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Abstract Recent studies have reported room-
temperature ferromagnetism (FM) in Fe doped SnO,.
The FM in semiconductors due to transition metal
doping has been argued to be carrier mediated.
Fluorine (F) doping in pure SnO, has been reported
to significantly increase the carrier concentration. In
this work, we investigated the role of F doping in the
range from 0% to 0.79% on the FM of chemically
synthesized single phase Sn;_,Fe, O, using X-ray dif-
fraction, UV-Vis spectrophotometry, particle-induced
X-ray emission, particle-induced gamma ray emission
and magnetometry. The saturation magnetization M;
(0.03 emu/g) increased by a factor of 2.5 and the
lattice volume and band gap energy decreased by
0.35 A% and 0.2 eV, respectively, with 0.67% F doping
(F/Sn atom %) compared to the sample without any
fluorine.

1 Introduction

Ferromagnetism in semiconductors has become an
area of great interest for use in spintronics
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applications [1, 2]. One strong candidate for dilute
magnetic semiconductors is Sn;_,Fe,O,, as outlined
in recent work [3, 4], showing above room-tempera-
ture ferromagnetism. However, the highest saturation
magnetization M, = 0.03 emu/g (0.018 up/Fe ion)
obtained in these samples was fairly poor. For
practical applications, the sample magnetization
needs to be further improved. The origin of the
ferromagnetic behavior has been argued to be car-
rier-mediated [5] and directly influenced by the
charge carrier concentration. Rakhshani et al. [6]
reported a significant increase in carrier concentra-
tion in the SnO, system when doped with F.
Therefore, we used additional fluorine doping in the
Sn;_,Fe, O, system to increase the carrier concen-
tration and investigated the effects of varying fluo-
rine concentrations on the physical properties of the
system. There is also evidence that the magnetism
produced by doping SnO, with transition metals is
related to changes in the chemical structure and
crystal lattice [7, 8]. It has been shown that in itin-
erant electron metamagnets [9-11], ferromagnetism
results from small changes in the internal pressure
and lattice volume [3]. In this work, the
SnggsFep 05O, system was additionally doped with F
as a means of increasing the carrier concentration of
the semiconductor. Our studies show that changes in
the magnetization of the material are directly related
to fluorine doping concentration and presumably
the consequent changes in the carrier concentration,
although further tests are needed to offer more
support for this argument. The sol-gel process was
employed to synthesize powder samples for this
study.
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2 Experimental details

Using a synthesis process described elsewhere [3],
varying amounts of HF were added during the reaction
stage to produce Sn;_,Fe,O, samples with a variation in
F concentration and a target Fe concentration of 5%.
The reaction precipitates were annealed at 600 °C.
Samples prepared under identical conditions but with-
out the tin chloride precursor resulted in hematite [3]
and were used for comparison to the Sn;_,Fe, O, sam-
ples as a means of ruling out the presence of impurity
phases in the material. Particle-induced gamma ray
emission (PIGE) and particle-induced X-ray emission
(PIXE) were used to determine the F and Fe concen-
trations, respectively. The PIGE analysis was carried
out using a F(p, oy)'°0 nuclear reaction to probe the
fluorine concentration. Samples were bombarded with
a 1.2 MeV proton beam and the resulting gamma
emission was measured with a bismuth germanium
oxide detector. The amount of fluorine present was
determined by calibrating the measurement against a
CaF, standard. PIXE and X-ray diffraction (XRD)
studies were conducted as described elsewhere [3].
Diffuse reflectance data was recorded on a Cary 5000
spectrophotometer on powder samples packed into a
horizontally mounted metal sample holder. A com-
mercial magnetometer (Quantum Design, PPMS)
equipped with a superconducting magnet was used to
conduct magnetic measurements as a function of mag-
netic field (0 to = 65 kOe). For the PPMS data, powder
samples were tightly packed into a clear plastic straw.

3 Results

3.1 Particle-induced gamma ray and X-ray
emission

Representative PIGE and PIXE spectra are shown in
Fig. 1. In Fig. 1a, spectra for two samples are shown,

Fig. 1 (a) PIGE for a CaF,
standard, system background 12 3 4

giving a variation in F content. A CaF, standard was
used as a reference to estimate the F concentration in
the sample after subtracting the background data (see
Fig. 1a). The Fe K, and Kj regions obtained from
PIXE are shown in Fig. 1b, demonstrating the small
differences in Fe concentration verifying the nominal
dopant concentration of ~5%. The estimated concen-
trations of both F and Fe for each sample are outlined
in Table 1.

3.2 X-ray diffraction

XRD spectra showed strong tetragonal SnO, peaks
with weaker orthorhombic peaks, as seen in Fig. 2.
Also shown are the expected positions for the ortho-
rhombic phase and cassiterite form of SnO, as well as
those for romarchite SnO. Clearly, cassiterite is the
dominant phase mixed with a small degree of the
metastable orthorhombic phase. The hematite lines do
not appear in any of the spectra and rule out the
formation of these iron oxides to the detectability limit
of the XRD (~1.5%) [3]. Results of analyzing the XRD
spectra are shown in Fig. 3 and Table 1. The average
crystallite size estimated using the (101) and (202)
peaks increased from 164 A t0 261 A for 0.67% F over
the sample without fluorine (See Fig. 3a). The lattice
volume (Fig. 3a) revealed a maximum level of lattice
contraction for 0.67% F doping, decreasing from
71.2 A% to 70.8 A>. This may be due to the substitution
of 1.3 A radius F ions at the sites of 1.4 A radius O
ions. Fig. 3b demonstrates that the change in tetrago-
nal lattice parameter a is more pronounced than the
changes in parameter ¢, indicating that the co-incor-
poration of the dopants results in stretching or com-
pressing of the lattice primarily in the a-direction,
altering the tetragonality of the lattce. Figure 4c shows
the orthorhombic fraction [7] steadily decreasing as
fluorine is introduced into the system. This is an
important effect since in Fe doped SnO, samples
investigated earlier [3], the orthorhombic phase
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Table 1 Concentrations of Fe and F dopants within SnO, and the resulting physical properties

Fe% from F% from Lattice Band gap Orthorhombic Saturation magnetization Remanence M, Coercivity
PIXE PIGE volume (A®) (eV) phase fraction M, (emu/g) (emu/g) H. (Oe)
0 0 71.42 3.60 0.12 - - -
4.7 0 71.20 2.75 0.39 0.03 0.0048 53
4.5 0.51 71.15 2.74 0.16 0.063 0.0069 29
5.4 0.67 70.85 2.55 0.11 0.076 0.0073 30
4.8 0.79 71.16 3.02 0.05 0.013 0.003 49
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Fig. 2 XRD spectra of Sng 9sFe.0s0,-,F, samples with reference
lines of orthorhombic SnO, (marked O), romarchite SnO
(marked R), and cassiterite SnO, (marked C) phases and
hematite (marked H)

fraction steadily increased with Fe doping concentra-
tion suggesting the possibility that the orthorhombic
SnO, phase may be responsible for the observed fer-
romagnetism. The observed decrease in the ortho-
rhombic phase fraction with F doping will allow us to
determine if this phase is responsible for the observed
ferromagnetism in these powders, as discussed in the
following sections. The orthorhombic phase has been
primarily observed in nanoparticles and thin films
which are expected to have a large number of defects.
The systematic decrease in the orthorhombic phase

XRD and lattice volume and (b) tetragonal lattice parameters a
and ¢ of SnggsFeppsO, powders as a function of fluorine
concentration

fraction with F concentration, shown in Table 1 and
Fig. 4c, might indicate a decreasing defect concentra-
tion and/or improvement in the lattice structure.

3.3 Optical measurements

Figure 4a shows diffuse reflectance for pure SnO,, a
5% hematite/cassiterite physical mixture and pure
hematite and Fig. 4b shows the same for 0%, 0.67%
and 0.51% F doped SnggsFeposO, powder samples.
The absence of the characteristic absorption feature at
550 nm of the hematite sample in the SngosFeg 050>
samples with and without F in Fig. 4b helps rule out
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Fig. 4 (a) Diffuse reflectance of pure SnO, powder, a 5%
hematite/cassiterite physical mixture and that of pure hematite,
(b) diffuse reflectance of 0.51% and 0.67% F doped
SngosFep0sO, and (c) band gap energy E, estimated from
diffuse reflectance and orthorhombic fraction x, determined
from XRD as a function of fluorine concentration

the presence of hematite within the powders. The
variation of the band gap energies determined using
the Kubelka—Munk function F(R) = (1-R)*2R, shown
in Fig. 4c, give a minimum of 2.55 eV for 0.67% F
doping, down from 2.75 eV for the SnggsFeq 502
sample without fluorine. For all of the samples inves-
tigated, the band gap energies were much lower than
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the expected 3.6 eV for bulk pure SnO,, ranging from
2.55eV to3.02eV.

3.4 Magnetic measurements

M versus H data recorded at room temperature shown
in Fig. 5a reveal that samples have a linear paramag-
netic component y, [3] superimposed on a ferromag-
netic-like saturation. The resulting magnetization after
subtracting the linear paramagnetic susceptibility y,, is
shown in Fig. 5b. The saturation magnetization of the
Sng gsFeq 05O, sample is increased by a factor of 2.5
with 0.67% F doping, shown in Fig. 6. This suggests
that the ferromagnetism in this system is controlled by
the F dopant concentration and the resulting changes
in the carrier concentration and/or lattice volume and
electronic structure of the material. The F concentra-
tion of 0.51% had a similar effect on the saturation and
remanent magnetizations as 0.67% doping. Magnetic
remanence, in general, followed the same trend as the
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Fig. 5 (a) Room-temperature M versus H of 0%, 0.51% and
0.67% F doped Sng osFeq 5O, and (b) M—y,H versus H of same,
obtained by subtracting the linear component
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Fig. 6 Saturation magnetization M, and remanent magnetiza-
tion M, of SnggsFeposO, powders as a function of fluorine
concentration

saturation magnetization for each sample (Fig 6).
However, for the 0.79% F doped samples, the overall
magnetic moment decreases significantly. A similar
reverse effect was also observed in the lattice volume
and band gap, thus indicating that F doping above
0.67% disturbed the ferromagnetic interaction proba-
bly due to the changes and disorder in the lattice
structure, although a complete understanding of the
actual reason behind this change needs more investi-
gations. The F doped Sn; .Fe,O, samples showed
coercivity ranging from 30 Oe to 53 Oe.

4 Conclusions

Additional dilute fluorine doping into the Sn;_,Fe, O,
system has drastic effects on the structural, optical and
magnetic properties of the material. The ferromagne-
tism in Sng gsFe( 050, was successfully enhanced by the
addition of fluorine into the system. The ferromagnetic
parameters M, M, and H,, the band gap energy E, and
crystal lattice parameters are all modified when adding
varying fluorine concentrations. No impurities were
detected in any of the samples investigated. The carrier

concentration of tin dioxide is expected to increase
with fluorine doping and the enhanced ferromagnetism
observed in our fluorine doped SnggsFe( ¢sO, samples
might indicate that the ferromagnetism may be carrier-
mediated. However, to confirm this, detailed electrical
studies including anomalous Hall effect measurements
are necessary, which will be undertaken in the future.
The results also show that the dominant cassiterite
SnO; phase, and not the weaker orthorhombic SnO,
phase fraction, is responsible for the ferromagnetic
behavior in Sn;_,Fe O»,.
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