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Abstract

Observation of room-temperature ferromagnetism in Fe- and Ni-co-doped In,O3 samples (IngoFeq ;. Ni,)>03 (0<x<0.1) prepared
by citric acid sol-gel auto-igniting method is reported. All of the samples with intermediate x values are ferromagnetic at room-
temperature. The highest saturation magnetization (0.453 ug/Fe + Ni ions) moment is reached in the sample with x = 0.04. The highest
solubility of Fe and Ni ions in the In,O; lattice is around 10 and 4 at%, respectively. The 10 at% Fe-doped sample is found to be weakly
ferromagnetic, while the 10at% Ni-doped sample is paramagnetic. Extensive structure including Extended X-ray absorption fine
structure (EXAFS), magnetic and magneto-transport including Hall effects studies on the samples indicate the observed ferromagnetism

is intrinsic rather than from the secondary impurity phases.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, room-temperature ferromagnetic semiconduc-
tors have boosted great interest due to their potential
spintronics applications. Since the discovery of ferromag-
netism in Mn-doped GaAs [1], considerable research has
focused on finding new semiconductors exhibiting ferro-
magnetic feature [2-5]. Generally, diluted magnetic semi-
conductors (DMSs) are formed by doping some amount of
magnetic transition metal ions into the host lattice of a
semiconductor. However, due to the small solubility of
magnetic ions in the host lattice, ferromagnetism in some
cases is attributed to magnetic impurities [6]. Therefore, a
search for new candidates with intrinsic ferromagnetism for
DMS oxide materials is crucial.

Since In,Os-based compounds have been widely used
as transparent conductors, they are attractive for the
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semiconductor industries. Recently, Yoo et al. [7] and He
et al. [8] have reported the room-temperature ferromagnet-
ism obtained in both bulk and thin film Fe- and Cu-co-
doped In,O; samples. The solubility of Fe atoms in
In,O; lattice was found to be around 20at%, which is
very high. Peleckis et al. [9] reported the T, for Mn-doped
In,O; to be only 46 K, but room-temperature ferromagnet-
ism has been found in Fe- and Mn-co-doped In,0O;
bulk samples [10]. They also found that Fe-doped In,O3
samples show a trace of paramagnetic behavior at room-
temperature, which contradicts the results reported by
Shim et al. [11] Moreover, Peleckis et al. [12] also obtained
room-temperature ferromagnetism in Ni-doped In,O3 and
ITO bulk samples, but the ferromagnetism is very weak.
Therefore, we expected that when In,O3 was co-doped with
Fe and Ni, enhanced ferromagnetism would be obtained.
In this paper, we report on the observation of enhanced
room-temperature ferromagnetism in Fe- and Ni-co-doped
In,O;5 polycrystalline samples and the origin of ferromag-
netism in this system.
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2. Experimental procedure

Polycrystalline samples of (IngoFeg 1, Ni )O3 (0<x<0.1)
were fabricated by the citric acid sol-gel auto-igniting
method. Starting materials of InCl;-4H,O (99.99%), Fe
(NO3);-9H,0O (A.R.), Ni (NO3),-9H,O (A.R.), CcHgO;-
H,O (A.R.) were weighed and dissolved in distilled water in
corresponding ratio to obtain 200 ml aqueous solution. And
then add some amount of dilute nitric acid to control the pH
value in a range of 2-3, with the ratio of citric acid to nitrate
being 1.5:1. The solution was continuously stirred at 70 °C for
several hours till it turned to sol, which was then transformed
into sticky gel through continuously stirring at 85 °C. Then
the gel was subsequently heated to 230 °C when the auto-
igniting process occurred. The obtained powders were
sintered in a muffle furnace at a temperature of 500 °C for
10 h. The bulk sample with x = 0.04 used for Hall measure-
ment was obtained by pressing the sintered powder into a
rectangular-shaped pellet and sintered at 1000 °C for 20h to
decrease its bulk resistance. The phase and crystal structure of
samples were analyzed by means of X-ray diffraction (XRD)
technique using Ni-filtered CuKo radiation (Rigaku Corp.;
40kV, 300mA). Extended X-ray absorption fine structure
(EXAFS) were performed using synchrotron radiation at the
National Synchrotron Radiation Laboratory. The magnetic
properties and Hall Effect measurement were performed
on the physical properties measurement system (PPMS-9;
Quantum Design).

3. Result and discussion

The XRD pattern for all the samples can be indexed
based on the unit cell of a cubic In,O3 and a hexagonal
In>O;5. The measured and standard diffraction patterns are
shown in Fig. 1. The standard XRD patterns for hexagonal
In,03, NiFe,04, Fe;04, Fe, O3, and as-prepared cubic
In,O; are also shown at the bottom of the figure. The
structures of all the Fe- and Ni-co-doped samples are
consistent with that of the hexagonal and cubic In,O;, and
no other impurity phases can be found; while only Ni-
doped sample has no trace of hexagonal In,O3 phase. The
emerging of hexagonal In,O; is consistent with Parent’s
work [13], and according to Wycoff, the phase transfer
from cubic to hexagonal is favored when a foreign atom,
M, with smaller ionic radius than indium is planted in the
cubic In,O5 network, especially when r (M)/r (0*7) = 0.6
[14]. The Fe ions fit these two conditions: the ionic radius
of Fe* " in six-coordinated configuration is 0.69 A, smaller
than In*", and r (Fe*")/r (O*7) = 0.58, almost equal to
0.6. Due to the fact that the hexagonal In,O; phase has
already emerged in the sample (IngoFe(;)>O; while no
hexagonal In,O; phase can be found in only Ni-doped
sample (Ing 9Nig 1),O3, we could propose an assumption: if
all of the Fe and Ni atoms have been incorporated into
In,O; host lattice, parts of Fe atoms inhabit in hexagonal
In,O5 lattice while Ni atoms prefer to keep in cubic lattice.
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Fig. 1. XRD pattern of (InggFeq;_Ni,),0O; and pure cubic In,O3
samples. The intensity bars from standard diffraction patterns for bulk
hexagonal In,Os3, NiFe,O4, Fe;04 and Fe,O; are also included for
comparison.

And EXAFS analyses discussed later can confirm this
assumption.

For the reason that XRD is a “bulk™ technique and its
sensitivity cannot help us to determine the existence of
secondary sediment phases, we employed the EXAFS to
investigate the local environment as well as the valences of
Fe and Ni ions. The near-edge structure at Fe and Ni
K-edges for samples with x = 0, 0.02, 0.04 along with the
reference spectra of Fe, a-Fe,O3, Fe;04, Ni, NiO powders
clearly tell us the valences of Fe and Ni ions are +3, +2,
respectively, as shown in Figs. 2(a) and 3(a). This can rule
out the existence of Fe;Oy4 clusters. A typical Fourier-
transformed Fe K-edge EXAFS spectrum of samples with
x =0, 0.02 is compared in Fig. 2(b) with Fe and «-Fe,03
powders. The first important experimental result is that the
radial distribution function (RDF) results of samples with
x =0, 0.02 are very similar to that of reference sample
o-Fe,O;, while they are completely different from Fe
powder. This can exclude the existence of Fe clusters.
Furthermore, close examination between samples with
x =0, 0.02, and a-Fe,O3 reveals some characters. One is
that the first major peaks in the RDFs of the samples with
x =0, 0.02 are clearly composed of two contributions,
which indicates the existence of hexagonal In,O3, consis-
tent with Ref. [13]. This can also be confirmed by XRD
patterns and support our previous assumption. The other is
that the first major peak position of sample with x = 0 and
a-Fe,05 is almost equal. We can conclude that parts of Fe
atoms exist in Fe,O;. The emerging of a small shoulder
(indicated by the array) in the second major peak also
supports this fact, which shows that the solubility of Fe
atoms in In,O3 host lattice is around 10 at%, which is half
of that reported in Ref. [8]. However, for the sample with
x = 0.02, the first major peak position has a little shift to
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Fig. 2. (a) The near-edge structure at Fe K-edge for the sample
(Ing 9Fen.0sNig.02)-03 (a) and reference samples of a-Fe,Os3 (b) and Fe
(c) and Fe30y4 (d); (b) comparison of Fourier transforms from Fe K-edges
for as-prepared samples (Ing9Feq;_Ni,),03; and reference samples Fe,
oc-FezO3.

smaller interatomic distance compared with the sample
with x =0 and «-Fe,O3. Moreover, the small shoulder
disappeared in the sample with x = 0.02. These suggest
that in the sample with x = 0.02, the local structure of Fe
atoms is completely different from that of «-Fe,O3, which
indicates that Fe atoms have already incorporated into
In,03 host lattice successfully. The Fourier-transformed Ni
K-edges are compared in Fig. 3(b) with reference Ni, NiO
powders. The first important experimental result is that the
RDF results of the two samples are completely different
from Ni powder, which rules out the existence of Ni
clusters. The other is that the RDF results of sample with
x = 0.04 and NiO are very similar, both of which appear
fcc structure (as described by the array), while for the
sample with x = 0.02, the RDF results show similar bcc
structure, which further confirms our previous assumption
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Fig. 3. (a) The near-edge structure at Ni K-edge for the sample
(Ing.9Fen.0sNig.02),03 (a) and reference samples of NiO (b) and Ni (c);
(b) comparison of Fourier transforms from Ni K-edges for as-prepared
samples (IngoFeg ;_,Ni,)>O3 and standard samples Ni, NiO.

that Ni atoms exist in cubic lattice. We could draw a
conclusion from this result that NiO clusters have already
formed in the sample with x =0.04 and maximum
solubility of Ni atoms in the cubic In,O3; network is
around 4 at% in our sample.

Fig. 4(a) shows magnetization (M) versus applied
magnetic field (H) at room-temperature for samples with
x = 0.02, 0.04 and 0.06. All samples appear ferromagnetic
at room-temperature and similar results can also be found
in Ref. [12]. It can be seen from Fig. 4(a) that, as the x
value increases, enhanced ferromagnetism is obtained
characterized by higher saturation magnetization (Mj).
The M; in our samples with x = 0.02, 0.04, 0.06 is 0.58
(0.28 ug/Fe+Ni ions), 0.95 (0.453 ug/Fe+ Ni ions), 0.93
(0.442 ug/Fe+ Ni ions) emu/g, respectively, much higher
than that reported 0.017 emu/g in the Ni-doped In,05, ITO
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Fig. 4. (a) M—H curves at 305K for samples (IngoFeq0sNig 02),03 (a),
(Ing.9Fep 04Nig.06)203 (b), and (Ing 9Feg g6Nig 04)203 (¢); (b) M—H curves at
305K for samples (Ing 9Nig 1),05 (a) and (IngoFeg 1),05 (b).

bulk samples [12]. The little decrease of saturation
magnetization in the sample with x = 0.06, compared with
the sample with x = 0.04, nicely suggests that doping with
6at% Ni atoms to In,O5; host lattice has produced more
antiferromagnetic NiO clusters which could offset ferro-
magnetic moment to some extent. This is consistent with
our EXAFS results.

Magnetic-field dependence of magnetization for samples
with x =0, 0.1 at room-temperature is illustrated in Fig.
4(b). The sample with x = 0 shows open hysteresis loop
with coercive force 400 Oe. The saturation magnetization is
not reached even at a maximum applied field of 1T. This
observation is consistent with the presence of a para-
magnetic particle core (probably due to the Fe atoms
doped into cubic In,Oj5 lattice as reported in Ref. [10]),
which is superimposed to a net moment due to the intrinsic
weak ferromagnetism or Fe,Oj3 clusters [15]. And the

intrinsic weak ferromagnetism could be described on the
basis of the hexagonal In,O5; symmetry and the canting of
the two magnetic sublattices, similar to that of bulk
hexagonal Fe,O5 [15]. Magnetization data of the sample
with x = 0.1 show no trace of ferromagnetism at room-
temperature. It is well known that bulk NiO is antiferro-
magnetic. Consequently, the paramagnetic behavior in this
sample probably originates from the superimposition of the
antiferromagnetic and intrinsic ferromagnetic effects.

Our magneto-transport measurements allow us to
examine the interactions between charge carriers and
magnetic ions. In order to get relative smaller resistivity
in the bulk sample, high temperature treatment up to
1000 °C was applied. The magnetic behavior has not been
changed as shown in the inset (left) of Fig. 5. Magnetic-
field dependence of Hall resistivity p,, of the sample is
measured, as shown in Fig. 5. The data were obtained by a
simple subtraction to eliminate any magnetic-field effects
which are even functions of fields, i.e., magnetoresistance
(MR) (p., = 1/2[p(H ) —p.(H)]). The data show a
sharp increase in p,, at low fields, more clearly from the
inset (right) of Fig. 5. p,, also shows a small linear
dependence on u,H at high fields. As we all know, Hall
resistivity p,, in magnetic materials can be expressed as
Pxy = RoB+RM, where R, is the ordinary Hall coefficient,
Ry is the anomalous Hall coefficient and M the magnetiza-
tion of the sample. The small linear slope of the p.,—p,H
curves under high magnetic fields (u,H = 6-20kOe)
allowed us to determine R,. The conduction type was n
type and the carrier concentration was about 10'°cm™.
Although the concentration is much smaller than that of
reported 10*°cm™ [8], it may be high enough to induce
dominant ferromagnetic coupling in our samples [16].
Consequently, the observed ferromagnetism in our samples
might be explained by the carrier-induced Ruderman-—
Kittel-Kasuya—Yoshida (RKKY) mechanism [4,16-18].
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Fig. 5. Hall resistivity versus uoH of the bulk sample (IngoFep o6
Nig04)203. Insets: right—magnified view of Hall resistivity at low fields;
left—magnetic behavior of the bulk sample (IngoFeq0sNig04),03 after
high-temperature treatment up to 1000 °C for 20 h.
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4. Conclusion

In conclusion, polycrystalline Fe- and Ni-co-doped
In,O; samples are prepared. All the three co-doped
samples (IngoFeq;_Ni,)»,O; (x =0.02, 0.04 and 0.06)
were found to be ferromagnetic at room-temperature with
enhanced magnetization compared with others. The XRD
and EXAFS analyses indicate that the solubility of Fe and
Ni atoms in In,O3 host lattice is around 10 and 4at%.,
respectively. The magneto-transport properties measured
on the bulk sample (IngoFeqgsNigo4),O; showed the
conduction type is n type and the carrier concentration is
10" cm ™.
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