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Electric dipole moments of atoms and molecules produced by enhanced nuclear Schiff moments
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We perform calculations of the CP-violating atomic and molecular electric dipole moments (EDMs) induced
by the interaction of the nuclear Schiff moments with electrons. EDMs of atoms Eu, Dy, Gd, Ac, Th, Pa, U, Np,
and Pu are of special interest since they have isotopes with strongly enhanced nuclear Schiff moments caused by
the octupole nuclear deformation or soft octupole vibration mode. These atoms have open 4 f or 5 f shells making
the calculations complicated. We use our special version of the configuration-interaction method combined with
the many-body perturbation theory method adopted for an open f-shell case. To validate the method we perform
similar calculations for simpler atoms (Xe, Hg, T1*, Pb, Pb>*, Rn, Ra), where some earlier results are available.
In addition, we present the estimates of the CP-violating nuclear spin—molecular axis interaction constants for
molecules which may be of experimental interest, including AcF, AcN, AcO*, EuN, EuO", ThO, PbO, and
TIF. We also present updated values of the nuclear Schiff moments and atomic and molecular EDMs expressed
in terms of the CP-violating 7-meson—nucleon interaction constants go, g, g2, QCD parameter 8, and quark
chromo-EDMs. The results may be used to test CP-violation theories and search for axion dark matter in atomic,

molecular, and solid-state experiments.
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I. INTRODUCTION

A. Nuclear Schiff moments produced by 7', P-odd nuclear
forces and atomic and molecular electric dipole moments
produced by electric field of Schiff moments

Measurements of atomic and molecular time-reversal (T')
and parity- (P) violating electric dipole moments are used
to test unification theories predicting CP violation. They
have already excluded a number of models and significantly
reduced parametric space of other popular models including
supersymmetry [1,2]. Another motivation is related to the
baryogenesis problem, the matter-antimatter asymmetry in
the universe which is produced by an unknown CP-violating
interaction. The expected magnitude of an electric dipole
moment (EDM) is very small; therefore, we are looking for
mechanisms that enhance the effects—see, e.g., Refs. [3-5].

Schiff demonstrated that the nuclear EDM is completely
screened in neutral atoms and molecules and noted that a
nonzero atomic EDM still may be produced if the distribution
of EDMs and charge in a nucleus are not proportional to each
other [6]. Further works [7—11] introduced and calculated the
so-called Schiff moment, a vector moment presenting electric
field inside the nucleus after taking into account nuclear EDM
screening by electrons. This Schiff moment electric field
polarizes the atom and produces an atomic EDM directed
along the nuclear spin. References [7,8] calculated the Schiff
moment due to the proton EDM. References [9—11] calculated
(and named) the nuclear Schiff moment produced by the
P, T-odd nuclear forces. It was shown in [9] that the contri-
bution of the P, T-odd forces to the nuclear EDM and Schiff
moment is larger than the contribution of a nucleon EDM.
In Ref. [12] an accurate expression for the Schiff moment
electrostatic potential has been derived and the finite nuclear
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size corrections to the Schiff moment operator introduced (see
also [13,14]).

B. Enhancement of Schiff moment due to nuclear octupole
deformation and soft octupole vibration mode

A number of nuclei have an opposite parity level with the
same spin close to the ground state. This may lead to an
enhancement of the nuclear Schiff moment produced by the
P, T-odd nuclear forces which admix this close wave function
to the ground state [9]." However, the largest enhancement
(~10?-10° times) happens in nuclei with an intrinsic oc-
tupole deformation, where both the small energy difference
of nuclear levels with opposite parity and the collective effect
work together [17,18]. According to [17,18] this happens in
some isotopes of Fr, Rn, Ra, and actinide atoms. Atomic and
molecular EDMs produced by the Schiff moment increase
with the nuclear charge Z faster than Z? [9]. This is another
reason why EDMs in actinide atoms and their molecules are
expected to be significantly larger than in other systems.

The Schiff moment is proportional to the squared octupole
deformation parameter (83 )2 [18]. In nuclei with the octupole
deformation (83)* ~ (0.1)?. According to Ref. [19], in nuclei
with a soft octupole vibration mode the squared dynamical
octupole deformation ((B3)%) ~ (0.1)%, i.e., it is the same as
the static octupole deformation. This means that a similar

"Nuclear EDM and magnetic quadrupole produced by the 7', P-odd
nuclear forces are also enhanced due to an opposite parity level with
the same spin close to the ground state [9,15]. Collective enhance-
ment of the magnetic quadrupole moments in deformed nuclei have
been demonstrated in [16].
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enhancement of the Schiff moment may be due to the dynam-
ical octupole effect [19-21] in nuclei where (83) = 0.> This
observation significantly increases the list of nuclei where the
Schiff moment is enhanced.

In the papers in [17,18,22,23] numerical calculations of
Schiff moments and estimates of atomic EDM produced by
the electrostatic interaction between electrons and these mo-
ments have been done for ***Ra, **Ra, ***Rn, ?*'Fr, *2Fr,
255 Ac, and **Pa. Unfortunately, these nuclei have a short
lifetime. Several experimental groups have considered exper-
iments with **Ra and **Rn [24-26]. The only published
EDM measurements [24,25] have been done for *>Ra which
has 15 days half-life. In spite of the Schiff moment enhance-
ment the *Ra EDM measurement has not yet reached the
sensitivity to the T, P-odd interaction comparable to the Hg
EDM experiment [27]. The experiments continue, however,
the instability of *»>Ra and a relatively small number of
atoms available may be a problem. In Ref. [28] the nuclear
Schiff moment of 2 Th nucleus has been estimated since this
nucleus has a much longer lifetime (7917 years). In Ref. [29]
the list of the candidates for the enhanced Schiff moments has
been extended to include stable isotopes 13gy, 161Dy, 163Dy,
155Gd, and long lifetime nuclei *>U, >*'Np, 2**u, **Th,
1538m, 199Er, 225 Ac, 227 Ac, 'Pa, and 2*’Pu. The estimates
of the enhanced Schiff moments have been done for the most
attractive cases of P3Eu, 23, 237Np, and 2" Ac.

In this paper we present updated values for many nuclear
Schiff moments expressed in terms of the CP-violating -
meson—nucleon interaction constants go, g, §2, QCD parame-
ter 6, and quark chromo-EDMs. We also calculate atomic and
molecular EDMs induced by these Schiff moments.

C. Oscillating Schiff moments and atomic and molecular
electric dipole moments produced by axion dark matter

The CP-violating neutron EDM may be due to the QCD
6 term [30]. It was noted in Ref. [31] that the axion dark
matter produces oscillating neutron EDMs since the axion
field is equivalent to the oscillating 6. The QCD 6 term
also produces P, T-odd nuclear forces creating nuclear Schiff
moments. Correspondingly, the axion field also produces os-
cillating nuclear Schiff moments [32] which are enhanced by
the octupole mechanism. To obtain the results for the oscil-
lating Schiff moment it is sufficient to replace the constant
0 by 6(t) = a(t)/f., where f, is the axion decay constant,
a(t) = agcosmyt, (ag)* = 2p/(my)?, and p is the axion dark
matter energy density [31,32]. Moreover, in the case of a
resonance between the frequency of the axion field oscil-
lations and molecular transition frequency there may be an
enormous resonance enhancement of the oscillating nuclear
Schiff moment effect [33]. Since an oscillating nuclear Schiff
moment and oscillating nuclear EDM may be produced by
the axion dark matter, corresponding measurements may be
used to search for the dark matter. First results of such a
search have been published in Ref. [34], where the oscillating
neutron EDM and oscillating '*”Hg Schiff moment have been

Recall an ordinary oscillator where (x) = 0, while (x?) is not equal
to zero.

measured. Search for the effects produced by the oscillating
axion-induced Schiff moments in solid-state materials is in
progress [35].

II. ESTIMATES OF NUCLEAR SCHIFF MOMENTS

In this section we present values of the nuclear Schiff
moments for all atoms considered in the present work. We
present corrected values if there is a reason to make the
corrections, express the results in terms of the m-meson—
nucleon interaction constants gy, g1, &2, QCD parameter 0,
and quark chromo-EDMs (such presentations were often not
available), and perform rough estimates for several nuclei
where the Schiff moments were unknown.

A. Estimates of enhanced Schiff moments in deformed nuclei

Nuclear spectra of a nucleus with the octupole (pear-shape)
deformation are similar to spectra of a diatomic molecule
made from different atoms.? Therefore, looking into the spec-
tra gives us the first indication of the octupole.* Other indica-
tions include measured probabilities of the electric octupole
and electric dipole transitions. There are also sophisticated
nuclear calculations which give us calculated deformation
parameters—see, e.g., Refs. [38—47].

The Schiff moment is defined by the following
expression [9]:

_lien _ 52
s_10[<rr> 3Z<r><r)}, (D

where (r") = f p(r)r"d3r are the moments of the nuclear

charge density p. The second term originates from the electron
screening and contains nuclear mean-squared charge radius
(r*)/Z and nuclear EDM d = e(r), where Z is the nuclear
charge.

If a nucleus has an octupole deformation B3 and a
quadrupole deformation B, in the fixed-body (rotating) frame
the Schiff moment Sj,, is proportional to the octupole moment
Ointrs 1.€., 1t has a collective nature [17,18]:

3
Sintr ~ —Ointrﬂ2 ~

ZR3 2
5755 eZR’ BB, (2)

3
20 /35

*Note that the enhancement of the EDM and Schiff moment in
nuclei with the octupole deformation is similar to the enhancement
of the T', P-violating effects in polar molecules with nonzero electron
angular momentum which have doublets of the opposite parity
levels [36].

“The doublet splitting in molecules is due to the Coriolis interac-
tion. In nuclei the splitting is dominated by the “tunneling” of the
octupole bump to the other side of the nucleus causing change of the
valence nucleon spin projection to the nuclear axis. In fact, it is just
an octuple vibration mode, so there is no sharp boundary between
the static deformation in the minimum of the potential energy and
soft octuple vibration when this minimum is very shallow or does
not exist. Note that contrary to the Coriolis splitting in diatomic
molecules the doublet splitting due to the tunneling does not increase
with the rotational angular momentum—see the nuclear spectra in
Ref. [37].
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where R is the nuclear radius. However, in the laboratory
frame EDM and Schiff moment are forbidden by the parity
and time-reversal invariance. Indeed, EDM and Schiff mo-
ment are polar T-even vectors which must be directed along
the nuclear spin I which is a T-odd pseudovector.

Nucleus with an octupole deformation and nonzero nu-
cleon angular momentum has a doublet of close opposite
parity rotational states |/*) with the same angular momentum
I (|IF) = \/%(|Q) + | — )), where 2 is the projection of /
onto the nuclear axis). The states of this doublet are mixed by
P, T-violating interaction W. The mixing coefficient is

(Im|wirt)
Ape = ———. 3)
E,—E_
This mixing polarizes nuclear axis n along the nuclear spin I,
(n,) =204 Ii—‘"l, and the intrinsic Schiff moment shows up in
the laboratory frame [17,18]:

I
S =20y ——Sinu- 4
ot 7o 4)
According to Ref. [18] the T, P-violating matrix element is
approximately equal to

B3n

m[ eV]. (5)
Here n is the dimensionless strength constant of the nuclear
T, P-violating potential W:

(CwWI) ~

V)p, 6
\/_ m (6 )p (6)
where G is the Fermi constant, m is the nucleon mass, and
o is the nuclear number density. Equations (2)—(5), give an
analytical estimate for the Schiff moment [18,29]:

keV]
25 42/3 [
ZA”? ——
CPa(B P I e

S~ 1.0 x 10*41 n[fm’]. (7)

i
This estimate is in agreement with more accurate numerical
calculations available for a number of nuclei [18]. For exam-
ple, it gives S = 280 ¢ n fm? for >’Ra, which practically coin-
cides with the result of the numerical calculation in Ref. [18]
S =300enfm’.

Within the meson exchange theory, the 7-meson exchange
gives the dominating contribution to the 7', P-violating nu-
clear forces [9]. In the standard notations g is the strong
-meson—nucleon interaction constant and g, g, g, are the
m-meson—nucleon CP-violating interaction constants in the
isotopic channels T =0, 1, 2.3

SWe also estimated contribution of the exchange by the n-meson
which is four times heavier than the 7 meson and is usually assumed
to give a smaller contribution. Indeed, the second power of the
meson mass appears in the denominator of the effective interaction
constant for the meson-induced nucleon interaction, so the expected
suppression is 1/16. However, the n-meson CP-violating exchange
constant g is an order of magnitude larger than the 7-meson constant
8o [48]. In addition, the n-meson CP-violating contribution has
the same sign for protons and neutrons contrary to the m-meson
one. As a result, the suppression of the n-meson contribution to
the nuclear Schiff moment is a few times only. Therefore, future

One can express the results in terms of more fundamental
parameters such as the QCD 6-term constant 6 using the rela-
tion |g8o| = 0.37|0| from Ref. [30] or updated results [48-50],
g8o = 0.216 and gg; = —0.0460, which give practically the
same value of S(6). Alternatively, the results can be ex-
pressed via the quark chromo-EDMs d,, and d;: ggo = 0.8 x
10'5(d, + dy)/cm and gg; = 4 x 10'5(d, — d;)/cm [1].

Numerical calculations performed in Ref. [22] found the
Schiff moment of **’Ra in terms of gg.1.2. We also express
the Schiff moment of >*’Ra in terms of  and d,, and d:

S(*®Ra, g) ~ (—2.6880 + 12.9g3; — 6.9g%,) e fm?,
S(**¥Ra, 0) ~ —0 efm’, (8)
S(*¥Ra, d) ~ 10*(0.50d, — 0.54d,;) e fm>.

The analytical formula for the Schiff moment Eq. (7) gives
us dependence of the Schiff moment on the nuclear parame-
ters. Nucleus 2*Ra has the octupole deformation 83 = 0.099,
quadrupole deformation B, = 0.129, nuclear spin I = 1/2,
and interval between the opposite parity levels E(1/27) —
E(1/2%) = 55.2 keV [18]. Using Egs. (8) and (7) we present
the result for other nuclei with the octupole deformation in the
following form [28,29]:

S(g) ~ Ks(—2.6g80 + 12.9g8) — 6.9g2>) efm’,  (9)

S(0) ~ —Ks 6 efm’, (10)

S(d) ~ 10*K5(0.50d, — 0.54d,) e fm?, (11

where Ks = K[KﬂKAKE, K[ 1+1’ Kﬁ = 79],32(,33)
0.00031ZA%3, and Kg = % By definition, numerlcal
factors are chosen such that these coefficients are equal to 1
for 2> Ra and are of the order of unity for other heavy nuclei
with octupole deformation. The values of Ky for deformed
nuclei with strongly enhanced collective Schiff moments are
presented in Table I. Below we present the explanation of how
these results were obtained.

The ?*’Ac nucleus has a half-life of 21.8 years. It is
produced commercially for cancer treatment. The half-life of
2Np is 2.14 million years. It is produced in macroscopic
quantities in nuclear reactors. In Ref. [29] we obtained Ks =
10 for >’ Ac and Ks = 6 for ?’Np. In Ref. [29] we used
calculated values B3 = 0.134 for >’ Ac and B3 = 0.12 for
22TNp. However, in the experimental paper of Ref. [51] it was
found that B3 is 0.07 for > Ac and 0.1 for **’ Ac and 2% Ac.
Updated values of the nuclear Schiff moments for *?’Ac
(Ks = 6) and 237Np (Ksg = 4) are obtained by multiplying the
results of Ref. [29] by the ratio of (53 )? from Ref. [51] and
Ref. [29].

133Eu is stable with 52% natural abundance. Its nuclear
spectra indicate octupole deformation (since they have ro-
tational doublets, with the same values of the moment of
inertia for opposite-parity states in the doublets—see details
in Ref. [29]). According to Ref. [29] for '**Eu Ky = 3.7.

more accurate calculations of the Schiff moment should include the
n-meson contribution as well as the finite nuclear size corrections
found in Ref. [12].
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TABLE 1. Collective Schiff moments for deformed nuclei con-
taining opposite parity level with the same spin close to the ground
state. To obtain the values of the Schiff moments one should use
Egs. (9)—(11) with the scaling factor Ks presented in this table.
For ?®Ra we have K5 = 1 by definition—see Eq. (8). For nuclei
155Gd, '33Sm, and '*Er not presented in this table we may expect
Ks ~ 0.01-0.1.

V4 Isotope Ks
63 153Eu 3.7
66 11Dy <4
66 163Dy <0.4
86 22Rn 3
87 2y 0.14
87 23pr 1.6
89 25 Ac 3
89 2T Ac 6
90 29T <2
91 229pga 40
92 354 53
93 BTNp 4
94 9Py <0.12

Estimate for **’Pa is presented assuming that the existence of a very
close nuclear doublet level will be confirmed.

According to Ref. [18] the Schiff moment of 25 Ac s
predicted to be three times larger than that of **Ra, i..,
Kg =3.°

Nuclear spectra of 222Rn nucleus [37] indicate octupole
deformation. The nucleus 22Rn has a neutron above ***Rn
nucleus and probably has the octupole deformation too or at
least the soft octupole vibration mode. According to Ref. [18]
the Schiff moment of 22Rn exceeds the Schiff moment of
225Ra three times, i.e., Kg = 3.

Nuclear spectra of >*Pu nucleus [37] indicate octupole
deformation. However, the energy interval between the levels
of the doublet in >*Pu is nine times larger than in **’Ra:
E(1/27)—E(1/2%) =470 KeV. The deformation parame-
ters have been calculated in Ref. [38] for the even-even
isotope 2*°Pu: (83) = (0.066)* and B, = 0.284.7 Using these

In Ref. [18] we performed calculations of the Schiff moment
produced by the contact 7', P-violating nuclear potential (6). Cor-
responding interaction constants may be expressed in terms of the
m-meson exchange constants ggo;, (see, e.g., Ref. [52]), which
dominate the T, P-violating nuclear potential and are widely used
now. To avoid lengthy discussion of this problem we often present
the result as a ratio of the Schiff moment of a given nucleus to that
of *>Ra, which has been calculated in Ref. [22] in terms of ggo  ».

"Note that different calculations of the deformation parameters
use different nucleon interaction models and may give significantly
different results. Moreover, sometimes the authors come to different
conclusions about the existence of the octupole deformation—see,
e.g., Refs. [38—47]. This is why we look for the signatures of the
octupole deformation in the experimental nuclear excitation spectra.
We use deformation parameters calculated in Ref. [38], since this
paper contains the most comprehensive list of 85 values for even-

parameters and Eq. (9) we obtain Ks ~ 0.12. Note that 29py
may be considered as **Pu nucleus plus neutron. The nuclear
spectra of 2*8Pu are consistent with the octupole deformation.
Further study of this problem should bring us more reliable
information about the octupole deformation parameter 83 and
more accurate estimates of the **Pu Schiff moment.

According to Ref. [18] the Schiff moment of *Fr is
predicted to exceed the Schiff moment of *>Ra 1.6 times.
This gives Kg = 1.6. Reference [18] gives the Schiff moment
of 2'Fr equal to 0.14 of the 225Ra Schiff moment, i.e., Ks =
0.14.

The nuclear spectra of 232U (as well as the spectra of 234U,
236y, and 238U) are consistent with the octupole deformation.
The nucleus 2*U may be considered as 2*>U nucleus plus
neutron. Nuclear spectra of 23*U nucleus [37] are also con-
sistent with the octupole deformation. However, the energy
interval between the levels of the doublet in 2**U is five times
larger than in ?*Ra: E(5/27) — E(5/2%) =299 keV. The
deformation parameters have been calculated in Ref. [38] for
the even-even isotope 232U: (B3)* = (0.17) and B, = 0.238.
Using these parameters and Eq. (9) we obtain Ky ~ 2. This es-
timate indicates a possibility of a large Schiff moment in >33U.
However, further experimental and theoretical investigation is
needed.

Reference [15] suggested a very interesting case of *°Pa
which probably has a level of opposite parity and the same
angular momentum very close to the ground state. The latest
measurement [53] gave a position of this level at 60 &= 50 eV.
According to Ref. [18] the Schiff moment of 2°Pa is predicted
to exceed the Schiff moment of ?*>Ra 40 times. We should
note that the estimate Kg = 40 is valid if the close level 60 4
50 eV really exists and forms the rotational doublet related to
the octupole deformation of 2*’Pa with the ground state. So
far there is no truly convincing evidence for such a case.

The nucleus '*'Dy is stable. The spectrum of ®'Dy is
consistent with the octupole deformation; several rotational
doublets are seen. The interval between the opposite-parity
levels is only 25 keV; it is four times smaller than in '>3Eu.
However, we have not found any calculations giving the
octupole deformation in '*'Dy or even-even nucleus '*°Dy.
Therefore, a conservative result for the Schiff moment of
161Dy (based on the extrapolation from >*Eu) may be pre-
sented as an upper estimate Kg < 4. In another stable isotope
163Dy the interval between the opposite-parity levels is 10
times larger than in '¢!Dy; therefore, the upper estimate for
the Schiff moment is an order of magnitude smaller.

We will try to provide some information for other nu-
clei of interest. While studying experimental nuclear spectra
we noted in Ref. [29] a possible trend: adding a proton
to an even-even nucleus with octupole deformation usu-
ally supports the octupole deformation. Possibly, this is due
to the proton increasing the Coulomb repulsion. However,
adding a neutron to an even-even nucleus with octupole
deformation sometimes blurs the features of the rotational

even nuclei. The values of 5 in different nucleon interaction models
in Ref. [38] are practically the same (within the accuracy of our
estimates of the Schiff moment). Therefore, we present only one
number for B;.
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spectrum for the octupole.® Indeed, nuclear spectra in
229Th, 23y, 3Sm, 'Er, and 'Gd do not provide
clear evidence for the octupole deformation but have at
least one doublet of the opposite-parity levels with the
same nuclear spin. The probable outcome for such nuclei
is existence of the soft octupole vibrational mode which
produces some enhancement of the Schiff moments.

For example, 22Th has signatures of the octupole defor-
mation in its rotational spectrum. However, adding a neutron
to this nucleus and forming 2*Th seems to blur the features of
the rotational spectrum for the octupole. The estimate for the
29Th Schiff moment has been done in Ref. [28]. According
to Ref. [43], > Th nucleus has the octupole deformation with
the parameters 83 = 0.115 and B, = 0.240. The nuclear spin
I = 5/2 and the interval between the opposite parity levels is
E(5/27)— E(5/2%) = 133.3 keV. Equation (9) gives us the
value of the Schiff moment which is two times larger than that
of 22°Ra. However, the static octupole deformation in 229Th
does not explicitly show up in the nuclear rotational spectra.
In fact, we only see one doublet of the opposite parity states
with the same spin. In this situation we may only offer an
upper limit Ky < 2.

235 is practically stable (half life 0.7 billion years), with
0.75% natural abundance. The interval between opposite
parity levels which are mixed by the T, P-odd interaction
is E(%+) —E(%_) = 81.7 keV. This nucleus has a neutron
above 23U nucleus which according to Ref. [38] has octupole
deformation with (83)? = (0.17)> and 8, = 0.25. However,
experimental nuclear excitation spectra of >*U do not show
parity doublets for higher rotational states. Assuming that
there is a soft vibrational octupole mode in >>U we obtained
an upper estimate of Kg < 3 [29].

Nuclei with a valence neutron '>Gd, '"3Sm, or '©FEr
are close to the area of even-even nuclei with the octupole
deformation; they have opposite-parity level with the same
spin close to the ground state but their spectra do not indicate
octupole deformation. We may expect an order of magnitude
enhancement in comparison with the Schiff moments in nuclei
which do not have a close level of opposite parity such as
1Hg and 2°’Pb considered below.

B. Schiff moments in Xe, Hg, Tl, and Pb nuclei

Let us now consider Schiff moments of nearly spherical
nuclei where the Schiff moments are not enhanced. The
Schiff moment of 199Hg was first calculated in Ref. [11]. The
most complete calculation in terms of w-meson interaction

8We must admit that a conventional point of view is that the
influence of the shell structure dominates the effects of adding an
odd particle to a core. Moreover, review [41] suggested that both
odd proton and odd neutron have a stabilizing effect on octupole
deformation. The picture is not completely settled yet. Therefore, we
do not automatically assume that the odd nucleon always produces
a stabilizing effect on the octupole. Instead, we look for the experi-
mental nuclear spectra with two nearly parallel rational bands (i.e.,
corresponding to approximately the same moment of inertia) starting
from the same value of nuclear spin and having opposite parity (i.e.,
we look for rotational bands with several opposite-parity doublets).

constants ggo 12 has been performed in Ref. [54] using five
different interaction models. We present an average of these
fie values and also express the result in terms of 6 and
quark chromo-EDMs d,, and dj;. The nucleus 2’Pb has the
same spin and parity (I” =1/27) and close value of the
magnetic moment (0.59 nuclear magnetons) to that of '*’Hg
(0.51 nuclear magnetons), i.e., the valence nucleons in 207p,
and '""Hg occupy the same orbital. Therefore, within the
theoretical accuracy Schiff moments of '*Hg and 2’Pb are
equal:

SCPb, g) ~ S("*Hg, g)

~ (0.023g3¢ — 0.007gg; + 0.029g%,) e fm®,
(12)

SYPb, ) ~ S('*°Hg, 6) ~ 0.0050 efm>,  (13)

SCPb, d) ~ S("Hg, d) ~ 5d; e fm*. (14)

Note that these results include contributions of the 7', P-odd
nuclear forces between the nucleons and the nucleon electric
dipole moments (as it was done in Ref. [54]); however, the
contribution of the proton and neutron EDM to the nuclear
Schiff moments is significantly smaller than the contribution
of the T, P-odd nuclear forces (first this was pointed out in
Ref. [9]). In Refs. [55,56] contributions of the neutron d,, and
proton d,, EDM to S('’Hg) have been presented separately:
S(Pb, d) ~ S('°Hg, d) = (1.9d, + 0.2d,) fm*. However,
in Ref. [54] the contribution of the neutron EDM (averaged
over five interaction models) is three times smaller. Then
taking the ratio of the neutron and proton contributions from
Ref. [55] (where the result is based on the fitting of the neutron
and proton contributions to the nuclear magnetic moment) we
obtain

SCPb, d) ~ S(*"Hg, d) = (0.6d, + 0.06d,) fm*. (15)

Schiff moments of 2Tl and 2Tl in the Saxon-Woods
nuclear potential have been calculated in Ref. [11] in terms of
the contact nucleon-nucleon 7', P-violating interaction. Here
we express the results in terms of the more fundamental
interaction constants:

S(203T1, g) ~ S(ZOSTL g)
~ (0.13ggo — 0.004gg, — 0.27g%,) efm®, (16)

SCBTI, 8) ~ SCOTI, §) ~ 0.0270 e fm?, (17)

SCOTL d) ~ SCPTL, d) ~ (12d; + 9d,) efm®.  (18)

In the case of '"Hg the sophisticated Hartree-Fock-
Bogoliubov calculations in Ref. [54] gave a smaller value of
the nuclear Schiff moment than the calculations in Ref. [11]
performed in the Saxon-Woods potential. In Hg valence nu-
cleon is neutron; therefore, nuclear EDM and Schiff moment
appear due to the nuclear core polarization [11]. 2Tl and
20571 nuclei have valence proton; therefore, EDM and Schiff
moment appear even without the core polarization. Still the
many-body corrections may play an important role [11] and
provide up to a factor of 3 suppression of S(*°*295Tl). (See
Table I1.)
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TABLE II. Schiff moments in Xe, Hg, T1, and Pb nuclei. S(g)
(aggo + bgglcggz)[efm 1. $(6) = K,0[efm’], and S(d,) = Kydy +
Kddu [e fm?]. Many-body corrections are expected to reduce the
values of the Schiff moments of Tl nuclei presented in this table.

S(g) S@)  S(ds)
Isotope a b c K, K, K,
129X e —-0.03 0.0l —-0.04 —0.007 -6 0
2031, 20511 0.13  —0.004 —027 0.027 12 9
27pp, Hg  0.023 —0.007 0.029  0.005 5 0

We may also separate the contribution of the valence
proton EDM to the nuclear Schiff moment. The result from
Refs. [7,8], § = —d,(R/6), depends on the difference R =

ry — r; of the squared values of the spin distribution radius

r and charge radius rq Unfortunately, even the sign of R
is not firmly established [9,52,57]. Using the average result
of the Hartree Fock calculations with different interactions
performed by Brown and presented in Ref. [57], R = 2.3 fm?,
we obtain S = 0.4d, fm?.

Finally, we present the Schiff moment of '*Xe which has
a valence neutron. First, it was calculated in the Saxon-Woods
potential in Ref. [11]. Then Ref. [58] claimed a very strong
suppression of the Schiff moments by the RPA corrections.
However, Ref. [54] demonstrated that in the case of '*Hg
a more complete Hartree-Fock-Bogoliubov calculation does
not show such strong suppression as in the RPA method. In
Ref. [11] the ratio S(''*Xe)/S('*’Hg) = —1.25. We use this
result and Eq. (12) for the S(*’Hg) to estimate the '*Xe
Schiff moment:

S(%Xe, g) ~ (—0.03g5¢ + 0.01g%, — 0.04g%,) e fm>, (19)

S(1¥Xe, ) ~ —0.007 6 e fm>, (20)

S('¥Xe, d) ~ —6d, efm>. (1)

We also present contributions of the neutron and proton EDMs
to the '?*Xe Schiff moment from Ref. [59]:

S('*Xe, d) ~ (0.63d, + 0.13d,,) fm*. (22)

III. ATOMIC EDM CALCULATIONS

We have done calculations of the atomic electric dipole
moments for few atoms in our earlier works [55,60-63]. The
EDM of an atom induced by CP-odd Hamiltonian Hc¢p is
given by

(OlHcp|n) (n|D]0)
dy =2 Z —h_L (23)
where D = ). d; = —|e| )_, 1j is the electric dipole operator

with summation over all atomic electrons, |0) is the atomic
ground state, summation in (23) goes over a complete set of
states |n), and E,, are the energies of atomic states.

In this work we focus on atoms with enhanced nuclear
Schiff moments. Therefore, we consider only one type of the
CP-odd Hamiltonian, the Hamiltonian of the interaction of
atomic electrons with nuclear Schiff moment (Hcp = Hsym).

Taking into account the finite nuclear size effect, this Hamil-
tonian has the following form [12]:

HSM=Zh?M=—Z3S o), (24)

1
where B = f p(r)r*dr, p is nuclear density, and S is the
vector of the nuclear Schiff moment. If Hgy; in (23) is replaced
by the electric dipole operator D, the expression gives dipole
static polarizability of the atom. This gives us a good test of
the accuracy of our calculations.

The ways to reduce (23) to expressions containing only
single-electron integrals depends on electron structure of the
atom. Below we consider particular cases which cover almost
all atoms in the Periodic Table. Note that the accuracy of the
nuclear calculations of the Schiff moment is never better than
a factor of 2 (see, e.g., Ref. [2]). Therefore, 30% accuracy of
the atomic calculations is sufficient.

A. Closed-shell atoms

For closed-shell atoms, such as Xe, Rn, Fr™, Ac®T, and
Th**, it is sufficient to use the so-called random-phase ap-
proximation (RPA). The RPA equations present a linear re-
sponse of the Hartree-Fock atomic states to a perturbation by
an external field. They can be written in the form

(Hy — €)8Yc = —(F + 8V5)y.. (25)

Here H, is the relativistic Hartree-Fock (HF) Hamiltonian, ¥,
is the HF electron state in the core, 8. is the correction to the
HF state in the core induced by the external field F, and §V¥
is the correction to the self-consistent HF potential due to the
corrections to all core states. Index ¢ numerates states in the
core. The operator of the external field in our case is either
Hgyp or D operators (F = KM or F = d). RPA equations (25)
are solved self-consistently for all states in the core. The EDM
of the closed-shell atom is given then by either of expressions

2
dy = 3D (veld]sy) (26)
or

2
do = 5D (weln™[s97), 27)

where summation goes over all core states, 8¢CSM is the so-
lution of the RPA equations with the Schiff moment operator
hSM, and 82 is the solution of the RPA equations with the
electric dipole operator d. Expressions (26) and (27) give
identical answers. Note that replacing /5™ in (26) by sy
or i%M in (27) by d gives the dipole static polarizability of the
closed-shell atom [compare with Eq. (23)].

Expressions (26) and (27) do not include interelectron
correlations beyond core polarization, which is treated by
the RPA equations. They give accurate results for noble-gas
atoms such as Xe and Rn, where such correlations are small.
Formally, they could be used to calculate the EDM of such
atoms as Yb, Hg, and Ra, which have upper closed 52 shell.
However, the results would be less accurate. This is because
in these atoms correlations between external electrons (6s or
7s) and between external electrons and electrons in the core
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TABLE III. Static scalar polarizabilities (in a.u.) and EMDs due to Schiff moment (in units of 10~'7[e cm]S/[e fm?]) for selected atoms

and ions.
Configuration Polarizability EDM
This work Other® This work Other
Z Atom Core Valence Core Valence Total Core Valence Total
54  Xe [Pd]55s*5p°  None 27 None 27 2732200 0.38 None 0.38 0.378 [74]
63 Eu [Baldf’ 652 10 178 188 184(20) 022 —1.85 —1.63
63 Eu’*t [Baldfo None 7 None 7 0.33  None 0.33
64 Gd [Baldf’ 6s%5d 9 150 159 15820) 024 236 —2.22
66 Dy [BaJ4f'0 652 8 156 164 163(15) 027 —-2.50 —-2.23
70 Yb [Baldf'4 652 6 141 147 139(6) 037 —226 —1.88 —1.903[74]; —1.9[61]; —2.12[62]
80 Hg [Yb]5d™ 652 7 27 34 3391(34) 037 —2.87 =250 —2.63 [62]; —5.07 [75]
—2.914 [76]; —2.3 [77]

81 TIt [Yb]5d' 652 5 14 19 040 -3.19 -2.79
82 Pb [Hg] 65%6p* 3 43 46 47(3) 0.39 0.15 0.54 0.766 [76]
82 Pb** [Hg] 652 3 10 13 0.39 —-3.38 —-2.99 —3.08 [76]
86 Rn [Hg]6p6 None 35 None 35 35(2) 33 None 33 3.3[62]
87 Frt [Rn] Ts 20 None 20 2.87 None 2.87
88 Ra [Rn] 752 12 238 250 246(4) 175 —10.0 —8.25 —8.093[74]; —8.5[55]; —8.8[62]
89 Ac [Rn] 7s%6d 9 186 195 203(12) 1.5 —11.6 —10.1

Act [Rn] 7s? 9 112 121 1.5 —11.3 -9.8

Act [Rn] None 10 None 10 2.5 None 2.5
90 Th [Rn] 756d> 6.7 217(54) 1.4 —10.6 -9.2

Th** [Rn] 7s? 6.7 45.7 52.4 1.4 —8.33 —-6.93

Th*+ [Rn] None 7.8 None 7.8 2.4 None 2.4
91 Pa [Rn]5f2 7s%6d 20 150 170 154(20) 0.5 —119 -114
92 U [Rn]573 75%6d 17 148 165 129(17) 0.7 —-12.8 —12.1
93 Np [Rn]57* 7s%6d 14 146 160 151(20) 0.9 —-8.4 -17.5
94 Pu [Rn]57° 752 21 123 144 132(20) 2.3 —11.5 -9.2 —10.9 [55]

2Recommended values from Ref. [78].

are not small. Inclusion of these correlations is considered in
the next section.

B. Atoms with few valence electrons

In this section we consider atoms like Hg, Yb, Ra, and Pb.
Although some of these atoms can be considered as closed-
shell atoms, the correlations affecting external electrons are
important and should be taken into account for accurate re-
sults. This can be illustrated by calculation of atomic polariz-
ability. The RPA value for the static polarizability of Hg is 44
a.u. [64]. Inclusion of correlations for two external electrons
reduces the value to 34 a.u., bringing it to excellent agreement
with experiment (see Table III). The trend is confirmed by
other calculations (see, e.g., Refs. [55,65]). The standard
approach is to divide all electrons into two groups: most elec-
trons go into the closed-shell core, while the few remaining
electrons are treated as valence ones. The usual method of
the calculations, CI + MBPT, is the configuration-interaction
(CI) technique enhanced by the many-body perturbation the-
ory (MBPT) approach for the more accurate calculation of the
CI matrix elements.

The EDM is calculated as a sum of the core and valence
contributions. Core contribution is calculated as in the pre-
vious section with one important amendment which is often
called the core-valence contribution. Summation over excited
states must not include states occupied by valence electrons
due to the Pauli exclusion principle. Since we do not perform

the summation directly but rather solve the RPA equations,
we take into account the Pauli principle by imposing the
orthogonality condition on the RPA corrections to the core
wave functions [see Eq. (25)]

8P = 8ve — (8yrclv) (vl (28)

where v is the state occupied by an external electron.
For valence electrons we use the CI + MBPT method [60].
The effective Hamiltonian has one- and two-electron terms:

HY = " [Ho(r) + Z1(r)]

2
+ Z (:Tj + 2o (ry, V_j)>~ (29)

i<j

Here H, is the relativistic HF Hamiltonian; X; and X, are the
operators responsible for the core-valence correlations [60].
Summation in (29) goes over valence electrons. We use the
B-spline technique [66] to construct single-electron orbitals in
valence space. The wave functions for the valence electrons
are found as eigenstates of the CI Hamiltonian (29). They
are used to calculate valence contribution to the EDM using
formula (23).

C. Atoms with open f shell

These atoms are the main subject of the present work.
This is because these atoms have isotopes in which the Schiff
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moment is strongly enhanced due to nuclear octupole defor-
mation. These include rare-earth and actinide atoms '*3Eu,
233y, 237Np, etc. [29]. Accurate calculations for such atoms
are difficult due to the large number of electrons in open
shells. One possible approach is to include all these electrons
into valence space (see, e.g., Refs. [67,68]). This works well
for energy levels and transition amplitudes [69—73]. However,
calculation of atomic characteristics, such as polarizabilities,
EDM, etc., for which summation over a complete set of
intermediate states is needed, is problematic. This is be-
cause the methods are constructed for low-energy states and
not appropriate for high-energy states needed for complete-
ness.’ Therefore, we use an alternative approach developed
in Ref. [63] for polarizabilities of open-shell atoms. It was
shown in [63] that calculations can be performed as for two
or three valence electron systems by attributing f electrons
to the core. Calculations for the core containing open f shell
are done as for a closed-shell system but with the use of the
fractional occupation numbers for the f shell. Calculations
for the valence electrons are done with the use of the CI 4
MBPT method as in the previous section. Note that atomic
polarizability is given by the square of the electric dipole
operator matrix element. In fact, the approached developed
in [63] is valid for any pair of vector operators, such as, e.g.,
Schiff moment operator and electric dipole operator as in the
present work.

D. Results of atomic calculations

The results of atomic calculations are presented in Ta-
ble III. In addition to atomic EDMs calculated here we in-
cluded atoms for which previous calculations are available.
This is done to illustrate the accuracy of the calculations.
Therefore, the list of previous calculations is far from being
complete. In most cases we have included most recent or
most accurate calculations. The table also includes the data
on the calculated and experimental polarizabilities of neutral
atoms. Studying these data provides another way of judging
the accuracy of the calculations. Note, however, that atomic
EDMs are sensitive to the wave functions in the vicinity of the
nucleus while polarizabilities are not sensitive to it. Therefore,
having good accuracy for polarizabilities is a necessary but not
sufficient condition of having good accuracy for EDMs. For
this reason we have studied the sensitivity of the calculated
EDMs to the variation of the single-electron basis. We found
that more accurate results can be obtained if most important
valence states (6s, 6p for atoms from Eu to Pb and 7s, 7p for
atoms from Ra to Pu) are calculated by the relativistic Hartree-
Fock computer code without using B-splines. For higher
virtual states we use linear combinations of B-splines which
are eigenstates of the relativistic HF Hamiltonian. The same
results can be achieved if the number of B-splines is increased
significantly and B-splined states are used everywhere, includ-
ing the 6s, 6p, 7s, and 7p states. This modification of the
basis is the main reason for some difference (~10%) with

For atoms with one or few valence electrons it may be more
convenient to solve HF equations in an external electric field and
avoid summation over intermediate states.

TABLE IV. Schiff moments (S) and EDMs (d,) of some atoms
in terms of the QCD 6-term constant 8. We remind the reader that
the current experimental limit is |8 < 107'°,

S dylecm]
z Atom [e fm*d] 107"7S[e fm”’] 10770
63 153Eu -3.7 —1.63 6
63 I3Eu3+ -3.7 0.33 —1.2
66 1ol Dy <4 —2.23 <9
80 1“Hg 0.005 —2.50 —0.013
81 205,203+ 0.02 —2.79 —0.06
82 WTpp2+ 0.005 —2.99 —0.015
86 22Rn -3 3.3 -10
87 23ppt —1.6 2.87 —4.6
88 225Ra -1 —8.25 8
89 27 Ac -6 —10.1 60
89 27 At -6 -9.38 60
90 29Th>* <2 —6.93 <14
91 29pga —40 —11.4 460
92 23y <2 —12.1 <20
93 ZTNp —4 -15 30
94 29py <0.1 -9.2 <1

“Estimates for *’Pa are presented assuming that the existence of a
very close nuclear doublet level will be confirmed.

our earlier results of Refs. [55,61,62]. Taking this difference
as an estimation of the accuracy of the calculations we see
that the uncertainty is less than 30%. This is a satisfactory
accuracy since the accuracy of the interpretation of the EDM
measurements in terms of fundamental parameters of the
T P-odd interactions is limited by nuclear physics, where the
accuracy is significantly lower.

Comparing our results with the results of other groups
is another way to estimate uncertainties. The most striking
difference is about two times disagreement of our result for
Hg with the result of Latha er al. [75]. Note, however, that
the later result of Latha with different co-workers is about
1.7 times smaller [76]. This value as well as the results of
other Hg EDM calculations agree with our results. Results
of Ref. [76] for Pb and Pb** are also in agreement with our
results. For other atoms the differences with results of other
groups are within declared uncertainty.

Table III also includes some ions. Corresponding atoms
can be found in molecules or crystals used in an ex-
perimental search for CP-odd nuclear forces. The effect
of the CP-violating forces in such systems can be reduced
to the EDM of the ion of the heavy element. For example,
the Ac™ ion is a part of the AcF molecule suggested for the
EDM measurements [29], the Pb?>" ion is a part of the PbO
molecule and PbTiO3 solid used in the CASPEr experiment
[35], and the Th2* ion is a part of the ThO molecule used
in the experiment in Ref. [79]. Note that the ground state of
the isolated Th?* ion is [Rn]5 foéd 3H§{. However, in the ThO
molecule it is [Rn]7s* 'Sy [79].

To help in estimation of the sensitivity of different experi-
ments, in Table IV we presented values of the Schiff moments
and atomic EDM for a number of most interesting atoms and
ions in terms of the QCD #-term constant 6. Dependence
on other CP-violating parameters for all atoms and nuclear
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isotopes considered in the present paper may be found by the
multiplication of the results of the atomic calculations from
Table III by the values of the Schiff moments presented in
Sec. II.

IV. MOLECULAR T, P-VIOLATING SPIN-AXIS
INTERACTION CONSTANTS

Molecules have very close opposite-parity rotational levels
or rotational doublets. Polar molecules also have large intrin-
sic electric dipole moments and may be nearly completely
polarized by an external electric field. In this case an internal
molecular field (which for a polarized molecule is directed
along the external electric field) exceeds an external field by
many orders of magnitude and dramatically increases sensi-
tivity to the 7', P-violating interactions [7,36]. For example,
experiment with ThO molecule [80] gives a limit on the
electron EDM which is two orders of magnitude better than
the limit from the atomic EDM measurement. Sandars [7]
suggested using this molecular property to measure T, P-
violating interaction of the nuclear spin with molecular axis.
Similar to the atomic EDM, this interaction is induced by the
electrostatic interaction of the nuclear Schiff moment with
molecular electrons which are able to reach heavy nucleus.
The effect increases faster than Z% [9] so actinide molecules
which have enhanced Schiff moment may have an advantage.

The interaction constant Wy for the effective T, P-
violating interaction in molecules is defined by the following
expression:

S
Wrp = Ws;J ‘m, (30)

where J is the nuclear spin and n is the unit vector along the
molecular axis in linear molecules.'°

Molecule AcF has a valence electron structure similar to
TIF. Indeed assuming that the upper valence electron goes
to F atom, Act and TIT ions have valence 7s* and 6s2
correspondingly. The ratio of the atomic EDM for Ac* and
TI* is 3.5 (see Table III), so we have

Ws(ACF) = 3.5Ws(TIF) ~ 100000 31)

in atomic units (here a.u. = e/aé). Here we used W (TIF) =
45810 from Ref. [81], which includes many-body effects
reducing the result by 22%. Previous calculations for TIF have
been published in Refs. [8,82,83]. Note, however, that our
previous experience with the extrapolation from TIF to RaO
(see Refs. [84,85]) indicates that Ws(AcF) in Eq. (31) may
be strongly overestimated since Tl and Ac atoms’ chemical
properties are very different.

Substitution of the Schiff moment from Table I to the
energy shift Wr p = WS§J -n gives for the fully polarized
molecule the energy difference between the J, = J and J, =
—J states:

2Ws(AcF)S(**’ Ac) ~ 1086 h Hz, (32)

10Some older molecular calculations presented constant X = Ws /6.

where & is the Plank constant. This is 1000 times larger than
the energy shift for TIF:

2Ws(TIF)S(CSTI) = 1.0 x 10°6 h Hz. (33)

Using the Hg atom EDM measurements Ref. [27] and
Egs. (12) and (15) we can extract the limits |#] < 5 x 107!,
|d,| < 107%%¢cm, and ldp| <5 x 10~%¢cm. The neutron
EDM measurements give limit |#| < 107'°. With this limit
the maximal shift in AcF is ~107> Hz. The measured shift
in the 1991 TIF experiment [86] was (—1.3 +2.2) x 107*
Hz, i.e., such accuracy is already sufficient. It is expected
that a new generation of molecular experiments will im-
prove this accuracy by several orders of magnitude [87].
Therefore, we may expect a very significant improvement of
the current limit |6] < 107!° and also improvement of the
limits on other fundamental parameters of the CP-violation
theories such as the 7 NN interaction constants g and the quark
chromo-EDMs d.

Other interesting examples include molecules AcN and
AcOT, which have electronic structure similar to RaO
(naively, they may be considered as ion molecules Ac**N3~,
Ac*T0?~, and Ra** 0%, where corresponding atomic ions
have the same electron states). The ratio of Ac™ EDM to
Ra EDM is 9.8/8.25 = 1.18 (see Table III), so we may use
the results of the RaO calculation Wg(RaO) = 45192 from
Ref. [85] to obtain reliable estimates for AcN and AcO*:

Ws(AcN) ~ Ws(AcO™) ~ 53000. (34)

If we assume that in the PbO molecule two electrons go
from Pb to O, it has electronic structure similar to TfF. The
ratio of atomic EDM for Pb?>* and TI™ is 1.06 (see Table III),
so we have

Ws(PbO) = 1.06Ws(TIF) = 49000. 35)

A more accurate direct calculation in Ref. [88] gives 47250.
Reference [88] also gives values of W in the solid PbTiO3
used in the CASPEr experiment [35]:

Ws(PbTiO3) = 30270. (36)

The Schiff moment of 2’Pb is slightly smaller than that of
20571 since 2°’Pb has valence neutron.

The ground state of Eu®* ion has zero electron angular
momentum. Possibly, some Eu molecules may have ground
or metastable state with the zero angular momentum too.
Unfortunately, we have not found a specific example yet.
Possibly such a state exists in the molecule EuN, where three
electrons from the Eu atom can make a close shell on the
N atom. Another example is molecular ion EuO", which
has electronic structure similar to EuN. The estimate for the
energy shift is

2Ws(EuN)S(**Eu) ~ 2Ws(EuN)S('**Eu) ~ 1076 h Hz.
(37)
This is 100 times larger than the energy shift for TIF.

The Th atom has two extra 64> electrons in comparison
with the Ra atom. 64> electrons give a very small contribution
to atomic EDM; therefore, the atomic calculation of the Th
EDM gives the result close to that for Th>* and Ra EDM.
Th?* and Ra have similar electronic structure with filled 75>
subshell and close values of atomic EDM in units of the
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Schiff moment (see Table III). Therefore, Wy for the ThO
molecule is comparable to that of the RaO molecule calculated
in Ref. [85]:

Ws(ThO) ~ Wg(RaO) = 45192. (38)

Another possibility may be to use the doublet in 3A;
metastable state of 2ThO (used to improve the limit on the
electron EDM in Ref. [79]) and the ground-state doublet 3A
in ThF.

DeMille and Fleig suggested recently to make cold
molecule AgRa for EDM measurements from cold atoms
cooled by laser [89]. Some atoms which we considered may
be cooled, including Fr, Ac, and Ra. There is a number of
atoms which may be cooled and combined with Fr, Ac, and
Ra atoms to form a cold molecule. Corresponding 7', P-odd
interaction constant Wy is determined mainly by the heavy
atoms and may be estimated using the molecular calculations
for TIF and RaO using the results for Fr*, Act, Ra®*, and TI*
EDM.

Finally, in a recent paper [90] it was suggested that lin-
ear molecules MOH, molecular ions MOH' (M is a heavy
atom, e.g., Ra in the molecule RaOH™). and symmetric top
molecules (such as MCH3; or MOCH3) may be better systems
than molecules MO, since such polyatomic molecules have a
doublet of close opposite-parity energy levels in the bending
mode and may be polarized by a weak electric field. The re-
duction of the strength of the necessary electric field simplifies
the experiment and dramatically reduces systematic effects.
These molecules may be cooled by a laser.

V. CONCLUSION

In this paper we presented estimates for the nuclear Schiff
moments, calculations of the atomic EDMs produced by
these Schiff moments, and estimates of the 7', P-odd nuclear
spin—molecular axis interaction constants for molecules con-
taining these atoms. For the comparison and estimate of
the accuracy we included atoms where the measurements as
well as the atomic and nuclear calculations have been done
previously: 'Hg, '®Xe, and **’Ra.

Then we presented results for atoms and ions where the
nuclear Schiff moments and atomic EDMs expressed in terms
of the CP-violating w-meson—nucleon interaction constants
80, 81, &2, QCD parameter 0, and quark chromo-EDM were
not available including Pb, TIT, and Pb>*. These ions may be
considered as parts of the TIF and PbO molecules and PbTiO3
solid used in the CASPEr experiment [35] searching for the
axion dark matter which induces Pb*>* oscillating EDM.

The main part of the work is the calculations for stable
or very long lifetime rare-earth and actinide atoms and ions
where the nuclear Schiff moments are enhanced up to three
orders of magnitude: Eu, Eu**, Gd, Dy, Ac, Ac*, Ac**, Th,
Th>*, Th**, Pa, U, Np, and Pu. In the molecules containing
corresponding ions, e.g., in 2>’ AcF or ??’AcN, the T, P-
violating effects are up to three orders of magnitude larger
than in TIF, where the experiments have been performed
earlier [86] and are carried out now [87].
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