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This project is about the study of dilute magnetic
semiconductor (DMS) oxide Ti02 in the forms of
nanoparticle and thin film. We would like to
investigate the mechanism of ferromagnetic ordering
displayed by these materials under different doping
conditions. By tuning some experimental parameters
such as defect concentration, micro-structure,
morphology and interface, we hope to get deeper
insight into how localized spins align themselves
into ferromagnetism through the exchange interaction
of bound polarons.

There has been an increasing interest in the topic of
dilute magnetic semiconductors in recent years, and



especially in transition-metal oxide systems because
when properly doped, they not only exhibit a
ferromagnetic ordering, but the Curies temperature is
also above room temperature. Therefore DMS materials
have great potential for the development of future
spintronic devices. This project intends to focus on
Ti102 DMS oxide system and to study the magnetic
behaviors of its nanoparticle and thin-film forms. In
our preliminary study of Ti02 nanoparticles, we have
found some interesting phenomena. When doped with Fe,
Cr, and Ni, the ESR and FMR signals are correlated in
some sense, and can therefore be used to probe the
spin or ferromagnetic ordering mechanism. The aim of
this study has three folds: (1) to make nanoparticles
and thin films of Ti02 with various techniques, and
to characterize their structural properties
systematically ; (2) to study the magnetic ordering
mechanism of these materials, using Electron Spin
Resonance (ESR) as a primary tool. The experimental
variables would include temperature, dopant, doping
concentration, defect concentration, micro-structure
variation, etc. By carefully tuning and
characterizing the structural and magnetic
properties, we hope to reveal more information of how
ferromagnetism correlates with the structural
imperfections; (3) to explore other related magnetic
1ssues in the thin-film type samples such as magnetic
anisotropy. We would also like to explore the
interface-induced effect and see how it would
correspond in the anisotropic behavior of ESR
signals.

dilute magnetic semiconductor, Ti02, ZnO,
nanoparticle, thin film, ferromagnetic ordering,
dopant, doping concentration, defect concentration,
electron spin resonance, anisotropy, polaron
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Keywords: dilute magnetic semiconductor, TiO2, ZnO, nanoparticle, thin film,
ferromagnetic ordering, dopant, doping concentration, defect concentration,
electron spin resonance, anisotropy, polaron

This project is about the study of dilute magnetic semiconductor (DMS) oxide
TiO; in the forms of nanoparticle and thin film. We would like to investigate the
mechanism of ferromagnetic ordering displayed by these materials under different
doping conditions. By tuning some experimental parameters such as defect
concentration, micro-structure, morphology and interface, we hope to get deeper
insight into how localized spins align themselves into ferromagnetism through the



exchange interaction of bound polarons.

There has been an increasing interest in the topic of dilute magnetic
semiconductors in recent years, and especially in transition-metal oxide systems
because when properly doped, they not only exhibit a ferromagnetic ordering, but
the Curies temperature is also above room temperature. Therefore DMS materials
have great potential for the development of future spintronic devices. This project
intends to focus on TiO, DMS oxide system and to study the magnetic behaviors of
its nanoparticle and thin-film forms. In our preliminary study of TiO, nanoparticles,
we have found some interesting phenomena. When doped with Fe, Cr, and Ni, the
ESR and FMR signals are correlated in some sense, and can therefore be used to
probe the spin or ferromagnetic ordering mechanism. The aim of this study has three
folds: (1) to make nanoparticles and thin films of TiO, with various techniques, and
to characterize their structural properties systematically; (2) to study the magnetic
ordering mechanism of these materials, using Electron Spin Resonance (ESR) as a
primary tool. The experimental variables would include temperature, dopant, doping
concentration, defect concentration, micro-structure variation, etc. By carefully
tuning and characterizing the structural and magnetic properties, we hope to reveal
more information of how ferromagnetism correlates with the structural imperfections;
(3) to explore other related magnetic issues in the thin-film type samples such as
magnetic anisotropy. We would also like to explore the interface-induced effect and
see how it would correspond in the anisotropic behavior of ESR signals.

(=) FE N7

To date, one of the challenging issues that remain controversial is the origin and
mechanism of ferromagnetic ordering in doped-oxide type dilute magnetic
semiconductors (DMS) such as TiO, and ZnO. Among the various theoretical
predictions, two mechanisms suggested for the ordering: i.e. carrier mediated
exchange and bound magnetic polaron (BMP) models, seem most widely accepted [1,
2]. Recent works of Z. L. Lu et al. have suggested that there are two distinct
ferromagnetic mechanisms in different conductivity regimes for oxide-based DMS [3].
But exactly how polarons are developed and evolved in the insulating regime, and
how the BMP mechanism crosses-over to the other are still questionable. Besides,
either BMP or carrier mediated exchange is strongly governed by how dopants are
incorporated and distributed in the host lattice. Oxygen vacancies and defects also
play crucial roles in the magnetic ordering mechanism. A complete understanding of



these issues requires an immense collection of studies from every possible
perspective.

Here we prepare our Fe-, Cr-, and Ni-doped TiO, nanoparticles by the sol-gel
method with a wide range of doping concentration. The low processing temperature
results in a single anatase phase consistently in all samples, as verified by x-ray
diffraction. The M-doped titanium dioxide nanoparticles (where M = Fe, Cr, and Ni)
were synthesized by the sol-gel method for its advantage of obtaining good chemical
homogeneity and unique metastable structures at relatively low reaction temperatures.
The method incorporates metal inorganic salts as precursors. During the process of gel
formation, metal ions were dispersed in the porous TiO, matrix and later powders of
pure TiO; (with no metal ion added) and M-doped TiO, nanoparticles were prepared
by drying, grinding and thermal treatment at different temperatures. Previous studies
have demonstrated that thermal treatments affect both the morphology and the
atomic-scale structure of TiO, nanoparticles in different ways [4, 5]. In our study, we
chose to filter and dry the M-doped TiO, powders at 120°C, whereas the sintering
temperature was kept at 300° C for five hours. The nominal partial concentration x for
Ti1xMO; is set at 2%, 4%, 6%, 8%, and 10%. However, the maximum Ni
concentration, as measured by Energy Dispersive X-ray analysis (EDX), is found to
be only 2.3% for the sample which has a nominal value of 10%. The concentrations of
Fe and Cr, on the other hand, are much closer to the nominal values.

The magnetization vs. field (M-H) curves for Fe- Cr-, and Ni-doped samples
were measured at 5K. Without doping, the TiO, nanoparticles are non-magnetic. At
2% concentration, both Fe- and Cr-doped particles exhibit weak hysteresis while the
former display larger magnetization with field sweeping. In both cases, the size of
magnetization increases monotonically with doping content while the saturation
magnetization is not fully reached at field strength as large as 7.0 T. This could be
caused by the occurrence of a spin-glass-like state that demands large field energy to
overcome the anisotropy field and the dipole field of the nanoparticles [6]. The
coercive field also increases with doping concentration. Measurement of Ni-doped
particles shows weak paramagnetic behavior with magnetization at least an order of
magnitude smaller than those of Fe- and Cr- doped samples.

The following figure shows the ESR spectra at 80 K for 0% (un-doped), 2%, 4%,
6%, 8%, and 10% Fe- and Cr-doped TiO, nanoparticles, in which the field derivative
of specific microwave power absorption, dp/dH, is registered as a function of DC
magnetic field H. The ESR measurements were carried out using the commercially



available X-band ( v = 9.53 GHz) Bruker EMX spectrometer equipped with
temperature variation accessory. The un-doped sample exhibits a small resonance line
at g ~ 2.0, which can be attributed to the free electrons trapped by oxygen vacancies
or structural defects created during the nanoparticle fabrication [7]. Previous studies
have shown that TiO, nanoparticles are prone to defects, oxygen vacancies, and the
occurrence of this free-electron spin resonance signal is rather sensitive to the TiO;
particle size [8]. The smaller the particle size, the larger the content of oxygen
vacancies and defects, and hence the signal is more likely to be observed. When a
small amount of Fe or Cr is added into the matrix, the free-electron spin signal is
replaced by a broad peak of enhanced intensity that grows with doping concentration.
The exact g-value of this peak is less well-defined but is close to the value of 2. The
peak’s broad linewidth suggests that this is the ferromagnetic resonance (FMR) due to
the dipolar interactions among the free spins induced by the doping. The Ni-doped
samples exhibit no such peak enhancement and the spectra resemble that of pure TiOy,
evidencing again the limitation of Ti**/Ni®* substitution. In additional to the broad
FMR peak, a minor resonance line is detected for Fe- and Cr-doped samples at g ~
4.30 and g ~ 4.12, respectively.
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Field derivative ESR spectra for pure TiO,, Fe-doped, and Cr-doped
nanoparticles of various concentration, measured at 80 K. The intensity of

pure TiO, spectrum is magnified by a factor of 5 for visual clarity.



A more quantitative analysis is made by correlating the microwave absorption
intensity and the linewidth of the main resonance peak with doping concentration. The
absorption intensity integrated over the main peak for Fe- and Cr-doped particles is
plotted as a function of doping concentration, as shown below. For Fe-doped samples,
the intensity increases monotonically with doping concentration except for the 10%
sample, whose intensity drops by a notable amount from the 8% one. One also notices
that the magnetization and the coercivity increments with the Fe content are also
monotonic except from 8% to 10%. The cause of the nonlinearity could be that either
a certain fraction of the Fe** ions are in the paramagnetic state, or there exist
antiferromagnetic interactions when the content of Fe** ions is raised beyond a certain
point [9]. The absorption intensity of Cr-doped samples fluctuates with Cr-doping, but
exhibits an overall growing tendency. The full-width half-maximum (FWHM) of the
resonance peak is plotted also as a function of doping concentration for Fe- and
Cr-doped samples,. The linewidth in both cases increases with doping concentration.
Comparing the spectra of Cr- and Fe-doped samples, the latter contain larger and
broader ferromagnetic resonance signal, indicating a stronger coupling effect in the
iron-based system.
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Plots of (a) integrated intensity, and (b) full-width half-maximum of the main
ferromagnetic resonance peak as functions of M content, where M denotes

Fe or Cr. Ni-doped particles exhibit no such peak.
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Temperature dependence of the integrated FMR peak intensity for Fe- and
Cr-doped samples is observed to be like this: within the temperature variation range
(80 ~ 450 K), the spectra preserve the original shape with no sign of phase
transformation. The intensity of the main peak exhibits the characteristic decrease of
FMR signal with temperature. From 80 K to 450 K, the decrease is more than 60% for
most samples. The results indicate that our Fe- and Cr-doped TiO, particle systems
are ferromagnetic and have Curie temperatures well above room-temperature.

The origin of the lower-field (g ~ 4.3 for Fe and g ~ 4.12 for Cr) resonance lines
can be understood as follows. The g ~ 4.3 signal seen in the ESR spectra of Fe-doped
samples is characteristic of isolated Fe*" ions in a high spin configuration [10].
Previous studies have suggested that these Fe** ions are of rhombic symmetry and are
mainly located in the anatase phase [11]. The general increase of the signal intensity
with Fe-doping (except for the 10% sample) indicates the increase and the growing
symmetry of the isolated Fe** ions. A coupling mechanism among these isolated ions
is likely due to the broad and increasing linewidth of the peak. The resonance peak of
g ~ 4.12 for Cr is less profound, and is likely due to similar mechanism.

In summary, the spectra of electron spin resonance on three series of
metal-doped TiO, nanoarticles are investigated. The Ni-doped samples show low
level of solubility, which makes Ni a non-ideal dopant for creating DMS materials.
For Fe- and Cr-doped samples, a similar trend of temperature dependent signal
intensity is observed, indicating the same magnetic coupling mechanism. The major
resonance peak occurs at g ~2 with linewidth around 100 Oe, suggesting a dipolar
interaction mechanism of doping-induced free spins in the nanoparticle system. On
the other hand, the minor resonance peak is observed at g ~ 4.43(4.12), implying a
magnetic coupling between Fe**-Fe** (Cr**-Cr").
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