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Ab initio Study of PT-Odd Interactions in Thallium Fluoride
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Ab initio Dirac-Fock calculations oPT-odd interactions in TIF are reported which employ large
sets of kinetically balanced Gaussian basis functions. Revised estimates are reported of bounds on
the value of the electric dipole moment of the protadp, the tensor-pseudotensor coupling constant,
Cr, and the Schiff moment of thé*TI nucleus,Q, based on analysis of existing experimental data.
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Quantum electrodynamics, which is the synthesis ofnteraction of an edm with the internal electric field of a
relativistic quantum mechanics and electromagnetienolecule is nonvanishing only because of the magnetic
theory, is manifestly symmetric with respect to bothinteractions and the finite size of the nucleus [8,9]. Ac-
parity inversion and time revers@T even), and is firmly  curate theoretical calculations of these effects can only
established by experiment. Purcell and Ramsey [1] werbe achieved if the electronic motion is treated relativis-
the first to suggest that violation of these mirror symme-ically. The TIF molecule was identified as the most
tries due to interactions between electrons and nucleonzomising candidate for the study BfT-odd interactions
or between nucleons, which fall outside the theory ofinvolving 4, in diatomic molecules. Since TIF is diamag-
quantum electrodynamics, could not be ruled out withounetic, the first-order interaction energy due solely to the
experimental evidence. The observation that parity i€lectron edmd,, vanishes identically, yet the molecule
not conserved under spatial inversion of coordinates ims polar, highly polarizable, and chemically stable. The
the B8 decay of nuclei [2] led to an extensive search fornuclei 2°Tl and °F have a single unpaired proton spin
other phenomena which are not mirror-symmetric within the shell model, which facilitates analysis of the ex-
respect to spatial inversiorP(odd), to time-reversalT{  periments and eliminates any contribution from the neu-
odd), or to spatiahndtime reversalPT odd) [3]. Despite tron edm,d,. A series of theoretical and experimental
these efforts, however, the decay of the neukfdimeson  investigations have been made to search for the signa-
remains the only known example ofTaodd process [4]. ture of PT-odd interactions in TIF [10—17], whose null
The origin of this effect is not understood, though severatesults have led to one of the best experimental upper
particle physics theories have been proposed to account fbounds ond,. The interpretation of the experimental
it [3]. Here, we are concerned solely with the molecularresults depends, however, on nuclear and electronic struc-
physics implications oPT-odd symmetry violations, the ture calculations, and it is the electronic part of the analy-
phenomenology of which has been surveyed extensivelgis of the TIF experiments which is addressed in this
by Sandars [5,6]. Letter. This study represents a considerable advance in

The characteristic signature of Ril-odd effect in an the state of the art of relativistic molecular electronic
atom or molecule is an effective interaction of the form structure calculations.

Her = —doy - A, 1) The wave function of the TIF system is denotedWBy

where the nuclear spin operator is denoteddyy, and and is assumed to have the approximate form

Alis a un_it vector in the direction of the _molecular a)gis. W = iy (n) () e (0 ) g (ry 1) . )
We restrict our attention to the evaluation of coupling

constantsd, which arise due to the presence of a protonlt comprises a nuclear wave functiothy (r,) for 2°°TI,
electric dipole moment (edmy,,, a weak neutral current a nuclear wave functionyr(ry) for 'F, an electronic
interaction, or an nuclear edm induced By-odd nuclear wave functiony.(r.), and a spin-rotational wave function,
forces. Yrry, I).

Sandars [7] noted that effects duedp would be en- Hinds and Sandars [12] demonstrated that the coupling
hanced by the internal electric field of a polar molecule constant in Eq. (1) resulting from a nonzefp could be
since spin-rotational states close in energy but oppositseparated into a contribution arising from the finite volume
in parity are mixed byPT-odd interactions. As a conse- of the nucleusd”, and from a magnetic contributiod?/,
quence of Schiff’'s theorem [8], however, the first-orderwhich perturbs the electrostatic equilibrium of the system.
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These constants are given explicitly by

d" =d,RX,  whereX = > X;, (32)
J
X; = 2T 19, 050D, (3b)
_ MN 1
M = 2\/5dp< — szc>M’

whereM = > M;, (3c)
J

£);
My = ol S . (39)

The sum ovey includes all occupied single-particle states

which are used to construak.(r.,). The subscripti
indicates that only the component in the directiomdias

a nonvanishing expectation value. The nuclear paramete
occurring ind¥ and d¥ are derived from experiment

or from calculations based on nuclear shell theory.
particular,uy is the nuclear magnetic momentiy is the

mass of the nucleus, and is the nuclear charge. The

nuclear structure paramet®, is defined by

R = (ridav — {ridss

(4)

and represents the difference between the average me
square radius of all the protons in the nucleus, and th

mean-square radius of the unpaired uclear proton

in 20971,

An interaction may also be defined [14], involving a
weakPT-odd neutral current interaction between electron
and neutrons. The effective Hamiltonian is also of the

form Eq. (1), with an interaction constant!, given by
—V2 C; T,

T; = —i{yjlop(r) (yoa)jaly;). (5b)
The unknown coupling constagy is characteristic of the

dl = whereT = > T;, (5a)

J

n

al

S

The Schiff moment [18]Q, of the nucleus involves a sum
over its constituent nucleons, whose individual charges
are g,. The spherical tensolC!, has its usual defini-
tion [19].

In practice, the coefficient®; are calculated using the
relation

. 1 2 T
X; = rln@()ﬁ{[o dgojfo sing; do;

" cosb;

Xj; V.,-zd”j!l/}(l‘j)r—]_z]‘//,i(l‘j)] (7)
while the contributions/; and7; are reduced to expan-
sions involving single-particle integrals.

Nuclear magnetic resonance experiments have been
performed on a molecular beam of TIF subjected to
external electric and magnetic fields [17]. In these

periments the hyperfine structure is measured with
the external fields aligned both parallel and antiparallel.
The frequency shiftdv, in the hyperfine structure due
to the reversal of one of the external fields is related to the
effective molecular edm constants,"7-¢, by

hév = 4d"MTL(ay - A)|. 8)

From the experimental null results, bounds on the value
d, may be deduced from the experiment usitg",
g% places bounds o€”, andd? determines bounds on
e 29°T| nuclear structure factof.
Our numerical values o, M, and T are obtained
within the Dirac-Fock approximation [20,21], using an
uncontracted kinetically balancéds34p16d9f basis set
centered on the&® Tl nucleus, a9s6p2d basis centered
on °F, and an internuclear separation of 210 pm. The
Tl-centered basis set is constructed from a master list of
35 exponents{y, k = 1,2,...,35}, which span the range
0.02 = & = 5.0 X 10%. The basis sets for eadkvalue
comprise subsets of the master list. This atomic basis set
yields an average of configuration electronic energy for Tl
of —20274.838 713 a.u., which isl 1.9 X 103 a.u. above

strength of the tensor-pseudotensor weak neutral currefe Dirac-Fock limit. Theab initio values ofX, M, and
interaction, ana,, (r) is the normalized distribution of the T calculated in this basis set and valuesdgf Cr, and

unpaired proton in the shell model &©TI.

Q derived from them are presented in Table I, together

Even if the proton and neutron possess no permanewyith the corresponding data deduced from [14] and [17].
edm, the structure of thé%TI nucleus may induce a The quoted uncertainties are purely experimental, and the

permanent nuclear edm [14] through the actionPdf

corrections to the results of [14] noted in Refs. (30) and

odd nuclear forces. Preserving only contributions whichi3s) of [17] have been incorporated in our summary.
lead to an effective interaction of the form of Eq. (1), weThe valueR = 2.9 fm? [Eq. (4)] has been used in the

define an interaction constaat?, where

d? = —60X, (6a)
Q=%[§wmz%aqwm
- 1/Z<¢lean,%|¢’N>
><<¢N|anrnC}1I¢N>} . (6b)
n A

evaluation ofX to facilitate comparison with [17].

We have performed extensive numerical studies that in-
dicate that the values of, M, and T vary only slightly
with the internuclear separation in the vicinity of the equi-
librium geometry. On the basis of our investigations into
the effects of vibrational averaging at different internu-
clear separations, basis set superposition errors and basis
set incompleteness, numerical limits on the Dirac-Fock
value of X are estimated to bec8%. In the derivation
of Eqg. (3a) it is required that the electrostatic forces on
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TABLE I.  Numerical values ofX, M, andT, and thePT-odd parameterd,, Cr, andQ deduced from the TIF molecular beam
experiments reported in [17].

X(au) M@u) T(au) d, (ecm) Cr Q (efm?)
Refs. [14,17] 2128 4.41 —4.12 (=37 +63) X 1073 (=15 =26) X 1077 (23 +3.9) x 10710
This work 8747 13.63 —22.44 (=15 *+25) x 1073 (=28 =4.8) x 1078 (5.6 = 9.5 x 107

the nuclei vanish at the equilibrium geometry. We havdar electronic structure theory since the recent comprehen-
verified that the calculated electrostatic force on #&1  sive reviews of Martensson-Pendrill [23] and Kozlov and
nucleus vanishes very close to the minimum of the poLabzowsky [24]. All-electrorab initio molecular orbital
tential energy curve ifg-type polarization functions are calculations of the structures of small molecules contain-
added to the Tl basis set. The small electrostatic fieldéng heavy elements using large basis sets may now be
which persist in basis set solutions of self-consistent fielgperformed routinely within the restricted kinetic balance
equations with an incomplete basis set have an insignifibasis set prescription, which ensures accurate represen-
cant effect onX, though there is some perturbation of thetation of four-spinor amplitudes in the neighborhood of
single particle contributionsy;, for core orbitals, which heavy nuclei. These developments are essential, since the
cancel in a manner reminiscent of the behavior reportedholecular experiments which are now underway to inves-
in [12]. Since the contributions t& and T are very lo- tigate PT-odd interactions [25] in paramagnetic diatomic
calized, only2°Tl-centered basis functions are included molecules are sensitive probes of electron density near
in their evaluation. The calculated value Mdf however, heavy nuclei, and require an accurate treatment of rela-
includes all one- and two-center contributions, since theivistic and many-body effects for their interpretatioAb
amplitudes which define it extend significantly beyond thenitio calculations of electron edm parameters for YbF,
dimensions of the nucleus. The valuesMfand T are  HgF, and BaF have already been performed [26] which,
less sensitive to details of the calculation than the valu¢ogether with a detailed technical account of the compu-
of X, and appear to have converged to withi@% of the  tational techniques adopted in the present work [22], will
Dirac-Fock limit. These numerical studies of the elec-be published in due course.
tronic structure of TIF revealed several technical difficul- The British EPSRC is thanked for their support of
ties specific toab initio calculation of moleculaPT-odd  H. M. Q. through the award of an Advanced Fellowship.
effects, and will be published elsewhere [22]. This work has also received support from the Norwe-
We have rederived Eg. (18) and Eg. (45) of [12] andgian VISTA program under Grant V6414, and fruitful
are able to reproduce their results in all details. Given thexchanges between Oxford and Oslo have been financed
numerical values of the constants appearing in Egs. (22hy generous travel grants from the REHE programme
(25), (45), and (49) of [12], however, the sign @f /d,  of the European Science Foundation. The numerical re-
[Eq. (51)] should be reversed if it is to be combinedsults were obtained through the grant of computing time
with ¢ /d, to obtain estimates of the experimental limitsto J.K.L. from the Research Council of Norway (Pro-
on d,. This is the sign convention which has beengramme for Supercomputing).
adopted in our interpretation of the experimental data,
which is summarized in Table I. Consequently, our values
of X and M are both about four times larger than the 1 £\ pyrcell and N.F. Ramsey, Phys. Re?8 807
corresponding results deduced from [14], but this ratio is (1950).

not reflected directly in the deduced valuesiof [2] T.D. Lee and C.N. Yang, Phys. Re%05, 1671 (1957).

Since TIF has a closed-shell electronic configuration, [3] E.D. Commins and P.H. Bucksbaum/eak interactions
and the values oX, M, and T are determined almost of leptons and quarks(Cambridge University Press,
wholly by wave function amplitudes in the vicinity of the Cambridge, 1983).

nucleus, we do not expect electron correlation effects to[4] J.H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
change substantially the magnitudes of these quantities. Phys. Rev. Lett13, 138 (1964).
Clearly, the calculations of Hinds and Sandars [12] and [5] P.G.H. Sandars, Phys. Scrif, 904 (1987).
Coveney and Sandars [14] do provide reliable order-of-[8] P-G.H. Sandars, Phys. Scripld6, 16 (1993).
magnitude estimates of, M, and T. Our calculations %g E]G'sghi?fagc:]e;fyggﬁé;ezviglfl(?ggies (1967).
have reduced significantly the upper boundsdyn gy j § - '
and Q, so thatgthe vall)J/es in Io'IEJabIe I are@r,losvT’the (o] I(Diggéll;.Sandars and E. Lipworth, Phys. Rev. L£8. 718
most .r_estrictive experimental limits available for thesep;0) G E. garrison’ P.G.H. Sandars, and S.J. Wright, Phys.
quantities. Rev. Lett.22, 1263 (1969).

These Dirac-Fock calculations indicate clearly that[11] E.A. Hinds, C.E. Loving, and P.G.H. Sandars, Phys.
there has been substantial progress in relativistic molecu-  Lett. 62B, 97 (1976).
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