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About thirty‘-ﬁve nucle-alr moments in the rare earth region have beepn
determined t‘rém param_agnetic resonance andval._tomic Leam data, With the
exception of quropium. thés_;é determinations rest Lemtirkely on hyperﬁﬂe-atructn_rg
data and on assumptions niade cpncérning the electronic fields at the nucleus,
These ns_aumptibna can.be summarized briefly as follows: (a) For the free atom,

- that the angular‘ pax;t of the wave funct‘ion is amnply described by assuming pure
Russell-Saunders coupling arﬁoﬁg t!ﬁe electrons of the configuratioﬂ -(4£)n to the |
}.-I'und'va Rulg'gro_und 'terfn. (b) That the degree of .conﬂgurational admixture is
small, and its effect is less than about 5% (c) The value of <l/r3>' for 4f
electrons, | ' '

The evidence for ﬁsaumption (a) cbmés from the observation that the fr_t.se-v
atom 85 valués lie Qery close to the pux;e',ré. ussell -Saunders valueé.l The theoret-
.ical analysis of the rhgasured 8y values has yielded a set of parameters tha_lt permi_tq
accurate calculation of the correction to the hyperfine flelds due to the breakdown ;
-of Fussell-Saunders coupling, ¢ These calculations have been performed for -
pra.sé'oclymium3 and pré&xethium. 4 and (:by us) for erbium, In all cases, the
correction is of order 1%, Lindgren has negle'c’ted this effect in a recent xjecai-
culation of rare-earth momentAs. |

The effect of conﬁguratione involvhxg unpaired s electrons on the hyperﬁhe “
fields of triply ionized rare earths uas been inveatigated by Bleane&. 6 He esti; :

n:ates that thie correction for all rare earths is small, the maximum being about
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6% for terbium. Lindgren believes that the effect should be even smaller for
 neutral rare §arth atorms, and assigns z.m error of 5%in his calculations for this
effect,

There is dibagreement in thé litei'att_ire concerning the correct values of
<l/r3> . Bleaney has derived values fof the'trivply ionized rare earths on the
basis 'of hydrogén.ic functions with an estimated uncertaintf of about 5%, Valu‘el‘
have since been obtained‘ for ‘both the triply ionized and neutral atoms, by use of-

modified hydrogenic function.z' >

These values differ from Bleaney's results
by about 15 to 25%, and are also estimated to be unéé‘rtain to within about 5%,
Hence the nuclear moments of an isotope -d'etermined from hyperfine-structure
data can differ by as much as 25%, depending on yvhdse values are une‘d.v The
most recently reported work is that of Freeman and Watson, who have made |
nonrelativistic Hartree-Fock célculations for rare earfh ions.7 Theyreport values
lying within 5% of Bleaney's,. but they conclude that rather substantial uncertainties
are to be associated with the moments derivedf»rom any theoretical <1/r3> values,
To obtain experimental information about these questions we have under-
taken to measure by atomic beam magnetic resonaﬁce the hyperfine-structure
constant, A, and the magnetic moment, My for Erl69. We fiﬁd'A = 725.46(31)Mc
and, for the directly measured moment, p.li-).S.lj(ZShm,where the nuclear moment
has been corrected for diamagnetic shielding. From the A constant and the value
of <l/r3> derived from modified hydrogenic functions, we obtain Ky = 0.504(50)
nm. This agreement with the directly measured value is excellent, and is inter-
preted by us as an important veriﬁcation of Bleaney's idea that configuration
admixing is not appreciable in rare earths, and of the <l/r3> values of Judd and ‘
Lindgx'en.2 |

Prior work on erbium—169 had determined the ground-state spin (I = 1/2)
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and th§ electronic angular momentum (J = 6). " The hyperfine structure of such a
system is indicated in ¥ig, 1, and the enerpgy levels are described by the Breit-

Rabi Hamiltonian:

= AT-T.gp T-Togu T.0T,
| The effect‘ of the term in 8 on the erbium transit_ioﬁ frequencies is‘estizlna.ted.
"to be a few parts in .105, but is not _negliglble with an apparatus of sufficient
precision, Qu; ability to deter_mine g for erbium rests on the good line width
of our apparatus and on the ability to form very stable érbium beams which give
highly reproduci_bl'erdata wifh gdbd bsignal-to -noise ratio. A sample resonance
curve is shown in Fig, 2.'.‘ o H | -

Dat"a were taken (m'fhe two transiﬁons, which are observable by the flop-in
mothbd and are indicated in Fig‘. 1. The magnetic field was calibrated by ob-
serving the flop-in potaééium resonance, It was found that, | with this method of
" calibrating, the pdléating m_agnetic field of the nearby Bevatron cé.uséd emall
fréqu'enc& shifts, All bur data were obtained when the }?:evat'ron was off,

The best fit to our data wasv obtained byva least-squares calculation on the
..'IBM 709, The parameters best fitting oﬁr data ’a_,rezh A=72546(31)Mc, 85= - 1.11638‘(1)-5
and g; = 5..55(27)5< 10'4? wherevthe error given for A and g, is twice the standard
deviation, Frequencies calculated by use of these .para.meteré are‘ compared with .
the obsei‘véd frequencies in Tablel | | ,

The obsérvéd g1 value must be increasgd by a factor l..0078 to co&'rqct for
divamagnetic shiglding;s This givea the true nucleat moment My = 0.513(25)um,

We have investigafed the vpoasibility' that there are contributions to the
meésured lgl valﬁe that arise frsnx. other sources than the true nuclea: moment.,

Let us write, for the nuclear moment term, g1(1+n)T- H, where g is the t‘ruev
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nuclear gyromagnetic ratio and o arises from possible perturlations, The
poisaible contrilutions to a that we have considered are (1) uyétematic errors,

‘which cause the true magnetic field to be different from the measured fleld with -

an error proportional to the field (such an error aiiaeo. for example, if the fleld
seen by the calibrating isotope differs from the field traversed by the erbium’ |
beam by an amount proportional to the field); (2) inixing of the fine-structure

3!1 term by the hyperfine utructure of erbium in such a way as to

leveis bf"thé
introduce a pseudo T. FI term in the Hnmiltonian. |
The poasibility of syatematic errors in the field has been inveatigated by us
6). ‘We have calculated ﬂne-
attucture mixing and find it to be lean than 1%, Hence to within 1% our measured
8 is £elt to be the true value, | . | _ |
From the A | constaht. the magnetic moment can be inferred from the

relation

h T - IJA/ <H> J'mJ ="

. where <ﬁ> is the expectation value for the magnetic field at the nucleus and ie _

glven by

- -ang (A)( 7 - EED .

For <!/r3> we have used the value of 9.84 atomic units given in reference 5, The

evé.luation of ¥ depends ovn the assumptions made about the angular part of the
1
_ ‘1
wave function, If the ground configuration is assumed to be (4f) , only 3H and I

d~

can give states with J =6, and the ground-state wave function will be of the form
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y = [l-az_] /2 |3H6>_ }d'216>. The value of a can be determined by diagonalizing
the »Cboulomb and spin-orbit energies for J=6. The Coulom!: energy will be
characterized by three Slater radial integrals, F&. Fyo and F6’ while the apin-
orbit energy is characterized by the parameter o.“ 'Ifhgae parameters have
been. :‘eliably‘ evaluated for erbium by Judd and Limilgrén,Z and we use their r‘e,l”ul_t\!.
| We obfaiﬁ fof a :the.value - 0.094, _vThe 'contribut.io.na ‘to <2i:> come from three |

v' ternos:‘ (Zi}: (1-a2) <3H6| ? |3116>‘+ Zo <3H6 [Z{‘ ; 116> fuz<116 !fl 116> . ‘The first
‘terri represents the contribution to the field from assumption (a) of the first»

- paragraph lowered by an amount proportional 'to“‘o.zl.v '-'Iv‘he other terms give fhe‘
corrections due to the breakdown.of Russell- Saunders coupling... The net iraiue

of <)3> is only about 1% chfferent from that obtained from assumption (a), owing
- to fortuitous canceling in the last two terms, Therefore the moment inferred

from the A value is My = 0,504 nm,

169

The value of the Er moment can be compared to a predicted value of

0.7 based on the Bohr-Mottelson Nuclear Model, We have assumed that the state:

st

of the 101" " neutron is characterized by [5 2.1 1/2] and a deformation paraineter'z

6= 0.3,
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~Table I. Comparison of the oliserved {requencies with the {requencies predicted

from the Hamiltonian (in hic,) 725.46 T+J + 1,1638 p, J- H - 5.55X 10"
. P"oi' H.' o

Field
(gauss)
467,595
504,329

540,903

540,903
613.698
649.962
686.158
722,298

722,298
758.390

794.442

196,279

317.719
467.595
4617.595
504.329
540.903
577,351
613.698
649.962
686.158
722.298
794.442

Predicted -

frequency (Kc.)

- 704496.5
© 760020.2

815336,0
815336,0
925539.9

1980996, 1
10353877
10902324
10902324

1145044.8

1199836.1
1344409,4
 557484.5
© 820293.9

820293.9
'884665.7

 948736.7
- 1012564.7

1076191.7
1139648.9

1202960.0

1266142.9
1392177.4

Observed Residual Transition
frequency (Kc.) (Ke. )
1704499,0(4.0) 2.5 13/2
760020,0(4.0) -0.2 = 13/2
815332,0(4,0) -4.0 1372
815336,0(2.4) 0.0 13/2
925533,0(4.0) 6.9 13/2
980995.0(2.4) 7 U 13/2
1035388,0(2.4) 0.3 13/2
1090237,0(2.4) 4,6 = 13/2
1090235.0(4,0) 2.6 13/2
1145044.0(2.4) -0.8 13/2
- 1199835.0(2.4) -1.1 13/2
344411,0(5,6) 1.6 =-11/2
557480.0(5,6) -4,5 = 11/2
© 820290,0(4.0) -3,9 = 11/2
820292,0(8.0) -1.9 F=11/2
© 884666.0(2.4) 0.3 F=11/2
948735,0(5.6) -1,7 F=11/2
11012567.0(2.4) 2.3 F=11/2
1076190.0(2.4) -1.7 F=11/2
1139650.0(2.4) 1.1 F=11/2
1202959,0(2.4) -1.0 F=11/2
1266143,0(2.4) 0.1 F=11/2.
1392180,0(4.0) 2.6 F=11/2
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FIGURE LEGENDS
1.  Hyperfine structure of the systemy 1= .1/2, J = 6, showing the obeervable

transitions,

2, Sample resonance in the F = 13/2 level,



2F
13

R
/A

Mogneﬁc field

-3

MU.20085

Fig, 1



Intensity (arbitrary units)

-10-

Fig. 2

T T T T T
. H=540,903 gauss
90 - -
, 80 —
70l s
60| —
50 —
40 —
30 -
ook I=1/2 |
p- J = 6 _—_— e e e ——————
10k F=13/2 .
0 1 | | | |
815.280 815.320 815.360 815.400
Frequency (Mc/sec)
MU-27976



A

o ‘This reéport was prepared as an account of Government
. sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

AL

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained 1in this
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mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
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siuch employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



ﬁl






