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PARAMAGNETIC RELAXATION IN SINGLE CRYSTALS OF SALTS OF THE IONS 
Mn ++, Fe  +++, AND Cu++AS A FUNCTION OF THEIR ORIENTATION IN A 
P A R A L L E L  CONSTANT MAGNETIC FIELD AT ROOM TEMPERATURE 

T. I. Volokhova 

I z v e s t i y a  VUZ, F i z ika ,  No. 5, pp. 153-157,  1965 

The paramagnetic absorption curves of single crystals of salts of the 
ions Mn -~-, Cr + ~ ,  Fe + ~ ,  and Cu ++ in an oscillating field of frequency 
10,5 Mc are given as a function of orientation in a constant magnetic 
field H. The results are reported of determinations of spin-lattice 
relaxation rimes in these single crystals. The Brons-Van Vleck for- 
mula is checked. 

1. The s p i n - l a t t i c e  r e l a x a t i o n  t ime ,  p, is  a funct ion 
of b /C  (where  b is  the m a g n e t i c  t h e r m a l  c a p a c i t y  con-  
s t an t  and C is  the  Cur i e  constant ) ,  the p r o b a b i l i t y  of  
a t r a n s i t i o n  Ahk be tween  e n e r g y  l eve l s  of the sp in  
s y s t e m  unde r  the ac t ion  of l a t t i c e  v i b r a t i o n s .  At  r o o m  
t e m p e r a t u r e  the p r o b a b i l i t y  of a t r a n s i t i o n  Ahk is  
d e t e r m i n e d  by phonon R a m a n  s c a t t e r i n g  p r o c e s s e s  [1]. 
Since the ene rgy  of the phonons is  on the a v e r a g e  v e r y  
high in c o m p a r i s o n  with the i n t e r v a l s  be tween  ne igh-  
bo r ing  e n e r g y  l e v e l s  of  the sp in  s y s t e m ,  p should 
depend to only a v e r y  s l igh t  ex ten t  on the o r i e n t a t i o n  
of the  f i e ld  H. F o r  i s o t r o p i c  p a r a m a g n e t i c  s u b s t a n c e s  
the r e l a t i o n s h i p  be tween  the s p i n - l a t t i c e  r e l a x a t i o n  
t ime ,  p, and the cons tan t  m a g n e t i c  f ie ld ,  H, is  g iven 
by the B r o n s - V a n  Vleck  f o r m u l a  [2]: 

b/C + H ~ 
P---- P0 b / C + p H  2' (1) 

w h e r e  p ~ 1 and p = Pa/P.o, P0 be ing  the s p i n - l a t t i c e  
r e l a x a t i o n  t ime  when H -- 0, and Poo the s p i n - l a t t i e e  
r e l a x a t i o n  t i m e  when H ~ 0o. The p u r p o s e  of the 
p r e s e n t  p a p e r  is  to e luc ida t e  the B r o n s - V a n  Vleek  
f o r m u l a  fo r  s ing le  c r y s t a l s  in r e s p e c t  of t h e i r  o r i e n t a -  
t ion in a cons tan t  magne t i c  f ie ld .  
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Fig .  1. A b s o r p t i o n  cu rves  for  s ing le  c r y s t a l s  
of s a l t s  of the ions Mn ++, Fe  +++, and Cr +++ 
at  a f r equency  of 10.5 Mc as  a funct ion of the 

m a g n e t i c  f ie ld .  

M e a s u r e m e n t s  w e r e  made  of the coe f f i c i en t s  of 
p a r a m a g n e t i c  abso rp t ion ,  )l",  in s ing le  c r y s t a l s  of  

MnSO 4 �9 4HzO , Mn(NHr �9 6H20 , Fe(NH4)(SOt)2 �9 

�9 12H20, CrK(SO4)2 �9 12H20, Cu(NH4)2(SO4) 2 �9 6H20, 
CuSOr �9 5H20 , CuK2(SO4) 2 �9 6H20 , CuC12(NH4) 2 C12 �9 
�9 2H20 as  funct ions of  the o r i e n t a t i o n  of the c r y s t a l s  
in a cons t an t  m a g n e t i c  f ie ld .  M e a s u r e m e n t s  of • 
a t  a f r equency  of 10.5 Mc by Z a v o i s k i i ' s  g r i d - c u r r e n t  
me thod  [3] w e r e  c a r r i e d  out  on a l a r g e  n u m b e r  of  
f r e s h  s ingle  c r y s t a l s ,  t aken  d i r e c t l y  f rom the m o t h e r  
l iquor .  
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Fig ,  2. A bso rp t i on  cu rves  fo r  a s ing le  c r y s t a l  of 
Cu(NH4)2(SO4)2" 6H20 at  a f r e q u e n c y  of 10.5 Mc in 
a cons tan t  m a g n e t i c  f i e ld  H as  a funct ion of the 
d i r e c t i o n  of the  m a g n e t i c  axes  ~ and T r e l a t i v e  to 
the  f ie ld .  1) A bso rp t i on  a long the u - a x i s ;  2) a b -  
s o r p t i o n  a long the T -a x i s ;  3) a b s o r p t i o n  for  a 
powder  of the  s a m e  subs tance ;  4) a b s o r p t i o n  of 

the s t a n d a r d  subs t ance  Mn(NHa)2(SO4)2-6H20. 

At f a i r l y  low f r e q u e n c i e s  p a r a m a g n e t i c  a b s o r p t i o n  
in p a r a l l e l  f i e lds  i s  due only to s p i n - l a t t i c e  r e l a x a -  
t ion and i s  d e s c r i b e d  by the equat ion 

)C,, = YomFpv (2) 

w h e r e  X" is  the i m a g i n a r y  p a r t  of  the c omplex  m a g -  
net ic  s u s c e p t i b i l i t y ,  X0 is  the e q u i l i b r i u m  s u s c e p t i b i l i t y  
p e r  uni t  m a s s ,  m i s t h e  m a s s  of  the s a m p l e ,  u is  the 
f requency  of  the o s c i l l a t i n g  f ie ld ,  p is  the s p i n - l a t t i c e  
r e l a x a t i o n  t ime ,  and F i s  s o m e  funct ion of the con-  
s t an t  m a g n e t i c  f ie ld .  The s p i n - l a t t i c e  r e l a x a t i o n  t ime  
was  c a l c u l a t e d  f rom (2) by c o m p a r i s o n  with  a s t a n d a r d  
c r y s t a l  [4, 5]. The s t a n d a r d  is  a s ing le  c r y s t a l  of  
Mn(NH4)2(SO02 �9 6H20, for  which a l l  the p a r a m e t e r s  
c h a r a c t e r i z i n g  p a r a m a g n e t i c  r e l a x a t i o n  a r e  known [1]. 

2. The p a r a m a g n e t i c  a b s o r p t i o n  coe f f i c i en t s ,  x ' (H) ,  
of  s ing le  c r y s t a l s  MnSO 4 �9 4H20, Mn(NH4)2(SO4) 2 �9 
�9 6H20 , Fe(NH4)(SO4) 2 �9 12H20 , CrK(SO4) 2 �9 12H20 was  
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Table  1 

The Sp in - l a t t i c e  Re laxa t ion  T imes  in Single C r y s t a l s  of Sal ts  of the Ions Mn ++, 
Fe  +++, and Cr +++ in Re la t ion  to t he i r  Or i en ta t ion  in a Constant  Magnet ic  F ie ld  H 

Salt 

p. 106 p. l0 s 

800 
1600 

2400 

3200 

4000 

4800 

5600 

Po 

Poo 

p=k0 
Poo 

0.53 

0.66 

0.73 

0.75 

0.77 

0.79 

0.80 

0.4.10 -6 

0.8.10 -6 

0.5 

0.3 

0.4 

0.s2 

0.65 

0.78 

0.90 

0,99 

0.28- 10 -6  

2.0:10 -6 

0 .14  J 

0.7 

0.8 

0.9 

1.00 
1.00 

1.00 
1.00 

0.4.10 - s  

1.02.10 -s 

0.4 

0.5 

0.7 

0.9 

l . l  

1.1 

1.1 

l . l  

0.27.10 -8 
1, I. I0 - s  

0.25 

Table 2 

The Sp in - l a t t i c e  Re laxa t ion  T i m e s ,  P0(H = 0 ) a n d  p ~ (H ~ *~), for  Single C r y s t a l s  
of Copper  Salts  as  a Funct ion  of The i r  Or i en t a t i on  in a Constant  Magnet ic  F i e ld  

Salt I ?owdez 

I Po" 10s 

:u SO..5H~O 
;u (NH4)~ (SO.)=. 6H=O 

Cu I~2 (SO4)=.6H=,O 

Cu CI= (NH,0=. CI=.2H.O 

I 0.34 0,30 

1.26 

0,8 

~oo" 108 p 

I 3.4 
1.46 
1.04 
3.20 

Single C;y=aX 
a-axis ) '-axis 

I 0. I0 0.22 

0.25 

0.25 

0.34 4.25 0.08 0.34 
0.30 1.50 0.20 0.30 

2.6 
1.33 

P 

0.13 
0.20 

Relaxation t ime almost independent of H 

I, ool o o] i I 
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m e a s u r e d  at  a f r equency  of ]0.5 Mc at  v a r i o u s  o r i e n -  
t a t ions  in a cons tan t  magne t i c  f ie ld .  The c u r v e s  ob-  
ta ined  a r e  r e p r o d u c e d  in F ig .  1. The s a m p l e s  a lways  
had the s a m e  vo lume and w e r e  p l aced  a t  the s a m e  
point  in the coi l  of the g e n e r a t o r .  F r o m  the r e s u l t s  
it  was e s t a b l i s h e d  that  the p a r a m a g n e t i c  abso rp t ion ,  
X"(H), and the s p i n - l a t t i c e  r e l a x a t i o n  t i m e s ,  p, in 
s ingle  c r y s t a l s  of s a l t s  of the ions Mn ++, Fe  +++, and 
Cr  +++ a r e  independent  of the o r i e n t a t i o n  of the c r y s -  
t a l s  in the cons tan t  magne t i c  f ie ld .  The va lue s  ob-  
ta ined  for  the s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  d i f f e red  
among t h e m s e l v e s  by l e s s  than 5%, and a r e  l i s t e d  in 
Table  1. 

In a second  s e r i e s  of e x p e r i m e n t s  the p a r a m a g n e t i c  
a b s o r p t i o n  coef f i c ien t s  of s ing le  c r y s t a l s  of  the coppe r  
s a l t s  CuSO 4 ~ 5H20 , Cu(NH4)2(SO4) ~ �9 6H~O, CuK~.(SO4) 2 �9 
�9 6H20, and CuC12(NH4)2C12 ~ 2H20 w e r e  m e a s u r e d  for  
v a r i o u s  o r i e n t a t i o n s  of the cons tan t  magne t i c  f ie ld ,  
H, r e l a t i v e  to the m a g n e t i c  axes ,  o~,/3, 7 of the 
s ing le  c r y s t a l  [6]. F r o m  the r e s u l t s  i t  was found that  
in coppe r  s a l t s  the coef f i c ien t  of p a r a m a g n e t i c  ab -  
s o r p t i o n  )/ '(H), the s p i n - l a t t i c e  r e l a x a t i o n  t ime ,  p, 
and the cons tan t  b / C  a r e  a l l  a n t s o t r o p i c  (cf [7]). The 
a b s o r p t i o n  c u r v e s  for  s ingle  c r y s t a l s  of the s a l t s  
Cu(NH4)2(SO4) 2 �9 6H20 and CuK~(SO4) 2 �9 6H~O, a r e  
shown in F i g s .  2 and 3. 

In the c a s e  of the Tul ton s a l t  CuK~(SO4) z �9 6H20 the 
c h a r a c t e r  of the r e l a t i o n s h i p  be tween  the a b s o r p t i o n  
coef f ic ien t ,  X", and the s t r e n g t h  of the cons tan t  f ie ld ,  
H, d i f f e r s  f rom tha t  of  o t h e r  coppe r  s a l t s  in that  for  
f i e lds  above ~1500 Oe the p a r a m a g n e t i c  a b s o r p t i o n  
is  independent  of  the m a g n e t i c  f ie ld .  F o r  a l l  the 
c o p p e r - s a l t  s ing le  c r y s t a l s  inves t iga ted ,  i t  a p p e a r s  
that  the p a r a m a g n e t i c  a b s o r p t i o n  along the T -ax i s  i s  
1 . 7 - t i m e s  l e s s  than a b s o r p t i o n  in the ( a f l ) - p l a n e ;  
• d i f f e r s  f rom • by a p p r o x i m a t e l y  5-10%.  F r o m  
our  r e s u l t s  i t  was  found that  

1 
z" = -~ (z: + z~ + z~), (3) 

w h e r e  )/' r e f e r s  to the powder ,  and -"  -"  v,  to the h a ,  A/~, ~ /  
m a g n e t i c  axes  of the  s ingle  c r y s t a l .  A s i r l i i l a r  equa-  
t ion was  ob ta ined  for  the s p i n - l a t t i c e  r e l a x a t i o n  t imes :  

1 
P = -3- (P~ + ~ + ~T), (4) 

where  p is  the s p i n - l a t t i c e  r e l a x a t i o n  t ime  for  the 
powder ,  and Po~, Pfl, and PT a r e  the t i m e s  for  the a ,  
/3, and 7 axes  of the  s ing le  c r y s t a l .  

3. The r e s u l t s  ob ta ined  fo r  the s p i n - l a t t i c e  r e l a x a -  
t ion t i m e s  in s ing le  c r y s t a l s  of s a l t s  of the ions Mn ++, 
Cr  +++ and Cu ++ (see  Table  1 and [7]) for  v a r i o u s  
o r i e n t a t i o n s  in a p a r a l l e l  cons t an t  magne t i c  f i e ld  at  
r o o m  t e m p e r a t u r e  we re  u sed  to v e r i f y  the B r o n s - V a n  
Vleck  f o r m u l a .  The c a l c u l a t i o n  (Table  2) showed that:  

1) The f o r m u l a  is  s a t i s f a c t o r y  for  a l l  o r i e n t a t i o n s  
of s ing le  c r y s t a l s  of s a l t s  of  Mn ++, Fe  +++, and Cr  ++, 

and • and p a r e  independent  of the o r i e n t a t i o n  in a 
cons tan t  magne t i c  f ie ld .  
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Fig .  3. A b s o r p t i o n  cu rves  for  s ing le  c r y s t a l s  
of CuK2(SO4) 2, 6H20 at  a f r equency  of 10.5 Mc 
in a cons tan t  m a g n e t i c  f i e ld  H as  a funct ion of 
the d i r e c t i o n  of the m a g n e t i c  axes  a and 7 r e l -  
a t ive  to the f ie ld .  1) A b s o r p t i o n  a long the a -  
ax i s ;  2) a b s o r p t i o n  a long the 7 - a x i s ;  3) a b s o r p -  
t ion fo r  a powder  of the s a m e  subs tance ;  4) a b -  
s o r p t i o n  of the s t a n d a r d  subs t ance  Mn(NH4)~(SO4) 2" 

�9 6 H 2 0 .  

2) F o r  CuSO 4 * 5H20, the va lue  of P0 (see  Tab le  2) 
fo r  H = 0 is  independent  of  the o r i e n t a t i o n  of  the 
s ing le  c r y s t a l  ( s c a t t e r  l e s s  than 4%), and the va lue  
of  the  r e l a x a t i o n  t ime  poo fo r  H --- oo a long the a - a x i s  
d i f f e r s  f r o m  that  a long the 7 - a x i s  by a f a c t o r  of 1.6. 

3) F o r  double  s a l t s  of coppe r  the s p i n - l a t t i c e  
r e l a x a t i o n  t ime  P0 is  independent  of the o r i e n t a t i o n  
of the s ing le  c r y s t a l  {but the s c a t t e r  in the c a l c u l a t i o n  
m a y  r e a c h  20%), and the va lue  of Poo a long the a - a x i s  
is  1.2 t i m e s  g r e a t e r  than tha t  a long the " / -ax i s .  

The au thor  w i shes  to e x p r e s s  his  g r a t i t ude  to P r o f .  
S. A.  A l ' T s h u l e r  and P r o f .  B. M. K o z y r e v  fo r  t h e i r  
i n t e r e s t  du r ing  the inves t iga t ion  and d i s c u s s i o n  of the 
r e s u l t s .  
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