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Room temperature ferromagnetism in carbon,

nitrogen doped TiO, powder

Student : Jia-Bin Wang Adviser : Prof. Jenh-Yih Juang

Department of Electrophysics
National Chiao Tung University

Abstract

In this study, we experimentally demonstrate that.it 1S possible to induce room temperature
ferromagnetism in carbon, nitrogen doped TiO, prepared simply by conventional solid state
reaction method. From the magnetization hysteresis loop measurements, we can observe that
N(C)-TiO, is ferromagnetic at room temperature. The origin of the RT-ferromagnetism is
believed to intimately relate to the interaction of oxygen vacancies and impurities. From XPS
spectra, nitrogen doping promotes the increasing loss of oxygen. Due to the charge balance
requirement, the existence of oxygen vacancies partly transforms Ti*" to Ti’" and provides
excessive electrons. When the impurities and oxygen vacancies are present simultaneously, it

is anticipated to induce new states appearing near the Fermi level by p-p interaction. It not
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only satisfies the Stoner criterion but also creates unpaired electrons. These unpaired

electrons, in turn, act as the sources of spin-polarized carriers the eventually lead to room

temperature ferromagnetism. Therefore, the p-p coupling interaction and charge transfer

giving rise to the spin density near each impurity tends to align spin parallel to form moment

at impurity ion. The moment-carrying impurities then strongly couples with carrier spins,

generated by the existence of oxygen vacancies to form the bound magnetic polarons (BMP).

If the concentration of BMPs is sufficiently high, it is able to effectively mediate the indirect

ferromagnetic coupling among impurities by carries and result in ferromagnetism observed in

the present system.
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Chapter 1

Introduction

1-1 Magnetic materials v.s Semiconductor

The possibilities of integrating the existing semiconductor technologies with
novel magnetic materials have intrigued scientists for a long time, owing to the
seemingly unlimited application potential such combination has to offer. The spin
property of electrons has been successfully utilized to achieve useful magnetic device,
such as magneto-optical recording device, magneto-resistance read head and magnetic
sensor. On the other hand, numerous electronic devices used in semiconductor
industry, i.e. integrated circuits (ICs), transistors or lasers and light emitting diodes,
transmit complex information by controlling ‘the behavior of the carriers in
semiconductors. The breakthrough of magnetic and semiconductor science gives rise
to the rapid developments of computer technique and communication integrity.
However, the traditional semiconductor -electronic devices suffer from several
problems: slow speed of signal transmission, low efficiency resulting from energy
dissipation and too large size of device for applications. Those drawbacks are
primarily originated from the limitation of mobility and serious collisions of carriers
in semiconductors. Moreover, in order to explore higher performance, the size of
semiconductor devices has to be decreased to submicron or nano size. The effects of
exchange interaction between carriers can become a more important factor in the
devices. So if the signal transmission process is accomplished by controlling of the
orientation and the coupling between different spin states, the corresponding signal
speed will become relatively faster with smaller energy dissipation. Therefore, how to

take the advantages of well-developed technologies in traditional semiconductors and
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incorporate spin mechanism to design advanced devices has become an important
issue. Those kinds of devices are called spin transport electronic (spintronic) system,
such as magneto-resistance random access memory, spin-FET and spin-LED, optical
isolator and quantum computer. Consequently, study the fundamental physics of
magnetism and search for new magnetic materials to develop the useful spintronic
devices will certainly be the main-stream trend in the future [1,2].

As the researches of spintronics evolve, three important tasks arise: efficient spin
injection, overall spin control and spin detection, which play the important roles in the
improvement of spintronic-device performance. In early stages, many researches
focused on searching the high spin-polarized material for the purpose of
high-efficiency spin injection. Due. to the nature. ferromagnetism of most transition
metals, many studies have been devoted to combine the transition metals and
traditional semiconductors.. by delicate growth technologies. However, the
mismatching between the crystal geometries of these.two kinds of materials has
limited the efficiency of spin-injection process. In other words, this approaching has
been not very successful, because of the great geometrical and chemical-property
differences between the transition metals and traditional semiconductors. On the other
hand, in 1960, “concentrated” magnetic semiconductors, such as europium
chalcogenides (rock-salt type ex: EuSe and EuO) were proposed. These kinds of
materials were also called ferromagnetic semiconductors, which possess the
fundamental characteristics of ferromagnetism and traditional semiconductor. A
ferromagnetic semiconductor contains numerous spin-polarized carriers; hence the
motion and the spin states of the carriers can be easily controlled by the
electromagnetic field (EM field). Manipulation of the interaction between the charges
(carriers) and photons provides the controllability of not only the magnetism, but also

the behavior of semiconductor. Nevertheless, the Curies temperature (7.) of
2



ferromagnetic semiconductor is usually lower than 100K. Moreover, this kind of
material is also very difficult to form the hetero-structures. These two drawbacks have
resulted in the severe limitations of its practical applications. Furthermore, two types
of new promising magnetic materials with high spin-injection efficiency have
appeared in recent decades. The first one is called “half-metal”, which possesses
100% spin polarization, such as CrO,, mixed valence maganties ((La;xAx)MnOs (x~
0.3, A=S 1, Ca, Ba)), Fe;O4, and double perovkites (A2BB'O6 (A = Sr, Ca, Ba>B =Fe,
Co > B'= Mo, Re)) [3~8]. Although these magnetic materials indeed possess the
characteristic of 100% spin polarization, but it is difficult to produce heterogeneous
structures, so have restricted the application. Another one is the so-called “diluted
magnetic semiconductors” (DMSs) " realized +by doping transition metals into
traditional semiconductors. The doped transition metal induces the unpaired electrons
which lead to the intrinsic spontaneous spins in the semiconductor system. The detail
of DMSs will be further discussed in later sections. In summary, functional
ferromagnetic semiconductors plays the key role in the development of spintronic
devices, therefore, studying the underlying physics and fundamental mechanism of

these ferromagnetic semiconductors becomes an important issue.

1-2 What are diluted magnetic semiconductors?

The traditional diluted magnetic semiconductors (DMSs) are semiconductors in
which a fraction of the host cations can be substitutionally replaced by magnetic ions
or appropriate rare earths. Such a compound (Fig. 1-1-1(b)) can be regarded as an
alloy between a non-magnetic semiconductor (Fig. 1-1-1(c)) and a magnetic
semiconductor (Fig. 1-1-1(a)). Transition metals (TMs) that have partially filled d

states (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) and rare earth elements (e.g. Eu, Gd, Er),



which have partially filled f states, have been used as magnetic atoms in DMS. The
partially filled d states or f'states contain unpaired electrons, which are responsible for
their magnetic behaviors.

Since the crystal structure and chemical bond of DMSs match well with available
semiconductor devices and the band exhibits Zeeman splitting at temperatures lower
than Tc, so that it can induce huge spin polarization serves as the source of spin
polarization in spintronic devices. Even more importantly, to obtain such electronic
devices operational at room temperature is the necessary condition for all practical
purposes. Indeed, a ferromagnetic response persisting up to above room temperature
has been the highlighted issues and opportunities arising in this corner of solid state

science.

" Magnetic | | A" [ nonmagnetic |
| semiconductor | !/ Magnetic | | semiconductor |
| semiconductor |

e —————— — —a —_——————— e e —

Fig. 1 The different types of semiconductors: (A) a magnetic semiconductor; (B) a

DMS and (C) a non-magnetic semiconductor.

1-3 The review of magnetic semiconductors

The theoretical prediction and observation of room temperature ferromagnetism in
doped transition metal DMSs is one of the most interesting scientific developments of
the early 21% century. DMSs typically consist of a nonmagnetic semiconductor doped
with transition metal elements which possess unpaired d or f electrons. These
unpaired electrons can form the local magnetic moments and the coupling between

them may result in collective magnetism.



1-3.1 Traditional DMS

In 1980s, DMSs, i.e. semiconductor doped with diluted magnetic atoms, gradually
attracted considerable attention. Most of studies have been focused on the II-VI
compounds, such as (Cd or Mn)Te~(Zn or Mn)Te~(Zn or Co)S~(Hg or Fe)Se. Though
high density of magnetic atoms can be doped into the II-VI compounds, n- or p- type
doping carrier concentration remains relatively low due to the similar valences of
transition metal elements and the cation of II-VI compounds. Thus, despite of the
matured doping technique of II-VI DMS compounds accomplished by using
molecular beam epitaxy (MBE), the p-type doping II-VI (Cd, Mn)Te, (Zn, Mn)Te and
(Be, Mn)Te only exhibited ferromagnetism with Tc below 10K. These kinds of II-VI
ferromagnetic semiconductors are therefore unsuitable for spintronic devices for
operating at RT.

For III-V DMSs, like MngGa,<As, Mn contributes both the magnetic moment and
the hole carriers (i.e. p-type DMS): Both turn out-to be equally important for
obtaining ferromagnetism within:the framework of the mean-field approximation
(MFA) [9], there are two basic assumptions in the theory:

1. The ferromagnetism originates from the indirect interaction of localized
magnetic moments of doping magnetic atoms, that is to say, the ferromagnetism
is induced by the hole carriers (carrier-induced ferromagnetism).

2. The long distance spin-spin interaction.

For this case, the Mn ions are acceptors and generate holes in the valence bands.
These holes antiferromagnetically interact with the Mn ions and lead to the indirect
coupling between the neighboring Mn and Mn ions to become ferromagnetic.
According to the mean-field theory, the Tc increases with the concentration of Mn

doping and hole concentration. It is noted that the hole carriers are created by the Mn



atoms replacing some of the Ga atoms in GaAs. However, the concentration of hole is
far below the concentration of doping Mn atoms observed in many experiments. As a
sequence, the Mn atoms may have acted as compensating donors and decrease the
hole concentration, leading to a decrease of Tc.

A theoretical prediction by Dietl et al. [10] demonstrates that the Curie temperature
can be increased above room temperature in p-type semiconductor based DMSs
(Fig.2). The calculations also show that ferromagnetism is stable in a DMS which is
based on a wide bandgap semiconductor. Moreover, the recent reports of room
temperature in p-type ferromagnetism in ZnO-based semiconductors [11] as well as in

Co:TiO; oxide films [12] have encouraged intensive experimental studies to look into

oxide-based DMSs (O-DMSs).

R |

Gasb |
InP
InAs |

ZnsSe
ZnTe

10 1 ED '1.900
Curie temperature (K)

Fig. 2 The Curie temperature of numerous p type DMS predicted by mean-field
approximation theory.(Mn doping concentration : 5% and hole concentration :
3.5%10*%/cm?). The black line indicates room temperature (300K) [10].

Even though ferromagnetism has been observed in a number of systems,
experimental studies on TM-doped O-DMSs have resulted in inconsistent results and
the mechanism giving rise to the room-temperature ferromagnetism in TM-doped
O-DMSs remains unclear. For instance, Chamber et al. [13] found the Co clusters

existing in Co doped TiO; film and argued that the observed ferromagnetism may



have come from the contribution of the Co clusters. Punnoose et al. [14] and
Kennedy et al. [15] also found the presence of Co clusters in different experiments.
The inability of excluding the ferromagnetism seen in TM-doped O-DMSs form
cluster or secondary phases has hindered the application of DMSs. The revived search
for DMSs was based on alternative dopants. If non-TM dopants can be incorporated
in O-DMSs and induces magnetism, it should be able to clarify the source of
ferromagnetism. These have been called d’ magnetism, indicating that no ions with
partially filled d-shell are at the origin of the magnetic moments. For example, copper
doping in ZnO and GaN have been investigated and it has been confirmed
experimentally both Cu-doped ZnO and GaN are room-temperature ferromagnetic
DMSs [16~19].

Recently several groups have found room temperature ferromagnetism in N-doped
ZnO and C-doped ZnO film [20~23]. The existing traditional theories of DMS cannot
be applied to the d’ magnetism, because they are based on the existence of the d and f
orbitals, but there are no such<orbitals in these2p-light element doped materials.
Moreover the mechanism for ferromagnetism in such anion doped magnetic materials
is still not clear.

Among the oxide based DMS materials, TiO, and ZnO are the most interesting
semiconductor materials due to their potential for industrial application and thus have
received much attention. Thus, we will present a brief review on TiO, and the 2p-light

element doped DMSs.

1-3.2 TiO,-based materials:

Since 2001, many publications dealing with the growth and properties of

magnetically doped transition metal oxides have appeared. Matsumoto et al. [24,25]



used a combinatorial approach with pulsed laser deposition (PLD) to grow TiO, films
in both anatase and rutile forms and doped them with the first row transition metal
from Sc to Zn. Each was screened for ferromagnetism using a superconducting
quantum interface device (SQUID) magnetometer. Among these many combinations,
only epitaxial Co-doped TiO; anatase grow on LaAlO; (001) was found to exhibit
room temperature ferromagnetism (Tc>400K). On the other hand, other growth
methods such as oxygen plasma assisted molecular beam epitaxy (OPAMBE) [26~30],
sputtering [31,32] and direct chemical nanocrystal and nanorod synthesis [33,34],
have been used to synthesize true Co-doped TiO, anatase. The as-grown OPAMBE
growth material was found to be FM at room temperature with a moment of ~1.1 pp
per Co. The nanocrystals and nanorods growth. by direct chemical methods were
paramagnetic in as-grown conditions, but became strongly ferromagnetic (~up to 1.9
ug per Co) when spin coated onto a polycrystalline sapphire substrate and annealed in
air at 350°C. But a number of studies [35, 36] indicate that the RT ferromagnetism in
TM-doped oxides may come frommagnetic clusters or secondary magnetic phases,
for example as shown in Fig. 3. On the other hand, there are reports suggest the
absence of magnetic clusters or secondary phases and support intrinsic ferromagnetic

origin. So far, the origin of ferromagnetism remains a very controversial topic.

Fig. 3 A high resolution XTEM picture
of the nanoclustered film near the
film/substrate interface. [35]




Punnoose et al. [14] reported detailed studies of temperature dependent
magnetization (M(T)) at H=50 Oe with zero-field-cooled (ZFC) and field-cooled (FC)
schemes and showed that M(T) peaks at T,~30K for 1% Co and T;,~125K for 12% Co
doped films, respectively. Nevertheless, it was pointed out that bifurcation of FC and
ZFC M(T) curves, shown in Fig.4 are typical feature of a blocked nanoparticle system.
Thus it is due most likely to the contributions from the Co nanoparticles in the
Co/TiO; samples. Therefore, the existence of cluster or second phase has been a
problem in TM-doped DMS.

Recently, several groups have found room temperature ferromagnetism (RTFM) in
undoped HfO,, In,03, ZnO, and SnO; films [37~41]. It is believed that the FM in
undoped TiO, films originates from ‘the oxygen vacancies (V,) localized near the
film-substrate interface by analyzing FM in samples prepared under different
conditions [38~45] and FM in samples with different thicknesses [41~43,45].

For example, data of the oxygen annealed films of TiO, and HfO, [38] are shown
in Fig.5 along with the data ofas-deposited films in order to be compared directly.
This evidence has clearly indicated the primary role played by oxygen vacancies.
Nevertheless, the mechanisms to explain how FM emerges are contradictory. It is
amazing that undoped oxides DMS possess ferromagnetism at room temperature
because it challenges the “traditional” picture in explaining TM-doped DMSs. First of
all, according to the general theory of magnetism, if there is no unpaired d or f
electrons, there will be no ferromagnetism. Thus, although the term “d° magnetism”
has been brought about to explain the phenomena, the mechanism of d° magnetism is

still not clear, and should be an interesting issue in the future.
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1-3.3 2p-light element doped DMSs :

Several groups have found room temperature ferromagnetism in N-doped ZnO and
C-doped ZnO film [49~52], in which nitrogen and carbon are substitutes for oxygen.
The existing theories of traditional DMS cannot be applied to 2p light element-doped

DMS, but the 2p light elements appear to be ideal impurities to produce

10



ferromagnetism in these materials. It is believed that the valence electrons in p states
are more delocalized hence have much larger spatial extensions which, in turn, could
promote long-range exchange coupling interactions. Therefore, DMSs doped with 2p
light elements can be weak ferromagnets in a highly ordered and low doping
concentration [53]. Pan, et al. believed that substitution of N or C atoms at the O sites
in ZnO introduces holes in O 2p states, which couple with the parent N 2p or C 2p
localized spins by the p-p interaction, leading to effects similar to p-d hybridization in
TM-doped DMSs. Based on first-principle density functional theory (DFT)
calculations, the C-doped anatase TiO, may induce ferromagnetism when some O
atoms are substituted by C atoms [54]. In that, each C has spin-polarized 2p states in
the band gap generating a magnetic moment of 2:0up.

Moreover, based on the first-principle calculations; Rumaiz et al. [55] deemed that
N doping of TiO, leads to.the formation of oxygen vacancies and results in an
impurity state at the Fermi energy. Besides, Coey et al. [56] proposed a model for the
ferromagnetism of doped oxide nanoparticales and related materials. Basically, the
defective oxides are presumed to be the Stoner ferromagnets; the spontaneous Stoner
ferromagnetism can arise in percolating defect-rich regions where charge transfer
happens. Therefore, the 2p-light elements can be better alternatives for impurities to

produce ferromagnets in oxide semiconducting materials.
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1-4 Motivation

From the above survey, we note that both C-and N-doping to TiO, may lead to
Stoner ferromagnets and can be excellent candidates for DMS for RTFM. We also
note that most of the researches on 2p-light element doped DMSs have been focused
on films, which inevitably incorporates unexpected defects from processes that may
complicate the interpretations of the obtained results. Thus, it may be significant and
instructive to investigate FM in 2p-light element DMSs powders because they might
reflect intrinsic magnetic properties of materials. Therefore, in this study, we try to
prepare TiO, powder with nitrogen and carbon dopants in order to clarify some of the

issues stated above.
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Chapter 2

Background
2-1 Spin interaction in DMS

In this section, we describe the models that are most commonly used to describe the
magnetic interactions in diluted magnetic semiconductors.
(I)  Origin of exchange [57)

Consider a simple model with just two electrons which have spatial coordinate r;
and r, respectively. The wave function for the joint state can be written as a product
of single electron states, so that if the first electron is in state , (r;) and the second
electron is in state yy, (r2), then the joint wave function can be written as y, (r)yy (r2).

For electrons the overall wave function must be antisymmetric so the spin part of
the wave function must either be an antisymmetric singlet state s (S = 0) in the case
of a symmetric spatial state or a symmetric triplet state yr (S = 1) in the case of an
antisymmetric spatial state. Therefore we can write the wave function for the singlet

case Wsand the triplet case Wr as

1

Y, = 7 [Wa ey, (r2) + Yo ()W, (r)]xs
1

Wr = ﬁ [Wa(r) Wy, () — Y () Wy, (1) Ixr

where both the spatial and spin parts of the wave function are included. The energies
of the two possible states are

E, = [ ¢& Hyidrdr,

Er = [ g1 Ardrdr,

with the assumption that the spin parts of the wave function xg and Xt are

normalized. The difference between the two energies is

13



Bs— Br = 2 [ 4w, ), (), (rydarr,
For a singlet state S; + S, = -3/4 while for a triplet state S; ‘S, = 1/4. Hence the

Hamiltonian can be written in the form of an “effective Hamiltonian”

-1
H = Z(ES +3Er) — (Es —E1)S;: - S;
This is the sum of a constant term and a term which depends on spin. The constant

can be absorbed into other constant energy terms, but the second term is more

interesting. The exchange constant (or exchange integral), J is defined by

E; — Et . . —~
== = [ ew; e, (e, (e,

and hence the spin-dependent term in the effective Hamiltonian can be written
HsPI? =1 =2JS, - S,
IfJ > 0, Es > Er, the triplet state.S =1 is favored. On'the other hand, if J <0, Es < Er,

the singlet state S = 0 is favored. This equation is relatively simple to derive for two
electrons, but generalizing to a many-body system is far from trivial. This motivates

the Hamiltonian of the Heisenberg model:

H= —Z]ij51'52
ij

where J; is the exchange constant between the i" and j™ spins.

(IT) Direct exchange

If the electrons on neighboring magnetic atoms interact via an exchange interaction,
this is known as direct exchange. This is because the exchange interaction proceeds
directly without the need for an intermediary. Though this seems to be the most
obvious route for the exchange interaction to take, the reality in physical situations is
rarely that simple. Very often direct exchange cannot be an important mechanism in

controlling the magnetic properties because there is insufficient direct overlap
14



between the orbitals of the neighboring magnetic ions.

(ITIT) Superexchange

Superexchange can be defined as an indirect exchange interaction between
non-neighboring magnetic ions which is mediated by a non-magnetic ion which is
placed in between the magnetic ions. It arises because there is a kinetic energy
advantage for antiferromagnetism, which can be understood by referring to Fig. 6(a)
which shows two transition metal ions separated by an oxygen ion. For simplicity we
will assume that the magnetic moment on the transition metal ion is due to a single
unpaired electron (more complicated cases can be dealt with in analogous ways).
Hence if this system were perfectly 1onic, each .metal ion would have a single
unpaired electron in each d orbit and the-oxygen would have two p electrons in its
outermost occupied states. The figure demonstrates that antifcrromagnetic coupling
lowers the energy of the system by allowing these electrons to become delocalized

over the whole structure, thus lowering the kinetic energy.

(a) 2~ —~ bonding interactions

AFM m result in AFM-

coupled metal spins

Ligand 2p

3d K

(b)

A e’
FM G;@Q <P <— unfilled orbital

orthogonal to filled orbital
aq Ligand 2p FM-coupled metal spins
3d + 3d vacant

Fig. 6 Depict the hoping processes of the superexchange.

(IV) Double exchange

In some oxides, it is possible to have a ferromagnetic exchange interaction which

occurs because the magnetic ion can show mixed valence, which is it can exist in
15



more than one oxidation state (Fig. 6(b)). Examples of this include compounds
containing the Mn ion which can exist in oxidation state 3 or 4, i.e. as Mn>" or Mn*"
(Fig. 7). The e, electron on a Mn’" ion can hop to a neighboring site only if there is a
vacancy there of the same spin (since hopping proceeds without spin-flip of the
hopping electron). If the neighbor is a Mn*" which has no electrons in its eg shell, this
should present

no problem. However, there is a strong single-centre exchange interaction between
the e, electron and the three electrons in the #,, level which wants to keep them all
aligned. Thus it is not energetically favourable for an e, electron to hop to a
neighboring ion in which the #,, spins will be antiparallel to the e, electron (Fig. 7(b)).
Ferromagnetic alignment of neighboring ions'is.therefore required to maintain the
high-spin arrangement on both the donating and receiving ion. Because the ability to
hop gives a kinetic energy saving, allowing the hopping process shown in Fig. 7(a)
reduces the overall energy. Thus the system favors to. align ferromagnetically and
saves energy.

The physics of this mechanism is™ applied to mixed-valence DMSs, i.e.
semiconductors in which one can find coexisting magnetic ions of the same chemical
nature but with different charge states. The magnetic ions with different charge states
were also observed in [II-V DMS [58]. Although it is believed that in GaAs and InAs
the Mn ions are in the high spin 2" charge state [59, 60], the precise nature of the
charge state related to Mn ions is not finally determined in these materials. Recently,
the coexistence of Mn®" and Mn’" ions leading to double exchange induced

ferromagnetism was also suggested in ZnO [61].
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Fig. 7 Schematics that depict the hoping processes of the double exchange.

2-2 Spontaneous spin-split band 57

It is evidently demonstrated that band ferromagnetism in which the magnetization
is due to spontaneously spin-split bands might also play a role for ferromagnetism
exhibited in some DMSs. In this section we will explore some models which might be
relevant to understand how energy bands in some materials can become

spontaneously spin-split.

E
A
Ee 1 5E
Fig. 8 Density of states showing
spontaneous splitting of
€ > energy hands without an
o(E) 9(E) iy

applied magnetic field.

In the absence of an applied magnetic field, if we take a small number of electrons
near the Fermi surface from the spin-down band and place them in the spin-up band,

one immediately sees the imbalance between the spin-up and spin-down bands will
17



lead to magnetism. Specifically, if we take spin-down electrons with energies from
Er — OF up to Er and flip their spins, placing them in the spin-up band where they sit
with energies from Er up to Er +JE, as schematically illustrated in Fig. 8. The
number of electrons moved is g(Er)0E/2 and they increase in energy by JE. The total

energy change is g(Ep)oE /2 xJE. The total kinetic energy change AEk g is therefore

1
AEgg = Eg(EF)(SE)Z
This is an energy cost so this process looks unfavorable. However, the interaction of

the magnetization with the molecular field gives an energy reduction which can
outweigh this cost. The number density of up-spins is n' = %(n + g(Eg)SE) and the

number density of down-spins is n*= % (n = g(Ep)SE). Hence the magnetization is M

= ug(n' - nt), assuming each electron has a magnetic moment of 1pp. The molecular

field energy is

M 1 1
BEvr == | Ho(AMO) AN = =2 poAM? == jogA(n’ = 0y
0

Writing UZ;,LOMZBX where U is a measure of the- Coulomb energy, we have
AEmp = — % U(g(Ep)SE)?
Hence the total change of energy AE is
AE = AEgg + AEyf = %g(EF)((SE)Z(l — Ug(Ep))
Thus spontaneous ferromagnetism is possible if AE < 0, which further implies that
Ug(Ep) =2 1
This condition is known as the Stoner criterion. This condition for the ferromagnetic
instability requires that the Coulomb effects are strong and also that the density of
states at the Fermi energy is large. If there is spontaneous ferromagnetism, the spin-up

and spin-down bands will be split by an energy A, where A is the exchange splitting,

in the absence of an applied magnetic field.
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2-3 Bound magnetic polarons

In the BMP model, oxygen vacancies act both as electron donors and as electron
traps which can bind the electrons and maintain insulating behavior. Each trapped
electron couples to the local moments of the host lattice that lie within its orbit
ferromagnetically, leading to a bound polaron with a large net magnetic moment.

If neighboring BMPs do not interact strongly with each other, a paramagnetic,
insulating phase results. However, for certain BMP-BMP distances and combinations
of electron—electron and electron—local moment exchange constants, the BMPs may
couple in a ferromagnetic fashion [62, 63]. The critical distance at which the
exchange between two BMPs becomes ferromagnetic is typically of the order of a few
Bohr radii [63]. The amplitude of the exchange intéraction then drops off rapidly with
distance. Above some critical-electron-density, the attractive potential of the vacancy
is screened, the donor electrons become unbound, and the system becomes metallic

[64] and, depending on the temperature, can be either paramagnetic or ferromagnetic.

Isolated polaran

o o © o o o o + o o o \o
o o 0 O 0o o o_o o[¢ o P
Antiferromagnetic pair

o o » o0 o o o o o /o

] o]

O ] o &
Isolated ion

O —e[e>

o o] o o
o] o] o (o] o o] Q [9] 9] o ] o]
Overlapping polarons
Fig. 9 Representation of magnetic polarons. Cation sites are represented by small
circles. Oxygen is not shown; the unoccupied oxygen sites are represented by
squares [65].
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The spin-split donor impurity-band model originated from oxygen vacancies
constituted magnetic BMP has been used to explain the observed variation of
magnetic moments across the TM-doped ZnO series, as shown in Fig. 10. On passing
along the 3d series from Ti to Cu, the spin-split d levels move down in energy
towards the top of the oxygen 2p-band. Hence there are two regions where a high 7c
is expected: one near the beginning of the series where the 3d; states cross the Fermi
level in the impurity band, and one towards the end where the 3d, states cross the
Fermi level. For the light 3d elements, the 3d; states lie high in the 2p (O) and 4s (Zn)
gap, overlapping the donor impurity band which is spin split. In the middle of the
series, there is no overlap with the 3d levels and exchange is weak, but towards the
end of the series the 3d, states overlap the impurity band, which then has the opposite
spin splitting for the same occupancy. High 7e 1s found whenever unoccupied 3d

states overlap the impurity band, but not otherwise.
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Fig.10 (I) The magnetic moment of thin films produced from (Zng¢sMy 5)O targets by
pulsed-laser deposition, for M = Sc — Cu, measured at room temperature.
(IT) Schematic band structure of an oxide with 3d impurities and a spin split
donor impurity band. (a) The position of the 3d level for low Curie
temperature, when the splitting of the impurity band is small. b, and c,
show positions of the minority (b) or majority-spin (c) 3d bands,
respectively, which lead to high T¢[65].
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Chapter 3

Experiments

3-1 Sample preparation

We experimentally demonstrate that it is possible to induce room temperature
ferromagnetism in 2p-light-element doped TiO, prepared simply by conventional
solid state reaction method. We divide our experiment into two part, one is to anneal
the high purity rutile TiO, (99.998%) powders twice under different nitrogen
pressures at 1273K for 2hours. The other is utilized high purity TiO, to mix with
carbon (99.999%) powders. The mixtures were then heated at 1273K for 6 hours
under a reduced pressure of <6x10™ torr to promote reactions among the mixing
constituents. The solidified mixture-was then grinded and pressed using a mold to
form the target body; the target body was heated twice at 1273K for 12 hours. This
step is intended to increase the contact area between carbon and TiO, powders. Care
was taken to prepare sample from directly contacting any ferrous tools or vessels
during synthesis and characterization processes. Structural and magnetic
characterizations of 2p-doped TiO, samples were carried out by means of x-ray
diffraction (XRD), x-ray photoelectron spectroscopy (XPS), superconducting

quantum interference device (SQUID), and electron paramagnetic resonance (EPR).

3-2 Measurements

(I) X-ray diffraction (XRD)
X-ray diffraction is a common technique for studying crystal structures and

variations 1in atomic spacing. It is based on constructive interference of
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monochromatic X-rays when passing through a crystalline sample. The interaction of
the incident rays with the sample produces constructive interference (and a diffracted
ray) when conditions satisfy Bragg's Law (nA=2d sin 0) (Fig.11). This law relates the
wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sample. These diffracted X-rays are then detected, counted
and processed. By scanning the sample through a range of 20 angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of
the powdered material. Conversion of the diffraction peaks to d-spacing allows
identification of the mineral because each mineral has a set of unique d-spacing.
Typically, this is achieved by comparisons of the obtained d-spacing information with

the standard reference patterns.

dsinf

—o ° ® ° o—

Fig. 11 The illustration of XRD process.

(IT) X-ray Photoelectron Spectroscopy (XPs)

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for
chemical analysis (ESCA), is a popular surface analytic technique. It can provide
detailed information about the elemental composition, chemical state and electronic
structure of the elements that exist within a material [66-68]. XPS is based on the
photoelectric effect, whereby a sample surface emit electrons after being irradiated by

a photon source of sufficiently high energy, as shown in Fig.12 . For XPS, a soft x-ray
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(50—1500 eV) are used as the exciting photon source. The surface atoms emit
electrons (called photoelectron) after direct transfer of energy from the photon to the
core-level electron, as illustrated in Fig. 13. The emitted electron is called
photoelectron and the emitting process is named photoemission. The photoelectrons

are subsequently separated according to their energy via an electron spectrometer.

X-ray Hemispherical analyzer
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Fig. 12 Illustration of photoelectric effect

X-ray
photon
hv

Fig. 13 The X-ray photon transfers its energy to a core-level electron imparting

enough energy for the electron to leave the atom

Because the energy of a particular x-ray wavelength equals a known value, we can
determine the electron binding energy of each of the emitted electrons by using an
equation that is based on the work of Ernest Rutherford:

Ebinding = Ephoton — Exinetic = @
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where Epinging 18 the energy of the electron emitted from one electron configuration
within the atom, Epporon 18 the energy of the x-ray photons being used, Egipetic 18
the kinetic energy of the emitting electron as measured by the instrument and @ is
the work function of the spectrometer (not the material).

Core level peaks can provide direct information on the chemical bonding by XPS
measurement. The characteristic binding energies of photoelectrons are not only
element specific, but also depend on the chemical state of the corresponding atom.
Chemical shifts are recorded as a displacement (typically in the range of 0 to 4 eV) in
binding energies of photoelectrons excited from atoms in a compound compared to
the energies of the corresponding pure substance. Binding energies increase, e.g., with
the oxidation state of a substance, as part of the electronic density is transferred to the
oxidizing species, leaving the remaining electronic density unbalanced against the

positive nuclear charge.

(ITIT) Superconducting Quantum:Interference Device (SQUID)

A superconducting quantum interference device (SQUID) is equipment used to
measure extremely weak signals, such as subtle the magnetic field changes in living
organisms. SQUID is designed by use of the principal of macroscopic long-range
quantum interference and consists of two parallel Josephson junctions made of two
superconductors separated by a thin insulating layer. The device may be configured as
a magnetometer to detect incredibly small magnetic fields. The great sensitivity of the
SQUID devices is associated with measuring changes in magnetic field associated
with one flux quantum. One of the discoveries associated with Josephson junctions
were the flux is quantized in units. If a constant biasing current is maintained in the
SQUID device, the measured voltage oscillates with the changes in phase at the two

junctions, which depends upon the change in the magnetic flux. Recording the
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oscillations allows us to evaluate the flux change which has occurred. Hence, SQUID
as magnetometer provides the information of magnetic field gradient or magnetic

field of sample.

(IV) Electron Paramagnetic Resonance (EPR)

Electron Paramagnetic Resonance (EPR) often called Electron Spin Resonance
(ESR) is a branch of spectroscopy in which electromagnetic radiation (usually of
microwave frequency) is absorbed by molecules, ions or atoms possessing electrons
with unpaired spins.

Ever since the discovery of Electron Paramagnetic Resonance by
Zavoiskii, it has been developed into an important branch of spectroscopy and
becomes a valuable tool in all branches of science wherever systems containing
unpaired electrons are investigated.

Intrinsic spin is a unique quantum property of electron, nuclei, and nuclear and sub
nuclear particles. Charged particles with spin or -orbital-angular momentum will have
magnetic moments, a vector quantity denoted-as such by the bold character p. The
magnetic moment p interacts with the static vector magnetic field B to produce an
energy U through the following scalar product relationship.

U=—-u-B
This component of the electron energy is designated as the Zeeman interaction. Static
magnetic field generates an energy-level structure. Magnetic fields that vary rapidly
with time stimulate transitions between energy-levels or states, giving rise to spectral
lines. Energy states are quantitatively called the spin Hamiltonian. From the
Hamiltonian, the energy level structure can be derived. The intrinsic spin gives the
electron its intrinsic spin magnetic charge will create a current loop. An electron can

have angular momentum as it moves not only around its own axis but also in an orbit.
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The component p, of electron-spin magnetic moment along the direction of the
magnetic field B applied along the direction z is

lq|h

My = —8eBeMs ; Be = m

where g is the Zeeman factor. This was originally introduced to correct and increase,
by a factor of 2, the relationship between magnetic moment and spin from what would
be expected from the relationship between magnetic moment and orbital angular

momentum.

For a single unpaired electron, the possible values of M are +% and —% . Hence

the possible values of p, are +

N | =

g.Be and the values of U are iggeBeB (Fig. 14).

These are sometimes referred to as the electronic Zeeman energy.

AU = g.[.B

cC —

absorption /\

Fig. 14 Energy-level scheme for the simplest system (e.g., free electron) as a function

of applied magnetic field B, showing EPR absorption.

By placing the unpaired electrons in a magnetic field, we have increased the
number of energy levels from one to two. In fact, sometimes in the region near the

electron there is an atomic nucleus with a magnetic moment. The magnetic moment of
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the nucleus is restricted to a few orientations with respect to an external magnetic
field. The magnetic energy of the electron is affected by the orientation of the nuclear
magnetic moment. It is the reason why two magnetic energy levels for the electron are
each further split into a few sublevels. This interaction of the nucleus and the electron

is called the hyperfine interaction.
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Fig. 15 Hyperfine splitting in the hydrogen atom in a high field.

The applied magnetic field splits the energy levels in to Mg = +% and —% states.

Each M state splits into two M; states due to interaction with He nucleus (I= % ). We
observe transitions between levels 4 and 1, 3 and 2. Therefore the “selection rules” for
EPR transitions are AMg = +1,AM; = 0. The proton has a spin of % By the 2I+1

rule, the number of possible orientations is two. The number of levels is produced by
hyperfine splitting. That is the reason there will be four levels. The Hamiltonian for
the magnetic interaction in a strong external field is

Kmagnetic = 8HoH,S; + al;S,
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By using the Hamiltonian we find that the energy in the state | MgM;) is
U(MM;) = gpoH, Mg + aMgM;
Most of the electrons in atoms, molecules, and solids do not give EPR signals. Due

to electrons are not unpaired in these substances. This means that for every electron in

ey

the M= —; state there is another electron in the same orbital and in the M= >

Transition from the —%state to the % state would put two electrons in the same

orbital and the same spin state. Unpaired electrons of substance are called
paramagnetic substances which include organic free radicals, transition metal ions,
metals, crystals with certain defects.

EPR experiments manipulate a Bruker spectrometer at X-band (v=9 GHz). DPPH
was used as a reference for calibration of g factors. The shape and the area of the EPR

spectra were analyzed by standard numerical methods.
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Chapter 4

Results and discussion
4-1 Nitrogen-doped Titanium Dioxide

(I) XRD

N-doped TiO, powder prepared by annealing the TiO, powder at various nitrogen
pressures is evidenced by XRD 0-26 scans shown in Fig. 16. The XRD pattern for
pure TiO, without the treatment is also included for comparison. All samples are
single phase (rutile) with no evidence of secondary phase within the XRD
measurements. Therefore, the possibility of the contribution of ferromagnetism from
the secondary phase can be excluded. In addition, a color change in the TiO, powders
from white to black was noticed after treatment. It is called F-center which is a type of
crystallographic defect in which an/anion vacancy in a crystal is filled by one or more
electrons, depending on the charge of the missing.ion in the crystal. Electron in such a
vacancy tends to absorb light in the visible spectrum such that the originally

transparent material becomes colored [69, 70].
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Fig. 16 XRD patterns of samples pure TiO,, V(-TiO,, and N-TiOs.
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(II) SQUID

Fig. 17(a) shows the magnetization (M) versus field (H) curves taken at 300K for
pure TiO; (rutile), Vo-TiO,, and N-TiO, powders. From the partial hysteresis loop
shown in Fig. 17(b), it is evident that pure TiO, is completely paramagnetic, while
V-TiO; is predominantly paramagnetic with minute sign of ferromagnetism. On the
contrary, the N-TiO; exhibits marked ferromagnetic feature at room temperature. The
magnetic parameters for V(-TiO, are estimated to have 6x10° emu/g for remnant
magnetization and 35.7 Oe for coercive force, respectively. The slight ferromagnetism
is believed to arise from the contribution of oxygen vacancies introduced by heating
the TiO, powders at high temperature in vacuum. Coey et al. [71] proposed that the
ferromagnetism is originating from direct exchange interaction between the molecular
orbital consisting of the valence electrons of the three titanium ions and the oxygen
vacancy surrounded by them. The molecular orbital results in ferromagnetism when
the concentration of oxygen vacancies; namely, the concentration of molecular orbital,
is large enough. However, if the coneentration-of oxygen vacancies is low, the isolated
molecular orbital will result in paramagnetism. This model is similar to that described
by the BMP model. In the BMP scenario, oxygen vacancies act both as electron
donors and electron traps which can bind the electron, and then combining with the
three titanium ions in the vicinity to form a bound magnetic polaron. In Coey’s case, it
is named as molecular orbital. If neighboring BMPs do not interact strongly with each
other, a paramagnetic, insulating phase results. However, for certain BMP-BMP
distances and combinations of electron—electron and electron—local moment exchange
constants, the BMPs may couple in a ferromagnetic fashion.

On the other hand, when nitrogen is introduced by high temperature annealing, it is

clear from Fig. 17(b), an obvious M-H hysteresis loop representing the existence of
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ferromagnetism is seen. From the hysteresis loop, we estimate a saturation
magnetization (Ms) of 9x10™ emu/g, a remnant magnetization of 7x10™ emu/g, and a
coercive force of 74.1 Oe for sample N-TiO,, respectively. Those values are
apparently orders of magnitude larger than those obtained for V,-TiO,, indicating a
much stronger ferromagnetic characteristic. Based on the density functional theory
(DFT) calculation by Di Valentin et al. [72], it has been shown that a large decrease in
the formation energy of oxygen vacancies can be gained owing to the presence of
nitrogen atoms in the lattice. It also suggests that oxygen vacancies are most probably
induced by N-doping of TiO,. We will confirm this assertion by XPS in the next
section. In any case, all of these arguments imply that TiO, powders will lose more
oxygen or have more oxygen vacancies. when doped with nitrogen and, more
importantly, it also induces strong ferromagnetism. However, it is not clear whether
the stronger ferromagnetism.is correlated solely to the larger concentration of oxygen

vacancies or something else.
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Fig. 17 (a). Magnetization versus magnetic field (M-H) at 300K for V,-TiO; and

N-TiO,. (b) The partial hysteresis for all samples.

Alternatively, Shen et al. [53] proposed p-p coupling interaction for
ferromagnetism in N-doped ZnO. It was believed that substitution of nitrogen atoms

at oxygen sites in ZnO introduces holes in O 2p states, which couple with the parent
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N 2p localized spin via the p-p interaction, similar to p-d hybridation in TM-doped
DMS. This interaction follows essentially from quantum-mechanical level repulsion,
which “pushes” the minority states upward, crossing the Fermi-level. A strong p-p
coupling interaction between the impurity state and valence-band state is allowed near
the Fermi-level. In other words, nitrogen-doping induces interaction between the
impurity state and valence-band state so that the minority states cross the Fermi-level.
It effectively has similar results as the Stoner splitting both induces extra states near
the Fermi-level. Consequently, if it satisfies the Stoner criterion it would promote
spontaneous ferromagnetism. As will be described later, the valence band XPS indeed
indicates that there are extra states near the Fermi-level in N-doped TiO,. Briefly, we
have found that nitrogen-doping not ‘only creates more oxygen vacancies but also
introduces p-p interaction between the N 2p and O 2p. Both factors are probably
working together to result in" the significant room-temperature ferromagnetism

observed in N-Ti0,.

(1) XPS

As mentioned above, the XPS spectra may provide crucial information for
clarifying the effect of nitrogen dopant and oxygen vacancies on the very different
M-H results observed in TiO, treated under various conditions. In Fig. 18, all the
peaks reported were charge corrected using C 1s peak position at 284.5e¢V as the
reference point. Fig. 18(a) shows the high-resolution O 1s XPS spectra of all samples
and Fig. 18(b. I, II) is the fitting results for the pure TiO, and the N-doped TiO,
samples, respectively. From Fig. 18(b. II), the peak can be divided into three
symmetric peaks. The origin of the peak at the lowest binding energy (peak 1) is not
clear. For the medium binding energy (peak 2), it is ascribed to the O 1s core peak of

O” bound to Ti*". Perhaps, the most prominent peak is peak 3 with the highest
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binding energy, which is referred to as the high binding energy component (HBEC)
and the peak 2 is referred to as the low binding energy component (LBEC) [73]. It has
been previously reported that the HBEC component develops with the increasing loss
of oxygen [74]. Furthermore, the relative area under the curve (area of HBEC
peak/area of LBEC peak) is determined to be 0.369 for pure TiO,, 0.387 for V,-TiO,,
and 0.680 for N-TiO,, respectively. The relatively large contribution of the HBEC
peak for the case of annealing in nitrogen gas strongly suggests the presence of
nitrogen may have introduced more oxygen vacancies in our case (Fig.19). This may
be also relevant to the obvious M-H curve hysteresis loop observed for the N-TiO,
sample. At this stage, it appears that oxygen vacancies may have played an important

role in the origin of ferromagnetism of doped TiO,.
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Fig. 18 (a) XPS spectra of O Is core level for pure TiO,, Vy-TiO,, and N-TiO; samples.

(b) Fitting results of O 1s XPS spectra for (I) pure TiO; and (II) N-TiO,
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Fig. 19 HBEC peak and LBEC peak in pure TiO; and N-TiO, samples.

In order to further clarify the role played by nitrogen, we have also investigated the
XPS of Ti ions. From Fig. 20(a), the high-resolution Ti 2p XPS spectra evidently
show that, pure TiO, only has T signal with characteristic 2ps, and 2p;,» spin
doublet at 459.3 eV and 465.2 eV, respectively, corresponding to a peak separation of
5.9 eV. Ti*" is non-magnefic in stoichometric' TiOs, since it does not have any
unpaired 3d electron. However, unpaired 3d electron'in Ti’" or Ti*" can lead to some
magnetic moment. It is known that oxygen vacancies may change the charge balance
and therefore there is a possibility to generate Ti*" or Ti*". In Fig. 20(b) we can
observe clearly the difference between N-doped TiO; and pure TiO,. Therefore, we
can fit the extra spectra appeared in N-TiO, and try to understand these. From Fig.
20(b), in addition to the above mention peaks, there are extra peaks labeled as peak 3
and peak 4. These two peaks might correspond to 2ps,» and 2p;, of Ti** or Ti*". The
slightly lower binding energy for peak 3 suggests that the removal of oxygen may
lead to a higher electron cloud density than in the case of Ti'". However, at present,
we are unable to identify the exact valence of the Ti ions, albeit that a reduction is
evident. In any case, the features for both the core level peaks of O 1s and Ti 2p

strongly suggest the existence of oxygen vacancies.
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Fig. 20 (a) XPS spectra of Ti 2p core level for pure TiO,, V(-TiO,, and N-TiO,samples.

(b) Fitting result of Ti 2p XPS spectra for N-TiO,samples.

Next, we turn to discuss the effect on N-doping on the density of states (DOS) near

the Fermi-level. The XPS spectra of valence band for all samples are shown in Fig. 21.

Curves are plotted by setting the Fermi-level to be equal to zero. For one thing, we

can observe slight state appeared near the Fermi-level in sample V,-TiO;. On the

other hands, it is clear that there exists marked difference in the DOS near the

Fermi-level between N-doped TiO, and the rest of the samples. Pure TiO, has

primarily a filled O 2p derived valence band separated from an empty Ti 3d, 4s and 4p
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derived conduction band by a bulk band-gap of 3.2 eV [75]. The valence band spectra
show the emission from O 2p band with its upper edge lying 3 eV away from the
Fermi-level. It has been pointed out that the feature close to 0 eV in the reduced TiO,
or anion-doped TiO; can be attributed to the occupied defect states (or impurity state)
corresponding to the partial population of Ti 3d band [76]. Thus, in our case, the
doping of nitrogen into TiO, must have somehow induced significant amount of
oxygen vacancies, as reflected in the significant growth of the occupied-defect states
related feature near the Fermi-level. This is also consistent with the first-principle
calculation by Rumaiz [55], wherein it was shown that N doping in TiO, leads to the
formation of oxygen vacancies. It appears that the observed occupied states of Ti-3d
near the Fermi-level and the modification of eléctronic structure are intimately related
not only the doped N-impurities but also the oxygen vacancies.

Furthermore, Fig. 21 also.shows that the O 2p valence band is shifting to lower
binding energy with nitrogen doping. It is suggestive that the incorporation of less
tightly bound N 2p level with O 2p level further cause slight band-gap shrinkage.
Alternatively, it may also relate to the p-p interaction between the impurity p states (N
2p) and the host p states (O 2p) at the top of the valence band. Though this interaction,
the Stoner splitting might be induced to promote the ferromagnetism given by the
Stoner criterion. The simultaneous presence of the nitrogen dopants and oxygen
vacancies, in addition to result in the formation of new states near the Fermi-level,
may push the system all the way to surpass the Stoner criterion. If we denote the
density of states at the Fermi-level as g(ef) and U as the Coulomb energy, the
condition for spontaneous ferromagnetism given by the Stoner criterion is U g(ef) = 1.
Thus, it should be interesting to see if our system is in the conditions of leading to

Stoner splitting of the band and then induce ferromagnetism.
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This exchange splitting of the conduction band can be observed in Fig. 22, where
the binding energy shift is attributed to a chemical potential shift. Fig. 22 shows Ti 2p
and O 1s core level spectra for pureTiO,, V-TiO, and N-TiO,. We can observe that
the core peaks of both O 1s and Ti 2p.are shifted to lower binding energy. The fact
that the N-TiO, sample has the most binding energy shift among all samples is most
likely due to the Stoner splitting [77]. This also explains the marked enhancement of

ferromagnetism displayed in the’M-H hysteresis forthe N-TiO, sample.
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In short, in this section, we have shown that nitrogen doping in TiO, generates
oxygen vacancies and new states near the Fermi-level simultaneously, such that

pushes the system all the way to surpass the Stoner criterion for inducing the Stoner
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exchange splitting of the band and lead to ferromagnetism.

(IV) EPR

The next question to be asked is how the N-doping cope with the oxygen vacancies
to give rise to the observed phenomena? To probe the exact electronic configuration
and to gain more insight about the mechanism of the ferromagnetism in the N-TiO,
sample, EPR measurements were carried out. It is an effective tool to investigate the
origin and nature of observed ferromagnetism in a material, in particular, to extract
information about the oxidation state of the dopant cation involved in the spin
coupling.

For the electron structure of N doped TiO,, Di Valentin et al. [78] have proposed
two models in their DFT calculations. In substitutional model, nitrogen atom is
assumed to replace oxygen in TiOj,so that nitrogen atom accepts the extra charge
from oxygen atom and is in:the state of negative oxidation. On the other hand, in the
interstitial model, the nitrogen atom is assumed to bind with one lattice oxygen to
form a NO species. These species, then, interact with the Ti atoms through their ©
bounding state in TiO,. In either case, however, the unpaired electrons are almost
localized on the surrounding of nitrogen atoms.

On the contrary, it was shown experimentally [78,79] that most of the unpaired
electrons do not distribute in the vicinity of nitrogen atom based on the observations
of the EPR signals which gave g values of 1.99-1.93 attributable to the Ti’" species.
Fig. 23 reveals the presence of active species trapped on Ti** site (1.94) in V,-TiO,
sample, which appears to be consistent with the previous results. Nevertheless, on the
right hand side of the Ti’" signal for N-TiO, sample, the position apparently shifts by
0.02 to higher magnetic field. The line width (AHp,) of V(-TiO; and N-TiO, is 70G

and 170 G, respectively. There are not any EPR signals in pure TiO,. It conforms that
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the removal of oxygen will lead to a higher electron cloud density than that of
intrinsic Ti*", so that the valence of Ti is effectively decreased. However, by
comparing with the M-H loop results, the sample V,-TiO;, does not appear to possess
obvious ferromagnetism even though the Ti’" species are already existent. Hence, we
speculate that Ti*" alone may not be the primary factor for ferromagnetism.

Thus, there must be something else involved in giving rise to the significant
ferromagnetism seen in N-TiO, sample. It is noted that the line width of N-TiO,
extends to lower magnetic field and higher magnetic field for the left-hand side and
the right-hand side EPR peak, respectively, as compare to that of the V(-TiO, sample
(Fig. 23). We believe that this is due to the supposition of other overlapping signals,
presumably originated from the nitrogen impurities. Since the EPR signals for
N-centers are having g-values between 2.003-2.005 [78, 79]. This broad signal is
attributed to ferromagnetic. resonance (FMR) arising. from exchange interaction
between BMPs. The fact that both: Vg-TiO; and N-TiO; exhibit the existence of the
Ti’* signal but only N-TiO, showed ferromagnetism, further implies that the
combination of nitrogen and the associated increasing in oxygen vacancies is the key

to induce ferromagnetism.
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(V) Summary

In summary, standard DMSs usually dope transition elements which possess
unpaired d or f electron in materials. However, the standard theories for explaining
DMSs are found inapplicable to the newly discovered 2p-light elements doped
materials. There are several important differences between the 2p and 3d orbital
which determine the different magnetic properties exhibited in DMSs doped with 2p
LE (anion) and 3d TM (cation). First, the anion 2p bands of the element are usually
full in ionic states, leaving no room for unpaired spins compared to 3d bands for
transition metal. Second, p states are inefficient in the spin-orbital interaction
compared to d states. Third, valence electrons in p states are more delocalized than
those in d- or f- states. It means.that they have much larger spatial extension which
can facilitate long-range exchange coupling interactions. Therefore, 2p light-element
doped DMSs can have weak - ferromagnetism even with low doping concentration.

Consequently, 2p light elements are appropriate candidate for dopant in DMSs that
are able to induce room temperature-ferromagnetism. In our experiment, nitrogen
doping promotes the formation of excessive oxygen vacancies, as indicated by the
marked enhancement of HBEC component in the XPS results. From the valence band
XPS spectra (Fig. 22), it is evident that the O 2p valence band moves to lower binding
energy with nitrogen doping due to the engagement of p-p interaction. In other words,
doping nitrogen into TiO, not only induces the formation of oxygen vacancies but
also activates the p-p interaction between the impurity state (N 2p) and valence band
state (O 2p). This interaction pushes the minority states upward, crossing the
Fermi-level and triggers the Stoner splitting to extend the tail of the valence-band
maximum to lower binding energy and produces extra states below the maximum as

compared to undoped TiO,. It not only satisfies the Stoner criterion but also creates
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unpaired electrons when charge transfer happens so as to promote spontaneous
ferromagnetism. The unpaired electrons originated from the interaction between
impurities and the lattice oxygen in TiO, manifests itself by the broad signal
associated with the ferromagnetic resonance in EPR spectra. It acts as spin-polarized
carrier sources.

Within the context of current scenario, the combined effects of the p-p coupling
interaction and charge transfer near each impurity will tend to align spins and form
moment carried by the impurity ion. The moment carrying impurities then couples
strongly with carrier spin generated by oxygen vacancies to form long range BMPs.
The primary reason is due to the spatially-extended p-states inherent to the impurities
are able to facilitate long-range magnetic coupling. If the concentration of BMPs is
sufficiently high, it is able to effectively mediate indirect ferromagnetic coupling
among impurities by carriers. Finally, not only spin of impurities but also carrier spins
are aligned to result in ferromagnetism (Fig. 24). This model gives a reasonable
explanation to the experimentally observe ferromagnetism in TiO, doped with small

amount of nitrogen.

Fig. 24 Schematic showing ferromagnetic coupling between impurities. (a) The
magnetic moment of impurities polarizes carriers and aligns the spins of the carriers
in the same direction as BMP. (b) If the carrier concentration is sufficiently high, it is
able to effectively mediate indirect ferromagnetic coupling among nearly all BMP.

Cation is not shown in the diagram.
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4-2 Carbon-doped Titanium Dioxide

(I) XRD

The crystal phase of the pure TiO, with carbon is identified by a conventional XRD
shown in Fig. 25. The results in C-mixed TiO; (no annealing) and C-doped TiO,
(annealing) powders are transparent suggesting that both samples are of homogenous
rutile phase. The only difference is the carbon signal. The signal of carbon of the
C-doped TiO, sample decreases significantly after annealing. We believe that most
carbon reacted with TiO,, rather than just burned out, because the base pressure was
kept under 6x10 torr during the entire process. Moreover, since there is no titanium
carbide phase discernible from the XRD results, the carbon must have substituted
oxygen or got into the interstitial sites of TiOs. In order to check the assertion

described above, we utilize XPS to investigate the existence of carbon in TiO,.
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Fig. 25 XRD patterns of samples C-mixed TiO, and C-doped TiO,.
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(II) XPS

Fig. 26 shows the C 1s XPS profiles. We can observe that the C 1s spectra stretch
over a broad energy range from 280 to 291 eV, which can be well fitted to five peaks.
The peak 1 (288.8 eV) and peak 2 (286.3 eV) are attributed to carbonate species, and
peak 3 (285.3 eV) is assigned to contaminated hydrocarbons [81]. The peak 4 (284.5
eV) is assigned to the active carbon from carbonic ink or adventitious carbon
contamination adsorbed from the atmosphere. Hashimoto et al. [82] observed C 1s
XPS peak at 282 eV (peak 5) and they assigned this C 1s XPS peak to Ti-C bond in
carbon-doped TiO,. Since the peak at 282 eV was observed for the carbon-doped TiO,
powder and the corresponding XRD results did not indicate the existence of a TiC
phase, thus, it is natural to attribute the Ti-C bond related peak to the substitution of

carbon on the oxygen sites.
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Fig. 26 Fitting result of C 1s XPS spectra for C-doped TiO; samples.
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On the other hand, the high-resolution Ti 2p XPS spectra shown in Fig. 27 indicate
that C-doped TiO, is similar to N-doped TiO,. Namely, it exhibits not only the
signature of the Ti*" species but also the peaks with slightly lower binding energies
(peak 3, 4). Again, it suggests that C-doped TiO, may also introduce excessive oxygen
vacancies as that seen in N-doped TiO,. The primary difference between N-doped
TiO, and C-doped TiO; is that there exists extra peak (peak 5) in Ti 2p XPS spectra of
the latter. We conjecture that peak 5 is derived uniquely from the Ti-C bond [82]. Both
features in the core level peaks of C 1s and Ti 2p strongly suggest that carbon
substitutes some of the lattice oxygen atoms. Comparing the results for N-doped TiO,
and C-doped TiO,, the latter appears to have more substitution for lattice oxygen
atoms, because of the large signals detected. As-a result, it might also introduce more
oxygen vacancies in system. Fig. 28 shows the high-resolution O 1s XPS spectra. In
that the relative area under the curve ((area of HBEC peak (peak 1) / area of LBEC
peak (peak 2)) is determined to be 0.83 for C-doped TiO,, 0.680 for N-doped TiO,. It
indicates that carbon substitution should be mote favorable for the formation of
oxygen vacancies in TiO system. It is consistent with the observation [83] that both
substitutional and interstitial C doping induces a strong reduction of the oxygen
vacancy formation energy. Furthermore, more substitution also enhances the amount
of the occupied impurity states near the Fermi-level. The valence band spectra that
compare the results of C-TiO, and N-TiO; are shown in Fig. 29. We can observe that
more prominent occupied impurity states near the Fermi-level in C-TiO, than in
N-TiO,, with the O 2p valence band moving to the lowest binding energy in C-TiOs.
Because more substitution of carbon for the lattice oxygen atoms can facilitate more
incorporation with oxygen in the lattice by the p-p interaction, it might satisfy the
Stoner criterion and induce the Stoner splitting and associated ferromagnetism. Indeed,

as will be shown next, the magnetic properties probes by using SQUID evidently
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confirm the above assertions.

-
=

Intensity (a.

Intensity (a.u.)

7000

6000-
5000-
4000-
3000-
2000-

1000 -

470 465

460

455

Binding energy (eV)

450

Fig. 27 Fitting result of Ti 2p XPS spectra for C-doped TiO,samples.
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Fig. 28 Fitting result of O 1s XPS spectra for C-doped TiO,samples.
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Fig. 29 Valence band XPS spectra for pure TiO,, N-TiO,, and C-TiO, samples.

(II1)SQUID

The inset in Fig. 30 evidently demonstrates that pure TiO, is completely
paramagnetic and, on the contrary, pure carbon is diamagnetic. Comparing the
magnitude of slope between pure TiO; and carbon suggests that the diamagnetic
moment of carbon is larger than the paramagnetic moment of pure TiO,. Therefore,
the diamagnetic moment and paramagnetic moment competes each other in the
mixture of TiO, and carbon in magnetic field. Nevertheless, after the annealing
process, something interesting has happened. First, if carbon and TiO, remained as a
mixture after annealing, one would expect a linear superposition of the diamagnetic
moment from carbon and paramagnetic moment from TiO, in the M-H curve. Second,
if carbon had been burned out in vacuum without interacting with TiO,, the
diamagnetic moment would decrease dramatically and one would see predominantly
only paramagnetic signal. Instead, none of these scenarios occurred. As displayed

clearly in Fig. 30, the M-H curve taken at 300 K evidently exhibits significant
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room-temperature ferromagnetism in the current C-TiO, samples. From the partial
hysteresis loop, we can estimate a saturation magnetization (Ms) of 0.64x107 emu/g,
a remnant magnetization (Mr) of 0.13x10” emu/g, and a coercive force of 403.3 Oe,
respectively. The much more pronounced ferromagnetism seen in C-TiO; than in
N-TiO, are believed to arise from the more substitution for the lattice oxygen atoms
mentioned above.

According to the features in XPS spectra and M-H curve, carbon atoms substitute
oxygen atoms in carbon-doped TiO; system. That induces not only the formation of
oxygen vacancies but also p-p interaction between the impurity state (C 2p) and
valence-band state (O 2p). So that to form new state near Fermi-level by Stoner
splitting, and then to promote spontaneous ferromagnetism. It confirms that C-doped
TiO, may induce ferromagnetism where C ‘atoms substitute O atoms, based on

first-principle density function theory calculations [54].
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Fig. 30 Magnetization versus magnetic field at 300K for C-TiO,. The inset shows

magnetization of pure TiO, and carbon.

47



Chapter 5

Conclusion

In conclusion, we prepared nitrogen-doped TiO, and carbon-doped TiO, powders

and investigated the ferromagnetic mechanism in qualitative.

1.

From XRD measurements, all samples are of homogenous rutile phase so that
there are no possibility of the contribution of ferromagnetism from the secondary
phase can be excluded.

In the core level peaks of O 1s, the relatively large contribution of the HBEC
peak for the case of 2p-light element doped TiO, strongly suggests the presence
of impurities may have introduced more oxygen vacancies. It is known that the
removal of oxygen may lead to-a higher electron cloud density and therefore the
extra peaks with slightly lower binding energies in Ti 2p XPS spectra. However,
both features in the core level peaks of O Is/and Ti 2p strongly suggest the
existence of oxygen vacancies.

The valence band can be able to evidence that the simultaneous presence of
impurities and oxygen vacancies, in addition to result in the formation of new
states near the Fermi level, may push the system all the way to surpass the Stoner
criterion for inducing the Stoner exchange splitting of the band.

It not only satisfies the Stoner criterion but also creates unpaired electrons when
charge transfer happens so as to promote spontaneous ferromagnetism. The
unpaired electrons originated from the interaction between impurities and the
lattice oxygen in TiO, manifests itself by the broad signal associated with the
ferromagnetic resonance in EPR spectra.

The combined effects of the p-p coupling interaction and BMP model will
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promote spontaneous ferromagnetism observed in 2p-light element doped TiO,
from M-H curve

6. According to the features in XPS spectra strongly suggest that C-doped TiO,
appears to have more substitution for lattice oxygen atoms. It might introduce
more oxygen vacancies so as to enhance the amount of the occupied impurity
states grown near the Fermi-level. Therefore, the much more pronounced
ferromagnetism seen in C-TiO, than in N-TiO; are believed to arise from the
more substitution for the lattice oxygen atoms mentioned above.

Our work demonstrates that nitrogen and carbon are novel impurities in the class of

doped TiO; dilute magnetic semiconductor materials.
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