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The electronic part of a possible P- and 7-nonconserving neutral-weak-current—induced electric
dipole moment in atomic Xe and Hg was calculated with many-body perturbation theory. After the
effects of this P- and 7T-nonconserving interaction on all core orbitals were treated self-consistently,
thereby including all single-particle effects to all orders but no correlation effects, the results
pe=1(52x10"2em)Croy and u.= — (6.0% 10~22¢ m) Cro v, respectively, were obtained for Xe
and Hg. The value for Xe can be combined with the recent experimental result, |u.(1?°Xe)]
< 10~ 2¢m, to give the upper limit |Cy| < 2x 1076,

PACS numbers: 31.20.—d, 11.30.—j

The existence of an electric dipole moment (EDM)
of an elementary particle would imply simultaneous
nonconservation of both parity (P) and time (7) re-
versal symmetry.! Nevertheless, the search for a neu-
tron EDM? was initiated several years before the
discovery of the nonconservation of parity in weak in-
teractions.?> The only evidence for 7 nonconservation

so far is the CP nonconservation in the decay of the
neutral kaons* and it would, of course, be of interest
to establish 7T nonconservation in other systems. The
search for a proton EDM has led to the study of thalli-
um fluoride,>® where a nonzero result could be evi-
dence for a proton EDM but also for a short-range P-
and T-nonconserving electron-nucleon interaction
which for nonrelativistic nucleons has the form>’

hT=\/§iGF('}/0‘)’50')e ’ [ECTPS(r_rP)O-P+ ECT,,S(I"—I',,)O'”],
P n

where Gy is the weak-interaction constant and the two
sums run over all the protons and neutrons in the nu-
cleus. Such an interaction, 47, would lead to an EDM
in atomic systems, and experiments to detect a linear
Stark effect in 2Xe have been performed by Vold,
Raab, Heckel, and Fortson.! The results of atomic
many-body calculations of this effect for Xe and Hg is
presented here.

A full calculation will require a detailed treatment
also of the nuclear part of #7. However, at present it
is adequate to note that 47 can be written as

hT= \/EiGFCTNO-N . (70750')ep1v(re),

where Cry is a constant which depends on the particu-
lar nucleus but may be related to the more fundamen-
tal coupling constants, Cp, and Cp,, by a nuclear-
structure calculation. py(r,) is a normalized nuclear
density. A Fermi distribution is used in the present
work, but since the electronic density is essentially
constant at the nucleus, the numerical results are in-
sensitive to the choice.

The presence of the perturbation 47 induces a
correction |aT) to orbital |a), given by

a7y = S 1) ¢slAlla) )

(e,—€5)

which can be represented diagrammatically as in Fig. 1.
This correction is obtained as the solution to the inho-

mogeneous differential equation
core
(ea—ho)lay=h"la)y — 3 lc)(clhTla) (2)
(4

where the closure relation, 32!i) (i|=1, has been
used to remove the infinite summation over excited
states. The second term on the right-hand side of (2)
makes the whole right-hand side orthogonal to the
core orbitals. The correction |aT) leads to an EDM,
M., given by

p.e=2(<a|d|a7>+<aT|d|a)), 3)

represented by the diagrams in Figs. 1(b) and 1(c).
The length form of the dipole operator, d= —er
= — erCl, has been used here.

(a) (b) (c)

FIG. 1. (a) is the correction |aT) to orbital |a), given by
(1). (b) and (c) correspond to the two terms in the EDM
(3). A down- (up-) going line represents a core (excited)
orbital, a dashed line with a cross is used to denote 47 and a
wavy line represents the dipole operator, d.
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The modification of one orbital affects all other orbitals through the electrostatic interaction. This leads to a
coupled set of equations,

(ea—ho)laTy = hTla) + SU(blr' 167 + (b71ri5" [6))|a)
b
—({blrztla) 6Ty — (bTIr3' la) |b) )] — (orthogonality terms)
=h"la) +vTla) — (orthogonality terms), 4)

which is solved iteratively. (Only terms to first order in #7 have been kept.) The diagrammatic form of (4) is
shown in Fig. 2.

In calculations of new properties, where comparison with experiment will not immediately show if a calculation
is correct or not, it is extremely valuable to have consistency checks. One check is obtained by dropping the ortho-
gonality terms in (2) and (4). This will lead to admixtures of the occupied orbitals |c¢) in |a7). However, since
both 47 and v7 [defined in (4) above] are Hermitian operators with real matrix elements the contributions from
this admixture to the EDM and to v are exactly canceled by the contributions from the admixture of |a) into
lcTy, given by (alcT)=—(claT). Thus, neglect of the orthogonality terms leaves the results unchanged,
although we have found that it has negative effects on the convergence properties of the system of coupled equa-
tions (4). A second check is obtained by interchanging d and 47 in all equations.

Before solving Eq. (2) for the P- and T-nonconserving parts of the orbitals, the equation is separated into radial
and angular parts. The P- and T-conserving parts of the orbitals are written in the usual two-component form,

Pa(r)|lasjama>
iQa (Nl sjamy) |’

where j,= [, + + and l,=2j,— l,. The P-and T-nonconserving part is somewhat more complicated:

1

la)=7

Js 1 ja] 1 Sa—'lsjs(r)llssjsms>

—ms —dq mg

laD = 3, (Do) (-1 ™

)

jomg g r Ta_.lsjs(r)llssjsms>

The Wigner-Eckart theorem can be used to write the right-hand side of (2) in a similar form and the corresponding
radial equation becomes

Sa—1,;,() Qa (1) (lsjsl ol 113 ja)

(e, —vHF) a~Vd/dr—2¢/r)
(0|~ =Y2Gen D p (¢

—a~Wd/dr+2¢/r) (e,+ 20~ 2HF) 5

Ta_’ lgJs lsjs| l()" | laja> ’
From the reduced matrix elements on the right-hand side of (5) it is easy to see that the selection rules are the
same as for the electronic dipole operator, i.e., =1/, +1, j;=/,, j £1. The presence of the nuclear density,
pn(r), makes the first-order contributions very much smaller if j,= + or j,# +. For Xe with 17 orbitals there are
42 possible excitations which have all been coupled together in the equation system (4). The angular-momentum
graph technique® makes the evaluation of the radial parts of the remaining terms in (5) straightforward. The ex-
pression given in detail for the hyperfine interaction'® holds here as well.
After the radial equations are solved the EDM is evaluated as

He= _20'NCT2%(_l)js‘ja<ja||C1||js>f[Pa(r)Sa—'lsjs(r)+Qa(r)Ta—'lsjs(r)]’dr- (6)
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FIG. 2. Diagrammatic representation of Eq. {4). The double dashed line with a cross represents the self-consistent solution
|aT) and the dashed line the electrostatic interaction.

1154



VOLUME 54, NUMBER 11

PHYSICAL REVIEW LETTERS

18 MARCH 1985

First, the lowest-order corrections |a”) to the orbitals
were obtained from Eq. (2) by use of both the local
optimized Hartree-Fock Slater (OHFS) potential!! and
the nonlocal Hartree-Fock (HF) potential, leading to
an electric dipole moment of u,=13.08x10713
x Cyyoy (atomic units are used unless otherwise
specified) and m,=7.76x10"13Cyyo 5, respectively,
for Xe. For Hg the local potential gave p,= —1.17
x10""Cryoy and the Hartree-Fock potential
me=—0.38x10"1""Cyyon. The contributions to the
electric dipole moment for Xe from different shells are
shown in Table I, with the orthogonality terms kept in
the equations (when they are neglected certain cancel-
lations occur between the shells). The lowest-order
corrections, |67), obtained in the HF potential were
then inserted on the right-hand side of Eq. (4) as a
first approximation. The set of coupled equations
was then solved iteratively. After 15 iterations the
results had converged to m,=9.81x10"YBCpyo,
=(5.2x10"2 ¢ m)Cyyoy for Xe and p,= —1.13
X 10—11CTN0-N= ( —6.0x 10—22 e m) CTNGN for Hg
We note that the result for Hg is about 10 times larger
than that for Xe, but also that it is more sensitive to
perturbations. Both of these observations can be as-
cribed to the presence of the two loosely bound 6s
electrons in Hg, which are much more easily perturbed
than the 5s25p% configuration in Xe. The 6s electrons
are also responsible for the negative sign in Hg;
the 6s— p;/, excitation gives a large negative
contribution {(—1.4x10"Y, —0.56x10"!!, and
—1.8x10"'Cpyoy, respectively, in the local poten-
tial and in the uncoupled [Eq. (2)] and coupled [Eq.
(4)] HF approaches}, whereas all the inner shells give
positive contributions just like in Xe.

The result for Xe is relatively stable and we do not
expect drastic changes as a result of correlation effects,
which have not been included in the present work.
Combining our final value with the recent experi-
mental result, u,(1¥Xe)=— (0.3 +1.1)x10~28 ¢m,?
gives Cyy=(—0.6%2.1)x10"%(oy). To relate
Cry to Crpy, and Cp, in an accurate way requires a nu-
clear structure calculation. However, a first approxi-
mation of Cyr is obtained by the assumption that the
nuclear spin arises solely from the spin of the unpaired
neutron, which is in an sy, state according to the shell
model, giving'? Czy= Cr,. We thus obtain'® |Cy,|
< 2x107% This can be compared to the estimate
Cr,= (6 £9)x 107 obtained in a recent experiment
on thallium fluoride.”

I have benefitted from discussions and correspon-
dence with Professor E. N. Fortson concerning this
work and I would also like to thank him for sending
me the experimental results prior to publication. This

TABLE I. Individual contributions to the electric dipole
moment (6) for Xe from various shells in units of
(TNCTIO_13 a.u.

OHFS HF Coupled
Eq. (2) Eq. (2) Eq. (4
n=1 0.0895 0.0886 0.0894
n=2 0.2459 0.2380 0.2440
n=13 0.5897 0.5550 0.5921
n=4 1.6948 1.4290 1.7325
n=>5
5812 P12 0.9463 0.8238 1.0981
S5pi2— s 9.5094 4.6298 8.0424
Other (0.038)2 (0.018)? —1.9903
Total 13.076 7.764 9.808

2These contributions involve matrix elements of A7 between
states with j= % and have been neglected.
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