Ultrafast and Continuous-Wave

Spectroscopy of Multiferroic Oxide
Thin Films

Kathleen Ishbel Doig
Corpus Christi College

University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Trinity 2014






Abstract

Thin film multiferroic oxides with co-existing ferroelectric and ferromagnetic ordering
have attracted much interest in recent years, partly as a result of the enhancements
achieved through the adoption of strained thin film geometries. This thesis presents
work on two such thin film oxides; lanthanide substituted BiFeO3 and Fe substituted
PbTiOs.

Coherent magnons and acoustic phonons were impulsively excited and probed
in thin films of the room temperature multiferroic Bi;_,_,Dy,La,FeO3 using fem-
tosecond laser pulses. The elastic moduli of rhombohedral, tetragonal and rare-earth
doped BiFeO3 were determined from acoustic mode frequencies in conjunction with
spectroscopic ellipsometry. A weak ferromagnetic order, induced alternately by mag-
netization in the growth direction or by tetragonality, created a magnon oscillation
at 75 GHz, indicative of a Dzyaloshinskii-Moriya interaction energy of 0.31 meV.

Bulk crystals and thin films of PbTi;_,Fe, O3 (PTFO) are multiferroic, exhibit-
ing ferroelectricity and ferromagnetism at room temperature. Here we report that
the Ruddlesden-Popper phase Pb,1(Ti;_,Fe;),03,41-s forms spontaneously dur-
ing pulsed laser deposition of PTFO on LaAlOj3 substrates. High-resolution trans-
mission electron microscopy, x-ray diffraction and x-ray photoemission spectroscopy
were utilised to perform a structural and compositional analysis, demonstrating that
n ~ 8 and x ~ 0.33. The complex dielectric function of the films was determined
from far-infrared to ultraviolet energies using a combination of terahertz time-domain
spectroscopy, Fourier transform spectroscopy, and spectroscopic ellipsometry. The
simultaneous Raman and infrared activity of phonon modes, and the observation
of second harmonic generation, establishes a non-centrosymmetric point group for
Pb,11(Tige7Feq33)nOsn11-s consistent with ferroelectricity. No evidence of macro-
scopic ferromagnetism was found in SQUID magnetometry. The ultrafast optical
response exhibited coherent magnon oscillations compatible with local magnetic or-
der, and additionally was used to study photocarrier cooling on picosecond timescales.
An optical gap smaller than that of BiFeO3 and long photocarrier lifetimes may make

this system interesting as a ferroelectric photovoltaic.
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Chapter 1

Introduction

1.1 Multiferroics

Multiferroics are materials that exhibit two or more forms of ferroic ordering in a
single homogeneous phase [1, 2]. There are four types of ferroic ordering: ferroelec-
tric, which has a stable electric polarisation P that can be switched hysteretically
by the application of an external electric field E; ferromagnetic, which has a stable
magnetisation M that can be switched hysteretically by an external magnetic field M
3]; ferroelastic, which has two or more orientation states with different spontaneous
strain that can be switched by mechanical stress; and the more recently observed
ferrotoroidic, which fulfils the missing criteria of breaking both space-inversion and
time reversal symmetries [4]. Multiferroics exhibiting simultaneous ferroelectric and
ferromagnetic ordering have been of particular interest because of the magnetoelectric
coupling between ferroelectric and magnetic orderings that exists in some ferroelectric
ferromagnetic multiferroics [1]. In magnetoelectric multiferroics, the magnetisation
and electrical polarisation are strongly coupled [1, 5, 6, 7], which makes them of great
potential for application. Figure 1.1 shows a schematic representation of the ordering
types associated with ferroelectric-ferromagnetic multiferroics and magnetoelectrics.

The coexistence of magnetic and electric ordering is relatively uncommon owing
to the paradoxical nature of their common underlying mechanisms [3]; ferroelectricity

generally requiring empty d-orbitals while ferromagnetic ordering generally requires
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Figure 1.1: Schematic representation of the relationship between multiferroic and magne-
toelectric materials. Ferromagnets (orange shading), which have a magnetic hysteresis, are
a subset of magnetically polarizable materials (red shading), where spins are ordered. The
equivalent is true for Ferroelectrics, which have an electric hysteresis, and are a subset of
electrically polarisable materials where charge is ordered (blues). Where these orders occur
simultaneously materials are multiferroic (represented by the purple shading in the inter-
section region). Multiferroics where magnetoelectric coupling can occur form a subset of
multiferroics. Magnetoelectric coupling (represented by the pink circle) is an independent
phenomenon that can, but need not, arise in any of the materials that are both magneti-
cally and electrically polarizable. In practice, it is likely to arise in all such materials, either
directly or via strain./Adapted from [2]]

partially filled d-orbitals [1]. As such, in order for multiferroism to be achieved the
atoms that move off centre to form a electric dipole have to be different from the ones
that carry the magnetic moment. This requires an alternative mechanism for either
ferroelectricity or ferromagnetism. No such mechanism for magnetism (i.e. non-d)
has been determined, however, a number of different approaches have been employed
to achieve alternative mechanisms for ferroelectricity. Type I multiferroics are ma-
terials where the mechanisms for the two order parameters are independent. Routes

to achieving simultaneous ferroelectric and ferromagnetic multiferroics can be split



into two types. Multiferroics of this type generally have high spontaneous polarisa-
tions (10-100ucm ™2 ) and high (>100K) ferroelectric and ferromagnetic transition
temperatures, but often suffer from poor coupling between the order parameters [8].
An example of these are where magnetic perovskite structures achieve multiferro-
ism by stereochemical activity of the lone pair on the (A-site) cation while, keeping
the small (B-site) cation magnetic, as is the case in BiFeOs [6]. It is multiferroics
of this type that will be under consideration in this thesis. In Type II multifer-
roics the ferroelectricity is caused by magnetic ordering. These materials often have
low transition temperatures (~10 K) and weak polarisations (~0.01 uCem~=2 ), but
with strong coupling between the order parameters [8]. Examples of this type of
multiferroic include where ferroelectricity, which is compatible with the coexistence
of magnetism, is geometrically driven. This is the case in the highly studied rare
earth manganates (Re-MnQO3) [5, 9]. Symmetry-lowering magnetic ground states and
non-centrosymmetric charge ordering arrangements have also been used to alter the
ferroelectric mechanism to allow multiferroism [7] .

The magneto-electric effect was first predicted in 1959 [10] and experimentally
verified the following year [11]. However, it has been the last ten years that has seen
a surge in interest in multiferroics. The reasons for this have been three fold; the
production of high-quality single-crystal samples, improved first principle calculation
techniques and advances in thin-film growth techniques. This latter approach has
provided routes to structures and phases that are inaccessible by traditional chemical
means, and have allowed the properties of existing materials to be modified by strain
engineering [7, 12]. Single-component thin film approaches have been in two classes of
multiferroics (hexagonal manganites and Bi-based perovskites) while horizontal and
vertical multilayer structures have also been developed creating artificially engineered
magnetoelectrics. Various measurement techniques, such as TEM, x-ray and neutron

diffraction have been employed to study the structures and properties of multiferroics.



In magnetoelectric multiferroics where ferroelectric and ferromagnetic orders are
strongly coupled there is the possibility of being able to control the ferroelectric polar-
isation using a magnetic field and conversely, manipulating the magnetization using
an electric field. This gives the potential for various applications such as electrically
(rather than magnetically) tuneable microwave applications such as filters, oscilla-
tors and phase shifters [13], spintronic devices and magnetic data storage such as
magnetoelectric RAMs which drastically reduce the writing energies required [14].
Coupled ferroelectric and ferromagnetic orders provide additional possibilities for de-
vice design, such as the development of 4-state resistive memory devices (P 1, P [,
M 1, M |) [15]. There is also potential for application as capacitors, transducers
and actuators [16]. Ferroelectric photovoltaics are an emerging area of interest as,
unlike traditional semiconductor p-n junctions, ferroelectric materials can generate

photovoltages above their band gap [17].

Structure of Thesis: The rest of this chapter is divided into three sections. The
first two of these, Section 1.2 and 1.3, will outline some relevant background de-
tails and literature on the two material systems studied in this thesis. Section 1.2
examines lanthanide substituted BiFeOs; while Section 1.3 discusses Fe substituted
PbTiO3, which have both been reported as perovskite multiferroics at room tem-
perature. The final Section of this chapter, Section 1.4 outlines some background
literature on optical techniques that give helpful insight into the phenomena that
methods couple to, focusing on those that are relevant in the study of multiferroics
in bulk and thin film. Chapter 2 sets out the experimental techniques and theoretical
background for the optical techniques used in this thesis. The methods discussed are
Optical Transient Reflectivity, Spectroscopy Ellipsometry, Second Harmonic Gener-
ation, Terahertz time-domain spectroscopy, Fourier Transform Infrared spectroscopy
and Raman Spectroscopy. Chapters 3 and 4 present the results and discussion on

the two material systems examined; 3 - lanthanide substituted BiFeO3; and 4 - Fe
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substituted PbTiOs.

1.2 Lanthanide Substituted BiFeO;

1.2.1 BiFeO;

Bismuth ferrite (BFO) is one of the few room temperature multiferroics, with mag-
netic ordering below the Néel temperature, Ty=643 (370°C) and ferroelectric or-
dering up to the Curie temperature T¢=1103K (830°C). As such has been studied
extensively [18] since the first demonstration of thin-film BFO in 2003 [6]. In the
bulk phase, ferroelectricity arises from a rhombohedral distortion to the perovskite
structure: the 6s? lone pair on Bi*T creates a polarisation along [111],. in the pseu-
docubic setting (pc), with a concomitant tilt of the oxygen octahedra. The G-type
antiferromagnetic order on the 3d® Fe?" sites is disrupted by a weak ferromagnetic
component. The Fe-O-Fe chain has no centre of symmetry, resulting in the canting
of adjacent spins via the Dzyaloshinskii-Moriya (DM) interaction [18, 19]. However,
in bulk crystals of BFO, a long range spin cycloid [20] along [101],. (spin rotations in
(121) plane) with a wavelength of 64 nm averages the weak ferromagnetic moment to

zero. These aspects of the structure of BFO are summarised in Figure 1.2.

Dzyaloshinskii-Moriya Interaction: The Dzyaloshinskii-Moriya interaction or
antisymmetric exchange is a contribution to the total magnetic exchange interaction
between two neighbouring magnetic spins. It was first proposed by Dzyaloshinskii
to phenomenologically modify the Hamiltonian to account for a modification of the

superexchange by the spin-orbit coupling. This modification can be written as:

Hpu = Dij . (Sz X SJ) (11)

where S; and S; are neighbouring magnetic spins and D;; is the Dzyaloshinskii

vector[21, 22]. The exchange between the spins of transition metals is usually medi-



(a)

Figure 1.2: (a) Structure of BFO in the pseudocubic setting, highlighting the G-type

antiferromagnetic (AFM) order on the Fe sites. The ferroelectric polarisation (P) is along
[111]. (b) Blue and green arrows indicate the canting for spins of adjacent Fe sites, where the
smaller purple arrow are the resulting weak ferromagnetic moment. The spin orientations
of the circular cycloid along [10-1] is also shown. [Figures (a) and (b) reproduced from [23]
and [24] respectively.]

ated by a third ion (a ligand); in the case of BiFeO3 the Oxygen ion. The Dzyaloshin-
skii vector, D;; is proportional to r X x, where r is the vector between the two adjacent
spins and x is the vector between the midpoint of the spins and the ligand. This means
that where the centre of symmetry of a system is broken that the energy of the system
can be reduced if spins align away from the parallel, i.e. if they cant. The canting of
spins then results in a weak ferromagnetism in the material. In BiFeO3 the canting of
spins via the DM interaction comes about because of the breaking of the ferroelectric
polarization breaks the centre of symmetry[18]. The DM interaction can also describe
the inverse effect, where cycloid magnetic ordering can reduce the interaction energy

by causing ionic shifts, resulting in a ferroelectric polarisation[85].
Drawbacks of BiFeO3

BiFeOg, however, suffers from various drawbacks which hinder its application, hence

much of the current research on the material has been devoted to overcoming these.



BiFeO; suffers from a high leakage current, attributed to the small amounts of Fe?*
ions and oxygen vacancies [25], which is detrimental to its ferroelectric functionality.
In contrast to the strong magnetoelectric coupling observed for multiferroics such
as RMnOs, where polarisation stems directly from magnetic order [5], static mag-
netoelectric coupling in BFO is weak as ferroelectric and antiferromagnetic orders
originate from different ions. In the bulk phase, BiFeO3 has a long-range spin cy-
cloid [20] with a wavelength of 64 nm that averages the weak ferromagnetic moment
to zero and prohibits the linear magnetoelectric effect in bulk [18]. While the appli-
cation of a large magnetic field (20 T) can suppress the cycloid and recover a linear
magnetoelectric effect [26], epitaxial strain [6] and chemical doping [27, 28] have been

explored as routes to obtain stronger coupling at lower magnetic fields.
Overcoming the Drawbacks

The approach to overcoming all of these drawbacks and the root to general enhance-
ment of the functional properties of the material revolves around epitaxial strain and
ionic substitution. Straining through thin film geometry [6] and the construction
of composite materials [7] have been explored as routes to both improve the indi-
vidual functional orderings as well as their cross-coupling. Although initial reports
appeared to suggest improvements to both ferroelectric and ferromagnetic compo-
nent [6] later some doubt was cast over the enhancements in the magnetic properties
achieved [29, 30]. It has been shown that, rather than geometry, impurity phases
play a critical role in the enhancements observed in the ferromagnetic component.
Irrespective of strain, there is virtually no magnetic moment in BiFeO3 and it is an
additional v-Fe;O3 phase that is entirely responsible for the magnetic moment in the
films [31]. The 7-FeyO3 phase is a ferromagnetic material with high T ~850K [32].
The spin cycloid, which can be suppressed under high magnetic fields [33, 34], can also
be suppressed through either ionic substitution [35, 36] or strain [37]. The suppres-

sion of the spin cycloid restores the weak ferromagnetic component. The electric-field



control of magnetism at room temperature by the conversion of the magnetic cy-
cloid into a homogeneous state by application of an external electric field has also
been shown to be possible [38]. Improvements to leakage current have been achieved
through substituting Fe?™ with higher valence ions to fill oxygen vacancies and reduce
the formation of Fe*™ [36, 39, 40]. Enhanced processing techniques with high heating
rates and short sintering periods have also been employed to suppress the leakage

current [25].
1.2.2 Bi(_,)Re,FeO3

The partial substitution of Bi on the perovskite A-site with lanthanides (Re'has been
explored as a route to enhance the remnant polarisation, saturation magnetisation
and the coupling between the two orders [41, 42, 43, 44, 45, 46]. In this work BFO
substituted with Dy and both Dy and La have been studied.

Among the lanthanides Dy3* has a relatively high magnetic moment (electron con-
figuration [Xe]4f?) yielding a greater magnetisation both in bulk and thin films [47].
La®" is non-magnetic (electron configuration [Kr|4d'*5s?5p°®). The reason for the si-
multaneous addition of La and Dy is that it is known that BFO with a perovskite
structure has a significantly reduced leakage current, but that the temperature win-
dow for obtaining the perovskite phase is very narrow [48]. La substitution is thought
to reduce leakage current [49].

An initial study of Dy substituted BiFeO3 was undertaken by Murashov et. al. in
1990 [50]. Solid solutions samples of Bi(;_,)ReFeO3 where Re=La,—o55, Gdy—0.45 and
Dy,—o55 were examined. A non-linear response of the magnetic field induced electric
charge with applied magnetic-field-indicated a linear magnetoelectric effect at low
temperature. The effect was particularly pronounced in the case of Dy substitution

and was the only sample to show the effect at higher temperature (77 K). Hysteresis

!The lanthanide are the fifteen metallic elements with atomic numbers 57-71. These along with
the chemically similar elements scandium and yttrium, are often collectively known as the rare earth
elements (Re))



in the electric charge with applied magnetic field was also seen for BDFO.

The next studies on this material looked at the dielectric response at sub-
microwave [51] and microwave frequencies [28, 40]. For the microwave frequencies
this was undertaken with a view to addressing the issue of the lack of multiferroic
material properties reported at higher than a few MHz, especially in thin films, be-
cause of the high leakage current in these materials. In particular the tenability of
capacitance (defined as (C(0V)-C(100V))/C(0V)) was examined. This was found to
be enhanced for BiFeOj3 thin films with the addition of both La and Dy in comparison
to Dy alone and for MgO substrates in comparison to LaAlO3 ones. The presence of
La was also seen to weaken the magnetic response of the system.

The first clear evidence of the presence of both ferroelectric and ferromagnetic
orders was seen in BFO doped with both Dy(,—¢3y and La—o.1) thin films on
Pt/Ti04/Si04/Si substrates [27]. It was later seen that the magnetic properties were
enhanced with the removal of La. Enhancements were also observed for both Dy sub-
stituted and duel Dy-La substituted samples in thin film compared to the bulk [52].
This can be seen from Figure 1.3(a). However in a film thickness dependent study in
the range 100-500 nm neither the magnetic nor ferroelectric propertied appeared to
scale with the film thickness [53].

Evidence of magnetoelectric coupling has also been seen in BDFO. Increases in the
ferroelectric remnant and saturation polarisation with the application of an external
magnetic field were observed (See Figure 1.3(b)) [54]. This effect was seen to have
some dependence on the concentration of the Dy present, with x<0.07 not showing
this effect [58]. Changes in the magnetic domain structure with applied electric field
have also been demonstrated. A short zigzag domain structure was seen to elongate
into striped domains with applied voltage (See Figure 1.4(a)). The change to the
domain structure was retained after removal of the applied bias, indicating an electric

field controlled hysteresis. Confirmation of the absence of leakage current in the films
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ruled out that the effect actually arises from the current developed due to the applied
voltage [54].

Numerous studies have shown that increasing the concentration of Dy improves the
Magnetisation saturation [55, 58, 59, 60, 61]. This is associated with the suppression
of the spin-cycloid. It has been seen that changing the substitution level can cause
changes in the crystal structure and lattice parameters. As Dy is increased, although
it initially increases, reductions in the saturation polarisation have been observed
above a certain point. An example of this can be seen in Figure 1.3(c) where at
the highest concentration the clear hysteresis of the lower samples has broken down.
This effect has been associated with a structural transition from rhombohedral to
orthorhombic [55, 57]. The orthorhombic phase is more centrosymmetric which is
what degrades the ferroelectric response. The origin of this structural change has been
attributed to ionic size. This was evident from the different behaviour of the lattice
contents for La®>T and Dy3T/Gd**/Sm?*" substituted BFO. This is demonstrated by
the concentration dependent X-ray data shown in Figure 1.4(b). With increasing Sm
substitution a jump in the (002),. (indicated by the arrows) reflection peak can be
seen on transition to the orthorhombic phase between 13% and 16%. In contrast
La substitution gives a gradual shift of this peak. The behaviour for Dy and Gd
substitution, both of which have smaller ionic radii than Sm, followed a similar pattern
to that of Sm. Combined with a temperature dependant study, these results were
used to construct phase diagrams for different rare earth dopants. The leakage current
has also been seen to follow the same trend with Dy substitution; i.e. it improves
with concentration up until the structural transition [55].

Another effect that, in some cases, has been observed with increasing Re-
substitution and the in perovskite BFO along with the structural transition from
the ferroelectric rhombohedral phase to an orthorhombic phase is the emergence of

a double-ferroelectric-polarization hysteresis loop [57]. This process has been seen
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to occur independent of the RE dopant species. First principles calculations have
suggested that the origin of the double hysteresis loop and the associated enhance-
ment in the piezoelectric coefficient is an electric-field-induced transformation from a
paraelectric orthorhombic phase to the polar rhombohedral phase [62].

Temperature dependent dielectric measurements have shown that the Neel tem-
perature for magnetic ordering (Ty) reduces with Dy substitution. Over the range
of 0.01< z <0.1 Ty was seen to drop from 250° C to 200°C, which is much reduced
compared to Tny=370°C of the unsubstituted phase [56] (see Figure 1.3(d)). Mag-
netic annealing during the sample preparation has also been seen to have an effect on
the ferroelectric polarisation. Although no effect is observed for pure BFO, for Dy-
substituted BFO this process enhances the polarisation. No effect on the magnetic

properties was observed with annealing [63].
Optical Studies

There has previously been very little optical characterisation of Dy substituted BiFeOs
carried out. Most of the studies that have been done present Raman or FTIR spec-
tra as a mainly qualitative axillary to X-ray structural characterisation [51, 63, 64].
There has however been one more in-depth study of the lattice and spin dynamics of
Bi;_,Dy,FeO3 nanoparticles in the range 0< x <0.4 using FTIR and Raman which
gives insight into the tailoring of the structural and magnetic properties by chem-
ical substitution multiferroic [65]. The linewidths of their observed phonon peaks
were found to broaden with increasing Dy concentration. This reflects an increase
in local lattice disorder. A significant change in the phonon parameters, was seen to
occur at x=0.15, which corresponds to the structural transition from rhombohedral
to orthorhombic. They also report the observation of a two-magnon excitation with
increasing Dy substitution. Factors supporting this assignment include that the sub-
stitution dependence of the frequency for one of the observed modes is consistent with

shifts observed in other rare earth substituted BFO. In other systems this has been
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Figure 1.5: Schematic representation of the tetragonal unit cell of PbTiO3 with designation
of the different oxygen sites. The experimental atomic distances for the Ti site to the

surrounding oxygen octahedra are given in pm. [Figure from [66]]

attributed to transformation from cycloidal to canted antiferromagnetic state. Fur-
thermore Raman-active phonons of pure BiFeO3 behave anomalously above the 640K
antiferromagnetic transition temperature, while Dy substitution disrupts the lattice-
spin interactions at high temperatures. They also observed a chemically enhanced

dielectric constant.

1.3 Fe Substituted PbTiO5
1.3.1 PbTiO;

PTFO is a displacive ferroelectric [67] that exhibits a tetragonal bulk phase with
space group P4mm [68, 69]. Ferroelectric polarisation arises from the displacement
of Ti** ions with respect to the surrounding oxygen ions. The oxygen octahedron is
elongated and shifted along the c-direction, with respect to Pb?* ions, as illustrated in
Figure 1.5. The ionic radii of Pb and Ti, respectively on the A- and B- sites are 1.63 A
and 0.605 A [70]. PbTiO3 has long been of great interest as it has a particularly large

polarisation.
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Figure 1.6: PTFO Literature: (a) AC magnetization vs. temperature for Pb(Feg 5-Tig.5)O3
(magnetic field of 1.1 Oe at 245 Hz) [71]. (b) Dielectric constant and tan(d) vs. temperature for
Pb(Feg 5-Tip.5)O03 pellet sintered at 1000°C/2 h. Measurements were done at 1 MHz [71]. (c)(c)
M-H isotherm (SQUID magnetometer)and (d) P-E loop using Pt as top and bottom electrodes
obtained for PbTig 5Feq503_s thin film (~3000A) [27]. (d) PbTigsFeq503_s thin film. [Bottom
Row| (a) MFM magnetic domain image. (b) PFM piezoresponse image with written domains. (c)
MFM domain imaging after writing ferroelectric domains. [Top Row] Topography [27]. (e) Cell
parameters obtained from PTFO XRD data at room temperature as a function of Fe concentration.
(a) Unit-cell parameters a and ¢, (b) tetragonal distortion ¢/a, and (c) cell volume [68]. (f) As a
function of Fe concentration: (a) the variation of strain in the (001) (triangles), (hk0) (squares), and

(111) (circles) planes; (b) the shortest B-O bond length (B-O24); (c) the offset in the z-direction
[All Figures and Captions

between the B-site cation and oxygens in a, b faces (|B(z)-O1(z)|) [68].

re-produced from literature as indicated by citation]
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1.3.2 PbTi; ,Fe, O3

The ionic radius of Fe* is 0.58 A, which is similar to that of Ti on the B-site, which
means that Fe*T is preferentially substituted at the B-site [70]. When a Ti*" is
replaced by Fe?*, charge compensation necessitates formation of oxygen vacancies.
Density functional theory (DFT) calculations [66] using a 2x2x2 PbTiO3 supercell
have shown that the formation of oxygen vacancies along the c-direction (removing
O1 or O1’) is energetically more favourable than other directions. Furthermore, the
cation nearest to the vacant site moves away from the vacancy, shortening the metal-
oxygen bond distance.

PbTi;_,Fe, O3 (PTFO) has been reported to be multiferroic at room tempera-
ture [71], with the partial substitution of Fe on the B-site allowing magnetism to be
induced. Hysteresis was observed for both the magnetisation and polarisation with
applied magnetic and electric fields respectively. Coupling between the orders was
also demonstrated with the saturation polarisation increasing when subjected to a 2T
magnetic field. A broad peak in the dielectric function was observed around 260°C,
while in high temperature susceptibility measurements a peak in the magnetisation
was seen at ~270°C (See Figures 1.6(b) and (a) respectively). As Landau-Devonshire
theory [72] predicts a dielectric anomaly near a magnetic transition the mode observed
in the susceptibility measurement was attributed to a magnetic phase transition. A
peak at 420° was also observed in dielectric response, which was attributed to the
ferroelectric transition [71].

Increasing the level of Fe substitution has been seen to enhance the magnetisa-
tion [73, 74]. As with other multiferroics the switch to thin films [27] and nanopar-
ticle [73, 75, 76, 77] geometries is thought to potentially enhance ferroelectricity and
ferromagnetism in comparison to the bulk phase. Figure 1.6(c) shows a M-H and a
P-E loop for thin film PTFO. The saturation magnetisation and polarisation here
are My=74emucm > and P,=30uCcm~2 at 200kVem~2 [27] while bulk samples had
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reported values of the order of My ~0.5u5/fu and Py ~10uCem™2 at 200kVem =2 [71].
Increased Dy levels lead to reduced particle size and increased saturation magneti-
sation [73]. Negligible leakage current and unsaturated ferroelectric hysteresis loops
have been reported for PTFO thin films [78]. Evidence of magneto-electric coupling in
PTFO has been observed with electrically written domains visible in magnetic force
microscopy images(See Figure 1.6(d)) [27]. The top row shows the topology only,
while the bottom row shows: (a) The ferromagnetic domains using MFM before any
polling. (b) Ferroelectric domains written by polling the sample. The piezoresponse
remains polling voltages were switched off, and thus show the existence of remnant
polarization. (¢) MFM domain image taken after the writing of the ferroelectric do-
mains. This image gives information of both ferromagnetic and ferroelectric domain
structures and is a composite of the two previous images. The clear presence of
the electrically written domains the purely magnetic measurements demonstrates the
coupling between the ferroelectric and ferromagnetic orders.

Although the substitution of Fe on the B site allows magnetism to be in-
duced, at low concentrations this also causes a reduction in the tetragonal distortion
c/a [73, 75, 79|(studies go up to a maximum of 4%). As this distortion is asso-
ciated with the magnitude of the remnant polarization this would be expected to
decrease with reduced c¢/a, although this has not been observed directly. At higher
concentrations there have been some differing reports. A detailed X-ray study of the
effect of Fe concentration over the full range 0<x<1 [68] showed a rapid decrease of
(001)-(100) tetragonal splitting up to x = 0.1, after which splitting was no longer
visible (see Figure 1.6)(e). Samples with Fe concentration x<0.3 were observed to
be free from impurity phases, while above this minor reflections from the ferromag-
netic magnetoplumbite phase, PbFe;5019 were observed. The authors proposed that
the formation of this phase is what could be responsible for the room-temperature

ferromagnetism reported by other anthers [27, 71, 73, 75, 78]. The disappearance of
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the tetragonal distortion with higher concentrations of Fe substitution reported by
Ganegoda et. al. [68] is in contrast to the work of Palkar and Malik [71] and Schofield
et. al. [80]. Palker and Malik saw clear evidence of (001)-(100) tetragonal splitting in
PbTigsFeq50(3-s), with gives a tetragonal distortion of 1.028 allowing the existence
of magneto-electric properties in a sample [71]. Ganegoda et. al. [68] suggest that
the splitting of diffraction peaks at x=0.5 in Palkar and Malik [71] could be the result
of phase segregation where a Ti-rich phase remains tetragonally distorted. They sug-
gest that this could arise as these sample were prepared at 1000°C [71] which is 300°C
higher than their own processing temperature [68]. They also observe that the strain
in the c-direction is distinctly higher as a result of inhomogeneity in tetragonality,
and suggested additional contributions from oxygen vacancies formed in the (hkO)
planes (see Figure 1.6(e)). Formation of oxygen vacancies at 02, sites and the low-
ering of B-O2, bond length with Fe doping is consistent with theoretical predictions
of Mestri¢ et al. [66] and EPR results [81, 82, 83]. Distorted oxygen octahedra with
off-centre shifted B-site cation imply the continued existence of displacive type ferro-
electric properties. Defect dipole formation may contribute to enhanced ferroelectric
properties [68]. This could account for the observed ferroelectric properties despite
the reduction in ¢/a with increased substitution. In contrast X-ray and TEM mea-
surement in the range 0<x<0.5 on nanopowders have also reported that ¢/a decreased
up until x=0.3 but showed a slight increase for x>0.3 [80].

The differing properties as a result of strain, processing temperature, geometry
and composition suggest the need for multiple to probe the (micro)stricture and

properties of each sample. This is the approach that is followed in Chapter 4

1.4 Optical Techniques Applied to Multiferroics

In addition to their response to static stimuli, dynamic magnetoelectric coupling un-

der alternating fields is of great interest [84] because Maxwell’s equations permit a
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linear magnetoelectric coupling if the electric and magnetic fields vary temporally
and spatially [85]. To couple to different underlying mechanisms a range of tech-
niques spanning the electromagnetic spectrum are required. Figure 1.7 outlines a
spectrum for the dielectric permittivity over a wide spectral range, highlighting vari-
ous processes that occur at different energies. Some processes which are of particular
relevance in multiferroics, namely electromagnons, phonons, ferromagnetic (FM) and
antiferromagnetic (AFM) magnons, are also highlighted [86]. Recent demonstrations
of novel dynamic magnetoelectric effects include the electric field control of Raman-
active spin modes [87],the time-resolved reflectivity of magnons in a hexaferrite [88]
and the discovery of electric dipole-active spin waves (electromagnons) [89, 90, 91].
This section will examine some recent literature where similar optical techniques to
those used in this work (see Methods, Chapter 2) have been used to examine prop-
erties of multiferroics. This section is divided up in terms of technique as follows:
1.4.2 Transient Reflectivity; 1.4.3 Ellipsometry; 1.4.4 ,Second Harmonic Generation;

1.4.5 Thz Time-Domain Spectroscopy; 1.4.6 Raman and FTIR.

1.4.1 Excitations

Phonons

Phonons are vibrations of the atoms making up a crystal lattice. In solids, the atoms
that make up the material are bound to equilibrium lattice positions. When they are
displaced from these they experience restoring forces which cause them to vibrate at
characteristic frequencies [92]. The resulting dispersion relation leads to two branches;
acoustic, at lower frequencies with in-phase (coherent) movement of adjacent atoms
in the lattice and optic, at higher frequencies with out-of-phase movement of adja-
cent atoms in the lattice [93]. Phonons can be longitudinal or transverse depending
on whether the atoms are displaced in in the same direction or perpendicularly to
the mode’s propagation direction. Thus there are 4 distinct types of phnon; trans-

verse acoustic, transverse optic, longitudinal acoustic and longitudinal optic (TA, LA,
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Figure 1.7: A dielectric permittivity spectrum over a wide range of frequencies. €’ and €”
denote the real and the imaginary part of the permittivity, respectively. Various processes
are labelled on the image: ionic and dipolar relaxation, and atomic and electronic resonances
at higher energies. The energy range over which some phenomena which are of particular
relevance in multiferroics can be observed spectroscopically are also highlighted [86]. These
are; electromagnons (purple), phonons (red), ferromagnetic (FM) and antiferromagnetic
(AFM) magnons (dark and light blue respectively). [Figure modified from Wikipedia]

TO, LO). Different optical techniques can couple to different types of phonon. Op-
tical techniques such as FTIR and Raman will couple to the higher energy optical

phonons [92], while transient reflectivity can couple to acoustic phonons.
Magnons

Perturbing a crystal lattice produces a lattice wave or phonon mode. In ferromagnets
(and antiferromagnets) magnons are analogous to phonon modes but where the spin
states rather than lattice positions are perturbed. Magnons are hence also frequently

referred to as spin waves [94].
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Figure 1.8: Transient Reflectivity: (a) (a)Logarithmic plot of optical reflectivity change
as a function of time delay at two temperatures, 294K and 160 K, at photoexcited energy of
3.1eV and probed at 1.55eV in a BFO film on STO substrate. (b) and (c) The temperature-
dependent fast and slowtime constants, Tf4s: and Tgow, respectively [95]. (b) (a) The AR/R
on (110) BFO thin films with various thicknesses. The arrows indicate the BFO/STO
interface. Left inset: schematic illustration of the propagation of strain pulse inside BFO
and STO substrate. Right inset: the oscillation signal was obtained by subtracted the decay
background from AR/R of (a). Solid lines are the sinusoidal fitting. (b) The thickness-
dependent strain pulse propagating time (tgro / s70) through the inter- face between BFO
and STO. Solid line is the linear fitting curve. Inset shows a part of the right inset in
(a) on an enlarged scale [96]. (c) Pump-probe reflectance of BSZFO in the magnetic field.
The spectra are shifted along the vertical axis for clarity [88]. [All Figures and Captions

re-produced from literature as indicated by citation/
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1.4.2 Transient Reflectivity

Transient reflectivity (optical pump-probe) measurements can couple to a wide range
of phenomena that allow the physical mechanisms in multiferroics to be studied. A few
such studies are outlined here. When multiferroics are photoexcited a charge trans-
fer process occurs, for instance in BFO this occurs between Oy, —Fesq states [97].
This leads to a rapid rise in reflectivity after excitation and subsequent decay which
is observed by optical pump-probe experiments. Rapid rise and a non-exponential
decay have been reported in recent studies of bulk BFO [98, 99] and thin films grown
on a variety of substrates [100, 100, 101, 102]. Aspects of these features can be
used to understand a variety of processes in multiferroics. Decay lifetimes have been
used to examine the structural differences of BFO films on different substrates [100].
The electronic response for 150 nm BFO films on ZrO, (YSZ) and SrTiO3 (STO)
which respectively give tetragonal and rhombohedral films were used to show that
the electron-phonon interaction bigger for T- than R- because of structural strain
and symmetry breaking. Anomalies in decay lifetimes at particular temperatures (as
those shown in Figure 1.8(a)) have also been identified to coincide with changes in
the magnetic ordering [95]. Temperature anomalies at 137.5 K and 195 K which align
with the previously reported hidden phase transition, where an anomaly in Raman
studies at 140 K (discussed later) have been assigned as a spin reorientation transi-

tion [87, 103].

Phonons: Optical reflectivity is a sensitive tool for coupling to coherent acoustic
phonons. Coupling to phonons can come about though a number of mechanisms,
which are thoroughly discussed in a review by Ruello and Gusev [104]. Coupling
mechanisms include: (i) the deformation potential, where a modification of the elec-
tronic energy distribution causes strain in the material. This comes about because

the interatomic forces are dependent on the electronic distribution; thus when modi-
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fied the equilibrium position of the lattice is modified, causing the crystal to deform.
(ii) Thermoelasticity, where a change in temperature induces a change in the ma-
terial’s elasticity i.e a volume change. (iii) Inverse piezoelectricity, where there is
coupling between strain and internal electrical field in the material. This arises in
non-centrosymmetric materials from the macroscopic polarisation that comes about
as a result of separation of the of positive and negative charges when induced by lat-
tice stain. (iv) Electrostriction, where the local electric field of the pump light causes
the material to be polarised, inducing a deformation of the electric orbitals [104].
Phonon modes have been studied in a wide variety of multiferroic systems. Due
to crystal symmetry both LA and TA phonons have been observed in bulk BFO. This
allows experimental evaluation of the elastic coefficients, which had previously only
been estimated through ab initio calculations [99].Transient reflectivity has also been
used to look at thin films of BFO. As with earlier studies on semiconductor layers on
substrates [105] for multiferroic think films the time after excitation will determine
whether a phonon mode is in the film or has propagated into the substrate. An
example of this can be seen in Figure 1.8(b) for BFO films on STO [96]. When strain
pulses propagate through the BFO/STO interface, both the amplitude and period of
the AR/R oscillation decrease. The time at which this occurs can clearly be seen to
increase with increasing film thickness. This work also suggests photostriction derived
from the optical rectification effect as the phonon mechanism. This conclusion was
based on a combination of observations: (i) that the oscillation signal starts within
ps after excitation (see inset of Figure 1.8(b)-b). (ii) That although, with sample
rotation angle in the plane of the sample, they observed no change in the magnitude
of AR/R at t=0 (indicating that the photo induced excitation is isotropic in BFO
films) there was a strong dependence of the oscillation amplitude of AR/R on ¢.
and (iii) the observation of a two-fold symmetry of oscillation amplitude with pump

polarisation. Another example of work on transient reflectivity examines the effect
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of the substrate on phonon modes in co-doped BFO (Bi;_,La,)(Fe;_,Nb,O3, x=0.2
and y=0.01). This is used to give the insight on the dynamical coupling between

electrical polarization and lattice deformation.

Temperature Dependence: Coherent acoustic phonons have been observed in
multiferroic LuMnOj3 [106, 107] and YMnOj3 [108] in temperature dependent optical
pump-probe studies. The periodicity of the observed oscillatory feature was depen-
dent on the wavelength and the angle of incidence of the probe, while the frequency,
dephasing time and phase of the oscillation were found to be temperature depen-
dent [106] and to be consistent with a propagation strain pulse model [109]. Large
phase shifts have been observed at Ty with differing oscillation periods above and
below. Coherent oscillation of the acoustic modes has been observed above Ty with
the phonon weakening as the temperature decreases towards Tyx. These observations
have been attributed to an electric-dipole allowed d-d transition that is coupled to
short-range antiferromagnetic spin fluctuations. This reveals that coherent acoustic
phonons are strongly coupled to spins, allowing the origin of the acoustic phonon
generation to be attributed to magnetic ordering [106, 107, 108]. This is supported
by thermal analysis showing that the acoustic phonon can be strongly coupled to
spin fluctuations above and below Ty [110]. The measured reflectivity oscillation is
also sensitive to change in the group symmetry. The combined effects of the geomet-
rically frustrated triangular Mn arrangement and the strong two-dimensionality of
the magnetic ordering results in a reduction of the ordered magnetic moment [111].
Thus the observed changes in the phonon mode near Ty can be related to the large

magneto-elastic coupling [112].

Symmetry Considerations: Attention has been given to the symmetry consider-
ations of the optical phonon mode in LuMnOj [113]. The reflectivity from the ab- and

ac-planes was examined with the pump and probe polarised both parallel and per-
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pendicularly with respect to each other. Analysis of the oscillation feature from these
faces revealed modes at 3.54 THz and 3.61 THz, which were identified as transverse
(TO) and longitudinal (LO) respectively. Applying an exponentially decaying cosine
fit to the observed reflectivity oscillation revealed that LO and TO modes have a phase
shift of m with respect to each other indicating a displacive mechanism. Considering
the Raman tensor components in light of the crystal orientation and the phase of
the reflectance oscillation the mode was determined to have totally symmetric, A;

symmetry [113].

Magnons: Magnon modes in multiferroics have also been coupled to with optical
pump probe studies. A magnetic field dependant study using optical pump-probe
reflection spectroscopy has been used to observe a magnetic resonance mode in large
magnetoelectric response multiferroic Bag Sty 4ZnoFe;s0q9 (BSZFO) [88] (see Fig-
ure 1.8(c)). The period of an oscillatory feature in the reflectance spectrum was
seen to increase with increasing magnetic field but remained the same under elec-
trical polling. It was also observed that the oscillation frequency decreased as the
Néel temperature was approached. Furthermore the frequency of the oscillation was
sufficiently low as to exclude the possibility of it having arisen from coherent optical
phonons and the absence of a A dependence on the reflectance oscillation excluded co-
herent acoustic phonons, which should exhibit a n/X dependence [109], where n is the
refractive index of the material. The strong dependence of the oscillation frequency
on the magnetic field strength together with the temperature and A dependencies
indicates that the nature of the oscillatory feature is magnetic in origin and that

coherent magnons are responsible for giving rise to the observed features [88].

1.4.3 Ellipsometery

Ellipsometry allows the complex refractive index and thickness of thin films to be

measured. The oscillator modes that give rise to the complex refractive index can
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be used to give insight into structural and charge transfer processes. Ellipsometry
measurements in BiFeOj3 thin films have shown that an increased tetragonal distortion
leads to a blue-shifting of the complex dielectric function [114] (see Figure 1.9(a)). In
BFO an octahedral crystal field will cause a splitting of the 3d orbital into to, and e,
levels. The presence of strain from the substrate will then modify the local structure.
This modification will further split the to, into d,, and degenerate d,, and d,, and the
eg into a lower energy d,» and a higher d,2_, level. This is known as the Jahn-Teller
effect, see Figure 1.9(b). Differences in the resulting energy levels will be reasonable

for the shift in the complex refractive index.

1.4.4 SHG

Nonlinear optical processes are a useful tool for the investigation of magnetic and
structural properties of materials; y? processes such as SHG are the lowest order of
these processes. The technique has many advantages and applications. As SHG can
only be generated in non-centrosymmetric materials this makes it a useful probe of
whether materials are polar. It is however also possible to get SHG from surface and
interface states in centrosymmetric materials, because of the breaking of inversion
symmetry at the boundary. A thickness dependent characterisation can be used to
rule out this effect. Additional contributions to the SHG though the breaking of time-
inversion symmetry can be made by spontaneous long-range magnetic order and/or
the application of external magnetic fields. Using SHG it is possible to discrimi-
nate between different space groups based on the symmetry of the SHG polarisation;
this is achieved by comparing the spectra obtained for different SHG components
by changing the orientation of the sample. The spatial resolution that is offered by
SHG has made it a useful tool for imaging of domain structures and examining the

microstructure of multiferroics [116].
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Domain Imaging

Spatially resolved SHG can be used to image the domain structure of multiferroics.
The underlying principle that makes this possible is that adjacent domains with op-
positely orientated order parameter (for example the spontaneous polarisation, Pg
for ferroelectric order, or the antiferromagnetic ordering vector, for antiferromagnetic
domain structures) will have a 180° phase shift with respect to each other. This
causes the domains of opposite ordering to appear bright or dark with respect to the
other [116, 117].

The nature of the domain structure in the ferroelectric and antiferromagnetic
phases of YMnOs has been investigated in this way [116]. The ferroelectric domain
structure was imaged by interference of the SHG signal were studied, however no
relationship between the degree of anisotropy and the growth technique was found.
From this it was concluded that the preference of a specific crystal orientation must

depend on a factor that uniformly affects the whole crystal.
Multiferroic Order

SHG can also provide evidence for different ordered phases in materials. Ferroelec-
tricity was observed in BiMnPOj epitaxial films on SrTiOj substrates using SHG [9].
It was seen that changes in the polar symmetry of the SHG signal under external
electric fields was correlated to the changes in the ferroelectric domain microstruc-
tures. Changes in the magnitude and symmetry of the second harmonic response with
an applied external field can provide a unique signature that indicates the presence
of ferroelectric domains. Considering the SHG components it was suggested that for
electric-field-induced microstructural bias, the terms Af/ and Bf/of the second harmonic
intensity patterns given by I,/(A; cos> 0 + B;sin® + C;sin?#)? would dominate L,
and terms C2 would dominate I,. This can be seen from Figure 1.9(c) where sin?(26)

(associated with C2) dominates the intensity patterns If. Similarly, sin26 and cos26
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terms (associated with A2 and B} ) dominate the SHG signal I, in Figure 1.9(c).
Change induced by the electric field can be observed when going from I,(0°) (Fig-
ure 1.9(c)-a) to I1,(90°) (Figure 1.9(c)-c). Similarly, it can be seen that change in
applied field between Figures 1.9(c)-b and d produced a change in intensity. These
modifications can be related to the coefficients of the second harmonic intensity and
thus the changes in the SHG signal with external field can be seen to be consistent
with the presence of ferroelectric domains in BiMnO3 flms under these conditions.
SHG has been used to report a new unique form of multiferroism in SrTiO3 which
is induced by applying biaxial strain [118]. A transition from the 4/mmm to the
ferroelectric mm3 followed by a transition to a ferroelastic-ferroelectric mma3 phase
has been reported in the thin-film. This is a ferroelectric-antiferrodistortive form of
multiferroism. SHG was used to study the domain structure and phase transitions.
The ferroelectric domains have been directly imaged at room temperature for the
first time. SHG was also used to understand the mechanism for coupled ferroelastic-

ferroelectric domain wall motion.

1.4.5 THz

Observing Electromagnons

GdMnO3 and TbMnOs3 , along with other multiferroic manganites, possess a strong
magneto-electric coupling. As a consequence of this an electrically-active spin state,
an electromagnon, was first shown to exist in GdAMnO3 and ThMnOj [119]. Electro-
magnons can be identifiable as magnons that are excited by an a.c. electric field.
The dielectric function obtained by THz spectroscopy for GAMnO3 and ThMnOj3
can be seen in Figure 1.10(a). The measurements made without magnetic field (open
symbols) with E||a show a broad absorption feature at vy = 234+3cm‘and vy =
20£3cm ™! for GAMnO3 and TbMnOs respectively. This dielectric contribution in-
creases with decreasing temperature and saturates in the low temperature magnetic

phase. The connection between the observed excitation and the magnetic subsystem
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were investigated by applying a static magnetic field along the ¢ axis (closed symbols).
It can be seen that the excitation is suppressed for both the real and imaginary com-
ponents, which reflects the mutual connection between both properties and identifies
the excitation as a magnon.

The inset in Figure 1.10(a)-b demonstrates that the spinmode is excited by the
a.c. electric field despite the clear connection of the mode to the modulated magnetic
structure. It can be seen that the magnetic excitation is suppressed when the a.c.
component is rotated from E||a to E||b while leaving the magnetic field unchained. In
contrast the excitation remains unchanged when the a.c. magnetic field is rotated from
Hl|c to H||b. This demonstrated that there is a strong coupling between the magnetic
and lattice degrees of freedom. Thus is was shown that a new hybrid spin-lattice
excitation that can be excited by an a.c. electric field, i.e. an electromagnon exists in
magneto-electric multiferroics. When this excitation appears it is accompanied by a
significant refractive index change, which has interesting implications for the design

of magneto-optic devices [119].

1.4.6 Raman Spectroscopy

Raman spectroscopy can be used as a structural characterisation tool. For example,
X-ray and Raman data have together suggested that the BiFeOjs structure is tetrag-
onal for 70 nm thick films and changes to monoclinic for 240 nm thick films, which
remains different from that of the bulk (rhombohedral) structure [120]. Polarized
and unpolarized Raman spectra were used in order to better determine the symmetry
changes of BFO films observed by XRD. Differences between the thin film Raman
spectra and those for bulk confirm the difference in their structures.

Magnetic ordering has also been studied with Raman spectroscopy. Low energy
spin excitations in BFO have been observed and attributed to two species of magnon
corresponding to spin wave excitations in the cycloid plane [87]. Although no optical

phonons are expected in BFO below 50 cm™! [121, 122], a series of Raman modes have
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been observed at low numberer [87, 123]. These can be seen in Figure 1.10(b) where
twelve peaks, in two distinct polarisation dependent sets, have been detected with
first mode at 7.440.5cm™! [87]. The chosen polarisations were in the (010) plane and
were parallel (||) and crossed (L) with respect to the spin cycloid’s propagation wave
vector, ¢, which is along the [101] (as in Figure 1.2(b); the cycloid plane, where spin
ration occurs is (121)). With this it was seen that the 1 modes were equally spaced,
while the ¢ where not. These observations were found to be in agreement with a
theoretical approach based on the effective Ginzburg-Landau free energy [124], which
predicts two species of spin excitations lying in and out of the cycloid plane at small
wave vectors. The theory predicts that one of the the cycloids will have a gap due to
pinning of the cycloid plane by the electrical polarisation, while the other will have
none. This is what is observed experimentally when the mode index is plotted against
wave number. The presence of the gap energy indicates that there is coupling between
cycloidal magnetic order and electrical polarisation. These findings are in agreement
with neutron scattering measurements showing a cycloidal orientation change under
an applied electric field [24]. There has been some suggestion that modes are not
purely magnetic but have some dipole active character given that the mode intensity
does not decrease with index and there is a maximum corresponding to a dipole active
mode detected by IR measurements [125]. Electric-field control of the spin waves has
also been observed. With applied field the v, modes have been seen to blueshift,
while the ¢,, modes redshift [90].
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Chapter 2

Experimental Methods &
Theoretical Background

This work investigates the optical and vibrational properties of multiferroic oxide thin
films. Both time-resolved and continuous-wave techniques have been used to inves-
tigate the optical properties. The time resolved technique used is Optical Pump
Probe Reflectivity (Transient Reflectivity). In this technique the sample is
excited with an ultra-short laser pulse and the time evolution of the response was
measured by a delayed probe. The continuous-wave techniques used to measure the
linear optical properties were Spectroscopic Ellipsometry, which determines the
complex refractive index and thin film thickness, and Second Harmonic Genera-
tion, which was used to characterise the non-linear optical response. A number of
techniques were used to examine the vibrational properties. These include Terahertz
Time-Domain Spectroscopy, Fourier Transform Infrared Spectroscopy and

Raman Spectroscopy.

Transient Techniques

2.1 Optical Pump Probe Reflectivity

Transient reflectivity works by measuring a pump induced change in a sample’s re-

flectance of a probe beam, arising from induced changes to the complex refractive
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index of the sample. The technique can provide a sensitive probe of the micro-
scopic dynamics and coupling between degrees of freedom in complex materials. The
technique is suited to the study of multiferroics as it allows both the phonon and
magnon responses to be examined in the time domain by recording changes in the
reflectance[88]. Pump-probe spectroscopy employing above-band-gap laser pulses can
help to ascertain the structural dynamics that arise upon the excitation of localized
states. Time-dependent analysis of generated coherent phonons can be used to study
the coupling-dynamics of spins and the lattice[107]. The use of the reflection geom-
etry is particularly desirable for the study of multiferroic materials as many of the
materials of interest will be opaque at one or both of the pump/probe wavelengths.
After discussing the experimental setup in Section 2.1.1, different mechanisms that

alter the reflectivity are described in Section 2.1.2.

2.1.1 Experimental Setup

A schematic of the experimental setup used for pump-probe reflectivity measurements
can be seen in Figure 2.1. A mode-locked Ti:sapphire laser oscillator (4 MHz, 650 nJ,
50fs) was used for these experiments. The laser system uses a semiconductor laser
to pump a Nd:YAG laser. This is frequency doubled to 532 nm (2.33 V) and has an
output power of 15 W. It is then used to pump the Ti:sapphire crystal of the oscillator
which gives stimulated emission at A=800nm (1.55eV). The system is mode-locked
by a saturatable Bragg reflector, and the long cavity path length created by a multi-
pass cell gives the 4 MHz repetition rate. This gives a pulse a broad spectra with a full
width at half maximum (FWHM) of ~40 nm. Due to the positive dispersion regime
in which the system operates the spectrum has steep sharp edges. This similarity
to a rectangular spectrum means that the pulse envelope in the time-domain bares
resemblance to a sinc-function. Only 3-6% of the energy should exist in the wings of
the main pulse; this means that the central portion of the beam profile will be well

approximated by a Gaussian wave form. Inside the cavity the pulse duration is ~1 ps;
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a multi-pass prism is used to recompress the pulse to ~50fs.

To perform transient reflectivity measurements the beam is split into two parts;
95% for the pump and 5% for the probe (as labelled in Figure 2.1). The required
wavelength of the pump beam is set by the point at which the onset of electronic
absorption occurs in the sample under consideration. For the samples studied in
Chapters 3 and 4 a pump energy greater than the fundamental (A=800nm=1.55¢V)
was necessary to exceed the bandgap. As such the pump was frequency doubled to
A=400nm (3.1eV). The frequency doubling section is highlighted in Figure 2.1 with
a dashed box. The beam is focused near the non-linear crystal (NLC'), here a BBO
(Barium borate, BaB20,), and subsequently re-collimated. Focusing the beam allows
for the high electric field required to generate the second harmonic efficiently. The
BBO'’s position with respect to the focus and its angle with respect to the incident
beam as well as the dispersion compensation of the laser (i.e. pulse duration) were
adjusted to optimise the SHG efficiency of the BBO. This resulted in a pump fluence
of 60uJem™2 at A-400nm at the sample. The remnant of the fundamental is then
filtered out with a dichroic mirror (DCM) and an absorptive filter.

The pump and probe beams are focused onto the surface of the sample. The probe
is incident at close to the normal, so as to minimise the effect of angle on the modes
probed. The spot sizes of the pump and probe are such that the diameter of the
probe is much smaller than that of the pump (o ~0.2:0.02mm). The smaller spot size
of the probe was achieved by first expanding the probe beam diameter, allowing it to
be focused with a smaller waist. A smaller diameter for the probe is desirable as only
the regions of the sample that have undergone excitation are of interest. Furthermore
this means that the probe examines a region with a uniform excitation profile. The
overlap of the pump and probe was adjusted to optimised the signal. A delay stage
in the pump path was used to alter the arrival time of the pump with respect to the

probe at the sample, allowing time resolved measurements to be made.
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Figure 2.1: Optical Pump Probe Reflectivity: Schematic of experimental setup for
the optical-pump reflectivity experiment. (BS) Beam splitter. (L) Lens. (A/2) Half wave
plate. (PCB) Polarising beam cube. (NCL) Non-linear crystal. (Ch) Chopper. (DCM)
Dichroic mirror. (F') Filter. (B) Beam dump. () Delay stage. (BPD) Balanced photodiode

detector. NB: Relative lengths of beam paths are not shown to scale.
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The probe was also further divided into two parts; the probe itself (red solid),
which was incident on the sample and a reference (red dashed), which was not. This
allowed a balanced detection system to be used, which improves the signal to noise
by filtering out laser noise. A mechanical chopper in the pump beam was used to
modulate the pump power and the lock-in was referenced to its frequency. This means

that the relative reflectivity of the sample is given by;

AR _ Rrum. — Rpark
R RDark

(2.1)

where Rpjum. and Rp..r are the amplitude of the reflected intensity from the sample

under photoexcitation and in the dark respectively.
Asynchronous Optical Sampling (ASOPS)

Asynchronous Optical Sampling (ASOPS) can provide and alternative detection
method for transient reflectivity experiments. Conventional time-resolved pump
probe spectroscopy relies on the use of mechanical delay stages to introduce delay
between the pump and probe pulses. In contrast, ASOPS uses two femtosecond
lasers with detuned repetition rates (i.e. asynchronously linked) to do this. Using
this approach the resolution of the time window that can be achieved is given by the
ratio of the repetition rate detuning and the product of the repetition rate and the
detection bandwidth. For repetition rates in 100 MHz-GHz and detuning frequencies
in kHz range can give time windows of up to ~ns which are much longer than can be
achieved with conventional delay stages. The technique also has a number of other
advantages compared to conventional pump-probe experiments; delay lines always a
source of mechanical vibration, are limited in speed and may introduce changes in
the spot size and position.[126]

Figure 2.2 shows a schematic diagram for the ASOPS experiment. The repetition

rates of the pump and probe lasers are electronically synchronised (not shown). The
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N2 PBC

Sample

NLC F (550nm)

Figure 2.2: ASOPS: Schematic of experimental setup for the asynchronous optical sampling
(ASOPS) experiment. (BS) Beam splitter. (A/2) Half wave plate. (PCB) Polarising beam
cube. (NCL) Non-linear crystal (BIBO). (F) Filter. (l) Beam dump.

pump beam is focussed onto a BIBO (BiB3Og) crystal to generate the second harmonic
at A=400nm. This is then focused onto the sample. The probe is beam focused
at normal incidence onto the sample and is overlapped with the pump beam. This
geometry is achieved by using a beamsplitter. A filter is used to remove any scattered

pump light from the probe beam, which is focused onto a photodiode detector.

2.1.2 Coupling Mechanisms

Electronic

For semiconductors, immediately after excitation with above band-gap radiation there
will be a sharp change in the reflectivity. This is caused by the rapid transfer of
electrons from the valence to conduction band [92]. In multiferroics the excitation
process can be understood as a charge transfer process between initial and final energy
states which are bound, rather than delocalised bands [97]. This causes a change in

the refractive index of the sample altering the reflectivity, R, since at normal incidence;

(-1

(n+1)

(2.2)
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where n = n + ik is the complex refractive index [92]. As such the photoinduced
change AR will be proportional to the change in the complex refractive index,
AR = %Aﬁ. Whether the sample becomes more or less reflective upon excitation in-
dicates whether the electronic properties have become respectively more metallic-like
or insulator-like with the transfer of electrons.

After excitation the system will begin to relax to its original state. In terms of the
transient reflectivity response this will present as a decay back to the pre-excitation
level. The characteristic lifetime of the decay will depend on the mechanism by which

the relaxation is occurring.

Example: To test the pump-probe system measurements were initially carried out
on previously well characterised semiconductors. Some of the results are presented
here to illustrate the operation of the technique. Figure 2.3(a) presents the transient
reflectivity for a 500 nm InAs film on a bulk GaAs substrate. Given the lower band
gaps of InAs and GaAs than the multiferroic samples studied (0.354 eV for InAs and
1.424 ¢V at 300 K) this was pumped and probed at 800 nm (1.55¢V). As can be seen

upon photo excitation there is a sharp rise, which is then followed by a slower decay.
Phonons

Transient reflectivity measurements can couple to acoustic phonon modes (also re-
ferred to as a stain pulse). A strain pulse is created by the perturbation of the
lattice by photoexcitation, and propagates through the multiferroic film. Oscillations
in the transient reflectivity arises from interference between a fraction of the probe
pulse specularly reflected from the sample surface and a fraction reflected from the
propagating strain pulse [109]. This mechanism can also be described as stimulated
Brillouin scattering [127]. The strain pulse results in a characteristic frequency;
2nv

f= TCOSH (2.3)
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Figure 2.3: Transient reflectivity of 500 mn layer InAs on GaAs in the time (a) and frequency
(b) domains. (a) Shows raw AR/R data (black) and data with the electronic component
extracted below (scaling between the raw and extracted data is not the same). An early
time window (15-150ps, green) corresponding to when the phonon mode is in InAs and a
late time window (220-445 ps, orange) corresponding to then the phonon mode it in GaAs
are highlighted in the extracted data. The frequency domain data in (b) corresponds to
these time windows. Data points (Circles/Squares connected by dotted lines) along with a

Gaussian fit (solid lines) are shown.
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for the oscillation in AR at a probe angel of incidence 6 (Ref. [109]), where v is the
longitudinal acoustic phonon speed and the refractive index n is evaluated at the
probe wavelength A. Oscillations in AR can therefore arise from periodic changes to
the refractive index, as created by acoustic phonon modes.

In the case of thin films the strain pulse will propagate through the film and
into the substrate. The film and substrate will have different refractive indices, n,
and different acoustic phonon speeds, v, (arising from the lattice properties). This
will result in changes to the amplitude and frequency of the oscillations in the time-
resolved reflectivity. Furthermore it means that there will be a limited time-window
from which information about the phonon mode in the film can be extracted. The
size of this time window will depend on the speed of the mode propagation in the film
and on the thickness of the film. This aspect of measuring acoustic phonons in thin
films with transient reflectivity has previously been reported in semiconductors[105]

and in multiferroics[96].

Example: Looking closely at Figure 2.3(a) it can be seen that there are periodic
oscillations superimposed on the decay. In Figure 2.3(a), where the background elec-
tronic component has been extracted, these are clearer. These oscillations in the
decay can be attributed to the propagation of a strain pulse in the sample. Fig-
ure 2.3(b) shows the time-windowed Fourier transform of these oscillations; 15-150 ps
gives 37.6GHz while 220-455 ps gives 40 GHz. Analysis in the time domain over four
oscillation periods (see Figure 2.3(a)) gives periods (and corresponding frequencies)
of 26.9ps (37.2GHz) and 22.7ps (44.1 GHz) for the InAs layer and GaAs substrate
respectively. Although the extraction of the oscillation frequency from the frequency
and time domain give slightly differing results, the direction of the shifts obtained are
consistent. Given n;,4,(800nm)=3.735 and ng.4s(800nm)=3.683 [128] from Equa-
tion 2.3 and this yields acoustic phonon speeds obtained from the frequency (and

time) domain in InAs and GaAs of 4026 ms™! (3983 ms! ) and 4593 ms~* (4788 ms™!)
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respectively. This gives a time-window of 124 ps (126 ps) for the phonon mode be-
ing in the InAs film. This corresponds well with where the change in the oscil-
lations appear to occur in the time-domain. Reported values put the longitudinal
acoustic phonon speed in the [100] direction in InAs at v;[100]=3.8x10°ms ™" and at
v [100]=4.73x10*ms™! in GaAs[129].

2.1.3 Magnons

Transient reflectivity can also couple to magnetic excitations in multiferroics. Pho-
toexcitation of a magnetic ion can alter its spin-state. Magnons (coherent spin
waves)[94] can modulate AR because the complex refractive index also couples to

the magnetic permeability:

= /e (2.4)

Here, € and p are the dielectric function and permeability. Coupling to a magnon with

transient reflectivity has been reported for the hexaferrite Bag 5Sr; 5ZnaFe;2099[88].

Linear and Non-linear Optical Techniques

2.2 Ellipsometry

Ellipsometry allows the complex refractive index and thickness of thin films to be
measured. The technique measures the change in the ratio of the s and p polarised
light reflected from the sample, which is affected by the sample’s properties. From
this n and k can be extracted. The polarisation ratio is defined in terms of amplitude

and phase components (tan(y)) and A) given by;

p= % — tan(¢))e® (2.5)

where 7, and 7, are the amplitudes of the s and p components.

Figure 2.4 shows a schematic for how r, and ry are measured. Ellipsometry uses
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Sample

Figure 2.4: Ellipsometry: Schematic of a spectroscopic ellipsometer works. (P) Polariser.
(A) Analyser (rotating). (L) Linearly polarised light. (E) Elliptically polarised light.

an unpolarised broadband source. The initial polarisation is set using a polariser.
The light is reflected from the surface of the sample. Focusing optics can be used
here to reduce the spot-size. Angles of incidence close to the Brewster angle allow
for a maximum contrast in r, and r,. Measurements can also be taken at a num-
ber of incident angles to allow the fitting for extracting n and k to be carried out
simultaneously over a number of known angles of incidence. The output polarisation
is then recorded by means of a rotating analyser. CCD detectors can be used to
simultaneously record the response across the entire spectrum.

n and k must be extracted from the measured ) and A. To do this a layer model,
considering the optical constants and thickness parameters of all individual layers
of the sample must be used. A Tauc-Lorentz oscillator model[130] was used for the
dielectric function, € = €; + i€y of the film. This model was varied though an iterative
process where ¥ and A values were calculated from equation 2.5 calculated for a
dielectric stack. The optical constants and thickness parameters are those that lead

to the calculated ¥ and A values with the best fit to the experimental data.
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2.2.1 Absorption Depth

The complex refractive index extracted from the ellipsometry results also allow the ab-
sorption depth to be calculated. Knowing this value at one of both or the pump/probe
wavelengths is critical for a number of the techniques used in this work. The absorp-

tion depth is given by:

5= (2.6)

where the k is the imaginary part of the complex refractive index which is related to

the dielectric function by:

i=n+ik = VE= (e + iey)"/? (2.7)
2.3 Second Harmonic Generation (SHG)

In this work SHG experiments have been used to examined the structural character-
istics and to confirm whether the samples under investigation are polar. Given the
correct phase-matching conditions and a suitably high radiation intensity the second
harmonic of the input radiation will be produced by the sample. In this process the
nonlinear medium converts the fundamental frequency w to a frequency of 2w though
the creation of a nonlinear polarisation;

P¥ = dy, EY EY, (2.8)

7

where d;j;, is the nonlinear optical coefficient tensor defined as;

diji = GOXEJQ-;)C (2.9)
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(2)
ijk

where €5 and x>, are the permittivity of free space and the second order nonlinear
susceptibility tensor[92, 116, 131, 132]. The SHG tensor components give rise to
important geometry considerations depending on the space group symmetry of the
sample under consideration. It is worth noting that the Kerr effect, where the re-
fractive index has an electric field dependence and for which there is not a symmetry
matching requirement, can also contribute to nonlinear responses. However, fluence
required to produce the Kerr effect is much greater than those accessible using the
techniques, as discussed in the next paragraph, used in this work.

The experimental setup used to achieve this is shown in Figure 2.5. A mode-
locked Ti:sapphire laser oscillator (4 MHz, 650nJ, 50fs) provided the fundamental
beam at 800nm (1.55eV) for SHG measurements. A half wave plate was used to
rotate the linear input polarisation (the polariser). The fundamental was focused
tightly onto the sample generating the high electric fields required to produce the
second harmonic. Measurements were carried out in both transmission and reflection
geometries. Figure 2.5 shows the layout for the reflection geometry. The beam was
re-collimated and the fundamental filtered out with a dichroic mirror and two short
pass filters (400 nm pass). The signal was mechanically chopped after the first filter
to allow the signal to be amplified by a lock-in process. A polariser (the analyser)
was used after the filters to set the detection polarisation. Either a photodiode or

photomultiplier tube (PMT), placed after the analyser, were used to detect the second

harmonic.

Vibrational Mode Techniques
2.4 THz Time-Domain Spectroscopy (THz-TDS)

The THz region covers the range 100 GHz-20 THz. Through electro optical sampling
the technique allows for the full reconstruction of the THz electric field in the time-

domain. By Fourier transformation the change in both the amplitude and phase of
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Figure 2.5: SHG: Schematic of experimental setup for the second harmonic experiment in
reflection and transmission (faded). (A\/2) Half wave plate. (DCM) Dichroic mirror. (F)
Filter (400nm). (Ch) Chopper. (A) Analyser.

frequency components can be extracted. When the THz transmission of a sample
is compared to a suitable reference (e.g a blank substrate) the complex dielectric
function of the sample can be extracted directly[133].

A schematic of the experimental set up for THz-TDS is shown in Figure 2.6.
Ultra short pulses were generated from a mode-locked Femtosource Scientific Pro
Ti:Sapphire oscillator ( 20fs , 74 MHz, 10nJ, A=800nm). The beam was split into
two parts; one to generate the THz and the other part to be used in the THz detection
(Gate). Since there are some strong absorption lines from atmospheric water vapour
in the THz region, the THz generation and detection is carried out under vacuum.

THz pulses were generated using a photoconductive switch (PCS)'[136]. A PCS
consists of a semiconducting material onto which surface contacts with a gap are
deposited. Here a GaAs epilayer PCS with a 300 um strip gap was used. When a
femtosecond pulse is focused onto the semiconductor photoexcited electron-hole pairs
are generated. These are then accelerated by an electric field, achieved by applying a

bias voltage across the gap. This moves the generated electrons and holes towards the

1Other forms of THz generation include air Plasma generation[134] and nonlinear optical
rectification[135]. Different generation techniques give different bandwidths and THz intensities.
These difference can be critical in the selection of of a suitable generation method.
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Figure 2.6: THz-TDS: Schematic of the experimental setup for the THz-TDS experiment.
(BS) Beam splitter. (]) Delay stage. (PCS) Photoconductive switch. (OAP) Off-axis
parabolic mirrors. (NCL) Non-linear crystal. (A/4) Quarter wave plate. (IWP) Wollaston
prism. (E) Elliptically polarised. (H) Horizontally polarised. (V') Vertically polarised.
(BPD) Balanced photodiode detector. Black box: Vacuum chamber.
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oppositely charged electrodes causing a transient electric dipole to be set up. This
then radiates an electromagnetic pulse with THz frequencies[137]. Once generated
the THz radiation is collimated and focused onto the sample using a pair of gold off-
axis parabolic mirrors (OAPs). A second pair of OAPs is then used to re-collimate
the THz radiation and focus it onto the detection crystal.

The THz radiation was detected using electro-optic sampling?[135]. Electro-optic
sampling relies on the Pockels effect, where a birefringence is induced by an applied
electric field. This effect occurs when the THz electric field is present in the detection
crystal. When the linearly polarised gate beam is also present this will result in its
polarisation being rotated. Subsequent to the detection crystal a \/4 waveplate con-
verts the rotated gate beam to an elliptical polarisation (see Figure 2.6). A Wollaston
Prism then separates the elliptically polarised gate beam into linearly horizontal and
vertical polarised components. These are then detected by two separate photodiodes.
The voltage difference between the signals on the two photodiodes is then recorded
(balanced photodiode circuit). As the probe beam is delayed with respect to the gate
beam this traces out the amplitude and phase of the THz pulse in the time domain.
The \/4 waveplate is orientated such that in the absence of any THz radiation (and
so no rotation of the gate beam’s polarisation occurs) the output will be circularly,
rather than elliptically polarised. This means that zero voltage difference on the
balanced photodiode circuit corresponds to zero THz electric field. Amplification of
the balanced photodiode signal was achieved with a lock-in amplifier. This ampli-
fies a signal at a given modulation frequency. Here a modulation in the signal was
achieved by applying a square wave modulation to the bias voltage on the PCS, which

periodically flips the polarity of the THz radiation.

48



2 A& A& Interferogram

Sy,
h,
Ple Spectrum

Figure 2.7: FTIR: Schematic of how FTIR spectroscopy works. (BS) Beam splitter. (J)
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2.5 Fourier Transform IR Spectroscopy (FTIR)

Fourier transform infrared spectrometry (FTIR) allows modes above the energy of
the THz range to be examined. A schematic of how this is achieved can be seen in
Figure 2.7. A broadband source is used as the input to a Michelson interferometer.
The interferometer produces an interferogram generated by splitting the source beam
into two arms with a beamsplitter. Of these two arms one is of a fixed length and the
other of a varying length. The beams on each of the arms are reflected back towards
the beamsplitter where their amplitudes are re-combining interferometrically. The
wavelengths involved in the interference are a function of the length of the moving

arm. From this the spectrum of the source can be re-constructed by Fourier trans-

2Akin to the generation methods photoconductive antenna [136] and air-plasma detection [138]
are alternative techniques.
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formation. A sample can be placed in the output of the interferometer to obtain the
reflectivity (or absorption) of the sample across the range of the source. The choice of
source, beam splitter and detector determine the energy range over which the spec-
trum can be measured. In this work measurements taken were with a Bruker Vertex
70v spectrometer in the mid-IR (MIR) and far-IR (FIR), using a globar light source

and the following beam splitters and detectors:
MIR: KBr beamsplitter and DLaTGS? detector, (40-1000 meV)
FIR: Si beamsplitter and DTGS detector (10-90 meV)

2.6 Raman Spectroscopy

Raman spectroscopy yields complementary information to FTIR and can be used to
probe low-energy modes such as molecular or lattice vibrations. Raman scattering is
the inelastic scattering of light. Phonons mode are excited, which scatter light at the
excitation energy shifted by the energy of the mode. As the scattered signal is small
the technique requires an intense excitation source, i.e. a laser. The frequency shift
for scattered phonons is quite small, so it is not only necessary to resolve this weak
signal, but one which is close to the strong excitation wavelength.

Figure 2.8 shows a schematic of how this can be observed experimentally. A Ren-
ishaw inVia Reflex Raman microscope was used to take these measurements. Here
the excitation laser was first expanded in the beam expander then focused onto the
sample with a microscope lens, thus achieving a high excitation intensity. The scat-
tered light along with the specularly reflected excitation beam was then collected in a
backscattering geometry using the same microscope lens. To remove the fundamen-

tal laser frequency the beam was first passed through a holographic notch filter. A

3DTGS and DLaTGS are deuterated triglycene sulphate and deuterated L-alanine doped
triglycene sulphate respectively.
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diffraction grating monochromater allowed the Raman signal v shift wavelength to
be be measured. This extraction method does not allow modes with energies very
close to the fundamental (e.g. <20meV) to be examined owing to the filter’s cut off.
To observe smaller shifts extraction of the fundamental can be done using a grating

monochromator to remove the pump.

Diffraction

£Ch Detector

-

Microscope
Translation

Figure 2.8: Raman Spectroscopy: Schematic diameter of a Raman microscope (Ren-
ishaw RM1000) [Tmage taken from ”Scientific Examination of Art: Modern Techniques in
Conservation and Analysis ( 2005 ) / Raman Microscopy in the Identification of Pigments
on Manuscripts and Other Artwork” Robin J. H. Clark |
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Chapter 3

Coherent magnon and acoustic
phonon dynamics in tetragonal and

rare-earth-doped BiFeOj
multiferroic thin films

3.1 Introduction

This chapter reports a study of dynamic magnetoelectric coupling in BiFeO3; (BFO)
thin films. The influence of tetragonality and of lanthanide substitution (Dy and La;
Bi;_,_,Dy,La,FeO3) on the perovskite A—site are examined. Coherent magnons and
acoustic phonons were impulsively excited using femtosecond ultraviolet pulses and
were tracked by a time-delayed infrared probe. Strain pulses carried by longitudinal
acoustic phonons were utilized to obtain the films’ elastic moduli, in conjunction with
spectroscopic ellipsometry. Spectroscopic ellipsometry and DFT were used to discuss
the complex refractive index and orbital hybridization. A weak ferromagnetic order,
induced by either magnetisation in the growth direction or by tetragonality, created a
magnon oscillation at 75 GHz, indicative of a Dzyaloshinskii-Moriya (DM) interaction

energy of 0.31 meV.
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Figure 3.1: Crystal structure of different phases of BiFeOs. (a) Relationship between pseu-
docubic perovskite structure (thin lines) and rhombohedral unit cell (thick lines). Bismuth,
iron, and oxygen atoms are drawn in blue, orange and red, while orange arrows denote
spins. The Cartesian axes x, y, z of the pseudocubic structure and the unit vectors of the
rhombohedral cell are also shown. (b) The Cartesian axes 2/, 3/, 2’ used to describe the
properties of the rhombohedral cell (blue spheres, thick lines) are shown along with the trig-
onal structure (gray spheres, thin lines), which is the standard setting used in theoretical

works.

3.2 Sample characterization

3.2.1 Growth and X-ray Diffraction

Thin films of rhombohedral-like BiFeO; (R-BFO), tetragonal BiFeOj; (T-BFO),
Big 7Dy 3FeOs; (BDFO) and BigglagiDyo3FeO3; (BLDFO) were grown on (001)-
oriented LaAlO3 and MgO substrates by pulsed laser deposition [27, 28]. The sub-
strate used is indicated by the suffix /L or /M (e.g. BDFO/M). Film thicknesses
were in the range from 290 nm to 450 nm (from ellipsometry, see Section 3.2.2), with
a surface roughness of less than 20 nm (from AFM, see Figure 3.2). While monoclinic
or tetragonal phases are stabilized by compressive strain on LaAlOj for thicknesses
below 300 nm, thicker films exhibit strain relaxation towards the bulk rhombohedral

phase [12].

53



z (pm)

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

y (pm)
=

0 0.5 1 1.5 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
X (em) z (pm)

Figure 3.2: Atomic Force Microscopy (AFM) on BDFO/L. (a) 2D surface roughness colour
plot. (b) Height profiles along two different lines.

High-resolution w — 26 X-ray diffraction scans and reciprocal space maps were
used to examine the crystal structure of the films, using a four-circle x-ray diffrac-
tometer (PANalytical X’pert Pro) with a Cu Ka source and a monochromator. In
Figure 3.3(c) the pseudocubic (002) peak of the LaAlO3 substrate (space group R3m,
a = 3.789 A, a =90.12°) is visible at 20 =48.0°. In contrast, the (002) cubic peak
for MgO (space group Fm3m, a = 4.212 A) is at 42.9°. The weaker peaks around
260 = 46° originate from a rhombohedral-like phase in the epitaxial films, while the
peak at 20 = 38.5° indicates the tetragonal-like phase [12]. Reciprocal space maps
(RSM) of diffraction peaks close to the substrate’s pseudocubic directions were uti-
lized to obtain a component of the films’ periodicity in the plane, as shown by the
examples in Figure 3.3(a) and (b) close to the (103). substrate peak for LaAlO3. For
a 552 nm thick layer of BDFO/L the film can be seen to be predominantly relaxed to-
wards a bulk-like phase, as the in-plane component ¢, of the scattering vector does not
match that of the substrate (Figure 3.3(a)). Conversely, RSMs for the tetragonal-like
(T-like) films indicated that no in-plane relaxation occurred (g, the same for epitaxial
film and substrate), as shown in Figure 3.3(b).

A rhombohedral cell (space group R3c) provided a good fit for the BDFO and
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Figure 3.3: (a) Reciprocal space map (RSM) around the (103). substrate peak for R-like
BDFO/L. (b) RSM around the (103). substrate peak for T-like BFO/L. (¢) w — 26 X-ray
diffraction scans for (from top to bottom) T-like BiFeO3 (300 nm), R-like BiFeO3 (300 nm),
Bip 7Dyo.3FeO3 (552nm) and Big gLag 1Dyo 3FeO3 (323 nm) on LaAlOgs, and Big 7Dy 3FeO3
(397nm) on MgO. Note, although T-BFO/L and R-BFO/L are of similar thicknesses their
PLD growth parameters differed, leading to the different structures observed.

BLDFO films, where the observed diffraction peaks lay close to the values for bulk
BFO. Fits were obtained by calculating 26 positions for various peaks (e.g. (110),
(220), (330), (431), (442) in the rhombohedral setting) using the two free parameters
(a and «), and finding the best fit to experiment graphically via a contour plot of
the error. The unit cell parameters thus obtained were slightly smaller than bulk
BFO [6], which has a = 5.63A, a = 59.4°, and are summarized in Table 3.1, Page 68.
The tetragonal distortion to the pseudocubic cell was small for the rare-earth doped

films, at ¢/a < 1.01 for BDFO and BLDFO. Two different undoped BFO films were
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Figure 3.4: (a) The complex refractive index n = n +ix of R-BFO from ellipsometry (thick
green line: n, thin green line: k) is in close agreement with first-principles calculation
(dashed lines, see text). (b) Atomic density of states (DoS) for R-BFO, from calculation.
(c) and (d) show that n and x for BDFO (blue lines, from ellipsometry) are suppressed in
the range 0 — 5eV in comparison to R-BFO. The density of states for Dy has been scaled
down by a factor of 2.

explored: one with a weak tetragonal distortion ¢/a = 1.03 that was primarily rhom-
bohedral (R-BFO, a = 5.617A, o = 58.7°), and a film with enhanced tetragonality
c/a =123 (T-BFO, ¢ = 4.68A, a = 3.789A).

3.2.2 Ellipsometry and DFT

The complex refractive index n = n+ix of the films was characterized using variable-
angle spectroscopic ellipsometry. The R-BFO and T-BFO films were found to have
similar 7 to those previously reported [114], and were parameterised using a series
of Tauc-Lorentz oscillators. n is reported in Figure 3.4(a) and (c) for R-BFO and

BDFO. Substitution with Dy was found to reduce n in comparison to R-BFO, and
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to decrease the band gap slightly.

First-principles calculations of n were performed for our experimental BFO
cell dimensions using the LSDA+U approach and the Kubo-Greenwood formal-
ism [139, 140]. A good match between simulation (dashed lines in Figure 3.4(b))
and experiment for BFO was obtained with a Hubbard U = 6 eV for Fe 3d electrons.
The site-resolved density of states around the optical gap is shown in Figure 3.4(b),
where the chemical potential is at zero energy. The highest valence band is a mixture
of O 2p states and the Bi 6s lone pair responsible for ferroelectricity, while the lowest
conduction band is predominantly Fe 3d in character, with some Bi 6p hybridization.

To attempt to model the optical properties of BDFO the experimental unit cell
(a = 5.535A, a = 59.1°) was doubled in one dimension. One of the four Bi atoms was
substituted by Dy, to allow a simulation of Big 75Dyg.25FeQOs, close to the experimental
Dy doping level of 30 %. For dysprosium, a twenty electron valence orbital basis set
was used (5s25p®4 f1965%5d°), with U = 6 eV for the 4f electrons. While the simulated
Dy magnetic moment in BDFO was 5.06 3, in reasonable agreement with experiment
(5.87 up for DyFeOg, Ref. [141]), the optical properties are in much poorer accord with
experimental data, as Figure 3.4(c) indicates. This may be in part due to spin-orbit
interactions being neglected in the DFT calculations [139, 140], which are particularly
important for Dy. The degree of convergence was also poorer than for a BFO super-
cell without Dy, as reported previously [142] . The simulated density of states for
BDFO demonstrates a hybridization between the Fe 3d and Dy 4 f orbitals, with a Fe
3d band appearing within the band gap of BFO that lowers the calculated bandgap.

Experimentally this reduction is less pronounced, as evidenced by Figure 3.4(c).

3.2.3 Second Harmonic Generation

Second harmonic generation (SHG) can be used to examine the structural and polar
properties of materials. A mode-locked Ti:sapphire laser oscillator (4 MHz, 650 nJ,

50fs) provided the fundamental beam (800 nm or 1.55eV) for SHG measurements in
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transmission and reflection geometry. Either a photodiode or a photomultiplyer tube
(PMT), placed after an analyser and a set of short pass filters, were used to detect
the second harmonic. Samples were mounted at ¢ = 45° from normal incidence, and
with the incident beam polarised at angle ¢ (¢ = 0 corresponding to p-polarisation),
see Figure 3.5(a). For further details on SHG see Section 2.3 in Chapter 2.

In the transmission geometry, the SHG intensity varies with the angle of incidence
0 of the pump beam. This is because the projection of the SHG nonlinear suceptibility
tensor, d;jr onto the polarisations of the pump beam varies as the incident angle is
changed. For the p-in-p-out SHG polarisation geometry, as shown in Figure 3.5(a),
the SHG intensity for a R-phase or T-phase of BFO (point groups 3m and 4mm

respectively) is given by [132]:

Ipp(B) = I32 (Af2 cos* 6 + Bf?sin 0 + C f, f. sin 26)° (3.1)

where:

60 = Angle of incidence

d;;ix = Nonlinear optical coefficients.

fz» = Linear Fresnel coefficients.

fw = Nonlinear Fresnel coefficients.

tp, = Fresnel coefficients for transmission of p-polarised SHG at the substrate-air interface.

Iy = Intensity of the fundamental light.

The A ,B, C Coeflicents are functions of d;ji (ds1, ds1 and dy5) and fm. The space
group of the material will determine which of the components of the susceptibility
tensor, d;;i, can be non-zero. As such the SHG intensity, /pp(6) will vary depend-
ing on the space group of the material. The dashed and dotted black curves in
Figure 3.5(b) show theoretical predictions for the angular dependence of the SHG
intensity for tetragonal and rhombohedral phases of BiFeO3 reported by Kumar et

al. [132]. Notably, the two phases can be distinguished as the expected SHG inten-
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Figure 3.5: (a) Experimental setup (b) Purple: Angular tilt dependence of SHG signal
obtained in p-in-p-out configuration. Black: Theoretical predictions for a R-phase (dotted)
and a T-phase as described by Equation 3.1 [Taken from Kumar et al. [132]] (c) and (d)
Transmission geometry ¢ dependence polar plots for § ~0° and §=45° respectively. (e)
Reflection geometry ¢ dependence polar plot §=45° respectively. In (c-e) s and p indicate
the detection polarisation. The dashed black lines in (d) and (e) show predicted intensities
with respect to ¢ for s (4-lobes) and p (2-lobes) detection in the T- phase as given by
Equations 3.4 and 3.3 59



sity at normal incidence (f = 0) is zero for the tetragonal film and non-zero for the
rhombohedral film.

The purple curve in Figure 3.5(b) shows the measured SHG intensity dependence
on the incident angle # for a 300nm T-BFO/L film. The curve resembles the theo-
retical angular dependence for the tetragonal phase but with the addition of an extra
peak at 6 ~ 0. From the X-ray data (Figure 3.3) the film was seen to be predom-
inantly tetragonal, with a weak rhombohedral component visible at 20=46°. This
means that the SHG should have both tetragonal and rhombohedral components. As
such the presence of a peak in the SHG intensity at normal incidence could result from
the rhombohedral component. An alternative explanation is that the peak originates
from an interference effect. A periodic oscillatory feature (indicated by the arrows)
was present in the measurement, which bears resemblance to the response observed for
layered structures. There, interference fringes arose from the phase difference between
the two SHG waves generated from opposite faces of the sample [143, 144, 145].

Figures 3.5(c) and (d) show polar plots of the SHG intensity as a function of the
polarisation angle ¢ at tilt § ~0° (centre of peak, where a minimum would be expected
for a pure T-phase) and §=45° respectively in transmission geometry. The polar SHG
plots can be qualitatively understood as follows. Since the sample is rotated around
the vertical axis by € = 45° there is a maximum component of the electric field of the
incident beam along the c-axis for a p-polarised fundamental. This leads to maxima
in the SHG intensity at ¢ = 0 and ¢ = 180°. For the rhombohedral and tetragonal
phases with point groups 3m and 4mm respectively, the ¢-dependence of the detected
SHG intensity is given by:

Rhombohedral:

In10)(¢) = Ki(cos® ¢ + Ky sin® ¢) + K3 sin® 2¢ + Ky sin 2¢(cos® ¢ + Kysin? ¢) (3.2)
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Tetragonal:

L(¢) = (P cos® ¢ + Qsin® ¢)? (3.3)

I,(¢) = Rsin®2¢ (3.4)

where the constants K, Ky, K3, K4, P, () and R are linked to the SHG coefficients
ds1, d31 and dy5, as described by Kumar et al.[132].

As was evident from the tilt dependence, an SHG signal is present at 6 ~0°.
There are similarities between this and the predicted intensity for a rhombohedral
phase [132]. From the theoretical predictions for the tilt dependence for the T- and
R- phases (Figure 3.5(a)) at §=45° it would be expected that, if present, the tetrag-
onal phase would dominate the SHG signal. The expected intensity for a tetragonal
phase showing a double-lobed (quadruple-lobed) pattern for p-polarised (s-polarised)
detection [132] is shown by the dashed black lines in Figures 3.5(e). Clearly the re-
sponse seen here for s-out does not correspond well to this. Reflection geometry data
for the same film at 6=45° is presented along with the predictions for a tetragonal
phase in Figures 3.5(e). Here a PMT detector was used, however similar results were
obtained using GaP photodiode detection. The expected tetragonal response for I5(¢)
can now be seen clearly.

Various factors could have led to the difference seen in the transmission geometry.
Both the s and p detection polarisation results resemble the prediction for the p
detection but tilted by £10°. This could arise from birefringence in the substrate
or film leading to a different response along the fast and slow axes, resulting in a
polarisation rotation. If the response arises from the film then it would be expected
that the effect would be more pronounced in these films than in the mixed phase
films previously studied by Kumar et al. This is because Kumar et al.’s films were

160 nm thick on LAO, while here the thickness here is 300 nm, also on LAO. The
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greater thickness would result in an escalation of this effect. Alternatively, the effect
could result from the substrate. LAO has birefringent twin domains [146], differences
in these could potentially lead to differences in the SHG response. Furthermore,
scattering from surface roughness could also lead to depolarisation resulting in the
effects seen.

The presence of a clear SHG signal indicates a non-centrosymmetric crystal struc-
ture at room temperature for the films. Furthermore the responses have been seen to
be consistent with the mixed T+R phase for the 300nm BFO film and as shown in

the X-ray.

3.3 Time-Resolved Reflectivity

The fundamental beam from a mode-locked Ti:sapphire laser oscillator (4 MHz,
650nJ, 50fs) was doubled in frequency to 400 nm (3.1eV) to photoexcite the multi-
ferroic films at a fluence of 60uJem™2. The transient optical reflectivity subsequent
to excitation was detected using a time-delayed fraction of the fundamental beam
(800nm or 1.55eV), which was incident on the sample at close to normal incidence
(i.e. along [001] in the pseudocubic representation, see Figure 3.1). The absorption
depth of the samples at the pump and probe wavelengths are 6(400 nm) = 40— 100 nm
and 0(800nm) = 1.5 um (as determined by Equation 2.6).

The time-resolved reflectivity of the R-BiFeOs;/LaAlOj film is shown in Fig-
ure 3.6(a), under photoexcitation at 3.1eV. The sharp rise at zero time corresponds
to the rapid transfer of electrons from the hybridized O 2p/Bi 6s valence band to
the Fe 3d/Bi 6p conduction band (see Figure 3.4). A similar rapid rise and decay in
reflectivity has been reported in recent studies of bulk BFO [98, 99] and thin films
of BFO grown on SrTiOj [100, 101] and YSZ [100]. The non-exponential decay can
be attributed to two timescales for electronic relaxation, initially via optical phonon

emission as in III-V semiconductors [147]. The slower recovery could result from
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Figure 3.6: (a) Time-resolved reflectivity of R-BFO film on LaAlO3. Coherent oscillations
in the reflectance are shown in the (b) time and (c) frequency domains after subtraction of
the electronic response, for R-BFO (top, blue), BLDFO (middle, red) and T-BFO (bottom,
purple) films on LaAlOs. Spectra are shown normalized to their maximum values. At early
times (black) the acoustic phonon pulse is within the film, while at later times (coloured)
the acoustic pulse propagates through the substrate (Section 3.4). The T-BFO films exhibit

a strong oscillation at 75 GHz, attributed to a magnon (Section 3.5).
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incoherent acoustic phonon emission, spin-lattice coupling [100] or radiative recom-
bination [98].

A distinct oscillation can be seen superimposed on the reflectivity transient in
Figure 3.6(a). The background quasi-static component was removed numerically in
order to examine the oscillation, as shown in Figure 3.6(b) for R-BFO (top), BLDFO
(middle) and T-BFO (bottom) in the time-domain. The corresponding frequency do-
main spectra (normalized) are given in Figure 3.6(c). While the R-BFO and BLDFO
datasets are dominated by lower-frequency oscillations, the T-BFO data exhibits a
higher frequency oscillation. Section 3.4 discuss the lower-frequency modes, which
originate from acoustic phonons, and the higher frequency mode, which can be as-
signed to a magnon, is discussed in Section 3.5.

As discussed in Sections 2.1.2 and 2.1.3 transient reflectivity measurements can
couple to both phonons and magnons through the relations given in Equations 2.3
and 2.4 respectively. Transient reflectivity has been seen to couple to phonons in
BFO [99, 101] and LuMnOg [106, 107], while magnon modes can modulate AR, as
reported for the hexaferrite Bag 551y 5ZnsFe12099 [88]. Further discussion on coupling
to phonons and magnons with transient reflectivity and other optical techniques can
be found in Chapter 1, Section 1.4. The two mechanisms can be distinguished by
their time dependence, the variation of the mode frequency with probe wavelength,

and the influence of magnetic field and temperature.

3.4 Elastic Moduli and Acoustic Phonons

3.4.1 Acoustic Phonon Contribution to Reflectivity Change

Given that f = 2nv/\ (Equation 2.3) and that the longitudinal acoustic phonon speed
and the refractive index will change on entering the substrate, there should be a change
in the measured mode frequency at the boundary (see discussion in Section 2.1.2).

For the R-BFO film this change in period is evident at 80 ps in Figure 3.6(b). The
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frequency domain analysis in Figure 3.6(c) has been time-windowed to take this into
account, with black lines showing early times, where the mode is in the film, and
coloured lines corresponding to later times, when the mode has propagated into the
substrate. Time-domain fits (not shown) were also utilized to determine oscillation

frequencies, particularly for early times.

3.4.2 Elastic Properties of Anisotropic BiFeOg;

In anisotropic media, Hooke’s law is written;

Xij = CijliThi (3.5)

where the stress X;; and strain x;; are second-rank tensors linked by the fourth-rank
elastic modulus tensor ¢;;r;. Symmetry and energy arguments [148, 149] permit the
reduction of ¢;j;; to a 6 X 6 matrix, ¢, which can be linked to the acoustic wave speed
v;; and density p via ¢;; = pv,?j (Voigt notation). The elastic matrices are as follows

for cubic (C), tetragonal (T) and rhombohedral/trigonal (R) phases:

ci1 ci2 ci2 0 0 0
ciz2 ci1 ci2 0 0 0
ciz2 ¢ci2 c1 0 0 0
0 0 0 eqg 0O O
0 0 0 0 cua O

0O 0 0 0 0 cu
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cii c2 ¢33 00 0
cpo cn ca3 0 0 O
oI ciz 3 ¢33 0 0 0 (3.7)
0 0 0 Cy4 0 0
0 0 0 0 Cyq4 0
0 0 0 0 0 Ce6
cin c2 ci3 ca O 0
ciz ¢ ¢z —ciu O 0
R | s o 0 0 0 (3.8)
cy —cu 0 ¢y O 0
0 0 0 0 Cq4q C14

0 0 0 0 C14 (CH — 012)/2

where the point groups 3m and 4mm were assumed for the rhombohedral and tetrag-
onal phases respectively. Here, the matrix subscripts are a shorthand notation for
the tensor subscripts, defined as 1 =11,2=22,3=33,4=23,5 =31 and 6 = 12.
A tetragonal distortion along [001] will alter ¢33 without changing ¢;; = ¢g9, and will
tend to reduce the elastic constant such that ¢l < ¢fj. Similarly, a rhombohedral
expansion along [111] lowers the elastic constant in this direction, cf < .
Assuming a pseudocubic [001]-oriented crystal, the almost collinear photoexcita-
tion and probe beams of the experimental geometry allow c§; = ¢§;,, to be determined,
namely the elastic modulus for stress and strain along the pseudocubic [001] direc-
tion. For a tetragonal crystal the experiment probes ci,, along the direction of the
tetragonal distortion (z axis). The case of a rhombohedral crystal is more complex:
the elastic matrix as written in Equation 3.8 uses a Cartesian co-ordinate system
x', y, 2" defined with 2’ parallel to the [111] rhombohedral direction, y’ parallel to

a projection of a unit vector of the rhombohedral cell into the plane normal to 2/,
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and 2’ completing the orthogonal set [150]. These co-ordinate systems are shown in

Figure 3.1.

3.4.3 Results and Discussion

In order to separate the acoustic phonon contributions from the film and substrate
AR datasets must be time-windowed, as discussed in Section 3.4.1 and illustrated in
Figure 3.6(b). For R-BFO, the Fourier spectra of the time-windowed AR oscillation
in Figure 3.6(c) revealed a frequency f = 24 GHz and f = (33.7 £ 0.5) GHz at early
and late times respectively. The oscillation frequency in the LaAlOj3 substrate yields
v = (6740 & 100) ms™! using n(800nm) = 2.0, and thus ¢;; = (296 + 6) GPa, corre-
sponding well with ¢;; = 290 GPa for LA phonons propagating along [001] reported
in Ref. [151]. An oscillation at the same frequency can be seen at late times in all
samples on LaAlOg, as the spectra in Figure 3.6(c) indicate. However, variations in
the substrate’s acoustic mode amplitude and/or frequency are discernible between
different LaAlOj substrates (Figure 3.6(c)) and for the same substrate when vary-
ing magnetic field or temperature (Figures 3.7 and 3.8). A possible explanation is
the existence of birefringent twin-domains [152] in LaAlOs, which have an extent of
10-100 um, comparable to the size of the focussed probe beam. Probing multiple
or different twin domains, with varying orientation and refractive index, may alter
the amplitude and/or frequency of the substrate mode. Lower frequency oscillations
(< 20 GHz) discernible in these figures may indicate a contribution from substrate
TA phonon modes (with lower elastic constants) to the time-resolved reflectivity [99],
or may be artefacts from the finite length of the time-domain scans (around 300 ps).

The elastic moduli for the films were determined from the acoustic mode fre-
quencies (> 20 GHz), and are summarized in Table 3.1 together with the structural
parameters. The measured elastic constants range from 100-237 GPa, and depend on
composition and crystal structure, as discussed below.

Time-resolved reflectivity has been used previously to determine the elastic con-
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BiFeOs;

68

Material Unit cell Vo (A%) 7 at 800nm f (GHz) Propagation Elastic Reference

(label) (400 nm) direction ~ modulus (GPa)

BiFeO3; on LaAlO3; | rhombohedral, 12.16 2.80+0.021 24 [001]¢ 100 This work

(R-BFO/L) a=5.617A, a = 58.7° (3.46-+0.741)

Big7Dyg3FeO3 rhombohedral, 11.71 2.57+0.021 34 [001]¢ 237 This work

(BDFO/L) a =5515A, a = 59.6° (2.85-+0.32i)

BiggLag.1Dyg3FeO3 | rhombohedral, 11.65 2.48+-0.001 32 [001]¢ 222 This work

(BLDFO/L) a = 54934, a = 50.7° (2.67+0.33i)

Bulk BiFeOg rhombohedral, 12.46 2.8 36.0 [010] g 221 Ref. 99
a=5.63A, a =59.4°

BiFeO3 on SrTiOs; | rhombohedral, 12.46 2.8 34.2 010] 200 Ref. 101

=5.63A, o = 59.4°

BiFeOs, theory, rhombohedral 12.46 - - [010] g 137 Ref. 148

U=0eV

BiFeOs, theory, rhombohedral 12.16 - - [001] ¢ 161 Ref. 148

U=0eV

BiFeOs, theory, rhombohedral 11.7 - - [001]¢ 180 Ref. 148

U=0eV

BiFeO3; on LaAlOj | tetragonal, ¢/a = 1.23 13.38 2.47 25 [001] 127 This work

(T-BFO/L) c = 4.658A, a = 3.789A

BiFeOs, theory, tetragonal, ¢/a = 1.28 13.38 - - [001] 100 Ref. 153

U=4eV ¢ =4.786A, a = 3.739A

Table 3.1: Summary of the structural parameters and elastic moduli of BiFeOs. Here V|, denotes the volume per atom, the complex
refractive index is n, and the acoustic phonon frequency is f. Subscripts R, T' and C refer to the rhombohedral, tetragonal and cubic

unit vectors.



stants of bulk single crystal BFO and bulk-like BiFeO3 on SrTiOs the along [101]-
oriented crystals (rhombohedral [010] direction) [99, 101], and these results are also
included in Table 3.1. Conventional ultrasound measurements yielded 127 GPa for
polycrystalline BFO [154], substantially lower because of averaging over all crystallo-
graphic directions.

First principles calculations of ¢ using DFT (within the GGA+U approach, with
various values of the Hubbard constant U = 0 — 6eV) have been reported in Ref.
148, while Ref. 153 discussed similar calculations for ¢’. To compare the theoretical
values of ¢ with experiment a conversion was made from the Cartesian coordinate
system used in the first-principles calculations [148], which has 2’ oriented along the
three-fold [111] axis, to the experimental geometry with z along the pseudocubic [001]

direction. This was achieved using the transformation matrix a and the expression

c=a 'da;! (3.9)

which is derived in textbooks describing the elastic properties of anisotropic media,
e.g. Ref. 149. A similar transformation was performed to allow the elastic constant
in the [010]g direction, as reported in Refs. 99, 101, to be compared to the values
of ¢® derived from DFT. Since c® and ¢’ are functions of the unit cell volume,
and larger cells exhibit lower diagonal components c¢; in the elastic modulus tensor,
the theoretical predictions taken at the same unit cell volume as the determined
experiment cell volume were adopted.

Several trends are apparent in the data reported in Table 3.1. Within the rhom-
bohedral phase, smaller unit cell volumes correspond to higher elastic constants. In
the experimental tetragonal phase (¢/a = 1.23) ¢33 = 160 GPa is reduced in compari-
son to the majority of rhombohedral phase results. This is in reasonable accord with
DFT calculations [153], which predict a smaller value of ¢33 = 100 GPa for a larger
c/a =1.28.

69



3.5 Magnon Resonance

In the pristine rhombohedral phase samples (R-BFO, BDFO, BLDFO) only acoustic
modes (below 50 GHz) can be observed, as evidenced by Figure 3.6(b). In contrast,
the tetragonal phase sample (T-BFO) exhibits an additional oscillation at a higher
frequency, 75 GHz. In this Section this mode is discussed in detail with respect to
its structural, magnetic field and temperature dependence. These findings allow the
mode to be identified as a magnon originating from the coherent oscillation of weak
ferromagnetic order in the multiferroic film. Following the experimental results a

discussion of the origin of the magnon mode is given in Sec. 3.5.6.

3.5.1 Magnetic Field Dependence

A static magnetic field B < 0.5T was applied in the growth direction. This is
sufficient to saturate the weak ferromagnetic magnetisation of these films. For an
example of this see Figure 1.3(a) where a magnetic field of ~7 kOe was able to saturate
the magnetisation of a BDFO film[52]. For both rhombohedral BDFO and BLDFO
a mode emerged upon magnetisation similar to that observed for pristine tetragonal
BFO, as demonstrated for BLDFO in Figure 3.7. The onset of the magnon mode
appears to correlate with the field required to saturate the magnetisation. For a
pristine sample of BDFO (i.e. one not previously exposed to a magnetic field) the
75 GHz mode appeared at B > 0.45T, while for BLDFO, B > 0.3 T was sufficient to
produce this mode. This is in agreement with the slightly lower saturation field of
BLDFO (~ 0.36 T) compared to BDFO (~ 0.64T) [47]. The mode can be identified
as originating from a weak permanent magnetic moment, as after the removal of the
magnetic field the mode remains present (bottom curve in Figure 3.7), and appears
to persist indefinitely.

For a magnon in a simple antiferromagnet or ferromagnet an increase in frequency

with applied magnetic field would be expected [155]. No shift in the frequency of the
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Figure 3.7: Influence of a magnetic field on AR spectra for BLDFO (323 nm thick) on
LaAlOg in the (a) time and (b) frequency domains. Here, the time-domain data was taken
over the range from 15-332 ps, during which the acoustic pulse entered the film first and then
the substrate. For a pristine sample (top/blue line), not previously exposed to a magnetic
field, only acoustic phonon oscillations are evident. Under a magnetic field B = 0.3T in
the growth direction an additional oscillation at 75 GHz can be witnessed (middle/red line),
which is assigned to a magnon mode. After the removal of the magnetic field (bottom/purple
line) the magnon resonance remains. The diagrams (right) indicate the magnetic domain

structure at each stage.

magnon mode was observed with magnetic field in the range examined (B < 0.5T).
This may be a consequence of the relatively weak magnetic field applied in comparison
to the large values (20 T') required to suppress the spin cycloid of BFO [26]. Coherent
magnons in the multiferroic BaggSri4ZnsFe;5099 also do not change in frequency

under similar applied fields [88].

3.5.2 Temperature Dependence

The temperature dependence of the 75 GHz magnon mode was also examined. Fig-

ure 3.8 presents the time-resolved reflectivity spectra for the T-BFO phase (where the
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Figure 3.8: AR spectra in the (a) time and (b) frequency domains for T-BFO at sample
temperatures (from top to bottom) of 20°C (blue), 200°C (red), 320°C (purple), and on
subsequent cooling to 20°C (black). The 75GHz mode disappears as the temperature
approaches the Néel temperature, and reappears upon cooling. The time-domain data were

windowed from 90-340 ps (acoustic pulse in substrate).

75 GHz mode is intrinsic) for 20°C, 200°C, 320°C and after being returned to 20°C.
Both the amplitude and the frequency of the magnon modes of simple ferromagnets
and antiferromagnets are highly temperature dependent, with the intensity of the
mode being expected to drop to zero as the Néel temperature (Ty) is approached.
By 200°C the magnitude of the 75 GHz mode has reduced in comparison to that at
20°C, while at 320°C the mode is no longer discernible. This latter temperature is
50°C below the Ty=643 K (370°C) for bulk BiFeOs, indicating that the magnon is
linked to the antiferromagnetic sub-lattice order, from which the weak ferromagnetic

component arises via the DM interaction.
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3.5.3 Wavelength Dependence

As discussed in Section 3.4.1, the observed frequency for a phonon mode measured by
time-resolved reflectivity would be expected to display a 1/ dependence as given by
Equation 2.3. The wavelength dependence of the modes were therefore investigated
using spectrally narrowed probe beams around 810nm and 785nm (spectra shown
in the inset of Figure 3.9). Over this probe range n and does not vary significantly
(see Figure 3.4). As such, considering that 2nv ~ constant, the expected fractional
change in the frequency of a phonon mode is given by:
Af AN

-~ (3.10)

This results in an expected a shift of ~3%, corresponding to Af ~1.1 GHz for a
phonon mode at 37.5 GHz and Af ~2.25GHz for modes at 75 GHz.

Figure 3.9 shows the frequency spectra for magnetised BLDFO/L with probe beam
wavelengths of 810nm and 785nm. The time-window for the data is 323 ps which
results in a resolution in the frequency domain of ~3 GHz. The mode peaks are

approximately twice as wide as this. As such a duel-gaussian fit of the form;

% ~ aexp (_(f?f;b)z) + Aexp (%ﬁ) +d (3.11)

was used to extract a better value for the central frequencies of the modes. The
fits are the solid lines in Figure 3.9. For the lower frequency mode this yields
f(810nm)=37.3 GHz and f(785nm)=37.8 GHz, which is a shift of A f=0.5 GHz in the
expected direction for the substrate acoustic mode. No shift in the high frequency
mode can be observed. These observations hold with the differing assignments of a

phonon mode for the lower energy mode and a magnon for the higher energy mode.
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Figure 3.9: Probe wavelength dependence: Frequency domain spectrum for 10-111ps time
window on magnitised BLDFO/L for probe wavelengths of A=785nm (Blue squares) and
A=810nm (Red cirecles). Solid lines shoe bi-gaussen fits to the data points. The inset

shows the specrta of the probes.

3.5.4 Influence of Substrate

Pump probe reflectivity measurements were carried out on samples on MgO substrates
as well as on LaAlO3. The extracted time domain oscillations for magnetised BDFO/L
and BDFO/M can be seen in Figure 3.10. Again the frequency domain analysis has
been split into early and late times where the acoustic phonon would be expected to
be in the film or to have propagated into the substrate respectively. Both samples
share an early time mode at similar frequencies to those observed for the same films on
LaAlOj substrates (See Section 3.4.1, Table 3.1 and Figure 3.6). This is unsurprising
as the phonon mode frequency will be dominated by the film properties rather than

the substrate mismatch. In contrast the higher frequency mode present at late times
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Figure 3.10: Coherent oscillations in the time-resolved reflectivity of BDFO on LaAlOj
(BDFO/L, blue) and MgO (BDFO/M, purple) are shown in the (a) time and (b/c) frequency
domains. Spectra are shown normalized to their maximum values. At early times (black)
the acoustic phonon pulse is within the film. (c) highlights the frequency shift for the higher

energy mode.
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show a shift between the LaAlO3 and MgO substrate. Measurements of BLDFO/M
(not shown) also showed a shift of the peak to the same position as for BDFO/M.
LaAlOs and MgO have different in-plane lattice constants (a=3.789A and a=4.212A
respectively, see Section 3.2.1) and thus will have different Fe-Fe spacings. As the Fe
sites are responsible for the magnetic moment it is probable that the magnon energy

is dependent on this spacing.

3.5.5 Magnon Mode Evolution and Pump Fluence

For the 75 GHz mode, a slight time-dependence of the central frequency was observed.
A small shift in frequency between times shortly after excitation and later times ap-
pears to be present. An example of this phenomenon can be seen in figures 3.11(a) and
(b) for magnetised BLDFO/L. Two 90 ps time-windows (i) shortly after photoexcita-
tion (red) and (ii) at a later time (blue) are compared. Analysis over four oscillation
periods in the time domain and Gaussian fits in the frequency domain show a small
blue-shift for the later-time compared to early time oscillations. As the pump-probe
data was only acquired up to ~300 ps, and increasing the time window would lead to
prohibitively long data acquisition times, investigation into whether the mode has a
time evolution was limited. An attempt to better resolve this was carried out using
asynchronous optical sampling (ASOPS) measurements, where rapid acquisition of
time delays of up to 1ns is possible, were carried out at the University of Konstanz.

For the ASOPS study, the fundamental beam (800nm or 1.55eV) of two 50 fs
laser oscillators with repetition rates of 800 MHz and (800+A) MHz, with A=5kHz
were used to pump and probe the transient reflectivity over a time-window of ~1 ns.
The pump beam was frequency doubled to 400nm (3.1eV) using a 500 yum BIBO
(BiB3Og, optimised for 200 fs, which is closer to the pulse duration at the sample
due to dispersion in the optics) to photoexcite the multiferroic films at a fluence of
8.5nJem™2. The probe was incident on the sample at normal incidence (i.e. along

[001] in the pseudocubic representation, see Figure 3.1). The absorption depth of
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the samples at the pump and probe wavelengths are §(400nm) = 40 — 100 nm and
§(800nm) = 1.5 um. The ratio of the pump to probe power at the sample was 30 mW
to 7.4mW. For further details on ASOPS see Section 2.1.1 in Chapter 2.

Figures 3.11(c) and (d) show the results of an ASOPS measurement in the time
and frequency domain on BDFO/L. This clearly shows the phonon mode in the LAO
substrate at 33 GHz; there is however no evidence of the higher frequency mode at
~75GHz. This was also the case for ASOPS measurements of BFO-T. The most ap-
parent difference between this and the previous transient reflectivity measurements is
the in the magnitude of the pump fluence. For the previous measurement, where the
~75 GHz mode was observed, the pump fluence was ~60uJem =2 while for the ASOPS
measurements a significantly reduced fluence of ~8.5nJecm =2 was used. This differ-
ence arises primarily from the 200x difference in the laser repetition rates; 4 MHz
for the previous pump-probe studies and 800 MHz for ASOPS. The absence of the
~75GHz mode suggests that the pump fluence is critical in order for it to be ex-
cited. Unfortunately, given the absence of the mode in the ASOPS studies, no fur-
ther clarification was reached on any possible time-dependent behaviour, of the mode.
Another notable feature of the ~75 GHz mode is its presence throughout the entire
time-windows examined. This persistence rules out an acoustic mode, as discussed in

Section 3.4.

3.5.6 Magnon Resonance: Discussion

The coherent magnon mode was observed for both tetragonal phase BFO and Dy-
doped BFO, and cannot therefore arise from the precession of Dy moments. Rather,
the Fe sites must provide the relevant magnetic sub-lattices. A possible microscopic
mechanism for the observed ultrafast stimulation of the magnetic permeability p is
as follows: UV photoexcitation transfers an electron from an oxygen 2p orbital to
an iron 3d state (Figure 3.4), altering the electronic configuration from high-spin 3d°

(Fe?") to the low-spin 3d® (Fe*") state. This transient change in u then alters the
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Figure 3.11: (a) Coherent oscillations in the time-resolved reflectivity of magnetised
BLDFO/L are shown in the time domain data (circles/squares) and gaussian fits (solid
lines). The red and blue section highlight 90 ps windows soon after excitation and at later
time respectively. (b) Shows the frequency domain for these windows. (c) ASOPS on magne-
tised BDFO/L in the time domain, showing the raw data (black) and extracted oscillations
(black). (d) Shows the frequency domain for the extracted oscillations.
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reflectivity.

Interestingly, while the magnon is present intrinsically in the tetragonal phase
sample, magnetisation was required to create the mode in the rhombohedral phase
rare-earth doped films. This suggests that the break in symmetry along the growth
direction introduced by the tetragonal distortion produces a similar effect as the
application of a low magnetic field. The magnon frequency is comparable for both
T-BFO and rare earth doped R-BFO, which may be a result of their similar in-
plane lattice constants, and indicates a similar magnetic structure. Furthermore, the
substrate used appears to have an influence on the magnon frequency. A study of the
magnetic domains of the weak ferromagnetic moment, for instance using magnetic
force microscopy, is necessary to further investigate whether the tetragonal distortion
can result in a spontaneous local moment. The size of the magnetic domains is also
highly relevant: to observe a coherent magnon signal the domain size must be larger
than the spot size of the infrared probe (~ 10 pm).

In contrast to the single magnon mode reported herein, a sequence of magnon
modes separated by 7.5cm™! (225 GHz) is seen in inelastic (Raman) scattering on
bulk BFO [87]. No magnons have been reported in unmagnetised bulk R-BFO and
thin film R-BFO with time-resolved reflectivity spectroscopy [99, 101]. Note that a
magnon at 46 GHz reported previously [156] in thin film BFO actually corresponds to
the acoustic phonon mode of the SrTiO3 substrate.! In comparison to the magnon-
induced AR oscillations in a hexaferrite [88] at 40 GHz (0.17meV), the magnons
reported herein for T-BFO and BLDFO are long lived (lifetime above 1ns), and are
observed above room temperature.

In thin film rhombohedral BFO, the magnon response was investigated theoreti-
cally by solving the Landau-Lifshitz equations for two antiferromagnetic sublattices

coupled by the DM interaction [157]. For thin film BFO two modes at ~ 1.3 GHz and

!The LA-phonon speed of 7900 ms ™! reported in Brivio et al. [127], and a refractive index n = 2.34
at 800 nm results in a acoustic phonon frequency of 46 GHz, as reported in Chen et al. [156]
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8 GHz were predicted, with the high frequency mode (where sublattices oscillate out
of phase) corresponding to the DM interaction strength D;; [157]. While these modes
are below our experimental resolution, an enhanced DM interaction may increase the
frequency of these magnon modes, creating the 75 GHz magnon-induced AR oscilla-
tion. The predicted anisotropy of the magnon dispersion may be used to discriminate
between the two predicted modes [157]. The low frequency mode is more anisotropic,
whereas no change in the frequency of the magnon in T-BFO or BDFO was seen
on rotating the sample about the surface normal. This suggests that the magnon
reported here corresponds to the more isotropic out- of-phase mode [157]. The ob-
served mode at 75 GHz corresponds to a DM interaction strength D;; = 0.31 meV.
This is enhanced in comparison to the value of D;; = 0.16 meV recently reported for

bulk rhombohedral BFO [158].

3.6 Conclusions

In conclusion, the dynamics of coherent magnons and acoustic phonons in multifer-
roic thin films of tetragonal and rare-earth doped BiFeOj; were investigated using
time-resolved reflectivity. Oscillations in the reflectivity were attributed to dynamic
modulations of the refractive index by acoustic phonons and magnons. The creation
of a magnon mode after magnetisation or using tetragonal BiFeOs provide promising
routes to create a magnetoelectric multiferroic with a tailored magnonic response.
Based on the temperature and magnetic field dependence the magnon resonance
was assigned to a ferromagnetic moment linked to antiferromagnetic order by the
Dzyaloshinskii-Moriya interaction. In addition, it was demonstrated that the ultra-
fast photoacoustic technique utilized in this work allows direct experimental access
to the elastic moduli of ferroic thin films, which are often hard to characterize using

traditional transducer-based methods.
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Chapter 4

Structural, optical and vibrational
properties of self-assembled

Pb;, 1 1(Ti;—;Fez)n03;41
Ruddlesden-Popper
superstructures

4.1 Introduction

In this chapter a study of the structural, optical and vibrational properties of compres-
sively strained thin films of the Ruddlesden-Popper phase Pb,, ;1 (Tige7Fe0.33)nOsn11-6
grown on LaAlOj substrates is reported. A structural characterization via X-ray
diffraction and transmission electron microscopy (TEM) demonstrate the sponta-
neous formation of a Ruddlesden-Popper superstructure where the number of repeat-
ing ABOj layers is n ~ 8, with a modulated density in the growth direction. X-ray
photoelectron spectroscopy (XPS) was used to determine the films’ stoichiometry
and chemical environments. Simultaneous Raman and infrared activity of phonon
modes, along with the observation of second harmonic generation identify a polar
point group compatible with ferroelectricity. The dielectric function in the range
from the far-infrared to the UV was extracted using THz time-domain spectroscopy,
Fourier transform infrared (FTIR) spectroscopy and UV-visible ellipsometry.

Oxides with the ABOj3 perovskite structure are remarkably capable at accommo-
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dating defects, owing to their high dielectric constants and structural stability. While
a small deviation from the 1:1:3 stoichiometric ratio produces point defects, larger
deviations can lead to extended (planar) defect formation. Non-conservative crys-
tallographic shear planes can account for oxygen deficiency[159, 160] in A, B, 03,2,
while the Ruddlesden-Popper (RP) homologous series A, ;1B,,03,.1 has extra AO
planes[161]. Along the z-direction the unit cell of the RP phase consists of n ABOj3
layers, then a planar stacking fault [a/2,b/2,d]| (where d~c/2), followed another n
ABOg layers and a second stacking fault, as illustrated in Figure 4.1. The epitaxial
growth of strained RP phases can result in novel phases where n can be used to tune
functional properties. For instance, ferroelectricity in the RP series Sr,,1Ti,03,41,
of which the end member (STO) is an incipient ferroelectric, has been reported to

occur only if n > 4 and under tensile biaxial strain[162].

)
- oo
perovskite
A B 0]
d~c/2
Ruddlesden-Popper ] (n=2)

b

al2

L€ |

Figure 4.1: (a) ABO3 Perovskite structure. (b) Ruddlesden-Popper structure for n=2. The
planar stacking fault looks locally like half a rock-salt unit cell. [Adapted from [163]]

4.2 Structure and composition

4.2.1 Sample Growth

Thin films of PTFO with nominal thicknesses of 100 nm, 200 nm and 300 nm (labelled
as PTFO-100, -200 and -300) were deposited on (001) LaAlO3 (LAO) by pulsed laser
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deposition by V.R. Palkar’s group at the Tata Institute of Fundamental Research,
Mumbai. Target compositions were PbTi;_,Fe,O3 with z = 0.5. A laser fluence

2 and 10Hz, an oxygen pressure of 0.5mbar, a substrate

and frequency of 2J/cm
temperature of 625°C, and a substrate-target distance of 5cm were employed. The

deposition time was varied to obtain films with different thickness.

4.2.2 Transmission Electron Microscopy

Conventional transmission electron microscopy (TEM) and annular dark-field scan-
ning transmission electron microscopy (ADF-STEM) images of the atomic structure
of the PTFO-100 film can be seen in Figure 4.2. Aberration-corrected TEM was per-
formed using a JEOL 2000FX system equipped with energy-dispersive X-ray (EDX)
and electron energy loss spectroscopy (EELS) capabilities.

Figure 4.2(a) shows a low-magnification conventional TEM image of PTFO-100.
This reveals a dark and bright wave-like layer structure with a periodicity of 4 nm in
the growth direction. The ADF images, Figures 4.2 (b) and (c), show the Pb atomic
columns; the Ti atoms give weaker contrast. It can be seen that the ‘waves’ arise
from two differently ordered regions; one that looks like a perovskite-like structure
(regions 1 and 1) and a second that looks like a rock-salt-like structure (region 2).
For region 1 the solid vertical white lines mark the perovskite A-site (Pb atoms) while
the dashed white lines mark the B-site (Ti atoms). It can be seen that for region 1’
the Pb atoms are instead found along the dashed vertical white lines. On either side
of the rock-salt-like region 2 the A- and B- cation sites are switched. EELS spectra
taken in areas 1, 2 and 1’ showed no difference in elemental composition, implying
that the different regions have similar stoichiometry.

Figure 4.3(c) shows Fe edge EELS spectra for regions 1, 1’ and 2. There is no
clear shift in the peak positions across the interface between the perovskite-like and
rock-salt-like areas; furthermore the ratio of the peaks is constant. EDX analysis

of the different regions also did not show a clear difference in composition although

83



0000 C000000
0 =@ O 0 00 &3F z=C
LICIE) SO ocﬂ -
0 0o cooco :
oo.oooo> B 0'0'0'0° o|lo
2% 5 A+ . e [
0%0%% o'a'0’0l@lo
CICIE) -« +"0olo|o
0 =6 0 -0 660 L
olajo oJoJo o|o|o
ol8|o o|olo olo|o
1" ol@jo B ole|o clolo
olalo olol|o clolo
Llelo oJojo o vo %% z=C/2
0 SO . 5
0 .
R SR B A%
2 + e ;
059652 A+B ololo®.$.P.0
6 6 e % o Q@ a
olo]o oloo |-
O. ....O 0.0.A.O u. Q
cQ@ o 0CQ0QOQ9 OO
TogdoA 009 0Q¢ODC
ocPpo o 009 Oo9d DO
OO..O,.OO o9 n,OO o OO z=0
®olele. 0.2.9.%% 0’
200 0 0A+B 0O00O0
IOCICN o Ol .°.°.°
001 olole (] 000
_rnuaoo —OOibOQI&O .
&> [100] ®-—» [010]

Figure 4.2: Transmission electron microscopy of 100nm PTFO film. (a) Conventional TEM showing ‘wave’ patterns. (b) ADF-STEM
image showing that ‘waves’ consist of perovskite-like areas (labelled 1 and 1’ blue and red squares) and a rock-salt-like areas (labelled 2,
grey squares). Cyan lines mark the boundaries between these regions. The vertical white solid lines run through the perovskite A site in
area 1, becoming the B site in area 1’. The horizontal white dashed lines show atomic planes separated by a stacking fault with d ~ 0.2 nm.
(¢c) ADF-STEM image showing a change in ¢, present in region 1 and 1’. (d) Schematic of structure in (010) plane (left, corresponding
to plane of TEM image) and (100) plane (right). A Ruddlesden-Popper unit cell for n = 8 is shaded in blue, while another, offset by an
antiphase boundary (see text), is shaded in red. Projection of the right-hand cartoon along [010] yields the left-hand schematic, creating
areas where Pb ions appear to be on both the A and B sites./J.J.P. Peters R.Beanland and A.M.Sanchez undertook the TEM study.]
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some islands were observed near the interface with the substrate. Figure 4.3(a) shows
analysis of one of these islands. The EDX maps show a deficiency in the Pb and an
increase in the Fe in these areas. This can be seen clearly from the EDX line profile
for Fe and Pb in Figure 4.3(b).

The structure can be understood as consisting of a Ruddlesden-Popper phase with
n~8 in the [001] growth direction. The schematic in Figure 4.2(d) can be used to
better understand this. The two schematics show different projections of the Pb ion
positions; the left hand diagram corresponds to the sample in the (010) plane of the
TEM images and the right hand diagram corresponds to the (100) plane. The blue
and red boxes show two unit cells with dimensions a, a, C' where the red atoms are
off-set from the blue by C'/2 in the [001] direction. In the (010) TEM imaging plane
it can be seen that this structure leads to Pb ions appearing to be present on both the
A- and B-sites. This gives the appearance of a rock-salt-like structure as observed
in the TEM images. Since these images are a projection of the three-dimensional
structure it is not possible to distinguish between (a) a sharp rock-salt-like planar
fault, lying on a plane inclined to the electron beam and (b) a diffuse fault with an

extended rock-salt structure.

4.2.3 XPS

An Omicron XM1000 monochromated Al K, x-ray source was used to illuminate
the sample, with photoelectrons collected in an Omicron SPHERA analyser using
an estimated sampling radius of 1.1 mm. Due to the insulating nature of the sam-
ples, an Omicron CN10 charge neutraliser was used to prevent surface charging. All
binding energies were referenced to the C 1s peak from atmospheric contamination
at 284.6eV. All data were analysed using the CasaXPS package, with compositional
analysis facilitated via determination of the analyser transmission function, calculated
using polycrystalline Ag, Au and Cu foils.

X-ray photoelectron spectroscopy (XPS) analysis on the PTFO films found two
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Figure 4.3: EDX and EELS for PTFO-300: (a) EDX analysis for different components.
(b) EDX line profile through feature at substrate-film interface. (¢) EELS spectra taken at
areas 1, 1’ and 2 of the sample. [EDX and EELS measurements were performed by J.J.P.
Peters, R.Beanland & A. Sanchez]

contributions to the Pb 4f peaks. One component had a binding energy consistent
with PbTiOg, and another (0.5e¢V lower binding energy) indicated a Pb-O local en-
vironment. This latter contribution may arise from one or more of the following: the
extra PbO layer in the RP structure, out-of-phase boundaries, and possible surface
oxides. The Ti 2p spectra exhibited a single binding energy comparable to that of
PbTiO3. The B-site occupancy was obtained from XPS intensities for the Ti 2p and
Fe 2p peaks, which were in a 2:1 ratio, corresponding to x = 0.33. At and above
this level the tetragonal unit cell of bulk PTFO may distort due to FeOg octahedral
tilts,[68] and the tetragonality ¢/a is reduced. The XPS and EELS spectra were con-
sistent with Fe*? ions. In pure PbTiOj3 rather than Ti™* and O~2 the ionic valences
are Pb™ Tit28 and O~1%3 owing to Ti-O hybridisation. [67] This reduction in the
B-site valence may explain the observation of +2 valence Fe ions (rather than +3) in

the XPS and EELS analysis.
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The A:B:O ratio from XPS was approximately 1:1:3, when the contributions to Pb
4f from the Pb-O environment and from surface oxygen were discluded. This is consis-
tent with the RP phase in the limit of large n, when the RP phase tends to the ABOj3
perovskite structure. Local EDX spectra yielded a different A:B:O ratio of 7:4:14. In
contrast to the XPS analysis, the two Pb environments (see above) were not resolved
in EDX, and a surface oxygen contamination was not considered. These factors lead
to an excess of Pb and O in the EDX A:B:O ratio. Assuming ionic valences[67] of
Pb2*, T8+ and O~1% and taking the XPS atomic ratios (for the reasons outlined
above), charge balance requires 6 = 1 when n = 8 for Pb,11(Tios7Fe0.33)nOsn+1-5
. Oxygen vacancies and/or non-conservative out-of-plane boundaries both create an
oxygen deficiency.

[J.J.P.Peters R.Beanland and A.M.Sanchez undertook the TEM study. M. Walker
and C.F.McConuville performed and analysed the XPS results.]

4.2.4 X-Ray

A four-circle x-ray diffractometer (PANalytical Xpert Pro MRD) with a Cu source
and a 4-bounce hybrid monochromator was used to give pure K-a; radiation
(A=1.540598 A). A Pixcel detector was used in scanning mode to collect the 26 — w
diffraction scans. Reciprocal space maps were also collected in scanning mode as a

collection of 20 — w scans, which were then converted into reciprocal space.
20-w X-ray Diffraction

High-resolution 20 — w X-ray diffraction scans were taken to examine the crystal
structure of the films. In Figure 4.4(a) the pseudocubic (002) peak of the LAO
substrate (space group R3c, a=3.789A, a=90.12°)[152] is visible at 20=48°. For each
film a sequence of diffraction peaks at lower 26 (larger ¢) than the substrate peak
is evident. The wider range 20 — w scan in Figure 4.4(b) indicates diffraction peaks

up to the substrate’s (004) peak for the PTFO-100 sample. While the (002) peaks
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of the film are at lower 26 than the (002) peak of LAO, those for (001) straddle the
substrate peak (23.5°) with one of the four at a higher angle. The data resemble the
diffraction pattern of a superlattice owing to their regular spacing in 26.

The position of each film’s diffraction peaks can be assigned to the Bragg and
superstructure peaks as follows. The * symbols in Figure 4.4(b) denote the calculated
Bragg angles for the PTFO-100 film assuming the perovskite cell has ¢ = 4.437 A. The
adjacent satellite peaks are at angles consistent with a superlattice period A = 35.8 A

as determined using[164]:

(m —mn)A
A= — -
2(sin 0, + sin 6,,)

(4.1)
where A = 1.540598 A is the X-ray wavelength and 6,,, and 6, are the angular positions
of adjacent satellite peaks, with orders m and n[165]. Table 4.1 lists ¢ and A for the
PTFO films assuming that m —n = 1. This results in A ~ 36 A, which is half the
¢ unit cell dimension of the RP phase observed in TEM. The dashed line in Figure
4.4(a) is a model calculation of the X-ray diffraction pattern of an RP phase on LAO
(including Pb and La atoms only), assuming that n = 8, ¢ = 4.43 A and that the
stacking fault had d = 0.12 A. The model does not include disorder (such as variations
in ¢ or n), and hence has narrower diffraction peaks than observed experimentally.

For PTFO powder samples a single perovskite phase is retained only for Fe frac-
tions x < 0.3, while z >0.3 exhibits secondary phases visible as additional XRD
peaks, and consisting mainly of PbFe;2019[68]. For the samples studied here, the
extra peaks visible in the XRD w — 20 scans arise from the RP superstructure, and
no evidence of such secondary phases was observed via XRD or TEM.

To examine whether epitaxial strain or the oxygen-rich growth conditions are
responsible for the formation of the RP phase it would be desirable to examine films
grown on different substrates. The deposition rate and substrate temperature can
have a strong influence on the superlattice period, as reported for RP phases of barium

stannate[166]. Crystallographic shear planes that lower oxygen content exhibit wave-
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XRD

a (A) c (A) A (A)
PTFO-100 |  3.9040.02 4.437+0.009 35.8+1.4
PTFO-200 |  3.9040.02 4.425+0.005 36.1=£0.8
PTFO-300 | 3.9040.02 4.414+0.005 35.6£0.8

Table 4.1: Summary of crystal structure of Pby41(Tip¢7Fe.33)nOsn+1—s thin films from
XRD.

like features and kinks in PbySryBisFegOq4 crystals[160], while 2D and 3D RP stacking
faults have been witnessed in LaNiO3/LaAlOj superlattices[167] and Srj,11Ti,O3,41

ferroelectric films[162].
Reciprocal Space Maps

Figure 4.4(d) is a symmetric 20 — w scan for the PTFO-100 film around (003) at
¢ = 0, while panels (e) and (f) are reciprocal space maps around the (103) and (113)
LAO substrate peaks respectively (indicated by the dashed lines). The RSMs show
that the film’s @ = 3.90 A lattice constant is slightly larger than that of the LAO

substrate (a = 3.789 A), and that there is negligible polycrystalline texture.
Shallow-Angle X-ray

The ADF-STEM image of Figure 4.2(c) indicates that areas of the perovskite-like lay-
ers 1 and 1’ have a reduced tetragonal distortion ¢/a. This changes the atomic density
in these layers, creating a periodic modulation in the refractive index that can be seen
in shallow-angle X-ray reflectivity scans [solid line in Figure 4.4(c)]. The experimen-
tal data for the PTFO-100 sample exhibits a weak peak at 20 = 2.45° indicative of
a superlattice with period A = 37.6 A and consistent with the superlattice period
calculated directly from the diffraction peaks (Table 4.1). The dashed line shows
a model for the shallow-angle reflectivity data modelled by the Genx software[168]

assuming the sample comprised a superlattice with two layers, one 2.2 nm layer (with
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¢ =4.68 A), and another 1.56 nm layer (¢ = 3.91 A), with superlattice period 37.6 A.

The density in each bilayer was set by c.

4.2.5 Magnetization Measurement

In-plane and out-of-plane magnetisation measurements using a SQUID magnetometer
(Quantum Design MPMS-5S) from 5K to 300 K in a magnetic field of up to B=5T
on the PTFO-300 film showed little evidence of ferromagnetic order. A weak dia-
magnetic contribution and a small paramagnetic contribution (rare-earth impurities)
from the LAO substrate were seen. The lack of macroscopic ferromagnetic order
contrasts with bulk PTFO and thin-films on alternative substrates, and may be a
consequence of the spontaneous RP phase of these films, or the disorder introduced
by the variations in ¢ throughout the film.

Figure 4.5(a) Shows M-H loops at 5K for the PTFO-300 film and for a bare
LAO substrate with H in plane. The out of plane measurements (not shown) look
similar. Figure 4.5(b-i) shows the data presented in (a) once a diamagnetic contri-
bution correction has been carried out. The diamagnetic contribution is indicated
by the straight lines in Figure 4.5(a) and was determined such that the data with
the diamagnetic contribution removed has a flat saturation regime. Figure 4.5(b-ii)
shows a magnification of the M-H loop in (b-i) around zero field. From this it can
be seen that there is a very small, but non-zero coercivity in the film. This could be
a result of a very weak ferromagnetic component in the film. Figure 4.5(c) shows the
temperature dependence of the magnetisation. This shows that at higher tempera-
tures both film and substrate are diamagnetic with a paramagnetic contribution at
lower temperatures. Figure 4.5(d) shows the susceptibility, x = %, for the increasing
temperature sweep. Both the LAO substrate and film are paramagnetic as both have
susceptibilities that are linear with 1/7" and thus follow the Curie law, x = %, with
Curie constant, C' ~ 1.05 x 10~* K. This contribution is likely to arise from rare-earth

impurities in the substrate, which are common in LAO. The Curie constant is given
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Figure 4.5: Magnetisation measurements for PTFO-300 and LAO substrate

: (a) M — H loops (b-i) M — H with diamagnetic contribution

correction. (b-ii) Shows a magnified section from (b-i) around zero field. (¢) Temperature dependence of Magnetisation (d) Susceptibility

v 1/Temperature. [Magnetization measurements performed by M. R. Lees]
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by [94]

o = Nropig®J(J +1)
N 3Kp

(4.2)

where:

N = Magnetic ion density

to = Magnetic permability of free space (47 x 1077 Hm™!)
up = Bohr magneton

g = g-factor

J = Total angular momentum quantum number

Kp = Boltzmann’s constant (1.3807x10723 JK—!)

With g =2 and assuming J ~3.5 for a rare earth ion the magnetic density is approx-
imately 6.6x10%2m~3. This equates to 0.003% of LAO unit cells having 1 rare earth

on.

4.3 Linear and non-linear optics in the visible-UV

4.3.1 UV-Vis

The UV-visible absorption coefficient o at normal incidence and room temperature is
reported in Figure 4.6(a). Room temperature transmittance spectra 7" were taken in
the range 1 to 5eV using a Perkin-Elmer LAMBDA 1050 UV /Vis/NIR Spectropho-
tometer at normal incidence.

The absorption coefficient, & = —1In(7'/d), was determined, where d is the film
thickness from ellipsometry (see Table 4.2). The absorption coefficient varies with
the film thickness, and an increase in the absorption edge (~ 2.5eV) is evident with
reduced film thickness. The shift is most pronounced for the PTFO-100 film, and
coincides with the increased tetragonal distortion for thinner films [Figure 4.4(a) and

Table 4.1]. In the region below the band gap, before the film begins to absorb strongly,
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the reported absorption coefficient exhibits oscillations that are artefacts caused by

thin film interference.

4.3.2 Ellipsometry

Ellipsometry spectra (A, ¥) for 3 angles of incidence (=60°, 65° and 70°) were
taken taken in the range 1-5.5eV using a Horiba Scientific UVISEL Ellipsometer,
at the University of Birmingham. The experimental spectra in A and ¥ were then
fitted using a Tauc-Lorentz oscillator model[130] to extract the dielectric function, € =
€1 +1€5. The Tauc-Lorentz model is made up of oscillators that share a common Tauc
gap, F,. The real part of the dielectric function, €; was calculated from the imaginary
part, €5 using the Kramers-Kronig relations. For further details on Ellipsometry see
Section 2.2 in Chapter 2.

The real and the imaginary part of the dielectric function (e = €; +iey) for PTFO-
100, -200 and -300 extracted from ellipsometry measurements are shown in Figure
4.6(b). The imaginary part was calculated using the Tauc-Lorentz model[130], which
has previously been applied to amorphous semiconductors[130] and to the multiferroic
BiFeOs[114]. The Tauc-Lorentz model accounts for a finite density of states below
the bandgap, making it sensitive to the trap levels that play an important role in the
bulk photovoltaic effect in ferroelectrics[17, 169, 170].

Two Tauc-Lorentz oscillators with a common energy gap E, were used for each
film. The determined film thicknesses were in good agreement with their nominal
values, as summarised in Table 4.2, which also gives the parameters for the Tauc-
Lorentz oscillators. Oscillators are represented graphically in Figure 4.6(b) by the
shaded curves. As the film thickness is increased the central energy of the individual
oscillators is blue-shifted.

The dashed data in Figure 4.6(a) is the absorption coefficient as determined from
ellipsometry. Note that unlike o from UV-visible spectroscopy there is no oscillatory

artifact in the absorption present below the band gap in the ellipsometry results. This
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because the analysis of ellipsometry data explicitly accounts for thin-film interference.

There are clear differences between the UV-visible transmission results (obtained
at normal incidence) and the ellipsometry findings (at large angles) above the ab-
sorption edge. These may arise from the film’s optical anisotropy in the growth (z)
direction. The tetragonal phase will have a dielectric tensor with €,, = €,, # €.,
which means that the optical response in the ¢ direction will differ to that in the a — b
plane. This is not taken into account in the analysis of the ellipsometry data. Figure
4.6(c) shows the spread of internal angles (6s) for the three incident angles (6;) of the
ellipsometry measurements. The internal angle of the beam from the normal is wave-
length dependent, as the refractive index in the film, ny, is wavelength dependent.
This can be determined from the refractive index in the film given by the ellipsometry
measurements using Snell’s Law:

0y = arcsin (E sin 61) (4.3)
N2
where, as the measurements were carried out in air, n; is the refractive index of air.
This gives maximum and minimum internal angles of 15° and 57°.

The direct optical absorption edge of the PTFO films, at about 2.5eV, is com-
parable to that of rhombohedral BFO (2.7eV) and below that of tetragonal BFO
(3.1eV)[114]. The onset of absorption, parameterised by the Tauc bandgap E,, is
lower for PTFO (< 2eV) than BFO (2.14¢V and 2.30eV for rhombohedral and
tetragonal phase films)[114]. A detailed comparison between the UV-visible and el-
lipsometry results on PTFO reveals that there is a redshift in the absorption edge
from UV-visible transmission for increasing film thickness (lower c¢), while the indi-
vidual oscillator energies from ellipsometry blue shift. This can be understood as a
consequence of the changes to oscillator widths I' and amplitudes A: a slight increase
in oscillator energies is swamped by a marked increase in I" and A of the lowest mode.

The increase in I' could occur due to a larger variation in ¢ throughout the thicker
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Ellipsometry

E; (eV) A; (eV) I (eV) €x (UV) Eg (V)  d (nm)

PTFO-100 | 3.14 2.82 0.31 3.07 0.95 107
4.42 22.76 1.85

PTFO-200 | 3.51 6.65 0.88 3.3 1.97 225
4.55 16.00 1.63

PTFO-300 | 3.58 39.12 1.64 3.3 1.97 326
4.72 16.73 1.45

Table 4.2: Optical properties of PbTiFeOj3 thin films, from ellipsometry. It is worth nothing
that the values for E, presented here are the Tauc band gaps arising from the ellipsometry
models. The band gaps of the films can also be extracted from the UV-Vis data presented
in Figure 4.6(a). Using this approach the exact values for band gaps would depend on the
model used. However, looking at Figure 4.6(a) a rough evaluation by graphically extrapo-
lating the absorption coefficient to zero suggests that the bandgaps could in fact be fairly

similar, between 2.0-2.3eV.

films.

4.3.3 Second Harmonic Generation

A mode-locked Ti:sapphire laser oscillator (4 MHz, 650nJ, 50fs) provided the fun-
damental beam (800 nm or 1.55eV) for second harmonic generation (SHG) measure-
ments. A PMT placed after an analyser and short pass filters was used to detect
the second harmonic. Samples were at § = 45° from their surface normal, and with
the incident beam polarised at angle ¢ (¢ = 0 corresponding to p-polarisation). For
further details on SHG see Section 2.3 in Chapter 2.

The second harmonic generation (SHG) intensity I, ;(¢) was obtained as a func-
tion of the polarisation angle ¢ of the incident 800 nm pump pulse, for p-polarised
and s-polarised detection, as reported in Figures 4.7(a)-(e) for the PTFO-100, -200
and -300 films. The clear SHG signal may arise from either (i) a non-centrosymmetric

crystal structure at room temperature for the films, or (ii) an interfacial contribution
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Figure 4.7: Second harmonic generation of PTFO films: (a), (b) and (c) show the SHG
radiation patterns for PTFO-100, -200 and -300 respectively, as a function of sample az-
imuthal angle ¢ (¢ = 0 corresponding to p-polarised input) for § = 45°. Data are shown for
p-polarised (“p-out”) and s-polarised (“s-out”) detection. In (a) and (b) the dashed black
lines show the SHG intensities expected for a tetragonal phase from the model described
in the text. In (c) the dashed and solid lines correspond to SHG from two different spots
on the sample surface. (d) SHG (blue) can only be detected from the “detection volumes”

(blue shaded areas) defined by the film’s finite absorption depth at the second harmonic.
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due to the break in translational symmetry (surface SHG). The peak SHG intensity
I,(¢) was found to be in the ratio 1.0:8.0:0.7 for the PTFO-100, -200 and -300 films.
The strong increase in SHG intensity between the PTFO-100 and PTFO-200 film indi-
cates that any contribution from surface SHG is negligible in comparison to the SHG
signal from the polar film, as a surface SHG contribution should not vary with film
thickness. The observed intensity ratio can be qualitatively understood with reference
to Figure 4.7(d). The second harmonic (blue dashed lines) is generated throughout
the film by the fundamental (red dashed lines) as the absorption coefficient at 800 nm
is negligible. While the SHG intensity should increase with the length squared for a
transparent medium, absorption in the films at 3.1eV (400 nm) means that not all of
the generated SHG is detected. Rather, the detected second harmonic comes from
the region close to the film/air interface and for beams propagating in the correct
direction, labelled the “detection volume” in Figure 4.7(d). The depth of the detec-
tion volume can therefore be limited to the absorption depth, which is 1/a=200nm,
111nm and 91 nm for the PTFO-100, -200 and -300 films [from Figure 4.7(a)]. Thus,
for the PTFO-100 film the SHG signal can come from the whole film thickness, while
for the PTFO-300 film only the top 91 nm contributes. Since the thickest film exhibits
smaller tetragonality ¢/a and strain relaxation in the detection volume (as evidenced
by the XRD results), the SHG intensity is therefore reduced for PTFO-300.

The SHG ¢-plots can be qualitatively understood as follows. Since the sample
is rotated around the vertical axis by 6 = 45° there is a maximum component of
the electric field of the incident beam along the c-axis (ferroelectric polarisation di-
rection) for a p-polarised fundamental, leading to maxima in the SHG intensity at

= 0 and ¢ = 180°, and a double-lobed shape. Quantitatively, for a tetragonal
phase with point group 4mm, the ¢-dependence of the detected SHG intensity is
I(¢) = (Acos® ¢ + Bsin? ¢)? and I,(¢) = C'sin® 24, where the constants A, B and

C' are linked to the SHG coefficients d3; and dy5, as described by Kumar et al. [132]
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for tetragonal-phase BiFeOgs. The black dashed lines in Figures 4.7(a)-(b) show such
fits, which are in good agreement with experiment for the two thinner films. For the
PTFO-300 I, +(¢) varied somewhat between different spots on the sample [ solid and
dashed lines in Figure 4.7(c)], and the maximum intensity was away from p-polarised
incident light for p-polarised detection. The distortion of the crystal structure due
to strain relaxation near the surface (in the detection volume), such that the fer-
roelectric polarisation is no longer along [001], may explain shape of the I, ;(¢) for
the PTFO-300 film. Similar results were obtained on polydomain 4mm (Ba,Sr)TiO3
films with a deviation in ferroelectric polarisation from the c-axis[171]. Alternatively,
anisotropy of the dielectric function at the second harmonic’s wavelength may modify

the polarisation state detected experimentally from the predicted pattern.

4.4 Ultrafast Optical Reflectivity

A mode-locked Ti:sapphire laser oscillator (4 MHz, 650nJ, 50fs) provided the fun-
damental beam (800nm or 1.55eV) for time-resolved reflectivity experiments. The
fundamental was doubled in frequency to 400nm (3.1eV) to photoexcite the multi-
ferroic films at a fluence of 60 uJem=2. The transient optical reflectivity subsequent
to excitation was detected using a time-delayed fraction of fundamental beam, which
was incident on the sample at close to normal incidence. The absorption depth of
the samples for the pump and probe are 65-355nm at A = 400 nm and greater than
1.5pum at A = 800nm. For further details on time-resolved pump-probe reflectivity

see Section 2.1 in Chapter 2.

4.4.1 Electronic Component

Photoinduced changes in reflectivity AR result from a modified refractive index An
(at the probe wavelength) caused by changes in the occupancy of electronic states.

Time-resolved reflectivity thus permits electronic generation and relaxation processes
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to be examined. Further, coherent oscillations in AR can result from phonons[109,
127] and in multiferroics also magnons[88, 102]. The observed transients for the
PTFO films (Figure 4.8(a)) comprise an electronic component with a sharp rise and
a non-exponential decay for both films.

Similar ultrafast reflectivity transients (with a rapid rise and a non-exponential
decay) have been reported in recent studies of bulk BFO[98, 99] and thin films grown
on a variety of substrates[100, 100, 101, 102]. The rapid rise in reflectivity after
excitation is attributed to the transfer of electrons between states. In BFO this is
Oy, —Fe34[97]; similar transitions to Fesq or Tis,; are expected here. The electronic
response for the PTFO-200 film is reduced in comparison to that of the PTFO-300
sample because of its reduced absorption at the pump energy [Figure 4.6(a)].

The subsequent electronic decay can be approximated by the sum of two expo-
nentials, AR = Ae %™ 4+ Be ¥/ with lifetimes 77 = 113ps and 7, = 78ps for
PTFO-200 and -300 respectively, and 79 > 1ns. However, such a biexponential model

would signify that two independent photoexcited electron populations contribute to

AR.
Carrier Density Model

A model that includes carrier cooling between two levels[172] can be used as a more
physical alternative to a biexponential model. In this approach electrons are photoex-
cited with density N; into an upper level 1, and relax with rate N /7 (corresponding
to the cooling rate of ‘hot’ electrons) to lower level 0, as illustrated in the schematic
in Figure 4.8(d). The change to the reflectivity is proportional to the carrier density,
N;

AR x N (4.4)

where the carrier density is given by the total occupancy of the excited ‘hot’ and
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‘cold’ states;

N = Norcool + N1 (45)

where Ny and N; are the density of ‘cold’” and ‘hot’ carriers respectively. I, is a scale
factor between the ‘hot” and ‘cold’ carrier densities. This takes into consideration that
the ‘hot’ and ‘cold’ carriers can affect the change in the reflectivity, dR, differently.
For I'.poy < 1 the ‘cold’ carriers produce a smaller change to the reflectivity, R, than
the ‘hot’ carriers. In this case if some of the ‘hot’ states (V) are filled then the change
to € (or a) is larger than filling the same number of ‘cool’ states (Np). As T'epor — 1
the contribution of the ‘hot” and ‘cold’ carriers start to be more similar. This is what
would be expected as the energies of states move closer together. The rates of change

of carrier density for each of the states is given by;

dNy N

— =G() - — 4.6
=00 - (16)
dNy N1 Ny

= 4.
dt T1 T0 ( 7)

where 7 is the relaxation time of ‘hot’ carriers, 7y is the band-to-band recombination
time for ‘cold’ carriers and G(t) is the ‘hot’ carrier generation rate.

The fits obtained by this method are shown as black dashed lines along with the
raw data in Figure 4.8(a). The red and blue dotted curves presented along with
the PTFO-300 fit and data are the density of ‘hot’ (N;) and ‘cold” (Ny) carriers
respectively.

This approach gave 7 = 89ps, 79 = 2150ps and I' = 0.7 for PTFO-200, and
71 = 63ps, T = 1350 ps and I' = 0.5 for PTFO-300. The greater lifetime of the fast
component for PTFO-200 can be explained by the closer proximity of the pump energy
to the band edge, where cooling rates are lower. The 79 > 1 ns lifetime for photocarrier

recombination makes PTFO potentially useful in optoelectronic applications that
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require slow population decay, such as ferroelectric photovoltaics.
The comparable cooling scales of 0.7 for the PTFO-300 film and to 0.5 for PTFO-
200 film means that the relative strength of the ‘hot’ carrier’s contribution is similar

for the two films.

4.4.2 Oscillatory Component

After numerical removal of the electronic contribution to AR a distinct oscillatory
component superimposed on the reflectivity transient is observed for PTFO-300, as
reported in Figure 4.8(b), at a frequency of around 75 GHz [See FF'T, Figure 4.8(c)].
The different curves (i)-(iii) correspond to different locations on the sample. While
in the majority of positions AR exhibited a very similar behaviour to that shown in
curve (ii), in a smaller number of cases either no oscillations [curve (i)] or oscillations
with a 180° phase shift [curve (iii)] were observed. Acoustic phonons can contribute to
AR for oxide thin films[102]. The corresponding oscillation frequency depends on the
acoustic phonon velocity, and thus changes when the acoustic pulse propagates from
the film to the substrate. Acoustic phonons in the substrate may be responsible for
the peaks at low frequency (and from long time delays) in Figure 4.8(c). However, the
high frequency (75 GHz) feature cannot result from the acoustic phonon mechanism,
as the oscillation is present at all time delays and does not correspond to the acoustic
phonon mode frequencies expected for LAO[102, 151]. In the study of magnons in
BiFeO; thin films (discuses in Chapter 3) a mode at a comparable frequency was
found to disappear above the Néel temperature. Both the PTFO films reported here
and the BiFeOj films of Ref. 102 had LAO substrates, and therefore have comparable
in-plane lattice constants and Fe-Fe distances (assuming that there are regions of the
PTFO samples with Fe ions in adjacent cells). It is thus plausible that the oscillation
here is also a magnon. To confirm this, demonstrating that it disappears above the
Néel temperature is desirable and will be the subject of further study. The occasional

absence of the magnon and the 180° phase shift could be attributed to ferromagnetic
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domains or sample inhomogeneity.

4.5 IR active phonons

4.5.1 FTIR

FTIR reflectivity spectra were taken using a Bruker Vertex 70v spectrometer at an
angle of incidence of 11°. A globar light source was used, along with a KBr beam-
splitter/DLaTGS detector for the mid-IR range (50-1000 meV), and a Si beamsplit-
ter/DTGS detector for the far-IR range (15-48meV). For further details on FTIR
spectroscopy see Section 2.5 in Chapter 2.

FTIR reflectivity spectra are presented in Figure 4.9 (solid lines). The substrate
data (black line) displays three Reststrahlen bands. For the PTFO films the reflectiv-
ity lowers substantially in the areas marked by the arrows in Figure 4.9(c), and this
reduction is more pronounced as the film thickness increases. This is a consequence
of phonon modes in the film within the Reststrahlen bands of the substrate.

This was verified by modelling the reflectivity spectra of thin-film PTFO on LAO
with the RefFit[173] software (dashed lines). The films were modelled using just the
layer stack (i.e. substrate and film, Figure 4.9(a)) and with adding oscillators into
the film (Figures 4.9(b) and (c) with 1 and 2 oscillators respectively). RefFit models
the reflectivity of a multilayer sample following the approach of Harbecke[174]. A

Drude-Lorentz dielectric function was used, of the form:

A
W) = € Z w? 4+ w? 4wl (4.8)

where A; = w?(e,; — €x,;) for each mode i.

The LaAlOj3 substrate was modelled with a 6-phonon model similar to results
reported elsewhere[175, 176] (Black dashed curved in Figure 4.9). The substrate fit
is discussed in more detail in section 4.5.4. The films were modelled assuming a

fixed thickness, as determined from ellipsometry. In Figure 4.9(a) no oscillators are
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Figure 4.9: Reflectivity from FTIR spectroscopy (solid lines). Models (dashed lines) with

(a) thickness only (b) 1 oscillator and (c) 2 oscillators as described in the text.
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FTIR, THz"

E; (meV) A; (meV) [; (meV) € (NIR)
PTFO-100 29.25 108.89 8.19 4.62
64.83 63.70 6.81
PTFO-200 29.75 102.38 7.57 4.98
64.64 60.70 6.91
PTFO-300 9.17 33.2 3.3
29.63 101.83 7.89 5.22
64.58 58.29 6.56
Raman
E (meV) A (arb. units) I' (meV)
PTFO-200 29.0 0.1 4
38.5 0.14 )
49.0 0.085 )
64.0 0.05 )
88.6 0.1 10
99.8 0.055 4
113.0 0.045 )

Table 4.3: Optical properties of PbTiFeOs thin films, FTIR spectroscopy/THz-TDS (top)

and Raman (bottom). Oscillator parameters are given in units of meV.

included; the film is assumed to have ¢(w) = €, as in Table 4.3. It can be seen that
the thin film effect alone does not account for the reductions in the reflectivity around
the areas marked by the arrows in Figure 4.9(c). Figure 4.9(b) and (c) successively
add in oscillators at 29.5meV and 64.7meV. It can be seen that adding oscillators
into the dielectric function of the film substantially improves the fit. There is little
shift in the mode frequencies with thickness, as demonstrated by the values in Table

4.3.

4.5.2 THz Time-Domain Spectroscopy

Terahertz time-domain spectroscopy[177, 178] was used to examine the dielectric func-

tion in the range of 1-13meV, from amplitude and phase resolved transmission mea-
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Figure 4.10: (a) Transmission in the far-infrared (from THz-TDS, see Methods) through
vertically (black) and horizontally (grey) oriented LAO relative to vacuum. (b) Transmission
in the far-infrared though PTFO relative to that through a bare LAO substrate.

surements. The THz pulse was generated by a 800 nm, 20 fs pulse from a Ti:sapphire
laser focused onto a GaAs photoconductive switch and detected by electro-optic sam-
pling. For further details on THz time-domain spectroscopy see Section 2.4 in Chapter
2.

The spectral transmission was calculated from the FFT of the time-domain data,
using blank LaAlOj as the reference. Data were averaged over four possible orienta-
tions of the PTFO samples and a blank substrate (VV, VH, HV, HH, where H/V
represent horizontal or vertical orientation of the sample and reference substrate re-
spectively). This removes the influence of substrate anisotropy[146]. Evidence of this
anisotropy can be seen in Figure 4.10(a). It can be seen that there is a slight difference
in the THz transmission, and thus the refractive index, for the V' and H orientations
of LAO. It is possible that the domain microstructure of the substrate is contributing

to this effect[146].
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The THz spectral transmission of the PTFO films is reported in Figure 4.10(b),
and is flat and featureless for the PTFO-100 and PTFO-200 samples in the range
below 10meV. Above 10 meV all samples exhibit a sharp rise in transmission. This
is an artifact which arises from the LaAlO3 substrate, which acts as a half wave plate
at these frequencies[146]. The response for the PTFO-300 film displays a prominent
reduction in transmission around 9 meV in Figure 4.10(b). The dashed line indicates
the transmission calculated for a thin film of PTFO on LAO, assuming that the
dielectric function of the film includes a phonon at 9.1meV (2.2 THz) as described
by Equation 4.8 with linewidth I' = 3.3meV, ¢, = 31.1 and €., = 17.8. Here, ¢,, was
chosen to match ¢, from the FTIR results.

Large dielectric constants €5 (reported here in the THz range) are often observed in
ferroelectrics[179] and incipient ferroelectrics. The extra mode seen in THz-TDS for
PTFO-300 is not visible for the 100 nm or 200 nm samples. This may be a consequence
of the experimental sensitivity, as thinner films produce smaller transmission changes,

or be a feature of PTFO films above a certain thickness.

4.5.3 Raman active phonons

Raman spectra were taken using a Renishaw inVia Reflex Raman microscope with
an excitation wavelength of 442 nm (2.81¢eV) and focused with a 20x objective. UV-
Raman spectra were taken under excitation at 325nm (3.82e¢V) and with a 40x
objective. The Raman filters used for the 442 nm and 325 nm lasers cut out all signal
below 10meV and 52 meV, respectively, limiting the spectral range at low energies.
For further details on Raman spectroscopy see Section 2.6 in Chapter 2.

Raw Raman spectra for the PTFO samples and a (001)-oriented LaAlOj reference
sample obtained under 442nm (2.81¢eV) excitation are presented in Fig. 4.11(a). As
the films are not strongly absorbing at this wavelength (see Figure 4.6(a)), there is a
strong component from the LaAlOj substrate (black line). In contrast, using 325 nm

(3.82eV) excitation, where the film absorbs strongly, yields a dominant Raman signal
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from the PTFO films (coloured lines in Figure 4.11(b)), but over a more limited
spectral range. For the data obtained at 442nm the subtraction of the substrate’s
contribution[180] permits the Raman spectra of the PTFO films to be seen (coloured
lines in Figure 4.11(c)). The narrow gaps correspond to the sharp Raman active
modes A, + 4E, of the substrate, as set out in Table 4.4. For further discussion of
the substrate’s modes see section 4.5.4.

The Raman modes of the films are broader than those previously seen for bulk
PTFO (with z = 0.05 and x = 0.1),[79] which are reproduced by the solid thin black
lines in Fig. 4.11(c) along with their mode assignments. Furthermore, the Raman ac-
tive modes of Pb,,11(Tip.67Fe0.33)nO3n11_s are shifted in energy in comparison to those
at lower x[79]. The large changes in ¢ evidenced by TEM will also alter the phonon
eigenfrequencies, and this disorder will broaden the Raman resonances. As a does not
vary substantially, eigenmodes that are IR-active in the plane may not be broadened
as significantly. The PTFO-200 data was modelled by a series of Lorentzians (black
dashed lines in panels b and ¢), where the arrows in Fig. 4.11(c) indicate the posi-
tion and strength of the individual oscillators for the fits to the substrate-subtracted
442nm data. For the fit in Fig. 4.11(b) (325 nm excitation, PTFO-200 film) only two
Lorentzians were used, to better highlight the peaks at 65 meV and 97 meV.

Importantly, for ferroelectric media without an inversion centre vibrational modes
can be both Raman and infrared active, as for PbTiO3.[181] For the two IR-active
modes observed for Pb,1(Tige7Fe033)nOsn11-5 at 29.5meV and 64.7meV in the
FTIR results there are corresponding Raman active modes at 29 and 65 meV visible
in the 442nm Raman data (Figure 4.11(c)), and at 65meV in the 325nm Raman
data (Figure 4.11(c)). This discludes a centrosymmetric crystal structure for the
Pb,11(Tipe7Fe33)nOsn11-6 films, as in a material possessing a center of symmetry

no mode can be both infrared and Raman active by the rule of mutual exclusion.
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Figure 4.11: Raman spectra of PTFO films and LAO substrate: (a) Raman intensity [
under 442 nm excitation. (b) I for 325 nm excitation. The dashed black line indicates a two-
Lorentzian fit to the PTFO-200 spectra. (c) Raman intensity under 442 nm excitation after
subtracting the substrate’s contribution. The dashed black line is the model for PTFO-200
as described in the text and Table 4.3, where black arrows indicate individual oscillators.
The lengths of the arrows represent the oscillator strengths, while the widths of the arrow
heads denote the widths I'. The thin back lines (bottom) are the data of Sun et al. [79] for
z=0and z =0.1.
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4.5.4 Vibrational Modes in LaAlO3; Substrate

The FTIR data for the LAO substrate was fitted using a Drude-Lorentz dielectric
function as described earlier (see section 4.5.1) with 6-phonon oscillator model (see
Table 4.4 and black dashed lines in Figure 4.9). For LAO there are 8 IR active modes:
3Ay, + 5E,[175, 182]. The modes observed here are compared to those previously
predicted from DFT[183] and observed experimentally[175, 176] in Table 4.4. The
modes observed at 29.1 meV and 85.4meV however, do not match up with the IR
active modes predicted by DF'T, although modes near 85.4 meV have previously been
observed experimentally[175] in LAO.

Modes in addition to those predicted by group theory are also the present in the
Raman spectrum of LAO. The narrow gaps in Figure 4.11 correspond to the sharp
Raman active modes A, +4E, of the substrate. These occur at 15.3meV, 18.9 meV,
25.4meV, 57.5meV and 60.3 meV, and correspond well with those previously reported
from experiment[184, 185] and theory[183], except for the 25.4 meV mode, as outlined
Table 4.4. The 15.3 meV mode corresponds to an assignment of A;, and the 18.9 meV,
57.5meV and 60.3meV modes corresponds to an assignment of F,. This leaves the
mode at 25.4meV in addition to those expected from group theory (assuming that
the lowest E, mode is present but not resolved owing to experimental resolution).

There are a number of reasons why additional IR active and Raman modes can be
observed compared to thoese predicted from group theory. Both techniques should
only couple to phonons with close to zero wavevector phonons, q. However, two
phonon processes can result in extra modes[186, 187]. This process occurs when
there is a high density of phonon states, which can occur at points of high symmetry
in the Brillouin zone. Additional modes can also result either from the presence of

impurity phases or from oxygen vacancies, which alter the rotational motion.
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LaAlO; -IR

Delugas[183] Calvani[175] | Shimada[176] This Work
E (meV) E (meV) E (meV) E (meV) A (meV) I (meV)
Asy 20.8
E, 222 E, 226 22.7 23.0 79.9 0.16
29.1 17.7 1.26
E, 368
Ao, 50.7 52.9
E, 51.0 E, 532 53.4 23.3 104.1 0.68
E, 59.3 E, 622 60.7 14.6 3.32
A, T7.8
E, 79.0 E, 81.5 80.3 80.9 41.1 2.64
E, 86.2 85.4 16.1 4.15
Calvani: 3A,, + 5F,
Shimada: Ay, + 4A5, + 5E,. €o = 3.83
LaAlO; -Raman
Delugas[183] Scott[184] Abrashev[185] This Work
E (meV) E (meV) E (meV) E (meV)
E, 4.1 4.1 4.2
Ay, 16.0 15.1 16.4 15.3
E, 181 18.9 18.9
25.4
E, 56.3 58.3 27.5
E 57.9 60.4 60.3

g
Scott and Abrashev:A;, + 4E,

Table 4.4: Comparison of IR and Raman mode energies with those previously obtained

from group theory and experiment for LaAlO3 . All mode energies/parameters are given in

meV.
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4.6 Conclusions

Bulk crystals and thin films of PbTi;_,Fe,O3 (PTFO) are multiferroic, exhibiting
ferroelectricity and ferromagnetism at room temperature. It has been seen that
a Ruddlesden-Popper phase Pb,,1(Ti;_,Fe;),03,:1-s forms spontaneously during
pulsed laser deposition of PbTiFeO3 on LaAlOs substrates. High-resolution trans-
mission electron microscopy, x-ray diffraction and x-ray photoemission spectroscopy
were utilised to perform a structural and compositional analysis, demonstrating that
the number of repeating ABOj3 layers is n ~ 8 and the Fe fraction, x ~ 0.33. The
complex dielectric function of the films was determined from far-infrared to ultra-
violet energies using a combination of terahertz time-domain spectroscopy, Fourier
transform spectroscopy, and spectroscopic ellipsometry. The simultaneous Raman
and infrared activity of phonon modes, and the observation of second harmonic gen-
eration, establishes a non-centrosymmetric point group for PbTiFeOg3 consistent with
ferroelectricity. No evidence of macroscopic ferromagnetism was found in SQUID
magnetometry. The ultrafast optical response exhibited coherent magnon oscillations
compatible with local magnetic order, and additionally was used to study photocar-
rier cooling on picosecond timescales. An optical gap smaller than that of BiFeOg
and long photocarrier lifetimes may make this system interesting as a ferroelectric

photovoltaic.
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Chapter 5

Conclusions

Time resolved and continuous wave optical techniques have been used to study the
properties of multiferroic thin films. It has been seen that transient reflectivity can
couple to acoustic phonon and magnon excitations, giving insight into the the lattice
dynamics and the magnetic order energy scales associated with the weak ferromag-
netic moment in BFO. It as also been seen that a multi-technique approach is benefi-
cial in order to gain a full understanding the differing properties as a result of strain,
processing temperature, geometry and composition.

Time-resolved reflectivity has been used to study the dynamics of coherent
magnons and acoustic phonons in multiferroic thin films of tetragonal and rare-earth
doped BiFeOs. The elastic moduli of ferroic thin films are often hard to characterize
using traditional transducer-based methods, however this approach allows for direct
experimental access to these. These were extracted from the frequency of oscillations
in the reflectivity arising from dynamic modulations of the refractive index by acous-
tic phonons. It was also demonstrated that the ultrafast photoacoustic technique
couples to magnons. The creation of a magnon mode was observed to be dependent
on either magnetisation or the presence of a tetragonal crystal structure. This obser-
vation provides a promising route to creating a magnetoelectric multiferroic with a
tailored magnonic response.

High-resolution transmission electron microscopy, x-ray diffraction and x-ray pho-
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toemission spectroscopy PbTi;_,Fe,O3 (PTFO)films grown by on pulsed laser deposi-
tion have shown that a Ruddlesden-Popper(RP) phase forms spontaneously in pulsed
laser deposition of PTFO. It was domonstrated that the number of repeating ABOj3
layers is n ~ 8 and the Fe fraction, x ~ 0.33. Epitaxial strain or the oxygen-rich
growth conditions are both possible candidates for the formation of the RP phase.
To establish whether either of these mechanisms have a contributing factor it would
be desirable to examine films grown on different substrates.

The complex dielectric function of the films was determined from far-infrared
to ultraviolet energies using a combination of terahertz time-domain spectroscopy,
Fourier transform spectroscopy, and spectroscopic ellipsometry. From optical spec-
troscopy techniques there is evidence that the Ruddlesden Popper (RP) phase of
PTFO exhibits ferroelectricity. A non-centrosymmetric point group was established
from observation of second harmonic generation and from the simultaneous presence
of Raman and infrared activity of phonon modes.

The static and ultrafast optical response of PFTO have been seen to be similar to
that of BiFeO3. PFTO, however has long photocarrier lifetimes and an optical gap
that is smaller than that of BiFeOs. These aspects may make this system interesting
as a ferroelectric photovoltaic, which is currently an area of interest for BiFeO3.

No evidence of macroscopic ferromagnetism was found in SQUID magnetome-
try. This contrasts with previous studies of bulk crystals and thin films of PTFO
which have been seen to be multiferroic, exhibiting ferroelectricity and ferromag-
netism at room temperature. Although there is no macroscopic ferromagnetism in
the RP PTFO phase, magnon oscillations (local magnetic order) have been observed

to persist.
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