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Iron doped semiconducting nanoparticles Sn; _,Fe,O, with x=0, 0.001, 0.002, 0.003, 0.004, 0.01 and 0.03
were prepared by a sol-gel method. The X-ray diffraction, Transmission Electron Microscopy measure-
ments confirm the rutile structure with no impurity phase. The three characteristic lines of electron spin
resonance (ESR) are observed in the doped samples for all compositions, which is a clear evidence for
rhombic Fe** in rutile phase. The line width of ESR increases with increase in Fe concentration due to
induced disorder. The spin-pumping effect is observed at temperatures below 250 K for the samples with
x=0.01 and 0.03. However, based on the Curie-Weiss susceptibility, iron is in paramagnetic state and is
subject to weak antiferromagnetic interaction. Blue shift in the optical band gap is observed with increase

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

During the last few years, there has been extensive interest in
the diluted magnetic semiconductors (DMSs) for their potential
applications in spintronic devices that allow the control of both the
spin and charge carriers [1,2]. Although there is an interesting
physics behind the mechanism of ferromagnetism in DMSs [3-7],
the low saturation moment and the low Curie temperature (T¢)
make them hardly usable in practical devices. The first dilute
magnetic semiconducting property was observed in intrinsically
p-type Mn-doped GaAs around 110 K [8]. Theoretical calculations
predicted room-temperature ferromagnetism with exchange inter-
action mediated by p-type free carriers in transition-metal doped
ZnO and GaN semiconductors [9]. Recently various experiments
have carried out on ZnO [10-13],ZnS [14], Sn0, [4,15,16], TiO5 [17]
and Cr doped CuZnSe, [ 18] DMS, regarding the presence or absence
of ferromagnetism. Adhikari et al. [19] reported the synthesis of Fe
doped tin dioxide (SnO;) nanoparticles by a chemical coprecipita-
tion method and found that the antiferromagnetic interaction
reduces with the increasing Fe content. Lee et al. [20] reported that
the ferromagnetic characteristics were enhanced by increasing the
Fe content in TiO, samples.

Among various semiconductors, SnO, has a wide band gap
(Eg=3.6 eV at 300 K) with n-type carriers [21,22], which makes it
a potential system to become room temperature DMS by doping
with magnetic ions. However, the controversy between the intrinsic
or extrinsic ferromagnetism must be clarified before one can really
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design the related devices. Coey et al. [4] reported a high Curie
temperature of 610 K in a Sng gsFeg 50> thin film. In this work, we
prepare a series of Fe-doped SnO, nanoparticles for studying the
detailed magnetic behavior of this system via the electron spin
resonance (ESR) measurements. ESR is a powerful tool to study the
local spin-structure of iron ions. Important information can be
obtained concerning the interplay of different interactions through
a study on various ESR parameters such as resonance field H,,
g-value, peak-to-peak line width and resonance intensity. In parti-
cular, the local symmetry of Fe-ion can be explored by monitoring its
fine-structure via the modification of oxygen vacancies [23]. It was
shown that if charge compensation occurs in the nearest-neighbor
02~ ion shell, a large distortion in the octahedral symmetry occurs,
and a significant change of the intrinsic Fe** fine-structure tensor
could be induced.

2. Experimental details

Fe doped SnO, nanoparticles for the nominal composition of
Sn, _,Fe,0, are x=0.0, 0.001, 0.002, 0.003, 0.004, 0.01 and 0.03
were prepared by the sol-gel method. After 3.5 g of tin chloride
(hydrous SnCl,-5H,0) dissolved in 75 mL of distilled water at
80 °C, citric acid was added to reach pH=1.5. Appropriate amount
of ferric chloride (FeCl;-6H,0) was dissolved in distilled water
along with 6 mL of poly glycol with continuous stirring for 10 min.
Ammonia solution (NH;3-H,0—28%) was then added dropwise
until pH=8. The hydrolysis product is stirred for 3 h to form a gel.
Finally, the samples were dried at 120 °C for 12 h and calcined at
400 °C in air for 2 h. The X-ray diffraction (XRD) patterns were
obtained using Bruker 8. Transmission Electron Micrographs (TEM)


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2010.11.010
mailto:jglin@ntu.edu.tw
dx.doi.org/10.1002/pssa.201026179

200

were recorded in (JEOL-TEM 2010) with an accelerating voltage of
200 kV. The electron spin resonance (ESR) spectra of powder
samples of all compositions were recorded at various temperatures
(T) from 300 to 80 K using an X-band Bruker ER-041 spectrometer.
The magnetic measurements were carried out using a super-
conducting quantum interference device (SQUID, Quantum Design
MPMS-XL7). The optical absorption measurements were per-
formed in a JASCO-V-670 spectrophotometer.

3. Results and discussion

Fig. 1 shows the powder X-ray diffraction (XRD) patterns of pure
and Fe doped SnO, samples. All peaks are indexed based on the
tetragonal lattice of SnO, (rutile structure). The diffraction data are
in good agreement with JCPDS file no. 21-1250.The diffraction
planes are broadened, and the intensity decreases by increasing the
Fe content due to the decrease in crystallite size by increasing the
Fe content. The peak position also shifts towards lower angle
indicating the expansion of lattice (see Table 1). In general, when an
element of smaller ionic radii (Fe>*,0.64 A)is substituted for a large
size jonic site (Sn**, 0.71 A), the lattice constants decrease. In the
case of Fe doped SnO, Adhikari et al. report [19] that the lattice
parameters do not indicate a definitive trend in variation. In our
samples, we do observe the increase in ‘c’ lattice constant as well as
the cell volume by increasing the Fe content. Since the valence of
Fe3* is different from Sn**, we speculate that the oxygen defect
may be the another factor to influence the size of unit cell. No
impurity peaks are observed in all measured samples. The absence
of secondary phase may be attributed to the superiority of the
sol-gel method in yielding a sample with dopants distributed
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Fig. 1. XRD patterns of Sn; _yFe 0, (x=0.0,0.001, 0.002, 0.003, 0.004, 0.01 and 0.03)
nanoparticles.

Table 1
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homogenously without clustering or segregation [24]. The lattice
parameters and average crystallite size of samples determined
from the Scherrer equation are given in Table 1. The TEM image of
Sn; _4Fe,0, (x=0.01) is shown in Fig. 2. The crystallite size of the
sample with x=0.01 is found to be isolated and nearly spherical in
shape. The selected area electron diffraction (SAED) pattern is also
shown in the inset of Fig. 2. From the SAED rings, it is identified to
have a rutile structure with diffraction planes corresponding to
(110),(101),(200),(211),(220),(002) and (310). No impurity phase
could be identified. The distribution plot fitted with a Gaussian
profile is shown in Fig. 3. The average crystallite size obtained is

‘ L4
Fig. 2. TEM micrograph of Sn;_,Fe,O, (x=0.01) nanoparticles with the inset
showing the corresponding SAED pattern.
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Fig. 3. Size distribution plot from the TEM micrograph of Sn;_,Fe,O, (x=0.01)
nanoparticles.

Lattice parameters, cell volume, average crystallite size and band gap values of Sn; _ Fe,0, (x=0, 0.001, 0.002, 0.003, 0.004, 0.01 and 0.03) samples.

Sample ID a=b (A) c(A) Cell volume (A3) Crystallite size (nm) Band gap (eV)
Pure SnO, 4.724 3.175 70.856 18.75 4.06
0.001 Fe in SnO, 4.723 3.178 70.902 17.25 4.18
0.002 Fe in SnO, 4.749 3.177 71.677 16.0 4.21
0.003 Fe in SnO, 4.762 3.189 72.315 15.37 435
0.004 Fe in SnO, 4.772 3.215 73.236 14.73 4.39
0.01 Fe in SnO, 4.764 3.226 73.217 12.8 4.44
0.03 Fe in SnO, 4.762 3.226 73.157 11.10 4.47
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11.5 nm; this is in good agreement with the size obtained from XRD
results (Table 1).

The ESR spectra were taken for all the samples. No ESR signal
was detected in the undoped SnO,. Fig. 4 is the plot of derivative of
ESR spectra at 80K for all doped samples and Fig. 5 is the
temperature dependent ESR spectrum for x=0.004. In both the
figures, three lines are observed, which are denoted as g1, g> and g3
with the dashed lines marking the positions of resonance field H,.
The effective g-factor is determined according to the equation
g=hv/ugH,, where h is Planck’s constant, v is the microwave
frequency and up is the Bohr magneton. The g-values of three
lines are g; ~4.2 +0.1, g, =~ 5.6 + 0.1 and g3 =~ 8.1 + 0.1, which are
the typical values corresponding to the isolated rhombic Fe>* ions
in rutile structure [25]. These resonance spin states occur as a
consequence of strong crystal fields and are related to the spin-
orbit coupling constant, the orbital reduction factor and the
energy-level splitting of the () states of the Fe** ion [26,27].
Fig. 6 shows the values of three g-values vs. T, indicating clearly that
they are nearly a constant at all temperatures. AH is defined as the
peak to peak line width, and the typical AH for the strongest peak
increases by decreasing T and increasing x as shown in Fig. 7. The
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Fig. 4. ESR spectra of Sn;_,Fe,O, (x=0.001, 0.002, 0.003, 0.004, 0.01 and 0.03)
at 80 K.
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Fig. 5. Temperature dependence of the ESR spectra of Sn; _,Fe 0, (x=0.004).
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Fig. 6. g-Values at different temperatures of Sn; _,Fe,O, (x=0.004) extracted from
the ESR spectra.
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Fig. 7. Temperature dependence of ESR line width of Sn, _Fe,O, nanoparticles.

increase in AH by decreasing T is related to the thermal effect on the
spin relaxation time and by increasing x is due to the enhancement
of ionic disorder. The number of spins in a unit volume is propor-
tional to the area under the major ESR line and can be determined by
its double integral. The T-dependent area for all doped samples is
shown in Fig. 8 indicating an up-shift of curve with increase in x.
However, the rate of increase with decreasing temperature for all
doped samples is nearly the same except for the samples with high
x. For x=0.01 and 0.03, the spin number starts to increase sharply
below T=250 K, implying an extra spin-pumping.

The field cooled (FC) and zero field cooled (ZFC) magnetization
M as a function of T for Sn; _yFe,O, with x=0.01 and 0.03 are shown
in Figs. 9(a) and (b), respectively. The FC- and ZFC-M(T) curves
almost coincide in both figures, showing a typical paramagnetic
behavior. For a quantitative assessment of the intrinsic exchange
coupling between Fe ions, Curie-Weiss plots are made from the
inverse molar susceptibility (1/y) vs. T based on the FC-M(T) curves
in a magnetic field of 500 Oe for Sng ggFeg 0102 and Sng g7Fe( 0302, as
shown in the inset of Figs. 9(a) and (b). The inverse susceptibility
can be well fitted using the Curie-Weiss law
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Fig. 8. Temperature dependence of relative number of spins (Ns) of Sn; _Fe,O,
nanoparticles from the ESR spectra.
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Fig.9. M(T)curves of Sn, _,Fe,O, nanoparticles withx=0.01 (a) and x=0.03 (b). The
respective inset shows the variation of the inverse susceptibility with temperature.

where Cis the Curie constant and 0 is the Curie-Weiss temperature.
Value of 0 is —6.78 and —14.33 for samples with x=0.01 and 0.03,
respectively, indicating the existence of antiferromagnetic inter-
actions in the ground state. In conjunction with the ESR data, it is
reasonable to suggest that the isolated Fe>* ions in Sn; _ Fe,0, are

paramagnetic but experience weak antiferromagnetic interaction.
Compared to the previous ESR study in Co-doped ZnS [14], it is our
speculation that the absence of ferromagnetism in Sn, _,Fe,0, may
be because of the lack of free carriers.

The UV-visible absorption spectra of SnO, and Fe doped SnO,
samples are shown in Fig. 10. Broad and asymmetrical peaks occur
at about 200-350 nm, which is distinct from the case of the bulk
sample. The broad peak is attributed to the electron-hole pairs
caused by the quantum confinement, i.e. an exciton energy level.
The optical band gap is determined from the peak position. The
asymmetrical shape of the exciton absorption peaks cannot be
explicitly explained at the present stage but might be attributed to
the collisions between excitons by thermal vibration. A small shift
towards the lower wavelength region in the absorption edge of tin
oxide is observed with increasing Fe content. Based on the XRD, the
crystallite size of the samples decreases from 18.75 to 11 nm by
increasing the Fe content (see Table 1). It is clear from the band gap
estimated from the absorption spectra of nanoparticles to show a
blue shift by increasing the Fe content (inset of Fig. 10). According
to Kayanuma’s theory [28] on the quantum confinement of an
electron-hole pair in a spherical well, the band-gap energy E; is
determined by the characteristic distance (or radius, R) in the
following equation:

Wm*  1.786e% 0.124e*w

0
Es(R)=Eg+ 5 o ——x 2

(2)

where ¢ is the dielectric constant, R is the particle radius, is the
Plank constant and pu=(1/m;+1/m})~! (m; and mj are the
effective masses of electron and hole, respectively). The second
term is the quantum confinement energy for electron and hole in a
spherical particle, which is larger than the Coulomb attraction
energy and the exchange energy (the third and fourth term) as R
decreases. As shown from the equation, the band-gap energy E,
increases with decrease in particle size. The estimated band-gap
energy E, and crystallite size R for various Fe contents are shown
using Eq. (2). It is clearly demonstrated that the nanometer-sized
particles exhibit quantum size effect with blue shift (absorption
edge was found to shift to shorter wavelength) of band-gap energy
with an increase in the Fe content as shown in the inset of Fig. 10
and Table 1. Similar size effect has been reported in case of doped
Sn0, and TiO, nanoparticles with shift towards lower wavelength
region in their absorption spectra [29,30].
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Fig. 10. Optical absorption spectra of Sn; _,Fe 0, (x=0.0,0.001, 0.002, 0.003, 0.004,

0.01 and 0.03) nanoparticles. Inset shows the blue shift in the band gap of SnO,
nanoparticles as a function of Fe concentration.
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4. Conclusions

In this work, a series of Fe doped SnO, nanoparticles was
prepared by the sol-gel method. Structure of the samples is found
to be rutile and the crystallite size is found to decrease with Fe
content. The g-values of the ESR spectra reveal that the nature of Fe
in Sn; _,Fe,O, samples is isolated rhombic Fe3>* ion in rutile phase,
and the line width of ESR increases with increase in Fe**-content
due to the ion induced disorder effect. The temperature dependent
magnetization confirms that the Fe>*-jons have weak antiferro-
magnetic interactions. However, for the samples with high Fe
content (x=0.01 and 0.03), an extra spin-pumping is observed
below 250 K. The optical absorption spectra of Fe doped SnO,
nanoparticles showed a blue shift in the band gap compared to the
undoped SnO, sample.
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