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1

ABSTRACT

TITLE : CHARACTERIZATIONS OF TRANSITION METALS DOPED SnO,

NANOPARTICLE PREPARED BY AUTOCOMBUSTION TECHNIQUE

BY : MALEE PRAJUABSUK

DEGREE : MASTER OF SCIENCE

MAJOR : CHEMISTRY

CHAIR : TAWEESAK SUDYOADSUK, Ph.D.

KEYWORDS : DILUTED MAGNETIC SEMICONDUCTOR / AUTOCOMBUSTION /

TRANSITION METAL / TIN OXIDE / NANOPRTICLES

The Sn, TM, O, 5 nanoparticles samples (TM = Cr and Co with x £0.015 and Fe with
x < 0.300) were prepared by the autocombustion technique. The XRD patterns of all samples
exhibit a single tetragonal rutile phase without any trace of an impurity phase. The particle size is
in the range of 5 - 20 nm. The diffuse reflectance spectra show the d-d band transition of the
substituted transition metal ions. The band gap energies are in the range of 3.2 - 3.8 eV.
The Sn, TM O,s nanoparticles samples with x < 0.015 exhibit the weak ferromagnetic-like
behavior at room temperature, while the high level dope Fe (0.100 < x <0.300) the samples show

a superparamagnetic characteristic.
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CHAPTER 1

INTRODUCTION

Diluted magnetic semiconductors (DMS) are semiconducting materials in which
a fraction of the host cations can be substitutionally replaced by magnetic ions or appropriate rare
earths. Much of the attention on DMS materials is due to its potential application in what is now
called “Spintronics” devices, which exploit spin in magnetic materials along with charge of
electrons in semiconductors [1]. The magnetism in DMS is due to the finite magnetic moments
localized at impurity ions. Consequently, in order to fabricate a DMS, one can choose a certain
atom to incorporate into the host materials in such a way that the finite magnetic moments appear
at lattice sites or other places in the host and an impurity band is formed in the band gap. Anather
approach to driving a semiconductor ferromagnetic is to introduce magnetic ions into
non-magnetic semiconductors [2]. In these ferromagnetic semiconductors, a part of the lattice is
made up of substitution magnetic atoms. Transition metals that have partially filled d states (Ti,
V, Cr, Mn, Fe, Co, Ni and Cu) and rare earth elements that have partially filled f states (e.g. Eu,
Gd, Er) have been used as magnetic atoms in DMS. The partially filled d states or f'states contain
unpaired electrons, in terms of their spins, which are responsible to exhibit magnetic their
behavior. In DMS materials, the delocalized conduction band electrons and valence band holes
interact with the localized magnetic moments associated with the magnetic atoms. Generally,
when 3d transition metal ions are substituted for the cations in the host, the resultant electronic
structure is influenced by strong hybridizations of the 3d orbitals of the magnetic ion and mainly
the p orbitals of the neighboring host anions. Those hybridizations give rise to the strong
magnetic interaction between the localized 3d spins and the carriers in the host valence bands.
Due to the necessity that the DMS materials must exhibit ferromagnetism with a critical
temperature above room temperature in order to have practical applications in spintronics devices,
so that the Curie temperature (7' C), is naturally deemed to be the bottleneck issue.

There are two major criteria for selecting the most promising materials for
semiconductor spintronics.  First, the ferromagnetism should be retained to above room

temperature (high Curie temperature i.e. >300 K). Second, the electrical and optical properties of



ferromagnetic semiconductors should allow for spin manipulation. An essential task is to find
a DMS with the Curie point above room temperature. Theoretical developments are rekindled
hope for a possibility of ferromagnetism in DMS above room temperature [3].

Many promising applications of ferromagnetic semiconductors have been already
demonstrated for amorphous III - V semiconductors such as (Ga,Mn)As [4]. When divalent
transition metal ions substitute for trivalent cations in a III - V host, holes are also introduced,
which are believed to mediate the observed ferromagnetic ordering in these systems. The Curie
temperature (7,) are generated, but have not reached the room temperature values. The new DMS
having 7. beyond room temperature is desired for future devices. A possible scenario of
increasing T, of ferromagnetic semiconductors is theoretically proposed to use wide band gap
semiconductors and can be doped heavily with n-type carrier as host materials. This feature
serves an important role as the transparent conductor that is used for various applications. Among
them, oxide semiconductors are one of the promising candidates to realize high T, ferromagnetic
semiconductors.

Generally, oxide semiconductors have wide band gaps, i.e. transparent for visible
light, and can be doped heavily with n-type carrier. This feature serves an important role as the
transparent conductor that is used for various applications. Recently several oxide-based DMSs
have been reported to be robust, room temperature ferromagnetism. In 2001, Matsumoto et al. [5]
first experimentally reported about room temperature ferromagnetic in Co-doped TiO, thin films,
but the obtained magnetic moment is still very modest. Since then, a lot of competitions have
been going on in the field, where to look for a new simply ferromagnetic compound at room
temperature, or to find large magnetic moment materials. Since the mechanism that governs the
magnetism in this kind of systems is still not clear, and actually rather controversial, many
research groups have been trying to elucidate these issues. With the aim to verify somehow these
debating issues, systematic investigations on magnetism of transition metals (TM)-doped oxide
semiconductor such as TiO,, SnO,, In,0, and ZnO have been done. Many researchers on TM-
doped oxide semiconductors have been reports. However, there still has been a little report on
- TM-doped SnO,,

Tin oxide (Sn0O,), an n-type semiconductor with a wide band gap, is an attractive host
lattice for the investigation of DMS ferromagnetism. It is natively n-type because of oxygen

vacancies, a high carrier density, and a structure similar to that of TiO,, the lattice in which high



Curie temperature (7,,) oxide DMS ferromagnetism was first discovered [5]. Its high optical
transparency, electrical conductivity, and chemical sensitivity make it a very attractive material for
several applications. In addition, it can be easily synthesized at low cost with excellent quality.

In this work, the optical and magnetic properties of transition metals doped SnO,
were studied. In order to avoid the formation of transition metal particles, a wet chemical route
was chosen to prepare the samples. Therefore, transition metal doped SnO, nanoparticle samples
(Sn,,TM, 0O, 5), which TM = Cr and Co with x < 0.015 and Fe with x < 0.30, were synthesized by
the autocombustion technique. The novel autocombustion method could be initiated at low
temperature, self-propagating and gas producing. In such situation, the auto-combustion method
was a simple, fast and energetically attractive method that could be adopted for the bulk
production of high purity metal oxides. In addition, there was a control over stoichiometry,
homogeneity and purity. It was easy to dope desired amount of impurity ions. The fine powder
samples were then characterized in several techniques such as XRD, SEM and TEM. Moreover,
band gap energies and magnetic properties of these nanoparticles were investigated.

In summary, the scopes of this work were:

(1) To prepare the transition metals doped SnO, nanoparticles (Sn, , TM, O, 5, where
TM = Cr and Co with x £0.015 and Fe with x < 0.30) by using the autocombustion technique;

(2) To characterize the physical, optical and magnetic properties of these

nanoparticles.



CHAPTER 2

LITERATURE REVIEW

The purpose of this Chapter is to introduce the essential background knowledge
in order to understand the diluted magnetic semiconductor (DMS) material. It was divided into
four sections. Firstly, the DMS phenomena are described in Section 2.1. Ferromagnetism in the
DMS is definited in Section 2.2. In Section 2.3, the history of the early works on the DMS
materials is reviewed either the DMS based on TiO, and ZnO or the DMS based on SnO,. Finally,

the preparation method, especially autocombustion technique is given.

2.1 Diluted Magnetic Semiconductors (DMS)

Semiconductors with magnetic elements as dopants are interesting in semiconducting
and magnetic properties, and they are known as magnetic semiconductors. These compounds
exhibit various magnetic properties such as ferromagnetism and antiferromagnetism depending on
the amount and identity of magnetic elements present. The Diluted Magnetic Semiconductors
(DMS), as shown in Figure 2.1, are alloys between a non-magnetic semiconductor and a lower
concentration of magnetic elements. Therefore, semiconducting and ferromagnetic properties
coexist in these materials. This leads to important technological applications since the charge and
the spin of the electron could be used on the same device. At the same time, the underlying solid
state system has an enormous interest for basic science.

The applications of semiconductors mainly depend on the ability to dope them with
impurities to change their properties. Thus the enormous success of conventional semiconductor
devices is solely based on the charge carried by electrons. The spin of electrons has been used in
information storage in magnetic materials. Magnetic semiconductors give both properties of
electrons, charges and spins, simultaneously in semiconductors. This field is often referred to as
spintronics (spin-based electronics). The ability to manipulate electron spin in semiconductors is
expended to lead to the development of remarkable improvements in electronic systems and

devices used in photonics, data processing, and communication technology. The predicted



advantages of these new devices are no volatility, increased data processing speed, decreased
electric power consumption, and increased integration densities compared with conventional

semiconductor devices.

® @ @
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(a) (b) (c)

O and

Figure 2.1 Schematic illustration of (a) a magnetic semiconductor, which has a periodic array of

= nonmagnetic elements, @ = magnetic elements

a magnetic element, (b) a diluted magnetic semiconductor (DMS), an alloy between
a nonmagnetic semiconductor and a magnetic element and (c) a non-magnetic

semiconductor, which contains no magnetic ions. (adapted from Ref. [6])

2.2 Ferromagnetism in DMS

Ferromagnetic materials have a large and positive susceptibility to an external
magnetic field. They exhibit a strong attraction to magnetic fields and are able to retain their
magnetic properties after the external field has been removed. All ferromagnetic materials have
atomic magnetic moments that are aligned parallel to each other within small regions, called
domains. In these domains, large numbers of atom's moments are aligned parallel so that the
magnetic force within the domain is strong. In the absence of an applied field, there is no net
magnetic moment or field generated by the material because the magnetization direction of each
domain is randomly oriented. When a magnetizing force is applied, the domains become aligned
to produce a strong magnetic field within the part.

Ferromagnetism will tend to stay magnetized to some extent after being subjected to
an external magnetic field. This tendency to remember their magnetic history is called hysteresis.
During magnetization of the materials, domains have a component in the direction of the applied

field which will grow at the expense of those that do not. Once all of the unfavorably oriented



domains have been eliminated by domain wall movement, the magnetization direction of the

single domain that remains will be rotated to be parallel to that of the applied field as seen in

Figure 2.2.

Magnetization (M)

Deosspnetized
Sate

Magnetic Field (H)

Figure 2.2 The magnetization directions of the single domain.

During magnetization, an increasing magnetic field is applied to the material until
a saturation point is reached. Upon removing this applied field, a permanent magnet material will
not follow the same path down to magnetic field = 0, instead, it will retain some of its magnetism.
The path is a key tool in the quantitative analysis of permanent magnet performance. A hysteresis
loop shows the relationship between the magnetization (M) and the magnetic field (H).
An example hysteresis loop is shown in Figure 2.3.

The loop is generated by measuring the magnetization of a ferromagnetic material
while the magnetizing force is changed. The ferromagnetic material that has never been
previously magnetized or has been thoroughly demagnetized will follow the dashed line as H is
increased. As the line demonstrates the greater the amount of current applied (H+), the stronger
the magnetic field in the component (M+). At point "a", almost all of the magnetic domains are

aligned and an additional increase in the magnetic field will produce very little increase in



magnetization, The materials have reached the point of the saturation magnetization (M). When
H is reduced to zero, the curve will move from point "a" to point "b". At this point, it can be seen
that some magnetizations remain in the materials even though the magnetic field is zero. This is
referred to as the point of the remanence magnetization (M) or level of residual magnetism in the
materials. As the magnetic field is reversed, the curve moves to point "¢", where the
magnetization has been reduced to zero. This point is called the coercivity field (H) of the

materials.

Magnetization ( 3£)

Ssturation

Magnetic Field (H)

Figure 2.3 The relationship between the magnetization (M) and the magnetic field (H) hysteresis

loop.

As the magnetic field is increased in the negative direction, the material will again
become magnetically saturated but in the opposite direction (point "d"). Reducing H to zero
brings the curve to point "e". It will have a level of residual magnetism which equal to that
achieved in the other direction. Increasing H back in the positive direction will return M to zero.
Notice that the curve do not return to the origin of the graph because some forces are required to
remove the residual magnetism. The curve will take a different path from point "f" back to the

saturation point to complete the loop.



2.3 DMS Materials

A magnetic semiconductor is expected to be a promising candidate material for
the next generation spintronics devices utilizing electronically or optically controlled magnetism.
In 1992, Ohno et al. [7] reported magnetotransport properties of a new diluted magnetic
semiconductor based on a III.V semiconductor (p type (In,Mn)As). They showed ferromagnetism
in epitaxial films of (In,Mn)As grown by molecular beam epitaxy (MBE). The Curie temperature
was ~35 K. Moreover, in 1996 [4], they grew (Ga,Mn)As films by solid source MBE. The lattice
constant of the films was found to increase with the increase of Mn concentration. Well-aligned
inplane ferromagnetic order was observed by magnetization measurements. The Curie
temperature was ~110 K. However, the highest Curie temperatures in the single phase samples
reported for these materials are too low for most practical applications. Moreover, arsenic is the
important ion for air pollution. Several researchers have since then reported observation of room
temperature ferromagnetism in doped semiconductors. A considerable attention has been paid to
semiconductors doped with ferromagnetic metals (Co, Fe, Ni, etc.). Therefore, new DMS having

T, beyond room temperature is desired for future devices.

Compared to non-oxide semiconductors, the advantages of oxide semiconductors are:
(1) wide bandgap suited for applications with short wavelength light, (2) transparency and
dyeability with pigments, (3) high n-type carrier concentration, (4) capability to be grown at low
temperature even on plastic substrate, (5) ecological safety and durability, and (6) low cost, etc.
Such their advantages make oxide semiconductors attractive. There have been several reviews on
the magnetic oxide semiconductors [8-9]. Various ferromagnetic oxide semiconductors have been

reported so far; however, the ferromagnetism has been still a matter for strong debate.

2.3.1 DMS Based on TiO,
Titanium dioxide (TiO,) has been extensively studied for its unique properties,

both physical and chemical properties. The TiO2 is a wide band gap semiconductor. Anatase TiO,

has been shown by Matsumoto ez al. [5]. They reported that TiO, doped with the concentration of
cobalt between 0 and 8% are ferromagnetic at room temperature. Films of Ti,Co O, were made

on LaAlO, (001) and SrTiO, (001) single crystal substrates by combinatorial laser MBE.



No phase segregation was indicated by TEM images. An increase in spontaneous magnetization
with the increase of Co content was observed. Presence of hysteresis in the magnetization curve
indicated room temperature ferromagnetism, with the magnetic moment of 0.32 Bohr magnetons
per cobalt atom (£4,/Co). The films were transparent in the visible and infrared region and had
a band gap of 3.1 eV. Matsumoto et al. [5] agreed that a possibility of Co clusters cannot be
completely ruled out though, XRD and TEM showed no sign of metal granules. In a later article,
they stated that room temperature ferromagnetism exists in rutile phase of Ti, Co,O, with
a moment of 1 ££,/Co atom for 3% Co substitution.

Chambers et al. [10] had grown Ti,_ Co, O, films by MBE on SrTiO;, substrates. They
reported a magnetic moment of 1.26 £4,/Co for films with x = 0.03, significantly higher than the
moment reported by Matsumoto et al. [5]. Chambers ez al. [10] also reported that the cobalt
distribution in their films depends strongly on growth conditions leading to some of their films
being nonmagnetic. Thus a moment of 1 14,/Co was expected. In nonmagnetic films, they found
that cobalt had segregated to the surface of the film. In a later, Chambers et al. [11] reported
segregation of Co-enriched TiO, anatase clusters nucleate on epitaxial TiO, anatase grown on
LaAlO, (001) by oxygen plasma assisted MBE. In extreme case almost all the incident Co
segregated to the clusters yielding a nanosclae ferromagnetic phase that was not ferromagnetic in
homogeneous films of the same Co concentration. Room temperature ferromagnetism (moment
~1.7 i) in TiO,:Co transparent films grown on both LaAlO, (001) and SrTiO, (001) substrates by
Pulsed laser deposition (PLD) was reported by Stampe et al. also [12]. In some cases even exceed
the value for Co metal (1.76 £4,/Co) [13] and the different room temperature magnetic moments in
Co-doped TiO, were reported ~1.7 £4,/Co [14] and 0.16 H/Co [15]. For transition metal dopants
other than Co, it is very difficult to derive trends from the available experimental information,
since there is much less of it available. However, electronic structures of transition metals-doped
TiO, have been investigated [16]. Furthermore, the room temperature ferromagnetism in anatase
TiO, has been frequently exploited to claim ferromagnetic oxide-based DMS [17-18]. Actually,

many studies on TiO,-based DMS have been reported as summarized in Table 2.1.
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2.3.2 DMS Based on ZnO

7ZnO is a I - VI semiconductor with a wide band gap of about 3.35 eV, It is
a well-known piezoelectric and electro-optic material, and can be easily deposited in thin film
form. There are wide applications in electronic devices such as transparent conductor, thin film
gas sensor, varistor, etc. The stable crystal structure of ZnO is a wurtzite, in which each atom of
zinc is surrounded by four atoms of oxygen in tetrahedral coordination. Transition metal-doped
ZnO has the potential to be a highly multifunctional material with coexisting magnetic,
semiconducting, electromechanical, and optical properties. Most of the initial experimental works
on transition metal-doped ZnO have focused on thin films with Mn or Co doping.

The first experiment on Mn-doped ZnO was performed by Fukumura et al. [32], who
prepared Zn, ,,Mn,, O films using pulsed laser deposition (PLD) on a polished c-plane sapphire
substrate. The substrate temperature was maintained at 873 K and the oxygen partial pressure
at 10° Torr. X-ray diffraction measurements showed that the films were of the wurtzite structure
without any impurity phases. In addition, electron-probe microanalysis confirmed that the Mn in
the film was distributed homogeneously. Magnetic properties were measured using a SQUID
magnetometer, which indicated spin-glass behaviour with a freezing temperature of ~13 K and
a large Curie-Weiss temperature suggesting strong antiferromagnetic exchange coupling.

The first report of ferromagnetism in Co-doped ZnO was made by Ueda et al. [33],
for thin films of Zn,_Co O (x = 0.05 - 0.25) prepared using PLD on sapphire substrates. The films
were formed with 1% Al atomic weight added to increase the carrier concentration. Both
Zn,,,Co, O and Zn ,,Co O showed ferromagnetic hysteresis loops with saturation magnetic
moments of 1.8 and 2.0 £4,/Zn, respectively. The saturation magnetization and Curie temperature
increased with increasing in the carrier concentration. However, the claims concerning the
existence of ferromagnetism have diverged. Several researches claimed nonferromagnetic
behaviors of ZnO doped with TM, whereas the other groups claimed ferromagnetic behavior of
the same compounds. The reported values of 7, scatter from 30 to 550 K [17-18, 34]. Actually,
many studies on ZnO doped with various kinds of transition metals have been reported as

summarized in Table 2.2.
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2.3.3 DMS Based on SnO,

One of the other wide band gap oxide semiconductors, tin oxide (Sn0O,), has
been investigated as the transparent electrode and gas sensor material. SnO, crystal has a rutile
structure with an octahedral coordination similar to anatase TiO,, where the body-centered cation
has six neighboring oxygen ions, forming octahedral ligands of oxygen. The octahedral
coordination of ligand field creates about 9/4 times larger crystal field than the tetrahedral
coordination, hopefully leading to different from the existing DMS. SnO, is an n-type
semiconductor with a wide band gap of ~3.6 eV [50]. Its high optical transparency, electrical
conductivity, and chemical sensitivity make it a very attractive material for solar cells, heat
mirrors, catalysis, and gas-sensing applications. In addition, it can be easily synthesized at low
cost with excellent qualities. This material has once again captured the attention of scientific
community due to its application potential in the areas of the spintronics.

The first report of SnO, DMS was studied by Kimura et al. [50], who prepared the
epitaxial thin films of an oxide-DMS with a rutile structure, Sn, Mn O, and Sn,_ Mn O, : Sb
which x = 0, 0.05, 0.11 and 0.34. These films were fabricated by pulsed laser deposition (PLD)
method on polished sapphire substrates. The optical properties showed the in-gap absorption and
the magnetization measurement exhibited paramagnetic behavior. The first report room
temperature ferromagnetism was performed in Co-doped SnO, by Ogale et al [51].
The Sn, Co,0, 5 which x<0.3 thin films were prepared by PLD. At low dopant concentration,
it was seen to be ferromagnetic, with a Curie temperature close to 650 K. Moreover, the strong
ferromagnetic behavior at room temperature with a giant magnetic moment as high as
7.5+ 0.5 14/Co ion was also observed, and it was seen to drop rapidly with increase in the
Co content.

Punnoose et al. [52] prepared high purity powder samples of Co-doped SnO, with
x < 0.05 using a wet chemical method. The precipitates were annealed in air at temperatures in
the range of 623 - 873 K. Interestingly, SnO, samples doped with < 1% Co atomic weight
showed room temperature ferromagnetism with significantly high coercivity (~630 Oe), moderate
remanance (~31%) from the hysteresis measurements. The saturation magnetization had a lower
magnetic moment of 0.133 z4,/Co ion (compared to ~1.67 £4/Co ion for Co metal). Room

temperature ferromagnetism has been observed a detail in Co and Fe-doped SnO, powders
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focusing the preparation temperature at 873 K [53]. The high temperature magnetic
measurements of Sn, ,,Co, ;,0, obtained a Curie temperature 7, of 440 K. In addition, the results
of a detailed investigation of the structural, optical, and magnetic properties of chemically
synthesized pure and Co-doped SnO, powders in several techniques were presented [54].
The Sn,  Co O, samples were prepared at 873 K. Increasing the Co doping concentration to > 1%
led to completely destroy the ferromagnetism.

The magnetism of Fe-doped SnO, was investigated by Coey et al. [S5]. The powder
samples were first prepared by a solid-state reaction of SnO, and FeO at 1423 K. They were
ferromagnetic, with magnetic moment of ~1.2 z4/Fe, and a Curie temperature of 360 K. The thin
films were then grown by PLD on R-cut sapphire substrates. The Curie temperature was 610 K.
The net ferromagnetic moment was 1.8 £4,/Fe, which was greater than that of their oxide powders.
The Mossbauer spectra showed that the iron was all high-spin F e

Moreover, Punnose et al. [56] reported the room-temperature ferromagnetism in
chemically synthesized powder samples of p-type SnO and n-type SnO, by doping them with Fe.
The precipitated of Snj,Fe,,,0, was annealed at different temperatures between 473 and
1173 K. The powder samples of Sn;_Fe O, with 0.005 < x < 0.05 showed room-temperature
ferromagnetism, whereas only paramagnetic behavior was observed in Sn_FeO. The
ferromagnetic Sn, 4, Fe, O, showed T, = 850 K. With increasing Fe doping, the lattice parameters
of SnO, decreased and the saturation magnetization increased.

Preparation of grown Cr-doped SnO, thin films on various kinds of substrates showed
different ferromagnetism beyond room temperature as confirmed by Hong et al. [57]. The
Sny45Cry 5O, thin films grown on LaAlO, substrates had a giant magnetic moment of 6 M/Cr,
which was 20 - 30 times larger than that of films grown under the same conditions on SrTiO, and
R-cut sapphire substrates. Moreover, in Sn .V, O, [58] and Sn, o:Ni; <O, [59] thin films grown
by the PLD technique on LaAlO,, SrTiO, as well as R-cut ALO, substrates all showed the
different room temperature ferromagnetism. No ferromagnetism was observed in V-doped SnO,
thin films grown on Al O; substrates but thin films on either LaAlO; or SrTiO, substrates were all
ferromagnetic above a room temperature with T, of about 400 K. The V-doped SnO, films grown
on LaAlO, substrates had a large magnetic moment of about 3 £4,/V, which was larger than on
StTiO, substrates. In addition, the Ni-doped SnO, films on LaAlO, substrates had a large

magnetic moment of about 2 ££,/Ni, also greater than on SrTiO, and Al,0, substrates.
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Furthermore, Fitzgerald er al. [60] reported the room temperature ferromagnetism in
Sn, o\ TM,, (5O, (TM = Mn, Fe, Co) polycrystalline samples. The samples were prepared by a solid
state reaction method and sintered at 1423 K. The room temperature ferromagnetism was
observed in Sny,Mn,, O, and Sn,,Fe 0, with magnetic moments of 0.11 £4/Mn and
0.95 u,/Fe ions, respectively. In addition, Curie temperatures were 340 K and 360 K for 5% Mn
and Fe-doped SnO, samples, respectively. The Co-doped samples were paramagnetic at room
temperature. Moreover, Cr- and Fe-doped SnO, films still were reported by Wang et al. [61].
Sn, Fe O, and Sn, Cr,O, thin films with x = 0, 0.02, 0.06, 0.10, 0.20 were deposited on ALO,
substrates by pulsed-laser deposition. The X-ray diffraction peaks of Cr-doped samples exhibited
a systematic shift toward higher angles with increasing Cr concentration. This indicated that Cr
dissolved in SnO,. On the other hands, XRD experiments did not show similar results for
Fe-doped films. The magnetization curves indicated that the Cr-doped SnO, films were
completely paramagnetic. The Fe-doped SnO, samples were ferromagnetic at 300 and 5 K.

In addition, a maximum room temperature ferromagnetic was observed by Gopinadhan et al. [62].

properties. The synthesis of the metal oxide materials is achieved either by solid state reaction or

by wet chemical methods. Traditionally, multi-component ceramics have been prepared by solid
state methods, which involved physical mixing of hydroxide, oxide, carbonate, nitrate or sulphate
raw materials followed by high temperature treatment, approximately 1373 K, for a lengthy period
to enable the formation of the target compounds. It is well known that the solid state reaction
needs a high calcination temperature and leads to uncontrollable large grain growth, segregation of
dopant oxides and possible loss of stoichiometry due to volatilization of reactants at high
temperatures. Furthermore, this method has inherent disadvantages as chemical inhomogeneity,
coarse grain sizes and entrance of impurities during the milling process.

The wet-chemical processes are also advantageous over a conventional solid-state

synthesis in terms of better compositional homogeneity and purity of the final product especially
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in case of electro-ceramics for which electrical functions are governed by small amounts of
dopants. Usually, the techniques start from the preparation of a precursor solution, in which the
ions are well mixed on a molecular scale. The solid precursors may be amorphous or crystalline
single phases with a homogeneous or inhomogeneous composition or physical mixtures of such
phases that are high value-added inorganic materials with controlled microstructure and
properties. Several physical methods have been developed for the preparation of metal oxide
nanocrystallines including tin dioxide powders, involving spray pyrolysis [63], sol-gel [64],
co-precipitation [65] and hydrothermal [66] methods. However, these methods are quite
involved; requirement of long processing time, costly chemicals and special equipment. The
co-precipitation is generally preferred because it is easier to be implemented and it has a relatively
lower cost compared with the others, but the contaminations of chloride ions cannot be
avoided [67], affecting the surface and the electrical properties.

Also when one wants to homogeneously dope a metal ion (2-5%) into the oxide
matrix, one has to disperse the dopant using tedious procedures. Therefore, there is a need to look
for an alternative to these methods and practices. Recently, several variants of self-sustaining
combustion synthesis have been developed. The novel autocombustion method can be initiated
at low temperatures, self-propagating and gas producing. The autocombustion technique has
recently attracted much attention due to its simplicity and capability to deliver the nanocrystalline
powders in a surprisingly short time with improved characteristic such as high surface area and
better sinterability. This method has the advantage of inexpensive precursor, facile preparation
method, low annealing or calcination temperature, energy-efficiency and a resulting nanosized
particle [68]. Moreover, this process has a control over stoichiometry, purity of the final product
and excellent chemical homogeneity due to the aqueous solution mixture of initial reagents and, as
a result, favors the production of desired phases or ceramics [69]. It enables the preparation of
a variety of materials such as intermetallic compounds, metal carbides, oxides, borides and
nitrides and is easy to dope desired amount of impurity ions. Tin oxide nanocrystalline powders
prepared from this method are also reported [70-72].

Autocombustion is a novel way and a unique combination of the combustion process
and the chemical gelation process. A solution containing the oxidizing metal nitrates and fuels
such as citric acid, glycine, hydrazine and urea is heated to form a polymeric gel followed

by a combustion process due to an exothermic redox reaction between fuel and nitrate anions.
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The organic compound acts as fuel for the combustion reaction, and the gelling agent fixes the
metallic ion stoichiometry and prevents selective precipitation as the solution is concentrated.
Only when the oxidizer and the fuel are intimately mixed in a fixed proportion, they initiate an
exothermic chemical reaction that generates plenty of heat. When the heat evolved is more than
the heat required for the reaction, the system becomes self sustained. The precursor powder is
further calcined to form the required crystalline ceramic phase. Citric acid is more widely used,
since it not only functions as a reductant/fuel agent, but also a chelating agent. The molar ratio of
fuel to nitrates in the initial mixture imposes a great influence on calcinations condition and the
subsequent characteristics of the synthesized crystallites. Generally, in combustion synthesis large
volume of gases are generated during the combustion reaction in a short interval of time which
makes the product foamy and soft agglomerate of fine particles. Therefore the product obtained in
combustion synthesis can be easily brought down to fine particles by minimum mechanical

milling.



CHAPTER 3

EXPERIMENTAL TECHNIQUES

In this study, transition metal doped SnO, nanoparticle samples (Sn, TM O, 5, where
T™M = Cr, Co with x < 0.015 and Fe with x < 0.30) were synthesized by the autocombustion
technique. The autocombustion method can be initiated at a low temperature. This method was
a simple, fast and energetically attractive method that can be adopted for the fine bulk production
of high purity metal oxides. Moreover, the control over stoichiometry, homogeneity and purity
was applied. The desired amount of impurity ions were easily doped in samples.

The fine powder samples were characterized by powder X-ray diffraction (XRD)
technique. The diffraction patterns were then analyzed with the Rietveld method [73-74] using the
FULLPROF program [75]. Crystallite sizes of the particles were also obtained from
diffractograms using both Scherrer’s equation and Williamson-Hall Plot (WHP) method.
Transmission electron microscopy (TEM) was employed to study the microstructures. Band gap
energies that explained conduction property of the compounds were obtained from UV-VIS-NIR-
Spectroscopy technique. Moreover, the magnetic properties were investigated by using vibrating
sample magnetometer (VSM) at a room temperature.

In the first section in this Chapter (section 3.1), a schematic diagram describing the
experimental procedures was presented. Section 3.2 described the preparation of the Sn, TM O, 5
nanoparticle samples by the autocombustion method. The physical characterization methods
including structural, optical measurement and microstructure were described in section 3.3.

Finally, the magnetic measurement procedure was detailed.



3.1 Schematic Diagram of the Experiment
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Figure 3.1 Schematic diagram of the experimental process in this study.
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3.2 Nanoparticles Preparation

The nanoparticle powders Sn, TM O, 5 (where TM = Cr and Co with x £ 0.015, and
Fe with x < 0.300) were synthesized using the autocombustion method. The starting materials
were tin(IV) chloride pentahydrate (SnCl,-5H,0, Acros organics, 98%), Cobalt(Ill) nitrate
hexahydrate (Co(NO,),*6H,0, Fluka, 99%), Chromium(III) nitrate nonahydrate (Cr(NO,),"9H,0,
Fluka, 97%), Ferric(Ill) nitrate nonahydrate (Fe(NO,),"9H,0, Fluka, 99%), citric acid
monohydrate (HOC(COOH)CH,COOH), 'H,0, Fluka, 99%), ethylene glycol (HOCH,CH,OH,
Fluka, 98%) and dilute nitric acid (1 M HNO,, BDH, 69%).

The concrete process was carried out as follows: the appropriate proportion of
SnCl,-5H,0 and metal nitrate salts were first completely dissolved in deionized water to be stock
solutions with concentration of 0.4 M and 0.02 M, respectively. These stock solutions were then
mixed to form a homogeneous transparent aqueous solution with the stoichiometric ratio of tin and
transition metal ions into 300 mL of the mixture of 60% citric acid monohydrate and 40%
ethylene glycol aqueous solution. Citric acid monohydrate was added into the prepared aqueous
solution to be chelating agent. Dilute nitric acid was then slowly added to this mixed solution to
convert all the metal ions into respective nitrates and enhance the combustion process. During this
procedure, the aqueous solution was continuously constant stirred in order to homogenize the
solution. The solution was then evaporated on a hot plate under constant stirring and kept at a
temperature of around 393 K. After the water was completely removed slowly, the solution
converted into a black gel. The gel was subsequently swelled into foam and simultaneously burnt
in a strong self-propagating combustion reaction to give a dark fine powder. The entire
combustion process was over after a few seconds. To complete decomposition of the organic
residue, the resulting black ashes were then calcined at three different temperatures (773, 873 and
973 K) for 4 hrs in an ambient atmosphere (Furnace Model CWF 1200, CARBOLITE). The final

fine powder was then ground and stored for characterization.
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3.3 Physical Characterization

3.3.1 X-ray Diffraction (XRD) Measurements
Desired phase formation in the nanoparticle samples was confirmed by the
room temperature powder XRD measurement of the well ground powder sample using
a Philips X’Pert-MDP X-ray powder Diffractometer (PW 3040/60) using CuKo. radiations
(Aegay = 1.54056 A and ey = 1.54439 A) with Ni filter. The measurements consisted usually
of recording the X-ray diffraction intensities at 26 angle from 20° to 100° with a step scan of
0.02° and a counting time of 8 seconds per a step. The diffractometer was operated at 40 kV
and 35 mA.
3.3.1.1 Structure Refinement
The X-ray diffraction patterns were then analyzed with the Rietveld
method [73-74] using the FULLPROF program [75]. The initial data of Sn, TM O, for analyzing
were the tetragonal rutile structure of SnO, (JCPDS File No. 41-1445) with a = b = 4.738 A, and
¢=3.187 A. Space group was P42/mnm (No. 136).
The Rietveld refinement was whole-pattern-fitting structure refinement of diffraction
data using a least-squares method. The least-squares procedure used the Newton-Raphson or

Marquardt algorithm to minimize the quantity, S, defined as:
8 =2 w(3,(0bs) - y,(calc))’ 3.1

where y(0bs) was the observed intensity. y(calc) was the net intensity calculated at point 7 in the
pattern. w, was the wight quality which equal to 1/y(obs).

The basis of the Rietveld method was calculated by using the following equation;

K
yi(calC)=yi(bgnd)+Z ZG;:[k (3.2)

P k=kf

where, y(bgnd) was the background intensity calculated at point 7 in the pattern. G, was peak

profile function of phase p. The analytic functions including a pseudo-Voigt and modified
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pseudo-Voigt have been usefully described XRD peak shape [76]. I, was the intensity of the &

Bragg reflection and was given by expression

I, =8M,L|F,| P, 4,E, (3.3)

where, S was the scale factor, M, was the multiplicity, L, was the Lorentz-polarization factor and

F, was the structure factor which

F.=>71 exp[?_m'(hr’rj ~ B h, )J (3.4)
=

where f; was the scattering factor of atom j, and 7,, r, and B, were matrices representing the Miller
indices, atomic coordinates and anisotropic thermal vibration parameters, respectively, and the
superscript j indicated matrix transposition. The factor P, was intended to describe the effect of
preferred orientation. The factors 4, and E, were the adsorption and extinction correction,
respectively.

From Equation (3.2), y(calc) was calculated using the following information:

(1) Lattice parameters to determine peak positions;

(2) Atomic positions and displacement parameters to determine peak intensities;

(3) 26-dependent analytic functions to describe the peak shape and peak widths;

(4) A description of the background intensity

In Rietveld refinement, the calculated powder diffraction pattern was compared, point
by point, with the experimental powder diffraction pattern, and selected parameters defining the
structural model and describing the profile were adjusted by least-squares method to give the best
fit. Several criteria can be used to assess the agreement between the experimental and calculated
diffraction patterns. Definitions of the most commonly used agreement factors [77] were

Weighted Profile Factor:

Z w, [yl. (obs) -, (calc)]2
R B S

(3.5)
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Ideally, the final R, value should approach the statistically the expected R (R, ) value:

I
(V-P)
R =100 '————F+"~*— 3.6
- Zwiyi (ObS) GO
Profile Factor:
Z[yi (obs)—y,. (cach
R =100- 3.7
! Z Yi (Ob s ) 67
Bragg Factor:
Z I obsh I cale,h
Ry =100 (3.8)
Z ]obs,h
)
Crystallographic R -Factor:
Z F obs,h Fcazc,h
Rp=100-2 (3.9)
Z E)bs,h
h
Goodness of Fit indicator or chi-square (Xz):
Z w; [yi (0bS)—- Yi (Calc)]z
gt =- (3.10)

N-P

where N was the number of data points in the experimental powder diffraction pattern and P was
the number of parameters in the refinement. A X2 factor greater than about 2.25 was a strong

indication of an inadequate model or a false minimum. A value of XZ factor less than 1.0,
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however, was an indicator not of an extremely high quality refinement but of a model that

contained more parameters than can be justified by the quality of the data.

Durbin-Watson statistic (DW-stat):

N
z Ay, - Ay,
DW-stat==2— (3.11)

g

where Ay, = y(obs)-y(calc).

The DW-stat value was used to indicate the quality of the fit of the calculated
Bragg reflection profile functions to the actual observed profiles. The ideal value for the DW-stat
was 2.0.

The important thing in refinement was to obtain a physically meaningful result
rather than the lowest R factors. There were now many academic programs available free for
carrying out Rietveld refinement, including FULLPROF [75], GSAS [78-79], DBW [80-81],
RIETAN [82] etc.

In this study, the FULLPROF program was used to analyze and refine the XRD data.
The pseudo-Voigt function was chosen to generate the line shape of the diffraction peaks. In the
Rietveld refinement, the following parameters were refined: scale factors (S), background points,
zero--points error, unit cell parameters, atomic positions, pseudo-Voigt corrected for asymmetry
parameters and overall thermal displacement (B) factors.

3.3.1.2 Crystallite Size Determination
A perfect crystal extended in all directions to infinity, so it can say that
no crystal was perfect due to its limited sizes. Such a deviation from perfect crystallinity led to
broadening of the diffraction peak. However, this type of peak broadening was negligible
when the crystallite size was larger than 200 nm. Crystallite size was a measure of the size of
a coherently diffracting domain. Due to the presence of polycrystalline diffracting domain

aggregates, crystallite size may not be the same thing as particle size.
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Scherrer’s Equation
If the crystallites of the powder are very small the peaks of the pattern will
be broaden. From the broadening it was possible to determine an average crystallite size by

Debye-Scherrer in 1918 [83-84], which used the Scherrer equation as :

Do kA
B, (20)cos @

(3.12)
where D wss the averaged dimension of crystallites. % was the Scherrer constant, somewhat
arbitrary value that falls in the range of 0.89-1.39 (it was usually assumed to be 0.89 for sphere
crystal). A was the wavelength of the X-ray radiation. [, ,(20) was the integral breadth of
a full width at half maximum (FWHM) of each peak in radians. € was the position of the
maximum of diffraction.

Williamson-Hall Plot (WHP) method

In 1953 Williamson and Hall [85] proposed a simplified integral breadth method for
crystallite size and lattice strain contributions to line broadening as a function of 26, The lattice
strain in the material also caused broadening of the diffraction peaks, which can be represented

by the relationship

IBstrain = 477 tan 9 (3.13)

where ..., was the integral breadth of the lattice strain and 77 was the strain in the material.

frain

The width, 3, of the diffraction peak after subtracting the instrumental effect can be

considered as the sum of width due to small crystallite size and lattice strain:
= ﬂsize + strain (3 14)

and from Equation (3.12) and (3.13) they got

p= A +4ntand (3.15)

Dcos@
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Multiplying Equation (3.15) by cos#, they got

ﬂcosé’=%+4nsin6’ (3.16)

The Williamson-Hall plot of Scosé@ (y-axis) against 477sin# (x-axis) which get
a straight line with slope 477 and intercept kA/D. The y-intercept can be used to calculate
crystallite size (<D>) by using the appropriate values of k (generally taken to be = 1.0) and A,
while strain can be calculated from the slope.

Broadening of X-ray diffraction peak was easily apparent in patterns obtained with
a diffractometer. There were three factors to arise the broadening of diffraction peaks;
instrumental effects, crystallite size and lattice strain. The broadening was evaluated by
measuring the width £ (in radians), at an intensity equal to half the minimum intensity or full
width at half maximum (FWHM). If the observed X-ray peak had a width 3, and the width due
to instrument effects was [, then the remaining width S, was due to the combined effects of

crystallite size and lattice strain:

B.=B,-5 (3.17)

This expression was true only when the peak has a Lorentzian profile [86]. However, if

it had a Gaussian profile, a better expression was

B =B - B} (3.18)

In the absence of clear-cut evidence for the exact nature of the peak and in this analysis,

the geometric mean was used to get a more nearly correct expression:

B, =\, - g W5 - 57) (3.19)

In this work, however, Equation (3.19) was used to subtract the instrumental

broadening from the observed broadening.
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3.3.2 Optical Measurement

The absorption edge was defined as the transition between the strong short-
wavelength and the weak long-wavelength absorption in the spectrum of a solid, generally
a semiconductor. The spectral position of this edge was determined by the energy separation
between the valence and conduction bands of the material. In the case of transparent solids, the
absorption edge can be measured using transmittance techniques.  Diffuse reflectance
measurements provided a more appropriate means of measurement for powdered materials.
The present study aimed to directly measure the absorption edge and band-gap energies of these
nanostructured materials, based on the onset of UV-Vis diffuse reflectance spectra of the
powdered materials.

The diffuse reflectance spectra of the nanoparticle samples were performed at room
temperature with a UV-3101PC UV-VIS-NIR spectrophotometer (SHIMADZU, Japan) at
Department of Chemistry, Faculty of Science, Khon Kaen University. These diffuse reflection
spectra were recorded at the wavelength from 200 nm to 900 nm. The powder samples were
analyzed using the standard sampling cup. In each instance, the cup was overfilled using the
sample by running along the top surface of the sample cup. Moreover, the absorption spectrum
could be calculated from the measured reflection spectrum by a mathematical operation called the
Kramers-Kronig transformation.

3.3.2.1 Calculation of Band Gab Energy (E,)

Even with all these sample preparation practices, the raw diffuse
reflectance spectra would appear different from its transmission equivalent (stronger than expected
absorption from weak IR bands). A Kubelka—Munk conversion can be applied to a diffuse
reflectance spectrum to compensate for these differences.

The Kubelka-Munk equation was expressed as follows:

rom=LAE_E

2R

(3.20)

where R was the absolute reflectance of the sampled layer, k was the molar absorption coefficient

and s was the scattering coefficient.
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Direct band gap semiconductor mean that the minimum of the conduction band laid
directly above the maximum of the valence band in momentum space. The absorption coefficient

for direct gap absorption varied as the square-root of energy above the band edge:

2
adirect(hv)=ﬂ(hV_Eg)% or (%j :hV_Eg (321)
gap

where oL was the absorption coefficient, 4V was the energy of incident photons and /8 was the
constant.
Instead the Kubelka-Munk function from Equation (3.20) as the molar absorption

coefficient, & in Equation (3.21)

2
(f(Rhv) = (M] =hv-E, (3.23)
(2R)

The plot of ( F(R)Ah V)2 (y-axis) versus the photon energy, AV (x-axis) got a straight
line in some region in vicinity of absorption threshold. E, was the x-intercept (or ( f(R)h V)2 =0)
of the straight line.

3.3.3 Microstructure

The surface morphology and microstructures of the powder samples were
observed by transmission electron microscopy (TEM) using a JEOL JSM 2010, Japan
transmission electron microscope at the Science and Technology Service Center, Chiang Mai

University (STSC-CMU). The TEM was operated at 200 kV.

3.4 Magnetic Measurement

Magnetic measurements were carried out on a vibrating sample magnetometer, VSM
(VSM 7403, LakeShore, USA) at Department of Chemistry, Faculty of Science, Khon Kaen
University. All samples were prepared by weighing ~40 mg of materials into an acid washed
Teflon sample holder. The samples were fixed to a small sample holder located at the end of

a sample rod mounted in an electromechanical transducer. The transducer was driven by a power
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amplifier which was driven by an oscillator. So, the samples were vibrated along the Z axis
perpendicular to the magnetizing field. In addition, an empty sample holder was measured the
signal to be the background for subtraction from the sample signal.

The magnetization as function of the applied magnetic field, in order to generate
hysteresis loop, were measured at the desired temperatures starting from zero field up to 5 kOe
down to -5 kOe by using an oscillating magnetic field. Ferromagnetic materials had non-linear
initial magnetization curves, as the changing magnetization with applied field was due to a change
in the magnetic domain structure. These materials also showed hysteresis and the magnetization
did not return to zero after the application of a magnetic field. A typical hysteresis loop of
ferromagnet was displayed Figure 3.2. The various parameters could be determined from it.
From the first quadrant the saturation magnetization (M) could be measured. The field that was
produced by the magnet after the magnetizing field has been removed is called the remanence
magnetization (M,). The reverse field required to bring the induction to zero was called the
coercive field (H). In addition, the hysteresis shape could also indicate the magnetic interaction

in the materials.
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Figure 3.2 A typical hysteresis loop for ferromagnetic materials.



CHAPTER 4

RESULTS AND DISCUSSION

The transition metals doped SnO, nanoparticles were synthesized by the
autocombustion technique with three different calcined temperatures (773, 873 and 973 K) for
4 hours. The fine powder samples were then characterized in several techniques. The structures
of the samples were obtained from the Rietveld refinement of XRD patterns. The microstructures,
the optical properties, and the magnetic properties including of magnetization of these
nanoparticles were reported. This Chapter was divided into three sections. In the first section, the
results from the Cr-doped SnO, samples (Sn, Cr O, s with x < 0.015) were given. Following, the
properties of Co-doped SnO, samples (Sn, Co O, s with x < 0.015) were detailed in section 4.2.
The last section covered the characterization of Fe-doped SnO, samples (SnI_XFeXOz_g, with x <

0.30).

4.1 Chromium-doped Tin Oxide (Sn,_Cr O, 5)

4.1.1 X-ray Diffraction Studies

Powder X-ray diffraction (XRD) patterns of the Sn, CrO,s samples with
x £0.015 calcined at 773 K were shown in Figure 4.1. X-ray diffraction patterns revealed that the
structures of all samples were rutile-type cassiterite (tetragonal) phase of SnO,. No additional
peaks were observed due to the absence of any impurity. The intensity of XRD peaks
corresponding to the (110) of the Sn, Cr, 0,5 samples, with the varied calcined temperatures,
were shown in Figure 4.2. The XRD intensities of these samples were less than those of pure
SnO,. The intensities further decreased with increasing Cr concentration. The results implied that
the Sn*" ions were replaced by Cr ions in the lattice of SnO,. Due to the atomic scattering factor
of Cr was less than Sn [87]. All the samples had very broad XRD peaks due to their

nanocrystalline behaviors.
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Figure 4.1 X-ray Diffraction patterns of the Sn, Cr 0,5 (x < 0.015) samples calcined at 773 K.
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Figure 4.2 Changes in the intensity of plane (110) of the Sn,_Cr,O, 5 samples calcined at 773,
873 and 973 K.
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The XRD patterns of the Sn;,..Cr, ;0,5 samples with vary calcined temperatures
were shown in Figure 4.3, It was found that the X-ray intensitics increased with increasing

calcined temperature. The result indicated that crystallinity of the sample was increased as

increasing calcination temperatures.
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Figure 4.3 X-ray Diffraction patterns of the Snj4.Cr, ;0,5 samples with the variation of

calcined temperatures.

4.1.2 The Rietveld Refinement
The Rietveld refinement of the Sn,_Cr O, 5 samples with x < 0.015 calcined at
973 K were shown in Figure 4.4. The Rietveld profile analysis révealed the expected tetragonal
rutile structure of SnO, with P42/mnm symmetry. No additional phases were observed. The
corresponding lattice parameters and the factors obtained from the Rietveld refinement of

Sn, Cr O, s samples were summarized in Table 4.1.
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Figure 4.4 X-ray diffractograms of (a) Sn;,0.Cr, 4050,.5 (b) Sng46,Cr,,,0,.5 and (¢) Snyye.Cry o O, 5

calcined at 973 K. Data points were indicated by solid cycles, while the calculated

patterns were shown as a continuous line. The positions of the reflections were

indicated with the vertical lines below the patterns.
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No appreciable changes were detected in tetragonal unit cell parameters in the
Sn,_Cr,O, s samples calcined at 773 K, shown in Table 4.1. However, the lattice parameter a was
shown a slightly decrease with incfeasing Cr concentrations. It was in agreement with the
replacement of a larger radius of the Sn* (~0.69 A) by the cr’ (~0.62 A) or crt’ (~0.55 A) [88]
for octahedral coordination. This result indicated that solid solutions with a rutile structure were
formed in agreement with decreasing in XRD intensities results, shown in Figure 4.2. Such
a rapid contraction of the lattice could be understood qualitatively considering the sizes of the ions
and their local coordinations. Therefore, the substitutions of Sn" ions with Cr ions was expected
to reduce the interatomic spacing signiticantly, justifying the initial contraction of the lattice. On
the other hands, the lattice parameters ¢ and ¢ for the samples calcined at 873 and 973 K were
increased with increasing Cr dopant. This result was corresponded to Punnoose et. al. [56], the
lattice parameters a decreased with increasing preparation temperatures from the 623 to 873 K
range, these trends were reversed above preparation temperature of 8§73 K. This change occurred
due to change in the oxygen stoichiometry. As a result, all samples were be subscripted the

symbol, 0 at oxygen atom for the oxygen vacancy.

4.1.3 Crystallite Sizes
The average particle size (<D> or D) was calculated from the fine XRD line
broadening, by using the usual Scherrer’s equation [D = kA/fcosd] and the Williamson-Hall Plot
(WHP) method [fcos8 = kA/D + 4nsindl. The Full Width at Half Maximum (FWHM),
[ was calculated by using both the Lorentian profile and the Guassian profile. The [

was estimated using the measured peaks width [ and the instrumental width f

[B= \/(ﬂo -—,[)’,.) B2 —pB7)1. B, was the FWHM obtained from the planes (110), (101),
(200), (211) and (220). [, was the FWHM due to instrument effects which were obtained from
commercial SnO, which calcined at 1,273 K for 3 hours. Calculation of the crystallite sizes then

was performed, for example, see Appendix IV.
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Crystallite size calculated by Scherrer’s Equation

The crystallite sizes of the Sn,_Cr 0,5 (x < 0.015) samples calcined at 773, 873 and
973 K were calculated by Scherrer’s relation. The dependence of the particle size on the Cr
dopant concentration with the various calcination temperatures was shown in Figure 4.5. The
crystallite sizes of the samples were in the range of 5-16 nm. The crystallite sizes increased as
increasing calcination temperatures. Those results indicated that the agglomeration of powders
was appeared during growing crystals. On increasing of the Cr concentration, the crystallite sizes
were a slightly change. This result indicated that the amount of doped chromium affected a little

bit in crystal size of the nanoparticles.
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Figure 4.5 Crystallite sizes of the Sn,Cr 0,5 (x < 0.015) samples with the various calcination

temperatures calculated by Scherrer’s equation.
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Crystallite size calculated by Williamson-Hall Plot (WHP) method

The average crystallite size of the Sn,_Cr, O, 5 samples with x < 0.015 calculated by
the Williamson-Hall Plot method was shown in Figure 4.6. The crystallite size tendency was
similar to that obtained from Scherrer’s equation. The average crystallite size was in the range
of 5 - 20 nm. However, crystallite sizes from WHP were higher than those obtained from

Scherrer’s equation.
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Figure 4.6 Crystallite sizes of the Sn, Cr,0,5 (x < 0.015) samples with the various calcination

temperatures calculated by Williamson-Hall Plot method.

4.1.4 Microstructure
Transmission Electron Microscopy (TEM) images of Sny 55Cry 0150,.5 calcined
at 973 K was shown in Figure 4.7(a). The presence of nearly spherical-like nanoparticles was
illustrated in the TEM images. The diffraction in the inset in Figure 4.7(a) exhibited the
polycrystalline rings that in agreement with the XRD patterns. Diameters in the size distribution

were given in Figure 4.7(b).
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Number of Cr nanoparticles

Diameter (nm)

Figure 4.7 (a) TEM images of Snyg,Cr, 50,5 calcined at 973 K and (b) measured Cr

nanoparticle size distribution corresponding to the TEM image shown in (a).

The particles were elongated with their sizes changing in the range of 5-16 nm. The
crystallite sizes matched very well with similar estimation obtained from XRD results. However,
the particles sizes obtained from TEM were slightly larger than those obtained from Scherrer’s
equation and Williamson-Hall Plot method. The advantage of using TEM for determining the
particle size distribution was that one physically observed the particles and obtained information
about not only particle size but also morphology. The particle sizes of the Sn,_Cr O, 5 samples

were listed in Table 4.2.

Table 4.2 Crystallite sizes of the Sn,_Cr O, 5 samples obtained from TEM images

Calcined Temp. Crystallite sizes, <D> (nm)
X) S1 655CT) 05058 ST 995CT.0100,.8 S 955Crp 15058
773 5.10£0.57 5.90+0.49 536 £0.57

973 14.02t£1.12 1597+ 1.94 15.62+1.61
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4.1.5 Optical Properties

Optical characterizations of nanoparticle materials were carried out by
measuring the diffuse reflectance spectra at room temperature. The diffuse reflectance, R was
related to the Kubelka-Munk function f{R) by the relation, flR) = (1-RY'/2R. The diffuse
reflectance spectra of the Sn_ Cr O, 5 samples with the different Cr content calcined at 873 K were
depicted in Figure 4.8. The spectra of the nanoparticle samples showed two absorption bands at
wavelengths of about 700 and 550 nm. The bands were assigned to 3Tlg(F)—>3T2g(F) and
3T1 g(F)—>3T1g(P) transitions, respectively, for Cr' (3d°) in an octahedral site. These absorption
bands were corresponding to crin SnO, ceramics reported by Ren er al. [89]. The observation
of d-d transition of Cr(IV) in an octahedral site indicated that Cr*" has been substituted for Sn'",
In order to confirm that Cr' has been substituted for Sn4+, the sample colour has been considered.
The colour of SnO, powders was white. The Sn,_Cr O, 5 samples were a pale-purple and a dark-
purple in higher Cr concentration. This result closely related to Cr'in SnO, ceramics [89], which
generated a purple colour. Therefore, the Sn, Cr,O,s samples with a purple colour might be

. 4 . . .
resulting from Cr * substituted into Sn’"* site.

AR) (Arb. units)

T 1 i T T T T T * T
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Figure 4.8 Kubelka-Munk spectra of the Sn,_Cr O, s samples calcined at 873 K with the different

Cr concentration.
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To evaluate the band gap energy (£) of the Sn, Cr,O, 5 samples, the (fARhv)’ was

SnO, was about 3.99 - 4.02 eV as listed in Table 4.3.

plotted against photon energy (hv) in electron volts. For example, the plot of (/‘(R)hv)2 as
a function of hv for the Sn,_ Cr, O, s samples calcined at 873 K with varying Cr concentration was
shown in Figure 4.9. The strength lines represented the linear part of the curve which was
extrapolated to intercept an abscissa axis to estimate the direct band gap energy. The obtained

energy gap for the Sn,_Cr,O, s samples were in the range of 3.90 - 4.03 eV, whereas the undoped
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Figure 4.9 Plot of (,f(R}hV)z as a function of hv for the Sn, Cr O,

4.4

samples calcined at 873 K
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Table 4.3 Band Gap Energy, E, (eV) of the Sn,_Cr O, 5 samples

Compound Calcined Temperature (K) E, (eV)

773 3.98

Sno, 873 3.99

973 4.02

773 3.93

S11,995CT,005O2.5 873 3.93
973 3.97

773 3.90

S114,999CT0,61005.5 873 3.97
973 3.95

773 3.99

S11,655Cry 015028 873 3.96
973 4.03

At low level Cr doping concentration (x < 0.015), the different of the band gap values
were very small as illustrated in Figure 4.10. It is concluded that substitution of Cr into Sn site
was less effect to E, of SnO,. However, the band gap energies were much larger than the expected
3.6 eV for bulk pure SnO, [50]. All results also confirmed that the particle size of Sn, Cr O,

samples synthesized by the autocombustion technique were in the nanometer scale.
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Figure 4.10 Band gab energy (Eg) of the Sn,_ Cr O, 5 samples calcined at different temperatures

and with the varying Cr concentrations.

4.1.6 Magnetic Measurements

Relationship between the magnetization (M) and the magnetic field (H) of
S11,995Cr40050,.5 calcined at 773, 873 and 973 K were illustrated in Figure 4.11. The magnetic
property of the samples holder was measured first which exhibited diamagnetic magnetization.
These values were subtracted automatically by the computer during the measurement of the
nanoparticle samples. The hystersis loops of the samples calcined at 873 and 973K were
ferromagnetic at the room temperature. However, there was not clear loop for the sample calcined
at 773 K. The saturated magnetization (M) values of the samples calcined at 873 and 973K were
0.039 and 0.012 14, /Cr, respectively. Moreover, the remanance magnetizations (M) were 0.015
and 0.003 £4,/Cr for the samples calcined at 873 and 973K, respectively. The coercivity (H) was
about 300 Oe for all samples. Actually, the doping with a non-ferromagnetic element (i.e. Cr, V)
could result in a magnetic moment.  This was similar to that was obtained for V-doped TiO,
(4.2 14/V) [21] or Cr-doped TiO, (0.6 1,/Cr) [31], proving that the induced ferromagnetic did not
depend simply on the magnetic order of the dopant elements. It was proved that doping a small

amount of Cr into non-magnetic oxides could induce the room temperature ferromagnetism.
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Figure 4.11 Magnetization (M) at room temperature of Sn 4,,Cr, <O, 5 calcined at 773, 873 and

973 K. Inset: diamagnetic background hysteresis loop.

The large magnetic moment in V-doped TiO, [21] was consistent with the theoretical
production with several assumptions. The large value of moment completely ruled out the
possibility for having V clusters. This assumption did not come from V particles cluster which
was confirmed by the magnetic force microscopy measurements. The giant magnetic moment was
reported once for Co:SnO, thin films and the authors assumed that it was due to unquenched
orbital contributions [51]. The orbital moment might also play a role in V-doped TiO, [21]. Most
probably unquenched orbital moment would decrease the spin values. Moreover, the role of

oxygen vacancies to act as additional carriers was also a possible assumption.

In this work, the saturated magnetization (MS) values could not come from Cr metal
clusters because Cr metal was known to be paramagnetic at high temperatures and
antiferromagnetic below 308 K [90]. These M values of the Sn, Cr,O, 5 samples did not match
the values for CrO, (CrO, had T, = 386 K and M = 2.03 14,/Cr) [91]. Therefore, it was possible
to assume that the ferromagnetism did not come from CrO, clusters (also recall the XRD data with

no peak for CrQ,). These Sn_Cr,O, s samples produced only very small ferromagnetic signals,
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which might appear to be in contrast to the finding of room temperature ferromagnetism in Cr-
doped SnO, thin films produced by Pulse Laser Deposition [57], with a giant magnetic moment of
up to ~6 p4/Cr. The key issue here might be the concentrations of oxygen defects that were
definitely much higher in the reduced samples. Coey et al. have recently suggested F-center
electrons trapped in oxygen vacancies as candidates for ferromagnetic coupling in Fe-doped SnO,
thin films [55]. In order to maintain charge neutrality when Cr’ substituted for Ti“, one oygen
atom vacancy could be created for every two substitutional cr dopants {31]. In Figure 4.8, the
reflection bands were confirmed that Cr*™ has been substituted for Sn" . It was indicated that small
ferromagnetic behavior did not come from the role of oxygen vacancies. However, there were
changes in the oxygen stoichiometry as seen in Table 4.1. Oxygen vacancy might slightly occur
in the samples calcined at 873 and 973 K due to lattice distortion. The ferromagnetic behaviors of
the samples were exhibited at the room temperature with the magnetization at 10 kOe slightly
decreased with increasing amount of Cr impurity. It was possible that the small magnetization
was due to the presence of small amount of Cr metal, non-magnetic element. The small coercivity

of polycrystalline samples (~300 Oe) depicted the intrinsically soft nature of these materials.

For previous reports, there was ferromagnetic property at the room temperature
accompanying a giant magnetic moment of 6 £4,/Cr in Cr-doped SnO, thin films grown on LaAlO,
substrates [57]. Their moment was much larger than that of the films grown on SrTiO,
(0.27 p,/Cr) and R-cut sapphire substrates (0.2 £4,/Cr). However, the magnetic curves of the
Sn,,Cr,,0, films were completely paramagnetic [61]. These results implied that the different
magnetic properties of Cr-doped SnO, were showed in order to the difference either preparation
technique, Cr dopant or substrates for growing thin films. As the result, the room temperature

hysteresis loops of Sn 44,Cry ,00,.5 calcined at 773, 873 and 973 K were illustrated in Figure 4.12.
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Figure 4.12 Magnetization (M) at room temperature of Sn, ,Cr, ,,0,.5 calcined at 773, 873 and

973 K.

The hysteresis loops in Figure 4.12 were a weak ferromagnetism. The small
magnetic moment of 0.005 and 0.007 £4,/Cr were showed for the Sn 4,,Cry 0,,0,.5 samples calcined
at 773 and 973 K, respectively. A little enhancement in the ferromagnetic properties was occurred
in the sample calcined at 873 K with the moment about 0.018 ££,/Cr. The values of My were
0.001, 0.007 and 0.002 z£4,/Cr for the samples calcined at 773, 873 and 973 K, respectively. The
value of H. was about of 300 Oe for all samples. The well defined hysteresis loops were depicted
for those samples indicating a ferromagnetic behavior with M /M of 0.20, 0.39 and 0.29 for the

samples calcined at 773, 873 and 973 K, respectively.
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Moreover, magnetizations at room temperature as a function of the magnetic field of

Cr

Sn 0,5 calcined at 773, 873 and 973 K were illustrated in Figure 4.13.  The hysteresis

0.98570.015

loops also depicted a weak ferromagnetism. The Sn 0, Cry,,,0,.6 samples calcined at 773, 873
and 973 K showed a very small magnetic moment of 0.018, 0.012 and 0.005 £4,/Cr, respectively.
The values of M, were 0.009, 0.005 and 0.001 £4,/Cr for the samples calcined at 773, 873 and
973 K, respectively. The values of H. were about 300 Oe for all samples. The well defined
hysteresis loops were occurred for these samples indicating a ferromagnetic behavior with Mp/M

0f0.50, 0.42 and 0.16 for the sample calcined at 773, 873 and 973 K, respectively.
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Figure 4.13 Magnetization (M) at room temperature of Sn, ,..Cr,,,0,.5 calcined at 773, 873 and

973 K.

In general, the values of Mg, M, and H,. (in Figure 4.11 — Figure 4.13) gradually were
increased with independent calcined temperatures. The samples produced a very weak
ferromagnetic response at room temperature. It was implied that the host matrix was at least

partly responsible for the ferromagnetism in these doped oxide materials.
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The room temperature magnetization as a function of magnetic field of

the Sn,_Cr 0,5 samples with x = 0.005, 0.010 and 0.015 calcined at 873 K was illustrated in

Figure 4.14. A clearly ferromagnetic was occurred in their hysteresis loops. The saturation

magnetization of 0.039, 0.018 and 0.012 £4,/Cr and the M, value of 0.015, 0.007 and 0.005 t4/Co

were appeared in the samples with x = 0.005, 0.010 and 0.015, respectively. The H value of

the samples was in a value of 300 Oe. These samples remained almost unchanged in remanence

ratio of 0.38 - 0.42.

0.06 . :

™
&)
\m
3
=
.8
]
N
=
Q
o=
E
= r/'“}_/
-0.04 Ll —n—0.005 -
L —5—0.010
1 —a=0.015 1
-0.06 A . — . — . :
-10 S 0 10
Magnetic field (kOe)

Figure 4.14 Magnetization (M) at room temperature of the Sn,_Cr,O,5 (x < 0.015) samples

calcined at 873 K.

For the Sn, Cr O, s samples with x = 0.005, 0.010 and 0.015 calcined at 773 K in

Figure 4.15, the M values for x = 0.010 was about 0.008 ,uB/Cr'and the moments was 0.018 £4,/Cr

with x = 0.015. On the other hands, there was not clear loop for x = 0.005.
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Figure 4.15 Magnetization (M) at room temperature of the Sn,_Cr O,5 (x < 0.015) samples

calcined at 773 K. Inset: enlarge for Sn 4,,Cr, ,,,0,.5 calcined at 773 K.

For the Sn,_Cr,O, 5 samples calcined at 773 K in Figure 4.16, the magnetic moments

were 0.022, 0.014 and 0.005 £4,/Cr for x = 0.005, 0.010 and 0.015, respectively.
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Figure 4.16 Magnetization (M) at room temperature of the Sn,_Cr,O,5 (x < 0.015) samples

calcined at 973 K.
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4.2 Cobalt-doped tin oxide (Sn,_Co O,3)

4.2.1 X-ray Diffraction Studies

Powder XRD patterns of the Sn,_Co O, s samples with x £ 0.015 calcined at
873 K were shown in Figure 4.17. All of the Sn,_Co 0,5 samples could be indexed to the rutile
structure with the space group P42/mnm. After a partial substitution of Sn by Co, the diffraction
pattern illustrated the same positions. It was indicated that the rutile structure was not disturbed
by Co substitution. No additional peaks were observed due to the absence of cobalt metal, oxides
or any binary tin cobalt phases. This conclusion was confirmed by Punnose et al. that these
phases are absent in any of the samples doped with cobalt up to 5% Co atomic weight [52].
Moreover, these samples were lower dopant about x < 0.015 than the solubility limit of Co in
SnO,, in which x = 0.15 had three additional peaks corresponding to Co,0, [62] or weak peaks
of Co,0, were appeared with Co doping for x = 0.08 [54]. The peak positions did not illustrate

any measurable change, while the intensities of the peaks were decreased with increasing

Co concentration.
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Figure 4.17 X-ray Diffraction patterns of the Sn, ,Co O, 5 (x < 0.015) samples calcined at 873 K.
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The crystallinity of Co-doped SnO, was increased as increasing calcination
temperature with more clearly a rutile structure as seen in Figure 4.18. In addition, the significant
changes in XRD peak were appeared with Co doping in the plane (110), shown in Figure 4.19.
Since the atomic scattering factor of Sn was greater than that of Co [87], the XRD intensities were
decreased with increasing Co concentration in SnO,. Therefore, decreasing intensities in XRD

pattern were occurred when Co was substituted on SnO, matrix.
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Figure 4.18 X-ray Diffraction patterns of the Sn,4,Co,,,0,6 samples with the variation of

calcined temperatures.
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Figure 4.19 Maximum intensities in the (110) of the Sn,, Co 0,5 (x £ 0.015) samples calcined at

773, 873 and 973 K.

4.2.2 The Rietveld refinement
The Rietveld refinement from the XRD patterns of the Sn, Co O, 5 samples
calcined at 973 K were depicted in Figure 4.20. In all cases, the peak positions were assigned to
the bulk rutile SnO,. No any phase ascribed to chromium compounds was detected, These results
were indicated that all cobalt jons were diffused into the crystal lattice of bulk Sn0O, to substitute

for tin ions. The resulting lattice parameters obtained from the Rietveld refinement of these

Co-doped samples were illustrated in Table 4.4.
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Figure 4.20 X-ray diffractograms of (a) Sn,,;,;C0; 10:0,.5, (b) Sng50:Co; 1,00, 5 and (¢) Sn; 45:C0; 1.0, 5

calcined at 973 K. Data points were indicated by solid cycles, while the calculated

patterns were shown as a continuous line.

The positions of the reflections were

indicated with the vertical lines below the patterns.
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For the Rietveld refinement, the structure refinement out put of the Sn; ,Co 0,5
samples was illustrated in Table 4.4. These changes were revealed interesting variations in both
the unit cell volume and the lattice parameters @ and ¢ with Co concentrations. On increasing of
Co dopants, the lattice parameter ¢ was slightly increased. Exception for calcined sample at 773
K, no significant change was detected. This was corresponded to the solubility limit for cobalt in
SnO, [60]. When Co concentrations were increased, the lattice parameters were increased and
above x = 0.02 these trends were reversed. In the other hands, the parameter ¢ was shown for
a little decrease with increasing Co contents (Table 4.4). Such a rapid contraction of the lattice
could be understood qualitatively considering the sizes of the ions and their local coordinations.
The possible charge states of Co dopant were Co”" (3d') and Co”' (3a.76 ), both in a low-spin state.
The electron configuration of each ion was given in brackets. Substitution of either 0.65 A sized
Co™" or 0.55 A sized Co’ at 0.69 A sized Sn' was expected to reduce the interatomic spacing
significantly, justifying the initial contraction of the lattice. Decreasing in the tetragonallity was

confirmed about substitution of Co ions in Sn matrix [88].
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4.2.3 Crystallite Sizes
The average particle sizes (<D>) for all the samples were calculated using both
Scherrer’s equation and Williamson-Hall Plot (WHP) method. Calculation Steps for the

Sn, Co O, 5 samples were similar to calculation in the Sn, ,Cr, O, s samples.

Crystallite size calculated by Scherrer’s Equation

Crystallite sizes of the Sn_Co O, s samples with x < 0.015 calcined at 773, 873 and
973 K calculated by Scherrer’s Equation were summarized in Figure 4.21. The crystal sizes of the
nanoparticles were affected by the amount of doped cobalt. The crystallite sizes were increased as
Increasing calcination temperatures, corresponding to the FWHM values which were narrower
with higher calcination temperatures. On increasing the Co concentration, the average particle
size was further reduced, due to the different sizes of the ionic radius and valences between the Co
and Sn ions. It was concluded that the growth of SnO, nanoparticles was inhibited by Co doping.

The average crystallite size was in the range of 5 - 15 nm.
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Figure 4.21 Crystallite sizes of the Sn,_Co,0,5 (x < 0.015) samples with the various calcination

temperatures calculated by Scherrer’s equation.
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Crystallite size calculated by Williamson-Hall Plot (WHP) method

Crystallite size calculations of the Sn; Co, O, samples with x < 0.015 calcined at
773, 873 and 973 K calculated by WHP method were illustrated in Figure 4.22. The crystallite
sizes were increased as increasing calcination temperatures similar to those obtained from
Scherrer’s equation. The average crystallite size calculated by WHP method was higher than

those obtained from Scherrer’s method and in the range of 5 - 18 nm.
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Figure 4.22 Crystallite sizes of the Sn,,Co,0,5 (x < 0.015) samples calcined at 773, 873 and

973 K calculated by Williamson-Hall Plot method.

4.2.4 Microstructure

A mostly spherical particles and a partly agglomeration were shown in the TEM
image of Sng,,Co,,,0,5 nanoparticles calcined at 973 K, seen in Figure 4.23(a). The
morphologies of these nanoparticles were homogeneous and agglomerated. The diffractions in
the inset were exhibited for the polycrystalline rings that in agreement with the XRD results. The
particle sizes from XRD (Figure 4.21 and Figure 4.22) seem to be increased with increasing
calcination temperatures as expected. From the TEM images, the average particle size was

14.99 £ 0.87 nm as given in Figure 4.23(b). It was larger than that calculated from XRD peaks.
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Figure 4.23 (a) TEM images of S1 69C0; 00,5 calcined at 973 K and (b) measured Co

nanoparticle size distribution corresponding to the TEM image shown in (a).

4.2.5 Optical Properties

Diffuse reflectance measurement was employed to study the Co coping effect
on the optical properties of the SnO,. The diffuse reflectance spectra of the Sn,_ Co O, 5 samples
calcined at 873 K were illustrated in Figure 4.24. The band edges of the samples were observed
at around 630 and 450 nm. These edges were assigned to the d-d crystal-field transitions
4T1 g(F) — 4T2 g(F) and ‘T : g(F) — 4T1g(P), respectively. The appearances of these transitions were
clearly suggested that the doped Co”' (3d") were in the high-spin state and under an octahedral
coordination. The peaks at 870 nm were due to the filter change noise and had therefore no

physical meaning [92].
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Figure 4.24 Kubelka-Munk spectra of the Sn_Co,0,5 samples calcined at 873 K with the

different Cr concentration.

The Sn,_Co,0, .5 colour was pale-yellow, which were corresponded to the reflectance
spectra. Since Sn" in SnO, was situated in octahedral coordination. These observations were
clearly indicated that cobalt was substituted for Sn in SnO, and the oxidation state of Co ions in
the Sn; Co,0, s polycrystalline was Co”". However, the oxidation state of Cobalt was +3 in
S, 4sCo, 15O, thin films deposited on Si by PLD [93]. The band gap energy of the Sn_Co O,
samples, (E ) was calculated from their reflectance spectra by plotting Q/"(R)hv)2 versus photon
energy. The linear part of the curve was extrapolated to ( j(R)hV)z =0 to get band gap energy. The
variation of the band gap energies was determined using the Kubelka-Munk function, listed in
Table 4.5. The band gap energy was in the range of 3.89 - 4.01 eV. The variation of the band gap
energies of the Sn;_Co O, 5 samples was shown in Figure 4.25. It was in a narrow range. Those
results were indicated that the substitution of Co into Sn site was less effect to E, of SnO,. The
values of £ were in a slightly larger than those reported by Bauaine ez al. [92]. For all of the
samples investigated, the band gap energies were much larger than those of the bulk pure SnO,

(3.6 eV). It was confirmed that the Sn, Co,0O, 5 samples in nanometer scale could be synthesized

by the autocombustion technique.
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Table 4.5 Band Gap Energy, E_ (eV) of the Sn, Co O, 5 samples

Compound Calcined Temperature (K) E, (eV)
773 3.98
Sno, 873 3.99
973 4.02
773 3.93
S11,999C0%,0100,.3 873 3.89
973 4.00
773 4.01
S1 95C044150,.5 873 3.90
973 3.95
. . : L . |
1 ]
4.0+ N
1 1
394 i
N
L 384 R
m&o
Calcined
3.7 Temp. (K)
—=— 773
~e- 873 ]
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S % bulk $n0,
T — T Y T T T
0.000 0.005 0.010 0.015

Co concentration (x)

Figure 4.25 Band gab energy (Eg) of the Sn,_ Co O, s samples calcined at different temperatures

and with the varying Co concentrations.
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4.2.6 Magnetic Measurements

The plot of magnetization (M) as a function of magnetic field () at room
temperature of Sny,,,Co; .0, s nanoparticles with the variation of calcined temperatures were
depicted in Figure 4.26. The data have also been corrected for the diamagnetic contribution due to
the plastic sample holder. A weak ferromagnetic interaction at room temperature with remanence
ratio (MR/MS) of about 0.53 and coercive field, H. of 0.9 kOe were shown in the nanoparticles
sample calcined at 773 K. The remanence ratio of the Sn.C0,,,:0,5 samples were increased
from 0.70 to 0.72 and also the coercive field were increased from 1.2 kOe to 1.3 kOe as the
calcined temperatures were increased from 873 K to 973 K. These results were indicated that the
ferromagnetic ordering was increased as the calcination temperatures increasing. It was important
to note that the well-defined hysteresis loop was observed for the Sng,,C0, 50,5 Sample
calcined at 973 K. The saturation magnetization, M in this sample was almost 0.11 44,/Co. It was
concluded that the calculations M/ were made based on the nominal Co concentration. The My
value was equivalent to the Sny ,Coy ;0,5 nanoparticles prepared via coprecipitation as reported

by Punnoose and Hay [53].
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Figure 4.26 Magnetization (M) at room temperature of Sn ,,.C0, ,;0,.5 calcined at 773, 873 and

973 K.
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For the question considering the formation of magnetic clusters, Hong et al. [15] did
not observe any nanoparticle-sizes cluster on the surface. Further, the observed value of the
moment in their samples was small compared to the value of 1.67 z,/Co expected for Co metal.
In this work, the values of 0.09, 0.10 and 0.11 £4/Co in Sn; 4 Co0y ,,sO,.5 calcined at 773, 873 and
973 K, respectively, were relatively smaller compared to those expected for Co metal or those for
small Co clusters (~2.1 £4,/Co) [94]. However, Ogale et al. [51] could obtain even much higher
values of the magnetic moment in Co doped SnO, films. Note that they did not attribute the
higher values to the presence of clusters but to the quenched orbital moment of Co. In exchange
mechanism, Coey ef al. [55] have proposed that the exchange was mediated by carriers in a spin
split impurity band. They pointed out that the oxygen vacancies were played an important role in
magnetic properties. It might also induce in another valence state of Sn, assuming Co in a valence
state of 2. Therefore, these data though could not rule out the presence of Co clusters, pointed out
the important role played by oxygen defects.

As seen in Figure 4.26, the worst moment was detected on the sample calcined at
773 K with a coercivity at about 900 Oe and remenence ratio (M /M) of about 0.58 (0.66 and
0.68 for calcined samples at 873 and 973 K, respectively). As those results, the sample calcined at
773 K nearby has not measured. The room temperature hysteresis loops of Sy g6,C0g4,00,.5

calcined at 873 and 973 K were illustrated in Figure 4.27.
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Figure 4.27 Magnetization (M) at room temperature of Sng4,,C0,,,,0,s calcined at 873 and

973 K.
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The values of My of Sn, ,,Co, ,,0,.6 were remained almost to unchanged in the 873
and 973 K calcined temperature with the M value of 0.05 f4/Co. Since M was proportional to
the number of Co™ spin participating in the ordered magnetic state, it was indicated that most of
the Co’ ions were still within the individual Sn 65,C04 10055 Nanoparticles. The values of My
were 0.03 and 0.04 £4,/Co and the values of H. were 1,100 and 1,300 Oe for the sample calcined
at 873 and 973 K, respectively. The well defined hysteresis loops of these samples were occurred,
indicating a ferromagnetic behavior with remanance ratio of 0.61 and 0.68, respectively. In this
case, the more clearly ferromagnetic behavior was occurred in Sn; 0,Co0, 0,,0,.5 calcined at 973 K.

Furthermore, oxygen vacancy was played in important rule for ferromagnetism.

The magnetizations at room temperature of Sn,4,.Co, -0, 5 calcined at 873 and 973 K
as a function of the magnetic field were shown in Figure 4.28. The saturated magnetizations were
0.04 and 0.07 p,/Co, the My value of 0.03 and 0.04 f4/Co and the H values of 1,300 and
1,100 Oe for Sny 4;C0, 50,5 calcined at 873 and 973 K, respectively. These samples with well
defined hysteresis loops were indicated that a fraction of the doped Co”" ions was still incorporated

in Sn0, in the individual particles and participate in the ordered ferromagnetic state.
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Figure 4.28 Magnetization (M) at room temperature of Sn,.Co,,,.0,s calcined at 873 and

973 K.
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In general, the values of H,., M, and My of Sn, Co O, s were gradually increased
with increasing calcined temperatures. Based on this result, Sn, Co O, [52-54] prepared at
temperatures above 873 K might be oxygen rich while those samples prepared at lower
temperature might be largely oxygen deficient and therefore there were a higher carrier
concentration producing the observed ferromagnetism. However, these Sn, Co,0O,s samples
calcined at 973 K were clearly generated for ferromagnetic behavior. The complete absence of
ferromagnetic was attributed to a presumably high oxygen stoichiometry and low carrier
concenfration.

The room temperature magnetization as a function of magnetic field of the
Sn, Co0,0,5 samples with x = 0.005, 0.010 and 0.015 calcined at 973 K was illustrated in
Figure 4.29. A constant saturation magnetization of 0.06 - 0.07 £,/Co and the M, value of
0.04 £4,/Co were appeared in these samples with x = 0.010 and 0.015. In Sn; 4Co, 50,5 calcined
at 973 K, the value of M and M, were 0.11 £4,/Co and 0.08 £4,/Co, respectively. The H . value of
the samples with x = 0.005 and 0.010 was 1,300 Oe, whereas a remarkable decrease to a value of
1,100 Oc was observed after the sample was doped with x = 0.015. These samples remained

almost unchanged in remanence ratio 0of 0.67 - 0.68.

0.154 -

0.10

0.05 4

0.00

-0.05

Magnetization (1 /Co)

-0.10

-0.154 —a— 0015 T

Magnetic field (kOe)

Figure 4.29 Magnetization (M) at room temperature of the Sn, Co 0,5 (x < 0.015) samples

calcined at 973 K.
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4.3 Iron-doped tin oxide (Sn,_Fe O,5)

4.3.1 X-ray Diffraction Studies

Powder X-ray diffraction (XRD) patterns at room temperature of Sn, Fe O, s
(0 < x £0.30) samples calcined at 873 K were shown in Figure 4.30. The main phase of these
nanoparticles was rutile SnO, structure. It was worth noting that the samples were single phase
without any foreign oxides or precipitated unreacted starting materials. This result suggested that
Fe was incorporated completely into the SnO, matrices. The systematically absent reflections of
the diffraction spectra were consistent to tetragonal rutile structure of SnO, with space group
P42/mnm. Interestingly, similar good XRD signatures which was SnO, (x = 0.000), were obtained
even for powders with Fe concentration as high as 30% (x = 0.30) although Sng,Fe;,.0,s
prepared by a solid-state reaction showed the XRD patterns of SnO, with a trace of a-Fe,O, [55].
However, in this case, Fe,0, was not detected due to the low Fe dopant concentration and to the

solid solution formed.
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Figure 4.30 X-—ray Diffraction (XRD) patterns of the Sn,_Fe O, 5 (x < 0.30) samples calcined at
973 K.
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The crystallinity of Fe-doped SnO, was increased as increasing calcination
temperature with more clearly a rutile structure as seen in Figure 4.31. In addition, the intensities
of all the peaks corresponding to the cassiterite phase (110) were decreased after Fe doping,
shown in Figure 4.32. Since the atomic scattering factor of Sn was higher than Fe [87]. At even

higher Fe content, a decrease in the XRD intensity was encountered.
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Figure 4.31 X-ray Diffraction patterns of the Snj,.Fe,,,0,5 samples with the variation of

calcined temperatures.
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Figure 4.32 Maximum intensities in the (110) of the Sn, Fe O, s (x < 0.30) samples calcined at

773, 873 and 973 K.

4.3.2 The Rietveld refinement
The difference of the observed and the calculated X-ray diffraction (XRD)
patterns of the Sn,_Fe O, 5 samples with x <0.30 calcined at 973 K were displayed in Figure 4.33.
In the refining process, the tetragonal rutile SnO, structure was selected as starting model
structure. Fe ions were assumed to incorporate into the SnO, lattice and occupy the Sn sites. The
resulting lattice parameters and the related factors obtained from the Rietveld refinement of these

Fe-doped samples were tabulated in Table 4.6 and Table 4.7.
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Figure 4.33 X-ray diffractograms of (a) Sny500F€00100,.5, (B) Sy 06F €4 1600,.5 and (c) S0 440F€420004.5

calcined at 973 K. Data points were indicated by solid cycles, while the calculated

patterns were shown as a continuous line. The positions of the reflections were

indicated with the vertical lines below the patterns.
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The lattice parameters a and ¢ showed a very slightly change in Table 4.6 that
corresponding to the lattice parameters in Sn,, Fe, O, at x = 0.005 - 0.015 although there were
a sharp decrease at x > 0.015 [56]. In addition, the lattice volumes in Sn,,Fe, .0, were quite
constant corresponding to the study which the unit cell volume was minimized at 873 K [56].
A constant in the volume the Sn,_Fe O, 5 samples was appeared in all calcined temperature
samples. These results suggested that the Fe doping could prevent the growth of SnO, crystallites.
Tetragonality (a/c) in Table 4.6 and Table 4.7 was increased with increasing Fe content although
a/c was quite constant at the lower Fe doping. To further confirmed substitution of Fe3+ (3d5 ) for
Sn" in the cell, the unit cell refinements have been performed. Due to the ionic radius of Fe™"
(~0.65 A) smaller than that of Sn*" (~0.69 A) [88], the tetragonality (a/c) of these samples were
decreased with increasing Fe concentration. Substitution of Sn"" ions with Fe’' ions was expected

to reduce the interatomic spacing significantly, justifying the initial contraction of the lattice.

4.3.3 Crystallite sizes
The average particle sizes (<D>) for all the samples were calculated using both
Scherrer’s equation and Williamson-Hall Plot (WHP) method. Calculation steps for the

Sn, Fe O, s samples were similar to calculation of the Sn, Cr O, s samples
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Crystallite size calculated by Scherrer’s Equation
Calculations of crystallite sizes of the Sn,_Fe O, 5 samples with x < 0.30 calcined at

773, 873 and 973 K by Scherrer’s Equation were summarized in Figure 4.34.
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Figure 4.34 Crystallite sizes of the Sn, Fe O, (x < 0.30) samples calcined at 773, 873 and
973 K calculated by Scherrer’s equation. Inset: enlarge for the Sn,_Fe O,

(x £0.015) samples.

The amount of doped iron affected crystal size of the nanoparticles. These estimates
showed that the crystallite sizes were increased with increasing of the calcined temperature due to
agglomeration of growing crystal. The average crystallite size was in the range of 5 - 15 nm. On
increasing the Fe concentration, the average particle size was further reduced. This effect in
conjunction with the smaller ionic radius of Fe' ion in comparison to Sn" ion could disturb long
range crystallographic ordering, and thus reducing the crystallite size. The presence of iron ions
in the crystallographic structure was increased the formation of oxygen vacancies as required by

the charge balance.
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Crystallite size calculated by Williamson-Hall Plot (WHP) method

Crystallite sizes calculations of Sn_Fe O,5 samples with x < 0.30 calcined at 773,
873 and 973 K by Williamson-Hall Plot method were shown in Figure 4.35. The crystallite sizes
were increased as increasing calcination temperature similar to those obtained from Scherrer’s
equation. The average crystallite size was in the range of 5 - 18 nm. The reduction of the

crystallite size suggested that Fe ion was replaced to Sn ion.
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Figure 4.35 Crystallite sizes of the Sn,_Fe O,5 (x < 0.30) samples calcined at 773, 873 and
973 K calculated by Williamson-Hall plot. Inset: enlarge for the Sn, Fe O,s

(x<0.015) samples.
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4.3.4 Microstructure

The TEM images of Sn,.Fe,,,,0,.5 calcined at 973 K was shown in
Figure 4.36(a). A loose microstructure and a closely spherical-like nanoparticles with a partly
agglomeration were appeared. The diffraction in the inset exhibited the polycrystalline rings that
in agreement with the XRD patterns (Figure 4.30). The particle size distribution was determined
by manually image analysis. The average particle size of Sn, g Fe,,,0,.5 Was of 12.94 + 1.00 nm
as given in Figure 4.36(b). In addition, the average sizes for the Sn,_Fe O, 5 samples calcined at
973 K with x = 0.010, 0.200 and 0.300 were 15.26 * 1.97, 9.50 + 1.14 and 8.53 * 0.84 nm,
respectively. The crystallite sizes were decreased with Fe doping, in excellent agreement with
XRD studies. However, the size estimated from TEM was slightly larger than that obtained from
XRD data. In this case, four samples were chosen to take the TEM images for confirm

nanocrystallinity and the particle sizes.
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Figure 4.36 (a) TEM images of Sn 4 Fe, ,,0,.5 calcined at 973 K and (b) measured Fe

nanoparticle size distribution corresponding to the TEM image shown in (a).
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4.3.5 Optical Properties
The optical properties were characterized by measuring the diffuse reflection.
The reflectance spectra of the Sn, Fe O,s samples were shown in Figure 4.37. There were
drastic changes in the spectra. Pale-yellow powders of the Sn, Fe O,5 samples were
corresponded to the reflectance spectra. These spectra displayed a red shift in the band gap
transition with increasing Fe dopant, similar to the Fez+-doped SnO, via sol-gel hydrothermal

route [95]. A red shifts of this type could be attributed to the charge transfer transitions between

the Fe' d-electrons and the SnO, conduction or valence band.
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Figure 4.37 Kubelka-Munk spectra of the Sn, Fe O, 5 samples calcined at 873 with different Fe

concentration.

The band gap energy could be determined by extrapolation to the zero of (f(R)hv)z.
The intercept to the plots would give a good approximation of the band gap energies for the direct

band gap material. The variation of the band gap energies of the Sn,_Fe O, 5 samples were listed

in Table 4.8, in the range of 3.77-3.98 ¢V




Table 4.8 Band Gap Energy, E, (eV) of the Sn,_Fe, O, 5 samples

Compound Calcined Temperature (K) E (eV)

773 3.98

SnO, 873 3.99

973 4.02

773 391

Sny 995F€0,0050, 8 873 3.95
973 3.96

773 3.98

811y 900F€0,01002.8 873 3.96
973 3.93

773 3.96

S11g,655F€0,01505:5 873 3.96
973 3.95

773 3.85

S1y 00gt'€0 100053 873 3.88
973 3.87

773 3.86

Sny g5oF€4,150,8 873 3.89
973 3.86

773 3.89

81y 500F€9,2000,.3 873 3.83
973 3.83

773 3.77

S0 150F€525005.6 873 3.80
973 3.87

773 3.89

Sny 700F€4.3000,.8 873 3.84

973 3.83
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A slightly change in the band gap values of the Sn, Fe O, s samples with a very low
doping Fe concentration (x < 0.015) were illustrated in Figure 4.38. This result indicated that

substitution of Fe into Sn site was less effect to £, of SnO,,
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Figure 4.38 Band gap energy (Eg) of the Sn;_Fe O, 5 samples calcined at different temperatures

and with varying Fe concentrations.

However, the band gab energies of the Sn,_Fe O, 5 samples were shifted to the lower
value with increasing Fe dopant higher than 10%. This result could be explained on the basis of
the sp-d exchange interaction between the band electrons and the localized d electrons of the Fe'
ions substituting Sn”" ions. The s-d and p-d exchange interactions gave rise to a negative and
positive correction to the conduction and valence band edges, respectively, leading to a band gap
narrowing. Moreover, the band gap energies were much larger than the bulk pure SnO, (3.6 eV).
This result confirmed that the Sn, Fe O, 5 samples synthesized by the autocombustion technique

could be prepared in nanometer scale.




77

4.3.6 Magnetic Measurement
The magnetization (M) of Snyy.Fe, 0,5 calcined at 773, 873 and 973 K as

a function of an applied magnetic ficld (H) were depicted in Figure 4.39.
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Figure 4.39 Magnetization (M) at room temperature of Sny gesFe 4050,.5 calcined at 773, 873 and

973 K. Inset: enlarge the loops of Sn, 4. Fe, .0, 5 calcined at 873 and 973 K.

The data have been corrected for the diamagnetic contribution due to the sample
holder. The magnetizations of all compounds were saturated at relatively low fields ~150 Oe.
A decrease in the ferromagnetic moment was independent on increasing calcined temperature, the
magnetic moments were observed in a large change for calcined at 773 K (0.256 My/Fe) and
caleined at 873 K (0.006 1,/Fe) or calcined at 973 K (0.022 H/Fe). The M, values were 0.076,
0.001 and 0.006 for the samples calcined at 773, 873 and 973 K, respectively. This clearly
established the fact that the ferromagnetic component was stronger when prepared at lower
calcination temperatures, in excellent agreement with Punnoose er al results discussed
earlier [56]. Mathew et al. suggested that low annealing temperatures favored ferromagnetism,
probably due to uniform distribution of the transition metal dopant ions in the host SnO,
lattice [96]. Moreover, they found that the complete disappearance of ferromagnetism in samples

annealed at temperatures above 873 K ruled out of the formation of iron oxide. In Figure 4.39, the
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best magnetic moment of about 0.25 £4,/Fe for Sn .Fe 10,5 calcined at 773 K, were decreased
readily as Fe dopant (x) was enhanced, in agreement with Fitzgerald er al. as reported
previously [97]. The moments at low concentrations (x < 0.02) approached or surpassed the
spin-only values, and they could not be explained in terms of secondary impurity phases. In any
case, Mn-, Fe- and Co-doped SnO,, the moments at low concentrations far exceed those of all
known ferromagnetic phases [97]. The coercivity (H,.) of these samples calcined at 773, 873 and
973 K were about 280, 160 and 150 Oe, respectively, which were significantly different from the
value of H. =1844 Oe obtained for the pure hematite sample [56]. The small coercivity of
polycrystalline samples indicated the intrinsically soft nature of these materials. It seems to be
that the coercive field results from the magnetic correlation between iron particles instead of that
of iron clusters.

The M- H curves of Sny . Fe,,,0,.5 calcined at 773, 873 and 973 K were shown in
Figure 4.40. The magnetic moments were 0.022 and 0.045 z4,/Fe and the M, values were 0.008
and 0.007 t4,/Fe for the samples calcined at 773 and 873 K, respectively. Surprisingly, the
ferromagnetic ordering completely disappeared and it became paramagnetic. This probably
implied that when constrains on the samples were more relaxed, the ferromagnetism could be

enormously reduced as found in Ni-doped SnO, by PLD [98].
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973 K.




The magnetization (M) as a function of an applied magnetic field (H) o
Sng o55F€ 4150,.6 calcined at 773, 873 and 973 K was illustrated in Figure 4.41. In the other hands

the samples lost the ferromagnetic ordering and formed diamagnetic behavior instead.
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Figure 4.41 Magnetization (M) at room temperature of Sny gesFe,51:0,.5 calcined at 773, 873 and

973 K.

A typical VSM hysteresis loop taken at room temperature from the Sn, Fe O, s
samples with x = 0.100, 0.150, 0.200, 0.250 and 0.300 calcined at 773 K was shown in Figure 4.42
with substantial different behavior. Clearly, there were two types of curves in different shapes.
A weak ferromagnetic-like characteristic with a saturated magnetization of 0.002 f4/Fe was
appeared in Sng g Fey,0,0,5 calcined at 773 K. It corresponded to this sample synthesized by
a polymerized complex method with Mg = 0.013 emu/g (0.0017 z4,/Fe) [99]. The other

Sn, Fe O, 5 samples showed that a hyteresis loop was very narrow and not saturated.
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Figure 4.42 Magnetization (M) at room temperature of the Sn, Fe O,5 (0.100 < x < 0.300)

samples calcined at 773 K. Inset: enlarge the loop of Sn,,Fe, ,,0,.5.

A rapid expansion of the SnO, lattice and significant structural disorder were
resulted in increasing the Fe doping to > 10%. The ferromagnetic ordering might be destroyed
with such enormous structural changes. These magnetizations showed a cycle typical of
a superparamagnetic system, although the weak hysteresis observed indicated the presence of
a small amount of a ferromagnetic component. This result suggested that Fe has been
incorporated into SnO, structure either substitutionally or ihterstitially. The coercivity (H.) was
about 300 Oe, which was significantly different from the value of H, = 1844 Oe obtained for the
pure hematite sample [56]. The existence of a significant coercivity in Sn, Fe O, samples was
clearly ruled out their possible origin from nanoscale superparamagnetic particles of iron
oxides [56]. It was well known that when magnetic materials were prepared in nanoscale sizes,
they demonstrated superparamagnetic behavior characterized by hysteresis loops with zero
coercivity above their blocking temperatures. This blocking behavior implied that there were
precipitated ferromagnetic particles in the films which were partially responsible for
the ferromagnetic property of Fe-doped SnO,. Therefore, it was the most possible that the

Sn, Fe O, 5 samples with x > 0.100 were superparamagnetism.
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At the same time, the M-H curves of the Sn)_Fe O, s samples with 0.100 <x < 0.300
calcined at 873 and 973 K were shown in Figure 4.43 and Figure 4.44, respectively. There were
two types of curves in the different shapes similar to the samples calcined at 773 K (Figure 4.42).
The presence of a very weak ferromagnetic-like characteristic (< 0.001 z4,/Fe) was generated in
the Sn g5,F€,,000,.5 samples calcined at both 873 and 973 K. A superparamagnetic behavior was

demonstrated in the other Sn, Fe O, 5 samples.
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samples calcined at 873 K.
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Figure 4.44 Magnetization (M) at room temperature of the Sn, Fe O, (0.100 < x < 0.300)



CHAPTER V
CONCLUSIONS

The nanoparticle Sn, TM O, 5 powders (TM were Cr and Co with x < 0.015 and Fe
with x < 0.30) were prepared by the autocombustion technique. All XRD patterns showed the
rutile structure of SnO, (JCPDS file: 41-1445) without any trace of an impurity phase. The peak
positions did not show any measurable change, while the intensities of the peaks were decreased
with increasing Co concentrations. All samples were a very broad XRD peaks due to their
nanocrystalline behavior. The XRD intensities of these samples were increased as increasing
calcination temperatures indicating that crystallinity of these samples were increased.

The crystallite sizes were calculated using the Scherrer’s equation and the
Williamson-Hall Plot method. The crystallite sizes were increased as increasing calcination
temperatures indicating that the agglomerated powders were occurred during growing crystals.
On increasing the TM concentration, the average particle size was decreased slightly with TM
doping, in excellent agreement with TEM studies especially in Cr dopant. The presence of
a nearly sphereical-like nanoparticles with a partly agglomeration were showed by the TEM
image. However, the particles sizes estimated from TEM were slightly larger than those obtained
from XRD breadth. The average crystallite size was in the range of 5 - 20 nm. This confirmed
that the Sn; TM O, 5 samples could be synthesized in the nanometer level.

The absorption bands of d-d transition corresponding to the spin-allowed transitions
in each metal, two absorption bands for crt (cZ2 ): 3Tlg(F)—>3ng(F) and 3Tl g(F)——> 3Tlg(P) and two
absorption bands for Co" (d7) that were ascribed to 4T1 g(F) — 4ng(F) and 4T1g(4F) — 4T1g(P),
were discussed from the diffuse reflectance spectra. In the other hands, a red shifts in band gap
transition could be attributed to the charge transfer transitions between the Fe’" d-clectrons and the
SnO, conduction or valence bands. These results confirmed that Sn* was partly substituted by
Cr4+, Co’ and Fe''. The diffuse reflectance, R was related to the Kubelka-Munk function f(R) by
the relation AR) = (1-R)’/2R. The band gap energies, £ were then calculated from plotting of

j(R)2 versus energy. The band gap energies were in the range of 3.2 - 3.8 eV. Optical absorption
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measurements showed E, which were decreased as increasing of the calcined temperatures.
Moreover, increasing the TM concentrations reversed the trend in that the band gap was decreased
gradually. However, the band gap energies of these samples were much higher than the expected
3.6 eV for bulk-pure SnO,. This résult confirmed that the Sn,_TM, O, 5 nanopaticles have been
synthesizes by the autocombustion technique.

Room temperature ferromagnetism has been observed in all TM doped SnO,
powders. The hysteresis loops at the room temperature of the Sn, Cr O, 5 samples showed a weak
ferromagnetism. The saturation magnetization (M) value of the Sn ,,.Cr, O, 5 samples calcined
at 873 K was about 0.039 £4,/Cr. Thus, a magnetic moment might result in the samples doping
with a non-ferromagnetic element. The coercivity (H,.) of these samples was about 300 Oe. In
addition, the well-defined hysteresis loop was observed for the Sn; Co,0,s samples. The
saturation magnetization of the Sn,:Coy s0,.5 samples calcined at 973 K was 0.11 z4,/Co. The
remanence ratio and the coercive field were 0.72 and 1.3 kOe, respectively. For Fe dopant, the
magnetizations of all the compounds were saturated at relatively low fields. The magnetic
moment of the Snyy..Fe, 50,5 sample calcined at 773 K was about 0.256 f4,/Fe. The moments
were decreased readily as Fe dopant increasing. The coercivity of these samples was about
200 Oe. The hysteresis loops of high Fe concentration were two types of curves. The presence of
a weak ferromagnetic-like behavior with a saturated magnetization of about 0.002 z4/Fe was
appeared in the Sn . Fe ;0,5 sample calcined at 773 K. A very narrow and not saturated
hyteresis loops were showed in the other Sn, Fe O, 5 samples, x > 0.100. These samples were
superparamagnetism.  The coercivity (H.) was about 300 Oe. The small coercivity of
a polycrystalline samples indicated the intrinsically soft nature of these materials. The relatively

lower magnetic moments observed in these samples was a drawback in employing them in

spintronics devices.
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Suggestion for future work

These TM-doped SnO, nanoparticles might be characterized in the other techniques
to obtain to be good diluted magnetic semiconductor (DMS) nanoparticle materials. Energy
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) might be
employed for elemental analysis. In addition, M&ssbauer spectroscopy might be performed to
confirm oxidation state of Fe. Moreover, magnetic property might be to obtain Curie temperature

using a superconducting quantum interference device (SQUID).
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X-ray Diffraction patterns
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Figure A.1 X-ray Diffraction patterns of Sn, 4,,Cr, 4,,0,.5 calcined at 773, 873 and 973 K.
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Figure A.2 X-ray Diffraction patterns of Sn,,,Co,,,,0,.5 calcined at 773, 873 and 973 K.

98



Intensity (103 Counts)

20 30 40 50 60 70 80 90 100
2theta (degree)

Figure A.3 X-ray Diffraction patterns of Sng s, Fe, 4,00, calcined at 773, 873 and 973 K.
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Figure A.4 X-ray Diffraction patterns of Sn y,Fe, 0,05 calcined at 773, 873 and 973 K.

99




100

APPENDIX B

Atomic Scattering Factors



Table B.1 Atomic scattering factors of some element [87].

sin ¢ @AY 0.0 0.1 0.2 0.3 0.4 0.5
A

Cr 24 21.1 17.4 14.2 12.1 10.6
Mn 25 22.1 18.2 14.9 12.7 11.1

Fe 26 23.1 18.9 15.6 13.3 11.6

Co 27 24.1 19.8 16.4 14.0 12.1

Sn 50 457 39.5 33.8 28.7 25.6

8 7.1 5.3 3.9 2.9 22

o 10 8.0 5.5 3.8 2.7 2.1
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APPENDIX C

The Database of Some Ionic Radii



103

Table C.1 The database of some ionic radii [88].

Ion Charge Coordination Spin State Tonic Radius (A)
0 -2 I 1.35
Sn 4 v 0.55

A%! 0.69*

Cr 2 VI High Spin 0.8*

Low Spin 0.73
3 VI 0.615%
4 v 0.41
A%! 0.55
Fe 2 VI Low Spin 0.61
High Spin 0.78%*
Vil 0.92
3 VI Low Spin 0.55
High Spin 0.645%
Vi High Spin 0.78
4 VI 0.585
Co 2 VI High Spin 0.745*
Low Spin 0.65
3 VI Low Spin 0.545%
High Spin 0.61
4 v 0.4
VI 0.53

Note: (*) = Most Reliable.
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APPENDIX D

The Crystallite Sizes Calculations for Sn,,, Fe, ., 0, 5 calcined at 973 K



Table D.1 S, of commercial SnO, which calcined at 1,273 K for 3 hrs.

Material: Commercial SnO,

Radiation: CuKa, A= 0.15418 nm

2 theta (degree) hkl FWHM (degree) FWHM (rad) = g,
26.5866 110 0.2214 3.86x 10°
33.8632 101 0.2155 376 % 10°
37.9406 200 0.1938 338x 10°
51.8138 211 0.1876 327%10°
54.8148 220 0.1776 3.10 x 10°

Table D.2 Crystallite size calculation by Scherrer’s Equation.

105

Material: Sn,,Fe,,,0,.5

Radiation: CuKal, A= 0.15418 nm

200 W B,) Blad) g = \/(50 W -p)  Beosd  <D>(mm)
2661 110 132 2.31x10° 2.10 x 10 2.04x10°  6.82
3394 101 1.17  2.04x10° 1.82x 10” 1.75x10°  7.95
38.04 200 133 2.32x10° 2.13% 10” 2.01x10°  6.89
5191 211 140 2.44x10” 226% 107 2.03x10°  6.82
5485 220 139 2.42x10° 225 % 107 2.00x10°  6.95
7.0940.44

Table D.3 Crystallite size calculation by Williamson-Hall Plot method.

Material: Sn ;Fe, 0,5

Radiation: CuKoi, A= 0.15418 nm

200 md B,(°) P (rad) B, = \/ (B, - IBI)W B, cosO 4sinf
2661 110 132  2.31x10” 2.10x 107 2.04x10° 092
3394 101 1.17  2.04x10” 1.82x10” 1.75x10° 117
3804 200 133 2.32x10” 2.13x 107 2.01x10°  1.30
5191 211 140 2.44x10° 2.26x10° 2.03x10° 175
5485 220 139 2.42x10” 2.25% 107 2.00x10°  1.84

Plot /3. cosO versus 4siné
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APPENDIX E
Crystallite sizes calculated by Scherrer’s equation

and Williamson—Hall Plot method



Table E.1 Crystallite sizes, D (nm) of the Sn,_Cr O, 5 samples

107

Scherrer’s equation WHP method
i 773 K 873 K 973K 773 K 873 K 973 K
0.000 10.31x0.56 12.39%0.63 144810.69 1258+0.46 16.04+0.18 18.27£0.29
0.005 696£0.73 12.19+045 1576£020 571+0.99 12.20%0.71 20.05%0.43
0.010 6.67+0.77 1055+£0.58 1322%+082 6.3110.86 13.22+£0.43 19.9710.24
0.015 6.73 £0.67 10.32+£0.59 1298+0.67 821%0.34 1322+0.26 19.20+0.18
Table E.2 Crystallite sizes, D (nm) of the Sn;_Co_ O, 5 samples
Scherrer’s equation WHP method
i 773 K 873 K 973K 773 K 873K 973K
0.000 10.31x0.56 12.39+£0.63 14.48+0.69 12.58+0.46 16.04+0.18 1827%0.29
0.005 5991033 10.27%£0.37 12.62+0.55 517+£035 1046£0.56 16.09%0.90
0.010 5721041 9.03£0.34 11.69+037 556x0.29 11.08+043 15.32+0.84
0.015 5.68 £0.36 873+£042 11.2240.43 582*059 10.18%0.61 14.43 +£0.85
Table E.3 Crystallite sizes, D (nm) of the Sn,_Fe O, 5
Scherrer’s equation WHP method
i 773 K 873 K 973 K 773 K 873 K 973 K
0.000 1031%£0.56 12.39%0.63 1448+0.69 12.58+0.46 16.04+0.18 18.27 £0.29
0.005 583+0.60 11.18+0.47 15.05+0.96 6.71£0.86 14.40£0.08 20.70+£0.17
0.010 586+0.57 11.55+0.40 15.47+0.83 6571094 143210.14 20.89+£0.10
0.015 539+£052 10.11+0.48 14.96+0.42 551£0.74 12.30%0.39 18.05 £0.20
0.100  522+032 800+042 1095+055 5.88+091 9411064 13.41+0.41
0.150  5.14+0.30 7.47£039 9.78+0.55 5.81+£0.88  853+0.81 11.76+0.55
0200 4841034 6.19+047 7944033 5274093 7.67+0.28 9.06 £0.79
0.250 4.8510.38 5.8410.44 7.30£0.36 529+0.95 6.98 £ 0.66 8.49 £ 0.67
0300 4.41+£039 538£039 7.09%£044 4.59+077 6.13+0.86 8.34 £0.67
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APPENDIX F

Kubelka-Munk Spectra



Kubelka-Munk

Figure F.1 The Kubelka-Munk spectra of the Sn, .Cr,0,5 (x £0.015) samples calcined at 773 K.

Kubelka-Munk

Figure F.2 The Kubelka-Munk spectra of the Sn, Cr,0, 5 (x £ 0.015) samples calcined at 873 K.
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Kubelka-Munk

Figure F.3 The Kubelka-Munk spectra of the Sn,_Cr,0, 5 (x < 0.015) samples calcined at 973 K.

Kubelka-Munk

Figure F.4 The Kubelka-Munk spectra of the Sn, ,Co,0, 5 (x < 0.015) samples calcined at 773 K.
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Figure F.5 The Kubelka-Munk spectra of the Sn, Co,0,s (x < 0.015) samples calcined at 873 K.
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Figure F.6 The Kubelka-Munk spectra of the Sn, Co,0,s (x < 0.015) samples calcined at 973 K.
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Figure F.7 The Kubelka-Munk spectra of the Sn,_Fe O, 5 (x < 0.015) samples calcined at 873 K.
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Figure F.8 The Kubelka-Munk spectra of the Sn,_Fe O, 5 (0.100 < x < 0.300) samples calcined at
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APPENDIX G

X-ray Diffractograms of Sn,_TM O, 5 from Rietveld Refinement



(a)

(b

(c)

Figure G.1 X-ray diffractograms of the Sn _ Cr O, s samples calcined at 773 K; (a) x = 0.005
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Figure G.2 X-ray diffractograms of the Sn,_ Cr O, s samples calcined at 873 K; (a) x = 0.005
(b) x =0.010 and (c) x=0.015.
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Figure G.7 X-ray diffractograms of the Sn,_Fe O, 5 samples calcined at 873 K; (a) x = 0.005
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APPENDIX H

Magnetic Data Analysis
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Magnetic Data Analysis

The SQUID magnetometer yields the magnetization (M) in EMU (cgs units). In order to
report the magnetization value in L /f.u., the magnetization was calculated by using the following

relationship:

M (EMU/g)xMW(g/mol)

M (U, /fu)= —
N xnx9.30x10 " (EMU/L)

where MW is a molecular weight of the compound. ¥, is Avogadro constant (6.022x10” mol ™)

and 7 is a number of magnetic atom in the compound.
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APPENDIX 1

The Full Width at Half Maximum (FWHM) of the XRD Plane (110)



Table I.1 The Full Width at Half Maximum (FWHM) of the XRD plane (110) of Sn, , TM,O, 5.

FWHM (degree)

™ X
773K 873 K 973 K

(Sn0,)  0.000 0.9252 0.7846 0.6904
0.005 15353 0.9324 0.7308

Co 0.010 1.6379 1.0593 0.8424
0.015 1.6418 1.0959 0.8717

0.005 1.6895 0.935 0.6361

Cr 0.010 1.6185 0.8754 0.6511
0.015 1.5695 0.9491 0.6904

0.005 1.5172 0.8517 0.6595

Fe 0.010 1.4742 0.8379 0.6416
0.015 1.6876 0.9508 0.6791

0.100 1.7893 1.1901 0.8958

0.150 1.8171 1.2643 0.9987

Fe 0.200 1.969 1.5205 1.2019
0.250 1.9614 1.6152 1.2914

0.300 2.0808 1.7316 1.3229
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Figure 1.1 FWHM of the plane (110) of the Sn,_Cr,0, 5 (x < 0.015) samples calcined at 773, 873

and 973 K.
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Figure 1.2 FWHM of the plane (110) of the Sn;,Co,0, 5 (x < 0.015) samples calcined at 773, 873

and 973 K.
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Figure 1.3 FWHM of the plane (110) of the Sn, Fe O, 5 (x < 0.300) samples calcined at 773, 873

and 973 K.
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Figure 1.4 FWHM of the plane (110) of the Sn,_Fe 0,5 (x < 0.015) samples calcined at 773, 873

and 973 K.




