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Zn,Sh,0,, is known to adopt an inverse spinel crystal structure, in which'Zoccupies the eight
tetrahedral positions and Shand Zrf* randomly occupy the 16 octahedral positions. Samples of
Zn; _,Ni,Sh,0O,, (x=0, 1, 2, 3, and #were synthesized using a modified polymeric precursor
method, known as the Pechini method. The crystal structure of the powders was characterized by
Rietveld refinement with X-ray diffraction data. The results show thatxfer0, 1, and 2 Ni
substitutes for Zfi" in the octahedral sites, and that for 3 and 4 it is assumed that Ni replaces

Zn?" ions in both the octahedral and tetrahedral positions. It is also observed-fdrand 4 the
formation of two spinel phases. @003 International Centre for Diffraction Data.
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INTRODUCTION interactions between the AA, BB, and AB sites of the spinel

The zinc-antimony spinel Z®h,0,,, has been studied _structur_e ABO,. The existence and strength _of exchange
because of its large variety of industrial and technologicalnteractions are fully dependent on the metal ion—oxygen-—
applications, from ceramic pigments to voltage ceramicmetal ion angle. _ _
varistors(Ezhilvalavan and Kutty, 1996; Polegt al., 1994. This paper reports part of an extensive project to fully
When doped with magnetic ions, e.g., nickel and cobalt, thigharacterize the Zi$h,0,, structure and its derived doped
system has considerable potential in magnetic storage tecRhases. In a previous studyisboa-Filhoet al, 2000, it was
nology (Schiessletal, 1996. In particular, the system reported from infrared spectroscopy analysis that Ni prob-
Zn,_,Ni,Sh,0,, (x=3 and 4 possesses magnetic irrevers- ably occupies the tetrahedrab &ite for x=2. Rietveld re-
ibility and is considered an excellent candidate to be cata-
logued as a spin-glagkisboa-Filhoet al,, 2000.

This spinel structure accommodates a large number of
different cations, occupying two possible different crystallo-
graphic sites: octahedral or tetrahedral. Some inorganic com-
pounds with the spinel structure display significant cation
disorder(Sickafuset al., 1999. Figure 1 presents the spinel
unit cell. In order to study Ni-doped Z8b,0,,, polycrys-
talline samples were synthesized using a modified polymeric i
precursor method, known as the Pechini metfiBdchini, sl
1967). The resulting phases and crystal structures were char-
acterized using X-ray powder diffractiofKRPD) and the
Rietveld refinement methoRietveld, 1969.

In terms of crystal structure, for a complete study of the 2
physical properties of the spinel Ni-doped structure, it is nec- 5
essary to introduce the parametghat describes the oxygen e
position (u,u,u) in the unit cell. This parameter indicates the A
deviations in the anionic sublattice and varies according to .

the cation size variations in the structure. The knowledge of

u is crucial to understanding the origin of possible magnetic

Figure 1. Spinel unit cell showing an octahedra surrounded by tetrahedra.

Large circles correspond to the oxygen ions, small open circles are the

3 Author to whom correspondence should be addressed; electronic maiimetallic ions at tetrahedral sites and small dark circles represent metallic
copsanto@ig.unesp.br ions at octahedral sites.
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Figure 2. Flow chart for the synthesis of Z3Ni,Sh,0;, powders.

Figure 3. SEM micrography for ZiNi,Sb,0;,.

finements were then carried out to corroborate this IR analy-
sis, and to understand the ferromagnetic behavior described
by Lisboa-Filhoet al. (2000.

nated cations (Ni", zn®", and SB') are at site

16d (3,3,3), and the oxygen atoms are at the special position
EXPERIMENTAL PROCEDURE 32e(u,u,u), whereu is a refinable parameter. The DM-
Synthesis PLOT (Marciniak, 1997 Rietveld difference plot program

The Zn,_,Ni, Sh,0,, polycrystalline samples were syn- Was used to monitor the refinements. _ _
thesized using a chemical route based on the Pechini method The following parameters were refined: sample displace-
following the procedure shown in Figure 2. Mixed metal Ment, unit cell parameter, oxygen positionisotropic atom
citrate solutions were prepared with a citric acid/metal ratiodisplacement B, FWHM, the mixing parametgrand scale
of 1/3 (molar basis The solution was homogenized by mag- factor. The background was fitted by third degree polyno-
netic stirring at 70 °C, and then ethylene glycol was added t(_gmgl. Furthermore, to bettgr determme the spinel phase sto-
this solution to obtain a citric acid/ethylene glycol ratio of ichiometry, the Zn and Ni occupation parameters were re-
60/40 by mass. Polymerization occurred at 120°C, aftefined and constrained to have their sum equal to 1.0, with the
which the resin was calcined at 400 °C in order to eliminateS@me atomic displacement for Zn and Ni.
any organic material. After that, in order to obtain a better ~ During the refinements for ZNi3Sh,0,, and

crystalline phase, the powder was calcined at 1000 °C fo£nsNisSh,0;,, 7 reached values greater than 1, and satellite
1 hour. points were observed around the maxima of the peaks in the

Rietveld difference plots. According to Young and Sakthivel
(1988, these features may be because of a bimodal distribu-
Crystallographic characterization tion of crystallite size. For these two phases, the two differ-
The X-ray diffraction data were obtained using a Si- €nt crystallite sizes were modeling by treating the material as
emens D5000 diffractometer in the range 2@¥<110°, & two phase mixture, each having the same crystal structure
with copper radiation monochromated by graphite crystal input different FWHM. Figure 3 is an SEM micrograph of the
the diffracted beam Nka;=1.5406, a,=1.5444 A, ratio  ZnsNi;Sb,O;, powder in which one can observe the bimodal
ka,/ka;=0.500), 40 kV, 30 mA, divergence s#tl°, step  distribution of crystallite size.
time=12 s, step size0.02°, and scintillation detector. For all Ni doped samples it was assumed that th&"Ni
The program DBWS9807&Young et al, 1999, which ~ and Zrt* share the octahedral site. Concerning the tetrahe-
is an upgraded version of DBWS-9411 described by Youndlral sites, it was considered that ghti;Sb,0;, and
et al. (1999, was used for the Rietveld refinements. TheZnsNi,Sb,0,, have only Zn at this site. On the other hand,
pseudo-Voigt function(Young and Wiles, 1982 defined as  for ZnzNi,Sb,O,,, Zn and Ni share the tetrahedral site. For
b=[nL+(1—7)G] ZnyNizSh,0,,, the refinement of Zn and Ni occupancies at
K =1 this site did not converge; it was then considered to have the
wherelL is the Lorentz functionG is the Gauss function, and 8a site filled with Zn, although the bimodal distribution of
n is the mixing parameter representing the fraction ofcrystallite size can be considered an indication of possible

Lorentzian content, was used to fit the peak profiles. differences in the occupancies, as was proposed for the case
The ideal cubic crystal structure of spin@pace group with x=4.
Fd3m, origin at center &) was taken as the initial model Unit cell parameters and the oxygen positional param-

(Sawada, 1995 The tetrahedrally coordinated cations eteru for each spinel phase were also studied. ¥o12 a
(zr?™) are at site & (1/8,1/8,1/8), the octahedrally coordi- small amount of NiO phase was observed.
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TABLE I. Rietveld refinement results for the Zn,Ni,Sb,0,, samples. The
refinement indexe®;,, Ryp, Rexp: Reragg @nd the goodness of fi are *
defined by Young and Wile€l982. Phase 1 means the phase with smaller
crystallite size and phase 2 means the phase with bigger crystallite size. Zn7Sb2012
(e.s.d.’s are given in parentheses.
1000°C/1h
Zn,_,Ni, Sb,0;, spinel ™ 1k
@
x=0 x=1.0 x=2.0 x=3.0 x=4.0 <
>
Rup 10.38 10.21 9.89 11.77 11.35 g
Rexp 10.00 9.68 9.51 10.62 10.05 2
S 1.04 1.05 1.04 1.11 1.12 £
Reragg 6.37 4.18 10.73 5.30 3.88 Yor¥e
04
. 252 340 Rt cr v vwn o oaw vw v w Spinel
Spinel phases e I Lot Her e e moan ZnQ
a(A) 8.601G3) 8.58043) 8.55894) 8.54124)® 8.51696)% sl ks ol o Y-y,
8.54192)° 8.51923)° T T i T T T T T T T
u 0.25698) 0.25788) 0.26149) 0.2632°  0.2632)° 2 40 &0 80 100 120
0.2561)°  0.2572)° 2-theta (degrees)
#Phase 1. Figure 4. Rietveld plot for Zf5h,0,,.

PPhase 2.

dependence of the lattice parameter witlobeys Vegard’s
law (Cormacket al., 1988, being sensitive to the amount of
dopant added.

The refinement results are summarized in Table |, Table
I, and Figures 4 and 5. These two figures give the RietveldNickel occupation
plots for the cases witk=0 andx=4, respectively. Some of
the following discussion requires values for the ionic radii of
the cations, with coordination numbgiGN) IV and VI. For
CN=IV:Ni?*=0.55A, Zrf*=0.60A. For CN=VINi?*
=0.69A, Zt"=0.74, and Sb" =0.60 A (Shannon, 1976

RESULTS AND DISCUSSION

In order to clarify the observed differences in the phase
that contains two crystallite sizes, three distinct possibilities
were also tested. They are as follows.

(@) Ni?" substitutes for Sb". The larger ionic radius of
Ni will increase the unit cell. This case is not probable be-
cause of the difference in the oxidation state.

Lattice parameter calculations (b) Not all the Zzrf* was removed from the octahedral

o . site, i.e., the ZA" and NF* are still sharing the same site.
The variation of the cell parametaras a function of the (c) Ni2* shares the tetrahedral site with%Zn

amount of dopant_ added is_ shown in F_igu_re 6. It is observed Assuming that these two last assumptions are correct,
thata decreases linearly with the substitution of’Zrby the the refinement data, summarized in Table |, were analyzed

smaller ion Nf*. Observing the decrease in the unit cell ang the crystalline site distributions were calculated. The ob-
size, one could consider that Ni substitutes for Zn at thgajned results are shown in Table .

octahedral and/or tetrahedral sites, which is in agreement The analysis of the FWHM, shown in Figure 7, reveals
with the results obtained by infrared spectroscopic analysighat the phase with Ni only at the octahedral site is broad-

(Lisboa-Filho etal, 2000. It is also noted that ened, indicating that this phase has a smaller crystallite size
ZnyNi3Sb,0,, and ZiyNi,Sb,0,, provided unit cell param-  than the second phase.

eters for the two different crystallite sizes that were signifi-
cantly different only forx=4.

The correlation factoR? for the fit for two situations are o0k
given in Figure 6. The results show a small difference, with R Zn.Ni Sb.O
the better value for the case whereé*Niis at the tetrahedral 3 42T
and octahedral sitefR? indicates, for both cases, that the ] 1000°C/1h
W
B 150k-
= 3
TABLE Il. Cation distributions in the tetrahedral and octahedral sites of the @
spinel phase Zn,Ni,Sb0O;, with x=0, 1, 2, 3, and 4. Results after 2
Rietveld refinements. =
0.00 y"_’y‘
|0ns distributions I ||I II | [ II 1 [ | ] ] ] (] ﬁl_)glen
[ [ [ l LTI T A S;inem
Spinel phase Tetrahedral site Octahedral site E  mae | G A
T T T T T T T
ZmgNi,Sk,0,, Zny go15Nio.18(15) Zng 18(15Ni3.82(15) 20 40 60 80 100
ZnyNizSk,0,, Indeterminate Indeterminate 2-theta (degrees)
ZngNi, S0, Zng Zn,Ni,
ZngNi; Sb,04, Zng Zn;Ni Figure 5. Rietveld plot for ZgNi,Sh,0;,. Phase 1 means the phase with
Zn;Sh,0,, Zng Zn, smaller crystallite size and phase 2 means the phase with bigger crystallite
size.

221 powder Diffr., Vol. 18, No. 3, September 2003 Characterization of nickel doped Zn,Sb,0,, spinel phase 221
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Figure 6. Unit cell variation with Ni molar fraction for Zn,Ni,Sh,0,,

spinel samples. The correlation factd® were calculated for the cases rigyre 8. Interatomic metal—oxygen distances in the tetrahedra and octahe-
where Ni is only at the tetrahedral site and where Ni is at the tetrahedral and; tor the spinel phase Zn,Ni,SOy,, x=0, 1, 2, 3, and 4. Phase 1
Ny ) 12,3, .

octahedral sites. Phase 1 means the phase with smaller crystallite size aHﬂaans the phase with smaller crystallite size and phase 2 means the phase
phase 2 means the phase with bigger crystallite size. with bigger crystallite size.

Oxygen—metal distance calculations

Using the unit cell paramet¢a) and the oxygen position by Ni?* occurs for values ok>3; after that the nickel at-
parametel(u), the distances between the oxygen—metal disoms start replacing zinc at the tetrahedral sites.

tances were calculated for the tetrahediaj)(and the octa- On the other hand, the average A—O distance increases
hedral sitesD,) using the relationgNavrotsky and Kleppa, up tox>3, and after that it also decreases. The variations in
1967 the metal—oxygefA—O) interatomic distance in the tetrahe-

D.y=a\3(u—1) (1) dral (D;) and in the octahedral),) sites can be seen in
® 8 Figure 8. The calculated valueBzn_o)=0.1965nm and
and D o(zn-0)=0.2093 nm forx=0, are close to those reported in
D(0)=a(3u2—2u+§)1’2. 2) the literature (Poix, 1963, Dyzn_0=0.1927nm and
. . . Do(Zn—O): 02100 nm.

The average size distance B—O for the octahedral site |t also can be noted that the distance B—=O in the octa-
decreases with nickel occupation. It is known that the nickehedral sites decreases and the distance A—O in the tetrahedral
atoms are more likely to occupy the octahedral sites whefhcreases with dopant addition, up %e=2. Otherwise, for
substituting for zinc. Since NF is bigger than Zh?, the  x=3 and 4, where two crystallite sizes were present, the
B—O distances in the octahedral sites decrease as the valpgsylts showed that for the component with the smaller crys-
of x increases. Complete occupation of the octahedral siteg|lite size, the distanceB, and D, did not vary within one

standard deviation. This is an indication that the ratio Ni/Zn
reached its maximum value.
08 For the phase with bigger crystallite size ?Nialso oc-
I cupies the tetrahedral site, substituting for2Zn which

071 % Phase | causes a decrease of the A—O distance in the tetrahedral site.
1 O Phase 2 . . .
0.6 According to the results presented here, it is possible to con-
] clude that for 6<x=<2 Ni*" occupies the 16 site and sub-
7 05- R stitutes for Z&*. Furthermore, fox=3 Ni?* substitutes for
g N L Zr?* in both 161 and & sites.
g 0.4 s = =
s
T 03
s ]
0.2 s 0o 00 CONCLUSIONS
4 o @
014 o 0o 0o ©F° Rietveld refinement analyses of powder X-ray diffrac-
] tion (XRD) measurements indicated that fe=2 the Ni
W+ T T T T occupies the octahedral sites, substituting for Zn. ¥8i3
20 %% 4 5 60 7 8 %0 10 ye Njoccupies the octahedral and the tetrahedral sites, again
20 (degrees) substituting for the zinc ion.

Figure 7. Full-width at half-maximum of the two spinel phases Xer4. The crystallite size of the phase with Ni at both sites

Phase 1 means the phase with smaller crystallite size and phase 2 means fHaP€ars .tO S_UbStantially exceed the 'crystallite size of the
phase with bigger crystallite size. phase with Ni only in the octahedral site.
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