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Enhancement of the electric dipole moment of the electron in the BaF molecule
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We report results ofab initio calculation of the spin-rotational Hamiltonian parameters includingP- and
P,T-odd terms for the BaF molecule. The ground-state wave function of BaF molecule is found with the help
of the relativistic effective core potential method followed by the restoration of molecular four-component
spinors in the core region of barium in the framework of a nonvariational procedure. Core polarization effects
are included with the help of the atomic many-body perturbation theory for the Barium atom. For the hyperfine
constants the accuracy of this method is about 5–10 %.@S1050-2947~97!50311-8#

PACS number~s!: 31.25.Nj, 31.90.1s, 32.80.Ys, 33.15.Pw
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INTRODUCTION

It is well known that possibleP- andP,T-odd effects are
strongly enhanced in heavy diatomic radicals~see, for ex-
ample,@1,2#!. In the molecular experiment with the TlF mo
ecule @3# stringent limits on the Schiff moment of the T
nucleus and on the tensor constant of the electron nuc
P,T-odd interaction were obtained. In the experiments w
the polar diatomics with the unpaired electron one can se
for the P,T-odd effects caused by the permanent elec
dipole moment~EDM! of the electronde @4# and by the
scalar electron-nuclearP,T-odd interaction@5#. The most
stringent limit on the electron EDM was obtained in the e
periment with atomic thallium@6# ~for the review of the the-
oretical predictions forde, see@7#!. Heavy polar diatomic
molecules provide enhancement of the electron EDM, wh
is several orders of magnitude larger than in Tl. An expe
mental search for the EDM of the electron is now underw
on the YbF molecule@8#. The P-odd effects associated wit
the anapole moment of the nucleus are also strongly
hanced in diatomic radicals@9,10#.

The first calculations of theP,T-odd interactions in mol-
ecules were carried out for TlF molecule with the use o
‘‘relativistic matching’’ of the nonrelativistic one-
configurational wave function@11#. Then a semiempirica
scheme@12,13# andab initio method based on the relativist
effective core potential~RECP! calculation of the molecula
wave function@14# were developed. The first RECP-bas
calculations of theP,T-odd spin-rotational Hamiltonian pa
rameters for PbF and HgF molecules were carried out in
framework of the one-configurational approximation w
minimal atomic basis sets; i.e., the correlation structure w
not taken into account. In calculations of the YbF molec
@15#, a flexible atomic basis set was used and the correla
effects were considered within the restricted active sp
self-consistent-field~RASSCF! method@16,17#.

It was concluded in@15# that, in order to perform more
accurate calculations of the hyperfine and theP,T-odd con-
stants, the spin-correlation of the unpaired electron with
outermost core shells 5s and 5p of ytterbium should be
taken into account. Such correlations can hardly be e
ciently considered within multiconfigurational SCF-lik
methods because of the necessity of correlating too m
electrons.
561050-2947/97/56~5!/3326~4!/$10.00
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Here we suggest using an effective operator~EO! tech-
nique to account for the most important types of the co
valence correlations. EOs for the valence electrons
formed with the help of the atomic many-body perturbati
theory. This method allows one to include correlations n
only with the outermost core shells, but with all core ele
trons, which appears to be quite important for the hyperfi
and P,T-odd interactions. The EO technique was recen
developed for atoms@18# and proved to be very efficient fo
the calculations of the hyperfine structure of the heavy ato
@19#. This technique is naturally and easily combined w
the RECP method for the molecular calculations. As a res
a significant improvement of accuracy is achieved. Below
report the results of application of this method to calculat
of the BaF molecule.

SPIN-ROTATIONAL HAMILTONIAN

Molecular spin-rotational degrees of freedom are d
scribed by the following spin-rotational Hamiltonian~see
@2#!:

HSR5BN21gS–N2Den–E1S–ÂI1WAkAn3S–I

1~WSkS1Wdde!S–n. ~1!

In this expressionN is the rotational angular momentum,B
is the rotational constant,S andI are the spins of the electro
and the Ba nucleus, andn is the unit vector directed along
the molecular axis from Ba to F. The spin-doubling const
g characterizes the spin-rotational interaction.De andE are
the molecular dipole moment and the external electric fie
The axial tensorÂ describes magnetic hyperfine structure.
can be determined by two parameters:A5(Ai12A')/3 and
Ad5(Ai2A')/3. The last three terms in Eq.~1! account for
the P- and P,T-odd effects. The first of them describes th
interaction of the electron spin with the anapole moment
the nucleuskA @10#. The second one corresponds to the s
lar P,T-odd electron-nucleus interaction with the dimensio
less constantkS . The third one describes the interaction
the electron EDMde with the molecular field. The constan
Wd characterizes an effective electric field on the unpai
electron.
R3326 © 1997 The American Physical Society
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It is important to note that allP- and P,T-odd constants
Wi mostly depend on the electron spin density in the vicin
of the heavy nucleus. The same, of course, can be said a
hyperfine constantsA and Ad . So, the comparison of th
theoretical results for the hyperfine constants with the exp
ment is a good test for the accuracy of the whole calculat

RECP CALCULATION OF THE ELECTRONIC
WAVE FUNCTION

The scheme of the RECP calculation for the BaF m
ecule is very similar to that for YbF described in@15# ~see
also@14#!, and below we will focus only on specific feature
of the present calculations. The generalized RECP~GRECP!
@20# ~with the inner core 1s2@•••#4s24p64d10 shells, which
were not included explicitly in the RECP calculations! was
selected from a few other RECP variants for calculations
BaF because our test electronic structure calculations sho
that it combined high accuracy with quite small compu
tional expenses~see Table I and the spectroscopic data
low!.

Numerical pseudospinors derived from the GRECP-S
calculations of some electronic configurations for Ba, Ba1,
and Ba21 were approximated by generally contract
s, p, d, and f Gaussian functions forming th
(10,8,6,2)→@6,5,4,2# basis set for barium.1 For fluorine we
used basis sets (14,9,4)→@6,5,2# and @4,3,3# from the
ANO-I Library @17#. These basis sets proved to be su
ciently flexible to reproduce electronic structure in valen
region of BaF as compared to other basis sets involved in
test SCF and RASSCF calculations.

The RASSCF calculations of the spectroscopic consta
were performed with the spin-averaged part of the GRE
~AREP!, and the contribution of a relatively small spin-orb
interaction~i.e., effective spin-orbit potential or ESOP as
part of GRECP! was estimated in the framework of the pe
turbation theory. The results of our AREP-RASSCF calcu

1See @15# for details. Gaussian expansions for these pseu
spinors, GRECP components and molecular orbital linear comb
tion of atomic orbitals coefficients from BaF calculations can
found on http://www.qchem.pnpi.spb.ru.

2We usedC2v point group with (a1 ,b1 ,b2 ,a2) irreducible repre-
sentations; 17 electrons were distributed on active orbitals wi
RAS 15~3,1,1,0!, RAS 25~3,1,1,0! and RAS 35~5,3,3,1! sub-
spaces.

TABLE I. Excitation energies for low-lying states of Ba ave
aged over nonrelativistic configurations~finite-difference SCF cal-
culations!.

DF GRECP
Transition Transition Absolute Relative

energy~a.u.! error ~a.u.! error ~%!

6s2→6s16p1 0.04813 -0.00003 0.06
6s15d1 0.03942 0.00010 0.24

6s1 0.15732 -0.00002 0.01
6p1 0.24473 0.00002 0.01
5d1 0.18742 0.00017 0.09
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tions with 79 558 configurations2 for the equilibrium dis-
tance and vibration constant (Re52.25 Å, ve5433 cm21)
are in a good agreement with the experimental data@21#
(Re52.16 Å, ve5469 cm21). For the dipole moment we
have obtainedDe52.93D.

RESTORATION OF THE FOUR-COMPONENT SPINOR
FOR THE VALENCE ELECTRON

In order to evaluate matrix elements of the operators t
are singular near the nucleus of barium, we have perform
GRECP-SCF and GRECP-RASSCF calculations of B
where the pseudospinors corresponding to 5s1/2, 5p1/2, and
5p3/2 shells were ‘‘frozen’’ with the help of the level-shif
technique~which is also known as the Huzinaga-type EC
see Ref.@22# and references therein!. It was necessary to do
this because polarization of these shells was taken into
count by means of the EO technique~see below!. Spin-orbit
interaction was neglected for the explicitly treated electro
because of its smallness~see@15#!. Thus, only core molecu-
lar pseudo-orbitals occupying mainly atomic 1s, 2s, and 2p
orbitals of fluorine and the valence pseudo-orbital of the
paired electron~which is mainly the 6s,6p-hybridized orbital
of barium! were varied. RASSCF calculations with 528
configurations were performed for 11 electrons distributed
RAS 15~2,0,0,0!, RAS 25~2,1,1,0!, and RAS 35~6,4,4,2!
subspaces.

The molecular relativistic spinor for the unpaired electr
was constructed from the molecular pseudo-orbitalw̃u

M ,

w̃u
M5(

i
Ci

sw̃ i
s1(

i
Ci

pw̃ i
p,ml50

1•••, ~2!

so that the atomics and p pseudo-orbitals of barium in Eq
~2! were replaced by the unsmoothed four-component Dir
Fock ~DF! spinors derived for the same atomic configur
tions that were used in the generation of basiss,p pseudo-
orbitals. The MO LCAO coefficients were preserved af
the RECP calculations. Since the spin-orbit interaction
the unpaired electron is small, the ‘‘spin-averaged’’ valen
atomicp pseudo-orbital was replaced by the linear combin
tion of the corresponding spinors withj 5 l 61/2 ~see@15,14#
for details!.

EFFECTIVE OPERATORS FOR VALENCE ELECTRONS

It is well known that the accuracy of the hyperfin
structure calculations for heavy atoms is not high if co
polarization effects are not taken into account. In@23# it was
suggested that correlations, which are not included in
active space, can be treated with the help of the EO.
latter is constructed by means of the atomic many-body p
turbation theory ~for the application of the perturbatio
theory to the calculations of theP,T violation in atoms, see
for example,@24#!. The main advantage of this method
that there is no need to extend the active space to inc
core electrons.

In @23# it was supposed that the EO is constructed in
active space, which includes only few interacting levels.
the contrary, in@18,19# it is suggested that one use the sing
EO for the whole~infinite-dimensional! valence space. Thus
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all correlations between valence electrons are treated ex
itly, while the EO accounts only for the core excitations.
this case, the EO is energy dependent, but this dependen
weak if the energy gap between the core and the vale
space is not too small. This makes the EO method m
more flexible and allows us to use one EO for different qu
tum systems, provided that they have the same core. In
ticular, it is possible to form an EO for the atom~or ion! and
then use it in a molecular calculation.

Generally speaking, the EO for the hyperfine interact
~as well as for any other one-electron operator! is no longer a
one-electron operator, even in the lowest order of the per
bation theory. On the other hand, the one-electron part of
EO includes the two most important correlation correctio
and in many cases appears to be a very good approxima
The first correction corresponds to the random phase
proximation ~RPA!, and the second one corresponds to
substitution of the Dirac-Fock orbitals by the Brueckner
bitals.

To illustrate how the EO works for atomic barium, let u
look at the hyperfine constant of the3P1(6s6p) level of
137Ba. The two-electron multiconfigurational Dirac-Foc
calculation givesA 5 804 MHz @25#, which should be com-
pared to the experimental value 1151 MHz. The two-elect
configuration-interaction calculation with RPA and Bruec
ner corrections included givesA51180 MHz.

In this work we calculated EOs for the magnetic hyperfi
interaction, for the EDM of the electron, and for the anap
moment. Both RPA equations and Brueckner equations w
solved for a finite basis set in theVN22 approximation
~which means that the SCF corresponds to Ba21), and ma-
trix elements of the EOs were calculated. The basis set
cluded Dirac-Fock orbitals for 1s, . . . ,6s,6p shells. In addi-
tion, 7221s, 7221p, 5220d, and 4215f orbitals were
formed in analogy to the basis setN2 of @18#. Molecular
orbitals were reexpanded in this basis set to find matrix
ments of EOs for the molecular wave function.

RESULTS

Expressions for the electronic matrix elements that co
spond to the parametersA, Ad , andWi of the operator~1!
can be found in@2#. All radial integrals and atomic four
component spinors were calculated for the finite nucleus
model of a uniformly charged ball.

Results for the parameters of the spin-rotational Ham
tonian are given in Table II. There are two measurement
the hyperfine constants for137BaF @26,27#. The first of them
was made for a matrix-isolated molecule and second
performed in a molecular beam. Results of these meas
ments were used in the semiempirical calculations@12,2# of
P- and P,T-odd parameters of the spin-rotational Ham
tonian. These calculations were based on the similarity
tween electronic matrix elements for the hyperfine-struct
interaction and for theP- and P,T-odd interactions. All of
these operators mainly depend on the electron spin densi
the vicinity of the nucleus. As a result, in a one-electr
approximation, parametersWi are proportional toAAAd
@12#. Electronic correlations can break this proportionality
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In Table II we give results of the SCF and RASSCF c
culations for 11 electrons with the restoration procedure
scribed above. It is seen that in these calculations parame
A and Ad , are significantly smaller than in experimen
@26,27#. At the next stage we used EOs to account for
core polarization effects. That led to the 50% growth for t
constantA, while the constantAd increased by 130%. Ou
final numbers for the hyperfine constants are very close
experiment@26# ~the difference being less than 5%! but dif-
fer more significantly from@27#.

Our SCF and RASSCF results for all three constantsWi
are much smaller than results of the semiempirical calcu
tions @12,2#. When core polarization effects are taken in
account with the help of corresponding EOs, our values
Wd andWA dramatically increase~at present we do not hav
an RPA for the constantWS). There is good agreement be
tween our final value forWd and that from the semiempirica
calculation, but for the constantWA , our result is noticeably
smaller. It can be explained by the fact that proportiona
betweenWd andAAAd holds within a 10% accuracy, but fo
the constantWA deviation from proportionality reaches 30%
Almost half of this deviation is caused by the finite nuclea
size corrections to radial integrals. Electron-correlation c
rections for both constants are about 15%.

Two conclusions can be made from the results of t
work. First, as was suggested in@15#, core polarization ef-
fects play a very important role in calculations of paramet
of the spin-rotational Hamiltonian for heavy diatomic rad
cals. Second, results of theab initio calculations, with core
polarization included, are close to the results of the se
empirical calculations, correlation corrections being ab
15%. The fact that two very different methods give simil
results confirms that it is possible to make reliable calcu
tions for such molecules.
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TABLE II. Parameters of the spin-rotational Hamiltonian fo
BaF.

A Ad Wd WA WS

~MHz! ~MHz! ~1025 Hz/
e cm)

~KHz! ~Hz!

Expt. I–semiemp.a 2326 25 20.41 240 213
Expt. II–Semiemp.b 2418 17 20.35 210 211
SCF 1457 11 20.230 111 26.1
RASSCF 1466 11 20.224 107 25.9
SCF-EO 2212 26 20.375 181
RASSCF-EO 2224 24 20.364 175

aHyperfine-structure constants measured for the matrix-isola
molecule@26# and semiempirical calculation of constantsWi based
on this experiment@2#.
bHyperfine-structure constants measured for the free molecule@27#
and semiempirical calculation based on this experiment@2#.
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