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Abstract

This paper presents the influence of the iron fraction and of the sintering
atmosphere on the magnetic properties of bulk iron-doped indium oxide
In,_,Fe,Os. The formation of a solid solution between 8-Fe, O3 and In,O5 up
to x ~ 0.3 under argon atmosphere and x ~ 0.55 under air has been evidenced.
All single-phase samples are paramagnetic, with dominant antiferromagnetic
interactions and a paramagnetic effective moment originating from Fe** ions.
For the higher x values, a cluster glass or superparamagnetic behaviour can
be closely linked to the presence of Fe,O3 or Fe;O, inclusions. No trace of
ferromagnetism has been detected, even with samples prepared under argon.

1. Introduction

Since the theoretical prediction by Dietl et al [1] that ferromagnetism could be obtained
above room temperature in manganese-doped semiconductors, intense research has been
devoted to the study of diluted magnetic semiconductors (DMSs) due to their potential
spintronics applications [2]. Many candidates have been discovered that could fulfil the
requirements of high Curie temperature and independently controllable carrier density and
magnetic doping. Several of them belong to the transparent conducting oxide (TCO) family,
such as transition metal doped ZnO [3], TiO, [4], SnO; [5] and In,O5. For the development of
a transparent conductive ferromagnetic material, In,O; is one of the most promising candidates
as host material as it is a widely industrially used TCO. Indeed, In,O5 is a wide band gap
semiconductor (3.5-4.3 eV) [6] with a cubic bixbyite crystal structure [7]. Its electrical
conductivity can be easily tuned by introducing oxygen vacancies and/or Sn doping.

In recent years, many authors have reported that room-temperature ferromagnetism can be
achieved in transition metal doped indium oxide or indium tin oxide, the transition metals
including Cr [8, 9], Mn [10], Fe [11, 12], Co [13] and Ni [14]. However, the magnetic
properties strongly depend on the substrate nature and/or the synthesis process, and it seems
that the ferromagnetism is somehow linked to oxygen vacancies (see for example [12]) in the
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same manner as it has been shown in Ni-doped SnO, [15]. Nevertheless, the origin of the
ferromagnetism in these materials and the physics underlying it remain controversial. The
proposed origins include notably isolated clusters with charge transfer superexchange [16],
mobile-electron-mediated coupling [17] or nanoscale ferromagnetic clusters [12]. Moreover,
despite the dramatic influence of the synthesis conditions on the magnetic properties, most of
these reports deal with thin films or nanocrystalline samples, and very few studies have been
devoted to bulk materials, which could be less sensitive to the synthesis process. The magnetic
properties of iron-doped indium oxide In,_,Fe,Os have been explored previously by several
groups, who observed ferromagnetism in thin films annealed under argon [13] or with Cu co-
doping [11], or a spin-glass behaviour in bulk samples prepared via a precipitation route and
annealed under oxygen [18]. Therefore, we decided to investigate the magnetic properties of
this system, and to study the influence of the iron fraction and the sintering atmosphere on the
magnetic properties of bulk samples.

2. Experiments

All samples, belonging to the In,_,Fe, O3 series, were prepared using a standard solid reaction
route. Starting powders, In,O; (Neyco, 99.99%) and Fe, O3 (Rectapur, 99%), were weighed
in stoichiometric amounts and ground together by ball milling using agate balls and vial. The
resulting powders were pressed uniaxially under 300 MPa, using polyvinyl alcohol binder to
form parallelepipedic samples. Then they were sintered at 1350 °C for 24 h under air or argon
atmosphere on platinum foils to avoid any contamination from the alumina crucible.

X-ray powder diffraction (XRD) was employed for structural characterization using a
Philips X’Pert Pro diffractometer with Cu Ko radiation in a 26 range 10°-90°. The XRD
patterns were analysed using the Rietveld method with the help of the FullProf software [19].

The scanning electron microscopy (SEM) observations were made using an FEG Zeiss
Supra 55 microscope. The cationic compositions were determined by wavelength dispersive
spectroscopy (WDS) analysis (EDAX) using InAs (In Ke) and Fe (Fer ) standards.

Thermal variations of the magnetic susceptibility (x (7)) and magnetization versus field
curves (M(H)) were measured using a Quantum Design MPMS SQUID magnetometer
between 2 and 300 K.

3. Results and discussion

The synthesis process presented above leads to well-crystallized samples, most of them being
single phase, as exemplified in figure 1. This figure shows the Rietveld refinement of the x-ray
diffraction pattern for a sample with the nominal composition In; ;Fe( 305 sintered under air.
All peaks can be indexed in the bixbyite structure type (space group /a3, No. 206) and no trace
of secondary phases can be detected within the estimated XRD detection limit. As summarized
in table 1, the lattice parameter decreases with increasing iron fraction, which is consistent
with the smaller ionic radius of Fe*>* as compared to In** [20]. The inset of figure 1 shows the
evolution of the lattice parameter with the nominal iron fraction in In,_,Fe, O3, for samples
sintered under air or argon. The solid line represents Vegard’s law between a = 10.117 A for
In,0; [7] and a = 9.393 A for B-Fe, 05 [21]. This Vegard’s law is well followed until x = 0.3
for samples sintered under argon and x = 0.5 for samples sintered under air. From this picture,
it seems that the solubility limit for Fe** in In,O5 depends on the sintering atmosphere, with
a solubility limit as high as 27% for samples sintered under air. The same solubility limit has
been reported previously by Ben-Dor ef al [21]. As Fe* does not substitute for In** in In,O5 in
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Figure 1. Rietveld refinement of the x-ray diffraction pattern for a sample (x = 0.3) sintered under
air. Inset: lattice parameter versus nominal iron fraction in the series Iny_,Fe, O3 (open symbols:
samples sintered under argon, filled symbols: samples sintered under air). The solid line represents

Vegard’s law between In, O3 [7] and B-Fe, O3 [21].

(This figure is in colour only in the electronic version)

Table 1.

Nominal compositions, measured compositions (WDS), lattice parameter, effective

magnetic moment (/efr) and paramagnetic temperature (6p) for the samples sintered under air.
The oxygen content has been arbitrarily fixed as (InFe),05.

Nominal
composition

WDS Lattice

composition parameter (A)

Effective paramagnetic
moment (B)

Paramagnetic
temperature (K)

Il’1203

In 95Feq 0503
Inj 9Fep105
In; gFep 203
Inj 7Fep 303
Inj ¢Fep 403
In; 5Fep 503
Inj 4Fep 603

10.1188
Inj 952Feg.04803 10.1015
Inj 904Fe0.00603 10.0846

Inj g1Fep.1905  10.0498
Inj 71Fep 2905  10.0155
Inj 61Fep 3905  9.9807
Inj 51Fep4903  9.9462
Iny 51Fep49005  9.9209

+ Fe, O,

Diamagnetic Diamagnetic

1.2 -3

19 -59

2.4 —67

29 —118

33 —148

3.7 —176

Cluster glass or Cluster glass or
superparamagnetic superparamagnetic

significant amounts (we tried to perform In** substitution by Fe>* using FeO as starting powder
without success), the solubility difference upon sintering atmosphere probably originates from
a partial reduction of Fe, O3 starting powder under argon atmosphere.

Above this solubility limit, secondary phases can be detected in the x-ray diffraction
patterns. Figure 2 shows a magnified view of the XRD patterns in the series In,_, Fe, O3 with x
increasing from 0.05 to 0.6 from bottom to top (left: samples sintered under air, right: samples
sintered under argon). The sample with the nominal composition Ing 4Fe( O3 sintered under air
unambiguously contains a small amount of Fe, O3 hematite (peak indicated by a square symbol
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Figure 2. Magnified views of x-ray diffraction patterns for samples with different x (from bottom to
top: x = 0.05,0.1,0.2,0.3,0.4, 0.5, 0.6). Left: samples sintered under air, right: samples sintered
under argon. The square symbol corresponds to a Fe,O3 hematite Bragg reflection, and the circle
symbols correspond to Fe304 magnetite Bragg reflections.

on the XRD pattern), whereas all samples with x > 0.3 sintered under argon contains a small
amount of Fe; O, magnetite (peaks indicated by a circle symbol on the XRD patterns). As both
hematite and magnetite are magnetic materials, we will see that small residual amounts in the
samples dramatically influence their magnetic properties.

This result was confirmed by SEM observations since the presence of iron oxide secondary
phases was clearly identified (figure 3). Bellow the solubility limit determined by XRD,
no secondary phases can be seen in the pictures, whereas above this limit the samples
unambiguously contain secondary phases, identified as iron oxide by WDS analysis. Moreover,
the WDS analysis performed on all samples showed that, bellow the solubility limit, the grain
compositions are very close to the nominal ones (see table 1), which confirms that Fe** does
substitute In** in In,O5.

To check that no contamination by magnetic impurities occurred during the synthesis
process, the magnetic behaviour of undoped In,O; was recorded. Both samples, sintered
under air or argon, are diamagnetic, as expected for bulk indium oxide (not shown). For
iron-doped samples, two distinct behaviours can be observed. First, all the samples below
the solubility limit are paramagnetic, whatever the sintering atmosphere. Although the argon
sintering induces oxygen vacancies [22], it does not lead to ferromagnetism. Figure 4 shows
a typical example of the magnetic behaviour observed in these compounds, with x = 0.2.
The inverse magnetic susceptibility (1/x) increases linearly with temperature above ~100 K,
the field-cooled and zero-field-cooled curves are identical, and the paramagnetic behaviour can
be easily described using a classical Curie-Weiss law. Moreover, the curve does not display
any characteristic feature of a transition to a magnetic order. The inset shows a magnetization
versus field curve, which is linear too. This behaviour is very different from the results reported
by Hong et al [13] and Kohiki ef al [18], as will be discussed later.

In figure 5 are displayed the temperature dependences of the zero-field-cooled
susceptibility xzrc and field-cooled susceptibility xrc for a sample exceeding the solubility
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Figure 3. SEM images of samples with different x (a: x = 0.05, b: x = 0.2, c: x = 0.4,
d: x = 0.6). Dark areas on image (d) correspond to iron oxide inclusions. Inset in image (d)
corresponds to the same magnification as images (a), (b) and (c).
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Figure 4. Magnetization versus temperature (H = 100 Oe) for a sample with the nominal

composition Inj gFep 205 sintered under argon atmosphere. The solid lines are fitted assuming a
Curie—Weiss law. Inset: magnetization versus field at 5 K.

limit. xpc increases linearly with decreasing temperature from room temperature to ~100 K,
whereas xzrc deviates from ypc with decreasing temperature. It is noteworthy that xzrc already
deviates from xpc around room temperature. The inset of figure 5 shows the magnetization
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Figure 5. Magnetization versus temperature at 100 Oe for a sample with nominal composition
Inj 4Feo 603 sintered under air (filled symbols: xgc, open symbols: xzpc). Inset: magnetization
versus field curves for two samples with the same final composition but different Fe, O3 fractions.

versus field curve recorded at 5 K for the same sample (square symbols) and for another
sample with same final composition but slightly higher Fe,O5 fraction as deduced from XRD
refinement and SEM observations (triangle symbols). It has unambiguously a sigmoid shape,
but no hysteresis or spontaneous magnetization can be seen, which evidences the absence of
long-range magnetic ordering. It is noteworthy that the observed values for the saturation
moment can be reasonably explained assuming the presence of a few per cent of Fe, O3, which
is consistent with the XRD patterns. Moreover, a slightly higher Fe,O5 content for a similar
In,_,Fe,O3 composition corresponds to a slightly higher saturation moment. We thus believe
that this behaviour is extrinsic and directly linked to the presence of Fe,Os (under air) or
Fe; O, (under argon) inclusions randomly dispersed in the matrix, that induce a cluster glass or
superparamagnetic behaviour [23].

Figure 6 shows the effect of the iron fraction on the paramagnetic temperature 6, and on
the effective paramagnetic moment /¢ obtained from the Curie-Weiss law. All parameters are
summarized in table 1. Once again, no difference can be detected between samples sintered
under argon and air despite the oxygen vacancies induced by argon sintering. 6, is negative
and linearly decreases with increasing iron fraction, denoting dominant antiferromagnetic
interactions. This behaviour is consistent with the results reported by Kohiki et al [18], who
showed that the spin density of states (DOS) of Fe** ions located in 8b and 24d sites in
In,_,Fe, O3 are asymmetric and that the superexchange interaction between Fe3* jons leads to
antiferromagnetic behaviour. Moreover, it has been reported that S-Fe, 05 is antiferromagnetic
with Néel temperature Ty = 119 K [24]. The dilution of B-Fe, 03 in In,O3 to form the
solid solution In,_, Fe, O3 lowers the antiferromagnetic coupling between Fe3t atoms, and the
compounds remain in a paramagnetic state. This coupling increases as the Fe** concentration
increases and as the Fe’" ions become closer to one another, which leads to the increase of
the absolute value of 6,. The paramagnetic effective moment increases with increasing iron
fraction x, following the relation

2 2
Megr = XA,
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Figure 6. Top: evolution of the paramagnetic temperature ¢, with the iron fraction in the series
Iny_,Fe, O3 sintered under air (filled symbols) or argon (open symbols). Bottom: evolution of the
square of effective paramagnetic moment with the iron fraction. Dashed lines are linear fits.

with A = 5.2up obtained from a linear fit of the data. This value is reasonably consistent with
a paramagnetic behaviour only originating from Fe** atoms weakly interacting.

From our results, we can conclude that bulk iron-doped indium oxide is paramagnetic,
even with argon sintering. The cluster glass or superparamagnetic behaviour observed for high
iron concentrations clearly originates from the presence of randomly dispersed ferromagnetic
inclusions of Fe,O5 or Fe;O4. These results strongly disagree with those reported by Kohiki
et al [18] and Hong et al [13]. The first group reported a cluster glass behaviour with
Tr ~ 280 K in In; gsFey 1505 prepared by a coprecipitation route as well as a cusp in x (7')
curves at 30 K attributed to superexchange interactions between Fe** atoms. However, they
reported for their sample a lattice parameter (¢ = 10.088 A) that does not correspond to
the nominal composition, but rather to In; gpFep 03O3. We strongly believe that the magnetic
properties observed in their sample are extrinsic and originate from the presence of randomly
dispersed unreacted nanocrystalline Fe,O;. Hong et al, however, reported room-temperature
ferromagnetism in transition metal (TM) doped In,Oj; thin films with TM =V, Cr, Fe, Co,
Ni. As their magnetic force microscopy (MFM) measurements ruled out the possibility that
the ferromagnetism could originate from clusters in their samples, it is most probably intrinsic.
As our samples are unambiguously paramagnetic, the question of the origin of the magnetic
behaviour of TM-doped In,O3 remains open. The best way to test the intrinsic nature of
ferromagnetism in DMSs is usually to check the presence of an anomalous Hall effect (AHE);
see for example [17]. Indeed, magnetic contributions to the Hall effect originate from the
matrix and not from dispersed inclusions. However, it has been shown recently that the AHE
and nanosized cluster driven superparamagnetism can coexist in Co-doped TiO, films [25].
Moreover, Sundaresan et al [26] and Hong et al [27] reported recently the occurrence of
ferromagnetism in undoped nanoparticles or thin-film oxides that were otherwise nonmagnetic.
Even more surprising, the second group reported a degradation of magnetic ordering in In,O;
thin films with Mn or Cu doping [28]. Thus, it seems that, in indium oxide thin films or
nanocrystalline samples prepared under special conditions, ferromagnetism does not originate
from the dopant but from an intrinsic behaviour of the matrix, which could be the equivalent
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for d'° elements of the so-called d° ferromagnetism [29]. As oxygen vacancies seem to be
a key feature for such unexpected ferromagnetism to occur [15], the discrepancy between
the magnetic properties of bulk samples on the one hand and of nanocrystalline samples
or thin films on the other hand may originate from a different surface/volume ratio. This
different surface/volume ratio certainly leads to different oxygen diffusion through the samples
inducing different oxygen vacancies concentrations, which directly influences the electronic
band structure. Thus, it would be of great interest to carefully study the effect of oxygen
stoichiometry and grain size or dimensionality of doped and undoped indium oxide samples on
their magnetic properties. New investigations are under way which focus on this topic.

4. Conclusions

We have shown that bulk iron-doped indium oxide samples belonging to the series
In,_,Fe,O5; are paramagnetic, even when sintered under argon. The dominant interactions
are antiferromagnetic and the paramagnetic effective moment only originates from Fe** ions.
A cluster glass or superparamagnetic behaviour for high iron fractions has been linked to
the presence of randomly dispersed Fe,O3 or Fe;Oy4 inclusions. We strongly believe that
the discrepancy between these results and those reporting ferromagnetism in thin films or
nanocrystalline samples is closely linked to different surface/volume ratios and therefore to
different oxygen vacancy concentrations. The ferromagnetism observed in low-dimensionality
samples probably originates from intrinsic properties of the host In,O; matrix rather than from
the dopant. Further work is currently under way to investigate the effect of grain size on the
magnetic properties.
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