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Two series of (In;_Fey),03 were prepared by a solution combustion method using different fuel-
to-oxidizer (i.e. glycine/metal nitrate, G/N) ratios. The crystal structure and magnetic properties of the
compounds were investigated by means of X-ray diffraction, transmission electron microscopy and
magnetic measurements. Detailed structural analysis shows the solubility limits of Fe in In,O3 are
x = 0.08 and 0.45 for the G/N ratios of 5/4 and 5/6, respectively. Crystallite size of the samples prepared
with the G/N ratio of 5/6 is much smaller than that of the samples prepared with the G/N ratio of 5/4. At
room temperature, the sample with x = 0.01 prepared with the G/N ratio of 5/4 is paramagnetic and
those with x = 0.03-0.07 are ferromagnetic, whereas the samples with x = 0.15-0.45 prepared with the
G/N ratio of 5/6 show superparamagnetic behavior and those samples with x<0.15 are paramagnetic.
Different magnetic behavior of these two series of samples could be attributed to different origins of
magnetism. The magnetism of the samples prepared with the G/N ratio of 5/4 might originate from the
existence of mixed valence Fe ions whereas the magnetism of the samples prepared with the G/N ratio
of 5/6 could be due to the small crystallite size.
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1. Introduction

Diluted magnetic semiconductor (DMS) materials combining
magnetic and semiconductor functions are expected to have a
wide application prospect in the spintronic devices, which
simultaneously exploit the charge and spin properties of electrons
[1,2]. Accordingly, the search for room temperature (RT) ferro-
magnetic DMS materials has been intensively carried out in recent
years, and many such materials have been reported. However, it is
essential to illuminate the origin of RT ferromagnetism (FM) in
these materials, because only intrinsic FM arising from magnetic
atoms embedded in nonmagnetic semiconductor lattice can be
used in spintronic devices.

Recently, research of transitional metal (TM) doped In,O5 is
widely concerned. In,O3 matrix is a wide-band gap n-type
semiconductor (Eg =3.75eV) as a result of oxygen deficiencies
[3,4]. Its carrier density can be tuned by doping Sn or by
introducing oxygen deficiencies, and high solubility of TM in
In,03 can be achieved, which are desirable for achieving a high
Curie temperature above RT.
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So far, a lot of research groups have claimed RT FM in
TM-doped In,05 or tin-doped In,O3 (ITO) (where TM = Cr, Mn,
Fe, Co, Ni) thin films or powders [5-10]. Fe doped In,03; powders
have been studied by several research groups [11,12]. Yoo et al.
and Peleckis et al. reported that Fe doped In,Os; bulk samples
prepared by a conventional solid state synthesis technique
showed paramagnetic behavior at RT, whereas RT FM could be
achieved in Fe and Cu (or Mn) codoped In,03 bulk samples [13,14].
They confirmed through detailed structural and magnetic analysis
that the RT FM in their samples did not result from an impurity
phase and could be attributed to the multivalence of Fe ions in the
cation lattice. However, Chu et al. failed to observe the RT FM in Fe
and Cu codoped In,03 samples prepared by a co-precipitation
method [15]. Okada et al. reported RT FM of Fe doped In,05 bulk
samples prepared by solid state reaction and attributed it to
dispersed Fe304 nanoparticles in the prepared samples [16]. In
addition, some groups argued that the defects in Fe doped In,03
bulk samples were responsible for the presence of RT FM [17,18].
The existing reports show that the origin of the observed FM in
Fe-doped In,03 powders remains unclear and also the magnetic
properties of the samples seem sensitive to the synthesis
methods. Combustion approach has many advantages over other
synthesis method. The wet chemical process allows us to control
easily the powder characteristics such as crystallite size, surface


www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.03.023
mailto:ghrao@aphy.iphy.ac.cn

1564 J. Yu et al. / Journal of Solid State Chemistry 182 (2009) 1563-1569

area, etc. by governing flame temperature during combustion
which is dependent on fuel-to-oxidizer ratio [19]. The change of
powder characteristics has a potential effect on its structure and
properties. In this paper, we report the synthesis of two series of
Fe-doped In,03 samples with the use of different fuel-to-oxidized
ratio by solution combustion method to further explore the
crystal structure and magnetic properties of Fe-doped In,03
compounds. Detailed analysis shows that the fuel-to-oxidized
ratio has a prominent effect on the particle size and magnetic
properties of Fe-doped In,O3 compounds.

2. Experiment

The compounds with nominal composition (In;_Fe,),03 were
synthesized by a solution combustion method. An appropriate
amount of analytical grade metal nitrate Fe(NOs)s; - 9H,0, 1 mol/L
solution of In(NOs3)3 and glycine (NH,CH,COOH) were dissolved in
deionized water to form precursor solution. The precursor
solution was concentrated by heating it in a beaker until excess
free water was evaporated and spontaneous ignition occurred. The
exothermic reaction can generally be expressed as [20]

M(NO3)s + (¢ + 2/3)NH,CH,COOH -+ [9/4(¢ — 1)]0;
= 1/2M503 + ([3 + (¢ +2/3)1/2)N2 1 + [2(d + 2/3)]COz T
+[5/2(d +2/3)]H201¢ (M = Inq_4Fey)

In the above reaction, glycine serves as fuel for the combustion,
being oxidized by the nitrate ions. ¢ =1 means that the initial
mixture does not require atmospheric oxygen for a complete
oxidation of fuel, while ¢>1 (<1) implies fuel-rich (poor)
conditions. Two G/N ratios (G/N = ¢+2/3 =5/4 or 5/6) of fuel-
poor condition were used in our experiment to prepare two series
of (In;_xFe,),03 (x = 0-0.1 and x = 0-0.45, respectively).

The phase composition and crystal structure of the samples
were examined by X-ray powder diffraction (XRD) using a
PANalytical X'pert PRO Alpha-1 diffractometer with CuKu; radia-
tion (1= 1.5406A) and high resolution transmission electron
microscopy (HRTEM, JEM-2010). The XRD data were analyzed by
the Rietveld refinement program FULLPROF [21,22]. X-ray photo-
electron spectroscopy (XPS ) spectra were recorded on a VG MK Il
spectrometer at room temperature using an AlKo X-ray source
(hv =1486.6eV) and the binding energy values were measured
with respect to C 1s peak at 284.6 eV. Magnetic measurements
were performed on a superconducting quantum interference
device (SQUID, Quantum Design MPMS 7).

3. Results and discussion

Fig. 1 shows the XRD patterns of the (In;_yFe,),03; prepared
with the G/N ratio of 5/4. The bottom two rows of vertical bars
indicate Bragg reflection positions of In,O3 (the upper row) and
InFe,04 (the lower row). The XRD patterns of the samples doped
with Fe up to x = 0.07 exhibit only diffraction peaks of the cubic
bixbyite In,03 structure (space group: Ia3) and do not show any
evidence of impurity phases. Trace amount of InFe,O4 as a
secondary phase was found in the sample with x = 0.1 as marked
by the downward arrow in the inset of Fig. 1. The Rietveld
refinement results of the XRD patterns for the samples with
x = 0.05 and 0.1 are shown in Fig. 2. As the amount of Fe doping
increases, the XRD peaks shift to higher angle, indicating a
decrease of the unit cell parameter. Evolution of cell constant a
derived from the Rietveld refinement with the Fe content x is
shown in Fig. 3. The cell constant a decreases linearly with x from
x =0 to 0.07, which conforms to Vegard’'s law. Therefore, we
conclude that the solubility limit of Fe ions in In,Os; under the
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Fig. 1. XRD patterns of (In;_xFe,),03 prepared with the G/N ratio of 5/4. Two rows
of vertical bars at the bottom indicate the Bragg reflection positions of In,03
(upper row) and InFe,04 (lower row). The inset is the zoom-in of XRD patterns for
the samples with x = 0.07 and 0.10. The downward arrow marks the reflection
position of InFe,04.
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Fig. 2. Observed (solid curve) and calculated (crosses) XRD patterns of (Inggs.
Feo.05)203 (a) and (InggFeq )03 prepared with the G/N ratio of 5/4 (b). The vertical
bars at the bottom indicate the expected Bragg reflection positions, and the lowest
curve is the difference between the observed and the calculated XRD patterns.

condition of G/N = 5/4 is about x = 0.08 and the smaller Fe ions
replace the In ions randomly in In;O3 for x<0.08.

Fig. 4 shows the XRD patterns of (In;_xFe,),03 prepared with
the G/N ratio of 5/6. The XRD patterns indicate all the samples
with x<0.35 are single phase with the cubic bixbyite In,0;
structure. Small amount of impurity phase InFe,04 was found in
the sample with x = 0.45. There is a clear shift to higher angle and
a broadening of the XRD peaks with increasing Fe doping.
Crystallite size calculated from FWHM (full width at half
maximum) of the XRD peaks by using Scherrer’s equation after
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Fig. 3. Evolution of cell constant a of (In;_.Fe,),05 prepared with the G/N ratios of
5/4 and 5/6 as a function of the Fe content x.

M X=045
A X=0.35
g |
= X =0.25
o
s
2 x =0.15
2
g "
= X =0.05
I A A X=0
[ Ferrrr e rrrrrrrerrrrrr  rerer e e e e e e P et
| wrr i [ | [N N R R LI B I | [N
T T T T T T T T T T T
20 40 60 80 100 120
26 (degree)

Fig. 4. XRD patterns of (In;_.Fe,),03 prepared with the G/N ratio of 5/6. Two rows
of vertical bars at the bottom indicate the Bragg reflection positions of In,O3
(upper row) and InFe,04 (lower row).

correction for instrumental broadening using LaBg powder as
standard sample is about 10-20 nm, which is consistent with TEM
analysis (see below). The crystallite size of the samples prepared
with the G/N ratio of 5/6 is much smaller than that of the samples
prepared with the G/N ratio of 5/4 (about 40-50 nm as estimated
from FWHM of the XRD peaks). The Rietveld refinement results of
the XRD patterns for the samples with x = 0.35 and 0.45 are
shown in Fig. 5. Evolution of cell constant a derived from the
Rietveld refinement with the Fe content x conforms to Vegard’s
law (Fig. 3). Therefore, the solubility limit of Fe ions in In,O3 under
the condition of the G/N ratio of 5/6 is about x = 0.45.

Typical TEM images of (InggsFeg 05)>03 prepared with the G/N
ratios 5/4 and 5/6 are shown in Fig. 6(a)-(e), respectively. Low
resolution TEM images in Fig. 6(a) and (c) show that particle size
of the sample prepared with the G/N ratio of 5/4 is about 50 nm,
much bigger than that of the sample prepared with the G/N ratio
of 5/6 (about 20nm). HRTEM analyses were carried out on
different regions of both the samples. The images reveal no
segregation of secondary phases and a uniform microstructure. A
spacing of (112) planes in (Ing.gsFeg o5).03 prepared with the G/N
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Fig. 5. Observed (solid curve) and calculated (crosses) XRD patterns of (Ingg.
Fep2);03 (a) and (InggsFepss),03 prepared with the G/N ratio of 5/6 (b). The
vertical bars at the bottom indicate the expected Bragg reflection positions, and the
lowest curve is the difference between the observed and the calculated XRD
patterns.

ratio of 5/4 is about 4.12A as indicated in Fig. 6(b). The bottom
inset shows the selected area fast Fourier transform (FFT) pattern.
A spacing of (222) planes in (InggsFegos5)203 prepared with the
G/N ratio of 5/6 is about 2.92A as indicated in Fig. 6(e). The
top-left inset shows the selected area FFT pattern.

It can be concluded from above structural and microscopic
analyses that the change of the G/N ratio in the solution
combustion reaction has a prominent effect on the solubility
limit of Fe ions in In,03, cell parameters and crystallite size of the
(Iny_xFex),03 compounds. Slightly decrease of the G/N ratio
makes the solubility limit of Fe ions in In,O3 increases from
about 8% to 45%. The solution combustion reaction method is a
nonequilibrium synthesis approach by which we could produce
supersaturated solid solution due to well mixing of the reactants
at the atomic level and to the instantly high temperature when
the reaction occurs. Crystallite size of the samples prepared with
the G/N ratio of 5/4 is much bigger than that of the samples
with the G/N ratio of 5/6 probably because of the higher
reaction temperature of the former [20]. The solubility limit of
the samples prepared with the G/N ratio of 5/4 is much lower
than that of the samples prepared with the G/N ratio of 5/6.
The reason could be that more glycine used as fuel might induce a
valence reduction from Fe®*' to Fe?*, which is beneficial to the
formation of the secondary phase InFe,04. Besides, the valence
reduction of Fe ions is probably also a reason for the smaller
cell parameters of the sample prepared with the G/N ratio
of 5/4 than that of the sample prepared with the G/N ratio
of 5/6, taking into account that the Fe**-0 bond length of unit
valence (Ro = 1.734 A) is smaller than that of Fe3*-0 (Ry = 1.759 A)
[23].

Fig. 7 shows XPS spectra of the Fe2p in (InggsFepos)203
prepared with the G/N ratio of 5/4 and in (InggsFeg3s),03
prepared with the G/N ratio of 5/6. The binding energy of the Fe
2ps)> for (InggsFegss),03 prepared with the G/N ratios 5/6 is
711 eV (Fig. 7(b)) which is consistent with the Fe 2p3,, peak for
Fe3* [5,24]. A clear broadening and shift to lower binding energy
of the Fe 2ps), peak for (InggsFeg5),03 prepared with the G/N
ratio of 5/4 are indicative of the mixing of Fe?* and Fe** ions or of
the mixed valence for the Fe ions [25].
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Fig. 6. TEM images of (InggosFep 05),03 prepared with the G/N ratio of 5/4 (a, b) and with the G/N ratio of 5/6 (c-e).

Magnetization (M) at 300K of the (In,_,Fe,),03 prepared with
the G/N ratio of 5/4 as a function of magnetic field (H) up to
5000 Oe is shown in Fig. 8. All the samples, except for the sample
with x = 0.01, are ferromagnetic with a coercive field of about
1200e at RT (inset in Fig. 8). The sample with x =0.01 is
paramagnetic at RT due to nearly isolated Fe ions. The saturation
magnetization value Ms increases with the Fe concentration x,
implying increased number of Fe ions participating in the FM
interaction. It is interesting that the coercive field is almost
unchanged with the Fe concentration x, the reason of which is
unclear.

Fig. 9 shows zero field cooling and field cooling (ZFC/FC)
magnetization curves in a field of 200 0e of the (InggsFeg.os5),03
prepared with the G/N ratio of 5/4. The ZFC/FC curves could be
used as a reliable technique to indirectly detect any ultrasmall
magnetic nanoclusters in the matrix, which could not be easily
detected by usual characterization techniques such as XRD, XPS
and TEM and normally display a superparamagnetic behavior
with a low blocking temperature (Tg) [26]. The absence of Ty in
our samples indicates no tiny ferromagnetic nanoclusters. In

addition, the secondary phase InFe,04 exhibits ferrimagnetic
behavior below Curie temperature (Tc = 250K) in the samples
and can be excluded from the origin of the RT FM [27]. Therefore,
we believe the RT FM of the (InggsFepos5),03 prepared with the
G/N ratio of 5/4 is an intrinsic property arising from Fe ions
incorporation into the lattice of indium oxide. There is a slight
discrepancy between ZFC and FC curves due to the FM imbedded
in the paramagnetic matrix [28], which is also indicated by the
unsaturated M-H curve at 300K in Fig. 8.

Magnetization (M) at 300K of the (In;_yFe,),03 with x =
0-0.45 prepared with the G/N ratio of 5/6 as a function of magnetic
field (H) up to 4100 Oe is shown in Fig. 10. Magnetization for the
samples with x<0.15 increases almost linearly with the applied
field, indicating these samples are paramagnetic at RT. Evident
ferromagnetic behavior appears when Fe doping concentration
reaches x>0.10 (Fig. 10(a)). Fig. 10(b) shows magnetic hysteresis
loops for the samples with x = 0.2 and 0.35 at 5 and 300K. The
top-left inset and bottom-right inset are the zoom-in of the loops,
respectively. The coercive fields at RT of the sample is very small
(about 100e) but the coercive field at 5K is increased to about
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Fig. 7. XPS spectra of the Fe2p in (InggsFeg05)203 prepared with the G/N ratio of
5/6 and in (InggsFep35),03 prepared with the G/N ratio of 5/4.
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Fig. 10. (a) M vs H curves of (In;_xFe,),05 prepared with the G/N ratio of 5/6 at
300K. (b) The hysteresis loops of (In;_,Fey),03 with x = 0.2 and 0.35 at 300 and
5K. The top-left inset is the zoom-in of the M-H curve for the sample with
x = 0.35. The bottom-right inset is the zoom-in of the M-H curve for the sample
with x = 0.2.

2500e for the sample with x =0.2 and to about 4000e for
x = 0.35, which suggests that the samples probably are
superparamagnetic.

Fig. 11(a) shows plots of magnetization and inverse
susceptibility 1/y as functions of temperature for (IngosFepos)2
05 prepared with the G/N ratio of 5/6 on warming in a field of
1000 0e after cooling in zero field. The high temperature part
between 200 and 300K of 1/y vs. T displays Curie-Weiss behavior
and the data can be fitted by the Curie-Weiss law, y = Cox/(T+®)
[29]. The effective magnetic moment pg and the effective spin
angular momentum S are derived by: fier = [3ksCox/Na]~ 12 =
g[S(5+1)]"? ug, where g is the Landé factor and for transition metal
ions it is reasonable to take g = 2 [29]. The derived values of L
and S are 5.85 pp and 2.47, which are comparable to the values for
a high-spin Fe3* ion (S=5/2, p=5.4-5.96ug [30]). Fig. 11(b)
shows the ZFC/FC magnetization curves of (InggFey3),03 in a field
of 2000e. Fig. 11(d) shows the ZFC/FC magnetization curves of
(IngesFep35)203 in a field of 3000e. An irreversible behavior is
observed on the ZFC/FC curves of both the samples, which
indicates these samples are superparamagnetic in agreement
with the increased coercive field at low temperature (inset in
Fig. 10(b)). The superparamagnetism (SPM) could arise from small
crystallite size. Ty of both the samples is close to RT. There is no
indication of Verwey transition of Fe30, nanoparticles on the
ZFC[FC curves, suggesting that there should be no tiny Fe304
nanoclusters. In addition, the SPM disappears under a field of
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Fig. 11. (a) M vs T curves of (Ing 9sFeg 05)203 prepared with the G/N ratio of 5/6 in a field of 1000 Oe after cooling in zero field. The dashed lines are the theoretical fits to the
Curie-Weiss law. (b) ZFC/FC curves of (InggFep2),03 in fields of 200 0e and (c) 1000 Oe. (d) ZFC/FC curves of (InggsFeg35)203 in a field of 300 Oe.

10000e (Fig. 11c) which is different from the temperature
dependence of magnetization of possible y-Fe,O3 nanoparticles
on warming in a field of 1000 Oe [31,32]. Therefore, the SPM is an
intrinsic property of Fe incorporation into the In,O3 matrix.

The above magnetic measurements show that magnetic
properties of two series of samples prepared with different G/N
ratios have a remarkable difference, suggesting that they have
different origins of magnetism. For the samples prepared with the
G/N ratio of 5/4, its RT FM probably originates from the existence
of mixed valence Fe ions, whereas the RT SPM of the samples
prepared with the G/N ratio of 5/6 can be attributed to the small
crystallite size.

4. Conclusion

We have synthesized two series of (In;_xFey),03 with the use
of two different G/N ratios (5/4 and 5/6, respectively) by a solution
combustion method. The crystal structure and magnetic proper-
ties of these two kinds of Fe doped samples have been
investigated and compared. The solubility limit of Fe in In,O3
prepared with the G/N ratio of 5/4 is about x = 0.08 and that of the
samples prepared with the G/N ratio of 5/6 is about x = 0.45. The
higher combustion reaction temperature with the G/N ratio of 5/4
leads to larger crystallite size of the samples. Magnetic measure-
ments show that the sample with x = 0.01 prepared with the G/N
ratio of 5/4 is paramagnetic at RT and the samples with x =
0.03-0.07 exhibit RT FM, while the samples with x = 0.15-0.45
prepared with the G/N ratio of 5/6 show SPM at RT. Different
magnetic behavior of these two series of samples could be
attributed to the different magnetism origins. The RT FM of the
samples with x = 0.03-0.07 prepared with the G/N ratio of 5/4
could originate from the existence of the mixed valence Fe ions in

the samples, whereas the RT SPM of the samples with
x = 0.15-0.45 prepared with the G/N ratio of 5/6 results from
the small crystallite size.
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