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The magnetic moment effect

S. G. Porsev,'? J. S. M. Ginges,' and V. V. Flambaum'
1School of Physics, University of New South Wales, Sydney NSW 2052, Australia
2Petersburg Nuclear Physics Institute, Gatchina, Leningrad district 188300, Russia
(Received 2 December 2010; published 14 April 2011)

We have considered a mechanism for inducing a time-reversal violating electric dipole moment (EDM) in atoms
through the interaction of a nuclear EDM dy with the hyperfine interaction, the “magnetic moment effect”. We
have derived the operator for this interaction and presented analytical formulas for the matrix elements between
atomic states. Induced EDMs in the diamagnetic atoms '2*Xe, "' Yb, 'Hg, 2!'Rn, and >*Ra have been calculated
numerically. From the experimental limits on the atomic EDMs of '?*Xe and " Hg we have placed the following
constraints on the nuclear EDMs, |dy('?*Xe)| < 1.1 x 107! |e| cm and |dy ("’Hg)| < 2.8 x 1072 |e| cm.
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I. INTRODUCTION

Since the discovery of CP violation in the decay of long-
lived K° mesons, there have been many efforts to observe CP
or time-reversal (7) violation in other systems. The latter is
equivalent to CP violation assuming the validity of the CPT
theorem. In particular, the possible existence of a permanent
electric dipole moment (EDM) of a particle would imply the
violation of both parity and time-reversal invariance (see, e.g.,
[1]). The EDMs of the particles predicted by the standard
model are too small to be detected at the present level of
experimental accuracy. However, different extensions of the
standard model (such as supersymmetry) predict much larger
EDMs of the particles that could, in principle, be found using
modern experimental techniques (see, e.g., [2,3]).

Recently, Griffith et al. [4] reported a sevenfold improve-
ment on the limit of the atomic EDM of 'Hg, |d('*Hg)| <
3.1 x 107?° |e| cm. This is the most stringent limit on an
atomic EDM. In order to interpret the measurement in terms of
fundamental P,7-violating parameters, atomic calculations are
required. In our recent paper [5] (see also [6—8]) we calculated
atomic electric dipole moments induced by the nuclear Schiff
moment, the PT-odd electron-nucleon interaction, and the
electron electric dipole moment and placed limits on the
coupling constants of the P, T-odd interactions from the new
Hg result.

In this work we consider one more P,7-odd interaction
which gives rise to an atomic EDM in the second order
of perturbation theory. This interaction was first discussed
by Schiff in Ref. [9]. He showed that if a nucleus has a
permanent EDM dy, an atomic EDM may be induced due
to the interaction of dy with the magnetic field created by the
electrons at the nucleus.

It is worth noting that the existence of a nonzero dy alone
is insufficient for producing observable EDM effects in neutral
atoms due to electronic screening of an applied electric field
at the nucleus [9]. This screening is exact for the case of a
point-like nucleus experiencing electrostatic forces. One can
circumvent this screening by accounting for the finite size of
the nucleus or the hyperfine interaction. The former leads to the
appearance of the nuclear Schiff moment; the latter “magnetic
moment effect” is the subject of this work.
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In his work [9] Schiff evaluated the EDMs of H and He
induced by the magnetic moment effect. Hinds and Sandars
later calculated the effect in TIF [10]. In the current work we
present a general analysis of the effect for atoms and perform
calculations for diamagnetic atoms of experimental interest.

The volume effect (nuclear Schiff moment) is generally
considered to be the dominant mechanism inducing EDMs in
heavy diamagnetic atoms with nuclear spin / = 1/2. However,
it has been discovered recently that the nuclear Schiff moment
is very sensitive to many-body corrections (see, e.g., [11] and
references therein). These corrections suppress the bare values
for the Schiff moments for all considered nuclei. Other than
a general suppression, there is yet no agreement between the
many-body approaches. The nuclear EDM contribution to the
atomic EDM (through the magnetic moment effect) should
therefore not be disregarded before the nuclear many-body
problem is well understood and specific CP-violating models
considered.

Further motivation for this work comes from the growing
interest in measuring nuclear EDMs in ion storage rings
[12-15]. In ions the nuclear EDM is not screened and can be
measured directly. The relations obtained in this work between
the nuclear and atomic EDMs enable one to place limits on
nuclear EDMs from neutral atom measurements. These limits
may be considered as an accuracy benchmark for proposed
nuclear EDM measurements with ions.

The paper is organized as follows. In Secs. II and III we
derive analytical expressions for the P,7-odd operator and the
matrix elements of this operator between atomic states. In
Sec. IV we present the equation for the atomic EDM dY and
discuss different contributions to dY. In Sec. V we obtain
simple analytical formulas that can be used for an estimate
of the atomic EDM (and this is compared to the atomic
EDM induced by the nuclear Schiff moment), we describe
our numerical method for EDM calculations of diamagnetic
atoms, and we present results for '?Xe, '7'Yb, '"Hg, ?''Rn,
and ?*Ra. Section VI contains concluding remarks.

II. GENERAL FORMALISM

Let us assume that the nucleus has a P,T-odd EDM, dy =
(dy) = dyI/I.Here (dy) denotes the expectation value of the
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nuclear electric dipole moment with the exact nuclear ground
state wave function [16].

The P,T-odd operator corresponding to the magnetic mo-
ment effect can be written as [9]

U= —i[Q,Hul, (D

where square brackets in Eq. (1) denote a commutator. The
operator Q is determined as (if not stated otherwise we use
atomic units i =m = |e| = 1)

dy-p 1<
_N"PN_ . p®
0==—"—""=-_) dv-p{ 2)
k=1

where Z is the nuclear charge and py and pg") are momentum
operators for the nucleus and electrons, respectively. Hy, is
the operator for the hyperfine interaction (HFI) which may
be interpreted as the interaction of the nuclear magnetic
moment u, with the magnetic field of the electrons. It can
be represented by the sum of the single-electron operators

zZ
I Xo;
Hy =) “S—py. 3)

-1 Ti>

where r;». = max(r;,R) with R the nuclear radius and
a = (29) are the Dirac matrices. py = puyI/1 and py =

w/(2m, c), where p is the nuclear magnetic moment, m, is
the nucleon mass, and the speed of light c = 1/« &~ 137.

A note on the origin of the P, T -odd operator Eq. (1). Schiff
showed (we limit the explanation to the case of an atom with
nuclear EDM) that when an atom is acted upon by electrostatic
forces only and the nuclear EDM and charge distributions are
the same, the full Hamiltonian may be expressed as H = Hy +
i[Q, Hyl, where the full Hamiltonian H includes the nuclear
EDM and H, does not. The eigenvalues of H are therefore
the same as those of Hj to first order (the expectation value
of the commutator containing Hy is zero) and do not contain
the nuclear EDM, that is, there is no linear Stark shift and no
observable EDM of the atom. When the hyperfine interaction
is taken into account, the full Hamiltonian may be written
as H = H)+i[Q,H|] — i[Q,Hu], where the prime denotes
that the magnetic interaction is included. Only the commutator
containing Hjy, may lead to observable EDM effects. We refer
the reader to Schiff’s landmark work Ref. [9] for details.

In Eq. (2) we assumed that the center of mass is at rest.
As a result, the momentum operator of the nucleus py can be
replaced by the sum of the electronic momenta p*) with the
opposite sign. In the following we will deal with the electronic
momenta only and omit the subscript e, that is, we denote
P = p.- Then we obtain for the operator U:

z z
LAy rp X o
U=-— LI = U . 4
i~ 2 ) Pk kX_}: 3 “4)

We will consider the single-electron operator Uj (omitting
for brevity the index k) since, as seen from Eq. (4), a general-
ization to the case of a many-electron atom is straightforward.
In addition, we restrict ourselves to consideration of the most
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interesting case of nuclear spin / = 1/2. Then for the Cartesian
components m and i of the nuclear spin I we have

1 i
I = _5mi ~Emitl]. 5
) +28 i (5

Substituting Eq. (5) into Eq. (4) and taking into account that the
terms ~&,,; will be canceled out, after simple transformations
we obtain

dyuy r oNT
V=77 [““N{p’z};{?“pu' ©

Here oy = 2l and {- - -}, is an anticommutator. Now we take
into account that

. .0 nxL
p=-iV=—-in—— ,
ar r

with L = r x p the orbital momentum operator.

Hence
r o r
y T2 = —1 PR
P r3 N ar’'r .

and finally we obtain

d 0 .
U=- NIy io-opn —L + il r,ap . (D
Z ar'r3 N r3 .

If the typical distances of interest are small one can neglect
the eigenvalue and the mass of the electron in comparison
with the electrostatic potential. Hinds and Sandars showed in
Ref. [10] that in this approximation the operator U can be
written in a more simple form:

2dyun o x L

o . 8
Z NS ®)
In the following sections we will discuss the difference
between the two forms of the operator U given by Egs. (7)

and (8).

U =

III. ELECTRONIC MATRIX ELEMENTS

We use the following form for the electronic wave func-

tions:
|n%m) _ (f(r)lem ) _ < f(r)Q%m )
ig(r) g, ig(r)Q2—sem )’
where [ = 2j — 1. Using the expression for the operator U
given by Eq. (7) we can derive the electronic matrix elements

(MEs). Finally we find (see the Appendix for details of the
derivation)

d o0 /
('3 m! |U nsem) = — NEN UN(%/m’|n|%m)/ [%Jr a
Z 0 r
x ('8 — 3 + D)+ fg'(s¢ — 5+ 1)}
! / !/ ’ r3
+(E —e)e—x)ff—g g)] r—3dr.
)
If we factorize (¢' — ¢) in the second term of Eq. (9), we
can rewrite it as
~dNun r X o

(e —¢&) on(n's/m'|i —
P

>

|nsem). (10)
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Then Eq. (9) can be represented by

dyun

(n''m'|\U|nsem) = — GN|:(%’m’|n|%m)(% + )

x / (fgGe— o + 1)
0

. r2dr ,
tfe(e -t D=5+ (e —e)

, , , . IX0
X (n'Adm'|i 3 |nsem) |. (1

As seen from Eqs. (9) and (11), the first term in these equa-
tions disappears if > + s = 0. It happens for the states with
I'=1+1 and j' = j. As a result, the MEs (—san’|U |sem)
turn out to be proportional to (¢’ — ¢). For heavy atoms these
MEs are small. In particular, it means that the MEs (s|U | p1,2)
contribute less to the atomic EDM than the MEs (s|U|p3,2).
If we neglect the term ~(¢’ — ¢) in Egs. (9) and (11), then
Egs. (7) and (8) lead to the same formula for the MEs.

IV. ATOMIC EDM

In this section we present our calculations of EDMs
induced by the operator U for several diamagnetic atoms of
experimental interest having / = 1/2. The EDM dY} = d oy
of an atom in the state |0) in the second order of perturbation
theory is given by

(OIDIK)(K|U|0
Z IDIK) (K |U10) .
Eo— Ex
where D = —r is the electric dipole operator and the sum-

mation goes over all intermediate states |K) allowed by the
selection rules.

As follows from the consideration given in the preceding
section, it is convenient to present the operator U as a product
of two operators, one relating to the electronic part and the
other relating to the nuclear part, that is,

U =Ue| - ON, (13)

where U, describes the electronic part of the operator U.

Applying the Wigner-Eckart theorem, and summing over
magnetic quantum numbers m of the initial and final states in
Eq. (12), we obtain for dZ:

<O||V||K><O||Uel||K)
ay =
3 Z Ex — Ep

(14)
K

To carry out calculations of atomic EDMs for atoms
with closed shells, it is convenient to rewrite Eqs. (12)
and (14) in terms of single-electron wave functions. Then the
corresponding expressions for dY and d} are given by

c|r|n (n|U]|c)
=2 E —_— 15
c,n _8C ( )
and
2 < (mllrlie){nl|Uallc)
N —_
A = 3 Z &y — & ’ (16)

c,n
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where the indices ¢ and n relate to the single-electron core and
virtual orbitals and e, are the single-electron core (virtual)
energies, correspondingly.

Note that if we substitute the second term of Eq. (11) into
Eq. (15), then after cancellation of (¢, — &.) in the numerator
and denominator and applying closure ) |n)(n| =1, we
obtain a term which is proportional to

Z(d r[(r XS(T)GN] o).

c s
It can be readily shown that if we apply again the Wigner-
Eckart theorem and sum up over the projections m, of the total
angular momenta j,, this term goes to zero and therefore does
not contribute to dfi‘{ . In particular, it means that the second
term in Eq. (11) does not contribute to the atomic EDM for
closed-shell atoms.

Keeping in mind that we intend to carry out calculations of
EDMs for atoms with closed shells, we can neglect the term
~(&¢’ — €)in Eq. (11). Accounting for Eq. (13), we obtain the
following expression for the reduced ME of the operator Ue;:

dy

(n'5||Uallns) ~ — (> |Inl|3) (¢ + 5)

% / (FlgGe— 3 + 1)
0

., dr
+ fg'( —%—}-1)}7, (17)

where the reduced ME (5¢||n||) is given by

(o |Inl|%) = (=12 /25 + 1)(2j + 1)

J J ,
U+1+1 1
X(—l/z i 0)5( +i+1) (8)
with
1, if
0, if

£00) X is even
X) =
x is odd.

In Eq. (17) we also took into account that the integral
inside the nucleus is very small and replaced r. by r. As
we mentioned above, the MEs of the operator U, turn to
zero if > + 3 = 0. It means that MEs between states with
the same total angular momentum though different parity like
(s11Uelll p1/2)s (p321|Ual|d3)2), ete. are equal to zero.

V. METHOD OF CALCULATION AND RESULTS

A. Analytical estimates

In this section we derive the analytical expression for
the matrix element Eq. (17). Outside the nucleus the wave
functions f,,, and g,,. can be represented by [17]

V1
fn% =

1

19)

P4 1

8nse = T Z
! || /Zv3r
where x = /8Zr, y = +/32 — Z%a?2, and J,(x) are Bessel

functions.

(o4 JZy(x)a
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Using these expressions for the radial wave functions we
obtain for the radial integral

ZZ
s 8nx— = ——>ARM 20
/ S5 8n , (V)2 (20)
Here
w'n , 1
A= T%'% [% -1+ Z(xz - %/2)} Ajj, 1)

the relativistic enhancement factor Ry, is given by [18]
1 Ly’ +y—2)
Ajj Ty =y +30(y =y +3T(» +y +3)

I'(B) are the y functions and the factor A /; is determined as
follows:

RME

Y,

Ayj=—— (]. +.] 2! — ~ (22)

(' =7+ =7 +DG A+ +3)!

Let us consider an important particular case of the ME
(sl|Ueillp3/2). In this case »' = —1 and » = —2. Then the
first term under the integral in Eq. (17) turns to zero while
for the second term in the integral we find, using Egs. (20)
and (21),

o0 dr 1 72 R 23
o fnps/zgn/sT = _EW M- (23)
For the matrix element we therefore have
2\/_ 3Za
(n's||Uallnps ) ~ dNMNWR (24)
s P?/z

This analytical expression demonstrates how the atomic EDM
depends on Z and nuclear parameters. The enhancement
factors Ry, for the medium atoms are close to unity. They
grow with increasing Z approaching the value 2.2 for Ra. The
values of the enhancement factors for the diamagnetic atoms
considered in this work are listed in Table I.

A simple analytical estimate gives the following result for
the atomic EDM:

d ~ 107" uZRydy, (25)

where the upper sign (4) relates to the divalent atoms and the
lower sign (—) relates to the noble gases. This formula gives
values in reasonable agreement (within a factor of ~2) with
the many-body Dirac-Hartree-Fock (DHF) results presented
in the following section.

It is instructive to compare this estimate with a similar one
for the atomic EDM induced by the nuclear Schiff moment S,

dy ~ F1072Z%(Ryj2 + 2R30)[S/(lelfm)][elem,  (26)

where Ri, and Rjz;, are relativistic enhancement factors
corresponding to s — py2 and s — p3,, weak matrix elements,

TABLEI. The nuclear charges Z and the relativistic enhancement
factors Ry,.

129%e 171y 191 211Rp 25R,
z 54 70 80 86 88
Ry 1.28 1.56 1.83 2.06 2.15
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respectively (see Ref. [18] for these factors). Again the upper
sign is for the divalent atoms and the lower sign is for noble
gases. The values obtained from this simple formula also
reasonably agree (within a factor of 2) with the many-body
DHEF results obtained in Refs. [5,7,8].

The atomic EDM induced by the Schiff moment benefits
from an extra Z dependence which becomes very important in
heavy atoms [17]. In Sec.V C we consider a specific mecha-
nism for inducing the Schiff and nuclear dipole moments and
compare the sizes of the induced atomic EDMs.

B. Numerical method of calculation and results

Here we describe the simple numerical methods we use for
calculations of atomic EDMs for closed-shell atoms. At the
first stage we solve DHF equations in the V" approximation.
This means that we include all electrons forming the ground
state of the atom in a self-consistency procedure

Hy % =& WL" 27

Here H is the relativistic Hartree-Fock Hamiltonian and .
are single-electron wave functions of the core.

To take into account polarization of the atomic core by
external fields (the electric dipole field or the P,7T-odd field),
we solve the random phase approximation (RPA) equations

(Ho — £)8¢. = —(F +8V™)ye, (28)

where F is the operator of the external field and §VV is the
correction to the self-consistent potential due to the effect of
the external field. The RPA equations (28) are solved self-
consistently for all states in the core.

In implementing the DHF and RPA procedures for calcu-
lations of the atomic EDMs, we have used two equivalent
approaches. The first involves the construction of virtual
orbitals and summation over states. The second involves the
direct solution of the perturbed orbital 1. on the grid.

In the former method the virtual orbitals are constructed by
multiplication of the previous orbital of the same partial wave
to a smooth function of r with subsequent orthogonalization
of this orbital to the rest of the orbitals. This method was
described in detail in Refs. [19] and [20].

In the latter method, implemented in Ref. [7] for calculation
of the Schiff moments, instead of direct summation over virtual
states in Eq. (15), we evaluate d =2) (| — r|8cV), where
|8cV) = Don s "'Ul‘ |n)is a solutlon of Eq. (28) for the P,T-odd
field. In takmg info account core polarization by the fields, the
correction goes to one field and not the other to avoid double
counting. See Ref. [7] for details.

The results of numerical calculations carried out using the
DHF and RPA methods for the considered diamagnetic atoms
are presented in Table II. It is seen that inclusion of the RPA

TABLE II. The values of d in units (1070 dy) obtained in the
DHF and RPA approximations.

]29X654 171 Yb70 I99Hgg() 211 Rﬂse 225Ra88
DHF 4.4 2.6 32 —-9.1 -9.5
RPA 5.8 11 11 —13 -33
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corrections increases the size of the atomic EDM. For the noble
gases (Xe and Rn) the RPA corrections contribute at the level of
30% —40%, while for atomic Hg, Yb, and Ra, which have two
s electrons above closed shells, the RPA corrections are much
larger. In fact, they increase the EDMs of these atoms several
times compared to the DHF values. The reason for this increase
is that the two s electrons are loosely bound and can be easily
excited. As a result, account of higher orders of perturbation
theory (like the RPA corrections) leads to a significant change
in the “bare” results obtained in the DHF approximation. This
result is similar to that obtained for other contributions to the
P.T-odd atomic EDM discussed in Refs. [5,7,8] for the same
atoms.

We note that in our previous works [5,7] a check on the
RPA results for Yb, Hg, and Ra was carried out by performing
more sophisticated calculations in the V¥ =2 approximation. In
this approach, correlations between the two valence electrons
and the core were taken into account using many-body
perturbation theory (MBPT) while correlations between the
valence electrons were accounted for using the configuration
interaction (CI) method (see Refs. [21,22] regarding the
CI+ MBPT method). It was found in [5,7] that the two
approaches (V¥ and VV2) yield results for the EDMs that
differ by less than 20% for the various P,7-odd mechanisms.
The good agreement of the results obtained using two very
different approaches is a strong argument in favor of the
stability of the RPA results. Because the operator considered in
this work is of similar form to the other P, T -odd operators, we
expect that our RPA results for the atomic EDMs are accurate
to about 20%.

Using the experimental limits on the P, 7-odd atomic electric
dipole moments of '2°Xe [23]

d("¥Xe) = (0.7 £ 334 £ 0.1y5) x 1077 ecm
— 1d(*PXe)| < 6.6 x 107 |elecm  (29)

and '"Hg [4]

d("Hg) = (0.49 £ 12945 £ 0.76555) x 107% ecm
— |d(*°Hg)| < 3.1 x 107% |¢|cm (30)

we are able to place constraints on the nuclear EDMs
dy('*°Xe) and dy('*’Hg). Using Egs. (29) and (30), and the
results presented in Table II we obtain

ldy(PXe)| < 1.1 x 1072} |e| cm,
(3D
ldy(*Hg)| < 2.8 x 107%* |e| cm.

We have not included the atomic theory error in these limits.

C. Contributions to the nuclear EDM

For spherical nuclei with spin determined by a single
unpaired nucleon, there are several main terms that contribute
to the nuclear EDM. One of them is characterized by the
PT-odd nucleon-nucleon interaction while the other ones
are the contributions from the EDMs of the neutron (d,) and
the proton (d,,). Thus, we can write dy as [18]

dy Zd;\], + t;d, +a,,d,,, (32)
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where we denote by dl'z, the contribution from the P,7T-odd
nucleon-nucleon interaction; #; =1 for I =1; +1/2 and
ty =—1/(I+1) for I =1; —1/2 (with [; being the orbital
momentum of the unpaired nucleon) and the coefficient a,, is
numerically close to 0.1.

In Refs. [18,24] it was shown that the nuclear EDM induced
by the P,7-odd nucleon-nucleon interaction can exceed the
nucleon EDM by more than two orders of magnitude. If
we neglect the terms proportional to d, and d, in Eq. (32)
and express dy, through the 7-odd nucleon-nucleon coupling
constant 1, we obtain [24]

Z
dy ~ 4 x 10_13 (q—z> tn, (33)

where ¢ = 0 and 1 for an outer neutron and proton, respec-
tively. Taking into account that for all atoms considered g = 0,
we obtain for dy (in units of |e| cm)

Z
dy ~ =2 x 10*21Z 11 le| cm. (34)

Interactions of the outer neutron with both protons and
neutrons of the core contribute to the nuclear EDM; the
coupling constant n = %nnp + %nm. Using Eq. (34) and the
results for d given in Table II we can express the values of
the atomic EDMs through 7. These results for '*Xe, '7''Yb,
199Hg and ?''Rn are presented in Table III.

To get an idea of the relative size of the induced atomic
EDMs compared to those induced by the Schiff moment,
we consider the Schiff moment produced by the nucleon-
nucleon interaction. For all considered atoms, the nuclei
have an outer neutron. This means that there is no direct
contribution to the Schiff moment. The protons need to be
excited to distort the charge density and create a P,7T-odd
charge distribution. A simple numerical calculation in the
Woods-Saxon potential with spin-orbit interaction included
gives for 'Hg S("Hg) = —1.4 x 1078y, |e|fm® [24]. Using
this result, the calculation for the atomic EDM induced by the
Schiff moment dast =—-2.8x 10’17[S/(|e|fm3)]|e|cm [5,71,
and the result for the atomic EDM induced by dy through
n presented in Table III, we obtain

a¥(*Hg) ~ 0.0l (0.414p + 0.674n)
dgﬁ(lggHg) ’ Mnp ’
(The ratio is larger for lighter atoms.) While this indicates
that the contribution to the atomic EDM from the nuclear

EDM is significantly smaller than that from the nuclear Schiff
moment, we remind the reader that we have used a very

(35)

TABLE III. I? is the spin and parity of the nuclear ground state
and  is the magnetic moment expressed in nuclear magnetons [29].
The values of dY in units (10727 5 |e| cm) are obtained in the RPA
approximation.

17 M 174 d;\[/
12Xe 1/2* —0.7780 1 =51
7Yb 12~ 0.4919 —1/3 3.1
19Hg 12 0.5059 ~1/3 3.1
2iRp 112~ 0.60 —1/3 -3.7
25Ra 12+ —0.734 1
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simple model for the nucleus. Indeed, it is only recently
that many-body calculations have been performed for the
nuclear Schiff moment and these have demonstrated that
many-body corrections are large and lead to a suppression
of the bare results for all nuclei considered (see, e.g., the most
recent calculation [11] and references therein). The results
of the different many-body approaches, however, are not in
agreement. For example, in their RPA approach, Dmitriev and
Sen’kov [25] find a suppression of two orders of magnitude
in the isoscalar channel of the P,7-odd pion-nucleon-nucleon
interaction and a suppression of one order of magnitude in
the isotensor channel for the case of '“Hg. In the fully
self-consistent approach of Ban et al. [11] applied to '*’Hg,
one order of magnitude suppression is seen in the isoscalar
and isotensor channels, while instabilities are seen in the
isovector channel, with results even varying in sign. Therefore,
until the many-body problem is well understood, and specific
CP-violation models considered, the contribution to the atomic
EDM from the nuclear dipole moment should not be dismissed.

It is worth noting that there are nuclei with octupole
deformation (such as, e.g., 223Rn and ??32%Ra). For these
nuclei the nuclear EDM cannot be approximated by the
simple formula Eq. (34). As shown in [26,27], the P, T-odd
nuclear forces lead to an enhanced collective dipole moment
that can significantly exceed single-particle moments. The
enhancement of the nuclear EDM is also possible in nuclei
with quadrupole deformations due to mixing of close opposite-
parity levels [18,28].

VI. CONCLUSION

We have derived an expression for the P,7-odd operator
produced by the interaction of a PB7-odd electric dipole
moment of the nucleus with the operator of the hyperfine
interaction. We have presented simple analytical formulas that
can be used for an estimate of the EDM for different atoms.
Using numerical methods we have found the contributions
to atomic EDMs caused by this P,7-odd interaction for a
number of diamagnetic atoms. Using the experimental limits
on the atomic electric dipole moments of '?*Xe and '*’Hg,
we constrain the EDMs of the nuclei of '*Xe and '’Hg to
be |dy('¥Xe)| < 1.1 x 1072! |¢| cm and |dN(199Hg)| < 2.8 x
10724 |e| cm, correspondingly. These limits give an accuracy
benchmark for proposed measurements of nuclear EDMs in
ion storage rings.

ACKNOWLEDGMENTS

This work was supported by the Australian Research
Council. We would like to thank G. Jones for help at the
initial stage of the work.

PHYSICAL REVIEW A 83, 042507 (2011)

APPENDIX

For the matrix elements of the two operators entering Eq. (7)
(see the main text) we obtain after certain transformations

! / AR 8 r
(nxm'liat -on \ —,— ¢t |nxm)
ar 13
S

= oy (sm'|n|sem) /00 |:(%’ — - 1)( i — d_g)
0 dr dr

+(%—;/—1)< —f—fdg )} — (A1)

r >

and
, oy T
(n'sm’| { 3 ,otp} |nsem)
rd N
=GN(%’m’|n|%m)/(; [ d’: f— C;—J:

—f‘i—g + 22 ey fg’)} %dr. (A2)

r r3

Adding (A1) and (A2) we find for the ME of the operator U:

d
(n'sdm'|U|nsxem) = — NEN

oy {sm'|n|xem) /OO |:(%’ — %)
0
af  ,dg df dg'
x( —— = f=== E—i_fZ)

§ dr dr
;3
! i|—3dr. (A3)
rs

Using the Dirac equations for the radial wave functions

df’ 1+ Z
f :——%f +(8/+m+_a>g/’
dr r
dg 1 — Za
— =— g—\e—m+—)f,
dr r r
(A4)
df 14 Za
—=——f+ e+m+—|g,
dr r
dg’ -5 <, Za) ,
=——"g—(f-m+ =) F,
dr r r
we can write
af’ df
__f__ = f_
%/+% / / / ! !
= (fg' = fg9—(E —af'f—gg-. (AS)

Now substituting (AS5) to (A3) we finally arrive at Eq. (9) given
in the main text.
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