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bstract

n-doped ZnFe2O4 nanoparticles were prepared by a co-precipitation method. The nanoparticles were charactarized by conventional powder X-
ay diffraction, energy dispersive X-ray spectrometry, transmission electron microscopy, Raman and Mössbauer spectroscopy. It was found that
n In Fe O nanoparticles of size ≈4 nm can be formed for 0 ≤ x ≤ 0.6. However, only for 0 ≤ x ≤ 0.15, was it possible to obtain single phase
1−x x 2 4

amples. These new Zn1−xInxFe2O4 (0 ≤ x ≤ 0.6) nanoparticles exhibit behavior distinct from their bulk counterparts and present an evolution of
he structural and physical properties as a function of x. Detailed results, as well as the interest of these materials both for applied and basic science
erspectives will be presented.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

At present, one of the most interesting and challenging issues
f the science of magnetic nanoparticles is the introduction of
ew electronic, optical or photochemical properties and the opti-
ization of their magnetic properties. Such novel nanoparticles

re very interesting both from the fundamental perspective of
nderstanding the role of size and confinement on their physics
nd by the extreme technological relevance of their properties.
mong the wide variety of magnetic nanoparticles susceptible

o be modified in order to manipulate their properties, spinel
errite nanoparticles are of the most attractive systems. The rea-
on is that, compared to the crystal structure of other magnetic

anoparticles (elemental, intermetallic, oxides), the spinel struc-
ure is complex and adaptive, and thus it can be modified in
arious ways, resulting in novel or enhanced physical proper-
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os”, Institute of Materials Science, Corner Neapoleos and Patriarchou Grigoriou
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ies. Therefore, spinel ferrites nanoparticles consist one of the
ost versatile experimental environments to probe the funda-
ental and applied behavior of magnetic nanoparticles. The

pinel structure, which will be described below, is characterized
y three degrees of freedom associated with the detailed atomic
rrangement: (i) the lattice parameter, a; (ii) the anion parameter,
; and (iii) the cation inversion parameter, i. For spinel nanopar-
icles, these degrees of freedom can be modified controllably by
hanges of the preparation method and/or the particle-size, by
oping and by processing.

The present study has been undertaken against the above
ackground. It is focused on the effect of doping on the above-
entioned degrees of freedom of the spinel structure and

oncomitantly on the magnetic properties of the Zn1−xInxFe2O4
anoparticles with 0 ≤ x ≤ 0.6. This study is part of a compre-
ensive investigation on the effects of preparation conditions,
article size, various dopants and processing on the structure
nd the physical properties of spinel ferrite nanoparticles. The

ltimate purpose is to establish the structure–property–function
elationship and identify promising materials for applications.

The entire solid solution Zn1−xInxFe2O4 (0 ≤ x ≤ 0.6) adopts
he spinel structure. Sickafus et al.1 examines the spinel structure

mailto:evagelia@ims.demokritos.gr
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.165
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ray diffraction data. Each nanoparticle is single crystalline and,
consequently, the SAD pattern (Fig. 2a, inset) obtained from a
wide area is comprised of diffraction rings with several Bragg
spots revealed. The d-spacings deduced from the diffraction pat-
392 M. Maletin et al. / Journal of the Europ

n detail. The majority of spinel compounds belong to the space
roup Fd3m. The conventional spinel cell AB2O4 is a cubic face
entered unit cell containing Z = 8 formula units. There are 96
nterstices between the anions in the spinel cell; however, in
B2O4 compounds, only 24 are occupied by cations. Of the 64

etrahedral interstices that exist between the anions, 8 are occu-
ied by cations. The remaining 16 cations occupy half of the 32
ctahedral interstices. Many compounds that adopt the spinel
tructure can accommodate significant amounts of disorder. In
he “normal” spinel, the cations A occupy the tetrahedral sites
nd the cations B occupy the octahedral ones. In the “inverse”
pinel half of the B cations occupy the tetrahedral sites while

cations and the other half of the B cations occupy the octa-
edral sites. The variable i is the so-called inversion parameter,
hich specifies the fraction of tetrahedral sites occupied by the
cations. For a normal spinel, i = 0, for random arrangement,

= 2/3, and for an inverse spinel, i = 1. The cations A and B are
t the special positions (1/8, 1/8, 1/8) and (1/2, 1/2, 1/2) of the
pace group Fd3m (origin 3̄m), respectively. The anions are at
he general position (u, u, u); therefore, the only variable atomic
oordinate of the spinel structure is the parameter u.

. Experimental

Nanoparticles of composition Zn1−xInxFe2O4 (x = 0, 0.15,
.3, 0.45 and 0.6) were prepared by a low-temperature chemi-
al co-precipitation method2 using aqueous solutions of nitrate
recursors. Stoichiometric amounts of Fe(NO3)3·9H2O (Merck,
ermany) and Zn(NO3)2·6H2O (Merck) were dissolved in dis-

illed water and mixed with appropriate amount of aqueous
nCl3 solution (obtained by mixing In2O3 (Merck) with HCl).
odium hydroxide was used as a precipitating alkali. The co-
recipitation reaction was carried out at 80 ◦C for 60 min under
ontinuous stirring. The precipitates were separated from the
lurry by centrifuging and washed a number of times with dis-
illed water and then with absolute ethanol. The nanoparticles
ormed were dried at 120 ◦C for 1 day and finally dry milled in
mortar.

Conventional powder X-ray diffraction was initially carried
ut in order to identify all the phases present and deter-
ine the particle size. The experiments were carried out on a
iemens D500 diffractometer with a step size 0.03◦/15 s, using
ltered Cu K� radiation with wavelength 1.506 Å. Transmis-
ion electron microscopy (TEM), high resolution transmission
lectron microscopy (HRTEM) and energy dispersive X-ray
pectroscopy (EDXS) experiments were performed in order to
robe the microstructure of the nanoparticles Zn1−xInxFe2O4,
etermine their composition and confirm their particle size
btained previously by X-rays. Specimens of Zn1−xInxFe2O4
ere prepared for TEM by dissolving the nanocrystal pow-
er in high purity ethanol. A drop of the resulting suspension
as deposited onto a lacey carbon film supported on a copper
rid. The 57Fe Mössbauer spectra were recorded at −268.95 ◦C

n a conventional constant acceleration spectrometer with a
7Co(Rh) source moving at room temperature (RT). Isomer
hift values are quoted with respect to metallic iron at RT.

icro-Raman measurements were carried out at RT, using a
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obin-Yvon triple spectrometer T64000 equipped with a charge-
oupled device for detection of the signal. Excitation was carried
ut with the 532.1 nm line of a doubled Nd:YAG crystal laser
ith a power of 0.1 mW focused to a spot of 1 �m on the sample.

. Results and discussion

.1. Powder X-ray diffraction

Fig. 1 shows the X-ray diffraction patterns of the nanoparti-
les Zn1−xInxFe2O4. The spinel phase is present in all samples
nd has been unambiguously indexed. These data showed that
he samples Zn1−xInxFe2O4 with x ≤ 0.3 are single phase.
owever, TEM data (discussed below) revealed that only the
nFe2O4 and Zn0.85In0.15Fe2O4 samples are indeed single
pinel phase. The rest of the samples are composed of the spinel
hase and a second phase which is In(OH)3. This second phase
s present in very small quantities in the samples Zn1−xInxFe2O4
ith x = 0.2, 0.25, 0.3 and it could not be detected by X-rays.
he average size of the nanoparticles estimated by the Sherrer
quation, d = 0.9λ/β(cos θ), are 4.1, 3.0, 2.4, 2.3 and 2 nm for
= 0, 0.15, 0.20, 0.25 and 0.3, respectively. The particle size
ecreases as a function of x, suggesting that in In-rich nanopar-
icles the surface effects are quite pronounced. The cell constant
increases as a function of x implying that indium indeed enters

nto the structure.

.2. Transmission electron diffraction and energy
ispersive X-ray spectroscopy

HRTEM and the corresponding selected area diffraction
SAD) pattern of ZnFe2O4 nanoparticles are illustrated in
ig. 2a. The nanoparticles exhibit sizes of about 4–6 nm, which

s in very good agreement with the value obtained from the X-
ig. 1. XRD patterns of the Zn1−xInxFe2O4 nanoparticles, s represents the
pinel phase, asterisk represents the In(OH)3 (in the sample notation, letters
nd numbers indicate the system and indium concentration used, e.g., IZF 015
orresponds to the sample Zn0.85In0.15Fe2O4).
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and 693 cm . For ZnFe2O4, which approaches the normal
spinel structure, the high frequency mode at 693 cm−1 is less
pronounced.5 The AB2O4 spinel structure permits five active
Raman modes (A1g + Eg + 3T2g). It is generally accepted that the
ig. 2. TEM images of the ZnFe2O4 (a) and Zn0.4In0.6Fe2O4 (b) samples.

erns correspond to the spinel structure. The composition of the
anoparticles, obtained by EDXS analysis, corresponds to the
xpected chemical formula ZnFe2O4 (within the accuracy of the
DXS analysis).

The TEM image of the sample with nominal composi-
ion Zn0.4In0.6Fe2O4, Fig. 2b, reveals that the sample consists
redominantly of a highly crystalline phase and the spinel
anoparticles are the minority phase. The series of single crystal
pots in the SAD pattern insert in Fig. 2b which are superim-
osed in the diffuse rings of the ferrite structure in the pattern
orresponds to In(OH)3. EDXS analysis suggests that the Zn/In
atio in the phase is more than 1/4 within the experimental error
f the EDXS measurement.

The nanoparticles with compositions between ZnFe2O4 and
n0.4In0.6Fe2O4 exhibit structural characteristics intermediate

etween the features of these two end-members. The particle
ize decreases slightly as the In-content x increases (again in
greement with the conclusions drawn from the X-ray data) and
he quantity of the second phase increases as x increases as well.
ig. 3. Mössbauer spectra of the ZnFe2O4 and Zn0.4In0.6Fe2O4 samples at
268.95 ◦C (4.2 K).

.3. Mössbauer spectroscopy

Mössbauer spectra were taken at −268.95 ◦C for the two end-
embers ZnFe2O4 and Zn0.4In0.6Fe2O4. The two spectra are

imilar with slightly broader lines and lower hyperfine fields
bserved in the In-substituted sample (Fig. 3). Both spectra
equire two subspectra for a satisfactory fit of the data. The
eed of two subspectra has been attributed to areas of short and
ong-range order, which also lead to broadening of the magnetic
ransition.3 A degree of inversion in nanoparticle samples has
lso been suggested4 as the source of the two subspectra. In order
o distinguish between these two options, spectra obtained in an
pplied magnetic field are required. In either case, it is clear that
here is a degree of disorder in the occupancies of A and B sites
y the cations.

.4. Raman spectroscopy

Raman scattering measurements were carried out for the
nFe2O4 and Zn0.4In0.6Fe2O4 samples. The spectra (Fig. 4)
f the samples in the 200–800 cm−1 range are fitted with four
road lines (FWHM about 60–100 cm−1) at 350, 505, 647

−1
Fig. 4. Raman spectra of ZnFe2O4 and Zn0.4In0.6Fe2O4 samples at RT.
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odes above 600 cm−1 are of the A1g type, involving motions
f the O in tetrahedral AO4 groups.5 Therefore, the observa-
ion of two modes above 600 cm−1 can be due to coexistence of
wo AO4 groups, A being either Zn or Fe. In fact, the 647 cm−1

s attributed to the oxygen breathing vibrations against zinc, in
ccordance to ref.5 while the high frequency one at 693 cm−1 is
ue to the corresponding oxygen vibrations against iron.

Fig. 4 shows that the introduction of In induces significant
ositive frequency shifts of about 15 cm−1 for both A1g modes,
howing off that In is incorporated into the structure. The fre-
uency shifts observed are reasonably due to the strong coupling
f the oxygen atoms with In, considering that the last has much
arger ionic radius than the other cations.

. Conclusions
Zn1−xInxFe2O4 (0 ≤ x ≤ 0.6) nanoparticles were prepared by
sing a co-precipitation method. The spinel structure is main-
ained for the whole solid solution. While indium enters into the

4

5

eramic Society 27 (2007) 4391–4394

pinel structure for all x investigated, only Zn0.85In0.15Fe2O4
an be formed as single phase. For x ≥ 0.20, a second phase,
n(OH)3, is formed. The average particle size decreases as x
ncreases. Mössbauer and Raman spectroscopy revealed that site
isorder is present between Zn, Fe and In in the spinel cell.
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