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ABSTRACTS

The fascinating concept of substituting the cation of oxide based dilute magnetic
semiconductors (DMS) with transition/rare earth metal ions shows tremendous
prospects because of their usefulness in ultrafast spin-charge transport phenomena
and their applications. The aim of this thesis is focused on studying the effects of
Sm3+ substitution for Ti4+ ion in TiO2 lattice from 0 mol% to as high as 20 mol%.
Both X-Ray diffraction and electron diffraction analysis show that the substitution
of Sm inhibited the grain growth and phase transition from Anatase to Rutile. The
particle size distribution estimated from Transmission Electron Microscopy (TEM)
shows that particle size was reduced from 53(±10) nm to 10(±3) nm due to addi-
tion of Sm content. The photoluminescence and UV-Vis-NIR spectroscopy suggest
that all samples exhibit indirect bandgap and addition of Sm content reduces the
bandgap because of the presence of shallow trap centers created by oxygen vacancies
just below the conduction band. The magnetization vs. applied field (M-H) exhibit
dilute ferromagnetic behavior at 300 K for all samples while an evolution of para-
magnetic response along with ferromagnetic behavior was noticed with increasing
Sm content at 5 K which might be attributed to the presence of the amorphous
samarium oxide. Such promising results suggest that the role of oxygen vacancies in
formation of amorphous second phase of bulk dopants which might contribute to the
net ferromagnetic behavior of dilute magnetic semiconductors (DMS) are worthy of
further investigation.
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CHAPTER 1

INTRODUCTION

1.1 Background of the research

Modern technology stands on the shoulder of semiconductor materials for their im-
mensely useful adaptabilities of physical properties specially the electrical conduc-
tivity with an applied electrical field. Despite of having superior conductivity, metals
have been outcast by the uniqueness of semiconductor materials in controlling the
flow of current. For example, in order to perform a logic function, the ability to
distinguish between one and zero is necessary. Semiconductor materials have the
capability to transform from insulating to conducting with the help of very small
amount of voltage known as gate voltage. When the gate voltage is above a certain
level, current flows through a small channel between source and drain; making the
material conductive. Again, this flow of current is interrupted when gate voltage is
below the level. This directional flow of current in semiconductor is basically driven
by very dilute concentration of dopants into a host semiconductor (i.e. 1013 to 1018

dopant atoms/cm3 in Si as host material which contains 5×1022 atoms/cm3). By
inducing such excess or shortage of electrons via doping, variable electrical resistance
can be achieved which makes semiconductor materials useful for switching, ampli-
fication or energy conversion applications. This class of semiconductor is known
as Transistor and they led the most important paradigm shift in technology by
miniturization of devices which in turns reduces the energy utilization by thousand
folds. The placement of these transistors on the integrated circuit (IC) is important
because the more miniaturized dense IC could be made, the less heat loss would hap-
pen which eventually will raise the speed of information process. In 1965, Gordon
Moore, one of the cofounder of Intel, predicted that the number of transistors placed
on an IC will double in every two years. Companies like Intel, Samsung and NVidia
are now fabricating transistors less than 20 nm in size at mass scale and NVidia’s
new graphics card GF100 is an example of how dense miniaturized a device can
become which contains more than 3 Billion transistors. But, this miniaturization
to speed up the information process has now reached its saturation limit since it is
almost at the edge of atomic scale. On the other side, we are producing more than
2.5 quintillion bytes of data everyday according to Forbes. With days passing by,
we are becoming fonder of online based social and financial activities. The energy
required for processing this large amount of data is causing global warming at an
increased alarming rate. As, the miniaturization of device can no longer provide
benefits to us in energy conservation via faster communication, we now must have
to think otherwise.

In electronics, only the charge of the electron is utilized while it’s another degree
of freedom “Spin” remains less remembered. If the spin states can be incorporated
with electronic charge to store and process information, the communication will
increase by many folds which has been a fascination for decades. Spintronics, an
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acronym for SPIN TRansport electrONICS, is one of such promising areas which
brought us the novel concept of utilizing both the charge and spin of the electrons.
Apart from the formerly known classical states of electron’s spinning i.e. rotating
clockwise or anticlockwise, there are infinite number of spin states that an electron
can possess according to quantum mechanics. If these spin states could be controlled
like the current flow in transistor, we would have more options beside the conven-
tional switching technique i.e. current off(0) or on(1). That being said, the electrons
carry the spin state must be non-volatile as well as spin polarized and the ferromag-
netism needs to be capable of gating. For example, Kreutz et al. showed that an
organic monolayer, deposited on surface, can provide electrons to compensate the
hole carriers of GaMnAs which restrain the ferromagnetism (TC < 170K) [1]. The
control over ferromagnetism by changing carrier concentration like Kreutz’s research
is what we want to achieve at room temperature.

Initially, spin injection attempts were limited to the heterostructure comprising a
metallic ferromagnet on semiconductor device [2,3]. But due to serious deficiency of
spin injection at metal-semiconductor interface, this idea was replaced by a quest for
the ferromagnetism in semiconductor. The concept of ferromagnetic semiconductor
was initiated by introducing dilute concentration of magnetic dopants (Mn2+) into a
semiconductor material, Ga(1−x)MnxAs (x = 0.015–0.071) [4]. The ferromagnetism
observed in such non-magnetic semiconductors are supposed to be carrier mediated.
The excess electrons provided by the dopants delocalize near the fermi level. For
certain cases, these delocalized impurity bands become spin polarized and tend to
show half-metallic behavior. The materials showed such property were started to be
termed as “Dilute Magnetic Semiconductor (DMS)”. In an ideal DMS, the charge
carriers are spin polarized and behave like half-metallic which enable the charge car-
riers to be transported by inducing very small applied electrical or magnetic field.
By showing high promises of carrier mediated spin-charge transport, DMS materi-
als have raised a lot of enthusiasm in scientific community in the recent years to
extend the established CMOS (Complementary Metal Oxide Semiconductor) based
electronics towards spintronics devices.

1.2 Dilute Magnetic Semiconductors (DMS)

Dilute magnetic semiconductors are actually non – magnetic materials containing
very small amounts of magnetic ions as dopants. Due to these magnetic dopants,
the non – magnetic materials show dilute ferromagnetism. But the basic difference
between DMS and other ferromagnetic materials is DMS’s half metallic behavior
which alone controls the spin-charge transport in these materials. Hence, it is note-
worthy to revisit the concept of spin polarization and half metallic behavior before
going further about DMS.

Spin polarization can be expressed as the ratio of the density of states of up-spin
and down-spin electrons at fermi level. The degree of polarization is P = Nup−Ndown

Nup+Ndown

where up-spin (Nup) and down-spin (Ndown) electrons denote the electrons polarized
in opposite directions. In paramagnetic materials, the degree of polarization is 0
and in conventional ferromagnetic materials the value is between 0 and 1. Only
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for the cases of half-metal, the degree of polarization is 1. The schematic density
of states of an ideal half metal is given in Fig 1(g). In an ideal half-metal, for
specific polarized electrons (either Nup or Ndown) will have density of states in fermi
level which does not have any gap between conduction and valence band. For other
set of polarized electrons, there will be no density of states in fermi level just like
an intrinsic semiconductor. This means that all electrons at fermi level in half-
metal are completely polarized and for the presence of gapless density of states
at fermi level, the polarized electrons will behave like free electrons of metal. For
this reason, these materials are called as half-metal. The concept of half-metal was
first predicted by Groot et al. during the electronic band structure calculation of
NiMnSb and PtMnSb [5]. Coey et al. explained the half metallic behavior in CrO2

and predicted that the half-metallicity in semiconductors can be classified in two
types as showed in Fig 1 (h) & (i) [6].

(a) Magnetic material (b) Non-magnetic material (c) Dilute magnetic
semiconductor

(d) Intrinsic semiconductor (e) n type semiconductor (f) p type semiconductor

(g) Ideal half metal
(h) Type-I half metallic

semiconductor
(i) Type-II half metallic

semiconductor

Figure 1.1: (a-c) Difference between ferromagnetic material, non-ferromagnetic
material and dilute magnetic semiconductor. (d-i) Density of states of different

types of semiconductor, ideal half metal and half-metallic semiconductors
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The bands at fermi level are originated from the delocalized d or f orbital elec-
trons in both types of half-metallic semiconductors. From Fig 1 (h) & (i), it can be
clearly understood that the bands in type I material are comprised of less than half
filled d or f orbital electrons while in type II, the bands are comprised of more than
half-filled d or f orbital electrons. Although the density of states of half-metallic
semiconductor deviate from the gapless states of half-metals, the spin polarized de-
localized electrons can be transported by hopping from one site to another [6].

In dilute magnetic semiconductor, the magnetic dopants have excess electrons
which delocalize at fermi level. It is noteworthy to mention that the dilute magnetic
semiconductors should have non-zero spin polarization to achieve half-metallicity. If
the half-metallic behavior can be made stable at room temperature, only then the
DMS materials will be able to bring a paradigm shift in technology by integrated in
logic devices, spin polarized light emitting diodes, non – volatile memory storages,
spin field effect transistors etc.

1.3 Current challenges in DMS research

The earliest discovery of dilute magnetic semiconductors were reported for Mn doped
II-IV and III-V alloys. In 1988, Furdyna et al. studied the physical properties of
Cd(1−x)MnxSe and Hg(1−x)MnxTe but the curie temperature was around 40 K [7].
In 1989, Munekata et al. observed the properties of dilute magnetic semiconductor
in Ga(1−x)MnxAs while the curie temperature was around 100 K [8]. Since then
half metallic behavior in these materials specially in Ga(1−x)MnxAs was deliberately
studied but the curie temperature could not be raised above 170 K. The quest for
a room temperature DMS got a new dimension when Matsumoto et al. reported
extrinsic ferromagnetism in Ti(1−x)CoxO2 which has very high curie temperature
(600 K) [9]. To this day, dilute ferromagnetism at room temperature has been ob-
served in non-magnetic oxides like ZnO, In2O3, CeO2, SnO2, CuO2 etc [10–13]. But
the concept of making DMS by doping of magnetic impurities was changed when
room temperature ferromagnetism was observed in undoped non-magnetic oxides.
Besides, magnetic clusters and secondary phases have been found to contribute to
extrinsic ferromagnetism in these oxides [14–16]. Therefore, creation of any spin-
tronics device based on these oxide based DMS materials remains halted due to the
true understanding of the origin of ferromagnetism in these materials.

1.4 Objective of this research

The aim of this research is focused on the dilute ferromagnetism in Ti(1−x)SmxO2

(0 ≤ x ≤ 0.2) nanoparticles. Among the wide bandgap semiconductors, TiO2 is the
most extensively studied material for its superior chemical stability and high curie
temperature. The primary reason for Sm3+ substitution in TiO2 is to create oxygen
vacancy. The electronic configuration of Sm and Ti are [Xe] 4f 6 6s2 and [Ar] 3d2

4s2 respectively. But the preference of Sm3+ (Sm3+=[Xe] 4f 5) substitution stems
from the fact that it has odd number of excess electrons when it substitutes Ti4+ in
TiO2. The number of excess electrons is important because they are supposed to be
delocalized and induced non-zero spin polarization at fermi level. The delocalized
electrons tend to pair themselves by crystal field splitting for energy minimization.
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For example, Fe2+ ([Ar] 3d6) has four unpaired d oribital electrons but after crystal
field splitting Fe2+ tends to have 3 pairs of d electrons which in turns yield near to
zero spin polarization. On another case, Fe3+ ([Ar] 3d5) five unpaired electrons in
valence band. Because having odd number of electrons, it is impossible to nullify the
net spin polarization of Fe3+ by electron’s ownselves pairing mechanism. However,
in this research Sm3+ was chosen for its odd numbers of f orbital electrons in valence
band which are supposed to exhibit strong spin-orbit interaction.

Another reason of Sm3+ substitution in TiO2 is its larger ionic radius (Sm3+=1.08
Å and Ti4+=0.68 Å). One of the main goals of this research is to investigate what
happens beyond the solid solubility limit of Sm3+ substitution. As it is previously
stated that there are discrepancies on the origin of ferromagnetism in oxide DMS
materials which mostly revolve around the nature of substitution. Hence it is crucial
to investigate the structural purity beyond solid solubility limit of substitution such
as the formation & growth of the interface of any 2nd phase and their effect on
optical and magnetic properties. So, the aim of this research can be summarized as:

� To study the effect of Sm3+ substitution on the structural, optical and mag-
netic properties of TiO2

� To investigate the nature of formation and growth of any second phase beyond
solid solubility limit of substitution

1.5 Thesis overview

Chapter 2 starts with a brief review on recent progress in dilute magnetic semi-
conductors and the experimental techniques to investigate the spin polarization in
these materials. It will also discuss several theoretical models on the origin of fer-
romagnetism in DMS. Finally there will be a brief review on recent theoretical and
experimental research on TiO2. Chapter 3 describes the experimental methodology
and introduces the detailed synthesis process followed by the structural, morphology,
optical and magnetic characterization techniques. Chapter 4 discusses the results
obtained from experiments and how they support an elucidation of this research
which is concisely given in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

The requirement of dilute magnetic semiconductor is its non-volatile ferromagnetism
which must have non-zero spin polarization at fermi level. To this day, extensive
research have been performed on dilute magnetic semiconductors. During exploita-
tion the prospects of DMS in any material a number of questions must be carefully
resolved. The primary questions are definitely about the structural purity of the
sample such as any presence of 2nd phase in X-ray and electron diffraction study,
any presence of metallic cluster of dopants in X-ray photoelectron study, any pres-
ence of satellite peaks due to oxygen vacancies in the valence band spectra etc. If
these questions are resolved then next questions will come forward which are about
the spin polarization nature. Before going further on the spin polarization in DMS,
it is required to revisit the concepts of three fascinating photoemission spectroscopy
techniques which are X-ray absorption spectroscopy (XAS), X-ray magnetic circular
dichroism (XMCD) and angle resolved X-ray photoelectron spectroscopy (ARPES).
This chapter begins with a plain explanation of these powerful spectroscopy tech-
niques.

2.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy provides a clear picture of valence shell by exciting
a core level electron to an empty valence shell. In magnetic materials, the valence
shell is typically 3d or 4f and they are partially filled. The excited photoelectrons
take position in the empty places in d or f orbitals and eventually return to ground
state by emitting a fluroscent/auger electrons. The detector in XAS capture and
analyze the auger electrons. Peaks are splitted due to spin-orbit interaction of core
level electrons.

(a) Excitation of a core level
electron to valence shell

(b) Difference of X-ray absorption in metal
and oxide

Figure 2.1: Schematic principle of X-ray absorption spectroscopy. (images are
taken from the webpage of SLAC, Stanford University)
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Usually metal shows 2 peaks in XAS while oxides show multiplets as spin-orbit
interactions are more localized in oxide materials. Total intensity of the peaks
is proportional to the empty d or f orbital density of states. Although XAS can
depict the density of states in valence band but it cannot provide any details of spin
polarization. For example, the electron configuration of Fe is [Ar] 3d6 4s2 and for
Fe3+ it is [Ar] 3d5.

(a) 3d orbital in ground state

(b) crystal field splitting of 3d orbital

Figure 2.2: Difference in 3d orbital due to crystal field splitting in Fe3+

In XAS, the photo-excited core level electrons just fill up the empty states in 3d
orbital and there will be no difference in the observed absorption spectra for crystal
field splitting. During investigation of spin polarization, observation of only density
of states is not enough. For example, XAS cannot differentiate between the density
of states for 5 spin-up electrons showed in Fig 2.2(a) and the density of states for
3 spin-up & 2 spin-down electrons showed in Fig 2.2(b). This problem has been
resolved by X-ray magnetic circular dichroism spectroscopy.

2.2 X-ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) is a special feature of X-ray absorption
spectroscopy (XAS). Dichroism means polarization dependent light absorption of
any materials. In simple terms, XMCD is basically an XAS placed in a magnetic
field where the incident light is polarized. The left or right circularly polarized pho-
tons transfer their angular momentum to the core level electrons. Since change of
spin momentum is forbidden in electric dipole transition, the photo-ejected electrons
carry the same angular momentum to the valence band. The theory of XMCD was
first proposed by Erskine et al. in 1986 and the experimental proof of XMCD was
demonstrated by Gerrit van der Laan et al. in 1986 [17, 18]. A list of synchroton
facilities for XMCD around the world is given in the reference [19].

Fig 2.3 shows a schematic mechanism of XMCD. At ground state, 2p electrons
of Cobalt metal are usually splitted in j = 3

2
level (L3 edge) and j = 1

2
level (L2

edge). It is noteworthy to mention that spin and orbit are coupled parallel in L3

edge and antiparallel in L2 edge. At first, the right circularly polarized incident
light excites the 2p electrons which are parallel to the helicity of the light (spin-
up electrons). Similarly the left circularly polarized light excites the antiparallel
electrons at 2p core states (spin-down electrons). These electrons carry the angular
momentum and fill up the unoccupied empty states in 3d orbital. The net difference
of available places for spin-up and spin-down electrons in unoccupied 3d orbitals can
be understood by the XMCD graph.
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Figure 2.3: (a)Schematic principle of X-ray magnetic circular dichroism (XMCD)
(b) Difference between XAS and XMCD principle [20]

2.3 Angle Resolved Photoemission Spectroscopy

Angle resolved photo emission spectroscopy is the characterization technique for
direct observation of the electronic band structure of any crystalline material.

(a)

(b)

Figure 2.4: Schematic diagram of angle resolved photoemission spectroscopy

Like the other photoemission spectroscopy, ARPES is based on the photoelectric
effect which was pioneered by Einstein. When a sample is irradiated by incident
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light with sufficient energy, an electron from the surface of the material can absorb
the energy of photon and escape the surface. The kinetic energy required for this
process is hν−φ (hν is the photon energy and φ is the work function of the material).
ARPES measures the kinetic energy of a photoelectron and calculates its original
binding energy using the energy conservation law. Electrons having different mo-
mentum will escape from the surface at different angles and hence the momentum
resolution of the photoejected electrons can be determined by analyzing the angle
of the photoemission.

2.4 Recent advances in DMS research

This section will briefly present a review on recent progress in DMS research. Over
last few decades extensive research were performed on DMS properties in III-V, II-VI
and oxide materials. The seminal research work by Munekata et al. first demon-
strated the DMS properties in III-V materials [8]. In their work, they have grown
In(1−x)MnxAs (x ≤ 0.18) on both InAs and GaAs substrates by molecular beam
epitaxy. The films showed intrinsic semiconducting behavior (n-type) but the curie
temperature was far below room temperature. Hayashi et al. found extraordinary
magnetoresistance in Ga(1−x)MnxAs [21]. The curie temperature and magnetiza-
tion were increased with Mn concentration. Matsukura et al. explained that the
ferromagnetism observed in Ga(1−x)MnxAs follows Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange interaction [4].

(a) (b)

Figure 2.5: (a) Magnetic-field vs. Hall resistivity ρHall and resistivity ρ of
Ga(1−x)MnxAs vs. temperature. Mn concentration is x=0.053. The change of

spontaneous magnetization Ms with temperature is showed in inset [4] (b) X-ray
absorption and X-ray magnetic circular dichroism spectra of Ga0.98Mn0.02As [22]
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Khalid et al. found strong spin polarization at fermi level in In0.95Mn0.05P sam-
ple which showed intrinsic semiconducting behavior and negative magnetoresistance
[23]. Scarpulla et al. reported carrier mediated ferromagnetism in Ga0.94Mn0.06P
where strongly localized hole states are created just above the valence band due to
Mn doping [24]. But for both Ga(1−x)MnxP and In(1−x)MnxP the curie tempera-
ture remains around 60 K.

(a) (b)

Figure 2.6: (a) Magnetization vs. temperature of as-implanted and laser annealed
(A and B) In0.95Mn0.05P samples (b) XAS and XMCD study of In0.95Mn0.05P [23]

Gray et al. experimentally proved the half-metallic behavior of Ga0.97Mn0.03As
by analyzing the electronic band structure using Hard X-ray angle resolved photoe-
mission spectroscopy [25]. The Mn induced density of states were observed between
fermi level and valence band maxima in their experiment.

Figure 2.7: Experimental observation of half-metallic behavior in Ga0.97Mn0.03As
by Hard X-ray angle resolved photoemission spectroscopy [25]

Kobayashi et al. also reported half-metallic behavior of Ga0.975Mn0.025As in
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their seminal research paper [26]. Nemvsak et al. also reported half-metallic be-
havior in Ga0.95Mn0.05As by using standing wave angle resolve photoemission spec-
troscopy (SW-ARPES) [27]. Keqi et al. investigated the electronic structure of
Ga0.98Mn0.02P by using hard X-ray angle resolved photoemission spectroscopy and
observed Mn induced impurity states near valence band maxima [28].

Figure 2.8: Experimental observation of half-metallic behavior in Ga0.975Mn0.025As
by soft X-ray angle resolved photoemission spectroscopy [26]

Figure 2.9: (a) Bound magnetic polaron controlling the ferromagnetism in
Ga0.975Mn0.025As. (b) Schematic image of magnetic interaction in

Ga0.975Mn0.025As crystal structure [26]

Furdyna et al. first reported II-VI based dilute magnetic semiconductors (Cd(1−x)MnxSe
and Hg(1−x)MnxTe) in 1988 [7]. Zhao et al. reported short-range magnetic or-
dering in Zn(1−x)CrxTe [29]. Observation of similar short-range ferromagnetic in-
teraction in II-VI based DMS have been reported in many literatures in last few
decades [30–32].
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Figure 2.10: Magnetization vs. applied field in Zn(1−x)CrxTe [29]

Matsumoto et al. first demonstrated the intrinsic ferromagnetism in Co:TiO2

which showed high curie temperature [9]. This groundbreaking discovery led to ex-
tensive research on DMS in oxide based materials since 2001 [33–37]. Yamada et al.
reported electrically induced ferromagnetism in Ti0.90Co0.10O2 at room temperature
[38]. Saadaoui et al. reported intrinsic ferromagnetism observed in Ti0.95Co0.05O2

thin film is controlled by oxygen vacancy [39]. Several seminal research works also
exhibit intrinsic carrier mediated ferromagnetism in other non-magnetic oxides like
ZnO, In2O3, CeO2 [10, 40–46].

(a) (b)

Figure 2.11: (a) Magnetization vs. applied field (b) Magnetization vs. temperature
graph of Ti0.93Co0.07O2 sample [9]
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(a) Soft X-ray and Hard X-ray
photoemission spectroscopy of
Ti0.95Co0.05O2 thin film [47]

(b) Magnetization vs. applied field in
Ti0.91Co0.09O2 thin film [48]

Figure 2.12: Intrinsic ferromagnetism in transition metal doped TiO2 thin films

Figure 2.13: (a) Magnetization vs. applied field (b) XAS and (c) XMCD spectra of
Ti0.95Co0.05O2 thin film [39]

Figure 2.14: Bright field STEM image of Ti0.90Co0.10O2 grown on LaAlO3

substrate. The HAADF and EDX images show the homogeneous doping of Cobalt
in TiO2 [38]
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Figure 2.15: Magnetization vs. applied field in Ti(1−x)CoxO2 nanoparticles [49]

2.5 Origin of ferromagnetism in DMS

Despite extensive research have been performed on DMS over last few decades, the
true origin of ferromagnetism remains still unclear. The principle concept of DMS
is to induce ferromagnetism by adding magnetic dopants in a non-magnetic semi-
conductor material. But Sunderasan et al. showed that ferromagnetism might be
found in non-magnetic materials if their particle size is in nanoscale range [14]. In
their research, they found that variation of annealing temperature of undoped non-
magnetic oxides like ZnO, In2O3, CeO2 and Al2O3 is related to observed dilute
ferromagnetism. In explanation they attributed this phenomena to be controlled
by the concentration of oxygen vacancies on surface of the nanoparticles. Accord-
ing to Sunderasan et al. the surface oxygen vacancies create localized electron spin
moments which follow Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. The
RKKY interaction is basically a long range exchange interaction between d or f
orbital electrons and it decays in an algebraic manner with respect to the distance
between spins. The theory of RKKY type exchange interaction was inspired from
mean field Zener model which pioneered the theoretical proof of DMS properties in
Mn doped II-VI and III-V semiconductors.

Zener model suggests that delocalized charge carriers enhances the ferromagnetic
interaction of localized spins in metallic system. But the exchange interaction in
DMS is different than the short range d-d exchange interaction in 3d metal. Applying
the mean field theory to the Zener model, it’s found that the ferromagnetism in DMS
can be well described by the long range p-d exchange interaction between localized
and delocalized spins. According to this theory, doped holes redistribute themselves
by maintaining favorable delocalization length so that the energy of the system
becomes less. The mean field Zener model established an exchange constant (Jp−d)
which can be experimentally determined. This model not only predicted a number
of DMS candidates including zinc blende and wurzite type wide band gap oxides
and nitrides but also presented a mechanism to increase curie temperature in those
materials. According to the suggestion, cure temperature can be raised by enhancing
the hybridization energy which is proportional to a−3 (a is the lattice constant).
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(a) (b)

(c) (d)

Figure 2.16: Dilute ferromagnetism observed in undoped non-magnetic oxides due
to oxygen vacancies [14]

Figure 2.17: RKKY type exchange interaction of frustrated spins in CePO4 [50]

The mean field Zener model predicted p-type DMS candidates where the hole
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induced bands will be just above the valence band. This theory was proved wrong
when it was found that the predicted DMS candidates showed n-type semiconducting
behavior. Actually Zener model considered d orbital electrons will not participate in
charge transport and it was based on Mn induced band states. The case is different
for other transition metal ions as Mn has a unique orbital levels which is not like the
other transition metal ions. However, RKKY interaction resolved the issue which
focused on charge carrier mediated interaction in the DMS. The concept of mean
field Zener model and RKKY is almost same. RKKY explains the ferromagnetic-
antiferromagnetic interaction when the concentration of holes is larger than that of
spins which cannot be explained by Zener model.

In contrast to direct and indirect exchange interaction described by mean field
Zener model and RKKY model, there are also some additional exchange interaction
which have been found non-trivial to explain the ferromagnetism in DMS. Among
them the concept of bound magnetic polaron is most relevant. When the delocal-
ized spins act as a cluster and their behavior is controlled by the effective mass of
the cluster. The polaronic interaction increases with decrease in temperature. The
interaction between the localized polaron is antiferromagnetic. This model has be-
come popular to explain the ferromagnetism observed in a low carrier density DMS.
It is noteworthy to mention that none of these theories can alone truly describe the
universal nature of the ferromagnetism in DMS.

2.6 Role of oxygen vacancy in oxide based DMS

Oxide based DMS have showed high promises for room temperature intrinsic ferro-
magnetic behavior but the fundamental limitation is the true understanding of fer-
romagnetism in these materials. Oxygen vacancies play crucial role in determination
of ferromagnetic interaction which have extensively studied by both computational
and experimental approaches. In previous section, the research of Sunderasan et
al. clearly demonstrated the influence of oxygen vacancies on the observed ferro-
magnetism in undoped non-magnetic oxides. Oxygen vacancy induced band states
strongly interact with delocalized electrons and are capable of nullifying the non-
zero spin polarization at fermi level. Hence the role of oxygen vacancy has been
deliberately studied since the discovery of intrinsic ferromagnetism in Co : TiO2.

Bryan et al. showed that the oxygen vacancies at grain boundaries are responsible
for the high curie temperature ferromagnetism in Cr and Co doped TiO2 nanoma-
terials [51]. Chowdhury et al. reported that Mn doping distorts the TiO2 crystal
structure generating oxygen vacancies at surface which reduce the mobility of charge
carriers. They attributed the ferromagnetic interaction to be controlled by oxygen
vacancies via forming bound magnetic polarons in the system [52]. Such kind of
surface oxygen vacancy induced ferromagnetism has been reported for TiO2, SnO2,
TiO2 and ZnO in many literatures [53–58].
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(a) Stoichiometric Crystal
Structure of CeO2-Ce2O3.

Blue, Red and White spheres
indicate Cerium, Oxygen
atoms & Oxygen vacancy

(b) Oxygen vacancy leaves electron to its neighbor
two Ce4+ and they become Ce4+

Figure 2.18: Role of oxygen vacancies in CeO2 [59]

2.7 Prospects of TiO2 as DMS

The groundbreaking discovery of Co:TiO2 pioneered the quest for a DMS showing
intrinsic semiconducting behavior at room temperature. Although, the prospects
of DMS have been reported for other non-magnetic oxides like ZnO, In2O3 and
CeO2, the superior stability of TiO2 makes itself a unique candidate for DMS. For
example, CeO2 has almost the similar lattice matching with Si but due to the un-
stability the DMS prospects in CeO2 are considered much volatile than the others.
The exceptional capability of charge transfer between Ce3+ and Ce4+ enables CeO2

as an outstanding material for oxygen storage and catalyst like applications. But
this unstability is a serious concern when it comes to any device application. From
this perspective, TiO2 outruns the other oxide DMS candidates.

TiO2 has three stable polymorphs - anatase, rutile and brookite. Among them
rutile is the most stable one in bulk and anastase is most stable in nanoscale range
due to less surface energy [60]. Both anatase and rutile have tetragonal crystal
structure while the titanium atom is surrounded by six oxygen atoms in an octahe-
dral arrangement. During heat treatment, anatase undergoes a phase transition in
the temperature range 600-700 ◦C. Although, the bandgap of anatase (3.2 eV) is
larger than rutile (3 eV), photoactivity of anatase is greater than the rutile due to
anatase’s electronic structure and surface morphology.

Transition and rare earth metal doped TiO2 thin films and nanoparticles have
been widely studied. Among them few literatures studied Sm doped TiO2 nanopar-
ticles and thin films. Xiao et al. synthesized Ti(1−x)SmxO2 (0≤x≤0.015) via sol-gel
autocombustion technique. In their research they investigated the photocatalytic
properties of rutile-anatase heterostructure and did not carry out the magnetic char-
acterization [61].
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(a) Anatase (a = b = 3.78Å, c = 9.51Å)

(b) Rutile (a = b = 4.59Å, c = 2.95Å)

(c) Brookite (a = 5.45Å, b = 9.18Å, c = 5.14Å)

Figure 2.19: Crystal Structure of three polymorphs of TiO2 (α = β = γ = 90◦ for
all polymorphs)
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Figure 2.20: Difference in bond length and bond angles in rutile and anatase TiO2

Cao et al. synthesized Ti(1−x)SmxO2 (0≤x≤0.08) via sol-gel technique [62].
Above 550◦C anatase to rutile phase transition strated which became complete
above 750◦C. The authors have investigated the absorption spectra but they also
did not characterizae the magnetic property of the samples. Shi et al. also inves-
tigated the photocatalytic properties of Ti0.99Sm0.01O2 nanoparticles and observed
that Sm doping suppressed the particle size. The reduction in particle size was at-
tributed to be beneficial in photocatalytic properties of the nanoparticles [63]. Hu et
al. studied luminiscence properties of Sm:TiO2 nanoparticles and reported highest
luminiscenece for 0.75 mol% Sm:TiO2 nanoparticles [64]. Promising photoluminis-
cence and photocatalytic properties of Sm:TiO2 were also reported in some other
literatures [65–69]. None of the above mentioned research work investigated the
ferromagnetic behavior of the synthesized samples. Tseng et al. synthesized rutile
Ti(1−x)SmxO2 (0≤x≤0.02) by molten salt method and observed that dilute ferro-
magnetism of Sm doped TiO2 became weaker than the ferromagnetism of undoped
TiO2 nanoparticles [70]. However, no detailed study on Sm:TiO2 has been reported
so far to the best knowledge of the author of this thesis.
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EXPERIMENTAL METHODOLOGY

In this chapter, experimental methods employed in the thesis are described chrono-
logically. First, materials synthesis is presented with details which has been per-
formed repeatedly in order to ensure the reproducibility of the methodology. The
structural characterization by X – Ray Diffraction (XRD), X – Ray Photoemission
Spectroscopy (XPS), Differential Scanning Calorimetry (DSC) and Thermogravime-
try (TG) analysis are described followed by Field Emission Scanning Electron Mi-
croscopy (FESEM) and Transmission Electron Microscopy (TEM) analysis. The
optical properties were investigated using UV-Visible Spectroscopy and Photolu-
miniscene analysis. Finally, the magnetic properties of the samples were observed
using Vibrating Sample Magnetometer (VSM) at room temperature.

3.1 Materials synthesis

Pristine TiO2 and Ti1−xSmxO2 (x = 5, 10, 15 and 20%) nanoparticles have been
synthesized by sol–gel method using Titanium (IV) Tetra – isopropoxide (TTIP)
and Samarium (III) Nitrate Hexahydrate as host and dopant precursors. The other
reagents used in the synthesis are acetic acid and ethanol as chelating agent and
solvent respectively. The chemicals that are used in materials synthesis are listed in
Table 3.1. Synthesis methodology is discussed here hierarchically:

� 60 mL ethanol was taken in a beaker and then stoichiometric proportion of
TTIP were dissolved in to the ethanol.

� 6 mL glacial acetic acid was slowly added and the mixed solution was stirred
for 15 minutes.

� Stoichiometric proportion of deionized water (DI) was taken in another beaker
and for Sm doped TiO2 samples, stoichiometric proportion of samarium (III)
nitrates were added with DI water followed by 15 minutes stirring.

� The solution which contains DI water and metal nitrates (for doped samples)
was then added drop wise in to the solution which contains TTIP, ethanol and
acetic acid.

� During drop wise addition of DI water, the solution color gradually turned in
to white from golden.

� After addition, the mixed solution was then stirred for 1 hour at 80 ◦C.

� At the end of 1 hour stirring, the white solution became completely thick and
dense which precludes the stirring.

� The beaker containing thick gel was then placed in to an oven at 110 ◦C for
24 hours.
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� The dried gel was then collected and ground using a quartz mortar and pestle.
The fine powders were then thermally treated at elevated temperatures for
gaining phase purity and better crystallinity.

The overall reaction can be described by following equations –

Ti((CH3)2−CH−O)4 +4H2O = Ti(OH)4 +4(CH3)2−CH−OH (Hydrolysis)

Ti(OH)4 + Ti(OH)4 = (OH)3 − Ti−O − Ti− (OH)3 +H2O (Condensation)

(OH)3 − Ti−O − Ti− (OH)3 = 2TiO2 + 3H2O (Further Condensation)

Ti((CH3)2−CH−O)4+4H2O = 2TiO2+4(CH3)2−CH−OH (Overall Reaction)

It is noteworthy to answer a simple question which could be raised from the above
stated reaction equations – the synthesis process is basically a hydrolysis reaction
where Titanium (IV) Tetra – isopropoxide (TTIP) reacts with water and produces
TiO2 nanoparticles, then what might be the reasons for using ethanol and acetic
acid. It is true that the highly reactive TTIP precursor is sufficient to make TiO2

nanoparticles by reaction with water but this synthesis process is too fast to con-
trol the homogeneity of the as synthesized nanoparticles. During direct hydrolysis
reaction, the fast nucleation disrupts the homogeneous crystallite formation as well
as the particle size distribution. For this reason, if these as synthesized nanomate-
rials are annealed at higher temperatures their growth would follow large variation.
Another most important concern is that TiO2 goes through a phase transition at
650 ◦C from anatase to rutile, so, if the growth during heat treatment follow large
variation, control over phase purity will also be hampered. For these reasons, direct
hydrolysis reaction is avoided and, ethanol and acetic acid have been used as solvent
and chelating agents. In this process, the hydrolysis reaction is slowed which results
in to formation of Ti(OH)4 nanoparticles during initial condensation. For further
condensation, all Ti(OH)4 nanoparticles then turn in to TiO2 which ensures homoge-
nous nucleation and growth of crystallites and helps to achieve uniform particle size
distribution during heat treatment of the samples at elevated temperatures. How-
ever, due to precision control, amount of TTIP were fixed as multiples of five and
other stoichiometric reagents were calculated and balanced. The details of synthesis
parameters are listed in Table 3.2.

Table 3.1: The list of reagents used for materials synthesis

Chemical Name Formula Grade (%) Supplier
Titanium (IV)

Tetra –
isopropoxide

Ti [(CH3)2CHO]4 97 % Aldrich

Samarium (III)
Nitrate

Hexahydrate

Sm(NO3)3.6H2O 99.9 % Aldrich

Glacial Acetic
Acid

CH3COOH 99.5 % Guanghua Sci –
Tech, JHD

Ethanol C2H5OH 97 % Aldrich
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Table 3.2: Detailed Synthesis Parameters for Pristine TiO2 and Ti1−xSmxO2 (x =
5, 10, 15 and 20%) nanoparticles using sol–gel method:

Sample ID TTIP
(mL)

Ethanol
(mL)

Acetic
Acid
(mL)

DI
Water
(mL)

Sm (III)
Nitrate
(gm)

TiO2 15 60 6 15 –
Ti0.95Sm0.05O2 15 60 6 15 1.15
Ti0.90Sm0.10O2 15 60 6 15 2.43
Ti0.85Sm0.15O2 10 55 5 10 2.568
Ti0.80Sm0.20O2 5 55 5 5 1.82

The dried samples were then thermally treated in order to get rid of organic com-
pounds which came from precursor materials and this heat treatment helped to
achieve better crystallinity of the nanomaterials. A muffle furnace (Nabertherm
Gmblt Bahnhofstr, 20, Lilienthal / Bremen Germany) was used for annealing the
dried samples at 400 – 700 ◦C in air atmosphere. A basic heat treatment cycle has
been shown in Figure 3.1.

Figure 3.1: Annealing cycle for Pristine TiO2 and Ti1−xSmxO2 (x = 5, 10, 15 and
20%)

3.2 X-Ray Diffraction

Crystal structures of the pristine TiO2 and Ti1−xSmxO2 (x = 5, 10, 15 and 20%)
samples were determined by using an X-Ray Diffractometer (EMPYREAN, PAN-
alytical, Almelo, Netherland, Ni – filtered Cu Kα radiation at 298 K, λ: Kα1 =
1.540598 Å and Kα2 = 1.544426 Å) within the scanning range of 10 – 80◦. In order
to obtain the structural parameters, rietveld refinement of the XRD patterns were
performed using X’Pert Highscore Plus software. Pseudo – Voigt function was used
for modelling the Bragg peak shapes. Background, zero shift, scale factors, lattice
parameters, FWHM parameters, peak asymmetry parameters and atomic positions
were carefully refined.
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(a)
(b)

Figure 3.2: (a) Principle of X-Ray Diffraction (b) Schematic geometry of X-Ray
Diffractometer

3.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a powerful characterization technique that can
analyze the surface of the sample up to 2-5 nm depth. When X-rays irradiate the
surface with sufficient energy, some electrons are able to attain enough energy to
escape the atom. By measuring the kinetic energy of the photo-ejected electron, it
is possible to determine the chemical states of the electrons. The kinetic energy,
Ekinetic = hν − Ebinding where hν is the energy of photon and Ebinding is the energy
required for removing the electrons from the surface. The binding energy depends
on several factors such as the element from which the electron is ejected, the or-
bital from which the electron is ejected, the chemical environment of the atom from
which the electron is ejected. The chemical states of the elements from surface of
the Ti1−xSmxO2 samples were studied by using a X-ray photoelectron spectroscopy
(monochromated Al Kα 1486 eV operated at room temperature).

(a) (b)

Figure 3.3: Principle of X-ray photoelectron spectroscopy
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3.4 DSC And TG

Differential Scanning Calorimetry (DSC) and Thermogravimetry Analysis (TGA)
were performed using a simultaneous thermal analyzer (NETZSCH STA 449 F3
Jupiter) within a heating range of 25 – 900 ◦C at a heating rate of 10 ◦C/min. DSC
– TGA was performed to investigate any mass gain or mass loss of the samples due
to decomposition, oxidation or moisture evaporation. Since TiO2 undergoes a phase
transition from anatase to rutile in the temperature range of 600 – 700 ◦C, DSC –
TGA results were very useful to determine the annealing temperature to avoid the
rutile phase formation during annealing.

3.5 FESEM and EDS

Morphology of the nanoparticles were observed using a Field Emission Scanning
Electron Microscope (JSM 7600F, JEOL, Japan) operated with an accelerating volt-
age of 5 kV at 298 K. Powdered samples were dispersed in aceton followed by 10
minutes ultrasonification and then adhered with carbon tape that was attached to
a Cu stub. To make these samples conductive, they were coated with Pt using ion
sputtering method. Finally the Cu stub was mounted on a sample holder and in-
serted in FESEM. To investigate the surface and interface, cross-section polishing of
the sintered pellets were performed. Atomic composition was observed by using an
Energy Dispersive X – Ray Spectroscopy (EDS) detector attached with the FESEM.
Multiple locations from the surface of each sintered pellets were analyzed to confirm
the consistency of the average atomic composition.

3.6 TEM, SAED and STEM-EDX

Bright-field transmission electron microscopy (TEM) and measurements of electron
diffraction patterns (ED) were performed with the use of JEOL 2100F microscope,
operating at 200kV. Sample preparation involved dispersion of sample powders in
isopropyl alcohol (HPLC grade), ultrasonication for few minutes, and dropwise ad-
dition on the surface of lacey-carbon coated TEM grid with the following removal
of excesses. Selected area electron diffraction (SAED) patterns were collected from
1µm diameter areas. High-angle annular dark-field (HAADF) images were taken to
observe the distribution of Sm thorughout the samples.

3.7 Photoluminescence and UV-Vis-NIR Spectroscopy

Diffused Reflectance Spectra of the nanoparticles were collected within a wavelength
range of 250 – 800 nm at 298 K using UV-Vis-NIR Spectrophotometer (LAMBDA
1050, Perkin-Elmer, USA). The optical absorbance, F(R) was estimated from dif-
fused reflectance spectra of the powdered samples. Optical band gaps of the samples
can be estimated from the following expression proposed by Tauc where n=2 & 1

2

for indirect and direct bandgaps respectively.
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(αhν)
1
n = A(hν − Eg)

Here, A is the proportional constant and α is the absorption coefficient which can

be written as Kubelka – Munk function F (R) = (1−R)2

2R
where R is the reflectance

found for the samples. So, substituting α with F(R) in the above equation:

[F (R)hν]
1
n = A(hν − Eg)

The slope on the [F (R)hν]
1
n vs. photon energy (E) graph cuts x axis at [F (R)hν]

1
n =

0 which corresponds to the optical bandgap, Eg of the particular sample.

Photoluminescence spectra were collected by using a fluroscence spectrometer
(Hitachi F-7000 equipped with a Xe lamp as excitation source) with 270 nm laser
excitation which corresponds to 4.6 eV. Before measurement, 1 mg of nanoparticles
were taken in distilled water and diluted until the solution looks like transparent.
At first, experiment was performed for only distilled water for baseline correction
and then emission peaks were observed for pristine and Sm:TiO2 samples.

3.8 Vibrating Sample Magnetometer

Vibrating sample magnetometer (VSM) was used to study magnetization vs. applied
field characteristics of the samples at 300 K and 5 K. The principle of VSM is
basically the law of induction proposed by Faraday which implies that a change in
magnetic field will produce an electric field. During VSM, the sample was placed in
constant magnetic field and the larger the applied field, the stronger magnetization of
the sample will be noticed. The magnetic dipole moments/spins induce a magnetic
field around the sample. The sample is constantly vibrated and the change in the
position will change the magnetic field of sample. This change in magnetic field as a
function of time is recorded by pick-up coils. The electric field sensed by the pick-up
coils are amplified and used to measure the degree of magnetization of the samples.
In this research, the magnetic property of Ti1−xSmxO2 samples were measured by
using a VSM detection module in Quantum Design Physical Property Measurement
System (PPMS).
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RESULTS & DISCUSSIONS

4.1 Structural analysis by X-Ray Diffraction

The as synthesized TiO2 nanoparticles were sintered at elevated temperatures in the
range of 400 to 700 ◦C. At 400 ◦C, the TiO2 nanoparticles show pure anatase phase
(space group I 41/amd) which has been found persistant in the TiO2 nanoparticles
sintered at 600 ◦C as showed in Fig 4.1(a). At 700 ◦C, a small peak appeared at
2θ=27◦ which can be indexed as (110) plane of rutile phase. The percentage of this
rutile phase was 2% according to the rietveld refinement of the XRD pattern. From
Fig 4.1 (a) & (b) it seems that the sintering of the nanoparticles only reduces the
peak broadening which indicates an increase in crystal size of the nanoparticles with
sintering temperature. However, no peak shift was noticed due to sintering of the
pristine TiO2 nanoparticles.

(a) (b)

Figure 4.1: (a) X – ray diffraction patterns of Pristine TiO2 samples annealed at
400, 500 and 600 ◦C (b) Comparison between pristine TiO2 samples annealed at

600 and 700 ◦C. In 700 ◦C annealed sample, a small percentage of rutile TiO2 was
noticed which was absent in 600 ◦C annealed TiO2 sample.

Fig 4.2 (a) & (b) shows the XRD patterns of Sm:TiO2 samples sintered at 400
and 700 ◦C. From the peak broadening it can be clearly seen that the Sm substitution
suppressed the crystallinity. Although, there’s no peak of rutile phase was found in
the XRD pattern of the Sm:TiO2 samples at least within the XRD detection limit,
there’s an amorphous hump in the 2θ range of 25 to 30◦. For this reason, slow
scan of XRD patterns of the Sm:TiO2 samples sintered at 700 ◦C were performed
using the same diffractometer setup as before. The scanning rate was fixed to be
0.041683 ◦/sec. The slow scanned XRD patterns are showed in Fig 4.3 (a) which
reveals the presence of a semi-crystalline phase other than anatase in Ti0.8Sm0.2O2

sample. The small peak at 2θ=27.5◦ can be indexed as (222) of cubic Sm2O3 phase
and the percentage of this semi-crystalline phase is around 2.8%.
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(a) (b)

Figure 4.2: (a) & (b) X – ray diffraction patterns of Ti(1−x)Sm(x)O2 samples
annealed at 400 and 700 ◦C.

(a) (b)

Figure 4.3: (a) Slowly scanned X – ray diffraction patterns of Ti(1−x)Sm(x)O2

samples annealed at 700 ◦C. (b) Comparison between fast scanned and slow
scanned XRD patterns of Ti0.8Sm0.2O2 sample.

From the XRD patterns showed in Fig 4.3 (a) and the rietveld refinement, it
can be safely elucidated that the amorphous hump seen in the 10 and 15% Sm:TiO2

samples also came from the cubic Sm2O3 phase. The lattice parameters estimated
from rietveld refinement are showed in Fig 4.4 (f) & (g). Vegard’s law suggests that
within solid solubility limit the cationic substitution changes the lattice parameters
in a linear manner. It implies that Vegard’s law was not followed for 15 and 20 %
Sm:TiO2 samples. Besides, the trend of turning the amorphous hump in to a semi-
crystalline curve indicates that the Sm2O3 phase might form in a very amorphous
thin layer in Ti0.95Sm0.05O2 sample and the thickness of the layer increased with
higher percentage of Sm substitution. According to this concept, the thickness of
the amorphous layer around the anatase increased beyond a critical limit for 20%
Sm substitution which might be the reason of the appearance of the semi-crystalline
Sm2O3 phase in Ti0.8Sm0.2O2 sample.
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 4.4: (a-e) Rietveld refinement patterns of Ti(1−x)Sm(x)O2 samples. The
observed and calculated data are showed as red filled circle and black straight line
respectively. The difference between observed and calculated values is plotted with

blue straight line. The Bragg peak positions for Anatase and Sm2O3 are showed
with vertical lines. (f-g) The estimated lattice parameters from rietveld refinement.

The polynomial curve fitting clearly shows a deviation of Vegard’s law for the
higher percentage of Sm substitution in TiO2

The percentage of Sm substitution can be estimated from rietveld refinement.
For 5% Sm:TiO2 sample, the structural refinement shows that the percentage of Sm
in anatase was 2.6(±0.6)%. It can be stated that the solid solubility limit of Sm
substitution in anatase might exceed even in 5% Sm:TiO2 sample. However, the
possibility of Sm2O3 phase’s presence in segragated grain is ruled out due to the na-
ture of the amorphous hump’s transition in to a semi-crystalline phase with higher
percentage of Sm substitution. A rough estimation of crystallite size was obtained
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Table 4.1: Estimated lattice parameters a & c, crystallite size (D) & refinement
factors for Ti1−xSmxO2 (x = 0, 5, 10, 15 and 20%)

Sample ID a (Å) c (Å) D(nm) Rp Rwp Rexp GoF
Pristine

TiO2

3.7829(8) 9.518(2) 44.68 6.13 8.17 7.29 1.12

Ti0.95Sm0.05O2 3.788(3) 9.499(8) 10.25 2.61 4.09 2.22 1.84
Ti0.90Sm0.10O2 3.792(9) 9.49(2) 9.68 1.98 2.66 2.17 1.22
Ti0.85Sm0.15O2 3.797(9) 9.50(2) 8.48 2.0 3.01 1.97 1.52
Ti0.80Sm0.20O2 3.80(2) 9.49(4) 8.24 1.69 2.21 1.98 1.11

from the FWHM and 2θ values of (101) peak of anatase phase by using Scherrer’s
formula, D = 0.9×λ

β×cos θ
. The lattice parameters, crystallite size and the refinement

factors are listed in Table 4.1.

Figure 4.5: X-Ray Diffraction patterns of pure Sm2O3 and mechanically mixed
pure Sm2O3 with pure TiO2

In order to understand the Sm2O3 formation in Ti1−xSmxO2 samples, pure
Sm2O3 was synthesized using samarium nitrate, ethanol and acetic acid. The
stoichiometry of the precursors was similar to the stoichiometry of samarium ni-
trate:ethanol:acetic acid in Ti0.8Sm0.2O2. Then the as synthesized powders were
heat treated at 700 ◦C. The XRD pattern revealed that the heat treated nanoparti-
cles were of pure Sm2O3 phase. However, this pure Sm2O3 was then mechanically
mixed with pure TiO2 using a quartz morter for one hour. The XRD pattern
of the mechanically mixed nanoparticles showed that they were composed of 90%
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anatase phase and 10% Sm2O3 phase. The main purpose of this additional ex-
periment was to observe the Sm2O3 formation in same experimental environment.
The highly crystalline XRD pattern of mechanically mixed pure Sm2O3 with pure
TiO2 indicates that the probablity of independent Sm2O3 phase nucleation during
Ti1−xSmxO2 synthesis might be ruled out. This implies that the semicrystalline
phase of Sm2O3 in Ti0.8Sm0.2O2 might be formed around the anatase grain beyond
the solid solubility limit of Sm substitution in TiO2.

4.2 Thermal property analysis by DSC-TG

(a) Pure TiO2 (b) 5% Sm:TiO2

(c) 10% Sm:TiO2 (d) 20% Sm:TiO2

Figure 4.6: DSC-TG analysis of pure and Sm:TiO2 samples

Fig 4.5 shows the differential scanning calorimetry and thermogravimetry analysis
of the samples. For pristine, 5 and 10% Sm:TiO2 samples, two weight loss regions
can be identified. The first one takes place in the temperature range of 25-150 ◦C
which is due to release of the adsorbed water in the samples. The second weight
loss between 150-450 ◦C is due to thermal decomposition of organic compounds in
precursors. The sharp fall of TG graph of 20% Sm:TiO2 sample indicates that the
desorption of water was instantly followed by the decomposition of organic materials
in this sample. The endothermic peak at 75 ◦C might be atributed to the desorption
of adsorbed water and the exothermic peak at around 350 ◦C might be attributed
to the thermal decomposition of organic compunds.
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4.3 Morphology analysis by FESEM

Field emission scanning electron microscopy images of Pristine and Sm:TiO2 sam-
ples show homogeneous distribution of large aggregates of spherical nanoparticles.
Suppression in particle size with Sm substitution is visible if carefully noticed. El-
emental compositions (Sm, Ti and O) of the pristine and Sm:TiO2 samples are
estimated using energy dispersive X-ray analysis. The proportion of the constituent
elements as well as the Ti/Sm ratio are found to be close to the intended values.

(a) Pristine TiO2 samples (x 50,000) (b) Pristine TiO2 samples (x 1,00,000)

(c) 5% Sm:TiO2 samples (x 50,000) (d) 5% Sm:TiO2 samples (x 1,00,000)

(e) 10% Sm:TiO2 samples (x 50,000) (f) 10% Sm:TiO2 samples (x 1,00,000)

Figure 4.7: Field emission scanning electron microscopy images of Pristine, 5 and
10% Sm:TiO2 samples
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(a) 15% Sm:TiO2 samples (x 50,000) (b) 15% Sm:TiO2 samples (x 1,00,000)

(c) 20% Sm:TiO2 samples (x 50,000) (d) 20% Sm:TiO2 samples (x 1,00,000)

Figure 4.8: Field emission scanning electron microscopy images of 15 and 20%
Sm:TiO2 samples

(a) EDX analysis of 5% Sm:TiO2 (b) EDX analysis of 10% Sm:TiO2

Figure 4.9: Energy dispersive X-ray analysis of elemental composition of 5 and
10% Sm:TiO2 samples
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(a) EDX analysis of 15% Sm:TiO2 (b) EDX analysis of 20% Sm:TiO2

Figure 4.10: Energy dispersive X-ray analysis of elemental composition of 15 and
20% Sm:TiO2 samples

4.4 Structural and morphology analysis by Transmission Electron Mi-
croscopy

Figure 11 and 12 show the high resolution images of pristine and Sm:TiO2 samples
taken by Transmission Electron Microscopy. The samples show large micron size
aggregates which consist of very small grains. For all samples, grain size distri-
butions were calculated and the distributions were approximated by the lognormal
distribution.

(a) Pristine TiO2 (b) Pristine TiO2
(c) Pristine TiO2

(d) 5% Sm:TiO2 (e) 5% Sm:TiO2
(f) 5% Sm:TiO2

Figure 4.11: (a-f) Comparison of TEM images and grain size distributions of
Pristine and 5% Sm:TiO2 samples
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Corresponding mean values with standard deviations were also obtained and
shown in figures. The average grain size of the pristine TiO2 and 5% Sm:TiO2

nanoparticles were estimated as 53(±10) and 16(±7) nm respectively. For 5, 10
and 15% Sm:TiO2 nanoparticles, the average grain size were estimated as 12(±3),
13(±4) and 10(±3) nm respectively. The grain size distributions implies that sub-
stitution of 5% Sm results in the decrease of grain size but further increase of Sm
content did not lead to any significant decrease of grain sizes of the samples.

(a) 10% Sm:TiO2 (b) 10% Sm:TiO2
(c) 10% Sm:TiO2

(d) 15% Sm:TiO2 (e) 15% Sm:TiO2
(f) 15% Sm:TiO2

(g) 20% Sm:TiO2 (h) 20% Sm:TiO2
(i) 20% Sm:TiO2

Figure 4.12: (a-i) Comparison of TEM images and grain size distributions of 10, 15
and 20% Sm:TiO2 samples

The inset shows the corresponding fast fourier transformed (FFT) images which
are recorded in reciprocal space. The bright spots in the FFT image are the indi-
cation of highly crystalline nature of pristine TiO2 and each of these spots resemble
different crystallographic planes. FFT of HRTEM images provide fascinating way
to calculate the interplanar spacing between two crystallographic planes and the ex-
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amples are showed in Figure 4.13 (a) & (b). It is noteworthy to mention that before
taking FFT as well as HRTEM image, the electronic transmission should be aligned
towards a specific zone axis of the material. For thin film, it’s not very difficult
task to specify the zone axis before taking images but for aggregated polycrys-
talline nanoparticles it’s impossible to obtain images focusing any specific zone axis
due to the overlapping of nanoparticles. For that reason, there remains a deviation
between the values of interplanar distances calculated from XRD and HRTEM data.

(a) (b)

Figure 4.13: High Resolution TEM images and their corresponding FFT images
for lattice spacing estimation of Pristine TiO2

The bright spots can be considered to comprise of a circle and the inverse of
the circle radius is the interplanar spacing (d) in nanomater scale. As shown in Fig
4.13 (b), the yellow dotted circles represent (101), (004) and (200) planes of anatase
phase. The calculated d spacing values of (101), (004) and (200) planes are 3.42,
2.30 and 1.82Å respectively. These values can also be obtained from XRD data
using Bragg’s law, n×λ = 2d sin θ. From, XRD data, the d spacing values of (101),
(004) and (200) planes are 3.52, 2.38 and 1.89Å respectively. As it’s stated before
that HRTEM images are taken without specifying any zone axis for polycrystalline
aggregated nanoparticles and hence there will be a deviation in the d spacing values
obtained from XRD and TEM data. Here, it seems that the observed d spacing val-
ues from TEM are within ±0.1 of the d spacing values estimated from XRD data.
However, from the HRTEM images it can be clearly elucidated that no rutile phase
was present in the pristine TiO2 sample.

Selective Area Electron Diffraction patterns of Pristine, 5 and 15% Sm:TiO2

samples are showed in Fig 4.14. The bright spots in the SAED pattern of Pristine
TiO2 indicate the highly crystalline nature of the nanoparticles. Similarly, the dif-
fused circular rings in the SAED pattern of 5 and 15% Sm:TiO2 correspond to low
degree of crystallinity of the nanoparticles. It is noteworthy to mention that except
anatase no other phase is noticed in the electron diffraction patterns. But from
X-ray diffraction of 20% Sm:TiO2, a semi-crystalline phase of Sm2O3 was identified.
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This led to the concept that the semi-crystalline Sm2O3 phase might be formed as
very thin layer around the anatase grain and for that reason, the Sm2O3 phase could
not be distinguishable in HRTEM images as well as in electron diffraction patterns.

(a) Pristine TiO2 (b) Pristine TiO2 (c) Pristine TiO2

(d) 5% Sm:TiO2 (e) 5% Sm:TiO2 (f) 5% Sm:TiO2

(g) 15% Sm:TiO2 (h) 15% Sm:TiO2 (i) 15% Sm:TiO2

Figure 4.14: Comparison of Selective Area Electron Diffraction (SAED) patterns
of Pristine, 5% and 15% Sm:TiO2 samples
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(a) SmL in EDX mapping
of 5% Sm:TiO2 sample

(b) TiK in EDX mapping
of 5% Sm:TiO2

(c) HAADF image of 15%
Sm:TiO2

(d) OK in EDX mapping
of 15% Sm:TiO2

(e) SmL in EDX mapping
of 15% Sm:TiO2

(f) TiK in EDX mapping
of 15% Sm:TiO2

Figure 4.15: EDX mapping shows the homogeneous distribution of Sm, O and Ti
in 5% and 15% Sm:TiO2 samples

4.5 Chemical and electronic states analysis by XPS

In order to observe electronic and chemical states of elements, wide scan XPS spec-
tra of pure and 5% Sm:TiO2 samples were recorded as showed in Fig 4.16. High
resolution XPS spectra were also recorded for core level electrons of C 1s, O 1s, Ti 2p
and Sm 3d as showed in Fig 4.17 to 4.20. During heat treatment of the as-prepared
samples, the samples could not get rid of carbonaceous elements because of muffle
furnace. The carbons from thermally decomposed organic compounds were trapped
inside the furnace and adhered to the samples. Total concentration of O 1s, C 1s and
Ti 2p states in pristine TiO2 sample was 51.26%, 27.41% and 21.33% respectively.
In 5% Sm:TiO2 sample, the total concentration of O 1s, C 1s, Ti 2p and Sm 3d
states are 52.64%, 24.07%, 20.68% and 2.60% respectively.

Ti 2p core level electrons show two characteristic peaks for Ti 2p 3
2

and 2p 1
2

states.
The prominent peak at 458.8 eV in both samples can be attributed to Ti 2p 3

2
which

corresponds to Ti4+ state. The satellite like peak at 457.1 eV observed in both sam-
ples can be attributed to the Ti3+ state. The concentration of Ti3+ in 5% Sm:TiO2

sample (1.88%) are found to be higher than in the pristine TiO2 sample (0.82%).
This implies the substitution of Ti4+ by Sm3+ in the doped sample. However, a
small percentage of Ti0 (0.45%) and Ti2+ (1.74%) were also noticed in the doped
sample.
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Figure 4.16: X-ray photoelectron spectra of Pristine and 5% Sm:TiO2 samples

From the high resolution XPS spectra of Sm 3d core level electrons, the two
prominent peaks can be identified at 1084 eV and 1108 eV and they correspond to
Sm 3d 3

2
and Sm 3d 1

2
of Sm3+ state. The concentration of Sm3+ in doped sample

is 2.76%. However, no metallic cluster of Sm was found in the high resolution XPS
spectra. The high resolution XPS of O 1s is showed in Fig 4.21. The prominent peak
at 529.9 eV in both samples can be attributed to the Ti-O bond in TiO2 crystal.
The wide peak at 531.5 eV can be attributed to the oxygen which is in hydroxyl
(OH) bond. The concentration of O 1s electrons in Ti-O and O-H bond was 43.58%
and 6.8% respectively for pristine sample. In doped sample, the concentration of O
1s electrons in Ti-O/Sm-O was 43.14% and in O-H bond was 6.69%.
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Figure 4.17: X-ray photoelectron spectra of C 1s in 5% Sm:TiO2 sample

Figure 4.18: X-ray photoelectron spectra of O 1s in 5% Sm:TiO2 sample
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Figure 4.19: X-ray photoelectron spectra of Ti 2p in 5% Sm:TiO2 sample

Figure 4.20: X-ray photoelectron spectra of Sm 3d in 5% Sm:TiO2 sample
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Figure 4.21: Valence band spectra of pristine and 5% Sm:TiO2 samples

4.6 Optical property analysis by UV-Vis-NIR and Photoluminescence
Spectroscopy

Figure 4.22: Absorption spectra of pristine and Sm:TiO2 samples obtained from
diffused reflectance spectroscopy

The optical absorbance, F (R) = (1−R)2

2R
was estimated from diffused reflectance

spectra of the powdered samples and showed in Fig 4.22. Although no redshift
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of absorbance edge was noticed due to Sm substitution, two absorbance peaks ap-
peared within visible range and gradually becomes prominent with the increase in
percentage of Sm substitution. The appearance of these absorbance peaks might be
attributed to the presence of semi-crystalline Sm2O3 phase in the Sm:TiO2 samples.
The optical bandgap was obtained by using Kubelka-Munk function as explained in
the experimental section. The direct bandgap of the samples shows no significant
difference and the value is around 3.15 eV for all samples.

(a) Pristine TiO2 (b) 5% Sm:TiO2 (c) 10% Sm:TiO2

(d) 15% Sm:TiO2 (e) 20% Sm:TiO2

(f) Optical bandgap of pristine
and Sm:TiO2

Figure 4.23: Optical bandgap of pristine and Sm:TiO2 samples estimated by using
Kubelka-Munk function

Photoluminescence spectra of pristine and Sm:TiO2 samples were collected at
room temperature using an excitation wavelength of 270 nm. A well-defined green
emission peak at 545 nm (2.27 eV) was observed in all PL spectra which might be
attributed to the recombination between mobile electrons trapped in the shallow
trap centers originated by oxygen vacancies and holes at valence band [71,72]. The
broad peak at 415 nm (2.98 eV) and 456 nm (2.7 eV) in pristine TiO2 sample could
be attributed to the indirect transitions (X2a to Γ1b and Γ1b to VO) while the high
energy peak at 335 nm (≈ 3.7 eV) in Ti0.85Sm0.15O2 sample might be due to direct
transition (X2b to X1b) [73].
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(a) (b)

(c) (d) (e)

(f) (g) (h)

(i)

Figure 4.24: (a) Photoluminescence of Pristine TiO2 and 5% Sm:TiO2 (excitation
wavelength=270 nm) (b) Energy level diagram of anatase TiO2 (c-i) Fitted curve

of PL spectra
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However, the dominant PL emission at 2.27 eV is much lower than the optical
bandgap (≈ 2.7 eV) estimated from UV-Visible spectroscopy of the samples. This
implies electrons from valence band absorbed photon energy (≈ 2.7 eV) to reach the
conduction band and then they might be trapped in shallow trap centers just below
the conduction band while they loss ≈ 0.4 eV of energy and finally emit 2.3 eV of
energy due to electron-hole recombination at valence band.

The intensity of this peak was found to be decreasing in the following order: pris-
tine TiO2 > Ti0.90Sm0.10O2 > Ti0.85Sm0.15O2 > Ti0.95Sm0.05O2 > Ti0.80Sm0.20O2

sample. Higher concentration of oxygen vacancies might be the reason of the de-
crease in the PL emission intensity in the Sm : TiO2 samples because oxygen va-
cancies create shallow trap centers just below the conduction band which eventually
trap the electrons and reduce the electron-hole recombination process [74]. In XPS
of pristine TiO2 and Ti0.95Sm0.05O2 sample, the concentration of Ti3+ was estimated
as 0.82% and 1.82% respectively which indicates concentration of oxygen vacancies
in Ti0.95Sm0.05O2 sample were higher than the pristine TiO2 sample.

4.7 Magnetic property analysis by Vibrating Sample Magnetometer

Fig 4.25 to 4.29 shows room temperature M-H graphs of the pristine and Sm:TiO2

samples. The comparison of M-H graphs of pristine TiO2 sample shows that a small
contribution of diamagnetic behavior was present for higher applied magnetic field
(>10,000 Oe) at 300 K. The diamagnetic behavior of pristine TiO2 has been re-
ported several times in literature [75–80].

Figure 4.25: M-H graph of Pristine TiO2

For Sm:TiO2 samples, M-H graphs observed at 300 K indicate mostly ferromag-
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netic behavior and the highest saturation magnetization was found for 5% Sm:TiO2

sample (0.1 emu/g). At 5 K, the M-H graphs of the Sm:TiO2 samples consist of
both ferromagnetic and paramagnetic behavior. It’s been noticed that the param-
agnetic contribution was found to be higher with increase in Sm concentration in
the samples.

Figure 4.26: M-H graph of 5% Sm:TiO2

Figure 4.27: M-H graph of 10% Sm:TiO2
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Figure 4.28: M-H graph of 15% Sm:TiO2

Figure 4.29: M-H graph of 20% Sm:TiO2
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(a)

(b)

Figure 4.30: Magnetization vs. applied field of pristine and Sm:TiO2 samples at 5
K and 300 K
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CONCLUSIONS

The objective of this thesis was to investigate the role of oxygen vacancies on fer-
romagnetism in TiO2 which is one of the most promising oxide dilute magnetic
semiconductors. In order to create oxygen vacancies, Ti4+ was substituted by Sm3+

in TiO2 nanoparticles which has ∼40% larger ionic radius (109.8 pm) than Ti4+

(74.5 pm) ion. Due to this large variation in ionic radius, significant distortion in
TiO2 lattice is expected along with the suppression in grain growth and structural
phase transition phenomena. Despite of the diffrence in ionic radius which indicates
less solid solubility of Sm3+ in TiO2, high concentration of Sm (20 mol%) was added
to investigate the formation of second phase of dopants and their effects in struc-
tural, optical and magnetic properties of Anatase TiO2 beyond solid solubility limit.
The salient features of this thesis may be summarized as follows:

� Pristine and Sm:TiO2 (from 0 to 20 mol% Sm) nanoparticles were synthesized
by solgel method.

� X-ray diffraction analysis showed that all Bragg peaks observed in the line
scans of all samples were completely matched with Anatase phase of TiO2.
Above 10 mol% of Sm substitution, a broad hump was detected in X-ray
diffraction patterns which was identified as the amorphous Sm2O3 phase.

� The substitution of Sm was found to suppress the grain size from 53(±10) nm
of pristine Anatase to 10(±3) nm of 20 mol% Sm substituted TiO2.

� High resolution TEM images and electron diffraction study showed that no
metallic clusters of Sm3+ ions or crystalline Sm2O3 were present in the sam-
ples within the detection limit.

� SAED and STEM-EDX analysis posit that the amorphous Sm2O3 phase might
be present as atomically thin layer around the Anatase phase.

� Optical property analysis by photoluminescence and UV-Vis-NIR spectroscopy
suggest that all samples exhibit indirect bandgap and the Sm incorporation
reduced the bandgap from 3.0 eV of pristine Anatase to 2.47 eV of 20 mol%
Sm:TiO2 sample.

� The Sm addition increased the concentration of oxygen vacancy which create
shallow trap centers just below the conduction band. The presence of these
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trap centers manifests the visible photoluminescence due to the recombination
of mobile electrons in the trap centers with the holes in the valence band.

� Magnetization vs. applied field characteristics show that Sm:TiO2 samples
show dilute ferromagnetism at room temperature (300 K). At 5 K tempera-
ture, an evolution of paramagnetic behavior along with ferromagnetic response
was noticed in the M-H graphs of all samples.
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CHAPTER 6

SUGGESTIONS FOR FUTURE WORK

� Investigation of magnetization vs. applied field characteristics at several tem-
peratures between 5 K and 300 K in order to understand the evolution of
paramagnetic response along with ferromagnetic behavior.

� Investigation of temperature vs. resistivity from 5 K to 300 K in order to
observe the semiconducting behavior of the pristine and Sm:TiO2 samples.

� Investigation of photocatalytic dye degradation by pristine and Sm:TiO2 sam-
ples under both UV and Visible light irradiation.

� Fabrication of Ti(1−x)Sm(x)O2 (0 ≤ x ≤ 5) thin films and study the spin po-
larization by X-ray Magnetic Circular Dichroism (XMCD).
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Jovanović, S Phillip Ahrenkiel, and Jovan M Nedeljković. Photoluminescence
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