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H y p e r  f i n e  S t r u c . t u r e  of  E ~ b i u m - 1 6 9  
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November 1962 

The. hyperfine s t r u c t u r e  of radioactive E r .  1 6 ? ( ~  = 9.4 days) has  
1/2 

been E'tudicdin the 3~ electronic ground. s t a t e b y  the atomic-beam magnetic- 6 

resonance.method. . The. apparatus used was of sufficient accuracy to,  measure  
. , 

the nuclear dipole. moment directly through i t s  .interaction. with. the exkernal 

magnetic field. The r e su l t s .  ar.e A = 725.46(31) Mc, gJ = -1.16381(5), and 

- 4 
gI = +5.55(27) X 10 , where A i s  the magnetic dipole interaction. constant and 

the. electronic and nuclear g . factors ,  and g a r e  given. .in units of Bohr gJ  , . I' 

:magnetons. 'The nuclealt magnetic.moment infer red . f rom g and cor rec ted . for  I 
. . ,diamagnetic:.shielding i s  p = +0.513,(25) nm. This value of p i s  consistent 

. . , I 1.1 

with that obtained. f rom A using the (I) value given b y  ~ i n d ~ r e n .  
.. i-3 

I .. 
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H y p e r f i n e S t r u c t u r e  o f  E r b i u m - 1 6 9 "  

Walter M. Doyle and. Richard Mar rus  

. Lawrence Radiation Laboratory and Department of Physics  
University of California, Berkeley, California 

INTRODUCTION 

. - About thirty-five nuclear .moments  in the r a r e  ear th  region have 

.been .d&tcr~rlined f rom paramagnetic -resonance and. atomic -beam data. Be - 

cause-of the paucity. of d i rec t  information about the moments ,  i t  has  been 

necessary  in most  cases  to infer their  values f rom the measured  interaction 

cpnstants by .means  of theoretical calculations involving considerable uncer-  

1 
tqinty. Much of this un;ertainty, a r i s e s  f r o m  the sensitivity of (-) to t h e  

, . r' 3 

. form of the ele.ctronic wave function. In o rde r  to obtain information concern- 

1 \ 
ing the (- values we have undertaken. t o  measure ,  by atomic-beam magnetic 

. r 3 )  
resonance, the. hyperfine-structure conitant,  A, and the. magnetic moment,  

P r i o r  work on e rb iu l~ i -  169 had determined the ground-state spin 

( I  = 1,/2) and the electronic angularmomentpm (J = 6). The hyperfine s t ruc ture  

of such a sys tem -is indicated in Fig.  1, and the energy levels a r e  descr ibed.by 

. the Breit-Rabi Hamiltonian: 

x = A I n  - mr J - g$,pOJ.  ,H - g p. I "  H I 0- - 
The effect of the t e r m  in g on the erbium transit ion frequencies 

. I 

i s  es t imated to be a few p a r t s  in lo5, but i s  not negligible with. an apparatus 

of sufficient precision. Our ability to determine g for erbium r e s t s  on the . I  

gpod.line..width of our apparatus and on.the ability to form very stable erbium 

beams .which. give highly reproducible data with. a good signal- to-  noise ratio. 

A sample resonance curve. i s  shown in Fig. 2. 
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Data we.re.,t.aken on.  the two t rans i t ions ,  which may be observed by 

the flop-in method and which a r e  indicated in Fig.  1. The magnetic field was  

cal ibrated by observing the flop-in potass ium resonance.  I t  was  found..that, 

with. th is  method of calibration,  the pulsating magnetic f ield of the nearby 

Bevatron caused sma l l  frequency shifts. F o r  .that reason  a l l  our  data w e r e  

obtained when .the Bevatron was  off. 

The bes t  f i t  to our data .was obtained by a l ea s t -  squares  calculation 

on the IRM.709.  The parameters bes t  Iilling our data- a r e :  A = 725.46(31) Mc, 

g = -1.16381(5) and g = 5 . 5 5 ( 2 7 ) ~  w h e r e t h e  e r r o r  given for  A and g J .I . I  

i s  twice the s tandard deviation. Frequencies .  calculated by use of these p a r a m -  

e t e r s  a r e  compared  with the observead frequencies in Table I. The observed 

g value mus t  be- increased .by  the factor  1.0078 to  c o r r e c t  for  di.amagnetic 
. I  

2 
shielding. This gives the t r u e  nuclear  moment  p. = 0.513(25) nm.  I 

DISCUSSION O F  POSSIBLE ERRORS 

We have investigated the possibil i ty of. t he re  being contributions 

to the measu red  g value f r o m  other sources . than  the t r u e  nuclear  moment .  
. I  

Le t  us  wri te , .  fo r  the nuclear  moment  t e r m ,  gI (1 +a) A. Y, where  gl. i s  the 

t r u e  nuclear  g , factor .  and. a a r i s e s  f r o m  possible perturbatiorls. . The possible 

contributions to a .that we have considered a r e  ( a )  systematic  e r r o r s ,  which 

cause the t rue  magnetic f ield to be different f r o m  the measu red  field by an 

amount proportional to the field (such an e r r o r  a r i s e s ,  fo r  example,  -if the 

field.  seen .by  the calibrating isotope differs.  f r o m  that seen.  by the erbium);  

( h )  Doppler shift; ( c )  mixing o l  Lhe f ine - s t ruc tu re l eve l s  of the 3~ t e r m  by the 

hyperf ine-s t ructure  interact ion in  such a way.  a s  to introduce a pseudo I . H 
ur ri; 

t e r m  in  .the Hamiltonian. 

We have found the f i r  s t  two effects to be completely. negligible 
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-6  (i.  e.  , < 10 ) In addition we have calculated the f ine-structure.mixing and 

found the effect to be l e s s  than 170 . 

The existence of e r r o r s  nonlinear in..the field would be re.flected 

in.the quality of .the leas t - squares  fit achieved, and such e r r o r s  would con- 

tribute to .the uncer.tainties qpoted.for the r e  sults.  

MAGNETIC MOMENT INFERRED FROM A 

The magnetic moment may be obtained.from the measured  in t e r -  

action constant by u s e  of thc relalion 

where . m = J ,  afid.(H.>.., the.eipectation.v.alue of-the: magnetic- fie:ld a t  the nucleus, 
J - 

i s  given. by -0. 

12 If the ground configuration i s  assumed to be (4f) , states  with J = 6 a r i s e  only 
I 

' 1 
frum the t e r m s  3~ and I and the ground-state wave function i s  of the fo rm 

2 1/2 3 9 = [ l  - a ] I H ~ , )  + a I '16) . The value of a can. be determined by diagonal- 

izing the C o u l ~ m b  a n d  spin o rb i l  eriergies for  J = 6. The Coulomb energy i s  

character ized by three  Slater radial  integrals ,  F2, F4,  and F6 ,  while the 

spin-orbit  energy i s  characterized'by the parameter  a4f . These have been 

reliably evaluatedfor  erbium b y  Juddand  ~ i n d ~ r e n , ~  and we use their  resul ts .  

We obtain for  a the value -0.094. The contributions to (Zi) come f r o m  three  

t e r m s :  
. . .  

 he resultant value differs by about 1 % f r o m  that obtained undkr the a s sump-  

ti.on of Rus sell-Saunder s coupling .(i.  e .  , a = 0).  

There.  i s  disagreement  in .the l i te ra ture  concerning .the co r rec t  

1 value of (3) . Using, hydrogenic functions, Bleaney has  derived v a l u e s f o r  - 
, 



t he t r ip ly  ionized. r a r e  ear ths  with an uncertainty o f  about 5 %. Values have 

.. since- been obtained by Judd.and. Lindgren, using modified..hydrogenic functions, 
' I. 

for  both. the .triply' ionized.and neutral. a toms.  3' ~ h e s ' e  'val.ues differ f rom 

~ 1 e a n e ~ ' s  b y  about 15 to 2570, and. a re .  also. estimated .to be.uncer.tain. to about 

5%. The .most  recently, repor tedwork  i s .  that of Freeman.and Watson,. who 

have made nonre la t iv is t i :~  Hartree'.-Fock calculations for  r a r e  ear.th. ions. 
6 

They repor t  values,lying, within 5% of Bleane,y's+J but they conclude that rather. 

substantial uncertainties a r e  to be, associated with. t h e  moments derived f rom 

(5) . value. any, theoretical 

T.he effect of the admixing, of configurations involving unpaired s 

electrons on..the hyperfine fields of tr iply ionized r a r e  ear ths  has  been. inves-  

.ti,gated.byi. Bleaney. . He est imates  that  the correct ion for  a l l  r a r e  ear ihs  i s  

small ,  . the maximum being about 6% for  terbium. In par t icular ,  he quotes a 

value of +1.4% for  ~ r ~ ' .  Lindgren believes that the effect  shouldbe,even 

smal le r  forP"neutral r a r e  ear th  atoms,  and assigns i t  an e r r o r  of 5% in his- 

. . 'calculations. 

If LindgrenV s (5) value of 9.84 atomic units i s  used, we obtain 

kI = 0.. 504(50) nm for:the 'moment inferred.  f rom A,  The 10% uncertainty, i s  
. . .. . 

assigned .to cover .the effects of configuration. mixing and.the quoted.uhcertainty 



- CONCLUSIONS 

Recently, directly measured  nuclear .magnetic moments  have been 
. . .  

i e p o r t e d f o r  ~ d ~ ~ ~ ,  ~m~~~~ and.Yb , 71  8 '  These moments a r e  summarized  

.in Table I1 along with the present  resul t  .and the values infer red  f r o m  hypenfine - 

s t ruc ture  data using. the various ( )  s .  The (.$) values of Lindgren appear 

to give reasonably good. agreement with experiment for  t h e  heavier  lanthanides-, 

while the neodymium resul t  i s  l e s s  conclusive and would seem to. favor the 

work of Freeman.and Watson. The good.agreement achieved for .the. heavier- 
! .  I 

lanthanides tends to substantiate the belief that the elfects of configuration 

. mixing a r e .  small .  It should .be .borne .in. mind. that the erbium resul t  includes 
I 

a correction. for  the breakdown in: Rus sell-Saunders coupling. 

The value of the ~ r ' ~ ~ , m o m e n t  c a n b e  compared to a predicted 

value of 0.7:based on the. Nilsson nuclear wave functions. l 2  We..have. assumed.  

.that the lOlst  neutron i s  c h a r a c t e r i 2 e d . b ~  the s t a t e '  1,/2..- [ 5 2  1.1 w i t h  the defor - 
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Ta'ble I. Compar i son  of the o 'bserved f requenc ies  

with the f requencies  predic ted f r o m  the Hamiltonian (in Mc)  

JC = 725.46 1 .  J + 1.. 163.8 p0 J H - 5 . 5 5 ~  p O k  H. .... - - - ..+ 

- 

Pred i c t ed  Observed 
F ie ld  f requency f requency Re sidual  Trans i t ion  

(gaus s )  (kc)  (kc)  (kc)  



Table II. Measured nuclear magnetic.moments compared with those .. . 

obtained f r o m  hyperfine -structure.  data. using the ($) values of Bleaney. 
O 9  (All in. units of nucleyr magnetons.) Lindgren, and. F reeman  and Watson. , 

Bleaney -0.99 - - - - 0.41 

Lindgr en -1.26 0.504 -0.24 0.49 

- - Freeman  and Watson -1.02 . - - a 0,43 

Measured - l b 0 7 6  (60) 0.5 13: (25) -0.229 (3)  0.4930 (4)  

References 7 - - 8 9, 1 1  
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FIGURE LEGENDS 

1. Hyperfine s t ruc ture  of the sys tem I = 1/2, J = 6, showing the observable 

transit ions.  

2. Sample resonance in the F =  13/2 level.  
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Fig .  1. 
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Frequency (Mc /sec )  
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