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CHAPTER 2
DILUTED MAGNETIC SEMICONDUCTORS - A REVIEW

2.1 Introduction

The first generation of spintronics devices were based on passive magnetoresistive sensors
and memory elements using electrodes made from alloys of ferromagnetic 3d metals. Their
development was later boosted by the discovery of giant magnetoresistance, in (Fe/Cr),
multilayers, and tunnelling magnetoresistance'. Next generation is expected to consist on
active spin-based devices that will necessarily comprise the creation and manipulation of
spin-polarized electrons in a host semiconductor™. In order to achieve an operational
device, the electrons must be spin-polarized and their polarization largely preserved as they
travel through the semiconductor material. The most obvious way for spin injection would
be injecting from a FM metal in a metal/SC junction. This type of heterostructures have
been extensively studied; however, it has been shown that it is difficult to preserve the
electron spin across the interface, mainly due to the large mismatch in electrical
conductivity between the two materials®. On the contrary, magnetic semiconductors should
allow easier integrability with the existing semiconductor technology, and would be vital
for signal amplification with highly spin-polarized carriers. Therefore, the design of
materials combining both SC and FM properties turns to be crucial in the development of

such devices and presents a serious materials physics challenge.

It was in this context that the concept of diluted magnetic semiconductor (DMS) emerged.
DMSs are non-magnetic semiconductors doped with a few percent of magnetic elements,
usually transition-metals (TM) (see figure 2.1), and are expected to be not only easily
integrable with existing semiconductors but also highly spin-polarised. However, the
discovery and understanding of such materials are proving to be a grand challenge in solid-
state science. Indeed, one of the 125 critical unanswered scientific questions recently raised
in a commemorative issue of Science magazine™® asks, “Is it possible to create magnetic
semiconductors that work at room temperature?”’. The materials challenge is great because
both magnetic and electronic doping is required, and the interaction between magnetic

dopant spins and free carriers must be engineered to achieve thermally robust dopant spin-
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carrier coupling’.
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Figure 2.1 Schematic showing (A) a magnetic semiconductor, (B) a non-magnetic
semiconductor material, and (C) a diluted magnetic semiconductor (adapted from ref. 7).

Magnetism and semiconducting properties are known to coexist in some ferromagnetic
semiconductors, such as europium chalcogenides and ferrimagnetic or ferromagnetic
semiconducting spinels’. The first DMSs to be identified were 1I-VI semiconductor alloys
like Zn;xMn,Te and Cd; Mn,Te®. They were studied in the 1980s, presenting either spin
glass behavior or weak ferromagnetism, with Curie temperatures (T¢) of only a few K® and,
therefore, completely inadequate for applications requiring ferromagnetic order at room
temperature (RT). More recently, the Mn-doped III-V semiconductors Inl_XMnxAslo’11 and
Ga]_XMnXAslz’13 showed ferromagnetism at higher temperature. A T, of 173 K was
achieved in Mn-doped GaAs by using low temperature annealing techniques which is quite

14,15

promising " °, although still too low for the envisaged RT applications.

In all these materials ferromagnetism has been proven to be carrier mediated, which
enables the modification of magnetic behaviour through charge manipulation. This has
motivated a continuous search for materials with even higher T; and carrier mediated
ferromagnetism, and led to the conjecture that oxide-based DMS would be key materials in
the development of spintronic devices. Indeed, it was pointed out that the capability of high
electron doping and the rather heavy effective electron mass of oxide semiconductors
could be quite efficient to realize high Curie temperatures'®. Moreover, most of the
foreseen oxide-based DMSs are wide band gap semiconductors (>3eV) which can add an
optoelectronic dimension to the new generation of spintronic devices. In this context, the
groundbreaking was the discovery of RT ferromagnetism in the Co:TiO, system by
Matsumoto et al.'”'®, which has triggered a considerable number of investigations in other

oxide-based DMS such as TM-doped Zn019, Snngo, Cu2021 and Inl.gSnoQngz. Table 2.1
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summarises the magnetic moments and T values reported in literature for thin films of

these oxide-based DMSs.

Table 2.1 Some reports on high T, oxide-based DMS (adapted from ref. 23).

Material Doping (x) Moment (ug/3d ion) T (K)
TiO, Co, 1-2% 0.3 > 300
Co, 7% 1.4 650 - 700
V, 5% 4.2 > 400
Fe, 2% 24 > 300
ZnO Co, 10% 2.0 280 - 300
V, 15% 0.5 > 350
Mn, 2.2% 0.16 > 300
Fe, 5% - Cu, 1% 0.75 550
Ni, 0.9% 0.06 > 300
SnO, Co, 5% 7.5 650
Fe, 5% 1.8 610
Cu,O Co, 5% - Al, 0.5% 0.2 > 300
Inl,gSno_203 Mn, 5% 0.8 > 300

2.2 TiO, based DMSs - literature review

Among the oxide-based DMS materials investigated, Co:TiO; system seems to be the most
consistently reported n-type semiconductor material to present ferromagnetic order far
above RT (T; > 650 K)**, although a consensus on the origin of the ferromagnetic coupling
has not yet been achieved, as will be later discussed, which in some cases is probably due
to the presence of Co clusters. This review describes the general properties of the titanium
dioxide (TiO,), the experimental status on the preparation of thin films of Co-doped TiO,,

and the mechanisms by which their ferromagnetic order might be promoted.

2.2.1 The titanium dioxide

Titanium dioxide is a versatile wide band gap oxide semiconductor that has been
extensively used in optical components and in heterogeneous photo-oxidation catalysis for
environmental cleanup issues™~’. Moreover, it has a great potential application as non-
linear optical material®®, in dye-sensitized solar cells’, in gas sensors” and in dynamic

random access memories’'. TiO, occurs in three distinct polymorph forms: rutile, anatase
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and brookite. Their crystal structures are summarized in table 2.2.

Table 2.2 Structural properties of the different TiO, polymorphs™.

Lattice constants (nm i
Phase System Space Group (nm) DenS|gy
a b c (kg m )
Rutile Tetragonal | D,; —P4,/mnm | 0.4584 | 0.4584 | 0.2953 | 4240
Anatase Tetragonal | D, —14,/amd | 0.3782 | 0.3782 | 0.9502 | 3820
Brookite | Rhombohedral | D)’ — Pbca 0.5436 | 0.9166 | 0.5135 | 4170

Among the three natural TiO, structures, rutile is the most stable and also the most
compact one. In contrast, anatase is the most open structure being almost 10% less dense
than rutile (see table 2.2). The remarkable density difference between anatase and rutile
plays an important role in differentiating the properties of the two structures but, in the
same time, it is less dramatic than expected. Parameters reflecting the nature of the
bonding mechanism, such as the atom coordination and average bond length, are very
similar in the two structures. The extra volume in anatase corresponds to empty regions
and affects only those properties that are averaged on the whole cell such as the

compressibility or the dielectric constant.

The different structures of titanium dioxide are commonly described as constituted by a
different arrangement of the same building block: a TiO¢ group where the titanium atom
(the cation) sits in the center and is surrounded by six oxygen atoms (the anions) situated at
the corners of a distorted octahedron. Each structure is characterized by a particular
distortion of the octahedra and different assembly patterns. In all natural modifications of
TiO,, the octahedra are distorted in such a way that two oxygen atoms (apical atoms) are
slightly more distant from the central titanium atom than the remaining four (equatorial

atoms).

The unit cell of rutile and anatase are shown in figure 2.2. In both structures there are six
atoms per unit cell and all atoms of the same element are equivalent by symmetry. Anatase
is a body centred structure so that the represented conventional cell contains two unit cells
(12 atoms). The titanium atoms, and hence the octahedra, are arranged in such a way that

each oxygen is at the same time an equatorial atom for one titanium, and an apical one for
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Figure 2.2 Bulk structure of rutile and anatase. The tetragonal bulk unit cell of rutile has the
dimensions, a=b =4.587 A, ¢ =2.953 A, and the one of anatase a=b =3.782 A, ¢ = 9.502 A.
In both structures, slightly distorted octahedra are the basic buildings units. The bond lengths
and angles of the octahedrally coordinated Ti atoms are indicated and the stacking of the
octahedra in both structures is shown on the right hand side (adapted from ref. 32).

the other titanium atom in the same unit cell. Neighbouring octahedra are sharing edges
and corners with each other. Two and four edges of each octahedron are shared in rutile
and anatase, respectively. The basic octahedra are distorted in such a way that each shared
edge is shortened, the other edges being correspondingly elongated. In rutile, the bridge
bond is connecting two equatorial oxygen atoms. The octahedral are hence forming
vertical linear chains. The octahedra belonging to adjacent chains are connected only
through one corner: an oxygen atom which is, at the same time, apical and equatorial for
the two touching octahedra. Contiguous chains are related by the four-fold symmetry of the
space group: 90° rotation around the principal tetragonal axis followed by a fractional
translation bringing the central titanium atom to its equivalent location. In anatase, the
octahedra are arranged in order to share a diagonal edge between an apical and an

equatorial atom. Octahedra are hence forming zig-zag chains orthogonal to the



10 Chapter 2 — Diluted Magnetic Semiconductors — A Review

crystallographic axis. There are two sets of chains orthogonal to each other and connected

through a common octahedron.

The energy band structure of TiO, rutile phase has been extensively studied. Both
experimental results and theoretical calculations suggest that high quality rutile crystals
have a direct forbidden gap of 3.03 eV, which is almost degenerate with an indirect
allowed transition of 3.05 eV (406 nm)>***. Due to the weak strength of the direct
forbidden transition, the indirect allowed transition dominates in the optical absorption just
above the absorption edge®”. The fundamental absorption edge of bulk TiO, anatase phase
was reported to be 3.2 eV (387 nm)*, also assigned to an indirect transition. However, it
should be noticed that band gap energies close to the values referred above were also
experimentally deduced assuming direct transitions in the case of TiO, nanopowders, for
both rutile and anatase forms® . Only recently an indirect band gap of 3.4 eV was measured
for the TiO, brookite phase®. Electronic properties of both the rutile and anatase TiO,

phases are summarized in table 2.3, according to the review by Fukumura et al.*’.

Table 2.3 Electronic properties of both rutile and anatase TiO, phases; p, h and u
stand for resistivity, carrier density and mobility, respectively™.

Material p(Qcm) n (cm?®) u(cm?Vvts?
Rutile 3x107 - 2x10™ 10" - 10%! 0.05-0.2
Anatase 6x1072-8x102% | 7x10"-2x10?" 6-10

2.2.2 Growth and properties of Co-doped TiO, thin films

The earliest observation of RT ferromagnetism in the Co:TiO, system was reported by
Matsumoto et al.”, who synthesised anatase phase Ti;xCoxO, films (0 <x<0.08) on
LaAlO;(0001) and SrTiO3(001) substrates by combinatorial laser molecular beam epitaxy
using oxygen pressures in the range 10° — 10 mbar and substrate growth temperatures
between 680 and 720°C. A few months later, the same research group reported RT
ferromagnetism in rutile phase Ti;xCoxO, (0 <x <0.05) thin films grown onto a-Al,O3

substrates, using the same deposition technique'™.

Since then, the synthesis of both anatase and rutile Co:TiO; ferromagnetic films have been

achieved using several physical and chemical deposition techniques. Most of the films
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have been grown using pulsed laser deposition (PLD)*** but reactive co-sputtering®,
metal-organic chemical vapour deposition (MOCVD)", oxygen-plasma-assisted molecular
beam epitaxy (OPA-MBE)*™’, laser molecular beam epitaxy (LMBE)’', and even sol-
gel method™ have also been employed. In addition, a range of growth conditions and
various substrates have been explored. Anatase/rutile TiO; thin films can be prepared on
different substrates such as a-ALO3(1102)", SrTiO3(001)'4041434930 1 3 A105(001)
17404399 °5i(100)*® and Si04/Si*". The substrate influences, and sometimes even determines
the phase of TiO; that is formed. On LaAlO3(001) only the anatase phase has been grown,

independently of the growth method' 7041360

, which can be explained by the very small
lattice misfit of —0.26 % between LaAlO;(001) substrate and the TiO, anatase phase. The
lattice mismatch between TiO, (001) anatase and SrTiO3;(001) substrate is —3.1% so,

17,40,48,55,61- 63

although the anatase phase was found in many investigations , this is not

always the case.

Anatase Co:TiO; films deposited on SrTiOs are (001) oriented as shown by S.R. Shinde et
al.** and the low value ~ 0.3° of the full width at half-maximum (FWHM) of the rocking
curve confirms their high crystalline quality. The substrate deposition temperature varies
from one technique to the other — 700 °C for PLD, 550 °C in OPA-MBE™ and 500 °C in
MOCVD?Y, but the non-dependence of the (anatase) grown phase on the substrate

temperature was confirmed by Chambers et al.*’.

In contrast, films grown on Si(100) and Al,O3(0001) always exhibit the rutile structure,
unless buffer layers are grown in between the substrate and the TiO, thin film®*. As will be
seen in chapter 5, our results on growth onto sapphire show that this is not always the case
— anatase and/or rutile growth also depends on the laser fluence and background pressure

besides substrate type and growth temperature.

The quality of the Co-doped TiO; films depends strongly on the oxygen pressure during
the deposition, as shown by Kim et al.*'. Films grown at Po, = 1.3x10”° mbar showed clear
streaky RHEED patterns, which suggest two-dimensional layer-by-layer growth with very
smooth surfaces. For the films grown at lower Po, as the film growth progressed, the
patterns turned into three-dimensional spotty patterns*’. The rocking curve of the (004)
peak for the film grown at 1.3x10” mbar shows a FWHM of 0.66°, which is similar to
those values reported by Murakami et al.>. As Po, decreased down to 1.3x10” mbar, the

FWHM increased to 0.86°, indicating that films grown under the low Po, show a wider
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mosaic spread*.

The Co distribution inside the TiO, matrix depends very much on the deposition
conditions. Kim et al.*' suggested that a possible factor influencing the Co distribution
could be the presence of oxygen vacancies. They found an increasing tendency of Co to
clustering with decreasing Po,. If a low Po, is assumed during growth the number of
oxygen vacancies in the sample increases, the formation of Co clusters beeing explained by
the higher mobility of Co in the TiO, lattice. The diffusion of Co, at least up to x = 0.1,
seems to be easily attainable in the TiO," although a value as high as x = 0.12 was
reported®®. On the other hand, Shinde et al.** reported limited solubility up to ~2% Co in
PLD as-grown films and formation of Co clusters of size 20-50 nm, as well as a small
content of Co incorporated into the remaining matrix. After being subjected to the high
temperature annealing, these clusters were seen to dissolve in the TiO, matrix. In the case
of thin films with greater Co concentration, i.e. 5%, Co clusters of about 150 nm were
observed*®.

Furthermore, the Co distribution in the films was found to depend critically on the way in

1.*® showed that for

which the growth process was terminated. For instance, Chambers et a
CoxTi;xO; films grown by OPA-MBE onto SrTiOs; substrates, stopping growth by
simultaneously closing the metal source shutters, turning off the oxygen plasma, and
pumping out the residual oxygen as the sample cooled, consistently produced films which
were either stoichiometric or substoichiometric in Co, depending also on substrate
temperature. In contrast, terminating the growth by closing the metal shutters and allowing
the sample to cool in the oxygen plasma beam consistently resulted in significant Co
segregation within the near surface region (X as large as ~0.5). X-ray photoelectron
spectroscopy depth profiles revealed that the Co concentration in such films decays

exponentially with depth away from the surface, is essentially zero in the middle region of

the film, and then increases slightly at the Co4Ti;xO, /SrTiO; interface.

The wide variety of Co-doped TiO; thin films produced have been characterized by X-ray
diffraction (XRD) to determine the crystal structure, and often by conventional as well as
high resolution transmission electron microscopy (HRTEM) to reveal the presence of
defects such as dislocations and grain boundaries as well as the occurrence of precipitates
and metallic Co particles. As the X-ray photoelectron spectroscopy (XPS) probes the

electronic core state of an atom by knocking out an inner electron, this technique has been



Chapter 2 — Diluted Magnetic Semiconductors — A Review 13

used to identify the oxidation state and bonding environment of Co ions. X-ray absorption
spectroscopy (XAS) probes the unoccupied electronic structure and the chemical
environment of atoms in solids, and electron energy-loss spectroscopy (EELS) has been
used to probe the electronic structure and to determine the oxidation state of Co in TiO,.
The magnetic properties of the films, in particular their saturation magnetization, have
been investigated by superconducting quantum interference devices (SQUID) and
vibrating sample magnetometry (VSM). Optical magnetic circular dichroism (MCD) as
well as the anomalous Hall effect measurements have also been used to investigate the

occurrence of intrinsic ferromagnetism.

Room temperature (RT) ferro- magnetism in Co-doped TiO, thin films was found to be
independent of the substrate used in the deposition process, as clearly shown by different
authors’. The SQUID data in references’”"'"*® all show Curie temperatures greater than 400
K. In particular, combining SQUID and VSM measurements, Shinde et al.** deduced a T,
~ 650 K for an annealed Tip93C070.5 film (see figure 2.3), and a T, ~ 700 K for an as-

grown Ti().ggCo_()lOz film.

1.2 — ; .
SQuID | VSM -
1.0 po— Ny * ]
— 0.8 L A ALK
= T . L
S 061 == ]
S odl|m—— Yt
E“E 0411 re50K | $ bikco Figure 2.3 The M-T data for a
0.29 | XeT% | H 1 Tip.93C00.07025 film. The inset shows
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TK) cooling (FC) conditions (from ref. 40).

Saturation magnetization values ranging from 0.16 pg/Co to as high as 2 ug/Co have been
reported for Ti; Co,O, thin films (table 2.4). Such a wide spread of magnetic moments has
raised concerns about the intrinsic nature of the ferromagnetic properties of the Co:TiO;
films, namely due to the possibility of existing cobalt secondary phases *'*~'¢7
heterogeneities or even contamination®™®. On the other hand, the presence of oxygen
vacancies has been pointed out as a possible factor influencing the ferromagnetic
behaviour of the films’"**"% it has never been clearly shown whether it induces Co

clustering and/or promotes magnetic ordering.
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Table 2.4 Saturation magnetization values per Co ion.

Film composition Substrate Ms (us/Co) Ref.
C0.07Tig 930, LaAlO; 0.32 17
Co0.05Tig.950, a-Al,O3 1 18
C0.07Tig.930, SrTiOs, LaAlO; 1.4 40
C00.04Tig 9602 SrTiO3 1.7 41
C0.07Tig.930, LaAlQO;, SrTiO3 1.7+0.4 43
Co,Ti; O, (> 6%) Si, quartz 0.94 46
C0.07Tig.930, LaAlO; 1.2 50
Co:TiO, Si 0.31 55
Co:TiO, LaAlO; 0.23 55
Co:TiO, SrTiO; 0.16 55
Co:TiO2 LaAlO; 2.0 66

While the mechanism for ferromagnetism has not yet been definitively clarified, these
controversial results have prompted many speculations that the growth conditions of the
samples and/or the subsequent annealing conditions can be one of the important factors

that determine their ferromagnetic behaviour.

For instance, N.J. Seong et al.*’ showed that at Co contents x < 0.05, the Co-doped TiO,
thin films display an homogeneous structure without any clusters and exhibit pure
ferromagnetic properties that can be attributed to the CoxTi;xO; phase; in contrast, for
X >0.05, clusters having soft magnetic (SM) properties are formed in the homogeneous
CoxTi;xO, matrix and the overall magnetic behaviour depends on the ferromagnetic
properties of both Co4Ti;xO; and Co clusters (Fig. 2.4). Furthermore, they showed that in
the case X > 0.05 the saturation magnetization increases abruptly and the coercive field
markedly decreases, confirming that the magnetic properties of the CoxTi;xO> thin films
depend on the Co doping level. These results suggest that the growth conditions, in
particular the oxygen pressure, play an important role in the formation of Co clusters
and/or the Co:TiO, phase and thus lead to a wide range of magnetic moments from 0.3 to

1.7 ug/Co. This was confirmed by Kim et al.*!

who studied the dependence of magnetic
moment per Co atom as a function of the oxygen pressure. They showed that most of the

films deposited at Po, < 3x10” Torr (~ 4x10” mbar) had saturation magnetization values
close to that of bulk cobalt (1.7 up/Co). For the film grown at Po, = 1.3x10”7 mbar the

magnetization does not decrease much with temperature. This dependence of the magnetic

properties of the Ti96C0¢.040; thin films was explained in terms of the formation of Co



Chapter 2 — Diluted Magnetic Semiconductors — A Review 15

nanoclusters. The oxygen vacancies in the anatase Co-doped TiO; films grown on SrTiO;
at low oxygen pressure help the Co ions to diffuse resulting in the formation of the
nanoclusters and, as the number of Co clusters increases, the saturation magnetization will
become larger. In films with similar composition and structure, CoxTi; <O, (X = 0.05),

Chambers et al.”® found a remanence and a coercivity of 0.24 pg/Co and 125 Oe,

respectively.
50 100 —— .
40 B0 | N
£ 20 E s}
O 1 2 [
-E 10 : '% Iﬂ':
i} i} -
2 49 { =20}
= .20 ] = a0 (c)
=30 5
A0 B 0 | -
50 ' 00 | j
5000 -2500 E0O0  -10000 -BOOO0 0 G000 10000
H{Oe)
0.05 Clusters
X>0.
/
|
FM FM + SM

Figure 2.4 Magnetization hysteresis loops for Ti; \Co,O, thin films with Co contents of
x=0.03 (a), x=0.05 (b), x=0.07 (c), x=0.12 (d). Plots (a), (b): films with no Co clusters; plots
(¢), (d): films with Co clusters. Scheme bellow: microstructural model representing the
influence of Co content on the magnetic properties of Ti; xCo,O, thin films. FM stands for
ferromagnetic and SM for soft magnetic behaviour. Adapted from ref. 47.

Concerning the transport properties of Co-doped TiO; films, the RT resistivity reported by
Matsumoto et al.'” is between 0.1 and 1 Q c¢m for films with x = 0.06 deposited on LaAlOs
substrates while the corresponding values measured by Stampe et al.* are about 6 times
larger for 7% Co:TiO; films grown on the same substrate material. These latter authors
studied the resistivity as a function of temperature for two films of different thickness (200
and 1200 nm) grown on LaAlOs substrate. They showed that the thicker film displays a

small resistivity minimum at ~150 K, while the resistivity for the thinner film (200 nm)
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increases monotonically with decreasing temperature (figure 2.5). This was found to be a
general feature, although there was no definitive “crossover” thickness for which the

resistivity changed its behaviour.

Figure 25 The temperature
dependence of the resistivity for:
(a) a 600 nm thick undoped TiO,
film, (b) a 200 nm thick 7%

. Co:TiO, film, and (c) a 1200 nm
0 : T00 EEKJ : 300 Zh31)ck 7% Co:TiO, film (from ref.
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Temperatutre (K)

Hall measurements show n-type conduction with estimated carrier concentration of
~1.4x10" cm™ for undoped TiO; films and ~2.1x10" cm™ for Tig 99 C0g 01075 at 300 K*.
Matsumoto et al.'” found a carrier concentration of ~10"® cm™ which is, according to the
authors, scarcely dependent on the Co doping level. Films of anatase Ti;.xCoxO,, with
0<x<0.10, epitaxially grown on LaSrAlO4 (001) substrates by PLD were reported as
displaying insulator, semiconductor (n ~ 1x10"7 cm™) or metallic (degenerated
semiconductor) (n ~ 2x10" cm™) behaviour, depending on the oxygen pressure used
during the growth process*>. Lower oxygen pressures favour the conductivity, the metallic

regime being obtained for a Tig.97 C00.0302 grown at Po, = 5x 107 Torr.

The effect of magnetic contribution of Co to transport is evidenced more clearly in the
low-temperature magnetoresistance (MR) data. MR is defined as [p(H)-p(0)]/0(0) where
p(H) and p(0) are the resistivity values with and without applied magnetic field,

respectively. According to Shinde et al.*’

, the MR is positive and is significant only at very
low temperatures which correspond to conditions representing partial ionization of shallow
donor states, generally attributed to oxygen vacancies. As can be seen in figure 2.7, the
magnetoresistance shows an approximately quadratic dependence on applied field. While
the MR at 3 K is about 6% in a field of 8 T for an undoped film, its value increases up to
23% for the Tip99C00,0102-5 film and to 40% for the Tip9sC0¢020-5 one, under comparable

conditions. For higher Co concentration, the MR shows saturation due to Co clustering.



Chapter 2 — Diluted Magnetic Semiconductors — A Review 17

Based on the understanding that the oxygen vacancy related states lie close to the bottom
of the conduction band, the observed large low temperature positive MR in the
Ti0.99C00,01025 film can be attributed to Zeeman splitting of this band of states through
their coupling to Co spin. Since the lower split band will be occupied the MR should be
positive, as experimentally observed. This feature also highlights the significance of the
combined role of the magnetic atom and a defect state (vacancy) in controlling the physical
and possibly the magnetic properties. Matsumoto et al.'” have reported a similar positive
MR value of 60% at 2 K for a Tip93C00,070; film under a field of 8 T applied perpendicular

to the surface.

Figure 2.6 Magnetoresistance
: as a function of magnetic field
. —————————————— for undoped TiO; and Ti;.
-8 6 4 -2 0 2 4 6 8 xC0x0y5 films (from ref. 40).

2.2.3 Origin of ferromagnetism in Co-doped TiO,

As referred above, there is no currently consensus on the origin of ferromagnetism in
oxide-based DMS materials, in particular, whether it is an extrinsic effect due to direct
interaction between the local moments in magnetic impurity clusters or is indeed an
intrinsic property caused by exchange coupling between the spin of the carriers and the
local magnetic moments’'. This is a key issue because spintronics requires polarized
charge carriers and this would only be guaranteed if ferromagnetism is intrinsic.
Experimental evidence for carrier mediated ferromagnetism in oxide-based DMS is not yet

53,71

conclusive. In Co:TiO; rutile phase system, anomalous Hall effect” (AHE) and electric

* In ferromagnetic materials the Hall resistivity, Ry, includes an additional contribution, known as the
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field induced modulation of magnetization by as much as 13.5% have been observed’""%,
arguing for carrier-mediated ferromagnetism. However, AHE was also measured in a
sample with magnetic Co clusters, casting doubts about the conclusions that can be drawn

from AHE data®”"!,

Recently, theoretical models have been proposed that the ferromagnetism is strongly
dependent on the creation and distribution of oxygen vacancies in the Co-doped TiO,

lattice”.

When the oxygen content of the unit cell is increased, ferromagnetism is
suppressed. This seems to support the percolation model of bond magnetic polarons (BMP)
developed in 2002 by Kaminski and Das Sarma’* for Mn,Ga,_cAs and specifically applied
by Coey et al.” to magnetically doped oxides’. In short, for the TiO, crystal, in the event
of an oxygen vacancy, the electrons that would be given to the oxygen by the surrounding

titanium atoms have no atom to call their own. They become loosely bound to the oxygen

vacancy site in what can be considered a hydrogen-like orbital. This constitutes a polaron.

Consider now the interaction of the magnetic cations with the hydrogenic electrons in the
impurity band. The donors tend to form BMPs, coupling the 3d moments of the ions within
their orbits. The basic idea is illustrated in figure 2.7. Depending on whether the cation 3d
orbital is less than half full, or half full or more, the coupling between the cation and the
donor electron is ferromagnetic or antiferromagnetic, respectively. Either way, the
coupling between two similar impurities within the same donor orbital is ferromagnetic.
The polaron radius is a function of the host material’s dielectric constant and electron
effective mass. If the polaron concentration in the material is large enough to achieve
percolation, an entire network of polarons and magnetic cations become interconnected

and we observe macroscopic ferromagnetic behaviour.

anomalous Hall effect (AHE) which depends directly on the magnetization of the material rather than the
applied magnetic field. Therefore, it can be written for these materials that Ry, =1y H + r, M, where H stands
for the applied magnetic filed, M is the magnetization of the sample, and ry and r, are constants that
characterize the strength of the standard and the anomalous Hall resistivities, respectively. The
supplementary r, M contribution is often much larger than the ordinary Hall effect.

Although a well-recognized phenomenon, there is still debate about its origin in the various materials. The
AHE can be either an extrinsic (disorder-related) effect due to spin-dependent scattering of the charge
carriers, or an intrinsic effect which can be described in terms of the Berry phase effect in the crystal
momentum space (see €.g. N.A. Sinitsyn, "Semiclassical Theories of the Anomalous Hall Effect”, J. Phys.
Cond. Matter 20 (2008) 023201)

" The double exchange mechanism by which ferromagnetic order can be explained in manganites’ gives, at
the low carrier density of magnetic oxides, a T, proportional to the carrier density; therefore, Curie
temperatures exceeding room temperature are essentially impossible within the scope of this model.
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Figure 2.7 Polaron percolation model as illustrated by Coey et al.”.

More recently, Calderén and Das Sarma’’

have theoretically argued that only a
complementary combination of the percolation of magnetic polarons mechanism at lower
temperature and the indirect exchange Ruderman—Kittel-Kasuya—Yosida (RKKY)
mechanism at higher temperature might explain the high Curie temperatures measured in
claimed intrinsic oxide-based DMS, in particular in the Co:TiO, system for which some
experimental evidence for carrier mediated ferromagnetism exists as pointed out above.
The theoretical framework of this hybrid model is beyond the scope of this thesis, its

details and arguments being described in reference’".

2.2.4 Other transition metal dopants in TiO,

Besides Co doping, there are reports of RT ferromagnetism by doping titanium dioxide
with other transition metals such V, Cr, Fe and Ni. Here we briefly resume results

published in literature.

Hong et al.®” saw a decreasing trend in the magnetization of their doped anatase TiO, films

with V, Cr, Fe, Co and Ni, deposited on LaAlO; by PLD. For films prepared at 650 °C,
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V:TiO; films exhibit a saturation magnetization of 4.23 up/V at RT, the Ms reducing to
about one half of this value in the case of Cr doping and rising up again slightly from Fe to
Ni dopants. However, this trend is inconsistent with the results of another study carried out
by Hong et al.”* during which they found M; values ranging from 1.3 to 2.7 pg/Ni for
Ni:TiO; films and 0.14 pg/Fe to Fe:TiO; films deposited under similar conditions.

Kim et al.” grew epitaxial Fe-doped TiO> rutile on TiO, (110) substrates by OPA-MBE
and observed RT ferromagnetism which was associated with the formation of a secondary

phase — Fe30y, rather than due to a true diluted magnetic oxide semiconductor.

The magnetic moments determined for Fe substituting for Ti in rutile or anatase TiO, range
from 0.14% to 2.4 pp/Fe’® suggesting different spin states in the different samples. No

relationship between host crystal structure and the magnetic moment was established.

Nguyen et al.”’ grew Fe and Ni doped TiO; rutile thin films by laser ablation on silicon
substrates. They reported on Fe and Ni clusters localized mostly near the surface of the

films. Fe clusters have been reported also by Kim et al.”.

Cr as dopant in TiO, was used by different authors. N.H. Hong and co-authors™® prepared
270 nm thick Tig¢sCrg0sO, films on LaAlO; (001) substrate by PLD method. The
maximum saturation magnetic moment achieved in their films was 2.6 pg/Cr. Magnetic
force microscopy measurements confirmed the RT ferromagnetic order, also ensuring that
the Cr-doped TiO, films certainly have a diluted magnetic structure with the

ferromagnetism originated from the doped matrix rather than any type of magnetic cluster.

Droubay et al.”® found that epitaxial Cr-doped TiO, anatase films grown on LaAlO; (001)
substrates by OPA-MBE are consistently insulating and ferromagnetic at RT, with
saturation magnetization of 0.6 + 0.05 ug/Cr and coercive field of ~100 Oe. Chromium
(IIT) was found to substitute for Ti in the lattice, with uniform distribution throughout the
doped region of the film. Wang et al.”’ found that their Cr-doped reduced rutile TiO, films
are ferromagnetic semiconductors up to 400 K. The saturation magnetization of Cr:TiO,
films decreases with increasing Cr doping from 2.9 ug/Cr at X = 0.06 to 0.9 pp/Cr at X =
0.12. They also reported that film’s resistivity increases with increasing Cr content and

with decreasing temperature (semiconductor behaviour).
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