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ABSTRACT .

3+,
in CaF2, SrFe,»and BaF2

are analyzed and the values (l/r3 ) = 7.57T * 0.57 au and a,

The hyperfine structure constants of Pu

= - (556¢h2):
+
| \ - Py’
(gJ-l)uN/I Mc/sec are derived. Relativistic Dirac-Slater and Dirac-Fock wave
functions give a value for (l/r3 ) about 9% lower than the empirical value. .

+ ,
The core polarization effect in the actinide ion Pu3‘ is much larger than in

the lanthanide series.
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I. INTRODUCTION
239

Values‘éf‘the nucléafvdipole moment of Pu derived from different
types of measurements variea widely when the data weré first analyzed.
Subsequenf analyses shéwédvﬁhese results could be brouéht into agreemeﬁt bj
a complete theorétical treatment including intermediatg couﬁling'and cofe_
polarization effects}l Attempts to explain the sign of the'cdre pqlériéation
term_with basis ﬁéve functions obtained from the central field modelvof:
atomic structure proved inadequate until‘admixtures\of continuum states were
included.l'-Unfdrtunately this type of calculation is vefy'difficult. Ex- -
chénge polarized Hartree-Fock calculations were able to account for the sign
and approkimaté'magnithde of coreé polarization effects2 in tﬁe lanthanide
series.
3+
s

The electron paramagnetic resonance spectra qfqu st, have recently

been measured in cubi¢ symmetry Sites in CaF2, SrF2, and BaF The Zeeman

o
splifting factors (g~-values) have been interpreted by calculating the crys-

'talline field mixing of the first excited J = T/2 stéte with the ground

J = 5/2 state.3 In this paper we analyze the hyperfine structure data for

Pyt

239

in a similar manner, and use the known nuclear magnetic momenth of
Pu to derive values for the core polarization effect and (1/r3 ).

The latter qﬁantity is compared with various theoretiéal calculations.
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II. THEORY AND RESULTS

A. Theoretical Summary

The nonrelativistic hyperfine Hamiltonian may be written as

JC;V—?—B—I;——UE Z 3~ ‘+ %T—T- | S(fi)?i,'; I (;L)

- T oo i o , S
where B and_:BN are the Bohr magneton and ;he nuclear magneton respectively,
-uN is the nuclear moment, I is the nuclear spin, zi is the rgdius vectdr
for the ith electron,‘and ,Sggi) is the Diracvdelta function which is non-
zero oniy fg;v s electrons. The operator N, Jfor‘theiiﬁh'electron is
written in ferms of tensor.pperators as

R &i ) (10)1/?(§(1)9(2))§1), . _ | (2)

where %i ~and S5 -are the ofbital_and.ebin éngular momentﬁm vectors and
0(2) is a second rank tensor.5 The operatof gi has non-zero matirix elements
only fer elecfrons-with £ > 0. In order to account for the effect of core -
polarization which produces a net unpairing of s electrons the eeeond term
is included.in'Eq. (1).  The angular transformation’pfoperties of‘thie term
are proportional -to the operator s - Relati?istic‘effects elso traneform as
Ss ~and are hot_distinguishable from core polarization %n our presenﬁ
experiments.

FovaOnvenience of calculation, we follow the precedure of Bordarierji
gz_gl.,6 ahd introduce the coupled double tensor operator Y(K’k)K. For a

: {)
configuration of equivalent electrons, 21, the hyperfine operators are

e 4

\/
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defined as

3 .

~

| 2e04) (22+1)} Y2 (an

| SR T : /2 . | -
, 1/2, (1).(2) (1) _ | (a+1)(28+1) (12)1 :
; - 107 (g g ) = ] (22_1)£?2+3)J w _ (3)

s = | =5+

~ L e

[ <22+1>J 2 aon

~

(x,k)K

~

A genéral combuter program has been written to evaluafe matrix élements w
operators. The procedure followed is to calculate the ahgular matrix élements,
parameterize the necessary radial integrals and cofe polarization effects, and
evaluate the paraﬁeters.ffom ﬁhe meésured hyperfine data.

The tensor operators W(K’k)K

-~ -

arise naturally in the relativistic
hyperfine structure formalism developed by Sandars and Beck;7 They defined an

effective operator representing the relativistic hyperfine Hamiltonian as

(10)1 (011, (1) 42201 | (1)

~

K = a{10) W

~eff + a(01) Y

The expressidns for the a(K,k) are given in Ref. 6 and define the necessary
combinations of radial integrals, which may then be calculated from relativistic
wave functions. Such a calculation will be described in a later section. For
purposes of fitting our data we combine Eq. (3) éndv(h) info'the most convenient

form to parameterize the experimental results,
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288 | PP
_ NN 3 1/2,_(1).(2),(1) 3
Her =T j{: [ By (1/270 ) = 1075 e T K/ET ) o
w3 (5)
A CRST Y

In the nonrelativistic'approximation (assuming no effects due to core

polarization),-(l/r? )Ol'= (1/r3 )12 and (l/r3.)1 = 0. For our calculations

0

we shall assume the nonrelativistic approximation _(l/r3 >Ol = (l/r3 )12,

but because core polarization and relativistic effects transform as s we

parameterize this Qperafor._

: 3+
B. Application to Pu3

”Thebéiéctronic configuration of Pu3+ outside the closed shells is st.
The optical séectrum was originally measured by Léﬁmermann and Conﬁayg and
the data fufthér réfined by Conway aﬁd Rajnak.lo' We use the intermediate
coupled wavé functions given by Conway and Rajnak for our calculations. In
the alkaline earth fluorides the ground state J =5/2 and the first excited
state J = T7/2 are strongly mixed by the‘crystalliné'field interaction, We
assume the effects of higher J levels are negligible.. We obtain the amount
of J mixing betWeen the 5/2 and 7/2 étates from the.pfevious analysis
of the Zeeman splitting factors (g—values).3 The crystalline field wa&e

function is written as

i - . + o . +!
P7 = cos ¢|J_5/2,1"7 ) - sin ¢|J-7/2,r7 D,

4+ !

7

. - . |
where the crystalline field wave functions T are the same as

7 and T

~on
LY
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defined previously. In Tabie I we list the pértinent fesults taken from our
earlier work.. | |

~ The hyperfine'Hamiltonian can be évaluated by summing matrix elements
of thevtype “

<ri[w(K’k)K|rl ) R
7% 7

and multiplying by the appropriate facfors'given in Eq.v(3). For the j = 5/2
level ﬁhe comﬁlete intermediate coupled wave function consists of a linear
combinatioﬁ of 28 LS states and the J = 7/2 levél consists of a linear
combination of 30 LS states. In calculating matrix elements of the Zeeman
operator for our earlier paper, we obtained matrix elements.of the operators

Z%i and Z§i for the complete basis sets. The complexity of the operator

(s(1)c(2)y(2)

~ ~

obliged us to work with a truncated basis set in computing its
matrix elements. The operators Zli and Zsi were recomputed with the
truncated basis sets in order to provide some estimate of the effects of
truncation. - The truncated basis sets are given in Table IT. The notation is
. - 11
from Nielsen and Koster.
For each.operator 0 in the hyperfine Hamiltonian, the matrix elements

are

1 1, oo + _ + 2
(r7|zgilr7 ) = <J-5/2,f7]zgilJ—5/2,F7 >>COS, ¢

-2 <J=5/2’F;IZQiIJ=7/2’r;' ) sin ¢ cos ¢ (6)

+ (J=7/2,F;'IZQiIJ=7/2,F;' Y sin® ¢,
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where 0, is li, - 101/2(5(1)C(2))§1) or s, . The angle ¢ is obtained by

the previous fit to the g-values. In Table III we give the values for the
‘matrix elements shown in Eq. (6). We then evaluate Eq. (6) for the values of ’
¢ given in Table I with the results shown in Table IV.

Thes hyperfine structure constant may now be written (in the noﬁ—

relativistic approximation) as

A=A+ A,
where
‘ 1 1 1/2, (1 1) (-1
A, =0 o[¢ It ]m |70 + (T |z 10/( ( )~(4 i T3]
, (7)
N | 1
A= c<r7|z§i|r7>
and
kBB u .
o= — BN 13y

C is a parameter which is proportional to uN/I and gives the contribution

due to core polarlzatlon We ‘have used the CaF and SrF_ matrix elements in

2
Table IV to obtain the parameters and then used the BaF2 result as & check )
EJ
~ because the accuracy of the measurements in the first two crystals is greater
than for BaF ... The results are & = 0.00981 cm l, C=-0.0147 cem l; 'The <#

2’

" signs of the experimental values of A are unknown. In order to obtain

consistent results they are chosen as negative. This choice is necessary

239

because Hy of Pu is positive and thus 6 must be positive.
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Because we wish to compare our values with those from atomic beanm

and optical spectroscopy experiments we now calculate the hyperfine parameters

for a‘pure J=5/2 and a J = T/2 state. We use the matrix elements given

in Table III for the'pure'stateS'and the parameters just evaluated. The
results are giﬁen in Teble V. In order to obtain thé data for a free ion we
have made use of the relatibnShip:

€y

LR -4
A

a 2

where and a are the Landé g-value and hyperfine coupling constant for

&r
a free'iOn.12 The hyperfine coupling constant for a free ion is also the

sum of two terms similar to Eq. (7);

We also list in Table V values for a, and a

£
The core polarization term may-be'writtenl3
_ . I v »
N e ‘ :
ac.-v(gJ—}) K-T., vhere K=2¢C T . (8)

The term'(gJel) is the'vaiue of the angular matrix element of the operator Ls

for a pure J state. From our values of a, we find.

’ a, = —_(556 #th)(gJ'—~l)v—¥ﬁMc/sec R o - (9)

+ o ‘
for the Pu3 ‘free ‘ion. From 6 ~we calculate

.

1



-8- _ UCRL-19563

'(l/r3') :3+ = 7.57 * 0.57 au .
Pu
The errors in our paraméters are estimated ih the followihg way. .
From the ﬁncertainty in the experimental data thé maiimum'error is 2%. - There
is also a 2%lun¢ertainty in the value éf Wy of 239Pu. If we assume the
error due fo truncation of the basis set for the operator -1 1/2(§(l)§(2))§1)
is the same as for the operator, Z%i, then-conside;ing the'relative_magnitudes

¢

of the matrix elemeﬁts, fhe trunqation error is aﬁput.0}7% of the total value
of the matrix element of the operator Zgi. In thg next section we show the
error due foithe assumption (l/r3 >Ol = (l/r3 )12 is negligible. The largest
error probablyvis due to the neglect of higher J levels mixed in by the

crystalline field. We have given the parameters an error of * T7.5% which we

believe is a conservative estimate.
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DISCUSSION
Recently there have been relat1v1stic calculatlons for the.elements
and some ions through the actlnlde series. Dr. J. Mann from Los Alamos
Scientific:Labofatory has sent us thé wavé functioné for the 5f electrons
of Pul and PulV (spectroscopic notation) obtained from his Dirac-Fock

‘

calculationslh and Dr. D. T. Cromer, also from LASL, has sent us the wave
. . . 15

functions obtained from Dirac-Slater calculations. We have integrated

these wave functions according to the definitions given by Bourdarier et al.
and the results are given in Table VI. In order to compare our experimental

result with their wave functions we define

(a3 a3y ,

—.<1/r TS V2 2 PO o . (10)
Then we may write

- bpB, 1

S PPty 003
Ay = —=(1/r >Ol 1"7[2:2 |r )
A 7
,. 4R 1 .
NN 1 1/2,_(1),(2)y(2) 1
s b s ) (a0t 2 e i)

- The percentage correction to the (1/r3 ) of Table VI by our assumption

. 01
3 “ 3 . ..
that (1/r >Ol =(1/r )12 in our analysis is

' - xrl]z-102(s e (2) (T
v T— x 100 o (11)
<l/r Y o1 I‘,(IZN |I‘ )
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"~ - 0.3% using data from Tables IV and VI. The corrected values are also

given in Tableé VI. Comparison of the theoretical (1/r- ),y &nd the

_experimental (l/r3 }) gives a discrepancy of 9%. Theré is éssentially no

difference between fhe Diraé—Fock and the Difac;SIéter calculations for the

(l/r3 ) integrals. ' , _ | v v
| lb The mégﬁituae'of»the éofe‘polarization effectvis puch lérger than |

: | ‘ "
found for rare earth ions. Bl_eaney16 has shown that for the Eu2

-,

- _ .
,aCEﬁQf.= i.(63lt'lO)(gJ -1) —%ch/sec . . o (12)

He assumed that this equation was valid throughout the 4f transition series

but recent‘experimental and théoretical work questioné'thisféssumption.2’12

. , ' .
The core polarization effect in Pu3 » Eq. (9) is almost an order of magnitude

oo + : ' o +
larger than found for Eu2 in the lanthanide series. Our value for Pu3

is slightly largér than the core polarization effectiderived by Easlele,for

m=t,

acAm2+ = = (koo * h2)(gJ -1) —%-Mc/sec . ' (13) .

but corroborates the magnitude of the effect.

Bauche and dedl and Armstrong and Marrus18 have shown that the eQuation
: o C Wy ' L : , ‘
a, = - (70 * 20)(g, - 1) — Mc/sec - (1) Y
c J I .
atoms . ‘

is consistent with the interpretation of the data for Pul (5f67s2) and AmI
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(Sf7732). Froﬁ the values of (1/r3 )10 given in Table VI the equation

@rel'=v; (57 t i65.E§-(gJ - l)-Mc/sec o | | (15)
may be dﬁt#ined. These calculations show félativisfic éffecfs for the atoms
and ions are abproximatély equa} énd agree well with'the empiriéal equation
for the acﬁinide atoms, Pul and AmI. The‘core polarization gffects‘in the
ions PuIVvand.AmIII are about seven times larger'than relativistic effects
in actinide atomé. Bgcause of the agreement found for the calculated

(l/r3 )01 ﬁith the experimental value the relativistic Dirac-Fock and
Dirac-Slater calculations probably give the right ﬁagnitude for relativistic
effects in tﬁe heayy atoms. Therefore it appears‘that bacatoés (BEq. (1k))

is mostly due to relativistic effects; and that in the ions where there are -

no Ts electrons. there are very large core polarization effects.
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Table I. Spin Hamiltonian parameters for trivalent Pu.
o o ' -1, .3
Ion Matrix ) - |g|Measureda |[Alem™™ x 107)
pust caF, ~15.1° 1.297 *+ 0.002 6.72  0.06
pySt SrF, ~13.2° 1.250 +-0.002 8.46 + 0.1
pust BaF ~11.0° 1.187 % 0.00L ©10.2 * 0.3

2

fod
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Teble II. Truncated basis sets for the J = 5/2 and J = 7/2 levels.

(Notation from Nielsen and Koster.ll)

;"'J =s5/2 ' J = 7/.2'
Coet. o Coef.é'#viob‘  } ¢§§:.“‘ _Coéf,Q‘x:lQO

O '0.1003.' 101 0.1037 ~  1.07
6y 0.8121 65.95 0.8951  80.12
hF3 -0.1283 | 1.65 -0.1018 '1.oh
"1 —0.307  9.59 -0.2451 6o
ba3 -0.1106. 1.22 0.0677 0.k5
) , _ _

Gk -0.3775 14.25  0.3053 9.33

Total 93.67 | Total 98.02




Table III. Numerical values of the general hyperfine matrix elements for trivalent
‘ ' Pu in cubic symmetry.

£0, Truncated Complete Truncated . Truncated Complete
<J=5‘/2,r;129i|J=5/2,I‘f{> -1.259 -1.317 . . 0.090 | 0.479 0.1483
2’(J=5/‘2,T;|~Zoi|J=7/2,I‘;') 1.603. - +1.627 . -0.068 ~1.603.  -1.627
.~ - ’ '
4t +! . FJ;
<J=7/2,1‘7 ]zQi|J=7/2,I_‘7 ) 1.67h - +1.703 -0.116 . -0.20k -~ -0.203 !
[
Qo
=
.
AR
\o.
\N
o
»LO
< ™
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IV. Numerical values of the hyperfine matrix elements of trivalent Pu -
: ' for the alkaline earth fluorides. .

£, 10v/2eenhalr g 25(, +2s, )

o ) -t ~ o~ S ~1 - ~1 "~1i
‘ - Trunc. .. Compl. . ... ... . Trurc. Compl. ' Compl.
v CaF, =-15.1° -0.657 -0.703. 0.059 0.030 0.028 -~ -1.29k4

SrF, -13.2° -0.750 -0.798 0.06k4 , - 0.087 0.086 -1.252

BaF,, 211.0° - -=0.852 -0.902 | 0.070 . 0.15% 0.154 -1.188

N, = 21, (comp) - 107/2(s Mg (2)) (1)y

CaF, =0.6LkL

ST, —01733‘

BaF -0.832
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Extrapolated hyperfine parameters for pure. J=5/2 and J =T/2

Table V.
states of Pu3+ in a cubic crystalline field and as a free ion.
A Af Ac &..... &y acb - 81
(em™t x 1073) (et x 103)
J=5/2 -19.19 "-12.02 -T7.16 11.51  T7.21  4.30 0.k420
J=1/2 18.55 15.55 3.00 . 6.18 5.18 1.00 0.865 .

«»
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Table VI. Calculated values for the radial parameters using relativistic
: wave functions. '

I | (l/r3 )Ol (l/r3 )Ol(corr.) (1/r3 )12 <J'./I'B )10
N (au)» : (au) (a.u)_ " (au)
l

- 6 2 - o -

f°s” Pul DS . 6.092 7.59% ~0.T06

£ Pulv DS - 6.879 ‘_ 6.86 8.166 ~0.595

22 DF 6.18% » - 7.849 - -0.788

£2  PuIV DF 6.936 6.92 ) 8.308 - -0.639
A7

(d
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