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Optical cycling and sensitivity to the electron’s electric dipole moment
in gold-containing molecules
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We propose diatomic molecules built from gold and carbon-group atoms as promising candidates for optical
cycling and precision measurements. We show that this class of molecules (AuX, X = C, Si, Ge, Sn, Pb) features
laser-accessible electronic transitions with nearly diagonal Franck-Condon factors. The 2�1/2 ground states can
be easily polarized in the laboratory frame and have near-zero magnetic moments, valuable features for quantum
science and precision measurement applications. The sensitivities of AuX molecules to the electron electric
dipole moment (EDM) are found to be favorable, with effective electric fields of 10–30 GV/cm. Together these
features imply that AuX molecules may enable significantly improved searches for time-reversal symmetry
violation.
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I. INTRODUCTION

High-precision molecular spectroscopy is a powerful
method to search for breakdowns in the fundamental sym-
metries of nature [1,2]. A leading example is the search for
electric dipole moments of fundamental particles, like the
electron, which has profound implications in constraining
physical theories beyond the Standard Model [3,4]. The cur-
rent limit on the electron’s electric dipole moment (EDM),
set by searching for minute energy shifts in the spectrum of
HfF+, places stringent limits on the possibility of T-violating
interactions at the TeV scale [5]. The tremendous energy reach
of this and other [6] electron EDM searches relies on the
ease with which some polar molecules can be fully polarized
to give access to their large effective electric fields (Eeff >

10 GV/cm) in the laboratory frame.
Molecular spectroscopy and electronic structure theory

play a critical role in the identification of molecules most
likely to enable new, and increasingly precise, electron EDM
searches. This means identifying molecules that enjoy certain
properties that enhance the sensitivity and robustness of future
experiments. One such feature is a large intrinsic sensitivity
to the electron EDM, characterized by a so-called effective
electric field (Eeff), which can be enhanced in molecular states
that have large spin density on a high-Z nucleus [2]. Because
EDM searches aim to measure an energy shift that is pro-
portional to Eeff, this preferences the use of heavy radicals.
A second valuable feature, which has been used in recent
limit-setting electron EDM experiments, is the presence of
ground-state �-doublets (or, more generically, �-doublets)
[7]. These parity doublets allow the molecules to be fully
polarized and enable “internal comagnetometry,” in which
the EDM interaction can be reversed without altering any
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laboratory fields. The resulting control over the sign of the
EDM energy shifts can make experiments very robust against
common systematic errors [8,9]. Ideal parity-doubled molec-
ular states include 2�1/2 or 3�1 states because these levels
exhibit near-zero magnetic moments, limiting other sources of
systematic error. The impressive sensitivity of electron EDM
experiments using ThO [6,10] and HfF+ [5,11] have made use
of these two features in low-lying 3�1 states.

Recent progress in molecular cooling and trapping intro-
duces a third desirable feature: optical cycling, the repeated
absorption and emission of photons among a small number
of quantum states [12–14]. Optical cycling enables unit-
efficiency state preparation and readout, and it opens the
door to laser cooling and trapping. The orders-of-magnitude
increase in spin coherence times possible in laser cooled sam-
ples would lead to a dramatic increase in the sensitivity of
future electron EDM experiments. Molecules amenable to op-
tical cycling possess diagonal Franck-Condon factors, which
ensure that optical excitation and emission can occur without
populating a large number of vibrational states that are inac-
cessible (“dark”) to the laser light. The diatomic molecules
YbF [15], BaF [16], and RaF [17] all exhibit good electron
EDM sensitivity and the capacity for optical cycling. How-
ever, the electronic structure of these molecules precludes the
existence of ground-state �-doublets. By contrast, molecules
like ThO, ThF+ [18], and HfF+ do possess long-lived parity-
doubled states, but lack the electronic structure that enables
optical cycling. Unfortunately, it has thus far proven tremen-
dously difficult to identify molecules that possess large Eeff,
ground-state �-doublets and optical cycling transitions [19].

In this paper we identify a class of diatomic molecules that
simultaneously possesses all of these features. We propose
the class of diatomic molecules AuX (X = C, Si, Ge, Sn,
and Pb) as especially promising for next-generation tests of
fundamental symmetry violation. We have performed high-
level electronic structure calculations of the lowest several
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electronic states of AuX . The potential energy curves are used
to compute vibrational wave functions from which we extract
vibrational branching fractions (VBFs) relevant to optical
cycling. We also compute the effective electric fields (Eeff),
providing insight into the suitability of each molecule for
measurements of fundamental symmetry violation. Each of
these molecules is predicted to possess Eeff on the order of 10
GV/cm, vibrational branching fractions that allow optically
cycling, and a parity-doubled ground state with near-zero
magnetic moment. This combination of features has, to the
best of our knowledge, not been previously identified in other
diatomic molecules.

II. METHODS

Our computations focus on the energies and properties of
the X 2� and A 2�+ states of the AuX molecules. All calcu-
lations were conducted using the CFOUR suite of programs
[20–23]. Unless otherwise stated, we have used the exact
two-component theory [24–26] with atomic mean field [27]
integrals (the X2CAMF scheme) [28–30] to treat relativistic
effects throughout the calculations. The X2CAMF scheme
provides variational treatments of spin-orbit coupling; the
computations adopt the spinor representation with spin-orbit
coupling included in the orbitals. The calculations of poten-
tial energy surfaces have used Dyall’s correlation-consistent
triple-zeta (cc-pVTZ-SO) basis sets for the heavy elements
including Au [31], Pb, and Sn [32] recontracted for the
X2CAMF scheme. These X2CAMF basis sets feature sep-
arate contraction coefficients for the spin-orbit components
[30] and thus can account for spin-orbit coupling effects
in heavy elements accurately. The correlation-consistent
basis sets of C and Si [33,34] recontracted for the spin-
free X2C theory in its one-electron variant (the SFX2C-1e
scheme) [26,35] have been used, since spin-orbit coupling
does not much affect the wave functions of these light
elements.

To determine the effective electric field, Eeff, a term is
added to the Dirac Hamiltonian that represents the interaction
between the electron EDM, de, and Eeff. Analytic differentia-
tion of the X2C electronic energy with respect to de provides
access to the value of Eeff [36]. The calculations of effec-
tive electric fields have used uncontracted ANO-RCC basis
sets [37–39] to ensure sufficient flexibility in the core re-
gion of the heavy elements and have exploited the recent
implementation of analytic X2CAMF coupled-cluster (CC)
and equation-of-motion coupled-cluster (EOM-CC) gradients
[36,40,41]. Unless otherwise stated, the calculations have cor-
related the 5d and 6s electrons of Au, valence ns and np
electrons of C, Si, and valence (n − 1)d, ns, and np electrons
of Ge, Sn, and Pb.

In these molecules, the electronic configurations of the
X 2�1/2, X 2�3/2, and A 2�+ states originate from the
same closed-shell cationic configuration, differing in whether
the radical electron is placed in the 2π1/2, 2π3/2, or 3σ

valence spinor, respectively (see Fig. 1). We have therefore
used equation-of-motion electron attachment coupled-cluster
singles and doubles (EOMEA-CCSD) method [42,43] to
provide a balanced description of these three low-lying
electronic states. The EOMEA-CCSD calculations are

FIG. 1. Molecular orbital correlation diagram and frontier
molecular orbitals for the AuC radical ground state. The highest oc-
cupied (2π ) and lowest unoccupied (3σ ) molecular orbitals (HOMO
and LUMO, respectively) are plotted at isosurface values of 0.04 a.u.
The energy level diagrams and MOs of the heavier congeners are
qualitatively similar.

straightforward to converge due to stability of the cationic
reference. Our calculations have used the continuum-orbital
trick [44] together with the available X2CAMF-EOM-CCSD
program [45] for excitation energies. The EOMEA-CCSD
method has previously been shown to satisfactorily model
the optical cycling properties for YO [46] and alkaline-earth
monohydroxides [47,48].

The X 2�1/2 and X 2�3/2 states are the lowest electronic
states with � = 1/2 and � = 3/2, respectively. They can
be optimized directly in the Kramers unrestricted Hartree-
Fock (UHF) calculations. We have therefore also performed
UHF-based CCSD [49] and CCSD augmented with nonit-
erative triples [CCSD(T)] [50] calculations for the X 2�1/2

and X 2�3/2 states of the AuX molecules. The UHF-CCSD
and CCSD(T) calculations directly optimize the molecular
spinors for the targeted states and are likely to provide
more accurate predictions of energies and properties than
the EOMEA-CCSD calculations. To locate the energy of an
expected low-lying a 4�− state, we have also carried out a
series of SFX2C-1e restricted open-shell HF (ROHF) CCSD
and CCSD(T) calculations using cc-pVTZ basis sets with
scalar-relativistic contraction [51]. These calculations, which
neglected spin-orbit coupling, were performed by converging
to the lowest energy quartet state. Comparison to SFX2C-
1e-ROHF-CC calculations for the X 2� state allowed us to
verify that the X 2� level is the absolute ground state for all
molecules considered.
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TABLE I. Computed term values (cm−1), harmonic vibrational frequencies (cm−1), anharmonic constants (cm−1), and equilibrium bond
lengths (Å) derived from EOMEA-CCSD calculations of Au–group-14 species. Comparisons to experimental data are made, where possible,
to the values reported in Ref. [52].

Te ωe ωexe re

Molecule State Comp. Exp. Comp. Exp. Comp. Exp. Comp. Exp.

AuC X 2�1/2 0 0 732 — 4.4 — 1.815 —
X 2�3/2 2299 — 703 — 1.6 — 1.841 —
A 2�+ 14 475 — 726 — 3.5 — 1.848 —

AuSi X 2�1/2 0 0 397 390.94 1.5 2.22 2.227 —
X 2�3/2 1105 1072 385 — 1.2 — 2.247 —
A 2�+ 12 890 13 632.7 386 389.53 2.4 1.32 2.248 —

AuGe X 2�1/2 0 0 265 249.68 0.6 0.33 2.309 —
X 2�3/2 1460 1554 260 — 0.5 — 2.324 —
A 2�+ 13 013 13 743.3 252 242.57 0.8 0.59 2.333 —

AuSn X 2�1/2 0 0 210 190.4 0.9 1.26 2.513 —
X 2�3/2 2360 2551 209 — 0.9 — 2.518 —
A 2�+ 13 200 13 899 193 179 1.7 1.44 2.542 —

AuPb X 2�1/2 0 0 166 158.6 0.3 0.6 2.600 —
X 2�3/2 7151 7500 178 — 0.3 — 2.570 —
A 2�+ 14 680 16 357.6 159 152.7 0.2 0.9 2.607 —

To determine vibrational properties and Franck-Condon
factors, both the CCSD(T) and EOM-CCSD calculations were
performed at a number of Au-X internuclear distances in the
vicinity of the equilibrium bond length. These scans pro-
duced values along the potential energy curves (PECs) of
the low-lying electronic states. The resulting energies were
fit to a fourth-order polynomial which were then input to
discrete variable representation (DVR) calculations [53] that
compute the vibrational wave functions, vibrational energy
levels, and Franck-Condon factors. Equilibrium bond lengths
were determined from the computed PECs, while harmonic
and anharmonic vibrational frequencies were found by fitting
the vibrational energy levels to the conventional spectroscopic
term values,

G(v) = ωe(v + 1/2) − ωexe(v + 1/2)2. (1)

The vibrational wave functions were used to compute numeri-
cal overlap integrals from which Franck-Condon factors were
determined. The fitted curves accurately capture the PECs
within the limits of our calculation, and the addition of higher-
order terms did not significantly alter any numerical results.

III. RESULTS

A. Electronic and fine structure

Gold-group 14 dimers have been studied in a limited num-
ber of previous experimental and theoretical investigations.
AuSi and AuGe were observed as early as 1964 by Bar-
row and coworkers, who assigned the ground states as 2�1/2

[54]. Recent ab initio studies have supported this analysis
[55,56]. Emission spectra of AuSi, AuGe, AuSn, and AuPb
were recorded by Houdart and Schamps, allowing vibrational
and spin-orbit structure to be observed via optical transitions
in the visible and near-infrared regions [52]. AuSi has also
been the subject of one high-resolution investigation [57],
though the spectra were assigned to a �+ − �+ band that did

not involve the absolute ground state [58]. Though it has not
been studied experimentally, one theoretical investigation of
AuC has predicted a 2� ground state [59].

Our computational results are summarized in Table I. Each
AuX molecule possesses a 2�1/2 ground state arising from a
single unpaired electron in the 2π orbital (Fig. 1). The highest
occupied molecular orbital (HOMO) is weakly antibonding
and predominantly centered on the carbon-group atom. At
the EOMEA-CCSD level of theory, the contribution of Au-
centered atomic orbitals to the HOMO decreases as follows:
40% for AuC, 18% for AuSi, 14% for AuGe, and 10% for
AuSn, and 25% for AuPb. This trend roughly follows the
increasing energy of the np atomic orbital on the X atom
as one proceeds down the group 14 elements [60]. As the
atomic orbital energy increases relative to Au 6s, one would
expect to increase the electron density on the X atom. The
localization of the radical electron has important implications
for the values of Eeff, as discussed below.

Computed values of the molecular dipole moments, μel,
and electronic g factors, ge, are reported in Table II. These
parameters are important to electron EDM experiments be-
cause μel partially determines how easily the molecule can
be polarized in the laboratory frame and ge determines the
sensitivity of the experiment to magnetic fields. The trend in

TABLE II. Electric dipole moments and electronic g-factors for
the ground state of AuX molecules. Electric dipole moments are
reported in units of Debye while ge is dimensionless.

Molecule μel ge

AuC 1.92 0.017
AuSi 0.21 0.007
AuGe −0.23 0.003
AuSn −0.88 0.002
AuPb −1.66 0.055
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FIG. 2. (a) Potential energy curves (PECs) for the lowest doublet states of AuSi, computed using the EOMEA-CCSD single-point energies.
Fourth-order polynomial fits to each PEC are also shown. (b) Computed vibrational wave functions for A 2�+(v′ = 0) (orange, dot-dashed)
and the v′′ = 0, 1, 2, 3 vibrational levels of X 2�1/2 (blue, solid) and X 2�3/2 (green, dashed) demonstrate the favorable wave function overlap.

μel values reflects the decreasing tendency for the X atom
to attract electron density. Interestingly, the observed trend
is more uniform than the trend in carbon-group electron
affinities. The dipole moment magnitudes indicate that these
molecules can be polarized in reasonable laboratory electric
fields, as described below. The small values of ge also support
the assignment of the ground state term symbol as 2�1/2 due
to the near cancellation between the spin and orbital contri-
butions, which is expected for a 2�1/2 term. This suggests
that mixing with low-lying states of 2� symmetry is quite
suppressed. The very small magnetic sensitivity is beneficial
for future EDM experiments using AuX molecules, as will be
discussed below.

The X 2� state exhibits significant spin-orbit coupling,
with X 2�3/2 somewhat higher in energy than X 2�1/2.
Computed spin-orbit splittings, determined by Te(2�3/2) −
Te(2�1/2), are in good agreement with previous experimental
measurements, as shown in Table I [52]. The AuX spin-orbit
splitting generally increases with the mass of the group 14
atom, X, indicating a substantial amount of electron density
localized on X. The exception of AuC is due to a relatively
larger contribution of the Au(6p) orbital to the AuC HOMO.
In general, the trend in spin-orbit splittings mirrors the Au-
centered electron density that was reported above.

Consistent with the optical spectra reported in Ref. [52],
the lowest-energy doublet excited state in each AuX molecule
is A 2�+. The A 2�+ arises from excitation of the radical
electron to the 3σ MO and displays significant electron den-
sity on the Au atom. Despite the significant charge transfer
character of this excitation, both the HOMO and LUMO
show similar degrees of net antibonding character, which
helps to explain the diagonal FCFs that will be discussed
in Sec. III C. The transition energies predicted by our cal-
culations are in relatively good agreement with measured
values [52], as shown in Table I. The errors observed in the
EOMEA-CCSD calculations are consistent with typical errors
of the EOM-CCSD approach, around 0.2 eV. To assess the
achievable accuracy, we have performed additional CCSD(T)

calculations for AuPb that converge directly to the A 2�+
state. The equilibrium term energy is found to be 15 515 cm−1

and 15 654 cm cm−1 at the CCSD and CCSD(T) level, re-
spectively. To investigate basis-set effects, we have repeated
the calculation using uncontracted ANO-RCC basis sets and
find that this increases the computed term energy by about
200 cm cm−1.

Excitation of an electron from the 2σ orbital to 2π pro-
duces a term of 4�− symmetry. A series of SFX2C-1e-ROHF-
CCSD(T)/cc-pVTZ calculations predict that, neglecting the
spin-orbit interaction, this a 4�− state is higher than the X 2�
ground state by approximately 8500 cm−1 in AuC, 11 400
cm−1 in AuSi, 13 600 cm−1 in AuGe, 13 615 cm−1 in AuSn,
and 14 900 cm−1 in AuPb. The predictions for AuC and AuSi
are similar to previous theoretical studies, which placed the
4�− state near, or even above, the A 2�+ state [55,59,61,62].

B. Vibrational structure

A representative set of PECs computed for AuSi is plotted
in Fig. 2, and the results of our DVR calculations to obtain vi-
brational energy levels are reported in Table I. The computed
vibrational energy levels agree well with experimental mea-
surements [52,57], suggesting that the potential energy curves
and computed vibrational properties model these systems
well. Comparison of our computed values against experimen-
tally determined vibrational properties implies an accuracy
around the 5% level. Harmonic vibrational constants are gen-
erally within about 10 cm−1 of the measured values, with
slightly larger deviations seen in the case of AuSn. Anhar-
monic constants ωexe are relatively small (� 1 cm−1) and
positive. The harmonic vibrational frequencies differ very
little between ground and excited states, indicating that the
bond strength does not change significantly upon electronic
excitation. Inspection of the HOMO and LUMO (Fig. 1)
helps rationalize this similarity. Both molecular orbitals show
a similarly diminished electron density between the nu-
clei, albeit with significant charge-transfer character in the
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TABLE III. Vibrational branching fractions from A 2�+(v′ = 0)
to low-lying vibrational levels of X 2� computed using numerical
wave functions for AuX molecules. VBFs are derived from EOMEA-
CCSD/cc-pVTZ-SO calculations.

b0→v AuC AuSi AuGe AuSn AuPb

0 0.9347 0.9665 0.9282 0.8429 0.9555
1 0.0642 0.0323 0.0686 0.1434 0.0388
2 0.0010 0.0006 0.0031 0.0128 0.0051
3 <10−4 <10−4 0.0001 0.0009 0.0006

excitation. Evidently the relative balance of antibonding
character does not significantly alter the bond length upon
electronic excitation.

C. Vibrational branching fractions

The computational results presented above show that the
bond lengths and vibrational frequencies of a given AuX
species are largely unchanged upon electronic excitation
from X 2�1/2 or X 2�3/2 to A 2�+. This suggests that the
molecules will exhibit diagonal FCFs, one of the requirements
for optical cycling and laser cooling. To support this expecta-
tion, we have computed FCFs for the A 2�+ → X 2� band
of each AuX molecule.

We computed FCFs by constructing overlap integrals be-
tween vibrational wave functions generated by the DVR
calculations. For optical cycling experiments, a more relevant
quantity is the vibrational branching fraction (VBF), which
represents the relative probability of decay from an excited to
a ground vibronic state. To incorporate the presence of both
� = 1/2, 3/2 components, which in general have different
equilibrium bond lengths, we computed separate FCFs for
each component. The intrinsic rotational line strengths for
decays from A 2�+(N ′ = 0) to X 2�1/2 and X 2�3/2 are
equal. Thus, VBFs are determined by including the effect of
different transition frequencies on the spontaneous decay rate
according to

bv′→v =
∑

� FCFv′→(v,�) × ν3
v′,(v,�)

∑
v,� FCFv′→(v,�) × ν3

v′,(v,�)

, (2)

where νv′,(v,�) is the transition frequency from A(v′) to
X (v,�). The sum over � components in this expression pro-
duces conventional VBFs, which correspond to a particular
A(v′) → X (v) decay.

Computed VBFs for the AuX species are presented in
Table III. As expected from the small change in equi-
librium bond length, our calculated values show that the
AuX molecules possess highly diagonal VBFs. The VBFs
for the primary optical cycling transition [A 2�+(v = 0) →
X 2�1/2(v = 0)] range from approximately 0.84 for AuSn to
nearly 0.97 for AuSi. These VBF values are similar to, if not
higher than, molecules that have already been successfully
laser cooled [63–68].

D. Effective electric fields

The relativistic effects associated with gold’s high-Z
nucleus [69–71] make the AuX molecules interesting for

TABLE IV. Effective electric field, |Eeff| (in GV/cm), in the
X 2�1/2 state of AuX molecules computed at various levels of theory
using uncontracted ANO-RCC basis sets.

Molecule CCSD CCSD(T) EOM-CCSD

AuC 12.2 6.8 9.3
AuSi 11.6 11.0 12.7
AuGe 6.9 6.3 7.8
AuSn 1.3 1.7 1.7
AuPb 32.3 30.8 38.5

precision measurements of fundamental physics, such
as searches for the electron electric dipole moment and
other time-reversal-violating effects [72]. To assess the
utility of AuX molecules for next-generation electron EDM
measurements, we have computed the effective electric field,
Eeff, in the absolute ground X 2�1/2 state. As described in the
Appendix, to validate these calculations, we have used the
same computational methods to predict hyperfine coupling
constants of related gold-containing molecules and find good
agreement with the experimental measurements.

Computed values of |Eeff| are reported in Table IV. The
values of |Eeff| decrease from about 10 GV/cm for AuC
and AuSi to 2 GV/cm for AuSn, before increasing to over
30 GV/cm for AuPb. The values are comparable to molecules
that have been used in recent limit-setting experiments
[5,73]. Based on the generally small contribution of triples
corrections, and the level of agreement between the CCSD
and EOM-CCSD approaches, we believe the accuracy of our
Eeff values to be around 10–20%. Correlation of inner-shell
electrons was found to have a small impact on the predicted
Eeff values. CCSD calculations that kept frozen the 1s–3d
electrons of Au in AuC, AuSi, AuGe, the Au 1s–4d and Sn
1s–3d electrons in AuSn, and the Au and Pb 1s–4d electrons
in AuPb change the corresponding Eeff values by −0.6, −0.2,
−0.4, −0.3, and 0.5 GV/cm, respectively. They do not affect
the present conclusions.

The trend in Eeff values can be readily understood based on
the compositions of the AuX HOMOs, which were described
above. The contribution of Au-centered orbitals to the HOMO
decreases from about 40% to about 10% as the identity of X
progresses down the periodic table from C to Sn. Decreased
spin density near the gold nucleus leads to a smaller value of
Eeff. The trend in Eeff values breaks when Au bonds to Pb,
because Pb itself has a large nuclear charge, Z = 82. AuPb
therefore has the largest Eeff of the AuX series at >30 GV/cm.
This is similar to the value of Eeff in other Pb-containing
molecules, PbO (∼25 GV/cm in the metastable a(1) 3�+
state [8,74]) and PbF (∼35 GV/cm in the ground X 2�1/2

state [75–77]). This observation suggests that it will be fruit-
ful to investigate whether the other coinage-metal plumbides
(CuPb and AgPb) also share the fortuitous combination of
diagonal FCFs and large Eeff.

IV. DISCUSSION AND APPLICATIONS

A. Optical cycling

Significant work has been devoted to identifying complex
molecules that can support optical cycling [78–82]. The
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TABLE V. Predicted optical cycling properties of AuX
molecules. For each molecule, we list (1) the average number of
photons that can be scattered using just seven repumping lasers and
(2) the number of lasers required to achieve an average of 100 000
photons scattered per molecule (N5.0

L ).

M olecule Photons scattered with seven repumpers N5.0
L

AuC 3.4×107 6
AuSi 4.7×106 6
AuGe 2.4×105 8
AuSn 6.6×103 14
AuPb 2.3×104 10

diagonal FCFs predicted for AuX species suggest that these
molecules will support optical cycling on the A 2�+ ← X 2�
electronic transition. Optical cycling enables unit-efficiency
state preparation and nondestructive readout, which is of great
utility to electron EDM experiments. It is also a necessary,
but not sufficient, ingredient for laser cooling [13]. Here we
focus solely on the prospects for optical cycling.

An established method to assess the feasibility of
optical cycling is to estimate the minimum number of
laser repumpers, N5.0

L , needed to keep a molecule within
the optical cycle in 99.999% of all photon scattering events
[13]. In other words, N5.0

L gives an estimate of the number
of lasers required to scatter approximately 100 000 photons
per molecule. Table V presents the degree of optical cycling
achievable for each AuX radical. In all cases except AuSn,
between six and ten lasers are necessary to achieve a closure
of one part in 105. Due to spin-orbit coupling, each vibrational
repumper requires two distinct laser wavelengths, one for the
X 2�1/2 component and another for the X 2�3/2 (see Fig. 3).
This level of technical complexity is manageable with modern

laser systems, and is comparable to that of established optical
cycling experiments [83,84]. Moreover, the wavelengths
required are at technologically convenient wavelengths
where solid state lasers can be used. A representative
vibrational repumping scheme is shown in Fig. 3 for the case
of AuPb.

Optical cycling on a 2�+ ← 2� transition has been pre-
viously discussed in the context of laser-cooling CH radicals
[85]. Unlike in CH, the sizable spin-orbit coupling in AuX
radicals leads to 2� states that are well described by a Hund’s
case (a) basis. A practical optical cycle can be constructed
by applying two laser wavelengths per vibronic transition, as
shown in Fig. 3(b). The predicted hyperfine coupling con-
stants in AuX radicals lead to hyperfine splittings on the
order of 100–1000 MHz (see the Appendix). These hyperfine
splittings will require the addition of frequency sidebands
using acousto-optic or electro-optic modulators, as has been
demonstrated for molecules with complex hyperfine structure
[86]. The precise details of the rotational/hyperfine structure
is beyond the scope of this paper and will be the subject of
future investigations.

The a 4�− state is not expected to cause significant loss
from the optical cycle. Decays from A 2�+ to this intermedi-
ate level is forbidden by both spin (S = 1/2 � S = 3/2) and
symmetry (�+

� �−) selection rules. Furthermore, the small
energy splitting between A 2�+ and a 4�− will strongly sup-
press the spontaneous emission rate to the quartet state. Future
investigations are warranted on the possibility of spin-orbit
coupling between the a 4�− and A 2�+ states.

B. Electron EDM measurements

For an experiment using trapped molecules, the shot-
noise limited sensitivity to the electron EDM can be

FIG. 3. Optical cycling scheme for the example of AuPb. Other AuX molecules will be analogous. (a) Vibrational repumping scheme to
achieve near-unity closure of the optical cycle. (b) Fine structure components of each vibrational repumping transition. Calculated rotational
branching fractions, computed in a manner analogous to Eq. (2), are indicated.
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estimated as

δde = h̄

2Eeff
√

Nτ
√

Tint

, (3)

where Eeff is the effective electric field, N is the number of
molecules probed per experimental cycle, τ is the coherence
time, and Tint is the total integration time [87]. As a demon-
stration of the potential utility of gold-containing molecules
for electron EDM measurements, consider an experiment that
uses 104 AuPb molecules held in an optical trap with a
coherence time of 2 s, all reasonable values given existing
experimental platforms. Such an experiment would achieve a
statistical sensitivity of δde ∼ 8 × 10−32 e cm with 1 week of
averaging. This sensitivity is nearly two orders of magnitude
more sensitive than the current limit [5].

The 2�1/2 ground state conveys several advantages to an
electron EDM experiment using AuX molecules. The pres-
ence of closely spaced �-doublets means that the molecules
can be easily polarized, providing full access to Eeff in the
laboratory frame. For typical �-doublet splittings of 0.5 GHz
(see the Appendix) and molecular dipole moments around 2
D, laboratory fields smaller than 1 kV/cm are necessary to
fully polarize the molecules. Because the science state is the
absolute ground state, it is possible to make use of long spin
precession times without becoming limited by spontaneous
emission, as would occur in experiments that use metastable
states [19]. The X 2�1/2 ground state also features g-factors
that are a factor of at least 50 smaller than that of a 2�
electronic state, dramatically reducing the sensitivity of such
an experiment to external magnetic fields. At the same time,
the X 2�3/2 state is also a useful resource to check for system-
atic errors due to its large magnetic sensitivity (g ≈ 2) [88].
Overall, these molecules appear suitable for sensitive electron
EDM measurements, including using recently proposed mea-
surement schemes that rely on “clock” states [89].

V. CONCLUSION

We have identified the molecules formed from gold
and carbon-group atoms as promising candidates for next-
generation electron electric dipole moment measurements.
Using high-level electronic structure calculations, we find
that these molecules possess nearly diagonal Franck-Condon
factors and high intrinsic sensitivity to the electron EDM.
The ground state term symbols are identified as X 2�1/2,
which represent ideal “science” states for future precision
measurements. Additional theoretical investigations are war-
ranted to study whether AuX species are sensitive to other

symmetry-violating electromagnetic moments, such as the
nuclear magnetic quadrupole moment. Furthermore, it will
be interesting to investigate the electron EDM sensitivity in
molecules built from other coinage metals with carbon-group
atoms, e.g., CuPb and AgPb.

Our laboratory is pursuing the high-resolution laser
spectroscopy to test these theoretical predictions. These mea-
surements will provide insight into the most practical methods
to realize cold, trapped samples of AuX molecules, including
whether recent “few-photon” techniques can be readily ap-
plied to molecules with ground-state parity doublets [90–93].
These molecules may represent a new framework with which
to construct molecular optical cycling centers, expanding the
degree of chemical complexity that can be controlled with
laser light for applications in quantum science and precision
measurements.

ACKNOWLEDGMENTS

We are grateful to Zack D. Lasner (Harvard Univer-
sity) for stimulating discussions, initially identifying AuSi
as a molecule of interest, and valuable feedback on this
manuscript. We thank Nick Hutzler (Caltech) for useful
discussions about this work. B.L.A. acknowledges startup
funding from Williams College and support from the ACS
Petroleum Research Fund (ACS PRF No. 67451-UNI6).
Computational work at Williams was conducted using the
Williams College High-Performance Computing Cluster. The
work at The Johns Hopkins University was supported by the
National Science Foundation, under Grant No. PHY-2309253.

APPENDIX: ADDITIONAL COMPUTATIONAL RESULTS

1. Comparison to experimental results for gold monosulfide

To the best of our knowledge, there has been no previ-
ous experimental determination of branching ratios in AuX
(X= C, Si, Ge, Sn, or Pb) reported in the literature. The
related molecule AuS has been studied using laser-induced
fluorescence in Ref. [94], and the results of that paper include
dispersed fluorescence plots that allow for the extraction of
vibrational branching fractions. AuS is an ideal comparison
because is also a doublet radical with frontier molecular or-
bitals built from the gold 6p/5d atomic orbitals and the sulfur
2p atomic orbitals. AuS differs from the Au-group 14 species
in that it possesses one hole (rather than one electron) in the
2π MO. It has a ground state term symbol X 2�3/2 and a
low-lying A 2�+ state.

TABLE VI. Comparison between calculated and experimental molecular constants of AuS in its lowest electronic states. Term energies Te,
harmonic frequencies ωe, and anharmonic frequencies ωexe are in units of cm−1, and bond lengths (re) are in units of Å. Experimental values
are from Ref. [94]

Te ωe ωexe re

State Comp. Exp. Comp. Exp. Comp. Exp. Comp. Exp.

X 2�3/2 0 0 404 410.19(34) 1.4 1.65(8) 2.19079 2.156(2)
X 2�1/2 1220 1318.53(95) 396 401.10(1.78) 1.2 2.68(69) 2.20891 —
A 2�+ 15637 15570.48(69) 377 388.86(42) 1.5 2.60(6) 2.21899 —
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TABLE VII. Comparison between properties of AuSi computed at the EOM-CCSD, CCSD, and CCSD(T) levels of theory. We also
compare the computed values against experimental data from Ref. [52].

ωe ωexe re Te

� = 1/2 � = 3/2 � = 1/2 � = 3/2 � = 1/2 � = 3/2 � = 1/2 � = 3/2

EOM-CCSD 395.9 385.9 1.3 1.2 2.2273 2.2468 0 1105
CCSD 381.71 372.97 1.57 1.51 2.2451 2.2646 0 937
CCSD(T) 389.565 380.362 1.56 1.55 2.239 2.2577 0 978
Exp. [52] 390.94 389.53 2.22 1.32 — — 0 1072

We have carried out a series of EOM-CCSD calculations
to check the accuracy of our computations. In brief, we
performed a series of EOMIP-CCSD calculations (includ-
ing spin-orbit coupling) at a range of internuclear distances
near the AuS equilibrium bond length. The resulting en-
ergies were fit to fourth-order polynomials to construct
potential energy curves (PECs) for each of the X 2�1/2,
X 2�3/2, and A 2�+ states. The discrete variable represen-
tation (DVR) calculations described in the main text was
used to determine vibrational wave functions and energies for
each of these PECs. Finally, Franck-Condon factors (FCFs)
were determined by computing the vibrational wave function
overlap between relevant states. Vibrational branching frac-
tions (VBFs) were calculated using Eq. (3) to account for
the frequency dependence of the spontaneous emission rate.
The results of these calculations are presented in Table VI.
The good agreement between calculation and experiment pro-
vides confidence in the analogous results for Au-group 14
species.

We have also used these computations to predict the
vibrational branching fractions (VBFs) for decay from
A 2�+(v′ = 0) to various vibrational levels of X 2�3/2. Our
calculations predict that the VBFs to X 2�3/2(v′′ = 0, 1, 2)
are approximately 88%, 11%, and 0.6%, respectively. This
should be compared to the experimental data, which implies
89%, 10%, and 0.5% [94]. The excellent agreement serves as
strong validation of our computational techniques.

2. Comparing EOM-CCSD and CCSD(T) calculations

To benchmark the accuracy of our EOMEA-CCSD calcu-
lations, we have also performed UHF-CCSD and CCSD(T)
calculations for AuSi in which we directly optimize the
molecular spinors for the lowest electronic states with
�= 1/2 and � = 3/2, respectively. These calculations used
Dyall’s correlation-consistent triple-zeta (cc-pVTZ-SO) basis
sets for Au [31] and a triple-zeta correlation-consistent basis

TABLE VIII. Predicted hyperfine coupling constants, h3/2 and
eQq0, for AuO and AuS at the CCSD(T)/ANO-RCC-unc level. All
values are reported in units of MHz. Experimental comparisons are
taken from Ref. [97].

h3/2 eQq0

Molecule Comp. Exp. Comp. Exp.

AuO −25 −46(3) 199 202(3)
AuS −38 −46(2) 250 183(9)

set for Si recontracted for the SFX2C-1e scheme [26,33,35].
Repeating these calculations at a range of internuclear dis-
tances, we construct the PECs and compare the predicted
molecular constants against their EOMEA counterparts. The
resulting comparisons show good agreement, suggesting that
the EOMEA-CCSD calculations provide an adequate treat-
ment. Comparisons between these calculations are presented
in Table VII.

3. Benchmarking effective electric field calculations

The value of the effective electric field is not experi-
mentally observable, so it is common practice to benchmark
the accuracy of Eeff predictions using other related parame-
ters [76,95,96]. Unfortunately, no existing hyperfine-resolved
spectroscopy exists for the AuX molecules studied in this
paper. To assess the accuracy of our calculations, we have
computed the hyperfine coupling constants for AuO and AuS
and compared the predicted values against recent experimen-
tal measurements [97]. AuO and AuS are ideal platforms
to use in this benchmarking because they are also doublet
radicals with frontier molecular orbitals built from the gold
6p/5d atomic orbitals and the bonding partner’s 2p atomic
orbitals. AuO and AuS differ from the Au-group 14 species by
possessing one hole (rather than one electron) in the 2π MO.
Hyperfine constants predicted for the AuO and AuS X 2�3/2

states are presented in Table VIII along with comparisons
to recent experiment. Just like the calculations of effective
electric fields presented in the main text, these hyperfine
calculations used uncontracted ANO-RCC basis sets [37–39]
and analytic X2CAMF coupled-cluster (CC) and equation-
of-motion coupled-cluster (EOM-CC) gradients [36,40,41].
The experimentally determinable parameters are the magnetic
hyperfine parameter h3/2 ≡ a + 1

2 (bF + 2
3 c) and the nuclear

electric quadrupole parameter, eQq0 [97]. The agreement is
reasonably good, suggesting that our computational methods
have accurately treated the short-range behavior of the un-
paired electrons.

TABLE IX. Predicted �-doubling constants, p, in units of cm−1.

Molecule p

AuC −0.287
AuSi −0.0448
AuGe −0.0253
AuSn −0.0244
AuPb −0.0431
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4. Estimate of �-doubling parameters

The separation between opposite-parity states is important
because it determines the ease with which a molecule can be
polarized and whether internal comagnetometers are present.
Assuming that for AuX molecules the A 2�+ state is the
dominant low-energy doublet state that interacts with X 2�,
it is straightforward to estimate the size of the parity doubling
in X 2�1/2 [98,99]. Within the so-called pure precession ap-
proximation, one can write

p = 2ABl (l + 1)

�E�−�

, (A1)

where A is the spin-orbit constant, B is the rotational con-
stant, l is an integral quantum number associated with
electronic orbit, and �E�−� is the energy separation be-
tween the interaction � and � states. Using l = 1 for
states that arise primarily from a C(2p) orbital, along
with data from Table I, we estimate the value of p for
each of the AuX radicals. The results are reported in Ta-
ble IX. The resulting opposite-parity states are predicted
to be split by approximately 1 GHz, meaning that they
can be fully mixed by small laboratory fields on the order
of 1 kV/cm.
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