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Indium-doped hematite samples were prepared by calcination of indium-doped goethite samples and
investigated using different instrumental techniques. In3þ-for-Fe3þ substitution in the hematite structure
was confirmed by the determination of the unit cell expansion using X-ray powder diffraction and by the
measurement of the hyperfine magnetic field reduction using M€ossbauer spectroscopy. Indium substi-
tution in hematite also caused a decrease in the crystallite size, an increase in the particle size, a shift in
the position of bands in infrared spectra, a decrease in the relative intensity of absorption bands in UV
eViseNIR spectra and a disappearance of the Morin transition. Maximum substitution was estimated at
about 8 mol%.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hematite (a-Fe2O3), often present in rocks and soils, is the most
stable iron oxide under ambient conditions [1,2]. It crystallizes in
the trigonal crystal system, space group R3c, hexagonal unit cell
parameters a¼ 5.038 Å, c¼ 13.772 Å [3]. Hematite crystal structure
is based on the hexagonal close packing of O2� ions with two thirds
of the octahedral sites occupied by Fe3þ ions (Fig. 1). Natural he-
matite, which is a common compound in rocks and soils and a
valuable iron ore, usually contains a certain quantity of metal cat-
ions other than iron [1,2]. Synthetic hematite can be prepared in
different forms (particles of various size and shape, thin films, etc.)
exhibiting properties suitable for a number of applications
(pigment, catalyst, photocatalyst, photoanode, gas sensor, abrasive,
etc.) [1,4e9]. Along with the size and shape of hematite crystallites
and particles, doping with various metal cations is also an impor-
tant factor that can improve particular properties (absorption,
adsorption, catalytic, photocatalytic, electrical, thermal, etc.) of
hematite which are needed for some of these applications [10e13].
Generally, the properties of hematite are altered by doping - in
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some cases only slightly, in others significantly, depending on the
doped cation and the monitored property [1,2].

Doping of hematite with various metal (M) cations has been
extensively reported in literature [1,2]. Generally, trivalent dopant
cations replace Fe3þ ions in their octahedral sites (substitution)
whereas divalent and tetravalent cations occupy both substitu-
tional and interstitial octahedral sites [14e17]. In the case of some
trivalent cations (Rh3þ, Cr3þ, Ga3þ) the solid solutions of hematite
and isostructural metal oxide (M2O3) in the whole M to Fe ratio
range (0:100 to 100:0) were reported [18e21]. The same charge,
similar ionic radius and the existence of metal oxide with hematite
(corundum) structure are necessary factors required for the for-
mation of solid solutions in the broad M to Fe ratio range. All these
factors are satisfied in the case of Rh3þ, Cr3þ and Ga3þ ions.

In the case of In3þ ion substitution for Fe3þ in hematite, the
charge is the same and indium oxide (In2O3) with corundum
structure exists [22,23], but the ionic radius is significantly larger
(0.80 Å for In3þ compared with 0.645 Å for Fe3þ in octahedral co-
ordination and a high-spin state) [24]. Only a partial substitution of
In3þ for Fe3þ in a-Fe2O3 has been obtained in samples prepared by
coprecipitation and calcination [25], by hydrothermal treatment
[26] or by ball milling [27,28]. However, a solid solution a-(Fe1-
xInx)2O3 in the whole In/Fe range was reported for samples pre-
pared by solid-state reaction at high pressure and temperature [29].
s of indium-doped hematite, Journal of Alloys and Compounds (2016),
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Fig. 1. Crystal structure of a-Fe2O3 represented by the cation polyhedra. The space
group, crystallographic axes and unit cell are designated.
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Indium doping in some other iron oxides has also been inves-
tigated. Replacement of magnetic Fe3þ ions by nonmagnetic In3þ

ions in ε-Fe2O3 induced significant changes in magnetic and milli-
meter wave absorption properties [30e32]. In-doped n-Fe2O3 thin
film electrodes showed higher photocurrent density [33,34]. 111In-
substituted Fe3O4 nanoparticles were prepared in order to obtain
non-leachable radiolabelled Fe3O4 nanoparticles for application in
magnetic resonance imaging [35].

In contrast to former studies, where In-doped hematite was
prepared by a solid-state reaction of oxides [29], calcination of
mixed hydroxides [25], hydrothermal treatment of mixed aqueous
salt solutions [26] or ball-milling of oxides [27,28], in the present
work In-doped hematite was prepared by calcination of In-doped
goethite (a-FeOOH). In our previous work [36] In-doped goethite
samples were synthesized by the coprecipitation method and their
properties were investigated. A significant influence of In doping on
the unit cell size, hyperfine magnetic field, crystallite and particle
size, IR and UVeVis spectra and thermal properties of goethite was
observed. In the present work In-doped hematite samples were
prepared by calcination of these In-doped goethite samples at
500 �C. Properties of thus obtained In-doped hematite samples
were investigated using different instrumental techniques.
2. Experimental

2.1. Sample preparation

Hematite and In-doped (5, 10, 15 and 20 mol% In) hematite
samples were prepared from goethite and In-doped goethite
samples [36] by calcination at 500 �C for 2 h. The temperature in the
furnace was raised to the corresponding value at a rate of 5 �C/min.
The calcined samples were cooled down naturally to room tem-
perature within the furnace. Obtained powder samples were
characterized using X-ray powder diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), 57Fe M€ossbauer spectros-
copy, diffuse reflectance UVeViseNIR spectroscopy and Fourier
transform infrared (FT-IR) spectroscopy. Magnetic properties of
selected samples were also analyzed.
Fig. 2. XRD powder patterns of prepared In-doped hematite samples. Positions and
intensities of diffraction lines of a-Fe2O3 and hexagonal In2O3 phases as given in the
Powder Diffraction File (PDF) of the International Centre for Diffraction Data (ICDD) are
also shown. Diffraction lines assigned by * in the patterns of samples In15 and In20
correspond to the In2O3 phase.
2.2. Instrumentation

X-ray powder diffractometer APD 2000 (CuKa radiation,
graphite monochromator, NaIeTl detector) manufactured by Ital-
Structures (G.N.R. s.r.l., Novara, Italy) was used. Potassium bromide
(Sigma-Aldrich, �99% trace metals basis) was used as an internal
Please cite this article in press as: S. Krehula, et al., Synthesis and propertie
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standard. The Rietveld refinements of XRD data were performed
using the MAUD program [37].

57Fe M€ossbauer spectra were recorded at 20 �C (293 K) in the
transmission mode using a standard WissEl (Starnberg, Germany)
instrumental configuration. A57Co/Rh M€ossbauer source was used.
The velocity scale and all data refer to the metallic a-Fe absorber at
20 �C. A quantitative analysis of the recorded spectra was made
using the MossWinn program [38].

Magnetic measurements were performed on selected samples
in the Physical Properties Measurement System (PPMS) from
Quantum Design with a Vibration Sample Magnetometer (VSM)
insert as well as in a S700X SQUID susceptometer from Cryogenics
Ltd.

A JEOL thermal field emission scanning electronmicroscope (FE-
SEM, model JSM-7000F) was used for the observation of particle
morphology. The FE-SEM was connected to the Oxford Instruments
EDS/INCA 350 energy dispersive X-ray analyzer for elemental
analysis. The specimens were not coated with an electrically
conductive surface layer.

Fourier transform infrared (FT-IR) spectra were recorded at RT
using a Perkin Elmer Spectrum One spectrometer. All powder sam-
ples for this purpose were ground using agate mortar and pestle,
mixedwith spectroscopically pure KBr and pressed into small disks.

Diffuse reflectance UVeViseNIR spectra were obtained at 20 �C
using a Shimadzu UVeViseNIR spectrometer (model UV-3600)
equipped with an integrated sphere. Barium sulfate was used as
reference.

3. Results and discussion

3.1. X-ray powder diffraction

The X-ray powder diffraction patterns of synthesized samples
(Fig. 2) revealed the presence of a hematite-like phase as almost a
s of indium-doped hematite, Journal of Alloys and Compounds (2016),



Fig. 3. Graphical representation of the dependence of unit cell volume on the In
content in In-doped hematite samples, as determined using XRD.
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single phase in all five samples. The XRD pattern of sample In0
(containing no In) corresponds to pure hematite, a-Fe2O3 (ICDD
card No. 33-0664). The hematite-like phase is present as a single
phase in samples containing 5 mol% (sample In5) and 10 mol%
(sample In10) of indium. A small amount of hexagonal In2O3 (ICDD
card No. 22-0336), a phase isostructural to hematite, is also present
in samples containing higher amounts of indium (samples In15 and
In 20, diffraction lines assigned by asterisk).

A higher indium content in samples caused a shift of the a-Fe2O3
diffraction lines to lower 2Q angles. This indicates the expansion of
the a-Fe2O3 unit cell due to In substitution, which is in line with the
larger radius of In3þ ions (r ¼ 0.80 Å) compared with Fe3þ ions
(r ¼ 0.645 Å) in octahedral coordination and a high-spin state [24].
Unit cell parameters (Table 1) were determined by the Rietveld
refinement of recorded XRD patterns using the MAUD program
[37]. The dependence of the a-Fe2O3 unit cell volume on the In
content is shown in Fig. 3 (the indium content in powder samples
approximately equal to nominal values in initial solutions was
confirmed by EDS). The unit cell volume increased significantly
from 302.1 Å3 in undoped a-Fe2O3 to 306.2 Å3 in sample In5 and
308.7 Å3 in sample In10 and remained approximately constant at a
higher In content. From the curve in Fig. 3 the maximum In-for-Fe
substitution in hematite can be estimated at about 8 mol%.

In-for-Fe substitution in In-doped hematite samples also caused
a broadening of diffraction lines (Fig. 2, Table 1). Interestingly, this is
unlike the precursor In-doped goethite samples where the
diffraction lines are narrower with increased In-for-Fe substitution
[36]. It is known from literature that the XRD patterns of hematite
obtained by thermal transformation of goethite show a narrowing
of diffraction lines with raised thermal treatment temperature due
to decreased microstrain and enlarged crystallite size [39,40]. The
incorporation of some metal cations (for example Al3þ, Cr3þ, Ga3þ)
into the structure of iron oxides may induce their higher thermal
stability [41e43] due to stronger MeO bonds compared with FeeO
bonds. In our previous work it was observed that the In-for-Fe
substitution in goethite resulted in a higher goethite dehydrox-
ylation temperature [36]. In the present work, broadening of
diffraction lines by increased In-for-Fe substitution in hematite
(Fig. 2, Table 1) can be explained by a lower effect of heating on the
decrease in microstrain and enlargement in crystallite size in more
doped hematite samples due to their higher thermal stability.
Higher thermal stability of In-doped hematite is a consequence of
stronger IneO bonds compared with FeeO bonds. Broader
diffraction lines with increased doping were also observed for Al-
and Ga-doped hematite obtained by calcination of doped goethite
at 500 �C [21,44]. Like the In dopant, Al and Ga dopants also induced
higher goethite thermal stability.

3.2. 57Fe M€ossbauer spectroscopy

The 57Fe M€ossbauer spectra (recorded at 20 �C) of prepared
hematite sample (In0) and In-doped hematite samples are shown
in Fig. 4, left side. The calculated M€ossbauer parameters and phase
identification are given in Table 2. The magnetic sextet with
Table 1
Unit cell parameters of In-doped hematite samples.

Sample 100$[In]/([In]þ[Fe]) Unit cell parameter/Å

a

In0 0.0 5.0360 (3)
In5 5.0 5.0629 (6)
In10 10.0 5.0809 (5)
In15 15.0 5.0856 (3)
In20 20.0 5.0776 (8)
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M€ossbauer parameters characteristic of hematite (Table 2) is almost
a single component in these spectra. It was fitted using the distri-
bution of the hyperfine magnetic field (HMF or Bhf) (Fig. 4, right
side). The reduction of HMF and a deviation in quadrupole splitting
(2ε) relative to the values of these M€ossbauer parameters of stan-
dard well-crystalline hematite [45] are typical of imperfectly
crystalline hematite prepared by thermal dehydroxylation of
goethite [21,44,46e48]. A minor component (quadrupole doublet)
is likely to originate from Fe3þ ions incorporated into the In2O3
phase. The replacement of magnetic Fe3þ ions by non-magnetic
In3þ ions in hematite causes an interruption of the super-
exchange interaction between Fe3þ ions via O2� ions which results
in the reduction of HMF on Fe atoms located in the vicinity of In
atoms. This was expressed in M€ossbauer spectra as increased line
width of the hematite sextet (Fig. 4, left side) due to a broadening of
HMF distribution toward lower values (Fig. 4, right side). Average
HMF in hematite is significantly reduced by In doping, whereas the
isomer shift and quadrupole splitting show no change (Table 2).
The dependence of average HMF on the indium content in In-doped
hematite samples is shown in Fig. 5.
3.3. Magnetic measurements

Magnetic properties of hematite have been broadly investigated
using different techniques (magnetic measurement methods,
neutron diffraction, M€ossbauer spectroscopy, etc.) [2,49e59]. At
and above room temperature (up to the N�eel temperature of about
955 K)magnetic ordering in hematite is nearly antiferromagnetic in
the hexagonal (001) (rhombohedral (111)) plane, but, due to the
slight canting of magnetic moments from the antiferromagnetic
axis, a small net magnetization is present (a weakly ferromagnetic
state) [60,61]. At temperatures below about 260 K magnetic mo-
ments change their orientation to the direction along the hexagonal
V/Å3 FWHM/º2Q

c (104) (110)

13.754 (1) 302.1 (1) 0.282 0.157
13.793 (2) 306.2 (1) 0.440 0.297
13.809 (2) 308.7 (1) 0.499 0.468
13.800 (3) 309.1 (1) 0.599 0.591
13.806 (2) 308.3 (2) 0.479 0.530

s of indium-doped hematite, Journal of Alloys and Compounds (2016),



Fig. 4. 57Fe M€ossbauer spectra of In-doped hematite samples recorded at 20 �C (left side) and the distribution of hyperfine magnetic field in In-doped hematite samples, as
calculated by fitting the recorded 57Fe M€ossbauer spectra (right side).

Table 2
57Fe M€ossbauer parameters (20 �C) calculated for the recorded In-doped hematite samples and phase identification.

Sample Spectral component d (mm s�1) 2ε (mm s�1) D (mm s�1) hBhf i (T) G (mm s�1) Area (%) Phase

In0 Sextet 0.37 �0.22 e 51.5 0.23 100.0 a-Fe2O3

In5 Sextet 0.37 �0.22 e 50.6 0.27 100.0 a-(Fe,In)2O3

In10 Sextet 0.37 �0.22 e 49.9 0.28 100.0 a-(Fe,In)2O3

In15 Sextet 0.37 �0.22 e 49.8 0.29 98.3 a-(Fe,In)2O3

Doublet 0.33 e 0.77 e 0.40 1.7 (In,Fe)2O3

In20 Sextet 0.37 �0.22 e 50.1 0.29 96.6 a-(Fe,In)2O3

Doublet 0.33 e 0.75 e 0.38 3.4 (In,Fe)2O3

Errors: d ¼ ±0.01 mm s�1, 2ε ¼ ±0.01 mm s�1, D ¼ ±0.01 mm s�1, Bhf ¼ ±0.2 T.
Isomer shift is given relative to a-Fe.

Fig. 5. Graphical representation of the dependence of an average hyperfine magnetic
field on the In content in In-doped hematite samples.
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c-axis [001] (rhombohedral [111] axis) with exactly antiparallel
magnetic sublattices (an antiferromagnetic state). This magnetic
Please cite this article in press as: S. Krehula, et al., Synthesis and propertie
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phase transition in hematite at about 260 K is called the Morin
transition after F.J. Morin who first observed it by measuring the
temperature dependence of hematite magnetic susceptibility [49].
The Morin transition temperature or the Morin temperature (TM) is
dependent on the crystallinity of hematite sample as well as on the
doping with metal cations. The lower crystallinity and doping with
most metal cations affect the shift of TM below 260 K [2,51,62e67].
Hematite of very low crystallinity or doped with significant
amounts of metal cations shows no Morin transition down to the
very low temperatures [21,62,68,69]. The shift of TM to higher
temperatures (above RT) was observed for hematite doped with
some platinum group metal cations [18,48,70e75].

Temperature dependence of magnetization (normalized to the
value at 100 K) for hematite sample (In0) and In-doped hematite
samples (In5 and In10) is shown in Fig. 6. A significant increase in
magnetization at temperatures from 200 to 250 K due to the Morin
transition was observed for the undoped hematite sample In0. A
difference of 14 K in the Morin transition temperature between ZFC
and FC curves is visible (Inset Fig. 6). Thermal hysteresis at the
Morin transition has been observed for different hematite samples
s of indium-doped hematite, Journal of Alloys and Compounds (2016),



Fig. 6. Temperature dependence of magnetization normalized to the value at 100 K for
hematite sample (In0) and In-doped hematite samples (In5 and In10). Inset: Zero-
field-cooled (ZFC) and field-cooled (FC) curves for In0 around Morin transition.

Fig. 7. FE-SEM images of hematite sample In0 and In-doped hematite samples In5 and
In10.
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[55,66] and its width is dependent on the size and crystallinity of
hematite particles. The drop in TM below 260 K in hematite sample
In0 is caused by the lower crystallinity of hematite obtained by
goethite dehydroxylation. The M-T curves of In-doped hematite
samples In5 and In10 show no indication of the Morin transition.
These results are in line with the neutron diffraction study of Sv�ab
and Kr�en [63] who observed a disappearance of the Morin transi-
tion in hematite doped with 1.5 mol% of In.

3.4. FE-SEM

The particle size and morphology in In-doped hematite samples
were observed by FE-SEM, with the characteristic images being
shown in Figs. 7 and 8. Hematite and In-doped hematite particles
retained the morphology of precursor goethite and In-doped
goethite particles studied in the previous work [36]. Lath-shaped
particles common for hematite formed by dehydroxylation of
goethite are present in the undoped sample In0 (Fig. 7). Indium
doping influenced a significant increase in the length and width of
lath-shaped hematite particles (samples In5 and In10, Fig. 7). In-
doped hematite particles also show a much better shape preser-
vation compared with undoped hematite particles, due to higher
thermal stability (Chapter 3.1). In the FE-SEM images of samples
In15 and In20 (Fig. 8) even larger lath-shaped particles are visible.
These particles are arranged in the worm-like agglomerates a few
micrometers long (Fig. 8, bottom).

3.5. FT-IR spectroscopy

A characteristic part of the FT-IR spectra (from 800 to 490 cm�1)
of the prepared In-doped hematite samples is shown in Fig. 9 and
the positions of absorption bands are assigned. Generally, the po-
sitions of IR bands of hematite are dependent on particle shape
[76e78]. The IR bands of hematite sample (In0) at 635 and
528 cm�1 are typical of lath-like hematite particles obtained by
heating goethite particles of the same shape [76,79]. These bands
correspond to A2u (polarization parallel to the crystallographic c-
axis) and Eu (polarization perpendicular to the crystallographic c-
axis) normal modes of lattice vibration, respectively [76]. In the
spectra of samples In5 and In10 the A2u band was shifted slightly to
higher wavenumbers and the Eu band to lower wavenumbers due
Please cite this article in press as: S. Krehula, et al., Synthesis and propertie
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to a changed shape of lath-like hematite particles (Fig. 7). Spectral
band broadening at a higher indium content wasmost likely caused
by lower crystallinity of In-doped hematite samples (chapter 3.1).

Band positions in IR spectra also depend on the mass of ions and
bond strength. The shift of IR bands to higher wavenumbers was
observed in the case of hematite doping with Al [80,81] and Ga [21]
due to different mass of ions and bond strength. In doping in he-
matite did not produce a significant shift in the position of IR bands
presumably because the effect of stronger IneO bonds and the ef-
fect of heavier In3þ ions cancel each other.

3.6. Diffuse reflectance UVeViseNIR spectroscopy

The diffuse reflectance UVeViseNIR spectra of hematite and In-
s of indium-doped hematite, Journal of Alloys and Compounds (2016),



Fig. 8. FE-SEM images of In-doped hematite samples In15 and In20.

Fig. 9. FT-IR spectra of In-doped hematite samples.

Fig. 10. UVeViseNIR spectra of In-doped hematite samples.
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doped hematite samples in the range from 200 to 1500 nm are
shown in Fig. 10. The positions of absorption bands in these spectra
are given in Table 3. The bands are assigned to corresponding
electronic state transitions according to Sherman and Waite [82].
The spectrum of sample In0 (pure hematite) is similar to the he-
matite spectrum reported by Sherman and Waite [82]. In the NIR
spectral region a weak and broad absorption band centered at
about 880 nm is assigned to the 6A1 / 4T1(4G) ligand field transi-
tion, which corresponds to electron excitation from the Fe3þ

ground state (t2ga )3(ega)2 to the first excited state (t2ga )3(t2gb )1(ega)1. In
the visible part of the spectrum the first feature is a shoulder at
about 660 nm which is assigned to the 6A1 / 4T2(4G) ligand field
transition. A medium intensity band at about 520 nm corresponds
to the electron pair transition 6A1 þ 6A1 /

4T1 þ 4T1 (resulting from
the magnetic coupling of adjacent Fe3þ cations). The most intense
Please cite this article in press as: S. Krehula, et al., Synthesis and propertie
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bands in the UVeViseNIR spectrum of hematite (as well as other
iron oxides and oxyhydroxides) in the range between 270 and
500 nm have been assigned to the “spin-flip” ligand field transi-
tions of Fe3þ, ega/ eg

b and t2g
a / t2g

b (a change in the spin orientation
of one electron in relation to the ground state configuration). The
strongest band at about 395 nm corresponds to the 6A1 / 4E(4D)
transition and the band at 315 nm to the 6A1 /

4T1(4P) transition. A
band at about 280 nm is assigned to the 6t1u / 2t2g ligand-to-
metal charge-transfer transition.

A higher In content in In-doped hematite samples led to a lower
relative intensity of absorption bands in UVeViseNIR spectra due
s of indium-doped hematite, Journal of Alloys and Compounds (2016),



Table 3
Positions of absorption bands in the UVeViseNIR spectra of In-doped hematite samples. Bands are assigned to corresponding electronic state transitions according to Sherman
and Waite [66].

Sample Band position/nm

6t1u / 2t2g (LMCT) 6A1 / 4T1 (4P) 6A1 / 4E (4D) 2(6A1) / 2(4T1 (4G)) 6A1 / 4T2 (4G) 6A1 / 4T1 (4G)

In0 ~280 315 395 ~520 ~660 880
In5 ~280 319 393 ~520 ~660 882
In10 ~280 315 392 ~520 ~660 882
In15 ~280 320 391 ~520 ~660 878
In20 ~280 317 391 ~520 ~660 881
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to a lower content of Fe3þ ions and a higher content of In3þ ions
with no d-electron transitions (In3þ ions have completely filled 4d
atomic orbital, electron configuration [Kr] 4d10). The strongest band
at about 395 nm showed the largest intensity lowering by indium
doping. No significant shift in the position of absorption bands with
In doping was observed (Table 3).

4. Conclusions

Indium-doped hematite samples were synthesized by calcina-
tion of indium-doped goethite samples at 500 �C. The influence of
indium doping on the properties of hematite was investigated us-
ing different instrumental techniques. Maximum In3þ-for-Fe3þ

substitution in thus prepared hematite was estimated at about
8 mol%. Indium substitution in hematite caused:

� An increase in the unit cell size, in line with the larger radius of
In3þ ions.

� A decrease in crystallite size due to higher thermal stability of
In-doped hematite.

� A reduction of the hyperfine magnetic field caused by the
dilution of the magnetic lattice by the replacement of magnetic
Fe3þ ions with diamagnetic In3þ ions.

� A disappearance of the magnetic phase transition (Morin
transition).

� An increase in the length and width of lath-shaped hematite
particles with a better preserved shape.

� A shift in the position of IR absorption bands due to an increase
in the length and width of lath-shaped hematite particles.

� A lower relative intensity of absorption bands in UVeViseNIR
spectra due to a lower content of Fe3þ ions and a higher content
of In3þ ions with no d-electron transitions.
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