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I N T R O D U C T I O N

P a ra m a g n e tic  re la x a tio n  is  not a new  su b je c t and th i s  th e s is  can  be seen
a s  an  e x ten s io n  of th e  w ork  done by m any  r e s e a r c h  w o rk e rs .  Som e in i t ia l  t r i a l s
in  th e  e a r ly  tw e n tie s  did not g ive c le a r  r e s u l ts ,  bu t a  th e o re tic a l  p a p e r  by
W ALLER 1 and e x p e r im e n ta l r e s u l t s  p u b lish ed  by G O R T E R 2, DE HAAS and
DU P R E  2 fo rm ed  the f i r s t  so lid  b a se  fo r  th e  fo llow ing r e s e a r c h e s .  It w as soon
c le a r  th a t a t le a s t  tw o re la x a tio n  m e c h a n ism s  could  be o b se rv ed :

1. s p in -s p in  re la x a tio n ,
2. s p in - la t t ic e  re la x a tio n .

T he m a in  p a r t  of th is  th e s is  is  d ir e c te d  to w ard  a  f u r th e r  stu d y  of the
s p in - la t t ic e  re la x a tio n  phenom ena . S p in - la ttic e  re la x a tio n  h a s  b een  and i s  s tu d ied
in  L e id en  by s e v e r a l  m e th o d s . W ithout be ing  co m p le te , th e  fo llow ing m eth o d s can

be c ited :

a) G O R T E R 4 m e a s u re d  x"/xo by m e a n s  o f a  c a lo r im e tr ic  m ethod  in  th e  f r e 
quency  ran g e  fro m  100 kHz to  100 M Hz. An R .F .b e a t  m ethod  w as a lso  u sed
qu ite  e a r ly  to  m e a s u re  x'/x0 fo r  a  sa m p le . T he detun ing  of an  o s c i l la to r  can
be u se d  to  d e te rm in e  th is  q uan tity . T he sam e  m ethod  h a s  b een  u sed  by
V E R ST EL L E  5 and o th e r s .

b) The su s c e p tib i li ty  of a  p a ra m a g n e tic  s a l t  c an  be m e a s u re d  by m e a n s  of b rid g e
m e th o d s . DE HAAS and DU PR E  3 u sed  a H a r ts h o rn  b rid g e  in  th e  freq u en cy
ra n g e  betw een  10 Hz and 100 H z. T h is  m ethod  w as a lso  u se d  by B IJL  and
re f in e d  by VAN D ER M A R E L 7 and VAN DEN B R O E K 8 . T h e se  la s t  tw o w o r
k e r s  w e re  ab le  to  m e a s u re  in  th e  fre q u e n c y  ran g e  3 Hz - 1200 Hz and by
m e a n s  of a sw itch ing  techn ique  in  th e  ra n g e  0 - 1  Hz.

c) V E R ST E L L E  5 developed  th e  u se  of a tw in -T  b rid g e  fo r  m e a s u r in g  bo th  x ' / x 0
and X I Xo in  th e  fre q u e n c y  ran g e  fro m  200 kHz to  20 M Hz.

d) BOLG ER 9 s tu d ied  s p in - la t t ic e  re la x a tio n  by m ean s  of s a tu ra tio n  te c h n iq u e s .

By m e a n s  of th e s e  m eth o d s a  la rg e  am ount o f d a ta  h a s  b een  c o lle c te d . A v e ry
sh o r t su m m a ry  w ill be a ttem p ted  h e re .  M ost of th e  m e a s u re m e n ts  w ith  b r id g e s
of th e  H a r ts h o rn  type  have  b een  done a t h e liu m  te m p e ra tu re s  (1 ° K - 4 K); it  w as
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found th a t in  th e  h y d ro g en  ra n g e  (1 4 °K - 20°K) th e  re la x a tio n  tim e s  w e re  o ften
too  sh o r t  to  be m e a s u re d . D iffe ren t m e a s u re m e n ts  on th e  sa m e  s a l ts  d id  not
re p ro d u c e  v e ry  w ell, o r  even  show ed la r g e  d if fe re n c e s , and th e o re tic a l  p r e 
d ic tio n s  o f th e  re la x a tio n  tim e  v e r s u s  te m p e ra tu re  and m ag n e tic  f ie ld  have
se ld o m  b een  c o n firm e d . M e a su re m e n ts  of re la x a tio n  p a ra m e te r s  by m ean s  of
the  (re la tiv e ly )  h igh  freq u en cy  m e th o d s have  g iven  m o re  c o n s is te n t r e s u l t s .
M ost o f th e s e  m e a s u re m e n ts  have  b een  done a t h yd rogen , n itro g e n  o r  ro o m
te m p e ra tu re s .  F o r  so m e  sp e c im e n s  re la x a tio n  p a r a m e te r s  have b een  m e a s 
u re d  by  d if fe re n t b r id g e s  in  d if fe re n t te m p e ra tu re  in te rv a ls  (see  GORTER 10\

Up to  th e  p r e s e n t  it  had  b een  im p o ss ib le  to  com bine  som e of th e s e  da ta
in  a  m ean in g fu ll w ay, i .  e . in  th e  c a se  of m an g an e se  tu tto n  s a l t .  It w as t h e r e 
fo re  judged  d e s ira b le  to  c o n s tru c t  a b rid g e  cap ab le  of m e a s u r in g  in  th e  f r e 
quency  ra n g e  of 1 kHz - 1 MHz. T h is  p ro je c t  h a s  b een  co m p le ted  and in  th e
foUowing th e s is  we d e s c r ib e  th e  d e s ig n  and th e  c o n s tru c tio n  of a  b r id g e , w hich
m e a s u re s  m ag n e tic  s u s c e p tib i l i t ie s  and c a n  d e te rm in e  re la x a tio n  t im e s  p in  the
ra n g e s  fro m  1 p s e c  - 5 m s e c  and fro m  100 m s e c  - s e v e r a l  m in u te s . M easu rin g
r e s u l t s  on a s e r i e s  o f p a ra m a g n e tic  s a l ts  a r e  g iven .

10
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C H A P T E R  1

SURVEY O F  THE THEORY O F PARAM AGNETIC RELAXATION

1. 1 D EFIN ITIO N

P a ra m a g n e tic  re la x a tio n  is  th e  nam e g iven  to  the  phenom ena w hich o c c u r
w hen th e  m a g n e tiz a tio n  of p a ra m a g n e tic  su b s ta n c e s  d o es not fo llow  in s ta n ta n e 
ou sly  ch an g es  in  th e  m ag n e tic  f ie ld . T he d e fin itio n  c o m p r is e s  a  n u m b er of d if 
fe re n t p ro c e s s e s .  In th e  fo llow ing  we wiU d is c u s s  two g ro u p s  of th e s e  p r o c e s 
se s : s p in - la t t ic e  re la x a tio n  and s p in -s p in  re la x a tio n .

1 .2  NORMAL PARAM AGNETISM

In th is  s e c tio n  we w ill g ive a  v e ry  s h o r t  su m m a ry  of n o rm a l p a ra m a g n e t
is m . F o r  a  m o re  co m p le te  in tro d u c tio n  we r e f e r  to  any  s ta n d a rd  tex tbook

(DEKKER U ).
One can  define  n o rm a l p a ra m a g n e tic  su b s ta n c e s  a s  th o se  m a te r i a ls  in

w hich th e  r a t io  X betw een  th e  m a g n e tiz a tio n  M and th e  ap p lied  m ag n e tic  f ie ld
H w hich in d u ces  th e  m ag n e tiza tio n  v a r ie s  a p p ro x im a te ly  in v e r s e ly  w ith  th e
te m p e ra tu re  e x p re s s e d  in  d e g r e e 's  K elv in . In g e n e ra l M and H a re  v e c to r s
and a r e  not n e c e s s a r i ly  in  th e  sam e  d ire c tio n  and X i s  a te n s o r .  In th is  th e s is
we w ill su ppose  M to  be in  th e  sam e  d ire c tio n  a s  H, m ak ing  x a  s c a la r .  If
th is  co n d itio n  i s  not fu lfilled , M should  be in te rp re te d  a s  th e  com ponen t of th e
m a g n e tiz a tio n  in  th e  d ire c tio n  of H. T he sam e  h o ld s  fo r  X .

N o rm a l p a ra m a g n e tism  o c c u rs  if  c e r ta in  co n d itio n s  a r e  s a t is f ie d . The
su b s ta n c e  u n d e r c o n s id e ra t io n  should  co n ta in  m ag n e tic  io n s , i . e .  io n s  w ith  a
p e rm a n e n t m ag n e tic  d ipo le  m om en t, cap ab le  of be in g  a lig n ed  w ith an  e x te rn a l
m ag n e tic  fie ld , and each  p e rm a n e n t m ag n e tic  d ipo le  shou ld  be s u b s ta n tia lly  in 
dependen t of i t s  n e ig h b o r, o th e rw ise  fe r ro m a g n e t is m  (o r a n tife r ro m a g n e tism )
can  o c c u r . A su b s ta n c e  can  be p a ra m a g n e tic  in  one te m p e ra tu re  ra n g e  and
fe r ro m a g n e tic  o r  a n t ife r ro m a g n e tic  a t lo w e r te m p e ra tu r e s .  T he p e rm a n e n t
m ag n e tic  d ip o le s  a r e  ex p la in ed  by th e  su m m atio n  of th e  m ag n e tic  m o m en ts
a s s o c ia te d  w ith  th e  o rb i ta l  m om en tum  and sp in  m om en tum  of th e  e le c tro n s .
F o llow ing  quan tum  th e o re t ic a l  a rg u m e n ts , a  p a r t ly  f ille d  e le c tro n  sh e ll is

11



re q u ire d  to  p ro d u ce  an  e ffec tiv e  m ag n e tic  m o m en t. T he v a len c e  e le c tro n s  should
be excluded , h o w ev er, b e c a u se  in  ion ic  c r y s ta ls  th e s e  e le c tro n s  a r e  thought to
be t r a n s f e r r e d  to  n e ig h b o rin g  io n s , such  th a t both  ions have a  co m p le te  o u te r
sh e ll.  P a ra m a g n e tism  th e re fo re  o c c u rs  in  th e  e le m e n ts  of th e  so -c a lle d  t r a n s i 
tio n  g ro u p s . Of th e  t r a n s i t io n  g ro u p s  tw o g ro u p s  have b een  m a in ly  s tu d ied ,

a) T he iro n  g roup  w ith an  in co m p le te  3d sh e ll,
b) th e  la n th a n id e s  o r  r a r e  e a r th s  g roup  w ith an  inco m p le te  4f sh e ll.

If a  la rg e  n u m b er n of m ag n e tic  d ip o les , each  w ith  a  m ag n e tic  m om en t p,

is  p lace d  in  a  m ag n e tic  f ie ld  H and th e  sy s te m  is  in  th e r m a l  e q u ilib r iu m  a t a
te m p e ra tu re  T one f in d s , u s in g  c la s s ic a l  s t a t i s t i c a l  m e c h a n ic s , th a t

M = np  [ c tg ( tS )  -  g ]  (1 - 1)

w here  k is  B o ltzm an n 's  co n s ta n t, k  = 1 .38  x 10~16 e r g  deg  *.
TT

F o r  p j; 4 1 th is  g iv e s  C u r ie 's  law

M = np2 H /3 k T

By m ean s  of quantum  th e o ry  one can  d e riv e  th e  fo llow ing e x p re s s io n  fo r  n f r e e
m ag n e tic  io n s in  a  m ag n e tic  f ie ld  H:

M = n g J  pg Bj(x) (1-2)

w h ere  B .(x) = c tg h  [ (2J2J+ 1)x]  -  ~ j  c tg h

and x = g j  pg H /k T .

The m ean ing  of th e  sy m b o ls  is  a s  fo llow s:

g is  th e  L andé fa c to r
PB is  th e  B oh r m agneton  (0. 927 x 10~2 0 e rg  O e-1 ^
J  i s  th e  to ta l  an g u la r  m om en tum  quantum  n u m b er.

F o r  x 4 1 we c a n  s im p lify  e x p re s s io n  (1-2) and o b ta in

X = f  = n P2 4 / 3 k T  (1-3)

w ith p = g QT(J + 1)] 2 (1-4)
defined  a s  th e  e ffec tiv e  n u m b er of B ohr m ag n e to n s.
F o rm u la  (1-3) can  be w r it te n  a s  X = ^  (1-5)
in  w hich the  C u rie  co n s tan t is  g iven  by C = n p 2 P g /3 k  (1-6)

If we c o n s id e r  p a ra m a g n e tic  io n s in  a  c ry s ta l ,  th e  s itu a tio n  i s  m o re  c o m 
p lic a te d . T he c r y s ta l  f ie ld  le a d s  to  a r e a r ra n g e m e n t of e n e rg y  le v e ls . In  the
ions of th e  iro n  group  th e  e le c tro n s  d e te rm in in g  th e  p a ra m a g n e tic  p ro p e r t ie s
a re  in  th e  o u te r  sh e ll,  th e  in fluence  of th e  c r y s ta l  f ie ld  i s  la rg e  and th e  s u s c e p 
tib il ity  can  a p p ro x im a te ly  be d e s c r ib e d  by (1-3) w ith p = g fS(S + 1 )]2 (1-7)

12
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in  w hich S i s  th e  to ta l  sp in  quantum  n u m b er, w hile g i s  u su a lly  not v e ry  d i f f e r 
en t f ro m  th e  sp in  va lu e  g = 2. T he com m on e x p re s s io n  is  th a t th e  o rb i ta l  m o 
m en t h a s  b een  ’'q u enched1' by th e  c r y s ta l  f ie ld .

F o r  r a r e  e a r th  c r y s ta l s  (1 -3) and (1-4) o ften  g ive a re a s o n a b ly  good a p -
p ro x im a tio n , ex cep t fo r  Sm 3+ and E u 3+. T he e le c tro n s  d e te rm in in g  the  p a r a 
m ag n e tic  p ro p e r t ie s  a re  in  an  in n e r  sh e ll and a r e  le s s  e ffec ted  by th e  c ry s ta l
f ie ld  th a n  in  th e  c a se  of th e  iro n  g roup . If we su b s titu te  fo r  n  in  fo rm u la  (1-3)
aN in  w hich a is  th e  n u m b er of m ag n e tic  a to m s p e r  m o lecu le  and N is  A vo-
g a d ro 's  n u m b er (6 .02  x 1023) X i s  th e  s u s c e p tib ili ty  p e r  m o le . T he C u rie  co n -

s ta n t p e r  m ole w ill be g iven  by

C = a N p 2 U g / 3 k  (1*8)

By m ean s  of (1 -8), (1-4) o r  (1-7) and u s in g  th e  sp ec ific  w eight of the  su b s tan ce
we can  com pute  th e  su s c e p tib i li ty  p e r  u n it v o lum e.

In ta b le  1-1 we have com puted  th e  C u rie  c o n s ta n ts  p e r  u n it vo lum e fo r
som e of th e  su b s ta n c e s  we have m e a s u re d  (w hich eq u a ls  th e  vo lum e s u s c e p tib i l
ity  a t  1°K, if th e  sp e c im e n  s t i l l  obeys C u r ie 's  law  a t th a t te m p e ra tu re ) .

S ubstance
- 3

C u rie  co n s ta n t (cm  d e g . )

Mn(NH4 )2 (S 0 4 )2 . 6 H 20 20. 10"3

Mn(NH4 )9 (S 0 4 )2 . 6 H 20  d ilu ted  w ith  Z n  60:1 0.34. 10’ 5

C u (NH4 )? ( S 0 4 )2 . 6 H 20 1.7. 1 0 '3

C o(NH4 )? (S 0 4 )2 . 6 H 20 9. 10*3

Cu S 0 4 .5 H 20 3 .4 . 10"3

G d2 (S 0 4 )3 . 8 H 20 1 o CO

TA B LE 1-1. T h e o re t ic a l  C u rie  c o n s ta n ts  fo r  som e p a ra m a g n e tic  s a l ts

F ew  s a l ts  follow  C u r ie 's  law  e x ac tly . A b e t te r  a p p ro x im a tio n  is  g iven  by

th e  C u rie -W e is s  law
X = - £ -  (1 -9)* T -  9

T he te r m  9 is  o ften  com posed  of s e v e r a l  c o n tr ib u tio n s , th r e e  im p o rta n t ones

a re :

1. D ev ia tio n s fro m  C u r ie 's  law  w hich a re  due to  exchange fo rc e s
2. D ev ia tio n s fro m  C u r ie 's  law  due to  sp lit tin g s  of th e  g round  s ta te  le v e ls ,

w hich can  be d e s c r ib e d  to  a f i r s t  ap p ro x im a tio n  by a C u r ie -W e is s  law , a s
long  a s  th e  q u an tity  kT is  la rg e  c o m p a red  to  th e  s p lit t in g s  c o n ce rn ed .

3. D ev ia tio n s fro m  C u r ie 's  law  due to  th e  d if fe re n c e  be tw een  th e  lo c a l f ie ld  H,
and th e  e x te rn a lly  app lied  m ag n e tic  f ie ld  Hc .. T h is  la s t  co n tr ib u tio n  (0g) to
9 in  (1-9) is  in  th e  f i r s t  a p p ro x im a tio n  g iven  by

9 3 = ( | - tt - o / ) C  (1 -10)
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assu m ing a dem agnetization  factor a  can  be defined. F orm ula (1-10) g iv e s  the
f ir s t  ord er co rrec tio n  a s worked out by LORENTZ 12, ONSAGER 13, and VAN

14VLECK . The h igher ord er  co rrec tio n s  a s ca lcu lated  by the th ree authors,
1 5are d ifferent and for  a su rvey  we re fer  to DE KLERK . F or an iso trop ic

sam p le , the dem agnetization  factor can only be calcu lated  e a s i ly  in  a few
c a s e s .  KITTEL ^  l i s t s  the fo llow ing exam p les.

Shape A xis a

Sphere any 4 tt/ 3

Thin slab norm al 4 tt

Thin slab in plane 0
Long c ircu la r  cy linder longitudinal 0
Long c ircu la r  cylinder tra n sv erse 2 tt

TABLE 1-2

1 .3  PARAMAGNETIC SPIN-LATTICE RELAXATION

In 1. 1 we defined param agnetic relaxation . If the m agnetic fie ld  is  sud
denly in creased  from  H to H + A H the in crea se  of m agnetization  is  sketched in
fig . I. 1. The long d elay needed before the equilibrium  value for M is  reached is

norm ally due to slow  energy  transport betw een the m ag
netic m om ents and the la ttice  v ibration s of the cr y sta l.

Another way to o b serve sp in -la ttice  relaxation  is
by m easu rin g  the su scep tib ility  by m eans of an ac sign a l,
producing a sm a ll m agnetic fie ld  variation , w hich in
gen era l i s  superim posed  on a constant fie ld  H . If one
m ea su res the d ifferen tia l su scep tib ility , defined as

d l l
one finds that if  the m easu rin g  frequency is  in creased ,
the su scep tib ility  chan ges. In th is th e s is  we w ill only

con sid er  c a s e s  in  which the m agnetic fie ld  Hc , and the varia tion  dH are in  the
sam e d irection . We m easure only the com ponent dM in the d irection  of H
F urtherm ore we w ill a lw ays m ean the d ifferen tia l su scep tib ility  x = when
usin g  the sym bol x .

The two d ifferent m ethods of ob serv in g  param agnetic relaxation  are
linked together by the F ou rier-tran sform , a s shown by VERSTE LLE 5 .

E x istin g  theory  about sp in -la ttice  relaxation  can be divided into two
c a teg o r ie s .

1) The therm odynam ical th eory  of CASIMIR and DU PRE 17 g iv es  an excellen t
explanation o f s e v e r a l fea tu res of sp in -la ttice  relaxation . It d e scr ib es  the
relaxation  phenomena in  the tran sition  range w here the m agnetization  changes
in gen era l from  an iso th erm al p ro cess  to  an adiabatic p r o c e ss . T herm odynam 
ic a lly  it can  be shown that the d ecrea se  in  the su scep tib ility  (with a constant

f  lAM
1 A h

t  ZT
m agne t iz a t io n  a s  a  function
of t ime due to  o step in Hc

F ig.I-1 .
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f ie ld  Hc p re s e n t)  fo r  a h igh  m e a s u r in g  fre q u e n c y  is  due to  c y c lic  h ea tin g  and

coo ling  of the  sp in  s y s te m .
If th e  m ag n e tic  f ie ld  in c r e a s e s  by A H, the  te m p e ra tu re  of th e  sp in  s y s te m
in c r e a s e s ,  c o u n te ra c tin g  p a r t  of th e  a s s o c ia te d  in c r e a s e  in  m ag n e tiz a tio n .

2) The th e rm o d y n am ic  fo rm a lis m , h o w ev er, canno t p re d ic t the m agn itude  of
th e  re la x a tio n  t im e s  and th e  re la tio n  be tw een  th e  re la x a tio n  tim e  and  the
te m p e ra tu re  T . W A L L E R 1 w ro te  in  1932 th e  f i r s t  im p o rta n t th e o r e t ic a l
p a p e r  on th is  su b je c t u s in g  quan tum  m e c h a n ic s . S ince th e n  KRONIG, VAN
V LECK , ORBACH and o th e r s  have w rit te n  s e v e r a l  p a p e rs  and exp la ined  o r
p re d ic te d  the  r e s u l t s  of e x p e r im e n ts . In s e c tio n  1 .5  we w ill l i s t  som e of

th e s e  th e o r e t ic a l  r e s u l t s .

1 .4  THE THERM ODYNAM ICAL THEORY

1. 4 . 1  G e n e r a l  t h e o r y

In th e  th e rm o d y n a m ic a l th e o ry  of the  s p in - la t t ic e  re la x a tio n , th e  m a in
p o s tu la te  is  th e  in te rn a l  e q u il ib r iu m  of th e  sp in  sy s te m  a t a l l  t im e s  c o n s id e re d .
T h is  co n d itio n  w ill be fu lfilled  in  m any  c a s e s ,  bu t not a lw ay s, a s  can  a lso  be
se e n  f ro m  som e of o u r e x p e r im e n ta l r e s u l ts .

T o d e s c r ib e  th e  phenom ena , a  sy s te m  is  s e le c te d  co n ta in in g  only  d e 
g re e s  of fre e d o m  connec ted  w ith  th e  m ag n e tic  p ro p e r t ie s  of th e  su b s ta n c e . It is
supposed  to  be s e p a ra b le  f ro m  th e  o th e r  p ro p e r t ie s  and c a n  have a te m p e ra tu re
T d if fe re n t f ro m  th a t of the  la t t i c e . T hus the  hea t m o tion  of th e  la t t ic e  i s  not

s
included  in  th is  h y p o th e tic a l s y s te m .

T he th e rm o d y n am ic  th e o ry  s t a r t s  w ith  th e  f i r s t  law  of th e rm o d y n a m ic s ,

w r it te n  fo r  a m ag n e tic  s y s te m  a s :

dQ = dE + MdH ( 1- 11)

in  w hich E  is  th e  en tha lpy , c a lle d  by G O R TER  th e  s p e c tro sc o p ic  en e rg y , and
dQ the h ea t flow  to  th e  sp in  s y s te m . In  the  s im p le s t  m o d e l d e sc r ib e d  by the
th e rm o d y n a m ic a l th e o ry  th e  la t t ic e  te m p e ra tu re  T.j^ i s  supposed  to  be kep t c o n 
s ta n t by th e  b a th  and a s im p le  e n e rg y  co n tac t is  supposed  to  e x is t  be tw een  the
sp in  s y s te m  and th e  b a th  (fig. 1-2). It is  supposed  th a t th e  h ea t t r a n s f e r  p e r

mag
sys

CH-C

>etic
tern

a

la t t ic e

Tt

second  betw een  th e  sp in  s y s te m  and th e  la t t ic e  c a n  be

d e s c r ib e d  by

■ f  = “ (t s - t l > (1' 12)

BÖLG ER 10 in tro d u ced :
dQ = JL
d t Tg <t s - t l > (1-13)

therm ody mam ic  model
for d e s c r i p t i o n  of r e l a x a t io n

Fig. 1-2.

fo r  s m a ll  flu c tu a tio n s  of T g a round  T (1-12)  is  e q u i
v a le n t to  (1-13) w ith  a _ ^ (1-14)

'  Ts
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The f lu c tu a tio n s  a r e  in  th e  a c tu a l b rid g e  in  th e  w o rs t c a s e  le s s  th an  ± 6% of T
d u rin g  a  n o rm a l m e a s u re m e n t. We w ill u se  (1-12) b ecau se  i t  s im p lif ie s  o u r
fo rm u la s  som ew hat. M and H in  fo rm u la  (1-11) tak e  the p lace  of p and V
re s p e c tiv e ly  in  the s ta n d a rd  fo rm u la s  of th e rm o d y n a m ic s  if the  " s p e c tro s c o p ic
en e rg y "  i s  id en tif ied  w ith  th e  e n e rg y  of th e  sy s te m .

We c a n  th e n  w rite  (1-12) as:

w ith  C H and a s  sp e c if ic  h e a ts  of th e  sp in  sy s te m  a t c o n stan t m ag n e tic  fie ld
and co n s tan t m ag n e tiz a tio n  re s p e c tiv e ly .

In th e  m e a s u r in g  p ro c e d u re  we w ill in  g e n e ra l v a ry  H by su p e r im p o s in g
on a> co n s ta n t f ie ld  Hc a f ie ld  w hich v a r ie s  s in u so id a lly  a t fre q u e n c y  f. Supposing
a l in e a r  s y s te m , M and Tg c a n  be ex p ec ted  to  f lu c tu a te  p e r io d ic a lly  a round  an
e q u ilib r iu m  v a lu e  Mc and re s p e c tiv e ly . S u b stitu tio n  of

(XQ c a n  be in te rp re te d  a s  th e  su s c e p tib i li ty  m e a s u re d  in  z e ro  m ag n e tic  f ie ld  and
w ith  z e ro  freq u en cy ) g ives

(1-21) c a n  be w r it te n  in  s lig h tly  d if fe re n t fo rm

* ( T S - T T.) (1-15)

T g can  be e lim in a te d  by:

(1-16)

TS ' T L = R e [Tejtllt] '  M - M c = Re [ M e j Wt] ,  H -  H , = Re [ H e ^ *  ]

w ith  u) = 2nf in  (1-15) and (1-16) g ives:

“ T  = - i “ M C H  G w ) h  -  J “ h c m  (rdy (1-17)

and (1-18)

E lim in a tio n  of T  g ives

w ith  p = 2ttC „Q '
11 (1-19)

D efin ing  F  = —  and w ith  X = X' -  jx" and x Q = ( 3 1 0
T,S
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lo g x " / ^  -  log  F  + log
i I  2.21+P f

d - 2 2 )

F ro m  express io n  (1-22) we see that i f  x " /x o is  p lo tted  on a lo g a rith m ic  scale
against f  a l l  absorp tion  curves  d escrib ed  by (1 -2 2 ) have a s im ila r  shape. I f

the frequ ency  f  is  a lso  p lotted  on a lo g a rith m ic  scale  the curve  is  s y m m e tr i

c a l around pf = 1. In  f ig . 1-3 we give the ca lcu la ted  curves  of X' /x  on lin e a r
scale  and x " /x o on lo g a rith m ic  scale  fo r  F  = 1 and F  = 0 .4 .

T h is  fo rm a lis m  was developed by C A S IM IR  and D U  P R E  17 and i f  the

d is p e rs io n  x1 and the absorp tion  x" can be rep re s e n te d  by (1-20) and (1-21) we

w il l  say that the cu rves  a re  good C a s im ir  Du P ré  curves  (abbrev iated  by C .d .  P .

c u rv e s ). By adding (x'/xo)2 and (XM/x o)2 as g iven  by (1-21) and (1-22) one can
e a s ily  p rove that X ' and x" l ie  on a s e m i-c ir c le  i f  p lo tted  in  an A rgand  d ia g ra m

as shown in  f ig . 1-3 as an in s e r t. We have used th is  m ethod occas ion a lly  to  d e 

te rm in e  p i f  X '/xo and X"/xo a re  known at a single frequ ency . We w il l  c a ll

P = 2ttC jj/ cï the re la x a tio n  t im e ,

w hich is  defined as the in v e rse  of

the frequ ency  in  w hich the ab so rp 

tio n  is  a m ax im u m  and the d is p e r

sion is  h a lfw ay  betw een its  in i t ia l

and f in a l v a lu e . O ccas io na lly  we
c a ll  f  = i  the re la x a tio n  frequ ency .

The d is p e rs io n  x ' /x  w i l l  reach  ao p
' - T V / T

constant va lue  1 - F  = when the

m easu rin g  frequ ency  fu lf i ls  the con 

d itio n  pf > 1. x' is  then c a lled  the
ad iabatic  s u s c e p tib ility  x a d - B y

m eans of the re la x a tio n  m e a s u re 
m ents we a re  thus able  to  d e te r 
m ine the ra t io  of two specific
heats C M  and C^..

In  the fo llo w in g  we w il l
d e r iv e  a re la t io n  betw een the F -

value and betw een the constant
m agnetic  f ie ld  Hc . A t a te m p e r 

a tu re  w here  C u r ie 's  la w  s t i l l
app lies  (down to  1 °K  fo r  m any

s a lts , depending on the sp littin gs
of the energy  le v e ls ) it  can be shown that the m agnetic  spec ific  heat can be r e 

presented  by = b /T  . M ak in g  use of C u r ie 's  la w  (in  the te m p e ra tu re  range
considered) and by using

C a s im ir .D u  Pré re la x a tio n  curves fo r  F -O .4  and F -I.O

( f )  on a lin e a r s c a le ,-^ — ( f )  on a lo g a r ith m ic  sca le .
Xq Xq
Also inserted  is  an exam ple o f an A rgand d ia g ra m  fo r

a C.d. P. re la x a t io n  w ith  F =0 .7

Fig. 1-3.

r  5 M  n rm-')
SyM
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( s im i la r  to  th e  r e la t io n  be tw een  and C^) we can  d e riv e :

C H 2 ,
F  =------- — = and th u s  1 - F  =-------------

b  + C H b + C H
(1-23)

T he v a lu e  of b /C  can  e a s i ly  be com pu ted  f ro m  th e  ad ia b a tic  s u s c e p tib ili ty

Xad 5

C  '  X. (1-24)

ad
-  1

To d e te rm in e  b /C  we com pu ted  th e  v a lu e  of b /C  a t  a  la rg e  n u m b er ( «  30) of
d if fe re n t f ie ld s  fo llow ing  fo rm u la  (1-21), in c lud ing  a d iam ag n e tic  c o r r e c t io n  if
n e c e s s a ry  and a v e ra g e d  th e  r e s u l t  to  o b ta in  a  h ig h e r  a c c u ra c y .

1 .4 .2  T h e  d e t e r m i n a t i o n  o f  l o n g  r e l a x a t i o n  t i m e s

In th e  p re c e d in g  s e c tio n  we d e s c r ib e d  th e  f i r s t  m ethod  to  m e a s u re  r e 
la x a tio n  t im e s .  F o r  long  re la x a tio n  tim e s  we have u se d  a  m ethod  s im i la r  to  the

one u se d  by VAN D EN B R O E K 0 . T he c o n 
s ta n t m ag n e tic  f ie ld  Hc i s  changed  ab ru p tly
by aH  and the  change of th e  d if fe re n t ia l
s u s c e p tib i l i ty  i s  o b se rv e d  a s  a  func tion
of tim e  w ith  a  m e a s u r in g  fre q u e n c y  f suchr

a d ia ba t ic  suscept ibi l i t y
as a func tion  of t im e due t o  a  s te p  in Hc

F ig .1-4.

th a t f  p > 1. If the  e x p e rim e n t i s  done we
o b se rv e  th e  v a r ia tio n  of on an  o s c i l lo -

Q x l
scoop  and o b ta in  th e  p a tte rn  show n in  fig .
1-4. We w ill ex p la in  th e  p a t te rn  and c o m 
pute  the  va lu e  of h  and g a s s u m in g  e q u a 
tio n  (1-23) to  be v a lid . At a tim e  t  < t Q
th e  d if fe re n t ia l  s u s c e p tib i li ty  is  g iven  by:

X ' ( t c t o) =X0 ( 1 - F )
b +

F o r  t  = ~  we find  X' (t = ~)
b + C [H? + 2 AH H ]c c

Xo

and g = X' (t <tQ) -  X' (t =
2 AH b C  H___________ c
[b  + C  H2 ] 2 Xo (1-25)
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A t a  tim e  tQ + A t  in  w hich  pgg 4  At < pgl , pgg r e p r e s e n tin g  the s p in -s p in  r e l a x a 
tio n  tim e  re q u ire d  to  b r in g  the  sp in  sy s te m  in to  in te rn a l e q u il ib r iu m  and  pg  ̂ r e 
p re s e n tin g  the  s p in - la t t ic e  tim e , th e  va lu e  of th e  d if fe re n t ia l  s u s c e p tib i li ty  c a n  be
com puted  f ro m  (1-15) and  (1-16) and by eq u a tin g  dQ = 0 (the sp in  sy s te m  c a n  be
c o n s id e re d  a d ia b a tic  if  At 4  Pgj)-

C h - C m
T s (t = to + A t) - T L = cH AHCaH) M (1-26)

F ro m  th e  d if fe re n t ia l  equation :

- a ( T s - T L) = C H (  a5 ) H d f + C M C 3HS) M d*

and:

T s - T L  = ( a MS ) H d M  +  ( a H S ) M d H

fo llow s:
T S ' T L  = ( T S ' T 0 t = to + A t' e Ts l

(1-27)

w h ere C H ps l
Ts l  -  a- -  2rr

We se e  th a t th e  sp in  te m p e ra tu re  r e la x e s  to  i t s  f in a l v a lu e  T t w ith  a  tim e  c o n -
Pq Is ta n t t = . T he a d ia b a tic  s u s c e p tib i li ty  r e la x e s  w ith  th e  sam e  tim e  c o n stan t

s i  * n
and c a n  be o b se rv e d , g iv ing  th e  v a lu e  fo r  t f ro m  w hich  th e  p can  be com pu ted .

T he v a lu e  to  be d e te rm in e d  is :

x kd = ï ï f f  a t  1 = to + At

t l  b
( Xad>to + At '  (Xad>t< to = T g(t =tQ + At) b + C ( Hc + AH)S X°

(1-28)

Substitution of (1-26) in  (1-28) g ives:

3 A H b C  H
h  = (x ad>to + A t - < Xad>t<to = [ b + C H 2 ^ Xo (1-29)

C o m p arin g  (1-29) w ith  (1-25) g ives th e  r e s u l t  th a t g = 1 .5 h , a  r e la tio n
w hich can  be o b se rv e d  in  fig . 11-3 0 show ing  a  p h o to g rap h  of an  a c tu a l re la x a tio n
c u rv e . F ro m  (1-29) fo llow s th a t h  i s  p ro p o r tio n a l to  H~3 fo r  f ie ld s  la rg e  c o m 
p a re d  to  (b /C )2 and fo r  co n s tan t AH. F ro m  (1-26) we can  e a s i ly  deduce th a t if
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AH
I T  for t = \> + At (1-30)

H > (b /C )2

T e c h n ic a lly  it  i s  not e a sy  to  keep  th e  r a t io  AH/H co n s tan t f o r  la rg e  f ie ld s , a
f a s t  f ie ld  change c o s ts  a  r e la tiv e ly  la rg e  e ffo r t.  E ven  if  (1-30) w e re  fu lfilled ,

1 . 4 . 3  E x t e n s i o n  o f  t h e  t h e r m o d y n a m i c  t h e o r y

In som e c a s e s  th e  C a s im ir -D u  P ré  fo rm a lis m  g iv es  a  good d e s c r ip tio n
of th e  e x p e rim e n ta lly  o b se rv e d  re la x a tio n  c u rv e s .  O ften  m a in ly  a t low te m p e r a 
tu r e s ,  h o w ev er, th e  c u rv e s  ob ta ined  a r e  m o re  co m p lic a te d . S e v e ra l m odels
have b een  p ro p o sed  to  d e s c r ib e  th e s e  c a s e s .  In one m odel th e  la t tic e  h a s  not a l 
w ays th e  sam e  te m p e ra tu re  a s  th e  ba th , a n  e x tr a  h ea t r e s is ta n c e  betw een  the
la t t ic e  and th e  b a th  is  p o s tu la ted  and it  c a n  be show n th a t m o re  co m p lica ted

1 ft
r e la x a tio n  c u rv e s  can  be ex p ec ted . EISEN STEIN  re f in e d  th is  m o d e l by
d ro p p in g  th e  a ssu m p tio n  th a t th e  te m p e ra tu re  in  th e  sam p le  is  u n ifo rm  and by
in tro d u c in g  a  f in ite  h ea t conduc tiv ity .

b ro ad en ed  re la x a tio n  c u rv e s , th e  b ro ad en in g  b e in g  due to  a  n o n -u n ifo rm  te m 
p e ra tu re  in  th e  sa m p le , not eq u a l to  th e  bath  te m p e ra tu re .  The re g io n s  of the
sa m p le  in  good h ea t co n tac t w ith  the b a th  w ill have th e  s h o r te s t  re la x a tio n
tim e ; th e  re la x a tio n  tim e  defined  by

w ill be c lo s e  to  th e  s p in - la t t ic e  re la x a tio n  tim e  of th e s e  re g io n s  and w ill a p 
p ro a c h  th e  t r u e  re la x a tio n  tim e  a t  th e  b a th  te m p e ra tu re .

F o r  a  g iven  d is tr ib u tio n , it  is  a lw ays p o ss ib le  to  com pute  the a s s o c ia te d
re la x a tio n  c u rv e s , th e  in v e r s e  p ro c e d u re  is  d ifficu lt and no g e n e ra l m ethod
se e m s  to  be a v a ila b le .

We w ill not d is c u s s  in  d e ta il  the  m o d e ls  in tro d u ced  to  d e s c r ib e  c o m p li
ca te d  re la x a tio n s . B oth VAN D ER M A R E L 7 and VAN DEN B R O E K 8 have
d e s c r ib e d  th e m  in  som e d e ta i l .

In  a l l  th e  s y s te m s  c o n s id e re d  one fin d s , th a t fo r  a g iven  F -v a lu e  the top
of the  a b so rp tio n  c u rv e  and th e  slope  S of th e  d is p e rs io n  cu rv e  a r e  le s s  th an
th e  a s s o c ia te d  v a lu e s  g iven  by C a s im ir -D u  P ré .

T o  d e sc r ib e  th e  d ev ia tio n  of a  s e t of re la x a tio n  c u rv e s  f ro m  tr u e  C . d .  P .
O

c u rv e s  VAN DEN BROEK in tro d u ced  a  d ev ia tio n  p a ra m e te r

_2
th e  s e n s it iv ity  of th is  m ethod  i s  in v e r s e ly  p ro p o r tio n a l to  Hc .

In  Cu Kg C l4 . 2HgO VAN DEN B R O E K 8, found e x p e rim e n ta lly  e x tre m e ly

f[x '( f )  - X aH] (1-31)

2 0FUOSS and KIRKWOOD p o s tu la te  a d is tr ib u tio n  of re la x a tio n  t im e s .

d * (1 - 2 h / F )  + (1 - S /1 .1 5 F )  x 0.69
2

(1-32)
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in  w hich h i s  th e  va lu e  of the  m ax im u m  a b so rp tio n  x" / xq a s  a  func tion  of th e
freq u en cy  and S i s  th e  s lo p e  of th e  d is p e r s io n  c u rv e  a t a  va lue  of X '/X0 halfw ay
betw een  X' and X' ,.o ad

1 .5  SURVEY O F THE T H E O R E T IC A L  PREDICTIONS FO R SPIN -L A T T IC E
RELAXATION TIM ES

The in te ra c t io n  betw een  th e  sp in  s y s te m  and th e  c r y s ta l  h a s  b een  d i s 
c u sse d  in  m any  p a p e rs  by s e v e r a l  a u th o rs . W A L L E R 1, in  th e  f i r s t  im p o rta n t
p a p e r  on th is  su b je c t (1932), s tu d ied  th e  in te ra c t io n  betw een  th e  phonons and the
m ag n e tic  m o m en ts . In  th is  study  he id e n tif ie s  tw o d if fe re n t p ro c e s s e s  fo r  e n e rg y
tr a n s f e r  be tw een  th e  sp in  s y s te m  and th e  la t tic e :

1. The d ir e c t  p ro c e s s e s  in  w hich an  e n e rg y  quan tum  hco i s  exchanged  w ith  the
la t t ic e ,  a s s o c ia te d  w ith  a  change of occu p a tio n  of tw o Z eem an  le v e ls ,
governed  by hiu = ± AE (1-33)
T h is  g iv es  r i s e  to  a change of th e  m ag n e tiza tio n  M.

2. The in d ire c t p ro c e s s e s  o r  q u a s i R am an  p ro c e s s e s  in  w hich th e  m ag n e tic  ion
re la x e s  by e m is s io n  of an  (v ir tu a l)  e n e rg y  quan tum  huDj w ith  s im u lta n e o u s ly
an a b so rp tio n  of a  quan tum  h uj ^ governed  by th e  e n e rg y  b a lance  h^jjg -* j) = AE

(1-34)

The s p in - la t t ic e  re la x a tio n  t im e s  c a lc u la te d  by W ALLER w e re  e x tre m e ly
long and the m e c h a n ism  he p ro p o sed  (m odu la tion  of th e  m ag n e tic  in te ra c t io n
betw een  d if fe re n t m ag n e tic  ions) i s  p re s e n tly  c o n s id e re d  not to  be th e  m o s t
e ffec tiv e  one. H E IT L E R  and T E L L E R 21 and a ls o  F IE R Z 22 c o n s id e re d  th e  e f 
fec t of th e  phonons on the e le c t r i c a l  sp lit t in g s  of the  b a s ic  e n e rg y  le v e ls  but a ls o
fa ile d  to  o b ta in  v a lu e s  fo r  th e  s p in - la t t ic e  re la x a tio n  tim e  in  a g re e m e n t w ith  e x 
p e r im e n ta l  r e s u l t s .  KRONIG22 and VAN V L E C K 21 , tak in g  in to  accoun t ex c ited
le v e ls , s tu d ied  and m ade  d e ta ile d  c a lc u la tio n s  on p ro c e s s e s  in  w hich the  m ain
m e c h a n ism  in  the s p in - la t t ic e  re la x a tio n  is  th e  in te ra c t io n  betw een  th e  o rb i ta l
m om en tum  and the phonons, w hich m odu la te  the  e le c tr ic  f ie ld ; th is  in f lu en ces
the  sp in s  th ro u g h  the  s p in -o rb i t  coup ling .

M ore re c e n tly  O RB A CH 25 ' 26, 27, 2^ m ade c a lc u la tio n s  u s in g  a  so m e 
w hat d if fe re n t m a th e m a tic a l a p p ro a c h  and ob ta ined  p re d ic tio n s  s im i la r  to  th o se
of VAN VLECK, but s ta te d  th e m  in  a  m o re  g e n e ra l fo rm . In h is  c a lc u la tio n s
ORBACH com puted  a lso  the e ffe c tiv e n e ss  of a  tw o phonon p ro c e s s ,  r e f e r r e d  to
a s  an  O rbach  p ro c e s s ,  not ta k e n  in to  c o n s id e ra tio n  by VAN V LECK. T he g e n e r 
a l  co n d itio n  fo r  th is  p ro c e s s  is  th e  p re s e n c e  of ex c ited  le v e ls  w ith  a n  e n e rg y
sp ac in g  A to  th e  lo w est s e t of le v e ls , w hile A < k e D (Sp r e p re s e n tin g  the D ebye
te m p e ra tu re ) .  C a lcu la tio n s  fo r  kT  <? A give a re la x a tio n  tim e  depend ing  ex p o 
n en tia lly  on the te m p e ra tu re .  In th e  p re d ic tio n s  fo r  th e  re la x a tio n  tim e  a d i s 
tin c tio n  is  m ade betw een  K ra m e r s  and n o n -K ra m e rs  s a l ts .  A K ra m e rs  s a l t  is
g e n e ra lly  defined  a s  a s a l t  w ith  an  odd n u m b er of e le c tro n s  in  th e  e le c tro n  sh e ll,
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re s p o n s ib le  fo r  th e  p a ra m a g n e tism . KRAMERS show ed th a t in  th is  c a se  the
in te rn a l f ie ld  c a n  s p l it  th e  2J  +1 le v e ls  of a  g round  s ta te  a t m o s t in  h a lf  th a t
n u m b er of K ra m e r s  d o u b le ts  w hich  can  only  be s p l it  by a  m ag n e tic  f ie ld . The
m a in  th e o r e t ic a l  p re d ic tio n s  a r e  su m m a riz e d  in  ta b le  1-3.

29

D ire c t
p ro c e s s

In d ire c t ™ Q , A,
p ro c e s s  (T < ®D* T  < k> T » 0 d

K ra m e rs  s a l ts
4

dH *T a e x p ( - A /k T )  + b T 9 e T 2

N o n -K ra m e rs  s a l ts dH ^T a e x p ( - A /kT) + b T 7 e T 2

TA B L E  I -  3 G e n e ra l th e o r e t ic a l  p re d ic tio n s  fo r  p , th e  in v e r s e  of th e  sp in -
la t t ic e  re la x a tio n  tim e  fo llow ing  VAN V LECK  and ORBACH;
a , b, d and e a r e  c o n s ta n ts  hav ing  a  w eak  f ie ld  dependency .

F o r  th e  q u a s i R am an  p ro c e s s e s  th e  ex p ec ted  fie ld  d ep en d en c ies  can , in  p r a c -
3 0

t ic e ,  be d e s c r ib e d  by the  BRONS-VAN V LEC K  re la tio n :
t2

b + C H c
P°  b + pC H2

(1-35)

The co e ff ic ien t p  i s  u su a lly  in  the  ra n g e  f ro m  0 .2  -  0. 7. In som e c a s e s  0. 5 is
p re d ic te d . D ire c t and in d ire c t  p ro c e s s e s  o p e ra te  in  p a ra l le l .  At v e r y  low  te m 
p e ra tu r e s  th e  d ir e c t  p ro c e s s  d o m in a te s . A bove a  c e r ta in  t r a n s i t io n  te m p e ra tu re
th e  in d ire c t  p ro c e s s  is  m o re  e ff ic ie n t, th is  t r a n s i t io n  poin t be tw een  th e  d ir e c t
and th e  in d ire c t  p ro c e s s  c a n  be ex p ec ted  to  be a t  o r  above h e liu m  te m p e ra tu re s
and below  h y d rogen  te m p e ra tu re .

T ab le  1-3 co n ta in s  th e  g e n e ra liz e d  p re d ic tio n s  and s e v e r a l  ex cep tio n s
c a n  be found. ORBACH a s s u m e s , in  h is  c a lc u la tio n s  fo r  K ra m e r s  s a l ts ,  a
s in g le  doub let to  be  popu la ted . In s a l ts  w ith  a  sp in  m u ltip le t o r  w ith  m o re  th an
one popu la ted  doub le t th e  s i tu a tio n  i s  m o re  co m p lic a te d . In th a t c a se  ORBACH

31 -7 -5and BLUME ex p ec t, b e s id e s  a T  , a ls o  a  T  re la tio n sh ip  in  th e  R am an
p ro c e s s  if  c e r t a in  co n d itio n s  about the  s iz e  of th e  sp l it t in g s  a r e  fu lf ille d . F o r
S -s ta te  io n s , c a lc u la tio n s  u s in g  h ig h e r  o rd e r  p e r tu rb a t io n s  a r e  needed . BLUME

32 2 +and ORBACH ex p ec t fo r  the  d ir e c t  p ro c e s s  fo r  Mn in  a  cubic  e n v iro n m en t
-1 2 33 34p oc H T . T he sam e  g e n e ra l r e s u l t  is  expec ted  by LEUSHIN ' who c a lc u -

- 1 2  - 1 7la te s  P oc H T  fo r  a  d ir e c t  p ro c e s s  and p °cT a t T  4 9n  fo r  a  tw o phonon
26 ^p ro c e s s .  F o r  a  R am an  p ro c e s s  ORBACH a ls o  in d ic a te s  th e  p o s s ib il i ty  of a

H2T 7 in s te a d  of th e  T 9 re la tio n sh ip  fo r  p in  a  K ra m e r s  s a l t ,  depend ing  on th e
e n e rg y  sp ac in g s  be tw een  a  popu la ted  doub le t and h ig h e r  ex c ite d  d o u b le ts . It
should  be po in ted  out th a t th e  fo rm u la s  fo r  the  re la x a tio n  tim e  a r e  n e a r ly  a l 
w ays s im p lif ic a tio n s  of m o re  co m p lica ted  fo rm u la s . T he tr a n s i t io n  be tw een  the

Q 7  O -  1
T o r  T  and th e  T re la tio n sh ip  fo r  P in  the R am an  re g io n  goes g rad u a lly
and is  d e s c r ib e d  by  th e  te r m
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( 1- 36 )

ke n 8 , /k T
- 1  P öi . e  i

P cx ------- -----------J 8 , /k T  2
(e - 1 )

d 61

(see  VAN V L E C K 24) w ith  n = 8 and n = 6 r e s p e c tiv e ly . A ta b u la tio n  of th is
fu nc tion  i s  g iven  by Z IM A N 3 5 . We have p lo tted  the  ta b u la te d  v a lu e s  on a  double
lo g a r ith m ic  sc a le  (not in  th is  th e s is )  and d e te rm in e d  g ra p h ic a lly  th e  slope

<^ = PT — of th e  lo g  p - log  T  c u rv e  a t  s e v e r a l  v a lu e s  of T /e D

T / 0D 0 . 1 0. 2 0. 3 0. 4 0.5 0 . 8 1 . 0

“ 8 7. 3 4 . 8 3 . 5 2 . 8 2 . 6 2 . 2 2 . 0

“ 6 6. 2 4 . 4 3. 3 2 . 7 2 . 5 2 . 2 2 . 0

TA B L E  1-4. ff a s  a fu n c tio n  of T /6 ^

A lthough no c la im  is  m ade fo r  th e  a c c u ra c y  of th e s e  n u m b e rs , th e  ta b le  1-4
show s c le a r ly  th a t e . g. a  T  re la tio n sh ip  only  c a n  be ex p ec ted  fo r  v e ry  sm a ll
r a t io 's  of T / e D - If a  D ebye te m p e ra tu re  of 2 00°K  is  a s su m e d  we se e  th a t the
T 9 re la tio n sh ip  d e g e n e ra te s  in to  a  T ^ '3 dependency  n e a r  20°K . D e ta iled  c a lc u 
la tio n s , g iv ing  a p re d ic tio n  fo r  th e  m agn itude  of s p in - la t t ic e  re la x a tio n  tim e  in
sp e c if ic  s a l ts ,  a re  leng thy  and d ifficu lt and  have only  been  m ade  in  a  few  c a s e s .

In  a l l  th e  th e o re t ic a l  c a lc u la tio n s  m en tioned  so  f a r ,  it  h a s  b een  a ssu m e d
th a t th e  phonons a r e  and s ta y  in  p e r fe c t  th e rm a l  co n ta c t w ith  th e  b a th . VAN
V IE C K 33 re m a rk e d  in  1941 th a t , a t  low  te m p e ra tu r e s  w h ere  a  d ir e c t  p ro c e s s
p re v a i ls ,  only  a n a rro w  band of phonons is  in  co n tac t w ith  th e  sp in  s y s te m . If
th e  h ea t t r a n s f e r  be tw een  th e  phonons and th e  b a th  is  slow , th e  e n e rg y  of th e
sp in  sy s te m  can  h ea t up th e  phonon s y s te m . The su b je c t w as b rough t up ag a in
in  1955 by G O RTER, VAN D EN  BROEK and B OLG ER and m o re  r e c e n tly  by

O O
SCOTT and JE F F R IE S  , who d is c u s s e d  it  in  m o re  d e ta i l .  E ffe c tiv e ly  a  second
re la x a tio n  p ro c e s s  a c ts  in  s e r i e s  w ith  th e  s p in - la t t ic e  re la x a tio n  p ro c e s s ,  in 
c re a s in g  th e  a p p a re n t re la x a tio n  t im e s . If th e  p h onon -ba th  re la x a tio n  tim e  is
long  c o m p a re d  w ith  th e  s p in - la t t ic e  re la x a tio n  t im e , the  te r m  ph o n o n -b o ttlen eck
a p p lie s . B o ttlen eck  e ffe c ts  c a n  be ex p ec ted  in  th e  v e ry  low te m p e ra tu re  re g io n s

-1 2w h ere  d ir e c t  p ro c e s s e s  p re v a i l ,  and p « T  is  ex p ec ted .
A t te m p e ra tu re s  above and a t  th e  h y d ro g en  ran g e  a  s a t is f a c to r y  a g re e m e n t

be tw een  p re d ic tio n s  and e x p e r im e n ta l r e s u l t s  h a s  b een  o b se rv e d . At low te m p e r -
7

a tu r e s  th e  a g re e m e n t h a s  b een  p o o r in  g e n e ra l (VAN D ER  M AREL and VAN
Q

D EN BROEK ). T he o c c u rre n c e  of O rb ach  p ro c e s s e s  h a s  b een  d e m o n s tra te d
28in  r a r e  e a r th  io n s by s e v e r a l  in v e s tig a to rs  am o n g s t o th e r s  ORBACH e t a l  ,

op Q Q
SCOTT and  JE F F R IE S  , VAN D EN BROEK and VAN D ER  M AREL , d ir e c t
p ro c e s s e s  a r e  o c c a s io n a lly  id en tif ied  but in  th e  m a jo r i ty  of th e  m e a s u re m e n ts
a t low  te m p e ra tu re s  on io n s of th e  iro n  group  th e  r e s u l t s  could  not be  exp la ined
in  a  s a t is f a c to r y  m a n n e r  and  th e  f ie ld  and te m p e ra tu re  d ependence  of a  d ir e c t  p r o 
c e s s  have r a r e ly  b e e n o b se rv e d .B y  ta k in g  b o ttle n e c k  p ro c e s s e s  in to  accoun t th e

23



e x p e r im e n ta l r e s u l t s  could in  som e c a s e s  be d e s c r ib e d  som ew hat b e tte r ,  but
re la x a tio n  t im e s  w e re  o ften  o b se rv ed  to  in c r e a s e  upon d ilu tin g  p a ra m a g n e tic
s a l ts  w hich w as in  co m p le te  c o n tra d ic tio n  w ith  th e  e x p e c ta tio n s . VAN V LECK^® ’ ^
m en tio n ed  th e  p o s s ib il ity  of " re la x a t io n  c e n te r s "  fo rm ed  by fa s t re la x in g  im 
p u r i ty  io n s o r  due to  i r r e g u la r i t ie s  in  th e  c r y s ta l .  In  the la t t e r  c a se  th e  ion
could  have an  u n u su a lly  e ffec tiv e  S ta rk -s p l i t t in g  su ch  th a t la rg e  quan ta  could
be t r a n s p o r te d  to  and f ro m  the  la t t ic e  o r  th e  i r r e g u la r i ty  could  p ro d u ce  r e l a 
t iv e ly  low ly ing  e le c tro n ic  le v e ls , in c re a s in g  th e  e ffe c tiv e n e ss  of a  R am an  p ro c 
e s s .

T he m ag n e tic  ions c lo s e  to  th is  i r r e g u la r i ty  of th e  c r y s ta l  could  a ls o
have la rg e  exchange in te ra c t io n s , depend ing  s tro n g ly  on th e  d is ta n c e  and th u s
s e n s itiv e  to  la t tic e  m o d u la tion . Such "exchange p o ck e ts"  could  fo rm  effec tive
" r e la x a t io n  c e n te r s " .  T h ese  " re la x a t io n  c e n te r s "  w ould in  c e r t a in  c a s e s  b y 
p a s s  th e  b o ttlen eck  cond ition  if  sp in -d if fu s io n  and c ro s s - r e la x a t io n  p ro c e s s e s
a r e  ab le  to  t r a n s p o r t  th e  e n e rg y  f ro m  th e  o th e r  m ag n e tic  ions to  th e  re la x a tio n
c e n te r s .  S e v e ra l e x p e r im e n ts  show ing th e  e ffec t of im p u r i t ie s  have b een  c a r r ie d

9out, f o r  a  su rv e y  we r e f e r  to  BOLGER , who d is c u s se d  th e  e ffec t of im p u ri tie s
in  d e ta i l .

1 .6  S P IN -SPIN  RELAXATION PROCESSES

T he m a in  p a r t  of th is  th e s is  d e a ls  w ith  s p in - la t t ic e  re la x a tio n . In  a  few
c a s e s  we d e tec ted  sp in -s p in  re la x a tio n  phenom ena and in  th e  ex p lan a tio n  of som e
of o u r  e x p e r im e n ta l r e s u l t s  we have to  in tro d u ce  c ro s s - r e la x a t io n  p ro c e s s e s  to
u n d e rs ta n d  so m e  e x p e r im e n ta l r e s u l t s .  A d e ta iled  in tro d u c tio n  of sp in -sp in
phenom ena is  beyond the scope  of th is  th e s is  and we w ill only  m en tio n  a few
s o u rc e s  of in fo rm a tio n .

W A LLER * in  h is  a r t ic le  m ade an  e s t im a te  of th e  tim e  needed  to  o b ta in
e q u ilib r iu m  in  a p a ra m a g n e tic  s a l t  in  th e  ab se n c e  of a n  e x te rn a l m ag n e tic  fie ld
th ro u g h  th e  d ip o le -d ip o le  in te ra c t io n  and c a lc u la te d  a c h a ra c te r i s t ic  tim e  of the
o rd e r  of h /g i^ H .  w here  gtigH . g iv e s  th e  o rd e r  of th e  d ip o le -d ip o le  in te ra c t io n .
F o r  H. = 500 Oe a v a lu e  of 10 ^  se c  can  be com puted  fo r  th e  s p in -s p in  r e la x a 
tio n  tim e  w hich la t e r  w as show n to  be the  c o r r e c t  o rd e r  of m agn itude .

KRONIG and B O U W K A M P ^ p re d ic te d  in  1938 th e  dependency  of the
re la x a tio n  tim e  in  a  m agnetic  f ie ld  Hc and ob ta ined  by s im p le  rea so n in g :

Ps s (1-37)

F o r  PQ th ey  u sed  th e  sam e  va lu e  a s  u sed  by W alle r (Pq = h / g ^ H . )  w hile
fo r  Hq th e y  found a v a lu e  of th e  o rd e r  of the  in te rn a l f ie ld  due to  th e  d ip o le -
d ipo le  in te ra c t io n . T he sym bo l p r e p r e s e n ts  th e  sp in -s p in  re la x a tio n  tim e .

5 4P  s s
V E R ST EL L E  and LOCHER found e x p e r im e n ta lly  th a t sp in -s p in  re la x a tio n
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phenom ena in  h igh  m ag n e tic  f ie ld s  c a n  be d e s c r ib e d  q u ite  w e ll by a  fo rm u la  of
th is  ty p e . D ev ia tio n s o c c u r  a t low  v a lu e s  of th e  m ag n e tic  f ie ld .

43CASPERS in  a  m uch  m o re  e la b o ra te  m a n n e r , tak in g  exchange in 
f lu e n c e s  in to  accoun t a ls o , ob ta ined  th e  sam e  g e n e ra l r e s u l t  and w as ab le  to
e x p re s s  th e  q u a n ti tie s  PQ and H3 in  te r m s  of p a ra m e te r s  of th e  c r y s ta l ,  o b 
ta in in g  a  f a i r  a g re e m e n t be tw een  e x p e r im e n ts  and th e o ry  in  th e  c a s e  of a m -

44m onium  c o p p e r tu tto n  s a l t .  TJO N  h as  a ls o  m ade quan tum  m e c h a n ic a l c a lc u 
la tio n s  of s p in -s p in  re la x a tio n  phenom ena . T he fo rm u la  he c a lc u la te s  fo r  th e
re la x a tio n  tim e  of c o p p e r am m on ium  tu tto n  s a l t  is  som ew hat d if fe re n t to  th a t of
CASPERS.

In th e  th e rm o d y n am ic  th e o ry  of C a s im ir -D u  P ré  fo r  s p in - la t t ic e  r e la x a 
tio n  th e  in te rn a l  e q u il ib r iu m  of th e  sp in  s y s te m  is  p o s tu la te d . A s w ill be show n
in  c h a p te r  3, th is  con d itio n  is  not a lw ay s e x p e r im e n ta lly  fu lfille d . If th e  sp in -
sp in  in te ra c t io n  fa i ls  to  p ro d u ce  e q u ilib r iu m  w ith in  th e  s p in - la t t ic e  re la x a tio n
tim e , one c a n  c o n s id e r  th e  sy s te m  a s  a  s y s te m  of m o re  o r  le s s  independen t

PRsp in s  a s  t r e a te d  by G ORTER and KRONIG D in  1936.
In som e e x p e r im e n ta l w ork  to  be  d e s c r ib e d  we show  th e  r e s u l t s  of m e a s 

u re m e n ts  on p a ra m a g n e tic  c r y s ta ls  w ith  im p u r i t ie s  added . T he in te ra c t io n  p r o c 
e s s e s  w hich t r y  to  e s ta b lis h  e q u il ib r iu m  in  the  sp in  s y s te m  and th e  t r a n s p o r t
of e n e rg y  th e re in , to  and f ro m  d if fe re n t io n s in  th e  p a ra m a g n e tic  su b s ta n c e  w ill
fa l l  u n d e r th e  g e n e ra l  t e r m  of c ro s s - r e la x a t io n  p ro c e s s e s ,  a  t e r m  f a i r ly  r e -

48ce n tly  in tro d u ced  by B LO EM BERG EN  . A fte r  th e  a p p e a ra n c e  of a n o th e r  p a 
p e r  by BLO EM BERG EN , SHAPIRO, PERSHAN and A RTM A N 45, a  la rg e  n u m 
b e r  of co n tr ib u tio n s  have  b een  m ade by s e v e r a l  a u th o rs . We r e f e r  fo r  a  m o re
co m p le te  l i s t in g  to  a  re v ie w  a r t ic l e  by B LO EM BERG EN  and PE R SH A N ^0 in

471961 and to  a r e c e n t  a r t ic le  by GRANT (1964).
T ra n s p o r t  of Z eem an  e n e rg y  o v e r a  c e r ta in  d is ta n c e  in  th e  la t t ic e  i s  p o s -

97s ib le  by m ean s  of sp in  d iffu sio n . B LO EM BERG EN  h as  (o r ig in a lly  fo r  n u c le a r
sp in  d iffusion) d e riv e d  an  e x p re s s io n  fo r  th e  d iffu sio n  co e ff ic ien t fo r  a  s im p le
cub ic  la t tic e  w ith  S = i  and fin d s fo r  an  o rd e r  of m agn itude  fo r  th e  d iffu sion
co e ff ic ien t 2

D ~ 8 T -  ( 1 ’ 3 8 )s s
a  r e p re s e n tin g  th e  la t t ic e  c o n s ta n t and pgg th e  s p in -s p in  re la x a tio n  t im e .

1 .7  SALTS USED FO R  PARAM AGNETIC E X PER IM EN TS

T o fu lfil th e  r e q u ire m e n t th a t th e  m ag n e tic  d ip o le s  shou ld  be su b s ta n tia lly
independen t of th e i r  n e ig h b o rs  in  a n o rm a l p a ra m a g n e tic  su b s ta n c e , s a l ts  a re
o ften  se le c te d  w ith  a  r e la tiv e ly  la rg e  sp ac in g  be tw een  the p a ra m a g n e tic  io n s .
E ith e r  s a l ts  co n ta in in g  s e v e r a l  d iam ag n e tic  a to m s o r  m o le c u la r  g ro u p s  can  be
u se d  o r  a la rg e  p e rc e n ta g e  of th e  p a ra m a g n e tic  ions c a n  be re p la c e d  by io n s of
a not too  d if fe re n t ion ic  ra d iu s , bu t w ith  co m p le te ly  occup ied  e le c tro n ic  sh e lls
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2 + 2 +( i . e .  Z n  c a n  re p la c e  M n  ).

M o s t o f o u r  e x p e r im e n ts  have  been  done on tu t to n  s a lts  and w e w i l l  g ive

a s h o r t  d e s c r ip t io n  o f  t h e i r  s t r u c tu r e .  T h e  g e n e ra l fo rm u la  o f th e  tu t to n  s a lts

is  M "  M ^ (S ° 0 4 )2 - 6H20  in  w h ic h  M " is  a d iv a le n t  c a t io n  (C u2+ , M n 2+ , C o2 + o r

a n y  d iv a le n t  io n  o f th e  3d g ro u p ) , M ' is  a m o n o v a le n t c a t io n  (K  , R b +, (N H ^ )+,

C s +) and in  w h ic h  th e  S ° in  th e  ( S ° 0 . )  g ro u p  ca n  be e ith e r  S o r  Se. N o t a l l
^  2 +

c o m b in a tio n s  e x is t  a t ro o m  te m p e ra tu re s .  W ith  C u , th e  tu t to n  s a lts  w ith

C s +, K +, (N H ^ )1 and R b + a re  know n, w ith  M n 2 + th e  N H ^ tu t to n  s a lt  is  w e l l

kn o w n  w h ile  th e  K  tu t to n  s a lt  is  no t re p o r te d  to  e x is t  a t ro o m  te m p e ra tu re .

T he  c r y s ta l  s t r u c tu re  is  m o n o c lin ic ;  M g (N H 4 )g(S O ^)g . 6HgO  has been d e s c r ib e d

in  d e ta i l  b y  H O F F M A N 4 9 .

E a c h  u n it  c e l l  c o n ta in s  tw o  m o le c u le s , th e  d iv a le n t  c a t io n s  (to  w h ic h

m a y  b e lo n g  th e  p a ra m a g n e tic  io n s  in  th e  s a lts  s tu d ie d  by u s ) a re  s u rro u n d e d

b y  a d is to r te d  o c ta h e d ro n  o f  6 w a te r  m o le c u le s .  T he  io n s  a re  e q u iv a le n t but

n o t e q u a l and a re  in d ic a te d  b y  th e  in d ic e s  I  and I I .  T he  s u rro u n d in g s  o f the

m a g n e tic  io n s  a re  o fte n  d e s c r ib e d  as h a v in g  a p p ro x im a te ly  a te tra g o n a l s y m 

m e t r y  w ith  a s y m m e tr ic  a x is  Z , m a k in g  an  a n g le  a  w ith  th e  ac p la n e  (a, b ,

and  c a re  th e  c r y s ta l lo g r a p h ic  a x e s ). T he  m a g n e tic  axe s  X j ,  Y j ,  Z j  o f one

c o m p le x  a re  th e  m i r r o r  im a g e  in  th e  ac p la n e  o f  th e  X jp  Y jp  Z jj a xe s . T he

s u s c e p t ib i l i t y  o f  one c o m p le x  a lo n g  th e  Z  a x is  is  X^, th e  s u s c e p t ib i l i t y  p e rp e n 

d ic u la r  to  th e  Z  a x is  is  a ssu m e d  to  be is o t r o p ic  and is  re p re s e n te d  b y  X^. T he

m a g n e tic  p ro p e r t ie s  o f th e  c o m p le te  u n it  c e l l  c a n  be d e s c r ib e d  b y  th re e  m u tu a lly

p e rp e n d ic u la r  m a g n e tic  s y m m e try  axes K ^ , K g , K g . T he  p ro je c t io n  o f  Z  on the

ac p la n e  fo rm s  th e  o r  th e  Kg a x is  (the  K j  a x is  is  d e fin e d  as h a v in g  a la r g e r  s u s 

c e p t ib i l i t y  th a n  K g ). T he  Kg a x is  is  e q u a l to  th e  c r y s ta l lo g r a p h ic  b -a x is ,  ijr is

th e  a n g le  be tw e en  K^ and c m e a s u re d  in  th e  sense  w h ic h  m a k e s  th e  a n g le  b e 

tw e e n  a and c o b tu se . T he  fo l lo w in g  fo rm u la s  ca n  be d e r iv e d , in  w h ic h  X j ,  Xg

and x 3 a re  th e  s u s c e p t ib i l i t ie s  a lo n g  th e  K j ,  K g , and Kg a xes :

X

X

X

1

2

3

2 2X„ co s  of+X s in  crII i

X
i

2 2X., s in  o' + X cos orII i

(1 -3 8 )

1.8  S U R V E Y  O F  T H E  P R O P E R T IE S  O F  SO M E M A G N E T IC  IONS

In  th is  s e c t io n  we w i l l  g ive  a s h o r t  s u rv e y  o f  th e  m a g n e tic  io n s  u sed  in

o u r  e x p e r im e n ts  and som e d a ta  ( i f  a v a ila b le )  about th e se  io n s  in  s p e c if ic  c r y s 

ta ls .  M o s t o f th e  d a ta  have been o b ta in e d  f r o m  th e  s u rv e y  a r t ic le s  o f B L E A N E Y

and S T E V E N S 50 and B O W E N  and O W E N 5 1 .
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1 . 8 . 1  E l e m e n t s  o f  t h e  i r o n  g r o u p

a) Mn2+; 3d5 ; 6S ^ 2

The m an g an ese  ion  is  a  f a i r ly  s p e c ia l  ion . T he sym bo l 3d5 in d ic a te s  th a t
it h a s  5 e le c tro n s  in  th e  3d sh e ll, th is  m ak es  th e  f r e e  ion  an  S -s ta te  ion  (sh e ll
h a lf  f ille d ), w ith  no r e s u l ta n t  o rb i ta l  a n g u la r  m om en tum . T he g - f a c to r  is  c lo se
to  th e  f r e e - s p in  v a lu e . T he lo w est le v e l in  the  f r e e  io n  i s  a n  o rb i ta l  s in g le  s ta te

w ith  a s ix -fo ld  sp in  d e g e n e ra c y .
In th e  h y d ra te d  s a l t s ,  the  e le c t r ic  f ie ld  s p l i t s  th e  s e x te t in to  th r e e

K ra m e rs  do u b le ts  w ith  a  s m a ll  s e p a ra tio n . In  th e  m an g an ese  tu tto n  s a l t  th e  s e p 
a ra t io n  is  of th e  o rd e r  of 0.1 c m '1 (BLEANEY and IN GRA M 52), th e  s a l t  fo l
low s C u r ie 's  law  to  below  1°K. T he c o n tr ib u tio n s  of th e  d ip o le -d ip o le , exchange
and n u c le u s -e le c tro n  in te ra c t io n s  and  z e ro  fie ld  sp l it t in g s  to  the  sp e c if ic  h ea t
a r e  not e x a c tly  known. F o r  a  d is c u s s io n  on th is  su b jec t we r e f e r  to  LOCH ER .
T he s p in - la t t ic e  re la x a tio n  tim e  is  ex p ec ted  to  be long, b e c a u se  of th e  s m a ll
in te ra c t io n  of th e  sp in  s y s te m  w ith  th e  c ry s ta l l in e  e le c t r ic  f ie ld  (S -s ta te  ion).

T h is  is  a ls o  e x p e rim e n ta lly  found.

b) Co2+; 3d7 ; 4F 9 / 2

A cub ic  f ie ld  le a v e s  a  t r ip le  s ta te  a s  a lo w est le v e l. T h is  t r ip le  s ta te
w ith  a  fou rfo ld  sp in  d e g e n e ra c y  is  s p l it  in to  6 K ra m e r s  d o u b le ts  by  th e  c o m 
b ined  e ffec t of th e  s p in -o rb i t  coup ling  and a  te t r a g o n a l o r  t r ig o n a l f ie ld . T he
g -v a lu e  of the  lo w est K ra m e r s  d o u b le t is  h igh ly  a n is o tro p ic  w ith  g ,̂ b e tw een
5.5 and 7 and g b e tw een  2.5 and 3 .5 . In th e  tu tto n  s a l t  only th is  doub le t i s  p o 
pu la ted  a t  low  te m p e ra tu re s ,  g iv ing  the s a l t  an  e ffec tiv e  sp in  S' = j .  ABRAGAM
and PRY CE 53 in d ica ted  (w ith r e s e rv e )  a  second  doub le t above th i s  one a t about
245 c m '1 . T h is  re la t iv e ly  low  e n e rg y  m ak es  th e  o c c u rre n c e  of an  O rb ach  p r o c 
e s s ,  w ith  a  re la x a tio n  tim e  depend ing  ex p o n en tia lly  on th e  te m p e ra tu re  p o s 
s ib le . V E R ST E L L E  5 found re la t iv e ly  s h o r t  s p in - la t t ic e  re la x a tio n  t im e s  a t
h y d ro g en  te m p e ra tu re s  (p = 0 .4 p se c  a t 20°K ). F o r  m o re  d e ta i ls  we r e f e r  to

c h a p te r  3 and 4 of th is  th e s is .

c) F e 2+; 3d6 ; 5D4

F e ^ + h a s  an  ev en  n u m b er of e le c tro n s  and  th e  le v e l d e g e n e ra c y  can  be
co m p le te ly  rem o v ed  by s p in -o rb i t  coup ling  and a  c ry s ta l l in e  f ie ld  of low s y m 
m e try . A cub ic  f ie ld  m ak es  an  o rb i ta l  t r ip le  s ta te  lo w est w ith  fivefo ld  sp in
d e g e n e ra c y . A rh o m b ic  f ie ld  can  s p l it  th is  in to  five  s in g le  le v e ls .  ^  ^

Not m uch  i s  known about s a l ts  co n ta in in g  F e  . TINKHAM
stu d ied  re s o n a n c e  of F e 2 + in Z n F 2 - No s p in - la t t ic e  re la x a tio n  m e a s u re m e n ts
done on F e 2+ s a l ts  a r e  known to  u s ;  on th e  b a s is  of th e  c a lc u la te d  sch em e  of
e n e rg y  le v e ls  s h o r t  re la x a tio n  t im e s  m ay  be ex p ec ted .
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d) N i2+; 3d8 ; 3F 4 -

A cub ic  f ie ld  le a v e s  an  o rb i ta l  s in g le  s ta te  lo w est, th e  t r ip le  sp in  d e g e n 
e ra c y  be in g  s p l it  in to  a  s in g le  and  a  double le v e l in  a  t r ig o n a l o r  te tra g o n a l
fie ld , but in to  th r e e  s in g le  le v e ls  in  a  rh o m b ic  f ie ld . Ni2 + h a s , a s  h a s  F e 2+, an
ev en  n u m b er of e le c tro n s  in  th e  p a ra m a g n e tic  s h e l l  and the  d e g e n e ra c y  can  be
co m p le te ly  rem o v ed  by  an  e le c t r ic  f ie ld . N ickel tu tto n  s a l ts ,  in c lud ing  am m on ium
n ic k e l tu tto n  s a l t  have  b een  s tu d ied  by G R IFFITH S and O W EN 56 who find  g=  2.25
and th e  s p in t r ip le t  s p l i t s  in to  th r e e  s in g le  le v e ls  w ith  an  o v e ra l l  s e p a ra tio n  of the
o rd e r  of only 3 cm  *. Som e in i t ia l  re la x a tio n  m e a s u re m e n ts  on Ni(NH4 )2 (S04 )2 . 6HgO
have b een  re p o r te d  by BRO ER, DIJKSTRA and G O R T E R 57. T hey  find  a t  T  = 77°K

-7  o
P m 10 se c  w ith  a n  e s t im a te d  b /C  of 90 (kOe) . It i s  ex p ec ted  th a t th e  re la x a tio n
t im e s  s ta y  re la tiv e ly  sh o r t  a t lo w er te m p e ra tu re s  due to  th e  z e ro  fie ld  sp lit t in g s .

e) C u2+; 3d9; \ /2.
T he o rb i ta l  le v e ls  s p l it  by a  cub ic  f ie ld  in to  an  u p p e r  t r ip le  s ta te  and a

lo w er double s ta te .  In  a  te tra g o n a l o r  rh o m b ic  f ie ld  th is  double s ta te  is  f u r th e r
sp lit  in to  two K ra m e r s  d o u b le ts . In  the tu tto n  s a l ts  th e  g -v a lu e  of th e  low est
doub let is  a n is o tro p ic  w ith  ^  = 2.4 and g  ̂ . 2 .1 . F o r  m o re  d e ta i ls  on c o p p e r
tu tto n  s a l ts  we r e f e r  to  c h a p te r  3 and 4 of th is  th e s is .

1 .8 .2  R a r e  e a r t h  e l e m e n t s

T he d ia g ra m s  of the e n e rg y  le v e ls  of th e  r a r e  e a r th  s a l ts  a r e  b a s ic a lly
d if fe re n t f ro m  th e  i ro n  g roup  s a l ts .  T he e ffec t of th e  c r y s ta l  f ie ld  is  r e la tiv e ly
red u ced , th e  R u sse l l-S a u n d e rs  coup ling  ho ld s , J  = L  + S (o r J  = L - S) is  a  good
quan tum  n u m b er. T he s p lit tin g s  p ro d u ced  by th e  c r y s ta l  f ie ld  a r e  of the o rd e r  of
10 c m  - 100 cm  1 and c r y s ta l  f ie ld s  of low  sy m m e try  w ill s p l it  th e  le v e ls  in to
s in g le ts  fo r  an  ev en  n u m b e r of e le c tro n s  in  th e  4f s h e l l  and dou b le ts  fo r  an  odd
n u m b er of e le c tro n s . T he occupa tion  of th e  le v e ls  w ill v a ry  w ith  te m p e ra tu re
and th e  su s c e p tib i li ty  w ill o ften  not obey C u r ie 's  law .

a) Gd3+; 4f7 ; 8S? / 2 .

G ado lin ium  is  an  S -s ta te  ion  and s im i la r ly  to  th e  m an g an ese  ion, long
s p in - la t t ic e  re la x a tio n  t im e s  have b een  found. T he e n e rg y  le v e l s p lit tin g s  of
Gd2 (S04)3 -8H 20  have b een  s tu d ied  la te ly  w ith  a  re so n a n c e  techn ique  by
BOGLE and SYMMONS58 . T h e ir  co n c lu s io n  is  th a t th e  g round  s ta te  le v e l is
s p l it  by th e  c r y s ta l  f ie ld  in to  fo u r  d o u b le ts  w ith  a  sp ac in g  of re s p e c tiv e ly  0.222,
0.271 and 0.380 cm  *, g iv ing  a  to ta l  sp lit tin g  of 0.873 c m - 1 .

. , „  3+ .„9 6 „b) Dy ; 4f ; H ^ .

S e v e ra l p a ra m a g n e tic  s a l ts  co n ta in in g  d y sp ro s iu m  have been  ex am ined .
D y sp ro s iu m  s a l ts  a r e  K ra m e r s  s a l t s  and an  e le c t r ic  f ie ld  of low  s y m m e try  w ill
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sp lit  th e  g round s ta te  in to  8 K ra m e r s  d o u b le ts . No d a ta  a r e  av a ila b le  on d y s p ro 
s iu m  su lp h a te , but d y sp ro s iu m  e th y l su lp h a te  h a s  b een  e x te n s iv e ly  s tu d ied  (VAN
D EN HANDEL'*®, C O O K E 6 ® e t a l ,  G RA M B ERG 61 and o th e r  w o rk e rs .  The s u s 
c e p tib il ity  i s  r e p o r te d  to  be h igh ly  a n is o tro p ic , fo r  th e  lo w est K ra m e r s  doub le t
g^sjO and = 10.76 a s  r e p o r te d  by G RA M B ERG 6 1 . T he sam e  a u th o r  in d ic a te s
5 d o u b le ts  a t  about 0, 16, 20, 59, and 68 cm  1 a t 58°K . R e lax a tio n  m e a s u re 
m en ts  on th is  s a l t  have b een  re p o r te d  by VAN DEN BROEK and VAN D ER

■iq oa
M AREL and by ORBACH . A n O rb ach  p ro c e s s  h a s  been  c a lc u la te d  and
m e a s u re d  w ith  P 1 « 0 .2  x 107 e x p (-2 3 /T ).
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C H A P T E R  2

DESIGN O F A MEASURING SYSTEM  FO R  THE M EASUREM ENT O F
PARAM AGNETIC RELAXATION IN TH E FREQ U EN CY  RANGE

B ETW EEN  200 Hz AND 1 MHz

2. 1 PU RPO SE

T he p u rp o se  of th e  m e a s u re m e n ts  is  th e  d e te rm in a tio n  of th e  m agnetic
s u s c e p tib i li ty  o f c r y s ta ls ,  p o w d ers  o r  o th e r  s a m p le s . T he m ag n e tic  s u s c e p tib i l 
i ty  i s  o ften  m e a s u re d  by e i th e r  in s e r t in g  a  sam p le  in  a  c o il and m e a s u r in g  th e
in c re a s e  of ind u c tan ce  and  of lo s s e s  fo r  th is  c o il , o r  by in s e r t in g  th is  sam p le
in  a  s y s te m  of c o ils  and  m e a s u r in g  som e q u an tity  a s s o c ia te d  w ith  the  m ag n e tic
p ro p e r t ie s  o f th e  sa m p le  e . g . m ag n e tic  coup ling .

In p a ra m a g n e tic  m e a s u re m e n ts  the  in c r e a s e  of in d u c tan ce  of a  c o il is
s m a ll  and in  th e  fo llow ing  d e s ig n  o u r  goal w as to  be ab le  to  d e te c t v a r ia tio n s  of
induc tance  of the  o r d e r  of 10 , w hile th e  m ax im um  v a r ia t io n  th a t cou ld  be e x 
p ec te d  w as of th e  o rd e r  of 10- 2 .

2 .2  MEASURING METHOD

In d u c tan ces  a r e  n e a r ly  u n iv e r s a lly  m e a s u re d  by m e a n s  of b r id g e - c i r 
c u its .

T he re q u ire m e n ts  we have  fo r  the  s e n s it iv ity  and a c c u ra c y  of th e  m e a s 
u re m e n ts  a r e  d if fe re n t f ro m  th o se  usuaU y  ob ta in ab le  by m e a n s  of s ta n d a rd
b r id g e s .

In a  s ta n d a rd  b rid g e  it  is  u su a lly  d e s i ra b le  to  m e a s u re  a  c e r t a in  q u an tity
w ith  an  a b so lu te  a c c u ra c y  in  th e  o rd e r  of 1 0 '2 -  10-3 in  a  c e r ta in  fre q u e n c y  ra n g e .
It i s  o ften  n e c e s s a ry  to  be ab le  to  e x p re s s  th e  unknow n e a s i ly  in to  th e  e le m e n ts
of th e  b rid g e , th is  r e q u i r e s  b rid g e  e le m e n ts  of h igh  p u r ity .

F o r  th e  m e a s u re m e n ts  of p a ra m a g n e tic  re la x a tio n  th e  re q u ire m e n ts  a r e
d if fe re n t. T he v a lu e  of th e  m ag n e tic  s u s c e p tib i li ty  i s  s m a ll  and if we in s e r t  th e
sa m p le  in  a  c o il , th e  c o il in d u c tan ce  w ill v a ry  only  si igh tly  (<  10~2).
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T h e re fo re  th e  b rid g e  h a s  to  be e x tre m e ly  s ta b le , su ch  th a t v a r ia t io n s  of
the b rid g e  i t s e l f  a r e  not l a r g e r  th a n  th e  e ffe c ts  to  be ob ta ined .

A n a c c u ra c y  of 1% is  su ffic ien t in  m any  c a s e s .  T h is  m e a n s  in  th is  c a se
th a t a  v a r ia tio n  of th e  m ag n e tic  e f fe c ts  of a  sa m p le  of 1% shou ld  be d e te c te d  if
an  o u ts id e  p a ra m e te r  (fo r in s ta n c e  m ag n e tic  fie ld ) is  v a r ie d .

T h e se  and o th e r  c o n s id e ra t io n s  p ro m p ted  u s  to  fo llow  a  d if fe re n t ap p ro ach
fro m  th e  u su a l one fo r  s ta n d a rd  b r id g e s . T h is  a p p ro a c h  is  m a in ly  ap p lic ab le  if
one of th e  e le m e n ts  in  a  b rid g e  ch an g es  by only a s m a ll  am oun t e . g . < 1%.

F o r  th e  in i t ia l  d e s c r ip tio n  of th e  a p p a ra tu s  it  w ill be su ffic ien t to  a s su m e
th a t if  a  p a ra m a g n e tic  sam p le  is  in s e r te d  in  a c o il w ith  a n  o r ig in a l  induc tance
L , th e  ind u c tan ce  w ill change to

L 1 = L o ^  + 4 ttc1x)> w h e re  x= X1 -  jx "  (2-1)

and q d en o te s  th e  f i ll in g  f a c to r .  T he co m p lex  X has a  d e fin ite  m ean in g  in  a l l  e x 
p re s s io n s  fo r  the  im p ed an ce  of L j in  th e  com plex  n o ta tio n . If th e  c o il h a s  an
ohm ic s e r i e s  r e s is ta n c e  R g, th e  im pedance  of th e  c o il w ith  the sam p le  in s e r te d
w ill be

R g + j t u L j  = R g + u)Lo . 4TTqX." + ju>Lo ( l  + 4 n q X ' )  (2-2)

We se e  th a t in  th is  e x p re s s io n  a  p o s itiv e  X' (p a ram ag n e tic  sam p le ) w ill
in c r e a s e  the in duc tance  and th e  lo s s e s  of the  c o il w ill in c r e a s e  due to  x".

If one em p lo y s  a b rid g e  in  th e  u su a l w ay, it  w ould be b a lan c ed  w ith  a  c o il
in  one of th e  b ra n c h e s  and th e  p a ra m e te r s  noted  down. A sam p le  is  in s e r te d  in  a
c o il and th e  b rid g e  b a lan c ed  ag a in  and  th e  new  p a r a m e te r s  com bined  w ith  th e  old
s e t g ive su ffic ien t in fo rm a tio n  to  d e te rm in e  th e  m ag n e tic  p ro p e r t ie s  of the  sa m p le .

In th e  a p p ro a c h  d e s c r ib e d  h e re , we have m e a n s  fo r  b a lan c in g  th e  b rid g e
a p p ro x im a te ly  and a ls o  m ean s  to  m e a s u re  a c c u ra te ly  th e  b rid g e  output.

T he b rid g e  i s  b a lan ced  w ithout a  sam p le  and th e  r e s id u a l  b rid g e  output is
no ted  down. A fte r  in s e r t io n  of the  sam p le  th e  b rid g e  ou tpu t vo ltag e  i s  ag a in
m e a s u re d  and th e  d if fe re n c e  of th e  output v o lta g e s  is  r e la te d  to  th e  m ag n e tic
p ro p e r t ie s  of th e  sp e c im e n .

In  m e a s u r in g  p a ra m a g n e tic  re la x a tio n  th e  ab so lu te  v a lu e  of th e  m a g n e ti-
y  i  y  n

za tio n  is  not of d ir e c t  im p o rta n c e . T he im p o rta n t q u a n tie s  a r e  — and — .
x o X 0

T h e se  q u a n ti tie s  c a n  be d e te rm in e d  by co m pu ting  the  r a t io s  of tw o m a g 
n e tic  e f fe c ts .

One d ir e c t  advan tage  of th is  m ethod  i s  th a t i t  i s  not n e c e s s a ry  to  c a l i 
b ra te  th e  v a r ia b le  e le m e n ts  of th e  b rid g e  o r  to  have e le m e n ts  w ith  a  h igh  p u rity .
The only re q u ire m e n t is  to  be ab le  to  b a lan ce  the  b rid g e  so  th a t th e  r e s id u a l
output is  of th e  sa m e  o rd e r  a s  the  o b se rv e d  e ffec t, o th e rw ise  o v e rlo ad in g  of th e
a m p lif ie r s  m ay  r e s u l t .

In p a ra g ra p h  2.3 it  is  show n th a t th e  b rid g e  ou tpu t vo ltag e  depends
l in e a r ly  on th e  v a r ia tio n  of one of i t s  e le m e n ts  a s  long a s  the  v a r ia tio n  i s  s m a l le r

31



th a n  1%.

A s is  in d ica ted , p u r ity  of e le m e n ts  i s  of no c o n c e rn , w hich is  a  la rg e
advan tage  fo r  a  b rid g e  o p e ra tin g  o v e r  a  w ide freq u en cy  ra n g e . T he e m p h a s is
can  th e re fo re  be p lace d  on s ta b il i ty  of th e  e le m e n ts  of th e  b rid g e .

B e s id e s  v a r ia tio n s  of e le m e n ts , one h a s  in  p ra c t ic e  a  c e r ta in  am oun t of
v a r ia tio n s  of th e  m e a s u r in g  freq u en cy .

T he e ffec t of fre q u e n c y  v a r ia tio n s  on th e  e q u il ib r iu m  v a r ie s  in  d if fe re n t
b r id g e s . In  a  fre q u e n c y  independen t b r id g e , th e  d e te c to r  ou tpu t is  in  f i r s t  a p 
p ro x im a tio n  independen t of th e  m e a s u r in g  freq u en cy , th r e e  e x am p le s  a r e  in d i
ca te d  in  f ig . n - 1 .

Thrc« examples of frequency independent bridge.

Fig. n-i.

R, R4 -  R2 R3
OIL = - i-10 C

Example of a frequency dependent bridge

Fig .II-2 .

In a  fre q u e n c y  dependen t b rid g e  th e  output d epends s tro n g ly  on th e  m eas
u r in g  fre q u e n c y . A re s o n a n t b rid g e  is  an  exam ple  of th is  and is  in d ica ted  in
f ig .I I - 2 .

It c a n  be re m a rk e d  th a t a  co m p le te ly
freq u en cy  independen t b rid g e  is  v e ry  d ifficu lt
to  c o n s tru c t  e . g. if  one of the c o n d e n so rs  in
the  b rid g e  in d ica ted  in  fig . I I - 1 c o n ta in s  a
p a ra l le l  r e s i s t o r  th e  b rid g e  c e a s e s  to  be
freq u en cy  independen t.

It is  lo g ic a l th a t a  fre q u e n c y  in d e 
pendent b rid g e  is  d e s i re d  if  h igh  s ta b il i ty  is
n e c e s s a ry .  In th e  re s o n a n t b rid g e  one w ould have to  s ta b il iz e  th e  fre q u e n c y  to
5.10 ^ to  ob ta in  a  d e te c to r  s ta b il i ty  of 10"^.

T h is  r e a s o n  p ro m p ted  u s  to  s e le c t  a  fre q u e n c y  independen t b rid g e , o r
b e t te r  sa id , we t r ie d  to  ap p ro x im a te  one.

A n o th e r advan tage  of a  fre q u e n c y  independen t b rid g e  is  th a t second  and
th i rd  h a rm o n ic s  a r e  not enhanced  in  th e  b rid g e . F o r  th e  d e te c to r  c i r c u i t s  it  is
e a s ie r ,  if  th e  r a t io  be tw een  second  and h ig h e r  h a rm o n ic s  c o m p a re d  w ith  the
b a s ic  s ig n a l is  a s  low a s  p o s s ib le . A b rid g e  w hich is  in  e q u il ib r iu m  fo r  a l l  f r e 
q u en c ie s  w ill have th is  p ro p e r ty .

B efo re  we give a  g e n e ra l  d e s c r ip tio n  o f th e  d e te c to r  c i r c u i t  i t  i s  n e c e s 
s a r y  to  give a m o re  d e ta ile d  d e s c r ip tio n  of th e  adop ted  m e a s u r in g  techn ique
and a  g e n e ra l d e s c r ip tio n  of th e  b rid g e .
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2 .3  IN ITIA L D ESCRIPTIO N  O F THE MEASURING BRIDGE

T he b rid g e  u sed , is  b a s ic a lly  a  W heatstone b rid g e , each  a r m  w ith  a  co il
a s  i t s  m a jo r  e le m e n t, show n in  f ig .I I - 3 .  T he c o ils  Lg and  L4 a r e  w ould on a

n e tic  f ie ld  com m on to  both  c o ils  w ill p ro d u ce  no output s ig n a l in  th e  d e te c to r
(see  fig . 11-22).

The sam p le  is  coo led  to  low  te m p e ra tu re s  by m e a n s  of liqu id  hyd rogen
o r  h e liu m .

T he c o ils  L j and L 2 a r e  a t ro o m  te m p e ra tu re  and a r e  con ta ined  in  a
box w hich h o u se s  the o th e r  e le m e n ts  u sed  to  b a lance  th e  b rid g e  m o re  a c c u ra te ly .
L j and L^ and a lso  Lg and L^ a r e  m ade eq u a l a s  c lo s e ly  a s  p o ss ib le , but it  is
te c h n ic a lly  d ifficu lt to  m ake th e  e le m e n ts  su ch  th a t a b a lan ce  b e t te r  th an  1% is
ob ta ined . V a riab le  e le m e n ts  to  o b ta in  a b e t te r  b a lan ce  w ill be d e sc r ib e d  in  p a r a 
g rap h  2 .7 .

We w ill f i r s t  an a ly ze  a  p r in c ip le  lim ita tio n  of the  b r id g e . A s w as in d ica ted
in  th e  in tro d u c tio n , th e  output s ig n a l of a b rid g e  is  in  the f i r s t  a p p ro x im a tio n  a
l in e a r  function  of the v a r ia tio n  of one of the e le m e n ts , a s  long  a s  the  v a r ia tio n
is  not too  la rg e .

T h is  s ta te m e n t is  c o r r e c t  in  g e n e ra l , *but not in  a l l  c a s e s .  In th e  fo l
low ing a n a ly s is  we w ill study  th e  p ro p e r t ie s  of a  s im p lified  fo rm  of th e  p a r t ic u 
l a r  b rid g e , c a lc u la te  its  l in e a r  ran g e  and in d ica te  u n d e r w hich co n d itio n s the
lin e a r i ty  d o es not hold .

F o r  th is  a n a ly s is  we w ill suppose  th a t th e  b rid g e  c o n s is ts  of 4 a rm s ,
th r e e  of th e m  id e n tic a l w ith  an  im pedance  Z , th e  fo u r th  a r m  d ev ia tin g  by a
sm a ll  am ount 6 f ro m  th is  va lu e  (f ig .H -4 ) . T he d e te c to r  and so u rc e  im p ed an ces
a re  Z ^ and Z g re s p e c tiv e ly . A

com m on g la s s  c y lin d e r  and a r e  lo ca ted  in s id e  a  c ry o s ta t .
In th e  in tro d u c tio n , th e  m e a s u re m e n t of the m ag n e tic
p ro p e r t ie s  w as supposed  to  be acco m p lish ed  by in s e r tin g
th e  sam p le  in to  one of th e  c o ils  of th e  b rid g e . In the  a c tu a l
b rid g e  th e  sam p le  i s  m oved f ro m  c o il L g to  c o il and
fro m  th e  d if fe ren ce  of unba lance  of th e  b rid g e  one can

simplified diagram of bridge com pute  x' and x".

F ig .II-3 .
T he output due to  th e  sam p le  w ill be doubled  by th is  p r o 
c e d u re . T he c o ils  Lg and L^ a r e  wound su ch  th a t a m ag -

be found by m ean s  of the eq u iv a len t c ir c u i t
of fig . I I -4 . E ' i s  th e  vo ltag e  be tw een  A and
B if  th e  im p ed an ce  Z ^ is  d isco n n ec ted  and
Z . is  th e  im pedance  be tw een  th e  po in ts  A
and B if  the vo ltag e  so u rc e  E  is  sh o r te d
and th e  im pedance  Z d is  d isco n n ec ted .

c u r r e n t  th ro u g h  th e  d e te c to r  b ra n c h  Z^ can
T h e v e n in 's  th e o re m  s ta te s  th a t the

Bridge and a s so c i a te d  equivalent circuit

Fig. R-4.
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C a lc u la tio n s  g ive:

4 Z ( l+ f )  + 4 Z s ( l + f )
(2-3)

2.. ,2*22,,_____«z3e^>*-2Z2z,q*f.)*.zz;a4.) ^

4 Z 3(1 + |6 )  + 20Z 2Z g (l + 2% 6) + 3 2 Z Z g (l  + -g6 ) + 16Z 3(1 + |)

T h ese  e x p re s s io n s  fo r  E 1 and Z . c a n  be su b s titu te d  in:

'd ~ V zd
(2-5)

to  g ive th e  fu ll e x p re s s io n  fo r  the d e te c to r  c u r r e n t  I , .d
F ro m  (2-3) we se e  th a t the  v a r ia tio n  in  th e  e x p re s s io n  fo r  E ' y ie ld s  an

output p ro p o r tio n a l to  8 , but th a t te r m s  su ch  a s  (1 + - |)  d is tu rb  th e  l in e a r i ty .
One h a s  to  su b s titu te  a c tu a l  v a lu e s  of c ir c u i t  e le m e n ts  to  be ab le  to  c a l 

c u la te  th e  n o n - l in e a r ity . By do ing  th is  one s e e s  th a t on ly  a few  te r m s  in  the
e x p re s s io n  (2-4) have s ig n ific an t v a lu e s .

U n d er c e r t a in  co n d itio n s  eq u a tio n  (2-3) show s th a t the  l in e a r i ty  is
s tro n g ly  a ffec ted .

T h is  cou ld  happen  if  fo r  in s ta n c e  th e  Z 's  c o n s is te d  of c o ils  L , and Z
1 s

We se e  th a t re s o n a n c e  betw een  th e  b rid g e  e le m e n ts  and  th e  so u rc e  im pedance
of th e  g e n e ra to r  a ffe c ts  the l in e a r i ty  and should  be avo ided .

T o c a lc u la te  th e  a c c u ra c y  we w ill a s s u m e  th e  fo llow ing  co n d itio n s w hich
ap p ro x im a te  th e  a c tu a l b rid g e  v a lu e s :

Z = (0.05 + j(i)0.04) n
Z d = i n  and  Z g = 30C1 fo r  1 k H z  <  f  < 3 0 k H z

Z d = lOODand Z g = 20Q0n fo r  3 0 k H z  < f  < 1 M Hz

We w ill ev a lu a te  th e  dependency  of Id on  6 fo r  th e  fo llow ing  f re q u e n c ie s : 1 kHz,
5 kHz, 30 kH z, 150 kHz and  1 MHz. T he r e s u l t s  a r e  in d ica ted  in  ta b le  H - l .

If in  (2-3) Z  = - Z  , (2-3) b eco m e s  E 1 = - = -  4 E
®  ~  6 (2 - 6 )

w as a  co n d e n so r  C j su ch  th a t cdL j =
1

(2-7)
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F re q u e n c y Id p ro p o r tio n a l to C ond itions

1 kHz 6(1  - £ )  E z d = i n

5 kHz 6 (1 -  |  E z g = 3 o n

30 kHz 6 (1 -  f )  E

30 kHz 6 ( 1  - | )  E

150 kHz 6 (1 -  4 )  E
Z ,  = 1000a
Z = 20000s

1 MHz 6 ( 1  - f )  E

TA B L E  I I - 1. E v a lu a tio n  of l in e a r i ty  of b rid g e  c ir c u i t .

F ro m  th e s e  e v a lu a tio n s  we c a n  conclude  th a t in  th e  w o rs t  c a se  c a lc u la te d
is  p ro p o r tio n a l to  6 (1 -  6 /2 ) in s te a d  of be ing  p ro p o r tio n a l to  6.

T h is  r e s u l t  is  e x p re s s e d  in  th e  ta b le  n - 2 .

«O 6 ( 1 - f )

0.001
0.01
0.1

0 . 9995 .  6
0.995 .6
0.95 .6

TA B L E  II -2 . L in e a r ity  of the  b r id g e .

T h is  show s th a t th e  d ev ia tio n  f ro m  l in e a r i ty  is  |%  if  a  sa m p le  w ith  a  6
of 0.01 is  u se d . O nly a sam p le  w ith  a  s t ro n g  m ag n e tic  e ffec t w ould have a  va lu e
of 6 = 0 .01. If a  h ig h e r  a c c u ra c y  i s  d e s i re d  a  s m a l le r  sa m p le  should  be ta k e n .

2 .4  D E T E C T O R  CIRCU IT

If one w an ts  to  m e a s u re  v e ry  s m a ll  v a r ia t io n s ,  a  good s ig n a l to  no ise
ra t io  i s  d e s i ra b le  to  p ro d u ce  a  u sa b le  s ig n a l fo r  th e  d e te c to r .  T h re e  m e a n s  can
be em ployed  to  o b ta in  th is  r e s u l t .

a) A p p lica tio n  of a  la rg e  s ig n a l to  th e  b r id g e .
b) T he u se  of lo w -n o ise  co m p o n en ts  o r  c i r c u i t s  in  th e  b rid g e .
c) A d e te c to r  c i r c u i t  w ith  a  n a rro w  bandw idth .

By ad o p tin g  th e  m e a s u r in g  tech n iq u e  d e s c r ib e d  in  s e c tio n  2.2 we added
th e  re q u ire m e n t th a t the  output of th e  b rid g e  could  be m e a s u re d . One s im p le
am p litu d e  m e a s u re m e n t is  not su ffic ien t h o w ev er. T he ou tpu t s ig n a l of the
b rid g e  co n ta in s  tw o co m p o n en ts , one com ponen t due to  a v a r ia tio n  of th e  in 
duc tance  of th e  co il, a n o th e r  due to  th e  v a r ia t io n  of th e  lo s s e s  of th e  c o il , in 
d ic a tin g  a n  a b so rp tio n  by th e  s a m p le .
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T h e se  co m ponen ts  w ill have a  p h ase  d if fe re n c e  of — a s  i s  i l lu s tr a te d
in  th e  fo llow ing  ex am p le . A ssu m e  fo r  s im p lic ity  in  f ig . II-3 : Z g = 0, ZQ = =>,

L 1 = L 2 = L 4 = L 0 a n d  L 3 = L 0 ^  + 4 tt(1X ). If VD r e p r e s e n t s  th e  v o l ta g e  a c r o s s
th e  d e te c to r  one  c a n  c o m p u te

F r o m  t h i s  e x p r e s s io n  one s e e s  th a t  c o n s i s t s  o f tw o  c o m p o n e n ts  in

q u a d r a tu r e ,  o n e  c o n ta in in g  x' a n d  th e  o th e r  c o n ta in in g  x". It c a n  be  sh o w n  th a t
in c lu s io n  o f Z g a n d  Z ^  d o e s  n o t a f fe c t  t h i s  p r o p e r ty .

T h e  s e p a r a t e  m e a s u r e m e n ts  o f th e s e  c o m p o n e n ts  c a n  b e  do n e  w ith  a  s y n 
c h ro n o u s  d e te c to r .

A s th e  ex ac t tr e a tm e n t  of som e ty p e s  of sy n ch ro n o u s d e te c to rs  i s  v e ry
co m p lica ted  , a  sh o r t s im p lif ie d  d e s c r ip tio n  of one type  w ill be g iven to  i l l u s 
t r a te  th e  p r in c ip le .

A s s u m e  a  v o l ta g e  g e n e r a to r  w ith  a n  e m f  E  = A c o s  ou t .  T h is  v o lta g e

g e n e r a to r  w ith  i t s  s o u r c e  r e s i s t o r  R  i s  c o n n e c te d  to  a  d o u b le  p o le  d o u b le  th ro w
s w itc h , w h ic h  in  i t s  t u r n  i s  c o n n e c te d  to  a  lo a d  r e s i s t o r  R (fig . H -5 ) .

We a s s u m e  th a t  th e  sw itc h in g  a c t io n  h a p p e n s  in s ta n te n e o u s ly  a t  a  c o n s ta n t
r a t e  o>c . T h e  p o s i t io n  o f th e  s w itc h  c a n  be  i l l u s t r a t e d  in  th e  fo llo w in g  d ia g r a m
( f ig .H -5 ) .

T h e  o u tp u t c u r r e n t  IR  in  th e  lo a d  r e s i s t o r  R  c a n  be  fo u n d  by  m u lt ip ly in g
th e  c u r r e n t  su p p lie d  by  th e  g e n e r a to r  E  w ith  th e  F o u r i e r  d e v e lo p m e n t o f  th e
s w itc h in g  fu n c tio n .

F ro m  th is  we c a n  se e  th a t th e  o r ig in a l s ig n a l w ith  th e  fre q u e n c y  ui is  t r a n s la te d
into  a  la rg e  n u m b er of s ig n a ls  w ith  d if fe re n t f re q u e n c ie s .

O ften  i t  is  p o ss ib le  by good c h o ise  of u>g and w. to  e lim in a te  a l l  but one
of th e s e  co m ponen ts  by m ean s  of f i l t e r s .

2 TTq x
2 +4rrqX

If Nnqxl « 1 VD «rrq xE

VD «a nq(x' - jx") Ë (2 - 8 )

F ig .R - 5 .
R

0 lT</2lT<

----+1 left

_1 right

simplified modulator  ond associated t iming diagram

o s  5 u)c t .......... ) JR  2 R

S u b stitu tio n  of E  = A cos(ujgt -  cp) y ie ld s

[ - c o s  (U)c t  +U)gt  — Cp ) (3u)c t  +<us t - c p ) ------J  (2 -1 0 )( V V  +tP) -^r
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K “ s  < *c’ a lo w ”Pa s s  f ilte r  with a cu t-o ff frequency of w ill p a ss only
the com ponent <uc  - cug . In that particu lar ca se  a sign a l w ith a frequency u,g is
converted  into a sign a l with a frequency of ^  -  u^. The d evice is  often ca lled  a
m odulator or dem odulator, depending on the function.

If one ch o o ses  = u)g one obtains the fo llow ing ex p ress io n  for  the output

The form ula (2-11) show s that a ll  te rm s rep resen t ac com ponents, except
the f ir s t  one, w hich rep resen ts  a dc com ponent.

One obtains the im portant conclusion  that the output of the d ev ice  in th is
p articu lar ca se  contains a dc com ponent w hich depends lin ea r ly  on the am plitude
A of the input sign a l E -  A co s  u)gt and a lso  on the phase angle betw een the input
sign a l E and the sw itch ing sign a l applied to the d ev ice . F or th is  purpose one
can define the phase of the sw itching sign a l a s  the phase of the f ir s t  harm onic
of the square w ave.

If the d evice is  used  a s indicated h ere , it is  often ca lled  a synchronous

The operation of the d evice can be further explained with the help of a
vector  diagram  (fig. II-6).

Suppose we feed  a sign a l E into a synchronous d etector to

ponent as indicated by form ula (2-11), the com ponent E °naly’" E
w ill not produce any dc com ponents because the phase
angle betw een it and the referen ce  sw itch ing sign a l i s  2 ^

It is  thus shown here that a synchronous detector is  capable of m easuring
the component of a s ign a l E in  phase with a re feren ce  sw itch ing sign a l.

In our application , we apply the output of the bridge, a fter  am plification ,
to two synchronous d etecto rs in  p a ra lle l. Both synchronous d etecto rs have a
sw itching sign a l with the sam e frequency a s the sign a l applied to the b rid ge.
The phase of the applied sw itch ing sig n a ls  can be varied  with the re s tr ic tio n  that
the phase d ifferen ce  of the sw itching s ig n a ls  applied to  the two d etecto rs is  a l 
w ays

A s has been shown in  2 .4 ,  the bridge output sign a l contains two com po
nents in quadrature, one a sso c ia ted  with x' and the other with x". O n g  detector
is  aligned in phase with the x' com ponent and the other i s  then autom atically  in
phase with the x" com ponent.

cu rren t.

( 4  (Dgt -  c p ) ----- J(2 iu g t  -  cp)C O S  cp +  — c o s (2 - 11)2 R L tt

d etector.

which we a lso  apply a sw itch ing sign a l of the sam e frequen
cy  with the phase re lation sh ip  a s indicated in  f ig .I I -6 . The
sw itching sign a l is  rep resen ted  by the dotted line.

The input sign a l can be reso lv ed  into two com po
nents E^,,E^. The com ponent E^ w ill produce a dc com - Vecto r d iag ram  showing

analysi s o f  E
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F ro m  the  dc v o lta g e s  p ro d u ced  a t th e  output of th e  sy n ch ro n o u s  d e te c to rs
th e  r a t io s  and —  c a n  be com pu ted .

*o  *o
T h is  d e te c tio n  p ro c e d u re  w ill a t  th e  sa m e  tim e  fu lf il re q u ire m e n t c of

se c t io n  2 .4 . By f i l te r in g  th e  output w ith  a  lo w -p a s s  f i l t e r  w ith  a  c u t-o ff  f r e 
quency  f j  one p ro d u c e s  a  v ir tu a l  d e te c to r  bandw idth  of 2f^. T h is  r e s u l t  is  v e ry
d ifficu lt to  o b ta in  in  any  o th e r  w ay. T h is  i s  i l lu s tr a te d  in  f ig . n - 7  in  w hich we
a s s u m e  th a t we have th e  d e s i re d  s ig n a l to g e th e r  w ith  a la rg e  n u m b er of d is tu rb in g

co m p o n en ts . F ig . I I -7 a show s the d e 
s i r e d  s ig n a l f su rro u n d e d  by a la rg e
n u m b er of sp u r io u s  s ig n a ls  o r  n o ise .
A f i l t e r  w ith  th e  c h a ra c te r i s t ic
sk e tch ed  in  fig . II-7*5 can  only e l im 
in a te  som e co m ponen ts  and th e  re s id u
is  show n by fig . I I -7 C.
If th is  co m p o s ite  s ig n a l is  fed  in to  an
am p litu d e  d e te c to r  the re s u lt in g  dc
w ill have l i t t le  c o r r e la t io n  w ith  the
d e s i re d  s ig n a l.

If th is  s ig n a l i s  fed  in to  a  s y n 
c h ro n o u s  d e te c to r  w ith  a fre q u e n c y  f^
and the  output p a s s e d  th ro u g h  a  low -
p a s s  f i l t e r  the r e s u l t in g  s ig n a l i s  in 
d ica ted  in  f ig . I I -7 e . It c a n  be  a p p re 
c ia te d  th a t the s e p a ra tio n  of f^ - f
is  e a s i e r  in  e) th a n  in  a) due to  the
la r g e r  re la tiv e  sp ac in g  of th e  c o m 
p o n en ts .

In  fig . 11-7^, the sw itch in g
s ig n a l i s  m ade  id e n tic a l in  fre q u e n c y
w ith  th e  d e s i re d  s ig n a l. T he output

of th e  sy n ch ro n o u s d e te c to r  i s  show n in  f ig . I I -7 , by  c o n v e rtin g  th e  (m a th e m a ti
ca l) nega tive  f re q u e n c ie s  to  p o sitiv e  ones we o b ta in  fig . I I -7 h . A s im p le  lo w -p a ss
f i l t e r  can  be d esig n ed  w ith  a  c h a r a c te r i s t i c  show n in  fig . II-7*, re s u lt in g  in  a
no ise  f r e e  d e s i re d  s ig n a l a s  in d ica ted  in  f ig . 11-7^.

W ith th is  p ro c e d u re  one c a n  e a s i ly  o b ta in  a d e te c to r  bandw idth  of 2 Hz
a t 500 kH z. T h is  w ould be v e ry  d ifficu lt to  ach iev e  w ith  n o rm a l f i l t e r s .  A v e ry
n a rro w  f i l t e r  w ould a ls o  m ake the  tu n ing  of the  m e a s u r in g  equ ipm en t d ifficu lt.

In  th e  s y s te m  d e s c r ib e d  th e  s ig n a l app lied  to  th e  b rid g e  is  a ls o  app lied
a s  a  sw itch in g  s ig n a l to  the sy n ch ro n o u s d e te c to r s .

illustration of the use
of coherent detection
to improve signal to
noise performance

Fig. n-7.
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2 .5  D ESC R IPTIO N  O F THE BLOCKDIAGRAM O F TH E MEASURING SYSTEM

T he re a s o n in g  g iven  in  th e  p re c e d in g  p a ra g ra p h s  e n a b le s  u s  to  sk e tc h  in
fig . n .  8 the  b lo c k d ia g ra m s of th e  m e a s u r in g  s y s te m  a s  p ro p o se d .

T he m e a s u r in g  b rid g e  2 i s  fed  by a  v a r ia b le  o s c i l la to r  1, tu n ab le  f ro m
200 Hz -  1 M Hz. T he output of the  b rid g e  i s  a m p lif ied  in  an  a m p lif ie r  3, th e
output of the a m p lif ie r  b e in g  co n n ec ted  to  a  p a i r  of sy n ch ro n o u s  d e te c to r s

Fig. n -8 .
block diagram showing
principle of coherent

ref.
signal

d. c.
voltm eter

d. c.
voltm eter

synchronous
d e tec to r

o sc illa to r
2 0 0  Hz _1 MHz

synchronous
detector

7 detection

4 and 5. Two sw itch in g  s ig n a ls  a r e  d e riv e d  f ro m  th e  o s c i l la to r  s ig n a l in  6 and 7.
T h ese  sw itch in g  s ig n a ls  a r e  -g- out of p h ase  and ap p lied  to  th e  sy n ch ro n o u s  d e 
te c to r s .  T he output of the  sy n ch ro n o u s  d e te c to r s  w ill be a  m e a s u re  of th e  a m 
p litude  of th e  tw o q u a d ra tu re  co m p o n en ts  of th e  output s ig n a l f ro m  th e  b rid g e .
T he output s ig n a l of th e  sy n ch ro n o u s  d e te c to r s  i s  f i l t e r e d  by m e a n s  of low -
p a s s  f i l t e r s  and app lied  to  th e  dc v o ltm e te r s  10 and 11.

A s y s te m  a s  d e s c r ib e d  above w ould w ork , but is  not r e a l ly  p r a c t ic a l  f o r
s e v e r a l  r e a s o n s .

a) It h a s  b een  in d ica ted  th a t a  sy n ch ro n o u s  d e te c to r  a c ts  a s  a  v e ry  n a rro w  band
p a s s  f i l t e r  if  fo llow ed by a  lo w -p a s s  f i l t e r .  The am p litu d e  of th e  input s ig n a l
shou ld , h o w ev er, be below  a c e r ta in  l im it ,  to  keep  th e  sy n ch ro n o u s  d e te c to r
in  i t s  l in e a r  o p e ra tin g  ra n g e .

If no a d d itio n a l s e le c tiv ity  is  u se d  betw een  th e  b rid g e  and the  sy n c h ro 
nous d e te c to r  and if w ide band c i r c u i t s  a r e  u se d , th e  p eak  v a lu e  of th e r m a l
n o ise  and u n d e s ira b le  h a rm o n ic s  of th e  s ig n a l m ay  be m any  t im e s  l a r g e r  th a n
th e  s ig n a l to  be m e a s u re d  and  th is  no ise  could  o v e rlo ad  and d is tu rb  the  o p e r 
a tio n  of the sy n ch ro n o u s  d e te c to r .

It c a n  be re m a rk e d  th a t ad d itio n a l se lec tiv -e ty  to  d is c r im in a te  a g a in s t
h a rm o n ic s  of th e  b rid g e  s ig n a l is  h igh ly  d e s i ra b le  f ro m  a n o th e r  po in t of v iew .
E ven  in  a  fre q u e n c y  independen t b rid g e  th e  output am p litu d e  of the h a rm o n ic s
w ill be m any  tim e s  la r g e r  th a n  th e  b a lan ced  re s id u a l  b a s ic  h a rm o n ic . The
sy n ch ro n o u s  d e te c to r  w ill p ro d u ce  not only  a  dc com ponen t f ro m  a n  input
s ig n a l w ith  th e  sam e  inpu t fre q u e n c y  and  p h ase  a s  th e  r e f e re n c e  s ig n a l, but
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w ill a ls o  to  a  s m a l le r  e x ten t p ro d u ce  a dc s ig n a l if  a  s ig n a l is  ap p lied  to  its
input hav ing  a  fre q u e n c y  w hich is  a  m u ltip le  of th e  re f e re n c e  s ig n a l.

R em oving  th e s e  h a rm o n ic s  is  a  n e c e s s ity  b ecau se  re la x a tio n  e ffe c ts  a t
th e  second  o r  th i rd  h a rm o n ic  of th e  m e a s u r in g  fre q u e n c y  w ould be in te rp re te d
a s  re la x a tio n  e ffe c ts  a t th e  b a s ic  freq u en cy .

b) The sy n ch ro n o u s  d e te c to r s  o p e ra te  o v e r  a la rg e  fre q u e n c y  ra n g e , in  the
sch em e  of f ig . 11-8, w hich  m ak es  the d e s ig n  and th e  c a lib ra t io n  d ifficu lt.

T he u n its  6 and 7 supp ly ing  th e  re f e re n c e  s ig n a ls  to  the  sy n ch ro n o u s
d e te c to r s  a ls o  o p e ra te  o v e r  a  la rg e  freq u en cy  ra n g e . N etw orks c a n  be desig n ed
p ro v id in g  tw o s ig n a ls  w ith  ~  p h ase  sh ift and w ith  co n s tan t am p litu d e , but
th e i r  d e s ig n  is  d iff icu lt fo r  an  ex tended  freq u en cy  ra n g e  (D a rlin g to n 63\

T o o v e rco m e  th e s e  d if f ic u ltie s  we have u se d  a m o re  co m p lica ted  sy s te m
a s  is  in d ica ted  in  fig . I I-9 .

1.1 MHz
1.5 MHz

i f .  -
mixermixer

1.5 MHz

1.5-2.5 MHz

l.p. 1 Hz

d.c.
voltmeter

voltmeter

synchr.
det.1

I p .  1 Hz

synchr.
d c t .2 signal. 2

bridge

F i g .  I I - 9 .  simplified blockdiagram with fixed
freouency synchronous detec tors

In th is  s y s te m  we s t a r t  w ith  two o s c i l la to r s  1 and 3. T he o s c i l la to r  3 is
a  fixed  freq u en cy , c r y s ta l  c o n tro lle d  o s c i l la to r  a t 1.5 MHz. O s c il la to r  1 is
v a r ia b le  f ro m  1 .5 0 0 -2 .5 0 0  MHz. T he output s ig n a ls  of th e s e  tw o o s c i l la to r s
a r e  m ixed  in  2 and th e i r  d if fe re n c e  is  su p p lied  v ia  a  lo w -p a s s  f i l t e r  to  the
b rid g e  5. T he ou tpu t s ig n a l of th e  b rid g e  i s  app lied  to  a c o n v e r to r  w hich u s e s
a s  a  c a r r i e r  th e  sa m e  v a r ia b le  o s c i l la to r .  A s a  r e s u l t  th e  output s ig n a l of the
b ridge  w ill be c o n v e rte d  in to  a s ig n a l of 1.5 MHz, id e n tic a l in  freq u en cy  to  the
o s c i l la to r  3.

T he output s ig n a l of th e  m ix e r  6 is  ap p lied  to  1.5 MHz in te rm e d ia te  f r e 
quency  a m p lif ie r  in  w hich  th e  s ig n a l is  am p lif ied  and f i l te re d  by m ean s  of c o il
f i l t e r s  and a  c r y s ta l  f i l t e r .  T he output of th is  a m p lif ie r  7 is  su p p lied  to  two
sy n ch ro n o u s d e te c to r s .  T he sw itch in g  s ig n a l to  th e  sy n ch ro n o u s d e te c to r s  is
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d e riv e d  f ro m  th e  sam e  1.5 MHz o s c i l la to r  3, feed in g  th e  m ix e r  2. T h is
sw itch in g  s ig n a l is  p h ased  in  th e  re f e re n c e  g e n e ra to rs  14 and 15 su ch  th a t th e
ou tpu ts of the  r e f e re n c e  g e n e ra to rs  have a  p h ase  d if fe re n c e  of —.

It c a n  be a p p re c ia te d  f ro m  th is  d e s c r ip tio n  th a t o u r tw o o b jec tiv e s  have
b een  m e t by m ean s  of a  m o re  co m p lica ted  sy s te m . By m ean s  of h e te ro d y n in g ,
we have b een  ab le  to  in tro d u ce  s e le c tiv ity  a t a  fixed  fre q u e n c y  and o u r  c r i t i c a l

c i r c u i t s  w hich s e p a ra te  and m e a s u re  th e  co m ponen ts  of th e  b rid g e  a r e  a ls o  a t
one com m on fre q u e n c y  e . g . 1.5 MHz.

A fte r  som e in i t ia l  e x p e r im e n ts  w ith  th is  s y s te m  we found th e  s ta b il ity
of th e  fre q u e n c y  in su ffic ie n t. In  a  s y s te m  lik e  th is ,  in  w hich tw o h igh f r e 
quency  s ig n a ls  a r e  su b tra c te d  to  p ro d u ce  a  th i rd  low fre q u e n c y  s ig n a l, a  s m a ll
freq u en cy  v a r ia tio n  in  one of th e  o s c i l la to r s  w ill p ro d u ce  a r e la tiv e ly  la rg e
freq u en cy  v a r ia tio n  in  th e  low fre q u e n c y  s ig n a l.

To im p ro v e  th is  s itu a tio n , we c o n s tru c te d  a  fre q u e n c y  (o r r a th e r  p hase)
c o m p a r iso n  c ir c u i t ,  w hich lo ck s  the d if fe re n c e  s ig n a l of o u r m e a s u r in g  sy s te m
to  a  s ta n d a rd  o s c i l la to r .

T he b lock  d ia g ra m  of th is  c i r c u i t  i s  in d ica ted  in  fig . 11-10. It co n ta in s  an
au to m atic  p h ase  c o n tro l loop, w hich c o m p a re s  th e  s ig n a l f ro m  the  m ix e r  8 w ith

Fig. 11-10.

mixer
1.1 MHz

ose i I l a t o r

m a s t e rp hase
d e t e c t o r

v a r i a b le 1 .5 -2 .5  MHz
osc i  l l a t o r

1.5 MHz
o s c i l l a t o r

b r id g e

s y s t e m  f o r  f r e q u e n c y
s t a b i l i z a t i o n

th a t of th e  m a s te r  o s c i l la to r  13. It d e r iv e s  a  dc p o te n tia l in  th e  p h ase  d e te c to r
10 w hich depends on th e  p h ase  d if fe ren ce  of th e  two s ig n a ls . T h is  dc p o te n tia l
is  ap p lied  to  a  v a r ia b le  re a c ta n c e  e le m e n t 3 w hich c o n tro ls  th e  v a r ia b le  o s c i l 
la to r  2 . In  th is  m a n n e r the fre q u e n c y  s ta b il ity  of th e  s ig n a l app lied  to  th e  b rid g e
can  be m ade a s  good a s  th a t of th e  r e f e re n c e  o s c i l la to r  u sed  (A p prox im ate ly  10~5
a f te r  in i t ia l  w a rm in g -u p ).

A s a  r e f e re n c e  o s c i l la to r  we u sed  a g e n e ra to r  m ade by S iem en s, M ess
se n d e r  10 Hz - 1 MHz type  3W38 b, c .  T he lock ing  in  of th e  o s c i l la to r s  w as o b 
se rv e d  on th e  o sc illo sc o p e  35 (fig. 11-11).

2 .6  D ESCRIPTIO N  O F THE DIAGRAMS O F THE MEASURING SYSTEM

F o r  th e  c ir c u i t  d e s c r ip tio n  we r e f e r  to  the  d ia g ra m s  in  f ig .H -1 2 , 11-13
and I I - 14, w hile th e  n u m b e rs  in  p a re n th e s is  r e f e r  to  th e  co m p le te  b lock  d ia g ra m
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(fig. n -1 1 ) . Starting in  the tran sm itter  we find V22b a s  a crysta icon tro lled  o s 
c illa to r  (1), at a  frequency of 1.5 MHz. The large  inherent stab ility  provides a
re lia b le  s ig n a l against w hich m ost tuned c ir c u its  in the r e c e iv e r  can be a ligned.
The variab le  frequency o sc illa to r  V20b is  of the Clapp type, ch osen  for  stab ility
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r e a s o n s .  V22a  (4) and V20a  (5) fo rm  b u ffe r a m p l if ie r s  to  feed  th e  h igh freq u en cy
s ig n a ls  to  th e  r e c e iv e r .  T he fo u r  d iode r in g  m o d u la to r (m ix e r 8) is  fed  th ro u g h
tw o b u ffe r a m p l if ie rs  V21 (7) and V23 (6).

F o r  a b r ie f  d e s c r ip tio n  of th e  o p e ra tio n  of th e  m ix e r  we r e f e r  to  p a r a 
g rap h  2 .4 , th e  e s s e n c e  b e in g  th a t th e  d io d es  a r e  p e r io d ic a l ly  c lo se d  and opened
by a c a r r i e r  (sw itch ing  v o ltag e ).

T he v a r ia b le  o s c i l la to r  vo ltag e  is  s e le c te d  a s  th e  c a r r i e r  and a re la tiv e ly
la rg e  v o ltag e  is  ap p lied  to  the  d io d es . The in je c tio n  of th e  1.5 MHz s ig n a l into
the  c ir c u i t  i s  r e la tiv e ly  sm a ll .

A m ix e r  of th is  type  p ro d u c e s  in  g e n e ra l s ig n a l co m ponen ts  w ith  a  f r e 
quency  of np ± m q in  w hich p (the s ig n a l w ith  th e  la rg e  am p litu d e) is  o ften
c a lle d  th e  c a r r i e r  and q (the re la t iv e ly  s m a ll  sig n a l) is  c a lle d  th e  input s ig n a l;
n  = 1, 3, 5 . . .  and  m  is  an  in te g e r .

In th e  c a se  th a t the  s ig n a l is  s m a ll  c o m p ared  to  th e  c a r r i e r  th e  only
s ig n ific an t te r m s  a r e  np ± q w ith  n = 1 , 3 , 5  e tc .

In o u r c a se  th e  s ig n a l p -q  fo rm s  the  d e s i re d  s ig n a l (200 Hz - 1 MHz),
the o th e r  co m ponen ts  a r e  e lim in a te d  by th e  lo w -p a s s  f i l t e r  (9). T he m ix e r  is  of
a  double b a lan ced  ty p e , i. e .  th e  c a r r i e r  and the input s ig n a l do not a p p e a r  in  the
output in  f i r s t  a p p ro x im a tio n . T h e  low  p a s s  f i l t e r  is  of th e  in s e r t io n  lo s s  ty p e .
S ignals above 1.1 MHz a r e  a tten u a ted . The f i l t e r  h a s  tw o a tte n u a tio n  p e a k s , one
a t 1.5 MHz and the o th e r  a t 2.2 MHz. T he f i r s t  one is  ch o sen  to  p re v e n t any
p e n e tra tio n  of th e  1.5 MHz s ig n a l in to  th e  b rid g e  and  th e  d e te c to r  c i r c u i t s .  To
a tte n u a te  any  sp u r io u s  p ic k -u p , th r e e  of th e s e  f i l t e r s  a r e  in c o rp o ra te d  in  the
m e a s u r in g  c h a in  (9, 12 and 17).

T he output of the lo w -p a s s  f i l t e r  9 is  in je c te d  in to  th e  p o w er a m p lif ie r  (11)
fo rm e d  by th e  tu b e s  V24 th ro u g h  V28.

T he pow er a m p lif ie r  is  a  c la s s  B p u sh -p u ll a m p lif ie r  w ith  t r a n s f o r m e r
ou tput. T he a m p lif ie r  co n ta in s  one tr io d e  p h ase  s p l i t te r , tw o  pen tode a m p lif ie rs
and tw o p o w er output p en to d es  type  E L  83.

A fo u r p o s itio n  sw itch  s e le c ts  one of fo u r d if fe re n t ta p s  on tw o d if fe re n t
output t r a n s f o r m e r s .  One i s  an  iro n  c o re  t r a n s f o r m e r  fo r  th e  freq u en cy  ran g e
of 2 00 Hz -3 0  kH z, th e  o th e r  i s  a  f e r r i t e  t r a n s f o r m e r  fo r  th e  ra n g e  of 30 kHz -
1 MHz.

A s im p le  4 -p o s itio n  a tte n u a to r  w ith  a  con tinuous p o te n tio m e te r  en a b le s
u s  to  re d u c e  th e  s ig n a l to  th e  b rid g e  to  any  le v e l d e s i re d .

F o r  op tim um  s ig n a l to  no ise  p e rfo rm a n c e , the  b rid g e  i s  d ir e c t ly  c o n 
nec ted  to  th e  p r e - a m p l i f ie r  but a  la rg e  s ig n a l w ill p a ra ly z e  th is  a m p lif ie r , if
th e  b rid g e  is  not c lo s e  to  b a la n c e . R educing  the s ig n a l ap p lied  to  th e  b rid g e
so lv e s  th is  p ro b le m .

T he output s ig n a l f ro m  th e  lo w -p a s s  f i l t e r  (9) i s  a lso  co n n ec ted  to  th e
p h ase  d e te c to r  (10). The tube  V29a  is  a tr io d e  p r e - a m p l i f ie r .  V29 is  a  phase
s p l i t te r  co n n ec ted  to  a  tw o d iode p h ase  d e te c to r .
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If th e  output s ig n a l of (10) h a s  th e  sam e  fre q u e n c y  a s  th e  r e f e re n c e
o s c i l la to r  (13), a  dc vo ltag e  r e s u l t s ,  th e  m agn itude  of w hich is  a  m e a s u re  of
the p h ase  d if fe re n c e  of th e  tw o s ig n a ls .

T h is  dc v o ltage  is  ap p lied  a s  a  re g u la tin g  vo ltag e  to  a v a r ia b le  r e a c 
tan ce  e le m e n t (3), fo r  w hich a  s e m i-c o n d u c to r  d iode D j is  u sed .

T he c a p a c ity  of a  d iode in  i t s  non -co n d u ctin g  m ode, v a r i e s  w ith  the
dc v o ltage  app lied  to  i t s  te r m in a ls  and  the d iode is  u sed  a s  a  v a r ia b le  co n d en 
s o r  a c r o s s  th e  o s c i l la to r  c ir c u i t .

In p ra c t ic e  th e  sy s te m , if locked  in , w ill a t low  fre q u e n c ie s  fo llow  the
re f e re n c e  o s c i l la to r  o v e r a  ran g e  of a p p ro x im a te ly  2 kH z. T he fre q u e n c y  ran g e
o v e r w hich  it  w ill lo ck  in  is  a p p ro x im a te ly  2 00 Hz.

T he output of the pow er a m p lif ie r  (11) is  connec ted  th ro u g h  a  lo w -p a s s
f i l t e r  (12) (fig . H - l l )  to  the  m e a s u r in g  b rid g e  (15) w hich  w ill be d is c u s s e d  in
th e  fo llow ing  c h a p te r .

T he output of the b rid g e  (15) is  co n n ec ted  to  a  p r e - a m p l i f ie r  (16). T h is
a m p lif ie r  is  a  w ide band a m p lif ie r  d esig n ed  to  p a s s  fre q u e n c ie s  f ro m  200 Hz
to  1 MHz and i t s  c ir c u i t  is  show n in  fig . 11-13. T he f i r s t  s tag e  h as a  ga in  of
a p p ro x im a te ly  50 db w hile th e  second  s tag e  p ro v id e s  m a in ly  pow er gain  and

m a tc h e s  the output of th e  f i r s t  tube to  th e  v a r ia b le  a tte n u a to r  (18). A lo w -p a s s
f i l t e r  (17) is  in s e r te d  betw een  th e  a m p lif ie r  and  the  a tte n u a to r  in  o rd e r  to  e l im 
in a te  fu r th e r  any  sp u r io u s  h igh  f r e q u e n c ie s . T he c u t-o ff  fre q u e n c y  of th is
f i l t e r  is  1.1 MHz.

T he v a r ia b le  a tte n u a to r  is  a  s ta n d a rd  50 ohm  a tte n u a to r  p ro d u ced  by
Rohde and S ch w artz  (type D PR  BN 18042/50), w hich e n a b le s  us to  re g u la te  the
input s ig n a l to  th e  sy n ch ro n o u s d e te c to r .  We c a n  change th e  m e a s u r in g  s e n s i 
tiv ity  o v e r  a ran g e  of 90 db.

T he output of the v a r ia b le  a tte n u a to r  is  ap p lied  to  th e  m ix e r  (20) c o n 
ta in ed  in  the r e c e iv e r ,  show n in  fig . 11-14.
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T he m ix e r  (20) is  ag a in  a  fo u r  d iode m ix e r  p ro v id in g  good l in e a r i ty  and
a  good b a lan ce  fo r  c a r r i e r  and s ig n a l.

A good c a r r i e r  b a lan ce  is  e s s e n t ia l  in  the  c a se  th e  b rid g e  is  u sed  a t  low
fre q u e n c ie s . T he c a r r i e r  fre q u e n c y  is  c lo se  to  1.5 MHz in  th a t c a s e  and a la rg e
c a r r i e r  le a k  m ay  d is tu rb  any  fo llow ing  a m p lif ie r .

T he output of the m ix e r  (20) i s  connec ted  to  th e  I. F . a m p lif ie r  (21),
w hich  c o n ta in s  two a m p lif ie r  p en to d es  E . F . 80 and five  tuned  c i r c u i t s ,  tuned
a t 1.5 MHz, and one c r y s ta l  f i l t e r  a t th e  sa m e  fre q u e n c y . T he tuned  c i r c u i t s
p ro v id e  a n  I. F . a m p lif ie r  w ith  a 3 db bandw id th  a t 10 kHz and  a 20 db bandw idth
in  th e  o rd e r  of 30 kHz.

To re d u c e  the am oun t of no ise  e n te r in g  th e  sy n ch ro n o u s d e te c to r , b e t te r
s e le c tiv ity  w as d e s i re d . A s im p le  c r y s ta l  f i l t e r  w as c o n s tru c te d  u s in g  a n  o r d i 
n a ry  o s c i l la to r  c r y s ta l .  T he s e le c tiv ity  c u rv e  fo r  th is  f i l t e r  is  show n in f ig .  H -15 .

T he c r y s ta l  f i l t e r  is  e s s e n t ia l ly  a  b rid g e  c i r c u i t .  At a l l  f r e q u e n c ie s
ex cep t th e  re s o n a n t fre q u e n c y  of the c ry s ta l ,  th e  im pedance  of th e  c r y s ta l  is
eq u a l to  th e  im pedance  of a c o n d e n so r . By a d ju s tin g  th e  va lu e  of the  co n d en so r
in  th e  o th e r  a r m  to  th is  sam e  ca p a c ity , th e  output of th e  f i l t e r  w ill be z e ro ,
ex cep t a t th e  re s o n a n t f re q u e n c y  of th e  c ry s ta l ,  p ro v id ed  th e  ta p  on th e  se c o n d -

fi . 1 5 0 0  KHz

_  2 0

fi fi ♦ 5 KHz

select ivi ty curve of c r ys t a l  f i l t e r

Fig. 11-15.

a r y  of th e  t r a n s f o r m e r  feed in g  th e  f i l t e r ,  is  a  m id - ta p . By a d ju s tin g  th e  f r e 
quency  of th e  tuned  c ir c u i t  a t th e  output of th e  f i l t e r  one can  in flu en ce  th e  f r e 
quency  of th e  p a s s -b a n d  s lig h tly .

Due to  the  fa c t th a t an  o s c i l la to r  c r y s ta l  w as u sed , th e  f i l t e r  show ed
som e sp u r io u s  s id e  r e s p o n s e s .  T h e se  w e re , h o w ev er, co m p le te ly  e lim in a te d
by the c o il f i l t e r s .
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T he output of th e  c r y s ta l  f i l t e r  (22) i s  co n n ec ted  to  th e  d riv in g  a m p lif ie rs
(24) and  (25), c o n s is tin g  of V7 and  V8.

T h ese  a m p l if ie r s  p ro v id e  th e  s ig n a l to  th e  sy n ch ro n o u s  d e te c to rs  (26)
and (27), w hich a r e  a g a in  o f th e  4 -d iode  type .

T he r e f e re n c e  1.5 MHz s ig n a ls  a r e  sup p lied  th ro u g h  tw o c a r r i e r  a m 
p l i f ie r s  (28) and (29) to  th e  d e te c to rs  and the  output of the sy n ch ro n o u s  d e te c to rs
a r e  dc coup led  to  the RC lo w -p a s s  f i l t e r s  (30) and (31).

B a lan c in g  p o te n tio m e te rs  p ro v id e  a m e a n s  fo r  o b ta in ing  a  z e ro  dc output
s ig n a l f ro m  th e  d e te c to rs  if  th e  output of th e  b rid g e  is  sh o r te d .

T he 1.5 MHz s ig n a l g e n e ra te d  in  th e  t r a n s m i t t e r  is  supp lied  to  th e  r e 
c e iv e r  th ro u g h  a  b u ffe r a m p lif ie r .

If the ou tpu t of one sy n ch ro n o u s d e te c to r  h a s  to  in d ica te  th e  v a r ia tio n  of
th e  in duc tance  only, a  c e r ta in  fixed  p h ase  re la tio n sh ip  should  e x is t be tw een  the
input s ig n a l and th e  c a r r i e r  s ig n a l a t  th e  sy n ch ro n o u s  d e te c to r .

To a d ju s t th i s  p h ase  re la tio n sh ip  a  c a lib ra te d  v a r ia b le  p h ase  a m p lif ie r
(23) is  in s e r te d  betw een  th e  b u ffe r a m p lif ie r  (4) and the  c a r r i e r  a m p lif ie rs  (2 9)
and  (28) d r iv in g  th e  sy n ch ro n o u s  d e te c to r s .  T h is  v a r ia b le  p h ase  a m p lif ie r  (V I1
and V 12a,b) i s  com m on to  th e  tw o sy n ch ro n o u s  d e te c to r s ,  su ch  th a t both  d e te c to rs
a r e  c o r r e c te d  s im u lta n e o u s ly . By m ean s  of th e  p o te n tio m e te rs  in  th e  tr io d e  c i r 
c u its  of V12 th e  p h ase  can  be ad ju s te d  con tin u o u sly  o v e r  a  ra n g e  of n e a r ly  270°
w hile a  s m a ll  v a r ia b le  co n d e n so r  co n ta in ed  in  a  tuned  c ir c u i t  a t  th e  input p ro v id e s
a  c a lib ra te d  fine  a d ju s te m e n t of 2 0°.

T o d if fe re n tia te  betw een  th e  two q u a d ra tu re  com ponen ts of th e  b rid g e ,
the p h ase  d if fe re n c e  betw een  the  c a r r i e r  s ig n a ls  app lied  to  th e  syn ch ro n o u s
d e te c to r s  m u s t be 90°.

T h is  is  a cco m p lish ed  by tw o RC n e tw o rk s , one w hich  sh if ts  th e  phase
of the  s ig n a l + 45° and  th e  o th e r  w hich sh if ts  it - 4 5°. One of the  n e tw o rk s  is
a d ju s ta b le  in  o rd e r  to  p ro v id e  re g u la tio n  of th e  90° p h ase  d if fe re n c e .

The dc output s ig n a l of the  lo w -p a s s  f i l t e r  is  m e a s u re d  w ith  two
P h ilip s  V acuum  tube  v o ltm e te rs ,  type G M 6020, (32) and (33).

In th e  fo llow ing  p a ra g ra p h s  the  v o ltm e te r  in d ica tin g  the inductive
v a r ia t io n s  w ill be o ften  c a lle d  th e  L  v o ltm e te r , the one in d ica tin g  th e  lo s s e s
w ill be c a lle d  th e  R v o l tm e te r .

2. 7 D ETA ILED  D ESC R IPTIO N  O F THE MEASURING BRIDGE

In th is  p a ra g ra p h  we w ill d e sc r ib e  in  m o re  d e ta i l  the b rid g e  c ir c u i t  u sed
fo r  m e a s u r in g  the m ag n e tic  p ro p o r tie s  of th e  s a m p le s .

We r e f e r  to  p a ra g ra p h  2.2 and 2.3 fo r  th e  p r in c ip le  of th e  s y s te m . In
th e s e  p a ra g ra p h s  it h a s  b een  ex p la in ed  th a t m ean s  have to  be p ro v id ed  to  ob ta in
an  ap p ro x im a te  b a lan ce . T he e le m e n ts  u sed  fo r  b a lan c in g  a r e  not c a lib ra te d ,
and th is  r e la x e s  th e  r e q u ire m e n ts  on th e  b rid g e  v e ry  m uch, and a l l  e m p h a s is
can  be p lace d  upon s ta b il ity  of the  e le m e n ts , and e a se  of c o n s tru c tio n . A s a  by-
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Fig. 11- 16.

input (•-

simplified diagram

to detector

jJPH 4J

r+ 2 5 0  V

F ig .n -17. complete diagram

measuring bridge

p ro d u c t, the freq u en cy  ra n g e  in  w hich th is  b rid g e  can  o p e ra te  is  la rg e . A c tu a l
m e a s u re m e n ts  have b een  m ade f ro m  200 Hz - 1 MHz, w hich is  a  r a t io  of 5000.
The u se fu l ra n g e  of the  H a r ts h o rn  b rid g e , u sed  fo r  m e a s u r in g  p a ra m a g n e tic
re la x a tio n  in  L eiden , is  f ro m  3 Hz - 1200 Hz giv ing  a r a t io  of 400. T he la rg e
ra t io  i s  m a in ly  due to  th e  fa c t th a t no re q u ire m e n ts  a r e  n e c e s s a ry  fo r  the
p u r ity  of the e le m e n ts .

A s is  in d ica ted  in  p a ra g ra p h  2 .3 , th e  b a s ic  b rid g e  in  s im p lif ie d  fo rm  is
a W heatstone  b rid g e , g iven  in  f ig .I I - 3 .  The c o ils  L g and L4 a r e  c lo s e ly  s im i 
l a r  and lo ca ted  in  the c ry o s ta t ,  th e  c o ils  L j and L 2 a r e  in  th e  b rid g e  housing
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and a r e  a ls o  c lo s e ly  s im i la r .  If th e  c o ils  w e re  e x a c tly  eq u a l, no fu r th e r  e l e 
m en ts  would be needed  and th e  b rid g e  would be in  e q u ilib r iu m  fo r  a l l  f r e q u e n 
c ie s .  In  p ra c t ic e  i t  is  found to  be h a rd  to  m ake c o ils , w ithout tu n ing  e le m e n ts ,
w hich  d if fe r  le s s  th an  i% . T o eq u a lize  th e s e  d if fe re n c e s  o th e r  e le m e n ts  a r e
added to  p ro v id e  m e a n s  fo r  ba lanc ing .

T h e se  e le m e n ts  w ill be d is c u s s e d  w ith  th e  h e lp  of fig . 11-16 w hich  i s  a
som ew hat s im p lif ie d  c ir c u i t  of th e  b rid g e . T he co m p le te  d ia g ra m  is  in d ica ted
in  f i g - 11-17. Lg and  a r e  wound next to  each  o th e r  on a  com m on g la s s  c y lin 
d e r  w ith  a d ia m e te r  of 16 m m . The c o ils  have 150 tu r n s  of 0.25 m m  P ov in
in su la ted  c o p p e r w ire , the  sp ac in g  betw een  th e  c o ils  i s  1 m m  and th e  in d u c 
ta n c e s  a r e  e a c h  a p p ro x im a te ly  100 (iH. Som e d e ta i ls  c a n  be o b se rv e d  in  fig .
ff~20, in  w hich  th e  c ry o s ta t  h a s  b een  sk e tch ed . On the in s id e  of the  g la s s
c y lin d e r , a  s m a ll  la y e r  of s i lv e r  h a s  b een  d ep o s ited  to  p ro v id e  e le c t r ic a l
sh ie ld in g  of the sa m p le . T h is  sh ie ld  is  g rounded  and s c r a tc h e s  have been  m ade
w ith  a s m a ll  c h is e l  to  p re v e n t a sh o r te d  tu r n  being  coup led  to  the c o ils .  The
c o ils  w e re  wound in  o p p o site  d ire c tio n  so  th a t any  o u ts id e  (p a ra s it ic )  f ie ld
com m on to  both  c o ils  c a n  not p ro d u ce  any  c u r r e n t  in  th e  d e te c to r  c ir c u i t .  The
ac  fie ld  i s  f a i r ly  hom ogeneous b ecau se  th e  c o ils  a r e  wound so  th a t th e  lin e s  of
the  flux  a r e  con tinuous th ro u g h  both  of th em .

By w inding the  c o ils  on a  com m on c y lin d e r , v a r ia t io n s  due to  te m p e r a 
tu r e  o r  o th e r  e ffe c ts  w ill c a n c e l each  o th e r  in  f i r s t  ap p ro x im a tio n . T he c o ils
L j and L g a r e  m ade by w inding 2 x 5 0  tu r n s  of 1 m m  P o v in  in su la ted  co p p e r
w ire  on a  g la s s  c y lin d e r  w ith  a d ia m e te r  of 35 m m . T he c o ils  a r e  sp aced  1 0 m m
a p a r t  and a r e  wound in  op p o site  d ir e c tio n s . T he sam e  co m m en ts , w hich a r e
m ade fo r  the c ry o s ta t  c o ils  app ly . T he in d u c tan ces  of L j and L 2 a r e  e a c h  35p,H.
The v a r ia b le  c o ils  L 5 and L (. a r e  p rov id ed  to  b a lan ce  the in d u c to rs . T he two
c o ils  a r e  wound on a  p e r tin a x  c y lin d e r  of 10 m m  and a r e  sp aced  50 m m  a p a r t .
E ach  c o il  c o n s is ts  of 4 tu r n s .  Two f e r r i t e  s lu g s  c a n  be m oved in  the c o ils  by
m ean s  of an  a d ju s tin g  m e c h a n ism . T h is  is  c o n s tru c te d  su ch  th a t if one s lu g
m oves in to  one co il, th e  o th e r  m o v es  out of th e  second  co il, p ro v id in g  a  d i f f e r 
e n tia l  a d ju s te m e n t.

T he lo s s e s  of the c o ils  w ill in  g e n e ra l  not be e x a c tly  eq u a l. A t low f r e 
q u en c ie s  (below 10 kH z), th e  s e r i e s  r e s is ta n c e  of th e  c o ils  is  th e  m o s t im p o r 
ta n t q u an tity . T h is  can  be co m p en sa ted  fo r  by m ean s  of a p o te n tio m e te r  of
0.001 n . T he r e s is ta n c e  of th e  c o ils  in  the b rid g e  hou sin g  is  0 .160n  and the r e 
s is ta n c e  of the  c o ils  in  th e  c ry o s ta t  a t n itro g e n  te m p e ra tu r e s  is  of th e  sam e
o rd e r .

A t h igh  f re q u e n c ie s  (above 10 kHz) o th e r  ty p e s  of lo s s e s  a r e  p red o m in an t.
D ie le c tr ic  lo s s e s  in c re a s e  and lo s s e s  due to  th e  p ro x im ity  of m e ta l p a r t s  to  th e
c o ils  a r e  im p o rta n t. A la rg e  p a r a l le l  r e s i s t o r ,  in d ica ted  by R j and R is  v e ry
e ffec tiv e  to  o v e rco m e  th e s e  lo s s e s .

A t v e ry  h igh f r e q u e n c ie s  (100 kHz - 1 MHz), unequa l p a ra l le l  c a p a c i t ie s
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of th e  c o ils  w ill p ro d u ce  a  s e v e re  unba lance  w hich canno t be ad ju s ted  by m ean s
of th e  c o ils  L 5 and L g . A d if fe re n t ia l  co n d e n so r  Cd is  p ro v id ed  to  b a lan ce  th is
un eq u a l c a p a c ity .

S tudying fig . 11-17 it  c a n  be a p p re c ia te d  th a t the  m a in  b rid g e  c ir c u i t ,
fo rm ed  by th e  c o ils , h a s  only  so ld e re d  c o n ta c ts . T he s lid in g  c o n tac t of the  p o 
te n t io m e te r  R g is  in  s e r i e s  w ith  th e  g e n e ra to r  and d o es not a ffec t the  balance
of th e  b rid g e . T he p a ra l le l  r e s i s t o r s  R j and  R2 have s lid in g  c o n ta c ts , but the
c u r r e n t  th ro u g h  th e s e  r e s i s t o r s  is  only  a  s m a ll  p e rc e n ta g e  (<  1%) of the  c u r r e n t
flow ing th ro u g h  th e  c o ils . The la c k  of c o n ta c ts  in  th e  m a in  c i r c u i t s  im p ro v e  the
o v e ra l l s ta b il ity .

M ost of the e le m e n ts  have b een  now d is c u s s e d . T he r e s i s t o r s  R j and R
c o n s is t  a c tu a lly  of s e v e r a l  e le m e n ts  show n in  fig . 11-17. F o r  f re q u e n c ie s  up to
a p p ro x im a te ly  100 kHz tw o P e e k e i c a sc a d e  r e s i s t o r  decade  boxes (R ; and R )
a re  u sed . Two d e cad es  have b een  added  to  th is  by u s in g  1% m e ta l f i lm  r e s i s t 
o r s  (R3). T he to ta l  ra n g e  is  f ro m  i n -  10 M d. T h ese  r e s i s t o r s  c a n  be sw itched
a c r o s s  e i th e r  s id e  of the b rid g e . F o r  h ig h e r  fre q u e n c ie s  th e  p u r i ty  of th e s e
d e c a d e s  i s  too  low. Two P h ilip s  th e r m is to r s  type  B 832015 P /3 3 0  can  be c o n 
nec ted  a c r o s s  tw o b ra n c h e s  of th e  b rid g e . The 1 kn p o te n tio m e te r , re g u la tin g
th e  h e a te r  c u r r e n t  of the th e r m is to r s ,  p ro v id e s  a  d if fe re n t ia l  re g u la tio n , i . e .
one r e s i s t o r  in c r e a s e s  w hile th e  o th e r  d e c re a s e s .  T he c a p a c ity  betw een  the
h e a te r  e le m e n t is  of the o rd e r  of 3 p F , w hich m ak es  the  th e r m is to r s  v e ry  u s e 
fu l fo r  th is  p u rp o s e . The vo ltag e  feed in g  th e  h e a te r s  of th e  th e r m is to r s  is  f u r 
th e r  s ta b il iz e d  w ith  a  Z e n e r  d iode and th e  p o te n tio m e te r  of lkQ is  a  C o lv e rn
m u lti tu rn  p o te n tio m e te r , type  CM T 11. T he d isad v an tag e  of th e  th e r m is to r  is
th e  r a th e r  long  t im e c o n s ta n ts  of th e s e  d e v ic e s  ( s e v e ra l  seco n d s) w hich  m ak es
a d ju s tin g  som ew hat d ifficu lt.

T he c o n d e n so rs  C 28 to  C _g a r e  fo r  c a lib ra t io n  p u rp o s e s  and a r e  d e 
s c r ib e d  in  p a ra g ra p h  2 .8 .

T he t r a n s f o r m e r s  T j ,  T g , o r  Tg co nnec t th e  b rid g e  to  the d e te c to r .
T hey  a r e  m ade a s  p lu g - in  u n its .  T j  and T 2 have P h il ip s  f e r r i t e  c o re s .  The
t r a n s f o r m e r  T j  is  u sed  f ro m  2 kHz to  3 0 kH z, w ith  a  p r im a ry  im p ed an ce  of

in  and a  se c o n d a ry  im pedance  of 30kn , T 2 is  u sed  f ro m  30 kHz to  1 MHz and
is  d es ig n ed  fo r  a  p r im a ry  im p ed an ce  of lOOn and a se c o n d a ry  im pedance  of
10000 • T h ese  v a lu e s  w ere  se le c te d  to  p ro v id e  a  good m a tch in g  of th e  b rid g e
to  th e  d e te c to r  c i r c u i t s ,  w ith  a  good s ig n a l to  no ise  p e rfo rm a n c e  a s  a  r e s u l t .

T he t r a n s f o r m e r s  a r e  w ide-band  n e tw o rk s , w hich  e lim in a te  tun ing .
F o r  the  fre q u e n c y  ra n g e  of 2 00 Hz - 2  kHz a tuned  t r a n s f o r m e r  Tg is

u sed . A t th e s e  low f r e q u e n c ie s , th e  h a rm o n ic s  of th e  m e a s u r in g  fre q u e n c y  a r e
S trong ly  enhanced  in c o m p a r iso n  w ith  th e  b a s ic  s ig n a l and th e y  tend  to  o v e rlo ad
th e  sy n ch ro n o u s  d e te c to r s .  A tuned  t r a n s f o r m e r  is  in s e r te d  fo r  th e s e  f r e q u e n c ie s
and by m e a n s  of a 1 0 -p o s itio n  sw itch  Sg, 10 d if fe re n t c o n d e n so rs  can  be co n -
nec ted  a c r o s s  th e  co il.
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If one t r i e s  to  com pute  th e  s e n s itiv ity  of the b rid g e , and in c lu d e s  a l l  the
e le m e n ts , th e  eq u a tio n s w ould be too  c u m b e rso m e  to  h and le . T h is  is  fo r tu n a te ly
not n e c e s s a ry  b e c a u se  th e  r e s u l t  ob ta ined  in  p a ra g ra p h  2.3 fo rm u la  (2-3), in
w hich  th e  d e te c to r  c u r r e n t  v a r ia tio n  is  com puted  if  one of th e  b ra n c h e s  is
v a r ie d , w ill not a l t e r  m uch  if th e  b ra n c h e s  of th e  b rid g e  a r e  not e q u a l. In the
d e r iv a tio n  no th ing  is  sp ec ifie d  about the im pedance  Z  and a  fo rm u la  s im i la r
to  (2-3) w ould be o b ta ined  fo r  a la rg e  ran g e  of v a lu e s  fo r  th e  im pedance  Z .

T he c o ils  L j and L 2 and a ls o  L g and  L4 a re  so  c lo se  to  each  o th e r  th a t
th e y  have an a p p re c ia b le  m ag n e tic  coup ling . A nalyz ing  the  e ffec t of th is  coup ling
in  a  c ir c u i t  s im i la r  to  th a t of fig . 11-17 w ould be v e ry  co m p lica ted , but we w ill
show  th a t th is  m ag n e tic  coup ling  does not a ffec t th e  sy s te m  in  any  u n d e s ira b le
w ay, in  a  s im p lified  b rid g e  c i r c u i t .  We s h a l l  a s su m e  th a t th e  b rid g e  can  be r e p 
re s e n te d  by th e  c i r c u i t  of fig . 11-18. T he b rid g e  is  fed  f ro m  a c u r r e n t  so u rc e  I.
We sh a ll f u r th e r  a s s u m e  th a t L j = L 2 = LA w ith  a  m u tu a l in duc tance  and L;j =
L4 = L g  w ith  a  m u tu a l induc tance  M g a s s o c ia te d  w ith  th is  p a i r  of c o ils . If a

p m ag n e tic  sam p le  is  in s e r te d  in to  Lg th e  in duc tance  w ill

In th e  a c tu a l c ir c u i t  th e  coup ling  c o e ff ic ie n ts  have b een  c a lc u la te d  fo r
th e  c o ils  in  the  c ry o s ta t  and fo r  th e  s e t of c o ils  in  the b rid g e  housing . We find
Ma  = 0 08 La  and M g = 0.1 L g . If one c o m p a re s  the  c a lc u la te d  c a se  w ith  a
f ic ti tio u s  one in  w hich th e  c o ils  do not have any  m u tu a l coup ling , one ob ta in s
th e  r e s u l t  th a t in  a c tu a l c a se  the v o ltage  E is  a p p ro x im a te ly  the sam e  a s  in  the
f ic ti tio u s  c a se , w hile th e  im pedance  Z . is  a p p ro x im a te ly  10% s m a l le r .  One s e e s
fro m  the eq u a tio n s (2-13) and (2-14) th a t th e  p rin c ip le  of o p e ra tio n  is  not a t a l l
a ffec ted , and th a t only the  pow er av a ila b le  to  the d e te c to r  h a s  been  changed

be in  e q u il ib r iu m  w ithout a  s a m p le . W ith th e  in s e r t io n  of
a sam p le , the unba lance  c u r r e n t  c a n  be com puted , by

in c re a s e  to  Lg -  L g ( l  + 6) but we w ill a s s u m e  th a t M g is
not a l te re d  by in s e r tio n  of th e  sa m p le .

Due to  th e  sy m m e try  of the  c ir c u i t ,  the  b rid g e  w ill

d iagram  to  evaluate
m utual coupling of coils

Fig. 11-18.

f i r s t  com pu ting  th e  vo ltag e  E be tw een  th e  te r m in a ls  P
and Q, if th e  d e te c to r  im pedance  Z^ h as b een  rem o v ed ,
th en  com pu ting  th e  im pedance  Z . be tw een  P  and  Q w ith
the  c u r r e n t  so u rc e  rem o v ed  and f in a lly  com pute  th e  c u r 

re n t  w ith  th e  re la tio n :
(2 - 12)

C alcu la tio n  show s:

B ' AE -  j  a i l  4 -2 L ,  + L.

( L „ - M R) (L

L .  +L.

l b <l a - m a >
J .  + L _  - M . - M. (2-13)

(2-14)
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s lig h tly , if  one a s s u m e s  a r e a l  load  im pedance  r e p re s e n tin g  th e  d e te c to r .
In th is  s e c tio n  we t r ie d  to  show  th a t in  a  n o n -ab so lu te  b rid g e , one h a s

c o n s id e ra b ly  m o re  fre e d o m  in  d es ig n , r e s u l t in g  in  p o ss ib le  im p ro v e m e n ts  in
freq u en cy  ra n g e , se n s itiv ity , e tc .

2 .8  CALIBRATIO N  O F THE MEASURING SYSTEM

F ro m  p a ra g ra p h  1.4 it  is  c le a r  th a t fo r  m o s t p a ra m a g n e tic  re la x a tio n
m e a s u re m e n ts  it  i s  su ffic ien t to  m e a s u re  th e  r e la tiv e  v a r ia tio n  of th e  m a g n e ti
za tio n  of a  sa m p le . T he im p o rta n t q u a n ti tie s  in  p a ra m a g n e tic  re la x a tio n  a r e

~  and — • The r a t io s  2L and JL. a re  d e te rm in e d  by o b se rv in g  th e  d e te c to r  c u r 
re n t  v a r ia tio n  if  the  sam p le  is  m oved  fro m  one c o il to  th e  o th e r . In m e a s u r in g
s p in - la t t ic e  re la x a tio n  phenom ena a t  f re q u e n c ie s  below  1 MHz one c a n  a ss u m e
th a t = 0, H = 0) rj x (u>, H = 0) b ecau se  the e ffec t of the  sp in -s p in  re la x a tio n
can  be n eg lec ted . By d iv id ing  th e  v a r ia tio n s  a t a  g iven  m ag n e tic  f ie ld  Hq by th e
c o rre sp o n d in g  v a r ia tio n  in  z e ro  m ag n e tic  f ie ld  we ob ta in  the  d e s i re d  q u a n ti tie s .

F o r  th is  r e a s o n  we c a l l  th is  b rid g e  a  r e la tiv e  b r id g e . In  m o s t o th e r
b r id g e s  w hich  could  be c a lle d  a b so lu te  b r id g e s , th e  ab so lu te  va lue  of th e  th r e e
q u a n titie s  X ', x" and XQ can  be d e te rm in e d  know ing th e  w eigh t of the sa m p le .

In s e v e r a l  c a s e s  we would lik e  to  know a ls o  the  ab so lu te  m agn itude  of a
m ag n e tic  e ffec t. If a  m ag n e tic  sam p le  obeys th e  C u rie  law , o r  an  ap p ro x im a tio n
of it , the  m ag n e tiz a tio n  can  be u sed  to  d e te rm in e  th e  te m p e ra tu re  of th e  sa m p le .
The ab so lu te  m e a s u re m e n t of a m ag n e tic  e ffec t h a s  b een  m ade p o ss ib le  in  th is
b rid g e  by m e a n s  of an  in d ire c t  c a lib ra t io n  m ethod . T o do th is  we p ro d u ce  in  th e
b rid g e  a  known d is tu rb a n c e  w hich we c o m p a re  w ith  th e  d is tu rb a n c e  of th e  b a lan ce
due to  a m ag n e tic  e ffe c t. We ob ta ined  a  g iven  d is tu rb a n c e  in  th e  b rid g e  by
sw itch in g  an  im pedance  in  p a ra l le l  w ith  one of th e  b ra n c h e s  of the  b rid g e , be ing
c a re fu l th a t the unw anted  e x tr a  c a p a c itiv e  d is tu rb a n c e  w as e lim in a te d . F o r
th e s e  c a lib ra t io n  e le m e n ts  we u sed  c a p a c i to rs  b e c a u se  th ey  can  e a s i ly  be o b 
ta in ed  fo r  a  la rg e  ran g e  of v a lu e s  and have in  g e n e ra l a  v e ry  h igh  p u r ity . The
d is tu rb a n c e  of o u r b rid g e  by a  co n d en so r depends h ow ever, on the  freq u en cy .
T he im pedance  of the c o il is  p ro p o r tio n a l to  the freq u en cy , the im pedance  of a
co n d en so r is  in v e r s e ly  p ro p o r tio n a l to  the freq u en cy . T h e re fo re  we need  a  d if 
fe re n t co n d en so r fo r  each  m e a s u r in g  freq u en cy . T h is  h a s  th e  advan tage  th a t a
la rg e  ran g e  of c a lib ra te d  d is tu rb a n c e s  is  a v a ilab le  fo r  one freq u en cy .

In th e  fo llow ing  we w ill e x p re s s  n u m e r ic a lly  th e  e ffec t of add ing  a  c o n 
d e n so r  in  p a ra l le l  to  one of th e  c o ils  in  the  c ry o s ta t .  T o c a lc u la te  th is  e ffec t
we w ill r e p r e s e n t  the b rid g e  by th e  s im p lified  d ia g ra m  of fig . H -19 . The d e te c 
to r  c u r r e n t  w ill be g iven by:

*d = D Ẑ 1Z 4 '  Z 2 Z 3-I (2 ‘ 15)
The d en o m in a to r D i s  p o ly n o m ia l in  Z j . Z ^ Z g . Z j ,  and Z d . T he b rid g e  is  a l 
w ays o p e ra te d  c lo s e  to  e q u il ib r iu m  i . e .  Z j ^ - Z g Z g  w ill v a ry  s tro n g ly , th e  d e -
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n o m in a to r D w ill v a ry  on ly  to  a  s m a l le r  d e g re e . T o a  good
a p p ro x im a tio n  one c a n  s ta te :

i I d = D A (Z 1Z ' (2-16)

N ext we s h a l l  a s s u m e  th a t th e  im p ed an ce  Z .  c o n s is ts  Fig.n-19. Diagram to
compute ca

of a  c o il L  in  s e r i e s  w ith  a  r e s i s t o r  R g . One c a n  o b jec t th a t libration elemem

in  th e  a c tu a l b rid g e  w ill be m o re  co m p lica ted  due to  p a ra l le l  lo s s e s  and a
p a ra l le l  c a p a c ita n c e . A m o re  com p le te  c a lc u la tio n  show s th a t th e s e  w ill not
m a te r ia l ly  e ffe c t th e  f in a l r e s u l t s  of th is  c a lc u la tio n . If th e  ind u c tan ce  JL̂
v a r ie s  by AL th e  d if fe re n c e  in  th e  d e te c to r  output can  be e x p re s s e d  by:

F o r  each  fre q u e n c y  th e  va lu e  of th e  c o n d e n so r is  ch o sen  in  su ch  a  w ay th a t it
p ro d u c e s  a  d is tu rb a n c e  eq u iv a len t to  a  re la tiv e  v a r ia tio n  of the m e a s u r in g  co il

DISTURBANCE. N is  the  n u m b er of s ta n d a rd  d is tu rb a n c e s .
T he v a lu e  of th e  c o n d e n so r c a n  be com puted  by m ean s  of eq u a tio n s

(2-17) and  (2 -18). F o r  re la t iv e  h igh  f re q u e n c ie s  (u)L > R  ):
_ __ j S
Z^ = ju>L and  Z ^  = w hich on su b s titu tio n  in  (2-11

(2-18) g ives :

F o r  s ta n d a rd iz a tio n  p u rp o s e s  we ch o se  a  s e r i e s  of m e a s u r in g  f r e q u e n 
c ie s  F m  s e p a ra te d  f ro m  one a n o th e r  by h a lf  an  o c tav e  and d e s ig n a te d  by th e
index  M. T he index  M goes in  th e  b rid g e  fro m  1 th ro u g h  27 and th e  a s s o c ia te d

r i th m ic  s e r i e s ,  conven ien t fo r  c a lc u la tio n  and p lo ttin g . M e a su re m e n ts  c an  be
done, h ow ever, a t any  fre q u e n c y . T he c a lib ra t io n  c o n d e n so rs  a r e  d e s ig n a ted

w hich P  goes f ro m  -3 th ro u g h  28. T he c a lib ra t io n  c o n d e n so r C p  w ill p ro d u ce
a t th e  fre q u e n c y  F -_  a  c a lib ra t io n  eq u a l to  th e  s ta n d a rd  d is tu rb a n c e  if  P  = M.

1V1 M -P
O th e rw ise  th e  c a lib ra t io n  w ill be eq u a l to  2 s ta n d a rd  d is tu rb a n c e s .

T he ra n g e  of co n d en so r v a lu e s  is  v e ry  la rg e  a s  c a n  be judged  f ro m  (2 -21).
The v a lu e s  fo r  fre q u e n c ie s  above 30 kHz a r e  too  s m a ll  to  be p ra c t ic a l .  T he fo l 
low ing  a rra n g e m e n t i s  u se d  to  so lve  th is  d iff icu lty . T he a p p ro p r ia te  c o n d en so r

ju) AL . Z'le i  = D (2-17)

Z . one ob ta in sIf one co n n ec ts  an  im pedance  Z p a ra l le l  to  Z . su ch  th a t Z

Ê (2-18)D T

-5of a p p ro x im a te ly  3 .10 (The b rid g e  w as u se d  w ith  an  e a r l i e r  c ry o s ta t  w ith  d if -
“ 5fe re n t c o ils  fo r  w hich the  r a t io  w as 10 ).

T h is  d is tu rb a n c e  of 3 .10 ^ we sh a l l  c a l l  in  th e  fo llow ing  a STANDARD

and C A L 1 (2-19)

fre q u e n c ie s  a r e  g iven  by fM = 82.8 x 2 M^2 Hz (2 -20). The f re q u e n c ie s  fo rm  a lo g a -

_ p
by C p  and  th e  v a lu e s  a r e  g iven  in  th is  b rid g e  by C p  = 1 .1 5 x 2  pF (2-21) in
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is  s e le c te d  by m e a n s  of a sw itch  S2 and th e  c a lib ra t io n  is  p e rfo rm e d  by c lo s in g
a  re la y . F o r  fre q u e n c ie s  up to  10.6 kHz a  s in g le  c o n d e n so r is  u sed  (e .g .
in  fig . 11-17). F o r  the h ig h e r  f re q u e n c ie s  a  s m a ll  co n d e n so r  e .g .  C 2ga  i s  c o n 
nected  to  th e  b rid g e  in  s e r i e s  w ith  a la rg e  co n d e n so r  ^  s h o r tin g  th is
co n d en so r one o b ta in s  a  s m a ll  v a r ia tio n  of th e  e ffec tiv e  c a p a c ity . At 960 kHz
(F 27), C 27a is  3 p F  and C 27b *s  pF  p ro v id in g  an  e ffec tiv e  c a p a c itiv e  v a r i a 
tion  of 0.008 p F  by s h o r tin g  Cg.

T he ex ac t v a lu e s  of th e  c o n d e n so rs  a r e  s t i l l  d iff icu lt to  o b ta in , so  we
c a lib ra te d  th e m  by m e a n s  of a g iven  ind u c tan ce  v a r ia tio n . A g iven  m ag n e tic
d is tu rb a n c e  w as p ro d u ced  by m ean s  of a  p a ra m a g n e tic  c r y s ta l  of
Mn(NH^)2 (S 04)2 _ 6H20 .  T he XQ c a n  be a ssu m e d  to  be independen t of freq u en cy
in  th is  fre q u e n c y  ra n g e  a t z e ro  m ag n e tic  f ie ld . W ith th i s  c r y s ta l  a s  a  re f e re n c e
we d e te rm in e d  the c o r r e c t io n  fa c to r  C of th e  c a lib ra t io n  c o n d e n so rs , w ithcc
C ' = C x C in  w hich  C  is  the  va lu e  of th e  c a lib ra t io n  co n d en so r u se d  in  th ep cc p p
b r id g e .

A n o ther d ifficu lty  is  added  in  th e  c a s e  of low f r e q u e n c ie s , b ecau se  Rg
is  not s m a ll  an y m o re  in  c o m p a r iso n  w ith  u>L. A v a r ia tio n  in  in d u c tan ce  o r  a  d i s 
tu rb a n c e  of the b rid g e  by m e a n s  of a p a r a l le l  c o n d e n so r w ill p ro d u ce  d e te c to r
c u r r e n ts  w hich a t low m e a s u r in g f re q u e n c ie s  do not have th e  sam e  p h ase  re la tio n sh ip
in  r e f e re n c e  to  a  c e r ta in  fixed  p h a se , i .e .  th e  p h ase  of th e  s ig n a l ap p lied  to  th e
b rid g e . In  p ra c t ic e  the  p h ase  of th e  d e tec tio n  s y s te m  is  a lig n ed  su ch  th a t a  p u re
in duc tance  v a r ia t io n  p ro d u c e s  a v a r ia tio n  on th e  L  v o ltm e te r  only .

E q u a tio n  (2-17) c a n  be w r it te n  a s :

V dEg
D Z 1

j  a )  A  L

If the c a lib ra t io n  is  done fo r  a  co n d e n so r  w ith  h igh  p u rity , eq u a tio n  (2-18),
w ith  = R g + j u)L, can  be w r it te n  a s :

A2^d (R +ju)L)(R +jujL) 2 2 2
°  -  ---- ------------ j - 5---------- = ju>C(-Ra +uTL ) +2u)CR («L

— ZD Z 1 j <*>C = j a  + b

If the s e r i e s  r e s i s t o r s  Rg w ere  z e ro , we w ould obtain :

T3i i

A s h o r t  c a lc u la tio n  show s th a t a ' Va2 ■a  + b
(2 - 22 )

F o rm u la  (2-22) show s u s  how to  com pu te  the  e ffec tiv e  c a lib ra t io n  va lue  a 1
if a s  w e ll a s  the  L, the  R v o ltm e te r s  show  a  d e fle c tio n , (a and b re s p e c tiv e ly )
if  a  s ta n d a rd  d is tu rb a n c e  of the  b rid g e  is  m ade.
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T he sy s te m  of a lo g a r ith m ic  fre q u e n c y  s c a le  and th e  u se  of o th e r  lo g a 
r i th m ic  u n its  m ake  it p o ss ib le  to  com pute qu ick ly  m ag n e tic  e ffe c ts  and te m p e 
r a tu r e s  of s a m p le s  obeying C u r ie 's  law .

If a  sam p le  fo llow s a  C u r ie -W e is s  law  x = T' _ g we can  define  a  f i c t i 
tio u s  te m p e ra tu re  T ' = T - 6 and the eq u a tio n s  (2-23) th ro u g h  (2-25) can  be
u se d  by su b s titu tio n  of T ' in s te a d  of T .

T he a n sw e rs  to  co m p u ta tio n s w hich a r e  only s im p le  ad d itio n s and su b 
t r a c t io n s  g ive lo g T  and logp  w hich a r e  o ften  u sed  d ir e c t ly  in  g ra p h s .

T he fo rm u la s  in te rc o n n e c tin g  the d if fe re n t v a r ia b le s  a r e  g iven  below  and
can  be d e riv e d  fro m  (2-17) and (2-18).

NT (2 -23 -a)

V f
2 0 log  Nt  = 201og —  + 4 0 1 o g ~ - +  2 0 log  Ccc  (2 -23-b )

V
2 0 log  N „  = 2 0 1 o g ~  + 6 (M - P) + 2 0 log  C (2 -23 -c)

i  c cc

Nrj, = M agnetic e ffec t a t te m p e ra tu re  T  e x p re s s e d  in  c a lib ra t io n  u n its .
Vm  = V o ltm e te r  re a d in g  due to  a m ag n e tic  sam p le  a t z e ro  m ag n e tic

fie ld .
Vc = V o ltm e te r  re a d in g  due to  c a lib ra tio n ,
f = M easu rin g  freq u en cy .
fc = C a lib ra tio n  freq u en cy , i .e .  fre q u e n c y  a t  w hich one s ta n d a rd

d is tu rb a n c e  i s  p ro d u ced  by th e  c a lib ra t io n  co n d en so r .
Ccc  = C o rre c t io n  fa c to r  fo r  the c a lib ra t io n  co n d en so r .
M = N u m ber of m e a s u r in g  freq u en cy .
P  = N u m b er of c a lib ra t in g  e lem en t.

If a  sam p le  obeys C u r ie 's  law , th e  unknow n te m p e ra tu re  T  c a n  be c a lc u la te d  if
th e  m ag n e tic  e ffec t is  known a t th a t, and a t  a  known te m p e ra tu re  T .

F o r  Tx is  found:

2 0 log  Tx = 2 0 log  Tq + 2 0 log  NT - 2 0 1 o g N T (2-24)
o x

If one d e fin es  N j a s  th e  n u m b er of c a lib ra t io n  u n its  of a sam p le  a t 1°K,
the  fo rm u la  s im p lif ie s  to :

2 0 log  Tx = 2 0 log  N j -  2 0 log  NT (2-25)

2. 9 THE GENERATION O F THE CONSTANT MAGNETIC F IE L D

A ll th e  m e a s u re m e n ts  have b een  done w ith a  q u a s i-c o n s ta n t m ag n e tic
f ie ld  p a ra l le l  to  the ac f ie ld  u sed  fo r  m e a s u r in g  su s c e p tib ili ty . The m agnet u sed ,
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is  about 3 0 y e a r s  old and w as c o n s tru c te d  by P r o f . d r .  W.H. KEESOM . It is  an
iro n f re e  so leno id  w ith  an  in n e r  d ia m e te r  of 13 c m  and a h e igh t of 90 c m . It h a s

an  in n e r  c o re  of b r a s s ,  th u s  re d u c in g  th e  e ffe c ts  of a c  f lu c tu a tio n s  on the  dc
c u r r e n t ,  feed in g  th e  so len o id . T he dc c u r r e n t  i s  now su p p lied  by a  s ta b il iz e d
r e c t i f ie r  c o n s tru c te d  by S tandard  E le c t r ic  and T ra n s fo rm a  w hich can  supply
100 V a t 2 00 A w ith  a  s ta b il ity  of 0.005% a f te r  3 h o u rs , and a r ip p le  c u r r e n t  of
le s s  th a n  20 m A . T h is  r e c t i f ie r  c a n  be re m o te ly  c o n tro lle d . The c u r r e n t  can  be
v a r ie d  co n tin u o u sly  a t  a  r a te  of a p p ro x im a te ly  4 A /se c  o r  in  s te p s .  T he s te p s
ran g e  fro m  5A to  2 0A, depend ing  on th e  a v e ra g e  c u r r e n t .

T he fie ld  s tre n g th  in  the  c e n te r  of th e  m agne t is  r e p o r te d  to  be 22.46 O e/A
and to  be hom ogeneous to  le s s  th an  1% o v e r  an  a x ia l d is ta n c e  of 25 cm . We r e c a l i 
b ra te d  the  m agnet by m ean s  of p ro to n  re s o n a n c e . O ur m e a s u re m e n t w as done
a t a  dc c u r r e n t  of 25A and gave 22.52 O e/A , in  good a g re e m e n t w ith  the g iven
v a lu e . F o r  th is ,  one of th e  fixed  c u r r e n t  p o s itio n s  of th e  r e c t i f ie r  w as u sed
w hich is  r e p o r te d  to  be a c c u ra te  w ith in  0.1%.

Long re la x a tio n  tim e s  - r (> 2 0 m s e c .) a r e  m e a s u re d  by v a ry in g  th e  dc
fie ld  a b ru p tly . F o r  th is  p u rp o se  a  second  c o il is  in s e r te d  in to  th e  m a in  m ag n et.
T h is  second  c o il is  wound on a  C e lle ro n  c y lin d e r  of 10 cm  in n e r  d ia m e te r ,
1800 tu r n s  on a  c o il of 40 c m  give a f ie ld  of 53 O e/A  w hich is  hom ogeneous to
w ith in  1% o v e r  a  leng th  of 15 cm . T h is  c o il w as c o n s tru c te d  by D r. VAN DEN

2 0BROEK who u sed  th is  m ethod  of m e a s u re m e n t. He in v e r te d  the c u r r e n t  by a
m an u a lly  c o n tro lle d  sw itch  and  u sed  the  m ethod  fo r  m e a s u r in g  re la x a tio n  tim e s
t g r e a te r  th a n  2 00 m s e c . We m ade  s e v e r a l  im p ro v e m e n ts , w hich w ill be d i s 
c u sse d  in  p a ra g ra p h  2.14.

2 . 1 0  THE DESIGN O F THE CRYOSTAT

T he d e s ig n  of th e  m e a s u r in g  s y s te m  in  the  c ry o s ta t  w as found to  be c r i t 
ic a l .  T he re q u ire m e n ts  c a n  be su m m a riz e d  a s  fo llow s:

1. It m u s t be p o ss ib le  to  in s e r t  a  sp e c im e n  in  a  s e t of c o ils  and m ove it
f ro m  one c o il to  the o th e r .

2. T he sp e c im e n  m u s t be coo led  w ith  h e liu m  o r  hyd ro g en  o r  any  n o rm a l
co o lin g  liqu id .

3. T he w ire  of the  m e a s u r in g  c o ils  should  not m ake d ir e c t  co n tac t w ith
th e  co o lin g  liqu id . B ubbles of v ap o u r m ake s iz a b le  d ie le c tr ic  d i s tu r 
b an ces  a t h ig h e r  f re q u e n c ie s  (Some la t e r  e x p e rim e n t p roved  th is  to
be tru e ) .

4. T he m e a s u r in g  c o ils  should  be s ta b le . M oving the  sp e c im e n  should  not
p ro d u ce  any  u n d e s ira b le  e f fe c ts .

5. E le c t r ic a l  sh ie ld in g  should  be p ro v id ed  to  in s u re  th a t only  m agnetic
e ffe c ts  due to  the sp e c im e n  a r e  m e a s u re d  and no d ie le c tr ic  p ro p e r t ie s .

We w ill only d e s c r ib e  som e m a jo r  p ro b le m s  e n co u n te red .
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O ur in i t ia l  e x p e r im e n ts  w e re  done in  a  c ry o s ta t  co n ta in in g  a m e a s u r in g
sy s te m  sk e tch ed  in  f ig .I I -2  0a. A m e ta l can  C , so ld e re d  to  a p la te  R con ta ined
a  s e t  o f m e a s u r in g  c o ils  L 3 and L4 . T he can  w as fi lle d  w ith  h e liu m  g as , p r o 
v id in g  a  th e r m a l  c o n tac t w ith  th e  b a th  w hile  p re v e n tin g  d is tu rb a n c e  of th e  c o ils
by b u b b le s . T h re e  G e rm an  s i lv e r  tu b e s  co n n ec ted  th e  c o m p a r tm e n t to  th e  top  of

s i  —

S2--------- -----L3

-----L4

------ R

a b

Fig. 11-20. Construction of equipment in cryostats.

th e  c ry o s ta t .  The two o u ts id e  tu b e s  T 2 w e re  u sed  a s  co ax ia l c o n d u c te rs . A sin g le
c o p p e r w ire , in  th e  m idd le  of th e  tube  c a r r ie d  th e  b rid g e  c u r r e n t ,  th e  m e ta l  of
th e  tu b e s  a c tin g  a s  a  r e tu r n  lead . T he tw o c o ils  L g and L j  w ere  wound on a
g la s s  tube , w hich w as fa s te n e d  by m ean s  of m e ta l ro d s  and p e r tin a x  r in g s  to  the
p la te  R. The sp e c im e n  w as m oved f ro m  one c o il to  th e  o th e r  by m e a n s  of a  rod ,
w hich r a n  th ro u g h  T j  and w hich w as a c tiv a te d  by a  m e c h a n ism  M, co n ta in in g  a
s m a ll  e le c t r i c a l  m o to r .
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We had  hoped th a t th e  e ffec t of th e  m e ta l c a n  on th e  tw o c o ils  would
b a lan c e . T h is  w as not the c a s e  and the  chang ing  dc m ag n e tic  f ie ld  a ffec ted  the
b a lan ce  s e v e re ly .

In the  fo llow ing  we w ill c a l l  the  in fluence  on th e  b a lan ce  by a  m ag n e tic
f ie ld  a F IE L D  e ffec t. In p rin c ip le  a  f ie ld  e ffec t is  not s e r io u s  in  o u r sy s te m ,
b ecau se  in  g e n e ra l it  w ill be th e  sam e  fo r  th e  tw o p o s itio n s  of th e  sp ec im en .
T he d e s i re d  e ffec t is  a  d if fe re n c e  of th e  tw o re a d in g s  and any  fie ld  e ffec t w ill
be c a n c e lle d . In th is  c a s e  th e  f ie ld  e ffec t w as la rg e  c o m p ared  to  th e  e ffec t to
be in v e s tig a te d , r e q u ir in g  re b a la n c in g  fo r  m o s t v a lu e s  of the m ag n e tic  f ie ld .
We re p la c e d  th e  m e ta l c an  by a  g la s s  tube , but had a lo t of tro u b le  fin d in g  a
f lu id -p ro o f  s e a l  be tw een  g la s s  and m e ta l, w hich could  be e a s i ly  rem o v ed  and
a ls o  could  w ith s tan d  the low te m p e ra tu re .

We s t i l l  found s e v e re  f ie ld  e ffe c ts  a t c e r ta in  fre q u e n c ie s . T h ese  w ere
fin a lly  tr a c e d  dow n to  e le c tro -m a g n e tic a l  coup ling  of m e c h a n ic a l o s c i l la to r s  to
th e  m e a s u r in g  c o ils . T he m e ta l tu b e s  T^ and Tg, am o n g st o th e r s , fo rm ed
m e c h a n ic a l o s c i l la to r s  w ith  a  h igh  q u a lity  fa c to r  and a  v e ry  sm a ll  coup ling  w as
su ffic ien t to  in fluence  th e  s y s te m . We once m e a s u re d  a l l  th e  re s o n a n c e s  and the
r e s u l t s  can  be se e n  in  fig . 11-21. We found th a t th e  f ie ld  e ffec t, p ro d u ced  by th e s e

2
o s c i l la to r s ,  w as l in e a r  w ith  Hc (fig . 11-21). We have an a ly zed  th is  in  appendix  A
and c a n  ex p la in  it . T he a n a ly s is  m ay  be im p o rta n t, if e x p e r im e n ts  a r e  c o n te m 
p la ted  w ith  a  h igh  dc m ag n e tic  f ie ld . Due to  th e  dependency , th is  p ro b le m  could
p o se  a  l im itin g  fa c to r  in  a fu tu re  d e s ig n .

In the  c ry o s ta t  of fig . II-2  0a we w e re  ab le  to  re d u c e  th e  m e c h a n ic a l
coup ling  by u se  of co tto n  w ool in C and by d am p ing  th e  tu b e s  T j  and Tg w ith
r u b b e r .

A t h e liu m  te m p e ra tu re s  we found a n o th e r  s e r io u s  f ie ld  e ffe c t. T he sy s te m
co n ta in ed  s e v e r a l  so ld e re d  jo in ts , th e  so ldep  b ecam e su p e rco n d u c tiv e  a t  h e liu m
te m p e ra tu re s .  T he su p e rc o n d u c tiv ity  w as rem o v ed  by the dc m ag n e tic  f ie ld  and
m a n ife s te d  i t s e l f  a s  a v a ry in g  ohm ic r e s is ta n c e  in  s e r i e s  w ith  th e  c o ils .  T h ese
e ffe c ts  w e re  s e r io u s  a t low m e a s u r in g  f re q u e n c ie s .

In th e  fo llow ing  we w ill c a l l  th e  in fluence  on th e  b a lance  p ro d u ced  by
m oving  th e  sam p le  f ro m  one c o il to  th e  o th e r  th e  C O M M U T A T IO N -E FFE C T . In
the  c ry o s ta t  of fig . II -2 0 a  we had a s e v e re  c o m m u ta tio n -e ffe c t. We w e re  n e v e r
ab le  to  d e te rm in e  the c a u se  bu t p re s u m e  th a t m ovem en t of th e  ro d  changed  the
te m p e ra tu re  g ra d ie n t te m p o ra r i ly .  T he tw o tu b e s  T j  and Tg a c te d  s im i la r ly  to
a b im e ta l sw itch , re s u lt in g  in  change of in duc tance  o r  c a p a c ita n c e  of th e  c o n 
n ec tin g  w ire s .  T h is  e ffec t had a  t im e -c o n s ta n t of th e  o rd e r  of a  m in u te . T h ese
d if f ic u ltie s  p ro m p ted  u s to  u se  a d if fe re n t sy s te m , w hich i s  m uch  s im p le r  and is
show n in  fig . n - 2  0b. The c o ils  Lg and L^ a r e  wound on a  g la s s  tube of 15 m m
in s id e  d ia m e te r .  T he tw o c o ils  and th e  co n n ec tin g  le a d s  fo rm  one con tinuous
c o p p e r w ire  w ithout so ld e re d  jo in ts  (see  fig . 11-22). T h e re  is  one so ld e re d  jo in t
a t P , but it is  in  s e r i e s  w ith  th e  g e n e ra to r  and d o es not a ffec t the b a lan ce  in
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mechanical resonances in measuring system

K t
f i r s t  ap p ro x im a tio n . T he th r e e  w ire s  f ro m  th e  c o il sy s te m
lie  a long  th e  g la s s  tube  w ith  a  la y e r  of ce llophane  adh esiv e
tap e  wound a ro u n d  th e  tube  to  fa s te n  th e  w ire s .  T he w hole
s y s te m  is  in s e r te d  in to  a  second  g la s s  tube , w hich is  jo ined
to  th e  f i r s t  a t  th e  bo ttom . T h ese  tu b e s  ex tend  to  th e  top  of
the c ry o s ta t  and th e  o u te r  one is  connec ted  w ith  la c q u e r  to
th e  to p . To eq u a lize  th e  p r e s s u r e  in s id e  and o u ts id e  th e  g la s s
tu b e s  we m ade a  ho le  th ro u g h  th e  to p  of th e  tu b e s . T h e re  is
no co o lin g  flu id  in  d ir e c t  co n tac t w ith  the  c o ils ,  but th e  s p e 
c im e n s  a r e  im m e rs e d  in  th e  co o lin g  flu id  in s id e  th e  in n e r
g la s s  tu b e s .

A F a ra d a y  s c r e e n  i s  p ro v id ed  to  p re v e n t c a p a c ity  ch an g es a c r o s s  the
co il, c a u se d  by m ovem en t of th e  sp e c im e n , b e c a u se  th e s e  w ould be in d is t in g u ish 
ab le  f ro m  m ag n e tic  e f f e c ts . The s c r e e n  is  a  s i lv e r  la y e r  d ep o s ited  c h e m ic a lly

construction of
cryostat coils

F ig.n -22.
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on the in s id e  of th e  g la s s  tube  G j.  By m ean s  of a  m in ia tu re  c h is e l  12 a x ia l
c u ts  w ere  m ade in  the  s i lv e r  so  th a t it d o es not fo rm  a  sh o r te d  tu rn . M ovem ent
of the  sam p le  w ould soon  d am age th e  s i lv e r  la y e r  so  a  th in  c y lin d e r  C m ade of
ce llophane  tap e , in s e r te d  in to  the in n e r  g la s s  tube , i s  u sed  to  p ro v id e  m e c h a n i
c a l p ro te c tio n .

It c a n  be po in ted  out th a t the p a ra m a g n e tic  e ffe c ts  of a l l  th e s e  m a te r ia ls
a r e  not im p o rta n t a s  long a s  th ey  a r e  not too  s tro n g . The e ffe c ts  on the  tw o c o ils
L,, and b a lan ce  in  f i r s t  a p p ro x im a tio n  and any  re s id u a l  e ffec t w ill be se e n  a s
a f ie ld  e ffec t only  and d o es not in fluence  th e  f in a l r e s u l t .  Any p a ra m a g n e tic  e f 
fec t of th e  sp e c im e n  h o ld e r  is ,  how ever, im p o rta n t and canno t be s e p a ra te d
fro m  th e  e ffe c ts  of th e  sa m p le . M ostly  we have u sed  sp e c im e n  h o ld e r s  m ade of
lo r iv a l  and c a s e in . N e ith e r  m a te r ia ls  show ed p a ra m a g n e tic  e ffe c ts .

In itia lly  we w orked  w ith  one sp e c im e n  h o ld e r  and a  h o is tin g  m e c h a n ism
w ith  tw o s to p s . R ecen tly  we d esig n ed  a new  m e c h a n ism  w ith  fo u r s to p s , so  now
two sp e c im e n  h o ld e r s  c a n  be u se d . The sp e c im e n  h o ld e r s  S j and Sg a r e  tie d
to g e th e r  and connec ted  by a  th in  nylon w ire  U (fish ing  line) to  a ro d  R w hich
can  be m oved v e r t ic a l ly  by m e a n s  of a m o to r  M. T he ro d  is  pushed  th ro u g h  an
O -rin g , w hich s e a ls  th e  m o to r  m e c h a n ism  fro m  the  in te r io r  of th e  c ry o s ta t .
M icro  sw itch es  c o n tro l th e  m ovem en t of th e  v e r t ic a l  ro d . If th e  sp e c im e n  h o ld e r
Sg is  in  one of the m e a s u r in g  c o ils , th e  h o ld e r  S j is  e ffe c tiv e ly  above th e  fie ld
of th e  c o ils .  If the sp e c im e n  in  h o ld e r  S j is  be ing  m e a s u re d , Sg is  below  the
s e t of c o ils .  Two sw itch es  c o n tro l th e  m o to r . One s e le c ts  th e  sp ec im en , the
o th e r  p o s itio n s  the sp e c im e n  in  e i th e r  the u p p e r o r  th e  lo w e r c o il . T he m e 
ch an ism  M can  e a s i ly  be rem o v ed  f ro m  th e  top  of the c ry o s ta t  and th e  s p e c i 
m en s  can  be in s e r te d  th ro u g h  the to p  w ithout tak in g  th e  c ry o s ta t  a p a r t .  The
c ry o s ta t  is  a  double g la s s  c ry o s ta t .  T he o u te r  g la s s  Ng is  n o rm a lly  f ille d  w ith
flu id  n itro g en , the in n e r  one N j can  be c h a rg e d  w ith  any  co o lin g  liqu id . The
s ta n d a rd  te m p e ra tu re  re g io n s  c a n  be a tta in e d  by red u c in g  the  p r e s s u r e  of the
b a th  th ro u g h  th e  o u tle t tube  V.

M ost of th e  d is tu rb in g  e ffe c ts  found in  th e  f i r s t  c ry o s ta t  w e re  c o r r e c te d .
The only u n d e s ira b le  e ffec t, w hich cou ld  not be c u re d  is  a  re so n a n c e  cond ition
c lo se  to  90 kH z. T he m e c h a n ism  of th is  re so n a n c e  is  d e s c r ib e d  in  append ix  A.
The g la s s  tube  on w hich the  c o il h a s  b een  wound, a c ts  a s  a m e c h a n ic a l re s o n a to r
coup led  to  th e  e le c t r i c a l  sy s te m . T h is  re so n a n c e  p ra c t ic a l ly  p ro h ib ite d  the use
of a  m e a s u r in g  freq u en cy  of 85 kHz in  ou r s ta n d a rd  s e r i e s .  If s m a ll  m ag n e tic
sa m p le s  a r e  m e a s u re d , th e  r e s u l t s  above 3 000 Oe m e a s u re d  a t the  n e ig h b o rin g

fre q u e n c ie s  (60 kHz and 120 kHz) w ill show  d e v ia tio n s . T h e se  l im ita t io n s  a re ,
how ever, not s e r io u s ,  a s  we se ld o m  u se  a l l  f r e q u e n c ie s .

In som e e x p e r im e n ts  we in it ia l ly  co o l th e  c ry o s ta t  by f i ll in g  i t  w ith  h e lium
o r  hydrogen , e v a p o ra tin g  th e  liqu id  a f te rw a rd s  by m ean s  of an  e le c t r ic  e lem en t
in  th e  bo ttom  of th e  c ry o s ta t ,  w hich can  d is s ip a te  a m ax im u m  of 30 W in  a  coo ling
flu id . We th en  o b se rv e  the  sp ec im en  w hile th e  te m p e ra tu re  of th e  c ry o s ta t  slow ly
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in c r e a s e s ,  due to  the h e a t influx  in  th e  c ry o s ta t .  To slow  down th e  h ea tin g  p r o 
c e s s  we in s ta l le d  a  2 00 g ra m  b r a s s  b u ffe r (T) in  th e  m idd le  of the c ry o s ta t .  The
b u ffe r is  m ade  of s c re e n in g  w hich is  ro l le d  a ro u n d  th e  g la s s  tube and f i l l s  the
sp ace  o v e r  a  he igh t of 10 cm . A s im i la r  h ea t b u ffe r can  be in s e r te d  in s id e  the
g la s s  tube  G j.  Tw o c o p p e r w ire s  of 1.5 m m  ex tend  down fro m  the  o u te r  hea t
sto p  T to  th e  b o ttom  in  the c ry o s ta t .  T he in ten tio n  is  to  p ro v id e  a u n ifo rm
te m p e ra tu re  in  th e  lo w e r p a r t  of th e  c ry o s ta t .  No m e a s u re m e n ts  have b een  m ade
of th e  te m p e ra tu re  g ra d ie n t in  the c ry o s ta t .  The te m p e ra tu re  of th e  sp e c im e n  is
d e te rm in e d  f ro m  th e  s u s c e p tib i li ty  u s in g  (2 -25). T he te m p e ra tu re  in c re a s e
a ro u n d  10°K  is  of the o rd e r  of 0 .5°K  in  5 m in u te s . At h ig h e r  te m p e ra tu re s  th is
in c re a s e  s low s down. In th e  sam e  tim e  in te rv a l we a r e  ab le  to  m ake good e s t i 
m a te s  of th e  re la x a tio n  tim e .

2 .1 1  D ESC R IPTIO N  O F THE M EASUREM ENT PROCEDU RE

A fte r  hav ing  d e s c r ib e d  th e  b rid g e  and a s s o c ia te d  e le c tro n ic  equ ipm en t,
the  m e a s u r in g  p ro c e d u re  w ill be g iven  in  d e ta il .

Suppose we w ant to  m e a s u re  a s e t  of re la x a tio n  c u rv e s  a s  d ep ic ted  in
fig . 11-23. Such a s e t  is  m e a s u re d  a t a  c o n stan t te m p e ra tu re  w ith m e a s u r in g
fre q u e n c y  f  and  f ie ld  s tre n g th  Hc a s  independen t p a r a m e te r s .  The n o rm a l
p ro c e d u re  is  to  v a ry  Hc w hile k eep ing  f c o n stan t.

1. F i r s t  th e  r e f e re n c e  o s c i l la to r  is  s e t a t th e  d e s i re d  fre q u e n c y  and
th e  t r a n s m i t t e r  i s  tu n ed  to  eq u a l th e  fre q u e n c y  of the r e f e re n c e
o s c i l la to r ,  w hich can  be o b se rv e d  on an  o sc illo sc o p e  show ing a
L is s a jo u s  f ig u re . T he au to m a tic  p h ase  lo ck  w ill keep  th e  fre q u e n c ie s
locked  to g e th e r .

2. T he b rid g e  v a r ia b le s  a r e  ad ju s ted  su ch  th a t an  a p p ro x im a te  e q u il ib 
r iu m  is  re a c h e d , w hich c a n  be o b se rv ed  on the R and L vacuum
tube v o ltm e te r s  (32 and 33 fig . 11-11) fed  f ro m  the sy n ch ro n o u s
d e te c to r s .  A sm a ll  ta b le  p ro v id e s  th e  a p p ro x im a te  s e t tin g s  of the
v a r ia b le s  fo r  e ach  freq u en cy .

3. T he a tte n u a to r  is  ad ju s te d  su ch  th a t co m m u ta tio n  of the sam p le
r e s u l t s  in a  v a r ia tio n  of th e  v o ltm e te r  re a d in g  of a p p ro x im a te ly  500 mV.

4. T he v a r ia b le  p h ase  c o n tro l is  a d ju s te d  su ch  th a t co m m u ta tio n  w ill not
change th e  s e t tin g  of th e  R v o ltm e te r .  T h is  w ill be d is c u s se d  in  d e ta i l
in  p a ra g ra p h  2.12.

T he equ ipm en t is  now re a d y  fo r  m ak ing  th e  m e a s u re m e n t. T he m ag n e tic
f ie ld  cou ld  be s e t  a t the  d e s i re d  va lu e  and th e  re a d in g s  of the v o ltm e te r  could
be ta k e n  b e fo re  and a f te r  c o m m u ta tio n  of th e  sa m p le . In s tead  of do ing  th is ,  th e
m ag n e tic  f ie ld  is  slow ly  v a r ie d  f ro m  z e ro  to  m ax im u m  w ith  the sam p le  in  one
co il, a t  m ax im u m  fie ld  th e  sa m p le  is  co m m u ta ted  and th e  fie ld  s tre n g th  is
re d u c e d  to  z e ro . T he sam p le  is  ag a in  co m m u ta ted  and th e  in i t ia l  s ta r t in g  co n -



d itio n  is  re a c h e d  a g a in . T he dc v o lta g e s  f ro m  th e  sy n ch ro n o u s  d e te c to r s  a r e
re c o rd e d  on an  X -Y  w r i te r ,  p ro v id in g  a  p e rm a n e n t re c o rd  of e a c h  m e a s u r e 
m en t. T he v o ltag e  a c r o s s  th e  shun t of the  a m p e re m e te r ,  in d ic a tin g  th e  c u r r e n t
th ro u g h  th e  so leno id , is  ap p lied  to  th e  h o r iz o n ta l a m p l if ie r  w hich is  ad ju s ted
th a t 1 cm  eq u a ls  250 Oe (100 Oe o n a n  ex tended  s c a le ) . T he output vo ltag e  of th e
sy n ch ro n o u s d e te c to r s  is  ap p lied  to  th e  v e r t ic a l  a m p lif ie r , a f te r  p a s s in g  th ro u g h
tw o c a lib ra te d  a t te n u a to r s  (fig. 11-24). T h ese  a t te n u a to r s  a r e  c o n s tru c te d  such
th a t a  500 mV e x c u rs io n  on th e  v o ltm e te r  c o r re s p o n d s  w ith  15 cm  d e fle c tio n  on

th e  r e c o r d e r  a t a  p re d e te rm in e d  se n s it iv ity . Both th e  R and L  ch an n e l of the
r e c e iv e r  have a  s e p a ra te  input a tte n u a to r  and the g a in  of each  ch an n e l e a n  be
in d iv id u a lly  m u ltip lied  by a  fa c to r  3 o r  10 (sw itch  S ^ .  The sw itch  S2 c o n tro ls
a  c a lib ra te d  a tte n u a to r  w ith  s te p s  of 0.1 db.

L

f= 4 6 6  Hz f= 9 3 5  Hz f= 1.87 KHz

L R L R R

f= 3.75  KHz f - . 7.5 KHz f .  21.2 KHz

complete set  of relaxation measurements  of Mn £ NH4)2 C SO<)2 6 H 2 O ; T =  2 0  3° K

Fig. 11-23.
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F i g .  n -2 4 . A ttenuator chain  before the  recorder.

T he r e c o r d e r  i s  a  o n e -c h a n n e l d ev ice  and in  th e  n o rm a l p ro c e d u re  L and
R a r e  m e a s u re d  in  se q u en ce . B efo re  th e  m e a s u re m e n t i s  m ade , c a lib ra t io n  of
th e  equ ipm en t i s  done by co n n ec tin g  one of th e  c a lib ra t in g  c o n d e n so rs  in  p a ra l le l
to  one of the b ra n c h e s  of th e  b rid g e  a s  show n in  f ig . 11-17.

A n ex am p le  of one m e a s u re m e n t is  g iven  in  fig . 11-27. T h is  co m p le te
m e a s u re m e n t c a n  be done m an u a lly  o r  a u to m a tic a lly . If it is  done a u to m a tic a lly
a ro ta tin g  d ru m  a c tiv a te s  a  s e r i e s  of sw itc h e s . It m ak es  tw o fu ll ro ta tio n s  in
5 m in u te s , d u rin g  the f i r s t  re v o lu tio n  th e  d is p e rs io n  L, d u rin g  th e  s e c o n d , the
a b so rp tio n  R is  re c o rd e d . T he co m p le te  tim in g  cy c le  is  g iven  in  fig . 11-25.

R e tu rn in g  to  f ig . II -2 7 a , we w ill ex p la in  once m o re  th e  co m p le te  c y c le .
The n u m b e rs  in  p a re n th e s is  r e f e r  to  th e  tim in g  d ia g ra m  in  fig . 11-25.

A t th e  s t a r t  of th e  m e a s u re m e n t (1) th e  r e c o r d e r  is  a t C and i s  connec ted
to  the  L  sy n ch ro n o u s d e te c to r .  F o r  c a lib ra t io n  th e  pen  is  b rough t o u ts id e  the
m e a s u r in g  f ie ld  (2), lo w e red  on th e  p a p e r  (3) and the  c a lib ra t io n  co n d en so r is
m o m e n ta r ily  connec ted  to  th e  b rid g e  (4). The pen  i s  r e tu rn e d  to  C and co m m u 
ta tio n  (5) b r in g s  the  pen  to  D. In  45 seco n d s  the  f ie ld  is  in c re a se d  to  4250 Oe (6)

1  ------------------ ------------------ ------------------ ------------------  s t a r t
2 • "  -  pen moved vertically
3 - --------------------------  --------------------------  pen on pape r
4 ■ ca lib ra t io n
5 ■ “  — com m u ta t io n
8 - ---------- field inc rease
7 - — — com m uta tion
8 ‘ ----------  ----------  field decrease
9 - ------------------------------- L_R switch

O t  B 6 0  120 180 2 4 0  3 0 0  sec

timing d ia g ram

Fig. 11-25.
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and th e  c u rv e  D F is  ob ta ined . C o m m uta tion  (7) g iv es  FG  and red u c in g  the fie ld
(8) p ro d u c e s  GC, a f te r  w hich th e  pen  i s  lif te d . The r e c o r d e r  is  next connected
to  th e  R sy n ch ro n o u s d e te c to r  (9) and in  the  sam e  m a n n e r  th e  R  cu rv e  is  p ro -

The fo rm u la  (2-27) is  eq u iv a len t to  (2-22).

2. 12 ADJU STM ENT O F THE PHASE O F THE SYNCHRONOUS D ETECTO RS

H aving exp la ined  th e  m e a s u r in g  p ro c e d u re  we have to  go in to  m o re  d e ta il
of th e  p h a se -a d ju s tm e n t. L e t u s  a s s u m e , th a t th e  d e te c to r s  in  th e  r e c e iv e r  have
been  ad ju s te d  e x ac tly  in  q u a d ra tu re . We have to  a d ju s t th e  p h ase  of th e  r e c e iv e r
su ch  th a t a  p u re  in duc tance  v a r ia tio n  of th e  c o il w ill p ro d u ce  a  v a r ia tio n  of the  L
v o ltm e te r  only. T o do th is  we u se  th e  p ro p e r ty  of p a ra m a g n e tic  su b s ta n c e s  a t low
fre q u e n c ie s  and a t z e ro  m ag n e tic  fie ld  th a t lo s s e s  a r e  z e ro . If a  su b s ta n c e  is
m e a s u re d  w h ere  th e  sp in -s p in  re la x a tio n  o c c u rs  a t th e s e  low  fre q u e n c ie s , th is
co n d ition  is  not co m p le te ly  fu lfilled . In  a l l  ex cep t one of the m e a s u re d  su b s ta n c e s
th is  con d itio n  w as s a tis f ie d  to  be b e t te r  th an  0.1%. T he ex cep tio n  w as Cu SC>4 . 5H20
w h ere  an  e r r o r  of 0.7% w as m ade in  th e  x " / x o m e a s u re m e n t a t th e  h igh  fre q u e n c ie s
(which can  be c o r r e c te d  by add ing  th e  known z e ro  f ie ld  lo s s e s  a s  d e te rm in e d  by
o th e rs ) . S e rio u s  m is ta k e s  a r e  u n lik e ly  to  happen , a t  h igh  f re q u e n c ie s  th e  qu an tity

(see  fig . II-27a) i s  v e ry  s m a ll  (of th e  o rd e r  of a few  p e rc e n t)  and a  la rg e
d ev ia tio n  w ould be n o ticed . At low  fre q u e n c ie s  th e  r a t io  depends on th e  te m 
p e ra tu re  and flu id  le v e l and is  not v e ry  u se fu l fo r  ch eck in g  p u rp o s e s . We e x p e r i 
m en ted  w ith  a d ev ice  (fig. 11-26), w hich w ould so lve  th is  p ro b le m  and found a
m ethod  to  p r e s e t  th e  p h ase  w ithout u s in g  th e  sp e c im e n . Two s m a ll  c o ils  a r e  in 

duced.

The q u a n titie s  X'/ xq and X / xq a t a  f ie ld  Hc ( 1 “  UT) can  be d e te rm in e d
in  th e  fo llow ing  s im p le  m a n n e r

° 'H „ ,  f
(2-26a) (2 -26b)

u  H . f

The q u a n titie s  Vc and Vm  in  fo rm u la  (2-23) c a n  be id en tif ied  a s

a. CD
AB + + KL'and (2-27)

Vc = a .  A 'B '

F ig .n -2 6 .
from

bridge

a p p a ra tu s  to  ad just
phase ot the  receiver
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s e r te d  in  s e r i e s  w ith  th e  b rid g e  le a d s  and a  f e r r i t e  c o re  i s  m oved f ro m  one co il
in to  th e  o th e r  by m e c h a n ic a l m e a n s  a t  a  10 Hz r a te .  T he m oving  c o re  p ro d u c e s
p ra c t ic a l ly  a  p u re  ind u c tan ce  v a r ia tio n  in  th e  b ra n c h e s  of th e  b rid g e  co n ta in in g
th e  c ry o s ta t  c o ils . T he p h ase  of th e  r e c e iv e r  should  be a d ju s te d  su ch  th a t th e  R
sy n ch ro n o u s  d e te c to r  show s a z e ro  dev ia tio n , c o rre sp o n d in g  to  a  m ax im u m  d e v i
a tio n  of th e  L  d e te c to r . We t r ie d  su ch  an  e x p e r im e n ta l d ev ice  and th e  p h ase  we
ob ta ined  w as fo r  a l l  f re q u e n c ie s  w ith in  2 d e g re e s  of the  c o r r e c t  one.

A n a c tu a lly  o p e ra tin g  u n it h a s  not b een  m ad e , d u rin g  o u r m e a s u re m e n t
we did not fe e l  the need  fo r  it  and to  o b ta in  good s ta b il i ty  w ould re q u ire  a  m e 
c h a n ic a lly  w e ll d es ig n ed  un it.

If th e  p h a se  o f th e  r e c e iv e r  i s  no t e x a c tly  c o r r e c t ,  a  m e a s u re m e n t a s
show n in  fig . H-27b is  ob ta ined . A pply ing  g e n e ra l ro ta tio n  tr a n s fo rm a t io n  f o r 
m u la s  to  f ig . n -2 7 b  g iv es :

NQ = N 'Q ' c o s  cp + E 'H ' s in  tp (2-28)
E H  = E 'H ' c o s  cp -  N 'Q 1 s in  cp (2-29) tgcp R 'M 1

D 'C ' (2-30)

a b c

G n F

L l  K
Id' mV

no p hase  c r r o r . n o  d r i f t sm al l  p h ase  e r r o r  ip
t nip „ M R

c 'o '

L R

d r i f t  R*M* an d  I* C*

r e l a x a t i o n c u r v e s  a t  c o n s t a n t  f requency  with  v a ry in g  f ie ld Fig. 11-27.

in  w hich the  u n p rim e d  l e t t e r s  g ive th e 'c o r r e c te d  v a lu e s  and th e  p r im e d  le t te r s
the m e a s u re d  v a lu e s . F o r  s m a ll  phase  e r r o r s  (< 5 ° )  th e  fo rm u la s  c a n  be s im -
p lified  to :

NQ «  N 'Q ' + E 'H ' . R 'M '
D 'C ' (2-31)

EH  sa E 'H ' -  N 'Q ' . R 'M '
D 'C ' (2-32)

A d ju stin g  th e  p h ase  to  j °  i s  v e ry  e a sy . It can  be po in ted  out, th a t in  any  n o r 
m a l ac  b rid g e  a  s im i la r  type  of e r r o r  is  c a u se d  by im p u rity  of e le m e n ts .

If sm a ll  e f fe c ts  a r e  m e a s u re d , d r i f t  o f th e  b a lan c e  of th e  b rid g e  w ill
p ro d u ce  a  m e a s u re m e n t a s  show n in  fig . I I-2 7 c . T he s im p le s t  a s su m p tio n  one
can  m ak e , i s  th a t the d r i f t  r a te  i s  c o n s ta n t in  tim e  and  th en  th e  fo llow ing  c o r 
re c t io n  c a n  be m ade:
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H “ H
NQ »  N "Q " - ~ —------  M "R" (2-33)

m ax

m axE H « E " H I
m ax

(2-34)

If both  d r i f t  and p h ase  e r r o r  a r e  p re s e n t,  the  d r i f t  c o r r e c t io n  should  be m ade
f i r s t ,  fo llow ed by the ang le  c o r r e c tio n .

In th e  above we supposed  th a t th e  c a r r i e r  p h ase  o f th e  sy n ch ro n o u s  d e 
te c to r s  w as ad ju s ted  su ch  th a t th e  p h ase  d if fe re n c e  w as e x a c tly  — .

T o c o n tro l th is  a  ru d e  c h eck  can  be m ade  by a d ju s tin g  th e  com m on phase
c o n tro l su ch  th a t a  c e r ta in  g iven  v a r ia tio n  in  the  b rid g e  c a u s e s  no d if fe re n c e  on
th e  v o ltm e te r  of one of th e  sy n ch ro n o u s d e te c to r s  and s im u lta n e o u s ly  a  m ax im um
d eflec tio n  on th e  v o ltm e te r  co n n ec ted  to  th e  second  sy n ch ro n o u s  d e te c to r .  T h is
is  a  c ru d e  c h eck  b e c a u se , a lthough  th e  z e ro -d e te rm in a t io n  can  be done w ith  high
a c c u ra c y , th e  d e te rm in a tio n  of the  m ax im u m  is  no t a c c u ra te  due to  a  f la t to p  of
th e  c o s in e  fu n c tio n  (cos 90° = 1,00, co s  85° = 0.996).

To im p ro v e  th is  we m ade a v e ry  s im p le  to o l. T he c i r c u i t  of f ig . II-28a
is  a tta c h e d  in  p a r a l le l  to  one of th e  b ra n c h e s  of th e  b rid g e . T he b rid g e  i s  a d 
ju s te d  to  an  o p e ra tin g  fre q u e n c y  of 15 kH z. If C is  a  p u re  c a p a c ity  and R a

p u re  r e s i s t o r ,  th e  d is tu rb a n c e s  p ro d u ced  by th e s e  e le m e n ts  a r e  in  q u a d ra tu re ,
i .e .  th e  p h a se  d if fe re n c e  of th e  v e c to r ia l  co m p o n en ts  is  -J- . T he v a lu e s  of the
e le m e n ts  and  th e  o p e ra tin g  fre q u e n c y  a r e  so  se le c te d  th a t th is  co n d ition  is
p ra c t ic a l ly  fu lf il le d . T he co n d en so r is  a  m ic a  c o n d e n so r and n o rm a lly  one can
ex p ec t a  tg 6  b e t te r th a n  0.001 a t th e s e  f r e q u e n c ie s . T he c a p a c ity  of th e  30 kQ
r e s i s t o r  can  be of th e  o rd e r  of 2pF , r e s u l t in g  in  0.3 d e g re e  d if fe re n c e  in  p h ase
an g le . T he in d iv id u a l e le m e n ts  have not b een  checked , but th e  a ssu m p tio n s
m ade have  b een  c o n firm e d  in  a  m e a s u re m e n t. A ssu m in g  f i r s t  of a l l ,  th a t th e
C and  R f ro m  fig . 11-28 p ro d u ce  d is tu rb a n c e s  in  q u a d ra tu re , th e  a d ju s tm e n t of
th e  sy n ch ro n o u s  d e te c to r s  i s  v e ry  s im p le . T he co n d en so r i s  sw itch ed  in  and
th e  p h ase  c o n tro l is  s e t  su ch  th a t th e  sw itch in g  of th e  co n d e n so r  e ffe c ts  the  L
sy n ch ro n o u s  d e te c to r  only, i .e .  th e  re s p o n se  of the R d e te c to r  is  m ade  z e ro .

Ldct C C R d«t

R .
3 0  k i t3 6 0  pF

J L ^ R d f t

a b c

Circuit to  a d ju s t phase d ifference in synchronous d e tec to rs  and a sso c ia ted
vector d iag ram s

Fig. 11-28
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N ext we sw itch  the co n d en so r off and  sw itch  in  th e  r e s i s t o r .  T he re q u ire m e n t is
now th a t the re s p o n se  of the  L d e te c to r  is  z e ro . If th is  i s  not th e  c a se  the  phase
re la tio n sh ip  betw een  the tw o sy n ch ro n o u s d e te c to rs  should  be a l te re d .  (T r im m e r
4 0 p F  in  fig . 11-14).

If, how ever, th e  in i t ia l  d is tu rb a n c e s  a r e  not in  q u a d ra tu re , but a r e  a s
in d ica ted  by th e  so lid  lin e s  in  the v e c to r  d ia g ra m  of fig . II-28b , th e  p h ase  of th e
sy n ch ro n o u s d e te c to r s  w ill be ad ju s ted  a c c o rd in g  to  the  do tted  lin e s . Sw itching
the co n d en so r w ill a ffe c t the  L sy n ch ro n o u s  d e te c to r  only, sw itch ing  th e  r e s i s 
to r  w ill e ffe c t th e  R sy n ch ro n o u s d e te c to r  only . By m ean s  of a  s im p le  t r i c k  we
can  m e a s u re  th e  an g le  a  of th e  q u a d ra tu re  n e tw o rk  (fig. II-28b , c).

T o do th is ,  we change the phase  of th e  d e te c to r  by about 90° and a d ju s t
the phase  su ch  th a t sw itch in g  th e  c o n d en so r a ffe c ts  the  R u e te c to r  only.
Sw itching th e  r e s i s t o r  w ill a ffec t, h o w ev er, both  the  L  and R d e te c to rs  w hich
p ro d u ce  re s p e c tiv e ly  1 and r  m V. The ang le  ® can  be com puted  f ro m  the  fo l
low ing re la tio n : s in  a = (2 -35). We found th a t th e  q u a d ra tu re  n e tw o rk  w as id ea l
to  w ith in  0 .5 °  and  the phase  a d ju s tm e n t of the sy n ch ro n o u s d e te c to rs  can  be e x 
pec ted  to  be c o r r e c t  w ith in  1° a f te r  ad ju s tm e n t. T h is  e r r o r  w ill e ffec t only  the
shape of th e  x ' /x 0 c u rv e , a t th e  fie ld  v a lu e s  w here  x" /xo is  la r g e . T he m ax im um
d isc re p a n c y  to  be ex p ec ted  i s  0.005 of the m ax im um  of x '/ x  . T he c u rv e s , f ro m

b 0w hich the ^  v a lu e s  a r e  d e te rm in e d  a r e  not e ffec ted , b ecau se  th e  x " /x o is  v e ry
sm a ll  in  th is  c a s e .

T o  conclude  th is  s e c tio n  about m e a s u re m e n t p ro c e d u re , we give a s e t of
m e a s u re m e n ts  a s  th e y  a r e  p roduced  by th e  X -Y  w r i t e r  (fig . 11-23). T h is  s e t  show s
m e a s u re m e n ts  a t s e v e r a l  f re q u e n c ie s  in  th e  re la x a tio n  reg io n .

2. 13 DETERM IN ATIO N  O F RELAXATION TIM E A T NON-STANDARD T E M P E R 
ATURES

T he m e a s u re m e n t of a  co m p le te  s e t  of c u rv e s , f ro m  w hich th e  re la x a tio n
p a ra m e te r s ,  a s  a fu n c tio n  of th e  m ag n e tic  f ie ld  can  be d e te rm in e d  should  be done
a t a  c o n s ta n t te m p e ra tu re , a s  p ro v id ed  by a  b a th  of co o lin g  liqu id , b o ilin g  u n d e r
a co n s ta n t p r e s s u r e .  F ro m  a  s e r i e s  of th e s e  m e a s u re m e n ts  a  p -T  dependency  in
the s ta n d a rd  te m p e ra tu re  ra n g e s  c a n  be e s ta b lish e d . If th e s e  r e s u l t s  c a n  be
d e sc r ib e d  by a  s t r a ig h t  lin e , know ledge of the re la x a tio n  tim e  a t  in te rm e d ia te
te m p e ra tu re s  i s  not n e c e s s a ry .  If th is  cannot be done, a  know ledge of th e  p -T
b eh av io u r a t  n o n -s ta n d a rd  te m p e ra tu re s  (e .g . be tw een  4 and 14°K) is  d e s i ra b le .
T h is  is  c le a r ly  show n in  som e of o u r m e a s u re m e n ts  on  m an g an e se  tu tto n  s a l t .

We developed  a m ethod  to  m ake a  re a so n a b ly  a c c u ra te  d e te rm in a tio n  of
re la x a tio n  t im e s  a t  any  te m p e ra tu re  betw een  1° and ro o m  te m p e ra tu re .  The
b a s ic  a ssu m p tio n  fo r  th is  p ro c e d u re  is  th a t th e  re la x a tio n  c a n  be ap p ro x im a ted
by a D ebye re la x a tio n . T h is  should  be d e te rm in e d  in  advance  a t  som e fixed
te m p e ra tu re s  and a  know ledge of the ^  va lue  is  u se fu l. A s is  show n in  s e c tio n
1. 4.  1, X'/xQ and x " /x o can  be r e p re s e n te d  on an  A rgand  d ia g ra m  a t any given
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co n s ta n t m ag n e tic  f ie ld . F o r  a  p u re  D ebye re la x a tio n  th is  A rgand  d ia g ra m  is  a
s e m i- c i r c le .  It is  a ls o  show n in  s e c t io n  1 .4 . 1 th a t fo r  a p u re  D ebye re la x a tio n ,
the shape  of th e  x"/xo c u rv e  a s  a  func tion  of freq u en cy , if  p lo tted  on a  double
lo g a r ith m ic  sc a le , is  u n ifo rm . The fu ll cu rv e  is  d e te rm in e d  in  p r in c ip le , if
tw o v a lu e s  of x" /XQ a t d if fe re n t f r e q u e n c ie s  a r e  known. T o o b ta in  good a c c u 
ra c y , one fre q u e n c y  should  be p re f e ra b ly  below  the re la x a tio n  freq u en cy  and
the o th e r  above i t .  In som e m e a s u re m e n ts , g iven  in  th is  th e s is ,  we have u sed
th e  f i r s t  and in  o th e r s  th e  second  m ethod . We c o n s tru c te d  a  s ta n d a rd  x"/xo
c u rv e  and m ade a t a  c e r ta in  te m p e ra tu re  the s ta n d a rd  m e a s u re m e n ts  a s  show n
in  fig . n -2 3  a t a t  le a s t  tw o f r e q u e n c ie s . F ro m  th e s e  we c a lc u la te d  th e  X"/X0 a t
one o r  m o re  f ie ld s  and  p lo tted  th e s e  v a lu e s  on a  double lo g a r ith m ic  s c a le .  The
s ta n d a rd  cu rv e  w as b rough t th ro u g h  the p o in ts  and th e  p o s itio n  of the p eak
d e te rm in e d . If th e  ^  va lue  of the sp e c im e n  is  known, the  v a lu e  of x " /X 0 a t t h i s
p eak  can  be com puted  and c a n  be u se d  a s  a  th i rd  po in t. O b ta in ing  too  low  a
va lu e  fo r  th e  p eak  of the s ta n d a rd  c u rv e , if f i tte d  th ro u g h  the  tw o p o in ts , can
be an  in d ica tio n  th a t the re la x a tio n  i s  not a  D ebye re la x a tio n . One can  a ls o  p lo t
th e  s e v e r a l  s e t s  of v a lu e s  fo r  and * ^ in  one A rgand  d ia g ra m . D raw ing  a
s e m i- c i r c le  th ro u g h  th e s e  point's* is  n o t°n e c e s sa r ily  the b e s t so lu tion , a s  the
m e a s u r in g  fre q u e n c ie s  g ive an  e x tr a  con d itio n  to  be fu lfilled . I t is  p ro b ab le  th a t
th is  m ethod  is  m o re  a c c u ra te ,  but so lv in g  i t  should  be p ro g ra m m e d  fo r  a  c o m 
p u te r .

A t th e  s t a r t  of a  m e a s u re m e n t th e  s e n s itiv ity  is  c a lib ra te d , and th e  tim e
of th e  m e a s u re m e n t i s  noted  down. T h is  c a lib ra t io n  is  u sed  to  d e te rm in e  the
te m p e ra tu re  of the sp e c im e n . T he te m p e ra tu re s  a r e  p lo tted  a g a in s t tim e  and  a
cu rv e  i s  f i t te d  th ro u g h  th e s e  v a lu e s  to  a v e ra g e  out s m a ll  e r r o r s .  T o d e te rm in e
th e  re la x a tio n  fre q u e n c y  tw o s e ts  of m e a s u re m e n ts  c a n  be u se d  a t tw o d if fe re n t
fre q u e n c ie s . The d if fe re n c e  in  tim e  betw een  the tw o m e a s u re m e n ts  w ill in t r o 
duce an  e r r o r ,  but it c an  be show n th a t th e  e r r o r  w ill be re d u c e d  if  th e  re la x a tio n
freq u en cy  ob ta ined  is  a s s o c ia te d  w ith  th e  a v e ra g e  te m p e ra tu re  of tw o m e a s u r e 
m e n ts . T h is  p ro c e d u re , fo llow ed a t n o n -s ta n d a rd  te m p e ra tu re s ,  we w ill c a l l  the
" ru n n in g  m e th o d " . T he a c c u ra c y  of the d e te rm in a tio n  of th e  re la x a tio n  freq u en cy
is  e s t im a te d  to  be in  th e  o rd e r  of 10%. A s can  be se e n  fro m  f ig .I I I -1 ,  the  r e 
lax a tio n  f re q u e n c ie s  d e te rm in e d  a t the  s ta n d a rd  te m p e ra tu re s  fa l l  n ic e ly  on the
cu rv e  p ro d u ced  w ith  th e  ru n n in g  m ethod . The a c c u ra c y  of th e  s ta n d a rd  m ethod
is  e s tim a te d  to  be betw een  2% and 5%, depend ing  on the su s c e p tib ili ty , the f ill in g
fa c to r  of the sa m p le , e tc .

T he ru n n in g  m ethod  could  undoubtly  be im p ro v ed . A rough  p v e r s u s  T
g rap h  could  be u sed  to  p re d ic t  f ro m  the m e a s u re m e n t of x"/xo a t th e  second
freq u en cy , th e  va lue  of X"/XQ a t th a t freq u en cy  a t the sam e  tim e  a s  th e  X"/xo
m e a s u re m e n t fo r  th e  f i r s t  freq u en cy  w as taken .

In o u r m e a s u re m e n ts  we have been  m o re  in te re s te d  in  th e  o v e ra l l  b eh av 
io r  th a n  in  p re c is e  v a lu e s , no second  o rd e r  c o r r e c t io n  h a s  been  p e rfo rm e d  in
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u s in g  th e  ru n n in g  m ethod .
One r e m a r k  shou ld  conclude  th is  p a ra g ra p h . If a  sp e c im e n  does not fo l

low  C u r ie 's  law  a c c u ra te ly , th e  te m p e ra tu re  w ill not be c o r r e c t ly  d e te rm in e d .
T he m e a s u re m e n ts  ta k e n  a t s ta n d a rd  te m p e ra tu r e s  s e rv e  to  ch eck  th is  and the
te m p e ra tu re  com puted  by fo rm u la  (2-25) c a n  be ch eck ed  a t the s ta n d a rd  te m p e r 
a tu re  p o in ts . If th e  d ev ia tio n  f ro m  C u r ie 's  law  i s  known, a  s l ig h tly  d if fe re n t
m ethod  can  ag a in  be u se d  to  d e te rm in e  th e  te m p e r a tu r e . T he only  c o r r e c t io n  we
m ade  w as u s in g  a  C u rie -W e is s  law  if  ap p lic a b le . No c o r r e c t io n s  have b een  m ade
fo r  d iam ag n e tic  e ffe c ts .

2 .1 4  MEASURING LONG RELAXATION TIM ES

T o m e a s u re  long  re la x a tio n  t im e s , a  b rid g e  cap ab le  of h and ling  v e ry
low  fre q u e n c ie s  should  be u se d . T e c h n ic a lly  th is  g e ts  co m p lica ted  and VAN DENg
BROEK u se d  a  m ethod  in  w hich th e  m ag n e tic  f ie ld  is  sudden ly  in c re a s e d  and the
m a g n e tiz a tio n  is  s tu d ied  a s  a  func tion  of tim e . The m eth o d s of s tudy ing  the r e 
sp o n se  of a  s in u so id a l v a r ia tio n  of H o r  th e  re s p o n se  to  a  s te p  A H in  Hc a r e
b a s ic a lly  id e n tic a l w hich can  be show n by m ean s  of F o u r ie r  t r a n s fo r m s .  A n a 
ly z in g  the  re s p o n se  to  a  s te p  in  H is ,  how ever, not e a s y  and not so  a c c u ra te .
By m ean s  of s in e  w aves the  s y s te m  can  be p ro b ed  w ith  a  m e a s u r in g  sy s te m
hav ing  p ra c t ic a l ly  z e ro  bandw idth; in  th e  p u lse  m ethod  a  w ide bandw idth  is
e s s e n t ia l ,  so  a  la rg e  n u m b er of re p e t i t io n s  a r e  n e c e s s a ry  to  e lim in a te  th e  no ise
in  th e  " t im e -d o m a in " .

O ur b rid g e  is  v e ry  su ita b le  fo r  th e  s te p  m ethod . A dc output is  a v a ilab le
fro m  th e  sy n ch ro n o u s d e te c to r s ,  th e  output of w hich i s  p ro p o r tio n a l to  th e  s u s 
c e p tib il ity  of the  sa rn p le . T he ban d -w id th  of th is  ch an n e l c an  be e a s i ly  red u ced
if d e s i re d  fo r  n o ise  c o n s id e ra tio n  by m e a n s  of a s im p le  RC f i l t e r .

T he fa s t  v a r ia tio n  of th e  m ag n e tic  f ie ld  is  ob ta ined  a s  in d ica ted  in  p a r a 
g ra p h  2. 9 by co m m u ta tio n  of a  c u r r e n t  in  an  a u x il ia ry  c o il , co n ta in ed  in  th e
m ain  m ag n e t. In e x p e rim e n tin g  w ith  th is  s y s te m  we d is c o v e re d  th a t th e  tim e
co n s ta n t of th is  c o il w as th e  lim itin g  fa c to r  to  m e a s u r in g  fa s t  re la x a tio n  p r o 
c e s s e s ,  so  in s te a d  of u s in g  a  24 V olt supp ly , we u sed  a  100 V olt supp ly  w ith  a
la rg e  s e r ie s  r e s i s t o r ,  th e re b y  re d u c in g  th e  tim e  co n s ta n t t = of the
sw itch in g  c i r c u i t .  M anual sw itch in g  w as too  i r r e g u la r  and too  slow ; sw itch ing
by m e a n s  of a r e la y  im p ro v ed  th e  o v e ra l l  p e r fo rm a n c e . A la rg e  co n d en so r
a c r o s s  th e  c o il re d u c e d  tr a n s ie n ts .  T he co m p le te  re s p o n se  in c lud ing  the
sw itch in g  of th e  c o il and the  e le c tro n ic  equ ipm en t h a s  a  tim e  co n s ta n t t of
3 m s e c .

F o u r  d if fe re n t v a lu e s  of th e  c u r r e n t  th ro u g h  th e  so len o id  can  be s e le c te d
by m ean s  of sw itc h e s . T he f ie ld - s tr e n g th  in  th e  m idd le  of th e  c o il is  r e p o r te d
to  be 53.40 O e/A m p . A la rg e  f ie ld  s t re n g th  v a r ia tio n  w ill in c r e a s e  th e  s e n s i t iv 
ity , but th e  f ie ld  v a r ia t io n  A H ought to  be s m a ll  c o m p a re d  w ith  th e  c o n stan t
f ie ld  Hc (see  s e c tio n  1 .4 .2 ) .
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In itia lly  o u r  m e a s u re m e n ts  w e re  done by m ak ing  P o la ro id  ph o to g rap h s of
the re s p o n se  of th e  m ag n e tiz a tio n  to  a  s te p  in  th e  m ag n e tic  f ie ld  s tre n g th . A n a
ly z in g  th e se  sm a ll p h o to g rap h s  is , how ever, not e a sy . F i r s t  we t r ie d  to  an a ly ze
the ph o to g rap h s w ith  a m e a s u r in g  m ic ro sc o p e ; a f te rw a rd s  we p ro je c te d  th em
w ith an  ep id asco p e  onto a  s c r e e n  on w hich e - c u r v e s  w e re  d raw n . T he la te s t

im p ro v em en t we have m ade is  show n w ith  the co m p le te  e x p e r im e n ta l a r r a n g e 
m en t in  fig . 11-2 9.

The o sc illo sc o p e , a  T e k tro n ix  533, is  f r e e  ru n n in g  su ch  th a t the B -sw eep
t r ig g e r s  the A -sw eep  and in tro d u c e s  a w aitin g  p e rio d  fo r  the A -sw eep . T he s a w 
to o th  v o ltage  d e riv e d  f ro m  the A -sw e e p , a v a ila b le  a t an output on the fro n t of the
o sc illo sc o p e , i s  am p lif ied  in  th e  pow er a m p lif ie r  (fig. II-2 9 a ). The f i r s t  t r a n 
s i s to r  in v e r ts  the saw -to o th , th e  second  a c tiv a te s  a r e la y  R j .  T he b ia s  v o lta g e s
a re  a r ra n g e d  su ch  th a t s h o r tly  a f te r  the beg inn ing  of th e  saw -to o th  th e  r e la y  R^
is  a c tiv a te d  and is  d e -a c t iv a te d  a f te r  the end of the saw -to o th . T he r e la y  R j
sw itch es  tw o re la y s  R2 and Rg. By m e a n s  of th is  c a sc a d e  sw itch ing , th e  speed
of Rg and R 3 is  independen t of th e  r a te  of change of the saw -to o th . The re la y
R 2 is  u sed  to  co m m u ta te  the c u r r e n t  in  the c o il (fig. H -29b), the r e la y  R 3 is
u se d  in a n  RC c o m p a rin g  c i r c u i t  (fig. II-29d ). In th is  c o m p a rin g  c ir c u i t  e - c u r v e s
can  be g e n e ra te d  w ith  a  known tim e  c o n stan t.

T he a c tu a l re s p o n se  of th e  m ag n e tiz a tio n  is  c o m p a re d  w ith  th e  g e n e ra te d
e -c u rv e  by m ean s  of th e  e le c tro n ic  sw itch , b u il t- in  in  the T ek tro n ix  d u a l- t r a c e
p re - a m p l if ie r ,  type  CA. T he g e n e ra to r  fo r  e - c u r v e s  h a s  fo u r d ecad es , w hich
can  be se le c te d  by a 4 -p o s itio n  sw itch  (fig. II-29d ). E ach  d ecade  is  lo g a r i th m i
c a lly  d iv ided  in to  25 s te p s , e ach  s te p  g iv ing  a 10% in c r e a s e .  In p ra c t ic e , it  is
found th a t fo r  s in g le  re la x a tio n s  one is  u su a lly  ab le  to  s e le c t  one of th e  s te p s  a s
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th e  b e s t f i t t in g  and th a t n e ig h b o rin g  p o s itio n s  w ould be only  ju s t a c c e p ta b le . T h is
in d ic a te s  th a t th e  a c c u ra c y  of d e te rm in in g  re la x a tio n  t im e s  by th is  m ethod  would

(a) (b) (c) -
F ig .I I -3 0 .  M e a su re m e n t of re la x a tio n  t im e s  w ith  th e  s te p -f ie ld  m ethod
a) show s the re s p o n se  of the m ag n e tiz a tio n  due to  a  s tep  in  H ( t im e sc a le

2 00 m s e c /d iv .)  c
b) an  expanded  p o rtio n  of th e  s ig n a l is  c o m p ared  w ith the s ig n a l of a  c a lib ra te d

e -c u rv e  g e n e ra to r  ( t im e sc a le  50 m s e c /d iv .)
c) th e  two c u rv e s  fro m  b) a r e  su p e r im p o se d  (t im e sc a le  50 m s e c /d iv .)

be of the o rd e r  of 10% w hich is  the  b e s t r e s u l t  we ob ta ined  fo r  long  re la x a tio n
t im e s .  F ig . 31-3 0 show s the u se  of th is  m ethod  on a  sp e c im e n  of co b a lt a m m o 
n iu m  tu tto n  s a l t  a t  4.2 K. In th e  c a se  of m u ltip le  re la x a tio n s  one could  add a
second  func tion  g e n e ra to r  in  p a ra l le l  w ith  th e  f i r s t  one. We doubt if  w ith  m u l
tip le  re la x a tio n s  w ith s m a ll am p litu d es  u se fu l in fo rm a tio n  c a n  be ob tained ,
how ever.

2 .1 5  CONSTRUCTION O F A 1VIAGNET WITH A HIGH 3VLAGNETIC F IE L D
(MAXIMUM 30 kOe)

M ost of the m e a s u re m e n ts  r e p o r te d  in  th is  th e s is  have been  m ade w ith
th e  d e s c r ib e d  m ag n et, p ro d u c in g  a m ax im u m  fie ld  of 4500 Oe. Q uite o ften  the
need  w as fe l t  fo r  a h ig h e r  m ag n e tic  fie ld .

In itia lly  we co n tem p la ted  c o n s tru c tio n  of a  su p e r-c o n d u c tiv e  m ag n et. The
sy s te m  of th e  m e a s u r in g  c o ils  u sed  in  th is  m ethod  fo r  m e a s u r in g  p a ra m a g n e tic
re la x a tio n  is  s m a ll  in  c o m p a r iso n  w ith  the H a r ts h o rn  sy s te m  and it w ould p ro b 
ab ly  be p o ss ib le  to  c o n s tru c t  a w ork ing  en sem b le , f i tt in g  in s id e  a s u p e r -c o n d u c 
tiv e  co il.

T o in c re a s e  and d e c re a s e  the  m ag n e tic  fie ld , flux  pum ping  is  c o n s id e re d
a s  th e  b e s t m ethod , but a  tim e  in te rv a l in  the o rd e r  of 10-15  m in u te s  is  e s tim a te d
to  b r in g  the fie ld  s tre n g th  to  a va lue  of 3 0 kO e. In g e n e ra l we m e a s u re  XM/ x  and
X'/X Q a t a co n s ta n t te m p e ra tu re  w ith  f and Hc a s  p a ra m e te r s .  In o u r m e a s u r in g
sy s te m , it  is  v e ry  conven ien t to  v a ry  Hc> keep ing  f  c o n s ta n t. T h is  would re q u ire
n e a r ly  c o n stan t flux  pum ping . It is  r e p o r te d  th a t e x c e s s iv e  flux  pum ping  u s e s
m uch  liqu id  h e liu m  and th e  pum ping  m e c h a n ism  c a u s e s  sp la sh in g . A no ther d i s 
advan tage  is  th a t one is  p ra c t ic a l ly  r e s t r i c te d  to  h e liu m  te m p e ra tu re s .  A s e p a 
r a te  h y d rogen  c ry o s ta t  in  th e  he liu m  coo led  su p e r-c o n d u c tiv e  m agnet r e q u i r e s  a
la rg e  in n e r  d ia m e te r  fo r the m agnet and th e  m ag n e tic  fie ld  ob ta ined  would be
red u ced .
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An a l l  to g e th e r  d if fe re n t a p p ro ach  w as t r ie d .  In  o u r  adopted  m e a s u r in g
techn ique , a l l  th e  d a ta  a t one m e a s u r in g  fre q u e n c y  c a n  be ob ta ined  in  a  sh o r t  in 
te r v a l  of tim e . It is  lim ite d  by th e  re la x a tio n  tim e  and th e  sp eed  of th e  e le c tro n ic
eq u ipm en t. R oughly speak ing , one can  say  th a t the o b se rv a tio n  of d is p e r s io n  and
a b so rp tio n  should  be m ade w ith  a  q u a s i - s ta t io n a ry  m ag n e tic  fie ld , i .e . the tim e
d u rin g  w hich  th e  m ag n e tic  f ie ld  c a n  be c o n s id e re d  co n s ta n t should  be long  w ith
re s p e c t  to  th e  re la x a tio n  tim e  and th e  re s p o n se  tim e  of the eq u ipm en t. The r e 
sponse  tim e  of the equ ipm en t is  of th e  o rd e r  of 3 m s e c  (sec tio n  2 .14), a  tim e
w hich is  d e te rm in e d  by b an d w id th -lim itin g  c i r c u i t s  and  could  be re d u c e d  if n e c 
e s s a r y .  The b rid g e  can  be u sed  f ro m  2 00 Hz (c o rre sp o n d in g  to  1 m s e c )  u p 
w ard  if  we exclude  th e  m e a s u re m e n t of v e ry  long re la x a tio n  t im e s  a s  d e sc r ib e d
in  2 .14 . If we could  in c re a s e  th e  m ag n e tic  f ie ld  fro m  z e ro  to  a la rg e  va lue  in  a
few  seco n d s  and th e n  re d u c e  i t  qu ick ly , we could  m e a s u re  th e  d is p e rs io n  and
a b so rp tio n  a s  a  fu n c tio n  of fie ld , ju s t  a s  d e s c r ib e d  in  s e c t io n  2.11 . T he pow er
d is s ip a te d  in  the m agnet is  th e n  re la tiv e ly  s m a ll  and th e  m agnet c a n  be o p ti
m ized  fo r  p ro d u c in g  a la rg e  m ag n e tic  f ie ld . The spoo l of th e  m agnet c a n  be
co m p le te ly  f i lle d  w ith  co p p e r, no sp ace  is  r e q u ire d  fo r  coo ling  c h an n e ls .

It w as dec id ed  to  c o n s tru c t  a  m agnet, coo ling  the  c o il w ith  l iq u id - n i t ro 
gen. T h is  re d u c e s  the sp ec ific  r e s is ta n c e  of the c o p p e r by n e a r ly  a fa c to r  7,
g iv ing  an  in c re a s e  of a f a c to r  2.6 in  f ie ld  fo r  the sam e  pow er d is s ip a tio n . The
spoo l of th e  m agnet is  m ade of b r a s s ,  a  sh o r te d  tu rn  is  avo ided  by m ak in g  one

cu t in  a  p lan e  th ro u g h  th e  ro ta tio n -a x is  of the spoo l. T h is  is  done to  keep  th e

T i U l  i j jJ j s P

^888 c o p p e r  winding
F i g .  1 1 - 3 1 .  VZA tempex  in su la t ion

ske tch  ot the n i t r o g e n .c o o le d  magnet
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t im e -c o n s ta n t of th e  m agnet i t s e l f  a s  h igh a s  p o s s ib le . T he sp o o l is  f ille d  w ith
c o p p e r band, c r o s s - s e c t io n  of 4 .5  m m  x 2 m m  and c o n ta in s  ap p ro x im a te ly
1900 tu r n s .  T he w ire  is  is o la te d  w ith  "D u ro fle x " . T he m agnet is  in s e r te d  in  a
s ta in le s s  s te e l  ta n k  of 23 cm  d ia m e te r .  T h is  c y lin d e r  is  in su la ted  a t the o u ts ide
by  m ean s  of fo am  p la s tic  in su la tio n  (T em p ex ). T he f ie ld  s t re n g th  h a s  b een  m e a s 
u re d  to  be hom ogeneous w ith  2% in  a  v e r t ic a l  ran g e  of 10 c m . No d ev ia tio n  in  a
h o r iz o n ta l d ir e c tio n  could  be found in s id e  th e  in n e r -d ia m e te r  of th e  g la s s  (45 m m ).
O ur b e s t e s t im a te  of th e  f ie ld  s t re n g th  is  75 O e /A m p . m e a s u re d  by  m e a n s  of one
of th e  an o m alo u s  a b so rp tio n s  of th e  co b a lt s a l t  d e s c r ib e d  in  s e c tio n  3 .7 .

A sk e tc h  of th is  m agnet is  g iven  in  fig . 11-31. A c ry o s ta t  f i lle d  w ith  h e liu m
o r  hyd ro g en  ju s t f i ts  in s id e  th e  m agnet, th e  spoo l hav ing  an  in n e r  d ia m e te r  of
65 m m ; an  o u te r  g la s s  is  not needed  b ecau se  the w hole m agnet be ing  im m e rse d
in  liqu id  n itro g e n .

T he m e a s u re m e n ts  re p o r te d , have b een  done by u s in g  th e  r e c t i f ie r  and
s ta b i l iz e r  u sed  fo r  th e  w a te r  coo led  m ag n et. Due to  a d if fe re n t im pedance  the
s ta b i l iz e r  o sc i lla te d  o cca s io n a lly , w hich p ro d u ced  i r r e g u la r i t ie s  in  o u r  m e a s u re 
m e n ts . T he r e s u l t s  o b ta ined  on som e m an g an e se , c o p p e r and c o b a lt sp e c im e n s
have b een  en co u rag in g , how ever, fo r  a  f i r s t  a tte m p t and  a r e  g iven . The m ax im um
fie ld  o b ta ined  w as 15 kO e. F o r  each  m e a s u re m e n t (cycle  tim e  90 seco n d s) we
u se d  2 l i t e r s  of liqu id  n itro g e n  and a  w aitin g  tim e  of 2 0 m in u te s  w as needed
betw een  m e a s u re m e n ts  in  o rd e r  to  co o l th e  m ag n e t.

T he in ten tio n  is  u lt im a te ly , to  o p e ra te  the  m ag n e t on a  136 V b a tte ry .
T he m agnet w ill be co n n ec ted  to  the  b a tte ry  by m e a n s  of a r e la y  a c tiv a te d
sw itch , the  tim e  c o n s ta n t of th e  m ag n e t and th e  a s s o c ia te d  supp ly  is  e s tim a te d
to  be 0.7 s e c . and  the f ie ld  w ill r e a c h  30 kOe in  1.5 s e c . A t th a t m om en t the
m ag n e t w ill be sw itch ed  off and  th e  c u r r e n t  w ill decay  in the fo llow ing  second .
A la rg e  s i lic o n  d iode, c ap ab le  of conduc ting  400 A is  co n n ec ted  a c r o s s  the
m agnet and ta k e s  th e  "b a c k -sw in g " . T he r e g i s t r a t io n  of the m e a s u re m e n ts  w ill
have to  be done p h o to g rap h ica lly . T he m e a s u re m e n t a s  p ro p o se d  w ould re q u ire
0.3 l i t e r  liqu id  n itro g e n  w ith  an  a n tic ip a te d  w aitin g  tim e  betw een  m e a s u re m e n ts
of five  m in u te s . T he u se  of th e  b a tte ry  w ill e lim in a te  the o sc i lla tio n s  of the
s ta b i l iz e r  en co u n te red  in  th e  f i r s t  e x p e r im e n ts . In  th is  m a n n e r  we hope to
o b ta in  3 0 kOe w ith  a 50 kW pow er supp ly . In c o n tr a s t  a  co n v en tio n a l m agnet
(which could  be o p e ra te d  con tinuously ) would r e q u i r e  an  e s t im a te d  pow er of
500 kW.

C o n tro l a p p a ra tu s  fo r  th is  type  of o p e ra tio n  is  u n d e r c o n s tru c tio n . The
sh o r t  tim e  in te rv a ls  r e q u ire  au to m a tic  tim in g  equ ipm en t and p ro v is io n s  a r e  n e s -
e s s a r y  to  p re v e n t th e rm a l  o v e rlo ad in g .

2. 16 COR R EC TIO N  FO R  S P IN -SPIN  ABSO RPTION  PEAKS

In som e of o u r s a l ts  we w e re  ab le  to  m e a s u re  sp in -s p in  re la x a tio n  p h e 
nom ena. S p in -sp in  re la x a tio n  ap p e a re d  in o u r a b so rp tio n  c u rv e s  a s  s m a ll  p eak s
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and an  a s s o c ia te d  red u c tio n  of th e  X'/XQ could  be d e te c te d . A ty p ic a l ex am p le  is
show n in  fig . III-14 , in  w hich th e  a b so rp tio n  c u rv e  is  m ag n ified  3 x in  r e la t io n  to
the d is p e rs io n . F ro m  th e s e  c u rv e s  we can  obtain :

a) x"/x D fo r  the p eak  a b so rp tio n
b) A H defined  h e re  a s  the to ta l  w idth  of the a b so rp tio n  cu rv e

c) H' the v a lu e  of th e  f ie ld  (in O e rs te d s )  c o rre sp o n d in g  to  th e  a b 
so rp tio n  p eak  in  th e  x"/xo c u rv e .

In s p in - s p in  re la x a tio n  phenom ena , the a b so rp tio n  is  n o rm a lly  e x p re s s e d  a s  a
f r a c tio n  of th e  ad ia b a tic  su sc e p tib ili ty :

n it b  u 2
* 2L Ö l E .  (2-3
x ad Xo ^

M
T he va lu e  of th e  f ie ld  H" fo r  w hich ^ —  is  a  m ax im um , d o es not c o in 

c ide  w ith  the va lu e  H' fo r  th e  p eak  in  th e  c u rv e  fo r  th e  s p in -s p in  ab so rp tio n .
*o

In th e  fo llow ing , we w ill c a lc u la te  th e  c o r r e c t io n  fo r  th is .  In a l l  p r a c t i 
c a l c a s e s  s p in -s p in  re la x a tio n  o c c u rs  in  o u r  fre q u e n c y  ra n g e  a t  f ie ld s  H > b /C
(2-37).

A ssu m e  a  G au ss ian  a b so rp tio n  c u rv e  g iven  by:

(e x p re s se d  in  O e rs te d s )  a t h a lf  of th e  m ax im u m  sp in -sp in
a b so rp tio n .

^ad
II

w ith  a a* 0,6 (2-38)

U sing  (2-36) and (2-37) in  (2-38) y ie ld s :

r
L V O .6 1 H / Jc  „2 (2-39)

g j j ( x " / x o) = 0 g iv e s  if

{ l  + 0 , 3 6 ( 4 J ^ } (2-40)

s  A H n 2

A ty p ic a l v a lu e  fo r  0.36 ( is  of th e  o rd e r  of 0.01.
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C H A P T E R  3

D ESC R IPTIO N  O F THE MEASURING RESULTS

3. 1 INTRODUCTION

In th is  c h a p te r  we w ill give th e  r e s u l t s  of som e m e a s u re m e n ts  m ade w ith
the b rid g e  d e s c r ib e d  in  c h a p te r  2.
The fo llow ing  sp e c im e n s  have b een  exam ined :

1. A s e r ie s  of 26 sp e c im e n s  of Mn(NH4 )2 (S04 )2 _ 6H20 .
2. G ado lin ium  su lp h a te : Gd2 (S04 )3 . 8H20 .
3. A s e r ie s  of c o p p e r s a l ts

a . c o p p e r am m o n iu m  tu tto n  s a l t :  Cu(NH4 )2 (S 04 )2 . 6H20 .
b. c o p p e r c e s iu m  tu tto n  s a lt:  Cu C s 2 (S 04 )2 _ 6H20 .
c . c o p p e r su lp h a te : C u S 0 4 .5 H 20 .
d. c o p p e r  p o ta s s iu m  c h lo r id e : Cu K ^Cl^. 2H20 .

4. C obalt am m on ium  tu tto n  s a l t :  Co(NH4) 2 (S04 )2 .6 H  O.

U n less  o th e rw ise  sp e c ifie d , a l l  sp e c im e n s  have been  p re p a re d  f ro m  A n a la r  A n a
ly t ic a l  R eag en ts .

In s e v e r a l  c a s e s  we have added im p u r i t ie s  to  th e  c r y s ta l s .  If a  p e r c e n 
tag e  of im p u r i t ie s  is  s ta te d , i t  a lw ays r e f e r s  to  th e  p e rc e n ta g e  of im p u r i t ie s  in
th e  aqueous so lu tion , f ro m  w hich th e  c ry s ta l  w as grow n.

T he r e s u l t s  of m e a s u re m e n ts  w ill, in  g e n e ra l , be g iven  in  g ra p h s . S ym 
b o ls  of d if fe re n t shape  w ill be u sed  to  in d ica te  a v a r ia tio n  of a  p a ra m e te r ,  w hile
the  fo llow ing  cod ing  w ill be u sed  to  denote th e  m ethod  by w hich the  r e s u l t  w as
ob ta ined .

4 R e su lts  o b ta ined  by " ru n n in g  m ethod" i . e .  by slow ly  w a rm in g  up the
c ry o s ta t  f ro m  a  low te m p e ra tu re  (open sy m b o ls) .

A The sp e c im e n  h a s  been  m e a s u re d  a t 6 to  15 fre q u e n c ie s  a t a  c o n stan t
te m p e ra tu re  and th e  re la x a tio n  c o n s ta n ts  have b een  d e riv e d  f ro m  th e se
c u rv e s  (c lo sed  sy m b o ls).

A The re la x a tio n  tim e  h a s  been  m e a s u re d  w ith  th e  p u lse -m e th o d  (half
open sy m b o ls) .
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In m o s t of o u r m e a s u re m e n ts  we ob ta ined  good C a s im ir -D u  P r é  r e l a x a 
tio n  c u rv e s , w hich w e re  checked  by c o m p a r in g  th e  c u rv e s  ob ta ined  w ith  a  s e r i e s
of s ta n d a rd  c u rv e s .  W hen th e  re la x a tio n  c u rv e s  w e re  b ro ad en ed  we u se d  in som e
c a s e s  th e  p a ra m e te r  d * a s  u sed  by VAN DEN B R O E K 64 to  in d ica te  the d e g re e
of b road en in g .

T he g e n e ra l sym bo l u sed  to  denote  re la x a tio n  tim e  is  p and i s  e x p re s s e d
in  seco n d s , p is  the  in v e r s e  of th e  fre q u e n c y  a t w hich the  a b so rp tio n  co e ff ic ien t
x'VXq in  a  C a s im ir -D u  P r é  cu rv e  h a s  i t s  m ax im u m  va lu e  and th e  d is p e r s io n  c o e f 
f ic ie n t x' /x o is  a t "h a lf  v a lu e"  (p a ra g ra p h  1.4). If bo th  p a ra m e te r s  w e re  a v a i l 
ab le  and good C .d .  P . c u rv e s  w e re  ob ta ined  we give th e  a v e ra g e  of p& and pd _
In o th e r  c a s e s  we in d ica te  th e  ch o ice .

The fo llow ing  a b b re v ia tio n s  have b een  u sed :
P, Pg|  = s p in - la t t ic e  re la x a tio n  tim e

Pa  = s p in - la t t ic e  re la x a tio n  tim e  d e te rm in e d  fro m  the  a b so rp tio n
cu rv e

Pd = s P in -la ttice  relaxation  tim e determ ined from  the d isp ersio n
curve

Pgg = sp in -s p in  re la x a tio n  tim e

Phf = s p in - la t t ic e  re la x a tio n  tim e  co n s ta n t, u sed  to  in d ica te  r e l a x a 
tio n  tim e  fo r  c r y s ta l s  w ith  po o r h ea t conduction  (VAN DEN
B R O E K 23).

In th e  p u lse  m e a s u re m e n ts  fo r  long re la x a tio n  t im e s  one o b ta in s  d ir e c t ly
a  t im e -c o n s ta n t t , w hich is  c o n v e rted  in to  p by the  re la tio n  p = 2 t t t . T he r e s u l t s
have b een  p lo tted  in  th e  fo llow ing  m an n er:

1. x '/x .0 and  x " / x o fo r  th e  s ta n d a rd  re la x a tio n  c u rv e s ,
2. log  p a g a in s t lo g T  and logp a g a in s t logH ,

2
3. l°gP gs against H for the sp in -sp in  relaxation .

3 .2  M EASUREM ENTS ON MANGANESE TU TTO N  SALT

T he fo llow ing  sp e c im e n s  have b een  m e a s u re d  (a ll excep t sp e c im e n  a,
w e re  f ro m  a n a la r  ch e m ic a ls ) :

a) S pec im en  a, und ilu ted  Mn(NH4 )2 (S 04 )2 . 6H20 ,
b) S pec im en  b, u n d ilu ted  Mn(NH4 )2 (S04 )2 . 6H20 .
c) S pec im en  a , r e c r y s ta l l iz e d .
d) S p ec im en  b, w ith  1% K M n04 added .
e) S pec im en  e, und ilu ted  Mn(NH4 )2 (S 04 )2 .6 H 20 .
f )  S pec im en  s im i la r  to  b, d ilu ted  w ith  Z n  1:6 .
g) S pec im en  s im i la r  to  b, d ilu ted  w ith  Z n  1:58.

2 +h) 1% Co added  to  c h e m ic a ls  f ro m  the sam e  c o n ta in e r  a s  u sed  fo r  b.
i )  0. 1% C o2+ " "
j )  1% F e 2+ " " "

k) 0.1% F e 2+ " " "



1 ) 1% Co added  to  c h e m ic a ls  f ro m  th e  sam e  c o n ta in e r  a s  u sed  fo r  b
m e a s u re d  w ith  th e  " ru n n in g  m e th o d " .

m ) C o n tro l sp e c im e n  fo r  h th ro u g h  1, s im i la r  to  b.
2 +

n  ) 1% Cu added  to  c h e m ic a ls  f ro m  the sam e  c o n ta in e r  a s  u se d  fo r  e
2 +

o ) 1% N i added  to  c h e m ic a ls  f ro m  th e  sa m e  c o n ta in e r  a s  u sed  fo r  e.
u ) A s e r i e s  of fo u r  sp e c im e n s  in  w hich  d if fe re n t am o u n ts  of KMnO

4
w ere  added  (0.1%, 1%, 3%, 10%) to  a  so lu tio n  of sp e c im e n  b.

v ) A s e r ie s  of se v e n  sp e c im e n s  in w hich th e  fo llow ing  p e rc e n ta g e  of
th e  NH4 ions w e re  re p la c e d  by K+ ions: 0%, 1.35%, 10%, 50%, 90%,
99%, 100%. F o r  th e  1.35% sp e c im e n  c h e m ic a ls  f ro m  th e  sa m e  c o n ta i
n e r  a s  u sed  fo r  b w e re  u sed , f o r  th e  o th e r  sp e c im e n s  a s  u sed  fo r  e.

M anganese tu tto n  s a l t  w as s e le c te d  fo r  th e  f i r s t  m e a s u re m e n ts  w ith  the
b rid g e  fo r  s e v e r a l  r e a s o n s .  It h a s  a  re la t iv e ly  h igh  su s c e p tib i l i ty  (S = 5 /2 ) and
i t s  d ev ia tio n s  f ro m  is o tro p y  and C u r ie 's  law  a re  sm a ll ;  p re v io u s  m e a s u re m e n ts
show ed th a t in  a  la rg e  te m p e ra tu re  in te rv a l th e  re la x a tio n  t im e s  fa l l  w ith in  the
ra n g e  of the  b rid g e .

A fte r  th e  f i r s t  m e a s u re m e n ts  on sp e c im e n  a , we dec id ed  to  con tinue
r e s e a r c h  on th is  s a l t  in  an  a tte m p t to  so lv e  som e q u e s tio n s  w hich had a r i s e n
e a r l i e r  in  th e  s tu d y  of p a ra m a g n e tic  re la x a tio n ; th e  m ag n e tic  s tre n g th  and  the
is o tro p y  m ade  it  a  good s a l t  fo r  th is  seq u en ce  of e x p e r im e n ts .

3 . 2 . 1  M e a s u r e m e n t s  o n  s p e c i m e n s  o f  c o n c e n t r a t e d  m a n g a n e s e
t u t t o n  s a l t

In th e  N e th e rla n d s  th e  re la x a tio n  phenom ena of th e  s a l t  have b een  m e a s u 
re d  by s e v e r a l  in v e s tig a to rs .  B R O E R 65 m e a s u re d  s p in - la t t ic e  re la x a tio n  a t n i 
tro g e n  and  ro o m  te m p e ra tu re s .  B I J L 6 and VAN D ER  M A R E L 7 m e a s u re d  m a n 
g an ese  tu tto n  s a l t  a t h e liu m  te m p e ra tu re s  by m e a n s  of b rid g e  m e th o d s  and w ere
ab le  to  do a few  m e a s u re m e n ts  in  th e  h y d rogen  ra n g e . BÖLG ER 9 s tu d ied  th is
s a l t  a t h e liu m  te m p e ra tu re s  w ith  the s a tu ra tio n  m ethod . V ER ST E L L E  5 stu d ied
s p in -s p in  re la x a tio n .

T he a g re e m e n t be tw een  th e  r e s u l t s  a t  h e liu m  and h y d ro g en  te m p e ra tu r e s
of th e  d if fe re n t in v e s tig a to rs  w as p o o r, and  th e  co n n ec tio n  be tw een  th e  he liu m
and h y d ro g en  r e s u l t s  gave d if f ic u ltie s . T he m o s t im p o rta n t p r io r  r e s u l t s  have
b een  in d ica ted  in  o u r g ra p h s . C om bin ing  th e  h igh and the low te m p e ra tu re  d a ta
in d ic a te s  a  S -sh ap ed  d ëpendency  (G O R T E R 10).

S am ple a  w as ob ta ined  f ro m  M r .C . VAN R U N , who had  grow n  la rg e  c r y s ta l s
fo r  th e rm o m e try  p u rp o s e s . T he c r y s ta ls  w e re  m ade  f ro m  s ta n d a rd  la b o ra to ry
c h e m ic a ls  (lab . B. D. H. re a g e n t) . T he c r y s ta ls  w e re  grow n  a t  3 0 °C  in  a  te m p e 
r a tu r e  c o n tro lle d  oven  and  w eighed  be tw een  5 and 50 g ra m s . We m e a s u re d  s e 
v e r a l  sp e c im e n s  w eigh ing  a p p ro x im a te ly  1 g ra m  each  in  th e  te m p e ra tu re
ra n g e  f ro m  4 K - 300 K. T he r e s u l t s  of a  s e r i e s  of m e a s u re m e n ts  on a  s in g le
c r y s ta l  (w eight 1.13 g) in  th e  K2 d ire c tio n  a r e  show n in  f ig . I I I - l .  T h re e  d if fe re n t
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c r y s ta l s  have b een  m e a s u re d  in  th e  K j, K^, and Kg d ire c tio n s ;  a l  w e re  cu t f ro m
the  sa m e  la rg e  c r y s ta l .

T h e se  m e a s u re m e n ts  a l l  p ro d u ced  a  p -T  dependency  a s  in d ica ted  in  fig .
I I I - l ,  w ith  re la x a tio n  t im e s  d if fe r in g  by le s s  th a n  10% fo r  th e  th r e e  c r y s ta l s .  In
the fo llow ing  d e s c r ip tio n  we w ill com bine  th e s e  r e s u l t s .

Fig. m -1 .

U sec

lO O O

O  specim en  a
© specim en  d 4 2 °K
+  specim en  d 3 .0  °K

5 0  1 0 0  2 0 0  °K

p ( T )  and d ^ H ) for
specim ens a and d of
M n C N H 4 ) 2 ( S 0 4 ) 2 . 6 H j O

* specimen b
-<>♦- „ a 7 5 0 Oe
o  • „ a 4 2 5 0 Oe
□ ■ „ d 7 5 0 Oe

X „ d 4 2 5 0 Oe

T h re e  d if fe re n t re g io n s  c a n  be o b se rv e d  in  fig . I I I - l ,  tw o re g io n s  w ith  a
-3  -5f a i r ly  h igh te m p e ra tu re  dependency  (T - T  ) co n n ec ted  by a  te m p e ra tu re  re g io n

w h ere  the  re la x a tio n  tim e  i s  p r a c t ic a l ly  independen t o f te m p e ra tu re .
In fig . I I I - l  th e  p(T) c u rv e  is  d raw n  fo r  tw o v a lu e s  of th e  m ag n e tic  f ie ld

(750 Oe and  4250 O e). T h e se  a r e  d e riv e d  f ro m  m e a s u re m e n ts  w ith  th e  " ru n n in g
m eth o d ". We m ade  a  fu ll s e t  of m e a s u re m e n ts  a t 4 .2 °K  and 20.3°K . On one of
th e  o th e r  sp e c im e n s , we m e a s u re d  two h y d ro g en  and tw o n itro g e n  s e t s .

We w ill d e s c r ib e  th e  th r e e  d if fe re n t re g io n s  in  m o re  d e ta i l .
1. T he h igh  te m p e ra tu re  re g io n  (T >30°K ) can  be d e s c r ib e d  by a  dependency  of

T  ^ betw een  30°K  and 5 0°K, a t  n itro g e n  te m p e ra tu re s  we m e a s u re d  a  T
dependency . T he re la x a tio n  c u rv e s  have good C .d .  P . sh ap e . T he p -H  d e p e n 
dency  a t n itro g e n  te m p e ra tu r e s  is  in d ica ted  in  f ig .I I I -2 .  T he re la x a tio n  canno t
be d e s c r ib e d  by th e  B ro n s -V a n  V leck  fo rm u la , th e  b e s t f i tt in g  p -v a lu e  is  0 .35,

65but th e  fie ld -d e p en d en cy  a t h igh f ie ld s  is  too  s te e p . BRO ER found p = 0.50
a t 90°K .

2. T he P(T) dependency  is  f a i r ly  w eak  in  the re g io n  f ro m  8°K  - 30°K . In the  h y -



■  2 0 .3  °K

lOO H 2 0 0 5 0 0  lOOO 2 0 0 0  Oe 5 0 0 0

p(H) (or spec imen  a  o t  Mn(NH4) 2 (S 0 4 ) 2 . 6 H 2 0  with
unknown im pur it ie s

_ o  Q
d ro g en  ran g e  p<*T ' . The re la x a tio n  c u rv e s  a r e  good C .d .P .  c u rv e s
(d* < 0.05). T he p(H) cu rv e  is  g iven  in f ig .I I I -2  and canno t be d e sc r ib e d  by
a  B ro n s -V an V leck  fo rm u la  e ith e r .

3. The th i rd  re g io n  (T < 8°K) is  a g a in  c h a ra c te r iz e d  by a  s te e p  p - T  dependency .
B etw een  3°K  and 4°K  we find  pccT"® w ith  3 < « < 4. We find , how ever, a t
th e s e  liqu id  h e liu m  te m p e ra tu re s  c o n s id e ra b le  d ev ia tio n s  fro m  C. d . P . c u rv e s ,
the d ev ia tio n  is  la r g e s t  a t h igh  dc m ag n e tic  f ie ld s  (Hc > 1250 O e). In f ig . I I I - l
we give d* fo r  d if fe re n t v a lu e s  of the co n s tan t f ie ld  Hc a t  4 .2°K .

We ob ta ined  be tw een  4 °  and 20° s e v e r a l  v a lu e s  fo r  p by m ean s  of the
ru n n in g  m ethod . F o r  low f ie ld s  (H ,<  1250 Oe) good e s t im a te s  a r e  ob ta ined , fo r
h igh f ie ld s  th e  d ev ia tio n s  f ro m  tru e  C . d . P . c u rv e s  fo r  te m p e ra tu re s  below  8°K
a re  so  la rg e  th a t th e  s ta n d a rd  a b so rp tio n  c u rv e , if f itte d  th ro u g h  two p o in ts ,
y ie ld s  too low  a  va lue  fo r  x " / ^  and the m ethod  canno t be u sed . T he knee of the
c u rv e  is  a p p ro x im a te ly  a t 8 K and th e  t r a n s i t io n  in  beh av io u r s e e m s  to  be fa i r ly
sh a rp . VAN D ER  M A R E L 7 (sam p le  q) r e p o r te d  a T ~ 5 dependency  and good
C .d .  P . c u rv e s  in  the h e liu m  ra n g e . T he a b so lu te  v a lu e s  of h is  re la x a tio n  tim e s
w e re  a fa c to r  10 lo n g e r  than  o u r  v a lu e s , w hile  th e  v a lu e s  ob ta ined  by B I J L 6
(sam p le  s) w e re  m uch  h ig h e r  s t i l l .  O u r r e s u l t s  (inc lud ing  m o re  m e a s u re m e n ts
to  be d e sc r ib e d )  and the r e s u l t s  of B IJL  and  VAN D ER M AREL have b een  g iven
in  f ig .I I I -3 .

S e v e ra l r e s e a r c h e r s  in  th is  f ie ld  ex p ec ted  th a t im p e rfe c tio n s  would
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9 7 6 5 4  3 2

■ 1 , 1 . 1 1 1 1

a : c o n c e n tra te d  sam ple
Hc in  Oc

7 5 0 k 0.1 °/o F e "a d d e d
Hc in  Oe

7 5 0
b; co n c e n tra te d  sam ple 9 0 0 1 1°/o C o ‘ added , ru n n in g  m e tho d 7 5 0
C: specim en a re c ry s ta ll iz c d 7 5 0 m c o n tro l specim en as b. f o r  h - th ro u g h  L 9 0 0
d: as b 1%  KMnC> 4  added, see f ig  IH1 7 5 0 n 1°/o Cu added to  e ▼

\ ° l o  N i added to  e ^
7 5 0

e : c o n c e n tra te d  sam ple  t 7 5 0 o 7 5 0
f :  d ilu te d  w ith  Z n ( Z n :M n _ 6 :0
g: d ilu te d  w ith  Zn (Z n :M n « 5 B '. l)

9 0 0
9 0 0 q v.d. M a r e i , u n d ilu te d  specim en

v.d. M a re i .d ilu te d  w ith  Z n ( l:8 8 )
B y l.u n d ilu te d  specim en ■

9 0 0
h: l°/o  C o added y t j t 7 5 0 r 9 0 0
i : 0.1 °/o C o‘ *addcd 7 5 0 s 9 0 0
j :  1°/o Fc** added ©♦ 7 5 0 t B ro e r , u n d ilu te d  s p e c im e n  a 7 5 0

p (T )  f o r  d i f fe r e n t  spec im ens o f  Mn ( N H 4 ) 2

com puted  using 0 - 3 6 /  - - _____

(S  O 4 )  2  6 H 2 0

s h o rte n  th e  re la x a t io n  t im e s ;  m o s t ly  th e y  r e f e r  to  p h y s ic a l im p e r fe c t io n s .  T o

c h e c k  th is ,  we o b ta in e d  a new  s p e c im e n  (p re p a re d  f r o m  A n a la r  c h e m ic a ls )  and

th e  m e a s u re d  c u rv e  b is  a ls o  d ra w n  in  f i g . I I I - 3 .  T he  re la x a t io n  t im e s  o b ta in e dg
a re  c o m p a ra b le  to  those  o b ta in e d  by B IJ L  . A t  a lo w  h y d ro g e n  te m p e ra tu re

(T  = 1 4 .4 °K ) we w e re  ab le  to  o b ta in  a good e s t im a te  o f th e  r e la x a t io n  t im e  by

e x tra p o la t io n  o f  o u r  m e a s u r in g  r e s u lts .  A t  2 0 ° K  good C .d .  P . c u rv e s  a re  o b 

ta in e d ; a t 1 4 .4 °K  we ca n n o t d e te rm in e  th is  due to  la c k  o f da ta . T he  p- H  d e 

p e n dency  is  g iv e n  in  f ig . I I I - 4 a n d  ca n  be d e s c r ib e d  v e r y  w e l l  by  the  B ro n s -V a n

V le c k  fo rm u la  w ith  p = 0 .5 . A t  7 7 ° K  we a ls o  m ade a c o m p le te  m e a s u re m e n t.

In  c o n tra s t  to  s p e c im e n  a we found  a B ro n s -V a n  V le c k  c h a ra c te r  w ith  p  = 0.45
65

( f ig .  Ü I-4 ) ;  th is  c o r r e la te s  re a s o n a b ly  w ith  m e a s u re m e n ts  done by  B R O E R
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w ho f in d s  p = 0.5 a t 9 0 °K .

—  I

IOO 2 0 0  H 1 5 0 0 1 0 0 0  2 0 0 0 5 0 0 0  Oe

p(H) fo r  re la t iv e ly  pure V 1 .3 0  °K c 4 .1 0  °K
specim en of A 1 81 °K • 2 0 .2  °K
Mn(NH4 ) 2 (S0 4 ) 2. 6 H20 ,
sam ple b

D 3.10 °K 0 7 7  °K

In  the  h e liu m  ran g e  we used  the  p u ls e  m e th o d  and o b ta in e d  pocT” 3 ,5 . T he

p - H  dependency , h o w e v e r, changes d r a s t ic a l ly  a t d i f fe re n t  h e liu m  te m p e ra tu re s

and is  in d ic a te d  in  f ig .  I I I - 4 .  T h e  o th e r  p o in ts  in  th e  g ra p h  I I I - 3  have been  d e te r -
m in e d  b y  th e  ru n n in g  m e th o d .

T he  p(T) c u rv e  c a n  a g a in  be d iv id e d  in to  th re e  p a r ts :

1) a s te e p  p a r t  in  th e  ra n g e  f r o m  1 4 ° -4 0 ° K  ( pcc T ~ 5), w h ile  a t n it ro g e n  te m p e r 

a tu re s  the  s lo p e  is  re d u c e d  to  a v a lu e  c lo s e  to  T  3 .

2) a t r a n s i t io n  re g io n  so m e w h e re  be tw een  4 °  and 1 4 °K  w ith  a s m a l l  s lo p e .

3) a r a th e r  s te e p  p a r t  in  th e  h e liu m  ra n g e  ( p ccT- 3 ).

T h e  d if fe re n c e  be tw een  th e  r e la x a t io n  t im e s  in  c r y s ta ls  a and b is  la rg e

a t th e  lo w e r  te m p e ra tu re s .  In  s u rv e y in g  the  l i t e r a tu r e  one o fte n  f in d s  th a t d i f fe re n t

s p in - la t t ic e  r e la x a t io n  t im e s  a re  re p o r te d  f o r  th e  sam e s a lt  u n d e r m o re  o r  le s s

id e n t ic a l c o n d it io n s . F u r th e rm o re  d e v ia t io n s  o f C .d .  P . r e la x a t io n  c u rv e s  a re

o fte n  o b s e rv e d ,m a in ly  a t lo w  te m p e ra tu re s .  In  m o s t ca se s  i t  is  no t u n d e rs to o d

w h y  th is  happens. H e re  we had m e a s u re m e n ts  a v a ila b le  f r o m  th re e  s p e c im e n s ,

in  w h ic h  the  above m e n tio n e d  d i f f ic u l t ie s  w e re  fo u nd  in  a d d it io n  to  an  a n o m a ly  ’

in  th e  p (T ) c u rv e .  I t  w as th o u g h t th a t d is c o v e r in g  th e  d if fe re n c e s  be tw een  s a m 

p le s  a , b , q , and s m ig h t g iv e  a c lu e  to  th e  s o lu t io n  o f  th e  g e n e ra l p ro b le m  and



th e  m e a s u re m e n ts  to  be d e s c r ib e d  below  had th is  p u rp o se . T he f in a l co n c lu s io n
d o es not n e c e s s ita te  th e  d e s c r ip tio n  of a l l  th e s e  e x p e r im e n ts , but som e of the
r e s u l t s  a r e  in te re s t in g  f ro m  o th e r  p o in ts  of v iew .

S e v e ra l a u th o rs , inc lu d in g  VAN V L E C K 66’ ^ 6 have su g g es ted  im p u r i t ie s
and c r y s ta l  im p e rfe c tio n s  to  be th e  r e a s o n  fo r  i r r e p ro d u c ib i l i ty  of m e a s u r in g
r e s u l ts ,  but l i t t le  w o rk  h a s  been  done to  p inpo in t the m e c h a n ism . T he te r m s
im p u r i t ie s  and im p e rfe c tio n s  sp a n  a la rg e  ran g e  of p o s s ib i l i t ie s  and  o u r e x p e r i 
m e n ts  can  be d iv ided  in to  the  fo llow ing  c a te g o r ie s :

A: P re s e n c e  of m a g n e tic a lly  a c tiv e  im p u ri ty  ions .
B: C ry s ta l  d e fe c ts , c ra c k s ,  d is lo c a tio n s , v a c a n c ie s , in c lu s io n  of a d d itio n a l, o r

sh o r ta g e  of c r y s ta l  w a te r  m o le c u le s . T h ese  i r r e g u la r i t ie s  could  change the
e le c t r ic  f ie ld  a t  th e  a s s o c ia te d  m ag n e tic  ion s and in fluence  re la x a tio n  t im e s .

C: P re s e n c e  of m a g n e tic a lly  a c tiv e  ions , id e n tic a l to  th e  m a jo r i ty  of the  m a g 
n e tic a lly  a c tiv e  ions but w ith  a d if fe re n t v a len cy .

D: N o n -m ag n e tica lly  a c tiv e  ions , in flu en c in g  the re la x a tio n  tim e  by m ean s  of
e le c t r ic  f ie ld s  o r  by o th e r  m e c h a n ism s .

T he r e s u l t s  of m e a s u re m e n ts  fo llow ing  A a re  g iven  in  s e c tio n  3 .2 .4 ,  the
g e n e ra l  co n c lu s io n  f ro m  th e se  m e a s u re m e n ts  is  th a t f ro m  th e  e le m e n ts  su rv ey ed ,
th e  im p u rity  le v e l had to  be a t  le a s t  1% to  p ro d u ce  d if fe re n c e s  in  re la x a tio n  tim e
a s  ex h ib ited  by sam p le  a  in  r e la tio n  to  sam p le  b. T o te s t  th is  fu r th e r ,  we o b 
ta in ed  an  X - ra y  f lu o re sc e n c e  sp e c to g ra p h ic  a n a ly s is *  of sam p le  a . T h is  r e 
v ea le d  th a t no e le m e n ts  of the tr a n s i t io n  g roup  w ith  an  e s t im a te d  c o n c e n tra tio n
la r g e r  th an  a few  p a r t s  p e r  m illio n  cou ld  be found in  the  s a m p le .

O nly one e x p e rim e n t h a s  b een  done to  t r y  to  find  if th e  c a u se  m en tioned
in  B ( c r y s ta l  d e fe c ts , e t c . ) cou ld  be re s p o n s ib le  fo r  the  d if fe re n c e  betw een  the
sa m p le s . The only known d if fe re n c e  betw een  a and b w as th e  m ethod  of g row ing
the s a m p le s . Sam ple a  w as g row n  a s  a  la rg e  c r y s ta l  a t a  c o n tro lle d  te m p e ra tu re
of 3 0°C , b w as grow n a t  f lu c tu a tin g  ro o m  te m p e ra tu re .  T h e re fo re  we. d is so lv e d
a  and g rew  c r y s ta l s  u n d e r the sam e  co n d itio n  a s  u sed  fo r  b. We th u s  ob ta ined
sp e c im e n  c . T he m e a s u r in g  r e s u l t s  a t tw o hyd ro g en  te m p e ra tu re s  a r e  in d ica ted
in  fig . III-3  and the d if fe re n c e  betw een  the re la x a tio n  tim e s  of c and a is  s m a ll .

T o t e s t  p o s s ib il i ty  C we added KMnO^ to  the so lu tio n  to  a c t  a s  an  oxy-
d iz e r . T he ad d itio n  of KMhO^ is  known to  p ro d u ce  m an g an ese  ions w ith  h ig h e r
v a le n c ie s . T R E A D W E L L 66 c la im s  th a t Mn6+ is  m o s t lik e ly  to  fo rm , although
h ig h e r  v a le n c ie s  a r e  p o s s ib le . We p re p a re d  sp e c im e n  d, m ade w ith  c h e m ic a ls
u sed  fo r  sp e c im e n  b and w ith  the ad d itio n  of KMnO^ su ch  th a t fo r  e a c h  100 Mn
a to m s due to  m an g an ese  su lp h a te  we w ould ex p ec t one Mn a to m  due to  th e  KMnO .

4
A fte r  th e  ad d itio n  of KMnO^ a b ro w n  re s id u e  a p p e a re d  w hich m ay  have been
AhigOgi th is  w as rem o v ed  by  f i l te r in g . C ry s ta ls  w e re  grow n fro m  th e  so lu tio n .

* We a r e  g ra te fu l to  the U n iv e rs ity  of D u rh am , E ng land , th ro u g h  th e  in t e r 
m e d ia ry  of D r. D . A . C u r tis  fo r  p e rfo rm in g  th e  a n a ly s is .
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T h ese  c r y s ta ls  w ere  m e a s u re d  and the r e s u l t s  a r e  in d ica ted  in  f ig .I I I -1 . The
r e s u l t s  fo r  sp e c im e n  b have a ls o  b een  in d ica ted  in  f ig .I I I -1  fo r  c o m p a riso n . At
h y d ro g en  te m p e ra tu re s  we ob ta ined  good C .d .  P . c u rv e s .  W ith the ru n n in g  m e 
thod  we o b ta ined  a  few  p o in ts  and th e  sp e c im e n  h a s  been  m e a s u re d  a t  3 .0°K  and
4.2 K w ith  the  H a r ts h o rn  b rid g e . In  the h e liu m  ran g e  we ag a in  ob ta ined  la rg e
d ev ia tio n s  f ro m  C . d . P . c u rv e s  a t h igh m ag n e tic  f ie ld s  a s  show n in  fig . I I I - l  The
s im i la r i ty  betw een  th e  r e s u l t s  ob ta ined  f ro m  sp e c im e n s  d and a  is  s t r ik in g ,
e s p e c ia lly  if one o b se rv e s  th e  la rg e  d if fe re n c e  betw een  sp e c im e n  a  and b in
f ig .I I I -1  and r e m e m b e r s  th a t d h a s  been  d e riv e d  fro m  b by add ing  KMnO

o  j .  4
We t r ie d  to  c o n firm  th e  e x is te n c e  of Mn by m e a n s  of o p tic a l sp e c tro sc o p y ,
bu t w e re  not ab le  to  o b ta in  a  u sa b le  a b so rp tio n  in  a so lu tio n  of e ith e r  of the two
c r y s ta l s  w ith  th e  s p e c t ro m e te r  in  th e  O rg an ic  C h em ica l L a b o ra to ry  in L eiden

3+ 2 + JAn a tte m p t to  re d u c e  Mn to  Mn in  sam p le  a  by  b o ilin g  a  so lu tio n  of th is
sam p le  w ith  a lco h o l and su lp h u ric  a c id  added , fa ile d  to  p ro d u ce  a  d if fe re n t
re la x a tio n  tim e  (a f te r  g row ing  a c ry s ta l) .

It w as fu r th e r  thought to  be in te re s t in g  to  find  the  re la tio n  betw een  the
3 +c o n c e n tra tio n  of the a lleg ed  Mn ions and the re la x a tio n  t im e s . We tr ie d  to

e s ta b lis h  th is  by add ing  d if fe re n t am oun ts of KMnO^ to  c h e m ic a ls  fro m  the
sam e  c o n ta in e r  a s  u sed  fo r  b. T he r e s u l t s  of th e s e  m e a s u re m e n ts  on th e  s a m 
p le s  u  a r e  d isp lay ed  in  f ig .I I I -5 . R e lax a tio n  tim e s  w e re  m e a s u re d  a t  tw o hy-
d ro g en  te m p e ra tu re s  (14 .4°K  and 20.3°K ) a t  750 and 4250 Oe. No d ev ia tio n s
fro m  C .d .  P . c u rv e s  have b een  o b se rv e d  in  the h y d ro g en  ran g e . T he m e a s u re 
m e n ts  show  the re la x a tio n  tim e  in  th is  te m p e ra tu re  in te rv a l to  be s tro n g ly
dependen t on th e  KMnO^ c o n c e n tra tio n  and to  be p ra c t ic a l ly  te m p e ra tu re  in 
dependen t fo r  a ll  s a m p le s  ex cep t th e  one w ith  z e ro  and 0.1% KMnO^ added.
T h ese  la s t  tw o sa m p le s  w ere  a ls o  m e a s u re d  a t he liu m  te m p e ra tu re s .  T he pu lse
m e a s u re m e n ts  p roduced  good e -c u r v e s  in d ica tin g  th a t th e  re la x a tio n  m e c h a 
n is m  c a n  be d e s c r ib e d  w ith  a  sin g le  tim e  co n stan t.

A fte r  th e se  s e r i e s  of e x p e r im e n ts  we w e re  f a i r ly  confiden t in  hav ing
found, a t le a s t  e x p e rim e n ta lly , th e  cau se  of th e  an o m alo u s b eh av io u r of the
re la x a tio n  tim e s  a s  a  function  of te m p e ra tu re .  T o g e th e r  w ith  th e  s a m p le s  u
we had p re p a re d  one sam p le  in  w hich 1.35% K2SC>4 w as added  to  th e  b a s ic  c h e 
m ic a l so lu tio n  a s  u sed  fo r  sam p le  b. T he p u rp o se  of th is  sam p le  w as to  show
th a t th e  K ions in  th e  KMnC>4 did not g ive any  ch an g es  in  the  re la x a tio n  tim e .
T he ch an g es in  re la x a tio n  t im e s  p ro d u ced  by th is  sam p le  w e re , how ever, so
la rg e  th a t we m ade a new  s e r i e s  of s a m p le s  v  in  w hich the  fo llow ing  p e rc e n t
ag es  of NH4 in  the Mn(NH4 )2 (S04)2 . 6H20  w e re  re p la c e d  by K: 0, 1.35, 10,
50, 90, 99, 100%. T o p re p a re  th e se  s a m p le s  v  we had to  u se  a  new  c o n ta in e r
of m an g an ese  su lp h a te  (A nala r, M erck ), the  old c o n ta in e r  (a lso  A n a la r , M erck)
b e in g  em pty . A sam p le  e, m ade fro m  th is  m a te r ia l ,  w ithout any  im p u ri tie s
added, w as m e a s u re d  and th e  r e s u l ts  a re  show n in  fig . I l l -3 and f ig .I I I -5 .  We
se e  th a t in  th e  hydrogen  te m p e ra tu re  ra n g e , the re la x a tio n  tim e  of sam p le  e
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u : ind ica ted  p e rcen tag es  K Mn O4 v: indicated percentages NH4+_ions in

added t o  specim en b of Mn (NH4)2 CSQ4)2 6H 20  Mn (NH4}2 CS° ^ 2 -6 H2 Q replaced by K.ions

<H 0 o  % ■«•«< 1 ,4 % k- 0 %  (sam ple e")
a  •  o.i % 4 1 O %

♦  i % ► 5 0  % F ig .m -5 .
♦  3 % ▼ 9 0 %  I form ula and struc tu re
4  1 0 % ♦  9 9 %  j very doubtful

a  ■ 100% Mn K2 CS04}2 4 H 20

pC T ),p (H ) and d (H) for specim ens u and v o f  M n(NH4)2 ( S 0 4 )2 .6 H 20

is  s im i la r  to  the v a lu e s  ob ta ined  by VAN D ER  M AREL 7 (fig. III-3  sa m p le  q)
but. th a t th is  sam p le  is  som ew hat le s s  p u re  th an  sam p le  b, if we a s s o c ia te  long
re la x a tio n  t im e s  w ith  p u re  c h e m ic a ls .

A few  co m m en ts  should  be m ade  about th e  sp e c im e n s  v . C ry s ta ls  g row n
fro m  so lu tio n s  in w hich up to  50% of the NH^ ions w e re  re p la c e d  by K+ ions,
show ed a  r e g u la r  c r y s ta l  h ab it. The so lu tio n  in  w hich a l l  th e  N H ^ions w e re  r e 
p laced  by K+ions p ro d u ced  tin y  c r y s ta ls ,  excep t fo r  one la r g e r  one. In the l i t e r 
a tu r e  we w e re  not ab le  to  find  a  m an g an e se  p o ta s s iu m  tu tto n  s a l t ,  but found in 
s te a d  a  s a l t  w ith  th e  fo rm u la  Mn ^ ( S O ^  . 4H20  67, 68 ’ 69 (m an g an ese  leo n ite ) .
The am oun t of c r y s ta l  w a te r  in  o u r sam p le  w as p ro b ab ly  a s  g iven b y  th is  f o r 
m u la , be ing  checked  by w eighing  the c r y s ta l  b e fo re  and a f te r  h ea tin g  above an
open f la m e . The te m p e ra tu re  re a c h e d  by the sp e c im e n  is  unknown, but 4 w a te r
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m o le c u le s  w e re  re m o v e d . R ep lac in g  of 90% and  99% of th e  NH^ by K d id  not
p ro d u ce  c r y s ta l s  w ith  a  r e g u la r  a p p e a ra n c e .

T he r e s u l t s  of th e  m e a s u re m e n ts  a r e  show n in  f ig .I I I -5 . M ost s a m p le s
have b een  m e a s u re d  only a t  two h y d ro g en  te m p e ra tu re s  (14.4°K  and 20.3°K ),
and the  ob ta ined  re la x a tio n  t im e s  a r e  g iven . T hey  have b een  ob ta ined  by in 
s e r t in g  th e  s ta n d a rd  a b so rp tio n  cu rv e  th ro u g h  p lo tted  v a lu e s  fo r  the a b so rp tio n
a t fo u r  to  s ix  d if fe re n t f r e q u e n c ie s . In g e n e ra l  we could  not o b se rv e  d ev ia tio n s
fro m  C .d .  P . c u rv e s  in  th e  hyd rogen  ran g e  ex cep t fo r  th e  sp e c im e n s  v w ith  90%
and 99% K -io n s . In  th e s e  tw o c a s e s  we found a ls o  th a t the re la x a tio n  m e a s u r e 
m en ts  cou ld  be d e s c r ib e d  by  sup p o sin g  the sp e c im e n s  to  c o n s is t  of tw o se p a ra te
p a ra l le l  m ag n e tic  sy s te m s , one s y s te m  w ith  a  b /C  va lu e  c o m p a rab le  to  th e  m a n 
g an ese  leo n ite  s a l t  and the second  s y s te m  c o m p r is in g  a p p ro x im a te ly  25% of the
m ag n e tic  ions , w ith  a  h igh  b /C  v a lu e  o r  a s h o r t  s p in - la t t ic e  re la x a tio n  tim e
(< 1 p sec  a t  14.4°K ) o r  a  co m b in a tio n  of bo th . G O R TER  and  TEU N ISSEN ^
re p o r t  a  (b /C )2 of 2.5 kO e, but a  re la x a tio n  tim e  of 3.5 psec a t 77°K  fo r
Mn(SO^). 4H20 ,  a  su b s ta n c e  p o ss ib ly  fo rm e d . C om bin ing  th is  w ith  the i r r e g u la r
c r y s ta l  hab it we can  sa y  th a t th e  m e a s u re m e n ts  on th e se  tw o sp e c im e n s  do not
have m uch  v a lu e ; and a r e  p ro b ab ly  m e a s u re m e n ts  on a  p o o rly  defined  su b s ta n c e .

We d e te rm in e d  th e  a p p ro x im a te  (b /C )2 va lu e  fo r  the  d if fe re n t sp e c im e n s
and in d ica ted  th e  v a lu e s  in  the  fo llow ing  tab le ;

% K+ions: 0 1.35 10 50 90 99 100

(b /C )2 in  Oe; 770 770 770 840 1200 1200 1170

T ab le  H I-1 : (b /C )2 va lu e  of Mn(NH4 )2 (S04 )2 .6 H 20  w hen th e  in d ica ted  p e r 
c e n ta g e s  of the  NH^ ions have b een  re p la c e d  by K io n s .

Two of th e  sp e c im e n s  of th e  v - s e r i e s  w e re  a ls o  m e a s u re d  a t he liu m
te m p e ra tu re s .  T he p - T  dependency  fo r  th e  M nK ^SO ^),^. 4H20  sp e c im e n  in  the
h e liu m  ra n g e  can  be r e p re s e n te d  by p <x T  1 3  w hile p is  a t  a l l  h e liu m  te m p e r 
a tu r e s  n e a r ly  independen t of Hc -

The sam p le  w ith  1.35% I^ S O ^  added  h as  a ls o  b een  m e a s u re d  a t h e liu m
te m p e ra tu re s .  A t 4 .2 °K  we m e a s u re d  the sam p le  c o m p le te ly . T he dependency
is  d isp lay ed  and ag a in  we find  in  th is  sam p le  la rg e  d ev ia tio n s  fro m  C .d .  P . ,
m a in ly  a t h igh  m ag n e tic  f ie ld s . T he p a ra m e te r  d* (H) is  show n a ls o  in  an  in s e r t
in  fig . m - 5 .  By m e a n s  of the ru n n in g  m ethod  we m e a s u re d  the re la x a tio n  tim e
betw een  4°K  and 14°K.

T o conclude  th is  s e c tio n  on c o n c e n tra te d  m an g an ese  tu tto n  s a l t ,  we r e f e r
to  fig . m - 6 .  In th is  d ia g ra m  we give som e of the in i t ia l  m e a s u r in g  r e s u l t s  on
the s a m p le s  a and b w ith  the n itro g e n  coo led  m agnet a t two h y d ro g en  te m p e r 
a tu re s  w ith  m ag n e tic  f ie ld s  up to  14 kOe.
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Fig. m -6 . c o r r e l a te  with th e s e  m e asu rem en ts  Cdiffvrent sam ples  e tc)

3 . 2 . 2  M e a s u r e m e n t s  o n  d i l u t e d  m a n g a n e s e  t u t t o n  s a l t s

We a ls o  m e a s u re d  two sp e c im e n s , c o n s is tin g  of s m a ll  c ry s ta ls ,  in  w hich
2 +  2 +a  la rg e  p a r t  of the Mn ions w e re  re p la c e d  by Z n . T he d ilu tio n  w as d e te r 

m ined  m ag n e tic a lly , by u s in g  the c a lib ra t io n  a s  ex p la in ed  in  s e c tio n  2.8 and by
c o m p a r in g  w ith  a  c o n c e n tra te d  c ry s ta l .  T he r e s u l t s  of th e s e  m e a s u re m e n ts  a re
a ls o  in d ica ted  in  fig . III-3 . At te m p e ra tu re s  above 2 0°K, the d if fe re n c e  betw een
the d ilu ted  sp e c im e n s  and th e  und ilu ted  " p u re "  sp e c im e n  b is  not v e ry  la rg e , a t
h e liu m  te m p e ra tu re s  v e ry  long  re la x a tio n  tim e s  a r e  o b ta in ed . T he fie ld  d ep en d 
ency  in  the h e liu m  ra n g e , w ith  p cc H^T® and g < 0 a t h ig h e r  v a lu e s  of th e  c o n stan t
m ag n e tic  f ie ld  (fig. III-7 ) is  in te re s t in g . T he sam e  happened  w ith  th e  und ilu ted
"p u re "  sam p le  b, bu t th e r e  only  a t  th e  lo w est te m p e ra tu re  of 1°K. T he d i f f e r 
ence  be tw een  the 1:6 and  1:58 d ilu tio n s  s e e m s  to  be re la tiv e ly  s m a ll .  T h ese

7
fin d in g s a r e  in  f a i r  a g re e m e n t w ith  th e  m e a s u re m e n ts  of VAN D ER  M A REL .

3 . 2 . 3  T h e  b / C  v a l u e s  o f  m a n g a n e s e  t u t t o n  s a l t

T he b /C  v a lu e  of th e  m an g an ese  tu tto n  s a l t  h a s  b een  the  su b je c t of som e
c o n tro v e rs y . B I J L 6 and V E R ST E L L E  5 bo th  found 0.64 x 106 O e2 . VAN D ER

7 6 2M AREL r e p o r t s  0.54 x 10 Oe . We have c a re fu lly  an a ly zed  s e v e r a l  m e a s u r e 
m e n ts , m ade  on o u r  p u re  s a m p le s  a t  s e v e r a l  te m p e ra tu re s .
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IOO H 2 0 0  5 0 0  lO O O  2 0 0 0  O i  5 0 0 0

pCH) fo r tw o s p e c im e n s  of
M n(_ l_ ) Zn(_n_) (NH4)2 (S 0 4 )2  6 H 2 0

l.32°K f e  g e  2 .8 3 °K f u g a  4 .2 3 °K f a  g a

K n - 6 )  a n d  gC n_58)

F ig .n i-7 .

S pecim en D e sc rip tio n T e m p e ra tu re  (°K) b /C  (kO e)2

a und ilu ted 4.2 0.58

b - l und ilu ted 4.2 0.55
b-2 und ilu ted 4.2 0.585
b - l und ilu ted 20.3 0.575
b-2 und ilu ted 20.3 0.575

j d ilu ted  w ith  Z n  1:6 4.2 0.35
k d ilu ted  w ith  Z n  1:58 4.2 0.32

T ab le  III-2 . V a lu es of b /C  fo r  Mn(NH4)2 (SC>4 )2 . 6H20

In g e n e ra l we find  only  a  v e ry  s m a ll  d is c re p a n c y  betw een  the m e a s u re d
X'/Xq v a lu e s  and v a lu e s  com puted  f ro m  the ob ta ined  b /C  v a lu e s . B ecau se  of
unknow n d em ag n e tiz a tio n  fa c to r s ,  th e  h e liu m  r e s u l ts  fo r  th e  und ilu ted  sa m p le s
shou ld  be d is c a rd e d . F ro m  th e  m e a s u re m e n ts  a t  h y d ro g en  te m p e ra tu re s  o u r
e s t im a te  of the b /C  v a lu e  of th is  s a l t  i s  (0.575 ± 0.005) 106 O e2 . VAN DER
M A R E L 7 found a t  h e liu m  te m p e ra tu re s  0.54 x 106 O e2 but p e rh a p s  n eg lec ted
to  c o r r e c t  fo r  d em ag n e tiz a tio n . A t o u r r e q u e s t  M r. J .G . A. H ILLA ER T m e a s -

5
u re d , in  th e  b rid g e  u sed  by V ERSTE L E E  , th e  m a te r ia l  we u sed , and found a t
2 0 ° K 0 .6 1 x l0 6 O e2 and a t  10 MHz. B EN ZIE  e t a l  70 re p o r t  b /C  = 0 .6 3 x l0 6 0 e 2
in  r e f e re n c e  30, but th e y  s ta te  in  r e f e re n c e  71 th a t th e i r  v a lu e s  a r e  5.5%  high,
due to  an  e r r o r  in  the m agnet c a lib ra t io n . T h is  b r in g s  th e i r  b /C  va lu e  to
0.59 106 O e2 .
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3 . 2 . 4  M e a s u r e m e n t s  o n  m a n g a n e s e  t u t t o n  s a l t  w i t h  m a g n e t i 
c a l l y  a c t i v e  a t o m s  a d d e d  i n  s m a l l  c o n c e n t r a t i o n

M ost m e a s u re m e n ts  to  be d e s c r ib e d  w e re  in itia lly  m ade to  find  th e  cau se
of th e  d if fe re n c e  b e tw een  th e  sp e c im e n s  a  and b. The r e s u l t s  a r e ,  h ow ever,
in te re s t in g  and a r e  d e s c r ib e d  in  th is  s e c tio n  and show n in  fig . III-3 . In th e  f i r s t
s e t of e x p e r im e n ts  we m e a s u re d  sp e c im e n s  h, i, j ,  k, 1, and  m . In h and i
r e s p e c tiv e ly  1% and 0.1% C oS 04 w as added  to  th e  m an g an ese  tu tto n  so lu tio n
su ch  th a t in  th e  1% c a se  a p p ro x im a te ly  one C o2 ion  can  be supposed  to  be
p re s e n t  fo r  e a c h  100 Mn2+io n s . In j and k F e 2+ im p u r i t ie s  w e re  added by
u s in g  Fe(N H 4 )2 (S 04)2 in  the  sam e  m a n n e r . The sp e c im e n  m  w as a  c o n tro l
sp ec im en , c o n s is tin g  of m an g an ese  tu tto n  s a l t  w ithout im p u r i t ie s  added . The
c h e m ic a ls  u sed  w e re  th e  sam e  a s  th o se  u sed  to  p re p a re  sp ec im en  b. T he five
sp e c im e n s  w e re  ag a in  m e a s u re d  a t tw o hyd ro g en  te m p e ra tu re s  (14°K  and 2 0°K).
T he c o n tro l sp e c im e n  y ie ld ed  th e  sam e  re la x a tio n  t im e s  a s  sp e c im e n  b.

T he e ffec t of th e  im p u r i t ie s  on the re la x a tio n  tim e  is  c o n s id e ra b le , the
e ffec t of about 0.1% of im p u r i t ie s  c a n  be c le a r ly  d e m o n s tra te d  and sh o r te n s  the
re la x a tio n  tim e s  by a  fa c to r  2 to  5 in  th e  h y d rogen  ra n g e . A 1% im p u rity

ch an g es  p by a f a c to r  100.
M ost s a l ts  co n ta in in g  c o b a lt ions have s h o r t  s p in - la t t ic e  re la x a tio n  t im e s .

V E R S T E L L F  pag . 71, r e p o r ts  p = 0.4 Msec a t  20°K , fo r  Co(NH4 )2 (S 04 )2 . 6H20 ;
a  v a lu e  w hich  c o r r e la t e s  w ith  m e a s u re m e n ts  m ade w ith  o u r  a p p a ra tu s  (sec tio n

3 .7).
A few  ad d itio n a l r e m a rk s  can  be m ade about th e  m e a s u re m e n ts  on m a n 

g an ese  tu tto n  s a l t  w ith  1% co b a lt im p u r i t ie s  (see  f ig . III-9 ). A t f ie ld  v a lu e s  up to
2000 Oe we find  a t  20°K  good C. d . P . c u rv e s ,  w ith  a  re la x a tio n  tim e  w hich  is
p ra c t ic a l ly  independen t of the  m ag n e tic  f ie ld . A t th e  f ie ld s  3 000 Oe and  4250 Oe
(w hich we n o rm a lly  choose  fo r  analyz ing ) the re la x a tio n  c u rv e s  a p p e a r  to  be
i r r e g u la r  (see  X'/Xp a t low  m e a s u r in g  fre q u e n c ie s  in  fig . III-9 ) in d ica tin g  a  second
re la x a tio n  o r  a t  le a s t  c o n s id e ra b le  d ev ia tio n s  f ro m  C . d . P .  c u rv e s .  A s ta n d a rd
C . d .  P . c u rv e  is  in s e r te d  th ro u g h  the m e a s u r in g  p o in ts  and the b e s t f i t  g iv es  the
a p p a ra n t p. T h is  phenom enon is  som ew hat s im i la r  to  th e  find ings fo r  sp ec im en
a  a t h e liu m  te m p e ra tu r e s .  T he f ie ld  dependency  of p is  g iven  in  fig . i n -8 . The
re la x a tio n  tim e  is  p ra c t ic a l ly  independent of th e  m ag n e tic  f ie ld . A t 2 0°K  we
find a  sudden  r i s e  of th e  a p p a re n t p a t h igh f ie ld s .

2 +W ith F e  im p u r i t ie s  we did no t d e te c t a  second  re la x a tio n  f ro m  the
c u rv e s  ob ta ined . T he s a m p le s  w e re , h ow ever, only  in v e s tig a te d  a t th r e e  f r e 
q u en c ie s  and the re la x a tio n  t im e s  d e te rm in e d  in  the sam e  m a n n e r a s  in  the
ru n n in g  m ethod ; th is  m ethod  d o es not d e te c t s m a ll  d ev ia tio n s  f ro m  C . d .  P . -
c u rv e s .  Sam ple j w as a ls o  ex am in ed  by th e  ru n n in g  m ethod  up to  50°K . B e 
tw een  30°K  and 50°K  we find  ag a in  a  te m p e ra tu re  re g io n  w h ere  th e  p is  r e l a 
tiv e ly  c o n s ta n t. A bove 50°K  th e  re la x a tio n  tim e  a p p ro a c h e s  th a t of p u re  m a n 
g an ese  tu tto n  s a l t .  A f te r  hav ing  in v e s tig a te d  the c r y s ta ls  w ith  1% co b a lt a t
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see

Fig. HI-8.

2 . 10 "

5.10"

2 0 0  H 5 0 0  1 0 0 0  2 0 0 0  Oe 5 0 0 0

pCH ) for four specim ens o f MnCNH4 ) 2 CS0 4 ) 2 .6 H20
sa lt with im p u ritie s  added.

o: 1 %  Ni h: 1 %  Co j: 1 %  Fe n: 1 °/oCu
14.4° 0 m •  _
20.4° *  ▼ a  ♦

h y d ro g en  te m p e ra tu re s ,  we r e a l iz e d  th a t B R O E R 65 re p o r te d  a  d e c re a s e  of
re la x a tio n  tim e  of only  5% a t n itro g e n  te m p e ra tu re s  if  1.5% co b a lt w as added
to  m an g an e se  tu tto n  s a l t .  T h is  in d ic a te s  th a t a g a in  a  te m p e ra tu re  re g io n  should
be found in  w hich  p v a r ie s  only  a  s m a ll  am oun t. We u sed  a n o th e r  sam p le  w ith
1% co b a lt and u sed  the ru n n in g  m ethod , s ta r t in g  f ro m  h y d ro g en  te m p e ra tu re .
T he r e s u l t s  a r e  a ls o  in d ica ted  in  f ig .I I I -3 .  T he va lu e  of th e  re la x a tio n  tim e  a t
20°K  w as d if fe re n t f ro m  m e a s u re m e n ts  on sa m p le  h ,  but a  s l ig h tly  d if fe re n t

2 +
Co c o n c e n tra tio n  could  e a s i ly  acco u n t fo r  th is .  T he r e s u l t s  co n firm e d  th o se
o b ta ined  by B R O E R 6 5 . We m e a s u re d  th e  sp ec im en  f ro m  2 0 ° K to  160°K. At
60°K  the re la x a tio n  tim e  b eco m es independen t of te m p e ra tu re .  The sp ec im en
w as a ls o  m e a s u re d  a t ro o m  te m p e r a tu r e . The v a lu e  of th e  re la x a tio n  tim e  p
a t ro o m  te m p e ra tu re  is  p ra c t ic a l ly  the sa m e  a s  m e a s u re d  fo r  a p u re  s a l t .
B etw een  2 0 °K a n d  60°K , th e  c u rv e s  p ro d u ced , gave la rg e  d ev ia tio n s  fro m

o MC .d .P .  c u rv e s  (as w as found a t  20.3 K, fig . III-9 ) and  a  s ta n d a rd  cu rv e
could  not be f i tte d  th ro u g h  tw o m e a s u r in g  p o in ts . T h is  re d u c e d  the a c c u ra c y  of
th e  d e te rm in a tio n  of the p v a lu e s  w ith  th e  ru n n in g  m ethod  and e r r o r s  of 50%
a r e  p o s s ib le . T h is  w ill, h o w ev er, not have a  la rg e  in fluence  on th e  o v e ra l l
t r e n d . In the f la t p a r t  of th e  P (T) c u rv e , th e  e x p e r im e n ta l c u rv e s  in d ica te  a
s in g le  re la x a tio n , in d ica tin g  th a t the  g r ip  of th e  co b a lt io n s on th e  re la x a tio n
p ro c e s s  h a s  been  re d u c e d .

T he s e r ie s  of m e a s u re m e n ts  on m an g an ese  tu tto n  s a l ts  w ith  m ag n e tic
im p u r i t ie s  added  w as concluded  by m e a s u r in g  sp e c im e n s  n and o, co n ta in in g

90



5

NT4'-:He in Oc

1 _  1 2  5
2 _  2 5 0
3 -  3 7  5
4  =  5 0 0
5 _  7 5 0
6 _  1 2  5 0
7 =  2 0 0 0
8 -  3 0 0 0
9 - 4 2 5 0

4 4
O 5.105.10 10 10  Hz

J L  CO a n d  J L  ( f )  (o r  M n C N H 4 ) 2 Cs ° d ) 2  6H2 0
Xo Xo
« a l t  ( « p t c i m e n  h )  w i th  1 %  C o * ' a d d « d  in

Fig. m -9 . s o lu t io n  T - 2 0 .  3 °K

co p p e r and  n ic k e l io n s . T he supp ly  of the m an g an ese  su lp h a te , u sed  fo r  s p e c i 
m en s  b th ro u g h  m  (excep t e), w as ex h au sted , so  we had to  u se  th e  th e  sam e
m a te r ia l  a s  u sed  fo r  sp e c im e n  e . A dding C u2+ had, a t  2 0°K, on ly  a  s m a ll  e f 
fe c t on the  re la x a tio n  tim e  a s  can  be se e n  in  fig . i n - 3 .  p(H) is  g iven  in  fig . III-8 ,
w hich show s the sa m e  tr e n d  a s  fo r  p u re  m an g an e se  s a l t .  It should  be n o ticed
th a t in Cu (NH j )2 (SO^)2 . 6H20  the re la x a tio n  tim e  p= 2 .10 ^ s e c .  a t 20°K , w hich
is  only  a fa c to r  10 d if fe re n t f ro m  m an g an e se  tu tto n  s a l t  (see  s e c tio n  3 . 2 .  1). T he

2 +ad d itio n  of N i c a u s e s  p rofound  ch an g es  in  the c h a r a c te r  of th e  re la x a tio n . T he
P(H) c u rv e  a t  14°K  and  20°K  h as  a p a r t  in  w h ic h | | j <  0 w hich is  v e ry  uncom m on
a t h y d ro g en  te m p e ra tu re s .  At the fo u r  h ig h es t f ie ld s  (1250 Oe, 2000 Oe, 3000 Oe,
and 4250 Oe) we find  d ev ia tio n s  fro m  C . d .  P . c u rv e s  w ith , a t  20°K , v a lu e s  of d *
of re s p e c tiv e ly  0.01, 0.03, 0.05, and 0.09. T he p is  ag a in  the a p p a re n t p and
can  be co m p o sed  of s e v e r a l  c o n tr ib u tio n s  if d ev ia tio n s  f ro m  C . d . P .  c u rv e s  o c c u r .

In m e a s u r in g  th e s e  im p u r i t ie s  in  m an g an ese  am m o n iu m  tu tto n  s a l ts  we
have b een  study ing  sy s te m s  in  w hich c r o s s  re la x a tio n s  and p ro b ab ly  s p in -d if fu 
s io n  p ro c e s s e s  p lay  a n  im p o rta n t ro le .  L a rg e  m ag n e tic  f ie ld s  should  m ake
c r o s s  re la x a tio n  p ro c e s s e s  in e ffec tiv e . T o c h eck  th is  we have done a few  m e a s 
u re m e n ts  w ith  the new  h ig h -f ie ld  m agnet; the r e s u l t s  a re  g iven  in f ig .I I I -6 .
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3 .3  MEASURING RESU LTS ON GADOLINIUM SU LPH ATE

Gd2 (S 04 )3 .8 H 20  w as one of the f i r s t  s a l ts  to  be m e a s u re d  in  the study
of p a ra m a g n e tic  re la x a tio n . DU P R E  and DE HAAS 72 and B I J L 6 m e a s u re d  it
a t h e liu m  te m p e ra tu re s ;  B R O E R 73, DE V R IJE R  and G O R T E R 74 m e a s u re d
betw een  7 7 °K a n d  290°K . We se le c te d  it  b ecau se  an  an om alous p a r t  in  th e  p (T)
c u rv e  w as re p o r te d  in  th e  la s t  m en tioned  te m p e ra tu re  ran g e .

O ur sp ec im en  c o n s is te d  of 1.84 g of s m a ll  c r y s ta l s  (<  0.5 m m  d ia m e te r )
c ry s ta l l iz e d  f ro m  Gd2 (S04 )3 pow der, bought f ro m  K & K Inc. and m a rk e d  99. 9%
p u re . We m e a s u re d  th e  sp e c im e n  a t  14.5°K , 20.3°K , and 77°K  c o m p le te ly  in  the
s ta n d a rd  m a n n e r , u se d  the ru n n in g  m ethod  betw een  h y d ro g en  and ro o m  te m p e r 
a tu re , and d e te rm in e d  som e re la x a tio n  tim e  s a t  he liu m  te m p e ra tu re  w ith  th e  p u lse
m ethod . T h is  w as the f i r s t  tim e  we u sed  th e  p u lse  m ethod  and the  r e s u l t s  a re  not
so  co m p le te  and a c c u ra te  a s  on s a l t s  a t  a  la t e r  tim e . In fig . I l l - 10 we give the
p - T  dependency  fo r  tw o v a lu e s  of th e  m ag n e tic  f ie ld  (2000 Oe and 4250 O e). The
re la tio n  p -H  in  th e  h y d ro g en  and n itro g en  ran g e  is  in d ica ted  in  f ig .I I I -1 1 . The
m e a s u re m e n t a t  77°K  c a n  be d e sc r ib e d  by a  B ro n s-V a n  V leck  fo rm u la  w ith
p = 0.35. T he h y d rogen  m e a s u re m e n ts  y ie ld  v a lu e s  w hich w e re  too  s te e p  a t  high
f ie ld s  to  be d e s c r ib e d  in  th is  m a n n e r . In th e s e  tw o te m p e ra tu re  ra n g e s  we find
good C .d .P .  c u rv e s , a  sp o t ch eck  a t 14.4° gave a d *  = 0.03 fo r  4250 Oe, w hich
is  s m a l le r  than  the e x p e r im e n ta l a c c u ra c y  fo r  d e te rm in in g  d * . We o b ta ined  p
a t  4.2 K fro m  e x tra p o la tio n  of b rid g e  m e a s u re m e n ts  a t low f re q u e n c ie s  and
found d ev ia tio n s  f ro m  C .d .  P . c u rv e s  (the s ta n d a rd  a b so rp tio n  c u rv e  did not f i t
th ro u g h  the  m e a s u r in g  p o in ts , the m agn itude  of the d ev ia tio n  canno t be sp ec ifie d ).
The pu lse  m e a s u re m e n ts  a t lo w e r h e liu m  te m p e ra tu re s  gave only  ap p ro x im a te
re la x a tio n  t im e s .

T he e x p e r im e n ta l r e s u l t s  of BROER, GORTER and  DE V R IJE R  w hich a re
a ls o  p lo tted  in  fig . IH -10, a r e  p a r t ic u la r ly  v e ry  in te re s t in g  to  u s .  T hey  re p o r te d

th a t > 0  betw een  77° and 90°K . T he va lu e  of the  re la x a tio n  t im e s  th ey

ob ta ined  i s  a  f a c to r  10 s m a l le r  th a n  th e  v a lu e s  we m e a s u re d . C om bin ing  th e s e
find ings, we ex p ec ted  s im i la r  phenom ena a s  found in  the m anganese  tu tto n  s a l t .
T o d e m o n s tra te  p o ss ib le  in f lu en ces  of im p u r i t ie s  we m e a s u re d  a n o th e r  sam p le
(fro m  the sam e  su p p lie r)  and ob ta ined  the sam e  r e s u l t s  a s  show n in  fig . I l l - 10
w ith  th e  re la x a tio n  t im e s  in  th e  re g io n  betw een  50°K  and 90°K  te m p e ra tu re  in 
dependent and eq u a l to  the  v a lu e s  of the f i r s t  sam p le  w ith in  5%. We d is so lv ed

O  I

th is  second  sam p le  in  w a te r  and added  1% Dy in the fo rm  of d y sp ro s iu m  e thy l
su lp h a te , su ch  th a t fo r  e a c h  hund red  gado lin ium  a tom , one d y sp ro s iu m  a to m  w as
supposed  to  be p re s e n t .  T he re la x a tio n  t im e s  have only  b een  m e a s u re d  w ith  th e
ru n n in g  m ethod , and have b een  d e te rm in e d  by m ean s  of a n  A rgand  d ia g ra m ,
be in g  n e a r ly  out o f th e  ra n g e  of o u r  b r id g e . T he r e s u l t s  a r e  show n in  f i g . I l l - 10
and a r e  d is c u s s e d  in  c h a p te r  4 .

F ro m  th e  f i r s t  s e t  of m e a s u re m e n ts  d e sc r ib e d  we d e te rm in e d  th e  v a lu e .
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100
5 0

9 7 6 5 4  3 2

Fig.III-10.

p s l  l O '

I N II I I Iï ï i
2 0 0  3 0 0  °Kioo

p C O  t o r  G d 2 Cs04)3 . 8 H 2 0

523£.

t x *  «X de Vr ies 2 0 0 0  Oc B Bijl 2 0 0 0  Oe (ex trapola ted)

0 0 0 4 2  5 0  Oe B 4 0 0 0  Oe

O „  4 2 5  0  Oc
1°/o Dy added  as dysp rosium  ethylsulph atc

X B r o e r . G o r t e r Po

9 de Vrijer 2 0 0 0  Oc (extrapola ted) + i» »i P ~
© n 4  0 0 0  Oe A Du P re l O O O  Oe
O it 3 2 0 0  Oe V Benz ie  s Cooke 5 7 0 - 8 5 0 Oe

O ur h e liu m  m e a s u re m e n ts  a t 4 .2 °K  gave b /C  = 3.3 106 Oe2, a  va lu e  w hich should
be re g a rd e d  a s  an  e s t im a te  due to  an  unknow n d em ag n e tiz in g  fa c to r . O ur value
a t 2 0°K  is  in  good a g re e m e n t w ith  v a lu e s  found by o th e r s  l is te d  in  tab le  III-3 .

T e m p e ra tu re  (°K) b /C  in  O e2

De V r i je r 90, 77, 20 3.7 x 106
B ro e r 77, 90, 290 3.9 x 106
B ijl 4 3.6 x 106
De V r i je r 4.23 3.24 x 106
De V rie s 20 3.82 x 106

T ab le  III-3 . b /C  v a lu e s  of Gd2 (S04 )3 . 8H20
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20.3°K

2 .10 "

■ . , I . . . . I

1 0 0  H 2 0 0 5 0 0  1 0 0 0  2 0 0 0  Oe 5 0 0 0

F ig .m -1 1 . p (H ) t o r  G d 2 ( S 0 4 ) 3 8 H 2 0

T h e  d e v ia t io n  fo u nd  b y  B IJ L  and D E  V R IJ E R  a t h e liu m  te m p e ra tu re  can

a g a in  be e x p la in e d  as due to  n e g le c t o f a d e m a g n e tiz a t io n  c o r r e c t io n .

3 .4  M E A S U R E M E N T S  O N  C O P P E R  T U T T O N  S A L T S

We m e a s u re d

a) c o p p e r  c e s iu m  tu t to n  s a lt

b) c o p p e r  a m m o n iu m  tu t to n  s a lt

in  th e  ra n g e  be tw een  h e liu m  and n it ro g e n  te m p e ra tu re s .

In  th e  fo l lo w in g  ta b le  we g iv e  a s u rv e y  o f  th e  s p in - la t t ic e  and the  s p in -

s p in  m e a s u re m e n ts , re p o r te d  on c o p p e r  tu t to n  s a lts  (e x c lu d in g  S e 0 4 s a lts ) .

S p in - la t t ic e  r e la x a t io n  re p o r te d  in
the  in d ic a te d  te m p e ra tu re  ra n g e  by: S p in -s p in  re la x a t io n

1 ° K - 4 ° K 6 0 ° K - 8 0 °K
re p o r te d  by:

C u C s 2 (S 0 4 )2 .6 H 20 D re w e s  and G o r te r  75 T e n  H o v e * L o c h e r42

C u (N H 4 )2 (S° 4 )2 ' 6H 2 ° D r  ew es and G o r t e r 75
no

B e n z ie  and C ooke

B ö lg e r  9

G o r te r  e .a .4 V o lg e r 79,
V e r s te l le  5

C uR b2 (S 0 4 )2 .6 H 20
no

B e n z ie  and C ooke

C u K 2 (S 04 )2 .6 H 20
no

B e n z ie  and C ooke ' °

B i j l  77 , V a n  den  B ro e k  79
9B ö lg e r  e . a .

D re w e s  and G o r te r  75

T a b le  I I I - 4 .  S u rv e y  o f  m e a s u re m e n ts  on c o p p e r  tu t to n  s a lts .  *  no t p u b lis h e d
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Som e of th e  d a ta  ob ta ined  w ill be in d ica ted  in  o u r  g ra p h s  fo r  c o m p a riso n ,

a) C o p p er c e s iu m  tu tto n  s a l t .

We m e a s u re d  tw o s in g le  c r y s ta l s ,  e a c h  a p p ro x im a te ly  3 g ra m s , one w as
m e a s u re d  w ith  H jK j - a x i s  and th e  o th e r  w ith  H j ^ - a x i s .

A t h e liu m  te m p e ra tu re s  the  re la x a tio n  t im e s  w e re  v e ry  long  and so  we u se d  th e
pu lse  m ethod . B oth c r y s ta l s  w e re  m e a s u re d  a t  3 p o in ts  in  th e  h y d ro g en  ran g e
u s in g  the s ta n d a rd  tech n iq u e  and the sa m p le  w ith  H / /K j-a x is  w as m e a s u re d
w ith  th e  ru n n in g  m ethod  up to  n itro g e n  te m p e ra tu re ..  R e su lts  w ith  liq u id  n itro g e n
fo r  th is  m a g n e tic a lly  w eak  s a l t  (S = j )  w e re  not v e ry  good, liqu id  n itro g e n  a f 
fe c ts  th e  s ta b il ity  in  an  a d v e rs e  w ay, th e  m e c h a n ism  be in g  not co m p le te ly
u n d e rs to o d . T he ru n n in g  m ethod  p ro d u ced  v e ry  good r e s u l t s ,  a ls o  a t  n itro g e n
te m p e ra tu re s .

m I . .

p(T)  f o r  C u C l j  ( S 0 4 ) 2 . 6 H 2 0  with Hc //k, ax is

O » « l 2 5  0 t ;  o w e .  1 25 0  0 »
Fig.III-12. ----- computed using (1.36)

T he r e s u l t s  of th e  m e a s u re m e n ts  a r e  d isp lay ed  in  f ig .I I I -1 2  in  w hich  we
give p(T) fo r  th e  K j d ire c tio n  fo r  Hc = 125 Oe and 1250 O e. In th e  hyd rogen
ran g e  the re la x a tio n  v a lu e s  s ta y  co n s ta n t fo r  h ig h e r  f ie ld s . T he c r y s ta l  in  the

d ire c tio n  h a s  b een  m e a s u re d  on ly  a t  h e liu m  and h y d ro g en  te m p e ra tu re s .  At
hyd ro g en  te m p e ra tu re s  th e  p(T) c u rv e s  fo r  K j and a t  125 O e ,co in c id e  a t
1250 Oe the  c u rv e s  a r e  s l ig h tly  d if fe re n t a t h y d ro g en  te m p e ra tu r e s .  T h is  is
a ls o  obvious by s tudy ing  th e  p(H) c u rv e , g iven  fo r  the K j and d ir e c tio n s  in
fig . H I-13 . T he p(H) dependency  in  th e  K j d ire c tio n  a t h y d ro g en  te m p e ra tu re s
can  be d e s c r ib e d  e x c e lle n tly  by a B ro n s -V a n  V leck  fo rm u la  w ith p = 0.55, w hile



30 H 50 100 200 500 10OO Oe 2000

F ig .m -1 3 .

p(H) for C u C l 2 ( S 0 4 ) 2 . 6 H2 0  m  T .  2 0  3 °K
H T = 2 0 . 3  °K
•  T = 4 . 2  °K

Hc ^K2 _axis  0  ; Hc //K,_axis *  ; Hc //K2 _axi» o r  K|_ax is  «

the  r e s u l t s  in  th e  d ire c tio n  c a n  be f i tte d  w ith  p = 0 .4 . A ll th e  c u rv e s  in  the
hyd ro g en  ran g e  a r e  p e r fe c t  C. d . P . c u rv e s . In  the  h e liu m  ran g e  the  p u lse  m ethod
did no t g ive p u re  e - c u r v e s ,  in d ica tin g  a ra n g e  of re la x a tio n  t im e s ,  c o m p a ra b le
w ith  b ro ad en ed  C. d. P . c u rv e s .  T he re la x a tio n  tim e s  g iven  a r e  a v e ra g e  v a lu e s
and the a c c u ra c y  i s  no t h igh . No s ig n ific an t d if fe re n c e s  have b een  o b se rv ed
betw een  th e  K j and  d ire c tio n  and the re la x a tio n  t im e s  a r e  eq u a l w ith in
m e a s u r in g  a c c u ra c y . T he p-H  dependency  is  g iven  fo r  the  K j d ire c tio n  at
4 .2 °K  in  fig . I l l - 13.

A nalyzing  fig . I l l - 12 show ing the p -T  re la tio n sh ip , one c a n  m ake the
fo llow ing  o b se rv a tio n s : In  the  hydrogen  ran g e  we find  p ocT~6, w hich re d u c e s  in

-3 5th e  n itro g e n  ran g e  to  p a T  . A t th e  lo w est h e liu m  te m p e ra tu re s  we find
P ccT . Not m uch  can  be sa id  about the te m p e ra tu re  re g io n  be tw een  hyd rogen
and h e liu m . If the  w eak  T dependency  in  the h e liu m  ran g e  co n tin u es  beyond
5 K a  s tro n g  p -T  dependency  (p ocT a , a>6 )  should  e x is t  in th is  reg io n .

D u rin g  the  m e a s u re m e n ts  of the s p in - la t t ic e  re la x a tio n  we no ticed
s m a ll  a b so rp tio n  p e a k s  w hich  we w e re  ab le  to  a t t r ib u te  to  s p in -s p in  re la x a tio n .
An ex am p le  is  show n in  fig . I l l - 14 w hich g iv es  a m e a s u re m e n t on c o p p e r c e s iu m
tu tto n  s a l t  in  th e  K j d ire c tio n  w ith  a  fre q u e n c y  of 170 kH z. T he a b so rp tio n
v a lu e s  a r e  3 x  m agn ified  re la tiv e  to  the d is p e rs io n  c u rv e . IP cou ld  be d e te rm in e d
w ith  an  a c c u ra c y  of 1 to 3% depend ing  on the q u a lity  of th e  g rap h . A H and

Xs s m a x ^ Xo could  be d e te rm in e d  w ith  an  a c c u ra c y  of 10 to  20%. A fte r  app ly ing
the c o r r e c t io n  m en tioned  in  s e c tio n  2.16 the  r e s u l ts  w e re  g iven  in  fig . IH -15 .
We p lo tted  pgg(H2 ) fo r  th e  K j and  Kg d ire c tio n . D ata  a r e  inc luded  fo r  4°K ,
14 K, 17 K, and 20°K . A lso  p lo tted  in  fig . I l l - 15 a r e  unpub lished  e a r ly  r e s u l ts
of h ig h e r  fre q u e n c y  m e a s u re m e n ts  m ade by M r. E . A. T E N  HOVE. H is sam p le
c o n s is te d  of sm a ll  c r y s ta l s .  F ig . I l l - 15 show s an  a n iso tro p y  fo r  the  tw o c ry s ta l
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lO OO

f .  170 KHz

s p i n -  spin
rel axat ion

Fig. m-14. Example of spin-spin relaxation  in  C u C s ^ S O ^ .  6 ^ 0  -  H / / K ^  axis.

1O5, 0 c 2
<

— —

....................

1
r

f/>-3  - 4
t o  p i o IO' 5 IO' 6 IO*7 t o '8 IC C

T Hc / / k 2 Hc//K,

4  °K
I  <  1 M Hz14 °K 4

16.7  °K
2 0  °K r J
2 0  °K J te n H ove ( >  1 M H z)

p s s (H ^ )  f o r  Cu C %2 SO4 , . 6 H , O .
calculated (Tjon)______ lc ( lO O ) ,___ fee ( t o o ) ,  fee ( i l l )

Fig. rn-15.

d ir e c tio n s . T he a v e ra g e  of o u r m e a s u re m e n ts  a g re e s  w ith  th e  m e a s u re m e n ts  of
M r . T E N  H OV E. We a ls o  found a  la rg e  a n iso tro p y  in  th e  m agn itude  of
X"
_ s s  m ax  _ T h is , th e  va lu e  of AH and b /C  a r e  g iven  in  tab le  H I-5 ,

ad
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x"* s s  m ax
x ad

AH (Oe) b /C  (Oe2 )

K1 0.15 ± 0.02 120 ± 2 0 (4.00 ± 0.04) 104

«2 0.07 ± 0.01 130 ± 2 0 (4.92 ± 0 .04) 104

s m a ll  c r y s ta ls
(T en Hove)
s m a ll  c r y s ta ls
(L ocher)

0.08

4.63 x 104

T ab le  H I-5 . D ata  on s p in -s p in  a b so rp tio n  of C u C s2 (SC>4)2 . 6H2Q

T he ra t io  of th e  b /C  v a lu e s  a g re e s  w ith  p u b lish ed  d a ta  fo r  th e  g -v a lu e s .
U sin g  fo rm u la  (1-38) f ro m  se c tio n  1.7, w ith  g = 2 .43 , g  = 2.06 and a  = 40°
(BLEA N EY  e t a l 80), we com puted :

*1 5 / 'X i N 1 .22^

E x p e r im e n ta l ly  we found:

(b /C )
_____ 1 2  - 4,92 . , ,
(b /C ) „  4 .00  "

K 1
O ur v a lu e s , h o w ev er, do not a g re e  w ith  th e  m e a s u re m e n ts  on p o w d ers  by
B EN ZIE e t a l 71 . T hey  ob ta ined  a b /C  v a lu e  of 4.63 x 104 O e2 . If th e  e f f e c 
tiv e  g -v a lu e  of a  pow der: gpow der = V g | + 2 g^ we ex p ec t a  b /C  va lue  of
4.33 x 10 Oe fo r  a pow der, if  we a s s u m e  the p u b lish ed  g -v a lu e s  to  be c o r 
r e c t  (BLEANY e t a l 80).

No te m p e ra tu re  dependence  should  be ex p ec ted  fo r  s p in -s p in  re la x a tio n .
O ur m e a s u re m e n ts  c o n firm  th is  in  th e  te m p e ra tu re  ra n g e  f ro m  4 ° K -2 0 ° K
T E N  HOVE fin d s  th a t th e  p -H 2 dependency  c a n  be d e s c r ib e d  by
P = 2 .1 .1 0 8 ex p (-H 2 /7 .9 .1 0 4 ) Hz above 1 MHz fo r  a  p ow der. O ur m e a s u re m e n ts
w ould give fo r  the K j d ir e c tio n  p ' 1 = 1 .8 .108 ex p (-H 2 /  7 .5 x  104 )H z and fo r  the

d ir e c tio n  p = 1 .0 .1 0  ex p (-H 2 /9 .5  x 104 ) Hz in  th e  ra n g e  f ro m  1 kHz - 1 MHz.
One in te re s t in g  r e m a r k  shou ld  be m ad e . O b se rv a tio n  of the  sp in -s p in

a b so rp tio n  of som e sp e c im e n s  gave an  in d ica tio n  th a t if the  s p in - la t t ic e  r e l a x a 
tio n  tim e  pgl got s h o r te r  th an  the a n tic ip a te d  s p in -s p in  re la x a tio n  tim e  pg g , the
a b so rp tio n  due to  the  s p in -s p in  re la x a tio n  d is a p p e a re d . T he o b se rv a tio n  is  not
e a sy . A s m a ll  sp in -s p in  a b so rp tio n  (a f r a c tio n  of a  p e rc e n t)  is  m ask ed  by a
la rg e  s p in - la t t ic e  re la x a tio n  (50%). R e su lts  of m e a s u re m e n ts  on C u C s2 (S 04 )2 .6 H  O
in  th e  K j d ire c tio n  a r e  show n in  fig . H I-16 . T h is  show s th a t th e  a p p a re n t sp in -s p in
a b so rp tio n  d e fin ite ly  re d u c e s  if  Ps s >Ps l - O ur o b se rv a tio n s  in d ica te  th a t th e  sp in -
sp in  a b so rp tio n  p eak  d is a p p e a rs ,  a lthough  if  th e  s p in -s p in  a b so rp tio n  s m e a r s  out
o v e r  a  la rg e  f ie ld - ra n g e  (fo r so m e  unknow n re a s o n )  it  cou ld  s ta y  u nno ticed .
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.15 average
va lu e  fo r

.05

u .
S .7 1 1.4 2 P i l / P i i

F ig . H I-16

fo r  Cu C i ^ S 0 4 ) 2 . 6 H2 0 .  K, .a x is

i f  PilwsPss

b) c o p p e r  a m m o n iu m  tu t to n  s a lt .

C r y s ta ls  o f  c o p p e r a m m o n iu m  tu t to n  s a lt  do n o t g ro w  e a s i ly  and no

la rg e  s in g le  c r y s ta ls  w e re  a v a ila b le .  We m e a s u re d  3 g ra m  o f  s m a l l  c r y s ta ls

(1 -3  m m  d ia m e te r )  o f  th is  s a lt .  T he  s p e c im e n  w a s  m e a s u re d  a t  h e liu m  te m 

p e ra tu re s  w ith  th e  p u ls e  m e th o d  and a t th re e  te m p e ra tu re s  in  th e  h y d ro g e n

ra n g e . T h e  ru n n in g  m e th o d  w as  e m p lo y e d  f r o m  2 0 ° K  u p w a rd s . T h e  r e s u lts

a re  show n in  f ig . I I I - 1 7  th ro u g h  H I-2 0 . In  g e n e ra l we f in d  a c lo s e  s im i la r i t y
be tw e en  th is  s a lt  and c o p p e r  c e s iu m  tu t to n  s a lt .  In  th e  h y d ro g e n  ra n g e  we f in d

e x c e lle n t  C . d . P .  c u rv e s  as i l lu s t r a te d  in  f ig .  IH -1 7 . T he  p (T ) c u rv e  is  show n

2000 o>
1 2  5 0  O t

7 5 0  0«
5 0 0  O t
3 7  5 O t
2 5 0  O t
1 2 5 O t

6 2  O t

Xo 2 T _  2 0 .3  °K

lO* 2.10*±

F ig . H I-17
( f )  'o r  C u ( n H 4 ) 2 ( S 0 4 ' ) 2 . 6 H 2 0
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in  fig . I l l - 18 and g iv es  p = T  “  5 < i ï < 6. The th r e e  po in ts  in  th is  ra n g e  a r e  not on  a
s t r a ig h t  lin e , in d ica tin g  a  s lo w e r te m p e ra tu re  dependence  below  14°K. T he r e l a x 
a tio n  c u rv e s  p ro d u ced  by th e  p u lse  m ethod  in  the h e liu m  ran g e  w e re  po o r e - c u r v e s ,
r e s u l t in g  ag a in  in  a  re d u c e d  a c c u ra c y  and in d ica tin g  d ev ia tio n s  f ro m  C. d . P . The
P-H  dependency  in  th e  h y d rogen  and h e liu m  ra n g e  is  g iven  in  fig . i n - 19. The
c u rv e  a t  2 0 .3 °K 'd e sc r ib e d  the p -H  b eh av io u r in  th e  w hole h y d ro g en  ran g e ; in
th e  h e liu m  ra n g e  th e  p -H d ep en d en cy  v a r ie s  and is  s t ro n g e s t  a t low  te m p e ra tu re s .
The r e s u l t s  in  the h y d rogen  ra n g e  c a n  be d e sc r ib e d  by the B ro n s -V a n  V leck  f o r 
m u la  w ith  p = 0.5. T he m e a s u re m e n ts  r e p o r te d  by G O R T E R 4 fa l l  on an  e x t r a 
po la ted  p a r t  of ou r c u rv e . The m e a s u re m e n ts  of BEN ZIE and  COOKE 76 give in

Fig. in -1 8 .

O # O d« Vries 1250 Oe
□  ■  D de Vries 2 5 0  Oe

Broer and D ijkstra

0 N ash ,crystals  >  lO O O jl
® N ash ,crystals  <  37  U
1 «■ Benzie and Cooke

 com puted u s in g  C l.36 )

p(T) for Cu (NH4)2 fö04)2-6H 20 . sm° l' crystals (1 -3 mm")

th e  h e liu m  ra n g e  m uch  s h o r te r  re la x a tio n  tim e s  th a n  we ob ta ined . T h ese
m e a s u re m e n ts  w e re  ob ta ined  by m ean s  of a  H a r ts h o rn  b rid g e  and a r e  a ls o  in 
d ica ted  in  fig . I l l - 18. F .R .  N ASH81 m e a s u re d  s p in - la t t ic e  re la x a tio n  by m ean s
of a sp in  s a tu ra tio n  tech n iq u e  (X -band p u lse  decay  su p e rh e te ro d y n e  s p e c t r o 
m e te r ) .  T he re la x a tio n  tim e  w as d e te rm in e d  f ro m  th e  la s t  p a r t  of th e  r e la x a 
tio n  c u rv e . NASH m e a s u re d  s a m p le s  of c o n c e n tra te d  c o p p e r am m on ium  tu tto n
s a l ts  c o n s is tin g  of sm a ll  c r y s ta ls  w ith  a  se  le c te d  ran g e  of d ia m e te r s . Som e of
h is  r e s u l t s  have been  in d ica ted  in o u r g rap h  H I -18 fo r  c o m p a riso n . He found
th a t th e  re la x a tio n  tim e  w as s tro n g ly  dependen t on th e  s iz e  of the  c r y s ta ls  and
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F ig. in-19.

sec

5

5 0  H 1 0 0  2 0 0  5 0 0  1 0 0 0  2 0 0 0  O c

p(H) l o r  Cu (N H 4 ) 2  (S 0 4 ) 2  6 H z O

•  2 0 .3  °K ( r ig h t  h an d  sc a le )
■4 2 . 0 0  °K
T 1 .6 0  “K

■ 4 .2 2  °K
► 3 0 6  °K
4  1 .3 3  °K

a ttr ib u te d  th is  to  b o ttlen eck  phenom ena . He c la im e d  th a t th e  re la x a tio n  tim e
w as co n s ta n t fo r  c r y s ta l  d ia m e te r s  la r g e r  th an  1 m m . No d if fe ren ce  w as ob 
se rv e d  betw een  coo ling  by liqu id  h e lium  o r  h e liu m  g as . T he ab so lu te  m a g n i
tude and the te m p e ra tu re  dependence  of th e  re la x a tio n  tim e s  ob ta ined  by u s
a re  in  good acc o rd a n c e  w ith  the m e a s u re m e n ts  ob ta ined  by NASH.

We w e re  ab le  to  d e te c t sp in -s p in  re la x a tio n  phenom ena in  c o p p e r a m 
m onium  tu tto n  s a l t .  The ob tained  d a ta  a r e  g iven in  f ig . H I-2 0. We found
x"

s s  m ax  o.lO , the  sam e  va lue  a s  r e p o r te d  by V E R ST E L L E  T he sp in -s p in
Xad

2 0 . 3  °K
4 . 2  °K

>  1 M H z -V « rs tc H c .

<  1 MHz

Pss lO "

P n ( H 2) fo r  Cu (N H 4 )2 ( S 0 4 ) 2  6 M2 0
Fig. 111—20, ca lcu lated  _________ T j o n _____________ C aspers

d a ta  of V E R ST E L L E  5 a r e  a ls o  in d ica ted  in  fig . IH -20 . We se e  th a t we found a
d if fe re n t p-H ^ re la tio n sh ip , but th a t th e  m e a s u re m e n ts  r e s u l t s  co in c id e  a t
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1 MHz, o u r  l im it fo r  m e a s u r in g . V E R ST E L L E  5 r e p o r ts  th a t h is  m e a s u re m e n ts
(>  1 MHz) can  be d e s c r ib e d  by p ’ ^  (4.7 ±0.2) 108 ex p (-H 2 /7 .4 x  105) Hz. O ur
m e a s u re m e n ts  would g ive (<  1 MHz) p- 1 = 108 ex p (-H 2 /9 .3  x 105) H z. In th is
sp e c im e n  we ag a in  o b se rv e d  th e  d is a p p e a ra n c e  of th e  s p in -s p in  re la x a tio n  if

Ps s  > Ps l '
We co m pu ted  th e  b /C  v a lu e  f ro m  a  m e a s u re m e n t a t 4°K  and ob ta ined

b /C  = (0.151 ± 0 .002)106 0 e 2 . T h is  is  in  good a g re e m e n t w ith  VERSTE L L E 's  va lue
of (0.152 ± 0 .005)108 O e2 and th e  v a lu e  of B EN Z IE , COOKE and W HITLEY 71 who
ob ta ined  b /C  = 0.150 106 O e2 .

3 .5  M EASUREM ENTS ON C O P P E R  POTASSIUM CHLORIDE

We p e rfo rm e d  so m e  re la x a tio n  m e a s u re m e n ts  on Cu K g C ^ . 2H20 .  At
h e liu m  te m p e ra tu re s  th is  s a l t  h a s  b een  s tu d ied  by VAN D EN BROEK e t a l  19> 8 .
T hey  re p o r te d  good C .d .P . c u rv e s  a t  te m p e ra tu r e s  below  th e  X -point of h e liu m ,
but found v e r y  f la tte n e d  re la x a tio n  c u rv e s  a t  h ig h e r  h e liu m  te m p e ra tu re s .  T h is
e ffec t h a s  b een  a tt r ib u te d  to  p o o r h e a t conduc tion  and re a s o n a b le  c o r r e la t io n
w as o b ta ined  be tw een  th e  th e o ry  of EISEN STEIN  18 and  th e  ob ta ined  r e s u l t s .
VAN D EN BROEK s tu d ied  a ls o  p a ra m a g n e tic  s a tu ra tio n  e ffec t in  th is  s a l t .

Two c r y s ta l s  w e re  ob ta ined  fro m  D r. MIEDEMA, and th e  in ten tio n  w as
to  m e a s u re  th e s e  c r y s ta l s  w ith  th e  f ie ld  p a r a l le l  to  th e  c - a x is  in  one and p a r 
a l le l  to  th e  a - a x is  in  th e  o th e r . T he c r y s ta l s  c o n s is te d  of s la b s  r e s p e c tiv e ly
6 m m  and 4 m m  th ic k  and w eighed 1.3 g and  0.8 g. T he c r y s ta l  a x is  could  not
be re c o g n iz e d  f ro m  the  c r y s ta l  h ab it and we t r ie d  to  find  the  a x is  of m ax im um
su s c e p tib i l i ty  by su sp en d in g  th e  c r y s ta l  on a  th in  ny lon  w ire  and o b se rv in g  its
ro ta tio n  in  a  s t ro n g  m ag n e tic  f ie ld  p ro d u ced  by an  iro n  m ag n e t. T h is  w as done
a t ro o m  te m p e ra tu re .  A fte r  w o rk in g  out th e  r e s u l t s ,  th e  r e la t io n  betw een  the
s u s c e p tib i l i t ie s  is  not a s  p re d ic te d  by the  pu b lish ed  g -v a lu e s . (BOWERS and
OWEN re p o r te d  g//= 2.06 and g±= 2 .27). T h is  could  be due to  a  m is ta k e  in
th e  o r ie n ta t io n  o r  due to  a  t r a n s i t io n  in  the  m ag n e tic  ax is  a s  th e  te m p e ra tu re
c h an g es . T he a x is  w ill be in d ica ted  by c * and a  *, th e  a s t e r i s k  in d ica tin g  th a t
th e  e x p e r im e n ta l d ir e c tio n  is  m ean t, not th e  tr u e  d ire c tio n . We m e a s u re d  both
c r y s ta l s  a t  4 .2 °K  and a t th r e e  hyd rogen  te m p e ra tu re s .  T he r e s u l t s  of th e se
m e a s u re m e n ts  a r e  in d ica ted  in  fig . H I-21 and f ig .I I I -2 2 . At 4 .2 °K  we find
s im i la r  r e s u l t s  a s  VAN DEN BROEK. T he re la x a tio n  c u rv e s  w e re  e x tre m e ly
b ro ad en ed  and the re la x a tio n  tim e  pjj. w as com puted  (see  s e c tio n  1 .4 .3 ) .  F o r
th e  ty p ic a l shape  of the  re la x a tio n  c u rv e  we r e f e r  to  VAN DEN B R O E K 19, 8

T he d ev ia tio n  p a ra m e te r  d *  w as com pu ted  fo r  4250 O e. A t 4 .2 °K  we
found d * = 0.68, a  v a lu e  even  h ig h e r  th a n  VAN DEN BROEK 19 r e p o r ts

(d * = 0.5). O ur m e a s u re m e n ts  a t  h y d rogen  te m p e ra tu re s  p ro d u ced  i r r e g u la r
re la x a tio n  c u rv e s , a  s e t of w hich i s  show n in  fig . III-21  fo r  T  = 14.25°K . The
d e v ia tio n s  f ro m  a p u re  C . d . P .  c u rv e  w e re  s t i l l  la rg e  (d * - 0.47 fo r  H //c*-
a x is  and d *  = 0.42 fo r  Hc^ a * -a x is ) ,  but it  w as p o ss ib le  to  g ive an  e s t im a te
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1 1 2 5 0  O f
2 2 0 0 0  O c
3 3 0 0 0  O*

Hc / I c* a x is4  4 2 5 0  Oc

. ■ I , , . . I ■ , I ■ i , l ,

2 1 0 4 5.1Q4  , 0 5 2.105 5.105 2.10 4 5.1Q4  1 0 5 2.105 5.10 H i

2L ( f )  and 2L (V) for Cu K2 C l4 , 2 H 2 0  T - 1 4 . 2 5  °K
Fig. in-21. Xo Xo

fo r  the p eak  of the  a b so rp tio n . We se e  th a t th e  re la x a tio n  c u rv e s  fo r  th e  c r y s 
ta l  w ith  Hc/c * - a x is  a r e  d if fe re n t f ro m  Hc//a * - a x is .  The d if fe re n c e  m ay  be in 
h e re n t to  the  c ry s ta l ,  in s te a d  of to  th e  d ire c tio n . I t m ay  be th a t c ra c k s  and
i r r e g u la r i t ie s  of th e  c r y s ta l s  in fluence  th e  h e a t flow  and the d is tr ib u tio n  of
te m p e ra tu re .  T he c r y s ta ls  a r e  d ifficu lt to  g row  and th ey  have a n  un ev en  c o lo r .

T he b /C  v a lu e s  w e re  com pu ted  f ro m  a  m e a s u re m e n t a t 4 .2 °K . We found:

P’ / ^ - a x i s  = 17.4 x 106 O e2

P ^ V - a x i s  = 16.5 x 106 O e2

T he ra t io  be tw een  th e s e  v a lu e s  is  1.06, w hile th e  g -v a lu e s  p re d ic t  1.16. C o m 
bin ing  th e s e  r e s u l t s  and a ss u m in g  th e  p u b lish ed  g -v a lu e s  to  be c o r r e c t ,  we can
s ta te  th a t:  .  „

P ^ i y / c - a x i s  = <18'3 ± 1.0) 106 Oe

P ^ i y / a - a x i s  = (15.8 ± 0.8) 106 O e2

In co m pu ting  th e  b /C  v a lu e , a  1% and a  0.5% sa tu ra tio n  c o r r e c t io n  is  ap p lied  to
th e  x " v a lu e s  a t re s p e c tiv e ly  4250 Oe, and 3 000 O e. F o r  the d e ta i ls  of the c o r -

Q 9*3
r e c t io n  we r e f e r  to  VAN DEN BROEK ’

T he re la x a tio n  t im e s  o b ta ined  a r e  in d ica ted  in  fig . III-2 2 . In th e  hydrogen
ran g e  we ob ta ined  p& <x T 5 ; th e  v a lu e  fo r  the re la x a tio n  tim e  a t  4 .2 °K  is  a  fa c to r
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10 s m a l le r  th a n  th e  va lu e  ob ta ined
by VAN DEN B R O E K 19. T he p is ,
a s  f a r  a s  could  be d e te rm in e d ,
n e a r ly  independen t of Hc in  the
ran g e  fro m  0 - 4000 Oe, w ith  a

ten d en cy  to w a rd s  in c re a s in g  p
w ith  in c re a s in g  H .

3 .6  MEASUREMENTS ON C O P P E R
SU LPHATE

C opper su lp h a te  h as been
m e a s u re d  by s e v e r a l  in v e s tig a to rs .

7 0
V OLGER s tu d ied  sp in -s p in  r e 
lax a tio n  in  th is  s a l t  f ro m  3 MHz -
40 MHz. DE V R IJE R 82 did the
sam e  in  the ran g e  of 150 kHz -
9.3 MHz but concluded  th a t no
s p in - la t t ic e  re la x a tio n  cou ld  o ccu r
a t 20°K  below  11 MHz (although the
beg inn ing  of th e  s p in - la t t ic e  r e l a x 
a tio n  is  ind ica ted  by h is  a b so rp tio n

42m e a s u re m e n ts ) . LOCHER m e a s 
u re d  a t  m ic ro w av e  f re q u e n c ie s  and

cam e  to  th e  co n c lu s io n  th a t, on th e  c o n tra ry , s p in - la t t ic e  re la x a tio n  had to  e x is t
a t  low f re q u e n c ie s .

We have m ade tw o s e ts  of m e a s u re m e n ts . The f i r s t  m e a s u re m e n t w as
done on a p p ro x im a te ly  3 g ra m s  of s m a ll  c r y s ta l s  w ith  the 4 kOe m ag n et. A sp in -
la t t ic e  re la x a tio n  w as d e te c te d  in  the te m p e ra tu re  ran g e  fro m  4 ° K - 2  0°K . The
av a ila b le  f ie ld  w as, how ever, sm a ll  c o m p a red  to  th e  (b /C )? fie ld  of a p p ro x i
m a te ly  14 kOe and a f ie ld  dependency  could  not be e s ta b lish e d . T he re la x a tio n
t im e s  ob ta ined  a re  show n in  fig . H I-23. In c o p p e r su lp h a te  th e  sp in -s p in  a b s o rp 
tio n  is  s t i l l  s ig n ific an t a t  f r e q u e n c ie s  below  1 MHz. DE V R IJE R 's  m e a s u re m e n t
in d ic a te s  th is ,  but th e  a b so lu te  v a lu e  of h is  m e a s u re m e n t is  d isp u ted  by LOCHER
who c la im s  th a t th e  re la x a tio n  in  z e ro  fie ld  c a n  be d e s c r ib e d  by a D e b y e -re la x -

-9a tio n  w ith  pgg = 6.5 x 10 s e c . In a d ju s tin g  th e  p h ase  of the  m e a s u r in g  a p p a ra tu s ,
we a ssu m e d  the  a b so rp tio n  to  be z e ro  in  z e ro  m ag n e tic  f ie ld . O ur m e a s u re d
c u rv e s  and the  ones c o r r e c te d  fo r  sp in -s p in  a b so rp tio n  a t  z e ro  f ie ld  Hc a r e
show n in  fig . III-24  fo r  T  = 14.4 K  w ith  p g g = 6 .5 x l0 9 se c  u se d  fo r  th e  c o r r e c 
tio n . W ith th é  new m ag n et we did som e p re l im e n a ry  m e a s u re m e n ts  on a  sin g le
c r y s ta l  of a p p ro x im a te ly  4 g ra m s , w ith  H ^ c - a x i s .  T he r e s u l t s  ob ta ined  w ere
not y e t id ea l, so m e  of the  c u rv e s  show ed la rg e  d is tu rb a n c e s , w hich could  be
due to  th e  o sc i lla tin g  pow er supp ly  of th e  m ag n et o r  to  o th e r  unknow n r e a s o n s .

a  9 7 6 5 4  3 2

Phi —•

I I I I I I I  I
1 T 2 5 IO  2 0  °K

■ Hc // c* oxis
•  Hc H o* oxi*

p(T) for Ci>2 CI4 . 2 H2 O a t  4 2 5 0  O«. x v.d. Broek

Fig.IH-22.
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The re la x a tio n  t im e s  ob ta ined ,
w e re  c lo s e , h o w ev er, to  the
f i r s t  s e t  of m e a s u re m e n ts  w ith
the ex cep tio n  th a t the re la x a tio n
tim e  a t  4 .2 °K  is  d e fin ite ly  m uch
lo n g e r  th a n  in  th e  f i r s t  e x p e r i 
m en t and  co m p le te ly  out of re a c h
of o u r b rid g e  ( p > 30 m  s e c ) .
T he m ethod  of s tep p in g  the  fie ld
canno t be u sed  w ith  th e  la rg e
m ag n e t. We w e re  ab le  to  d e t e r 
m ine th e  f ie ld  dependency  a t
14.4°K , w hich is  show n in  fig .
III-25 .

The b /C  v a lu e  w ith
H //c -ax is  h a s  b een  com puted ,
u s in g  75 O e/A  fo r  the  c a lib ra t io n
of the  m ag n e t. T h is  y ie ld ed  a
p re l im in a ry  va lue  of b /C  of
(1.92 ± 0 .0 8 ). 108 O e2 . T he e ffec t
of s a tu ra tio n  h a s  b een  com puted
and we have c o r r e c te d  fo r  it

T T T T 1 I 1 I 1

a  9 7 6 5 i  3 2

P .1 I O'

1 T 2 S lO  °K 2 0

•  sm all c ry s ta ls

■  la rg e  c ry s ta l  He a x is

----------C a n d e la

(VAN D EN B R O E K 9). A t 14 .4°k  and PCT) ' or c “ so ->- 5 H2°
a t  14 kOe a  c o r r e c t io n  Of only  0.5% in

X^(H)/xo is  c a lc u la te d . R e su lts  of
s p in - la t t ic e  re la x a tio n  m e a s u re m e n ts  r e p o r te d  by CANDELA 83 have b een  in d i
c a te d  in  f ig . m - 2 2 .  T hey  w e re  ob ta ined  by m e a s u r in g  the d ir e c t  c u r r e n t  s u s c e p 
tib il i ty  a s  a  func tion  of m ic ro w av e  p o w er ab so rb e d  a t e le c tro n  sp in  re so n a n c e .

j-o -o -

□  2 0 0 0  Oe
O  4 2 5 0  Oe

______calculated  c o rre c tio n
, h lo r sp in .sp in  re lax a tio n

X . an d  1L. fo r  Cu S O 4  5 H2 O _ with P s s .6 5  IO’9sec
X0 X© -------------- c o rre c te d  curves

Fig, n i-2 4 . _  s m a l l  c r y s t a l ’s
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Fig. ÏÏI-25.

2 .1 0 '

2 H 3 kOt 2 0

p(H) fo r  Cu S O 4. 5 H 2 0  Hc / C _ a x i s

3 .7  MEASUREMENTS ON COBALT AMMONIUM TU TTO N  SALTS

P a ra m a g n e tic  re la x a tio n  in  h y d ra ted  co b a lt tu tto n  s a l ts  h a s  been  m e a s 
u re d  by VAN DEN B R O E K 8 and V E R ST E L L E  5 . VAN D EN BROEK ob tained
s e v e r a l  an o m alo u s r e s u l t s .  F i r s t l y  he ob ta ined  a  s h a rp  d e c re a s e  in  the va lue  of
the re la x a tio n  tim e  a s  a func tion  of the m ag n e tic  f ie ld  H follow ed by a  re g io n
of in c re a s in g  re la x a tio n  tim e  above about 1 kO e. S econdly  he re p o r te d  ra p id
v a r ia tio n s  of the  re la x a tio n  tim e  in  sin g le  c r y s ta l s  a s  the f ie ld  w as in c re a s e d
and a ls o  double r e la x a tio n s .  T h ird ly  he found an  an o m alo u s beh av io u r of the
a d iab a tic  su s c e p tib ili ty .

We g rew  s e v e r a l  c r y s ta ls  re p la c in g  the  n o rm a l c r y s ta l  w a te r  (H O) w ith
heavy  w a te r  (D20 ) ; and  hoped th a t any  p o ss ib le  ch an g es  m igh t give a b e t te r
u n d e rs ta n d in g  of th e  an o m alo u s r e s u l t s .  A lthough th e  m e a s u re m e n ts  a r e  not
fin ish ed , we w ill give a  r e p o r t  of th e  in i t ia l  f in d in g s . T o c o m p are  som e of ou r
m e a s u re m e n ts  w ith  a  s a l t  w ith  H20  a s  c r y s ta l  w a te r , we re m e a s u re d  old s p e 
c im e n s , but we do not know w h e th e r th e se  a r e  th e  sa m e  sp e c im e n s  m e a s u re d
by VAN DEN BROEK . F ig . H I-26 show s the  re la x a tio n  tim e  p a s  a  function
of te m p e ra tu re  fo r  a c o n c e n tra te d  c r y s ta l  w ith  DgO a s  c r y s ta l  w a te r , and one
w hich h as been  d ilu ted  1:12 w ith  Z n. T he f ig u re  m en tioned  is  th e  d ilu tio n  in
so lu tion , but VAN DEN B R O E K 8 r e p o r ts  th is  to  be a p p ro x im a te ly  eq u a l to  the
d ilu tio n  in  th e  c r y s ta l .

In the  h e liu m  ra n g e  we ob ta ined  long  re la x a tio n  t im e s ; fo r  th e  d ilu ted
sam p le  40 seco n d s  a t 1.1°K . In  g e n e ra l , ex cep t fo r  the  lo w est te m p e ra tu r e s ,  we
found v e ry  good e - c u r v e s ,  in d ica tin g  s in g le  re la x a tio n s . In  the h y d rogen  ran g e
we found fo r  the c o n c e n tra te d  sam p le  p «  T 6, but in  th e  d ilu ted  sam p le  th e re
is  d e fin ite ly  a  lo w er pow er of T , c lo se  to  p . T ’4 . T he m agn itude  of th e  r e l a x 
a tio n  t im e s  in  th e  h y d rogen  ran g e  is  c lo se  to  the va lu e  ob ta ined  by both  VAN
DEN BROEK and V E R ST E L L E  5, o u r  v a lu e s  fo r  a  c o n c e n tra te d  sam p le  a t
low h e liu m  te m p e ra tu re s  w ith  heavy  w a te r  a r e  50 t im e s  la r g e r  th an  the r e l a x 
a tio n  tim e s  re p o r te d  by VAN DEN BROEK 8 fo r  h is  HgO sp e c im e n s . It would
be, how ever, p re m a tu re  to  a s c r ib e  th is  d if fe re n c e  to  the d if fe re n t c h a ra c te r
of the  c r y s ta l  w a te r .
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*« io

a  97654 3 2

K.J..
20 °K

concentrated'I <5 t 4 Hc -  225 Oe
crystal i O fl> •  Hc _ 1350 Oc

diluted with Zn 1:12 t> to * Hc -  22 5 Oe

Fig. ffl-26. P(H) for Co(NH4)2 (S0 4 )2 . 6  Dj O • single crystal with Hc//K2 -axis

T he p -H  dependency  fo r  a  n u m b er of c a s e s  is  g iven  in  fig . III-2 7 . At
he liu m  te m p e ra tu re s  the t r e n d  is  th e  sam e  a s  r e p o r te d  by VAN D EN B R O E K 8.
In f ie ld s  above 500 Oe we find  p cc H T he p -H  re la tio n  is  d e te rm in e d  by
m ean s  of s tep p in g  the dc fie ld , no m e a s u re m e n ts  could  be ta k e n  a t  m ag n e tic
f ie ld s  h ig h e r  th an  1500 O e. In  the h y d rogen  ran g e  fo r  the c o n c e n tra te d  sam p le
p(H) c a n  be d e sc r ib e d  by a B ro n s -V a n  V leck  fo rm u la  w ith  p = 0.6, fo r .th e  d ilu ted
sa m p le s  not enough m e a s u re m e n ts  have  b een  m ade to  re a c h  a  co n c lu s io n . R e 
lax a tio n  t im e s  have b een  ob ta ined  a ls o  fo r  th e  and th e  d ire c tio n s  in  c o n 
c e n tra te d  DgO s a l ts .  V e ry  l i t t le  d if fe re n c e  could  be o b se rv e d  and if  the r e s u l ts
w e re  p lo tted  in  f ig .I I I -2 6  th e  d if fe re n c e s  w ould b a re ly  be n o ticed . In  th e  g rap h s
p ro d u ced  by th e  X -Y  w r i t e r  we n o ticed  s e v e r a l  an o m alo u s a b so rp tio n s  a t d if 
fe re n t f ie ld s .  T h ese  a b so rp tio n s  have b een  s tu d ied  in  som e d e ta i l .  One of th e s e
a b so rp tio n s  could  be c la s s if ie d  a s  a  K ron ig -B ouw kam p s p in -s p in  re la x a tio n ,
s im i la r  to  th a t found in  th e  c o p p e r tu tto n  s a l t s .  F ig . III-29  show s so m e  of the
r e s u l t s  f ro m  th re e  s in g le  c r y s ta l s  of Co(NH4 )2 (S04 )2 . 6HaO. M e a su re m e n ts  a t
th r e e  d if fe re n t h e liu m  te m p e ra tu re s  w e re  u sed  to  a s s e m b le  fig . n i - 2 9 .  Som e
fu r th e r  d a ta  p e r ta in in g  to  th e s e  s p in -s p in  a b so rp tio n s  and  som e ad d itio n a l da ta
fo r  tw o d ilu ted  c r y s ta ls  (m e a su re d  a t h e liu m  te m p e ra tu re s )  a r e  g iven  in  tab le
m - 6 .
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t o o  2 0 0  H 5 0 0  1 0 0 0  2 0 0 0  5 0 0 0  Oe

n 6 D j 0 . 1 : 1 2 . T .  2 0 8
® ó D j O  l : O . T .  2.98 ■ 6 D a0 . 1 : I O . T _ M 2 5
»  6 D 2 0 . I : 0  T _  4.19 a  6 H j O . 1 : 1 0 . T .  2 .0 8
0  6 D j O . I :O .T _ 1 4 .9 5  a  6 H2 0 . 1: l O . T  . 14.25

p(H) to r  several samples Co CNHelj (SO.) ,  6 H aO
or  6  D2O; single c ry s ta ls  with Hc / /K ,  axis,
temperatures in °K.

Fig. III-27.

sample

( 1)
t  1 2 1 5 0 ,3 3 1 5  Oe

l : 0  K,
d 2 o

(2 )
t ,  I

3 6 2 0 .
1 6 1 0 , 2 0 2 0 . 2 6 4 0  Oe

1 : 0  k2
d 2 o

(4 )
t  ] 1 5 9 0 , 3 4 7 0  Oe

1 : 0  k2
d 2 o

(6 )
I 1

5 4 6 0 .
1 9 9 0 , 2 9 8 0  Oe {

1 :10  Ko
h 2 o

1 0 6 0 0  Oe

5 1 0  kOe

I -2L > 1o70
I x0
I 1%  <  —  <  i o 7 o

Xa

I JL < ,7.
X o

I

1 a b s o r p t io n  only observed
in a  few m e a s u r e m e n t s  or
nearly  masked by noise .

l o c a t io n  a n d  s t r e n g t h  o f  f ie ld  i n d e p e n d e n t  a b s o r p t i o n s  in C o b a l t  t u t t o n s a l t .
fo r  the d e s c r i p t i o n  of  t h e  s a m p le s  t h e  r e a d e r  is r e f e r r e d  to  t h e  t e x t ;  th e
n u m b er s  In t h e  f i g u r e  i n d i c a t e  t h e  v a lu e  of  the m a g n e t i c  f ie ld  He a t  w h ich  the
a b s o r p t i o n  h a s  i t s  p e a k .

Fig.III-28.
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Sam ple S ubstance C ry s ta l
d ire c tio n

v "  / v
s s  m a x ' ''•ad P ^ H z A 2  ^  2A Oe

1 C o(NH4)2 (S04 )2 .6D 20 1:0 H / / K i 0 .17±  0.01 18.3 x 106 11 x lO 5

2 ,4 I I  I I 1:0 VS 0.07 ± 0.01 256 x lO 6 6. 9 x  105

3 I I  II 1:0 VS 0.09 ± 0.01 107 x lO 6 7 . 7 x l 0 5

5 U  I I 1:12 VS 0 .12±  0.02 4.5 x 106 2 . 3 x l 0 5

6 Co(NH4)2 (S 04)2.6H 20 1:10 v s 0 .0 8 ± 0.02 3.1 x  106 2. l x l O 5

T ab le  III-6 . D ata  fo r  K ron ig -B ouw kam p re la x a tio n  g iven  by p
fo r  s e v e r a l  s a m p le s  of c o b a lt tu tto n  s a l t s .  SE

PQ exp(H 2 /A2)

It should  be po in ted  out ag a in  th a t th e  v a lu e s  g iven  fo r  pQ and  a2 a r e  th e
v a lu e s  d e te rm in e d  by d raw in g  a  s t r a ig h t  lin e  th ro u g h  th e  m e a s u r in g  p o in ts  in  a
log  p -H 2 g rap h .

1060i2
7 .5

2 .5

7 .5

2 .5
10.0

/ ' N
h c / / k 3

X / V s
-

X k ,
• X L

h c / / k 2

/  N
h c / / k ,

VX

to - 3  P»> to ' 4 t o ' 5  sec  lO"^

T _  4  2  °K /
T _  1 .5  °K /
T - 2 . 2  °K \

Fig. m -29 . P ss  CH2) lo r  C o CNH4l2 (S 0 4 )2 . 6 D 20 .

T he m a in  c h a r a c te r i s t i c  of th e  o th e r  a b so rp tio n s  w as th e i r  independence
fro m  fie ld  a s  a fu n c tio n  of te m p e ra tu re  and m e a s u r in g  fre q u e n c y . A lthough m any
m e a s u re m e n ts  have b een  done th e r e  a r e  not enough d a ta  y e t to  d e s c r ib e  ad eq u a te ly
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the  phenom ena o b se rv e d . At p re s e n t we w ill d e s c r ib e  the g e n e ra l line  of o u r
o b se rv a tio n s . The fo llow ing  p ro p e r t ie s  of the fie ld  independen t a b so rp tio n s
w ill be co n s id e re d :

a) The type  of sam p le  m e a s u re d .
b) The f ie ld s  a t w hich the a b so rp tio n  o c c u r re d .
c) T he in te n s ity  of the  a b so rp tio n s  and the dependence  on the m e a s u r in g  f r e 

quency .
d) The te m p e ra tu re  dependency .
e) T he a d iab a tic  su s c e p tib ili ty .

a) T he ty p e s  of sa m p le s  u sed .

A ll m e a s u re m e n ts  w e re  done on s in g le  c r y s ta l s  of co b a lt am m on ium
tu tto n  s a l t  w ith  D^O and o c c a s io n a lly  H^O a s  c r y s ta l  w a te r . The s a m p le s  (1),

and Kg d i r e c 
tio n s  r e s p e c tiv e ly . (1) and (2) show ed a  f ie ld  independen t ab so rp tio n , (3) h a s
not b een  co m p le te ly  exam ined  (only w ith  m e a s u r in g  f re q u e n c ie s  above 7.5 kHz),
but no tr a c e  of an o m alo u s a b so rp tio n  w as found. A d ilu ted  sam p le  (5) w ith
DgO d id  a lso  not show  any  a b so rp tio n  of th is  type in  the  freq u en cy  ra n g e  of the
b rid g e . A d ilu ted  sam p le  (6) w ith  H^O p roduced  v e ry  la rg e  a b so rp tio n s ; it w as
a lso  ex am in ed  w ith  the h ig h -f ie ld  m agnet (<  15 kOe) and b e s id e s  th e  K ro n ig -
B ouwkam p re la x a tio n  we w e re  ab le  to  id en tify  th r e e  defin ite  a b so rp tio n s , but
it  is  p o ss ib le  th a t o th e r  sm a ll  a b so rp tio n s  w ere  m ask ed  by in s ta b i l i t ie s  of the
pow er so u rc e  of the m ag n e t a t h igh f ie ld s . The a b so rp tio n s  a re  sc h e m a tic a lly
in d ica ted  in  fig . IH -28.

(2), and (3) (see tab le  III-6) have b een  m e a s u re d  in  the K j, Kg,

b) The m ag n e tic  f ie ld  a t w hich th e  a b so rp tio n  o c c u rre d .
F ig . IH -28 show s a ls o  the v a lu e s  of th e  f ie ld s  a t  w hich we found the fie ld

O

independen t a b so rp tio n s . VAN DEN BROEK re p o r te d  th a t in  th e  s in g le  c r y s ta l
he m e a s u re d  (1:9.5 d ilu ted  w ith  Z n), the f ie ld s  a t w hich  the f i r s t  a b so rp tio n  o c 
c u r r e d  w e re  in v e r s e ly  p ro p o r tio n a l to  the a s s o c ia te d  g - f a c to r .  U n fo rtu n a te ly
the m ounting  of o u r s a m p le s  h a s  not b een  a c c u ra te  enough to  c o n firm  th is  c o m 
p le te ly . By a s s u m in g  th is  p ro p e r ty , how ever, we c a n  c la s s ify  som e of th e  a b 
so rp tio n s . Sam ple (4) is  s im i la r  to  sam p le  (2) but only  s m a lle r .  T h e re  is  l i t t le
doubt th a t the a b so rp tio n s  a t  3620 Oe and 1610 Oe in  sam p le  (2) c o rre sp o n d
w ith  the a b so rp tio n s  a t 3470 Oe and 1590 O e, th e  d if fe re n c e  being  due to  d i f f e r 
en ces  in  m ounting . T he a b so rp tio n  a t 3620 Oe in sam p le  (2) c an  p ro b ab ly  be
connec ted  w ith  the a b so rp tio n  a t 2150 Oe in  sam p le  (1). F ro m  v a lu e s  of the
a d iab a tic  su s c e p tib i li ty  on the sa m p le s  (1), (2), and (3) we c a lc u la te d  the b /C
v a lu e s  and found re s p e c tiv e ly  13.5 x  104 O e2 , 4 0 .4 x  104 O e2, and 19.8 x  104 O e2.
The r a t io 's  of th e  e ffec tiv e  g -v a lu e s  a r e  th u s :

1.21 and 0.70
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F o r  c o b a lt am m on ium  tu tto n  s a l t  w ith  H^O a s  c r y s ta l  w a te r ,

INGRAM 84 r e p o r t
% gK2

1.86, ---- - =  1.31 and ——  = 0.70
% 3 % 3

BLEANEY and

An e r r o r  in  the m oun ting  of sam p le  (1) could  ex p la in  the d if fe re n c e s . T he ra t io
of the f ie ld s  a t w hich the a b so rp tio n s  o c c u r  is

(Hc>

(Hc>
1.69

w hich i s  c lo se  to  th e  1.73 found fo r  th e  r a t io  of th e  e ffec tiv e  g -v a lu e s . O ur in i
t ia l  co n c lu s io n  is  th a t the a b so rp tio n s  in  1 and 2 a r e  co nnec ted , and we in d ica te
th is  by a  sm a ll  b a r  in  f ig .I I I -2 8 .

c) The in te n s ity  of the  a b so rp tio n s .
The in te n s ity  of a  p a r t ic u la r  a b so rp tio n  depended  on the m e a s u r in g  f r e 

quency  and th e  te m p e r a tu r e . We found the ab so rp tio n , e x p re s s e d  in  x " / x o . in
the h e liu m  ran g e  to  be m ax im u m  a t 4 .2°K ; a t  2 .2 °K  th e  p eak  va lue  of x" /xq w as
ap p ro x im a te ly  a  f a c to r  2 lo w er, w hile the h a lf w idth  (in th e  m ag n e tic  fie ld ) of
the a b so rp tio n  w as la r g e r  (of the o rd e r  of 2 0%). At h y d rogen  te m p e ra tu re s  we
w ere  not ab le  to  d e te c t any  an o m alo u s e f fe c ts . T he p eak  va lu e  of th e  a b so rp tio n s
in c re a s e d  w hen th e  m e a s u r in g  fre q u e n c y  w as d e c re a s e d , but the  m e a s u r in g  ran g e
of th e  b rid g e  (f > 1 8 0  Hz) w as n e v e r  su ffic ien t to  d e te c t th e  to p . The m o s t c o m 
p le te  m e a s u re m e n t w as done on th e  3620 Oe a b so rp tio n  of sam p le  (2) a t 4 .2 °K .
We m e a s u re d  th is  sam p le  a ls o  w ith  the H a r ts h o rn  b rid g e  and th e  com bined
m e a s u re m e n ts  in d ica ted  th a t the  f ie ld  independen t a b so rp tio n  w as due to  a  d e 
c re a s e  of th e  s p in - la t t ic e  re la x a tio n  tim e  to  a  m uch  lo w er v a lu e  a t  a  p a r t ic u la r
f ie ld . In fig . IIE-28 we have in d ica ted  th e  m agn itude  of the  m ax im u m  a b so rp tio n s
o b se rv e d  by u s .  T he la r g e s t  an o m alo u s a b so rp tio n  w as o b se rv e d  w ith  th e  n i t r o 
gen coo led  m agnet at 5400 Oe in  an  in i tia l m e a s u re m e n t a t  h igh  f ie ld s . Sam ple
(6) is  the  only  sam p le  exam ined  w ith  th is  m ag n et.

d) T e m p e ra tu re  dependence  of th e  a b so rp tio n s .
T he dependence  of th e  in te n s ity  of th e  a b so rp tio n  h a s  b een  m en tioned  in

c ). T he f ie ld  va lu e  a t w hich the  m ax im u m  a b so rp tio n  o c c u rs  is  te m p e ra tu re
independen t, a s  f a r  a s  cou ld  be d e te rm in e d .

e) T he ad ia b a tic  su s c e p tib ili ty .
In som e of th e  s a m p le s  we n o ticed  th a t th e  ad ia b a tic  su s c e p tib i li ty  w as

la r g e r  th a n  in  o th e r s .  T he a d iab a tic  su s c e p tib i li ty  could  be re p re s e n te d  in  th e se

c a s e s  by
X ^ H ) = + X'(H)

in w hich x^p r e p r e s e n ts  the to ta l  m e a s u re d  su s c e p tib ili ty , c o n s is tin g  of a  con.-
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s ta n t p a r t  X ^ and a  p a r t  X' (H) fu lfillin g  th e  r e la t io n
w ell.
In sam p le  (1) th e  q u an tity

X'(H)
b+C H '

2 re a s o n a b ly

*c
Xrp(H=0) w as of the o rd e r  of 0.03 and w as te m p e ra -

Xctu re  independen t be tw een  2 K and 4 K. In sam p le  (6) 0.15 and a ls o

te m p e ra tu re  independen t in  the sa m e  te m p e ra tu re  ra n g e . In  th e  o th e r  sa m p le s
th is  v a lu e  w as 0.01 o r  le s s .  T he va lu e  of X^/XQ h as  b een  o b se rv e d  a t  f re q u e n 
c ie s  up to  250 kHz and i s  independen t of freq u en cy .



C H A P T E R  4

THE DISCUSSION O F THE RESU LTS

4. 1 DISCUSSION O F THE MEASURING A PPARATU S

In c h a p te r  2 we have show n in  d e ta i l  th e  c o n s tru c tio n  of the b rid g e  and
the a s s o c ia te d  d e te c to r  c ir c u i t ,  w hile in  c h a p te r  3 we have show n m e a s u r in g
r e s u l t s  ob ta ined  w ith  th e  b rid g e . In th is  s e c tio n  we w ill m ake a  few  ad d itio n a l
r e m a r k s  and su g g e s tio n s  fo r  im p ro v e m e n ts .

The b a s ic  s y s te m  of m e a s u r in g  p a ra m a g n e tic  re la x a tio n  d e s c r ib e d  in  th is
5

th e s is  is  id e n tic a l to  th a t of the  H a r ts h o rn  b rid g e  o r  th e  T w in  T b rid g e  , th e
m a g n e tiz a tio n  is  m e a s u re d  by in tro d u c in g  a  sa m p le  in to  a  c o il . T he m a in  a d 
v an tag e  of th is  g e n e ra l  s y s te m  is  the  f re e d o m  to  u se  th e  dc m ag n e tic  f ie ld  a s  a
c o m p le te ly  independen t p a ra m e te r .

O ur m ethod  of d e te c tio n  en ab led  u s  to  o b ta in  the  v a lu e s  of X." and  X 1
p ro p o r tio n a l to  a dc v o ltag e , w hich in  tu r n  m ade  i t  p o ss ib le  to  r e c o r d  th e s e
v a lu e s  a s  a con tinuous fu n c tio n  of H. B e s id e s  a c o n s id e ra b le  tim e  sav in g , it
enab led  u s  to  d e te c t th e  s p in -s p in  re la x a tio n s  a t  low f r e q u e n c ie s  and  we w ere
a ls o  ab le  to  d e te c t the  s m a ll  a b so rp tio n s  in  th e  c o b a lt tu tto n  s a l t s .  T h e se  p h e 
nom ena w ould have b een  v e ry  d ifficu lt to  d e te c t by m ean s  of a  n o rm a l "hand
o p e ra te d "  b rid g e . T he g ra p h s  p ro d u ced  by th e  XY w r i t e r  a ls o  give a f a s t  in 
d ica tio n  d u rin g  the m e a s u re m e n ts  of the  t r e n d  and type  of r e s u l t s .  A d is a d v a n 
tag e  is  th e  g r e a te r  co m p lex ity  of the m e a s u r in g  s y s te m  in  c o m p a r iso n  w ith  e .g .
th e  H a r ts h o rn  b rid g e .

It should  be po in ted  out th a t th e  s y s te m  of sy n ch ro n o u s  d e te c tio n  is  u s 
ab le  fo r  m o s t ty p e s  of a .c .  b r id g e s . It i s  h o w ever th e  f i r s t  t im e  it  h a s  been
ap p lied  to  a b rid g e  fo r  p a ra m a g n e tic  r e la x a tio n  in  L e id en . Synchronous d e 
te c tio n  in  g e n e ra l  is  ap p lied  in  m any fo rm s , m a in ly  b e c a u se  i t  c a n  re d u c e  s ig 
n a l to  no ise  r a t io s  in  t r a n s m is s io n s  of s ig n a ls . It is  w idely  u se d  in  m o d e rn
c o m m u n ic a tio n -sy s te m s  (te lev is io n , f re q u e n c y -m o d u la tio n , c a r r ie r - te le p h o n y ,
sp ace  c o m m u n ica tio n s , e tc .) .  T he e s s e n t ia l  p r in c ip le  in  sy n ch ro n o u s  d e te c tio n
is  to  u se  a l l  the  know ledge av a ila b le  about the  s ig n a l. In  o u r ap p lic a tio n , th e
p ro b le m  is  r a th e r  s im p le . T he o p e ra tin g  freq u en cy  of the b rid g e  is  e x ac tly
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known and the  output s ig n a l of the b rid g e  i s  c o m p a re d  in  tw o sy n ch ro n o u s d e 
te c to r s  w ith  the input s ig n a l, w hich  h a s  a  v e ry  good s ig n a l to  no ise  r a t io .  The
b an d -w id th  of th e  output s ig n a l of th e  sy n ch ro n o u s  d e te c to r  can  be lim ite d  to  any
d e s i re d  v a lu e , p ro v id in g  it  is  w ide enough to  follow  v a r ia t io n s  of th e  b rid g e  o u t
put s ig n a l f a s t  enough. One c a n  s ta te  th a t o u r sy s te m , f ro m  the s ig n a l to  no ise
stan d p o in t, i s  o p tim u m . P re s e n tly  th e  m a in  lim ita tio n  in  th e  s e n s it iv ity  of the
b rid g e  is  d r if t  of co m ponen ts  and is  a s  su ch  s t i l l  open fo r  im p ro v e m e n ts .

In e le c tro n - a n d  n u c le a r  sp in  re so n an ce , sy n ch ro n o u s  d e te c tio n  m ethods
have b een  u sed  fo r  m any  y e a r s ,  and we w ill not a tte m p t to  rev iew  a l l  th e  s y s 
te m s  u se d . F E H E R ^  h a s  an a ly zed  s e v e r a l  and com puted  th e  s e n s it iv ity  ob 
ta in a b le . In th e  s y s te m s  u sed  in  L e id en  fo r  p a ra m a g n e tic  re so n a n c e  e x p e r i 
m e n ts  the to ta l  m ag n e tic  f ie ld  c o n s is ts  in  g e n e ra l of th r e e  co m p o n en ts . F o r
e le c tro n - s p in  re so n a n c e , the  sam p le  is  u su a lly  in  a  m ic ro  w ave c a v ity  and is
su b je c t to  an  R F  f ie ld  w ith  an  a n g u la r  fre q u e n c y  <a. P e rp e n d ic u la r  to  th is  f ie ld
is  a  c o n s ta n t f ie ld  Hc on w hich is  su p e r im p o se d  a  r e la t iv e ly  s m a ll  a l te rn a t in g
fie ld  AHc> u su a lly  w ith  a  fre q u e n c y  of th e  o rd e r  of 30 Hz. A t re s o n a n c e , d e t e r 
m ined  by th e  co n d itio n  h iu = g p  H , e n e rg y  w ill be ab so rb e d  by the sa m p le . A

P C
p a r t  of th e  R F  e n e rg y  is  coup led  to  an  R F  d e te c to r  (o cca s io n a lly  a f te r  a  h e t e r 
odyne o p e ra tio n  and a m p lif ic a tio n ) and  the a b so rp tio n  in f lu en ces  the output s i g 
n a l of the R F  d e te c to r .  T he a l te rn a t in g  fie ld  AHc w ill e ffe c tiv e ly  m odu la te  the
d e te c te d  s ig n a l and th is  m odu la tion  co n ta in s  the  d e s i re d  in fo rm a tio n  about the
re s o n a n c e . T h is  in fo rm a tio n  is  th e n  a b s t ra c te d  f ro m  th e  d e te c te d  s ig n a l by
m ean s  of sy n ch ro n o u s  d e te c tio n  (phase se n s itiv e  d e tec tio n ) .

T h is  sh o r t d e s c r ip tio n  show s som e of th e  d if fe re n c e s . In  o u r sy s te m  we
have one ac s ig n a l, th e  m e a s u r in g  s ig n a l of th e  b rid g e , and th is  s ig n a l is  s e p a 
ra te d  in to  tw o co m ponen ts  by m ean s  of sy n ch ro n o u s d e te c tio n . In e le c tro n - s p in
re s o n a n c e  th e  R F  s ig n a l a c ts  a s  a  c a r r i e r  w hich is  m odu la ted  by the a b so rp tio n
of th e  sam p le  in  th e  rh y th m  g iven  by the s m a ll  a lte rn a t in g  f ie ld  AHc . T h is  m o 
du la tio n  is  m o s t e ffec tiv e ly  d em odu la ted  by p h ase  se n s itiv e  d e tec tio n .

R e tu rn in g  to  th e  sy s te m  u se d  by u s , the fo llow ing  im p ro v e m e n ts  could
be su g g es ted . It m ig h t have ad v an tag es  to  build  a  co m p le te  b rid g e  in s id e  the
c ry o s ta t ,  w ith  th e  supp ly  and  d e te c to r  le a d s  a s  co n n ec tio n s . The output of a
second  b rid g e , su p p ly ing  m e re ly  a  c o r r e c t io n  to  b a lan ce  the m a in  b rid g e ,
should  be added  to  the  output of the  m a in  b rid g e  and could  be lo ca ted  ou ts ide
the c ry o s ta t .  A t p re s e n t  th e  co n n ec tio n s  f ro m  th e  tw o c o ils  in  th e  c ry o s ta t  to
th e  b rid g e  p ro b a b ly  fo rm  th e  m a in  so u rc e  of in s ta b ili ty . T he leng th  of th e  m e a s 
u r in g  cy c le  is  p re s e n tly  d ic ta te d  by the sp eed  of th e  re g u la tin g  m e c h a n ism  fo r
th e  m agne t c u r r e n t .  S ho rten in g  th e  tim e  in te rv a l w ould im p ro v e  th e  s ta b il ity .
In a s s o c ia tio n  w ith  th e  n itro g e n  coo led  m agnet (p a ra g ra p h  2.15) a  re g u la tin g
m e c h a n ism  is  be in g  c o n s tru c te d  w hich can  b rin g  the  m ag n e tic  f ie ld  to  a  va lue
of 15 kOe w ith in  5 seco n d s , m a in ta in  th e  f ie ld  long  enough fo r  com m u ta tio n
(3 seco n d s) and b r in g  th e  fie ld  down in  5 se c o n d s . A le ad  b a t te ry  w ill be u sed
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a s  the pow er so u rc e , th e  re g u la tin g  u n it w ill be t r a n s is to r iz e d  and we hope to
ob ta in  a v e ry  sm o o th ly  v a ry in g  fie ld , w ithout t r a n s ie n ts .

It should  be po in ted  out th a t th e s e  te ch n iq u es , by w hich a re la t iv e ly  h igh
m ag n e tic  f ie ld  can  be ob ta ined  a t low  c o s t , c a n  be u se d  b e c a u se  of th e  f a s t  m ethod
of m e a s u r in g  X' and x " .  F in a l ly  it c a n  be re m a rk e d  th a t th e  m ethod  of m e a s u r in g
re la x a tio n  phenom ena in  be tw een  the s ta n d a rd  te m p e ra tu re  re g io n s  is  a g a in  a p 
p lic a b le  due to  th e  f a s t  o p e ra tio n  of the  equ ipm en t.

4 .2  DISCUSSION O F THE MANGANESE TU TTO N  SPECIM ENS AND GADOLI
NIUM SU LPH ATE

4 . 2 . 1  D i s c u s s i o n  o n  t h e  m a n g a n e s e  t u t t o n  s p e c i m e n s  w i t h o u t
m a g n e t i c  i m p u r i t i e s  a d d e d

The p u rp o se  of m o s t of th e  e x p e r im e n ts  on the m an g an ese  tu tto n  s p e c i
m en s  w as to  find  an  a n sw e r  to  th e  q u es tio n : Why a r e  th e  s p in - la t t ic e  re la x a tio n
t im e s  in  the th r e e  sp e c im e n s  a , b  and q so  d if fe re n t?  In  s e a rc h in g  fo r  the
a n sw e r we hoped to  ob ta in  a ls o  the  a n sw e r  to  th e  fo llow ing  tw o q u es tio n s :

1. Why do re la x a tio n  c u rv e s  d ev ia te  o c c a s io n a lly  f ro m  C . d . P .  c u rv e s ?
2. How can  th e  f la t p a r t  in  th e  p(T) c h a r a c te r i s t i c  be ex p la in ed ?

A s in d ica ted  in  c h a p te r  IH the in v e s tig a tio n s  fo llow ed fo u r  d if fe re n t " ro a d s "  A,
B, C, D, w hich w ill be l is te d  in  sh o r t  fo r  conven ience:

A . M agnetic  im p u rity  io n s .
B. C ry s ta l  d e fe c ts , c ra c k s ,  e tc .
C . Ions w ith  a  d if fe re n t v a len c y .
D. N o n -m agnetic  im p u r i ty  io n s .
We w ill f i r s t  c o n s id e r  A. F ro m  th e  e x p e r im e n ts  in  s e c t io n  3 . 2 . 3  we

2 +  2 +le a rn e d  th a t som e im p u r i t ie s  (such  a s  Co and F e  ) have a  s tro n g  in fluence
2 +on th e  re la x a tio n  t im e . 1% Co re d u c e s  th e  re la x a tio n  tim e  in  th e  h y d ro g en

ran g e  by a  fa c to r  of 100. T h is  r e s u l t  show s th a t one canno t p o s s ib ly  see  the
m an g an ese  and  the c o b a lt io n s a s  s e p a ra te  s y s te m s , not ev en  in  the f a i r ly

2 +d ilu ted  s a l ts  su ch  a s  the tu tto n  s a l t s .  In th a t c a se  ad d itio n  of 1% Co - io n s

could  only p ro d u ce  a  sm a ll  second  re la x a tio n  w hich we w ould b a re ly  d e te c t.
A p p aren tly  th e  co b a lt a to m s a c t a s  " r e la x a t io n  p o c k e ts"  w ith  a  s h o r t  r e l a x a 
tio n  tim e  (see  se c tio n  1 .5 ) and th e  m a jo r i ty  of th e  m an g an ese  a to m s  a r e  tig h tly
coup led  to  th e s e  c o b a lt io n s , g iv ing  the co m p le te  c r y s ta l  a  sh o r t  re la x a tio n
tim e  (VAN V L E C K 6^, B Ö L G E R 22). W ith 1% C o2+ added  we a ls o  found a  p a r t
in  th e  p (T) c h a ra c te r i s t i c  w h ere  p w as independen t of te m p e ra tu re , show ing
th a t th is  phenom enon can  be c a u se d  by im p u r i t ie s .  F u r th e rm o r e  we le a rn e d
fro m  th e s e  e x p e r im e n ts  w ith  m ag n e tic  im p u r i t ie s  added  to  the  m an g an ese
c r y s ta l  th a t th e  re la x a tio n  tim e  a lw ay s d e c re a s e s ,  w ith  so m e  e le m e n ts  hav ing
m o re  e ffec t th a n  o th e r s .  F ro m  th e  r e s u l t s  ob ta ined  it w as ev iden t th a t th e

115



m ag n e tic  im p u r i t ie s  su rv ey ed  did no t p ro d u ce  e ffe c ts  a s  found in  sam p le  a . The
sp e c tro g ra p h ic  a n a ly s is  c o n firm e d  th a t no unw anted tr a n s i t io n s  m e ta ls  w ere
p re s e n t  in  a p p re c ia b le  q u a n ti tie s .

A lthough we w ill r e tu r n  to  A la te r  in  th is  d is c u s s io n  we w ill continue
w ith  B . We only  d id  one s im p le  e x p e r im e n t fo llow ing  th is  lin e  ( r e c ry s ta ll iz e d
a  sa m p le  a t  a  d if fe re n t te m p e ra tu re )  and ob ta ined  a  n eg a tiv e  a n sw e r . In o u r e x 
p e r im e n ts  (a lso  on d if fe re n t s a l ts )  we have  not se e n  any  c o r r e la t io n  b e tw een th e
re la x a tio n  tim e  and th e  c r y s ta l  d e fe c ts  but d id  no e x p e r im e n ts  in  w hich c r y s ta l
d e fe c ts  e tc .  w e re  on p u rp o se  induced .

We te s te d  the p o s s ib il i ty  in d ica ted  in  C by add ing  K M nO ^, w hich  is
known in  c h e m is t ry  a s  an  o x y d ize r , r a i s in g  fo r  in s ta n c e  the v a len c y  of Mn

GO O i

f ro m  tw o to  a h ig h e r  v a lu e . It is  r e p o r te d  th a t Mn i s  m a in ly  fo rm e d , but
th a t h ig h e r  v a le n c ie s  a r e  p o s s ib le . The re s e m b la n c e  b e tw een  th e  re la x a tio n
t im e s  w ith  1% K.VInO, added  and th e  sp e c im e n  a  w as so  c lo se  th a t we b e liev ed
we had found th e  c a u se  fo r  the d if fe re n c e s  be tw een  a , b and q but a  few  p o in ts

3 +needed  an  ex p lan a tio n . Mn w ould not f it n a tu ra lly  in  th e  c r y s ta l  but one could
a s s u m e  v a c a n c ie s  to  m a in ta in  e le c t r i c a l  n e u tra li ty . F u r th e rm o r e  Mn3 + would
not be d e te c te d  by X - ra y  s p e c tro sc o p y . T he m a in  q u es tio n  w as to  ex p la in  why
the re d u c tio n  e x p e rim e n t a s  d e s c r ib e d  in  s e c tio n  3 . 2 . 1  d id  not p ro d u ce  any
e ffe c t. T h is  d ifficu lty  w as so lved  w ith  th e  un ex p ec ted  r e s u l t  of e x p e rim e n t v,
w hich  show ed th a t K+ions a lone  p ro d u ced  th e  sam e  e ffe c ts  a s  th e  KMnO^. O ur
co n c lu s io n  i s  th a t th e r e  is  no ev id en ce  to  p ro v e  th a t d if fe re n t v a le n c ie s  of Mn
p lay  a  ro le  in  e ffec tin g  th e  re la x a tio n  tim e  of m an g an ese  tu tto n  s a l t ,  but th a t
the  in tro d u c tio n  of K ions a ffe c t th e  re la x a tio n  tim e  s tro n g ly . In  th e  fo llow ing
p a r t  we w ill u se  so m e  of th e  r e s u l t s  ob ta ined  w ith  th e  ad d itio n  of KMnO, bv

+ 4  J
on ly  c o n s id e r in g  th e  K  ions added . It shou ld  be po in ted  out th a t ad d itio n  of 2%
K M n04 is  eq u iv a len t of add ing  1% K ^SO ^ the  p e rc e n ta g e s  fo r  th e  KMnO^ w ere
re la te d  to  th e  Mn a to m s . C o m p arin g  th e  m e a s u re m e n ts  f ro m  fig . n i - 3  and
III-5  show s th a t ad d in g  0.1% of KMnO^ to  sp e c im e n  b p ro d u c e s  re la x a tio n
t im e s  v e ry  c lo s e  to  th o se  of sp e c im e n  q, w hile ad d itio n  of 1% of KMnO^ to
sp e c im e n  b, g iv es  r e s u l t s  c o m p a ra b le  to  th o se  ob ta ined  w ith  sp e c im e n  a . The
m e a s u re m e n ts  on th e  sp ec im en  w ith  1.4% I^ S C ^  added  ( = 2.8% KMn04 ) p r o 
duced  r e s u l t s  v e ry  s im i la r  to  sp ec im en  a, bu t ag a in  changed  in  a b so lu te  va lu e
due to  a  d if fe re n t K c o n c e n tra tio n . T he o c c u r re n c e  of d ev ia tio n s  of re la x a tio n
c u rv e s  f ro m  C . d . P . c u rv e s  in  a l l  th e s e  sp e c im e n s  a t  h igh  m ag n e tic  f ie ld s  is
a ls o  a  po in t of r e s e m b la n c e .

O ur co n c lu s io n  is  th e r e fo re  th a t th e  d if fe re n c e s  o b se rv e d  in  the  r e la x 
a tio n  tim e  of the  sp e c im e n s  a , b, q, u  and v m ay  v e ry  w ell a l l  be due to  th e
sa m e  c a u se : a lk a lin e  im p u r i t ie s .  We w ill m en tio n  in  th e  fo llow ing  on ly  K + im 
p u r i t ie s ,  but it  is  qu ite  p o ss ib le  th a t o th e r  a lk a lin e  im p u r i t ie s  have s im i la r  e f 
fe c ts .

In v e ry  re c e n t  e x p e r im e n ts , not d e s c r ib e d  in  c h a p te r  3, we have m e a s u re d
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am m o n iu m  m an g an e se  tu tto n  sp e c im e n s  in  w hich  th e  fo llow ing  p e rc e n ta g e s  of
am m o n iu m  w e re  re p la c e d  (in th e  so lu tion ) by im p u r i t ie s :  10% C s , 10% L i, 1% Na.

We have not an a ly zed  if  th e s e  im p u r i t ie s  w e re  p r e s e n t  in  th e  c r y s ta l s ,  w ith  th e
ex cep tio n  of so d iu m . B u rn in g  th e  c r y s ta l  p ro d u ced  a  yellow  fla m e , in d ica tin g
q u a li ta t iv e ly  th e  p re s e n c e  of so d iu m . None of th e s e  im p u r i t ie s  had  a n  a p p r e c i
ab le  e ffec t on th e  re la x a tio n  tim e . We a ls o  re p la c e d  1% and  10% of th e  (NH4)+
io n s by K ions in  c o p p e r am m o n iu m  tu tto n  s a l t ,  and th e  r e la x a tio n  tim e  d e 
c r e a s e d  a n  o rd e r  of m agn itude  fo r  e a c h  s te p . T he e x p e r im e n ts , up to  the  p r e 
sen t, show  th a t p o ta s s iu m  a p p a re n tly  is  th e  only  a lk a lin e  im p u rity  found w hich
a ffe c ts  th e  re la x a tio n  tim e  so  s tro n g ly  in  the  tu tto n  s a l t s . T he la b e l on the
A n a la r m an g an ese  su lp h a te , p ro d u ced  by M erck , s ta te s  th e  m ax im u m  lim it  of
a lk a lin e  im p u r i t ie s  to  be le s s  th a n  0.25%; ad d itio n  of 0.1% of KMnC>4 ch an g es
sp e c im e n  b in to  sp e c im e n  q. S pec im en  a  w as not m ade  f ro m  A n a la r  c h e m i
c a ls .

T he nex t q u e s tio n  is  why the K+ io n s have su ch  a  la rg e  in fluence  on the
re la x a tio n  tim e  of the m an g an e se  io n s . On th is  im p o rta n t q u e s tio n  we c a n  only
m ake a few  c o m m e n ts . Of a l l  p ro c e s s e s  su g g es ted  to  ex p la in  th e  s p in - la t t ic e
in te ra c tio n , one of th e  m o s t im p o rta n t ones is  th e  m e c h a n ism  su g g es ted  by
KRONIG-VAN V LEC K . In th is  m e c h a n ism  the  e le c t r ic  c r y s ta l  f ie ld  is  m o d u 
la te d  by  th e  c r y s ta l  v ib ra tio n s ,  th is  m o d u la ted  f ie ld  a c ts  on the  o rb i ta l  m o 
m en tu m  and  p ro d u c e s  sp in  tr a n s i t io n s  th ro u g h  th e  s p in -o rb i t  coup ling . Mn2 + is
an  S -s ta te  ion, th e  o rb i ta l  m o m en tu m  is  z e ro  in  the g round  s ta te  and th is  m e 
c h a n ism  can  o p e ra te  only  by ta k in g  in to  acco u n t h ig h e r  o rb i ta l  s ta te s  w ith  non
z e ro  o rb i ta l  m om en tum , i .e .  h ig h e r  o rd e r  p e r tu rb a t io n  c a lc u la tio n s  a r e  needed
to  c a lc u la te  re la x a tio n  t im e s .  T h ese  h ig h e r  o rd e r  p r o c e s s e s  a r e  not so  e ffe c -

2 +
tiv e , g iv ing  Mn long  re la x a tio n  t im e s  (the m an g an e se  tu tto n  s a l ts  can  be
m e a s u re d  up to  300°K  in  o u r b rid g e ).

O ur b e s t e x p lan a tio n  a t  p re s e n t is  to  su g g e s t th a t th e  p re s e n c e  of the
K io n s m o d ifie s  th e  e le c t r ic  f ie ld , th e re b y  im p ro v in g  the  e ff ic ie n c y  of th e
re la x a tio n  p ro c e s s .  P o ta s s iu m  tu tto n  s a l t  a p p a re n tly  d o es  not e x is t ,  bu t a  s a l t
w ith  fo u r  w a te r  m o le c u le s  is  fo rm e d  w ith  th e  fo rm u la  M n K ^ S O ^ .- lH g O . In the
c o p p e r tu tto n  s a l ts  B leaney  e t a l 45 find  th a t th e  ang le  + (see  s e c tio n  1.7) in
the am m o n iu m  c o p p e r tu tto n  s a l t  is  65° w hile in  s im i la r  s a l ts  w ith  K, C s and
Rb the ang le  is  of the o r d e r  of 110°. We do not know how f a r  th e  s t ru c tu r e
ch an g es  on in c lu s io n  of a  s m a ll  p e rc e n ta g e  of K + io n s . T he b /C  v a lu e  is  a p 
p ro x im a te ly  1200 Oe v e r s u s  770 Oe fo r  th e  tu tto n  s a l t .  T h is  to g e th e r  w ith  the
fo u r  in s te a d  of the  s ix  w a te r  m o le c u le s  su g g e s ts  th a t th e  m an g an ese  a to m s a r e
c lo s e r  to g e th e r  in  the leo n ite  s a l t .  PA U L IN G 86 g iv es  the fo llow ing  ion ic  d ia m 
e te r s :  L i+ 0.60, N a+ 0.95, K+ 1.33, (NH4 )+ 1.48, R b + 1.48, C s + 1.69, a l l  e x 
p re s s e d  in  A n g s tro m s .

If th e  p e rc e n ta g e  of K+ ions is  not too la rg e  it could  be p o ss ib le  th a t a
K ion  ta k e s  th e  p lace  of an  (NH4 ) + ion . E ven  fo r  10% K+ io n s , we find  no change



_l_ 1
in  b /C  va lue  and 50% K ions p ro d u ce  a  change in  (b /C )2 of only 10%. Of a l l
sp e c im e n s  in  v  we find  in  the hyd rogen  ran g e  th e  s h o r te s t  re la x a tio n  tim e
(fig. III-5 ) fo r  th e  c a se  in  w hich 50% of th e  (NH4 )+ io n s a r e  re p la c e d  by K+ions .
T he p u re  m anganese  leo n ite  s a l t  h a s  r e la tiv e  long re la x a tio n  t im e s ; re p la c in g
K+ io n s by (N H .)+ io n s ag a in  re d u c e s  re la x a tio n  t im e s , but we have in d ica tio n s

+of a  p o o r c r y s ta l  s t r u c tu r e  w ith  (NH^) ions p re s e n t  in  th e  so lu tio n . One can
im ag in e  th a t th e  la r g e r  (NH4 )+ d o es not f it in  th e  sp ace  a llo tte d  to  the s m a lle r

K+ ion.
In the  fo llow ing  d is c u s s io n  we w ill a s s u m e  th a t a  m an g an ese  tu tto n

m o lecu le , in  w hich one of th e  two (NH4 )+ ions is  re p la c e d  by a  K ion, h as
a  s h o r t  re la x a tio n  t im e . We w ill in d ica te  th e se  m o le c u le s  by add ing  a  K to
th e  sym bo l a s  e .g . M n^+ . We do re a l iz e  th a t th e  la s t  few p a rag rap h s  a r e  s p e c 
u la tiv e  and m o re  in v e s tig a tio n s  a r e  n e c e s s a ry .

R e tu rn in g  to  th e  r e s u l ts  of th e  m e a s u re m e n ts  of fig . III-3  we note th a t
if  a  s m a ll  am ount of K is  added  to  a p u re  m an g an ese  tu tto n  s a l t  we can  c le a r ly
s e p a ra te  the p(T) c h a r a c te r i s t i c  in to  th r e e  p a r t s  (as in  sp e c im e n  a) and fro m
th e  m e a s u re m e n ts  in  fig . III-3  we can  se e  th a t the h igh  te m p e ra tu re  b ra n c h e s
of th e  c u rv e s  fo r  d if fe re n t am o u n ts  of im p u r i t ie s  a r e  c lo se  to g e th e r . T he te m 
p e ra tu re  independent p a r t  of the P(T) c u rv e  is  in te re s t in g , a  second  o b s e rv a 
tio n  is  th e  la rg e  d ev ia tio n  f ro m  C . d . P . c u rv e s  show n in  the low te m p e ra tu re
re g io n  a t h igh  m ag n e tic  f ie ld s . If one t r i e s  to  ex p la in  the an o m alo u s p (T )cu rv es
fo r  sp e c im e n s  a o r  q, one h a s  f i r s t  to  find  a  r e a s o n  why the e ff ic ien t re la x a tio n

-5p ro c e s s  a t  low  te m p e ra tu re s  ( p “ T  ) g ives w ay to  a  le s s  e ff ic ie n t p ro c e s s
( p ocT°). T h is  cou ld  be ex p la in ed  by sup p o sin g  tw o p ro c e s s e s  to  be in  s e r ie s ,  in
w hich  th e  in e ffic ien t p ro c e s s  b locks th e  e ff ic ien t one. We th e re fo re  su g g es t the
fo llow ing  th e rm o d y n am ic  m odel in  w hich th e  sp e c im e n  c o n ta in s  two d if fe re n t
ty p e s  of io n s , sy m b o lica lly  r e p re s e n te d  a s  s y s te m  1 and s y s te m  2 (fig. IV -1).

1 2

T .1

C H " P X 'o —Y — c 2 x,2)
cM,u cM-v

o 0

•attic*

therm odynam ic m odel to  describe  re lax a tio n
phenom ena with two d iffe ren t m ag n etic  system s.

F ig .IV -l.
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By a  s im i la r  m ethod  a s  u sed  in  sec tio n  1.4 we c a n  d e riv e

X(1W  + id2 (B D -A E-A G ) + id4 E G ] + x | j2)[A 2 + i»2 (C D -A F-A G ) + iij4 F G  ]

A 2 + id2 (D2 - 2 AG) + <d4 G2

X ^ [ A ( D - B ) ib+ (B G -D E )ou3 ] + x̂ 2 )[A (D -C )u)+  (CG-DF)uu3 ]

A 2 + id 2 (D2 - 2 AG) + u)4 G2

in  w hich  th e  fo llow ing  a b b re v ia tio n s  a r e  u sed : A = cyg + ay  + gy
B = gu + aq  + v \  + u y
C = <yv +gp +v y +u y
D = a»q +gp + p y  + q Y
E  = u  q , F  = vp , G = pq

X' and x" a r e  r e la te d  to  th e  d is p e rs io n  and a b so rp tio n  of th e  to ta l  sy s te m .
We com pu ted  th e  re la x a tio n  t im e s  one c a n  ex p ec t fo r  th i s  m odel. We

2 +a s s o c ia te d  th e  m ag n e tic  p ro p e r t ie s  of th e  Mn ions w ith  s y s te m  1, in  w hich
the re la x a tio n  to  the  la t tic e  and b a th  is  d e te rm in e d  by th e  co n s tan t a  . S y s tem  2

2 +r e p r e s e n ts  th e  M n ^  io n s , w ith  th e  a s s o c ia te d  co e ff ic ien t g. T he two sy s te m s
a re  coup led  by an  e n e rg y  lin k  w ith  a  c o e ff ic ien t Y . P re s e n tly  we th in k  th a t th is

2 +lin k  r e p r e s e n ts  c r o s s  re la x a tio n  p ro c e s s e s  w hich  co n n ec t th e  Mn s y s te m  to
2 +th e  M n „  sy s te m  and w ith  p e rh a p s  sp in  d iffu sio n  p ro c e s s e s  t r a n s p o r t in g  the
"■ 2 +

e n e rg y  th ro u g h  th e  Mn sp in  s y s te m . B oth a r e  s p in -s p in  p ro c e s s e s  w hich a r e
te m p e ra tu re  independen t.

By m ean s  of th e  eq u a tio n  (4-2) we com puted  x'VXp fo r  s e v e r a l  c a s e s ,
tr y in g  to  choose  th e  p a r a m e te r s  so  a s  to  o b ta in  a  c u rv e  s im i la r  to ' a . T he p u r 
p o se  of the  c a lc u la tio n s  w as tw ofo ld . F i r s t l y  we w anted  a  p(T) cu rv e  su ch  a s
th o se  of a , q and b. S econdly  we w anted  to  see  if  la rg e  d ev ia tio n s  f ro m  C .d .P .
c u rv e s  could  o c c u r  a s  found in  sp e c im e n  a  a t  low  te m p e ra tu re s .  E q u a tio n  (4-2)
co n ta in  te r m s  to  a  h ig h e r  pow er of id th a n  in  the c a se  of a s in g le  re la x a tio n . We

2 +have t r ie d  s e v e r a l  s e t s  of p a r a m e te r s  (a ssu m in g  a  c o n c e n tra tio n  of M n ^  of 1%).
To do th e s e  c a lc u la tio n s  we a s s u m e d  a  few  g e n e ra l p ro p e r t ie s  of a , g and  Y.
O ur m e a s u re m e n ts  gave p ocT 5 fo r  th e  te m p e ra tu re  ra n g e  f ro m  2 0 ° K -4 0 ° K

2 + 7fo r  the Mn sy s te m . VAN D ER  M AREL h a s  done th e  m o s t co m p le te  m e a s -
_ 5

u re m e n ts  and fin d s  in  th e  h e liu m  ran g e  a ls o  p i T  . F o rm u la  (1-19) g ives
p = 2 rrC.j /a,  C „  i s  p ro p o r tio n a l to  T  2 in  the  te m p e ra tu re  re g io n  w h ere  C u r ie 's

n n o
law  a p p lie s  w ell, so  we a ssu m e d  bo th  a  and g to  be p ro p o r tio n a l to  T  . T o o b 
ta in  a  te m p e ra tu re  independen t p ro c e s s ,  r e p re s e n tin g  s p in -s p in  p ro c e s s e s ,  we

_2
a ssu m e d  y p ro p o r tio n a l to  T  . F o r  th e  q u a n ti tie s  and C M we t r ie d  s e v e r a l
c h o ic e s , r e p re s e n tin g  c a s e s  in  w hich th e  m e a s u r in g  f ie ld s  w e re  of th e  o rd e r  of,
o r  la rg e  c o m p a red  to  th e  (b /C )2 v a lu e .

In a l l  c a s e s  ev a lu a ted  we w ere  only  ab le  to  o b ta in  v e ry  s m a ll  d ev ia tio n s
fro m  C .d .P .  c u rv e s .  An ex am p le  is  show n in  f ig .IV -2 ;th e  d ev ia tio n s  f ro m  C .d .P .
a r e  so  s m a ll  th a t th e y  w ould e sc a p e  a tte n tio n  in  a  n o rm a l m e a s u re m e n t. P h y s i-
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F i g . I V - 2 .

c a lly  th is  i s  no t to o  am a z in g . F o r  a n  im p u ri ty  of 1%, th e  q u a n ti tie s  C H and C ^
of s y s te m  2 a r e  s m a ll  and  can  be n eg lec ted  in  c o m p a r iso n  w ith  s y s te m  X and
th e  s y s te m  th e n  d e g e n e ra te s  in to  a  lo w e r o rd e r  s y s te m  w ith  a  s in g le  re la x a tio n
tim e  d e te rm in e d  by a,  g and  y .

T he c a lc u la tio n s  fo r  co m pu ting  re la x a tio n  t im e s  fo llow ing  fo rm u la s
(4-1) and  (4-2) a r e  v e ry  leng thy  bu t if  th e  s y s te m  d e g e n e ra te s  in to  a  s im p le r
sy s te m  by  n e g le c tin g  th e  sp e c if ic  h e a t of s y s te m  2 it  c a n  be e a s i ly  show n th a t
we can  m ake  a  s im p lif ic a tio n  a s  show n in  fig . IV-3 . W ith th e s e  s im p lif ic a tio n s

-Y ____ . 2

p
1 ♦ 2

6

lattice

6-a.PV
P.Y

F i g .  I V - 3 .  simplified model for computinq relaxation times

we found th e  p a ra m e te r s  fo r  a,  (5 and  y  w hich  w ould ap p ro x im a te  c u rv e  a .  It
can  be se e n  f ro m  fig . IV -4  th a t  th e  a g re e m e n t be tw een  th e  m e a s u re d  c u rv e  a
and th e  c a lc u la te d  c u rv e  I i s  good, w hich  i s  not to o  a s to n ish in g , 3 p a ra m e te r s

2 +b e in g  a v a ila b le . If th e  c o n c e n tra tio n  of th e  MnK is  re d u c e d , the  a s s u m p tio n  is
m ade th a t bo th  g and  y  w ill be re d u c e d  by th e  sa m e  ra t io  z . We co m pu ted  the
x " /x o c h a r a c te r i s t i c  fo r  tw o ad d itio n a l c a s e s  II and III. T he c u rv e s  II and  III

120



w ere  c a lc u la te d  by s e le c tin g  su ch  v a lu e s  of a  s in g le  p a r a m e te r  z th a t good
m atch in g  w ith  th e  m e a s u re d  c u rv e s  b and q w as o b ta in ed . T h e se  c u rv e s  a ls o
a re  p lo tted  in  f ig . IV -4  and a  re a s o n a b le  a g re e m e n t c a n  be o b se rv e d  be tw een  b
and III, and q and II. T he p a ra m e te r  z w ould in  o u r m o d e l be a s s o c ia te d  w ith

2 +the  c o n c e n tra tio n  c of th e  M nK io n s . The d ev ia tio n s  be tw een  the  c a lc u la te d
and m e a s u re d  c u rv e s  a r e  la r g e r  fo r  th e  lo w er h e liu m  te m p e ra tu r e s .  At v e ry
low te m p e ra tu re s  a d ev ia tio n  can  be ex p ec ted  due to  th e  in flu en ce  of a  d ir e c t
p ro c e s s .  T h is  d ir e c t  p ro c e s s  would a ffec t m a in ly  th e  re la x a tio n  t im e s  w hich
a re  long, a s  o b se rv e d  e x p e r im e n ta lly . We do not have enough d a ta  a v a ila b le  to
m ake a m ean in g fu l c a lc u la tio n , in  w hich a d ir e c t  p ro c e s s  cou ld  be thought to  be
in  p a r a l le l  w ith  th e  p ro c e s s  re p re s e n te d  by & in  f ig . IV -4 .

F ro m  th e  e x p e r im e n ta l r e s u l t s  u  and v , we w e re  ab le  to  d e te rm in e  the
re la tio n sh ip  be tw een  the p a ra m e te r  z and th e  p e rc e n ta g e  c of th e  (NH^) io n s
re p la c e d  by K io n s . T he p a ra m e te r  z i s  c a lc u la te d  f ro m  th a t p a r t  of th e  p(T)
c u rv e  w here  p is  independen t of T  (in  th e  hyd ro g en  te m p e ra tu re  ra n g e ) . T h is
e x p e r im e n ta lly  d e te rm in e d  re la tio n sh ip  is  show n in  f ig . IV -5 . T he lin e  d raw n
th ro u g h  th e  e x p e r im e n ta l p o in ts  c a n  be re p re s e n te d  by Z = 1.6 C and a  r e a s o n 
ab le  f i t  is  ob ta ined  up to  a va lue  of C of 10%. One should  keep  in  m ind  th a t the
K+ io n s a r e  added  to  the  so lu tio n , and  th e  p e rc e n ta g e  of K a b so rb e d  in  th e
c r y s ta l  cou ld  p o ss ib ly  d ev ia te  f ro m  the  p e rc e n ta g e  K added to  the so lu tio n , w ith
flu c tu a tio n s  p o ss ib le , due to  te m p e ra tu re , am oun t of so lu tio n  e tc . It c a n  be
re m a rk e d  th a t the d ev ia tio n  of th e  e x p e r im e n ta l cu rv e  f ro m  th e  c a lc u la te d  one
above 35°K  is  due to  the  fa c t th a t th e  slope  of th e  X'/X c u rv e  d e c re a s e s  to -

-5  °w a rd s  the D eb ije  te m p e ra tu re ,  w hile a  T  dependency  i s  a s su m e d  fo r  the
c a lc u la te d  c u rv e .

2 +The m odel can  a ls o  be u sed  to  ex p la in  th e  e ffe c ts  of ad d itio n  of 1% Co
on the re la x a tio n  t im e . The e ffec t is  la rg e  a t te m p e ra tu re s  be tw een  14°K and
180°K, (cu rv e  1), but m e a s u re m e n ts  a t  h e liu m  te m p e ra tu re s  (h) fa ile d  to  show
a s ig n ific an t d if fe re n c e . In f ig . IV -4 we a ls o  in d ica ted  th e  re la x a tio n  tim e  of
co b a lt am m o n iu m  tu tto n  s a l t .  We se e  th a t it  in te r s e c ts  th e  c u rv e  b a t  6°K . At
th a t te m p e ra tu re  th e  c o b a lt h a s  c e a se d  to  p ro v id e  an  e a s y  re la x a tio n  p a th  and
th e  m e a s u re m e n ts  a t h e liu m  te m p e ra tu re s  c a n  be ex p la in ed .

We have not b een  ab le  to  g ive a n  ex p lan a tio n  fo r  th e  la rg e  d ev ia tio n s
fro m  C .d .P .  c u rv e s  found in  sp e c im e n  a below  8°K  a t la rg e  m ag n e tic  f ie ld s .
T he d is tr ib u tio n  of th e  im p u r i t ie s  th ro u g h  the c r y s ta l  w ill not be v e ry  r e g u la r

2 +and it  cou ld  be supposed  th a t a  few  Mn^- a to m s in  a  c lu s te r  have a  d if fe re n t
re la x a tio n  tim e  f ro m  a s in g le  one. H ow ever, th e  e ff ic ie n t c r o s s  re la x a tio n
p ro c e s s  w ould ten d  to  eq u a liz e  th e s e  d if fe re n c e s . One a d d itio n a l co m m en t
could  be m ade in  a s s o c ia tio n  w ith  d ev ia tio n s  f ro m  C .d .P .  c u rv e s . VAN D ER
M A R E L 7 re p o r te d  good C .d .P .  c u rv e s  w hile m e a s u r in g  q, o u r  m e a s u re m e n ts
of th e  oxydized  sam p le  d show ed la rg e  d ev ia tio n s  f ro m  C .d .P .  c u rv e s  a t h e liu m
te m p e ra tu r e s  bu t w ith  a va lu e  of th e  d ev ia tio n  p a ra m e te r  d* of only 40% of th e
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com parison  of m easured and com puted re la x a tio n  tim es using m odel.

v a lu e  ob ta ined  f ro m  sam p le  a (fig. I l l - 1).
The va lue  of the  re la x a tio n  tim e s  in  the

m idd le  re g io n  (re la x a tio n  tim e  p in d e 
pendent of T) o b ta ined  w ith  th e  oxydized
sam p le  a r e  n e a r ly  2 t im e s  s m a l le r  th an
th e s e  of sam p le  a .  T h is  could  in d ica te
th a t th e s e  d ev ia tio n s  f ro m  C .d .P .  c u rv e s
only  o c c u r  w ith  re la t iv e ly  h igh  co n cen 
t r a t io n  of M n^+,

F ig . IV -4 h a s  b een  d raw n  fo r  a
co n s ta n t m ag n e tic  f ie ld  of 750 O e. S im i
l a r  p lo ts  could  be m ade a s  a  fu n c tio n  of
Hc> and if  an  Hc a x is  w e re  c h o se n  p e r -

" ,

-

A
/

A
*
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/
/

/

_ /

1 1 ___1___ 1

C .0 5 .̂1 .2 .5 1 2  5 1 0  2 0  5 0 %

ex p erim en ta lly  determ ined  r a t io  between the
p a ram e te r Z and  th e  p e rc e n tag e  C o f NH4 *ions
rep laced  by K*ions in M nCN H ^j CSO4I2  6  H2 a
symbols as  in fig H I .5

F ig .IV -5 .

122



pendicular on the p-T  plane one would obtain a three d im ensional p -T -H c d ia 
gram  for each of the sp ecim en s a, b and q. In fig . IV -4 we have included graphs
which show the m easured  P(H) rela tion sh ip  at five  d ifferent tem p eratu res, r e 
presen tin g  in tersec tio n s  of the th ree d im ension al p -T -H , graphs with a plane
perpendicular to  the Hc -a x is . The gen era l observation  i s  that the d ifferen ces
betw een the cu rves a, b and q are consid erab ly  reduced by applying high
fie ld s . C ro ss relaxation  p r o c e s s e s  are  strongly  dependent on the value of the

0 7

constant m agnetic fie ld  (PERSHAN ), and it is  reasonable to expect that the
2 +  2 +high m agnetic f ie ld s  reduce the in teraction  betw een the Mn and Mn^ ions

caused by the c r o s s  relaxation .
The e ffic ien cy  of the d iffusion  p r o c e ss  m ust a lso  be expected  to depend

strongly  on the value of the m agnetic fie ld  H . An order of magnitude estim ate
c 1of the d istance 1, over w hich energy can be transported  in  a tim e =-----  is  given

ps l
by

(see  1-38)./Pslpsr  a\ s
-3 -9F or Hc = o, typ ica l va lu es of pgj and pgg could be 10 sec  and 10 se c  r e 

sp ec tiv e ly  giving 1 = 1000 a, but for a fie ld  Hc = 5 (b /C )2 th is  d istan ce 1 could
be reduced to the order of one la ttice  constant.

We w ill d isc u ss  below  the e ffect of the m agnetic f ie ld  in  som e m ore d e 
ta il and show the resu lt of som e ca lcu lations made to te s t  the co n sisten cy  of the
m odel of f ig .IV -1  for d ifferent m agnetic f ie ld s . To be able to  do a ca lcu lation
we have to m ake assu m ptions about the dependencies of a,  8, y  and on the
m agnetic fie ld . We assu m e that the dependency of the relaxation  tim e of pure
Mn-tutton sam ple in  the Raman reg ion  can be given  by a B ro n s-V an V leck  d e 
pendency with p = 0.5 w hich is  confirm ed by m easu rem en ts on sam ple b at
20 .3°K  and 77.3°K . T his determ ined  the coeffic ien t ^ s e c t io n  1 .4 .1
form ula 1-19). In the m odel shown in  fig . IV -4, the relaxation  tim e of sp ecim en
a i s  at 14.3°K  n early  com p lete ly  determ ined by Ch y 1. The fie ld  dependency
of C „ y 1 is  a ssu m ed  to be id en tica l to  the p(H ) relationsh ip  of sp ecim en  a at

3   ̂ Q
14.3°K . S im ilar ly  the P (H ) re lationsh ip  of sam ple a at 4.2 K should give in -

c -1form ation  about the fie ld  dependency of 8, and again we assu m ed  C^.8 to be
proportional to the p(H ) rela tion sh ip  of sp ecim en  a at 4.2 K.

^  — 1  _  I  _  1
Having assum ed  th ese  re la tion s for  C , C jj 8 and C jj y , we have

computed the relaxation  t im e s  a s functions of the fie ld  Hc for 4 .2°K , 14.3°K
and 20.3°K . The ca lcu lated  va lu es together with the actu a l m easured  v a lu es are
given in  fig . IV -6. In the sam e figure we a lso  gave the assum ed  rela tion  betw een
CTT<y"*, C TTe /  C „ y 1 and a s  a function of H withH xl Jtl xl c

C H2 1
Cr  = Cjyj(l + k ") u sin g  (b /C )2 = 750 Oe. T here i s  only fa ir  agreem ent betw een
the calcu lated  and m easured  cu r v e s . Q ualitatively  the com puted cu rv es show at
hydrogen tem p eratu res a s im ila r  trend a s exp erim en ta lly  found e .g . a reduction
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Fig. IV-6.

of th e  s p re a d  of th e  re la x a tio n  tim e s  of th e  c u rv e s  a , b and q a t  h igh m agnetic
f ie ld s .  A t h e liu m  te m p e ra tu re s  th e  c a lc u la tio n  d o es not show  th is  t r e n d  a t  low
fie ld  (<  5000 O e, but e x p e r im e n ta lly  i t  is  found, se e  f ig . IV -4). A t low  h e liu m
te m p e ra tu r e s  one w ill lik e ly  have to  inc lude  a  d ir e c t  p ro c e s s ,  but not enough
e x p e r im e n ta l d a ta  a r e  a v a ila b le  to  m ake  a  c a lc u la tio n  fe a s ib le .  T he sa m e  c o m 
m en t i s  v a lid  in  the  n itro g e n  ra n g e . H ere  we find  a g a in  th a t h igh  m ag n e tic  f ie ld s
d e c re a s e  th e  d if fe re n c e  be tw een  sp e c im e n  a  and b, bu t th e  m o d e l w ould have to
be m ade  m o re  com plex  to  acco u n t fo r  th e  d if fe re n t P -T  r e la t io n  in  th is  te m p e r a 
tu r e  ra n g e .

Up to  th is  po in t we have a ssu m e d  th a t a t low  te m p e ra tu re s  th e  re la x a tio n
2 +t im e  i s  c o n tro lle d  by the re la x a tio n  of th e  Mn^, io n s . T he a s s o c ia te d  f ie ld  d e 

pendency  is  show n in  fig . IV -6 by th e  c u rv e  B but no p ro c e s s  is  known to  ex h ib it
th a t f ie ld  dependency  coup led  w ith  a  p(T) re la tio n sh ip  g iven by  p = T 5 . A s su ch
th e  p ro b le m  is  not d if fe re n t f ro m  th a t of m o s t re la x a tio n  m e a s u re m e n ts  w ith
c o n c e n tra te d  c r y s ta l s  u s in g  the  b rid g e  m ethod  in  the  h e liu m  te m p e ra tu re
ra n g e  7 '

In th e  m o d e l of fig . IV -1 we have su pposed  th a t c r o s s  re la x a tio n  p ro c e s s e s
2 +  2 +and p e rh a p s  sp in -d if fu s io n  p ro c e s s e s  fo rm  th e  lin k  be tw een  th e  Mn and M n„ ions.

I \
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We a r e  not ab le  to  s u b s ta n tia te  th is  w ith  o th e r  ev id en ce  o r  to  show  th a t th e  fie ld
dependency  i s  in  a g re e m e n t w ith  th e o r e t ic a l  c a lc u la tio n s . S u m m a riz in g  we can
say  th a t th e  m o d e l of fig . IV -1 p ro v id e s , a t  p re s e n t,  on ly  a  to o l to  d e s c r ib e  the
m a jo r i ty  of th e  e x p e r im e n ta l r e s u l t s .

In th e  fo llow ing  lin e s  we w ill c o m p a re  som e of o u r  r e s u l t s  w ith  th e  th e o 
r e t ic a l  p re d ic tio n s , w hich a r e  p 1 oc H^T fo r  a  d i r e c t  p ro c e s s  and p fo r  a

33  34R am an  p ro c e s s  (ORBACH , LEUSH3N ’ ). T he in fluence  of th e  im p u r i t ie s
m ak es  i t  im p o ss ib le  to  e s t im a te  th e  re la x a tio n  tim e  of p u re  m an g an ese  tu tto n
s a l t  below  h y d ro g en  te m p e ra tu re s .  In th e  d ilu ted  s a l ts  we o b ta in  long  r e la x a 
tio n  t im e s  and be tw een  1°K and 2°K  we find  p <* w ith  a « - 1 .5  and
3 < o fo r  Hc > 500  Oe and  T  < 3°K  (fig. H I-9 ). T he re la x a tio n  t im e s  fo r  th e
c o n c e n tra te d  c r y s ta ls  a r e  s t i l l  s h o r te r  th a n  th o se  fo r  th e  d ilu ted  s a l ts ,  th u s  no
in d ic a tio n s  fo r  a  b o ttle n e c k  p ro c e s s  a r e  found. In  th e  te m p e ra tu re  ra n g e  b e 
tw een  14°K and 40°K  we find  p <x T ~ 5 w ith  a  B ro n s-V a n  V leck  f ie ld  dependency .

65 4The c o r r e la t io n  be tw een  m e a s u re m e n ts  of BRO ER and G O R TER  ’ and  o u r
m e a s u re m e n ts  is  ex c e lle n t a t  n itro g e n  te m p e ra tu r e s  and  h ig h e r . We c o m p ared
o u r m e a s u r in g  r e s u l t s  on m an g an e se  tu tto n  s a l t  w ith  th e  p re d ic tio n s  fo r  a  R am an
p ro c e s s  by  m a tch in g  o u r e x p e r im e n ta l cu rv e  w ith  a  s ta n d a rd  p -T  cu rv e  (see
se c tio n  1.5). T h is  cu rv e  i s  a ls o  in d ica ted  in  fig . H I-3 and good m a tch in g  i s  o b 
ta in e d  if  we a s s u m e  6U = 180°K.

u  2 +It i s  in te re s t in g  to  no te  th a t  re la x a tio n  t im e s  of Mn w ith  a  c o n c e n tra -
-4  88tio n  of 5 .10 in  SrS  re p o r te d  by MANENKOV and  MILYAEV a r e  c lo s e  to  o u r

v a lu e s  a lthough  the  s a l t  i s  d if fe re n t (p = 1 O’ 5 se c  a t  77°K  and p = 3 .10 7 sec
a t 3 00°K ).

T he re la x a tio n  m e a s u re m e n ts  on  M n K ^ S O ^ .  4H20  gave in  th e  hyd rogen
ran g e  p cc T ~ 5 w ith  a  B ro n s -V a n  V leck  dependency  w ith  p «  0.5 . In th e  he liu m
te m p e ra tu re  ran g e  we find  p = T^H^ w ith  a «  -1 .3  and f i a O .  T he te m p e ra tu re
d ependence  is  c lo s e  to  th a t fo r  a  d ir e c t  p ro c e s s ,  a  f ie ld  dependency  p a  H 2 a s 
so c ia te d  w ith  a d ir e c t  p ro c e s s  fo r  f ie ld s  above th e  in te rn a l  f ie ld
^ [ ( b / C ) 2 «  1200 O e] is  not o b se rv e d .

S h o rtly  b e fo re  th e  co m p le tio n  of th i s  th e s is  o u r  a tte n tio n  w as d raw n  to  a
89p a p e r  by Z v e re v  e t  a l  . T hey  m e a s u re d  s p in - la t t ic e  r e la x a tio n  of 0.01 % C r  in

C orundum  w ith  0.1 % V added , u s in g  a  p u lse  m ethod  a t  9.4 G H z. T he p -T  d e 
pendency  th e y  o b ta in  is  som ew hat s im i la r  to  th a t found by u s  fo r  th e  m an g an ese
tu tto n  s a l t  w ith  im p u r i t ie s .  T hey  ex p la in  th e i r  e x p e r im e n ta l r e s u l t s  by c o n s id e r 
ing  the  p ro b a b ili ty  of s im u lta n e o u s  sp in  la t t ic e  re la x a tio n  of a  v an ad iu m  and  a

q 0
ch ro m iu m  sp in  (B lo em b erg en  ). By u s in g  a  co m b in a tio n  of c ro s s - r e la x a t io n
and sp in  la t tic e  re la x a tio n  p ro c e s s e s ,  w ith  a  p o ss ib le  in c lu s io n  of sp in  d iffu sio n
th ey  g ive a s  an  e s tim a te  fo r  the^ p -T  dependency  of th e  sp in  la t t ic e  re la x a tio n
tim e  of th e  c h ro m iu m  ion: p a e T .  T he fo rm u la  fo r  th e  re la x a tio n  tim e  i s  so
som ew hat s im i la r  to  th a t of an  O rb ach  p ro c e s s .

T h is  in te rp re ta t io n  h a s  s e v e r a l  a s p e c ts  in  com m on  w ith  o u r  d e s c r ip tio n
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a s  g iven  in  s e c tio n  3 . 2 . 1  and in  th is  s e c tio n  and th e  im p u r i t ie s  could  a ls o  be
c a lle d  " r e la x a t io n  c e n te r s "  (Van V le c k 3®’ ^®).

V e ry  re c e n tly  a  p a p e r  w as pub lish ed  by CHAO-YUAN HUANG in  P h y s .
R ev . 139A (1965)241 w ith  a  re f e re n c e  to  a  p a p e r  by BIERIG, W EBER and
WARSHAW in  P h y s . R ev . 134A (1964) 1504. In th e s e  p a p e rs  p i s  r e p o r te d  to  be
p ro p o r tio n a l to  T ^ fo r  Gd3 + and E u 2+ in  C a F 2 in  a  te m p e ra tu re  in te rv a l of
a p p ro x im a te ly  1 5 °K - 30°K . A D ebye te m p e ra tu re  of a p p ro x im a te ly  350°K  is
re p o r te d  fo r  th is  s a l t .  T h is  re la x a tio n  p ro c e s s  is  a p p a re n tly  id e n tic a l to  th a t
p re d ic te d  by ORBACH and  B L U M E 3 *. W ith a lo w e r D ebye te m p e ra tu re  (jm 180°K)

- 7
th e  m an g an ese  tu tto n  s a l t  can  be b e s t d e s c r ib e d  by a  T  re la tio n sh ip .

4 . 2 . 2  A m m o n i u m  m a n g a n e s e  t u t t o n  s a l t  w i t h  m a g n e t i c  i m p u 
r i t i e s

A ddition  of o th e r  im p u r i t ie s  of th e  iro n  g ro u p  e le m e n ts  a l l  changed  the
2 +  2 +  2 +re la x a tio n  tim e  of th e  c r y s ta l .  A ddition  of 1% of Ni , F e  and Co had  a

la rg e  e ffec t on th e  re la x a tio n  tim e  a t  h y d rogen  te m p e ra tu re .  T he r e s u l t s  w ith
1 % N i2 + a r e  an o m alo u s, we only  m e a s u re d  th is  s a l t  a t  1 4 .4 °K an d  20 .3°K
(fig. m - 3  and fig . IH -8). S pec im en  1 (1% C o2+, f ig . 1II-3 and fig . IH -8) w as
m e a s u re d  f ro m  th e  h y d rogen  te m p e ra tu re  ran g e  to  ro o m  te m p e ra tu re  and the
re la x a tio n  tim e  w as found to  be independen t in  th e  ran g e  f ro m  60°K  to  170°K.

2 +The sam e  type  of c a lc u la tio n  a s  done fo r  th e  M n ^  c a s e , could  be t r ie d  fo r  the
co b a lt im p u r i t ie s .  F o r  th is  sam p le  th e  dependency  of p on th e  m ag n e tic  fie ld
is  only m e a s u re d  c o m p le te ly  a t  tw o hyd ro g en  te m p e ra tu r e s ,  th e  d a ta  a t h ig h e r
te m p e ra tu re s  a r e  ob ta ined  w ith  th e  "runn ing" m ethod . If we ag a in  u se  th e  m o 
d e l of f ig .IV -1  to  ex p la in  th e  p(T) and  p(H) re la tio n sh ip , the  p(H) a t hyd rogen
te m p e ra tu re s  w ould be d e te rm in e d  by th e  re la x a tio n  of th e  c o b a lt ion a t the
h y d rogen  te m p e ra tu r e s .  T he p re d ic tio n  would be a  B ro n s -V a n  V leck  dep en d 
ency . E x p e rim e n ta lly  we find  th a t p is  independen t of Hc fo r  Hc < 3000 O e.
V a ria tio n s  of th e  re la x a tio n  tim e  below  200 Oe a r e ,  h o w ev er, d ifficu lt to
o b se rv e , b e c a u se  the X1/x Q and th e  x " /x 0 a r e  a s  a  fu n c tio n  of H s im i la r  to
th a t of m an g an ese  tu tto n  s a l t  w ith  a  va lue  of b /C  = 750 O e. A t f ie ld s  above
4000 Oe we se e  th e  o n se t of a  sh a rp  in c re a s e  in  re la x a tio n  t im e , w hich could
be q u a n tita tiv e ly  ex p la in ed  by the fa c t th a t a t th e s e  f ie ld s  th e  qu an tity  v h a s  the

2 +sam e  o rd e r  of m agn itude a s  8 . F o r  th e  sp e c im e n  j (1% F e  ) th e  sam e  c o m 
m en ts  c a n  be m ad e . H ere  we do not find  a  p a r t  in  th e  p(T) c h a ra c te r i s t i c  w here
p i s  independen t of T . T he d if fe re n c e  in  re la x a tio n  tim e  be tw een  the c u rv e s  j
and b is  not so  la rg e  and th e  s i tu a tio n  is  s im i la r  to  th a t of c u rv e  HI in  fig . IV -4 .
The m e a s u re m e n t on th is  sam p le  (fig. III-5 ) show s th a t a t  h igh m ag n e tic  f ie ld s
th e  tr e n d  is  to  eq u a liz e  the re la x a tio n  tim e  of sp e c im e n  j w ith  th a t of sp ec im en
b.
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4 . 2 . 3  G a d o l i n i u m  s u l p h a t e .  Gd2 (S04 )g . 8H20

In the fo llow ing sec tio n  we w ill d is c u ss  the m easu rem en ts on Gadolinium
sulphate. We fe e l  that in  th is  sa lt we have observed  s im ila r  phenomena as in  the
ca se  of the m anganese tutton sa lts  (see  f ig . H I-10), although it is  probable that
a second anom aly com p lica tes the p ic tu re . We have shown that 1% im p u rities
change relaxation  tim es by a factor 10. The d ifferen ces betw een the value of

73relaxation  tim e s  obtained by GORTER and BROER and by us at n itrogen
tem p eratu res i s  lik e ly  to  be due to a d ifferent amount or d ifferent nature of
im p u r itie s . In our in itia l m easu rem en t we obtained betw een 40°K  and 100°K
relaxation  tim e s  independent of tem perature which w as confirm ed by three

3 +.m easu rem en ts on two sam p les (from  the sam e so u rce). A 1% Dy im purity
gave a relaxation  tim e independent from  T betw een 100°K and 200°K , and
nearly  independent betw een 20°K  and 100°K but with a c le a r  m inim um . One can
ob serve that s im ila r ly  shaped cu rves could be drawn through the m easu rem en ts

7 Q
of BROER and GORTER . Our presen t opinion is  that the relaxation  tim e
below 100°K in  our in itia l sam ple is  effected  by im p u rities, w ith a m echanism
sim ila r  to  that in  the m anganese tutton sa lt, but with an unknown im purity.
The m inim um  in  the relaxation  tim e cannot, how ever, be explained in  th is
m anner. A p o ss ib le  explanation is  a change in  cry sta l structure betw een 50°K
and 100°K. A nom alies have been reported  in  gadolinium  ethyl sulphate betw een
20°K  and 290°K, 98’ 100 but we did not find anom alies in  the literatu re  for
Gd„(SO. )„ . 8H00  except an anom aly in  the su scep tib ility  betw een 160°K and2' 4 O  ̂ g 2
255°K  (W illiam s ). A s a second reason  the p o ss ib ility  of (anom alous) expan-
sion  could be m entioned. Exchange and d ip ole-d ip ole  in teraction  depend strongly
on the spacing of the io n s . The sp in -d iffu sion  e ffic ien cy  would be reduced if  the
d istance betw een the m agnetic ions in c r e a se s , resu ltin g  in  longer relaxation
tim e s , a s  exp erim en ta lly  found.

The value of the relaxation  tim e betw een 100°K and 300°K  obtained in
our f ir s t  m easurem ent is  lik e ly  to  be the relaxation  tim e for  pure Gd2(SC>4 )2 . 8H20 ,
the m easurem ent of GORTER73 at 300°K  co in c id es w ith our va lu e . The value Of
a ll data below  100°K are doubtful in  our opinion, rep resen tin g  relaxation  tim es
of unknown su b stan ces. To d escr ib e  the p-H relationsh ip  the foUowing m ea su re 
m ents have been  reported . GORTER and BRO ER 73 find at 300°K  a B rons-V an
V leck  dependency with p = 0.36. Our m easurem ent at 77 .3°K  gave p = 0.35
(fig. H I-11). T h is value is  so  c lo s e  to the tran sition  betw een the tem perature
independent portion of p(T) and the high tem perature reg ion  that Httle in fo r 
m ation can be gained about the fie ld  dependency of the relaxation  tim e in  the
f ir s t  m entioned reg ion . The r e su lts  of the running m ethod, how ever, indicate
a d ecrea se  of p. At 20°K  and a lso  at 14.3°K  the slope of the p(H) curve is
steep er  (fig. H I-11), a behaviour s im ila r  to that of sp ecim en  a.
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4 . 2 . 4  S u m m a r y  o f  t h e  d i s c u s s i o n  o n  m a n g a n e s e  t u t t o n  s a l t s
a n d  g a d o l i n i u m  s u l p h a t e

In t he  p re c e d in g  s e c tio n  we have d is c u s s e d  in  d e ta i l  o u r e x p e r im e n ta l
r e s u l t s .  We c a n  re c a p itu la te  and  g e n e ra l iz e  th e  d is c u s s io n  in  th e  fo llow ing
6 po in ts :
1. It i s  show n in  th e s e  tw o type  of s a l ts  th a t s m a ll  am o u n ts  of im p u r i t ie s  can

have a  s t ro n g  e ffe c t on th e  re la x a tio n  t im e , th e  re la x a tio n  t im e s  a r e  s h o r t 
ened  by  im p u r i t ie s  w hich cou ld  be c a lle d  re la x a tio n  c e n te r s  (VAN V L E C K 36 ' 40

2. T he in flu en ce  of th e  im p u ri ty  on th e  re la x a tio n  tim e  c e a s e s  above a  c e r ta in
te m p e ra tu re , w hich  can , a c c o rd in g  to  o u r  m e a s u re m e n ts , have any  va lue
betw een  h e liu m  te m p e ra tu re  and  ro o m  te m p e r a tu r e .

3 . P ro b ab ly  m o re  s a l ts  can  be found .show ing  th is  b eh av io u r and  not u n lik e ly
re la x a tio n  t im e s  of m o s t s a l ts  c a n  be a ffec ted , the type  and th e  s o r t  of e f 
fe c tiv e  im p u r i ty  cou ld  be d if fe re n t in  each  s a l t .

4 . T h e se  m e c h a n ism s  e ffec tin g  th e  re la x a tio n  t im e s  have th e  te n d en c y  to  becom e
in e ffec tiv e  in  h igh  m ag n e tic  f ie ld s ,th e  re la x a tio n  tim e s  a p p ro a c h  th e re b y
th e s e  of th e  o r ig in a l  s a l t .  T he n e t e ffe c t i s  a  d is to r t io n  of th e  p -H  r e la t io n 
sh ip  of th e  o r ig in a l  s a l t  by th e  im p u r i t ie s  w ith  a  ten d en cy  in  g e n e ra l to  in -
c r e a s e  ( f ^ .

5. The in flu en ce  of th e  im p u r i t ie s  fu r th e r  c o m p lic a te s  th e  re la x a tio n  phenom ena
a t th e  h e liu m  te m p e ra tu r e s .  B o ttlen eck  p ro c e s s e s  in c r e a s e  th e  re la x a tio n
tim e  due to  th e  d ir e c t  p ro c e s s ,  im p u r i t ie s  can , in  so m e  c a s e s ,  b y p ass  the
b o ttlen eck  p ro c e s s  and  c a u se  a  co m p le te  d is to r t io n  of th e  f ie ld  dependency
of th e  d ir e c t  p ro c e s s .

6. It h a s  b een  show n th a t im p u r i t ie s  in  som e c a s e s  do c a u se  d ev ia tio n s  fro m
C . d .  P . c u rv e s .

4 .3  DISCUSSION O F THE RELAXATION M EASUREM ENTS ON C O P P E R  TU TTON
SALTS

C o m p arin g  th e  r e s u l t s ,  one fin d s  th a t th e  ab so lu te  v a lu e  of th e  re la x a tio n
tim e  f o r  th e  c o p p e r c e s iu m  tu tto n  s a l t  and th e  c o p p e r am m o n iu m  tu tto n  s a l t  a r e
le s s  th a n  a  fa c to r  2 d if fe re n t , m ak in g  th e  g ra p h s  n e a r ly  id e n tic a l . T he p re s e n c e
of im p u r i t ie s  i s  not obv ious , and  i t  h a s  m ean in g  to  c o m p a re  o u r p -m e a s u re -

-1 4m erits  w ith  th e  th e o r e t ic a l  p re d ic tio n s  (P <xH T  fo r  a  d ir e c t  p ro c e s s  and
~1 9 -1 aP oc T fo r  a  R am an  p ro c e s s ) .  In  th e  h e liu m  ra n g e  we find  p ocT“  H° w ith

1 < a < 2 and  g < o. T he te m p e ra tu re  and f ie ld  dependency  of p i s  no t th a t of a
d ir e c t  p ro c e s s .

T he o rd e r  of m agn itude  of th e  re la x a tio n  t im e s  ob ta ined  by u s  fo r  th e  two
tu tto n  s a l ts  c o r r e la te  re a s o n a b ly  w e ll w ith  th e  m e a s u re m e n ts  of DREW ES and

75G ORTER . T hey  a ls o  find  fo r  th e  c e s iu m  tu tto n  s a l t  a  lo n g e r  r e la x a tio n  tim e
81th a n  fo r  th e  am m o n iu m  s a l t .  T he r e s u l t s  of NASH fo r  re la t iv e ly  la rg e  c r y s -



ta ls  of am m o n iu m  c o p p e r tu tto n  s a l t  a r e  a ls o  of th e  sam e  o rd e r  of m agn itude  a s
ou r e x p e r im e n ta l v a lu e s . It w ould be in te re s t in g  to  r e p e a t  h is  e x p e r im e n ts  in
o u r b r id g e , the  m eth o d s of d e te rm in in g  th e  s p in - la t t ic e  re la x a tio n  being  d i f f e r 
en t.

A gain  we have m a tch ed  th e  p -T  cu rv e  w ith  a  s ta n d a rd  c u rv e  and ob ta ined
a good m a tc h  fo r  th e  NH4 -tu tto n  s a l t  w ith  0D = 180°K  and a  re a s o n a b le  m a tc h
fo r  th e  C s - tu tto n  s a l t  w ith  9_ = 160°K. T he e x p e r im e n ta lly  d e te rm in e d  p(T)

J 0
re la tio n sh ip  in  th e  h y d ro g en  ra n g e  ( p a  T  ) th u s  c o r r e la t e s  re a s o n a b ly  w ith
th e  ex p ec ted  dependency  (p 1 ocT7) u s in g  0 ^  = 180°K  (see  ta b le  1-4).

In a s s o c ia tio n  w ith  th is  we w ish  to  m ake a  few  co m m en ts  about th e
D ebije  te m p e ra tu re  0 ^ . T he D eb ije  te m p e ra tu re  is  u su a lly  com puted  f ro m  th e

12 4 f T  '\3re la t io n  = -g-rr a N k (jj—)  . In th is  eq u a tio n  C^ i s  th e  la t t ic e  sp e c if ic  h e a t/m o le

w hile aN  r e p r e s e n ts  th e  n u m b er of independen t o s c i l la to r s .  U n fo rtu n a te ly  we
w e re  not ab le  to  find  in  th e  l i t e r a tu r e  th e  va lu e  of C . of th e  s a l ts  d e s c r ib e d  in

qp
th is  th e s is .  If one u s e s  th e  v a lu e  of d e te rm in e d  by H IL L  and SM ITH fo r
Zn(N H ^)2 (SO ^)^. öH^O who found a t 20°K  = 15.3 107 e rg /m o le ,  th e  fo llow ing
v a lu e s  c a n  be co m pu ted  fo r  0 ^  100°K  (a = 1), 220°K  (a = 11), 280°K  (a = 31) and
340°K  (a = 39). In th e  f i r s t  c a s e  (a = 1) the co m p le te  m o lecu le  i s  c o n s id e re d  a s
one o s c i l la to r ,  fo r  a  = 11 e a c h  g ro u p  (as H^O, NH^, Zn) i s  coun ted  s e p a ra te ly ,
w hile fo r  a  = 31 and a = 39 e a c h  a to m  is  coun ted  in  the  c e s iu m  and (NH^) tu tto n
s a l ts  r e s p e c tiv e ly .

A p p a ren tly  th e  m e a s u r in g  r e s u l t s  a r e  b e s t d e s c r ib e d  by th e  a s s u m p tio n
th a t e a c h  group  in  th e  m o lecu le  i s  a n  independen t o s c i l la to r .  T he d if fe re n c e  b e 
tw een  the e x p e r im e n ta lly  o b se rv e d  v a lu e s  fo r  th e  c e s iu m  and th e  am m o n iu m  s a l t
could  be exp la ined  by th e  d if fe re n c e  in  m o le c u la r  w eight and th e  r e s u l t in g  d if 
fe re n c e  in  C j.

The sp in -s p in  m e a s u re m e n ts  a r e  d is c u s s e d  in  s e c tio n  4 .6 .

4 .4  DISCUSSION O F THE M EASUREM ENTS ON COBALT TU TTO N  SALT

T he d is c u s s io n  of th e  m e a s u r in g  r e s u l t s  on c o b a lt tu tto n  s a l t  c a n  be
d iv ided  in to  th r e e  p a r t s ,
a) S p in - la ttic e  re la x a tio n .

T he shape of th e  s p in - la t t ic e  re la x a tio n  c u rv e s  and the  o rd e r  of m agn itude  is
in  f a i r  a g re e m e n t w ith  th e  d a ta  of VAN DEN B R O E K 8 and V E R ST E L L E  5 . In
th e  h e liu m  te m p e ra tu re  ran g e  we had to  u se  th e  pu lse  m ethod , w hich lim ite d
th e  f ie ld s  a t w hich we could  m e a s u re  th e  re la x a tio n  to  1500 O e. T h is  is  fo r
th e  sa m p le  ju s t  below  th e  v a lu e  a t  w hich  VAN D EN BROEK 8 ob ta ined  thè
an o m alo u s  r e s u l t s .  T he n u m b er of e le c tro n s  in  th e  3d sh e ll is  odd, m ak in g
th e  co b a lt tu tto n  s a l t  a  so -c a lle d  K ra m e r s  s a l t .  T he p re d ic tio n  is  th a t a t  low

-1  -4te m p e ra tu r e s  a  T H dependency  should  o c c u r  fo r  th e  re la x a tio n  tim e  P
a t f ie ld  v a lu e s  above th e  in te rn a l  f ie ld  H .. In th e  R am an  re g io n  we would
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ex p ec t p<*T w ith  a  B ro n s -V an  V leck  dependency  on H In th e  he liu m
ra n g e  below  2°K  we find  pocT'^H 8 w ith  1 < o-<2 and 3 »  3, c lo s e r  to  the
p re d ic tio n  th a n  m o s tly  o b se rv e d  in  o th e r  s a l ts  w ith  a  b rid g e  m ethod . F ro m
4°K  - 14°K  we find  fo r  both  s a m p le s , fo r  w hich th e  r e s u l t s  a r e  show n in
fig . H I-26, a p p ro x im a te ly  a n in th  pow er if  we c a lc u la te  th e  a v e ra g e  slope  b e 
tw een  th e s e  two te m p e ra tu re s .

b) T he f ie ld  independen t a b so rp tio n s .

T he d is c u s s io n  on the an o m alo u s  a b so rp tio n s  m u s t be in co m p le te . T he m ethod
of o p e ra tio n  of the  b rid g e  m ak es  i t  an  e x c e lle n t to o l to  study  th e s e  phenom ena,
b e c a u se  th e  p eak  v a lu e  of the  a b so rp tio n s  and th e  a s s o c ia te d  m ag n e tic  f ie ld s
c a n  be re a d i ly  ob ta ined  f ro m  c h a r ts ;  th e  fre q u e n c y  ra n g e  d o es not ex tend  f a r
enough dow nw ards, h o w ev er, to  m e a s u re  the phenom ena su ffic ien tly  co m p le te ly .
In th e  s in g le  c a se  we u se d  the  H a r ts h o rn  b rid g e  to  g a in  m o re  co m p le te  in fo rm a 
tio n , i t  w as found th a t th e  an o m alo u s  a b so rp tio n  w as due to  the sp in - la t t ic e
re la x a tio n  w hose c h a r a c te r i s t i c  tim e  d e c re a s e d  sh a rp ly  a t  c e r ta in  m agne tic
f ie ld s . If one a s s u m e s  th a t a l l  th e  a b so rp tio n s  a r e  due to  th is  phenom enon, one
can  m ake an  e s t im a te  of th e  s p in - la t t ic e  re la x a tio n  tim e  by com pu ting  th e  p ^
f ro m  d a ta  about th e  a b so rp tio n  (by u s in g  fo rm u la  1-21). It should  be poin ted
out th a t th is  a ssu m p tio n  is  e r ro n e o u s  in  th e  p re s e n c e  of double re la x a tio n s  such
a s  found by VAN DEN BROEK 8 in  som e of h is  (1:9.5) d ilu ted  s a m p le s . W ith th is
a ssu m p tio n  we have com puted  th e  re la x a tio n  cu rv e  fo r  sam p le  (2) a t 4 .2 °K  and
2.2 K and  fo r  sa m p le  (6) a t 4 .2°K . T h ese  r e s u l t s  a r e  show n in  f ig .IV -7  and th e
c u rv e s  a r e  qu ite  s im i la r  to  th o se  ob ta ined  by VAN D EN B R O E K 8 . We a lso
ch ecked  in  a few  c a s e s  if  th e  (m uch s m a lle r )  in c re a s e  in  x1 / x  a t th e s e  p a r t i 
c u la r  m ag n e tic  f ie ld s  c o r r e la te d  w ith  th e  in c re a s e  in  x"/x0 by u s in g  an  A rgand
d ia g ra m  and found th a t th e  in c re a s e  of x'/x0 w as a s  could  be ex p ec ted . VAN
D EN BROEK m e a s u re d  th e  c u rv e s , show n a t  page 133 of h is  th e s is ,  a t 2 000 Hz
o r  3000 Hz f a r  in to  th e  m e a s u r in g  ran g e  of o u r  b rid g e , but in  o u r sp e c im e n s  we
have not no ticed  any  in d ica tio n  of a  th ird  re la x a tio n , a s  VAN D EN BROEK 8
o b se rv e d  in  th e  1:9.5 s a l t .

T he m e a s u re m e n ts  done by u s  on th e  H a r ts h o rn  b rid g e  w ere  only p e r 
fo rm e d  a t  one f ie ld . C o n ce rn in g  th e s e  an o m alo u s a b so rp tio n s  we can  s ta te  th a t
a t p re s e n t  o u r h igh freq u en cy  r e s u l ts  a r e  not so  co m p le te  a s  th o se  by VAN DEN
BROEK but show  th e  sa m e  tr e n d . We p lan , h o w ev er, to  continue r e s e a r c h  on
3 sa m p le s  m ounted  a s  c lo s e ly  a s  p o ss ib le  in  the K^, K^, and K^ d ire c tio n s  w ith
h igh  m ag n e tic  f ie ld s  and a ls o  a t low f re q u e n c ie s  w ith  a  m ethod  s im i la r  to  th e
one u sed  in  th is  h igh  freq u en cy  b rid g e .

The in i t ia l  m e a s u re m e n t h a s  show n th a t som e of th e s e  a b so rp tio n s  o ccu r
a t f ie ld s  above 4500 O e. We do not have a t  p re s e n t any  defin ite  exp lan a tio n  why
th e  s p in - la t t ic e  re la x a tio n  b eco m es m o re  e ff ic ien t a t c e r ta in  sp ec ific  f ie ld s . The
only  co m m en t one could  m ake a t p re s e n t i s  th a t in  ad d itio n  to  the  n o rm a l e n e rg y
le v e l p a tte rn , ad d itio n a l e n e rg y  le v e ls  m u s t p lay  a  ro le  in  the  re la x a tio n  p ro c e s s .

-9

130



5 .0  1030 e.1 H 2

p(H) for Cobalt ammonium tutton salt
computed from high

measured frequency absorptions

Fig.IV -7. ab I °
C A  A

a  sample(2) 4  2°K Co(NH4)2 (SO 4B  6D0O K-> 1 :0
b (2) 2.2°K
c (6) 4.2°K  CoCNH4l2 (SQ4)2  6H20  K2 1 :10

One could  v is u a liz e  one o r  m o re  s e ts  of ex ited  e n e rg y  le v e ls  of a non m ag n e tic
o rig in , p o s s ib ly  due to  im p u r i t ie s .  At sp e c if ic  v a lu e s  of g c r o s s  re la x a tio n
p ro c e s s e s ,  a ffec tin g  the  re la x a tio n  tim e , could  tak e  p la c e . M ore in fo rm a tio n
about the  nu m b er of th e  a b so rp tio n s  and th e  m ag n e tic  f ie ld s  a t w hich th e y  o c c u r
m ay  give som e a d d itio n a l in fo rm a tio n . A no ther im p o rta n t po in t in  s e a rc h in g  fo r
an  ex p lan a tio n  m ay  a ls o  be the fa c t th a t no a b n o rm a l a b so rp tio n s  w e re  found in
th e  1:10 d ilu ted  D g O sa m p le , w hile the  1:10 d ilu ted  HgO sam p le  show ed la rg e
a b so rp tio n s  in  o u r fre q u e n c y  ra n g e . T he fa c t th a t we did not se e  an  a b so rp tio n
in  th e  Kg d ir e c tio n  should  be ex am in ed  fu r th e r .  In a s s o c ia tio n  w ith  th is ,  i t  can
be re m a rk e d  th a t the anom aly  in  th e  x'/Xq r e p o r te d  by VAN DEN B R O E K 8, w as
s m a ll  in  th e  Kg s a m p le .

In s e a rc h in g  fo r  an  ex p lan a tio n , one should  not exclude  the  p o s s ib il i t ie s
of im p u r i t ie s ,  w hich a t c e r ta in  m ag n e tic  f ie ld s  could  d e c re a s e  the re la x a tio n
tim e . The phenom ena o b se rv e d  by  VAN D EN B R O E K 8, and by u s  a r e  s im i la r
in  c e r t a in  a s p e c ts .  T h e re  a r e ,  h o w ev er, enough d if fe re n c e s , ev en  in  a c a se

Q
w h ere  we p re p a re d  a  sp e c im e n  s im ila r  to  VAN D EN BROEK (1:10; HgO).
The an o m alo u sly  h igh  a d ia b a tic  s u s c e p tib i l i t ie s  r e p o r te d  by u s  fo r  som e c a s e s
can  a t p re s e n t be only  a s c r ib e d  to  im p u r i t ie s .  T h e re  is  so m e , but not a  d e fin ite ,
c o r r e la t io n  betw een  th is  la s t  m en tioned  an o m aly  and th e  fie ld  independen t a b 
so rp tio n s  .
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A n in i t ia l  m e a s u re m e n t on c o b a lt f lu o s il ic a te  p ro d u ced  a ls o  an o m alo u s
a b so rp tio n s . VAN D EN BROEK® re p o r te d  neg a tiv e  r e s u l t s  in  the  frequency-
ra n g e  exam ined  by h im .

c) S p in -sp in  re la x a tio n  phenom ena w ill be d is c u s s e d  in  4 .6 .

4 .5  DISCUSSION O F THE b /C  v a lu e s

In th e  d ev ia tio n  fo r  the  e x p re s s io n  fo r  th e  va lu e  of b /C  in  fo rm u la  (1-24),
i t  i s  a s s u m e d  th a t th e  sam p le  fo llow s C u r ie 's  law . If d ev ia tio n s  f ro m  C u r ie 's
law  o c c u r  a s  e x p re s s e d  in  (1- 10) th e  fo llow ing  e x p re s s io n  c a n  be d e riv e d
(BEN ZIE and COOKE 70 and a ls o  VAN D EN B R O E K 8)

If a n  a c c u ra c y  of 1% is  d e s i re d  fo r  b /C , — h as  to  be le s s  th a n  0.0033. T h is
r e q u i r e s  9 <  0 .014°K  fo r  a  te m p e ra tu re  T of 4 .2 °K  and e < 0 .0 6 6 °K  fo r  T  =

and th e  app lied  fie ld  H , we se e  th a t in  s a l ts  w ith  a  la rg e  C u rie  c o n s ta n t, a
s iz a b le  c o n tr ib u tio n  to  9 can  be exp ec ted , if  the d em a g n e tiz a tio n  fa c to r  a is
not eq u a l to  III. If we tak e  fo r  exam p le  a = ~ ,  we find  th a t fo r  a n  a c c u ra c y
of 1% fo r  the va lu e  of b /C , th e  C u rie  co n s tan t C h a s  to  be le s s  th a n  0.007

4 .2 °K  and 20°K  re s p e c tiv e ly .

F ro m  ta b le  1-1 we se e  th a t th e  C u rie  co n s ta n t fo r  m an g an ese  tu tto n  s a lt

c a lc u la te d  fo r  gado lin ium  su lp h a te . T h is  ex p la in s  a t  le a s t  p a r t ly  th e  d ev ia tio n s
of the  b /C  v a lu e  re p o r te d  e a r l i e r  in  th e s e  tw o s a l t s .  We b e liev e  th a t we have
w ith  o u r  m e a s u re m e n ts  re d u c e d  th e  u n c e r ta in ty  about the b /C  va lu e  of the
m an g an ese  tu tto n  s a l t .  E a r l i e r  m e a s u re m e n ts  in d ica ted  a  ra n g e  of

p la n a tio n  fo r  th e  d if fe re n c e s  o b se rv e d  w ith in  th i s  la s t  m en tio n ed  ra n g e  of v a lu e s .
F o r  th e  c o p p e r  c e s iu m  tu tto n  s a l t  (se c tio n  3 -4 ) we d e te rm in e d  th e  b /C

v a lu e  in  th e  K. and  th e  K,. d ire c tio n , w hich we found to  be c o n s is te n t w ith  each
" on

o th e r , u s in g  th e  p u b lish ed  g -v a lu e s  . If we a s s u m e  a  ran d o m  d is tr ib u tio n  of
the  p a r t ic le s  we com puted  fro m  th e s e  v a lu e s  a b /C  fo r  a  pow der of 4.33 104 O e2

*o -  x ad

F o r  9 < T  th is  fo rm u la  can  be s im p lified  to:

Hc ( 1 + ¥ )“  ^ a d

2 0°K. S e v e ra l c a u s e s  co n tr ib u te  to  9 a s  i s  m en tio n ed  in  s e c tio n  1.2. If we
c o n c e n tra te  on the co n tr ib u tio n  to  9 due to  th e  d if fe re n c e  in  the lo c a l f ie ld  H-L1

-3 -3deg  cm  and 0.032 d eg  cm  if  th e  m e a s u re m e n t fo r  th e  b /C  va lu e  is  done a t

can  ex p ec ted  to  be 0.020 deg  c m -3 w hile a  va lu e  of 0.108 d eg  c m " 3 h a s  been

(0.55 -  0.64) 106 O e2, th e  ev id en ce  g iven  re d u c e s  th is  ra n g e  to  (0.57 - 0.60) 106 O e2.
O ur m e a s u re m e n ts  in d ic a te  (0.575 ± 0.005) 106 O e2 and we do not have any  e x 

w hile BEN ZIE e t a l  found 4.63 104 O e2 . A la c k  of ran d o m  o r ie n ta tio n  could
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be the r e a s o n  fo r  th is  d if fe re n c e . O ur va lu e  fo r  b /C  fo r  a  pow der of c o p p e r
am m o n iu m  tu tto n  s a l t  g iv es  th e  sa m e  v a lu e  a s  p u b lish ed  by B EN ZIE 71 e t a l.

4 .6  DISCUSSION O F THE S P IN -S P IN  RELA XA TION  PHENOM ENA

S p in -sp in  re la x a tio n  phenom ena have b een  o b se rv e d  by u s  in
a) C opper c e s iu m  tu tto n  s a l t  (fig. in -1 5 )
b) C o p p er am m o n iu m  tu tto n  s a l t  (fig. H I-2 0)
c) C obalt am m o n iu m  tu tto n  s a l t  (fig. H I-29)

In the  fo llow ing  s e c tio n  we w ill c o m p a re  o u r m e a s u r in g  r e s u l t s  w ith  the
th e o r e t ic a l  p re d ic tio n s . A s a  v e ry  g e n e ra l  co n c lu s io n  we se e  th a t in  a l l  th r e e
s a l ts  o u r m e a s u re m e n ts  c a n  be d e s c r ib e d  qu ite  w ell by th e  r e la tio n

= P exp(H ^/H ?) (1-37) a s  p re d ic te d  by KRONIG and BOUW RAM P41 and no
S S  O  L  U  . _

te m p e ra tu re  dependence  of pQ and Hc i s  found. L a te ly  C A S P E R S 40 and T JO N 44
have m ade  the  th e o ry  m o re  p re c is e .  CASPERS a ssu m e d  in  h is  c a lc u la tio n s  an
is o tro p ic  g -v a lu e , and c a lc u la te d  a few  c a s e s  fo r  s in g le  c r y s ta ls  w ith  cub ic
sy m m e try . O ur m e a s u re m e n ts  a r e  on tu tto n  s a l ts  w ith  a  m onoclin ic  c r y s ta l
sy m m e try , w hile th e  g - f a c to r  i s  som ew hat a n is o tro p ic  in  th e  c o p p e r tu tto n  s a l ts
(g• 2.44 and g^ = 2.06) and v e ry  a n is o tro p ic  in  the co b a lt tu tto n  s a l t s  (g = 6.45
and g^= 3 .06). T he s i tu a tio n  i s  fu r th e rm o re  co m p lic a te d  by a  s iz a b le  h . f .  s .
(hyper fine s t ru c tu r e )  in te ra c t io n  not ta k e n  e x p lic it ly  in to  accoun t by CASPERS

q o
(but la te ly  s tu d ied  by TJO N) . F o r tu n a te ly  we have fo r  a l l  s a l ts  S = \  of S ' = j ,

e lim in a tin g  z e ro  f ie ld  sp l it tin g s  due to  c r y s ta l  f ie ld .
43 qq

CASPERS and T JO N  °  c o m p a re d  th e i r  r e s u l t s  w ith  th e  o r ig in a l  sp in -
sp in  re la x a tio n  m e a s u re m e n ts  done by V E R ST EL L E  ® on am m o n iu m  tu tto n  s a l t ,
o u r m e a s u re m e n ts  on th is  sam e  s a l t  ex tend  th e  fo r m e r  m e a s u re m e n ts  and  o u r
v a lu e s  on th e  c e s iu m  tu tto n  s a l t  to g e th e r  w ith  (unpublished) m e a s u re m e n ts  fro m
M r. E .A . T E N  HOVE w ill a ls o  be co m p a red .

T he r a t io  be tw een  the  exchange and d ip o le -d ip o le  in te ra c t io n  is  co m p le te ly
d if fe re n t in  th e  tw o c o p p e r s a l ts ,  m ak in g  th e  s e t of s a l ts  v a lu ab le  fo r  c o m p a r iso n
w ith  th e  th e o ry .

F ro m  th e  m e a s u re m e n ts  of B EN Z IE , COOKE and W H IT L E Y 71 th e  to ta l
1.

in te rn a l m ag n e tic  f ie ld  H . ^  [ w hich eq u a ls  (2 b /C )2] c a n  be s e p a ra te d  in to
Hidd (^ue d ip o le -d ip o le  in te ra c tio n ) , II. ex (due to  exchange in te ra c tio n ) ,
Hi h fs<due t °  n u c le u s -sp in  in te ra c t io n )  and (a s so c ia te d  w ith  z e ro  f ie ld
sp lit tin g s ) . In ta b le  IV -1 we l i s t  th e s e  v a lu e s , c a lc u la te d  f ro m  th e  d a ta  of
B EN ZIE  e t a l 7 1 .

O ur m e a s u re m e n ts  have a l l  b een  m ade  fo r  h igh  v a lu e s  of H  (H H. ,)C C I t  ot
and we c a n  o b ta in  w ith  a  good a c c u ra c y  th e  v a lu e  of Hq (fo rm u la  1-37), but an
e x tra p o la tio n  of o u r  m e a s u re m e n ts  to  give an  e s t im a te  of P c a n  p ro d u ce  la rg e

5 q ?  0
e r r o r s .  B e s id e s , s tu d ie s  of V E R ST E L L E  °  and  T JO N  "  have in d ica ted  the

2
r e la tio n s h ip s  betw een  p and H to  be m o re  com plex  th a n  in d ica ted  in  f o r -
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H fd d (° e 2 > « f h f s ^ 2) « L « * 2 > b /C  (Oe2)

C u C s2 tu tto n 4 .4 7  104 4 .1 0  104 0 .7 4  104 4 .6 0  104

Cu (NH^)2 tu tto n 4 .8 4  104 4 .4 6  104 2 1 .2  104 15 .2  104
C o(N H j )2 tu tto n 18.3  104 15 .7  104 2 .6  104 18.3  104

T ab le  IV -1: V a lu es of H2 ^ ,  H?hfg , H2^  and b /C  fo r  th r e e  tu tto n  s a l t s .

m u la  (1 -37). If we su b s titu te  th e  q u a n ti tie s  of ta b le  IV -1 in  th e  fo rm u la  in d i
c a te d  in  ta b le  III, page 802 of CASPERS 43 , we ob ta in  th e  v a lu e s  fo r  H show n

in  ta b le  IV -2 . In  th is  la s t  ta b le  we a ls o  in d ica te  o u r m e a s u r in g  r e s u l t s .

C a lcu la ted  v a lu e s
(fo rm u la s  f ro m  C a sp e rs ) E x p e r im e n ta l da ta

s . c .
(100)

f. c . c .
(100)

f . c . c .
( I l l ) pow der K 1 *2 K3

C u C s2 tu tto n 6.1 104 3 .2  104 4 .3  104 4*7 . 9 .10* 7 .5  104 9 .5  104

Cu (NH j )2 tu tton

C o (NH^)2 tu tto n

61 104

24  104

50  104

11 104

62 104
4

17 10*

|7  4 104
la s  i o 4 **

110 104 69 104 77 104

T ab le  IV -2 . E x p e r im e n ta l and c a lc u la te d  v a lu e s  (follow ing C a sp e rs )
of Hq (in  O e2 ) fo r  th r e e  tu tto n  s a l t s .  * T en  H ove. ** V e rs te lle

B efo re  c o m p a r in g  th e  c a lc u la te d  and  e x p e r im e n ta l d a ta  th e  fo llow ing
re m a r k s  should  be m ad e .

1) T he e ffec t of th e  s iz a b le  n u c le a r  in te ra c t io n  (H2^ )  i s  not ta k e n  in to  accoun t
in  ta b le  IV -2 .

2) I t is  v e ry  doubtfu l if  th e  th e o ry  of CASPERS c a n  be app lied  to  th e  co b a lt am
m onium  tu tto n  s a l ts  in  v iew  of th e  h igh ly  a n is o tro p ic  g -v a lu e s .

C o m p arin g  th e  c a lc u la te d  and  e x p e r im e n ta l d a ta  of ta b le  IV-2 show s th a t
th e  c a lc u la te d  v a lu e s  fo r  th e  s im p le  cub ic  la t t ic e  ( s . c .  (100)) com e c lo s e s t  to
th e  e x p e r im e n ta l v a lu e s . C A S P E R S 43 r e m a rk s ,  h o w ev er, th a t the v a lu e s  fo r
po f° und f ° r  the s . c .  (100) c a se  d ev ia te  m o re  f ro m  the  e x p e r im e n ta l d a ta  th an
fo r  the o th e r  tw o c a s e s  com pu ted . The o rd e r  of m agn itude  is  qu ite  good fo r  the
c o p p e r tu tto n  s a l ts ,  but p o o r fo r  the co b a lt tu tto n  s a l t .  A s po in ted  out, o u r
m e a s u r in g  r e s u l t s  a r e  not too su ita b le  fo r  p re d ic tin g  a  va lu e  of pQ. Som e a d d i
t io n a l co m m en ts  w ill be m ade fo r  th e  tw o c o p p e r tu tto n  s a l ts .

V E R ST EL L E  po in ted  out th a t a  te r m  should  be added to  fo rm u la  (1-37)
ta k in g  in to  accoun t th e  co n tr ib u tio n  of th e  second  L a rm o r  lin e . The e x p re s s io n
he p re d ic ts  (follow ing C A SPE R S43) is

Ps s  = 1-1 l o 8 ex p (-H 2 /0 .5 6  106)+ 2 .8  108 exp(-4H 2/0 .56 106)
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and is  ind ica ted  in  fig . III-2  0. T JO N  h as  in  a r e c e n t p a p e r  ta k e n  in to  accoun t
the  in fluence  of th e  h y p e rf in e  in te ra c t io n  on th e  sp in -s p in  re la x a tio n  fo r  th e  sam e
s a l t  and fin d s

p 'g  = (1 +H 2 /0 .1 3  106) [ p ' 1 ex p (-H 2 /H ^ )+ 1 .5  108 ex p (-H 2 /0 .3  106) +

+ 4 p ^1 exp(-4H 2 /H 2) ]

93 8(we a ssu m e  th a t in  r e f e re n c e  the  t e r m  10 in  th e  second  ex p o n en tia l is  a c c i -
den tily  o m itted ).

We have p lo tted  th e  re la x a tio n  tim e  com puted  by th is  fo rm u la  in  fig . III-20 ,
4 1 2u s in g  th e  sam e  v a lu e s  a s  su g g es ted  by TJO N  fo r  Hq and pQ

(H^ = 0.56 106 O e2 , p '1 = 1.1 108 s e c ' 1)

In a b so lu te  v a lu e , the  p re d ic tio n s  by T JO N  a g re e  re a s o n a b ly  w ell w ith  th e  e x p e r i 
m e n ta l v a lu e , h o w ev er, the c u rv a tu re  in  h is  g rap h  a t h ig h e r  f ie ld  v a lu é s  is  ju s t
ap p o site  to  th e  c u rv e  found e x p e rim e n ta lly . It can  be se e n  f ro m  fig . III-2 0  th a t
the e x tra p o la tio n  of o u r m e a s u re m e n ts  d o es not co in c id e  w ith  th e  m e a s u re m e n ts5
by V ER ST EL L E  . A t p re s e n t it  i s  d iff icu lt to  say  if  th i s  c u rv a tu re  i s  in h e re n t
to  the  s a l t  o r  due to  m e a s u re m e n ts  on two d if fe re n t sp e c im e n s . It w ould be
w orthw ile  to  m e a s u re  th e  sa m e  sp e c im e n  in  th e  tw o m e a s u r in g  s y s te m s .

F o r  th e  c e s iu m  tu tto n  s a l t  th e  e x tra p o la tio n  of o u r m e a s u re m e n ts  could
be in  a g re e m e n t w ith  the  d a ta  ob ta ined  by TEN  HOVE (not p u b lished ), a  com p le te
c o m p a r iso n  being  d ifficu lt; we m e a s u re d  s in g le  c r y s ta l s  w hile T EN  HOVE m e a s 
u re d  a  pow der. F o r  th is  s a l t  V E R ST EL L E  5 h a s  com pu ted , fo llow ing  T JO N 's  93
techn ique

° s s = ( i+ H 2 / 1-5 1C)4) [PÖl e xp(-H 2 /a )+ 0 .4 3  109 ex p (-H 2 /0 .3  105) +

+ 4 p’ 1 exp (-4H 2 / a ')  ]

The v a lu e s  fo r  a , a 1 and p a r e  d e te rm in e d  fro m  th e  e x p re s s io n s  of CASPERS*13
93 • .and TJO N  and a r e  g iven  in  ta b le  IV -3 . A s T JO N  h as  done in  am m on ium  co p p e r

tu tto n  s a l t ,  we have ta k e n  fo r  the "double  flip "  te r m s  the  sam e  v a lu e  fo r  th e  m o 
m en t a s  found fo r  the "d ip o le -d ip o le "  te r m .

93

s .  c . (100) f .c .c .( lO O ) f . c . c .  ( I l l )

Po/2 tt
2.4 .1  O '9 -90.5 .10 0 .7 7 .10*9

a 6 .1 .104 3 .2 .104 4 .3 .104

a' 1 4 .1.104 5 .5 .1 04 7 .4 .104

T ab le  IV -3 . V alues of P0 /2 tt, a  and a ' f o r  C u C s2 (S 04)2 .6 H 20 .

The c a lc u la te d  v a lu e s  fo r  th e  th re e  c a s e s  have b een  p lo tted  in  f ig . III-1 5 . The
a c tu a l m e a s u re m e n ts  a r e  c lo s e s t  to  the v a lu e s  com puted  fo r  th e  s im p le  cub ic
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la t t ic e ,  a s  w as a ls o  th e  c a s e  in  th e  am m o n iu m  s a l t .  T he d if fe re n c e  betw een  the
p re d ic te d  va lu e  of the re la x a tio n  tim e  a t low  f ie ld s  F a n d  th e  e x tra p o la te d
va lu e  of th e  m e a s u r in g  r e s u l t s  is  of the o rd e r  of a  fa c to r  3.

We have b een  ab le  to  d e te rm in e  th e  qu an tity  x "  /x  , w ith  r e a s o n -s s  m ax . a d .
ab le  a c c u ra c y  and  th e  r e s u l t s  a r e  a s s e m b le d  in  ta b le  IV -4 .

pow der K 1 «2 K3 C a s p e rs

C uC s 2 (S04 )2 .6 H 20 0.08 ^ 0.15 ± 0.02 0.07 ± 0.01 0.16
C u (NH4 )2 (S 04 )2 .6 H 20 0.3 0.39
C o(NH4 )2 (S 04 )2 .6 D 20 0.17 ± 0.01 0.07 ± 0.01 0. 09 ± 0.01 0.12

TA B L E  IV -4 . M agnitude of X̂ 'g m a x  /x ad fo r  th r e e  tu tto n  s a l t s .  1) T en  Hove

94
CASPERS show ed th a t fo r  p o w d e rs  the  re d u c tio n  Axad of th e  a d ia b a tic  s u e -
c e p tib il ity  x ad- due to  th e  sp in -s p in  re la x a tio n  is  g iven  by:

H?
i to t

If the  s p in - s p in  re la x a tio n  h a s  a  D ebije  c h a r a c te r ,  th e  m ax im u m  a b s o rp -
tio n  x «a m ay  w ill be g iven  by 50% of th a t am oun t. T he q u an tity  is  in d ica ted  in  the
la s t  co lu m  of ta b le  IV -4 . T he s p in -s p in  a b so rp tio n s  a r e  so  sm a ll , th a t we cannot
d e te rm in e , w h e th e r th ey  have a  D eb ije  c h a r a c te r .  It i s  th e r e fo re  not p o ss ib le  to
c h eck  the p re d ic tio n s  of CASPERS 94 . No c a lc u la tio n s  a r e  a v a ila b le  to  p re d ic t
th e  a n is o tro p y  in  th e  sp in -s p in  a b so rp tio n .

4 .7  THE R ELA TION  BETW EEN  SP IN -L A T T IC E  AND SPIN -SPIN  RELAXATION
PHENOM ENA

In th e  c o p p e r tu tto n  and c o b a lt tu tto n  s a l ts  we w e re  ab le  to  do m e a s u re 
m e n ts  in  a co n d itio n  w h ere  th e  s p in -s p in  re la x a tio n  tim e  would be lo n g e r  th an
th e  s p in - la t t ic e  re la x a tio n  t im e . In a l l  th e s e  c a s e s  we no ticed  th e  d is a p p e a r 
an ce  of th e  s p in -s p in  a b so rp tio n . T h is  can  be q u a li ta tiv e ly  exp la ined  by the
e s ta b lis h in g  of the  e q u il ib r iu m  th ro u g h  the s p in - la t t ic e  c o n ta c ts , w hich is  u n d e r
th e s e  co n d itio n s  m o re  e ff ic ie n t. We have t r ie d  to  o b se rv e  d ev ia tio n s  of C .d .  P .
w hen th e  sp in  sy s te m  is  not in  e q u il ib r iu m . If th e  tw o io n s in  th e  u n it c e l l  in  the
tu tto n  s a l t  have a  d if fe re n t re la x a tio n  tim e , a d ev ia tio n  f ro m  C . d . P . c u rv e s
w ould r e s u l t .  We have not no ticed  th is  bu t it  should  be sa id  th a t th e  d if fe re n c e s
should  be s iz a b le  b e fo re  an  e ffec t of th is  type w ould be n o ticed  (VAN DEN
B R O E K 8).
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C H A P T E R  5

APPENDIX A:

MECHANICAL VIBRATIONS IN THE MEASURING SYSTEM

D uring the d esign  of the m easu rin g  sy stem , we found se v e r e  fié ld  e ffe c ts .
T hese e ffec ts  w ere found to be proportional to H and showed a typ ica l reson ance
ch a racter . Som e actual m easu rem en ts are shown in  fig . H -20. It was found that
they w ere due to  e le c tro -m ech a n ica l coupling of a m ech an ica l reson ator  w ith the
m easu rin g  c o ils  w hich v ibrated  when a dc m agnetic fie ld  w as p resen t. In the
follow ing we analyze th is  sy s te m . The a n a ly s is  is  p artly  the w ell known m ech a
n ica l couplings of reso n a to rs, the m agnetic fie ld , how ever, en ters  into equa
tion s, and produces a variab le  coupling. The fu ll a n a ly s is  i s  given , because
th ese  p arasitic  phenomena m ay be quite sev ere  in  high m agnetic f ie ld s .

In th is  chapter, we w ill denote com plex quantities by P , P  rep resen ts  a
vec to r  in  the com plex plane. R eal v e c to r s  arc denoted by B.

A few  ca lcu la tion s have been  made on a m odel which g iv es  a good e x p la 
nation of the phenomena ob served . The c o il i s  wound on a g la s s  cy lin d er w ith N
tu r n s /c m . The to ta l length of the c o il i s  1 cm . If a steady  m agnetic fie ld  B is
p resen t the Lorentz fo rce  on a s in u so id a l current I = I c o s  out in  the c o il w ill,
(if the sy s tem  is  linear) tend to  expand and contract the cy lin d er and re su lt  in
sin u so id a l varia tion s X ,cos(u )t - cp) of the rad ius X . The L o ren tz-fo rce  w illo
be uniform ly d istributed  over the c ircu m feren ce  and
is  g iven  by:

^ H = 0 . 1 I x B N l  ( f ig .V - i )  (5-1)
ds

If a uniform  p ressu re  is  presen t in  a ring, a force  P
w ill be found given  by P = -j=  XQ (5-2) or
P = 0.1 X q I B N 1 (5-3) if  I i B .  The resu lt of the force
P w ill be to in crea se  and d e c r e a se  the co il-d ia m eter
XQ by an amount X ,. F ig . V -2 show s two coupled m e 
chanical o sc illa to r s . The sy s te m  with in d ices  1 r e 
p resen ts  the c o il , the sy stem  with the in d ices 2 r e -

H

forces in coil

F ig .V -l.
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Fig.V -2. diagram  for two m echanically  coupled harm onic
o sc illa to rs.

p re s e n ts  any  m e c h a n ic a l r e s o n a to r  coupled  by a (weak) sp r in g  to  c o il .  P  r e -
p re s e n ts  th e  d riv in g  fo rc e  (L o ren tz  fo rc e ) . T he eq u a tio n s  g o v ern in g  th e  s y s te m
a re :

P 1 - p 2 = M j X j + F j X j + K j X j (5-4)

P 2 = Kg (X j -  X2) (5-5)

P 2 = M2 X2 + F 2 X2 + K 2 X2 (5-6)

If th e  d r iv in g  fo rc e  i s  s in u so id a l, i .e .  P  = Pcosurt, th e  s te a d y  s ta te  so lu tio n s
can  be found by in tro d u c in g  th e  fo llow ing  com plex  q u a n titie s :

P ,  = R e C P .e ^■ j - w u - j e " * ] ,  X j = Re [ X ie jujt ] and I = Re [ I  e ju)t ] e tc .

S u b stitu tio n s  of (5-7) in to  (5 -4 ), (5-5) and (5-6) y ie ld s
2P j  -  p 2 = -  id2 M i X 1 + jw F 1 X j + K jX j

P 2 = Kg (X1 -  X2 )

P 2 = - c 2 ! ^  +ju>F2X2 + X 2X 2

(5-7)

(5-8)

(5-9)

(5-10)

Solving th e s e  th r e e  l in e a r  eq u a tio n s  and e x p re s s in g  X j in  te r m s  of P j  y ie ld s

P 1
TT (5-11)

<K* t K 3» + i“ F l  "  M 1 -

The to ta l  m ag n e tic  in d u c tio n  Bj in s id e  the c o il c o n s is ts  of tw o p a r t s ,  a  s te ad y
p a r t  B and  a  v a ry in g  p a r t  B~ (the c o il is  sup p o sed  to  be a  long  th in  co il) and
su ppose  f u r th e r  th e  p e rm e a b il i ty  y -  1. T hen

B = H ~ = 0 . 4 ttN Ï  ( 5 - 1 2 ) ,  B^ = B~ + 0 . 4 ttN  I c o s  urt ( 5-13)

In th e  eq u a tio n s  (5-12) and (5-13) I i s  e x p re s s e d  in  A m p e re s , H in  O e rs te d s
and B in  G a u sse s . T o  com pu te  P  we n eg lec t th e  ac  f ie ld  and ob tain :

P  = 0.1 X I B = N1 _ (5-14)
„ , 0.1 X B - N i l
S u b stitu tio n  of (5-14) in to  (5-11) g iv e s  X j = ------- £ ------------  (5 _ 15)
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w ith  D = D e®  (5 -16).
In o u r m e a s u r in g  s y s te m  we m e a s u re  th e  im pedance  of the  c o il . T he im 

pedance  c a n  be c a lc u la te d  by  co m pu ting  th e  induced  v o ltage  w hen a  c u r r e n t
Icoscut p a s s e s  th ro u g h  th e  c o il .  T he ra t io  betw een  E and I w ill g ive th e  im p e d 
ance  Z (n eg lec ting  lo s s e s  of th e  c o il i ts e lf ) . T he induced  vo ltag e  w ill have n o n 
l in e a r  te r m s  and  th e  com plex  n o ta tio n  canno t be u sed .

e i n d = - 10"8 Ü  = - 10' 8 ^ ( S B tND (5-17)

The fa c to r  S r e p r e s e n ts  th e  su r fa c e  of th e  co il.

e ind  = - 1 0 '8 A [ TT(Xo + X 1)2 (B = + 0 .4 T T N Ïco sm t)N l] (5-18)

S u b stitu tio n  of (5-15) in to  (5-18) g ives a f te r  d if fe re n tia tio n  of (5-18) w ith

B= » 0 . 4 tt N I e .g . (B= » B~) and 0-1 ^  IN1 < 1  (Xq > X j)

e^nd = 10 8 ttN1 J ^ 0 .4 tt uiN I (X2 s in  out +

10 2 X2 B 2- N 212I2 c o s 2 (u)t -  tp) s im u t^

0 .2 X q B Icos(u>t - tp) sin(mt) . N1

2_2  =0.2 X Bo i)N lïsin (u)t -  tp)
] (5-19)

T he m e a s u r in g  equ ipm en t m e a s u re s  only  com ponen ts w ith  a  fre q u e n c y  id. The
second  te r m  of eq u a tio n  (5-19) c o n ta in s  only  te r m s  w ith  f r e q u e n c ie s  2 tu and o
and can  be n eg lec ted . By m e a n s  of

s in  cut . c o s 2( u)t -  to) = sinujt + s in  (3 art -  2 tp) s in  (tut -  2tp)
Y 2 4 4

and d ro p p in g  a ls o  th e  te r m s  w ith  a fre q u e n c y  3 cm we ob ta in , a f te r  re tu rn in g  to
the com plex  no tation :

E = 10‘ 8 ttN1I [ j u j . 0 .4 N jx2 -
0.25 1 0 '2 X2 B2 = N212 (1 - 2 e ^ ,  0 .2 jtu X 2B'

I '

By m ean s  of E  = I Z  we o b ta in  f ina lly :

Z . io-8„n2i2] „ [ > 4K - 0.25 10"2 X2 B2 - N 212 ( 1 - 2 e ;i'p) I 2 0 .2 X 2 B2

iS^ J fi

(5-20)

(5-21)

In eq ua tion  (5-21) th e  f i r s t  t e r m  in  th e  sq u a re  b ra c k e ts  r e p r e s e n ts  the
n o rm a l in duc tance  of th e  c o il . T he second  te r m  is  a non l in e a r  e ffec t on the
im pedance  due to  th e  n o n - l in e a r ity  of th e  s y s te m . T he t e r m  I2 w ill m ake th is
e x p re s s io n  dependen t on th e  c u r r e n t  th ro u g h  th e  c o il . We w ill c o n c e n tra te  on
th e  th ird  te r m , a r i s in g  f ro m  the  v ib ra tio n s  of th e  co il, but w hich is  .linear a t
co n s ta n t B =.
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By u s in g %

1 r M2^K1K2 + K 1K3 + 2
1----------- KTfKj-------}

and “o = {
* 1 * 2  + K lK 3 + *2*31 2

m 2 ( K i + K 3 )

we can  w rite

1 1
B-KjtKj T - {

j v  Q

jm fK j t - K g /  F g 1" 1 + v 2Q 2 1 + v2Q 2 } (5-22)

By su b s titu tin g  (5-22) in to  (5-21) and d e le tin g  th e  n o n - l in e a r  te r m ,  we find

z = juj io"8 Ttfj2i2x2 [ M  °-2 B 0.2 B2= f 1 j v Q

Kl +K3 j ou(Kj +Kg)2 Fg 1 + v 2Q2 1 + v V
} ]  (5-23)

T he la s t  two te r m s  in  eq u a tio n  (5-23) a r e  due to  th e  e le c tro -m e c h a n ic a l
coup ling , and show  a  re s o n a n t c h a r a c te r .  If p lo tted , th e  shape  of th e  c u rv e  w ill
be s im i la r  to  th e  one in d ica ted  in  f ig . n -2 1 .  T he c u rv e s  of f ig . 11-21-b  have  a c 
tu a lly  b een  com pu ted  fo r  a  p u re  m a g n e tic a l co u p lin g  of a  r e s o n a to r  to  th e  m e a s 
u r in g  sy s te m  a s  in d ic a te d  in  f ig . H -2 1 -c . E q u a tio n  (5-23) show s th e  re so n a n c e

2to  be p ro p o r tio n a l to  B , w hich i s  e x p e r im e n ta lly  found.
In th e  c ry o s ta t  o f fig . I I -2 0 -b  we only  found a  re s o n a n c e  of th e  g la s s  tube

on w hich th e  c o il w as wound. TIM O SHEN KO 88 g iv es  a s  th e  r a d ia l  re s o n a n t f r e 
quency  of a  ro d :

S u b stitu tio n  of E  = 106 , g = 1000, Y= 3 and  r  = 0.7 g iv es  f = 120 kH z. E x p e r i 
m e n ta lly  we do find  th e  re so n a n c e  a t  97 kH z.
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S U M M A R Y

In th i s  th e s is  we in tro d u ced  and d is c u s s e d  th e  d e s ig n  of a  b rid g e  and d e 
te c to r  sy s te m  to  m e a s u re  p a ra m a g n e tic  r e la x a tio n s  in  th e  fre q u e n c y  ran g e  b e 
tw een  200 Hz and  1 MHz. T he b rid g e  i s  b a s ic a lly  a  s im p le  ac W heatstone  b rid g e ,
e a c h  a r m  hav in g  a c o il a s  i t s  m o s t im p o rta n t e le m e n t (show n in  f ig . 11-16 and
n -1 7 ) .  T he sam p le  is  m oved  f ro m  one c o il to  a n o th e r  and  th e  d if fe re n c e  in  u n 
b a lan ce  in  th e  tw o p o s itio n s  i s  m e a s u re d . T he d e te c tio n  s y s te m  em p lo y s  sy n 
ch ro n o u s  d e te c tio n  and  e n a b le s  u s  to  s e p a ra te  th e  ou tpu t s ig n a l of th e  b rid g e  in to
two co m p o n en ts . One com ponen t g iv es  in fo rm a tio n  about the  d is p e r s io n  x'/xo
of th e  p a ra m a g n e tic  sa m p le , th e  o th e r  about th e  a b so rp tio n  x"/x . T he  u se  of
sy n ch ro n o u s d e te c tio n  i s  a ls o  qu ite  adv an tag eo u s to  im p ro v e  th e  s ig n a l to  no ise
ra t io  of th e  d e te c te d  s ig n a l. T o fa c i l i ta te  th e  d es ig n , th e  a c tu a l s e p a ra tio n  of th e
co m ponen ts  i s  done a t  one fixed  fre q u e n c y  of 1.5 MHz, d if fe re n t f ro m  th e  m e a s 
u r in g  fre q u e n c y . T he co m p le te  b lo ck  d ia g ra m  is  show n in  f ig . 11-11. T he s ig n a ls
co n ta in in g  th e  in fo rm a tio n  about the d is p e rs io n  and the  a b so rp tio n  a r e  in  the
fo rm  of slow ly  v a ry in g  dc v o lta g e s , m ak in g  re c o rd in g  w ith  an  X -Y  w r i te r
fe a s ib le , su ch  th a t th e  d is p e r s io n  (o r a b so rp tio n ) i s  p lo tted  d ir e c t ly  a g a in s t th e
m ag n e tic  f ie ld . W ith  th is  b rid g e  we a r e  ab le  to  m e a s u re  th e s e  q u a n ti tie s  in  th e
freq u en cy  ra n g e  f ro m  200 Hz to  1 MHz a t any  m ag n e tic  f ie ld  betw een  0 and
4300 Oe w ith  a  co n v en tio n a l, w a te r-c o o le d  so len o id , w hile by  m ean s  of a  liqu id
n itro g e n  coo led  m ag n et (fig . 11-31) we have b een  ab le  to  m e a s u re  the  d is p e rs io n
and a b so rp tio n  of so m e  s a l ts  up to  14 kO e. A u x ilia ry  equ ipm en t fo r  th is  m agnet
i s  b e in g  co m p le ted , th e  m ax im u m  fie ld  s tre n g th  ob ta ined  y e t i s  22 kO e. A liqu id
n itro g e n  coo led  m ag n e t m ay  be u se d  b ecau se  of the h igh  speed  of th e  m e a s u r in g
eq u ipm en t.

T he m e a s u re m e n ts  can  be done in  a  s e m i-a u to m a tic  w ay, red u c in g
e r r o r s .  R e lax a tio n  t im e s  be tw een  100 m s e c , and  s e v e r a l  m in u te s  c a n  be stu d ied
in tro d u c in g  a  f a s t  v a r ia tio n  of the m ag n e tic  f ie ld . U n fo rtu n a te ly  the  a p p lic a b il ity
of th is  m ethod  i s  lim ite d , depend ing  on th e  m ag n e tic  s t re n g th  of th e  sa m p le , to
m ag n e tic  f ie ld s  of a  few  t im e s  (b /C )2 (see  fo rm u la  1-29).

W ith th i s  b rid g e  we have done a  s e r i e s  of m e a s u re m e n ts  on  so m e  p a r a -
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m ag n e tic  s a l ts .  We e x te n s iv e ly  ex am in ed  m an g an ese  tu tto n  s a l t .  We m e a s u re d
a t h e liu m , h y d ro g en  and n itro g e n  te m p e ra tu re s  and w e re  ab le  to  o b ta in , w ith  an
e s t im a te d  a c c u ra c y  of ± 10%, re la x a tio n  t im e s  in  th e  in te rm e d ia te  te m p e ra tu re
ra n g e s  by slow ly  w a rm in g  up of th e  c ry o s ta t .

R e lax a tio n  t im e s  o v e r  a  ra n g e  of m o re  th a n  7 d e c a d e s  have  b een  ob ta ined
in  th e  te m p e ra tu re  in te rv a l  of 1 °K -3 0 0 °K . O ur m ain  e m p h a s is  h a s  b een  on th e
in fluence  of im p u r i t ie s  on th e  re la x a tio n  t im e s  and  the  r e s u l t s  of m e a s u re m e n ts
on a p p ro x im a te ly  25 s a m p le s  have show n (fig. m - 3  and  f ig . III-5 ) th a t in  one (o r
p o s s ib ly  m o re ) te m p e ra tu re  re g io n s  < T < th e  re la x a tio n  t im e  is  o ften
d e te rm in e d  by im p u r i t ie s .  T he te m p e ra tu re  l im i ts  depend  on th e  ty p e  and  c o n 
c e n tra tio n  of th e  im p u r i t ie s  and a ls o  on th e  m agn itude  of th e  c o n s ta n t m ag n e tic
f ie ld . In m an g an ese  tu tto n  s a l t  we found fo r  sam p le  a  (fig. III-3 ), in  w hich  no
im p u r i t ie s  w e re  in te n tio n a lly  added , 50°K  a t 750 Oe and below  1°K,
if  a  lo w er l im it c a n  be e s ta b lish e d  a t  a l l .  A ddition  of 1% C o2+ to  th e  sam e  sa lt
a f fe c ts  re la x a tio n  t im e s  in  an  e s t im a te d  ra n g e  of 1 0 °K <  T < 200°K . A s a g e n e 
r a l  ru le  we found th a t an  in flu en ce  of th e  re la x a tio n  t im e  by th e  im p u r i ty  can  be
ex p ec ted  if  the  im p u r ity  h a s  a c o n s id e ra b ly  s h o r te r  r e la x a tio n  t im e  (if d efinab le )
c o m p ared  to  th e  h o st m a te r ia l .  J u s t  below  one m u s t ex p ec t th e  te m p e ra tu re
v a r ia tio n  of th e  re la x a tio n  tim e  to  becom e re la t iv e ly  w eak . It m ay  ev en  be th a t
th is  le a d s  to  a te m p e ra tu re  re g io n  in  w hich i t  h a rd ly  v a r ie s .

T he fa c t th a t s m a ll  c o n c e n tra tio n s  (<  0.1%, f ig s . H I-3 and  III-5 ) o ften
in fluence  th e  re la x a tio n  tim e  of th e  co m p le te  sp e c im e n  in d ic a te s  th a t sp in -s p in
p ro c e s s e s ,  a s  w e ll a s  c r o s s  re la x a tio n  and sp in  d iffu sio n , a p p a re n tly  p lay  a
ro le .  T h ese  la t te r  p ro c e s s e s  in  g e n e ra l  slow  down a t h ig h e r  m ag n e tic  f ie ld s
and i t  i s  ex p ec ted  and o b se rv e d  th a t th e  in flu en ce  of im p u r i t ie s  re d u c e s  a t  h ig h e r
m ag n e tic  f ie ld s .

By m ean s  of a  th e rm o d y n a m ic  m o d e l (a th e r m a l  b lo ck  d ia g ra m ) show n in
fig . IV-1 we have b een  ab le  fo rm a lly  to  d e s c r ib e  m uch  of the  e x p e r im e n ta l d a ta
in  a s a t is f a c to ry  w ay (fig . IV -4 ).

M agnetic im p u r i t ie s  a r e  o ften  e ffec tiv e ; in  th e  c a s e  of so m e  m an g an ese
and c o p p e r tu tto n  s a l ts ,  K io n s have  a ls o  b een  show n to  be an  im p o rta n t im p u 
r i ty .  T he m e c h a n ism  of th is  in fluence  is  a t p re s e n t  u n c e r ta in , the  p o s s ib il i ty  of
"exchange  c e n te r s " ,  a c tin g  a s  re la x a tio n  c e n te r s  a s  m en tioned  a s  e a r ly  a s  1941
by Van V leck , c a n  be c o n s id e re d .

A few  m e a s u re m e n ts  w e re  p e rfo rm e d  on g ado lin ium  su lp h a te  o c tah y d ra te
( f ig .m -1 0 )  and we have good re a s o n  to  b e liev e  th a t an  an o m aly  in  th e  p -T  c u rv e ,
s im i la r  to  th e  c a s e  of m an g an ese  tu tto n  s a l t  and e a r l i e r  r e p o r te d  by G o r te r  and
B ro e r ,  is  m a in ly  due to  th e  sa m e  m e c h a n ism . T he " p u re "  s a l t  ex h ib ited  a  te m 
p e ra tu re  re g io n  in  w hich th e  re la x a tio n  tim e  w as n e a r ly  c o n s ta n t, add ing  1% Dy
sh ifted  th is  ran g e  c o n s id e ra b ly .

We have d e te rm in e d  sp in  la t tic e  r e la x a tio n  t im e s  in  c o p p e r c e s iu m  and
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am m on ium  tu tto n  s a l t s .  A gain  th e  re la x a tio n  t im e s  have b een  d e te rm in e d  in  a
ran g e  of o v e r 7 d e c a d e s . T he re la x a tio n  t im e s  a t  h y d ro g en  and h ig h e r  te m p e r 
a tu r e s  follow  th e o r e t ic a l  p re d ic tio n s  in  a  re a s o n a b le  w ay, a t  h e liu m  te m p e ra 
tu r e s  the  te m p e ra tu re  dependence  re s e m b le s  th a t of a  d ir e c t  p ro c e s s ,  bu t the
dependency  of th e  re la x a tio n  tim e  on th e  f ie ld  is  not a s  p re d ic te d  by th e  th e o ry
of V an V leck  (tab le  1-3). In th e s e  tw o s a l ts  we have a ls o  b een  ab le  to  m e a s u re
sp in -s p in  re la x a tio n  phenom ena (fig s . H I-16 and H I-20). In  o u r  fre q u e n c y  ran g e
th e s e  a b so rp tio n s  o c c u r  a t  r e la tiv e ly  h igh  f ie ld s  and  have th u s  a s m a ll  a m p li
tu d e . T he m e a s u r in g  m e th o d s, by w hich th e  a b so rp tio n s  a r e  p lo tted  a s  a  c o n 
tin u o u s fu n c tio n  of th e  m ag n e tic  f ie ld , enab led  u s  to  d e te c t th e m  w ithout d if f i
c u lt ie s  and we could  d e te rm in e  th e  m ax im a  w ith  a  good a c c u ra c y . T he r e s u l ts
ob tained  a r e  c o m p a re d  in  s e c tio n  4 .5  w ith  th e  th e o r e t ic a l  p re d ic tio n s  of C a s p e rs
and T jon . T he th e o ry  of T jon  is  found to  d e s c r ib e  th e  phenom ena f a i r ly  w e ll but
th e  d if fe re n c e s  be tw een  th e  p re d ic tio n  and th e  r e s u l t s  a r e  s tiU  s iz a b le  fo r  the
c o p p e r c e s iu m  tu tto n  s a l t .

We have done som e in v e s tig a tio n s  on s e v e r a l  sp e c im e n s  of c o b a lt tu tto n
s a l ts  (s e c tio n s  3.7 and  4 .4 ). In a g re e m e n t w ith  V an den  B ro e k 's  r e s u l t s ,  sh a rp
d e c re a s e s  in  re la x a tio n  t im e s  a r e  o b se rv e d  a t  a  n u m b er of w ell defined  m a g 
ne tic  f ie ld  v a lu e s , bu t th e  in c o n s is te n c y  of som e of th e  d a ta  su g g e s ts  th a t im 
p u r i t ie s  m ay  p lay  an  im p o rta n t ro le  ag a in . A t p re s e n t no good ex p lan a tio n  is
av a ila b le  fo r  th e s e  phenom ena . In a l l  th e  co b a lt tu tto n  sp e c im e n s  we have b een
ab le  to  d e te c t s p in - s p in  a b so rp tio n s . No a tte m p t i s  m ade to  c o m p a re  the  r e s u l ts
w ith  th e  th e o ry  of C a s p e rs  o r  T jon , the  s a l ts  d ev ia tin g  too  m uch  f ro m  th e  a s 
su m p tio n s m ade  in  th e  th e o ry .

S p in -sp in  re la x a tio n  phenom ena m a in ly  o c c u r  a t  f re q u e n c ie s  be tw een  the
ra d io  and m ic ro w av e  ra n g e . We have o b se rv ed  in  a  few  c a s e s  in  a g re e m e n t
w ith  K ron ig  and B ouw kam p 's p re d ic tio n s  (fo rm u la  1-37), th a t th e  sp in -sp in
re la x a tio n  tim e  c a n  b ecom e long in  h igh m ag n e tic  f ie ld s . W hen it  re a c h e s  the
va lu e  of th e  s p in - la t t ic e  re la x a tio n  tim e  the  s p in -s p in  a b so rp tio n  i s  found to
d is a p p e a r .

A few  m e a s u re m e n ts  have b een  done on h y d ra ted  co p p e r su lp h a te  and
c o p p e r p o ta s s iu m  c h lo r id e  (sec tio n s  3.5 and  3 .6). In  th e  f i r s t  s a l t  we w e re  ab le
to  show  d e fin ite ly  the  e x is te n c e  of a  s p in - la t t ic e  re la x a tio n , in  the  second  s a l t
la rg e  d ev ia tio n s  f ro m  C a s im ir -D u  P r é  re la x a tio n  c u rv e s  a t h y d rogen  te m p e r a 
tu r e s  a r e  p ro b ab ly  c a u se d  by p o o r h ea t conduction , a s  h a s  b een  re p o r te d  by
V an den  B ro e k  in  th e  heH um  ra n g e .

F o r  m o s t s a l t s  we have b een  ab le  to  d e te rm in e  the  b /C  v a lu e . In som e
of th e  e a rH e r  in v e s tig a tio n s  th e  in fluence  of d ev ia tio n s  f ro m  C u r ie 's  law  have
b een  u n d e re s tim a te d . We beH eve th a t in  so m e  c a s e s  o u r  m e a s u re m e n ts  have
re d u c e d  th e  e x is tin g  u n c e r ta in t ie s  in  th i s  q u an tity .
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S A M E N V A T T I N G

In di t  p ro e f s c h r if t  b e sc h r ijv e n  w ij h e t o n tw erp  v a n  e e n  m e e t-b ru g  v o o r het
w aa rn em en  en  o n d erzo ek en  v a n  p a ra m a g n e tisc h e  r e la x a t ie -v e r s c h i jn s e le n .
R e la x a tie tijd e n  v a n  1 p se c . -  en ige  m in u ten  kunnen w o rd en  b ep aa ld , e e n  decade
nabij 2 0 m se c  u itg e z o n d e rd . E e n  m a g n e tisc h  v e ld  kan , evenw ijd ig  m e t h e t m e e t-
v e ld , a ls  een  onafhankelijke  p a ra m e te r  w o rd en  g e v a r ie e rd . M etingen kunnen
w orden  gedaan  in  de g e b ru ik e lijk e  te m p e ra tu u rg e b ie d e n  v a n  v lo e ib a a r  He, en
Ng, de sn e lle  w e rk in g  v a n  de b ru g  m aak t het m o g e lijk  e e n  re d e lijk e  sc h a ttin g  te
v e rk r i jg e n  v a n  re la x a tie ti jd e n  in  h e t g ehe le  in te rv a l  v a n  1°K to t 3 00°K, ind ien
de re la x a tie ti jd e n  in  h e t m ee tg eb ied  v an  de b ru g  v a lle n . U itv o e rig e  o n d e rz o e k in 
gen z ijn  v e r r ic h t  a a n  m an g aa n -tu tto n zo u t. De o o rz a a k  is  gevonden w aa ro m  r e 
su lta te n  v an  v ro e g e re  o n d e rz o e k e rs  n ie t r e p ro d u c e e rb a a r  w a re n . Ook z ijn  wij
e r  in  g es laag d  e x p e r im e n te e l de v e rk la r in g  te  v in d en  v o o r een  an o m alie  in  dit
zout, d ie v ro e g e r  r e e d s  gevonden w as in  g ad o lin iu m -su lfa a t; in  be ide  zou ten  i s
de re la x a tie ti jd  in  e e n  v r i j  g ro o t te m p e ra tu u rg e b ie d  v r i jw e l c o n s ta n t. In de b e 
s c h re v e n  g ev a llen  is  h e t geb leken  d a t o n zu iv e rh ed en  d a a rv a n  de o o rz a a k  z ijn .
E x p e r im e n te e l hebben  we aangetoond  d a t n ie t a lle e n  p a ra m a g n e tisc h e  o n z u iv e r
heden , m a a r  ook b ep aa ld e  d iam ag n e tisch e  ionen  (K+) de re la x a tie ti jd  op een
nog v o o ra lsn o g  n ie t v e rk la a rd e  m a n ie r  kunnen b e in v loeden . De m e e tre s u lta te n
kunnen fo rm e e l m e t e en  re d e l ijk e  nauw keurigheid  m e t e en  eenvoud ig  b lo k -m o d e l
w o rd en  b e sc h re v e n . M etingen  v a n  de s p in - ro o s te r r e la x a t ie t i jd e n  a a n  een  s e r ie
k o p e r-  en  co b a ltzo u ten  w o rd en  b e sp ro k e n . De m a rk a n te  r e s o n a n tie s  in  de r e 
la x a tie tijd e n  v a n  so m m ig e  c o b a lt-z o u te n  b lijv en  ra a d s e la c h tig .

In v e rs c h ille n d e  zou ten  w a re n  we in  s ta a t  s p in -s p in re la x a tie t i jd e n  in
g ro te  co n s tan te  v e ld en  te  b ep a le n . W anneer d eze  la n g e r  d re ig e n  te  w orden  dan
de s p in - ro o s te r r e la x a t ie t i jd e n  v e rd w ijn t h e t sp in -s p in  r e la x a t ie v e r s c h i jn s e l .
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Op v e rz o e k  v a n  de F a c u lte it  d e r  W iskunde e n  N a tu u rw e ten sch ap p en  v o l
gen h ie r  en ige  p e rso o n lijk e  g egevens.

In 1944 w erd  h e t e in d ex a m en  H BS-B te  D elft a fg e leg d . V anaf 1945 s tu 
d e e rd e  ik  a a n  de T e c h n isc h e  H ogeschoo l te  D elft en  beh aa ld e  in  1951 h e t d ip lom a
v an  e le c tro - te c h n is c h  in g e n ie u r . H et w e rk  v o o r h e t in g e n ie u rs  ex am e n  v e r r ic h t te
ik  b ij P ro f . D r I r  W .T h . B a h le r , b ij w ie ik  te v e n s  een  j a a r  a s s is t e n t  w as . V an
1951 to t 1954 w e rk te  ik  b ij " P h ilip s  T e le c o m m u n ic a tie  In d u s tr ie "  te  H ilv e rsu m ,
v o o rn a m e lijk  a a n  de on tw ikkeling  v an  d ra a g g o lf - s y s te m e n . V an 1954 to t 1962
w as ik  w e rk z a a m  b ij "Z e n ith  R adio  C o rp o ra tio n "  te  C h icago , USA. M ijn w e rk 
zaam h ed en  hebben  v o o rn a m e lijk  b e s ta a n  u it  o n d e rzo ek  en  on tw ikkeling  v an
c o d e e r - s y s te m e n  v o o r ge lu id  e n  bee ld  v o o r  de  " s u b s c r ip tio n  te le v is io n " . V e rd e r
heb ik  een  w e rk z a a m  a a n d e e l gehad in  de on tw ikkeling  v an  h e t in  A m e rik a  en  nu
ook in  E u ro p a  g eb ru ik te  sy s te e m  v o o r o v e rd ra c h t v an  s te re o p h o n isc h e  m u z iek
m et een  fre q u e n tie  g em o d u lee rd e  z e n d e r .

De Z en ith  R adio  C o rp o ra tio n  v e r le e n d e  m ij e e n  s tu d ie v e r lo f . In 1962 b e 
gon ik  in  h e t K am erlin g h  O nnes L a b o ra to r iu m  a a n  h e t in  m ijn  p ro e f s c h r i f t  b e 
sc h re v e n  o n d e rw erp  te  w erk en  in  o v e r le g  m e t m ijn  p ro m o to r , P r o f .D r .C .J .
G o r te r .  In F e b r u a r i  1963 w erd  ik  benoem d to t W ete n sch ap p e lijk  a m b te n a a r  l e
k la s  v o o r ha lve  w e rk tijd .

G edurende de g ehe le  p e rio d e  hee ft de H ee r J .W .M . L iv iu s m ij a c tie f  g e 
ho lpen  b ij de bouw v a n  de a p p a ra tu u r  e n  m e t de m e e s te  m e tin g en , in  d it p ro e f 
s c h r if t  b e sc h re v e n . In e e n  la t e r  s ta d iu m  h ee ft ook de H ee r A . J .v a n  D uyneveldt
m ed eg e w erk t a a n  v e rs c h il le n d e  e x p e r im e n te n . G edu rende  k o r te re  p e rio d e n  h e b 
ben  v e r d e r  D r s .  D .Z .  T o e t en  de H ee r D. B ro m  hun  m ed ew erk in g  v e r le e n d . De
m etin g en  a a n  co b a ltzo u ten  z ijn  g ro te n d e e ls  u itg e v o e rd  d o o r D r .D . A . C u r tis .
De ad v iez en  v an  D r . J .C .  V e rs te lle  op h e t geb ied  d e r  p a ra m a g n e tis c h e  re la x a tie
z ijn  v o o r m ij s te e d s  v an  w aard e  g ew eest e n  de d is c u s s ie s  m e t hem  en  m e t
D r . D. A. C u r tis  hebben  v e e l b ijg e d ra g e n  to t h e t u ite in d e lijk e  r e s u l ta a t .  De bouw
en  het g eb ru ik en  v an  deze  nieuw e o p s te ll in g  zou onm o g elijk  g ew eest z ijn  zo n d er
de k ra c h tig e  s teu n  v a n  de te c h n isc h e  s ta f . H et m e c h a n isc h  c o n s tru c tie w e rk  is
v o o rn a m e lijk  v e r r ic h t  in  de w e rk p la a ts  v an  de H e e r  L .W . M u lle r, h e t g la s te c h -
n isch e  g ed ee lte  d o o r de H ee r A .R .B .  G e r r i t s e  en  de sp e c ia le  s te rk s t ro o m v o o r -
z ien in g en  v o o r  de m ag n ee t d o o r de H e e r  J .  v an  D u n sb erg en . De H ee r D .d e  Jong
w as v e ra n tw o o rd e li jk  v o o r h e t g ehe le  c ry o g en e  g ed ee lte  v an  de o p s te llin g . De
tek en in g en  in  d it p ro e f s c h r i f t  z ijn  g ro te n d e e ls  g em aak t do o r de H eer W. F . T e g e -
la a r .  A lle  p re p a ra te n  z ijn  v e rv a a rd ig d  d o o r M ej. J .C .  B ro n k h o rs t.
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S T E L L I N G E N

I

De waargenomen spin-roosterrelaxatietijden van geconcentreerde paramagne-
tische zouten bij lage temperaturen worden in vele gevallen bepaald door een
relatief kleine concentratie van verontreinigingen.

Dit proefschrift hoofdstuk 4.

II

De conclusie van Candela dat de door hem gevonden paramagnetische spin-roos-
terrelaxatietijd in kopersulfaat-pentahydraat onafhankelijk is van de grootte van
de kristallen is onvoldoende gemotiveerd door zijn waarnemingen.

George Candela, Journ. Chem. Phys. 42 (1965) 113.

III

Onderzoek met behulp van electronenresonantie aan met Zn verdund mangaan-
ammoniumtuttonzout en koperammoniumtuttonzout, beide met kaliumverontrei-
nigingen zou kunnen leiden tot een beter begrip van de anomale relaxatiever-
schijnselen, die in de niet verdunde zouten zijn waargenomen.

Dit proefschrift pag. 125.

IV

Bij bepaalde onderzoekingen verdient een met vloeibare stikstof gekoelde mag-
neetspoel uit financiële overwegingen de voorkeur boven een bij kamertempe
ratuur bedreven spoel.

Dit proefschrift pag. 73 .

V

De moeilijkheden die Weber ondervond om rhet de stapmethode relaxatietijden
bij hoge velden te meten waren te wijten aan de daling der gevoeligheid van deze
methode bij hoge velden.

Gunther Weber, Zeitschrift für Physik m  (1963) 341.



VI

De afwijkingen tu ssen  de z .g .  b /C -w aard en  die door versch illende  onderzoekers

voor enkele s te rk e  param agne tische zouten zijn gevonden zijn w ellicht te  w ijten

aan v ersch illen  tu ssen  de on tm agnetiserende invloeden.

D it p ro e fsch rif t pag. 132.

VII

De v a r ia tie  van de door Senftleben opgegeven so o rte lijk e  w arm te bij constan te
druk  van argongas in  het te m p era tu u rs in te rv a lv an  25°C -200°C  is  w aarsch ijn 

lijk  n ie t ju is t.

H. Senftleben, Z e itsch rif t fü r  angewandte P hysik  17 (1964) 86-87.

VIII

Bij de huidige g roo tte  van het b ee ld scherm  van te lev isiebu izen  zou com binatie

van te lev is ie  m et ste reo fo n isch e  gelu idsw eergave onnatuurlijk  aandoen.

R .F .A .  M ugie, Het P T T -b ed rijf  XIH, 1964, 9.

IX

Het is  n ie t nodig te r  bepaling van de v r ije  weglengte van e lec tronen  in dunne po-

ly k ris ta llijn e  m e taa lm o n ste rs  n a a s t m etingen van de u its te rf tijd  van w ervel-

s tro m en  nog een ge lijkstroom m eting  u it te  voeren .

P . C otti, P hys. Kondens. M aterie  3 (1964) 40-74.

X

Hoewel de sug g estie  van B loem bergen om  b ij de opleiding van e lec tro techn ische

ingenieurs s te rk  nadruk  te leggen op wiskundige vorm ing  en stud ie  d e r  funda

m entele  natuurkundige v e rsch ijn se len  w aardevol is ,  zou het n ie t ju is t zijn de
zu iver technologische e isen  die aan een ingenieur m oeten worden geste ld  te  v e r 
w aarlozen .

N. B loem bergen, P roc  IEEE June 1965, 563.



XI

Voor het bereiken en langdurig handhaven van sterke  kem polarisaties bij lage
tem peraturen bieden m agnetisch verdunde k rista llen  voordelen boven niet v e r
dunde krista llen .

M .J. Steenland en H.A. Tolhoek, P rog ress in low tem perature
Physics II (C. J . G orter).

XII

Het verdient aanbeveling binnen afzienbare tijd  kabelnetwerken met een grote
beschikbare bandbreedte te construeren, die particu liere  woningen met cen tra
le punten verbinden ten behoeve van het vervullen van a lle rle i diensten.

xm
Bij de in terpretatie  van de drukafhankelijkheid van de kritische snelheid van
Helium II door een superlek is door Allen en Watmough onvoldoende aandacht
besteed aan de mogelijkheid van het optreden van een tem peratuurgradient.

J . F. Allen en D. Watmough, Symposium on liquid Helium St.Andrews,
August 1965.

XIV

Het is wenselijk dat aan academ ici, die in het bedrijfsleven werkzaam  zijn, op
m im e schaal de gelegenheid wordt geboden om periodiek enige tijd  aan een Uni-
ve rsite it of Hogeschool te werken.

A. J . de Vries 6 oktober 1965
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