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ABSTRACT

Recently developed na,nocrystalline magnetic systems a,re of considerable interest funda-

menta, l ly as wel l  as technological ly.  One such rnater ial  is Fe73.5BeSi13.5Cu1Nb3, which can

be ploduced by heat t,rea,ting the amorphous plecursor. This forms a, noncrystalline pha.se

with tl,pical dinrension of 350 A as detennined by neutlon diffr'action. Small angle neutron
scattel ing (SANS) ha,s been ernployed to invest igate the plopert ies of the na,nocrystal l ized
r-natelial over l,hc t,enrlrerature range fronr 10 I< to 725Ii. a regirne where no significant, struc-
t ,rrral  cha.nges Afc <rxpect,ecl  t ,o occur.  I rr  zero f ie ld a,nd lort ' t ,eurpet-a.t , t t re (101{) we obta, ined
an isot,r 'opic scat, t ,cr ing pa,t t ,ern. ' fhe appl icat ion of a,  r 'e lat iveh, Inodest f ie ld to sweep ott t

thc dortraius clranged the scatter ing to a "butterf ly wings" pattern typical  of  patterns dom-

inated by magnetic elast ic intensity.  Up to 4501( this pattern changed only modest ly,  whi le

for substantially higher temperatures the ratio of inelastic to elastic scattering increased
rapidly a,s the magnetic phase transi t ion of the intergranular component (-  575It)  was
approached. li ' iple a,xis inelastic measurements showed tha.t the majority of the magnetic
inelastic scattering rvas from the nanocrystalline phase.

INTRODUCTION

Soft arnorphous ferromagnets are of great technological importance; however, their applica-
tion is lirnited by the recrystallization that occurs at higher temperatules. The discovery of
the "so-called" nanoclystalline-amorphous alloys,[1] which rnaintain extremely soft magnetic

1>r 'opert , ies 11l)  to nrrrch higher ' tempera,tures rvi lhout recn'stal l iz ing. is t ,hr:refore of grea, l ,  i l t -
I t : r 'es1,.  

' l ' l rcsc 
al l<ir ,s a.r t ' l r rodirc.ed b.r '  corrt lo l lccl  lecr-vsi ,al l izat, iort  of  a,n antor 'phous a, l lor,  1,hat

1 l t ' r l r l t t r . i , s a 1 r r ' < l _ 1 l l t a s t . t l t t i 1 ' < l l . i a l : a l ) a I l ( ) ( ] t ' l , s t , a ' l l i r r t : 1 ; l t a s e t h a t i s t : r l l l l t - . t l t l c d i t t a t t a t l . t c l r 1 l l l t l l l s
r ra l  r ' i r .  l ' l r , '  nan( ) ( ' l ' \ ' s l  a l l i r rc  a r rc l  a rnor 'p l ro r rs  p l ras< 's  l ra t ,c  vc t ' . - \ '  < i i1 f t ' r ' t ' r r1  o t '< l< : t ' i t tg  1 , r ' t t ip t ' l ' a
1 u r ' ( ' s :  l i r r  1 i r < '  ; , r r r , r r ' P l r o r r s  P i r a s < " 1 ' 7 ' o  =  i t 7 . ' l  N .  a r t < l  t , i t c  t t a n o t . t . t ' s l a l l i r r c  l r l t a s < ' r ' r : t t t a i t t s  < > t ' < l < : r ' < ' r l
r rp  1 ,o  7 r ' , ,  =  82 ; t  I i .  Abovr :  7 r : r ,  Ihe  cocrc iv iL - \ '  iuc reases  c l ranra t ica l i5 , ,  suggt :s t ing  l , l ra t  l , l re
loss of nragnel ic orclel ing in the arnorphous rna,tr ix causes t l te na,nocr-r ,st ,al l i tes to be ntag-
net ical l t 'c iccorrplcci .  

' l ' l r r :  
rnairr t ,ena,nce of the soft  rnagnet ic propelt ies above the or 'der i t tg

1,t :nrperatulc is at l l ibrr l ,<r<l  to the landonr a,r 'eraging of t l ie nairocr ' -1 'stal l ine palt ic les t l ta1, a, t 'e
sn ta . l l c r '  1 .har r  l i r t '  r ' i ra la< '1 ,<r l i s l , i c  leng t ,h  sca lc  fo r  fe l ronragnc l , i r :  exchat rge . [2 ]  A l t , l ro t rgh  1hr :
s1,a1i<: nal ,ulc 'o1 1l ic '1,r .r '<- i -plrasc: c.oexistence has be<:n elucida,t ,ecl .  t l t<:  <l-r ,na,ut ic i ' i t 'opttrLi t :s of
1, l r<:sr, 'ntatr :r ' ia ls.  l rar '1, icul i l r l .y t ,he ma,gnet ic exci t ,at iorrs.  a,re uo1, rvcl l  unclet 'stood. In l ,his 1la-
l )ct '1 \ \ , ( j  l r :1tor '1 n sr:r ' ics of rreut lorr  scatt ,er ing nrea,surcl .n( ' l t1s ort  I l ; r t to( r . \ 'sLa, l l i t tc a,nrot ' l l l torts
l' '( '7.r.; l l, j S i 1 j..,( I rt 1 N 1,3.

SAMPLE PREPARATION AND CHARACTERIZATION

Amorphous r ibbons wer '( , ,  l ) r 'epa,red fronr l rrc-al loyed irrgots of l i r :73 5BoSirr  rCurNb3 by l t la,r tar
f lou'ci is l , ing onto a c.ol) l )er substrat;e in an argon a, l ,nrosphere. ' l ' l t r :  t ra,nocrystal l inr:  pl ta,sr:
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Figure l :  Intensity us.Q for elast ic scatter ing from Fez:.sBgSirs.sCurNbs at T :3401(.  The

nai'row, r'esolution-limited peaks are from the Cu sarnple ltolder. The broader peaks are due

to Fe-Si nanocrystals,  and the width impl ies a part ic le size of = 350 A.

was formed by heating the ribbons to 835 K. The sample was composed of 5 cm long strips

stacked together and mounted in an open copper frarne. The opening was covered by 0.6 mn-r

Cu foi l  as a heat shield to improve the thermal unifonnity of the sample. The sample was

1t ' rount,ed in a closed-cyclr :  I Ie ref i ' igcrat,or for 7 < 350I i .  ancl  in a rr :s ist , i r rely-heat,ed vactt t t r t . r

fu lnace fo r  te rnyre la t rn 'es  r rp  to  730I i .  
' l ' hc  magt t<r1 ic  { i c ' l t l .  a l igncd a , long thc  lo t rg  c l in ie t ts io t t

of  1he l i i rborrs.  u 'as Pt 'ot l r t< ' t ' t l  l r .v at t  r : lcct ' r<t l t tagtt<'1 .
- l i r  

< ' l ra lacrc r - i zc '  1 , l rc  s i i r r r ; r l< ' .  u ,< '  [ i  l s1  ; r , ' r ' i i . , t ' t t t t ' r i  a  < l i f i l ac i  i< ) l l  s ( 'A l )  o r r  I J ' l ' - l ) .  a  t  l ' i p ic ' -a r is

s l ) c (  t , r ' o r r ) ( , l e l  a 1  t , l r < '  N I S ' l  l t ' s < ' a . r ' < ' l r  l ( ' i t (  l o t '  ( N l l S l l ; .  
' l  

l r < '  )  -  2 . ' 1  ' 1  , ' \  i r r < ' i < l < ' r r t  l l o r l l , r o l l s

\ \ , r : r f { 'p l 'oduced f i 'orn 1,h<r 002 r '<: ik. lc i , ions of a pvrol .r ' t i r :  glayrhi t ,c ( l )C) tnortor:hrol l ratot ' .  
' [ ' l t , -

col l in-ral ion rva,s l0 '-LI ' - �sanlr le- 12'- �16' .  before ancl af tct ' the ntouochroma,tor and before

ancl a, f ter the the PG002 a,nalyzer ' ,  respccl, ivel) ' .  l 'hc 340I i  c l i fTrac. l , ion pa,t tc:ru (Pig. 1)shou's

t ,rvo set of  pea, i is:  Tl ie na,r lou, (rcsolul , ion- l i ln i tcd) pt:aks at 'e loca,Lr:r l  a i ,  3.013 anci 3.480 A-r:

and th< :  b loar le r  pea l i s  (u ' l r i c l r  a r ' ( ' rno f ( l  i ,har r  l i vc  l in tcs  l , t ' oa .< l< t t ' t l t ; r l t  1 ,1 r , , -  i t i s l , l r . t t t t< ' t r l : ,  l

r cso lu t , i c - r r r )  a le  loca t r :d  a , t ,  1 .92 .  2 .21S,  a r r , I  l ] .1 ; ] . ' \ - ' .  
' l ' h t : r r :  

i s  a lso  a , t t  cx t t 'e r t l c l l '  l ; r ' oac l

con-rponent,  centered at ;1.05A-'  that,  is = l5 t i t t t<:s t , l rc instt 'ut- t tei t l ,a l  rr :solut ion. 
' [ 'hc l la ' f ro\ \ '

1r"uir  can be att l ibuted t ,o thr:  Crr samplr:  sarrr l i l t :  l io ldcr ' .  
' l ' l tc 

bt 'oaclr : t '  pea, l<s a,r 'e indica, l , ive

of a nanocr),stal l ine pha,sr: ,  ancl  the posit ions incl ic.ate t i rat  thr:  nattocrysta, l i ine plrase is bod,r '

centered cubic with a0 :  2.835 A. 
'Lne pfesence of thr:  super: lat t ic<: peaks indicatcs that thr:

al loy is atomical ly ordered. 
' l ' l re lat l , ice consl,au1, is a l i t t , le larger:  than that,  expecter i  for

Iresosi20. consistent with the possibi l i t ,y t l ra,1; 1,hcre is somr: srna, l l  a,clmixt, t t reof Nb present i r l

i ,he na,nocrysta, l l i tcs. [3]  
' l ' l r r :  rv idt ,b oi  t i re yrcal<s i rr t l ica. l , r- 's i ,haI l ] rc cha,r 'a,cter is l , ic <i imension
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Figrrle 2: 2D SANS irnages at va,rious fields and temperatures. The magnetic field is applied
lrorizorital ly. Zero momentum transfer is at the center of the image, and the e and g l imits

correspond to *0.0882A-I .  (Lef t )  HoHopp:  0T and ? :  101( ;  (nr idc l le)  pLs l {opp:  0 .1 ' f
a r r d  T :  1 0 l i ;  a n d  ( r i g h t )  p o l l " r r : 0 . 1 T  a n d  T : 7 2 5 I i .

of t l re na,nocrysta, l l ine regions is 350A. In addit ion. a,bout 20% of t l tc scal, ter ing is due to
ar r  a r t to rpho l ls  ( ' ( ) r l ) l )o r te r t l . .

SANS MEASUREMBNTS

ln order to observe the small-q sca,ttering from the magnetic miclostluctttre of this nano-
a,morphous ma,terial, we perfolmed small-angle neutron sca,ttering (SANS) rneasuretnents
on the NG-3 30 ni  SANS spectrometer at the Cold Neutron Research Faci l i ty (CNRF) of
the NIST research reactor. A velocity selector produced an incident neutron distribution
with a wavelength of 5 A and a ful l  width at hal f  maximum (FWHM) A)/)  :  15%. The
detector was 4 m from the sample, four guides were inserted in the incident beam, which

gave a minimun-r accessible scattering vector Q^;n of 0.0125A-t and a momenturn resolution

near the center of the detector of 0.0025A-t.  W" started with the sample at T :10K (see
Fig. 2).  In the case whele there is no appl ied magnetic f ie ld,  the rnagnet ic scatter ing, as
rve l l  as  the  s1r ' r rc l ,u ra l  sca t , l ,e r ing .  i s  i so t rop ic  (F ig .  2 ) .  App lv ing  a  I  l iOe f ie ld  d l i ves  o t t t
a l l  t l i e  dorna i r rs .  n tagnet , i ca , l l . r ,  sa tu r ' - , t i r rg  the  sa , r 'np le .  anc l  c l ra r tges  thc  sca l , t ,e r ing  pa l , l , c t ' t t
I o  a n  i s < t 1  r ' o p i <  s t l r r c . l r r l a l  t c n n  a r r c l  1 , u ' o  a l r i s o L r o p i c  n r a g n c t i < r  t c f l l ) s .  

' l ' i r t :  
c 1 ; r s t , i c  n t a g t t c l i t '

s t  a l  l c l i r ru .  i ra t  a  I  - -  < 'os?  4 ' . ,  < lc ' l r c r r r l t ' nce .  u , l te teas  1 ,hc  in< ' las1  i t '  sca t l r ' t ' i r tQ l tas  a  I  f  < '< ts '<p
< i c l r c r r r i < ' r r r ' , ' .  u ' l r < ' r ' < ' c i  i s  l l r c  t r t r g l e  a r ' < l r r n c l  l l r < :  c i c t , c c L o r  r v i t l t  t t r s P c t t  1 o  t , l t c  < i i t ' < : < ' t , i < t t t  o 1 ' 1 l r < :
alr l i l ieci  f i r : l<1. 

' l 'hus 
in l ,hc ca,st :  of  a satura,t ,ecl  felromagnet,  the sca,t t ,ef ing catt  l re u' t ' i t , l ,c l t  as

a sur)r  of  an isol ,r 'opic t ,cr ln ancl an anisotropic tertn:

.a (q)  +  1 i ( r7 )  r ,os2  co  - -  c t (q )  +  gk) ( l  *  cos2 , ! )  +  ^ i l r1 ) (1  -  co t2  ,1 ;  ( l  )

u, l rc lc 1,1rc 17-<ir : l rerrr lenl ,  t , ( l l ' r ' I rs o:.  tJ.  a.n<l J a.re 1,he st,r ' r tc l , t t la l  .  elasLic trr t tgtr<rt , i t : : t , t tc l  i l te iast ' ic
I  I  r a g l  l c l  i c  s c ; r 1  1  ( ' l ' i  I )  g ,  l ' ( ' s l ) ( ' c t  i  y c l )  .

In  a  sa lu ra l i r rg  f ie l r l  a1 ,  lou '  ten tpeLa, l , r i res ,  the  s r :a l , te l ing  pa |1crn  has  a  c l ta t 'ac l ,e r is1 , ic
but lr : r ' f i r 'pa1,tr : r-n.  inr l icat ing tha,1, rnost of  t i re scat l ,cr: ing is clast ic;  this charact,r : t ' ist , ic pa1,1;et ' r t

Pr:rsis l ,s r-rp 1,<- i  = 4501i.  r \ t ,  t l re higirest temperatures (-  700I i) .  the: scat l ,et ' ing pattern has
cha,ngcd so 1,hat the inela,sl , ic terur dotnina[es.

TRIPLE AXIS SPECTROSCOPY

Ir r l t . i s r - r i , r .< , r1 l i< : | r l r I .< l l t lagr r< . r . . [4 ]1 , l l cc1 is1- lc l . s ic l r r r t : la , , r , i< l t t l t c1 ' r t ' cx : t t1 , i l r : s1- r in - r t � � � � � � � � � � � � � � � � � � � � � � � � � � �
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i i igru'<'  .J:  I ) isP<:r 's ic.rr  t :ulvc.-s.  I j  us. q,  for uaro<:r ' \ ;stal l i r rc/a,n.ror.Plrotrs l ie73.5BeSi13 5,Ctu1-\1., . . . .
( ' l 'o1r) ' l '  :  ( i2 i t  1i  and incident energy E;:  l :J. f  meV. ( l3ottom) E; :  gmeV and 7'  :  450I i .' l ' he  

so l i c l  l i nes  are  f i t s  o f  the  da ta  to  E  :  Dq '+  A .  The do t ted  i ro l i zon ta l  l ine  ind icares
1.he etterg.1, t 'esolr tLiou, whi le tht- 'other clot ted l ine indicates t i re kinen-rat ic l imit ;  for t i resr:
c ( ) l l s t a . i l t  - q  s i ( ' i l l l s .

t r . t t : t t t t t r t r  is <1rtac1t 'al , ic in t ,hc- '  smal l-q regirnc:,  [ ]  :  Dq2, where D is the spin wave st i f fness.
\ \ t  s l ,ucl i r : r l  1.hc rnagnct ic inelast ic cross sect ions rvi t l r  thr:  BT-2 ancl BT-9 tr ip le-axis spec-
l ,Lott t t : : tcts at NRSR., in ordr:r ' i ,o determine t l re soul 'cc of t l rc inelast ic scatter ing u, i r ic i r  n 'cr
obset 'vt :c i  in 1,hc SANS experiments. We performed constant-q. va,r iable energy sca,ns u' i t l r
f ixr :c l  incidr. :nt  energies of 13.7meV and 5n'reV. The inelast ic sca,ns nust be rord" around thc
(000) posit iorr  in order to measure the long wavelength spin exci tat ions, s ince this is the orr iv
rr , :c iprc- ical  la l , l , icr :  point in an a,rnorphous sysl .em. This restr ic l ,s the spin wa,ve exci tal , ions
tha1, arr- :  exlrr- ' r i rnr: t t1,al l1 '  2c6pssible sincr:1,hc nta,xirna, l  aclrhvablr :  r :1e1e.1, l , ransfer i lcrr :asr:s

0 0 .01 0.02 "  . ,0.03 0.04
Q  ( A - ' )

E . =
I

T
13.7 mev

= 6 2 5 K



lirrearly rvit,h moment transfer, E+ x t2k;q, whereas the spin wave energy increases as q2.
' l 'hc 1i ' ;  :  13.7 meV scans were performed with col l imations of 10'- l1'-sample- 12'- 16'

giving a,n €nergy resolution at the elastic position of = 0.25 meV, a longitudinal q resolution

of =-O.Ot A-t i ,r  the scattering plane, and a vert ical resolution of = 0.22A-t. At the
rnornentun-r transfers accessible with 0.25 meV energy resolution, the excitations are not at
a, lorv enough energy to observe until the sample temperature is greater than - 625 !{ (see
Fig. 3). Tlie data can be fit to a quadratic dispersion and an energy BaP, E : pq2 1 A':

at T :625Ii. the spin wave stiffness is about l25meVA2. The negative gap is probably
an artifact of the observed spin wave energies being so close to the experimental kinematic
l im i t .

\A/e are able t;o observe spin excitations at lower temperatures by changing the incident
energy to 5 meV, thus improving the energy resolution to = 0.06 rneV at the elastic position.
We can then observe spin waves over the temperature range 200 I( < T < 450 K, where the
spin st i f fness va,ries from 200 to 150 meVA2.

The large value of the spin wave stiffness and the temperature dependence of the spin
rva,ve stiffness indicates that we are observing only the excitations in the Fe-Si nanocrystal-
lil;es, a.nd not in the amorphous matrix. We, of course, might expect only to observe such
cxcita,t ions as t,he maioritv of the material is in the nanocrystal l i tes.

CONCLUSIONS

We ha.r,e performed a, va,riety of neutron scattering measurements on a, nanocrystalline/
a,morphous r-naterial, Feza.sBsSirr.uCr,Nb3, to characterize the sarnple,, and determine some
of the dynamical magnetic properties of the material. Neutron diffraction measurements
showed that the prepalatory heat treatment produced a sample^in which = 80% of the
sarnple u,as in na,nocrystallites with an average size of about 350 A, the rest of the sample
is amorphous. SANS mea,surements in a rna,gnetic field showed that the inelastic scattering
increases with increasing temperature, and that most of the low temperature scattering is
elastic magnetic scattering. Constant-q variable energy scans of the magnetic excitations
around 000 showed that the observed spin waves were mainly due to the component with the
higher Curie temperature, with a rather lalge spin stiffness at low temperature, as expected
for Fe-Si na,nocrl,stallites. Further work will involve the study of microscopic kinetics of the
recrystalliza,tion process by SANS, a,s well as a search for the amorphous excita,tions in a,n
a l l ov  u ' i 1h  a  g l ca l c r  an ro l l n t  o f  an ro rphc l r s  l t hasc .
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