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P, T -odd effects for the RaOH molecule in the excited vibrational state
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Triatomic molecule RaOH combines the advantages of laser coolability and the spectrum with close opposite-
parity doublets. This makes it a promising candidate for experimental study of the P, 7 violation. Previous
studies concentrated on the calculations for different geometries without the averaging over the rovibrational
wave function. The paper by V. Prasannaa et al. [Phys. Rev. A 99, 062502 (2019)] claimed that the dependence
of the P, T parameters on the bond angle may significantly alter the observed value. We obtain the rovibrational
wave functions of RaOH in the ground electronic state and excited vibrational state using the close-coupled equa-
tions derived from the adiabatic Hamiltonian. The potential surface is constructed based on the two-component
relativistic coupled-cluster approximation with single, double, and perturbative triple excitation computations
employing the generalized relativistic effective core potential for the radium atom. The averaged values of the
parameters E.; and E; describing the sensitivity of the system to the electron electric dipole moment and the
scalar-pseudoscalar nucleon-electron interaction are calculated and the value of / doubling is obtained.
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I. INTRODUCTION

It is well known from the effects, such as mixing and
decays of K and B mesons that symmetries under charge
conjugation (C), spatial reflection (P), and time reversal (7)
are violated [1]. All CP (and, thus, 7") violation in the Stan-
dard model originates from the Cabibbo-Kobayashi-Maskawa
and Pontecorvo-Maki-Nakagawa-Sakata mixing matrices in
the quark and lepton interactions with W* bosons [2-5]. The
other possible source of CP violation in the strong interac-
tion is severely constrained and that constitutes the so-called
strong CP problem [6,7]. Moreover, the explanation of the
baryon asymmetry [8,9] in the universe may require new
sources of the CP violation. The popular models of the new
physics beyond the Standard model, such as various axion
and supersymmetry scenarios predict new CP-violating phe-
nomena. Because of the small coupling constant of the weak
interaction and cancellations due to the Glashow-Iliopoulos-
Maiani mechanism, some effects, such as electron electric
dipole moment (¢éEDM) turn out to be strongly suppressed in
the Standard model compared to the expected new sources CP
violation [10-13].

Although the searches of the new physics are popularly
associated with collider experiments, the best limits on the
eEDM come from high-precision atomic and molecular mea-
surements [14,15]. This allows to put constraints on the new
physics on the energies much higher than accessible on the ac-
celerator experiments. Besides eEDM the same measurements
permit the study of other P, 7 -violating phenomena, such as
scalar-pseudoscalar nucleon-electron interaction [11,16,17],
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nuclear magnetic quadrupole moment [18], and interactions
with new axionlike particles [19].

Some diatomic molecules with & = 1/2 (2 is projection
of total momentum on molecular axis) that are promising for
the P, T -odd interaction measurements, such as RaF [20,21],
YbF [22], etc., permit their laser cooling. This allows to in-
crease the coherence time by trapping the molecule and, as a
result, improve the sensitivity of the experiment.

In turn, diatomic molecules with € =1 have closely
spaced Q2-doublet levels. The energy gap between levels of
opposite parity for € = 1 is much less than for Q = 1/2.
Hence, polarization of Q2 = 1/2 requires much stronger elec-
tric fields that tends to increase systematic effects. Also it was
shown previously that due to existence of £2-doublet levels the
experiment on ThO [23-28] or HfFt [29,30] are very robust
against a number of systematic effects.

Both the possibility of laser cooling and the existence of
the close levels of the opposite parity can be realized with
triatomic molecules, such as RaOH [31], YbOH [32], etc.
In this case the role of the €2 doublets used in the diatomic
molecular experiments is overtaken by the / doublets [32,33].
Let us elucidate the nature of these levels and their importance
for the search of P, 7 violation.

The triatomic molecule with a linear equilibrium config-
uration possesses two bending modes on orthogonal planes.
The superposition of oscillations in these two modes can be
considered as a rotation of a bent molecule characterized by
the rovibrational angular momentum /. Its eigenstates | + /)
and | — /) are interchanged by the parity transformation P.
The energy eigenstates of a free molecule in abselnce of the

external fields are also parity eigenstates |+) = —2(| + 1)+

| —1)). Because the bending modes in the two orthogonal
planes are equivalent, the corresponding energy levels are
degenerate. However, the Coriolis interaction with stretching
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modes results in the split of energies AE of |£) states known
as [ doubling [32]. Since the dipole moment operator d. is
parity odd, its expectation values on the parity eigenstates |1)
vanish. The parity symmetry is broken when the molecule
is placed into the external electric field. The perturbed en-
ergy eigenstates |Ey) become superpositions of the parity
eigenstates |+), and the corresponding energies are shifted
because of the Stark effect. For sufficiently high electric fields
&z % (where d = (llc?z|l )) the Stark effect changes from
the quadratic regime to the linear one. At this point the energy
eigenstates become, to a good degree, rovibrational momen-
tum eigenstates | &= /) and the molecule is fully polarized, i.e.,
the dipole moment expectation value reaches the maximum
[33]. In absence of the P, T violation, energy levels will not
depend on the sign of the total angular momentum projection
M on the electrical field axis. Thus, the difference between en-
ergy shifts for M = +1 and M = —1 can be used to measure
P and T violations. The maximum splitting is given by

2Eeffde + 2Eskss (l)

where d, is the value of the eEDM and k; is a characteris-
tic dimensionless constant for scalar-pseudoscalar nucleon-
electron interaction. To extract d, and k; from the measured
splitting, one needs to know E.g and E; which are the subjects
of molecular calculations [32,34-39].

Previous studies of triatomic molecules include the calcu-
lation of E.i and E for different geometries of the molecules.
However, the final number should be given by averaging over
the rovibrational wave function that was not performed pre-
viously. In Ref. [38] the strong dependence of the E.¢ on the
bond angle for the YbOH molecule was claimed to signifi-
cantly affect the observed value. The quantum number / can
take values of Il = v, v — 2, ..., 1(0), where v is the quantum
number for the bending mode. Thus, the lowest vibrational
state with the /-doubling structure is the v = 1 level, which is
of primary interest [32].

As the necessary electric field strength is proportional to
the value of / doubling, this parameter is important to estimate
the applicability of the molecule.

The aim of this paper is to calculate E. and E; for the
lowest vibrational levels and / doubling for v = 1.

II. AVERAGING OVER THE NUCLEAR WAVE FUNCTION

In the Born-Oppenheimer approximation the total wave
function of the molecule in Jacobi coordinates (Fig. 1) takes

Ra 8]

FIG. 1. Jacobi coordinates.

the form

Yot = Whue(R, R\’ 'A‘)welec(R’ 9|Q), 2
g means coordinates of the electronic subsystem, 7 and R are
directions of the OH axis, and Ra—center mass of the OH
axis, respectively, 0 is the angle between the above axes, R is
Ra—center mass of OH separation. In the current approxima-
tion we fix the OH ligand stretch at the equilibrium distance
r = 1.832 a.u. [40]. This is a reasonable approximation since
the frequency of the OH vibrational mode is about one or-
der of magnitude larger than other vibrational frequencies in
RaOH.

The electronic wave function ¥ (R, 6|q) is the solution of
the multielectron Dirac-Coulomb equation in the field of the
stationary classical nuclei. The Hamiltonian for the nuclear
motion in the Jacobi coordinates with the fixed OH ligand
stretch reads as

A, L L 7 V(R0 3

nuc — ﬂw + 2[,LR2 + 2/,L0Hr2 + ( ) )s ( )
where p is the reduced mass of the Ra-OH system, poy is the
reduced mass of the OH ligand, L is the angular momentum of
the rotation of the Ra-OH system around their center of mass,
f is the angular momentum of the rotation of OH, and V (R, 8)
is the effective adiabatic potential. The nuclear wave function
Wi (R, R, 7) is the solution of the Schrodinger equation,

HoueWoue(R, R, 7) = EW,e(R, R, 7). 4)

To solve Eq. (4) we use expansion,

Liax Jjmax

WoieR, R, ) =YY Fu(R)®ymR, ), (5)
L=0 j=0

where

DR, ) =Y Clt L Yo R, () (6)

mp,m;

is coupled to the conserved total angular momentum J basis
set, Cf, i, are the Clebsch-Gordan coefficients, and Yy, is
spherical function. Due to parity conservation the sum L + j
must be even or odd for positive or negative parity, respec-
tively.

The potential surface is expanded in terms of the Legendre
polynomials,

Kkmax

V(R.0) =Y Vi(R)Pi(cos 0). 7)
k=0

Substituting wave function (5) to Eq. (4) one gets the system
of close-coupled equations for Fj; (R) [41]. We found that the
solution is completely converged for Ly.x = jmax = 20 and
kmax = 40.

The eEDM and scalar-pseudoscalar nucleon-electron in-
teraction on the molecule can be described by the P, T-odd
Hamiltonian,

Ay = Ay + 1, ®)

A 0 0
Hy=2d,) <0 GA_Ei) : ©)
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A= k=53 piZy"y" (10)
20D

where Gp is the Fermi constant, and p; is the charge density of
the /th nucleon normalized to unity, E; is the inner molecular
electric field acting on the ith electron, and o’s are the Pauli
matrices.

Considering these interactions as a small perturbation their
impact on the spectrum can be described by the expectation
values of

(Welec(Rv 9)|I'?d |welec(R’ 0»

Eet(R,0) = dosgn(Q) , (11)
ES(R, 9) — <welec(R: 9)|Hs|welec(R, 9)) i (12)
kssgn(§2)

on nuclear wave function (5),
Eur = [ dRARAF R R DPE(R.O), (1)

E, = dedkdﬂwnuc(R,R, #)I?Es(R, 0). (14)

III. METHODS

We used the DIRAC 19 software package [42] to calcu-
late molecular orbitals using the Dirac-Hartree-Fock self-
consistent field (SCF) method as well as to construct the
potential surface in the coupled-cluster approximation with
single, double, and perturbative triple excitations [CCSD(T)].
The cc-pVTZ basis was employed for O and H atoms. To
describe the electronic structure of the Ra atom we used a
10-valence electron basis with a generalized relativistic ef-
fective core potential (GRECP) [43—45] including spin-orbit
interaction blocks that was developed by the PNPI Quantum
Chemistry Laboratory [46].

The computations were performed for the molecular con-
figurations corresponding to a grid of Jacobi coordinates. The
values of R were chosen to cover the span from 3.6 to 6.0 a.u.
with step 0.2 a.u. The values of 6 correspond to the zeros of
Legendre polynomial Ps and two angles for linear configura-
tions, i.e., 0°, 25°, 57°, 90°, 122°, 155°, and 180°.

Spinors calculated using the GRECP have incorrect behav-
ior in the core region. To restore the correct spinor functions,
the method of one-center restoration based on equivalent
bases, implemented in the MOLGEP program, was applied
[47-49]. MOLGEP is restricted to the real two-component
molecular orbitals. For this paper we developed the code
that applies MOLGEP to compute the matrix elements on the
complex orbitals in the Dirac quaternionic representation.

The orbitals obtained in Dirac were used to calculate the
matrix elements of properties in MOLGEP. Convolution of the
matrix elements computed on the molecular orbitals ¥; with
the one-electron density-matrix pl.(jl) gives the average prop-
erty value for the electron configuration,

Norb

1 A
(0) = 5= 2 ol WilOlv,)). (15)
elec i,j=l

The SCF density matrix in the basis of molecular orbitals
ians oD — s s
was constructed based on the occupation: p;;° = §;; if both

indices i, j correspond to the occupied orbitals, and ,ol.q) =0
if any index correspond to the virtual orbital. The correlated
single-electron density matrices were obtained for RaOH lin-
ear configurations using the CCSD method implemented in
the MRCC software package [50]. This method was used to
calculate the SCF values and the correlation corrections for
the P, T-odd parameters Eei and E;. Due to the restrictions
of the Dirac-MRCC interface the correlation corrections were
computed only for the linear configurations. Because of the
small magnitude of these corrections (that at their maximum
are 5% of the SCF value) we neglect their dependence on the
angle and apply them to the nonlinear configurations.

The potential surface computed on a grid for each value
of R was interpolated by Akima splines and then expanded
in terms of Legendre polynomials (7) with kp,, = 40. The
coefficients Vi (R) were then interpolated by Akima splines.
The bicubic interpolation was applied to the values E.¢ and
E computed on a grid. The interpolated functions were used
to set up the close-coupled equations for Fj;;(R) by means of
a code developed by the authors.

IV. RESULTS AND DISCUSSION

The obtained potential surface is represented in Fig. 2.
The minimum corresponds to R = 4.4 a.u. and 6 = 0°. The
spectrum of the vibrational levels obtained from the solution
of the close-coupled equations corresponds to the values of
vi(ot) =469 and vy(7) = 363 cm™! for the 221/2 ground
state. These values can be compared to vi(c™) = 437 and
V() = 366 cm™! computed in Ref. [31] by the multiconfig-
urational SCF method.

The difference between the energy levels of opposite pari-
ties and the same quantum numbers J = 1, v = 1 gives the
value of / doubling equal to 14.467 MHz. For the energy
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FIG. 2. RaOH potential surface V (R, 6) at the CCSD(T) level.
The coordinates are introduced in Fig. 1.
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FIG. 3. Results for E. (R, 6) as a function of Jacobi coordinates
at the CCSD level (the angular dependence of the correlation correc-
tion is neglected).

levels with J/ =2, v = 1 we obtain the value of /-doubling
43.400 MHz which is three times larger. This is consistent
with theoretical considerations that / doubling is proportional
to the factor J(J + 1) and confirms the numerical stability of
our computation.

The calculated for nonlinear configurations Ec¢ (R, 6) and
E(R, 0) are represented in Figs. 3 and 4, respectively, and
show a similar dependence of the parameters on the Jacobi co-
ordinates. In Figs. 5 and 6 the results for linear configuration
are given. We compare the values (13) and (14) averaged over
the vibrational nuclear wave function to the values computed

N
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FIG. 4. Results for E (R, 0) as a function of Jacobi coordinates at
the CCSD level (the angular dependence of the correlation correction
is neglected).
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FIG. 5. E.x(R, 0 = 0) for RaOH calculated for linear configura-
tions as a function of Ra-OH c.m. distance. The violet (lower) line
corresponds to SCF values, and the green (upper) line takes into
account the CCSD correction.

for the equilibrium configuration in Table I. It can be seen
that the difference from the equilibrium values E.; and Ej
is 0.01% for v =0 and 0.58% for v = 1. This means that
the results obtained for the equilibrium configuration give

757
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FIG. 6. E (R, 6 = 0) for RaOH calculated for linear configura-
tions as a function of Ra-OH c.m. distance. The violet (lower) line
corresponds to SCF values and the green (upper) line takes into
account the CCSD correction.
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TABLE 1. P, T-odd parameters for the RaOH molecule.

Eeffv % Esv (kHZ)
Equilibrium —48.866 —64.788
v=0 —48.863 —64.784
v=1 —48.585 —64.416
c¢GHF RaOH [39]* —56.2 —75.6
cGKS RaOH [39]° —49.3 —66.4
1Q =0.494.
bQ =0.471.

a good approximation for the lowest vibrational levels. Our
result does not confirm the expectations of Ref. [38] based on

their YbOH computations that the dependence of the P, T
parameters on the bond angle may significantly affect the
observed value. This is consistent with the conclusions of
Ref. [39] for the YbOH molecule where the estimate for the
vibrational correction on the order of 0.1% was obtained for
v = 1 perturbatively in the bending angle with the nuclear
wave function in the harmonic approximation. The values
in Ref. [39] obtained using complex generalized Kohn-Sham
(cGKS) show good agreement with our results.
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