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Energies, transition rates, and electron electric-dipole-moment enhancement factors for
Celv and Prv
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Energies, transition rates, and electron electric-dipole-mortiEeDM) enhancement factors are calculated
for low-lying states of Cev and Prv using relativistic many-body perturbation theory. This study is related to
recent investigations of the more complicated &don, which is promising for electron EDM experiments.
The ions Cev and Prv both have a single valence electron, permitting one to carry out rel@bli@itio
calculations of energy levels, transition rates, and other atomic properties using well-developed computational
methods.
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I. INTRODUCTION The ion Gd 3, which has a 4’ ground-state configura-
tion is extremely complicated and difficult for atomic theory,
Recently, searches for an electron electric-dipole-momerihough some understanding was gained by Dzeibal. [7]
(EDM) in atoms and molecules have gained considerabléising a relativistic configuration-interactioafiRCIl) method
interest. Since an electron EDM violates time-reversal symand the widely used Cowd8] code. As mentioned above,
metry and parity, the discovery of an EDM would have manycore p0|arizati0n was found to be substantial. For example,
implications for modern fundamental theoriéa general (0 match the experimentalf4-5d transition energies, scal-
overview is given by Khriplovich and Lamorea(ix]). The  ing factors of 0.8 and 0.85 for Coulomb integrals were used
best limit on the value of the electron EDM was obtained by!" the RCI and Cowan codes, respectively. In addition, a
Reganet al.[2] in TI, d.<1.6x 10-2" ecm. Although there polarization potential was introduced in the RCI code to

- | h f the el EDM in Tl match experimental energ_ies and a systematic energy shift of
's a large enhancement-g00) of the electron n -t ~18000 cm * was made in the Cowan code. This shift can

th nsity of atoms in m is much lower than in ; N )
€ density of atoms a beam is much lo er than in abe attributed to core polarization by a single valence elec-
solid-state system. To utilize the advantage of high denSItIezron. An ab initio investigation of correlation should help to

i(t; hgs geen prodp(7§9d t(.) use gadoliniung) gagium- 9aMe derstand these empirical adjustments. The simplest ions
dG&;0,, or gadolinium iron gamet G#e;0,, (densities (those having a single f4valence electronwhich exhibit

~10%/cn?’) in EDM experiments 3,4]. There are various oo nolarization effects similar to Gd are Celv and Prv.
features of these materials that make them particularly usefuf, gain a clearer understanding of the role of core polariza-
for such experiments. For example, magnetoelectric effectg§yn and other many-body effects in Qe and Prv, we
are forbidden owing to the face centered cubic symmetry otajculate energies, dipole transition matrix elements, and
the crystals, simplifying the exclusion of systematics;EDM enhancement factors for low-lying states using relativ-
the crystal GgFe;O;, has a very high resistivity jstic many-body perturbation theof/BPT).
(>10° Q cm); and spin alignment is relatively easy. The The present calculations of energies are carried out to
electron EDM enhancement for the Bdion (~2—3) is  third order in MBPT using the methods developed earlier to
much smaller than for Tl; nevertheless, there is a substantiatudy the Li, Na, and Cu isoelectronic sequeri@sl]]. The
gain in the number of atoms. calculations of transition matrix elements are also carried out
Motivated by proposed EDM measurements, calculationso third order in MBPT using the methods developed in Ref.
of EDM enhancement have been performed rece|g]. [12] to treat the alkali-metal atoms and alkalilike ions. Here,
Core-polarization effects in G& were discussed by Dzuba we use the gauge-independent version of the third-order
et al. [7] and found to decrease the size of the EDM en-MBPT code described in Reff13]. The calculations of elec-
hancement factor from 3.3 to—2.2. Thus, there is a strong tron EDM enhancement factors, which involve a sum over
sensitivity of the EDM enhancement to many-body effectsintermediate states, are carried out in the random-phase ap-
and further investigation is necessary. proximation(RPA) following a procedure similar to that de-
scribed in Ref[14].
It should be mentioned that C& which has a 4s,
*Electronic address: isavukov@princeton.edu; URL: http:/ground state and an observed magnetic moment

www.nd.edu/~isavukov (2.3-2.5) ug can be embedded into garnet crystals and used
"Electronic address: johnson@nd.edu; URL: http://www.nd.eduin EDM experiments of the type proposed in RE3]. In

~johnson those experiments, a strong electric field polarizes ions
*Electronic address: usafrono@nd.edu which in turn produce a small magnetic field that is mea-
$Electronic address: marianna.safronova@nist.gov sured in a sensitive SQUID detector. The magnetic field at
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TABLE |. First-order(DHF) energieE("), second- and third-order Coulomb enerdi#® andE®), first-
and second-order Breit correctioB$") and B®), and totalsE,, for Ce Iv and Prv are compared with
energiesE st given by Martinet al. [15]. Units, cri L.

nlj E® B E® B@ E® Eot Enist oE
Celv
4fg)pn —261361 616 —46747 —2552 15672 —294372 —296470 2098
4f 45 —259378 423 —46091 —2511 15398 —292158 —294217 2059
5d3 —236793 292 —13516 —545 3753 —246809 —246733 -76
5ds, —234637 220 —12957 —528 3675 —244226  —244244 18
6S1, —203245 168 —10201 —200 3680 —209794  —209868 70
6P —168978 167 —7283 -127 2329 —173891 173885 -6
6p3p —164703 120 — 6648 —-122 2118 —169236 —169178 —58
6d5, —116268 67 —3989 —106 997 —119300 —119272 -28
6ds), —115581 51 —3922 —106 977 —118580 —117557 —1024
712 —110878 65 —3601 —-74 1293 —-113196 —112968 —226
Prv
4f g, —431686 798 —48799  —3008 16527 —466167 —464000 —2167
a4t —428863 551 —48175 —2965 16270 —463182 —460973 —2209
5d5, —341470 395 —14968 — 669 4088 —352624  —348948 —3676
5ds, —338314 298 —14386 —651 3827 —349225 —345486 —3739
6S12 —281133 225 —11649 —247 4241 —288563 —285029 —3535
6p1 —239154 239 —9136 —169 2451 —245769  —240522 —5247
6psp —233035 171 —8489 —163 2040 —239477 —233961 —5516
6ds, —171610 98 —5746 —141 792 — 176576
6ds), —170572 75 —5647 —141 771 —175481
7S1) — 156266 92 — 4489 -97 1329 —161431 —159489 —1942

low temperatures is proportional to the product of theenergy—296420 cm?! for Ce€", in close agreement with

electric-dipole moment of the ion and its magnetic momentya yajue from[15]. The corresponding extrapolation for

The estimated EDM of Gd is a factor of about 3 larger pg+ gives — 468290 cmi® differing from the ground-state
T :

than for C&" and the magnetic moment of &d  gpergy given if15] by about 4000 cml. This rather large

[(7.9-8.0)ug] is also about three times larger; therefore, yifference casts doubt on the threshold energy of Rire-

there is an overall advantage of nine in Gdcompared to gicted in Ref[15] and explains the large differences with the
Ce*". Nevertheless, the €& ion could still compete in set- N|ST energies seen in lower half of Table .

ting experimental limits on the electron EDM owing to the |, Refs.[9—11], where the ionic ground-states wers, 2
fact that its ionic EDM has a significantly smaller theoretical 35 ang 4, respectively, the third-order correction was uni-
uncertainty. formly much smaller than the second-order correction. The
relatively large size of the third-order corrections in ©e
Il. CALCULATION OF ENERGIES and Prv arises because of the double-well feature of thie 4

. ) _ Coulomb potential discussed, for example, by Cheng and
First-, second-, and third-order Coulomb energiesggese-Fischeil6].

E(M, n=1, 2, and 3, and first- and second-order Breit en-
ergiesB(™, n=1,2, calculated using methods described in
Refs.[9-11], are presented in Table | along with the result-
ant theoretical energieg,,; and values from the National
Institute of Standards and Technolo@¥IST) E st given by
Martin et al. [15]. We see that second-order corrections are Transition matrix elements provide another test of quality
large and improve the accuracy of the first-order Dirac-of atomic-structure calculations and another measure of the
Hartree-FocKDHF) energies. Third-order MBPT further im- size of correlation corrections. Third-order MBPT reduced
proves the ground-state energy. However, the third-order comatrix elements for transitions between low-lying states of
rection is relatively larggroughly one-third of the second Ce&" and Pf* are presented in Table Il. The first-order re-
orden and overshoots the experimental value, which indi-duced matrix elementg?) are obtained from length-form
cates that oscillations in higher orders are likely. Using aDHF calculations. Length-form and velocity-form matrix el-
geometric progression with= —1/3 we can extrapolate the ements differ typically by 10%. Second-order matrix ele-
second- and third-order values to give a limiting ground-statenents in the tablez(®), which includez®), are extended to

IIl. CALCULATION OF TRANSITION MATRIX
ELEMENTS AND TRANSITION RATES
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TABLE Il. Reduced matrix elements of the dipole operator in  TABLE IIl. MBPT transition ratesA (s 1), oscillator strengths
first-, second-, and third-order perturbation theory for transitions inf, and wavelengths (nm) for transitions in Cev and Prv. MBPT

Celv and Prv. oscillator strengths are compared with theoretical calculations per-
formed in Ref[17]. MBPT wavelengths are compared with wave-
Celv Prv lengths from NIST 15]. Numbers in square brackets represent pow-
Transition . z z® z@M z z® ers of 10.
4fgp—5dg, 1498 0.972 1.172 1.146 0.678 0.706  Transitions Ad fa fb A2 \C
4fg,—5ds,  0.396  0.264 0.308 0.302 0.186 0.189
4f,,—5dg, 1.799 1.193 1413 1.370 0.828 0.852 Cew

5d5,6py, 1976 1.768 1.682 1.648 1471 1.396 4fsz—5ds, 85@7] 00346 0.0159 2102 201.1
5dg,-6ps, 8.363 0.756 0.719 0.690 0625 0592 4fs>—5ds, 4.5d6] 0.0025 0.0013 199.4 1915
50, 6Dy, 2585 2.352 2229 2140 1950 1837 Af7—5ds, 8417] 0.0379 00186 208.6 200.1
Sy, 6Py, 2.847 2482 2402 2560 2207 2.136 O5ds—6py, 1.119] 0157 0158 1371 1373

Sy, —>6ps, 4.012 3512 3.401 3.609 3.125 3.020 O5ds2—6py, 1.248] 0.0304 0.0206 1289 1289
5ds,—6ps, 1.069] 0.189  0.189 1334 133.2

, _ . , , 6s;,—6py, 2.748] 0.315  0.327 2785 277.9
include all higher-order corrections associated with the 65,,-6py, 3.998] 0715 0745 2465 2458

random-phase approximation. These second-order calcula- Prv

tions are practically gauge _mdependent._ln the present calcu-4f5/2_)50|3/2 3.898] 00290 00318 88.1 86.9
lations, Iength-.and veI00|t.y—.form matr_|x elements in the Afgy5dg, 2.017] 00021 00019 863 84.4
RPA agree to six or more digits. The third-order matrix ele- Af 5 3.748] 00318 00285 87. 86.6
mentsZ® include Z?) plus Brueckner-orbita(BO), struc- S ' ' ' '

tural radiation, and normalization corrections described, for 5dyp—6py, 25491 0161 0165 936 922
example, in Ref[12]. These calculations are carried out in a Sdyr—+6py; 2.7(8] 00306 00311 884 87.0
gauge-independent manner, including appropriate derivative®ds2—6Paz 23719 0.191 0.193 91.1 89.7
terms, as described in R¢1L.3]. We truncated our basis set to 681,~6p,  4.018]  0.308 0321 2337 2247
include only those partial waves withk<8, and found that ~ ®Svz—6Psz  6.199]  0.707 ~ 0.746  203.7  195.8
length- and velocity-form third-order reduced matrix ele-
ments agreed to four digits.

As can be seen in Table I, RPA corrections are very large,
10-40 %, being largest forf4-5d transitions, and must be
taken into account. Such behavior can be attributed to core
shielding which is substantial, because valence electrongnishes in the nonrelativistic limit; however, as shown by
penetrate deeply into the core. Third-order corrections ar&andarg19], the atomic EDM is nonvanishing relativisti-
smaller, 2-4 % scaling as Z},,. If such scaling holds in cally and can be a large multiple of the intrinsic electron
higher orders, we can estimate the accuracy of our calculdhoment for heavy atoms. If we assume that the electron has
tions to be 0.4-0.8%. The dominant contribution in third &N intrinsic EDMd,, then the EDM of a many-electron atom
order comes from the BO correction which is approximatelyD may be written{14] as
equal to the sum of the other third-order corrections.

Transition rated\ (s~ 1), oscillator strength§ and wave-
lengthsA (nm) for electric-dipole transitions between low-
lying states of Cav and Prv are given in Table Ill. These
data are calculated using the dipole matrix elemetf | 1oreezis the electric-dipole operator
from Table Il and NIST transition energi¢s5]. In the two
final columns of Table Ill, we compare our MBPT wave-
lengths with the wavelengths from R¢i5]. We also com- ez=> ez
pare our MBPT oscillator strengths with theoretical oscillator i '
strengths obtained by Migdalek and Wyrozum$kd]. The
data in Ref.[17] were obtained using a relativistic model
potential (RMP) approach together with a core-polarization
(CP) model potential. Our data and that from Rf7] agree
well for the 5d-6p and 6s-6p transitions but differ for the de ) +
4f-5d transition, wherd values are very small. Hegm= —2i ECEJ-: P Bi(¥s)j=Hepwm-

3Present MBPT calculations.
bTheoretical calculations performed in REL7].
®NIST databas¢15].

D=22 (vj,leZln)(n|Hegpm|v],) )

E,—En, '

andHgpy is an equivalent EDM interactiofil4] given by

IV. EDM ENHANCEMENT
This equivalent interaction, which automatically accounts for

A. Basic equations Schiff's theorem, is rotationally invariant and therefore con-
According to Schiff’'s theorenj18], the electric-dipole serves angular momentum; it violates both parity and time-
moment of an atom induced by an intrinsic electron EDMreversal symmetry.
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For an atom or ion with one valence electron, one-<W||ZRPA||U>:<W||2||U>
electron matrix elements dfgpy may be written in lowest

order as 1 (a||ZR™|n)Z,(wnva)

+2 (~DleTintig
an 3

€a” €n
nj,H j0)=0. — 0 i (N|H , 2

(njnlHeomlvi,) Kn— K, Jnjv< Heomlv) 2 1 Zy(wavn)(n||ZR|a)

+ 2 (—laintis :
an

€a— €p

where the(somewhat unconventionateduced matrix ele-
ment is (5

d2F where the index extends over all core orbitals and the index
Gn(r)—; n extends over all virtual orbitals permitted by angular-

dr momentum selection rules. The quantitiegijkl) are Cou-
lomb integrals

de (=
<n||HEDM||U>:ZCEJ' dr
0

KU(KU_]‘) 2 v
S T G (R (1) + Folr) |
r dr N y ik J N
2y(iik1) = X1k + 915 fj | L}XL(IJIk), ©
KU(KU+1)F G
— 2 MG whereX,(ijkl) are defined by
In the above equatiorG,(r) and Fy(r) are the large and Xy(ijkD) = (=D)YlIC [k} IC,llNR(ijkI),

small components, respectively, of radial Dirac wave func

tions. Similarly, we may write Ry(ijkl) being a Slater integral

J

o] oo r<
. L Io Ry(ijkl) = drdr’ [Gi(N)Gy(r)+Fi(r)F(r)]
(vj,leZnj,)= \/m(vHeZHn) 3) fo fo rit

X[Gj(r")Gy(r")+Fj(r")Fy(r")].

with
We designate the corresponding approximation to the

o atomic EDM byD5™. Note that if we replacén||ZR™|a)
(vleZn)=e(K,[|Cqf - x,) X fo rdr[G,(r)Gn(r) by (n||Z||a) on the right-hand side of E¢5), then we obtain
the second-order correlation correction to the valence-excited
+F,(r)F,(r)], dipole matrix element. The atomic EDM calculated in this

approximation is designated 1y .

Clq(F) being a normalized spherical harmonic. The expres-

sion for the atomic dipole moment in lowest-order MBPT

then reduces to Similarly, we replace the bare matrix element of the EDM
interaction{w||Hgpwmlv) by its dressed counterpart

_ i (vlleZ]i)ilHepmlv) RPA (| \ _
D02\ oty ANl g )= wiHeoul )

(4) (il (@l [HEBwl [Ny Zo(wnua)

+2

. . an [i.] €2~ €n
wheree, are eigenvalues of the valence-electron Dirac equa-

tion. S Mlial zo<wavn><n||HEE’§Alla>.

an (o] €3~ €p

2. H-RPA

B. RPA correlation corrections

7

Lowest-order calculations of the induced atomic EDM are v
carried out in a frozen-corg™~! DHF potential. Such cal- We designate the approximation @ obtained using the
culations were shown in Refl4] to be very sensitive to dressed matrix element from E) by DE™. Again, if we
correlation corrections. For that reason, the lowest-ordefeplace dressed matrix elements by bare matrix elements on
“bare” matrix elements in Eq(4) are replaced by “dressed” the right hand side of E7), we obtain a second-order ap-
RPA matrix elements. proximation to{w||Hgpym||v). The resulting correction to the
atomic EDM is designated bp(? .

Core-excited matrix elements (n||ZR™|a) and

Thus, we replace the lowest-order dipole matrix elementn||HEyl|a) in Egs. (5) and (7) satisfy sets of coupled
(w||Z]|v) in Eq. (4) by equations given explicitly in Ref12].

1. Z-RPA

042504-4



ENERGIES, TRANSITION RATES, AND ELECTRON . .. PHYSICAL REVIEW 87, 042504 (2003

TABLE IV. Comparison of first-order, second-order, and RPA  TABLE V. EDM enhancement factoid/d, for low-lying states
calculations of the atomic EDM enhancement fadidd, for 4f of Cerv and Prv.
states of Cev.

State D@ ADE™ ADR™ DRPA
State D® AD® ADY® D@ ADE” ADE® DR™ Celv
4f5, —0.382 —0.388 0.332 —0.438 —0.785 0.387 —0.780 2;5/2 . 063335 —oogfsl 8-318571 - (?'073?203
_ _ _ _ _ 712 — U. — U. . — V.
4f,, —0.002 —0.033 0.022 —0.013 —0.045 0.015 —0.032 5dly, 195 3138 0779 _ 455
5dg/ 0.425 ~0.347 -0.136 ~0.0628
651/ 120 27.5 -19.8 128
C. Calculations of EDM enhancement factors 6p1/2 —158 -30.9 19.8 —169
The sums over intermediate states in Ed$—(7) are car- 6par2 2.89 7'2P4rv —1.07 9.06
ried out using basis functions obtained as linear combina—4f 0142 0.0806 0.0926 0130
tions of B splines as described in Ref20]. We use 40 4fig 000266 —000444 —0000912 —0.00802
splines of order 7 and constrain the ions to lie in a cavity of 5q_ ~1.80 —201 0.655 —4.05
radiusR=235 a.u. for C&" and 30 a.u. for Pr". 5d./, 0.174 —0.827 0.125 0528
A detailed breakdown of the contributions B for 4f 651/ 127 27.3 —222 132
states of Cav is given in Table IV, where we list the DHF  6p;» —157 —-30.0 21.7 —166
approximationD®), the second-order correctiod(®, the 6pPar 2.78 6.06 -1.01 7.83

RPA approximatiorD R, and the individual contributions to
the second-order and RPA corrections from the dipole and

weak-interaction matrix elements. One can see from the tabf@at perturbation theory converges quite slowly and that RPA
that the correlation corrections to the weak-interaction matri>éorrections are the dominant correlation corrections for tran-
element are Comparab|e to or |arger than the |0west_orde?iti0ns. We use our third-order MBPT with “dressed” matrix
matrix element. Moreover, there are significant changes igflements to obtain accurate transition rates. The most inter-
these correlation corrections going from second-order MBPESting discovery is that RPA corrections modify lowest-order

to full RPA calculations. values of the EDM enhancement factor significantly.
Finally, in Table V, we present DHF and RPA values of
the EDM enhancement facto3/d, for the low-lying 4f, ACKNOWLEDGMENTS
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V. CONCLUSION
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