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INTRODUCTION AND SURVEY.

Nuclear o r i e n t a t i o n  can be d e f in e d  as the  o rd e r in g  o f  n u c le a r

sp ins  in  space. Two requ irem ents  must be met in o rd e r  to  ach ieve  o r i e n 

t a t i o n  o f  nuc lea r  sp ins  I :  i )  the 21 + 1 s p a t ia l  degeneracy must be

removed, lead ing  to  d i f f e r e n c e s  in energy between the  assoc ia ted  21 + 1

n u c le a r  s u b le v e ls ,  and i i )  a p p re c ia b le  d i f fe r e n c e s  in occupa t ion  num

bers o f  these su b le v e ls  have to  be r e a l iz e d .  I f  the n u c le i  t o  be s tu 

d ied  a re  r a d io a c t i v e  and emit gamma rays d u r in g  t h e i r  decay, the  degree

o f  n u c le a r  o r i e n t a t i o n  can be determined by obse rv ing  the  d i r e c t i o n a l

d i s t r i b u t i o n  o f  these gamma ra y s 1) .

Several mechanisms can be used to  produce the  necessary s p l i t t i n g s

o f  the  n u c le a r  s u b le v e ls .  The use o f  an e x te rn a l  magnetic  f i e l d ,  in te i—

a c t in g  w i th  the n u c le a r  magnetic  moment V» is  the  most ob v io us .  Th is

method, however, has o n ly  l i t t l e  p r a c t i c a l  importance so f a r ,  because

even in  a magnet ic  f i e l d  as h igh as 100,000 Oe, the assoc ia ted  energy

d i f fe r e n c e s  between the  n u c le a r  s u b le v e ls ,  ^  = y j “  , a re  in the  m i l l i -

K e lv in  range. In o rd e r  to  ach ieve  n u c le a r  o r i e n t a t i o n  by a thermal

e q u i l i b r iu m  method, the  nuc lea r  sp ins  must be cooled down to  th a t

tem pera tu re  re g io n .  The experim enta l  problems a ssoc ia ted  w i t h  t h i s  me

thod (known as " b r u te  f o r c e " p o la r i z a t i o n )  a re  fo rm id a b le ,  and up to  now

o n ly  ve ry  few experiments  have been done in  t h i s  f i e l d .

In n e a r ly  a l l  o th e r  methods, one uses the h y p e r f in e  in te r a c t io n

between the  nucleus and the su rround ing  e le c t ro n s .  T h is  can be

1. The c o u p l in g  between the nuc lea r  e l e c t r i c  quadrupole  moment and the

e l e c t r i c  f i e l d  g ra d ie n t  a t  the  nuc leus , produced by th e  non s p h e r ica l

e le c t ro n  charge d i s t r i b u t i o n  and the  l a t t i c e  p o te n t ia l  o f  the  c losed

s h e l l  ions . ( " E l e c t r i c  h y p e r f in e  s t r u c t u r e "  o r  "qua d ru p o le "  i n te r a c 

t i o n . )

2. The in te r a c t io n  between the  nuc lear magnetic  d ip o le  moment and the

"m agnet ic  f i e l d "  produced by the su rround ing  e le c t r o n  c loud  ("mag

n e t i c  h y p e r f in e  s t r u c t u r e "  i n t e r a c t i o n ) .

E x tens ive  d is c u s s io n s  o f  thesei methods can be found in r e f .  1, 2

and 3. The p r a c t i c a l  r e a l i z a t i o n  o f  these methods re q u i re s  tem peratures
- 2

o f  the o rde r  o f  10 K; sometimes in a d d i t io n  a r a th e r  small magnetic
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f i e l d  is  used to  o r i e n t  the  e l e c t r o n i c  s p in s ,  i f  one wishes to  s tudy

h y p e r f in e  in te r a c t io n s  by means o f  o r i e n t a t io n  o f  r a d io a c t i v e  n u c le i ,

one has to  measure the  d i r e c t i o n a l  a n is o t ro p y  o f  th e  em it te d  gamma

rays as a fu n c t io n  o f  the  tem pera tu re  o f  the sample; sometimes i t  is

u se fu l  to  va ry  the  e x te rn a l  m agnet ic  f i e l d  a ls o .  The parameters in the

H am il ton ian  which d e sc r ib e s  the  h y p e r f in e  s t r u c tu r e  (h fs )  in te r a c t io n

can then be found by curve  f i t t i n g  procedures . In t h i s  way, o n ly  g loba l

in fo rm a t io n  concern ing  the c h a ra c te r  o f  the h fs  i n t e r a c t io n  can be ob

ta in e d .  Moreover, the  r e l a t i v e  accuracy o f  the r e s u l t s  is  no t h igh

( l  -  10%), due to  th e  s t a t i s t i c a l  n a tu re  o f  th e  expe r im en ts . On the

o th e r  hand, the  c o n c e n t ra t io n  o f  the  ra d io a c t i v e  atoms ( io n s )  can be

v e ry  small (o f  the o rd e r  o f  10 ° ) , which g ives  the  p o s s i b i l i t y  o f

" p r o b in g "  the  h y p e r f in e  in te r a c t io n s  in d i f f e r e n t  env ironm en ts ,  th e r e 

by o b ta in in g  in fo rm a t io n  about the e l e c t r o n i c  s t r u c tu r e  o f  th e  s o l i d .

H yp e r f in e  in te r a c t io n s  can a ls o  be s tud ied  by resonance t e c h n i 

ques, such as e le c t r o n  sp in  resonance (EPR), nuc lea r  magnetic  resonance

(NMR) and e le c t r o n - n u c le a r  double  resonance (ENDOR). In t h i s  way, de

t a i l e d ,  and u s u a l l y  v e ry  a c c u ra te ,  in fo rm a t io n  about h fs  le v e ls  can be
“ 3 “  5 \ob ta in e d  ( r e l a t i v e  accuracy is  in the o rd e r  o f  10 -  10 ) .  However,

these measurements re q u i re  a r a th e r  h igh  c o n c e n tra t io n  o f  the s tu d ie d

atoms, which c l e a r l y  l i m i t s  the  a p p l i c a b i l i t y  o f  these methods.

A com b ina t ion  o f  both  resonance and nuc lea r  o r i e n t a t i o n  techn iques

would thus form a ve ry  pow erfu l  method to  s tudy  h y p e r f in e  in te r a c t io n s ,

e s p e c ia l l y  in  v e ry  d i l u t e  systems. T h is  was re a l iz e d  ve ry  e a r l y ;  in

f a c t ,  the  f i r s t  sugges t ion  o f  t h i s  k ind  was made by To lhoek and De
**)Groot '  in  1951» b e fo re  the  f i r s t  succes fu l  nuc lea r  o r i e n t a t i o n  e x p e r i 

ment was perfo rm ed. The u n d e r ly in g  idea is  v e ry  s im p le :  i f  an ensemble

o f  r a d io a c t i v e  n u c le a r  sp ins  is  o r ie n te d ,  and one induces resonance

t r a n s i t i o n s  between the  h fs  le v e ls  by means o f  an r . f .  f i e l d ,  these

t r a n s i t i o n s  can be de tec ted  by the accompanying changes in  the 'd i r e c 

t i o n a l  a n is o t ro p y  o f  the  em it te d  gamma ra ys .

The p r a c t i c a l  problems asso c ia te d  w i th  t h i s  method a re  c o n s id e ra 

b le ,  however, and th e r e fo re  the  f i r s t  a t te m p ts  to  use the  techn ique

f a i l e d 5^ , m a in ly  because o f  r f  he a t in g  o f  the  sample, causing a ra p id
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warm up of  the  a d i a b a t i c  demagnet izat ion a p p a r a t u s .  Pipkin and
6 7 )

Culvahouse ’ used the method of  r f  d e s t r u c t i o n  of  nuc le a r  o r i e n 
ta t i o n  s u c c e s s f u l l y  in connect ion with exper iments in which the  nu
c l e i  were o r i e n t e d  dynamica lly,  a t echnique  t h a t  wi l l  not be d i s c u s 
sed here.  The f i r s t  success fu l  a t tempt  to  combine thermal equi l ib r ium
nuc lear  o r i e n t a t i o n  and NMR was made in 1966 by Mat thias  and Ho l l i da y8\
using 60Co nuc lei  d i s so lv ed  in iron meta l .

In t h i s  t h e s i s ,  the  method of  Nuclear Magnetic Resonance on Orien
ted Nuclei (NMR-ON) is  appl ied  t o  r a d io a c t i v e  i s o to p e s ,  incorpora ted  in
a d i l u t e  ion ic  c r y s t a l .  Chapter I d e a ls  with 52Mn and 51*Mn nuclei  in
lanthanum magnesium n i t r a t e  (LMN), whereas in Chapter I I ,  measurements
a r e  de scr ibed  on 57Co, 58Co and 60Co nuc lei  in the same s a l t .  Under
our experimental  c o n di t io ns  ( temperatures  below 0.1 K, magnet ic f i e l d s
of  severa l  kOe), the  e l e c t r o n i c  sp ins  of  the Mn2+ and Co2+ ions a r e
po la r iz ed  to a high degree ,  which leads to  very long nuc lear  sp in -
l a t t i c e  r e l a x a t i o n  t imes .  Therefore  nuc lear  o r i e n t a t i o n  was produced
by means of  thermal mixing (cross  r e l a x a t i o n )  with a cold system of
cerium s p i n s ,  the  Ce ions rep l ac in g  about  0.1% of  the  La ions in the
l a t t i c e .  This method has been descr ibed  in d e t a i l  by Lubbers9^. In t h i s
way, one can perform NMR measurements on a s t ro n g ly  p o la r i z e d  nuclear

sp in  system which is  the rmal ly  i s o l a t e d  from the  sur roundings .  This is
very advantageous compared to  e a r l i e r  ex pe r im ent s , s ince  in t h i s  way
the  problem of r f  heat ing  i s  p r a c t i c a l l y  e l im in a te d .

Several hfs  t r a n s i t i o n s  could be induced s e p a r a t e l y ,  and the pop
u l a t i o n s  of  two a d j a c e n t  h fs  l e v e l s  could be equa l ized  using only
a small r f  f i e l d  (= 1 mOe), the  frequency of  which was swept once
through the  resonance l i n e .  From the  measured resonance f r e q u e n c i es ,
the magnetic moments of  the  f i v e  r a d io a c t iv e  i so top es  were determined
with a p r e c is io n  l imi ted  mainly by the  p r e c is io n  wi th which the magne
t i c  moments of  the  s t a b l e  i so topes 88Mn and 88Co a r e  known. The e l e c t r i c
quadrupole moments of  the f i v e  i so topes  were determined f o r  the  f i r s t
t ime.  In a d d i t i o n ,  i n t e r e s t i n g  informat ion was ob ta ined  about the r e 
sonance mechanism i t s e l f  and the  broadening of  the  resonance l i n e s .  For
one i s o to pe ,  57Co, the  mu l t i po le  c h a r a c t e r  of  the emi t ted  122 keV gamma
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t r a n s i t i o n  was determ ined w i t h  h igh  p r e c is io n ;  a ls o  s tu d ie d  in some

d e t a i l  was the r e o r ie n t a t io n  o f  the  57Fe nucleus in the  e x c i te d  s ta te

a t  136 keV fo l l o w in g  the e le c t ro n  ca p tu re  in the  57Co nuc leus .

Chapter III is  devoted t o  n u c le a r  o r i e n t a t i o n  s tu d ie s  o f  133Xe and

160Tb n u c le i ,  im p lanted  in i r o n  f o i l s  by means o f  an iso to p e  s e p a ra to r .

The measurements were done in  c lose  c o l la b o r a t io n  w i th  the group o f

P ro f .  H. de Waard in  Groningen. For t h i s  type  o f  samples, a l l  a ttem p ts

to  perfo rm  NMR-ON measurements have f a i l e d  so f a r ,  p o s s ib ly  connected

w i t h  l in e w id t h  problems. T h e re fo re  o n ly  s t a t i c  n u c le a r  o r i e n t a t i o n

measurements were perfo rm ed, by c o o l in g  the  samples down to  0.015 K

in  a m agne t ic  f i e l d  o f  about 2k0e, i . e .  s u f f i c i e n t l y  la rge  t o  o r i e n t

the  domains in  th e  i r o n  f o i l .

For bo th  n u c l id e s ,  a la rge  h fs  i n te r a c t io n  was found .  For Xe -

a d iam agne t ic  im p u r i t y  -  the m agnet ic  h y p e r f in e  f i e l d  i s  caused by

the  f a c t  th a t  th e  s e le c t ro n s  w i th  t h e i r  s p in  d i r e c te d  p a r a l l e l  a t

the  i ro n  m a g n e t iz a t io n  have a d i f f e r e n t  d e n s i ty  a t  the  nucleus than

the s e le c t ro n s  w i t h  t h e i r  sp ins  in the o p p o s i te  d i r e c t i o n .  The ex

pe r im e n ta l  r e s u l t s  suggest t h a t  the  o v e r la p  between the  3d wave f u n c 

t i o n s  o f  the  i ro n  hos t  and the  s e le c t r o n  wave fu n c t io n s  o f  the  Xe

atoms is  re s p o n s ib le  f o r  the  observed h y p e r f in e  i n t e r a c t io n .

The r e s u l t s  on 160Tb in  Fe can be exp la in e d  s a t i s f a c t o r i l y  by as 

suming th a t  the  Tb im p u r i t i e s  behave as Tb io n s ,  and t h a t  the  h fs

in t e r a c t io n  o f  the  f r e e  ion is  re s p o n s ib le  f o r  the major p a r t  o f  the

observed i n t e r a c t i o n .  Both magnet ic  and e l e c t r i c  h fs  i n t e r a c t io n  is

p resen t  in  t h i s  case, which r e s u l t s  in some a m b ig u ity  in the  i n t e r 

p r e t a t io n  o f  the  measurements.

The method o f  ion im p la n ta t io n  -  which is  the o n ly  a v a i la b le  te c h 

n ique  to  b r in g  these ions i n to  the  i ro n  l a t t i c e  -  p resen ts  a d d i t io n a l

d i f f i c u l t i e s  in the  data a n a ly s is .  From severa l  experim ents  i t  is  known

t h a t  no t a l l  ions end up in  s u b s t i t i t i o n a l  p o s i t i o n s ,  hence no un ique

h y p e r f in e  f i e l d  f o r  a l l  ions is  to  be expected. N e ve r th e le ss ,  meaning

f u l  r e s u l t s  were ob ta in e d  by combin ing the data w i th  the r e s u l t s  o f

Mössbauer experim ents  on 133Cs ( th e  daugher nucleus o f  133Xe) and on

161[jy j n pe f performed in  Groningen.



The s ig n i f i c a n c e  o f  the  r e s u l t s  is  d iscussed in  the  c o n te x t  o f  the

sys te m a t ic  s tudy o f  h y p e r f in e  s t r u c t u r e  i n te r a c t io n s  o f  d i l u t e  im p u r i 

t i e s  in  fe r ro m a g n e t ic  m e ta ls ,  a t o p i c  t h a t  has re c e n t ly  rece ived  much

exper im en ta l  and t h e o r e t i c a l  i n t e r e s t 10’ 11 .

Summarizing one may say th a t  the work in t h i s  t h e s is  forms p a r t  o f

the  r a p i d l y  growing f i e l d  o f  h y p e r f in e  s t r u c tu r e  i n t e r a c t io n s  de tec ted

by n u c le a r  r a d ia t i o n s .  The main theme is  the  development o f  s e n s i t i v e

methods f o r  measuring the  magnitude o f  the  h fs  i n t e r a c t io n s ,  and the

p re c is e  d e te rm in a t io n  o f  th e  magnet ic  moments o f  r a d io a c t i v e  n u c le i .

One may expect t h a t  t h i s  w i l l  s t im u la te  the  use o f  r a d io a c t i v e  n u c le i

as probes f o r  f u r t h e r  s tudy  o f  a to m ic  s t r u c t u r e .  A ccu ra te  measurements

o f  the h y p e r f in e  i n te r a c t io n s  o f  severa l  n u c l id e s  o f  the  same element

may p ro v id e  f u t u r e  p o s s i b i l i t i e s  f o r  s tu d y in g  iso to p e  e f f e c t s  in v a r io u s

so l id s .

Chapter I  o f  t h i s  th e s is  has been pub l ished  in  Physica 50_ (1970)

259; Chapter I I  w i l l  be pub l ish e d  in  the  same j o u r n a l .
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CHAPTER I

NUCLEAR MAGNETIC RESONANCE ON ORIENTED NUCLEI
IN A PARAMAGNETIC CRYSTAL,

52Mn AND 54Mn IN La2Mg3(N03)i2.24H20

Synopsis
Transitions between hyperfine-structure levels of oriented 52Mn and 54Mn ions

included in lanthanum magnesium nitrate were induced by radiofrequency irradi
ation. The Mn ions were oriented by cross relaxation with Ce ions, partly replacing
the La ions (Ce : La =  1 : 10s). Changes in the directional anisotropy of the gamma
rays emitted by the nuclear spin system were utilized to detect the rf resonance
transitions.

Different hfs transitions could be induced separately. Complete saturation of each
transition was accomplished by slowly sweeping the frequency of the rf field across
the resonance, the rf field amplitude being as low as 10-4 Oe. A theoretical description
of the process is given in which the enhancement of the rf amplitude at the position
of the nucleus through the intermediary of the electronic spin plays a major role. The
agreement with the experimental results is satisfactory.

The observed resonance lines were very narrow; their width was mainly determined
by the inhomogeneity of the external magnetic field. Also a homogeneous linewidth
was shown to be present; it is argued that it originates from the protons surrounding
the Mn ions.

By taking data at various field strengths and directions very accurate values of the
hfs parameters were obtained. By comparing these with the data on the stable isotope
S8Mn the magnetic moments of 52Mn and S4Mn were derived with a precision de
termined only by the error in the value of the magnetic moment of 55Mn. The quadru
p l e  moments of both radioactive isotopes were determined for the first time.

1. Introduction and principle. Nuclear orientation may be achieved at
very low temperatures by establishing a Boltzmann equilibrium over nuclear
Zeeman levels under the influence of an external magnetic field or through
the intermediary of hyperfine coupling in a paramagnetic ion.

In the case that the oriented nuclei are radioactive, a measurement of the
anisotropy in the angular distribution of the emitted gamma rays (here
after called gamma anisotropy) provides a means of detecting the degree
of nuclear orientation.

It was suggested by Bloembergen and Temmer1) that saturation of the
radiofrequency transitions between the nuclear Zeeman levels, thereby
equalizing the population density of the nuclear magnetic substates, would
destroy the gamma anisotropy, thus providing an easy method to detect



the resonance. We will call this method NMR-ON; nuclear magnetic reso
nance on oriented nuclei.

The first succesful NMR-ON experiment was done in 1966 by Matthias
and Holliday2) who detected the resonance frequency of 60Co nuclei dis
solved in an iron lattice. Several experiments have been done since, in all
cases on nuclei in metallic ferromagnets. They can be found in a recent
review article by Shirley3).

The main experimental difficulties of these experiments are:
a. A rather short (typically 1 min) nuclear spin-lattice relaxation time,

which means that the spin system is practically in thermal equilibrium during
the measurements. The rf power must be kept so low that the lattice does
not warm up, because otherwise the nuclear orientation would diminish and
eventually vanish.

b. The inhomogeneous broadening of the resonance line makes it neces
sary to sweep the frequency through the resonance in a period short com
pared to the spin-lattice relaxation time. Moreover, this means that the
amplitude of the rf field must be enhanced compared to the situation with
out broadening, because one individual nucleus is in resonance only part
of the time. A discussion of these problems has been given by Shirley4).

In the experiments reported here these difficulties do not exist. By using
a dilute paramagnetic crystal, the nuclear spin-lattice relaxation time can
be made quite long: in a field of a few kOe and at T <  0.1 K the nuclear
spins are effectively thermally isolated from their surroundings. In ad
dition, the resonance lines are narrower than those from ferromagnetic
samples, so that very accurate measurements are possible.

In the present paper we are dealing with samples consisting of dia
magnetic La2Mg3 (NC>3) i2 .2 4 H2O (hereafter called LMN) in which about
0.1% of the La ions are replaced by Ce ions. 52Mn or 54Mn ions are present
as radioactive impurities in the relative concentrations of Mn : Mg ««1:1010.
The energy level schemes of these ions are discussed in section 2.1.

For orienting the 52Mn or 54Mn nuclear spins we used the scheme de
scribed in detail by Lubbers5) and we mention here only the essential
features. The Ce spins were first precooled to about 0.05 K by thermal
contact with a K-Cr refrigerator in an adiabatic demagnetization apparatus
in the presence of a magnetic field oriented in a direction in which the g
value of the Ce spins was large. The field was subsequently rotated to a
direction in which the g value was much smaller. By doing this adiabatically,
the Ce ions were cooled. If the Zeeman splitting of the Ce ions became equal
to the hfs splittings of the Mn ions, a fast thermal mixing between both
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spin systems occurred which oriented the Mn nuclei. When, hereafter, the
splittings were made unequal, the two spin systems were again thermally
isolated from each other. In this way it was possible to obtain a highly
polarized Mn nuclear-spin system which was practically isolated from the
lattice.

The NMR experiment following this procedure consisted simply of
varying the frequency of the rf field linearly in time until the frequency
matched the difference of the lowest two levels of the Mn energy scheme.
If an rf field of sufficient amplitude was used, the population of both levels
were equalized. The frequency variation therefore led to a marked change
in the gamma anisotropy, detected by two counters parallel to the magnetic
field direction.

In a similar way the distance between higher lying levels could be found
when the accompanying change in gamma intensity was large enough to
be discernible.

2. Theory. 2.1. C rystal structure, energy le v e ls  of S2Mn, 54Mn and
Ce in LMN. The crystal structure of the double nitrates is rather well
known6). The divalent ions occupy two sites, one (type II) being twice as
prevalent as the other type (type I). At both sites the divalent ion is sur
rounded by an octahedron of water molecules, which is somewhat distorted
along that body diagonal which coincides with the trigonal crystal axis.
The trivalent ion is surrounded by six nitrate groups. All these sites have
trigonal symmetry, site I also has inversion symmetry.

The energy levels of the various ions in the crystal can be described by
the following hamiltonian:

&  — g//f*BHzSz -f- g z S x  +  HySy) +  -D{i* — iS(S +  1)}
+  BÏ{35St -  30S(S +  1) S i  +  25Sl -  6S(S +  1) +  3S2(S +  l)2}

4" A I zSg -T B(IXSX 4“ IySy) — £n/^n( 1 — o) H*I
+  P {/2e - £ / ( / + l ) } .  (1)

The z axis is chosen so as to coincide with the trigonal axis of the crystal.
Values of the parameters appearing in this hamiltonian are listed in table I.
All constants are measured directly, except the hfs parameters A and B,
which are calculated using the known parameters of 55Mn7) and the ratios
between the magnetic moments of 52Mn, 54Mn and 55Mn.

For the 52Mn and 54Mn ions the following remarks can be made. The
effective spin formalism cannot be used because of the relatively small influ
ence of the crystalline field on the 6S. ground state of the Mn ion. The B\
term consists of two contributions. One is the diagonal part of the cubic
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field term which originates in the water octahedron around the Mn ion and
the other comes from the axial distortion of this cubic field. The D term
contains only the effect of this axial distortion. The off-diagonal part of the
cubic field can be estimated, but it has a negligible effect on the distances

T a b le  I

Spin hamiltonian parameters for 52Mn, 54Mn and Ce in LMN

52Mn MMn

parameter site I site II site I site II ref. Ce ref.

S
I
g /l

*
6

2.0007(7)

i
6

2.0007(7)

1
3

2.0007(7)

*
3

2.0007(7) 9

i
0

0.0235(9) 5, 13

e ± 2.0007(7) 2.0007(7) 2.0007(7) 2.0007(7) 9 1.8264(13) 13
D /hc

(10-4 cm-1) -220.1(3) -49.4(3) -220.1(3) -49.4(3) 9 —
B l / h c

(10-4 cm -1) -0.045(2) -0.054(2) -0.045(2) -0.054(2) 9 —

A / h e
(10—4 cm-1) -33.419(5)* -33.257(5) * -71.55(13)* -71.21(13)* 9, 10, 12 —

B /h c
(10—4 cm-1) -33.35(8)* -33.23(8) * -71.40(14)* -71.14(15)* 9, 10,12 —

gN +0.5088(3)* +0.5088(3) * +  1.109(2)* +  1.109(2)* 10, 12 “7
a +0.0196 +0.0196 +0.0196 0.0196 11

The values marked with an asterix are calculated from the given references using
fi (*5Mn) =  +3.4432(16) /in-

between the various hyperfine levels and consequently has been omitted.
For a discussion of the crystal field effects in this salt we refer to ref. 8.
a represents the diamagnetic shielding effect, its value is taken from ref. 11.

The resulting 78 X 78 resp. 42 X 42 matrices were diagonalized with the
aid of the IBM 360/50 computer of the University of Leiden. The time
necessary to calculate the eigenvalues for a fixed value and direction of
the magnetic field was roughly 10 min for 52Mn and 2 min for 54Mn.

The dependence of the resonance lines on small changes of the para
meters could be analysed most easily with the aid of closed forms obtained
from perturbation theory. In a field of a few kOe the electronic Zeeman
term dominates and by choosing a representation in which the magnetic
field is diagonal one obtains for the differences of two successive energy
levels of the lowest hfs multiplet (5Z =  —
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E E - < ’ m

— £n(1 — o) f*NH +  P (f cos2 0 — £)(2m +  1). (2)
In this formula m is the nuclear magnetic quantumnumber and 0 the angle
between the field direction and the trigonal crystal axis. The B\ term has

9 %  EC
5 9 %  EC

3 . 6 1 4
1.245 0 .8 4 8

3 .1 1 2

2 .7 6 6

2 . 3 6 9

1.332 0 .9 3 5
9 4 %

1 . 4 3 4

1 .4 3 4
100%

O M j V
Ftg. 1. Decay scheme of 52Mn, taken from ref. 14. Only the important levels are shown.

been neglected; furthermore it has been assumed that the hyperfine inter
action is isotropic (A =  B). For A *  B  and B \ ^ 0  the expressions ob
tained are more complicated and it was found that the expression used
above was sufficient to analyse the effect of small variations in the para
meters.

The Ce ions have even-even nuclei, hence 1 = 0. The crystalline field
splits up the 2Ft ground state into 3 doublets. The spacing between the
lowest two doublets is ^  24 cm"1. Therefore higher order Zeeman effects
are negligible in our considerations and only the lowest doublet is populated
at temperatures below 1 K.

2.2. Nuclear proper t ies  of *2Mn and S4Mn; angular  d is t r ibu t ion
of em i t ted  gamma rays. a. 52Mn. The decay scheme is taken from
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ref. 14. Only the important levels are shown (fig. 1). The main beta decay
feeds the 6+ level of 52Cr at 3.112 MeV. The most precise measurement15)
of the Fermi admixture in the predominantly Gamow-Teller transition
using the technique of beta-circularly polarized gamma directional corre
lation gives for the ratio of the matrix elements CfMf/Ca^ gt =  +  0.007
±  0.013. This is in reasonable agreement with the beta-asymmetry experi
ments on oriented 52Mn nuclei16). We conclude that the Fermi admixture
is negligible.

Assuming axial symmetry (which is justified in the case of Mn), the
directional distribution of the three strongest gamma rays with energies
0.744, 0.935 and 1.434 MeV can be written as

W(a) =  1 — *f-UtNiftPi(cos a) — 5U&Nif4P4(cos a), (3)

where a is the angle between the direction of emission and the quantization
axis. Pz(cos oi) and P 4(cos oi) are Legendre polynomials. U2 and U4 are
coefficients describing the effect of the preceding beta decay. For a Gamow-
Teller beta transition between two levels with the same spin I  one has:

Uk =  1 -
k(k -I- 1)
21(1 +  1) ’

thus Uz =  0.929 and U 4 =  0.762.
Nz and IV4 are factors depending only on the nuclear spin 1 = 6 :

(4)

Nz = 2 I !_  - =  0.5455,

/ 3 ,  ^
N a = ------:------------------------ ---  0.4364. (5)

4 (I -  \ ) (2I- l ) (2I  -  3)

fz and ƒ4 are so-called orientation parameters. In the case that the nuclear
energy eigenvectors are also eigenvectors of I z (i.e. m =  I z is a good
quantum number), they are given by:

/ 2 =  ( l / /2){ s  m2am -  *ƒ(/ +  1)}, (6)
m =  —I

+1 +*
/4 =  ( l / /4){ S  J»4am — |( 6 /2 +  6/ — 5) S  nilam

m - —I  m - —I

+  &ƒ(ƒ -  1 ) ( /+  1)(7 +  2)}, (7)

in which am is the normalized population density of the level characterized
by m. If m is not a good quantum number the summations 2m tnkam are
replaced by S i i i 1 <7*> in which i runs over the energy states.
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Combining expressions (3), (4) and (5) one finds:

W(at) =  1 — 0.087/2P2(cos a) — 1.66/ 4P 4(cos a) (8)

for the three strong electric quadrupole (E2) transitions in cascade.
Using formulae (6), (7) and (8) it is possible to obtain the values of VU(0)

resp. W(tz/2) for the case that only one level is populated. The results are
given in table II, together with values for /a and f4 .

b. 54Mn. The 3+ ground state of 54Mn decays by electron capture to a
2+ excited state of 54Cr; a gamma ray of 834 keV having E2 multipolarity
is emitted in the transition to the 0+ ground state. In this case the angular
distribution is given by

W(ot) =  1 — ^N zf^P 2 (cos a) — SNif^P^cos a), (9)

T a b le  II

Orientation parameters and normalized gamma intensities
for 62Mn when only one sublevel m is populated

m h U Ŵ O) W(k/2)

± 6 +0.611 +0.132 0.253 1.212
± 5 +0.306 —0.087 0.840 1.187
±4 +0.055 -0 .126 1.125 1.091
±3 -0 .139 -0 .071 1.227 0.973
±2 -0 .278 +0.015 1.235 0.864
±1 —0.361 +0.084 1.214 0.790

0 -0 .389 +0.111 1.203 0.763

T a b le  III

Orientation parameters and normalized gamma intensities
for 54Mn when only one sublevel m is populated

m h f* WTO) W(it/2)

±3 +0.556 +0.064 0.000 1.250
±2 0.000 , -0 .1 4 9 1.667 1.250
±1 -0 .333 +0.021 1.333 0.750

0 -0 .444 +0.127 1.000 0.500

with Ns =  0.300 and IV4 =  0.900. In table III one finds IF(0) and W(r:j2)
for the case that only one sublevel m is populated; also ƒ2 and ƒ4 are given.

2.3. T heory of the  NMR-ON process. The description of the reso
nance mechanism will be given with the aid of a specific example. Consider
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a 54Mn ion in a magnetic field H  of a few kOe, the direction of which coin
cides with the trigonal axis of the crystal. In this case one can use pertur
bation theory to find the eigenvectors of the lowest two hfs levels in a
representation in which Sz and I e are diagonal:

lvi> = I—ï ,  —3>,

lw> “ 7 (i + *, -2> + 70  * + » ' ~3>'
with

5^30
g/isH  —  4D

For H =  3 kOe we find e =  0.13, so ^/( 1 +  e2) 1.
For small fields diagonalization of the hamiltonian would be required,

but for all the situations encountered in our experiments the perturbation
calculation is sufficiently accurate.

To describe the rf transitions between these states we use the fact that
the measured resonance line is inhomogeneously broadened and thus con
sists of many individual “spin packets” with Larmor frequencies centered
around vo- The distribution of these spin packets is given by the distri
bution function g(ro), such that

+ oo
ƒ g(vo) dvo =  1.

—oo

If one uses an rf field perpendicular to the static field H, having an ampli
tude Hi  and a frequency v, one calculates for the transition probability be
tween the two states

W = (2n/h) J | < y > 2 | i ( S +  +  S-) +  gNjMN#i(/+ +  /-)  \yi>\2p{E), (12)

where p(E) gives the density of final states. For each individual spin packet
one can write p(E) dE — /(v — ro) dro, where f(v — ro) gives the distri
bution of Larmor frequencies within the spin packet.

For the total line this gives:
+ o o

W =  j  (2n/h) i  |<Y>2| g(UB//i(S+ +  S-)
— OO

+  gN/*N#i(/+ +  I-) lv»i>l2 /(» — vo) g{vo) dr0. (13)

If we take H  =  5 kOe, it follows that the S± term contributes much more
to W than does the term. This situation can be considered as enhance
ment of the strength of the resonance field through the action of the

( 10)

( 11)
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electronic spin, i.e. ‘‘paramagnetic enhancement”, which may be compared
to “ferromagnetic enhancement” in the case of nuclei dissolved in a ferro
magnetic medium4).

Recalling that the spin-lattice relaxation time for the Mn nuclei is very
long, the rate equation for the population of the state |y2> is given by

da2—j— =  W(ai — a2), (14)

where «1 and «2 are the normalized populations of the states |y>i> and |y2>.
This can be integrated to yield

(«1  — «2)4 =  («1 — «2)4=0 e 2p, (15)

where p =  ƒ W dtf is integrated over the total time that the system is in
resonance. The value of p can easily be estimated if we are sweeping the
frequency of H\ at a constant rate v, since then the linewidth vanishes
from the transition probability:

f(v — v0) g(v0) dv0 dt 1
v f(v — Vo) dvg(v0) dv0 =  — ,v (16)

which gives:
75n2B2H\ 1p = ------------ ------ .

* v (17)

Some remarks may be added on the validity of eq. (12), which is based
on time-dependent perturbation theory. If the applied rf field rotates in a
plane perpendicular to the external field, the spin precession of the gamma
ray emitting nuclei may under certain conditions become coherent with the
rf field. If this were the case in our experiment, the degree of nuclear
orientation could no longer be described by the parameters / 2 and ƒ4.
Instead, a more complicated description would be required. Such a de
scription could be based on the density matrix formalism dealing with
spin systems which do not have rotational symmetry about the quanti
zation direction17). In that case expectation values such as <ƒ£> will not
necessarily be zero.

Shirley4) has utilized a somewhat different description of the nuclear
orientation by the introduction of time and rf field dependent Majorana
factors. From his qualitative examples it is easily seen that in our case,
where the ratio of the paramagnetically enhanced rf field to the hyperfine
field is extremely small (10~7 — 10-8), the above coherence effect would be
discernible in the degree of nuclear orientation only at a very narrow in-
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terval Avi around the common resonance frequency vq (Av i /vo =  10~7-10-8).
However, due to the inhomogeneity of the static field and the presence

of nearby protons the resonance line is inhomogeneously broadened, as will
be discussed in section 4.3. Borrowing from the results of that section we
remark that the linewidth Av is of the order of 50 kHz in a field of 5 kOe.
So Av/vo =  10~4, which is very large compared to the ratio Avi/vo =  10-7
to 10-8.

Hence, averaging the density matrix over all nuclei in the sample, expec
tation values such as </*> and <ƒ*> -  which are necessary to calculate the
gamma anisotropy -  will be zero due to the spread in Larmor frequencies
of the Mn ions. Therefore the use of perturbation theory, which neglects
the off-diagonal matrix elements, is justified.

3. Experimental. 3.1. Equipment.  A schematical view of the experi
mental setup is sketched in fig. 2. The equipment consisted of the following
parts.

a. A glass adiabatic demagnetization apparatus was mounted in a liquid
He cryostat. The inner part is drawn in fig. 3. The cooling salt consisted of
a slurry of K-Cr-alum powder, mixed with a saturated solution of K-Cr-
alum in water and glycerol, in which many thin insulated copper wires were
placed. The copper-to-alum contact area in these experiments was in the
order of 200 cm2.

The tin heat switch provided two widely different values of the thermal
contact between the cooling salt and the sample. In the normal -  heat
conducting -  state, temperatures from 0.025 K to 0.15 K could be obtained
without exhausting the cooling capacity of the K-Cr-alum, whereas this
range was 0.15 K to 0.6 K when the switch was in the superconducting
state. The switch could be operated by means of a Nb coil around the
pumping tube.

In the first experiments the apparatus described in ref. 18 was used. The
copper rf coil consisted of a single loop, placed around the pumping tube
between the upper susceptibility coils and the heater coil. In the later
version the upper susceptibility coils were removed and the rf coil was
placed at the top of the apparatus, as can be seen in fig. 3. It consisted
then of two parallel loops, the power leads being symmetrically connected
with respect to these loops. The loop diameter was 40 mm and the distance
between the loops was 20 mm. In this way the rf field was made more
homogeneous.

The platinum-glass seals at the bottom of the apparatus were used to
connect a resistance heater and a Speer resistor. The resistance of the latter,
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r1 ........... i".....

r- '- 'y iF

Fig. 2. Sketch of the experimental setup. A, B, C, 1) scintillation counters, C cooling
salt, M magnet coils. He liquid He, Y magnet yoke, H.V. high vacuum, S sample,

R.F. radiofrequency coil, H hydraulic lift.
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Fig. 3. Drawing of the inner part of the apparatus. Horizontal and vertical scales
differ by a factor of 3.

measured with an ac Wheatstone bridge at a power level less than 10~12 W,
is very useful as a thermometer below 1 K. It can be used in the presence
of a magnetic field, when magnetic thermometry is quite difficult. However,
it was found that the Speer resistor caused an extra heat input when the rf
field was on, of a magnitude depending on the frequency in a very ca
pricious way. Therefore the resistor was omitted during most of the reso
nance experiments.
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The samples consisted of single crystals of (La-Ce)2 Mg3(NC>3)i2.24H20,
weighing 0.5 to 1.5 g. The Ce concentration in the solution was 0.1%. They
were grown at a constant temperature of 4°C in a refrigerator. Carrier free
52Mn or 54Mn was added to the solution. Typical activities were 5 pC.

b. A big electromagnet, capable of giving 18.5 kOe in a pole gap of 8 cm,
was used mainly to demagnetize the cooling salts from a starting tempera
ture of 0.95 K. The magnet was mounted on top of a hydraulic lift, which
permitted us to rotate the field about the vertical axis and to vary the
height of the magnet centre relative to the apparatus. Two scintillation
counters could be mounted in gaps in the yoke of the magnet, enabling us
to count the intensity of gamma radiation perpendicular to the magnetic
field direction.

c. On top of the big magnet a smaller electromagnet was mounted on a
platform. This had hollow poles, so that the gamma intensity in directions
parallel and perpendicular to the field direction could be measured. The
maximum field was 5.5 kOe.

d. In addition to the two magnets a coil was wound around the cryostat,
producing a vertical field up to 200 Oe. This arrangement was used to
rotate the resultant magnetic field direction a few degrees out of the hori
zontal plane.

e. The transmitters were a Rohde and Schwartz type SMLM for the range
30-300 MHz and a type SDR for the range 300-1000 MHz. They were con
nected to the rf coil via variable impedances in series with and parallel to
the main rf power line. With these components we could make the total
impedance of the circuit equal to the output impedance of the transmitter
(50 Q), thereby providing maximum power output. In the cryostat we used
an Amphenol RG 174/U “mini-coax” cable to reduce the heat input to the
liquid He bath. The rf losses in this cable were not disturbing even at
500 MHz. The maximum rf field was about 1 mOe.

f. The scintillation counters consisted of If" x 2 ' Nal(Tl) crystals con
nected by long lucite light guides to the photomultipliers, which were situ
ated in a practically field-free region and were magnetically shielded by
mu-metal. The signals of the photomultipliers were fed into a RCL 256
channel pulse height analyser, using a mixer-router system to analyse the
signals of four counters simultaneously and to store them in four subgroups
of the memory. In most experiments, however, we used the analyser in the
scaler time (multiscaling) mode. In this case only the two parallel resp.
perpendicular counters were used, connected to the same input, the system
now serving as a single channel analyser. In this way we could conveniently
measure the counting rate as a function of time.
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A few remarks must be made about some difficulties encountered during
the experiments. It turned out that the cryostat axis and the axis of ro
tation of the magnets did not coincide exactly, which implies that the sample
moved relative to the magnet during rotation of the latter. During the
measurements it was impossible to measure the field strength at the po
sition of the sample. Using an NMR method, only the field in the centre
of the magnet could be measured accurately. This gave an uncertainty in
the magnetic field at the sample which we estimated to be of the order of
° .1%.

A special problem was encountered in the measurements at high fields
using the big magnet. As can be seen in tables II and III the resonance
transitions between the lowest levels gave no change in the gamma-ray
intensity perpendicular to the field direction. Therefore these transitions
could not be detected in this magnet. However, by placing the counters
somewhat off the perpendicular direction, as far as could be permitted by
the gaps in the yoke, the detection of the transitions proved to be feasible.

3.2. E x p e rim en ta l p rocedure. The determination of an rf transition
consisted of the following steps. First, the cooling salts were demagnetized
and the sample was precooled to a temperature below 0.1 K in a magnetic
field of a few kOe, the direction of which was perpendicular to the trigonal
axis. After a few minutes the magnet was rotated to the region around the
trigonal axis, where the field direction was varied in discrete steps.

After each step JF(0) was measured. The result of this procedure is shown
in fig. 4 for a field of 4710 Oe. It is seen that the orientation of the nuclear
spins by thermal mixing with the Ce spins is a very sharp function of the
angle 0.

By approaching the mixing region from the other side the projection of
the crystal axis on the horizontal plane could be determined very accurately.
A small misalignment could be determined with the use of the vertical coil.
By varying the field in this coil while a static horizontal field was present,
the direction of the resultant field was varied in a vertical plane, so that
in that plane the thermal mixing also could be observed. From these
measurements the position of the crystal axis could be established with an
accuracy of 0.1 degree.

After the nuclear orientation had been accomplished, the magnetic field
was adjusted to the desired direction and strength. Then the resonance
measurement was started by varying the frequency of the transmitter at a
rate of about 1 kHz/s, meanwhile counting the gamma-ray intensity W(0)
by using the scaler time mode of the analyser. Curves so obtained are shown
in fig. 5. Two transitions are visible; they are indicated in the figure.
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H = 4 7 1 0  Oe

Fig. 4. Two typical experimental runs showing the gamma radiation intensity Ŵ O)
for 54Mn in LMN when the angle 0 between the direction of the magnetic field and

the c axis was varied in discrete steps, taken every 20 s.

-  0 .1

5 1 3 .0 0 513 .10 5 1 3 .2 05 0 5 .5 05 0 5 .4 0
MHz MHz

Fig. 5. Typical resonance series showing the change in 1F(0) for S4Mn in LMN ob
tained by continuously increasing the frequency. Points were taken every 10 s. Two
resonance transitions are clearly visible. Their position in the energy level scheme is

indicated in the inserts.
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4. Experimental results on 5iMn. 4.1. Line positions and hfs p a ra 
m eters. In table IV we give a survey of the measured resonance frequen
cies for H <  5 kOe with appropriate values of field and of angle between
field and c axis. In most cases, the mean value of a number of measured

T a b le  IV

Experimental and theoretical resonance frequencies for 64Mn in fields up to  5kOe,
together with used hfs parameters

4  (MHz) v \ (MHz) j-Jj  (MHz) vfj (MHz)

H  (Oe) e exp theory exp theory exp theory exp theory

1471 5° 485.31
±0.05

485.35 463.10
±0.10

463.23

1471 90° 447.11
±0.12

447.22

2795 5° 501.483
±0.025

501.491 511.40
±0.03

511.406 491.80
±0.04

491.832 503.47
±0.03

503.508

2795 90° 479.07
±0.07

479.090 493.39
±0.05

493.434 487.00
±0.05

486.954 499.53
±0.03

499.547

4710 5° 510.751
±0.015

510.764 517.69
±0.02

517.704 505.460
±0.020

505.481 513.14
±0.02

513.157

4710 90° 502.65 502.593 511.18 511.191 503.670 503.656 511.60 511.586
±0.05 ±0.03 ±0.025 ±0.03

hfs parameters site I hfs parameters site II

A =  -214.747(20) M H z= -71.632(7) X 10-4cm -i
B =  -214.313(20) M Hz= -71.487(7) X 10~4cm -i
P =  +0.125(10) M H z= +0.042(3) X l0 -4cm -i

A =  -213.712(20) M H z= -71.287(7) X 10-4cm -i
B =  —213.454(20) MHz = -71 .200(7) X 10“4cm~i
P =  +0.078(10) M H z= +0.026(3) X 10-4cm~i

frequencies is given. In the notation of the frequencies the subscript denotes
the crystallographic site, and the superscript gives the transition in the hfs
spectrum, beginning with the lowest transition (—f, —3) -> (—§, —2).

The region around 12kOe is of special interest, because the resonance
frequencies vj and rjx have a maximum as a function of the field strength.
The reason for this maximum can be seen from a numerical consideration
of eq. (2): the effects of the second and third term cancel at H & 12 kOe.
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Fig. 6. Hfs resonance frequencies for 54Mn at both sites I, II of LMN measured as a
function of the magnetic field strength H  for two values of 0, the angle between the
direction of H  and the c axis. The drawn curves represent the results of calculations

using the hfs parameters given in table IV.
O vj, Ö =  5°; □ vj, 0 =  90°; O vjr  6 =  5°; a vjr  6 =  90°.

This region therefore is suitable to determine the hfs parameters very accu
rately in spite of the relatively large uncertainty in the field measurement.
In fig. 6 the measured frequencies in this field region are plotted together
with theoretical curves obtained by choosing the hfs parameters A, B and P
as given in table IV, the other parameters being taken from table I. We
have chosen gif somewhat lower, namely gif =  1.0908, borrowing from our
results on the magnetic moment of 54Mn (section 6.1).

The fact that only the lowest lines of both sites could be measured in
those fields introduces some ambuigity in the choice of the parameters.
For instance, if we arbitrarily increase P  by 10 kHz, simultaneously lowering
the A value by 20 kHz and raising the value of B by 10 kHz, then a first
order computation yields no shift in the frequencies v\ and vjr  In lower
fields, higher-order perturbation calculations (or exact diagonalization of
the hamiltonian) compared to measured frequencies helped to remove this
ambuigity; nevertheless it turned out that there remained a considerable
uncertainty in the parameters as long as we looked only at vj and v\v The
ambuigity could be removed to a considerable extent by comparing v| to
v\ and rfj to vjj, measured at the same angle and field strength. The influ
ence of AP on vf n  is only $ of that on vj n , which enabled us to distinguish
between several sets of parameters (A, B, P).
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The uncertainty in the magnetic field for fields lower than 5 kOe played
a major role in the parameter fit. As was noted previously we estimated the
total field uncertainty to be ««0.1%. More precisely, for fields around
4700 Oe the field at two different positions (e.g. 6 =  5° and 90°) could differ
at most 10 Oe during a day, the field in the centre being kept constant. The
day-to-day field variation at the sample had the same magnitude because
before each measuring day the magnet and inner glass tube were remounted.

T a b le  V

H
(Oe)

e •i
(MHz)

vj *
(MHz)

dv^/dH
(kHz/Oe)

H
(Oe)

6 r1II
(MHz)

♦
VI I

(MHz)
dVjj/dH

(kHz/Oe)

2794 5° 501.499 501.507 2795 5° 491.801 491.801
2795 5° 501.483 501.483 +7.9 2799 5° 491.855 491.806 +  12.4
2799 5° 501.489 501.458

2794 90° 479.16 479.18 2795 90° 487.100 487.100
2799 90° 479.10 479.02 +21.2 2795 90° 487.080 487.080 +  15.8
2799 90° 479.08 479.00 2799 90° 486.970 486.907

4707 5° 510.755 510.764 4707 5° 505.464 505.476
4711 5° 510.755 510.752 + 3 .0 4711 5° 505.464 505.460 +4.2
4712 5° 510.753 510.747 4712 5° 505.446 505.438
4714 5° 510.757 510.745 4715 5° 505.481 505.460

4707 90° 502.598 502.616 4707 90° 503.664 503.679
4711 90° 502.754 502.748 +6.0 4711 90° 503.717 503.712 +4.9
4712 90° 502.680 502.668 4715 90° 503.640 503.626
4714 90° 502.580 502.556

The columns labelled with vj resp. give the measured resonance frequencies. The
columns marked with an asterisk give the same frequencies, but now calculated as if
they were measured at one of the two standard fields, H  =  2795 Oe or H — 4710 Oe.
This is done with the aid of the columns denoted by dv\/dH and dv^/dH. They show
to which extent the frequencies are influenced by field variations.

This clearly affected the reproducibility of the results, as can be seen in the
fourth and ninth column of table V. We remark that for 0 = 5° the irre-
pfoducibility can be easily accounted for by the field uncertainty, whereas
for 0 =  90° the variations were too large by a factor of two. Probably we
have underestimated the field variations at this position.

We estimated the error in the experimental points in table IV mainly on
the basis of this field uncertainty.

The irreproducibility at 0 =  5° being less than at other angles, together
with the fact that at this angle the dependence on P  was strongest, led us
to consider only the points at 0 =  5°, H =  4700 Oe resp. 2795 Oe when
comparing vf>n to vj n . Table VI gives the relevant experimental values



T a b le  V I

Comparison of the two measured lines of each site with theory, for two magnetic field values. Av =  veip — j>theor.

Site I

H
(Oe)

e Hfexp
(MHz)

VI  theor
(MHz)

Av2
(kHz)

vfexp
(MHz)

*'1 theor
(MHz)

Av}
(kHz) - a r t f - »

(kHz/Oe)
4710
4710

5°
5°

517.673(10)
517.705(10)

517.704
517.704

-31(10)
+  1(10)

510.751(3)
510.764(3)

510.764
510.764

-19(3)
0(3)

— 1.21 + 2 .0

2795 5° 511.40(3) 511.406 -6(30) 501.458(10) 501.491 -33(10) -2 .6 5 + 2 .0  ,

Site II

H
(Oe)

e VII exp
(MHz)

„2VIItheor
(MHz)

AvJi
(kHz)

VI I exp
(MHz)

VIItheor
(MHz)

Av}j
(kHz)

(kHz/Oe)
~ £ p  ^VII —

4710
4710

5°
5°

513.147(10)
513.138(10)

513.157
513.157

-10(10)
-18(10)

505.460(3)
505.476(3)

505.481
505.481

-21(3)
-5 (3 )

-1 .5 6 + 2 .0

2795 5° 503.467(10) 503.508 -39(10) 491.806(10) 491.832 -27(10) -3 .9 7 +2.0
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together with the theoretical values. Also the variations in v\ — vj, resp.
vi i  — vii caused by a variation of the field strength are shown. We should
like to point out that the two lines of each site were measured in sequence
at exactly the same field and angle. Also the variation in rf>n — vi>n due
to a variation in P  is given.

The resulting uncertainty in P  was taken as ±10 kHz for both sites.
This in turn determined the uncertainty in A and B. For A we found an
error of ±20 kHz; for B we found ±  10 kHz. In view of the spread of the
points at 0 =  90° we took the final error in B  also as ±20 kHz.

4.2. Changes in W(0). The change in W(0) caused by the resonance
process was studied in experiments during which we used a relatively high
rf field (*%* 0.2 X 10-3 Oe) and a low frequency sweep rate (1 kHz/s). As
will be discussed below, this was sufficient to saturate the lines. The re
sulting changes in W(0) are shown in table VII. We concentrated on the
transitions between the lowest levels of both sites (vj and r^), the changes
there being much larger than in the following transitions.

Table VII

Changes in W(0) of 54Mn due to saturation of resonance transitions

site I (Vj) site II

H  (Oe) 0 IF(0)i IF(0)r w qo)£h H  (Oe) 0 IF (0 )i W(0)t !F (0 ){h

2795 5° 0.204 0.423 0.430 2799 5° 0.182 0.599 0.599
2794 5° 0.368 0.524 0.535 2799 5° 0.117 0.567 0.575
4715 5° 0.127 0.386 0.381 2799 90° 0.149 0.584 0.587
4715 90° 0 .2 1 0 0.410 0.434 4714 5° 0.174 0.588 0.595

4714 90° 0.115 0.553 0.574

vjj and v* in sequence

H  (Oe) 0 lT(0)i W(0)2 !F(0)|h fF(0)a wqo)Sh
4711 5° 0.095 0.558 0.567 0.815 0.833
4712 5° 0.221 0.620 0.614 0.835 0.833

For the case that vf. and rj were saturated in sequence, IF(0)i gives the value of
1F(0) at the start of the experiment. IV(0) 2 is the value of WqO) obtained after
saturating transition vjj, whereas IV(0)3 is the value of this quantity after satu
rating Vj. The calculated values IF(0)!jh and IF(0)]j1> are also given.

For a given value of W(0) before resonance, W (0)i, it is possible to derive
W(0)f, the value after line saturation, on the basis of the following simple
model. We assume that the orientation process gives a final state in which
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only the levels characterized mainly by (— —3) and (—£, —2) are popu
lated. This is justified by the observation that W(7t/2) 1.25 if W(0) <  0.2.
By inspection of table III we see that under these circumstances the higher
levels are not significantly populated.

After saturation of a resonance line (for instance vjj) we have a situation
in which ions of type II have the population numbers a\ =  a2 =  0.5 where
as the population distribution of type I ions is not disturbed. Then, only
the ratio of the two types of ions needs to be known. By saturating v}j and
v\ in sequence we found this ratio to be 1 : 1.8, that is, 36% of the 54Mn
ions are in site I and 64% in site II. This ratio can be compared with the
ratio 1 : 1.7 found by Van Ormondt19), by E.P.R. in the same salt. The
crystallographic ratio is 1 : 2, hence it is seen that there exists a slight
preference for lattice site I.

With the aid of table III we can easily calculate IV(0)Jh, the value of
W (0) to be expected assuming complete saturation of the line. These calcu
lated values are also listed in table VII. The agreement with the experiment
is very satisfactory in view of the uncertainty of about 0.01 in the measured
W(0). For the transitions v\ and v|I( we expect maximum changes in fF(0)
of —0.030 and —0.053 resp. Experimentally we found —0.024 and —0.042.
The difference is probably due to insufficient saturation.

The theory of the NMR-ON process (see section 2.3) has been tested by
sweeping through the transition at a controlled speed and power level
and measuring W(0)i and W(0)f as a function of these variables. The
quantities JF(0)i and IF(0)f can be related to [a\ — <12)1 and (ai — «2 )1

by means of the following formulae, which are derived on basis of table III
and the ratio of type I ions to type II ions.

, 4 WTO),
(18)

( a i  —  <*2)f =  1 —
JF(0)f -  0.36W(0)i

0.64 X 0.833
(19)

With the aid of (15) we can then find p. Making use of the linear dependence
of Hi on the output voltage V of the transmitter, eq. (17) would predict p
to be a linear function of V2/v (v being the sweep rate). The results of the
measurements are shown in fig. 7. The linear dependence on v-1 is seen to
be obeyed but the quadratic dependence on V is not seen.

Assuming H 1 =  a.V and taking the mean slope of the lines in fig. 7 we
find a. =  2.7 x  10~4 Oe/V at the position of the sample. At room tempera
ture, using a pickup loop, we estimated a in the centre of the rf loop to be



5 X 10~4 Oe/V. The discrepancy can be partly  accounted for by the fact
th a t the centre of the sample did not coincide exactly with the centre of
the loop, giving a reduction of about 20% in the field a t the sample. The
rest m ay be caused by imperfect impedance matching during the experi-

o.t v.

0.2V

0 .4  V

Fig. 7. Relation between p  =  ƒ W  df and 7 2/v, in which W  is the rf transition proba
bility, 7  is the voltage of the transmitter and i> is the frequency sweep rate.

A 7  =  0.1 V; o 7  =  0.2 V; v 7  =  0.4 V.

ment. The reason for the deviation from quadratic dependence of p on V
is not quite clear.

In  conclusion we m ay remark th a t the theory describes the experiments
reasonably well in view of the rather rough nature of the experimental de
term ination of p.

4.3. L in e w id th s . Our m ethod of measuring resonance lines is not suita
ble to  determine the precise line shape. Therefore it was assumed th a t the
shape was gaussian, which is not unreasonable in view of the fact th a t the
inhomogeneous broadening greatly exceeds the homogeneous broadening,
as will be seen below.

Throughout the further discussion the linewidth Av is defined as the
frequency width in which 68% of the to tal change in 17(0) occurred. For
a gaussian line this is the same as the width between the inflexion points,
i.e. two times the standard deviation.

In table V III a selection of the measured lines is presented. Only the
experiments in which we measured v\ and vjj a t exactly identical circum
stances are used, since it appeared th a t there were day-to-day variations
far outside the experimental error (about 5%), which must be attributed to
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T a b le  VIII

Linewidths for 54Mn in LMN

H
(Oe)

e Ac}
(kHz)

dv^/dH
(kHz/Oe)

AH i
(Oe)

Avfi
(kHz)

d V j j / d H
(kHz/Oe)

AH i i
(Oe)

4712 5° 41 3.01 13.6 57 4.15 13.7
4711 5° 24 3.01 8.0 36 4.15 8.7
4707 5° 31 3.01 10.3 42 4.15 10.1
4711 90° 48 5.94 8.1 37 4.86 7.6
4707 90° 54 5.94 9.0 40 4.15 9.6
2795 5° 49 7.86 6.2 78 13.35 6.3
1471 5° 115 19.9 5.8 250 41.2 6.1

differences in the sample position with respect to the centre of the mag
netic field. Assuming that the linewidth is entirely due to the field inhomo
geneity AH  we can calculate this quantity on basis of the measured values
of AvJ and ArJx together with the quantities dv\/dH and dvh/dH which are
derived with the aid of perturbation theory. The results of this approach
are also listed in table VIII. It is seen that although Ar* and AvJr differ
quite clearly for different field and angles, the derived values of AH  are
equal if v\ and are measured under identical circumstances. This justifies
the assumption made above.

In regions where v\ and rjj reached a maximum as a function of the
magnetic field, we measured linewidths smaller than 4 kHz. This signifies
that the spread in the hyperfine parameters A and B is very small.

Some information about the homogeneous broadening was obtained by
keeping the frequency constant (Av <  1 kHz) in the centre of the rjz line.
At a low power level (V <  0.02 V) there was no change in TV(0). For high
power levels JF(0) started to rise, reaching a practically constant value
within 1 to 2 min (fig. 8). The rate of change in IF(O) as well as the total
change increased somewhat as the power level was made higher, but the
differences were not large. The ratio of the observed change in JF(0) and
the total possible change varied between 14% and 19%. The total width
of the line was 40 kHz, so by simple scaling we obtain a homogeneous width
of the line lying between 5.6 kHz and 7.4 kHz. Expressed in terms of a
fluctuating field on the Mn ions this amounts to 1.3-1.8 Oe. The origin of
this width will be discussed in section 6.2.

5. Experimental results on 52Mn. 5.1. L inep o sitio n s; hfsparam eters.
Table IX lists the measured resonance frequencies obtained in an LMN
crystal in which 5 [xC of 52Mn was present at the beginning of the measuring
period. The measurements were hampered by the occurrence of a A leak,
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V =  1-OV
V= 5 0 5 .5 0 9  MHz

W(0) = 0.15Ö

r.f. field on

-  5 0
W(o) = 0.202

' o ' "

V= 0 .5  V-
V= 5 0 5 . 5 0 8  MHz

r.f. field on

100-  5 0
- -  jU_<^o------

W(0) = 0 . 2 0 2
V= 0 .3  V
V= 5 0 5 . 5 1 0  MHz

W(0) = 0 .1 4 0  ?
— —

r.f. field on

100- 5 0

Fig. 8. Change in FF'(O) for 54Mn in LMN as a function of time when an rf field of
constant amplitude was applied at the sample, the frequency being kept constant in
the centre of the resonance line. The values of 1F(0) at the start of the irradiation as
well as the final values are given. The frequency and the voltage of the transmitter

are also shown.

which forced us to demagnetize at a starting temperature of 2.2 K. Conse
quently only temperatures above 0.08 K were reached, and the whole appa
ratus warmed up rather quickly 1 h) to 0.2 K, which was approximately
the upper limit permitting reliable measurements in view of the spin-lattice
relaxation time.

Together with the measurements the results of computer calculations are
shown; the values of the hfs parameters in the spin hamiltonian, as found
in an optimal fit to the experimental data, are also given in this table.

The procedure of obtaining these parameters is the same as used for 54Mn
(section 4.1). The quoted errors are conservative estimates based on the
error in the differences of two measured frequencies, e.g. v( — v). It follows
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T a ble  IX

Experimental and theoretical resonance frequencies for 52Mn together with used hfs parameters

H e (MHz) v2 (MHz) vjj (MHz) vfj (MHz)

(Oe) exp theory exp theory exp theory exp theory

4691 5° 238.968
±0.007

239.968 240.499
±0.010

240.498 236.700
±0.009

236.700 238.371
±0.010

238.371

4691 90° 235.759
±0.013

235.760 237.62
±0.02

237.592 236.107
±0.010

236.104 237.809
±0.012

237.803

hfs parameters site I hfs parameters site II

A =  -
B = -
P  =

-100.225(30) MHz= -33.431(10) X lO^cm”1
100.032(30) MHz= -33.367(10) X 10-4cm -i

+0.044(7) M H z=+0.015(2) X lO^cm -1

A =  -99.734(20) MHz= -33.268(7) X lO ^cm -i
B =  -99.631(20) MHz= -33.233(7) X lO ^cm -1
P = +0.025(5) M H z=0.0083(17) x  10-4cm~i

from the analysis that the uncertainty in P is related to the quoted errors
in A and B.

5.2. Changes in IV(0), linew id ths. The experiments on 52Mn in LMN
were done by setting the window of the single channel analyser such as to
accept pulses arising from the three strongest gamma transitions in the
decay of 52Cr. However, this implied that we also counted the weaker
0.847 MeV and 1.246 MeV gamma transitions from the 5+ level of 52Cr at
3.614 MeV. These are mixed Ml -f- E2 transitions, the anisotropy of which
is measured relative to that of the E2 transitions by Kaplan and Shirley20).

Moreover, this energy region included parts of the Compton distributions
of the various lines, of which the anisotropy is generally lower than that of
the corresponding photopeaks. All these effects gave rise to an attenuation
of the gamma anisotropy. It turned out to be practically impossible to de
termine this attenuation in a theoretical way, so we tried to determine it
experimentally by looking at the lowest values of W (0) reached by thermal
mixing of 52Mn and Ce spins and comparing these with experimental results
on 54Mn-Ce mixing.

Given the initial conditions of the Ce spin system (H  =  4700 Oe, 0 =  90°,
T =  0.09 K) we estimated on basis of the latter experiments the resulting
population densities of the 52Mn spin system. These can be described by a
Boltzmann factor with jS =  3 ±  1. (Stricktly speaking we do not expect
a Boltzmann distribution, but at these high degrees of orientation the differ
ence between a Boltzmann distribution and the true population density
distribution will be very small).
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On the other hand, the lowest value of 1T(0) attained is JT(0) =  0.41.
This gives an estimate for the attenuation coefficient G of the gamma
anisotropy, this quantity  being 1 in the absence of attenuation and 0 in
case of complete attenuation of the gamma anisotropy; experimentally
G =  0.701®;»*.

Using this value, it is possible to analyse the observed changes in JT(0)
due to  resonance saturation in the way described in 4.2. The results are

T a b le  X

Changes in W(0) for 52Mn due to saturation of resonance transitions

Resonance fT(0)i AHT0)e*p G =  0.70 G =  0.67

transition W  (0) min AWT0)m»* Aiy(o)th W (0) min A l T ^ m a x Awqo)th
4 0.414 0.079(6) 0.382 0.086 0.075 0.409 0.084 0.082

vii 0.448 0.0132(10) 0.382 0.153 0.111 0.409 0.149 0.126

given in table X  for two values of G, 0.70 and 0.67. The following notation
is used:

1T(0)i is the observed value of JT(0) before resonance;
W (0) mm is the value of TT(0) in case of complete orientation of the 52Mn

spin system;
A W(0) max is the maximal obtainable change in JT(0) by crossing the reso

nance (assuming W(0)i =  W(0)min);
AlT(0)th is the calculated change in JT(0) due to resonance saturation

taking into account the difference between PT(0)i and IT(0)mini
A IT (0) exp is the observed change in 1T(0) due to the passage through

resonance.
From the table it is seen th a t the measurements are consistent with

complete saturation and an attenuation coefficient of 0.67 rather than 0.70.
Higher values of G and/or incomplete saturation always lead to lower values
of AJT(0)th and consequently are not compatible with the data. As can be
seen, G =  0.67 implies nearly complete orientation of the nuclear spin
system after therm al mixing with the Ce spin system.

The obtained linewidths were somewhat smaller than in the case of 54Mn.
However, if analysed in terms of a magnetic field varying over the sample,
the obtained values scattered around 15 Oe, which is somewhat more than in
the case of 54Mn. This result is not surprising, because the volume of the 52Mn
crystal was about two times the average volume of the 54Mn crystals. No
attem pts were made to  measure the homogeneous linewidth.
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6. Discussion. 6.1. hfs p a ram ete rs ; nuc lear m om ents. The obtained
hfs parameters of 52Mn2+ and 54Mn2+ in LMN, combined with the ENDOR
values of De Beer et al.7) on 55Mn in the same salt, enabled us to find values

T a b le  XI

Isotope Ailhc A nlhe Bj/hc Bn/hc Pi/hc P u l he

62Mn»
54Mna
55Mnb

-33.431(10)
-71.632(7)
-90.448(3)

-33.268(7)
-71.287(7)
-90.009(3)

-33.367(10)
-71.487(7)
-90.26(7)

-33.233(7)
—71.200(7)
-89.93(7)

+0.015(2)
+0.042(3)
+0.065(3)

+0.0083(17)
+  0.026(3)
+  0.038(2)

52Mn/55Mn
54Mn/55Mn
52Mn/S4Mn

+0.36962(11)
+0.79197(8)
+0.46676(14)

+  0.36961(8)
+0.79200(8)
+0.46668(11)

+0.3697(3)
+0.7920(6)
+0.46676(14)

+0.3695(3)
+0.7917(6)
+0.46676(11)

+0.23(4)
+0.65(9)
+  0.35(6)

+0.22(5)
+0.68(13)
+0.32(8)

Ratios gn Q
52Mn/55Mn 0.36961(7) +0.88706(15) +  1.5(2)
54Mn/5SMn 0.79199(6) +0.95039(7) +0.99(10)

* This work.
b Measurements of De Beer7).

for the magnetic dipole and electric quadrupole moment ratios of the three
nuclei. In table XI the hfs parameters for 52Mn and 54Mn in the two sites
are listed together with the parameters of De Beer7). The obtained ratios
of the parameters are seen to be the same for the two sites; moreover the
ratio of the A’s equals that of the B ’s. This indicates that the hyperfine
anomaly is negligible and that we can calculate moment ratios of for
instance 54Mn and 55Mn with the aid of

5M  54B  54gN 54u 55/  5  54/ i
55^4 5 5 $  55 g N 5 5 ^ 5 4 / fa 55^

and
5 4 $  54Q  5 5 / ( 2  X 55/  — 1) 2  5 i Q

1 5 P =  1 Ï Q  5 4 /^ 2  x 54/  — 1) “  3 '

( 20)

( 21)

The ratio of 52Mn to 54Mn parameters serves only as a check on the ob
tained B values; for the determination of the magnetic moment ratios only
the values of A were used. The obtained results will now be compared with
other measurements.

a) 54Ju/35Ju. Templeton and Shirley12) measured the resonance frequency
of 54Mn dissolved in Fe with the same technique. Compared with the reso-



nance frequency of 55Mn in Fe21) this gives 54iu/55Ju =  0.9521 (15). The
difference between their result and ours is just outside the experimental
error. Another result is quoted by Shirley22): 54jw/55ju =  —0.952 (18). Apart
from the sign this is in agreement with our experiment. The magnetic
moment of 55Mn is known to be positive, so a negative ratio would imply
54u <  0 and consequently 54A and 54B >  0. This is incompatible with our
measurements, considering the known signs of the crystal field parameters.
The field dependence of vj and would be certainly incorrect if one as
sumes 54A and 54B >  0. We conclude that fi (54Mn) is positive, in agreement
with the result of Bauer et al.23).

The magnetic moment of 55Mn has been determined by several authors24-26).
If we use the weighted average 55ju =  +3.4432 (16) /xn, the magnetic moment
of 54Mn is found to be: 54/x =  +3.2724 (15) /̂ n-

b) 5i Q I55Q- To our knowledge no other determinations of this quantity
are found in the literature. If we take from ref. 27

55Q  =  +0.35 (5) barn,

then we find

5iQ =  +0.35 (6) barn.

We note, however, that no correction for the atomic Sternheimer anti
shielding factor has been applied in ref. 27. This introduces an uncertainty
of roughly 30% in the final result28).

c) 52nl55[i. This quantity was determined by Adelroth et al.10) with an
atomic beam method, using the atomic hyperfine structure constant for ®5Mn
measured by Woodgate and Martin29). Their result, 52u/55J« =  +0.88678 (12),
is not affected by a new determination of the atomic hyperfine structure
of 5&Mn by Evans et al.30). Our result is 52/iI55/* =  +0.88706 (15). The differ
ence between the two measurements is just the combined experimental error.
Again using 55̂  — +3.4432 (16) fin, we arrive at 52/x =  +3.0543 (15) /x jx ,
whereas the ratio of Adelroth gives 52/x =  +3.0534 (14) fxn-

d) 52QI55Q. The hitherto unknown quadrupole moment of 52Mn can be
determined from the measured ratio. Taking 55Q =  +0.35 (5) barn27), we
find 52Q  =  +0.53 (11) barn.

Again, no antishielding correction has been applied.

6.2. O rigin of the  hom ogeneous l inewidth.  The experiments on the
homogeneous linewidth are discussed in 4.3. The results can be expressed in
terms of a fluctuating field at the Mn ion, its value being 1.8 Oe for the
highest rf power level. In the experiments one observes the growing of W (0)
when the frequency of the rf field is constant and in the centre of the
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inhomogeneously broadened line, v =  vc. The increase of IT(0) takes place
in a time of the order of 10 s. In this section we shall try to show that this
field very probably originates from the protons surrounding the Mn ion.

Let us consider the following situation. Each Mn ion is placed in a field
composed of a static component (4700 Oe) and a component varying in
time arising from the fluctuating dipole fields of the protons around the
ion. The fields due to Ce or other Mn spins are negligible. Due to the fluctu
ations the Larmor frequency of one individual Mn ion varies and can be
equal to vc for a certain time, creating a transition of type According to
this picture the value of the fluctuating component of the proton field de
termines the fraction of Mn ions for which such a transition is feasible. By
the fluctuating component we mean the fraction of the protons that can
make spin flips in a time less than 10 s. Therefore the protons nearest to
the Mn ion will give no contribution, their spin flips being hindered due to
the fact that their Larmor frequencies are shifted by the presence of the
Mn dipole field. In view of the experiments described in section 4.3 we esti
mate the fluctuating proton field to be 1.8 Oe.

If we want to estimate the homogeneous width theoretically we must
know the probability IT of a simultaneous spin flip of two protons with
unequal Larmor frequencies. W is roughly given by30) :

+oo

W fin Wo ƒ Gi(ri +  u) Ga(r2 +  «) dw/Gi(n), (22)
—oo

where ITo is the probability of an energy conserving spin flip and Gi and
G2 are the normalized shape functions for the two protons centered around
vi and v-2 respectively. Assuming Gi and G2 to be gaussian, IT is a gaussian
function of n  — ra, hence one can estimate the spin flip rate IT as a function
of ri — ra.

Van Ormondt32' 33) has measured the resonance frequencies of proton
groups in the vicinity of both Mn sites with the Ligand-ENDOR technique.
From his work one obtains the linewidth of the proton groups together with
the distances between the centres of these lines. This enables an estimation
of which proton groups are able to perform mutual spin flips within 10 s
and thus contribute to the homogeneous linewidth.

More quantitatively, the total width between the inflexion points of the
ENDOR lines is about 50 kHz. Accordingly, we neglected the proton groups
with Larmor frequencies differing more than 120 kHz from those of at least
one other proton group, because for n  — ra =  120 kHz we find IT % 0.1
assuming gaussian line shapes. Following this line of reasoning one may
neglect nine of the twelve protons in the complex [Mn(H20)«]2+ and also
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some other proton groups at greater distances. We can now calculate M2,
the second moment of the Mn EPR line due to the remaining protons. All
protons within 40 A were taken into account. The result is M2 =  0.545 Oe2
which gives for the total width between the inflexion points 1.48 Oe. This
figure agrees reasonably well with the experimental value, 1.8 Oe, in view
of the crudeness of the model. We conclude therefore that the observed
homogeneous linewidth originates from the protons.

In the model given above we made the assumption that, once a Mn ion
has an energy splitting matching exactly the frequency of the rf field, the
probability of the transition W(rn) is sufficiently high that

W (*n)A <>l, (23)

At being the time during which the Mn ion has the required energy. So in
fact one calculates the homogeneous width for a very high rf power level.
To analyse the observed dependence of the width on the rf power level and
the rate at which W(0) grows would require a much more sophisticated
approach than is presented here.

6.3. Conclusion. In this article we described magnetic resonance ex
periments on oriented radioactive nuclei detected by changes in the di
rectional anisotropy of the emitted gamma rays. The accuracy and the
detailed information obtained with NMR methods are combined with a
very sensitive detection technique, using the signals emitted by the indi
vidual nuclei. Accordingly the concentration of the resonant spin system
can be kept very small, in the order of magnitude of 10~8-10~10. Hence the
method may be very attractive also for the study of very dilute alloys, for
instance by experiments on the Kondo effect35) or in the case of hyperfine
fields on impurities in a ferromagnetic metal34). The main experimental
problems -  skin effect, rf heating -  can be overcome by using a very thin
sample (1-10 (x).

In our experiments we showed that the method is also very useful if the
nuclei are incorporated in a dilute paramagnetic crystal. The hfs levels
turn out to be quite sharp and the nuclear spin-lattice relaxation time is
very long if the electronic spins are sufficiently polarized at very low
temperatures. The paramagnetic impurity ions are utilized to provide
nuclear orientation via the process of thermal mixing during a level crossing.
The long nuclear relaxation time and the use of a dilute paramagnetic
crystal eliminates the difficult problem of rf heating occurring in previous
experiments on nuclei dissolved in a ferromagnetic metal.

In the resonance process a major role is played by the enhancement of
the rf field at the position of the radioactive nucleus through the action of
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the electronic spin. A quantitative description of this effect in the case of a
paramagnetic ion is given. Experimentally thife is very important because it
enabled us to saturate the hfs transitions by means of an rf field having an
amplitude as low as ^  10-4 Oe.

The usefulness of the method to determine hfs constants has been demon
strated for 52Mn and 54Mn. The precision obtained is in principle the same
as in ENDOR measurements, however, in practice it is limited somewhat
by the fact that one can measure only a few lines of the hfs spectrum. By
comparing the results with ENDOR results on stable isotopes in the same
host one can derive very accurate values for the magnetic moments of the
radioactive isotopes as well as values for their quadrupole moments.

In addition the gamma anisotropies can be studied in some detail. Due
to the orientation process and the resonance saturation, it is possible to
deduce the gamma anisotropy for each hfs level separately. This is in
contrast to conventional nuclear orientation measurements, in which a
Boltzmann distribution over the hfs levels is obtained.
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CHAPTER I I

NUCLEAR MAGNETIC RESONANCE ON ORIENTED NUCLEI IN  A DILUTE PARA

MAGNETIC CRYSTAL; 57C o , 58Co and 60Co in  La2Mg3 (N 0 3 ) 1 2 .2 4 H 20 .

S y n o p s is

The method o f  nuc lea r  magnetic  resonance on ra d io a c t i v e  n u c le i ,

o r ie n te d  in  a d i l u t e  paramagnetic c r y s t a l ,  was a p p l ie d  to  th re e  Co

iso to p e s ,  in co rp o ra te d  in s in g le  c r y s t a l s  o f  lanthanum magnesium n i 

t r a t e  (LMN). Nuc lear o r i e n t a t i o n  was ach ieved by means o f  cross r e la x 

a t io n  w i t h  Ce io n s ,  p a r t l y  re p la c in g  the La io n s .  Resonance t r a n s i 

t io n s  between success ive  h fs  le v e ls  were de tec ted  by obse rv ing  chan

ges in  the  d i r e c t i o n a l  a n is o t ro p y  o f  the em it te d  gamma rays .

Resonance t r a n s i t i o n s  cou ld  be observed o n ly  f o r  Co ions a t  s i t e

I I  o f  the  LMN c r y s t a l .  From the observed changes in the  gamma a n is o 

t ro p y  i t  was concluded th a t  58$ o f  the  Co ions occupy s i t e  I I ,  which

is  somewhat lower than 2 /3 ,  the  r e l a t i v e  abundance o f  t h i s  s i t e .

The w id th  o f  the  resonance l in e s  was asc r ib e d  to  a spread in  the

h fs  parameters A and B. The c o n t r ib u t io n  o f  homogeneous broadening to

the  t o t a l  l in e w id th  cou ld  not be observed.

From the  measured resonance f re q u e n c ie s  a c cu ra te  va lues  o f  the

h fs  parameters cou ld  be d e r iv e d .  By comparing these  w i t h  the h fs  para 

meters o f  s ta b le  59Co in  the  same s a l t ,  a c cu ra te  va lues  f o r  the mag

n e t i c  moments o f  57Co, 58Co and 60Co were o b ta in e d :  y ( 57Co) = + 4.722

± 0.017 n .m . , y ( 58Co) = + 4.035 ± 0.008 n.m. and p ( 60Co) = + 3-790

± 0.008 n.m. The quadrupole  moments o f  the  th re e  Co iso topes  cou ld  be

determ ined f o r  the  f i r s t  t im e :  Q(57Co) = + 0.49 ± 0 .09 ba rn ,  Q(58Co) =

+ 0.21 ± 0 .03 barn and Q(60Co) -  + 0 .42 ± 0 .05 barn .

In the  case o f  57Co, a c o n s id e ra b le  a t t e n u a t io n  o f  the  gamma

a n is o t ro p y  was observed , which must be a t t r i b u t e d  to  r e o r ie n t a t io n

du r ing  the  8.7  ns l i f e t i m e  o f  the e x c i te d  s ta te  o f  57Fe a t  136 keV.

From the  a n is o t ro p y  measurements the m ix ing  r a t i o  f i (E2/M l) o f  the 122

keV t r a n s i t i o n  was o b ta in e d .  T h is  r e s u l t ,  6 = +  0.1071 f  0 .0 0 2 2 ,  is

co n s id e ra b ly  lower than th a t  from p rev ious  d e te rm in a t io n s .
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1. Introduction

The method o f  n u c le a r  magnetic  resonance on o r ie n te d  nuc le i

(NMR-ON) was developed f o r  n u c le i  d is s o lv e d  in  fe r ro m a g n e t ic  m e ta ls .

R e c e n t l y ^  we a p p l ie d  the  method to  n u c le i  in co rp o ra te d  in  a d i l u t e

paramagnetic  c r y s t a l ,  i . e .  52Mn and 51*Mn in La2Mg3 (NO 3) 12.2I1H2O ( la n 

thanum magnesium n i t r a t e ,  h e re a f te r  c a l le d  LMN). Vte w i 11 r e f e r  to

th a t  chap te r  as I .

In t h i s  chap te r  we a re  d e a l in g  w i th  th re e  r a d io a c t i v e  Co i s o to 

pes, 57Co, 58Co and 60Co, in co rp o ra te d  in  the same s a l t .  In c o n t ra s t
2 +  c .to  the  Mn io n ,  which has a s 5/ 2 ground s t a t e ,  the e l e c t r o n i c  o r 

b i t a l  angu la r  momentum p lays  an im portan t r o le  in  the  i n te r a c t io n  o f

the  Co2 ion w i t h  i t s  su r ro u n d in g s .  T he re fo re  we may expect d i f f e r e n t

c h a r a c t e r i s t i c s  w i t h  respec t to  r e la x a t io n  t im e s ,  l i n e w id th s ,  e t c . ,

compared to  Mn + . In v e s t ig a t io n s  on both ions w i l l  thus g iv e  an im

p re ss io n  t o  what e x te n t  the method o f  NMR-ON in d i l u t e  paramagnetic

c r y s t a l s  is  g e n e ra l ly  a p p l ic a b le .  Moreover, s ince  the  h fs  parameters
2 , 3) . .

o f  s ta b le  59Co in t h i s  host c r y s t a l  a re  known ’ , we can d e r iv e  in 

fo rm a t io n  about the nuc lea r  moments o f  the  th re e  r a d io a c t i v e  i s o 

topes .

A d e ta i l e d  t rea tm en t o f  a t y p i c a l  NMR-ON experim ent is  g iven  in

I ,  and we w i l l  g iv e  here o n ly  a b r i e f  d e s c r ip t i o n .  The experiment con

s i s t s  o f  two p a r t s .

a. Nuclear o r i e n t a t io n  by means o f  c ross re la x a t io n  (thermal m ix in g )
2+

between a c o ld  e le c t ro n  sp in  system and th e  h fs  system o f  the  Co

ions . The co ld  e le c t ro n  sp in  system is  formed by Ce io n s ,  p a r t l y

re p la c in g  the  La ions in the LMN l a t t i c e .  By means o f  p re c o o l in g

to  T < 0.1 K the  Ce ions can be magnetized to  a h igh  degree i f  a

magnetic  f i e l d  i s  a p p l ie d  in  a d i r e c t i o n  a long which the  g va lue

is  la rg e .  R o ta t in g  the  f i e l d  a d i a b a t i c a l l y  to  a d i r e c t i o n  where the

g va lu e  is  s m a l l ,  causes c o o l in g  o f  the  Ce ions . I f  the Ce Zeeman

s p l i t t i n g  equa ls  the energy d i f fe r e n c e s  o f  the lowest h fs  m u l t i p l e t
2 +in the  Co system, a f a s t  thermal m ix ing  between both sp in  sys

tems o ccu rs ,  lead ing  to  a h ig h  degree o f  o r i e n t a t i o n  o f  the Co nu

c le i  .



b. A f t e r  the d i r e c t i o n  and the  s t r e n g th  o f  the magnet ic  f i e l d  have

been ad jus ted  to  the  d e s ire d  v a lu e s ,  an r f  f i e l d  o f  s u f f i c i e n t

am p l i tude  ( t y p ic a l  1 mOe) i s  a p p l ie d  to  the sample. The fre q u e n 

cy v o f  the  r f  f i e l d  is  swept a t  a ra te  o f  *  1 kHz/s th rough

the reg ion  where hv equa ls  the  energy d i f f e r e n c e  between the low-
2+

e s t  two h fs  le v e ls  o f  the Co io n .  T ra n s i t io n s  induced between

these two le v e ls  a re  de tec ted  as a marked change in  the  gamma

a n is o t ro p y  as the  frequency is  v a r ie d  in  the reg ion  o f  the  reso

nance. Because the  nuc lea r  s p i n - l a t t i c e  r e la x a t io n  times a re  ve ry

long under the  expe r im en ta l  c o n d i t io n s  (T < 0 . 1  K ) , we can equa l

ize  the p o p u la t io n s  o f  bo th  le v e ls  ( s a tu r a t io n )  us ing  o n ly  a low

r f  f i e l d .  A f t e r  s a tu r a t io n ,  the  p o p u la t io n s  w i l l  remain e qua l.

In a s i m i l a r  way, t r a n s i t i o n s  between ano ther p a i r  o f  le v e ls  can

be d e te c te d ,  a t  le a s t  i f  the accompanying change in  the  gamma a n i 

so tropy  is  la rg e  enough to  be d i s c e r n ib l e .  An example o f  such a

measurement is  shown in  f i g .  1.

f ig .  1. Example of a typical NMR-ON experiment, 5®Co in LMN. The changes
in W, the normalized gamma intensity in the magnetic f ie ld  d i 
rection, which are induced by varying the frequency v of the
r . f .  f ie ld  at a rate of « 1 kHz/s, c lear ly  show the presence of
three transit ions. These are indicated in the inserts.



2. Theory
2+ . ,

2.1. Crystal structure; energy levels of Co zons zn IMN.

The crystal structure of the double nitrates is known from the
work of Zalkin et al. ■ . The divalent Co ion can occupy two sites,
denoted by I and II. Site II is twice as prevalent as the other site.
The Co2+ ions are surrounded by six water molecules, forming an octa
hedron which is somewhat distorted along that body diagonal that coin
cides with the c-axis of the crystal. Both sites have trigonal
synmietry, site I has inversion symmetry as well.

2+  -To describe the energy levels of the Co ion we used the follow
ing spin Hamiltonian, in which the z-axis is aligned along the trigo
nal axis (c-axis) of the LMN crystal:

H m 9 / A HzSz + Y bHxSx + AV z  + B(Sx!x + Sy V  (1)

+ P ( l |  -  j  K I + l ) }  + (1 + O / ^ V n^ z + {1 + Y 9NUHHx I x •

Terms 1 and 2 denote the electronic Zeeman interaction in the lowest
doublet; terms 3 and A the magnetic hyperfine interaction; term 5
gives the electric quadrupole coupling, whereas terms 6 and 7 des
cribe the interaction between the nuclear moment and the external
magnetic field. The factors and Oj_ represent the so called
"pseudo-Zeeman" interaction, originating in a second order effect
due to cross terms between the electronic Zeeman interaction and the
magnetic hfs interaction. For stable 59Co in LMN, the parameters as
determined by De Beer  ̂ and by Gager et al. are given in Table I
for both sites. It should be mentioned, however, that the ENDOR mea
surements of De Beer were not completely consistent with the Hamil
tonian given. The value of A obtained if H was parallel to the c-
axis was not the same as that obtained if H was perpendicular to it;
the same holds for B. The values given in the table correspond to
the most precise determination, i.e. A was derived from data in which
H // c-axis, and B from data in which H j_ c-axis.

The derivation of the before mentioned spin Hamiltonian, star-
24 -

ting from the known configuration 3d7 for the Co ions, has been
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TABLE I

2+
Hfs parameters f o r  s ta b le  Co in  LMN

A/hc  B/hc P/hc
Slte g/ /  g-L ( , 0 - c - O  ( iq - % -1 )  ° / /  ° L

I a 7.23 (1) 2.31 (2) +279(6) < 1
IT  4.043(2) 4.432(2) +79.096(A) +103.911(4) +0.0720(A) 0.406(3) 0.fr38(5)

a
EPR measurements by Gager e t  a l . ,  r e f .  3.

k ENDOR measurements by De Beer, r e f .  2.

g iven  f o r  the  f i r s t  t im e  by Abragam and P ryce5^ . The Coulomb re p u l -
• 2 +s ion  between the  3d e le c t ro n s  o f  the Co ion g ive s  r i s e  to  an io n ic

**F ground s ta te  and an e x c i te d  s ta te  4P a t  about H 000  cm” 1. Abragam

and Pryce s t a r t  by c o n s id e r in g  the  e f f e c t  o f  the  o c tahed ra l  c r y s t a l 

l i n e  f i e l d  a r i s i n g  from the s i x  w a te r m o lecu les ,  which s p l i t s  up the

F ground s ta te  i n to  3 s u b s ta te s ,  an o r b i t a l  t r i p l e t  c h a ra c te r iz e d  by

I \  being lowest (see f i g .  2 ) .  The s p l i t t i n g s  a re  r e s p e c t iv e l y  10 Dq

4 p ’ r 2

IO  Dq

free ion cubic field L-S coupling
+

trigonal field

f ig .  2. Energy level scheme of the Co2+ ion in a c ry s ta l l in e  e le c t r ic
f ie ld  of cubic (octahedral) symmetry. For the lowest o rb ita l
leve l,  the t r ip le t  |* * **4F,rt,>, the s p l i t t in g  under spin-orbit
coupling and under a trigonal d is tort ion  of the cubic f ie ld  is
i nd i cated.
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and 8 Dq, Dq be ing *  900 cm . The e x c i te d  4P s ta te  has the  same

t r a n s fo rm a t io n  p r o p e r t ie s  as the  Ti* ground s ta te  and consequently  the

re a l  ground s ta te  w i l l  be o f  the  form

e | 4 F, I \  > + t | ‘*P, r 4> , (2)

where e = 1 and t is  sm a l l .

A t t h i s  p o in t  we may no te  th a t  the  c u b ic  f i e l d  s p l i t t i n g s  are  o f  the

same o rd e r  o f  magnitude as the term s p l i t t i n g s  o f  the  f r e e  io n .  There

fo r e  th e  so c a l le d  " in te r m e d ia te  f i e l d "  p e r tu r b a t io n  procedure des

c r ib e d  here  i s  no t c o r r e c t .  An a l t e r n a t i v e  method, known as "s t ro n g

f i e l d " ,  would be to  app ly  the  c r y s t a l l i n e  f i e l d  p e r tu rb a t io n  to  the

in d iv id u a l  d e le c t ro n s  and t h e r e a f t e r  take  in to  account the  Coulomb

re p u ls io n  between them. Such an approach has been g iven f o r  Co in

an o c tahed ra l  f i e l d  by Tho rn ley  e t  a l . 6 . I t  y ie ld s  the  same e xp re s -
2+

s ion  (2) f o r  the  ground s ta te  o f  the  Co io n ,  bu t the le v e l  p a t te rn

o f  f i g .  2 is  s t r o n g ly  changed. The e x c i te d  s ta te  co rrespond ing  to

I^P , I V  in the  in te rm e d ia te  f i e l d  approach is  a t  about 20,000 cm

Other le v e ls  a re  a t  about 9000 cm o f  the ground l e v e l ,  bu t these

p la y  a r o le  o n ly  i f  th e re  a re  im po r tan t  d i s t o r t i o n s  from cu b ic  sym

m e try .  A v e ry  u s e fu l  d is c u s s io n  o f  these problems (and o f  the f o l l o w -
7 )

in g )  can be found a ls o  in th e  book o f  Abragam and Bleaney

We w i l l  choose th e  c - a x is  o f  the c r y s t a l  as q u a n t iz a t io n  d i r e c 

t i o n .  The c - a x i s  is  a body d iagona l in  the  w a te r  octahedron su rro u n 

d ing  the  Co io n s ,  and th e r e fo re  forms a th r e e fo ld  a x is  o f  symmetry.

The r e s u l t i n g  e ig e n fu n c t io n s  o f  the ground t r i p l e t  a re  denoted by

they have the  same t r a n s fo rm a t io n  p ro p e r t ie s  as rea l  p fu n c t io n s ,

denoted by p . .  T he re fo re  th e  m a t r i x  e lements o f  the  angu la r  momentum

o p e ra to r  L between the s ta te s  $. a re  p ro p o r t io n a l  t o  those o f  an e f 

f e c t i v e  o r b i t a l  angu la r  momentum I  between p s ta te s :

<$i | L | 4> j  > = < P j | ï |  Pj> . (3)

in which I  = 1.
The v a lu e  o f  g fc depends on t  and on the  presence o f  co va le n t  bond ing ,
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g.g\
which reduces the  e f f e c t i v e  o r b i t a l  momentum ' .  For x = 0 and ab

sence o f  cova lency  e f f e c t s ,  = -  1 .5 .

The correspondence between $. and p. is  c o r r e c t  o n ly  f o r  c u b ic

symmetry. I f  a t r i g o n a l  d i s t o r t i o n  is  taken in to  account we must w r i t e

L, = g . 1 ; L = g I  ; L = g . Ï  , where g„ = g .  . W i th in  th e  groundz 3j,z z x 3 i,x x y 3i,y y 3ï,x 3Jly 3
m a n i fo ld  the  t r i g o n a l  f i e l d  d i s t o r t i o n  and the  s p i n - o r b i t  co u p l in g  can

be w ri  t t e n  es

i )  + X g I  S U  g , ( i  S + ï  S )3 Jtz z z x x  y y

where A is  a measure o f  the  t r ig o n a l  f i e l d  s p l i t t i n g ,  and X is  the

s p i n - o r b i t  c o u p l in g  c o n s ta n t .  The f r e e  ion v a lu e ,  X = 180 cm” 1, can be

used in  a f i r s t  a p p ro x im a t io n ,  n e g le c t in g  f o r  in s ta n ce  cova lency  e f -
f e c t s .

Th is  H am il to n ia n  s p l i t s  the  ground s ta te  i n t o  s i x  Kramers dou

b le t s .  The ground d o u b le t  can be w r i t t e n  in the  jl_^, r e p re s e n ta t io n
as

|*+> = a j |  + 1, ± i  > + a2 |0,  ± I  > + a 3 |± 1, + I  > (5)

We note th a t  Jz •  l 'z + Sz commutes w i th  Q , so t h a t  we can use

Jz to  labe l  the  d o u b le ts .  The ground d o u b le t  has Jz = ± —; in  a d d i t i o n

th e re  w i l l  be two more dou b le ts  w i th  J = two w i t h  J = ± — and
.  r  7 )  Z 2  Z  2

one wi th  Jz = ± 4- ' .

The e l e c t r o n i c  Zeeman in t e r a c t io n  can be w r i t t e n  as

®z = ^B- + • 1° th e  absence o f  any t r ig o n a l  d i s t o r t i o n  the

ground d o u b le t  has a g v a lu e  equal to  g = i j -  -  y  9^* For g^ *  -  1.5

we f i n d  g = A .33. I f  a small t r ig o n a l  d i s t o r t i o n  is  p re s e n t ,  one can
I o

" n t e  J  9/ /  + J  9j_ *  9cub i c ‘ AP P 'y 'n9 t h i s  to  s i t e  I I , we have

I  9/ /  + j  91  = 1*>30, in d ic a t in g  t h a t  x = 0 and a ls o  th a t  cova lency
e f f e c t s  a re  s m a l l .  However, we have a ls o  neg lec ted  second o rd e r  e f 

fe c t s  o f  between the  ground s ta te  |**F, ‘4r i t > and h ig h e r  ly in g

s ta te s  such as I^F , V 5>. T h e re fo re  we must be c a re fu l  in  drawing con

c lu s io n s  from the observed g va lues  on the b a s is  o f  the s im p le  theo ry
sketched here .
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The H a m i l to n ia n  H^ d e s c r ib in g  the  h y p e r f in e  i n t e r a c t io n  is 9)

?h = P {L .  I + [CL (L + 1) -  <]  S. I

-  \  £ [ ( L .S )  ( L . l )  + ( L - I )  ( L . S ) ] }

where

P m 2 V NUN <r’ 3> (7)

<r > is  the  mean inve rse  t h i r d  power o f  the  e le c t ro n  d is ta n c e  from
2+

th e  nuc leus ,  averaged ove r  the  e l e c t r o n i c  wave fu n c t io n s .  For Co ,

6 . 01*Freeman and Watson10  ̂ g iv e  <r 3>

£ is  g ive n  by

_ ______ 2fc + 1 -  1*S_________
5 S(22 -  1) (2J, + 3) (2L -  l )  ’

3
which f o r  1 = 2,  L = 3 and S = -s- , g ives  £3 2J  , g ives  £ = -  y p r  .

The f i r s t  term of (6) describes the coupling between the e le c t ro n ic

o r b i t a l  a n g u la r  momentum and the  sp in  o f  the nuc leus ; the  term

-  k P S . I  g ive s  the  Fermi " c o n ta c t "  i n t e r a c t io n ,  whereas the  o th e r

terms o r i g i n a t e  in  the  d ip o le - d ip o le  c o u p l in g  between e le c t r o n i c  and

n u c le a r  s p in .  W i th in  the  ground doub le t  th e  h fs  i n t e r a c t io n  can be

w r i t t e n  as ASz I z + B (S ^ Ix + S I  ) ,  S now being a f i c t i t i o u s  s p i n y .

Express ions f o r  the  c o e f f i c i e n t s  A and B in terms o f  the  cons tan ts  o f

(6) a re  g iven  in r e f .  5, 6 and 8 . I t  tu rn s  o u t  t h a t  the  d ip o le - d ip o le

mechanisme g ive s  o n ly  a small c o n t r i b u t i o n ,  and th a t  k is  about 0.325

f o r  th e  Co2+ io n .

Some remarks w i l l  be made here about the "pseudo" nuc lea r  Zeeman

in t e r a c t io n  c o e f f i c i e n t s  a j .  and Oj_. These terms a re  a d i r e c t  conse

quence o f  the  f a c t  t h a t  the  e le c t r o n i c  Zeeman i n t e r a c t io n  H =

p_H(L + 2S) and the h y p e r f in e  in te r a c t io n  bo th  have m a t r i x  e l e 

ments between th e  v a r io u s  Kramers dou b le ts  w i t h in  the  o r b i t a l  t r i p l e t

I^F , 4I V .  T he re fo re  H and Sh g iv e  r i s e  to  adm ix tu res  o f  these ex

c i t e d  s ta te s  in the  ground d o u b le t .  To second o rd e r  the  change in

energy o f  the  ground s ta te  i s  g iven  by

E'
5

■ Z
i = l

o|(sz +
* h > l '

E -  E.
o  1
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where i runs over the  v a r io u s  Kramers d o u b le ts .  The terms q u a d ra t ic

in H g iv e  r i s e  to  a s h i f t  p ro p o r t io n a l  to  H2 , which is  assoc ia ted

w i th  the  Van V leck  tem pera ture  independent paramagnetism. The terms

q u a d ra t ic  in  H ^ a re  small and can be neg lec te d .  The c ross  terms are

l in e a r  in  H and I ,  th e  major c o n t r ib u t io n s  coming from c ro s s -p ro d u c ts

o f  p_H.L and P L . I ,  and o f  2p_H.S and - kP S . I .  The f i n a l  r e s u l t  can be
D "  ”  “  ”  D “  ”  “  -

w r i t t e n  in  th e  form H . a . I ,  in  which a i s  a d iagona l tenso r  hav ing  corn-

components a , , ,  and The c a l c u la t io n  o f  Oj j  and i s  le n g th y

but s t r a ig h t f o r w a r d ,  p rov ided  the  wave fu n c t io n s  o f  th e  Kramers d oub le t

a re  known. For te t ra g o n a l  Co(NHt,)2(S0i,)2.6H20, Choh and S e ide l have

eva luated  the a te rm s , us ing e s s e n t i a l l y  the wave fu n c t io n s  o f  Abragam

and P ryce, and compared them to  t h e i r  EPR and NMR data on the  same com

pound. The agreement is  s a t i s f a c t o r y .  Unpublished c a lc u la t io n s  o f
2 )  2+

Nijman and De Beer on Co in  LMN, s i t e  I I ,  based upon t h i s  second

o rd e r  e f f e c t ,  a re  in agreement w i t h  t h e i r  ENDOR r e s u l t s .

A lthough  we f i t t e d  the  measured resonance f re q u e n c ie s  to  the  Ha

m i l to n ia n  us ing  a computer f o r  d ia g o n a l i z a t io n  o f  the  m a t r i x ,  we made

use o f  p e r tu r b a t io n  express ions  to  s tudy the in f lu e n c e  o f  small pa ra 

meter v a r i a t i o n s  on the  resonance f re q u e n c ie s .  For magnetic  f i e l d s  o f

severa l kOe, the e le c t r o n i c  Zeeman in te r a c t io n  is  the  most im po rtan t

term in  the  H a m il to n ia n ;  th e r e fo re  we used a re p re s e n ta t io n  in  which

t h i s  term is  d ia g o n a l .  We d i s t i n g u i s h  between two cases:

1) H / /  c - a x i s .  The H am il ton ian  is  w r i t t e n  as

f f / /  “  9 / / P | j ^ z  + + 5” ® tS +I_  + S_I+ } + P { I Z “  y  1(1 + O )

+ (1 + a/ / ) 9 NPN H i z . (10)

2) H j_ c - a x is ,  say, H / /  x . We a p p ly  the  t r a n s fo rm a t io n  x ■+• z ,  y -*■ y ,

z -*■ - x .  The H am il ton ian  then becomes

ffjL = 91PbHSz + BSz I z + | ( A  + B){S+ I_ + S_I+ } + y (A  -  B) {S+I ++S_I_}-

- jP { I z -  } l d  + 1)} + I  P { i j  + l 2J  + (1 + • 0 0

App ly ing  second o rd e r  p e r tu rb a t io n  theo ry  to  these express ions  g ives
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f o r  the  energy le v e ls  in the  lowest h fs  m u l t i p l e t  ( -  { ,  m) :

1) For H / /  c - a x i s :

E-i ,m '  2 9/ / mBH "  2 * *

+ P {m2 -  ±  1(1 +

1 B2{ I  ( I  + 1) -  m2 + m}
5" g j + (m -  y )A

1 ) }  + (1 + o/ / ) g Ny NH m .

+

2) For H j_ c - a x i s :

E- i , m  = ' T  V b H '  I Bm
1 (A + B)2 (1 (1+1) -  m2+ m}

T f gjUBH + “ i)A

1 (A -  B)2{ I ( I + 1) -  m2 -  m}
T5" g . y gH + (m + i ) A

-  j  P{m2 - j l ( l +  1 ) } +  (1 + a ^ )g NuNH m ,

in  which one term o f  the  o rd e r  P2/B has been o m i t te d .

( 12)

(13)

2.2. Gamma anisotropy parameters for 57Co.

The decay scheme of 57Co is given in f i g .  3- The 14.4 keV gamma

ra d ia t io n  was not observed in our experiments, because i t  was absorbed

7/2'

0 .1 3 6 4 6 ,
8 .7  ns

M1 +  E 2  E 2
0 .1 2 2 0 7

8 8% 12%
M l

8 8 %

U 2 ~

s ta b le Fe

f ig .  3. Nuclear decay scheme for 57Co. All  energies are given in MeV.
The half  l i fe s  and the spins of the various states are ind i
cated.
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in  the c r y o s ta t  w a l l s .  The 122 keV l i n e  is  a mixed M1-E2 t r a n s i t i o n ;

the  q u a d ru p o le -d ip o le  m ix ing  r a t i o  6 (E2/M1) has been determ ined by
12- 1*0severa l au tho rs  , us ing  the  angu la r  c o r r e la t i o n  o f  the 122 keV -

14.4 keV cascade and assuming t h a t  the l a s t  t r a n s i t i o n  has p u re ly  mag

n e t i c  d ip o le  (Ml) c h a ra c te r .  T h is  assumption is  j u s t i f i e d  by K and L

subshe ll  convers ion  measurements o f  Ewan e t  a l . 15^ ,  who s ta te  th a t

| £ | < 0 . 01 .

The d i r e c t i o n a l  d i s t r i b u t i o n  o f  gamma rays e m i t te d  a t  an ang le  a

w i th  respec t to  th e  magnet ic  f i e l d  d i r e c t i o n  can be g iven  by

W(o) = 1 + A2 f 2 ( j  . )P2 (cos <0 + Ai,f 4 ( j  . )Pi, (cos a) . (14)

f 2 and f i |  a re  so c a l le d  o r i e n t a t io n  param eters , depending on the r e l a 

t i v e  p o p u la t io n s  a o f  the subs ta tes  m o f  the i n i t i a l  s ta te  having nu

c le a r  s p in  j . :

f 2 = [E m2a "  T  j  , (J i + 1) 1 • Ü 5)i 2 m *  1 1
J I

f *  ' T T  ” ' am ‘  T  (6 j i 2* 6 j r 5) " 2V  TT  J i ( j i ' l ) ( J l * l | < j i W | 1 -

1

The p o p u la t io n s  a re  norm a lized  acco rd in g  to  Z a = 1 .  Po(cos a) andm m  £
P4 (cos a) a re  Legendre p o lyn om ia ls .  The c o e f f i c i e n t s  A2 and A4 depend

on the sp ins  o f  the i n i t i a l  and f i n a l  s ta te  and on the  m u l t i p o le

ch a ra c te r  o f  the t r a n s i t i o n .  For the 136 keV E2 t r a n s i t i o n  one h a s * ^

j ,  = 5 /2  ,

A2 -  -  - ^ N 2 ( j . )  -  -  1.339 , (17)

Ai+ = - 5 M j . )  = -  6.511. (18)

Eq. is  v a l i d  o n ly  f o r  the  case t h a t  the H am il ton ian  has r o t a t i o n a l

symmetry w i th  respec t to  the  q u a n t iz a t io n  a x i s .  T h is  c o n d i t i o n  i s ,

s t r i c t l y  speak ing , f u l f i l l e d  o n ly  i f  H is  a l ig n e d  a long the  c - a x is  o f

the  c r y s t a l .  However, i f  we q u a n t iz e  a long  the  magnet ic  f i e l d  d i r e c 

t i o n ,  the d e v ia t io n  from r o t a t i o n a l  symmetry may be neg lec ted  in  a l l
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cases in view of  the f a i r l y  la rge  va lues  of  the  magnetic f i e l d  and in
view of  the  r e s t r i c t i o n  to  type II ions ,  fo r  which the hfs i n t e r a c t i o n
is not  very a n i s o t r o p i c .
For the 122 keV t r a n s i t i o n  we have

A2 [ 3 «1 r 15( j i  ” O i l  * , 1 5 j i  “ 5 /.
2 3{ j . + r  } 6 + TTT T ~TT 61  Nz (j i1+52 * J i J i

[ 0.9375 -  A.756 6 -  0.479 6? ]

At

1+ 62

10 2 j j  -  3 ■ Ó2
J |  + 1 ' + 6' N- ( j , ) 7.45

(19)

( 20 )

However, we want to  know a l s o  the d i r e c t i o n a l  d i s t r i b u t i o n  W(a) ex
pressed in terms of  the  o r i e n t a t i o n  parameters  f ^ ( l )  of  t h e  paren t
nucleus 57Co, having I = 7 /2 .  We negle c t  the  spin preces s io n  during
the  8.7 ns h a l f  l i f e  o f  the  exc i t e d  s t a t e  of  57Fe a t  136 keV (see,
however, se c t i o n  6 . 4 . ) .  The r e l a t i o n  between f . ( I ) and f , (j  . )  can be
w r i t t e n  as

fkÜ , ) - u k(J, , l)  V1»- (2I>
where the c o e f f i c i e n t  d e sc r ib e s  the in f luence  of  the  be ta  decay
on the nuc lear  o r i e n t a t i o n .
In t h i s  case

Uk ( j i ' ! )  = Nk (I ) /N k ( j i } * (22)

which g ives  U2 = 0.933 and U4 = 0 .549 .
Consequently we have f o r  the 136 keV t r a n s i t i o n :

W(a) = 1 -  1.251 f 2 ( I ) P 2 (cos a) -  3-573 fi*(DP.*(cos a -  (23)

This express ion can be employed to  c a l c u l a t e  the va lues  of  W(0) and
W(ir/2), in p a r t i c u l a r  f o r  the  case t h a t  only one sublevel  m of the

ground s t a t e  of  ^7Co i s  popula ted (a . = 5 , ) .  The r e s u l t s  a r e  shown3 r  r  m1 mm‘
in Table I I .

At t h i s  po in t  some remarks must be made concerning the sign of
the  mul t ipo le  mixing parameter  6 , as  appearing in formulas ( 19) and
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TABLE II

Orientation parameters and normalized gamma
intensities in two directions for the 136 keV
transition in 57Fe, if only one sublevel m of
the ground state of 57Co is populated.
m h U w(o) W(tt/2)

± 7/2 + 0.5714 + 0.0800 0.000 1 .250
± 5/2 + 0.0816 - 0.1485 1.429 1.250
± 3/2 - 0.2449 - 0.0343 1.429 0.893
+ 1/2 - 0.4082 + 0.1028 1.143 0.607

i 7 \
(20). A commonly used expression for 6 is due to Biedenharn and Rose ,
who defined 6 in the context of directional correlation theory. How
ever, their definition contains an ambuigity with respect to the sign.

Suppose we have a gamma cascade of the following form:

J . - & J  (24)

where J . . . . j, are the spins of the states involved. Suppose fur
ther that the second transition, y 2 > is a mixed multipole transition,
with multipolarities L and L+l, and mixing ratio 6. Applying the for
malism of Biedenharn and Rose to the first cascade, (y i ,Y2)> gives:

<j2 II L + l  || ji>
6-------------- , (25)

<J2 II L || jV
where the numerator and denominator are so called reduced matrix ele
ments, as defined by Biedenharn and Rose.

On the other hand, if we apply the same formalism to the second
cascade, (y2>Y3)> the roles of the states |jj> and |j2> are inter
changed, because now |j2> is the intermediate state, as was |jj> in
the fi rst case.
Accordingly we must write

<j1 II L + l  || j2>6 =  ----------------------------

<J 1 I I L | | j 2>
(26)
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These two express ions  d i f f e r  in  s ig n ,  as can be seen from the  f o l l o w 

ing r e l a t i o n ,  which is  v a l i d  f o r  the  reduced m a t r i x  e lements o f

Biedenharn and Rose:

(2J2+1)* < j  1 1 | L | I j  2> = ( - l ) j l"J2+ L (2 j1+ l ) i  < J 2 I N I . i l >  • (27)

C le a r l y ,  the  adopted s ign  f o r  6 depends on whether the  gamma ray in

ques t ion  is  f i r s t  o r  second in  the  gamma cascade. Th is  has been demon-
1 8 )

s t r a te d  e x p e r im e n ta l ly  f o r  the  f i r s t  t im e  by Ofer

We now have to  e s ta b l i s h  the r e l a t i o n  between 6, as g iven  in (19)

and in  the two exp ress ions  f o r  6 g iven  above. A comparison o f  the  two

fo rm alism s commonly used to  desc r ib e  d i r e c t i o n a l  c o r r e la t i o n  and d i r e c 

t i o n a l  a n is o t ro p y  o f  gamma ray em iss ion  from o r ie n te d  n u c le i ,  revea ls

th a t  6 as appearing  in  (19) is  d e f in e d  acco rd ing  to  exp ress ion  (25 ) ,

th a t  i s ,  as i f  th e  gamma ray is  second in  a cascade. T h is  has been de

m onstra ted  in  the  case o f  the 122 keV t r a n s i t i o n  in  57Fe by the  nu-
1 9) •

c le a r  o r i e n t a t i o n  r e s u l t s  o f  Bishop e t  a l . , who d e r iv e  a va lu e  f o r

6 which d i f f e r s  in  s ign  from the  va lu e  ob ta ined  in  the  d i r e c t i o n a l

c o r r e la t i o n  measurements, where the  122 keV t r a n s i t i o n  i s  f i r s t  in  the

observed cascade. We conc lude t h a t  the d e f i n i t i o n  o f  6 used in  our

experim ents  can be g iven  as

= <'*f ^ L + 1 ^  J' i >B.R.
* j f  11 *- II ■* i >B. R.

(28)

where j .  and a re  the  sp ins  o f  the  i n i t i a l  and f i n a l  s ta t e s ,  respec

t i v e l y ,  and the reduced m a t r i x  elements a re  d e f in e d  acco rd ing  to

Biedenharn and Rose. Given in terms o f  the  m a t r i x  e lements o f  Frauen-
2 0 )f e l d e r  and S te f fe n  our d e f i n i t i o n  is

<ji 11L + 1 11 V f . s. <j f 11L + ' 11 V f .s.
5 <j , II L II V f . s . = ‘  <Jf II L II V f . s . ‘

Rose and B r in k  9 have g iven  a c a re fu l  d e s c r ip t io n  o f  the  angu la r  d i s 

t r i b u t i o n  o f  gamma ra y s ,  us ing  d i f f e r e n t  d e f i n i t i o n s  o f  the reduced

m a t r i x  e lem ents . T h e i r  d e f i n i t i o n  o f  6 d i f f e r s  from ours  w i t h  respect

to  the  s ig n .  Our d e f i n i t i o n  is  id e n t i c a l  to  those o f  Krane and
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Steffen , who also give an expression for 6 in terms of explicitely
defined reduced matrix elements.

22)

2.3. Gamma anisotropy parameters for 58 Co.
The decay scheme of 58Co is given in fig. A. The directional dis

tribution of the 810 keV gamma rays can be expressed by

W(a) - 1 - il- N2 (i, )U2f2(I) P2(cos a) - 5NW (j . JU^f^ (I) P^cos a),
(30)

where I = 2 is the spin of the parent nucleus, and j =2. The expres-i
sions for U2 and U4 depend on the character of the preceding beta tran
sition, which is predominantly of the Gamow-Teller type. The ratio of

1.6745 ,

E 2  M1 +  E 2
I 0 .8 6 3 6

0 .5  %  0 .6 5  %

0 .8 1 0 6 ] 6.2 ps

E 2
99 5 %

stable

fig. A. Nuclear decay scheme for 58Co. All energies are given in MeV.
The half lifes and the spins of the various states are indi
cated.

the Fermi and Gamow-Teller matrix elements X = CrMr/C,M«T has beenr r A uT
measured by several techniques; for a summary see ref. 23. Although
the results are not compatible with each other in all cases, there is

v2
general agreement that |x| 5 | < 0.01. This means that the
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Fermi a d m ix tu r e  can be n e g l e c t e d  f o r  t h e  p r e s e n t  pu r p o se s .  Accord ing ly

we can w r i t e

Uk =
k(k  + 1)

21(1  +  1) ’
(31)

which g i v e s  U2 = 0 .500  and Ui* = -  O.6 6 7 . S u b s t i t u t i n g  t h i s  i n t o  (30)

t o g e t h e r  w i th  t h e  v a l u e s  f o r  N2 and N^, we o b t a i n

W(a) = 1 -  0 .714  f 2 ( I ) P2 (cos a)  + 8 .8 9  f i * ( I )  Pi, (cos  a)  (32)

f o r  the  810 keV gamma t r a n s i t i o n .

However,  in our  exp er imen t  we cou l d  not  d i s t i n g u i s h  between gam-

mas o r i g i n a t i n g  from th e  810 keV t r a n s i t i o n  and t h o s e  from t h e  weak

864 keV t r a n s i t i o n ,  a s  a consequence  o f  t h e  poor  ene rgy  r e s o l u t i o n  o f

ou r  s c i n t i l l a t i o n  c o u n t e r s .  T h e r e f o r e  we must c o r r e c t  e x p r e s s i o n  (32)

f o r  t h i s  e f f e c t .  For the  a n g u l a r  d i s t r i b u t i o n  o f  th e  864 keV gamma

ra y s  we use t h e  e x p r e s s io n

W(a) = 1 + A2 f 2 ( I ) P2 (cos a )  + A ^ f i^ I )  P i^c os  a)  , (33)

where

a2 “ T i p - 1 ■ I ' 9 { ( 2 j . + 3 ) i 2 j . - i y } 2 6 +

(2 i ; + 5 ) (2 i ; - 3 )
(2j  .+3 ) (2j . - I ) 62 1 Ji

Ji+1
U2

(34)

. _ _______30_________ <S2 j  i 3 n (35)
Al* “ ( 2 j . + 3 ) ( 2 j ; - l )  l + ó ^ j . + i  Ul* ’

in which i .  = 2.  S ince  i t  i s  r e a s o n a b l e  t o  assume t h a t  th e  b e t a  t r a n -
J 1

s i t  ion t o  the  2 s t a t e  a t  1.674 MeV in 58Fe i s  a l s o  o f  t h e  Gamow-

Tel l e r  t y p e ,  we have ag a in  U2 = 0 .500 and Ui, ■ " 0 .6 67 .  The o b ta in e d

v a l u e s  f o r  t h e  mixing r a t i o  6 d i f f e r  w id e l y .  Angu lar  c o r r e l a t i o n  mea

su rement s  on t h e  864 keV -  810 keV ca sc ad e  have been done by t h r e e

d i f f e r e n t  g r o u ps 2**"26^ ; th e  r e s u l t s  a r e  in agreement  which each o t h e r

and g iv e  t h e  av e r a g e  r e s u l t  6 = + 1 .6  ± 0 . 2 .
On t h e  o t h e r  hand,  a n g u l a r  c o r r e l a t i o n  s t u d i e s  on t h e  same c a sc ad e ,
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produced by neutron capture in 57Fe, resulted in 6 = + 0.57(7) 27\
The reason for this discrepancy is not clear. In order to apply these
results to the angular distribution formula (33), the opposite sign
for 6 must be used, For 6 = - 1.6 we find A2 = + O .63 and Ai*= + 1.8;
whereas for 8 = - 0.57 these quantities are A2 = + 0.29 and At, = + O.63.
For the combined gamma anisotropy of the 810 keV and 864 keV transi
tions we find:

W(a) = 1 - 0.705 f2 (I) P2(cos a) + 8.82 fk(I) P^cos a) (36)
for 6 = - 1.6 ,

or

W(a) “ 1 - 0.707 f2 (I) P2(cos a) - 8.83 f 1* (I) Pi* (cos a) (37)

for 6 = - 0.57*

Thus we see that the uncertainty in the value of 8 for the 864 keV
transition has no serious influence upon the expression for the total
gamma anisotropy. Table III lists the values for f2, ft,, W(0) and
W(ir/2) if only one magnetic sublevel m of the 58Co ground state is
occupied.

TABLE III

Orientation parameters and normalized gamma
intensities in two directions for the 810 keV
transition in 58Fe, if only one sublevel m of
the ground state of 58Co is populated.
m fa fi* w(o) W(ir/2)

± 2 + 0.5000 + 0.0214 0.836 1.247
± 1 - 0.2500 - 0.0857 0.420 0.628

0 - 0.5000 + 0.1286 2.486 1.429

2.4. Gamma anisotropy parameters for &0Co.

The very simple decay scheme is given in fig. 5. Both gamma
transitions have a pure E2 character. The directional distribution
of both transitions is the same, and can be written as
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W(ot) ■ 1 -  - iy  N2 ( I )  f 2 ( I )  P2 (cos ot) -  5 Nit ( I )  f i , ( I )  P4 (cos a)

(38)
= 1 -  1.190 f 2 ( I ) P2  (cos a) -  2 .48 f i , ( I )  Pi+tcos a) ,

where I  = 5 is the spin o f  the ground s ta te  o f  60Co. In Table IV ,  the

values fo r  f 2> f i , ,  W(0) and W(ir/2) are given fo r  the case th a t  only

one sublevel o f the 60Co ground s ta te  is populated.

5*

 ̂ 2 5056 <3.5 p ,

E>
1.1733

2 *  K3325 0.8 p,
Ea

|

0+ I  o
s tab)«*°N i

f ig .  5 . Nuclear decay scheme fo r 60Co. A il energies are given in MeV.
The h a lf l i fe s  and the spins of the various states are indi~
cated.

TABLE IV

O rien ta t io n  parameters and normalized gamma
in te n s i t ie s  in two d ire c t io n s  fo r  the 1.17
MeV and the 1.33 MeV t ra n s i t io n s  in 60N i , i f
only one sublevel m o f  the ground s ta te  of
60Co is populated.

m f 2 f k w ( o ) W (ir /2 )

± 5 + 0 . 6 0 0 0 +  0 . 1 1 5 2 0 .0 0 0 1 .2 5 0

± 4 +  0 .2 4 0 0 -  0 .1 1 5 2 1 .0 0 0 1 .2 5 0

± 3 -  0 . 0 4 0 0 -  0 .1 1 5 2 1 .3 3 3 1 .0 8 3

± 2 -  0 .2 4 0 0 -  0 . 0 1 9 2 1 .3 3 3 0 .8 7 5

± 1 -  0 . 3 6 0 0 + 0 .0 7 6 8 1 .2 4 0 0 .7 1 4

0 -  (7.4000 +  0 .1 1 5 2 1 .1 9 0 0 . 6 5 5
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3. Experimental arrangements

Our expe r im en ta l  se t up has been descr ibed  e x te n s iv e ly  in I .  I t

c o n s is ts  o f  an a d ia b a t ic  dem agnet iza t ion  appa ra tus ,  made o f  g la s s ,  in

which our c r y s t a l s  can be coo led t o  = 0 .02 K. Two magnets are a v a i l a 

b le .  One magnet, se rv in g  f o r  nuc lea r  p o l a r i z a t i o n ,  y ie ld s  a f i e l d  o f

5 kOe and has ho l lo w  po le  p ie ce s ,  so th a t  both W(0) and W(tt/ 2) can be

measured. The o th e r  magnet is  used f o r  the  d e m agne t iza t ions ,  bu t  was

in c id e n t a l l y  used f o r  nuc lea r  p o la r i z a t io n  measurements. I t s  maximum

f i e l d  i s  18.3 kOe; coun te rs  can be p laced o n ly  a long a d i r e c t i o n  p e r 

p e n d ic u la r  to  t h a t  o f  the  magnetic  f i e l d .

Using s c i n t i l l a t i o n  c o u n te rs ,  i t  i s  Im poss ib le  to  d i s t i n g u i s h

between the  136 keV t r a n s i t i o n  and the  122 keV t r a n s i t i o n  in 57Fe.

For these experim ents  a 20 cc G e(L i)  d e te c to r  was a v a i l a b le .  I t  was

coupled v ia  a Canberra 1408 C p r e a m p l i f i e r  and a I4 l6  B a m p l i f ie r /D C

r e s to r e r  to  a Nuclear Data 2200 a n a lyse r  system, which has a 50 MHz

analog t o  d i g i t a l  c o n v e r te r  and a memory o f  1024 channe ls .  The energy

re s o lu t io n  o f  the  system was 2.45 keV FWHM ( f u l l  w id th  a t  h a l f  maxi

mum) a t  the 1.33 MeV t r a n s i t i o n  in  the decay o f  60Co, and was 1.55

keV FWHM f o r  the  122 keV and 136 keV t r a n s i t i o n s  in  the decay o f  57Co.

The G e(L i)  d e te c to r  cou ld  be mounted in  one o f  the  h o l lo w  po le  p ieces

o f  the small magnet. In t h i s  way W(0) cou ld  be measured ve ry  conven

i e n t l y .  With the  d e te c to r  in  t h i s  p o s i t i o n ,  the magnet ic  f i e l d  a t  the

G e(L i)  c r y s t a l  was always s m a l le r  than 1 kOe, and d i r e c te d  p e rp e n d i

c u la r  t o  the  e l e c t r i c  f i e l d  in  the G e (L i)  c r y s t a l ) .  We cou ld  d e te c t  no

in f lu e n c e  o f  t h i s  magnetic  f i e l d  on the  energy re s o lu t io n  o f  the d e te c 

t o r .  I f  W ( tt/ 2 )  had to  be measured, the  d e te c to r  c r y s t a l  was p laced in  a

reg ion  where the maximum v a lu e  o f  th e  magnetic  f i e l d  was between 3 kOe

and 5 kOe, i t s  d i r e c t i o n  he ing  m a in ly  p a r a l le l  to  the  e l e c t r i c  f i e l d .

In t h i s  case the w id th  o f  th e  122 keV photopeak increased from 1.55 keV

to  1.60 keV FWHM. In a d d i t i o n ,  the  am p l i tude  o f  the  photopeak pulses

was found to  in c re a s e 'a b o u t  0.2% i f  the  Ge(LI) d e te c to r  was moved from

the  p a r a l l e l  to  th e  p e rp e n d ic u la r  d i r e c t i o n .

The samples c o n s is te d  o f  s in g le  c r y s t a l s  o f  (La-Ce)2Mg3 (NO3) 12.

24H2O. The Ce/La r a t i o  in  th e  s o lu t io n  from which the  c r y s t a l s  were



grown was 0.1%. The c r y s t a l s  were grown a t  a cons tan t  t emperature of
**C in a r e f r i g e r a t o r .  C a r r ie r  f r e e  S7Co> 5 8 Co o r  6 0 Co w as a d d e d  tQ

the  s o l u t i o n .  For the  60Co exper iments  we used a c r y s t a l  weighing
1.36 g and having an a c t i v i t y  of  8pCi.  The measurements on 58Co were
c a r r i e d  out  on two LMN c r y s t a l s  weighing 0.9** g and 2 .2  g.  The a c t i 

v i t i e s  were 3 pCi and 1 .5 pCi r e s p e c t i v e l y  a t  the time of  the measure
ments.  The 57Co-LMN c r y s t a l  used weighed 2.1 g and had an a c t i v i t y  of
= 50 pCi.  All c r y s t a l s  were o p t i c a l l y  b r i g h t ,  except  the  57Co-LMN
sample, which had some cloudy p a r t s .  The c r y s t a l s  were mounted with
the  c - a x i s  h o r i z o n t a l l y .

The exper imental  procedure t o  o b t a in  nuc lear  o r i e n t a t i o n  was the
same as  in I .  Using the  5 kOe magnet,  which could be r o t a t e d  in a
h o r iz o n ta l  p lane ,  and a v e r t i c a l  co i l  around the  c r y o s t a t ,  we could
vary  the  r e s u l t a n t  magnetic f i e l d  in a p lane con ta i n in g  th e  c - a x i s  of
the  c r y s t a l ,  so t h a t  the  Ce s p l i t t i n g  could be va r i ed  between g n H
and g ^ H .  Nuclear o r i e n t a t i o n  could be accomplished fo r  magnet ic B
f i e l d  va lues  H so t h a t  gpBH < * A. For 8°Co the maximum f i e l d  was
about 2 kOe; f o r  58Co i t  was 6 kOe and fo r  57Co *t kOe.

During th e  resonance measurements we observed con s id e ra b l e  r . f .
hea t ing  in some c a s e s .  For in s t an ce ,  we measured a resonance -1 ike
phenomenon in the r . f .  hea t ing  versus  frequency curve ,  wi th a peak a t

2**1 MHz. This  could be a t t r i b u t e d  to  warming up of  the  co i l  f o i l s  on
the  s h ie ld in g  tube of  the  ap p a ra tu s ,  a l though these  were made of
copper and glued wi th  GE 7031 v a r n i s h ,  so t h a t  no co n s id e ra b le  r . f .
hea t in g  could be expec ted.  Probably the  hea t ing  was due to  im pur i t i es
in the  copper wi res  used.  In o th e r  c a s e s ,  the source of  the  r . f .  h e a t 
ing remained unc le a r .  In general  we were not hampered s e r i o u s l y  by the
r . f .  heat ing  during the measurements;  only in the  case of  57Co did we
have t r o u b l e s  a t  some f requenc ies#

4. Experimental results on 60Co.

4.1. Nuclear orientation by means o f cross relaxation with Ce spins.

Cross r e l a x a t i o n  of  51*Mn and Ce sp ins  in LMN has been s tud ied
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4  o : A

e x te n s iv e ly  by Lubbers and Huiskamp ' .  T he re fo re  we w i l l  d e s c r ib e

i t  o n ly  b r i e f l y  on the b a s is  o f  f i g .  6 ,  in  which examples o f  t h i s  type

o f  measurements a re  shown. A f t e r  p re c o o l in g  to  about 0 .05  K w i t h  the

magnetic  f i e l d  H o f  1280 Oe p e rp e n d ic u la r  to  the  c - a x i s ,  the  f i e l d

was ro ta te d  in  one s tep  t o  a d i r e c t i o n  which was about 5° ou t o f  the

78° <P 80°

f ig . 6 . Results of cross relaxation experiments on the system 60Co-Ce.
The normalized gamma intensity in the direction of the magnetic
f ie ld , W(0), is plotted as a function of 9 , the angle between
the magnetic fie ld  direction and a fixed (but otherwise arb i-
trary) horizontal d irection. The strength of the magnetic fie ld
was 1280 Oe. The four curves give the results of the thermal
mixing experiments described in the text. The dashed lines in
dicate the values of 9 for which the Ce Zeeman sp littin g  equals
the energy difference of the lowest two hfs levels of the 60Co
ion. The double arrows indicate the homogeneous width of the
Ce line.

c - a x i s ,  a f t e r  which the  ang le  p between the  f i e l d  d i r e c t i o n  and a

f i x e d  (bu t o th e rw is e  a r b i t r a r y )  h o r iz o n ta l  d i r e c t i o n  was v a r ie d  every

20 s in d i s c r e te  s teps .  A f t e r  each s te p ,  W(0) was measured. The re 

s u l t s  o f  these measurements a re  g iven  by the  two o u te r  curves (p o in ts

denoted by O  and □  ) .  The inne r cu rves were produced by the f o l l o w 

ing method: a f t e r  p re c o o l in g  o f  the  Ce sp ins  and r o t a t i n g  the f i e l d

to  a d i r e c t i o n  in which 0 ,  the  ang le  between f i e l d  d i r e c t i o n  and c -

a x is ,  was about 5 ° ,  a v e r t i c a l  f i e l d  was a p p l ie d  to  the sample, c o r -
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responding to a rotation of the resultant magnetic field of about 5°
in a vertical plane. The horizontal field was then rotated to a di
rection corresponding to p = 81.5°» after which the vertical field
was turned off by interrupting the current through the vertical coil.
In this way it was possible to obtain a situation in which the
Zeeman splitting of the Ce ions was smaller than the hfs splittings
in the 60Co system, whereas the 60Co nuclear spin system was orien
ted only to a small extent. The rapid passage through the angular
region where cross relaxation is to be expected, had apparently not
produced a significant 60Co nuclear polarization. Thereafter increas
ing or decreasing 9 in discrete steps led to the curves indicated by
A  and 0  . The following remarks can be made with respect to fig. 6:
a. The two outer curves are reasonably symmetrical and can be used to

obtain the value of 9 for which the g value of Ce is lowest:
9 = 81.42°. Since the c-axis will not, in general, be perfectly
aligned in the horizontal plane (in which the magnet is rotated),
we varied the vertical field for a fixed direction of the horizon
tal field, i.e. 9 = 81.4°. In this way we could determine the
angle between the c-axis and the horizontal plane. In the mea
surements of fig. 6 the c-axis appeared to be precisely in the
horizontal plane, which meant that the direction given by 9 = 81.42°
coincided with the direction of the c-axis.

b. From the other two curves the direction of the c-axis could also
be determined; the result is 9 = 81.48°. Combining this with the
precision with which 6 was determined, we may conclude that the
direction of the c-axis could be established with an accuracy of
= 0.1°.

c. According to ref. 28, a large decrease of W (0) occurs if the Ce
splitting is equal to the difference between the lowest two hfs
energy levels of the 60Co ions at a certain lattice site. Conse
quently the mixing angle could be calculated, using the g values
of the Ce ion: g . = 1.8264 and g^  “ 0.0235 8 , and the hfs
parameters of the 60Co ions at site II (section 4.3.). The result
is indicated in fig. 6 by the vertical dashed lines. The agree-
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ment w i th  the  p o s i t i o n  o f  the steep descent o f  the  experim enta l

curves is  s a t i s f a c t o r y .  We may conclude th a t  the  d r a s t i c  change

in  W(0) is  exp la in e d  by c ross  r e la x a t io n  between Ce ions and 60Co

ions a t  s i t e  I I .

d . The d i f fe r e n c e s  o f  about 0 .5 °  between the  p o s i t io n s  o f  the  inne r

and o u te r  curves ( in d ic a te d  by the  double  arrows in f i g .  6) r e 

f l e c t  the  homogeneous w id th  o f  the  Ce l i n e .  The Ce Zeeman s p l i t 

t i n g  corresponds to  60 MHz a t  the p o s i t io n  o f  the  dashed l i n e  and

we can c a lc u la t e  t h a t  the  d i f f e r e n c e  o f  0 .5 °  between the  curves

corresponds t o  a f u l l  w id th  o f  the Ce l i n e  o f  about 6 MHz. (The

60Co l in e s  are  much s m a l le r ,  as is  demonstrated in  s e c t io n  4 . 4 . ) .

The s lope o f  the  curve  in  the reg ion  where W(0) decreases g ives

an impression o f  the  inhomogeneous broadening o f  the  Ce l i n e .  I t

is  o f  the  same o rd e r  o f  magnitude as the homogenous broaden ing.

e. W(0) i s  a l re a d y  s m a l le r  than 1.0 a t  the  moment th a t  th e  m ix ing

reg ion  is  approached. One is  tempted t o  a t t r i b u t e  t h i s  to  cross

re la x a t io n  between Ce ions and 60Co ions a t  s i t e  I .  The mechan

ism o f  the thermal m ix ing  process has been descr ibed  in  r e f .  2 8 ;

from th e re  i t  may be learned t h a t  the m ix ing  e s s e n t i a l l y  takes

p lace  between th e  e le c t ro n  sp ins  o f  60Co and Ce, and th a t  the

m ix ing  ra te  is  p ro p o r t io n a l  to  ( B / g ^ p BH)2 . For type  I ions B = 0,

which means th a t  the  d ip o le - d ip o le  c o u p l in g  between the  Ce and

the  60Co e le c t ro n  sp ins  g ive s  no c o n t r i b u t io n  to  the  t r a n s i t i o n

p r o b a b i l i t y .  T h e re fo re ,  o n ly  the  d i r e c t  c o u p l in g  between the Ce

e le c t ro n  sp ins  and the  60Co n u c le a r  sp ins  is  ab le  to  produce

c r o s s - r e la x a t io n .  Order o f  magnitude c a lc u la t io n s  a long  the

l in e s  o f  r e f .  28 in d ic a te  t h a t  t h i s  mechanism can p ro v id e  a meas

u ra b le  o r i e n t a t i o n  o f  th e  60Co n u c le i  i f  th e  m ix ing  t im e  is  o f

the o rd e r  o f  one second.

E x p e r im e n ta l ly ,  in  n e a r ly  a l l  cases we observed some n uc lea r  o r i e n 

t a t i o n  b e fo re  the  f i n a l  m ix ing  between 60Co ions a t  s i t e  I I  and Ce

ions occu rre d ,  but the  r e s u l t s  were q u i te  i r r e p r o d u c ib le .  I f  one

keeps in  mind t h a t  we v a r ie d  the f i e l d  d i r e c t i o n  in d i s c r e te  s teps ,

and th a t  consequen t ly  d 6 /d t  cou ld  va ry  some o rde rs  o f  magnitude
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over the  region where thermal mixing between Ce sp ins  and 60Co
spins  a t  s i t e  I would occur ,  we may conclude t h a t  probably the
d i po le - d i p o l e  coupl ing between Ce sp ins  and ®®Co sp ins  a t  s i t e  I
i s  r e s p o n s ib le  fo r  the  nuc lear  o r i e n t a t i o n  before  the  f i n a l  t h e r -
mal mixing.  In s ec t io n  **.5. we wi l l  p re se n t  evidence  t h a t  60Co
ions a t  s i t e  I a r e  indeed p a r t i a l l y  o r i e n t e d .

4.2.  Nuclear s p in - la t t ic e  relaxa tion  tim es.

The s p i n - l a t t i c e  r e l a x a t i o n  t imes of  60Co nuc le i  in LMN were
s t u d i e d ,  mainly with the in t en t io n  of  i n v e s t i g a t i n g  f o r  which va lues
of  H and T the  60Co nuc le i  could be regarded as t o  be the rmal ly  i s o 
la t ed  from the  l a t t i c e .  Af te r  o r i e n t a t i o n  of  the  60Co n u c l e i ,  H was
s e t  a t  the  d e s i r e d  va lue  and d i r e c t i o n .  Heat was ap p l ie d  t o  the  metal
system by means of  a r e s i s t a n c e  h e a t e r  to  ob ta in  the  de s i re d  s t a t i o n -
nary tempera ture  of  the  LMN l a t t i c e ,  a f t e r  which W(0) was observed
as a func t io n  of  t ime .  The observed dependence of  W(0) on t  was rough
ly e x p o n e n t i a l ,  wi th a t ime c on s t an t  t .  The r e s u l t s  of  the  measure
ments a r e  shown in f i g .  7,  where t  i s  given as a f un c t i on  of  1/T for
two va lues  of  H and 0.  The s t r a i g h t  l i n e s  a re  f i t s  t o  the  da ta  of  the

O 1/TO 1/T t 5

f i g .  7. R esu lts  o f  nuc lear  s p i n - l a t t i c e  r e la x a t io n  measurements on 60Co
in LMN. The r e la x a t io n  time t is  given as a fun c tio n  of 1/T fo r
two magnetic  f i e l d  s t r e n g th s ,  l e f t :  H -  1280 0e, r i g h t :  H = 2800 Oe.

O 0 - 5 ° 0  6 - 9 0 °
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TABLE V

Values
nuc lear
o f  60Co

o f  the parameters d e s c r ib in g  the
s p i n - l a t t i c e  re la x a t io n  t imes
in LMN; x = A exp{+  X /T } .

H(0e) 6 A (s) x  ( k ) gyigH/k (K)

1280 5° 3A 0.33 0.35
1280 90° 3A 0.38 0 .38

2800 5° 5 .6 0.68 0 .76
2800 90° 3 .5 0.89 0.83

form t  = A exp { X /T } .  The parameters o f  these f i t s  a re  g iven  in Tab le

V. The fo l l o w in g  comments can be made:

a .  A p roper trea tm en t would in v o lv e  a d e ta i l e d  d is c u s s io n  o f  the  re 

l a t i o n  between the observed dW (0 ) /d t  and the  r e l a x a t i o n  ra te s

wnhH11+i between two h fs  le v e ls  in  the  S = -  j  m a n i fo ld .  Here we
^ —1

w i l l  o n ly  remark th a t  the  observed re la x a t io n  r a te  x w i l l  be

m a in ly  a measure o f  the t r a n s i t i o n  p r o b a b i l i t y  W g ^ ,  s in ce  t h a t

t r a n s i t i o n  is  accompanied by the  la rg e s t  change in  W(0) per io n ,

and s in ce  th e  lowest two s ta t e s ,  o f  which the wave fu n c t io n s  a re

p redom inan t ly  c h a ra c te r iz e d  by |Sz = I z = +5 > and |Sz =

I  ■ +A >, have the  h ig h e s t  p o p u la t io n  d e n s i t i e s .

b. The f a c t  t h a t  the data can be f i t t e d  by means o f  an expo n e n t ia l

express ion  in d ic a te s  t h a t  e x c i t a t i o n  o f  e l e c t r o n i c  s ta te s  p lays

a r o le  in  the  observed r e la x a t i o n .  An i l l u s t r a t i o n  o f  the  me

chanism is  sketched in  f i g .  8. I t  i s  r a th e r  analogous t o  th e  Orbach

process in  e l e c t r o n i c  s p i n - l a t t i c e  r e l a x a t i o n 30 , and the  tempera

tu r e  dependence can be w r i t t e n  as x = A exp {A E /kT } ,  where AE = gynH
D

is  the  energy d i f f e r e n c e  between th e  s ta te s  and | y 3> o f  f i g .  8.

To compare t h i s  w i t h  the expe r im en t,  we have a ls o  ta b u la te d  the

va lues  o f  AE/k = gy^H /k  (Table  V ) .  We see th a t  th e re  is  reasonable

agreement w i th  the expe r im en ta l  c o e f f i c i e n t s  a ,  in v iew  o f  the

rough na tu re  o f  th e  expe r im en ts .
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l ^ 3 > - l  + 7» + 4 > - e i | - 3 - ^ 5>

l^ i  + |+ y» + 4 ^

f ig . 8. Illu stra tio n  of the mechanism responsible for the nuclear spin-
la ttic e  relaxation of 60Co in LMN» The exact values for the co
e ffic ients  ei and C2 can be obtained by applying perturbation
theory to the Hamiltonian given in expressions (10) and (11).
For 0 ■ 0 °, for instance, we calculate

_____ B/lO_______ £ ______ B/18______

2 ( 9 . / /uBH + I A) 2 2 ( 9 / / wBM + \  A)

The temperature dependence of the probability for an upward
transition is determined by the number of phonons of frequency
v “ AE/h:

2
p(v) « hv/kT • *n the l° w temperature lim it (AE »  kT),

the temperature dependence is thus given by e *

4.3. Line positions and hfs parameters.

The fo l l o w in g  s e c t io n  d e sc r ib e s  the  c ru x  o f  the  whole expe r im en t.

Resonance t r a n s i t i o n s  between d i f f e r e n t  h fs  le v e ls  were induced by

v a ry in g  the  frequency o f  the  r . f .  f i e l d  th rough  the resonance reg ion

a t  a ra te  o f  -  1 KHz/s, meanwhile obse rv ing  W(0) as a f u n c t io n  o f  t im e .

T h is  was done by accum ula ting  the  counts  in the  1.17 MeV and 1.33 MeV

photopeaks d u r in g  in t e r v a l s  o f  20 s ,  us ing  the  m u l t ich a n n e l  ana lyse r

in  the  m u l t i s c a l i n g  mode. An example o f  such a measurement i s  shown

in  f i g .  9 . The resonance fre q u e n c ie s  a re  labe led  by means o f  a super

s c r i p t ,  i n d ic a t in g  the  t r a n s i t i o n  in  the h fs  spectrum, s t a r t i n g  w i th

the lowest t r a n s i t i o n  { - {  , + 5) -*■ ( ~ i ,  + *0 . The s u b s c r ip t  denotes

the  c r y s t a l l o g r a p h i c  s i t e .  At one s e t t in g  o f  H, two resonance t r a n 

s i t i o n s  cou ld  be measured; the changes in W(0) accompanying the  o th e r

t r a n s i t i o n s  were too  small to  be d i s c e r n ib le .
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>8.0 V |

f ig .  9 . Example of a NHR-ON experiment on 60Co in LMN. H = 4704 Oe,
8 = 0 ° . Two resonance trans ition s  are c le a rly  v is ib le . The
values fo r W(0) before and a fte r  each tran s itio n  are indicated.

In table  VI the results of the measurements are shown, together
with the results of computer calculations using the spin Hamiltonian
parameters appearing in the lower part of Table V I. The g values were
taken from re f .  2 (see Table I ) .  The accuracy of the experimental re
sults was determined mainly by the resonance linewidth, which depended
strongly on 6 (see section 4 .4. ) . For 6 = 90°, i t  was impossible to
determine V | j  and v s e p a r a t e l y ;  only one broad line  was observed.
To compare th is  with the theoretical values, we must know the changes
in W(0) while saturating V j j  and v.? respectively. From section 4 . 5- ,
we know that the ra t io  AW(0 ) 2 /AW(0 ) j  = 1/6; therefore we compared the

•  6 1 1 2experimental values with the theoretical values of ~ v | |  + — v . , .  This
procedure was s u ff ic ien t ly  accurate in view of the precision with which
the resonance could be determined experimentally.

The errors assigned to the calculated frequencies were due to
uncertainties in the determination of H and 6. The angle 6 could be
established with an accurary of = 0 .1 ° .  For 9 = 0° or 90°, this error
had no serious consequences; for other angles, however, the influence
on the resonance frequencies was so strong that th is  e ffec t  was the
main source of e rror. H could be estimated with an accuracy of 0.1%
(see the discussion in I ) ;  the accompanying uncertainty in the c a l 

culated frequencies was comparable to the experimental e rror.
The fact that only two of the ten resonance transitions could be



TABLE VI

E x p e r im e n t a l  and  t h e o r e t i c a l  r e s o n a n c e  f r e q u e n c i e s  f o r  1
t o g e t h e r  w i t h  t h e  h f s  p a r a m e te r s  use d  f o r  t h e

50Co, s i t e  I I
f i t .

H(Oe) e v  1
11

(MHz) I l l (MHz)
f v l l  +

y  (MHz)

e x p . c a l c . e x p . c a l c . e x p . c a l c .

2078 5° 6 3 . 7 2 5 ( 8 ) 6 3 . 7 4 3 ( 4 ) 6 5 . 1 4 7 ( 1 5 ) 6 5 . 1 5 9 ( 1 2 )

2609 5° 6 5 . 2 0 5 ( 8 ) 6 5 . 2 1 4 ( 1 2 ) 6 6 . 3 8 0 ( 1 5 ) 6 6 .4 1 1  (1 2 )

2609 0° 6 4 . 9 3 0 ( 5 ) 6 4 . 9 3 2 ( 7 ) 6 6 . 1 5 0 ( 1 5 ) 6 6 . 1 4 4 ( 6 )

3025 0° 6 5 . 8 4 0 ( 5 ) 6 5 . 8 3 9 ( 6 ) 6 6 . 9 2 5 ( 1 5 ) 6 6 . 9 2 6 ( 5 )

3823 0° 6 7 . 2 3 5 ( 5 ) 6 7 . 2 3 4 ( 6 ) 6 8 . 1 5 8 ( 1 5 ) 6 8 . 1 5 4 ( 5 )

4700 5° 6 8 . 7 2 8 ( 5 ) 6 8 . 7 4 0 ( 1 2 ) 6 9 . 5 1 0 ( 1 5 ) 6 9 . 5 2 7 ( 1 1 )

4704 0° 6 8 . 4 8 8 ( 5 ) 6 8 . 4 8 0 ( 6 ) 6 9 . 2 8 5 ( 1 0 ) 6 9 . 2 7 7 ( 5 )

2077 9 0 ° 8 7 . 9 0 6 ( 6 ) 8 8 . 6 4 9 ( 6 ) 8 7 . 9 0 ( 3 ) 8 8 . 0 1 4 ( 6 )

2604 90° 8 9 . 0 9 0 ( 6 ) 8 9 . 6 8 0 ( 6 ) 8 9 . 1 8 ( 3 ) 8 9 . 1 7 4 ( 6 )

3021 9 0 ° 8 9 . 8 4 4 ( 6 ) 9 0 . 3 4 7 ( 5 ) 8 9 . 9 3 ( 3 ) 8 9 . 9 1 6 ( 6 )

3846 90° 9 1 . 0 7 5 ( 6 ) 9 1 . 4 5 6 ( 5 ) 9 1 . 1 4 ( 3 ) 9 1 . 1 2 9 ( 6 )

4704 90° 9 2 .1 5 1  (6 ) 9 2 . 4 4 7 ( 5 ) 9 2 . 1 8 ( 3 ) 9 2 . 1 9 3 ( 6 )

H fs  p a r a m e te r s

A B P ( l + C / / ) g Nu N (,+0i V n
+ 1 3 6 . 2 2 ( 7 )  M H z + 1 7 9 . 0 8 ( 8 ) MHz +0 . 1 1 3 (5 )  MHz + 8 .0 1  ( 1 2 ) x l 0 - l | MHz/0e + 8 .1 3  ( U j x l o ' ^ M H z / O e

+ A 5 . M * ( 3 ) x l 0 " ‘*<:m_1 + 5 9 .7 4  O J x l o ' ^ c m ” 1 + 0 . 0 3 7 7 ( 1 7 ) x l 0 “ ‘t cm“ 1 + 2 . 6 7 ( 4 ) x 1 0 - 8 cm 1/ 0 e  + 2 .7 1  ( 4 ) x l 0  8 cm V o e
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observed inf luenced s t ro n g ly  the  accuracy with which the hfs  parameters
could be determined.  This is  d i scussed  in Appendix 1. The q u a l i t y  of
the f i t  can be judged by inspec t ing  Table VI. I t  is  seen th a t  the  agr ee 
ment between experimenta l and c a l c u l a t e d  f requenc ies  is good.

4.4. Linewidths.

The width of  a resonance l i n e  was def ined as the  f requency i n t e r 
val in which 68% of the  t o t a l  change in W(0) took p lace .  Assuming th a t
the  resonance l i n e  is  a pure ly Gaussian curve,  t h i s  i s  i d e n t i c a l  to
the  d i s t a n c e  between the  in f l ex io n  p o i n t s .  The assumption of  Gaussian
l ineform is j u s t i f i e d ,  s in ce  th e  l i n e  was broadened inhomogeneously,
as demonstrated by the  fol lowing experiment .  The f requency was kept
cons tan t  in the  cen t e r  of  the  l i n e  v j ,  the  r . f .  f i e l d  being equal to
the  va lue  used in the experiments in which the  f requency was swept.
No change in W(0) could be de tec te d  under the se  c i rcumsta nces ,  within
a time in te rva l  o f  f i v e  minutes .  This shows t h a t  homogeneous broadening
is n e g l i g i b l e ,  in accordance wi th  e s t i m a te s  of  t h i s  broadening along
the  l i n e s  of  Chapter I .

The r e s u l t s  ob ta ined  f o r  the f i r s t  t r a n s i t i o n ,  V j j ,  a r e  shown in
Table VII.  The e r r o r  i s  of  the  order  of  10% of th e  l inewid th .  As can
be seen,  the  l inewidth  is  s t r o n g ly  dependent on the  angle  0 and not
on the  magnetic f i e l d  va lue  H. The impression t h a t  the  f i e l d  inhomo
gene i t y  does not  play an important  ro le  in the  l inewidth  (as was the
case in the  Mn resonance l in e s )  i s  confirmed by inspec t ing  the  d e r i 
v a t i v e  3V| j /3H,  ta b u la t e d  a l s o  in t a b l e  VII.  We know t h a t  the f i e l d
inhomogeneity is  roughly 0.2% of the  f i e l d  in the c e n t e r ,  and conse
quent ly  t h i s  type of  broadening i s  small compared to  the  observed
l inewidths .  Therefore we must assume t h a t  the  broadening is  caused by
a spread in the hfs cons t an t s  A and B: AA = lAO MHz and AB = l . l A  MHz.
The l inewidth  fo r  6 = 5 °  is  c l e a r l y  la rge r  than fo r  0 = 0° ,  which
cannot be due to  the  spread in A and B. We have no exp lana t io n  for
t h i s  d i f f e r e n c e  in l inewid th .



TABLE VI I

Width of: th e  lowest resonance
as a fu n c t i o n  of

l i n e ,  Av. j ,  in
H and 6.

OOOkO

H
(0e) e

v 111
(MHz)

Av j mea n
(kHz)

1 va lue  of  v . j
(kHz)

3Vjj/3H
(kHz/Oe)

2609 0° 64.930 78 2.34

3025 0° 65.840 63 70 1 .96

3823 0° 67.235 72 1.54

4704 0° 68.488 68 1.28

2078 5° 63.725 95 3.18

2609 5° 65.205 115 101 2.34

4700 5° 68.728 93 1 .28

4704 20° 72.298 250 250 1.25

2077 90° 87.90 650 2.55

2604 V
D O
0 89.18 620 1.94

3021 90° 89.93 520 570 1.65

3846 90° 91.09 460 1.34

4704 V£> O
O 92.18 560 1.17

4.5.  Changes in  W(0).

By using a frequency sweep r a t e  of  about 1 kHz/s and an r . f .  f i e l d
of about  1 mOe, i t  was p o s s i b l e  to  s a t u r a t e  the resonance l i n e s ,  s ince
no f u r t h e r  change in W(0) could be induced by going to  h igher r . f .
f i e l d s  or  lower sweep r a t e s .  Given in Table V I I I  is  a survey of  those
exper iments  fo r  which we expect  s a t u r a t i o n  of  v . |  and V j j .  The q u a n t i 

t i e s  in the  t a b l e  have been def ined  according  to :

vl! VMW(0h — -* — >■ W(0)2 — LL-* W(0)3 •
aw(o) ! aw(o) 2

We see t h a t  AW(0)2 s c a t t e r s  around a mean va lue AW(0)2 = o . 0470(11).
This r e s u l t  can be used to  ob t a in  the  f r a c t i o n  f  o f  Co ions a t  l a t t i c e
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TABLE VIII

Changes in W(0) of 60Co, due to resonance transitions.

H(0e) e w(o)x AW(0)j W(0)2 AW(0)2 W(0)3 w(o), W(0)1,calc.

4704 0° 0.369 0.258 0.627 0.0464(25) 0.674 0.79 0.377
4704 0° 0.411 0.258 0.669 0.0430(25) 0.713 0.88 0.419
4700 5° 0.444 0.234 0.678 0.0457(22) 0.724 0.92 0.428
4704 20° 0.396 0.245 0.641 0.0508(50) 0.691 0.82 0.391
3823 0° 0.461 0.247 0.708 0.0487(23) 0.757 0.98 0.458
2078 5° 0.394 0.256 0.650 0.0517(30) 0.712 0.84 0.400

site II: f « 0.577 ± 0.014. A derivation of this value is presented in
Appendix 2. The relative fraction of type II sites Is 2/3, therefore
the value for f obtained indicates that for the 6®Co ions there exists
a slight preference for site I.

From the measurements, also the normalized gamma intensity W(0)|
for the 60Co nuclei at site I could be obtained (see Appendix 2).The
values for W(0)^ vary irregularly between 0.8 and 1.0 (Table VIII),
which means that, before thermal mixing, the value of W(0) has been
between 0.92 and 1.0. This behaviour is in accordance with the results
of the thermal mixing experiments (section 4.1.).

Using the values for W (0)j, we can calculate the values of W(0)j
to be expected if the population densities a of the subsystem ofm _
e0Co ions at site II could be described by a = e with 2.5< B < 4.0.' m *
This gives an error of 0.012 in the calculated values for W(0)x. The
agreement with the experimental values suggests that this assumption
is correct, meaning that the thermal mixing process is equally effec-
tive in polarizing the 60Co nuclear spins as in polarizing the 52Mn
and 5**Mn nuclei.

5. Experimental results on 58Co.

5.1. Nuclear orientation by means of cross relaxation with Ce spins.

To achieve nuclear orientation, the same experimental procedure
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38° *p . 40 °

f i g .  10. R e su lts  o f  c ro ss  re la x a t io n  exp erim e n ts  on the  system 58Co-Ce.

The two cu rves  were o b ta in e d  by v a ry in g  th e  d ir e c t io n  o f  the

m a gne tic  f i e l d  in  d is c re te  s tep s  and m easuring W(0) a f t e r  each

s te p . The m a gne tic  f i e l d  s tre n g th  was 1980 Oe.

was used as in the  case o f  60Co in  LMN. F ig u re  10 shows a t y p i c a l  ex

pe r im en t.  In g e n e ra l ,  the  changes in  W(0) a re  much low er,  in  a c c o r 

dance w i t h  the  fo rm u las  f o r  the gamma a n is o t ro p y  (361 and (3 7 ) .  The

r i s e  in  W(0) p reced ing the  f i n a l  descent in d ic a te s  th a t  the  Ce sp in

system does no t  " f e e l "  a l l  58Co h fs  s p l i t t i n g s  a t  th e  same t im e ,  be

cause these s p l i t t i n g s  a re  unequa l. The r i s e  must be assoc ia ted  w i t h

the  p re fe r re d  p o p u la t io n  o f  the m = 0 le v e l  (compare Tab le  I I I ) .

5 . 2 . Line positions and hfs parameters.

The iso tope  8®Co appeared t o  be ve ry  s u i t a b le  f o r  NMR-ON measure

ments, because th re e  o f  the  fo u r  p o s s ib le  t r a n s i t i o n s  cou ld  be de

te c te d .  T h is  is  due m a in ly  to  the e x c e p t io n a l l y  h igh  va lu e  o f  W(0)

0 .848

2 5 0  MHz

f i g .  11. Example o f  a NMR-ON exp e rim e n t on 58Co in  LMN. H = 3052 Oe,

8 -  9 0 °. The va lu e s  f o r  W(0) b e fo re  and a f t e r  each t r a n s i t io n

a re  in d ic a te d .
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co rrespond ing  t o  ions in  the  s ta te  m = 0. A t y p i c a l  experim ent is

shown in  f i g .  11. The measurement was done a t  an ang le  0 = 90°. A l 

though the  l in e w id th  is  r e l a t i v e l y  la rg e ,  th re e  t r a n s i t i o n s  can be

seen q u i t e  c l e a r l y .  For 0 = 0 ° ,  the l in e w id th s  were much s m a l le r ,  as

in  the  60Co measurements. The th re e  t r a n s i t i o n s  were a ls o  observed,

a l though  less  e a s i l y ,  when the  coun te rs  were p laced a long the  perpen

d i c u la r  d i r e c t i o n ,  so th a t  W(ir/2) was measured. In t h i s  way we meas

ured the  resonances up to  H = 18 kOe in  the  b ig  magnet. T h is  was es

p e c i a l l y  u s e fu l  f o r  the  d e te rm in a t io n  o f  the  parameters (1 +

and (1 + Oj_)gNUN-

The r e s u l t s  o f  the  measurements can be found in ta b le  IX . The

e r r o r s  in  the  c a lc u la te d  va lues a re  the r e s u l t  o f  the  e r r o r s  in th e  de

te rm in a t io n  o f  H and 0. The e r r o r  in  0 (= 0 .1 ° )  dominates in the

p o in ts  f o r  which 0 = 5 ° ,  and p layed a r o le  a ls o  i f  0 = 2 ° .  For f i e l d s

up to  5 kOe the  e r r o r  in  H was es t im a ted  to  be 0.1%. The h igher

f i e l d s  were produced by the  b ig  magnet, which was c a l ib r a t e d  up to

7 kOe us ing  an NMR method, and above 7 kOe by means o f  a f l i p  c o i l ,

coupled t o  an e le c t r o n i c  i n t e g r a t o r .  In t h i s  re g io n ,  the  f i e l d  was

c a l ib r a t e d  w i t h  a p re c is io n  o f  0.2%. As can be seen from the  t a b le ,

t h i s  e r r o r  determ ined the  accuracy w i th  which the  parameter

(1 + o/ / ) g NPN cou ld  be d e r iv e d .

The u n c e r ta in t y  in the  parameter P had no t such im portan t conse

quences f o r  those in  A and B as in the  case o f  60Co. T h is  is  due to

the f a c t  t h a t  we measured th re e  o f  the  fo u r  p o s s ib le  t r a n s i t i o n s  in

th e  h fs  spectrum. The (pseudo) Zeeman terms cou ld  be de r ive d  most

e a s i l y  by means o f  the f i e l d  dependence o f  the  resonances in the

high f i e l d  re g io n ,  because th e re  th e  f i e l d  dependence caused by pe r

tu r b a t io n  terms o f  the  form A2/gu_H was n e g l i g i b l e .  Consequently a l l
D

parameters in the  sp in  H am il ton ian  were determ ined w i th  g re a te r  ac 

curacy than in  the  case o f  60Co.

5.3. Linewidths.

The w id th s  o f  the th re e  resonance l in e s  were determined in  the

same way as in  the  case o f  60Co; the  accuracy was = 10%. The re s u l t s

a re  summarized in  ta b le  X. There is  aga in  a b ig  d i f f e r e n c e  between



TABLE IX

Experimental resonance frequencies fo r 58Co,
using the indicated !

Site I I ,  compared to  calculated frequencies,
set of hfs parameters.

H e *.1 (MHz) (MHz) (MHz)

(Oe) (degrees) exp. calc. exp. calc. exp. calc.
2104(5) 5.03 175.360 (10) 175.A79(A3) 185.226(10) 185.250(29) 195.855 (15) 195.885(23)
3052(A) 5.03 180.63 (2) 180.6A0(35) 187.726(8) 187.7A1(27) 195.255 (10) 195.257(23)
3820 (A) 1.95 183.11 (3) 183.095(15)
A69A (5) 2.03 186. 005 (15) 185.999(15) 190.996(10) 190.99A(11) 196. 180(15) 196.163(8)
A71A(5) 1.95 186.085 (20) 186.062(15) 191.075(15) 191.039(11) 196.205 (20) 196.189(8)
7560(10) 0.03 193.705 (10) 193.715(25) 197.15 (A) 197.210(22) 200.72 (5) 200.688(20)

10810(20) 0.15 201.59 (2 ) 201.559(A5)
1A790(30) 0.15 210.62 (3) 210.6A2(65)
18330 (AO) 0.2 2 1 8 .A8 5 (20) 218.537(85) 220.35A(20) 220.AA6(85) 222.38 (5) 222.366(85)

2079(3) 90.0 236.13  (15) 236.16 (2) 2A2.31 (8) 2A2.29 2A2 .22  ( 12) 2A9.1A
3052(A) 90.0 2A0.68((15) 2A0.73 (O 2AA.85 (8) 2AA.87 2A9.51 ( 12) 2A9.35
A720(5) 90.0 246.10 (15) 2A6.21 2A8.75 (8) 2A8.79 251.68  (12) 251.51

108A0 (20) 88.8 261.70 (15) 261.53 (5)
10970(20) 89.8 261.80 (15) 261.85 (7)
18210(AO) 89.8 278.A6 (10) 278.AO (9)

Hfs parameters
A B P (1 + <v/)gNuN (1 + 0 lV n

362.73(A) MHz A76 . 75(20) MHz + O.Al(2) MHz 2.155(6)xl0"3 MHz/0e 2 .2 1 ( l)x lo "3 MHz/0e
120.99A(13)xl0"‘lcm"1 159.03(7)xl0‘ ‘tcm“ 1 0 .137(7)xlo"‘*cm’ 1 0 .719(2)xl0 '7cm"1/Oe 0.737(3)xl0"7cm’ 1/0e
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TABLE X

Width o f  the  th re e  resonance l in e s  in '>8Co, as a fu n c t io n  o f H and 6

H 6 A V | l A V | 2 Av , 3 3v */3H 3v.?/3H 3v.?/3H

( 0 e ) (degrees) (MHz) (MHz) (MHz) (kHz/Oe) (kHz/Oe) (kHz/Oe)

3 0 5 2 5 . 0 3 0 . 1 7 0 . 1 7 0 . 1 8 +  A .A +  2 . A +  0 . 0 2

A69A 2 . 0 3 0 . 1 9 0 . 1 5 0 . 1 6 +  3 . 1 +  2 . 2 +  1 . 3

A71A 1 . 9 5 0 . 1 8 0 . 2 2 0 . 2 0 +  3 . 1 +  2 . 2 +  1 . 3

1 0 8 1 0 0 . 1 5 0 . 2 5 +  2 . A +  2 . 2 +  1 . 9

1A790 0 . 1 5 0 . 2 5 +  2 . 2 +  2 . 2 +  2 . 1

18330 0 . 2 0 . 2 8 0 . 2 9 +  2 . 2 +  2 . 2 +  2 . 1

2 0 7 9 9 0 . 0 1 . 8 2 . 0 +  5 . 8 +  2 . 9 -  0 . 7

3 0 5 2 9 0 . 0 » . 7 1 . 9 +  3 . 8 +  2 . A +  0 . 7

A 7 2 0 9 0 . 0 1 . 3 ' 1 . 3 +  2 . 8 +  2 . 2 +  1 . 5

1 0970 8 9 . 8 1 . 6 +  2 . 3 +  2 . 2 +  2 . 0

1 8 2 1 0 8 9 . 8 1 . 5 +  2 . 2 +  2 . 2 +  2 . 1

l in e w id th s  measured a t  0° and a t  90° .  From the  r e s u l t s  a t  6 = 0° we

see th a t  the  l in e w id th  is  the  same f o r  the th re e  t r a n s i t i o n s .  The

f i e l d  inhomogeneity is  un im po rtan t f o r  f i e l d s  up t o  5 kOe, as can be

seen from the  t a b le .  The resonances measured in  the  b ig  magnet a re

d i s t i n c t l y  b roader.  I f  we a s c r ib e  t h i s  to  the  magnet ic  f i e l d  inhomo

g e n e i ty  AH, then AH must be rough ly  100 Oe over the  sample. T h is  is

not im p o s s ib le ,  a l th o u g h  from experim ents  on the  c a l i b r a t i o n  o f  the

magnetic  f i e l d  we would expect t h a t  AH would be lower by a f a c t o r  two.

The l in e w id th s  a t  0 = 90° were rough ly  c o n s ta n t .  An e xc e p t io n  was

the  p o in t  a t  A720 Oe, where narrower l i n e s  were found ; bu t t h i s  is

p robab ly  caused by the f a c t  th a t  the  th re e  l in e s  were not co m p le te ly

separab le  a t  t h i s  f i e l d ,  so t h a t  we may have somewhat underes t im ated

the  l in e w id th .  Assuming t h a t  the l in e w id t h s  a re  due to  a spread in  A

and B (which is  c l e a r l y  in d ic a te d  by the measurements), we d e r iv e

AA = 0 .36  MHz, and AB = 3 . A MHz.



80

5.4. Changes in W(O) and W(k/2).

For 58Co large changes in W(0) and in W(tt/2) took place, while
saturating the resonance transitions. To be able to observe W(0) and
W(ir/2) simultaneously, we placed two counters parallel and two per
pendicular to the magnetic field. After nuclear orientation had been
accomplished, we set H = **700 0e in the direction of the c-axis of
the crystal, after which the gamma intensities in both directions were
measured during 400 s before the r.f. field was turned on, using the
analyser in the pulse height mode (point 1). The first transition,
V||, was saturated by sweeping slowly through the resonance three
times, using a high r.f. power level. Then the gamma intensities were
remeasured during 400 s (point 2). Points 3 and 4 were measured after
v 2 and v 8 had saturated in the same way. Finally, the system was
warmed up to 1 K and measurements were done to normalize the observed
intensities. The results are shown in Table XI. An analysis on the

TABLE XI

Changes in W(0) and W(ir/2) of 58Co due to resonance transitions,
compares to calculations according to the model explained in the text.

point
state of 58Co experimental values calculated values,

assuming f = 0.577
spin system w(o) W(ir/2) w(o) W(ir/2)

1 after nucl. orientation 0.882(5) 1.110(4) 0.893(3) 1.116(10)

2 after v.( 0.812(5) 0.975(4) 0.813 0.973

3 after v.?
after v.|

1 .066(5) 1.047 (4) 1.069 1.047

4 0.932(5) 1.012(4) 0.941 1.009

basis of the model described in Appendix 2 yielded for the fraction f
of 58Co ions at site II: f = 0.577 ± 0.013. This is in excellent agree
ment with the value obtained from the measurements on 60Co (section
4.5.). Further analysis showed that the ions at lattice site I were
not appreciably oriented during the cross relaxation process. The cal
culated values for W(0) and W(u/2) are also shown in Table XI. For
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point  1, they were ob ta ined  by assuming - as usual  -  t h a t  the  popula
t i o n  dens i t  i es» of  the  hfs  le ve ls  of  type II ions could be descr ibed

by am “ e » with 2 .5  < B < 4 .0 .  The agreement with the  experimental
va lues  i s  very s a t i s f a c t o r y .

2+For Co in La2Mg3 (N03) j2.24H2O, no o th e r  de te rm ina t ion  of f  i s
given in the  l i t e r a t u r e .  For th e  isomorphous La2Zn3 (N03) 12.24 H20,

3 1 )
however, Culvahouse e t  a l .  der ived  from EPR measurements fo r  the
r a t i o  of  both types of  ions:  f /(1 -  f )  = 1.8 ± 0 . 2 ,  whereas our meas
urements y ie ld  f / (1  -  f )  = 1.36 + 0 .06 .  The d i f f e r e n c e  may be

asc r ib ed  to the  f a c t  t h a t  d i f f e r e n t  hos t  c r y s t a l s  were used.  If t h i s
i s  the  case ,  then i t  is  not j u s t i f i e d  to  use the  r a t i o s  f / ( l  -  f)
found fo r  the  lanthanum double n i t r a t e s  in ana lyz ing nuc l ea r  o r i e n 
t a t i o n  exper iments  performed on the corresponding cerium s a l t s ,  as
has been done by va r io us  a u t h o r s 32-3*4^,

6. Experimental resu lts on 57Co.

6.1. Nuclear orientation by means o f cross-relaxation with Ce spins.

Quite analogous to  the  measurements on the  o th e r  i s o to p es ,  we
observed a decrease  in W(0) of  the  136 keV t r a n s i t i o n  in 57Fe i f  we
r o ta te d  the  magnetic f i e l d  through the region where 57Co-Ce thermal
mixing could be expected .  However, W(0) decreased  only to  = 0 .8 ,  a
va lue  which is  much higher than could be expected on the  b a s i s  of
Table I I .  This must be a t t r i b u t e d  to a d i s o r i e n t a t i o n  in the exc i ted
s t a t e  a t  136 keV in 57Fe, a phenomenon t h a t  has a l s o  been observed

1 9 )
by Bishop e t  al fo r  57Co in CoRb2 (SOi )̂ 2 . 6H2O. Never the less i t  was
p o s s ib le  to  e s t a b l i s h  the  d i r e c t i o n  of  the  c - a x i s  wi th a p re c i s i on
of * 0 . 1°.

6.2. Line positions and hfs parameters.

From Table I I ,  i t  can be seen t h a t  a measurement of  W(0) is not
s u i t a b l e  to  d e t e c t  the  resonance t r a n s i t i o n  v j . For t h i s  t r a n s i t i o n ,
a measurement of  W(tv/ 2) is  necessa ry .  Therefore  V| j and Vj7 had to
be measured with the Ge(Li) d e t e c t o r  a t  d i f f e r e n t  p o s i t i o n s ,  which
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was v e ry  in c o n v e n ie n t ,  and made i t  im p o ss ib le  to  o b ta in  n o rm a l iz a t io n

p o in ts  f o r  the  gamma i n t e n s i t y  in both d i r e c t i o n s .

The observed change in  W(it/ 2 ) ,  assoc ia ted  w i th  v |^> was ve ry

s m a l l ,  m a in ly  due to  the  a t te n u a t io n  o f  the gamma a n is o t ro p y ,  a l re a d y

observed in  the  thermal m ix ing  expe r im en ts . In f a c t ,  o n ly  one r e l i a b l e

measurement was made on t h i s  t r a n s i t i o n .  Moreover, d u r in g  th e  measure

ments, se r io u s  r . f .  hea t ing  was observed a t  v a r io u s  f re q u e n c ie s .  Es

p e c i a l l y  the  measurements a t  6 = 9 0 ° ,  which i n e v i t a b l y  took  much time

because o f  the la rg e  l in e w id th  a t  t h i s  a n g le ,  were hampered s e r io u s ly

by t h i s  phenomenon. We th e r e fo re  ob ta ined  o n ly  one r e s u l t  a t  t h i s

a n g le .  An example o f  the  data is  g ive n  in f i g .  12.

125.0 MHz124.0 124.5123.5121.5 V 122.0 122.5

f i g .  12 . Example o f  a NMR-ON exper im ent on 57Co in  LMN. H = *1666 Oe,

8 ”  0° .  For th e  f i r s t  resonance t r a n s i t i o n ,  th e  gamma in te n s 

i t y  in the d i r e c t i o n  o f  th e  m agnet ic  f i e l d  i s  p l o t t e d  on an

a r b i t r a r y  s c a le .  For the  second t r a n s i t i o n ,  th e  gamma in te n s 

i t y  p e rp e n d ic u la r  t o  the  m agnet ic  f i e l d  d i r e c t i o n  was measured.

The r e s u l t s  o f  the  resonance measurements a re  g iven  in Tab le  X I I ,

to g e th e r  w i th  the deduced h fs  parameters and the  c a lc u la te d  va lues

f o r  the resonance f re q u e n c ie s .  The e r r o r s  in the c a lc u la te d  va lues  a re

due to  e r r o r s  in  H and 0. Because we had o n ly  one p o in t  a t  0 = 90 ° ,  we

had to  choose a v a lu e  f o r  the parameter (1 + In v iew  o f  the

r e s u l t s  on 60Co and 58Co, we took  t h i s  parameter 0 . 2% h ighe r  than

(1 + The f a c t  th a t  v .?  was measured o n ly  once, w i th  a
/ /  N N I I

r e l a t i v e l y  la rg e  e r r o r ,  was the main source o f  e r r o r  in the h fs  para

meters (see Appendix 1 ) .



TABLE X I I

Experimenta l resonance fre q u e n c ie s  and l in e w id th s  f o r  57Co, s i t e  I I ,
compared to  c a lc u la te d  f re q u e n c ie s ,  us ing  the h fs  parameters g ive n  below

H e 5 (MHz) AV |j  V j j  (MHz)

(Oe) (degrees) exp. c a lc . (MHz) exp. c a lc .

1577(2) 3.00 1 0 8 . 4 3 0 (3 5 ) 108.485(30) 0 .27

2082(2) 2.76 1 1 2 . 5 3 0 (2 5 ) 112.490(20) 0.23

2090(2) 3 .00 112.575(40) 1 12.571 (20) (0 .22)

3037(3) 2.03 117.075(30) 117.092(15) 0.26

3950(4) 1.95 120.070(25) 120.075(15) 0 .22

4666(5) 0 .00 121.905(25) 121.890(12) 0.27 124.30(8) 124.284(10)

4712 90.0 163.14 (15) 163.141(10) 1 .3

Hfs parameters

A B P (1 + < V / )9 npn (1 + ^ ) g NyN

+243.46(48) MHz +317 .7 (5 ) MHz +0 .28 (4 ) MHz + 1 . 4 2 8 ( l3 ) x l0 -3MHz/0e + 1 .4 6 x l0 ’ 3 MHZ/Oe

+81.21 ( I 6 ) x l 0 ’ 4cm"1 +105.97(17)x10" '*cm"1 + O .0 9 3 (1 3 )x l0 " ‘*cm"1 + 0 .4 7 6 (4 )x 10 7cm V o e  +0.487x10 7cm 3/0e
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6.3. Linewidths.

In Table XII the measured linewidhts are also listed. The lines
were broader than could be expected on the basis of the results on
the other two isotopes. This was probably caused by the rather poor
quality of the 57Co-LMN crystal. The field dependence of the resonance
lines appeared to be so small that the field inhomogeneity did not
contribute appreciably to the resonance linewidths. We can therefore
conclude that the linewidth is caused by a spread in A and B:
AA = 0.50 MHz and AB - 2.6 MHz.

6.4. Multipole mixing ratio of the 122 keV gamma transition in 57 Fe;

reorientation in the 136 keV state.

For the purpose of obtaining the mixing ratio 6(E2/M1) of the
122 keV transition, we performed the following experiment. After de
magnetization, the crystal was precooled in a magnetic field of 5 kOe
in the direction of the c-axis. Under these circumstances, the nuclear
spin-lattice relaxation time is practically infinite, so that no
nuclear orientation occurred. In this situation, a normalizing point
was taken with the Ge(Li) detector parallel to the magnetic field,
measuring the intensities of the 122 keV and the 136 keV lines simul
taneously during 1000 s. Next, nuclear orientation was produced in
the usual way, and a second point was taken under circumstances other
wise identical to those in point 1. This yielded W(0) for both gamma
transitions. To measure W(ir/2), the detector was moved to the perpen
dicular position, keeping the rest of the equipment undisturbed.
Point 3 was taken at this position, and finally the crystal was warm
ed up to 1 K and a normalizing point for W(ir/2) was taken. The results
of these measurements are given in Table XIII.

To analyse the results, we note that, in spite of the reorienta
tion in the 136 keV excited state, we can measure the orientation
parameters f2 (5/2) and fi,(5/2) of this state by using the values of
W(0) and W(ir/2) for the 136 keV transition. This is a pure E2 tran
sition, for which the directional anisotropy is given by expressie.
(14), (17) and (18). To apply these formulae, we must add the solid



85

TABLE X I I I

Results of gamma anisotropy measurements on 57Co,
used to obtain the multipole mixing ra t io  6 of the 122 keV trans it ion

136 keV transition 122 keV transit ion

w ( o ) W(tt/2 )
f 2 (5/2) f 4 (5/2)

W(0) W(ir/2) A2

0 . 8 0 6 7 ( 1 8 ) 1.0623(25) +0.120(2) +0.0070(5) 11 . 0 A 8 6 ( 8 )  0 . 9 7 6 3 ( 1 0 )  0 . A 1 9 ( 1 0 )

angle factors Q2 = 0.956 and Q4 = 0.857 to P2 (cos a) and Pit (cos a ) . The
results for f 2 and fi, are also given in Table X I I I ;  they can be substi
tuted into the expression for the directional anisotropy of the 122 keV
tran s it io n , because both transitions have the same i n i t i a l  s ta te . The
result for the coeffic ient A2 in (lA) is given in Table X I I I ,  A4 is
neglig ib le . Using (19) we find for the multipole mixing ra t io :

6 = + 0.1071 ± 0 . 0022.

We have i l lu s tra te d  this  by plotting A2 versus 6 in f ig .  13. The re
sult for 6 can be used to check that the fourth rank term in (lA) is
neglig ib le  compared to the other terms.

To compare our result for 6 with the d irectional correlation re
sults on the 122 keV - 1A.A keV gamma cascade, we recall that the

1 7 )
angular correlation function can be written  as

W(a) = 1 + A2 *A2 -P2 (cos a) (39)

1 1
where A2 and A2 are coeffic ients  depending on the characteristics of
the f i r s t  and second gamma respectively. For the 1A.A keV tran s it io n ,

2 1A2 = 0.500, so that the coeff ic ien t  A2 can be found d ire c t ly  from the
measurements. The dependence of A2 on 6 is also sketched in f ig .  13.
The values for 6 which are found from these measurements are negative,
as could be expected in view of the discussion in section 2 . 2 .;  they-
are 6 = -  0.131(6) 12  ̂ and 6 = - 0.121(3) 13 respectively. The agreement
with our result is poor in view of the stated accuracies. We see from
f ig .  13 that we should expect a lower value of A2 i f  we assume that
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± 0.15± 0 .0 5

- 0 .5 - - 0 .0 5

- 1.0 -*--0.100

f ig . 13* Results of measurements to determine the multipole mixing
ra t io  6 o f the 122 keV gamma trans ition  in 57Fe. The fu l l  line
refers to the re la tio n  between 6 and A2 , the c o e ffic ie n t in
the angular d is trib u tion  of the 122 keV gamma rays, as appear
ing in expression (14). The positive sign fo r 6 must be used.
The dashed line refers to the relation between 6 and A2 1, a
coefficient appearing in the directional correlation of the 122
and 14.4 keV gamma rays, expression (39)* In this case the
negative sign for 6 must be used.
A: our experiment; B: Lindqvist and Heer, r e f .  12;
C: Hohenemser et a l . ,  re f .  13*

our measurement i s  c o r r e c t .  T h is  exc ludes an e x p la n a t io n  o f  the  d i s 

crepancy in  terms o f  the  a t te n u a t io n  o f  the  c o r r e la t i o n  d u r in g  the

98 ns l i f e t i m e  o f  the  14.4 keV le v e l .  I t  i s  a w e l l  known f a c t ,  however,

th a t  s e l fa b s o rp t io n  o f  the 14.4 keV gamma ray  can lead to  a too
1 2 1 2 )  , ,

h igh  v a lu e  o f  the  angu la r  c o r r e la t i o n  c o e f f i c i e n t  A2 *A2 , so t h i s

cou ld  be the  o r i g i n  o f  the  d isc re p a n cy .  We w i l l  o n ly  remark here

th a t  the  nuc lea r  o r i e n t a t io n  experim ent is  f r e e  from the experim enta l

d i f f i c u l t i e s  re la te d  to  the long l i f e t i m e  and the  low energy o f  the

lA . l t  keV s ta t e .

So f a r  we have analyzed the  n uc lea r  o r i e n t a t i o n  in  terms o f  the

o r i e n t a t io n  parameters f ^ (5 /2 )  o f  the  e x c i te d  s ta te  a t  136 keV. I t  i s

i n te r e s t in g  to  compare th e  ob ta ined  va lues  o f  f ^ (5 /2 )  w i t h  those to

be expected from th e  n u c le a r  o r i e n t a t io n  o f  the  ground s ta te  o f  57Co.
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Assuming that after orientation the populations a of the hfs sublevels
of the 57Co ground state can be described again by the Boltzmann
factor a « e”em with 2.5 < 6 <4.0, we obtain f2 (7/2) = 0.546(17) andm
fi,(7/2) = 0.69(7). The relation between f. (5/2) and fk (7/2) can be
written as (see also formula (21)):

fk (5/2) = 0.577.Gk.Uk .fk (7/2) , ('‘O)

where the factor 0.577 is introduced to allow for the fact that only
the 57Co ions at site II are oriented. The factors Uk describe the
influence of the .preceding beta decay; from section 2.2. we have

U2 = 0.933 and Ui* = 0.549- The factors G. allow for the attenuation
of the gamma anisotropy during the 8.7 ns lifetime of the 136 keV
state. They can thus be found by substituting the values of fk (5/2)
and fk (7/2) in expression (40). The result is:

G2 = 0.41 + 0.02, and Gi, = 0.32 ± 0.04.

This result will be discussed in section 7-3-

6.5. Changes in W(0) and W(k/2).

The results of the previous section can be used to analyze the ob
served changes in W(0) and W(tt/2) while crossing the resonance trans-
sitions. In the resonance measurements, the source-detector distance
was 5 cm, which yields * 0.921 and Ou = 0.76. Using the results of

section 2.2. together with expression (40), we find for the directional
distribution of the 136 keV gamma rays:

W(a) = 1 ■!y • 0.577 N2 (5/2)G2U2f2(7/2) Q2P2 (cosa)

- 5 • 0.577 N4 (5/2)Gi*Ui*fi* (7/2)Qjl,Pi+ (cos a)

= 1 - 0.270 f2 (7/2)P2 (cos a) - 0.51 ft, (7/2) Pi, (cos a)

(41)

Using this expression, we can calculate the values of W(0) and
W(tt/2) for the case that only one sublevel m of the 57Co ground state
is populated, whereby it is assumed that the ions at site I give rise
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TABLE XIV

O r ie n ta t io n  parameters and norm alized gamma
i n t e n s i t i e s  f o r  th e  136 keV t r a n s i t i o n  in
57Fe, i f  o n ly  one sub leve l  m o f  the  ground
s ta t e  o f  57Co is  popu la ted ,  us ing  the r e 
s u l t s  o f  s e c t io n  6 . A.

m f 2 U w(o) W(ir/2)

+ 7 / 2 +  0 . 5 7 1  A +  0 . 0 8 0 0 0 . 8 0 5 1 . 0 6 2

± 5 / 2 +  0 . 0 8 1 6 -  0 . 1A8 5 1 . 05A 1 . 0 3 8

± 3 / 2 -  0 . 2 A A 9 -  0 . 0 3 A 3 1 . 0 8 5 0 . 9 7 A

± 1 / 2 -  0 . A 0 8 2 +  0 . 1 0 2 8 1 . 0 5 8 0 . 9 2 5

to  an i s o t r o p i c  c o n t r i b u t i o n ,  which is  inc luded  in  the  va lues  l i s t e d

in ta b le  XIV. A f t e r  s a tu r a t io n  o f  v . ^ , we thus expect W(0) = 0.930

and W(tt/2 )  = 1 .050; whereas s a tu r a t io n  o f  v .?  w i l l  lower W(ir/2) by

o n ly  0.016 and ra i s e  W(0) by 0 .008 .  T h is  e x p la in s  why t h i s  t r a n s i t i o n

was so d i f f i c u l t  to  obse rve . The expe r im en ta l  va lues  a re  g ive n  in

Tab le  XV. We see th a t  in none o f  the cases complete s a tu r a t io n  o f  v . j

TABLE XV

Changes in  W(0) and W(ir /2 )  o f  57Co, due to  resonance t r a n s i t i o n s .

t r a n s i t i o n  v, 1
11

H (Oe) 0 (degrees) w(o). w(o)f AW(0)

1577 3.00 0.807(5) 0.879(5) 0.072(5)
2090 3.00 0.836(A) 0.88A(A) 0.0A8(A)

3037 2.03 0.819(3) 0.916(A) 0.097(3)
3950 1 .95 0.827(3) 0.913(3) 0.086(3)
A712 90.0 0.823(3) 0.885(3) 0.062(A)

t r a n s i t i o n  v 2
1 1

H (Oe) 0 (degrees) W (ir /2 ). W(tt/ 2) f AW(tt/2 )

A666 0.00 1.0A5(A) 1 .023(A) -0.022 (A)
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was o b ta ined ,  probably by poor impedance matching in the r . f .  power
l i n e .  The only measurement of  g iv es  a remarkably high va lue  for
AW(tt/ 2) , which in d i c a t e s  t h a t  the  prev ious resonance t r a n s i t i o n  v . j
was comple te ly s a t u r a t e d  in t h a t  c a se .  We could not check t h i s ,  because
we could not t ake  a normal iza t ion  poin t  fo r  W(0) i f  we measured v . j  and
v | in sequence.

7. Discussion.

7.1. Hfs parameters and nuclear moments.

The obtained hf s  parameters can be combined with the  ENDOR r e -
z)s u i t s  o f  De Beer on s t a b l e  ^9Co in LMN, in order  to  de r iv e  va lues

fo r  the magnetic d i p o l e  and e l e c t r i c  quadrupole moments of  the  r a d i o 
a c t i v e  i so topes .  In Table XVI, the  hfs parameters fo r  Co ions a t  s i t e

TABLE XVI

Summary o f r e s o n a n c e  m e a s u r e m e n t s  o n  f o u r Co i s o t o p e s

p a r a m e t e r  A / h c B / h c P / h c

i s o t o p e ( 1 0  ^cm 1 ) ( 1 0  ^cm ) ( 1 0  cm )

5 7 Co a )

5 8 Co a )

5 9 Co b)

6 0 Co a )

+  8 1 . 2 . 1  ( 1 6 )

+ 1 2 0 . 9 9 4  ( 1 3 )

+  7 9 . 0 9 6  (A)

+  4 5 . 4 4  ( 3 )

+ 1 0 5 . 9 7  ( 1 7 )

+ 1 5 9 . 0 3  ( 7 )

+ 1 0 3 . 9 1 1  ( 4 )

+  5 9 . 7 4  ( 3 )

+  0 . 0 9 3  ( 1 3 )

+  0 . 1 3 7  ( 7 )

+  0 . 0 7 2 0  ( 4 )

+  0 . 0 3 7 7 ( 1 7 )

r a t i o s  o f  h f s p a r a m e t e r s

5 7 Co' /5 9 Co

5 8 C o / 5 9 Co

6 0 C o / 5 9 Co

+  1 . 0 2 6 7 ( 2 0 )

+ 1 . 5 2 9 7  ( 2 )

+  0 . 5 7 4 5  ( 3 )

+  1 . 0 1 9 8 ( 1 6 )

+  1 . 5 3 0 4  ( 7 )

+  0 . 5 7 4 9  ( 3 )

+  1 . 2 9  ( 1 8 )

+  1 . 9 0  ( 1 1 )

+  0 . 5 2  ( 3 )

moment  r a t i o s
g N p Q

5 7 C o / 5 9 Co

5 8 C o / 5 9 Co

6 0 C o / 5 9 Co

+  1 . 0 2 3  ( 3 )

+  1 . 5 2 9 8  ( 2 )

+  0 . 5 7 4 7  ( 2 )

+  1 . 0 2 3  ( 3 )

+  0 . 8 7 4 1 7 ( 1 5 )

+  0 . 8 2 1 0  ( 3 )

1 . 2 9  ( 1 8 )

0 . 5 4  ( 3 )

1 . 1 1  ( 6 )

a) t h i s  work
b) measurements of  De Beer,  r e f .  2.
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I I  are l is ted .  The moment ratios o f ,  fo r  instance, 58Co and 59Co nu
c le i can be calculated by means of the following formulae:

58a 58B 58g., 58p 59I
---------------------------Ü -------------- , (42)
59A 59B 59gN 59y 58I

and

58P _ 58Q 591(2 x 59I -  1) .
59p 59q 5 8 1 (2 x  5 8 !  .  , )

These formulas are correct only i f  we can neglect hyperfine anoma
l ie s .  A hfs anomaly, presumably connected with the nuclear charge d is 
tr ibution  interacting with core s electrons, w i l l  depend on the spin
angular momentum contribution to the g value. Hence the anomaly w il l
not scale according to the B/A ra t io  in going from the z -  to the x-axis .
Experimentally we find that the ra t io  of the A's equals that of the B's
within the experimental e rro r ,  indicating that hfs anomalies are un
important. 57Co forms an exception; the measurements on this isotope
are less r e l ia b le ,  however, because the determination of B depends on
only one point. We therefore assigned a rather large error to the ra
t io  57q / 59q... The results are shown in Table XVI. They w i l l  now be3N 3N
compared with other measurements.

a. 57Co/59Co. The magnetic moment ra t io  has been determined by Baker
et a l . 35 from EPR measurements on 57 Co and 59Co in ZnK2 (S0i,)2.6H20.
They found 57p / 59y -  1 .00 (1 ). We note that th is  result is derived
from the absence of any 57Co spectrum, and consequently i t  must be
taken with considerable reserve. The ra t io  of the quadrupole moments

has not been determined before.
q  c  \

b. 58Co/59Co. Dobrov and J e ffr ies  '  have performed EPR measurements
on 58Co in ZnK2 (SO1J 2 .6H20. Their result is: 58p / 59p = 0 .8734(24),
which is less accurate by a factor of 15, but in agreement with our
measurement. The quadrupole moment ra t io  has not been measured be

fore.

c. 60Co/59Co. Dobrowolski e t  a l . 37 have measured the magnetic mo

ment r a t io  to be 60y / 59y = 0 .8 1 9 1 (1 6 ) ,  by means of EPR measurements



TABLE X V I I

Summary of nuclear moments and pseudo Zeeman c o e f f ic ie n ts

i so-

tope
y

(n .m .)
Q

(barns) 9N

9N^nA i c

( 10 8cm V o e )
0 +<7 / ) g NwN/ hc
(10-8 cm- 1 /0 e ) ° / /

(1 +ctj_) g NU N/h c
(10-8 cm- 1 /0e CT±

59Co +4.616 (9) + 0 .38 (4 ) +1.319 (3) +3.353 (7) +0.406 (3) +0.438 (5)

57Co +4.722(17) +0 .49 (9 ) +1.349 (5) +3.430 (12) +4 .76 (4 ) +0.388(12) +4.87 * +0.420 *
58 Co +4.035 (8) +0.21 (3) +2.018 (4) +5.131 (10) +7 .19 (2 ) +0.401 (5) +7 .37 (3 ) +0.436 (7)

60Co +3.790 (8) +0 .42 (5 ) +0.7580(16) +1.927 (4) +2 .67 (4 ) +0.39 (2) +2 .71 (4 ) +0.41 (2)

*  values not obtained from the measurements, but used to f i t  resonance frequencies.
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in Zn(NH4)2.(S04)2.6H20. Their result is in agreement with ours, al
though less accurate by a factor of 5. Again the quadrupole moment
ratio has not been determined before.

Using the nuclear moments of 59Co as a reference, we can derive
values for the nuclear moments of the three radioactive isotopes. The
most reliable value for the magnetic moment of 59Co is 59y = 4.616(9)
n.m.38 .̂ For the quadrupole moment of 59Co several values are quoted39 ;
as a mean value we adopt " Q  = + 0.38 barn, in Table XVII, the result
ing values of the nuclear moments of the other isotopes are listed,
together with the nuclear g values g,, = y/I. It should be emphasized,
however, that the derived values for the nuclear moments of the three
radioactive isotopes may be subject to shifts, arising from systematic
errors in the nuclear moment values for the stable isotope 59Co. This
holds especially for the electric quadrupole moments, where systematic
errors in the order of 201 are possible due to the uncertainty in the
atomic Sternheimer shielding correction used to obtain Q( 9Co).

From the nuclear magnetic moments, we can derive the values for
g yN/hc, where vN/hc is the nuclear magneton, expressed in cm /0e:
VN/hc = 2.5428 x"l0-8cm"Voe. Comparison with the experimental values for
the gyromagnetic ratios (1 + o^Jg^y^/hc and (1 + yields
values for the "pseudo Zeeman" coefficients o.j and a (. These are
listed also in Table XVII, together with the values for 59Co, as found
by De Beer2 . There is reasonable agreement between the several deter
minations of Q// ar*8 °j_’ although the mean values of our data are some
what lower than the values for 59Co.

7.2. Comparison of linewidths.

In sections 4, 5 and 6, we have ascribed the measured linewidths
to a spread in the hyperfine parameters A and B. In Table XVIII, we
have summarized the results; also the fractional widths AA/A and AB/B
have been derived from the experiments. These fractions appear to be
constant for the optically bright "Co-LMN crystals (two samples) and
the 60Co -LMN crystal, whereas the cloudy 57Co-LMN sample gives larger
fractional widths, especially for the parameter A.
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TABLE XVIII

Comparison o f  the  spread in  the
h fs  parameters A and B o f th re e  Co i sotopes

i sotope A

(MHz)

AA

(MHz)

AA/A B

(MHz)

AB

(MHz)

AB/B

57Co 2A3.A6 0.50 2.1 x i o " 3 317.7 2 .6 8 . 2 x l 0 " 3

58Co 362.73 0.36 0 .9 9 x l0 -3 A76.75 2 . A 7 . l x lO -3

60Co 136.22 0.1A 1 .0 3 x l0 -3 179.08 1.14 6 . A x l0 " 3

These r e s u l t s ,  combined w i th  the absence o f  any a p p re c ia b le

spread in  the  h fs  parameters in  the  case o f  the  Mn is o to p e s ,  suggest

th a t  the spread in  A and B is  caused by random v a r i a t i o n s  in the  c r y s -
2+t a l l i n e  f i e l d  from s i t e  to  s i t e .  For Mn , these v a r i a t i o n s  do no t

a f f e c t  the h fs  i n t e r a c t i o n ,  because in  th a t  case th e  in t e r a c t io n  is

caused by core  p o l a r i z a t i o n ,  e n te r in g  the h fs  H a m il to n ia n  th rough  the

Fermi c o n ta c t  term. T h is  core  p o la r i z a t io n  i s  caused by th e  e l e c t r o n i c

sp in  angu la r  momentum, the  l a t t e r  being p r a c t i c a l l y  independent from
2+

c r y s t a l l i n e  f i e l d  e f f e c t s .  For Co , however, the o r b i t a l  term P L . j

p lays  an im po r tan t  r o l e  in the  h fs  c o u p l in g .  T h is  term is  d i r e c t l y  r e 

la te d  to  the  e le c t r o n i c  o r b i t a l  an g u la r  momentum in the  ground s ta t e ,

and hence to  the c r y s t a l l i n e  f i e l d .

F o l lo w in g  Abragam and P ryce5^ , the  o r b i t a l  c o n t r i b u t io n  to  the

h fs  parameters A and B can be w r i t t e n  as

Al = P9/L/  , ,  (M*)

Bl -  Pg^ , (A5)
- 3

where P = 2pBgNuN <r > , (7)

and g^y and g. a re  the o r b i t a l  c o n t r ib u t io n s  to  the  g va lues  o f  the

ground d o u b le t .  These la s t  two q u a n t i t i e s  can be found , us ing  the  va -
L 2 -

lue  f o r  a c u b ic  environment g = t- g = 0 .970 , and a p p ly in g  c o r r e c t io n s
j  X» \

f o r  the  d e p a r tu re  from c u b ic  symmetry * ,  The ob ta ined  va lues  a re



= 0.901 and g ^  =1.004.  P i s  es t im ated  to  be 0.0254 cm 1 f o r  s t a b l e
59Co, us ing <r~3> = 6.04 a . u . 10 . In se r t i n g  th ese  va lues  in (44) and
(45),  we ob ta in  59A. = 0.0'23 cm 1 and 59B = 0.026 cm which can be

L J i
compared to  the  experimental  va lu es :  A = 0.00791 cm and B = 0.01038

-1 2)

- 1

Using th ese  v a l u e s ,  we have f o r  the  r e l a t i v e  spread in the  hfs

parameters  of  58Co and 60Co:

AA/A, 3 .5  x 10 AB/B. 2 .7  x 10- 3

I t  i s  i n s t r u c t i v e  to  compare t h i s  wi th  the r e s u l t s  o f  Choh and
S e i d e l 11 , who performed NMR measurements on 59Co in
Co(NHi+)2 • (SO^) 2 . 6H2O, in a s i t u a t i o n  in which the  e l e c t r o n  sp ins  were
po la r iz e d  t o  a high degree .  Assuming t h a t  the  observed l inewid ths  in.3 “ 3
t h e i r  experiments (Av/v -  2 .5 x 10 fo r  8 = 0°,  and Av/v = 5 x 10
fo r  8 = 90°) were caused by th e  same phenomenon, we c a l c u l a t e  f o r  t h i s
c a se ,  using the  va lue s  f o r  A, and B̂  obta ined  by Abragam and Pryce:

AA/A. = 1.5 x 10 3 and AB/B^ = 1.0 x 10 2 .

The a b s o l u t e  va lues  f o r  both q u a n t i t i t e s  a r e  about  a f a c t o r  4
h igher than in our experiment .  I t  is  remarkable,  however, t h a t  in
both exper iments  AA/A^ i s  about a f a c t o r  of  7 smal le r  than AB/B^. The
source  of  t h i s  d i f f e r e n c e  i s  not  c l e a r ,  but  i s  pos s ib ly  r e la te d  to
local  s t r a i n s  causing a de p a r tu re  from ax ia l  ( i . e .  t r i g o n a l )  symmetry.

7.3.  Interm ediate s ta te  reo r ien ta tio n  a f te r  e lec tron  capture.

The a t t e n u a t i o n  parameters  G2 = 0 .41(2)  and Gi, = 0 . 3 2 ( 4 ) ,  as
measured in s e c t i o n  6 . 4 . ,  a r e  of  i n t e r e s t  f o r  the  problem of  r e o r i e n 
t a t i o n  dur ing the  8.7 ns l i f e t i m e  of  the  136 keV s t a t e  in 57Fe. In
t h i s  s e c t i o n  we want t o  d i s c u ss  th e  r e s u l t s  in connec tion with the
events  fo l lowing  the  ca p tu re  of  an inner sh e l l  e l e c t r o n  in the 57Co
nucleus ,  lead ing to  the format ion of  an exc i te d  s t a t e  of  57Fe a t
136 keV. Several  d i s c u s s io n s  of  t h i s  su b j e c t  a r e  given in the  l i t e r a 
t u r e 41"1*3^ .  The sequence of  events  is  the  fo l lowing .  The e le c t r o n



95

capture  c r e a t e s  a h o le ,  us u a l ly  in the  K s h e l l ,  which i s  f i l l e d  by
an e l e c t r o n  from an o u t e r  e l e c t r o n i c  s h e l l ,  so t h a t  the  hole moves
outwards.  A hole in th e  K sh e l l  decays predominant ly by Röntgen
emiss ion;  f o r  o th e r  s h e l l s ,  however, the Auger e f f e c t  determines main
ly the t r a n s i t i o n  p r o b a b i l i t y .  In t h i s  p rocess  a d d i t i o n a l  ho les  a r e
c r e a te d ,  because when one e l e c t r o n  from an o u te r  sh e l l  drops in to  an
inner s h e l l ,  a second e l e c t r o n  i s  e j e c te d  from the  atom (ion) in o r 

der  to  ca r ry  o f f  the  excess  energy.
The t o t a l  t ime requi red  fo r  the ho les  to  move out  t o  th e  o u t e r -

“ l i *
most sh e l l  can be es t imated  to  be 10 s f o r  c o b a l t .  However, once
the  ho les have reached the  va lence  s h e l l ,  they wi l l  decay more slow
ly .  In m e ta l s ,  the  conduction e l e c t r o n s  wi l l  f i l l  the ho les  in the

. 1 2
valency band in a very sh o r t  time (s 10 s ) , but in i n s u l a t o r s ,  these
high valency  s t a t e s  can e x i s t  much longer .  In the case of  57Co,

i*i*-45)
Mössbauer exper iments  on sev era l  hydrated s a l t s  have shown th a t

2+  3+exc i t ed  Fe ions e x i s t  as  Fe and Fe f o r  about equal f r a c t i o n s ,  the
l i f e t i m e  of  the  l a t t e r  being 10 -  10 8 s ,  which i s  longer than the
h a l f  l i f e  of  the  136 keV s t a t e ,  T, = 8.7 ns.  S t a t e s  of  h igher charge

“ 9 ^ 57decay in a time le s s  than 10 s .  This  means t h a t  the  ex c i t ed  Fe
nucleus wi l l  see a co ns ta n t  hype r f ine  f i e l d  during most o f  i t s  l i f e 
t ime,  the  magnitude depending on the  e l e c t r o n i c  c o n f i g u r a t i o n .

One can ask which of  these  subsequent  events  g ive  r i s e  to  a t t e n 
ua t ion  of  the  gamma an i so t r o p y .  I t  i s  g e n e ra l l y  be l ieved  t h a t  the  f i r s t
s t e p ,  the  rapid f i l l i n g  of the  holes  in the inner s h e l l s ,  does not
inf luence  the gamma an is o t r o p y .  Exper imenta l ly ,  t h i s  has been demon
s t r a t e d  by the  absence of  a t t e n u a t i o n  f o r  i n te rm ed ia te  s t a t e s  having
l i f e t i m e s  sh o r t e r  than 10 10 s ( s ee ,  fo r  i n s t a n c e ,  Lubbers and Huis-

O O  )  .

kamp ' ) .  The second s t e p ,  however, in which the  high va lency  s t a t e s
e x i s t ,  may have n o t i c e a b l e  in f luen ce  on the gamma a ni so t r opy  i f  the
57Co nuc lei  a r e  incorporated  in an i n s u l a t o r .  The same holds f o r  the
t h i r d  pe r iod ,  in which the nuc lear  spi n pre- .esses around a cons t an t

2 +hyp er f in e  f i e l d  s e t  up by the  e l e c t r o n s  in the  c o n f i g u r a t i o n s  Fe
3+

and Fe , which a r e  s t a b l e  dur ing the  l i f e t i me  of the exc i te d  s t a t e
a t  136 keV. For th e  case of  57Co in Ce2Zn3 (N03) 12.2l*H20, Daniel s and



96

Misra41  ̂ and r e c e n t l y  Misra49  ̂ have c a l c u l a t e d  the time evol u t io n  of
2+the  d e n s i t y  m a t r ix  in t h i s  per iod .  For Fe , no a t t e n u a t i o n  i s  to  be

expec ted,  because probably g. = B = 0 in t h i s  c ase ,  causing the  nuclei
3 +

to  pr ecess  around the  t r ig o n a l  a x i s  of  the  c r y s t a l .  For Fe , however,
s e r io u s  a t t e n u a t i o n  e f f e c t s  wi l l  occur .  Un fo r tun a t e ly ,  the r e s u l t s  of
Daniels  and Misra cannot be compared d i r e c t l y  wi th our experiment ,  be 
cause they assume a magnet ic f i e l d  of  150 G to  be pr ese n t  a t  s i t e  I I ,
a r i s i n g  from the  Ce ions.  This  f i e l d  is  c l e a r l y  absent  in our case.
The in f luence  of t h i s  d i f f e r e n c e  can be es t imated  and leads to  the
conclus ion  t h a t  f o r  our case the  c a l c u l a t e d  va lue  f o r  G2 would be
about 0 .5  f o r  F e .  Reca l l ing  t h a t  i t  is  very u n l i k e l y  t h a t  a l l  Fe
ions would have the  c o n f ig u r a t i o n  Fe dur ing the  l i f e t i m e  of the  136
keV s t a t e ,  we may conclude t h a t  t h i s  mechanism cannot expla in  the ob
served a t t e n u a t i o n  G2 = 0.1*1 ± 0 .02 .  The re fo re ,  time dependent i n t e r 
a c t i o n s  dur ing  the second p e r i od ,  in which the high va lency s t a t e s
decay,  probably have a n o t i c e a b l e  in f luence  on the a t t e n u a t i o n  of  the

gamma a n is o t r o p y .
F i n a l l y ,  th e  d i f f e r e n c e  in behaviour between m e t a l l i c  and non-

m e t a l l i c  samples may be mentioned.  In a metal such as i ron ,  high v a le n 
cy s t a t e s  wi l l  decay in about lO-12 s ,  and the  e l e c t r o n i c  co n f ig u ra t i o n
wi l l  reach i t s  f i n a l  s t a t e  in a time which i s  very shor t  compared to
8 .7  ns ,  the  ha l f  l i f e  of  the  in te rmedia te  s t a t e .  For i ro n ,  the  hyper f ine
f i e l d  w i l l  be c o l l i n e a r  with the ex te rna l  f i e l d ,  and no d is tu rb a n c e  of
the  nuc lear  o r i e n t a t i o n  wi l l  occur .  This is  confirmed exper imenta l ly
by gamma an i so t r o p y  measurements on po la r iz ed  ^ C o  nuc le i  in m e t a l l i c
iron**6  ̂ and Mössbauer exper iments  on the  same system47’4 . In c o n t r a s t ,
in an i n s u l a t o r  the  e l e c t r o n i c  con f ig u ra t io n  wi l l  reach i t s  f i n a l  s t a t e
much s lower ,  so t h a t  probably the  e l e c t r o n  she l l  wi l l  be completely de-

. .  **l , *»9)
p ol a r iz ed  dur ing the  l i f e t i m e  of the  in te rm ed ia t e  s t a t e

8. Conclusion
The method of  magnet ic resonance on r a d i o a c t i v e  n u c l e i ,  o r ie n te d

in a d i l u t e  paramagnet ic c r y s t a l ,  has been appl i ed  in Chapter I to  two
Mn i s o topes  in LMN. In t h i s  Chapter we descr ibed  the  a p p l i c a t i o n  of
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the technique to three Co isotopes, thereby establishing the general
usefulness of the method. The main features of the Co experiments ap
peared to be the same as those of the Mn experiments: nuclear orien
tation by means of cross relaxation with a cooled Ce spin system, very
long nuclear spin-lattice relaxation times, provided that the Co elec
tron spins were sufficiently polarized, and the feasibility of inducing
(and saturating) several hfs transitions separately. The obtained line-
widths were found to be larger than in the case of the Mn isotopes, and
could be ascribed to a spread in the hfs constants A and B. As was ex
pected on the basis of the resonance mechanism, only Co ions at site
II of the LMN lattice could be observed in the resonance measurements,
although in the case of 60Co evidence was found that the Co ions at
site I could be partially oriented at low magnetic fields. The frac
tion of Co ions at site II was determined from the 58Co and 60Co meas
urements to be f = 0.577, which means that there was a slight prefer
ence for lattice site I, just as in the case of the Mn isotopes.

The method of nuclear orientation also proved to be very advan
tageous in the study of the directional anisotropies of the 122 keV
and 136 keV gamma transitions in 57Fe. The multipole mixing ratio in
the former transition could be determined in a very simple experiment,
using the anisotropy of the other transition to determine the nuclear
orientation parameters. The result is surprisingly low compared to
the results obtained from angular correlation measurements using the
122 keV - 14.1* keV cascade. Moreover, detailed information was obtain
ed about the attenuation of the anisotropy during the 8.7 ns lifetime
of the 136 keV state in 57Fe.

Appendix 1 - Analysis of errors in the obtained hfs parameters and in

the calculated resonance frequencies.

The errors in the hfs constants were determined mainly by the
circumstance that only two transitions in the hfs spectrum could be
measured. This can be seen with the aid of the perturbation expres-
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sions (12) and (13)* From (12), we obtain for a resonance transition,
measured at 0 = 0° :

E -±,nfE-±,m-l = 2 A "2{gupH+(m-l)A) (2m-1)P +(l+o//)gNVNH. (46)

Suppose that we have measured v * for 6 = 0 ° ,  that is, m = + I. We can
fit this measurement with a certain set of hfs parameters (A,B,P).
Now if we raise the quadrupole coupling constant P by an amount AP, we
can keep the calculated energy difference constant by lowering A by
AA = - 2(21 - 1)AP. From (13) , it can be derived in the same way that
raising P by an amount AP can be compensated at 9 = 90° by raising B
by an amount AB = + (21 - l)AP. These statements are true only if we
can neglect the second term in (46) with respect to the first term.
For the magnetic fields used in our experiments, this is a reasonable
assumpt ion.

We conclude that it is impossible to obtain the three hfs para
meters A, B and P in an unambiguous way, as long as only v.. is meas-

2 , 1ured. However, the situation is better if we measure both v.. and vj j
under identical conditions. For 0 = 0°, we calculate from (46)

h(vM  ‘ V l!) = 2{g//ViBH + (I - 3/2) A) ' 2P - {1,7)

From this equation P can be obtained independently from A, with an ac
curacy determined by the experimental error in - V|j. To use this
expression, B has to be known only to a first approximation, obtained
from the results at 0 = 90°. The error in P determines those in A and B.
The experimental error in v.j is very small compared to the error in
the quadrupole term (2m - 1)P in (46), so that we obtain from the
measurement of v.j :

AA = -2(21 - 1)AP and AB ■ (21 - l)AP .

Thus we see that for a high value of I the situation is very unfavour
able with respect to the accuracy with which A and B can be determined.

oUsing the experimental determination of V|| gives no improvement, be
cause these determinations are in most cases much more inaccurate than
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those of  v . . .  Only in the  case of  58Co was the s i t u a t i o n  d i f f e r e n t ,  be
cause t h e r e  t h r e e  of the  four  t r a n s i t i o n s  could be e a s i l y  de te rmined.

The parameters (1 + a, , )g^vi^ and 0 + were determined by
inspec t ion  of  the  f i e l d  dependence of  th e  resonance l i n e s .  The pa ra 
meters  A and B appear in the  t h i r d  term of  (12) and in the t h i r d  and
four th  term of  ( 13) r e s p e c t i v e l y ,  and consequent ly  in f luence  the f i e l d
dependence. Therefore  the  e r r o r s  in A and B were th e  main source  of

e r r o r  in the  parameters  (1 + a / / ) 9u*1M anc* 0  + ^or t l̂e 57^°
and 60Co i so to pe s .  For 58Co, the  e r r o r  introduced by AA and AB was
much sm a l le r ,  because in t h a t  case  the measurements could be extended
up t o  18 kOe, causing these  terms to  become very small .

Appendix 2 -  Analysis o f  changes in  W(0) during saturation o f  resonance
transitions.

For 58Co and 60Co, s a t u r a t i o n  of  the  resonance l i n e s  was observed,
i . e .  the  populat ion of  the two hfs  le v e l s  involved,  were e q u a l iz ed .  The
accompanying changes in W(0) were analyzed using the  fol lowing  model.
I t  was assumed t h a t ,  a f t e r  the  nuc lear  o r i e n t a t i o n  process  had been
completed,  only the  lowest two l e v e ls  o f  the hfs spectrum were s i g n i f i 
c a n t l y  populated as f a r  as Co ions a t  s i t e  II were concerned.  From the
r e s u l t s  on the  Mn i s o to p es ,  we know t h a t  t h i s  is  a reasonable  assump-

1
t i o n .  Af te r  s a t u r a t i o n  of  v . . ,  we wi l l  have the  popula t ion  numbers
8 5 = 81, = 0.5 fo r  the subsystem of  Co ions a t  s i t e  I I .  S a tu r a t i o n  of
v .2 leads to  as = 0 . 5 ,  ai, = a i  = 0 . 2 5 , e t c .

• I 1
Thus, fo r  a l l  t r a n s i t i o n s  except  Vj . ,  the  popula t ions  before  and

a f t e r  s a t u r a t i o n  were known. The changes in W(0) accompanying th ese
t r a n s i t i o n s  were compared to  c a l c u l a t i o n s ,  to  ob t a in  the  f r a c t i o n  f  of
Co ions a t  s i t e  I I .  This was done by w r i t in g

W(0) = fW(0)( |  + (1 -  f )  W(0), , (48)

where W(0) |  and W(0) j j a r e  the  gamma i n t e n s i t i e s  in t h e  d i r e c t i o n  of
the  f i e l d  for  th e  two subsystems of  Co ions a t  s i t e  I and I I ,  respec-
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t iv e ly .  The expected changes in W(0)j j could easily  be calculated,
using tables I I  and IV , and the population numbers given above. From
a comparison with the observed changes in W(0), f  was obtained. Small
solid angle corrections were included in the comparison. The value for
f  could be used thereafter to analyse the values of W(0) a f te r  satura
tion o f ,  say, v . j .  In this  way, W(0). was found, the normalized gamma

intensity  for Co ions at s i te  I .  This quantity d if fe red  from 1 only in
the case of 60Co.

F in a l ly ,  the assumption concerning the state of the nuclear spin
system a f te r  thermal mixing could be checked. This was done by calcu
la ting  the value of W(0) to be expected a f te r  thermal mixing, on the
basis of the obtained value for W(0). and the assumption that the
populations of the hfs subsystem for s ite  II  ions could be described

by a Boltzmann factor:  a « e m, with 2.5 < 3 < 4 .0 .
'  m ’

The general agreement between the experimental and the calculated
values indicates that the population of the higher lying levels is in

deed negl ig i ble.
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CHAPTER I I I

HYPERFINE FIELDS ON 133Xe AND 160Tb NUCLEI IN Fe

1. In tro d u c tio n

The d is c o v e ry  by Samoilov1 th a t  s t rong  magnetic  f i e l d s  e x i s t  a t

th e  n u c le i  o f  d iam agnetic  atoms i f  they  a re  in co rp o ra te d  in  fe rrom ag

n e t i c  m e ta ls  has led to  much experim enta l  and t h e o r e t i c a l  work on t h i s

s u b je c t .  In the  case o f  i ro n  as hos t m a t e r i a l ,  the  h y p e r f in e  f i e l d s

o f  about 50 elements have been measured, us ing  a co n s id e ra b le  v a r i e t y

o f  techn iques . In o rd e r  to  be c e r t a in  th a t  i n t e r a c t io n  e f f e c t s  among

th e  im p u r i t y  atoms a re  n e g l i g i b l e ,  one has to  keep the  im p u r i t y  con

c e n t r a t io n  ve ry  low; t h i s  makes i t  a t t r a c t i v e  to  use r a d io a c t i v e  n u c le i

to  measure the  h y p e r f in e  f i e l d .  One can choose then between th re e  me

thods: Mössbauer e f f e c t ,  pe r tu rbed  an g u la r  c o r r e la t io n s  (PAC) and nu

c le a r  o r i e n t a t i o n .  None o f  these methods is  u n iv e rs a l  in the  sense

th a t  i t  is  a p p l ic a b le  to  a l l  n u c le i ;  o n ly  the  com bination  o f  the  r e 

s u l t s  o f  a l l  techn iques p rov ides  a reasonab ly  complete p i c t u r e  o f  the

s u b je c t .
Several techn iques f o r  sample p re p a ra t io n  a re  used. I f  the  impu

r i t y  atoms a re  s o lu b le  in  the  fe r ro m a g n e t ic  host m a t e r i a l ,  samples can

be made by d i f f u s i o n  o r  m e l t in g .  In th a t  case, the  im p u r i ty  atoms w i l l

u s u a l ly  occupy s u b s t i t u t i o n a l  p o s i t i o n s ,  i . e .  they  s u b s t i t u t e  host

atoms. Ser ious problems a r i s e  i f  th e  im p u r i t ie s  a re  no t s o lu b le .  The

d i f f i c u l t i e s  have been overcome by shoo t ing  the  ra d io a c t i v e  atoms in to

the  host m a te r ia l  w i t h  k i n e t i c  ene rg ie s  rang ing  from 10 keV to  30 MeV.

T h is  techn ique  is  c a l le d  ion im p la n ta t io n .  Iso tope sepa ra to rs  have

been used f o r  ene rg ies  up to  about 500 keV; f o r  h ig h e r  ene rg ies  one

induces the  im p la n ta t io n  by means o f  a n u c le a r  r e a c t io n .  In the  l a t t e r

case the  t a r g e t  n u c le i  a re  in co rp o ra te d  in a ve ry  t h i n  f o i l  on a back

ing o f  fe r ro m a g n e t ic  m a t e r i a l .  The ta r g e t  is  exposed to  a beam o f  f a s t

ions from an a c c e le r a to r .  The ta r g e t  n u c le i  a re  e x c i te d  and they  r e c o i l

in to  the fe r ro m a g n e t ic  back ing . U s u a l ly  the  subsequent decay to
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th e  ground s t a t e  is  monitored with t h e  PAC techn ique ;  the  method is
then c a l l e d  IMPACT ( imp lan ta t ion  Per turbed Angular C or r e la t io n  Tech-
n I q u e ) .

The loca t io n  of  the  implanted ions pre se n t s  a d i f f i c u l t  problem.
This can be s t u d ie d  very b e a u t i f u l l y  by p repa ra t io n  of  implanted
sources in s i n g l e  c r y s t a l s  and using the  "channel ing"  technique ,  based
on d i f f e r e n t i a l  Ruther ford  s c a t t e r i n g  from the  impuri ty and the host
n u c l e i .  In t h i s  way one can o bt a in  information about the  f r a c t i o n  of
atoms in s u b s t i t u t i o n a l ,  i n t e r s t i t i a l  o r  more complex s i t e s .  The o b s e r 
v a t io n  of  d i f f e r e n t  s i t e s  (by d i f f e r e n c e s  in t h e i r  hyper f ine  i n t e r a c 
t i o n s )  is  a l s o  p o s s ib le  in exper iments using the Mössbauer e f f e c t .
With the  PAC and n u c le a r  o r i e n t a t i o n  methods t h i s  i s  much more d i f f i 
c u l t  and in most cases  only an average of the  hyperf ine f i e l d s  on
d i f f e r e n t  s i t e s  can be measured.  Several  exper iments  have shown th a t
i t  i s  p o s s i b l e ,  in many c a s e s ,  to  ob ta in  implanted sources  in which a
la rge  f r a c t i o n  o f  atoms end up in s u b s t i t u t i o n a l  s i t e s .  Valuable in 
formation on t h i s  s u b je c t  can be found in the proceedings of  a d i s c u s -

2  /s ion on ion implanta t ion  and hyp er f ine  i n t e r a c t i o n s ,  held in 1968

The theory  of  hype r f ine  i n t e r a c t i o n s  in d i l u t e  fe r romagnet ic  a l 
loys is  s t i l l  in an embryonic s t a t e .  Several mechanisms co n t r ib u t i n g
t o  the  hyp er f ine  f i e l d  a r e  known, but  in most cases  i t  is  d i f f i c u l t
t o  e s t i m a t e  t h e i r  s t r e n g t h .  In f a c t ,  even the  sign cannot always be
p r ed ic te d  with conf idence ,  because c a n c e l l a t i o n  of  severa l  l a rg e  con
t r i b u t i o n s  of  oppos i te  sign leads t o  a r e l a t i v e l y  small hyperf ine
f i e l d .  For an o u t l i n e  of  th e  t h e o r e t i c a l  a sp e c ts  we r e f e r  tp  an a r t i c l e

3 )of  S h i r l ey  e t  a l . .
The nuc lear  o r i e n t a t i o n  measurements repor ted  here were done in

c lo se  c o l l a b o r a t i o n  wi th th e  group of  Prof .  H. de Waard in Groningen.
By means of  t h e i r  i so tope  s e p a r a t o r ,  133Xe and 160Tb ions were shot
in to  iron f o i l s .  Various c o n c e n t r a t i o n s  and bombarding en e rg ie s  were
used.  133Xe-Fe f o i l s  served a l s o  f o r  Mössbauer e f f e c t  measurements
in Groningen. In a d d i t i o n ,  161Tb-Fe f o i l s  were made fo r  t h i s  purpose.
The Mössbauer r e s u l t s  tu rned  out  t o  be very he lpfu l  in the d i scus s ion
of  the  nu c le ar  o r i e n t a t i o n  measurements,  as  wi l l  be seen below.
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2. Theory

2.1. Decay and magnetic moment o f  133Xe. Garrma anisotropy parameters.

133Xe (spin 3/2, positive parity, half l i f e  5.2 d) decays almost
exclusively through a beta branch to the 5/2 + state at 81 keV in
133Cs, which in turn decays by a mixed Ml + E2 gamma transition to the
7/2 + ground state of 133Cs. The absolute value of the quadrupole-di-

, ,  , u)
pole mixing parameter 6 has been carefully determined by Brown et a l .
from K- and L-subshell conversion ra t io 's :  | £| = 0.163 ± 0.008.

According to the nomenclature of De Groot et a l . 5 , the direc
tional distribution of the gamma ray emission from oriented nuclei
i s g i ven by

W(o) = 1 + A2f 2 (l)P2 (cosa). ( 1)

f 2( I )  is an orientation parameter, depending on the populations of
the magnetic sublevels of the decaying 133Xe nucleus and on its spin
I = 3/2; P2 (cos a) is the second order Legendre polynomial; A2 is
related to the properties of the gamma transition, and is given in
ref. 5; after removal of an error in the last term the appropriate
formula reads

, ,  > 5 0 ,  + 2) i  j  + 6
A2 = - i —  [ f + 3 ( ---------------- •} « + }t - - U ----- 62] M2 (j )

1+62 2 J i M
j .  is the spin of the in i t ia l  state of the gamma transition;
M2 ( j .) is a numerical factor depending on j .:

. 2

m2 ------- ii------ •
(j  i + l ) (2j-+3)

U2 * (2)

j ,  -  5/2.

(3)

The factor U2 is included to account for the preceding beta decay. In
this particular case M2( j . )U 2 = M2 (3/2) = 0.15-

Since the sign of 5 is unknown, two values of A2 are possible.
For 6 > 0, we find A2 = 0.605 ± 0.015 and for 6 < 0, we find
A2 = - 0.138 + 0.013. We remark that the mixing ratio used in formula
(2) is defined as
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6 < J f L + 1 | |  J ,  >
(4)

< j f  II L II J ,  >

where j .  and j ,  a r e  the  sp i ns  of  the  i n i t i a l  and f i n a l  s t a t e ,  re spe c
t i v e l y .  The d e f i n i t i o n  of  the  reduced mat r ix  e lements  is from
Biedenharn and Rose6^. For a d i s cus s i on  of  expre ss ion  (4) to ge t her  with
the  ex pr e ss io ns  used in angular  c o r r e l a t i o n  th eor y6 ’7 ’ 10  ̂ we r e f e r  to

Chapter I I .
Although the  d ip o le  moment of  133Xe has not  been measured,  a f a i r

e s t i m a te  can be made from the  sy s te ma t ic s  of  d ip o le  moments of  neigh
bouring n u c l e i .  We inspected p a i r s  o f  i so topes having neutron numbers
N and N+2, in the  region 76 $ N § 82. For these  p a i r s ,  the  measured0 J
magnet ic moments y of  s t a t e s  having id e n t i c a l  sp in  were compared . I t
i s  seen from Table I t h a t  the  a d d i t io n  of  two neut rons r e s u l t s  in an
inc rease  in y o f  the  ord er  of  0.1 n.m. in a l l  cases  except  one.  Be
cause we a r e  near a c losed  neutron sh e l l  (N = 8 2 ) ,  we can apply the
she l l  model,  which shows t h a t  in t h i s  region p a i r s  of  neu trons probably
w i l l  f i l l  the  1 hn ,2 s h e l l ,  g iving  r i s e  to a roughly cons t an t  increase
of y.  The magnet ic moment of  131Xe i s  +0.691 n .m . ;  we th e r e f o r e  e s t i 

mate th e  magnet ic moment of  133Xe to  be +0.8 n.m.

2.2.  Decay and magnetic moment o f  160Tb. Gama anisotropy parameters.

160Tb (h a l f  l i f e  72 d) has a complicated decay scheme11^. We used
the  a n is o t r o p y  in the  emiss ion of  the  s t rong 299 keV gamma ray to  de
termine the  nuc l ea r  o r i e n t a t i o n .  This t r a n s i t i o n  between the  2 s t a t e
0f l60Qy a t  1.265 MeV and th e  2+ s t a t e  a t  0.966 MeV is  fed by an a l l ow

ed beta branch from the  3’  ground s t a t e  of  160Tb. I t s  m u l t i p o l a r i t y
can be measured us ing  the  angular  c o r r e l a t i o n  of the 299 " 966 keV
cascade,  the  966 keV l i n e  being an e l e c t r i c  quadrupole t r a n s i t i o n  to
the  0+ ground s t a t e .  The experimenta l r e s u l t s 9 12 s c a t t e r  around the
va lue 6 = 0.  We w i l l  t h e r e f o r e  assume t h a t  the 299 keV t r a n s i t i o n  has

a purely  e l e c t r i c  d ip o l e  (El) c h a r a c t e r .
The d i r e c t i o n a l  d i s t r i b u t i o n  of  the  emission of  t h i s  gamma ray

can be w r i t t e n  as
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TABLE I

Spins and magnet ic  moments o f  iso topes  w i th

neutron  number N between 76 and 82

odd-p ro ton iso topes

i sotope N 1 P Ay
(n .m .) (n .m .)

129] 76 7 /2 + 2.618
+ 0 .120 (1 )

131 1 78 7 /2 + 2 .738 (1 )
+ 0 .099 (5 )

133 I 8 0 7 /2 + 2 .837 (5 )

13 3 Cs 78 7 /2 + 2.579
+ 0.150

135Cs 80 7/2 + 2.729
+ 0.109

137Cs 82 7 /2 + 2.838

131CS 76 5/2 + 3 .538 (2 )
0 .1 0 (4 )

333Cs 78 5/2 + 3 .A M M

odd -neu tron  iso topes

135Ba 79 3/2 + 0 .837 (1 )
+ 0 .099 (1 )

137Ba 81 3 /2 + 0.936

131Xe 77 3/2 + 0.691

13 3Xe 79 3 /2 ?

W(a) « 1 + A2f 2 ( I ) P2  (cos «)» (1)

where f 2 and P2 (cos a) have been d e f in e d  above#

The f a c t o r  A2 is  g ive n  by5^

■> J j
a2 = " y  I— ^TT u2 ’ (5)

J i

where j .  is  the  sp in  o f  the  i n i t i a l  s ta te  o f  the  gamma t r a n s i t i o n .
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1)2 is  given by
I ( 2 j . -1)

°2 =  TTOT-D' • ( 6)

in which I i s  the  spin of  th e  ground s t a t e  of  the  paren t  nuc leus.  For
160Tb, 1 = 3 ,  and j .  = 2.  S u b s t i t u t i o n  of  the  a p p r o p r i a t e  va lues  g ives
A2 = + 0 .900.  The magnet ic moment of 160Tb has been measured by Easley
e t  a l . 13 . They f ind  p = 1.685 ± 0.008 n.m.

2 .3 . Hyperfine f i e ld s  an d i lu te  im pu rities  in  iron.

In t h i s  s ec t io n  we wi l l  b r i e f l y  d i s c u s s  the  mechanisms re s p o n s i 
b le  f o r  th e  hyp er f ine  f i e l d s  as f a r  as  they a r e  r e l e v a n t  to  the  im
p u r i t i e s  s t u d i e d .  The Lorentz f i e l d ,  which in i ron amounts to  7 kOe,
wi l l  not  be cons idered  f u r t h e r  he re .  We wi l l  s t a r t  with a diamagnet ic
impur ity such as 133Xe, and t h e r e a f t e r  wi l l  handle the more compl icated
case of  a paramagnet ic r a r e  e a r t h  ion such as 160Tb.

2 . 3 . 1 .  Hyperfine f i e l d  on 133Xe in Fe.
For diamagnet ic  im pu r i t i e s  only the  s e l e c t r o n s  can be r e s p o n s i 

b le  f o r  th e  magnet ic f i e l d  a t  the  nuc leus ,  which i s  caused by the  so
c a l l e d  " c o n t a c t "  i n t e r a c t i o n .  We wi l l  denote the  e igenf un c t io ns  of  a
c e r t a i n  type  of  s e l e c t r o n  wi th spin up by Y. ( r ) +, and the  d e n s i t y  of
th e se  s e l e c t r o n s  as n .+ ,  with the  cor responding n o t a t i o n  f o r  e l e c t r o n s
wi th  spin down. The magnet ic con ta c t  f i e l d  a t  the  nucleus  (r  = 0) can

J3e w r i t t e n  as

Hc = -  ^ -  E {n. + I ¥(0) . + | 2 -  n.  + I y(0) . + | 2} , (7)

in which H > 0 means t h a t  the  magnetic f i e l d  has the  upward d i r e c t i o n .
The index i runs over the  d i f f e r e n t  types of  s e l e c t r o n s  which c o n t r i 

bute to  H , such as :c
1. bound e l e c t r o n s  in closed inner s h e l l s ,  g iving r i s e  to  core p o l a r i 

z a t i o n  (CP).
2.  conduct ion e l e c t r o n s  of  which the  wave f un c t i ons  have s c h a rac t e r
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w ith  respec t to  the  im p u r i ty  atom, g i v in g  r i s e  to  conduc t ion  e le c 

t r o n  p o la r i z a t io n  (CEP).

3. s e le c t ro n s  in th e  o u te r  s h e l ls  o f  th e  im p u r i t y  atom which have

wave fu n c t io n s  o v e r la p p in g  the  wave fu n c t io n s  o f  the p o la r iz e d  d

e le c t ro n s  o f  the  i ro n  h o s t .  They a re  re s p o n s ib le  f o r  o v e r la p  p o la r i

z a t io n  (OP).

For d iam agne t ic  atoms the  c o n t r ib u t io n  o f  co re  p o la r i z a t i o n  is

o n ly  a second o rd e r  e f f e c t ,  bu t t h i s  mechanism is  v e ry  im po r tan t  in

the  t r a n s i t i o n  e lem ents . The conduc t ion  e le c t r o n  p o la r i z a t io n  can be
11»)

descr ibed  ro u g h ly  by a model due to  Danie l and F r ie d e l  . They assume

th a t  the  im p u r i t y  is  bound as an ion having a charge equal to  the

va lence  d i f f e r e n c e  Z-Z, between the  im p u r i t y  and th e  h o s t .  (For i ro n

= 1 ) .  The presence o f  the  im p u r i t y  is  desc r ibed  by means o f  a re c 

ta n g u la r  p o te n t ia l  w e l l ,  having a depth depending on t h i s  va lence  d i f 

fe re n ce .  Let us assume th a t  the  e x te rn a l  p o la r i z i n g  f i e l d  i s  up ( f ) .

The sp ins  in  the  3d band w i l l  then be p o la r iz e d  in  the  o p p o s i te  d i r e c 

t i o n  (+ ) .  There w i l l  be an energy d i f fe r e n c e  between conduc t ion  e le c 

t ro n s  w i t h  sp in  up and sp in  down, lead ing  to  a p o la r i z a t io n  o f  the  con

d u c t io n  band. The mechanism o f  the  c o u p l in g  between the  sp ins  in  the

3d band and those in  th e  conduc t ion  band de term ines whether the  p o la r 

i z a t io n  w i l l  be p o s i t i v e  (de f ined  by n+ > n+, fe r ro m a g n e t ic  c o u p l in g )

o r  neg a t ive  (n+ < n f ,  a n t i  fe r ro m a g n e t ic  c o u p l in g ) .  In a d d i t i o n ,  the

wave fu n c t io n s  o f  the  s conduc t ion  e le c t ro n s  a t  the  im p u r i t y  nuc leus ,

'i '(0)+ and t ( 0) + , w i l l  be d i f f e r e n t ,  due to  the  energy d i f fe r e n c e  be

tween the  "u p "e le c t ro n s  and th e  "down" e le c t r o n s .  The conduction

e le c t ro n  p o la r i z a t io n  a t  the  im p u r i t y  s i t e ,  which can be w r i t t e n  as

n + |y ( 0 ) + |2 -  n+ lv fO )+  | 2 , is  determ ined by these two i n e q u a l i t i e s .

Assuming a conduc t ion  band c o n ta in in g  one s e le c t r o n  per atom,

Daniel and F r ie d e l  c a lc u la te  th a t  f o r  h igh  Z, th e  p o la r i z a t io n  a t  the

im p u r i ty  s i t e  w i l l  have the  same s ign  as the conduct ion  e le c t ro n  po

l a r i z a t i o n  a t  the h o s t ,  whereas f o r  low Z, the  s igns  w i l l  be d i f f e 

re n t .  From the  expe r im en ta l  r e s u l t s  ( f i g .  1) f o r  the  h y p e r f in e  f i e l d s

o f  5p s h e l l  atoms in  i r o n ,  Danie l and F r ie d e l  conc lude th a t  the re

e x is t s  a fe r ro m a g n e t ic  c o u p l in g  between the sp ins  in the  3d band and

those .in the  conduction  band.
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- 0.5
atomic number of solute

Fig. 1. Hyperfine fields at nuclei o f  5p shell atoms in iron. Solid
circles indicate that the sign of the f ie ld  has been deter
mined. Data are from ref. 3*

Campbell15^, however, has shown th a t  i f  one makes the  more reason

ab le  assumption th a t  th e re  a re  o n ly  « 0 .25  s e le c t ro n s  per atom in

the  conduc t ion  band, the r e l a t i o n  between the  CEP p o la r i z a t io n  a t  the

im p u r i t y  s i t e  and a t  the  host s i t e  is  co m p le te ly  d i f f e r e n t .  His c a lc u 

l a t i o n s  lead to  th e  c o n c lu s io n  th a t  th e re  must e x i s t  an a n t i fe r ro m a g -

n e t i c  c o u p l in g  between the  sp ins  o f  the  conduct ion  e le c t ro n s  and the

3d sp ins  in  o rd e r  to  ge t  agreement w i th  th e  expe r im en ts .  For h igh  Z

the  CEP c o n t r i b u t io n  t o  the  h y p e r f in e  f i e l d  tends to  z e ro ;  in the  case

o f  Cs, f o r  in s ta n c e ,  Campbell expects  a small h y p e r f in e  f i e l d ,  the

s ign  be ing  u n p re d ic ta b le  in  h is  model.

A l though  th e  Danie l and F r ie d e l  model seems to  be a b le  to  des

c r i b e  the  expe r im en ta l  r e s u l t s  f o r  the  5p s h e l l  atoms f o r  not too  h igh

Z, i t  is  d o u b t fu l  i f  i t  can e x p la in  the  la rge  p o s i t i v e  h y p e r f in e  f i e l d

f o r  I  and -  bo rrow ing from the  expe r im en ta l  r e s u l t s  o f  s e c t io n  3 -2 .  -

t h a t  f o r  Xe. On the  b a s is  o f  the  model o f  Danie l and F r ie d e l ,  the  re 

s u l t  on Xe in  Fe would im p ly  th a t  the  va lence  o f  Xe in Fe is  8 , which

is  r a th e r  u n l i k e l y .  Moreover, S h i r l e y 16 has argued th a t  the  Daniel
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and F r ie d e l  model leads to  se r io u s  in c o n s is te n c ie s  when a p p l ie d  to  the

case o f  Xe in Fe. T he re fo re  the  c o n t r i b u t io n  o f  o v e r la p  p o la r i z a t i o n

must a ls o  be taken in to  accoun t.

S h i r l e y 16 has made a c a l c u la t i o n  o f  t h i s  e f f e c t ,  assuming a tom ic

o r b i t a l s  f o r  Xe in Fe. The d i r e c t  exchange in t e r a c t io n  due to  o v e r la p

between th e  d s h e l l  o f  the  Fe atoms and the  5s s h e l l  o f  the  Xe atoms

c re a te s  a p o la r i z a t io n  in the  5s s h e l l .  The s ign  o f  t h i s  " t r a n s f e r r e d "

h y p e r f in e  f i e l d  H__ w i l l  a lways be p o s i t i v e  and the  c a l c u la t i o n  o f

S h i r le y  leads to  H_p = 3 x 106 Oe. T h is  r e s u l t  is  v e ry  s e n s i t i v e  to

small v a r i a t i o n s  in the d is ta n c e  between the  Xe and Fe atoms and can

o n ly  be regarded as an o rd e r  o f  magnitude e s t im a te .  I t  is  c l e a r ,  how

e ve r ,  t h a t  the  mechanism is  s trong  enough to  account f o r  the  observed

h igh  va lu e  o f  the  h y p e r f in e  f i e l d .

2 .3 -2 .  H yp e r f in e  f i e l d  on 160Tb in Fe.

We w i l l  s t a r t  th e  d is c u s s io n  o f  t h i s  case by m en t ion ing  the  w e l l

e s ta b l is h e d  f a c t  t h a t  Tb in  a m e t a l l i c  environment u s u a l ly  behaves as
3+a Tb io n ,  in f lu e nce d  by the  c r y s t a l l i n e  e l e c t r i c  f i e l d s  o f  the

ne ighbour ing  ions and the  exchange f i e l d s  o f  o th e r  m agnet ic  io n s .  For
3 +

a f r e e  Tb io n ,  one has L = S = 3 and J = 6 ; the  z component o f  the

magnet ic  moment is  y = -  g . y DJ , where g .  = 3 /2  is  the  Lande f a c t o r .
Z J D Z J

The magnet ic  h y p e r f in e  in te r a c t io n  may be w r i t t e n  as

H = + 2uBgNy N < r 3 > < J  | |  N | |  J >  J - I  , (8)

where the reduced m a t r i x  e lements < J | |  N | |  J > f o r  the  ground s ta te
17)

o f  ra re  e a r th  ions have been ta b u la te d  by E l l i o t t  and Stevens . For

Tb3+, one has < J | | N | | J > = **9/90.

A magnet ic  f i e l d  in the  z - d i r e c t i o n  w i l l  s p l i t  up the  ground

s ta t e ,  the  h fs  m u l t i p l e t  J = J being lowest in energy. For a la rge

e x te rn a l  f i e l d ,  the  energy d i f f e r e n c e  between the  h fs  s u b le v e ls  can

then be w r i t t e n  as

AEh fs  = 9NuNHhf * (9*

wi th



"  2 ygJ < r 3 > < J  | |  N | |  J >  • (10)

H|ï?n is  known as the  " f r e e  io n "  h y p e r f in e  f i e l d .  I t  can be c a lc u la te d
34- a —3 — 3

f o r  Tb , us ing  a reasonab le  va lu e  f o r  < r  >. I f  we take  < r  > =
1 g \

8 .4  ± 0 .2  a tom ic  u n i t s  , we f i n d  H ,r  = (3 .46  ± 0 .09) x 106 Oe.
. . .  h f  3+In a s o l i d  such as Fe m e ta l ,  the  Tb ion w i l l  exper ience  the

c r y s t a l l i n e  f i e l d s  due to  the  su rround ing  Fe ions and the  magnetic

exchange f i e l d s  produced by the  3d e le c t ro n s  o f  the  host m e ta l .  The

ground m a n i fo ld  w i l l  be thus s p l i t  in  a manner determined by the

r e l a t i v e  s t r e n g th  o f  the c r y s t a l l i n e  e l e c t r i c  f i e l d  and the  exchange

f i e l d .  However, bo th  i n te r a c t io n s  may be expected to  be much weaker

than the  s p i n - o r b i t  c o u p l in g ,  so t h a t  J remains a good quantum num

ber.  Each i o n ic  su b s ta te  may be c h a ra c te r iz e d  by the e xp e c ta t io n

va lue  < J >, where z i s  chosen a long  the  d i r e c t i o n  f o r  which < J >

is  a maximum in  the ground s t a t e .  Since the  h y p e r f in e  in te r a c t io n  is

small when compared to  the s p i n - o r b i t  c o u p l in g  o f  th e  f r e e  io n ,  we

can n e g le c t  m a t r i x  elements o f  the  h fs  i n t e r a c t io n  between s ta te s

having d i f f e r e n t  J .  The magnetic  h y p e r f in e  i n te r a c t io n  in  one o f  the

e le c t r o n i c  subs ta tes  can then be w r i t t e n  as:

B -  *  2uB9Nb N < Jz > < r " 3 > < J | |  N | |  J > . I z . (11)

In t h i s  H a m il to n ia n ,  o f f  d iagona l terms o f  the  type  A J ^ I^  have been

neg lec ted .  T h is  can be j u s t i f i e d  f o r  the  case t h a t  one a x ia l  term is

dominant in  th e  in t e r a c t io n  between the  Tb ion and i t s  su rround ings

( f o r  in s tance  an exchange f i e l d ,  o r  an a x ia l  c r y s t a l l i n e  e l e c t r i c

f i e l d ) .  I f  the  s i t u a t i o n  is  d i f f e r e n t ,  the o f f - d i a g io n a l  terms cannot

be neg lec ted in  g e n e ra l ,  but f o r  th e  ground s ta te  t h e i r  in f lu e n c e  w i l l

be small in  v iew  o f  the  cho ice  o f  th e  z - a x is  a long th e  d i r e c t i o n  f o r

which < Jz > is  a maximum. Comparing eq. (11) w i t h  the usual form ula

which d e f in e s  the  h y p e r f in e  f i e l d  on the  Tb nuc leus :

H m '  9NVNHh f 1z •

112

we f i n d
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Hhf = -  2uB < Jz > < r ' 3 > < J | |  N | |  J > . (13)

I f  the  Tb-Fe exchange in t e r a c t io n  is  much s t ro n g e r  than th e  c r y s t a l 

l i n e  e l e c t r i c  f i e l d ,  the  r e s u l t i n g  ground s ta te  w i l l  have < > = J

and the nucleus fe e ls  the  i o n ic  h y p e r f in e  f i e l d .  However, i f  the

c r y s t a l l i n e  e l e c t r i c  f i e l d  dominates the  s i t u a t i o n  is  much more com-
3+p l i c a t e d .  For Tb in  a bcc l a t t i c e  such as Fe, p o in t  charge c a l c u la 

t i o n s  o f  Lea e t  a l . 19 in d ic a te  t h a t  a s i n g le t  (T2) o r  a non-magnetic

d o u b le t  ( r 3) would be lo w e s t ,  which would g iv e  < J z > = 0 and thus

ze ro  h y p e r f in e  f i e l d .  I t  is  no t a t  a l l  c e r t a i n ,  however, t h a t  a p o in t

charge c a l c u la t io n  g ive s  the  c o r r e c t  s igns  o f  the  fo u r th  o rd e r  and

s i x t h  o rd e r  terms in  th e  cu b ic  p o t e n t i a l ,  and th e r e fo r e  t h i s  r e s u l t

must be taken w i t h  some re se rve .  In g e n e ra l ,  one may say th a t  the  i n 

t r o d u c t io n  o f  c r y s t a l  f i e l d  e f f e c t s  leads to  a low er ing  o f  < J > in

the  ground s ta te  and consequen t ly  t o  a low er ing  o f  the  h y p e r f in e  f i e l d

compared to  the  f r e e  ion v a lu e .

So f a r  we have neg lec ted  th e  c o n t r ib u t io n  o f  c o n ta c t  terms to

the  h y p e r f in e  i n t e r a c t io n .  Both co re  p o la r i z a t io n  and conduc t ion  e le c 

t r o n  p o la r i z a t i o n  w i l l  be p o s s ib le .  The co re  p o la r i z a t io n  c o n t r ib u t io n
2o)

has been e s t im a te d ,  f o r  in s tance  by Bleaney '  S Hr _ =■ +90 (g -  I ) k 0 e ,
3+ ^  ^

which g iv e s  + 45 kOe f o r  Tb . The CEP c o n t r i b u t io n  p robab ly  has a ne

g a t i v e  s ig n ,  and is  o f  the  o rd e r  o f  severa l  hundred kOe. Th is  is  e s t i 

mated on the  bas is  o f  th e  expe r im en ta l  v a lu e  f o r  the  h y p e r f in e  f i e l d  o f
3 )Gd in  Fe , where o n ly  c o n ta c t  terms c o n t r ib u t e  t o  the  h fs  i n t e r a c t i o n ,

s ince  L = 0 in  t h i s  case.

For the  f r e e  io n ,  the  in t e r a c t io n  between th e  g ra d ie n t  o f  the

e l e c t r i c  f i e l d  se t up by the  4 f  e le c t r o n s ,  denoted by q ^ ,  and the  nu

c le a r  quadrupo le  moment Q g ive s  r i s e  t o  a quadrupo le  term in  the  Hamil

to n ia n .  We can w r i t e  f o r  t h i s  term

H0 -  ~  3e2Q (1 ~ R J  q „ f  ( I  2 ~ j -  1(1 + 1 ) }  . ( l i t )
Q 41(21- 1) Q **f z 3

The f a c t o r  1 -  R_ is  c a l le d  the a tom ic  S ternhe imer f a c t o r ,  and accounts

f o r  the  induced quadrupo le  moment in  the  c losed e le c t r o n  s h e l l s  r e s u l 

t i n g  from the  in te r a c t io n  o f  these s h e l l s  w i t h  th e  e le c t ro n s  in the

p a r t i a l l y  f i l l e d  4 f  s h e l l .  The magnitude o f  |R«| is  r a th e r  u n c e r ta in ,
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but of  the  o rde r  of  magnitude of  0 .1 .  Within a manifold of  s t a t e s  of

co ns ta n t  J one can w r i t e

< > = -3 < j  11 a | | J > < r " 3 > {< J z2 > -  y  J(J+1)}« (15)

The m a t r ix  e lements < J | |  a | |  J > have been tabul a te d  by E l l i o t t  and
Stevens*^ . The quadrupole term in th e  spin Hamiltonian fo r  an energy

s t a t e  in a so l id  can thus be w r i t t e n

“ P d*2 " J  I (I + 1)} ,

wi th

(16)

p = " W T h T  <r"3>< a H J >{ <Jz2>' j J (J+1^ *

For very low tem pera tur es ,  only the lowest e l e c t r o n i c  level  w i l l  be
populated and the  formulae (13) and (17) can be used without  mod i f ica
t i o n s .  For e le v a t ed  te m pera tu re s ,  however, the  s i t u a t i o n  i s  more com
p l i c a t e d .  If the spin c o r r e l a t i o n  t imes cor responding to  t r a n s i t i o n s
between th e  va r iou s  e l e c t r o n i c  s t a t e s  a r e  much s h o r t e r  than the  r e c i 
procal  of  the  nuc lear  larmor precess ion  f requency we can s t i l l  use
eq.  (13) and (17) i f  we r ep la ce  < J z > and < J z2 > by < J z >T and
< j  2 in which the  s u b s c r i p t s  in d i c a t e  Boltzmann averages over the

z T ’
va r io us  e l e c t r o n i c  s t a t e s .  The assumption made above holds g e n e r a l l y

f o r  tempera tures  above a few Kelvin.
The measurements of  H.^ and P as a func t io n  of  T thus g ive  i n f o r 

mation concerning the  e l e c t r o n i c  energy l e v e ls  in the s o l i d ,  q u i t e  ana
logous to  s u s c e p t i b i l i t y  measurements.  If the  exchange f i e l d  dominates

the  c r y s t a l l i n e  e l e c t r i c  f i e l d  e f f e c t s ,  i t  i s  easy to  c a l c u l a t e  and
P as a fu nc t io n  of  the  tempe ra ture .  The fol lowing  ex pr ess io ns  then

h o ld :
r  < J > exp {-  g pB < J z > /kT}

(T) -  H. , (T = 0 ) ------------------------------- — -------------------------  • ( 18)
I  exp {-g j uB Hex < J z > /kT}

P(T)= P (T=0)
I  {< J z2 > -  j J ( J + l ) }  exp ( "9/ ^ ^  < J > /kT}

I  exp {- 9 j P BHex < J z > /kT} ( 19)
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In t h i s  formulae,  the summations a r e  over the e l e c t r o n i c  s t a t e s .  H is
3+ ,  exthe  exchange f i e l d  on the Tb ions,  defined by H = + g ,pnH ’J ,ex j d-ex —

where H is  th e  Tb-Fe exchange i n t e r a c t i o n  Hamil tonian,ex 3

3. Experimental arrangements

3 .1 . F o il p rep a ra tio n .

*33Xe can be ob ta ined  e i t h e r  as  a f i s s i o n  product  o r  by neutron
i r r a d a t i o n  of  na tura l  xenon. For the  f i r s t  sample,  we used n a tu ra l  Xe
t h a t  had been neutron i r r a d i a t e d  -during 5 days in the  high f lu x  r eac-
to r  o f  the  "Reactor  Centrum Nederland (RCN)" in P e t t e n .  The s p e c i f i c
a c t i v i t y  ob ta ined was about  0.1 mCi/mg. For the  o th e r  two samples,
f i s s i o n  produced Xe with an i n i t i a l  a c t i v i t y  of  4 Ci/mg was used .  To
be ab le  to  handle t h i s  source ,  the f i s s i o n  gas was d i l u t e d  wi th  na
tu r a l  Xe so as  to  o b t a in  s p e c i f i c  a c t i v i t i e s  of  th e  or der  of  k mCi/mg.

The i so top e  s e p a r a to r  at; the  U n iv e r s i ty  of  Groningen was used to
implant the  Xe atoms in to  a very pure iron f o i l .  The f o i l  was f i r s t
soldered onto a f l a t t e n e d  copper wi re ,  which served as a hea t  conduc
t o r  dur ing the  nuc lear  o r i e n t a t i o n  exper iments .  The f i n a l  Xe concen
t r a t i o n  in the f o i l  depended on the  s p e c i f i c  a c t i v i t y  of  the  s t a r t i n g
m a t e r i a l ,  the  133Xe a c t i v i t y  in the  f o i l ,  and the  r e j e c t i o n  f a c t o r  of
the  i so tope  s e p a ra to r  fo r  neighbour ing Xe i so top es .

For one of the  sources  (used f o r  Mössbauer expe r ime nts ) ,  a mass-
sp ec t ro me t r i c  de te rmina t ion  of  the  Xe conte n t  was made. The number of
Xe atoms per cm2 of  f o i l  su r f ace  was determined fo r  each i so to pe ,  and
could be compared with the  n a tu ra l  abundance r a t i o s  to  g ive  the i s o 
tope r e j e c t i o n  f a c t o r s  fo r  the  most abundant 132Xe and 13**Xe i so to pes .
This f a c t o r  turned out  to be 2200 f o r  both .  With the  a id  of  t h i s
f i g u r e ,  the  t o t a l  amount of  Xe in the o t h e r  f o i l s  could be de r iv ed ,
assuming a c ons ta n t  r e j e c t i o n  f a c t o r  fo r  a l l  implan ta t io ns .  The r e s u l t s
for  the  t h r e e  samples used for  nuc lear  o r i e n t a t i o n  measurements a r e
shown in Table I I .

The mean pe ne t r a t io n  depth of  the  implanted 50 keV Xe ions in Fe
O m

can be es t imated  as 160 A with a RMS dev ia t ion  in th e  depth d i s t r i b u t i o n
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TABLE II

C h a r a c t e r i s t i c s  of: 133Xe-Fe and 160Tb-Fe samples

133Xe in Fe

sample a c t i v i  ty
(pCi)

ion energy
(keV)

implanted dose
(atoms/cm2)

1 2 0 50 = 2  x  1 0 1**

11 8 63 “ 1 x  1 0 13

111 15 63 = 2  x  1 0 13

160Tb in Fe

1 2 0 50 = 6  x  1 0 13

11 3 50 = 2 x  1 0 12

111 10 150 a  k  X  1013

of  about 6 5  A. This  means t h a t  a dose of  101** Xe atoms/cm2 wi l l  g ive
a maximum local  con c e n t r a t i o n  of  0 .3 a t  .% in the  f o i l .  To study the
inf luence  o f  the  co nd i t i on  of  the  sur face  on th e  experimenta l r e s u l t s ,
sample III  was e tched  in 2N HC1 fo r  20 s .  Af te r  the e tch ing  the  a c t i 
v i t y  of  the  source  had decreased from 15 pCi to  12 pCi.

For the  p r e p a ra t io n  of  the  iron samples wi th implanted 160Tb ions
th e  same procedures  were used as  in the  case of  133Xe. To be ab le  to
study the  in f luence  o f  th e  Tb con c e n t r a t i o n  in the  f o i l ,  and the  in 
f luence  of  the  implan tat ion energy,  t h r e e  samples were made (see Table

II).
For 50 keV 160Tb ions the  same p e n e t r a t i o n  depth can be assumed

as fo r  133Xe ions of  the  same energy .  The p e n e t r a t i o n  depth of  the  150
keV ions is “ 370 A; th e  RMS d ev ia t i on  i s  about 150 A. This implies
t h a t  the  maximum c once nt r a t i on  a t  150 keV wi l l  be lower by a f a c t o r
2 .3 i f  the  dose i s  th e  same.

3.2. Measuring equipment.
The iron f o i l s  were mounted in the  a d i a b a t i c  demagnetizat ion ap-
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paratus described in Chapter I .  The cooling salt consisted of a mix
ture of Cl—K-alum powder with grain size -  20 y and of a 1:1 volume
mixture of glycerol and a fresh saturated solution of Cr-K-alum in
H2O. The ratio of powder to flu id  was about 25:10, which gave a con
venient slurry. A ball mill was used to powder the Cr-K-alum. Visible
dehydration took place during the milling process; this could also be
observed by Röntgen analysis. Addition of some water caused instanta
neous reappearance of the v io le t colour. The final slurry was also
analyzed by Röntgen d iffraction. The observed diffraction pattern was
identical with that of the starting material. The Cr-K-alum slurry
was put into a perspex cylinder, which also contained a bundle of 8000
copper wires of 0.08 mm diameter. The contact area between the wires
and the slurry was about 1500 cm2.

The heat leak to the sample amounted to about 0.2 erg/s, as deter
mined by placing a heat switch between the sample and the cooling salt.
The heat flow between the copper wires and the slurry can be described
by

4 * T?rK> • <»>

in which A is the contact area in cm2 , Q is the heat flow in erg/s and
Tm and T „ ^  are the temperatures of the metal wires and the Cr-K-alum
respectively. K is the so called "Kapitza resistance" coefficient. Its
value was determined by applying a calibrated heat flow by means of a
resistance heater, and measuring the value of T with a Speer resistor.m r

calibrated against the susceptibility of a sample of ceri.um magnesium
nitrate (CMN). A resistor has the advantage of a fast response to tem
perature variations. When switching off the heat flow, one makes Q = 0
(apart from the small natural heat leak) and Tr „ could then be mea-c r K
sured. This was done in the temperature region 0.025 K < T < 0.10 K.m
The results could be reasonably described by formula (20), the value

. —2
of K being 3-5 x 104 erg cm K . For comparison, we may note that the
highest value of K reported in the literature is about 105 erg cm 2K ** 2 .

Applying this result to the situation in which a heat leak of
0.2 erg/s is present, and taking into account that the TCr-K-alum slurry
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can be demagnetized to  T _ K = .10 mK (e x p e r im e n ta l ly  demonstrated by,

f o r  in s ta n c e ,  th e  Oxford n u c le a r  o r i e n t a t io n  g ro u p ) ,  we expect a temper

a tu re  T = 11 mK a f t e r  dem agne t iza t ion . Th is  must a ls o  be the  tempera-
m

t u r e  o f  the  Fe sample, because the  tem pera tu re  g ra d ie n t  in the ve ry  pure

Cu rod connec t ing  the  sample and th e  w ire s  is  n e g l i g i b l e .  However, the

lowest sample tem pera tu re  ob ta ined  was 15 mK. The dem agnet iza t ions  were

q u i t e  r e p ro d u c ib le ,  excep t ing  the  f i r s t  one d u r in g  a g iven  day. In t h i s

run , we g o t  a tem pera tu re  which was g e n e ra l ly  1 to  2 mK h ig h e r .  T h is

behav iour remained the  same over a p e r io d  o f  severa l months i f  the  s l u r 

ry  was s to re d  in  a r e f r i g e r a t o r  a t  -  15° C. I t  in d ic a te s  t h a t  a t  t h i s

tem pera tu re  d e t e r io r a t i o n  is  u n im p o r tan t .

In v iew  o f  the  c a l c u la t io n  above, i t  is  ex trem e ly  u n l i k e l y  th a t

the  c o o l in g  s a l t  is  a t  10 mK a f t e r  dem agne t iza t ion ; ins tead  TCrK = 14 mK

is  ve ry  p ro b a b ly .  No e xp la n a t io n  was found f o r  the f a i l u r e  o f  the

appara tus  to  reach lower tem pera tu res .

Using the  magnet w i th  h o l lo w  po le  p ie ce s ,  a f i e l d  o f  1.5 t o  2 .0

kOe was a p p l ie d  in  the  p lane o f  th e  i ro n  f o i l s .  P re l im in a ry  experiments

on ®®Co n u c le i  d is s o lv e d  in  Fe had shown th a t  t h i s  f i e l d  was s u f f i c i e n t

to  o r i e n t  the  domains in  the  i ro n  f o i l .  The tem pera ture  was measured

by means o f  th e  s u s c e p t i b i l i t y  o f  a c y l i n d r i c a l  cerium magnesium n i 

t r a t e  (CMN) powder sample w i t h  d iam e te r  equal to  h e ig h t .  T h is  thermo

meter was c a l i b r a t e d  a g a in s t  a c a l ib r a t e d  Speer r e s i s t o r  in  the  reg ion

0.1 K < T < 2  K under measuring c o n d i t i o n s .  (The c a l i b r a t i o n  o f  the

Speer r e s i s t o r  was done in  the  absence o f  the  magnet, u t i l i z i n g  a l a r 

ger  CMN sample). The magnetic  f i e l d  on the  CMN was about 30 Oe. A small

c o r r e c t io n  was a p p l ie d  a t  the  lowest tem pera tures f o r  th e  d e v ia t io n

from the  C u r ie  law due to  s a tu r a t io n  e f f e c t s .

The gamma a n is o t ro p y  was determ ined w i th  the  a id  o f  fo u r  Na I s c in 

t i l l a t i o n  co u n te rs ,  p laced a long d i r e c t i o n s  p a r a l l e l  and p e rp e n d ic u la r

to  the  magnet ic  f i e l d .  Conical lead c o l l im a to r s  were used to  m in im ize

the  in f lu e n c e  o f  Compton s c a t t e r in g  a t  the  w a l l s  o f  the  c r y o s ta t  and

a t  the  magnet. T h is  is  v e ry  im p o r ta n t ,  e s p e c ia l l y  f o r  the  low energy

133Xe gamma ray  (81 keV), because the  energy loss o f  the  gamma rays

d u r in g  Compton s c a t t e r in g  is  r e l a t i v e l y  sm a l l .  Consequently , p a r t  o f
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these Compton scatttered gammas would be accumulated in the photopeaks
of the s c in t i l la t io n  counters. The use of lead cones, however, made
the e ffec t  of these scattered photons almost neglig ib le . For the 160Tb
measurements, the lead cones were especially useful to minimize the
background under the 299 keV photopeak due to scattered photons of
higher energy. This background amounted to about 30% of the total num
ber of counts under this peak. The anisotropy in the background was
determined by extrapolation from the high energy side of the peak, up
to about 700 keV. In this region, the anisotropy was found to vary
only s l ig h t ly  with energy.

4. Results and discussion

4.1. 133Xe in  Fe.

The results of the measurements on the three samples are shown in
f ig .  2. From the fact that W(0) < W(y) i t  follows d ire c t ly  that we must

choose the negative value for namely A2 = “0 .138. Consequently 6
is negative (see section 2 . 1 . ) .  The fu l l  curve is a theoretical f i t

1.04

1.00

0.98

0.96

O 1 / T

F ig .  2.  R esu l ts  o f  n u c le a r  o r i e n t a t i o n  measurements on 133Xe in  i r o n .

W(0) and W(y) a re  th e  no rm al ized  gamma r a d i a t i o n  i n t e n s i t i e s

in  d i r e c t i o n s  p a r a l l e l  and p e rp e n d ic u la r  t o  the m agne t ic  f i e l d ,

re spec t  i v e i y .

O  sample I ,  Q  sample I I ,  A  sample I I I .

The f u l l  cu rve  g iv e s  the  r e s u l t  o f  a c a l c u l a t i o n  on th e  ba s is

o f  eq. (12) w i t h  *  1.0  MOe.
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using t h i s  v a lu e  o f  A2 and assuming th a t  the H am il ton ian  f o r  a l l  Xe

n u c le i  can be w r i t t e n  as

H m -  9MUMHhfI z . ( 12)

w i t h  |Hh^ |  = 1 .0  MOe and 9N = J  = 0 .53 -  W i th in  the  s t a t i s t i c a l  e r r o r

th e re  a re  no d i f f e r e n c e s  between the  data o f  th e  va r io u s  samples, and

th e  cu rve  f i t s  the  measurements reasonab ly  w e l l .

T h is  s im p le  r e s u l t  i s  r a th e r  s u r p r is in g  in  v iew  o f  the  Mössbauer
2 2 ) •

e f f e c t  measurements o f  De Waard and D re n t je  on t h i s  gamma ra y ,  in

which the  same type  o f  source was used. From t h e i r  measurements, i t

appears t h a t  the  Xe n u c le i  come to  r e s t  in  a t  le a s t  two d i f f e r e n t  s i t e s .

For one o f  the  s i t e s  th e  h y p e r f in e  f i e l d  is  less  than *  30 kOe, where

as f o r  th e  o th e r  s i t e  a f i e l d  o f  + 273 kOe is  measured a t  the  133Cs

n u c le i ,  produced by the  beta decay o f  133Xe. T h is  l a s t  s i t e  is  s u b s t i -
2 3 )t u t i o n a l ,  as has been determ ined by M urn ick  , whereas the o th e r  is

most l i k e l y  a s s o c ia te d  w i t h  vacanc ies  in  the  l a t t i c e .  Recent measure

ments24 , w i th  the  source a t  v a r io u s  tem pera tures between k K and 70 K,

in d ic a te d  t h a t  in  a d d i t i o n  to  the  two components found p r e v io u s ly ,  a

medium f i e l d  component is  p resen t w i t h  “  132 kOe, a ssoc ia ted  w i t h

y e t  ano the r  type  o f  l a t t i c e  s i t e .  However, t h i s  does not a l t e r  s i g n i 

f i c a n t l y  the  i n t e r p r e t a t i o n  o f  the  n u c le a r  o r i e n t a t io n  measurements on

* 33Xe, s in ce  th e  abundance o f  t h i s  type  o f  s i t e  is  r e l a t i v e l y  low and

has a n e g l i g i b l e  in f lu e n c e  on the  d e r ive d  va lues  o f  H , , .  We reproduce

some o f  t h e i r  r e s u l t s  in  the form o f  a t a b le ,  from which i t  can be

seen th a t  the  f r a c t i o n  f  o f  h igh  f i e l d  Cs n u c le i  v a r ie s  i r r e g u l a r l y

between 0.55 and 0.75 i f  the  t o t a l  dose in  the  f o i l  is  < 101** Xe atoms/

cm2 (Tab le  I I I ) .  However, f o r  the  source ob ta ined  from neutron  i r r a d i a 

ted  Xe, w i t h  a t o t a l  dose o f  8 .75  x 101** Xe atoms/cm2 , the  f r a c t i o n  is

much low er,  f  = 0 .22 .

I t  i s  c le a r  t h a t  the  assumption th a t  a l l  Xe atoms expe r ience  the

same h y p e r f in e  f i e l d  in  our samples is  no t j u s t i f i e d  by the  Mössbauer

expe r im en ts . Hence the  va lue  f o r  the  h y p e r f in e  f i e l d  ob ta ined  above

must be regarded as a lower l i m i t .  A rough upper l i m i t  can be found

by ta k in g  in to  account the  v a r i a t i o n  in  the  tem pera tu re  dependence o f
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TABLE I I I

Resul t s  of
on 133Cs

Mössbauer experiments

in Fe, from r e f .  16

source t o t a 1 dose Xe f
nr atoms/cm2

921 0.15 x 101** = 0.60

922 0.31 “ 0.55

919 0.62 * 0.7A

923 0.88 = 0.75

920 1.25 * 0.61

917 8.75 = 0.22

the  c a l c u l a t e d  a n is o t r o p y  i f  one assumes t h a t  only a f r a c t i o n  f  ex
pe r iences  a la rge  hype r f ine  f i e l d .  For a c e r t a i n  va lue  of  f ,  one can
vary to ob ta in  the  be s t  f i t  to the  exper imental  p o i n t s .  We have
used sample II and 111 to  o b t a i n  mean va lu es  for  the an is o t r o p y  pa ra 
meter e = W(j) -  W(0) a t  t h r e e  d i f f e r e n t  t emp era tu res .  I t  tu rn s  out
t h a t  i t  is  p o s s i b l e  to  f i t  the  measurements reasonably well  fo r  va lues
of f  ranging from f  = 0 .6 t o  1 .0 ;  the  cor responding b es t  va lues  fo r
H. ,  a r e  1.6 MOe and 1.0 MOe r e s p e c t i v e l y .  These two curves a r e  drawnhf
in f i g .  3.  We note t h a t  fo r  H.f  = 1.6 MOe the  da ta  on sample I a r e

compatible  with f  ® 0 .5 .
From a comparison of  the  implanted Xe dose in our samples (Table

I I ) ,  and those  used in the  Mössbauer exper iments (Table I I I ) ,  one might
conclude t h a t  f  w i11 be between 0.55 and 0.75 fo r  sample II and I I I ,
whereas for  sample 1 a va lue  fo r  f  o f  = 0 .5  would be q u i t e  p o s s i b l e .
Using only our measurements,  i t  seems s a fe  t o  conclude th a t

1.0 MOe < H, ,  < 1.6 MOe.nt
From the  Mössbauer measurements one might d e r iv e  t h a t  f  i s  smalle r  than
0 .75.  Using t h i s  r e s u l t ,  we f ind  for  the  range of  H.^ va lues  which a r e
allowed by the  nuc lear  o r i e n t a t i o n  measurements:

1.2 MOe < H. , < 1 .6 MOe.nt
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0.03

0.02

0.01

F ïg . 3* in  Fe. Mean e xp e rim e n ta l va lu e s  o f  the  a n is o tro p y  p a ra 

m e ter e 2 W(y) -  W(0) as a fu n c t io n  o f  i / T ,  to g e th e r w ith  the

re s u l ts  o f  c a lc u la t io n s  u s in g  th e  model e x p la in e d  in  th e  t e x t .

Drawn c u rv e : = 1 .0  MOe, f  “  1 .0 . Dashed c u rv e : H. ^ » 1 .6

MOe, f  -  0 .6 .

As was d iscussed in  se c t io n  2 . 3 . ,  the most im po r tan t  c o n t r ib u t io n  to

H . - is  though t to  be p o la r i z a t io n  o f  the  5s s h e l l  o f  th e  Xe atoms due

to  d i r e c t  o v e r la p  w i t h  the  3d wave fu n c t io n s  o f  the  i ron  h o s t .  S h i r l e y 16^

c a lc u la te d  t h i s  c o n t r i b u t io n  f o r  the  case o f  Xe in  Fe, namely

H .*  = + 3 x 106 Oe. T h is  v a lu e  is  v e ry  s e n s i t i v e  to  a v a r i a t i o n  in the

in te ra to m ic  d is ta n c e  between Xe and Fe; an increase  o f  t h i s  d is ta n c e

w i t h  5% would lower by a f a c t o r  o f  two. T he re fo re  the  d isc repancy

between S h i r l e y ' s  c a l c u la t io n  and our exper im enta l  r e s u l t  is  not s i g n i 

f i c a n t .  The CEP c o n t r i b u t io n  to  the  h y p e r f in e  f i e l d  is  d i f f i c u l t  to

e s t im a te ,  because one can doubt the  phys ica l  re levance  o f  the  model o f

Daniel and F r i e d e l 1**̂  (o r  the  improved v e rs io n  o f  Campbell15^) f o r  t h i s

case. However, most p robab ly  the  CEP c o n t r ib u t io n  is  p o s i t i v e ,  so th a t

th e re  can be l i t t l e  doubt about th e  p o s i t i v e  s ign  o f  the  h y p e r f in e

f i e l d  on Xe n u c le i  in  Fe.

4 .2 . 1&0Tb in  Fe.

The r e s u l t s  o f  the  measurements on th re e  samples a re  summarized in

f i g u r e s  A -6 . Using the  same model as f o r  the  a n a ly s is  o f  th e  133Xe r e 

s u l t s ,  we were a b le  to  o b ta in  r a th e r  accu ra te  va lues  f o r  the  f r a c t i o n
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0.20

0.15

0.05

F ig . 4 . N uc lea r o r ie n ta t io n  measurements on 160Tb in  Fe. R e su lts  on

sample I .  The f u l l  cu rve  g iv e s  th e  r e s u l t  o f  a c a lc u la t io n

u s in g  th e  fo l lo w in g  pa ram e te rs : |H |*r| *  2 .3  MOe, P *  0 ,

f  -  0 .2 8 6 . Dashed c u rv e : |H .f  | -  3 .8  MOe, P/h = + 180 MHz,

f  = 0 .3 0 4 .

60 t\IQ 1/T 20

F ig . 5» N uc lea r o r ie n ta t io n  measurements on *®®Tb in  Fe. R e su lts  on

sample I I .  C o n f ig u ra t io n  I I  : e xp e rim e n ta l p o in ts  denoted

by O  , c a lc u la te d  cu rves  by I . '  Dashed c u rv e : | H ^ |  * 3 . 8  MOe,

P /h = + 220 MHz, f  *  0 .3 4 5 . F u ll cu rve : |Hh f | *  2.1 MOe, P *  0 ,

f  ■ 0 .2 9 6 . C o n f ig u ra t io n  I I * 5: e xp e rim e n ta l p o in ts  denoted by A

c a lc u la te d  cu rves  by I I .  Dashed c u rv e : |H. * |  -  3 .8  MOe,

P/h = + 180 MHz, f  *  /0 .2 7 0 . F u ll c u rv e : |H .f | « 2 .3  Moe,

P = 0 , f  = 0 . 259 .
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Fig. 6. Nuclear o r ie n ta tio n  measurements on 160Tb in Fe. Results on
sample I I I .  The f u l l  curve gives the resu lt o f a ca lcu la tion
using the fo llow ing  parameters: |H ^ | = 2.1 MOe, P = 0,
f  = 0.250. Dashed curve: |l*h f | » 3.8 MOe, P/h -  + 230 MHz,

f  = 0.298.

f  o f  ions which c o n t r ib u t e  t o  the  gamma a n is o t ro p y ,  because the a n is o 

t r o p y  reached a n e a r ly  co n s ta n t  va lu e  a t  the  lowest tem pera tu res . Sam

p le  I I was measured in  two d i f f e r e n t  c o n f ig u r a t io n s  o f  th e  appa ra tus ,

a and b. Between the two se ts  o f  measurements the  sample was s o f t  s o l 

dered to  ano the r copper heat l i n k  and was fu r th e rm o re  a t  room tempera

tu r e  f o r  about one month. C le a r ly  f  i s  somewhat reduced i f  we compare

I | a and l l b ; t h i s  i s  p robab ly  due t o  an annea ling  e f f e c t  d u r in g  the

s o ld e r in g  p rocess . ^ .
The Mössbauer experim ents  on 161Dy in Fe by In ia  and De Waard

in d ic a te  th a t  most o f  the  Dy ions (= 90%) expe r ience  an a p p re c ia b le

e l e c t r i c  quadrupo le  in t e r a c t io n  in  a d d i t i o n  to  the  magnet ic  h fs  i n t e r

a c t io n .  Assuming th a t  t h i s  w i l l  be the  case a ls o  f o r  Tb io n s ,  the

t o t a l  h fs  H am il ton ian  must be w r i t t e n  as

T h is  ho lds  a ls o  f o r  a p o l y c r y s t a l l i n e  sample i f  the  e l e c t r i c  f i e l d

g ra d ie n t  a t  the  nuc leus is  due to  the  Af e le c t r o n s ,  which in  tu r n  a re

o r ie n te d  by an exchange f i e l d  col l i n e a r  w i t h  the  e x te rn a l  f i e l d .  In

i d  + 1) }H, ,1 + P {I9NuNHhf
(21)
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section 2 .3 . i t  is argued that th is  w i l l  be the case for 160Tb in Fe.
We calculated the gamma anisotropy using (21), whereby i t  was as

sumed that only a fraction f  of the Tb ions contributed to the gamma
anisotropy. In f ig .  4 (sample l)  the dashed curve gives the results
for IH .r I  = 3.8 MOe, P/h = + 180 MHz and f  = 0.301*. (We note that the1 h t '
sign of does not influence the energy levels and consequently has
no effect on the gamma anisotropy. The sign of P, however, is impoi

26\
ta n t . )  The value for is equal to that of Tb in TbFe2 • The agree
ment with the data is somewhat better than for the fu l l  curve, where
the quadrupole interaction is disregarded. (|H^^| = 2.3 MOe, P = 0,
f  = 0 .286). For a fixed value of | H . . | ,  the varia tion  of P/h allowed
by the data is about 20 MHz.

In f ig .  5 and 6 the data on samples II  and I I I  are f i t t e d  in the
same way. The dashed curves give the result of f i t s  in which |H.^| was
kept constant, while P/h and f  were optimized. The fu l l  curves show
f i t s  in which the quadrupole interaction was disregarded (P = 0 ) .  As
can be seen, both types of curves give reasonable agreement with the
data. For a fixed value of |Hh f | ,  the possible varia t ion  in P/h is
about 30 MHz in these cases, whereas for P = 0, |H, may vary as much

as 0.2 MOe.
We must conclude that i t  is impossible to determine I h^ I  and P

independently from the measurements. Only the ir  re la t ion  can be given,
as can be seen in f ig .  7, where we have indicated the combinations of
I h. ,1 and P which are compatible with the measurements, f  is quite in-1 n t 1
sensitive to variations in |H ^ |  and P, due to the fact that a very
high degree of nuclear orientation was reached.

At this point we want to discuss the results of other experiments
which are relevant to the measurements presented here. Inia and De
Waard25  ̂ have performed Mössbauer experiments on 161Dy nuclei. In this
case * 61Tb ions were implanted, so that the implantation problems "are
very s im ilar. The Mössbauer spectra obtained show a clear hyperfine
structure pattern. At liquid  nitrogen temperature, nearly a l l  Dy ions
experience a hyperfine f ie ld  |H.^| = 6.05 MOe and a quadrupole coupling
with P/h = + 122 MHz. At room temperature these parameters are
|H f | -  i».5 MOe and P/h = + 60 MHz. The spectrum shows a d is t in c t  re-
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MHz

Fig. 7. 16-0Tb in Fe. The shaded area represents the combinations of P
and H.f which are compatible with the nuclear orientation re

sults.

l a x a t io n  behav iour a t  t h i s  tem pe ra tu re ;  in  a d d i t i o n  to  the  usual h fs

spectrum a d i f f u s e  background p lus  a s trong  c e n t r a l  peak is  observed.

I t  is  not c le a r  a t  t h i s  moment i f  the  spectrum is  b u i ld  up by severa l

f r a c t i o n s  o f  Dy n u c le i  (assoc ia ted  w i th  d i f f e r e n t  s i t e s )  o r  i f  one ob

serves the  r e la x a t io n  behav iour o f  o n ly  one f r a c t i o n .  A p ro v is io n a l

a n a ly s is 25  ̂ shows t h a t  the  tem pera tu re  dependence o f  the  h fs  parameters

is  in  accordance w i t h  fo rm u las  (18) and (19)» i f  one takes the  s t re n g th

o f  the  exchange f i e l d  Hgx as “  100 K. E x t ra p o la t io n  to  T = 0

y ie ld s  |H,_J = 7 .0  MOe and P/h = + 170 MHz, which is  somewhat h ig h e r
1 n f1 2o)
than the f r e e  ion va lu e  c a lc u la te d  by Bleaney , bu t in  reasonable

agreement w i t h  the  va lues  found by Bowden e t  a l ,  f o r  161Dy n u c le i  in

DyFe2 27^ .
Other i n t e r e s t in g  in fo rm a t io n  is  gained from channe ling  e x p e r i 

ments. Schmorak and Btógh implanted 3 x 10^® Lu ions/cm in to  an

i ro n  s in g le  c r y s t a l ,  and deduced from channe ling  measurements th a t

about k0% o f  the  Lu ions occupied s u b s t i t u t i o n a l  s i t e s ,  whereas the  r e 

main ing 60% was p robab ly  loca ted  in  r a d ia t io n  damaged zones o f  the

c r y s t a l .  The s u b s t i t u t i o n a l  s i t e s  a re  no t the rm odynam ica lly  s ta b le ,

because annea ling  o f  the  samples g iv e s  a lower f r a c t i o n  o f  ions a t  ^

s u b s t i t u t i o n a l  s i t e s 29^ . One th e r e fo re  may expect th a t  a f t e r  im p lan-

y
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t a t i o n  a cons i de ra b l e  f r a c t i o n  of  r a r e  e a r th  ions wi l l  be a t  non-sub-
s t i t u t i o n a l  s i t e s .

Returning to  our nuc le ar  o r i e n t a t i o n  experiments  on 160Tb in Fe,
we n ot ic e  t h a t  our va lue  of  f ,  25% - 35%, i s  in reasonable  agreement
with the  va lue  fo r  the  f r a c t i o n  of  r a r e  e a r t h  ions a t  s u b s t i t u t i o n a l
s i t e s ,  as  found from channel ing exper iments .  I t  seems reasonable  to
a s s o c i a t e  the  f r a c t i o n  f  c o n t r i b u t i n g  t o  the  gamma a n is o t r o p y  with sub
s t i t u t i o n a l  s i t e s ,  where the exchange i n t e r a c t i o n  w i l l  dominate th e
c r y s t a l  f i e l d  e f f e c t s .  For these  ions ,  we expect  to  f ind the  f u l l  hy-
p e r f in e  f i e l d , f p l u y c o n t r i b u t i o n s  from core  and e l e c t r o n  p o l a r i z a t i o n ,

. . ofi)
which would lead to  |H,.p| = 3 .8  MOe, as  found in TbFe2  . We see
from f i g .  7 t h a t  t h i s  i s  compat ib le  with our measurements,  i f  a qua-
drupoie  i n t e r a c t i o n  with P/h =200 MHz i s  a l s o  p r e s e n t .  This can be
compared, fo r  in s t ance ,  to  th e  va lue  of  the  quadrupole i n t e r a c t i o n  of
s t a b l e  Tb in Tb m e ta l :P / h  = + 33^ MHz From the  known va lues
of  the quadrupole moments of  s t a b l e  159Tb (Q = 1.32 ± 0.13 barn 32 )
and of  160Tb (Q = 3-0 ± 0 .5  barn 13 ) ,  we c a l c u l a t e  fo r  the  quadrupole
coupling c ons ta n t  160P/h = + 150 ± 30 MHz, which is  only s l i g h t l y
smaller  than our v a lu e ,  P/h = 200 MHz. For comparison,  in DyFe2  the  Dy

, . . 2 5 Iquadrupole coupl ing is  roughly 25% higher  than in Dy metal , which
gives an e s t im a te  of  the  v a r i a t i o n  in 1 - R^ fo r  th ese  environments.
We conclude t h a t  the  da t a  a r e  c o n s i s t e n t  with the  model in which ex
change e f f e c t s  g ive  r i s e  t o  an e l e c t r o n i c  ground s t a t e  < > = J .  How
ever ,  the  p o s s i b i l i t y  t h a t  c r y s t a l  f i e l d  e f f e c t s  have a n o t i c e a b l e  in 
f lu ence ,  leading  to  a lowering of  < > and thus of  H ^ ,  cannot be
ru led  o u t .

In our exper iments ,  f  appeared to  be i n s e n s i t i v e  to a v a r i a t i o n
in the Tb dose by a f a c t o r  20, and a l s o  i n s e n s i t i v e  to  v a r i a t i o n s  in
the  implan ta t ion  energy.  This has been confirmed by PA.C measurements

. 2 3 )of Murnick and leads to  the  conc lus ion  t h a t  s u r f ace  e f f e c t s  in the
t a r g e t  a r e  unimpor tan t .  Our measurements show very c l e a r l y  t h a t  r e p r o 
d u c i b i l i t y  of  the  r e s u l t s  does not n e c e s s a r i l y  mean t h a t  a l l  ions come
to  r e s t  a t  i d e n t i c a l  s i t e s  in the  Fe l a t t i c e .  The re fo re ,  the i n t e r p r e 
t a t i o n  of  measurements in which one has no information about  those
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s i t e s  i s  v e ry  d i f f i c u l t ,  and may lead to  ambiguous r e s u l t s .  Vie sus

pect th a t  many o f  the  IMPACT measurements made on ra re  e a r th  im p u r i 

t i e s  in  Fe s u f f e r  from t h i s  a m b ig u i ty .

The v a lu e  f o r  f  ob ta in e d  (= 30%), seems to  be in  c o n t r a d ic t io n

w i t h  the  r e s u l t s  o f  the  Mössbauer expe r im en ts . However, the  d i s c r e 

pancy can be removed i f  one supposes th a t  n o n - s u b s t i t u t i o n a l  s i t e s  p ro 

bab ly  w i l l  be a sso c ia te d  w i t h  one o r  more vacanc ies in the  i ro n  l a t t i c e

The presence o f  one vacancy leads to  a s trong  a x ia l  c r y s t a l l i n e  e le c 

t r i c  f i e l d  a t  the  p o s i t i o n  o f  the  io n .  Consequently the  ra re  e a r th  ion

w i l l  have a ground s ta te  in  which < J > = J ,  where the  z - a x is  is  a l ig n

ed a long the  a x is  o f  th e  c r y s t a l l i n e  f i e l d .  In a p o l y c r y s t a l l i n e  sample

these axes w i l l  be randomly d i s t r i b u t e d  in  space, so t h a t  the  ra re

e a r th  ions w i l l  have no net a l ignm en t and thus dó no t c o n t r ib u t e  to  the

gamma a n is o t ro p y .  On the  o th e r  hand, these ra re  e a r th  n u c le i  w i l l  expe

r ie n c e  the  f u l l  h y p e r f in e  f i e l d ,  which e x p la in s  t h a t  a la rg e  f r a c t i o n

o f  the  Dy ions show the  f u l l  h y p e r f in e  i n t e r a c t io n ,  a l th o u g h  they  do

no t  a l l  occupy s u b s t i t u t i o n a l  s i t e s .  The same ho lds  f o r  the  quadrupole

in t e r a c t io n ,  i f  the  4 f  e le c t ro n s  p ro v id e  the  main component o f  the

e l e c t r i c  f i e l d  g ra d ie n t  a t  the  nuc leus .
F in a l l y  we w i l l  d iscuss  th e  s ign  o f  the  h y p e r f in e  param eters . The

measurements a re  s e n s i t i v e  to  the  s ign  o f  P, bu t no t  to  th a t  o f  H ^ .

rare earth
Fe , A---------- ,

H S S L J Hm

rare earth

firs t half o f
rare earth region

second ha lf o f
rare earth region

Fig. 8. Sign of the hyperfine f ie ld  on rare earth im purities in iron,
assuming an antiferromagnetic exchange in teraction  between
the electron spins of the iron host and the .ra re  earth impurity.
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Nevertheless, the sign o f H. f  fo r  Tb can be determined from IMPACT mea-
 ̂ 3 3 3 )̂

surements on rare  earth  ions in Fe ’ . These measurements show tha t

the hyperfine  f i e ld s  are p o s i t iv e  in the f i r s t  h a l f  o f  the rare  earth

region (Ce-Sm) and negative in the second h a l f  (Gd-Yb), which means

th a t  the coup ling  between the d spins o f  the iron  host and the spin o f

the ra re  earth im pur i ty  is an t i fe r ro m a gn e t ic .  This is i l l u s t r a t e d  in

f i g .  8. The hyperfine  f i e ld  on the Tb nucleus is  thus negative .
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SAMENVATTING

De w isse lw e rk in g  tussen de ke rnsp in  en de omringende e le k t ro n e n

van een atoom o f  io n ,  de zogenaamde h y p e r f i j n s t r u c t u u r  (h fs )  i n t e r a c 

t i e ,  kan worden onderzocht met een g ro o t  a a n ta l  te ch n ie ke n .  In he t ge

va l  van ra d io a c t ie v e  kernen kan de h fs  w is s e lw e rk in g  worden bestudeerd

door metingen t e  doen aan de door deze kernen u i tgezonden  s t r a l i n g .  De

in d i t  p r o e f s c h r i f t  beschreven k e r n o r ie n t a t ie  experimenten maken deel

u i t  van d i t  snel g roe iende  gebied van onderzoek, da t een grensgebied

vormt tussen de k e rn fy s ic a  en de f y s i c a  van de v a s te  s t o f .

In de h ie r  beschreven onderzoekingen werden r a d io a c t ie v e  kernen

t o t  zeer lage tem pera turen (T -  0.01 K) a fg e k o e ld ,  waardoor een aan

z i e n l i j k e  k e r n s p in p o la r i s a t ie  kon worden v e rk re g e n . Deze werd b e s tu 

deerd door de a n is o t r o p ie  in  de r i c h t i n g s v e r d e l in g  van de u i tgezonden

gammastra 1ing t e  meten. Wanneer voldoende van he t ve rv a l  van de r a d io 

a c t ie v e  kern bekend i s ,  g e e f t  een meting van de gamma a n is o t r o p ie  a ls

f u n c t ie  van de tem pera tuur i n fo rm a t ie  over de s te r k te  van de h y p e r f i j n 

s t r u c tu u r  w is s e lw e rk in g .

Deze methode g e e f t  v r i j  g lo b a le  en n i e t  erg nauwkeurige r e s u l 

ta te n .  Het b l i j k t  e c h te r  m o g e l i j k  k e r n o r ie n ta t ie  te  combineren met mag

n e t is ch e  re s o n a n t ie :  door een magnetisch w is s e lv e ld  in  te  s t r a le n ,

waarvan de f r e k w e n t ie  past b i j  he t e n e rg ie v e rs c h i1 tussen twee opeen

vo lgende h fs  n iveaus , is  he t m o g e l i j k  overgangen tussen deze n iveaus

te  induceren . D i t  l e i d t  t o t  een v e ra n d e r in g  van de k e r n s p i n p o la r i s a t i e ,

en daarmee t o t  ve rander ingen  in  de gamma a n is o t r o p ie .

In Hoofdstuk I  en I I  word t deze methode toegepast op v i j f  r a d io 

a c t ie v e  ke rnen , d ie  z i j n  opgenomen in  een é e n k r i s ta l  van lan thaan mag

nesium n i t r a a t ,  waaraan 0.1 a t.%  cerium is  toegevoegd. De ke rnsp ins

werden g e o r ie n te e rd  in  een magnetisch ve ld  van enke le  kOe door warmte-

c o n ta c t  t o t  stand te  brengen met het cerium e le k t ro n s p in s y s te e m , dat

door middel van r o t a t i e k o e l i n g  op een zeer lage tem pera tuur was ge-
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b ra c h t .  D i t  c o n ta c t  komt t o t  stand wanneer de Zeeman o p s p l i t s in g  van

de Ce sp ins  g e l i j k  w ord t aan de e n e rg ie v e rs c h i1len  tussen de h fs  n i 

veaus van de r a d io a c t ie v e  kernen. Zolang h ie raan  n ie t  vo ldaan i s ,  en

de tem pera tuur van het k r i s t a l  beneden 0.1 K b l i j f t ,  i s  he t k e rn s p in -

systeem v r i j w e l  g e is o le e rd  van de omgeving. D i t  b l i j k t  een b e la n g r i j k

voordee l te  z i j n  voo r  h e t  h ie ro p  vo lgende re s o n a n t ie  expe r im en t,  om

da t h ie rd o o r  de door he t hoogfrekwent v e ld  geïnduceerde veranderingen

in de b e ze t t in g sg ra a d  van de h fs  n iveaus n i e t  worden tegengewerkt door

de k e rn s p in - ro o s te r  r e l a x a t i e .

Door i n s t r a l i n g  van een w is s e lv e ld ,  waarvan de f r e k w e n t ie  lang

zaam werd g e v a r ie e rd ,  konden de e n e rg ie v e rs c h i1len  tussen de v e r s c h i l 

lende h fs  n iveaus zeer nauwkeurig worden bepaald u i t  de optredende

verander ingen  in  de gamma a n i s o t r o p ie .  U i t  deze metingen konden de

magnetische momenten van de v i j f  r a d io a c t ie v e  iso topen  bepaald worden

met een vee l g ro te re  nauwkeurigheid  dan voorheen. Tevens konden de

e le k t r i s c h e  quadrupoolmomenten van deze kernen voo r he t e e rs t  worden

bepaa ld . D e ta i ls  van het re so n a n t ie p ro c e s , zo a ls  ove rgangsw aarsch i jn -

l i j k h e d e n  en l i j n b r e e d t e s ,  konden bevredigend worden v e r k la a r d .  Van

de in  he t v e rv a l  van 57Co optredende 122 keV gamma overgang werd de

m u l t ip o o l  mengverhouding gemeten, t e r w i j l  tevens w aa rdevo l le  i n f o r 

m a t ie  werd ve rk regen  over de k e r n s p in - d e s o r ie n ta t ie  d ie  b i j  d i t  v e r 

v a l  o p t re e d t  gedurende de t i j d  da t de 57Fe kern z ic h  b e v in d t  in  een

aangeslagen toes tand  op 136 keV van he t g rondn iveau .

Hoo fds tuk  I I I  b e s c h r i j f t  o r i ë n t a t i e  experimenten aan 133Xe en

160Tb kernen, d ie  met behulp  van een iso to p e n se p a ra to r  waren geïm plan

tee rd  in  i j z e r f o l i e s .  D i t  werk werd gedaan in nauwe samenwerking met

de groep van P r o f . d r .  H. de Waard in Groningen. Voor d i t  so o r t  s y s te 

men hebben re so n a n t iemethoden t o t  nu toe  geen r e s u l t a a t  opge leve rd .

De h y p e r f i j n s t r u c t u u r  i n t e r a c t i e  werd daarom bestudeerd door de gamma

a n is o t r o p ie  te  meten a ls  f u n c t ie  van de tem pera tuur in  een v e ld  van

c i r c a  2 kOe, g ro o t  genoeg om de Weiss geb ied jes  in de i j z e r f o l i e s  te

r i c h te n .

lo n e n im p la n ta t ie  is  de en ig  b ru ik b a re  methode om Xe en Tb ionen

in een i j z e r r o o s t e r  te  brengen. Het nadeel is  e c h te r ,  da t n i e t  a l l e
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ionen op s u b s t i t i o n e le  p la a tse n  te r e c h t  komen, waardoor h e t  h y p e r f i j n -

v e ld  n ie t  voo r a l l e  kernen h e tz e l fd e  i s .  Het b leek  desondanks m o g e l i j k

z i n v o l l e  r e s u l ta te n  u i t  de metingen te  v e r k r i j g e n ,  door deze te  combi

neren met de r e s u l ta te n  van M össbauer-e ffec t metingen aan 133Cs en 161Dy

kernen in  Fe, u i tg e v o e rd  door de groep in  Groningen.



Op ve rzoek van de f a c u l t e i t  der Wiskunde en Natuurwetenschappen

v o lg t  h i e r  een o v e r z i c h t  van m i jn  s tu d ie .

Na he t behalen van he t  HBS-B diploma aan het Dalton Lyceum in Den

Haag, waar Dr. W .P.J. L ignac m i jn  b e la n g s t e l l i n g  vo o r  de natuurkunde

w is t  te  wekken, ben i k  in I960 m i jn  s tu d ie  begonnen aan de R i j k s u n iv e r 

s i t e i t  t e  Le iden . Het candidaatsexamen D' in de vakken natuurkunde,

wiskunde en scheikunde werd in 1963 a fg e le g d .  Sinds november van dat

ja a r  ben i k  verbonden aan de werkgroep a d ia b a t is c h e  demagneti s a t i e  en

k e rn fy s ic a  van het Kamerl ingh Onnes Labo ra to r ium , waarvan P r o f . d r .  C .J.

G o r te r  de s u p e rv is ie  h e e f t ,  en de d a g e l i j k s e  l e id i n g  b e ru s t  b i j  Dr.

W.J. Huiskamp. H ie r  a s s is te e rd e  i k  Dr. J .  Lubbers, d ie  m i j  de e e rs te

b e g inse len  van de e xpe r im en te le  natuurkunde op besche iden, maar daarom

n i e t  m inder d o e l t r e f fe n d e  w i j z e  h e e f t  b i jg e b r a c h t .  In september 1966

legde i k  het d o c to ra a l  examen e xpe r im en te le  natuurkunde a f .

Sinds 1964 heb i k  d iv e rs e  f u n c t ie s  v e rv u ld  b i j  he t na tuu rkund ig

p ra c t icu m . De S t i c h t i n g  voo r  Fundamenteel Onderzoek der M a te r ie ,  F.O.M.,

v e r le e n d e  m i j  in j u n i  1965 een c a n d id a a t -a s s is te n t  schap in de werkgroep

K IV. In ok to b e r  1966 werd ik  aanges te ld  a ls  w e te n s c h a p p e l i jk  medewer

k e r .

T i jd e n s  m i jn  werkzaamheden heb i k  van a l l e  leden van de werkgroep

vee l  medewerking gehad. Dr. J .  Lubbers suggereerde de re so n a n t ie  expe

r im enten waaraan een g ro o t  deel van d i t  p r o e f s c h r i f t  i s  g e w i jd ,  en

w e rk te  mee aan de e e rs te  m e t ingen . Verder hebben d r s .  H.B. Brom, d r s .

J .A .  K o n te r ,  d rs .  D.L. de Jong, de heer F .J .  van S te e n w ijk  en in het

b i jz o n d e r  d rs .  N. de Boo hu lp  ve r le e n d  t i j d e n s  de experim enten. Drs.

E. L a g e n d i jk  bood de helpende hand b i j  het op lossen van d iv e rs e  nume

r ie k e  problemen. Door de gerege lde  d is c u s s ie s  met Dr. W.J. Huiskamp heb

ben inhoud en vorm van he t  p r o e f s c h r i f t  g ro te  v e rb e te r in g e n  ondergaan.

M i jn  s p e c ia le  dank gaat u i t  naar m i jn  v r ie n d e n  u i t  Gron ingen, in

het b i jz o n d e r  naar P r o f . d r .  H. de Waard, d ie  de experimenten beschreven

in Hoofdstuk I I I  op s t im u le re n d e  w i j z e  h e e f t  b e g e le id .  Dr. S.A. D re n t je ,

Dr. Y .A g a r w a l ,  Drs. P. Schurer en d r s .  P. In ia  ve rvaa rd igden  de ge

ïm planteerde bronnen. Met Dr. H. Postma had i k  een a a n ta l  w aa rdevo l le

d is c u s s ie s .
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De v e rz o rg in g  van he t techn ische  en cryogene g e d e e lte  van de op

s t e l l i n g  lag in de bekwame handen van de heren J .  van Weesel en J .

van der Waals. De g lazen  appara tuu r werd v e rv a a rd ig d  door de heren C.J

van K l in k  en P.J.M. Vreeburg . De heren R. Hulstman en F .J .  Kranenburg

verzorgden de e le k t ro n is c h e  a p p a ra tu u r .  Drs. P.W. Verbeek en d rs .  H .L.

van Noort leenden m i j  hun ra d io f re k w e n t  appa ra tuu r en gaven een aan ta l

w aa rdevo l le  adv iezen . A l l e  teken ingen  werden gemaakt door de heer W.F.

Teege laa r,  t e r w i j l  he t typewerk op vaa rd ig e  w i j z e  werd u i tg e v o e rd  door

de a d m in is t r a t ie v e  s t a f  van he t  la b o ra to r iu m . Dr. J .K .  H o f fe r  en D r .

R.C. T h ie l  ben i k  e r k e n t e l i j k  voor he t c o r r ig e re n  van de Engelse te k s t
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