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Rathsara Rasanjalee Herath Herath Mudiyanselage

(ABSTRACT)

The rapid progress on developing new and improved multifunctional materials, for optoelec-

tronic and spin based phenomena/devices, have increased the importance of the fundamental

understanding of their coherent states and nonlinear optical properties. This study is aimed

at characterizing, modeling, and controlling the fundamental electronic, phononic, and spin

properties of several classes of materials through nonequilibrium and nonlinear light-matter

interactions, coupled with a novel design of the material phases, interfaces, and heterostruc-

tures. This research directly addresses the Grand Challenges identified in the Basic Energy

Sciences Advisory Committee report “Directing Matter and Energy: Five Challenges for

Science and the Imagination” (Hemminger, 2007) [1], in particular, the area: “

”. The knowledge

gained from these fundamental studies can provide new information for a broad community

to provide concepts for the next generation of multifunctional materials and devices, and

resulted in several publications and conference presentations. The materials studied in this

dissertation included multiferroic BaTiO3-BiFeO3 [2], ferroelectric Pb0:52Zr0:48TiO3 (PZT),

InAs/AlAsSb multi-quantum-well [3], lead halide perovskite [4], n-type InAsP films [5, 6],

and nanolaminate plasmonic crystals [7].

Probing multiferroics, which are materials that can exhibit ferromagnetic, ferroelectric, and



ferroelastic orders simultaneously in a single phase, was a main focus of this study. BiFeO3

(BFO) is the most widely investigated multiferroic due to its high Neel and Curie temper-

atures and has antiferromagnetic and ferroelectric properties [8]. An inherent drawback of

BFO is its large leakage currents. In this project, (1 � x)BaTiO3-(x)BiFeO3, x = 0.725

(BTO-BFO) heterostructures were investigated [9], where the conductivity of the solid so-

lution can be reduced by adding another perovskite material, BaTiO3 [2]. We aimed to

study optically induced coherent states in our BTO-BFO structures. Time resolved pump-

probe spectroscopic measurements were performed at room temperature as well as at low

temperature (100 K) up to 10 T. Coherent acoustic phonons were observed both in a film

and nanorods, resulting in coherent phonon frequencies of 27 and 33 GHz, respectively [2].

Coherent phonon spectroscopy is a sensitive tool to characterize the interfaces and can be

employed as an effective ultrasensitive quantum sensor [10]. Furthermore, in the nanorods

arrays of BTO-BFO, an additional oscillation with frequency in the range of 8.1 GHz was

observed. This frequency is close to a theoretically predicted magnon frequency which could

indicate the coexistence of coherent phonons and magnons in the nanorods arrays [2]. In an

analogy to photonics which relies on electromagnetic waves, magnonics utilizes spin waves

to carry and process information, offering several advantages such as an operation frequency

in the THz range. Recently, “ ” [11] was reported where coupled coherent

magnon and phonons modes were formed on a surface patterned ferromagnet.

Furthermore, BTO-BFO heterostructures were probed using transient birefringence and

magneto-optical Kerr effect spectroscopy. The results demonstrated that the magnetic field

dependence of coherent phonons, measured by these two techniques, exhibits more sensitivity

to the external magnetic fields compared to the differential reflectivity technique [2]. More-

over, nonlinear optical properties of this structure were investigated via second harmonic

generation spectroscopy, where wavelength and polarization dependence of this nonlinear



observation will be discussed in this dissertation.

As part of this study, another class of multiferroic materials, with strong ferroelectric and

piezoelectric properties, Pb0:52Zr0:48TiO3 (PZT) was studied [12]. In this project, the nonlin-

ear optical properties of PZT nanorod arrays were investigated. Clear signatures of second

harmonic generations from 490-525 nm (2.38-2.53 eV) at room temperature, were observed.

Furthermore, time resolved differential reflectivity measurements were performed to study

dynamical properties in the range of 690-1000 nm where multiphoton processes were re-

sponsible for the photoexcitations. We compared this excitation scheme, which is sensitive

mainly to the surface states, to when the photoexcited energy (� 3.1 eV) was close to the

bandgap of the nanorods. Our results offer promises for employing these nanostructures

in nonlinear photonic applications. Furthermore, the established techniques during my re-

search provided new insights on optical properties of InAs/AlAsSb multi-quantum-well [3],

lead halide perovskite [4], n-type InAsP films [5, 6], and nanolaminate plasmonic crystals

[7], and the results will be briefly presented in this dissertation.
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(GENERAL AUDIENCE ABSTRACT)

My research activities have explored multifunctional materials and heterostructures with

strongly enhanced coupled electric and magnetic orders and optical properties. In partic-

ular, pursuing novel heterostructure designs such as multiferroics can provide control over

electric and magnetic ordering in mixed dimensionality. This, together with control at the

level from lattice structure to electron spin states can give rise to improved or even quali-

tatively new and robust materials properties. For example, a better understanding of the

phenomena associated with the spin degree of freedom of electrons allows for advancement

in spintronic device applications such as storage, logic, and sensors, which are associated

with quantum computers and quantum communications [13, 14, 15]. Overarching questions

and goals of my activities included: What are the microscopic origins and mechanisms of

nonlinear response in strongly coupled nanostructured materials and its relationship to elec-

tronic, spin, and lattice degrees of freedom? (2) What are the effects of dimensionality and

quantum confinement on optical properties? (3) How do we control and manipulate the

coherent states, such as coherent phonons and magnons using external and internal fields,

material composition, and morphology to achieve maximal efficiency and tunability? Ad-

dressing many of the challenges in the fast-paced technological world requires continued

developments of new materials with enhanced optical properties. The knowledge gained

from my fundamental studies can provide new information for the next generation of mul-

tifunctional materials and devices with advanced optical properties and resulted in several

publications and conference presentations.
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2.3 (a) A schematic representation of pump and the probe beam overlapping on
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2.4 TRMOKE responses collected for GaAs at room temperature with a degener-
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3.1 (a) SEM image of the layer structure of the BaTiO3-BiFeO3 film investigated

in this study (sample 20). (b) The magnetization as a function of temperature

at 0.5 T, and the inset shows FE loop at room temperature demonstrating the

multiferroic nature. (c) The XRD of sample 20 shows a single phase for the

BaTiO3-BiFeO3 film. (d) Here we present, (101) Phi-scan XRD patterns of

BaTiO3-BiFeO3/LSMO epitaxial layers grown on (100) STO substrate (sam-

ple 20). The films are grown through (001) direction and the phi scan was

performed with (101) space to evaluate the epitaxial quality. Note: The labels

BTO-BFO refer to BaTiO3-BiFeO3. . . . . . . . . . . . . . . . . . . . . . . 40

3.2 (a) Schematic of the nanorods growth on spherical LSMO seed particles. The

seeds were arranged using polymer nano-sphere coating followed by LSMO

deposition. (b) A side view SEM image of the nanorods on 100 nm Pt film.

The red region refers to the LSMO spherical seed particles. (c) Atomic Force

Microscopy images of BaTiO3-BiFeO3 nanorod arrays grown on Pt-coated Si

substrate displaying topography, FE, and FM domains. (d) XRD patterns

of BaTiO3-BiFeO3 nanorod arrays. Note: The labels BTO-BFO refer to
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3.3 (a) TRDR of 80-nm thick BaTiO3-BiFeO3 (sample 17), measured at room

temperature with the pump wavelength at 400 nm and probe at 800 nm,

for different pump powers. The traces are offset for clarity and we refer to

TRDR as the change in the transient reflectivity at positive time delay respect

to the negative time delay. (b) TRDR on an LSMO (sample 1) film showing

no detectable pump-induced response. Note: The labels BTO-BFO refer to
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