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ABSTRACT
A measurement of the magnitude of the electric dipole moment of the electron (eEDM) larger than that predicted by the Standard Model
(SM) of particle physics is expected to have a huge impact on the search for physics beyond the SM. Polar diatomic molecules contain-
ing heavy elements experience enhanced sensitivity to parity (P) and time-reversal (T)-violating phenomena, such as the eEDM and the
scalar–pseudoscalar (S–PS) interaction between the nucleons and the electrons, and are thus promising candidates for measurements. The
NL-eEDM collaboration is preparing an experiment to measure the eEDM and S–PS interaction in a slow beam of cold BaF molecules
[P. Aggarwal et al., Eur. Phys. J. D 72, 197 (2018)]. Accurate knowledge of the electronic structure parameters, Wd and Ws, connecting the
eEDM and the S–PS interaction to the measurable energy shifts is crucial for the interpretation of these measurements. In this work, we use
the finite field relativistic coupled cluster approach to calculate the Wd and Ws parameters in the ground state of the BaF molecule. Spe-
cial attention was paid to providing a reliable theoretical uncertainty estimate based on investigations of the basis set, electron correlation,
relativistic effects, and geometry. Our recommended values of the two parameters, including conservative uncertainty estimates, are 3.13
± 0.12 × 1024 Hz

e cm for Wd and 8.29 ± 0.12 kHz for Ws.
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I. INTRODUCTION

The Standard Model of particle physics (SM) is highly success-
ful in providing predictions for laboratory experiments.1 At the same
time, it does not account for major cosmological observations, in
particular, the matter–antimatter asymmetry of the universe2 and
the existence of dark matter3 and dark energy.4 In order to address
these, as well as other shortcomings of the SM, theoretical extensions
have been proposed, such as grand unified theories or supersymmet-
ric models.5 These proposed theories invariably predict new physical
phenomena, such as the variation of fundamental constants in space
and in time6 or the violation of fundamental symmetries orders of
magnitude larger than the SM predictions.7,8

The search for the violation of fundamental symmetries pro-
vides unique opportunities to observe new phenomena and to
test various SM extensions. This search is conducted with differ-
ent experimental methods, including precision measurements on
atoms and molecules, which offer a low energy small-scale alter-
native8,9 to the high-energy collider research in this field.10 Such
experiments take advantage of the many accessible energy levels
in atoms and even more so in molecules due to their additional
vibrational and rotational motions.11 In addition, such systems can
be manipulated and controlled with external fields in numerous
ways. Atoms and molecules can be used to probe a wide variety of
physical phenomena and in many cases experience strong enhance-
ment effects that make the measurement of otherwise tiny signals
possible.

One of the most sought-after phenomena is that of the elec-
tric dipole moment of the electron (eEDM). A nonzero permanent
eEDM would break the parity (P) and the time-reversal (T) sym-
metries, and as a consequence of the CPT theorem, assuming CPT
invariance, it also breaks the combined charge and parity (CP) sym-
metry. The CP violation in the SM predicts an extremely small value
of the eEDM (∣de∣ < 10−38e cm),12 much too small to be measured
with present day techniques.13 Many extensions of the SM, however,
predict the eEDM to be orders of magnitude larger7,14,15 and often
within experimental reach. Thus, measurements of the eEDM (or
constraints on its value) can provide a strong test of physics beyond
the SM.8,9

It has been shown that the effect of an eEDM is strongly
enhanced in paramagnetic polar diatomic molecules that contain
heavy atoms.7,16–18 The presence of an unpaired electron possess-
ing an eEDM induces a permanent molecular P, T-odd EDM, which
is many orders of magnitude larger than the eEDM itself. In fact,
based on the predictions from SM extensions and the expected
molecular enhancement factors, the resulting P, T-odd molecular
EDM should be within experimental reach when using current
technologies.

The above-mentioned enhancement of the eEDM is due to rela-
tivistic contributions to the molecular structure in systems contain-
ing heavy nuclei.19 In the case of the eEDM, it is described by the
molecular enhancement factor Wd, which is typically on the order of
1–100 GV/cm (expressed in units of electric field for comparison),
whereas laboratory accessible electric fields are in the 1–10 kV/cm
range.

An additional contribution to the P, T-odd molecular EDM
is the scalar–pseudoscalar (S–PS) interaction between the electrons
and the nucleons.8,20,21 This effect is also enhanced in molecules

containing heavy atoms; the corresponding molecular enhancement
factor is referred to as Ws.

Furthermore, due to the presence of close-lying rotational levels
of opposite parity, polar diatomic molecules can be easily polarized
in laboratory accessible electric fields. As will be discussed further in
Sec. II, a considerable amount of polarization is crucial for a mea-
surable effect. From the measured P, T-odd molecular EDM, the
magnitude of the eEDM or S–PS interaction can be extracted using
the enhancement factors Wd and Ws, respectively.

Several experiments aimed to take advantage of these enhance-
ment effects and have used polar diatomic molecules to set upper
limits on the eEDM,22–25 with the current most stringent result,
∣de∣ < 1.1 × 10−29e cm, achieved by the ACME collaboration using
the excited H3Δ1 state of the ThO molecule.25

In the recently established NL-eEDM collaboration in Gronin-
gen and Amsterdam, The Netherlands, we are setting up an experi-
ment to measure the eEDM and S–PS interaction using a slow beam
of BaF molecules in the X2Σ+1/2 ground state. The electronic structure
of BaF26 lends itself to efficient deceleration and laser-cooling, which
should allow for creating an intense and slow beam of molecules
with a sensitivity as low as of 5 × 10−30e cm.27 In this experiment,
accurate knowledge of the Wd and Ws parameters, connecting the
P, T-violating effects to the measurable energy shifts (see Sec. II), is
crucial for extracting the magnitude of these effects from the mea-
surement. As long as the magnitude of the eEDM and the S–PS
interaction are not known, Wd and Ws cannot be determined from
experiment, and since the precision of these parameters will ulti-
mately impact the interpretation of the experiment, they should be
provided from reliable high accuracy calculations. Such calculations
should take into account both relativistic effects and electron corre-
lation at the highest possible level. Furthermore, the nature of the
computational method should be such as to allow us to set reliable
uncertainties on our predictions.

The aim of this work is to provide these parameters for the
ground X2Σ+1/2 state of the BaF molecule at the highest level of theory
currently available for heavy many-electron systems, namely using
the single reference relativistic coupled cluster approach with sin-
gles, doubles, and perturbative triple excitations, CCSD(T). Further-
more, we perform a comprehensive investigation of the influence of
various computational parameters on the results; this provides us
with an in-depth insight into the effect of the P, T−violating phe-
nomena on the molecular electronic structure. Even more impor-
tantly, it allows us to assign stringent error bars on our predictions.
We also compare our results and the corresponding uncertainties to
various previous studies.28–38

The recommended values of the Wd and Ws parameters,
including the uncertainties, will be used in the interpretation of the
NL-eEDM experiment.

II. MEASUREMENT INTERPRETATION
AND ENHANCEMENT FACTORS

The experimental strategy to search for a P, T-odd energy shift
(due to the eEDM and S–PS interaction) in BaF molecules is as fol-
lows. Due to the nuclear spin, I = 1/2, of 19F (the employed isotope
of Ba is 138Ba, which has I = 0), each rotational level, labeled by N in
Hund’s case (b), is split into hyperfine levels labeled by F; with inclu-
sion of the electron spin, this yields two hyperfine levels with F = 0
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and F = 1 in the lowest rotational level (N = 0). A superposition of
two hyperfine substates (mF = ±1), which have their spin orientated
in opposite directions in an applied magnetic field, is created in the
(N = 0, F = 1) hyperfine level of the electronic, vibrational, and rota-
tional ground state of the molecule. The N = 0 state is chosen partly
due to its favorable polarization factor, which will be discussed at
the end of this section. As the molecule flies through a region with
carefully controlled electric and magnetic fields, P, T-odd interac-
tions lead to a small energy shift between the components of the
superposition, which depend on the orientation of the electric field
with respect to the magnetic field. This energy difference leads to a
buildup of a phase difference, which is subsequently read out when
the superposition is projected onto the N = 0, F = 0 state. A P, T-odd
signal is detectable through the determination of the difference in
the accumulated phase for the parallel and the anti-parallel orienta-
tion of the magnetic and electric fields. The experimental resolution
that can be reached in this signal depends on the fringe contrast, i.e.,
on the statistics, on the stability and homogeneity of the applied elec-
tric and magnetic fields, as well as on the velocity and flux stability of
the molecular beam. It is attractive to use long coherent interaction
times, as the sensitivity improves linearly with this parameter. The
experimental approach is further detailed in Ref. 27.

Both the eEDM and the S–PS interaction contribute to the
energy shift measured in the experiment. As we will see later,
they are both electronic properties, which means that in the
Born–Oppenheimer approximation, the energy shift due to the asso-
ciated operators is given by the expectation value over the electronic
wave function, labeled by ∣η, Ω⟩. Ω is the projection of electronic
angular momentum on the internuclear axis and η represents the
additional parameters specifying the vibronic state. For simplicity,
since we consider only one vibronic state, in the following, we will
omit η. The resulting energy shift is found to be proportional to
Ω. For Ω ≠ 0, the electronic states are twofold degenerate and an
additional P, T-odd term should be added to the spin-rotational
Hamiltonian, Ĥsr , which is a convenient way of describing the spin-
rotational structure within a specific vibronic level. In the case of
∣Ω∣ = 1

2 , the P, T-odd Hamiltonian takes the form28

ĤP,T = (Wdde +Wsks)S⃗ ⋅ n̂, (1)

where S⃗ is the effective spin and n̂ is the internuclear axis. The
effective spin is defined such that S⃗ ⋅ n̂∣Ω⟩ = Ω∣Ω⟩.

With no external electric field, and neglecting parity violating
effects for the moment, the molecular states are eigenstates of par-
ity. It can be shown that these states are equal superpositions of
states with +Ω and −Ω projections.39 Consequently, such a state will
have zero P, T-odd energy shift, which can be seen from taking the
expectation value of Eq. (1) over the rotational states, resulting in
⟨S⃗ ⋅ n̂⟩ = 0. However, in an applied electric field, the zero-field states
mix, giving rise to ⟨S⃗ ⋅ n̂⟩ = PΩ, where P is the polarization factor.40

A common way to estimate P at a given field strength is to
consider the Stark effect since it similarly describes the mixing of
opposite parity levels due to an external electric field. The polariza-
tion factor can then be related to the derivative of the Stark shift
by40,41

P = − 1
dmol

∂ΔWStark

∂Eext
, (2)

where ΔWStark is the energy shift due to the Stark Hamiltonian
ĤStark = −d⃗mol ⋅ E⃗ext and d⃗mol is the usual molecular dipole moment
directed along the internuclear axis. d⃗mol differs from the aforemen-
tioned P, T-odd molecular EDM in the sense that the derivative of
the associated Stark shift, ΔWStark, goes to zero when Eext = 0. This is
not the case for the P, T-odd molecular EDM, which is consequently
referred to as a permanent EDM.

Due to the P, T-odd energy shift, the P, T-odd phase
accumulated during the coherent interaction time τ can be
expressed as

ϕP,T = (Wdde +Wsks)Ω∣P∣τ. (3)

Note that a measurement on single molecular species provides
only a linear combination of the two effects; in order to disentan-
gle these, measurements on multiple systems with different sen-
sitivities (or different Wd/Ws ratios) are needed.21,42 Two recent
studies discuss possible optimum combinations of molecules for
measurements.35,43

In order to illustrate the importance of the polarization factor,
we have calculated the Stark shift of the X2Σ+1/2 state in BaF by eval-
uating the sum of the effective rotational Hamiltonian and the Stark
Hamiltonian,

Ĥ = BN⃗2 − dmoln̂ ⋅ E⃗ext, (4)

FIG. 1. Top: stark curves of the MN = 0 components of the lowest four rotational
states, labeled by their zero-field states, in the X2Σ+1/2 state of BaF, ∣N, MN⟩. Bot-
tom: corresponding polarization curves. The point shows the polarization at the
typical experimental electric field strength of 10 kV/cm.
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where N⃗ is the rotational angular momentum of the nuclei with
projection MN on a space fixed axis, in the basis of the ten lowest
rotational levels and diagonalizing the resulting 66 × 66 matrix. Note
that for simplicity, spin-rotation and hyperfine terms have been
neglected as these would have a minor impact on the plotted curves.
In the top panel of Fig. 1, we show the Stark shift of the MN = 0 com-
ponent of the four lowest rotational levels, labeled by their zero-field
state, as a function of the external electric field. In the bottom panel
of Fig. 1, the corresponding polarization factor is shown, calculated
using Eq. (2), revealing very different behavior of the polarization
effect for the various rotational levels, which has a decisive influence
on the resulting precision of an eEDM experiment.

For the field strengths shown in Fig. 1, the N = 0 level provides
by far the largest polarization factor, which is one of the reasons for
using this level in the ongoing eEDM measurements.22,27 In a typical
experiment, a field strength of ∼10 kV/cm can be achieved, leading
to a polarization factor of ∼50% in the N = 0 level, as indicated by
the point in the bottom panel of Fig. 1.

The remainder of this article will be concerned with the calcu-
lations of the electronic enhancement factors, Wd and Ws.

III. THEORY
In Eq. (1), the EDM interaction energy was described using

an effective spin Hamiltonian. In the following, we will present
the overall framework that allows us to calculate Wd and Ws with
ab initio methods. Throughout this section, atomic units will be
used. As a starting point, one needs to consider the eEDM and
S–PS Lagrangian densities.7,44 In the case of the eEDM interaction,
the Lagrangian density, written in the Dirac notation, leads to the
following Hamiltonian:

ĤeEDM = −de(γ0Σ⃗ ⋅ E⃗ + iγ⃗ ⋅ B⃗), (5)

where γ0 and γ⃗ are the usual Dirac gamma matrices, Σ⃗ = (σ⃗ 0

0 σ⃗
) is

the vector of Pauli spin matrices,

σx =
⎛
⎜
⎝

0 1

1 0

⎞
⎟
⎠

, σy =
⎛
⎜
⎝

0 −i

i 0

⎞
⎟
⎠

, σz =
⎛
⎜
⎝

1 0

0 −1

⎞
⎟
⎠

, (6)

and E⃗ and B⃗ are the total electric and magnetic fields. The contri-
bution from the interaction of de with the magnetic field has been
shown to be small, and thus, the second term is usually omitted.45

The electric field in Eq. (5) includes both the external and inter-
nal electric fields, the latter due to the atomic nuclei and the other
electrons in the system. Consequently, E⃗ is a two-body operator
and it is advantageous to rewrite the first term of Eq. (5) into the
one-body operator form46

ĤeEDM = 2icde∑
i

γ5
i γ0

i p⃗ 2
i , (7)

where γ5 = iγ0γ1γ2γ3 and p⃗i is the momentum of electron i. Note that
the eEDM operator in Eq. (7) is the dominating one in the expres-
sion for the eEDM Hamiltonian, based on numerical calculations
on Cs, derived from a more advanced, and correct to the order α2,
expression based on the inclusion of the full Breit two-electronic

interaction in addition to the Coulomb one [see expression (3.4) of
Ref. 45].

The S–PS interaction can be described by the following Hamil-
tonian:8

ĤS−PS = i
GF√

2
ZN ks∑

i
γ0

i γ5
i ρ(r⃗iN), (8)

where GF is the Fermi constant (2.2225 ×10−14 in atomic units),
ZN is the atomic number of nucleus N, and ρ(r⃗iN) is the nuclear
charge distribution in the form of a Gaussian distribution. In princi-
ple, Eq. (8) should include the sum over all nuclei in the system. We
however consider here only the contribution from the Ba nucleus
since the contribution from the F atom will be negligible due to
two factors: (1) the molecular orbital of the unpaired electron is of
mainly Ba 6s character, which has a much larger overlap with the
Ba nucleus than with the F one, and (2) more importantly, both the
eEDM and S–PS interaction scale as Z3, which greatly suppresses the
F contribution.8 Note that, sometimes, the S–PS operator is param-
eterized in terms of Cs instead of ks; the two parameters are related
by Zks = ACs, where A is the mass number.7

For variational wave functions, the Wd and Ws parameters can
be evaluated as the expectation values of the eEDM or S–PS opera-
tors [Eqs. (7) and (8)]. For non-variational wave functions, such as
the coupled cluster (CC) wave function, the finite field method is
a convenient way to evaluate molecular properties and we use it to
calculate both Wd and Ws. The advantage of this formulation is in
the simplicity of its implementation and in the fact that no trunca-
tion of the CC expansion is necessary. We have recently applied this
implementation to calculations of the anapole-moment enhance-
ment parameter WA and the hyperfine structure (HFS) parame-
ters in BaF;47,48 for the hyperfine-structure constants, where exper-
imental values are available, we have achieved accuracy on a sin-
gle percent level, providing a confirmation of the reliability of this
approach.

In the finite field method, the Hamiltonian describing the per-
turbation, Ĥk, is added to the unperturbed Hamiltonian, Ĥ(0), with
a pre-factor (sometimes denoted as the field strength), λ,49,50

Ĥ = Ĥ(0) + λkĤk, (9)

where Ĥk is the eEDM operator, ĤeEDM/de, or the S–PS operator,
ĤS−PS/ks [Eqs. (7) and (8)] and λk represents the effective de or
ks, respectively. In our case, Ĥ(0) is the relativistic Dirac–Coulomb
Hamiltonian,

Ĥ(0) =∑
i
[βimc2 + cα⃗i ⋅ ˆ⃗pi − Vnuc(ri)] +

1
2∑i≠j

1
rij

, (10)

where α⃗ and β are the Dirac matrices,

α⃗ =
⎛
⎜
⎝

0 σ⃗

σ⃗ 0

⎞
⎟
⎠

, β =
⎛
⎜
⎝

12×2 0

0 −12×2

⎞
⎟
⎠

, (11)

and σ⃗ is the vector consisting of the Pauli spin matrices, defined in
Eq. (6).
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As a consequence of the introduction of λk in Eq. (9), the energy
can be expanded in a Taylor series around λk = 0,

EΩ(λk) = E(0)Ω + λkE(1)Ω +O(λn
k), (12)

where O(λn
k) denotes higher-order terms. EΩ is the total energy of a

given electronic state in the presence of the perturbation Ĥk. E(1)Ω is
proportional to the eEDM or S–PS energy shift presented in Eq. (1)
with the proportionality factors being de or ks, respectively. The
magnitude of λk can be chosen such that higher order terms van-
ish, and Wd and Ws (below represented by Wk) can be obtained as
the first derivative of the energy with respect to λk,

Wk =
1
Ω

dEΩ(λk)
dλk

∣
λk=0

. (13)

In practice, EΩ(λk) is calculated at different values of λk and
Wk are obtained by numerical differentiation. Due to the eEDM
and S–PS operators being T-odd, we evaluate them at Kramer’s
unrestricted CC level, which uses unperturbed Kramer’s restricted
Hartree–Fock orbitals.48,51

It should be mentioned that Wd is often referred to in the liter-
ature in terms of the so-called effective electric field, Eeff; the relation
between the two is given by Wd = Eeff/Ω.

IV. COMPUTATIONAL DETAILS
All the calculations were carried out with a modified version

of the DIRAC17 program.52,53 If not stated otherwise, the default
program settings were used. We implemented the eEDM opera-
tor [Eq. (7)] at the unrestricted CC level, whereas the S–PS oper-
ator was constructed from the existing repository of one-electron
operators.

Dyall’s uncontracted all-electron relativistic basis sets of
double-, triple-, and quadruple-zeta quality (denoted vdz, vtz, and
vqz) were employed,54,55 both in their original form and with addi-
tional tight and diffuse functions added in an even-tempered fashion
as described in Sec. V. In addition, also the cvXz and aeXz basis sets
were used, which include additional functions with large exponents
(so-called tight functions) needed to correlate the core–valence
region and all the electrons, respectively. The singly augmented
vXz basis sets (s-aug-vXz), which include a set of automatically
generated diffuse functions for each symmetry block, were also
used. These functions are generated in an even-tempered fashion
and are shown in the supplementary material, Table S1. The Dyall
basis sets provide exponents for the large component basis func-
tions, and the small component basis functions were constructed
using the restricted kinetic balance. In the calculation of the Fock
matrix, a tight threshold on the screening of two-electron integrals of
10−15 a.u. was used.

The unrestricted CC method with single and double excitations
was employed along with three schemes for the inclusion of pertur-
bative triple excitations: +T, (T), and −T.51 The difference between
these schemes is the number of triple excitations that are included;
in CCSD + T, these are all the excitations up to fourth order in per-
turbation theory; in CCSD(T), a subset of fifth order excitations is
also included; and in CCSD − T, one additional fifth order exci-
tation is added. In addition, also the Fock-space coupled cluster
approach (FSCC) was used.56 If not stated otherwise, all electrons

were included in the correlation calculation with a cutoff of virtual
orbitals set at 2000 a.u.

The convergence threshold was 2 × 10−10 a.u. on the DHF
energy and 10−12 a.u. on the CC amplitudes. The field strengths
employed in the finite field procedure were 0.0 and ±10−9, result-
ing in an energy change on the order of 10−9 a.u. At this field
strength, the perturbed energy behaves linearly with respect to
the field strength and the numerical differentiation was obtained
through linear regression analysis through the three points. Based
on an examination of the field strength dependence, we expect
the uncertainty due to numerical precision to be not larger
than 0.1%.

The experimental BaF bond length of 2.162 Å was taken from
the NIST Chemistry WebBook.57,58

V. RESULTS AND DISCUSSION
A. Basis set

We start our computational study with an analysis of the basis
set dependence of the Wd and Ws factors. This allows us to select
a basis set that is sufficiently converged for these properties and at
the same time to estimate the error that is introduced by truncat-
ing the basis set at the chosen point. Since the standard basis sets
are optimized for describing properties related to the valence region,
such as bonding, and not core-dependent properties, such as Wd
and Ws, such a study becomes indispensable. To capture the full
effect of varying the basis sets, the CCSD(T) method is used in this
investigation.

In Table I and Fig. 2, Wd and Ws are shown at increasing
basis set quality, i.e., cardinal number, and using three different
families, namely, the valence (vXz), core–valence (cvXz), and singly
augmented valence (s-aug-vXz) families. The first thing to notice is
that the two properties show different dependencies on the basis set
quality. Going from double- to quadruple-zeta quality, Ws generally
shows a convergent behavior, whereas Wd increases from double-
to triple-zeta and decreases going from triple- to quadruple-zeta.
This zig-zag behavior can be attributed to the competing effects of
tight functions, which increase Wd and Ws (demonstrated by com-
parison of cvXz to vXz), and diffuse functions, which decrease Wd
and Ws (s-aug-vXz compared to vXz). As the standard basis sets are
constructed to optimize the description of the valence region, one
can expect mostly diffuse functions to be added when increasing the
basis set cardinal number. Consequently, the present results indicate
that Ws is more sensitive to the description of the valence region
than Wd.

TABLE I. Dependence of the calculated Wd and W s on the quality of the basis set
within the valence (v), core–valence (cv), and singly augmented valence (s-aug-v)
families. The calculations were carried out on the CCSD(T) level.

Wd (1024 Hz
e cm ) Ws (kHz)

X vX cvX s-aug-vX vX cvX s-aug-vX

dz 3.067 3.103 3.013 7.552 7.637 7.426
tz 3.119 3.166 3.096 8.174 8.300 8.100
qz 3.094 3.132 3.092 8.184 8.290 8.174
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FIG. 2. Dependence of the calculated W d and W s on the basis set quality and
family. The results are presented in percent with respect to the vqz values. The
calculations were carried out on the CCSD(T) level (see Table I for the values).

At the quadruple-zeta level, the effect of correlating the
core–valence region (using the cvqz basis set) is very similar, i.e.,
∼1.2% for Wd and ∼1.3% for Ws, compared to the vqz basis. The
difference between the vqz and cvqz basis sets lies in the addition of
tight functions (i.e., functions with large exponents) with high angu-
lar momentum needed to correlate the 4d shell, that is, 3 f-, 2 g-, and
1 h-functions. To investigate which of these functions are responsi-
ble for the observed change in the Ws and Wd parameters, and the
effect of additional tight functions of lower angular momentum, we
performed an additional study where we added tight functions of
different symmetries manually, one by one. The results are shown in
Fig. 3, and the data points as well as the exponents that were gener-
ated in an even-tempered fashion can be found in Tables S2 and S3 of
the supplementary material. We can conclude that the vqz basis set
is sufficiently saturated with respect to tight s-, p-, and d-functions;
adding extra tight functions in these symmetries has a small effect
on the results (that we account for in the uncertainty estimation).
Furthermore, the bulk of the effect is seen when adding a single
tight f-function; the addition of a second tight f-function, however,

FIG. 3. Effect of additional tight (large exponent) functions of different symmetries
on the calculated W d and W s. The results are presented in percent with respect
to the vqz values. The calculations were carried out on the CCSD(T) level.

leaves the calculated enhancement factors virtually unchanged. The
effect of adding a tight g-function is around half of the f-function
effect, and the two contributions turn out to be roughly additive.
This behavior is very similar for the two parameters.

To investigate whether additional correlation functions for the
core–electrons have an effect on the two parameters, we performed
two calculations using the all-electron basis set at the quadruple-
zeta level (aeqz), the results being Wd = 3.128 × 1024 Hz

e cm and
Ws = 8.311 kHz, changing the cvqz values by <0.25%; we will
account for this effect in the uncertainty estimation.

B. Correlation treatment
In the following, we investigate the effect of various parame-

ters related to electron correlation. In coupled cluster calculations
of valence properties, such as polarizabilities,59 it is often suffi-
cient to correlate only part of the electrons by freezing a number
of core shells. Furthermore, only correlating the outer shells allows
one to reduce the number of required virtual orbitals, thus signifi-
cantly lowering the computational costs. However, in properties that
depend on the description of the core region, such as Wd and Ws (or
the less exotic hyperfine structure constants48), it is important to also
correlate the core electrons and consequently to include a large num-
ber of virtual orbitals.38,60–62 To facilitate a more quantitative insight
into this behavior, we investigate in the following how Wd and Ws
depend on the size of the occupied and the virtual correlation space.
To reduce the computational cost, the aetz basis set was used.

In Subsections V B 1 and V B 2, the results were obtained
with the CCSD(T) method. Subsection V B 3 contains a compari-
son of the performance of the various schemes for inclusion of the
perturbative triple excitations.

1. Active occupied space
Here, we investigate the effect of excluding a given number of

electrons from the correlation treatment. In this study, regardless of
the number of correlated electrons, all virtual orbitals below a cutoff
of 2000 a.u. were included in the calculation as it has been shown
that high-lying virtual orbitals are important for capturing all the
correlation effects related to the core electrons.38,60–62

In Fig. 4, the behavior of Wd and Ws is shown when increas-
ing the number of correlated electrons from 17 to the entire 65; the
results are shown in percent, with respect to those obtained in the all-
electron calculations. We observe very similar behavior for the two
constants. When correlating only the 17 outer-core–valence elec-
trons, both properties are underestimated by around 10%. In Ref. 61,
this effect was estimated to be about 5% for Wd in ThO and in Ref. 62
around 4% for Rs (atomic analog of Ws) in the Fr atom, which indi-
cates that the importance of both core and core–valence correlation
might have been underestimated in the past, keeping in mind that
the correlation effects could be different in the mentioned systems,
for example, due to a different electronic state.

Including 35 electrons in the correlation treatment, which cor-
responds to the often used cutoff of −20 a.u., has a noticeable effect
and reduces the deviation to ∼4%. A similar effect was found in Ref.
38. This corresponds to including the 4s, 4p, and 4d electrons of
Ba in the correlation treatment, as can be seen in Table II, where
the main atomic orbital contributions (determined from a Mulliken
population analysis) to the molecular orbitals frozen in each interval
are listed.
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FIG. 4. Effect of correlating different numbers of electrons on the calculated W d
and W s, relative to an all-electron calculation. The calculations were performed on
the CCSD(T)/aetz level with a virtual cutoff of 2000 a.u. See also Table II. For each
point, the frozen orbitals are shown (Ba + F).

TABLE II. Effect of the number of correlated electrons on the calculated Wd and
W s. The frozen orbitals are also shown, along with the relative deviation in percent
compared to correlating all 65 electrons. The calculations were carried out on the
CCSD(T)/aetz level.

No. of correlated Frozen orbitals Wd % Ws %
electrons Ba F (1024 Hz

e cm ) (65) (kHz) (65)

17a [Kr]4d 2.832 89.3 7.416 89.5
27 [Kr] 2.904 91.6 7.605 91.7
33 [Ar]3d4s 2.981 94.0 7.805 94.2
35 [Ar]3d 3.042 95.9 7.974 96.2
55 [Ne] [He] 3.123 98.5 8.174 98.6
63 [He] 3.155 99.5 8.29 100
65 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 3.171 100 8.29 100
aOuter-core–valence orbitals: Ba 6s, 5p, 5s and F 2p, 2s.

Consequently, excluding what can be considered as the core
electrons, namely, 1s–3d on Ba and 1s on F, in total 30 electrons,
has a considerable effect (∼4%) if one pursues high accuracy and low
uncertainty. Even freezing the 1s, 2s, and 2p electrons on Ba has a
non-negligible effect of ∼1.5%. Conversely, this effect was found to
be negligible in the case of Wd and Ws in YbF in Ref. 63, which could
be due to the absence of high-lying virtual orbitals from the calcu-
lation (due to a virtual space cutoff of 200 a.u.). In the same study,
the effect of including the third shell of Yb was found to be 2%–3%,
which agrees with our findings.

All electrons were correlated in the results, which will be
presented in the following and in the final recommended values.

2. Active virtual space
When using large basis sets, such as in the present study, it can

be advantageous to limit the number of virtual orbitals included in
the correlation treatment in order to reduce computational costs. In
the following, we therefore perform investigations to determine a
reasonable virtual space cutoff that will introduce only minor errors.

In Fig. 5, the effect of cutting off virtual orbitals at various ener-
gies on the calculated Wd and Ws is shown, relative to a cutoff of
6000 a.u., above which additional functions are expected to have a
minor effect. The two properties behave very similarly in regard to
the changes in the size of the virtual space, which is also consistent
with our findings in Sec. V B 1 concerning the effect of the number
of correlated electrons. The only discrepancy is found at a cutoff of
1000 a.u. where the Ws value increases more than the Wd value. For
a cutoff of 500 a.u., both properties are underestimated by ∼1%, and
for a cutoff of 2000 a.u., this becomes ∼0.3%. We therefore chose to
use a cutoff of 2000 a.u. for the results presented in the rest of this
paper.

In the zoomed-in image of Fig. 5, it can be seen that some vir-
tual Ba orbitals contribute more than others, depending on their
type. In particular, Ba s and p orbitals seem to contribute the most. It
is also interesting to note that between the fifth and the sixth points,
both properties decrease due to the addition of the d-functions of
Ba to the correlation space. In a similar fashion, adding tight d-
functions to the basis set led to a decrease in the value of the Wd
parameter (Sec. V A). Since the virtual orbitals situated on the F

FIG. 5. Top: dependence of calculated W d and W s on the virtual space cut-
off, in percent, relative to the results obtained with a cutoff of 6000 a.u. Bottom:
zoomed-in image of the area indicated by the black rectangle on the upper panel
including specification of Ba orbitals added at each point. The presented results
were obtained on the CCSD(T)/aetz level. See also the supplementary material,
Table S4.
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TABLE III. Wd (1024 Hz
e cm ) and W s (kHz) obtained using different treatments of elec-

tron correlation, relativity, and nuclear charge description (the cvqz basis set was used
in the calculations).

Method Wd (1024 Hz
e cm ) Ws (kHz)

Correlation

DHF 2.332 6.215
DC-MP2 2.884 7.668
DC-CCSD 3.180 8.416
DC-FSCC (0,1) min 3.137 8.321
DC-FSCC (0,1) ext 3.128 8.290
DC-CCSD + T 3.123 8.258
DC-CCSD(T) 3.132 8.290
DC-CCSD − T 3.137 8.300

Treatment of relativity

X2C-CCSD(T) 3.121 8.279
DC-CCSD(T) + ΔGaunt(DHF) 3.076 8.258

Nuclear model

Point nucleus [DC-CCSD(T)] 3.177 ⋅ ⋅ ⋅

atom are expected to have a negligible contribution, we do not
address these in our discussion.

3. Perturbative triples
In this section, we investigate the effect of the excitation

rank and estimate the magnitude of the error that is introduced
by truncating the coupled cluster expansion. Table III and Fig. 6
present the results obtained on different levels of treating electron
correlation.

The effect of correlation is very similar for the two properties,
with CCSD results higher by ∼27% compared to the DHF values;
the perturbative triples lower the Wd and Ws values by ∼1.5%. The
spread in the contributions of the different schemes for treatment of

FIG. 6. Effect of the treatment of electron correlation on the calculated W d and
W s, in percent, relative to the recommended CCSD(T) results. The cvqz basis set
was used in the calculations. See also Table III.

perturbative triple excitations [CCSD + T, CCSD(T), and CCSD −
T] is around 1/3 of the total effect of triples compared to CCSD, as
can be seen in Fig. 6. We can therefore conclude that the perturbative
triple excitations are stable for these two properties (in contrast to
the case of the hyperfine structure constants48) and that the results
are reasonably converged with respect to the excitation rank.

Another test of higher order correlation effects and effects
related to any multi-reference character is by comparison of FSCC
to the single reference results. In Table III, FSCC results are shown
using a minimum (min) and extended (ext) model space in which
the valence orbital (σ) and additional five lowest virtual orbitals
(π, π, δ, δ, σ) were included, respectively. The results are simi-
lar to the CCSD(T) results with FSCC min being in both cases
slightly higher than CCSD(T) and FSCC ext being slightly lower than
CCSD(T) in the case of Wd and practically identical to CCSD(T) in
the case of Ws. This indicates that the single-reference description
used in the CCSD(T) method is indeed suitable, as expected for the
BaF X2Σ+1/2 ground state.

For the recommended values, we choose to use the CCSD(T)
method since the difference with respect to the formally more cor-
rect CCSD − T method is very small and since the CCSD(T) method
is well-known and widely used, facilitating the comparison with
other works.

C. Treatment of relativity and nuclear model
Table III also contains the comparison of the results obtained

using different descriptions of relativistic and related effects on the
CCSD(T)/cvqz level.

So far, we have used the Dirac–Coulomb (DC) Hamiltonian
[Eq. (10)], in which the one-electron part is described by the four-
component Dirac–Hamiltonian and the two-electron interaction by
the Coulomb operator.

A popular alternative to the computationally expensive four-
component approach is the exact two-component (X2C) method64

in which the large and the small component are exactly decoupled
and the positive energy spectrum of the four-component Hamil-
tonian is reproduced within numerical precision.65 In Table III,
we show the X2C results for Wd and Ws. The deviation from
the four-component value in the case of Ws is indeed very small
(0.1%), whereas the deviation for Wd is slightly larger, namely,
0.4%. Similar deviations were observed for other properties, such
as HFS constants,48 parity-violating matrix elements,66 and contact
densities.67

The Coulomb operator can be considered as a non-relativistic
description of the two-electron interaction since it does not take
the finite speed of light into account. In other words, this inter-
action is instantaneous. For a first-principles relativistic descrip-
tion of the two-electron interaction, one has to turn to the the-
ory of quantum electrodynamics (QED). The lowest order of QED
radiative correction consists of single virtual transverse polarized
photon exchange between the interacting electrons. In the Feyn-
man gauge, these corrections can be formulated in terms of a
magnetic interaction (Gaunt term), and in the Coulomb gauge,
it includes also the additional retardation effect (Breit term).68,69

In the DIRAC17 program, the Gaunt interaction is available
at the DHF level70 and we tested its effect on the calculated
Wd and Ws.
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The results in Table III show that this interaction has a different
effect on the two properties. Similar to the case of the X2C results,
the effect for Wd is larger (∼ −1.8%) than the effect on Ws (∼ −0.4%).
Similar magnitude of this contribution was observed in Ref. 38. In
both cases, the effect is significantly larger than in the case of the
HFS constants (∼−0.04%),48 which could be explained by the fact
that Wd and Ws are highly relativistic properties and that they are
therefore more sensitive to the treatment of relativity.

It should, however, be noted that the current implementation of
the Gaunt interaction lacks contributions from (a) relaxation effects
(due to the use of Kramer’s restricted DHF orbitals), (b) correla-
tion effects, and (c) terms of the order α2 originating from the full
Breit interaction missing both in the Gaunt interaction itself and in
the expression for the eEDM Hamiltonian [Eq. (7)]. In the case of
HFS constants, we found the calculated Gaunt contribution to be
too low and with the opposite sign compared to the more sophisti-
cated methods.48 However, to our knowledge, no study of the Gaunt
and/or Breit contributions to these properties has yet been reported
on a higher level of theory and we consequently choose to include
the present result as an order of magnitude estimate for the actual
effect.

In relativistic electronic structure methods, it is common prac-
tice to model the nuclear charge using either a Gaussian or a Fermi
charge distribution.71 To investigate the error introduced by this
approximation, we compare the results obtained using the Gaussian
model, as implemented in the DIRAC17 program to the results of
calculations that use a point charge description (Table III). We do
not consider the effect of using the point charge model on the cal-
culated Ws, as one would also need to replace the nuclear charge
distribution contained in the operator [Eq. (8)], which would induce
a too drastic change in the definition of this operator.

For Wd, the observed effect is 1.5%. Since the point charge
model is a very crude approximation, the error introduced by using
a Gaussian charge distribution can be expected to be at least an order
of magnitude smaller than the difference observed here. Therefore,
we neglect this effect in the determination of the uncertainty of the
predicted Ws and Wd values. In Ref. 61, the uncertainty associated
with modeling the nucleus using the Fermi charge distribution was
estimated to be around 1% for Wd in ThO. This larger uncertainty
is likely due to the much larger Z of Th.

D. Vibrational effects
Before turning to the discussion of the theoretical uncertainty,

we need to consider the effects of vibrations on the Wd and Ws
parameters. For this analysis, we used the VIBROT module of Open-
Molcas,72 which fits a given potential energy surface (PES) as well
as a property surface. Based on the fitted PES, the vibrational lev-
els and corresponding wave functions are determined by solving the
vibrational Schrödinger equation numerically with the aid of the
Numerov–Cooley approach.73 Finally, the given property is deter-
mined for each vibrational level as the expectation value over the
corresponding vibrational wave function. The single points for a
range of geometries were calculated at the DC-CCSD(T)/aetz level
of theory, and the results as well as the three lowest vibrational lev-
els are shown in Fig. 7 and supplementary material, Table S5. Note
the very similar dependence of the Wd and Ws parameters on the
internuclear distance.

FIG. 7. Top: W d (left axis) and W s (right axis) calculated at different geometries
at the DC-CCSD(T)/aetz level. Bottom: corresponding unperturbed energies. The
dashed line represents the fitted potential energy curve, and solid lines represent
the three lowest vibrational levels.

The vibrational corrections to Wd and Ws in the three lowest
vibrational levels are shown in Table IV, calculated as the difference
between the vibrationally averaged property for each vibrational
level and the property calculated at Re. The resulting corrections for
the considered levels are small due to the fact that the property curve
is close to being linear in this region. Combined with the symmetric
shape of the PES in the low vibrational levels means that the observed
changes in Wd and Ws are integrated out. The results of this anal-
ysis will be used in the estimation of the theoretical uncertainty as
presented in Sec. V E.

E. Uncertainty estimation
We choose to use the results obtained on the DC CCSD(T) level

of theory using the cvqz basis set, correlating all electrons, and cut-
ting of the virtual space at 2000 a.u. as the recommended values.
We thus arrive at values of 3.13 ×1024 Hz

e cm for Wd and 8.29 kHz
for Ws.

TABLE IV. Wd and W s in the three lowest vibrational levels compared to the values
at the equilibrium distance, Re, determined from the fit of data points shown in Fig. 7.
The DC-CCSD(T)/aetz method was used.

Vib. level Wd (1024 Hz
e cm ) % (Re) Ws (kHz) % (Re)

Re (2.178 Å) 3.201 ⋅ ⋅ ⋅ 8.375 ⋅ ⋅ ⋅
v0 3.202 0.03 8.387 0.15
v1 3.214 0.43 8.423 0.58
v2 3.227 0.83 8.455 0.96
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Based on the exhaustive analysis of various computational
approximations presented above, we can determine the uncertainty
of the calculated Wd and Ws enhancement factors. We follow the
strategy employed in earlier publications dealing with similar prop-
erties as well as with HFS constants,47,48,74,75 where the uncertainty
associated with each computational approximation is estimated
separately in a systematic fashion. These individual uncertainties
are shown in Table V and illustrated in Fig. 8. In the following,
we address the main conclusions from this analysis; the reader is
referred to Secs. V A–V D for a thorough discussion of the observed
effects. The scheme we use to determine the individual uncertain-
ties is constructed to provide realistic yet conservative estimates. For
some properties, the sign of the estimated uncertainty is not obvious
and we therefore choose to consider the absolute values in all cases.

1. Basis set
The uncertainty stemming from using a finite rather than a

complete basis set can be determined as a combination of three sep-
arate parameters: (1) general basis set quality, determined as half
the difference between the vqz and vtz results; (2) the quality of the
description of the valence region (the amount of diffuse functions),
estimated as the difference between the s-aug-vqz and vqz results;
and (3) the quality of the description of the core region (the amount
of tight functions). The latter uncertainty can be additionally split
into uncertainty due to functions with low (s, p, and d) and high
(f, g, and h) angular momenta, taken as the effect of additional tight
s, p, and d functions shown in Fig. 3 and as the difference between
the aeqz and cvqz results, respectively. For Wd, the uncertainty

TABLE V. Summary of the sources of uncertainty (absolute values) of the calculated
Wd (1024 Hz

e cm ) and W s (kHz) enhancement parameters in BaF along with the abso-
lute total uncertainty and in percent relative to the recommended DC CCSD(T)/cvqz
value.

Source Estimation scheme δWd δWs

Basis set

Quality (vqz − vtz)/2 0.012 0.005
Diffuse funct. s-aug-vqz − vqz 0.002 0.031
Tight funct. l ≤ 2 (s, p, d) 0.009 0.033
Tight funct. l ≥ 3 aeqz − cvqz 0.004 0.021

Correlation

Virtual space cutoff 6000 − 2000 a.u. 0.014 0.011
Higher excitations (CCSD − T − CCSD + T) ⋅ 2 0.027 0.084

Relativity

Breit + QED (DC +ΔG − DC) ⋅ 2 0.113 0.064
Geometry

R uncertainty R − (R − δR) (aetz) 0.011 0.029
Vibrational effects Re − v0 (aetz) 0.001 0.013

Total

Sum
√

Σiδ2
i 0.119 0.122

% 3.79 1.47

FIG. 8. Graphical representation of the total uncertainty as well as the individual
contributions in percent relative to the recommended values [DC-CCSD(T)/cvqz
level]. The total contributions from the basis set and correlation effects are also
shown.

stemming from the basis set quality dominates, whereas for Ws,
the missing tight s, p, and d and diffuse functions have the largest
effect (as for this property, we observed much more smooth con-
vergence with respect to the basis set quality than for Wd). In both
cases, the uncertainty introduced by the incompleteness of the basis
set amounts to ∼0.5%.

2. Electron correlation
Two aspects contribute to the uncertainty associated with the

correlation treatment, namely, the cutoff of virtual orbitals and the
higher rank excitations. Ideally, one would study the convergence
with respect to the excitation rank by comparing the CCSD and
CCSDT methods. However, calculations with the latter method are
not presently feasible, and instead, we take twice the spread in
the values obtained with the different schemes for including per-
turbative triples. Another possibility to estimate the effect of the
residual triple and the higher excitation is by comparing CCSD(T)
with CCSD results, which, in fact, gives a similar uncertainty. The
observed conservative effect of ∼1% turns out to be very similar for
the two properties. For Ws, this is the leading contribution to the
total uncertainty. In Ref. 61, the effect of full triple and perturba-
tive quadruple excitations [relative to CCSD(T)] was found to be
∼0.1% for Wd in ThO, i.e., considerably smaller than the present esti-
mate. In Ref. 38, the uncertainty due to higher rank excitations was
assumed to be 3.5%, which is more conservative than determined
here. The cutoff of the virtual space is a considerably smaller source
of uncertainty and is estimated as the difference between a cutoff of
6000 and 2000 a.u.

3. Relativistic effects
Here, we consider the error introduced by describing the two-

electron interaction by the non-relativistic Coulomb potential and
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by neglecting the higher order QED corrections. This is done by con-
sidering the effect of the Gaunt interaction, as discussed in Sec. V C.
Since QED corrections to properties can be of similar magnitude as
the Breit interaction (as, for example, in the case of HFS constants76),
we multiply the effect of Gaunt by 2 to give the uncertainty estimate.
For Wd, the uncertainty due to higher order relativistic effects domi-
nates the total uncertainty estimate with ∼3.6%, whereas for Ws, this
effect is considerably smaller, namely, ∼0.76%.

4. Geometry
In the following, we investigate the uncertainty stemming from

the employed geometry. In all the calculations presented so far, the
experimental bond length of 2.162 Å was used. This bond length was
measured with a precision of 0.007 Å,57,58 and we estimate the corre-
sponding uncertainty in Wd and Ws using the fitted property curves
presented in Fig. 7 and supplementary material, Table S5. The fit-
ted curves were used to determine Wd and Ws both at the employed
bond length of 2.162 Å and including the uncertainty, i.e., 2.162 ±
0.007 Å, and the results are shown in the supplementary material,
Table S6. The largest absolute difference is 0.36% for both Wd and
Ws.

Another source of uncertainty related to the geometry is that
of vibrational effects. The planned EDM experiment will use vari-
ous slowing and cooling techniques to obtain a slow intense beam of
BaF molecules in the ground electronic, vibrational, and rotational
states.27 Consequently, we only need to consider the vibrational cor-
rection in the v0 level for the uncertainty estimate. These results are
shown in Table IV, and we obtain an uncertainty contribution of
0.03% and 0.15% for Wd and Ws, respectively. The observed effect
is similar to that reported by Skripnikov and Titov for Wd in ThO.61

As can be seen from Fig. 8, the uncertainty related to the geometry
provides the smallest contribution to the total uncertainty.

5. Total uncertainty
To obtain the total uncertainty, we add the individual sources

of uncertainty in a quadratic manner, which assumes the different
contributions to be independent. Although effects such as basis set
size and electron correlation are known to be strongly interdepen-
dent, this assumption can be considered suitable as long as we are
dealing with higher order corrections.

The total uncertainty is almost twice as large for Wd com-
pared to Ws due to the significant Gaunt contribution. This high-
lights the need for a separate computational investigation for dif-
ferent molecules and even different properties in the same system,
in order to both determine the most suitable computational scheme
and estimate the uncertainties.

The total uncertainties for Wd and Ws of 3.8% and 1.5% pre-
sented here are smaller than previously reported for calculations
based on similar methods. In Ref. 61, an uncertainty of 7% on Wd
of ThO was estimated using the two-component CCSD(T) method.
In Ref. 77, the CCSD approach was used to calculate Wd in PbF and
an uncertainty of 4% was suggested. Considering studies of Wd in
BaF, no error bars were given in Ref. 36, which showed results on
the CCSD level, whereas in Ref. 38, the uncertainty was estimated to
be 8% using the same computational approach.

In order to test whether our estimated uncertainty is realistic,
we followed the usual strategy where we used the same compu-
tational method to calculate the 137Ba HFS constants in BaF and

compared the results to accurate experimental data. Using HFS con-
stants to benchmark methods for calculating P, T-odd parameters
relies on the fact that both types of properties are sensitive to the
quality of the description of the wave function in the vicinity of the
nucleus. This has, in fact, enabled semi-empirical extraction of Wd
and Ws from the experimentally measured HFS constants.28,78 For
the HFS constants, we found a deviation of 0.3%48 between the-
ory and experiment, which provides a conformation that the low
uncertainty estimate presented in this work is indeed reliable.

F. Comparison with previous results
Several authors have investigated Wd, and, to a lesser extent,

Ws, in BaF over the past few decades and on various levels of the-
ory.28–38 In Table VI, a comparison of our results with previous
studies is shown; the results at the highest level of theory are pre-
sented from each study. We have converted results presented as Eeff
to the Wd notation using the relation Wd = 1

Ω Eeff, where Ω = 1/2 in
the case of the BaF X2Σ+1/2 ground state. In addition to the variety
of methods used, the different results were obtained with different
basis sets and some using different geometries, which makes a direct
comparison problematic.

The relativistic CCSD method has recently become a widely
used approach for accurate predictions of the P, T-odd properties,
and we see that Refs. 36–38 predict very similar values, all within

TABLE VI. Previous predictions for the Wd (1024 Hz
e cm ) and W s (kHz) parameters

in BaF as well as the current recommended values with associated uncertainty.
Numbers in parentheses show the estimated uncertainty when given.

References Method Wd Ws

28 and 58 HFS + SEa 3.5 (20%) 11 (20%)
28 and 79 HFS + SEa 4.1 (20%) 13 (20%)
29 GRECP RASSCFb 2.2 5.9

GRECP RASSCF-EOb 3.6
30 and 31 4c RASCIc 3.52 9.7
32 NR +MRCId 3.0
33 4c CISDe 2.09
34 and 35 GHF-ZORAf 3.32 (20%) 8.67 (20%)

GKS-ZORA/B3LYPf 2.90 (20%) 7.58 (20%)
36 4c LE CCSDg 3.14

4c FF CCSDh 3.12
37 4c LE CCSDg 3.20 8.4
38 4c Z-vector CCSDi 3.15 (8%) 8.35 (8%)
This work 4c FF CCSD(T) 3.13 (3.8%) 8.29 (1.5%)
aSemi-empirical (SE) method based on the HFS parameters of Knight and Weltner58

and Ryzlewicz and Törring.79

bGeneralized relativistic effective core potential (GRECP) restricted active space self-
consistent field method (RASSCF) with and without an effective operator (EO).
cFour-component (4c) restricted active space configuration interaction (RASCI).
dNon-relativistic (NR) multi-reference configuration interaction (MRCI) with effective
core potentials (ECPs).
e4c configuration interaction with single and double excitations (CISDs).
fGeneralized Hartree–Fock (GHF) and generalized Kohn–Sham (GKS) with the zeroth-
order regular approximation (ZORA).
gCCSD with only linear terms in the expression for the expectation value.
hCCSD in combination with the finite field (FF) method.
iCCSD in combination with the Z-vector method.
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the uncertainty of the present work, although the result of Ref. 37
can be expected to have a fortunate cancellation of errors as it was
obtained with the vtz basis set and a relatively low virtual cutoff of 80
a.u. Generally, the majority of the CCSD results today are obtained
using either the Z-vector method, where properties are calculated
as expectation values, or the more approximative LE method, which
uses a linearized expression of the CC expectation value. In Ref. 36,
the latter approximation was compared to the finite field method,
which showed deviations <1%. The advantage of the present results
compared to the previous CCSD studies is the inclusion of pertur-
bative triples as well as the possibility of providing a transparent and
reliable uncertainty estimate.

While a detailed comparison between the present and the ear-
lier results obtained on a lower level of theory is not of particular
interest here, a few remarks should be made. Gaul and Berger cal-
culated Wd at the two-component ZORA level using the general
Hartree–Fock and Kohn–Sham methods.34 Contrary to our findings
in Sec. V B 3, a decrease in the calculated Wd value was observed
when including electron correlation compared to Hartree–Fock.
Gaul et al. attributed this difference to the opposite effects of
spin-polarization and electron correlation since spin-polarization
is already taken into account on the GHF level. This might also
explain the relatively high RASSCF-EO result since the effective
operators are associated with the inclusion of spin-polarization. In
our approach, we account for spin polarization only at the coupled
cluster level starting from restricted Hartree–Fock orbitals; how-
ever, we expect that this is compensated in the coupled cluster
procedure.

The result of Ref. 33 obtained with the 4c CISD method is
significantly lower than most other theoretical values. This large dif-
ference was attributed to aspects concerning correlation treatment.
In addition, a slightly different geometry was used in that study.

VI. CONCLUSIONS
The P, T-odd molecular enhancement factors Wd and Ws are

crucial for the interpretation of precision experiments that search for
physics beyond the Standard Model using molecules. These param-
eters cannot be determined experimentally, and the purpose of this
work was to calculate them for the ground state of the BaF molecule
with the highest possible accuracy and to provide a transparent and
systematic estimate of the associated uncertainties.

We have used the four-component finite field CCSD(T)
method and the cvqz basis set to provide the recommended val-
ues of 3.13 ± 0.12 × 1024 Hz

e cm and 8.29 ± 0.12 kHz for Wd and Ws,
respectively. The main contributions to the uncertainties stem from
the higher order relativistic effects in the case of Wd and from the
higher order correlation effects in the case of Ws. This, along with
the difference in relative uncertainty (3.8% and 1.4% for Wd and
Ws, respectively), reflects the different dependence of the two prop-
erties on the various computational parameters. Whereas Wd seems
to be mostly sensitive to the description of the nuclear region and the
relativistic effects, Ws also shows dependence on diffuse functions
included in the basis set, indicating its sensitivity to the description
of the valence region. These differences highlight the need for sepa-
rate in-depth computational studies for the different properties in
order to provide high accuracy predictions and to assign reliable
uncertainties.

TABLE VII. Ratio Wd/W s (1020 1
e⋅ cm ) of diatomic molecules currently being used in

high precision EDM experiments.

References System Wd/Ws

This work BaF 3.78
35 YbF 2.80
81 HfF+ 2.75
81 ThO 1.72

The predictions presented here will be used as part of the future
interpretation of the NL-eEDM experiment. In order to disentangle
the effects stemming from the eEDM and the S–PS interaction, at
least two measurements on systems for which the ratio Wd/Ws dif-
fers significantly are required. Since this ratio depends mainly on
Z, measurements on systems with a large difference in Z are to be
preferred.35,43 The Wd/Ws ratios for systems used in a few ongoing
EDM measurements24,25,27,80 are listed in Table VII. The results show
that the largest difference is found between the lightest (BaF) and
the heaviest (ThO) systems, whereas the ratios for YbF and HfF+ are
very similar due to the similar Z. Consequently, a precise measure-
ment of the P, T-violating effects in BaF, combined with the ongoing
measurements on the heavier systems, will be important in order to
disentangle the two P, T-odd sources.

SUPPLEMENTARY MATERIAL

See the supplementary material for basis set exponents as well
as results showing the effect of adding tight functions, the effect
of virtual space cutoff, and the effect of changing the internuclear
distance on the calculated parameters.
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Saue, “Analysis of parity violation in chiral molecules,” Phys. Chem. Chem. Phys.
13, 864 (2011).
67S. Knecht, S. Fux, R. van Meer, L. Visscher, M. Reiher, and T. Saue, “Mössbauer
spectroscopy for heavy elements: A relativistic benchmark study of mercury,”
Theor. Chem. Acc. 129, 631 (2011).
68W. Kutzelnigg, “The relativistic many body problem in molecular theory,” Phys.
Scr. 36, 416 (1987).
69W. Kutzelnigg, “Solved and unsolved problems in relativistic quantum
chemistry,” Chem. Phys. 395, 16 (2012).
70M. Pernpointner, “The effect of the Gaunt interaction on the electric field
gradient,” J. Phys. B: At., Mol. Opt. Phys. 35, 383 (2002).
71L. Visscher and K. G. Dyall, “Dirac-Fock atomic electronic structure calcula-
tions using different nuclear charge distributions,” At. Data Nucl. Data Tables 67,
207 (1997).
72I. Fdez Galván, M. Vacher, A. Alavi, C. Angeli, F. Aquilante, J. Autschbach, J. J.
Bao, S. I. Bokarev, N. A. Bogdanov, R. K. Carlson, L. F. Chibotaru, J. Creutzberg, N.
Dattani, M. G. Delcey, S. S. Dong, A. Dreuw, L. Freitag, L. M. Frutos, L. Gagliardi,
F. Gendron, A. Giussani, L. González, G. Grell, M. Guo, C. E. Hoyer, M. Johans-
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