‘H Available online at www.sciencedirect.com

g_;‘ sclENcE@DIREcT’

ELSEVIER

Journal of Magnetism and Magnetic Materials 289 (2005) 184187

M Journal of

magnetism
and

M Titerais

www.elsevier.com/locate/jmmm

Rietveld structure refinement of the cation distribution in
ferrite fine particles studied by X-ray powder diffraction

J.A. Gomes?, M.H. Sousa®, F.A. Tourinho®, J. Mestnik-Filho®,
R. Itri¢, J. Depeyrot®*

2Complex Fluids Group, Instituto de Fisica, Universidade de Brasilia, Caixa Postal 04455, 70919-970 Brasilia (DF), Brazil
>Complex Fluids Group, Instituto de Quimica, Universidade de Brasilia, Caixa Postal 04478, 70919-970 Brasilia (DF), Brazil
Instituto de Pesquisas Energéticas e Nucleares, Caixa Postal 11049, 05422-970 Sdo Paulo (SP), Brazil
Ynstituto de Fisica, Universidade de Sdo Paulo, Caixa Postal 66318, 05315-970 Sdo Paulo (SP), Brazil

Available online 28 November 2004

Abstract

Samples of ZnFe,O4 and CuFe,04 fine particles prepared by coprecipitation method have been studied by X-ray
powder diffraction at room temperature. The oxygen position, the lattice parameter, the mean size of the nanoparticles
and the cation distribution have been determined by means of Rietveld analysis, indicating the existence of mixed
ferrites in both samples. These results are also evidenced through magnetic measurements in ferrofluid samples at room

temperature.
© 2004 Elsevier B.V. All rights reserved.

PACS: 77.50; 61.10.N; 75.50.G

Keywords: Cation distribution; Rietveld refinement; Ferrites; Magnetic nanoparticles

1. Introduction

Magnetic nanoparticles are a topic of great interest
from both fundamental and technological point of view.
Indeed, their magnetic properties result from a complex
interplay between finite size effects, related to a low
number of spins in a cooperative behavior, and interface
effects, associated to a small coordination number of
surface atoms [1]. When the nanoferrites are dispersed in
a carrier liquid, the resulting colloidal suspension is
called ferrofluid or magnetic fluid. These materials give
rise to numerous technological applications due in part
to the versatility of molecular carrier liquids such as
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polar and non-polar media. However, such applications
are dependent on the structural and magnetic properties
of the nanocrystals that generally differ from those of
bulk materials [2].

The nanosized systems investigated herein are based
on copper and zinc spinel ferrites. Spinels are isostruc-
tural with the mineral spinel MgAl,Oj, and crystallize in
a face-centered cubic lattice with eight formula units in
the cubic unit cell, belonging to the space group Fd3m
(017,). Spinel ferrites have the general molecular formula
(M?M)[Fe3*107~ where M** and Fe** are the divalent
and trivalent cations occupying tetrahedral (A) and
octahedral (B) interstitial positions of the FCC lattice
formed by O~ ions. A whole range of distribution of
cations is possible in spinels which can be represented
generally by the formula: (M**)_, (Fe™t) [(M*),
(Fe3+)(2ﬂ)]04, where the ions inside the brackets are
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said to occupy B sites and the ions outside the bracket
occupy A sites; x represents the so-called degree of
inversion (defined as the fraction of A-site occupied by
Fe** cations). In the above formula when x = 0, it is
called normal spinel. When x = 1 it is called an inverse
spinel. When 0 <x <1 it is called mixed spinel. Ideal zinc
ferrite is a normal spinel, while ideal copper ferrite is an
inverse spinel.

The magnetic properties of these oxides depend on the
nature of the cations and their distribution between the
two interstitial positions. Moreover, depending on the
process utilized in the ferrite elaboration, partial
inversion has been claimed to occur [3-6]. In this work,
magnetic measurements suggest a cation redistribution
of the nanostructures, which is confirmed by Rietveld
structure refinement of X-ray powder diffraction data.

2. Experimental

Nanocrystalline spinels ferrites have been chemically
synthesized, using hydrothermal coprecipitating of
aqueous solutions of Fe’* and M?*t (M?* = Cu®* and
Zn2+) mixture in alkaline medium, in order to elaborate
magnetic fluids [7]. The molar ratio [Fe**]/[M>*] and
the composition of the nanoparticles are determined by
atomic absorption spectroscopy. X-ray diffraction
experiments were realized on powder samples after
evaporation of the sol. Measurements were performed
by means of an X-ray diffractometer installed in a
conventional Rigaku/Geigerflex generator operating at
40kV/30mA and the Cu—Ko radiation selected by a
graphite monochromator. X-ray powder diffraction
data were obtained in a 26 scanning range from 25° to
80° with a step size of 0.05° (20) with 8 s counting time at
each step.

The refinement of the structures was carried out with
the GSAS program [8], developed by Larson and Von
Dreele, from X-ray powder diffraction data. The
structural model and initial structural parameters for
both samples were taken as follows: space group Fd3m;
metal and iron atoms were in the Wyckoff 8a and 16d
special position and O atoms in the 32e special positions.
Moreover, both octahedral and tetrahedral cation and
oxygen sites are assumed to be fully occupied. Diffrac-
tion profiles were modeled by using a multiterm
Simpson’s rule integration of the pseudo-Voigt function.
The fitting quality of the experimental data were
checked by using the following parameters: the goodness
of fit, %%, that must tend to 1 and two reliability factors,
R, and Ry, (weighted differences between measured and
calculated values) that must be close to or less than 10%
[9]. The refined crystallographic parameters were: the
scale factor; the lattice parameter, ap; the oxygen
positional parameter, u; the mean particles size and the
degree of inversion, x.

The magnetization properties of diluted samples of
ferrofluid (non-interacting system) were investigated as a
function of the applied magnetic field at room tempera-
ture by using a Squid device.

3. Results and discussion

A typical magnetization curve, normalized to the
saturation value of the solution magnetization, M, is
shown in Fig. 1. Here, My = ms¢p, ms being the
saturation magnetization of the magnetic particle and ¢
the volume fraction of the magnetic material in solution.
As for both samples the obtained curves reach the
saturation, the high field extrapolation allows to
evaluate the saturation magnetization of the magnetic
particles by fitting the experimental data to the Langevin
model [10].

Experimental saturation magnetizations of samples 1
and 2 are shown in Table 1. Such high values, compared
to their respective saturation magnetizations of the ideal
bulk ferrites suggest the existence of cation distribution
in the crystalline structure.

Fig. 2 exhibits the experimental X-ray diffraction
pattern for sample 2. Table 2 lists the final R factors, the
structural parameters and their standard deviations. The
nanoparticles diameters, D, determined by Rietveld
refinement, are in good agreement with those calculated
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Fig. 1. Reduced magnetization of sample 2 as function of the
applied magnetic filed. The solid line is the fit to the data using
the Langevin formalism.

Table 1

Saturated nanoparticles magnetizations obtained from magne-
tization curves. The nanoparticles were subjected to an applied
field H =4 x 10°kA/m

Sample Ferrite ms (kA/m) mg bulk (kA/m)
1 ZnFe;04 207 ~0
CuFezO4 177 126
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Fig. 2. Rietveld refinement pattern for sample 2. X-ray data are
shown as plus marks; the solid line are the best fit to the data
and the tic marks show the positions for the allowed reflections.
The lower curve represents the difference between the observed
and calculated profiles.

Table 2

Structural parameters and Rietveld agreement factors for
samples 1 and 2. The description of the obtained parameters
is done in the text

Parameters Sample 1 Sample 2
X 0.21(7) 0.8(1)

u 0.258(2) 0.257(2)
a(Ref) (A) 8.436(3) 8.373(4)
AASTM) (A) 8.4411 8.349
Dyer (nm) 8.3(1) 8.9(1)
DXR (nm) 8.6 8.8

7> 1.100 1.038

R, (%) 7.4 6.2

Ryp (%) 9.6 7.8

from Scherrer formalism, Dxg. The refined occupancies
at the tetrahedral A-site and the octahedral B-site
indicate that both samples are mixed spinels. Occupancy
of Fe’* ions at the A-site is x = 0.21 for sample 1 and
x = 0.76 for sample 2. These values correspond to the
substitution of 1.68 atoms at each kind of the sites for
sample 1 and 1.92 for sample 2. The cation distribution
of the sample 1 (D, = 8.3nm) agrees with the values
found in previous work [11] for ZnFe,O4 samples,
prepared by the same method, with different diameters,
using the Rietveld refinement of X-ray diffraction data.
Indeed, the inversion degree found in sample 2 agrees
with the values found from Mdssbauer spectroscopy
measurements in the presence of an external magnetic
field parallel to the direction of the y-rays propagation,
using CuFe,O4 samples prepared by the same method,
with different diameters [12].

As shown in Table 2, the positional parameters of
oxygen determined for samples 1 and 2 (0.258 and 0.257

respectively) are slightly larger than the expected value
for an ideal close packed arrangement, equal to 0.25.
Moreover, u is larger for sample 1, probably due to the
difference of the ionic radii sizes between Cu®* and Zn>*
that induces a small distortion in the oxygen positions.

According to the results, the lattice parameter
increases with increasing the ionic radii of the divalent
metal. This confirms the larger distortion of the
positional parameter of oxygen found in the case of
ZnFe;O4 nanoparticles (sample 1). Additionally, the
lattice parameters determined from Rietveld refinement
agree with their respective values found in the ASTM
tables.

The determination of the cation distribution in ferrites
by usual X-ray diffraction methods is generally difficult
because of the small contrast of X-ray scattering among
the components M and Fe. It has been suggested that
the ferrite nanoparticles posses a core with an ideal
spinel composition and a surface layer rich in iron
content whose structure is at yet unknown [7]. The
present investigations did not allow such a conclusion
possibly due to the low intensity of the X-ray source.
New experiments will be performed at the Brazilian
Synchrotron Light Laboratory (LNLS) with smaller
particles and different divalent ions in order to pursue
for this hypothesis.
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