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Ab initio calculation of the electron-nucleus scalar-pseudoscalar interaction constant W,
in heavy polar molecules
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A fully relativistic restricted active space configuration interaction method is employed to compute the
P, T-odd interaction constant W, for the ground (221 1) state of YbF and BaF molecules, which yield the results
W,=-41.2 kHz and —-9.7 kHz for YbF and BaF, respectively. Our present estimated results of the P,7-odd
interaction constant W, is in reasonable agreement with previous calculations.
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I. INTRODUCTION

It is widely recognized that heavy atoms and heavy-polar
diatomics are important candidates for the experimental
search of permanent electric dipole moments (EDM’s) aris-
ing from the violations of space inversion symmetry (P) and
time reversal invariance (7). The search for nonzero
P,T-odd effects in these systems with the presently acces-
sible (expected) level of experimental sensitivity would indi-
cate the presence of the so-called “new physics” beyond the
standard model (SM) of electroweak and strong interactions
(see [1] and references therein). This is undoubtedly of fun-
damental importance. Despite the well-known drawbacks
and unresolved problems of the SM there is very little ex-
perimental data available which would be in direct contra-
diction with this theory. However, some popular extensions
of the SM, which allow one to overcome its disadvantages,
are not yet confirmed experimentally (see [2,3] for details).

The P- and T-odd coupling constants in molecules can be
extracted by calculating the expectation values of suitable P-
and T-violating operators and combining them with mea-
sured data. These properties are described by operators that
are prominent in the nuclear region; they cannot be measured
and their theoretical study is challenging task. During the last
several years the significance of (and requirement for) ab
initio calculation of electronic structure providing a high
level of reliability and accuracy in accounting for both rela-
tivistic and correlation effects associated with these proper-
ties has gained in importance. In this paper, we will compute
one of the P,T-odd interaction constants W, for the ground
state of YbF and BaF molecules with reliable accuracy of the
method, arising due to the electron-nucleus scalar-
pseudoscalar (S-PS) interaction. Knowledge of W, is neces-
sary to link the experimentally determined P,T-odd fre-
quency shift with the electron-nucleus coupling constant kg,
which can arise from the mixing of scalar and pseudoscalar
particles in multi-Higgs-boson models.

An experiment to measure the EDM of YbF is currently
in progress [4]. The P, T-odd interaction constant W, in YbF
was first calculated by Titov ef al. [5] using generalized rela-
tivistic effective core potential (GRECP) method as this pro-
cedure provides reasonable accuracy with small computa-
tional cost. Titov and co-workers have also reported W,
computed using a restricted active space self-consistent field
(RASSCF) scheme [5] with GRECP orbitals. Assuming that
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the valence-valence electron correlation effect is negligible,
Parpia [6] estimated W, from the all-electron unrestricted
Dirac-Fock (UDF) method in 1998. In the same year Quiney
et al. [7] reported the P,T-odd interaction constant W, com-
puted at the core-polarization level with all-electron DF or-
bitals. Though the effect of pair correlation and higher-order
effects to W, are non-negligible, these terms were not in-
cluded in the calculations of Quiney et al. Similarly, for the
BaF molecule, the first calculation of the P, T-odd interaction
constant W, was carried out by Kozlov et al. [8] using the
GRECP at the level of SCF and RASSCF approaches.

In this paper, we estimate the P,7-odd interaction con-
stant W, for the ground (*%,,) state of YbF and BaF mol-
ecules using a RAS configuration interaction (CI) method
with all-electron Dirac-Fock orbitals. The active space used
for both systems in this calculation is sufficiently large to
incorporate important core-core, core-valence, and valence-
valence electron correlation effects and, hence, should be
capable of providing a reliable estimate of W,.

II. EXPRESSION FOR THE P,T-ODD INTERACTION
CONSTANT W,

The expression for the P, 7T-odd interaction constant W, is
given in many articles [5-7]:

2
W= k_<221/2|Hs|221/2>- (1)

A

where k, is the electron-nucleus S-PS coupling constant. The
interaction Hamiltonian H| is defined as

G
H,= ikasE BoYopoa(re), (2)
AY e

where 8 and y° are the four-component Dirac matrices and
pn(r,) is the nuclear charge density normalized to unity. G
is the Fermi constant and k; is a dimensionless S-PS interac-
tion constant, which is defined as Zk,=(Zk, ,+Nk;,) where,
ks, and k,, are electron-proton and electron-neutron cou-
pling constants, respectively. The ground-state wave func-
tions |>3,,,) for YbF and BaF molecules are obtained using
the RASCI method.
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TABLE I. P,T-0dd interaction constant W, for the ground %3, n
state of the YbF molecule.
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TABLE II. P,T-odd interaction constant W, for the ground %3, n
state of the BaF molecule.

Methods W, (kHz) Methods W, (kHz)
Semiempirical [10] -43.0 Semiempirical [14] -11.0
GRECP-SCF [5] -33.0 SCF [8] -6.1
GRECP-RASSCEF [5] -33.0 RASSCF [8] -5.9

DHF [7] -22.0 DF (this work) -7.7

DHF+CP [7] -42.0 RASCI (this work) -9.7

UDF (unpaired electron) [6] —34.6 “Semiempirical result estimated from the experimental hyperfine
UDF (all electrons) [6] -44.0 structure data of Knight et al. [15].

DF (this work) -34.2

RASCI (this work) —41.2 W, and W, are quite significant [5,10,11], these orbitals are

III. RESULTS AND DISCUSSION OF THE
YbF MOLECULE

The P,T-odd interaction constant W, for the ground state
of YbF is calculated using the RASCI method with all-
electron fully relativistic Dirac-Fock orbitals. The basis set
and geometry used in this calculations are identical with our
previous calculation [9] of the P,T-odd constant W,. The
active space employed in this calculation is composed of 31
electrons and 86 orbitals.

The P,T-odd constant W, estimated from the RASCI
method is compared with other calculations [5-7,10] in Table
I. As can be seen in Table I the present DF estimate of W, is
in close agreement with the DF value of the calculation of
Titov et al. [5], off by only ~3% and almost the same as the
unpaired electron contribution of Parpia’s calculation [6]. At
this juncture we emphasize that the DF estimate of W, re-
ported by Quiney et al. [7] differs by almost ~35% from our
estimate as well as from that of Titov et al. [5], because a
single combination of symmetry type is considered in their
calculations [7]. However, at the post-Dirac-Fock level
Quiney et al. show that the contribution of first-order core
polarization (CP) is almost 90%. On the other hand, Paripa’s
UDF calculation indicates that the correlation contribution is
~27%. Note that although the CP contribution is the most
important, the effects of pair correlation (PC) and higher-
order terms are non-negligible. We also emphasize that the
inclusion of electron correlation through unrestricted DF is
generally not recommended as the unrestricted Dirac-
Hartree-Fock theory suffers from spin contamination. Our
present calculation using the RASCI method estimates W, to
be —41.2 kHz, which differs by ~6% from Parpia’s UDF
calculation and off by ~4% from the latest semiempirical
calculation of Kozlov [10].

The inclusion of electron correlation in the calculations of
the P,T-odd constants like W, and W, via CI is straightfor-
ward but computationally demanding as a large number of
electrons and orbitals need to be included in the RASCI
space. In this paper, we analyze the effect of electron corre-
lation using the RASCI method. There are 39 doubly and one
singly occupied orbitals in YbF of which the 25th occupied
orbitals of YbF corresponds to the 5s occupied spin orbitals
of Yb. As the contributions of the 5s and 5p orbitals of Yb to

included in the RASCI space. The occupied orbitals above 5s
are also included in the RASCI space from energy consider-
ations. [Note that the 4f orbitals of Yb and the 2p orbitals of
F in YbF are energetically quite close (Table 12 of Ref. [6])].
Thus, altogether 31 active electrons (16 « and 15 B) are in-
cluded in the CI space. In the present calculations for W, we
consider six sets of RASCI space which are constructed from
31 active electrons and 36, 46, 56, 66, 76, and 86 active
orbitals to analyze the convergence of W,. From this analysis
we find that, when we include more active virtual orbitals in
the CI space, the magnitude of W, for YbF increases gradu-
ally and reaches a maximum value of 41.2 kHz for the active
space containing 76 active orbitals. However, with a further
increase in the number of active virtual orbitals, the magni-
tude of W, decreases by around 3.5%. Therefore, we predict
that the uncertainty in our calculation is roughly 4%—-5% due
to the incompleteness of the basis.

IV. RESULTS AND DISCUSSION OF THE BaF MOLECULE

For the ground state of the BaF molecule also, the
P,T-odd constant W is calculated using the RASCI method
with all-electron Dirac-Fock orbitals at the experimental ge-
ometry R,=2.16 A [12]. Here also, we have used the uncon-
tracted Gaussian basis set which is identical to our previous
calculation [13] of the P,T-odd constant W, The active
space employed for BaF molecule is composed of 17 elec-
trons and 96 active orbitals.

The P,T-odd interaction constant W, estimated from the
RASCI is compared with other calculations [8,14] in Table
II. As can be seen in Table II the present DF estimate of W,
is ~20% (23 %) off from the SCF (RASSCF) result of Ko-
zlov et al. [8] and ~42% off from the semiempirical result of
Kozlov and Labzowsky [14] while our RASCI result is only
off by ~13% from the semiempirical result of Kozlov and
Labzowsky [14], which is estimated from the experimental
hyperfine structure data of Knight e al. [15]. At this junc-
ture, we emphasize that no more theoretical calculations for
W, are available using other correlated many-body methods.

In this calculation also, we incorporate the effect of elec-
tron correlation using the RASCI method. There are 32 dou-
bly and one singly occupied orbitals in BaF of which the
25th occupied orbital of BaF corresponds to the 5s occupied
spin orbitals of Ba. As the contribution of the 5s and 5p
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orbitals of Yb to W, and W, is quite significant [5] in the case
of YbF, in this case also we have included the 5s and 5p
orbitals of Ba in our active space for the calculation of W, for
the ground state of the BaF molecule. The occupied orbitals
above Ss are also included in the active space from energy
considerations. Thus, altogether 17 active electrons (9« and
8) are included in the active space for the RASCI calcula-
tion. In the present calculations for W, also, we consider six
similar sets of active space which are constructed from 17
active electrons and 46, 56, 66, 76, 86, and 96 active orbitals
to analyze the convergence of W, in BaF.

V. CONCLUSION

A fully relativistic restricted active space configuration
interaction method is employed to estimate the P,7-odd in-
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teraction constant W, of the ground (°3,,,) states of YbF and
BaF, which yields the results W,=-41.2 kHz and -9.7 kHz
for YbF and BaF, respectively. To our knowledge, this is the
first calculation for the constant W, using a relativistic CI
approach. Like our earlier calculations of W, [9,13] the
present calculations of W, are also fairly close to previous
calculations and semiempirical results.
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