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New amorphous magnetic m a t e r i a l s  o f  Fe-B-Be and Fe-B-Au 
1 

C. Sherman Severin 

Under the  superv is ion  o f  C. W .  Chen 
From the  Department o f  Ma te r ia l s  Science and Engineering 

Iowa Sta te  U n i v e r s i t y  

S u b s t i t u t i o n  o f  Be f o r  B i n  the  amorphous b i n a r y  a l l o y  FeS2B18 caused 

an i n i t i a l  increase i n  s a t u r a t i o n  magnet izat ion (MS) t o  a maximum o f  200 

emu/g.at 4.2K, fo l l owed  by a decrease f o r  a l l o y s  w i t h  more than 4 a t .% Be. 

Concurrent ly,  the  c u r i e  temperature ( T ~ )  o f  t he  F ~ ~ ~ B ~  8-xBex a1 l o y  

decreased p rog ress i ve l y  w i t h  Be content .  These changes i n  Ms and TC d i f f e r  

from those observed i n  Fe-B-MI m e t a l l i c  glasses, where M '  i s  another 

metal l o i d  (P, C, S i  o,r Ge). Resul ts  f rom Auger e l e c t r o n  and Mossbauer 

spectroscopies a l so  detected the  reve rsa l  t rend  es tab l i shed  by the  magnet- 

i z a t i o n  measurements. The Auger r e s u l t s  i n d i c a t e d  t h a t  t he re  i s  a charge 

t r a n s f e r  f rom Be i n  t h e  a l l o y s  w i t h  xG4, b u t  no such t r a n s f e r  f o r  x>4. 

57~eMUssbauer  spectra obta ined a t  77K and 300K on t h i s  se r ies  o f  a l l o y s  

i n d i c a t e d  an i n i t i a l  ' increase i n  e f f e c t i v e  hyper f i ne  f i e l d  f o r  xGl, b u t  a 

decrease f o r  x>4. The isomer s h i f t  was -0.032 mrn/sec f o r  xG4, b u t  changed 

t o  -0.050 mm/sec f o r  x>4. The anneal ing behavior  o f  Fe82B18-xBex Was a l so  

s tud ied  by X-rays and Mbssbauer spectroscopy and a two-step c r y s t a l l i z a t i o n  

process was observed. For x>O, 'a s o l i d  s o l u t i o n  o f  a-Fe-Be was formed i n  
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the  f i r s t  stage and then Fe2B was p r e c i p i t a t e d  a t  h ighe r  temperatures. 

Add i t ions  o f  Au t o  Fe-B tended t o  increase the  average Fe moment, GFe, 

r e s u l t i n g  i n  values f o r  iFe a t  2.20 uB i n  Fe82B16.5Aul .5 and 2.46 pB i n  

Feg7BI1Au2. The t e r n a r y  a l l o y s  con ta in ing  Au up t o  1  .0 a t .% d i sp layed  

two c r y s t a l  1  i z a t i o n  stages ( w i t h  products o f  an a-Fe-Au so l  i d  s o l u t i o n  

f o l l o w e d b y  Fe2B) w h i l e  those w i t h  h ighe r  Au content  d isp layed a  t h i r d  

s tage w i t h  an Au-r ich s o l i d  s o l u t i o n  as the  c r y s t a l l i z a t i o n  product .  

Anneal ing o f  Fe8,B1,Au2 r e s u l t e d  i n  lower M, values, u n l i k e  the  anneal ing 

e f fec t  u s u a l l y  observed i n  Fe-base m e t a l l i c  glasses. 

Radia l  d i s t r i b u t i o n  f u n c t i o n  (RDF) analyses were conducted on 

Feg7B13, Fe82B12C6, Fe B S i  Fe B Be and Feg2B13Be5. When compared 
. . 

8 2 1 2  6'  82 14 4' 

t o  Feg7B1 3 ,  t he  r e s u l t s  f o r  t he  a1 l o y s  con ta in ing  C and S i  ' i n d i c a t e d  a  

reduc t i on  i n  t he  i n t e n s i t y  on t h e  lower r - s i d e  o f  t h e  f i r s t  peak i n  t he  

RDF. The r e s u l t s  were exp la ined i n  terms o f  an increase i n  t he  spin-wave 

s t i f f n e s s  constant .  An impor tan t  r e s u l t  o f  t h e  RDF analyses ' i s  t h e  de ter -  

mi n a t i o n  o f  the  Fe-Fe i ntera tomic  d i s tance  (rFemFe ) a.t 2.514 and 2.474 f o r  

Fe B Be and FegZBl3Be5, r e s p e c t i v e l y .  Th is  decrease i n  rFe-Fe 82 14 4  co r re -  

sponds t o  a  change i n  t h e  number o f  neares t  neighbors f rom 10.5 t o  9.1. 

The RDF r e s u l t s  f o r  these two a l l o y s  c o n t a i n i n g  Be were c o r r e l a t e d  w i t h  

the  changes observed in '  TC and the  average Fe moment. 
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I .  INTRODUCTION 
. . 

Amorphous materials are noncrystalline material in which long-range 

crystalline atomic arrangements are absent. The amorphous s ta te  in most 

materials i s  actually a nonequilibrium configuration resulting from a 

destabilization of the crystalline s ta te  and therefore, the amorphous 

s ta te  i s  less stable than the crystalline phase. Although there i s  no 

long-range order in the amorphous materials, there are characteristic 

short-range atomic arrangements w i t h  preferential bonding. These 

arrangements are manifested as broad maxima in the X-ray di'ffraction 

pattern in which the one or more broad peaks emerge as a result  of the 

distribution of the nearest neighbor atoms which varies with interatomic 

distances and the atomic size. (This i s  the basis which ,enables one to 

obtain .structural information in a radial d i s t r i  button function analysis. ) 

  he transformation of an amorphous solid to the crystalline s ta te  i s  

usually a two-step process. The material f i r s t  transforms to a reversible 

glassy s ta te  which resembles a frozen 1 iqui'd. A t  :the amorp.hous-to- 

glassy transition temperature a large change i n  the specific heat and in 

the coefficient of thermal expansion i s  usual ly observed. A further 

increase in temperature produces the crystalline s ta te  irreversibly. 
- .  

The amorphous materials have been attracting a great deal of 

attention in the l a s t  decade because 'of their  novelty and application 

.potential. .In this  work, we have concentrated on metallic glasses which 

are amorphous alloys containing metals and glass-forming elements l ike 

B ,  C ,  Si , Ge, and P ,  the so-called metalloids. The Fe-base metallic 

glasses are of special interest because they are considered as candidates 



for  the replacement of the c rys ta l l ine  Fe-Si sheets used i n  power 

transformers. The metall ic glasses a re  more duct i le  and can be prepared 

in the form of 2-5 cm wide ribbons sui table  fo r  winding into a  transformer 

core. A1 so, the rapid quenching technique' normal ly used to. produce 

amorphous materials has been used to  produce crys ta l l ine  6.5% Si-Fe which 

i s  more duct i le  than ' t ha t  produced by the conventional casting and ro l l  ing 

method. The higher e lec t r ica l  r e s i s t i v i t y  of the metall ic glasses resul ts  

i n  1  ower eddy-current 1  osses . 
The one s tep fabrication (d i r ec t  casting) of the metall ic glass 

ribbons makes them very a t t r ac t ive  from an economic standpoint. .  This 

e l  imi nates the forging , ro l l  i  ng , anneal i ng , and drawi ng steps which 

usually follow the casting of a  c rys ta l l ine  ingot in the usual method of 

producing transformer material. 

Unfortunately, the Fe-base metall ic glasses have lower saturation 

induction when compared to  those of c rys ta l l ine  Fe-Si a l loys.  There i s  

a lso a  corresponding decrease in the average Fe magnetic moment in the 

Fe-base metall ic glasses and t h i s  has been a t t r ibuted  to  a t ransfer  of 

electrons from the metalloid atoms to  the s p l i t  d-band of Fe. Therefore, 

there a re  two approaches that  could be taken to  investigate the problem of 

low saturation induction. F i r s t ,  the charge t ransfer  model could be 

examined, and i f  i t  i s  valid,  lower valence glass-forming elements could 

be alloyed w i t h  ~ e ' .  Secondly, the i n i t i a l  moment of Fe could be su f f i -  

c ien t ly  h i q h .  tha t  the deleterious e f f ec t  of the ql ass-formi ng nonmagrieti c  

elements on the saturation induction will  not be s igni f icant  enough to  

preclude the use of such alloys in the e l ec t r i ca l  devices. In t h i s  study, 

we followed the f i r s t  approach by pa r t i a l ly  replacing B i n  Fe-B by Be and 



by Au; the  second approach was fo l l owed  a l s o  by the  use o f  Au which i s  

known t o  cause an increase i n  t h e  average Fe moment. Another aspect o f  

t h i s  work, ou ts ide  o f  t h e  at tempt t o  a t t a i n  h igher  s a t u r a t i o n  i nduc t ions  

f o r  a p p l i c a t i o n s  i n  e l e c t r i c a l  devices, was t o  f u r n i s h  i n fo rmat ion  on the  

basic understanding o f  t h e  magnetic i n t e r a c t i o n s ,  t he  ' s t a b i  1  i ty of t he  

amorphous s t a t e  and ' the  atomic arrangements i n  several  impor tant  Fe-base 

m e t a l l i c  glasses. The r e p o r t  which fo l lows i s  d i v i d e d  i n t o  th ree p a r t s :  

( I )  t h e  work on Fe-B-Be a l l o y s ,  (11) the  magnetic and anneal ing behavior 

o f  Fe-B-Au a1 l o y s  , and ( I 1  I )  the  s t r u c t u r a l  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  

analyses on Fe-B-Be, Fe-B-Si , and ~ e - B - c  metal 1  i c  glasses. More speci f i c  

i n t r o d u c t o r y  remarks on each o f  these th ree  t o p i c s  a re  g iven below. 

The low coerc ive  f o r c e  and low eddy-current losses observed i n  Fe- 

base metal l i c  glasses have aroused. considerable i n t e r e s t  i n  these 

mate r ia l s .    ow ever, one o f  t h e  impeding f a c t o r s  . i n  t h e  p o t e n t i a l  use o f  

the Fe-metal lo id (B, P,' C, S i  and Ge) amorphous a l l o y s  t o  rep lace 'crys- 

t a l l i n e  Fe-Si a l l o y s  i n  power t ransformers i s  t h e i r  lower . sa tu ra t i on  

induct ions .  Th is  d e f i c i e n c y  has i t s  o r i g i , n  i n  the  decrease o f  the  Fe 

moment because o f  t he  presence o f  t h e  me ta l l o ids .  For example, i n  the 

t y p i c a l  a l l o y  Fe,OO-x(M, MI),,, where M and M I  a re  two meta l l o ids ,  bo th  B 

and P cause a  reduc t ion  i n  the  Fe moment, w i t h  P be ing more adverse than 

. B  (1 ) .  A s i m i l a r  e f f e c t  had been observed i n  the  c r y s t a l l i n e  t r a n s i t i o n -  

metal monoborides, and Lundquist e t  a l .  ( 2 )  have proposed a  charge t rans-  

f e r  model based on a  r i g i d  band concept t o  e x p l a i n  the  reduc t ion  o f  the  

Fe moment. W i th in  t h i s  model, t h e  reduced TM (Fe, Co, Ni  moment i s  



a t t r i b u t e d  t o  the  f i l l i n g - i n  o f  t he  vacant s t a t e s  i n  t h e  d band o f  the  

TM by e lec t rons  t r a n s f e r r e d  f r o m ' t h e  p s ta tes  o f  the  me ta l l o ids .  When 

t h i s  model i s  app l i ed  t o  the  TMBOBZ0 m e t a l l i c  glasses, the  e f f e c t i v e  

charge t r a n s f e r  (q )  pe r  B atom i s '  2.3, 1.6, and 1.4 f o r  the a1 loys  o f  

Fe, Co, and N i  , respec t i ve l y .  For TM80P20, the  deduced q values a re  

2.8, 2.7, and 2.4 ( 3 ) .  There i s  a q u a l i t a t i v e  consistency i n  these 

values i n  going fr0m.B (valency o f  3) t o  P (valency o f  5 ) .  

I n  t h e  te rna ry  systems, FelOO-yMy-xM'x, where M = B i s  p a r t i a l l y  

replaced by M'  = C, .Si , Ge o r  P, bo th  C (valency o f  4 )  and P were shown 

t o  cause decreases i n  the  Fe moment, w i t h  P again being more e f f e c t i v e  

( 4 ) .  Although S i  and Ge belong t o  t h e  same column i n '  t h e  Per iod i c  Table 

as C, they tend t o  increase the  Fe moment, w i t h  Ge be ing more i n f l u e n t i a l  

than S i  ( 5 ) .  The charge t r a n s f e r  model 'thus l acks  a q u a n t i t a t i v e ,  bas i s  

i n  the  sense t h a t  t h e  q . v a l u e  has been shown t o  vary w i t h  the  species o f  

t he  m e t a l l o i d  as w e l l  as w i t h  the  species o f  TFI. F?oreover, t he  model i s  

incapable o f  p r e d i c t i n g  the  q value t o  any degree o f  r e l i a b i l i t y .  

We have i n i t i a t e d  a study t o  f u r t h e r  t e s t  t he  charge t r a n s f e r  model 

.and t o  see whether o r  n o t  the  model i s  a p p l i c a b l e  t o  the  a l l o y  system i n  

which the  g lass- fo rming m e t a l l o i d  i s  s u b s t i t u t e d  by a metal,  n o t  another 

metal lo id. .  S p e c i f i c a l l y ,  we chose Feg2BlB as the  s t a r t i n g  m a t e r i a l  f rom 

which a s e r i e s  o f  t e rna ry  a l l o y s  were de r i ved  o f  t he  composit ions 

Fe8ZR18-,xRex, where x = 2. 4. 5, and 6, B e r y l l i u m  was se lec ted a's t h e  

.second glass former t o  p a r t i a l l y  s u b s t i t u t e  f o r  B because i t  i s  a t y p i c a l  

metal w i t h  a we l l -de f i ned  valency o f  two. 

The amorphous t e r n a r y  system FegZB18-xBex d i sp layed  some i n t e r e s t i n g  

magnetic p roper t i es .  The MS a t  4.2K and t h e  deduced value f o r  bFe f i r s t  



showed an increase w i t h  x up t o  four,  followed by'a steady decrease, 

implying a .  peak between 4 and 5 a t . %  Be. The reversal of the Ms and .iFe 

values was unexpected and d i f f i c u l t  t o  understand because a l l  of the 

alloys were single-phase solid solutions.  The reversal seemed to imply a 

dras t ic  change i n  the electronic  s t ructure of the system between x=4 and 

5. We, therefore,  resorted to  using Auger electron spectroscopy as  a new 

probe of the electronic  s t ructure 'of the amorphous Fe-B-Be a1 loys and to  

confirm t h i s  puzzling magnetic behavior. 

I t  has been known (6 )  fo r  some time tha t  there are  two basic types 

of Auger t ransi t ions depending on the in te rac t ion  strength of the f ina l  

two holes created by the Auger relaxation of the i n i t i a l  core hole. If  the 

hole-hole interact ion i s  strong, the Auger spectrum fo r  a given Auger 

t ransi t ion i s  derived from L-S type s t a t e s  formed'by the two interact ing 

holes. As a resu l t ,  the local e lectronic  environment of the atom i s  not 

reflected i n  the Auger lineshape. These quasiatomic t ransi t ions occur 

whenever the X Y  holes a re  highly localized such as co.re lev.el holes of the 

type KLL for  ~ 1 0 .  I f  .the hole-hole interact ion i s  weak, then the Auger 

lineshape of the XVV t rans i t ion  represents ,the s e l f  fold of the valence 

band density of s t a t e s  .of the essent ial  ly independent f ina l  ho'les. 'C'he 

w i d t h  of the Auger spectrum i s  approximately twice tha t  of the occupied 

valence band, while the intensi ty  is  modulated by matrix-element e f f ec t s  

across the band. These band-like spectra a re  sensi t ive probes of the local 

density of s t a t e s  (.LDOS), and large lineshape changes a re  observed when 

such an element i s  placed into a d i f fe rent  chemical environment. The 

delocalization e s s e n t i a l t o  a weak hole-hole interact ion i s  comnonly found 

fo r  sp type elements such as'aluminum or  magnesium rather  than for  



t ransi t ion metals. 

The metal loids ( B ,  P ,  S i )  which serve as  glass formers a r e  precisely 

those that  form sp valence bands i n  t h e i r  elemental sol ids .  Therefore, 

they, and a lso  Be, should exhibi t  band-like Auger spectra.  When the 

i n i t i a l  core hole is  created in a glass-forming atom, the X V V  Auger 
' spectrum should be a sensi t ive probe of the LDOS of these e.lements in 

metall ic glasses. In par t icular ,  the e f f ec t  of charge t ransfer  from 

atoms of the glass-forming elements on the magnetic and electronic  

properties of the alloys can be d i rec t ly  studied as a functjon of com- 

position and temperature. 

Since metall ic glasses a re  i n  a metastable s t a t e ,  i r revers ib le  

transformation into the s tab le  c rys ta l l ine  s t a t e  should occur upon 

heating above the crystal  1 ization temperature. The crystal  1 i zation proc- 

esses are  dependent on both temperature and time. The study of crys- 

t a l l i za t ion  behavior of metall ic glasses not only provides information 

on thermal s t a b i l i t y  of the glasses b u t  a l so  gives some insight  into the 

nature of metal 1 i c  glasses. ~ossbauer  spectroscopy has been successfully 

used t o  study crys ta l l iza t ion  processes and the i r  products (17, 8) .  From 

those s tudies ,  interest ing r e su l t s  about the s t ructure and thermal 

stabi 1 i ty of amorphous materials have been obtained. Therefore, ~ossbauer  

spectroscopy was one of the experimental methods we used to  supplement our 

magnetic characterization study and to  furnish information on the crys- 

ta l  1 ization behavior of the Fe-B-Be a1 loys. 



B .  Fe-B-Au 

We also considered the e f f ec t  of using a noble, monovalent metal, 

namely A u ,  t o  pa r t i a l ly  replace B ,  s imilar  to  our use of Be i n  the Fe-B- 

Be metal 1 i c  glasses. According to  the charge t ransfer  model (3 ,  4) ,  Au 

with i t s  lower number of valence electrons (1 versus 3 f o r  B) -and i t s  

larger  atomic radius (1.79A versus 1.17h fo r  8 )  should cause the average 

Fe moment to  increase over tha t  of the Fe-B al loy.  In addition, Felsch 

(91 has shown tha t  in the binary amorphous Fe-Au films, the moment of the 

Fe increases with increasing Au content, reaching a maximum of 2 . 9  pB-- 

a value previously observed from neutron data on Fe-Co (10).  In crys- 

t a l l i n e  Fe the fcc.  s t ructure with a re la t ive ly  large volume per uni t  ce l l  

i s  thought to  have a moment of 2.8 uB (11, 12) ,  which may be related 

to  the large l a t t i c e  spacing of 3.64A. In the Fe-Au films, the larger  Au 
. . 

atoms leads t o  a larger  l a t t i c e  spacing, giving ri,se to  a higher moment 

on the Fe atoms (13).  . . 

However, a l l  the Fe-Au films of Felsch (9) crys ta l l ized  below 295K 

and an exploitation of the high moment of the.amorphous s t a t e  i s  not 

possible in a useful temperature range. Therefore, another object of our 

study was t o  produce s t ab le  amorphous Fe-B-Au al loys with c rys ta l l iza t ion  

temperatures well above 300K. O u r  f i r s t  attempt here was t o  prepare 

t ru ly  amorphous ribbons of 'Fe-B-AU al loys.  . Should our e f f o r t  succeed, we 

would he able to tes t  the va l id i ty  of the beneficial e f f e c t  of A u  on the 

Fe moment; and a lso  we could evaluate the charge t ransfer  model by 

observing the e f f ec t  of pa r t i a l ly  replacing B by Au in Fe-B,. 



C. S t r u c t u r a l  Study 

I n  c r y s t a l l i n e  ma te r ia l s ,  s u f f i c i e n t ,  i n fo rma t ion  about t h e  s t r u c t u r e  

can be provided from t h e  Bragg peaks obta ined i n  an X-ray d i f f r a c t i o n  

experiment. For amorphous m a t e r i a l s  , t h e  absence o f  d i s t i n c t  s t r u c t u r a l  

p e r i o d i c i t y  r e s u l t s  i n  the  absence o f  Bragg peaks. However, t he  l a c k  of 

p e r i o d i c i t y  does n o t  preclude the  ex is tence o f  c h a r a c t e r i s t i c  atomic 

arrangements w i t h  p r e f e r e n t i a l  bonding. A r a d i a l  d i s t r i b u t i o n  f u n c t i o n  

(RDF) o f  t h e  broad d i f f r a c t i o n  peaks which r e s u l t  f rom sh0r.t range o rde r  

o r  bonding permi ts  s t a t i s t i c a l  c h a r a c t e r i z a t i o n  (averaged over the  sample) 

i n  terms o f  t he  d is tances between .an atom o f  a  p a r t i c u l a r  species and i t s  

nearest  neighbors. The p o s i t i o n s  o f  t h e  maxima i n  the  RDF f u r n i s h  t h e  

i n te ra tomic  d is tance wi:th t h e  h ighes t  p r o b a b i l i t i e s  and the  normalized 

areas under ' these maxima g i v e  an i n d i c a t i o n  o f  t h e  average number of 

nearest  neighbors a t  t h e  var ious mean dis tances.  However, o b t a i n i n g  

r e l i a b l e  i n fo rma t ion  on t h e  coo rd ina t ion  number r e q u i r e s  p rec i se  

knowledge o f  t he  dens i t y  o f  t h e  specimen and. the  removal o f  data reduc t ion  

a r t i f a c t s  caused b y , t h e  te rm ina t ion  o f  t h e  X-ray s c a t t e r i n g  a t  f i n i t e  

values o f  k=4nsine/X where 28 i s  the  s c a t t e r i n g  angle and X i s  the  wave- 

l eng th  o f  t h e  i n c i d e n t  r a d i a t i o n .  I n  some mate r ia l s ,  t he re  i s  s t i l l  some 

s t r u c t u r e  s e n s i t i v e  i n fo rma t ion  a t  t h e  t runcated value o f  k .  There i s  

g reat  s c i e n t i f i c  ' i n t e r e s t  i n  the  s t r u c t u r a l  i n f o r m a t i o n  on m t a l l  i c  

glasses hecause o f  t h e  pronounced v a r i a t i o n  of c e r t a i n  phys i ca l  and mag- 

n e t i c  g r ~ p e r t i e s  w i t h  a  change i n  t h e  type o f  m e t a l l o i d  and a  change i n  
. . 

t he  composit ion o f  t he  al loys..  I n  t h i s  study, we were i n t e r e s t e d  i n  

o b t a i n i n g  s t r u c t u r a l  i n fo rma t ion  on Feg2B12C6, Feg2B12Si6, Feg2B14Be4 and 

Feg2B13Beg. The te rna ry  a l l o y s  w i t h  C o r  S i  were chosen because they have 



been considered prime candidates f o r  rep lac ing  c r y s t a l l i n e  Fe-Si sheets 

now used i n  power transformers, and a bas ic  understanding o f  t h e i r  prop- 

e r t i e s  i s  needed. Obtain ing s t r u c t u r a l  i n fo rma t ion  on the  Be a l l o y s  i s  

a na tu ra l  extension o f  our  magnetic s tud ies  o f  the  FegZB18-xBex m e t a l l i c  

glasses f rom which, together  w i t h  Auger e l e c t r o n  spectroscopy, we detected 

a d i s c r e t e  change i n  t h e  charge t r a n s f e r  behavior  when the  Be content  i s  

increased f rom 4 t o  5 at.%. FeS7Bl3 was inc luded i n  the  l a t t e r  s tudy . 
as a standard s ince RDF, data a re  a v a i l a b l e  on t h i s  a l l o y  (14)  and o t h e r  

Fe-B a l l o y s  near t h a t  composit ion (15, 16) .  



11. EXPERIMENTAL PROCEDURE 

Because Be has t h e  tendency t o  o x i d a t i o n  a t  h i g h  temperatures and 

a l s o  i t s  t o x i c i t y  requ i res  spec ia l  hand1 i n g  f a c i  1  i t i e s ,  t he  f i v e  a1 l o y s  

were prepared' i n  t h e  f o l l o w i n g  manner. F i r s t ,  a  b i n a r y  a l l o y  was pre-  

pared by mel ' t ing ' fe  and By both  o f  -99.9% p u r i t y ,  i n s i d e  an alumina 

c r u c i b l e  under h igh-pur i  ty he1 i um atmosphere. The r e s u l  t i n g  a1 l o y  

having a  me1 t i n g  p o i n t  around 1300°C was then remel ted under s i m i l a r  

cond i t i ons  w i t h  Be o f  var ious amounts t o  meet the  nominal composit ions. 

Each a l l o y  was h e l d  a t  l l O O ° C  f o r  18 hours t o  a t t a i n . c o m p o s i t i o n  

homogeneity, and weight  l oss  was checked a t  each s tep t o  assure t h a t  t he  
. . 

composit ion was maintained. Amorphous r ibbons were prepared by quenching 

the  m e l t  onto a  23 cm copper wheel r o t a t i n g  a t  3700 rpm. Ribbons thus 

produced were 1-2 mm wide, d . 0 2  mm t h i c k ,  and o f  va ry ing  lengths  up t o  

30 meters. B r i t t l e  r ibbons were re jec ted ,  and t o  f u r t h e r  a s c e r t a i n  t h e  

n o n c r y s t a l l i n i t y  o f  t h e  d u c t i l e  r ibbons we r e l i e d  on the  X-ray exami- 

na t ion , .us ing  e i t h e r  a  d i f f r a c t o m e t e r  o r  a  powder camera. Magnet izat ions 

o f  the  r ibbons were measured i n  a  v ibrat ing-sample magnetometer under a  

magnetic f i e l d  o f  up t o  20. kOe i n  the  temperature ranqe 4.2-1000K. The 

anneal ing behavior  o f  t h e  amorphous r ibbons was s tud ied  by mon i to r i ng  the  

magnet izat ion (M)  under a  constant  f i e l d  o f  50 Oe w h i l e  the  temperature 

was r i s i n g  a t  a  r a t e  o f  about 2" pe r  minute. Comparison o f  previous (17)  

and our  r e s u l t s  i n d i c a t e d  t h a t  t h e  l o w - f i e l d  responses were more' s e n s i t i v e  

t o  t h e  onset o f  magnetic and c r y s t a l l i z a t i o n  t r a n s i t i o n s  than s a t u r a t i n g  

f i e l d s  above 7.5 kOe. The l o w - f i e l d  M vs. T  spectra a l l o w  t h e  Cur ie  (TC) 

and two c r y s t a l  1  i z a t i o n  (Txl and T X 2 )  temperatures t o  be determined. TC 



i s  obta ined by e x t r a p o l a t i n g  t o  M=O the f i r s t  descending p o r t i o n  o f  t he  

M vs. T  curve, w h i l e  Txl and Tx2 are  taken, as the  temperatures where M 

shows a  change i n  s lope i n  the  segment a f t e r  passing TC. 

For the  i d e n t i f i c a t i o n  o f  t h e  c ' r y s t a l l  i n e  phases, r ibbons con ta in ing  

4 and 6  a t .% Be were sealed i n  quar tz  tubes under a r e s i d u a l  pressure o f  

6 x 1 0 - ~  t o r r  and annealed f o r  two hours s l i g h t l y  above Txl o r  Tx2. The 

annealed r ibbons were examined by the  X-ray powder method. 

Wet chemical analyses on the  r ibbons gave r e s u l t s  on t h e  Be content  

which .are compared w i t h , t h e  nominal values i n  Table 1. Serious d iscrep-  

ancies e x i s t  f o r  t he  f i r s t  two te rna ry  a l l o y s .  The r e p o r t  t ha t ,  Be was 

nondetectable i n  the  Feg2B16Be2 r i bbon  was p a r t i c u l a r l y  d i s t u r b i n g  

because ana lys i s  by Auger e l e c t r o n  spectroscopy (AES) together  w i t h  i o n  

bombardment c l e a r l y  showed the  .presence o f  Be i n  t h e  b u l k  o f  the  r ibbons.  

I n  the  AES experiments, random sect ions  o f  each a l l o y  i n  r i bbon  form 

about 1 cm long  and 0.1-0.2 cm. wide, were mounted i n  t h e  Auger spectrom- 

e t e r  which cons is ted o f  a  Physical  E lec t ron ics  Model 10-1 55 c y l i n d r i c a l  

m i r r o r  analyzer  w i t h  a  coax ia l  5 keV e l e c t r o n  gun. The analyzer  has an 

energy r e s o l u t i o n  o f  0.6%. The e l e c t r o n  beam had 3 keV energy, a beam 

c u r r e n t  o f  2.0 PA and a  spot  s i z e  o f  approximately 100 microns. I n t e n s i v e  

2  ~ r +  i o n  bombardment a t  3 keV w i t h  a c u r r e n t  dens i t y  near 100 yA/cm was 

requ i red  t o  prevent  reabsorp t ion  o f  carbon- and oxygen-beari'ng gases onto 

t h e  sample surface; otherwise carbon and oxygen s t r o n g l y  a f f e c t  t he  Auger 

l ineshape o f  t h e  B and Be atoms. The Auger spectra repor ted  here were 

taken o n l y  a f t e r  t he  O(510 eV) and C(272 eV1 peaks had disappeared i n t o  

the  noise l e v e l .  From t h e i r  r e l a t i v e  s e n s i t i v i t y  f a c t o r s  (,18),,. t h e  sur-  

face concent ra t ion  of e i t h e r  element was'est imated t o  be l e s s  than 0.1 



Table 1. Magnet i za t ion  ( M S )  at. 18 kOe and 4.2K, Fe moment ( i F e ) ,  Cu r i e  ( T ~ )  and two 

c r ; y s t a l l i z a t i o n  temperatures o f  Fe82B18-xBex a l l o y s  

A1 l o y  
% Be by we igh t  , - 

nomi na 1 analyzedd emu& p ~ e '  'B 

0.38 n o t  
de tec ted  

n o t  
observed 

FeiaBl 3Be5 0.95 0.77 194+1 - 2.04+.01 - n o t  a v a i l a b l e  

~- 

a ~ u b j e c t  t o  - +lo% u n c e r t a i n t y .  



at.%, which was i n s u f f i c i e n t  t o  a f f e c t  t h e  KVV spectra o f  B o r  Be. 

For the  ~ o s s b a u e r  experiments, t he  glassy., as-quenched r ibbons 2 mm 

wide, 15 mm .long and approximately 0.02 mm t h i c k ,  were p laced p a r a l l e l  t o  

each o the r  and at tached: to a p l a s t i c  subst ra te  by "acuum grease and used 

as absorbers. I n  the  anneal ing experiments, r ibbons were sealed i n t o  a 

quar tz  tube and a f t e r  evacuat ing down t o  2 x l 0 - ~  t o r r  were p laced i n  a pre-  

heated furnace a t  anneal ing temperatures i n d i c a t e d  below f o r  2-3 hours. 

For low temperature measurements the  r ibbons. were he1 d i n  p lace on a 

b e r y l l i u m  d i s k  by vacuum grease and clamped onto a copper rod  which was 

Connected t o  the  l i q u i d  n i t rogen  r e s e r v o i r  i n  a s t a i n l e s s  s t e e l  c r y o s t a t  

w i t h  a b e r y l  1 i um window. 

The ~ o s s b a u e r  spectra were obta ined w i t h  a Ranger ~ l e c t r o n i c s  

spectrometer coupled w i t h  a TMC 1024 channel analyzer  operated i n  bo th  

constant  acce le ra t i on  and Region o f  I n t e r e s t  (ROI) modes. An Armco i r o n  

f o i l  was used i n  v e l o c i t y  c a l i b r a t i o n .  A t y p i c a l  i r o n  spectrum has an 

i n n e r  l i n e  w i d t h  o f  0.25 mnlsec and an isomer s h i f t  o f  -0.214 mmlsec 

r e l a t i v e  t o  the  source a t  room temperature. The source i s  11.5 m C i  5 7 ~ ~  

i n  copper m a t r i x  w i t h  a l i n e  w i d t h  o f  0.107 mm/sec. A l l  t he  spectra taken 

3 throughout the  experiments contained appro.ximately ( 1  50-450)xlO counts 

per  channel i n  each 1024-channel spectrum. 

Ingots  o f  t h e  Fe-B-Au a l l o y s  were prepared by i n d u c t i o n  m e l t i n g  o f  

t h e  cons t i t uen ts  under argon atmosphere i n  a quar tz  c r u c i b l e .  The a l l o y s  

were quenched onto t h e  sur face o f  a copper wheel moving w i t h  a l i ' nea r  

speed o f  55 mlsec. ~i bbons o f  0.02 rn t h i c k  and about 1 mrn wide were 

obtained. The a d d i t i o n  of Au t o  Fe-B made t h e  te rna ry  a l l o y s  very  

d i f f i c u l t  t o  be quenched i n t o  amorphous r ibbons.  Although cont inuous 



r ibbons could be obta ined by us ing  a low sur face speed ( l e s s  than 30 

mlsec), the  . r e s u l t i n g  r ibbons were n o t  amorphous. L inear  speeds of 

around 55 mlsec caused the  r ibbons t o  be very t h i n  and thus prov ided 

the  h i g h  quenching r a t e  needed t o  o.btain amorphous r ibbons.  - As t h e  Au 

content  was increased, the  wheel speed had t o  be increased and h igher  

me1 t temperatures were needed. The r e s u l t i n g  lower v i  sc0s.i t y  o f  t h e  me1 t 

made i t  eas ie r  f o r  t he  me l t  t o  f l o w  on the  wheel sur face and p rov ide  con- 

t inuous r ibbons.  When the  Au content  was increased t o  o v e r . 2  at.%, no 

completely amorphous r ibbons were obtained. 

The chemical compositions o f . t h e  r ibbons were determined by wet 

chemistry  and by e l e c t r o n  microprobe methods and the  r e s u l t s  a r e  l i s t e d  i n  

Table 2.  The microprobe ana lys i s  i n d i c a t e s  a composit ion c lose  t o  the  

nominal i n  a l l  cases, b u t  t he  wet chemical ana lys i s  i n d i c a t e  lower Au 

c o n t e n t  than t h e  nominal i n  t h e  one a l l o y  designated as Feg2B17Aul.0. The 

magnet izat ion o f  t h e  as-quenched r ibbons was measured a t  4.2K i n  a v i -  

b r a t i  rig sample magnetometer (VSM) . Thermomaqnetic scans ( M  vs. T). o f  these 

a l l o y s  were .taken i n  t h e  VSM i n  t h e  temperature range o f  295 t o  l O l O K  w i t h  

a hea t ing  r a t e  o f  10K/min below 6 0 0 ~  and 2K/min beyond t h a t  temperature. 

S i m i l a r  thermomagnetic scans were taken o f  another a l l o y  o f  analyzed 

composition, Fe87B11Aup Ribbons o f  t h a t  a l l o y  were a l s o  sealed i n  

quar t z  cbpsules w i t h  a res idua l  pressure o f  2 x l 0 - ~  t o r r .  The r ibbons were 

annealed a t  568K, 678K, 708K, 758K, 793K, and 884K f o r  25 minutes by 

i n t r o d u c i n g  each capsule i n t o  a copper b lock  mainta ined a t  t he  anneal ing 

temperature. The temperature repor ted  above a re  t h e  average temperatures 

f o r  t he  l a s t  15.minutes o f  anneal ing, du r ing  which t ime l e s s  than 1K 

v a r i a t i o n  was observed. The thermocouple . . was a l s o  attached, t o  the  copper 



Table 2. Comparison o f  nominal and analyzed composi t ions o f  Fe-B-Au a l l o y s  

Analyzed Au we igh t  % 
9 

Nominal Au we igh t  % wet chemical a n a l y s i s a  microprobe a n a l y s i  sa 

a ~ h e  r e s u l t s  a r e  s u b j e c t  t o  YO% u n c e r t a i n t y .  
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block. The block and the capsule were removed from the furnace and a i r -  

cooled. The magnetization o f . these  annealed ribbons was also measured 

a t  4.2K in the VSM. The crys ta l l ine  phases of the ribbons were determined 

by X-ray diffract ion by the Debye-Scherrer method and with a diffractometer 

using a step-scan method with 0.04 degree steps with e i the r  a constant 

intensi ty  count of 2000 or a 60 second time constant. 

The Fe-B-Be specimens used in the RDF experiments were sections of 

the same ribbons on which the magnetization measurements were conducted. 

The Feg7BI3, Feg2B12Si6, and Feg2B12C6 were prepared i n  ribbon' form using 

the same equipment. A short  section of each ribbon was mounted on a 

goniometer . w i t h  both the long axis.and the large . ' lateral axis  i n i t i a l l y  

normal to  the incident X-ray beam. The in t ens i t i e s  were measured i n  a 

transmission mode w i t h  a 8-28 scan. The X-ray source was a standard focus 

molybdenum targe t  tube operated a t  60KV and 25rrA. The scattered MoK, 

radiation was selected w i t h  a graphite monochromator using the (.002). 

planes and a 2a value of 12.2". The detection system, consisted of a 

sc in t i  1 l a t ion  counter, 1 inear amp1 i f i e r ,  pulse height analyzer, and a 

scaler-timer.. The data collection system was under computer control.  

Diffracted in tens i t ies  were measured a t  room temperature from 

28.3.0' t o  96' a t  a A28 interval of 0.20' (.from k.0.5 t o  12 .9~" ,  

~=0.7107a).  The in tens i t ies  were obtained i n  the form of time needed fo r  
. , 

a fixed number of counts (2000 for  the specimens, 500 f o r  background, 

i - e . ,  withnut a specimen present) t o  reach the detector ,  This method 

helped t o  keep the s t a t i s t i c s  uniform over the angular range. The time 

varied' from 60 seconds to  over 1200 seconds per data point . Long term 

instrumental' d r i f t  and varying a i r  s c a t t e r  problems fo r  these long 



I count ing  t imes are '  t o  be expected, b u t  these problems may be minimized by 

accumulat ing and averaging data over  several  scans. However, t h e  data 

used i n  t h i s  experiment came f rom one scan and i n  t h e  analyses kmax= 

1 0 . 0 ~ - '  was used i ns tead  o f  kmax=12.9~- '  s i nce  we observed a spur ious 

r i s e  o f  t he  i n t e n s i t y  f rom spme specimens beyond k=10.0~- '  . 



111. DATA REDUCTION METHOD FOR RADIAL DISTRIBUTION FUNCTIONS 

The r a d i a l  d i s t r i b u t i o n  f u n c t i o n  (RDF) i s  c a l c u l a t e d  f rom the 

s t r u c t u r e  s e n s i t i v e  p a r t  o f  t h e  coherent ,  X-ray s c a t t e r i n g  f rom a specimen 

using the  Four ie r  i n t e g r a l  (19) : 

2 RDF = 4nr  p ( r )  = 4nr2po + ( 2 r I n )  1 k  [ S ( k ) - l l s i n ( k r ) d k  (1  

where S(k)  i s  c a l l e d  the  t o t a l  i n t e r f e r e n c e  f u n c t i o n  o r  s t r u c t u r e  f a c t o r ;  

r i s  the  d is tance i n  angstroms f rom any a r b i t r a r y  atom taken as t h e  

o r i g i n ;  p  i s  t h e  average s c a t t e r i n g  dens i t y  o f  the  specimen and i s  
0 

p ropor t i ona l  t o  the  b u l k  dens i t y  and k  = 4 ~ s i n e / ~ ,  as de f ined  p rev ious l y .  

To o b t a i n  t h e . s t r u c t u r e  s e n s i t i v e  i n t e n s i t y  from the  sca t te red  X-ray 

i n t e n s i t y ,  several  o f  the  usual co r rec t i ons  have t o  be made. The data 

are  cor rec ted f o r  background and then f o r  absorp t ion  i n  t h e  t ransmission 
. . 

geometry used. The absorp t ion  c o r r e c t i o n  i s  o f  the  form 

'oo"2e = pt (1-sec2e)/ {  exp [ p t (  1-secZe)] -1 1 (2 )  

where 11 i s  t h e  .absorp t ion  c o e f f i c i e n t  and t i s  the  th ickness o f  t he  sample. 

The. p o l a r i z a t i o n  c o r r e c t i o n  i s  o f  t h c  form 

2  2  2  P = (cos 2a + cos 28) / (1  + cos 2a) (.3 2 

where 2a i s  t h e  monochromator angle (2a=12.Z0 f o r  (002) planes of graph- 

i t e ) - .  No c o r r e c t i o n  was made f o r  'mu1 t i p l e  . sca t te r i ng .  The i n t e n s i t y  data 

now con ta in  bo th  s t r u c t u r e  s e n s i t i v e  and independent coherent s c a t t e r i n g  

and the  incoherent  (dompton) s c a t t e r i n g .  The amount o f  Compton c o r r e c t i o n  

needed i s  a  b i t  e l u s i v e  and cannot -exper imenta l ly  be determined p r e c i s e l y .  
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A multiplier of the Compton correction (called a discrimination function 

varying from 0 to 1 ) i s  determined by assuming that  a t  high values of 28 

there i s  almost no structure sensitive scattering and the observed 

scattering i s  made up  of independent coherent and Compton scattering. 

Hence, the experimental data can be norma.lized t o  the theoretical 

scattering and the data should osci l la te  about the value of 1 and decay 

to 1 .  To enforce this  requirement, the discrimination function of the 

Compton i s  adjusted. However, the greater the degree of atomic order in 

the specimen, the greater kmax must be in order for  the above assumption 

to be valid, and normalization errors can be made when one t r i e s  to 

enforce th is  requirement. Metal 1 i c  glasses tend to have structure sen- 

s i t ive  coherent scattering a t  quite large k values. Therefore, in th is  

work,. normalization was done both a t  high k values and by the integral 

- .008k 2 
R D F  method with a sharpening function of the gaussian form, e , 

which had the effect  of minimizing. any dependent coherent scat ter ing.a t  

high k and making the assumption applicable. 

The experimental coherent scattering i s  adjusted by subtracting the 

independent coherent scattering in the following manner: 

2 2 .  2 Structure factor = S ( k )  = [(,Icoh(k) - <f > + < f >  ] /<f>  

2 2' where <f > = Cc.f <f> = Cc.f. with f = atomic scattering factor 
J j' . J  J j 

1 adjusted for  anomalous scattering ( f  = f; + a f j  + i ~ f  " )  and c = atomic 
j j 

concentration of the j t h  atom. 
2 The expression 4~rr  p ( r ) d r  gives the number of atoms in a spherical 

shell of thickness dr and radius r about any arbitrary origin atom. A 

2 numerical integration of E q .  (1 )  yields 4~rr p ( r )  and the areas under th.e 



peaks i n  the  RDF curve g i ve  the  number o f  atoms r e l a t e d  t o  these peaks. 

I t  should be immediately apparent t h a t  c a r e f u l  and cons is ten t  s c a l i n g  o f  

t he  data t o  the  t h e o r e t i c a l  s c a t t e r i n g  i s  needed t o  o b t a i n  r e l i a b l e  

i n fo rma t ion  on t h e  number o f  atoms. However, r e l i a b l e  i n fo rma t ion  can 

s t i  11 be obta ined about the  peak p o s i t i o n  f rom t h e  reduced RDF . i n t e g r a l  

s ince G ( r )  requ i res  no knowledge o f  po and i s  n o t  as s e n s i t i v e l y  depen- 

dent on t h e  no rma l i za t i on  f a c t o r  as  i n  the  RDF i n  Eq. ( 1 ) .  

The l i m i t s  o f  t h e  i n t e g r a l s  i n  Eq. (1  ) and ( 5 )  a re  k=O and T. .The 

f u n c t i o n  k[S(k)-1]  I F ( k )  i s  l i m i t e d  t o  kmx and hence t h e  i n t e g r a l  has 

t o  be t runcated which in t roduces a  s tep f u n c t i o n .  I n  t h e - F o u r i e r  i n t e g r a l  

theorem, a  s tep func t ion  w i l l  t rans form as o s c i l l a t i o n s  w i t h  per iod,  A r  = 

2n' kma x i n  the  transformed space (r space). Therefore, i t  i s  impor tant  

t h a t  F( k )  be very c lose  t o  zero a t  t he  upper 1  i m i  t o f .  t he  i n t e g r a l  . Since 

there  are  p e r c e p t i b l e  dev ia t i ons  from zero i n  F(.k) a t  t h e  kmax u s u a l l y  

encountered, an a r t i f i c i a l  temperature f a c t o r  (a  damping f a c t o r )  i s  i n t r o -  

duced t o  smooth o u t  these o s c i l l a t i o n s .  The e f f e c t  o f  t he  f a c t o r  i s  t o  

reduce t h e  c o n t r i b u t i o n  o f  F(k)  a t  h i g h  k  values t o  the  f i n a l  i n t e g r a l ,  

thus min imiz ing  the  amp1 i tude o f  r i p p l e s  caused by the  f i n i t e  te rmi  na ti on 

o f  t h e  i n t e g r a l  l i m i t  and the  ampl i tude o f  those caused by any spur ious 

peaks a t  l a r g e  k  w i t h  p e r i o d  o f  A r  = h /kpeak.  The i n t e g r a l  now becomes: 

Bk* 
where B i s  chosen so t h a t  a t  k,,, e- = 0.1. The temperature f a c t o r  



can a lso  cause broadening i n  the  peaks and may obscure small shoulders on 

the peaks, however. 

Another consequence o f  a f i n i t e  l i m i t  o f  the i n t e g r a l  i n  G(r )  i s  the 

e f f e c t i v e  i n t r oduc t i on  o f  a window func t i on  (20), M(k) 

where M(k) = 1 0 C k C kmax 

M(k) = 0 ' km.x 
G(r) i s  e f fec t i v .e l y  convolut ion broadened by the f unc t i on  m(r )  .which i s  

a cosine Four ier  Transform o f  M(r)  

kmax/n [ s i  n(-kmaxr) I 
m(r)  = ' l / ~ r jM (k )  cos (k r )dk  = 

kmaxr 

kmax = 10 .0~- ' ,  the broadening o f  the peak wid th  a t  half-maximum i s  

3.8/kmax = 0.388, which makes separat ion o f  the f i r s t  peak i n  G( r )  i n t o  

two o r  three peaks v e r y ' d i f f i c u l t  i n  b ina ry  m e t a l l i c  glasses when the s i ze  

d i f fe rence  (r1-r2)/r.,l (30%. 

The i n t e g r a l  G(r) i n  the work was evaluated w i t h  kma, = 1 0 . 0 ~ - '  and 

w i t h  a A r  i n t e r v a l  o f  0.05 up t o  rmax = 15. An eva luat ion w i t h ~ r  = 0.02 

d i d  no t  s i g n i f i c a n t l y  improve the r eso lu t i on  o f  the peaks. . The G(r )  

curves contained the expected o s c i l l a t i o n s  a t  rc2W. It i s  expected t h a t  

[dG( r ) /d r l  = -4np0 5 0 

and G(r)  should be a s t r a i g h t  l i n e  f o r  r values less  than the diameter o f  

the smal lest  atom. Therefore, the o s c i l l a t i o n s  are  obviously spurious and 

are a r t i f a c t s  o f  the Four ier  t ransformat ion process r e s u l t i n g  f rom a f i n i t e  

kmax terminat ion o f  F(k). This was confirmed by vary ing B i n  Eq. ( 6 )  

u n t i  1 the osci  11 a t ions  disappeared, o r  by ' a  process o f  removing . those 

o s c i l l a t i o n s  a t  r<28, and Four ier  t ransforming G(r)  t o  ob ta in  F(:k) and 



comparing t h i s  F o h ( k )  t o  the  experimental F ( k ) .  Obta in ing  the  
exp 

p r o f i l e  o f  F ( k )  i s  taken as a good i n d i c a t i o n  of the  s p u r i 0 . u ~  o r i g i n  of 
exp 

the o s c i l l a t i o n s  a t  r d .  Th is  method f i r s t  in t roduced by Kaplow e t  a 1  . 
(21)  has been w ide ly  used. I t  a l s o  has the  b e n e f i t  o f  improving t h e  

erroneous normal i z a t i o n  o f  experimental data. Wagner (20)  recommends 

aga ins t  us ing  t h i s  procedure s ince  i t  removes o n l y  the  o s c i l l a t i o n s  a t  
.I 

smal l  values o f  r. ~ n s t e a d ,  he suggests vary ing  F(k)  i n  a s e l f - c o n s i s t e n t  

manner, through , the d i s c r i m i n a t i o n  f u n c t i o n  o f  t he  Compton s c a t t e r i n g .  

However, t he  main peak p o s i t i o n s  i n  G( r )  a re  unaf fec ted by the  s p e c i f i c  

procedure used because any o s c i l l a t i o n s  a t  h igher  r values a re  w i t h i n  the  

noise l e v e l .  

The number o f  nearest  neighbors was c a l c u l a t e d  f rom t h e  area under 

t h e  f i r s t  maximum (minumum t o  minimum) i n  the  complete RDF curve. This 

curve was c a l c u l a t e d  f rom 

2 2 RDF 1 4 n r  p = r 'G(r1 + 4nr po 

where the  po values used a re  experimental values f rom pub l ished data. 



I V .  RESULTS AND DISCUSSION 

A. Fe-B-Be 

1. Magnetic and thermomagnetic behavior 

As might be expected, the  amorphous r ibbons o f  a l l  f i v e  a l l o y s  

d isp layed l i t t l e  magnetic anisotropy.  Hence the  r ibbons r e a d i l y  a t t a i n e d  

Ms a t  moderate app l i ed  f i e l d s  below 10 kOe. The Ms values obta ined i n  

emu/g a t  18 kOe and 4.2K are  l i s t e d  i n  Table 1 .  A t r e n d  i s  seen i n  . t ha t  t he  

s u b s t i t u t i o n  o f  Be f o r  B l e d  f i r s t  t o  an increase i n  Ms from 190 emu/g 

f o r  Fe82B18 t o  a maximum o f  200emu/g f o r  Fe82B14Be4. then t o  a steady 

decrease when t h e  Be content  exceeded 4 at.%. Using the  analyzed com- 

p o s i t i o n s  t o  c a l c u l a t e  t h e  atomic weight  o f  each a l l o y  and assuming t h a t  

o n l y  t h e  i r o n  atoms c a r r y  moments, t h e  emu/g values a re  converted i n t o  

average Bohr magneton numbers per  i r o n  atom (GFe). The deduced CFe values 

shown i n  Table 1 reveal  t h e  same t r e n d  desp i te  the  composi t ion uncer ta in ty  

i n  the  f i r s t  two t e r n a r y  a l l o y s .  Note t h a t  t he  maximum iFe value o f  2 . 2 ~ ~  

f o r  t he  4 at .% Be a l l o y  i s  about the  same as t h e  atomic moment I n  t h e  

c r y s t a l l i n e  i r o n  (22) and i s  h ighe r  than bFe = 2.OPB ex t rapo la ted  f o r  the  

"amorphous" i r o n  a t  4.2K (23) .  These comparisons s i g n i f y  the  b e n e f i t  of 

t he  i n i t i a l  s u b s t i t u t i o n  o f  Be f o r  6 i n  t he  amorphous Fe-B a l l o y s .  

The measured TC o f  t he  amorphous a l l o y s  a re  l i s t e d  i n  Table 1. , The 

e f f e c t  o f  Be on TC i s  seen t o  be monoton ica l ly  decreasing. The TC drop 

f rom 371°C f o r  Fe82B18 t o  303OC f o r  FeS2B12Be6 amounts t o  a n o n t r i v i a l  

10.6%. Also wor th  n o t i n g  a re  the  d i f f e r e n t  t rends i n  which Ms o r  i,Fe and 

TC vary w i t h  t h e  Be content .  

The changes i n  the  magnetic ,response (M) w i t h  temperature a t  H = 50 



Oe are shown fo r  ,the ribbons containing 2 ,  4,  and 6 a t  .% Be i n  Fi gure 1 . 
The experimental data on TX1 and Tx2 fo r  the alloys a re  l i s t ed  i n  Table 1 .  

Our M vs.   curve for  the binary Fe82B18 (not shown) agrees qual i ta t ively 

w i t h  previous work . ( l 7 )  i n  that  t h i s  alloy displayed only one c r y s t a l l i -  

zation stage. For the ternary al loys,  a t  l e a s t  two crys ta l l iza t ion  stages 

were observed. Also, i t  appears tha t  Be has the e f f ec t  of widening' the 

paramagnetic region between TC and T x l ,  but t h i s  may re su l t  from a 

lowering of TC and not from any appreciable increase in T x l  The X-ray 

resul ts  of the annealing experiments on Feg2B18-xBex indicate tha t  a t  

DTxly the ribbons c rys t a l l i ze  to  produce an a-Fe phase. Annealing the 

ribbons a t  l 2 T  yielded another phase which was ident i f ied as Fe2B. 
Y 2 

Using the reported 1 a t t i  ce parameter (ao) data fo r  crystal  1 i ne Fe-Be 

sol id solutions (241, the values of a.o deduced from the d spacings 1 is ted 

i n  Tab1 e 3 imply the .  presence of Be in the a-Fe phase. 

Two aspects o f t h e  magnetic behavior of the present amorphous alloys 

are considered unusual i n  comparison w i t h  the FelOO-x ( M ,  MI), a l loys.  

F i r s t ,  the e f f ec t  of Be on Ms and iFe i n  the present alloys i s  not 

monotonically increasing o r  decreasing as was the case w i ' t h  M' i n  the 

l a t t e r  a1 loys ( 5 ) .  Certainly, the reversal from an i n i t i a l  increase to  

a decrease in MS and iFe beyond 4 a t  .% Be has not been observed i n  the Fe- 

metalloid al loys.  Second, the change (increase o r  decrease) i n  TC has 

always been parallel  t o  the change i n  cFe i n  the Fe-(M, MI) a l loys ,  b u t  
8 ' 

such parallelism did not appear in the present alloys.  Ins t ead ,  t h e i r  TC 
. . 

values show a monotonic decrease w i t h  the Be content. While the i n i t i a l  

increase in MS and iFe may be ascribed to  the lower charge t ransfer  of Be 

by vir tue of i t s  divalency as against  trivalency of B ,  the subsequent 
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Figure 1. Thermomagnetic data showing the annealing behavior of three 
amorphous FeS2B1 8-xBex a1 1 OYS 



Table 3. Annealing temperatures, d-spacings, c r y s t a l l o g r a p h i c  ind ices ,  h k l ,  and anneal ing 
products o f  Fe-Be-Be a1 1 oys 

693K 758K 793K 

A1 1 oy d h k l  phase d h k l  . . phase d -. h k l  phase 

2.0251 1708 ,- Fe (Be 1- 
2.0267 . 110 a- Fe (Be )- 

Fe82B1 6B2 1.4340 200 a-Fe(Be) 
1.0107 220 a- Fe (Be) 
1.1654 211. a-Fe(Be) 

Fe2B 
a-Fe(Be) 
Fe2B 
a-Fe(Be) 
Fe2B 
a-Fe(Be) 
a-Fe(Be) 
a-Fe(Be) 
a-Fe(Be) O, N 

a-Fe(Be) 
a-Fe (Be) 



Tab1 e 3. ( Continued) 

A1 1 oy d h k l  phase d . ' . hk l  phase d h k l  phase 

2.0244 . '  l lOB a- Fe ( Be) 
2.0274 110 . a-Fe(Be) 
1.1637 211 a-Fe(Be) 

' '1.0107 220 a-Fe(Be) 

Fe2B 
Fe2B 
a-Fe(Be) 
Fe2B 
a- Fe (Be) 

Fe2B 
a-Fe(Be) 
a-Fe(Be) 
a-Fe(Be) TU 

w 
a- Fe (Be) 
a-Fe(Be) 
a-Fe(Be) 



decrease i n  MS and iFe i s  d i f f i c u l t  t o  understand unless t h e  h igher  con- 

t e n t s  of Be l e d  t o  .the fo rmat ion  o f  a second phase, which was n o t  so 
. . 

s t r o n g l y  ferromagnetic.  . Th is  p o s s i b i l i t y  was q u i c k l y  r u l e d  out ,  however, 

because reexaminat ion o f  the  X-ray powder pa t te rns  o f  t h e  5 and 6 a t . %  Be 

a1 l o y s  showed no evidence of.  a second phase, e i t h e r  amorphous o r  c r y s t a l  - 

l i n e .  Subsequently, we reso r ted  t o  o t h e r  techniques and examined the  

r ibbons o f  the  b i n a r y  and a1 1 f o u r  te rna ry  a l ' loys  by Auger e l e c t r o n  

spectroscopy (AES) and ~ o s s b a u e r  spectroscopy (MS) a t  room temperature. 

De ta i l ed  desc r ip t i ons  o f  t he  new r e s u l t s  a re  g iven below. 

2. Auger e l e c t r o n i c  spectroscopy as a probe o f  the  e l e c t r o n i c  s t r u c t u r e  

Figures 2 and 3 show the  Auger spectrum of Fea2B14Be4 and Fe82B13Be5, 

respec t i ve l y ,  i n  the  energy range 75 t o  200 eV under cond i t i ons  o f  n e a r l y  

i d e n t i c a l  spectrometer ga i  n. These spectra were rep roduc ib le  and repre-  

sen ta t i ve  o f  several  measurements taken a t  var ious  pos i t ion 's  a long the  

r i bbon  length .  The Auger t r a n s i t i o n  energies used i n  these f i g u r e s  were 

measured a t  t h e  l a r g e s t  negative-go,ing peaks o f  t he  spectra.  The most 

s i g n i f i c a n t  resu l  t, ev iden t  f rom comparing Figures 2 and 3, i s  t h a t  t he  

Be KVV t r a n s i t i o n  f o r  x=4 occurs a t  92.3 eV b u t  f o r  x=5 i t  appears a t  

106.2 eV. Such a l a r g e  energy s h i f t  of 13.9 eV f o r  such a .small change 

i n  composit ion i s  ra re .  Spectra taken (-not shown) f o r  x=2 ,show the  Be 

KVV . t r a n s i t i o n  a t  t h e  same lower energy as fo r  x=4, whi. le t h a t  f o r  x=6 

show. the  Be .KVV t r a n s i t i o n  a t  106 eV, c l o s e . t o  t h a t  f o r  x=5. Therefore, 

we conclude t h a t  t he re  i s  a l a r g e  s h i f t  i n  the  energy o f  t he  Be KVV 

t r a n s i t i o n  between 4 and 5 a t .% Be. No t r a n s i t i o n  was observed near 106 

eV ( a t  t h e  f i v e  percent  l e v e l  ) f o r  'xG4 and near 92 eV (.at t h e  t e n  percent  



AUGER SPECTRUM 

SPUTTER CLEANED amorphous-  Feg2BM Be4 

ELECTRON ENERGY ( e ~ ) ,  

F igure 2 .  Auger e l e c t r o n  spectrum o f  sputter-c leaned amorphous Feg2B14Be4 

showing the  Fe MIVV t r a n s i t i o n  a t  85.5  eV, t h e  Be KVV t r a n s i -  

t i o n  a t  92.3 eV and the  B KVV t r a n s i t i o n  a t  180.5 eV 



AUGER SPECTRUM 

SPUTTER CLEANED amorphous- Feg2BI3 Be5 
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Figure 3. Auger e l e c t r o n  spectrum o f  spu.tter-cleaned amorphous 

Feg2BI3Be5. There i s  a l a r g e  s h i f t  i n  the  Be KVV t r a n s i t i o n  

from 92.3 eV shown i n  F igure  2 t o  106.2 e V '  . 



l e v e l ) .  f o r  x25. I n  c o n t r a s t  t o  the  Be KVV spectra', few changes were 

observed f o r  t he  B KVV t r a n s i t i o n  a t  180 eV, .nor  f o r  any o f  the  Auger 

t r a n s i t i o n s . o f  Fe. , 

The energy s h i f t  o f  the  Be KVV t r a n s i t i o n  c o r r e l a t e s  very  w e l l  w i t h  

the  magnetic behavior o f  the'amorphous a l l o y s  because t h e  s h i f t  occurs 

between x=4 and 5 where Ms and iFe a1 so d i s p l a y  a  reve rsa l  . Our appl i - 
c a t i o n  o f  AES has thus'  succeeded i n  r e i n f o r c i n g  t h e  r e v e l a t i o n  from t h e  

magnetic data t h a t  t he  Feg2B1B-xBex a l l o y s  undergo a  d r a s t i c  change i n  

the  e l e c t r o n i c  s t r u c t u r e  f rom x=4 t o  x=5. 

Before d iscuss ing t h e  i m p l i c a t i o n s  o f  t h e  Be KVV energy s h i f t ,  i t  i s  

i n s t r u c t i v e  t o  r e c a l l  t h a t  a  s i m i l a r  s h i f t  has been observed between Be 

and BeO. The KVV ~ u ~ e r  t r a n s i t i o n  f o r  the  Be metal i s  a  s i n g l e  asymmetric 

peak a t  104 eV (25). Th is  peak a r i s e s  main ly  from' the  K2p2p Auger t r a n s i -  

t i o n ,  whereas the  asymmetry comes about because o f  an i n i t i , a l  s t a t e  

screening i n  the  Be metal,  which enhances the  K2s2p t r a n s i t i o n  on t h e  low 

energy s ide  (26).  For BeO, a  s e r i e s  o f  Auger l i n e s  were observed a t  and 

below 94 eV, which were a t t r i b u t e d  t o  f nteratomic ' t r a n s i t i o n s  o f  t h e  type 

K0(2sp)0(2sp) (27) .  Because a l l  o f  the, Be valence e l e c t r o n s  i n  the  oxide 

have been t r a n s f e r r e d  t o  t h e  LDOS o f  oxygen, the  f i n a l  s t a t e  holes o r i g i -  

nate i n  the  2sp LDOS o f  oxygen. The present  observat ion  of a  s h i f t  i n  the  

Be KVV Auger spectrum f rom 106 t o  92 eV i n  t h e  Feg2B18-xBex:amorphous 

a l l o y s  can a l s o  be exp la ined by assuming a  charge t r a n s f e r  o f  t he  2sp 

valence e lec t rons  f rom t h e  LDOS o f  Be. I n  a l l o y s  w i t h  x a ,  t h e  s h i . f t  

occurs much l i k e  t h e  charge t r a n s f e r  envis ioned f o r  BeO, wh.ereas i n  a1 loys  

w i t h  x25, t h e  Be valence e l e c t r o n s  a re  r e t a i n e d  i n  the  LDOS o f  Be s i m i l a r  

t o  t h a t  o f  t he  Be metal.  Since none o f  t h e  amorphous a l l o y s  d isp layed 



both the 106 and the 92 eV l i nes ,  'the charge t r ans fe r  f o r  x G  must, invo lve 

near ly  a l l  o f  the Be atoms. This impl ies  t h a t  a  complete change i n  the 

loca l  environment o f  a1 1  o f  the Be atom s i t e s  occurs when x  goes from 4 

t o  5. 

A f t e r  having establ ished the removal o f  the 2sp e lec t rons from the Be 

LDOS f o r  xG4, i t  i s  on ly  natura l  t o  ask: "Where have the e lec t rons gone?" 

There are three p o s s i b i l i t i e s :  (1 )  they could t o  go the LDOS o f  B, ( 2 )  

they could appear ' i n  the LDOS o f  Fe, .or' (3 )  they 'could res ide i n  the  

delocal ized conduction band. Consider f i r s t  the LDOS o f  boron. A t  x=4,  

which amounts t o  %29% o f  the B concentrat ion, and because there are two 

valence electrons t o  be t rans fe r red  per Be atom, the increase i n  the 

e lec t ron  concentrat ion o f  the B LDOS would be appreciable. Such an 

increase p lus  the f a c t  t h a t  the B KVV Auger spectrum i s  a lso band- l ike 

would produce an observable change i n  the LVV spectrum o f  B. Figures 2 

and 3 .show no changes i n  the l ineshape for  the B(180) Auger t r a n s i t i o n ,  

however. Therefore, the f i r s t  p o s s i b i l i t y  i s  r u l e d  out. . Now i f  the Be 

valence e lec t rons ar'e t rans fe r red  t o  Fe, the change i n  the Auguer spec- 

trum o f  Fe i s  expected t o  be much less  than t h a t  f o r  B. This i s  p a r t l y  

because the ~e Auger t r ans i t i ons  are predominantly quasiatonic and p a r t l y  

because the concentrat ion o f  Fe i s . 5 - 6  times higher than Be. Hence,'any 

LDOS changes f o r  Fe would be very d i f f i c u l t  t o  . observe . i n  the Auger 

spectrum o f  Fe. L i t t l e  o r  no change i n  the Mzs3VV(48 eV), M1VV(86 eV)  , 

L3M2,3M2,3(600 e V ) ,  !-3M2,3M4,5 (650 eV)-. o r  the L3M4,5M4,5(700 eV) Fe Auger 

t r ans i t i ons  was observed.for  any o f  the a l l o y s  invest igated.  Recently 

Jennison (28) has shown t h a t  the pd con t r i bu t i on  t o  the MIVV Auger l i n e  o f  

copper i s  band-like. By analogy, the same t r a n s i t i o n  i n , F e  should a lso  be 



band-1 i ke. Unfortunately, the energy range of the pd contribution to  the 

weak Fe M I V V  l ine  f a l l s  near the 92 eV peak of Be fo r  ~ $ 4 ,  thereby making 

i t  impossible t o  detect any changes in the M I V V  l ine .  This awkward 

s i tuat ion has prevented us from deciding whether the LDOS of Fe or  the 

conduction band density of s t a t e s  has been affected by the loss  of the Be 

valence electrons for  xG4. 

Despite the uncertainty on the whereabouts of the transferred 2sp 

electrons of Be, our Auger resu l t s  have.furnished s ignif icant  information 

on the Fe82B18-xBex metall ic glasses in two aspects. F i r s t ,  a charge 

t ransfer  of . the type usually found only in ionic compounds has been 

established i n  metall ic glasses. Second, the presence of t h i s  charge 

t ransfer  f o r  xG4 a n d  i t s  absence fo r  x25 correlate  remarkably we1 1 with 

the reversal of the MS and iFe values upon increasing x from 4 t o  5. The 

Auger resu l t s  have thus substantiated our previous' conclusion drawn from 

magnetic data tha t  fundamental changes occur i n  the electronic  s t ructure 

between x=4 and 5 in t h i s  system. 

In th i s  sec t ion ,  we have demonstrated tha t  the analysis of the 

energies and lineshape of KVV Auger t rans i t ion  of glass-forming elements 

in metallic glasses of fers  a new, sensi t ive method for  probing the LDOS 

of t h i s  c lass  of materials. Auger analysis.  should prove more generally 

appl i cable than e i the r  Mossbauer spectroscopy or NMR spectroscopy, which 

are  res t r ic ted  to  cer tain nuclei. The AES method suffers  no such r e s t r i c -  

tion because the TM-M metall ic glasses always contain the sp elements w i t h  

band-like KVV Auger spectra.  The method a lso  has a d i s t i n c t  advantage 

over the photoemission valence-band study, especial ly  in the multi- 

component glasses of commercial i n t e re s t .  While the photoemission study 



probes the  t o t a l  valence band dens i t y  o f  s ta tes  and n o t  the  c o n t r i b u t i o n s  

o f  i n d i v i d u a l  elements, AES can separa te ly  determine the  LDOS o f  each 

element by v i r t u e  o f  i t s  requirement f o r  an i n i t i a l  core hole.  Hence, 

AES has the  p o t e n t i a l  t o  i s o l a t e  the  e ' f f ec ts  o f  var ious  elements i n  a  

p a r t i c u l a r  system. We expect t h a t  Auger ana lys i s  o f  t he  KVV t r a n s i t i o n s  

w i l l  complement o the r  techniques i n  the  study o f  t h e  e l e c t r o n i c  and 

magnetic p r o p e r t i e s  o f  t h i s  l a r g e  c lass  o f  ma te r ia l s .  

Note: The Auger e l e c t r o n  spectroscopy work repor ted  i n  t h i s  sec t i on  

was done i n  c o l l a b o r a t i o n  w i t h  A. J. Bevolo o f  t h e  S o l i d  S ta te  Physics 

D i v i s i o n  o f  Ames Laboratory who performed the  Auger experiments. Fu r the r  

d e t a i l s  a re  repor ted  i n  a  j ou rna l  a r t i c l e  en t i t l ed . ,  "Probing the  Elec-  

t r o n i c  S t ruc tu re  o f  Amorphous A l l o y s  by Auger XVV T r a n s i t i o n  Glass-Forming 

Elements," by A. J. Bevolo, C. S. Severin, and C.  W .  Chen, submit ted t o  

Phys. Rev. L e t t .  

3. Mbssbauer spectroscopy 

a. H y p e r f i n e - f i e l d  d i s t r i b u t i o n  and isomer s h i f t  The Mbssbauer 

spectra f o r  t h e  Feg2B18-xBex a l l o y  (F igure  4) a re  s i m i l a r  i n  appearance 

t o  those o f  o the r  amorphous a l l o y s  having Fe as t h e  o n l y  magnetic atom. 

The r e s u l t s  o f  a d i s t r i b u t i o n  o f  isomer s h i f t s  (.6)., tquadrupole s h i f t s :  

(E o r  E") and hyper f i ne  f i e l d  (Heff)  a re  manifested i n  several  over lapp ing 

absorp t ion  pa t te rns .  There a re  we1 1  de f ined  s i x - 1  i n e  pat te rns ,  b u t  these 

are  broadened w i t h  t h e  outermost peaks be ing a f f e c t e d  the  most. The 

broadened l i n e s  a re  u s u a l l y  a good i n d i c a t i o n  o f  a  d i s t r i b u t i o n  o f  hyper- 

f i n e  i n t e r a c t i o n  and there fore ,  a  number o f  i nequ iva len t  Fe s i t e s .  There 

i s  an .asymmetry i n  the  ampli tude between t h e  l e f t  and r i g h t  hand s e t  of 



Figure 4. 5 7 ~ e  MGssbauer spectre o f  amorphous Feg2BI4Be4 and ~ e g ~ ~ ~ ~ ~ e ~  
a t  300K and 77K 
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1 ines and t h i s  may be i n t e rp re ted  as a 1 inear  corre lat i 'on between the 

isomer s h i f t  and . the  hyper f ine s p l i t t i n g  d i s t r i b u t i o n s  (29). 

The spectra were f i r s t  analyzed using a s i x  Lorentz ian l i n e  f i t  t o  

y i e l d  the average e f f e c t i v e  magnetic f i e l d ,  aeff, and the average isomer 

s h i f t ,  6, the  values f o r  which a t  300K i r e  d isplayed i n  Figures 5 and 6, 

respect ive ly .  There i s  an apparently d i s c o n t i n u i t y  i n  the values o f  both 
- 
Heff and 6 between x=4 and x=5. The corresponding values a t  77K f o r  Fleff 
(F igure 7) and 6 (Figure 8)  s t i l l  i nd i ca te  s i g n i f i c a n t  changes between 

x=4 and x=5, although the magnitude o f  the changes i s  l ess  .at  77K, an 

e f f ec t  which may be a t t r i bu ted ,  t o  a decrease i n  the spin-wave s t i f f n e s s  

constant i n  the a l l o y  w i t h  5 a t .% Be. (See sec t ion  C-3.) However, the 
- 

d i f fe rences i n  the Heff values a t  77K and 300K f o r  a l l  the samples con- 

t a i n i n g  Be are  la rge  compared t o  those o f  c r y s t a l l i n e  ferromagnets. For 
, . - 

f o r  FeS7B14Be4 i s  295 kOe a t  77K and 254 kOe a t  300K wh i l e  example, Heff 
- 

the corresponding change i n  Heff f o r  i r o n  i s  about' 7 kOe. Chien (7). has 

a t t r i b u t e d  t h i s  d i f fe rence  t o  an increased e x c i t a t i o n  o f  long wavelength 

sp i n  waves i n  amo,rphous~'ferromagnets compared t o  c r y s t a l l i n e  ferromagnets. 

On a Rhodes-Wohlfarth p l o t  o f  pc/ps vs. TC, where ps i s  the sa tu ra t ion  
. . 

moment per  magnetic atom and pc i s  the e f f e c t i v e  moment per atom, deduced 

from the Curie constant, . . . . 

. . . . 

t h i s  would imply  t h a t  the  c r y s t a l l i n e  ferrornagnets would be c loser  t o  . the . 

l o c a l  l i m i t  o f  1 than would the  Fe82B18-iBex a l l o y s  (30). 

The Mtrssbauer data' were a1 so analyzed . i n  terms o f  a d i s t r i b u t i o n  o f  

the magnetic hyper f ine f i e l d  by the Window method (31, 32, 331 which 



~i gur'e 5.  The average e f fec t ive  magnetic hyperf i  ne f i e 1  d o f  amorphous 
Be a l loys at .300K Fe82-B18-x x 



Figure 6. . The isomer s h i f t  o f  amorphous Fe82B1B-xBex a1 loys  a t  300K 



Be CONCENTRATION X 

Figure 7. Concentration dependence of the variou; parameters o f  the 5 7 ~ e  

hyper f ine f i e l d  d i s t r i b u t i o n  func t ion  P(H) i n  amorphous 

Be (0666)  a t  77K: HI = e f f e c t i v e  magnetic hyperf ine Fe82B18zx x 
f i e l d ,  Heff = average e f f e c t i v e  magnetic hyper f ine f i e l d ;  Hm 

and H,,, = e f f e c t i v e  hyper f ine f i e l d s  a t  which P(H)+O on l ow  and 

h igh f i e l d s  sides o f  P(H); AH = w i d t h ' o f  P(H) 



atomic, percent Be 

. . 

Figure. 8. The isomer s h i f t  o f  amorphous Fe82B18-xBe, a1 loys a t  77K 



assumes t h a t  quadrupole spl i t t ings and isomer shif t '  effects on the 

broadening of the peaks in the spectra are negligible. Intermetallic 

compounds of transition metal -metal loid compounds show only minor 

variation in isomer sh i f t  ( 3 4 ) ,  and Chien ( 7 )  has indicated that there 

i s  almost no apparent quadrupole interaction for an amorphous magnetic 

ordered solid. (However, i t  must be mentioned that Ok and Morrish 

(35) have a1 so shown that broadening caused by the distribution 

of quadrupole spli t t ing i s  not negligible in Fe82B12Si6. ) From resultant 

distributiori functions of the effective magnetic f ie ld ,  P(H), obtained by 

Fourier series expansion, the most probable value of the effective 

magnetic hyperfine f ie ld ,  H I ,  was obtained for each of the Fe82B18-xBex 

alloys. These values are shown i n  Figure 7 together with the width o f  

P ( H ) ,  A H ,  and values of Hm and HM which are the effective magnetic hyper- 

fine f ields a t  which P ( H )  approaches zero on the low-field and high-field 

side of the ,distribution function, respectively. From Figure 7, i t  can 

be seen that a l l  these values, except for AH which remain constant a t  

80 kOe, follow the trend observed in the average magnetic moment ( E F e ) ,  

R e f f  and 8 as the Be content i s  changed. Further detai ls  on the signifi-  

cance of the parameters obtained by the Window procedure are given else- 
- 

where (36). The proportional behavior of the ;Fe and H e f f  has a1 so been 

lioted in both crystal 1 ine and amorphous Fe-metal loid systems (-37, 38, 39). 

If i t  i s  assumed that the charge transfer observed i n  the alloys w i t h  
- 

x 4  i s  from Be to Fe, then the  increase in q-e and Ref may be expl ai ned 

in terms of the Stoner band model (401,. Even t h o u g h  the density of states 

i s  large near the Fermi level and i t  i s  energetically favorable to have a 

large number of unpaired electrons, i .e . ,  a large exchange energy 



s p l i t t i n g ,  t h e  maximum poss ib le  magnetism may n o t  be obta ined because the  

number o f  e lec t rons  i s  l e s s  than the  opt imal  amount. Furthermore, the  

shape of t he  dens i ty .  o f  s ta tes  and the  concent ra t ion  o f  e lec t rons  a re  

dependent on composit ion (40) .  The t r a n s f e r r e d  e l e c t r o n s  may go t o  the  

s p i n  up o r  s p i n  down substates and the  r e l a t i v e  amount o f  charge t r a n s f e r  

determines whether GFe and Ref f  w i l l  increase. I n  t h e  a l l o y s  w i t h  x a ,  

i t  can be assumed t h a t  t h e  charge t r a n s f e r  served t o  increase t h e  exchange 

s p l i t t i n g .  

The isomer s h i f t  i n  5 7 ~ e  i s  r e l a t e d  t o  a  change i n  the  3s e l e c t r o n  
-4 

d e n s i t y  r e s u l t i n g  from t h e  change i n  t h e  s h i e l d i n g  e f f e c t  o f  t h e  3d 

e lec t rons  (41):   he 'isomer s h i f t  becomes more negat ive  as the  3s e l e c t r o n  

dens i t y  i s  increased and t h i s  increase can r e s u l t  f rom a decrease i n  3d 

e l e c t r o n  dens i ty .  Therefore, t h e  change i n  the  isomer s h i f t  va lues 'o f  

-0.032 mm/sec f o r  samples w i t h  x a  t o  -0.050 mm/sec f o r  samples w i t h  x54 

i s  understandable i f  i t  i s  assumed t h a t  because t h e r e  i s  no charge 

t r a n s f e r  f rom Be t o  Fe f o r  samples w i t h  x>4 (42) t h e  3d e l e c t r o n  

dens i t y  i s  lower i n  these a l l o y s  compared t o  t h a t  i n  a l l o y s  w i t h  xG4. 

The isomer s h i f t  r e f l e c t s  the  s t a t e  o f  t h e  chemical environment, and the  

change i n  t h e  1  ocal coo rd ina t ion  number and Fe- Fe i n t e r a t o m i c  d is tance 

detected i n  these a l l o y s  (:Section C-3) i s  s u f f i c i e n t  t o  a f f e c t  8 .  Also, 

Hasegawa (43)  has a t t r i b u t e d t h e  changes i n  the  d e n s i t y  o f  Fe-B-Be a l l o y s  

t o  a  change i n  t h e  s i t e s  t h a t  t h e  Be atoms occupy as t h e  Be content  i s  

changed. 

b. .  Crys ta l1  i z a t i o n  products The Mossbauer spectrum a t  300K f o r  

Feg2B18 annealed a t  693K f o r  3 hours i s  shown i n  F igu re  9a. From data of 

the  X-ray experiments, an a-Fe phase i s  one of t he  'phases t h a t  i s  expected 
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t o  emerge a f t e r  t h e  r ibbons a re  annealed a t  693K which i s  20K h igher  

than t h e  c r y s t a l l i z a t i o n  temperature. F igure 9b i s  the  Mossbauer 

spectrum which r e s u l t s  when the  a-Fe c o n t r i b u t i o n  i s  subt rac ted f rom the  

spectrum o f  F igure  9a.. From the  X-ray data and f rom a comparison o f  t he  

spectrum i n  Figure 9b w i t h  t h a t  pub1 ished f o r  t e t ragona l  FejB (38) ,  i t  

can b e  concluded t h a t  t he  FegeB18 undergoes a one stage c r y s t a l l i z a t i o n  
, \ 

r e s u l t i n g  i n  the  a-Fe and Fe3B c r y s t a l l i z a t i o n  phases. 

When Be i s  added t o  Feg2BlB, two c r y s t a l l i z a t i o n  stages a re  observed. 

The spe-ctra f o r  Feg2B1 4Be4 and FegpBl 3Be5 samples annealed f o r '  3 hours 

a t  693K, which i s  between Txl and TX2, a re  shown i n  F igure  10. S i x  sharp 

a-Fe l i n e s  together  w i t h  s i x  more broadened l i n e s  were present,  the  

l a t t e r  l i n e s  i n d i c a t i v e  o f  an amorphous phase. However, t he re  a re  low 

i n t e n s i t y  s a t e l l i t e  l i n e s  i n  t h e . r e g i o n  near t h e  i n n e r  s ide  o f  t he  a-Fe 

outermost 1 ines.  Such sate1 1 i t e  1 ines  a re  c h a r a c t e r i s t i c  f ea tu res  o f  

d i  1 u t e  s o l  i d  s o l u t i o n s  o f  Fe-base a1 l o y s  w i  t h  the  so l  u t e  occupying 

s u b s t i t u t i o n a l  s i t e s  (44, 45, 46). Mossbauer spect ra  o f  s o l i d  s o l u t i o n s  

o f  Feg7Be3 and Feg3Be7 were obta ined and compared w i t h  those shown i n  
. . 

F igure  10. From t h e  s i m i l a r i t y  i n  t h e  spect ra  and .also 'from the  X-ray 

data i n  Table 3, i t  can 'be concluded t h a t  t h e  a - f e  phase conta ins  Be. 

The composit ions . . o f  t he  a- Fe-Be s o l  u t i o n s  i n  the  anneal ed Feg2B1 8-xBex 

were determined f rom t h e  i n t e n s i t y  r a t i o  o f  the  s a t e l l i t e  l i n e s  and. 

corresponding o u t e r  Fe 1 i n e  and us ing the  expression (47),  

which g ives the  p r o b a b i l i t y  t h a t  a n . i r o n  i n  a bcc m a t r i x  has n nearest  

' neighbors f o r  a g i v e n  Be concentrat ion,  c.  The Feg7B3 and Feg3Be7 were 



VELOCITY ( mm /see 1 
Figure 10. " ~ e  Mtissbauer spectra o f  amorphous Feg2B1 4Be4 and FegpBl 3Be5, 

a t  300K a f t e r  annealing a t  693K f o r  3 hours 



b used as standards. The Be content  i n  a-Fe-Be s o l i d  s o l u t i o n s  was 

determined t o  vary f rom 3.5 t o  5  a t .%.  

The samples annealed f o r  2  hours a t  758K (20K>Tx2) y i e l d e d  the  

Fe2B i n t e r m e t a l l i c  phase. F igure  11 shows the  Mossbauer spec t ra  f o r  

Feg2B14Be4 and Fe82B13Be5 samples annealed a t  758K, i n  which the  w e l l -  

de f i ned  s i x - l i n e  p a t t e r n  f o r  t he  a-Fe-Be s o l i d  s o l u t i o n s  together  w i t h  

a  s i x - l i n e  p a t t e r n  w i t h  smal le r  s p l i t t i n g  t h a t  i s  due t o  Fe2B, can be 

seen. The i n t e n s i t y  r a t i o  o f  t h e  s a t e l l i t e  l i n e s  t o  the  o u t e r  a-Fe-Be 

l i n e s  i s  now reduced, i n d i c a t i n g  a  lower Be content  due t o  more Fe 

hav ing  p r e c i p i t a t e d  o u t  o f  t he  metastable amorphous phase. The r e d u c t i o n  

i n  t h e  l a t t i c e  cons tant  o f  the  Fe-Be obta ined f rom the  X-ray da ta  

(Table 3 )  conf i rmed t h i s  e f f e c t  (24 ) .  

The r e l a t i v e  i n t e n s i t y  r a t i o  o f  t he  Mossbauer abso rp t i on  l i n e s  i s  

r e l a t e d  t o  the  magnetic an iso t ropy .  As i s  d iscussed i n  more d e t a i l  

elsewhere (36) ,  t h e  magnet izat ion i s  a l i g n e d  c l o s e  t o  the  r i b b o n  p lane 

f o r  the  samples annealed between Txl and Tx2, b u t  i t  i s  randomly o r i e n t e d  

f o r  samples annealed beyond Tx2. Th is  e f f e c t  can be a t t r i b u t e d  t o  a  

r e d u c t i o n  i n  t he  l a t t i c e  s t r a i n  when the  metastable amorphous phase 

present  below Tx2 i s  c r y s t a l l i z e d  a t  temperatures beyond Tx2. 

Note: The Mossbauer spectroscopy work on t h i s  s e c t i o n  was done i n  . 

c o l l a b o r a t i o n  w i t h  M. C. L i n  o f  t h e  S o l i d  S ta te  Physics D i v j s i o n  o f  Ames 

Labora tory ,  who performed the  Mossbauer experiments . Fur the r  deta i 1 s  may 

be found i n  a  j o u r n a l  a r t i c l e  e n t i t l e d ,  "Mossbauer E f f e c t  Study o f  I r o n -  

Boron-Bery l l ium M e t a l l i c  Glasses," by M. C. L i n ,  C .  S. Severin, R. G. 

Barnes, and C.  W.  Chen, t o  be pub l ished i n  Phys ica l  Review B. 
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4. A discussion o f  charge t r ans fe r  and the magnetic moment 

I n  order t o  understand the e f f e c t  o f  Be on the average Fe moment, 

we must f i r s t  understand the r o l e  played by B. I n  both the Auger spectra 

shown i n  Figures 2 and 3, a peak occurs on the shoulder o f  the B escape 

peak a t  about 10 eV below the B KVV t r a n s i t i o n  (180 eV). Such a peak i s  

absent i n  the spectrum f o r  elemental B. To exp la in  t h i s  r e s u l t ,  we r e c a l l  

t h a t  i n  the X-ray photoemission work o f  Matsuura e t  a1 . (48) on amorphous 

Fe-B, a small hump was seen i n  the i n t e n s i t y  versus binding'energy p l o t  

a t  about 10 eV below the Fermi l eve l .  The l a t t e r  authors a t t r i b u t e d  t h i s  

hump t o  a newly created bonding s ta te  between the 2p e lec t rons o f  B and 

the 3d e lec t rons o f  Fe. The existence o f  such a, bonding s ta te  had pre- 

v ious ly  been postulated f o r  t r a n s i t i o n  meta l - t rans i t i on  metal a l l oys  

by Terakura and Kanamori (49)  and f o r  t r a n s i t i o n  metal-hydrogen a l l o y s  

(50). We, therefore,  a t t r i b u t e  the small peak i n  our Auger r e s u l t s  t o  a 

hybr id i za t ion  o f  the B 2p and the Fe 3d e lec t rons.  We f u r t h e r  a t t r i b u t e  

the decrease i n  the average Fe moment observed i n  both c r y s t a l l i n e  FeB 

( 2 )  and amorphous Fe-B t o  such bonding. This explanat ion i s ,  however, 

cont rary  t o  the theory . that  the decrease i n  the , average . Fe moment i s  

caused by the f i l l i n g - i n  o f  the Fe bands by the e lec t rons t ransferred from 

the B (2 ) .  I n  t h i s  connection, . . i t  i s  worth no t ing  t h a t  the existence o f  

physical  charge t r ans fe r  i n  the TM-base m e t a l l i c  glasses i s  i n  d ispute.  

0' Handley and ~oudreaux (3'1, as we1 1 as Takacs (51 ) , genera l ly  support 

the theory o f  ac tua l  charge t r ans fe r  from the metal l o i d  t o  Fe, N i  , o r  Co. 

They c i t e  both theore t i ca l  and experimental studies which suggest the 

c lose packing o f  the metal1,oids i n  the i n t e r s t i c e s  o f  the random TM 

s t ruc tu re  and conclude t h a t  t h i s  requ i res  the rad i ' i  o f  t h e m e t a l l o i d s  t o  



be.smal le r  than t h e i r  cova lent  r a d i i ,  and there fore ,  charge t r a n s f e r  i s  

suggested by  such an arrangement. The problem o f  i n f e r r i n g  bonding f rom 

i nteratomic d is tances a1 one i s addressed by Co.rbett and Anderegg (52) 

based on the  Pau l ing  bond orders. Moreover, Paul ing (53)  h i m s e l f  supports 

the  idea o f  charge t r a n s f e r  f rom the TM atom t o  the  me ta l l o ids .  Even the  

r e s u l t s  o f  Brown and COX (54) ,  based on e l e c t r o n  d e n s i t y  maps der ived 

from X-ray and neutron d i f f r a c t i o n  data i n d i c a t e  t h e  t r a n s f e r  o f  valence 

e lec t rons  f rom B t o  t h e  4s s ta tes  o f  Fe, n o t  the  3d, i n  Fe2B. Addi- 

t i o n a l l y ,  Alben i t  a l .  (55) d i spu te  t h e  theory  o f  charge t r a n s f e r  from 

the  m e t a l l o i d  t o  a  t r a n s i t i o n  metal on the  bas is  o f  ~ w i t e n d i c k ' s  (56)  

band t h e o r y ~ c a l c u l a t i o n  on Fe3Si which shows the  s  and p  o r b i t a l s  o f  S i  

l y i n g  below t h e  Fe Fermi l e v e l .  

I n  view o f  t h e  var ious  arguments aga ins t  t h e  charge- t rans fer  model, 

i t  i s  .conceivable t h a t  i n  amorphous Fe-B the re  i s  a  t r a n s f e r  o f  'charge 

f rom the  Fe d - o r b i t a l s .  The emergence o f  a 'peak a t  1~170 eV.' in t h e  Auger 

spectra and the  small  hump observed i n  t h e  XPS spectra (48) may be taken 

as evidence f o r  t h i s  type o f  charge t r a n s f e r .  A  t r a n s f e r  o f  d -e lec t rons  

f rom Fe can reduce the  ~e average moment i f  the  t r a n s f e r  has e f f e c t i v e l y  

reduced the' s p l i t t i n g  between t h e  spin-up and spin-down ' levels. One may 

r e c a l l  f rom the  pauling- later curves (57) f o r  Fe-Co a l l o y s  t h a t  a  reduc- 

t i o n  i n  the  average number o f  ou te r  e l e c t r o n s  i s  accompanied by a  reduc- 

t i o n  i n  the  ~e qverage moment' (10).  A1 though t h e  'magnetic i 'n teract ions 

which r e s u l t  i n  a  change i n  the  Fe moment i n  Fe-Co may no t  b e . a p p l i c a b l e  

t o  t h e  Fe-metal lo id systems, the  f a c t  t h a t  a  reduc t ion  i n  av,erage Fe 

moment accompanying a  reduc t ion  i n  t h e  average o u t e r  e lec t rons  of Fe has 

been shown t o  occur i n  bo th  a l l o y  systems may be more than c o i n c i d e n t a l .  



The exact mechanism lead ing t o  the decrease o f  iFe i n  the amorphous a l l oys  

contain ing Be i s  not  known a t  present. Since no appreciable d i f ferences 

were seen i n  the B .lineshape o r  the p o s i t i o n  o f  the B escape peak i n  the 

h igh reso lu t ion  Auger spectra f o r  Fe-B (58) and Fe82B1B-xBex, a1 loys,  i t  i s  

reasonable t o  e l iminate  B and propose Fe as the receptor o f  the electrons 

t ransfer red from Be when x a  i n , t h e ,  ternary  a l loys .  Then, . i f  the 

e lec t rons from Be cause an increase i n  the d  e lec t rons o f  Fe, t h i s  may 

be r e f l e c t e d  i n  the observed increase o f  the average Fe moment. When the 

Be content i s  greater than 4  at.%, charge t r ans fe r  from Be suddenly 

ceased, and both the number o f  d  e lec t rons per Fe atom and the  average Fe 

moment began t o  decrease. 

We have no t  y e t  addressed the problem as t o  why Be t rans fe rs  

electrons f o r  xQl and does no t  do so f o r  x>4. We know t h a t  a  change i n  

the 1  ocal environment and the thermodynamic s tab i  T i  t y  can i n f  1  uence the 

physical  proper t ies  o f  an a l l oy .  The M8ssbauer data i nd i ca te  t h e r e . i s  a  

change i n  the l o c a l  en'vironment,of the Fe atoms, bu t  t h i s  evidence i s  

i n d i r e c t  from the hyper f ine f i e l d ,  whose value i s  averaged over many 

in tera tomic  distances. However, Hasegawa (43) has" reported changes i n  

densi ty and magnetostr ic t ion i n  FegoBpo-xBe, and Feg2-yBeyB18 m e t a l l i c  

glasses when the Be content exceeds ~4 at.%. Also, a  concentrat ion 

dependence has been observed f o r  var ious physi ca l  proper t ies  i n  amorphous 

Fe-B, such as a change t n  dens i ty  (59, 601, a  change i n  the coordi 'nat ion 

number f o r  the Fe atom (15) and a change i n  the average Fe moment (61, 

62). . Based on these r e s u l t s  and the RDF r e s u l t s  i n  Par t  C, we may 

a t t r i b u t e  the change i n  the behavior o f  Be t o  a  change i n  the p o s i t i o n  i t  

occupies i n  the amorphous s t ruc ture .  For x a ,  the Fe ma t r i x  could be 



thought t o  be sa tu ra ted 'w i th  B atoms i n  the  f i r s t  s h e l l .  Thi.s i s  i n f e r r e d  

from t h e  work on Fe-B 'where t h e  idea o f  s a t u r a t i o n  o f  the  f i r s t  she1 1  i s  

deduced f rom the d e n s i t y  data (59, 60) when the  B t o  Fe atomic r a t i o  i s  

g reater  than 0.16, as i t  i s  i n  Feg4B16 and FegZB14Be4. 

I n  Fe-meta l l i c  glasses, a  d i r e c t  r e l a t i o n  between the  nearest  

coo rd ina t ion  number (nl) and the  average Fe magnetic moment ( i F e )  has been 

es tab l i shed  (15). I t  was shown t h a t  around 14 t o  16 a t .% B, bo th  nl and 

G ~ e  o  through a  maximum. When t h e  B concent ra t ion  f a l l s  below t h e  .above 

values , bo th  nl and GFe decrease. ' As i s  discussed i n  P a r t  C of t h i s  

sect ion,  the  nl value drops d r a s t i c a l l y  f rom 10.5 f o r  FeaZBl4Be4 t o  9.1 

f o r  FeaZBl3BeY This change i n  nl supports the  theory  t h a t  a  s t r u c t u r a l  
. . 

change occurs t o  cause a  corresponding change i n  Fe magnetic moment. For 

the  Be content  of <4, a t .  % (8214 a t  .%) , the Be atoms may be l y i n g  ou ts ide  

the f i r s t  Fe-Fe s h e l l .  This idea i s  supported by the  RDF data ( repo r ted  

i n  P a r t  C) which shows no change i n  t h e  Fe-Fe in te ra tomic  spacing f o r  

FeaZBI4Be4 when compared t o  Feg7B13. With a  decrease i n  the  B content  

(and an increase i n  Be content  beyond 4  a t .%) ,  t h e  B occupancy i s  

decreased and the  Be atoms may now occupy a  s h e l l  c l o s e r  t o  t h e  Fe atoms. 

The reduc t ion  o f  t he  l a t t i c e  s t r a i n  as a r e s u l t  o f  Be atoms r e p l a c i n g  B 

atoms and t h e  'decrease i n  nl may be respons ib le  f o r  t he  decrease i n  the  

Fe-Fe in te ra tomic  spacing seen i n  the  RDF work on Feg2B1 3Be5 The Auger 
. . 

r e s u l t s  on Feg7Be3 and Feg3Be7 c r y s t a l  1  i n e  a l l o y s  have shown t h a t  t h e  Be 

KVV t r a n s i t i o n  occurs near 106 eV, s i m i l a r  t o  what i s  observed i n  

FeS2B13Be5 when no charge t r a n s f e r  i s  observed. Therefore, we may con- 

c lude t h a t  t h e  change i n  the  Be behav ior  f rom an i n i t i a l  t r a n s f e r  o f  

charge t o  no charge t r a n s f e r  as t h e  Be content  i s  increased i s  a  d i r e c t  



r e s u l t  o f  a change i n  the l oca l  environment o f  Fe atoms. 

1. Magnetic and thermomagnetic behavior 

The sa tu ra t ion  magnetization MS a t  4.2K and 18 kOe o f  Fe82B18-xA~x 

metal1 i c  glasses are 196, 200, 198, and 201 emu/g f o r  the nominal values 

of x=O, 0.5, 1.0, and 1.5, respect ive ly .  These MS values can be converted 

t o  average Fe moments pFe by assuming t h a t  Fe i s  the on ly  magnetic species 

and by using the analyzed composition o f  the a l l oys .  The iFe increased 

from 2.05 pB f o r  x=O ( .Fe82~1i )  to.2.20 uB f o r  x-1.5, i n d i c a t i n g  a s i g n i f i -  

cant bene f i c i a l  e f f e c t  o f  Au on ke. The M vs. T behavior o f  Feg2B18 i s  

displayed i n  Figure 12. The Curie temperature o f  644K and the c r y s t a l -  

l i z a t i o n  temperature o f  673K are i n  good agreement.with publ ished data f o r  

t h i s  a l l o y  (21). Our i d e n t i f i c a t i o n  by MBssbauer spectroscopy o f  the 

c r y s t a l l i n e  products asa-Fe  and Fe3B i s  a lso  i n  agreement w i t h  previous 

work (38, 62). When Au p a r t i a l l y  replaces By  as i n  F ~ ~ ~ B ~ ~ ~ ~ A u ~ , ~ ,  an 

add i t i ona l  c r ys ta l 1  i z a t i o n  stage i s  seen (,.Figure 13). The c r y s t a l  1 i z a t i o n  

products i n  t h i s  a1 loy  are now a-Fe w i t h  a small percentage o f  Au 

( r e fe r red  t o  as a-Fe(Au) ) f o r  stage I and FepB f o r  stage 11. The X-ray 

r e s u l t s  showed no evidence o f  FegBat  any o f  the two stages. 
I .  ' 

The M vs .  T behavior f o r  Feg7B11Au2 i s  shown i n  Figure 14. The pro- 

f i l e  i s  s i m i l a r  t o  t h a t  shown f o r  FeS2B17'.5A~0.5, except t h a t  three 
. . 

. d i s t i n c t  c r y s t a l l i z a t i o n  stages are now seen. From the X-ray data l i s t e d  

i n  Figure 15 (Co rad ia t f on ,  Debye-Scherrer method), the c r y s t a l  1 i ne phases 

. . are i d e n t i f i e d  as a s o l i d  so lu t i on  o f  a-Fe w i t h  Au, Fe2B, and a Au-rich 

so l  i d  so lu t i on  w i t h  Fe. The c r y s t a l  1 i z a t i o n  sequence i s  described below. 



TEMPERATURE, degrees Ke  lvin 

Figure 12. Annealing behavior o f  FeSZBIB ( a p p l i e d  f i e l d  = 50 Oe). 



TEMPERATURE. degrees ' Ke lv in 

Figure 13. Annealing behavior of Fe82B17,5A~0.~ (applied field = 50 Oe) 



Figure 14. Annealing behavior o f  Feg7B11Au2 (applied field = 5 0 0 e )  



Figure 15. ~ n n e a l ' i n , ~  temperatures, b-spacings, i n t e n s i t i e s ,  I, c r y s t a l  l og raph ic  ind ices ,  hkl  , 
and c r y s t a l  1 i n e  phases o f  the anneal i n g  products of Feg7B1 ]Aup. [A=a-Fe(Au) ; 
B=FepB; C=Au( Fe)] 
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The X-ray d i f f r a c t i o n  pat terns (Mo rad ia t i on )  f o r  the amorphous r ibbons 

and f o r  ribbons annealed f o r . 2 5  minutes a t  708K and 793K are shown i n  

Figures 16, 17, and 18, respect i .ve ly .  

The magnetization vs. appl ied f i e l d  ( M  vs. H) p l o t  fo r  the 'amorphous 

r ibbon and r ibbons annealed a t  various temperatures, Ta, i s  shown i n  

Figure 19. The MS values a t  18 kOe are p l o t t e d  versus Ta i n  Figure 20. 

Small decreases are seen i n  MS f o r  Ta below 723K. However, MS drops 

r a p i d l y  above t h a t  temperature because o f  the format ion o f  Fe2B. 

The comparatively la rge  increase i n  uFe, hiFe=. 15 pB, observed i n  

Fe82B16. 5 A ~ 1 .  i s  much greater than expected from a decreaied charge 

t r ans fe r  e f fec t . ,  I f  t h i s  increase i n  GFe were due so le l y  t o  charge 
. . 

t ransfer ,  the Au subs t i t u t i on  would cause a depopulat ion o f  the Fe d - .  

bands a t  a very h i gh  r a t e  per Au atom. Moreover, the r e l a t i v e l y  h igh 

displayed i n  Fe87B11A~2 wouldcause t h e  reduced charge t r ans fe r  t o  ;Fe 

be an u n r e a l i s t i c  16 e lec t rons per Au atom. Clear ly ,  the observed ApFe 

has i t s  o r i g i n s  elsewhere. I n  t h i s  connection, we r e c a l l  t h a t  Fe i s  

known t o  e x i s t  i n  the bcc phase w i t h  GFe'2.2 pB and i t  a lso has an f cc  

phase w i t h  two e l ec t ron i c  states,  yl and yp, where yl i s  a low-volume a n t i -  

ferromagnetic 1 a t t  i ce (&,-3.54A, i F e z O .  7 uB)- and i s  a high-vol urn! 

ferromagnetic l a t t i c e  (a0=3.64A, iFe=2.8-2.9 uB) (1  1 , 12). Fel sch (9 )  

has reported an tF,=2.9 uB i n  amorphous f i lms o f  Fe-Au w i  t h  more than 6 

at.% Au and the h igh  moment has been a t t r i b u t e d  t o  the s t a b i l i z a t i o n  o f  a 
. . 

high-moment phase by the e f f e c t  o f  the la rge  Au atoms and the quenching- 
. . . . 

~ n - ~ l a c e  e f f e c t  o f  the r a p i d l y  cboled depos i t ion o f  the Fe-Au f i l m s  (13). 

It appears p l aus ib l e  t o  ascr ibe the increase i n  the average Fe moment . . 

observed i n  our amorphous a l l oys  t o  the format ion o f  a number of Fe-Fe 
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' Figure 16. X-ray d i  f f r a c t i  on pat tern  f o r  amorphous, as-quenched . 
. 

Fea7B1 1 A ~ 2  ribbons 



Feg7BII Au2 Annealed at 7 0 8 K  
(I 10) 1 

28 degrees (Mo- K, radiation) 

Figure 17 X-ray d i f f r a c t i o n  p a t t e r n  f o r  Fe8,B1,Au2 ribbons annealed a t  708K f o r  25 minutes 





APPLIED FIELD, KOe 

Figure 19. Magnetizat ion vs.. appl i e d  f ie1  d f o r  Feg7B1 l A ~ p  r ibbons annealed a t  temperatures 
i ndi  ca t e d  f o r  25 m i  nu tes  



ANNEALING TEMPERATURE, O K  

Figure  20. Sa tu ra t i on  magnet izat ion values a t  18 kOe vs. anneal ing temperature f o r  Fe8,B1 iAuE 
r ibbons 



nearest neighbors w i t h  an in tera tomic  spacing c lose t o  t h a t  o f  the l a rge  

volume fcc  y2 Fe l a t t i c e .  The f a c t  t h a t  more than 6 a t .% Au was needed 

t o  obta in  a uFe of 2.9 pB i n  Fe-Au probably ind ica tes  t h a t  there i s  a 

d i s t r i b u t i o n  i n  the in tera tomic  spacings when the Au content i 's l ess  than 

6 a t .% and a d i s t r i b u t i o n  i n  Fe moments, leading t o  an average Fe moment 

o f  less  than 2.9 pB. A d i s t r i b u t i o n  i n  the in tera tomic  spacing, r ,  i s  an 

inherent  cha rac te r i s t i c  o f  an amorphous s t ruc ture ,  as i s  evidenced by the 

la rge  f u l l  w id th  a t  half-maximum o f  the peaks i n  the r a d i a l  d i s t r i b u t i o n  

functions. I t  i s  expected t h a t  increasing amounts o f  Au i n  Fe-B-Au w i l l  

cause the p o s i t i o n  o f  the peaks for  Fe-Fe nearest neighbors t o  s h i f t  t o  

h igher r, o r  a t  l e a s t  cause a s i g n i f i c a n t  shoulder on the h igh r s ide 

o f  those peaks. 

We may conclude t h a t  the iFe o f  2.20 uB observed i n  Fe82B16.5Aul .5 

and 2.46 pB i n  Feg7B11Au2 r e f l e c t s  a d i s t r i b u t i o n  of Fe moments as some 

o f  the Fe-Fe spacings are increased because of th.e presence o f  l a rge  Au 

atoms. It i s  expected t h a t  some o f  the Fe-Fe spacings w i l l  remain the 

same as those i n  Fe-B s ince B i s  the p r i n c i p a l  a l l o y i n g  element i n  the 

ternary  a1 loys.  The progressive decreases i n  the lls (:see Figures 19 and 

20). as the annealing temperature i s  increased are cons is tent  w i t h  the idea 

t ha t  the progressive formation of a-Fe(Au1 means the format ion of a phase 

w i t h  smaller Fe-Fe spacing and a lower MS. 

2. C r y s t a l l i z a t i o n  o f  Feg7BI1Aut 

The X-ray data shown i n  ~ i g u r e  15 seem t o  i nd i ca te  the f o l l ow ing  

c r y s t a l  1 i z a t i o n  sequence i n  t h e  Feg7B1 lAui a1 loy .  

Stage .I. The amorphous a l l o y ~ c r y s t a l l i z e s  i n t o  a major phase o f  



a-Fe(Au) s o l i d  so lu t i on  w i t h  about 3 at .% Au and a minor metastable phase 

of an Au-rich s o l i d  so lu t i on  conta in ing about 40 a t .% Fe; an amorphous 

Fe-B-Au phase i s  s t i l l  a major p a r t  o f  the a l l oy :  

amorphous Feg7B1 1 A ~ 2  + c r y s t a l  1 i n e  a-Fe(Au) + metastab.le Au-Fe 

+ amorphous FeBAu. 

The maximum.rate o f  c r ys ta l l i za t i on .occu rs  around 660K. Marchal e t  a l .  

(64) have observed, i n  c r ys ta l  1 i z i n g  Fe-r ich Fe-Au f i lms ,  t h a t  i n i t i a l l y  

a bcc metastable phase;:forms w i t h  weak seg'regatian o f  an f c c  Au-r ich 

phase. We observed on ly  one se t  o f  f c c  (-111) r e f l ec t i ons ,  s i m i l a r  t o  
. . 

t h e i r  observations. The broadening o f  t h i s  r e f l e c t i o n  and those o f  the 

bcc phase- i n  our a l l o y  supports the idea o f  micro-segregation o r  f l u c t u -  

a t ions i n  concentrat ion i n  the c r y s t a l l i z i n g  process i n  Feg,Bl1Au2, a lso  

cons is tent  w i t h  t h e i r  observations i n  Fe-Au. 

The amount o f  Au i n  the a-Fe(Au) increases as:the annealing tempera- 

t u re  i s  increased up.to.660K, apparently a t  the expense o f  the Au-r ich 

phase.' We could no t  detect  by X-ray the presence o f  the AU- r i ch  phase 

i n  the r ibbons annealed above 649K. The r ibbons annealed a t  678K and 

708K had less Au i n  the a-Fe(,Au) phase. This decrease i n  Au content 

continued u n t i  1 the second c r y s t a l  1 i r a t i o n  stage i.s reached. 

Stage 11. Another c r y s t a l l i n e  phase Fe2B emerges and grows ou t  o f  

the remaining amorphous Fe-B-Au. w i t h '  the maximum r a t e  of growth occurr ing 
. . 

a t  745K. This c r y s t a l l i z a t i o n  temperature i s  c lose t o  those ob.served f o r  
. . 

Fe2B p r e c i p i t a t i o n  i n  the Fe-B-Be amorphous a l loys .  The increase in the 

l a t t i c e  constant o f  the a-Fe(,Au) ind ica tes  t h a t  th.e Au content increases 

a t  t h i s  stage, probably because Au i s  f u r t h e r  released from the amorphous 

Fe-B-Au when the Fe2B i s  being formed. This Au would d isso lve i n t o  the 
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a-Fe matr ix .  Further annealing a t  h igher temperatures then causes Au t o  

be p rec ip i t a ted  ou t  o f  the a-Fe t o  form an Au-r ich so l  i d  so lu t i on  w i t h  Fe 

i n  Stage 111. 

Stage 111. Ribbons. annealed a t  793K and 884K showed a t h i r d  c r y s t a l -  

1 i ne  phase o f  an Au-rich s o l i d  s o l u t i o n .  This i s  i n  agreement w i t h  the 

work on. Fe-Au f i l m s  (64) which ind ica ted  an Au-rich phase showing the 

large Au fcc  l a t t i c e  constant. The l a t t i c e  spacing i n  our experiments 

was 1.3% less than t h a t  of pure Au, i n d i c a t i n g  perhaps the presence o f  Fe 

i n  t h i s  phase (65). However, Mossbauer spectroscopy could no t  detect  any 

evidence f o r  Fe i n  t h i s  phase. The l a t t i c e  constant o f  a - F ~ ( A U )  phase 

progressively decreased, approaching t h a t  o f  pure bcc Fe above 884K. 

C. Atomic Arrangement Based on Radial D i s t r i b u t i o n  Functions 

Fe87B1 3 

From the s t ruc tu re  fac to r ,  the reduced r a d i a l  d i s t r i b u t i o n  funct ion,  

G(r )  , def ined as 4nr.[p(r)-pol,  was evaluated by a Four ier  t ransformat ion 

of the s t ruc tu re  factor, S(k) according t o  .Eq. (6 ) .  , The G(r )  curve f o r  

the b inary  a l l o y  Feg7B13 i s  shown i n  Figure 21. The p r o f i l e  o f  the curve 

i s  very s i m i l a r ' t o  those o f  o ther  metal-metal lo id systems (66) and t o  t h a t  

reported on the same a l l o y  i n  a neutron analys is  (14). The o s c i l l a t o r y  

nature i s  prominent and the seco'nd peak' i s  s p l i t  w i t h  a we1 1 -developed 

shoulder. This s p l i t t i n g  i s  more pronounced than t h a t  reported i n  the 
. . 

'.neutron study (14) on the a l l oy ,  bu t  the d i f fe rence  i s  mainly caused by 

the change i n  r a d i a t i o n  used f o r  analysis.  I n  t h e i r  X-ray and neutron 

analyses on ~ e ~ ~ ~ ~ g ,  P. Lamparter e t  a1 . (66) showed a s i m i l a r  pronounced 

s p , l i t t i n g  i n  the X-ray ana lys is  and no t  i n  the neutron analysis.  . . .  The 



Figure  21.  educed r a d i a l  d i s t r i b u t i o n  funct ion, G( r )  r hr  [p ( r ) -po l ,  f o r  FeglBlg. Pos i t i ons  o f  
peaks i n d i c a t e  i n te ra tom ic '  spacings 
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. . 

pos i t ions of t h e  peaks and the r a t i o s  o f  the other peak pos i t i ons  t o  t h a t  

of the f i r s t  peak are l i s t e d  i n  Table 5. The r a t i o s  are c lose t o  the values 

reported fo r  these types o f  a l l oys .  There i s ,  however, a disagreement 

about the 'pos i t i on  o f  the f i r s t  peak. We obtained rl=2.52+0.05A. - fukunaga 

e t  a1 . (15) reported r1=2.5738, wh i le  Cowlam e t  a1 . (14) reported rl=2.52A, 

bu t  l a t e r  publ ished a rev ised value of rl=2.58+0.05 - by normal iz ing the 

i n t e n s i t y  o f  the f i r s t  peak i n  the s t r uc tu re  f a c t o r  S(k), using an average 

Fe moment o f  2;1 pB (14). I n  t h i s  type o f  Four ier  transformation, as has 

been shown by C a r g i l l  (67), the p o s i t i o n  o f  the f i r s t  peak i n  r-space i s  

s t rong ly  dependent on the width, he ight ,  and p o s i t i o n  o f  the major peak, 

, i.e., the' f i r s t  peak, i n  k-space. The r e s u l t  obtained i n  t h i s  work, 

although on the low side, i s  i n  agreement, w i t h i n  experimental e r r o r ,  w i t h  

the values prev ious ly  reported. ( I t  should be noted ' t h a t  recen t l y  pub- 

l i shed  EXAFS resu l t s  (68) g ive rl=2.308, and a r e c o n c i l i a t i o n  o f  t he  

r e s u l t s  obtained by various RDF methods i s  d e f i n i t e l y  needed. ) 

The t o t a l  number o f  nearest neighbors obtained from the area under 

the f i r s t  maximum i s  11.9+0.2, - which i s  i n  very good agreement w i t h  the 

X-ray values reported f o r  Fe-B a l l oys  (16), bu t  i s  lower than the neutron 

analysis r e s u l t  o f  13.1 (14). Obtain ing the. nearest coord inat ion number, 

n, , from the area under the symmetrical p a r t  o f  the f i r s t  peak and desig- 

na t ing  the rema in ing  area under the f i r s t  peak as np, according t o  a - ,  . .  

method prev ious ly  proposed (15), we f i n d  t h a t  nl may be re l a ted  t o  Fe-Fe 

pa i r s  and np r e l a t e d  t o  Fe-B pa i rs .  From Table 5, the values n,=10.6 and 

n2=1 .3 agree very we l l  w i t h  the nl=10.5 and n2=1 .4 values reported (16).  

. A more ser ious controversy concerns the r e l a t i v e  heights of the 

second peak and i t s  shoulder. Waseda and Chen (16) have suggested t h a t  



Table 5. Fi'eare:st neighbors distances and r a t i o s  and number o f  nearest  neighbors c a l c u l a t e d  from 
f i r s t  peak i n  RDF 

. . 



f o r  Fe-B a l l oys  contain ing less than 20 a t .% B, the subpeak i n  G(r)  i s  

more intense than the second peak, i .e.,  a reversal  o f  the s i t u a t i o n  

usual ly  found i n  most metal-metal lo id system. This l e d  them t o  support 

the o r i g i n a l  ca l cu la t i on  by Bennett (69) o f  the dense random packing -o f  

hard sphere (DRPHS) model as being appl icab le  t o  the s t r uc tu re  o f  Fe-B 

and t o  r e j e c t  the'extended calculat i .on based on the re laxed Bennett model 

(70) which gives the peaks heights i n  G(r )  more l i k e  those f o r  Fe-B 

a1 loys  w i t h  B>20 at .% and t h a t  o f  Fe83P17 (16). The hard sphere { 

~e r cus -~ev i ck :mode l  (71.) a iso gives the shoulder as being more intense 

than the second peak. The r e s u l t s  o f  Cowlam e t  a l .  (14) and the data 

presented i n  Figure 21, 'cont rad ic t  the r e s u l t s  and explanat ion o f  Waseda 

and Chen (16) s ince we f i n d  the subpeak t o  be lower than the second peak, 

thus support ing the re laxed Bennett model (70) w i t h  a s t a r t i n g  nucleus o f  

a tetrahedron, a dodecahedron, o r  an icosahedron (72),  a1 1 o f  which 

dup l ica te  the p r o f i l e ,  o f  our G(r )  curve. 

2. Fe82812Cg and Fe82B12Si 6 

The G(r)  curves. for  these two a l l oys  are shown i n  ~ i ~ u r e s  22, and 23. 

The pos i t i on  o f  the first peak i s  no t  a f fec ted  by the add i t i on  o f  C o r  S i  

t o  Fe-B a t  l e a s t  up t o  6 at.%. The e f f e c t  o f  adding 6 at .% C t o  Fe85B15, 

a t  the expense o f  B has been s tud ied by energy d ispers ive x-ray d i f f r a c -  

t i o n  (EDXD) (73).    he r e s u l t s  are i n  agreement w i th 'ou rs  i n  t h a t  'no 

change i n  r, was observed, a1 though r,' was  found t o  be 2.5d i n  the 

EDXD study. Our r e s u l t s  a lso  agree w i t h  those o f  Egami ( . 7 3 ) ' i n  t h a t  the 

add i t i on  b f  C tends t o  reduce the i n t e n s i t y  a t  t h e  lower r s ide o f  the . 

f i r s t  peak and i t  a lso reduces the i n t e n s i t y  o f  the second peak wh i le  
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Figure 22. Reduced r a d i a l  d i ' s t r i  bu t ion  funct ion,  G(r) f o r  Feg2Bl 2C6 



Figure  23. Reduced r a d i a l  d i s t r i b u t i o n  func t ion ,  G( r ]  f o r  Feg2Bl 2 S i  



increasing that of the shoulder. There i s  also an increase in the 

intensity a t  the position of the val ley .between the second peak and - i t s  

shoulder, thereby increasing the shallowness of the valley. 

.On the' other hand,  the addition of Si to Feg2B18 increases the 

intensity of the second peak and the intensity rat io of the peak to that 

of i t s  shoulder has increased over that of Feg7Bl3 and Feg2B12C6. 

Although there i s  some depletion of the intensity on the low r side of 

the f i r s t  peak when compared t o  FeS7B13, the magnitude of the reduction 

i s  somewhat less than that of Feg2BlpC6. In general, the f i r s t  maximum 

in each alloy i s  very similar. Therefore, i t  i s  not surprising that the 

number of nearest neighbors, derived from the areas. under the peak i s  

about the same (1 1.8 for Feg2B1 2C6 and 12 .2  for Feg2B1 2 ~ i  6) 

caution must be 'exercised when one attempts to compare the RDF 

results from two different samples since sample geometry and experi- 

mental conditions, such as the intensity of. the X-ray tube and detector 

alignment over the long counting period, may vary. One may lend more 

credence t o  differences observed when structural changes in the same 

sample are kni tored by RDF. I t  i s  within this  framework and constraint 

t h a t  the following discussion i s  given. 

From the recent X-ray and neutron diffraction' results on FegoBz0 by 

~amparter e t  a l .  (661, the positions df the second peak and i t s  shoulder 

ref lect  Fe-Fe nearest neighbor interactions. ~ h &  inikease i n  intensity of 

these peaks i n  the S alloys containing Si over that of the alloy con- 
' 

taining C may support the idea that Si atoms occupy the Fe s i t es .  More- 

. over, since the valley between the second peak and i t s  shoulder i s  

attributed to  Fe-metal loid interactions (66), the higher intensity (the 



less pronounced .nature of the valley). of this region in the la t ter  

a1 loy may point to C atoms occupying the inters t i t ia l - l i  ke positions 

usually favored by the B atoms. The effect of the larger Si atoms 

occupying Fe sites and the smaller C atoms f i t t ing in the interstices 

formed in the Fe DRPHS matrix i s  an increase in some Fe-Fe separations. 

This effect may be what i s  reflected in the depletion of the low r-side 

of .the f i r s t  peak in the G(r) curves. Chen e t  a l .  (74)  have argued t h a t  
' 

in some metallic glasses the exchange interaction, J ,  may be correlated 

to the interatomic distance of the transition metal, similar t o  the 

Bethe-Slater criterion for ferromagnetic spin coupling based on D / R ,  

where 2Ris the diameter of the 3d subshell and D=2 x r l  obtained from 

the peak positions in the G(r) curves. Kloss (75) .has argued .and Egami 

supports the idea (73) t h a t  a Fe-Fe interatomic separation smaller t h a n  

the average Fe-Fe separation of r, may lead to a negative exchange inter- 

action for various Fe-Fe pairs. Conversely, an increase in Fe-Fe inter- 

atomic separation may decrease the number of negative exchange 

interactions, 

In the Si- and C-substituted alloys, an increase in the room tempera- 

ture saturation magnetization , M S ,  over t h a t  of the corresponding binary 

Fe-B alloy i s  not expected since neither the ~ ~ ( 4 . 2 )  nor the Curie 

temperature i s  significantly changed by the addition of C o r  Si (.76-79.). 

However, the change in B i n  the equation 

i s  understandable when one considers the spin-wave stiffness coefficient, 

D. I n  the relation 



where ~ ( 3 1 2 )  i s  t he  Bose- E inste in  func t ion  equal t o  0.0587(41~)~/ '  and 

3/2 kB i s  Boltzmann's constant, we see t h a t  B=l/D . 
The magnon d ispers ion r e l a t i o n  a t  small values o f  the wave vector  k 

i n  c r y s t a l  1  i ne  ferromagnets has the. form (80) 

where a, i s  the l a t t i c e  constant .  This r e l a t i o n  can be extended t o  

non-crys ta l l ine ferromagnets by using a  d i s t r i b u t i o n  o f  J and a, values 

i n  the form: 

combining t h i s  r e l a t i o n  w i t h  the quadrat ic  d ispers ion r e l a t i o n  f o r  

ferromagnetic magnons, 

one may r e l a t e '  D t o  J i n .  the f o l l ow ing  manner 

f o r  small values o f  k. Hence, i f  an increase i n  Fe-Fe in tera tomic  

separation i s  r e l a ted  t o  an increase i n  the average J value, .the value o f  

D i s  expected t o  increase. Recal l ing t h a t  B ~ I  / D ~ / '  the value o f  B should 

decrease and t h i s  would be cons is tent  w i t h  h igherMs(T) values a t  room 
. . 

temperature i n  the ternary  w i t h  C o r  S i  even though the Ms(0) ',values of 
. . 

the ternary  a l l o y s  and the corresponding Fe-B b inary  a1 l o y  are essen t i a l l y  



the same. 

3.  Feg2Bl 4Be4 and Feeg?Bl 3Be5 

From Table 6  and from the G(r )  .curves displayed i n  Fi:gures 24 and 

25, one can see c e r t a i n . d i s t i n c t  d i f fe rences between these two Be- 

subs t i tu ted  a l loys .  The add i t i on  o f ' a  t h i r d  element t o  Fe-B a l l o y s  does 

not  usua l l y  a f f e c t  the pos i t i on  o f  the Fe-Fe peak w i t h i n  t h i s  composition 

range (67). Therefore, the change i n  rl from 2.518, f o r  Feg2Bl4Beq t o  

2.47A f o r  F ~ ~ ~ B ~ ~ B ~ ~  should be considered a  very pronounced s h i f t .  Also, 

t h i s  i s  not  merely a  change i n  the shape o f  one s ide o f  the peak, bu t  a  

s h i f t  i n  the p o s i t i o n  o f  the maximum and i t s  r e l a ted  d i s t r i b u t i o n  o f  

in tera tomic  distances w i t h  t h e i r  corresponding p r o b a b i l i t i e s .  It should 

be reca l l ed  t h a t  a  dramatic s h i f t  was observed f o r  these two a l l o y s  i n  the 

Auger r esu l t s  which ind ica ted  t h a t  f o r  Feg2B14Be4, Be appeared t o  have 

t ransfer red i t s  oute'r e lec t rons whi l e  f o r  Feg2B1 3Be5, n o  such t r ans fe r  

could be in fe r red .  The. magnetization measurements a lso  ind ica ted  t h a t  

the average Fe moment i n  Fe82B18-xBex increased for  xG4, bu t  decreased for  

x>4. These changes can be 'reconci led w i t h  the s t r uc tu ra l  changes, as 

i s  described below. 

The magnetic behavior o f  Fe i s  very s e n s i t i v e l y  dependent on the Fe- 

Fe separation and the Fe moment observed i s  an average value. I n  f c c  Fe, 

a  s h i f t  o f  the l a t t i c e  constant from 3.648, t o  3.548,, which corresponds t o  

a s h i f t  i n  in tera tomic  spacing from 2.57A t o  2.50A, has been shown t o  be 

responsible f o r ,  o r  co inc identa l  w i th ,  a  change from a ferromagnetic sp in  

s t ruc tu re  w i t h  moment o f  about 2.9 pB t o  an ant i ferromagnet ic sp in  

s t r uc tu re  w i t h  moment o f  0.7 pB (11, 12);. 



Figure 24. 'Reduced r a d i a l  d i s t r i b u t i o n  f u n c t i o n ,  G(r )  f o r  FeS2B1 4Be4 
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~i gure 25. Reduced r a d i a l  d i s t r i b u t i o n  f u n c t i o n ,  G(r ) f o r  FeSpB1 3BeS 
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I t  i s  therefore  possib le t o  r e l a t e  the s h i f t  i n  the p o s i t i o n  o f  the 

peak i n  the amorphous Fe-base a1 loys t o  the change i n  the average Fe 

magnetic moment. F i r s t ,  one must note t h a t  an amorphous s t r uc tu re  i s  an 

assembly o f  atoms a t  various distances w i t h  respect t o  an a r b i t r a r y  

o r i g i n .    here i s  'a v a r i e t y  o f  Fe-Fe in te rac t ions  w i t h i n  the .distances 

covered by the f i r s t  peak. A s h i f t  i n  the p o s i t i o n  o f  the maximum o f  the 

peaks ( r l )  t o  a  lower r value wi thout  a  s i g n i f i c a n t  change i n  the shape 

o f  the peak lowers the p r o b a b i l i t y  ( i  .e., lower ing the number) o f  Fe-Fe 

in te rac t ions  occurr ing a t  la rge r values and an increase i n  Fe-Fe i n t e r -  

act ions a t  r values less than rl. I f  we assume t h a t  Fe-Fe pa i r s  w i t h  

spacing less than rl 'have negative exchange i n t e r a c t i o n  (J<O) (74, 75), 

then the decrease i n  the average Fe moment in,Fe82B13Be5 may mean a change 

o f  some ferromagnetic sp in  i n t e r a c t i o n  t o  a n t i  ferromagnetic sp in  

in te rac t ion .  

The la rge  change i n  nl from 10.5 t o  9.1 as the Be content i s  

increased from 4 t o  5 a t .% (.see Table 6)  i s  very surpr is ing,  bu t  y e t  i s  

consistent  w i t h  a  decrease i n  the average Fe moment, GFe. Fukunaga e t  a l .  

(1  5) have shown t h a t  i n  FelOO-x B , a l l o y s  the nl values and iFe both go 

through a maximum a t  ~$14 .  The magnitude o f  the change i n  nl (~n,=-1.4)  

i s  greater i n  these ternary  a1 loys, bu t  t h i s  dramatic s h i f t  i s  bons is tent  

w i t h  the o ther  discontinuous behavior o f  Feg2B18-;Bex i n  the range o f  

x=4 and 5. The change i n  np ( ~ n ~ = + 1 . 3 )  i s  a lso  worth not ing.  I f  we 
. . 

assume tha t  i n  Fea2B13Be5 Fe has l o s t  some Fe f i r s t  nearest neighbors 
. , 

and some Be atoms are now res id ing  t n  a  nearest neighbor she l l  w i t h  

. r ~ e - ~ e  < r ~ e - ~ e  ofFeg2Bl4Be4, we can understand how i t  i s  possib le t o  

have Fe-Be bonding in teract ion. '  The f a c t  t h a t  the  rFe-Fe i s  somewhat less 



t h a n  the Fe Goldschmidt diameter of 2.49h may point t o  loss of outer 

electrons from the Fe atoms. The isomer shift  from the .Mossbauer 

spectroscopy study shows a decrease which may be interpreted as an 

increase in the 3s electron density around the Fe nucleus, probably 

. caused by'the lessening of the screening by the outer electrons, some 

of which may be participating in the Fe-Be bonding interaction. 

The decrease in the Curie temperature, TC, when x goes from 4 t o  5 

can be explained in terms of the expression 
. . 

where z i s  the number of nearest neighbors. Since JFe-Fe and z decrease, 

TC should also decrease. 



V. ' SUMMARY AND CONCLUSIONS 

The p a r t i a l  s u b s t i t u t i o n  o f  d i v a l e n t  Be f o r  t r i v a l e n t  B i n  

amorphous F ~ ~ ~ B ~ ~  was shown t o  cause an i n i t i a l  increase and subsequent 

decrease i n  t h e  average Fe moment. The Cur ie temperature, TC, decreased 

monotonical ly .  The reve rs ing  e f f e c t  i n  the  average Fe moment caused by 

Be was conf irmed by measurements o f  Auger e l e c t r o n  and Mossbauer 

spectroscopies. The Auger r e s u l t s  i n d i c a t e d  t h a t  f o r  x a  i n  Fe82B18-xBex 

there  appears t o  be a t r a n s f e r  o f  charge from Be, probably t o  Fe. A t  

h ighe r  Be contents no such charge t r a n s f e r  cou ld  be i n f e r r e d .  From the  

Mossbauer study, t he  e f f e c t i v e  hyper f i ne  f i e l d  i n i t i a l l y  increased f o r  

x a ,  b u t  decreased fo r  x>4. The isomer s h i f t  changed f rom -01032 mm/sec 

t o  -0.050 mmlsec f o r  t h e  same chanqe i n  t h e  Be content .  

The anneal ing behavior  o f  t h e  Fe82B18-xBex a1 l o y s  was s tud ied  by both  

X-ray and MUssbauer spectroscopies. . For t h e  b i n a r y  a1 l o y  Fe,82B18, the  

. c r y s t a l l i z a t i o n  products a t  693K were i d e n t i f i e d  as te t ragona l  Fe3B and 

a-Fe. Add i t ions  o f  Be produced two c r y s t a l l i z a t i o n  stages. The.crysta1-  

l i z a t i o n  products o f '  t h e  f i r s t  stage were a s o l i d  s o l u t i o n  o f  a-Fe-Be and 

a metastable amorphous phase con ta in ing  more B than t h e  concent ra t ion  i n  

t h e  as-quenched r ibbons.  A t  t h e  second stage, Fe2B was observed t o  

p r e c i p i t a t e  'ou t .  The i n t e n s i t y  r a t i o s  i n  the  ~Ussbauer  spectra and t h e  

d-spacings deduced from. t h e  X-ray data I n d i c a t e d  t h a t  t h e  Be content.  i n  

t h e  Fe-Be s o l i d  s o l u t i o n  a t  t h e  second anneal ing stage was 4-5 a t .% i n  a l l  

t h e  Be a l l o y s .  The Mussbauer spectra c l e a r l y  i n d i c a t e d  t h a t  anneal ing the  

samples a t  a temperature between the  two stages l e d  t o  t h e  a l ignment o f  

t he  e f f e c t i v e  magnetic hyper f i ne  f i e l d ,  ceff, almost p a r a l l e l  t o  t h e  



plane of the r ibbon,  wh i l e  anneal ing above the second stage caused Ref f  

t o  be randomly o r ien ted  probably because o f  the absence o f  . l a t t i c e  s t r a i n .  

Radial d i s t r i b u t i o n  func t ion  analyses conducted on Feg2B14Be4 and 

Feg2B1 3Be5 ind ica ted  t h a t  the in te ra tomic  d istance o f  Fe-Fe atom eai,rs, 

r ~ e - ~ e '  decreased from 2.51A t o  2.47A wh i le  the number o f  f i r s t  nearest 

neighbors, nl , decreased from' 10.5 t o  9.1 when the Be content  i s  increased 

from 4 t o  5 at.%. A l l  the r e s u l t s  ' i nd i ca te  a  s i g n i f i c a n t  change i n  the 

Fe nearest neighbor environment between x=4 and x=5. The increase i n  the 

average Fe moment . is  explained on the  bas is  o f  an i n i t i a l  t r ans fe r  of 

charge from Be t o  Fe, rep lac ing  the d  e lec t rons t h a t  a re  p a r t i c i p a t i n g  

i n  a  new Fe-B hyb r i d  bonding o r b i t a l .  The s.ubsequent decrease i n  the Fe 

moment i s  expla ined i n  terms o f :  (1  ) an increase i n  the number of 

negative exchange i n t e rac t i ons  due t o  the smal ler  Fe-Fe in tera tomic  

spacings and (2)  the absence o f  charge t r a n s f e r  from Be t o  Fe; Also, the 

reduct ion i n  nl and rFe-Fe when the Be content  i s  increased from 4 t o  5  

a t .% i s  co r re la ted  w i t h t h e  observed decrease i n  TC. 

Addi t ions o f  Au t o  ~ e - B  resu l t ed  i n  an average Fe moment o f  2.20 pB 
. . 

i n  ~ f i ~ ~ ~ ~ ~ .  5 ~ u ,  .5 and 2.46 uB i n  Feg7B11Au2. The te rnary  a l l o y  w i t h  

0.5 at.% Au displayed two c r y s t a l l i z a t i o n  stages w i t h  a  s o l i d  s o l u t i o n  o f  

Fe-Au p r e c i p i t a t i n g  a t  the f i r s t  stage and the in termeta l  1  i c  compound Fe2B 

forming a t  the second stage. Higher add i t i ons  o f  Au produced a  t h i r d  

stage a t  which an Au-r ich s o l i d  s o l u t i o n  was p rec ip i ta ted . ,  The anneal ing 

of Feg,B1 l,Aup resu l t ed  i n  lower MS, u n l i k e  the anneal ing e f f e c t  usua l l y  
. . ' 

observed i n  Fe-base m e t a l l i c  glasses. This behavior o f  Feg7Bl1Au2 was 
. . 

expla ined i n  terms o f  a  reduct ion i n  the Fe-Fe in tera tomtc  d is tance and 

i t s  at tendant e f f e c t  on. the Fe moment. 
. . 



The RDF analyses on Feg2Bl 2C6 and Fe82B1 2Si indicated t h a t  the 

higher sa tu ra t ion  magnetization a t  room temperature of these  two ternary 

a1 loys,  compared t o  t h a t  of Fe-B a1 loys,  i s  probably due t o  an increase 

i n  the  spin-wave s t i f f n e s s  constant .  
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