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ABSTRACT

Multiferroic materials that are simultaneously ferroelectric and magnetic are gaining
more and more attention within the scientific community due to the promise of new device
applications arising as a result of coupling between their dual order parameters. The
magnetoelectric multiferroics are an example of the broader class of multifunctional or smart
materials that combine several useful properties in the same substance to produce new
phenomena that are more than just the sum of the individual parts. Strain can stabilize
ferroelectricity in otherwise nonferrolectric materials as well as modify magnetic transition in
magnetic materials. Epitaxial strain is currently being pursued to design “ferro-electromagnetic”
films which can demonstrate coupling between polarization and magnetism.
The central focus of this thesis work is to develop an understanding of coupling between
spin, charge and lattice strain in multiferroics and strained ferroelectrics. For this study, we
utilize two techniques: nonlinear optics

and

scanning probe microscopy. Optical second

harmonic generation, a nonlinear optical technique, is shown to be an excellent tool to probe
polar and magnetic symmetries in multiferroics while also allowing us to probe the nature of
coupling between the two order parameters. Nonlinear optical spectroscopy has been employed
to reveal spin-charge coupling in multiferroic BiFeO3 through the study of magnon sidebands
which are otherwise difficult to probe using linear optical spectroscopy. A combination of
nonlinear optics and scanning probe microscopy have been utilized to reveal domain dynamics
and explore the nature of ferroelectricity in strained ferroelectrics. Second harmonic generation
has been utilized to demonstrate that the symmetry of pure elastic lattice distortion in the
antiferrodistortive phase in SrTiO3 is isomorphic to a magnetic point group and phase transitions
involving octahedral tilt rotations can be probed successfully using this technique. Confocal
SHG microscopy has been used to visualize domain structures in the well known ferroelectric
BaTiO3 and evidence of monoclinic distortion is observed near strained fields in the tetragonal
phase.
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Chapter I
Introduction and Background

I. Multiferroic materials
Multiferroism has been coined to describe materials in which two or all three of
ferroelectricity, ferromagnetism and ferroelasticity occur in the same phase.1,2 The origins of
ferroelectricity, ferromagnetism and ferroelasticity lies in the ordering of charge, spin and lattice
strain. The coupling between spin, charge and lattice strain can give rise to a range of exciting
phenomena some of which have been shown in Figure 1.1. Multiferroic magnetoelectrics are
materials that exhibit spin-charge coupling and show both ferroelectric and magnetic ordering in
the same phase.3 Materials that are simultaneously ferroelectric and magnetic are gaining more
and more attention within the scientific community due to the promise of new device
applications arising as a result of coupling between their dual order parameters.4 The
magnetoelectric multiferroics are an example of the broader class of multifunctional or smart
materials that combine several useful properties in the same substance to produce new
phenomena that are more than just the sum of the individual parts. For example, there can exist a
coupling between ferroelectric and ferromagnetic properties that could lead to electric-fieldswitchable magnetization or magnetic field switchable polarization. Such coupling would lead to
totally new possibilities in the design of data-storage devices, in addition to revealing fascinating
new basic physics.5

The past few years have seen a flurry of research interest in magnetoelectric multiferroic
materials.6 These materials were studied to some degree in the 1960s and 1970s but then
languished, in large part because single-phase materials with both ferroelectric and magnetic
properties could not be widely produced.7 The recent re-emergence of magnetoelectric
multiferroics has been fuelled by developments in, and collaboration between, many areas of
theory and experiment.3-5 First, the production of high quality single-crystalline samples, in some
cases through high pressure routes, has led to the identification of new multiferroics with
fundamentally new mechanisms of ferroelectricity.8,9
1

Figure 1.1: Coupling between spin, charge and lattice strain generates a range of exciting
phenomena. Magnetoelectric multiferroics belong to the category of phenomena arising due to
spin-charge coupling.

2

Second, improved first-principles computational calculations have aided in the design of
new multiferroics, and provided a mechanistic understanding of the factors that promote
coupling between magnetic and ferroelectric order parameters.10 Finally, advances in thin-film
growth techniques have 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.11 The availability of high quality samples in conjunction with a broad
spectrum of analytical tools have improved our ability to actually characterize multiferroic
behavior and has opened the door to the design of possible practical devices based on
magnetoelectric coupling. However, challenges still remain in exploring and understanding the
nature of spin charge coupling in magnetoelectric multiferroics and in turn, developing a material
with electric field induced switchability of magnetic states.

Ferromagnetic-ferroelectrics are scarce and the reason is now quite well understood to
result from the contra-indication between the conventional mechanism for cation off-centring in
ferroelectric (which requires formally empty d orbitals), and the formation of magnetic moments
(which usually results from partially filled d orbitals).1 For ferroelectricity and magnetism to
coexist in a single phase, the atoms that move off centre to form the electric dipole moment
should be different from those that have the magnetic moment. This effect can be achieved
through either an alternative ( non-d-electron) approach to magnetism or through an alternative
mechanism for ferroelectricity. In practice, only the latter route has been pursued and the
exploration of multiferroics with different forms of magnetism is an open area for future
research. In the magnetic perovskite-structure oxides and related materials, multiferroicity is
most commonly achieved by making use of the stereochemical activity of the lone pair on the
large (A-site) cation to provide the ferroelectricity, while keeping the B-cation magnetic. This is
the mechanism for ferroelectricity in the Bi-based magnetic ferroelectrics, the most widely
studied of which is BiFeO3.12 A second route to multiferroism is provided by ‗geometrically
driven‘ ferroelectricity, which is compatible with the co-existence of magnetism as in the case of
antiferromagnetic ferroelectrics like YMnO3 and BaNiF4.13-15

3

A recently identified mechanism occurs in TbMnO3, in which ferroelectricity is induced
by the formation of a symmetry-lowering magnetic ground state that lacks inversion symmetry.8
The resulting polarization is small, but because it is caused directly by the magnetic ordering,
strong and possibly new magnetoelectric interactions should be expected. A search for the
opposite effect — weak ferromagnetism that is induced by a symmetry-lowering ferroelectric
distortion has been found in the high-pressure phase of FeTiO3.16 Finally, certain noncentrosymmetric charge-ordering arrangements can cause ferroelectricity in magnetic materials.
LuFe2O4 is an example of this case.17 It should be noted that, to be ferroelectric, a material must
be insulating (otherwise the mobile charges would screen out the electric polarization). This is an
additional constraint, because many ferromagnets tend to be metallic, with most magnetic
insulators having antiferromagnetic ordering. The need for insulating behavior can also cause
problems if samples are leaky, as this can suppress ferroelectric behavior even if the structure is
non-centrosymmetric. This is a common problem in the case of magnetic ferroelectrics, because
magnetic transition metal ions are often able to accommodate a wider range of valence states
than their diamagnetic counterparts, leading in turn to non-stoichiometry and hopping
conductivity.

II. Single phase multiferroics
Bismuth ferrite (BiFeO3), which has a perovskite structure, with Bi as the A-cation and
Fe as the B-cation is currently the most studied multiferroic material due to large ferroelectric
polarization and high Néel transition temperature (380 °C).12 It is a room-temperature
ferroelectric antiferromagnet with a co-existing weak ferromagnetic ordering arising due to
canting of the spins. The Curie transition temperature (~820 °C) is quite high and makes it
appealing for applications in ferroelectric non-volatile memories

and high temperature

electronics. Early bulk samples yielded small polarization values possibly due to contamination
and leakage.18 However, the measured values on epitaxially grown films and recently grown
single phase crystals have converged to 90 μc/cm2 along the [111] direction of the pseudo-cubic
perovskite unit cell and are consistent with the values calculated from first principle
calculations.19 BiFeO3 has long been known in its bulk form to be an antiferromagnet with Néel
temperature TN ≈ 643 K. The Fe magnetic moments are coupled ferromagnetically within the
4

pseudo-cubic (111) planes and antiferromagnetically between adjacent planes. If the magnetic
moments are oriented perpendicular to the [111] direction, as predicted by first-principles
calculations, the symmetry also permits a canting of the antiferromagnetic sublattices resulting in
a macroscopic magnetization — ‗weak ferromagnetism‘. However, superimposed on the
antiferromagnetic ordering, there is a spiral spin structure in which the antiferromagnetic axis
rotates through the crystal with an incommensurate long-wavelength period of ~620 Å.20 This
spiral spin structure leads to a cancellation of any bulk observable magnetization. However, a
significant magnetization (~0.5μB per unit cell) and a strong magnetoelectric coupling have been
observed in epitaxial thin films which is currently being attributed to epitaxial strain.21,22 More
work is needed to characterize the magnetic behavior of BiFeO3 thin films and the origin of the
large magnetization in ultrathin, highly strained BiFeO3 still needs to be understood. The exact
nature of coupling between the polar and magnetic order parameters also needs to be explored in
detail. There are also intriguing experimental and theoretical reports of a tetragonal phase, with
c/a = 1.26 and even larger ferroelectric polarization of ~ 150 μc/cm2.23,24
A range of other multiferroics with lone pair active A-sites and magnetic transition metal
B-sites are currently being explored in thin film form. The newly discovered ‗supertetragonal‘
Lead vanadate (PbVO3) has been stabilized in thin film form and has been shown to be a polar
antiferromagnet.25 Clearly, many potential combinations of lone pairs and transition metals
remain to be explored, but in all cases, the stoichiometry must be carefully controlled so that the
transition metal d electrons provide magnetism without also contributing to electronic transport.

III. Mechanisms for multiferroicity
There are several mechanisms that can give rise to co-existence of ferroelectric and
magnetic ordering in a material and allow coupling between the two order parameters. One of the
possible origins of multiferroism is through charge ordering as in the case of LuFe2O4.9 Charge
ordering can occur in a compound of mixed valence and with geometrical or magnetic
frustration. These ions do not have any displacement but still form a polar arrangement which is
the origin of improper ferroelectricity. The presence of magnetics ions can give rise to a coexisting magnetic order which can be coupled to ferroelectricity.26 Another mechanism for
multiferroicity is lone-pair driven (discussed above) where the A-cation drive the displacement
5

and partially filled d shell on the B-site contributes to magnetism.1 The examples for this case are
BiFeO3, BiMnO3 and PbVO3.
A third mechanism for the origin of multiferroicity is ―Geometrical Frustration‖ as
observed in the case of hexagonal RMnO3.27 This mechanism is related to a structural phase
transition at a high temperature coupled with geometric frustration of spin arrangements at lower
temperature. The spins order in a variety of non-collinear structures to relieve the frustration. The
existence of ferroelectric and magnetic order occurs together with a strong coupling between two
disparate order parameters.
Another mechanism for multiferroicity is the case where inversion symmetry is broken
by magnetic ordering. Such a symmetry breaking often occurs in so-called frustrated magnets,
where competing interactions between spins favor unconventional magnetic orders.28 The
microscopic mechanisms of magnetically induced ferroelectricity involve the polarization of
electronic orbitals and relative displacement of ions in response to magnetic ordering.
In the case of bulk multiferroic materials, several neutron diffraction studies point to a
spiral magnetic state as an essential ingredient for coupling between magnetism and
ferroelectricity. Phenomenological as well as first principles explanations of the connection
between ferroelectricity and the magnetic spiral link polar and magnetic orders through the
product P ~ e Q , where e is a unit vector along the spin rotation axis and Q is the spiral
propagation vector. The microscopic origin of this form can be traced to the antisymmetric
Dzyaloshinskii-Moriya (D-M) interaction, which can lead to inhomogeneous states, such as the
magnetic spiral found in BiFeO3.29 Due to the nature of the magnetic spiral, no net ferromagnetic
moment is found in such systems.

The D-M interaction can alternatively lead to weak

ferromagnetism (WFM), as observed in manganites and other transition metal oxides, such as
rare-earth orthoferrites. Weak Ferromagnetism in a material that is simultaneously ferroelectric
is particularly interesting as it has been recently discussed as the best route to achieve electric
field control of 180 switching of ferromagnetic domains. Recently, It has been has argued from
symmetry principles that polar order will induce a non-zero staggered D-M interaction, and
hence weak ferromagnetism, when an invariant of the form E ~ P (L M) —where P, L, and
M are polar, antiferromagnetic and magnetization vectors, respectively—exists in the
phenomenological free energy functional of the putative high temperature antiferromagnetic,
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paraelectric parent.16 Selective materials crystallizing in the high pressure form, i.e., the LiNbO3
phase, of FeTiO3, MnTiO3, and NiTiO3 are candidate materials that exhibit the required
coupling. Additionally, first principles calculations on these materials indicate that they would
have extremely high polarization, comparable to that of BiFeO3, 2 making them attractive targets
in the search for new multiferroic systems.

IV. Phase Transitions in Multiferroics
Multiferroic materials can undergo both ferroelectric and magnetic transitions. As the
temperature is increased above a critical temperature TC, a ferroelectric material undergoes a
phase transition, which is accompanied by the disappearance of spontaneous polarization and by
a change in the symmetry of the crystal lattice. This temperature is called the Curie temperature,
denoted by TC . Above TC the material becomes paraelectric. This phase with the highest
symmetry is called the prototype phase. In most, but not all cases, this phase is non-polar and
occurs in the highest temperature phase. In a similar manner, the multiferroic also has a magnetic
ordering below the magnetic transition temperature, TN. For antiferromagnets, this temperature is
called as Néel transition. In the case of most multiferroic materials, the ferroelectric transition
precedes the magnetic transition. However, in materials like TbMnO3, the magnetic transition
occurs before the onset of ferroelectricity in the material.
Phase transitions can be classified as first or second order transitions. In a second order
transition, the second derivative of the thermodynamic potential shows a continuous change,
such as dielectric constants, specific heat, thermal expansion coefficient, elastic modulus, etc. In
a first order phase transition, both the first and second derivatives of the thermodynamic
potential show discontinuous change. The first derivatives are spontaneous polarization, volume,
entropy, etc.

V. Crystal and magnetic symmetries in multiferroics
Each multiferroic property is closely linked to symmetry. The primary ferroic properties
are characterized by their behavior under space and time inversion. Space inversion reverses the
direction of polarization P while leaving the magnetization M invariant. On the other hand, time
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reversal changes the sign of M while leaving the sign of P invariant. In multiferroics, the
ferroelectric order parameter is space variant and time invariant while the magnetic order
parameter is space invariant and time variant. Magnetoelectric multiferroics require simultaneous
violation of space and time inversion symmetry so that both polarization and magnetization can
co-exist in the material. In the well known multiferroic BiFeO3, off-centering of the ions gives
rise to an electric polarization and a lower temperature magnetic ordering breaks time-reversal
symmetry. The lowering of symmetry giving rise to multiferroicity can occur through a variety
of mechanisms like charge ordering, geometrical frustration, magnetically driven ferroelectricity
and lone-pair driven multiferroism.

VI. Strain : control of ferroelectricity
Another class of ferroelectrics gaining importance in the recent past, deserves a special
mention here. These are strain-tuned ferroelectric thin films and their studies form an important
part of this work. Strains can be imparted to thin films through differences in lattice parameters
and thermal expansion behavior between the film and the underlying substrate.30,31 Strain
induced ferroelectricity and strain induced enhancement of TC have been predicted and observed
in materials.32 To study and understand the intrinsic effect of strain on ferroelectric properties,
fully coherent, epitaxial films are needed, since they have the advantage that high densities of
threading dislocations are avoided. To achieve coherent strained films, high-quality substrates
are required. For oxide ferroelectrics with perovskite structures, chemically and structurally
compatible substrate materials are needed. Recently, a number of rare earth scandate substrates
have been discovered to have lattice spacing very close to those of perovskite ferroelectrics.
There have been recent efforts to grow epitaxially constrained films of magnetic materials where
strain induces ferroelectric ordering in the material. Artificially engineered multiferroic materials
grown on these substrates provide an excellent path to understanding multiferroicity at the
atomistic scales.
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VII. Ferroelectric Domain Walls
A uniform volume of material with the same spontaneous polarization direction is called
a domain and a domain wall separates two different domain states. Depending on the orientation
of polarization in the two adjacent domains, the domain wall can be of different types. Typically,
the wall is characterized by the angle between the polarization vectors in the two domains.

In a ferroelectric material like barium titanate, there are there are three types of domain
walls or boundaries.33 The first one is the wall between a domain in which all dipoles are aligned
perpendicular to the crystal plate (c domain) and a domain in which all dipoles are aligned in a
direction parallel to the crystal plate surface (a domain). Such a wall is called a 90 domain wall
because the two domains are polarized at 90 to each other. The second type of wall in BaTiO3
arises when the polarization on both sides of the wall lies parallel to the major surfaces of the
crystal plate (a domains) and is also a 90 -domain wall. The third type of boundary is a 180
wall, that is, a boundary between domains with antiparallel polarization. Different
characterization techniques have been developed over time to visualize these walls and
characterize the polarization across them. It has become quite easy to map polarization across
different types of domain walls using piezoresponse force microscopy. However, localized
nondestructive techniques that can study the local crystal structure close to a domain wall with
precision and high resolution are still scarce.

VIII. Overview of experimental techniques
In this thesis, two important experimental techniques, optical second harmonic generation (SHG)
and scanning probe microscopy, are used. An overview of these experimental techniques are
given here as a background.

Nonlinear optics
In conventional optics, the induced polarization (dipole moments per unit volume) of a
medium is linearly proportional to the electric field of light. But for higher strengths of the
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electric field, like those available with high intensity lasers, instantaneous polarization can be
generalized as a nonlinear response expressed as a Taylor series expansion :

1.1

with the first term representing linear effects, the second term representing second-order
nonlinear effects, the third term representing third-order nonlinear effects, and so on. If we
consider the frequency (ω) space, the instantaneous polarization for second-order effects can be
expressed in terms of the Fourier components of the electric field E(ω) by the equation :

1.2
where the third rank tensor dijk is the second-order nonlinear dielectric susceptibility, also called
the nonlinear optical coefficient. The tensor dijk can be contracted to a 3×6 matrix dij using voigt
notation.34 The contracted dij tensors for some point groups observed in ferroelectric materials
are shown in Fig. As shown in Eq. 2, oscillating electric fields can generate instantaneous
polarization at frequency 2ω. This instantaneous polarization in turn is a driving function for the
wave equation of the traveling electromagnetic wave:

1.3
where n is the refractive index, c is the speed of light in vacuum, and

is the phase velocity.

Thus, we can use nonlinear materials to generate electromagnetic waves with new frequencies.
This frequency conversion property is an important application of nonlinear optical materials.

Optical Second Harmonic generation (SHG) which is a nonlinear optical technique can
be employed as a tool to analyse the ferroelectric and ferromagnetic or antiferromagnetic
ordering in these multiferroic materials. SHG can serve as an efficient tool in the study of crystal
structures , symmetries and nature of ferroic ordering present in a multiferroic material.35 Second
Harmonic Optical signal is produced upon passing a high intensity Laser beam through a thin
sample of the material under investigation . As an incident photon of frequency ω passes through
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the crystal , a photon of frequency 2ω is produced depending on the polarization present in the
crystal medium. When light with the frequency ω and electric field E is incident on a
multiferroic crystal , harmonic generation can lead to an electromagnetic Polarization at the
frequency 2ω which acts as a source term for a Second Harmonic light wave . This source term
can have contributions from the Electric Dipole , Magnetic Dipole and the Electric Quadrupole
moments.36 If only the leading Electric Dipole contribution is considered , SHG can be expressed
as
1.4
where χijk(P), χijk(P) and χijk(Pl) denote the susceptibilities coupling in a linear way to the
ferroelectric , ferromagnetic or both order parameters respectively. In contrast to purely
ferroelectric and purely magnetic crystals , where the nonlinear susceptibility is a linear function
of only one order parameter , the multiferroics are materials that may be regarded as media with
two or more order parameters.36 One is due to the charge ordering χijk(P while the other is due to
the ordering of the spins χijk(l). The co-existence of the two kinds of ordering , having different
properties with respect to space inversion and time reversal , may lead to a new types of non
linear susceptibility and hence unusual optical phenomena. The set of tensor components χijk(P),
χijk(P) and χijk(Pl) is determined by the symmetry of the charge lattice , the spin lattice and the ―total
ferro-electromagnetic lattice‖. The different set of tensor components corresponding to these
symmetries allows us to separate electric and magnetic contributions to the SHG signal by a
different choice of polarization for the incident fundamental beam and the detected SHG light.37
SHG analysis is also helpful in accurately determining the magnetic point group of the
multiferroic material. Neutron diffraction studies which are used to determine magnetic
symmetries for these materials is subject to various restrictions and the results obtained from
these studies might at times be inconclusive . In such cases , second harmonic spectroscopy can
be effectively used to determine the magnetic structures. Hence, optical second harmonic
generation can prove to be a very powerful tool to study such complex systems having multiple
ordering parameters.
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Scanning probe microscopy
In this section, we will discuss two of the relevant forms of scanning probe, namely
contact mode Atomic Force Microscopy (AFM) and piezoresponse force microscopy (PFM).
Typical AFM system consists of a laser beam, tip attached to a cantilever, quadrant
photodetector and the sample to be studied. In contact mode AFM, the tip is kept in contact with
the sample surface under a constant force. If the sample surface has topographic variations, the
feedback loop in AFM will try to accommodate this variation to maintain the constant force
(constant deflection in quadrant photodetector), thus the AFM tip follows the variation of the
sample surface and scans. In the AFM system, the detection system consists of a collimated laser
beam and a sensitive quadrant photodetector (Figure 1.2). The laser beam is focused on the
cantilever of the AFM probe and then is reflected back to the quadrant photo detector whose
photocurrents are fed into a differential amplifier. A minute deflection of the cantilever of the
AFM probe would cause one section of the photodetector to collect more light than the others,
and the output of the differential amplifier, which is proportional to the deflection of the lever is
used to image the forces across a sample.
It was almost immediately realized that AFM can be extended to map forces of different
types, for instance, magnetic force, electrostatic force or chemical interactions. Piezoresponse
force Microscopy (PFM) is one type of scanning probe technique in which modulated oscillating
voltage is applied to the sample through the tip in a contact AFM configuration, and the first
harmonic oscillation of the cantilever is detected by a lock-in technique. This technique has been
widely performed to study domain dynamics in ferroelectrics. When an external electric field is
applied onto a piezoelectric material, it induces a strain in the material. Thus the surface of the
material distorts. In a contact AFM system, the tip is expected to follow this deformation of the
surface. The vertical PFM detects the displacement of the sample surface perpendicular to the
sample surface while lateral PFM detects the inplane displacement on the surface. Displacement
sensitivity of ~picometers arises because of the applied AC oscillating voltage on the tip to
which one can lock-in this displacement using a lock-in amplifier.38
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(a)

(b)

Figure 1.2: Experimental setup in piezoresponse force microscopy. Out of plane surface
deformation is studied in the (a) vertical mode while the in plane deformations are studied using
the (b) lateral mode.
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IX. Research objectives
The central focus of this thesis work is to develop an understanding of coupling between
spin, charge and lattice strain in multiferroics and strained ferroelectrics. For this study, we
utilize two techniques: nonlinear optics

and

scanning probe microscopy. Optical second

harmonic generation, a nonlinear optical technique, is shown to be an excellent tool to probe
polar and magnetic symmetries in multiferroics while also allowing us to probe the nature of
coupling between the two order parameters. A combination of nonlinear optics and scanning
probe microscopy have been utilized to reveal domain dynamics in strained ferroelectrics.
Second harmonic generation has been utilized to demonstrate that the symmetry of pure elastic
lattice distortion in the antiferrodistortive phase in SrTiO3 is isomorphic to a magnetic point
group and phase transitions involving octahedral tilt rotations can be probed successfully using
this technique. Confocal SHG microscopy has been used to visualize domain structures in the
well known ferroelectric BaTiO3 and evidence of monoclinic distortion is observed near strained
fields in the tetragonal phase.

X. Thesis organization
This thesis consists of 7 chapters. Chapter 2 describes the use of Optical second harmonic
generation as a tool to study the polar and magnetic symmetry in the multifunctional material
PbVO3. In Chapter 3, nonlinear optical spectroscopy has been employed to reveal spin-charge
coupling in multiferroic BiFeO3 through the study of magnon sidebands. In Chapter 4,
ferroelectricity and weak ferromagnetism have been demonstrated in the designed multiferroic
FeTiO3. Chapter 5 focuses on the study of ferroelectric and antiferrodistortive phase transitions
in strained Strontium titanate films using SHG and piezoelectric force microscopy. Evidence of
relaxor ferroectric like behavior in the strained SrTiO3 film is also confirmed. It is shown how
the AFD contribution to the overall SHG can be separated from the polar contribution and the
phase transition involving octahedral tilting can be studied. Chapter 6 reveals the evidence of
monoclinic distortion in tetragonal BaTiO3 using confocal SHG imaging and polarization
14

dependence studies. Finally, Chapter 7 gives the summary, conclusions as well as future work
related to this research. The SHG and scanning probe work in this thesis are my primary
contributions. Contributions to this thesis through external collaborations are explicitly stated as
they occur.

15

References
1. Nicola A. Hill , Journal of Physical Chemistry B 104 , 6694 (2000)
2. Hans Schmid, Ferroelectrics 162, 317 (1994)
3. Fiebig, M., J. Phys. D 38, R1–R30 (2005).
4. Spaldin, N. A. & Fiebig, M., Science 309, 391–392 (2005).
5. Eerenstein, W., Mathur, N. D. & Scott, J. Multiferroic and magnetoelectric materials. 44,
759–765 (2006).
6. R. Ramesh and N. Spaldin, Nature Materials 6, 21 - 29 (2007).
7. Freeman, A. J. & Schmid, H. (eds.) Magnetoelectric Interaction Phenomena in Crystals
(Gordon and Breach, London, 1995).
8. Kimura, T. et al., Nature 426, 55–58 (2003).
9. Ikeda, N. et al.,.Nature 436, 1136–1138 (2005)
10. Ederer, C. & Spaldin, N. A.,Curr. Opin. Solid State Mater. Sci. 9, 128–139 (2005).
11. Schlom, D. G. et al., Mater. Sci. Eng. B 87, 282–291 (2001).
12. Wang, J. et al., Science 299, 1719 (2003).
13. van Aken, B. B., Palstra, T. T. M., Filippetti, A. & Spaldin, N. A., Nature Mater. 3, 164–170
(2004).
14. Fennie, C. J. & Rabe, K. M., Phys. Rev. B 72, 100103(R) (2005).
15. Ederer, C. & Spaldin, N. A. Phys. Rev. B74, 1 (2006).
16. Craig J. Fennie, Physical Review Letters 100, 167203 (2008).
17.Subramanian, M. A. et al., Adv. Mater. 18, 1737–1739 (2006).
18. Teague, J. R., Gerson, R. & James, W. J., Solid State Commun. 8, 1073–1074 (1970).
19. Neaton, J. B., Ederer, C., Waghmare, U. V., Spaldin, N. A. & Rabe, K. M., Phys. Rev. B 71,
014113 (2005).
20. Sosnowska, I., Peterlin-Neumaier, T. & Streichele, E. J. Phys. C 15, 4835–4846 (1982).
21. Popov, Y. F. et al., JETP Lett. 57, 69–73 (1993).
22. Bai, F. et al. Appl. Phys. Lett. 86, 032511 (2005).
23. Yun, K. Y., Ricinschi, D., Kanashima, T., Noda, M. & Okuyama, Jpn J. Appl. Phys. 43,
L647–L648 (2004).
24. Ederer, C. & Spaldin, N. A., Phys. Rev. Lett. 95, 257601 (2005).
16

25. A. Kumar et al., Phys. Rev. B 75, 060101 (2007).
26. S. W. Cheong & M. Mostovoy, Nature Materials 6, 13 (2007)
27. I. Munawar and S H Curnoe, J. Phys.: Condens. Matter 18 (2006) 9575–9583.
28. T. Goto et al., Phys. Rev. Lett. 92, 257201 (2004)
29. C. Ederer and C. J. Fennie, J. Phys.: Condens. Matter 20 (2008) 434219
30. L.B.Freund and S.Suresh, Thin Film Materials: Stress, Defect Formation and Surface
Evolution (Cambridge University Press, Cambridge, UK, 2003).
31. D.G.Schlom, L-Q.Chen, C-B.Eom, K.M.Rabe, S.K.Streiffer, and J-M.Triscone, Annu.
Rev. Mater. Sci. 37, 589 (2007).
32.J.H.Haeni, P.Irvin, W.Chang, R.Uecker, P.Reiche, Y.L.Li, S.Choudhury, W.Tian,
M.E.Hawley, B.Craigo, A.K.Tagantsev, X.Q.Pan, S.K.Streiffer, L.Q.Chen, S.W.Kirchoefer,
J.Levy and D.G.Schlom, Nature 430, 758 (2004).
33. W. J. Merz, Phys. Rev. 95, 690 (1954).
34. R.E.Newnham, Properties of Materials (Oxford University Press, New York, 2005).
35. M.Fiebig, Appl.Phys.B 74 , 749 (2002).
36. M.fiebig, A.V.Goltsev, Th. Lottermoser, and R.V.Pisarev , Journal of Mag.and Mag. Mat.
272 , 353 (2004).
37. A.V.Goltsev,R.V.Pisarev, th. Lottermoser, and M.Fiebig , Phys. Rev. Lett. 90, 177204-1
(2003).
38. L.Tian, Ph.D Thesis (Pennsylvania State University, 2006).

17

Chapter 2
Determination of polar and magnetic symmetry in PbVO3 using
optical second harmonic generation

Multifunctional materials promise to provide the foundation for a new class of devices in
which electrical, magnetic, elastic and other properties are coupled to one another. Here we
present evidence for piezoelectricity and antiferromagnetic ordering in a new
multifunctional material, PbVO3. Through the use of second harmonic generation and xray linear dichroism, we determine a transition from a polar only 4mm state to a polar and
magnetic state below ~ 100-130 K. In combination with theory, the magnetic symmetry has
been narrowed to be G-type (4’/m’mm’) or spin glass. An effective piezoelectric coefficient
of d33 ~ 3.1 pC/N was also measured in the polar state at room temperature.

I. Introduction
Multiferroic materials, in which ferromagnetism and ferroelectricity coexist have been of
particular interest.1–4 It is the promise of coupling between magnetic and electronic order
parameters, thus enabling manipulation of one through the other, that has piqued the interest of
researchers. Current research on such multifunctional materials is focused partly on epitaxial
heterostructures and nanostructures of magnetic and ferroelectric materials as well as single
phase multiferroic materials. Single phase multiferroism has been identified in only a few
perovskite (ABO3) oxides including BiMnO35 and BiFeO3.6 Here, a new material, lead
vanadate—PbVO3 (PVO),7,8 where the 6s electrons of Pb are expected to induce ferroelectric
properties and the vanadium controls the magnetic properties. PVO has been proposed to have
antiferromagnetic ordering and a ferroelectric polarization as large as 152 μC/cm2 due to large
structural distortions in the material.7–10
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Previous synthesis studies of PVO7,8 focused on high-temperature and high-pressure
single crystal growth techniques. Attempts to measure the ferroelectric and magnetic properties
in PVO, however, have been limited by the material itself. Shpanchenko et.al.7 completed a
neutron diffraction study to probe the magnetic order in PVO single crystals and found neither
extra antiferromagnetic peaks, nor an increase in the nuclear Bragg peaks even at temperatures as
low as 1.5K. Susceptibility measurements were further limited by the inclusion of ferromagnetic
impurities.7 Recent theoretical treatments suggest a strong competition between C- and G-type
antiferromagnetic order may exist in PVO. This competition could cause the formation of
complex magnetic ground states, such as a spin glass. Researchers also predict that the possible
ordering temperature could be around 100-120K based on theoretical calculations9,10 and an
observed discontinuity in resistivity data for bulk PVO near this temperature range.7
Furthermore, Belik et.al. attempted to measure the ferroelectric properties of this material, but
due to the low resistivity of the PVO, they were unable to observe any polarization-electric field
(P-E) hysteresis even at liquid nitrogen temperatures. Structural studies performed at very high
pressures, however, enabled Belik et.al. to observe a tetragonal-to-cubic phase transition under 2
– 5.9 GPa pressure at room temperature.8 To this point, however, the true multifunctional nature
of this material is unknown to researchers. Through the use of non-equilibrium thin film
deposition techniques, we have been able to stabilize PVO on a number of single crystal
substrates, study the crystal structure of this new phase, and probe the magnetic and ferroelectric
properties using optical second harmonic generation, X-ray linear dichroism, and piezoelectric
force microscopy (PFM).
Details of the growth of these materials have been reported elsewhere.11 Epitaxial Thin
films of c-axis PVO were synthesized using pulsed laser deposition on LaAlO3 (LAO) (001),
La0.18Sr0.82)(Al0.59Ta0.41)O3 (LSAT) (001) and NdGaO3 (NGO) (110) single crystal substrates by
L. Martin in Ramesh group at University of California, Berkeley. Films were fully epitaxial, both
in- and out- of the plane. Evidence from X-ray diffraction and TEM studies performed suggest
that the films are relaxed on all substrates studied and hence film strain considerations are not
significant in these films.11
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Magnetization measurements, performed by L. Martin, using a superconducting quantum
interference device (SQUID) showed no evidence for strong ferromagnetic coupling in the PVO
at temperatures from 2-380 K. Nor was any polarization hysteresis observable due to the low
resistivity of PVO. Our films exhibited room temperature resistivities between 10-10,000 Ω•cm
which are consistent with those observed in the literature.7,8 Therefore, second harmonic
generation (SHG), X-ray linear dichroism (XLD), and piezoforce microscopy (PFM) were used
to probe the antiferromagnetism and piezoelectricity in these films.
II. Determination of polar symmetry of PbVO3 using optical second harmonic generation
Optical SHG12-13 involves the conversion of light (electric field E ) at a frequency
optical signal at a frequency 2
polarization Pi2

into an

by a nonlinear medium, through the creation of a nonlinear

dijk Ej Ek , where dijk represents the non-linear optical coefficient. Recently,

SHG has confirmed ferroelectricity in BiMnO314,15 which has similarly low resisitivity. PVO
films grown on NdGaO3 (110) substrates were used for this study, since NdGaO3 is
centrosymmetric (point group mmm ) and does not contribute SHG signals of its own. The SHG
experiment was performed with a fundamental wave generated from a tunable Ti-sapphire laser
with 65 fs pulses of wavelength 800 nm incident from the film side at an angle

i

= 26° to the

sample surface normal. Let us define x = (100)p and y = (010)p as the pseudocubic directions of
the NdGaO3 substrate, and y=s as the axis normal to the incidence plane of light. The
polarization direction of incident light is at an angle

from the incidence plane, which was

rotated continuously using a half-wave (inset of Fig. 2.1).
The intensity, Ij2ω, of the output SHG signal at 400 nm wavelength from the film was
detected along either j=s, p polarization directions as a function of polarization angle θ of
incident light (inset of Fig. 2.1). The resulting polar plots of SHG intensity for p and s-polarized
output at 4K and 296K are shown in Fig. 2.1(a) and (b) respectively. The expected SHG intensity
expressions for s and p output polarizations in a 4mm system are :
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Figure 2.1: SHG of PVO films on NGO (110) substrates. Shows SHG as a function of incoming
light angle for a detector fixed at a) p-polarization and b) s- polarization. c) Shows the variation
of SHG signal, Ip2ω (θ = 0°), as a function of temperature. d) Shows the dimensionless effective
nonlinear coefficient graphed as a function of temperature which points to a discontinuity
between 100-130 K.
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2.1
where,
2.2
2.3
2.4

Here, K1, K2 and K3 are coefficients that are functions of nonlinear coefficients dij,
refractive indices nij, and incidence angle φiω.

The terms fx, fy, and fz are linear Fresnel

coefficients for transmission of light with frequency ω through the incident air-film interface
while I0 represents the incident intensity of the input beam. The terms fs,e, and fp,e, are linear
Fresnel coefficients for s and p polarized SHG signals, respectively, in transmission through the
~ T ~T
~T
exit substrate-air interface. The terms f x , f y , and f z are the nonlinear Fresnel coefficients for
the generation of 2ω light from ω light from the film of thickness t in transmission geometry.16
Theoretical fits to the experimental polar plots based on Eq. 2.1 are excellent as seen from Figs.
2.1(a) and (b). In normal incidence (φiω=0), the film does not generate any SHG which is in
agreement with the expected 4mm point group symmetry of the film. These findings indicate
that PVO has a crystallographic polar point group of 4mm (ignoring any possible spin symmetry
for the moment) from 400K down to 4K.
Once the polar symmetry of PVO was determined using SHG, the nonlinear optical
coefficients were also determined. For determining these coefficients, the linear optical
properties of PVO films were required which were evaluated using ellipsometric spectroscopy.
The linear optical properties of PVO films on LSAT substrate were measured.

Ellipsometric

spectra in (Δ,Ψ) were collected ex situ for the PVO film prepared using pulsed laser deposition
on LSAT at three angles of incidence θi = 45 , 65 and 75 using a variable angle rotatingcompensator multichannel spectroscopic ellipsometer with a spectral range from 200 to 1670
nm. The optical properties (n, k) shown in Fig. 2.2 and the corresponding dielectric function
spectra (ε1, ε2) are extracted by using a least squares regression analysis and a weighted root
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Figure 2.2: Index of refraction (n) and extinction coefficient (k) for PbVO3 over a spectral
range from 200 to 1670 nm. These values correspond to a parameterized PbVO3 dielectric
function obtained by fitting measured ellipsometric spectra in (Δ,Ψ) of a PVO film deposited on
a LSAT substrate at three angles of incidence (θi= 45 , 65 and 75 ) to a three-medium optical
model consisting of a semi-infinite LSAT substrate / bulk film / air ambient structure. The
spectroscopic ellipsometry experiment and analysis was performed by Nik Podraza at
Pennsylvania state university.

23

mean square error17, to fit the ellipsometric spectra to a three-medium optical model consisting
of a semi-infinite LSAT substrate / bulk film / air ambient structure. The free parameters
correspond to the bulk film thickness and a parameterization of the PbVO3 dielectric function as
shown in Table 2.I. The dielectric function parameterization of PVO consists of a combination of
a Lorentz oscillator18, a Tauc-Lorentz oscillator19,20 and a constant additive term to ε1 denoted by
ε∞. The Lorentz model for dielectric function parameterization is given by:
2.5
where the parameters include an oscillator amplitude A, a broadening parameter

, and a

resonance energy E0. The corresponding parameterization for the Tauc-Lorentz model is given
by:

d

2.6

where the parameters include those of the Lorentz oscillator with the addition of the Tauc gap Eg.
TABLE 2.I : Optical model parameters corresponding to PbVO3 microstructure and dielectric
functions represented by a combination of a Lorentz oscillator, Tauc-Lorentz oscillator, and ε∞
(Mean square error χ = 12.06). Using this model, the thickness was estimated to be 122.03 ± 0.06
nm.
E0 (eV)

(eV)

A(eV)

Eg (eV)

ε∞(Å)

1

5.76 ± 0.01

4.76 ± 0.04

46.23 ± 0.43

1.52 ± 0.01

1.37 ± 0.01

2

1.16 ± 0.01

2.10 ± 0.03

1.05 ± 0.01

-

-
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The linear complex indices from this model were obtained to be

= 2.151+0.080i and

=2.420+0.287i for corresponding wavelengths of 800 and 400 nm, respectively. It should be
noted that although PbVO3 is uniaxially anisotropic, only the optical properties of the ordinary
index of refraction have been obtained for this film. The optical axis of PbVO3 epitaxially grown
on LSAT is perpendicular to the surface, in which case the contributions to the ellipsometric
spectra from the projection normal to the surface are small and a good estimate of the optical
properties in the ordinary projection can be obtained.
In order to determine the nonlinear optical coefficients, a PVO film with thickness of
about 120 nm grown on NdGaO3(110) substrates was used for this study. As shown in Fig. 2.1,
the crystallographic x-z plane in the PVO film was aligned with the incidence plane. The
polarization direction of incident light is at an angle

i

from the y axis, which was rotated

continuously using a half-wave plate . The intensity Ij2ω of the output SHG signal at 400 nm
wavelength from the film was detected along p and s polarization directions as a function of
polarization angle θ of incident light. The resulting polar plots of SHG intensity for p and spolarized output at tilt

i

= 50 are shown in Fig. 2.1(a) and (b) respectively.

The K2 and K3 parameters which contain the nonlinear coefficients, are experimentally
obtained by collecting the p-in-p-out

and the s-in-p-out

SHG signals

for different angles of tilt φiω about the y axis. The experimental data for K2 and K3 parameters
(Fig. 2.3 ) is then fitted to to Eq. 2.3 and 2.4 to extract the ratios d15/d31 = 0.20±0.01 and d33/d31 =
316.0±4.4. Using the d22=1.672 pm/V coefficient of a single crystal z-cut LiTaO3 as a reference
and taking absorption into account, an estimated effective value for |d33| = 10.4±0.35 pm/V was
calculated. Note that only the signs of the ratios d15/d31 and d33/d31 were determined
unambiguously. The absolute signs of the dij coefficients were not determined, except to state
that all coefficient have the same sign. Since there are 180 domains, these numbers are the
lower limit.
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optical coefficients is extracted.
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III. Exploring magnetic phase transition in PbVO3
SHG polar plot measurements were performed as a function of temperature from 4K to
298K, and the results are shown in Fig. 2.1(c). An anomaly in intensity at ~100K is observed
indicating a possible transition. (No substrate signal was observed for these experimental
geometries as shown.) No thickness dependent shifts in the transition were seen in the different
films studied on the same substrate suggesting that the grown films were fully relaxed and the
transition is representative of the PbVO3 material itself. This transition is clearly revealed by
plotting dimensionless effective nonlinear coefficient d eff =(K2 / K3), as shown in Fig. 2.1(d). It
can be written as :

2.7

The d eff depends only on the nonlinear coefficients, dij, of the film and the refractive
indices of the film and the substrate, through the linear and nonlinear Fresnel coefficients. An
anomaly in d eff is observed at ~100-130K. Reflection and transmission measurements at 400
nm and 800 nm for p and s polarizations for both the film and the bare substrate were performed.
No anomaly in the reflection or transmission data for the film or the substrate in the concerned
temperature range was observed, thus ruling out the possibility of the anomaly being generated
due to refractive index change. Hence, the anomaly in d eff with temperature can therefore arise
from an anomaly in the non-linear optical coefficients d15, d31 or d33 of the film. Resistivity
measurements7 give evidence for a transition in PVO around 120 K and first principles theory
predicts an antiferromagnetic phase transition at ~ 100K from a high temperature polar 4mm
point group symmetry to a low temperature polar and antiferromagnetic phase of C-type (4 /mm
m ) or a G-type (4 / m mm ) antiferromagnetic structure.9,10 Since the predicted and observed
transition temperatures are in agreement, we attribute the observed anomaly to an
antiferromagnetic transition. It is currently unclear why the anomaly observed here has not been
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observed in bulk samples of PbVO3.7,8 We note that the c-axis lattice parameter (c = 5.02 Å) in
our films are significantly larger than bulk value ( c = 4.67 Å).
Additionally L. Martin (Berkeley) performed x-ray linear dichroism (XLD) to
investigate temperature dependent changes in structural and magnetic order. XLD measures the
difference in absorption of linear s- and p-polarized x-rays, arising from (i) any reduction from
cubic symmetry, such as the tetragonal distortion associated with FE in PVO or (ii)
antiferromagnetic21-24 or ferromagnetic25 order, due to the anisotropic distribution of spinpolarized electrons relative to the magnetic axis. Spectral XLD measurements of the V L2,3 and O
K edges provide a highly sensitive measure of anisotropy because of the resonant dipole coupling
to empty V d and O p Fermi-edge states. The XLD was measured from 20 – 370 K using
elastically scattered X-ray channels across the V and O edges from a (001)-oriented sample with
s- and p-polarized x-rays incident at 8° from grazing incidence The s-polarized resonant
scattering probing electronic structure in the a-b plane and p-polarized scattering probes the
tetragonal c and a axes.
Strong linear dichroism (LD) in scattering is evident in the scattering of s- and ppolarized X-rays at 300K in Fig. 2.4(a). Strong multiplet splitting is observed at the V L3 edge
(~515 eV), and to a lesser extent at the L2 edge (~522 eV). Strong resonant features are also
observed at the O K edge (~528 eV and above). Strong electronic anisotropy is evident in the Is
and Ip channels, in which polarization is normal to and has a component along the tetragonal
axis, respectively. The linear dichroism, Is – Ip, in Fig. 2.4(b) together with the individual curves,
indicate very different populations of d and p states at the V and O sites, respectively.
The dichroism measured by XLD appears to persist over the entire temperature range, as
well as small but distinct change in XLD with temperature between 100 and 130 K consistent
with a change in magnetic or structural order parameter in this range. Temperature-dependent
changes in XLD are most easily observed as deviations from the temperature-averaged XLD
(XLD(T) - <XLD>), where < > is the temperature average of all data. The temperature average
<LD> is from data collected at 20, 50, 70, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
200, 220 and 260 K. The mean and median values of these temperatures are 139 and 140 K,
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Figure 2.4:

X-ray linear dichroism for PVO films on LAO (001) substrates. (a) X-ray

absorption spectra for both s- and p-polarized x-rays at the V- and O-edges in PVO. (b) Linear
dichroism data for the PVO films. Shows distinct differences between the absorption of s- and
p-polarized xrays. (c) Difference between the linear dichroism at a number of given temperatures
and the overall average linear dichroism exhibited by PVO. These measurements were
performed at Lawrence Berkeley National Laboratory (Acknowledgement : Lane W. Martin and
Jeffrey B. Kortright, LBNL)
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respectively, with a span of +/- 120 K. Thus data above and below the nominal transition are
weighted roughly equally, and the trends in XLD - <XLD> over this range do reflect an abrupt
change in spectral shape. Figure 2.4(c) shows this derivative-like quantity at a number of
temperatures. At 120 K and below, we observe one characteristic shape, while at 130 K and
above the characteristic shape changes sign indicating that a transition in electronic structure has
occurred between 100 and 130 K. The maximum temperature-dependent change in the XLD
signal is ~ 6% at 515.3 eV and ~2% at 528.0 eV. The shape difference between high and low T
spectra has features suggestive of an energy shift of the XLD spectrum, but is not consistent with
a simple rigid energy shift. Careful examination of the data shows that the shape difference
results from subtle shifts of specific L3 multiplets relative to others. The origin of this transition
at ~130 K is not uniquely identified by these spectral changes in electronic anisotropy; spin
ordering into an antiferromagnetic order could cause these changes, as could a subtle change in
structure and/or polarization at this temperature. It is also important to note that the robustness of
the magnetic order parameter in this and similar materials may be influenced by size effects in
the film and may vary as a function of thickness. It should be noted that both SHG (optical) and
XLD (X-ray) are a measure of birefringence in electronic polarizability, albeit at very different
frequencies.

IV. Determination of magnetic symmetry of PbVO3 using optical second harmonic
generation
The findings mentioned above suggest that the anomaly at 100-130K is related to
electronic polarizability. Confident that there is a transition occurring near ~100-130K, we can
now perform magnetic symmetry analysis assuming that this transition is magnetic. Since the
observed SHG polar plot symmetries do not change from 4-400K, we can deduce the following:
(a) If the magnetic sublattice below 100 K contributes to SHG signal, then it should have
the same tensor symmetry as the polar 4mm point group above the transition. From this
argument, point groups 4, , 4/m, 422, 4mm, 2m, 4/mmm, 4 22, 4 mm ,m ,m, and 4 /mmm are all
ruled out, because of different or additional symmetries to what is observed experimentally. This
argument therefore rules out the C-type (4 /mmm ) magnetic symmetry. The only third rank axial
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tensors with tetragonal symmetry that are identical to the polar 4mm tensor are 42 2 , 4m m , m ,
and 4/mm m .
(b) If the magnetic sublattice does not give rise to any SHG signal below 100K, then the
observed anomaly is only due to anomalies in the polar tensor coefficients at the transition. This
limits the selection to the following tetragonal magnetic point groups: 4/m , 4 /m , 4/m m m ,
4/m mm, and 4 /m mm . Thus, G-type (4 /m mm ) is a distinct possible symmetry. An additional
possibility is that the magnetic structure below 100 K is disordered, as in a spin glass, and gives
no SHG signal. One way this could arise is through a competition between nearly degenerate Ctype and G-type magnetic phases.10
The conclusion from the above analysis is that only the G-type magnetic symmetry of
4 /m mm would be consistent with both theoretical predictions9,10 so far and the SHG
experiments. If the possibility of competition between nearly degenerate C-type and G-type
magnetic symmetries is allowed, then spin glass is also a possibility. Only in the unlikely case
that the theory may be wrong or inapplicable to our film system would there be additional
possibilities for magnetic symmetries per the discussion above.
Piezoresponse force microscopy (PFM) was used to ascertain the polarization of the PVO
film grown on NGO substrate. The bottom electrode was applied at the bottom of the substrate
(0.5 mm thick). However, the electric field and the measured PFM displacement is almost
confined entirely within ~100nm depth under the tip and yields correct values of piezoelectric
coefficient in a reference single crystal LiNbO3 sample.26 The NGO substrate was first tested for
piezoresponse, but no signal was obtained, thus ensuring that the PFM signal has contribution
from the film only. Non-local electrostatic contributions were also eliminated by scanning nonpiezoelectric samples (such as a sample of fused silica glass) under the same tip and sample
geometry. While performing the PFM of the film, the lock-in amplifier detected a strong signal
with good signal to noise ratio, which was then calibrated with a uniformly poled single crystal
LiNbO3 sample to obtain an effective piezoelectric d33 strain coefficient of 3.1 ± 1.5 pC/N for the
PVO film. The PFM images reveal no domain structure, indicating a self-poled film.
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V. Conclusions
Thus, all indications are that this material is certainly polar and piezoelectric, and is likely
to be ferroelectric. The complex index of refraction versus wavelength and optical SHG
coefficients in PVO thin films have been reported here. These studies will be important in
performing further linear and nonlinear optical spectroscopy of the magnetism and
ferroelectricity in this material. However, the extreme tetragonal distortion and formation of
vanadium-square pyramidal structures with shortened vanadyl bonds between vanadium and the
apical oxygen may be limiting the ferroelectric switchability of PVO. Upon heating, the polar
4mm symmetry continues until the material decomposes at ~573K into other phases, hence the
possible ferroelectric transition could not be probed directly. Nonetheless, PVO is a new
multifunctional material with the simultaneous presence of piezoelectricity and magnetic order
below ~130K. This offers another successful example of the design algorithm for cubic
perovskites where polar properties are mediated through the A-site cation and magnetism
through the B-site cation.
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Chapter 3
Magnon Sidebands and Spin-Charge Coupling in Bismuth Ferrite Probed by
Nonlinear Optical Spectroscopy

The interplay between spin waves (magnons) and electronic structure in materials leads to
the creation of additional bands associated with electronic energy levels, called magnon
sidebands. The large difference in the energy scales between magnons (meV) and electronic
levels (eV) makes this direct interaction weak, and hence magnon sidebands difficult to
probe. Linear light absorption and scattering techniques at low temperatures are
traditionally used to probe these sidebands. Here we show that optical second harmonic
generation (SHG), as the lowest-order nonlinear process, can successfully probe the
magnon sidebands at room temperature and up to 723K in bismuth ferrite, associated with
large wave-vector multi-magnon excitations which linear absorption studies have thus far
been unable to resolve. Polarized light studies and the temperature dependence of these
sidebands reveal a spin-charge coupling interaction of the type PsL2 between the
spontaneous polarization (Ps) and antiferromagnetic order parameter, L in bismuth ferrite,
that persists with short range correlation well into the paramagnetic phase. These
observations suggest a broader opportunity to probe the collective spin-charge-lattice
interactions in a wide range of material systems at high temperatures and electronic energy
scales using nonlinear optics.

I. Introduction
The 1965 discovery and identification of magnon sidebands in the linear optical
absorption spectrum of simple antiferromagnetic insulators contributed to a comprehensive
understanding of the static and dynamical optical properties of ordered magnetic systems. 1,2
These studies were based upon the resonant enhancement of the susceptibility,
in the linear interaction Pi

(1)
ij

E j . One can generally expressed
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as:
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where Pi is the linear polarization at frequency , E j the electric field of light, N is the atomic
i
an

number density,

is the i-polarized dipole moment for transition from level n to a, and

na

is

the damping coefficient related to the resonance between levels n and a.3 Therefore, when
electric-dipole-active magnetic excitations couple to electronic excitations, magnon sidebands
are located at En=E e

n , where M is a single-magnon energy, n is the number of magnons

assisting the transition, and Ee corresponds to the electronic crystal field transitions.
In principle, the creation of a nonlinear polarization, Pi2
from two incident photons of frequency

(2)
ijk

E j E k at a frequency 2 ,

, should also reflect the presence of such magnon

sidebands. With the rapid development of modern lasers, second harmonic generation (SHG), as
the lowest-order nonlinear optical process, has emerged as a powerful tool to study light-matter
interactions. The highly restrictive symmetry rules for

(2)
ijk

, combined with its temperature and

spectral dependence can permit a differentiation between polar, magnetic, lattice rotation, and
chiral phenomena in matter, characteristics of many modern materials.4,5,6,7,8 However, while a
vast majority of literature in nonlinear spectroscopy of magnetic materials relies on symmetry
distinctions in

(2)
ijk

between crystallographic and magnetic symmetries, such distinctions are not

always present in all magnetic systems. Here, we show that even in such cases, SHG
spectroscopy can be used to probe a more general feature present in all magnetic systems,
namely, magnon sidebands to electronic levels. At the same time, we demonstrate magnon
sidebands, which are an important manifestation of the coupling between charge and magnetism
in BiFeO3, a room temperature multiferroic material. In contrast to the predominantly studied
electromagnons, which are interactions between polar phonons and magnons,9,10 a direct
coupling between magnons and electronic energy levels, as manifested in magnon sidebands, is
rarely studied in multiferroics. This is due to the large difference in the energy scales between
electronic levels (eV) and magnons (meV), which makes a direct coupling between the two
weak, and hence challenging to probe. Nonlinear optics allows us to probe them, as shown here.
36

More specifically, let us assume three electronic levels participate in the SHG process.
We define a ground state energy Ea plus two higher energy levels E bn and E cn . Here, we index
sidebands with an additional subscript. For instance, sidebands of electronic level Eb are denoted
as E bn . Further, assume that E bn -Ea (denoted as E bna ) and E cn - E bn (denoted as E cnbn ) are both
nearly resonant with  , and E cn -Ea (denoted as E cn a ) is nearly resonant with 2 , as is
relevant to this study. The nonlinear susceptibility is then given by:

(2)
ijk
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where the sum is over all the sidebands n, and
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indicates the population difference between

the levels Ea and E bn . Other definitions are similar to those in Eq. 3.1. It is clearly seen that the
SHG susceptibility,

( 2)
ijk

, will reveal the magnon sidebands when the incident photon frequency

(or its harmonic, 2 ) is resonant with the magnon levels

bn a

or

cnbn

(

cna

). Magnon sidebands

have been extensively studied by linear spectroscopy.2,11,12,13,14 Magnetic-SHG based on time and
spatial inversion symmetry distinctions,4,15 Kerr rotation16 and nonlinear photoinduced
absorption spectroscopy17 have been used to study magnetic structures and spin-wave dynamics.
However, to the best of our knowledge, magnon sidebands have not been reported by nonlinear
optical spectroscopy, such as SHG. There are several interesting and unique aspects to the
observations presented here. First, despite the expectation for their appearance, sidebands have
not yet been observed in the linear absorption spectrum of BiFeO3, thus suggesting potentially
greater sensitivity of nonlinear optical spectroscopy to such sidebands. Second, we observe the
sidebands in the nonlinear spectrum of BiFeO3 at room temperature and even up to 723 K. In
comparison, most magnon sidebands reported in literature using linear absorption measurements
are at low temperatures.11-13 Third, magnon sidebands allow us to directly probe spin-charge
coupling in multiferroic BiFeO3, through a coupling of the nonlinear optical susceptibility to the
term PsL2, where Ps is the polarization, and L is the antiferromagnetic order parameter. Finally,
the technique provides an alternative to neutron diffraction for probing many magnetic systems,
especially in thin film form.
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II. Electronic Energy levels in Bismuth Ferrite
Bismuth ferrite, BiFeO3, the focus of this study, shows a robust ferroelectric polarization
(Ps~100 C/cm2) at room temperature,18 that is the largest among known ferroelectrics. At 300
K, BiFeO3 is a rhombohedrally distorted ferroelectric perovskite with space group R3c and a
Curie temperature, TC

1100 K.19 It also shows a G-type canted antiferromagnetic order below

Néel temperature, TN

640 K, and, in the bulk, an incommensurately space-modulated spin

structure along (110)h .20 Several physical properties have been reported to show anomalies
across TN,21,22,23 pointing toward the importance of spin-charge-lattice coupling mechanisms.
Additionally, its large unit cell suggests the presence of high-energy spin-wave optical branches,
as previously observed in other iron oxides,24 making this material especially suitable for the
study of magnon sidebands by means of nonlinear optical spectroscopy.

To probe the spin-charge in BiFeO3, we first establish its electronic energy level scheme by
means of linear absorption spectroscopy measured between 5 and 730 K. Linear absorption
studies were performed by R. C. Rai, X. S. Xu, and J. Musfeldt in U. Tennessee. Electronic
structure investigations have already established the strongly hybridized nature of the valence
bands,25,26 and although the mixing of Fe3+ d levels with O p and Bi s states fundamentally
impacts the chemical bonding, it does not change the symmetry of the crystal field-derived
bands. Therefore, in the interest of clarity, the electronic structure will be discussed using
traditional ligand field terminology, but with the realization that these states are strongly
hybridized. In particular, by considering the C3v local symmetry of Fe3+ ions in BiFeO3 and using
the correlation group and subgroup analysis for the symmetry breaking from Oh to C3v, up to six
d to d excitations are expected for Fe3+(3d5) ions between 0 and 3 eV. Note that the triply
degenerate 4T1g and 4T2g electronic levels split into two crystal field levels with A and E character
due to the symmetry reduction. The inset in Fig. 3.1 (a) shows a close-up view of the absorption
spectrum obtained on a 67 µm thick (10 1 2) oriented single crystal. Between 1 and 2.2 eV, the
spectrum displays two broad absorption bands which, based on the four predicted ( but spin
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Figure 3.1: (a) The 300 K absorption spectrum obtained from a 100 nm thick BiFeO3 film and
(inset) a 67

m thick BiFeO3 single crystal. Solid lines are linear oscillator fits using a

parameterized dielectric function consisted of three Tauc-Lorentz oscillators sharing a common
gap,39 a Lorentz oscillator,40 and a constant additive term to

1.

(Blue: component fits, Red: total

fit). (b). Schematic electronic energy level diagram of Fe3+ in BiFeO3 derived from these
measurements. (Acknowledgement : Prof. Janice Musfeldt, University of Tennessee, Knoxville)
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forbidden) on-site d-to-d crystal field excitations of Fe3+ ions in this energy range, can be
resolved into four different linear oscillator components (imaginary part of

(1)
ij

in Eq. (1)).

Above 2.2 eV, the absorption increases substantially. As a result, measurements were also
carried out on thin film samples (0001)-oriented single-crystalline BiFeO3 grown by molecular
beam epitaxy on (111) SrTiO3 substrates. Figure 3.1 (a) shows the thin film absorption spectrum
obtained at 300 K. It displays an onset at ~2.2 eV, a small shoulder centered at ~2.45 eV, and
two larger features near 3.2 and 4.5 eV that are assigned as charge transfer excitations. 25,26 The
charge gap is observed at 2.66 eV at 300 K. The features above the charge gap can be assigned
as a combination of charge transfer excitations, higher energy crystal field excitations, and
(possibly) double-exciton features such as at ~2.45 eV. Crystal field levels cannot be
distinguished from charge transfer and excitonic bands in the linear spectra above ~2.2 eV
because their intensity is weak compared with the other features. Nonetheless, the position of 4Eg
and 4Ag crystal field levels for Fe3+ in a C3v environment are expected to be slightly below the
~2.6 eV, which is the calculated crystal field level for Fe3+ in a cubic environment.27 Using the
SHG spectra discussed later on, we locate a crystal field level at ~2.56 eV. Similarly, the position
of the 4T2g level of Fe3+ in a C3v environment is expected to be slightly below ~3.4 eV, which is
the calculated crystal field level in a cubic environment. Hence we assign it to be ~3.3 eV. From
this analysis, the resulting electronic energy level scheme for the Fe3+ ion is shown in Fig. 3.1 (b)
and summarized in Table 3.1.

III. High Energy Multimagnons in Bismuth Ferrite
High-energy zone-boundary magnon energies relevant to this study were experimentally
determined by Raman and mid-infrared absorption experiments. (These experiments were
performed by Dr. M. Ramirez at Penn State). Figure 3.2(a) shows a detail of the 300 K Raman
spectrum in BiFeO3 recorded in the high frequency region where two and three magnons
scattering can be observed at the shoulder of the previously reported two-phonon overtone.23
Further details on the temperature dependent Raman spectra under 1300 cm-1 can be found in
Refs. 21 and 28. Due to the lack of high energy magnon dispersion curves for BiFeO 3, the two
and three magnons assignment was made on the basis of the striking spectral similarity between
BiFeO3 and -Fe2O3, the simplest case of an iron oxide containing only FeO6 octahedra, where
40

Figure 3.2: Room temperature unpolarized Raman spectra of (a) a 4.5 µm thick (10 1 2)-oriented
epitaxial BiFeO3 film grown on a (110) DyScO3 substrate, and (b) a (10 1 2)-oriented single
crystal. The experimental data in black is at 296K, and in blue is at T1*=365K where 2-magnon
peak shows resonant enhancement. The three Gaussian fits to RT spectra correspond to 2phonon, 2-magnon, and 3-magnon replica, respectively, from low-to-high wavenumber shift. (c)
RT mid-infrared linear absorption measured on a BiFeO3 bulk single crystal. The energy
positions of two- and three- magnon absorption bands have been marked in the figure.
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not only two-magnon scattering but also two-phonon overtones at very similar energies have
been reported.24 From the fitting, the energy values of two and three magnon excitation were
found to be 1530 and 2350 cm-1, respectively. The films and crystals were confirmed to be
phase-pure BiFeO3, with no secondary phases such

-Fe2O3 by using synchrotron X-ray

diffraction, and transmission electron microscopy. In addition, to confirm these assignments,
room temperature mid-infrared absorption experiments were performed in the same energy
range. The results are shown in Figure 3.2(b) in which an absorption band centered at 2415 cm-1
is clearly resolved. The energy of this absorption band matches that obtained for three-magnon
excitation from Raman scattering experiments. At lower energies, the strong contribution to the
absorption spectra of the second order overtones precludes resolving the two-magnon absorption
band, though its contribution around 1550 cm-1 is clearly appreciable (see inset in Figure 3.2(b)).
The two-magnon peaks show resonant enhancement at specific temperatures as described
elsewhere. The peak position of the two-magnon is also relatively insensitive to temperature
(shift of <0.03eV) from 296 K to 700K.33

IV. Optical Second Harmonic Generation (SHG) Spectroscopy
Figure 3.3(a) shows the SHG spectra obtained in BiFeO3 films30 and bulk single crystal at
296K, and for the crystal at 723K. A tunable optical parametric oscillator (Spectra Physics
MOPO) with 10 ns pulses was used for SHG experiments. For the comparison between different
samples, an effective

2
ijk

for different samples was determined by normalizing the SHG

intensity with the square of the incident power, absorption spectrum of the fundamental and SHG
signals, coherence length dispersion, and detector sensitivity at each wavelength as previously
described.31 The thin film used for SHG was a 50 nm thick (0001)-oriented single-crystalline
BiFeO3 grown by molecular beam epitaxy on (111) SrTiO3 substrates with no other twin or inplane rotational variants.30 Thus importantly, the film was single crystalline and single domain
and allowed the SHG extraction of

222.

The single crystal samples employed in these

experiments were (10 1 2) oriented and poly-domain, and thus resulted in a
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eff.

Up to 6 different

Table 3.1: Relevant energy levels of BiFeO3 at 296K.
Type of Energy levels

Energies (eV)

Crystal field levels of Fe3+ in BiFeO3

1.36, 1.48, 1.79, 1.99, 2.56, ~3.3

Multi-magnon energies

2M~0.19, 3M~0.29

Observed crystal SHG electronic (e)
resonances

1.36, 1.48, 2.56

Observed crystal SHG magnon (m)
resonances

2.56+2M, 2.56+3M, (3.3-2M, 1.36+2M, 1.48+1M)*

Double-exciton/Charge transfer bands

~2.45, ~3.2, ~4.5

Charge gap, Eg

2.66

* The bracketed resonances are close in energy and observed as the 3.14 0.05eV magnon
resonance in Figure 3.3(a).

excitations are observed with maxima centered at ~2.56, 2.73, 2.79, 2.87, 2.95, and 3.14 eV.
These energies are denoted by short vertical lines in the plot. It is clear that for the energy range
analyzed in this work (1.23 - 1.65eV for the pump beam and 2.46 - 3.3eV for the secondharmonic spectra), a maximum of three electronic resonances are theoretically expected for the
generated SHG signal. Large nonlinear optical coefficients are observed in this fundamental
energy range which has been discussed in detail in Appendix A. This prediction is in line with
the observed spectral features at ~2.56 eV (SHG resonance) and
(fundamental resonances,

~2.73 and ~2.95 eV

=1.36 and 1.48 eV, respectively). They are marked with red arrows

in Fig. 3.3(b) and summarized in Table 3.1. Below, we argue that the additional resonances at
~2.79, 2.87 and 3.14 eV can be explained in terms of multimagnon coupling to the electronic
states in multiferroic BiFeO3.
Figure 3.3(b) shows the electronic energy level scheme when two- and three- magnon
sidebands at 2M ~ 0.19

0.15 eV and 3M ~0.29
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0.15 eV are considered. Other low-energy

Figure 3.3: (a) RT SHG spectra obtained in BiFeO3 film (black) and bulk single crystal (Blue).
The solid red lines show the theoretical fitting to Eq. (2). The parameters for theory fit for single
crystal at 296K are:

cn a

2.56±0.05eV, 2.79±0.05eV, 2.87±0.05eV, and 3.14±0.05eV,

bn a

=1.36±0.05eV and 1.48±0.05, which are shown as red (electronic, e) and blue (magnon, m)
crosses indicating mean energies and associated error bars. The theory parameters for single
crystal at 723K are:

cn a

2.61±0.05eV, 2.84±0.05eV, 2.90±0.05eV, and 3.16±0.05eV,

=1.37±0.05eV and 1.51±0.05. The theory parameters for the thin film at 296K are:
2.55±0.05eV, 2.78±0.05eV, 2.83±0.05eV, and 3.16±0.05eV,
In all cases,

c n bn

=

cn a

bn a

bn a

bn a

cn a

=1.36±0.05eV and 1.51±0.05.

. The resonance linewidths for all these resonance fits were

=0.08±0.05eV. Purple horizontal scale bars of 2-magnon (2M) and 3-magnon (3M) energies
separating e and m resonances are shown. (b) Electronic energy level diagram of Fe3+ in
BiFeO3. Dark green bars: energy positions for the d- to d- excitations of Fe3+ ions in BiFeO3.
Light green bars: energy positions for two and three magnon-sidebands. Arrows indicate the
electronic (red) and magnon (blue) SHG resonances in BiFeO3. The broken blue arrows suggest
multiple possibilities for the 3.14eV magnon resonance.
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zone center magnons observed in this material are not considered in the SHG spectrum
analysis.32 Thus, within the experimental error, the observed SHG transitions at 2.79 and 2.87
(marked with solid blue arrows in Figure 3.3(b)) can be directly associated with +2M and +3
M magnon energy levels above the electronic energy level Ee = 2.56 eV. The weak shoulder

observed at ~3.14 eV is also related to magnon sidebands. Its energy position, shown by broken
blue arrows in Figure 3.3(b) matches ~ -2M from the crystal field level predicted at ~3.3 eV, +
2M from the electronic resonance at 1.36 eV, as well as ~+ 1M from the fundamental
resonance at 1.48 eV, all of which can have contributions to this resonance shoulder. Therefore,
the origin of the extra bands observed in the SHG wavelength scan can be explained in terms of
spin-charge mixing with multiple magnons.
Indeed, fitting

2
ijk

from Eq. (2), we can reproduce the key features of the observed

crystal spectrum at 296K by considering only the electronic (e) and magnon (m) resonance terms
corresponding

to

3.14±0.05eV(m),

bn a

cn a

2.56±0.05eV(e),

2.79±0.05eV(m),

=1.36±0.05eV(e) and 1.48±0.05(e), and

cn bn

=

2.87±0.05eV(m),
cn a

bn a

. The theory fit in

Figure 3.3(a) were calculated as follows: Considering two fundamental resonances,
four second harmonic resonances,

cn a

and

bn a

, and

in Eq. (2), one would expect eight terms in the summation

of Eq. (2). To manage the total number of independent variables, the following reasonable
assumptions were made: The amplitudes and linewidths ( ) of the two close fundamental
resonances
resonances

bn a

bn a

were assumed equal. The linewidths (but not the amplitudes) of the fundamental
, and

cn a

bn a

were assumed equal. The fits shown are not unique; however,

there is a limited region of frequencies and linewidths (indicated by the error bars) where the fits
converge, and are unstable outside, suggesting that the numerical values quoted for the
frequencies and linewidths are robust within the error bars. We also note that the linewidths
extracted from the theory fit are narrower than what one might expect in wrongly trying to
resolve this spectrum into 6 simple peak functions. Each pair of terms in the summation of Eq.
(2) would have spectral weight at three different resonance frequencies. The overall summation
over 8 such terms will have spectral weight at 12 such resonant wavelengths instead of only 6
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one might naively expect. This leads to narrower SHG linewidths than the linear absorption
spectra in Figure 3.1.
The magnon sidebands are observed even up to 723K, as shown, where multi-magnon
excitations in the form of pairs of very short wavelength spin waves at the zone boundary can
persists well above TN into the paramagnetic phase, as also previously reported in other
systems.33 Interestingly, the theory fit at 723 K suggests that these magnon levels are relatively
insensitive to temperature (peak shift ~0.03 eV) in this temperature range, consistent with Raman
experiments.29 A similar fit performed for the thin film spectrum at 296K in Fig. 3.3 agrees very
well with the extracted single crystal resonance frequencies and linewidths.

The primary

differences in the SHG spectrum between the single crystal and the thin film comes from the
amplitudes of the various susceptibility terms in Eq. 2. This is expected, since the effective

ijk

for the (10 1 2) oriented single crystal is a mixture of various SHG tensor components in the
geometry studied, while the (0001) oriented thin-film signal primarily arises from the

222

term.

We note that the electronic resonances at ~1.36 eV and ~1.48 eV considerably overlap in the
linear spectra of Fig. 1, while they are clearly separated in the SHG spectra of Fig. 3.3 (as 2.73
and 2.95 eV peaks). This highlights a natural advantage of the SHG process, where the peak
separations double relative to the linear optical spectra. Significantly, this feature of SHG
enables the detection of magnon sidebands at ~2.79 and 2.87 eV between these electronic levels.
Another advantage of SHG spectroscopy arises from the narrow resonance linewidths. In this
work, we found typical SHG experimental linewidths obtained from the theoretical fit to Eq. (2)
to be ~80 meV at ~300 K. In contrast, the linear absorption linewidths of the crystal field
resonances (inset of Figure 1(a)) are ~3 times broader.

Further evidence that the SHG fine-structure in BiFeO3 are magnon sidebands comes from
polarization studies and the temperature dependence of these features. Interestingly, the SHG
polar plots shown in Fig. 3.4(a) consistently indicate polar 3m point group symmetry over the
entire temperature range and photon energies studied in this work as seen from the excellent
theoretical fits of these data to the equations:
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Figure 3.4: (a) The variation of the SHG intensities I// (circles) and I (triangles) with incident
polarization angle, , measured at normal incidence and 300 K in a single crystal quality (0001)
BiFeO3 thin film on SrTiO3 (111) substrate. Solid lines are theoretical fits obtained from Eq. (3).
(b) Optical second harmonic generation (SHG) versus temperature for thin film and bulk single
crystal recorded at two different energies: 2.85 eV (resonant transition), and 1.68 eV (nonresonant transition). Solid lines are theory fits from Eq. (4) with To~982K for film data and
To~986K for the crystal data.
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2
222

I//

sin2 3 ,

2
222

I

cos2 3

3.3

where I// and I represent the SHG intensity collected in normal incidence with the fundamental
(frequency ) and second harmonic (2 ) optical polarizations parallel and perpendicular to each
other respectively,

222

refers to the relevant non-linear optical coefficient, and

is the angle of

the incident polarization direction from the crystallographic x [2 1 1 0] direction. The
polarization angles,
(

, where the SHG signal is precisely zero, are very narrow in angle

~0.01 ) and robust against temperature, magnetic fields (up to 2 Tesla), different samples,

and sample regions. This clearly indicates that the observed 3m symmetry is an intrinsic effect.
The large amplitude of SHG signals (

ijk~298

pm/V)31, and a significant enhancement of the

signal below the TN indicates that the dominant SHG interaction is the electric dipole interaction,

Pi2

ijk

E j E k with the susceptibility tensor,

ijk ,

exhibiting 3m symmetry and strongly

coupled to the on-site spin vector S. Figure 3.4(b) shows the temperature dependence of the SHG
recorded at two different energies: 2.85eV, nearly resonant with a multi-magnon sideband (Fig.
3.2(b)), and 1.68eV, which is far away from the resonant spectral range. For the non-resonant
excitation energy, the temperature evolution of the SHG signal remains relatively featureless up
to 725 K. In contrast, when the SHG process is magnon-assisted (2.85 eV), an overall intensity
decrease of ~40% in the thin film and 50% in the single crystal was observed on approaching
TN. This reduction is recovered on cooling and strongly suggests a coupling between magnetism
and the induced nonlinear polarization Pi 2 .

IV. Discussion of the spin-charge coupling in Bismuth Ferrite
The antiferromagnetic order parameter is L=S1-S2, and the weak magnetism due to
canting, M=S1+S2, where S1 and S2 are spins on adjacent Fe atoms along the c-axis. L is a polar
vector, while M is an axial vector, and both are antisymmetric with respect to time reversal
symmetry, 1 . The spontaneous polarization vector, Ps is polar and time symmetric. Starting
from an appropriate prototype phase of 3m1 for BiFeO3,34 one can derive the relevant coupling
terms in the low temperature ferroelectric, antiferromagnetic phase. For example, a 4-rank
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coupling such as Pi2
ijk

ijk3

E j E k P3 gives rise to the polar component of the SHG tensor as

P , where P3=Ps is the spontaneous ferroelectric polarization in the z- (or 3-) direction,

ijk3 3

2
and has the appropriate 3m symmetry. This determines the SHG signal IFE
in the ferroelectric-

paramagnetic phase. For spin coupling to SHG signal, we can eliminate linear coupling to S, L,
or M through a 4th rank susceptibility tensor, since such coupling is destroyed by the 1 symmetry
in the prototype phase.

Coupling to Ps2, S2, L2 through a 5th rank susceptibility tensor is

destroyed by the 1 symmetry, and coupling to P.S type terms destroyed by the 1 symmetry.
Thus the lowest order magnetic coupling allowed in this system is through a sixth rank
susceptibility term of the type Pi2
coupling is

ijk

ijklmn

E j E k Pl Sm Sn . The SHG tensor arising from this

P Sm Sn . By applying Neumann‘s law, this tensor yields the correct 3m

ijklmn l

symmetry observed in our SHG experiments only when m=n. When m n, the tensor represents
terms of the cross-product, S1 S2 , and has a symmetry different from 3m, contrary to our
experimental results. It thus rules out the Dzyaloshinskii-Moriya type interaction, which is
proportional to S1 S2 that gives rise to spin canting and the weak magnetism, M. Thus, to the
lowest order, our SHG signal arises from a PL2 coupling.
2
We also note that L2=S12+S22-2S1.S2. The terms S1,2
would involve a two-magnon

excitation on one or the other spin sublattice only, and light scattering would occur through
second-order spin orbit coupling. This is symmetry allowed, but typically weak.35 The stronger
interaction is through the S1.S2 term, which involves a simultaneous excitation of one magnon on
each spin sublattice and their exchange coupling. This leads to light scattering through an
exchange scattering mechanism similar to that proposed by Fleury and Loudon36 for the Raman
scattering process. For example, an exchange scattering event involving the SHG process can
occur as the excitation of one electron to a magnon sideband level by two photons of frequency
, with a simultaneous spin flip of this electron as well as a neighboring electron through the

S1 S2 spin operator (superscripts + and – indicate spin raising and lowering operations), which
conserves the spin angular momentum. Finally, the excited electron returns to the orbital ground
state emitting a SHG photon at frequency 2 . Considering the temperature dependence of
magnetization at low temperatures from the Bloch theory,37 and noting that the magnetic SHG
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2
intensity IAFM

P2

2

Ps2 L4 one can expect a strong dependence of the magnetic contribution

to SHG intensity versus temperature near TN as:
2
IAFM

Io2 (1 (T To )3 2 )4

The expression for the total intensity I 2

3.4
2
IFE

2
IAFM
fits the experimental data well as shown in

Figure 3.4(b). A To value of ~980 K extracted from the fit for both the film and the crystal
suggests that the coupling PsL2 due to zone boundary two-magnon excitations can persist over
very short correlation lengths in the paramagnetic phase well past the TN, and even up to the
Curie temperature, Tc. This is consistent with the observation of spectral density in magnon
sidebands even at 723K in Figure 3.3(a).
We finally briefly note the SHG anomalies in both single crystal and thin film samples at
a series of temperatures below TN: T1* ~ 380 K, T2* ~ 410 K, T3* ~ 480 K T4* ~ 525 K, T5* ~ 595
K, and TN ~ 650 K, each with an error bar of ~ 25K. No anomalous behavior in the temperature
dependence of the measured lattice parameters, resistivity, or magnetic susceptibility was
observed at any of the T1* to T5* temperatures, thus ruling out new magnetic phase transitions.
However, we note in Figure 3.5 that the energy difference between the temperature insensitive
crystal field level at 2.56 eV and the strongly temperature sensitive38 Eshoulder~2.45 eV is ~1M at
T1* , and ~2M at T5* . This suggests a possible mixing of the electronic levels at 2.45 eV and 2.56

eV mediated by magnons. A possible source of the anomalies in the SHG susceptibility can thus
be resonances between a magnon sideband at 2.56 eV-nM and a temperature dependent
electronic level at 2.45 eV (296K) level. We note that low energy phonons could be involved in
this process, especially at the T2* , T3* , and T4* anomalies, since the energy separation between T1*
and these transitions in terms of the corresponding shift in the energy of the electronic shoulder
are on the order of the lattice energy (0.02 - 0.1 eV).
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Figure 3.5: Peak position of the Eshoulder as a function of temperature. Also shown are resonance
conditions at Ti* (i=1 to 5) and TN involving the electronic level Ee=2.56 eV, one- (1M ) and
two-(2M ) magnon levels.
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V. Tetragonal to Rhombohedral phase transitions in Epitaxial Bismuth
Ferrite films
Bismuth Ferrite has long been known to have rhombohedrally distorted perovskite structure
with space group R3c at room temperature. Ferroelectric measurements performed on
BiFeO3/SrTiO3 (001)pc films confirm a large polarization value of 55-60 μC/cm2 along the
surface normal, corresponding to a spontaneous polarization of 90-95 μC/cm2 along the [111]
directions of the rhombohedral unit cell.41 However, even larger ferroelectric polarization values
reaching upto 150 μC/cm2 have been predicted in BiFeO3 using first principle calculations for a
tetragonal structure with large ionic off-centering.42 Experimentally, this structure with high
tetragonality ratio has been detected in polycrystalline BiFeO3 films deposited on La-doped
SrTiO3 substrates.43 There are intriguing experimental reports of huge ferroelectric polarization
reaching upto ~150 μC/cm2 which seem to be in agreement with ab initio calculations for this
structure, although this is yet to be confirmed by independent reports.42,44 Besides the enhanced
polarization, the magnetic properties of tetragonal BiFeO3 are also of interest as they are
expected to be different from that of the rhombohedral phase. The antiferromagnetic ordering,
weak ferromagnetism and coupling between spin and charge orders in this tetragonal phase still
remain to be explored.
The tetragonal phase of BiFeO3 can be stabilized as an epitaxial film by growing it on a
substrate that has large lattice misfit ( ≥ 3 %) with BiFeO3.45 The potential substrate candidates
that satisfy the condition of large lattice misfit for growing this film are LaAlO3, YAlO3 and
(LaAlO3)0.3(Sr2AlTaO6)0.7 . It has been theorized that the thin films grown on these substrates
would be tetragonal while the thick relaxed films are expected to have bulk like rhombohedral
structure. It is expected that with increasing film thickness, the BiFeO3 films grown on these
substrates would exhibit multiple phase transitions from a fully strained pseudomorphic
tetragonal phase in films below a critical thickness to a mixed phase of fully and partially
strained structure in the intermediate thickness range to a bulk-like rhombohedral phase in fully
relaxed films.51 It would be of interest to see whether the weak magnetic moment is enhanced in
the fully strained films and if there exists a correlation between the structure and magnetization
of these films. The ferroelectric and dielectric properties of the mixed phase films are also of
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considerable interest as there exists the possibility of enhancement of these properties in these
films.
Some results of the structural characterization of epitaxial BiFeO3 films grown on LaAlO3
and YAlO3 substrates by employing Optical Second harmonic Generation and Raman Scattering
are shown here. For this study, epitaxial BiFeO3 films were grown on LaAlO3 and YAlO3
substrates using pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) respectively.
Both these substrates have large lattice misfit ( ≥ 3 %) with the pseudocubic structure of BiFeO 3
thus enabling the tetragonal phase to grow epitaxially. The BiFeO3// LaAlO3 films studied here
were grown in the thickness range of 17 – 160 nm while the BiFeO3// YAlO3 films were in the
25-225 nm thickness range. Strong XRD peaks for the tetragonal phase were observed in films
on both substrates for both thick and thin films while weak rhombohedral peaks were observed
only in the thicker relaxed films. Optical second harmonic generation (SHG) was employed to
structurally differentiate between the films and estimate the increase in rhombohedral phase with
film thickness.
The tetragonal BiFeO3 films are expected to have 4mm symmetry, which has been
confirmed using HRXRD while the relaxed films are expected to have the bulk-like 3m
symmetry. These two symmetry components can be neatly separated from each other by a simple
SHG experiment. As can be shown using theoretical calculations, if the polarization c- axis is
pointing out of the plane of the film, no signal is generated when the film normal is coincident
with the incident fundamental beam (case : θ= 0 ). As soon as the film normal deviates from the
direction of propagation of the fundamental beam as shown in Fig. 3.6(a) (case : θ≠0 ), the
tetragonal phase contributes strongly to the generated signal. The thicker relaxed BiFeO3 films
should grow with (001)pc pointing out of the plane of the film . In normal incidence (θ= 0 ), this
symmetry should contribute strong SHG signal and the change in signal upon tilting the film
normal (θ≠0 ) is marginal. Thus any SHG observed from these films in normal incidence
provides a signature of the rhombohedral phase while tilted geometry provides us information
mostly about the tetragonal phase.
Fig 3.6(b) shows the SHG signal obtained in normal and tilted configurations for both BiFeO3//
LaAlO3 and BiFeO3// YAlO3 films in S and P polarizations. The signal collected for the normal
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(a)

(b)

Figure 3.6: (a) Optical SHG setup to study the tetragonal films in tilted geometry θ≠0 (b) SHG
signal obtained in normal and tilted configurations for both BiFeO3// LaAlO3 and BiFeO3//
YAlO3 films in S and P polarizations with theoretical fits
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and tilted geometries is fit into theoretical models for rhombohedral 3m and tetragonal 4mm
symmetries using the following expressions :
For the rhombohedral phase,

3.5
For the tetragonal phase,

3.6
where A, B, C, K1, K2, K3, K4, K5, K6, K7 and K8 are functions of the nonlinear optical
coefficients in the tetragonal and the rhombohedral phases.
For the BiFeO3// LaAlO3 system, the thinnest 17 nm film shows purely tetragonal symmetry
and no signature of the rhombohedral phase. However, the 33 nm film shows a small but
consistent signature of the rhombohedral phase in addition to the dominant tetragonal phase. The
thicker relaxed 160 nm film has strong rhombohedral signal observed in normal geometry along
with a comparably strong tetragonal phase. A very similar pattern is observed in the BiFeO3//
YAlO3 system where the rhombohedral contribution grows with film thickness.
The relative ratio of the rhombohedral phase can be estimated by comparing the
magnitude of SHG signal obtained in normal and tilted configurations for the different
thicknesses of the films. Typically, a purely tetragonal film tilted by θ= 30 to the surface normal
produces about 3 times the signal of a pure rhombohedral BiFeO3

(100) film in normal

incidence. Using this estimate, the relative ratio of the rhombohedral phase in the films of
different thicknesses grown on LaAlO3 and YAlO3 substrates is determined and plotted as shown
in Fig 3.7 which is compared quite well with AFM based area analysis estimation of the
rhombohedral phase. The SHG based analysis gives an estimate of the volume ratio while an
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Figure 3.7: Estimated relative ratio of the rhombohedral phase in the films of different
thicknesses grown on LaAlO3 and YAlO3 substrates. The SHG based analysis gives an estimate
of the volume ratio while an AFM based analysis is more surface sensitive. This is expected to
be the reason for difference in the estimated ratios of the tetragonal and rhombohedral phases in
the films.
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AFM based analysis is more surface sensitive. This is expected to be the reason for difference in
the estimated ratios of the tetragonal and rhombohedral phases in the films.

VI. Conclusions
In summary, we have experimentally demonstrated spin-charge coupling through direct
optical probing of electronic sidebands due to high-energy magnon excitations using nonlinear
optical spectroscopy. The method is complementary to low temperature linear absorption
spectroscopy, which thus far has not revealed magnon sidebands in BiFeO3.

In contrast,

nonlinear spectroscopy can resolve magnon sidebands even at room temperature and above, as
shown here, due to significantly lower linewidths and larger energy separation in an SHG spectra
between resonant fundamental electronic levels. The work highlights the sensitivity of
multimagnon non-linear optical spectroscopy to spin-charge coupling, by demonstrating a
coupling term of the type PsL2 in multiferroic bismuth ferrite, that exhibits short range
correlation well into the paramagnetic phase. Such probing of coupling should be possible in
general in other multiferroics and magnetic systems. Our results present an alternative to
magnetic neutron scattering measurements, especially in thin film geometry where the
interaction of neutrons with spin waves is weak and can be challenging.
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Chapter 4
Coexistence of Weak Ferromagnetism and Ferroelectricity in the High
Pressure LiNbO3-type Phase of FeTiO3

The magnetic and electrical characteristics of polycrystalline FeTiO3 synthesized at high
pressure that is isostructural with acentric LiNbO3 (LBO). Piezoresponse force microscopy,
optical second harmonic generation, and magnetometry demonstrate ferroelectricity at and below
room temperature and weak ferromagnetism below ~120 K. These results validate symmetrybased criteria and first principles calculations of coexistence between ferroelectricity and weak
ferromagnetism in a series of transition metal titanates crystallizing in the LBO structure.

I. Introduction
Multiferroics are materials in which seemingly contra-indicated ferroic properties, e.g.,
magnetism and polar order, coexist.1,2 Magnetic ferroelectrics for which the different ferroic
orders couple, either macroscopically through interfacial magnetostriction3,4 or microscopically
via exchange striction,5 may be promising materials for applications in memories, sensors,
actuators, and other multifunctional devices. They also offer a rich opportunity to study
fundamental aspects of spin-lattice coupling. In the case of bulk materials, several neutron
diffraction studies point to a spiral magnetic state as an essential ingredient for coupling between
magnetism and ferroelectricity.5-7 Phenomenological as well as first principles explanations of
the connection between ferroelectricity and the magnetic spiral link polar and magnetic orders
through the product P ~ e Q , where e is a unit vector along the spin rotation axis and Q is the
spiral propagation vector.8,9

The microscopic origin of this form can be traced to the

antisymmetric Dzyaloshinskii-Moriya (D-M) interaction,1 which can lead to inhomogeneous
states, such as the magnetic spiral found in BiFeO3. Due to the nature of the magnetic spiral, no
net ferromagnetic moment is found in such systems.
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The D-M interaction can alternatively lead to weak ferromagnetism (WFM), as observed
in manganites and other transition metal oxides, such as rare-earth orthoferrites.10-12 WFM in a
material that is simultaneously ferroelectric is particularly interesting as it has been recently
discussed as the best route to achieve electric field control of 180 switching of ferromagnetic
domains,13,14 yet identifying a material with the required coupling, even in principle, has proven
challenging. Recently, Fennie has argued from symmetry principles that polar order will induce a
non-zero staggered D-M interaction as shown in Fig. 4.1, and hence weak ferromagnetism, when
an invariant of the form E ~ P (L M) —where P, L, and M are polar, antiferromagnetic and
magnetization vectors, respectively—exists in the phenomenological free energy functional of
the putative high temperature antiferromagnetic, paraelectric parent. Fennie argued that materials
crystallizing in the high pressure form, i.e., the LiNbO3 phase, of FeTiO3, MnTiO3, and NiTiO3
are candidate materials that exhibit the required coupling.14 Additionally, first principles
calculations on these materials indicate that they would have extremely high polarization,
comparable to that of BiFeO3,2 making them attractive targets in the search for new multiferroic
systems.
In this chapter, the characterization of the high pressure form of FeTiO3 (FeTiO3-II) has
been discussed, which is found to be ferroelectric at and below room temperature and weakly
ferromagnetic below ~120 K.

These results validate Fennie‘s principles of microscopic

materials design that predict the coexistence of weak ferromagnetism and ferroelectric
polarization in this class of materials.14 From a fundamental standpoint, this is particularly
important, as FeTiO3-II joins an extremely small class of ferroelectrics with WFM arising from
the D-M interaction. The results furthermore provide a significant step toward establishing
FeTiO3-II as a prototype bulk multiferroic whose magnetic structure can in principle be switched
by reversing an applied electric field.
The high pressure, high temperature phase diagram of FeTiO3 has been discussed
previously.15 The high pressure phase of FeTiO3-II was prepared using a multianvil press at the
13-ID-D beamline (GSECARS) of the Advanced Photon Source (APS) by Tamas Varga (Dr.
John Mitchell‘s Group). A platinum capsule was loaded with ilmenite and pressed to 18 GPa
followed by resistive heating to 1200 oC for one hour. Topographic imaging of the product by
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Figure 4.1:

Ferroelectricity induced weak ferromagnetism via Dzyloshinshki-Moriya Interaction in

FeTiO3.
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atomic force microcopy (AFM) reveals a typical grain size of about 400 nm (see Fig. 2(a)), and
EDS analysis of several grains confirms the Fe:Ti stoichiometry. Synchrotron powder x-ray
diffraction (SXRD) data were collected at 298 K on the 11-BM-B beamline at the APS. The
SXRD data were refined with the Rietveld method using the published crystal structure of
FeTiO3-II as a starting point.16

II. Ferroelectricity in FeTiO3-II studied using Piezoresponse force microscopy
and optical SHG microscopy
The polar properties of FeTiO3-II using piezoresponse force microscopy (PFM) and
optical second harmonic generation (SHG):

both techniques indicate that FeTiO3-II is

ferroelectric at room temperature. We note that dielectric tangent losses of ~ 1.18 (1MHz) at
room temperature prevented direct electrical polarization hysteresis measurements. At 100K, the
losses reduce to ~0.027 at 1MHz, but saturated loops could not be obtained indicating that the
coercive field exceeds the ±15 kV/cm we were able to apply.
Out-of-plane PFM imaging has been used to confirm the detailed ferroelectric domain
configuration at the nanoscale.17 The PFM work was performed by S. Hong at Argonne National
Laboratory. The amplitude images in Fig. 4.2(b) show the varying degrees of alignment of
polarization vectors to the surface normal in each domain, and reveal the various distributions of
polarization vectors. The phase images (Fig. 4.2(c)) sample the direction of polarization vectors
showing the expected mixture of up (dark contrast) and down (bright contrast) polar domains.
This is analogous to similar domain structures of bulk polycrystalline Pb(Zr,Ti)O3.18
A stationary-tip piezoresponse hysteresis loop obtained by applying 0.5 Vrms to the tip
while sweeping the dc voltage from -10 V to 10 V to the bottom electrode with frequency of 41.7
mHz is shown in Fig 4.2(d). Although strong imprint of the loop, which could be due to the
strong bias field created by unswitched polarization beneath the grain of interest, is apparent
along both the electric field and piezoelectric coefficient axes, this measurement is sufficient to
demonstrate a reversible polar response and therefore ferroelectricity. It is important to note that
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Figure 4.2: Surface topography (a), out-of-plane PFM amplitude (b) and phase (c) images in
FeTiO3 bulk crystal sample. Bright contrasts in amplitude correspond to polarization vectors
strongly aligned to the surface normal (either positive or negative normal direction). Bright
contrasts in phase images correspond to the down polarization whereas dark ones to the up
polarization. (d) Local piezoresponse hysteresis loops were collected inside a grain. These
experiments were performed by S. Hong at Argonne National Laboratory.
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spatial variation of electromechanical properties was observed. This indicates that these samples
are not fully homogeneous, which is not unexpected for this stage of synthesis development.
Ferroelectricity is further established in FeTiO3-II via optical Second Harmonic
Generation (SHG), which involves the conversion of light at a frequency ω (electric field Eω)
into an optical signal at a frequency 2ω by a nonlinear medium through the creation of a
nonlinear polarization Pi2

d ijk E j Ek

, where dijk represents the nonlinear optical tensor

coefficients (not to be confused with the piezoelectric tensor). Optical SHG mapping was
performed with a fundamental wave generated from a tunable Ti-sapphire laser with 65-fs pulses
of wavelength 800 nm incident normal to the sample surface. 2-D mapping of the signal was
done using a WITec Alpha 300 S confocal microscope.
While the stabilized LiNbO3 phase of FeTiO3 shows a strong SHG contrast (Fig. 3(a)), no
signal was observable in the ilmenite phase (Fig. 4.3(b)). These results confirm that the highpressure phase is polar while the ilmenite phase is nonpolar. The spatial variation of the SHG
signal in Fig. 4.3(c) can arise from differently oriented polycrystallites as well as multi-domain
structure. The SHG hysteresis loops at different spots on the sample were measured using
electrodes applied on opposite edges of the sample while probing the top surface. A
representative measurement is shown in Figure 4.3(c), and has the ―butterfly‖ shape
characteristic of the response of a ferroelectric. We reasonably exclude effects such as electricfield induced SHG (EFISH) as insignificant, since no such effects are seen in the
compositionally similar Ilmenite phase under an electric field. The corresponding polarization
hysteresis loop shown in Fig. 4.3(c) can be derived from the SHG intensity vs. electric field data
as follows: the SHG I 2

2
d ijk

(

ijks

Ps ) 2 , where

ijks

represents the fourth order nonlinear

optical susceptibility tensor in the paraelectric phase. Though points 1 and 3 in Fig. 3(c) of the
butterfly loop correspond to the field axis crossings of the polarization hysteresis loops, the SHG
intensity is not exactly zero at these minima, due to an incomplete cross-cancellation of the SHG
intensity between antiparallel domains in the area of the sample being probed. Thus, in going
from the SHG intensity to the switchable polarization loops, we first subtract a baseline intensity
corresponding to a linear extrapolation between two minima (1 and 3), followed by taking the
square-root of the intensity, and finally switching the s ign of the result only for the segment of
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Figure 4.3: SHG mapping of polar regions at 296K in (a) stabilized high pressure phase of
FeTiO3 with LiNbO3 crystal structure (non-centrosymmetric) (b) pure ilmenite phase
(centrosymmetric) .(c) SHG ―butterfly‖ hysteresis loops (blue) at a fixed point in (a) with applied
electric fields at 296 K and the corresponding polarization hysteresis loop (red) (see text). The
polarization of fundamental light was horizontal, and all the output SHG polarizations were
detected without an exit analyzer.
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the butterfly loop 1-2-3 in Fig. 4.3(c).

This yields a polarization hysteresis loop that is

proportional to the net switchable polarization within the probe region, and clearly confirms the
presence of ferroelectricity at room temperature. Additionally, the SHG intensity was observed
down to 5 K, indicating that the FeTiO3-II is polar in the low temperature regime. Thus
switchability has been clearly established, the critical proof for ferroelectricity given the polar
crystal structure. The magnitude of saturated polarization remains to be determined.

III. Probing weak ferromagnetism (wFM) in FeTiO3-II
The magnetism in FeTiO3-II was studied using DC SQUID magnetometry and AC
magnetic susceptibility measurements. These measurements were performed by Dr. Xianglin Ke
and Prof. Peter Schiffer‘s group in the Physics department at Pennsylvania State university. DC
SQUID magnetization data measured in 1 kOe yield a linear χ-1 vs. T for 150 K < T < 250 K.
The extracted peff = 5.6 μB/Fe is consistent with that reported for ambient-pressure ilmenite (peff
= 5.62 μB/Fe 19). A measured θW = -248 K agrees well with the first-principles predicted value of
-305 K.20 It should be noted that θW and TN for ilmenite are 23 K and 55 K, respectively,21
demonstrating a substantially modified magnetic exchange among Fe2+ ions in the high pressure
phase. χ-1 vs. T deviates from linearity below T=120 K signaling the onset of cooperative
magnetism.
Fig. 4.4(b) compares the AC magnetic susceptibility of an ilmenite sample to that of
FeTiO3-II. The antiferromagnetic transition of ilmenite at ~55 K is replaced by a sharp cusp at T
~ 110 K. A clear anomaly in the heat capacity (Fig. 4.4(a)) near this temperature is observed
which is suggestive of a second order transition. This thermodynamic signature—combined with
a lack of frequency dependence in the 1-10 kHz range demonstrate that below 110 K FeTiO3-II
is a long-range ordered antiferromagnet, in agreement with the theoretical prediction.14 Fig.
4.4(c) shows isothermal magnetization measured at 105 K, just below TN. A clear hysteresis is
observed in the data, indicative of a WFM component superimposed on the antiferromagnetic
background. M(H) measured above 120 K shows no hysteresis ( Fig. 4.4(c), top left inset),
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Figure 4.4: (a) Magnetic susceptibility of FeTiO3 (ilmenite) and high-pressure FeTiO3-II.(b) Specific heat
of high pressure FeTiO3-II. (c) Isothermal magnetization of FeTiO3-II following zero-field cooling. In

the bottom right inset of Fig. 4.4(c), the high field linear part of M(H) has been subtracted to
estimate the field dependence of the ferromagnetic component alone. These experiments were
performed by Xianglin Ke at Pennsylvania state university.
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demonstrating that the appearance of WFM is linked to the onset of the AFM state. A
small curvature observed below ~ 1 kOe Fig. 4.4(c), top left inset) is seen in the range 5 K ≤ T
≤ 300 K and may reflect an extremely low concentration of a magnetic impurity such as Fe
(found at ~1% level by XRD) or ferrous oxides in quantities undetectable to XRD. In the bottom
right inset of Fig. 4.4(c), the high field linear part of M(H) has been subtracted to estimate the
field dependence of the ferromagnetic component alone. This subtraction of the high field
component shows a symmetric hysteresis loop, saturating by 30 kOe at 0.008 μB/Fe. There are
two possible origins for the intrinsic WFM: (1) phase separation into discrete FM and AFM
regions in the sample, as has been proposed both theoretically and experimentally for several
doped transition metal oxides, or (2) a canting of the Fe spins away from 180o.22,23 The former
scenario is unlikely based on the coincident appearance of both FM and AFM components and
the lack of frequency dependence in the AC susceptibility, leading us to favor the canted state as
the origin of WFM.
Several facts argue that the weak ferromagnetic signal is intrinsic to the FeTiO3-II phase:
(1) None of the iron-containing impurity phases (all in ~1% level) found in Rietveld analysis of
the the x-ray data have ferromagnetic transition temperatures near 110 K. (2) The specific heat
(Fig. 4.4 (a)) shows a well-defined anomaly centered at 110 K with amplitude exceeding what
could be accounted for by a ~1% ferromagnetic impurity such as Fe3O4 (with its Verwey
transition at ~120 K), and an impurity ferromagnetic phase large enough to account for our heat
capacity signal would yield an orders of magnitude larger magnetic signal. It should also be
noted that the divergence observed in the magnetic susceptibility and heat capacity seem to
suggest that the ferromagnetic transition of the second order type. Similar evidence of a second
order ferromagnetic transition have been observed in other systems like the polaronic system
La0.7 Ca

0.3MnO3

25

(3) Measurement of a second sample prepared under different conditions

yields both qualitatively and quantitatively consistent magnetic behavior.
The canting angle of the WFM can be estimated by invoking the symmetry arguments of
Ref. 14 under the assumption that the polar domains are randomly and uniformly distributed in
the polycrystalline sample.24 According to Ref. 14, the magnetization vector, M, of each
magnetic domain within a given polar domain will lie perpendicular to the polar vector P.
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However, in H=0 (or ignoring higher order single-ion anisotropy), this coupling does not fully
constrain the various magnetic domains within each polar domain, as each magnetic domain
need only satisfy P•M = 0 individually. Application of a sufficiently large magnetic field will
rotate M about P to maximize M•H subject to this constraint, orienting P, H, and M coplanar
within that polar domain. In this case, the projection of M onto H is MH = Msin , where θ is the
polar angle between P and H. Averaging over θ, accounting for T/TC ~ 0.9 and using the
extracted estimate of MH = 0.008 μB/Fe yields MS = 0.04 μB/Fe, in good agreement with the value
0.03 μB/Fe calculated in Ref. 14. The canting angle calculated using this value of MS is 1o.
In summary, the LiNbO3 polymorph of ilmenite, FeTiO3-II, prepared at high pressure is
both ferroelectric and weakly ferromagnetic. The measured magnetic transition temperatures and
WFM moment are in good agreement with the first principles calculations.14 Although not
offering definitive proof that the polarization is causal for the WFM, the results validate this rare
weak-ferromagnetic and ferroelectric state predicted in Ref. 14, which offers a strong symmetry
argument and direct first-principles calculations that this spin-canting can only arise due to the
presence of the polar lattice distortion. For definitive proof of this effect, it remains to
demonstrate explicitly using aligned single crystals that the magnetic and polar domains can be
switched in concert.
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Chapter 5
Ferroelectricity, Octahedral tilt transitions and switching
behavior in strain engineered Ferroelectrics

I. Introduction
Multiferroic materials with multiple order parameters are attracting significant interest
due to the possibility of a rich array of coupled phenomena such as ferroelasticelectric- magnetic,
piezoelectric-magnetic, and electromagneto-optic effects.1-3 At first glance, strontium titanate
would appear an unlikely candidate for a multiferroic. Pure SrTiO3 (STO) is a quantum
paraelectric material where quantum fluctuations of atomic positions suppress a ferroelectric
transition, leading to a stabilized paraelectric state at very low temperature. Bulk SrTiO3 is a
cubic (

) centrosymmetric perovskite at room temperature; it undergoes a nonpolar

antiferrodistortive (AFD) phase transformation to a tetragonal point group 4/mmm at ~ 105 K
and exhibits indications of a frustrated ferroelectric (FE) transition at ~ 20 K, which it never
completes.4 Because the quantum paraelectric state in STO is so close to a ferroelectric state, the
material behaves as a so-called incipient ferroelectric.

First principles calculations and thermodynamic analysis have suggested, however, that
external strain can induce ferroelectricity.5-7 Figure 5.1 shows the relationship between Phase
transition temperature in SrTiO3 with the epitaxial strain. The shaded region represents the range
of ferroelectric transition temperature. The dash-dot lines represents the range of ferroelectric
transition temperature. It can be seen from the figure that depending on the extent of epitaxial
strain, the ferroelectric phase transformation can either precede or succeed the antiferrodistortive
phase transformation. Below the transition temperatures for these two phase transitions, SrTiO3
is a multiferroic with the existence of two coupled order parameters as shown in Figure 5.2, the
ferroelectric polarization and an antiferrodistortive rotation.
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Figure 5.1: Calculated phase diagram of phase transitions in strained SrTiO3 films with respect
to epitaxial strain. The green shaded region represents the range of ferroelectric transition
temperature while the dash-dot lines represents the range of ferroelectric transition
temperature.(Acknowledgement : Dr. Yulan Li and Prof. Long-Qing Chen, Pennsylvania State
University)

Figure 5.2: Schematic showing Sr, O, and Ti atomic positions and order parameters p and q in
various phases of strained SrTiO3. (a) Paraelectric 4/mmm phase and (b) ferroelectric mm2
phase.
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The prediction of ferroelectric-paraelectric transition has been experimentally confirmed
recently in a SrTiO3 thin film strained in biaxial tension.8 A number of fundamental issues,
however, remain to be addressed. No direct imaging of ferroelectric domains or its switching
dynamics has been reported in this material. The mechanism of switching between these domain
variants upon the application of in-plane electric fields has not been explored. In the first section
of this chapter, ferroelectric domain switching in this tensile strained film has been studied using
piezoelectric response force microscopy. The multiferroic nature of strained strontium titanate,
i.e., the coexistence of ferroelectric and ferroelastic domains, is unique in many respects.9-11 It is
induced by external strain. Further, unlike other ferroelectricferroelastics, two independent
primary order parameters exist: a polar ferroelectric order parameter p and an axial
antiferrodistortive rotation order parameter q. Hence, depending on the strain, the ferroelectric
transition temperature can precede or succeed the ferroelastic transition temperature. From a
symmetry perspective, the SrTiO3 multiferroic domain structure has striking similarities with,
and, hence, of broader relevance to, other multiferroics with coexisting polar and axial
phenomena, such as materials that exhibit coexisting ferroelectricity (polar property) and
antiferromagnetism (axial property).3,12 Exploring the polar order parameter p and the axial AFD
rotation order parameter q in this multiferroic system and their coupling is a challenging
problem.

As has been discussed, a multiferroic phase exists in strained SrTiO3 films below the
temperature where both ferroelectric and antiferrodistortive phase transition have taken place.
Oxygen octahedral rotations which give rise to AFD phase transition are the most common phase
transitions in perovskite crystal structures. It will be shown that the color symmetry of such pure
elastic distortions is isomorphic to magnetic point groups, which allows their probing through
distinguishing polar versus magnetic symmetry. This isomorphism is demonstrated using
nonlinear optical probing of the octahedral rotational transition in a compressively strained
SrTiO3 thin film that exhibits ferroelectric (4mm) and antiferrodistortive (4 mm ) phases evolving
through independent phase transitions. The approach adopted here has broader applicability for
probing materials with lattice rotations that can be mapped to color groups.
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The nature of strain induced ferroelectricity in SrTiO3 films as to whether it is ideal or
relaxor has been an open question for a while. This has been studied by performing poling
experiments using piezoresponse force microscopy on compressively strained films with out of
plane polarization. The frequency dispersion in ε, gradual decrease of polarization with
temperature studied using optical SHG, field-induced local ferroelectric states above TC
(nanopolar regions) and the thermal decay of the local ferroelectric states in the strained STO
films were observed suggesting that the strained STO films are indeed relaxor ferroelectric. The
ferroelectricity in these films is defined by strong dispersion in ε, slow decay of ferroelectric
character, polarization states above the dielectric maxima and disruption of polar regions by
thermal motion.

II. Imaging of Domain dynamics in tensile strained SrTiO3 films
Experimental demonstration of ferroelectric phase transition near room temperature in a
0.94 % tensile strained thin film of SrTiO3 on DyScO3 substrate was reported by Haeni et al.

8

Using optical second harmonic studies, the transition from 4/mmm to the ferroelectric mm2 to a
ferroeleastic-ferroelectric mm2 phase in this film was confirmed.13 The polarization in the
ferroelectric phase is in the plane of the film along the <110>p and there are four different
domain variants as shown in Fig. 5.3. In the pure ferroelectric phase, there are four types of
domain variants. Denoting the directions x ≡ [110]p, y ≡ [1 0]p, and z ≡ [001]p, the order
parameter p in the four variants are x + : (px,0,0), x - : (- px,0,0), y + : (0,py,0) and y - : (0,-py,0).
In the FE phase, there are two types of ferroelectric domain walls. In order to study these
domains and their switching behavior, piezoresponse force microscopy has been employed.
The peak in dielectric spectra of this film has been reported at Tmax ~ 250-273K.8 Using
optical SHG analysis, the ratio of nonlinear optical coefficients also shows a similar anomaly in
the same temperature range. However, the overall SHG signal obtained from this film goes
away at around 323-328K. The difference in the temperatures at which the peak in the dielectric
constant appears (Tmax~250K) and the peak in the ratio of nonlinear optical coefficients occurs
versus where noncentrosymmetry was lost (Tb~323K) can arise from ferroelectric relaxor
behavior as recently reported14, as well as inhomogeneously strained regions. The Tb~323-328K
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Figure 5.3: Optical SHG signal vs Temperature where the darh (hollow) squares are cooling
(heating) cycle. The signal goes away at 333K while the peak in the ratio of nonlinear optical
coefficients is observed at ~ 285K. The small kink in SHG signal observed in both heating and
cooling cycles around 150 K is related to the Antiferrodistortive phase transition in these films.
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transition may then be more appropriately termed as the Burns temperature.15 Between Tmax and
Tb, polarization in a relaxor ferroelectric is normally expected to exist as glassy nanopolar
regions without well-defined domains or domain walls.

This is consistent with piezoelectric force microscopy (PFM) at room temperature
(298K), which reveals that the majority of the film is featureless with low piezoelectric signals.
In the lateral PFM mode, x ± and y ± domains can be imaged as shown in Figure 5.4. A shear
strain ε5 arising from the d15 coefficient will give lateral displacements in the x- z(y-z) planes in
the x ± (y ±) domains, giving different lateral contrasts between these domains.16 Some localized
regions (estimated to be in ~5-10% of the film area) however reveal ferroelectric domains at
room temperature as seen in Figure 5.4, indicating inhomogeneous strains. Upon heating, the
piezoelectric response starts to disappear partially at 40°C (Figure 5.4 (c)) and completely at
60°C (Figure 5.4(d)), and the domain features reappear on cooling (Figure 5.4(e)) back to room
temperature. The domains are partly bounded by ~5 nm high surface ridge-like features seen in
topography (see Figure 5.4(h)), within which they reappear after cooling (Figure 5.4(e)).
Although these films have the narrowest dielectric constant versus temperature peaks reported
for SrTiO3 or (Ba,Sr)TiO3 films,14 the widths are still about three times broader than (Ba,Sr)TiO3
single crystals,17 hence local inhomogeneous strains and domains can arise. As further evidence,
similar films that are 350Å or less in thickness do not show the topographic ridges, SHG signals
or domain like features at room temperature.

The bright and dark regions of PFM signal in Figure 5.4(b) can be attributed to the y± and
x± domains, respectively. The domain walls (not related to topography; see Figure 5.4(h))
separating these bright and dark domains are parallel to the <100>p direction, which correspond
to 90° domain walls. These walls can be influenced by external electric fields. Figure 5.4(e)
shows that cooling has produced predominantly y± domains. When an electric field of +1kV/mm
is applied along the +x direction, they transform to predominantly x± domains (Figure 4 (f)), and
then partially reverse back to y± domains after applying -1kV/mm along the –x direction (Figure
5.4(g)). These results indicate 90-degree ferroelectric domain wall motion. The results have been
further confirmed by in situ SHG under in-plane electric fields of + 1kV across a 1.3 mm
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Figure 5.4: Lateral PFM images of the 0.94 % tensile strained SrTiO3 thin film (a) Topography
of the film surface. PFM image of the film (b) at Room temperature, 298 K, (c) heated to 313K,
(d) heated to 333K, and (e) cooled from 333K back to room temperature. PFM response as the
film was poled along [110]p with (f) +1kV/mm and (g) -1kV/mm. (h) Correlation between
topography and piezoresponse. Same figure in (b) panel is marked with white lines to show
topographic features.
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electrode gap in the ±x[110]p direction which indicates that both area fraction of domain along x
and y directions change. This indicates that the electric field along the ±x direction switches
domains along the ±y direction as well, indicating motion of 90° domain walls that couple x±
domains to the y± domains. This mechanism is operative at all temperatures including the
multiferroic phase, where SHG indicates the motion of coupled 90° ferroelectric-ferroelastic
domain walls.
Phase-field simulations were performed to understand the detailed mechanism of domain
wall motion under an applied electric field along +x([110]p).7 In this method, for a ferroelectric
material, the spontaneous polarization P = (P1, P2, P3) is chosen as the order parameter, and its
spatial distribution in the ferroelectric state is used to describe the domain structure. The
temporal and spatial evolution of the polarization vector field is obtained by solving the timedependent Ginzburg-Landau equations:

5.1

L is a kinetic coefficient which is related to the domain mobility and F is the total free energy of
the system. x = (x1, x2, x3) denotes the spatial position and t is time. Figure 5.5((a)-(c)) shows the
evolution of order parameters p in the ferroelectric phase. One can clearly see that the area
fraction of x+ domains increases, while that of x- domains decreases through a motion of
coupled 90° ferroelectric-ferroelastic domain walls. The pure 180°AFD walls (see Figure 5.5 (a))
within a single polarization domain state are degenerate in energy even under an electric field
and remain with statistically equal populations (Figure 5.5 (a-c)).

III. Probing Magnetic Color Symmetry of Lattice Rotations using SHG

The oxygen octahedron is a basic structural unit in perovskite and related complex oxides
(ABO3, where A and B are cations) that span a wide range in propertie including
superconducting,

semiconducting,

insulating,

magnetic,

ferroelectric,

and

multiferroic

phenomena. Octahedral rotational transitions, involving rotations of the octahedral units BO6, are
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Figure 5.5: Phase-field modeling of the evolution of ferroelectric [(a)-(c)] domain morphologies
with electric field along (+ x [110]p ) (Acknowledgement: Dr. Yulan Li and Prof. Long-qing
Chen, Pennsylvania State University).

Figure 5.6: AFD Transition in SrTiO3 manifested by rotation of the neighboring oxygen
octahedra in opposite directions by angle φ resulting in an enlarged unit cell with lattice
parameters

where

is the pseudocubuc lattice parameter. The

ferroelectric polarization vector p and the AFD vector q are pointing out of the plane. Also
shown in green are the resulting symmetry elements of the 4 mm point group.
80

by far the most common phase transitions to occur in perovskites.18 In a large number of these
materials, the rotation of the octahedral units is intimately related to the stability of the
perovskite phase through reduction of the volume of the interstices and improving the structural
stability.19 In addition to stability, the octahedral rotation is often connected closely with
anomalies in the physical properties. For example, both the intrinsic and extrinsic contributions
to the piezoelectric properties of Pb(Zr1-xTix)O3 are a 4 function of tilting,20,21 the temperature
dependence of the dielectric properties of microwave dielectrics,22 as well as the spin canting in
the multiferroic BiFeO323 are closely connected to octahedral rotations.
The traditional methods for studying octahedral rotations are primarily neutron, x-ray, and
electron diffraction. It is difficult, however, to detect such distortions with very weak diffraction
signatures in very thin layers due to small volume, weak oxygen scattering, and substrate
interference. However, we show that the color symmetry of these distortions are isomorphic to
magnetic point groups, which allows nonlinear optical probing of crystallographic versus
magnetic symmetries. Conventionally, these rotation phases are described in Glazer notation. 18
For example, SrTiO3 exhibits an antiferrodistortive (AFD) phenomena involving rotation of
adjacent octahedra in opposite senses (see Fig. 5.6) only about the [001] surface normal direction
in compressively strained thin films.13 The point group symmetry of this AFD phase in
compressively strained thin films is conventionally expressed in Glazer notation as 4mm (a0a0c-),
where a0 refers to zero lattice rotation about the in-plane [100] and [010] directions, and c- refers
to antidistortive rotation about the [001] direction, of the adjacent oxygen octahedra (001)
planes. This notation, however, masks the true color symmetry of these lattice distortions. The
same structure can also be described by the color point group 4 mm , as seen in Fig. 5.6. Here 1
indicates an antisymmetric operator that results in a reversal of the sense of all rigid octahedral
rotations about their rotation axes.

IV. Isomorphism of lattice rotations with magnetic point groups
From a symmetry perspective, the antisymmetric operator is similar to a time-reversal
operator, which is also antisymmetric and reverses the spin or magnetic moment by reversing the
sense of a current loop.24 Hence, for all practical purposes, the antiferrodistortive group 4 mm is
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isomorphic to the magnetic point group 4 mm , which is the symmetry of a C-type
antiferromagnet. Such an isomorphic mapping can be made, in general, between all antidistortive
elastic point groups and magnetic point groups. There are deeper implications for such
isomorphic mapping of magnetic point groups to pure structural distortions, even rigid. The 2color symmetry 4‘mm‘ immediately implies the presence of certain tensor properties that are
distinct from their polar counterpart expected from the 4mm point group. Probing these
properties can thus allow for detecting the unique signature of such octahedral lattice rotations
distinct from the ferroelectric polarization. Such detection is shown in this work where optical
second harmonic generation is used to probe second order optical polarizability (third rank
tensor) to distinguish ferroelectric (FE) (4mm) and AFD (4 mm ) phases in strained SrTiO3
through a broad overlapping phase transitions where both these phases coevolve with
temperature. Other second harmonic generation (SHG) studies have distinguished ferroelectric
and magnetic order parameters in magnetic and multiferroic materials, based on their polar
versus magnetic symmetries, respectively.25 In our study, we probe a diamagnetic material such
as SrTiO3, which has pure lattice distortions whose symmetry, nonetheless, resembles a magnetic
point group.

V. Exploring Antiferrodistortive phase transition in strained SrTiO3 using
optical SHG
The phase transitions in a 500 Å thick, fully commensurate SrTiO3 film grown on a
NdGaO3 (110) substrate by pulsed laser deposition were studied using optical second harmonic
generation. The in-plane lattice parameters of the film were found to be a = 3.859 ± 0.001 Å and
the out-of-plane spacing was c = 3.968 ± 0.001 Å. This shows a nearly commensurate film with
the in-plane pseudocubic lattice parameters of the NdGaO3 substrate being
± 0.001 Å along the [

= 3.864

0] direction and c/2 = 3.839 ± 0.001Å along the [001] direction.26 This

corresponds to an in-plane biaxial compressive strain of 1.18%. Theory predicts that between
180 K and 420 K,7 the film will assume a noncentrosymmetric tetragonal ferroelectric state with
4mm symmetry and polarization p along the [001] direction (out of the growth plane; also
labeled as z or 3-axis).27 In addition, the AFD transition is predicted to occur below 180–200 K.
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This transition is characterized by an order parameter q pointing out of the plane in the z (or 3)
direction, and proportional to the rotation angle φ of the oxygen octahedra (see Fig. 5.6), given
by q =

x tan(φ).

In this study, optical second harmonic generation was employed. As has been discussed
before, this technique involves the conversion of light with optical frequency ω and electric field
Eω to light with frequency 2ω and electric field E2ω through the generation of nonlinear
polarization in the material,

, where dijk is the polar nonlinear optical tensor

that couples to polar order parameter p. The equivalent axial tensor Qijk that couples to axial
order parameter q is involved in the interactions of type

, or

to the lowest order. Though an axial (polar) order parameter does not couple
exclusively to an axial (polar) tensor property, these are the tensors that we are interested in
probing in order to find symmetry distinctions between the AFD and FE phases. We call this
property the roto-SHG effect, in analogy with the magnetic-SHG effect. The fundamental light
used for the experiments was generated by a mode-locked Ti:sapphire laser tuned at 800 nm with
80 fs pulses and an 80 MHz repetition rate. It was chopped at a frequency of 800 Hz to allow
lock-in detection.
A transmission geometry was used with the film facing the incident light and the sample
placed inside an optical cryostat allowing the temperature to be varied between 4 Kand 350 K.
Since light in normal incidence (

= 0°) along the z axis does not generate any SHG for 4mm

symmetry, our sample was tilted by an angle

= 45°) with respect to the input laser (inset of

Fig. 5.7) with x–z as the incidence plane. No SHG was observed from the bare NdGaO3
substrate. The intensity I2ω of the output SHG signal at 400 nm was detected along either the s or
p polarization directions with a photomultiplier tube while the angle of polarization of the
incident light with respect to the incident plane was varied continuously using a λ/2 wave plate.
The resulting polar plots at room temperature are shown in Figs. 5.7(a) and (b) for the p and s
polarizations, respectively.

The nonzero coefficients for the 4mm polar tensor (FE phase) are d15 = d24, d31 = d32, and
d33, where the usual tensor abbreviation of the j and k subscripts are performed. On the other
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Figure 5.7: Polar plots for p (a) and s (b) output polarizations at room temperature. Solid lines
show fits to Eq. (1). Inset : Schematic of the experimental setup
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hand, the nonzero coefficients for 4 mm axial tensor Qijk are only Q14 = Q25 and Q36. These
coefficients are different and complementary, and hence can help distinguish the FE from the
AFD phases. If we assume that both AFD and FE phases give rise to signals that interfere for the
p and s polarizations in our geometry can be generally derived as

5.2

5.3
The coefficients A, B, C, D, and E are functions only of the incident angle φi, the
coefficients dij and Qij of the film, and the indices of refraction of the film and substrate. The
terms fi (i =x, y, z) represent the linear Fresnel coefficients for transmission of the incident
fundamental light through the air-film interface while the terms

are the nonlinear Fresnel

coefficients for the generation of light of frequency 2ω in the film.28 I0 is the intensity of the
incident light and tp,s are the Fresnel coefficients for transmission of light through the substrateair interface. Further, in Eq. 5.2, the polar and the AFD components are symmetry distinct (but
optically interfere): the polar signal arising from 4mm symmetry of the FE phase is given by the
coefficients A, B, and C, and the AFD signal arising from the 4 mm is given by D and E. We
can thus calculate the relative contribution of the AFD component to the overall signal as
5.4
where we have chosen the angle of input polarization θ = 45° to maximize the contribution of
the AFD component. The AFD contribution as a function of temperature is shown in Fig. 5.8(b).
In order to highlight the transitions, we also plot an effective nonlinear optical coefficient (in
normalized units) as

. This coefficient depends only on the nonlinear optical

coefficients, arising from the dominant polar contributions, and the linear and nonlinear Fresnel
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Figure 5.8: (a) Temperature dependence of the second harmonic signal. (b) Temperature
dependence of the effective nonlinear coefficient
SHG signal.
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and the AFD contribution to the overall

coefficients. Therefore any change in
properties of the film. Plotting

will be indicative of changes in the material

vs temperature reveals three distinct regions in the film with

transitions at ~150 K, 250 K, and 400 K, as shown in Fig. 5.8(b) Note that the dominant SHG
signal at all temperatures was the polar FE contribution arising from 4mm symmetry, with the
maximum fraction of AFD signal arising from the 4‘mm‘ phase only ~3% of the polar signal.
While a direct detection of this AFD signal is challenging, the interference of the AFD signal
with the polar signal results in a slight rotation of the SHG polar plots in Fig. 5.7. In particular,
the symmetry considerations from Eq. (1) are such that angles θ where the AFD signal (arising
from terms D, E) is maximum also exactly coincide with where the FE signal (arising from A, B,
C) is minimum, and vice versa. Since these angular minima in the experimental polar plots of
SHG are very precise, and carefully calibrated to the film and substrate crystallographic axes,
any angular rotation of these minima due to a small AFD signal was sensitively detected and
extracted from numerical fits to experiments.
This analysis allows us to present a possible picture of the transitions taking place in the
film. Upon cooling, the FE transition occurs at ~400 K where the SHG signal [Fig. 5.8(a)] and
the

begin to appear. The AFD transition begins at TAFD ~ 250 K, with the relative SHG

componentof the AFD increasing with cooling. This coincides with an anomaly in

By

~75–150 K, both FE and AFD transitions are complete, and film is multiferroic below this
transition.
The clear separation of the FE and AFD phase transitions in the film excludes the
possibility that the axial SHG signal that appears only at the AFD transitions could instead arise
simply from the polar 4mm phase through multipole expansion terms in the induced nonlinear
electric or magnetic polarizations created by laser light. Such a contribution, if present, could
arise only from induced diamagnetic spins in SrTiO3 by the magnetic field of light, coupling to a
fourth ranked polar susceptibility tensor. However, such contributions are too small to measure
within our measurement sensitivity, as seen from the negligible AFD contribution across the
ferroelectric transition. As further evidence, we also studied a 1% compressively strained BaTiO3
film on GdScO3 substrate, which is identical in symmetry with the SrTiO3 film, and has
enhanced ferroelectric transition at ~700 K.29 However, and this is key, this film does not have
any AFD phase, predicted or observed. Indeed, axial SHG signal was absent across the FE
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transition in this film system, as expected. Finally, we studied a partially relaxed SrTiO3 film on
the NdGaO3 substrate with a 0.85%–0.97% compressive strain. In this case, an AFD transition at
~250 K that precedes a FE transition at 200 K was observed by the same technique, in agreement
with theory predictions. Thus, based on these three strained film systems studied here, all with
4mm polar phase, axial SHG signals are observed only when an AFD phase is present and at the
temperatures it is predicted, and is absent otherwise. It should be noted that a direct and
independent measurement of the Q36 coefficient would further confirm the 4 mm symmetry of
the AFD phase. This was, however, not possible in our thin film study since Q36 and Q14 occur
together for any non-normal sample tilt as seen from Eq. 5.4. In normal incidence, no SHG is
expected from FE or AFD phases.
In conclusion, It is shown that the symmetry of pure elastic lattice in the antiferrodistortive
phase in SrTiO3 is isomorphic to magnetic point group 4 mm . This symmetry mapping has real
implications, as shown here in probing the lattice rotation transition using optical SHG that
distinguishes polar versus magnetic symmetries. More generally, such symmetry mapping can
apply to all materials with lattice antidistortions with color groups that are isomorphic to
magnetic point groups, whether the material itself has magnetism or not. Further, one can also
use a variety of other higher-order tensor properties besides SHG to probe the antidistortions
isomorphic with magnetic symmetry. For example, in analogy with magnetoelectric and
magnetostrictive effects, one can imagine symmetry allowed rotoelectric and rotostrictive
effects.

VI. Relaxor behavior in strained SrTiO3 films studied using piezo response
force microscopy
Pure SrTiO3 (STO) is a quantum paraelectric material where quantum fluctuations of
atomic positions suppress a ferroelectric transition, leading to a stabilized paraelectric state at
very low temperature.30 Because the quantum paraelectric state in STO is so close to a
ferroelectric state, the material behaves as a so-called incipient ferroelectric.31 Its ferroelectricity
can be induced by Ca doping 32, the application of electric field

31

and mechanical stress33 in the

low-temperature regime. It has been demonstrated that tensile strained epitaxial STO films on
(110) DyScO3 substrate can be ferroelectric at room temperature8 and the ferroelectric transition
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temperature was consistent with thermodynamic calculations8,34. However, a recent study shows
that strained STO films on DyScO3 are not normal ferroelectric but relaxor ferroelectric, likely
due to Sc doping from the substrate.14 Furthermore, STO films grown on (001) STO substrates
under low oxygen pressures has been observed to be room-temperature ferroelectric owing to the
unusual tetragonality originating from SrO vacancies.35 Therefore, the precise nature of straininduced ferroelectricity in STO films is still unclear, with variously cited roles of strain, doping,
and point defects in a range of films deposited on different substrates and under different
conditions.
In this work, the focus is on the nature of strain-induced ferroelectricity in well-controlled
STO single crystal films with no doping or oxygen vacancy issues. A direct compassion between
1.18%-compressively strained and strain-free STO epitaxial thin films has been performed
through temperature dependent capacitance measurements and piezoresponse force microscopy
(PFM) analysis. An enhancement of transition temperature in the strained films is observed that
is consistent with theoretical predictions. Nonetheless, unlike normal ferroelectrics, the strained
films show the frequency dispersion of the dielectric permittivity, the formation of local
ferroelectricity at room temperature far above the observed transition temperature, and its
thermal decay. Interestingly, strain-free films also show polarization hysteresis at room
temperature; however, the ferroelectricity is unstable without an applied field, and decays away
with time within seconds. The decay of PFM signals of strained STO films is similar to that of
relaxor Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) films.36 From these experimental results, it is
concluded that strained STO films are relaxor ferroelectric. We conclude that the apparent role of
strain is to stabilize long-range correlation between nanopolar regions in the volume of the film.
(001) STO films were grown on (110) NdGaO3 (NGO) and (001) STO substrates using
pulsed-laser deposition with in-situ reflection high-energy electron diffraction by Dr. Ho Won
Jang (Prof. Chang-Beom Eom‘s Group at University of Wisconsin, Madison). The STO films on
STO showed no ferroelectricity according to the previous report.35 The pseudocubic in-plane
lattice parameters of the NGO substrate are 3.863 0.0015 Å and 3.854 0.0015 Å. This
corresponds to an average biaxial compressive strain of ~1.18% in a fully commensurate STO
film on the substrate. Lattice-matched Sr0.2Ca0.8RuO3 (SCRO) bottom and top electrodes on
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NGO were used.37 As a result, coherently strained STO films which are thick enough for
electrical measurements could be achieved. The dielectric measurements on the films were
performed at Oakridge National Laboratory by Dr. Mike Biegalski. The surface of films was
atomically smooth with single unit cell height steps measured by atomic force microscopy.
Atomic intermixing at the interface between STO and SCRO layers is limited to a few
monolayers according to high resolution transmission electron microscopy (TEM) and Z-contrast
scanning TEM images.
According to the thermodynamic calculations8, the ferroelectric transition temperature of
a 1.18%-compressively strained STO film is predicted to be between 80 K and 230 K. The
enhancement of this transition temperature by epitaxial strain can be evaluated by temperaturedependent capacitance measurements performed by M. Biegalski at Oak Ridge National
Laboratory as shown in Fig. 5.9(a). The strain-free film on STO shows the gradual increase of
capacitance with decreasing temperature and flat region at the temperatures close to zero, which
is similar to bulk SrTiO3 behavior. The strain free STO capacitance data are well fitted to the
Curie–Weiss law , ε(T)

(T-TC)-1 where ε is the dielectric constant, consistent with bulk single

crystals. The 60-nm-thick strained film on NGO exhibits maximum capacitances at 120 K–140
K, corresponding well to the theoretical prediction of the ferroelectric transition. The temperature
Tm of ε maximum is shifted to higher values at greater frequencies. This strong dielectric
dispersion is evidence leading to a Vogel-Fulcher behavior described by f = f0exp[-Ea/kB(Tm −
Tf)] where f0 is the attempt frequency, Ea the activation energy, kB the Boltzmann constant, and Tf
the static freezing temperature. The Tm(f) function is well fitted to the law with Tf = 85 K,
Ea = 0.081 eV, and f0 = 4.0

1012 Hz. The Ea and f0 are reasonable values for typical relaxor

behavior38. The data was collected only upto 400 K due to experimental limitations. While an
exact estimate of the Burn‘s temperature is difficult to make without higher temperature data, it
should be noted that the data seems to deviate at about 360 K which in principle gives us an
estimate of the TB. The SHG data obtained for the same film upto 300 K shows that signal
persists at room temperature indicating that the Burn‘s temperature is probably higher. This
would be in agreement with the deviation observed in the dielectric data. It was also noted that
the systematic frequency dependence behavior

of these compressively strained samples is

similar to that obtained in tensile strained samples. The breadth of the dielectric peak seems to be
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Figure 5.9: Temperature dependence of (a) dielectric constant, (b) remanent polarization, and on
NGO (strained) and a 1000-nm-thick STO film on STO (strain-free). (c) SHG signals for the
strained STO film and a STO single crystal. Insets: (a) fits to the Curie-Weiss law and the VogelFulcher law, (b) P-E hysteresis loops measured from the strained film at various temperatures,
and (c) polar plots of SHG intensity for p and s polarizations at 77 K of the strained film. The
dielectric measurements were performed at Oakridge National Laboratoty by Dr. Mike
Biegalski.
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larger in the tensile strained samples that are discussed here. However, it should be noted that the
films were grown using different techniques and hence the defects in the samples are expected to
be different which would make a direct comparison of the dielectric data difficult. It is though
expected that the strain state of the film would have an impact on the frequency response.
The temperature-dependent polarization of both the strained and strain-free STO films is
plotted in Fig. 5.9(b). No considerable remanent polarization (Pr) is detected in the strain-free
film, whereas the strained film displays a ferroelectric polarization-electric field (P-E) hysteresis
loop with the Pr of ~9.5 µC/cm2 at 7 K. Note that the value is much larger than the reported Pr of
Ca-doped STO (0.27 µC/cm2 at 4.3 K) 32, excluding the possibility of Ca diffusion from SCRO
electrodes to STO films as the origin of the observed. It should be noted that there is a clear
internal bias in the P-E hysteresis data as shown in Fig 5.9(b). The bias could arise due to
asymmetric electrodes or due to the processing of the sample, especially the patterning of the
electrodes. Additionally, STO films with Ca-free La0.7Sr0.3MnO3 bottom electrodes showed
similar P-E curves as the STO films with SCRO electrodes. The Pr deceases gradually with
increasing temperature and approaches zero above Tm. The gradual decease of Pr is different
from normal ferroelectrics including BiFeO3 (BFO) which shows an abrupt drop in polarization
at the ferroelectric transition.39 Similar behaviors have been observed in tensile strained STO
films on (110) DyScO3 and GdScO3. The ferroelectric transition of the strained STO films can
also be evaluated by temperature-dependent optical second harmonic generation (SHG)
measurements as shown in Fig. 5.9(c). For the strained film, no SHG was observed from the
NGO substrate and the SCRO bottom electrode. Thus SHG signal was attributed only to the STO
film. Compared with a STO single crystal, the strained STO film shows much stronger SHG
signal and temperature dependence. Similar to Pr, the SHG signal decreases gradually with
increasing temperature, which is significantly different from a normal ferroelectric BaTiO3 that
shows a sharp decrease of SHG signal at the ferroelectric transition temperature.29 An important
thing to note is that finite SHG signal still exists at room temperature for the film, indicating the
presence of nanopolar regions in the films.13
Domain writing/reading or hysteresis loops by PFM are widely used to check whether
thin films are ferroelectric.40 Since PFM signal arises from ~100 nm volume under the tip, these
measurements on

our 50-nm-thick films are volume responses. We performed PFM
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measurements on the strained and strain-free STO films at room temperature, which is well
above the transition temperature. Figure 5.10(a) shows phase-contrast PFM image after applying
-12 V to 2.5

2.5 µm2 area for a strained STO film on NGO. The relatively dark contrast of the

poled region exhibits a 180 phase shift from its surrounding matrix, clearly indicating the
feasibility of domain writing/reading by PFM even at a temperature above the transition
temperature. For strain-free films of STO grown on STO substrates there was no signature of
poling observed in the slow domain writing and subsequent reading process which typically
takes 10 30 minutes each. The lack of a PFM in the strain free STO films that were measured
under identical conditions strongly argues against charge injection or other artifacts being the
source of the PFM signal in STO films on NGO substrates. According to a number of previous
reports on PFM

8,35,40

, these results might suggest that the strained STO film is normal

ferroelectric at room temperature far above Tm . However, the PFM contrast for the strained STO
film gets weaker with time (Fig. 5.10(b)) and completely disappeared after 10 hrs (Fig. 5.10(c)).
This shows that in the strained STO, the field induced long-range correlation between preexisting
nanopolar regions gradually thermally decays with time. Although not observed on slow time
scales, this phenomenon exists in strain-free films as well on faster time scales as seen next.
PFM hysteresis loops are measured with a 100 nm biased tip by applying voltage pulses
of 40 ms for domain reversal, followed by variable pulse-off periods during which time the PFM
signal is measured to avoid electrostatic contributions. Figures 5.11(a) and (b) shows PFM
hysteresis loops with short and long pulse-off duration times for a strain-free and a strained STO
films, respectively. The strained film shows significantly enhanced ferroelectric hysteresis loops,
but even the strain-free film shows ferroelectric hysteresis loops. With longer pulse-off duration,
the loops degrade. Thus, a time-dependent decay of the PFM signal, which is proportional to the
net polarization, is observed in both the PFM domain writing/reading and hysteresis loop
measurements. To confirm the decay of PFM signals, we have measured PFM signal as a
function of time after poling at -25V for both films as seen in Fig. 5.11(c). Both strained and
unstrained STO films show time-dependent decay of the PFM signals. The strained film shows a
larger signal and a much slower decay, whereas the unstrained STO shows a rapid decay of the
PFM signal. The lack of PFM signal and subsequent decay from a mica sample shows that the
behavior is not due to charge injection or other artifacts from surface interaction.
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Figure 5.10: (a) Phase-contrast PFM image after applying -12V to 2.5

2.5 µm2 area for a 50-

nm-thick STO film on NGO. The contrast between poled and non-poled regions gets weaker (b)
after 2 hours and disappears after (c) 10 hours.

Figure 5.11: (a, b) Hysteresis loops for 50-nm-thick STO films on (a) STO and (b) NGO
substrates measured by an AFM tip at room temperature. (c) PFM signal as a function time after
poling with +25V.
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The gradual decay of the PFM signals has been fitted to the power-law decay equation,
P(t) = P0t- where P0 is the magnitude of the initial PFM signal and

the decay exponent. The

linear behavior in log[P(t)] versus log[t] plots in Fig. 5.12 verifies that the decay of the PFM
signals in both STO films on NGO and STO follow the power-law behavior at room temperature,
meaning that the decay of the PFM signals is a thermal process. The smaller slope,

, of the

strain-free film indicates a higher stability of the field-induced local ferroelectricity. Based on
their behavior, ferroelectrics can be divided into two different classes, normal or relaxor-type.
We have also measured PFM signal as a function of time after poling for a typical normal
ferroelectric film (BFO) and a typical relaxor ferroelectric film (PMN-PT) as shown in Fig. 5.
The normal ferroelectric BFO film on (001) STO (with a TC of 830 °C)

41

shows no decay in

PFM signal for the measured time period. In contrast, the relaxor PMN-PT film on (001) STO42
shows decay, and its behavior is analogous to that of the strained STO film. The smaller α and
the higher P0 values in the PMN-PT film is attributed to its higher TC than that of the STO film.
From these results, we suggest that the measurement of the decay of the PFM signal would be a
novel way to evaluate the nature of ferroelectricity in thin films. Problems with backswitching
were avoided by poling the samples with positive voltages so that the polarization is pointed
toward the conducting bottom electrode where the charged surface is effectively screened.43
Thus the PFM signal is free from polarization relaxation due to the depolarization effect.44 This
implies that the P0 and

values obtained from the decay measurement are intrinsic properties of

the material at the measured temperature. In consequence, it is believed that the P0 represents the
magnitude of the spontaneous polarization and whether the material is a normal or a relaxor can
in-principle be defined based on the

value.

In order to rule out extrinsic effects of surface electrochemistry45 or charge injection
(electret effect)46 mediated by mobile ions in the ambient atmosphere, we have carried out
control PFM measurements under ultra-high vacuum (2

10-10 Torr) over the temperature range

from 50 K to 300 K,46 as shown in Fig. 5.13. The measurements confirm the presence of
switchable polarization on the strained film, and very weak ferroelectric hysteresis on the strainfree film, in qualitative agreement with the ambient measurements in Fig. 5.12. Upon cooling
down to ~90 K, the hysteresis loop of the strained film remains largely unchanged, except for a
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Figure 5.12: Decay of PFM signal as function of time for BFO, PMN-PT, strained STO, and
strain-free STO films. Solid black lines are fits to the power-law decay.
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Figure 5.13. (a, b) Averages of local PFM hysteresis loops obtained in 30–50 locations on the
surface of 50-nm-thick (a) strain-free and (b) strained STO films at 300 K and 90 K in vacuum.
The standard deviation of each dataset is ±0.15 for 300 K and ±0.1 for 90 K. (c, d) PFM images
(left: amplitude-contrast, right: phase-contrast) of polarization domains recorded at 50 K by
scanning the tip biased at ±8−10 V across the surface of the (c) strain-free and (d) strained films.
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statistically significant upward shift along the y-axis. However, the loop on the strain-free film
opens up, and reveals a preferential downward direction of ferroelectric polarization, wherein the
remanent polarization on the bias-negative branch of the hysteresis loop is observed to
spontaneously back-switch to positive values. The mere opening of the hysteresis loop on the
strain-free STO suggests that the material may also exist in the relaxor state, and the effect of
cooling is to slow the relaxation rate, enabling small residual polarization to be observed on the
time-scale of the PFM experiment. At an even lower temperature of 50 K, we have been able to
pole both STO films as shown in Figs. 5.13(c) and 5.13(d), and the polarization domain patterns
were stable on at least 30 min time-scale. Altogether, vacuum PFM has confirmed the presence
of electric-field induced spontaneous polarization in the strained film, and revealed that the
strain-free film also attains such a behavior at low temperatures.
Our experimental results strongly indicate that both strain-free and strained STO films
exhibit relaxor behavior at low temperatures. The origin of the relaxor behavior should be
nanopolar regions as suggested by Fig. 1(c). Recent studies demonstrated the existence of polar
rhombohedral clusters (Ti disorder) even in bulk STO single crystal.47 We suggest that epitaxial
strain acting as a long range cooperative field can lead to the stabilization of polar clusters,
causing the strained STO film to possess a higher ferroelectric temperature and a longer decay
time than the strain-free STO films.
In conclusion, relaxor ferroelectricity has been demonstrated in the volume of strain-free
STO films consisting of nanopolar regions with short correlation lengths. The role of strain is, in
a sense, similar to an electric field, in that both can stabilize long-range correlation between
preexisting nanopolar regions. The PFM results demonstrate that PFM domain writing/reading or
hysteresis loops do not provide sufficient evidence for normal ferroelectricity in films, and their
time-dependence has to be measured as well. We believe that the power-law exponent,

as well

as the time dependence of the correlation length, , as measured from the decay of the PFM
signal are good measures to evaluate the nature of ferroelectricity in thin films. Finally, we
propose that strain-induced relaxor ferroelectricity can exist in other incipient ferroelectrics such
as KTaO3 and CaTiO3, based on a similar mechanism.
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VII. Conclusions
In conclusion, a unique form of multiferroicity, namely an induced ferroelectricantiferrodistortive phase in strained SrTiO3 is reported with the co-existence of polar
ferroelectric order parameter p and an axial antiferrodistortive rotation order parameter q. A
ferroelectric transition temperature Tmax ~250K, Burns temperature Tb ~323K, and an
antiferrodistortive transition at TAFD~160K have been determined using optical second harmonic
generation (SHG) in a 0.94 % tensile strained film on DyScO3. For the first time, ferroelectric
domains were directly imaged at room temperature and above in this material using PFM.
Switching of domains under applied in-plane fields show evidence for the movement of coupled
ferroelectric 90° domain walls in the ferroelectric phase under external fields, in agreement with
phase-field modeling. Evidence of relaxor ferroectric like behavior in the tensile strained film is
also confirmed using SHG and piezo force microscopy.
The symmetry of pure elastic lattice in the antiferrodistortive phase in SrTiO3 is observed
to be isomorphic to magnetic point group 4 mm . This symmetry mapping has real implications,
as shown here in probing the lattice rotation transition using optical SHG that distinguishes polar
versus magnetic symmetries. Using symmetry arguments, It is shown how the AFD contribution
to the overall SHG can be seperated from the polar contribution and the phase transition
involving octahedral tilting can be studied. More generally, such symmetry mapping can apply to
all materials with lattice antidistortions with color groups that are isomorphic to magnetic point
groups, whether the material itself has magnetism or not.

The nature of strain-induced ferroelectricity in STO films has been revealed to be
relaxor-type behavior consisting of nanopolar regions with short correlation lengths. Epitaxial
strain can act similar to an electric field, in that both can stabilize long-range correlation between
preexisting nanopolar regions. The PFM results demonstrate that just showing PFM domain
writing/reading or hysteresis loops is insufficient evidence for normal ferroelectricity in films,
and their time-dependence has to be measured as well.. We believe that the power-law exponent,
as measured from the decay of the PFM signal is a good measure to evaluate the nature of
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ferroelectricity in thin films. Finally, we propose that strain-induced relaxor ferroelectricity can
exist in other incipient ferroelectrics such as KTaO3 and CaTiO3, based on a similar mechanism.
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Chapter 6
Monoclinic distortion observed in BaTiO3 using confocal SHG
microscopy

I. Introduction
Optical second harmonic generation (SHG) microscopy is a kind of tomography using
optical waves generated in a specimen.1 Ferroelectric crystals always possess noncentrosymmetry and hence are ideal candidates to be studied using this technique. As the laser
beam enters the crystal, the second harmonic waves are generated in these crystals which can
provide qualitative as well as quantitative information about the ferroelectric domain structures
in a non-destructive manner.2,3 SHG technique is also sensitive to the magnetic symmetry in
materials and has been used to image anti-ferromagnetic as well as ferroelectric domains in
multiferroic materials like YMnO3.4 Since SHG microscopy is a surface sensitive technique, it
can also be used to study materials which exhibit surface ferroelectricity. SHG microscopy has
been successfully applied to visualization of periodically poled ferroelectric domains, domain
structures in epitaxially grown magnetic garnet films, and polar orientational distribution in thin
polymer films.1,5 Nondestructive imaging of domain walls is important from the point of view of
basic research as well as applications e.g. for characterization of frequency conversion devices
utilizing quasiphase matching by periodically poled domains. Recently, SHG microscopy has
also found applications in the field of bio-imaging to study the growth of cancer cells in a
collagen matrix.6
The walls between neighboring domains is an interesting subject for SHG microscopy as
localized symmetry analysis can reveal how the polarization is modified due to strain across a
domain wall. The precise directions of polarization in each of the domains can be determined
with high resolution microscopy and a good estimate of the variation of optical non-linearity in
the material can be made. In this chapter, SHG microscopy has been utilized to study domain
structures in the well known ferroelectric material BaTiO3 and anomalous behavior of SHG
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response close to 180° domain wall has been observed which point to a localized monoclinic
distortion near the wall in the crystal.

II. Barium Titanate : Domains and Domain walls
Barium Titanate (BaTiO3) has been studied extensively since its discovery in 1940s due
to its large dielectric constants, piezoelectric response and elastic constants.7 It is used in many
applications such as capacitors, electro-optic devices and memory devices.

The physical

properties of BaTiO3 are strongly influenced by the presence of domains which arise due to
multivariants in spontaneous polarization and strain.
A domain is a uniform volume of spontaneous electrical polarization formed on cooling
the material from the paraelectric to ferroelectric state or due to a transition between two
ferroelectric states. Domains develop in different configurations upon undergoing a transition to
relieve stress in a material so that the overall elastic energy is minimized. The configuration of
domains in a ferroelectric phase depends on the crystal symmetry of that phase. Ferrroelectric
domains in a material can be altered by temperature, pressure, electric field and the past history
of the material. The domain structures determine the mechanisms of polarization reversal in the
material and also affect the dielectric, elastic and piezoelectric properties since the walls that
separate domains are mobile under an external electric field.
Barium Titanate (BaTiO3) has four phase stability regions as a function of temperature.
BaTiO3 has the prototype cubic perovskite structure (point group m3m) above 120°C.8 Below
120°C, it transforms successively to three ferroelectric phases : first to 4mm tetragonal, then to
mm2 orthorhombic at about 5°C, and finally to a 3m trigonal phase below -90°C. The unit cell in
each of these phases is shown in Figure 6.1. The polar axis in the three ferroelectric phases is
[001], [011] and [111] respectively. Since the polarization axis in each phase changes, the
domain configuration also varies as the structure changes with temperature. All three transitions
are of first order and the temperature dependence of the dielectric constant shows discontinuities
at the transitions and peak values as high as 10000. Above Tc = 120°C, the dielectric constant
follows a Curie-weiss law.
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Figure 6.1: Schematic representations of unit cells in different phases of BaTiO3.
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During the transformation of BaTiO3 from cubic to tetragonal structure, the c-axis
elongates and the c/a ratio increases to 1.01.9 Strains develop and are relieved by the formation
of domains with polarization along one of the three principal crystallographic axes. There are six
possible orientations in the tetragonal phase due to the degeneracy of ±Ps. In the tetragonal phase
which is observed at room temperature, three types of domain boundaries are observed. . The
first one is the wall between a domain in which all dipoles are aligned perpendicular to the
crystal plate (c domain) and a domain in which all dipoles are aligned in a direction parallel to
the crystal plate surface (a domain). Such a wall is called a 90 domain wall because the two
domains are polarized at 90 to each other. The second type of wall in BaTiO3 arises when the
polarization on both sides of the wall lies parallel to the major surfaces of the crystal plate (a
domains) and is also a 90

domain wall. The third type of boundary is a 180 wall, that is, a

boundary between domains with antiparallel polarization. Optical microscopy cannot distinguish
between the 180 domain walls since the change of optical indices is only related to stress and
not direction.
As the temperature decreases below 0°C, BaTiO3 undergoes the orthorhombic transition.
The polarization axis changes to one of the twelve [101] directions and the domains can meet
with polarization vectors forming 60 , 90 and 180 angles.8,9 As the temperature decreases even
further below -90 C, the orthorhombic phase transforms into the rhombohedral phase where the
polarization goes to one of the eight [111] directions resulting in 71 , 109 and 180 domain
walls. Experimentally, birefringence is not observed in the tetragonal phase but is found in both
the orthorhombic and rhombohedral phase.
Several techniques such as optical microscopy, scanning electron microscopy and
transmission electron microscopy have been used to correlate the domain structures and the
physical properties of BaTiO3.10 Most of these studies have been performed on the room
temperature tetragonal phase as low temperature experimental setups are not required. Using
polarized light microscopy, the c and a domains have been visualized.10 Etching experiments
can help visualize both 90 and 180 domain walls but are destructive to the sample. Contrast
based information regarding domains and domain walls has also been obtained from electron
microscopy techniques. However, information about the local symmetry across a domain wall in
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these domain strctures cannot be revealed using either of the above mentioned techniques. In this
context, Optical SHG microscopy has an advantage over these techniques as it can provide local
symmetry information across these domain walls and help us determine the exact direction of
polarization in each of these domains based on symmetry analysis.

III. Experimental setup for confocal microscopy
The confocal SHG microscope has been modified from a Witec alpha™ 300 S confocal
Raman microscope equipped with a XYZ translation stage and a Linkham™ heating cooling
stage. The experimental setup for the SHG microscope is shown in Figure 6.2. The fundamental
beam (800 nm) from a tsunami Ti:Sapphire femtosecond laser is aligned along the optic axis of
the microscope using mirrors. It should be noted that excellent alignment of the fundamental
beam is critical to obtain correct symmetry of SHG polar plots from chosen domains. The system
also has an optical microscope with a CCD camera attached to it which allows us to do polarized
light microscopy. The fundamental beam is focused on to the sample surface using a 100X
objective lens (N.A. = 0.35). The sample can be studied either in the back-reflection geometry or
in transmission geometry. Only transparent samples can be studied in transmission mode where
the beam is focused from below the sample. In the reflection mode which has been used to study
the BaTiO3 crystal, the reflected SH waves are collected by the focusing objective itself and sent
back along the optical axis. The fundamental beam is removed from the signal by using low-pass
filters. The signal is then fed into a Photomultiplier tube or a spectrometer ( connected to a
controlling computer). The XYZ stage is also controlled by the computer which allows 2-D
scanning of the sample surface as well as depth scans. The signal from the photomultiplier tube
is fed into a lockin amplifier which locks onto a frequency at which the fundamental beam is
chopped. The software allows precise positioning of the beam at a certain position on the sample
with practically no drift thus allowing the collection of SHG polar plots over time from the spot.
The spot size of the fundamental beam on the sample using 100X objective is about 300 nm.
In addition, the microscope also allows confocal Raman imaging of the sample by using
sharp high-pass filters. The exciting beam is coupled from an Argon ion laser using a fiber and
the signal is collected using the spectrometer. Using the software, images can be collected over
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Figure 6.2: Experimental setup for confocal SHG microscopy
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areas and processed to reveal domain features. Thus, the designed confocal microscope has been
modified to perform SHG microscopy with a lateral resolution of about 300 nm.

IV. Confocal SHG imaging of domain walls in BaTiO3
Confocal SHG microscopy has been applied to study c-a domains in a single crystal of
BaTiO3. Fig 6.3(a) shows the optical image of the domains with bright and dark contrast
indicating c-domain and a-domain respectively. The c domain appear dark since the optic axis
for a tetragonal phase is along the c axis. Fig 6.3(b) shows the SHG image of the domains taken
with the both input and output polarization along the Z axis ( Lab frame as shown in Fig. 6.3)
with bright and dark contrast again indicating c-domain and a-domain respectively. The domain
structure is clearly identified by performing a symmetry analysis on the SHG signal obtained at
different spots in the image as has been discussed below. The contrast generated between the cdomain and the a-domain arises due to different tensor elements being probed by the incident
beam for the two domains.
Referring to Fig. 6.3, let the fundamental beam (800 nm) travel down the Y direction,
with the incident polarization ( Eω) rotating in the X-Z planemaking an angle θ with the Z axis.
The output analyzer is fixed alongthe Z or the X axis. We calculate here the nonlinear
polarization (P2ω) along the coordinate axes X and Z as a function of the incident field Eω, θ and
dij for the different orientations of the doamins. The nonlinear optical polarization P2ω for the
tetragonal point group 4mm is given by

6.1

which gives,
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Figure 6.3: (a) Optical image of

c-a domains in BaTiO3 crystal (b) SHG image with

fundamental beam along Z axis and SHG output along Z axis. (c) Polar plots collected at spot A
and B in Fig. 3(b). The dark features are c oriented domains while the bright features are a
domains. Both 90 and 180 walls are clearly observed.
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6.2
Where Ex, Ey and Ez are fundamental electric fields inside the nonlinear material.

For a c oriented domain, the crystallographic z axis lies along the Y direction while the
crystallographic x and y axes are aligned along the Z and X direction respectively. For the
rotating incident polarization, EZ = Ex =cos θ, EX = Ey = sin θ and EY = Ez = 0 . Thus, the intensity
of the SHG signal along Z and X directions (positions of the analyzer) are given by :

6.3
Hence, for a c-domain, no SHG signal is theoretically expected when the analyzer is placed
along the X or Z directions.
For an a oriented domain, the crystallographic y axis lies along the Y direction. The
crystallographic z axis can lie either along the Z or X direction, which in turn gives rise to two
types of a domains in BaTiO3. For now, let us assume that the crystallographic z axis lies along
the Z direction and the y axis lies along the Y direction. For the rotating incident polarization, EZ
= Ez =cos θ, EX = Ex = sin θ and EY = Ey = 0 . Thus, the intensity of the SHG signal along Z and
X directions (positions of the analyzer) are given by :

6.4
Thus, the intensity for an a-domain is given by :

6.5
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Figure 6.4: (a) Optical image of

a1-a2 domains in BaTiO3 crystal (b) SHG image with

fundamental beam along Z (0 ) axis and SHG output along X(90 ) axis. (c) Polar plots collected
at spot A,B and C in Fig. 6.4(b). 180 walls between two types of a domains are clearly
observed.
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where K1 and K3 are scaling parameters and K2 = d33/d31.It should be noted that K2 is purely a
material property and has been reported to be about 0.4 for BaTiO3. These equations have been
fit into the data obtained for point B as shown in Figure 6.3(c) thus confirming that the
polarization and hence the crystallographic z axis is indeed along the Z direction. If however the
z axis lies along the X direction and the x axis lies along the Z direction (case of 2 nd variant of a
domain ), then the intensity equations for this domain would appear as,

6.6
It is quite obvious from the equation that the data in Fig. 6.3(c) cannot fit it thus ruling out the
possibility that the polarization and hence the z axis can lie along the X direction in fig. 2. 180°
domain walls are also clearly seen in Figure 6.3(b). The walls appear broader due to the limit on
the lateral resolution of the technique.
Two types of in-plane a-domains separated by 90° domain walls are observed in BaTiO3
using confocal SHG microscopy as shown in Figure 6.4. These domains exhibit contrast in the
optical image as the optic axis is aligned perpendicular to each other in adjacent domains. A
similar bright and dark contrast is observed in the SHG images as different tensor componets are
probed by the incident polarization in the adjacent a-domains. The SHG polar plots for three
points A,B and C in the SHG images are shown in Figure 6.4(c). The SHG polar data for spot A
fits Eq. 6 and has polarization ( and z axis) oriented along the X direction. The data for spots B
and C fits Eq. 5 and has polarization oriented along the Z direction. The boundary between the
bright and dark region in Figure 6.4(b) represents a 90° domain wall. 180° domain walls are also
seen in the bright rehion due to destructive interference of the SHG signal across the wall. The
polar plots across the 180° domain wall in spots B and C look similar suggesting that the
polarization in these two regions is anti-parallel to each other. Interference microscopy can in
principle create opposite contrast between two domains across a 180° domain wall but has not
been used here. Thus, all three possible domain variants and two types of domain walls expected
in Barium titanate have been visualized using confocal SHG microscopy.
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V. Monoclinic distortion in BaTiO3
Monoclinic ferroelectric phases have been reported in Pb–based perovskites with
morphotropic phase boundaries.11,12 These low symmetry phases are sandwiched between
rhombohedral and tetragonal phases and are considered important for the high piezoelectricity of
Pb-based perovskites.12 Researchers have been intrigued by the possibility of such low symmetry
phases also existing in lead free ferroelectrics. In this context, the structural phase transitions of
bulk BaTiO3 single crystal have been recently reexamined.
In the latter half of 1940s, many structural investigations were made using X-ray and
neutron diffractions in order to study the phase transition mechanism in BaTiO3.13,14,15 These
studied revealed the existence of four phases which are conventionally called as ―cubic‖,
―tetragonal‖, ―orthorhombic‖ and ―rhombohedral‖ from high to low temperatures.13 Matthias and
Hippel16 took precession photographs of the crystal to investigate the origin of ferroelectricity
and pointed out that the tetragonal diffraction pattern of the phase that exists at room temperature
is superposed on another pattern composed of extra spots which are not on a perfectly
rectangular reciprocal lattice net but on a slightly paralleopiped net. Both patterns, however, had
common diffraction spots corresponding to the tetragonal spots which was interpreted as a twin
plane. Rhodes took X-ray oscillation photographs in the orthorhombic phase and observed either
single spots or double spots and in some case both having different intensities based on
samples.17 He stated that those patterns could be explained if two crystal forms i.e. tetragonal and
monoclinic were assumed. On the other hand, Jona and Pepinsky took X-ray Weissenberg
patterns in the low temperature phase and assumed a rhombohedral character.18 But they doubted
their result, saying that the true symmetry of the low temperature phase appeared to be lower,
probably a monoclinic. Recent precise X-ray diffraction measurements using a precession
camera suggest that BaTiO3 single crystals have coherent hybrid structures with tetragonal and
monoclinic lattices, sharing the (101) face of the tetragonal, which is guessed to have a relation
with the formation of 90° domains.19 There have also been recent reports of a new monoclinic
phase observed in field cooled crystals using high precision X-ray diffraction investigations
which appears to be stable upon removal of the electric field.20 While the results of these studies
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still remain to be validated by other researchers, it seems worthwhile to explore the possibility of
a coexisting monoclinic phase with the room temperature tetragonal phase in BaTiO3.
SHG is a very sensitive tool to study even minor changes in crystal symmetry and should
be able to detect any monoclinic distortion of the tetragonal unit cell. Another advantage of our
technique is high lateral resolution (about 300 nm) which can allow us to minutely explore
regions of any possible monoclinic distortion.

VI. Observation of monoclinic distortion in BaTiO3
Most of the regions studied on the BaTiO3 crystals showed clean c and a domains with
excellent polar plots confirming the tetragonal symmetry in these domains. However, some
regions showed the presence of ―dagger‖ domains which terminated within another domain as
shown in Figure 6.5(a). Some unique SHG images were obtained close to these dagger features
which have been shown in Figure 6.5(b). The overall SHG contrast in the image arises due to the
presence of two variants of a domains separated by 90° domain walls. We observe a staircase
pattern right next to the dagger features which looks like 180 walls at first glance. However,
some regions close to the staircase are illuminated much strongly than one would expect across a
180 wall. Also, one can observe fine fringe-like features in regions close to the staircase pattern.
This region was studied in different input and output configurations as shown in Figure 6.6 and
the fringe patterns were observed in most of these scans. It should be noted that no contrast is
observed in the optical image and these features do not seem to have their origin in optical
birefringence.
A closeup view of the SHG scan in the staircase region is shown in Figure 6.7.
The fringes appear distinctly in the region next to the step of the staircase. Another point to note
is that the bright fringes across the staircase seem to grow dimmer as we go farther away from
the dagger features (shown in Figure 6.5) which seems to further suggest that these fringe
patterns have their origin in stress fields created by the dagger domains. In order to confirm the
symmetry of the crystal in these regions, SHG polar plots were obtained in different spots across
the staircase. The regions to the left of the staircase show pure tetragonal symmetry in both types
of a domains. However, the polar plots obtained in the fringe region appear different from those
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Figure 6.5: (a) Optical image of a region with ―dagger‖ domain features (b) Confocal SHG
image taken with both input and output along Z axis ( 0 in 0 out indicated by read and blue
arrows). The staircase pattern is observed in front of the ―dagger‖ domains and the regions
adjacent to the staircase has complex features (fringed patterns).
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Figure 6.6: Confocal SHG images taken in different configuration of input and output
polarizations (a) 0 in 0 out (b) 0 in 90 out (c) 90 in 90 out (d) 45 in 0 out and (e) 45 in
90 out bring out differential contrast in the region of interest. (f) optical image of same region.
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Figure 6.7: High resolution confocal SHG image taken in a region across the staircase pattern
with input along the Z (0 ) and output polarization along the X(90 ) axis. Fringed regions are
observed close to the ―staircase‖ features.
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obtained in the adjacent regions. The polar plots obtained in two different spots in the fringed
region are shown in Figure 6.8. These plots cannot be fit into Eqs. 5 or 6 as shown in Figure 6.8
and hence the tetragonal model with polarization along one of the edges of the crystal is ruled
out. In this context, we consider the possible scenario of in-plane or out of plane rotation of the
polar z axis in the tetragonal phase. We also consider the possibility of existence of an
orthorhombic, rhombohedral and monoclic phase in these regions. Using symmetry analysis,
each of these possibilities has been evaluated and the results are discussed below.
Out of plane rotation of polarization in tetragonal model
Let us consider the possibility of out of plane rotation of the polar z axis in the fringed region. As
shown in Figure 6.9, the crystallographic z axis rotates away from the Z direction by an angle α
in the Y-Z plane. The intensity of the SHG signal along Z and X directions (positions of the
analyzer) are given by :

15cos2 sin2 cos )2
6.7
Thus, the intensity for a domain where the polarization is rotated out of plane is given by :

6.8
where

,

and

are functions of d15, d31, d33 and α. The Eq. 6.8 is qualitatively equivalent to

Eq. 6.5 and cannot fit the data in Figure 6.8. Hence, the possibility of out of plane rotation of the
polar axis in the tetragonal phase is ruled out.
In-plane rotation of polarization in tetragonal model
Let us consider the possibility of in-plane rotation of the polar z axis in the fringed region. As
shown in Figure 6.10, the crystallographic z axis rotates away from the Z direction by an angle α
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Figure 6.8: Polar plots collected at different spots in the SHG image taken in 0 in 0 out
configuration fit to a tetragonal model. Clearly the plots do not fit well.

Figure 6.9 : Out of plane rotation of polarization in the tetragonal unit cell
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in the X-Z plane. The intensity of the SHG signal along Z and X directions (positions of the
analyzer) are given by :

6.9
Thus, the intensity for a domain where the polarization is rotated out of plane is given by :

6.10
where

,

and

are functions of d15, d31, d33 and α. The same set of

,

and

and α

must simultaneously fit into the data shown in Figure 6.8. The misfit plots for spot 2 in Figure
6.8 using model described by Eq. 6.10 are shown in Figure 6.11. Hence, the possibility of inplane rotation of the polar axis in the tetragonal phase is ruled out. A further confirmation that an
in-plane rotation model would not fit into the data pattern is obtained by placing the analyzer in a
position different from the Z and X directions, collecting the plots and analyzing them as
discussed in later section on the monoclinic distortion case.
Orthorhombic distortion of unit cell
Let us consider the possibility of orthogonal distortion of the unit cell in the fringed region. The
crystallographic z axis is oriented along Z direction and the x axis is lined up with the X
direction. Since the nonlinear tensors for the orthorhomic and tetragonal phase look identical
except d24 ≠ d15 and d32 ≠ d31 in the orthorhombic phase. These terms do not contribute to SHG
intensity for the defined orientation and hence the intensity expressions for Z and X directions is
given by :

6.11
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Figure 6.10 : In-plane rotation of polarization in the tetragonal unit cell

Figure 6.11 : Polar plots collected at spot 2 in the SHG image taken shown in Figure 8 have
been fit to in-plane rotation of polarization in the tetragonal unit cell . Clearly the plots do not fit
well.
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The Eq. 6.11 is qualitatively equivalent to Eq. 6.5 and cannot fit the data in Figure 6.8. Hence,
the possibility of orthorhombic distortion of the unit cell is ruled out.
Rhombohedral distortion of unit cell
Let us consider the possibility of rhombohedral distortion of the unit cell in the fringed region.
In the rhombohedral phase, the polar z axis is oriented along the [111] direction of the
pseudocube and has components of polarization both in and out of the (001) plane as shown in
Figure 6.12. The intensity for a rhombohedral domain where the polarization is rotated out of
plane is given by :

6.12
where

,

and

are functions of d15, d22, d31 and d33. These two equations cannot

simultaneously fit the data for spots shown in Figure 8. For fitting
large in comparison with

and

data,

should be quite

. However, the reverse condition is needed to fit data for

. Hence, the possibility of out of rhombohedral distortion of the unit cell is ruled out.
Monoclinic distortion of the unit cell
Let us consider the possibility of monoclinic distortion of the unit cell in the fringed region. The
point group of the unit cell can be 2 or m. The point group 2 can be ruled out based on simple
calculations. Here, we consider the possible case of the point group being m. We assume that the
polarization is in the plane of the crystal (Z-X plane for lab axes), z axis is along the Z direction
and x axis is along the X direction (Figure 6.13). The intensity of the SHG signal along Z and X
directions (positions of the analyzer) are given by :

6.13
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Figure 6.12 : Rhombohedral distortion of the unit cell with polarization along [111] direction.

Figure 6.13 : Polar plots collected at different spots in the SHG image taken in 0 in 0 out
configuration fit to a Monoclinic model. The fits are excellent for each of the two spots shown
here.
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Thus, the intensity for a domain where the polarization is rotated out of plane is given by :

6.14
where

and

are scaling parameters,

,

,

, and

. The fits to Eq. 6.14 are shown in Figure 6.13. These fits are good and are able to
explain the rotation observed in

and the variation in the four lobed pattern for

. The

fitting parameters are extracted from the fits for further evaluation. From this analysis, it is clear
that only a monoclinic distortion model fits into the polar plot data obtained in spots on the
fringed area. We further confirm the monoclinic model by fitting the data obtained in different
positions of the analyzer and analysis as shown below.

Further confirmation of Monoclinic distortion in the unit cell
The position of the analyzer is rotated by an angle α with respect to the Z and X directions and
the polar plots are collected in these positions of the analyzer. . The intensity of the SHG signal
along the different positions of the analyzer are given by :

13cos2 + 15sin2 sin )2

13cos2 + 15sin2 cos )2

6.15

Thus, the intensity for a domain where the polarization is rotated out of plane is given by :

6.16
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Figure 6.14 : Polar plots obtained at different positions of the analyzer for spot 2 in Figure 13 fit
to the monoclinic model.
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where

,

,

,

,

and

are functions of d11, d13, d15, d31, d33, d35 and α. The fits

for theree different values of α = 0,+8 and -8 are shown in Figure 6.14 at spot 2 (Figure 8). These
fits are excellent and further confirm earlier deduction that the symmetry in these fringed regions
is indeed monoclinic. It should be noted that this fitting also rules out the possibility of in-plane
rotation of polarization in tetragonal phase as the polar plots collected at analyzer position α
angle away from the X axis should have shown a distinct rotation.

VII. Origin of contrast in the fringed pattern
Am important question is what generates the contrast observed between spots 1 and 2 in Figure
6.8. The fringe pattern evolves with time and is lost over a long period of time (about 30 days
after cooling of crystal ). Patterns observed over a period of 3 days are shown in Figure 6.15 and
polar plots at 4 spots are shown with fits to the monoclinic model. Upon fitting the polar plots
into the monoclinic model, we extract the fitting parameters K2,K3,K5 and K6 for all the 4 spots
shown in Table 6.1.

Table 6.1 : Fitting parameters extracted from polar plots taken along Z( analyzer along 0 ) and
X(analyzer along 90 ) directions at the four spots in the fringed region shown in Figure 6.15.

For spot 1 and 2 which are bright and dark respectively, it is observed that K3 = d35/d31
has opposite signs. The magnitude of K3 is close to 0 for spot 1 suggesting no rotation of the
polar plot away from the X direction while the magnitude is larger in spot 2 thus giving a distict
rotation of the polar plot in 0 out configuration. K5 and K6 are simultaneously negative for spot
1 giving rise to unequal lobes in 90 out configuration while they have oppposite signs for spot 2
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Figure 6.15: (a) Polar plots obtained at two different spots in the SHG image shown with fits to
monoclinic model. (b) Polar plots obtained at two different spots in the SHG image after 3 days
shown with fits to monoclinic model. The fringe contrast decays over a period of time of about
30 days after cooling the crystal. This data has been analyzed and results are shown in Table 6.1.
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which generates equal lobes in the 90 out configuration. The origin of these differences is
expected to arise from the differential distortion that the unit cells undergo to accommodate the
strain field adjacent to the ―dagger‖ domains. It is our current understanding that the unit cells
monoclinically ―distort‖ along different crystal axes to generate these fringe patterns.
Unfortunately, the exact angle of monoclinic distortion in the bright and dark regions cannot be
calulated from these measurements. But still, a qualitative understanding of the change in the
crystal structure in these regions influenced by strain field can be obtained. This work is
currently under progress in terms of trying to correlate the origin of contrast in the fringed
regions with the types of monoclinic ditortions of the tetragonal unit cell.

VIII. Conclusions
To conclude, we have observed the local symmetry in c and a domains in BaTiO3 using
confocal SHG microscopy with a lateral resolution of about 300 nm. The local symmetry in each
of these domains is confirmed to be tetragonal 4mm as expected at room temperature. Both 90
and 180 domain walls have been observed and a domains on either side of a 180 wall have the
same symmetry. We have observed interesting contrast close to ―dagger ‖ domains which
appears in the form of a staircase. Fringes are observed close to the staircase pattern whose local
symmetry is not consistent with tetragonal crystal structure. The only model that fits into the
SHG data in these regions is that of a monoclinic distortion of the tetragonal unit cell. Data
analysis seems to suggest that differential monoclinic distortion arises close to the strain fields
generated by the dagger features which generates the fringes. These results highlight the scope of
high resolution localized symmetry evaluation in ferroic crystals using confocal SHG
microscopy. This result is also important in the context of the continuing debate among
researchers on the precise structure of what is widely accepted as the tetragonal phase of BaTiO 3
at room temperature.
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Chapter 7
Conclusions and future work

The focus of this thesis falls under three major categories namely, (1) Exploring polar
and magnetic symmetries in different types of multiferroic and multifunctional materials and
studying spin charge coupling in them (2) Studying domain wall dynamics and octahedral tilt
transitions in strained ferroelectrics and exploring the exact nature of ferroelectricity in these
materials , and (3) developing a better understanding of local symmetry in domains and around
domain walls in a ferroelectric material using newly developed technique confocal SHG
microscopy. These goals were achieved using a combination of nonlinear optics, scanning probe
microscopy and confocal microscopy experiments.

I. Conclusions
The major conclusions of this work are presented below :

(1) Multifunctional materials promise to provide the foundation for a new class of devices in
which electrical, magnetic, elastic and other properties are coupled to one another. Evidence for
piezoelectricity and antiferromagnetic ordering in a new multifunctional material, PbVO3 has
been shown. Through the use of second harmonic generation and X-ray linear dichroism, we
determine a transition from a polar only 4mm state to a polar and magnetic state below ~ 100130 K. In combination with theory, the magnetic symmetry has been narrowed to be G-type
(4’/m’mm‘) or spin glass. This offers another successful example of the design algorithm for
cubic perovskites where polar properties are mediated through the A-site cation and magnetism
through the B-site cation.

(2) The interplay between spin waves (magnons) and electronic structure in materials leads to the
creation of additional bands associated with electronic energy levels, called magnon sidebands.
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The large difference in the energy scales between magnons (meV) and electronic levels (eV)
makes this direct interaction weak, and hence magnon sidebands difficult to probe. Linear light
absorption and scattering techniques at low temperatures are traditionally used to probe these
sidebands. In this work, it has been shown how optical second harmonic generation (SHG), as
the lowest-order nonlinear process, can successfully probe the magnon sidebands at room
temperature and up to 723K in bismuth ferrite, associated with large wave-vector multi-magnon
excitations which linear absorption studies have thus far been unable to resolve. Polarized light
studies and the temperature dependence of these sidebands reveal a spin-charge coupling
interaction of the type PsL2 between the spontaneous polarization (Ps) and antiferromagnetic
order parameter, L in bismuth ferrite, that persists with short range correlation well into the
paramagnetic phase. These observations suggest a broader opportunity to probe the collective
spin-charge-lattice interactions in a wide range of material systems at high temperatures and
electronic energy scales using nonlinear optics.

(3) It has been has argued from symmetry principles that polar order will induce a non-zero
staggered D-M interaction, and hence weak ferromagnetism, when an invariant of the form

E ~ P (L M) —where P, L, and M are polar, antiferromagnetic and magnetization vectors,
respectively—exists in the phenomenological free energy functional of the putative high
temperature antiferromagnetic, paraelectric parent. Materials crystallizing in the high pressure
form, i.e., the LiNbO3 phase, of FeTiO3, MnTiO3, and NiTiO3 are candidate materials that
exhibit the required coupling.

Additionally, first principles calculations on these materials

indicate that they would have extremely high polarization, comparable to that of BiFeO3, making
them attractive targets in the search for new multiferroic systems. The magnetic and electrical
characteristics of polycrystalline FeTiO3 synthesized at high pressure that is isostructural with
acentric LiNbO3 (LBO). Piezoresponse force microscopy, optical second harmonic generation,
and magnetometry demonstrate ferroelectricity at and below room temperature and weak
ferromagnetism below ~120 K.

These results validate symmetry-based criteria and first

principles calculations of coexistence between ferroelectricity and weak ferromagnetism in a
series of transition metal titanates crystallizing in the LBO structure. Although not offering
definitive proof that the polarization is causal for the WFM, the results validate this rare weak132

ferromagnetic and ferroelectric state predicted in by Fennie, which offers a strong symmetry
argument and direct first-principles calculations that this spin-canting can only arise due to the
presence of the polar lattice distortion.

(4) A unique form of multiferroicity, namely an induced ferroelectric-antiferrodistortive phase in

strained SrTiO3 is reported with the co-existence of polar ferroelectric order parameter p and an
axial antiferrodistortive rotation order parameter q. A ferroelectric transition temperature Tmax
~250K, Burns temperature Tb ~323K, and an antiferrodistortive transition at TAFD~160K have
been determined using optical second harmonic generation (SHG) in a 0.94 % tensile strained
film on DyScO3. For the first time, ferroelectric domains were directly imaged at room
temperature and above in this material using PFM. Switching of domains under applied in-plane
fields show evidence for the movement of coupled ferroelectric 90° domain walls in the
ferroelectric phase under external fields, in agreement with phase-field modeling. Evidence of
relaxor ferroectric like behavior in the tensile strained film is also confirmed using SHG and
piezoforce microscopy. The symmetry of pure elastic lattice in the antiferrodistortive phase in
SrTiO3 is observed to be isomorphic to magnetic point group 4 mm . This symmetry mapping has
real implications, as shown here in probing the lattice rotation transition using optical SHG that
distinguishes polar versus magnetic symmetries. Using symmetry arguments, It is shown how the
AFD contribution to the overall SHG can be separated from the polar contribution and the phase
transition involving octahedral tilting can be studied. More generally, such symmetry mapping
can apply to all materials with lattice antidistortions with color groups that are isomorphic to
magnetic point groups, whether the material itself has magnetism or not. The nature of straininduced ferroelectricity in STO films has been revealed to be relaxor-type behavior. Epitaxial
strain can act similar to an electric field, in that both can stabilize long-range correlation between
preexisting nanopolar regions. The PFM results demonstrate that just showing PFM domain
writing/reading or hysteresis loops is insufficient evidence for normal ferroelectricity in films.
We believe that the power-law exponent,

as measured from the decay of the PFM signal is a

good measure to evaluate the nature of ferroelectricity in thin films. It is proposed that strain-
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induced relaxor ferroelectricity can exist in other incipient ferroelectrics such as KTaO3 and
CaTiO3, based on a similar mechanism.

(5) The walls between neighboring domains is an interesting subject for SHG microscopy as

localized symmetry analysis can reveal how the polarization is modified due to strain across a
domain wall. The precise directions of polarization in each of the domains can be determined
with high resolution microscopy and a good estimate of the variation of optical non-linearity in
the material can be made. Confocal SHG microscopy has been utilized to study domain
structures in the well known ferroelectric material BaTiO3 and anomalous behavior of SHG
response close to 180° domain wall has been observed which point to a localized monoclinic
distortion near the wall in the crystal. This result is important in the context of the continuing
debate among researchers on the precise structure of what is widely accepted as the tetragonal
phase of BaTiO3 at room temperature.

II. Outstanding issues and future work
Exploring the coupling between different order parameters is essential for realizing the
dream of multi-state memory devices. This is especially true for magnetic ferroelectrics as these
materials are primary candidates for the potential applications in multiferroics. In this work, it
has been shown how nonlinear optical techniques can be used to analyze the polar and magnetic
symmetry in multiferroic materials and understand the nature of coupling between spin and
charge in these systems. The polar and magnetic symmetry of PbVO3, a lone-pair driven
multiferroic have been studied but the coupling between the two order parameters has not been
explored. Also, this study has been performed on films and should be repeated on high-pressure
stabilized crystals for further confirmation. Weak ferromagnetism in FeTiO3 has recently been
discussed as the best route to achieve electric field control of 180 switching of ferromagnetic
domains. Although not offering definitive proof that the polarization is causal for the WFM, the

results shown here for polycrystalline FeTiO3 validate this rare weak-ferromagnetic and
ferroelectric state, which offers a strong symmetry argument and direct first-principles
calculations that this spin-canting can only arise due to the presence of the polar lattice
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distortion. For definitive proof of this effect, it remains to demonstrate explicitly using aligned
single crystals that the magnetic and polar domains can be switched in concert. This experiment
would provide substantial boost in the development of designed multiferroics and lead to a
variety of possible device structures.
We have experimentally demonstrated spin-charge coupling through direct optical probing
of electronic sidebands due to high-energy magnon excitations using nonlinear optical
spectroscopy. The method is complementary to low temperature linear absorption spectroscopy,
which thus far has not revealed magnon sidebands in BiFeO3.

In contrast, nonlinear

spectroscopy can resolve magnon sidebands even at room temperature and above, as shown here,
due to significantly lower linewidths and larger energy separation in an SHG spectra between
resonant fundamental electronic levels. The work highlights the sensitivity of multimagnon nonlinear optical spectroscopy to spin-charge coupling, by demonstrating a coupling term of the type
PsL2 in multiferroic bismuth ferrite, that exhibits short range correlation well into the
paramagnetic phase. Such probing of coupling should be possible in general in other
multiferroics and magnetic systems. Our results present an alternative to magnetic neutron
scattering measurements, especially in thin film geometry where the interaction of neutrons with
spin waves is weak and can be challenging. An exciting direction for this work would be to look
into the spin-charge coupling in the recently discovered tetragonal phase in BiFeO3 films which
has been stabilized using epitaxial strain. The magnetic symmetry and magnetic phase transition
in these films should be explored using nonlinear optical techniques.
Strain can stabilize ferroelectricity in otherwise nonferrolectric materials as well as
modify magnetic transition in magnetic materials. Epitaxial strain is currently being pursued to
design ―ferro-electromagnetic‖ films which can demonstrate coupling between polarization and
magnetism. Optical SHG experiments should be attempted to explore symmetries as well as
demonstrate coupling between the different order parameters. Using symmetry arguments, It is
shown how the AFD contribution to the overall SHG can be separated from the polar
contribution and the phase transition involving octahedral tilting in SrTiO3 films can be studied.
More generally, such symmetry mapping can apply to all materials with lattice antidistortions
with color groups that are isomorphic to magnetic point groups, whether the material itself has
magnetism or not. Future directions of research should involve incipient ferroelectrics such as
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KTaO3 and CaTiO3 and the octahedral tilt transitions should be studied based on a similar
mechanism.
We have observed normal tetragonal domains and domain walls in BaTiO3 in addition to a
monoclinic distortion in selected regions in front of ―dagger‖ domains. A physical understanding
of the reason behind such a distortion needs to be developed using computational techniques and
phase field modelling. An exciting experiment would be to observe the previously reported
monoclinic distortion in the crystal under the effect of electric field cooling. It would also be
imperative to incorporate a cryogenic system to the confocal SHG microscope so that domain
structures can be studied in other phases of BaTiO3. SHG interference microscopy to resolve
ferroelectric and magnetic domains in multiferroic crystals is an interesting direction in which
this work should progress. A remarkable achievement would be to further modify the confocal
SHG microscope to perform piezoresponse force microscopy in the same regions where the SHG
images are taken. The two techniques would complement the information achievable from each
other and provide more conclusive results regading domain structures in ferroic crystals and
films.

136

Appendix
Linear and nonlinear optical properties of BiFeO3

Bismuth Ferrite (BiFeO3) is presently one of the most studied multiferroic materials due
to its large observed ferroelectric polarization of ~ 100 μC/cm2 in thin films, and the possibility
of coupling between magnetic and ferroelectric order parameters, thus enabling manipulation of
one through the other.1-3 While the refractive index dispersion for bulk single crystal BiFeO3 has
been previously reported,4 the optical properties of thin films have not been reported thus far.
Also, an indirect gap at 673nm (1.84 eV) was reported before5, which is shown here to be an
absorption onset potentially due to a joint density of states effect and not associated with
phonons. In our analysis, the material appears to have a direct gap with a bandedge at 442 nm
(2.81 eV) instead. No reports of nonlinear optical coefficients of BiFeO3 exist. In this letter, we
report the existence of large second order optical nonlinearities in BiFeO3.

Epitaxial and phase-pure BFO thin films were synthesized by pulsed laser deposition
(Ramesh‘s group at UCB, Berkeley) as well as molecular beam epitaxy (Schlom group at
Pennstate) on SrTiO3 (STO) substrate. 1,6 The films studied here are epitaxial with orientation
relationship BFO(0001)//STO(111) and [2 1 1 0]BFO//[1 1 0] STO. We note specifically that
unlike usual epitaxial thin films, this film does not have any additional structural variants,
including any rotational variants within the film growth plane. Thus, these (0001) oriented films
have nearly single crystalline perfection, with three well-defined crystallographic x-[2 1 1 0],
and y-[1 1 00] axes within the film plane, and z-[0001] axis normal to the plane. The three y-z
mirror planes in the 3m point group symmetry for BFO are thus well defined and allow us to
extract nonlinear coefficients precisely without ambiguity.

There were no amorphous or

secondary phases as confirmed by transmission electron microscopy.
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Fig. 1 : (a) Index of refraction (n) and extinction coefficient (k) for BiFeO3 deposited on (111)
SrTiO3 over a spectral range from 190 to 1690 nm. (b) Plot of ( E)½ and ( E)2 vs. photon
energy E where a linear extrapolation of ( E)2 = 0 suggests a direct bandgap at 2.81 eV.
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Ellipsometric spectra in (Δ, Ψ) were collected ex-situ for a BiFeO3 film deposited on a
SrTiO3 substrate at

i

= 55o and 70o angles of incidence using a variable-angle rotating-

compensator multichannel spectroscopic ellipsometer with a spectral range from 190 to 1670
nm.7 The optical properties (n, k) shown in Fig. 1(a) and the corresponding dielectric function
spectra ( 1,

2)

are extracted by using a least squares regression analysis and a weighted root

mean square error χ, to fit the ellipsometric spectra to a four-medium optical model consisting of
a semi-infinite SrTiO3 substrate / bulk film / surface roughness / air ambient structure. 8 The free
parameters correspond to the bulk and surface roughness thicknesses of the film and a
parameterization of the BiFeO3 dielectric function as shown in Table I. The dielectric function
parameterization of BiFeO3 consists of four Tauc-Lorentz oscillators9 sharing a common band
gap and a constant additive term to ε1 represented by ε . The Tauc-Lorentz model for dielectric
function parameterization is given by:

…. (1)

where the parameters corresponding to each Tauc-Lorentz oscillator include an oscillator
amplitude A, a broadening parameter , a resonance energy E0, and a Tauc gap Eg common to all
oscillators.

The optical properties of the surface roughness layer are represented by a

Bruggeman effective medium approximation10 consisting of a 0.50 bulk film / 0.50 void mixture.
This model yields the common tauc gap Eg = 2.15 ± 0.05 eV, bulk thickness db = 468.93 ± 0.78
Å, and surface roughness thickness ds = 75.39 ± 0.4 Å.
We note that though the Tauc gap at 2.15 eV (577 nm) represents the onset of absorption,
it is not the indirect gap, as claimed in literature.5 Figure 1(b) shows a plot of a plot of ( E)2 vs.
photon energy E and the linear extrapolation to ( E)2 = 0, which indicates a direct gap at 2.81 eV
(442 nm). The presence of two distinct slopes in ( E)1/2 vs. E characteristic of an indirect band
gap 11 is not observed. We obtain the linear complex indices from this model to be Nf = 2.836 +
0.001i and Nf2

=

3.444 + 0.981i for corresponding wavelengths of 800 and 400 nm,
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respectively. It should be noted that although BiFeO3 is uniaxially anisotropic, only the optical
properties of the ordinary index of refraction have been obtained for this film. The optic axis of
BiFeO3 epitaxially grown on (111) SrTiO3 is perpendicular to the surface, in which case the
contributions to the ellipsometric spectra from the projection normal to the surface are small and
a good estimate of the optical properties in the ordinary projection can be obtained.
The crystal symmetry of epitaxial BFO(111) films has been shown to be point group 3m
using optical SHG and diffraction techniques.6 Optical SHG13 involves the conversion of light
(electric field E )at a frequency

into an optical signal at a frequency 2

medium, through the creation of a nonlinear polarization Pi2

by a nonlinear

dijkEj2 Ek2 , where dijk represent

the non-linear optical coefficients. BFO film with thickness of about 50 nm grown on STO(111)
substrates was used for this study. STO is centrosymmetric (cubic) and does not contribute SHG
signals of its own for the incident powers used. The SHG experiment was performed with a
fundamental wave generated from a tunable Ti-sapphire laser with 65 fs pulses of wavelength
800 nm incident from the substrate side at variable tilt angles

to the sample surface normal.

As shown in Fig. 2, the crystallographic y-z plane in the BFO film was aligned with the
incidence plane. The polarization direction of incident light is at an angle

from the x- axis,

which was rotated continuously using a half-wave plate . The intensity Ij2 of the output SHG
signal at 400 nm wavelength from the film was detected along either j=p,s polarization
directions as a function of polarization angle

of incident light. The resulting polar plots of SHG

intensity for p and s-polarized output at = 0 and

= 45 are shown in Fig. 2 (a) and (b)

respectively. If the incident beam has intensity I0 then the nonlinear polarizations for BFO(111)
film with x-axis perpendicular to the plane of incidence is given by14,15,

…(2)
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Fig. 2: Variation of p and s polarized SHG intensity with incident polarization angle for a
BFO//STO(111) film with x-axis perpendicular to the plane of incidence in (a) Normal incidence
= 0 and (b)

= 45 tilt.
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where dij are nonlinear coefficients and fi are effective linear Fresnel coefficients. The measured
intensity of the p and s polarized SHG in transmission geometry (neglecting birefringence) is
proportional to nonlinear polarization. The expected SHG intensity expressions for p and s
output polarizations in the predicted 3m symmetry system of BFO are:

… (3)

where B and C are given by,

... (4)

Here K15 = d15/d22, K31 = d31/d22, and K33 = d33/d22, are the ratios of the nonlinear optical
coefficients, A and D are scaling parameters, and

B

is the angle that the generated second

harmonic wave makes with the surface normal inside the film. Theoretical fits to the
experimental polar plots based on Eq. 3 are excellent both in normal incidence and tilted
configuration as shown in Fig. 2(a) and (b) respectively for both p and s polarized SHG output.
In normal incidence ( =0 ), only the d22 coefficient is involved in the generated Ip2 ( =
0 ). Using d22 = 1.672 pm/V coefficient for a single crystal z-cut LiTaO3 used as a reference, the
d22 coefficient for the BFO film was calculated by employing the following equation16,
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.. (5)

where subscripts r and f refer to the reference and the film respectively, P2 (P ) are the secondharmonic (fundamental) signal powers measured, T is the transmission coefficient of the
fundamental, A is the area of the probed beam, n are the indices of refraction, lc the coherence
lengths, and

= 4 k/λ is the absorption coefficient at 2 . For this experiment, Af = Ar= (60

μm)2 and the coherence length of the film lc(film) is equal to the film thickness.
In order to determine the complete nonlinear optical tensor, we extract the ratios K15, K31
and K33 in Eqs. 3 and 4 from SHG polar plots obtained at different tilt angles about the x-axis of
the film. As shown in Eq. 4, the B and C parameter contain these ratios, and can be
experimentally obtained by collecting the p-in-p-out Ip2 ( = 90 ), s-in-p-out Ip2 ( = 0 ) and 45in-s-out Is2 ( = 45 ) SHG signals

…..
for different angles of tilt

(6)

about the x axis. The experimental data for B and C parameters (Fig.

3) is then fitted to Eq. 4 to extract the ratios K15, K31 and K33. B parameter fitting gives the ratios
to be K15 = 0.19 ± 0.02, K31 = 0.35 ± 0.02 and K31 = -11.4 ± 0.20 while C parameter fitting yields
K15 = 0.20 ± 0.01. Thus, a set of consistent effective d coefficients are obtained as

|d22| = 251.3 ± 5.1 pm/V, |d31| = 50.3 ± 3.5 pm/V,
|d15| = 87.9 ± 6.8 pm/V, |d33| = 2864 ± 108 pm/V
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Fig. 3: Variation of extracted B parameters from P polarized SHG signal and C Parameter ( Is2 (
= 45 )) as a function of tilt angle, . The dark lines show theoretical fits to the data.
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without considering

correction. Taking absorption into account, the estimated effective

coefficients are
|d22| = 298.4 ± 6.1 pm/V, |d31| = 59.7 ± 4.2 pm/V,
|d15| = 104.4 ± 8.1 pm/V, |d33| = 3401 ± 129 pm/V.
Note that only the signs of the ratios, K15,K31,K33 coefficients were determined unambiguously.
The absolute signs of the dij coefficients were not determined, except to state that the d33
coefficient has the opposite sign to the other coefficients. The large values of dij coefficients
most likely arise due to electronic resonances close to the 400 nm SHG wavelength.
To conclude, the quantitative optical indices of refraction, absorption dispersion relations
versus wavelength, and optical second harmonic generation coefficients in BiFeO3 thin films
have been reported. These studies will be important in performing further linear and nonlinear
optical spectroscopy of the magnetism and ferroelectricity in this material.
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Table I: Optical model parameters corresponding to BiFeO3 microstructure and dielectric
functions represented by Tauc-Lorentz oscillators. ε is fixed at 1 ( χ = 17.5).

Oscillator #

E0 (eV)

1

2.456±0.0106

0.362±0.052

11.60±2.4

2

3.020±0.008

0.568±0.030

31.35±2.22

3

4.105±0.016

1.711±0.058

61.74±5.00

4

7.294±0.0593

4.278±0.339

51.19±2.78

(eV)
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A (eV)
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