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Abstrakt v českém jazyce
Název práce: Mikroskopie piezoelektrické odezvy (PFM) a Ramanova spektroskopie

vybraných dielektrických materiál̊u

Autor: Fedir Borodavka

Ústav: Odděleńı dielektrik, Fyzikálńı ústav AV ČR v.v.i., Na Slovance 2, 182 21, Praha 8,

Česká Republika

Školitel: Ing. Ivan Gregora, CSc.

Škoĺıćı pracovǐstě: Odděleńı dielektrik, Fyzikálńı ústav AV ČR v.v.i., Na Slovance 2,

182 21, Praha 8, Česká Republika

Konzultanti: RNDr. Stanislav Kamba, CSc. a RNDr. Vladimı́r Vorĺıček, CSc.

Abstrakt: Disertačńı práce je věnována detailńımu studiu dielektrických materiál̊u po-

moćı Ramanovy spektroskopie a mikroskopie piezoelektrické odezvy.

Vlastnosti fonon̊u nově syntetizovaných monokrystal̊u hydrogenfosforitanu guany-

lurey(1+) (GUHP) byly studovány pomoćı Ramanovy spektroskopie. Na základě Ra-

manovy spektroskopie byla navržena klasifikace vibračńıch mód̊u A′
MIX, A

′
TO a A′′

TO a byly

také stanoveny jejich frekvence.

Na základě Ramanových spekter bylo také charakterizováno chováńı fonon̊u v kera-

mice BiMnO3. Porovnáńı výsledk̊u grupové analýzy struktury s naměřenými spektry

prokázalo, že krystality v keramice maj́ı centrosymetrickou strukturu C2/c, a nejsou tedy

feroelektrické.

Byly vyšetřovány mř́ıžkové vibračńı módy monokrystalu komplexńıho perovskitu

La1/2Na1/2TiO3. Numerická analýza teplotńı závislost intenzity ostrého módu u 455 cm−1

(při ohřevu) vedla k závěru, že pozorovaný fázový přechod je druhého druhu a přinesla

silnou podporu pro identifikaci struktury I4 = mcm.

Doménové struktury tenkých vrstev PbTiO3 na substrátech SmScO3 a TbScO3 byly

systematicky charakterizovány Ramanovou spektroskopíı a mikroskopíı piezoelektrické

odezvy. Bylo ukázáno, že vrstvy PbTiO3 deponované na TbScO3 přednostně vykazuj́ı

doménovou strukturu c/a/c/a, kdežto vrstvy na SmScO3 maj́ı strukturu a/a/a/a. Výrazný

rozd́ıl mezi oběma doménovými strukturami byl vysvětlen opačným znaménkem epitaxńı

deformace (misfit) mezi substrátem a vrstvou při teplotě depozice.

Kĺıčová slova: Ramanova spektroskopie, PFM, feroelektrika, fázový přechod.
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Abstract in English
Title: PFM and Raman spectroscopy of selected dielectric materials

Author: Fedir Borodavka

Institute: Department of Dielectrics, Institute of Physics of the Academy of Sciences, Na

Slovance 2, 182 21, Prague 8, Czech Republic

Supervisor: Ing. Ivan Gregora, CSc.

Training institute: Department of Dielectrics, Institute of Physics of the Academy of

Sciences, Na Slovance 2, 182 21, Prague 8, Czech Republic

Consultants: RNDr. Stanislav Kamba, CSc. and RNDr. Vladimı́r Vorĺıček, CSc.

Abstract: The thesis is devoted to a detailed investigation of dielectric materials using

Raman spectroscopy and PFM microscopy techniques.

Phonon properties of a newly synthesized guanylurea(1+) hydrogen phosphite single

crystals have been studied. A tentative assignment of the observed Raman peaks has been

done and the sets of A′
MIX, A

′
TO and A′′

TO mode frequencies have been determined.

Phonon behaviour of BiMnO3 ceramics, obtained from Raman spectra, has been char-

acterized. After comparing the factor group analysis with the Raman spectra it has been

concluded that the material has a centrosymmetric C2/c structure and is not ferroelectric.

Lattice modes of the complex La1/2Na1/2TiO3 single crystal have been investigated.

We have numerically analysed the intensity behaviour of the sharp peak at 455 cm−1 on

heating and suggest that it implies a second-order phase transition and strongly supports

the I4 = mcm structure.

A systematic study of the domain structure in PbTiO3 thin films grown on SmScO3

and TbScO3 substrates has been performed using Raman spectroscopy and PFM. It has

been shown that PbTiO3 films deposited on TbScO3 have mainly c/a/c/a domain struc-

ture, while PbTiO3 films deposited on SmScO3 have a/a/a/a domain patterns. Striking

difference between the two domain structures has been attributed to the opposite sign of

epitaxial misfit strain at the deposition temperature.

Keywords: Raman spectroscopy, PFM, ferroelectrics, phase transition.
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Preface

Raman spectroscopy is a simple and non-destructive method for characterizing different

samples, such as single crystals, ceramics, thin films, etc.. Together with other meth-

ods, like infrared (IR) spectroscopy [1], piezoresponse force microscopy (PFM) [2], X-Ray

diffraction [3] it becomes a powerful technique for investigation of the physical properties

in dielectric materials.

The aim of this work was to investigate the properties of qualitatively new materials

(GUHP single crystals and PbTiO3 thin films deposited on SmScO3 and TbScO3) and to

supplement information about known materials (BiMnO3 ceramics and La1/2Na1/2TiO3

single crystal) using Raman spectroscopy in combination with other methods.

The thesis is divided into four chapters. The first chapter presents a review of two

techniques, Raman spectroscopy and Piezoresponse force microscopy, used for character-

ization of the materials that have been examined in this work. Special attention is paid

to the PFM method and its hidden pitfalls, which could serve as a useful tutorial for

the beginners in future. Chapter 2 describes the details about experimental equipment

used in this study, i.e. Renishaw RM1000 micro-Raman spectrometer, NTEGRA Prima

AFM microscope, temperature cells, a rotation stage and a lock-in amplifier. The main

experimental results and their discussion are shown in Chapter 3. Finally, the last chapter

summarizes the results of the work and contains information about the future plans.
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Chapter 1

Theoretical aspects

1.1 Basic definitions

1.1.1 Dielectric permittivity

The polarization Pi, which is induced in a dielectric (insulating, polarizable) material by

applying an external electric field Ei can be written as:

Pi = ε0χijEj, (1.1)

where χ ij is the dielectric susceptibility tensor of the material and ε0 = 8.854 × 10−12

Fm−1 is called the dielectric permittivity of vacuum. Equation 1.1 is valid only for linear

materials or in a linear limit for nonlinear materials. Generally, polarization Pi depends

also on higher-order terms of the field (for more details see section 4.7 in [4]). The total

surface charge density, which is induced in material by an applied electric field, is given

by the dielectric displacement Di:

Di = ε0Ei + Pi. (1.2)

It is easy to show from 1.1 and 1.2 that:

Di = ε0εijEj, (1.3)

1



2 Theoretical aspects

where εij = δij + χij is the relative dielectric permittivity of material, also known as the

dielectric constant of material. In most cases ferroelectric materials satisfy the inequality

δij ≪ χij. This means that for such materials εij ≈ χij. If we multiply εij by ε0 we get the

dielectric permittivity, κij = ε0εij. In practice, the dielectric constant is used more often

than the dielectric permittivity. It is worth mentioning that χij (as well as εij and κij)

must be a symmetrical tensor, i.e. χij = χji, with only six independent components [5,6].

The number of independent components of the permittivity tensor can be reduced by

taking into account the symmetry of a material.

1.1.2 Kittel’s law

The general term ”ferroic” characterizes crystalline materials which are ordered either fer-

romagnetically, ferroelectrically or ferroelastically (including antiferroic configurations).

Ferroic materials usually contain domains, which often form regular periodic stripe pat-

terns. Landau first [7] and later Kittel [8] showed, that the width of magnetic 180 ◦ stripe

domains (ω) is related to the thickness of a crystal in a well-defined way: the square of

the domain width (ω 2) is directly proportional to the crystal thickness (d). This law was

later extended for ferroelectric materials by Mitsui and Furuichi [9], and for epitaxially

clamped ferroelastic ones by Roytburd [10]. This is due to the fact that the free energy

associated with the domains in a ferroic material has at least two components: one from

the energy of the domains themselves (proportional to the domain size ω), and another

from the domain walls [11]. The domain wall energy is proportional to the domain wall

area, which itself scales with the film thickness (d), while the number of domain walls is

reciprocally proportional to the domain size (1/ω). If we use U and γ as constants of

proportionality, we can write the expression:

F = Uω + γ
d

ω
. (1.4)

Under the condition of equilibrium (dF/dω = 0):

ω2 =
γ

U
d. (1.5)

When U is magnetostatic, we get Kittel’s law [8, 12]; when it is electrostatic, we obtain

Mitsui and Furuichi’s law [9]; and if it is elastic − Roytburd’s law [10]. Periodic domains

2 Theoretical aspects



Basic definitions 3

in ferroelectric materials occur because of a competition between polarization, strain and

electric field [13]. The formation of 180 ◦ antiparallel c-axis domain stripes is driven by the

electrostatic energy of the uncompensated dipoles at the sample surface and, according to

Refs. 9, 14, Eq. 1.5, becomes:

ω2 =
π3ε0γ(1 +

√
εaεc)

8.42P 2
0

d, (1.6)

where P0 is the polarization, ε0 the permittivity of free space, εa and εc are the permittivi-

ties of the ferroelectric, parallel to the a and c crystallographic axes, respectively. Streiffer

et al. [15] proposed a constitutive correction:

ω2 =
2π3

8.42

ε0εextγ

(
1 +

√
εaεc
εext

)
P 2
0

d. (1.7)

They included the important factor εext, which is the dielectric constant of the substrate.

This factor was neglected by the previous authors who assumed free-standing crystals.

But in the case of films deposited on the substrates, the inclusion of this factor gives

quite different results, since it is 1 for air, but ∼300 for SrTiO3 substrates (at a room

temperature).

The stripe domain theory was extended by Roytburd [10], and later by Speck and

Pompe [13,16], and Pertsev and Zembiglotov [17] to ferroelectric-ferroelastic materials. In

this case the domains with polarization oriented alternately at 90 ◦ are produced in order

to minimize the elastic strain energy and the proper equation is:

ω2 =
4π3

8.42

γd

G(sa − sc)2
, (1.8)

whereG is the shear strain and sa, sc are the strains of the short and long lattice parameters

of the tetragonal film, respectively. It is worth noting that if we substitute the elastic

stiffness by the dielectric stiffness, and the strain by the polarization, we will obtain an

equation for the c-axis polar domains (eq. 1.6).

All these equations are expected to fail if the thickness is very small. In the case of

Basic definitions 3
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Figure 1.1: Thickness dependence of domain period for three ferroelectrics and three
ferromagnets. Data other than ours were taken from literature (Refs. 9, 11, 15,18–20).

ferroelectric 180 ◦ stripe domains the critical thickness dcrit is [14]:

dcrit = 5πγε0

√
ε2c
εa

1

P 2
0

. (1.9)

For ferroelastic domains the critical thickness dcrit is [10]:

dcrit = 10γ
1

G

1

(sa − sc)2
. (1.10)

The critical thickness for 180 ◦ domains in the well-known ferroelectrics BaTiO3 and

PbTiO3 is about 1 nm, while in the case of ferroelastic domains it is about 5 nm (if we

assume that sa and sc are the spontaneous strains). It means that theoretically ferroelec-

tric/ferroelastic domains should satisfy the Kittel’s law well into nanometer regime [11].

In order to compare our results (discussed in more details in section 3.4) with other’s,

let us have a look on Fig. 1.1. This figure illustrates, on a double-logarithmic scale, the

values of domain width ω (expressed as a domain period) versus sample/film thickness d

for ferroelectrics and ferromagnets.

The ferroics visibly split into two groups (ferroelectrics and ferromagnets) with similar

4 Theoretical aspects
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prefactors in the Kittel-type relation for the samples of each group. Group of ferroelectrics

consists of two our PbTiO3 thin films deposited on SmScO3, BaTiO3 samples [11], PbTiO3

thin films on SrTiO3 [15] and bulk crystals of Rochelle salt in air [9]. It is clearly seen

that Kittel’s relation remains valid over more than six decades in thickness from the

millimeter to the nanometer range. Also it is important to note that, since all ferroelectric

data sets lie approximately on the same line, the constant of proportionality s = ω2/d is

largely independent of the material under investigation [11]. Furthermore, it is also largely

independent of the boundary conditions at the surface of the ferroelectric and does not

depend on whether or not 90 ◦ or 180 ◦ domains are being considered.

Group of ferromagnets contains Co [18], Ni [19] and colossal magnetoresistive material

(La,Sr)MnO3 (LSMO) [20] samples. These data also satisfy a Kittel’s relation, but with a

different coefficient of proportionality. Consequently, after checking the literature data up

it would appear that ferroelectrics adhere to one general Kittel’s relation, and ferromagnets

to another.

Let us rewrite Kittel’s relation as:

ω2

δd
=M, (1.11)

where δ is the width of the wall, separating the domains. In this equation M is a dimen-

sionless ratio of order 1− 10, which depends on independently determined parameters.

From this it follows that it is the width of domain walls that determine any great differ-

ences in constants of proportionality in the Kittel’s relations. Because the ferroelectric

domain walls are much thinner than the ferromagnetic ones [8,12,21], the clear difference

in the relative positions in Fig. 1.1 can be improved. From Kittel’s analysis for ferromag-

nets [8, 12] it follows that the domain wall width is determined by the square root of the

ratio of the exchange energy (A) to anisotropy energy (K). Therefore, Eq. 1.11 can be

expressed more fundamentally [11]:

ω2

d

(
A

K

)−1/2

=M. (1.12)

It can be then evident that each type of ferroic will have characteristic anisotropy and

exchange properties, independent of small material or specific surface boundary variations.

Basic definitions 5



6 Theoretical aspects

1.2 Principles of experimental techniques

1.2.1 Raman Spectroscopy

In this section I will describe the main features of the Raman spectroscopy, its basic theory

and selection rules for modes to be active.

1.2.1.1 Basic theory

Raman spectroscopy is used in many fields where non-destructive, microscopic analysis

is required. It can be used to characterize the chemical composition and structure of a

sample. Samples can be studied in a whole range of physical states (solids, liquids or

vapours, in bulk, as microscopic particles, or as surface layers/films).

Raman spectroscopy is based on the Raman effect. The Raman effect, or Raman

scattering, is the inelastic scattering of light by molecular or optical crystal vibrations

(phonons). In the thesis we will focus mainly on Raman scattering by phonons. The effect

has been predicted theoretically by Adolf Smekal in 1923. He studied the scattering of

light by a system with two quantized energy levels and predicted the existence of sidebands

in the scattered spectrum [22]. In 1928 this effect was afterwards observed by Raman and

Krishnan in liquids [23,24] and at the same time by Landsberg and Mandelstam in quartz

[25]. In Russian literature this effect is called combinational scattering or combinatory

scattering. The effect is caused by a modulation of the susceptibility (polarizability)

of material by the vibrations or other excitations (in solids), such as plasmons, magnons,

excitons, polaritons, electrons, electron−hole pairs, etc. Inelastic scattering of light, caused

by elementary excitations, yields information about the symmetry of the excitations, their

wavevector-dependent frequencies and interaction with electromagnetic waves.

The energy changes, which are detected in vibrational spectroscopy, require to cause

nuclear motion. If only electron cloud is distorted by photons, these photons will be

scattered with vanishing frequency shifts (because electrons are relatively light) and we

will deal with elastic scattering. This scattering is the dominant process and is called

Rayleigh scattering. But if nuclear motion is involved in scattering process, the energy

will be transferred either from the incident photon to the solid (Stokes scattering) or from

the solid to the scattered photon (anti-Stokes scattering) (see Fig. 1.2). This is Raman

scattering. This process is relatively weak, because only one in every 106−108 photons are

6 Theoretical aspects
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Virtual
states

Vibrational
states

anti-StokesRayleighStokes

n

m

Figure 1.2: Diagram of the Rayleigh and Raman scattering processes (after [26]).

inelastically scattered. That is why the experimental application of the Raman scattering

became practicable only after the invention of powerful monochromatic light sources −
lasers. Since the occupation of vibrational states follows Bose-Einstein statistics, compared

to the Stokes one, is weaker and will become even weaker as the frequency of the vibration

increases. Moreover, anti-Stokes scattering will decrease relative to the Stokes scattering

as the temperature falls. That is why Raman scattering is usually recorded on the low-

energy side (Stokes scattering). In some cases, however, anti-Stokes scattering is also used

(the presence of fluorescence, measurement of the exact sample temperature, etc.).

We will consider the inelastic light scattering in crystals in terms of semi-classical

theory, which is sufficient for understanding of the problem. Let the incident light, the

scattered light and the excitation be described by plane waves, so we can write for the

incident and the scattered radiation:

EI,S(r, t) = EI,S eI,S exp[i(kI,Sr− ωI,S t)], (1.13)

where ωI,S is the frequency, kI,S is the wavevector and eI,S− the polarization vector of the

incident (I) and the scattered (S) light. The scattering is characterized by the scattering

frequency ω and the scattering wavevector q. The scattering frequency is also called the

Raman shift and corresponds to the energy ~ω, transferred from the radiation field to

the crystal. Scattering wavevector q corresponds to the momentum transfer ~q. The

Principles of experimental techniques 7
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scattering process should obey the conservation laws:

ωI − ωS = ω, (1.14a)

kI − kS = q. (1.14b)

Using the dispersion relation of light ω = ck/n, and the conservation conditions 1.14, we

can write down the equation for the magnitude of the scattering wavevector q:

c2q2 = n2
Iω

2
I + n2

S(ωI − ω)2 − 2nInSωI(ωI − ω)cosφ, (1.15)

where c is the speed of light in vacuum, nI and nS are the refractive indices of the medium

for the incident and scattered light and φ is the scattering angle, i.e. the angle between

kI and kS. This expression relates the frequency ω and the wavevector q of excitations

of the material, which scatter incident light through an angle φ, and defines the region of

frequencies and wavevectors accessible to the scattering.

The polarization P, which is induces in a crystal by the incident field EI at a frequency

ωI , is related to the field by the linear dielectric susceptibility tensor χ(ωI) according to the

equation 1.1. This linear susceptibility depends only on the frequency of the radiation field

and the crystal properties. In the presence of excitations the wavefunctions and energy

levels are modulated, which can be taking into account by adding a contribution to the

linear susceptibility. If we consider this modulation as perturbation, the contribution δχ

to the susceptibility χ can be presented using Taylor expansion [27]:

δχ =
∑
j

χ(j)Qj +
∑
j,j′

χ(j,j′)QjQj′ + ..., (1.16)

where Qj are the normal coordinates of the excitations, and coefficients χ(j, χ(j,j′),... are

the Raman tensors of the first, second and higher orders. This contribution δχ induces

time-dependent polarization, which can be considered as the source of the inelastically

scattered radiation. The main quantity in the Raman scattering description is the spectral

differential cross section. This is defined as the relative rate of energy loss from the incident

beam as a result of its scattering in volume V into a solid-angle element dΩ and a unit
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frequency interval dωS and can be written as [27,28]:

dσ

dΩdωS

=
ω3
SωIV

2nS

(4π)2c4nI

⟨|eIδχeS|2⟩ω, (1.17)

where symbol ⟨...⟩ω stands for the power spectrum of the transition susceptibility fluctu-

ations. Taking into account the equation 1.16, the first-order scattering cross section can

be expressed by [27,28]:

dσ

dΩdωS

=
ω3
SωIV

2nS

(4π)2c4nI

∑
j

|eIαχ(j)
αβ(q, ωI ,−ω)eSβ|2⟨Qj(q)Q

∗
j(q)⟩ω. (1.18)

The power spectrum of the fluctuations can be found using the linear response theory.

The average of the Fourier components of the excitation amplitude is proportional to the

Fourier components F (ω) of a fictitious generalized force F (t), applied to the system:

Q̄j(q, ω) = Tj(q, ω)F (ω), (1.19)

where the coefficient Tj(q, ω) is called linear response function. From the fluctuation-

dissipation theorem it follows that the power spectrum of a fluctuating quantity is related

to the imaginary part of the corresponding response function and can written for the

Stokes and anti-Stokes components, respectively [27,28]:

⟨Qj(q)Q
∗
j(q)⟩ω = (~/π)[n(ω) + 1]ImTj(q, ω) and

⟨Qj(q)Q
∗
j(q)⟩ω = (~/π)n(ω)ImTj(q, ω), (1.20)

where n(ω) = [exp(~ω/kBT )− 1]−1 is the Bose-Einstein statistical factor (T is the sample

temperature). If we record both Stokes and anti-Stokes spectra, we can determine the

exact temperature of the scattering volume from the intensity ratio of the corresponding

Stokes and anti-Stokes lines. This can be useful when the sample under investigation

highly absorbs the incident radiation and/or it has a low thermal conductivity, so that the

local temperature of the sample differs from the given temperature.

The linear response function can be obtained from the equation of motion of the
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vibrational mode (damped harmonic oscillator):

Q̈j + γjQ̇j + ω2
j (q)Qj = Fj(ω). (1.21)

After solving this equation we can get the response function:

Tj(q, ω) =
1

N

1

ω2
j (q)− ω2 − iωγj,q

, (1.22)

where N is the number of primitive cells in the crystal. Thus

ImTj(q, ω) =
1

N

ωγj,q
[ω2

j (q)− ω2]2 + ω2γ2j,q
. (1.23)

The damping constant γj,q is added to equation 1.21 in order to take into account the

finite lifetime of excitations in the crystal; if it is much smaller than the frequency ωj(q),

the function 1.23 can be approximated by a Lorentzian centered at ωj(q), with a full width

γj,q at half maximum.

1.2.1.2 Selection Rules

The scattering cross section is a scalar quantity. Therefore, it must be invariant regarding

all symmetry elements of the crystal space group. This invariance leads to two important

consequences. It allows us to determine which normal modes can contribute to the Raman

scattering (i.e. defines the Raman activity of the modes) and restricts the number of

independent components of the Raman tensor (these are so called polarization selection

rules). The magnitude of the scattering vector q is very small in comparison with the

Brillouin zone, which makes it possible to neglect the q dependence of the susceptibility

and enables analysing the Raman tensor symmetry using the factor group analysis [29].

Inasmuch as the quantities EI , ES, and PS, which characterize the light, are all polar

vectors, the three-dimensional polar vector representation ΓPV of the corresponding crystal

point group can be used for describing the transformation properties of the incident and

scattered light (at the limit q≈ 0). The spatial properties of a normal mode j can be

described by irreducible representation Γ(j) of the point group of the crystal. The first

consequence is the existence of selection rules. A particular normal mode j in a crystal

will be Raman active only if the corresponding irreducible representation Γ(j) occurs in
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the decomposition of the direct product Γ∗
PV × ΓPV at least once. The scattering of light

by all excitations whose symmetries do not satisfy this condition is not allowed. This

means that in order to determine whether a given normal mode j is Raman active or

not, one should decompose the representation Γ∗
PV × ΓPV and identify the irreducible

representations Γ(j) [27,28].

The second consequence of the invariance condition is the imposition of restrictions

on the components of the Raman tensor for modes that are allowed in light scattering.

Due to the transformation properties of the irreducible representation Γ(j), some of the

Cartesian components of the corresponding Raman tensor are required to vanish, whereas

others are required to have related values. This results in anisotropies in the observed

cross section depending on the polarization direction of the incident and scattered light.

This means that, since the scattering cross section of the mode (j) is proportional to the

quantity |eSαχ(j)
αβeIβ|2, we can select a given component of the Raman tensor by choosing

the orientation of the polarization vectors eI and eS and the wavevectors kI and kS with

respect to crystallographic axes of the sample.

The so-called mutual exclusion rule or complementary principle is also worth noting:

the excitations in a crystal belonging to a centrosymmetric class cannot be simultaneously

infrared and Raman active [27]. In the remaining crystal classes (noncentrosymmetric)

the modes can be both infrared and Raman active.

1.2.2 Piezoresponse force microscopy

1.2.2.1 Theoretical background

Piezoresponse force microscopy (PFM) is based on the converse piezoelectric effect (de-

scribed below) and allows one to detect the local piezoelectric deformation of a sample

surface, which is caused by an applied electric field from the tip of a scanning force micro-

scope [30]. PFM is able to measure sub-picometer deformations and to map ferroelectric

domain structures with a high lateral resolution (∼10 nm). Due to these two properties

the PFM has become the preferable technique for investigating and depicting ferroelectric

domain patterns.
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How were things going on

At the beginning of the last decade of the 20th century several scientific groups modi-

fied Atomic Force Microscopy (AFM) setup using a conductive probe as a top electrode

with the purpose of detecting the polarization in ferroelectric materials. Piezoresponse

force microscopy was first demonstrated by Günter and Dransfeld in 1992 investigating

thin vinylidene fluoride-trifluoroethylene (VDF-TrFE) copolymer films, where they locally

poled domains with the help of conductive tip, and after that imaged the generated domain

structure [31]. The first step on the way to the PFM was done in 1991, when Dransfeld’s

group [32] measured the piezoelectric coefficients in thin VDF-TrFE copolymer films pro-

vided with top 20 nm thick gold electrode and bottom 300 nm thick aluminium electrode,

using scanning tunneling microscope (STM). To stimulate the piezoelectric motion of the

copolymer film, they applied an alternating triangular voltage to the film electrodes. These

vibrations were extracted using lock-in amplifier connected to the feed back loop of the

STM, which was operated in a constant current mode. Such procedure allowed them to

measure the local longitudinal piezoelectric coefficient d33 and a relative hysteresis loop.

The value of piezoelectric coefficient d33 was not constant across a poled sample. It var-

ied laterally by up to 50% of its average value, which could be connected with variations

of the tunneling conditions of the gold electrode. Next try to measure piezoelectricity in

VDF-TrFE films was done by the group in the same year using a scanning near field acous-

tic microscope (SNAM) [33]. Vibrational signal was induced by applying an alternating

electrical field to the sample and extracted with a lock-in technique. They measured the

local piezoelectric constant, but with a lateral resolution of about one micron. Eventually,

one year later they used an AFM with a conductive tip as a top electrode for polarizing

locally micron-sized areas of a ferroelectric VDF-TrFE by applying a DC voltage and de-

tecting this polarized regions by applying an AC electric field between the tip and bottom

electrode [31].

Since that time PFM has become a standard tool for imaging ferroelectric domain

structures, which can be seen from a huge increase of the number of PFM-related papers.

Moreover, a series of review papers about this imaging technique [34–39] [40, Chap.I.06]

as well as theoretical works about PFM can also be found [41–45]. For example, PFM

was used by several groups for the investigation of the piezoelectric properties of now

well known PbZr1−xTixO3 (PZT) thin films [46–48]. The work done by Gruverman with
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co-authors is especially important since it demonstrated domain imaging and switching in

ferroelectric materials and coining the terms ”Piezoresponse” and ”PFM”, which became

standard nowadays. It is also worth mentioning the work of Hidaka’s group [49] where they

investigated the potential of PZT thin films to be a storage medium for SPM-based ultra-

high density storage devices. Rapidly growing utilization of ferroelectrics in miniature

systems and memories in its turn led to the urgent need to characterize these materials at

the nanometer scale. The PFM method was developed into a technique, which was able

to investigate vertical and lateral domain structures. Domain dynamics and retention in

ferroelectric thin films were studded by Gruverman [50] and Triscone’s group [51].

In order to make a correct interpretation of the PFM data, the study of the processes

underlying the PFM measurements has to be done. Kalinin with co-authors were among

the first who tried to explain these processes [34, 52, 53]. They studied the electrostatic

and mechanical influence on the PFM measurements and found out that the electrostatic

contribution to the piezoresponse (within the limit of elastic deformation of the sample) is

practically negligible for weak indentation regime (high contact forces) and prevalent for

strong indentation regime (low contact forces) in comparison with the electromechanical

contribution. It was shown that piezoresponse is strongly dependent on the experimental

conditions such as mechanical properties of the cantilever, the frequency of the applied

electric field (must be below the resonance frequency of the cantilever), humidity of air,

etc. In 2002 Harnagea et al. [41] described methods which relate the amplitude of the

piezoresponse signal to the magnitude of the ferroelectric polarization taking into account

the anisotropic nature of the piezoelectric coefficients for the most common ferroelectric

materials, such as barium titanate, tetragonal and rhombohedral lead zirconate titanate

and bismuth titanate family. They showed the piezoelectric tensor depends on the rela-

tive orientation of the spontaneous polarization and the measured coefficient direction and

that the amplitude of the PFM signal in most cases is not proportional to the magnitude

of the normal component of the polarization. In 2006 Jungk and co-authors [54] investi-

gated the contrast mechanism for ferroelectric domain imaging via PFM. They presented

a vectorial description of PFM measurements, which takes into account the background

noise caused by the experimental setup. This procedure allowed them to perform a quan-

titative analysis of the domain contrast and to explain the presence of irregularities in

PFM measurements (for more details see section 1.2.2.3). The same year Peter et. al. [55]

reported on the reduction of piezoresponse in KNbO3 originating from a surface layer,
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which consists of chemisorbates and physisorbates. They suggested heating the sample

under ultra high vacuum conditions should be done before PFM measurements. Such a

treatment removes the surface layer and has a drastic effect on the piezoresponse because

the potential difference applied to the sample is no longer reduced by a voltage drop across

the adsorbate layer. One year later B. Rodriguez et al. [56] developed a dual-excitation

method for the resonant-frequency tracking in a scanning probe microscopy. This allows

the cantilever to be operated near or at the resonant frequency, which is very important

for the measurements, for which the standard phase locked loops (PLL) are impossible,

because the phase of the driving force depends on the frequency and/or the position. PFM

is an example of such techniques. In PFM the resonant frequency of the cantilever strongly

depends on the local mechanical properties of the sample and the contact stiffness of the

tip-surface junction and the spatial variability of the drive phase makes it impossible to

use the PLL.

Piezoelectric effects

Piezoelectricity is a coupling between the mechanical and electrical behaviour of a mate-

rial. Simply speaking, when a piezoelectric material is squeezed, electric charge is collected

on its surface; conversely, when a piezoelectric material is subjected to a voltage drop, it

is mechanically deformed. Piezoelectricity was discovered by Jacques and Pierre Curie in

the 1880’s during the experiments on quartz. Piezoelectric materials represent a group of

materials which can be polarized (in addition to an electrical field) by applying a mechan-

ical stress. The property of a piezoelectric material to generate an electric potential in

response to an externally applied mechanical stress, is called direct piezoelectric effect, and

can be described with the linear relationship between stress Xjk applied to a piezoelectric

material and a resulting charge density Di [4], and can be written as:

Di = dijkXjk, (1.24)

where d ijk is a third-rank tensor of piezoelectric coefficients, or piezoelectric modulus.

There is another interesting and very useful property of piezoelectric materials: they

change their dimensions, i.e. they contract or expand when an electric field E is applied

(see Fig. 1.3). This property, first predicted theoretically by Gabriel Lippmann [57] and

then confirmed experimentally by the Curie brothers, is called converse piezoelectric effect,
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Figure 1.3: Converse piezoelectric effect.

and describes the strain xij that is developed in a piezoelectric material due to the applied

electric field Ek:

xij = dkijEk = dTijkEk, (1.25)

where the superscript ”T” means ”transpose”. The piezoelectric coefficients d, which

connect stress and charge density in the direct piezoelectric effect, are thermodynamically

identical to those, which connect field and strain in the converse piezoelectric effect, i.e.

ddirect = dconverse. The piezoelectric coefficients can be either positive or negative. Usually a

piezoelectric coefficient is called longitudinal coefficient when it is measured in the direction

of applied electric field, and transverse coefficient when it is measured in the direction

perpendicular to the field. All other coefficients are known as shear coefficients. The

strain and the stress are symmetrical tensors, i.e. xij = xji and Xjk = Xkj, which means

that the piezoelectric coefficient tensor is symmetrical with respect to the same indices.

This allows reducing the number of independent piezoelectric coefficients from 27 to 18.

The number of independent coefficients can be further reduced by taking into account the

symmetry of the material. In other words, piezoelectric effect must be absent (dijk = 0)

in all 11 centrosymmetric point groups (plus 432 point group) and may exist in materials

with other symmetries. The notation of the piezoelectric coefficients dijk can be simplified.

Following the matrix notation, indices ij=11, 22, 33 can be written as i=1, 2, 3 and ij=23

or 32, 13 or 31, 12 or 21 can be written as i=4, 5, 6 [4]. In this notation the longitudinal
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coefficient, which is a subject of the greatest interest, is therefore referred as d33.

It is worth noting that the piezoelectric effect in ferroelectric materials can be inter-

preted as the electrostriction, biased by the spontaneous polarization. The electrostrictive

effect is an example of nonlinear coupling between the elastic and electric fields. It is a

property of all dielectric materials, regardless of the symmetry. If an electric field Ei is

applied to a material, the electrostrictive strain x can be defined as:

xij =MijklEkEl, (1.26)

where Mijkl are the fourth-rank tensor components and are called the electro strictive

coefficients. In terms of induced polarization the electro strictive strain can be expressed

by:

xij = QijklPkPl, (1.27)

where Qijkl are the polarization-related electrostrictive coefficients. Qijkl and Mijkl are

related by the formula:

Mijmn = χkmχlnQijkl. (1.28)

Last but not least, it is important to mention the relation between the spontaneous po-

larization P S and piezoelectric coefficients. We can obtain this relationship by using a

thermodynamical approach [4], which leads to:

dijk = 2εilQjklmP
S
m. (1.29)

In addition, as ascertained by Devonshire [58, 59] for BaTiO3 single crystal, the lon-

gitudinal piezoelectric coefficient d33 for a single crystal with tetragonal symmetry (point

group 4mm) in the monodomain state can be related to the spontaneous polarization P S

as follows:

d33 = 2ε33Q33P
S
3 , (1.30)

where ε33 is the permittivity along the c-axis, which is also the direction of the sponta-

neous polarization P S
3 . This equation gives a direct relationship between the piezoelectric

coefficient and spontaneous polarization in the case of tetragonal single crystal. This re-

lationship can be easily extended for the ∞m symmetry of poled ceramics by replacing

each physical quantity with its effective value along the poling direction [41]. One should
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be careful with extending this formula to the case of the piezoresponse measurements of

the polycrystalline films. In such films each grain has a certain orientation, which differs

from that of the neighbouring grains. Piezoresponse signal in this case is not simply pro-

portional to the effective value of the spontaneous polarization along the normal to the

film surface. It has to be calculated using tensor transformations [41].

1.2.2.2 Experimental techniques

Rapid progress in electronic devices, such as microelectromechanical systems (MEMS),

non-volatile ferroelectric memories (FeRAMs) and ferroelectric heterostructures, made it

necessary to study and understand the local ferroelectric properties on the nanometer

scale. In turn, this has led to an intensive investigation of ferroelectric materials using

various scanning probe microscopy (SPM) techniques. Because the nature of the probe

and contrast formation mechanisms in these methods are rather different, SPM images

reveal different properties of ferroelectric materials. Let us mention several of SPM tech-

niques . In the case of electrostatic force microscopy (EFM) and scanning surface potential

microscopy (SSPM) we can characterize electrostatic stray fields above ferroelectric sur-

face (induced by surface polarization charge) by measuring the electrostatic force gradient

and the effective surface potential, respectively. Scanning capacitance microscopy (SCM)

is based on the polarization-induced hysteresis in the tip-surface capacitance (voltage

derivative of the tip-surface capacitance is measured). These three methods are sensi-

tive to the out-of-plane polarization component only. Since the optical indicatrix of the

surface reflects polarization induced anisotropy, near field scanning optical microscopy

(NSOM) can be used to investigate ferroelectric materials as well. In friction force mi-

croscopy (FFM) the effect of polarization charge on the surface friction is characterized

by measuring friction forces. Scanning nonlinear dielectric microscopy (SNDM) is used for

detecting the nonlinear dielectric permittivity. As the sign of the nonlinear dielectric per-

mittivity depends on the polarization direction, we can get information about polarization

distribution in the sample. Finally, piezoresponse force microscopy (PFM) characterizes

piezoelectric properties of the surface by measuring vertical (VPFM) and lateral (LPFM)

surface displacement, induced by tip bias. Both in-plane and out-of-plane polarization

components can be measured with the help of the last four methods.
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Atomic Force Microscopy

Principle of operation

PFM is a very good method for probing piezo- and ferroelectric properties at the nanoscale

and is based on the strong coupling between the polarization and electromechanical be-

haviour. Pro tanto, these behaviours can be induced by applying a highly localized elec-

tric field to the material and by probing the consequent infinitesimal surface displacements

with a picometer accuracy. Atomic force microscopy (AFM) is an ideal technique for these

studies due to its ultra-high vertical resolution and high localization of the electric field at

the point of junction between the conductive tip and the surface of the sample. Therefore,

PFM is a contact-mode AFM technique that, uses an electrically biased conductive AFM

cantilever as a probe of the local electromechanical coupling via the converse piezoelectric

effect. Let us consider AFM in details.

AFM nowadays is the most extensively used technique in the SPM group, because it

can measure a wide variety of surface properties on different types of materials, ranging

from electrical to magnetic properties, from topography to surface potential, etc. A big

advantage of AFM is its vertical resolution, which is of the order of picometers (more

than 1000 times better than the optical diffraction limit). The lateral resolution is limited

by the tip radius, which is typically of the order of tens nanometers, still surpassing the

optical diffraction limit by more than an order of magnitude.

Atomic force microscope was invented by G. Binnig, C. F. Quate and Ch. Gerber

in 1986 [60]. The AFM consists of a flexible cantilever with a sharp tip (Fig. 1.4). The

height of the tip is of the order of microns. AFM is based on the force interaction between

the tip and the surface. When approaching the surface, the cantilever reacts to the forces

between the tip and the sample surface and deflects according to Hooke’s law (to a first

approximation). Depending on the conditions, the forces that are measured in AFM

include van der Waals forces, mechanical contact force, capillary forces, electrostatic and

magnetic forces, chemical bonding, solvation forces etc. While scanning with the tip over

the investigated surface, the cantilever reacts to the sample topography. A feedback loop

monitors the cantilever deflection and keeps constant either a distance between the tip

and the surface or the contact force (depending on the scanning regime) by moving the

probe/sample upwards or downwards. Following this movement can provide one with

information about the sample topography. For detecting the cantilever deflection, the
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Figure 1.4: Schematic sketch of the AFM probe (left-hand) and SEM image of a typical
AFM cantilever (right-hand) (according to Ref. 61).

optical lever mode is used (see Fig. 1.5). A laser beam is reflected from the top of the

cantilever and collected by a quadrant photodetector, which consists of four closely spaced

photodiodes. The output signal from these photodiodes is then enhanced by a differential

amplifier. The optical system of AFM should be adjusted in such a way as to have a laser

beam, which comes from the solid state laser, focused on the probe cantilever, and the

reflected beam falling into the center of the photodetector photosensitive region. The main

parameters, which are registered with the AFM optical system, are cantilever deflection,

caused by Z-components of the attractive or repulsive forces (FZ), and cantilever torsion,

caused by lateral components (FL) of the forces acting between the tip and investigated

surface (Fig. 1.6). Let us mark the initial photocurrent in each section of the photodetector

as I0A, I0B, I0C, I0D and the photocurrent after change of the cantilever position as IA,

IB, IC, ID. Then the differential photocurrents from different sections of the detector

∆Ii = Ii − I0i will unambiguously characterize the value and direction of the cantilever

deformation [61, chapter 2.2]. Indeed, the photocurrent difference

∆IZ = (∆IA +∆IB)− (∆IC +∆ID) (1.31)

is proportional to the cantilever deformation due to a force that is perpendicular to the

sample surface (Fig. 1.6(a)). In turn, the combination of differential photocurrents

∆IL = (∆IA +∆IC)− (∆IB +∆ID) (1.32)
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Figure 1.5: Typical setup of atomic force microscope (according to Ref. 61).

characterizes the cantilever torsion, which is caused by lateral forces (Fig. 1.6(b)). The

IZ value is used as an input parameter in a feedback loop of the AFM. The feedback

system provides ∆IZ = const by means of a piezoelectric scanner, which sustains the

cantilever deformation ∆Z equal to ∆Z0 (the value of ∆Z0 is set by the operator). The Z

feedback continuously compares the signal from the photodetector with the setpoint (∆Z0)

and adjusts the sample’s vertical position in order to set these two to be equal. When

scanning a sample in a ∆Z = const regime, the tip moves along the sample surface, and

the voltage on the scanner Z-electrode is recorded in the computer memory as a sample

topography Z=f(x, y).

AFM modes

Conventionally, the methods used in AFM to obtain information about the topography

and surface properties by means of AFM can be divided into two main groups: the contact

(quasi-static) mode and non-contact (oscillatory) mode.

Contact mode . A contact mode serves as a basis for a series of measurements of

surface properties, including conductive AFM and PFM methods. In the contact quasi-

static mode the tip of the cantilever is in direct contact with the surface. Attractive and

repulsive forces, which act between the atoms of the tip and the sample, are balanced by

the elastic force, produced by the deflected cantilever. Cantilevers used in contact mode

usually have relatively small stiffness, which allows providing high sensitivity and avoiding

unwanted excessive influence on the sample surface. The contact mode can be carried out

either at constant force or at constant average distance between the probe and the sample.
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Figure 1.6: Correspondence between the type of cantilever deformation and the reposi-
tioning of the laser spot on the photodetector (according to Ref. 61).

In constant force mode (FZ = const) the feedback system keeps constant the value of

the cantilever deformation and, consequently, of the interaction force as well. Hence, the

control voltage in the feedback loop will be proportional to the sample surface topography.

Scanning at a constant average distance between the tip and the sample (Z=const) is

often used for rather smooth samples (with a roughness of about a few Ångströms). This

mode is also called the constant height mode. In this mode the probe moves at some

average distance Zav above the sample surface and the cantilever deformation ∆Z, which

is proportional to the applied force, is recorded in each point. The AFM image in this

case reflects the spatial distribution of the interaction forces.

Using atomic force microscope, it is possible to investigate detailed features of the

local force interaction, which allows one to get information about the sample surface

properties. To this end, the so-called force-distance curves are measured. In fact, these

are the dependences of the cantilever bending ∆Z (and thus of the interaction forces) on

the coordinate z, i.e. on the probe-sample distance. A typical dependence ∆Z = f(z) is

shown in Fig. 1.7. When approaching the sample surface, the tip becomes subject to the

attractive forces, which cause a cantilever bending toward the surface (Fig. 1.7, inset(a)).

In this region, the jump of the tip to the surface can be observed. This jump rides on the

large gradient of the attractive force near the sample surface. During further approach of

the probe to the surface, the tip begins to feel a repulsive force and the cantilever bends

in the opposite direction (Fig. 1.7, inset (b)). The slope of the curve ∆Z = f(z) in this
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Figure 1.7: Schematic plot of the cantilever deflection ∆Z (proportional to the applied force
F ) versus the probe-sample distance z. The blue and red lines represent the response from
the tip approaching to and retracting from the surface, respectively (after [61, chap. 2.2]).

area is defined by the elastic properties of both the sample and the cantilever. If the

interaction between the tip and the sample is perfectly elastic, then the dependence of

the cantilever bending on the tip-sample distance, recorded during the reverse motion, is

equal to the dependence, obtained during the forward motion (Fig. 1.7). In the case of

soft samples, such as the films of organic materials, biological structures, etc., and samples

with adsorbed layers on the surface, the shape of the ∆Z = f(z) curves is more complex,

because it is influenced by the capillary and plasticity effects. Thus, from the shape of

the curves we can characterize the tip-surface interaction, study the distribution of the

adhesion forces and the local stiffness of the sample.

The contact mode encloses the following advantages:

- high scan speed;

- the only AFM technique, which can reach ”atomic resolution”;

- very effective on rough surfaces with abrupt changes in topography;

and drawbacks:

- lateral forces can skew features in the image;

- vertical forces can be high in the air because of capillary forces from the adsorbate

layer;

- lateral forces and rather high vertical forces can significantly reduce the spatial res-

olution;
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Figure 1.8: Selection of the working distance for the ”tapping mode” (after [61]).

- frequently results in tips breakage and/or sample surface damage;

- practically not applicable to soft samples such as organic and biological materials.

Oscillatory mode . As it was mentioned above, the contact techniques are not

appropriate for a soft sample analysis. Soft samples are better studied using an oscillating

cantilever. Oscillatory techniques allow us to extremely reduce the mechanical influence

of the tip on the surface during the scanning process. Moreover, development of the

oscillatory techniques has significantly expanded the variety of surface properties that can

be studied by means of AFM.

The most widely used AFM oscillatory mode for topography imaging is the so-called

”semi-contact mode”, or the ”tapping mode”. In this technique the forced cantilever

oscillations are excited at a resonant frequency or near with an amplitude of about 10

to 100 nanometers. The cantilever approaches the surface in such a way as to have the

tip in contact with the surface in the lower semi-oscillation, which corresponds to the

repulsive part in the force-distance graph (Fig. 1.8). On scanning, the changes of amplitude

and phase of the cantilever oscillations are registered. The amplitude and the phase of

cantilever oscillations depend on the tip-surface interaction in the bottom part of cantilever

oscillations. Formation of the AFM image in the tapping mode is done in the following

way [61]. The piezo-vibrator drives the cantilever oscillations at a frequency ω, which is

close or equal to the resonance frequency, and with amplitude Aω. During the scanning
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process the AFM feedback system keeps the amplitude constant at the A0 level, which

is set by the operator (A0 < Aω). The voltage in the feedback loop is recorded in the

computer memory as a topographic AFM image of the sample. At the same time, the

change of the cantilever oscillation phase is also registered at each point of the scanned

area and recorded as ”phase contrast image”.

With respect to the contact mode, the semi-contact mode AFM has the following

advantages:

- lower forces and less damage to the soft samples;

- higher lateral resolution;

- lateral forces practically eliminated;

and disadvantages:

- slower scan speed.

AFM resolution in the contact mode

As it was mentioned above, the resolution of AFM is very high, nevertheless it is limited.

There are two main effects, which cut down the resolution of the atomic force microscope:

the effect of elastic deformations and the effect of the tip curvature radius and the cone

angle.

The effect of elastic deformations [62]. The AFM technique accuracy is limited

by the elastic deformations, which modify a sample topography. One of such effects,

videlicet the indentation of large organic molecules surface, results in the measured height

decrease by several tens of percent. The same phenomenon can be expected when scanning

across tilted, concave or convex surface areas (Fig. 1.9(a)).

When the cantilever and the sample are in contact, elastic forces start to act, giving

rise to both the sample and the tip deformations, which can affect the acquired image. To

properly interpret the results and choose the measuring mode, one should have a clear idea

of elastic interactions in contact and ”semicontact” modes. Let us first consider only the

elastic force. The Hertz problem (deformations determination at local contact of bodies

under action of a load F ) solution relates the loading force F and the penetration depth

h, and allows one to estimate the best reliable resolution during measurements:

h =

√
F 2

K2R
, (1.33)

where h is the depth of the tip and the sample mutual penetration, F - the applied
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Figure 1.9: (a) Scan line profile (1) vs. the original surface topography (2) (due to elastic
deformations the surface convex feature shape is lower and narrower than the original)
and (b) indentation during the scanning of inclined area (according to Ref. 62).

force, K - the tip-sample effective Young’s modulus,
1

R
=

1

r
+

1

r′
, where r, r′ - the tip

and the sample curvature radii, respectively. Formulation of the Hertz problem implies

that the penetration depth is much smaller than the curvature radius R. Nevertheless, this

limitation can be neglected in this estimation. Let us calculate the minimum characteristic

size of the surface feature, which is of the order of the deformation under the tip action,

i.e. h ≈ R = δ1. The value δ1 can be considered as the resolution limit due to elastic

deformations:

δ1 ≈
√
F

K
. (1.34)

This expression is valid for both vertical and lateral resolution limits for the small features.

However, not only small, but larger surface features (r′ ≫ r) can be imaged with

shape distortion. If vertical elastic indentation (1.33) for the larger features is practically

the same as for the small ones (R ≈ r) and thus can be neglected, the lateral shift of the

image of inclined areas must be taken into account, because the shift sign depends on the

inclination (Fig. 1.9(a)).

Let us examine Fig. 1.9(b) now. The vertical pressing force F causes the sample

normal reaction force N , which is given by the next formula at the inclined area:

N =
F

sinϕ
. (1.35)

The arising deformation h is directed normal to the surface. Its horizontal component is:

hx = hcosϕ. (1.36)
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This component hx is exactly the image distortion, which appears when scanning across

the inclined surface areas. It can be taken as the lateral resolution limit, which is caused

by elastic deformations. If we substitute N instead of F in (1.33) in accordance with

(1.34), using (1.36), and assuming for large surface features R = r, we can write:

δ2 =
cosϕ
3
√
sinϕ

· 3

√
F 2

K2r
. (1.37)

As evident, the obtained expression diverges at ϕ → 0◦. However, one should remember

that the slope of the contact area cannot exceed half the tip cone angle. That is why it

is necessary to use this value ϕ for the resolution limit estimation. For a typical tip cone

angle 2ϕ = 22◦, the first multiplier in equation 1.37 is approximately equal to 3.0.

As the lateral resolution, one should choose the larger of the values δ1 (1.34) and δ2

(1.37), depending on experimental parameters F,K, r. If

F > 3Kr2, (1.38)

then formula (1.37) should be used, otherwise - formula (1.34). Let us summarize:

- Elastic deformation of the surface features by the tip leads to the AFM image dis-

tortion, which results in poor resolution;

- Small features with sizes of the order of the deformation value cannot be resolved.

For the objects with curvature radius less than the tip radius, the resolution is

approximated by δ1 ≈
√
F/K.

- On the other hand, the image resolution is limited by the deflection at the sample

inclined areas and is equal to δ2 = 3
3

√
F 2

K2r
.

Effect of the tip curvature radius and cone angle [62]. In spite of the ability

to reach high spatial resolution, the acquired surface topography image sometimes cannot

correspond to the real surface features due to the effect of the instrument on the studied

object, resulting in the artifacts appearance. These artifacts usually can be easily taken

into account while qualitatively interpreting the AFM results; however, some special prob-

lems can require quantitative estimation and reconstruction of the real sample topography.

Two major AFM artifacts can appear during scanning: ”profile broadening” effect due to

the tip-sample convolution and ”height lowering” effect due to the elastic deformation of

the sample. The last effect is discussed in detail above, so let us now concentrate on the
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Figure 1.10: (a) Geometry of the studied object and conical tip in case R ≪ r and (b)
observed image profile of this object (according to Ref. 62).

examination of the elementary tip-sample convolution phenomenon.

Depending on the tip and sample feature sizes, two cases are possible:

1. Tip radius R is much smaller than the feature curvature radius r (R ≪ r).

Figure 1.10(a) shows the studied object and conical tip geometry in case R ≪ r. It is easy

to show that the lateral width of the measured object in this case is:

rc = r

(
cos θ +

√
cos2 θ + (1 + sin θ)

(
−1 +

tan θ

cos θ

)
+ tan2 θ

)
, (1.39)

where θ is the cone half angle. The corresponding surface profile in the contact mode

under given conditions is depicted in Fig. 1.10(b). In this case the object is broadened by

2(rc − r) while its height remains the same: 2r.

2. Tip radius R is approximately equal to the feature curvature radius r (R ≈ r).

The tip and the studied object geometry, when R ≈ r, are shown in Fig. 1.11(a). In this

case, the tip movement across the sample surface can be approximated by the movement

of the sphere of radius R along the sphere of radius r, i.e. the tip describes an arc of

radius R + r. Simple calculations give for the object lateral dimension

rc = 2
√
Rr, (1.40)

and for the relative height of the object

H = r

[
1−

√
1− r2c

(R + r)2

]
. (1.41)
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Figure 1.11: (a) Schematics of the studied object and the conical tip in case R ≈ r and
(b) observed image profile of this object (according to Ref. 62).

If the minimum distance between features d − 2r is smaller than the tip diameter 2R >

d− 2r (see Fig. 1.11(b)), then the tip between these features will penetrate as deep as:

∆H = r

[
1−

√
1− (d/2)2

(R + r)2

]
. (1.42)

Quantities H and ∆H are shown in Fig. 1.11(b), where the surface image profile is de-

picted for the given conditions taking into account the tip-sample convolution. The object

broadening value is (r−d/2). Furthermore, the tip finite size does not allow it to penetrate

into narrow cavities on the sample surface, resulting in their depth and width decrease.

Lateral resolution of AFM. The minimum Z-coordinate change during scanning,

which can be detected at a given noise level, can serve as the vertical resolution criteria

∆Z. Resolution depends strongly on the scanning parameters (scanning speed, scan size,

parameters of the feedback loop, etc.) as well as on the sample viscoelastic properties.

Typically, the vertical resolution is a few tenths of an angstrom.

Unfortunately, there is no unambiguous procedure of the microscope lateral resolution

determination. The easiest way to estimate it is as follows. Let the tip is characterized

by a curvature radius R, and the resolvable surface features by a radius r (Fig. 1.12(a)).

Then the lateral resolution will be connected with the vertical resolution limit ∆Z. The

resolution criterion is the ability to detect the difference in the tip vertical position over

objects and between them. The geometrical analysis allows obtaining the equation for the

minimum distance between the resolved surface features when the AFM image ”dip” can

still be detected (that is equal to the limit ∆Z):

d ≃
√
8(R + r)∆Z. (1.43)
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Figure 1.12: (a) Geometry of the studied object and conical tip and (b) expected result of
AFM topography. ∆Z - vertical resolution limit, d - desired lateral resolution limit, R and
r - curvature radii of the tip and the resolved objects, respectively (according to Ref. 62).

Since the achievable spatial resolution must be invariant characteristic of the instrument

(independent of the object of study), it should be determined by considering the condition

of the detection of two point objects (r = 0). Then (1.43) takes the form:

d =
√
8R∆Z, (1.44)

relating lateral resolution limit d, vertical resolution limint ∆Z and tip curvature radius

R.

Piezoresponse force microscopy

Finally, we approach to the PFM technique, which includes all advantages and drawbacks

of the AFM method. PFM is an extension of the contact AFM technique and detects the

local piezoelectric deformation of a sample, caused by the applied oscillating electric field

from the conductive tip of an atomic force microscope [30]. The voltage-induced deforma-

tions of the sample lead to periodic vibrations of the sample surface, which are transferred

to the tip. After that the resulting oscillations of the cantilever are amplified and sen-

sitively analysed using a lock-in amplifier (LiA) (see section 2.2.2). PFM is generally

used for the investigation of the ferroelectric domain structures. Because ferroelectricity

entails piezoelectricity, the domain structure can be imaged due to its piezomechanical

deformation under application of an electric field.

PFM operating principle. In the case of PFM, the electric field is applied locally to

the sample using the conductive tip. The scheme of experimental setup for PFM is shown

in Fig. 1.13. As one can see, the left part of the scheme corresponds to a standard AFM

setup, while on the right part of the image the additional components for PFM operation
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Figure 1.13: Schematic sketch for contact-mode AFM (left side) developed to PFM oper-
ation (right side) (after Ref. 30).

are shown. The alternating voltage Vac (with amplitude V and frequency f) is applied

to the tip using a functional generator, and the resulting oscillations of the cantilever

are detected with a lock-in amplifier. The alternating voltage can also be applied to the

bottom electrode (BE) while grounding the tip, which will result in a phase shift of π of

the lock-in output signal. In principle, practically all of today’s commercial AFM systems

are equipped with the necessary parts for PFM measurements (functional generator, LIA,

electrical contact for the tip).

It is worth noting that one has to be very careful in choosing the probe. There

exist a variety of conductive probes, which are appropriate for PFM measurements. In

fact, any standard n-doped silicon probe can be used (the conductivity of the material

is sufficient). Nevertheless, a few nanometer thick oxide film will grow at its surface.

As a result, the ’electrical’ and the ’mechanical’ tip will not coincide, and part of the

electric field will spread and decay due to oxide layer, which will lead to a reduction of the

lateral resolution. Therefore, it is better to use tips with conductive coatings (TiN, PtIr,

Au, etc.). On the other hand, these tips degrade relatively fast, because the operation

of AFM in a contact mode has an abrading effect on the coating. Of cause, one can

use diamond coated probes, which are more resistant, but they have a relatively large

tip radius (≈ 60 nm), which will lead again to the reduction of the lateral resolution.

Another characteristic parameter of the cantilever is its stiffness. The cantilever stiffness,

in the first approximation, does not play role for PFM operation. The tip follows the
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displacement of the sample surface irrespective of its load [30]. The effect of the load of

the tip on the PFM signal has been studied theoretically as well as experimentally for

different materials [34, 54], however, no conclusive data are available. In fact, it has been

observed that very soft cantilevers with a spring constant k < 1Nm−1 yield worse PFM

images, which is most probably because of uncontrollable wobbling of softer cantilevers.

That is why most groups (including our group) use rather stiff cantilevers (k > 1Nm−1).

Next characteristic parameter of the cantilever (much more important than its stiffness)

is its resonance frequency ffree, specifically, the contact resonance frequency fcont, i.e. the

resonant frequency of the cantilever when the tip is in contact with the sample surface. As

a rule of thumb we can presume that 3-5 ffree ≈ fcont, which depends also on the sample

stiffness [63–65].

Now let us discuss standard values for PFM measurements. For standard PFM op-

eration the frequency f of Vac is usually set to 10-100 kHz and the amplitude V to 1-10V.

Here are some requirements for the frequency f :

1) f should be high enough in order to minimize the influence of cantilever vibrations

on the recording of the topography image, which is performed at the same time. It

means that the time constant of the feedback loop should be large in comparison

with 1/f ;

2) f should be small with respect to fcont of the cantilever. This condition is fulfilled

automatically for stiff cantilevers;

3) one should avoid any other resonances of the system, because any measurement close

to resonance is very sensitive relating to the amplitude and phase information.

As regards the amplitude V , the main factors can be written as follows: the PFM

signal is a function of voltage amplitude V , which means that larger V will result in larger

PFM signal. Nevertheless, one should keep in mind that because of the small tip radius

even relatively small voltages can lead to extremely high local electric fields, which can

modify the domain structure by local poling. That is why an amplitude of 10V can be

used for thick samples, while on the contrary V < 1V is most appropriate for thin films.

It is also important to properly adjust LiA for PFM measurements. Let us consider

the settings of the sensitivity S and the time constant τ of the LiA. Maximum sensitivity

S is of course preferred, the only limit is not to overload LiA. The time constant τ should

be discussed in more details, because it is directly related to the scanning parameters, such

as image size s× s, scanning speed v, and pixel number n. The sampling frequency, e.d.
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the number of samples (value or set of values at a point in time and/or space) per a unit of

time taken from a continuous signal to make a discrete signal can be written as fs = v s/d.

From the Nyquist-Shannon sampling theorem it follows that the lock-in time constant

must satisfy inequality τ > (πfs)
−1 in order to perform the optimum data acquisition.

On the other hand, τ must be as small as possible so as to get the maximum scanning

performance. Therefore, a good trade-off is
1

3fs
< τ <

1

fs
. In reality, the procedure of

the parameter selection is different to that described above. For a given frequency f of

the alternating voltage one should find a proper time constant τ . It is good to start with

τ > 5/f [30]. In fact, the noise of the system and, consequently, the magnitude of the

PFM signal and the sensitivity of the LiA define the setting of τ . In regard to the scanning

speed v, for a given image size and the pixel number n(i.e. image resolution), the scanning

speed should obey the inequality:

s

3nτ
< v <

s

nτ
. (1.45)

Let us have a look at a numerical example [30]: considering a sample with a piezoelectric

coefficient d33 ≈ 10 pmV−1, Vac to be set to f =50 kHz, and V =10V. Typical lock-in pa-

rameters would be S=500µV and τ =3ms. If we want to record an image with s=10µm

and n=256 pixels, a scanning speed v should not be higher than 13µms−1 and it will take

2n s/v ≈ 10min (it is multiplied by the factor of 2 because the tip moves back and forth

during the scanning). Particular attention should be paid to a pace of scanning (step size)

t when studying the periodic domain structures. It must be at least two times smaller

than the period of the domain structure T along the scanning direction, i .e. t < T/2 ,

otherwise we will get a wrong image due to aliasing effect (see section 1.2.2.3 for more

details).

As it was already mentioned, during the PFM measurements the tip follows the local

sample surface deformation, caused by the applied alternating voltage. In general, the

sample surface can deform in any direction (depending on relative orientation of the applied

field and the polarization vector), which can lead to deflection, buckling or torsion of the

cantilever [66] (see Fig. 1.14). Domains with polarization in the out-of-plane (OP) direction

will result in vertical deflections of the cantilever (OP signal), as shown in Fig. 1.14(a),

whereas domains with in-plane (IP) polarization will induce buckling or torsion, depending

on the orientation of the polarization vector with respect to the cantilever axis. If IP
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Figure 1.14: Three possible cantilever motions with respect to the orientation of the
cantilever and polarization directions (after Ref. 66).

polarization is perpendicular to the cantilever axis, it will result in torsion of the cantilever

in the IP signal (Fig. 1.14(b)). If IP polarization direction is parallel to the cantilever axis,

it will induce buckling oscillations, detected as OP signal (Fig. 1.14(c)). The simultaneous

contribution of the deflection and the buckling of the cantilever to the OP signal can

lead to erroneous information when analysing the PFM data. That is why, for a clear

assignment of the cantilever movement to a particular deformation of the sample surface,

the next steps have to be done. Firstly, one should compensate a crosstalk in the readout

system of the SPM. In fact, a small crosstalk is present in any SPM-system, and appears,

for example, when the plane of the readout laser beam (reflected from the rear-side of the

cantilever) is not perfectly aligned with respect to the orientation of the photodetector.

This crosstalk can be suppressed by using a special electronic addition/subtraction scheme

for the recorded signals ( see Ref. 67 for details). In order to get the complete information

about the sample surface deformation under the applied alternating voltage, one should

collect the out-of-plane signal and two in-plane signals. This can be done by imaging the

same sample area before and after rotation of the sample by 90 ◦. The deflection image (a

vertical signal, Fig. 1.14(a)) should remain the same before and after rotation, while the

two torsion images (a lateral signal, Fig. 1.14(c)) should be different. It is obvious that in

the images recorded at 0 ◦ and 90 ◦ rotation the torsion and the buckling contributions will

trade the places. After measurements, the results can be displayed as individual images [68]

or represented as a dual-color-coded vector PFM representation [36]. It is important to

mention that, because the buckling and deflection both contribute to a vertical signal, it
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is not easy to discriminate between them, which causes troubles when analysing the PFM

images. That is why it is necessary to separate the vertical signal into two − deflection

and buckling signals. This can be done by imaging the same sample area before and after

rotation of the sample by 180 ◦. The contribution of deflection to the vertical signal is

independent of the rotation, while the contribution of the buckling should be inverted.

Thus, one can explicitly discriminate the individual IP and OP contributions to the PFM

signal by using a proper addition/subtraction scheme for three PFM images, taken from

the same area under 0 ◦, 90 ◦ and 180 ◦ rotations. Nevertheless, recording images of the

same sample surface area rotated by 90 ◦ and 180 ◦ is very difficult and burdensome task,

because the axis of rotation must be spotted within a few microns of the tip position [69].

For this reason sometime it is better and easier to use PFM technique without rotation

of the sample simultaneously with other methods, such as Raman spectroscopy [2], IR

spectroscopy [70], X-Ray diffraction [71], etc.

PFM resolution. Now let us try to estimate the lateral resolution of PFM. As it

was discussed above (AFM resolution in the contact mode), in every AFM technique the

lateral resolution is directly correlated with the tip radius r and the interaction between

the tip and the sample surface. As for PFM, the situation is similar, because we are

detecting the mechanical response of the sample to the applied voltage, and the elasticity

of the sample also affects the lateral PFM resolution. Usually, the PFM resolution is less

then 10-30 nm and is limited by the tip-sample contact area (determined by the radius

of the tip apex), however, other mechanisms for broadening are possible (electrostatic

interaction, formation of a liquid neck in the tip-surface junction, etc.) [39]. Experimentally

the lateral resolution of PFM can be examined by scanning across a 180 ◦ (↑↓) domain

wall, as discussed in Ref. 30.

Switching spectroscopy PFM. The presence of piezoelectric hysteresis is the most

important characterization and an indisputable confirmation of ferroelectricity, and PFM

is an appropriate method for detecting the ferroelectricity in a material. Hysteresis loop

measurements are usually performed using a DC bias source, connected in series with the

AC voltage source. The hysteresis loops are obtained by sweeping the DC bias voltage

and recording the piezoresponse signal at each value of voltage. There are two main ways

to measure hysteresis loops [73]:

1. In the first method the applied probing AC voltage is imposed to the DC bias volt-

age. The DC bias is varied in discrete steps δV from zero to the maximum voltage,
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a) b)

Figure 1.15: DC voltage waveshapes for the (a) in-field and (b) remanent hysteresis loops
(after [72]).

then decreased to the minimum voltage, and increased again to the maximum voltage

(Fig. 1.15(a)). Each step of the applied DC voltage has a duration W . This procedure

allows one to measure the piezoelectric constant as a function of the field, which is applied

simultaneously. That is why the loop, obtained in this way, is called in-field hysteresis

loop.

2. In the second method the DC bias voltage is pulsed for a timeW , and after a time delay

td, from the suppression of the pulse the piezoresponse is measured (see Fig. 1.15(b)). The

amplitudes of the pulses are varied in discrete steps as in the first method. This procedure

allows reducing the tip-surface electrostatic interaction. Only the remanent piezoelectric

coefficient is investigated as a function of DC voltage pulse, which was applied previously,

and the retention characteristics of the ferroelectric thin films are revealed. The loop,

obtained in this way, is called remanent hysteresis loop.

For high values of the poling voltages the remanent loop is saturated, while the in-

field loop contains a part, which increases linearly after the polarization switching. If we

subtract this linear component, we should obtain a curve, which will nearly coincide with

the remanent hysteresis loop. If the permittivity of the material is known from other

measurements, this linear part can be used for estimation of the electrostriction coefficient

Q of the material [73]:
∂d33
∂E

= 2Qε233. (1.46)
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1.2.2.3 Hidden pitfalls

Piezoresponse force microscopy is a very powerful method for the imaging and analysing

the domain structures of the material, but it has a few hidden pitfalls, which can greatly

influence the interpretation of the obtained results. For instance, in case of 180 ◦ domains

the amplitudes should be equal, phase difference should be 180 ◦ and the piezoresponce

should be independent of the modulation frequency. However, if we go through the liter-

ature, we will see that it is not the case. Let us discuss possible complications that can

lead to wrong results.

Electrostatic contribution. As mentioned above, the bias voltage results in a peri-

odic surface displacement (vertical, longitudinal, lateral) due to the converse piezoelectric

effect. In addition, it generates local (acting on the tip) and non-local (acting on the

cantilever) components of the electrostatic force, which causes a flexural bending of the

cantilever [34, 74]. The main problem is that both electrostatic forces and the electrome-

chanical response of the surface contribute to the PFM signal, and the experimentally

measured piezoresponse amplitude is:

A = Ael + Apiezo + Anl, (1.47)

where Ael is an electrostatic contribution due to the tip-surface forces, Apiezo is an elec-

tromechanical contribution due to piezoelectric surface deformation, Anl is a non-local

contribution due to buckling oscillations of the cantilever, caused by capacitive cantilever-

surface interactions [53]. It is necessary to have Apiezo maximized in order to get predom-

inantly electromechanical contrast, while for Ael >> Apiezo, the electrostatic contribution

will be measured. Because the cantilever is usually much larger than the domain, non-local

cantilever contribution to PFM x-signal is usually present as an additive offset. Neverthe-

less, it can lead to a wrong interpretation of the PFM images.

In order to estimate the effect of these interactions on PFM images, let us assume [75]:

Ael = FlocVac(Vtip − Vloc), (1.48a)

Apiezo = deffVac, (1.48b)

Anl = FnlVac(Vtip − Vav), (1.48c)

where Vtip is the tip potential, Vloc is the local potential below the tip apex, deff is an
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effective electromechanical response of the surface, Vav is the average surface potential

below the cantilever, Floc and Fnl are the proportionality coefficients, determined by the

tip-surface and cantilever surface capacitance gradients, tip-surface contact stiffness and

spring constant of the cantilever. According to Ref. 53, all three contributions decrease

with modulation frequency f (due to dynamic stiffening effects): Ael ∼ 1/f , Apiezo ∼ 1/f

and Anl ∼ 1/f 3/2. Evidently, the non-local contribution scales as higher power of fre-

quency, which means that non-local cantilever effects will be minimized at high frequencies;

while the local electrostatic and electromechanical contributions scale in similar manner

and cannot be distinguished by changing the operating frequency. In order to separate

the electromechanical contribution from the electrostatic one, stiff cantilevers should be

used.

As mentioned before, in the ideal case the phase shift between the opposite domains

should be 180 ◦, and the amplitudes on both sides of the domain wall should be equal.

This is true in the low-frequency case, but in the dynamic case the electromechanical and

electrostatic contributions to the PFM signal have different phases [53]. Let us define the

PFM X-signal as PR = Acosϕ. Then the response over c+ and c− domains can be written

as:

PR± = ±d1 +G(Vdc − Vsurf)exp(iψ) (1.49)

where d1 is the electromechanical contribution, ψ is the phase difference between the elec-

trostatic and electromechanical responses, and G is the proportionality factor containing

local and non-local electrostatic contributions to the PFM signal.

If the electrostatic contribution is much smaller than the electromechanical one, the

response and the phase difference will be:

PR± = d1 ±G(Vdc − Vsurf)cos(ϕ), (1.50a)

∆ϕ = π − sin(2ψ)(G(Vdc − Vsurf))
2/d21. (1.50b)

In the case of small piezoelectric contribution (d1 → 0), the domain contrast and the

phase difference will be:

PR± = G(Vdc − Vsurf)± d1cos(ϕ), (1.51a)

∆ϕ = sin(2ψ)d1/(G(Vdc − Vsurf))(cos2ψ − 3). (1.51b)
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Figure 1.16: Schematic of PFM signals in the case of c+/c−/c+/a domain structure for the
pure electromechanical (left), weak electrostatic (center) and strong electrostatic (right)
contributions (after Ref. 75).

From the equations 1.50 and 1.51 it follows that in the purely electromechanical case

the response amplitudes are equal for the opposite domains, and the phase changes by

180◦ between the domains, while in-plane domains or non-ferroelectric regions show a zero

response amplitude (see Fig. 1.16(left)). In the case of weak electrostatic contribution,

the phase difference will be less than 180 ◦ and the amplitudes will not be equal in the

c+ and c− domains (see Fig. 1.16(center)). Finally, for a strong electrostatic contribution,

the phase remains practically unchanged between the domains, the amplitude is strongly

asymmetric, changing from the maximum value for one orientation to the minimum value

for another and in-plane domains or non-ferroelectric regions are seen as regions with

intermediate contrast on amplitude image (see Fig. 1.16(right)).

Aliasing effect. In the signal processing and related disciplines, aliasing refers to an

effect that causes different signals to become indistinguishable (or aliases of one another)

when sampled. It also refers to the distortion or artifact that results when the signal

reconstructed from samples is different from the original continuous signal. Aliasing can

occur in signals sampled in time and is referred to as temporal aliasing. It can also occur

in spatially sampled signals. Aliasing in spatially sampled signals is called spatial aliasing.
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Figure 1.17: PFM images of PbTiO3 thin film showing the true domain structure (right-
hand) and a false structure, caused by the spatial aliasing effect (left-hand) (our measure-
ments).

In any sampled data stream, it is possible to sample a high frequency (small period) signal

such that it will appear to be a much lower frequency (much bigger period). Let us consider

the sampling in lock-in amplifier as an example of temporal aliasing. Suppose the lock-in

is set to detect a signal near 1Hz with a relatively short time constant. The X output will

have a DC component and a 2Hz component (2xf). If the sample rate is 2Hz, then the

samples may be taken as shown below.

The samples represent a sine wave with a frequency much lower than 2Hz, which is

not actually present in the output. In this case much higher sampling rate will solve the

problem. Aliasing occurs whenever the output signal, which is sampled, contains signals

at frequencies higher than 1/2 the sample rate. Generally, the highest possible sample rate

should be used. The lock-in time constant and fiber slope should be selected to attenuate

signals at frequencies, which are higher than 1/2 the sample rate, as much as possible.

As for spatial aliasing, let us have a look on the PFM images of the periodic domain

structure in PbTiO3 thin film (Fig. 1.17). These two images were obtained by scanning of

absolutely the same sample area, but with different paces of scanning. Right-hand image

correspond to the real domain structure, while the left-hand one is a result of the spatial
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Figure 1.18: Vector diagram for the domain contrast in PFM for two frequencies f (1) and
f (2). The X axis correspond to the in-phase output (θ = 0◦) and the Y axis correspond to
the orthogonal output (θ = 90◦) of the lock-in amplifier. 2d is the domain contrast (after
Ref. 54).

aliasing effect. When studying the periodic structures, particular attention should be paid

to the step size t. The pace of scanning plays here similar role as frequency in the temporal

aliasing. It must be at least two times smaller than the domain structure period along the

scanning direction (t < T/2). Otherwise, if the step size t ≥ T/2, we will obtain a wrong

image in the form of a Moiré pattern, for example.

Background signal. The influence of the so-called background signal on the domain

contrast can be well understood from the studies performed by Jungk et al. [54,76], where

they present a vectorial analysis of the data, acquired with PFM. They recorded PFM

images of a z-cut periodically poled LiNbO3 (PPLN) crystal in order to precisely position

the tip on the c+ or c− domain, and measured the oscillation amplitude of the cantilever

while sweeping the modulation frequency from 10 to 100 kHz. The in-phase (θ = 0◦)

output X and orthogonal (θ = 90◦) output Y (θ corresponds to the phase with respect to

the driving voltage) were recorded simultaneously. Frequency scans of the X signal on a

c− domain face look random and the signal sometimes reaches the values up to 250 pm,

whereas only 81 pm are predicted. Furthermore, at some frequencies, no PFM signal, or

negative values were obtained (orthogonal Y signal shows a similar spectra). It means

that only a part of the PFM signal correspond to the ferroelectric properties of the sample
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and a complex background signal is present. This background signal can be determined

by averaging the PFM signals from the c+ domain (P vector) and c− domain (N vector)

phases [54]:

B =
1

2
(P+N). (1.52)

Let us use a vector diagram to illustrate the case for two different frequencies f (1) and

f (2) of the applied alternating voltage (Fig. 1.18). As one can see, at the frequency f (1)

a background signal B(1) is present. Vectors −d and +d, both of the same magnitude

with a 180 ◦ phase difference in between, correspond to the contributions from c+ and

c− ferroelectric domains, respectively. As a result, we will measure P(1) = B(1)−d for

c+ domains and N(1) = B(1)+d for c− domains. What is important is that due to the

background signal the phase difference between P(1) andN(1) is 180 ◦ and their magnitudes

are not equal and are larger than one can expect. The same situation takes place for

any other frequency f (2). It is clear from the Fig. 1.18 that despite the fact that the

domain contrast 2d is the same for both frequencies, the measured PFM signals strongly

differ. This is why the background signal can have big influence on the domain structure

measurements. As for the origin of the background, it is still unclear, but it is supposed

that the AFM microscope itself behaves as a mechanical resonance box.

Adsorption. PFM technique is based on the measuring of the response of a piezo-

electric material to an applied voltage. That is why it is obligatory to have a good electrical

contact between the tip and sample surface, otherwise we will not be able to perform PFM

measurements properly. The presence of a surface layer on the sample surface can lead to

the deterioration of the electrical contact. The presence of chemisorbates and physisor-

bates on the perovskites surface in ambient conditions has been confirmed by F.Peter et al.

using X-ray Photoelectron Spectroscopy (XPS) method [55,77]. The surface layer can be

removed by heating the sample under ultrahigh vacuum (UHV) conditions. It was shown

that the effect of this procedure on the piezoresponse of the material is huge. PFM mea-

surements in vacuum after UHV heating showed that the layer reduces the piezoresponse

by a factor of 2.5 for BaTiO3 and 3.8 for KNbO3 in comparison with the adsorbate-free

surfaces [55, 77]. What is important is that the piezoresponse of the material measured

in ambient conditions after heating cycle was practically the same as the piezoresponse

measured before heating. The adsorbate layer can be interpreted as an insulating layer.

It has a huge influence on the potential distribution and leads to an additional potential
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Figure 1.19: Topography images of the BTO/STO thin film in case of damaged (left-hand)
and non-damaged (right-hand) cantilevers (our measurements).

drop across the adsorbate layer. As a result, we will have a significant reduction of the

electric field and, consequently, a smaller piezoresponse than expected.

Broken cantilever. On approaching the sample surface or during scanning in the

contact mode, the tip of the cantilever can be damaged or even broken. Such unpleasant

situation can result in an unrealistic topography image. In Fig. 1.19 one can see the

topography images of the BaTiO3 thin film deposited on SrTiO3. If we look on the left-

hand figure, we can start thinking that the sample surface is formed by small isosceles

triangles. However, this is just due to the fact that the apex of the tip was damaged

during scanning and is not round anymore. The more or less real topography image is

shown in the right part of the Fig 1.19. It is seen that the sample consists of small spherical

grains, which are typical for films deposited by meta-lorganic chemical vapour deposition

technique (MOCVD).

This is not a complete list of effects that have negative influence on the PFM mea-

surements. In fact, there are more artifacts, each of which contributes to a greater or

lesser extent to the experiment and should be considered at each specific case, depending

on the experimental conditions.
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Chapter 2

Experimental Setup

2.1 Raman measurements

2.1.1 Raman spectrometer

Raman spectra were collected in a backscattering geometry using a Renishaw RM1000

Micro-Raman spectrometer. A simplified internal scheme of a Renishaw Raman spec-

trometer together with a modular Leica DMLM microscope, attached to it, is shown in

Fig. 2.1. This spectrometer can be characterized with dispersive operation with a single-

grating spectrograph, multichannel CCD detector with a low dark signal and low readout

noise, which is thermo-electrically cooled to 200K, and quite simple optical path, leading

to a high throughput and a very convenient operating. The entrance slit of the monochro-

mator was set to 50µm and a grating with 2400 grooves per millimeter was used. In order

to suppress the Rayleigh scattering, the edge-type filters were used. These filters cuts off

the Rayleigh scattering approximately at 100 cm−1, which is sometimes not low enough.

That is why for several samples they were replaced with an additional monochromator,

called near excitation tunable (NExT) filter. The NExT filter lowers the Rayleigh cut-off

frequency down to approximately 10 cm−1 from the laser line and it is tunable, but leads

to a reduction of the instrument throughput. The RM1000 spectrometer is equipped with

Ar+ ion 514 nm and He-Ne 633 nm lasers for excitation. The lasers were focused through

a modular Leica DMLM microscope to a spot of size approximately 5µm (long working

distance (LWD) objective with a magnification of 20× and numerical aperture (NA) of
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Figure 2.1: Schematic representation of a Raman microscope Renishaw RM 1000. (a) Top
view with the laser positioned behind the spectrometer and the laser beam steering mirror
M3 directing the laser beam into the microspectrometer. (b) Front view of the spectrom-
eter optics, which direct the laser beam (thick line) to the sample and the scattered light
(thin line) through the spectrometer to the CCD camera (after Ref. 78).

0.35 ) or to a 2µm spot (LWD objective with a magnification of 50× and NA 0.55). The

instrument configuration granted spectral resolution better than 2 cm−1. The microscope

motorized XYZ stage allows us to mount a variety of samples and to obtain 2D spectra.

2.1.2 Temperature measurements

For temperature measurements a Linkam THMS600 temperature cell, a Linkam TS1200

temperature cell and an Oxford Instruments Optistat continuous-flow optical He cryostat

with sample in vacuum were used. A Linkam THMS600 with a silver heating block

was used for the 80− 870K temperature range with a temperature stability of ±0.1K.

A Linkam TS1200 heating stage was used for the 300− 1470K temperature range; the

sample was placed directly in the 10mm diameter ceramic crucible so that the sample

was heated from underneath as well as from the sides. An Oxford Instrument Microstat

continuous flow He cryostat, equipped with optical windows, was used for temperature

range from 4K to 300K.
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Figure 2.2: Schematic illustration of basis nodes of the system (after [62]).

2.1.3 Rotational stage

The angular dependence of Raman spectra was studied with a Newport PR50 rotation

stage. The PR50 stage features a low-profile, lightweight design based on an aluminum

body construction with preloaded ball bearings. The motor is folded inside the outer body

providing a small footprint [79]. The angular resolution of the stage is about 0.01 ◦, which

is more than sufficient for studding angular dependences of the Raman spectra.

2.2 PFM measurements

2.2.1 Atomic Force Microscope

For PFM measurements a commercial AFM microscope NTEGRA Prima from NT-MDT

was used. NTEGRA Prima is a multifunctional device for performing the most typical

tasks in the field of SPM. The device is capable of performing more than 40 measuring

methods, including PFM measurements. The NTEGRA Prima AFM microscope com-

prises the following basic systems and modules (Fig 2.2):

- base unit, which supports the SPM operating system;

- measuring module, which is made up of measuring head, exchangeable mount and

scanner stage;
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Figure 2.3: Standard conductive support sample holder

- protective hood (optional)

- optical viewing system

- control system, which includes SPM controller, signal access module (optional) and

a computer with interface board.

In our case the microscope performs scanning by the sample with a scanning range

up to 100x100x10µm. The sample size can be up to 40mm in diameter and up to 15 mm

in height with weight up to 100 g. In order to ensure stable mechanical conditions and

well-defined counter potential, the sample was glued to a standard grounded conductive

support holder (a special plate with a spring contact, see Fig. 2.3)

2.2.2 Lock-in amplifier

In order to perform PFM measurements, an external dual-phase SR830 DPS Lock-in

amplifier (LiA) from Stanford Research Systems was used. The LiA was connected to

AFM controller via Signal Access Module SAM01. In general, LiAs are used to detect and

measure very small AC signals (down to a few nanovolts). In fact, accurate measurements

can be made even when a small signal is obscured by noise sources many thousands of

times larger [80]. How does LiA work? In the case of PFM measurements we apply an

alternating electric field to the tip with a fixed frequency, which is also used as a reference

signal Vref, and the lock-in detects a response signal Vsig from the photodiode detector:

Vref = Arefcos(ωreft− φref), (2.1)

Vsig = Asigcos(ωsigt− φsig), (2.2)

where φref and φsig are phase shifts, ωref and ωsig are the frequencies and Aref and Asig

are the amplitudes of the reference signal and detected signal, respectively. The SR830

amplifies the signal and then multiplies it by the lock-in reference using a so called phase-

sensitive detector (PSD) in order to extract the component at ωref from Vsig. The output
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of the PSD is:

VPSD =
1

2
ArefAsig{cos[(ωref − ωsig)t+ φsig − φref] + cos[(ωref + ωsig)t+ φsig + φref]} (2.3)

By passing the PSD output through a low pass filter, the AC signals are removed. In a

general case nothing will be left. But, if ωref = ωsig, the difference frequency component

becomes a DC signal, and the filtered PSD output will be:

VPSD =
1

2
ArefAsigcos(φsig − φref) (2.4)

As one can see, the low pass filter removes all the components except that with the reference

frequency. If we adjust the phase so that φref = φsig (∆φ = 0◦), we will maximize the

PSD output, and Asig can be measured (cos(∆φ) = 1). On the other hand, if the phase

difference ∆φ is 90 ◦, there will be no output signal at all. If the lock-in has only one PSD,

it is called a single-phase lock-in and its output is phase dependent. In order to eliminate

this phase dependence, a second PSD is used. The second PSD operates with a reference

signal shifted by 90 ◦ and its low pass filtered output will be:

VPSD2 =
1

2
ArefAsigsin(∆φ) (2.5)

Now we have two outputs, one of them is proportional to cos(∆φ) and the other to sin(∆φ),

which makes it possible to obtain two quantities, which represent the signal as a vector:

X = Asigcos(∆φ) Y = Asigsin(∆φ) (2.6)

By computing the magnitude R of the signal vector, the phase dependency can be removed:

R =
√

(X2 + Y 2) = Asig (2.7)

In addition, the phase difference ∆φ between the reference signal and the detected signal

can be measured:

∆φ = arctan

(
Y

X

)
(2.8)

Therefore, a dual-phase lock-in SR830, which has two PSDs with reference oscillators

shifted by 90◦, can measure X, Y,R and ∆φ directly.
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Chapter 3

Experimental results and discussion

3.1 Guanylurea(1+) Hydrogen Phosphite

3.1.1 Introduction

This section is focused on a detailed study of the vibrational spectra of a novel promis-

ing material for nonlinear optics (NLO) − guanylurea(1+) hydrogen phosphite (GUHP),

chemical formula C2H9N4O4P. The complete assignment of the spectra is based on polar-

ized Raman measurements of oriented GUHP single crystal, quantum-chemical computa-

tions (performed by M. Fridrichová), and on the application of the extended nuclear site

group analysis and the factor group analysis. The recently prepared GUHP [81] shows im-

presive linear and nonlinear optical properties [82] including not only the second harmonic

generation (SHG) [81, 82], but even such rarely observed optical properties as the sec-

ond harmonic conical refraction [83] and the spontaneous non-collinear second harmonic

generation [84].

3.1.2 Synthesis of crystals and experimental setup

The synthesis of guanylurea (carbamoylguanidine) was first reported in 1942 [85], but its

salts had been known much earlier [86]. GUHP is an ionic organic salt. GUHP sample

was synthesized by M. Fridrichová in the Department of Inorganic Chemistry, Faculty

of Sciences, Charles University [81]. It was prepared in high yield (3.3 g, 87%) by acid

hydrolysis of saturated aqueous solution containing 2 g of cyanoguanidine (98%) with 12ml

49



50 Experimental results and discussion

Cc (C4
S) A′ A′′

Acoustical 2 1
External modes Translational 4 5

Librational 6 6
Internal modes 48 48

Total 60 60
Activity IR y x, z

Raman αxx, αyy, αzz, αxz αxy, αyz

Table 3.1: The results of the nuclear site group analysis for GUHP crystal.

of the phosphorous acid (97.5%) solution (2mol.dm−3). After a few days of spontaneous

crystallization in an open beaker at a room temperature, a small colourless crystal was

obtained by recrystallization from water. The crystal is transparent, not hygroscopic,

and stable in air up to the melting point (452K). It crystallizes in the monoclinic non-

centrosymmetric point group m as a highly birefringent (ng−np ≈0.25) negative biaxial

crystal.

Polarized Raman spectra of GUHP single crystal were recorded using a Renishaw

RM-1000 Micro-Raman spectrometer in a backscattering geometry in the 20-3500 cm−1

range. The 514.5 nm line of an Ar+ ion laser was focused to a spot size of about 2µm

(≈ 2.5mW power at the sample). The angular dependence of GUHP Raman spectra was

studied with a Newport PR50 rotation stage.

3.1.3 Results and discussion

The number of normal modes of GUHP can be determined by extended nuclear site group

analysis [29]. GUHP crystal symmetry corresponds to the Cc (C4
S) space group with 20

atoms per asymmetric unit with Z = 4 [81]. All atoms occupy four-fold positions a(C1).

Symmetry analysis of optical vibration modes gives us 10A′(IR, Ra)+11A′′(IR, Ra) for

external modes and 48A′(IR, Ra)+48A′′(IR, Ra) for internal modes (see Table 3.1).

In order to determine the symmetry of each mode of GUHP single crystal, angular

dependences of polarized Raman spectra were studied. The recorded Raman spectra

were fitted with independent damped harmonic oscillators (DHO). Figure 3.1 shows the

intensity maps of low frequency region of GUHP Raman spectra for parallel and crossed

polarization modes. As one can see, the Raman intensity of each mode depends on the
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Figure 3.1: Intensity maps of low frequency region of GUHP vibrational spectra for

parallel and crossed polarization modes for the two different orientations of the sample:

q∥z and q∥y.
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Figure 3.2: Orientation of the GUHP sample during the polarized Raman spectra mea-
surements. The state shown in this figure corresponds to the starting position with φ = 0◦.
System (xyz ) is the laboratory coordinate system: x⊥y⊥z , (abc) is the crystallographic
coordinate system (monoclinic): a⊥b (γ = 90◦), c⊥b (α = 90◦), β = 96◦.

orientation of the crystal with respect to polarization vectors. The sample was oriented

as shown in Fig. 3.2 (the depicted state corresponds to the starting position with φ = 0◦).

The angle of rotation φ = 0◦ corresponds to z(yy)z scattering geometry. Taking into

account that the Raman tensors on monoclinic crystals (in the setting with my as the

main symmetry plane) take on the form [27]:


A′(z, x)

a . d

. b .

d . c




A′′(y)

. f .

f . h

. h .

,
we can write down the dependences of the Raman intensities on the angle of rotation φ

along z axis for A′ modes:

IA
′

|| = C1(a sin2φ+ b cos2φ)2, (3.1a)

IA
′

⊥ = C2

(a− b

2

)2
sin22φ, (3.1b)
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Scaled∗ computed Polycrystalline sample Single crystal

frequencies FTIR FT Raman Assignment Raman Symmetry
(1064 nm) (514.5 nm)

External modes 33m A′

47m A′

61w A′′

57 77w γNCN, γCNH 77w ?
100 98w A′′

130s External modes 106m A′′

128s A′′

152 147w 141s γCNH, γNCN 142s A′′

183w 174m External modes 172m ?
275 287w 289w δCNC, δNCN 290w A′′

349 355w ωNH2, γCNH 355w A′

429 430s 430m δPO(H), δNCN, δNCO, νCN 426m A′

430 459w 440s δNCN, δNCO 439s A′

456s 455s A′

500 500w γCNH, τNH2 497wb ?
540m 543w δPO2 541w A′′

549 566m 567m ρPO2, δNCN, δNCO 566m A′

558 591m τNH2, γCNH
633w ? 634wb ?

690w
718 716w 715m δCNH, δNCO, δNCN 714m A′

726 733w 730sh πCN3, πN2CO 733w ?
752 763w 763w τNH2, πN2CO, πCN3 764w ?

830w γN−H(...O) 847wb ?
904s 905m νPO(H) 904m A′

915 937m 938m νCN, ρNH2, δCNH, δCNC 938m A′

1003s 1004s δPH 1002s A′

1029s 1029s γPH 1028s A′

1039m 1039s νsPO2 1038s A′

1074 1051m 1052s ρNH2, δCNH, νCN 1050s A′

1115 1101w 1096w νCN, ρNH2, νCO 1093w A′

1147m 1143w νasPO2, νCN, ρNH2, νCO 1146m A’
1214m 1217w δ(P)OH 1216w ?

1325 1367m 1380w δCNH, νCN, δNCO 1374w A′

1449 1456m 1463w νCN, δCNH, δNCO, δNCN 1461w A′

? 1508w ?
1527 1555sh 1546w δNH2, δCNH, νCN, δNCN 1548w ?
1588 1600m 1605w δNH2, νCN, δCNH, δNCN 1601w A′

1651 1634m 1637w δNH2, δNCN, νCN 1634w A′

1689 1692m 1688w νCN, δNCN, δNH2, δCNH 1687w A′

1787 1738m 1738w νCO, νCN, δNCN, δCNH 1736m A′

1749sh 1745sh
2310mb νO−H(...O) 2372wb ?
2418m 2418vs νPH 2420s A′

2466w νN−H(...O ) 2475w ?
2790mb
3170mb 3190wb 3188mb A′

3235-3514 3235wb 3241mb A′

3300mb 3315wb 3314mb A′

3340m 3364mb ?
3406m 3410wb 3406mb A′

Note: s, strong; vs, very strong; m, medium; w, weak; vw, very weak; sh, shoulder; b, broad.
∗ The scaling factor 1.0189 (0-1000 cm−1 region) and WLS factor (1550-4000 cm−1 region) were used.

Table 3.2: Recorded maxima (cm−1) of GUHP vibrational spectra along with the com-
puted frequencies for guanylurea(1+) cation and their assignment (after [87]).
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Figure 3.3: Theoretically calculated angular dependence of the Raman intensity for mon-
oclinic crystal for (a) parallel and (b) crossed polarization. φ = 0◦ corresponds to z(yy)z
and z(xy)z geometries, respectively.

and for A′′ modes:

IA
′′

|| = C3(f sin 2φ)2, (3.2a)

IA
′′

⊥ = C4(f cos 2φ)2, (3.2b)

where I|| and I⊥ correspond to parallel and crossed polarization configurations, respec-

tively, and C1, C2, C3 and C4 are the proportionality coefficients. These dependences are

illustrated in Fig. 3.3. It is seen that the dependence of the Raman intensity for A′ and

A′′ modes is different, so that it is possible to propose a tentative assignment of the ob-

served Raman peaks (see Table 3.2) by comparing the experimental curves of the Raman

intensities with the theoretical ones (see Fig. 3.4). It is worth noting that for the given

scattering configuration and the sample orientation the observed A′′ modes are pure TO

modes, whereas the A′ modes have a mixed character in general. In order to define the

frequencies of pure A′
TO modes, the y(zz)y scattering geometry has been used. In this

case only A′
TO modes contribute to the Raman spectra, which enables their frequency

determination. The obtained frequency values are given in Table 3.2.

3.1.4 Summary

We have measured the polarized Raman spectra of GUHP single crystal in various backscat-

tering geometries at a room temperature. The sets of the A′
MIX, A

′
TO and A′′

TO mode fre-

quencies were determined and a tentative assignment of the observed Raman peaks, which

is based on the analysis of the angular dependence of Raman intensities, was done. After
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Figure 3.4: Angular dependence of the Raman intensity for (a) A′
MIX and (b) A′′

TO phonon
modes with the frequencies 33 cm−1 and 61 cm−1, respectively. φ = 0 ◦ corresponds to
z(yy)z geometry.

that the frequencies of GUHP single crystal were compared to the frequencies of polycrys-

talline sample and to the frequencies, obtained from quantum-chemical computations. As

one can see from Table 3.2, they are in a good mutual agreement. Apparently, there are

less modes observed than predicted by the factor group analysis, which can be explained

by a weak inter-ion interaction in the unit cell of GUHP. It is also worth noting that A′′
LO

modes were not determined at all, since they are forbidden in backscattering geometry.

In order to identify these modes, it is necessary to use right-angle or forward scattering

geometries.
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3.2 BiMnO3 ceramics

3.2.1 Introduction

BiMnO3 was for the first time studied as early as in 1960s [88], but intensive investiga-

tion started after a theoretical prediction of ferroelectricity by Hill (Spaldin) and Rabe in

1999 [89]. They supposed that the system could be ferroelectric ferromagnet because of

the instability of the zone center phonons (according to their calculations). It is known

that most multiferroics are ferroelectric antiferromagnets and have a small magnetoelectric

coupling. Since a simultaneous coexistence of ferroelectric and ferromagnetic order can

enhance the magnetoelectric coupling, the BiMnO3 became a subject of intensive studies

(see, for instance, review of Belik [90]). Ferromagnetic order in BiMnO3 was confirmed

by many scientists (TC was determined to be between 99 and 102K [91–94] and the sat-

urated magnetization reaches 3.9µB at 5K), but the ferroelectricity in this material is

still a subject of discussion. There is also no agreement about the RT crystal structure of

BiMnO3. Several reports maintain non-centrosymmetric C2 structure [95,96], while other

newer works propose centrosymmetric C2/c structure [97–99], which excludes ferroelec-

tricity in the system. From the latest reports it follows that the RT C2/c crystal structure

of bulk BiMnO3 is stable from 4K up to TC1=474K. Above TC1 the structure of BiMnO3

changes to another C2/c phase [91, 97, 100] and only at TC2=760−770K it changes to

GdFeO3-type structure with Pnma space group [91, 100]. Unfortunately, there are not

many details known about this Pnma structure, since the BiMnO3 system decomposes

above 770K [91].

3.2.2 Sample preparation and experimental setup

The sample was synthesized by A.A.Belik from a mixture of Bi2O3 (99.99%) and Mn2O3

with an amount-of-substance ratio of 1:1. Single-phased Mn2O3 was prepared by heating

of the commercial MnO2 (99.99%) in air at 923K for 24 h. Bi2O3 was dried at 570K

before its use. The mixture was carefully ground in acetone and dried at 420K for 3 days.

After that it was sealed in Au capsules. Then high-pressure cells were assembled. They

consist of graphite heaters and dense NaCl-ZrO2 parts surrounding the Au capsules and

separating the Au capsules from the graphite heaters. Before the high-pressure treatment,
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the high-pressure cells were dried at 370K for 12 h in vacuum. The synthesis was performed

in a belt-type high pressure apparatus at 6GPa and 1383K for 60-70min. After a heat

treatment, the samples were quenched to a room temperature, and the pressure was slowly

released [92,97].

High-temperature Raman measurements were performed using a Renishaw RM 1000

Micro-Raman spectrometer in a backscattering geometry with a green laser (the 514.5 nm

line of an Ar+ ion) and a Linkam THMS600 temperature cell was used. The recorded

Raman spectra were fitted with independent DHOs.

3.2.3 Results and discussion

Let us have a look how the structure phase transition near TC1 will be demonstrated in

Raman spectra. If the phase transition is proper and displacive ferroelectric, a ferroelectric

soft mode should be observed. If the phase transition is improper ferroelectric, then

some phonons should disappear in high-temperature phase spectra due to the change of

selection rules. At the same time, some polar phonons should disappear above TC1 due to

the transition to centrosymmetric paraelectric phase. On the other hand, if the symmetry

does not change at TC1, the selection rules for phonons remain the same, which means that

no phonons should disappear above TC1 and only some small shifts of phonon frequencies

are expected [101].

Temperature dependence of polarized Raman scattering spectra of BiMnO3 ceramics,

collected in (a) parallel and (b) crossed polarization configuration, is shown in Fig. 3.5.

The sample was measured in the 300−550K temperature range. One can see a gradual

vanishing of some phonons on heating. This fact will be discussed later. First, let us

compare the number of observed phonons with the theoretical number, given by the sym-

metry of the BiMnO3 system. Early structure investigations gave a non-centrosymmetric

C2 (C3
2) space group below TC1 with 8 formula units per unit cell [95, 96]. If this is the

case, the factor group analysis of all phonons with the wavevector in the Brillouin-zone

center gives us the following:

ΓC2 = 29A(z, x2, y2, z2, xy) + 31B(x, y, yz, xz), (3.3)

which means that 57 phonon modes are both IR and Raman active (in addition, there will

be 1A and 2B acoustic modes).
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Figure 3.5: Polarized Raman spectra of BiMnO3 ceramics, collected in (a) parallel and
(b) crossed polarization configurations.
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Figure 3.6: A fit of polarized Raman spectrum of BiMnO3 ceramics, collected at a room
temperature in parallel polarization configurations. Phonon frequencies are written in the
figure.

Recent structural refinements of BiMnO3 incline more to the centrosymmetric C2/c

(C6
2h) space group [90,97]. In this case, we get:

ΓC2/c = 14Ag(x
2, y2, z2, xy) + 14Au(z) + 16Bg(xz, yz) + 16Bu(x, y), (3.4)

which means that 14Ag and 16Bg modes are only Raman active, while 13Au and 14Bu

modes are only IR active (additional 1Au and 2Bu modes are acoustic phonons).

In Raman spectra we observed 15 active modes at a room temperature (see a fit for

parallel polarization configuration in Fig. 3.6). It is worth noting that the same number

of phonons was recently observed in room-temperature Raman spectra of BiMnO3 single

crystal [102]. This is a bit less than expected in C2/c space group, but simultaneously

much less than predicted in C2 monoclinic phase. The smaller number of observed phonons

in Raman spectra then predicted by the factor group analysis is most probably caused by

high light absorption in the sample in a visible region. Ceramics is black and the laser

intensity had to be decreased in order not to damage the sample surface. These factors

markedly reduce Raman scattering volume, which results in weaker Raman spectra and
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can lead to the reduction of number of phonon modes observed in an experiment.

Many Raman active phonons gradually disappear on heating (see Fig. 3.5), but this is

not due to the structural phase transition, but because of gradual increase of the phonon

damping and due to the overlapping of the phonons.

3.2.4 Summary

We believe that the number of detected Raman active phonons corresponds better to the

centrosymmetric C2/c than to the non-centrosymmetric C2 space group, which means

that BiMnO3 cannot be ferroelectric. Vanishing of the Raman active modes in Fig. 3.5

at high temperatures can be also caused by the increase of conductivity of the sample

on heating [100]. In this case, the absorption of the laser beam increases (skin depth

drastically decreases) and, as a result, the Raman scattering volume decreases. Due to

this fact the intensities of Raman active modes are suppressed at high temperatures and

most of the active modes become undetectable. Finally, it can be concluded that our

experimental results are in agreement with the theoretical paper of Baettig et al. [103].

They predicted a centrosymmetric crystal structure in BiMnO3 with antipolar order.
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3.3 La1/2Na1/2TiO3 single crystal

3.3.1 Introduction

The lattice dynamics of La1/2Na1/2TiO3 (LNTO) single crystal, investigated by Raman

scattering spectroscopy is presented in this section. The complex perovskite compound

LNTO has been discussed in the context of high-temperature quantum paraelectricity.

Quantum paraelectricity, as a phenomenon, can be generally understood as a suppres-

sion of the ferroelectric ordering due to quantum fluctuations of the order parameter. It

has been observed in several high-permittivity paraelectric perovskite materials, such as

SrTiO3 (STO) [104,105]. The characteristic saturation of the temperature dependence of

the static permittivity at low temperature evidences the quantum paraelectricity. This

saturation comes out from the quantum nature of the quasiharmonic phonon fluctuations

and can be very well described by the so-called Barrett law [106]. The temperature depen-

dence of LNTO can be also described by the phenomenological Barrett law [107], but there

are two important differences with respect to the quantum paraelectric SrTiO3. Firstly,

the extrapolated classical Curie temperature in LNTO crystal is negative, and secondly,

the crossover temperature between the classical and quantum behaviour in LNTO is more

than twice as high as in STO [107]. These differences make this crystal interesting for

investigation.

3.3.2 Sample preparation and experimental setup

The single crystal of La1/2Na1/2TiO3 was grown by the floating zone technique from high

purity chemicals [108]. As-grown crystals were annealed in dioxygen. Perovskite phase of

the crystals was confirmed by X-ray diffraction.

Raman measurements were performed in a backscattering geometry using Renishaw

Raman microscope RM-1000, operated with a 514.5 nm Ar-laser beam, focused to an about

3µm sized spot in the specimen. Raman spectra were measured independently with a

Rayleigh edge and NExT filter, respectively, and then merged together at 130 cm−1. Mea-

surements from 5 to 950K were performed with the help of an Oxford Instruments cryostat

and LINKAM TS1200 high-temperature optical cell. The collected Raman spectra were

fitted with independent DHOs. It is worth mentioning that spectroscopic measurements
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were carried out with the same largest available specimen of about 3 x 3 x 2mm3 with

optically polished flat surface normal to the [111] pseudocubic direction.

3.3.3 Experiment and discussion

Typical polarized Raman spectra of LNTO crystal are shown in Fig. 3.7. The high fre-

quency part of the spectrum was already measured on ceramics [109, 110], and our data

correspond well enough to it. As one can see, the spectrum mainly consists of rather
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Figure 3.7: Comparison of parallel-polarized Raman spectra of an LNTO single crystal,
recorded at 873, 300 and 5 K, respectively (left-hand graph). Right-hand graph shows the
integrated intensity of the sharp first-order Raman mode near 455 cm−1.

broad bands, extending well above 1000 cm−1, suggesting their two-phonon nature and

similarity with the second-order Raman spectra of STO or CaTiO3 (CTO). It is worth

noting that there are no first-order Raman-active modes in the aristotype cubic perovskite

material. It means that any first-order Raman band, which is observed in the spectrum,

implies structural deviations from the aristotype structure. For example, there are 24

Raman-active modes allowed in the CTO-like Pnma structure, five Raman-active modes

in the LaAlO3-like R3̄c structure and seven Raman active modes in the STO-like I4=mcm

(Z = 2) structure [111, 112]. These considerations correspond to the case of a complete
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occupational randomness on the perovskite A-site. Partial order on the A-site may acti-

vate additional phonon lines. For instance, NaCl-type occupational order on the A-site

would change the aristotype Pm3̄m structure to the Fm3̄m (Z = 2) structure with five

infrared and one Raman-active modes [113]. However, at the moment there is no available

evidence for such ordering.

The authors of [109] suggested that the LNTO Raman spectrum may confirm their

I4=mcm structure assignment, but, unfortunately, we were unable to bear out it directly,

because the assignment of the first-order Raman modes is not very reliable here. The only

mode that could be safely identified as a first-order Raman mode is the very sharp peak

near 455 cm−1. It corresponds, most probably, to the oxygen octahedra bending mode,

born from the R15 zone-corner mode of the aristotype cubic perovskite structure [114].

Let us emphasize that, in spite of the fact that the exact tilt system has not yet been

convincingly identified, the tilt distortion is quite important in LNTO. The structural

refinements reported tilt angles of the order of 5◦, and the Raman mode near 455 cm−1

testifies that the distortion persists up to about 870K. Actually, the intensity of this mode

continuously and linearly decreases down to zero with increasing temperature (see the right

part of the Fig. 3.7), which is in agreement with the predictions of [111]. This suggests

that the phase transition towards the aristotype cubic phase near 870K is a continuous

one, i.e. the second-order phase transition. This observation, actually, strongly supports

the I4=mcm structural assignment of [109], as the direct Pnma to Pm3̄m phase transition

has to be of the first-order due to the symmetry reasons [115].

Complementary investigations were performed using IR spectroscopy by my colleagues

(see Ref. 1 for details). These spectroscopic studies confirmed that the behaviour of the

static permittivity in LNTO crystal is caused by the Ti−O beating type polar mode. The

dielectric strength of this mode is comparable to BTO or STO. Its temperature behaviour

is similar with a small difference − the restoring forces are stiffer, so that the dielectric

constant is lower and the quantum fluctuations play role until higher temperatures. In

spite of that, it seems the paraelectric structure in LNTO is stabilized by the competing

oxygen octahedra tilt modes and not by quantum fluctuations of the local polarization.
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3.3.4 Summary

We have studied the lattice dynamics of LNTO single crystal and can conclude that

our high-temperature Raman scattering study indicates that the LNTO might have the

same structure as the low-temperature tetragonal STO, in agreement with the results

of [109]. Moreover, the temperature evolution of the Raman scattering intensity of an

oxygen octahedra bending mode near 455 cm−1 suggests a second-order phase transition

towards the perovskite aristotype phase near 870K.

66 Experimental results and discussion



PbTiO3 thin films 67

3.4 PbTiO3 thin films

3.4.1 Introduction

Investigation of the domain structure in ferroelectric thin films is useful for clarifying the

interfacial physics of these materials as well as for understanding the possible issues re-

lated to their applications. The PbTiO3 perovskite is one of the key ferroelectric materials

with a relatively high transition temperature [116–119] TC=760K, and so the properties

of PbTiO3 thin films, grown on various substrates with comparable lattice parameters,

have been largely studied theoretically [13, 15, 16, 120–124] as well as by a range of ex-

perimental techniques, such as AFM and PFM [125–128], X-ray diffraction [3, 129–134],

transmission electron microscopy [135], or Raman scattering [3,71,136,137]. In this section

the ferroelectric domain structures of epitaxial PbTiO3 thin films, deposited on the rear

earth scandate crystal substrates, studied with PFM microscopy and Raman spectroscopy

methods, are discussed.

3.4.2 Thin film deposition and experimental setup

The PTO thin film samples were grown using a pulsed liquid injection metal-organic

chemical vapour deposition (MOCVD) technique [138, 139] in a vertical hot wall reactor

on commercial high-quality (110)-oriented TbScO3 (TSO) and SmScO3 (SSO) single crys-

tal substrates, which were specially developed for the epitaxial deposition of perovskite

materials [140]. Microdroplets (few micro-liters) of an organic solution, which contained

a mixture of metal-organic precursors, were repeatedly injected into a hot evaporation

zone, using a special computer controlled injector. Vapour mixture (precursor + solvent),

formed after flash evaporation of micro-doses, was carried by Ar+O2 gas into a reaction

chamber to a hot substrate. Main deposition conditions are shown in Table 3.3. As one

can see, the deposition took place at about 920K, which is well above the transition tem-

perature of PbTiO3. It is worth noting that the films were deposited on both substrates

simultaneously in order to avoid possible differences in the deposition history, which in its

turn can affect the domain structure formation. Thickness of the resulting PTO films was

determined on another film grown on Si substrate during the same deposition. This film

was etched with concentrated hydrofluoric acid to form a step for thickness measurements
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Precursors Pb(thd)2, Ti(thd)2(O
iPr)2

Solvent Toluene

Solution concentration, mol/l 0.04, Pb:Ti=53.75:46.25

Evaporation temperature, K 550

Substrate temperature, K 920

Transport gas Ar + (40%)O2

Total gas flow rate, sccm 1000

Total pressure, Torr 5

Injection frequency, Hz 2

Film thickness, nm 60−320

Substrates TSO, SSO

Table 3.3: Deposition conditions for PbTiO3 thin films by pulsed injection MOCVD.

by profilometry. The piezoresponse force microscopy measurements were performed using

the AFM microscope of Ntegra spectra apparatus (described in section 2.2.1), operated

with a conductive tip (TiN-coated n-doped silicon cantilever) in a contact mode. Samples

were carefully glued to a standard grounded conductive support holder(Fig. 2.3) by a silver

paste in order to ensure a well-defined counter potential and stable mechanical conditions.

The frequency of the alternating voltage Vac was set to a value of f ≈15 kHz and the am-

plitude to V=5V. The mechanical response of the cantilever-tip-surface system, detected

in a standard way, was amplified and analysed with an external lock-in amplifier (LiA)

(see section 2.2.2).

Polarized Raman spectra were collected using Renishaw RM1000 micro-Raman spec-

trometer (section 2.1) in the 20−900 cm−1 range. The 514.5 nm line of an Ar+ ion laser

was focused to a spot size of about 2µm. The VV and HV polarization configurations

correspond to the situation where the input and the output light polarizations are parallel

and crossed, respectively. Unfortunately, TbScO3 and SmScO3 substrates have several

Raman modes within the region of interest (see Fig. 3.8). Consequently, the spectra con-

tained the modes of the substrate as well as of the material and were difficult to analyse.

In order to obtain pure film spectra, substrate spectra were measured separately and the

substrate contribution was subtracted from the film+substrate spectra.
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Figure 3.8: Polarized Raman spectra of (a) TSO and (b) SSO single crystals, collected in
parallel (VV) and crossed (HV) polarization configurations.

3.4.3 320 nm thin PbTiO3 film grown on TbScO3

Let us first consider PTO films deposited on TSO substrate. Typical AFM images of the

investigated 320 nm thin PTO film grown on TSO are shown in Fig. 3.10. The topographic

imaging mode has shown a gentle surface corrugation. The morphology of this roughness

can be well described as a dense disordered pattern of a few nanometers high circular pro-

tuberances. The presence of these surface irregularities indicates an island growth mech-

anism, which is frequently encountered in MOCVD deposition [137]. The PFM images

of PTO/TSO film reveal dominantly c-domain signal with narrow minor a-type domains

in a c/a/c/a arrangements. For example, the basic motif of the vertical-signal PFM im-

age, which is shown in Fig. 3.10(b), appears to be the ”Swedish ladder” pattern formed

by quasi-regular alternations of about 100 nm wide a-c-domain stripes with an order of

magnitude narrower a-domain stripes (faint-contrast ”bars” of the Swedish ladder). This

pattern is very similar to the domain arrangements reported for PTO films grown on

Nd-doped SrTiO3 (STO) substrates (see Fig. 3.9) [127]. Another, less dense set of about

100−150 nm thick stripes (vertical in Fig. 3.10(a) and Fig 3.10(b), intermediate darkness)

can be assigned to a minor fraction of a/a/a/a lamellae and has been also observed in

PTO films grown on STO substrates [125, 127, 141]. Finally, the kidney-shaped (dark)
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Figure 3.9: PTO on Nd-doped STO (a) Vertical PFM amplitude image of 2.8µm thick
PbTiO3 film. (b) Magnified vertical PFM amplitude image of the area marked by the white
circle in (a). (c) Lateral PFM amplitude image of the same area as in (b). (d) Sketch of
crystal orientation of the SrTiO3 substrate. (e) Cross-section profile of the vertical PFM
signal across the line R-S in (a). (e) Cross-section profile of the vertical PFM signal along
the line P-Q in (b) (after [127]).

islands with about 100−200 nm diameter correspond to the inverted structure with the

opposite overall spontaneous polarization. Consequently, the borders of these islands are

mostly formed by 180◦ domain walls. These 180◦ domain interfaces, most probably, help

to minimize the depolarization fields normal to the film. This is likely the reason why

they do not form spontaneously on conductive substrates like Nd-doped STO. However,

similar density and pattern of 180◦ walls was observed in PTO films grown on LaAlO3

(LAO) substrates [70].

The preferential c-domain occurrence in PTO film grown on TSO substrate can be also

documented by the polarized Raman spectroscopy. Typical backscattering Raman spectra

taken from PTO/TSO sample surface in z(xx)z̄ and z(xy)z̄ geometry (after subtraction of

the substrate signal), are shown in Fig. 3.12. Modes can be assigned by comparison with

the previous measurements on PbTiO3 films [71]. The basic rule here is that, according

to the standard selection rules for symmetric Raman tensors (schematically illustrated in

Fig. 3.11), the pure A1 phonon modes (with the dynamical charge fluctuating along the

tetragonal axis) should be active in the z(xx)z̄ spectra, but not in the z(xy)z̄ spectra, while

the pure E modes (with dynamical charge fluctuating perpendicular to the tetragonal axis)

should be active only in the z(xy)z̄ spectra. It is also seen that E(LO) modes cannot be
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Figure 3.10: (a) Topography, (b) vertical and (c) lateral PFM images of 320 nm thin
PbTiO3 film grown on TbScO3 substrate. Edges of the scanned area are roughly parallel
to the pseudocubic axes of the substrate and the epitaxial film as well.
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Figure 3.11: Raman scattering geometries and polarization configurations, used for the
Raman mode assignment in a- and c-domain PTO films (after [3]).
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Figure 3.12: Polarized Raman spectra of 320 nm thin PbTiO3 film on TbScO3, collected
in the crossed (HV) and the parallel (VV) polarization configurations. Vertical dashed
lines correspond to the PTO single crystal modes.
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observed in our measurement conditions at all (if selection rules are strictly obeyed). As

a result, modes related to a- and c-domains can be separated in polarized Raman spectra.

The presence of strong Raman bands close to A1(LO) frequencies of bulk PbTiO3 (for

example, the A1(3LO) band near 770 cm−1) thus suggests a large volume of areas with

tetragonal axis normal to the film (c-domains). Moreover, E modes from c-domains should

not be active either in the z(xx)z̄ or in the z(xy)z̄ spectrum. Therefore, only the E modes

from a-domains are observed in the adopted backscattering geometry. Since there is only

a minute fraction of a-domains in TSO-grown film, the z(xy)z̄ spectrum of the TSO-grown

sample is indeed quite weak.
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Figure 3.13: Polarized Raman spectra of 60 nm thin PbTiO3 film on TbScO3, recorded in
the crossed (HV) and the parallel (VV) polarization configurations. Vertical dashed lines
correspond to the PTO single crystal modes.

3.4.4 60 nm thin PbTiO3 film grown on TbScO3

In Fig. 3.13 one can see the polarized Raman spectra of 60 nm thin PTO/TSO film, col-

lected in two polarization configurations− crossed (HV) and parallel (VV). These spectra

are relatively weak and rather noisy because of the small film thickness (which means small

scattering volume). In spite of that, we can still observe Raman bands close to A1(LO)

frequencies of bulk PbTiO3 in the parallel polarization configuration, as well as E(TO)

modes in the crossed polarization direction, which indicates the presence of both a-type

and c-type domains. Typical AFM images of the 60 nm thin PTO film grown on TSO are

shown in Fig. 3.14. The topographic image shows a presence of a surface corrugation, as

in the case of 320 nm thin PTO film, which again indicates an island growth mechanism

of the film. The PFM images of 60 nm thin PTO/TSO film show mainly c-domain signal,

which is strongly affected by the crosstalk effect. The reason of poor quality of PFM

images may be an insufficient sample thickness for a given experiment.
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Figure 3.14: (a) Topography, (b) vertical and (c) lateral PFM images of 60 nm thin PbTiO3

film grown on TbScO3 substrate. The edges of the scanned area are roughly parallel to
the pseudocubic axes of the substrate and the epitaxial film as well.
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3.4.5 320 nm thin PbTiO3 film grown on SmScO3

Now let us switch to the consideration of the PTO films deposited on SSO substrate.

Representative AFM images of the 320 nm thin film grown on SSO are shown in Fig. 3.15.

The surface topography of the film grown on SSO substrate is very similar to the film

grown on TSO substrate. However, the PFM images are quite different. The orientation

of polarization in PTO films grown on SSO can be identified by the analysis of the PFM

signal in the vertical and the lateral mode. The long axis of the AFM cantilever was

parallel to the [010] direction, indicated in Fig. 3.15, so that the contrast of the lateral

PFM images is mostly given by the [100] polarization component. Since the polarization

is almost exclusively in-plane oriented in most of the images, the vertical PFM images give

mainly contrast along the [010] axis (due to the cantilever buckling effect, see Fig. 1.14

and the description below) [30, 66, 69]. Comparison of the lateral and the vertical mode

images, taken in the same area, clearly confirms the presence of about 0.5−1µm size

”coarse domains”, formed by the regular nanodomain a/a/a/a twinned areas with about

28 nm wide a-domain stripes with the polarization oriented alternatively along [100] and

[010] axes. These patterns are very similar to the domain structure seen on PTO films

grown on KTaO3 (KTO) crystal substrates [125]. It is natural to expect these stripes to be

separated by the mechanically and electrically compatible head-to-tail 90◦ domain walls

normal to either [110] or [11̄0].

It is also interesting to note that the a/a/a/a domain structure observed in the PTO

films grown on SSO happens to be similar to the domain structures observed in the focused-

ion-beam-cut free-standing lamellae of BaTiO3 single crystals (see Fig. 3.16) [11]. In both

cases of the present PTO film and BTO lamellae the areas of quasi-regular a/a/a/a pattern

motifs form larger-scale ”mesoscopic” domains, separated by narrow interfaces, which can

be considered as ”mesoscopic domain walls”. Like the true ferroelectric boundaries, these

mesoscopic domain walls show a clear directional preferences− they tend to be parallel to

the [100] and [010] directions or close to [110] and [11̄0] directions. Idealized microstructure

of such [010] mesoscopic boundary between two a/a/a/a domains is sketched in Fig. 3.17.

The mesoscopic boundary in Fig. 3.17(a), in fact, corresponds to a sequence of (charge

and mechanically compatible) 180◦ ferroelectric domain walls with [010] orientation and

”no-wall” regions, where the local domain state is not changed at all. On the other hand,

the mesoscopic boundary in Fig. 3.17(b) is formed by a sequence of 90◦ walls, which local
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Figure 3.15: (a) Topography, (b) vertical and (c) lateral PFM images of 320 nm thin

PbTiO3 film on SmScO3 substrate. The edges of the scanned area are roughly parallel

to the pseudocubic axes of the substrate and the epitaxial film as well. The black frame

indicates the area shown enlarged in Fig. 3.18 and the white frame indicates the area shown

enlarged in Fig. 3.19. White lines S1, S2 and S3 refer to the cross-sections of the PFM

image, shown in Fig. 3.20.
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Figure 3.16: STEM image of a single crystal lamella of BaTiO3 (after [11]).

(a)

[001]

[100]
[010]

(b)

Figure 3.17: Schematic suggestions of the domain structure arrangement at the [010]-type

mesoscopic domain boundary between two differently twinned area of a/a/a/a domain

structure. The right-hand-side mesoscopic domain boundary is formed by 90◦-domain

walls with unusual crystallographic orientation (forbidden in bulk PbTiO3). Note that

[010] as well as [110]-type mesoscopic domain boundaries are quite frequent in the 320 nm

thin PbTiO3 film on SmScO3 (see Fig. 3.15(b)).

arrangement is electrically and mechanically incompatible [142, 143]. Even though, the

overall mesoscopic boundary can be in both cases considered as a charge-neutral head-

to-tail boundary. We have not seen any clear preference for the structure of Fig. 3.17(a)

in our images, probably also because it requires identical twinning period in the adja-

cent mesoscopic domains. Nevertheless, the TEM image of the corresponding mesoscopic

boundary in PTO film grown on KTO seems to support the preference for the structure
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Figure 3.18: An enlarged portion of Fig. 3.15(b), showing a mesoscopic domain boundary

oriented along [110] direction. (a), (b) Vertical and (c), (d) lateral PFM images (amplitude

and phase, respectively). (e) Schematic suggestion of the domain arrangements with

electrically and mechanically compatible walls.

of Fig. 3.17(b) (see Fig. 10 of Ref. 125). The structure of mesoscopic boundaries oriented

along [110] direction is shown in Fig. 3.18, obtained by zooming of Fig. 3.15. Here the

boundary is clearly formed by an array of the wedge-type nanodomain terminations rather

than by any type of known flat compatible domain walls. This observation strongly re-

minds the ”bundle boundary”, observed in BaTiO3 lamellae [144]. However, the meso-

scopic domain boundary could be formed by the mechanically compatible uncharged 180◦
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Figure 3.19: Quadrant-quadruple domain pattern. Enlarged portion of Fig. 3.15(b), show-

ing the intersection of two mesoscopic domain walls oriented along [100] and [010] direction.

(a), (b) Vertical and (c), (d) lateral PFM images (amplitude and phase, respectively). (e)

Schematic suggestion of the domain structure assignment. Black dashed arrows in (e)

correspond to macroscopic polarization directions.

domain walls, as proposed in Fig. 3.18(b). In the present experiment several mesoso-

copic domain intersections were also observed. The intersection of two mesoscopic domain

walls oriented along [100] and [010] direction forms an interesting object, which is proba-

bly quite analogous to the ”quadrant-quadrupole” mesosocopic domain structures, known

from BaTiO3 lamellae [145]. An example of such quadrant-quadruple mesoscopic domain
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Figure 3.20: Cross-sections of the vertical PFM image along the lines marked in Fig. 3.15
by the white lines S1, S2 and S3.
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Figure 3.21: Polarized Raman spectra of 320 nm thin PbTiO3 film on SmScO3, recorded
in crossed (HV) and parallel (VV) polarization configurations. Vertical dashed lines cor-
respond to the PTO single crystal modes.
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structure, obtained by zooming of Fig. 3.15(b), is shown in Fig. 3.19.

Finally, Fig. 3.20 shows several representative scans through PFM data, allowing us to

extract the quantitative information about the nanodomain periods. The period fluctuates

between the mesoscopic domains as well as within the single domains; but the average

nanodomain size of 25-30 nm roughly agrees with the values expected from Kittel’s law

for a 320 nm thick plate (see Fig. 1.1 in section 1.1.2) [15,146].

In Fig 3.21 Raman spectra of 320 nm thin PTO/SSO film are shown. In contrast to

the 320 nm thin PTO/TSO film, the A1(3LO) band is barely seen and E modes are rather

strong, which confirms a negligible volume of the c-domains in this sample.

3.4.6 115 nm thin PbTiO3 film grown on SmScO3

Now let us have a look on a bit thinner sample, which is 115 nm thin PTO/SSO film.

Typical AFM images of it are shown in Fig. 3.22. The surface morphology of the film

(Fig. 3.22(a)) consists mainly of the spherical grains (because of the island growth mech-

anism, typical for MOCVD deposition method). Its PFM images are qualitatively quite

similar to the PFM images of 320 nm thin PTO/SSO film. We can clearly see the pres-

ence of about 0.4−0.8µm size ”coarse domains”, which are formed by periodic a/a/a/a

domain areas with about 19 nm wide a-domain stripes with alternatively oriented polar-

ization along [100] and [010] directions. The mesoscopic boundaries between different

”coarse domains” prefer to be parallel to the [100] and [010] axes or to the [110] and [11̄0]

directions, as in the case of 320 nm thin film. The main difference in the domain structure

of 320 nm thin PTO/SSO film and 115 nm thin PTO/SSO film is that in the case of the

thinner film the average nanodomain size is by 30% smaller and equals to 19 nm. It is in

a good agreement with the values expected from Kittel’s law for a such thick films (see

Fig. 1.1 in section 1.1.2).

The polarized Raman spectra of the 115 nm thin PTO/SSO film are shown in Fig. 3.23.

These spectra are almost identical to the spectra shown in Fig. 3.21. We can see only

A1(TO) modes for the parallel polarization configuration and strong E(TO) modes for

the crossed polarization configuration, which confirms the presence of a-type domains

exclusively and agrees with the PFM images of a given sample.
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Figure 3.22: (a) Topography, (b) vertical and (c) lateral PFM images of 115 nm thin

PbTiO3 film grown on SmScO3 substrate. The edges of the scanned area are roughly

parallel to the pseudocubic axes of the substrate and the epitaxial film as well.
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Figure 3.23: Polarized Raman spectra of 115 nm thin PbTiO3 film on SmScO3, recorded
in crossed (HV) and parallel (VV) polarization configurations. The vertical dashed lines
correspond to the PTO single crystal modes.
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Figure 3.24: Polarized Raman spectra of 60 nm thin PbTiO3 film on SmScO3, recorded

in crossed (HV) and parallel (VV) polarization configurations. The vertical dashed lines

correspond to the PTO single crystal modes.
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3.4.7 60 nm thin PbTiO3 film grown on SmScO3

Let us switch to 60 nm thin PTO/SSO film. The surface topography of the film is shown

in Fig 3.25(a). It consists of rounded grains, which are a bit smaller than in the previous

samples. The PFM images of this sample are not informative enough (see Fig 3.25(b,

c)). We can only see the presence of about 0.3−2µm size ”mesoscopic domains” with

barely seen periodic stripes, parallel to [110] and [11̄0] directions, inside. These weakly

visible stripes can be associated with a-domains with alternatively oriented polarization

along [100] and [010] directions by analogy with thicker samples. The mesoscopic bound-

aries between different ”coarse domains” are diffused and without any clear preference in

orientation.

The polarized Raman spectra of the 60 nm thin PTO/SSO film, collected in crossed

(HV) and parallel (VV) polarization configurations, are shown in Fig 3.24. These spectra

are noisy and weak (because of the small film thickness), but still informative enough for

analysis. They are quite similar to the spectra of 320 nm and 115 nm thin PTO/SSO films.

Here we see only A1(TO) modes for VV polarization configuration and E(TO) modes for

HV polarization configuration, which indicates the presence of a-type domains in this

sample.

3.4.8 Discussion

Using two different techniques (PFM imaging and Raman spectroscopy) we have seen that

the tetragonal axis of the PTO has a dominant in-plane orientation in the case of films

grown on SSO substrate, while, on the other hand, it is clearly preferentially perpendicular

to the film in case of the TSO substrates. The room-temperature pseudo-cubic lattice

parameters of both substrates (about 3.960 and 3.985 Å for TSO and SSO, resp.) [147] are

both between the a and c room-temperature lattice parameters of bulk tetragonal PTO

(about 3.90 and 4.155 Å) [117]. Therefore, a perfect atomic epitaxy should lead to a tensile

epitaxial stress in c-domains and a biaxial in-plane strain in a-domains (compressive local

stress in PTO lattice along its in-plane-oriented tetragonal axis, tensile stress in the other

direction in the plane of the film).

However, these simple considerations neglect the effect of other factors like the ther-

mal expansion and the formation of dislocations during the deposition. Therefore, it is

instructive to examine possible stress-induced phonon frequency shifts in the recorded Ra-

PbTiO3 thin films 85



86 Experimental results and discussion

man spectra. For this purpose, we have marked the positions of the known stress-free bulk

phonon frequencies directly in our Raman spectra. Phonon frequency shifts are particu-

larly clear in the case of the 320 nm thin PTO film grown on SSO: all A1(TO) modes in the

dominant a-domain configuration show a considerable frequency downshift with respect

to the bulk mode frequencies (about 30 cm−1). Such shifts are quite unusual for a 320 nm

thick film; in fact, comparable frequency shifts were reported in the case of c-domains in

PTO films grown on LaAlO3, but only when the films were about one order of magnitude

thinner [137]. As it is known that the uniaxial compression of PTO along the tetragonal

axis decreases all A1(TO) modes (see, for example Ref. 148), the observed Raman shifts

suggest that a-domains are really under compression along the local tetragonal axis there.

On the contrary, E(TO) modes in the dominant a-domain configuration show much smaller

shifts, which could be an indication of the expected local biaxial in-plane epitaxial strain.

Although the decisive criteria for the formation of such a nicely strained PTO film

with a/a/a/a structure are not fully understood, we believe that the essential difference

between the TSO and SSO substrate in this respect is that the high-temperature PTO

film growth on SSO substrate occurs under conditions of a slight tensile straining. In fact,

the only other case of PTO epitaxial film with a very similar a/a/a/a domain structure

known to us is that of PTO film grown on KTO substrate [125], which happens to have

a lattice constant very similar to SSO (room-temperature lattice parameter of KTO is

about 3.99 Å) [140], On the contrary, the TSO substrate and most of the other popular

substrates (STO, LAO, (LaxSr1−x)(AlyTa1−y)O3) have a smaller lattice constant than the

cubic PTO at 920K.

Indeed, pseudocubic lattice parameter of the bulk SSO at 920K a′SSO= 4.01 Å (evalu-

ated using the linear thermal expansion coefficient and a room temperature lattice constant

from Ref. 147), while that of the bulk TSO at 920K is only a′TSO= 3.96 Å (also evaluated

using the linear thermal expansion coefficient and a room temperature lattice constant

from Ref. 147). Therefore, the lattice parameter of the bulk cubic PTO at 920K a′PTO=

3.99 Å (extrapolated from the data of Ref. 117) falls in between that of TSO and SSO

(a′TSO < a′PTO < a′SSO) and perfect epitaxial matching would imply that thin PTO films

grown on TSO and SSO exhibit compressive and tensile biaxial in-plane strain at growing

conditions, respectively. Such a strain is rather large in the case of the 300 nm thick film,

and, most likely, it is partly reduced by the formation of dislocations.

At and below the ferroelectric phase transition (near 770K), the ”natural” lattice
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Figure 3.25: (a) Topography, (b) vertical and (c) lateral PFM images of 60 nm thin PbTiO3

film grown on SmScO3 substrate. The edges of the scanned area are roughly parallel to
the pseudocubic axes of the substrate and the epitaxial film as well.
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parameters of the bulk PTO are modified by the spontaneous strain, and this has the

most significant impact on the local lattice mismatch variation on cooling. Since the

spontaneous lattice strain is considerable in the bulk PTO (c parameter is by 6% larger

than the a parameter at a room temperature), the average in-plane lattice parameter of

PTO film obviously strongly depends on the volume ratio of domains with different c-axis

orientation. At a first approximation, the a/a/a/a twinned area would have an average

in-plane lattice parameter (a + c)/2, i.e. about 4.03 Å at a room temperature, which is

by 3% more than the natural in-plane lattice constant of a single domain PTO film with

c-axis vertical (a=3.90 Å at room temperature). The actual domain formation process

probably involves the nucleation and the motion of ferroelectric domain walls as well as

lattice dislocations, but its details are not obvious to us.

3.4.9 Summary

Epitaxial films of ferroelectric PbTiO3 have been simultaneously deposited by MOCVD

technique on two different scandate single crystal substrates. The topography images of

all samples have shown a surface corrugation, which indicates an island growth mecha-

nism, typical for the metal-organic chemical vapour deposition technique. Thicker films

(∼ 320 nm) have shown better PFM images and Raman spectra and appeared to be bet-

ter for the domain structure study under given experimental conditions (PFM resolution

limit, scattering volume, etc.). Subsequent PFM and Raman confirmed that the PTO

films grown on TSO have preferentially c-domain orientation, while the films grown on

SSO have dominantly a-domain orientation (in-plane orientation of the spontaneous po-

larization). The striking difference between the two domain structures is assigned to the

opposite sign of the epitaxial misfit strain at the deposition temperature. The strained

PTO films grown on SSO substrate show fascinating domain arrangements analogous to

the structures reported in free-standing BaTiO3 single crystal lamellae.
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Chapter 4

Conclusions and further work

The investigation of single crystals, ceramics and thin films using Raman spectroscopy

and PFM microscopy is presented in this thesis. A short summary of the main results and

future plans are given in this chapter.

A detailed study of the vibrational spectra of GUHP single crystal has been done.

We have determined the sets of the A′
MIX, A

′
TO and A′′

TO mode frequencies and tentatively

assigned them to the observed Raman peaks. This assignment is based on the comparison

of the angular dependences of Raman intensities of A′ and A′′ modes. This method of

assignment of the modes has proved to be very effective and useful. After the assignment

we compared the experimental frequencies of GUHP single crystal to the frequencies of the

modes that were obtained from quantum-chemical computations; a good agreement has

been found. However, there are more modes predicted by the factor group analysis than

observed. This can be interpreted as a result of a weak inter-ion interaction in the unit

cell of the GUHP crystal. Despite good results obtained during the study of the sample,

the picture will not be complete without A′′
LO modes. That is why we are going to improve

our equipment to make it possible to measure the Raman spectra of the sample in the

near forward scattering geometry and to determine the frequencies of A′′
LO modes in order

to fully describe the material.

In the case of BiMnO3 ceramics we have characterized the phonon behaviour,

obtained from the Raman spectra. We have performed a factor-group analysis for all

phonons in the possible monoclinic centrosymmetric C2/c and non-centrosymmetric C2

structures. After comparing it with the Raman spectra we can conclude that the crystal
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structure is centrosymmetric C2/c in the temperature range from 300K to 550K. As a

result, BiMnO3 cannot be ferroelectric. A gradual disappearance of the Raman modes

at high temperatures can be understood as a result of gradual increase of the phonon

damping, which leads to the overlapping of the phonon bands. Another factor that causes

vanishing of the Raman active modes on heating could be the increase of conductivity of

the sample. We can also conclude that these experimental data confirm the results of a

theoretical paper of Baettig et al. [103], which claims that BiMnO3 is not multiferroic but

only antipolar ferromagnet.

Lattice modes of the complex La1/2Na1/2TiO3 single crystal have been studied

using Raman scattering spectroscopy. The Raman spectra show several broad bands (the

second-order Raman scattering) and only one very narrow sharp peak at about 455 cm−1

(the first-order Raman scattering). The linear and continuous decrease of the intensity

of this mode down to zero on heating up to about 870K suggests a second-order phase

transition towards the aristotype cubic phase. We believe that this observation strongly

supports the I4 = mcm structural assignment, i.e. LNTO has the same structure as the

low-temperature tetragonal STO.

The main results have been obtained on the epitaxial PbTiO3 thin films deposited

on SmScO3 and TbScO3 single crystal substrates. Two sets of the PTO thin films of dif-

ferent thicknesses (60 nm, 115 nm and 320 nm) have been investigated using Raman spec-

troscopy and PFM microscopy techniques. Using successively PFM imaging and Raman

measurements we have seen that PTO films grown on TSO substrates have preferentially

c/a/c/a polydomain structure, while PTO/SSO films have a/a/a/a stripe patterns orga-

nized in mesoscopic domains. The significant distinction of the two domain structures

can be explained as a result of opposite sign of the epitaxial misfit strain at the depo-

sition temperature (920K). We have also performed a tentative analysis of the domain

periodicity in the case of the PTO/SSO films. This analysis shows a scaling of the do-

main periodicity with thickness of the film, as expected from Kittel’s law. It is worth

mentioning that thicker PTO films show much better Raman spectra and PFM images

and seem to be better for the domain structure study. That is why we are planning to

improve our experimental conditions in the future and to get finer PFM images of 115 nm

and 60 nm thick PTO films in order to perform an accurate domain periodicity analysis.

This analysis will allow us to understand better the mechanism of creation and formation

of the domains in the films.
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In future it would be interesting to extend the capabilities of our PFM technique

by applying dual-excitation method for resonant-frequency tracking (DART). Although

this method requires investments, it will allow us to perform measurements at or near

resonance, when conventional phase locked loops are not stable. As a result, we will be

able to reduce the applied voltage and to study sensitive samples, for which higher voltage

would result in polarization switching or could even damage the sample. Another planned

improvement is to equip our AFM system with a video microscope. After this upgrade we

will be able to find the necessary place for scanning easily. The video microscope could be

very useful for localizing the same area after rotating the sample by 90 or 180 degrees in

order to unambiguously discriminate the individual IP and OP contributions to the PFM

signal.
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3. M. Fridrichová, I. Němec, I. Matulková, R. Gyepes, F. Borodavka, J. Kroupa, J.

Hlinka, I. Gregora: Vibrational spectra of guanylurea(1+) hydrogen phosphite - Novel

remarkable material for nonlinear optics. Vibr. Spect., 63, 485-491 (2012).

4. V. Goian, S. Kamba, M. Savinov, D. Nuzhnyy, F. Borodavka, P. Vaněk, and A. A.

Belik: Absence of ferroelectricity in BiMnO3. J. Appl. Phys., 112, 074112 (2012).

5. E. Simon, F. Borodavka, I. Gregora, D. Nuzhnyy, S. Kamba, J. Hlinka, A. Bartasyte,

and S. Margueron: Investigation of ferroelectric domains in epitaxial PbTiO3 films

by piezoresponse force microscopy and far-infrared reflectance. J. Appl. Phys., 110,

084115 (2011).

6. V. Goian, S. Kamba, D. Nuzhnyy, P. Vaněk, M. Kempa, V. Bovtun, K. Kńıžek, J.
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[84] J. Kroupa and M. Fridrichová. Spontaneous noncollinear second harmonic generation

in GUHP. J. Opt. 13, 03 5204 (2011).

[85] G. H. Foster and D. W. Jayne. US 2,277,823 (1941).

[86] L. A. Deshusses and J. Deshusses. Contribution á l’étude des sels de la guanylurée
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List of abbreviations

AFM atomic force microscopy

a.u. arbitrary units

BMO bismuth manganite BiMnO3

BTO barium titanate BaTiO3

GUHP guanylurea(1+) hydrogen phosphite C2H9N4O4P

IP in-plane

IR infrared

LiA lock-in amplifier

LNTO La1/2Na1/2TiO3

MOCVD metal-organic chemical vapour deposition

OP out-of-plane

PFM piezoresponse force microscopy

PSD phase-sensitive detector

PTO lead titanate PbTiO3

SSO samarium scandate SmScO3

STO strontium titanate SrTiO3

TSO terbium scandate TbScO3
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