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ABSTRACT

SYNTHESIS AND ANALYSIS OF Sm -Fe-Ti SPUTTERED FILMS WITH 

INTRINSIC COERCIVE FORCE GREATER THAN 30 KOe

by

N arayanan Kam prath 

A dviser: P ro fesso r F red  J . Cadieu

R are -e a rth  tra n s itio n  metal film m agnets of sev e ra l new p h a se s  

in  th e  Sm -Fe-Ti system  have been  p re p a re d  b y  special s p u tte r in g  

m ethods. Film sam ples have been  d ire c tly  c ry sta llized  on to  h ea ted

s u b s tra te s  as  well a s  f i r s t  deposited  am orphous and  th e n

su b seq u en tly  c ry s ta llized . M agnetic fie lds have been applied  d u r in g  

th e  s p u tte r  deposition  an d  d u r in g  th e  c ry sta lliza tio n  to  in d u ce  in -  

the-film -p lane  anisotropieB  in to  th e  grow ing films. For th e  Sm -Fe-T i 

system , a  h a rd  m agnetic p h ase  has been  o b serv ed  in  su b se q u e n tly  

c ry sta llized  am orphous d ep o sits . As a function  of com position, th e  

h igh  iHc Sm -Fe-Ti p h ase  has been  shown to  exhibit a  maximum room 

tem p era tu re  in tr in s ic  co e rc iv ity  of 38.5 KOe a t  a  nominal com position 

of Sm2oFe7oTiu . T his h ig h  iHc p hase  we re p o rt to be a  SmCoB

re la ted  hexagonal s t r u c tu r e  w ith a  nominal form ula of Sm?(Fe,Ti)3o. 

For th e  h igh  iHc Sm -Fe-Ti films i t  haB been  possib le to  sy n th e s iz e  

films th a t  exh ib it ex trem e in -th e -film -p lan e  an iso tro p y  fo r fie ld s  of 

±20 KOe. F ields of ±20 KOe applied  in  the  film p lane, b u t
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p e rp en d icu la r  to  th e  Ha d ire c tio n  w ere n o t su ffic ien t to  m easurab ly  

m agnetize th e  film in  th a t  d ire c tio n . This c o rre sp o n d s  to  an  e ffec tiv e  

e n e rg y  of a t  le a s t 107 erg/cm * fo r m agnetizing th e  film in  th e  film 

p lan e  para lle l versUB p e rp e n d ic u la r  to  th e  Hi d irec tio n . In  ad d itio n  

th e  m agnetic p ro p e rtie s  of th e  h igh  iHc Sm -Fe-Ti system  co n ta in in g  

small • am ounts of Al, V, an d  Zr have been  s tu d ied . Films th a t  have 

been  d ire c tly  c ry s ta llized  onto  h ea ted  s u b s tra te s  have exh ib ited  

se v e ra l c ry s ta l  p h ase s  su ch  a s  2-17, 1-5 a s  a  fu n c tio n  of

com position and tem p era tu re . The Sm -Fe-Ti system  alBO exh ib ited  a  

so ft m agnetic p h ase  of th e  ThM m a-type a t  a nominal com position of 

Sm(TiFen). A sy stem atic  experim ental re se a rc h  has  been  co n d u cted  

by  v a ry in g  th e  s p u tte r in g  p a ram ete rs  su ch  a s  s u b s tr a te  tem p e ra tu re , 

s p u tte r in g  gas p re s s u re ,  deposition  ra te , and  th e  d is ta n ce  betw een  

th e  ta rg e t and th e  su b s tra te . A model is  also  p re se n te d  b ased  upon  

th e  c ry s ta llite  g ra in  s izes  and  m agnetic alignm ent e n e rg y  th a t  

co rre la te s  th e  d iffe ren ces  in  th e  d eg ree  of in -th e -film -p lan e  

an iso tro p y  induced in  th e se  system s.
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CHAPTER 1 

INTRODUCTION

For a  good perm anent m agnet we need high sa tu ra tio n  

magnetization* h igh Curie tem perature* and  la rg e  easy  axis an iso tro p y  

en erg y . Even though  tra n s itio n  m etals Fe* Co* and  Ni have high 

Curie tem p era tu re  and  sa tu ra tio n  m agnetization th ey  have low 

coerciv ity  (res is tan ce  to  dem agnetization). On th e  o th e r hand r a r e -  

e a r th  m etals have h igh  m agnetic moment p e r  atom, s tro n g  sing le  ion 

m agneto-cryB talline an iso tro p y  b u t low o rd e rin g  tem pera tu re . In  

ra re -e a r th  tra n s itio n  metal com pounds we can  use  th e  in trin s ic  

p ro p e rtie s  of both partners*  namely, h igh  sing le  ion an iso tropy  of th e  

r a re -e a r th  and  h igh  m agneto-coupling of th e  3d tran sitio n  metal 

p a r tn e rs .

Within the  p a s t few y e a rs  a  new c lass  of m aterials fo r making 

perm anent m agnets has been developed b ased  on Co* Fe* and  Borne of 

th e  r a re -e a r th  elem ents. High perform ance perm anent m agnetic 

m aterial based on lig h t r a re -e a r th  (atomic num ber < Gd) tran sitio n  

metal com pounds a re  Co based alloys of SmCog, SmiCoiT with added 

tra ce  elements* and Fe based  NdjFeuB. The h ig h est known e n e rg y  

p ro d u c ts  have been obtained in  Fe based NdaFeuB ((BH)au  = 45 

MG-Oe), b u t i ts  Curie tem p era tu re  is  low (Tc of NdaFeuB = 573 K).
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Cobalt based perm anen t m agnet m aterials a re  ch arac te rized  b y  th e ir  

h igh m agnetic o rd e rin g  tem p era tu re  (Tc of SmCo« = 1020 K, Tc of 

SmaCoiT = 1223 K).

The r a re - e a r th s  form many com pounds w ith th e  tra n s itio n  

m etals. T here has been  rap id ly  in c reasin g  in te re s t  in  th e  

developm ent of Co-RE (RE = ra re -e a r th )  com pounds a s  perm anent 

m agnets a f te r  th e  d isco v ery  of h igh  m agneto -crysta lline  an iso tro p y  of 

YCoi. Even though  RECog compounds (RE = Y, La, P r, Sm o r 

mischmetal) seem to  have favorab le  p ro p e rtie s  to  be good perm anent 

m agnet m ateria ls,1 th e  po ten tia l has been  rea lized  only in  th e  case  of 

SmCos because of i ts  pow erful an iso tro p y  fie ld . SmCos has  an  

an iso tro p y  field of 400 KOe which is  th e  h ig h e s t among all known 

m ateria ls. The significance of SmCos does no t lie w ith i ts  sa tu ra tio n  

m agnetization. On a  p e r  atom basis  th e  m agnetization is  only abou t 

60% of th a t of elem ental iron  and  only ab o u t 80% of elem ental cobalt. 

The u tility  of SmCog iB d eriv ed  from its  pow erful an iso tro p y . For a  

m aterial to  be a  good perm anent m agnet th e re  m ust be som ething to  

clamp th e  moment in  place a f te r  th e  aligning  fie ld  is  rem oved. In  th e  

case o f SmCos th is  is  the  c ry s ta l field  in te rac tio n . SmCos is

hexagonal, i ts  atomic moment lies along th e  hexagonal axis, which is

th e  easy  d irec tion  of m agnetization. The an iso tro p y  fie ld  is  th a t  field

re q u ire d  to  tw ist th e  moment to  90*. In  o rd e r  to  fu lly  u tilize  the  

h igh  an iso tro p y  of RE-TM com pounds, th e  m aterial m ust be p rep a red  

in d efec t f ree  fine  p artic le  form (single domain) such  th a t  th e
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m agnetization re v e rsa l tak es  place b y  c o h e ren t ro ta tio n  a g a in s t th e  

an iso tro p y  field. Then th e  m ateria l's  in tr in s ic  co erc iv ity  is  lim ited 

only  b y  th e  an iso tro p y  field  (iHc = 2K/M*, w here K is  th e  an iso tro p y  

c o n s tan t and  M* is th e  sa tu ra tio n  m agnetization). In  th e  case of RE- 

Co» compounds m agnetization re v e rsa l tak es  place mainly b y  

nucleation and  domain wall ro ta tio n . This is  because  i t  is d ifficu lt to 

p re p a re  fine particleB w ithout defects. Even w ith a  v e ry  la rg e  

an iso tro p y  field  of 400 KOe fo r SmCoi, th e  m easured  room 

tem p era tu re  in trin s ic  coercive  fo rce  is  no more th a n  10 to  15% of thiB 

value.

Even though  REjCon com pounds have h ig h er sa tu ra tio n  

m agnetization and  Curie tem p era tu re  com pared to  1:5 com pounds, 

th e ir  coercivitieB a re  lim ited b y  low m agneto -crysta lline  an iso tro p y . 

Among all th e  REsCoit com pounds only th o se  w ith Sm, Er, Th, an d  Yb 

exhib its th e  easy  axis an iso tro p y . Among th ese  SmiCoi? is  th e  most 

an iso trop ic  (an iso tropy  fie ld  = 65 KOe). P u re  SmaCoiv canno t be 

fab rica ted  in to  perm anent m agnets because of i ts  low coerc iv ity  (« 2 

KOe). P re fe ren tia l su b s titu tio n  of Mn, Or o r Zr in to  th e  so called 

"dum b-bell" Co s ites  in c rea se s  th e  an iso tro p y  and  coercivity** of 

SmiCoif. High en e rg y  p ro d u c t (>25 MG-Oe) perm anen t m agnets have 

been  made with Smi(Co,Fe,Cu)i7 system s and  e n e rg y  p ro d u c ts  have 

been im proved w ith small add ition  of Zr, Hf, Ti, and  Nb.
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Since Co is com paratively Bcarce and  expensive re se a rc h  is 

ca rried  ou t on Co fre e  perm anent m agnet m aterials. This re se a rc h  

was ca rried  o u t in r a re -e a r th  iron  rich  com pounds because  Fe is  

more a b u n d a n t and  has an  ionic rad iu s  which is  v e ry  close to  th e  

value fo r Co. In  consideration  of th e  sim ilarity  of chemical 

p ro p e rtie s  betw een Fe and Co, we could expect th a t  TMgSm and  

TMiTSma ty p e  com pounds, which a re  s tab le  in  th e  Co-Sm system  and 

exhib it h ard  m agnetic p ro p e rtie s , might a p p e a r  in  th e  Fe-Sm 

compound system . P u re  Sm-Fe system s exh ib its  SmFes, SmFes, and 

SmaFerr in  both film5 and  bulk6 form. In  c o n tra s t to th e  b in ary

SmCos phase , SmFes does not ex ist and  o th e r  Fe r ich  b in a ry  p h ases  

do no t exh ib it h a rd  m agnetic p ro p e rtie s . The close proxim ity o f Fe 

and Co in  th e  periodic tab le  (very  close ionic rad ii) s u g g e s ts  an 

in te re s tin g  basic re se a rc h  problem  involving th e  non-ex istence  of th e  

SmFes phase  and a  new question  as  to  w hether i t  is possib le  to

sy n thesize  a  1:5 phase  with a  th ird  elem ent add ition . This th e s is  

will be d irec ted  to  th e  investigation  of the  te rn a ry  p h ase  of Sm-Fe-M 

(M = non-m agnetic elem ent). Sm-Fe-M exhibited  Beveral add itional 

soft and h a rd  magnetic phases7 in  th e  Fe rich  reg ion  w ith M = Ti o r 

0 .

E arlier we have ob serv ed  th re e  d iffe ren t m agnetic p h ases  in  th e  

Fe rich  Sm -Fe-Ti sp u tte re d  films u n d e r d iffe re n t s e ts  of sp u tte r in g  

conditions. They were: Sma(Fe,Ti)i7 , (Sm+Ti)Fes, and  Sm(Fe,Ti)i.

Sm2<Fe,Ti)i7 shows p lanar an iso tropy . The Curie tem p era tu re  of
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Sma(Fe,Ti)i7 is  385 K which is v e ry  low. For th e  (Sm+Ti)Fes p h ase ,*  

a  (BH)b«k of 12 MG-Oe with iHc of 10 KOe was reached  a t  -100* C fo r 

fie lds u p  to  90 KOe. The Sm(Fe,Ti)t system* exhibits a la rg e  

perp en d icu lar an iso tro p y  of 4*10* erg/cm *.

We have d iscovered  a  new m agnetic phase th a t contained only 

Sm, Fe, and  Ti in  film form th a t exhibited  an  in -p lane  in trin s ic  

coercive fo rce, iHc, of 38.5 KOe10'11 a t room tem p era tu re  and  58 KOe 

a t  5 K. This h igh iHc Sm -Fe-Ti phase  is  im portan t because it  has 

the h ig h est coercive fo rce  among all the  Co free  lig h t r a re -e a r th  film 

m agnets th a t exhibit ferrom agnetic  coupling betw een th e  r a re -e a r th  

and the  tra n s itio n  metal sub la ttice . This opens a  new possib ility  of 

Co fre e  perm anent m agnetic m aterial. This h igh  iHc phase has been 

made in a  two s tep  p rocess . F irs t  th e  m aterial has been deposited  

in an  am orphous s ta te  w ith a  magnetic fie ld  applied  in the su b s tra te  

plane and acroBB its  w idth and  th en  th e  dep o sit has been crysta llized  

in s itu  w ith th e  same m agnetic field which we call H«. In  th e  film 

plane m agnetic fie lds have been applied  d u rin g  th e  s p u tte r  deposition 

and d u rin g  the crysta lliza tion  to  induce in -th e-film -p lan e  an iso trop ies 

into the  grow ing films. Due to th e  m agnetic field applied d u rin g  

crysta lliza tion  th e  films w ere m agnetized a s  th ey  w ere removed from 

the sp u tte r in g  system . Low field m agnetom eter m easurem ents u p  to 

±20 KOe w ere in su ffic ien t to  change th e  m agnetization s ta te  of such  

films. C onsequently for applied  field less  than  20 KOe these  films 

exhibited an  extrem e in -th e-film -p lan e  an iso tro p y . Sm-Fe-Ti samples
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were sy n th es ized  th a t exhibited an  effec tive  in -th e-film -p lan e  

an iso tropy  co n sta n t of a t  least 107 e rg /cm 3. This value was ob tained  

by m agnetizing the  film in th e  film plane parallel, and  th en  

p erp en d icu la r to th e  magnetic field applied  d u rin g  th e  s p u tte r  

deposition and  crysta lliza tion . This induced  an iso tro p y  of 107 

e rg /cm 3 w ithin the  film plane is th e  la rg e s t ever rep o rted  as fa r  as 

we know. As a  function  of composition, th e  h igh iHc Sm -Fe-Ti phase 

has been shown to exhibit a maximum room tem p era tu re  in trin s ic  

coerciv ity  of 38.5 KOe a t  a  nominal composition of SmaoFe7oTiio. This 

high iHc Sm -Fe-Ti phase we re p o rt as  a hexagonal 1-5 re la ted  phase 

with a  = 8.76±0.01 A*, and c = 25.62+0.01 A*. The 1-5 derived  

composition fo r th is  s tru c tu re  via the  2-7 phase co rresp o n d s  to 

Sm7 <Fe,Ti)3o. In  add ition  the  m agnetic p ro p e rtie s  of th e  high iHc 

Sm-Fe-Ti system s contain ing  small am ounts of Al, V, and Zr have 

been stud ied .

Films th a t have been d irec tly  c ry sta llized  onto heated  su b s tra te s  

have exhibited sev era l c ry s ta l phases such  as  2-17, 1-5 a s  a  function  

of composition and  tem pera tu re . In  addition  we have d iscovered  

ano ther new m agnetic phase in the  Fe rich  reg ion  in Sm-Fe-Ti 

system s which exhibited  a soft magnetic phase  of the  ThM nu-type a t 

a nominal com position of Sm(TiFeu). The x -ray  p a tte rn  of th is  phase 

has been fitted  to  a te trag o n a l ThMni2 - ty p e  s tru c tu re 1* with la ttice  

param eters a = 8.589+0.002 A*, and c = 4.798±0.002 A*. We also
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sy n th esized  Sm -Fe-Ti magnetic films th a t  exh ib ited  (300) and (220) 

te x tu re s  of th e  2-17 phaBe.

A system atic  experim ental re se a rc h  has been conducted  by 

v a ry in g  th e  sp u tte r in g  param eters su ch  a s  s u b s tr a te  tem peratu re , 

sp u tte r in g  gas p re s s u re , deposition ra te , and  th e  d is tan ce  betw een 

the  ta rg e t  and  th e  su b s tra te . A qualita tive  model re la tin g  th e  H« 

e ffec t w ith g ra in  size was developed. The model iB applied  to  th e  

films p re p a red  both  ways: by c ry sta lliz in g  th e  am orphous deposits, 

and  as d ire c tly  c ry sta llized  onto heated  s u b s tra te s . In  th is  th e s is  

sy n th es is  of m agnetic films with special an iso tro p y  as  well as 

m agnetic p ro p e rtie s  in  relation to  s p u tte r in g  param eters  will be 

d iscussed .
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CHAPTER 2

INTERMETALLIC COMPOUNDS OF Fe, Co o r  Ni WITH RARE-EARTH

ELEMENTS

2.1 INTRODUCTION

Out of th e  104 elem ents in  n a tu re  only th re e  tra n s itio n  metals 

Fe, Co, and Ni and one ra re -e a r th  elem ent Gd a re  ferrom agnetic  n ea r 

room tem peratu re . Their m agnetic p ro p e rtie s  a re  lis ted  in  Table 1. 

Atoms contain many e lec tro n s, each sp in n in g  ab o u t i ts  own axis and  

moving in its  own o rb it. The m agnetic moment associa ted  w ith each 

kind of motion is a  v ec to r q u an tity , parallel to  th e  axis of sp in  and 

normal to  th e  plane of th e  o rb it. The m agnetic moment o f th e  atom is 

the vector sum of all e lec tron ic  moments. T here a re  two possibilities: 

(1) The m agnetic moment o f all th e  e lec tro n s  a re  so  o rien ted  such  

th a t th ey  cancel one an o th er, an d  th e  atom a s  a  whole has no n e t 

magnetic moment. This condition leads to  diam agnetism , i.e, th e  

moments of a ll th e  e lec tro n s  in  a n  atom cancel one an o th e r in  zero  

magnetic fie ld , b u t each  o rb it re a c ts  to  an  applied  field b y  

producing a moment an tip ara lle l to  th a t  field. T herefo re  each atom 

acquires a  negative  moment w hen th e  ex terna l fie ld  is  on. (2) The 

cancellation of e lectron ic  moment is  only  p a rtia l and  th e  atom Is left
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with a n e t m agnetic moment. Such atom s a re  called m agnetic atom s. 

Material co n sis tin g  of m agnetic atoms a re  p a ra , fe rro , a n tife rro  o r 

ferrim agnetic. In  th e  case  o f param agnets th e  atomic moments po in t 

a t  random and  cancel one an o th e r, so  th a t  th e  m agnetization of th e  

m aterial is  zero  in  th e  absence of an  ex tern a l field . When a  field is  

applied only p a rtia l alignm ent re su lts  because of therm al ag itation .

Elements th a t  a re  ferrom agnetic su ch  a s  Fe, Co, and  Ni have 

atoms in  which one e lec tro n  shell contain  few er th a n  th e  maximum 

num ber of e lec tro n s  w hich a re  re q u ire d  to  form a  closed shell. Their 

electronic s tru c tu re s  a re  lis ted  in  Table 2. In  su ch  unfilled  shells  

th e re  a re  one o r more unbalanced  e lectron  sp in s , g iv ing  riBe to  small 

magnetic moments and  making th e  atom itse lf  a  tin y  m agnet. 

O rdinarily in  a  la rg e  collection of such  atom s th e  atomic moments 

point in  v arious d irec tio n s  and  cancel one an o th er. If  a  sample of 

ferrom agnetic m aterial is  p laced in  an  ex terna l m agnetic field , th e  

individual atomic m agnets tend  to line u p  so th a t  w hen th e  sample is 

removed from th e  field , i t  re ta in s  a  n e t re s id u a l magnetism w ith an  

observable n o r th  and  so u th  pole. The to ta l m agnetization of a  

material is  th e  sum of th e  co n trib u tio n s  of all th e  elem entary  atomic 

m agnets. I f  all th e  atomic m agnets a re  para lle l and  po in ting  in  th e  

same d irection , the  m agnetization in  th a t d irection  reach es  sa tu ra tio n , 

the  maximum value.
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R are-earth  elem ents su ch  as  Sm, Nd a re  an tife rrom agnetic  near 

abso lu te  zero and  param agnetic n e a r  room tem p era tu re . 

A ntiferrom agnetic m aterials a t  0 K co n s is t o f two in te rp e n e tra tin g  and  

iden tical su b la ttices  o f m agnetic ions, each spon taneously  m agnetized 

to  sa tu ra tio n  in  zero  fie ld , b u t in  opposite  d irec tio n s . So an  

an tife rrom agnet has  no n e t spontaneous moment and  can  acq u ire  a  

moment only w hen a  s tro n g  field  is  app lied . In  fe rrim ag n ets  th e re  

a re  two su b la ttices  each being  spon taneously  m agnetized in  opposite  

d irec tions. The m agnitude of the  su b la ttice  m agnetizations a re  not 

equal, th u s  re su ltin g  in  a  n e t spon taneous m agnetization.

The tran sitio n  m etals Fe, Co, and  Ni a re  ch a rac te rize d  b y  h igh  

values of o rd e rin g  tem p era tu re  (Curie tem p era tu re ). Since th ey  have 

low coerciv ity  (res is tan ce  to  dem agnetization) th e y  a re  no t su itab le  

for perm anent magnetB. R a re -ea rth  elem ents p o ssess  h igh  m agnetic 

moment p e r atom, s tro n g  sing le  ion m agneto -crysta lline  an iso tro p y  

(due to highly localized 4f e lec tro n s) b u t low o rd e rin g  tem p era tu re . 

Hence in  the elem ental form n e ith e r tran sitio n  m etals no r r a re - e a r th  

elem ents a re  su itab le  fo r perm anent m agnetic m aterial. R a re -ea rth  

and tran sitio n  metal com pounds benefit from in tr in s ic  p ro p e rtie s  of 

both p a r tn e rs , namely, h igh  m agneto-coupling s tre n g th  (high 

o rd e rin g  tem peratu re) of 3d tra n s itio n  metal and  h igh  sing le  ion 

aniBotropy of th e  r a re -e a r th .  The h igh value of m agnetic moment 

m easured for r a re -e a r th  atom s a t  low tem pera tu re  and th e  

ferrom agnetic behavior o b se rv ed  fo r  th e  tran sitio n  m etals s e rv e s  as
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the p rinc ipa l d riv in g  force behind the  in v estig a tio n  of RE-TM 

compositions. The p robab ility  of form ing new d u ctile  alloys betw een 

ra re -e a r th  and  Fe, Co, and  Ni is v e ry  small because  of th e  d ifference 

in  atomic rad ii. Atomic rad ii of Sm** = 1.00, Nd*J = 1.04, Fe*9 = 0.64, 

Co = 0.63 A*, resp ec tiv e ly . Hence fo r p rac tica l p u rp o ses  we m ust 

study  in te r  metallic com pounds. Due to  th e  lim ited so lub ility  of r a re -  

earth  elem ents in to  tran sitio n  metals the  therm odynam ic equilibrium  

c ry sta l s tru c tu re  exiBts only a s  a  delicate balance betw een the  

a ttra c tiv e  ionic en e rg y  and repu lsive  electron ic  e n e rg y . This delicate 

requirem ent is  read ily  dem onstrated by  th e  fa c t th a t  SmCos ex ists  

w hereas SmFes does not ex ist in bulk form. In term etallic  compounds 

of ligh t ra re -e a r th  s and  tran sitio n  metals form h ig h e r perform ance 

magnetic m aterials th an  any  o th e r system s. Notable examples a re  

SmCos which have an iso tro p y  fie lds of 400 KOe n ea r room tem p era tu re  

and NdjFeuB which have a maximum en erg y  p ro d u c t of 45 MG-Oe.

2.2 THE CRYSTAL STRUCTURE OF RE-TM COMPOUNDS

A g en era l su rv e y  of the  various s tru c tu re s  o b se rv ed  in  b in a ry  

RE-TM13*19 com pounds a re  lis ted  in  Table 3. The s tru c tu re  of 

compounds RE-TM*, RE-TMa, RE-TMs, and REa-TMw a re  re la ted  and 

orig inated from th e  hexagonal la ttice  of CaCus ty p e 16 th ro u g h  simple 

substitu tion  accompanied by lay er sh ifts . T herefo re  th is  se rie s  of 

compounds se rv e s  as  th e  base fo r the s tu d y  of d iffe re n t magnetic 

interactions* o p era tin g  in  RE-TM compounds.
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2.3 AMORPHOUS RE-TM COMPOUNDS

From th e  th eo re tica l poin t o f view  an  am orphous m agnetic 

compound is  th e  most h igh ly  d iso rd e red  system  w here th e  atom 

position, sp in  direction , and sp in  m agnitude a re  all random .17 A 

simple caB e is  sp in  g lass  which co n sis ts  of a  d ilu te  solution of 

magnetic element in  non-m agnetic host. In  th is  case  atom positions 

a re  fixed b u t sp in  d irec tion  is  random .

The s tru c tu re  o f am orphous com pounds can  be d escrib ed  by two 

princip le models: 1) dense  random pack ing  and  2) m icrocrystalliteB .11 

System like HoCos a re  described  by  m icrocrysta llite  models w hereas 

system  like Gd-Co, TbFe a re  described  by  dense  random  packing . In  

general RE-TM am orphous compounds s till con ta in  major fe a tu re s  of 

th e  d band and  give r is e  to  long ra n g e  m agnetic o rd e r.

Amorphous RE-TM compounds a re  found  to re ta in  re la tiv e ly  high 

Tc (often above room tem pera tu re) and  m agnetic moments com parable 

w ith those of th e ir  c ry sta llin e  co u n te rp a rts . Amorphous RE-TM 

compounds a re  of g re a t technical in te re s t  due to  th e ir  po ten tia l 

application in  therm om agnetic inform ation s to rag e ,1* bubb le  dev ices,10 

and as  p re c u rso r  m aterial fo r  p rep a ra tio n  of perm anent m agnets.11 

Amorphous RE-TM com pounds can be p rep a re d  by  th e  B putter 

deposition method u s in g  high s p u tte r in g  ra te  and  low su b s tra te
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tem p era tu re . In  fa c t sp u tte r in g  a t  liquid  helium tem p era tu re  w ith 

sp u tte r in g  ra te  o f a  few A */s alw ays p roduce am orphous films.

2.4 MAGNETISM IN RE-TM COMPOUNDS

The 4f e lectron  sh e ll of th e  RE and  th e  3d e lec tro n  sh e ll o f th e  

TM (Fe, Co, and  Ni) a re  only p a rtia lly  fu ll. The u n p a ired  e lec tro n s  in 

th e se  shells give r is e  to  o b se rv ed  magnetism. The 4f e lec tro n  in  th e  

RE atoms a re  sh ielded  b y  o th e r  e lec tro n s  in  th e  5s and  5p shells . 

The o b serv ed  moment in  th e  case  of RE is  a  composite o f bo th  o rb ita l 

an d  sp in  con tribu tions. In  th e  case of iron  g ro u p  ions th e  3d shell 

is  th e  outerm ost shell. The 3d shell experiences th e  in ten se  

inhom ogeneous e lec tric  field p roduced  by  neighboring  ions. This 

inhomogeneous e lec tric  field  is  called th e  c ry s ta l  field . The o rb ita l 

an g u la r momentum 1b e ssen tia lly  quenched due  to  th e  c ry s ta l  field  

and  th e  co n trib u tio n s to  th e  to ta l m agnetic moment is  essen tia lly  from 

th e  sp in  o f the  u n p a ired  e lec tro n s. The h igh  value of m agnetic 

moment m easured fo r  RE atoms a t  low tem pera tu re  an d  th e  

ferrom agnetic behavior o b serv ed  fo r th e  tran sitio n  m etals se rv ed  as  

th e  p rincipal d riv in g  fo rce  behind  th e  investigation  of RE-TM 

compositions.
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2.4.1 MAGNETIC INTERACTIONS

The m agnetism  of RE-TM com pounds is  determ ined  by  th e  

following th re e  ty p e s  of m agnetic in te rac tio n s .

(1) th e  TM-TM in te rac tio n

(2) th e  RE-RE in te ra c tio n

(3) th e  RE-TM in te ra c tio n

We will diBCUBB th e se  th re e  in te ra c tio n s  sep ara te ly .

2.4.2 TM-TM INTERACTION

In  th e  3d tra n s itio n  metals th e  valence e lec tro n s  a re  o f two 

ty p es: 4sp  conduction e lec tro n s  -  alBo known as  'i t in e ra n t’ e lec tro n s  

o r  ju s t  s  e lec tro n s  -  and  th e  3d e lec trons. I t  is  weU know n from 

quantum  m echanics th a t  th e  valence e lec tro n s have no se p a ra te  

id en titie s , b u t only  p ro b ab ility  d en s itie s  of being  in  th e  v a rio u s  

s ta te s . R eference to  s  o r  d  e lec tro n s  a re  m eant in  te rm s of 

p robab ility  d en sities . The o rb ita l an g u la r momentum of th e  3d 

e lec tro n s  a re  essen tia lly  quenched  by  th e  c ry s ta l  fie ld  because  th e  

3d e lec tro n s  a re  on th e  o u te r  ed g es  of th e  atom. T hus th e  3d 

tra n s itio n  metal elem ents, in  c o n tra s t with th e  r a re -e a r th s ,  have 

m agnetic moments th a t  a re  essen tia lly  due only  to  th e ir  e lec tron ic  

BpinB.



15

The f i r s t  app roach  to  explain ferrom agnetism  is  based  on th e  

model o f HeiBenberg and  Bethe. In  th is  model i t  is  assum ed th a t  th e  

d e lec tro n s  a re  all localized (d i), i.e ., s tro n g ly  a ttach ed  to  indiv idual 

atomB an d  th e  sp in s  a re  aligned because th e  en e rg y  of th e  system  is  

low ered by  th e  d ire c t exchange in te rac tio n  betw een th e  ad jacen t 

atoms w ith para lle l sp ins. T M b sim plistic approach  conflic ted  with 

experim ental fa c ts  su ch  as  (1) The moments of Fe, Co, and  Ni a re  not 

in teg e rs : th e y  a re  2.2, 1.7, and  0.6 Bohr m agneton resp ec tiv e ly  and

(2) The values o f low tem p era tu re  specific h ea ts  o f Fe, Co, and  Ni a re  

too h igh  to  be caused  by  th e  num ber of s  like e lec tro n s  known to  be 

p re se n t, su g g es tin g  th e  p resen ce  of o th e r conduction e lec trons.

The second approach  p u rsu ed  by  Bloch, F renkel, and  S toner 

assum ed th a t  all th e  valence e lec trons, both  4sp  and  3d a re  

itin e ra n t, th a t  is th ey  a re  able to  move free ly  th ro u g h  th e  la ttice . 

ThiB model 1b bo  in trac tab le  th a t no p rac tica l solution has re su lte d  

from it. The experim ental ev idence also  ap p eared  to conflic t w ith th e  

all itin e ra n t model. The en tro p y  associated  w ith th e  tra n sitio n  

th ro u g h  th e  Curie tem p era tu re  (i.e., from the  m agnetic to  th e  non­

m agnetic s ta te )  ind ica tes  th a t  Fe and  Ni have d eg rees  of freedom  due 

to  local moments.

In  th e  ea rly  1950's Zener proposed a  somewhat d iffe ren t model 

inco rpora ting  bo th  local and  itin e ra n t fea tu re s . According to  th is  

model th e  d e lec tro n s  w ere localized and  th ey  polarized th e  s-lik e
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conduction electrons! which th en  aligned th e  atomic Bpins. The s -d i 

exchange polarization  would give r is e  to  an  oscilla to ry  sp a tia l 

po larization  of th e  conduction e lec tro n s  which falls off rap id ly  w ith 

d is tan ce  from th e  localized moment. These conduction  e lectron  

po larizations a re  re fe r re d  to  a s  th e  RKKY12 (R uderm an-K ittel-K asuya- 

Yosida) oscillations o r P riedel oscillations. In  th e  case of iron  it was 

shown th a t  th e  s e lec tron  polarization was negative32 a t  th e  f i r s t  

two ne ighbors. Thus, th e  polarization of s e lec tro n s  a t  th e  d istance 

of th e  firB t n e a re s t neighbor from an iron  atom is  in  th e  opposite  

d irec tion  of th a t  of the  atom itse lf. ThiB te n d s  to  a lign  th e  Fe atoms 

an tiferrom agnetically .

Since both  d ire c t in te rac tio n s  betw een localized d i e lec tro n s  and  

th e  coupling th ro u g h  s -lik e  conduction e lec tro n s  had been  ru led  ou t 

as  cau sin g  ferrom agnetism , it  was th e n  p roposed33 th a t  th e  coupling 

of the  localized di e lec tro n s was th ro u g h  a  small num ber o f itin e ra n t 

di e lec tro n s. RKKY th eo ry  show s th a t  th e  negative  polarization  of s -  

like conduction e lec trons a t  f i r s t  ne ighbor d istan ce  o ccu rs  because 

th e re  a re  too many 4s e lec tro n s  in Fe, ab o u t one p e r  atom. The form 

of conduction  e lectron  polarization a round  a  local moment is a  

function  of Cos2kpr and  Sin2kpr w here kp is th e  wave v ec to r a t the  

Fermi su rface . The f ir s t  node occurB a t  kpr = some co n stan t. Since 

kp d ep en d s on th e  num ber of conduction e lec trons, if  kp and  hence 

th e  num ber of conduction e lec trons is  la rg e , r  is  small, and th e  f i r s t  

node o ccu rs  a t a d istan ce  closer th an  th e  n e a re s t neighbor atom.
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P ro p erly  modified RKKY th eo ry  is also  applicable to  th e  di conduction  

e lec trons. Now th e  condition fo r ferrom agnetism  is  th a t th e  f i r s t  

node be beyond th e  f ir s t  ne ighbor d istance . An u p p e r  limit to  th e  

num ber of di e lec tro n s ob tained  from RKKY th e o ry  is  abou t 0.4 di 

e lec tro n s p e r  atom. Thus a t  most abou t 5% (0.4/8*100) o f th e  d 

e lec tro n s  can  be itin e ra n t in  Fe, Co, and  Ni. Because di e lec tro n s  

have an  o rb ita l sym m etry v e ry  similar to  th a t  of d i e lec tro n s, th e  d i- 

d i Coulomb exchange in te rac tio n  is  considerab ly  s tro n g e r  th a n  th e  s -  

di in te rac tio n  causing  Fe, Co, and  Ni to  be ferrom agnetic .

The TM-TM in te rac tio n  is th e  s tro n g e s t one op era tiv e  in  th e  RE- 

TM com pounds as  compared to  RE-RE and RE-TM. This is due to  th e  

much la rg e r  spatia l ex tension  of the  3d w ave fu n c tio n s  of TM 

com pared to  4f wave functions of RE. The TM-TM in te rac tio n  in  RE- 

TM com pounds 1b s tu d ied  in  which th e  com ponent RE is  non-m agnetic 

such  a s  La o r Lu. The observed  h igh  o rd e rin g  tem p era tu re  of th ese  

compounds iB th e  experim ental ev idence fo r th e  s tro n g e r  TM-TM 

in te rac tio n s .

2.4.3 RE-RE INTERACTION

The interaction between the magnetic moment of the rare-earthB 
atoms is the weakest compared to TM-TM and RE-TM interactions. 
Due to the small spatial extension of the 4f wave functions there is 
virtually no overlap between them. Hence the magnetic coupling haB
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to  p roceed  in d irec tly . One posaible p a th  a t  in te rac tio n  is  th e  apin 

polarization  of th e  a conduction  e lec tro n s . The 4f momenta located 

elsew here in th e  c ry s ta l feel th is  po larization  and  o rie n t them selves 

accord ing ly . The conduction e lec tro n  po larization  due to  th e  4f 

moment is  no t uniform  in  apace. The in te ra c tio n  betw een th e  

localized 4f moment and  th e  f re e  conduction  e lec tro n s  1b of th e  

o scilla to ry  ty p e  th a t  d ec reases  w ith d is tan ce  from  th e  r a re -e a r th  ion. 

The in te rac tio n  betw een th e  localized 4f moment and  th e  conduction 

elec tron  is  known as  RKKYM in te rac tio n . This in te rac tio n  leads to  

para lle l aa  well aa an tipara lle l coupling  betw een moments. The 

s tre n g th  of th is  coupling d ep en d s on s tr u c tu r e  ty p e  and th e  num ber 

of conduction e lectrons. The s tro n g e r  TM-TM in terac tion  usually  

o b scu res  th e  RE-RE in te rac tio n  in  RE-TM com pounds. Experim ental 

ev idence th a t  RE-RE in te rac tio n  in  RE-TM com pounds 1b indeed  weak 

can  be ob tained  th ro u g h  th e  low v a lu es  o f o rd e rin g  tem p era tu re  

m easured in  th e  case w here th e  TM atom s do not c a r ry  a  magnetic 

moment.19

2.4.4 RE-TM INTERACTION

The sp in  of th e  RE and  th e  TM atom s a re  alw ays aligned 

an tip ara lle l in  th e  RE-TM c o m p o u n d s . A  positive RKKY 

in te rac tio n  betw een th e  conduction  e lec tro n s  and  th e  4f e lec trons of 

th e  REs causes th e  sp in  of th e  4f e lec tro n s  to  be an tipara lle l to  th a t  

o f TM atoms. The RKKY in te rac tio n  betw een th e  localized 4f and  free  

conduction  e lec tro n s is  of osc illa to ry  ty p e  th a t  d ecreases w ith
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distance from th e  RE ion. While phenom enologically th e  an tiparalle l 

coupling betw een th e  RE and  th e  Co sp in s  can  be explained by 

invoking th e  RKKY in te ra c tio n , th e  th eo ry  p rov ides little  in sig h t in to  

the  s ign  of the  coupling .1* Buschow30*31 has, th e re fo re , a rg u ed  th a t 

th e  4f-3d in te rac tio n  p roceed ing  th ro u g h  a  d ire c t exchange between 

5d(RE)-3d(TM) e lec tro n s, p roposed by  C am pbell,3* more ap p ro p ria te ly  

d escrib es  th e  o b serv ed  coupling. This scheme tre a ts  the  Sd 

e lec trons as  localized, th e ir  positive sp in s  a ris in g  from an  o rd in a ry  

4f-5d exchange. By tre a tin g  the R E b as  belonging to  the  f ir s t  half 

of a  d -tran s itio n  metal s e r ie s  (in re g a rd  to  5d e lectron ic  behavior) 

and  Fe and Co belonging to the  second half of such  a  se rie s , 

Campbell was able to  explain the  an tife rrom agnetic  coupling betw een 

th e  RE and TM Bpins.

According to Hund’s ru le s  th e  to ta l an g u la r momentum J = L -  S 

when th e  shell is half fu ll and  J = L + S when th e  shell is more th an  

half full. S is th e  maximum value of th e  to ta l sp in  allowed b y  the  

Pauli exclusion p rinc ip le  and  L is the  maximum value of th e  o rb ita l 

angu lar momentum co n s is ten t w ith the  value of S. When th e  shell is 

juBt half full, L = 0, J  = S. For th e  REs with atomic num ber smaller 

than  Gd, the  sp in  and  th e  o rb ita l an g u la r momentum oppose each 

o th er and the  to ta l an g u la r momentum J  = L -  S. For REs with 

h igher atomic num ber the  to ta l an g u la r momentum J  = L + S. 

Because the  RE and TM sp in s  a re  an tip ara lle l, only RE-TM compounds 

which consist of lig h t r a re -e a r th  m etals, fo r which J = L -  S show 

ferrom agnetic behavior.33*34 For Gd and  RE’s with h ig h er atomic
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num bers, RE moments couple antiferrom agnetically  w ith th e  TM 

moments; theBe com pounds a re  ferrim agnetic .

2.5 MAGNETIC ANISOTROPIES

The shape of th e  h y s te re s is  loop s tro n g ly  depends on th e  

m agnetic an iso tropy  which co n tro ls  most of th e  m agnetic p ro p e rtie s  of 

th e  m aterial. The term  m agnetic an iso tro p y  means th a t  th e  m agnetic 

p ro p e rtie s  depend on th e  d irec tio n  in which th ey  a re  m easured. The 

an iso tropy  m anifests itse lf  a s  a  p re fe rre d  d irection  in  th e  m aterial 

along which th e  m agnetic moments align them selves. When an  

ex terna l m agnetic field  is  app lied  along th e  p re fe r re d  axis of 

m agnetization the  m aterial s a tu ra te s  easily  compared to  when th e  field 

d irection  is normal to it . The p re fe r re d  axiB of m agnetization is 

called th e  easy  axis and  th e  d irec tion  normal to  i t  is  called th e  h a rd  

axis. The easy  axis 1b ch a rac te rize d  b y  minimum free  en e rg y . The 

en e rg y  involve in  th e  an iso tro p y  is  much smaller th an  th e  exchange 

en erg y . A nisotropies can  be classified  a s  m agneto-crystalline , shape, 

s tre s s , and  an iso tro p y  induced  b y  m agnetic annealing. Of th ese  only 

c ry s ta l an iso tropy  (m agneto-cryBtalline) is  in trin s ic  to  th e  m aterial.

2.5.1 MAGNETO-CRYSTALLINE ANISOTROPY

M agneto-crystalline an iso tro p y  is  due mainly to  sp in -o rb it 

coupling. The exchange e n e rg y  associated  with sp in -sp in  coupling is  

given by  E« = -2 Jn Si.Sj . -2 Jm S iS jC o s6 , w here J «  is  called the
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exchange in teg ra l and  ie re la ted  to  th e  o verlap  of th e  ch a rg e  

d is tr ib u tio n  of th e  atom s i and j. J«x o ccu rs  in  th e  calcu lation  of 

th e  exchange e ffec t and  0 is th e  ang le  betw een th e  sp in s . The 

exchange e n e rg y  dep en d s only on th e  ang le  betw een th e  sp in s , and  

not a t  all on th e  d irec tion  of sp in  re la tiv e  to  th e  c ry s ta l  la ttice . 

T herefo re  sp in -sp in  coupling canno t c o n trib u te  to  th e  c ry s ta l  

an iso tropy . When an  ex terna l field  is UBed to  re o rie n t th e  sp in  of an  

electron , th e  o rb it of th a t  e lectron  also  ten d s  to  be o rien ted  because 

of sp in -o rb it coupling. The o rb it  is coupled to  th e  la ttice  and  

th e re fo re  r e s is ts  th e  a ttem pt to  ro ta te  th e  sp in  axis. The e n e rg y  

re q u ire d  to  ro ta te  th e  sp in  system  of th e  domain away from th e  easy  

d irec tion , called th e  an iso tropy  e n e rg y  is th e  e n e rg y  re q u ire d  to  

overcome th e  sp in -o rb it coupling. Although th e re  is  no d o u b t th a t  

c ry s ta l  an iso tro p y  is  due to  sp in -o rb it coupling, th e  de ta ils  a re  not 

clear.

In  th e  case  o f a  hexagonal c ry s ta l th e  m agneto -crysta lline  

an iso tro p y  e n e rg y  is  g iven by  E ~ KiSin*6 + KsSin46, w here 0 1b the  

angle betw een th e  m agnetization and  th e  c-ax is and  Ki and  Ki a re  

an iso tro p y  co n s ta n ts  o f th e  m aterial. For s tro n g ly  uniaxial m aterials, 

Kt is  much sm aller th a n  Ki and  can  usually  be ignored . A positive 

value fo r th e  coefficients co rresp o n d s to  p re fe ren ce  of m agnetization 

along th e  c-ax is  and  negative one fo r p re fe ren ce  w ithin  th e  basal 

plane. Ki + Kt is  th e  en e rg y  req u ired  to  force th e  d irec tion  of 

m agnetization from th e  easy  to th e  h a rd  d irection .45 I t  co rresp o n d s  

to  th e  d ifference  in the a rea  betw een the  in itial m agnetization c u rv e s
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obtained along the  easy  and  h a rd  d ire c tio n s  and  th e  app lied  m agnetic 

field axis. When one coeffic ien t is  n eg a tiv e  and  th e  o th e r  ia positive  

in term ediate situa tions su ch  as  easy  cone an iso tro p y  a rise .

2.5.2 SHAPE ANISOTROPY

If th e  specimen is sp h erica l in  sh ap e , th e  same app lied  field will 

magnetize i t  to  th e  Bame ex ten t in  an y  d irec tio n  if  th e re  is  no c ry s ta l 

an iso tropy . If  th e  specimen is  n o n -sp h erica l, i t  will be ea s ie r  to  

m agnetize it  along a  longer axis th an  a long a sh o r t  axis because of 

th e  dem agnetizing field. The dem agnetizing fie ld  along a  s h o r te r  axis 

is s tro n g e r  th an  along a long axis. T hus th e  shape alone can  be a  

source of magnetic an iso tro p y . The e n e rg y  associated  with th e  

dem agnetizing field of th e  specim en, called th e  m agnetostatic  en e rg y , 

Eu  = (l/2)NdM*, w here Nd is  th e  dem agnetizing coeffic ien t and  M is  

the  m agnetization. For a  p ro la te  sp h ero id , Eu  = (l/2)M*Nc +

(l/2)(N*-Nc)M*Sinl0, w here Nc and N» a re  dem agnetizing coefficien ts 

along c (semi major axis) and  along a  (semi minor axis) and  6 is th e  

angle betw een M and  th e  long axis. In  th is  case  th e  shape 

an iso tropy  co n stan t is g iven  by , Kb = (l/2)(N«-Nc)M*. The en e rg y  

due to  shape an iso tropy  is  w ritten  a s  E = KaSin*0. The s tre n g th  of 

the shape an iso tropy  d ep en d s  bo th  on th e  axial ra tio  c /a  o f th e  

specimen, which determ ines Nt-Nc, and  th e  ex ten t of m agnetization.
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2.5.3 STRESS ANISOTROPY

StresB alone can  c re a te  an  easy  axis o f m agnetization. S tre s s  

an iso tropy  is  a  uniaxial an iso tro p y . We th e re fo re  w rite  th e  s t r e s s  

an iso tropy  e n e rg y , w hich 1b a  magnetoelaBtic en erg y , Bh  = KoSin*0. 

The s tre s s  an iso tro p y  c o n s ta n t is  g iven  by , K« ■ (3/2)6tio, w here 6ai 

is th e  sa tu ra tio n  m agnetostric tion , o is  th e  s tre s s ,  and 3 is  th e  ang le  

betw een o and  M. The axis of s tr e s s  Is an  easy  axis if  6ato is  

positive. If th is  q u a n tity  is  negative , th e  s tr e s s  axis is  a  h a rd  axis 

and  th e  p lane normal to  the B tress axis is  an  eaBy plane of 

m agnetization.

2.5.4 ANISOTROPY INDUCED BY MAGNETIC ANNEALING

When ce rta in  compounds a re  h ea t tre a te d  in  a  m agnetic field and  

then  cooled to  room tem p era tu re , th e y  develop a  perm anent uniaxial 

an iso tropy  w ith th e  easy  axis paralle l to  th e  d irection  of th e  fie ld  

d u rin g  h ea t trea tm en t. They a re  th e n  m agnetically so fte r  along th is  

axiB th an  th ey  w ere befo re  trea tm en t. The annealing tem p era tu re  

m ust be below th e  Curie po in t of th e  m aterial and  y e t h igh  enough , 

so th a t  su b s tan tia l atomic d iffusion  can  occur. The fie ld  m ust be 

la rg e  enough to  sa tu ra te  th e  specimen d u r in g  th e  m agnetic anneal, if 

the  re su ltin g  an iso tro p y  is to  develop i ts  maximum ex ten t. In  th is  

case th e  an iso tro p y  e n e rg y  is  g iven  by , E = K»Sin>0, w here K« is  

the  an iso tro p y  co n stan t and  8 is th e  ang le  between Ma and th e  

d irection  of th e  annealing  field .
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2.6 COERCIVITY MECHANISMS

A ferro m ag n et in  th e  dem agnetized s ta te  is  d iv ided in to  a  

num ber o f small reg ions called domains. Each domain is  

spon taneously  m agnetized to  th e  sa tu ra tio n  value M«, b u t th e

d irection  of m agnetization of th e  various domains a re  such  th a t  th e  

specimen b b  a  whole has  no n e t m agnetization. The p ro cess  of

m agnetization is  th e n  one of co n v ertin g  th e  specim en from a  multi­

domain s ta te  in to  one in  which i t  is  a  sing le  domain m agnetized in 

th e  same d irec tio n  of th e  applied  field. Domain walls a re  in te rfaces  

betw een reg io n s  in  which th e  spontaneous m agnetization has d iffe ren t 

d irections. At o r w ithin th e  wall th e  m agnetization m ust change 

d irection . Exchange en erg y  in  a  ferrom agnet is  a  minimum when th e  

sp ins a re  paralle l. Hence th e  wall would have la rg e  exchange en e rg y  

associated  w ith it . This can be decreased  if  we allow th e  180*

change in  sp in  d irection  to  tak e  place g rad u a lly  over a num ber of 

atoms. Spins w ithin  th e  wall a re  poin ting  in  n o n -easy  d irec tio n s , so 

c ry s ta l an iso tro p y  en e rg y  w ithin the  wall is  h ig h er th an  it is in  the  

ad jo in ing  domains. Exchange en erg y  te n d s  to  increase  th e  wall

th ick n ess  w hereas an iso tropy  en erg y  tendB to  decrease  it. This 

gives r ise  to  a  f in ite  width and  s tru c tu re  fo r domain walls.

In  p a rtic le s  below a  ce rta in  size i t  is en erg e tica lly  unfavorab le  

to in te rn a lly  s u p p o rt domain walls. Below th e  c ritica l size th e
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partic le  will p re fe r  to  rem ain in  th e  sing le  domain s ta te . For SmCos 

th e  sing le  domain p artic le  size  fo r  bulk  arc-caB t sam ples has been 

m easured to  be 1.6|im. For th e  su b seq u en tly  cry sta llized  SmCos 

films, th e  g ra in  size was show n to  be no more th a n  600±60 A*. The 

g ra in  size fo r the  su b seq u en tly  cry sta llized  h igh  iHc Sm -Fe-Ti filmB 

which we a re  going to diBcuss in  c h a p te r  fo u r 1b 500 to  600 A*. 

According to the  S toner-W ohlfarth  model, 36 when th e  field is  

re v e rse d  the  single domain particleB re v e rs e  th e ir  m agnetization 

th ro u g h  coheren t ro ta tion  of th e  m agnetic moments. For domain 

re v e rsa l by  coheren t ro ta tio n  in  s tro n g ly  uniaxial an iso trop ic  

m aterials, the  in trin s ic  coercive force, iHc, will be equal to  th e  

an iso tropy  field Ha = 2K/Mb. The maximum o b serv ed  in tr in s ic  

coercive force fo r SmCos ra n g e s  from 40 to 60 KOe. This 

co rresp o n d s only to  10 to  15% of th e  theo re tica l u p p e r  limit. For th e  

high iHc Sm-Fe-Ti Bystem we o b serv ed  maximum in tr in s ic  coercive 

fo rce, iHc, of 38.5 KOe. U sing rig o ro u s m icromagnetic argum en ts, 

Brown37 has shown th a t fo r p e rfe c t ellipsoidal p a rtic le s  no specific 

size determ ines single domain behavior and  th a t  domain re v e rsa l 

should always proceed th ro u g h  th e  co h eren t ro ta tio n  p ro cess  w ith iHc 

of th e  o rd e r of th e  an iso tro p y  field. This is  co n trad ic to ry  to 

experim ent, which shows th a t  in ac tu a l fine p artic le  m agnets, iHc 

in c reases  as the  partic le  size is  reduced ; th is  inconsis tency  w ith th e  

experim ent has been a ttr ib u te d  to  d e p a r tu re  from p e rfec t ellipsoidal 

shape and  homogeneity and  is  re fe r re d  to  as  Brown's paradox.38
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Due to  th e  inab ility  to  ob ta in  th e  la rg e s t theo re tica lly  

obtainable value fo r iHe in th e  RECos pow ders, Becker concluded th a t  

th e  re v e rsa l p ro cess  in  th e se  com pounds was determ ined by  

mechanisms o th e r  th a n  c o h e ren t ro ta tio n  of th e  domains. The lower 

th an  expected  value fo r iHc was explained by  a  model which included 

nucleation of re v e rse d  domains (with th e  field  rev ersa l)  and  th e ir  

rap id  g row th  to  com pletely re v e rse  th e  m agnetization of th e  

particle.***40' 4'  The domain nucleation p ro cess  can  be visualized  as  

th e  form ation of small re v e rse d  dom ains a ss is ted  by  local 

dem agnetizing fie ld s , th ro u g h  co h eren t re v e rsa l o f th e  m agnetic 

moments a t  low an iso tro p y  s ite s .44 Domain nucleation o ccu rs  a t  

v arious defectB in  th e  m aterial, such  a s  inclusions, s tack ing  fau lts , 

and  com positionally inhom ogeneous reg io n s. Since th e  p robab ility  

th a t a g iven  p a rtic le  will con ta in  a  d e fec t d ec reases  w ith decreasin g  

p a rtic le  size, nucleation  dom inated m agnetization re v e rsa l mechanism 

re q u ire  th e  sy n th e s is  of small p a rtic le  (and g ra in ) size m aterials. 

However, th e  in te rp a rtic le  and  in te rg ra n u la r  m agnetostatic in te rac tio n  

should be su ffic ien tly  low th a t each p a rtic le  o r  g ra in  fun c tio n s  

m agnetically in d ep en d en t of itB ne ig h b o rs.40

In  th e  refinem ent of th e  domain nucleation  and  grow th re v e rsa l 

model, B ecker4* identified  two ty p e s  of nuclei. Type 1 nuclei w ere 

identified  a s  those  th a t  tra p p ed  segm ents o f th e  domain wall as  th ey  

tra v e rse d  th e  defec ts; w hat rem ained w ere small reg ions of re v e rse d
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domains bounded b y  locally p inned  frag m en ts  of th e  domain wall aa 

th ey  Bwept p a s t th e se  defec ts. Type 2 nuclei w ere iden tified  a s  

those th a t  w ere ch arac te rized  by  la rg e  local dem agnetizing fie lds and 

p rov ided  s ite s  fo r  re v e rse  domain nucleation . The e ffec t o f ty p e  1 

nuclei can  be minimized b y  the  app lication  of m agnetizing fie lds 

su ffic ien tly  la rg e  to remove th e  re v e rse d  dom ains from th e  m aterial. 

This type  of nuclei can  th e re fo re  be d eac tiv a ted  b y  th e  application  of 

a la rge  fie ld . With fie lds smaller th an  those  re q u ire d  to  d riv e  th e  

domain wall o u t of th e  m aterial, th e  reg io n  of re v e rse d  domain 

rem ains and  leads to  quick re v e rsa l o f th e  sam ples d u rin g  

su b seq u en t dem agnetization. C onsequently  ty p e  1 d e fec ts  will no t 

p rov ide th e  same nucleating  e ffec ts  fo r bo th  sen ses  of m agnetization, 

being ac tiv e  prim arily  only in  one d irec tion . Type 2 nuclei, on  the  

o th e r hand , a re  sym m etrical in both  sen ses  of m agnetization re v e rsa l 

and  have a  c h a rac te r is tic  nucleating  ev en t a t  th e  Bame field in  e ith e r  

csBe. At su ffic ien tly  la rge  field s tre n g th s , th e  ty p e  1 s ite  is 

d eactivated  and  th e  re v e rsa l is p rim arily  determ ined  b y  nucleation  a t 

a  ty p e  2 s ite . I t  is p e rh ap s  more ap p ro p ria te  to  d iscu ss  re v e rsa l in  

term s of nucleation  of domain wall movement a s  opposed to  nucleation 

of th e  wall itse lf.46 Nucleation of Bmall re v e rse d  domains will lead to 

rev e rsa l only if  th e  nucleation field  exceeds th e  p inn ing  field 

req u ired  fo r th e  domain wall displacem ent.
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CHAPTER 3 

EXPERIMENTAL PROCEDURE

3.1 MAGNETIC FILM SYNTHESIS

The film m agnets w ere fab rica ted  b y  r f  diode sp u tte r in g  from 

se ts  of th re e  ta rg e ts  in a  s ta in less  s tee l u l tra  h igh  vacuum cham ber 

with base  p re s s u re  in  th e  10~T to  10-® to r r  ran g e . Glow d isch a rg e  

sp u tte r in g  is  a  widely u sed  tech n iq u e  fo r th e  deposition of

sem iconductor, metallic, m agnetic, and  in su la tin g  films and is well 

docum ented in  the  lite ra tu re .47*48*40 Special m ethods have been  

developed fo r the  deposition of r a re -e a r th  tra n s itio n  metal perm anent 

m agnet filmB th a t exhibit high in tr in s ic  coercive fo rces, la rg e

rem anent values, and  special an iso trop ies. By special an iso trop ies we 

mean th a t  th e  easy  d irection  of m agnetization can  be aligned 

p erp en d icu la r to  th e  film p lane, o r in  a  specific  d irec tio n  w ithin th e  

plane of th e  film. The sp u tte r in g  cond itions employed d iffer from 

normal r f  diode sp u tte r in g  in  two main re sp e c ts . Relatively h igh  

sp u tte r in g  gas p re s su re s  have been  used  to therm alize the  sp u tte re d  

atoms by collision with the  sp u tte r in g  g as  atom s befo re  th e ir  a rr iv a l 

a t the  s u b s tra te s . This selective therm alization method originally  was 

used b y  Cadieu80 in  syn th esiz in g  su p erco n d u c tin g  films with high Tc 

: NbaGe (Tc = 22 K). In  add ition , d u rin g  th e  s p u tte r  deposition a

magnetic fie ld , H* = 1.75 KOe was applied  in  th e  plane of th e
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s u b s tra te  and  ac ro ss  th e  w idth  to  in tro d u ce  an iso tro p ies  in to  th e  

grow ing films. The sp u tte r in g  gas used  was u su a lly  Ar a t  p re s s u re  

ran g in g  from 75 to  150 micron. In  some cases  a  two com ponent 

B puttering  gas of Ar and  Xe in  th e  ra tio  of 3:1 has  been  used . The 

s p u tte r in g  gas p re s s u re s  w ere m easured and  m onitored b y  

capacitance manometers which allowed th e  p re s s u re  m easurem ents to  

be in d ep en d en t of th e  p a rtic u la r  gas  in u se . D uring th e  deposition 

th e  polished, po lycrystalline, AliOa s u b s tra te  could be e ith e r  w ater 

cooled o r  heated  to  tem p era tu res  u p  to  700* C. Films deposited  onto 

heated  s u b s tra te s  were c ry sta llin e  upon deposition . Such films we 

term  d irec tly  c ry sta llised . Films th a t  w ere deposited  onto  w ater 

cooled su b s tra te s  were am orphous, as  confirm ed by  x -ra y  d iffrac tion  

and  h y s te re s is  loop of low coerciv ities. C erta in  of th e  am orphous 

films w ere crysta llized  in s itu  r ig h t  a f te r  sp u tte r in g  b y  hea ting  th e  

su b s tra te s  to  a su itab le  tem p era tu re  fo r su ffic ien t time to  promote 

complete crysta lliza tion . Film sam ples th a t  w ere made f ir s t  

am orphous, and  th en  su b seq u en tly  c ry sta llized , co rresponded  most 

closely to  bulk  samples. Such sam ples w ere h igh ly  d ense  and  free  of 

voids. Their su rfaces  w ere sp ecu la r re flec tin g  and  m irro r Uke. 

Samples th a t  w ere d irec tly  c ry sta llized  on to  h eated  su b s tra te s  

exhibited  a  d is tin c t colum nar grow th m orphology and  void s tru c tu re  

from th e  sp u tte r in g  p ro cess . Such films u su a lly  exh ib it a  d a rk  

appearance  due to  c ry s ta l face ts  a t  th e  su rfac e  d iffu sin g  sca tte re d  

ligh t.
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For sp u tte r in g  th e re  w ere basically  two ty p e s  of ta rg e ts  we 

used , namely, uniform  composition ta rg e ts  and  g rad ien t composition 

ta rg e ts . These alloy ta rg e ts  w ere b u tto n  shape ingots th a t we a rc -  

melted in  o u r specially designed  a rc -m e lte r  w ith dynamic f lu sh -  

cleaning  action with Ar. This action  was especially  n ecessa ry  fo r 

reac tive  ra re -e a r th  elem ents. The d e ta ils  o f th e  specially designed  

arc-m elte r w ere rep o rted  ea rlie r  by  Cadieu e t a i51 A custom  

s p u tte r in g  electrode was used  so th a t  sp u tte r in g  o ccu rred  from th re e  

ta rg e ts  sim ultaneously, which we term  tr is p u tte r in g . The sp u tte r in g  

ta rg e t arrangem en t was such  th a t  a ran g e  of compositions was 

deposited  along th e  len g th  of th e  5 cm long AliOa su b s tra te . 

Samples w ith sligh tly  d iffe ren t atomic com positions b u t iden tica l 

p rep ara tio n  condition could th en  be analyzed b y  observ ing  small 

Bubregions. By vary in g  th e  ta rg e t  composition individually , a range 

of compositions could th en  be c rea ted  in  th e  deposited  film so th a t  a 

system atic g rad ien t occu rred  in one o r more component in  the  

deposited  film.

3.2 SELECTIVE THERMALIZATION

In  th e  sp u tte r in g  p rocess  high en e rg y  ions bombard the  su rface  

of a sp u tte r in g  ta rg e t and e je c t su rface  atom s by momentum tra n s fe r  

as  opposed to  boiling. The e jected  su rface  atom s called sp u tte re d  

atoms w ere predom inantly n eu tra l atoms w ith an  asymmetric e n e rg y  

d is tr ib u tio n  cen tered  a t approxim ately 5 to 10 ev  and extending  up  

to 100 ev. These high en erg y  p a rtic le s  have to  be slowed down o r
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therm alized befo re  t h e y  s tr ik e  th e  su b stra te*  Therm alization m eans 

simply th e  rem oval of excess momentum an d  k inetic  en e rg y  of th e  

sp u tte re d  atoms to  lower th e ir  tem p era tu re  to th a t  o f th e  s u b s tra te  

by  collisions w ith th e  sp u tte r in g  gas atom s befo re  th ey  a r r iv e  a t  th e

su b s tra te . The u se  of se lective therm alized sp u tte r in g  allows th e

newly a r r iv in g  sp u tte re d  atoms to  rep lica te  and  add  to  an y

c ry s ta llite s  th a t  had B tarted to  grow  as  seeded  c ry sta llite s . The

mean fre e  p a th  is  p roportional to  1 /p , w here p  is  th e  sp u tte r in g  gaB 

p re ssu re . The h ig h er th e  p re s s u re  o f th e  s p u tte r in g  gas, th e

sh o rte r  th e  mean free  p a th  and  th e  more e n e rg y  tra n s fe r r in g  

collisions a re  en co u n tered  betw een th e  ta rg e t  anid th e  su b s tra te . 

In c reas in g  the d istan ce  from th e  ta rg e t  to  s u b s tra te  alBo has the

effec t of in c reasin g  th e  num ber of collisions betw een th e  ta rg e t  an d

th e  s u b s tra te . T herefo re , re la tiv e  d is tan ce  from  th e  ta rg e t  to  

s u b s tra te  is im portan t. The atomic masB of th e  sp u tte r in g  g as  is  

im portant in  th e  therm alization p ro cess . If  th e  mass of th e

sp u tte r in g  g as  is  approxim ately equal to  th e  m ass of th e  sp u tte re d  

atomB, th e n  th e re  1b a  la rg e  av e rag e  t ra n s fe r  o f e n e rg y  d u r in g  a 

collision. I f  th e  s p u tte r in g  gas is  much lig h te r  o r  heav ier th a n  th e  

sp u tte re d  atom s, on  th e  av erag e  le ss  e n e rg y  is  tra n s fe rre d  d u r in g  

th e  collision and  it  takeB more collisions to  reach  th e  same final 

en erg y . The model used  fo r such  calcu lations t r e a ts  th e  collisions 

betw een th e  s p u tte re d  atoms and  th e  sp u tte r in g  gas atoms as e las tic  

collisions betw een sp h e re s  having  Maxwellian velocity  d is tr ib u tio n  

co rresp o n d in g  to  tem p era tu res  Ti and Ti resp ec tiv e ly .
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The av erag e  en e rg y  loss of th e  s p u tte re d  atom s p e r  collision 

norm alised to  th e  av e rag e  en e rg y  o f th e  s p u tte re d  atoms is  g iven by , 

f  = 8mim*(l-Ti/Ti)/{3(mi+mi)*].M The frac tio n a l e n e rg y  rem aining is  

g iven b y  b = 1 -  f . The e n e rg y  in  Kelvins o f sp u tte re d  atom s a f te r  

n  collision is  g iven  by , E = (Eo-T*)b" + Ts,H w here Eo = in itia l

en e rg y  in  Kelvin, n  = psl/T* is th e  num ber o f collisions su ffe red

o v er a  d istance  1, p  is  th e  sp u tte r in g  gas p re s s u re  in m illitorr, and  s 

is  the  s c a tte r in g  c ro ss  section. This model can  be ex tended to  a  

m ixture of sp u tte r in g  g ases  and th e  equation  becomes E = (Eo-

Ti)biBba* + Ta w here n  and  q  a re  th e  num ber of collisions su ffe red

b y  gases 1 and  2 resp ec tiv e ly .

The calcu la ted  change in  the  s p u tte re d  atom s e n e rg y  a s  th e  

sp u tte re d  atoms p ro g re s s  from th e  ta rg e t  to  th e  s u b s tra te  u s in g  the  

above model is  show n in  Fig. 3.1. As ind ica ted  in  Fig. 3.2, th e  

p re s s u re  of 5 m illitorr o r  le ss  which iB th e  most commonly used  value 

in  sp u tte r in g  w ork is not la rg e  enough to  therm alize th e  sp u tte re d  

atoms fo r a  ta rg e t  s u b s tra te  d istan ce  of a  few cen tim eters. 

S p u tte rin g  gas p a r tia l  p re s s u re s  a re  a d ju s te d  so th a t  th e  sp u tte re d  

atoms a re  therm alized  as  th e y  a rr iv e  a t  th e  su b s tra te . We term  th is  

special case se lec tive  therm alization. The s p u tte r in g  gas used  was 

usually  Ar a t  p re s s u re s  ran g in g  from 75 to  150 micron. In  some 

cases a  two com ponent sp u tte r in g  gas of Ar and  Xe has been used . 

The p u rpose  of th is  dual sp u tte r in g  gas is  to  more effectively  

therm alize th e  re la tiv e ly  lig h te r  Fe atom s b y  collisions w ith Ar atoms 

and to  sim ultaneously  therm alize th e  more m assive Sm atom by
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atoms with Xe (131.30 amu) atoms re su lts  in la rg e r  e n e rg y  tra n s fe r  

than  for Ar, due to th e  closer m atching of atomic m asses.

3.3 EFFECT OF THE APPLIED MAGNETIC FIELD DURING THE 

SPUTTER DEPOSITION AND CRYSTALLIZATION

D uring the  s p u tte r  deposition a  m agnetic fie ld , Ha = 1.75 KOe 

was applied in  th e  plane of th e  su b s tra te  and  a c ro ss  i ts  w idth. The 

magnetic field  Ha has been applied  with th e  an tic ip a tio n  th a t  i t  will 

b reak  the  sym m etry in the  film plane and  induce an  in -th e-film -p lan e  

an iso tropy  into th e  grow ing film samples. I f  th e  deposition 

tem pera tu re  iB below th e  m agnetic o rd e rin g  tem p era tu re , th e  

sp u tte re d  film would have an  induced  m agnetic an iso tro p y  a f te r  th e  

sp u tte r in g . The application of a m agnetic field d u rin g  m agnetic film 

sy n th es is  has  been used  p rev iously  by sev era l o th e r  g ro u p s  e ith e r

to promote p e rp en d icu la r te x tu rin g  fo r c ry sta llin e  Sm-Co films53 or_.to___

promote uniaxial in -p lan e  aniBotropy for flash  ev ap o ra ted  am orphous 

Sm-Co films.54

When am orphous films a re  made an d  th e n  c ry sta llized  

su b seq u en tly  w ith a  m agnetic field H( applied  in  th e  s u b s tra te  plane 

th e  e ffec t of th e  m agnetic alignm ent e n e rg y  can  be a  more dom inant

fac to r in determ ining  the  c ry s ta l tex tu rin g  and  hence easy  axis

alignm ent fo r th e  films. A nother a ttr ib u te  of films th a t  a re  f ir s t

deposited  am orphous is th a t  th e  specu lar re flec tin g  m irror like
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su rface  of th e  am orphous film can  be m aintained d u rin g  th e  

su b seq u en t c rysta lliza tion  of th e  films. The c ry sta lliza tio n  has 

u sually  been  perform ed b y  h ea tin g  th e  film in aitu in th e  s p u tte r in g  

system  fo r a  su itab le  time an d  a t  a  su ffic ien tly  high tem p era tu re  to  

cause  complete c rysta lliza tion . Normally films th a t have been  d irec tly  

c rysta llized  b y  therm alized sp u tte r in g  so as  to  exh ib it optimum 

magnetic p ro p e rtie s  exhib it ang le  d ep en d en t re flec tiv e  p ro p e rtie s . 

This is due to  th e  la rge  p re fe ren tia lly  te x tu re d  g ra in s  th a t  com prise 

th e  su rface . The g ra in s  th a t  r e s u lt  from cry sta lliz in g  am orphous 

films a re  generally  less  th an  th e  sing le  domain p artic le  size. The 

h igh iHc p ro p e rty  of th e  SmCos and  h igh  iHc Sm-Fe-Ti system  films

is due to  th e  single domain g ra in  size re su ltin g  from the

crysta lliza tion  p rocess . For th e  su b seq u en tly  c ry sta llized  SmCos 

films,58 th e  g ra in  size waB Bhown to  be no more th a n  600±60 A*.

Such g ra in  Bize fo r SmCos is  well below th e  single domain p artic le

size as  m easured by  L iv ingston  and  Me Connel,54 so th a t  g ra in  of 

th is  size would co n s titu te  sing le  domain p a rtic le s . The g ra in  size fo r 

th e  su b seq u en tly  crysta llized  h igh  1H0  Sm -Fe-Ti films which we a re  

going to  d iscu ss  in  c h a p te r  fo u r has a  m easured g ra in  Bize *>f 500 

to  600 A* diam eter. This values w ere determ ined b y  Scanning 

E lectron Microscope m easurem ents.

The small roughly  sp h erica l Bhaped g ra in s  functions m agnetically 

in d ependen t of each o th e r  w ith th e  field  Ha to  induce th e  in - th e -  

film -plane an iso tropy  d u rin g  th e  crysta lliza tion  p rocess. The 

magnetic alignm ent en e rg y  of a  m agnetic domain in  an  ex terna l
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m agnetic fie ld  is p roportional to  th e  m agnetic moment. Hence th e  

m agnetic alignm ent en e rg y  is  p roportional to  th e  g ra in  size p rov ided  

th e  g ra in  size doeB not exceed th e  sing le  domain partic le  size. For 

uniaxial ferrom agnetic system s th e  e asy  d irec tion  of m agnetization 

would be coincident w ith th e  uniaxial d irec tio n  o r  c-ax is fo r sing le  

c ry s ta ls  o f hexagonal o r te trag o n a l system s. The m agnetic alignm ent 

en e rg y  fav o rs  th e  aligning of th e  easy  axis of th e  m aterial because 

th e  easy  axiB is  charac terized  by  minimum en erg y . When th e  films 

w ere deposited  in  an am orphous state* th e  field  Ha was effective in  

inducing  in -the-film -p lane  an iso tropy  due  to  sh o rt- ra n g e  o rd e r. This 

o rd e r  is  due to  th e  form ation of m icrocrystallites w ithin th e  

am orphous media* which is  n ecessa ry  to  account fo r how th e  

o b serv ed  in -the-film -p lane an iso tro p y  was inco rpora ted  in to  th e  films. 

D uring th e  crystallization  p ro cess  c ry s ta llite s  of su ffic ien tly  small 

size so a s  to  be single domain p a rtic le  size a re  form ed. For th e  

single domain reg ions to  effectively  in te ra c t  with th e  magnetic field 

Ha* i t  m ust be possible to  c ry sta llize  th e  m aterial a t  tem p era tu res  

which a re  less  th an  th e  Curie point. In  add ition  th e  scalar p ro d u c t 

of th e  fie ld  Ha and th e  to ta l m agnetization over th e  num ber of 

form ula unitB in a  domain m ust be a t  le a s t a s  la rg e  a s  th e  therm al 

e n e rg y  encoun tered  d u rin g  th e  c ry sta lliza tio n  procesB. For the  

SmCos films and  the  h igh iHc Sm -Fe-Ti films the  m agnetic alignm ent 

e n e rg y  can  be g re a te r  th an  k*T so th a t  in -the-film  plane aniBotropy 

can be induced .
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A spherica l g ra in  of diam eter D would con ta in  N = (x/6)*D*/Vf.i, 

w here N is th e  num ber of form ula u n its  in  th e  g ra in  and  Vr.« is  th e  

average volume of a  form ula u n it. The co rresp o n d in g  maximum 

magnetic alignm ent e n e rg y  E« = N*p (T)pbHs, w here p(T) is  a  

tem peratu re  d ep en d en t num ber g iv ing  th e  num ber of Bohr m agnetons 

p er form ula u n it fo r th e  sa tu ra tio n  m agnetization and  pa is  th e  Bohr 

magneton.

At 300 K, th e  tem p era tu re  a t which th e  deposition  of am orphous 

film takes place, eq u a tin g  th e  m agnetic alignm ent en e rg y  and  the  

therm al en erg y  y ields, E* = N*p (T)mbH« = kiT. This g ives an  

average  g ra in  diam eter of 35 A* fo r p(T) = 8.5 and Hs = 2 KOe in  th e  

case of SmCos.8® M icrocrystallites em bedded in  am orphous film of a t  

leas t th is  size ran g e , w hich would be too few to  be read ily  observed  

by the  x -ray  d iffrac tom eter, a re  needed to ag ree  w ith th e  observed  

in -the-film -p lane an iso tro p y .

For T = 700* C, fo r th e  m agnetic alignm ent e n e rg y  of a  domain to 

equal k*T re q u ire s  D = (|j(T)}“^*(l.l*10*) A*. This re q u ire s  a

suffic ien tly  la rge  num ber of SmCos form ula u n its  in  th e  g ra in s  to 

sa tisfy  N*p(T)pBHa = kiT . At th e  tem p era tu re  req u ired  fo r 

crystallization  to  o ccu r, th e  sa tu ra tio n  moment p e r  form ula u n it has 

fallen to  a low, b u t non zero  value since th e  Curie po in t of SmCos is 

724* C. A value of p = 0.1 yields D = 240 A*, w hich is  le ss  th a n  the  

SEM g ra in  size of 600 A*. On th e  basis  of th is  model, g ra in s  of a t 

leas t 240 A* a re  needed to  yield any  ob serv ab le  in -the-film -p lane
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an iso tropy . Such a  g ra in  size fo r  SmCos 1b well below th e  sing le  

domain partic le  size as  m easured by L ivingston and  Me Connei,8* bo 

th a t g ra in s  of th is  size would co n s titu te  single domain p a rtic le s . An 

in -th e-film -p lan e  m agnetic field  1b needed d u rin g  th e  h igh  

tem p era tu re  c ry sta lliza tio n , Bince hea ting  SmCosu  com position films 

w ithout any  applied  fie ld  haB been  shown to  d es tro y  th e  o rig in a l in -  

the-film -p lane an iso tropy .

When th e  c ry s ta llite s  a re  formed by c ry sta lliz in g  th e  in itia l 

am orphous deposit, we assum ed th a t th e  en e rg y  co n sid e ra tio n s  

concern ing  Ha ac ted  o v er a  c e rta in  volume reg ion  of th e  form ing 

c ry sta llite s . For d ire c tly  c ry sta llized  films, only th e  new su rface  

reg ion  is  able to  in te ra c t w ith th e  field  Ha so th a t  co rresp o n d in g ly  

la rg e r  g ra in s  would be needed to  yield a  magnetic alignm ent e n e rg y  

for th e  g ra in s  th a t  would be la rg e r  than  kaT. In  add ition , th e  newly 

a rr iv in g  su rface  reg ion  is grow ing onto th e  seeded c ry s ta l  p rov ided  

by th e  colum nar grow th p a tte rn . ThiB c ry s ta l seed ing  e ffe c t is  

generally  s tro n g e r  th an  th e  m agnetic alignm ent en e rg y  p rov ided  by  

th e  field Ha and  th e  newly grow ing su rface  region. In  th is  case th e  

m agnetic alignm ent e n e rg y  Esiayar = ( j i / 4 )(V f,« )"* /3L * p (T )(jB H a,

w here L  is  th e  d iam eter of a  su rface  region. For equ iva len t T and  

en erg ies, (n/6)D3<Vf.„)-»p<T)nBH. = < * /4 )(V r.« )-* /3L*n<T)M B H . will

give L* = (2/3)D9(Vf.tt)"*/*. For T = 700* C as  befo re  a  su rfa ce  

domain diam eter of L  = 1400 A* would be req u ired  to  g ive an 

equ ivalen t m agnetic en e rg y  to  induce m agnetic an iso tro p y  in to  the  

grow ing films. This g ra in  size is la rg e r  th an  th a t  norm ally
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encoun tered  a s  m easured by  x -ra y  line b roaden ing . G enerally i t  has 

not been  possib le to  d irec tly  c ry sta llize  films on to  h eated  s u b s tra te s  

th a t exhib it an  appreciab le  d eg ree  of in -th e -film -p lan e  an iso tro p y . 

The fa c t th a t  th e  newly in te ra c tin g  lay e r is  rep lica tin g  an  a lread y  

seeded colum nar c ry s ta l imposes an  add itional co n s tra in t. The 

p re fe ren tia l grow th of columns hav ing  easy  axis a ligned  w ith th e  

applied field would be favored . This would be expected  to  be a  small 

e ffect since th e  m agnetic alignm ent e n e rg y  is  genera lly  small 

compared to  th e  c ry s ta l en e rg y . The d ire c tly  c ry sta llized  films have 

columnar and  void s tru c tu re s  th a t  do no t co rresp o n d  to  bulk a rc -  

cas t sam ples. The am orphous films w hich a re  su b seq u en tly  

crysta llized  do not exhib it an y  colum nar o r void s tru c tu re .

In  th e  above d iscussion , th e  p resen ce  of a  spontaneous 

m agnetization w ithin the m agnetic domain was u sed  to  estim ate th e  

magnetic alignm ent en e rg y  available fo r inducing  an  in -the-film -p lane  

an iso tropy . This re q u ire s  th a t  i t  be possib le  to  have th e  system  

cry sta llize  a t  tem p era tu res  le ss  th an  th e  Curie point. If th e  

su b s tra te  tem p era tu re  is above th e  Curie po in t, th e  exchange en e rg y  

would be v e ry  small and  th e  m agnetic co rre la tio n  len g th  would then  

be much sm aller th an  the g ra in  size. In  fac t, th a t  is  why we did not 

observe any  noticeable H« induced  an iso tro p y  e ffec t re su ltin g  from 

c ry sta lliz in g  th e  low Curie tem pera tu re  NdiFeuB phase. I t  Bhould be 

noted th a t  th e  H« did induce in -th e-film -p lan e  an iso tropy  when 

co rrespond ing  samples w ere m easured a f te r  be ing  deposited  in  an  

am orphous s ta te , b u t before c ry sta lliza tio n . The w ater cooled
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s u b s tra te  tem p era tu res  u sed  w ere below th e  Curie tem p era tu re  so 

th a t  m icrocrystallite  domain o rien ta tio n s  could be a ffec ted  b y  Ha. 

P rev iously  am orphous films of Sm-Co based  system s and  Sm -Fe-Ti 

system s w ere shown to  exh ib it la rg e  in -th e-film -p lan e  an iso tro p y  

w hen deposited  u n d e r  therm alized sp u tte r in g  conditions w ith  an  in ­

plane field  Ha applied  d u rin g  th e  deposition.*7 Amorphous sam ples of 

th e  Sm-Fe-Ti composition w ere sp u tte re d  w ith Ha and  th en  h eated  to  

tem p era tu res  of 450 to  510* C w ithout an y  applied  m agnetic field. 

The orig inal a s -s p u tte re d  am orphous film exhibited  la rg e  in -th e -film - 

plane an iso tropy . A fter h ea tin g  th ese  sam ples in  th e  ab sen ce  of any  

applied  field, th e  orig inal in -th e-film -p lan e  aniBotropy was d es tro y ed ; 

This shows th a t it was n ecessa ry  fo r a  field  to be applied  d u r in g  th e  

crysta lliza tion  fo r th e  in -the-film -p lane  an iso tro p y  to  be o b se rv ed , 

even  if  the  orig inal am orphous film exhibited  in -th e -film -p lan e  

an iso tropy .

3.4 FILM THICKNESS

The film th ick n ess  can be determ ined by  th e  re la tion  m z t*A*d, 

w here m is  th e  mass of th e  film, t  is  th e  th ick n ess , A iB th e  a rea , 

and  d is  th e  d en s ity  of th e  film. The m ajor sou rce  of e r ro r  in 

estim ating the th ick n ess  is in  the u n ce rta in ty  in th e  d e n s ity  of th e  

deposited  m aterial. The d en s ity  of th e  bu lk  could be d iffe re n t from 

th a t  of th e  film b y  a  few p e rc en t due to s lig h tly  d iffe re n t la ttice  

param eters and  the  p resen ce  of voids. The n ecessa ry  co rrec tio n s  fo r 

the  la ttice  param eter d ifference  w ere obtained from o u r x -ra y
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d iffrac tion  resultB . In v estig a tio n  u s in g  SEM rev ea ls  d ense  packing , 

su g g estin g  th a t th e  e r ro r  in  u s in g  x -ra y  d e n s ity  as  th e  actual o v er 

all d en s ity  was a t  most few p ercen t. The th ick n ess  m easured u s in g  

th e  SEM is also co n s is ten t w ith th e  th ick n ess  estim ated from th e  x - 

ray  density . A nother method th a t  we could use  fo r th ic k n ess  

m easurem ent was by  m easuring  th e  reflec tion  of 0 e lec trons from th e  

film u sin g  various 0 decay  so u rces  th a t  give d iffe ren t 0 e lec tron  

energ ies. Since we w ere m easuring reac tiv e  ra re -e a r th  tra n s itio n  

metal compounds, ca lib ra tion  s ta n d a rd s  w ere d ifficu lt to  p re p a re . 

The film th ick n ess  fo r sam ples which we a re  going to  discusB 1b 

fa irly  uniform and ran g e s  from 1 to  12 m icron. L ittle s u b s tra te  

specific effec ts  a re  expected fo r films of th e se  re la tiv e ly  la rg e

th ickness. Deposition ra te  of 1.5 to 4 A */s w ere u sed  to  deposit 

th ese  re la tive ly  th ick  films.

3.5 FILM COMPOSITION

The composition of th e  film was determ ined on th e  s u b s tra te  by

examining small reg ions of th e  deposited  m aterial by e ith e r  x - ra y

fluorescence o r by  u sin g  e lec tro n  excited x -ra y  analysis  in  th e  SEM. 

The x -ray  fluorescence m easurem ents w ere ca lib ra ted  by  com parison 

to re su lts  on pseudofilm s p rep a red  by d ry in g  solutions of known 

concentration  of elem ents onto  f ilte r  p a p e rs .8* The e lec tron  excited 

x -ra y  analysis was perform ed by u sin g  a  Si(Li) d e tec to r and  a

P rinceton  Gamma-Tech 4 p lus analysis  system . Calibration was 

perform ed by sp e c tra  ru n s  with p u re  elem ents and  program s
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provided  by  P rince ton  Gamma-Tech. The oxygen  co n ten t of th e  film 

was checked b y  A uger E lectron S pectroscopy  w ith ion g u n  d ep th  

profiling .

3.6 LATTICE PARAMETERS

Traditionally  e ith e r  the  g rap h ica l o r ana ly tica l m ethods a re  used  

to index x -ra y  pow der p a tte rn s  of non -cub ic  c ry s ta ls .59 Our films 

a re  mostly hexagonal o r te trag o n a l in  s tru c tu re .  Since non-cub ic  

c ry s ta ls  have two o r more param eters  to  be determ ined , bo th  m ethods 

re q u ire  ex tensive calculations. I t  is  v e ry  d ifficu lt and  sometimes 

even impossible to  index low -sym m etry c ry s ta l  s tru c tu re s . Even 

when the  s tru c tu re  is  known, th e  b e s t values o f th e  la ttice  

param eters re q u ire s  a nonlinear f ittin g  p ro ced u re  to  take  ad v an tag e  

of th e  in creased  accu racy  of h igh  ang le  d iffrac tio n  lines.

A schem atic illu stra tio n  of th e  x -ra y  d iffractom eter is shown in  

Fig. 3.3. Our d a ta  coun t v e rsu s  ang le  is  collected by Multi Channel 

Analyzer and  th en  s to red  in  a  m icrocom puter fo r la te r  da ta  

p rocessing . Our basic p ro ced u re  involves th e  determ ination  of the  

w eighted root mean sq u are  an g u la r dev iations betw een th e  o b serv ed  

and calculated  Bragg angle 20 based  on a  g iven  s tru c tu re  and  la ttice  

param eters. The w eighted roo t mean sq u a re  deviation F(a,c) is 

calculated fo r each of a  and  c se ts . F(a,c)={£[(20iup-

20c«i)lsin2(0ie«p)*tan*{0iMp)]1/2l/N,

N -  [ Esin2 (Qiexp) *tan2 (0i«p) ]1̂ 2.
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The sum is o v er th e  num ber of o b serv ed  d iffrac tio n  p eak s  a t  th e  

Bragg ang les 29. The la ttice  param eter was calcu lated  by  minimizing 

F(a,c) fo r v arious a and  c p a irs . E ssen tially  we a re  looking fo r  th e  

v e rtex  po in t in  th e  F(a,c) v e rsu s  a  and  c 3-dim ensional g ra p h . The 

optimum la ttice  param eters  w ere chosen to be th e  minimum poin t on 

the  su rface  F(a,c) by  c ro ss-sec tio n a l p ro jec tion  fo r th e  a  and  c 

param eters.

3.7 MAGNETIC MEASUREMENTS

The m agnetic m easurem ents w ere perform ed a t  room tem p era tu re  

u s in g  a P rinceton  Applied R esearch Model 155 v ib ra tin g  sample 

m agnetom eter. The m agnetic fie ld  was supp lied  by  a  conventional 

w ater cooled electrom agnet u p  to  20 KOe. The films w ere c u t in to  

d iffe ren t reg ions approxim ately 0.2 cm b y  0.2 cm fo r  m agnetic 

m easurem ents. The AUO» s u b s tra te  is  diam agnetic w ith an  iso trop ic  

m agnetic su scep tib ility  a t  room tem p era tu re  o f -0.4*10-* em u/g/O e. 

The to tal moment of a  typ ica l size reg ion  of 0.04 cm* waB m easured to  

be -5*10-* emu a t  a  m agnetic field  of 20 KOe. This was ab o u t IX of 

th e  m agnetization of o u r  sample and  hence th e  s u b s tra te  co n trib u tio n  

to  th e  moment a t  low field  has  been  neg lected . High field  

m easurem ents w ere made u s in g  a  Jan is  Varitemp su p erco n d u ctin g  

m agnetom eter Bystem with fie ld s  u p  to  90 KOe. For th e  h igh field 

m easurem ents th e  diam agnetic co n trib u tio n  of th e  ho lder and  

su b s tra te  has been  tak en  in to  account and th e  n ecessa ry  co rrec tion  

has  been applieed. The Curie tem p era tu re  was m easured in  th e  high 

tem pera tu re  oven supplied  by  PAR.
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CHAPTER 4

HIGH iHc Sm-Fe-Ti PHASE BY SUBSEQUENT CRYSTALLIZATION FROM 

ORIGINALLY SPUTTERED AMORPHOUS DEPOSITS

4.1 INTRODUCTION

The p u re  Sm-Fe By stem s exh ib its  only  1-2, 1-3 and  2-17 p h ases  

in  bo th  film® and bulk* form . The c ry sta llo g rap h ic  and  m agnetic 

d a ta  a re  listed  in  Table 4. In  c o n tra s t to  th e  Sm-Co system  th e  

im portan t 1:5 plume is no t known to  ex ist in  p u re  Sm-Fe system . 

The SmaFei? phase  does no t p osses h a rd  m agnetic p ro p e rtie s  to  

qualify  a s  a perm anent m agnetic m aterial. The SmiFei7 phase  h as  a  

low coerciv ity  of only 0.1 KOe*° a t  4.2 K and  fa irly  low Curie 

tem p era tu re  of 385 K.

Earlier o u r g roup  re p o rte d  th e  su ccessfu l sy n th es is  o f a  

m etastable SmFes phase* w ith Ti add itions b y  selectively  therm alized 

sp u tte r in g  and a n  Sm(Fe,Ti)i system* which exhibits a  la rg e  

perp en d icu la r an iso tropy  of 4 4 1 0 *  erg/cm *. Also o u r g roup  re p o rte d  

th e  sy n th es is  of a  phase w hich con ta in s only Sm, Fe, and Ti in  film 

form which exhibits an  in -p lan e  in tr in s ic  coercive force, iH c, of 2 4  

KOe a t room tem perature.*1
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R ecently  we have rep o rted  th e  s y n th e s is  of a  new h igh  in trin s ic  

coercive fo rce , iHc, of 3 8 .5  KOe a t  room tem p era tu re  Sm -Fe-Ti phase  

th a t w b b  p rep a red  b y  cry sta lliz in g  o rig ina lly  am orphous sp u tte re d  

deposits.**11 By th is  method th e  m aterial was o rig inally  deposited  

from a s e t o f ta rg e ts  onto  w ater cooled AlsOt su b s tra te . Then th e  

deposits  have been cry sta llized  in s itu  r ig h t  a f te r  sp u tte r in g  by  

heating  th e  su b s tra te  to a  su itab le  tem p era tu re  fo r su ffic ien t time to  

promote complete crysta lliza tion . Films th a t  w ere deposited  onto  

w ater cooled su b s tra te  w ere am orphous a s  confirm ed b y  x -ra y  

d iffrac tion  and  h y s te re s is  loop of low coerciv itiea . A num ber of 

experim ents showed th a t th e  atomic p e rcen tag e  of Sm inco rpo rated  

in to  th e  film is  a  s tro n g  function  of th e  s u b s tr a te  tem pera tu re  u sed  

d u rin g  th e  s p u tte r  deposition and c ry sta lliza tio n  w hereas the  T i/Fe 

ra tio  is  com paratively fixable. As a  function  of composition, th e  h igh  

iHc Sm -Fe-Ti phase  has been  shown to  exh ib it a  maximum room 

tem p era tu re  in trin s ic  coerciv ity  of 3 8 .5  KOe a t  a  nominal composition 

of SmsoFe7oTiio. This h igh iHc Sm -Fe-Ti p hase  is found to  be a  

SmCos re la ted  hexagonal s tru c tu re  w ith a  nominal form ula of 

Sm7 (Fe,Ti)». A m agnetic field H , has  been  applied  d u rin g  th e  

s p u tte r  deposition and  crysta lliza tion  to  induce in -the-film -p lane  

an iso trop ies  in to  th e  grow ing films. For th e  uniaxial system  to  

exhibit in -the-film -p lane  an iso tro p y , th e re  m ust be a p re fe ren tia l 

alignm ent of th e  c-axes w ithin th e  film plane. I t  has  been possible 

to  sy n th es ize  Sm-Fe-Ti films th a t have exhib ited  in -the-film -p lane
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an iso tropy  fo r fie lds of ±20 KOe. This co rre sp o n d s  to an  effective 

an iso tropy  co n s ta n ts  of 101 erg /cm 3 fo r m agnetizing the  film in -p lane 

parallel v e rsu s  p e rp en d icu la r to the d irection  of th e  field Hi applied 

d u rin g  sp u tte r in g  and  subsequen t crysta lliza tion . This is  la rg e r  

than  the  p rev iously  known h ighest value of in -th e-film -p lan e  

an iso tropy  achieved in am orphous ra re -e a r th  tra n s itio n  metal films.37

4.2 MAGNETIC PROPERTIES

The high iHc Sm-Fe-Ti films have been  made in a two s tep  

process. F irs t th e  m aterial was deposited in an  am orphous Btate and 

then  the  deposits  w ere crystallized  in s itu  w ith an in -th e-film -p lan e  

magnetic field Hi. Due to the magnetic field applied  d u rin g  the 

sp u tte r  deposition and crystallization  the film was m agnetized as it 

was removed from th e  sp u tte rin g  system.

In Fig. 4.1 the  high field h y s te re s is  loop m easured a t room 

tem perature  in -p lan e  and  parallel to Hs fo r a Sm -Fe-Ti film is shown. 

This film was sp u tte re d  am orphous in an in -p lan e  field of 1.75 KOe 

and then  c ry sta llized  in th e  same field. The in -p lan e  iHc was 31 KOe. 

At 90 KOe m agnetizing field in the film plane, 47iM was 5.4 KG. The 

m agnetization has not been fully sa tu ra ted  by th e  available field of 

90 KOe. A rc-m elted bu ttons with compositions 14.54 at.% Sm, 80.12 

at.% Fe, and  5.34 at.% Ti were used as ta rg e ts  fo r sp u tte r in g  th is  

film. The ta rg e t x -ray  p a tte rn  shows both 1-12 and 1-2 phases.
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This p a rtic u la r  film has a composition 20.92 at.% Sm, 73.33 at.% Fe, 

and 5.75 at.% Ti resp ectiv e ly . During th e  sp u tte r in g  the  Sm 

concen tra tion  in th e  film is enhanced  o v er th a t  of the  ta rg e t  by the  

conditions used . In Fig. 4.2 the  second q u a d ra n t behavior of the 

same sample a s  in Fig. 4.1 is shown m easured a t  5 K. The m easured 

coerc iv ity  was 58 KOe. The x -ra y  d iffrac tio n  p a tte rn  fo r Cu Ka 

rad iation  for the  same sample is shown in Fig. 4.3. The high iHc Sm- 

Fe-Ti sample h y s te re s is  loops exhib ited  a  g rad u a l d rop  in 

m agnetization a t  the  beginning of th e  second q u ad ran t. This d rop  in 

m agnetization and  the  d iffraction  p a tte rn  su p p o rted  th e  hypo thesis  

th a t the  sample contained an  adm ixture of a  sem i-soft phase  in 

addition  to th e  high iHc phase.

The maximum coercive force o b serv ed  a t room tem p era tu re  was

38.5 KOe for a  composition of SmwFe7 3Ti8 . For th is  composition the  

maximum coercive force observed  a t 168 K was 45 KOe. In Fig. 4.4 

we show the  h y s te re s is  loop fo r a Smi9Fe73Tis sample aB m easured in 

th e  film plane paralle l to  the  Hs d irection . The x -ra y  d iffraction  

p a tte rn  for Cu K« radiation  for th e  same sample is  shown in Fig. 4.5. 

This sample had a sem i-soft second phase  with a  sa tu ra tio n  flux of 

0.4 KG, which is less than  10% of the  sa tu ra tio n  flux of the  h ard  

phase. A flux of 0.4 KG was su b tra c te d  fo r fie lds >6 KOe and  added 

fo r fie lds of <-6 KOe. I t  was estim ated from m agnetic da ta  th a t 80 to 

85% by volume was th a t of the h ard  m agnetic phase.



The in  th e  film plane sq u a ren ess  ra tio s , rem anent

moment to  moment a t  90 KOe when o rig inally  m agnetized in  th e  film 

plane p ara lle l to  H* a re  summarized in  Table 5. The maximum 

sq u a ren ess  ra tio  0.887 is  fo r th e  sample hav ing  th e  maximum 

in trin s ic  coercive fo rce, iH c, of 38.5 KOe. The available field o f 90 

KOe was not able to  sa tu ra te  our film sam ples. An im portant a sp ec t 

of th e  hystereBiB loop is  th e  g rad u a l d ro p  in moment as  the  second 

q u ad ran t is  en te re d . This ind icates th a t  a  sem i-soft phase  is  p re se n t 

in add ition  to  th e  h igh  iHc phase. The sem i-so ft phase p re se n t in 

the sam ples has a  coerciv ity  of abou t 6 KOe. We lis t th e  ra tio  M<- 

« o « )/M r, th e  moment a t -6  KOe to  rem anen t moment in  Table 5. We 

can see from th e  Table 5 th a t  a s  th e  coercive fo rce  in creases , th e  

ra tio  M(-«Ko«)/Mr decreases  ind icating  th a t  th e  am ount of sem i-soft 

m agnetic p hase  in  th e  adm ixture d ecreases.

The room tem pera tu re  in trin s ic  coercive fo rce  of th e  h ard  Sm- 

Fe-Ti phase  o b serv ed  in  film sam ples has been m easured bb a  

function  of composition. The maximum co erc iv ity  observed  a t  room 

tem p era tu re  was 38.5 KOe fo r a  composition of SmuFenTis. In  Table 

6 we lis t th e  in trin s ic  coercive fo rce  a t  room tem pera tu re  for 

various Sm -Fe-Ti films. In  Fig. 4.6 we show th e  iHc value v e rsu s  

(Ti+Fe) at.X. High iHc values, >20 KOe, w ere only  observed  fo r a 

several p e rc e n t ran g e  in (Ti+Fe) at.X. In  Fig. 4.7 we show th e  

coerciv ity  a t  room tem pera tu re  v e rsu s  T i/Fe atomic ra tio  for 

am orphous Sm -Fe-Ti films which were su b seq u en tly  crystallized . For
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th e  h igh  coercive force sample th e  Sm concen tra tio n  ran g es  from 17 

to  22 at.X. These sam ples showed some tra c e s  of semi-BOft second 

p hase  which helps to  explain th e  T i/Pe w idth  fo r which th e  h igh  iHc 

sam ples could be form ed.

In  Fig. 4.8 we show th e  iHc and  4xM values a s  a  function  of 

tem p era tu re  from 5 K to  273 K a t  approxim ately 70 K in te rv a ls . This 

p a rtic u la r  film has  an  in trin s ic  coercive fo rce , iH c, of 34 KOe a t  room 

tem p era tu re . A linear d ecrease  from 46 KOe a t  low tem p era tu re  to  

35.25 KOe a t  273 K was o b serv ed . The 4xMBaz o b serv ed  a t  5 K was

7.62 KG and  th e  maximum e n e rg y  p ro d u c t was 4.50 MG-Oe.

Since th ese  h igh coercivie fo rce  sam ples have been made by 

c ry sta lliz in g  films o rig inally  deposited  in  an  am orphous s ta te , it is  

not expected th a t  th e  films will be s tro n g ly  tex tu red . I t  is th u s  not 

possib le to d ire c tly  sa tu ra te  th e  sam ples even  w ith fie lds of 90 KOe. 

The expected sa tu ra tio n  m agnetization fo r th e  high iHc Sm-Fe-Ti 

p hase  based  on th e  f itted  hexagonal cell is  11.8 KG fo r 4xM«. I t  is 

estim ated th a t  th e  an iso tro p y  field  based  on m agnetization 

m easurem ents up  to 90 KOe in -p lan e  and ou t of p lane is  230 to  300 

KOe.
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4.3 EFFECT OF SUBSEQUENT CRYSTALLIZATION TEMPERATURE 

AND TIME ON COMPOSITION OF Sm -Fe-Ti FILMS

In  section  4.2 we d escrib ed  th e  m agnetic p ro p e rtie s  of h igh  iHc 

Sm -Fe-Ti films. Such films a re  f ir s t  sp u tte re d  onto  a  w ater cooled 

AltOj s u b s tra te  in  an  in -p lan e  m agnetic field and  su b seq u en tly  

c ry sta llized  in s itu  fo r su ffic ien t tem p era tu re  and  time to  promote 

complete crysta lliza tion . FilmB th a t  w ere deposited  onto  w ater cooled 

s u b s tra te s  w ere am orphous as  confirm ed by x -ra y  d iffrac tio n  p a tte rn  

and  h y s te re s is  loop of low coerciv ities. An x - ra y  d iffrac tio n  p a tte rn  

of su ch  an  am orphous film is  show n in  Fig. 4.9. This p a rtic u la r  

am orphous film has composition 29.36 at.% Sm, 63.96 at.% Fe, and  6.75 

at.% Ti. In  Fig. 4.10 we show th e  x -ra y  d iffrac tio n  p a tte rn  of Sm -Fe- 

Ti film s p u tte re d  onto  w ater cooled s u b s tra te  and  c ry sta llized  a t  410* 

C in s itu  fo r  135 m inutes. The x -ra y  p a tte rn  showB only  a  b road  

hump w hich ind ica tes  th a t th e  s p u tte re d  film was am orphous and  th e  

tem p era tu re  410* C was not enough  to  cause  an y  sign ifican t 

crysta lliza tion . The am orphous dep o sit had c ry sta llized  a t  450* C a s  

shown by  th e  x -ra y  d iffrac tion  p a tte rn  in  Fig. 4.11.

To obtain the hard magnetic phase in the Sm-Fe-Ti systems a 
certain range of Sm at.% and Ti/Fe ratio in the film are required. 
The proper crystallization temperature is alBO very important. A 
number of experiments were carried out to investigate the occurrence 
of thiB hard magnetic phase in the Sm-Fe-Ti Bystems. They Bhowed 
that the film composition corresponding to the hard magnetic phase
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should  contain  17 to 22 at.% Sm and 0.07 to  0.15 of T i/Fe ra tio . In  

add ition  to  the  composition of the  ta rg e t  sp u tte re d , th e  experim ent 

ind icated  th a t  the su b s tra te  tem pera tu re  UBed d u rin g  the  su b seq u en t 

c ry sta lliza tio n  has a  c ritica l e ffect on film composition. In  p a rtic u la r  

th e  Sm at.% in co rp o ra ted  in to  the  film was found to  be a  Btrong 

function  of the  s u b s tra te  tem pera tu re  u sed  d u rin g  the su b seq u en t 

crysta lliza tion . This function  is  shown in  Fig. 4.12. The composition 

of th e  su b seq u en tly  crysta llized  Sm -Fe-Ti films in  th e  tem pera tu re  

ran g e  440* to 600* C is  shown in  Table 7(a) and  7(b). The ta rg e t  

con figu ra tions fo r th e  sp u tte re d  film in  Table 7(a) and 7(b) w ere 

d iffe ren t. I t  is  shown th a t th e  frac tional value of Sm decreases  

w ith in creasin g  tem p era tu re  w hereas th e  T i/F e ra tio  is  com paratively 

fixable. I t  should also be noted th a t  to  ob tain  th e  h ard  m agnetic 

phase and  th u s  good m agnetic p ro p e rtie s , th e  composition of th e  film 

is  an essen tia l b u t not sole factor. As shown in  Table 7(b), a lthough

th e  film F510 con ta ins th e  r ig h t composition fo r th e  hard  m agnetic

phase, i t  doesn ’t  show good m agnetic p ro p e rtie s . This re su lted  from 

th e  fac t th a t th e  su b s tra te  tem pera tu re  of 450* C was not h igh

enough to complete th e  h a rd  phase  crysta lliza tion . Even though  th is  

sample exh ib its  a  room tem p era tu re  in trin s ic  coercive force, iHc, of 9 

KOe, i t  con tains more of th e  so fte r  m agnetic phase a s  confirmed by  

the  h y s te re s is  loop. The films F504 and  F505 in  Table 7(b) exhibited 

in fe rio r p ro p e rtie s  since the  co rresp o n d in g  crysta lliza tion  

tem p era tu re  was too h igh  to have enough Sm in th e  film and th u s  

no h a rd  magnetic phase could be formed. Such films show a
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predom inant (110) peak of the  aFe p hase  (26 ~ 44.2*) as shown by 

th e  x - ra y  d iffrac tio n  p a tte rn  in  Fig. 4.13.

The e ffec t of c ry sta lliza tio n  time on composition is also 

in v estig a ted . The experim ents showed th a t  th e  Sm at.% inco rp o ra ted  

in to  th e  film seems not to  be v e ry  d ep en d en t on th e  su b se q u en t 

c ry sta lliza tio n  time. This was ind icated  in  Table 8(a) and  8(b) in  

which th e  Sm at.% d o esn 't change much as  th e  su b se q u en t 

c ry sta lliza tio n  time is  varied . In  Fig. 4.14 we show th e  x -ra y  

d iffrac tion  p a tte rn  of a  Sm -Fe-Ti film su b seq u en tly  c ry sta llized  a t 

470* C fo r 24 h o urs. This p a rtic u la r  film has  composition 18.45 at.% 

Sm, 72.49 at.% Fe, and 9.06 at.% Ti. Prolonged c ry sta lliza tio n  re su lts  

in  rap id  d e te rio ra tio n  in  coerc iv ity  and  second q u a d ran t behav io r as 

confirm ed by  a h y s te re s is  loop of low coerciv ity .

The h igh iHc Sm -Fe-Ti phase is  form ed d u rin g  a  s h o r t d iffusion  

heat trea tm en t a t tem p era tu res  betw een 450* and 510* C. Above th is  

tem p era tu re  the at.% Sm in  th e  film d ro p s  d rastica lly . We e tched  the  

su rface  of some of th e  h igh iHc sample with d ilu te  n itr ic  acid. We 

checked th e  composition of th ese  sam ples before and a f te r  e tch in g  to 

see w h eth er th e re  is  any  enhancem ent of Sm at.% below th e  su rface . 

For th e  h igh  iHc phase samples th e re  is no noticeable change in  at.% 

of Sm. This is indicated in Table 8(c). Sample F504 shows 

enhancem ent of Sm below th e  su rface . Before e tch in g  th is  sample 

show a predom inant a-Fe phase as  confirm ed by  x -ra y  d iffraction .
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This enhancem ent in  Sm 1b th o u g h t to be due  to  p re fe ren tia l e tch in g  

o f Pe.

I t  1b shown th a t  fo r optimum m agnetic p ro p e rtie s  in  th e  h igh iHc 

Sm-Fe-Ti system , th e  b e s t  su b seq u en t c ry sta lliza tio n  tem p era tu re  

ran g es  from 470* to  510* C and th e  b e s t c ry sta lliza tio n  time is  

approxim ately 135 minuteB. In  thiB tem p era tu re  ran g e  th e  at.% of Sm 

d o esn 't change much ind ica ting  a  p la teau  reg ion . Above th is  

tem peratu re  th e  su b seq u en tly  c ry sta llized  Sm-Fe-Ti film show s a  

predom inant aFe phase w hereas th e  p ro longed  in situ  c ry sta lliza tion  

a t  the  tem p era tu re  to  form th e  h a rd  m agnetic phase re su lts  in  th e  

increase  o f th e  so fte r phase . In  conclusion, fo r th e  occu rren ce  of 

the  high iHc Sm-Fe-Ti system , th e  film should have a  nominal 

composition of SmaoFeioTiio a f te r  sp u tte r in g  and su b seq u en t 

crysta lliza tion . The h a rd  m agnetic phase  is  formed d u rin g  a  sh o rt 

d iffusion hea t trea tm en t a t  tem p era tu re  betw een 450* and 510* C.

4.4 IN-THE-FILM-PLANE ANISOTROPY

In  Fig. 4.15 is shown th e  in -p lan e  v a ria tio n  in  the  m agnetization 

when a  h igh iHc Sm-Fe-Ti compound sample was ro ta ted  in  a  co n sta n t 

magnetom eter field of 18 KOe. This sample was sp u tte re d  am orphous 

and  su b seq u en tly  c ry sta llized  in th e  p resen ce  of an  in -p lan e  

magnetic field of 1.75 KOe a t zero  d eg ree  re fe ren ce  angle in  th e  Fig. 

4.15. The m agnetic field H* has  been applied  with th e  an tic ipation
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th a t i t  will b reak  th e  sym m etry in  th e  film plane and  induce 

an iso tro p y  in to  the  grow ing film sam ples. Due to  th e  m agnetic fie ld  

applied  d u rin g  th e  B putter deposition  and  su b seq u en t c ry sta lliza tio n  

th e  film was m agnetized as  rem oved from  th e  sp u tte r in g  system . The 

maximum in -p lane  moment was o b se rv ed  when th e  m agnetom eter field  

was applied  parallel to  th e  o rig inal m agnetic field d irec tion  d u r in g  

sp u tte r in g  and su b seq u en t c ry sta lliza tio n . I t  is c lear th a t  th e  

applied  ex ternal m easuring fie ld  of 18 KOe 1b not la rg e  enough to  

ro ta te  th e  m agnetization by  an y  sign ifican t am ount away from the  

induced  easy  axis, which is  th e  d irec tio n  of Hs d u rin g  sy n th es is .

In  Fig. 4.16 h y s te re s is  loops m easured a t  room tem p era tu re  in ­

plane paralle l and p e rp en d icu la r  to  Ha fo r a  Sm -Fe-Ti film a re  shown. 

The coercive force m easured in  th e  film plane was >21 KOe as 

deduced  from the  minor loop. At 16 KOe m agnetizing field  in  th e  film 

plane, 4xM was 3.9 KG. High field m easurem ents made a t  room 

tem p era tu re  fo r the  same sample yielded a  room tem p era tu re  iHc 

value of 31 KOe as  shown in  Fig. 4.1. Low field  m agnetic 

m easurem ents u p  to  ±20 KOe w ere in su ffic ien t to  dem agnetize o r 

app rec iab ly  change th e  m agnetization s ta te  of such  films. 

C onsequently  fo r applied  fie ld  le ss  th an  20 KOe the  film exhibited  

extrem e in -the-film -p lane an iso tro p y . The in -th e-film -p lan e

an iso tro p y  was exhibited in th is  sample because of the  in -p lan e  field 

th a t  had been applied d u r in g  th e  sy n th es is  and  crysta lliza tion . 

Amorphous samples of Sm -Fe-Ti com positions th a t  were sp u tte re d  w ith
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H* applied w ere la te r  heated  w ithout any  field to  tem p era tu res  of 

450* to  510* C. The o rig inal a s -s p u tte re d  film exhib ited  la rg e  in - 

the-film -p lane an iso tropy . A fter heating  th ese  samples in  th e  

absence of any  applied field , the  orig inal in -the-film -p lane  an iso tro p y  

was d estro y ed . This showed th a t it was n ecessa ry  fo r a field  to  be 

applied d u rin g  the  cry sta lliza tio n  for in -the-film -p lane  an iso tro p y  to 

be o b serv ed , even if the  orig inal am orphous film had exhibited  in -  

the-film -p lane an iso tropy . I t  has been possible to sy n th esize  Sm -Fe- 

Ti films th a t have exhibited  in -the-film -p lane  an iso tropy  fo r fie lds of 

±20 KOe. This co rresp o n d s  to  an effective an iso tro p y  co n s ta n ts  of 

10’ e rg /cm 9 for m agnetizing th e  film in -p lane  para lle l verBUB 

p erp en d icu la r to the  d irection  of field Hs. This is la rg e r  th a n  the 

p rev iously  known h ig h est value of in -th e-film -p lan e  an iso tro p y  

achieved in r a re -e a r th  tran s itio n  metal films.57

The high jHc values observed  fo r Sm-Fe-Ti films re su lted  from 

the  small single domain g ra in s  c rea ted  d u rin g  the  c ry sta lliza tio n  of 

the am orphous films. The h igh  an iso tropy  e n e rg y  p re v e n ts  the  

ro ta tion  of m agnetization w ithin th ese  single partic le  domains for 

fie lds of the  o rd e r  of 20 KOe. For uniaxial system s to exhibit in - th e -  

film -plane an iso tropy , th e re  m ust be a p re fe ren tia l alignm ent of the 

c-axes w ithin the film plane. A p re fe ren tia l alignm ent of the  easy  

axes and  hence c-axes of th ese  fine independen tly  ac tin g  g ra in s  then  

re su lts  from the  application of the field Hs durin g  crysta lliza tion . A 

p re fe ren tia l fanning of the  c-axes about the Hs d irection  would be 

su ffic ien t to explain the observed  in -the-film -p lane an iso tropy .
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Fields su ch  as  20 KOe, which a re  small com pared to  th e  an iso tro p y  

field, would no t be su ffic ien t to  ro ta te  th e  m agnetisation v ec to rs  of 

non-aligned  grainB. This accoun ts fo r  le ss  th a n  expected m agnetic 

moment fo r fu ll alignm ent. Thus th e  m agnetic alignm ent en e rg y  ten d s  

to  align th e  easy  axeB and  hence th e  c-axes of th e  g ra in s. We have 

p rev iously  rep o rte d  th a t  when am orphous filmB a re  crysta llized  w ith 

a magnetic field  Ha d u rin g  cry sta lliza tio n , sev e ra l conditions a re  

n ecessary  fo r in -th e-film -p lan e  an iso tro p y  to  be in troduced  in to  th e  

grow ing film s.95 The conditions w ere th a t  th e  crysta lliza tion  needB

to be accom plished below th e  Curie tem p era tu re , th a t  the g ra in s  be 

in  th e  single domain size ran g e , and  th a t  th e  magnetic alignm ent 

en e rg y  of th e  moment w ithin a  g ra in  M.H be g re a te r  th an  KbT a t  th e  

crysta lliza tion  tem p era tu re . I t  has  been  d ifficu lt to  d irec tly  m easure 

the g ra in  sizes fo r some of the  su b seq u en tly  crysta llized  Sm -Fe-Ti 

films. Such films p re se n t a  m irror like su rface  th a t  needB to  be 

etched ligh tly  before any  s tru c tu re  can  be seen  in  th e  SEM. A fter 

ligh tly  e tch in g  th e  su rface  we w ere able to m easure the  g ra in  size of 

500 to  600 A* diam eter.

4.5 INITIAL MAGNETIZATION BEHAVIOR

As we m entioned in  section 4.4 normal low field  m agnetom eter 

m easurem ents u p  to  ±20 KOe w ere in su ffic ien t to  dem agnetize o r 

appreciab ly  change th e  m agnetization s ta te  of h igh  iHc Sm -Fe-Ti 

films. C onsequently  fo r low applied  fie lds le ss  th an  20 KOe th e  film
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exhibited extrem e in -the-film -p lane  an iso tro p y . High fie ld  va lues 

have been used  to  dem agnetize sam ples o f th is  ty p e . The film th en  

has been  m agnetized in  th e  film plane p ara lle l and  p e rp en d icu la r  to 

the field H« th a t  had  been applied  d u r in g  th e  s p u tte r  deposition  and  

su b seq u en t c ry sta lliza tio n . In  Fig. 4.17 we show th e  in itia l 

m agnetization an d  h y s te re s is  loop m easured in -p lan e  p ara lle l to  Ha. 

In  Fig. 4.18 we show th e  in itial m agnetization and  h y s te re s is  loop 

m easured in -p la n e  p erp en d icu la r to  H a. T here  is  a  rep ea tab le  

d ifference in  th e  in itia l m agnetization behav io r in  th e se  sam ples w hen 

m agnetized in -p lan e  parallel and  p e rp en d icu la r  to  th e  Ha d irec tion . 

This shows th a t  th e  m agnetic field  th a t  had  been  applied  d u r in g  th e  

sp u tte r  deposition  and su b seq u en t c ry sta lliza tio n  in tro d u ced  

an iso tropy  in to  th e  films in  add ition  to  e s ta b lish in g  th e  in itia l s ta te  

of m agnetization. The in itial m agnetization fo r  m agnetizing para lle l to  

Ha shown in  Fig. 4.17 exhibits a  well defined  ac tivation  e n e rg y  in 

th a t th e  film becomes m agnetized betw een 20 and  40 KOe. In  c o n tra s t 

to thiSi w hen films w ere m agnetized p e rp en d icu la r  to  th e  o rig ina l Ha 

direction  th e  m agnetization rose sm oothly from  n e a r  zero  to  70 KOe 

before jo in ing  on to  th e  h y s te re s is  loop. The in itia l m agnetization 

behavior o b se rv ed  in  th is  sample has  been  o b se rv ed  in  ab o u t fo u r 

o ther sam ples of th is  ty p e  th a t have been  m easured and  is  believed 

ch a rac te ris tic  of th e  grow th and c ry sta lliza tio n  p ro cess , r a th e r  th an  

resu ltin g  from th e  dem agnetization p rocess .
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4.6 CRYSTAL STRUCTURE OP HIGH iHe Sm -Fe-Ti PHASE

The h igh  iHc Sm -Fe-Ti sam ples we re p o rt to  be composed of two 

interm ixed Ti su b s titu te d  p h ases. The two p h ase  n a tu re  of th ese  

samples is ind ica ted  by  th e  g rad u a l d ro p  of moment over ab o u t 10 

KOe as  th e  second q u a d ra n t is  e n te re d . The second phase  is  th u s  

ind icated  to  be so ft only  when com pared to  th e  ac tua l h igh  iHc 

phase. The high iHc Sm -Fe-Ti phase  we r e p o r t"  as  a  hexagonal 1-5 

re la ted  p hase  w ith a  = 8.76±0.01 A*, and  c = 25.6210.01 A*. The 1-5 

d erived  composition fo r  th is  s tru c tu re  v ia the  2-7 phase co rresp o n d s  

to  Sm?(Fe,Ti)so.<s The o th e r  sem i-soft phase can be accounted  fo r 

as  cubic Sm(Fe,Ti)a> The h a rd  phase  has been  made w ith room 

tem pera tu re  iHc v a lu es of 30 to  38.5 KOe, while th e  sem i-soft p hase  

has  a  room tem p era tu re  tHc value of ab o u t 6 KOe. I t  is  d o u b tfu l th a t  

s tr ic tly  cubic Sm(Fe,Ti)a can  exhibit th e  o b serv ed  coerciv ities of 3 to  

4 KOe.* Some d is to rtio n  haB p ro b ab ly  o ccu rred  to account fo r th e  

an iso tropy  o b serv ed  h e re  and  previously.*

The h igh coercive force com positions a re  betw een th e  coerc iv ity  

maxima we have rep o rted  fo r Sm{Fe,Ti)t su b seq u en tly  c ry sta llized  

films and th a t  fo r  hexagonal <Sm+Ti)Fes d irec tly  c ry sta llized  films.* 

An im portant a sp e c t of th e  h igh coerciv ie force sample h y s te re s is  

loop is  th e  g rad u a l d ro p  in  moment as  the  second q u a d ra n t is 

en te red . This ind ica tes  a  sem i-soft phase  is  p re se n t in  add ition  to 

the  high iHc phase. The sem i-soft phase  p re se n t in th e  samples has
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a coerciv ity  of abou t 6 KOe. W ithout Ti su b s titu tio n s , i t  ia expected  

th a t SmFei will be cubic w ith a« = 7.382 A*. To account fo r th e  

fa irly  high an iso tro p y , i t  m ust be assum ed th a t  the  Ti add ition  

d is to r ts  th e  cubic cell. The sm allest d is to rtio n  can  be accom plished 

by  transfo rm ing  to  a  te trag o n a l system  w ith s lig h tly  sh ifted  a  an d  c 

to f it  th e  o b serv ed  lines. The d -sp a c in g s  and  th e  in ten s itie s  fo r  th e  

d is to r te d  cell should  ro u g h ly  match those  fo r th e  lines p re se n t from 

th e  o rig inal u n d iso rted  cell. Some additional lines not found fo r  th e  

cubic p hase  should  bI bo  be p re se n t. The lines assig n ed  to  th e  

Sm(Fe,Ti)a cubic p h ase  can  also  be f itte d  to a te tra g o n a l cell 

d is to rted  from  th e  cubic w ith a  = 7.09±0.01 A*, and  c = 7.81±0.01 A*.

The high iHc Sm -Fe-Ti phase  we take to  be a  dum bbell 

su b s titu te d  1-5 re la ted  s tru c tu re . The normal GdaCo? s tru c tu re  has  

a  rhom bohedral s tru c tu re  w ith a = 5 A* as  fo r SmCos, b u t c = 9*(c 

fo r SmCos). The hexagonal form has a  = 5 A‘ , and  c = 24 A*. The 

change to the  2-7 from th e  1-5 base o ccu rs  b y  a  Sm occupying  two 

of th e  tra n s itio n  metal s ite s  making (6+2):(30-2) = 8:28 = 2:7 fo r  th e  

Sm to  Co ra tio . If  th en  a  tra n s itio n  metal dum bbell pa ir rep laces  one 

of th e  r a re -e a r th s  th e  a  param eter goeB to  (31/x)a. The normal 

hexagonal cell would have c = (2/3)c = 24 A* in  th is  case. The 

re su ltin g  com position would th en  be 8 BE + 28 TM goes to  (7 + 1 ) 

RE + 28 TM goes to  7 RE + (28 + 2) TM = 7 RE : 30 TM. The 

expected concen tra tion  fo r th e  one dum bbell su b stitu tio n  p e r  24 A* 

cell is  th en  7/37 = 18.9 at.X. The expected d en s ity  in th is  case is
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7.98 gm/cm*. Two dum bbell eu b atitu iio n  p e r  24 A* cell, would make 

th e  Sm concen tra tion  6/38 = 15.8 at.%. The d en s ity  in  th a t  case 

would be 7.82 g/cm*. The h a rd  phaBe cell w ith a  = 8.76 A* and  c =

25.62 A* p ro v id es  a  f it  to  b e tte r  th an  0.1* fo r 34 of th e  o b serv ed  

lines from 28 -  27* to  80* fo r Cu K« rad ia tio n . Only 15 o u t of 43 

lines can be f itte d  b y  th e  rhom bohedral 2-7 cell w ith a  = 5.08 A*,

and c = 38.41 A* a s  Bhown in  Table 9. Such a  cell w ithout Ti

add itions has been  rep o rted  in  Ref. 64. A few lines can  also  be

fitted  b y  th e  rhom bohedral 1-3 cell w ith a  = 5.05 A*, and  c = 24-26

A*; th a t  would co rresp o n d  to  th e  SmFea analog of SmCoa. Most of 

th e  rem aining lines can be ascribed  to  th e  Sm(Fe,Ti)j phase.

For th is  f ittin g  p ro ced u re  we tried  all th e  possib le p h ases  in  

th e  Sm -Fe-Ti system . Only 10 o u t of 43 o b se rv ed  lines can  be f i t  by  

th e  1-12 te tra g o n a l cell w ith a  = 8.56 A*, and  c = 4.79 A* a s  shown 

in  Table 10. None of the  observed  s tro n g  lines a re  f itted . The moBt 

in ten se  line of th e  1-12 phase o ccu rs  fo r  (hkl) = (321); the

co rrespond ing  o b serv ed  line is  weak. Also th e  second most in ten se  

line (202) of 1-12 phase doesn’t  fit. Even th ough  we can  f it  10 ou t 

of 43 lines w ithin 0.1*, all th e  co rresp o n d in g  lines a re  weak. Hence 

th e  possib ility  of 1-12 phase in th e  high iHc Sm-Fe-Ti ByBtem is  

ru led  out.
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T h irteen  ou t of 43 o b serv ed  lines can  be f it  b y  th e  2-17

rhom bohedral cell w ith a  = 8.58 A*, and  c = 12.50 A* as  shown in

Table 11. The most in ten se  lines of th e  2-17 rhom bohedral phases  

a re  (220), (303), and  (300). Line (303) f it  b u t th e  co rrespond ing  

o b serv ed  line is weak. There is no f it  fo r (220) and  (300) lines. 

Even though  we can  f it  13 o u t of 43 lineB, th e  p ossib ility  of 2-17 

phase in  h igh iHc Sm-Fe-Ti system  is  ru led  out.

T h irteen  ou t of 43 observed  lines can  be f i t  b y  th e  GdjCo7 - ty p e

rhom bohedral cell with a  = 5.09 A*, and  c = 36.39 A* as  shown in

Table 12. Only one in tense  line in th e  spectrum  f i t  fo r (2,0,20). The 

most in ten se  lines fo r GdaCor phase  a re  (119) and (110). In  th is  case 

th e re  is  no f it  fo r the  most in ten se  line (119). The second most 

in tense  line (110) f it  b u t the  co rresp o n d in g  o b serv ed  line is weak.

Tw enty e ig h t ou t of 43 o b serv ed  lines can  be f it  b y  the GdaCoi- 

ty p e  hexagonal cell w ith a  = 4.99 A*, and  c -  36.40 A* as  shown in 

Table 13. The most in tense  lines fo r th e  2-7 phase  a re  (119) and  

(110). In  th is  case th e re  is no f it  fo r th e  most in ten se  line (119). 

The second most in ten se  line (110) can  be f it, b u t  th e  co rrespond ing  

o b serv ed  line is weak.
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Tw enty six  o u t of 4 3  o b serv ed  lines can be f it  b y  th e  

hexagonal 2 - 7  cell w ith a = 5 .0 5  A * , and  c = 3 8 .3 5  A* a s  Bhown in

Table 1 4 .  The most in tense  lines fo r th e  2 - 7  ty p e  cell a re  { 1 1 9 )  and

( 1 1 0 ) .  T here is no f it  fo r th e  co rresp o n d in g  lines.

Seven ou t of 4 3  observed  lines can  be f it  by  the  hexagonal 1 - 5

cell w ith a  = 4 .7 8  A * , and c = 4 .3 7  A * a s  shown in Table 1 5 . The

most in ten se  lines fo r the  1 - 5  hexagonal cell a re  ( 1 1 1 ) !  ( 1 0 1 ) ,  and

( 2 0 0 ) .  Lines ( 1 1 1 )  and  ( 2 0 0 )  f it  v e ry  well.

Nine o u t of 4 3  o b serv ed  lines can be  f i t  b y  the  rhom bohedral 1 -  

3  cell w ith a  = 5 .0 6  A * , and c = 2 4 .9 1  A * as  shown in Table 1 6 . The 

most in ten se  lines fo r the  1 - 3  phase a re  ( 2 0 2 )  o r ( 1 1 6 ) ,  and  ( 2 2 0 ) .

There is  no f it  fo r th e  co rrespond ing  lines. In  th is  case five o th e r

lines which a re  excluded from th e  f ittin g  fo r  the high iHc Sm -Fe-Ti

phase and  1-2 phase  can be f itted .

F ifteen  ou t of 4 3  observed  lines can  be f it  by  the  hexagonal 1 - 3  

cell with a  = 5 .0 5 9  A " ,  and c = 2 4 .8 8  A* as  shown in  Table 1 7 . There 

is  no f it  fo r  th e  most in ten se  lines ( 1 1 6 )  o r  ( 2 0 2 ) ,  and ( 2 2 0 ) .  In th is

case seven  o th e r lines which a re  excluded from the  f ittin g  fo r th e

high iHc Sm -Fe-Ti phase  and 1 - 2  phase can  be fitted .
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U sually Sm high  an iso tro p y  s tru c tu re s  have hexagonal re la ted  

u n it celle. The hexagonal based  indexing has more physica l re la tion  

to  o th e r  h igh  a n iso tro p y  s tru c tu re s  th an  th e  te tra g o n a l indexing we 

have p rev iously  a sc rib e d  to  th e  high iHc Sm -Fe-Ti p h ase .11 In  th is  

case 26 o u t o f 43 o b se rv ed  lines can be f it  by  th e  te trag o n a l cell 

w ith a  = 8.39 A*, and  c = 12.42 A* as  shown in  Table 18. The most 

in ten se  line a t  d  = 2.60 A* is  a ssig n ed  to  th e  (311) line of th e

te trag o n a l cell. The (311) reflection  shows th a t  th e  c-ax is of th e

te trag o n a l film is  p a rtia lly  o u t o f th e  film plane. So th e  film should 

exhib it a  h ig h er moment p e rp en d icu la r to  th e  film plane d irection  

th an  parallel to  th e  plane d irection . This is  not c o n s is ten t with the  

magnetic data.

The in ten se  line a t  d = 2.60 A* is  assigned  to  th e  Sm(Fe,Ti)a 

phase. The s tro n g e s t  re flec tio n  fo r cubic YFei o ccu rs  fo r d = 2.59

A* in  agreem ent w ith th is . The line a t  th is  d cannot be f i t  to  th e

h ard  phase. The h a rd  phase a s  most 1-5 derived  s tru c tu re s  should 

have its  most in ten se  reflec tion  co rrespond ing  to  d = 2.1 A*. In ten se  

lines co rresp o n d in g  to  th is  d do occur fo r th e  h igh  iHc Sm -Fe-Ti 

phase.
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In  Table 19(a) we lis t  x -ra y  d iffrac tio n  d-Bpacings th a t  have 

been  obtained from th e  h igh  >Hc Sm -Fe-Ti film samples. The d -  

spac ings shown a re  fo r Cu K«i rad ia tion . In  F igs. 4.19 and 4.20 we 

show th e  x -ray  d iffraction  p a tte rn  of a  h igh  iHc Sm-Fe-Ti phase  film 

sample betw een 25* and  80* valueB of 26 fo r Cu K« rad iation . Based 

on th e se  p a tte rn s  hexagonal la ttice  p aram eters  have been assig n ed . 

The indexing is based  on a  hexagonal cell w ith one dum bbell p e r

25.62 A* c-param eter. The co rresp o n d in g  an g les  w ere f it to  S 0.1* 

fo r 26 b y  a  f ittin g  p ro ced u re  as  d escrib ed  in  section  3.6. In  Figs. 

4.21 and  4.22 we show the  deviation fac to r fo r th e  la ttice  param eters  

a and c based on th e  hexagonal cell. Table 19(b) lis ts  th e  d -  

spacings and ind ices fo r th e  sem i-soft Ti su b s titu te d  SmFea phase. 

The indexing is  based on th e  u sual cubic cell. Some d is to rtio n  of the  

cubic cell is  p robab ly  req u ired  to accoun t fo r th e  an iso tropy  of 

Sm(Fe,Ti)a observed  h ere  and  previously.* Table 19(c) lis ts  th e  d -  

sp ac ings and indices fo r th e  sem i-soft Ti su b s titu te d  SmFea phase 

d is to rted  from cubic to  te tra g o n a l cell w ith a = 7.09 A*, and c = 7.81 

A*. Table 19(c) p rov ides a  b e tte r  f it  com pared to  Table 19(b).

An im portant asp ec t of Ti addition  is th a t  th e  dum bbell p a irs  

can be formed w ithout placing Fe onto  those s ites . When Fe is 

placed onto dum bbell s ites  in  1-5 re la ted  s tru c tu re s i  th e  an iso tropy  

is  lowered, as  has been o b serv ed  fo r SmaFei?. The second phase

which also  contains Ti is  th o u g h t to b u ffe r  th e  Ti onto dumbbell 

s ite s . The expected sa tu ra tio n  m agnetization fo r th e  high iHc Sm -Fe-
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Ti phaBe based on th e  f it te d  hexagonal cell is  11.8 KG fo r 4xM«. This 

re su lt  follows by  scaling th e  volume and  num ber of Fe atoms p e r  cell 

times the  sa tu ra tio n  m agnetization fo r "SmFes".

4.7 ORDERING TEMPERATURE OF HIGH |H« Sm-Fe-Ti PHASE

In  a  sep ara te  low field  m agnetom eter, ±20 KOe, an  a ttem pt was 

made to  m easure th e  Curie tem p era tu re  of the  h igh  iHc Sm -Fe-Ti 

phase. In  Fig. 4.23 we show th e  m agnetization as  a  function  of 

tem pera tu re  up  to  460* C. I t  was found th a t w ith 5 KOe applied  

magnetic field th e  moment b eg an  to  decrease w ith an ex trapo la ted  

Curie tem pera tu re  in the  ran g e  440* to  450* C. In  Fig. 4.24 we show 

th e  therm om agnetic behav io r u p  to  560* C. I t  was o b serv ed  th a t  in 

th e  tem peratu re  ran g e  450* to  480* C th e  moment began to  r is e  again  

ind icating  th a t th e  high iHc Sm -Fe-Ti phase began to  decompose in to  

an  Fe rich  phase. It is  possib le  th a t  the  film sample had become 

contam inated in th e  m agnetom eter upon heating . In  Fig. 4.25 we 

show the  x -ray  d iffrac tion  of th e  sample a f te r  th e  Curie tem p era tu re  

m easurem ent. The most in te n se  line can be indexed a s  (110) of th e  

a-F e phase. I t  was shown th a t  prolonged hea tin g  of th e  high iHc 

Sm-Fe-Ti phase in th e  s p u tte r in g  cham ber re su lts  in  sev e re  

de terio ra tion  in coerciv ity  and  second q u ad ran t behavior. I t  was 

also shown th a t th e  h igh  iHc Sm -Fe-Ti phase show sev e re  rap id  

d e terio ra tion  in coerciv ity  and  second q u ad ran t behavior upon a few 

h o u rs  exposure to  in term ed iate  tem p era tu re . These a re  th o u g h t to  be
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due to oxygen and  o th e r contam inants p icked u p  in  th e  vacuum 

annealing  fu rn ace . No d e te rio ra tio n  of th e  h a rd  phase  sam ples with 

times of a t  lea s t two y ea rs  has been  o b se rv ed  fo r sam ples s to red  a t 

room tem pera tu re . Samples of h igh  iHc Sm -Fe-Ti p h ase  su b seq u en tly  

crysta llized  in  th e  tem p era tu re  ran g e  of 450* to  510* C in  the  

p resence  of an  in -p lan e  magnetic field exh ib it an  in -th e-film -p lan e  

aniBotropy, which ind icates th a t th e  Curie tem p era tu re  of th is  phase  

should be in  th is  tem p era tu re  range .

4.8 SUBSTITUTION OF Al, V, AND Zr IN HIGH iHc Sm -Fe-Ti 

PHASE

4.8.1 INTRODUCTION

A fter th e  developm ent of perm anent m agnetic m aterials with 

excellent m agnetic p ro p e rtie s  based on the  in term etallic  com pounds of 

NdaFeuB, SmCos, and  SmaCon, many a ttem p ts  have been  rep o rted  to 

modify th e  p ro p e rtie s  of th ese  compounds by  su b s titu tio n  of one of 

th e ir  com ponents. In  sections 4.2 and  4.3 we d esc rib ed  th e  sy n th e s is  

of a  new h igh  in trin s ic  coercive fo rce, iHc, of 38.5 KOe a t  room 

tem pera tu re  Sm -Fe-Ti phase  th a t was p re p a re d  by c ry sta lliz in g  the  

orig inally  am orphous deposits . In  th is  h igh  iHc Sm -Fe-Ti sample 

small am ounts of sem i-soft Ti su b s titu te d  SmFea phase is  also 

p re sen t. We have in v estig a ted  th e  effect of add ition  of small amount 

of Al, V, and  Zr in  th e  high iHc Sm-Fe-Ti phase.
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4.8.2 RESULTS AND DISCUSSION

Films w ith Alf V, and  Zr addition  in th e  high iHc Sm -Fe-Ti phase 

have been made. The add ition  of 2.3 to 4.5 at.X of Al helped to  

stab ilize  th e  sam ples in to  a  more sing le  p h ase  form . In  Fig. 4.26 we 

show th e  in -p lan e  hysteresiB  loop of a  su b se q u e n tly  c ry sta llized  Sm- 

Fe-Ti-Al film. The in -p lan e  iHc m easured  was 31 KOe. The 

composition of th is  film was 17.79 at.X Sm, 70.40 at.X Fe, 9.05 at.X Ti, 

and  2.76 at.X Al. In  Fig. 4.27 we show th e  in itia l m agnetization and  

h y s te re s is  loop m easured  p e rp en d icu la r  to  th e  film plane. The iHc 

m easured p e rp en d icu la r  to  th e  film plane w as 29 KOe. The 

composition of th is  film was 16.34 at.X Sm, 70.65 at.X Fe, 9.40 at.X Ti, 

and  3.61 at.X Al. In  Fig. 4.28 we show th e  in itia l m agnetization in­

plane parallel to  H, and  p e rp en d icu la r to  th e  film plane.

The m agnetic p ro p e rtie s  a s  a  function  of composition have been 

system atically  explored by tr is p u tte r in g  narrow  com position ran g es  

from a se t of th re e  ta rg e ts  so th a t  a  narrow  composition g rad ien t 

was made along th e  len g th  of a  su b s tra te . The m agnetic p ro p e rtie s  

of h igh iHc Sm-Fe-Ti-Al film sam ples a s  a  function  of com position a re  

lis ted  in  Table 20. The maximum iHc o b se rv ed  was 33.34 KOe and 

th e  maximum o b serv ed  flux a t  90 KOe applied  field  was 7.12 KG. In  

Fig. 4.29 we p lo t th e  iHc va lues v e rsu s  Ti/(Ti+Fe) atomic ratio . The 

iHc values w ere v e ry  sen sitiv e  to  th e  Ti/(Ti+Fe) atomic ra tio . They 

rose a t  a  ra te  of +6KOe/%{Ti/Ti+Fe)} a s  th e  nominal composition of 19
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at.X Sm was approached  and  s ta r te d  to  decrease  fo r h ig h er atomic 

ra tio s . The iHc values of Sm -Fe-Ti-Al film samples a s  a  function  of 

Sm a re  lis ted  in  Table 21. For th e se  film samples th e  am ount of Al

v a rie s  from 2.9 to  3.7 at.% and  th e  T i/Fe ra tio  v a r ie s  from 0.10 to

0.14. The iHc values of Sm-Fe-Ti-Al film sam ples as  a  function  of Al 

a re  lis ted  in  Table 22. For th e se  film samples th e  amount of Sm 

v a rie s  from 14 to  18 at.% and  th e  T i/Fe ra tio  v a rie s  from 0.125 to 

0.14. In  Fig. 4.30 we show th e  iHc values versuB Al at.X. The iHc 

values fo r Al concentration  le ss  th a n  4 at.X did not fall below 30 KOe 

fo r p ro p e r p rep ara tio n  conditions. In  Fig. 4.31 we show th e  iHc 

values of Sm-Fe-Ti-Al film sam ples v e rsu s  (SmiAli-i)to. The

maximum coerciv ity  o b se rv ed  was 33.34 KOe fo r 16.34 at.X Sm and  3.60 

at.% Al. For th ese  film sam ples th e  T i/Fe ra tio  v a rie s  from 0.09 to

0.14. In  Fig. 4.32 we show th e  iHc values v e rsu s  (Ti+Al) at.X. The

maximum coercive fo rce  33.34 KOe was ob serv ed  fo r 13 at.X of (Ti+Al). 

For th ese  film samples th e  am ount of Sm v a rie s  from  12.40 to  16.34 

at.% and the  Ti/Fe ra tio  v a rie s  from 0.09 to  0.14. In  Fig. 4.33 we 

show th e  various phases o b serv ed  in  th e  Sm -Fe-Ti system s. In  Fig. 

4.34 we show th e  varia tion  of iHc w ith composition of Sm-Fe-Ti films. 

In  F igs. 4.35 and  4.36 we show th e  varia tion  of tHc w ith composition 

of Sm-Fe-Ti-Al films. The experim ents indicated  th a t  addition  of 2.3 

to 4.5 at.X of Al helped to  sh a rp e n  th e  x -ra y  p a tte rn  of th e  h igh  iHc 

Sm-Fe-Ti samples. In  F igs. 4.37 and  4.38 we show th e  x -ra y  

d iffrac tion  p a tte rn  betw een 25* and  80* fo r Cu K« radiation  fo r a 

high iHc Sm-Fe-Ti sample con tain ing  small am ount of Al.
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The e ffec t of su b se q u e n t c ry sta lliza tio n  tem pera tu re  on 

composition of Sm-Fe-Ti-Al system  is  s tu d ied . The composition of 

Sm-Fe-Ti-Al film sam ples as  a  fun ctio n  of su b seq u e n t crysta lliza tion  

tem p era tu re  a re  lis ted  in  Table 23. The at.X of Sm inco rpo rated  in to  

th e  film is  a  s tro n g  function  of th e  su b se q u e n t crysta lliza tion  

tem p era tu re  and  is  shown in  Fig. 4.39. I t  is  show n th a t fo r optimum 

m agnetic p ro p e rtie s  in th is  system , th e  b e s t su b seq u en t 

crysta lliza tion  tem pera tu re  ra n g e s  from 470* to  510’C. Above th is  

tem pera tu re  th e  su b seq u en tly  c ry sta llized  Sm-Fe-Ti-Al system  shows 

a predom inant aFe phase w hereas pro longed cry sta lliza tio n  re su lts  in 

rap id  d e te rio ra tio n  in  co erc iv ity  and  second q u a d ra n t behavior.

The magnetic p ro p e rtie s  o f h igh  iHc Sm -Fe-Ti system s contain ing  

small am ounts of V and Zr have been  s tu d ied . In  Fig. 4.40 we show 

th e  in -p lan e  room tem p era tu re  dem agnetization c u rv e  of a  Sm-Fe-Ti-V 

sample f ir s t  sp u tte re d  am orphous and  th e n  crysta llized . The iHc 

valueB v e rsu s  composition of su b seq u en t c ry sta llized  Sm-Fe-Ti-V film 

sam ples a re  lis ted  in  Table 24. In  thiB system  h igh  iHc values, >18 

KOe, w ere only o b serv ed  fo r film sam ples contain ing  a  h ig h er 

p ercen tag e  (>15 at.X) Sm fo r p ro p e r  p rep a ra tio n  conditions. Film 

sam ples which contain  lower am ounts (<15 at.X) of Sm, exhib it more of 

th e  sem i-soft phase. The concen tra tion  of V in  th e  high iHc Sm -Fe- 

Ti-V v a rie s  from 3.4 at.X to 4.48 at.X.



69

The iHc values v e rsu s  composition of su b seq u e n tly  c ry sta llized  

Sm -Fe-Ti-Zr film sam ples a re  listed  in Table 25. In  Fig. 4.41 we show 

th e  in -p lan e  room tem p era tu re  dem agnetization cu rv e  of a  Sm -Fe-T i- 

Zr sample f i r s t  s p u tte re d  am orphous and th e n  c ry sta llized . High iHc 

values, >18 KOe, w ere on ly  ob serv ed  fo r film Bamples con ta in ing  a  

h ig h er p ercen tag e  (>15 at.X) Sm fo r p ro p e r  p rep a ra tio n  conditions. 

Film sam ples which contain  lower am ount (<15 at.X) of Sm show a 

g re a te r  d rop  in th e  second q u a d ra n t of th e  h y s te re s is  loop which 

ind ica tes  th e  in c rease  of th e  sem i-soft phase . The co n cen tra tio n  of 

Zr in  th e  h igh iHc Sm -Fe-Ti-Zr v aries  from 2.2 at.X to  2.9 at.X. The 

T i/Fe ra tio  in  Sm -Fe-Ti film samples con tain ing  Zr v a rie s  from 0.09 to 

0.13.

i
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CHAPTER 5 

DIRECTLY CRYSTALLIZED Sm -Fe-Ti FILMS

5.1 INTRODUCTION

In  the  p rev ious ch ap te r we have d escrib ed  th e  sy n th e s is  of a  

new high in trin s ic  coercive fo rce , »Hc, of 38.5 KOe a t  293 K Sm-Fe-Ti 

phase th a t  was p rep ared  by  c ry sta lliz in g  o rig ina lly  am orphous 

sp u tte re d  d ep o sits10*11 in an  in -p lan e  m agnetic field  H*. By th is  

method th e  m aterial was o rig inally  deposited  from a  se t o f ta rg e ts  

onto room tem pera tu re , 25* C, AljOa s u b s tra te s . The films a s -  

depoBited w ere am orphous, as  confirm ed by x -ra y  d iffrac tion  and  

h y s te re s is  loop of low coerciv ities. The c ry sta lliza tio n  was perform ed 

in s itu  r ig h t  a f te r  sp u tte r in g  by  hea ting  th e  su b s tra te  to  a  su itab le  

tem pera tu re  fo r su ffic ien t time to  prom ote complete c rysta lliza tion .

To ob tain  controlled  m agnetic p ro p e rtie s  in  th e  films i t  is 

desirab le  th a t th ey  be d ire c tly  c ry sta llized  onto h eated  s u b s tra te s . 

This allows films to be sy n th esized  th a t have well defined 

c rysta llog raph ic  tex tu rin g .62 The o rien ta tio n  of th e  easy  axes of 

m agnetization of th e  c ry s ta llite  is  th en  also  controlled .
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D uring th e  B putter deposition  th e re  1b no t an  appreciab le  sh if t 

in  the T i/F e  ra tio  betw een th a t of th e  ta rg e t  and  th e  deposited  films. 

In  c o n tra s t  to  th is  th e  Sm at.% in co rp o ra ted  in to  th e  film is  a  s tro n g  

function  of s u b s tra te  tem pera tu re . V arious s e ts  o f ta rg e ts  have 

been  u sed  to s p u tte r  Sm -Fe-Ti films such  th a t  th e  T i/F e ra tio  is  held 

fixed, b u t  th e  Sm at.% in  the  films is  caused  to  v a ry  b y  ch an g es  in 

the  s u b s tra te  tem pera tu re , sp u tte r in g  deposition  ra te s , s p u tte r in g  

gas p re s s u re , and  ta rg e t  to su b s tra te  d is tan ce . The ob jec tive  is  to 

a d ju s t  th e  Sm at.% and  T i/Fe ra tio  in  d ire c tly  c ry sta llized  films 

co rresp o n d in g  to  the  composition of th e  h igh  iHc Sm -Fe-Ti phase  

o b se rv ed  in  su b seq u en tly  c ry sta llized  filmB. In  Fig. 5.1 we show th e  

Sm at.% inco rpo ra ted  in to  th e  film as  a  function  of s u b s tra te

tem p era tu re . D uring the s p u tte r in g  onto  th e  su b s tra te  a t  room

tem p era tu re , 25* C, th e  Sm concen tra tion  in  th e  film is enhanced  

over th a t  of th e  ta rg e t  by th e  condition u sed . But a s  the  s u b s tra te

tem p era tu re  is  ra ised , the  Sm at.% in  th e  deposited  film falls off

rap id ly . In  Figs. 5.2 and 5.3 we show th e  sp u tte r in g  deposition ra te s  

a s  a  function  of su b s tra te  tem p era tu re  and  ta rg e t  to  s u b s tra te  

d istance , resp ectiv e ly . In  F igs. 5.4 and  5.5 we show Sm at.% 

inco rpo ra ted  in to  the  films as  a  function  of s p u tte r in g  gas p re s s u re  

and  ta rg e t  to  s u b s tra te  d istance , re sp ec tiv e ly . For th e se  

s p u tte r in g s , th e  T i/Fe atomic ra tio  in  th e  ta rg e t  was 0.15 and in  th e  

film it v a r ie s  from 0.13 to  0.17.
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Films th a t  have been d irec tly  c ry sta llized  onto  h eated  s u b s tr a te s  

in  an  in -p lane  m agnetic field  have exhibited  sev era l d iffe re n t c ry s ta l  

phases  as  a  function  of composition and  B ubstrate  tem p era tu re . They 

were Sm(Fe»Ti)i2 » (Sm+Ti)Feg, and  Sma(Fe|Ti)n.

5.2 RESULTS AND DISCUSSION

A new c ry sta llin e  magnetic p hase  n ea r 85 at.% Fe has  been  

observed  aB th e  m ajor phase in  bulk  arc-m elted  in g o ts  an d  in  th e  

sp u tte re d  film sam ples of Sm -Fe-Ti system s.1* This new m agnetic 

phase has been  iden tified  to  be of th e  ThM nu-type s tru c tu r e  w ith a 

coerciv ity  of 1 to  2 KOe range. The ta rg e t x -ra y  pow der p a t te rn  is 

shown in Fig. 5.6(a). The x -ra y  p a tte rn  can  be indexed a s  hav in g  a 

major phase w hich is isoB tructu ra l w ith th e  ThMnta com pound. This 

phase was indexed as  Sm(TiFeu). In  Fig. 5.6(b) we show th e  

calculated  p a t te rn  based  on th e  SmFeiti ThM nu-type s tru c tu r e  w ith 

a = 8.579 A*, and  c = 4.799 A*. The te trag o n a l la ttice  p a ram ete rs  

determ ined w ere a  = 8.579±0.002 A* and  c = 4.799+0.002 A*. In  F igs. 

5.7 and 5.8 we show the  deviation fac to r F fo r th e  la ttice  p a ram ete rs  

a  and  c of Sm(Fe,Ti)ia phase of th e  ThM nia-type s tru c tu re . Here, 

F(a,c)=(E[ (20iMp-20Mi)*8ina(8iMp)*tan, (0i#*p)]1''*)/N*

N = [Esin*(0i„p)*tan*(0i„p)]v*.

The sum is  o v er th e  num ber of observed  d iffrac tion  p eak s  a t  th e  

Bragg angles 20. The optimum la ttice  param eters  w ere chosen  to  be
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the  minimum po in t on th e  su rface  F(a,c) by  c ro ss-sec tio n a l p ro jec tio n  

fo r th e  a  and  c param eters.

Films th a t  have been d ire c tly  c ry sta llized  onto heated  s u b s tra te s  

exhibited  sev era l c ry s ta l p h ases  a s  a  function  of deposition  

tem p era tu re  and  composition. Films th a t  have been d ire c tly  

c rysta llized  on to  heated  s u b s tra te s  a t  approxim ately 350* C have 

been  made. These films exh ib it on ly  one dom inant d iffrac tio n  line 

th a t is  co n s is ten t w ith th e  (200) line of th e  hexagonal 1-5 p h ase , a s  

we have rep o rted  ea rlie r.7 The ra tio  I(200)/I(100) has been  made a s  

la rg e  as  18. Such films exhibit no reflec tio n s  with c-ax is  com ponent 

o u t of th e  film plane. The com position of such  film was 74.89 at.X Fe, 

20.00 at.X Sm, and  5.11 at.X Ti. Such films a re  fa r  e a s ie r  to  

m agnetize in th e  film plane th an  o u t o f th e  film plane. Such a  s e t o f 

h y s te re s is  loops as  m easured in th e  film plane and  o u t of th e  film 

plane a re  shown in  Fig. 5.9. These re su lts  a re  co n sis ten t w ith th e  

easy  axes of th e  c ry s ta llite s  being  a ligned  onto  th e  film plane. An x - 

ray  d iffrac tion  tra ce  of such  a  te x tu re d  film is  shown in  Fig. 5.10. 

Films sy n th esized  onto s u b s tra te s  h ea ted  to betw een 350* to  450* C 

exhib it predom inantly  a  Sm(Fe,Ti)ia s tru c tu re  as  we have re p o rte d  

re cen tly .12

FilmB th a t have been d ire c tly  c ry sta llized  onto  heated  s u b s tra te s  

in th e  tem p era tu re  ran g e  of 450* to  480* C exhibit predom inantly  th e  

(300) reflec tion  of the  2-17 ty p e  s tru c tu re . As shown in  Fig. 5.11



74

such  films a re  fa r  eas ie r to  m agnetize o u t o f th e  film plane th an  in 

th e  film p lane. This is  expected because  Smt(Fe,Ti)i7 is  an  easy  

plane m aterial. The x -ra y  p a tte rn  in d ica tes  th a t  th e  c-axes, which 

a re  th e  h a rd  axes in  th is  case , lie in  th e  film plane. An x -ra y  

d iffraction  tra c e  fo r such  a  tex tu red  2-17 ty p e  film is shown in  Fig. 

5.12. The composition of th is  Bample was 85.25 at.X Fe, 9.17 at.X Sm, 

and  5.57 at.X Ti.

FilmB th a t have been d ire c tly  c ry sta llized  onto  heated  s u b s tra te s  

w ith a  h ig h e r T i/F e ra tio  show a m ajor p h ase  of Smt(Fe,Ti)i7 an d  a  

minor phase  of Sm(Fe,Ti)u. The film s p u tte re d  a t  s u b s tra te  

tem p era tu re  of 470* C, th e  Smt(Fe,Ti)i7 phase  was predom inantly  

(300) and  (220) tex tu red  with th e  c -ax es  in  th e  film plane. Ab shown 

in  Fig. 5.13 such  films a re  eas ie r to  m agnetize o u t of th e  film plane 

than  in  th e  film plane. An x -ra y  d iffrac tio n  tra ce  fo r such  a

tex tu red  2-17 ty p e  film is shown in  Fig. 5.14. The composition of 

th is  film sample was 79.47 at.X Fe, 7.97 at.X Sm, and 12.55 at.X Ti.

For th e  film sp u tte re d  a t s u b s tr a te  tem p era tu re  of 440* C, th e

Sm«(Fe,Ti)i7 phase  was predom inantly  (220) te x tu re d  w ith th e  c -axes 

in th e  film plane. Ab shown in  Fig. 5.15 such  films a re  ea s ie r  to  

m agnetize o u t of the  film plane th a n  in  th e  film plane. The x -ra y  

d iffrac tion  p a tte rn  ind icates th a t  th e  c -ax es, which a re  th e  h a rd  axes 

in thiB case, lie in  th e  film plane. An x - ra y  d iffraction  p a tte rn  fo r 

such  a  te x tu re d  2-17 type  film is  shown in  Fig. 5.16. The

composition of th is  film sample was 79.21 at.X Fe, 8.03 at.X Sm, and
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12.76 at.% Ti. In  Table 26 we lis t  th e  coercive force of various 

d irec tly  c ry sta llized  Sm-Fe-Ti films B puttered a t  d iffe re n t su b s tra te  

tem pera tu re .

As m entioned ea rlie r  th e  Sm at.% inco rp o ra ted  in to  th e  film is a 

s tro n g  function  of the  s u b s tra te  tem p era tu re  and is shown in  Fig. 

5.1. By d ecreasin g  th e  Ti/Fe ra tio  in th e  ta rg e t  to  0.1 we w ere able 

to lock more Sm in to  th e  films. T hus we w ere ab le to  g e t the  

composition co rrespond ing  to  the  su b seq u en tly  c ry sta llized  h igh  iHc 

Sm-Fe-Ti phase  in d irec tly  c ry sta llized  films. The h igh  iHc Sm -Fe- 

Ti phase only formed in  the  film f ir s t  deposited  am orphous and th en  

su b seq u en tly  crysta llized  w ithin a  tem p era tu re  ran g e  of 450* to  

510* C. Even though  we go t the composition close to  th e  h igh iHc 

phase composition a t  th e  desired  tem p era tu re  ran g e , th e  h igh  iHc 

phase has not been observed  in  filmB made d ire c tly  c ry sta llin e  onto 

heated su b s tra te s . The composition of th e  d ire c tly  c ry sta llized  film 

sample wbb 23.76 at.% Sm, 69.54 at.% Fe, and  6.71 at.% Ti. The x -ra y  

d iffrac tion  p a tte rn  of th is  sample is shown in  Fig. 5.17. The major 

peaks a t  28 = 43.03* and 30.05* co rresp o n d s  to  (220) and  (112) of 

the 2-17 phase. This p a rtic u la r  film exhib it an in -p lan e  iHc value of

3.2 KOe.

There is a  basic d ifference  betw een films th a t  a re  d ire c tly  

crysta llized  onto heated  s u b s tra te  v e rsu s  film th a t  a re  f i r s t  made 

am orphous and crysta llized  su b seq u en tly . When films a re  d ire c tly
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crysta llized  onto  heated  s u b s tra te s  th e  grow ing c ry s ta llite s  a re  

bom barded b y  a  flux of sp u tte r in g  g as  atom s, e lec tro n s, and  incoming 

s p u tte re d  atoms. If th e re  w ere no com peting p ro cess , normally th e  

newly a rriv in g  sp u tte re d  atoms would ten d  to  rep lica te  and  add  to  

any  c ry sta llite s  th a t  had s ta r te d  to  grow  as  seed  c ry sta llite s . 

Normally th is  o rd e red  grow th  is opposed b y  th e  momentum of the  

incoming sp u tte re d  atomB being  su ffic ien t to  d is ru p t th e  grow th of 

p rev iously  deposited  atomic lay e rs . For a  collection of random ly 

a rran g e d  c ry s ta llite s  i t  is  expected th a t  c e r ta in  grow th modes would 

grow  fa s te r  and  crowd ou t the  grow th  of com peting tex tu re s . 

C onsequently, p a rtic u la rly  fo r non cubic system s considered  h e re , th e  

grow th of films w ith a  p re fe ren tia l tex tu rin g  can  be expected. For 

uniaxial ferrom agnetic system s th e  easy  d irec tio n  of m agnetization 

would be coincident w ith th e  uniaxial d irec tion  o r c-ax is  fo r single 

c ry s ta ls  of hexagonal o r te tra g o n a l system . The dem agnetization 

e n e rg y , as  well a s  small c /a  ra tio  bo th  favo r films th a t  tend  to  align  

th e  c-axes onto th e  film plane. In  o rd e r  to  minimize th e  

dem agnetization en e rg y  th e  grow th of c ry s ta llite s  w ith th e  easy  

d irection  of m agnetization in  th e  film p lane is  favored* But any  

d is ru p tiv e  atom flux bom barding th e  s u b s tra te  d u rin g  th e  grow th 

would tend  to d is ru p t p re fe ren tia l grow th of c ry s ta llite s  th a t had th e  

re la tiv e ly  longer c axes aligned onto  th e  film plane. For system s 

with c /a  > 1, in  o rd e r  to minimize the  dem agnetization e n e rg y  the  

grow th of c ry s ta llite s  w ith th e  easy  d irec tion  of m agnetization in  th e  

film plane is favored . This would co rresp o n d  to  c ry s ta llite s  th a t



77

would have long re p e a t d istance  c -ax es  aligned  onto  th e  film plane. 

But an y  d is ru p tiv e  flux bom barding th e  s u b s tra te  d u r in g  th e  grow th 

would ten d  to  d is ru p t p re fe ren tia lly  th e  grow th  of c ry s ta llite s  th a t  

had re la tiv e ly  longer c-axes aligned on to  th e  film plane. Hence th is  

would fav o r c rea tio n  of films w ith c -ax es  sp layed  o u t of th e  film 

plane. Such films would be e as ie r  to  m agnetize p e rp en d icu la r  to  th e  

film plane.

Films th a t  have been d ire c tly  c ry sta llized  onto  heated  s u b s tra te s  

by  therm alized sp u tte r in g  in  an  in -p lan e  m agnetic field Hs exh ib it 

an g le -d ep en d en t reflec tive  p ro p e rtie s . Such films exh ib it a  d is tin c t 

colum nar grow th  morphology and  void s tru c tu re  due to th e  

sp u tte r in g  p rocess . Such films u su a lly  exh ib it a  d a rk  appearance  

due tc  c ry s ta l  face ts  a t  the  su rface  d iffu s in g  sc a tte re d  lig h t. This 

iB due to  la rg e  p re fe ren tia lly  te x tu re d  g ra in s  th a t  com prise th e  

su rface . In  c o n tra s t to  thiB, film sam ples th a t  w ere f ir s t  made 

am orphous, and  th en  su b seq u en tly  c ry sta llized , co rresponded  moBt 

cloBely to  bu lk  samples. Such sam ples w ere h igh ly  dense  and  fre e  of 

voids. A d is tin g u ish in g  fea tu re  o f th e  la t te r  films is  th a t  th e  film 

su rfaces  w ere Bpecular re flec ting  and m irro r like.

The g ra in s  th a t re su lt  from cry sta lliz in g  th e  o rig inally  

am orphous dep o sits  a re  genera lly  le ss  th a n  single-dom ain p a rtic le  

size. The sca lar p ro d u c t of th e  field Ha and  th e  m agnetization of th e  

g ra in s  a t th e  crysta lliza tion  tem p era tu re  yield a  m agnetic alignm ent
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en erg y  th a t a c ts  o v er th e  th re e  dim ensional volume. For th e  

su b seq u en tly  cry sta llized  Sm -Fe-Ti filmB th e  m agnetic alignm ent 

en e rg y  can be g re a te r  th an  KbT bo th a t  in -th e-film -p lan e  an iso tro p y  

can  be  induced. For d ire c tly  c ry sta llized  films, only  th e  new su rface  

reg ion  is able to  in te ra c t with th e  fie ld  Ha so th a t  co rresp o n d in g ly  

la rg e r  g ra in s  would be needed to  yield a m agnetic alignm ent en e rg y  

fo r th e  grainB th a t would be la rg e r  th a n  KbT. In  add ition , th e  newly 

a rriv in g  su rface  reg ion  is  grow ing onto  th e  seed c ry s ta l  p rov ided  by  

the  colum nar grow th p a tte rn . ThiB c ry s ta l  seed ing  effec t 1b 

generally  s tro n g e r  th an  th e  m agnetic alignm ent e n e rg y  prov ided  by 

the  field Ha and th e  newly grow ing su rface  reg ion . The colum nar 

grow th  p a tte rn  of th e  d ire c tly  c ry sta llized  film im poses an  additional 

co n s tra in t th a t p re v e n ts  th e  m agnetic alignm ent e n e rg y  from being  

able to  ro ta te  th e  c-axes from th e  in itia lly  grow ing seeded 

c ry sta llite s . The rep lica tin g  lay e r which can  in te ra c t w ith th e  field 

Ha is  constra ined  from ro ta tin g  th e  lay e r easy  axis in to  alignm ent 

w ith the  field Ha by th e  c ry s ta l g row th  p a tte rn  of th e  columns. 

G enerally, i t  has not been  possib le to  c ry sta llize  films d ire c tly  onto 

heated s u b s tra te s  th a t  exhib it an  app rec iab le  d eg ree  of in -th e-film - 

plane an iso tropy . Thus th e  use  o f Ha in inducing  magnetic 

an iso tropy  was h igh ly  effective in  th e  d iffusion  p ro cess  in  th e  

am orphous and su b seq u en t c ry sta lliza tio n  p ro cess  and  le ss  effective 

in  th e  stack ing  p ro cess  d u rin g  th e  crysta lliza tion  onto  heated  

s u b s tra te s . The d iffusion  p rocess  w ithin a  medium has usually  less  

en erg y  when compared to  th e  s tack in g  p ro cess  of th e  form ation of
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th a t  medium. Thus H« can  in fluence th e  d iffusion  p ro cess  read ily . 

In  th e  d ire c t c ry sta lliza tio n  on to  h eated  su b s tra te s  th e  la y e rs  a re  

rep lica ting  them selves acco rd in g  to  a lread y  deposited  lay e rs . 

Because of thiB s tack in g  p ro ced u re  th e  effective  c lu s te r  would be 

more like a  two dim ensional a re a  r a th e r  th an  th re e  dim ensional 

volume as  in  th e  su b se q u e n t c ry sta lliza tio n  p ro cess  w here th e  films 

w ere a lread y  deposited .
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CHAPTER 6 

CONCLUSION

A BerieB of Sm -Fe-Ti film sam ples have been  sy n th esized  b y  r f  

diode s p u tte r in g  fo r Fe rich  com positions. Samples have been 

d irec tly  c ry sta llized  onto  h eated  Al»Oj s u b s tra te s  as well as  f i r s t  

deposited  am orphous and  th en  su b seq u en tly  c ry sta llized . An in -p lan e  

m agnetic field  has been  applied  d u rin g  th e  s p u tte r  deposition and  

d u rin g  cry sta lliza tio n  to  induce in -th e-film -p lan e  an iso trop ies  in to  th e  

grow ing films. By em ploying, w hat we term , se lective ly  therm alized 

sp u tte r in g , d e s ired  p h ases  w ere d ire c tly  sy n th esized  onto heated  

s u b s tra te s , so th a t  sam ples w ere h igh ly  te x tu re d  and  stab le  on the  

AljO* s u b s tra te  su rfa ce s . The in -th e-film -p lan e  m agnetic field  has 

been u sed  to  achieve a  p a rtia l p re fe ren tia l alignm ent of the  c-axes 

w ithin th e  film plane fo r c ry s ta llin e  films and  also  was u sed  to  

induce la rg e  in -th e-film -p lan e  an iso tro p y  in  su b seq u en tly  cry sta llized  

films. The com position of th e  film was determ ined by examining Bmall 

reg ions of th e  deposited  m aterial by  e ith e r  x - ra y  fluorescence o r by  

using  e lec tron  excited x -ra y  analysis  in  th e  SEM. The oxygen 

co n ten t of th e  film was checked  b y  AES w ith ion gun d ep th  p rofiling . 

I t  was ab o u t 2.5 at.X fo r th e  h igh iHc Sm -Fe-Ti phase. The film 

th ick n ess  s tu d ied  ran g ed  from 2 to  12 micron. L ittle s u b s tra te  

specific e ffec ts  a re  expected fo r films of th ese  re la tiv e ly  la rg e  

th ick n ess . The c ry s ta l phase  determ ination was s tud ied  by  x -ra y
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diffraction. It was observed that relative intensities of the x-ray 
peaks, i.e., the texturing could be controlled by varying the 
sputtering parameters such as deposition rate, H«, sputtering gas 
pressure, provided that the sputtering gaB pressure was high 
enough to thermalize the sputtered atoms. It has been found that 
the direction of easy axis of magnetization with respect to the film 
plane can be controlled and correlated with a preferential texturing 
of the crystal structure of the films. The explanation of this 
observation was based on considerations of the relative flux of 
disruptive sputtering gas atoms arriving at the substrate compared 
to metal atoms which were being sputter deposited. It was argued 
that the relatively large rate of sputtering gas atoms arriving at the 
substrate would tend to disrupt the growth of relatively long repeat 
distance growing parallel to the film plane. A model is presented 
based upon the crystallite grain sizes and magnetic alignment energy 
that correlates the differences in the degree of in-the-film-plane 
anisotropy induced into the growing films. The in-the-film-plane 
anisotropy exhibited in films that had first been made amorphous and 
then crystallized with a field H» applied was attributed to the 
magnetic alignment energy of the single domain particles with the 
field H a.

Films that were crystallized directly onto heated substrates 
generally exhibit columnar crystallites and void structure which were 
replicated by newly arriving layerB of atoms. Film samples that were
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f i r s t  made am orphous and su b seq u en tly  c ry sta llized  w ere highly  

dense and free  of voids. Such film su rfac e s  w ere sp ecu la r re flec tin g  

and  m irror like. In  c o n tra s t to th is , films th a t  have been d irec tly  

c rysta llized  onto  heated  su b s tra te s  u sually  exh ib it a  d a rk  appearance 

due to  c ry s ta l face ts  a t the  su rface  d iffu sin g  s c a tte re d  ligh t.

We d iscovered  a  new te rn a ry  high in trin s ic  coercive force 

magnetic p hase  in th e  Sm-Fe-Ti system  a t  ab o u t 70 at.X of Fe, 20 

at.% of Sm, and  10 at.X of Ti. This h igh iHc phase  has been 

p rep a red  by a  tw o-stage  p rocess in  which th e  m aterial w as f ir s t  

deposited  in an  am orphous s ta te  w ith a  m agnetic field  in  th e  

su b s tra te  p lane, and  th en  su b seq u en tly  c ry sta llized  in s itu  in  th e  

same m agnetic field . The room tem p era tu re  in tr in s ic  coercive force, 

(He, of th is  h a rd  phase is  observed  to  be 38.5 KOe which is th e  

h ig h est known value in  th is  Bystem w here th e  moments of r a re -e a r th  

sub la ttice  and tran sitio n  metal su b la ttice  couple ferrom agnetically . 

The maximum value o b serv ed  a t  168 K was 45 KOe. The high iHc 

values o b serv ed  resu lted  from th e  single domain g ra in s  c rea ted  

d u rin g  th e  cry sta lliza tio n  of th e  am orphous films. This high tHc Sm- 

Fe-Ti phase is  im portan t because it has  th e  h ig h es t coercive force 

among all th e  Co fre e  ligh t r a re -e a r th  film m agnets th a t exhibit 

ferrom agnetic coupling betw een the  r a re -e a r th  and  th e  tra n s itio n  

metal sub la ttice . As a  function  of composition, th e  high iHc Sm-Fe-Ti 

phase haB been  shown to exhibit a maximum in trin s ic  coerciv ity  of 

38.5 KOe for a nominal composition of SmaoFeaoTiio. Sm -Fe-Ti film



83

Bamples w ere sy n th esized  th a t  exhibited extrem e in -th e-film -p lan e  

an iso tropy  fo r fie lds of ±20 KOe. This co rresp o n d s to  e ffec tive  

an iso tropy  co n s ta n ts  of a t leas t 107 e rg /cm 3. This is the d iffe ren ce  

in en erg y  when m agnetizing th e  film in  the  film plane para lle l v e rsu s  

p erp en d icu la r to  th e  field applied  d u rin g  th e  s p u tte r  deposition  and  

su b seq u en t c ry sta lliza tio n . This is th e  h ig h est rep o rted  value of in -  

the-film -p lane an iso tro p y  of which we a re  aw are. In itia l 

m agnetization s tu d ie s  have been used  to show the  influence of the 

m agnetic field d u rin g  th e  s p u tte r  deposition  and cry sta lliza tio n . The 

high an iso tro p y  en e rg y  p re v e n ts  th e  ro ta tion  of m agnetization w ithin 

the  single p a rtic le  domain fo r fie lds of th e  o rd e r  of 20 KOe. So fa r  

the  high tHc Sm -Fe-Ti phase has only been observed  in sam ples th a t  

were f ir s t  deposited  in an  am orphous form and su b seq u en tly  

cry sta llized  w ithin a  tem pera tu re  ran g e  of 450* to 510* C. Samples 

of the  high iHc Sm-Fe-Ti p hase  su b seq u en tly  c ry sta llized  in  th e  

tem pera tu re  ran g e  of 450* to  510* C in  th e  p resence  of an  in -p lane  

magnetic field exhib it an  in -th e-film -p lan e  an iso tropy  which ind ica tes  

th a t th e  Curie tem p era tu re  of th is  phase  should be in  th is  

tem pera tu re  ran g e .

The high iHc samples we re p o rt to  be composed of two Ti 

su b s titu ted  phases. The high iHc Sm-Fe-Ti phase we re p o rt  as a 

hexagonal 1-5 re la ted  phase with a = 8.76+0.01 A’ , and  c = 25.62±0.01 

A*. The 1-5 derived  composition fo r th is  s tru tu re  via the  2-7 phase
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corresponds to Sm7(Fe,Ti)3<>. The sem i-soft phase  component is 

reported  as Sm(Fe,Ti) 2  te trag o n a l phase d is to r te d  from cubic phase.

To obtain th is  high iHc Sm-Fe-Ti p h ase  a  ce rta in  range of Sm 

at.% and Ti/Fe ra tio  in  the  film a re  re q u ire d  and also a p roper 

crystallization  tem p era tu re  is v e ry  im portant. I t  was shown th a t the 

film composition co rrespond ing  to the  high iHc Sm -Fe-Ti phase should 

contain 17 to 22 at.% of Sm and a T i/Fe ra tio  of 0.07 to 0.14. In 

addition to the  composition of the ta rg e t  sp u tte re d , the experim ent 

indicated th a t the s u b s tra te  tem pera tu re  used  d u rin g  the su b seq u en t 

crystallization is c ritica l fo r ob tain ing  the  re q u ired  film composition. 

It was shown th a t the Sm at.% inco rpo rated  in to  the  films is  a s tro n g  

function of the  s u b s tra te  tem pera tu re  used  d u rin g  the  sp u tte r  

deposition and su b seq u en t c rysta lliza tion  w hereas the  Ti/Fe ra tio  is 

com paratively fixable.

In  addition the magnetic p ro p e rtie s  of the  high |HC Sm-Fe-Ti 

system containing small am ounts of Al, V, and Zr have been s tud ied . 

The addition of 2.3 to 4.5 at.% Al helped to  stab ilize  the  samples into 

a more nearly  single phase form. The high iHc values for Al 

concentration less th an  4 at.% did not fall below 30 KOe fo r p ro p er 

p reparation  conditions.
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Since th ese  high coercive fo rce  sam ples have been made by 

cry sta lliz in g  films o rig inally  deposited  in  an  am orphous s ta te , i t  is 

not expected th a t  th e  films will be s tro n g ly  te x tu re d . I t  is  th u s  not 

possib le to  d ire c tly  s a tu ra te  the samples ev en  w ith fie lds of 90 KOe. 

The expected sa tu ra tio n  m agnetization 4tiMb for th e  high iHc Sm-Fe-Ti 

phase based on th e  fitted  hexagonal cell is  11.8 KG. I t  is estim ated 

th a t the  an iso tro p y  field  based on m agnetization m easurem ent u p  to 

90 KOe in -p lane  and  ou t of plane is 230 to 300 KOe.

Films th a t have been d ire c tly  c rysta llized  onto heated  su b s tra te s

exhibited sev era l d iffe ren t c ry s ta l p h ases  as  a function  of 

tem pera tu re  and composition. Films th a t w ere d ire c tly  crysta llized

onto heated s u b s tra te  a t  approxim ately 350° C have been made which 

exhibit only one dom inant d iffrac tion  line (200) of th e  hexagonal 1-5 

phase. Such films exhib it no reflection w ith th e  c-ax is com ponents 

out of th e  film plane. These films a re  fa r  eas ie r to m agnetize in th e  

film plane than  o u t of th e  film plane. These r e s u lts  a re  consis ten t

with the easy  axeB of the  c ry s ta llite s  being aligned onto the  film

plane. Film sy n th esized  onto su b s tra te s  heated  to  betw een 350° and 

450* C exhib it predom inantly  a Sm(Fe,Ti)i2 s tru c tu re .  Films made a t 

s u b s tra te  tem p era tu re  of 450* C exhibit predom inantly  the  (300) 

reflection  of the Sm2 (Fe,Ti)n s tru c tu re . Such films a re  fa r  easier to 

magnetize ou t of the  film plane than  in th e  film plane. This is 

expected because Sm2 (Fe,Ti)n is an  easy plane m aterial. The x -ray
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p a tte rn  ind icates th a t the c-axes, which a re  h ard  atfes in th is  case, 

lie in the  film plane. The h ig h er s u b s tra te  tem pera tu re  UBed for 

samples of the 2-17 type acted to dep le te  the  film in Sm and sh if t 

the s tru c tu re  from a 1-5 to a  2-17 type. The possible occu rrence  of 

the high iHc Sm -Fe-Ti phase in d ire c tly  crysta llized  film is also 

in v estig a ted . So fa r  th e  high iHc Sm -Fe-Ti phase has only been 

observed  in sam ples th a t were f i r s t  deposited  in an  am orphous form 

and th en  su b seq u en tly  crysta llized  w ithin a  tem pera tu re  range  of 

450‘ to  510* C.

We re p o rte d 10*11 for the  f i r s t  time th e  occu rren ce  of the high 

iHc Sm-Fe-Ti phase  in sp u tte red  film deposited  in an  am orphous s ta te  

and  then  crysta llized . This high iHc Sm -Fe-Ti phase forms a t a 

nominal composition of Sm2oFe7oTiio. Following o u r re su lts ,

Schnitzke e t aJ.6S rep o rted  th e  same h igh iHc Sm-Fe-Ti phase in the  

bulk form for th e  same composition ran g e  as  we repo rted . Their 

m aterial p rep era tio n  involves mechanical alloying and additional 

annealing. They rep o rted  room tem p era tu re  in trin s ic  coercivities up  

to 50.3 KOe fo r the mechanically alloyed sample. C rystallization of 

rap id ly  quenched and partia lly  am orphous rib b o n s  leads to a two- 

phase m aterial with a  considerable am ount of high iHc phase bu t with 

SmFe2 as a m ajority  phase. This new phase has a  Curie tem perature  

of 380° C and an  estim ated sa tu ra tio n  flux of 6 to 7 KG.
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In conclusion, we o b se rv ed  five d iffe re n t magnetic phases in  the 

Fe rich  Sm-Fe-Ti sp u tte re d  films p re p a re d  u n d e r d iffe ren t s e ts  of 

sp u tte r in g  conditions. They were: Sma(Fe,Ti)i7, (Sm+TilFes,

Sm(Fe,Ti)i2 , Sm(Fe,Ti)2 , and  the h igh  iHc Sm-Fe-Ti phase. We have 

dem onstrated  the  means of fab rica tin g  film m agnets with special 

an iso trop ies  in the Sm -Fe-Ti system s. All th ese  films w ere chemically 

s tab le  and have not shown any  d eg rad a tio n  fo r severa l years.
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TABLB 1

S u b s ta n c e M a g n e t i s a t i o n  M .(em u /cm * ) 
0*K R o o i t e m p e r a t u r e

4xM .(KG) 
0 *K

C u r ie
T e m p e ra tu r e

( K e lv in )

Fe 1740 1707 2 1 .8 5 4 1043

Co 1446 1400 1 8 .1 6 2 1388

Ni 510 485 6 .4 0 6 627

Gd 2060 ------ 2 5 .8 7 4 292
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TABLE 2

S u b s ta n c e E l e c t r o n i c  s t r u c t u r e N um ber o f  B o h r m a g n e to n s  

p e r  F o rm u la  U n i t  (0 °K )

Fe ( A r)3d*  4s* 2 .2 1 9

Co (A r)3 d M s * 1 .7 1 5

Ni (A r )3 d s 4 s a 0 .6 0 4

Gd ( X e )4 f 7 5d6s« 7 .6 3 0

Nd < X e)4 f«6s* 3 .5  ( Nd* * )

Sm (X e )4 f* 6 s* 1 .5  ( Sm* 1 )
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TABLE 3

Compound S t r u c t u r e  ty p e S ym m etry S p a c e
G roup TM

RE-TMt MgCu*

MgZn*

C u b ic

H e x a g o n a l

Fd3m 

P 6*/ mmc

Ni ,C O |F e  

Mn

RE-TMa PuNia

CeNi*

R h o m b o h e d ra l

H e x a g o n a l

R* ■

P6a / bbc

N i,C o ,F e

N i.C o

RE*-TM7 Ce*Ni7

GdCo7

H e x a g o n a l

R h o m b o h e d ra l

P6l/BBC

R a .

N i ,Co 

N i , Co

RE« .  TM* a Th* Mn* j T e t r a g o n a l Pm 3 m Fe,M n

RE-TMs CaCus H e x a g o n a l P 6 a / bbc C o ,N i 
Zn * Cu

RE*-TM*t T h * N ii ,  

T h * Z n i7

H e x a g o n a l

R h o m b o h e d ra l

P 6 a / mmc 

R a .

Ni f F e  

N i f COfFe

RE-TM is ThMn* * T e t r a g o n a l I a / a . c Mn
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TABLB 4

Compound C r y s t a l
sy m m etry

S t r u c t u r e
ty p e

L a t t i c e  
c o n s t a n t s <A *)

Tc < ‘K)

SmFea C u b ic MgCua a  = 7 .4 1 7 675

SmFe* R h o m b o h ed ra l PuN is a  = 5 .1 8 7  
c  = 2 4 .9 1 0

650

Sm« F e i i R h o m b o h ed ra l T ht Zm  i a  = 8 .5 7 0  
c  = 1 2 .4 4 0

385

(S m + T i)F e , H e x a g o n a l CaCus a  = 4 .8 4  
c  = 4 .3 4

630

S m (T it F « ) i s T e t r a g o n a l ThMnia a  = 8 .5 7 9  
c  = 4 .7 9 9

573
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TABLE 5

S am ple# C o m p o s i t io n  
a t .  X

Sm T i F e

i He(KOe) 
293 *K

Mr /M( t  o K o •  ) M. • i  o • /  Mr

F 5 7 2 -9 2 1 .1 0 8 .4 0 7 0 .5 0 9 0 .0 8

F 5 7 3 -4 2 1 2 .3 2 9 .1 4 7 8 .5 4 11 0 .1 8

F 5 5 6 -1 2 1 9 .2 9 8 .6 7 7 2 .0 4 18 0 .4 9

F 5 5 6 -2 1 7 .9 6 9 .4 2 7 2 .6 2 23 0 .7 6 9 0 .5 0

F 5 7 2 -3 1 2 0 .7 1 7 .3 8 7 1 .9 1 30 0 .8 3 3 0 .6 1

F 5 7 2 -6 2 1 7 .7 8 1 1 .3 1 7 0 .9 1 3 1 .7 5 0 .8 5 1 0 .6 4

F 5 7 2 -3 2 1 8 .9 0 8 .4 3 7 2 .6 8 3 7 .7 5 0 .8 8 7 0 .7 8



TABLE 6

S am ple# tHe (KOe) 
293 *K

Sm

C o m p o s i t io n  
a t .  X 

T i  Fe T i /F e

P 5 7 1 -2 0 .7 1 3 .3 2 7 .6 6 7 9 .0 2 0 .0 9 7

P 5 5 1 - I2 2 .5 2 0 .6 7 8 .8 5 7 0 .4 8 0 .1 2 6

F 5 5 1 -1 4 3 .5 2 2 .9 3 8 .1 9 6 8 .8 8 0 .1 1 9

F 5 5 1 -1 1 6 .0 2 1 .7 4 8 .5 0 6 9 .7 6 0 .1 2 2

F 5 7 2 -9 9 .0 2 1 .1 0 8 .4 0 7 0 .5 0 0 .1 1 9

F 5 7 3 -4 2 1 1 .0 1 2 .3 2 9 .1 4 7 8 .5 4 0 .1 1 6

F 5 7 4 -6 3 1 6 .0 1 6 .4 1 7 .7 9 7 5 .8 0 0 .1 0 3

F 5 5 6 -1 2 1 8 .0 1 9 .2 9 8 .6 7 7 2 .0 4 0 .1 2 0

P 5 5 6 -2 2 3 .0 1 7 .9 6 9 .4 2 7 2 .6 2 0 .1 3 0

P 5 7 2 -3 1 3 0 .0 2 0 .7 1 7 .3 8 7 1 .9 1 0 .1 0 3

F 5 7 2 -6 2 3 1 .7 5 1 7 .7 8 1 1 .3 1 7 0 .9 1 0 .1 5 9

F 5 5 4 -3 3 2 .5 1 8 .6 8 8 .5 2 7 2 .8 0 0 .1 1 7

F 5 7 3 -3 2 3 7 .7 5 1 8 .9 0 8 .4 3 7 2 .6 8 0 .1 1 6
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TABLB 7

S am ple# Temp. T im e

( a )

CompoB i t i o n ( a t . X) 
Sm Fe T i

T i / F e 4xM 1 He

F648 440* C 135M 1 6 .8 9 7 5 .8 2 7 .2 9 0 .0 9 6 6.7KG IKOe

F641 478 135 1 7 .9 4 7 3 .3 1 8 .7 5 0 .1 1 9 7 .2 >18

F647 510 135 1 4 .9 7 7 7 .1 7 7 .8 5 0 .1 0 2 5 .3 >18

(b )

F510 450 60 2 2 .4 9 7 2 .4 2 5 .0 9 0 .0 7 0 7 .3 9

F503 510 60 2 0 .4 9 7 4 .3 2 5 .1 8 0 .0 6 9 6 .5 >18

F504 560 60 4 .3 0 8 8 .3 8 7 .3 2 0 .0 8 3 7 .6 1 .5

F505 6 00 60 4 .0 8 8 9 .2 8 6 .6 4 0 .0 7 4 8 .2 0 .5
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TABLE 8

{*)

Sam ple# Temp. Time C o m p o s i t i o n ( a t . X) 
Sm Fe T i

T i / F e 4xM i Hc

F644

F642

F645

475° C

475

475

90M

135

180

2 0 . 7 7  

1 9 . 9 4  

1 9 .1 7

7 1 . 7 4

7 1 . 7 4  

7 2 . 9 9

7 . 4 9

8 . 0 6

7 . 8 4

0 . 1 0 4

0 . 1 1 2

0 . 1 0 2

6.4KG

6 . 2

5 . 7

>18KOe 

>18 

>18

(b )

F503

F507

510

510

60

2 1 0

2 0 . 4 9

2 0 . 7 3

7 4 . 3 2

7 3 . 9 2

5 . 1 8

5 . 3 5

0 . 0 6 7

0 . 0 7 2

6 . 5

6 . 3

>18

>18

( c )
B e f o r e  e t c h i n g  A f t e r  e t c h i n g

F507

F508

F510

F504

Sm Fe Ti Sm Fe T i

2 0 . 7 3

1 9 . 9 8

2 1 . 7 5

3 . 9 1

7 2 . 4 2

7 4 . 3 2

6 9 . 9 5

8 9 . 0 1

5 . 0 9

5 . 1 8

8 . 3 0

7 . 0 8

2 2 . 9 1

1 8 . 9 8

2 1 . 4 2

9 . 1 7

6 7 . 3 8

7 0 .0 4

7 2 . 0 3

8 1 . 8 9

9 .7 1

1 0 .9 8

6 . 5 4

8 . 9 4
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TABLE 9

2 - 7  RHOMBOHEDRAL 
a  = 5 . 0 8  A " ,  o  = 3 8 . 4 1  A*

( 28 ) * k i . {28 ) e ■l . ( 2 8 ) c ■ i . ■ ( 2 8 ) * k i . h k 1 1

2 7 . 9 4 2 7 . 8 4 9 - 0 . 0 9 0 0 0 1 2 25

3 5 . 2 6 3 5 . 3 0 7 0 . 0 4 7 1 1 0 29

3 5 . 9 8 3 6 . 0 1 8 0 . 0 3 9 1 1 3 26

3 6 . 7 0 3 6 . 6 0 6 - 0 . 0 9 4 1 0 13 34

4 1 . 3 2 4 1 . 3 3 0 0 . 0 0 1 1 1 9 32

4 1 . 3 2 4 1 . 2 7 6 - 0 . 0 4 4 2 0 2 32

4 2 . 4 0 4 2 . 3 2 0 - 0 . 0 8 0 0 0 18 30

4 5 . 0 4 4 5 . 0 7 1 0 . 0 3 0 0 1 17 2 0

4 7 . 6 5 4 7 . 5 9 9 - 0 . 0 5 1 0 2 1 0 16

5 5 . 4 0 5 5 . 4 1 7 0 . 0 1 7 1 2 2 18

5 6 . 0 0 5 6 . 0 8 6 0 . 0 8 6 2 1 4 33

5 6 . 7 8 5 6 . 7 1 2 - 0 . 0 6 7 0 2 16 28

5 7 . 6 2 5 7 . 5 4 1 - 0 . 0 7 9 0 0 24 37

5 9 . 0 3 5 9 . 1 2 3 0 . 0 9 3 0 1 23 24

6 1 . 7 3 6 1 . 7 3 9 0 . 0 0 9 1 2 1 1 29

6 5 . 2 1 6 5 . 2 1 3 0 . 0 0 3 0 3 6 32

6 5 . 2 1 6 5 . 2 1 3 0 . 0 0 3 3 0 6 32

6 6 . 6 5 6 6 . 7 3 7 0 . 0 8 7 0 1 26 39
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TABLE 10 

1 - 1 2  TETRAGONAL 

a  = 8 . 5 6  A ' ,  c  = 4 . 7 9  A*

( 2 0 ) • b > • (28  )c • l • ( 2 8 ) c s i  . ~ ( 2 8 ) » k i . h k 1 I

2 7 . 9 4 2 7 . 9 3 3 - 0 . 0 7 4 8 8 2 0 1 25

3 6 . 7 0 3 6 . 6 2 8 - 0 . 0 7 1 9 3 0 1 34

4 2 . 4 0 4 2 . 4 6 0 0 . 0 6 3 4 3 2 1 30

4 7 . 6 5 4 7 . 7 0 4 0 . 0 5 3 7 4 1 1 16

5 7 . 6 2 5 7 . 6 8 9 0 . 0 6 8 6 0 0 3 37

6 2 . 9 6 6 3 . 0 2 8 0 . 0 6 8 6 2 1 3 34

6 6 . 6 5 6 6 . 5 6 9 - 0 . 0 8 1 3 5 3 1 39

6 8 . 2 1 6 8 . 1 5 8 - 0 . 0 5 2 1 5 1 2 2 2

7 2 . 4 4 7 2 . 5 1 4 0 . 0 7 3 6 6 2 1 2 2

7 7 . 2 4 7 7 . 3 2 0 0 . 0 8 0 0 6 3 1 30
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TABLB11 

2 - 1 7  RHOMBOHEDRAL 

a  = 8 . 5 8  A* f c  = 1 2 . 5 0  A*

( 2 8 ) « t i . (2 8  ) e  a 1 . ( 2 8 ) c a i . - ( 2 8 ) * b i . h k 1 I

2 7 . 9 4 2 7 . 9 1 4 - 0 . 0 2 5 9 2 0 2 25

4 2 . 4 0 4 2 . 4 2 1 0 . 0 2 0 6 3 0 3 30

4 3 . 6 6 4 3 . 6 0 0 0 . 0 5 9 2 2 0 5 30

4 7 . 6 5 4 7 . 6 4 4 - 0 . 0 5 9 3 2 2 3 16

5 2 . 5 8 5 2 . 6 7 3 0 . 0 9 2 6 1 0 7 8

5 6 . 7 8 5 6 . 7 2 5 - 0 . 0 5 4 5 1 4 0 28

5 7 . 6 2 5 7 . 6 8 3 0 . 0 6 3 2 4 0 4 37

6 2 . 9 6 6 2 . 9 3 0 - 0 . 0 3 0 4 0 5 1 34

6 4 . 7 6 6 4 . 6 6 1 - 0 . 0 9 8 8 2 0 8 2 1

6 5 . 2 1 6 5 . 1 8 5 - 0 . 0 2 5 3 3 3 0 32

7 2 .4 4 7 2 .3 4 1 - 0 . 0 9 8 6 1 5 2 2 2

7 6 . 9 4 7 6 . 9 2 3 - 0 . 0 1 6 9 0 6 0 30

7 6 . 9 4 7 6 . 9 2 3 - 0 . 0 1 6 9 6 0 0 30

7 7 . 2 4 7 7 .3 2 1 0 . 0 8 0 5 3 2 7 30
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TABLE 12 

Gdi C o T - t y p e  RHOMBOHEDRAL 

a  = 5 . 0 9  A* t c  = 3 6 . 3 9  A*

( 2 6 )  ■b • • (2 6  )c ■ i . ( 26 ) c a l  • — ( 2 6 ) « b a . h k 1 I

2 6 . 5 3 2 6 . 4 8 9 - 0 . 0 4 1 1 0 7 32

3 1 . 9 6 3 1 . 8 6 2 - 0 . 0 9 8 1 0 1 0 17

3 5 . 2 6 3 5 . 2 3 5 - 0 . 0 2 5 1 1 0 29

3 5 . 9 8 3 6 . 0 2 8 0 . 0 4 9 1 1 3 26

3 8 . 2 6 3 8 . 2 3 3 0 . 0 6 3 1 1 6 25

4 1 . 3 2 4 1 . 2 2 5 - 0 . 0 9 5 2 0 2 32

5 2 . 1 0 5 2 . 0 1 7 - 0 . 0 8 3 1 0 19 1 2

5 2 . 1 0 5 2 . 0 3 6 - 0 . 0 6 4 1 1 15 1 2

5 6 . 0 0 5 6 .0 7 1 0 . 0 7 1 2 1 4 33

6 0 . 1 4 6 0 . 2 1 5 0 . 0 7 6 2 0 17 25

6 1 . 0 4 6 1 . 0 6 4 0 . 0 2 4 0 0 24 38

6 1 . 0 4 6 1 . 1 2 5 0 . 0 8 5 2 1 1 0 38

6 5 . 2 1 6 5 . 2 8 5 0 . 0 7 6 3 0 6 32

6 6 . 6 5 6 6 . 5 9 2 - 0 . 0 5 8 2 0 2 0 39

7 2 . 4 4 7 2 . 5 0 5 0 . 0 6 5 1 1 24 2 2
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TABLE 13 

GdtCo t - t y p e  HEXAGONAL

a  = 4 . 9 9  A*, c  = 3 6 . 4 0  A*

( 2 0 ) • b a . ( 2 0  } e i l  . ( 2 0  )c a I . “ ( 2 0  ) •  b a . h k 1 I

3 0 . 2 8 3 0 . 2 4 1 - 0 . 0 3 9 1 0 9 41
3 1 . 9 6 3 1 . 9 3 6 - 0 . 0 2 4 0 0 13 17
3 2 . 0 8 3 2 . 1 2 5 0 . 0 4 5 1 0 1 0 9
3 4 . 4 5 3 4 . 4 6 7 0 . 0 1 7 0 0 14 1 0 0

3 5 . 9 8 3 6 . 0 5 3 0 . 0 7 3 1 1 1 26
3 5 . 9 8 3 5 . 9 6 5 - 0 . 0 1 5 1 1 0 26
3 6 . 7 0 3 6 . 7 4 5 0 . 0 4 5 1 1 3 34
3 8 .2 6 3 8 . 2 7 0 0 . 0 1 0 1 0 13 25
3 9 . 6 4 3 9 . 5 8 1 - 0 . 0 5 9 0 0 16 42
4 0 . 0 0 4 0 . 0 5 0 0 . 0 5 0 1 1 7 50
4 1 . 3 2 4 1 . 2 3 1 - 0 . 0 8 8 1 1 8 32
4 2 . 4 0 4 2 . 4 5 8 0 . 0 5 8 2 0 3 30
4 3 . 0 3 4 2 . 9 8 7 - 0 . 0 4 2 2 O' 4 45
4 3 . 6 6 4 3 . 6 6 1 - 0 . 0 0 1 2 0 5 30
4 5 . 0 4 4 4 . 9 9 4 - 0 . 0 4 6 1 0 16 2 0

4 7 . 6 5 4 7 . 6 7 9 0 . 0 2 9 2 0 9 16
5 2 . 1 0 5 2 . 1 8 3 0 . 0 8 3 1 0 19 1 2

5 2 . 5 8 5 2 . 5 6 5 - 0 . 0 1 5 1 1 15 8

5 5 . 4 0 5 5 . 4 9 2 0 . 0 9 2 0 0 2 2 18
5 6 . 7 8 5 6 . 8 2 9 0 . 0 4 9 2 1 3 28
6 0 . 1 4 6 0 . 1 4 0 0 . 0 0 0 2 1 8 25
6 1 . 0 4 6 1 . 0 4 5 0 . 0 5 2 0 0 24 38
6 2 . 9 6 6 2 . 8 9 3 - 0 . 0 6 6 2 0 18 34
6 4 . 7 6 6 4 . 7 1 1 0 . 0 1 1 2 1 1 2 2 1

6 4 . 7 6 6 4 . 7 0 8 - 0 . 0 5 1 3 0 1 2 1

6 5 . 2 1 6 5 . 1 2 9 - 0 . 0 8 1 1 0 24 32
6 5 . 2 1 6 5 . 1 6 2 - 0 . 0 5 0 3 0 3 32
6 6 . 6 5 6 6 . 6 8 0 0 . 0 3 0 3 0 6 39
6 8 . 2 1 6 6 . 2 3 5 0 . 0 2 5 3 0 8 2 2

7 6 .9 4 7 6 . 9 0 3 - 0 . 0 3 7 3 0 15 30
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TABLE 14

2 - 7  HEXAGONAL 
a  = 5 . 0 5  A*, c  = 3 8 . 3 5  A*

( 2 0  ) •  b ■ . ( 2 0  ) c  a 1 . ( 2 0 ) c  a 1 . "  ( 2 0 ) • b a . h k 1 1

2 5 . 5 1 2 5 . 5 2 9 0 . 0 1 9 0 0 1 1 2 2

2 7 . 9 4 2 7 . 8 9 4 - 0 . 0 4 6 0 0 1 2 2 5

- 2 9 . 3 2 2 9 . 2 3 8 - 0 . 0 8 3 1 0 9 3 3

3 0 . 2 8 3 0 . 2 7 2 - 0 . 0 7 8 0 0 1 3 4 1

3 6 . 7 0 3 6 . 7 1 7 0 . 0 1 7 1 0 1 3 3 4

3 6 . 7 0 3 6 . 7 7 8 0 . 0 7 8 1 1 4 3 4

3 8 . 2 6 3 8 . 2 9 5 0 . 0 3 5 1 1 6 2 5

4 0 . 0 0 3 9 . 9 3 1 - 0 . 0 6 9 0 0 1 7 5 0

4 0 . 2 7 4 0 . 3 3 8 0 . 0 6 8 1 1 8 5 5

4 1 . 3 2 4 1 . 3 2 1 0 . 0 0 1 2 0 1 3 2

4 1 . 3 2 4 1 . 2 5 1 - 0 . 0 6 9 2 0 0 3 2

4 2 . 4 0 4 2 . 3 9 0 - 0 . 0 1 0 0 0 1 8 3 0

4 2 . 4 0 4 2 . 3 6 0 - 0 . 0 4 0 2 0 4 3 0

4 3 . 0 3 4 2 . 9 9 6 - 0 . 0 3 4 1 0 1 6 4 5

4 3 . 0 3 4 2 . 9 7 4 - 0 . 0 5 6 2 0 5 4 5

4 3 . 6 6 4 3 . 7 1 5 0 . 0 5 5 2 0 6 3 0

4 6 . 6 9 4 6 . 6 4 8 - 0 . 0 4 2 2 0 9 2 0

5 2 .  1 0 5 2 . 0 3 3 - 0 . 0 6 8 1 0 2 0 1 2

5 2 . 1 0 5 2 . 0 1 4 - 0 . 0 8 6 2 0 1 3 1 2

5 2 . 5 8 5 2 . 6 0 4 0 . 0 2 4 1 1 1 6 8

5 6 . 0 0 5 6 . 0 5 1 0 . 0 5 1 2 1 3 3 3
5 6 . 7 8 5 6 . 8 0 9 0 . 0 2 9 1 0 2 2 2 8

5 7 . 6 2 5 7 . 6 3 9 0 . 0 1 9 0 0 2 4 3 7

5 7 . 6 2 5 7 . 5 4 5 - 0 . 0 7 6 2 1 6 3 7

5 9 . 0 3 5 9 . 0 6 5 0 . 0 3 5 2 1 8 2 4

5 9 . 3 6 5 9 . 2 6 1 - 0 . 0 9 9 1 0 2 3 3 2

6 1 . 0 4 6 0 . 9 8 6 - 0 . 0 5 4 2 1 1 0 3 8

6 1 . 7 3 6 1 . 7 5 7 0 . 0 2 7 1 0 2 4 2 9

6 2 . 9 6 6 2 . 9 6 3 0 . 0 0 3 0 0 2 6 3 4

6 6 . 6 5 6 6 . 6 7 1 0 . 0 2 1 2 0 2 1 3 9

6 9 . 0 2 6 8 . 9 5 2 - 0 . 0 6 8 2 1 1 6 1 8

7 6 . 9 4 7 6 . 9 1 2 - 0 . 0 2 8 2 2 6 3 0
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TABLE 15 

1 -5  HEXAGONAL 

a  = 4 . 7 8  A*, c  = 4 . 3 7  A*

( 2 6  ) o b i > ( 2 0  ) c  a 1 * ( 2 6  ) c a l  • —( 2 6 ) o b a  • h k 1 1

4 1 . 3 2 4 1 . 2 8 5 - 0 . 0 3 6 0 0 2 3 2

4 3 . 0 3 4 3 . 1 0 4 0 . 0 7 4 1 1 1 4 5

4 3 . 6 6 4 3 . 6 9 7 0 . 0 3 7 2 0 0 3 0

5 9 . 0 3 5 8 . 9 8 5 - 0 . 0 4 5 2 1 0 2 4

6 1 . 7 3 6 1 . 6 7 7 - 0 . 0 5 3 2 0 2 2 9

6 2 . 9 6 6 3 . 0 5 6 0 . 0 9 6 2 1 1 3 4

6 8 . 2 1 6 8 . 1 9 2 - 0 . 0 1 8 1 0 3 2 2
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TABLE 16 

1 -3  RHOMBOHEDRAL 

a  = 5 . 0 6  A*, c  = 2 4 . 9 1  A*

(2 8 )  • b■. ( 2 0  ) c i i  • (26 ) c ■l . ■ ( 2 8  ) o b• . h k 1 I

3 5 .2 6 3 5 . 3 4 2 0 . 0 8 2 3 0 1 8 29

4 1 . 3 2 4 1 . 3 3 2 0 . 0 1 2 0 2 1 32

4 3 .6 6 4 3 . 5 8 2 - 0 . 0 7 8 0 0 1 2 30

4 5 .0 4 4 5 . 0 4 0 0 . 0 0 0 0 1 1 1 2 0

5 2 .1 0 5 2 . 0 6 7 - 0 . 0 3 3 1 0 13 1 2

5 6 .0 0 5 5 . 9 6 0 - 0 . 0 4 0 1 2 2 33

5 7 .6 2 5 7 . 5 3 4 - 0 . 0 8 6 2 1 4 37

6 1 . 7 3 6 1 . 7 3 0 0 . 0 0 0 2 1 7 29

6 4 . 7 6 6 4 . 7 4 5 - 0 . 0 1 2 0 3 3 2 1

6 4 . 7 6 6 4 . 7 4 8 - 0 . 0 1 2 3 0 3 2 1
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TABLB 17 

1 -3  HBXAQONAL 

a  = 5 . 0 5 9  A*, c  = 2 4 . 8 8  A*

(28 )• b i , ( 28 )e a 1 • ( 2 8 ) c i i  . ~{ 2 0 )#b* . h k 1 I

3 5 .2 6 3 5 . 3 6 4 0 . 0 1 0 1 0 8 29

3 5 . 9 8 3 6 . 0 7 0 0 . 0 9 0 0 0 1 0 26

4 0 . 0 0 3 9 . 9 5 0 - 0 . 0 5 0 1 1 5 50

4 1 . 3 2 4 1 . 3 4 0 0 . 0 2 1 2 0 1 32

4 3 .6 6 4 3 . 6 1 9 - 0 . 0 4 1 0 0 1 2 30

4 5 . 0 4 4 5 . 0 7 2 0 . 0 3 2 1 0 1 1 2 0

5 2 . 1 0 5 2 . 1 0 6 0 . 0 0 6 1 0 13 1 2

5 5 . 4 0 5 5 . 3 4 3 - 0 . 0 5 8 2 1 0 18

5 6 . 0 0 5 5 . 9 7 3 - 0 . 0 2 7 2 1 2 33

5 7 .6 2 5 7 . 5 4 9 - 0 . 0 7 1 2 1 4 37

5 9 .3 6 5 9 .3 8 7 0 . 0 2 7 0 0 16 32

6 0 . 1 4 6 0 . 1 1 7 - 0 . 0 2 4 2 1 6 25

6 1 . 7 3 0 6 1 . 7 5 0 0 . 0 2 0 2 1 7 29

6 4 . 7 6 6 4 . 7 6 4 0 . 0 0 4 3 0 3 2 1

6 6 . 6 5 6 6 . 6 9 1 0 . 0 4 2 3 0 5 39
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TABLE 18 

TETRAGONAL

a  = 8 . 3 9  A*i o  = 1 2 . 4 2  A*

( 2 8 )  * h ■. ( 26 )c a 1 ■ ( 2 8 ) c i i  . ~ ( 2 0 ) • b i . h k 1 I

2 5 . 5 1 2 5 . 6 0 5 0 . 0 9 5 2 0 2 2 2

3 0 . 2 8 3 0 .3 0 7 0 . 0 2 7 2 0 3 41
3 1 . 9 6 3 1 . 9 7 5 0 . 0 1 5 3 0 0 17
3 2 . 0 8 3 2 . 1 7 0 0 . 0 9 0 2 1 3 9
3 4 . 4 5 3 4 . 5 4 0 0 . 0 9 0 3 1 1 1 0 0

3 5 . 2 6 3 5 . 1 6 4 - 0 . 0 9 6 3 0 2 29
3 5 . 9 8 3 5 . 9 5 5 - 0 . 0 2 5 2 0 4 26
4 0 . 2 7 4 0 . 3 4 3 0 . 0 7 3 3 1 3 55
4 1 . 3 2 4 1 . 4 0 3 0 . 0 8 3 3 2 2 32
4 3 . 0 3 4 3 .0 9 1 0 . 0 6 1 4 0 0 45
4 3 . 6 6 4 3 . 6 9 2 0 . 0 3 2 0 0 6 30
4 3 . 6 6 4 3 . 6 6 5 0 . 0 0 5 2 1 5 30
4 3 . 6 6 4 3 . 7 3 2 0 . 0 7 2 4 0 1 30
4 5 . 0 4 4 5 . 0 7 3 0 . 0 3 3 1 0 6 2 0

4 5 . 0 4 4 5 .1 1 2 0 . 0 7 2 4 1 1 2 0

4 7 . 6 5 4 7 . 7 1 5 0 . 0 6 5 2 2 5 16
5 2 . 5 8 5 2 .6 1 4 0 . 0 3 4 4 0 4 8

5 6 . 7 8 5 6 . 7 8 5 0 . 0 0 5 4 3 2 28
5 6 . 7 8 5 6 . 7 8 5 0 . 0 0 5 5 0 2 28
5 9 . 3 6 5 9 . 3 8 2 0 . 0 2 2 4 3 3 32
5 9 . 3 6 5 9 . 3 8 2 0 . 0 2 2 5 O' 3 32
5 9 . 3 6 5 9 . 2 6 2 - 0 . 0 9 8 5 2 0 32
6 1 . 7 3 6 1 . 7 0 9 - 0 . 0 2 1 1 1 8 29
6 2 . 9 6 6 2 . 9 6 9 0 . 0 0 9 3 1 7 34
6 2 . 9 6 6 3 . 0 4 2 0 . 0 8 2 4 0 6 34
6 2 . 9 6 6 2 . 9 0 5 - 0 . 0 5 5 4 3 4 34
6 2 . 9 6 6 2 . 9 0 5 - 0 . 0 5 5 5 0 4 34
6 4 . 7 6 6 4 . 7 3 4 - 0 . 0 2 7 5 3 0 2 1

6 5 . 2 1 6 5 . 1 8 9 - 0 . 0 2 0 3 3 6 32
6 5 . 2 1 6 5 . 2 1 9 0 . 0 0 9 5 3 1 32
6 6 . 6 5 6 6 . 6 6 8 0 . 0 1 8 5 3 2 39
6 8 . 2 1 6 8 . 1 1 2 - 0 . 0 9 8 2 2 8 2 2

6 9 . 0 2 6 9 . 0 4 8 0 . 0 2 8 5 3 3 18
7 2 . 4 4 7 2 .4 4 6 0 . 0 0 2 4 3 6 2 2

7 2 . 4 4 7 2 .4 4 6 0 . 0 0 2 5 0 6 2 2

7 2 . 4 4 7 2 .4 7 5 0 . 0 3 5 5 4 1 2 2

7 6 . 9 4 7 6 . 9 8 8 0 . 0 4 8 3 0 9 30
7 7 . 2 4 7 7 .2 2 8 - 0 . 0 1 2 4 1 8 30



10.6
TABLB 19

( a ) ( b )

H ig h  i He p h a s e s e n i - a o f t  pi i a s e

d (A * ) d* d - d ’ h k 1 I d* d - d * h k 1

3 . 1 9 1 3 . 2 0 0 - 0 . 0 0 9 0 0 8 w
3 . 0 4 4 3 . 0 4 6 - 0 . 0 0 3 2 0 5 w
2 . 9 4 9 2 . 9 4 8 0 . 0 0 1 1 0 8 8

2 . 7 8 8 2 . 7 9 6 - 0 . 0 0 8 2 1 2 W
2 . 6 3 2 2 . 6 3 1 0 . 0 0 1 2 0 7 B

2 .6 0 1 VS 2 . 6 0 9 - 0 . 0 0 8 2 2 0

2 . 4 9 4 2 . 5 0 0 - 0 . 0 0 6 2 1 5 wb
2 . 4 4 7 2 . 4 4 5 0 . 0 0 2 2 0 8 w
2 . 3 5 1 2 . 3 5 0 0 . 0 0 1 3 0 4 wb
2 . 2 7 2 2 . 2 7 5 - 0 . 0 0 3 2 0 9 s
2 . 2 5 2 2 . 2 5 5 - 0 . 0 0 3 2 1 7 v s
2 . 2 3 8 v s 2 . 2 2 6 0 . 0 1 2 3 1 1

2 . 1 8 3 2 . 1 8 0 0 . 0 0 3 2 2 1 w
2 . 1 8 3 2 . 1 8 8 - 0 . 0 0 5 2 2 0 w
2 . 1 3 0 2 . 1 3 3 - 0 . 0 0 3 0 0 1 2 w
2 . 1 3 0 2 . 1 3 5 - 0 . 0 0 4 2 1 8 w
2 . 1 0 0 2 . 1 0 2 - 0 . 0 0 2 3 1 0 v s 2 . 1 3 1 - 0 . 0 3 1 2 2 2

2 . 0 7 2 2 . 0 7 1 0 . 0 0 1 2 2 4 s
2 . 0 7 2 2 . 0 7 5 - 0 . 0 0 3 3 1 2 s
2 . 0 1 1 2 . 0 1 2 - 0 . 0 0 1 2 2 5 wb
1 . 9 4 4 1 . 9 4 7 - 0 . 0 0 3 2 2 6 w
1 . 9 4 4 1 . 9 4 5 - 0 . 0 0 1 3 1 5 w
1 . 9 0 7 1 . 9 0 9 - 0 . 0 0 2 2 1 1 0 w
1 .6 4 1 1 .6 4 1 0 . 0 0 0 4 1 2 w
1 . 5 5 6 1 . 5 5 6 0 . 0 0 0 2 0 15 w
1 .5 1 7 1 . 5 1 6 0 . 0 0 1 5 0 0 w 1 . 5 0 7 0 . 0 1 0 4 2 2

1 . 4 7 5 1 . 4 7 7 - 0 . 0 0 2 1 0 17 w
1 . 4 7 5 1 . 4 7 4 0 . 0 0 1 2 0 16 w
1 . 4 7 5 1 . 4 7 5 0 . 0 0 0 5 0 4 w
1 . 4 3 0 w 1 . 4 2 1 0 . 0 0 9 3 3 3
1 . 4 0 2 1 . 4 0 3 - 0 . 0 0 1 2 2 14 8

1 . 4 0 2 1 . 4 0 0 0 . 0 0 2 5 0 7 B

1 . 4 0 2 1 . 4 0 3 - 0 . 0 0 1 3 3 5 s
1 . 3 0 4 1 . 3 0 3 0 . 0 0 1 3 2 13 8 1 . 3 0 5 - 0 . 0 0 1 4 4 0

1 . 3 0 4 1 .3 0 4 0 . 0 0 0 5 0 1 0 s
1 . 2 3 8 1 .2 3 9 - 0 . 0 0 1 3 0 18 w
1 . 2 3 8 1 . 2 3 9 - 0 . 0 0 1 6 0 4 w
1 .2 3 4 1 . 2 3 3 0 . 0 0 1 4 3 3 w

< c >

2 . 6 0 1 v s 2 . 6 0 5 0 . 0 0 3 0 0 3
2 . 2 3 8 v s 2 . 2 4 1 0 . 0 0 3 3 1 0

2 . 1 0 0 v s 2 . 0 9 9 0 . 0 0 2 2 0 3
1 . 4 3 0 w 1 . 4 3 0 0 . 0 0 0 2 0 5
1 .3 0 4 vw 1 . 3 0 3 0 . 0 0 1 3 0 5



107

TABLE 20

S am p le# I He(KOe) 
293* K

4xM(KG) C o m p o s i t i o n  
a t  .X

Sm Fe T i Al

F 6 8 3 - 3 2 18 5 . 7 8 1 2 . 7 1 7 3 . 9 1 7 . 7 0 5 . 7 0

F 6 8 9 - 3 2 1 8 . 5 6 . 2 2 1 2 . 8 5 7 5 . 1 3 7 . 8 5 4 . 1 6

F 6 9 0 - 1 2 2 3 . 0 6 5 . 7 6 1 3 . 1 6 7 3 . 9 2 8 . 2 6 4 . 5 1

F 6 9 0 - 5 2 2 7 . 3 1 6 . 3 2 1 3 . 3 1 7 4 . 3 2 8 . 8 4 3 . 5 3

F 6 8 9 -5 2 2 0 . 6 5 7 . 1 0 1 4 . 0 9 7 4 . 4 2 8 . 5 1 2 . 9 6

F 6 8 0 - 3 2 2 8 . 1 2 6 . 0 5 1 5 . 7 2 7 2 . 8 2 9 . 1 3 2 . 3 1

F 6 8 0 -1 2 2 7 . 3 5 5 . 4 3 1 5 . 8 1 7 0 . 4 9 9 . 1 6 4 . 1 8

F 6 8 0 - 5 2 3 3 . 3 4 7 . 1 2 1 6 . 3 4 7 0 . 6 5 9 . 4 0 3 . 6 1

F 6 7 7 -2 1 3 2 . 1 6 6 . 3 7 1 7 . 4 2 7 0 . 1 7 9 . 4 4 2 . 9 6

F 6 7 8 -3 1 3 1 . 0 0 6 . 0 0 1 7 . 7 9 7 0 . 4 0 9 . 0 5 2 . 7 6

F 6 7 8 - 1 2 3 0 . 2 2 6 . 2 4 1 7 . 9 2 6 9 . 6 8 9 . 2 3 3 . 1 6

F 6 7 8 -1 1 3 0 . 9 0 5 . 2 3 1 8 . 1 1 6 9 . 9 0 9 . 0 4 2 . 9 5
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TABLE 21

S am ple# i He(KOe) 
293°  K

C o m p o s i t i o n  
a t  .X

Sn Fe T i A l

F 6 9 1 -1 2 1 0 . 5 5 1 2 .5 5 7 5 . 6 9 7 . 9 8 3 . 7 7

F 6 9 0 -5 2 2 7 . 3 1 1 3 .3 1 7 4 . 3 2 8 . 8 4 3 . 5 3

F 6 9 1 -4 1 >18 1 3 .6 1 7 4 . 2 6 8 . 7 3 3 . 3 9

F 6 8 9 -5 2 2 2 . 4 0 1 4 .0 9 7 4 . 4 2 8 . 5 1 2 . 9 6

F 6 9 2 -7 1 >18 1 5 .1 7 7 2 . 7 0 9 . 0 2 3 . 1 1

F 6 7 7 -3 1 >18 1 6 .2 7 7 0 . 7 7 1 0 . 0 3 2 . 9 3

F 6 8 0 -5 2 3 3 . 3 4 1 6 .3 4 7 0 . 6 5 9 . 4 0 3 . 6 1

F 6 7 7 -2 1 3 2 . 1 6 1 7 .4 2 7 0 . 1 7 9 . 4 3 2 . 9 6

F 6 7 8 -4 2 >18 1 7 .6 1 6 9 . 5 9 9 . 5 6 3 . 2 3

F 6 7 8 -1 2 3 0 . 2 2 1 7 .9 2 6 9 . 6 8 9 . 2 3 3 . 1 6

F 6 7 8 -1 1 3 1 . 0 0 1 8 .1 1 6 9 . 9 0 9 . 0 4 2 . 9 5
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TABLE 22

Sam ple# i He(KOe)  
293°  K

C o m p o s i t i o n  
a t  .X

Sm Fe T i A1

F 6 8 0 -3 2 3 0 . 0 0 1 5 .7 2 7 2 . 8 2 9 . 1 4 2 . 3 1

F 6 7 7 -2 2 >18 1 6 .1 6 7 2 . 1 6 9 . 3 4 2 . 4 3

F 6 7 7 -1 2 >18 1 5 . 6 4 7 2 . 7 2 8 . 8 6 2 . 7 7

F677-21 3 2 . 1 6 1 7 . 4 2 7 0 . 1 7 9 . 4 4 2 . 9 6

F 6 7 8 -1 2 3 3 . 0 0 1 7 .9 2 6 9 . 6 8 9 . 2 3 3 . 1 6

F 6 8 0 -5 2 3 3 . 3 4 1 6 .3 4 7 0 . 6 5 9 . 4 1 3 . 6 1

F677-11 >18 1 7 .4 5 6 9 . 4 2 9 . 3 4 3 . 7 3

F 6 8 0 -1 2 2 7 . 2 5 1 5 .8 1 7 0 . 4 9 9 . 1 6 4 . 1 8

F 6 9 8 -1 1 1 8 . 5 0 1 6 .0 2 6 9 . 8 4 9 . 2 9 5 . 1 5

F698-31 1 6 . 5 0 1 4 . 0 0 7 0 . 6 3 8 . 9 1 6 . 4 3
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TABLE 23

Sam ple# S u b . C r y . Temp(*C) C o m p o s i t i o n  
a t . X

Sm Fe T i Al

F682 25 2 4 . 8 1 6 4 . 0 3 7 . 0 9 4 . 0 6

F707 410 2 2 . 5 7 6 7 . 6 8 7 . 1 8 2 . 5 5

F 6 8 8 450 2 1 . 2 6 6 7 . 1 7 6 . 0 5 5 . 5 2

F680 490 1 6 . 3 4 7 0 . 6 5 9 . 4 0 3 . 6 1

F684 510 1 2 . 0 6 7 4 . 7 9 7 . 9 8 5 . 1 6

F685 530 9 . 0 6 7 7 . 8 0 7 . 4 5 5 . 6 4

F 6 8 6 560 3 . 5 3 8 4 . 5 9 8 . 4 0 3 . 8 2
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TABLE 24

Sam ple# I Hc (KOe) 
293* K

C o m p o s i t i o n  
a t  .X

Sm Fe T i V T i / F e

F6 9 5 -3 1 6 . 0 9 . 3 0 7 5 . 7 9 1 1 . 0 6 3 . 8 6 0 . 1 4 6

F 6 9 4 -1 2 9 . 0 8 . 5 7 7 4 . 6 9 1 2 . 2 6 4 . 4 8 0 . 1 5 9

F 6 9 5 -1 2 1 2 . 5 1 2 . 7 5 7 3 . 8 4 9 . 9 3 3 . 4 8 0 . 1 3 4

F6 9 4 -5 1 >18 1 2 .2 8 7 3 . 0 5 1 0 . 1 6 3 . 7 1 0 . 1 3 9

F695-11 >18 1 5 .1 1 7 0 . 3 9 1 0 . 7 9 3 . 7 0 0 . 1 5 3
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TABLE 25

Sam ple# iHc (KOe) 
293* K

C o m p o s i t i o n
a t . %

Sm Fe T i Z r T i / F e

F 7 1 0 -1 1 2 . 5 0 1 3 . 2 8 7 6 . 6 3 7 . 8 3 2 . 2 2 0 . 1 0 2

F 7 1 0 -61 6 . 5 0 1 4 .7 7 7 5 . 4 1 7 . 3 9 2 . 4 4 0 . 0 9 8

F 7 1 2 -1 1 1 2 . 0 0 1 3 .6 6 7 4 . 8 4 8 . 7 0 2 . 7 9 0 . 1 1 6

F 7 1 2 -5 1 1 6 .0 0 1 4 .4 6 7 4 . 4 6 8 . 3 5 2 . 7 2 0 . 1 1 2

F 7 1 4 -6 2 1 8 . 0 0 1 4 . 2 2 7 4 . 5 7 8 . 7 1 2 . 5 0 0 . 1 1 7

F 7 1 3 -5 2 >18 1 6 . 7 3 7 2 .2 1 8 . 4 2 2 . 6 4 0 . 1 1 7

F 7 1 3 -3 2 >18 1 6 . 4 0 7 1 . 5 2 9 . 4 7 2 . 6 2 0 . 1 3 2

F 7 1 4 -3 2 >18 1 5 . 1 8 7 3 . 1 9 8 . 7 1 2 . 9 2 0 . 1 1 9

F 7 1 0 -3 1 >18 1 7 . 5 5 7 1 . 8 0 8 . 0 7 2 . 5 8 0 . 1 1 2
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TABLE 26

S u b s t r a t e  
T e m e r a t u r e { *C)

F i l m  C o m p o s i t i o n  
a t  .X

T i / F e  a t o m i c  
r a t i o

iH c (KOe)

Sm Fe T i

410 1 1 .6 4 7 5 . 9 6 1 2 . 4 0 0 . 1 6 3 0 . 5

410 1 9 .0 1 6 9 . 8 3 1 1 . 1 5 0 . 1 5 9 1 . 0

440 8 . 0 3 7 9 .2 1 1 2 . 7 6 0 . 1 6 1 4 . 5

470 7 . 4 5 7 9 . 8 0 1 2 . 7 5 0 . 1 5 9 5 . 2

480 8 . 0 2 7 9 . 2 2 1 2 . 7 6 0 . 1 6 1 4 . 0

480 7 . 5 2 8 0 . 2 1 1 2 . 2 8 0 . 1 5 3 5 . 5

480 7 . 2 4 8 0 . 4 4 1 2 . 3 3 0 . 1 5 7 6 . 2

495 7 . 3 6 7 9 . 7 3 1 2 . 9 0 0 . 1 6 2
-

5 . 3
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