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Chapter 1

Introduction

1.1 Ferroelectricity

A ferroelectric is a material that displays a spontaneous and reversible electrical

polarization below some critical temperature, TC. Ferroelectricity was first found

by J. Valasek in 1920 in a compound called Rochelle salt, [6, 7] and has attracted

much attention since [8]. The electric polarization of a ferroelectric can be applied

in memory devices [9]. Moreover, the high dielectric constant and piezoelectric

responses found in ferroelectrics are also widely employed in applications. In this

section, a short introduction of the properties of ferroelectrics will be given. For

more information we would like to refer the reader to the classic book by Lines and

Glass [8] and the more recent book by Rabe, Ahn and Triscone. [10]

Based on symmetry, all crystalline materials can be divided into 32 crystallo-

graphic classes or point groups. Symmetry considerations can be used to find

whether an effect is allowed. For the piezoelectric effect (which is described by

the coupling between the mechanical stress tensor and the polarization vector) to

be allowed, no center of symmetry should be present. 21 of the 32 crystallographic

classes lack such a center of symmetry. One of these classes, the cubic class 432, has

other symmetry elements that exclude the piezoelectric effect, leaving 20 piezoelec-

tric classes. If the crystal has a single polar axis, the materials is pyroelectric. This
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Figure 1.1: Representation of a polarization versus electric field hysteresis loop as observed
for a ferroelectric material

occurs in 10 of the 20 piezoelectric classes. Pyroelectric materials have a sponta-

neous polarization. If the polarization can be switched with an electric field, then a

pyroelectric material is also ferroelectric. However, whether a polarization can be

switched or not, cannot be determined from symmetry considerations. Symmetry

thus has shown that all ferroelectrics are also pyroelectric and piezoelectric. It has

to be noted that, although symmetry can tell whether a property is allowed, it does

not tell anything about the magnitude of these effects.

A ferroelectric material switches polarization direction when the electric field

applied in the opposite direction exceeds a certain value. The field at which this

occurs is called the coercive field, Ec. Figure 1.1 displays the typical ”hysteresis

loop” as observed for a ferroelectric, showing the coercive field, the spontaneous

polarization, Ps, and the remnant polarization, Pr, which is defined as the polar-

ization at zero applied field. The measured polarization consists of two parts, the

spontaneous polarization and the dielectric polarization, and can be written as:

P = Ps +ε0χE (1.1)

where ε0 is the permittivity of free space and χ the dielectric susceptibility. The

dielectric polarization gives rise to the slope in P at high field. Thus, Ps is defined as

the extrapolation to zero field of the polarization at high fields. In a polycrystalline

sample Ps is often significantly higher than Pr, but in crystals they can be very
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Figure 1.2: Schematic representation of a 180o domain wall in PbTiO3. [11]

close. The difference can be due to domains switching back when the electric field

is decreased, or to a non-linear dielectric constant.

A ferroelectric can consist of regions with uniform polarization called domains.

In a perfect bulk crystal, such domains form upon cooling from the paraelectric

phase, in absence of an applied field, and are the result of random nucleation of the

ferroelectric phase with the different allowed orientations. The boundaries between

such domains are called domain walls. Various types of domain walls can exist in a

ferroelectric. Typically they are labeled after the difference in polarization direction

on either side of the walls, such that a 180o domain wall separates domains with

opposite polarization. In tetragonal ferroelectrics, both 180o and 90o domain walls

can exist. Figure 1.2 shows a schematic representation of such a 180o domain wall.

[11] Formation of domain walls has an energy cost as the long range order is broken

at the domain walls. In contrast to ferromagnetic domain walls, that are generally

very wide, ferroelectric domain walls can be very narrow. In magnetic materials

the domain wall width results from the competition between the exchange energy

and the magneto crystalline anisotropy energy. The former is orders of magnitude

higher and favors a gradual change in magnetization, leading to very wide walls.

In ferroelectrics the anisotropy is very high as the polarization can only be along

certain crystallographic directions. This leads to domain walls that are very narrow.
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If a material has uniform polarization, surface charges will be present. The

amount of surface charge does not depend on the thickness. The strong Coulom-

bic repulsion between the charges on the surface destabilize the ferroelectric phase.

Moreover, these charges also create an electric field in the direction opposite to

the polarization. This electric field works against the polar shift in the material

and hence is called the depolarization field. As the electric field of two parallel

sheets of charges scales with Q
d , where Q is the charge and d the sample thickness,

the depolarization field is more important at small thicknesses. Perfect electrodes

can completely screen the surface charges and thus remove these depolarization

effects. With real electrodes, especially oxides electrodes, such as SrRuO3, the sur-

face charges may not be screened perfectly and some residual depolarization effects

may exist. [12, 13]

Formation of domains is another mechanism to prevent the accumulation of

surface charges. In this case the equilibrium domain structure is determined by a

competition between the electrostatic depolarization energy and the domain wall

energy. For magnetic materials Kittel showed that the domain periodicity w in such

case scales with
√

d. [14] This approach was later expanded to ferroelectric and fer-

roelastic materials. [15–18] In ferroelectrics, the electrostatic energy is proportional

to the domain width w, favoring narrow domains. The domain wall energy scales

with the number of domain walls, which is inversely proportional to w. The en-

ergy of formation of a domain wall is proportional to the domain wall area, which

scales with the thickness (d). If U and γ are used as proportionality constants for

the electrostatic energy and domain wall energy, respectively, this leads to

F = Uw +γ
d
w

(1.2)

Under equilibrium conditions (dF/dw = 0), this leads to

w2 =
γ

U
· d (1.3)

This generic approach can be expanded to a full model for the domain width in

ferroelectric and ferroelastic slabs and thin films. A more elaborate treatment of

domain scaling can be found in Schilling et al. [18], the PhD thesis of Ard Vlooswijk

[19] and references therein.
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1.2 Epitaxial Thin films

A film is a thin layer of material that is supported by a substrate. Thin film tech-

niques are widely used in applications. Some examples are coatings in optics and

the thin film transistor (TFT) matrices in LCD displays, but many more examples

exist.

If a crystalline film is grown on a single crystal substrate it is defined to be epi-

taxial when it has a particular crystallographic orientation relationship with the

underlaying substrate layer. In this definition the film and substrate in-plane lat-

tice parameters are not necessarily identical; the growth of a hexagonal structure

on a cubic substrate can still be epitaxial as long there is a well defined relation be-

tween both crystal structures. A coherent film does have identical in-plane lattice

parameter as that of the substrate.

In heteroepitaxy, where substrate and film are made of different materials, the

film may be strained. This strain is defined as

um =
a f ilm − abulk

a f ilm
(1.4)

where a f ilm is the in-plane lattice parameter of the film and abulk the correspond-

ing lattice parameter of the unstrained bulk material. In case of coherent (or misfit)

strain a f ilm = asubstrate. This sometimes is referred to as fully strained. Strain leads to

stress in the material and vice versa, so for a crystal to be strained carries an energy

cost. This energy cost increases with increasing thickness, up to the point where it

becomes favorable to release the strain through the formation of dislocations [20]

or crystallographic domains. [21] This process is called relaxation, with a film be-

ing fully relaxed when its structure is identical to the bulk. Clearly, the larger the

misfit strain, the smaller the critical thickness for strain relaxation. Between the

fully strained and the fully relaxed situation, there is a large region where strain

is present, but some of the misfit strain is relaxed. [22, 23] Negative strain, forcing

a smaller lattice parameter, is called compressive strain, whereas the opposite is

called tensile strain.

Various models describe the relaxation of a strained film through dislocation
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Figure 1.3: a) High temperature structure of PbTiO3. This structure is the ideal perovskite
structure. b) Tetragonal ferroelectric structure of PbTiO3.

formation. Among these models the Matthews-Blakeslee model [20], which consid-

ers thermodynamical equilibrium, is most commonly used. However, for PbTiO3

films under small strain it has be shown that the model by People and Bean [24],

which is more phenomenological in origin, reproduces the observed large critical

thickness better. [19, 25]

As ferroelectricity is the result of the competition between the attractive long-

range Coulomb interaction and the short-range inter-atomic repulsion [26], it was

long believed that there exists a critical thickness below which ferroelectricity would

disappear. In the last ten years various theoretical studies [12, 27, 28] and experi-

mental results [29–31] have shown that ferroelectric thin films can maintain their

polar distortion down to 3 unit cells. However, at such low thicknesses, the depo-

larization effect does lead to the formation of 180o domains with no net polariza-

tion.

1.3 Lead Titanate

Lead Titanate (PbTiO3) is a classic perovskite ferroelectric material. The ideal per-

ovskite structure is cubic with a general formula ABO3 and has space group Pm3m.

The B cations, situated at the corners of the cube, are octahedrally surrounded by

oxygen ions, leaving for the A cation a 12 coordinated site at the center of the cube.
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a) b)

Figure 1.4: a) Lattice parameters of PbTiO3 as a function of temperature. b) Polarization of
PbTiO3 as a function temperature. From Haun et al. [34]

Figure 1.3a shows a representation of the cubic PbTiO3 unit cell. BaTiO3 was the

first perovskite found to be ferroelectric; not much later ferroelectricity was discov-

ered in PbTiO3 as well. [32, 33] Although both materials are very similar, there are

important differences. Ferroelectricity in both BaTiO3 is driven by the hybridiza-

tion of the empty 3d orbitals on the Ti4+ ion and the oxygen 2p orbitals, the po-

larization in this case is carried by the shift in the Ti4+ position with respect to the

oxygen ions. In BaTiO3 this leads to a sequence of phase transitions from cubic to

tetragonal (P4mm) to orthorhombic (Amm2) to rhombohedral (R3m). PbTiO3 has

the same TiO6 octahedra, but here the polarization is also driven by a lone pair in

the Pb 6s orbitals and a significant part of the polarization is carried by the Pb2+

ion [26], see figure 1.3b. Therefore both the polarization and the transition tem-

perature in PbTiO3 are significantly higher than those of BaTiO3. The Pb lone pair

stabilizes the tetragonal ferroelectric phase and PbTiO3 thus has only one phase

transition. For these reasons BaTiO3 is called a B-site ferroelectric and PbTiO3 and

A-site ferroelectric. Another important A-site ferroelectric is bismuth ferrite, where

the Bi3+ ion has a similar lone pair.

Figure 1.4a shows the evolution of the lattice parameters of PbTiO3 with tem-

perature. At 490oC there is a first order transition from the high temperature cubic

phase to the tetragonal phase. [32,33] Just above the transition, the cubic lattice pa-

rameter is 3.969Å; at room temperature c=4.152Å and a=3.904Å, giving a c/a ratio,
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or tetragonality, of 1.064. The line noted by ac’ in figure 1.4a is the extrapolation of

the cubic lattice parameter, which is used to define the strain, both the spontaneous

strain leading to the tetragonal ferroelectric distortion as well as the epitaxial strain.

The polarization as a function of temperature is shown in figure 1.4b. At room tem-

perature the polarization is along the [001] direction and has a value of 75 μC cm−2,

which decreases with increasing temperature until it abruptly drops to zero at the

transition temperature. The phase transition in bulk PbTiO3 is thus of first order.

Although pure PbTiO3 has good ferroelectric properties, it is most often used

in solid solutions of which PZT is best known. PZT is a trademark of Vernitron

Inc. and refers to lead titanate zirconate, a solid solution between PbTiO3 and the

antiferroelectric PbZrO3. Figure 1.5 shows the phase diagram of PZT. The defining

feature is the steep boundary between the tetragonal and rhombohedral phases

at 48% PbTiO3 (x = 0.48) called the morphotropic phase boundary (MPB). At this

MPB the piezoelectric coefficients, di j (di j=
(

∂Pi
∂σ j

)
T
; where σ is stress) and dielectric

constant ε (εi j = χi j + 1; χi j =
(

∂Pi
∂Ej

)
T
) show a peak [35]. The high values and the

tunability of these responses are the reasons why PZT ceramics are widely used in

applications.

In 1999 an intermediate monoclinic phase was found in PZT [36] and the view

of the MPB changed considerably. This monoclinic phase has a Cm space group,

with a mirror plane as sole symmetry element. This mirror plane in the only sym-

metry element common to both the tetragonal (P4mm) and rhombohedral (R3m)

phases. The observation of the monoclinic phase led to a model according to which

the possibility of the polarization rotating in the mirror plane of the monoclinic

phase was responsible for the high responses [37]. Similar MPB’s with enhanced

properties were observed in other solid solutions of PbTiO3, such as PMN-PT1 and

PZN-PT2 [38]. This shows that enhanced properties may be expected at boundaries

where the crystal structure changes abruptly. More recently, Ahart et al. [39] found

that applying pressure to pure PbTiO3 could induce a MPB and the accompanying

1Pb(Mg1/3Nb2/3)1−xTixO3, a relaxor ferroelectric with the MPB at x ≈ 0.35
2Pb(Zn1/3Nb2/3)1−xTixO3, a relaxor ferroelectric with the MPB at x ≈ 0.08
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Figure 1.5: Phase diagram of PbTixZr1−xTiO3 (PZT). [35, 40, 41]

high responses, and thus that no complex chemical environment was needed to in-

duce a MPB. This shows that the main mechanism for obtaining a MPB is applica-

tion of pressure to the structure. In the case of PZT, this is obtained by substitution

with ions of different size, which is called ”chemical pressure”. Epitaxial strain is

also a means of applying pressure, but in contrast to that applied by a pressure cell

or chemical pressure, it is biaxial in nature rather than hydrostatic.

1.4 Phenomenological description of ferroelectrics

Phenomenological Landau theory can be used to describe the macroscopic proper-

ties of ferroelectric materials. Landau theory states that the free energy of a system

close to the transition can be described as a series expansion of the order parame-

ter. In the case of (proper) ferroelectrics, the polarization, P, is an order parameter,

which is zero above and has a non-zero value below the transition. The general

Landau expansion in one dimension for a ferroelectric is

U = −EP +
α

2
P2 +

γ

4
P4 +

δ

6
P6 + . . . (1.5)

where E is the electric field and α, γ and δ the Landau coefficients. Landau theory

is based on symmetry and thus the free energy must represent the symmetry of the

system. If the unpolarized crystal has an inversion center U(P) = U(−P), the free

energy only contains even powers of P. For most cases the expansion up to the sixth

order is sufficient. However, to properly predict low symmetry phases such as the
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monoclinic phase of PZT, an expansion up to the eighth order is required. [42] In

the Landau description onlyα is assumed to be temperature dependent, according

to

α = β(T − TC) =
1
C

(T − TC) (1.6)

where C is the Curie constant and TC the Curie temperature, which is equal or

smaller than the transition temperature, T0. The stable states can be found by solv-

ing
∂U
∂P

= −E +αP +γP3 + δP5 = 0 (1.7)

and
∂2U
∂P2 =

1
χ

= α + 3γP2 + 5δP4 > 0 (1.8)

where χ is the dielectric susceptibility. Combination of equation (1.8), for tempera-

tures above TC, and equation (1.6) results in a Curie-Weiss law

χ = ε− 1 =
C

T − TC
(1.9)

where ε is the dielectric constant.

The order of the ferroelectric transition depends on the sign of γ. If γ is positive,

then the sixth order term can be neglected in the simplest case. This results in a

second order transition. At T ≥ TC, the free energy has a single broad minimum at P

= 0; only below TC a double well develops. For a first order transition γ is negative.

In this case the sixth order term has to be included. At exactly T = TC the free

energy has three minima; below TC, the two polar minima become lower in energy

than the non-polar minimum. In this case it is clear that the polarization does not

go to zero continuously, but abruptly at some temperature below TC, which is the

hallmark of a first order transition.

1.4.1 Free energy of bulk PbTiO3

In a real ferroelectric, such as PbTiO3, it is not enough to only consider the polar-

ization as a parameter. To describe the piezoelectric nature, a coupling between

the stress and the polarization needs to be present and thus the stress has to be

included as a parameter. A phenomenological theory of PbTiO3 using the Gibbs
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free energy was developed by Haun et al. [34]. The Gibbs free energy is taken at

constant strain, so the free energy is a function of the polarization, temperature and

stress and can be written as follows:

G = a1(P2
1 + P2

2 + P2
3 ) + a11(P4

1 + P4
2 + P4

3 ) + a12(P2
1 P2

2 + P2
1 P2

3 + P2
2 P2

3 ) +

a111(P6
1 + P6

2 + P6
3 ) + a112[P4

1 (P2
2 + P2

3 ) + P4
3 (P2

1 + P2
2 ) + P4

2 (P2
1 + P2

3 )] +

a123P2
1 P2

2 P2
3 − 1

2
s11(σ2

1 +σ2
2 +σ2

3 )− s12(σ1σ2 +σ1σ3 +σ2σ3) −
1
2

s44(σ2
4 +σ2

5 +σ2
6 )− Q11(σ1P2

1 +σ2P2
2 +σ3P2

3 )−
Q12[σ1(P2

2 + P2
3 ) +σ3(P2

1 + P2
2 ) +σ2(P2

1 + P2
3 )]−

Q44(P2P3σ4 + P1P3σ5 + P2P1σ6) (1.10)

where Pi are the components of the polarization andσi the components of the stress.

The coefficients ai jk are the dielectric stiffnesses, Qij the electrostrictive constants

and si j the elastic compliances. By minimizing the free energy with respect to the

components of the polarization, the equilibrium crystal structure can be obtained.

The possible solutions are reported in table 1.1. For PbTiO3 at zero stress, the ex-

pected tetragonal bulk structure is obtained. For materials, such as for instance

PZT, where rotations of the oxygen octahedra or other order parameters couple to

the polarization, these have to be included in the free energy as well.

Pa = Pb = Pc = 0 paralectric
Pa �= 0 and Pb = Pc = 0 a phase
Pa = Pb = 0 and Pc �= 0 c phase
Pa = Pb �= 0 and Pc = 0 aa phase

Pa �= 0, Pb = 0 and Pc �= 0 ac phase
Pa = Pb �= 0 and Pc �= 0 r phase

Table 1.1: The various possible ferroelectric phases resulting from Landau-Ginzburg the-
ory. [3, 34] The a direction is defined to be in-plane along the unit cell axis.
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1.4.2 Ferroelectrics under epitaxial strain

The free energy expansion of PbTiO3 (equation 1.10), gives a full description of the

properties of PbTiO3 with the polarization and stress as variables. However to get

a free energy of a epitaxial thin film, the misfit strain, rather than the stress, is the

variable of interest. Pertsev et al. applied a Legendre transformation to the free

energy,(1.10), and expressed the Gibbs energy of uniformly polarized PbTiO3 with

the misfit strain, um, as a variable. [3] The thin film geometry is then taken into

account by the following mechanical boundary conditions

∂G
∂σ1

= ∂G
∂σ2

= −um, (1.11a)

∂G
∂σ6

= 0 (1.11b)

σ3 = σ4 = σ5 = 0 (1.11c)

These boundary conditions describe an in-plane isotropically strained film (1.11a),

with no in-plane shear strain (1.11b) and no out-of-plane stresses (1.11c). The misfit

strain, in this case, is defined with respect to the lattice parameters of the extrapo-

lated cubic phase(a′c in figure 1.4a) as follows

um =
as − a′c

as
(1.12)

where as is the substrate lattice parameter. The boundary conditions considered

above require the substrate to have a square in-plane lattice. Moreover, the free

energy expansion does not include any intrinsic size effects, so it is formally only

valid for thick films. The Gibbs energy for the strained film has a form which is

very similar to the general expansion of the free energy in P (equation 1.5):

G̃ = a∗1(P2
1 + P2

2 ) + a∗3P2
3 + a∗11(P4

1 + P4
2 ) + a∗33P4

3 a∗13(P2
1 P2

3 + P2
2 P2

3 ) +

a111(P6
1 + P6

2 + P6
3 ) + a112[P4

1 (P2
2 + P2

3 ) + P4
3 (P2

1 + P2
2 ) + P4

2 (P2
1 + P2

3 )] +

a123P2
1 P2

2 P2
3 +

u2
m

s11 + s12
(1.13a)
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However, most parameters are renormalized to include the misfit strain. The renor-

malized coefficients are

a∗1 = a1 − um
Q11 + Q12

s11 + s12

a∗3 = a1 − um
2Q12

s11 + s12

a∗11 = a11 +
1
2

1
s2

11 + s2
12

[(Q2
11 + Q2

12)s11 − 2Q11Q12s12]

a∗33 = a11 +
Q2

12
s11 + s12

a∗12 = a12 − 1
s2

11 + s2
12

[(Q2
11 + Q2

12)s12 − 2Q11Q12s11] +
Q2

44
2s44

a∗13 = a12 +
Q12(Q11 + Q12)

s11 + s12

(1.13b)

The symmetry of the free energy expansion in equation 1.13a has lowered from

cubic to tetragonal. This symmetry lowering comes from the clamping effect. The

misfit strain, um, only couples with the polarization in the P2 terms, a∗1 and a∗3. As

the temperature dependence is included in these terms, a large strain effect on the

transition temperature is expected. It is also found that the order of the transition,

which is first order for bulk PbTiO3, has changed to second order for the clamped

film, even in the um = 0 case. By calculating the minima of the free energy expansion

in equation 1.13a with respect to the components of the polarization, the phase di-

agram of PbTiO3 with respect to the misfit strain can be obtained. Figure 1.6 shows

such a phase diagram as reported by Pertsev et al. [3] The transition temperature

should increase when the absolute magnitude of the strain increases. The symme-

try of the ferroelectric phase should change from the bulk tetragonal c-phase to a

r-phase. The boundary between these phases is very similar to the MPB in PZT

(see figure 1.5) and a similar peak in the functional properties is expected at the

boundary.
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Figure 1.6: Phase diagram of PbTiO3 at various misfit strains um. [3] Thin and thick lines
denote second and first order phase transitions respectively

1.5 Strain Tuning

The strain phase diagram in figure 1.6 and similar diagrams for other ferroelectric

materials such as SrTiO3 and BaTiO3 [3, 43] show how strain affects the properties

of ferroelectric materials. Modifying the properties of materials using the epitaxial

misfit strain as an adjustable parameter is often called ”strain tuning”. [44] Some-

times it is even called ”strain engineering” since such rich phase diagrams allows

a desired property to be selected for a particular application.

Many advances in strain tuning have taken place from the theory side. The

original phase diagrams by Pertsev et al. did not take into account the formation

of ferroelectric and ferroelastic domains. By phenomenology, it was shown that

when including domain formation, the r-phase disappeared. [46, 47] Strain phase

diagrams were also calculated using first principles methods [1, 48, 49] and phase

field simulations [2, 45, 50]. Phase field simulations are based on time dependent

Ginzburg-Landau equations and are capable of predicting non-equilibrium domain

structures without any a priori assumptions. Figure 1.7 shows the expected domain

structures for PbTiO3 with various amounts of c and a1/a2 domains.

On the experimental side important progress has also been achieved. The in-

crease of the transition temperature has been utilized to turn the incipient (TC =

0K) ferroelectric SrTiO3 into a room temperature ferroelectric. Under tensile strain,
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Figure 1.7: Domain structures calculated for a PbTiO3 film obtained from phase field sim-
ulations. a) c-domains. b) c/a1/a2 domain structure with 76% of c-domains. c) c/a1/a2
domain structure with 33% of c-domains. d) a1/a2 domain structure [45]
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using DyScO3 substrates, a relaxor ferroelectric SrTiO3 with in-plane polarization

along the a axes is obtained [4, 51, 52]. When grown on silicon, the compressive

strain is large enough to stabilize a c-oriented ferroelectric phase in SrTiO3. [5]

To fully utilize the potential of strain tuning, it is necessary to grow fully co-

herent films on substrates having the desired mismatch. However, the number of

available substrate materials is limited and thus, the most interesting regions may

be inaccessible. The interesting phase boundary of strained PbTiO3 between the c

and r-phases in the single domain case, or the c/a and a1/a2-phases in the polydo-

main case, lies at approximately a tensile strain of 0.5%, but there are no substrates

available with the corresponding lattice parameter.

To maintain the film in the fully strained state is another issue. First of all, if

the strain becomes too large, the critical thickness for relaxation through the for-

mation of dislocations becomes very low. Another problem is that while the misfit

strain which defines the phase diagrams is the strain with respect to the cubic phase

(equation 1.12), the strain for the formation of dislocations is defined between the

substrate and the bulk lattice parameters. This difference can be quite large, as the

deformation of the bulk unit cell at Tc can be considerable. DyScO3, for instance,

has almost zero strain with respect to the cubic phase, whereas the strain with re-

spect to the a lattice parameter of tetragonal PbTiO3 is more than 1%.

Despite these issues, the potential of using strain to modify and enhance the

properties of materials is still very large. Moreover, experimental studies of strain

effects in ferroelectric materials help understand the processes involved via a con-

stant interaction between theory and experiment.




