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We report the development of room-temperature ferromagnetism in chemically synthesized powder samples
of Sn;_,Fe, 0, (0.005<x=<0.05) and paramagnetic behavior in an identically synthesized set of Sn;_,Fe O.
The ferromagnetic Snj ggFe( y;O, showed a Curie temperature 7-=850 K, which is among the highest reported
for transition-metal-doped semiconductor oxides. With increasing Fe doping, the lattice parameters of SnO,
decreased and the saturation magnetization increased, suggesting a strong structure-magnetic property relation-
ship. When the SnggsFe( (5O, was prepared at different temperatures between 200 and 900 °C, systematic
changes in the magnetic properties were observed. Combined Mdossbauer spectroscopy and magnetometry
measurements showed a ferromagnetic behavior in Sn gsFe( (sO, samples prepared at and above 350 °C, but
the ferromagnetic component decreased gradually as preparation temperature approached 600 °C. All
Sng gsFe( 50, samples prepared above 600 °C were paramagnetic. X-ray photoelectron spectroscopy, magne-
tometry, and particle induced x-ray emission studies showed that the Fe dopants diffuse towards the surface of
the particles in samples prepared at higher temperatures, gradually destroying the ferromagnetism. Mdssbauer
studies showed that the magnetically ordered Fe** spins observed in the Sng¢sFe( (50, sample prepared at
350 °C is only ~24% of the uniformly incorporated Fe**. No evidence of any iron oxide impurity phases were
detected in Sn;_,Fe O, or Sn;_,Fe O, suggesting that the emerging magnetic interactions in these systems are

most likely related to the properties of the host systems SnO, and SnO, and their oxygen stoichiometry.
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I. INTRODUCTION

Development of room-temperature ferromagnetism
(RTFM) in conventional semiconductors is currently attract-
ing intense interest due to their potential use in spintronics
applications.!> Unfortunately, most traditional transition-
metal-doped magnetic semiconductor systems only exhibit
ferromagnetism well below room temperature.’> Recently,
new candidates for RTFM have been predicted theoretically,
most of which propose hole-mediated exchange as a stronger
interaction than electron-mediated exchange.4 However, re-
cent experimental reports indicate ferromagnetism in n-type
semiconductor oxides such as Ti,_,Co,0, (see Ref. 5) and
Sn;_,C0,0,.%7 Ogale et al® investigated pulsed-laser-
deposited thin films of Sn;_,Co,0, (x<<0.3) and found
strong ferromagnetic behavior at room temperature with a
giant magnetic moment of 7.5+0.5 up/Co. In a recent
paper,’Coey et al. observed RTFM in Sn,_,Fe,O, thin films
grown by pulsed-laser deposition with x=0.05, but with a
low magnetic moment of 1.8 ug/Fe ion. In this work, we
have undertaken a search for RTFM in chemically synthe-
sized powder samples of p-type SnO and n-type SnO, (see
Ref. 8) by doping them with Fe. Our powder samples of
Sn,_,Fe O, with x<0.05 showed RTFM, whereas only para-
magnetic behavior was observed in Sn;_,Fe O. Investigation
of the samples prepared with different Fe concentrations and
at different preparation temperatures suggest that the
ferromagnetic/paramagnetic behavior is due to the incorpo-
ration of Fe ions into the host lattices. Details of these stud-
ies follow.
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II. EXPERIMENTAL DETAILS

Appropriate amounts of SnCl, (99% min.), FeCl,
(99.5%), and NH,OH were added to de-ionized water to pro-
duce solutions with molarities of 1, 0.02, and 5M, respec-
tively. All the samples were prepared by reacting the 0.02M
FeCl, and 1M SnCl, solutions at 80 °C {molar ratio of x
=[Fe]/([Fe]+[Sn])} with a large amount (~1.5 times precur-
sor solution volume) of a 5M solution of NH,OH. The re-
sulting precipitate was washed to remove any water-soluble
byproducts and annealed in air for 3 h at 200 and 600 °C to
obtain Sn;_,Fe O and Sn;_.Fe O,, respectively. To obtain
more insight into possible Fe impurity phases that might
form under these synthesis conditions, pure iron oxide
samples were also prepared following identical synthesis
procedures without using any SnCl,. Several samples of
Sng g5Fe( 0sO, were prepared by annealing the same precipi-
tate at temperatures of 350, 450, 600, 750, and 900 °C to
investigate the effect of preparation temperature.

The nominal Fe doping concentrations were confirmed by
particle-induced x-ray emission (PIXE) measurements car-
ried out in the accelerator facility at Pacific Northwest Na-
tional Laboratory. The powder samples were first mixed with
a very small amount of polyvinyl alcohol and then pelletized
using a hand-held press. The samples were then irradiated
with a 2.0 MeV He* ion beam and the x rays emitted during
the de-excitation process within the atoms were analyzed us-
ing an x-ray spectrometer.

X-ray diffraction (XRD) spectra were recorded at room
temperature on a Phillips X’Pert x-ray diffractometer with a
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Cu K, source (A=1.5418 A) in Bragg-Brentano geometry.
The loose powder samples were leveled in the sample holder
to ensure a smooth surface and mounted on a fixed horizon-
tal sample plane. Data analyses were carried out using profile
fits of selected individual XRD peaks. High-resolution trans-
mission electron microscopy (TEM) analysis was carried out
on a JEOL JEM 2010 microscope with a specified point-to-
point resolution of 0.194 nm. The operating voltage of the
microscope was 200 kV. All images were digitally recorded
with a slow scan CCD camera (image size 1024 X 1024
pixels), and image processing was carried out using the Digi-
tal Micrograph software from Gatan (Pleasant, California,
USA). Energy dispersive x-ray spectroscopy (EDX) was car-
ried out using the Oxford Link system attached to the TEM.

For Mossbauer spectroscopy measurements, randomly
oriented absorbers were prepared by mixing approximately
30 mg of sample with petroleum jelly in a 0.375 in. thick
and 0.5 in. internal diameter Cu holder sealed at one end
with clear tape. The holder was entirely filled with the
sample mixture and sealed at the other end with tape. Spectra
were collected using a 50 mCi (initial strength) °’Co/Rh
source. The velocity transducer MVT-1000 (WissEL) was
operated in constant acceleration mode (23 Hz, £12 mm/s).
An Ar-Kr proportional counter was used to detect the radia-
tion transmitted through the holder, and the counts were
stored in a multichannel scalar as a function of energy (trans-
ducer velocity) using a 1024 channel analyzer. Data were
folded to 512 channels to give a flat background and a zero-
velocity position corresponding to the center shift (CS or 6)
of a metallic iron foil at room temperature. Calibration spec-
tra were obtained with a 20 um thick a-Fe(m) foil (Amer-
sham, England) placed in exactly the same position as the
samples to minimize any errors due to changes in geometry.
Sample thickness corrections were not carried out. The data
were modeled with RECOIL software (University of Ottawa,
Canada) using a Voigt-based spectral fitting routine.’

X-ray photoelectron spectroscopy (XPS) measurements
were performed on powder samples using a Physical Elec-
tronics Quantum 2000 Scanning ESCA Microprobe. This
system uses a focused monochromatic AlK, x-ray
(1486.7 eV) source and a spherical section analyzer. The in-
strument has a 16 element multichannel detector. The x-ray
beam used was a 105 W, 100 wum diameter beam that was
rastered over a 1.4 mm X 0.2 mm rectangle on the sample.
The powder samples were mounted using a small amount of
double-coated carbon conductive tape. The x-ray beam was
incident normal to the sample and the photoelectron detector
was at 45° off-normal. Data was collected using a pass en-
ergy of 46.95 eV. For the Ag 3d5, line, these conditions pro-
duce full width at half-maximum of better than 0.98 eV. Al-
though the binding energy (BE) scale was calibrated using
the Cu 2p5,, feature at 932.62+0.05 eV and Au 4f feature at
83.96+0.05 eV for known standards, the Fe-doped SnO, sur-
face experienced variable degrees of charging. Low-energy
electrons at ~1 eV, 21 pA, and low-energy Ar* ions were
used to minimize this charging. The BE positions were ref-
erenced using the 486.7 eV position for the Sn 3ds,, feature
for the Sn;_,Fe O, samples and the 486.9 eV position for the
Sn;_Fe O samples. XPS spectra were also collected after
Ar* ion sputtering using a 4 kV Ar* ion beam rastered over a
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FIG. 1. Typical PIXE spectra from the Sn;_,Fe O, samples
showing the Fe region. Fe concentrations (x) obtained by PIXE data
simulation (solid lines) are given in parentheses.

4 mm X4 mm sample area. The sputter rates were calibrated
using a SiO, standard with known thickness.

Magnetic measurements were carried out as a function of
temperature (4 to 350 K) and magnetic field (0 to+65 kOe)
using a commercial magnetometer (Quantum Design, PPMS)
equipped with a superconducting magnet. Measurements
were carried out on tightly packed powder samples placed in
a clear plastic drinking straw. The data reported here were
corrected for the background signal from the sample holder
(clear plastic drinking straw) with diamagnetic susceptibility
x=-4.1%x10"% emu/QOe.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Particle-induced x-ray emission studies

The Fe concentrations of the Sn;_,Fe,O and Sn,_.Fe O,
samples were determined using particle-induced x-ray emis-
sion measurements. The PIXE data obtained from selected
samples are shown in Fig. 1. The Fe concentrations shown in
Table I, estimated by simulating the experimental PIXE
spectra after removing the background due to bremsstrah-
lung, are in reasonable agreement with their nominal concen-
trations.

B. X-ray diffraction studies

XRD patterns of powder Sn;_,Fe, O samples [Fig. 2(a)]
showed strong peaks of tetragonal SnO with some weak
SnO, traces. The lattice parameters a and c, determined us-
ing the (101) and (110) peaks, showed an increase with x, as
shown in Fig. 3(a). The experimentally determined lattice
parameters of the pure SnO samples are lower than that re-
ported for pure synthetic bulk romarchite and this may be
due to changes in the oxygen stoichiometry and/or particle
size effect. The Sn;_,Fe, O, samples showed strong XRD
peaks due to the cassiterite phase of SnO,, with much
weaker peaks of the metastable orthorhombic SnO, phase.'?
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TABLE 1. Atomic concentration estimates of Sn;_,Fe, O and Sn;_,Fe O, obtained from PIXE and XPS measurements.

Estimated atomic % from XPS

Fe% Preparation Major XRD
Nominal from temperature identified Processing

Fe% PIXE (°C) phase conditions Fe Sn (0]
0 200 Sn;_.Fe O As-prepared L 29.2 55.4
1 0.79 200 Sn;_Fe O As-prepared L 30.1 61.0
3 3.07 200 Sn;_Fe O As-prepared e e
5 4.54 200 Sn;_Fe O As-prepared 1.2 29.2 61.0
0 600 Sn;_,Fe O, As-prepared L 31.2 61.2
1 0.66 600 Sn;_,Fe O, As-prepared L 31.7 62.2
3 2.66 600 Sn;_,Fe O, As-prepared e e
5 4.89 600 Sn;_,Fe O, As-prepared 3.1 27.7 59.7
5 350 Sn;_,Fe O, As-prepared 0.7 30.0 60.2
5 450 Sn;_,Fe O, As-prepared 1.1 31.8 64.2
5 750 Sny_.Fe O, As-prepared 3.9 28.6 62.3
5 4.00 900 Sn;_,Fe O, As-prepared 6.2 23.1 56.3
5 900 Sn;_,Fe O, 10 nm Ar* ion sputtered 4.5 36.3 57.5
5 900 Sn;_,Fe O, 20 nm Ar* ion sputtered 34 39.7 56.2

The peak intensities, positions, and widths of the XRD lines
changed with x in Sn;_Fe O,, as illustrated in Fig. 2(b).
Lattice parameters a and ¢ and the particle size L (see Ref.
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FIG. 2. Panels (a) and (b) show XRD patterns of Sn;_Fe , O
(prepared at 200 °C) and Sn,_,Fe, O, (prepared at 600 °C), respec-
tively, along with reference lines of orthorhombic SnO, (solid lines,
marked “0”), romarchite SnO (dotted lines, marked “R”) cassiterite
SnO, (dashed lines, marked “C”) phases, hematite (marked “H”),
and maghemite (marked “M”) phases of Fe,Os.

11) [Figs. 3(b) and 3(c)], estimated using the cassiterite (110)
and (202) peaks of the nanoscale samples of Sn,_.Fe O,
decreased as x increased from 0.005 to 0.05. The directly
opposite changes in the lattice parameters observed in
Sn;_,Fe,O and Sn;_,Fe, O, with Fe doping concentration
might reflect the effect of substituting Fe** for Sn** ions in
SnO, and for Sn** ions in SnO. This might require rear-
rangement of neighboring oxygen ions for charge neutrality.
When the 5% Fe-doped samples were prepared at different
temperatures in the 200 to 900 °C range, the tetragonal SnO
phase was observed at 200 °C and showed a gradual conver-
sion to the SnO, phase with increasing preparation tempera-
ture until its apparent disappearance at =450 °C, as illus-
trated in Fig. 4(a). The lattice parameter a and the unit cell
volume V decreased and the lattice parameter ¢ increased
with  increasing  preparation temperature in  the
350 to 600 °C range, as shown in Fig. 4(b). Above 600 °C,
these trends were reversed, and the lattice volume ap-
proached closer to the pure SnO, range.

The pure iron oxide sample (prepared under identical syn-
thesis conditions, but with no SnCl,) showed maghemite
[y-Fe,05, Fig. 2(a)] and hematite [a-Fe,05, Fig. 2(b)]
phases, ! with average particle sizes of 22 and 53 nm at 200
and 600 °C preparations, respectively. No trace of iron
metal, oxides, or any binary tin-iron phases were observed in
any of the doped samples with x=<0.10. This is consistent
with the reported solubility limit of up to 10% Fe in
Sn0,.!%!13 This along with the fact that the x-ray diffracto-
meter employed can only detect phases that are =1.5%, ex-
perimental data collected from samples with x=<0.05 only
are included in the investigations reported here.

C. Transmission electron microscopy studies

Transmission electron microscopy measurements showed
significant changes in the shape and size of the Sn;_Fe O,
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FIG. 3. (a) Changes in the lattice parameters a and c of tetrag-
onal SnO calculated using (101) and (110) peaks as a function of Fe
percentage. (b) Changes in the lattice parameters a and ¢ of cas-
siterite SnO, calculated using the (110) and (202) peaks as a func-
tion of Fe percentage. (c) Particle size of Sn;_,Fe O, as a function
of x calculated from the tetragonal cassiterite XRD peak (110). The
particle sizes determined from TEM are marked with stars in (c).
The reported magnitudes of the lattice parameters of bulk SnO and
SnO, are also shown in (a) and (b).

particles with different Fe doping concentrations, as shown
in Figs. 5(a) and 5(b). These particles were all elongated with
their aspect ratios and average L changing from ~1.25 and
70 nm, respectively, for x=0.01 to 1.7 and 25 nm for x
=0.05. The crystallite sizes match very well with similar es-
timates obtained from the XRD data [see Fig. 3(c)]. The
energy dispersive x-ray spectroscopy measurements carried
out on 1 and 5% Fe-doped SnO, samples showed Fe concen-
trations in reasonable agreement with the estimates obtained
from PIXE studies. The TEM images of the Sn,_,Fe O
samples showed the presence of large micron-sized particles

with a different shape, as shown in Fig. 5(c).

Two samples of SnjgsFeqs0, prepared at 350 and
900 °C were carefully investigated using TEM, selected area
electron diffraction, and EDX studies. TEM data, shown in
Figs. 6(a) and 6(b), clearly showed sintering effects and an
increase in the particle size as the preparation temperature
increased from 350 to 900 °C. Electron diffraction patterns
taken from several particles confirmed the SnO, structure in
both samples and no evidence for iron oxides or other impu-
rity phases were observed.

D. Mossbauer spectroscopy measurements

Three selected samples were investigated using Moss-
bauer spectroscopy, and their spectra are shown in Fig. 7.
The Sng ¢sFej 05O sample prepared at 200 °C showed [Fig.
7(a)] a well-defined doublet, suggesting that the incorporated
Fe is paramagnetic and in the 3+ oxidation state in an octa-
hedral environment. No evidence of any Fe® ions was de-
tected in this sample.

Experimental and fit-derived room-temperature (RT)
Maossbauer spectra of the Sng ¢sFeq 5O, sample prepared at
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FIG. 5. Panels (a) and (b) show TEM images of Sn,_.Fe O,
prepared at 600 °C with x=0.01 and 0.05, respectively. Panel (c)
shows the TEM image of Sn;_,Fe O prepared at 200 °C with x
=0.05.

350 °C are shown in Fig. 7(b). The spectrum displayed a
well-defined sextet (magnetic component; 24% spectral area)
and a central doublet (paramagnetic component; 76% spec-
tral area). The fit-derived parameters of the Fe sextet are
center shift §=0.38 mm/s, quadrupole shift parameter =
—0.1 mm/s, and hyperfine magnetic field B;;=503 T,
whereas the parameters of the doublet are 6=0.37 mm/s and
quadrupole shift €=0.85 mm/s.

It is evident from the fit-derived Mossbauer parameters
that the sextet feature (magnetic component of the sample) in
Fig. 7(b) is not due to crystalline bulk Fe oxides such as
magnetite, hematite, goethite, or maghemite.'*~'® Magnetite,
a mixed oxide of Fe?* and Fe®*, displays two well-defined
sextets in its RT Mossbauer spectrum.'# This is due to the
presence of Fe in both tetrahedral (Fe**) and octahedral sites
(Fe®* and Fe’* at 1:1 ratio displays a sextet peak due to Fe?>*
because of Verwey transition): A and B sites of the inverse
spinel structure. Hematite, on the other hand, displays a well-
defined sextet with By=51.8T, 6=0.37 mm/s and
£=—0.20 mm/s,'® which is not the case here. Goethite dis-
plays a well-defined sextet with By=38 T, 6=0.37 mm/s,
and £=-0.26 mm/s.'® It also appears from the derived
Mossbauer parameters that the sextet feature in Fig. 7(b) is
unlikely due to maghemite. The derived parameters are dif-
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FIG. 6. Panels (a) and (b) show TEM images of SnggsFeq 050,
prepared at 350 and 900 °C respectively.

ferent from those of synthetic pure maghemite with
5=0.23-0.35 mm/s, £=0.02 mm/s, and B;=50 T.'® The
experimental conditions employed to synthesize the binary
oxides in this study also imply nonformation of
maghemite.'?

The derived Mossbauer parameters of the central doublet,
which is due to contribution from paramagnetic Fe site(s) to
the sample, are not in favor of the formation of small particle
magnetite and goethite. Small-particle Fe oxides such as
magnetite (<10 nm),'"* goethite (<15 nm),"> and hematite
(<8 nm) (see Ref. 15) display a doublet at RT (well below
their magnetic ordering temperature) due to superparamag-
netism. The parameters of the doublet in Fig. 7(b), however,
are inconsistent with superparamagnetic iron oxides.'*-!”
The derived Mossbauer parameters of magnetite and hema-
tite are 6=0.22 mm/s and &=0to 0.6 mm/s, and o
=0.35 mm/s and &=0.49 mm/s, respectively, while the
quadrupole splitting of goethite is around £=0.48 mm/s.
Moreover, any such iron oxides, if present in the superpara-
magnetic nanoparticle form, cannot produce the hysteresis
loops with a finite coercivity (~60 Oe) observed in the mag-
netic studies (see Sec. IIT F). This observation along with the
nonformation of “large” particle magnetite, hematite, and
goethite (as mentioned above) in the sample implies absence
of conditions that dictate their formation.

Thus, the Mdssbauer data, shown in Fig. 7(b), suggests
that the sextet results from magnetically ordered Fe**, which
constitutes 24% of the incorporated Fe ions. This is in excel-
lent agreement with a similar estimate of Coey et al.’” on
pulsed-laser-deposited thin film samples of SngsFe( (5O, in
which they found 23% Fe in the magnetically ordered state.
Interestingly, the Mossbauer data of the same Sng 9sFe( 050,
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FIG. 7. Panel (a) shows the room-temperature Mdssbauer spec-
tra of SnggsFe(sO. Panels (b) and (c) show the room-temperature
Mossbauer spectra of SnggsFe( 5O, prepared at 350 and 600 °C,
respectively.

powder prepared by annealing the precipitate at 600 °C [see
Fig. 7(c)] showed mainly a doublet structure (corresponding
to paramagnetic Fe**) with very weak traces of the sextet
lines. This clearly suggests that the ferromagnetically or-
dered Fe* spins are converted to a paramagnetic spin system
as the preparation temperature increased from 350 to
600 °C.

E. X-ray photoelectron spectroscopy studies

The Fe 3p,,, XPS spectral region of Sn,_,Fe O, (prepared
by annealing the precipitate at 600 °C) samples with x
=0.01 and 0.05 are shown in Fig. 8. Similar data obtained
from hematite and maghemite phases of pure Fe,O5 prepared
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FIG. 8. XPS spectra of Sn;_,Fe O, prepared at 600 °C with
different values of x as indicated. Reference data obtained from
maghemite and hematite forms of Fe,O3 prepared under identical
synthesis conditions (but with no Sn precursors) are also shown.

under identical conditions are also shown for comparison.
The XPS peaks are not clearly visible in the 1% Fe-doped
samples; however, clear peaks were observed in
Sng gsFe( 9sO,. This discrepancy may be related to the lim-
ited Fe detection ability of the XPS system. The XPS peaks
of both hematite and maghemite phases occur at ~55.7 eV,
which matches well with literature reports.18 However, the
core level peak of Fe in Sn,_,Fe, O, (Fig. 8) and Sn,_Fe,O
(Fig. 9, 200 °C data) showed a slight shift to higher binding
energies (~56.5 eV) compared to the Fe oxides, indicating
the difference in the atomic environment surrounding the in-
corporated Fe ions. McIntyre and Zetaruk'® have reported an
Fe 3p,,» binding energy of 53.9 eV for the magnetite (Fe;0,)
form of iron oxide. Thus, the XPS data clearly suggest that
the Fe peaks observed from the Sn;_.Fe O, and Sn;_/Fe O
samples are not arising from any maghemite, hematite, or
magnetite inclusions in the samples. The relative peak posi-
tions of the Sn and O peaks in the samples did not show any
measurable change with Fe concentration, suggesting that
their chemical environments do not change significantly.
Atomic percentages of Sn, Fe, and O calculated using the
Sn 3ds,, Fe 3py,, and O 1s peaks are given in Table I.
Figure 9 shows the XPS data obtained from the
Sng gsFe( ¢sO and Sng gsFe( 050, samples prepared by anneal-
ing the same reaction precipitate at 200, 350, 450, 600, 750,
and 900 °C. In all these samples, the core level Fe peak was
observed at ~56.5 eV and no measurable shifts towards the
binding energies expected for magnetite (53.9 eV), hematite
(55.7 eV) and maghemite (55.7 eV) were observed when the
preparation temperature varied in the 350 to 900 °C range.
Although the Fe doping concentration was 5%, the Fe XPS
peaks systematically intensified with increasing preparation
temperature. Atomic percentages of Sn, Fe, and O calculated
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FIG. 9. Plot showing the XPS spectra of 5% Fe-doped samples

as a function of the annealing temperature. Reference data obtained

from maghemite and hematite forms of Fe,O3 prepared at 200 and

600 °C, respectively, under identical synthesis conditions (but with
no Sn precursors) are also shown.

using the XPS peaks as a function of preparation temperature
are given in Table I. Notwithstanding the difference between
the atomic concentrations obtained from PIXE and XPS, the
XPS estimates from Sng gsFe( sO, showed a systematic in-
crease in the Fe concentration from 0.7% to 6.2% as the
annealing temperature increased from 350 to 900 °C. As
mentioned above, the lower Fe estimates from the XPS data
may be due to the relatively lower detectability of Fe using
XPS. In the PIXE measurements discussed before, the Fe
concentration of the Sng¢sFe (5O, samples prepared in the
entire temperature range was always between 4% and 4.88%
and no such systematic variation with preparation tempera-
ture was observed. Compared to PIXE, which is responsive
to the entire bulk of the sample, XPS is a surface-sensitive
technique. Therefore, the increasing differences between the
Fe concentrations obtained from these two techniques clearly
suggest a gradual and systematic surface diffusion of the
doped Fe ions with increasing preparation temperature. This
suggests that the Sngg¢sFe( 50, samples prepared at lower
temperatures produce a more uniform distribution of Fe in
the entire crystallite. On the other hand, samples prepared at
higher temperatures showed significant diffusion of the in-
corporated Fe ions towards the particle surface as preparation
temperature increases to 900 °C.
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FIG. 10. Plot showing the XPS spectra of SnggsFe 50, pre-

pared at 900 °C along with that obtained from the same sample
after removing 10 and 20 nm of surface layer by Ar* ion sputtering.

To further confirm the Fe surface diffusion possibility,
XPS spectra were collected from the 900 °C prepared
Sng ¢sFe 9sO, sample employing Ar* ion sputtering to re-
move surface layers from the powder samples mounted on
carbon conductive tape (shown in Fig. 10). These measure-
ments showed a gradual decrease in the Fe concentration
from 6.23% in the as-prepared sample to 3.43% when a
20 nm surface layer is removed by Ar* ion sputtering (see
Table I). This fully supports the above conclusion that the
higher XPS estimates of Fe concentration obtained from
Sng gsFep9sO, samples prepared at higher temperatures
(=600 °C) are indeed due to Fe surface diffusion. The ob-
served dependence of the dopant diffusion effects on the
preparation temperature is in reasonable agreement with
similar studies conducted recently in Cu- and Fe-doped SnO,
by Davis et al.'® They have reported that the surface diffu-
sion of the transition-metal dopants in SnO, starts at prepa-
ration temperatures of 400 °C. They have also observed a
significant role of the dopants in inhibiting the grain growth,
as observed in our XRD and TEM data shown in Fig. 3(c).

F. Magnetic measurements
1. Sny_,Fe, O—concentration dependence

In Fig. 11(a), magnetization M of the Sn,_Fe,O samples
measured at 5 K is shown as a function of magnetic field H
along with their theoretical estimates obtained using the
modified Brillouin-function-based form?® for a paramagnetic
system, given by

M = MO{<ZJ;J- 1)coth[ (212-;1))}} - (é)coth(%)},
(1)

where y=gupJH/k(T+T,), M, is the saturation magnetiza-
tion, g=2.0023 is the spectroscopic splitting factor, up is the
Bohr magneton, and k is the Boltzmann constant. Based on
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FIG. 11. (a) and (b) show M vs H data for Sn,_,Fe, O samples
measured at 5 and 300 K, respectively. Similar M vs H data col-
lected from pure iron oxide (maghemite) prepared under identical
conditions (but with no Sn precursors) are also shown. Solid lines
through the data points are theoretical fits using Eq. (1).

the Mossbauer data discussed before, this analysis was car-
ried out assuming J=5/2 (expected for Fe’*). Here, T, is
included as a measure of the magnetic interaction between
the Fe spins, which prevents complete alignment of the spins
even at the highest magnetic fields employed.”® A larger T,
indicates stronger antiferromagnetic (AF) interactions be-
tween the disordered Fe spins. Magnitudes of M, and T,
obtained from this analysis are shown in Table II. M versus
H plots of Sn;_,Fe O samples measured at 300 K showed a
linear variation owing to the paramagnetic behavior, as
shown in Fig. 11(b).

Magnetization M of the Sn;_,Fe O samples measured as a
function of temperature 7 at a constant field H=500 Oe also
showed the expected paramagnetic behavior (see Fig. 12)
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FIG. 12. M vs T data measured with H=500 Oe from
Sn;_,Fe, O samples. Solid lines are theoretical fits using the modi-
fied Curie-Weiss law.

following the modified Curie-Weiss law x=xo+C/(T+6),
where xo=4(3) X 107 emu/g Oe represents weak nonpara-
magnetic contributions,”! Curie constant C=Nu?/3k (N
=number of magnetic ions/g, w=magnetic moment of the
ion) and @ is the Curie-Weiss temperature. These fits showed
an increase in C (as well as M) with x, as shown in Table II,
confirming the progressive doping of Fe ions. The positive
values of 6 indicate AF interactions between the Fe spins as
observed in other systems as well.?%?! Both 6 and T, de-
crease with x, as shown in Table II, indicating that the AF
interaction decreases with increasing Fe doping. This might
suggest that there are competing AF and ferromagnetic inter-
actions as x increases. However, more detailed investigations
are required to fully understand this behavior.

The pure iron oxide sample prepared under identical con-
ditions as Sn;_,Fe,O was strongly ferromagnetic [see Figs.
11(a) and 11(b)]. M versus T data, shown in Fig. 13, of this
sample indicated a blocking temperature 75 ~21 K, suggest-
ing the presence of nanoscale ferromagnetic particles. These
observations match very well with the XRD data showing
the formation of nanoscale maghemite. This also rules out
the presence of this phase in the Sn;_ Fe O samples, which
are all paramagnetic for x<0.05.

2. Sny_,Fe O,—concentration dependence

The room-temperature M versus H data of Sn;_.Fe O,
[Fig. 14(a)] showed a linear component superimposed on a

TABLE II. Variations of magnetization M, interaction temperature 7|,, Curie constant C, and Curie-Weiss

temperature 6 of Sn;_,Fe O as a function of x.

Sl’l]_xFexO
Fe Magnetization Interaction Curie constant (10~ Curie-Weiss
percentage M (emu/g) temperature Ty (K) emu K/g Oe) temperature 6 (K)
1 0.25 4.50 0.55 4.17
5 1.24 3.10 2.81 3.00
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FIG. 13. M vs T data measured with H=500 Oe for pure iron
oxide samples prepared at 200 °C (maghemite) and 600 °C
(hematite).

saturating ferromagnetic-like magnetization. If this linear
component y, is subtracted, the M- x,H data show satura-
tion of M expected for a ferromagnetic phase [Fig. 14(b)].
Variations of the saturation magnetization M, and x, ob-
tained from the M versus H data as a function of x are shown
in Figs. 15(a) and 15(b), respectively. At 5 K, the ferromag-
netic component is overwhelmed by a paramagnetic-like
component [Fig. 14(c)]. These data fit reasonably well with
the modified Brillouin function, assuming J=5/2. This indi-
cates that a fraction of the doped Fe is not participating in the
ordered magnetic state, in excellent agreement with the
Mossbauer results [Fig. 7(b)]. The exact nature of this com-
ponent became more evident in the M versus T data shown
in Fig. 16. This showed a paramagnetic variation described
by the modified Curie-Weiss law similar to their Sn,_,Fe O
counterparts (see Fig. 12), but offset by an amount y, most
likely due to the ferromagnetic component. It also confirms
that the linear component x, observed in the room-
temperature M versus H data [Fig. 14(a)] is also due to this
paramagnetic contribution present in the sample. Interest-
ingly, T,) and 6 [Fig. 15(c)] obtained from the M versus H
and M versus T data respectively, indicate that the interaction
between the disordered (paramagnetic-like) Fe** spins
present in Sn;_ Fe O, is AF in nature.

The pure hematite form of iron oxide, prepared at 600 °C
following an identical synthesis procedure but with no Sn
precursor, showed a weak magnetization [see Figs. 13, 14(a),
and 14(c)]. The most striking characteristics of bulk hematite
includes the sharp Morin transition near 263 K in the M
versus T data and a spin-flop (SF) transition at Hgp
~67.5 kOe in the M versus H data.'> Both of these transi-
tions were indeed present in our pure hematite as shown in
Figs. 13 and 14(c), although with reduced magnitudes pre-
sumably due to a smaller particle size of ~53 nm.?? These
transitions were clearly absent in all the Sn,_,Fe O, samples,
thus ruling out the presence of any hematite particles.

The Sn;_,Fe, O, samples showed well defined hysteresis
loops at 300 K (Fig. 17) with remanence M, and saturation
magnetization M, increasing gradually with x [see Figs.
15(a) and 15(b)]. The coercivity H, was in the range of
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FIG. 14. (a) and (c) M vs H data of Sn,_,Fe, O, measured at 300
and 5 K, respectively. (b) M- XpH as a function of H for the
Sn;_,Fe O, samples measured at 300 K. Solid lines through the
data points in (c) are theoretical fits using Eq. (1).

~60 Oe, which is significantly different from the value of
H_.=1844 Oe obtained for the pure hematite sample prepared
under identical conditions. The existence of a significant co-
ercivity in Sn;_.Fe O, samples clearly rules out their pos-
sible origin from nanoscale superparamagnetic particles of
iron oxides. It is well known that when magnetic materials
are prepared in nanoscale sizes, they demonstrate superpara-
magnetic behavior characterized by hysteresis loops with
zero coercivity above their blocking temperatures.>>->> Ab-
sence of bulk iron oxides (or nonsuperparamagnetic par-
ticles) was confirmed from Mossbauer data discussed before.
Finally, a T-=850 K was obtained for the 1% Fe-doped
SnO, sample by measuring M up to 1000 K (see Fig. 18).
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the Sn;_,Fe O, samples as a function of x.

3. Sny_,Fe Oy—temperature dependence

Annealing the reaction precipitate at temperatures be-
tween 350 and 900 °C produces the Sn,_,Fe O, phase. The
M versus H data measured from the Sny osFe( 05O, prepared
by annealing the same reaction precipitate at different tem-
peratures, shown in Fig. 19, clearly shows the presence of a
ferromagnetic component in samples annealed at 350, 450,
and 600 °C. Only a linear variation indicating a purely para-
magnetic behavior was observed in the sample prepared by
annealing at 750 and 900 °C. The saturation magnetization
M estimated after subtracting the linear paramagnetic com-
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FIG. 16. M vs T data measured with H=500 Oe from

Sn;_,Fe O, samples. Solid lines are theoretical fits using the modi-
fied Curie-Weiss law.

ponent Y, is plotted in Fig. 20. This clearly establishes the
fact that the ferromagnetic component is stronger when pre-
pared at lower annealing temperatures and it gradually de-
clines with increasing preparation temperature eventually
disappearing completely for preparation temperatures
>600 °C, in excellent agreement with Mossbauer data dis-
cussed earlier. The remanence M, obtained from the hyster-
esis loops, shown in Fig. 20, also decreases with preparation
temperature.

IV. DISCUSSION AND CONCLUSIONS
A. Intrinsic origin of ferromagnetism

The origin of ferromagnetism in dilute magnetic semicon-
ductor oxides has been extensively studied recently because
of the possible presence of weaker secondary phases.” This is
particularly important when the ferromagnetic component is
weak. Since the sol-gel preparation of the samples and their

NDET
2 1 SnHFeXO2 /gﬁA

- A
T = 300K P sure

A/A/A
0] //
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/AA -1 0 1
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s.AfA 0.3
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FIG. 17. Room-temperature hysteresis loops of Sn;_,Fe O, pre-
pared at 600 °C with x=0.05 (main panel) and 0.01 (inset). The
lines joining the points are for visual aid.
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Sng goFe( 010, sample measured with H=10 kOe as a function of
temperature, indicating a Curie temperature 7~ 850 K.

subsequent drying and annealing processes were all con-
ducted in air, it intrinsically eliminates the possibility of
forming metallic Fe particles. However, one could argue that
the ferromagnetism observed in Sn;_,Fe, O,, when prepared
in the 350 to 600 °C range, may be due to weak traces of
maghemite or magnetite phases of iron oxide formed in the
sample. The pure iron oxide samples prepared under identi-
cal synthesis conditions showed the formation of pure
maghemite when prepared at 200 °C and pure hematite at
600 °C. However, no ferromagnetism was observed in the
Sn;_,Fe O sample prepared by annealing the precipitate at
200 °C, which rules out the presence of any maghemite
phase undetected in the XRD data. Therefore, it is unlikely
that this phase will appear when the Sn;_,Fe O, sample is
prepared by annealing the same precipitate in the
350 to 600 °C range. Investigation of the phase transition of
pure iron oxide samples prepared under identical conditions
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FIG. 19. M vs H data of Sng gsFe( o50O,, prepared at the different
temperatures indicated, measured at 300 K.
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FIG. 20. Changes in the saturation magnetization M, and rema-
nence M,, along with the XPS estimate of surface Fe concentration
of the SnggsFeqosO, samples as a function of their preparation
temperature.

showed that the maghemite phase converted to the hematite
phase when annealed at temperatures above 350 °C, in
agreement with literature reports.'> Thus, it is very unlikely
to have the maghemite phase of iron oxide present in the
Sn,_,Fe O, samples prepared by annealing at temperatures
=350 °C.

The M versus H and M versus T data obtained from
Sn;_,Fe O, samples ruled out the presence of hematite due
to the absence of spin-flop and the strong Morin [see Figs. 13
and 14(c)] transitions. The hematite phase is thermally the
most stable phase and it undergoes a thermal reduction to the
magnetite (Fe;0,) phase only above 1200 °C.!? Thus, ther-
modynamically, the possible formation of the magnetite
phase can also be ruled out. Even if the magnetite phase is
formed, the observed disappearance of ferromagnetism when
prepared at temperatures above 600 °C (Fig. 20) is difficult
to understand.

Furthermore, careful analysis of the samples using XRD,
TEM, and selected area electron diffraction experiments
ruled out the presence of any iron oxide phases in the
samples. Finally, the Mdssbauer data, XPS spectra, and hys-
teresis loop parameters obtained from the Sn;_Fe O,
samples clearly ruled out the presence of any bulk or nanos-
cale magnetite, hematite, maghemite, or goethite phases of
iron oxide in the samples, as discussed before.

The systematic changes in the lattice parameters, particle
size and shape observed in XRD and TEM studies strongly
support the progressive incorporation of Fe into the SnO,
and SnO lattices with increasing x. The one-to-one match in
the relative changes in the saturation magnetization M and
lattice volume V [shown in Fig. 15(a)], observed in the
Sn;_,Fe O, samples, is a very strong result against any im-
purity being the origin of the observed ferromagnetism. It
also suggests a strong structure-magnetic property relation-
ship in these samples. The striking agreement between the
estimated magnetically ordered Fe** spins (~24%) in our
powder samples of Sng gsFe( (50, and the similar estimate of
ferromagnetic Fe** spins (~23%) in pulsed-laser-deposited
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and pure Fe,05, all prepared at 600 °C following identical synthe-
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Ref. 26.

thin films of Sn ¢5Fe (50, by Coey et al.” further underlines
the fact that the observed ferromagnetism in this system is
not due to impurity iron oxide phases formed under the dif-
ferent preparation conditions employed.

In a recent report, Kundaliya et al.?® have shown that the
room-temperature ferromagnetism observed in a Mn-doped
ZnO system?®?’ results from a metastable Mn,_,Zn O ,
type phase formed by the diffusion of Zn into Mn oxides. In
these studies, peaks due to pure and/or doped manganese
oxides were clearly observed in the XRD measurements
(plotted on log scale).?® In the present work, although the
saturation magnetization increases by about four times as Fe
concentration increases to 5%, no indication of pure or
doped iron oxides or other impurity phases is observed in the
XRD measurements (shown on log scale), as illustrated in
Fig. 21. In the selected area electron diffraction, XPS, or
Mossbauer spectroscopy studies as well, no evidence for the
presence of any such mixed phases in Sn;_,Fe O, in the
entire ranges of Fe concentration and preparation tempera-
tures were observed. The sol-gel-based chemical synthesis
employed in this work for the sample preparation is well
known to provide a uniform distribution of the dopant in the
host system at lower temperatures,'® as compared to the solid
state reaction used in the preparation of Mn-doped ZnO.2%%’
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However, given the relatively low magnitude of the sample
magnetization observed in Sn;_.Fe,O,, more experimental
investigations to observe anomalous Hall effect, and to un-
derstand the dependence of the ferromagnetic properties, es-
pecially T, on the Fe concentration, preparation tempera-
tures, and the carrier concentration of the samples are needed
to unambiguously rule out this possibility and to confirm the
origin of the observed ferromagnetism to be carrier-mediated
as predicted for dilute magnetic semiconductors.”

B. Fe concentration dependence

The systematic growth of both ferromagnetic and para-
magnetic contributions in Sn,_,Fe O, with increasing x
[Figs. 15(a) and 15(b)] suggests that the ferromagnetic com-
ponent is not growing at the expense of the paramagnetic
Fe** ions as Fe doping increases. In a recent paper, Coey et
al.” proposed a ferromagnetic exchange mechanism involv-
ing oxygen vacancies ([J), which form F-centers with
trapped electrons, for the observed ferromagnetism in Fe-
doped SnO, thin films. Overlap of the F-center electron or-
bitals with the d-orbitals of the neighboring Fe** spins to
form Fe’*-[-Fe** groups is crucial for the proposed ferro-
magnetic coupling. They have argued that doped Fe** spins
might also exist as isolated paramagnetic spin systems wher-
ever the F-center mediated ferromagnetic coupling is not
achieved due to lack of Fe** neighbors and/or oxygen vacan-
cies. In addition, any Fe**-0% -Fe®* superexchange interac-
tions will be AF in nature. As Fe doping concentration in-
creases, both ferromagnetic —and paramagnetic/AF
components will increase leading to the observed variations
seen in Figs. 15(a) and 15(b).

C. Role of host system

It is well known that the p-type semiconducting behavior
of SnO results from an excess of oxygen, whereas the exis-
tence of oxygen vacancies in SnO, make it an excellent
n-type semiconductor.? Interestingly, the XPS data obtained
for 1% and 5% Fe-doped SnO showed identical oxygen
atomic percentages (see Table I), whereas the oxygen con-
centration decreased in Sn;_.Fe O, with Fe concentration.
The Sn—O distance of 2.057 A in SnO, is lower than
2.223 A in SnO, and this might influence the overlap of the
electron orbitals. Thus, in Sn;_,Fe, O, Fe doping might favor
the formation of antiferromagnetic Fe’*-O%* -Fe®* groups,
whereas Sn,_,Fe O, will have a large number of ferromag-
netic Fe3*-[J-Fe®* groups because of the oxygen vacancies.
This might explain the observed AF interaction in Sn;_,Fe O
and ferromagnetism in Sn;_,Fe O,.

The Sn;_,Fe, O, system showed a strong structure-
magnetic property relationship, illustrated in Fig. 15(a),
where the increase in the saturation magnetization with Fe
concentration matches with the increase in the lattice con-
traction. Sn;_,Fe O, on the other hand, showed an expansion
of the lattice with increasing Fe concentration, and here no
ferromagnetism is observed. Changes in the internal or ex-
ternal lattice volume/pressure have been reported to produce
ferromagnetism in itinerant electron metamagnets.”®-3! Thus,
more investigations are required to understand the exact role
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of structural changes and internal pressure differences in the
observed ferromagnetism/paramagnetism of Sn;_Fe O,/
Sn;_,Fe O.

D. Preparation temperature dependence

Finally, the gradual decline and subsequent disappearance
of the ferromagnetic component of Sn;_Fe, O, as the prepa-
ration temperature increases (shown in Figs. 7, 19, and 20) is
another important result that needs to be discussed. Based on
the observed changes in the Fe XPS peak intensity shown in
Fig. 9 and the comparison of the concentrations estimated
from the PIXE and XPS data listed in Table I, it was con-
cluded that the Fe ions diffuse towards the particle surface as
the preparation temperature increases, in excellent agreement
with the findings of Ref. 19 (see Fig. 20). The lattice volume
plotted in Fig. 4(b) shows a gradual contraction of the lattice
as preparation temperature increases, presumably due to the
outward diffusion and rearrangement of the doped Fe ions in
the SnO, lattice as evidenced from the XPS data. However,
above 600 °C, the lattice expands, approaching the undoped
SnO, range, and this may be due to the expulsion of some of
the doped Fe ions out of the SnO, lattice, as also observed by
Davis et al.'® using extended x-ray absorption fine structure
spectroscopy. This suggests that low preparation tempera-
tures provide a relatively uniform distribution of the Fe dop-
ant ions in the host SnO, lattice, and this favors ferromag-
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netism. The high surface diffusion of the dopant atoms in
samples annealed above 600 °C causes the gradual disap-
pearance of this ferromagnetic behavior.

In conclusion, we have shown that powder samples of
chemically synthesized Sn;_,Fe O, with 0.005<x=<0.05 ex-
hibit RTFM, while their Sn;_,Fe, O counterparts show only
paramagnetic behavior. The T-=850 K obtained for the 1%
Fe-doped SnO, is among the highest 7. reported for
transition-metal-doped semiconductor oxides. Preparation
conditions have a strong effect on the observed magnetic
properties and might act as a useful control parameter. More
investigations are needed to confirm if the observed ferro-
magnetism is carrier-mediated.
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