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We propose high-spin Z-state polar molecules assembled from ultracold atoms to probe charge-parity-
violating physics beyond the standard model. We identify YbCr as a prime candidate to search for the
electric dipole moment of the electron. We show that the combination of relativistic ytterbium and high-
spin chromium, amenable to magnetoassociation, leads to molecules with easy-to-polarize parity doublets
and large intramolecular electric fields. Based on ab initio results for molecular constants, we predict a

sensitivity of dd, = (6 x 10731/ \/Tday) €cm via standard spin-precession measurements, assess the

experimental feasibility, and discuss potential extensions to more advanced quantum control as well as
searches of the nuclear magnetic quadrupole moment. This work paves the way to next-generation searches
for new physics with ultracold molecules in both the leptonic and hadronic sectors.
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I. INTRODUCTION

Detection of a nonzero electric dipole moment (EDM) of
a fundamental particle with today’s experimental sensitiv-
ities would unequivocally signal charge-parity violation
(CPV) beyond the standard model (SM) [1,2] and possibly
explain matter-antimatter asymmetry in nature [3-6]. As
for the electron EDM (eEDM), atomic-molecular-optics
experiments exploit paramagnetic polar molecules, which,
thanks to their large internal electric field, offer extreme
sensitivity. The most stringent limit |d,| <4.1x107% ecm
was obtained on trapped HfF" ions [7], improving by a
factor of 2.5 on the previous bound set by a cryogenic
molecular beam of metastable ThO [8]. On the one hand,
assuming maximal symmetry violation, these experiments
already restrict the mass of conjectured beyond-SM par-
ticles leading to CPV above the 4-40 TeV range [7,8],
which is well beyond the direct reach of current particle
colliders. On the other hand, releasing this assumption but
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focusing on a certain mass range, they might hint, in
combination with particle colliders, to very small CPV phases
and the possibility of spontaneous symmetry breaking [9].
While experimental searches have so far used relatively
hot molecules, orders of magnitude of improvement in
sensitivity is expected by more advanced quantum control
at the ultracold temperatures achievable in atomic, molecu-
lar, and optical physics experiments [9-11]. Over the past
two decades, these platforms have demonstrated exquisite
control over neutral atoms, down to the single quantum
state and even single-particle control, leading, on the one
hand, to quantum simulation and computing and, on the
other, to high-precision measurements. More recently, use
of optical lattices and tweezers has opened the way to
entanglement resources for quantum computing [12—18] and
metrology [19-24]. Extension of this experimental toolbox
to eEDM-sensitive molecular species would allow dramatic
gain in sensitivity even for standard-quantum limit (SQL)
spin-precession measurements. High spatial density and
low temperature will allow for trapping a large number
of molecules, i.e., many repeated measurements, in low-
intensity optical traps, i.e., long coherence times without
unwanted light shifts. Moreover, those conditions will also
allow the application of recently proposed entanglement-
enhanced metrology protocols [25]. However, the strategy to
get to high phase-space density has remained elusive [10].
Despite tremendous progress to directly laser cool and
trap heavy, eEDM-sensitive species, including diatomic
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radicals [26-28] and even polyatomic symmetric top
molecules [29,30], the only strategy so far able to deliver
molecular gases at high phase-space density relies on the
assembly from precooled atoms via magnetic Feshbach
resonances (FRs). In this case, colliding atom pairs are
associated with a magnetic-field sweep across a FR [31,32]
and later transferred to the rovibrational ground state via
stimulated Raman adiabatic passage (STIRAP) [33]. This
has been experimentally demonstrated on a number of
bialkalis (AA) and has led to the creation of molecular
quantum gases [34-36] and their application to many-body
physics, ultracold chemistry, and quantum computation
[15,37-39]. Nonetheless, these species feature a singlet
electronic ground state without unpaired electron spins
and are, thus, eEDM insensitive. A potential improvement
beyond standard AAs, albeit with relatively poor eEDM
sensitivities, was identified in alkali-alkaline-earth (AAE)
compounds [40]. Despite the experimental discovery of
magnetic FRs in these systems [41], their ultranarrow
character has so far hindered magnetoassociation. More
recently, diatomics isovalent to AAE have been proposed,
notably YbAg [42,43] and RaAg [44], which thanks to
the high electron affinity of Ag feature a high sensitivity.
However, this strategy presents several challenges both
for the preparation of the ultracold atomic mixture and
for molecule formation due to FRs of similar character as
those in AAEs.

In this work, we propose a comprehensive strategy to
realize and probe ultracold molecular gases of eEDM
sensitive molecules assembled from orbitally isotropic
transition-metal chromium (’S5) and closed-shell ytterbium
(!Sp). Thanks to the high electron spin of Cr and the heavy,
highly relativistic Yb core, this species meets all exper-
imental requirements, regarding both molecule production
and internal structure. While we provide the projected
sensitivity for spin-precession experiments within the
SQL, extensions to more advanced protocols as well as
searches for the nuclear quadrupole magnetic moment are
discussed. Finally, this strategy can be applied to other
isovalent species, which will further allow probing of
hadronic CPV effects.

II. EXPERIMENTAL REQUIREMENTS

How the choice of the molecular species is crucial for
eEDM searches is illustrated by considering the quantum-
projection noise limited sensitivity valid for SQL spin-
precession measurements [45-47]:

h
od, =
‘ 2Emt|< >|T\/_

Here, E;, is the (state-dependent) internal electric field
of the molecule aligned along its internuclear axis n,
|(£)] = |(S -m)| is the (state-dependent) projection of the
total electron spin S onto n, 7 is the coherent interrogation

(1)

time, and N is the total number of detected particles. The
effective internal electric field is conveniently defined as
E. = Ei|(2)| [47]. Assuming a long 7 by virtue of the
attainable ultracold temperatures, three main experimental
requirements need to be considered: (i) large molecule
number N, which implies efficient molecule production;
(ii) strong E;,,, which requires at least one heavy nucleus
and one unpaired electron in an s-hybridized orbital;
(iii) high |(£)| can be easily achieved in species with high
electric polarizability featuring parity-doubled states. As
we describe later, the existence of such states also allows
for robust rejection of systematic errors in the experiment
and implementation of more advanced protocols.

III. Q DOUBLING

The Yb’*Cr®~ bond between Yb (!S,) and Cr (’S;)
results in a single ground state of the X" symmetry. The
emergence of a Hund’s case (a) angular momentum
coupling in a X state is nontrivial and arises from the
presence of strong second-order spin-orbit (and spin-spin)
interaction rather than the typical first-order spin-orbit
interaction for A > 0 states, with A being the electronic
orbital angular momentum projection along n. Remarkably,
this allows us to obtain Hund’s case (a) diatomics from
S-term ground-state atoms and, contrarily to a common
misconception, endows them with parity doublets. The
corresponding Coriolis-mixing-induced splitting decreases
rapidly with electron-spin projection |X| due to the higher
perturbation order and makes large |X| states highly polar-
izable. Following the literature, we introduce the quantum
number Q = A + X, which reduces to Q = X in our case,
and refer to such states as Q-like doublets. The combination
of heavy Yb and high-spin Cr ensures the occurrence of
this scenario. Introducing the total angular momentum J
excluding nuclear spins, the effective rotational
Hamiltonian without external fields can be constructed
as follows [48]:

Ho = BoT'(J) - T'(J) + (vo — 2Bo)T'(J) - T'(S)
+(2V6/3)A0T3(S) + (By — 70)T'(S) - T'(S).  (2)

where the rotational constant By = 0.041 cm™!, the spin-
spin coupling parameter 4, = 0.16 cm™!, and the electron
spin-rotation coupling constant y, = 9.7 x 10™* cm™! are
calculated with state-of-the-art ab initio methods as
described in the Appendix and Supplemental Material [49].
Because 4¢/B, > 1, the electron spin locks to the inter-
nuclear axis with projection € and makes ground-state
YbCr a good Hund’s case (a) molecule for high Q and
low J. Hence, the zero-field eigenstates are labeled in
terms of the quantum numbers |Q,J, M, e(f)), where
e(f) denotes +1 parity according to spectroscopic nota-
tion [48]. Useful matrix elements can be found in
Supplemental Material [49].
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FIG. 1. Rotational spectrum of YbCr molecules. (a) Simulated

rotational spectrum for J <5 of the ground vibrational level
showing the quantization of the electronic spin onto the inter-
nuclear axis [Hund’s case (a)]. (b) Enlargement of the J = 3,
Q = 3 parity doublet.

While appearance of Hund’s case (a) rotational spectra in
X states was understood long ago [72] and Q doubling was
more recently observed in SeO(X>Z~) and CrN(*X7) [48],
the possibility to seize this molecular feature has so far been
overlooked in the ultracold molecule community. In pass-
ing, we note that to the best of the authors’ knowledge no
Hund’s case (a) '~ molecule has yet been recorded, as
known ground-state diatomics of this symmetry, interesting
to astrophysicists, fall into Hund’s case (b) (MnH [73] and
MnCl [74]). The "27 (J = 3) state of YbCr features an Q
doublet with a splitting of about 15 MHz (see Fig. | and the
Appendix for more details). The effects of external static
electric and magnetic fields are easily computed by
inclusion of the Stark and Zeeman Hamiltonians in terms
of first-rank spherical tensor operators:

Hs+Hz==T"'(D)-T'(Eyy,) —gusT'(S)-T'(B)., (3)

where the first term describes the interaction of the
molecule-frame electric dipole moment D with the electric
field E,,;, and the second term describes the interaction of
the electron spin S with the magnetic field B through the g
factor g, and Bohr magneton ug [49]. Here, D is aligned
along n, and its magnitude is 1.24D [49]; the rotational g
factor and the electronic magnetic anisotropy of a few
1073 are neglected. In the case of "7 (J = 3) states, the
polarization P = [(Q)|/|Q| as a function of the applied
external electric field Epp = |E| is shown in Fig. 2.
While P =0 for Ej, =0 because |Q,J,M;, e(f)) are
parity eigenstates, a modest field of tens of V/cm is

Epp (V/cm)

FIG. 2. Effective electric field E.; and polarization P
induced by an external static electric field Ej,, for different
|M;| of 723 (J = 3).

sufficient to strongly polarize the molecules in the labo-
ratory frame.

IV. eEDM SENSITIVITY

In order to assess the sensitivity of YbCr to the eEDM,
we include the effective CPV Hamiltonian:

Hepy = Hsp + Heppm = (Woks + Wad,)Q,  (4)

where Hgp describes the scalar-pseudoscalar electron-
nucleon interaction via the enhancement factor W, and
the dimensionless isotope-specific k, parameter and H.gpm
describes the interaction of the eEDM d, with an effective
internal field via the enhancement factor W4. While k¢ and
d. are the focus of the experimental search, W, and W are
computed via ab initio methods. The case of YbCr is well
described by a single-contributing electron picture, in
which the nonbonding s electron orbiting close to the
Yb core is the main source of CPV interactions, with W =
424 hkHz and Wy = 1.17 x 10** hHz/(ecm) [49].
In the experimental literature, the eEDM Hamiltonian is
often expressed in terms of the effective field H.gpy =
—d, - Eg with d, =dS/[(Q)]. Eer=-Egqm, and
E.e = Wy|(Q)|sgn((Q)) « P, which clearly shows the
relation with the polarizability. As shown in Fig. 2,
YbCr in "X (J = 3) states offers E. of about 15 GV/cm
at laboratory fields below 100 V/cm. This exceeds by more
than one order of magnitude the effective field achievable
in AAE compounds [40] and compares well against HfF "
(approximately 23 GV/cm), which recently set the most
stringent limit on the eEDM [7].

V. MOLECULE FORMATION

Bosonic Cr and Yb isotopes are primarily well suited
for the proposed application, as they can be efficiently
cooled and trapped, and, thanks to their spinless nuclei
(Icy = Iy, = 0), they are free from hyperfine structure.
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Several abundant bosonic isotopes are available for both
Yb (170"172’174’]76Yb) and Cr (50~52'54Cr), of which 174Yb
and 2Cr offer the best performance [50,75,76]. For Yb,
the combination of laser lights addressing both the broad
IS, — 'P, and intercombination 'S, — 3P, transitions leads
to loading rates in excess of 10° atoms/s and tens of uK
temperatures [51]. For Cr, the main cooling ’S; — 7P,
transition and the additional ’S; — "P; transition for gray
molasses [77], following the all-optical strategy demon-
strated in Ref. [52], yield optically trapped samples and
loading times similar to the ones of Yb.

Sub-pK temperatures and even simultaneous quantum
degeneracy can be readily attained by forced evaporation
with no need for sympathetic cooling, between Cr optically
pumped into its stretched, high-field seeking state
(my; = —3) and spinless Yb. This combination is immune
both to dipolar Cr losses and interspecies two-body
inelastic collisions. Efficient evaporation will be guaranteed
by the similar favorable dynamic polarizabilities
(ac; = 89 a.u. and ay, = 160 a.u. at 1064 nm) and ideal
intraspecies background s-wave scattering lengths of
approximately 100a, both for Yb (field-insensitive) and
for Cr (narrow and sparse FRs) [78—80]. Detrimental large
interspecies scattering, if any, will be cured by zeroing out
the s-wave interactions via magnetically tunable FRs. Fast,
subsecond evaporation time to quantum degeneracy with
final number in excess of 10° can be achieved in dynami-
cally shaped traps [81].

According to recent theoretical predictions [53], con-
trarily to AAE mixtures, the Yb + Cr mixture will exhibit
an extremely suitable FR scenario for magnetoassociation,
featuring at least one FR immune to two-body inelastic
collisions below 250 G with magnetic field widths between
0.1 and 10 G. Moreover, the field-independent (quasi-field-
independent) intraspecies scattering of Yb (Cr) in that
range [79] will allow to effectively tune the interspecies
scattering processes without affecting the intraspecies ones.
This scenario is experimentally favorable from different
viewpoints: (i) FR widths suitable for association [31],
(i1) relatively low magnetic field bias compatible with use
of high-permeability magnetic shields [82—85], (iii) easy
assignment of FRs, and (iv) ability to efficiently populate
sites of 3D optical lattices with heteronuclear doublons by
zeroing out interspecies scattering. Magnetoassociation of
Cr(7S5,m; = =3) + Yb(!S,)) scattering pairs will result in
YbCr molecules in the least-bound vibrational level
(v = —1) and angular momenta [N =2, My = -2,§ =3,
Mg = —1) state, where (N, My) and (S, M) represent the
rotational and spin quantum numbers, respectively [53].
Such weakly bound molecules will be subsequently trans-
ferred to the vibrational ground state via STIRAP exploit-
ing optically excited levels supported by either 7X" or II,
which correlate to the Yb(*P;) + Cr(’S;) threshold, at
convenient laser wavelengths (see the Appendix and
Supplemental Material [49]).

VI. PROJECTED SQL SENSITIVITY

The expected sensitivity can be estimated in the case
of standard spin-precession measurements developed by
eEDM experiments on “hot” molecules featuring € dou-
blets in either Hund’s case (a) or (c¢) [7,8,86]. In the case
of YbCr, we focus on the X7 (J = 3) state and consider the
subspace spanned by |3,3,M; = +1,¢e) and |3,3, M, =
+1, f), which form a top and bottom doublet, respectively;
see gray dotted lines in Fig. 3. Under application of a
modest external electric field E,,, states of same M; but
opposite parity get mixed, repelling each other, and are for
simplicity denoted &(f) correlating to good parity states for
vanishing field; see black dotted lines in Fig. 3. As a
consequence, the electron spin gets polarized along the
internuclear axis, and YbCr gets concurrently polarized in
the laboratory frame (cf. Fig. 2). Moreover, the application
of an external magnetic field B induces Zeeman splittings
depending only on M ; see blue dashed lines in Fig. 3. The
Stark shift is common mode between the components of
each doublet, whereas the differential Zeeman shift is
29, s(E)ugB, with g, »(0) ~3/2 with a relative difference
between the doublets below % level for Ej;, < 100 V/cm
[49]. The energy splittings hw, ; = 2g, sjugB can be
probed by Ramsey spectroscopy and, within this approach,
offer the maximum sensitivity to eEDM with minimum
sensitivity to external field noise among possible +M;
pairs in YbCr ground state. Swapping between the “top”
and “bottom” doublets enables close-to-ideal spectroscopic
inversion of the external electric field and yields a phase
difference due to the sought-after P, T-odd interaction; see
red solid lines in Fig. 3.

Depending on the actual implementation of the STIRAP,

one can transfer the YbCr population to |3,3,0, f) via
M= —1 0 +1 | BEwlB
. iwe ..........
......... HO
""""" T — et Mgy
. _ha R
—+Hepy

FIG. 3. Energy spectrum of the M; =0,+1 subspace of
X755 (J =3) due to successive addition of the Stark (Hsy),
Zeeman (Hy), and CPV (Hcpy) Hamiltonians to the zero-field
‘Hy. The laboratory electric and magnetic fields are parallel and
define the quantization axis. The molecule sketch shows the
spatial orientation as well as the electron spin (black arrow) and
effective electric field (red arrow).
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rapid adiabatic passage and then drive |3,3,0,f) —
(13,3,+1,2) +3,3,-1,&))/v2 with a radio-frequency
(rf) pulse. The molecular state subsequently evolves freely
in a Ramsey scheme accumulating a phase difference ¢.
A second rf pulse will bring a population cos?(¢) back to
13,3,0, f), after which the sensitive part of the measure-
ment is over. Choosing the right time to sit on the maximum
slope of the Ramsey fringe will yield the highest phase
sensitivity. The leftover population in the doublet will be
used for signal normalization. STIRAP, in combination
with rf pulses if necessary, will bring YbCr populations
back to the least bound vibrational level, encoding the
phase information in the Cr spin degree of freedom. Finally,
simultaneous dissociation across the almost degenerate FRs
for different magnetic sublevels, followed by time of flight
under a Stern-Gerlach force and final absorption imaging of
Cr, will enable a normalized measurement of the original
state populations and extraction of the phase ¢. In this
standard approach, the coherence time will be limited by
magnetic-field noise. The stability and homogeneity of the
external magnetic field is crucial, as it limits the coherent
interrogation time 7. In the case of ultracold YbCr gases,
the sample volume of about (100 pm)® would be much
smaller than in previous experiments on “hot” molecules,
and use of magnetic-field shielding will help controlling a
stable and homogeneous low bias field in the range from
1 to 10 mG which could be further monitored by
comagnetometry on unbound Cr atoms. Recent advance-
ments in the field of spinor Bose-Einstein condensates
have shown coherence times above 1 s for transitions
with ug-level sensitivity [82,84]. Using the predicted
E. = 14.7 GV/cm, a coherence time of 1 s, an opti-
mistic but feasible molecule number of 10°, and 6 s cycle
time, we obtain a projected statistical sensitivity of
8d, = (6 x 107!/ /ligyy) e cm.

The reported sensitivity appears robust against potential
experimental limitations. First, we consider potential sys-
tematic effects due to the interaction of the molecules with
the trap light used to realize the optical lattices. While the
wavelength can be safely chosen to be far detuned from any
electric-dipole-allowed transition (4 > 1 pm) without the
need for magic wavelength conditions, the associated
vector polarizability mimics the effect of a magnetic field
on the Q doublets, which, if correlated with E reversals,
could generate false EDM signals [27,87]. While this effect
is ideally canceled by employing lattice beams with perfect
linear polarization, it typically results in a stringent require-
ment on the level of degree of linear polarization. Our
strategy, based on ultracold molecules, dramatically relaxes
this requirement: Even for subhertz tunneling rates, corre-
sponding to around 100 2 kHz absolute well depth origi-
nating from the scalar polarizability [54], a suppression
of the vector polarizability of 107 is sufficient to pull
this effect below the single-molecule shot noise limit.
Considering an order of magnitude suppression due to

the ratio between spin-orbit splitting and frequency of the
relevant X2t — B’ " and X’=+ — A’II transitions, this
requires the low-power lattice beams to be linearly polar-
ized to better than 1073, safely larger than the best recorded
values [88]. Furthermore, effects of long-range interactions
should be addressed since, unlike for quantum metrology
protocols, they should be avoided [27]. Here, this is indeed
the case even for nearest-neighbor molecules in optical
lattice at 1064 nm wavelength (see the Appendix):
The differential shift within the doublets, induced by
electric dipole-dipole interaction, is zero to first order
and <100 AmHz to second order. The differential shift
originating from magnetic dipole-dipole is already below
this level to first order. Finally, given the small vibrational
(wy ~ 90 cm™"), rotational (B, = 0.041 cm™") [49,54], and
spin-spin (dy = 0.16 cm™') constants [49,53], together
with the large energy necessary to address other electronic
states via electric-dipole-allowed transitions (approxi-
mately 10* cm™"), we expect the absorption of blackbody
radiation, peaking at about 600 cm~! at room temperature,
to be negligible for the proposed experiments, as can be
seen comparing with previous results [89].

VII. BEYOND SQL AND HADRONIC CPV

While ground-state YbCr does not provide orbital-spin
magnetic moment quasicancellation as in ThO or HfF ", its
internal structure will allow for the engineering of field
insensitive transitions [90] and, thanks to the ultracold
temperatures, even for the implementation of quantum
metrology protocols beyond the standard quantum limit
[25]. The latter have been recently proposed for parity-
doubled molecules with magnetic field sensitivity trapped
in optical lattices or optical tweezer arrays.

Moreover, our results can be extended to the search
for CP violation in the hadronic sector. The '"*Yb>*Cr
isotopolog, with its high-spin Yb nucleus (I =5/2),
appears an interesting candidate for the search of the
nuclear magnetic quadrupole moment (NMQM) with
Wy = 9.48 x 103! hHz/(ecm?) (see the Appendix),
while the nuclear Schiff moment, whose sensitivity is
enhanced by octupole deformed nuclei, could be inves-
tigated in RaCr [9,91].

VIII. CONCLUSIONS

In summary, we identify high-spin X-state polar mole-
cules as ideal molecular species to realize an ultracold
molecule platform for eEDM searches. In particular, YbCr
satisfies all experimental requirements to potentially gain
more than one order of magnitude in sensitivity with
already established measurement protocols while allowing
for more advanced quantum control. More generally, these
results will pave the way to a whole new class of ultracold
molecules, like the isovalent Cr/Mo + Yb/Ra or even
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Eu/Am-containing diatomics [92], for next-generation
CPV searches.
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APPENDIX

The presented formation and application schemes are
based on molecular properties that we predict using state-
of-the-art ab initio quantum-chemical methods.

1. Ground-state interaction potential
and electronic properties

The ground electronic state of the YbCr molecule is
described by the 7" molecular term and can be well
represented by a single Slater determinant. To calculate
the corresponding potential energy curve within the
Born-Oppenheimer approximation, we employ the coupled
cluster methods with the Hartree-Fock reference. The
interaction energy is obtained with the supermolecular
approach, including the counterpoise correction, Vi, (R) =
Evocr(R) — Eyy(R) — Eco(R), where Eyyc.(R) denotes the
total energy of the YbCr dimer and Ev,(R) and Ec.(R) are
the energies of the atoms computed in the dimer basis [94].
To account for relativistic effects, inner-shell electrons
of ytterbium and chromium are replaced by the effective
scalar-relativistic pseudopotentials, ECP28MDF [95] and
ECP10MDF [96], respectively. The remaining 56 electrons
(42 in Yb and 14 in Cr) are correlated and described with
the recently developed augmented correlation consistent
polarized weighted core-valence quintuple-{ quality basis
sets, aug-cc-pwCV5Z-PP [97].

First, we use the spin-restricted open-shell coupled
cluster method with single, double, and noniterative triple
excitations, RCCSD(T) [98], in the Molpro program
[99,100]. The depth of the potential well with this method

Cr (5D)+Yb (15)
Cr (°S)+Yb (1s)

energy (103 cm)

Cr (7S)+Yb (1s)
1 1 1 1 1 1 1

5 6 7 8 9 10 11 12 13 14
Cr-Yb distance (agp)

FIG. 4. Potential energy curves of the ground and excited
electronic states of the YbCr molecule.

is determined to be D, = 2775 cm~! with an equilibrium
interatomic separation of R, = 6.07a, (in good agreement
with the previous values of 2866 cm™! and 6.054, [54]).
Next, in the composite approach [55], we include the full
triple correction within the CCSDT method calculated with
the same pseudopotentials and aug-cc-pVTZ-PP basis sets,
correlating 65> and 3d4s! electrons of ytterbium and
chromium, respectively, in the MRCC program [101].
The CCSDT correction makes the original potential well
slightly deeper, resulting in the final parameters of
D, =3021 cm™', R, =6.05a;, ®, =902 cm™!, and
B, = 0.041 cm™" for '7*Yb¥Cr. The obtained potential
energy curve is presented in Fig. 4.

We also calculate the molecule-frame electric dipole
moment using the finite-field method. At the CCSD(T)
level of theory, the dipole moment at the equilibrium
geometry is found to be 1.14D in agreement with the
previous value of 1.19D [54]. Inclusion of a correction for
full triple excitations increases this value to 1.24D.

2. Excited electronic states

Successful formation and further precision measure-
ments with YbCr molecules require the efficient transfer
of the weakly bound Feshbach dimers to the ground
vibrational level via STIRAP. We calculate several elec-
tronically excited states of the YbCr molecule to guide this
process. Because of the presence of an open d shell in
chromium and a p shell in the excited state of ytterbium,
one has to deal with a rich manifold of molecular electronic
configurations. We consider three families of electronic
states that arise from different asymptotic atomic configu-
rations. The first family corresponds to Cr(’S) + Yb('S),
leading to the already-calculated ground ’E* molecular
state. The second involves Cr(°D) + Yb('S), resulting in
the 2, 311, and A states. The third family originates from
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Cr(’S) + Yb(®P) and gives rise to the >X*, I, "2+, I,
9%+ and “IT states.

We calculate the septet states using the equation-of-
motion coupled cluster method with single and double
excitations (EOM-CCSD) [102] and the nonet states with
the regular CCSD method, while the quintet states are
obtained with the multireference configuration interaction
method with single and double excitations (MRCISD)
[103] due to numerical difficulties with EOM-CCSD for
low-spin states. The same effective core potentials as for
the ground state and the aug-cc-pwCVTZ-PP basis sets [97]
are used. EOM-CCSD calculations employed CFOUR
[104,105], and MRCI calculations employed Molpro.
The final potential energy curves are shown in Fig. 4.

The STIRAP scheme, using the excited A’TI or B’S*
state to support an intermediate level, appears to be the
most promising. Following Ref. [56], we predict favorable
Franck-Condon factors (>107*) for pump and Stokes
transitions to vibrational levels of the A’Il, state around
7000 cm~! below the intercombination line of Yb, but
detailed studies of STIRAP are beyond the scope of this
work. In the future, the spin-orbit coupling and other
electronic states should be included to obtain a more
complete prediction.

3. eEDM sensitivity

Heavy, paramagnetic diatomic molecules composed
of zero-nuclear-spin isotopes provide an ideal test bed
for probing P, T-odd interactions in the (semi)leptonic
sector. The dominant sources of CP-violating energy shifts
in molecular spectra are the eEDM and the scalar-
pseudoscalar electron-nucleon coupling (eN-SPS). Here,
we focus on determining the molecular enhancement
factors present in Eq. (4). Accurate theoretical modeling
is indispensable, because these factors cannot be deter-
mined experimentally. To this end, we first solve the many-
electron problem with the Dirac-Coulomb Hamiltonian
with exact treatment of two-electron integrals over the
small components of the wave function using the DIRAC24
package [106]. We generate molecular spinors using the
average of configurations Dirac-Coulomb-Hartree-Fock
(DCHF) method with six electrons distributed over six
Kramers pairs (12 spinors), yielding open-shell spinors
composed of ytterbium 6s and chromium 3d4s orbitals.
Building on this DCHF reference, we then perform the
multireference configuration interaction (MRCI) calcula-
tion using the Kramers-restricted configuration interaction
(KRCI) module with the generalized active space (GAS)
formalism to capture the electron correlation [107]. MRCI
with single and double excitations (MRCISD) and with
single, double, and triple excitations (MRCISD) is used
with different GASs. All computations employ the uncon-
tracted Dyall basis sets [57]. Finally, we evaluate the
expectation value of the eEDM Hamiltonian [108] with

respect to the electronic wave function |¥+ ), which is

given by
2zc
<‘P7zg Zyoyspf ‘P7zg>,

where i is an imaginary unit, ¢ is the speed of light, yj? are

(A1)

the Dirac matrices, p; is the linear momentum operator of
electron, and N, is the number of electrons. Similarly,
for the eN-SPS enhancement factor [109], we have the
following expression:

GrZ
W, = ’F<Zﬂ

Z riin(

where G is the Fermi coupling constant, Z is the atomic
number, p(r;) is the nuclear charge distribution, and r; is
the position of the jth electron with respect to the nucleus
We compute both enhancement factors for the equilibrium
geometry taken from our scalar-relativistic calculations
(R, = 6.05ay). The final value of the eEDM factor is
W4 = 1.17 x 10** hHz/(ecm), and the eN-SPS factor is
W, = 4.24 hkHz. Detailed analysis of the convergence of
those values concerning the number of correlated electrons,
the size of active space, and the basis set cardinality is
presented in Supplemental Material [49].

Den). @2

4. Hadronic CP violation

The YbCr molecule can also be an interesting candidate
for studying CP violation in the hadronic sector. Here,
symmetry-violating effects can arise from P, 7-odd electro-
magnetic moments in nuclei. One is the nuclear magnetic
quadrupole moment, which has a nonzero value for
systems with a nuclear spin 7 > 1/2. The NMQM couples
to the magnetic field gradient produced by unpaired
electrons, leading to the experimentally observable shifts
in spectra. The sensitivity of potential experiments can be
significantly enhanced by using molecules containing
deformed nuclei due to the collective effects [110].
Notably, among stable ytterbium isotopes, !3Yb (with
I = 5/2) exhibits significant deformation, making '73YbCr
a potentially attractive candidate for molecular NMQM
searches. Theoretically, the NMQM can be modeled by the
following Hamiltonian [111]:

(ZXI'

]kE rik9

where M is the NMQM, T are the components of the
second-rank tensor T, = I;I} + I ; — %I(l + 1)5;, with I

J
the nuclear spin, «; are the Dirac matrices, and r is the

Hyomm = (A3)
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position of an electron with respect to the nucleus. For
diatomic molecules, this Hamiltonian can be simplified and
written in the following way:

MWy .
Heti-nomm = _ZI(T—I)'L -T-n,

(A4)
where J,, I, and f are the total electronic angular
momentum, the nuclear spin, and the unit vector along
the internuclear axis, respectively. Wy, is the molecular
enhancement factor that needs to be calculated theoreti-
cally. In the present work, we evaluate the following matrix
element to obtain a numerical value of Wy, for Yb in the
YbCr molecule:

NC
> (ai - ri)
r
5 z
r: z

i 1

3

Va) (83)

where Q is the projection of the total electronic angular
momentum J, on the molecular axis and z means projection
on the molecular axis. The final value of the NQMM factor is
Wy = 9.48 x 103! hHz/(e cm?). Detailed analysis of the
convergence of this value concerning the number of corre-
lated electrons, the size of active space, and the basis set
cardinality is presented in Supplemental Material [49].

5. Zero-field splitting

For molecules with at least two unpaired electrons
(§>1), even in a X state with no first-order spin-orbit
coupling, the degeneracy of magnetic sublevels is lifted by
the spin-spin interaction, leading to the so-called zero-field
splitting. This interaction can be described by the tensor
that reduces to a single component D for X-state diatomic
molecules and is connected to the spin-spin coupling
parameter 4 in Eq. (2) via D = 2. The corresponding
effective molecule-frame Hamiltonian is

Hss = D(2? — 82/3). (A6)
There are two contributions to this interaction: the direct
spin-spin magnetic dipolar coupling between open-shell
electrons and the spin-orbit coupling in the second order of
perturbation theory.

We calculate the zero-field splitting parameter D using
wave-function-based methods and density functional
theory (DFT). We find that the magnetic dipolar spin-spin
contribution within the DFT methodology is not signifi-
cantly affected by the choice of the functional and is on the
order of 0.009 cm™'. It is obtained as an expectation value
with the uncontracted all-electron x2¢c-QZVPPall basis sets
[58] and scalar relativistic effects treated at the spin-free
two-component formalism (X2C) [112] in the ORCA
program [113,114]. In contrast, the second-order spin-
orbit contribution, which dominates the total D value

(over 95%), is highly sensitive to variations in the used
exchange-correlation functional, basis set, and formalism
applied in the calculations; thus, it should be treated
with care. Because calculations as the sum over states
do not provide sufficient accuracy, we extract the second-
order spin-orbit contribution by fitting the splitting
D[Q? — S(S + 1)/3], resulting from Eq. (A6), to potential
energies obtained from solving the many-electron Dirac-
Coulomb Hamiltonian for different "X, states with the
same methods and basis sets as for the eEDM sensitivity
factors. Following extensive computational analyses based
on the KRCI method, variations in basis set size, different
reference spinors, and correlation treatment, we find the
zero-field splitting parameter of D = 0.32(10) cm™!, in
good agreement with a DFT value reported in Ref. [53].
A comprehensive numerical assessment and experimental
implications are provided in Supplemental Material [49].

6. Hund’s case transition in YbCr

The ratio 4/ B between the spin-spin coupling parameter
A and the rotational constant B, appearing in the effective
Hamiltonian of Eq. (2), is crucial, as it dictates the angular
momentum coupling scheme for diatomics in >5*!% elec-
tronic states with S > 1/2. The transition from Hund’s
case (a) to case (b) in terms of A/B is well known, and it is
an instructive exercise to look at Cr-bearing high-spin
diatomics. For A/B > 1, e.g., ground-state X*>~ CrN, the
electron spin locks to the internuclear axis with projection
Q and leads to Hund’s case (a) molecule for high Q > 1 and
low total angular momentum J (we follow the literature in
using the quantum number Q = X with A = 0). Hence, the
zero-field eigenstates are labeled in terms of the quantum
numbers |Q,J, M, e(f)), where e(f) denotes +1 parity
according to spectroscopic notation. For A/B < 1 instead,
e.g., ground-state X°X* CrH, the electronic spin is mostly
decoupled from the internuclear axis, leading to a pertur-
bative splitting of the underlying rotational series, with
good basis |J, N, M,). Generally speaking, heavy constitu-
ents tend to lead to lower B and, concurrently, to larger 4,
dominated by second-order spin-orbit coupling rather than
direct spin-spin interaction for elements beyond the first
row of the periodic table. Hence, heavier species more often
approximate Hund’s case (a), compared to lighter species,
which usually fall into case (b).

However, in a diatomic molecule, A and B also depend
on the vibrational level of interest for which the effective
Hamiltonian is employed. Thus, in principle, a transition
between cases (a) and (b) is possible and indeed occurs for
YDbCr. This is mostly due to the different scaling of these
two quantities, with A typically featuring a double expo-
nential decay with the internuclear distance r and B a
simple power law o r~2, which suggests that Hund’s
case (a) is privileged in the vibrational ground state while
case (b) in excited levels. In order to show this point,
we exploit the ab initio A [53] and the potential energy
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FIG.5. Hund’s case transition in YbCr. Top: spin-spin coupling
parameter (blue curve) and rotational constant (red curve) as a
function of the vibrational quantum number v. Bottom: ratio
between them as function of the vibrational quantum number .

Values much higher than unity (dashed line) tend to case (a),
while points much lower than that tend to case (b).

curve [54] to extract B; see also additional, consistent
ab initio results above. The irreducible tensor representa-
tion 24(r)T%(S,S) - T?(n,n) used in Ref. [53], of which
we consider the diagonal ¢ = 0 component, is identical to
our effective Hamiltonian, with the same numerical value
of 4y, knowing that the average (T3(n,n)) = 2//6 [48].
We introduce the notation A, = (v|A(r)|v) and B, =
(v|1/(2ur?)|v) to make the dependence on the vibrational
degree of freedom explicit. Figure 5 shows 1, and B, (top),
as well as their ratio (bottom) for the ground-state YbCr as a
function of the vibrational quantum number. As explained
in the main text, Hund’s case (a) becomes a good
approximation towards the vibrational ground state, espe-
cially for high Q and low J.

To which extent YbCr is a pure Hund’s case (a) molecule
in its vibrational ground state is determined by A,/B,. In
particular, the splitting between parity doublets Aq orig-
inates from Coriolis mixing as a 2|Q|th-order effect in
perturbation theory leading to Ag/Ag o (By/Ao)*. While
B, is predicted with a % -level relative uncertainty by
ab initio calculations, the calculation of 4 is challenging,
since it involves contributions from electronically excited

100} 1100
~ 10 TTTs —
E ~~~~ '10 E
= 1 2
~ ~~~~ 1 3
= 0100} lo10 =
0.010¢ 0.01
0.001¢ - . . R
0.1 0.2 03 04 0506

A (cm'1)

FIG. 6. Effect of the variation of the spin-spin parameter A,
on the Q-doublet splitting Ag and polarizing field E* for
J = |Q| = 3. The green shaded area marks the confidence region
predicted by our ab initio methods, and the red circle is the mean
expected value 4y = 0.16 cm™!. The solid black curves is the
numerical simulation, while the black dashed line shows the
asymptotic trend, well captured by perturbation theory fitted to
large-1 numerics.

states; see above and Supplemental Material [49]. That is
why the main uncertainty on the rotational spectrum of
YbCr stems from 4y, = 0.16(5) cm~!. Within this range,
and focusing on the relevant for J = |Q| = 3 states, the
proposed experiment, protocols, and projected sensitivity
are valid. In Fig. 6, we show the effect of the variation of 4,
within our confidence region on the Ag (€2 = 3) and on
the required electric field E* for 50% polarization, i.e.,
P = |<f2> |/3 = 0.5. Useful matrix elements can be found in
Supplemental Material [49].

7. Dipolar interactions

Effects of intermolecular interactions should be
addressed since, unlike for quantum metrology protocols,
they should be avoided in standard spin-precession experi-
ments [27]. In this case, we are sensitive to differential
shifts within top (|3,3,%1,)) and bottom (|3,3,£1, f))
doublets, induced by either electric or magnetic inter-
actions. The interaction energy between electric (E) and
magnetic (M) dipoles reads

po =3 - R) (W - R)

dd
1% 3 :

EM) — FEM)

(A7)

where the electric or magnetic dipoles u'® = ﬂég/)l) are

separated by the cartesian vector R = RR and the constants
are either ay = (4rey) ! or ay, = (47) 'y, where ¢ is the
vacuum permittivity and g, is the vacuum magnetic
permeability. Reverting to the irreducible spherical tensor
representation in the laboratory frame, we obtain the
following expressions for the dipolar Hamiltonian [48]:

Hgd(lM) = —ag(m) V6T (1. ) - T*(C). (A8)
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where T?(u,,p,) is the second-rank tensor composed
of first-rank tensors T, (f;(2)) and T2(C) denotes second-
rank reduced spherical harmonics. The laboratory-frame
T},(ﬂl(z)) are conveniently expressed in terms of molecule-
frame matrix elements:

Th(u) = D} (w) Thiw), (A9)

with D}, ,(w)* being the complex conjugate of the p, ¢
element of the first-rank Wigner D rotation matrix.

We first consider the electric dipolar interaction between
a pair of YbCr molecules:

Hy' = _aE\/gTz(Dlv D,) - T%(C), (A10)
with molecule-frame matrix elements (X'|T}(D)[Z) =
SsxD and TL (D) = 0. To first order, the differential shift
within a doublet & or f can be evaluated considering the
molecule-pair states {|M, M,)}, where M; = £1 refer to
single molecule states. Diagonal matrix elements of H{ are
identical; hence, the differential shift within a doublet is
zero to lowest order. This result is expected, since the
laboratory-frame orientation of the molecules within a
doublet is identical and the expectation value of H is
simply the dipole-dipole interaction of two vertically
aligned dipoles /1113(2) = PD|Q|[J(J + 1)]7'2, where P is
the degree of polarization. To second order, we need instead
to consider coupling to virtual states outside the basis
spanned by the spin-precession doublets. We find that the
dominant contributions come from within the subspace
of the same “parity” & (or f), e.g., | + 1,—1) < |0,0) and
| +1,—1) <> | +£2,0), which are smaller than or compa-
rable to single-molecule shot noise (<100 2#mHz) even
for nearest-neighbor molecules in a 3D optical lattice with
A= 1064 nm.

We now move to the magnetic dipolar interaction
dominated by the electron spins:

HY = —angug V6T (S1.S,) - T*(C), (A1)

with the relevant molecule-frame matrix elements being
([T (S)IE)

= (—1)”(_32 ; ;,)\/S(SJr 1)(2S+1).

(A12)

The differential shift originating from magnetic dipole-
dipole is already well below the single-molecule shot noise
to first order even for nearest-neighbor molecules in the
same optical lattice.
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