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Magnetic properties of In,O; containing Fe;04 nanoparticles
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Films of Fe-doped In,O; that were deliberately fabricated so they contained Fe; O, nanoparticles were deposited
on sapphire substrates by pulsed laser deposition at low oxygen pressure. The concentration of Fe was varied
between 1% and 5%, and the effect of including 5% of Sn and vacuum annealing were also investigated. Structural
analysis indicated a high concentration of Fe; O, nanoparticles that caused substantial values of the coercive field
at room temperature. Transport measurements indicated that the films were metallic, and an anomalous Hall
effect was observed for the sample with 5% of Fe. The concentration of nanoparticles was reduced dramatically
by the inclusion of 5% of Sn. Magnetic circular dichroism spectra taken in field and at remanence were analyzed
to show that the samples had a magnetically polarized defect band located below the conduction band as well as
magnetic Fe;O4 nanoparticles. The signal from the defect states near the band edge was enhanced by increasing

the number of carriers by either including Sn or by annealing in vacuum.
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I. INTRODUCTION

The study of doped magnetic oxides that have robust
magnetism at room temperature (RT) has been pursued
energetically in recent years because of the possibility of their
use in spintronic devices [1,2]. The semiconductor In,O3 has a
cubic bixbyite structure and is transparent in the visible region;
it is widely used in semiconductor devices particularly when
it is doped with Sn (ITO) to make it more conductive [3—6].
If grown stoichiometrically, it appears to be n-type because of
a surface charge density; however, if the carrier concentration
is enhanced by the addition of Sn or if it was grown oxygen
deficient, then the carriers reside in the bulk [7,8].

Recently there have been a number of papers reporting
ferromagnetism in In, O3 films [9-16] doped with transition
metal ions. In many oxides there has been a debate over
the question of whether the magnetism is due to intrinsic
properties of the host matrix containing transition metal ions
on the cation sites or whether the magnetism is due to impurity
phases. This controversy has also existed for Fe-doped In, O3
where the expected impurity phase is Fe;O4. Some authors
have reported that the Fe enters the lattice substitutionally for
concentrations as high as 20% [14,15] so that the magnetism is
intrinsic; however, there are also reports that the magnetism is
due to ferromagnetic inclusions of Fe,O3 [17]. Some films
have also been made to contain nanophases of Fe;O4 by

“Corresponding authors: alshammari@kacst.edu.sa, g.gehring@
shef.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.

1098-0121/2014/90(14)/144433(11)

144433-1

PACS number(s): 75.50.Pp, 78.20.Ls, 81.07.—b, 75.47.Lx

including nanoparticles in the target for pulsed laser deposition
(PLD) [18] or by using a special substrate [19]. A number of
studies have used assembled nanoparticles of Fe;O, that were
sufficiently small that they would be in the superparamagnetic
regime at RT in order to study the magnetoresistance [20-23].

In this paper we investigate the relative importance to the
magnetic properties of Fe;O4 nanoparticles and magnetically
polarized bands of In,Os [24-27]. We used a fabrication
method that would produce films containing nanoparticles
and controlled them by adding Sn. Optical studies are a very
powerful tool to investigate the polarization of defect bands
associated with donor levels [27] and also to determine the
contribution from defect phases [28] and have been used
extensively here to characterize our films. In this paper we
report on the growth and structural characterization of films
of Fe-doped In,O3 and ITO in Secs. II and III. The electronic
transport properties, magnetization, optical absorption, and
magneto-optical spectra are reported in Secs. IV, V, VI,
and VII. The results of these investigations are discussed in
Secs. VIII and IX and show that the magnetization originates
in both the Fe-doped In, O3 lattice and also in the nanoparticles
of Fe3 04 .

II. SAMPLE PREPARATION

In this work the films were deliberately made to include
nanoparticles of Fe;O4 to contrast with earlier studies for
which the material for the targets was ground by hand so
that Fe;O,4 inclusions would be absent [10]. The targets
for PLD were made by a solid-state reaction method from
Iny 03 (99.99%), Fe, 03 (99%), and, when appropriate, SnO,
(99.99%) powders using a sequence of milling and annealing.
The powders were mixed to the required ratios, milled, and
then annealed at 400 °C; the mixture was milled again and
annealed at 600 °C; and then milled again for a third time
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TABLE 1. The actual concentration of Fe in In,O; thin films
measured by EDAX.

% of Fe in the target EDAX measurement of % Fe in the film

1 0.89%
2 1.72%
3 2.99%
4 4.07%
5 5.03%

and annealed at 800°C and milled again. All the milling
was performed using SiN vial and balls for 30 minutes at
a speed of 300 rpm using 1:20 mass ratio for the powder
to the balls, and the annealing was done for 8 hours with
a ramp rate of 5°C/min. Finally, 8.5 g of the mixture was
compressed at 40 000 kPa using 3 drops of Gelisrin to make
targets of 25 mm diameter and 5 mm thickness. The resultant
targets were sintered at 900 °C for 8 hours with a ramp rate of
5°C/min.

The thin films were deposited by PLD on sapphire sub-
strates (0001) at a growth temperature of 600 °C using a
KrF (248 nm) excimer laser with pulse duration of 20 ns, a
repetition rate of 10 Hz, and an energy of 250 mJ. The oxygen
partial pressure was sustained at 2 x 107> mTorr during the
growth process. The thicknesses of the films varied between
160 nm and 330 nm.

In the first series of films, the concentration of Fe varied
from 1% to 5%; the concentrations were measured by energy
dispersive x-ray analysis (EDAX) and the results are given in
Table 1. As they were equal to those of the target within the
errors, the films are referred to by their nominal composition;
however, the measured values have been used in the plots of
measured quantities against composition.

It was found that the films made with 5% Fe had the
largest magnetization (see Sec. V), and so two other series
of films were made with 5% Fe. One set of films was annealed
in vacuum to increase the density of oxygen vacancies. The
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vacuum annealing was done at temperatures of 300 °C, 400 °C,
and 500 °C for 30 minutes. Another set of films was grown with
5% Fe and with 5% of Sn.

III. STRUCTURAL ANALYSIS

Figure 1 presents the results of an x-ray diffraction (XRD)
analysis of the films using an x-ray source of CuK, (A =
0.15406 nm). The results showed that the films were highly
crystalline and well oriented along (222) in agreement with an
earlier paper [10].

The lattice parameter varied nonsystematically between
1.0116 nm and 1.0126 nm rather than monotonically with
Fe concentration, as reported when all the Fe was substituted
on the In sites [10]. Weak reflections were observed from
Fes;QOy4, as shown in Fig. 1(a), indicating the presence of the
nanoparticles: the other weak lines in the spectrum are due to
higher order reflections from In, O3 and the substrate, Al,Os.
Scanning electron microscopy (SEM) scans were made of the
samples to investigate the size of the nanoparticles. The sizes
of the nanoparticles were found to be 30 & 5 nm as shown in
Fig. 1(b) for the film with 5%.

The existence of the Fe;0, inclusions was also measured
quantitatively by extended x-ray absorption fine structure
(EXAFS) measurements made at beamline 20-ID at the
Advanced Photon Source at the Argonne National Laboratory
on the film containing 5% Fe. The measurements were made
using fluorescence detection at a glancing angle of about 5°
using a Si (111) monochromator with an energy resolution
of 0.9 eV at the Fe K edge. Both the near edge and EXAFS
spectra are very similar to those from pure Fe;Oy4, as shown
in Fig. 2, indicating that approximately 85% of the Fe had
the coordination characteristic of Fe;O4. An earlier paper
had suggested that nanoclusters seen in PLD grown films of
(In;_,Fe,),03 were Fe,O3 [15], but this was not seen here.
The near edge shows a slight shift to lower energy, indicating
the possibility of a small amount of additional Fe(2+) or Fe(0).
Linear combination fitting indicated that this was most likely
Fe(2+) rather than metallic Fe. The small amount (~10%)

FIG. 1. (Color online) (a) XRD intensities for films with varying percentages of Fe done with a long scan time and plotted logarithmically.
(b) SEM scan done at 5 kV of the 5% sample. The dark areas indicate the Fe;Oj.
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FIG. 2. (Color online) Fe K edge data for the 5% Fe In,O3 sample compared to Fe;O, magnetite; (a) normalized near edge and (b) k>

weighted EXAFS.

of this second phase precluded a definitive identification from
this measurement; however, the magnetic circular dichroism
(MCD) data, presented in Sec. VII demonstrates that any
concentration of metallic Fe must be very small.

IV. TRANSPORT PROPERTIES

Measurements were made of the temperature dependence of
the resistivity and the Hall effect at RT and low temperatures.
All the films showed metallic behavior above ~100 K and
a small rise in resistance at low temperatures that may be
due to the electrical properties of the Fe;O4 nanoparticles
below the Verwey transition at 7, = 110-125 K [29]. The
resistance of the film with the lowest carrier concentration is
shown in Fig. 3(a) as a function of temperature. The films with
higher Fe content (x > 0.03) have higher carrier densities, as
shown in Fig. 3(b), which suggest that the number of oxygen
vacancies increases as Fe is added. Some direct evidence for
this will be given from the analysis of the optical spectra. The
mobility, shown in Fig. 3(c), is higher than is usually seen in
Fe substitutionally doped In,O; films [10] (see Secs. VI and
VII). It is higher at low temperature, which is again consistent
with metallic behavior and falls with increasing concentration
of Fe.

V. MAGNETIC PROPERTIES

Measurements of the magnetic hysteresis loops were
made with a superconducting quantum interference device
(SQUID) magnetometer. Figures 4(a)—4(c) show, respectively,
the hysteresis loops with the contribution from the substrate
subtracted, the variation of the saturation magnetization, and
the variation of the coercive field all measured with the
magnetic field in the sample plane. Field-cooled (FC) and
zero-field-cooled (ZFC) magnetization and the comparison of
in-plane and out-of-plane data are shown in Figs. 4(d) and (e),
respectively.

The saturation magnetization, shown in Fig. 4(b), is
proportional to the concentration, which is unlike what is

generally seen for substitutional Fe [9,10] but is consistent with
most of the magnetization coming from the nanoinclusions
of Fe;0y4. The values of H, are all considerably higher than
those found for samples without Fe;O, [10] but are only
slightly enhanced for those measured in the perpendicular
geometry. This indicates that the average over the nanoparticles
is approximately isotropic [30].

The most dramatic difference between the magnetic prop-
erties when measured with the field in and out of the film
plane is in the value of the saturation magnetization, which is
considerably enhanced when the field is applied perpendicular
to the plane. Such behavior has been seen before in doped ZnO
[31]. This behavior cannot be attributed to the nanoparticles
but rather to the magnetic behavior of the In,O3 with some Fe
on In sites.

The magnetization measured in the FC/ZFC configuration
indicated the presence of Fe;O4 with a Verwey transition
occurring at 7, ~ 115 K [20] in the x = 5% film. Above
this temperature the film behaves like a ferrromagnet. (The
observations that H. at 300 K was still substantial, 400 Oe,
and the fact that above 115 K the magnetization was not
falling like 1/T in the ZFC plot indicated that we do not have
superparamagnetic nanoparticles above 115 K; indeed, this
would not be expected for nanoparticles with sizes of several
tens of nanometers.) It is clear that the presence of Fe;Qy is
having a strong effect on the magnetization and coercive field,
which has resulted in a conducting sample with a high coercive
field at RT.

The film with 5% Fe, which had the largest magnetization
and coercive field, also showed an anomalous Hall effect
(AHE) at T = 10 K as shown in Fig. 5. An AHE had been seen
previously in films of In,O3; and ITO [16,32] that contained
only substitutional Fe. This may indicate that although most
of the magnetization originated from the Fe;O4 nanoparticles,
the conduction electrons were also spin polarized as was
observed in ITO [14], and although the strict criteria that
should be satisfied for a homogenous ferromagnet (i.e., that the
loops from AHE and bulk magnetization agreed and that the
AHE scaled with the conductivity [33]) were not satisfied, a
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FIG. 3. (Color online) (a) The resistivity plotted as a function of
temperature for a 2% Fe film, (b) carrier concentration, and (c) the
Hall mobility of the films as a function of Fe concentration.

strong contribution from the nanoparticles is implied here.
The coercive field of 1200 + 200 Oe observed in the
AHE was considerably higher than that observed from direct
measurements, as shown in Fig. 4(c), and will be discussed
in Sec. VIII. The films discussed here did not show any
substantial magnetoresistance, unlike those where large effects
had been seen with small implanted nanoparticles of Fe;0y4 in
ITO [18].

The carrier concentration is increased by including Sn
and also by vacuum annealing; however, the effects on the

PHYSICAL REVIEW B 90, 144433 (2014)

magnetizations of these films are very different for these two
modifications. Films grown using 5% Sn and 5% Fe had
substantially lower magnetization and lower coercive field than
the 5% Fe films without Sn. The saturation magnetizations
with and without Sn were 8 emu/cm® and 22.6 emu/cm?,
respectively, and the coercive fields changed from 632 Oe to
205 Oe at 5 K and 433 Oe to 120 Oe at 300 K. However, the RT
magnetization was enhanced by ~40% for all the films that had
been annealed in vacuum independent of the temperature of
the annealing (300 °C, 400 °C, 500 °C), and at low temperature
the coercive field increased substantially for the films annealed
at 400 °C and 500 °C.

VI. REFLECTIVITY AND ABSORPTION
MEASUREMENTS

Optical studies are a powerful technique to determine the
energy structure of these doped films. Measurements were
made to complement those of the magnetization at RT using
a xenon lamp and monochromator with a photomultiplier
tube detector in the range of energies of spectra between
1.7 and 4.5 eV. Optical absorption measurements were made
to ascertain how the band gap varied with Fe concentration
and also to detect the contribution from the absorption of the
Fe3;O4 nanoparticles and the unoccupied donor levels below the
conduction band. Reflection and absorption data are shown in
Fig. 6. The reflection data in Fig. 6(a) shows oscillations from
standing waves in the thin films, which are a characteristic of
good quality films with low absorption; however, the minimum
value of the reflectivity is higher than 0.11, which corresponds
to the reflection from the substrate [34], which indicates that
there is some scattering consistent with the observed surface
roughness. The scattering from the film surface is contributing
to the apparent absorption below 3 eV.

Fe-doped In;0; thin films show absorption below the
optical absorption edge around 3.3 eV where the formation
of oxygen vacancy bands is expected. There is also some
absorption at lower energy, which is expected from the Fe;O4
nanoparticles. The optical absorption edge, determined from
a plot of &2, is shown in the inset of Fig. 6(b). Annealing the
films and also adding Sn causes more absorption below the
band gap. The energy gap increases with the addition of Sn as
expected [35].

VII. MAGNETO-OPTICAL PROPERTIES

The magnetic circular dichroism (MCD), which is the
difference in absorption between left and right circularly
polarized light, measured in Faraday geometry, complements
the absorption measurements presented in Sec. VI. The spectra
were taken at energies between 1.5 and 4.2 eV using a xenon
lamp and monochromator with a photoelastic modulator. The
measurements were taken at RT in an applied magnetic field
of 1.8 T and at remanence (after reducing the field to zero from
41.8 T). The MCD of a sapphire substrate was measured in
field, and the result subtracted from the film spectra that were
taken in field. The remanence spectrum does not require this
correction.

The MCD spectra are shown in Fig. 7 as a function of
Fe concentration with characteristic features near 2.0 eV and
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FIG. 4. (Color online) (a) Hysteresis loops measured at 300 K of (In,_,Fe,),0; with the field in plane (the diamagnetic contribution from
the substrate has been subtracted).The inset shows an expanded view of the region around the origin. (b) The saturation magnetization at 5 K
and 300 K as a function of the Fe doping level compared with expected magnetization from 85% of Fe in the films in the form of Fe;O,. (c)
The coercive field, H,, at 5 K and 300 K as a function of the measured Fe doping level. (d) ZFC and FC magnetization of (Inj sFeg.05),03
film, taken at 250 Oe, as a function of temperature. (e¢) Comparison of the hysteresis loops taken for the 5% sample with the field in plane and

perpendicular to the plane.
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FIG. 5. Hall effect measurements of the 5% film measured at 10 K. Raw data are shown in (a), and the result when the linear term is
subtracted in (b).
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FIG. 6. (Color online) (a) Optical reflection spectra and (b) absorption spectra for (In;_,Fe,),05 thin films with varying Fe content; the
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the experimental value of the imaginary part of the off-diagonal dielectric tensor. The black line is a fit to the contribution from the Fe;O4
nanoparticles using Maxwell-Garnett theory, while the difference (blue line) is the contribution from the In,O; matrix. (b) The values of the
volume fraction f corresponding to nanoparticles as computed from the MCD (black line) and the value obtained from EXAFS measurements
on the 5% film (red line) plotted against the measured percentage of Fe. (c) Variation in the MCD amplitude at 3.2 eV with Fe content for
Fe;0, nanoparticles and the oxide component. The lines in (b) and (c) are to guide the eye. (d) The MCD data for 5% Fe sample at 1.8 T and

at remanence.

3.2 eV. The feature above ~3 eV is characteristic of oxide
magnetism occurring under the band gap [10,27,36] and arises
from transitions to gap states localized either on oxygen
vacancies or on grain boundaries.

We expect a signal from the Fe;O4 nanoparticles. The
Maxwell-Garnett theory [37,38] is used to evaluate the
effective dielectric constant for Fe;O4 nanoparticles embedded
in an In,O3 matrix. The result is given in terms of the dielectric
tensor for Fe;O4 and In,O3, which is taken as the refractive
index n squared, the shape factor of the nanoparticles, L,,, and
the fraction of the volume, f, thatis occupied by nanoparticles,

f(EF0)
.
—n?)]

The MCD is used to obtain an experimental expression for
Imé5y" MCD = f—ilméi@pt used where [ is the film thickness,
A is the light wavelength, and n the refractive index of In,Os.
The experimental spectrum of Im&5)" is compared with that
expected from the nanoparticles in Fig. 8(a) using published

results [39] for the refractive index, n, 8%, and 555304. The

=eff

& =

*y Ly (zFe304
[1+ % (En

ey

parameters f and L, were fitted in the energy range 1.5 < E
< 2.7eV. There is an additional signal near the band edge that

is attributed to the doped In,O3, #1203 Hence the expression

xy
~expt

for the total Im&y," is given by

~eff

=expt __ ~In, O3
Iméi” = Imé, 7 + Imé,. 2)
eff

The fit is good using bulk values for &7, which means
that any modification to &, due to the finite size of the
nanoparticles has been neglected. The value of L,,, which
is found from the fit, was 0.33 (corresponding to an isotropic
array of nanoparticles) for all values of x > 1%; this is in
agreement with the isotropy of the coercive field shown in
Fig. 4(e). The values of f found from the fitting of the MCD is
compared with the value found from the EXAFS measurement
of the 5% sample in Fig. 8(b). We use this to estimate that the
fraction of the Fe ions that are in ferromagnetic nanoparticles
is ~67% for all concentrations of Fe. This is smaller than
~85% of Fe ions that were observed to have coordination of
Fe;O4 using EXAFS because MCD measures only the parts
of the clusters of Fe;Oy4 that have the magneto-optic response
of the bulk whereas the EXAFS is a structural study.
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TABLE II. Summary of the magnetization, MCD for Fe-doped In, O3 thin films at 300 K. M, denotes the saturation magnetization, M, the
remanent magnetization, MCD, and MCD, the magnetic circular dichroism in field (H > 0) and at remanence (H = 0), respectively.

M, (300 K) M, (300 K) MCD,/MCD; MCD,/MCDy
Fe (%) (emu cm™) (emu cm™) M, /M, (300K) (2 eV, 300 K) (3.2 eV, 300 K)
1 2.34 £+ 0.25 0.68 + 0.07 0.29 4+ 0.05 0.91 £ 0.03 0.91 +£0.03
2 6.37 £ 0.64 2.12 £0.15 0.33 £0.04 0.98 £ 0.02 0.90 £ 0.02
3 9.5 + 0.71 3.95 +£0.28 0.42 +0.04 0.78 4+ 0.05 0.84 +0.03
4 13.21 £ 0.92 426 + 0.20 0.32 £ 0.03 0.85 £ 0.03 0.72 £ 0.05
5 22.6 £ 0.1.13 8.44 £+ 0.60 0.37 £0.03 0.81 £0.04 0.63 = 0.04

These data could also be used to eliminate the possibility
that the films contained a significant fraction of metallic Fe
because the MCD of Fe inclusions in In,O3 gives a negative
contribution to the MCD between 2 eV and 3 eV, which is
incompatible with the observed zero of the MCD at 2.5 eV [40].

We characterized the relative magnitude of the MCD signal
from the polarized In, O3 matrix by its value at 3.2 eV; it is seen
in Fig. 8(c) that both components increase with increasing x
(these have been scaled so that they agree at 5%). This agrees
with the increase in the observed magnetization and also in the
number of carriers with x. The bulk magnetization for the 5%
film changes rather little with temperature; the MCD was also
found to be similarly constant as the temperature was lowered
(not shown).

The MCD can be used to separate the behavior of the
magnetization from the Fe;O4 nanoparticles from that of the
polarized matrix. The MCD taken at remanence is compared to
that taken at saturation in Fig. 8(d). It is seen that the band edge
signal is reducing significantly more than that due to the Fe;Oy.
This is a different scenario from that observed in Co-doped
In, O3 where there was no signal indicating any nanoparticles
and the MCD follows the bulk hysteresis curve [41].

We compare the MCD signals at 2 eV where the oxide
signal from the band edge signal is negligible. In Table II,
we compare the ratio of these MCD signals with the ratio
of the remanent to saturation magnetization. We see that
MCD at 2 eV is far more robust than that of the saturation
magnetization. This implies that there is another contribution

to the saturated magnetization that does not contribute so
much at remanence. We note that in the remanent spectrum
the energy where Im°f = 0 has increased corresponds to an
increase in L,,, which means that at remanence more of the
magnetization resides in nanoparticles that are elongated along
the normal to the film, as might be expected from magnetostatic
considerations.

The effect of doping the films with 5% Sn, gives a dramatic
change in the MCD as shown in Fig. 9(a). The signal from
the Fe;04 nanoparticles has essentially vanished and the band
edge signal is enhanced strongly. This is significant because
the coercive field drops to values typical of Fe-doped In,O3
without nanoparticles (205 Oe at 5 K and 120 Oe at 300 K),
but the magnetization dropped from 22 emu/cm?® without Sn
to 8 emu/cm? with Sn and without nanoparticles.

Annealing the films in vacuum had a different effect. It
is seen in Fig. 9(b) that the contribution from the polarized
carriers is increased substantially; however, there is only a
small increase in the contribution from the Fe;O4 nanoparti-
cles. Thus in both cases, vacuum annealing and doping with
Sn, the band edge signal is enhanced commensurate with the
increase in the number of donor states and carrier density.
However, the presence of Sn also had the interesting effect of
reducing the density of nanoparticles strongly, and this had a
dramatic effect on the coercive field as noted above.

Hysteresis loops are obtained using the MCD, which is
done with the magnetic field perpendicular to the plane, as
is the AHE. A particular interest is a comparison of the
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FIG. 10. The MCD loop taken at (a) 2.2 eV and (b) 3.2 eV (note that the reversal occurs because the MCD is negative). The linear

background from the substrate has been subtracted.

loops obtained at different energies because it allows us to
separate the contribution of the Fe;O4 nanoparticles from
that from the polarized matrix. Loops taken at 2.2 eV and
3.2 eV are shown in Fig. 10 . In all cases a linear signal from
the substrate has been subtracted; note that the loop taken
at 3.2 eV is reversed because the MCD is negative at that
energy. We note a comparison with Fig. 7 that shows that
the loops taken at 2.2 eV and 3.2 eV approach £470 arb.
units and F1600 arb. units, respectively, which are the values
of the MCD at those energies. The values of the coercive
field obtained from the MCD loops differ widely from those
obtained in magnetometry (shown in Fig. 4). The coercive
field at 2.2 eV is 1650 = 50 Oe and 1400 + 60 Oe at
3.2 eV. The peak in the ZFC magnetization plot is broad,
indicating a wide distribution in the sizes of the nanoparticles.
It appears that the very high value of the coercive field found
at 2.2 eV in the MCD is coming almost entirely from large
Fe;04 nanoparticles and also that the magnetization from the
polarized defect states in In,O3; contribute a relative large
amount to the bulk magnetization.

VIII. DISCUSSION

The results presented here show that the results of the
structural, transport, magnetic, and magneto-optical studies
may be combined in a coherent manner to give a good
understanding of these films. One of the characteristics of
doped oxide films is that they often have low coercive fields,
e.g., ~100 Oe around RT. Some of the data on the films

presented here show considerably higher coercive fields. The
results for the 5% sample are summarized in Table III. It is
clear that the values of the coercive field taken using MCD and
the AHE are much higher than those taken using conventional
magnetometry; this contrasts with measurements done on a
sample with no nanoinclusions where the values were identical
[42]. This difference arises because the nanoparticles give a
disproportionally large contribution to the AHE and MCD.
The largest value of the coercive field is obtained from the
MCD at 2.2 eV that originates almost entirely from the nano-
particles. This can be used to estimate the amount of the
signal from each type of measurement that originates directly
from the nanoparticles; it is clearly substantial for the AHE
but considerably less in the bulk magnetization as measured
by the SQUID.

In particular, MCD has been shown to be a very powerful
tool to separate the magnetic effects arising from nanoparticles
from those coming from polarized electron bands in the In, O3
because the application of the Maxwell-Garnett theory showed
there was a clear signal that was characteristic of pure Fe;O4
and an additional signal from close to the In,O3 band edge.
The films doped with Fe alone showed an unusually high
coercive field in plane at RT for an oxide sample (above
400 Oe). The data show that this is because they contain
blocked nanoparticles of Fe;O4 and that the coercive field
rises even higher below the Verwey transition, as shown in
Figs. 2(c) and 2(d). The addition of 5% of Sn was found to
reduce the concentration of nanoparticles to essentially zero,
which is seen clearly in the MCD signal and by the fact that

TABLE III. A comparison of the coercive fields, given in Oersteds, for different measurements on the same sample: 5% Fe in In,O3 and

also a comparison with the sample containing 5% Fe and 5% Sn.

MCD loop MCD loop Anomalous SQUID
SQUID SQUID 2.2eV 32eV Hall effect Including
parallel perpendicular perp. perp. perp. 5% Sn parallel
Room temperature 460 £ 50 530 £ 50 1650 =+ 300 1460 +£ 250 - 120 £ 10
Low temperature 650 £+ 60 770 £ 70 - - 1200 % 200 205 +£ 20
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the anisotropy drops to a value normally associated with doped
oxide films of 120 Oe at RT.

The films of Fe-doped In,Os; containing nanoparticles
of Fe;O4 have contributions to the magnetism from the
nanoparticles and also polarized electrons that are in the
defect band formed from the oxygen vacancies. Important
experimental findings are summarized below.

(1) The peak in the MCD at 2eV is entirely due to the
nanoparticles. There is only a small reduction of the magnitude
of this peak at remanence as seen in Fig. 8; however, the
remanent magnetization shown in Table II is reduced by a
much larger factor. This demonstrates that the bulk saturation
magnetization has another contribution that is not due to the
nanoparticles.

(2) The magnetization of the electrons in the indium oxide
matrix contributes to the MCD due to the polarized defect band
at ~3.2eV. This peak is considerably larger than the Maxwell-
Garnett theory predicts for the contribution from the Fe;O4 so
the balance comes from the polarized defect bands in the oxide.
This is confirmed by the spectrum taken at remanence, which
shows that the two components to the magnetization contribute
differently to the signal at saturation and at remanence. The
direction dependent saturation magnetization seen by SQUID
measurements is also an indication of magnetism in the oxide
or the interface layer.

(3) The SQUID magnetization measurements taken in
plane and perpendicular to the plane show that there is no
evidence for elongated nanoparticles in this material, unlike
that seen earlier for Co nanoparticles [43]; this is supported by
the fitting to the MCD spectra where a good fit was found for
L., =0.33.

(4) After the films have been annealed in vacuum, both the
bulk magnetization and the magnitude of the MCD spectrum
increase. The increase in the MCD peak due to nanoparticles is
~30%, which is not too different from the increase in the mag-
netization. However, the MCD signal showing polarized defect
states increases much more, as can be seen from Fig. 9(b).

(5) The signal at 2 eV has been quenched in the sample
with 5% of Sn, indicating that the fraction of nanoparticles has
been dramatically decreased. This is accompanied by a sharp
drop in the coercive field. The signal at ~3 eV is enhanced in
these samples, corresponding to a larger carrier density.

IX. CONCLUSIONS

This study has shown that films of In, O3 with nanoparticles
of Fe;O4 have very interesting properties. The saturation
magnetization, coercive field, mobility, and conductivity are
all high at RT. Since the nanoparticles did not coexist with
added Sn, our study allowed us to compare films with and
without the nanoparticles very directly.

A consistent understanding of the films was obtained from
combining structural, magnetic, and optic data. The Fe;O4
nanoparticles were detected directly using EXAFS and were

PHYSICAL REVIEW B 90, 144433 (2014)

shown to give a very distinctive MCD spectrum. The volume
fraction of the films that was occupied by the nanoparticles
was determined by two techniques, and the results were
shown to be in approximate agreement. This is very signif-
icant because they measure different quantities: EXAFS is a
structural measurement that cannot make any predictions about
magnetism, and the MCD measured the volume fraction that
had a dielectric function that was characteristic of bulk Fe;Oy.
The similarity of these measurements means that most of the
Fe ions with the coordination of Fe;O4 were also magnetic
with approximately the bulk dielectric functions. It was found
that in this case the fraction of Fe;O4 varied smoothly as the
concentration of Fe was increased.

An additional feature of the study was the use of SQUID
magnetometry and MCD data to indicate that there were two
separate contributions to the magnetization from the nanopar-
ticles and from the oxide host that had different dependence
on the external field. The oxide component is responsible
for the smaller coercive field seen by SQUID magnetometry
and also for the difference between the observed saturation
magnetization and that expected from the nanoparticles [as
shown in Fig. 5(b)]. It was found that the magnetization of
the nanoparticles was increased by vacuum annealing but
suppressed by the addition of Sn. On the other hand, the
oxide contribution depended on the carrier density and so was
enhanced by both the addition of Sn and vacuum annealing.

The presence of the Fe;O4 nanoparticles enhances the
magnetization and the coercive field is still substantial at RT.
In addition, there is a contribution from the electrons in a
donor band, which may be associated with grain boundaries
or interfaces. Annealing the films in vacuum increased the
density of states of the donor band; hence, the strength of
the MCD signal at the band edge, also the fraction of Fe;O4
nanoparticles, increased slightly. The effects of adding Sn
were to increase the carrier concentration and hence the MCD
signal at the band edge as expected; however, the unexpected
result was the dramatic fall in the density of nanoparticles
after Sn was added. The thin films investigated show great
promise for technological exploitation as they combine a large
coercive field at RT with high carrier density, low resistance,
and polarized carriers.
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