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INTRODUCTION 

The new Neutron Spectromete r NS\{R installed at t he powerfull 
in~u l se r ea c tor IBR-2 is a vers a tile Time-o f -Fl i ght (TOF) neut
ron- sca tteri ng tool which capabili ty for compl ex t exture studie s , 
amorphous mate r i al s characteri zation and quasi-el asti c s ca t
te ring has been pr ooved in prac tice /1 ,21 , 

To test this spectrome ter i n relat ion to the crystallographi c 
prob lem of structure analys i s, the t ask was und er taken to de ter
mine th e cat io n distribution in Co-Fe spinels, This s yst em is 
i nte rest i ng from the methodical point of view due to th e fo l l ow
i ng: 

a) As i r on and coba lt scatter X -rays al mo st equa l ly, ne u t r on 
nuc l ea r s ca tte r i ng is needed to separate the contri butions from 
t hese a toms i n a diffraction experiment. 

b) TIl e cons i de r ed spinels are ferrimagn eti c, and thus g ive 
r ise to ch a r~c t e r i stic magnetic neutron s ca ttering phen omen a. 

Fr om the t e chnolog ical point of v iew the Fe-Co sp i ne l s r e pre
s e nt a fami ly o[ important materials related to the la l e r ites of 
the north- eastern regi on of Cuba. 

THEORETICAL BACKG ROUND 

. . 11 k 1 3 1 The gene ral s ch eme of the sp1nel structure 1S \.,/e no\o,'T! . 
I t ' s cub i c ce ll (space group Fd3m) is bui l t up on t he fr ame of 
32 oxygen a ni ons, that determine the 16 octahedral and 8 t e t ra 
hed r a l si t es amo ng wh i ch the corresponding ca tions are distr i 
bu t ed. 

I n a normal or direct spinel, as , for example, the minera l 
s p inel MgA12 0 4 ' t he 16 tri val e nt cations occupy all the octa
hedral sites and t he di valent ca tions oc cupy t he t e t rahedra l 
sit e s. I n i nve r s e sp i ne l s, for example magnetite Fe3 04 , a hal f 
of the t r iva l e nt ca t ions occupy the tet rahe dra l sites, whil e the 
octahedra l si t es are fifty-fi f ty occupied by di- and t riva lent 
cations . Be tween these extreme cas e s a continuous spectrum of 
st ate s is, in principle, possi b l e , so we have as the fi r st prob
lem in a structure analy s is of a spinel that of the det ermina
tion of the degree of invers i on. For Cobalt-Iron spinel s 
Co r:!:.x Fe~+ Fe~+ 04 ,with x chara c t e ri z i ng the separation in 
relation to the stoichiometric CoFe2 0 ... ' this problem can be 
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stated as the deternlination of the inversion parameter in the 
formu l a: 

2+ 2+ 3+] ! ( 2+ 2+) 3+ I ( ) [ (Ca l 
-

Fe J: ) 1 . Fe I' tet COl Fe x .' Fe 2-
1 0 4 

11: -1 -x 1 OC t 1 

Evi dently, for direct spinels i = 0, ,"hi le for i nver se i = I 
Anot her pr oblem to be solved i n a s pi ne l charac t e r izat ion- s 

the mea suremen t of the so-ca ll ed oxygen parameter u , that des
c r i bes t he posit i ons of t he an ions . For i deal cubic s ymmetry 
u = 3/8. In general , the oxygen i on s a I' ''' d ispl;Jced form t he 

idea l s ynnnetric pos it i 9ns by an amoun t oE 1\ = ( u - 3/8 )";3 a 0 

i n a cel l diagonal d i recti on. 
The t wo above st a t ed problems are to be s olved by mea sur i ng 

the i ntegral diffracted i n t ensit i e s or t he Braqq peaks in the 
considered, in general po l ycrys t a l, samp1e . In our case the 
de t e rmina t i on of ca tion di st r ibut i on i~ associated with t he 
magnet ic scatteri ng of neut r ons by th e Ie rr imagnetic order o f 
th i s t ype of s t r uc t ur e: the magne t ic moments (spins) i n tetra
hedral s i t e s are oppos ite to th os e in OC lahedral si tes, thus 
Jeadi ng to a phas e-sh i ft of 180 0 i n t he sca t tered neutron Have s . 

The fu ndament a l equa t i on relating t he s t ructure factor 1"2 to 
the i ntegra l intens i ty I measure d i n a neutron TOF polycrystal 
diffrac t i on experi ment is the f ollowi ng : 

l =k F2A4¢ LAN ~ P . (2) 

whe re: k is i ns t rument a l fa c t or, cons tan t in a given spectrum; 
A. neu t r on wave-length ; ¢ = ¢ (A) . r eact or spec t r um; L. 
Loren t z f ac tor. It depends on th e s cat ter ing ang l e , s o i t is 
constan t i n a TOF spec trum. A is ab so r ption f actor . It depend s 
on t he absor ption coefficien t ~ , as described in the l i ter a
ture ' 5; , ,,,i th ~ pro port iona l t o A , Nc is number of un i t c e ll s 
pe r uni t vo l ume; p, ' mu l tiplici t y factor . 

The struc ture [ actor, as described in ·~/ , is bui l t up of it s 
nuclear and ma gne t ic cont r ibuLion s : 

(3)F 2 ~ F2 +q 2 F 2 
n ile mag 

\~ i th 

F'2 I l b exp 211 i eM- -l tY... t _e~ )12 e -2w (4 ) 
nue b 0 CoaO 

FfI~:tt:= I l p exp 271i (~ .;. k +JcL)1
2
e-

2W (5) 
Co a O b O 

(6)q2~ sin21l. 
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Here band p are, respective ly, the nuc l ear (isotropic ) and 
magnetic (form-factor dependent) scattering amplitudes;h ,k ,e, 
miller i ndices; K,y ,z, atomic coordinates; a o , b o , co' 
cell parame ters; exp (-2W), temperature factor;and a , angle 
be t ween sca t t e r ing and magneti za tion vectors. q2 is the "magne
tic i ntera c t ion vec t or" squared. 

I n c omparison wit h angle dispe r sive neutron or X -ray d i f
frac tion , th e neut r on TOP meas urements have the fo l l owing pecu
liar i t i es . As the plotted spect ra are I vs A , the f ac tor A4 
var ies s t r ongly wi thin one spect r um . Also sign i f icantly vary 
¢( A) and A . Specific contras t with X -rays i s f ound i n t he 
ampl i tudes b and p. Nuclear ampl itude s appre c iab l y di ffe r bet
ween Fe and Co, al though th e corr espond i ng va l ues fo r X -ray s 
are almost the same. Neu tron magnetic amplitudes a re composed in 
dependence on the magnetic moment or i e n t ation. In our f e rr imar,
nets opposite spins have opp os ite signs for p in Eq. ( 5) . 

For calculating the magnetic inte r act i on vector one ne ed s to 
know the relative orientation of sc a ttering and ma gnet i za ti on 
vectors. In spinels the magnetic eq u ivalenc e of the ce l l di ago
na l s as easy di re c t i ons leads to a mean val ue of < q 2 > = 2/3 for 
all r e flec tions '7! 

Wi th these element s , the determination of cation distributi on 
in spine ls is carr i e d out by fitting the cryst a l lographi c and 
magnet i c structures to minimize the disagreement between expe ri
mental and calculated inten s ities. 

EXPERIMENTS AND RESULTS 

Two samples were prepared at the Laboratory of Magnetism of 
the Havana University (Phy s ics Faculty). Samp l e I is the 
stoichiometric CoPe 2 0 4 . Sample 2 has the compo s ition 
CO o .s Pe 2 .2 ° 4 , Suitable amount s of Co(S04)2 (NH.)2 6 H 20 
and Pe(S04)2(NH4)2 6 H.o0 were dissol ved i n wa t e r and then 
comprecipiated in acetone. The re sulting salt wa s dec ompo s ed a t 
840°C, sifted and pressed a t 250 MFa, Fo r sintering t he ob ta i ne d 
blocks were hea ted in Argon a tmosphe re at a temperature increa s e 
rate of 5°C/min to a final T = 1300 0 C. At this temperature the 
process was completed after 2 hour s . The dimens ions of the 
cylinders thus prepared were: diameter = 12 rom, he i gh t = 5 mm. 
They were e xamined by X-ray diffracti on and showed only the 
spinel line s. 

The TOF s pectra for the con s i dered s amples wer e obtained at 
NSWR with the texture confi gur a t ion, as des cribed i n /1 !. The 
neutron flight-path was 34.20 m and the scattering angl e was 
fi xed at 2 e = 60°. Two cyl indrical samples were glued a t both 
s id e s of a paper foil conforming a roughly "spherical" sample 
that wa s bathed in the neutron beam. 
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Fig. 1. Spectrum of the IBR-2 in~ulse peactor . Abscis Fi g. 2. Expel,iment al TOP spectrum of sample 1. 

sae values on Figs. 1-3 are the TOF channel numbers. 

They could be converted to interplanar dis tan~es via 

eq . (7). The spectra of samp les 1 and 2 were analyzed on a PDP 11/70 

computer by means of a fitting program. Eighteen peaks were 
res olved and its integral intensitie s measured. The theoretical 

To check the possible influence of a texture on the diffrac intensities to be compared with the experimental ones were cal
ted intensities, the samples were rot ated in the texture gonio culated with the program SPINEL that computes the following. 
mete r over a 900 interval about an axis perpendicular to the For a given sample, a set of constant data are taken that deter
samp le symmetry axis. No texture was detected. mine non-fit-table factors as composition and absorption. Then 

Figure 1 shows the neutron intensity distribution of the a set of structures is systematically genera ted to search for 
incident beam in dependence of the wavelength, i.e., the reactor the best fitting among experimental and theoret i cal intensities. 
spectrum of t he IBR- 2 . The drawinp, corresponds to a filtered The minimized di sagreement factor was : 
mean-square fit to the experimental scatte ring spectrum from a 

L I I teor - I up ~vanadium sample. In this and in the followine spec.tra, the hori R = (8) 
zon t a l axi s represents the neut r on wave-length, measure d as L I asp
" channe l number" N . The r e lation among N , A and the i nter
p l anar di stance d is gi ven by the calibration: 

For calcu l ations, nuclea r amplitudes (s ca t t e r ing length s)N - 3IL.. (7)d (nm ) '0 2687 	 were take n f rom / 5! , ma gne t ic fo r m f ac tor s from '8', isot ropi c 
t empe r a t ure and abs or pti on co r r ec t ions wer e t re a t ed , r es pec t i 
ve 1y, ac co rd ing to ' 9/ and 1

7 1 , adequa t ed to A - dependence in thefor a Bragg a ng l e 26 = 60° and a ch anncl wi d th of th e t :ime ~ I 
analyser 3 2/15 Ver tical axes r e pr e s en t in t ens i t i es i n arbit  obta ined TOF sp ect ra . 
ra r y sca les. Table 1 s hm"s :in de t a i l t he r e su lts for s amp l e I. The given 

Figur e 2 is a plot of t he TOF s pec trum of samp l e 1 and Figu t heoreL ica l i nt e ns ities a r e optimized with respec t to the inver 
re 3 shows th e s ame s pec t rum di vi ded po :i nt - by-point by the reac  s ion and ox.ygen parameter s . The r esul t o f op timi zat ion i s R = 

t or s pec trum of Fig. I. = 6% fo r i = ) and u = 0.3 76. For compari son l et us consider 
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the following result. If is fi xed at i = 0, then indepen
dently of va ria t ions on u it is obtained R L 20%. This shows 
the resolving power of the performed experimen t and specifical
ly t he full y i nvert ed character of the considered spinel. 

For sample 2 the result is equiva l ent . Table 2 shows a more 
abstracted comparison of experimental and calculated data. For 
thi s sample the final R = 4% for completely i nver ted structure 
( i = 1) wi th u = 0. 380. 

CONCLUSIONS 

The capab i l ity of the NSHR neutron s pect romet er for hi gh
symmet ry po l ycx ystal struc ture analysis ha s been est ablished . 
Per Li nent me thod i ca l and compu t ationa l mean s have been develop
ed [or spi ne l- t ype s tructur es, wit h c on s iderat i on of both nuc
l ea r a nd ma gne tic sca tte r ing. Th e cati on di stribu t ion in 
Co Fe 2 04 spinels ha s bee n studi ed f or x s 0 . 2, wi th 

l- ll oj f. 	 .t he gener a 	 res ult of lnver s e s tructure s With oxy r, en parame t er 
sligh t l y l a r ge r ·than the i dea l cuhi c-symmetry val ue. 

ACKNOWLEDGEMENTS 

The authors would like to exp r es s th e ir gratitude t o 
Ing. I.Doerfel for valuable assis tan ce in obtain ing of the TOF 
spectra and to Dr. K. Fe ldmann for gene ral suppor t to thi s wo r k. 

RE FERENCES 

I. 	Ananev B.N. et a1. JINR, PI 4-84-82 7, Dubna, 1984. 
2 . 	 Mat z B., Hoppe U. JINR, PI3-84- 280, Dubna, 1984 . 
3. 	Wyc cko f f W.G . Cr ystal Struc t ure s, v .3, J. Wil ey , N. Yo rk , 1963. 
4. 	 Bur as B. et a1. Ac ta Crys t allogr ., 1975 , A3 1, p .372. 
5. 	Hewat A.H. Acta Crystallof,r. , 19 79, A3 5 , p .248 . 
6. 	 Bac on G.E. Neut r on Diff r act i on , Oxfo r d , 1967 . 
7. 	 Shull C. G. et a 1. Phys .Rew . , 195 1,84, p.9 12. 
8. 	Brown P.J. et a1. J. Ph ys . C, 197 3,6 , p.1406 . 
9. 	Noz ik Ju .Z. et al. Neu trons a nd Sol i d Sta l e, v. I, At omi zda t, 


I10s cow, 1979. 


Re ceived by 	 Publishing Department or 

on June 19, 1985. 

8 

p:l'WIIII '.1 •• 1l;lJlhH"!Jl J{. E14-8 5-117 4 
BO~IM IICII]I 1111 P(':II':1"OIl(' 115P-2 
JV)H 	 11(}lii ·: 

P<1 

"I~IIII\IIIIlCTIl 1I'!liT)ICIIIII(IT' U (~"(I]{TpnM;;'Tp" tlCBl' 1m I1M

1)(:111,.]'11111' 11!;1'-2 Hnll ~:·I'IlYK'TYIlII.WO 11l1aml1li. 06CYJIi,l\:lI01'Cff 

" ",a l'!~I:ITlf\wr"'lt! 11011 J1 IJCIo] 1I111'(;pllpeTnl\lHf IIpI!HH-npO

IW'r1IJ,rK (!II(JI\TPOI! C Y\H'l'tl~f 11"'·~ll1HlI'(,'I \I ~1""I1I1Tllol'I' 1);1CCI!I1II1i11 lIei' 
Tpollon. r:p,}fI{'A'~IIhl JlCCJll'W1U<llllIH II)epplI~l!1r1l1lTIIOii C'l'pyr:.1'YPIJI IIlIlIUI(! 

JIcii Co- Fe. JlnR 3TlfX CJlCTl.'M ycT.'1 II nnneHO 1lJl,lllIill(OIl(l (. pnClIp(' HC'JIC'

HHe K:'lTTiOHCHl, KOTopoe 06Pil 3yeT OGp:ll'trYIO IIIIllI1h,'JTl dl VIII l! 'rpYI'TYPY. 
IIJawrop pacxoJl1IM()C:TIf COC:1"8BJU1 4-0%. 

Pa601''' UhTnOlllleTlil B na60paTOpl111 llerlTPollllClij 111II'1IlKIJ mImI. 

CoofiweHHe OObeAJ1ReUHOrc HHCTH'1'Y'1'a IlAepHbllC Hccnep.OBaHHA. )lyC5118 1985 

Fuentes L.• Carcia-Tarajano E., Walther K. RI~-85-474 
A Test for Crystallographic Stud'ies 
on the NSWR Neutron SpectromeLer al till' llllt-:.! "ulHeJ ({(·lIC'.Lor: 
Cation Distribution in Spinels 

Tbe investigation has nl'Iln perfnrwI'd :It t'",· l.;1hllrllrury 
of Neutron Physics, JINR. 

COUlllunication of the JOint Institute for Nucl~IJr Rl'st'lIYch. Uubna 1985 

The 

http:I'IlYK'TYIlII.WO

