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Abstract

Ferromagnetic oxide semiconductor Co-doped TiO2 (Ti1−xCoxO2; (Ti,Co)O2) is

a promising candidate of semiconductor spintronic materials. This compound has high

ferromagnetic Curie temperature, TC (> 600 K). Its ferromagnetism at room temperature

can be controlled via electrostatic and chemical carrier doping. Although there are many

reports on (Ti,Co)O2 especially for high quality film fabrication, bulk magnetization and

controlling of magnetic property, there are still several issues on this compound related

to microscopic ferromagnetism, magnetically dead layer in the surface and mechanism

of the high TC.

I conducted microscopic investigation of ferromagnetism in anatase (Ti,Co)O2 thin

film by means of the observation of magnetic domain structure. The observation of

microscopic magnetic domain structure is an evidence of microscopic ferromagnetism

and also a key to realize spintronic applications such as current-induced magnetic do-

main wall motion. In this dissertation, I clearly observed magnetic domain structure in

(Ti,Co)O2 at room temperature for the first time. Magnetic force microscope operat-

ed under vacuum condition enabled to resolve the individual magnetic domains, from

which the micromagnetic parameters were also evaluated. In addition, I was able to

relate the evolution of magnetic domain structure with the carrier density as well as the

magnetization from bulk measurement. This result is consistent with the carrier mediated

ferromagnetism reported previously.

To protect the film from magnetically dead layer at the surface, non-magnetic cap-

ping layer was developed in this experiment. With only a 2 nm-thick capping layer, the

improved magnetization as well as magnetic anisotropy of anatase (Ti,Co)O2 was ob-

served at 300 K. By using the capping layer, the film thickness was able to be decreased
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to very thin thickness with maintaining the magnetization. As a result, the magnetic do-

main structure in ultrathin film was successfully observed at room temperature because

of improved surface magnetization. In addition, the stability of film was substantially

improved by the capping layer.

In order to investigate the origin of high TC , the TC vs. carrier density relationship

was systematically studied. The TC of anatase (Ti,Co)O2 thin films as function of carrier

density was investigated by using electrical transport and magnetization measurements

at lower temperature than TC in order to avoid unintentional change of carrier density at

high temperature. A non-monotonic relationship of TC vs. carrier density was obtained

implying a formation of bound magnetic polarons in addition to carrier-mediated inter-

action. Some possible substructures which could response for the nucleation of magnetic

polarons, were proposed by using density functional theory (DFT) calculation.

In conclusion, I succeeded in observing magnetic domain structure in (Ti,Co)O2 at

room temperature and microscopic ferromagnetism was confirmed by homogeneous e-

mergence of magnetic domains. I also developed non-magnetic capping layer to protect

surface oxidation resulting in the fabrication of ultrathin magnetically active film. The

first report of systematic study of TC vs. carrier density relationship in (Ti,Co)O2 was

presented suggesting a non-monotonic relationship. This suggests a possibility of bound

magnetic polarons in concert with carrier-mediated interaction which electrons play an

important role. It is expected that these results will contribute to magnetic domain ma-

nipulation and future development of spintronics devices using this compound. Further-

more, the presently proposed ferromagnetic mechanism could also provide a guideline

to explore new high TC ferromagnetic semiconductors.
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Chapter 1

General introduction

1.1 Diluted magnetic semiconductors

Figure 1.1 Schematic concept of spintronics combining information of electrical charge and
magnetic spin representing both electric and magnetic property.

Spintronics has attracted much attention as a next generation of technology to real-

ize high performance electronic devices because it combines both features of electrical

charges and magnetic spins of electron carriers. With both degrees of freedom, spin-

tronics clearly differs from conventional semiconductor based electronic and magnetics

that utilize only either charges or spins. Examples of applications in this field are read

head in hard disk drive, magnetoresistive random access memory (MRAM), spin effect

transistor and etc.

Functional ferromagnetic semiconductor or dilutedmagnetic semiconductor is a key

material for spintronics [1]. As its name, it combines both semiconducting and magnetic

properties. It consists of semiconducting host doped with magnetic element as shown in

Figure 1.2. Ferromagnetic semiconductor is a compound in between magnetic material

containing periodically arranged magnetic atoms and non-magnetic semiconductor. The

magnetic moment of the dopants in ferromagnetic semiconductor can interact with each
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Chapter 1: General introduction

other via carriers which can be either electrons or holes, through sp−d exchange inter-

action. In this system, magnetic property can be chemically or electrically controlled by

charge carriers.

Figure 1.2 Illustration of (a) magnetic compound (b) semiconductor and (c) a diluted mag-
netic semiconductor. Blue circles represent magnetic dopants and arrows represent magnetic
spin.

Various Mn-doped II-VI compounds, for example, ZnS, ZnTe, CdS, CdTe, etc.,

were investigated in an early stage. The dopant Mn2+ ions can substitute divalent cation

in the host without introducing carriers. Continuously, Mn-doped III-V compounds (I-

nAs, GaAs, etc.) were intensively studied by utilizing thin film technique with epitaxial

stabilization of host compound which leads to high solubility of Mn content. In III-V

host, Mn2+ ions substitute trivalent cations generating hole carriers. A sufficient amount

of carriers can mediate ferromagnetic exchange coupling between localized magnetic

spins of Mn. Among the Mn-doped III-V semiconductors, (Ga,Mn)As was considered

as archetypal ferromagnetic semiconductor since it has been investigated from both fun-

damental and practical viewpoints despite the low Curie temperature (TC ) around 190

K [2]. Low ferromagnetic Curie temperature in most ferromagnetic semiconductors lim-

its their practical interests. However, a discovery of room temperature ferromagnetic

oxide semiconductors with high TC lead us to expectation for their practical uses though

more investigation and development are sill necessary.
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Chapter 1: General introduction

1.2 Ferromagnetic oxide semiconductor

Wide-gap oxide semiconductors with good electrical conductivity have been wide-

ly used in various applications such as solar cells, transistor and photocatalysis. The

advantages of wide-gap oxides materials are high transparency, high chemical stability,

environmental friendliness and availability of many material forms, such as bulk, thin

film and nanoparticles. In addition, high carrier density (n-type) can be easily controlled

via the amount of oxygen vacancies acting as electron donors. Several techniques for

fabrication of thin films such as molecular beam epitaxy (MBE), sputtering, and pulsed

laser deposition (PLD), where epitaxial stabilization can be applied, have been well-

established. In the oxide compounds, it is expected that heavy electron mass will benefit

the strong ferromagnetic exchange interaction via carrier induced ferromagnetism such

as Ruderman-Kittel-Kasuya-Yosida (RKKY) and may result in high TC which will lead

to fascinate applications at room temperature.

Most of studies have paid attention to ferromagnetic oxide semiconductors based

on ZnO and TiO2, while few studies to magnetically doped In2O3 and SnO2.

3



Chapter 1: General introduction

Figure 1.3 Theoretical prediction of TC in various p-type semicondutors from T. Dietl, H.
Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287, 1019 (2000). Reprinted with
permission from AAAS.

From the band calculation studies, room temperature ferromagnetism was predicted

in p-type ferromagnetic semiconductors including ZnO (Figure 1.3) [3]. Various transi-

tion metals doped ZnO materials were firstly developed with TC scattering in a range of

30-550 K [4–7]. (Zn,Mn)O is reported to show the properties similar to those of typical

Mn-doped II-VI compounds (CdTe, CdSe), and hence has been argued as a member of

II-VI group with oxygen anion [8].
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Figure 1.4 Magnetization curve at 300 K of anatase Ti0.93Co0.07O2−δ . Inset shows image
of the sample indicating its high transparency from Y. Matsumoto, M. Murakami, T. Shono,
T. Hasegawa, T. Fukumura, M. Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H.
Koinuma, Science 291, 854 (2001). Reprinted with permission from AAAS.

Anothermost employed host semiconductor is TiO2 (Ti1−xCoxO2; (Ti,Co)O2). Both

Co-doped rutile and anatase TiO2 as transparent ferromagnetic oxide semiconductor

were intensively studied since the discovery of room temperature ferromagnetism (Fig-

ure 1.4) [9]. A few studies investigated the doping of other transition metals such as

Cr, V, Fe and Ni into TiO2 and reported ferromagnetism with TC above room temper-

ature [10]. However, due to lack of development for high quality films, investigation

on these transition metals doped TiO2 is less compared to that of (Ti,Co)O2. Therefore,

among several ferromagnetic semiconductors, Co-doped TiO2 become a promising can-

didate for room temperature spintronic application and hence is widely studied for both

fundamental understanding and controlling of physical properties.
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1.3 Room temperature ferromagnetic oxide semiconduc-
tor, Co-doped TiO2

Figure 1.5 Crystal structures of rutile and anatase TiO2.

The crystal structures of rutile and anatase TiO2 are shown in Figure 1.5. Compared

to the rutile structure which is the most thermodynamically stable polymorph, the meta-

stable anatase turned out to have high efficiency for catalytic applications and solar cells.

In addition, the higher electron mobility in anatase phase attracted researchers to study

on anatase Co-doped TiO2.

Curie temperature of Co-doped TiO2 ((Ti,Co)O2) was reported to be very high

∼ 600 K [11]. Several reports on magnetization suggested ferromagnetic hyteresis with

saturation magnetization . 2 µB/Co and coercivity less than 500 Oe by SQUID mag-

netometer. However, some researchers doubted whether these are intrinsic properties of

The structures shown here were produced by VESTA software; K. Momma and F. Izu-
mi,“VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology
data,” J. Appl. Crystallogr., 44, 1272-1276 (2011).
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Chapter 1: General introduction

(Ti,Co)O2 or originate from any magnetic Co clusters with direct interaction of local mo-

ments. This issue was later clarified, that is, intrinsic ferromagnetism was proven based

on the measurement of ferromagnetic magneto-optical effect, anomalous Hall effect and

x-ray photoemission spectroscopy (XPS).

Finding of ferromagnetic magneto-optical effect by magnetic circular dichroism

(MCD)measurement indicated the interaction between carriers and ferromagnetic dopants

which was observed as the ferromagnetic response at the band edge of TiO2 host [12].

Another important evidence is the clearly observed anomalous Hall effect in (Ti,Co)O2

indicating that the ferromagnetism responses with charge carriers (electrons) [13]. This

kind of long-range interaction between carriers supports the intrinsic ferromagnetism s-

ince ferromagnetic Co clusters shall not respond to the change of carriers in the host. In

addition, XPS measurements revealed that Co exists in TiO2 as Co2+ ions with high spin

configuration and strong hybridization between carriers in Ti 3d band and localized t2g

of Co2+ was suggested from the shift of binding energy [14]. Therefore, the intrinsic

ferromagetism in (Ti,Co)O2 was confirmed.

Although a presence of high spin Co2+ ions was proven, some research groups re-

ported a possibility that Co nanoclusters were formed at the substrate/film interface [15].

Thus, fabrication of high quality thin films without any cluster is strongly desired. Thin

film growth of (Ti,Co)O2 with segregation-free was well-established by utilizing pulsed

laser deposition under ultrahigh vacuum where higher Co content than the thermody-

namic solubility limit can be obtained. The keys to obtain (Ti,Co)O2 can be summarized

as follows:

• Substrate materials: In order to obtain rutile (Ti,Co)O2, sapphire substrate is usu-

ally used while anatase (Ti,Co)O2 can be grown on perovskite oxide substrates

such as LaAlO3 and SrTiO3. The lattice matching between thin film and substrate

7
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is important because epitaxial stabilization from the substrate assists 2D-growth

resulting in high solubility of Co content.

• Growth atmosphere: Ultrahigh vacuum background atmosphere is preferable to

finely control the oxygen partial pressure during the deposition because the oxygen

partial pressure significantly affects the amounts of oxygen vacancies and electron

carriers in the film.

• Growth temperature: By using low growth temperature, high quality surface of the

film can be obtained. In addition, a possibility of segregation is reduced. In order

to obtain a crystallized film at low temperature, buffering technique is known to

be effective.

By utilizing TiO2 buffer layer, homoepitaxial growth of both high quality rutile

and anatase (Ti,Co)O2 films were successfully achieved indicating the effectiveness of

buffering technique. Figure 1.6 shows XRD pattern and AFM image of high quality

anatase epitaxial (Ti,Co)O2 thin film grown on anatase TiO2 buffer layer at low temper-

ature [16]. In addition, microanalysis of the sample with bright-field scanning transmis-

sion electron microscopy (STEM) and the energy-dispersive x-ray spectroscopy (EDS)

mapping suggested that Co atoms homogeneously dispersed throughout the film without

any clustering or segregation inside the film or at film/substrate interface (Figure 1.7).

8
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Figure 1.6 (A) X-ray diffraction pattern of anatase Ti0.90Co0.10O2−δ (001) film/anatase
TiO2 buffer layer/LaAlO3 (001) substrate and (B) its atomic force microscope image from
Y. Yamada, K. Ueno, T. Fukumura, H. T. Yuan, H. Shimotani, Y. Iwasa, L. Gu, S. Tsukimoto,
Y. Ikuhara, and M. Kawasaki, Science 332, 1065 (2011). Reprinted with permission from
AAAS.

Figure 1.7 (A) STEM image and (B) EDS mapping of of anatase Ti0.90Co0.10O2−δ (001)
film. (C) STEM image near film/substrate interface, (D) and (E) are zoom-in region in
(C). From Y. Yamada, K. Ueno, T. Fukumura, H. T. Yuan, H. Shimotani, Y. Iwasa, L. Gu,
S. Tsukimoto, Y. Ikuhara, and M. Kawasaki, Science 332, 1065 (2011). Reprinted with
permission from AAAS.

Besides the establishment of growth conditions for (Ti,Co)O2 films, the transport

and magnetic properties have also been investigated extensively. The electron carriers in

(Ti,Co)O2 films can be controlled via chemical doping [13] or field gating [16]. Recently,

paramagnetic to ferromagnetic switching induced by electric field gating at room tem-

perature was successfully performed in an electric double layer transistor (EDLT) with

anatase (Ti,Co)O2 channel. Figure 1.8 shows electric field dependence of anomolous

Hall effect at 300 K of anatase Ti0.90Co0.10O2−δ (001) film. By applying an external

9
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electric field, electron carriers were induced into the film and ferromagnetic hysteresis

loop was obtained. This result indicates the important role of electron carriers to the

ferromagnetism in (Ti,Co)O2. This is also an important step for future applications of

ferromagnetic semiconductors with gate-control ferromagnetism at room temperature al-

though all solid-state device which is more preferable, is still needed to be developed.

Figure 1.8 (left) Schematic structure of an electric double layer transistor (EDLT) with
anatase (Ti,Co)O2 channel and (right) electric field dependence of anomolous Hall effect at
300 K of anatase Ti0.90Co0.10O2−δ (001) film from Y. Yamada, K. Ueno, T. Fukumura, H. T.
Yuan, H. Shimotani, Y. Iwasa, L. Gu, S. Tsukimoto, Y. Ikuhara, and M. Kawasaki, Science
332, 1065 (2011). Reprinted with permission from AAAS.

The studies of anatase (Ti,Co)O2 have been done in various approaches which es-

pecially includes the investigations on intrinsic magnetization, optimal film growth con-

dition for high quality films and, the control of magnetization via electron carriers. How-

ever, there are some issues that are still needed to be examined. The first issue is how

the ferromagnetism appears in a microscopic scale and also magnetic domain structure

as functions of sample parameters. The second issue is related to a limitation of ferro-

magnetic materials with surface magnetically dead layer which obstruct practical appli-

cations. And, the last issue is what origins and mechanisms for the high TC in (Ti,Co)O2

are. In the following sections, the details of these topics will be introduced.
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1.3.1 Magnetic domain structure

The magnetic domain [17] is a uniform direction of magnetization resulting from

total free energy minimization to reduce exchange potential between magnetic moments.

There are six terms of energy that may have to be considered:

Etotal = Eex +Ea +Ed +EZ +Estress +Ems. (1.1)

The first three terms are energies caused by exchange, magnetocrystalline anisotropy

and the demagnetizing field which always present in ferromagnetic materials. The other

three terms are the response to an applied field, stress and magnetostriction, respectively.

These last three terms may sometimes be neglected due to its small contribution.

At temperature lower than TC, a ferromagnetic material will form amagnetic domain

structure spontaneously. Magnetic domain separated by boundaries (magnetic domain

wall) is governed by the competition of two main factors between magnetocrystalline

anisotropy (Ea) which is minimized by aligning magnetization along an easy axis, and

demagnetization energy (Ed) which is reduced byminimizing the length of magnetic loop

outside the material. When a magnetic domain structure is formed, several micromag-

netic parameters such as domain size, domain wall width and magnetic stiffness constant

can give quantitative understanding of intrinsic properties in the materials.

Several measurement techniques such as scanning superconducting quantum in-

terference device (SQUID) microscopy, magnetic force microscopy (MFM) and scan-

ning Hall probe microscopy have been developed for magnetic domain observation. For

(Ga,Mn)As, a well-know III-V ferromagnetic semiconductor, themagnetic domain struc-

ture was reported to be a conventional stripe shape observed under no external magnetic

field [18, 19]. The domain size is generally in an order of µm. One example of mag-

netic domain applications is current induced magnetic domain wall propagation which is

applicable to memory devices. This kind of memory device is based on the concept of

11



Chapter 1: General introduction

spin-polarized current induced magnetic reversal via spin transfer (Figure 1.9) which is

an alternative way beside of conventional concept using external magnetic field. Race-

track memory was proposed by Parkin et al. suggesting a promising nonvolatile memory

device [20]. The racetrack, having both vertical and horizontal structures, is a ferromag-

netic nanowire containing data as a pattern of magnetic domains. These domains can

shift by using spin-polarized current. By integrating an array of racetrack on a chip such

as Si, 3D microelectronic device and high-density storage may be achieved.

Figure 1.9 Schematic concept of spin-polarized current inducedmagnetic domainwall prop-
agation.

Figure 1.10 Domain wall propagation induced by electrical current observed by magneto-
optical Kerr effect microscope at ∼80 K. (a) Initial state with magnetic domain wall in the
region II (b) After the application of negative current pulse (c) After the application of pos-
itive current pulse. Reprinted by permission from Macmillan Publishers Ltd: Nature [21],
copyright 2004.

The magnetic domain wall propagation was studied in several ferromagnetic metals

12



Chapter 1: General introduction

such as NiFe alloy [22], Co nanowires [23,24] and CoFe [25]. Recently, it was also suc-

cessfully performed in a ferromagnetic semiconductor (Ga,Mn)As [21,26,27] as shown

in Figure 1.10 despite its low Curie temperature. By using positive and negative current,

the magnetic domain wall can shift to the opposite directions. The domain wall switching

can be achieved by using low current density of 105 Acm−2, much lower than that 107

Acm−2 required for ferromagnetic metal.

Figure 1.11 Magnetic domain structure of anatase Ti1−xCoxO2−δ thin film with x = (a) 0%,
(b) 2%, (c) 3% and (d) 6% measured by scanning SQUID microscope at 3 K from Y. Mat-
sumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura, M. Kawasaki, P. Ahmet, T.
Chikyow, S. Koshihara, and H. Koinuma, Science 291, 854 (2001). Reprinted with permis-
sion from AAAS.

For both anatase [9] and rutile [28] (Ti,Co)O2 , the microscopic magnetic domain

structures were obtained by scanning SQUID microscope at low temperature despite a

coarse spatial resolution of µm. Figure 1.11 shows the magnetic domain structure of

13



Chapter 1: General introduction

anatase Ti1−xCoxO2−δ thin film with different Co contents observed by scanning SQUID

microscopy, which resolve magnetic domains of ∼20 µm. In contrast, no magnetic do-

mains were observable in pure anatase TiO2 [9]. However, further investigation of the

magnetic domain structure at room temperature, particularly its dependency on sample

parameters is still required.

Generally, magnetic domain structure can be obtained at room temperature by using

magnetic force microscope (MFM) which posses higher lateral resolution. A number of

room temperature ferromagnetic oxide semiconductors were reported based on transition

metal doped TiO2, which includes Ni [29], Fe [30], V [10, 31, 32] and Cr [31] doped

TiO2. Since the principle of MFM is based on the interaction between the sample and

the magnetic probe during the measurement, the obtained data sometimes contains both

surface and magnetic information. The deduction of surface information can be achieved

by using two successive scanning method, however, very rough surface morphology can

not be completely subtracted. For (Ti,Co)O2 thin films, the observation of magnetic

domain structure was also attempted at room temperature by using MFM as shown in

Figure 1.12. The figure indicates large effect of grain boundaries and also surface effect

as clearly seen from dark spots in the square and circle areas. Other reports on anatase

(Ti,Co)O2 also attempted to obtain clear magnetic domain structure but most of them

faced the problem of rough surface and small remanent magnetization resulting in failure

to detect distinct domain like signal [33, 34].
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Figure 1.12 (a) Topographic (b) the corresponding MFM image of anatase (Ti,Co)O2 films
in the measurement area of 20× 20µm2. (c) and (d) are zoom-up images of (a) and (b) in
an area of 5×5µm2. Square and circle are for an eye-guide of the same region [35]. © IOP
Publishing. Reproduced with permission. All rights reserved. *

Therefore, high quality films are required to investigate more details of magnetic

domain structure in anatase (Ti,Co)O2 films with sensitive MFM measurement. Here,

the recently well-established fabrication condition will be useful to obtain atomically

flat (Ti,Co)O2 films. The microscopic study of anatase (Ti,Co)O2 films is an important

task to relate its bulk ferromagnetism to the microscopic magnetic domain which will

give one evidence for microscopic ferromagnetism and also another step for magnetic

domain manipulation by using room temperature ferromagnetic semiconductors.

1.3.2 Magnetically dead layer

Magnetically dead layer is one of the common issue for magnetic materials. Gen-

erally, the dead layer exists at surface or interface of both forms in bulk and thin film.

For example, NiFe alloy films showed about 1 nm-thick dead layer. In this case, the

*Original link to the article (DOI): 10.1088/0953-8984/16/30/015
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thickness of the dead layer depended on the thickness of interfacial seed layer or surface

capping layer of Ta due to intermixing at the interface [36]. For CoFeB ferromagnet-

ic metal films, the intermixing between films and substrate also generated noncollinear

spin region which is magnetically inactive [37]. A perovskite oxide, (La,Sr)MnO3, also

showed magnetically dead layer with magnetic disorder at surface probably associated

with structural disorder [38, 39]. For SrRuO3 films, the surface oxidation might induce

structural defect resulting in the formation of the dead layer [40]. The origins of mag-

netically dead layer are mainly categorized to surface/interface disordering and surface

oxidization. For oxide compounds, the surface oxidation is usually found at which the

oxygen compensation takes place spontaneously at ambient condition.

For (Ti,Co)O2 films, magnetically dead layer was found in both rutile and anatase

form clearly evidenced from x-ray magnetic circular dichroism (XMCD) measuremen-

t [41, 42]. The XMCD measurement with total electron yield (TEY) and total fluores-

cence yield (TFY) modes were used to reflect surface and bulk magnetic properties, re-

spectively. Figure 1.13 shows the result of magnetization as a function of magnetic field

obtained from XMCD with TFY mode (bulk sensitive) and TEY mode (surface sensi-

tive) of anatase Ti1−xCoxO2−δ films compared with magnetization curves obtained from

SQUID magnetometer [42]. For metallic and intermediate films, the carrier density is

high enough to mediate ferromagnetic interaction and results in large magnetic moment

of Co ∼ 2 µB/Co obtained from SQUID magnetometer. Whereas, the insulating sam-

ple showed a decreased magnetization due to lack of carrier density. The magnetization

from TFYmode well agreed with bulk measurement from SQUIDmagnetometer where-

as significantly decreased magnetization was observed at the surface by TEY mode. The

thickness of the magnetically dead layer was deduced to be∼ 5 nm according to probing

depth of TEY mode.
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Figure 1.13 Magnetization obtained fromXMCDwith TFYmode and TEYmode of anatase
Ti0.95Co0.05O2−δ films compared with magnetization curves obtained from SQUID magne-
tometer. Reprinted with permission from V. R. Singh, K. Ishigami, V. K. Verma, G. Shibata,
Y. Yamazaki, T. Kataoka, A. Fujimori, F.-H. Chang, D.-J. Huang, H.-J. Lin, C. T. Chen, Y.
Yamada, T. Fukumura, and M. Kawasaki, Appl. Phys. Lett. 100, 242404 (2012). Copyright
2012, AIP Publishing LLC.

According to the experiment on photoinduced carriers, the origin of magnetically

dead layer in (Ti,Co)O2 films might attribute to oxidation where surface depletion layer

was formed with less carriers compared to bulk region [43]. By illuminating the sam-

ple with ultraviolet light, x-ray photoemission spectroscopy (XPS) detected the shift of

binding energy indicating that the photoinduced carriers were generated and ejected into

the depletion layer. This suggested that the depletion layer due to the band bending with

Co spins disordering could be resolved by photoinduced carriers resulting in alignment

of Co spins. The thickness of depletion layer was dependent on the carrier density in the

films and was found to vary from several nanometers to several ten nanometers.

As the consequence of dead layer, when decreasing film thickness, the film loses

its magnetic properties. This is important especially when applying materials to devices

such as all-solid-state transistor which requires thin channel layer. In general, the most
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effective method to recover the magnetically dead layer with surface disordering is an-

nealing while applying capping layer is known to be a commonmethod to protect surface

oxidation [44–47]. For anatase (Ti,Co)O2 films with surface depletion layer, the capping

layer might be useful to avoid decreased surface magnetization.

1.3.3 High TC ferromagnetism

Room temperature ferromagnetic semiconductor is a promising material for spin-

tronic application but so far, there is still lack of understandings how the material can

exhibit high TC which is important information in order to design new high TC material-

s. The mechanism of high TC in (Ti,Co)O2 is also unclear despite a long debate on this

issue.

Generally, there are two main ferromagnetic mechanisms. One is carrier mediation

in whichmobile carriers play an important role tomediate the exchange coupling between

magnetic impurity spins. Another mechanism is bound magnetic percolation or bound

magnetic polarons in which carriers are mainly localized andmagnetic impurity spins are

bound around them by antiferromagnetic interaction to form so called magnetic polarons.

The ferromagnetism emerges when those polarons overlap with ferromagnetic exchange

interaction between them. The carrier mediation and bound magnetic percolation are

illustrated in Figure 1.14.
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Figure 1.14 Illustration of two main ferromagnetic mechanisms: (a) carrier mediation and
(b) bound magnetic percolation.

For (Ti,Co)O2, both mechanisms of exchange coupling were proposed. An indirect

exchange of bound magnetic polarons formed with localized carriers of shallow donors

was suggested for a strongly insulating system probably associated with defect centers of

oxygen vacancies [48, 49]. On the other hand, carrier mediated exchange coupling was

also discussed with the evidences of carrier induced ferromagnetism [16,43,50]. In gen-

eral, higher TC might be expected in a conducting system rather than insulating system

with the percolation since the polaron size will decrease significantly when temperature

arises. Some groups also proposed that both mechanisms might cooperate together to

generate high TC [51,52]. For example, thermally activated carriers might be taken into

account, and thus a combination of percolation at low temperature and RKKY ferromag-

netism at high temperature may result in high TC in ferromagnetic oxide semiconductors.

In order to discuss about the high TC mechanism, the relation of TC vs. n (carrier

density) is very useful. The relationships between TC and n for carrier mediation and
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bound magnetic percolation are described as the following equations:

kBTC
RKKY =

1
3

Ja0
3√nni

√
(S+1)(s+1) (1.2)

kBTC
perc ∼ sSJ(

a0

aB
)3(aB

3n)1/3
√

ni

n
exp(− 0.86

(aB3n)1/3 ) (1.3)

where kB, J, an a0 are Boltzmann’s constant, the exchange coupling constant, and lattice

parameter, n and ni are the density of carrier and magnetic impurity (density of dopant)

and, s and S are themagnetic spins of carrier andmagnetic impurity, respectively. TC
RKKY

and TC
perc denote TC for carrier mediation and bound magnetic percolation, respectively.

Here, the monotonic relation of TC vs. n is expected for carrier mediation mechanism

while non-monotonic relation or a dome-shaped TC vs. n is predicted for boundmagnetic

percolation.

Figure 1.15 TC of (Ga,Mn)As as functions of carrier (hole) density and Mn content. Blue
spheres mark experimental data and red mesh and yellow spheres represent theoretical pre-
diction by hole-induced ferromagnetic interaction from T. Dietl, H. Ohno, F. Matsukura, J.
Cibert, and D. Ferrand, Science 287, 1019 (2000). Reprinted with permission from AAAS.
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For an archetypal ferromagnetic semiconductor, (Ga,Mn)As, TC as functions of car-

rier (hole) density andMn content has been studied both experimentally and theoretically

as shown in Figure 1.15. The TC of (Ga,Mn)As increases monotonically with both sam-

ple parameters indicating carrier-induced ferromagnetism [3, 53].

However, the systematic study of TC in anatase (Ti,Co)O2 as functions of carrier

density and Co content has not been performed since the high TC requires the measure-

ment at high temperature at which spontaneous annealing occurs and alters the carrier

density. Therefore, estimation of TC by extrapolating the data measured at low temper-

ature would enable the investigation of relation of TC vs. n in a qualitative manner.

In addition, spinodal nanodecomposition was recently proposed to explain high TC

in (Ga,Mn)As, (Ga,Mn)N and other III–V ferromagnetic semiconductors [54, 55]. The

concept of spinodal nanodecomposition is that each decomposition region has high TC

and when these regions correlate together, for example, by overlapping or contacting,

the global high TC of the material is obtained. The idea of spinodal nanodecomposition

might be a clue of nucleation center of magnetic polarons.

For (Ti,Co)O2 , a similar scenario was proposed that complexes of Ti3+−Vo−Co2+

might be responsible for its ferromagnetism and high TC can be obtained even in low Co

content films [56]. Recently, x-ray fluorescence holography (XFH) measurement re-

vealed an existence of suboxidic structure embedded in rutile (Ti,Co)O2 , which could

be an alternative explanation for the high TC instead of the previously proposed com-

plexes [57]. Therefore, the study of substructures in anatase (Ti,Co)O2 by means of

theoretical prediction is important from a viewpoint of possible nucleation center.
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1.4 Purposes of this study

As mentioned above, there are still some remaining issues of anatase (Ti,Co)O2

compound: microscopic ferromagnetism, recovery of magnetically dead layer and origin

of the high TC . For the first topic,microscopic ferromagnetism, I conducted microscopic

investigation of ferromagnetism in anatase (Ti,Co)O2 thin film by means of the observa-

tion of magnetic domain structure. By utilizing well-established fabrication condition of

anatase (Ti,Co)O2 epitaxial thin film, magnetic domain structure were studied at room

temperature in order to verify ferromagnetism from microscopic scale and correlate it

to the bulk magnetization. Moreover, micromagnetic parameters as functions of both

carrier density and Co content were examined. For the second topic, recovery of mag-

netically dead layer, I examined non-magnetic capping layer in order to improve surface

magnetization and to obtain magnetically active (Ti,Co)O2 film with thinner thickness.

For the third topic, high TC ferromagnetism, I systematically evaluated the TC of anatase

(Ti,Co)O2 thin films as functions of carrier density and Co content from transport and

magnetization properties at T < 400 K which are free from the effect of spontaneous

annealing. I evaluated TC from two independent measurements. The relation of TC vs.

n of anatase (Ti,Co)O2 was investigated systematically. Moreover, possible local struc-

tures around Co which might relate to the origin of high TC was also examined by using

density functional theory (DFT) calculation.

From these studies, more understanding of microscopic ferromagnetism and its o-

rigin is expected. Furthermore, a practical method for preparing magnetically active

(Ti,Co)O2 film with less dead layer will be developed, which is useful for realizing the

(Ti,Co)O2-based spintronics devices.
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Experimental Techniques

In this chapter, the fabrication and characterization techniques will be described.

The anatase Ti1−xCoxO2−δ epitaxial thin films were fabricated by pulsed laser deposition

(PLD) equipped with in situ reflection high energy electron diffraction (RHEED) system.

In order to examine crystal structures of films, x-ray diffraction (XRD) measurement is

performed. Electrical transport properties are investigated by four-probe measurement of

Hall bar patterned samples fromwhich temperature dependence of resistivity and also the

resistivity under magnetic field can be measured. Magnetization and magnetic domain

structure of the films were investigated by superconducting quantum interference device

(SQUID) magnetometer and magnetic force microscope (MFM), respectively.

2.1 Pulsed Laser Deposition (PLD)

Among several thin film fabrication techniques such as chemical vapour deposi-

tion (CVD) or sputtering, pulsed laser deposition (PLD) is known as one of the physical

methods suited for fabricating oxide thin films and especially multi-layer films. PLD

technique is simple, cheap and versatile with a great benefit of easy controllability of

the oxygen pressure during film fabrication. The partial gas pressure can be varied from

Ultra-High Vacuum (UHV) to mTorr range leading to tunable crystal phase and oxygen

stoichiometry of thin film [58,59].

A schemetic of PLD system in this experiment is illustrated in Figure 2.1. There are

two separated chambers, the load lock chamber (L/L) and the main chamber. Without

interrupting the main chamber with high pressure atmosphere, samples or targets are

first transferred into the L/L chamber and then transferred into the main chamber after
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an optimal vacuum level is reached. Therefore, in the main chamber, high vacuum with

low impurity gas can be maintained. In both L/L and main chamber, rotary pumps (RP)

are used for pre-vacuum, and further evacuated by turbo molecular pumps (TMP) to

base pressure of 10−9 Torr. The distance between target and substrate holder is fixed

and spot sized of laser is known. During film fabrication, substrate temperature can be

controlled in the main chamber by using a diode heating laser, which heats substrate from

the back-side, and oxygen pressure can be controlled precisely through a variable leak

valve (VLV). The target holder always rotates during film deposition in order to generate

homogenous atomic plume of targets.

Figure 2.1 Schematic of pulsed laser deposition (PLD) chamber.

In general, the working processes of PLD in the main chamber are composed of ini-

tial laser-target interaction, propagation of the material’s plume, and the eventual coating

of gas phase species onto substrate [60]. When a ceramic target is ablated by the laser,

plasma plume of target is firstly generated and all components in a ceramic target evapo-

rate stoichiometrically. Then, the ionized or atomized plume will diffuse to the substrate
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position. The diffusion process depends on the mass of each element, velocity, density of

plume and background pressure in the chamber. Finally, film growth occurs when atoms

and ions reach the substrate surface and lose their kinetic energy forming as a thin film. In

this step, crystallization may happen, therefore the substrate temperature (temperature at

the surface of substrate) is usually raised in order to promote nucleation and surface mi-

gration. The growth rate of film is determined by the diffusion-like process while growth

mode or mechanism of film deposition depends on nucleation and migration processes.

In PLD technique, chemical doping into the films is relatively simple. By chang-

ing composition in a ceramic target, the generated plume may be assumed to consist of

elements with the same composition ratios as the target due to high evaporation energy

of pulsed laser. Consequently, the film composition is approximately the same as that of

the target when homogeneous elemental distribution in target and plume is assumed.

Parameters for film fabrication by PLD are type of substrates, growth temperature,

type of gases during the fabrication and its partial pressure. Moreover, laser ablation and

laser frequency are also controllable parameters which determine the deposition rate and

are sometimes important to obtain unstable or metastable phase. For oxide compounds,

the oxygen partial pressure during the film fabrication determine the oxygen amount in

the films. Therefore, the amount of oxygen vacancies which act as electron donors can

be controlled and the conductivity of the films can be tuned.

In this thesis, all Ti1−xCoxO2−δ thin films were fabricated by PLD method. A KrF

excimer laser PLD (λ = 248 nm, Coherent Inc., COMPexPro50) equipped with vacuum

systems provided by PASCAL CO., LTD. was used.
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2.2 ReflectionHighEnergyElectronDiffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) is a well-established analyt-

ical technique which is very useful for characterizing thin films during film growth as

it is usually installed in the deposition chambers of physical vapor deposition systems

such as molecular beam epitaxy (MBE) or pulsed laser deposition (PLD). Similar to oth-

er methods using electron beam, for example transmission electron microscopy (TEM)

and low-energy electron diffraction (LEED), an electron beam is irradiated on a sample

and the diffracted pattern of electrons provides crystallographic information.

Figure 2.2 Schematic setup of RHEED system.

A RHEED system consists of an electron gun generating electron beam controlled

by high voltage, sample stage and photo-luminescent screen (RHEED screen). A typical

setup of the measurement is shown in Figure 2.2. The image data on the screen is record-

ed by an external video camera which is synchronized with the laser pulse. In RHEED

observation, the electron beam produced by the electron gun reaches the sample with a

small angle to the sample surface. The penetration depth is only several few atomic lay-

ers on the surface due to the grazing incident angle. Because RHEED process is surface

sensitive, 2D reciprocal lattice (reciprocal rods) which aligns perpendicular to the surface
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plane, can be imaged. The diffracted electron beam can constructively interfere resulting

in the streak-like or spot-like pattern on the screen. If the sample surface is flat enough,

a streak-like pattern (RHEED pattern) which is a series of lines can be observed. More-

over, the distance between adjacent streak lines also gives information of in-plane lattice

spacing. RHEED is also commonly utilized to determine the surface reconstruction and

growth mode of thin film from its pattern and oscillation behavior.

Figure 2.3 Scheme of the origin of RHEED oscillation.

In-situ RHEED measurement provides information about growth mode by analyz-

ing RHEED intensity. Figure 2.3 schematically shows how the RHEED intensity oscil-

lates during the film deposition. When the surface is completely covered with an atomic

layer, the RHEED intensity is maximized. Therefore, at the initial stage before film de-

position, high intensity is expected because of flat surface of the substrate. When film

deposition starts, the RHEED intensity varies depending on the surface conditions and

RHEED oscillation can be observed during the film growth. The RHEED oscillation be-

havior will reflect the film growth modes. Generally, there are three main growth modes:

layer-by-layer, step-flow and island growth modes.
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Figure 2.4 RHEED oscillation behavior for (a) layer-by-layer and (b) step-flow mode.

The RHEED oscillation behaviors of layer-by-layer and step-flowmodes are simply

illustrated in Figure 2.4. For layer-by-layer growth, RHEED intensity of each streak

line oscillates periodically with the sinusoidal-like curve. The oscillation period gives

information about the height of unit cells, for example, one oscillation may correspond

to a half of unit cell or a unit cell. For step-flow growth mode, the RHEED oscillation

behavior is similar to that of layer-by-layer growth mode but it exhibits a sharp drop at

the end of each period instead of symmetrical shape.

In this experiment, RHEED is used to observed growth mode and surface quality of

buffer layer in order to obtain high quality target film on it.

2.3 X-ray Diffraction (XRD) [61]

X-ray Diffraction or XRD is a powerful analytical method which provides infor-

mation of crystal structure without destroying the sample. XRD measurement is usually

done in ambient condition and ex situ although in situ XRD can be performed with a

special setting. Comparing to electron diffraction techniques, XRD shows higher peak

resolution and crystal structure can be determined precisely because of their short wave-

length in the range of 0.01 to 10 nanometers which is the same level of crystal lattice.

The penetration depth of XRD is generally deeper than film thickness, therefore total
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film structure and coherent relationship between film and substrate can be investigated.

Figure 2.5 Illustration of x-ray diffractometer (XRD).

The scheme ofXRDdiffractometer is illustrated in Figure 2.5. In XRD system, there

aremain three parts of x-ray generator tube, sample holder (specimen holder) and detector

(counter). For the x-ray generator part, monochromatic x-ray (wavelength, λ = 1.5418

Å) called Cu Kα is generated after passing through optical slits. General process in x-ray

generator tube is that a tungsten coil in the tube is heated and the thermally accelerated

electronsmove toward and impact the copper cathode (target) generating x-ray. The other

important part is the detector which can be categorized into three kinds of, 0D, 1D and

2D detectors. By using different kinds of detectors, different resolution and information

can be obtained. Higher dimensional detector has larger detection range despite lower

resolution. Generally, 2D detector is widely used for survey measurement searching for

new phases or new compounds while a fine measurement with higher resolution peak

separation usually prefers 1D and 0D detectors.
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Figure 2.6 Illustration of x-ray diffraction in crystal lattice.

In the principle of XRDmeasurement, Bragg’s law is applied to determine the crys-

tal structure from the angle between the incident beam and the diffracted beam (θ ) pre-

sented in Figure 2.6 at which constructive interference occurs when

2d sinθ = nλ (2.1)

where d,θ ,n and λ are the distance between lattice plane, the Bragg angle, an integer

and the wavelength of incident x-ray (in this case, λ = 1.5418 Å), respectively. Using the

equation, lattice constants of the sample can be obtained from 2θ positions. The crystal

lattice in its momentum space (k-space), or reciprocal lattice, can be used to describe

XRD diffraction pattern. For a three-dimensional lattice, the reciprocal vectors can be

written as:

b1 =
a2×a3

a1 · (a2×a3)

b2 =
a3×a1

a1 · (a2×a3)

b3 =
a1×a2

a1 · (a2×a3)

G= hb1+ kb2+ lb3 (2.2)

where bi and ai is the primitive vectors of reciprocal and normal lattices, respectively, in
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the i-th axis direction,G is the linear combination of these primitive reciprocal vectors,

and h, k and l are integers. The diffraction pattern is related to reciprocal vector, G,

and will always be constructed under the condition ofG=∆k. If one draws an Ewald

sphere with a radius of k, one can get the diffraction pattern only when the reciprocal

lattice points lay on the surface of the Ewald sphere.

For thin film, the epitaxial strain from the substrate can lock the in-plane lattice of

the film leading to coherent growth, although out-of-plane lattice of the film might be

distorted due to internal pressure in the crystal. There are several scanning modes for

XRD, for example, 2θ −θ scan, rocking curve (ω scan), pole figure, grazing incidence

X-ray diffraction (GIXRD), reciprocal space mapping (RSM) etc. Here, three frequently

used scanning modes are described as follows.

• 2θ −θ Scan: In this mode, the x-ray source is fixed while the detector and the

sample stage are rotated during the measurement. The detector angle represented

by 2θ , is always twice of the sample stage angle, θ . The symmetrical diffraction is

observed by scanning the crystal plane perpendicular to the scattering plane. The

lattice constants and d-spacing can be calculated via Bragg’s law.

• Rocking Curve: By fixing the detector and moving only the sample stage, 2θ

is fixed and ω is scanned. In this way, the sample is slightly rocked around the

Bragg’s peak during the measurement and the lattice perfection or lattice distortion

can be examined. The distribution of peak intensity indicates lattice distortion inω

direction. Crystallinity of a film is determined by the full-width of half maximum

(FWHM) obtained from Gaussian fit for rocking curve.

• Reciprocal Space Mapping (RSM): To obtain RSM, 2θ -ω scans with several ω

are performed and cross section in reciprocal space is obtained. The data are usu-

ally shown as a map on qx - qz plane, where qx and qz denote the inverse values of
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in-plane and out-of-plane lattice constants, respectively. By using RSM informa-

tion, the coherent growth of thin film can be examined; the lock of in-plane lattice

constant of the film with the substrate implies the coherent growth.

In this experiment, 2θ − θ scaning mode is mainly used and XRD measurements

were performed by the D8 Discover XRD system (Bruker AXS) with a 1D linear detector

(VANTEC-1).

2.4 Electrical Measurement

In electrical measurement, a simple two-probe measurement usually suffers from

the resistances of wires, electrodes and interfaces resulting in low accuracy especially

for samples with low resistivity. Therefore, a standard four-point probe configuration is

more common since such parasitic resistances can be ignore. When current (I) is applied

to a sample voltage (V ) in the same direction is generated and the relationship of I and

V follows Ohm’s law, V = I ·R, where R is the electrical resistant of the sample.

In this experiment, films with Hall bar pattern are usually used for in-plane transport

measurements. Figure 2.7 shows a layout of Hall bar patterned film and arrangement of

eight electrodes. I− and I+ are used for applying electrical current while V2,V3 and V4

are used for voltage measurement of channel 2, 3 and 4, respectively. The measurement

is performed by using the resistance bridge of Physical Properties Measurement System

(PPMS,QuantumDesign Co.). In PPMS, temperature dependence of transport properties

can be obtained under an external magnetic field. The operated ranges of temperature

and magnetic field are 2 K to 380 K and ±9T, respectively.
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Figure 2.7 Layout of Hall bar patterned film and electrical circuit for 4-probe measurement
and Hall effect

2.4.1 Electrical resistivity

The data obtained from PPMS is a set of current, voltage and resistance. Without

external magnetic field,V3 andV4 electrodes are used for voltage detection and electrical

resistivity, ρ , is simply calculated from the average of measured resistance (R) of channel

3 and channel 4 by using the following equation.

ρ =
R×A

l
(2.3)

ρ =
R×w× t

l
(2.4)

A and l denote the cross-sectional area and the length of current path, respectively. Be-

cause A can be obtained from the product of w, width of current path, and t, thickness of

the film, Equation (2.3) can transform to Equation (2.4). From electrical resistivity, one

may calculate electrical conductivity (σ ) by using the relation, σ = 1/ρ
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2.4.2 Hall Effect

Figure 2.8 The standard geometry for Hall effect with rod-shape specimen of rectangular
cross-section placed in a magnetic field, Bz

Hall measurement [61] is a useful method to investigate the carrier density and mo-

bility in semiconductor. Figure 2.8 shows a standard geometry for Hall effect measure-

ments. When a magnetic field is applied in z-direction (Bz), an electric field is developed

across a specimen due to the Lorentz force, so called Hall field Ey. Direction of the Hal-

l field is determined by j×B, where j is the current flowing across the magnetic field.

From charge balance along y direction a relation between electric field andmagnetic field

can be written as

Ey =
jxBz

nq
(2.5)

where jx, n and q denote the current density in x direction, the carrier density and the

carrier charge, respectively. Hall coefficient, RH , and Hall Resistance, Rxy, are defined

as,

RH =
Ey

jxBz
(2.6)

Rxy =
Vy

Ix
. (2.7)

By using the relationship Ey =
V y
w

and jx =
Ix

w · t
, the following equation is derived.

RH =
Rxy · t

Bz
(2.8)
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Therefore, the slope of a plot between Rxy vs. Bz will represent RH/t from which car-

rier density can be calculated. The sign of the slope also represents the type of carrier:

hole (positive slope) and electron (negative slope). Once the carrier density is obtained,

mobility can be calculated. If the charge carrier is electron then q = e and we get the

formula for carrier density (n) and mobility (µ) as follow:

RH =− 1
ne

(2.9)

µ =
RH

ρ
(2.10)

Moreover, the mobility is sometimes written as a function of carrier density and resistiv-

ity, µ =
1

neρ
.

For ferromagnetic materials, an additional magnetic field from its magnetization

could also contribute to the ordinary Hall effect and this is known as “anomalous Hall

effect”. Therefore, the hyteresis can also be observed in the measurement.

In this experiment, a set of Rxy measured under applied magnetic field is obtained

at 300 K from voltage measurement of channel 2 (V2) represented in Figure 2.7. Carrier

density and mobility of the films were evaluated at 300 K.

2.5 Magnetization Measursement

SQUID magnetometer which abbreviated from superconducting quantum interfer-

ence device magnetometer is a powerful method to measure magnetic properties because

of high sensitivity to magnetic moment or magnetization. In this method, overall mag-

netic moment of a sample was evaluated yielding macroscopic magnetic properties.

The SQUID [62] is a ring composed of two parallel Josephson junctions, each of

which is formed by separating two superconductors with a thin insulating layer (Fig-

ure 2.9). When steady bias current is maintained, the output voltage oscillates with the
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change in phase differences influenced by the magnetic flux through the ring. By de-

tecting the change in oscillations, the change of magnetic flux can be evaluated and the

magnetic moment of the sample is determined. Because SQUID requires operation at

low-temperature, the measurement system is usually equipped with cryogenic baths of

liquid helium and liquid nitrogen working as cooling and temperature controlling system.

Figure 2.9 SQUID consists of insulating layers between two superconductors detecting the
change change in oscillations influenced by magnetic flux.

Themeasurement system is called magnetic property measurement system (MPMS)

which has a SQUID ring inside the He bath. MPMS consists of SQUID antenna (signal-

to-flux converter), SQUID transducer (magnetic flux-to-voltage converter) and analyzer.

The data is provided as total magnetic moment and can be further converted to magne-

tization by considering the volume of the sample. Scheme of MPMS is illustrated in

Figure 2.10. During the measurement, the sample rod which is made of drinking straw,

will move up and down and produce an alternating magnetic flux in pick-up coil region.

The signal is transferred to the SQUID device and subsequently to the analyzer.

36



Chapter 2: Experimental Techniques

Figure 2.10 Scheme of magnetic property measurement system (MPMS) containing pick
up coil region, SQUID device and analyzer.

The sample rod can be prepared from drinking straw. First, the straw is notched at

the center in order to hold the sample on this position. Then, a sample is introduced into

the straw. The sample can be oriented differently as shown in Figure 2.11 for out-of-plane

or in-plane magnetization measurement.

Figure 2.11 Preparation of sample rod by putting a sample at the middle of drinking straw
with different orientation of the sample for out-of-plane or in-plane measurement.

In this experiment, MPMS, Quantum Design, is used for the measurement in which

temperature and magnetic field can be varied in the range of 2 K to 380 K and ±9T,
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respectively. The sensitivity of the system is in an order of 10−8 emu.

2.6 Magnetic Force Microscope (MFM) [63, 64]

There are several techniques for magnetic domain observation such as bitter meth-

ods, magneto-optical method by Kerr microscopy, scanning SQUID (Superconducting

Quantum Interference Device) microscopy. Among them, magnetic force microscopy

(MFM) which is non-destruction method, has good sensitivity to small variations in

magnetization and also low sample preparation requirements. In addition, surface to-

pographic image and magnetic image are obtained simultaneously with dual scanning

which enable to distinguish magnetic signal from topographic information. MFM has

high-spatial resolution in the order of ten nanometers although the recording time is quite

long comparing to other methods.

Figure 2.12 Illustration of first scan in MFMmeasurement: a laser beam focused at the end
of cantilever is reflected and detected by the detector leading to topographic image.

MFM can be considered as a variant of scanning force microscopy. By equipping a

ferromagnetic tip to the scanning force microscope, MFM is able to detect magnetostat-

ic force between a sample and the tip. MFM system is composed of a cantilever and a

magnetic tip and photodetector. In the measurement, a successive two scan is performed.
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The principle of the first scan which measures the surface profile with the repulsive mode

operation is same as that of atomic force microscopy (AFM) (Figure 2.12). A laser beam

which is focused at the end of a tip on the cantilever is reflected and detected by the pho-

todetector while the cantilever moves up and down due to the different atomic force. The

second scan is performed with a lift height as illustrated in Figure 2.13. In the second

scan, the cantilever is excited at the resonant frequency ω0 with a certain amplitude δ .

When the cantilever detects magnetic stray field from the sample, a phase shift of can-

tilever oscillation is exerted. By analyzing this phase shift information, magnetic image

is obtained.

Figure 2.13 A scheme of successive two scans with (a) topographic scan and (b) magnetic
scan with lift height.

The resonant frequency of the cantilever relates to its spring constant k, and its

effective mass m as follows.

ω0 =

√
k
m

(2.11)

When phase shift occurs due to magnetostatic force, it results in frequency ω with
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a modified spring constant k′,

ω =

√
k′

m
(2.12)

k′ = k− ∂F
∂ z

(2.13)

where F and z are the force and the distance between the cantilever and the sample, re-

spectively. When an attractive interaction is detected,
∂F
∂ z

> 0, the cantilever spring will

be soften. On the contrary, a repulsive interaction,
∂F
∂ z

< 0, will stiffen the spring con-

stant. The cantilever’s resonant frequency is modified by this change of spring constant

resulting in,

ω = ω0

√
1− 1

k
∂F
∂ z

(2.14)

The difference or shift in resonant frequency ∆ω is defined as ω −ω0 and can be simply

approximated when
∂F
∂ z

≪ c as,

∆ω ≈− 1
2k

∂F
∂ z

. (2.15)

A shift in the resonant frequency results in a change of both oscillation amplitude

and phase shift. Phase shift is given by

∆ϕ ≈−Q
k

∂F
∂ z

. (2.16)

Therefore, the sensitivity of the measurement is dependent on the Q factor which repre-

sents the influence of environment medium during the measurement. Q factor is defined

as a ratio between resonant frequency and a shift in resonant frequency, Q =
ω0

∆ω
(Fig-

ure 2.14).
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Figure 2.14 Definitions of resonant frequency ω0 and a shift in resonant frequency ∆ω of a
cantilever using for MFM measurement.

Generally, Q might range from several hundreds in liquids or ambient air to more

than 100,000 in ultra high vacuum (UHV). High Q indicates high sensitivity and can be

increased by decreasing air viscosity. Therefore, high sensitive measurement is expected

in vacuum chamber [65]. In this thesis, a rotary pump was used to evacuate the chamber

pressure down to 10 Pa.

2.7 Thickness Measurement

In this experiment, film thickness was measured by Dektak-6M Stylus Profiler of

ULVAC. Films with Hall bar pattern (Figure 2.15) which is suitable for film thickness

and electrical transport measurements, can be obtained by covering areas of substrate

during film deposition with a Hall bar mask. The principle of thickness measurement is

rather simple. First, a sample is set on the movable sample stage. Over the sample, there

is a probe with needle-like shape. When the measurement begins, the stage will move

along a scanning direction and the probe responses to the difference in height between

film and bare substrate. During the measurement, the needle moves from bare substrate
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across the film to another bare substrate area and then film thickness is obtained as a

result of the upward and downward motion of the probe.

Figure 2.15 Illustration of a film with Hall bar pattern and thickness measurement

2.8 Density functional theory (DFT) [66]

Density functional theory (DFT) bases on electron density where two fundamental

theorems by Kohn and Hohenberg, and set of equations by Kohn and Sham are applied.

One of Kohn and Hohenberg theorems is that the ground state energy is a unique func-

tional of electron density and E[n(r)] can be used to express the ground state energy E

where n(r) denotes the electron density. Another theorem states that true electron density

is responsible for the minimized energy of overall functional which is corresponding to

the full solution of the Schrödinger’s equation. Practically, in the calculation procedure,

one can vary the electron density until minimized energy is obtained from the functional.

According to Kohn and Hohenberg theorem, the energy functional can be written as

E[Ψi] = Eknown[Ψi]+EXC[Ψi]. (2.17)

Here, the energy functional is split into two simple terms of known term Eknown[Ψi] and

everything else EXC[Ψi]. In the known term, electron kinetic energy, Coulumbic interac-

tion between electrons and nuclei, pairs of electrons and pairs of nuclei are included. For
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the term, EXC[Ψi], it will include all quantum mechanical effects and is defined as “ex-

change correlation function”. This exchange correlation function is important to solve

the Kohn-Sham equation at which a single-electron wave function is considered. By us-

ing different approximation, the exchange correlation function is varied. For example,

when a uniform electron gas is considered with a constant electron density, the approxi-

mation will be called Local density approximation (LDA) and when spin density is added,

it will be modified to Local spin density approximation (LSDA). The higher approxima-

tion level is achieved when the electron density and the first-order electron correlation

correction is applied, so called Generalized gradient approximation (GGA). There are

many kinds of GGA functional and most widely used are the Perdew-Wang functional

(PW91) and the Perdew-Burke-Ernzerhof functional (PBE).

In this thesis, structure optimization of proposed substructure for anatase (Ti,Co)O2

is performed by using Vienna Ab initio simulation package (VASP) with PBE function.
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Titania Buffer Layer *

Buffering technique is one of the most useful for epitaxial film growth with low

lattice mismatch. In addition, it was also used in order to decrease crystallized temper-

ature leading to less possibility of segregation when doping is applied. This is suitable

for obtaining high quality films with no clustering [16,67,68]. In this chapter, the details

of fabrication of anatase TiO2 buffer will be described. In addition, the advantages of

buffering technique will be briefly summarized.

Among perovskite substrates, perovskite LaAlO3 (LAO) substrate (pseudocubic,

a = 0.379 nm) has the small lattice mismatch (∼0.2%) with anatase structure. Lattice

constants of anatase TiO2 are a = 0.3785 nm and c = 0.9514 nm. The growth temperature

is optimized by using in situ RHEED information and the surface morphology. The

thickness of buffer layer is about 5 nm which cannot be directly characterized by XRD

since it is too thin. However, indirect evidence that buffer layer is c-axis oriented film

can be obtained from XRD by increasing film thickness to 40 nm without any other

treatments, defined as non-buffered film.

In this experiment, LAO step substrate was purchased from Shinkosha Co. Ltd. and

before the fabrication of thin film, LAO substrate were pre-annealed at 600 ◦C under vac-

uum at base pressure for 10minutes as the surface cleaning process. Titania (TiO2) buffer

films were grown by using rutile single crystal substrate from Shinkosha Co. Ltd. as the

*This chapter contains the partial contents of the following publication.
1) T. S. Krasienapibal, T. Fukumura, Y. Hirose, and T. Hasegawa, Jpn. J. Appl. Phys.
53, 090305 (2014). Copyright 2014 The Japan Society of Applied Physics.
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target. Titania buffer layer was fabricated under oxygen atmosphere. The oxygen par-

tial pressure, PO2 was fixed at high pressure of 10−4 Torr because the insulating anatase

TiO2 without any oxygen vacancies is preferable for this buffer layer. With less oxygen

vacancies defect, high crystallinity film is expected, and also the insulating buffer will

not contribute to transport properties of the film grown on it. The growth temperature

range, TG were varied from 500 to 800 ◦C. The laser power for the ablation is average-

ly constant at 1.5 J/cm2 with laser spot size of 0.33 mm2. All titania buffer films were

post-annealed at Tanneal 800 ◦C and PO2 10−3 Torr in order to make flat surface. Then,

the buffer film is cooled down to room temperature under the same PO2 . After that, the

upper layer of target film will be fabricated on it.

3.1 In situ RHEED Observation

The titania buffer layers were fabricated by 5 Hz repetition of laser pulse. The

RHEED pattern of LAO substrate and fabricated titania buffer layer at growth tempera-

ture of 700 ◦C (TG = 700 ◦C) were shown in Figure 3.1. For LAO substrate, spot-like pat-

terns were observed and after pre-annealing under high vacuum, LAO substrate showed

clearer spot patterns with relatively smaller spot size. After the starting of the deposition,

the spot-like patterns slowly disappeared and changed to the new streak-like pattern of

titania buffer layer. The Kikuchi line can be slightly observed after post annealing of

buffer film.
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Figure 3.1 RHEED pattern of LAO substrate before and after pre-annealing and titania
buffer layer on LAO substrate.

The RHEED oscillations were obtained continuously from few seconds after the

starting point until the end of buffer fabrication as presented in Figure 3.2. From the film

thickness of ∼ 5 nm measured by Dektak, I can estimate one period of the oscillation

as half of a unit cell of anatase titanium dioxide. The oscillation pattern confirmed the

layer-by-layer growth of anatase TiO2 buffer layer.

Figure 3.2 RHEED intensity versus time plot illustrating clear RHEED oscillations during
the fabrication of TiO2 buffer layer.

3.2 Surface Morphology

The surface morphology of titania buffer layers were examined by AFM measure-

ment. AFM images of titania buffer layers prepared at different growth temperature were

shown in Figure 3.3. As shown in Figure 3.3, The step and terrace can be observed in all
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samples with slightly different roughness.

There is no significant difference in the AFM images between 600 ◦C and 700 ◦C.

The root-mean-square roughness (RMS) of TG = 600 and 700 ◦C are 0.17 and 0.15 nm

(area = 2×2 µm2), respectively. The RHEED and AFM results show high quality of

titania thin film with very flat surface when TG is 700 ◦C, therefore the optimal buffer

layer can be fabricated at TG = 700 ◦C, PO2 = 10−4 Torr with post annealing at Tanneal =

800 ◦C, PO2 = 10−3 Torr.

(a) 500 ◦C (b) 600 ◦C

(c) 700 ◦C (d) 800 ◦C

Figure 3.3 AFM images of titania buffer at TG = 500 - 800 ◦C.

In summary, the optimized condition of the titania buffer layer is growth temperature

at 700 ◦C with post-annealing at 800 ◦C.
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3.3 XRD measurement

Asmentioned previously, the thickness of buffer layer film is only about 5 nmwhich

gives very low intensity of XRD pattern. As a consequence, the XRD measurement to

characterize anatase TiO2 or confirm the epitaxial growth becomes difficult. Neverthe-

less, the thicker film without buffer layer, defined as non-buffered film, can be used to

examine the crystal structure of the tiatania buffer layer. For the 40-nm thick film ob-

tained by longer deposition time without any treatment after the film fabrication, XRD

measurements were performed, as presented in Figure 3.5. The XRD pattern of non-

buffered film fabricated at 700 ◦C and PO2 = 10−4 Torr shows only anatase TiO2 phase

with c-axis orientation. This result can be an indirect evidence that the buffer film, also

grown at the same condition, is an epitaxial film of anatase TiO2.

3.4 Advantages of titania buffer layer

In order to investigate the advantages of the titania buffer layer, anatase TiO2 epitax-

ial films were fabricated on this titania buffer layer (self-buffered film), and film quality

and transport proterty were examined. Two film structures of non-buffered and self-

buffered are compared in Figure 3.4.

(a) Non-buffered film (b) Self-buffered film

Figure 3.4 Scheme of non-buffered and self-buffered film.

The XRD patterns of self-buffered film fabricated at 250 ◦C and non-buffered film

fabricated at 700 ◦C, under PO2 = 10−4 Torr, are compared in Figure 3.5. The result sug-

gests that epitaxial growth of anatase TiO2 thin films can be achieved at low temperature
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of 250 ◦C by using the buffer layer. It is noted that without buffering, anatase epitax-

ial thin film cannot be grown at such a low temperature. Accordingly, with this mild

condition, the film shows flat morphology with small surface roughness.

Figure 3.5 XRD patterns of (a) self-buffered film fabricated at 250 ◦C and (b) non-buffered
film fabricated at 700 ◦C, under PO2 10−4 Torr. (c) and (d) show corresponding surface
morphology of the films [69].

The crystallinity of self-buffered and non-buffered film is evluated by rocking curves

mode of XRD measurement (Figure 3.6). The full width at half maximun (FWHM) val-

ues of the self-buffered and non-buffered film are 0.09 ◦ and 0.11 ◦ respectively. The

smaller value of FWHM of self-buffered film indicated that self-buffered film shows

higher crystallinity than that of conventional non-buffered film. Therefore, high quality

film from both aspects of crystallinity and surface morphology is obtained by utilizing

the buffering technique.
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Figure 3.6 Rocking curves of self-buffered film (line) and non-buffered film (dot line).

The temperature dependence of resistivity were compared between self-buffered

and non-buffered films (Figure 3.7). Both films were fabricated at PO2 = 10−5 Torr. The

TG values of self-buffered and non-buffered film were 250 and 700 ◦C, respectively. The

carrier density of both films was about∼ 3.5×1019 cm−3. The self-buffered film exhib-

ited lower resistivity or higher conductivity than non-buffered film over the temperature

range indicating the higher mobility for self-buffer film.

Figure 3.7 Temperature dependence of resistivity compared between self-buffered and non-
buffered film.

The temperature dependence of Hall mobility is illustrated in Figure 3.8, it is obvi-

ous that the mobility of self-buffered film was enhanced and became higher than that of

non-buffered film over the measured temperature range. The decreased mobility at low
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temperature probably derives from the carrier scattering by a small amount of neutral

impurities, grain boundaries and phonons.

Figure 3.8 Temperature dependence of Hall mobility compared between self-buffered and
non-buffered film.

In summary, the buffering technique has the advantages that (1) epitaxial growth can

be performed at low temperature (2) surface morphology and film quality are high due to

mild condition (low growth temperature) and (3) improved transport properties. These

indicate high quality TiO2 films can be obtained by applying the buffering technique.
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Observation of magnetic domain

structure in anatase (Ti,Co)O2 at room

temperature *

In this chapter, the observation of magnetic domain structure in anatase (Ti,Co)O2

films at room temperature will be discussed. The magnetic domain structures were in-

vestigated as functions of carrier density (n) and Co content (x) by means of magnetic

force microscopy (MFM) measurement in vacuum. By using stereological method, the

average magnetic domain size was estimated and micromagnetic parameters of magnetic

anisotropy (Ku), domain wall energy (σw) and stiffness constant (A) were evaluated. The

relation betweenmicroscopic andmacroscopic magnetism of anatase (Ti,Co)O2 epitaxial

films at room temperature was studied.

4.1 Introduction

Microscopic study of magnetic domain structure in ferromagnetic material is an im-

portant issue from both aspects of fundamental materials science and device applications.

Relationship between bulk magnetization and microscopic magnetic domain structure is

a key to understanding the underlying science and utilizing the material appropriately. In

*A part of this chapter including Figure 4.4, Figure 4.7, Figure 4.8 and Figure 4.13 has
been published in Applied Physic Letters. Reprinted with permission from “Observa-
tion of magnetic domain structure in anatase (Ti,Co)O2 thin film at room temperature”,
Thantip S. Krasienapibal, Shun Inoue, Tomoteru Fukumura, and Tetsuya Hasegawa,
Appl. Phys. Lett., 2015, 106, 202402. Copyright 2015 AIP publishing LLC.
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case of (Ga,Mn)As, a representative ferromagnetic semiconductor, a conventional stripe

domain structure was observed and found to be related with its the macroscopic mag-

netic property [18]. One promising application concerning magnetic domain structure is

magnetic domain wall propagation controlled by current. The current-induced magneti-

zation reversal has attracted much interest as an alternative magnetic memory encoding

method. Recently, it was demonstrated by using (Ga,Mn)As thin film despite its low

ferromagnetic Curie temperature [21]. The observed current threshold was 2–3 orders of

magnitude lower than those of ferromagnetic metals indicating the possibility of lower

energy consumption devices. Therefore, the microscopic study of (Ti,Co)2, a high TC

ferromagnetic semiconductor, is important from a viewpoint of practical application.

Although several magnetic domain observations in magnetically doped TiO2 films

were performed previously by magnetic force microscope (MFM) at room temperature,

there is an undesirable contribution from the surface topography of the films. Therefore,

smooth films is preferable for MFM measurement in order to obtain a magnetic image

without any contamination of topological information which sometimes misleads us the

interpretation of magnetic domain structure.

Furthermore, small remanant magnetization in (Ti,Co)O2 , a nature of diluted sys-

tem, requires highly sensitive measurement in order to obtain the real magnetic domain

structure. The high sensitivity measurement may be achieved by using vacuum atmo-

sphere during the MFM measurement.
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4.2 Experimental details

Figure 4.1 Schematic image of film structure with insulating TiO2 buffer layer.

Anatase Ti1−xCoxO2−δ (001) thin films were epitaxially grown on LaAlO3 (001)

step substrates (pseudocubic, a = 0.379 nm) buffered with 5 insulating TiO2 unit cells by

pulsed laser deposition (PLD) with KrF excimer laser. The laser energy density and laser

repetition were 1.5 J/cm2 and 5 Hz, respectively. The structure of the film is illustrated

in Figure 4.1. The buffer layer of TiO2 was grown at 700 ◦C in oxygen pressure (PO2)

of 10−4 Torr, followed by in-situ post-annealing at 800 ◦C for 10 minutes, and then was

cooled down to room temperature. Anatase Ti1−xCoxO2−δ thin films were grown on this

buffer layer at 250 ◦C in differentPO2 ranged from 10−6 to 10−4 Torr to control the carrier

density, since the oxygen vacancy served as an electron dopant. The crystal structure of

the films were characterized by x-ray diffraction (XRD). The typical film thickness was

45 nmmeasured by stylus profilometer. The electrical properties were evaluated by four-

probe and Hall effect measurements of Hall bar patterned samples. The magnetization

was measured by a SQUID magnetometer. The topographic and magnetic images were

observed by MFM at room temperature in air and vacuum of 10 Pa without external

magnetic field. An MFM tip coated with 35 nm radius of CoPtCr alloy was used. In the

MFM measurements, topographic imaging was performed with contact mode followed

by magnetic imaging with constant lift height between MFM tip and film surface for
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eliminating topographic contribution to the magnetic image.

4.3 Results and Discussions
4.3.1 Characterization and surface morphology of films

The films were confirmed to be epitaxially grown with pure anatase phase by x-ray

diffraction. The XRD diffraction patterns of the film with different x fabricated at PO2 =

10−4 Torr are shown in Figure 4.2. All films showed anatase (004) peak around 37.9◦.

A small peak of anatase (008) around 81◦ was not clearly seen. From the anatase (004)

peak, the c-axis lattice constants of Ti1−xCoxO2−δ films were evaluated as 0.947 nm,

0.949 nm, 0.947 nm and 0.952 nm for x = 0.01, 0.03, 0.05 and 0.10, respectively. The c-

axis lattice constants are close to or slightly smaller than that of bulk anatase TiO2 (0.9514

nm). The anatase (004) peak was strong and sharp for smaller x while peak broadening

was seen in the sample with higher x suggesting that Co was doped into anatase structure.

Figure 4.2 X-ray diffraction pattern of anatase Ti1−xCoxO2−δ films with x = 0.01, 0.03, 0.05
and 0.10, fabricated on TiO2 buffer layer at PO2 = 10−4 Torr.

Surface morphology of the anatase Ti1−xCoxO2−δ films were obtained from the first
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scan by the MFM measurement. Despite the different Co contents and oxygen pressure

during the films deposition, the films show typical surface roughness of root-mean-square

(RMS) roughness less than 0.3 nm in an area of 2×1 µm2. The surface morphology of

anatase Ti1−xCoxO2−δ films with x = 0.01, 0.03, 0.05 and 0.10, is presented in Figure 4.3.

No trace of Co segregation on the film surface was detected.

Figure 4.3 Surface morphology of anatase Ti1−xCoxO2−δ films with x = 0.01, 0.03, 0.05
and 0.10, fabricated on TiO2 buffer layer at PO2 = 10−4 Torr.

4.3.2 Magnetic domain observation at room temperature

Surface morphology and magnetic images of anatase Ti0.9Co0.1O2−δ filmmeasured

in air and vacuum at room temperature by magnetic force microscopy (MFM) are shown

in Figure 4.4. The measurement in vacuum was performed after the film was measured

in air and vacuum level of the measurement chamber reached 10 Pa.

The low temperature film growth with TiO2 buffer layer showed a very flat film

surface with step and terrace structure without any segregation at the surface. The step

height was corresponding to a quarter of anatase unit cell and the step width was about

150 nm. The RMS roughness was 0.063 nm in an area of 2×2 µm2.
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Figure 4.4 (a) Topographic image of anatase Ti0.9Co0.1O2−δ film and the corresponding
MFM images measure in (b) air and (c) in vacuum.

The blue and red colors in the MFM images in Figure 4.4 indicate opposite magnet-

ic directions determining magnetic domain area. Between two magnetic domains, white

color can be seen representing magnetic domain walls. The magnetic images obtained in

air and vacuum looks very different with different spatial resolution. The magnetic im-

age measured in vacuum exhibited significantly increased MFM signal as well as clear
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resolution of submicrometer sized individual magnetic domains without contribution of

topographic signal, whereas the magnetic imagemeasured in air showed featureless mag-

netic image failing to resolve magnetic domains.

The higher sensitivity of MFM in vacuum is related to quality factor (Q-factor)

of the cantilever resonance. Q-factor is defined as the ratio of resonance frequency of

cantilever ω0 to its resonance width ∆ω; Q = ω0/∆ω . Generally, the sensitivity and

resolution of the measurement will be improved when the Q-factor is increased which

can be obtained by reducing viscosity of air, i.e. decreasing ambient pressure. In this

experiment, the Q-factor was enhanced from 500 to 6000 with decreasing the pressure

from atmospheric pressure to vacuum of 10 Pa.

By measuring the atomically smooth film in the vacuum condition, a clear magnetic

image without a contribution from topography was obtained. It is noted that the step and

terrace structure of a film sometimes generates a step-like MFM image which is difficult

to avoid for MFM measurement of the film.
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4.3.3 The dependence of magnetic domain structure on carrier
density and Co content

Figure 4.5 The temperature dependence of resistivity of anatase Ti0.9Co0.1O2−δ films with
different carrier density n.

The anatase Ti0.9Co0.1O2−δ films with different carrier densities were fabricated

by controlling the oxygen pressure during the film deposition. The amount of oxygen

vacancies acting as electron donors is a good adjustable parameter for controlling the

conductivity. Ranging PO2 from 10−6 to 10−4 Torr, the films exhibited metallic to in-

sulating behavior as shown in Figure 4.5. The carrier density (n) was calculated from
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Hall Effect measurement at 300 K labeled in the figure. The range of carrier density

was 1018 cm−3 – 1020 cm−3. Magnetization curve of the samples were also measured at

300 K showing increase of hysteresis loop as the carrier density increases, as shown in

Figure 4.6.

Figure 4.6 The magnetization curve measured at 300 K of anatase Ti0.9Co0.1O2−δ films
with different carrier density n. The arrow indicates increasing of n.

Figure 4.7 The carrier dependence of saturation magnetization at 300 K of Ti1−xCoxO2−δ
films with different Co contents.
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The magnetic domain structure and magnetization were investigated systematically

as functions of carrier density (n) and Co content (x). The relationship between carrier

density and saturation magnetization (M s) at 300 K of Ti1−xCoxO2−δ films with different

Co contents are shown in Figure 4.7.

For x = 0.10, the saturation magnetization (M s) values were extracted from Fig-

ure 4.6 and plotted as red circles showing thatM s increased monotonically with increas-

ing carrier density from 0.4 µB/Co to 2.2 µB/Co. The white filled red circle at n = 2.6×

1018 cm−3 represents paramagnetic sample determined from almost closed hysteresis

loop in magentization curve. The ferromagnetic phase emerged at 2× 1019 cm−3, being

consistent with the previous study of the same x [13] suggesting good reproducibility.

The M s of films with different x were investigated at a similar level of a fixed carrier

density, 6.0 – 6.7 × 1019 cm−3. A monotonic increase ofM s as a function of x was also

observed as blue circles in Figure 4.7.
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Figure 4.8 Magnetic domain structure in Ti1−xCoxO2−δ films observed by MFM at room
temperature.

Magnetic domain structures of the above samples were measured at room tempera-

ture in vacuumwithout external magnetic field. Figure 4.8(a)–(d) showmagnetic images

of the ferromagnetic films with different Co contents varied from x = 0.01 – 0.10. Be-

cause of high carrier density, these films showed high contrast magnetic images as their
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ferromagnetic nature. From the result, the magnetic domain structure was found to be an

increasing function with respect to carrier density and Co content and gradual emergence

of magnetic domain was observed suggesting homogeneous ferromagnetism in a micro-

scopic scale. In order to determine the magnetic domain size and other micromagnetic

parameters, a quantitative analysis of magnetic domain was performed.

Here, the average magnetic domain width (d) with maze-like domain structure was

evaluated by using stereological method, as follows [63]. By drawing random lines

across the magnetic domains (Figure 4.9), the average magnetic domain width is de-

termined as 2×(Total test line length)
π×Number of intersections . The carrier density, saturation magnetization and av-

erage magnetic domain width of the samples were summarized inTable 4.1.

Figure 4.9 Schematic image showing stereological method to estimate average magnetic
domain size, d, of maze-like domain structure. Random lines are drawn intersecting with
magnetic domain boundaries. d = 2×(Total test line length)

π×Number of intersections .
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Table 4.1 Summary of carrier density, saturation magnetization and average magnetic do-
main width of samples with different Co contents.

Co
content

carrier density
(cm−3)

saturation magnetization
(µB/Co)

average magnetic domain
width (nm)

0.01 6.7 × 1019 2.0 100

0.03 6.7 × 1019 2.2 110

0.05 6.7 × 1019 2.0 160

0.10 6.3 × 1019 2.3 150

0.10 2.6 × 1018 0.4 –

0.10 1.8 × 1019 0.9 70

0.10 4.8 × 1019 1.4 100

0.10 5.2 × 1019 2.1 120

The average domain widths for x = 0.01, 0.03, 0.05, and 0.10 were 100, 110, 160,

and 150 nm, respectively. A slight increase of average magnetic domain size with x

will be discussed based on a micromagnetic model (Equation (4.3)) in the next section.

The domain width increased approximately with increasing x, implying stronger and/or

longer-range ferromagnetic ordering between adjacent magnetic polarons for higher x.

For high concentration of magnetic dopant, the average distance between two adjacent

magnetic atoms is smaller than that of low concentration, which results in larger exchange

interaction and also thinner domain wall width.

Magnetic images of Ti0.9Co0.1O2−δ films with different carrier density from 2.6 ×

1018 cm−3 to 6.3 × 1019 cm−3 are presented in Figure 4.8(e)–(h) and (d). At low carri-

er density, n = 2.6 × 1018 cm−3, the magnetic image showed featureless structure with

the level of background signal representing paramagnetic phase (Figure 4.8(e)). For n

= 1.8× 1019 cm−3 near paramagnetic-ferromagnetic transition, weak magnetic domain

structure was observed (Figure 4.8(f)) associated with an emergence of global ferromag-

64



Chapter 4: Observation of magnetic domain structure

netism. For the higher n, the magnetic domain structure became clearer due to the in-

creased magnetization via carrier mediated exchange interaction, and the domain width

became larger with increasing carrier density. The average domain widths were 70, 100,

120, and 150 nm for n = 1.8 × 1019 cm−3, 4.8 × 1019 cm−3, 5.2 × 1019 cm−3, and

6.3 × 1019 cm−3, respectively. The observed magnetization vs. carrier density rela-

tion is consistent with previous result reported by Yamada et al. [13]. A transition from

paramagnetic phase to ferromagnetic phase with increasing carrier density is microscop-

ically evidenced in this study, representing close connection between the bulk magnetic

properties and magnetic domain structure. At the intermediate carrier density, near the

ferromagnetic transition, the non-zero ferromagnetic magnetization despite of negligi-

ble anomalous Hall effect reported previously [13] might imply the existence of phase

separation state. Ferromagnetic embryos embedded in paramagnetic phase were also dis-

cussed in (Ti,Co)O2 [50]. Probably, the magnetic domain structure with less magnetic

force signal like in Figure 4.8(e) and (f) might represent such state while further carrier

doping results in global ferromagnetism as seen in Figure 4.8(g), (h) and (d). However,

in order to observe such ferromagnetic embryo clearer, more sensitive measurement by

using e.g. scanning SQUID microscope will be needed for further investigation.
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Figure 4.10 Illustration of discrete multi-domains where ferromagnetic region separated by
large paramagnetic region. nth denotes threshold carrier density for ferromagnetic transition.

It is noted that (In,Fe)As with carrier density just above the ferromagnetic transi-

tion threshold showed magnetic domain structure representing discrete multi-domains,

similar to phase separation state. The difference in local carrier density originated ferro-

magnetic region which was separated by large paramagnetic region as illustrated in Fig-

ure 4.10 [70]. Such an inhomogeneous ferromagnetic state of (In,Fe)As was observed

by magneto-optical imaging under zero magnetic field at 4 K.

Before continuing the next part, I would like to note that the magnetic domain as a

function of Co content was also reproduced in a moderately high carrier density region

(n = 4 – 5 × 1019 cm−3) despite the smaller MFM signal and average magnetic domain

width (Figure 4.11) compared to those previously discussed in this session. The increase

of magnetic contrast and magnetic domain size for higher Co content films measured by

MFM in this experiment was also consistent with those measured by a scanning SQUID

microscope [9].
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Figure 4.11 The magnetic domain structure in Ti1−xCoxO2−δ films at moderate carrier den-
sity, n= 4 – 5 × 1019 cm−3.

4.3.4 Micromagnetic parameters

I evaluated micromagnetic parameters of uniaxial magnetic anisotropic constan-

t (Ku), magnetic domain wall energy (σw), and exchange stiffness constant (A) at 300

K. Ku was obtained via modified Sucksmith-Thomsons method by using magnetization

curve of each sample [71,72]. Themodified Sucksmith and Thompson equation is shown

in Equation (4.1),
H ·α

M−Mr
=

2 ·K1

M2
s

+
4 ·K2

M4
s
(
M−Mr

α
)2 (4.1)

where α is defined as Ms−Mr
Ms

, H is the magnetic field (T),M,M s andM r are the magne-

tization, the saturatiion magnetization and the remanant magnetization, and K1 and K2

are the first and second order magnetic anisotropy constant.
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By using magnetization at the initial state of the in-plane magnetization measure-

ment, I can obtain the plot between
H ·α

M−Mr
and (

M−Mr

α
)2. From the slope and y-

intercept , one can determine K1 and K2 by using curve fitting. The uniaxial mag-

netic anisotropy (Ku) is obtained from K1 + K2. An example of modified Sucksmith-

Thompson plot of Ti0.95Co0.05O2−δ film is shown in Figure 4.12.

Figure 4.12 Modified Sucksmith-Thompson plot of anatase Ti0.95Co0.05O2−δ films.

The results ofK1 andK2 are positive indicating out-of-planemagnetization in (Ti,Co)O2

films. For x = 0.05, the uniaxial anisotropy constant,Ku, was estimated as 4.2× 103 J/m3.

Generally, one can use the quality factor, Q′ =
Ku

Kd
, where Kd is the shape anisotropy re-

lated to demagnetizaing field, in order to classified whether magnetization of films lies

in-plane or out-of-plane. The Kd can be calculated as Kd =
1
2
· µ0Ms

2. When Q′ < 1,

the demagnetizing field is considered to be dominant and the magnetization of the film

lies in-plane totally. On the other hand, when Q′ > 1, the uniaxial magnetic anisotropy

governs the formation of magnetic domains resulting in a system of stripe domain and

development of out-of-plane component. In the present films, the Q & 1 was obtained

suggesting that the (Ti,Co)O2 film has a mixture between strip domain and maze like
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pattern which is consistent with maze-like domain with vague domain walls observed in

this experiment.

Next, domain wall energy (σw) was estimated from the dipolar length (D0) described

as the D0 =
σw

2 ·π ·Ms
2 . The D0 deduced from thickness dependence of magnetic domain

width [73] was approximately 15 nm for x = 0.05. Assuming same D0 for other x, σw for

each films with different Co contents and carrier densities were estimated. The magnetic

stiffness constant A was calculated from Ku and σw according to Equation (4.2).

σw = 4 ·
√

A ·Ku (4.2)

The obtained micromagnetic parameters were plotted as solid symbols and interpo-

lated by color mapping as shown in Figure 4.13. All three micromagnetic parameters

increase as carrier density and Co content increase. The relationship between d, Ms and

σw (Equation (4.3)) suggests that the magnetic domain with is governed by the balance of

both of Ms and σw which are increasing functions of carrier density and Co content. Film

with higher x and n has higher σw and Ms resulting in larger average magnetic domain

size which is consistent with the result in Figure 4.8.

Since the magnetic domain is governed by both of Ms and σw, the increase of Ms

for very high carrier films suppresses an increase of magnetic domain size as expressed

in Equation (4.3), resulting in a small decrease of magnetic domain size at very high x.

d ∝
√

σw

Ms
(4.3)
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Figure 4.13 Micromagnetic parameters at 300 K as functions of Co content (x) and carrier
density (n). Solid symbols correspond to the evaluated data points that are interpolated by
color mapping.

From the results, the range ofKu,σw and A is 103 to 104 J/m3, 10−6 to 10−3 J/m2 and

10−16 to 10−12 J/m, respectively. These value ranges of microparameters are comparable
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to those of (Ga,Ma)As, previously reported in both theoretical and experimental studies

[74–76]. In addition, the small value of stiffness constant (A) in comparison to that of

ferromagnetic metal also indicates the diluted nature in (Ti,Co)O2 system. The stiffness

constant is roughly propotional TC and also the exchange constant (J ); A ≈ JS2Zc/a0.

Therefore, the small A value also indicates small exchange constant, J.

Table 4.2 Summary of evaluated micromagnetic parameters.

(Ti,Co)O2 (in this study) (Ga,Mn)As [18, 75]

Magnetic
anisotropy (J/m3)

103 −104 103 −104

Domain wall
energy (J/m2)

10−6 −10−3 10−5 −10−4

Stiffness constant
(J/m)

10−16 −10−12 10−14 −10−13

Average
magnetic domain
wall width (nm)

80−160 1500

It should be noted that the A derived from magnetic domain structure in this experi-

ment has a very large error due to the experimental uncertainties and assumption used for

calculating the value. Generally, the best way to derive A is estimation from spin-wave

stiffness in magnon dispersion since the energy of spin waves is directly connected to a

gradual change of the magnetization.

4.4 Conclusions

Magnetic domain structure in anatase Ti1−xCoxO2−δ epitaxial thin films was suc-

cessfully observed by magnetic force microscope at room temperature in vacuum con-

dition. Without external magnetic field, the magnetic domain structure can be obtain
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revealing maze-like structure. Systematic study of the domain as functions of carrier

density and Co content was performed indicating homogeneous microscopic ferromag-

netism. For high carrier density and Co content, the magnetic domain structure was

clearly observed. The magnetic domain structure showed systematic dependence on car-

rier density with homogeneous magnetic domains: negligible magnetic domain structure

for n< 1019 cm−3 and emergedmagnetic domain structure for n≥ 2× 1019 cm−3, show-

ing good coincidence of bulk magnetization measurement. In addition, micromagnetic

parameters of uniaxial magnetic anisotropic constant, magnetic domain wall energy, and

exchange stiffness constant at 300 K were evaluated indicating increasing functions of

both carrier density and Co content. The range of these micromagnetic parameters also

indicates the diluted nature in (Ti,Co)O2 system.

This microscopic study of (Ti,Co)O2 is a step-forward for magnetic domain ma-

nipulation with room temperature ferromagnetic semiconductor in which lower energy

consumption comparing to the conventional ferromagnetic metal, might be expected.

In addition, the good consistency between microscopic and macroscopic magnetism as

well as no apparent phase separation is an important evidence for homogeneous ferro-

magnetism with high TC in this compound.
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Chapter 5

Development of non-magnetic capping

layer TiO2

The existence of magnetically dead layer at surface or interface is a common issue in

magneticmaterials for both bulk and thin film forms. A remedy for surfacemagnetization

with prohibiting or reducing a formation of uncontrollable magnetically dead layer is

necessary for device applications, which sometimes require ultrathin film. Furthermore,

it is also important from a viewpoint of magnetization stability. In this chapter, I reported

the development of non-magnetic capping layer of TiO2 for Ti1−xCoxO2−δ films. The

result suggested improved magnetization as well as enhanced magnetic anisotropy. The

capped films show higher magnetization stability at least for 2 years. In addition, the

total film thickness can be reduced down to 10 nm without degrading magnetization

which enables the observation of magnetic domain structure even in very thin films. The

simple capping process will be advantageous for utilizing (Ti,Co)O2 in further device

manipulations.

5.1 Introduction

For (Ti,Co)O2 , the significant decrease of surface magnetization was previously

evidenced by x-ray magnetic circular dichlorism (XMCD) measurement [42]. A possi-

ble reason for this magnetically dead layer is attributed to surface oxidation or deple-

tion layer, where the carrier density is suppressed due to the different surface and bulk

electronic structure. The x-ray photoemission spectroscopy (XPS) clearly indicated a

smaller amount of Ti3+ at film surface comparing to bulk region [77]. This surface ox-
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idation or depletion region could be resolved under ultraviolet illumination on anatase

Ti1−xCoxO2−δ thin films resulting in introduction of photoinduced carriers to compen-

sate the deficient carriers at the surface [43]. Use of capping or seeding layer is known to

be a common method to protect surface oxidation or interface problem [46, 47]. In this

chapter, I developed non-magnetic ultrathin capping layer for anatase (Ti,Co)O2 epi-

taxial thin film and investigated its magnetic properties in comparison with non-capped

film. Moreover, thickness dependence of magnetization in capped films was also eval-

uated suggesting that the capping layer could reduce the magnetically dead layer at the

surface.

5.2 Experimental details

(a) non-capped film (b) capped film

Figure 5.1 Schemes of film structure (a) non-capped film and (b) capped film.

Anatase Ti0.95Co0.05O2−δ (001) thin films were epitaxially grown on LaAlO3 (001)

step substrates buffered with 5 insulating TiO2 unit cells by pulsed laser deposition (PLD)

with KrF excimer laser using the same procedure as the previous chapter. On the buffer

layer, anatase Ti0.95Co0.05O2−δ epitaxial thin film were grown at 250 ◦C, PO2 = 1−

3×10−6 Torr. Then, non-magnetic capping layer of TiO2 was fabricated soon after the

deposition of Ti0.95Co0.05O2−δ layer. The growth temperature for capping layer was

fixed at 250 ◦C, same as the growth temperature of Ti0.95Co0.05O2−δ films, and PO2 =
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10−4 Torr in order to obtain relatively insulating TiO2. The structures of non-capped film

and capped film are compared in Figure 5.1. Epitaxial growth of pure anatase phase with

c-axis orientation was confirmed by XRD in all films. Electric transport and magnetic

properties of the films were investigated by four-probe method and SQUID magnetome-

ter, respectively. The topographic and magnetic images of capped and non-capped films

were observed by magnetic force microscope (MFM) at room temperature under vacuum

(10 Pa) without external applied magnetic field.

5.3 Results and Discussions
5.3.1 Characterization of capped films

Figure 5.2 XRD diffraction patterns of capped films with different capping thickness, tcap

= 5, 3, 1 and 0 nm.

The capped films with different capping thickness, tcap = 5, 3, 1 and 0 nm were

grown and their XRD diffraction patterns are shown in Figure 5.2. The total film thick-

ness was ∼35 nm. All films showed anatase (004) peak around 37.8◦ without other

impurity phases. The intensity of anatase (004) peaks were not so different among those

with different capping thicknesses. The peaks showed broadening due to large amounts

of oxygen vacancies in the films grown at low oxygen pressure (∼ 10−6 Torr). The cal-
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culated c-axis lattice constants showed a small deviation in the range of 9.50-9.52 Å,

comparable to that of bulk anatase TiO2.The topographic images of the films are pre-

sented in Figure 5.3. Root-mean-square roughness in an area of 2×2 µm2 is less than 1

nm.

Figure 5.3 Topographic images of capped films with different capping thickness, (a)-(d)
tcap = 5, 3, 1 and 0 nm.

5.3.2 Electrical transport properties of capped films

Temperature dependence of resistivity of the films with non-magnetic capping layer

of 0 nm to 5 nm were measured by 4-probe method with Hall bar patterned samples as

shown in Figure 5.4.

Figure 5.4 Temperature dependence of resistivity of capped films with tcap = 5 and 3 nm,
compared with non-capped film.
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The resistivity was calculated by assuming that only (Ti,Co)O2 layer contributes

to electric conduction. The 3 nm capped film showed almost no different with non-

capped film while 5 nm capped showed a slight increase in resistivity probably due to

slightly decreased carriers within an experimental error range. That is, no significant

change in resistivity was found for the capped films. This suggests that carrier doping at

the interface does not occur in this case. According to Hall measurement at 300 K, the

carrier density at 300 K was calculated to be ∼ 5×1019 cm−3 and the Hall mobility of

these films was 4.5–5.4 cm2V−1s−1. At this high carrier density, one may estimate the

depth of magnetically dead layer, if it exists, to be about 10 nm [43]. It should be noted

that the capping layer might not be a complete insulator due to low growth temperature

of 250◦C, as discussed in previous study [69], and may cause overestimation of the film

conductivity.

5.3.3 Effect of capping layer on magnetization

Figure 5.5 Out-of-plane (red) and in-plane (blue) magnetization curves at 300 K of anatase
Ti0.95Co0.05O2−δ epitaxial thin films with different of capping layers varied from 0 to 2 nm
is labelled in the figure.

Figure 5.5 shows out-of-plane (red) and in-plane (blue) magnetization curves mea-

sured at 300 K of anatase Ti0.95Co0.05O2−δ epitaxial thin films with different thicknesses
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of capping layers of 0, 1 and 2 nm. These films have amoderate carrier density of∼ 4.5×

1019 cm−3. The out-of-plane magnetization was increased from 1.1 µB/Co to 2.4 µB/Co

for the capped film with tcap = 2 nm, whereas the in-plane magnetization was almost

unchanged. In addition, the capped films showed slightly larger coercive force. Because

higher carrier generally resulted in higher magnetization, the improved magnetization

in the capped films might come from carriers induced by the overlayer as reported at

the interfaces of TiO2/LaAlO3 and TiO2/LaTiO3 [78]. However, the results of transport

measurements clearly ruled out this possibility and therefore, the increased out-of-plane

magnetization shown in Figure 5.5 was not attributed to such transport properties.

Figure 5.6 Illustration of a possible reason for recovered magnetization at top surface by
using capping layer.

Besides the improved magnetization, out-of-plane magnetic anisotropy was also

enhanced. Actually, (Ti,Co)O2 films with enough thickness usually show out-of-plane

magnetic anisotropy (supporting material of ref. [16]) with uniaxial magnetic anisotrop-

ic constant ∼ 103 − 104 J/m3 although the origin of the magnetic anisotropy is still un-

known. I speculate that surface magnetization at the top several nanometers was re-

covered by using the cap layer and competed with shape anisotropy which induces in-

plane anisotropy for very thin film, resulting in enhanced out-of-plane magnetization

(Figure 5.6). Enhanced magnetic anisotropy was also reported to be related with cap-

ping layer thickness and different capping layer [79,80], and the induced interfacial per-
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pendicular anisotropy was used to explain the different magnetic anisotropy. Thus it is

also possible that the enhanced magnetic anisotropy originates from the perpendicular

anisotropy at the TiO2/(Ti,Co)O2 interface.

Figure 5.7 (a) and (b) show topographic and its correspondingMFM images of capped film.
(c) and (d) are topographic and its corresponding MFM images of non-capped film.

Topographic and magnetic images of the capped film with tcap = 2 nm and non-

capped film are shown in Figure 5.7. Both films exhibit similar surface morphology and

magnetic images with similar maze-like domain patterns and domain widths. For the

capped film, the MFM image exhibits a little higher magnetic contrast probably due to

enhanced magnetization as presented in Figure 5.6.

Next, I also investigated the stability of non-capped and capped films as time de-

pendence of magnetization. After the films were fabricated and their physical properties

were measured, the films were kept in a desiccator at ambient condition without oth-

er treatments. The out-of-plane magnetization at 300 K for as-deposited, 1 year aged

and 2 years aged Ti0.95Co0.05O2−δ thin films were investigated and compared between
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capped film with tcap = 2 nm and non-capped film. The carrier density at 300 K of both

films evaluated as deposited was ∼ 6× 1019 cm−3. At this high carrier density, both

films showed large magnetization indicating thinner dead layer in higher carrier density

film [43]. Figure 5.8 represents time dependence of magnetization of the capped and

non-capped films. The hysteresis curve of non-capped film showed that the magnetiza-

tion was decreased to about half after 2 years, on the other hand, only a slight decrease of

magnetization was observed in the capped film. The coercive field of capped films are

almost unchanged. This result demonstrated a potential of film protection from natural

oxidization process at ambient condition by using the non-magnetic capping layer.

Figure 5.8 Out-of-plane magnetization measured at 300 K for as deposited, 1 year aged and
2 years aged (a) capped film and (b) non-capped film.

5.3.4 Thickness dependence of magnetization of capped films

The 2 nm-TiO2 capped Ti0.95Co0.05O2−δ thin films with approximate film thick-

ness, t (including the thickness of both TiO2 buffer and (Ti,Co)O2 layer) of 45, 35, 20

and 10 nm were subjected to the out-of-plane magnetization measurements at 300 K by

SQUID magnetometer. Figure 5.9 shows thickness dependence of magnetization curves

of the capped films indicating that the magnetization can be maintained even at very thin

10 nm film which is in contrast with the decreased magnetization due to magnetically

dead layer in non-capped films. This suggests that the TiO2 capping layer can reduce or
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eliminate magnetically dead layer for Ti0.95Co0.05O2−δ films.

Figure 5.9 Out-of-plane magnetization measured at 300 K of 2-nm TiO2 capped
Ti0.95Co0.05O2−δ films with film thickness (t) varied from 10 – 45 nm.

Figure 5.10 shows topographic and magnetic images of the (Ti,Co)O2 films capped

with 2-nm TiO2 measured by MFM. The film thickness, t, was varied in the range of

10–45 nm. The magnetic domain structure of the capped (Ti,Co)O2 films with t = 30 and

40 nm, showed high contrast although the non-magnetic capping layer would slightly

shield the magnetic stray field. For the film with films with t = 15 nm, a decrease of

magnetic domain size as well as its intensity was observed in the capped films. Intrigu-

ingly, for the film with t = 10 nm, a finite magnetic domain was observed in contrast with

almost featureless magnetic domain structure seen in the non-capped film (Figure 5.11).

Comparing to the surface topography (Figure 5.10(d)), this magnetic domain was not

related to any surface structures. Therefore, the magnetic domain observation for very

thin film was enabled as a result of a protection of surface magnetization by the capping

layer.
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Figure 5.10 (a)-(d) Topographic images of 2-nm TiO2 capped Ti0.95Co0.05O2−δ films and
(e)-(h) the corresponding magnetic images measured at room temperature. The film thick-
ness t, (including the thickness of both TiO2 buffer and (Ti,Co)O2 layer) was labelled in the
figure.

Figure 5.11 The magnetic images of non-capped Ti0.95Co0.05O2−δ film with t = 10 nm
measured at room temperature.

The average magnetic domain width of the films in Figure 5.10 were evaluated by

stereological method [63]: 160, 120, 80 and 160 nm for the capped films with t = 45,

35, 20 and 10 nm, respectively. The averaged magnetic domain width tended to decrease
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with decreasing t but it became very large at the very thin film. This behavior is similar

to that of ferromagnetic metal with stripe domain such as FePt [73]. The increase of

magnetic domain size at very thin film suggests that the film could not have perpendicular

anisotropy.

From the thickness dependence of magnetic domain width, a specific parameter of

dipolar length (D0) can be determined. Magnetic domain width (d) is known to be an

increase function of film thickness (t), when t is considerably large and can be expressed

as,

d ∝
√

t ×D0 (5.1)

On the other hand, a different function is derived when film thickness is very thin and

comparable to dipolar length,

d ∝ t × eπD0/2t (5.2)

Dipolar length can be deduced by plotting ln(d/t) vs. 1/t. Dipolar length can be

obtained from the slope of linear fitting. The dipolar length of Ti1−xCoxO2−δ film with x

= 0.05, was deduced to be about 15 nm as shown in Figure 5.12. Thus, the dipolar length

is comparable to the film thickness. This explains why the magnetic domain width is

enlarged in the film with the thickness of (Ti,Co)O2 layer = 10 nm. The deduced D0 was

used to estimate the micromagnetic parameters in Chapter 4.
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Figure 5.12 A plot of ln(d/t) vs. 1/t, where d and t are average magnetic domain width and
film thickness of anatase Ti0.95Co0.05O2−δ films capped with TiO2 capping layer. Dash line
represents linear fitting of the data.

5.4 Conclusions

In conclusion, ultrathin TiO2 capping layer was developed for anatase (Ti,Co)O2

(001) epitaxial thin film. The effect on magnetism was investigated at 300 K proving

improved magnetization and enhanced perpendicular anisotropy with 2 nm-TiO2 cap-

ping layer. In addition, the capping layer was useful to maintain magnetization stability at

least for two years during which the magnetization was almost undegraded. The magnet-

ic domain structure was investigated at room temperature as a function of film thickness

and clear magnetic domains were observed even in the very thin capped film. Consid-

ering nearly unchanged electric properties for non-capped and capped films, the role of

capping layer is to prevent formation of surface depletion region with deficient electron

carriers. The capping layer will be useful for decreasing the thickness of magnetically

active (Ti,Co)O2 film and thus, for future spintronics devices based on this material.
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Chapter 6

Relation of TC vs. n and high TC

ferromagnetism in anatase (Ti,Co)O2
*

Curie temperature (TC) of (Ti,Co)O2 is known to be very high over than room tem-

perature (∼600 K). Although it is well established that the electron carriers play an im-

portant role for its ferromagnetism, the origin of the high TC is still unclear. In this chap-

ter, I systematically investigated the TC of anatase (Ti,Co)O2 thin films from electrical

transport and magnetization measurements at lower temperatures than TC. The estimat-

ed TC from both measurements showed a good agreement. The relation of TC vs. n in

(Ti,Co)O2 was investigated indicating that TC was not monotonically increasing func-

tion of carrier density in contrast with an ordinary carrier-mediated exchange coupling.

A combination of two mechanisms, carrier mediation and bound magnetic percolation,

might account for high TC in ferromagnetic oxide semiconductors.

Moreover, I also studied possible substructures which might reside inside anatase

(Ti,Co)O2. The substructure scenario recently attracts much attention from a view point

of high TC’s origin and nucleation center of bound magnetic polarons. Here, I performed

density functional theory (DFT) calculation in order to optimize and propose possible

substructures by considering total structure stability.

*Apart of this chapter including figures has been accepted for publishing inAIPAdvances
in May 2016 special issues (A proceedings of 13th Joint MMM-Intermag Conference).
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6.1 Introduction

Curie temperature (TC) is one of fundamental parameters of ferromagnetic materials.

TC as a function of carrier density (n) could be a key information for investigation of the

origin of high TC in ferromagnetic oxide semiconductors. However, the TC of (Ti,Co)O2

has not been investigated systematically doubting some researchers whether the TC of

(Ti,Co)O2 exhibits abrupt or gradual increase function of carrier density. In a system

which delocalized or weakly localized carriers are dominated, TC is an increase function

of carrier density andmagnetic impurity as explained by Zener model. On the other hand,

in a system of low carrier where localized carriers account for majority, a dome-shaped

TC vs. n or non-monotonic function of carrier density and magnetic impurity is predicted

and bound magnetic polaron mechanism is taken into account.

In order to investigate ferromagnetic TC of (Ti,Co)O2 systematically, sample pa-

rameters of carrier density and Co content were varied and TC was evaluated by two

independent measurements using a characteristic behavior in temperature dependence

of resistivity, and temperature dependence of remanent magnetization. By extrapolat-

ing from low temperature measurements, TC could be evaluated and TC as functions of

sample parameters could be obtained to discuss on its high TC ferromagnetic mechanism.

6.2 Experimental details

Anatase Ti1−xCoxO2−δ (001) epitaxial thin films were grown on LaAlO3 (001) step

substrates buffered with TiO2 by pulsed laser deposition (PLD) with KrF excimer laser.

The detail of film growth was described in the previous chapters. Two parameters of

carrier density (n) and Co content (x) were controlled. In order to control the carrier den-

sity, oxygen pressure (PO2) during film growth was varied from 10−6 to 10−4 Torr. Co

content were tuned by changing amount of Co in a ceramic target using for fabrication
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process by PLD. The anatase Ti1−xCoxO2−δ (001) epitaxial thin films were confirmed

to be pure phase by x-ray diffraction. The typical film thickness was 45 nm. The trans-

port properties were evaluated by four-probe and Hall effect measurements of Hall bar

patterned samples. The carrier density was measured at 300 K. The magnetization was

measured by SQUID magnetometer. The remanent magnetization (M r) was measured

from 2 to 380 K after field cooling in 0.5 T.

6.3 Results and discussions
6.3.1 Structural characterization

Figure 6.1 X-ray diffraction patterns of anatase Ti0.95Co0.05O2−δ films fabricated under
different oxygen partial pressure (PO2).

Figure 6.1 shows XRD diffraction patterns of anatase Ti1−xCoxO2−δ films with x =

0.05 with various oxygen partial pressure (PO2) varied from 10−6 to 10−4 Torr. All films

exhibit anatase (004) peak and small trace of anatase (008) peak. By decreasing PO2 , the

peak intensity of anatase (004) slightly decreased as well as sharpness of the peaks. This

suggested that oxygen vacancies is introduced into the films and crystallinity get worse
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due to the distorted anatase structure. The amount of oxygen vacancies is also related to

the c-axis lattice constant of the films as shown in Figure 6.2. The c-lattice constant was

increased as oxygen pressure decreased.

Figure 6.2 Relationship between c-lattice constant and oxygen partial pressure (PO2) of
anatase Ti0.95Co0.05O2−δ films.

For other series of Co contents (x = 0.01, 0.03, 0.07 and 0.10) varying with PO2 ,

XRD patterns were also investigated and tendencies of both peak intensity and c-axis

lattice constant were similarly observed. For moderately to highly doped films, x = 0.05,

0.07 and 0.10, the change of c-lattice constant is quite clear as well as the change of

carrier density. On the other hand, for lightly doped films, x = 0.01 and 0.03, the change

of c-lattice constant is not apparent probably relating to the opposite tendency of c-lattice

constant in non-doped TiO2 film [69].

6.3.2 Evaluation of TC from transport and magnetization prop-
erties

In order to investigate ferromagnetic Curie temperature (TC) in anatase Ti1−xCoxO2−δ

films, temperature dependence of transport and magnetization were evaluated. Here, the
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details of evaluation of TC will be described by using Ti0.95Co0.05O2−δ films as repre-

sentative data series. For other data series of Co contents (x = 0.01, 0.03, 0.07 and 0.10),

the same data analysis and procedure were applied.

Figure 6.3 Temperature dependence of resistivity of anatase Ti0.95Co0.05O2−δ films with
different carrier density (n) labelled in the figure. Triangles mark position of kink structure
for an eye guide.

Figure 6.3 shows temperature dependence of resistivity for anatase Ti0.95Co0.05O2−δ

films with different carrier density. The carrier density labeled as n in the figure was

calculated from Hall measurement at 300 K. The temperature dependence of resistivity

exhibited metallic to insulating behavior varied by decreasing carrier density. For highly
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conducting films, a resistivity minimum was observed probably attributed to the Kondo

effect, as discussed previously [81, 82].

Triangle marks labeled in Figure 6.3 represent the positions of kink structure. This

behavior relates to carrier scattering induced by magnetic spin fluctuation near TC and

therefore, it is sometimes used to determine TC . For anatase Ti0.95Co0.05O2−δ films,

only small kinks with large background were observed in contrast with distinguished

kink observed in perovskite manganites [83–85]. This result possibly originates from the

diluted nature and small magnetoresistance of (Ti,Co)O2 compound. The observed kink

structure was limited tomoderately conducting samples with carrier density of 1×1019 ≤

n ≤ 7×1019 cm−3. And the kink was not observed for paramagnetic insulating samples

with carrier density n = 1× 1018 cm−3 and for highly conducting samples with carrier

density n≥ 8×1019 cm−3. To conclude, temperature dependence of resistivity with kink

structure was associated with the magnetism and reflected TC for each sample.

Since the kink structure in (Ti,Co)O2 compound is usually small even in log scale of

temperature axis, the temperature derivative of resistivity (dρ/dT) is calculated in order

to define the kink point more apparently. In addition, magnetoresistance (MR) defined

as
ρ(9T)−ρ(0)

ρ(0)
×100 (in % ) were evaluated where ρ(9T) and ρ(0) are the resistivity

under external magnetic field at 9 T and 0 T, respectively.

The temperature dependence of resistivity (ρ), temperature derivative of resistivity

(dρ/dT) and magnetoresistance (MR) for anatase Ti0.95Co0.05O2−δ film with intermedi-

ate carrier n = 6× 1019 cm−3 are shown in Figure 6.4. A kink in the resistivity curve

(Figure 6.4(a)) became more apparent by taking the temperature derivative indicating the

local maximum and minimum (Figure 6.4(b)). The saddle point between the local max-

imum and minimum in the temperature derivative corresponded to the kink. The kink

with dρ/dT ̸= 0 (saddle point) indicates that the large background with a negative slope
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is dominant. This differs from other compounds whose dρ/dT = 0 (critical point) can

represent the maximum resistivity or kink structure. Intriguingly, the temperature depen-

dence of magnetoresistance (Figure 6.4(c)) showed similar behavior to that of dρ/dT and

the largest negative magnetoresistance is approximately close to the local minimum of

dρ/dT curve at which the location of TC is expected. It is noted that the local minimum

was not always observed in all samples because of the limitation of temperature range

for the transport measurement and high resistivity background in insulating samples.

Figure 6.4 Temperature dependence of (a) resistivity (ρ), (b) temperature derivative of
resistivity (dρ/dT) and (c) magnetoresistance (MR) at 9 T for anatase Ti0.95Co0.05O2−δ film
with intermediate carrier n = 6×1019 cm−3.

The suitable range of moderate carrier density was required to evaluate TC by trans-

port measurement via the local minimum of dρ/dT curve, on the other hand, the mag-
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netization measurement was applicable to all films and may be used to evaluate the re-

lationship of TC vs. n. At the critical region below TC the power-law of magnetization

can be applied, Mr ∝ (1− T
TC

)β . The relation of dlnMr/dT)1 −T curve can be plotted,

so called Kouvel-Fisher (KF) plot. From the KF plot, TC can be obtained from the in-

tercept of linear fitting on T-axis as also previously used in various compounds such as

(Ga,Mn)As [86], LaSrCoO3 [87], and (Pr,Sr)MnO3 [88].

Temperature dependence of remanent magnetization ( Mr −T ) and its correspond-

ing KF plots for Ti0.95Co0.05O2−δ films with different carrier density are shown in Fig-

ure 6.5. The obtained Mr −T curve shows concave behavior suggesting insulating-like

system at which bound magnetic polarons could be present. For conducting sample with

n= 7×1019 cm−3, steep decrease in Mr was observed with increasing T (Figure 6.5(a)),

whereas only slight decrease in Mr was observed for insulating sample with n= 1×1018

cm−3 (Figure 6.5(b)).

Figure 6.5 Temperature dependence of (a)–(b) remanent magnetization (Mr−T ) and (c)–(d)
its corresponding KF plots for Ti0.95Co0.05O2−δ films with different carrier density n = 7×
1019 cm−3 and 1×1018 cm−3.
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The corresponding KF plots of Figure 6.5(a) and (b) are shown in Figure 6.5(c) and

(d), respectively. The KF plot of conducting sample (Figure 6.5(c)) exhibited a negative

linear slope at much below TC and a positive linear slope near TC indicating inapplicable

of the power law at much below TC . The TC was evaluated from (dlnMr/dT )−1 (T = TC)

= 0, i.e. TC = 377 ± 134 K. On the contrary, insulating sample (Figure 6.5(d)) exhibited

almost zero (dlnMr/dT )−1, indicating TC = 0, i.e. the sample was paramagnetic.

6.3.3 TC as functions of carrier density and Co content

By using the local minimum of dρ/dT curves from electrical transport measurement

and KF plots from magnetization measurement, TC of anatase Ti1−xCoxO2−δ films was

systematically evaluated as functions of both carrier density (n) and Co content (x), for

the first time. Figure 6.6 shows the summary of TC as a function of n with different Co

content, x = 0.01, 0.03, 0.05, 0.07 and 0.10.

For x = 0.03 and 0.05, the TC values estimated from the local minimum of dρ/dT

curves was obtained showing similar tendency to that obtained from KF plots despite

the limited number of samples (Figure 6.6(b) and (c)). This result suggests that the local

minimum of dρ/dT curves could be used to estimate TC . For x = 0.01, the TC increased

with n for n. 6×1019 cm 3 (Figure 6.6(a)). It should be noted that for low Co content of

x = 0.01, high carrier density is difficult to obtained due to the low film growth temper-

ature. For moderate x, x = 0.03, 0.05, and 0.07, the TC increased with n for n . 6×1019

cm 3 while decreased or saturated TC was observed at the higher n (Figure 6.6(b)-(d)).

For highly doped sample, x = 0.10, the TC increased with n for n . 1×1020 cm 3 (Fig-

ure 6.6(e)). From these data, one may consider Co content dependence of TC by focusing

on the similar carrier density. It seems that the TC was not a monotonically increasing

function of x for the intermediate n, on the other hand, the TC monotonically increased

as x increased for the higher n samples.
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Figure 6.6 Estimated TC as a function of carrier density for anatase Ti0.95Co0.05O2−δ films
with different x obtained from the local minimum of dρ /dT curves (solid triangle) and the
KF plots (open circle). From (a) to (e), x = 0.01, 0.03, 0.05, 0.07 and 0.10.
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Figure 6.7 Theoretically estimated TC of anatase Ti1−xCoxO2−δ with (a) x = 0.03 and (b)
x = 0.05. Blue and red line show the result from carrier mediation and bound percolation,
respectively.

Theoretically calculated relation of TC vs. n of anatase Ti1−xCoxO2−δ with x =

0.03 and 0.05 by using the equations describing TC for carrier mediation and bound

magnetic percolation described in Chapter 1, are plotted in Figure 6.7 assuming J = 1

eV, S = 1.5, s = 0.5 and aB = 15 Å. By either of these two mechanisms, the high TC

of (Ti,Co)O2 cannot be explained. The non-monotonic relationship is clear for bound

magnetic percolation while higher TC could be expected for carrier mediation. From

the result of TC vs. n in this experiment, a non-monotonic relationship was observed

suggesting the formation of bound magnetic polarons [89]. Therefore, in addition to
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carrier mediated strong exchange interaction [16], the bound magnetic polaron also plays

a principal role in the high TC ferromagnetism, i.e. a combination of both mechanisms

seems plausible.

The combination of two scenarios is similar to the idea previously proposed by

Calderón et al. [52] that the cooperation between bound magnetic percolation at low tem-

perature and Ruderman-Kittel-Kasuya-Yosida mechanism at high temperature could re-

sult in very high TC up to∼700K in ferromagnetic oxide semiconductors. For (Ti,Co)O2,

it is possible that some nucleation of polarons exists as substructure in a subatomic scale

and is responsible for boundmagnetic polaron, yielding in strong ferromagnetic exchange

interaction associated with mobile carriers (Figure 6.8).

Figure 6.8 Illustration of bound magnetic polaron associated with mobile carriers which
might responsible for strong ferromagnetic exchange interaction and high TC .

6.3.4 Possible substructures in anatase (Ti,Co)O2

Recently, substructure scenario has attracted much attention as it might be an ex-

planation for high TC. X-ray fluorescence holography (XFH) measurements, a method
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for probing local structure, revealed formation of substructure around Co, although its

detailed structure is unknown [unpublished]. Because magnetic polaron formed around

this substructure could be the origin of the strong exchange interaction, I performed den-

sity functional theory (DFT) calculation with the Vienna Ab initio simulation package

(VASP) in order to determine the entire structure of anatase (Ti,Co)O2 containing the

substructure. The structure optimization of (2×2×1) unit cells was performed by using

PBE function [90, 91] together with simulated annealing process.

The proposed substructures embedded in anatase structure are shown in Figure 6.9.

Among them the structure P3 is the most stable structure considering from structural

energy. The projections of the structure P3 comparing with original anatase TiO2 are

shown in Figure 6.10. This result suggests that there is no significant change in the total

structure but only small distortion.

Figure 6.9 The proposed substructures embedded in anatase structure with (2×2×1) unit
cells.

The structures shown here were produced by VESTA software; K. Momma and F. Izumi,
“VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology
data,” J. Appl. Crystallogr., 44, 1272-1276 (2011).
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Figure 6.10 Comparison between original anatase strucuture of TiO2 and the highest stable
proposed substructures embedded in anatase structure.

The most stable substructure was further investigated to obtain its global minimum

structure by using simulated annealing process. The structure P3 was annealed to 700 K

and cooled down to 0K, and then re-optimize process was performed. The obtained result

suggests slight displacement of central part to gain more stable energy, ∆E ∼ 0.4 eV. The

optimized P3 is presented in Figure 6.11 together with the suboxidic structure previously

proposed for rutile (Ti,Co)O2. The main different between the substructures in anatase

and rutile (Ti,Co)O2 is that the substructure in anatase is smaller and less complex due to

less atomic density in anatase structure. The distance of Co–O and Co–Ti are 2.0 Å and

2.8 Å for the substructure embedded in anatase. Further detailed theoretical calculation

The structures shown here were produced by VESTA software; K. Momma and F. Izumi,
“VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology
data,” J. Appl. Crystallogr., 44, 1272-1276 (2011).
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is still required to explain its contribution to the high TC as well as its agreement to the

experiments.

Figure 6.11 Comparison between proposed substructure (a) for anatase in this study and
(b) for rutile in previous report [57]. Reprinted with permission from W. Hu, K. Hayashi,
T. Fukumura, K. Akagi, M. Tsukada, N. Happo, S. Hosokawa, K. Ohwada, M. Takahasi,
M. Suzuki, and M. Kawasaki, Appl. Phys. Lett. 106, 222403 (2015). Copyright 2015, AIP
Publishing LLC.

6.4 Conclusion

Ferromagnetic Curie temperature of anatase (Ti,Co)O2 thin filmswas systematically

investigated as functions of carrier density and Co content by using transport and mag-

netization measurements at low temperature regime below TC. Temperature dependence

of resistivity shows a characteristic behavior of kink structure which relates to magnet-

ic property and TC for each sample. The local minimum in its temperature derivatives,

dρ/dT, suggests TC coinciding with the largest negative magnetoresistance. In addition,

temperature dependence of remanent magnetization also provides a way to estimate TC

via KF plot. The relation of TC vs. n in anatase Ti1−xCoxO2−δ was revealed for the

first time indicating non-monotonic function. This result implies the formation of bound

magnetic polaron in addition to an importance of electron carriers reported previously.

Therefore, it is possible that the formation of bound magnetic polaron incorporated with

carrier-mediated exchange coupling might yield in strong exchange interaction and result
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in high TC in this system. I also investigated some possible substructures which might

be responsible for nucleation of magnetic polaron in (Ti,Co)O2 .

The mechanism of high TC in ferromagnetic oxide semiconductor has been exten-

sively debated whether carrier mediation or bound magnetic polarons shall be dominant.

Different from an ordinary carrier mediation mechanism, it seems that bound magnet-

ic polarons which might be formed around subatomic structures residing in the crystal

framework, cooperates with mobile carriers. This might pose a way to design a high TC

ferromagnetic materials in which two mechanisms should be combined.
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General conclusions

In this dissertation, anatase Ti1−xCoxO2−δ ((Ti,Co)O2) epitaxial thin filmswere fab-

ricated by pulsed laser deposition (PLD). The films were grown on anatase TiO2 buffer

layer and high quality anatase (Ti,Co)O2 (001) epitaxial thin films were obtained. I main-

ly focused on three issues on this compound, i.e., microscopic ferromagnetism, magnet-

ically dead layer and mechanism of the high TC.

The observation of magnetic domain structure in anatase (Ti,Co)O2 films were suc-

cessfully performed by magnetic force microscopy at room temperature in vacuum con-

dition. Systematic study of the domain as functions of carrier density and Co content was

investigated and the average magnetic domain size showed increasing functions of both

parameters. The systematic dependence of magnetic domain structure on carrier density

agreed well with bulk magnetization suggesting a close relationship between microscop-

ic and macroscopic ferromagnetism. The observation of magnetic domain structure in

(Ti,Co)O2 evidenced homogeneous ferromagnetism with high TC in this compound. In

addition, the understanding of magnetic domain structure could be one step towards mag-

netic domain manipulation in room temperature ferromagnetic semiconductor.

In this study, non-magnetic capping layer of TiO2 was successfully developed to

protect (Ti,Co)O2 films from surface oxidation. Use of 2 nm-thick capping layer im-

proved magnetization and enhanced perpendicular anisotropy with prolong magnetiza-

tion stability at least for two years. The capping layer could prevent a formation of surface

depletion region with deficient electron carriers. The capping technique was also effec-

tive for decreasing film thickness, which is useful for further device development using

(Ti,Co)O2 film.
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Systematic investigation of TC of anatase (Ti,Co)O2 thin filmswas performed by us-

ing electrical transport and magnetization measurement at low temperature regime below

TC. The relation of TC vs. n in anatase (Ti,Co)O2 was revealed for the first time indicat-

ing non-monotonic function and implying the formation of bound magnetic polaron in

addition to the carrier mediation reported previously. It is possible that bound magnetic

polarons, probably related to subatomic structure residing in the crystal frameworks, co-

operate with mobile carriers and result in high TC in this system. The finding might pose

a way to design high TC ferromagnetic materials by considering the combination of two

mechanisms.

In conclusion, magnetic domain structure in (Ti,Co)O2 was revealed at room tem-

perature and microscopic ferromagnetism was evidenced by homogeneous magnetic do-

mains. In addition, non-magnetic capping layer developed in this study was effective

to prevent a formation of magnetically dead layer. The relation of TC vs. n in anatase

(Ti,Co)O2 suggested that magnetic bound polarons in concert with an ordinary carrier

mediation are needed to consider. These results will contribute to further development

of ferromagnetic domain manipulation devices utilizing (Ti,Co)O2 and could also give a

guide to explore new high TC ferromagnetic semiconductors.
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