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A b stra ct

I n v e s t ig a t io n s  o f th e  m agnetic  p r o p e r t ie s  in  th e  ordered  CuAu-I- 
ty p e  manganese a l lo y s  are r e v ie w e d . The fo rm a tio n  o f  th e  ordered  phase and 
the p o s s ib le  m agn etic  s tr u c tu r e s  are d is c u s s e d . New ex p er im en ta l r e s u l t s  
fo r  th e  M n-Ni, Mn-Pd and Mn-Pt system s are r e p o r te d .

N eutron d i f f r a c t i o n  shows th e  b a s ic  a n t ife r r o m a g n e t ic  s tr u c tu r e  
to  be th e  same fo r  a l l  the a l lo y s  i n v e s t ig a t e d .  In MnPt a m agnetic  s tr u c tu r e  
tr a n sfo r m a tio n  has been o b serv ed . Below 800°K th e  m agn etic  moments tu rn  
from the b a s a l p lan e  g r a d u a lly  to  the te t r a g o n a l  a x i s .  The v a r ia t io n  o f  
the t r a n s i t i o n  tem peratu re in  th e  Mn-Pt sy stem  as w e ll  a s  th a t  o f  th e  N eel 
tem peratu re in  th e  M n-Ni, Mn-Pd and Mn-Pt system s w ith  c o n c e n tr a t io n  were 
m easured and are t h e o r e t i c a l ly  a n a ly zed .

The dependence o f  l a t t i c e '  param eters on c o n c e n tr a t io n  and tem pera
tu r e  was d eterm in ed . The l a t t i c e  param eters s u f f e r  a s i g n i f i c a n t  but c o n t i 
nuous change n ear  th e  N eel tem peratu re w hich i s  a t t r ib u t e d  to  Mn-Mn exchange  
in t e r a c t io n .

M agnetic s u s c e n t i b i l i t y  m easurem ents support th e  n eu tron  d i f f r a c t 
io n  r e s u l t s .  The in c r e a s e  in  s u s c e p t i b i l i t y ,  observed  by s e v e r a l  au th o rs  
at low er  tem p e r a tu re s , i s  found to  be a r e s u l t  o f  c o n ta m in a tio n s .



MAGNETIC STUCTURES AND PHASE TRANSFORMATIONS IN

Mn-BASED CuAu-I TYPE ALLOYS

L. P á l ,  E. K ren, G. Kádár, P. Szabó and T. T a rn ócz i 
C en tra l R esearch  I n s t i t u t e  fo r  P h y s ic s ,  B u d a p est,

Hungary

I .  I n tr o d u c tio n

The l a s t  decade has w itn e sse d  an e v e r  grow ing i n t e r e s t  in  th e  
a n tife r r o m a g n e tic  b eh a v io u r  o f  m e ta ls . Though, i t  was su g g e s te d  by N e e l [ l ]  
as e a r ly  as 1932 th a t  chromium and manganese had to  be c o n s id e r e d  a s  a n t i 
fe r r o m a g n e tic , t h i s  a ssu m p tion  cou ld  not o v e r r u le  th e  q u ite  g e n e r a l ly  
a c c ep te d  c o n c e p tio n  o f  Kramers [ 2 ] th a t  no a n t ife r r o m a g n e t ic  s tr u c tu r e  
can form  in  th e  m e ta ls .  I t  was o n ly  in  1953 t h a t  the n eu tro n  d i f f r a c t i o n  
exp er im en ts  o f S h u ll  and W ilk in son  [ 3 ] proved N -eel’ s id e a  to  be tr u e  by 
show ing an a n t ife r r o m a g n e t ic  order in  chromium and oc -m anganese.

Among th e  fo u r  m o d if ic a t io n s  o f  m anganese th e  oc and fb m o d if ic a t 
io n s  have very  com plex u n it  c e l l s  c o n ta in in g  58 and 20 a tom s, r e s p e c t iv e l y .  
T h eir m agn etic  s tr u c tu r e  i s  s t i l l  im p e r fe c t ly  known. N eutron  d i f f r a c t i o n  
m easurem ents [4 ]  show th a t  l o c a l i z e d  m o m e n ts 'e x is t  in  oc -m anganese. In  
th e  fi> t y p e ,  i f  any m agn etic  ord er  o ccu rs a t a l l ,  th e  average  v a lu e  o f  
th e  l o c a l i z e d  moments cannot exceed  0 ,5  jU-ß . The s tr u c tu r e  o f  the h ig h  
tem p eratu re  f e e  -p h a se  was e s ta b l is h e d  i n d i r e c t l y  in  d iso r d e r e d  M n-rich  
Mn-Cu a l lo y s  by e x tr a p o la t io n  to  zero  copper c o n c e n tr a t io n  [ 5 , 6 ]  . P r a c t i 
c a l l y  n o th in g  i s  known about th e  m agnetic  p r o p e r t ie s  o f  <$ -m anganese s t a b le  
a t  v e r y  h ig h  tem p era tu res .

Thus th e  s tu d y  o f  th e  in t e r a c t io n  b etw een  the Mn atoms in  chem i
c a l l y  ordered  M n -a llo y s  may h e lp  in  c o n tr ib u t in g  to  th e  b e t t e r  u n d ersta n d -'  
in g  o f  th e  n atu re  o f  a n tife r ro m a g n e tism  in  m e t a ls .  That i s  why th e  ord ered



2

MnMe and Mn-jMe-type a l lo y s  have been ch osen  f o r  th e  i n v e s t i g a t i o n s  from  
w hich the ex p er im en ts  on MnMe w i l l  be r ep o r ted  in  th e  p r e s e n t  w h ile  th o se  
on Mn̂ Me in  a n o th er  paper [ 7 ] •

M anganese form s homogeneous a l lo y s  w ith  n i c k e l ,  rhodium , p a lla d iu m , 
ir id iu m , p la tin u m  in  th e  eq u ia tom ic  c o n c e n tr a t io n  ra n g e . T hese a l lo y s  are  
o f  f a c e - c e n te r e d  cu b ic  a t h ig h e r  blit o f  C uA u-I-type t e t r a g o n a l  s tr u c tu r e  
a t  low er tem p e r a tu re s . In  th e  CuAu~I phase a l l  o f  th e se  a l l o y s  are a n t i 
fe r r o m a g n e tic  and th e  l a t t i c e  param eters show anom alous dependence on both  
th e  c o n c e n tr a t io n  and tem p era tu re . In  th e  a n t ife r r o m a g n e t ic  s t a t e  on ly  the  
Mn atoms are l i k e l y  to  have any m a g n etic  moment. Assuming a dependence o f  
th e  m agn etic  in t e r a c t io n s  on th e  in te r a to m ic  d i s t a n c e s ,  a s tr o n g  c o r r e la t 
io n  i s  e x p e c te d  to  e x i s t  betw een th e  anom alous b eh av iou r  o f  th e  l a t t i c e  
param eter and th e  m agn etic  ord er .

In  paragraph I I  th e  fo r m a tio n  and s t a b i l i t y  o f  th e  C uA u-I-type  
l a t t i c e ,  in  I I I  th e  p o s s ib le  m agn etic  s t r u c t u r e s  w i l l  be d is c u s s e d .  In  IV 
th e  e x p e r im en ta l m ethods, w h ile  in  V, VI and V II the r e s u l t s  o f  th e  s u s 
c e p t i b i l i t y ,  n eu tro n  and x - r a y  d i f f r a c t i o n  m easurem ents w i l l  be re p o r te d  
and f i n a l l y  i n  V III  th e  c o n c lu s io n s  w i l l  be p r e se n te d .

I I .  C uA u-I-type L a t t ic e

The C uA u-I-type c r y s t a l  l a t t i c e  i s  i l l u s t r a t e d  in  F ig .  1 . The 
s tr u c tu r e  can be c h a r a c te r iz e d  by two ty p e s  o f  u n it  c e l l :  th e  one a s tr o n g ly  
d is t o r t e d  C sG l-ty p e , c o n ta in in g  two a tom s, w ith  param eters a Q, c Q, th e  o th e r  
h a v in g  fo u r  a to m s, w ith  param eters a - \ Í 2 a 0 ) C-C0 . In  the p r e s e n t  paper th e  
l a t t e r  w i l l  be u se d .

The CuAu-I s t r u c tu r e  i s  v e r y  common among th e  a l l o y s  o f  eq u ia tom ic  
c o n c e n tr a t io n  [ в ]  and s t a b le  over w ide ranges o f  c o m p o sit io n  and tem pera
tu r e  [ 9 ] . M anganese form s t h i s  typ e  o f  a l lo y  w ith  n ic k e l  a t  4 2 -5 3 , w ith  
p a llad iu m  a t 3 6 - 5 2 ,  w ith  ir id iu m  a t  4 5 - 6 3 ,  w ith  p la tin u m  a t  3 3 -60  [ 9 ] and 
w ith  rhodium a t  50-65 [ 1 0 , l l ]  atom ic p ercen t Mn c o n c e n tr a t io n .

The Gu-Au-I s t r u c tu r e  u s u a l ly  r e s u l t s  from  th e  f a c e - c e n t e r e d  c u b ic  
phase [ 9 ] by an o rd er in g  tr a n s fo r m a t io n . In M n -a llo y s , h o w ev er , i t  i s  d e r iv 
ed from an a lr e a d y  ordered  C sC l-typ e  c u b ic  phase w ith  a marked d i s t o r t io n  
o f  th e  l a t t i c e .  A ccord ing to  our n e u tr o n  d i f f r a c t i o n  m easurem ents [1 2 ] t h i3  
i s  tr u e  a l s o  f o r  MnNi in  c o n tr a s t  w ith  the o b s e r v a tio n  o f  C o le s  and Hume- 
R othery  [13] • The tr a n sfo r m a tio n  from  CsCl to  CuAu-I l a t t i c e  was found fo r  
MnRh [lO , 1 4 ] and MnNi [12] to  be a d i f f u s i o n l e s s  m a r t e n s it ic  p r o c e ss  and 
th a t  i s  e x p e c te d  to  h o ld  a l s o  fo r  th e  o th e r  M n -a llo y s  o f  t h i s  group.
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In  th e  M n -a llo y s  o f  n o n - s to ic h io m e t r ic  c o m p o sit io n  th e  e x c e s s  
atoms g e n e r a l ly  occupy the p o s i t i o n s  in  th e  s u b la t t i c e  o f  th e  o th e r  com
ponent a t  random. A secondary o r d e r  w ith  a doubled t in it  c e l l ,  r e s u l t in g  
from th e  o rd er in g  o f  e x c e s s  Pd a to m s, co u ld  b e , how ever, ob served  in  th e  
Mn-Pd system  a t  about 40 a t .  % Mn c o n c e n tr a t io n  [15] ♦

I I I .  P o s s ib le  M agnetic S tr u c tu r e s  o f  the GuAu-I L a t t ic e

U sin g  some sim p le  a ssu m p tion s one can f in d  th e  p o s s ib le  m agn etic  
s tr u c tu r e s  o f  th e  te tr a g o n a l CuAu-I l a t t i c e  and in te  p r e t  the e x p er im en ta l  
data  by com parison  w ith  th e se  s t r u c t u r e s .  In  P ig . 1 th e  Mn atoms are r e p r e 
sen ted  by em pty, th e  Me atoms by f u l l  c i r c l e s .  I f  o n ly  th e  m anganese atoms 
are assumed to  have any m agnetic  moment, th e  p o s s ib le  s t r u c t u r e s  can be 
d er iv ed  by r e l a t i v e l y  sim ple c a l c u l a t io n .  Taking in to  accou n t th r e e  i n t e r 
a c t io n s  betw een th e  Mn atoms marked in  P ig .  1 and u s in g  th e  m o le c u la r  f i e l d  
approxim ation  we g e t  th e  s tr u c t u r e s  l i s t e d  in  Table I .

In  the c a s e ,  when U<Q  w h ile  |4 /[> |V !and  !<7|>|\x/! th e  s tr u c tu r e  can  
be on ly  a n t ife r r o m a g n e t ic . S in c e  th e  ch em ica l and m agn etic  u n it  c e l l s  o f  
th e  I n v e s t ig a te d  a l l o y s  are i d e n t i c a l ,  o n ly  model 3 of T ab le  I .  i s  a llo w ed . 
The d ir e c t io n  o f th e  m agnetic moments to  th e  c r y s t a l lo g r a p h ic  axes i s ,  
how ever, s t i l l  i n d e f i n i t e .

A ssum ing, in  a d d it io n , th a t  th e  a n t ife r r o m a g n e t ic  s tr u c tu r e  r e s u l t s  
from th e  param agnetic  phase by a second ord er  t r a n s i t i o n ,  i t  i s  p o s s ib le  to  
make some in fe r e n c e s  on the d i r e c t io n s  and r e la t iv e  m agn itu d es o f  m agnetic  
moment s .

U sin g  th e  Landau th e o ry  [1 6 ]  we can determ ine th e  a llo w ed  d i r e c t 
io n s  o f  th e  moments f o r  model 3* I t  tu r n s  ou t th a t  o n ly  th r e e  s t r u c t u r e s ,  
shown i n  P ig . 2 are  p o s s ib le .  I f  th e  m anganese moments are p a r a l l e l  to  th e  
te tr a g o n a l a x is  /m od el A in  P ig .  2 / м Ме must be z e r o ,  w hereas w ith  th e  
moments l y in g  in  th e  b a sa l p lan e  th e  s tr u c t u r e s  В or C w ith  n o n -z e ro  H 
are p o s s ib le .  S in c e  th e  e f f e c t i v e  exchange f i e l d  i s  z e ro  a t  th e  M e - s i t e s ,  
th e  m agn etic  moment o f  Me atom s, i f  i t  i s  n o n -zero  a t  a l l ,  can be due on ly  
to  th e  much weaker a n is o tr o p ic  i n t e r a c t i o n  o f  r e l a t i v i s t i c  o r ig in  and must 
be t h e r e fo r e  v ery  s m a l l ,  thus th e  assu m p tion  i s  j u s t i f i e d .

I t  may be n o ted  th a t o n ly  two o f  th e  s tr u c tu r e s  s u g g e s te d  by Kasper 
and K ouvel [17] , n am ely , th o se  g iv e n  by th e  au thors u nd er a /  and b /  are  
a llow ed  by group t h e o r e t i c a l  c o n s id e r a t io n s .
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IV. E xperim ental

The m agnetic  p r o p e r t ie s  o f  CuAu-I typ e  Mn a l lo y s  were in v e s t ig a t e d  
on th e  system s M n-Ni, Mn-Pd and Mn-Pt n ear  th e  eq u ia to m ic  c o n c e n tr a t io n  by 
m agn etic  s u s c e p t i b i l i t y ,  n eu tro n  and x -r a y  d i f f r a c t i o n  m easurem ents.

The sam ples were prepared  by a l lo y in g  m e ta ls  o f 9 9 ,9  p ercen t p u r i ty  
in  an in d u c t io n  fu rn a ce  under argon atm osphere and hom ogenizing a t 800 °C 
f o r  24 h ou rs. The r e s u l t s  o f  th e  ch em ica l a n a ly s is  are g iv e n  fo r  each  sam ple  
in  Table I I .  For th e  s u s c e p t i b i l i t y  m easurem ents b u lk , f o r  th e  d i f f r a c t i o n  
ex p er im en ts  powdered sam p les were u se d .

The s u s c e p t i b i l i t y  m easurem ents were made w ith  m agn etic  b a la n ce
i n  th e  tem peratu re range from l iq u id  n itr o g e n  tem p eratu re  up to  800°C . The
sam p les f o r  the h igh  tem p eratu re  ex p er im en ts  were s e a le d  in  q u artz  am poules

-4a t a p r e ssu re  o f  10 mmHg. The n eu tron  d i f f r a c t i o n  m easurem ents were c a r r i 
ed out by an au tom atic  n eu tro n  d if f r a c to m e te r  a t  th e  VVRS r e a c to r  in  Buda
p e s t ,  w ith  n eu tro n s o f  1 ,1 5  Ä w avelen g th  from l iq u id  helium  tem p eratu re  up 
t o  800°0 a t 10  ̂ mmHg p r e s s u r e . For th e  room tem p eratu re  x -r a y  d i f f r a c t i o n  
s t u d ie s  a D eb ye-S ch errer  camera was u s e d , w h ile  f o r  h igh  te m p e r a tu r e s , up 
to  900°C , a fu rn ace f i l l e d  w ith  30 % H2 and 70 % N2 gas m ix tu re  and m ounted  
on a P h i l ip s  d if f r a c to m e te r  wa3 a p p lie d .

V. S u s c e p t ib i l i t y  M easurem ents

The s u s c e p t i b i l i t y  d a ta  r e p o r te d  on th e  CuAu-I typ e  Mn a l lo y s  a re  
c o n tr a d ic to r y . In  a Mn-Ni a l lo y  o f  about e q u ia to m ic  co m p o sit io n  a tem pera
tu r e  in d e p e n d e n t , low  s u s c e p t i b i l i t y  was o b serv ed  by Kasper and Kouvel [ 17] 
betw een  4 ,2 °  and 300°K . In  c o n tr a s t  w ith  t h i s ,  P earson  e t  a l .  [18] o b serv ed  
th e  appearance o f  ferrom agn etism  in  Mn-Ni w ith  4 5 -5 3  a t .  % Mn c o n c e n tr a t io n s  
a t tem p eratu res below  90°K and a ls o  an in c r e a s e  i n  th e  s u s c e p t i b i l i t y  in  th e  
tem p eratu re  range from  300° to  600°K fo r  sp ec im en s w ith  4 5 -51  a t .  % Mn 
c o n c e n tr a t io n s .  T his l a s t  e f f e c t ,  h ow ever, c o u ld  n o t  be ob served  on q u en ch in g  
from  640°C. A s im i la r  th erm al b eh av iou r o f  th e  s u s c e p t i b i l i t y  was found by 
P earson  e t  a l .  in  Mn-Pt [193 and. in  M n-Ir [2 0  a l l o y s ,  to o . In  Mn-Pt a l l o y s  
Yokoyama and W uttig [ 21] ob served  th e  fo rm a tio n  o f  a fer r o m a g n e tic  o x id e  in  
th e  p r e sen ce  o f  oxygen and e s t a b l i s h e d  i t s  c o m p o s it io n  and s t r u c tu r e  as  
Mn2P t20 o f th e  cu b ic  Fe^N. ty p e . In  Mn-Pd a l lo y s  in  th e  c o n c e n tr a t io n  range  
from  34 to  42 a t .  % Mn th e  s u s c e p t i b i l i t y  in c r e a s e s  during  th e  a n n e a lin g  a t  
tem p era tu res  betw een 400° and 500°C [1 5 , 2 2 , 2 3 ]  • T h is was e x p la in e d  by 
th e  o n se t  o f  a secon d ary  o rd er  o f  th e  e x c e s s  Pd atom s in  th e  Mn s u b l a t t i c e .  
The appearance o f a tem p era tu re  in d ep en d en t s u s c e p t i b i l i t y  o f  MnRh a l lo y  
a t  low  tem peratu re was a l s o  r e p o r te d  C14 ] •
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C o n sid e r in g  th e s e  e x p e r im e n ta l d a ta  th e  q u e s t io n  a r is e s  w hether  
th e  ob served  m agnetic  b eh av iou r m ight not be due to  th e  p r e sen ce  o f  im p u ri
t i e s .  Por t h i s  r e a so n  g r e a t  ca re  was taken  in  our in v e s t ig a t io n s  to  keep  
th e  sam ples f r e e  from  any c o n ta m in a tio n . The s u s c e p t i b i l i t y  v s .  tem peratu re  
cu rves f o r  MnNi, MnPt and MnPd o f  s t o ic h io m e t r ic  c o m p o s it io n , m easured on 
both  h e a t in g  and c o o lin g  in  th e  tem p eratu re  range from 20° to  800°C , are  
shown in  P ig .  3* Apart from  th e  h y s t e r e s i s  apparent in  Mn-Ni and Mn-Pd at 
n ig h  tem p era tu re , th e  cu rv es are th e  same on b oth  h e a t in g  and c o o l in g .  The 
s u s c e p t i b i l i t y  rem ains low  even a t  l iq u id  n itr o g e n  tem p eratu re  in  c o n tr a s t
w ith  th e  d a ta  o f  P earson  e t  a l .  [ l 8 ,  191 but r e p e a tin g  th e  measurement f o r  

_2MnNi a t 10 mmHg p r e ssu r e  an a p p r e c ia b le  in c r e a s e  in  s u s c e p t i b i l i t y ,  shown 
by th e  dashed  l i n e  in  P ig . 3 ,  c o u ld  be ob served  o n -c o o lin g . This o b s e r v a t 
io n  shows th a t  th e  re p o r te d  in c r e a s e  in  s u s c e p t i b i l i t y  m ust be due to  impu
r i t i e s  th e  n a tu r e  o f  which i s  n o t r e v e a le d  by t h i s  m easurem ent b u t ,  c o n s id e r 
in g  th e  phase diagram s in  R ef. 9 ,  th e y  are u n d oubted ly  form ed in  th e  CuAu-I 
p h ase . The l i n e s  s e p a r a tin g  the CuAu-I and CsCl phases s h i f t  towards h ig h e r  
tem p era tu res  w ith  d e c r e a s in g  Mn c o n c e n tr a t io n  fo r  both  th e  Mn-Ni and th e  
Mn-Pt s y s te m s , and a t t a in  th e  tem p era tu res  from  which P earson  e t  a l .  quench
ed t h e ir  Mn-Ni /6 4 0 °С / and Mn-Pt /9 5 0 ° 0 /  sam p les at about th e  eq u ia tom ic  
c o n c e n tr a t io n . T h is means th a t  a t  th e  a n n e a lin g  tem p eratu re  o n ly  sam ples  
w ith  l e s s  th an  eq u ia to m ic  M n-content had been in  the CuAu-I phase and o n ly  
th e se  e x h ib it e d  th e  in c r e a s e  in  s u s c e p t i b i l i t y  a t  about 600°K in  th e  mea
surem ents o f  P earson  e t  a l .  In th e  Mn-Pt a l lo y s  the im p u r ity  b e in g  form ed i s  
c e r t a in ly  th e  ferro m a g n etic  o x id e  i d e n t i f i e d  by Yokoyama and W uttig Г2 l]  , 
which can form  o n ly  in  th e  CuAu-I p h ase .

The low  v a lu e  and th e  c h a r a c te r  o f th e  tem p eratu re  dependence o f  
th e  s u s c e p t i b i l i t y  in  P ig . 3 p o in t  to  a n tife r ro m a g n e tism  but no maximum 
a s s o c ia t e d  w ith  th e  N ee l p o in t can be s e e n . In  MnPt and MnPd, how ever, the  
N eel tem p eratu re  can be in fe r r e d  from  th e  break  in  th e  s u s c e p t i b i l i t y  cu rv e . 
The h y s t e r e s i s  o c c u r r in g  in  MnNi and MnPd a t  h ig h  tem p era tu res  shows th e  
f i r s t - o r d e r  t r a n s i t i o n  in to ,  th e  OsCl phase.

The a l lo y s  o f  n o n - s to ic h io m e tr ic  c o m p o sit io n  y i e l d  th e  same
-in

s u s c e p t i b i l i t y  cu rv es as shown in  P ig .  3 f o r  runs a t 10 mmHg p r e s su r e .

VI. M agnetic S tr u c tu r e  I n v e s t ig a t io n s

S tu d ie s  o f  m agnetic  s t r u c t u r e  by powder n eu tron  d i f f r a c t i o n  t e c h n i 
que have been  a lr e a d y  rep o r te d  on s t o ic h io m e t r ic  MnNi [ l7 J  , MnPd [ l6 ]  and 
Mn2Pd3 [15 , 24] as w e ll  as on Mn-Pt a l lo y s  o f  v a r io u s  c o n c e n tr a t io n s  [251«
In  each  c a s e  th e  m agn etic  and atom ic u n it  c e l l s ,  ex cep t f o r  MngPd^ w ith
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secon d ary  o r d e r , were found to  be i d e n t i c a l ,  th e  s tr u c tu r e  to  be pure 
a n t ife r r o m a g n e t ic  in  agreem ent w ith  our s u s c e p t i b i l i t y  m easurem ents. The 
s p in  arrangem ent was found to  be o f  e i t h e r  th e  В or C ty p e  i l l u s t r a t e d  
in  P ig . 2 , ex cep t f o r  MnPt and Mn̂  1 ^ 0  9 have e tr u c tu r e  A , though
in  th e  form er i t  tra n sfo rm s to  В a s  th e  tem p eratu re  in c r e a s e s  [2 6 ]  .

Our n eu tro n  d i f f r a c t i o n  s t u d ie s  co v ered  th e  m agn etic  s tr u c t u r e s  
and th e  tr a n sfo r m a tio n s  from  l iq u id  heliu m  tem p eratu re  up to  800°C.

The r e f l e c t i o n s  from  CuAu-I s tr u c tu r e  can be d iv id e d  in to  two 
g r o u p s , nam ely , th e  b a s ic  n u c le a r  r e f l e c t i o n s  w ith  unmixed h , к , 1 and th e  
n u c le a r  s u p e r r e f l e c t io n s  a s s o c ia t e d  w ith  th e  a tom ic  o r d e r , w ith  m ixed h ,  
к , 1 and h + к = 2n. Any o f  th e  a n t ife r r o m a g n e t ic  s tr u c tu r e s  A , В and 

C produces a d d it io n a l  r e f l e c t i o n s  w ith  mixed h ,  к , 1 but h + к = 2n + 1 . 
The r e l a t i v e  i n t e n s i t i e s  o f  th e  m agn etic  r e f l e c t i o n s  depend on th e  a n g le  

% betw een th e  m agn etic  moment and th e  c r y s t a l lo g r a p h ic  a x is  c  • So e .g .  
th e  in te g r a te d  i n t e n s i t y  r a t i o  o f  r e f l e c t i o n s  (lO O ) to  ( lQ l)  i s  4 :1  f o r  
s t r u c t u r e  A /'P ig . 4 a /  and I s l  fo r  s tr u c t u r e s  в  and C / P i g .  4 b / .  Of c o u r se  
th e  s t r u c t u r e s  В sind C can n ot be d is t in g u is h e d  u s in g  powdered sam p les  
b ut i t  i s  e a sy  to  se e  th e  d i f f e r e n c e  betw een A and th e  o th e r  tw o.

I t  has been  s e e n  from  th e  a v a i la b le  e x p e r im en ta l d a ta  and from  the  
p r e v io u s  c o n s id e r a t io n s  t h a t  on ly  Mn has a p p r e c ia b le  m agn etic  moment [ l 6 ,
1 7 , 2 5 , 26 ] . The v a lu e s  o f  the m agn etic  moment m easured a t  room tem p era tu re  
and e v a lu a te d  u s in g  th e  e x p e r im en ta l form  f a c t o r  o f  C o r l is s  e t  a l .  [2 7 ]  are  
l i s t e d  in  Table I I .  I t  i s  se en  th a t  th e y  do n ot va ry  s u b s t a n t ia l ly  o v er  
th e  a l lo y s  i n v e s t ig a t e d .

The m agn etic  tr a n sfo r m a tio n s  can be ob serv ed  from  th e  tem p eratu re  
b eh a v io u r  o f  th e  m agn etic  r e f l e c t i o n ä .  A s im u lta n eo u s  o b se r v a tio n  o f  th e  
n u c le a r  r e f l e c t i o n s  i s  needed  i f  one w ants to  f o l l o w  up any change in  th e  
o rd er  or in  th e  s t r u c tu r e  o f  th e  c r y s t a l  l a t t i c e .  The Mn-Pt a l lo y s  w ith  
eq u ia to m ic  or h ig h e r  Mn c o n c e n tr a t io n  have th e  s tr u c tu r e  A a t  room tem pera
tu r e  or lo w e r . The Mn-Ni and Mn-Pd a l lo y s  are o f  e i t h e r  В or C s t r u c t u r e  
from  l iq u id  h e liu m  tem p eratu re  up to  th e  N ee l p o in t .

The tem p eratu re  v a r ia t io n  o f  th e  (lOO) r e f l e c t i o n s  f o r  s t o i c h i o 
m e tr ic  MnNi, MnPd and MnPt i s  shown in  P ig . 5. Рог MnPd th e  ( lO O ) in te n s i ty  
shows a B r i l lo u in - l lk e  dependence up to  th e  N ee l tem p era tu re . This i s  th e  
c a s e  f o r  MnNi up to  670°C where th e  r e f l e c t i o n  a b ru p tly  d isa p p e a r s  t o g e th e r  
w ith  th e  n u c le a r  r e f l e c t i o n s  from th e  CuAu-I s t r u c t u r e .  T h is d isa p p e a r a n c e  
i s  due to  th e  tr a n sfo r m a tio n  o f th e  c r y s t a l  l a t t i c e  to  th e  param agnetic  
C s C l-s tr u c tu r e . The N ee l tem peratu re o f  th e  a n t ife r r o m a g n e t ic  phase can  be 
e s t im a te d  o n ly  by e x tr a p o la t io n  / s e e  dashed l in e  in  P ig . 5 « / .



Рог MnPt a w ell-m ark ed  v a r ia t io n  o f  th e  i n t e n s i t y  betw een 3 00°  
and 500°G in d ic a t e s  th e  t r a n s i t io n  from A to  В s t r u c t u r e ,  w h ile  th e  
d isa p p ea ra n ce  o f  t h i s  r e f l e c t i o n  p e rm its  to  e v a lu a te  the N e e l tem peratu re  
o f  th e  l a t t e r .  The ß  tra n sfo r m a tio n  i s  c l e a r l y  in d ic a t e d  by P ig . 4c  
show ing th e  v a r ia t io n  o f  th e  (lOO) and ( lO l )  r e f l e c t i o n s  s im u lta n e o u s ly .

The n o n -s to ic h io m e tr ic  a l l o y s  show s im i la r  i n t e n s i t y  v a r ia t io n s .
In  Mn-Ni a l lo y s  a tru e  N e e l p o in t i s  found o n ly  in  Mh0 g^Ni^ Рог th e  
two o th er  Mn-Ni sam ples i t  i s  e v a lu a te d  by e x tr a p o la t io n  s in c e  the a l l o t -  
r o p ic  tra n sfo r m a tio n  o c c u r s  a lrea d y  below  th e  N ee l tem p era tu re . In  th e  Mn-Pt 
a l lo y s  th e  tr a n sfo r m a tio n  i s  o b se r v a b le  o n ly  in  a narrow  c o n c e n tr a t 
io n  range but i t  ta k e s  p la c e  over a w ide range o f  tem p era tu re . T h erefore  
th e  c e n tr e  o f  t h i s  i n t e r v a l  was ch osen  as th e  tr a n sfo r m a tio n  tem p eratu re .

The v a lu e s  o f  th e  N eel p o in t  TN and th e  tem p era tu res  Ts o f  the  
tr a n sfo r m a tio n  are l i s t e d  in  Table I I .

V II . L a t t ic e  Param eter M easurem ents

The v a r ia t io n  o f  th e  l a t t i c e  param eters w ith  c o n c e n tr a t io n  has  
been  a lrea d y  s tu d ie d  by Pearson  e t  a l .  [1 8 -2 0 ] who ob served  th e  param eter  

a  to  have a maximum, th e  param eter c  a minimum a t the s t o ic h io m e t r ic  
c o n c e n tr a t io n  in  M n-Ni, Mn-Pt and M n-Ir. T h eir  e x p la n a tio n  o f  t h is  r e s u l t  
by s i z e  e f f e c t  due to  th e  d i f f e r e n c e  betw een th e  atom ic r a d i i ,  p r e s e n ts  
d i f f i c u l t i e s  in  th e  c a s e  o f  Mn-Ni. Our e a r ly  in v e s t i g a t i o n s  [1 6 ]  have a lrea d y  
shown a c o r r e la t io n  betw een  the m agn etic  in t e r a c t io n s  and th e  v a lu e s  o f  th e  
l a t t i c e  param eter.

The tem p eratu re dependence o f  the l a t t i c e  param eters was s tu d ie d  
by x -r a y  d i f f r a c t i o n  t e c h iq u e . The r e s u l t s  f o r  s to ic h io m e t r ic  MnNi, MnPd 
and MnPt are shown in  P ig .  6. A common fe a tu r e  o f  th e se  c u r v e s  i s  a s tr o n g  
c o n tr a c t io n  o f  a  w ith  a s im u lta n eo u s  and s im i la r ly  s tr o n g  d i la t a t io n  o f  c  
on c o o lin g  below  th e  N eel tem peratu re from th e  param agnetic s t a t e .  T h is  
means th a t th e  dominant in t e r a c t io n  d eterm in in g  th e  m agnetic  s t r u c t u r e ,  
prestim ably th e  n e a r e s t  n eigh b ou r a n t ife r r o m a g n e t ic  i n t e r a c t i o n ,  i s  s tr o n g ly  
dependent on th e  in te r a to m ic  d is ta n c e  and in c r e a s e s  as th e  n e a r e s t  n e ig h b o u rs  
g e t  c lo s e r  to  each  o th e r .

The A ~ B  tra n sfo r m a tio n  o f  the m agn etic  s tr u c tu r e  does not a f f e c t
th e  tem peratu re dependence o f the l a t t i c e  p ara m eters.

The cu rv es o b ta in e d  fo r  th e  n o n -s to ic h io m e tr ic  a l l o y s  are q u ite  
s im i la r  to  th o s e  shown in  P ig .  6 . No d i f f e r e n c e  can be o b serv ed  in  th e
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tem peratu re  dependence o f  th e  l a t t i c e  param eters f o r  sam ples  o f  A or В 
s t r u c t u r e .

The anomalous dependence o f  the l a t t i c e  param eters on tem perature  
can be s a t i s f a c t o r i l y  e x p la in e d  i f  one assumes th e  e f f e c t i v e  i n t e r a c t i o n  
between n e a r e s t  ne igh b ou r  Mn-atoms to  be more s e n s i t i v e  t o  th e  v a r i a t i o n  
o f  the  in te r a t o m ic  d i s t a n c e  than t h a t  between n ex t  n e a r e s t  n e ig h b o u r s .  Let 
us c h a r a c t e r iz e  th e  dependence on th e  in te r a to m ic  d i s t a n c e  f o r  the two 
ty p e s  o f  i n t e r a c t i o n  by param eters

Г d  J1 (л)  1 f d J p  (A)J

“* / - £ - /  ,a w  H - ± -  a ’ (7-°
a  d d

where ad  and cd  are  th e  e q u i l ib r iu m  l a t t i c e  param eters o f  th e  c r y s t a l  in  
th e  a b sen ce  o f  m agn etic  i n t e r a c t i o n s .  I t  can be shown by s im p le  c a l c u l a t 
io n  th a t  th e  appearance o f  m agnetic  order i n v o l v e s  a change i n  the l a t t i c e  
param eters  th a t  can be e x p r e sse d  as

а ~ а ^ - С а М г a n d  c * cd  + tc M 2 > ( 7 . 2 )

where La and L c o n t a in  th e  e l a s t i c  c o n s ta n t s  o f  the  c r y s t a l  and th e  
param eters  oc and fb . For t e t r a g o n a l  l a t t i c e  th e y  w i l l  have the forms

Lnâ i v ^ ^ and f7.3j
2 * c33(c„ * с/г)-2с/3 2 d c33 (c,f * c,2) -2  c*

where n  i s  the number o f  Mn-atoms per u n i t  volume and Cik i s  the  c o r r e s 
ponding component o f  th e  e l a s t i c  s t i f f n e s s  t e n s o r .

A c c e p t in g  Go'odenough’ s [28] e s t im a te  f o r  the dependence o f  Mn-Mn 
exchange i n t e r a c t i o n s  on i n t e r a t o m i c ' d i s t a n c e , i t  can be assumed t h a t« < > 0  
and o< у ß  hence  La  > О and tc > 0  . In  t h i s  c a se  th e  c a l c u l a t e d  v a lu e s  o f  the
l a t t i c e  param eters  change w ith  th e  tem perature  below th e  N e e l  p o in t  i n  the  
manner a s  ob served . The change- i s  m ain ly  cau sed  by the  tem perature  depen
dence o f  th e  square o f  th e  s u b l a t t i c e  m a g n e t iz a t io n  per Mn-atom, s in c e  the  
tem p eratu re  dependence o f  the  q u a n t i t i e s  Ca  and Lc i s  r e l a t i v e l y  s l i g h t .

The d e fo rm a tio n  s e n s i t i v e  m agnetic  i n t e r a c t i o n s  are  ex p ected  to  
p la y  an im portant r o l e  i n  th e  c o n c e n tr a t io n  dependence o f  th e  l a t t i c e  
param eters  o f  the  n o n - s t o i c h i o m e t r i c  a l l o y s ,  t o o .  Assuming t h a t  the  e x c e s s  
atoms are  d i s t r i b u t e d  o v e r  th e  s u b l a t t i c e  o f  th e  o th er  c o m p le te ly  random 
i t  can be shown t h a t  th e  measured c o n c e n tr a t io n  dependence i s  predom inantly  
m agnetic  i n  o r ig i n  o n ly  i f  th e  requirem ent i s  f u l f i l l e d ,  where

« ’ i s  a param eter f o r  th e  Mn-Me i n t e r a c t i o n  s im i la r  to  . S ince
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MMe«  MMn , we can n ot ex p ect t h i s  in e q u a l i t y  to  be f u l f i l l e d ,  th e  e x p la n a t
io n  must be attem pted  a lon g  o th e r  l i n e s .

V III . Summary

A ll  o f th e  in v e s t ig a t e d  CuAu-I type Mn a l lo y s  have the same sim p le  
a n tife r r o m a g n e tic  s t r u c t u r e ,  d i f f e r i n g  o n ly  in  th e  r e l a t i v e  a n g le s  o f  th e  
m agn etic  moments to  th e  c r y s t a l lo g r a p h ic  c - a x i s .  O nly th e  Mn atom has 
a p p r e c ia b le  m agnetic moment and t h i s  does not vary  e s s e n t i a l l y  w ith  the  
c o m p o sit io n . I f  th e  m agnetic  moments o f  th e  Mn atoms are p a r a l le l  to  the  

C - a x i s ,  the o th e r  atoms can n ot have any m agn etic  moment a t a l l .  In  
Mn-Pt a l lo y s  the m agn etic  moment i s  observed  to  tu rn  g r a d u a lly  from p a r a l l e l  
to  norm al w ith  r e s p e c t  to  the c  - a x is  as th e  tem p eratu re  in c r e a s e s  from  
300° to  5O0°0 and t h i s  in d ic a t e s  a change in  th e  c h a r a c te r  o f  the m agnetic  
a n is o tr o p y . In th e  c o n ta m in a tio n  f r e e  a l lo y s  n e i t h e r  f e r r o -  nor fe r r im a g n e t-  
ism  i s  observed .

The anomalous tem p eratu re  dependence o f  th e  l a t t i c e  param eters  
can be ex p la in e d  in  m ost c a s e s  by th e  e f f e c t  o f  d e fo rm a tio n  s e n s i t i v e  
n e a r e s t  neighbour Mn-Mn in t e r a c t io n .  The anomaly in  th e  tem peratu re depen
dence o f  th e  l a t t i c e  param eters i s  p r o p o r tio n a l to  th e  square o f  th e  
s u b l a t t i c e  m a g n e tiz a tio n . The s ig n  o f  the p r o p o r t io n a l i ty  f a c t o r s  i s  such  
th a t  th e  tr a n sfo r m a tio n  from th e  param agnetic to  th e  a n tife r r o m a g n e tic  
phase c a u se s  the a  - a x i s  to  c o n tr a c t  and th e  c  - a x i s  to  d i l a t e .

The l a t t i c e  param eters e x h ib i t  extrem e v a lu e s  /maximum fo r  cl , 
minimum fo r  c / a t  th e  s to ic h io m e t r ic  co m p o sit io n  w h ich , in  a d d it io n  to  
th e  d eform ation  s e n s i t i v e  Mn-Mn and Mn-Me i n t e r a c t i o n s ,  must be presum ably  
due a l s o  to  the d efo rm a tio n  dependence o f  th e  o rd e r in g  energy  and to  s iz e  
e f f e c t s .

The dominant in t e r a c t io n  r e s p o n s ib le  fo r  the a n tife r r o m a g n e tic  
s t r u c tu r e  i s  the n e a r e s t  n eigh b ou r Mn-Mn in t e r a c t io n  w hich in c r e a s e s  w ith  
d e c r e a s in g  in te r a to m ic  d is ta n c e .  The v a lu e  o f  th e  N ee l tem peratu re f o r  th e  
s to ic h io m e t r ic  a l lo y s  are c o n s is t e n t  w ith  t h i s  f a c t ,  s in c e  th ey  in c r e a s e  
when th e  d is ta n c e  b etw een  th e  n e a r e s t  neighbour Mn atoms d e c r e a se . /  i s  
h ig h e s t  in  MnNi and lo w e s t  in  MnPd/.

In  the n o n - s to ic h io m e t r ic  a l lo y s  th e  N ee l tem p eratu re  i s  low er  
than in  th e  s to ic h io m e tr ic  ones i n  s p i t e  o f  th e  d e c r ea se  in  th e  l a t t i c e  
param eter a  w ith  in c r e a s in g  d e v ia t io n  from th e  s to ic h io m e tr ic  c o n c e n tr a t io n .
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This f a c t  can be e x p la in e d  in  the  c a se  o f  e x c e s s  Mn atoms v e r y  sim ply s i n c e  
Mn atoms i n  th e  Me s u b l a t t i c e  have as many n e a r e s t  n e ig h b o u rs  w ith  a n t i 
p a r a l l e l  as w ith  p a r a l l e l  moment. The n ex t  n e a r e s t  n e ighbour  Mn atoms, 
how ever , have always a n t i p a r a l l e l  moments which i s  e n e r g e t i c a l l y  not  
fa v o u r a b le  s in c e  the  exchange i n t e r a c t i o n  between them i s  c e r t a i n l y  f e r r o 
m a g n e tic .  T h erefore  the  p r e sen ce  o f  e x c e s s  Mn atoms c a u s e s  th e  N eel tem pera
tu r e  to  d e c r e a s e  i f  the  fe r r o m a g n e t ic  co u p lin g  o f  t h e i r  n e x t  n e a r e s t  n e i g h 
bours i s  s tr o n g  enough t o  overwhelm the  e f f e c t  o f  th e  d e c r e a s e  i n  th e  l a t t i c e  
param eter a  .

The low er Neel tem perature  i n  the  Mn d e f i c i e n t  a l l o y s  can be 
e x p la in e d  by the  fer r o m a g n e tic  c o u p l in g  o f  th e  n e a r e s t  ne ighbour  Mn-Me 
p a i r s ,  which predom inates over  th e  e f f e c t  o f  th e  change i n  th e  param eter a .
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Table I

No. C o n fig u r a tio n I n te r n a l  energy

1 — • • • 13 nig — m -8U-4V-4W

2 —- in ~ — m 

m^=m^^my=mg= “in
-8U +4V-4W

3 т 1~т 2=га5~т 6“ш 

~ m»yr—nig—- -m
8U-4V-4W

4 ~ m r~y~ гПг̂—Шд—m

®3=®4=m5=m6=-m
8U+4V-4W

5 m^=mg=m^=my =m 

m2=m4=m6=m8=-m
•-4V+4W

6 m^=nig=mg=mg=in 

m2=m4==m5=:I,17=-m

4V+4W

P o s s ib le  m agn etic  s tr u c t u r e s  in  C uA u-I-type l a t t i c e ,  m^.. . . .m g  are  
th e  u n it  v e c to r s  o f  th e  m agnetic moments a t d i f f e r e n t  l a t t i c e  s i t e s
o f  P ig . 1

where Jf > J, and J3 are th e  e f f e c t i v e  exchange in t e r a c t io n  c o n s t a n t s ,  
/V i s  th e  number o f  Mn atoms in  th e  c r y s t a l  and M i s  the a b s o lu te

v a lu e  o f  the m agn etic  moment o f Mn.



-  13 -

Table I I .

Specimen nt% Mn я(Я) c(Ä )
M agnetic  д. , ) 

c / a  a tr u c tu r e  Mri 8 
type

т3 (°с) tn (°с)

№l0 ,9 1 N il ,09 4 5 ,4 3 ,7 2 3 ,5 4 0 ,9 5 2 В 3 ,8 + 0 ,3 - 760;t30

MnNi 5 0 ,0 3 ,7 4 3 ,5 2 0 ,9 4 2 В 3 ,8 + 0 ,3 - 800+40

Mril , 0 7 M 0 ,9 3 5 3 ,4 3 ,7 4 3 ,5 3 0 ,8 4 5 В 3 ,7 + 0 ,3 - 740+40

Mn0 , 90P t l ,10 4 5 ,3 3 ,9 7 3 ,7 3 0 ,9 4 0 В 4 ,2 + 0 ,2 - 630+20

Mn0 ,9 6 P t l , 0 4 4 8 ,0 3 ,9 9 3 ,6 7 0 ,9 2 0 В 4 ,2 + 0 ,2  < -■268 680+10

MnPt 5 0 ,3 4 ,0 0 3 ,6 7 0 ,9 1 8 А 4 ,3 + 0 ,2  ~ 440 700+10

Mnl , 0 4 P t0 ,9 6 52 ,3 3 ,9 9 3 ,6 7 0 ,9 2 0 А 4 ,2 + 0 ,2  ~ 510 610+20

Mnl , 1 3 P tO,07 56 ,4 3 ,9 7 3 ,7 1 0 ,9 3 5 А 3 ,9 + 0 ,2 - 420+20

Mn0 ,8 0 Pdl ,20 4 0 ,1 4 ,0 5 3 ,6 4 0 ,8 9 9 В 4 ,2 + 0 ,2 - 340+10

Mn0 ,8 8 Pdl ,12 4 4 ,0 4 ,0 6 3 ,6 1 0 ,8 8 9 В 4 ,4 + 0 ,3 - 560+20

MnPd 5 0 ,0 4 ,0 7 3 ,5 8 0 ,8 8 0 В 4 ,4 + 0 ,4 - 540+10

Mnl , 0 3 Pd0 ,97 5 1 ,6 ' 4 ,0 7 3 ,5 9 0 ,8 8 2 В 4 ,3 + 0 ,2 - 490+10

«

C rysta l  and m agnetic  s t r u c t u r a l  data  at room tem p e r a tu re ,  v a lu e s  
o f  the  t r a n s i t i o n  tem perature and the  N é e l -p o n t  f N
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P ig . 1 C r y sta l l a t t i c e  o f  C u -A u -I-ty p e . -The M n -s ite s  
are marked by numbers in  c i r c l e s .  J , , J ? and 

j y  show the assumed in t e r a c t io n s

Я

I



^ M e  =  0  l i M e l l ± e x

С

biMnl! ±(е хч-еу) 
ЦМенЧех-еу)

F ig . 2 A llow ed m agnetic  s t r u c tu r e s  in  th e  Cu-Au-I l a t t i c e .  
The Mn and Me atoms are r e p r e se n te d  by empty and 

f u l l  c i r c l e s ,  r e s p e c t iv e ly
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P ig . 3 Tem perature dependence o f  th e  m agn etic  
s u s c e p t i b i l i t y  f o r  s to ic h io m e t r ic  MnNi, 

MnPd and MnPt a l lo y s



IN
TE

N
S

IT
Y

 (
A

R
B

IT
R

A
R

Y
 

U
N

IT
S

) 
P

E
A

K
 I

N
TE

N
S

IT
Y

 (A
R

B
IT

R
A

R
Y

 
U

N
IT

S)
-  1? -

P ig . 4 Neutron d i f f r a c t i o n  r e s u l t s  f o r  MnPt. a /  N eutron  
d i f f r a c t i o n  p a t te r n  a t  20°C. b /  N eutron  d i f f r a c t 
io n  p a t te r n  at 530 С. с /  Temperature dependence  

o f  the ( lO O ) and ( l O l )  m agnetic r e f l e c t i o n s
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F ig .  5 Tem perature dependence o f  th e  (lOO) m a g n etic  
r e f l e c t i o n  f o r  s to ic h io m e t r ic  MnNi, MnPd and 

MnPt a llo y s



P ig .  6 Temperature dependence o f  th e  l a t t i c e  param eters  
a  and C fo r ' s t o ic h io m e t r ic  MnNi, MnPd and MnPt 

a l lo y s
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