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Many ferrites contain different cations with various valence
states and location in the spinel structure. In compounds such as
these, only a combination of different techniques such as Mös-
sbauer spectroscopy, IR analysis, and thermogravimetry allows
the distribution of cations to be obtained. For very complicated
distributions, the mathematical decomposition of derivative ther-
mogravimetric curves (DTG) leading to quantitative distribution
is uncertain. In this paper, we present an alternative technique
based on resonant diffraction. The anomalous scattering of each
cation in the crystalline material is used to determine its amount
and position by Rietveld refinement. Since the energy for such an
anomalous phenomenon is different for each cation, this tech-
nique should lead to the cation distribution whatever its complex-
ity. Such a method in which the wavelength has to be varied with
a great accuracy requires a synchrotron radiation source. The
method has been tested in the simple case of titanium ferrites
where the valence and location of the Fe cations can be adjusted
through appropriate thermal treatments in reducing or oxidizing
conditions. The aim of this paper is to validate this new method
by comparing the cation distribution so obtained with that de-
duced from thermogravimetry experiments. In particular, we
focus on its ability to distinguish between the different degrees of
oxidation of the iron cations. Three different diffraction patterns
have been recorded using the high-resolution goniometer on the
BM02 Beam line at ESRF at the following energies: 7.105 keV,
below the adsorption edges of both Fe21 and Fe31 cations;
7.120 keV, above the absorption edge for Fe21 cations but below
the Fe31 edge and 7.135 keV, above the absorption edges of the
Fe21 and Fe31 cations. ( 1998 Academic Press
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1. INTRODUCTION

The magnetic and electrical properties of mixed oxides
having the spinel structure strongly depend on the cation
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distribution. For example, concerning magneto-optic mem-
ories, for which these materials are good candidates, the
presence of divalent cations such as Fe2` or Co2` in the
octahedral sites increases the value of the coercivity signifi-
cantly (1—5). For spinels prepared at low temperature, Gillot
(6) has developed a quantitative method of analysis by
derivative thermogravimetry (DTG). The cation distribu-
tion can be estimated directly, that is, both the valence and
the location on tetrahedral (A) or octahedral (B) sites for
each cation. This method is based on the fact that each
cation oxidizes at a specific temperature characteristic of its
location in the spinel lattice and of its degree of oxidation.
Indeed, when the Fe-based spinel oxides contain more than
one oxidizable cation, it has been demonstrated that each
cation oxidizes in a well-defined temperature range closely
related to the corresponding cation—oxygen distance. For
example, the B-site Fe2` ions are more mobile than the
A-site Fe2` ions, so that they are oxidized near 200°C
whereas the A-sites are oxidized above 400°C. Such a differ-
ence in reactivity is due to the more covalent character of
the tetrahedral Fe—O bond (7). In the more complicated case
of ferrites containing different cations with various valence
states that are located on the different sites in the spinel
structure, the cation distribution can only be determined
using mathematical decomposition of derivative thermog-
ravimetric (DTG) measurements (8—9). Even though accu-
rate knowledge of the initial and the final states of the cation
distribution can be obtained, this method does not give any
information about the real evolution of the cation distribu-
tion during oxidation and consequently does not allow the
best distribution to be chosen in regard to the application.
In addition, this method is not capable of distinguishing
between cations with similar oxidation temperatures.

Rietveld refinements using in situ resonant X-ray diffrac-
tion data enable the distribution of the absorbing element
over crystallographically distinct sites within a structure to
be determined precisely, even when other elements with very
similar atomic numbers are present (10). The intense white
5
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FIG. 1. Absorption edge curves obtained from FeO (only Fe2` ca-
tions) and Fe

2
O

3
(only Fe3` cations) powders analyzed in transmission.
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X-ray beams produced by synchrotron radiation are used in
anomalous scattering powder diffraction experiments.
These studies are typically performed close to elemental
absorption edges and so are called ‘‘resonant’’ X-ray diffrac-
tion experiments. The edge position tends to vary with the
electronic state of the resonant element and increases by
several electronvolts for each unit increase in oxidation
number, and so discernible differences between the atom
scattering factors for different electronic states may be found
from resonant X-ray diffraction experiments. Moreover, the
edge shape provides information about the atom coordina-
tion, whereas the edge position provides information about
the atom valences. Specific considerations for resonant stud-
ies are the wavelength and sample absorption. The energy
spread and mean wavelength must be known accurately.
Thus it is important to be able to select the wavelength
accurately and to vary it in relation to the absorption edge
position. Since the wavelength must be adjusted, synchro-
tron radiation should be used. The ESRF bending magnet
beamline allows access to most of the elements through
their K or ¸ absorption edges.

From laboratory DTG experiments, it has been shown
that the oxidation temperature of a cation depends on its
mobility. In this paper, we report results obtained in the
case of Fe

3~x
Ti

x
O

4
. This system was chosen for its simpli-

city, since only the Fe cation can be found with various
valences, the titanium being fixed with a degree of oxidation
of 4 and only located in the octahedral sites. Different
samples with various Fe2`/Fe3` ratios have been prepared
and carefully characterized using both thermogravimetric
analysis and X-ray diffraction. Consequently, a full crystal-
line structure description of the material at each oxidation
step should be obtained. A structural refinement was also
achieved using the Rietveld method, taking into account the
anomalous effect in order to distinguish the different oxida-
tion states of the iron cations.

2. THEORETICAL CONSIDERATIONS

2.1. Anomalous Scattering and X-Ray Absorption

In the past decade, the development and application of
powder diffraction techniques at synchrotron sources have
seen rapid progress (11). An important part is associated
with the high resolution achieved. The use of the anomalous
dispersion offers new opportunities: on the D2AM-CRG
beamline, located at a bending magnet port of the ESRF,
energies between 5 and 25 keV can be used. In the past, the
only application of anomalous scattering was to provide
a contrast between neighboring elements. However, a recent
application of anomalous scattering to powder diffraction is
the site-selective spectroscopic study of samples in which the
same element can be present in different oxidation states
(12). The chemical shift of the adsorption edge between
oxidation states is very small, typically a few electronvolts,
and if the EXAFS oscillations strongly depend on the neigh-
boring of the selected atom, the edge position is quite stable
for various oxidation states. This shift can then be used to
characterize the occupancy of sites by the various valency
states of an element.

The effective values of the anomalous dispersion term
strongly depend on the resolution achieved by the experi-
mental setting. The absorption edges of the simple oxides
FeO (only Fe2`) and Fe

2
O

3
(only Fe3`) have been recorded

on a diffractometer. These oxides well reproduce the oxida-
tion states but induce some small deviation at high energy,
as the EXAFS oscillations are not identical to those in our
sample. As an example, these absorptions are represented in
Fig. 1; the shift between Fe2` and Fe3` appears to be only
6 eV.

2.2. Atomic Scattering Factor Refinement

The ‘‘usual’’ procedure has been followed to obtain the
effective value of anomalous terms in the structure factor.
The atomic scattering factor for X-rays, F, contains the
normal term, f

0
and an anomalous dispersion contribution

consisting of real, f @, and imaginary, f @@, terms depending on
the energy (E):

F"f
0
(s)#f @ (E)#if @@ (E ) . [1]

f @@ has been calculated from the observed absorption k (E),
according to the formula

f @@ (E )"
mc

2he2N
Ek (E ), [2]

where m is the electron mass, c the light velocity, h Planck’s
constant, e the electron charge, and N the density number of
atoms.

When f @@ is known, f @ can be calculated by the
Kramers—Kronig relation:

f @ (E)"(2/n) P
=

0

E*f @@ (E* )

(E2!E*2)
dE* . [3]
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By the method described by Bernard et al. (13), the cal-
culated values of f @ (E ) and f @@ (E) for each cation on Ti ferrite
have been determined. From these values the diffraction
data have been recorded at three energies: the first at 25 eV
below the edge, the second at the maximum f @ relative of the
Fe2` curve, and the last 15 eV higher. Consequently, the
following relation describes the structure factor:

F"+
j

( f
j
#f @

j
#if @@

j
) cos 2n (hx

j
#ky

j
#lz

j
)

#i+
j

( f
j
#f @

j
#if @@

j
) sin2n (hx

j
#ky

j
#lz

j
) . [4]

In powder diffraction, Friedel pairs of reflections (h, k, l)
and (!h, !k, !l) are always recorded simultaneously.
F` and F~ are their respective structure factors with only
one anomalously scattering element in the unit cell:

F$

"[A#a( f @#if @@ )]$i[B#b ( f @#if @@)], [5]

where A (B) and a (b) are the summed cos (sin) terms for
the normal and anomalous contributions, respectively.
Moreover, in the case of a powder having a symmetric
center located at the origin of the lattice, the expression of
the apparent intensity can be reduced to the following
equation:

I"k[(A#af @)2#af @@2] . [6]

For different wavelengths close to an edge, a variation of
the peak relative intensity can be observed. This difference
will be used to determine the cation distribution using
Rietveld refinement (14).

3. EXPERIMENTAL DETAILS

3.1. Crystallographic Considerations

Ferrite samples with spinel structure AB
2
O

4
have a face-

centered cubic crystalline lattice and space group Fd3m
(JCPDS No 19—629). The oxygen ions occupy 32 positions
and are arranged in a cubic close packed structure. Such an
arrangement of ions leaves 64 tetrahedral and 32 octahedral
holes as possible sites for cations. Of these sites only 8 tet-
rahedral and 16 octahedral sites are occupied. In reference
to Barth and Posnjak (15), the studied Ti ferrite, Fe2`

1.25
Fe3`

1.5
Ti4`

0.25
O2~

4
, has an ‘‘inverse’’ spinel structure with similar

cations occupying different coordinating positions. During
the oxidation process at low temperature, this structure
tends toward the maghemite structure, though this depends
on the grain size, the grain shape, and thermal treatment of
the sample, which can modify the order between the lattice
vacancies created during oxidation.
3.2. Synthesis Conditions of Samples

In reference to Neel (16), a nanometric Ti ferrite can be
written as Fe2`

1.25
Fe3`

1.5
Ti4`

0.25
O2~

4
. It has been synthesized

using a soft-chemistry route, which is a well-known method
for obtaining nanometric powder. In nanometric com-
pounds, the cations in the spinel structure can oxidize at low
temperatures without any phase transformation, leading to
a cation-deficient spinel with formula Fe

2.75
Ti

0.25
O

4`d ,
where d is the deviation from stoichiometry (or the number
of fixed oxygen atoms). This modification is due to a change
in the anion—cation ratio, consecutive to formation of va-
cancies. Indeed, in a previous study on the influence of
crystallite size on the oxidation mechanism of annealed
magnetite (17), it has been shown that for crystallite sizes
below about 300 nm, cation-deficient cFe

2
O

3
spinel can be

obtained between 150 and 350°C. During the oxidation
process, there is a d gradient, which is higher near the
surface than in the bulk. At the end of the oxidation of the
Fe2` cation, the deviation from the stoichiometry is homo-
geneous inside the whole particle and equal to the max-
imum value, corresponding to cFe

2
O

3
. This phenomenon is

different from that observed for larger particles sizes, where
the formation of aFe

2
O

3
is explained according to the

sequence of reactions

Fe
3
O

4
PFe

3
O

4`d (surface)#Fe
3
O

4
(core)

PaFe
2
O

3
(surface)#Fe

3
O

4
(core)

PaFe
2
O

3
(¹'500°C)

The general procedure of soft chemistry is as follows: (1)
suitable amounts of ferrous, ferric, and titanium chloride in
a HCl solution are dissolved (2). An ammonia solution is
added, which leads to instantaneous precipitation of Ti
ferrites according to the following equation:

(1#x)Fe2`#(2!2x)Fe3`#xTi4`#8OH~

PFe
3~x

Ti
x
O

4
#4H

2
O

During this reaction, the system is continuously stirred and
particles are then separated by centrifugation. (3) After four
washings with deionized water under ultrasonication for
5 min followed by centrifugation at 3500 rpm for 5 min,
a sol is obtained. (4) Freeze drying of the sol leads to a dry
spinel precipitate evidenced from XRD experiments. (5) Cal-
cination in air at 400°C for 10 h and heating at 600°C 1 h is
carried out to eliminate remaining impurities while limiting
crystalline growth. (6) Thermal treatment under reducing
conditions at 500°C with H

2
/N

2
/H

2
O gas mixtures is per-

formed to obtain stoichiometric ferrite Fe
3~x

Ti
x
O

4`d with
d"0.

The relative concentrations of different gases to reach
stoichiometry were determined by studying the relationship



108 BERNARD ET AL.
at 500°C between the deviation from stoichiometry d (as
a function of the oxygen partial pressure pO

2
) given by the

gas mixture and measured by an EMF cell and the deviation
from the stoichiometry deduced from the mass variation
measured by TGA. The stoichiometry d"0 is obtained at
a particular temperature in the range of oxygen partial
pressure where d does not vary with pO

2
.

The device used, which has been developed by Aymes et
al. (18), allows the control of the oxygen partial pressure
using the chemical equilibrium between H

2
, O

2
, and H

2
O.

This apparatus was used to synthesize four samples with
different d. The first one (P1) corresponds to a stoichio-
metric state (d"0). It was reduced 1 h at 500°C under
H

2
/N

2
/H

2
O gas mixtures that give a pO

2
of 1.4]

10~29 atm. Because of the great reactivity of this sample
toward oxygen, this step was done in situ in the thermo-
balance and in the X-ray reaction chamber. The other
samples (P2, P3, and P4) were obtained by annealing in
oxidizing conditions, consisting of linear heating under
N

2
/O

2
gas mixtures (80%/20%) up to 100°C (P2), 150°C

(P3), and 350°C (P4). An annealing under nitrogen at higher
temperature follows each oxidation (50°C higher) in order
to homogenize d inside the whole particle. The deviation
from stoichiometry was determined using a Setaram
TAG24 thermobalance as reported in Ref. 18.

3.2.1. TGA experiments. Each powder sample, i.e., re-
duced powder (P1), partially oxidized powder at 100°C (P2),
and partially oxidized powder at 150°C (P3), and fully
oxidized powder at 350°C (P4), was studied by thermo-
gravimetry analysis. These powders were totally oxidized to
obtain the d value from the value of the mass gain. The
results concerning the oxidation states for a titanium ferrite
are summarized in Table 1. This table shows the evolution
of *m/m, the Fe2`/Fe3` ratio, and d determined from TGA
curves for the various oxido-reduction treatments. It shows
that the Fe2`/Fe3` ratio decreases as the oxidation temper-
ature increases.

3.2.2. In situ XRD experiments. The different samples
were investigated using data collected with an Inel CPS120
diffractometer and CoKa

1
radiation (j"0.178897 nm). The
TABLE 1
Evolution of Dm/m, d (Stoichiometry Deviation), and

Fe21/Fe31 Ratios, Determined by ATG Experiments versus
Different Oxidation States Applied on Powders P1, P2, P3, and
P4

Sample *m/m (%) d Fe2`/Fe3`

P1 3.67 0.098 0.61
P2 2.51 0.265 0.36
P3 1.66 0.396 0.2
P4 0 0.6251 0
diffraction pattern was scanned over the 2h range 20—130°
with a step length of 0.03° (2h) and a counting time of 3600 s
by step. Laboratory studies have shown that the sample is
slowly oxidized at room temperature in air; therefore dif-
fraction experiments were carried out with the XRK900
reaction chamber (Anton Parr) and strictly controlled
H

2
/N

2
/H

2
O, N

2
, or N

2
#O

2
gas flows. With this X-ray

chamber, in situ XRD experiments were performed in the
same oxido-reduction treatments as those carried out in the
thermobalance in order to characterize the lattice parameter
(least-squares method) and the crystallite size, which is de-
termined by the Halder—Wagner method (19). The results
obtained are summarized in Table 2.

The lattice parameter decreases with the overall oxida-
tion and appears to be reproducible during oxidation—re-
duction cycles. The creation of vacancies and the decreasing
number of Fe2` cations which have an ionic radius greater
than Fe3` cations induce a lattice shrinking. At the same
time, the grain size increases slightly with the oxidation
temperature but remains small. This increase is due to the
formation of additional crystalline cells associated with the
oxygen fixation.

3.3. Resonant Diffraction Experiments

Anomalous scattering experiments were performed on
the D2AM-CRG beamline at ESRF using the X-ray cham-
ber XRK900. Three different diffraction patterns were re-
corded using a high-resolution goniometer: one, at 7.105
keV (j

1
"0.1745 nm), below the absorption edges, one at

7.120 keV (j
2
"0.1741 nm), for which only Fe2` cations

contribute to the anomalous effect, and one at 7.135 keV
(j

3
"0.1738 nm), for which both the Fe2` and Fe3` cations

contribute to the anomalous effect. For each state, three
data sets were collected on the seven-circle diffractometer
equipped with a Si(111) analyser. To optimize the use of the
beam, the full pattern was not recorded. The selected diffrac-
tion lines were chosen, remembering that the B (octahedral)
or the A (tetrahedral) sites do not contribute to all lines
according to their h, k, l values. The reflection conditions for
the tetrahedral sites are h"2n#1 or h#k#l"4n, and
for the octahedral sites h"2n#1 or h,k,l"4n#2 or
TABLE 2
Evolution of the Cell Parameter and the Crystallite Size,

Determined at Room Temperature in Nitrogen, Gas Flow, after
Each Oxido-Reduction Treatment

Sample a (nm) Particle size (nm)

P1 0.84055 42
P2 0.83934 47
P3 0.83792 49
P4 0.83442 51



FIG. 2. Example of data set with the B-site (octahedral) sensitive lines and the A-site (tetrahedral) sensitive lines.

CATION DISTRIBUTION IN Fe
2.75

Ti
0.25

O
4

109
h,k,l"4n. An example of the observed data is given in
Fig. 2.

Data sets were recorded for the reduced and three oxi-
dized states (100, 150, and 350°C) of the titanium ferrite.
However, a technical cooling problem occurred which
had modified the monochromator tuning, and data ob-
tained for the partially oxidized sample at 100°C (P2) were
not reliable. For each state, the data sets were processed by
the Rietveld method using the XND1.10 program (20),
which allows all data sets to be refined simultaneously.
To provide more data, a whole pattern recorded in the
laboratory was added to the refinement. The quality of
the fit can be followed with respect to different control
parameters such as Gof (goodness of fit, whose limit tends
to 1) and R

81
(reliability factor: weighted gap between

measured and calculated values; it must be close to or less
than 10%). This software allows the structure factors
(real part represented by A#af @ and imaginary part repre-
sented by af @@) of each reflection to be displayed, as shown in
Table 3.
TABLE 3
Variation of the Imaginary (af @@) and Real Parts (A 1af @) of

the Structure Factors for Sample P1 at Different Wavelengths
near the Fe K-edge

Structure factor

j
1
"1.745 As j

2
"1.741 As j

3
"1.783 As

hkl A#af @ af @@ A#af @ af @@ A#af @ af @@

220 !470 !15 !396 !15 !653 0
311 !674 !21 !573 !44 !905 !26
222 68 22 !30 68 271 52
422 335 14 263 14 511 0
511 586 20 488 43 808 25
333 412 20 314 43 634 25
440 1296 35 1071 79 1603 49
Table 3 shows that the structure factors are strongly
dependent on the energy. For example, in the case of the
line (222), the real part value of structure factor varies with
the wavelength (68 at 0.1745 nm, !30 at 0.1741 nm, and
271 at 0.1738 nm). Nevertheless, these structure factor
differences are not easily discerned from the relative peak
intensities at each energy as can be seen in Fig. 3a, corres-
ponding to the raw data. However, as shown in Fig. 3c,
corresponding to the raw data after background and
scale factor corrections, the relative intensity difference for
the three wavelengths previously determined seems more
evident.

4. RESULTS AND DISCUSSION

From X-ray diffraction patterns, several refinements were
performed according to the following steps: First, the fully
oxidized (P4) refinement was carried out to determine the
Fe/Ti ratio (all Fe2` cations have been oxidized to Fe3`
cations) and the number of vacancies. For the P4 sample,
the space group is P4

1
32. Thus, the 16 octahedral sites in the

lattice are decomposed in 12#4 sites respectively called B
1

and B
2
. Second, the partially oxidized (P3) and reduced (P1)

sample refinements, using the Ti value which was deter-
mined previously, enabled us to obtain the amount and the
location of Fe2` and Fe3` cations inside the spinel struc-
ture.

Figure 4 represents for powder P3 as an example the
experimental and calculated diffraction patterns and the
difference in the angular domain 55—75° recorded at the j

1
,

j
2
, and j

3
wavelengths previously determined.

This figure shows a good agreement between them. The
results of refinements carried out on these powders are listed
in Table 4. The cation distribution and the quality of the
Rietveld refinement throughout the Gof and R

81
are pre-

sented. To ensure they are consistent, other cation distribu-
tions were tested and in all cases the overall quality of



FIG. 3. Variation of the peak intensities for sample P1 versus the wavelengths and the nature of the correction applied: (a) raw data, (b) raw data after
background correction; (c) raw data after background and scale factor corrections.
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refinement decreased. The quite high error on the cation
amounts is due to the poor quality of some X-ray patterns,
in particular those recorded at 7.135 keV.

This analysis gives the amount and the location of the
Fe2`, Fe3` , and Ti4` cations in the spinel structure. The
values obtained are in agreement with the chemical know-
ledge of the ferrite. The Rietveld refinement shows that Fe2`
cations are only located on octahedral sites. This observa-
tion is in perfect agreement with the DTG experiment. For
example, Fig 5, showing the DTG of sample P1, presents



FIG. 4. Refinements and diffraction patterns obtained for sample P3 at three wavelengths (j
1
"0.174495 nm, j

2
"0.174122 nm, and j

3
"

0.17378 nm), where I
0"4

is the observed intensity, I
#!-

the calculated intensity after refinement, and I
0"4

!I
#!-

the difference.
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only one oxidation peak at 200°C, which is characteristic of
the presence of Fe2` cations in octahedral sites.

In addition, it appears that the Ti4` cations are exclus-
ively located on octahedral sites and that they prefer to
occupy the B

1
sites in the case of the fully oxidized material.

This analysis also gives the number and location of the
vacancies. Oxidation leads to the appearance of vacancies,
which prefer to occupy an octahedral site. This observation
is in agreement with earlier neutron experiments (21).
Table 5 compares DTG with the anomalous diffraction
results. It is obvious that the Fe2`/Fe3` ratio decreases as
oxidation temperature increases. For the reduced sample
this ratio is equal to 0.65 whereas a value of 0.185 is
obtained for the partly oxidized state and a value of 0 is
obtained for the fully oxidized sample. At the same time, the
number of vacancies increases. The values obtained from
Rietveld refinement using this technique are in good agree-
ment with thermogravimetric experiments, allowing the



TABLE 4
Evolution of the Amount and the Location of Fe21, Fe31, and

Ti41 Cations and Vacancies (Represented by h) in the Different
Sites (A Tetrahedral, B, B1 , B2 Octahedral) of the Spinel Struc-
ture for the Different Oxidation States Represented by P1, P3,
and Pa

4

P1 P3 P4

Fe3`
5%53!)%$3!-

0.97$0.02 0.99$0.01 0.95$0.02
h

5%53!)%$3!-
0.03$0.02 0.01$0.01 0.05$0.02

Fe2`
0#5!)%$3!-

1.08$0.07 0.40$0.05 0
Fe3`

0#5!)%$3!-
0.65$0.07 1.19$0.05 B1: 0.97$0.03

B2: 0.46$0.03
Ti4`

0#5!)%$3!-
0.25 0.23 B1: 0.19$0.03

B2: 0.03$0.03
h

0#5!)%$3!-
0.02$0.07 0.18$0.05 B1: 0.34$0.03

B2: 0.01$0.03
O2~ 4 4 4
j
1

R
81

12% 11% 10%
j
2

R
81

12% 12% 6%
j
3

R
81

10% 6% 6%
Overall R

81
12% 10% 6%

Overall Gof 1.32 1.61 5.52

aThe quality of the Rietveld refinements is indicated by the overall Gof
(goodness of fit), the overall Rwp (reliability factor), and the Rwp obtained for
each wavelength (j1 , j2 , j3).

TABLE 5
Comparison of the Fe21/Fe31 Ratio and Cell Parameter Ob-

tained Using TGA and XRD Experiments and by Resonant
Diffraction Experiments Using Rietveld Refinement

Fe2`/Fe3` ratio a (nm)

Resonant CPS 120
Sample DTG XRD Dijon D2AM

reduced 0.61 0.65 0.84055 0.84000
oxidized at 150°C 0.20 0.185 0.83792 0.83754
fully oxidized 0 0 0.83442 0.83442
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Fe2`/Fe3` ratio to be known (Table 5). The good agree-
ment between the two sets of results indicates that this
method can be used for the in situ characterization of the
cation distribution of Ti ferrites with different Fe2`/Fe3`
ratios obtained from different oxido-reduction annealings.
These results allow one to use the anomalous diffraction
experiment to determine the cation distribution in more
complicated cases where DTG cannot be used when there
are two or three cations that can be oxidized at nearby
temperature.

Nevertheless, concerning the study of the P1 sample
(stoichiometric compound), a careful analysis of the data set
obtained in the reduced state puts in evidence some asym-
FIG. 5. DTG curve of sample P1 obtained on the Setaram TAG24
thermobalance. Only one oxidation peak is observed (at 200°C), which is
characteristic of the oxidation of Fe2` cations located at octahedral sites.
metry around the low angles. Since such an asymmetry
disappears when the Fe cations are oxidized, it cannot be
attributed to an instrumental aberration and must be due to
a gradient of the Fe2`/Fe3` ratio from the surface to the
bulk in each nanoparticle. Due to the slow cooling to room
temperature after the appropriate annealing at 500°C lead-
ing to stoichiometry, some hydrogen has to be introduced
into the furnace to avoid oxidizing some Fe cations. This
leads to a correlative reduction of the Fe cations located on
the surface, so that the Fe2`/Fe3` ratio is effectively larger
at a distance of approximately 2 nm from the surface despite
a choice of relatively large grains (40 nm). Consequently, to
perform the structural refinement of this state, a simple
model with two phases has been used; one of these phases
corresponds to the fully reduced state.

Since the aim of this work was to obtain the cation
distribution in order to control magnetic properties, co-
ercivity was also studied with a SQUID. The coercivity was
measured from room temperature to 5 K for these different
powders. Figure 6 shows that the coercivity at 5 K is maxi-
mal when the Fe2`/Fe3` ratio is greater.

5. CONCLUSION

These results obtained with the titanium ferrite varying
the Fe2`/Fe3` ratio show that it is possible to use anomal-
ous powder diffraction to reach with a good accuracy the
cation ordering in such compounds. A Rietveld refinement
using the anomalous scattering of the atom species of the
crystalline material is able to give information about the
amount and position of this atom in the crystalline struc-
ture. Consequently, we have given a full crystalline structure
description of this nanometric ferrite after different oxido-
reduction treatments using the Rietveld method. The struc-
tural refinement allowed us to establish the location of the
various cations on both the octahedral and the tetrahedral
sites and of the resulting vacancies. Nevertheless, from
a methodological point of view, two principal improve-
ments would need to be performed to have a better refine-
ment accuracy. First, due to a large fluorescence above the



FIG. 6. Evolution of the coercivity versus the temperature (from 5 K to room temperature) for different samples containing various Fe2`/Fe3` ratios.
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Fe edge, it is essential to increase the recording time for each
data set to have a sufficient statistical level to carry out
Rietveld refinement in the usual conditions. Second, it seems
useful to record data at more than three energies to ensure
significance of the anomalous effect to distinguish the differ-
ent oxidation states of the iron cations and to determine the
anomalous factors with more accuracy. Moreover, to min-
imize the heterogeneity that appears during the cooling, the
most useful experiments would be to record the X-ray
diffraction patterns at high temperature under an appropri-
ate reducing gas mixture for which the stoichiometric com-
pound would be thermodynamically stable. Indeed, at high
temperature (around 450°C), it would then be possible, in
contrast to room temperature, to study perfectly homogene-
ous ferrites with a smaller size (20 nm) and two different
Fe2`/Fe3` ratios, one corresponding to the stoichiometry
under a reducing gas mixture, the other with all Fe cations
fully oxidized to Fe3` cations under an oxidizing gas mix-
ture. In the future, this method may be extended to samples
with numerous cations with various valencies, checking the
edges of each cation.
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