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S p i n  o r i e n t a t i o n  a n d  e x t i n c t i o n  in  f e r r i m a ~ , n e t i c  Ba2Zn2Fe~2022  b y  n e u t r o n  d i f f r a c t i o n .  B y  
J .  A. GOEDKOOP, J .  HVOSLEF a n d  M. ~IVADZ~OWd,* Joint Estabslishment for Nuclear Energy Research, Kjeller, 

Norway (Received 23 January 1959) 

B r a u n  (1957) has  r ecen t ly  r e p o r t e d  X - r a y  s tudies  of a 
n e w  g roup  of f e r r imagne t i c  oxides of hexagona l  or  
r h o m b o h e d r a l  s y m m e t r y .  T h e y  m a y  be d iv ided  into  two  
groups  d e p e n d i n g  on w h e t h e r  t he  d i rec t ion  of spon- 
t a n e o u s  m a g n e t i z a t i o n  is para l le l  or p e r p e n d i c u l a r  to  t he  
hexagona l  (or t r igonal )  axis.  The  p resen t  inves t iga t ion  
concerns  a c o m p o u n d  of t he  l a t t e r  t ype ,  Ba2Zn2Fe~202~, 
also de s igna t ed  Z n - Y  b y  B r a u n .  

Us ing  Ande r son ' s  t r e a t m e n t  of supe r -exchange ,  Gor te r  
(1957) has  p roposed  a d i s t r ibu t ion  of t he  spins of t he  i ron 
ions in these  compounds .  Fig .  1 shows pa r t  of t he  un i t  
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Fig. 1. Section of a (l l0)-plane of Ba2ZngFel~O22 with the 
spin directions of the iron ions drawn in. 

cell w i t h  t h e  p roposed  spin d i rec t ions  d r a w n  in. The  
objec t  of t h e  inves t iga t ion  was  to  ve r i fy  this  spin d is t r ibu-  
t ion  b y  m e a s u r i n g  the  0001 neu t ron -d i f f r ac t i on  intensi t ies .  
The  m a i n  in t e res t  of t he  work ,  however ,  t u r n e d  ou t  to 
be t h e  v e r y  s t rong  ex t inc t ion  w h i c h  occurred .  

Ba2Zn~Fel~O22 crystal l izes  in t he  space g roup  R-3ra 
with 3 formula units in the cell, which has dimensions 
a ---- 5"876 ttx, c = 43"55 s ~ .  The  c rys ta l  used  was  g rown  
f rom t h e  m e l t  b y  Mr A. L. S tu i j t s  a t  Phi l ips  R e s e a r c h  
Labora to r i e s ;  i t  was  in the  shape  of a r e c t a n g u l a r  slab, 
d imens ions  2-1 × 3.5 × 7.5 m m  3, w i t h  t he  c-axis n o r m a l  to 
t h e  slab. 

Us ing  a n e u t r o n  w a v e l e n g t h  of 1.026 /~ the  f irst  18 
non-zero  ref lec t ions  0001 (l = 3, 6 . . . . .  54) were  mea-  
s u r e d  in one t r ave r se  of the  coun te r .  A second r u n  was  
m a d e  a f te r  t h e  c rys ta l  h a d  severa l  t imes  been  sub j ec t ed  

* On leave from the Inst i tute for Nuclear Sciences 'Boris 
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to  a t r e a t m e n t  consis t ing of h e a t i n g  to  450 °C. fo l lowed 
b y  q u e n c h i n g  in wa te r .  

Compar i son  be tween  the  obse rved  i n t e g r a t e d  in ten-  
sities a n d  those  ca lcu la ted  for B r a u n ' s  a t o m i c  pos i t ions  
a n d  Gor te r ' s  spin d i s t r i bu t ion  gave  fair  a g r e e m e n t  for  
t he  w e a k e r  ref lect ions ,  b u t  t he  s t rong  ref lec t ions  were  
obse rved  too low. No  i m p r o v e m e n t  was  o b t a i n e d  b y  
chang ing  the  spin d i s t r ibu t ion ,  a n d  it  was  the re fo re  
a s s u m e d  t h a t  t he  l a t t e r  was  cor rec t  b u t  t h a t  t he  obse rved  
in tens i t ies  were  suffer ing f rom ex t inc t ion .  

I t  has  r e c e n t l y  been  shown b y  H a m i l t o n  (1958) t h a t  
in tens i t ies  consis t ing of bo th  nuc l ea r  a n d  m a g n e t i c  
con t r ibu t ions  are  more  severe ly  in f luenced  by  e x t i n c t i o n  
t h a n  e i the r  pu re ly  nuc l ea r  or p u r e l y  m a g n e t i c  ref lec t ions .  
W i t h o u t  this  effect  t he  p r i m a r y  ex t i nc t i on  f ac to r  E~ for  
a ref lec t ion  of s t r u c t u r e  fac to r  2' is g iven  b y  ( James ,  
1954) : 

t a n h  k[Ft 
E~ = klFI (1) 

w h e r e  
k = ~t/Vc sin 0 (2) 

wi th  ~t t he  w a v e l e n g t h ,  Vc t he  uni t -ce l l  vo lume ,  t t h e  
th ickness  of t h e  mosa ic  block a n d  0 t h e  B r a g g  angle .  
F o r  a ref lec t ion  consis t ing of a nuc l ea r  p a r t  Fnucl" a n d  
a m a g n e t i c  p a r t  Fmagn. one has :  

F 2  f l2uc l .  -L •2F2 (3 )  : i ~ I]2agn. 

w h e r e  sin -1 q is the  angle  b e t w e e n  the  spin d i rec t ion  a n d  
t h e  sca t t e r ing  vec tor .  T h u s :  

t a n h  ~ 2 2 1/2 k (Fnud. + q Fmagn.) 
E~ = 2 2 2 1/~. (4) 

k (F,uc L + q Fmagn.) 

H a m i l t o n  n o w  shows t h a t  a c t u a l l y  t he  p r i m a r y - e x t i n c t i o n  
fac to r  for a m i x e d  ref lec t ion  is (his e q u a t i o n  (35)) 

[Fnucl. + qFmagn. [ t a n h  (k]FnucL + qFmagn.[) 

Ep = + IFnud.-qFmzn.I t~nh(k[Fnucl.-qFma~n.[) 
2k (F~u¢~. + q~F~a~.) (5) 

which  is smal le r  t h a n  E~. H e  uses th is  effect  to  e s t i m a t e  
t he  p r i m a r y  ex t i nc t i on  for  a c rys ta l  w i t h  a r a n d o m  
m a g n e t i z a t i o n ,  w h i c h  requi res  an  ave rag ing  of (5) over  
d i f fe rent  q values .  I n  our  case t h e  s i tua t ion  is s impler  
s ince q = 1 for all doma ins ;  hence  (5) m a y  be app l i ed  
d i rec t ly .  

The  p rocedure  is t h e n  as fol lows: F r o m  (4) a n d  (5), 
w i t h  q = 1, g raphs  are  c o n s t r u c t e d  of Ep/E~ as a func-  
t ion  of ]Fnucl./Fmagn. I for d i f fe rent  va lues  of E~. T h e  
obse rved  in tens i t ies  are  t h e n  p lo t t ed  aga ins t  t he i r  cal- 
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Table  1. A survey of observed and calculated intensities and their corrections 

E~ is the pr imary extinction correction for a purely nuclear or magnetic reflection, Ep the corresponding value for a mixed reflec- 
tion. E(1)s and E(2)s denote the secondary-extinction correction before and after quenching, respectively. I(1)obs. and I(2)obs. 

are the corresponding observed intensities. No changes were found in the Ep's after quenching. 

2 2 o Ep E(1)s EpE(1)slcalc" I(1)obs" E(2)s EpE(2)slcalc" 0001 F n u c l "  Fmagn. Icalc. Ep I (2) obs. 

3 72"4 165"6 338 0"23 0" 19 0"69 44 58 0"78 50 85 
6 28"9 2-9 21 0"85 0"82 0"90 15 22 0"94 16 25 
9 55"7 981-6 487 0"34 0"32 0"40 62 85 0"55 86 98 

12 19"9 2"4 8 0"97 0"96 0"96 7 13 0"97 7 12 
15 105"5 171"1 77 0"76 0"62 0"76 36 31 0"83 40 31 
18 209"7 286"3 113 0"72 0"57 0"68 44 40 0"78 50 44 
21 1"1 15"1 3 0"99 0'99 0"98 3 2 0"99 3 
24 21"0 0"6 4 0"99 0"99 0-98 4 1 0"99 4 - -  
27 340"8 40"4 56 1"00 0-99 0"72 40 36 0"81 45 39 
30 22"1 0"4 3 1"00 0"99 0"98 3 10 0"99 3 7 
33 24"2 16'9 5 1"00 0"99 0"97 5 7 0'98 5 6 
36 2146"5 45"2 230 0'78 0"77 0'36 64 67 0"51 90 93 
39 243"4 0"3 24 0"96 0"96 0'87 20 20 0"91 21 21 
42 197"7 0"3 17 0"98 0"98 0"91 15 26 0"94 16 30 
45 1499"2 0"1 118 0"87 0"87 0"55 56 51 0"67 69 64 
48 10"2 0 1 1"00 1"00 0"96 1 1 1"00 1 0 
51 343"0 0 23 1"00 1"00 0"87 20 20 0"92 21 20 
54 282"9 0 18 1"00 1"00 0"90 16 14 0"93 17 13 

c u l a t e d  va lues  a n d  a curve  d r a w n  t h r o u g h  those  of e i t he r  
p r e d o m i n a n t l y  nuc l ea r  or  m a g n e t i c  origin. T h e  o the r s  
are  f o u n d  to  be s o m e w h a t  below th is  curve ,  a n d  the  ra t io  
of t he  ca l cu la t ed  in tens i t ies  e s t i m a t e d  f r o m  the  cu rve  to  
t he  ac tua l  ca l cu la t ed  in tens i t ies  is equa l  to  Ep/E~. B y  
using the  a f o r e m e n t i o n e d  graphs ,  t h e  va lues  of E~ a n d  
the  Ep for these  ref lec t ions  are  found .  F r o m  these ,  a n d  
us ing  (1) a n d  (2), a m e a n  mosa ic  b lock  th i ckness  of 
t = 0.00125 cm was  f o u n d  b o t h  before  a n d  a f t e r  h e a t  
t r e a t m e n t .  

The  s e c o n d a r y  e x t i n c t i o n  coeff ic ients  Es were  now 
ca lcu la ted ,  us ing  t h e  express ion  g iven  b y  H a m i l t o n  
(1957 a n d  1958a): 

Es = exp  (--Cs Icalc.Ep) (6) 

w h e r e  Cs = 82aA1/2/~V2c(2~r)'~/2; A is t h e  cross-sect ional  
a rea  of t he  c rys ta l  a n d  ~ is t he  s t a n d a r d  a n g u l a r  dev i a t i on  
of t h e  mosa ic  blocks.  Us ing  t h e  e q u a t i o n  I o b s . =  
EsEplcalc" for some of t he  w e a k e r  ref lect ions ,  Cs a n d  hence  

could  be e s t i m a t e d .  This  y i e lded  V = 16" for  t h e  f i rs t  
r u n  a n d  ~ = 24"  for  t he  second.  These  va lues  m a y  be 
c o m p a r e d  w i t h  those  f o u n d  b y  H a m i l t o n  (1958a) for  a 
l a b o r a t o r y - g r o w n  c rys t a l  of m a g n e t i t e :  t--~ 0.0014 era. 
a n d  r] = 15.4". 

The  f inal  resul ts  are  shown  in Table  1. The  in tens i t ies  
before  e x t i n c t i o n  cor rec t ion  are  de f ined  as:  

102a 
Icalc. 2 9 -- . (Fnucl.+Fmagn.) exp  (--1.31 (sin 0/2) 2) 

sm 20 

t h e  t e m p e r a t u r e  f ac to r  be ing  t a k e n  f r o m  B r a u n ' s  X - r a y  
work.  T h e  tab le  shows how severe  b o t h  p r i m a r y  a n d  
s e c o n d a r y  e x t i n c t i o n  are  for  a c rys ta l  of th is  t ype ,  a n d  
it  is seen t h a t  t h e  appl ied  h e a t  t r e a t m e n t  does l i t t le  to  
i m p r o v e  the  s i tua t ion .  T a k i n g  t h e  large cor rec t ions  in to  
accoun t ,  t he  a g r e e m e n t  b e t w e e n  obse rved  a n d  ca lcu la t ed  
in tens i t ies  is seen to  be qui te  reasonable ,  i nd ica t ing  t h a t  
t he  spin a l i g n m e n t  is correc t .  Some of t h e  r e m a i n i n g  
d i s c r e p a n c y  m i g h t  of course  also be due  to  e r rors  in t h e  
l i gh t - a tom posi t ions  wh ich  wou ld  in f luence  t h e  n e u t r o n  
d a t a  m o r e  s t rong ly  t h a n  t h e  X - r a y  da t a .  1~o i m p r o v e m e n t  
r e su l t ed  b y  a s s u m i n g  an  o r d e r e d  a r r a n g e m e n t  of t he  
Z n - a t o m s  (Fig. 1). I n  v iew of t he  cons iderab le  d i f fe rence  
in sca t t e r ing  power  b e t w e e n  Fe  a n d  Zn  th is  p rov ides  
f u r t h e r  s u p p o r t  for  B r a u n ' s  conclusion t h a t  t h e  Zn  a n d  
the  Fe  a t o m  are r a n d o m l y  d i s t r i b u t e d  over  two  posi t ions .  
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T h e  la t t ice  p a r a m e t e r s  of solid chlor ine  h a v e  been  de te r -  
m i n e d  a t  77.4 °K. a n d  a t  158.2 °K. b y  the  use of p o w d e r  
d i f f r ac t ion  p h o t o g r a p h s .  Values  are  g iven  for  t h e  co- 

eff ic ients  of l inear  a n d  v o l u m e  expans ion  as well  as ex- 
pressions re la t ing  la t t i ce  p a r a m e t e r s  a n d  d e n s i t y  to  
t e m p e r a t u r e .  


