote
MF = +1 states and red lines MF = −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 gSµB⟨MS⟩
as a function of the applied electric field. (b) eEDM sensitivity ⟨Σ⟩ as a function of the applied electric field. A consequence of
the Hund’s case (b) coupling scheme is that Σ 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 [45]. For fields where J is not fully mixed, some states
can exhibit |Σ| > 1/4.
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(a) (b)

(d)(c)

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 twoM = ±1 states, defined by geff = gSµB (⟨MS⟩M=+1 − ⟨MS⟩M=−1).
The plotted g-factor is normalized by gSµB . The black line represents the contour where the M = ±1 levels are nominally
degenerate. (c, d) 2D plots of the eEDM sensitivity, ⟨Σ⟩M=+1 − ⟨Σ⟩M=−1. The black line represents the geff = 0 contour.

symmetry of the Hamiltonian, we separately diagonalize each MF 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 ⟨MS⟩ ̸= 0 for an individual zero g-factor state, but the differential value between a zero g-factor pair can
still have ∆⟨MS⟩ = 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 = 2−. The crossings occur around 400 − 500 V/cm for states
correlated with the negative parity manifold. Since many interactions increase in magnitude with larger N , 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 ∆⟨MS⟩ = 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.
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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 geffBZ is not to scale. Transverse field couplings are shown with double sided
arrows, with blue (red) indicating negative (positive) SX matrix element.

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 ∆MF = ±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 MJ = ±1/2 states separated by ∆M = 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 MF = ±1 states in a

zero g-factor pair are coupled by second order transverse field interactions. These interactions are mediated via the
MF = 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 MF = ±1 states. We write
the states as |MF ⟩, and for convenience we take the transverse field to point along X:

H+1,−1 = −(gSµBBX)2
(
⟨−1|SX |0+⟩⟨0+|SX |+ 1⟩

∆E0+
+

⟨−1|SX |0−⟩⟨0−|SX |+ 1⟩
∆E0−

)
(S2)

Here, ∆E0± is the energy difference of the MF = 0± levels from the MF = ±1 levels. Our model provides the following
values: ⟨0−|SX |+1⟩ = ⟨0−|SX |−1⟩ = −0.18, ⟨0+|SX |+1⟩ = −0.16, and ⟨0+|SX |−1⟩ = 0.16. The difference in sign is
a result of Clebsh-Gordon coefficient phases, and only the relative phase is relevant. We also have ∆E0+ = 0.98 MHz
and ∆E0− = −0.54 MHz. The combination of phases precludes the possibility of destructive interference. With these
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parameters and defining g⊥ = H+1,−1/BX , then eqn. S2 evaluates to (gSµBBX)2(0.086/MHz) ≈ (0.68 MHz/G2)B2
X .

Our model estimates the transverse sensitivity at BX ∼ 1 mG to be g⊥µB ∼ 7× 10−4 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, geffBZ ≫ g⊥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 BZ field. The transverse coupling results in eigenstates given by (|MF =

1⟩±eiϕ|MF = −1⟩)/
√
2, where the phase ϕ is set by the direction of B⃗ in the transverse plane. If ϕ = 0 or π, only one

of these states is bright to the X̂-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 ϕ.

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 geffBZ < g⊥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 geff can mimic an eEDM signal when
combined with other systematic effects, very much like in 3∆1 molecules [25, 26]. When the sign of EZ is switched, a
non-reversing electric field ENR will cause a g-factor difference of gNR = (dgeff/dEZ)ENR. This will give an additional
spin precession signal gNRBZ . By perfectly reversing BZ as well, this precession signal can be distinguished from a
true EDM signal. However, if there is also a non-reversing magnetic field BNR, there will still be a residual EDM signal
given by (dg/dE)ENRBNR. Using the measured slope of ∼0.03 (MHz/G)/(V/cm), and using conservative estimates
of ENR ∼ 1 mV/cm and BNR ∼ 1 µG, we obtain an estimate precession frequency of ∼30 µHz. While this is an order
of magnitude smaller than the statistical error for the current best eEDM measurement measurement [50], 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 Σ, 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 geff vs EZ slopes as well as different Σ 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 δBZ decoherence) and low magnetic bias fields (which suppress δµeff 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)
altering the observed precession frequency. To avoid these effects, the condition geffBZ > g⊥B⊥ must therefore be
satisfied. To achieve this, we zero the transverse magnetic fields by intentionally taking spin precession data at BZ ≈ 0
and geff ≈ 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 µeff = 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
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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.

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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