
In¯uence of the Precursors on the Formation
and the Properties of ZnFe2O4

F. J. Guaita, H. BeltraÂ n, E. Cordoncillo, J. B. Carda and P. Escribano*

Departamento de QuiÂmica InorgaÂ nica y OrgaÂ nica, Universitat Jaume I, 12080 CastelloÂ n, Spain

(Received 30 March 1998; revised version received 30 July 1998; accepted 6 August 1998)

Abstract

The phase ZnFe2O4, franklinite, with spinel struc-
ture, has been synthesised using solid-state reactions
from the mechanically mixed powders of several
precursor salts. However, this method requires a
high-temperature treatment for some hours to
homogenise the whole composition to obtain a single
phase. In this paper ZnFe2O4 has been prepared by
the ceramic method using di�erent precursors of Fe
and Zn. The spinel has also been prepared by a
citrate route that allows to prepare a homogeneous
single phase at lower temperature and shorter
annealing time. The citrate method has let to obtain
single phase of ZnFe2O4 at 600�C/2 h. In addition,
this processing increases the inversion grade with
respect to the ceramic ones obtained with the same
precursor salts. The samples have been studied and
characterised by means of di�erential thermal ana-
lysis (DTA), thermal gravimetric analysis (TGA),
powder X-ray di�raction (XRD), Rietveld re®ne-
ment method, MoÈssbauer spectroscopy, scanning
electron microscopy (SEM), energy dispersion of X-
ray spectrometry (EDX) and magnetic measure-
ments. The inversion grade has been detected by
means of Rietveld analyses and corroborated by
magnetic measurements. # 1999 Published by
Elsevier Science Limited. All rights reserved

Keywords: spinels, ferrites, powders ± chemical
preparation, precursors ± organic, ZnFe2O4.

1 Introduction

The spinels are an important class of compounds
with a large variety of electronic properties: some
spinels are superconductors with a relatively high
transition temperature, others exhibit magnetic
properties which make these systems interesting for

magnetic storage devices and other technological
applications.1 Zinc ferrite (ZnFe2O4) has an almost
normal spinel structure with a tetrahedral A-site
occupied by ZnII ions and octahedral B-site by FeIII

ions. Some authors2 describe this material as an
anomalous antiferromagnet with NeÂ el temperature
TN&10K and paramagnetic Curie temperature
yp&0K. The neutron powder di�raction at 4.2K
indicates a non-colinear antiferromagnetic ordering.2

At high temperature, paramagnetic susceptibility
obeys Curie±Weiss law with a constant considerably
smaller than the one expected from the several spinel
structure.2 As it has been remarked by several
authors,2 the deviation of Curie constant from the
expected value can be understood by assuming that a
small amount of FeIII ions would occupy tetrahedral
A-sites and these ions would form clusters with FeIII

ions at octahedral B-sites due to the A±B interaction,
which is much stronger than the B±B interaction.
Changes in cation distribution in this type of

compounds confers special characteristics and
properties, particularly, in magnetic properties.
Some authors claim that partial inversion (in spinel
structure) occurs depending on the procedure
under which the compound is prepared.1±4. So,
Schiessl et al.1 used ceramic method and high tem-
peratures (1200�C) to obtain single phase of the
ZnFe2O4 spinel of good quality and with no inver-
sion grade. But they obtained samples with small
partial inversion by quenching from high tempera-
tures. Contrasting, by a strict control of pH-value
during coprecipitation reaction and subsequent
heating at low temperatures (�100�C), Kamiyama
et al.2 produced very ®ne particles of ZnFe2O4

(tens of AÊ ) that showed spinel structure with par-
tial inversion. They varied the grade of inversion of
these nanoparticled material through annealing the
samples at several temperatures.
Furthermore, crystallite size has an important

in¯uence on the magnetical properties of such a
compound as ZnFe2O4.

4,5 `Anomalies' and di�er-
ences from bulk magnetic properties of ZnFe2O4
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have been observed in ultra®ne particles.
Kamiyama,2 and Sato et al.4 have been investigat-
ing such magnetic properties in these materials and
have found that the magnetisation decreases with
increasing ultra®ne particle size (crystallite size).
This fact is interpreted by the idea that a FeIII ion
located at the A-site forms a cluster with its twelve
nearest FeIII neighbours at B-sites through cou-
pling by the A-B interaction, which is much stron-
ger than the B-B interaction. The number of these
clusters would increase with decreasing ultra®ne
particle size because cation substitution is pro-
nounced in small particles. Thus, the magnetisation
increases with decreasing particle size (crystallite
size).4,5

As it has been exposed above, cation distribution
is quite important to be determined in order to
understand the properties of this type of materials.
However, the determination of the cation distribu-
tion in ferrites by the usual X-ray di�raction
method is generally not easy because of the X-ray
scattering ability of the component M, since Zn is
close to that of element Fe.
In most of the cases, the synthesis of ZnFe2O4 is

achieved by ceramic method, however, it is inter-
esting to remark that in solid state reactions the
extent of product formation is in¯uenced by the
area of interfacial contact and the di�usion pro-
cesses through a product layer. The di�usion of
reactants through a product layer depends on
temperature, defect structure of product layers,
grain boundary contacts, presence of impurities
and e�ectiveness of phase boundary contacts.6

Because of these problems above mentioned, the
synthesis of a product by solid±solid reactions
takes place with great di�culty and a high sintering
temperature is indispensable to obtain dense cera-
mics. Moreover, the use of such high temperature
leads to compositional and structural defects due
to the evaporation of some constituents, such as
Fe2O3. In case of the zinc ferrite, O'Neill7 encoun-
tered that samples annealed at or above about
1000�C turned a darker colour, also found in
MgFe2O4, and which is probably related to de
development of some oxygen-de®cient non-stoi-
chiometry, e.g. according to the reaction:

6ZnFe2O4�spinel� � 4Fe3O4�spinel��
6ZnO�oxide or spinel� �O2 "

�1�

The darkening of colour is readily reversed by fur-
ther annealing at lower temperature, and the
material which has undergone such a cycle shows
no di�erence in the ®nal reticular parameter (ao).

7

These facts could explain some di�erences in the
characteristics of the `same' material but prepared
by several synthesis methods. For example, the

ceramic method could not be appropriate to obtain
a material with an equilibrium state di�cult to
reach or unstable.
As, in some cases, cation distribution can be

modi®ed by heat treatments, and in ceramic
method high temperatures have to be reached,
various chemical routes, mainly based on the
hydrolytic precipitation of alkoxides, have been
developed. The liquid-mix process (the so called
Pechini process8) using citric acid is a method
where there is a formation of a dense and rigid
resin intermediate of citric acid and ethylene glycol
by heating at a moderate temperature (150±250�C).
The charring of the resin at 400�C breaks down the
polymer and it is assumed that cations remain
trapped in the char. Gajbhiye et al.9 have studied
the thermal decomposition of zinc±iron citrate
precursor using thermal tecniques. It was found
that decomposition in air was suitable for obtain-
ing ZnFe2O4. Thermal decomposition involved
several steps, in which adsorbed and coordinated
water molecules were lost, the citrate groups lost
water molecules to form metal aconitates and fur-
ther decomposition occured in the temperature
range 260±320�C. After that, hydrozincite and goe-
thite were observed and decomposed into the oxides
which reacted to form ZnFe2O4. In this paper and in
order to overcome some of the problems of the
synthesis of ZnFe2O4, we have studied the in¯u-
ences of some precursors for the Fe and Zn in the
synthesis temperature by the ceramic method and
once established the best precursors, we have syn-
thesised this spinel following the Pechini method to
reduce the temperature and time, in order to com-
pare whether the method leads to an inversion grade
di�erent.

2 Experimental Procedure

Zinc ferrite (ZnFe2O4, franklinite, JCPDS 22-1012)
was prepared in the polycrystalline form by both a
solid state reaction (ceramic method, CM) and the
varied form of Pechini method (PM). Table 1
shows the samples prepared and precursors
employed, all of them of C.P. grade. The zinc oxide
(ZnO) has been avoided as a precursor in an attempt

Table 1. Raw materials

Sample Iron precursor Zinc precursor

1CM Fe2O3 Zn(CH3COO)2.2H2O
2CM Fe(NH4)2(SO4)2.6H2O Zn(CH3COO)2.2H2O
3CM Fe(NH4)2(SO4)2.6H2O ZnSO4

.7H2O
4CM FeSO4

.7H2O ZnSO4
.7H2O

5PM Fe(NH4)2(SO4)2.6H2O ZnSO4
.7H2O

6PM FeSO4
.7H2O ZnSO4

.7H2O
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to reduce synthesis temperature, even in ceramic
samples. In spite of using this oxide, we have decided
to use dihydrated zinc acetate and heptahydrated
zinc sulphate. The iron precursors employed have
been the following ones: iron (III) oxide, Mohr salt
and heptahydrated iron (II) sulphate.
In Fig. 1(a) and (b), the ¯ow diagrams for the

preparation of the samples by both methods are
shown. In the ceramic method, samples were
re®ned and homogenised in acetone in a planetary
ball mill and ®nally dried. From the best results of
X-ray di�raction (XRD) scans for ceramic com-
positions (3CM and 4CM), 5PM and 6PM samples
were prepared following the Pechini method, using
the same starting materials. In the Pechini method,
®rst citric acid and ethylene glycol are mixed and
then stirred at about 100�C until it becomes trans-
parent. After that, cation solutions are added to
the mixture of citric acid and ethylene glycol at a
temperature of 100�C. This solution thus obtained
is heated stirring up to about 140�C in order to
promote the ester reaction between citric acid and
ethylene glycol. As removing solvent, mixture con-
centrates and becomes highly viscous, and poly-
meric gelation occurs. The viscous polymeric
product is heat-treated at about 350�C. The black
powder thus obtained (precursor system), is cal-
cined in air at about 450�C for 1 h. Our prepara-
tion attended the following steps: the quantity of

anhydrous citric acid in molar ratio to cations 1:1
was ®rst dissolved using the minimum amount of
distilled water; zinc and iron precursors salts were
separately dissolved in the same way. Then the
three solutions were mixed at a temperature of
70�C. After homogenisation, ethylene glycol (1:1
molar ratio to cations) was poured into the reac-
tion vessel. The solution was heated up to 100�C
and polymeric gelation occurred by removing the
solvent. The raw material thus obtained was later
dried at 110�C for 2 days. The polymeric product
was then heat-treated at 350�C for 1 h in order to
remove the remained solvent and organics in an
electrical furnace. After grinding of the resulting
black mass, a precursor system was obtained. The
subsequent heat-treatments led to an orange-
brown powder in which single crystalline phase
was detected.

2.1 Sample characterisation
In order to design the ®ring treatments, di�erential
thermal analyses (DTA) and thermal gravimetric
analyses (TGA) were performed in a Perkin±Elmer
Model 1700 instrument at a heating rate of 10�C
minÿ1 in air atmosphere. From the results of DTA/
TGA and XRD analyses, dried samples were ®red
in air at 350, 500, 600, 700, 800, 900 and 1000�C
with annealing times of 2 and 4 h in an electrical
furnace CARBOLITE model at a heating rate of

Fig. 1. (a) Ceramic processing ¯owchart; (b) Pechini processing ¯owchart.
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10�C minÿ1. After heat-treatment, samples showed
orange-brown coloration.
Crystalline phase evolution of calcined powders

was carried out with a Siemens D5000 dif-
fractometer with Bragg-Brentano geometry using
CuK� radiation (40 kV, 20mA, divergence slit=1o;
receiving slit=1o; detection slit=0.15o) scintillation
detector and a secondary graphite monochromator.
Intensities were collected by step-scanning from 20
to 70o (2y) with a step size of 0.05o (2y) and 1 s

counting time each step. The goniometer was con-
trolled by the Siemens Di�ract Plus software,
which makes the integration of the di�raction
peaks.
The re®nement of structure was carried out by

using the FULLPROF program, developed by
RodriÂ guez-Carvajal10 from X-ray powder di�rac-
tion data obtained in following experimental con-
ditions: 40 kV, 30mA, divergence slit=0.5o;
receiving slit=0.5o; detection slit=0.15o; scanning

Fig. 2. DTA/TG analysis of samples: (a) 3CM; (b) 5PM.

Table 2. Evolution of crystalline phases detected by XRD

T(�C) tanneal 1CM 2CM 3CM 4CM 5PM 6PM

500 2 h H(s), Z(m) G(vw) G(m) G(m) F(s), G(vw) F(s), G(vw)
4 h H(s), Z(m) SF(vw), G(vw) G(m) G(m) F(s), H(w) F(s), G(w), Z(vw)

600 2 h H(s), Z(m) H(m), SF(vw) SF(s), G(m) G(m), SF(m), H(w) F(vs) F(s), H(m), G(w)
4 h H(s), Z(m) H(m), SF(vw) SF(s), G(m) H(m), G(m), SF(m) F(vs) F(s), H(m)

700 4 h H(s), Z(w) H(m), SF(vw) H(s), SZ(m), SF(w) H(s), SZ(m), SF(w), F(w) F(vs) F(s), H(w)
800 2 h F(s), H(vw) F(vs), H(vw) F(vs), H(m) F(s), H(vw) F(vs) F(vs)

4 h F(s), H(vw) F(vs) F(vs) F(vs) F(vs) F(vs)
900 2 h F(vs), H(vw) F(vs) F(vs) F(vs) F(vs) F(vs)

6 h F(vs), H(vw) F(vs) F(vs) F(vs) F(vs) F(vs)
1000 4 h F(vs), H(vw) F(vs) F(vs) F(vs) F(vs) F(vs)

Peak intensity: vs, very strong; s, strong; m, medium; w, weak; vw, very weak. Crystalline phases: F, ZnFe2O4 franklinite; G,
ZnSO4

.H2O gunningite; H, �-Fe2O3 �-haematite; OX, Fe2O3 iron oxide; SE, FeSO4 iron sulfate; SF, Fe2(SO4)3 iron sulfate; SZ,
ZnSO4 zinc sulfate; Z, ZnO zincite.
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range from 10 to 120o(2y) with a step size of 0.02
o(2y) and 9 s counting time each step. The
structural model and initial structural parameters
for ZnFe2O4 were taken as follows: space group
Fd3m; zinc and iron atoms were in the Wycko� 8a
and 16d special position and O atoms in the 32e
special positions. Di�raction pro®les were mod-
elled by using a pseudo-Voigt function that was
corrected for peak asymmetry for angles less than
40o(2y). The ®nal re®nement converged to give RF

and RBragg. The re®ned crystallographic para-
meters were: a scale factor; the lattice parameter,
ao; the oxygen positional parameter, u; the grade of
inversion, x; and the overall isotropic displacement
temperature factor, B.
Scanning electron micrographs of the samples

were taken on a scanning electron microscope
(SEM) Leica, Leo 440 model, equipped with a
spectrometer of energy dispersion of X-ray (EDX)
from Oxford instruments, using the following
operational parameters: acceleration voltage
20 kV, measuring time 100 s, working distance
25mm, counting rate 1.2 kcps. The samples for
microstructural and microanalysis determinations
were deposited in an aluminium holder and coated
by graphite ®lm.
Some of the samples were analyzed by MoÈ ss-

bauer spectroscopy at room temperature in a Wis-
senschaftliche Electronic Gmbk. The employed
radiation source was 57Co/Cr and the velocity scale
was calibrated using the hyper®ne spectra of a
natural �-Fe foil, which also served as the isomer
shift reference.
The magnetic susceptibility as a function of

temperature and the hysteresis loop (at 5K) of
samples 3CM, 4CM, 5PM and 6PM ®red at 900�C/
6 h were recorded using a commercial SQUID
magnetometer (Hmax=5 T).

3 Results and Discussion

3.1 Thermal analyses
All the samples were studied by DTA and TGA
and in Fig. 2 the results for samples 3CM and 5PM
are shown: (a) ceramic route; (b) Pechini method.
At ca 120�C there is weight loss in TGA (20%) for
sample 3CM that can be related to that endother-
mic peak at 128�C in DTA. These changes corre-
spond to the dehydration of Mohr salt and
heptahydrated zinc sulphate. The pro®le of DTA
analysis of sample 3CM also shows two exothermic
peaks at 335C and 360C, which are associated to
reactions with weight loss, possibly to the elimina-
tion of NH4

+ ions from Mohr salt. The wide band
centred at 693�C correspond to the decomposition
and removal of sulphates.

Table 4. Positional and ocupational data in Rietveld re®ne-
ments of 3CM, 4CM, 5PM and 6PM samples ®red at 900�C/

6 h

(a)sample: 3CM. ao=8.4401(1)AÊ

Atom Position g(0±1) x y z

A-site
Zn(1) 8a 0.9856 1/8 1/8 1/8
Fe(1) 8a 0.0000 1/8 1/8 1/8

B-site
Zn(2) 16d 0.0144 1/2 1/2 1/2
Fe(2) 16d 1.0000 1/2 1/2 1/2

O 32e 1.0000 0.2606(4) 0.2606(4) 0.2606(4)

(b) sample: 4CM. ao= 8.4388(1)AÊ

A-site
Zn(1) 8a 0.9462 1/8 1/8 1/8
Fe(1) 8a 0.0259 1/8 1/8 1/8

B-site
Zn(2) 16d 0.0538 1/2 1/2 1/2
Fe(2) 16d 0.9741 1/2 1/2 1/2

O 32e 1.0000 0.2607(3) 0.2607(3) 0.2607(3)

(c) Sample: 5PM. ao=8.4417(1)AÊ

A-site
Zn(1) 8a 0.9059 1/8 1/8 1/8
Fe(1) 8a 0.0455 1/8 1/8 1/8

B-site
Zn(2) 16d 0.0941 1/2 1/2 1/2
Fe(2) 16d 0.9545 1/2 1/2 1/2

O 32e 1.0000 0.2603(3) 0.2603(3) 0.2603(3)

(d) Sample: 6PM. ao=8.4410(2)AÊ

A-site
Zn(1) 8a 0.7703 1/8 1/8 1/8
Fe(1) 8a 0.1252 1/8 1/8 1/8

B-site
Zn(2) 16d 0.2297 1/2 1/2 1/2
Fe(2) 16d 0.8748 1/2 1/2 1/2

O 32e 1.0000 0.2608(6) 0.2608(6) 0.2608(6)

Table 3. ZnFe2O4 powder XRD structural re®nements using
Rietveld method of 3CM, 4CM, 5PM and 6PM samples ®red

at 900�C/6 h

sample ao (AÊ) x (0±1) u B (AÊ2) RBragg RF

3 8.4401(1) 0.0000 0.2606(4) 0.487 2.65 2.58
4 8.4387(1) 0.0130 0.2607(3) 0.531 2.56 2.72
5 8.4417(1) 0.0228 0.2603(3) 0.695 3.09 2.95
6 8.4410(2) 0.0626 0.2608(6) 0.821 4.93 5.04

Theoretical value ao= 8.4411 AÊ (JCPDS 22-1012).

Table 5. Inversion grade and FWHM values from Rietveld
re®nements of 3CM, 4CM, 5PM and 6PM samples ®red at

900�C/6 h

sample ao (AÊ) x,(0±1) FWHMaver FWHM311

3CM 8.4401(1) 0.0000 0.1219 0.137
4CM 8.4388(1) 0.0130 0.1461 0.141
5PM 8.4417(1) 0.0228 0.1343 0.146
6PM 8.4410(2) 0.0626 0.1694 0.162
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The two endothermic bands in DTA analysis of
5PM sample (100 and 280�C) are associated to
drying processes and removing of occluded water.
The large band centred at 560�C and a sharper

peak at 640�C could correspond to the combustion
of organic material present. In DTA of 5PM sam-
ple the decomposition of sulphates does not appear
in the same way as in 3CM sample (693�C). This

Fig. 3. Micrographs of (a) 4CM and (b) 6PM samples ®red at 900�C/6 h.
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fact could be associated to the polymeric product
formed in the Pechini method.
In all samples the ®nal powders obtained from

DTA/TGA, were analysed by XRD and the results
indicated that only the 1CM sample did not show a
ZnFe2O4 as a single phase.

3.2 XRD analyses
Table 2, shows the evolution of crystalline phases
of samples prepared by both methods. As it can be
observed from this table, in ceramic route pre-
paration, the samples 2CM, 3CM and 4CM exhibit
franklinite peaks after ®ring at 800�C/2 h, but only
as single phase after ®ring for 4 h at 800�C. Mean-
while, the 5PM sample, synthesised by the Pechini
method, gave single phase of ZnFe2O4 at 600�C/
2 h. In the 6PM sample, the ZnFe2O4 as single
phase is obtained at 800�C/2 h. From these results
it can be inferred that by this Pechini method
ZnFe2O4 can be obtained at lower temperatures
and times than in ceramic route, and the best pre-
cursor for Fe is Mohr salt.
From XRD results and in order to improve the

development of ZnFe2O4 phase and its crystal-
linity, the samples for next characterisation were
®red at 900�C/6 h.

3.3 Structure re®nement (Rietveld method)
The cell parameters obtained from Rietveld analy-
sis of samples ®red at 900�C/6 h, are shown in
Table 3. Data of reticular parameters are in good
agreement with those of JCPDS 22-1012 (8.4411
AÊ ), and are very similar in all samples.
In order to prove the in¯uence of the methods

and precursors employed in the inversion grade of
ZnFe2O4, we have adjusted the experimental XRD
data by using Rietveld method, with both FeIII and
ZnII in octahedral and tetrahedral positions. The
summarised results of XRD structural re®nements
shown in Tables 3±5 indicate an small inversion
grade of the spinel for samples 4CM, 5PM and
6PM with values of 1.3, 2.3 and 6.3% respectively.
In Table 5, values of FWHM for average and
FWHM for 311 re¯ections are summarised. These
values can be related to the crystallite size through
the Scherrer's formula.

D � kl
B cos �

�2�

where,
D: crystallite size in AÊ .
k: shape factor (usually 0.9±1).
l: X-ray wave length in (AÊ ), 1.54056 AÊ .
B2=BM

2ÿBP
2; BM: FWHM of the peak in rad; BP:

FWHM of the XRD peak in rad.
y: Bragg angle in degrees.

According to such formula, 6PM sample shows the
smallest crystallite size, and its inversion grade is
higher. The inversion grade and crystallite size
results are in agreement to the tendency predicted
by Kamiyama et al.2

3.4 SEM and EDX
Figure 3 shows the microstructure of 4CM and
6PM samples ®red at 900C/6 h. It can be remarked
that a large number of particles are mutually
agglomerated indicating a sinterization process

Fig. 4. MoÈ ssbauer spectra of (a) 2CM and (b) 6PM samples
®red at 900�C/6 h. 4CM sample showed a spectrum identical

to 6PM one.

Table 7. Data from MoÈ ssbauer experiences of 2CM, 4CM and
6PM samples ®red at 900�C/6 h

sample IS
(mmsÿ1)

QS
(mmsÿ1)

He�
(kOe)

G
(%)

Phase
composition

2CM 0.371 ÿ0.104 520.1 19.2 �-Fe2O3

0.346 0.367 0 80.8 ZnFe2O4

4CM 0.348 0.348 0 100 ZnFe2O4

6PM 0.348 0.356 0 100 ZnFe2O4

Table 6. Results from EDX analyses of 4CM, 5 PM and 6PM
samples ®red at 900�C/6 h

wt% Nos of ions

Fe2O3 ZnO Fe Zn O

4CM 63.02 30.98 16.49 7.26 32.00
5PM 66.29 33.71 16.01 7.99 32.00
6PM 66.82 33.18 16.10 7.85 32.00
Theoretical 66.24 33.76 16.00 8.00 32.00
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which is more evident in 6PM sample. The ceramic
samples presented a higher proportion of particles
with irregular shapes than Pechini ones. All Pechini
samples showed particles with spherical appear-
ance when they are not agglomerated.
The EDX analyses of samples were carried out

with the samples ®red at 900�C/6 h to check the
quality of samples that have been used to deter-
mine structural parameters. The data from EDX
analyses (Table 6) indicated that the Fe and Zn

content was very similar in all samples, taking into
account the resolution and precision of this type of
analytical devices, the average values obtained are
in good agreement to those of theoretical ones
expected for ZnFe2O4 spinel.

3.5 MoÈ ssbauer Spectroscopy
Another parameter that has to be veri®ed, is the
oxidation state of iron, in order to interpret the
results encountered properly. So as to con®rm the

Fig. 5. M±H and �±T plots of 3CM, 4CM, 7PM and 9PM samples ®red at 900�C/6 h. The magnetic hysteresis loop has been taken
at 5K and the �±T plot has been recorded under a magnetic ®eld of 1000G.
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oxidation state of Fe ions and its distribution over
octahedral and tetrahedral positions, MoÈ ssbauer
spectra at room temperature for 2CM, 4CM and
6PM samples (®red at 900�C, 6 h) were recorded,
and the results are shown in Table 7. In Fig. 4,
MoÈ ssbauer ®tted pro®les of spectra of 2CM and
6PM ®red at 900�C/6 h are shown (experimental
points are not drawn for more clarity). The theo-
retical model of ®tting pro®le used is Lorentzian
one. The spectra are highly symmetric, indicating a
unique oxidation state for Fe ions. The sharpness
of the doublets is also indicative of the fact that
iron is unique in its environment and thus homo-
geneously distributed.11 The line components are
comparatively broad, as one would expect for a
randomised distribution, and it is possible to ®t
one quadrupolar doublet with isomer shifts, IS,
appropriate to FeIII ions in high spin coordination
over the octahedral sites. The quadrupole splitting
values, QS, suggested a high symmetry of the
cation sites. The spectrum of 2CM sample is built
from two components: a sextet and a quadrupolar
doublet, in 4CM and 6PM samples only a quadru-
pole doublet is detected. The analysis shows that
the sextet is close to that observed in �-Fe2O3 and
it would indicate the presence of Fe2O3 in that
sample, that was not detected by XRD analysis.
Parameters assigned to �-Fe2O3 are very close to
the ones expected for crystalline hematite.12 In all
samples there is no evidence of FeII ions. This fact
is very important, since the presence of FeII has an
undesirable side-e�ect associated to the increase of
electrical conductivity that could develop eddy
current losses13 which are prejudicial to the electro-
magnetic properties of these materials.

3.6 Magnetic measurements
The magnetic measurements realised on 3CM,
4CM, 5PM and 6PM samples ®red at 900�C/6 h
are represented in Fig. 5. The experiences shown
in this ®gure are: magnetic susceptibility wg (in
cm3 gÿ1) versus temperature T (in K) under the
presence of a magnetic ®eld of 1000 G; and the
magnetisation M (in emu gÿ1) versus magnetic ®eld
H (in kG) at a temperature of 5K (magnetic hys-
teresis loop at 5K). The behaviour of samples is
paramagnetic at high temperatures, and anti-
ferromagnetic at temperatures below TN, as it can
be seen in �±T diagrams. We can observe the var-
iation of the NeÈ el temperature form theoretical one
(10K) in all samples, which is normally associated
to the increasing of interaction forces or to the
increasing of the proportion of these stronger
interactions. Considering the stoichiometric com-
positions kept, the evidence of a magnetic hyster-
esis and the shift of the TN, we can point out the
existence of a certain grade of inversion, which

con®rms Rietveld analyses results. The 3CM sam-
ple shows a very small deviation from theoretical
TN and perhaps for this reason Rietveld analyses
cannot detect such a very reduced inversion grade.
The 5PM sample presents the greatest deviation
from theoretical TN and its inversion grade is not the
greatest one of the group of samples analysed. This
non-concordant fact is now under investigation.

4 Conclusions

1. In the ceramic method Fe2O3 is not appro-
priate for obtaining ZnFe2O4 as a single phase
at low temperatures and/or short annealing
times.

2. It can be seen (as it is shown in Table 2) that
ceramic processing is less reactive than Pechini
one, since ZnFe2O4 appears as a single phase
at a minor temperature and with less anneal-
ing time. And the best precursors are hepta-
hydrated zinc sulphate as zinc precursor and
Mohr salt and heptahydrated iron (II) sul-
phate as iron precursors.

3. EDX analyses indicate that sample composi-
tions are very close to nominal (theoretical) one.
This fact indicate that the synthesis carried out
in this study have avoided the reaction of
decomposition of the spinel showed in eqn (1).

4. MoÈ ssbauer spectra indicate no presence of
Fe(II) in any case. This technique is capable of
showing Fe(III) associated to �-Fe2O3 in such
amounts that are not detected in XRD.

5. The results obtained from Rietveld analysis
suggest a grade of inversion in the spinel
ZnFe2O4 that is con®rmed by the magnetic
measurements. These magnetic measurements
are actually very sensitive to this `disordering'
in this particular system.
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