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ABSTRACT

FILM SYNTHESIS AND MAGNETIC PROPERTIES OF IRON RICH ThM n12 TYPE 

PSEUDOBINARY R F e1 2 _ x Tx  COMPOUNDS AND THEIR NITRIDES.

by

U.A. N a v a ra th n a

A dviser:  P ro fe sso r  F .J. Cadieu

For th e  f i r s t  time, ThMn12 ty p e  p s e u d o b in a ry  R(Fe,T) 12 compounds, w here 

R=Sm or Nd an d  T= Ti, V or Mo, h a v e  been  s p u t t e r  sy n th e s iz e d  in  film 

form w ith  reco rd  h igh  en e rg y  p ro d u c t  v a lu e s .  Films were s y n th e s iz e d  in  

h igh ly  (002) t e x tu r e  mode on p o ly c ry s ta l l in e  Al2 0 3 s u b s t r a te s ,  w here th e  

e a sy  c - a x i s  is  h ig h ly  a ligned  normal to  th e  film p lane ,  by  con tro l  of 

s p u t t e r in g  p a ra m e te rs .  P e rp e n d ic u la r  to  t h e  film p la n e  en e rg y  p ro d u c t  for 

a h ig h ly  (002) t e x tu r e d  Sm(Fe,Ti,V ) 12 sam ple  was 21 MGOe a t  room 

te m p e ra tu re .  For a  n i t r id e d  h ig h ly  (002) t e x tu r e d  Nd(Fe,Mo)12Nx sample, 

th e  room te m p e ra tu re  c o e rc iv i ty ,  s a tu r a t i o n  m ag n e t iz a t io n ,  an d  energy  

p ro d u c t  v a lu e s  w ere  7.2 kOe, 12.8 kG an d  30.2 MGOe re s p e c t iv e ly ,  in  a 

d i re c t io n  p e rp e n d ic u la r  to  t h e  film p lane .  The room te m p e ra tu re  

a n is o t ro p y  f ie ld  v a lu e  was e s t im a te d  to  be 130 kOe fo r  t h e  same film. In 

Nd(Fe,M o)j2 Nx sam ples  some o f  th e  Mo were rep la ce d  w ith  Co to  en h a n ce  

th e  f lux  d e n s i ty .  The room te m p e ra tu re ,  p e rp e n d ic u la r  to  t h e  film p lan e  

en e rg y  p ro d u c t  was 46.3 MGOe fo r  a  sam ple c o n ta in in g  50% of t h e  Mo 

rep laced  w ith  Co. This  is  t h e  h ig h e s t  room te m p e ra tu re  en e rg y  p ro d u c t  

v a lu e  re p o r te d  fo r  a  n i t r id e d  1 - 1 2  sample. Normal to  t h e  film p lan e  

s a tu r a t i o n  m ag n e t iz a t io n  an d  c o e rc iv i ty  v a lu e s  w ere  15.5 kG and  8.7 kOe 

re s p e c t iv e ly ,  fo r  t h e  Co s u b s t i t u t e d  sample. A t 10 K, s a tu r a t i o n



m ag n e t iz a t io n ,  co e rc iv i ty ,  a n d  e n e rg y  p ro d u c t  in c re a s e d  to  17 kG, 24 kOe 

and  59.6 MGOe re s p e c t iv e ly .  All t h e s e  h igh  en e rg y  p ro d u c t  films were 

v e ry  dense  and  SEM p h o to g ra p h s  o f  f r a c tu re d  sam ple edges  in d ic a te d  no 

d isc e rn ib le  co lum nar or v o id  s t r u c tu r e s .  Films w ere  f re e  o f  a - F e  as  

re v e a le d  by  th e  x - r a y  d i f f ra c t io n  p a t t e r n s .  High e n e rg y  p ro d u c t  t h in  film 

m agne ts  a re  u se fu l  in  m any a p p lic a t io n s ,  su ch  a s  sm all sca le  

e lec trom echan ica l  dev ices ,  m icrow ave dev ices ,  in te g r a te d  c i r c u i t s  and  small 

sc a le  p e rm a n e n t  m agnet geom etries .
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CHAPTER 1 INTRODUCTION

Thin  film m agne ts  a re  u s e fu l  in  m any ap p lic a t io n s ,  su ch  a s  sm all sca le  

e lec tro m ech an ica l  dev ices ,  m icrowave dev ices , sm all sc a le  in te g r a te d  

c i r c u i t s  an d  small sc a le  p e rm a n e n t  m agnet g e o m e t r ie s^ ^ 2 ) (3 )_  T hese  a re  

in  a d d i t io n  to  t h e  well known a p p lic a t io n  o f  t h in  film m agnets  in  s to ra g e  

media. All o f  th e s e  a p p l ic a t io n s  a re  poss ib le  only  w hen th e s e  m agnetic  

films can  be m ade in  a n iso tro p ic  form, w ith  t h e  e a sy  m ag n e t iz a t io n  

d irec tio n  a ligned  e i t h e r  p a ra l le l  or p e rp e n d ic u la r  to  th e  film p lane .  In 

a d d it io n  to  t h e  sm all s c a le  dev ice  a p p lic a t io n s ,  fa b r ic a t io n  of h igh ly  

a n iso tro p ic  film m agne ts  a re  u se fu l  to  i n v e s t ig a te  t h e i r  in t r in s ic  m agnetic  

p ro p e r t ie s ,  which may n o t  be poss ib le  by u se  o f  iso trop ic  film m agnets  

w here th e  a v a i l a b i l i t y  o f  h igh  f ie lds  a re  l im ited . D ete rm ina t ion  of th e  

in t r in s ic  m agnetic  p ro p e r t ie s  is  th e  f i r s t  s te p  to  exp lore  th e  m agne tic  

m a te r ia l  a s  a  nove l  c a n d id a te  fo r  p e rm a n en t  m agnet a p p lic a t io n s  compared 

w ith  th e  p re s e n t ly  a v a i la b le  p e rm a n en t  m agnet m a te r ia ls .

Early  on Cadieu e t  al. h ad  shown t h a t  good in t r in s ic  m agnetic  p ro p e r t ie s  

could be a c h ie v e d  in  S m -F e - T i  s a m p l e s ^ .  Th is  d isco v e ry  t h a t  F e - r i c h  

ra r e  e a r th  in te rm e ta l l ic  compounds p osses  good p e rm a n en t  m agne tic  

p ro p e r t ie s  h a s  led  t h e  i n te n s e  in v e s t ig a t io n  o f  th e s e  in te rm e ta l l ic  

compounds by m any r e s e a rc h e r s  an d  l a t e r  on s e v e r a l  p h a s e s  w ere 

id e n t i f ie d  inc lud ing  th e  T h M n ^  ty p e  t e t r a g o n a l  s t r u c tu r e  in  S m -F e -T i  

compounds^9).
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In te rm e ta l l ic  compounds w ith  ThMn12 ty p e  s t r u c tu r e  can  be formed when 

iron  and  r a r e  e a r th  e le m en ts  a re  combined w ith  a  small am ount o f  a non 

m agne tic  t r a n s i t io n  e lem en t  such  as  Ti, V.Mo, Si, Cr or W. I t  is  a  well 

known f a c t  t h a t  in  R -T  in te rm e ta l l ic  compounds, R = ra re  e a r th  and  

T = t ra n s i t io n  m eta l,  when b o th  R e lem en ts  an d  M e lem en ts  a re  m agnetic , 

th e  e f fe c t iv e  coup ling  be tw een  R an d  M e lem en ts  is  fe rrom agne tic  fo r  l ig h t  

r a r e  e a r th  e lem en ts  and  fe r r im ag n e t ic  fo r  h e a v y  r a r e  e a r th  e lem en ts .  The 

composition o f  t h e  iron  r ich  r a r e  e a r th  in te rm e ta l l ic  compounds, t h a t  

c ry s ta l l iz e  in  t h e  te t r a g o n a l  ThMn12 ty p e  c ry s ta l  s t r u c tu r e ,  is  RFe12_ x Tx , 

R = ra re  e a r th  and  T=Ti, V, Mo, Si, Cr or W, w here  t h e  obse rved  ran g e  of x 

for solid  so lu t io n s  is  l £ x £ 2 ^  and  th e r e  a re  ex c ep t io n s  too. The low est 

v a lu e  o f  x ob se rv ed  fo r  bu lk  sam ples  is  x = 0.8  in  th e  ca se  of

SmFeji 2 Tio .8 ( 6 ) -

We h a v e  been  ab le  to  s y n th e s iz e  th e s e  Fe r ich  T hM nj2 ty p e  r a r e  e a r th  

in te rm e ta l l ic  compounds, R(Fe,T) 12 w here  R=Sm or Nd and  T=Ti, V or Mo, 

in  film form by  d i re c t ly  c ry s ta l l iz in g  th e  compound on p o ly c ry s ta l l in e  

A12 0 3 s u b s t r a t e s  u s ing  RF s p u t t e r i n g ^ .  All th e  films sy n th e s iz e d  by 

d i re c t  c ry s ta l l iz a t io n  show a  h igh  degree  of c ry s ta l lo g ra p h ic  t e x t u r e  w ith  

th e  c - a x i s  o f  th e  in d iv id u a l  c ry s ta l l i t e s  h ig h ly  a ligned  p e rp e n d ic u la r  to  

t h e  film p lane .  Highly (002) t e x tu r e d  films a re  v e ry  u se fu l  in  de te rm in ing  

th e  in t r in s ic  m agnetic  p ro p e r t ie s  such  a s  s a tu r a t i o n  moment and  

m a g n e to c ry s ta l l in e  a n is o t ro p y  f ie ld  s ince  t h e  c - a x i s  is  t h e  e a s y  a x is  for 

m ost of t h e  members in  R - F e - T  family. In th e  SmFe12_ xTix compounds 

films h a v e  been  sy n th e s iz e d ,  which a re  f re e  o f  a - F e ,  for t h e  x v a lu e s  as  

low a s  0.1 and  w ith  a h igh degree  o f  d i f f e re n t  c ry s ta l lo g ra p h ic  t e x tu r e  

modes^8 \  S tab il iz ing  o f  t h e  1 -1 2  p h a s e  fo r  low n o n -m a g n e t ic  th i rd
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e lem en t c o n c e n t ra t io n s  w i th o u t  t h e  p re c ip i ta t io n  of a - F e  in c re a s e s  th e  

s a tu r a t i o n  moment and  i t  a lso  c o n tra d ic ts  t h e  wide b e l ie f  t h a t  la rge  

am ount o f  non  m agne tic  t h i r d  e lem ent, x > l ,  is  need ed  to  s ta b i l iz e  th e  1 -  

12 p h a se .  B inary  SmFe12 compounds, w i th o u t  th e  s u b s t i tu t io n  o f  a n y  non 

m agne tic  t r a n s i t io n  m eta l  e lem en ts ,  h a v e  a lso  been  s y n th e s iz e d  fo r  th e  

f i r s t  t im e in  Prof  C ad ieu 's  l a b o r a t o r y ^ .

A m agne tic  m a te r ia l ,  to  be q u a l i f ie d  as  a  h igh  perfo rm ance  p e rm a n en t  

m agnet,  shou ld  h a v e  a h igh s a tu r a t i o n  moment (Ms ), a  la rg e  u n ia x ia l  

a n is o t ro p y  f ie ld  (HA), a r e m a n e n t  moment v a lu e  (Mr ) c lose  to  Ms, a  la rge  

in t r in s ic  c o e rc iv i ty  v a lu e  (jHc) showing th e  a b i l i ty  to  s t a y  in  th e  

m e ta s ta b le  s t a t e  of s a tu r a t e d  m ag n e t iz a t io n  in  a  r e v e r s e  f ie ld  and  a high 

Curie t e m p e ra tu re  (Tc ). The req u irem e n ts  o f  Ms , HA and  jHg shou ld  be 

v a l id  fo r  a wide t e m p e ra tu re  r an g e  s p e c ia l ly  t h e  room te m p e ra tu re  and  

above.

I t  h a s  been  poss ib le  to  a c h ie v e  rem n a n t  f lux  d e n s i ty  v a lu e s  v e ry  c lose to  

s a tu r a t i o n  v a lu e s  in  p e rp e n d ic u la r  to  th e  film p lan e  d ire c t io n  fo r  th e  

ex tre m e ly  (002) t e x tu re d  films. T o g e th e r  w ith  a h igh in t r in s ic  co e rc iv i ty  

th e s e  h ig h ly  (0 0 2 ) t e x tu r e d  film m agne ts  can  produce  h igh s t a t i c  energy  

p ro d u c t  m agne ts .  P e rp e n d ic u la r  to  th e  film p lan e  s t a t i c  en e rg y  p ro d u c t  of 

21 MGOe h a s  been  m easu red , a t  293 K, fo r  a  ThMn12 ty p e  

Sm8.04F e 79.16T*9.11v 3.69 s a m p l e ^ .  The a n is o t ro p y  f ie ld  HA h a s

been  e s t im a te d  to  be 130 kOe, a t  293 K, by  e x t r a p o la t in g  th e  

p e rp e n d ic u la r  to  t h e  film p la n e  (e a sy  d irec tio n )  an d  in  t h e  film p lan e  

(hard  d ire c t io n )  h y s te r e s i s  loops. I t  shou ld  be n o ted  t h a t  t h e  two loops 

m easu red  in  th e  film p lan e  an d  p e rp e n d ic u la r  to  t h e  film p lan e  d irec tio n s  

i n te r s e c t  a t  a f ie ld  v a lu e  a p p ro x im ate ly  eq u a l  to  th e  a n iso t ro p y  f ie ld  HA
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s ince  in th e s e  ex trem e ly  (0 0 2 ) t e x tu r e d  films th e  c - a x i s ,  e a s y  ax is ,  o f  th e  

in d iv id u a l  c r y s t a l l i t e s  is  h ig h ly  a ligned  p e rp e n d ic u la r  to  th e  film p lane .

A lthough h igh  c o e rc iv i ty  v a lu e s  h a v e  been  re p o r te d  fo r  iso tro p ic  bulk  

sam ples  in  S m -F e - T  fam ily , so fa r .  t h e r e  a re  no re p o r t s  of p re fe re d  

c ry s ta l lo g ra p h ic  o r ie n ta t io n  in  bu lk  sam ples  w hich is  n e c e s s a ry  to  a c h ie v e  

h igh rem e n an t  v a lu e s  Mr

In c o n t r a s t  to  t h e  bu lk  sam ples  films h a v e  been  m ade w ith  d i f fe re n t  

c ry s ta l lo g ra p h ic  t e x t u r e  modes by RF s p u t t e r in g  . Since t h e  s u b s t r a t e  

m a te r ia l ,  on which th e  films grow w ith  d i f f e re n t  c ry s ta l lo g ra p h ic  

o r ie n ta t io n ,  is  p o l ly c ry s ta l l in e  Al2 Og , m atch in g  o f  t h e  d - s p a c in g  of th e  

s u b s t r a t e  m a te r ia l  and  th e  film compound t h a t  could  be re sp o n s ib le  for 

th e  d i f f e re n t  g row th  modes, or th e  e p i ta x ia l  g row th  o f  th e  film, can be 

ru led  out.  The s p u t t e r in g  p a ra m e te rs ,  such  a s  s p u t t e r in g  gas  p re s s u re ,  

b ias  v o l ta g e  which is  r e l a te d  to  in p u t  RF power and  s u b s t r a t e  te m p e ra tu re  

du r ing  th e  film depos it ion ,  can  be v a r ie d  to  change  t h e  t e x t u r e  mode from 

h ig h ly  (0 0 2 ) t e x tu r e d  to  h ig h ly  (2 2 2 ) t e x tu r e d  w here  t h e  c - a x i s  m akes an  

ang le  o f  39° w ith  p e rp e n d ic u la r  to  th e  film p la n e  d i r e c t i o n ^ .  The degree  

of t e x tu r in g  is  a  fu n c t io n  o f  con tro l l ing  th e  film grow th  dynam ics so t h a t  

c ry s ta l l i t e s  w ith  a  spec if ic  c r y s t a l l i t e  o r ie n ta t io n  grow p r e f e re n t ia l ly  and  

become t h e  so le  g row th  mode. As th e  film grows from random ly  o r ie n te d  

d i sc re te  in i t ia l  nuc le i ,  g row th  r a t e  is  v e ry  h igh  in  c e r t a in  c ry s ta l lo g ra p h ic  

d i re c t io n s  an d  will e v e n tu a l ly  dom inate . The d i re c t io n s  in  w hich th e  

grow th  r a t e  is  v e ry  h igh  d ep en d s  on th e  ada tom  s u r f a c e  m obility  which in  

t u r n  depends  on th e  s u b s t r a t e  t e m p e ra tu re ,  s p u t t e r in g  gas  p re s s u re ,  and  

dep o s it io n  ra te .
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M a g n e to -o p tica l  p ro p e r t ie s  o f  th e  ThMn12 ty p e  Sm(Fe,Ti) 12 f ilms h a v e  a lso  

been  s tu d ie d  to  exp lo re  t h e s e  compounds f u r t h e r ^ .  The ThMn12 ty p e  

Sm(Fe,Ti) 12 films t h a t  h a s  been  u sed  in  t h i s  s tu d y  a re  e i t h e r  h igh ly  (002) 

te x tu r e d ,  w here t h e  c - a x e s  of t h e  c ry s t a l l i t e s  a re  norm al to  t h e  film 

p lane ,  or h igh ly  (2 2 2 ) t e x tu r e d ,  w here  t h e  c - a x e s  of t h e  c r y s t a l l i t e s  

m akes a  well defined  an g le  aw ay  from th e  film norm al, 39°.

The p o la r  Kerr r o ta t io n  (0 K) an d  o p t ica l  c o e rc iv i t ie s  w ere s tu d ie d  fo r  th e  

pho ton  en e rg y  ran g e  1 -2 .5  ev . T hese  m easu rem en ts  sam ple only  t h e  top  

few h u n d re d s  o f  angs trom s o f  t h e  film s ince  th e  p e n e t r a t i n g  d e p th  o f  l ig h t  

is  a  few h u n d re d s  of angs trom s. By comparing th e  c ry s ta l l in e ,  m agnetic  

an d  m a g n e to -o p t ic a l  p ro p e r t ie s  of th e s e  d i f f e re n t ly  te x tu r e d ,  (0 0 2 ) and  

(2 2 2 ) t e x tu re d ,  films one can  d raw  im p o r ta n t  conc lu s ions  t h a t  could  n o t  

be poss ib le  o therw ise ,  su ch  a s  t h e  s u rfa c e  d e te r io ra t io n  of th e  film ove r  

time, change  in  g ra in  size  w ith  th ic k n e s s  and  th e  d e pendence  o f  r a t e  of 

change  in  g ra in  s ize  w ith  th ic k n e s s  on t e x tu r e  mode. The p o la r  Kerr 

r o ta t io n  of th e s e  h ig h ly  t e x t u r e d  films, which c o n ta in  more t h a n  85% of 

Fe, e x h ib i te d  s im ila r  b e h a v io r  a s  p u re  Fe films fo r  t h e  1 - 2 .5  e v  p ho ton  

en e rg y  range , b u t  w ith  much h ig h e r  and  v a r ia b le  co e rc iv i ty .

The p e rc e n ta g e  o f  Fe in  R (F e ,T ) j2 film sam ples r an g e  from 85%-91% Fe 

an d  th e re fo re  ®7Fe M ossbauer sp ec tro sc o p y  can be u se d  to  i n v e s t ig a te  th e  

m agne tic  p ro p e r t ie s  a t  th e  lev e l  o f  in d iv id u a l  a tom s. In t h i s  s tu d y  we 

h a v e  co llec ted  M ossbauer sp e c tru m s  o f  h ig h ly  (002) t e x tu r e d  S m (F e,T i) j2 

films (abso rbers )  m ounted  in  such  a  way t h a t  t h e  p la n e  of t h e  film is 

p e rp e n d ic u la r  to  t h e  Y -ray  p ro p a g a t io n  d irec tio n .  T hese  spec trum s can  be
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used to determine the spin directions of Fe atoms and for th a t purpose 

one makes use of the angular dependence of absorption line intensities 

corresponding to the allowed hyperfine transitions of 57Fe. These 

transitions are governed by the selection rules 8mj=0,±l, which gives rise 

to a equally spaced six absorption line pattern  in the absence of electric 

quadrupole interaction. In the observed Mossbauer spectrums of 

Sm(Fe,T)12. 2n<* and 6 ^  absorption lines which have a sin2© angular 

dependence, where © is the angle between Y-ray propagation direction and 

the spin direction, are missing.

In ThMn12 ty p e  R - F e - T  fam ily  t h e  only  prom ising c a n d id a te  fo r  p e rm a n en t  

m agnet a p p l ic a t io n s  is  S m F e j j ^ T j j ,  w here  0.3<x<l and  T=Ti,V or Ti+V. 

A lthough  Curie te m p e ra tu re  an d  a n is o t ro p y  f ie ld  o f  S m F e j jT i  is  com parable  

to  th o se  of Nd2 F e 14B i t s  s a tu r a t i o n  m ag n e tiza tio n ,  12 kG, is  low compared 

w ith  16 kG of Nd2 F e 14B. As a  r e s u l t  of  t h e  low s a tu r a t i o n  moment, th e  

th e o r e t i c a l  maximum en e rg y  p ro d u c t  o f  S m F e ^ T i  is  25 MGOe which is  

a p p ro x im ate ly  h a l f  o f  t h a t  o f Nd2 F e 14B.

Until t h e  r e c e n t  d isc o v e ry  of r a r e - e a r t h  in te rm e ta l l ic  n i t r id e s ,  Sm2F e 17Ng, 

w ith  i n te r e s t in g  m agne tic  p ro p e r t ie s  by  J . M. D. Coey a t .  e l . ^ ° \  t h e r e  

were no o th e r  iron  r ich  in te rm e ta l l ic  compounds w ith  in t r in s ic  m agnetic  

p ro p e r t ie s  which a re  com parab le  or s u rp a s s  th o se  o f  Nd2 F e 14B.

T h is  d isc o v e ry  opened  a  new c h a p te r  in  r a r e - e a r t h  in te rm e ta l l i c  n i t r id e s .  

In R F e j jT i  fam ily  w ith  te t r a g o n a l  1 -1 2  s t r u c tu r e ,  S m F e j jT i  which is  

u n ia x ia l  becomes a n  e a sy  p la n e  m a te r ia l  a f t e r  n i t r id in g  b u t  N d F e j jT i  

which is  u n ia x ia l  a t  room te m p e ra tu re  an d  con ica l  a t  low te m p e ra tu re s
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rem ains  u n ia x ia l  for th e  whole te m p e ra tu re  ran g e  a f t e r

n i tr id in g ^ 8 ^ 1 1) 0 2 ) Tjje change  in  m a g n e to c ry s ta l l in e  a n is o t ro p y  in  th e  

R F e j jT  se r ie s ,  a f t e r  n i t r id in g ,  can  be u n d e rs to o d  by  t h e  m od if ica tion  of 

c r y s t a l - f i e ld  in te r a c t io n s  a t  th e  r a r e - e a r t h  s i t e s  due  to  su rro u n d in g  

n i tro g e n  atom s.

A bsorp tion  of n i t ro g e n  i n t e r s t i t i a l l y  in  ThMnJ2  ty p e  N d F e j jT ,  T=Ti or Mo, 

in c re a s e s  t h e  cell volume b u t  th e  n i t r id e s  r e t a in  th e  p a r e n t  ThMn12 type  

t e t r a g o n a l  c ry s ta l  s t r u c tu r e .  The d ra s t ic  change  in  a n is o t ro p y  f ie ld  in 

a d d it io n  to  a la rg e  in c re a s e  in  s a tu r a t i o n  m a g n e t iz a t io n  and  Curie 

t e m p e ra tu re  a f t e r  n i t r id in g  q u a l i f ie s  th e  n i t r id e s  as  a p o te n t ia l  c a n d id a te  

for p e rm a n en t  m agnet a p p l ic a t io n s^ 12^ 13). We h a v e  been  ab le  to

s y n th e s iz e  h ig h ly  (002) t e x tu r e d  N d F e j jT  films fo r  T=Ti and  Mo and

n i t r id e  them  by h e a t in g  th e  films a t  500 °C for ap p ro x im a te ly  two hou rs  

in  a  500 to r r  n i t ro g e n  a tm osphere .

The room te m p e ra tu re  m ag n e to c ry s ta l l in e  a n is o t ro p y  f ie ld s  o f  th e  N d F e j jT i  

and  N dFejjM o films, which a re  u n ia x ia l ,  a re  10 kOe, an d  5 kOe

re sp e c t iv e ly .  A f te r  n i t r id in g  th e  N d F e j jT N x rem ained  u n ia x ia l ,  b u t  th e  

a n is o t ro p y  f ie ld s  in c re a se d  to  108 kOe an d  130 kOe for Ti and  Mo 

re s p e c t iv e ly .  The jHc p e rp e n d ic u la r  to  t h e  film p lan e  o f  NdFej jTNx 

in c re a s e d  to  6.3 kOe, T=Ti, and  to  7.2 kOe, T=Mo, a f t e r  n i t r id in g .  A t 293 

K t h e  h ig h e s t  ene rgy  p ro d u c t  of 30.2 MGOe w as o b ta in e d  fo r  a T=Mo

n i t r id e d  sam ple^12). The in c re a s e  in  Curie te m p e ra tu re  (5TC/T C) for 

N d F e j jT i  a n d  N dFejjM o compounds is  «30% as  r e p o r te d  by  H ad jipanay is  e t  

a l . ‘ 13>.
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The ThMn12 ty p e  t e t r a g o n a l  RT^2 s t r u c tu r e ,  w hich is  a  s u p e r s t ru c tu re  of 

t h e  CaCug ty p e  h e x a g o n a l  RTg s t r u c tu r e ,  can  be d e r iv ed  by a  c e r ta in  

r e g u la r  s u b s t i tu t io n  o f  r a r e - e a r t h  (R) a tom s by a  d u m b -b e l l  o f  two 

t r a n s i t io n  meta] (T) a tom s in  th e  CaCug ty p e  RTg s t r u c tu r e .  I f  th is

s u b s t i tu t io n  is  random , i t  will lead  to  t h e  d iso rde red  TbCu7 ty p e  

h e x a g o n a l  RT7 s t r u c tu r e .  T h in  films of d iso rde red  TbCu7 ty p e  s t r u c tu r e ,  

R(Fe,Ti)7 , h a v e  been s y n th e s iz e d  fo r  R = Sm and  Nd^12 .̂ The d i re c t ly  

c ry s ta l l iz e d  d iso rde red  Sm(Fe,Ti) 7 films a re  h igh ly  (200) t e x tu r e d  while 

t h e  d iso rde red  Nd(Fe,Ti) 7 f ilms a re  h ig h ly  (110) te x tu r e d ,  which r e s u l t s  

fo r  d i f f e re n t  s p u t t e r in g  p a ra m e te rs  u sed  in  s y n th e s iz in g  th e  films. 

A lthough  th e s e  d iso rdered  R(Fe,Ti)7 films a re  n o t  u s e fu l  a s  p e rm an en t  

m agne ts  due  to  th e  con ica l  n a tu r e  of e a sy  d irec tio n ,  t h e i r  m agnetic  

p ro p e r t ie s  befo re  and  a f t e r  n i t r id in g  a re  i n te r e s t in g  and  will be d iscussed  

in  c h a p te r  7.

We h a v e  been ab le  to  r ep la ce  a t  l e a s t  h a l f  of t h e  Mo in  NdFejjM o, which 

seems to  be th e  b e s t  c a n d id a te  for p e rm a n en t  m agne t  a p p lic a t io n s  in 

n i t r id e d  R(Fe,T) 12 s e r ie s ,  by Co and  in c re a se  t h e  s a tu r a t i o n  f lux  d e n s i ty  

as  well a s  th e  a n is o t ro p y  f ie ld  o f  th e  n i t r id e s .  For a  NdFej ^ O q ^ M o q  5 Nx 

sam ple t h e  room te m p e ra tu re  a n iso t ro p y  fie ld , IIA, is  e s t im a te d  to  be 150 

kOe. At 293 K fo r  t h i s  Co c o n ta in in g  sam ple t h e  s a tu r a t i o n  f lux , 4nMs , 

is  15.5 kG an d  energy  p ro d u c t  is  46.3 MGOe^14 .̂ T h is  is  t h e  h ig h e s t  

en e rg y  p ro d u c t  e v e r  r e p o r te d  fo r  a  ThMn12 sample. For t h i s  same Co 

c o n ta in in g  sam ple, a t  10 K. t h e  4nMs is  17.0 kG, th e  jHc is  24.0 kOe, and  

th e  en e rg y  p ro d u c t  is  59.6 MGOe
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Filins which h a v e  a g ra d ie n t  along th e  s u b s t r a t e  le n g th  in  t h e  Fe to  Co 

r a t io  h a v e  been  s y n th e s iz e d  to  de te rm ine  th e  maximum c o e rc iv i ty  and 

a n iso t ro p y  v a lu e s  t h a t  ca n  be o b ta in e d  fo r  t h e  Nd(Fe,Co,Mo)12Nx

compounds. Maximum room te m p e ra tu re  c o e rc iv i t ie s  and  a n iso t ro p ie s  of 

11.3 an d  190 kOe w ere  o b ta in e d  for a  ThMn12 ty p e

Ndg gFe80  gCog qMo4 gNx , (002) te x tu r e d ,  film sam ple^15). A t lower 

te m p e ra tu re s  t h e  c o e rc iv i ty  a n d  a n is o t ro p y  rose  sm ooth ly  to  29.6 and  »245 

kOe re s p e c t iv e ly  by  10 K. A l though  th i s  sam ple shows th e  h ig h e s t  

c o e rc iv i ty  e v e r  re p o r te d  for a  n i t r id e d  ThMn12 sample, t h e  p e rp e n d ic u la r  

to  t h e  film p la n e  ene rgy  p roduc t ,  BHm ax =30 MGOe, is  low due to  th e

p rese n c e  o f  a - F e .  U sually  a - F e  a p p e a rs  in  films made from g ra d ie n t

t a r g e t s  an d  i t  c a u se s  a  s h o u ld e r  in  t h e  second  q u a d ra n t  dec re a s in g  th e  

f lux  d e n s i ty  for small dem agne tiz ing  f ie lds.

In 1986, F.J. Cadieu e t  a l .  r e p o r te d  a  new high jHc S m -F e -T i  p h a s e  in 

s p u t t e r  sy n th e s iz e d  film sam ples  an d  t h e  room te m p e ra tu re  c o e rc iv i t ie s  of 

up to  24 kOe h a d  been  re p o r te d  fo r  th e  p re l im in a ry  sam ples^16). The 

same group h a s  been  a b le  to  a c h ie v e  room te m p e ra tu re  c o e rc iv i ty  v a lu e s  

o f  up to  38 kOe in  h igh  jHc S m -F e -T i  films and  to  s y n th e s iz e  o th e r  Sm-

F e - T i  sam ples  w ith  small a d d i t io n s  of Al an d  Zr w ith  s im ila r

c o e rc iv i t ie s ^ 17^ 18). Unlike t h e  d i re c t ly  c ry s ta l l iz e d  films th e s e  jHc high 

films h a v e  been s y n th e s iz e d  in a two s te p  p rocess  which in v o lv e s  th e

dep o s it io n  of t h e  m a te r ia l  in  a n  am orphous s t a t e  a n d  th e n  c ry s ta l l iz a t io n

in  s i tu .  The s t r u c tu r e  of t h e  h ig h  c o e rc iv i ty  p h a s e  h a s  r e c e n t ly  been 

found to  be t h a t  o f  Nd5 F e 17^19).
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By in v e s t ig a t in g  th e s e  h igh  jHc 5 - 1 7  compounds f u r th e r ,  We h a v e  been 

ab le  to  s y n th e s iz e  t h e  h igh  c o e rc iv i ty  5 - 1 7  p h a s e  in  film form for 

com positions S m -F e -V ,  S in -F e - ( T i - V )  fo r  a  r an g e  of (Ti.V), and  S m -F e -T i  

fo r  Ti<l At.%^2 ® ^2 * \  B inary  Sm gFej^  h a s  a lso  been  re p o r te d  by our 

group in  s p u t t e r  s y n th e s iz e d  films, add ing  a  new s ta b le  p h a s e  to  th e  

b in a ry  Sm -F e  sys tem ^22^ 2 2 \

The b e s t  c o e rc iv i t ie s  o b ta in e d  fo r  S m -F e -V  and  S m - F e - T i - V  com positions 

a re  15.7 kOe and  45.6 kOe r e s p e c t iv e ly .  A c h a ra c te r i s t i c  of th e s e  high 

jHc film sam ples  is  th e  drop in  m ag n e t iz a t io n  upon  e n t r y  in to  t h e  second  

q u a d ra n t .  T h is  c h a r a c te r i s t i c  drop, which lowers th e  c o e rc iv i ty ,  is  found 

to  be a s so c ia te d  w ith  a  second  phase .  D espite  th e  f a c t  t h a t  O ccurrence 

of s o f t  second  p h a s e s  is  h a rd  to  d e te c t  in  th e  x - r a y  d i f f ra c t io n  p a t t e r n  

b e c au se  l in e  d e n s i ty  o f  pow der 5 - 1 7  p a t t e r n  i t s e l f  is  v e ry  high, we were 

ab le  to  f ind  th e  second  p h a s e s  in d i f f e re n t  5 - 1 7  compounds t h a t  c a u se s  

th e  drop.
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CHAPTER 2 REVIEW OF THEORETICAL ASPECTS

2.1. H y s te re s is  B ehav ior

2.2. C ry s ta l  S t ru c tu re  o f  R (Fe,T )12 compounds

2.3. Magnetism in  RE-TM In te rm e ta l l ic s

2.4. M ag n e to c ry s ta l l in e  A n iso tropy  in  RE-TM In te rm e ta l l ic s

2.1. H y s te re s is  B ehav ior

An e x te r n a l  f ie ld  will u s u a l ly  change  th e  s t a t e  of m ag n e t iz a t io n  of a 

fe rrom agne tic  m a te r ia l  in  a  way t h a t  is  n o n l in e a r  and  i r r e v e r s ib le .  The 

sym m etric  major h y s te r e s i s  loop is  t r a c e d  rep ro d u c ib ly  p rov ided  th e  

app lied  fie ld  (co rrec ted  fo r  th e  dem agnetiz ing  e ffec t)  is  s u f f ic ie n t  to  

a c h ie v e  s a tu r a t i o n  in  each  d ire c t io n ,  i .e . M=±Mg. If  th e  f ield  is  rev e rsed  

s h o r t  o f s a tu r a t io n ,  th e n  a  m inor loop wholly  w ith in  th e  major loop is 

ob ta in ed . S a tu ra t io n  m ag n e t iz a t io n  (Ms ) is  an  in t r in s ic  p ro p e r ty  of th e  

fe rrom agne tic  p h a se ,  b u t  t h e  rem anence  Mr  an d  c o e rc iv i ty  jHc , de fined  as  

th e  p o in ts  w here  t h e  major loop c u ts  t h e  a x e s ,  a re  no t.  H y s te re s is  is  an  

e x trem e ly  s t r u c tu r e  s e n s i t iv e  p ro p e r ty .  Hence Mr  and  IIC depend  in  a 

complex way on th e  p a r t ic le  s ize , s h a p e  and  m eta l lu rg ic a l  m ic ro s t ru c tu re  

of th e  m agnet.

The m easu re  o f  q u a l i ty  fo r  p e rm a n en t  m agne ts  is  th e  en e rg y  p roduct  

(BH)max which is  th e  maximum p ro d u c t  of m agne tic  in d u c t io n  B and  

in te r n a l  m agnetic  f ie ld  H in  th e  second q u a d ra n t  of th e  B-H h y s te r e s i s
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loop. (BH)max Pro v ides  a  m easu re  o f  th e  f ie ld  t h a t  can  be produced 

o u ts id e  a u n i t  volume of m agne t  m a te r ia ls .  The th e o r e t i c a l ly  a c h iev ab le  

v a lu e  o f  t h e  energy  p ro d u c t  for a  p a r t i c u l a r  m a te r ia l  i s  (4nMs )2/4 . For 

th e  ca se  w here  th e  in d u c t io n  p lo t  is  c h a ra c te r iz e d  by  a  s t r a ig h t  l ine  in 

t h e  second q u a d r a n t  an d  t h e  c o e rc iv i ty  is  l a rg e  enough, t h e  energy  

p ro d u c t  is  ap p ro x im a te ly  (4nMr )2/4 . In p ra c t ic e ,  t h e  4nMr  v a lu e  is  lower 

t h a n  4nMg b e c au se  o f  poor p a r t ic le  a lignm ent, le s s  t h a n  th e o re t ic a l  

d e n s i ty  o f  t h e  m agnet,  an d  second  p h a s e s  in  t h e  m ic ro s t ru c tu re .  But for 

t h e  e x trem e ly  te x tu r e d ,  n e a r ly  s ing le  p h a se ,  film sam ples  we u sed  in  th i s  

s tu d y ,  th e  p e rp e n d ic u la r  to  th e  film p la n e  4nMr  v a lu e  is  c lose to  4nMs 

v a lu e ,  be c au se  e a sy  c - a x e s  a re  h igh ly  a ligned  p e rp e n d ic u la r  to  th e  film 

p lan e  and  th e  films a re  v e ry  dense  as  r e v e a le d  by  th e  SEM pho tog raphs .

The in te r n a l  or e f fe c t iv e  fie ld  a t  t h e  in te r io r  o f  a m agnetic  m a te r ia l  due 

to  an  e x te r n a l  app lied  f ie ld  is  g iven  by Hjn t =Hap p j -N (jM, w here N^M is 

t h e  dem agne tiz ing  f ie ld ,  and  is  th e  s e l f -d e m a g n e t iz in g  fac to r .  The 

f a c to r  N j  depends  so le ly  on th e  r e l a t i v e  geom etry  o f  th e  m agne t  w ith  

r e s p e c t  to  t h e  o r ie n ta t io n  o f  th e  e x te r n a l  fie ld . D em agnetiza tion  fa c to rs  

can  be c a lc u la te d  e x a c t ly  only  for an e ll ip so id  o f  r e v o lu t io n .  A th in  film 

can be t r e a te d  a s  a  sp e c ia l  ca se  of e ll ipso id , o b la te  sphero id  or disc.

The norm al sam ple  s ize  fo r  m agne tom e te r  m easu rem en ts ,  t h a t  we used  in 

t h i s  s tu d y ,  is  4mm by 4mm and  th e  th ic k n e s s  of th e s e  films is  in  t h e  3 - 6  

pm ran g e .  Then  th e  dem a g n e tiz a t io n  f a c to r  fo r  a  film w ith  th ic k n e s s  t  is  

Nd _ in «4n(t/4m m ) fo r  m ea su rem e n ts  in  th e  film p lane ,  and  N(j_o u t« 4 ix ( l -  

t/2mm) for m easu rem en ts  p e rp e n d ic u la r  to  th e  film p l a n e ^ .  These  

r e la t io n s  a re  c o n s i s t e n t  w ith  N(j _ 0Ut+2N(j _ j n = 4n . For a 3 pm th ic k  film
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O
we h a v e  Nd _ o u t»4n (0 .999)  and  Nd _ j n ss9x]0 , an d  th e re fo re  i t  is  a  good 

approx im ation  t h a t  fo r  m easu rem en ts  made p a ra l le l  to  t h e  film p lane ,  Nd=0 

and  fo r  m easu rem en ts  m ade p e rp e n d ic u la r  to  t h e  film p lane ,  Nd= 4n . The 

poss ib le  ran g e  fo r  f a c to r  Nd is  0 to  4n, with t h e  4n  v a lu e  co rresponding  

to  maximum sh ie ld in g  an d  th u s  p e rp e n d ic u la r  to  th e  film p lane  

dem agnetiz ing  fie ld  is  v e ry  la rge .

Large u n ia x ia l  a n iso t ro p y  is  n e c e s s a ry  b u t  n o t  s u f f ic ie n t  to  a c h ie v e  high 

co e rc iv i ty  }HC. S p o n taneous  m ag n e t iz a t io n  v e c to r  Is in a fe rrom agne tic  

c ry s ta l  is  a lw ays  bound to  a  d e f in i te  sym m etry  ax is ,  which is  ca lled  th e  

a x is  of e a sy  m ag n e t iz a t io n  (or p re fe r re d  d irec tion ) .  To d e f le c t  v e c to r  Is 

from th i s  a x is  by  app ly ing  a n  e x te r n a l  f ie ld , a c e r ta in  am ount of energy  

m ust  be sp e n t .  Th is  en e rg y  is  ca lled  th e  m ag n e to c ry s ta l l in e  a n iso tro p y  

e n e rg y  or m agnetic  a n is o t ro p y  energy . The v e c to r  Is "senses"  th e  c ry s ta l  

l a t t i c e  is  due to  th e  m agne tic  in te r a c t io n  of th e  m agnetic  moments o f  th e  

a toms. D irec tion  p e rp e n d ic u la r  to  th e  e a sy  a x is  is  known a s  th e  ha rd  

d irec tio n  (or h a rd  ax is) .

The a n iso t ro p y  en e rg y  can  be e x p re sse d  as  a  s e r ie s  of te rm s in v o lv in g  th e  

o r ie n ta t io n  o f  t h e  t o t a l  o r s u b la t t i c e  m ag n e t iz a t io n  w ith  r e s p e c t  to  th e  

c ry s ta l  axes .  In a t e t r a g o n a l  c ry s ta l ,  n eg le c t in g  t h e  term s corresponding  

to  t h e  b a s a l  p la n e  a n iso tro p y ,  t h e  ex p ress io n  is 

Ea =K 1Sin20 +K2 Sin'*©+KgSin60 , w here  © is th e  ang le  be tw een  c ax is  and 

th e  m ag n e t iz a t io n  v e c to r  a n d  K j, K2 , and  Kg a re  a n is o t ro p y  c o n s ta n ts .  

The dom inan t  te rm  for t h e  3d ( t r a n s i t io n  m eta l)  a n iso t ro p y  is  K1TSin 0, 

which le a d s  to  a n  e a sy  c - a x i s  when K jT is p o s i t iv e  and  a  ha rd  a x is  when 

Kjip is  n e g a t iv e .  Some o f  t h e  o th e r  te rm s may be im p o r ta n t  fo r  th e  ra re
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e a r th s ,  p a r t i c u l a r ly  a t  low te m p e ra tu re s .  The a n is o t ro p y  en e rg y  can  be 

o b ta in e d  th ro u g h  to rq u e  c u rv e s ,  m ag n e t iz a t io n  c u rv e s ,  or m agnetic  

reso n an ce .

R ela ted  to  t h e  a n iso t ro p y  e n e rg y  is  th e  concep t  o f  a n is o t ro p y  f ie ld  and  is 

defined  a s  t h a t  need ed  to  s a t u r a t e  t h e  m ag n e t iz a t io n  in  a  d irec tion  

p e rp e n d ic u la r  to  th e  e a sy  a x is .

V arious a n is o t ro p ie s  a re  c la s s if ied  as  following^24 :̂

(1) M ag n e to c ry s ta l l in e  a n is o t ro p y  w hich is  due  m ain ly  to  sp in  o rb it  

coupling.

(2) Shape a n is o t ro p y  w hich comes from th e  d em ag n e tiza tio n  f ie lds .

(3) S t re s s  a n is o t ro p y  which is  produced  by a  com bination  of s t r a in  and 

m ag n e to s t r ic t io n  in  th e  c ry s ta l . j
(4) Induced a n is o t ro p y  w hich  is  due  to  an  asym m etr ica l  d i s t r ib u t io n  of 

l ik e  or u n l ik e  atom  p a ir s  in  t h e  compound.
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2.2. C ry s ta l  S t ru c tu re  of R (Fe,T )12 Compounds

Iron  r ic h  R(Fe,T)12 compounds c ry s ta l l iz e  w ith  a  s ta b le  ThMn12- t y p e  

t e t r a g o n a l  s t r u c tu r e  which be longs to  t h e  sp ace  group  I4/mmm. ThMn12 

ty p e  te t r a g o n a l  1 - 1 2  s t r u c tu r e ,  T h2Ni17 ty p e  h e x a g o n a l  2 - 1 7  s t r u c tu r e ,  

a n d  TbCu7 ty p e  h e x a g o n a l  1 - 7  s t r u c tu r e  a re  r e l a t e d  to  CaCu5 ty p e  

h e x a g o n a l  1 - 5  s t r u c tu r e .  F igu re  2 .1 (a)  shows th e  c ry s ta l  s t r u c tu r e  of 

fam ous SmCog p e rm a n e n t  m agne t  compound which h a s  CaCu5 ty p e  

h ex ag o n a l  1 - 5  s t r u c tu r e  w ith  sp a ce  group p6/mmm.

Both RT12 and  R2T i 7 a re  o b ta in e d  by  period ic  rep lacem en t  of r a r e  e a r th  

atoms(R) in  RT5 by  p a ir s  o f  t r a n s i t io n  m eta l  atom s(2T) re fe r re d  to  as  

d u m b -b e l l  atom s and  th e  d u m b -b e l l  a x is  is  p a ra l le l  to  th e  c - a x i s  o f  th e  

1 - 5  u n i t  cell.

2RT5 -R + 2T = R T 12

3RT5 -R + 2T = R 2T 17

If  t h i s  s u b s t i tu t io n  is  random , i t  will lea d  to  t h e  d iso rd e red  h e x a g o n a l  1 -  

7 ty p e  s t r u c tu r e .  The R c o n te n t  of d iso rde red  1 - 7  is  lower t h a n  t h a t  of 

1 - 5  (16.7%) an d  h ig h e r  t h a n  t h a t  of 1 -1 2  (7.7%) or 2 - 1 7  (10.5%), because  

o f  t h e  p re se n c e  o f  some s t a t i s t i c a l l y  d i s t r ib u te d  dum bbell p a ir s  of 

t r a n s i t io n  m eta l  a tom s in  t h e  1 -7 .

R(Fe,T)12, (R=Nd or Sm) compound h a s  t h e  te t r a g o n a l  ThMn12 s t r u c tu r e ,  

i l l u s t r a t e d  in  f ig u re  2.1(b). One u n i t  cell c o n s is ts  of 24 a tom s (two
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fo rm ula  u n i t s  o f  ThMn12). T he  s ing le  Th (or r a r e  e a r th )  s i t e  (2a) is  in a 

h ig h ly  sym m etr ica l  s p e c ia l  p o s i t io n  (p o in t  sym m etry  4/mmm). There  a re  

t h r e e  c ry s ta l lo g ra p h ic a l ly  d i s t i n c t  Mn(or t r a n s i t io n  m eta l)  s i t e s  (8 i ,8 f  and 

8j) a n d  in  th e  ca se  o f  T=Ti, i t  h a s  a  s t ro n g  8i s i t e  p re fe re n c e .  In th e  

s t r u c tu r e  o f  RT12 th e  s h o r t e s t  R -T  d is ta n c e  occurs  be tw e en  th e  R atom s 

an d  th e  T a tom s a t  t h e  8i s i t e s  (R -8 i= 3 .01  A) an d  th e  s h o r t e s t  

in te ra to m ic  d i s ta n c e  occur  fo r  T on f  an d  i s i t e s  (8 i -8 i= 2 .3 6  A, 8 f -  

8 f= 2 .39  A).



17

2.3. M agnetism in  RE-TM In te rm e ta l l ic s

The m agnetism  o f  h a rd  m agne tic  m a te r ia ls  is  gov e rn ed  by  th r e e  basic  

in te r a c t io n s .

1) E xchange  in te r a c t io n

2) C ry s ta l l in e  E le c t r i c - f i e ld  i n te r a c t io n s

3) S p in - o r b i t  coupling

E lec tro n s  in  a m a te r ia l  w hich m ay g ive  r is e  to  m agne tic  b e h a v io rs  of 

i n t e r e s t  th ro u g h  th e  above  m en tioned  bas ic  in te r a c t io n s  a re  u n p a ired  

e le c tro n s ,  i .e . o f  p a r t i a l ly  f i l led  e le c tro n ic  s h e l l s  w hen th e y  a re  localized  

or p a r t i a l ly  f i l led  e le c tro n ic  b a n d s  when t h e y  a re  f re e  (conduction  

e le c tro n s ) ,  o the rw ise  th e y  a r e  in  c o l le c t iv e  non  d e g e n e ra te  s t a t e s  o f  zero 

sp in  a s  well a s  zero  a n g u la r  momentum which lead  so le ly  to  d iam agnetism . 

In t h e  r a r e - e a r t h  (R) - t r a n s i t i o n  m eta l  (T) in te rm e ta l l ic  compounds, th e  

u n p a ire d  e le c tro n s  a re  th e  4f,5d  an d  6s e le c tro n s  a s so c ia te d  w ith  th e  R 

e lem en t  and  th e  3d and  4s e le c tro n s  a s so c ia te d  w ith  t h e  T elem ent.

The num ber o f  4 f  e le c t ro n s  is  norm ally  an  in te g e r ,  n, fo r  m ost of th e  

r a r e - e a r t h s ,  n = Z -5 7 ,  w here  Z is  t h e  atom ic num ber. The 4 f  sh e ll  of R 

e lem en t is  n o t  t h e  o u te rm o st  s h e l l  an d  th e r e  is  l i t t l e  o v e r lap  w ith  th e  4 f  

s h e l l s  o f  ne ighbo ring  atom s. T hus ,  t h e  e le c tro n s  in  t h e  4 f  sh e l l  a re  

s t ro n g ly  loca lized  and  R e le m en t  in  a R -T  compound h a s  t h e  c h a ra c te r  of 

a n  iso la te d  t r ip o s i t iv e  ion. The r a r e - e a r t h  ions  a re  c h a ra c te r iz e d  by 

s t ro n g  in t r a - a to m i c  exchange  in te r a c t io n s  and  s t ro n g  s p in - o r b i t  coupling
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i n te r a c t io n s  lead in g  to  ion ic  moments } i=gpgj de te rm ined  by  th e  Hund's 

ru le s .

Where, J = T o ta l  a n g u la r  momentum q u an tum  num ber o f  t h e  r a r e - e a r t h  ion 

J = L -S  for n<7 

J=S  fo r  n= 7  

J=L+S for n>7

Where, S=Spin a n g u la r  momentum q u a n tu m  num ber which is  maximized 

S= n /2  fo r  n<7 

S = (1 4 -n ) /2  fo r  n>7

Where, L= O rb ita l  a n g u la r  momentum quan tum  num ber which is  maximized 

c o n s is te n t  w ith  th e  v a lu e  o f  S.

Where g= L and 'e  g f a c to r  fo r  t h e  r a r e  e a r th  ion, defined  as  th e  r a t io  of 

th e  m agnetic  moment (in u n i t s  o f  pg)  to  th e  a n g u la r  momentum (in u n i t s  

of h)

g = l  +  { J ( J + l )+ S ( S + l) —L (L + 1 )} /2 J (J+ ])

Atomic m oments, e sp ec ia l ly  o f  th e  h e a v y  r a r e - e a r t h s  a re  la rge , and  

c ry s ta l l in e  e l e c t r i c - f ie ld  i n te r a c t io n s  on th e s e  moments can  produce  s tro n g  

s in g le  ion a n iso t ro p y  w hich  in  u n ia x ia l  sym m etry  g ive  r i s e  to  la rge  

m ag n e to c ry s ta l l in e  a n is o t ro p y  f ie lds . U n fo r tu n a te ly  th e  in te r - a to m ic  

exchange  in te r a c t io n s  b e tw een  th e s e  moments a r e  too  week to  induce  a 

m agne tic  o rd e r  a t  s u f f ic ie n t ly  h igh te m p e ra tu re s .  In pu re  R m eta ls  only  

Gd h a s  th e  h ig h e s t  Curie p o in t  (290 K) t h a t  ap p ro a c h e s  room tem p e ra tu re .

M agnetic moments o f  t h e  fe r rom agne tic  3d t r a n s i t io n  e lem en t a re  u n l ike  

th o se  o f  t h e  4 f  s e r ie s  in  t h a t  t h e  m agne tic  e le c t ro n s  a re  loca lized . The
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3d s h e l l  o f  t h e  t r a n s i t io n  e lem en t  is  a n  o u te r  she ll ,  and, th e re fo re  

p a r t i c ip a te  in  m eta ll ic  bond ing  of p u re  t r a n s i t io n  e lem en ts  by forming 

narrow  bands .  As t h e  3d t r a n s i t io n  s e r ie s  is  t r a v e r s e d  and  th e  d lev e ls  

f i l l  up, t h e r e  is  a sy s te m a t ic  narrow ing  o f  t h e  d band . The w id th  of th e  

3d band  of fe r rom agne tic  3d t r a n s i t io n  e lem en ts  iron , c o b a l t  an d  n icke l  is  

o f  t h e  o rd e r  o f  1 ev  and  su c h  narrow  ban d s  can s u p p o r t  a n  u n p a ire d  sp in  

moment. The 3d b a n d s  o v e r la p  w ith  a  p a r t ly  f i l led  4s band . The to ta l  

num ber of 3d+ 4s  e le c tro n s  is  a n  in te g e r ,  b u t  rough ly  0.6 e le c tro n s  of th e  

la te  t r a n s i t io n  e lem en ts  a re  in  th e  4s band , so th e  num ber  of 3d e le c tro n s  

is  n o n in tre g a l .  In 3d t r a n s i t io n  m eta ls  t h e  u n sh ie ld e d  3d e le c tro n s  

ex p e r ien c e s  t h e  c r y s t a l - f i e ld  p roduced  by  ne ighbo r ing  ions, and , th e re fo re  

th e  o rb i ta l  moment is  quenched . In th i s  cond it ion , a l th o u g h  th e  t o ta l  

o rb i ta l  momentum o f  an  ion may h a v e  a  d e f in i te  non  zero  m agnitude , i t s  

p ro jec tion  on a n y  a x is  is  found  to  be zero.

The 5d ,6s an d  3d ,4s e le c tro n s  a re  in v o lv e d  in  th e  chem ical b ind ings  and  

become v a le n c e  in  th e  R -T  compounds, and, th e re fo re  th e  m agnetic  

moments o f  t h e  fe rrom agne tic  3d t r a n s i t io n  e lem en ts  can change  

s u b s ta n t i a l l y  u n l ik e  t h e  4 f  a tom s, w hich r e t a in  t h e i r  m agnetic  moments. 

The loca l  chem ical e n v iro n m en t  o f  t h e  3d e lem en t  a lso  h a v e  an  im p o r ta n t  

in f lu e n ce  on th e  m agne tic  moment of th e  fe r rom agne tic  3d t r a n s i t io n  

e lem nt, and , h en ce  d i f f e re n t  c ry s ta l lo g ra p h ic  s i t e s  m ay h a v e  q u i te  

d i f f e re n t  a tom ic moments.

The m agnetic  coupling be tw een  two ions  w ith  sp in  q u a n tu m  num ber S and  

no o rb i ta l  moment may be r e p r e s e n te d  by th e  H eisenberg  H am iltonian

Hij= ~ 2Jijs isj
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The exchange  in te g ra l ,  Jy ,  i s  p o s i t iv e  fo r  a  fe rrom agne tic  in te r a c t io n  and 

n e g a t iv e  fo r  a n  a n t i f e r ro m a g n e t ic  in te r a c t io n  be tw een  th e  two ions  i and

j-

The p r in c ip a l  m agnetic  i n te r a c t io n  in  a n  R -T  compound is  t h a t  be tw een  

t r a n s i t io n  m eta l  a tom s (T -T ) ,  due  to  d i re c t  o v e r lap  o f  t h e  3d sh e l l s  on 

ne ighboring  s i te s .  T h a t  in te r a c t io n  is  u s u a l ly  fe rrom agn tic ,  b u t  depends  

s e n s i t iv e ly  ori t h e  in te ra to m ic  spac ing  r^ .  th e  ty p ic a l  F e - F e  d i s ta n c e  in 

an  iron  a lloy  is  a b o u t  0 .25 nm.

The e x p ress io n  for R-R in te r a c t io n  could be w r i t t e n

H y = -2JijJiJj

s ince  J  is  t h e  good q u an tum  num ber  fo r  R e lem en ts .  But, d i re c t  exchange  

in te r a c t io n s  be tw een  R-R can  be ru led  out,  b e c au se  4 f  e le c t ro n s  a re  

s tro n g ly  loca lized , a n d  due  to  t h i s  fa c t ,  d i re c t  o v e r la p p in g  of t h e  4 f  

sh e l l s  of a d ja c e n t  r a r e  e a r t h  a tom s is  neg lig ib le . In d ire c t  exchange  

in te r a c t io n s  be tw een  th e  ion ic  R e lem en ts  occur v ia  t h e  sp in  p o la r iza t io n  

of th e  conduction  band which is  re f fe re d  to  as  th e  RKKY in te r a c t io n .

The R -T  in te r a c t io n  p roceed  v ia  a n  in d ire c t  mechanism^25), a llows to  l ink  

th e  h igh Curie te m p e ra tu re  a s so c ia te d  w ith  t h e  3d e le c tro n s  an d  th e  la rge  

m ag n e to c ry s ta l l in e  a n is o t ro p y  a s so c ia te d  w ith  t h e  4 f  e le c tro n s .  The 

m echanism  o f  t h i s  in d i r e c t  in te r a c t io n  is  a  r a t h e r  complex one, an d  th e r e  

is  i n t r a - a to m ic  e x c h an g e  coup ling  b e tw een  4 f  a n d  6d e le c tro n s  (4 f -5 d  

c o n ta c t  in te r a c t io n ) ,  an d  an  in te ra to m ic  in te r a c t io n  be tw een  5d and  3d 

e le c tro n s  ( 5 d -3 d  b a n d  in te r a c t io n ) .  The 4 f - 5 d  in te r a c t io n  is 

fe rrom agne tic ,  b u t  t h e  6 d - 3 d  in te r a c t io n  is  a n t i fe r ro m a g n e tic  w hen th e  5d
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band is  le s s  t h a n  h a l f  fu l l  an d  th e  3d ban d  is  more t h a n  h a l f  fu ll ,  a s  

th e y  a re  fo r  a l loys  of r a r e  e a r t h s  w ith  t h e  fe r rom agne tic  t r a n s i t io n  

m eta ls .  T herefo re ,  a n  e f fe c t iv e  a n t i fe r ro m a g n e tic  coup ling  r e s u l t s  be tw een  

th e  3d an d  4 f  sp in  moments. A ccording to  t h e  t h i r d  H und 's  ru le ,  fo r  l ig h t  

r a r e - e a r t h s ,  J = L -S ,  and  h e n c e  m a g n e t iz a t io n 's  of l ig h t  r a r e  e a r th  and  

t r a n s i t i o n  m e ta l  s u b la t t i c e s  coup le  fe r ro m a g n e tic a l ly ,  w here  a s  fo r  Gd and  

h e a v y  r a r e - e a r t h s ,  J=L+S, an d  hen ce  th e  coup ling  is  a n t i fe r ro m a g n e tic .

The R-R in te r a c t io n s  in  t h e  r a r e - e a r t h  t r a n s i t i o n  m eta l  in te rm e ta l l ic  

compounds a re  g e n e ra l ly  q u i te  sm all by  com parison  w ith  R -T  an d  T - T  

in te r a c t io n s ,  and  a re  g e n e ra l ly  neg lec ted .
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2.4. M a g n e to c ry s ta l l in e  A n iso tropy  in  RE-TM In te rm e ta l l ic s

E asy  a x is  a n is o t ro p y  is  in d is p e n s a b le  fo r  m a in ta in in g  th e  m e ta s ta b le  

domain co n fig u ra t io n  re q u i re d  o f  a  p e rm a n en t  m agnet.  On a n  atom ic sca le , 

s in g le - io n  a n is o t ro p y  a r i s e s  th ro u g h  s p in - o r b i t  coup ling  of t h e  o rb i ta l  

s t a t e s  t h a t  a re  s ta b i l i z e d  by  th e  e le c t r o s ta t ic  f ie ld  c re a te d  a t  t h e  atom ic 

s i t e  by t h e  r e s t  of t h e  c ry s ta l  l a t t i c e .  The atom ic moment h a s  

co rrespond ing  p re fe r re d  o r ie n ta t io n s  or loca l  e a sy  d i re c t io n s  t h a t  r e f le c t  

t h e  p o in t  sym m etry  o f  t h e  s i te .  The m acroscopic  m a g n e to c ry s ta l l in e  

a n is o t ro p y  o b ta in e d  by summing all  t h e  s in g l e - io n  c o n tr ib u t io n s  r e f le c t s  

th e  o v e ra l l  c ry s ta l  symm etry.

Both r a r e - e a r t h  s u b la t t i c e  and  3d s u b la t t i c e  c o n t r ib u te  to  th e  

m ag n e to c ry s ta l l in e  a n iso tro p y .  In gen e ra l ,  th e  form er is  dom inan t b u t  th e  

c o n tr ib u t io n  o f  t h e  l a t t e r  is  s ig n i f ic a n t  b e c au se  3d atom s a re  th e  major

c o n s t i tu e n t s  of t h e  R -T  in te rm e ta l l i c  compounds. The c ry s ta l  f ie ld  a c t in g

on th e  u n sh ie ld e d  3d e le c tro n s  is  s t ro n g e r  t h a n  s p in - o r b i t  in te r a c t io n .  

A lthough  th e  o r b i ta l  m oment is  la rg e ly  quenched , s in g le - io n  a n iso t ro p y  

can  s t i l l  a r i s e  w hen some r e s id u a l  o rb i ta l  c o n tr ib u t io n s  rem ains .  The 

e f fe c t  is  ty p ic a l ly  a n  o rd e r  of m agn itude  sm a lle r  t h a n  fo r  t h e  r a r e - e a r t h  

se r ie s .  But in  some in s ta n c e s  t h e  3d s u b la t t i c e  c o n tr ib u t io n  may become

q u i te  la rge  a s  in  YCo5 w here  i t  c o n t r ib u te s  a lo n e  an d  lead  to  an

a n is o t ro p y  f ie ld  o f  18 t ^26 .̂

The o b se rv e d  a n is o t ro p y  o f  t h e  r a r e - e a r t h s ,  w hich h a v e  a  loca lized  

moment and  a well de f ined  m agne tic  q u a n tu m  num ber  J, is  b e s t  desc r ibed
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by s in g le - io n  model, in  t h i s  model t h e  m ag n e to c ry s ta l l in e  a n iso tro p y  of 

t h e  r a r e - e a r t h  ion is  ex p la in ed  by  a  h a m il to n ian  t h a t  inc ludes  th e  

c ry s ta l l in e  e le c tr ic  f ie ld  H am ilton ian  (Hcf) and  th e  H am iltonian  of o th e r  

in te r a c t io n s  in v o lv e d  (Hraag ) i-e- th e  exchange  in te r a c t io n s  and  th e  

Zeeman in te r a c t io n s  a s s o c ia te d  w ith  app lied  e x te r n a l  m agne tic  f ie ld  H. In 

ge n e ra l  th e  e x ch an g e  in te r a c t io n s  a re  cons ide red  w ith in  t h e  m olecu lar  

f ie ld  app rox im ation  so t h a t  t h e  co rrespond ing  H am ilton ian  sim plif ies  in to  

t h a t  o f  a  Zeeman in te r a c t io n  - g p BJHe x , w here Hex is  t h e  exchange  fie ld . 

The H am iltonian  for a  s ing le  ion is

=  Hc f  +  ^mag.

-  Hcf> + gUpJHex

The f i r s t  term , c ry s ta l  f ie ld  H am iltonian , h a s  t h e  g e n e ra l  form

= Z 2ic or
B=0m=0

Where n can  t a k e  t h e  v a lu e s  2,4 and  6 for t h e  r a r e - e a r t h  s e r ie s  and  On m 

a re  th e  S te v e n 's  a n g u la r  momentum o p e ra to r  e q u iv a le n ts .  The p a ra m e te rs  

Bnm combine in fo rm ation  on th e  p o te n t ia l  c re a te d  by th e  d is t r ib u t io n  of 

charge  in  th e  so lid  an d  t h e  form o f  th e  charge  d i s t r ib u t io n  of t h e  4 f  

she ll .

Bnm a re  g iven  by

Bq =<J||e„||J>(rnX l-o B)K"Aj

Where ©n  is  a  reduced  m a tr ix  e lem en t  known a s  t h e  S te v e n 's  coe ff ic ien t  

fo r  t h e  r a r e - e a r t h  ion in  q u e s t io n  (d en o ted  as  ctj,(3j,gj fo r  n= 2 ,4 ,6  

re s p e c t iv e ly ) ,  <rn > is  t h e  a v e ra g e  o v e r  t h e  4 f  w ave fu n c t io n s ,  on  is  a 

sh ie ld in g  f a c to r  and  Kn m is  a  num erica l  c o n s ta n t .  The co e ff ic ien ts  Anm 

desc r ibe  t h e  c r y s t a l  f ie ld  p roduced  by  t h e  s u r ro u n d in g s  of t h e  r a r e - e a r t h
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ion, and  shou ld  change  l i t t l e  in  an  i s o s t r u c tu r a l  s e r ie s  o f  compounds w ith  

d i f fe re n t  r a r e  e a r th s .

One way o f  e v a lu a t in g  Anm is  from th e  p o in t  cha rge  model. Charge a re  

a s so c ia te d  w ith  t h e  a tom ic s i t e s  (RpOptfj), and

A£ = {4*e/(2n + l)}Zqi Y ^ i+ iJ /R r1i
for example

= (4we/ 5}Zqi Yr(3Cos2&- X) 1 Rii

The num ber of term s in  t h e  e x pansion  of t h e  c ry s ta l  f ie ld  H am iltonian  Hcf  

is  l im ited  by  t h e  p o in t  sym m etry  of t h e  r a r e - e a r t h  s i te .  As a example 

for ThMn12 ty p e  RFe i 2 - x Tx compounds, th e  c ry s ta l  f ie ld  H am iltonian  a t  

t h e  r a r e - e a r t h  s i t e  (2a) w ith  te t r a g o n a l  p o in t  sym m etry  (4/mmm) t a k e s  th e  

form
Her = B °0 ° + B °0 ° + B4O4 + B5O® + B ^

The lead ing  term  B 2 °0 2°  in  t h e  ex p an s io n  of th e  c ry s ta l  f ie ld  in te r a c t io n  

in  u n ia x ia l  m a te r ia ls  is  p a r t i c u la r ly  im p o r ta n t ,  b e c au se  i t  is  th e  s ign  of 

t h i s  te rm , t h e  p ro d u c t  o f  t h e  s igns  o f  a j  a n d  A2°  t h a t  de te rm ines  

w h e th e r  th e  r a r e - e a r t h  h a s  h a r d -  or e a s y - a x i s  a n iso tro p y .  The s ign  of 

A2°  is  dec ided  by th e  c ry s ta l  s t r u c tu r e ,  b u t  t h a t  o f  cxj depends  on 

w h e th e r  t h e  sh a p e  o f  t h e  4 f  charge  d i s t r ib u t io n  is  p ro la te  or o b la te .  For 

Sm th e  s ign  o f  a j  i s  p o s i t iv e  which is  opposite  to  t h a t  fo r  Pr or Nd, a 

c ry s ta l  w ith  p o s i t iv e  A2°  will e x h ib i t  e a s y - a x i s  a n is o t ro p y  w hen R=Pr or 

Nd, b u t  e a s y - p l a n e  a n is o t ro p y  when R=Sm.
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At th e  low est  t e m p e ra tu re s ,  t h e  s e c o n d - ,  f o u r t h -  an d  s ix t h - o r d e r  r a r e -  

e a r th  a n is o t ro p y  can  a ll  be im p o r tan t ,  an d  complex n o n c o lin e a r  m agnetic  

s t r u c tu r e s  may be t h e  r e s u l t .  On ra is in g  th e  te m p e ra tu re ,  t h e  in f luence  

o f  th e  f o u r t h -  an d  s i x t h - o r d e r  te rm s  will r a p id ly  dec line , l e a v in g  th e  

s e c o n d -o rd e r  r a r e - e a r t h  te rm s  a s  t h e  p r in c ip a l  sou rce  of 

m ag n e to c ry s ta l l in e  a n is o t ro p y  an d  th i s  is  o f te n  t h e  s i tu a t io n  a t  room 

te m p e ra tu re .  F ina lly ,  a t  h ig h e r  t e m p e ra tu re s  t h e  more rap id  dec line  of 

th e  r a r e - e a r t h  m ag n e t iz a t io n  compared w ith  t h a t  o f  t h e  t r a n s i t io n  m eta l  

can  lead  to  a  s i t u a t io n  w here  th e  iron  or c o b a lt  a n iso t ro p y  is  th e  

dom inan t te rm  up  to  Tc .
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CHAPTER 3 EXPERIMENT

3.1. S y n th e s is  of Films

3.2. C h a ra c te r iz a t io n  o f  Films

3.1. S y n th e s is  of Films

The m agne tic  films t h a t  we used  in  t h i s  s tu d y  w ere sy n th e s iz e d  by RF 

glow d isc h a rg e  s p u t t e r  depos it ion .  RF s p u t t e r  depos it ion  p rocess  is  t h e  

m ost w idely  u sed  m ethod to  s y n th e s iz e  t h in  films fo r  r e se a rc h ,

deve lopm en t and  in  t h e  in d u s t ry .  S p u t te r  s y n th e s iz a t io n  allows to  con tro l  

th e  de p o s i t io n  p ro cess  by  chang ing  s p u t t e r in g  p a ra m e te rs  such  as

s p u t t e r in g  gas  p re s s u re ,  t a r g e t  to  s u b s t r a t e  d i s ta n c e ,  s u b s t r a t e

te m p e ra tu re ,  b ias  v o l ta g e  e tc . .  D iscuss ions  a b o u t  th e  s p u t t e r  p rocess  can 

be found  in  a la rg e  num ber  of jo u rn a l  a r t i c le s  and  th e y  a re  well

docum ented  in  books^2 7 ^ 28 .̂

The vacuum  cham bers  u se d  fo r  s y n th e s iz in g  t h e  films c o n s is ts  of a 

s t a in le s s  s te e l  cham ber and  a  cryopump a id ed  by a n  ion pump. The base  

p re s s u re  could  be b ro u g h t  to  th e  1 0 " 8 to r r  r an g e  and  norm ally  o p e ra ted  

in  t h e  low 10- 7  t o r r  b a se  p re s s u re .  The cham ber was no rm ally  baked  for 

a t  l e a s t  24 ho u rs  befo re  s t a r t i n g  s p u t t e r  depos it ion .
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The t a r g e t s  u sed  in  t h i s  s tu d y  had  a  b u t to n  sh a p e  a n d  were made by a rc  

m elting  th e  p u re  c o n s t i tu e n t s  ( a t  l e a s t  99.9% pu re )  in  an  i n e r t  a tm osphere  

in to  a  hom ogeneous b u t to n .  To e n s u re  hom ogeneity  t h e  b u t to n s  were 

rem elted  th re e  or fo u r  t im es  w hile f l ipp ing  t h e  b u t to n  a f t e r  each  melting.

Sm w ith  i t s  h igh  v a p o u r  p re s s u re  an d  low m elting  te m p e ra tu re  (1072 °C) is 

h ig h ly  v o la t i l e  and  h en ce  e x c ess  Sm was added  to  t h e  Sm c o n ta in in g

t a r g e t  b u t to n s  in  o rd e r  to  co m pensa te  fo r  Sm lo sse s  du r ing  a rc  m elting

and s p u t te r in g ,  w here  e v a p o ra t io n  from growing film s u rfa c e  occurs  due to

high s u b s t r a t e  te m p e ra tu re .

To g e t  a  com position g ra d ie n t  a long  th e  le n g th  o f  th e  s u b s t r a t e ,  a 

co l in e a r  a rra n g e m e n t  o f  t h r e e  b u t to n  t a r g e t s  w ith  v a ry in g  am ount of

c o n s t i tu e n t  e lem en ts ,  in  t h e  d e s ire d  r a t io ,  were used . Uniform com position

films were made by a  c o l in e a r  a r ra n g e m e n t  of t h r e e  uniform  com position 

b u t to n s .  Compositions o f  t h e  films d ep o s ited  from th e  same s e t  of t a r g e t s  

can  be v a r ie d  th ro u g h  co n tro l l in g  s p u t t e r in g  p a ra m e te rs  b u t  n o t  to  a  la rg e  

degree.

The films were d e p o s i te d  on to  p o ly c ry s ta l l in e  Al20 3 s u b s t r a t e s .

S u b s t ra te s  were h e a te d  by a  q u a r tz  lamp. The p r e h e a t in g  t e m p e ra tu re  of 

t h e  s u b s t r a t e  p r io r  to  t h e  s p u t t e r  dep o s it io n  depended  on t h e  power 

supp lied  to  t h e  lamp an d  ran g e d  from room te m p e ra tu re  to  900 K. The 

a c tu a l  su r fa c e  t e m p e ra tu re  o f  t h e  s u b s t r a t e s  d u r in g  s p u t t e r  depos it ion

were 50 to  80 degree  h ig h e r  t h a n  th e  p re h e a t in g  te m p e ra tu re  due  to

p lasm a h e a t in g .  The same q u a r tz  lamp was a lso  used  fo r  p o s t  depos it ion  

h e a t in g  or an n ea l in g .
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An in p la n e  m agne tic  f ie ld  t h a t  we call Hs , was app lied  u s in g  p e rm a n en t  

b a r  m ag n e ts  in  a  yoke  a r ra n g e m e n t.  The app lied  f ie ld  was h igh ly  p a ra l le l  

to  th e  s u b s t r a t e  p lane .  A l though  a ran g e  o f  v a lu e s  from 12 Oe to  6 kOe 

were a v a i la b le ,  in  t h i s  s tu d y  th e  v a lu e  of Hs was he ld  c o n s ta n t  a t  800 

Oe.

The s p u t t e r in g  gas  u sed  w as Ar and  th e  gas  was cycled th ro u g h  th e

vacuum  cham ber fo r  th e  d u ra t io n  of depos it ion  in  o rder  to  m a in ta in  

sy s tem  p u r i ty .  The s p u t t e r in g  gas  p re s s u re  ran g e d  from 40 mTorr to  150 

mTorr.

The s p u t t e r in g  r a t e  was c o n tro l led  by in p u t  RF power and  gas  p re s s u re  

p rov id ing  t h a t  th e  s u b s t r a t e  t a r g e t  geom etry  a rra n g e m e n t  was fixed . One 

of t h e  a d v a n ta g e s  of t h e  s p u t t e r in g  te c h n iq u e  is  t h a t  th e  r a t e  of 

depos it ion  rem ains  c o n s ta n t  w ith  tim e i f  th e  RF power and  gas  p re s s u re  do 

n o t  v a ry .  T hese  c o n d it io n s  were a t t a in e d  in  t h e  s p u t t e r in g  sy s tem  by

u s in g  and  a u to m a tic  p re s s u r e  c o n tro l le r  and  re g u la te d  power supp ly . The

de p o s i t io n  r a t e  in  t h i s  s tu d y  ranged  from 3 A p e r  second  to  9 A p e r

second. The th ic k n e s s  of th e  films ran g ed  from 0.5 pm to  5 pm.

The sp e c ia l  m agnetic  p ro p e r t ie s  a s  well a s  t e x t u r e  o f  th e  film m agne ts  

w ere ach ie v e d  th ro u g h  p rocess  con tro l ,  which inc lude  s u b s t r a t e  

t e m p e ra tu re ,  s p u t t e r in g  gas  p re s s u r e  a n d  de p o s i t io n  r a t e .  T here  a re  two 

m ethods  o f  s p u t t e r  de p o s i t io n  d iffe r ing  in  t h e  way of c ry s ta l l i iz in g  th e  

film m agne ts .  F i r s t  m ethod is  s u b s e q u e n t  c ry s ta l l iz a t io n :  th e  film m agnets  

a re  f i r s t  s p u t t e r  d e p o s i te d  in  am orphous form and  su b s e q u e n t ly
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c ry s ta l l iz e d  th ro u g h  h e a t  t r e a tm e n t .  The second  m ethod  is  d i re c t  

c ry s ta l l iz a t io n :  t h e  film m ag n e ts  a re  d i re c t ly  c ry s ta l l iz e d  by  s p u t t e r  

depos it ion  onto  s u b s t r a t e s  m a in ta in e d  a t  p ro p er  h igh  te m p e ra tu re s .

N itr id ing  o f  t h e  d i re c t ly  c ry s ta l l iz e d  films w ere  a c h ie v e d  by th e rm a l ly  

h e a t in g  th e  sam ples  in  500 T orr  N2 a t  550 °C fo r  2 h o u rs  in  s i tu .
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3.2. C h a ra c te r iz a t io n  of Films

The m agne tic  m ea su rem e n ts  w ere  m ade u s in g  a  V ib ra t ing  Sample 

M agnetom eter  (VSM). M agnetic  f ie ld s  u p to  18 kOe were p rov ided  by  an  

iron  core  m agne t  and  u p to  90 kOe by a N b -T i  su p e rc o n d u c tin g  m agnet.  

Since app lied  f ie ld s  o f  th e  o rd e r  o f  th r e e  to  f iv e  t im es  t h e  c o e rc iv i ty  a re  

r e q u i re d  to  m agne tize  a sam ple  to  a t  l e a s t  90% of t h e  s a tu r a t i o n  v a lu e ,  

su p e rc o n d u c tin g  m agne tic  m easu rem en ts  w ere done fo r  m ost of th e  sam ples. 

In g e n e ra l  c o e rc iv i ty  in c re a s e s  w ith  d e c re a s in g  te m p e ra tu re ,  an d  th e re fo re  

low te m p e ra tu re  m agne tic  m easu rem en ts ,  from room te m p e ra tu re  down to 

5K. w ere done by u s in g  th e  su p e rc o n d u c tin g  m agnet.  High te m p e ra tu re  

m agne tic  m easu rem en ts ,  from room te m p e ra tu re  up to  Tc , were done by 

us ing  th e  iron  core m agnet.

H y s te re s is  loop m easu rem en ts  w ere  con tro l led  by a  p e rso n a l  com puter  and  

a l l  t h e  sc an n in g  an d  d a ta  a c q u is i t io n  p ro ced u res  w ere au to m a te d .  The 

s ize  o f  t h e  sam ple  fo r  m ea su rem e n ts  was a round  0.16 cm2 and  gave  

m agne tic  moments in  th e  o rd e r  of 10- 1  to  10- 3 emu. The s u b s t r a t e  h ad  a 

d iam agnetic  c o n tr ib u t io n  in  t h e  o rd e r  of 10- 6 emu/gm an d  was co rrec ted  

for. The row d a ta  w ere a lso  c o rrec ted  fo r  d iam agnetic  c o n trb u t io n s  from 

th e  sam ple  ho lder . The h o ld e r  c o n tr ib u t io n s  w ere  m easu red  a t  a  ran g e  of 

t e m p e ra tu re  so t h a t  t h e  a p p ro p r ia te  c o rre c t io n s  to  t h e  raw  d a ta  could  be 

m ade fo r  d i f f e re n t  m ea su rem e n t  te m p e ra tu re s .  C o n tr ib u t io n s  from some 

h o ld ers  w ere p a ra m ag n e t ic  an d  th e  raw  d a ta  were c o rrec ted  accord ingly . 

The ty p l ica l  s ig n a l  to  n o ise  r a t io  was le s s  t h a n  3%.
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Composition o f  t h e  film w as m easu red  th ro u g h  a  sc an n in g  e le c tro n  

m icroscope (SEM) coupled  w ith  a n  E nergy  D ispers ive  X - r a y  spec trom ete r .  

D e ta ils  o f  t h i s  t e c h n iq u e  a re  well docum ented  in t h e  l i t e r a tu r e .  The 

a n a ly z e r  inc luded  a  l iqu id  n i t ro g e n  cooled Si(Li) d e te c to r ,  a  m u l t i - c h a n n e l  

an a ly z e r ,  an d  a  d e d ic a te d  com puter  fo r  d a ta  a c q u is i t io n  an d  a n a ly s is .  

E lem ents  o f  t h e  film sam ples  w ere Sm,Nd,Fe,Co,Ti,V,Mo, an d  Zr. The 

e le c tro n  e x c i ted  x - r a y  Ka  l in e s  of Co an d  Fe and  t h e  La  l in e  of t h e  Sm 

and  Nd were used  to  de te rm ine  th e  composition.

The c ry s ta l  s t r u c tu r e ,  l a t t i c e  p a ra m e te rs  a and  c and  film x - r a y  d e n s i ty  

were de te rm ined  u s in g  an  x - r a y  d i f f ra c to m e te r  coupled  w ith  a  Si(Li) 

de te c to r .  An MCA and a  com puter  w ere coupled  w ith  t h e  sys tem  for d a ta  

a c q u is i t io n  an d  ang le  s c an in g  con tro l .  CuK a l  r a d ia t io n  were used  for 

d i f f ra c t io n  a n a ly s is .  P rec ise  l a t t i c e  p a ra m e te rs  w ere de te rm ined  by u s in g  

a f i t t in g  p rocedu re  deve loped  in  t h i s  l a b ^ \

To de te rm ine  th e  4nM a c c u ra te ly ,  a n  a c c u ra te  v a lu e  fo r  th e  film th ic k n e s s  

( t)  was a  m ust.  The l a r g e s t  s ing le  source  of e r ro r  in  de te rm in ing  t h e  4nM 

v a lu e  came from th e  film th ic k n e s s .  The th ic k n e s s  of t h e  film was 

u s u a l ly  de te rm ined  by  th e  film 's  m ass, a re a ,  and  d e n s i ty ,  and  th e  v a lu e  

was checked  by v iew ing  t h e  c r o s s - s e c t io n  o f  a  f r a c tu r e d  film and  

s u b s t r a t e  in  th e  s c an n in g  e le c tro n  microscope. The sc an n in g  e le c tro n  

m icroscopy was a lso  u sed  to  s tu d y  th e  film morphology. The re s o lu t io n  of 

t h e  SEM w as 50 A w hich  w as  norm ally  enough  to  o b se rv e  t h e  g ra in s  in 

our  films.
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M ossbauer s p e c t r a  w ere  t a k e n  a t  room te m p e ra tu re  u s in g  a  c o n v e n tio n a l  

c o n s ta n t - a c c e l e r a t i o n  s p e c tro m e te r .  The Y -ray  sou rce  was 57Co in  a  Rh 

m atr ix  an d  t h e  c a l ib ra t io n  was made by  u s in g  t h e  spec trum  o f  a - F e  a t  

room te m p e ra tu re .

Magneto o p t ica l  m ea su rem e n ts  were done a t  IBM, T. J . Watson Research  

C en ter.



33

CHAPTER 4 SYNTHESIS OF ThMn12 TYPE S m -F e -T  FILMS,

T=Ti,V or Ti+V

4.1. In tro d u c tio n

4.2. E xper im en ta l  D e ta ils

4.3. R esu lts  and  D iscussion

4 .3 .a. S t ru c tu re

4.3.b. M agnetic  P ro p e r t ie s

4.1. In tro d u c tio n

The Fe r ich  Sm -Fe  p h a s e s  s ta b i l i z e d  in to  th e  ThMn12 s t r u c tu r e  by th e  

a d d it io n  of c e r ta in  t r a n s i t io n  m e ta ls  su ch  as  Ti and  V h a v e  o ffe red  th e  

p o s s ib i l i ty  o f  be ing  ab le  to  p roduce  h igh  ene rgy  p ro d u c t  m agne ts  s ince  

th e i r  i n i t i a l  d iscovery^4^ 2 9 \  T hese  p h a s e s  e x h ib i t  la rg e  v a lu e s  of 

s a tu r a t i o n  f lux  d e n s i t ie s ,  4nMs, £10  kG, a n is o t ro p y  f ie ld s  o f  >100 kOe, 

and  a  s u f f ic ie n t ly  h igh Curie p o in t  of 350 to  400 °C^S\  In p r in c ip le  th e n  

s t a t i c  e n e rg y  p ro d u c ts  of (4nMr )2/4 = 2 5  MGOe shou ld  be poss ib le  p rov ided  

a  v a lu e  o f  4nMr= 10  kG fo r  a  r e m a n e n t  f lux  d e n s i ty  an d  an  in t r in s ic  

c o e rc iv i ty  o f  a t  l e a s t  5 kOe can  be rea l ized .  A lthough  i t  h a s  been 

p o ss ib le  to  s y n th e s iz e  sam ples  w ith  in t r in s ic  coerc ive  force, jHc , in  t h e  6 

to  12 kOe range^39^ 3 1 ^ 22^ 3 3 ,̂ i t  h a s  b e e n  d i f f ic u l t  to  a t t a i n  t h e  h igh 

rem a n en t  f lux  d e n s i ty  an d  h igh  in t r in s ic  c o e rc iv i ty  s im u l ta n e o u s ly  in  th e  

same sam ple which is  n e c e s s a ry  to  re a l iz e  a  h igh  s t a t i c  en e rg y  p ro d u c t  or
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m agnetic  en e rg y  d e n s i ty .  The r e a s o n s  fo r  above  m en tioned  d i f f ic u l ty  a re  

two fold. F i r s t  re a so n  is  t h a t  g e n e ra l ly  i t  i s  th o u g h t  t h a t  a r e l a t iv e ly  

la rge  th i rd  e lem ent a d d it io n  is  n e c e s s a ry  to  s ta b i l i z e  t h i s  s t r u c tu r e  which 

s ig n i f ic a n t ly  red u c e s  t h e  s a tu r a t i o n  f lux  d e n s i ty  a n d  in  t u r n  rem a n en t  

f lux  d e n s i ty .  The u s u a l  com position  th o u g h t  to  be re q u i re d  is 

a pp rox im ate ly  S m F e j jT i j  or SmFe10V2 . Second rea so n  is  t h a t  so far ,  

sam ple p re p a ra t io n  te c h n iq u e s  y ie ld ed  only  in  m ag n e t ic a l ly  iso tro p ic  

sam ples  w ith  no p re fe r re d  o r ie n ta t io n  of c r y s t a l l i t e s  w hich is n e c e s s a ry  to  

a c h ie v e  high rem a n e n t  f lux  d e n s i ty  v a lu e s .  The maximum poss ib le  

r e m a n e n t  f lu x  d e n s i ty  of a  m ag n e t ic a l ly  iso tro p ic  sam ple is  h a l f  th e  

s a tu r a t i o n  f lux  d e n s i ty .  For example, rem a n en t  f lux  d e n s i ty  of 

m echan ica l ly  a lloyed  an d  s u b s e q u e n t ly  h e a t  t r e a te d  Snii2 F e7 3 v i 5 sam ple 

(m agne tica l ly  iso tro p ic  r e s in -b o n d e d )  is  4.9 kG a l th o u g h  i t  h a s  a 

co e rc iv i ty  of 10.6 kOe. I ts  en e rg y  p ro d u c t  in  th i s  c a se  is  l im ited  to  5.2 

MGOe due to  low re m a n e n t  f lux  d e n s i ty ^ 33 \

The d i re c t ly  c ry s ta l l iz e d  h ig h ly  o r ie n te d  s p u t t e r e d  films t h a t  we h a v e  

been  ab le  to  s y n th e s iz e  overcom e bo th  of th e  normal r e a s o n s  t h a t  l im it 

t h e  a v a i la b le  r em n a n t  f lux  d e n s i t ie s  o f  th e  Sm(Fe,T)12 sys tem s. These  

films e x h ib i t  an  ex trem e  deg ree  o f  c ry s ta l lo g ra p h ic  t e x tu r in g  such  t h a t  

t h e  c - a x e s  of t h e  g ra in s  a re  a ligned  p e rp e n d ic u la r  to  t h e  film p lan e .  For 

t h i s  o r ie n ta t io n  o f  t h e  c ry s ta l l i t e s ,  4nMr  can  a p p ro ach  4nMs . 

C onsequen tly  h igh  v a lu e s  of t h e  s t a t i c  en e rg y  p ro d u c t  up to  21 MGOe, a t  

293 K, h a v e  been  m easu red  p e rp e n d ic u la r  to  t h e  film p l a n e ^ .  Iron 

c o n c e n t ra t io n  for t h e  h ig h ly  t e x tu r e d  Sm (Fe,Ti)12 films t h a t  we h a v e  been  

ab le  to  s y n th e s iz e  r a n g e s  from 85 to  91 a t .  % Fe and  for b in a ry  SmFe12 

t h a t  h a s  been  s y n th e s iz e d  fo r  th e  f i r s t  tim e in  Dr. C ad ieu 's  la b o ra to ry ,  i t
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s ta n d s  a t  92 a t .  % F e ^ \  The s a tu r a t i o n  f lux  d e n s i t ie s ,  an d  poss ib le  

r em n a n t  f lu x  d e n s i t ie s ,  a re  t h e n  h igh  and  for b in a ry  SmFe12 i t  is a s  h igh 

a s  14.5 kG.
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4.2. E xpe r im en ta l  D e ta ils

The 2 - 5  pm th ic k  film sam p les  w ere  s y n th e s iz e d  by  RF s p u t te r in g .  The 

b u t to n  t a r g e t s  u sed  in  t h e s e  s tu d ie s  were m ade by  a rc  m elting  th e  pu re  

c o n s t i tu e n t s  ( a t  l e a s t  99.9 % pure)  in  a n  i n e r t  a tm osphe re  in to  a

hom ogeneous b u t to n .  To e n s u re  hom ogeneity  th e  b u t to n s  were rem elted  

th re e  or fo u r  t im es w hile  f l ipp ing  th e  b u t to n  a f t e r  each  m elting . The Sm 

w ith  i t s  h igh  v a p o r  p r e s s u r e  an d  low m elting  t e m p e ra tu re  (1072 °C) is  

h ig h ly  v o la t i l e  an d  hence  e x c es s  Sm was added  to  t h e  b u t to n s  in  o rde r  to  

com pensa te  fo r  Sm lo sse s  du r ing  a rc  m elting  and  s p u t te r in g  w here

e v a p o ra t io n  from growing film su rfa c e  occurs  due  to  h igh  s u b s t r a t e  

tem p e ra tu re .  To g e t  a  com position  g ra d ie n t  w ith  f a i r ly  c o n s ta n t  Sm b u t  

Fe to  Ti r a t io  in c re a se d  a long  th e  le n g th  of th e  s u b s t r a t e ,  a co l l in e a r  

a r ra n g e m e n t  of t h r e e  b u t to n  t a r g e t s  w ith  c o n s ta n t  am ount of Sm, while 

in c re as in g  Fe to  Ti, r a t io  w ere  used . The s p u t t e r  depos it ion  cham bers  

had  base  p re s s u re s  below 10- 7  Torr. The films were dep o s ited  a t

p r e s s u re s  o f  «100  mTorr Ar on to  p o ly c ry s ta l l in e  Al20 3 s u b s t r a t e s

p re h e a te d  to  te m p e ra tu re s  of 4 0 0 -5 5 0  °C.
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4.3. R esu lts  an d  D iscussion

4 .3 .a. S t ru c tu re

F igure  4 .1(b) shows th e  X - r a y  d if f ra c t io n  t r a c e  o f  a

Sm8.98F e84.92Ti4 .27v 1.84 film m a^ e *n o rd e r  to  e x h ib i t  m odera te , b u t  n o t  

ex trem e t e x tu r in g  an d  t e n  d i f f ra c t io n  l in e s  can  be d e te c te d  fo r  th i s

d i re c t ly  c ry s ta l l iz e d  film t h a t  s t i l l  e x h ib i t  s t ro n g ly  p e rp e n d ic u la r

a n is o t ro p y  m agne tic  p ro p e r t ie s .  The 2© v a lu e s  of t h e  obse rved  l in e s  a re  

t a b u la te d  in  t h e  f i r s t  column o f  ta b le  4.1. The second column of ta b le  

4.1 and  f ig u re  4 .1(b) shows t h e  index ing  b a se d  on a ThMn12 cell. Th is  

index ing  an d  a n y  o th e r  in d ex in g  which will be d isc u sse d  l a t e r  in  th i s

se c t io n  h a s  been  a r r iv e d  a t  by f i t t i n g  t h e  l in e s  to  th e  r e s p e c t iv e  

s t r u c tu r e  ty p e s  by a  program  which s c a n s  a ll  poss ib le  f i t s  w i th in  in  th i s  

case ,  an d  m ost o th e r  ca ses ,  a  spec if ied  to le ra n c e  of 0.1° 2©. The f i t t in g  

program a lso  c a lc u la te s  t h e  w e igh ted  ro o t  m ean sq u a re  d e v ia t io n s  on th e  

f i t t in g  to le r a n c e s  an d  in  t h i s  ca se  Fmin = 0 ,0 1 ° ^or t e n  ob se rv ed  and  

f i t t e d  l in es  for th e  1 -1 2  s t r u c tu r e .  The u n i t  cell d im ensions were 

a= 8 .482  A and  c=4 .798  A. F igu re  4 .1 (a)  shows th e  x - r a y  d i f f ra c t io n  

t r a c e  o f  a  s im ila r  com position  S m - F e - T i - V  film made in  o rder  to  e x h ib i t  

ex trem e  (002) t e x tu r e .  T ab le  4 .2  shows th e  powder d i f f ra c t io n  d a ta  fo r  

ThMnJ2 ty p e  S m F e jjT i  compound (a= 8 .5 7 0  A, c=4 .796  A)^29 \

The x - r a y  d i f f ra c t io n  t r a c e  o f  a m o d era te ly  (202) t e x tu r e d  two e lem en t 

Sm -Fe  film, c o n ta in in g  8.5 at% Sm w ith  t h e  rem a in d e r  be ing  Fe, is  shown 

in f igu re  4.2^7\  A t r a c e  o f  a - F e  is  d e te c te d  for th e  b in a ry  Sm -Fe
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sam ples. Ten d i f f ra c t io n  l in e s  can  be d e te c te d  fo r  t h i s  b in a ry  SmFe12 

film a n d  2 6  v a lu e s  a re  t a b u la te d  in  t h e  f i r s t  column of ta b le  4.3. The 

b in a ry  S m F e ^  films w ere g e n e ra l ly  m ade to  a  th ic k n e s s  of app rox im ate ly  

2 pm which allowed th e  m ost  in te n s e  A12 0 3 l in e s  o f  t h e  p o ly c ry s ta l l in e  

s u b s t r a t e  to  a c t  a s  a b s o lu te  ang le  checks. F igu re  4.2 an d  l a s t  column of 

t a b le  4.3 shows t h e  in d ex in g  b a se d  on a  ThMn^2 cell.

As s t a t e d  in  c h a p te r  two, ThM n12 ty p e  t e t r a g o n a l  1 -1 2  s t r u c tu r e ,  T h 2 Zn ]7  

ty p e  rhom bohedra l  2 - 1 7  s t r u c tu r e  and  TbCu7 t y p e  hex ag o n a l  1 - 7  s t r u c tu r e  

a re  r e l a te d  to  CaCug ty p e  h e x a g o n a l  1 - 5  s t r u c tu r e .  The re la t io n s h ip s  

be tw een  th e  l a t t i c e  p a ra m e te r s  a re  a s  following.

a2 - 1 7 = ^ 3 ‘a l - 5  and c2 - 1 7 = 2 ’c1 - 5  

a l - 1 2 = ^ 3 'a l - 5 ;=2‘c l - 5  and c l - 1 2 = a l - 5 = a l - 1 2 //^ 3

C e r ta in  l a t t i c e  p la n e s  a re  c onnec ted  by th e  following t ra n s fo rm a t io n  

m atr ices .

h 1 - 1 0
k = 1 2 0
1 _ 2-17 .0 0 3

h - 1 1 0
k = 0 0 2
1 . 1-12 .  1 1 0

As a r e s u l t ,  c lose  r ea s se m b les  o f  t h e i r  X - r a y  d if f ra c t io n  p a t t e r n s  is  

ex p e c te d  a n d  c e r t a in  d i f f ra c t io n  l in e s  shou ld  be common to  t h e  CaCu5 , 

TbCu7 , 2 - 1 7  rhom bohedral,  a n d  t e t r a g o n a l  ThMn12 s t r u c tu r e s .  In a d d it io n  

to  th e s e  t ra n s fo rm a t io n  c o n n ec ted  l in e s  th e  1 - 1 2  s t r u c tu r e  e x h ib i ts  a  

h ig h e r  d e n s i ty  o f  l in e s  b e c a u se  t h e  s t r u c tu r e  is  n o t  in  a g re e m e n t  w ith  th e
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id ea l  s t r u c tu r e  t r a n s fo rm a t io n  s ize  which would h a v e  a i - i 2 = 2 ' c i _ 5  an(i 

c l _ 12= a i - 5 - The d e v ia t io n s  from th i s  idea l  c a se  a re  d r iv e n  by th e

o rder ing  a t  t h e  dum bbell s i t e s  and  lea d s  to  t h e  m uch h ig h e r  d e n s i ty  o f  

l in e s  o f  t h e  1 - 1 2  s u p e r s t ru c tu re ,  a s  opposed to  t h a t  po ss ib le  fo r  th e  

fu n d am e n ta l  1 - 5  s t r u c tu r e .  T hese  a d d i t io n a l  s u p e r s t ru c tu re  l ines  can  be 

u sed  to  id e n t i fy  th e  d i f f e re n t  s t r u c tu r e s .  We l im it  ou r  a n a ly s i s  on ly  to  

th e  b in a ry  ca se  w here  t h e  te n  observed  x - r a y  d if f ra c t io n  l in es  a re  

s h a rp e r  th a n  t h a t  of S m - F e - T i - V  films.

Hence th e  obse rved  l in es  for which i t  is poss ib le  to  index  by a d iso rdered  

1 -5 ,  TbCu? ce ll ,  and  rhom bohedra l  2 - 1 7  cell a re  a lso  show n as  column 

s e t s  one and  two of t a b le  4.3. This  index ing  h a s  been  a r r iv e d  a t  by th e  

fo r  m en tioned  f i t t in g  p rogram  w ith  a specif ied  to le ra n c e  o f  0.1° 29. The 

w eigh ted  ro o t  mean s q u a re  d e v ia t io n s  on th e  f i t t in g  to le ra n c e  were 

Fm in= 0 ,1 ° *or th e  s e v e n  f i t t e d  l in es  for th e  1 -5  and  2 - 1 7  s t r u c tu r e s  and  

Fmin = 0 -1° f ° r  th e  te n  o b se rv e d  and  f i t t e d  l in e s  fo r  th e  1 -1 2  s t r u c tu r e .

The 1 -1 2  s t r u c tu r e  is  th e  on ly  one t h a t  a c co u n ts  fo r  a l l  t h e  obse rved  

l in es .  In a d d it io n  to  t h e  f a c t  t h a t  a ll  t h e  ob se rv ed  x - r a y  l in e s  can  only  

be f i t  by  t h e  1 -1 2  p h a se ,  t h e  m agnetic  p ro p e r t ie s  and  M ossbauer d a ta  

v e ry  s t ro n g ly  su p p o r t  t h a t  index ing  and  p ro v id e  c o nc lu s ive  ev idence  

a g a in s t  th e  1 -5 ,  1 -7 ,  an d  2 - 1 7  p h a s e s  a s  poss ib le  s t r u c tu r e s  which will 

be d isc u sse d  in  t h i s  c h a p te r  6 .
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4.3 .b  M agnetic P ro p e r t ie s

Most o f  t h e  S m -F e - T  films were m ade so a s  to  e x h ib i t  h igh ly  (002) 

t e x t u r e  w here  t h e  c - a x i s  (e a s y  a x is )  of t h e  in d iv id u a l  c ry s ta l l i t e s  a re  

h ig h ly  a ligned  p e rp e n d ic u la r  to  t h e  film p lane .  The p e rp e n d ic u la r  to  th e  

film p la n e  an d  in  t h e  film p la n e  h y s te r e s i s  loops a s  m easu red  a t  room 

te m p e ra tu re  ,4nM v e r s u s  H in te r n a l ,  a re  shown in f ig u re  4.3, so lid  cu rves .  

Th is  film sam ple  had  a  com position  o f  Sm8 04F e 7 9 .1 6 ^ 9  1 l v 3 69' T^ e 

o r ig ina l  p e rp e n d ic u la r  to  th e  film p lan e  loop a s  m easu red  v e r s u s  H app lied  

is  shown in  th e  d ash ed  l ine .  The maximum f ie ld  app lied  was ±90 kOe.

The d em a g n e tiz a t io n  f a c to r s  fo r  th e s e  film p ieces  a s  m easu red

p e rp e n d ic u la r  to  t h e  film p la n e  a re  Nd = 4 n ( l - t / 2 m m )  w here  t ,  t h e  film 

th ic k n e s s ,  i s  m easu red  in  mm. The th ic k n e s s  fo r  m ost of t h e  S m -F e -T  

films h a v e  been  in  th e  4 to  5 pm ran g e .  For th e s e  s e v e r a l  micron th ick  

films Nd= 0 .998 (4n )  w hich h a s  been  t a k e n  as  4u  w i th in  ex p e r im en ta l  

u n c e r t a in t ie s .  Hence th e  s e lfd e m a g n e tiz a t io n  co rrec tio n  fo r  th e s e  films is 

®Int—̂ a p p l” 411®*-

Film th ic k n e s s  v a lu e s  as  m ea su red  by weighing th e  film and  com puting th e  

th ic k n e s s  from a  known d e n s i ty  can  o f te n  u n d e re s t im a te  th e  film th ic k n e s s  

fo r  ex trem e  p e rp e n d ic u la r  a n is o t ro p y  films. T h is  is  b e c au se  t h e  a c tu a l

film d e n s i ty  can  be le s s  t h a n  e x p e c te d  due  to  t h e  p re se n c e  o f  some void

s t r u c tu r e  in  th e  films. Th is  can  ca u se  t h e  m a g n e t iz a t io n  to  be

o v e re s t im a te d  which shows up  a s  a  n e g a t iv e  s lope  fo r  p a r t  o f th e  

h y s te r e s i s  loop o f  4nM v e r s u s  HIn t  in  th e  dem agne tiz ing  q u a d ra n t .  A 

n a tu r a l  l im it on th e  film f lu x  d e n s i ty  is  s e t  by  th e  re q u i re m e n t  t h a t  th e  

loop s h a l l  n o t  assum e a  n e g a t iv e  s lope  w hen co rre c te d  fo r  dem agne tiza tion  

e ffec ts .  A more a c c u r a te  v a lu e  o f  t h e  film th ic k n e s s  can  be de te rm ined
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by th e  u se  of sc an n in g  e le c tro n  m icroscope, SEM, fo r  m easu rem en t  of th e  

film th ic k n e s s .  SEM p h o to g ra p h s  o f  f r a c tu r e d  sam ple  edges in d ic a te  no 

d isc e rn ib le  co lum nar or vo id  s t r u c tu r e  fo r  th e s e  h ig h ly  t e x tu r e d  films and  

th e re fo re  t h e  s t r u c tu r e  is  v e ry  dense . SEM p h o to g ra p h s  a s  well a s  th e  

h igh  f lux  d e n s i t ie s  m easu red  p e rp e n d ic u la r  to  th e  film p la n e  j u s t i f y  th e  

use  of Nd«4n which would be t h e  ca se  fo r  a  d e n se  p la te  fo r  m easu rem en ts  

made p e rp e n d ic u la r  to  th e  p lane .

The room te m p e ra tu re  jHc a n d  s t a t i c  en e rg y  p ro d u c t  p e rp e n d ic u la r  to  th e  

film p lan e  is  5 kOe and  20 .7± 0 .5  MGOe re s p e c t iv e ly .  The in t r in s ic  

co e rc iv i ty ,  jHc , in  t h i s  c a se  is  j u s t  s u f f ic ie n t ly  h igh  a t  5 kOe so t h a t  th e  

s t a t i c  en e rg y  p ro d u c t  v a lu e  is  n o t  c o e rc iv i ty  lim ited . The ±90 kOe 

app lied  f ie ld  when app lied  p e rp e n d ic u la r  to  th e  film p lan e  is  n e a r ly  

s u f f ic ie n t  to  s a t u r a t e  t h e  film sam ple a s  shown in f ig u re  4.3 an d  th e  

4nMs v a lu e  is  12.1 kG. The f ie ld  t h a t  would be req u ired  to  s a t u r a t e  th i s  

film to  th e  same v a lu e  i f  ap p lied  in t h e  film p lan e  is  e s t im a ted  to  be 

130±10 kOe. For  m ea su rem e n ts  made in  th e  film p la n e  th e  

d em a g n e tiz a t io n  v a lu e  is  n e a r ly  0 so t h a t  t h e  app lied  fie ld  is  eq u a l  to  

t h e  e f fe c t iv e  i n te r n a l  fie ld . For t h e s e  h igh ly  a lig n ed  films w hich h a v e  th e  

c ry s ta l lo g ra p h ic  c - a x i s  o r ie n te d  p e rp e n d ic u la r  to  th e  film p la n e  th is  

a n is o t ro p y  f ie ld  is  th e n  th e  m a g n e to c ry s ta l l in e  a n is o t ro p y  fie ld .

The g ra in  s iz e s  of th e s e  films fa l l s  in  t h e  s ing le  domain ran g e  so t h a t  in 

th e  a b sen c e  o f  s tro n g  p in n in g  e f fe c ts  t h e  r a t i o  of th e  r e m a n e n t  to  

s a tu r a t i o n  f lux  d e n s i t ie s  a re  e x p e c te d  to  be gov e rn ed  to  a  la rg e  degree  by 

r e la x a t io n  by  ro ta t io n  o f  t h e  m ag n e t iz a t io n  w ith in  th e  g ra in s  following an  

in i t i a l  m ag n e t iz a t io n .  Th is  r a t io  is  e xpec ted  to  h a v e  a  v a lu e  of 0.5, fo r  a
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3 - d  random  co llec tion  o f  g ra in s ,  a  v a lu e  o f  O.5*cos(0) fo r  a 3 - d  random 

co llec tion  o f  g ra in s  for a n  e a sy  cone sy s tem  of cone ang le  <t>. And a 

v a lu e  of 2 / n  fo r  a  sy s tem  o f  g ra in s  w ith  th e  e a s y  a x e s  random ly  o r ie n ted  

on to  th e  film p lan e .  The h igh r a t io  of r e m a n e n t  to  s a tu r a t io n ,  

4nMr /4nMg, ob se rv ed  p e rp e n d ic u la r  to  t h e  film p la n e  for f ig u re  4.3 is  only 

c o n s is te n t  fo r  a  u n ia x ia l  sy s tem  w ith  t h e  e a sy  a x e s  of t h e  c ry s ta l l i t e s  

o r ie n ted  n e a r ly  p e rp e n d ic u la r  to  th e  film p lan e  (4nMr /4nM g= 0.913). The 

m agnetic  p ro p e r t ie s  th u s  p rov ide  v e ry  specif ic  e x p e c ta t io n s  to  a id  in 

ass ig n in g  a  c ry s ta l  s t r u c tu r e  and index ing  of ob se rv ed  x - r a y  d if f ra c t io n  

l ines .

For th e s e  h ig h ly  t e x tu r e d  films a s  i l l u s t r a t e d  in  f ig u re  4 .1(a),  th e  

t e x tu r in g  becomes only  (0 0 2 ) for th e  1 - 1 2  t e t r a g o n a l  index ing  m aking c -  

a x is  o f  th e  in d iv id u a l  c r y s t a l l i t e s  p e rp e n d ic u la r  to  t h e  film p lane .  This  

index ing  is  c o n s is te n t  w ith  t h e  obse rved  ex trem e p e rp e n d ic u la r  an iso tro p y  

and  co rresponds  to  m agne tic  p ro p e r t ie s  obse rved  in  f igu re  4.3. In 

c o n t r a s t  to  th is ,  th e  t ra n s fo rm a t io n s  and  index ing  i l l u s t r a t e s  t h a t  t h e  a -  

ax is  of t h e  1 - 7  s t r u c tu r e  co rre sponds  to  th e  c - a x i s  of th e  1 -1 2  

s t r u c tu r e .  As shown in t a b le  4.3, t h e  (002) c - a x i s  re f le c t io n  of th e  1 -1 2  

s t r u c tu r e  would correspond  to  th e  c - a x i s  in  p la n e  (110) l in e  of t h e  1 -7  

p h a se ,  an d  th e  c - a x i s  in  p la n e  (300) l ine  of th e  rhom bohedra l  2 - 1 7  

p h a se ,  an d  th e re fo re  obse rved  m agnetic  p ro p e r t ie s  ru le s  o u t  1 - 7  an d  2 -1 7  

s t r u c tu r e s  a s  p o ss ib le  c a n d id a te s .  The m agne tic  p ro p e r t ie s  of th e s e  ea sy  

ax is  in  t h e  film p la n e  sy s te m s  h a s  been  docum ented  in  a  la rg e  num ber of 

p u b l ic a t io n s  dea ling  w ith  t h e s e  p h a ses^ 3<̂ ® ^ \
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Therm om agnetic  d a ta  of a  ThMn12 ty p e  Sm8 8 5 Fe 85  3 2 Ti4 3 5 V! 58  sam ple 

fo r  which th e  x - r a y  d i f f ra c t io n  p a t t e r n  is  g iven  in  f igu re  4 .1 (a)  is  shown 

in  f igu re  4.4. The Curie t e m p e ra tu re  o f  t h i s  sam ple is  a b o u t  350 °C. All 

th e s e  ThMn12 ty p e  S m - F e - T  films h a v e  a  n e a r ly  s ing le  phase  

m ic ro s t ru c tu re  which r e s u l t s  in  a  sm ooth v a r i a t io n  o f  t h e  m ag n e t iz a t io n  

w ith  te m p e ra tu re  a s  can  be se en  in  f ig u re  4.4 fo r  t h i s  S m - F e - T i - V  

sample.

The f i r s t  and  second q u a d r a n t  o f  h y s te r e s i s  loops of ThMn12 ty p e  

®m8.86F e 90.14T*l sam ple, a s  m easu red  a t  293 K, so lid  cu rves ,  an d  a t  15 

K, d ash ed  cu rves ,  a re  shown in  f igu re  4.5. X - r a y  d if f ra c t io n  p a t t e r n  of 

th e  sam e sam ple is  g iven  in  f igu re  4.5 in se t .  T hese  films for w hich th e  

Ti c o n c e n t ra t io n  is  a s  low as  1 At. % h a v e  a  n e a r ly  s ing le  p h a s e  

m ic ro s t ru c tu re  an d  gave  th e  f i r s t  c lu es  a g a in s t  th e  common b e l ie f  among 

th e  r e s e a rc h e rs  t h a t  Ti c o n c e n t ra t io n  shou ld  be a t  l e a s t  6 A t % to 

s ta b i l iz e  th e  ThMnJ2  s t r u c tu r e  in  S m -F e -T i  films. Low c o n c e n t ra t io n  of 

non m agne tic  Ti m akes th e  c o n tr ib u t io n  of Fe to  th e  s a tu r a t i o n  moment in 

SmFe1 2 _ xTix h igh  and  p e rp e n d ic u la r  to  th e  film p la n e  d ire c t io n  4nMs 

v a lu e s  a t  293 K and  15 K a re  15 .110 .2  kG and 1410.2  kG r e s p e c t iv e ly  fo r  

th e  film sample shown in f ig u re  4.6.

The in  p lan e  (hard  d irec tio n )  h y s te r e s i s  loops shown in f igu re  4.5 r e v e a ls  

an  in te r e s t in g  f e a tu r e  o f  S m -F e - T i  compounds a t  low te m p e ra tu re .  The in  

p lan e  loop a s  m easu red  a t  15 K c u rv e s  upw ard  n e a r  90 kOe, in  c o n t r a s t  

th e  in  p lan e  loop as  m easu red  a t  293 K c u rv e s  downward, in d ic a t in g  an  

o n se t  of a s h a rp  u p tu rn  in  m ag n e t iz a t io n  a s  a  fu n c t io n  of app lied  fie ld  a t  

low te m p e ra tu re s .  Th is  is  ca lled  a  f i r s t - o r d e r  m ag n e t iz a t io n  p rocess
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(FOMP) which h a s  been  o b se rv e d  in  a ' la rg e  v a r i e ty  o f  m agnetic  

compounds^36^ 3 ^ .  A FOMP is  an  i r r e v e r s ib le  ro ta t io n  o f  th e  

m ag n e t iz a t io n  v e c to r  M be tw een  two in e q u iv a le n t  m a g n e t iz a t io n  s t a t e s  

a n d  M2 u n d e r  th e  a c t io n  of a n  app lied  m agne tic  f ie ld , w hich r e s u l t s  in  a 

d i s c o n t in u i ty  of t h e  m a g n e t iz a t io n  c u rv e  a long  t h e  h a rd  m ag n e t iz a t io n  

d i re c t io n  o f  a  fe rrom agne t.  The t r a n s i t io n  is  lo ca ted  a t  t h e  p o in t  w here 

t h e  f re e  e n e rg y  of t h e  two m agnetic  p h a s e s  is  equa l.  The c r i t ic a l  f ield  

and  m ag n e t iz a t io n ,  Hcr and  Mj, th e  ty p e  of t r a n s i t io n  an d  th e  am plitude  

of th e  jump 8M =Mj-M2 a re  fu n c t io n s  of th e  a n is o t ro p y  c o n s ta n t s  and  th e  

d ire c t io n  of th e  app lied  m agne tic  f ie ld . The maximum app lied  f ie ld  of 90 

kOe was n o t  enough  to  se e  t h i s  t r a n s i t io n  of S m -F e - T i  which occurs 

above  90 kOe as  can  be s e e n  in f igure  4.5.

F igure  4.6 shows th e  d ependence  of a n is o t ro p y  f ie ld  on T (T=Ti or Ti+V) 

c o n c e n t ra t io n  fo r  SmFe i 2 - x ^ x  compounds a t  room te m p e ra tu re .  The 

a n is o t ro p y  fie ld  rem ains  a p p ro x im ate ly  c o n s ta n t  fo r  0.13<x<1.7 range .

The x - r a y  d i f f ra c t io n  p a t t e r n  o f  a  ThMn12 ty p e  Sm8 7 gFeg l  0v io  22 

sam ple (a= 8 .496  "A, c=4.786 "A) is  show n in  F igu re  4.7. The f i r s t  an d  

second  q u a d ra n t  h y s te r e s i s  loops o f  t h e  sam e sam ple  a re  show n in f igu re  

4.8. Since t h i s  sam ple  is  m o d era te ly  (002) t e x tu r e d  4nM v a lu e  o f  8.8  kG 

a t  90 kOe is t h e  4nMs v a lu e .  The p e rp e n d ic u la r  to  t h e  film p la n e  jHc 

v a lu e  is  4.3 kOe a n d  a n is o t ro p y  f ie ld  HA is 90±10  kOe.
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CHAPTER 5 SYNTHESIS OF Sm(Fe,Ti) 12 FILMS WITH 

DIFFERENT TEXTURES

5.1. In tro d u c tio n

5.2. E xpe r im en ta l  D eta ils

5.3. E xper im en ta l  R esu lts  a n d  D iscussion

5 .3 .a. Adatom S u rface  M obility an d  T e x tu re

5.3.b. v a n  der  D r if t 's  model

5.1. In tro d u c tio n

Films o f  h igh  a n is o t ro p y  u n ia x ia l  m a te r ia ls ,  w ith  random ly  o r ie n ted  

c ry s ta l l i t e s ,  do n o t  e x h ib i t  a  r e m a n e n t  m ag n e t iz a t io n  of more t h a n  a b o u t  

h a l f  t h e  s a tu r a t i o n  v a lu e .  The maximum en e rg y  p ro d u c t  is  t h e n  only 

o n e - f o u r th  of t h a t  p o ss ib le  fo r  a n  a ligned  m a te r ia l .  This  is  a lw ays  th e  

c a se  for films c ry s ta l l iz e d  from am orphous d ep o s its .  We h a v e  been  ab le  to  

s y n th e s iz e  Sm(Fe1_ x ,Tix ) 12 films w ith  t h e  c - a x i s  of t h e  in d iv id u a l  

c r y s t a l l i t e s  h ig h ly  a ligned  p e rp e n d ic u la r  to  t h e  film p lan e  by d i re c t  

c ry s ta l l iz a t io n ,  and, t h e s e  films e x h ib i t  r e m n a n t  f lux  d e n s i ty  v a lu e s  c lose 

to  s a tu r a t i o n  v a lu e s  fo r  h y s te r e s i s  loops m easu red  p e rp e n d ic u la r  to  th e  

film p lane .  We h a v e  a lso  s tu d ie d  th e  change  in  t e x t u r e  o f  1 -1 2  films 

w ith  s p u t t e r  de p o s i t io n  p a ra m e te rs  su c h  a s  s p u t t e r in g  gas  p re s s u re ,  P, 

s u b s t r a t e  t e m p e ra tu re ,  ST, a n d  dep o s it io n  r a t e ,  R, for x£0 .1 . I t  h a s  been 

poss ib le  to  m odify t h e  s p u t t e r  dep o s it io n  p a ra m e te rs  s y s te m a t ic a l ly  so 

t h a t  th e  film t e x t u r e  mode can  be sw itched  from (0 0 2 ) to  (2 2 2 ) fo r  th i s



46

t e t r a g o n a l  s y s t e m ^ .  For a n  optimum s e t  o f  s p u t t e r in g  p a ra m e te rs  th e  

ada tom  su r fa c e  m obility  on t h e  su r fa c e  of th e  growing film is high, and, 

which r e s u l t s  in  t h e  ex trem e  a lignm en t  of t h e  c - a x i s  p e rp e n d ic u la r  to  th e  

film p lan e .  The o b se rv e d  p re fe r re d  (idea l)  o r ie n ta t io n s  o f  c r y s t a l l i t e s  can  

be ex p la in ed  in  te rm s  of v a n  d e r  D rif t 's  model o f  t h e  e v o lu t io n a ry  grow th 

o f  v a p o r  d e p o s i te d  films^38 \  Th is  model p r e d ic ts  t h a t  random ly  o r ie n ted  

c r y s t a l l i t e s  which h ap p e n  to  h a v e  h i g h - g r o w t h - r a t e  d i re c t io n s  norm al to  

t h e  s u b s t r a t e  will e v e n tu a l ly  dom ina te , p ro v id ed  t h e  s u rfa c e  m obility  is 

high.

The ro le  o f  d em a g n e tiz a t io n  ene rgy  , a l th o u g h  th e  m agne tic  en e rg ie s  a re  

v e ry  sm all compared to  c ry s ta l  l a t t i c e  e n e rg ie s ,  is  a lso  im p o r ta n t  in 

d e te rm in in g  d i f f e re n t  grow th  modes. The Curie p o in t  o f  t h e  R(Fe,T) 12 

sys tem  is  ss310°C a n d  th e  d e p o s i t io n  te m p e ra tu re  is in  t h e  ran g e  from 

350°C to  500°C, which is  above  th e  Curie p o in t  and  hence  th e  

de m a g n e tiz a t io n  and  a n is o t ro p y  en e rg ie s  a re  in c o n s e q u e n t ia l  in  de te rm in ing  

th e  d i f f e re n t  g row th  modes.

The c /a  a s p e c t  r a t io  can  a lso  p la y  a dom inan t  ro le  in  de te rm in ing  th e  

t e x t u r e ^ T h e  t e x tu r in g  o f  sy s tem s  t h a t  h a v e  a  c /a  r a t io  t h a t  d e v ia te s  

to  a  la rg e  e x te n t  from 1 can  be co n tro l led  by a d ju s tm e n t  of t h e  s p u t t e r in g  

cond it ions .  The c /a  r a t io  can  be much g r e a t e r  t h a n  1, a s  fo r  SmCo3 , or 

much le s s  t h a n  1, a s  fo r  Sm(Fe,T) 12 sy s tem s .  A m a te r ia l  su ch  a s  SmCo3 

h a s  a  h e x a g o n a l  s t r u c tu r e  w ith  a n  a  l a t t i c e  p a ra m e te r  o f  «5  A, an d  c«24 

A. I f  t h i s  m a te r ia l  w ere  to  be c ry s ta l l iz e d  su ch  t h a t  t h e  c r y s t a l l i t e  c -  

a x e s  were p r e f e re n t ia l ly  a l ig n ed  on to  t h e  film p lan e ,  th e n  a  h igh a s p e c t  

r a t io  g row th  would be req u ired .  The long c - a x e s  r e p e a t  d i s ta n c e  in  th e
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film p lane can be eas ily  d isru p ted  by th e  im pact of th e  sp u tte red  atom 

flux  on th e  s u b s tra te . The p re fe re n tia l grow th mode th en  has  th e  c -a x e s  

skewed ou t o f th e  film p lane. The c /a  ra tio  for R(Fe,T)12 system s is 

s0 .57  and th u s  films can be grown w ith d iffe re n t te x tu re  modes by 

changing sp u tte r in g  p a r a m e te r s ^ .
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5.2 E xpe r im en ta l  D e ta ils

The a 4 pm th ic k  films h a v e  been  s p u t t e r  dep o s ited  in  a  RF diode sys tem  

on to  h e a te d  p o ly c ry s ta l l in e  Al2Og s u b s t r a t e s .  The s u b s t r a t e s  were 

s u f f ic ie n t ly  h e a te d  so t h a t  t h e  d e p o s i t s  w ere d i re c t ly  c ry s ta l l iz e d  upon 

depos it ion .  In o rder  to  s tu d y  th e  e f fe c t  of s u b s t r a t e  te m p e ra tu re  on 

grow th mode, films were made a t  s u b s t r a t e  tem p e ra tu re s (S T )  o f  645, 660, 

675, 690, and  720 K w hile  t h e  s p u t t e r in g  g as  p re s su re (P )  was he ld  

c o n s ta n t  a t  150 mTorr o f  A r and  de p o s i t io n  ra te (R ) «3 A/s. Films were 

a lso  m ade a t  s p u t te r in g  gas  p re s su re s (P )  o f  60, 100, an d  150 mTorr of Ar 

and  th e  s u b s t r a t e  tem p e ra tu re s (S T )  w ere t h e  same a t  645 K and  dep o s it io n  

ra te (R )  for th e s e  films was »3 A/s. The r e l a t i v e ly  h igh  s p u t t e r in g  gas 

p re s s u re s  a llowed s u f f ic ie n t  th e rm a l iz a t io n  o f  incoming s p u t t e r e d  atom s. 

To s tu d y  th e  film grow th  dynam ics  w ith  th e  g row th  r a t e  films were made 

a t  a  r e l a t iv e ly  high de p o s i t io n  ra te (R )  o f  9 A /s. The s p u t t e r in g  gas  

p ressu re (P )  for th e s e  films w ere  th e  sam e a t  150 mTorr o f  Ar b u t  two 

d i f f e re n t  s u b s t r a t e  tem p era tu re s (S T )  720 K and  800 K were used.
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5.3 E xper im en ta l  R esu lts  and  D iscussion

5 .3 .a  Adatom Surface  M obility  and  T e x tu re

X -R a y  d i f f ra c t io n  t r a c e s  ,CuKct, o f  Sm(Fe0 9 9 ^ 0 .0 p l 2  f i lms sy n th e s iz e d  a t  

v a r io u s  s u b s t r a t e  t e m p e ra tu re s  a re  shown in  f igu re  5.1. The s p u t t e r in g  

gas  p re s s u r e  w as he ld  c o n s ta n t  a t  150 mTorr Ar. A t low s u b s t r a t e  

te m p e ra tu re s  ada tom  su r fa c e  m obility  is  low and  films a re  h ig h ly  (222) 

t e x tu r e d .  When th e  s u b s t r a t e  te m p e ra tu re  in c re a se s ,  te m p e ra tu re  of th e  

growing film s u r fa c e  in c re a s e s  an d  so is  t h e  ada tom  s u rfa c e  m obility .

High adatom  s u r fa c e  m ob il i t ie s  a re  re sp o n s ib le  for h igh ly  (002) t e x tu r e d  

films and  when th e  te m p e ra tu re  in c re a s e s  from 645 K to  720 K th e  t e x tu r e  

mode changes  from h ig h ly  (222) t e x tu r e  to  h ig h ly  (002) te x tu r e .

F igure  5.2 shows th e  x - r a y  d if f ra c t io n  t r a c e s  of films made a t  v a r io u s  

s p u t t e r in g  gas  p re s su re s ,  th e  s u b s t r a t e  t e m p e ra tu re s  were he ld  c o n s ta n t  a t  

645 K. Films made a t  s p u t t e r in g  gas  p re s s u re s  of 60 mTorr Ar a re  h igh ly  

(002) t e x tu r e d  and  th e y  a re  h ig h ly  (222) t e x tu r e d  a t  150 mTorr of Ar. 

Low s p u t t e r in g  gas  p r e s s u re s  t e n d  to  in c re a s e  th e  ada tom  s u rfa c e  m obility  

b ecause  incoming s p u t t e r e d  atom s c a r ry  more en e rg y  t h a n  a t  high

s p u t t e r in g  gas  p re s s u re s ,  w here  th e y  a re  th e rm alized .  In a d d i t io n  ion, 

n e u t r a l  and  e le c tro n  bom bardm ent is  a lso  h igh  a t  low s p u t t e r in g  gas

p r e s s u re s  which r e s u l t  in  h ig h e r  ada tom  s u rfa c e  m obility . A t  h igh
/ q q )

p re s s u re s  adso rbed  Ar a lso  lim it t h e  ada tom  s u rfa c e  m o b il i ty '  . 

T he refo re  a t  SP o f  60 m to rr  Ar adatom  s u rfa c e  m obility  is  h igh an d  films 

a re  h ig h ly  (002) t e x tu r e d  e v e n  th o u g h  th e  ST is  low a t  645 K. A t h igh
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SP of 150 mTorr Ar ada tom  s u rfa c e  m obility  is  low and  films a re  h igh ly  

(222) t e x tu r e d .  Higher s u b s t r a t e  t e m p e ra tu re s  can  reduce  th e  e f fe c t  of 

p r e s s u re  an d  in c re a se  th e  o v e ra l l  adatom  s u rfa c e  m obility  a s  can be seen  

on f ig u re  5.1, w here  th e  films made a t  SP of 150 mTorr Ar, b u t  a t  ST of 

720 K a re  h ig h ly  (002) t e x tu r e d .

All th e  above  m entioned  films w ere made a t  dep o s it io n  r a t e s  in  th e  range  

o f  3 to  4 A/s. F igure  5.3 shows th e  x - r a y  d i f f ra c t io n  t r a c e s  of films 

sy n th e s iz e d  a t  d i f f e re n t  d e p o s i t io n  r a t e s .  The s u b s t r a t e  t e m p e ra tu re s  

were th e  same a t  720 K, a n d  th e  s p u t t e r in g  gas  p re s s u re  were t h e  same 

a t  100 mTorr Ar. The films, made a t  h igh depos it ion  r a t e s  of 9 A/s, a re  

h ig h ly  (2 2 2 ) t e x tu r e d  p ro b ab ly  because  h igh  dep o s it io n  r a t e s ,  l ike  argon 

p re s s u re s ,  t e n d  to  lim it th e  adatom  s u rfa c e  m obility . By in c re as in g  th e  

s u b s t r a t e  te m p e ra tu re  from 720 K to  800K a t  t h i s  same h igh depos it ion  

r a t e ,  9° A /s, t e x tu r e  mode c a n  be sw itched  from h igh ly  (2 2 2 ) t e x tu r e  to  

h ig h ly  (002) t e x tu r e  as  shown in F igu re  5.4 b e c au se  th e  h igh s u b s t r a t e  

t e m p e ra tu re s  can  reduce  th e  e f fe c t  of dep o s it io n  r a t e  and  in c re a s e  th e  

ov e ra l l  ada tom  s u rfa c e  m obility .

X - r a y  d i f f ra c t io n  t r a c e s  o f  films s y n th e s iz e d  u n d e r  d i f f e re n t  s p u t te r in g  

p a ra m e te rs ,  a s  ex p la in ed  above , s u g g e s t  a  s t ro n g  l in k  be tw een  th e  

ev o lu t io n  of a  p re fe r re d  o r ie n ta t io n  and  ada tom  s u r fa c e  m obility .
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5.3.b v a n  der  D r if t 's  model

v a n  de r  D rif t  h a s  s u g g e s te d  t h a t  p a r t i c u l a r  c ry s ta l lo g ra p h ic  d i re c t io n s  will 

dom ina te  in  v a p o r - d e p o s i t e d  films. To de te rm ine  th e s e  d ire c t io n s ,  we can  

c ons ide r  a  f re e ly  growing c r y s t a l  w ith  iso trop ic  co a t in g  f lu x  an d  f in d  th e  

d ire c t io n  from th e  c e n te r  to  th e  m ost d i s t a n t  p o in t  on th e  c ry s ta l .  This 

will be t h e  d ire c t io n  of f a s t e s t  g row th  and  th e  o r ie n ta t io n  which dom inate  

t h e  th in  film u n d e r  th e  ex trem e  assum ption  of in f in i te  s u r fa c e  d iffusion . 

When th e  su r fa c e  d iffu s ion  is  in f in i te ,  c ry s ta l s  in  a dep o s ited  la y e r  and 

f re e -g ro w in g  c ry s ta l s  ex p a n d  in  t h e  v e ry  same way. L a t t ic e  p la n e s  

p e rp e n d ic u la r  to  t h e  f a s t e s t  g row th  d ire c t io n  a re  th o se  w ith  th e  l a rg e s t  

num ber o f  a tom s p e r  u n i t  a re a .  A p re fe re n c e  fo r  o r ie n ta t io n s ,  t h a t  p lace  

th e  m ost d e n se ly  p o p u la te d  atom ic p la n e s  p a ra l le l  to  t h e  s u b s t r a t e ,  a re  

commonly se en  in e v a p o ra te d  th in  films and  h a v e  been  re p o r te d  for th ic k  

s p u t t e r e d  c oa tings^40 \

In f igu re  5.5 th e  d ire c t io n  o f  f a s t e s t  g row th  is  shown fo r  a  num ber of 

a r b i t r a r i l y  chosen  f re e -g ro w in g  te t r a g o n a l  s in g le  c ry s ta ls .  The s h a p e  or 

s h a p e s  of th e  c ry s ta l s  a s  o r ie n te d  u n d e r  th e  de p o s i t io n  co n d it io n s  a t  th e  

n u c le a t in g  la y e r s  could r e s u l t  in  d i f f e re n t  t e x tu r e  modes, a l th o u g h  i t  is  

o f ten  im possib le  to  recogn ize  a n y  c ry s ta l  s h a p e  in  th e  la y e r s .  During 

d i re c t  c ry s ta l l iz a t io n  of f ilms on h e a te d  am orphous AlgOg s u b s t r a t e s  th e  

seed  c r y s t a l l i t e s  formed in  t h e  n u c le a t in g  la y e r s  a re  g e n e ra l ly  random ly  

o r ie n ted .  As t h e  film grows in  th ic k n e s s ,  u n d e r  t h e  a ssum ption  o f  in f in i te  

su r fa c e  d if fu s ion , a l l  c ry s ta l s  grow eq u a lly  quick ly , th e re fo re  th e  c ry s ta ls  

w ith  th e  d i re c t io n  o f  f a s t e s t  g row th  n e a r ly  p e rp e n d ic u la r  to  th e  s u b s t r a t e  

a re  in  a  fa v o re d  p o s i t io n  in  r e la t io n  to  o th e r  c ry s ta l s  and  will su rv iv e .
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F igure  5.6 is  a  tw o -d im e n s io n a l  r e p r e s e n ta t io n  of t h i s  p rocess  fo r  (10) 

bounded  cubic  c ry s ta ls ,  random ly  o r ie n te d  a t  t h e  n u c le a t in g  lay e rs ,  in  a 

tw o -d im e n s io n a l  space^3 8 .̂ I t  can  be shown t h a t  by  s u c c e s s iv e ly  adding  

e q u a l  th ic k n e s s  o f  m a te r ia l  to  e a ch  face  (which a ssum es  in f in i te  s u r fa c e  

m ob il i ty  e v e n  a long  t h e  s u b s t r a t e ) ,  e v e n tu a l ly  th e  c r y s t a l l i t e s  w ith  th e  

f a s t e s t  g row th  d ire c t io n  aw ay  from th e  s u b s t r a t e  norm al a re  b u r ied  by 

th o s e  which a re  o r ie n te d  w ith  th e  f a s t e s t  g row th  d ire c t io n  norm al to  th e  

s u b s t r a t e .  I t  is  p o ss ib le  to  o b se rv e  e x c e l le n t  t e x tu r e ,  in  o th e r  words 

c r y s t a l s  w i th  t h e  f a s t e s t  g row th  d ire c t io n  a lm ost p e rp e n d ic u la r  to  th e  

s u b s t r a t e  su r fa c e ,  e v e n  a t  t h e  n u c le a t io n  s ta g e  u n d e r  an  optim ized s e t  of 

s p u t t e r in g  co n d it io n s  and  a ll  t h e s e  c ry s ta ls  will s u rv iv e  a s  th e  film grows 

in  th ic k n e s s .

Under th e  o th e r  ex trem e  a ssu m p tio n  o f  no su r fa c e  d if fu s ion  a t  a ll ,  a 

s im ila r  c o n s tru c t io n  can  be done by add ing  an am oun t of m a te r ia l  to  each  

face , w hich is  p ro p o r t io n a l  to  th e  cosine  of th e  ang le  be tw een  th e  face  

norm al an d  s u b s t r a t e  norm al. I t  r e v e a ls  t h a t  t h e r e  is  no se le c t io n  of 

o r ie n ta t io n s  a n d  t h a t  a ll  o r ie n ta t io n s  grow a t  a p p ro x im ate ly  t h e  same 

r a te .  T h is  would be th e  ca se  fo r  a norm ally  in c id e n t  co a tin g  f lux  and 

zero  m obility .

We find  th a t  v an  der D rift's  model co rrec tly  describes th e  observed growth 

of ThM nj2  ty p e  Sm(Fe,Ti) 1 2  film s and exp la ins no t only th e  evo lu tionary  

se lec tio n  o f random ly o rien ted  c ry s ta ls  in  th e  n u c lea tin g  lay ers  b u t also 

how th e  te x tu re  depends on th e  shape of th e  c ry s ta ls  a t  th e  nucleation  

stag e , in  th e  re la tiv e ly  high m obility lim it.
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CHAPTER 6 MAGNETO-OPTICAL AND MoSSBAUER STUDIES OF Sm(Fe,T)12. 

T=Ti or Ti+V, PERPENDICULAR TEXTURED FILMS.

6 . 1 . In tro d u c tio n

6 .1 .a. M ag n e to -O p tica l  S tud ie s

6.1.b. M ossbauer S tud ie s

6.2. R esu lts  and  Discussion

6 .2 .a. M a g n e to -O p tica l  D ata

6.2.b. M ossbauer Data

6.1. In tro d u c tio n

6 .1 .a. M agneto -O p tics

P lane  po lar ized  l ig h t ,  w hen  re f lec ted  from a  m a g n e to -o p t ic a l ly  a c t iv e  

s u rfa c e ,  will become e l l ip t ic a l ly  po lar ized , w ith  i t s  major a x is  s l ig h t ly  

r o ta t e d  w ith  r e s p e c t  to  t h e  o rig ina l  d irec tio n .  The r o ta t io n  of th e  

p o la r iza t io n  d ire c t io n  of p la n e  po la r ized  l ig h t  upon re f le c t io n  is  ca lled  th e  

m a g n e to -o p t ic  Kerr e f fe c t  a n d  is p ro p o r t io n a l  to  t h e  com ponent of 

m a g n e t iz a t io n  ly ing  a long  t h e  p ro p ag a t io n  w ave v e c to r  of t h e  l igh t .  At 

norm al inc idence  Kerr r o ta t io n  is  on ly  s e n s i t iv e  to  t h e  m ag n e t iza tio n  

com ponent norm al to  th e  film s u rfa c e  an d  th e  s ign  o f  t h e  Kerr r o ta t io n  

ang le  depends  on w h e th e r  t h e  m ag n e t iz a t io n  is  d i re c te d  up or down (up -  

C ounter  c lockw ise :-© K, down -  Clockwise:+©K).
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M ag n e to -o p tic  e f fe c ts  in  m agne tic  m a te r ia ls  a re  u s u a l ly  d iscu ssed  in  term s 

of th e  d ie le c tr ic  p e rm i t t iv i ty  (or c o n d u c tiv i ty )  t e n s o r  e, which for u n ia x ia l  

sym m etry  w ith  th e  e a sy  d i re c t io n  p a ra l le l  to  th e  z - a x i s  can  be w r i t t e n  in  

th e  form

6 =

•xy

* I X  

0

0

0

ZZ -I

an d  i t  can  be shown t h a t

e K " i£K= - i£x y / / £ x x ( 1- £x x )

Where eK is th e  K e r r - e l l ip t i c i t y  defined  as  t h e  r a t io  be tw een  major and

m inor a xes .  Both eXy an d  exx  a re  complex q u a n t i t i e s .

The m ost im p o r ta n t  tech n o lo g ica l  a p p lic a t io n  of m a g n e to -o p t ic s  in  i t ' s  

wide fie ld  of a p p l ic a t io n s  is  m a g n e to -o p t ic  reco rd ing  in  s to ra g e  media.

A lthough  am orphous films o f  t e r n a r y  r a r e  e a r th  (RE) t r a n s i t o n  m eta l  (TM) 

a lloys  l ike  GdTbFe and  TbFeCo, w ith  p e rp e n d ic u la r  a n is o t ro p y  a re  th e  

reco rd ing  la y e r s  in  m a g n e to -o p t ic  d isks^41 \  i t  is  in te r e s t in g  to  s tu d y  th e  

m a g n e to -o p t ic a l  p ro p e r t ie s  o f  ThMn12 ty P e c ry s ta l l in e  s p u t t e r e d  films of 

Sm(Fe,Ti)12/ 9\  The ThMn12 ty p e  Sm(Fe,Ti) 12 films t h a t  h a s  been  used  in  

t h i s  s tu d y  a re  e i t h e r  h ig h ly  (0 0 2 ) t e x tu re d ,  w here t h e  c - a x e s  of th e

c ry s ta l l i t e s  a re  norm al to  t h e  film p lan e ,  or h igh ly  (2 2 2 ) t e x tu r e d ,  w here

th e  c - a x e s  of t h e  c r y s t a l l i t e s  m akes a  well de fined  ang le  aw ay  from th e

film norm al, 39°. In e i t h e r  c a se ,  a t  l e a s t  90% of  t h e  c r y s t a l l i t e s  can  be 

m ade w ith  t h e  spec if ic  d e s i re d  t e x tu r e .  The (222) t e x tu r e d  films 

minimize th e  c r y s t a l l i t e s  g ra in  s ize  which th e n  m aximizes th e  coerc iv i ty .
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The in t r in s ic  m agne tic  p ro p e r t ie s  of Sm(Fe,Ti) 12 films and  th e  s p u t t e r  

p rocess  con tro l  t h a t  can  be u sed  to  s y n th e s iz e  th e s e  films w ith  d i f fe re n t  

t e x tu r e  modes h a v e  been  d isc u sse d  in  p rev io u s  c h a p te rs .

The c ry s ta l l in e ,  m agne tic  a n d  m a g n e to -o p t ic a l  p ro p e r t ie s  o f  th e s e  

d i f f e re n t ly  t e x tu r e d ,  (002) an d  (222) t e x tu r e d ,  films a re  compared. The 

p o la r  Kerr r o ta t io n  (©K) a n d  o p t ic a l  c o e rc iv i t ie s  w ere b o th  o b ta in e d  from 

th e  p lo ts  o f  ©K v e r s u s  ap p lied  fie ld . The w av e len g th  dependence  of th e s e  

two p a ra m e te rs  w ere a lso  s tu d ie d  for th e  p ho ton  en e rg y  ran g e  1 -2 .5  ev. 

These  m easu rem en ts  sam ple only  th e  top  few h u n d red s  of angstrom s of th e  

film, because  l ig h t  p robes  t h e  m a t te r  ove r  i t s  p e n e t r a t io n  d ep th  which is 

ty p ic a l ly  2 0 0 -5 0 0  A for m e ta ls  in  th e  v is ib le  w a v e len g th  range . Due to  

th i s  f a c t  op t ic a l  c o e rc iv i t ie s  may d if fe r  from th e  bulk  m agnetic  

c o e rc iv i t ie s  no rm ally  m easu red . The o p tica l  c o e rc iv i t ie s  for th e  (222) 

te x tu r e d  Sm(Fe,Ti) 12 films was «3 .0  kOe, an d  1.2 kOe for s im ila r  (0 0 2 ) 

t e x tu r e d  films, for pho ton  e n e rg ie s  from 1.25 to  2.45 ev^9\

6.1.b. M ossbauer S tud ies

The s tu d y  o f  t h e  m agne tic  p ro p e r t ie s  of m a te r ia ls  a t  th e  lev e l  of 

in d iv id u a l  atoms, atom ic s c a le  m agnetism , which is  a n  e s s e n t i a l  in g re d ie n t  

for u n d e rs ta n d in g  m agne tic  phenom ena , h a s  been  one of th e  m ost f r e q u e n t  

a p p lic a t io n s  o f  M ossbauer sp e c tro scopy . For t h i s  p u rpose  t h e  iso tope  ^ 7Fe 

h a s  been used  f a r  more o f te n  t h a n  a l l  o th e r  M ossbauer iso topes .  There  

a re  sever&l r e a s o n s  fo r  t h e  p o p u la r i ty  of ®7Fe in  m agnetic  m ate r ia l  

in v e s t ig a t io n s .  C e r ta in ly ,  one of th e  m ost im p o r ta n t  re a so n s  is  th e  

common occurrence  of iron  a s  a c o n s t i tu e n t  o f  m any of t h e  most
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in te r e s t in g  an d  te c h n o lo g ic a l ly  im p o r ta n t  m agne tic  m a te r ia ls  an d  th e  

p e rc e n ta g e  o f  Fe in  Sm(Fe,T) 12 sam ples  ran g e s  from 85%-91% Fe.

M ossbauer sp ec tro sco p y  can  be used  to  de te rm ine  th e  sp in  d i re c t io n s  in  

m ag n e t ic a l ly  o rdered  compounds w hen s in g le  c ry s ta l s  a re  a v a i la b le ^ 42^ 43 ). 

But when s ing le  c ry s ta ls  a re  n o t  a v a i la b le ,  h ig h ly  t e x tu r e d  films could be 

u sed  to  o b ta in  c o n s id e rab le  in fo rm ation  reg a rd in g  sp in  o r ie n ta t io n s .  In 

t h i s  s tu d y  M ossbauer sp e c tru m s  were co llec ted  fo r  h ig h ly  (002) t e x tu r e d  

Sm(Fe,Ti) 12 films (ab so rb e rs )  m ounted in  such  a way t h a t  t h e  p lan e  o f  th e  

film is  p e rp e n d ic u la r  to  t h e  Y - ra y  p ro p a g a t io n  d irec tio n .

The d e te rm in a t io n  of sp in  d i re c t io n s  m akes u se  of th e  a n g u la r  dependence  

of a b so rp t io n  l ine  i n te n s i t i e s  co rrespond ing  to  t h e  a llowed h y p e rf in e  

t r a n s i t io n s  of 5 7Fe, which a r e  g overned  by th e  se le c t io n  ru le s  5m j= 0 ,± l  

g iv ing  r ise  to  a  e q u a l ly  sp aced  s ix  ab so rp t io n  l ine  p a t t e r n  in  th e  absence  

of e le c tr ic  q u a d ra p o le  in te r a c t io n .  In th e  ob se rv ed  M ossbauer spec trum s 

o f  Sm(Fe,T)12, 2nc* an d  5**1 a b s o rp t io n  l in es  which h a v e  a  s in 2© a n g u la r  

dependence , w here © is t h e  an g le  be tw een  Y -ray  p ro p ag a t io n  d ire c t io n  and  

th e  sp in  d ire c t io n ,  a re  m issing. For Sm(Fe,T ) 12 compounds e le c tr ic  

q u ad rap o le  in te r a c t io n  h a s  no e f fe c t  on l in e  i n te n s i t i e s ,  b e c au se  i t  is  

much sm alle r  t h a n  m agne tic  d ipole  in te r a c t io n  an d  a c t s  a s  a p e r tu r b a t io n .  

As a  r e s u l t  of  th e  e le c tr ic  q u a d ra p o le  in te r a c t io n  p e r tu r b a t io n ,  h y p e rf in e  

a b so rp t io n  l in e s  a re  no lo n g er  e q u a l ly  spaced .

To a n a ly z e  t h e  M ossbauer s p e c t r a l  d a ta ,  one could  f i t  t h r e e  s u b s p e c t ra ,  

each  s u b s p e c t ra  c o n ta in in g  L o ren tz ian  s e x tu p le ts ,  c o rre spond ing  to  th e  

th r e e  Fe s i t e s  8 i ,8j  and  8 f  in  Sm(Fe,T)12, by  a  l e a s t - s q u a r e s  f i t t in g
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procedure .  The p a ra m e te rs  t h a t  could be o b ta in e d  a re  h y p e rf in e  fie ld  B^f, 

t h e  q u a d ra p o le  s p l i t t in g  e, The isom er s h i f t  5, t h e  l in e  w id ths  and  

in te n s i t i e s .  Since t h e  h y p e r f in e  f ie ld  is  p ro p o r t io n a l  to  t h e  Fe moment, 

Fe moment a t  each  s i t e  could  be o b ta in e d .  No a t t e m p t  h a s  been  made to  

a n a ly z e  t h e  M ossbauer s p e c t r a  in  d e p th ,  b e c au se  l e a s t - s q u a r e s  f i t t in g  

p ro ced u re  in v o lv e s  too  m any  p a ra m e te rs ,  e v e n  th o u g h  th e r e  a re  

c o n s t r a in t s  on th e s e  p a ra m e te r s  t h e r e  is  some f le x ib i l i ty ,  an d  m ost 

im p o r ta n t ly  lack  o f  a  v e ry  good com puter  program. A lthough  no a t te m p t  

h a s  been  made, th e  a ss ig n in g  of s u b s p e c t ra  to  d i f f e re n t  iron  s i t e s  will be 

d isc u sse d  u s in g  t h e  n u t ro n  d i f f ra c t io n  d a ta  a n a ly s i s  and  M ossbauer 

s p e c t r a  d a ta  a n a ly s i s  of s im ila r  compounds by o th e r  r e s e a rc h e r s  be c au se  i t  

sheds  l ig h t  on th e  in t r in s ic  m agne tic  p ro p e r t ie s  a t  t h e  lev e l  of in d iv id u a l  

atoms.
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6.2 R esu l ts  and  D iscussion

6 .2.a . M agneto op t ic a l  D ata

The room te m p e ra tu re  s a tu r a t i o n  p o la r  K err ro ta t io n s  fo r  u n c o a te d  2 pm 

th ic k ,  (0 0 2 ) an d  (2 2 2 ) t e x tu r e d ,  Sm (F e,T i) j2 f ilms v e r s u s  p ho ton  ene rgy  

a re  shown in  f ig u re  6.1. T hese  sam ples  co n ta in ed  84.7 at.%  Fe, 9.4 at.% 

Sm, an d  6.9 at.%  Ti. Also show n in t h i s  f ig u re  is  t h e  room te m p e ra tu re  

s a tu r a t i o n  p o la r  K err ro ta t io n  fo r  Fe films a s  re p o r te d  in  Refs. 44 and  45. 

The p o la r  Kerr ro ta t io n  fo r  t h e s e  85 a t .  % Fe sam ples  is  s im ila r  to  t h a t  

of p u re  Fe. As shown in  f ig u re  6.1, how ever, t h e  o p t ica l  c o e rc iv i t ie s  a re  

a p p re c ia b ly  h ig h e r  th a n  t h a t  for Fe a lone.

F igure  6.2 shows x - r a y  d i f f ra c t io n  t ra c e s ,  CuKa ra d ia t io n ,  of th e  same 

films used  for th e  m a g n e to -o p t ic a l  m easu rem en ts .  The c ry s ta l  s t r u c tu r e  is  

t e t r a g o n a l  w ith  a= 8 .5 0  A, an d  c= 4 .79  A. The c r y s t a l l i t e  g ra in  s ize  for 

th e  (2 2 2 ) t e x tu r e d  Sm(Fe,Ti) 12 f ilms from sc an n in g  e le c tro n  m icroscopy 

(SEM) m ea su rem e n ts  is  e s t im a te d  to  be k0 .20  pm. For t h e  (222) t e x tu r e d  

films th e  c - a x e s  of th e  c ry s t a l l i t e s  m akes a n  an g le  o f  39° aw ay from th e  

film norm al. The c ry s t a l l i t e s  a re  random ly  sp la y e d  a b o u t  t h e  s u b s t r a t e  

p lan e  so t h a t  t h e r e  is  i so t ro p y  w ith in  t h e  p lan e  o f  t h e  film. Since th e  

Sm(Fe,Ti) 12  f ilms a re  a  h igh  a n is o t ro p y  u n ia x ia l  sys tem , t h e  m agnetic  

p ro p e r t ie s  m ea su red  a re  v e ry  d e p e n d e n t  on t h e  deg ree  of c ry s ta l l i t e  

te x tu r in g .

F igure  6.3 shows t h e  o p t ic a l  c o e rc iv i ty  a s  m easu red  in  a i r  a t  300 K 

v e r s u s  p ho ton  en e rg y  fo r  a  s e t  o f  (0 0 2 ) and  (2 2 2 ) t e x tu r e d  Sm(Fe,Ti) 12 

films. The o p t ic a l  c o e rc iv i ty  fo r  t h e  (222) t e x tu r e d  films was «2 .5  tim es
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t h a t  fo r  th e  (002) t e x tu r e d  films of a  s im ila r  composition. The high 

o p t ic a l  c o e rc iv i ty  o f  up  to  3.1 kOe a t  t h e  low end  o f  p ho ton  en e rg y  of 

1.25 e v  in d ic a te d  t h a t  t h e  op t ic a l  m easu rem en ts  w ere sam pling th e  

c ry s ta l l in e  t e x tu r e d  m a te r ia l .  I f  a  deg raded  s u rfa c e  reg ion  was p r e s e n t  

t h e n  a  much lower c o e rc iv i ty  would be ex p e c te d  s p e c ia l ly  a t  t h e  low end 

of p h o to n  en e rg y  w here t h e  p e n e t r a t io n  d e p th  is  small. The n e a r  

in d ep en d en ce  of t h e  o p t ic a l  c o e rc iv i ty  fo r  pho ton  en e rg ie s  from 1.25 to  

2 .45 eV a lso  su p p o r ts  t h e  c o n te n t io n  t h a t  c ry s ta l l in e  m a te r ia l  is  being 

sampled and  n o t  a  degraded  s u r f a c e  region.

H y s te re s is  loops a re  shown in f ig u re s  6 .4(a) and  6.4(b) for v ib ra t in g  

sam ple m agne tom eter  m ea su rem e n ts  m ade p e rp e n d ic u la r  to  th e  p lan e  and  

p a ra l le l  to  t h e  film p lan e  fo r  (0 0 2 ) and  (2 2 2 ) t e x tu r e d  Sm(Fe,Ti)12 films. 

The dense  pack ing  of t h e  c r y s t a l l i t e s  allow an  in te r n a l  f ie ld  for th e  

p e rp e n d ic u la r  m easu rem en ts  u s in g  a  d em ag n e tiza tio n  f a c to r  of 4n to  be 

computed. P e rp en d ic u la r  to  th e  p lan e  loops v e r s u s  th e  app lied  f ie ld  a re  

skewed s ince  Hjn t =Ha p p2- 4 nM and  in  t h i s  case  4nM is  la rge . The p o la r  

K err ro ta t io n  fo r  a p ho ton  en e rg y  of 1.25 eV as  a  fu n c t io n  of t h e  app lied  

f ie ld  is  a lso  shown in f ig u re  6.5. The p o la r  K err ro ta t io n  loop is  skewed 

b e c au se  of th e  la rg e  film in t r in s ic  f lux  d e n s i ty .

O ptica l m easu rem en ts  m ade on sam ples  t h a t  h a s  been  s to red  in  a i r  for a 

y e a r  d id  show co n s id e rab ly  low er o p t ic a l  c o e rc iv i t ie s  w ith  a d e c re a se  in 

c o e rc iv i ty  fo r  in c re a s in g  p h o to n  en e rg ies .  The m agne tom eter  m easu rem en ts  

fo r  t h e s e  aged  sam ples  w ere  b a s ic a l ly  u n c h a n g ed  from m agne tom eter  

m easu rem en ts  made a y e a r  e a r l ie r .  Th is  in d ic a te s ,  a s  e xpec ted , t h a t  th e  

o p t ic a l  m easu rem en ts  a re  s e n s i t iv e  to  s u r fa c e  changes .
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The p e rp e n d ic u la r  to  t h e  film p la n e  m agne tom e te r  an d  op t ic a l  co e rc iv i t ie s  

for t h e  (2 2 2 ) t e x tu r e d  S m (F e ,T i) i2 f ilms w ere 1.6  an d  2.4 tim es, 

r e sp e c t iv e ly ,  a s  la rg e  as  fo r  s im ila r  composition (002) t e x tu r e d  films. For 

th e  (222) t e x tu r e d  films t h e  c r y s t a l l i t e  c a x e s  m ake an  ang le  39° away 

from th e  film norm al. Besides  th e  a n g u la r  d e pendence  of th e  coerc ive  

fie ld , t h e  m ic ro s t ru c tu re  of t h e  m agne t  is  a  im p o r ta n t  f a c to r  w hich con tro l  

th e  c oe rc iv i ty .  One well known f e a tu r e  o f  t h e  m ic ro s t ru c tu re  t h a t  con tro l  

th e  c o e rc iv i ty  is  t h e  g ra in  size . The c o e rc iv i ty  in c re a s e s  a s  th e  g ra in  

size  de c re a ses .  D iffe rences  in  g ra in  s ize s  in c o rp o ra te d  d u r ing  th e  d i re c t  

s y n th e s i s  o f  t h e  films onto  h e a te d  s u b s t r a t e s ,  p a r t i c u la r ly  a t  t h e  su rfa c e ,  

a re  needed  to  a c co u n t  fo r  th e  la rge  d if fe re n c e s  obse rv ed  in  th e  

c o e rc iv i t ie s  fo r  th e  (222) v e r s u s  (002) t e x tu r e d  films. Recent models t h a t  

p red ic t  a  d if fe rence  in  c o e rc iv i ty  for m easu rem en ts  made a t  a n  an g le  to  

th e  c ry s ta l l i t e  c axes  only  p r e d ic t  a 1/cosQ dependence^46 \  If  we assum e 

g ra in  s ize  is  in d e p e n d e n t  of t h e  t e x tu r e ,  w hich is  no t,  t h e n  for 0° 39° 

t h i s  on ly  p re d ic ts  a  f a c to r  of 1.3. But t h e  ob se rv ed  f a c to r  for 

m agnetom eter  m easu rem en ts ,  w here  i t  sam ples t h e  whole m a te r ia l  ac ro ss  

th e  film th ic k n e s s ,  is  »1 .5 , which in d ic a te s  t h e  a v e ra g e  g ra in  s ize  is 

sm alle r  in  (222) t h a n  (002) t e x tu r e d  films. For o p t ica l  m easu rem en ts ,  

w here i t  sam ples  on ly  t h e  top  few h u n d re d  A ngstrom s o f  t h e  film, th e  

obse rved  f a c to r  is  «2 .4 , w hich in d ic a te s  much more p rom inen t  d i f fe re n c e  in  

g ra in  s izes  a t  th e  s u rfa c e  l a y e r s  t h a n  th e  whole film be ing  considered . 

Th is  could be ex p la in ed  by t h e  f a c t  t h a t  th e  g ra in  s ize  ch an g es  as  th e  

film grow in  th ic k n e s s  an d  t h e  r a t e  of change  o f  g ra in  s ize  is  depend  on 

th e  t e x tu r e .  I t  is  th o u g h t  t h a t  a s  th e  film grows, t h e  g ra in s  become 

la rg e r  a s  th e y  become embedded in  t h e  film. I t  is  a lso  th o u g h t  t h a t  th e
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prob ing  sam ple le n g th  of t h e  o p t ica l  beam or t h e  p e n e t r a t in g  d ep th  

in c re a s e s  w ith  d e c re a s in g  w ave  le n g th  s im ila r  to  pu re  m eta ls .

The o p tica l  c o e rc iv i ty  fo r  t h e  (2 2 2 ) t e x tu r e d  Sm (F e ,T i) j2 films v a r ie d  from 

3.10 kOe a t  1.25 eV to  2.92 kOe a t  2 .45 eV. Since t h e  p e n e t r a t in g  dep th  

depends  on th e  p ho ton  energy , low er c o e rc iv i ty  a t  h ig h e r  pho ton  energy  

in d ic a te s  a  v a r i a t io n  o f  g ra in  s ize s  e v e n  a c ro ss  th e  s u rfa c e  la y e r s  for 

(222) te x tu r e d  films. The op t ic a l  c o e rc iv i ty  fo r  s im ila r  com position (002) 

t e x tu r e d  films was f a i r ly  c o n s ta n t  a t  1.24 kOe for th e  same pho ton  energy  

range , an d  hence  th e  v a r i a t i o n  of g ra in  s izes  a c ro ss  th e  s u rfa c e  la y e r s  is 

v e ry  small fo r  (002) t e x tu r e d  films. T he refo re  th e  r a t e  of change  o f  g ra in  

size  a s  th e  film grow in th ic k n e s s  is  v e ry  h igh for (2 2 2 ) t e x tu r e d  films 

when compared w ith  (002) t e x tu r e d  films. For t h e  same composition films 

as rep o r ted  h e re ,  i t  was p o ss ib le  to  s y n th e s iz e  (0 0 2 ) t e x tu r e d  films w ith  

p e rp e n d ic u la r  m agne tom eter  c o e rc iv i t ie s  ran g in g  from 0.8 to  1.6 kOe. The 

co rrespond ing  m agne tom eter  c o e rc iv i ty  ran g e  for (2 2 2 ) t e x tu r e d  films was 

from 1.6 to  2.5 kOe.

6.2.b. M ossbauer D ata

F igu res  6 .6 (a) an d  6 .6 (b) show th e  M ossbauer s p e c t r a  o f  h ig h ly  (002) 

t e x tu r e d  Sm8 8 7 Fe85  0 8 Ti6 05  and  Sm9 16F e89  8 j T i j  03  f ilms re sp e c t iv e ly .  

X - r a y  d i f f ra c t io n  p a t t e r n s  o f  t h e  same films a re  shown in  f ig u res  6 .7(a) 

and  6.7(b) re sp e c t iv e ly .  T hese  57Fe M ossbauer s p e c t r a  w ere t a k e n  a t  

room te m p e ra tu re  u s in g  a  c o n v e n t io n a l  c o n s ta n t - a c c e l e r a t i o n  spec trom e te r .  

The Y -ray  sou rce  was ®7Co in  a  Rh m atr ix  and  th e  c a l ib ra t io n  was made
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by u s in g  t h e  sp ec tru m  o f  a - F e  a t  room te m p e ra tu re .  The films were 

m ounted  on th e  s p e c t ro m e te r  in  such  a  way t h a t  t h e  p lan e  of th e  film 

was norm al to  t h e  Y -ray  p ro p ag a t io n  d irec tio n  w ith  th e  film s ide  fac ing  

t h e  d e te c to r .  T hese  films a re  3 - 4  pm th ic k  and  th e re fo re  th ic k  enough to  

g ive  a  m agne tic  h y p e r f in e  spec trum  which is  ty p ic a l  o f a  b u lk  sam ple 

spectrum .

For an  57Fe n u c leu s ,  each  of t h e  two s t a t e s ,  t h e  ex c ited  s t a t e  w ith  

Ie = 3 /2  (Ee = 14.4  keV) an d  th e  g round  s t a t e  w ith  (Eg=0), h a s  a

m agne tic  moment and  th e re fo re  will be s p l i t  by m agnetic  in te r a c t io n  

(me = ± l / 2 ,  ± 3 /2  an d  mg= ± l / 2 ) .  Gamma t r a n s i t io n s  be tw een  th e  d e g e n e ra te  

s t a t e s  o f  th e  g round  s t a t e  an d  th o se  of th e  ex c ited  s t a t e  a re  governed  by

th e  se le c t io n  ru le s  81=1, 5m= 0, ±1, and  hence  on ly  s ix  of th e  e igh t

t r a n s i t io n s  a re  allowed. The a n g u la r  dependence  of th e  r e l a t i v e  l ine

in te n s i t i e s  of gamma re s o n a n c e  a b so rp t io n  l in es ,  co rrespond ing  to  th e  

allowed h y p e rf in e  t r a n s i t io n s  o f  5 7 Fe, a re  g iven  in ta b le  6.1. In t h a t  

t a b le  0  is  t h e  an g le  be tw e en  th e  Y -ray  p ro p ag a t io n  d irec tion  and  th e  Fe 

moment.

Since t h e  S rrK Fe.T i)^  films a re  h ig h ly  (0 0 2 ) t e x tu r e d  th e  c - a x i s  is  norm al 

to  t h e  film p la n e  w hich m akes  t h e  ang le  0«O, only  i f  th e s e  compounds a re  

u n ia x ia l  w ith  t h e  e a sy  a x is  p a ra l le l  to  t h e  c - a x i s .  R e la tiv e  l ine

in te n s i t i e s  o f  b o th  2n<* and  5 ^  l in e s  in  t h e  M ossbauer s p e c t r a  h a v e  a 

s in 2 0  a n g u la r  d e pendence  an d  th e re fo re  one would e x p e c t  them  to  be 

a b s e n t  in  t h e  spectrum . In f ig u res  6 .6 (a) and  6 .6 (b) th e  in te n s i t i e s  of 

2n(* and  6 ^  l in e s  a re  v e ry  sm all b u t  n o t  zero. Th is  is  because ,  t h e r e  is 

some m isa lignm en t in  m ounting  th e  sample, d isp e rs io n  in  th e  beam i t s e l f
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an d  some d i s t r ib u t io n  o f  t h e  c - a x i s  o r ie n ta t io n s  a l th o u g h  th e y  a re  h igh ly  

(002) t e x tu r e d .  All t h e s e  f a c t s  c o n t r ib u te  to  a  sm a lle r  non  zero  v a lu e  for 

© g iv ing  r is e  to  a  v e ry  sm all 2nd and  5th  l ines .

Near absence of 2nd and  5 ^  lin es  in  th e  M ossbauer sp ec tra  confirms th a t

th e se  Sm(Fe,Ti)12 compounds are  u n iax ia l and reconfirm  th e  assignm ent of 

a  ThMn12 type  1 -12  c ry s ta l s tru c tu re  based on X -ra y  d iffrac tion  and 

m agnetic d a ta .

The l in e s  in  f igu re  6 .6 (a), Sm8 8 7 Fe88  0 8 Tig 0 5 , a re  b ro ad e r  th a n  th o se  in 

f ig u re  6 .6 (b), Sm9 16Fe89  81T i j  0 8 . The b ro ad en in g  of th e  l in e s  can  be

a t t r i b u t e d  to  t h e  f a c t  t h a t  th e r e  is  a  la rg e  d i s t r ib u t io n  of a d ja c e n t  Ti

a tom s (m agnetic  p e r tu r b a t io n )  in  6 .6 (a) th a n  in  6 .6 (b) for each  Fe s i te .

Pure  m agne tic  d ipole  i n te r a c t io n s  a re  r a r e ly  e n c o u n te re d  in  th e  

a p p l ic a t io n s  o f  th e  M ossbauer e f fe c t  an d  one a lw ays  find  a s i tu a t io n  

w here  a  n u c le a r  s t a t e  is  s im u l ta n e o u s ly  p e r tu rb e d  by b o th  m agnetic  dipole  

and  e le c tr ic  q u a d ra p o le  in te r a c t io n s .  As a r e s u l t  th e  s u b le v e ls  of Ie = 3 /2  

s t a t e  of 5^Fe a re  no longer  e q u a l ly  spaced . In th e  ca se  of Sm (Fe,Ti)12, 

e le c t r ic  q u a d ra p o le  H am ilton ian  is  v e ry  much sm a lle r  t h a n  m agne tic  dipole 

H am ilton ian  an d  could  be t r e a t e d  a s  a  f i r s t  o rd e r  p e r tu r b a t io n  on th e  

m agne tic  d ipo le  in te r a c t io n .  Hence i t  h a s  no e f fe c t  on hy p e rf in e  

t r a n s i t i o n  l in e  i n t e n s i t i e s  b u t  a f f e c ts  th e  sp ac in g  be tw een  l ines .  As can  

be s e e n  in M ossbauer s p e c t r a  o f  f ig u re  6.6  th e  sp a c in g  be tw een  1s t  and  

3rd  l in e s  a r e  sm a l le r  t h a n  t h a t  be tw een  4 ^  and  6^  l in es ,  in d ic a t in g  a 

p o s i t iv e  v a lu e  fo r  t h e  a v e ra g e  q u a d ra p o le  s p l i t t in g  p a ra m e te r ,  ea v .
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Each M ossbauer spectrum  shown in  figure 6.6 are  composed of th ree  

subspectra , each su b sp ec tra  con ta in ing  six  L orentzian sex tu p le ts , 

corresponding to  th e  th re e  in e q u iv a le n t Fe s ite s  8i, 8j and 8f in

Sm(Fe,Ti)12- To ob ta in  th e  M ossbauer param eters  one can reso lve  th e

spectrum  in to  th ree  su b sp e c tra  by a le a s t  square  f it tin g  procedure. 

Before assign ing  an Fe s ite  to  a su b sp e c tra  one should  know th e  order of 

th e  m agnitude of th e  hyperfine  fie lds a t  th e  th ree  d iffe ren t Fe s ite s .

The in te ra to m ic  d is ta n c e s  be tw e en  th e  a d ja c e n t  a tom s in  Y F e ^ T i ,  o b ta in e d  

us ing  n e u tro n  d if f ra c t io n  te c h n iq u e  by Yang^4^ ,  a re  g iven  in  ta b le  6 .2 , 

2a r e p r e s e n t  t h e  r a r e  e a r th  s i te .  N utron  d i f f ra c t io n  s tu d ie s  a lso  rev e led  

t h a t  Ti p r e f e re n t ia l ly  occupy th e  8 i s i te .  The exchange  in te r a c t io n

be tw een  th e  Fe a tom s depend  on th e  in te ra to m ic  d is ta n c e s  and  i f  th e

d is ta n c e  is  l a rg e r  t h a n  2 .45 A, t h e  exchange  in te r a c t io n s  be tw een  th e  

a d ja c e n t  Fe atom s a re  p o s i t iv e ,  o the rw ise ,  th e  i n te r a c t io n s  a re  

n e g a t iv e ^ 48 ). The a v e ra g e  d i s t a n c e s  o f  th e  F e - F e  n e a r e s t  ne ighbo rs  a re  

2.71 A, 2.60 A, and  2.51 A for th e  8 i, 8j, and  8 f  s i t e s  r e s p e c t iv e ly  in  

Y F e j jT i .  A l though  th e  a v e ra g e  d is ta n c e s  a re  l a rg e r  t h a n  th e  ty p ic a l  F e -  

Fe d i s ta n c e  l im it  fo r  p o s i t iv e  exchange  in te r a c t io n s ,  2.45 A, t h e  s h o r t e s t  

F e - F e  d i s ta n c e s  occur  for Fe on 8 f  s i t e s  ( F e f-F e f= 2 .3 8 1  A), which could 

r e s u l t  in  a  w eak e r  in te r a c t io n  or lead  to  n e g a t iv e  in te r a c t io n s  be tw een  

th e s e  Fe atom s. Hence a n  in c re a s e  in  t h e  Curie t e m p e ra tu re  of th e s e  

compounds can  be e x p e c te d  by  a  p r e f e re n t ia l  s u b s t i tu t io n  of Fe on th e  8 f  

s i t e  w ith  o th e r  a tom s l ik e  Co. If  we c o n s id e r  n e a r e s t  ne ighbo r  

e n v iro n m en ts  t h e  num ber o f  n e a r e s t  n e ig h b o r  s i t e s  fo r  8 i a re  (5 ,4 ,4 ,1), for 

8j a re  (4 ,2 ,4 ,1), for 8 f  a re  (4 ,4 ,2 ,1), w here  th e  num bers  in  b ra c k e ts  r e f e r  

to  8 i ,8j , 8 f  an d  2a  s i t e  ne ighbo rs .  T here  a re  2 Ti a tom s p e r  u n i t  ce ll  in
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Y Fe^jT i an d  th e y  p r e f e re n t ia l ly  occupy 8 i s i t e s  and  th e re fo re  th e

p ro b a b i l i ty  o f  a n y  8 i s i t e  occupying  by  a  Ti atom  is  1/4. So iron on 8 i

s i t e s  h a s  11.75 iron  ne ighbo rs ,  while  iron  on b o th  8 f  an d  8j s i t e s  h a s  9

iron  n e a r e s t  ne ighbo rs .  On t h e  b a s is  o f  iron  c o o rd in a t io n  num ber  an d  F e -  

Fe d i s ta n c e s ,  th e r e  is  l i t t l e  d oub t  t h a t  t h e  8 i s i t e  shou ld  h a v e  th e

l a r g e s t  moment. The F e - F e  d i s ta n c e  su g g e s t  t h a t  8 f  iron  sh o u ld  h a v e  th e  

sm a l le s t  moment. T h e re fo re  one can  w r i te  t h e  o rder  of t h e  h y p e rf in e  

f ie ld s  a t  t h e  t h r e e  d i f f e r e n t  iron  s i t e s  in  ThMn12 t y p e  R(Fe,T ) 12 

compounds as; H hl(i)>H ^$>>11 h ^(f).
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CHAPTER 7 MAGNETIC PROPERTIES OF ThMn12 TYPE Nd(Fe,T)12Nx , T=Ti 

OR Mo. AND Nd(Fe,Co.Mo)12Nx FILMS AND DISORDERED RE(Fe.Ti) PHASES 

BEFORE AND AFTER NITRIDING

7.1. In tro d u c tio n

7.2. E xper im en ta l  D eta ils

7.3. R esu lts  an d  D iscussion

7 .3 .a. Sm(Fe,Ti)12Nx and  Nd(Fe,T)12Nx , T=Ti or Mo, Compounds

7.3.b. D isordered R(Fe,Ti)7 and  R(Fe,Ti)7Nx , R=Sm or Nd, P hases

7.3.c. Nd(Fe,Co,Mo)12Nx Compounds

7.1. In tro d u c tio n

In th e  Fe r ich  t e t r a g o n a l  ThMnJ2  ty p e  R(Fe,T) 12 family, w here 

T=Ti,Mo,V,Cr,W or Si, t h e  o n ly  prom ising c a n d id a te  fo r  p e rm a n en t  m agnet 

a p p lic a t io n s  is  Sm (Fe,Ti)12^5 \  A m a g n e to c ry s ta l l in e  a n iso t ro p y  f ie ld  of 

130±10 kOe and  h igh  re m n a n t  f lux  d e n s i ty  v a lu e s  h a v e  been  re p o r te d  for 

films o f  h ig h ly  (002) t e x tu r e d  Sm(Fe,Ti+V ) 12 s a m p l e s ^ .  Nd(Fe,T)12, 

T=Ti,Mo or V, compounds h a v e  n e v e r  been  a t t r a c t i v e  fo r  p e rm a n en t  

m agne t  a p p lic a t io n s ,  owing to  t h e i r  d r a s t ic a l ly  low m a g n e to c ry s ta l l in e  

a n is o t ro p y  f ie ld  an d  r e l a t i v e ly  low Curie te m p e ra tu re .  R ecen tly  i t  h a s  

been  found  t h a t  t h e  p la n e r  a n is o t ro p y  Sm2 F e 17 compound e x h ib i ts  a 

s t ro n g  u n ia x ia l  a n is o t ro p y  a f t e r  a  n i t ro g e n a t io n  h e a t  t r e a tm e n t  w here  

n i t ro g e n  e n te r s  th e  l a t t i c e  i n t e r s t i t i a l l y  an d  forms a  Sm2 F e 17Nx
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in te rm e ta l l ic  compound^10 .̂ A s im ila r  b e h a v io r  was a lso  obse rved  in th e  

ThMn12 ty P e N d(Fe,T)12, T=Ti,Mo or V, com pounds^1 The in t r in s ic  

m agnetic  p ro p e r t ie s  o f  bo th  th e  Sm2 F e 17 and  Nd(Fe.T ) 12 compounds a re  

d r a s t ic a l ly  changed  a f t e r  n i t ro g e n a t io n ,  r e s u l t in g  in  in c re a s e  of Curie 

t e m p e ra tu re  T c> s a tu r a t i o n  m ag n e t iz a t io n  Ms . a n d  a n is o t ro p y  c o n s ta n t  K, 

which m ake th e s e  compounds p o te n t ia l  c a n d id a te s  fo r  p e rm a n en t  m agnet 

a p p lic a t io n s .  In Nd(Fe,T)12, T=Ti, Mo or V, compounds t h e  in c re a se  in 

Curie t e m p e ra tu re  (8Tc/T c)ss30%^13\

A g e n e ra l  problem  fo r  bu lk  p rocessed  ThMn12 sy s tem s, e i th e r  w ith  or 

w i th o u t  n i t r id in g ,  is t h a t  i t  h a s  been  d i f f ic u l t  to  s y n th e s iz e  sam ples 

which e x h ib i t  th e  h igh  f lux  d e n s i ty  and  h igh c o e rc iv i ty  s im u l ta n e o u s ly  to  

p rov ide  a  h igh  energy  p roduct^31^ 4 9 ^ 13\

We h a v e  sy n th e s iz e d  films o f  Nd(Fe,T) 12 sam ples, for T =Ti or Mo, which 

were h ig h ly  (0 0 2 ) t e x tu r e d  w ith  t h e  c - a x e s  of t h e  in d iv id u a l  c ry s ta l l i t e s  

h igh ly  o r ie n te d  p e rp e n d ic u la r  to  t h e  film p lane .  Because th e  e a sy  c - a x i s  

is  h ig h ly  a ligned  p e rp e n d ic u la r  to  th e  film p lane ,  m agnetic  m easu rem en ts  

in  t h e  film p la n e  and  p e rp e n d ic u la r  to  t h e  film p lan e  allow th e  

m a g n e to c ry s ta l l in e  a n is o t ro p y  fie ld  before  and  a f t e r  n i t r id in g  to  be 

de te rm ined .

The room te m p e ra tu re  m a g n e to c ry s ta l l in e  a n is o t ro p y  f ie ld s  of th e  

N dF e^ jT i, an d  NdFejjM o, f ilms which were u n iax ia l ,  were  10 kOe, an d  5 

kOe r e s p e c t iv e ly .  A f te r  n i t r id in g  th e  N dFejjTN jj films rem ained  u n iax ia l ,  

b u t  t h e  a n is o t ro p y  fie ld  in c re a se d  to  108 kOe and  130 kOe for Ti and  Mo 

re s p e c t iv e ly .  The ^Hc p e rp e n d ic u la r  to  th e  film p lan e  of N d F e ^ T
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in c re ase d  to  5.3 kOe, T=Ti, a n d  to  7.2 kOe, T=Mo sam ple w ith  some 

excess  Nd, a f t e r  n i t r id in g .  In R - F e - T  fam ily , a t  293 K, t h e  h ig h e s t  

ene rgy  p ro d u c t  of 30.2 MGOe was o b ta in e d  fo r  a  T=Mo n i t r id e d  sam ple^12).

We h a v e  a lso  s tu d ie d  th e  c hange  in  m agne tic  p ro p e r t ie s  o f  t h in  films of 

d iso rdered  Sm(Fe,Ti) 7 and  Nd(Fe,Ti) 7 upon n i tr id in g .  T hese  d iso rde red  film 

sam ples show a  h igh  deg ree  o f  c ry s ta l lo g ra p h ic  te x tu r in g ,  and  due to  

d i f f e re n t  s p u t t e r in g  p a ra m e te rs ,  Nd(Fe,Ti) 7 is  h ig h ly  (110) te x tu r e d ,  and 

Sm(Fe,Ti) 7 is  h ig h ly  (200) te x tu r e d .  In bo th  th e s e  d iso rd e red  p h a s e s  th e  

c - a x e s  a re  random ly  d i s t r ib u te d  in  th e  film p lane .  The h y s te r e s i s  loops 

of d iso rd e red  Nd(Fe,Ti) 7 and  Sm(Fe,Ti)7 films, m easu red  in  th e  film p lan e  

and  p e rp e n d ic u la r  to  t h e  film p lan e ,  showed t h a t  bo th  a re  con ica l  sys tem s  

and  th e  cone ang le  in c re a s e d  in  t h e  form er an d  de c re a sed  in  th e  l a t t e r  

upon n i t r id in g ^ 12).

The Nd(Fe,Mo)12 compound was shown to  be th e  most prom ising in  film 

sy n th e s iz e d  sam ples, s ince  h ig h ly  a ligned  and  a - F e  f re e  sam ples could be 

made for T=Mo. Hence, in  t e t r a g o n a l  ThMn12 ^ P 6 Nd(Fe,Mo) 12 system , 

sam ples h a v e  been  m ade w ith  some of t h e  Mo rep la ce d  by Co in  o rder  to  

en h an ce  th e  a v a i la b le  f lux  d e n s i ty .  The s a tu r a t i o n  f lux  d e n s i ty ,  4nMs , 

p e rp e n d ic u la r  to  th e  film s u r f a c e  was 12.9 kG w ith o u t  Co rep lacem en t,  and 

was 15.5 kG w ith  60% of  t h e  Mo rep la ce d  w ith  Co. The Co c o n ta in in g  

sam ples  w ere u n ia x ia l  before  an d  a f t e r  n i t r id in g .  For a

NdFej jCoo^MoQ gNx sam ple  th e  en e rg y  p ro d u c t  a t  293 K was 46.3 MGOe 

and  th e  room te m p e ra tu re  HA was e s t im a te d  to  be 150 kOe. At 10 K th e  

4nMs was 17.0 kG, t h e  jHc w as 24.0 kOe, and  th e  e n e rg y  p ro d u c t  was 59.6 

MGOe(1 4 ) .
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To s tu d y  th e  e f fe c ts  o f  a n is o t ro p y  an d  c o e rc iv i ty  e n h a n ce m en ts  upon  th e  

s u b s t i tu t io n  o f  small am o u n ts  o f  Co fo r  Fe, we h a v e  sy n th e s iz e d  films 

which h a v e  a  g ra d ie n t  a long  t h e  s u b s t r a t e  l e n g th  in  t h e  Fe to  Co ra t io ,  

N d lF e ^ y C O y J j j  gMozNx , z»0 .5 . Maximum room te m p e ra tu re  c o e rc iv i t ie s  

and  a n iso t ro p ie s  o f  11.3 an d  190 kOe were o b ta in e d  fo r  a  T hM nj2 ty p e  

N(* 8?#  80%* 4% *x ( ° 02 ) t e x tu r e d ,  film sam ple. A t lower

te m p e ra tu re s  t h e  c o e rc iv i ty  and  a n is o t ro p y  ro se  sm ooth ly  to  29.5 an d  »245  

kOe re s p e c t iv e ly  by  10
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7.2. E xper im en ta l  D e ta ils

T h in  films were d i re c t ly  c ry s ta l l iz e d  on to  h e a te d  p o ly c ry s ta l l in e  AlgOg 

s u b s t r a t e s  by  RF s p u t te r in g .  The s p u t t e r in g  gas  p re s s u re  was 100 mTorr 

of Ar for t h e  d iso rd e re d  1 - 7  p h a s e s  and  i t  w as 60 mTorr of Ar fo r  t h e  1 -  

12 p h a se .  The s u b s t r a t e  te m p e ra tu re  was he ld  a t  700 K fo r  th e

Nd(Fe,T ) 12 an(* Nd(Fe,T ) 7 p h a se s .  A lthough  th e  s u b s t r a t e  te m p e ra tu re s  

were held  a t  700 K. in  t h e  case  o f  Nd(Fe.T) jg  th e  t e m p e ra tu re  o f  th e  

growing film su r fa c e  was h ig h e r  t h a n  t h a t  o f  Nd(Fe,T ) 7 due  to  th e  low 

s p u t t e r in g  gas  p re s s u re .  S u b s t r a te  t e m p e ra tu re s  were he ld  a t  575 K for 

th e  d iso rde red  Sm(Fe,Ti) 7 p h a se .  All th e  p h a s e s  were h igh ly  t e x tu r e d  and 

th e  grow th mode was d i f f e re n t  for each  phase .

The a p p ro x im ate ly  Nd(F e i - y Coy ) n . 5 Moo.5 a ligned  film sam ples  were 

sy n th e s iz e d  by RF diode s p u t t e r in g  from a  c o l l in e a r  a r ra n g e m e n t  o f  th r e e  

ta r g e t s  w ith  th e  com positions  a s  in d ic a te d .

T a rg e t A B C

at.% a t .  % a t  %

Nd 8 8 8

Fe 87.5 84 78.5

Co 0 4 9

Mo 4.5 4 4.5

The atom ic f r a c t io n s  o f  Nd and  Mo t h u s  rem ained  fa i r ly  c o n s ta n t  ac ro ss  

t h e  le n g th  o f  a  s u b s t r a t e  w hile th e  r e l a t i v e  am oun ts  o f  Co to  Fe
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in c re a se d  along  th e  s u b s t r a t e  l e n g th  from th e  s ide  opposite  t a r g e t  A to  

th e  s ide  opposite  t a r g e t  C. The Co atom ic com positions ranged  from 1.3 

at.%  to  6.3 at.%  of t h e  m eta l l ic  e lem en ts  ac ro ss  t h e  s u b s t r a t e .  Some Mo 

was r e t a in e d  in  t h e  sam ple s in ce  in  ou r  ex p e r ien c e  th i s  a id s  in  ob ta in ing  

c o e rc iv i ty  and  su p p re s s in g  a - F e  fo rm ation  fo r  s to ich iom e tr ic  samples.

The sam ples  were n i t r id e d  a f t e r  depos it ion  by th e rm a l ly  h e a t in g  th e  

sam ples in  500 Torr  N2 a t  550 °C fo r  2 hou rs .  The film com positions were 

de te rm ined  by d i re c t ly  an a ly z in g  film reg ions  w ith  e le c tro n  exc ited  x - r a y  

f lu o rescen ce  in  a  sc an n in g  e le c tro n  microscope, SEM. The m agnetic  

p ro p e r t ie s  w ere m easu red  by two d i f f e re n t  v ib ra t in g  sam ple m agnetom eters .

A low fie ld  one a t  app lied  f ie ld s  u p to  18 kOe, and  a  h igh  f ie ld  VSM with 

app lied  f ie ld s  to  90 kOe. The sam ple th ic k n e s s e s  w ere de te rm ined  by SEM 

m easurem en ts .  The x - r a y  d if f ra c t io n  t r a c e s  w ere co llec ted  by a d ig i ta l  

s te p p in g  m otor sy s tem  us in g  C u^a  ra d ia t io n .  C orresponding  sam ples before  

an d  a f t e r  n i t r id in g  were m easu red . A d em ag n e tiza tio n  f a c to r  o f  4n  was 

used  to  com pute t h e  f lux  d e n s i t ie s  a s  m easu red  p e rp e n d ic u la r  to  th e  film 

p lane ,  and  zero  fo r  th e  in  p lan e  m easu rem en ts .
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7.3. R esu lts  and  D iscussion

7 .3 .a. Sm(Fe,Ti)12Nx and  N d(Fe,T)12Nx , T=Ti or Mo, Compounds

F igure  7.1 shows x - r a y  d i f f ra c t io n  t r a c e s  fo r  a  h ig h ly  (002) t e x tu r e d  

ThMn12 ty p e  Smg 90F e85  35Tig 75  film befo re  an d  a f t e r  n i t r id in g .  An 

ex p an s io n  of t h e  l a t t i c e  p a ra m e te r s  is  o b se rv e d  w ith  a maximal volume 

in c re a s e  of »7%. This  7% figu re  in c lu d es  s t r e s s  e f fe c ts  a r is in g  from

d iffe re n c es  in  ex p an s io n  c o e ff ic ien ts  o f  th e  film and  s u b s t r a te .  O th e r  le s s  

t e x tu r e d  films h a v e  been  u s e d  to  p rec ise ly  d e te rm in e  th e  a  and  c 

p a ra m e te rs  w ith  and  w ith o u t  n i t ro g e n a t io n .

The m agnetic  p ro p e r t ie s  o f  t h e  n i t r id e d  films a s  shown in  f igu re  7.2 a re  

v e ry  d i f f e re n t  from th o se  of th e  o r ig ina l  films. The n i t r id e d  films e x h ib i t  

th e  e a sy  a x is  in  p lan e  which is  on ly  c o n s i s t e n t  w ith  n i t ro g e n a t io n  

r e s u l t in g  in  a  convers ion  from e a sy  a x is  to  an  e a sy  p lan e  system .

H y s te re s is  loops of a  h ig h ly  (002) t e x tu r e d  Nd(Fe,Ti) 12 film sample, 

m easu red  p e rp e n d ic u la r  an d  p a ra l le l  to  th e  film p la n e  a t  293 K a re  shown 

in  f ig u re  7 .3(a). A lthough  N d(Fe,T i)12, which is  u n ia x ia l ,  is  a  s o f t

m agne tic  m a te r ia l ,  t h e  m a g n e t iz a t io n  r e v e r s a l  p rocess  is  s im ila r  to  t h e  

h ig h ly  (002) t e x tu r e d  Sm (F e ,T i) j2 films b e c au se  t h e  in  p lan e  c o e rc iv i ty  is  

l a rg e r  t h a n  t h a t  p e rp e n d ic u la r  to  t h e  film p lane .  F igu re  7.3(b) shows th e  

h y s te r e s i s  loops m easu red  a t  10 K. The k ink  in  th e  p e rp e n d ic u la r  to  t h e  

film p lan e  loop, an d  th e  loop sh a p e ,  in d ic a te  a  sp in  r e o r ie n ta t io n  below 

room te m p e ra tu re .  The h y s te r e s i s  loops of n i t r id e d  s im ila r ly  p rep a re d
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N d (F e ,T i) j2 f ilms m easu red  a t  293 K a re  shown in  f igu re  7.3(c), and  a t  10 

K in  f igu re  7 .3(d). The drop  in  m a g n e t iz a t io n  upon  e n t r y  in to  th e  second 

q u a d ra n t  is  due  to  t h e  a - F e  w hich h a s  been  p re c ip i ta te d  d u r ing  n i tr id in g  

of th e  films. As can  be s e e n  from t h e  f ig u re s  7 .3(c) and  7.3(d), a f t e r  

n i t r id in g  N d(Fe,T i)12Nx rem ain  u n ia x ia l  fo r  th e  whole te m p e ra tu re  range .

The x - r a y  t rac es  of Nd(Fe,Ti) 1 2  before and a f te r  n itr id ing  are  shown in 

figure 7.4. The perpend icu lar  to the  film plane 4nMr value  a t  293 K is 

12 kG and th is  va lue  is close to the  4nMs value  since th e  films are 

highly (002) tex tu red .  The high degree of (002) crystallographic tex tu r ing  

allowed the  m agnetocrysta lline  an iso tropy  field to  be determined by 

ex trapo la ting  th e  perpend icu lar  and in plane hys te res is  loops. The 

m agnetocrysta lline  an iso tropy  field of Nd(Fe,Ti)12 sample is 108 kOe.

F igu res  7 .5(a) and  7 .5(b) r e s p e c t iv e ly  show, T=293 K and  T=10 K, f i r s t  

an d  second q u a d ra n t  h y s te r e s i s  loops of a Nd(Fe,Mo)12Nx sample. For th e  

T=293 K loop , 4nMs =12 .9  kG, jHc =5.3  kOe, and  BHm ax=24.4  MGOe. The 

a n is o t ro p y  f ie ld  e x t r a p o la te s  to  130 kOe. For th e  T=10 K loop, 4nMs =14.7  

kG, ^Hc =22.8  kOe, and  BHm ax=46 .64  MGOe. The a n iso t ro p y  field  

e x t r a p o la te s  to  239 kOe. F igu re  7.6 shows x - r a y  d if f ra c to m e te r  t r a c e s  for 

t h e  sam ple o f  f ig u re  7.5 before  and  a f t e r  n i tr id in g .  F igure  7 .6(a)  shows 

t h e  c o u n ts  fo r  a  s te p  of 0.03 deg rees  p e r  ch a n n e l  and  a  dwell tim e o f  5 

seconds  p e r  c h a n n e l .  F igu re  7.6(b) shows a n  e x panded  c o u n t  sc a le  fo r  th e  

n i t r id e d  sam ple u sed  to  q u a n t i f y  t h e  degree  of c - a x i s  a l ignm en t  an d  to  

m easu re  t h e  p re se n c e  of a - F e .  The major r e f le c t io n  p r e s e n t  is  th e  (002) 

re f le c t io n  o f  t h e  ThMn12 Ph&se. The in te g r a te d  in te n s i t y  r a t io  o f  th e
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ThMn12 (202) to  (002) r e f le c t io n s  is  0.0035. T here  is  no d e te c ta b le  

p re se n c e  of a - F e  in  t h i s  sam ple.

F igu re  7.7 shows room te m p e ra tu re  h y s te r e s i s  loops fo r  a  sam ple made 

w ith  some e x cess  Nd a f t e r  n i t r id in g .  For t h i s  sam ple a t  293 K, 4nMs =12.8  

kG, jHc=7.2  kOe, a n d  BHm ax=30 .2  MGOe. X - r a y  d i f f ra c t io n  t r a c e s  before  

and  a f t e r  n i t r id in g  of su ch  a  sam ple a re  shown in  f ig u re  7.8. F igure  

7.8(b) shows an  e x panded  sc a le  to  q u a n t i f y  t h e  ThMn12 (2 2 2 ) p e a k  and  to  

d e te c t  a - F e ,  i f  p re s e n t .

It  is  poss ib le  t h a t  t h e  small am oun t o f  a - F e  d e te c te d  was m ain ly  confined  

to  th e  film su rfa c e .  We h a v e  shown fo r  Sm2 F e 17Nx sam ples  t h a t  th e  

r e l a t i v e  s ize  o f  t h e  a - F e  d i f f ra c t io n  p e a k  can  be reduced  by s p u t t e r  

e tc h in g  th e  o u te r  film su rfa c e^ 50).

The x - r a y  t r a c e s  o f  a ll  t h e  h ig h ly  (002) t e x tu r e d  N d(Fe,T)12, T=Ti or Mo, 

and  Sm(Fe,Ti) 12 films before  an d  a f t e r  n i t r id in g ,  e x h ib i t  th e  s h i f t  o f  l ine  

po s i t io n s  to w a rd s  lower a n g le s  o f  2© a f t e r  n i t r id in g .  The e f fe c t  of 

n i t ro g e n  on th e  s t r u c tu r e  is  e s s e n t ia l ly  to  ex p an d  th e  u n i t  cell, w i th o u t  

chang ing  th e  t e t r a g o n a l  sym m etry  of th e  1 -1 2  p a re n t  compound. By 

n e u tro n  d if f ra c t io n  s tu d ie s  Yang e t  al. found t h a t  t h e  n i t ro g e n  occupied 

th e  i n t e r s t i t i a l  2b s i t e s ^ 11  ̂ ( l / 2 , l / 2 , 0 « 0  0 1/2). T here  is  no l im ita t io n  on 

N a tom s p o p u la t in g  t h e  2b s i t e s  an d  a t  fu l l  occupancy , w hen N occupy th e  

a ll  2b s i t e s ,  t h e  v a lu e  o f  x is  one. The volume ex p a n s io n  due  to  

n i t ro g e n a t io n  (5V/V) in  t h e  b u lk  sam ples  of R(Fe,Ti) 12 s e r ie s  is  in  t h e  3 -  

5% range , 5 be ing  th e  v a lu e  fo r  fu ll  N occupation . But t h e  volume 

ex p an s io n  o f  1 -1 2 ,  S m -F e - T i  film is  7% due to  t h e  s t r e s s  e f fe c ts .  The
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volume ex p an s io n  n o t  on ly  depends  on th e  s t r e s s  e f fe c ts  b u t  a lso  on th e  

N c o n te n t .

I n t e r s t i t i a l  a b so rp t io n  o f  n i t ro g e n  g iv es  r i s e  to  p ro found  changes  of 

m ag n e to c ry s ta l l in e  a n is o t ro p ie s  in  R(Fe,T ) 12 compounds. The e a sy  

m a g n e t iz a t io n  d ire c t io n  of Sm(Fe,Ti) 12 compounds ch an g e  from e a s y  a x is  to  

e a sy  p la n e  upon  n i t r id in g  w here  as  t h e  e a sy  d i re c t io n  of N d(Fe,T)12, T=Ti 

or Mo, s t i l l  rem ain  u n ia x ia l .

The e a s y  d ire c t io n  is  d e te rm in e d  by th e  po ss ib ly  com peting c o n tr ib u t io n s  

to  t h e  a n iso tro p y ,  w ith  d i f f e r e n t  te m p e ra tu re  dependence , fo r  th e  r a r e  

e a r th  an d  iron  s u b la t t i c e s .  T he  iron  s u b la t t i c e  h a s  a n  e a sy  c a x is  in  th e  

R(Fe,T) 12 s e r ie s  a t  a l l  t e m p e ra tu re s  before  an d  a f t e r  n i t r id in g  (K1F e )>0. 

The s ign  o f  th e  r a r e  e a r th  s u b la t t i c e  a n is o t ro p y  is  de te rm ined  by th e  

p ro d u c t  o f  t h e  s e c o n d - o r d e r  S te v e n s  c o e ff ic ien t  a j  an d  th e  s e c o n d -o rd e r  

c r y s t a l - f i e ld  p a ra m e te r  A2 0 ; K1p = - ( 3 / 2 ) a j < r 2 >A2 0 <O2 Q>, O20  is  th e

S te v e n s  o pe ra to r .

Sign o f  A20  is  n e g a t iv e  in  t h i s  t e t r a g o n a l  s t r u c tu r e .  However, a f t e r  

n i t r id in g  o f  R(Fe,T ) 12 compounds, t h e  m od if ica tion  of c r y s t a l - f i e l d  a t  t h e  

r a r e  e a r th  ions, w hich is  d i re c t ly  due  to  ne ig h b o r in g  n i tro g e n  atom s,

m akes t h e  s ign  o f  A20  becomes p o s i t i v e ^ 1 \  Hence th e  Nd3 + , Tb3 + , 

Dy3 + , an d  Ho3+  ions, w hich  p o sse s s  a  n e g a t iv e  s e c o n d - o r d e r  S te v e n 's

fac to r ,  can  e x h ib i t  u n ia x ia l  a n iso t ro p y ,  w h ereas  Sm3+ and  E r3+  ions  can

e x h ib i t  t h e  b a s a l - p l a n e  an iso tro p y .
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The la rg e  a n is o t ro p y  f ie ld  HA o f  N dF e^T N jj ,  T=Mo or Ti. is  v e ry  

fa v o ra b le  fo r  p e rm a n e n t  m agne t  a p p lic a t io n s .  A lthough  N d F e j jT i  and  

NdFejjM o, w hich a r e  u n ia x ia l  a t  room te m p e ra tu re ,  e x h ib i t  sp in  

r e o r ie n ta t io n s  a t  low te m p e ra tu re s ,  no sp in  r e o r i e n ta t io n s  h a v e  been  

obse rved  in  N d F e ^ T iN x  a n d  NdFejjMoNjj compounds, in d ic a t in g  th e y  h a v e  

u n ia x ia l  a n is o t ro p y  a t  a l l  te m p e ra tu re s .  A lthough  b o th  NdFe-jjTiNjj and  

NdFe2 jMoNx h a v e  good in t r in s i c  m agne tic  p ro p e r t ie s  on ly  N dF ejjM o films 

can  be s y n th e s iz e d  f re e  o f  a - F e  an d  an d  no p re c ip i ta t io n  of a - F e  h a s  

been  obse rved  in  th e s e  films du r ing  n i t ro g e n a t io n .  A sh o u ld e r  of th e  

m ag n e t iz a t io n  c u rv e  in  th e  second  q u a d ra n t ,  which is  o f te n  a s so c ia te d  

w ith  a - F e ,  d r a s t ic a l ly  re d u c e s  th e  en e rg y  p roduct .  Hence N dFe^M oN x 

films w ith  a  s l ig h t  e x cess  o f  Nd is th e  b e s t  c a n d id a te  fo r  p e rm a n en t  

m agnet a p p lic a t io n s .

7.3.b. D isordered  R(Fe,Ti)7 an d  R(Fe,Ti)7Nx , R=Sm or Nd, P h ases

Highly t e x tu r e d  an d  well c h a ra c te r iz e d  p h a s e s  were a lso  made, which did 

no t  e x h ib i t  an  a p p re c ia b le  in c re a s e  in  c o e rc iv i ty  upon n i t r id in g .  Such 

films were in d ex e d  to  th e  d iso rd e re d  TbCu7 phase .  I t  was poss ib le  to  

make Sm(Fe,Ti) 7 films, a s  show n in f ig u re  7.9(a) an d  7.9(b) befo re  and  

a f t e r  n i t r id in g ,  su c h  t h a t  a l l  t h e  c ry s t a l l i t e s  had  one t e x t u r e  mode. In 

th e s e  t e x tu r e d  Sm(Fe,Ti) 7 f ilms a - a x i s  is  p e rp e n d ic u la r  to  t h e  film p lan e  

and  c - a x i s  is  random ly  d i s t r ib u t e d  in  t h e  film p lan e .  The x - r a y  t r a c e s  

showed no a - F e  b e fo re  an d  a f t e r  n i t r id in g ,  and  t h e  second  q u a d ra n t  drop 

o f ten  a s so c ia te d  w ith  a - F e  was a b s e n t  from th e  h y s te r e s i s  loops. 

H ys te re s is  loops as  m easu red  a t  293 K, befo re  and  a f t e r  n i t r id in g ,  and  a t  

10 K a f t e r  n i t r id in g ,  a re  shown in  f igu re  7.10. Solid l ine  -  in  t h e  film
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p lane , d ash ed  l in e  -  p e rp e n d ic u la r  to  th e  p lane .  Before n i tr id in g ,  in  th e  

film p la n e  and  p e rp e n d ic u la r  to  t h e  film p la n e  h y s te r e s i s  loops, f igu re  

7 .10(a) showed a t  low f ie ld s  t h e  p e rp e n d ic u la r  to  th e  film p lan e  moment 

was h ig h e r  t h a n  th e  in  film p lan e  moment. But a f t e r  n i t r id in g ,  f igure  

7 .10(b), t h i s  was r e v e r s e d  an d  th e  in  th e  film p lan e  moment was v e ry  

much h ig h e r  t h a n  t h e  p e rp e n d ic u la r  to  t h e  film p lan e  moment a t  low 

f ie lds . The before  and  a f t e r  n i t r id in g  loops w ere b o th  c o n s tr ic te d  n e a r  

H=0.

In a con ica l  sy s tem  th e  p rocess  of m a g n e t iz a t io n  r e v e r s a l  v e ry  ea s i ly

ta k e s  p lace  w ith  t h e  ro ta t io n  of Ms on th e  enve lope  of t h e  cone, s ince  

th i s  is  th e  a n is o t ro p y  minimum. O bviously  t h e  r e s u l t  is  a  rap id  change  of 

th e  m ag n e t iz a t io n  and  c o n s tr ic t io n  of th e  loop, v a n ish in g  c o e rc iv i ty ,  a t  

low f ie lds . Hence th e  d iso rd e red  Sm(Fe,Ti) 7 is  a  con ica l  sy s tem  and 

m ag n e t iz a t io n  r e v e r s a l  in d ic a te d  th e r e  was a  d e c re a se  in  cone ang le  a f t e r  

n i t r id in g  b ecause  t h e  c - a x e s  were random ly  d i s t r ib u te d  in  th e  film p lane .

The p ro p e r t ie s  of d iso rde red  Nd(Fe,Ti) 7 f ilms be fo re  and  a f t e r  n i t r id in g  

were found to  be s im ila r  to  th e  d iso rde red  Sm(Fe,Ti)7 films. The

Nd(Fe,Ti)7 films w ere h ig h ly  (110) t e x tu r e d  w ith  th e  c - a x e s  o f  th e  

in d iv id u a l  c r y s t a l l i t e s  random ly  d i s t r ib u te d  in  t h e  film p lane .  X - r a y  

d if f ra c to m e te r  t r a c e s ,  C u ^ a  r a d ia t io n ,  b e fo re  and a f t e r  n i t r id in g  a re  shown 

in  f ig u re s  7 .11(a) an d  7.11(b). The d iso rd e red  Nd p h a s e s  did c o n ta in  some 

a - F e  so t h a t  th e  i n te r p r e ta t io n  was n o t  a s  c le a r  c u t  a s  for t h e  Sm 

d iso rde red  p h a ses .  F igu res  7 .12(a) an d  7.12(b) before  n i tr id in g ,  and

7.12(c) an d  7 .12(d) a f t e r  n i t r id in g ,  show h y s te r e s i s  loops of a  s im ila r ly  

p rep a red  d iso rdered  Nd(Fe,Ti) 7 sam ple a t  293K and  a t  10K. The
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p e rp e n d ic u la r  loop came up  f a s t e r  before  and  a f t e r  n i t r id in g ,  b u t  in  p lan e  

loop came up co n s id e rab ly  slow er a f t e r  n i t r id in g  w hich in d ic a te d  t h a t  th e  

e a sy  ax is  d i re c t io n  w as s h i f te d  to  l ie  more o u t  of t h e  p lan e  aw ay from 

th e  c - a x i s  d irec tion . Thus th e  cone ang le  was in c re a se d  a f t e r  n i tr id in g .  

The in  p lan e  h y s te r e s i s  loops were v e ry  c o n s tr ic te d  a s  fo r  th e  Sm(Fe,Ti)7 

d iso rdered  p hases .

7 .3 .c. Nd(Fe,Co,Mo)j 2n x Compounds

In ThMn12 ty p e  N dCFe.T^N jj family, a s  e x p la ined  before , Nd(Fe,Mo)12Nx 

is t h e  b e s t  c a n d id a te  for p e rm a n e n t  m agnet a p p lic a t io n s .  Hence sam ples  

h a v e  been m ade w ith  some o f  th e  Mo rep la ce d  by Co in  o rder  to  e n h a n c e  

th e  r e m a n e n t  f lux d e n s i ty .  F igure  7.13 shows t h e  room te m p e ra tu re  

h y s te r e s i s  loops for a  sam ple  c o n ta in in g  50% of  t h e  Mo rep laced  w ith  Co, 

NdFej jMoq 5 Coq 5 Nx . The s a tu r a t i o n  f lux  d e n s i ty  m easu red  p e rp e n d ic u la r  

to  th e  film p la n e  was 15.5 koe. The en e rg y  p ro d u c t  m easu red  

p e rp e n d ic u la r  to  th e  film p la n e  was 46.3 MGOe and  was n o t  c o e rc iv i ty  

lim ited  s ince  }HC was 8.7 kOe. The a n iso tro p y  f ie ld  e s t im a te d  by 

e x tra p o la t in g  th e  i n - p l a n e  f lu x  d e n s i ty  to  t h e  p e rp e n d ic u la r  v a lu e  was 

150 kOe. F igure  7.14 shows T=10K m easu rem en t  fo r  t h e  sam ple o f  f igu re  

7.13. The 4nMs =17 kG, jHc = 24.0  kOe, and  th e  BHmax v a lu e  was 59.6 

MGOe. At 10 K, HA was e s t im a te d  to  be 250 kOe. F igu re  7.15 shows x -  

r a y  d if f ra c t io n  t r a c e s  fo r  su c h  a  Co s u b s t i tu t e d  film b efo re  and  a f t e r  

n i tr id in g .  N e i th e r  a - F e  n o r  a n y  f re e  Nd can  be seen  in  t h e  n i t r id e d  

sam ple as  shown in f igu re  7.15(b).
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The m agne tic  an d  x - r a y  d a ta  fo r  t h e  t h r e e  ty p e s  of sam ples a f t e r  

n i t r id in g  a re  sum m arized in  t a b le  7.1. The m agne tic  d a ta  shown a re  room 

te m p e ra tu re  v a lu e s  fo r  VSM m ea su rem e n ts  w ith  H p e rp e n d ic u la r  to  th e  film 

p lane .  Samples w hich h a d  50% o f  th e  Mo rep la ce d  by  Co e x h ib i te d  an  

en h an ced  4nMs o f  15.5 kG v e r s u s  12.9 kG fo r  correspond ing  sam ples 

w i th o u t  Co. The room te m p e ra tu re  s t a t i c  e n e rg y  p ro d u c t  of th e  sample 

w ith  a  s l ig h t  Nd excess  was 30.2 MGOe. For t h e  sam ple  w ith  Co fo r  Mo 

(50%) rep la ce m e n t  th e  en e rg y  p ro d u c t  a t  room te m p e ra tu re  was 46.3 MGOe.

To s tu d y  th e  e f fe c ts  o f  a n is o t ro p y  and  c o e rc iv i ty  e n h a n ce m en ts  upon  th e  

s u b s t i tu t io n  of sm all am oun ts  of Co for Fe, we h a v e  sy n th e s iz e d  films 

which h a v e  a  g r a d ie n t  a long  t h e  s u b s t r a t e  l e n g th  in t h e  Fe to  Co ra t io ,  

N d tF e j .y C O y ) ^  5 MozNx , z«0 .5 . F igure  7.16 shows th e  h y s te r e s i s  loops for 

a Nclg gFe85  gCOj 8 Mo4 4 Nx sam ple a s  m easu red  a t  293K, p e rp e n d ic u la r  to  

t h e  film p lane ,  and  in  t h e  film p lane .  For t h i s  sam ple t h e  room 

te m p e ra tu re  r e m a n e n t  f lux  d e n s i ty  was 16.2 kG and  is  e s s e n t ia l ly  th e  

same a s  th e  s a tu r a t i o n  v a lu e .  The room te m p e ra tu re  jHp p e rp e n d ic u la r  to  

th e  p lan e  was 8.7 kOe, an d  th e  s t a t i c  energy  p ro d u c t  was 30.4 MGOe. 

The la rge  drop in  f lu x  d e n s i ty  upon e n te r in g  th e  dem ag n e tiza tio n  q u a d ra n t  

g r e a t ly  low ers  t h e  p o ss ib le  e n e rg y  p ro d u c t  from t h a t  th e o r e t i c a l ly  poss ib le  

fo r  such  a  h igh  r e m a n e n t  f lu x  d e n s i ty .  The drop in  f lux  d e n s i ty  a s  H 

in te r n a l  r e v e r s e s  is  e x p e c te d  b e c au se  such  sam ples  c o n ta in  a  t r a c e  o f  a -  

Fe a s  in d ic a te d  in  t h e  x - r a y  d i f f ra c to m e te r  d a ta  shown in  f ig u re  7.17 

This  sam ple  w as s t ro n g ly  (002) t e x tu r e d ,  b u t  n o t  to  th e  same ex trem e 

degree  a s  p re v io u s  films w hich were made to  m a in ta in  uniform  composition 

films. The room te m p e ra tu re  m a g n e to c ry s ta l l in e  a n is o t ro p y  o b ta in e d  by
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e x t r a p o la t in g  th e  in  p la n e  f lu x  d e n s i ty  to  t h e  p e rp e n d ic u la r  v a lu e  was 

145 kOe.

F igure  7.18 shows h y s te r e s i s  loops a s  m ea su red  a t  293 K fo r  a 

Ndg g F e g g ^ C o g  0 M o 4  g Nx  p red o m in an t ly  (002) t e x tu r e d  film sample. The 

m ain p o in ts  o f  i n t e r e s t  fo r  th i s  sam ple a re  t h a t  t h e  room te m p e ra tu re  

c o e rc iv i ty  h a s  been in c re a s e d  to  11.3 kOe an d  th e  room te m p e ra tu re  

a n is o t ro p y  f ie ld  to  an  e s t im a te d  190 kOe. The room te m p e ra tu re  s t a t i c  

e ne rgy  p ro d u c t  p e rp e n d ic u la r  to  th e  p lan e  was a lso  re s p e c ta b le  a t  30 

MGOe. F igure  7.19 shows a n  x - r a y  d if f ra c t io n  t r a c e  a f t e r  n i t r id in g  for 

t h i s  sample. Since th i s  sam ple  was only  1.5 pm th ic k ,  th e  c h a ra c te r i s t i c  

p o ly c ry s ta l l in e  A12 0 3 s u b s t r a t e  l in es  a re  c le a r ly  e v id e n t  a t  20=35.13°, 

37.78°, 43 .36°,and  52.55°. Only a small a - F e  p e a k  is  e v id e n t  a t  44.70°. 

The second  s t r o n g e s t  ThMn12 r e f le c t io n  is  t h e  (202). H y s te re s is  loops for 

t h i s  sam ple m easu red  a t  10 K a re  shown in f ig u re  7.20. By 10 K th e  

m agne tic  p ro p e r t ie s  had  in c re a s e d  to  4nMs = 16 .5  kG, ^< ,= 29 .5  kOe, and  

BHmax = 40.5  MGOe. The a n is o t ro p y  f ie ld  a t  10 K can  on ly  be e s t im a ted  

to  be a r e l a t i v e ly  h igh  v a lu e  o f  245 kOe.

E x c e p tio n a l ly  h igh v a lu e s  o f  in t r in s ic  c o e rc iv i ty  and  a n is o t ro p y  f ie ld s  

h a v e  been  m ea su red  in  film sam ples  made w ith  a  g ra d ie n t  in  t h e  Fe to  Co 

r a t io  a long  th e  s u b s t r a t e  len g th .  The h ig h e s t  in t r in s ic  c o e rc iv i ty  and  

a n is o t ro p y  v a lu e s  o b ta in e d  a t  293 K were jHc = 11.3  kOe and  HA= 190 kOe. 

The co rrespond ing  v a lu e s  w ere 29.5 kOe an d  245 kOe a t  10 K. D esp ite  

th e  new high  v a lu e s  of jHc a n d  HA o b ta in e d  fo r  an  Fe to  Co r a t io  13.4 to  

1, t h e  room te m p e ra tu re  BHmax v a lu e  of 30 MGOe was c o m p a ra t iv e ly  low 

b e c au se  o f  t h e  p a r t i a l  d e c re a se  of t h e  f lux  d e n s i ty  fo r  small
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dem agne tiz ing  f ie ld s .  A new h igh  v a lu e  of HA=190  kOe was a lso  m easu red  

a t  293 kOe. Even  th o u g h  t h i s  v a lu e  m u s t  h a v e  a  la rg e  to le ra n c e  b ecause  

i t  was o b ta in e d  by  e x t r a p o la t io n  from h igh  f ie ld  m ea su rem e n ts  to  on ly  90 

kOe, i t  shou ld  be n o ted  t h a t  t h i s  v a lu e  is  a b o u t  tw ice  th e  room 

te m p e ra tu re  v a lu e  fo r  Nd2 F e 14B^52 \  and  h ig h e r  t h a n  t h e  room te m p e ra tu re  

v a lu e  o f  n i t r id e d  Sn^FejyNQ^®2 ).
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CHAPTER 8 HIGH COERCIVITY R5 F e 17 PHASE IN S m -F e -T ,  T=Ti,V OR Ti+V,

SYSTEM.

8.1. In tro d u c tio n

8.2. E xpe r im en ta l  D eta ils

8.3. R esu lts  an d  D iscussion

8.1. In tro d u c tio n

The s t r u c tu r e  of th e  h igh  c o e rc iv i ty  p h a se ,  re p o r te d  for th e  f i r s t  t im e in  

s p u t t e r e d  S m -F e -T i  films fo r  a com position  r a t io  o f  Sm:Fe:Ti=20:70:10, 

t h a t  e x h ib i te d  a  room te m p e ra tu re  in t r in s ic  co e rc iv i ty ,  jHc , of 38.5 kOe as 

m easu red  a t  293 K^17\  h a s  r e c e n t ly  been  found  to  be t h a t  of

Nd5 F e 17^19\  The c ry s ta l  s t r u c tu r e  of Nd5 F e 17 be longs to  t h e  hex ag o n a l

space  group p63/mcm w ith  l a t t i c e  p a ra m e te rs  a= 20 .214  A and  c= 12.329 A 

an d  th e r e  a re  12 fo rm ula  u n i t s  ( z = 12 ) in  t h i s  r e l a t i v e ly  la rg e  u n i t  cell. 

The h e x a g o n a l  5 - 1 7  l a t t i c e  p a ra m e te rs  for Sm2 oF e 7o T i10 a re  a= 20 .169  A 

and  c= 12 .354  A. Room te m p e ra tu re  in t r in s ic  c o e rc iv i t ie s  of 50 kOe h a s  

been  ac h ie v e d  s u b s e q u e n t ly  fo r  t h e  same com position S m -F e -T i  compounds 

by m echan ica l  a l l o y i n g / 54^

We w ere ab le  to  s y n th e s iz e  th e  h igh  c o e rc iv i ty  5 - 1 7  p h a s e  in  s p u t t e r e d  

films fo r  com positions S m -F e -V ,  S m -F e - (T i-V )  for a  ran g e  of (Ti,V), and

S m -F e -T i  fo r  Ti<l At.%^2 0^ 2 ^ .  B inary  Sm5 F e 17 h a s  a lso  been  re p o r te d
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by our  group  in  s p u t t e r e d  films, add ing  a  new s ta b le  p h a s e  to  t h e  b in a ry  

Sm -Fe  system ^22). The films fo r  t h e  whole com position ran g e  h a v e  been 

made in  a two s te p  p rocess .  F i r s t ,  t h e  m a te r ia l  h a s  been  dep o s ited  in  an  

am orphous s t a t e ,  an d  th e n  th e  d e p o s i ts  h a v e  been  c ry s ta l l iz e d  in  s i tu .  

T h is  m ethod  of p r e p a ra t io n  g e n e ra l ly  p roduces  f ine  g ra in e d  c ry s ta l l i t e s ,  

300 to  600 A in  d iam e te r .  The o r ie n ta t io n  o f  such  c r y s t a l l i t e s  is 

expec ted  to  be random  an d  th e re fo re  sam ples  a re  m ag n e t ic a l ly  iso trop ic . 

The b e s t  c o e rc iv i t ie s  o b ta in e d  for S m -F e -V  and  S m - F e - T i - V  com positions 

a re  15.7 kOe and  45.6 kOe re s p e c t iv e ly .  M agnetic m easu rem en ts  shows 

t h a t  th e  r a t io  of r e m a n e n t  m ag n e t iz a t io n  (Br ) to  th e  m ag n e t iz a t io n  a t  90 

kOe, th e  maximum app lied  f ie ld  a v a i la b le  in  th e  lab , is  s u b s ta n t i a l l y  

g r e a t e r  t h a n  0.5 e x p e c te d  fo r  a  random  co llec t ion  of s ing le  domain 

u n ia x ia l  g ra in s .  The rea so n  fo r  th i s  is  t h a t  th e  f ie ld  of 90 kOe is  n o t  

s u f f ic ie n t  to  s a t u r a t e  th e  m ag n e t iz a t io n .  All o f th e s e  m agnetic  

m easu rem en ts  o f  u l t r a  h igh  c o e rc iv i ty  sam ples  a re  for t h e  a s  m easured , 

u s u a l ly  minor, h y s te r e s i s  loop v a lu e s  w ith o u t  a n y  second p h ase  

co rrec tions .

The drop in  m a g n e t iz a t io n  upon e n t r y  in to  th e  second  q u a d ra n t ,  ty p ic a l  of 

th e s e  v e ry  h igh c o e rc iv i ty  sam ples, is  th o u g h t  to  be a s so c ia te d  w ith  a 

second  p h a se  which lowers t h e  co e rc iv i ty .  O ccurrence  o f  s o f t  second 

p h a ses ,  in  m inu te  am ount, i s  h a rd  to  d e te c t  in  t h e  x - r a y  d i f f ra c t io n  

p a t t e r n  be c au se  l in e  d e n s i ty  o f  powder 5 - 1 7  p a t t e r n  i t s e l f  is  v e ry  high. 

P re c ip i ta t io n  of Sm(Fe,Ti)2 in  a d d it io n  to  t h e  dom inan t  5 - 1 7  p h a s e  from a 

Sm r ich  m atr ix  is  d isc u sse d  for th e  com position S m -F e -T i ,  T i» l  At.%. 

P resence  o f  poss ib le  second  p h a s e s  in  a  S m - F e - T i - V  sample, T i:V »2:l,  

which e x h ib i te d  a  room te m p e ra tu re  jHc of 44 kOe, is  a lso  d isc u sse d  us ing
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therm om agnetic  d a ta .  In S m -F e -V  films ThMn12 ty p e  Sm(Fe,V) 12 

p r e c ip i t a te s  a s  a  second p h a s e  as  can  be se en  in  x - r a y  d if f ra c t io n

p a t t e r n  and  u n l ik e  in  o th e r  h a rd  p h a se  com positions  t h e  second  p h a se  

h e re  is  n o t  a  s o f t  m agnetic  p h a se .

The hex ag o n a l  u n i t  cell volum e shows a c le a r  and  s y s te m a t ic  ex p a n s io n  

upon th e  p a r t i a l  rep la ce m e n t  o f  Fe w ith  V, V+Ti, an d  Ti, in d ic a t in g  t h a t  

t h e s e  e lem en ts  a re  a c t in g  a s  rep la ce m e n t  e lem en ts  fo r  Fe in  t h e  p r im ary  

m agne tic  ph ase^ 22 \  A 10% rep lacem en t  of Fe by V cau sed  a  0.83%

volume ex p an s io n  an d  a  11% rep lacem en t  o f  Fe by Ti cau sed  a  1.63%

volume expansion . In Ref. 19 i t  h a s  been  e s t im a te d  t h a t  a  10% 

rep lacem en t  of Fe by Ti lead s  to  a  volume e x p a n s io n  of 2%.

In c o n t r a s t  to  th e  S m -F e -T ,  T=Ti, V, and  Ti+V, sam ples, s im ila r ly

p repa red  S m -F e -Z r  sam ples  h a v e  n o t  e x h ib i te d  th e  h igh  ^Hc p h a se ,  b u t  

in s t e a d  form in to  a  d iso rdered  1 -5 ,  TbCu7 ty p e  s t r u c tu r e ^ 20 ). The l a t t i c e  

p a ra m e te rs  fo r  d iso rdered  1 - 5  ty p e  S m -F e -Z r  a re  a= 5 .109  A and  c=4 .074  

A. The room te m p e ra tu re  jHc v a lu e  and  4nM v a lu e ,  a t  18 kOe, a re  6.4 

kOe an d  5.6 kG r e s p e c t iv e ly ^2

NdgF e 17 films p rep a re d  by  s u b s e q u e n t  c ry s ta l l iz a t io n  showed s o f t  m agne tic  

p ro p e r t ie s  w here  a s  Sm5F e 17 was m ag n e t ic a l ly  h a rd  w ith  a  room 

te m p e ra tu re  c o e rc iv i ty  of 14.7 kOe^22\



85

8.2. E xper im en ta l  d e ta i ls

T he h igh  jHc , 5 - 1 7 ,  S m -F e - T  films h a v e  been  m ade in  a  two s te p  p rocess . 

F irs t ,  t h e  m a te r ia l  h a s  been  dep o s ited  in an  am orphous s t a t e  on to  w a te r  

cooled AlgOg s u b s t r a t e  by r f  s p u t te r in g .  Amorphous films h a v e  th e n  been  

c ry s ta l l iz e d  in s i tu  by  a n n e a l in g  them  in  a n  Ar a tm osphere .  A nnea l ing  

te m p e ra tu re  was in  t h e  6 0 0 - 7 0 0  K ran g e  and  a n n e a l in g  tim e was 135 

m inu tes .  T a rg e ts  fo r  r f  s p u t t e r in g  were made by  a rc  m elting  th e  pu re  

c o n s t i tu e n t s  ( a t  l e a s t  99% pure) ,  w ith  a  d e s ire d  r a t io  , in  a n  Ar 

a tm osphere  in to  a  hom ogeneous b u t to n .  Excess  Sm was in co rp o ra te d  in to  

t h e  b u t to n  t a r g e t s  to  co m pensa te  for Sm lo sse s  d u r ing  arc  m elting  and  

film s y n th e s i s  p rocess .  The s p u t t e r in g  gas  used  was Ar a t  p r e s s u re s  from 

100 to  150 mTorr. These  p re s s u r e s  were h igh enough to  th e rm al ize  th e  

s p u t t e r e d  atom s befo re  t h e i r  a r r iv a l  a t  th e  s u b s t r a t e .  A m agnetic  fie ld , 

t h a t  we ca ll  Hg, Hg<2.5 kOe, was app lied  in th e  s u b s t r a t e  p lan e  du r ing  

dep o s it io n  an d  s u b s e q u e n t  c ry s ta l l iz a t io n  p rocesses .  The e f fe c t  o f  th e  

f ie ld  is  th o u g h t  to  be m inor bes ides  t h e  f a c t  t h a t  th e  films a re  

m agnetized  as  th e y  a re  rem oved from th e  s p u t t e r in g  system .
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8.3 . R esu lts  and  D iscussion

X r a y  d i f f ra c t io n  p a t t e r n  o f  a  5 - 1 7  ty p e  Nd20  1 4 ^ 7 9  gg film a re  shown in 

f ig u re  8.1. The v e r t i c a l  l in e s  shows th e  an g le s  an d  in te n s i t i e s  of 

c a lc u la te d  powder p a t t e r n  o f  NdgFe17 (a= 20 .214  A an d  c= 12 .329  A), 

o b ta in e d  from ref.  19. R ef lec tions  t h a t  does n o t  be long  to  5 - 1 7  p h a se  

h a s  been  found to  be t h a t  o f  Nd2 F e j 7 and  s t a r s  in d ic a te  t h e  an g le s  of 

Nd2 F e 17 powder p a t t e r n  l in e s  w ith  r e l a t i v e  l in e  i n te n s i t i e s ,  I /Io>20. In 

p la n e  h y s te r e s i s  loop of t h e  same sam ple which is  m ag n e t ic a l ly  so ft ,  is 

shown in f igu re  8 .2 .

F igu re  8.3 shows t h e  x - r a y  d i f f ra c t io n  p a t t e r n  of a  a lm ost s ing le  p h a se  

Sm21.5F e69 .1T*4.7v 4.7 sam P le - Solid c u rv e  is  t h e  x - r a y  f i t  fo r  th e  

d i f f ra c t io n  p a t t e r n  which is  t h e  sum of 44 modified L oren tz  fu n c t io n s  

co rrespond ing  to  t h e  44 re f le c t io n s ,  t h a t  could be e x p e c te d  in  th e  24 to  

54 degree  range . The 2© an g le  (posi t ion ) ,  h a l f  w id th  (w), h e ig h t  (y0), 

a re a  ( in te n s i ty -1 ) ,  and  r e l a t i v e  l ine  i n t e n s i t y  (I /I0) of e a ch  re f le c t io n  is 

show n in ta b le  8.1. All t h e  ob se rv ed  39 l in e s  g iven  in  ta b le  8.1 could be 

f i t t e d ,  w ith in  0.05° w ith  a w e igh ted  ro o t  m ean s q u a re  a n g u la r  d e v ia t io n  of 

0.1°, to  a  5 - 1 7  ty p e  h e x a g o n a l  cell w ith  a= 20 .130  A and  c= 12 .334  A. No 

l in e s  h a s  been found t h a t  does  n o t  be long  to  th e  5 - 1 7  phase .

X - r a y  d i f f ra c t io n  t r a c e  o f  a  Sm^g 5 F e 79  g T ij  film is  shown in  f igu re  8.4, 

so lid  l in e  is  t h e  x - r a y  f i t  fo r  t h i s  p a t t e r n .  All t h e  o b se rv e d  l in es  

be tw een  24 to  54 degree  r a n g e  could be f i t t e d  w ith in  0.05° to  a  5 - 1 7  

ty p e  h e x a g o n a l  cell w ith  a = 2 0 .1 1 2  A an d  c=12.31 A. In p la n e  h y s te r e s i s
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loop of th i s  Sm -F e  sam ple w ith  a  t r a c e  o f  Ti is  shown in f igu re  8.5 (solid 

line). The second  q u a d ra n t  drop in  t h e  h y s te r e s i s  loop is  v e ry  small and  

th e  loop s h a p e  to g e th e r  w i th  th e  x - r a y  t r a c e  su g g e s t  t h e  am ount of 

second p h a s e s  p r e s e n t  is  e x tre m e ly  small. F igu re  8 .6 (a) shows th e  x - r a y  

d i f f ra c t io n  t r a c e  of a  Sm r ich  Sm -F e  sam ple w ith  a t r a c e  of Ti,

Sm26.6Fe72 .3T*l . r  Dui"in g s u b s e q u e n t  c ry s ta l l iz a t io n ,  in  t h i s  Sm r ic h  film, 

Sm(Fe,Ti)2  p r e c ip i t a te s  a s  a  second  p h a s e  from th e  Sm r ic h  m atr ix  in 

ad d it io n  to  th e  m ain  5 - 1 7  p h a se .  In f igu re  8 .6 (a), s t a r s  in d ic a te  th e

SmFe2 pow der p a t t e r n  l in e  p o s i t io n s .  For com parison , x - r a y  d if f ra c t io n  

t r a c e  o f  th e  a lm os t  s ing le  p h a s e  Sm19 5 F e 79  5T i j  film is shown in  f igu re  

8 .6 (b). P re sen ce  of m ag n e t ic a l ly  s o f t  Sm(Fe,Ti)2  a s  a second  p h a s e  n o t  

only d e c re a se s  t h e  c o e rc iv i ty  b u t  a lso  k i l ls  t h e  loop shape , in  th e  second 

q u a d ra n t ,  a s  can  be s e e n  in  th e  h y s te r e s i s  loop of Sm2 6 6 ^ e 72.3T*l 1*

shown in f igu re  8.5, d a sh ed  l ine .

The maximum room te m p e ra tu re  in t r in s ic  co e rc iv i ty ,  jHc , obse rved  fo r  a 

s u b s e q u e n t ly  c ry s ta l l iz e d  s p u t t e r e d  film sam ple was 45.6 kOe for th e  

composition Sm15 j F e 7Q 4 T i 10 8 V3 7 . The in  p lan e  h y s te r e s i s  loop of a 

s im ila r  com position Sm16 9 6 F e 70  2 Tig 9 9 V3 85  film, m easu red  a t  293 K, is  

shown in  f ig u re  8.7, so lid  l in e .  D ashed  l in e  in  f igu re  8.7 shows th e

h y s te r e s i s  loop m easu red  in  p lan e  a t  5 K fo r  t h i s  h igh  jHc S m -F e - T i -V  

film. The ob se rv ed  in  p la n e  c o e rc iv i ty  a t  293 K an d  a t  5 K a re  43.4 kOe 

and  75 kOe re sp e c t iv e ly .

Both in  p la n e  loops in  f ig u re  8.7 shows a  drop in  m ag n e t iz a t io n  upon 

e n t r y  in to  t h e  2nd  q u a d ra n t .  X - r a y  t r a c e  of t h i s  h igh jHg sam ple is  

shown in f igu re  8 .8 . A lthough  th e  x - r a y  t r a c e  c le a r ly  id e n t i f ie s  th e  most
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in te n s e  l in es  o f  t h e  h a rd  5 - 1 7  p h a se ,  a n y  p re se n c e  of a  second  p h a s e  is 

h a rd  to  d e te c t  due  to  th e  poor q u a l i ty  of t h e  t r a c e  and  th e  h igh  l ine  

d e n s i ty  o f  5 - 1 7  p h a s e  i t s e l f .  The second  p h a s e s  t h a t  could be p r e s e n t  

a re  Sm(Fe,T)2 . Sm(Fe,T)g an d  Sm gC Fe.T)^ . whose Curie  t e m p e ra tu re 's  a re  

402 °C, 377 °C an d  112 °C re sp e c t iv e ly .  F igu re  8.9 shows th e

therm om agnetic  d a t a  of t h e  h igh  ^Hc sample. The v a r i a t io n  of 

m ag n e t iz a t io n  w ith  te m p e ra tu re  is  f a i r ly  sm ooth e x c e p t  for t h e  drop n e a r  

100 °C and  i t  re a c h e s  zero  n e a r  320 °C. P resence  of 1 -2 ,  1 - 3  and  a - F e  

a s  second p h a s e s  could be ru led  o u t  b e c au se  th e  m ag n e t iz a t io n  drops to  

zero n e a r  320 °C an d  a ll  t h e s e  th r e e  p h a s e s  h a v e  Tc 's g r e a t e r  t h a n  320 

°C. Non zero  v a lu e  for m a g n e t iz a t io n  shou ld  r e s u l t  a t  320 °C i f  th e r e  is 

an y  of th e s e  t h r e e  p h a s e s  p r e s e n t  a s  a second  p h a se .  In p lan e  h y s te r e s i s  

loops o f  t h e  same sample, room te m p e ra tu re  and above, a re  shown in 

f igu re  8 .10  and  co n d it io n s  u n d e r  which each  c u rv e  was m easu red  a re  as 

follows, c u rv e  (a) a s  m easu red  a t  room te m p e ra tu re  befo re  h e a t in g  th e  

sam ple to  320 °C, c u rv e  (b) a s  m easu red  a t  room te m p e ra tu re  a f t e r  cooling 

th e  sample, w hich had  been  h e a te d  above  320 °C, to  room te m p e ra tu re ,  

cu rve  (c) a s  m easu red  a t  270 °C while h e a t in g  th e  sam ple and  c u rv e  (d) 

a s  m easu red  a t  320 °C, Tc . C urves  (a) and  (b) a re  s im ilar,  which 

in d ic a te s  t h a t  th e r e  is  no c o n ta m in a t io n  or decom position  of th e  sample 

during  h igh t e m p e ra tu re  m agne tom e te r  m easu rem en t.  Curve (c) shows no 

drop in  m a g n e t iz a t io n  upon e n t r y  in to  t h e  second  q u a d r a n t  conforming 

t h a t  t h e  on ly  second  p h a se  p r e s e n t  is  S m gtF e.T ljy  whose Tc is  le s s  th a n  

270 °C. The m a g n e t iz a t io n  loop m easu red  a t  cu rie  t e m p e ra tu re ,  c u rv e  (d), 

shows a  p a ra m ag n e t ic  b e h a v io r  in d ic a t in g  t h a t  decom position or 

c o n ta m in a t io n  o f  th e  sam ple a t  th i s  t e m p e ra tu re  r e s u l t in g  in  p re c ip i ta t io n  

o f  a - F e  h a s  n o t  been  occurred . Hence th e  sh o u ld e rs  on th e
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dem ag n e tiza tio n  c u rv e s  in  t h e  second  q u a d r a n t  of th e ,  h igh jHc, S m -F e -  

T i-V  sam ple is  a  d i re c t  r e s u l t  o f  t h e  second  p h a s e  Sm2 (Fe ,T )17.

The 5 - 1 7  h a rd  p h a se  h a s  a lso  been  s y n th e s iz e d  in  S m -F e -V  film sam ples 

by a  s im ila r  p rocess ,  t h a t  w ere  used  to  s y n th e s i s  h igh  c o e rc iv i ty  S m -F e -  

T, T=Ti or Ti+V, film sam ples . In t h i s  s im ila r  m ethod, t h e s e  h igh 

c o e rc iv i ty  S m -F e -V  sam ples  w ere f i r s t  d e p o s i te d  in  a  m ic ro c ry s ta l l in e  

am orphous s t a t e  an d  th e n  s u b s e q u e n t ly  c ry s ta l l iz e d .  F igure  8.11 shows a 

h y s te r e s i s  loop for a  Sm2 oF e 7 3 v 7 sam ple as  m easu red  a t  293 K. The 

h y s te r e s i s  loop shown was m easu red  in  p lan e  and  p a ra l le l  to  a  f ie ld  Hg 

which was app lied  in  th e  film p la n e  d u r ing  th e  dep o s it io n  and  s u b s e q u e n t  

c ry s ta l l iz a t io n .  The in t r in s ic  co e rc iv i ty ,  jHc , 4nM a t  90 kOe app lied  fie ld , 

and  re m a n e n t  m ag n e t iz a t io n ,  Br , a s  a fu n c t io n  of t e m p e ra tu re  is  shown in 

f igu re  8.12. The jHc r i s e s  sm ooth ly  from 15.1 kOe to  31 kOe a t  6K. The 

maximum 4nM a t  90 kOe a n d  th e  Br  b o th  r ise  sm ooth ly  w ith  d e c reas in g  

tem p e ra tu re .  Th is  in d ic a te s  t h a t  th e  h igh jHc p h a s e  rem ains  u n ia x ia l  to  

low te m p e ra tu re s .  The s y n th e s i s  m ethod u sed  u s u a l ly  in t ro d u c e s  v e ry

l i t t l e  p re fe r re d  t e x tu r in g  fo r  t h e  films. The o b se rv e d  Br  v a lu e s  a re  th u s  

e x p e c te d  to  be 0.5 of th e  s a tu r a t i o n  m ag n e t iz a t io n  a s  fo r  a  co llec tion  of 

random  s in g le  domain u n ia x ia l  p a r t ic le s .  The m a g n e t iz a t io n  a t  90 kOe 

e x te n d e d  to  2Br  can  be used  to  e s t im a te  t h e  a n is o t ro p y  fie ld  a t  293 K as 

Ha =150  kOe.

The x - r a y  p a t t e r n  fo r  t h e  S m -F e -V  sam ple of fig. 11 is  shown in f igu re  

8 .13(a)  an d  fo r  com parison th e  x - r a y  p a t t e r n  of n e a r ly  s ing le  p h a se  

Sm2 l . 5 F e69 l T i4 7V4.7 san*Ple i s  show n in f ig u re  8.13(b). The x - r a y  

p a t t e r n  of S m -F e -V  sam ple, f ig u re  8 .13(a) ,  c le a r ly  shows th e  p re se n c e  of
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a  second p h a se  b es id es  th e  h a rd  m agnetic  6 - 1 7  p h a s e  when compared w ith  

n e a r ly  s ing le  p h a s e  x - r a y  p a t t e r n ,  f igu re  8 .13(b). The second p h a se  

p r e s e n t  he re  is  ThMn12 ^ P ®  Sm(Fe,V) 12 which could be e a s i ly  id en t if ied  

and  s t a r s  in  f ig u re  8 .13(a)  in d ic a te  t h e  29  ang le  p o s i t io n s  o f  Sm(Fe,T) 12 

powder p a t t e r n  w ith  r e l a t i v e  l in e  i n te n s i t i e s  g r e a t e r  th a n  10%.

Unlike in  h a rd  m agnetic  S m -F e -T ,  T=Ti or Ti+V, films th e  second p h a se  

p r e s e n t  in  h a rd  m agnetic  S m -F e -V  films is  n o t  m ag n e t ica lly  so ft .  Hence 

th e  drop in m ag n e t iz a t io n  upon e n t r y  in to  th e  second q u a d ra n t  depends on 

th e  in t r in s ic  c o e rc iv i ty  of t h e  second p h a s e  and  th e  m agnetic  coupling 

be tw een  5 - 1 7  and  1 -1 2  g ra in s .  In m echan ica l ly  a lloyed  Sm2 8 Feg2 T i10 

sam ples, jHc=60 kOe, t h e  5 - 1 7  g ra in s  a re  com plete ly  su rrounded  by a 

nonm agnetic  S m O -phase  and  th e re fo re  th i s  m ic ro s t ru c tu re  is  c lose to  an  

idea l  one w ith  n o n in te r a c t in g  s ing le  domain p a r t ic le  g r a i n s ^ 5 \  One could 

ex p ec t  a s im ila r  m ic ro s t ru c tu re  fo r  h a rd  m agnetic  S m -F e -V  films and  

th e re fo re  a ll  th e  g ra in s  a re  com plete ly  s u rro u n d e d  by a  nonm agnetic  SmO 

p h a s e  which leads  to  v e ry  sm all m agnetic  coupling be tw een  5 - 1 7 :5 - 1 7 ,  1 -  

12 :1 -1 2 ,  an d  5 - 1 7 :1 - 1 2  g ra in s .  As a  r e s u l t  o f  t h i s  b o th  5 - 1 7  and  1 -1 2  

p h a s e s  h a v e  h igh  c o e rc iv i t ie s  and  th e  h y s te r e s i s  loop looks l ike  a 

m u lt i la y e r  film w ith  two la y e r s  h a v in g  d i f f e re n t  c o e rc iv i t ie s .  H y s te re s is  

loops o f  t h e  same Sm2 0 F e 73V7 film (a) a t  293 K, (b) a t  160 K, and  (c) a t  

6 K a re  shown in f ig u re  8.14. The drop in  second q u a d ra n t  a t  293 K and 

160 K a re  b a re ly  v is ib le  b u t  a t  5 K i t  is  c le a r ly  v is ib le .  The re a so n  for 

t h i s  could  be  t h a t  b o th  Sm5 (Fe,V ) 17 an d  Sm(Fe,V) 12 h a v e  com parable  jHc 

v a lu e s  an d  t h e y  h a v e  th e  sam e te m p e ra tu re  dependence  e x cep t  a t  v e ry  

low te m p e ra tu re s  w here  t h e  5 - 1 7  p h a se  h a s  v e ry  s tro n g  te m p e ra tu re  

dependence .
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F igure  8.15 shows th e  low f ie ld  h y s te r e s i s  loops o f  t h e  same Sm2 0F e 7 3 V7 

sam ple, so lid  cu rve ,  an d  a  sam ple d e f ic ie n t  in  Sm, Sm12 gF e81 0V6 2* 

d a sh ed  cu rv e .  A lthough  b o th  loops a re  minor, sh o u ld e r  on th e  

de m a g n e tiz a t io n  c u rv e  in  th e  second  q u a d ra n t  is  v e ry  la rg e  in  th e  dashed  

c u rv e  which belongs  to  t h e  Sm d e f ic ie n t  sample. X - r a y  d if f ra c t io n  

p a t t e r n s  o f  t h e s e  two sam ples  a re  shown in f ig u re  8 .16(a) an d  (b) 

re s p e c t iv e ly .  Both x - r a y  t r a c e s  show th e  p re se n c e  of no o th e r  p h a s e s  b u t  

5 - 1 7 ,  major p h a s e  and  1 -1 2 ,  m inor p h a se .  A lthough  we labe led  1 -1 2  as  a 

m inor p h a se  in  Sm d e f ic ie n t  sam ple, am oun t of 1 -1 2  p h a s e  in  th i s  sam ple 

is  com parab le  to  5 - 1 7  p h a se .  The la rg e  second q u a d ra n t  drop and  hence  

low c o e rc iv i ty  in  th e  h y s te r e s i s  loop of Sm d e f ic ie n t  sam ple could be due 

to  t h e  lack  o f  a S m O -gra in  b o u n d a ry  p h a se ,  which i s o la te  b o th  1 -1 2  and  

5 - 1 7  g ra in s  as  in  Sm2 QFe7 3 V7 sam ple ex p la in ed  in  th e  p reced ing  

p a ra g ra p h .  A bsence  of a  g ra in  b o u n d a ry  p h a se  lead  to  m agnetic  coupling 

be tw een  ne ighbo ring  g ra in s .  T h e re fo re  th e  1 -1 2  g ra in s  can  no longer  be 

conside red  a s  n o n in te r a c t in g  s in g le  domain g ra in s  l ike  in  th e  o th e r  sam ple 

which r e s u l t s  in  n o t  on ly  a  low co e rc iv i ty  1 - 1 2  p h a se  b u t  a lso  a  low 

c o e rc iv i ty  5 - 1 7  p h a se ,  th ro u g h  th e  m agnetic  coupling  be tw een  1 -1 2  and  

5 - 1 7  g ra in s .  Hence t h e  drop  in  m ag n e t iz a to n  upon e n t r y  in to  th e  second  

q u a d r a n t  is  v e ry  la rg e  in  t h e  Sm d e f ic ie n t  Sm12 gF eg l  QV6 2 sample.

A lthough  th e  above  e x p la n a t io n s  b a sed  on m ic ro s t ru c tu re  ag ree  w ith  th e  

ob se rv ed  r e s u l t s ,  m ic ro s t ru c tu re  s tu d ie s  of S m -F e -V  sam ples  h a s  n o t  been  

done o th e r  t h a n  g ra in  s ize  m easu rem en ts  by u s in g  SEM. E x te n s iv e  

m ic ro s t ru c tu re  s tu d ie s  o f  m ech an ica l ly  a lloyed , 5 - 1 7 ,  S m -F e -T i  sam ples 

descr ibed  in  ref .  65 w ere u se fu l  in  above  e x p la n a t io n s .
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In ref .  19 S ta d e lm a ie r  e t  a l .  r e a c h e d  th e  conc lus ion  t h a t  t h e  Ti in  th e  

h igh  coerc ive  fo rce  S m - F e - T i  m u s t  be in  g ra in  b o u n d a ry  p h a s e s ,  and  n o t  

to  a n y  s ig n i f ic a n t  e x t e n t  in c o rp o ra te d  in to  th e  m ain  p h a se .  E xper im en ta l  

c h a n g es  in  t h e  l a t t i c e  p a ra m e te r s  an d  u n i t  ce ll  volum e fo r  b in a ry  

Sm5 F e 17> a n d  fo r  c h a n g es  in  t h e  th i r d  e lem en t  from T=V to  Ti a re  shown 

in  t a b le  8.2. The in d ex in g  in  e ach  c a se  was done u s in g  on ly  th e  

in d ic a te d  powder p a t t e r n  l in e s  from ref .  19. The h e x a g o n a l  u n i t  cell 

volume shows a  c le a r  a n d  s y s te m a t ic  ex p an s io n  upon  th e  p a r t i a l  

rep la ce m e n t  of Fe w ith  V, V -T i ,  an d  Ti. I t  was e s t im a te d  in ref .  19 t h a t  

i f  10% of t h e  Fe were rep la ce d  by Ti, t h a t  th i s  would lead  to  a b o u t  a  2% 

volume ex p a n s io n  of t h e  u n i t  cell. Th is  e s t im a te  was b a sed  on 

d if fe re n c e s  in  th e  atom ic r a d i i  o f  Fe(0 .126  nm) a n d  T i(0 . l4 7  nm).

The f a c t  t h a t  we h a v e  been  ab le  to  s y n th e s iz e  b in a ry  S n ^ F e jy  p ro v id es  a 

b a se  l in e  fo r  t h e  volum e e x p a n s io n s .  E x p e r im en ta l ly  i t  was obse rv ed  t h a t  

a  10% re p la ce m e n t  of V fo r  Fe c au sed  a  0.83% volume ex p an sio n ,  an d  t h a t  

an  11% re p la ce m e n t  of Ti fo r  Fe c a u se d  a  1.67% volume ex p an sio n .  The 

f a c t  t h a t  t h e s e  a d d i t io n s  a re  accom panied  by  a  sy s te m a t ic  volume 

e x p a n s io n  o f  t h e  e x p e c te d  s ize  shows t h a t  t h e  Ti and  V a re  a c tu a l ly  

a c t in g  as  rep la ce m e n t  e lem en ts  for Fe in  th e  p r im ary  m agne tic  phase .

In f igu re  8.17 a n  in  p la n e  h y s te r e s i s  loop fo r  a  s u b s e q u e n t ly  c ry s ta l l iz e d  

Smig  gF e7 2Zr8 j  film is  show n a s  m easu red  a t  293 K. Th is  s im ila r ly  

p ro ce sse d  S m -F e -Z r  film e x h ib i t s  v e ry  d i f f e re n t  m agne tic  p ro p e r t ie s  and  

c ry s ta l  s t r u c tu r e  from th e  S m -F e -T ,  T=Ti, V, T i+v, films. The room 

te m p e ra tu re  c o e rc iv i ty  was 6.7 kOe and  Br =4 kG, and  4nM @ 18 kOe= 6  kG. 

An e x t r a p o la te d  a n is o t ro p y  fie ld  w hen 4nM goes to  2Br  of 36 kOe is  th u s
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in d ic a te d .  The x - r a y  d if f ra c to m e te r  t r a c e  of th e  same Sm19 .gFep^Zrg j 

sam ple is  shown in  f ig u re  8.18 and  can  be in dexed  fo r  th e  7 l in e s  a t  

35.14, 41.32, 41.71, 44.35, 61.88, 62.95, 67.51, an d  74.17 degrees  for 

CuK a i as  a  TbCu7 s t r u c tu r e  w ith  a= 5 .109  A an d  c=4 .074  A. The root, 

m ean s q u a re  f i t t i n g  to le r a n c e  is  0 .013 degrees .  The x - r a y  p a t t e r n  is 

rem a rk a b ly  simple a s  e x p e c te d  fo r  th e  small cell d iso rdered  1 - 5  s t r u c tu r e .
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CHAPTER 9 CONCLUSIONS

A s y s te m a t ic  s tu d y  of t h e  de p o s i t io n  p rocess  con tro l  an d  m agnetic  

p ro p e r t ie s  of ThMn12 ty p e  R - F e - T  fam ily  was c a r r ie d  o u t .  S tu d y  of 

m agne tic  p ro p e r t ie s  o f  n i t r id e d  film sam ples  of th i s  fam ily  e x h ib i te d  t h a t  

N d-F e -M o  poses  v e ry  good m agne tic  p ro p e r t ie s  and  th e s e  p ro p e r t ie s  could 

be e n h a n ce d  g re a t ly  by rep la c in g  p a r t  of Mo by Co.

It  was found  t h a t  t e x tu r e  mode o f  th e  s p u t t e r  sy n th e s iz e d  films could  be 

v a r ie d  by con tro l l ing  s p u t t e r  depos it ion  p a ra m e te rs ,  such  as  s p u t t e r in g  gas 

p re s s u re ,  de p o s i t io n  r a t e ,  a n d  s u b s t r a t e  te m p e ra tu re .  T hese  p a ra m e te rs  

a f f e c t  ada tom  s u rfa c e  m obility  on th e  growing film su rfa c e ,  which g re a t ly  

in f lu e n ce  th e  t e x tu r e  mode. The ada tom  s u rfa c e  m obility  was lowered by 

h igh  de p o s i t io n  r a t e s  and  h igh  s p u t t e r in g  gas  p re s s u r e s  w here  as  

in c re a se d  by  h igh s u b s t r a t e  t e m p e ra tu re s .  Hence e f fe c ts  of depos it ion  

r a t e  and  s p u t t e r in g  gas  p re s s u re  could  be c o u n te r  ba la n c e d  by  s u b s t r a t e  

t e m p e ra tu re  an d  s t i l l  g e t  th e  d es ired  t e x t u r e  mode. Films were made w ith  

t h e  e a sy  c - a x i s  h igh ly  a ligned  p e rp e n d ic u la r  to  th e  film p lan e  e x h ib i t in g  

p e rp e n d ic u la r  to  th e  film p la n e  sq u a re  s h a p e  loops w ith  rem a n e n t  

m a g n e t iz a t io n  v a lu e s  c lose to  t h e  s a tu r a t i o n  v a lu e s .  For h ig h ly  (002) 

t e x tu r e d  films 4nMr /4nMs r a t io  was »0.99.

In ThMn12 ty p e  R - F e - T  fam ily  Sm(Fe,T) 12 i s  a good c a n d id a te  for 

p e rm a n e n t  m agne t  a p p l ic a t io n s  an d  fo r  a  Smg,0 4 ^ 6 7 9 . i g T ig .1 jVg 6g film 

sam ple t h e  4nMs v a lu e  was 12.1 kG and  p e rp e n d ic u la r  to  t h e  film p lan e  

maximum en e rg y  p ro d u c t  was 20.7 MGOe. The in t r in s ic  c o e rc iv i ty  jHc in
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t h i s  sam ple was 5 kOe. T h is  ene rgy  p ro d u c t  v a lu e  is  t h e  h ig h e s t  v a lu e  

re p o r te d  fo r  a  ThMn i 2  t y P e u n n i t r id e d  R (F e ,T ) j2 sample. Extrem e 

a lig n m en t  of t h e  e a s y  c - a x i s  p e rp e n d ic u la r  to  th e  film p lan e  allowed th e  

d e te rm in a t io n  of a n is o t ro p y  fie ld , IIA, by  e x t r a p o la t in g  th e  in p la n e  and  

p e rp e n d ic u la r  to  t h e  film p la n e  h y s te r e s i s  loops.

S m -F e - T i  films w ere s y n th e s iz e d  fo r  th e  f i r s t  t im e w ith  t h e  non  m agnetic  

t h i r d  e lem en t c o n c e n t ra t io n s  a s  low a s  1 a t .  % c o n tra d ic t in g  a common 

b e l ie f  t h a t  la rg e  am oun t  o f  non  m agne tic  t h i r d  e lem en t  c o n c e n t ra t io n s  

were n e c e s s a ry  to  s ta b i l i z e  t h e  ThMn12 p h a se .  S y n th e s iz a t io n  o f  b in a ry  

SmFe12 was r e p o r te d  by  o u r  g roup  rec e n tly .

Magneto o p t ica l  and  M ossbauer s tu d ie s  w ere ca rr ied  o u t  fo r  Sm(Fe,Ti) 12 

sam ples  to  exp lo re  them  f u r th e r .  M agnetom eter  m easu rem en ts  e x h ib i te d  

t h a t  th e  a v e ra g e  g ra in  size  was sm alle r  in (2 2 2 ) t e x tu r e d  films th a n  (0 0 2 ) 

t e x tu r e d  films. But i t  was found, in  op t ic a l  m easu rem en ts ,  t h a t  th e  

d if fe ren ce  in  g ra in  size  was g r e a t e r  a t  t h e  s u rfa c e  la y e r s  th a n  in  th e  

b u lk  o f  t h e  film sam ple. M agneto o p t ic a l  m ea su rem e n ts  a lso  r e v e a le d  t h a t  

th e  r a t e  of change  o f  g ra in  s ize  a s  th e  film grow in th ic k n e s s  was v e ry  

h igh  fo r  (2 2 2 ) t e x tu r e d  films when compared w ith  t h a t  o f (0 0 2 ) t e x tu r e d  

films. The p o la r  Kerr r o ta t io n  o b se rv e d  for Sm(Fe,Ti) 12 f ilms was s im ila r  

to  t h a t  obse rved  fo r  p u re  Fe o v e r  t h e  p ho ton  e n e rg y  ran g e  from 1.25 to  

2.45 ev. For p ra c t ic a l  p u rp o se s  t h e s e  h ig h ly  t e x tu r e d  c ry s ta l l in e  films 

a c te d  a s  Fe films, b u t  w ith  a  much h ig h e r  and  v a r ia b le  c o e rc iv i ty .

N itr id ing  o f  s o f t  N d(Fe,T)12, T=Ti or Mo, d r a s t ic a l ly  changed  th e  m agnetic  

p ro p e r t ie s ,  g iv ing  r i s e  to  h a rd  m agnetic  p ro p e r t ie s .  The in t r in s ic  m agnetic
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p ro p e r t ie s  o f  n i t r id e d  N d(Fe,T )12, T=Ti or Mo, film sam ples  s u rp a s s e d  th e  

b e s t  v a lu e s  ob se rv ed  in  t h e  u n n i t r id e d  R - F e - T  fam ily. I t  was found t h a t  

Nd(Fe,Mo) 12 was t h e  m ost prom ising in  film s y n th e s iz e d  sam ples  s ince  

h ig h ly  a ligned  a - F e  f re e  sam ples  could  be made. The h ig h e s t  coe rc iv i ty ,  

jHc , v a lu e  ob se rv ed  in  N d(Fe,T)12, T=Ti or Mo, sam ples  was 7.2 kOe for a 

Nd(Fe,Mo) 12 sam ple w ith  some excess  Nd. The maximum en e rg y  p roduct  

for th i s  sam ple was 30.2 MGOe.

It  was found  t h a t  r e m a n e n t  f lux  d e n s i ty  of Nd(Fe,Mo) 12 sam ples  could be 

e n h a n ce d  by rep la c in g  some of th e  Mo by Co. A film sam ple made with 

50% of Mo rep la ce d  by Co showed p e rp e n d ic u la r  to  t h e  film p la n e  energy  

p ro d u c t  of 46.3 MGOe. Th is  v a lu e  was th e  h ig h e s t  e n e rg y  p ro d u c t  v a lu e  

r e p o r te d  for a  ThMn12 ty p e  R - F e - T  sample. The room te m p e ra tu re  jHc 

and  4nMg v a lu e s  were 8.7 kOe and  15.5 kG re sp e c t iv e ly .  The h ig h e s t  

room te m p e ra tu re  c o e rc iv i ty  obse rv ed  in  Co s u b s t i tu t e d  sam ples  was 11.3 

kOe for Ndg 9F e 8Q 3c 06.oMo4 .8Nx anc* i Hc v a *ue in c re a se d  to  29.5 kOe 

by 10 K.

An in te r e s t in g  f e a tu r e  was o b se rv e d  in  d iso rdered  TbCu7 ty p e  Sm(Fe,Ti)7 

and  Nd(Fe,Ti)7 films a f t e r  n i t r id in g .  Both a re  conica l sy s tem s  and  th e  

cone ang le  d e c re a se d  in  t h e  form er an d  in c re a se d  in t h e  l a t t e r  upon 

n i tr id in g .

The c h a ra c te r i s t i c  drop  in  m a g n e t iz a t io n  upon  e n t r y  in to  th e  second  

q u a d ra n t  a s so c ia te d  w ith  h a rd  5 - 1 7  ty p e  S m -F e - T  films was found  to  be 

due  to  second p h a se s .  Since t h e s e  films were sy n th e s iz e d  by s u b s e q u e n t  

c ry s ta l l iz a t io n ,  r ic h n e s s  of t h e  Sm m atr ix  and  th e  am oun t  o f  non  m agnetic
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t h i r d  e lem en t  p r e s e n t  in  t h e  am orphous film d e p o s i t  in f lu e n ce d  th e  ty p e  

and  am oun t o f  second  p h a s e s .  Second p h a s e s  o b se rv e d  in  h a rd  m agnetic  

5 - 1 7  ty p e  S m -F e - T  films w ere  so f t  m agne tic  e x c ep t  in  t h e  c a se  o f  Sm- 

Fe -V , w here  t h e  second  p h a s e  was h a rd  m agne tic  T h M n ^  ty P e Sm(Fe,V)12. 

In h igh  c o e rc iv i ty  5 - 1 7  ty p e  S m -F e -V  films, i t  was found  t h a t  m agnetic  

coupling  be tw een  h a rd  m agne tic  5 - 1 7  ty p e  S m -F e -V  g ra in s  and  1 -1 2  ty p e  

second p h a s e  S m -F e -V  g ra in s  was g r e a t ly  a f fe c te d  by  a  p o ss ib le  g ra in  

b o u n d a ry  SmO phase .



T ab le  4.1

29 (deg.) h k 1
30.07 2 1 1
37.52 0 0 2
43.26 2 0 2
48.46 2 2 2
51.06 3 1 2
62.39 4 2 2
62.98 2 1 3
67.26 3 0 3
71.13 3 2 3
79.95 0 0 4



T ab le  4.2

h k 1 d (A) Intensity
1 0 1 4.186 4
2 2 0 3.030 8
2 1 1 2.994 39
3 1 0 2.710 12
3 0 1 2.464 36
0 0 2 2.398 14
4 0 0 2.143 51
3 2 1 2.130 100
2 0 2 2.093 83
3 3 0 2.020 8
4 2 0 1.916 14
2 2 2 1.880 26
3 1 2 1.796 6
5 1 0 1.681 3
4 3 1 1.614 6
3 3 2 1.646 6
4 4 0 1.614 6
6 2 1 1.610 8
4 2 2 1.497 7
5 3 0 1.470 8



T ab le  4.3

26
Hex. 1-5 Rhombo. 2-17 Tetrag. 1-12
h k 1 h k 1 h k 1

. 30.10 1 0  1 1 1 3 2 1 1
37.33 1 1 0 3 0 0 0 0 2
43.30 2 0 0 2 2 0 2 0 2
48.58 2 0 1 2 2 3 2 2 2
51.13 3 1 2
60.34 3 3 2
62.56 2 0 2 2 2 6 4 2 2
63.01 2 1 3
67.21 3 0 0 3 3 0 3 0 3
71.29 3 0 1 3 3 3 3 2 3

a-4.821 A a-8.351 A a-8.438 A
c-4.218 A c-12.652 A c-4.805 A
fmin-0 *010 F • ««0.01o rmin Fmin"° *
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T a b le  6.1

Transition 5m Angular Dependence of 
Line Intensities

Line Intensitis
Random ® i o e-n/2

±3/2 ±1/2 ±1 (3/4)(l+Cos2e) 3 3 3
±1/2 ±1/2 ±0 Sin2e 2 0 4
±3/2 ±1/2 ±1 (1/4)(1+Cos20) 1 1 1

e -  Angle between the y ray propagation direction 
and hyperfine field
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T ab le  6.2

Site 8i 8j 8f 2a
8i 2.390(1) 2.920(4) 2.664(2) 2.661(2) 2.636(4) 3.104(1)
8j 2.664(2) 2.661(2) 2.711(2) 2.468(4) 3.058(2)
8f 2.636(4) 2.468(4) 2.382(2) 3.265(2)

The interatomic distances are given in A and the number of 
adjacent atoms for each site  are given in brackets.
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T ab le  7.1

NdFen MoNx Nd+Fen MoNx NdFej iMo0 5Co0 eNx
4nMs(kG) 2.9 12.8 16.5
jHc(kOe) 5.3 7.2 8.7
HA(kOe) 130 130 150

BHmax(MGOe) 24.4 30.2 46.3
I(002)counts 55478 30998 39477
I(a-Fe)/I(002) 0 0.0072 0
I(Nd)/I(002) 0 0.044 0
I(202)/I(002) 0.0035 0.0018 0.0071
I(222)/I(002) 0 0 0
I(420)/I(002) 0 0.027 0
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T ab le  8.1

Angle
<20>exp.

Half width 
(w)

Height Area
(I) l ' lO h k 1

24.46 0.2211 24.0 6168 9 4 1 1
26.01 0.1460 24.7 3489 6 4 0 2
26.54 0.1350 96.8 12617 23 3 2 2 

3 0 0
27.51 0.1632 42.4 6763 12 3 3 1
28.00 0.1213 89.0 10528 19 2 2 3 

4 2 1
28.90 0.1004 22.79 2232 4 0 0 4
29.40 0.1420 139.3 19290 36 1 0 4
30.29 0.1347 170.0 22341 40 3 3 2
30.76 0.1108 40.36 4365 8 6 0 0
31.17 0.1327 69.9 9052 16 3 2 3
32.03 0.1339 92.8 12130 22 2 1 4
33.64 0.1352 40.05 5285 10 6 1 0
34.13 0.1930 163.1 30681 66 2 2 4
34.47 0.1363 417.1 55478 100 3 1 4
36.25 0.1100 94.0 10082 18 5 2 2
35.63 0.1640 79.05 11873 21 4 0 4
36.04 0.1414 73.18 10094 18 5 3 0
36.79 0.1449 132.6 18760 34 5 3 1
37.52 0.1681 34.92 5727 10 4 1 4
37.87 0.0996 41.18 4007 7 6 2 1
38.24 0.1603 100.2 16675 28 4 3 3
38.96 0.1615 72.04 10651 19 5 0 4 

5 2 3
Continue...



Continued from th e  previous page

39.66 0.1158 94.0 10620 19 3 3 4 
7 1 1

40.02 0.2032 142.0 28125 51 4 2 4 
6 2 2

40.39 0.1795 278.0 48666 88 6 1 3
41.03 0.0946 42.3 3906 7 5 4 1
41.39 0.1892 102.0 18816 34 8 0 0
41.74 0.1760 70.1 12037 22 7 1 2 

6 3 1
42.41 0.1666 196.5 31929 58 5 3 3 

7 2 0
43.06 0.1842 203.8 36598 66 3 2 5
43.74 0.2625 108.2 27639 50 4 1 5 

6 2 4
44.27 0.2183 36.27 7712 14 1 0  6
46.59 0.1896 46 8608 15 3 3 5
46.26 0.1199 24.2 2830 5 5 4 3 

7 3 0
46.86 0.1234 43.4 5230 9 6 3 3
47.79 0.1465 40.3 5764 10 2 2 6
48.14 0.1156 16.4 1738 3 7 2 3
51.59 0.0959 12.1 1129 2 6 0 6

7 3 3
8 3 0

52.41 0.0900 12.3 1082 2 4 2 6
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T ab le  8.2

Composition a
(A)

c
(A)

% Cell 
Expansion

.Hc at 
293K 
(kOe)

Sm5Fei7 20.061 12.282 7

Sm5(Fe0 90vo.ih7 20.115 12.318 0.83% 16

Sm5<Fe0.89V0.065Ti0.055)17 20.142 12.336 1.25% 45

Smg(Fe0 8gTl0. i i ) i 7 20.169 12.364 1.67 39
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