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The usage of piezoelectric materials has an impressive tradition. The direct
piezoelectric effect, the generation of electrical charge upon externally applied me-
chanical force, was discovered by Pierre and Jacques Curie in 1880. Reversely, ma-
terials showing such behavior also generate a mechanical force upon the application
of an electric field, allowing the material to change its shape and dimensions. This
effect is called converse piezoelectric effect and was discovered by Gabriel Lippmann
in 1881. The first usage of piezoelectrics came during World War 1, when Pierre
Langevin used piezoelectrics to construct a transducer to generate sonar waves for
the detection of submarines. In the following decades research was done on finding
piezoelectric materials with a higher performance to allow the development of new
applications. A major step was the discovery of barium titanate and lead zirconate
titanite, PbTi1−xZrxO3 (PZT) ceramics in the fifties [1].

Nowadays, piezoelectrics are found in many of our daily used technologies. Ex-
amples are piezoelectric fuel injectors, automobile collision sensors, ultrasonic clean-
ing bathes, piezo igniters, piezoelectric motors in microscopes, actuators for preci-
sion alignment, and ultrasounds in medicine. As technology is striving towards
realizing ever smaller devices, nowadays a lot of attention is on the usage of piezo-
electric thin films in MEMS applications, such as actuators [2, 3], sensors [2, 3],
transducers [4], energy harvesting devices [5, 6], adaptive optics [7–9], and inkjet
printer nozzles [6].

Given this broad range of applications and the state of their maturity, one could
question the need for further scientific investigations. This thesis definitely does
confirm the need for further research: understanding, developing and controlling
piezoelectric materials is an important field of modern materials research as it en-
ables further development, improved control and down-scaling. In the following a
short overview is given on the state-of-the-art knowledge on PZT thin films used
for high performance applications and the role of further research of interest.

1.1 Motivation and outlook
Among the most challenging piezoelectric applications is the small-scale optics at
wavelengths shorter than well-explored visible and ultraviolet. More specifically the
soft X-ray and extreme ultraviolet wavelength range, collectively indicated as XUV
(few tenths to few tens of nanometers), is nowadays of interest in high resolution
imaging, as the resolution of any imaging tool is limited by the wavelength of the
light employed for imaging. For resolution in the nanometer range, the XUV range
has to be used. Light sources for XUV light can be laser produced plasmas, syn-
chrotron radiation sources or free electron lasers, e.g. PETRA III at DESY. In this
wavelength range normal, refracting imaging concepts, like lenses, do not work, due
to the very high absorption of almost all materials. Instead, reflective multilayer
mirrors (MLM) are used [10]. Wavefront distortions and the optical figure of mirrors
are in the range of the wavelength used and their manipulation requires deformation
of the MLMs in the range of about half to full value of the used wavelength. As
such the required precision is in the sub-nanometer to nanometer-scale. Piezoelec-
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tric thin films can address such a requirement. Other adaptive schemes fulfilling
this requirement work with thermo-mechanical actuators or with thermal actuation
of a heat absorbing layer under the MLM [11]. However, these schemes suffer from
low spatial resolution or low actuation speed, whereas piezoelectric thin films allow
high spatial resolution and fast actuation.

In this thesis, a demonstrator of an adaptive type of optic for the XUV wave-
lengths is presented. In this application, the piezoelectric thin film provides the
possibility to adjust the surface figure of the optic, e.g. to compensate for wave-
front distortions or deformation of the optical figure of the mirror. These and similar
applications show that highly functional properties of the PZT thin films are re-
quired. They give direction to the research still needed.

In today’s thin film piezo applications, PZT is most widely used because of
its superior ferro- and piezo-electric properties. The functional properties of PZT
thin films are highly dependent on materials properties such as crystal orientation,
stoichiometry, and microstructure. These properties are controlled by deposition
process conditions, but also by the selection of substrates or buffer layers. A higher
functionality is desirable from the application point of view, as it enables new ap-
plications, or higher performance in known applications.

The PbTi1−xZrxO3 film stoichiometry with the most favorable functional prop-
erties is found at x = 0.48, the so-called morphotropic phase boundary composi-
tion [12–14]. The morphotropic phase boundary is the transition region between
the tetragonal and rhombohedral phase of PZT. The phase of PZT is dependent
on the Zr/Ti ratio. Films grown in (001)-orientation, the out-of-plane crystal ori-
entation, have shown a higher functional response compared to other orientations,
both theoretically [15, 16] and experimentally [2, 17, 18]. The growth on affordable
and industrially usable substrates such as Si, glass or metals require so-called buffer
layers to achieve proper crystal orientation control [19–23]. Of particular interest
are chemically synthesized, unit-cell-thick, oxide nanosheets, that allow control of
the desired crystal orientation on Si and glass substrates. The use of nanosheets
does not require very high deposition temperatures, which makes them more com-
patible with modern CMOS processes [24–27]. The film microstructure affects the
ferroelectric and piezoelectric response of the film, due to grain size and domain
structure dependence [28–30] and due to the influence of the microstructure on the
elastic parameters of the film [31–37].

The influence of film microstructure, stoichiometry and crystal orientation on
the functional properties has been studied in detail for various deposition tech-
niques, such as chemical solution deposition (CSD) [29, 38–40], magnetron sputter-
ing [29, 41–44] or pulsed laser deposition (PLD) [35, 36, 45–48]. In this thesis the
thin films are deposited by PLD, as PLD allows very precise control of stoichiom-
etry, orientation and hence the film quality [49, 50]. While the dependence of the
deposition conditions of the film’s microstructure and functional properties are well
studied, the effect of the deposition conditions of the template layer, the layer on
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which the film is grown, has not been addressed so far. An investigation on this
effect is of interest as it could allow further improvement and control of the func-
tional film properties due to the use of a new independent deposition parameter
in the form of a film growth template. This thesis will show that the effect of the
template layer is of major relevance. The deposition conditions of the template
layer work as an independent parameter set to control the subsequently deposited
film microstructure and thus the ferroelectric properties.

One known challenge for piezoelectric applications is the hysteresis and nonlin-
earity of the polarization and strain response of the film. The hysteresis and non-
linearity manifest themselves as e.g. positioning inaccuracies in actuators or energy
loss in energy harvesting devices [51], as such they are limiting the performance of
applications. The description and control of hysteresis and nonlinearity has always
been an important research topic. Even though there are control models [52, 53],
that allow reduction of hysteresis by using complicated control algorithms, it is of
interest to identify the root causes of hysteresis. Is hysteresis related to the film
quality, the amount of grain boundaries, or is it related to small defects, like dislo-
cations or oxygen vacancies in the material? Answering this question could allow
the control of hysteresis by tuning the material properties.

The viscous interaction of domains was proposed by several studies as the cause
of hysteresis and the associated dielectric and piezoelectric losses for small applied
fields before polarization switching happens, so-called sub-coercive fields. The mod-
els reported so far in literature describe the losses by viscous domain wall (DW)
motion, but these models cannot fully explain all observed experimental loss be-
havior [54–58]. Damjanovic showed that the hysteresis and nonlinearity in PZT
ceramics and CSD thin films can be well described by an adaption of the Rayleigh
model [59, 60], which is often used to describe the hysteresis in ferromagnets [61].
The Rayleigh model describes the nonlinear field response, in which hysteresis is
a consequence of stochastic interaction of DWs with defects. The interaction of
the DWs with defects can be described as jumps of domain walls from one energy
minimum to another, similar to Barkhausen jumps [62, 63].

As the functional properties of materials with different crystal symmetries and
crystal orientations respond distinctly different to the applied electric field [64], one
expects that hysteresis and the nonlinearity behave also differently for different
crystallinities. However, the widely used Rayleigh model does not take crystal sym-
metry into account. A model that takes crystal symmetry into account could lead
to a new and better understanding of the causes of hysteresis. For such a study
epitaxial films are promising model systems, because of their high resemblance to
perfect single crystal systems with low levels of defects. To our knowledge there is
no hysteresis model that takes the crystal symmetry into account.

This thesis will introduce a new model, the so called Polarization rotation
model , to describe hysteresis, loss and nonlinearity in ferroelectric epitaxial thin
films. The new model describes loss and hysteresis by two separated physical pro-
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cesses, the rotation of the polarization vector in the unit cell and viscous inter-
actions of the domains. As such hysteresis is not connected to just a stochastic
process anymore, but is connected to the unit-cell deformation. The effect of polar-
ization rotation is characteristic for monoclinic crystal symmetries and as such the
model relates the description of hysteresis, loss and nonlinearity to the monoclinic
crystal symmetry. Another strong point of the new model is that it in principle
allows description of hysteresis, loss and nonlinearity for all ferroelectric materials
with rhombohedral and monoclinic crystal symmetry, where the polarization is de-
scribed by polarization rotation. This makes the model applicable to not only PZT
thin films but any epitaxial ferroelectric materials with polarization rotation. The
model is an important step in identifying the root causes of hysteresis. Future work
on this model should be aimed to investigate and identify the viscous interactions
in the domains.

Furthermore, this thesis will show that the model can be adapted to also include
the application of DC bias fields. Due to the bias field the model can describe hys-
teresis, loss and nonlinearity for a much larger field range. As such the model can
also describe use cases that could be interesting for piezoelectric applications.

The adaptive optic introduced in this thesis can produce sufficient stroke that
can be of interest for wavefront correction at synchrotron radiation sources or free
electron lasers. Future developments there can be improving the functional proper-
ties of the film using the template effect describe in this thesis. This effect can also
be of interest in energy storage and energy harvesting applications, that work with
perovskite materials that show a similar behavior as the films investigated in this
thesis.
The Polarization rotation model provides a new point of view on hysteresis,
nonlinearity and loss of monoclinic ferroelectric epitaxial films. It is of interest for
the materials science and applications field as epitaxial films get ever increasing
attention for applications, but as shown in this thesis they cannot be described
by the commonly used Rayleigh model. The polarization rotation model is not
limited to monoclinic PZT films, but applicable to all ferroelectric materials with
polarization rotation. As such it can also describe for example relaxor ferroelectrics
like Pb(Mg1/3Nb2/3)1−x TixO3 (PMN-PT). This work can be expanded in the fu-
ture to study the loss mechanisms in different materials in comparison to PZT. In
addition, this work underlines the need for further research to identify the exact
nature of the assumed viscous interaction in the domains, by both experimental
and theoretical work.

1.2 Thesis outline
The thesis is structured as followed:

Chapter 2 gives a short overview of pulsed laser deposition technique and
introduces shortly the used characterization techniques such as X-ray diffraction
(XRD), atomic force microscopy (AFM) and scanning electron microscopy (SEM).
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For characterizing the ferro- and piezoelectric response of the PZT films, a ferro-
electric tester that is combined with a double beam laser interferometer (DBLI) is
utilized. This measurement setup is described with a focus on the sub-coercive field
measurements of strain and polarization.

Chapter 3 presents a small-scale optics demonstrator for an application for
nanoscale piezoelectric surface modulation for adaptive XUV optics. The demon-
strator is based on piezoelectric thin films and allows gradually varying surface
adjustments. The chapter discusses the needed layers and their usage for such an
application. It is shown that with this first, small scale demonstrator the generation
of the needed surface deformation of a few nanometer is well possible. The chapter
sets the scope of the required precision and film control, and explores the limits of
piezo-electrical film control.

Chapter 4 shows the influence of the template layer, namely LaNiO3 (LNO), on
the microstructure and the ferroelectric properties of subsequently deposited PZT
film. In this work, the deposition conditions of the LNO, namely deposition pres-
sure of O2 and thickness, were varied while keeping the deposition conditions of the
PZT constant, in order to isolate the different effects. The films were analyzed in
terms of microstructure crystallinity and ferroelectric properties. Increased oxygen
pressure and/or thickness of the LNO template leads to an increased roughness of
the template and columnar growth of the PZT film. The change from a smooth
dense film to a columnar film changes the ferroelectric properties. This change is
attributed to the reduced and more even lateral grain size of the columnar PZT
films.

Chapter 5 investigates the hysteresis, loss and nonlinearity in epitaxial mono-
clinic PZT films. It is found that the commonly used Rayleigh model cannot explain
the observed behavior. We show that this behavior is appropriately described by
a new model, the polarization rotation model, that is based on the rotation of the
polarization vector within the unit cell under an applied field, with viscous domain
interactions accompanying the unit cell deformation. It is shown that the nonlinear
response and the hysteretic loss originate from two separate physical processes.

Chapter 6 presents the investigation of hysteresis, loss and nonlinearity for
epitaxial monoclinic PZT films under an applied DC bias field. We show that an
adaptation of the polarization rotation model, that takes DC bias fields into account,
describes the experimental behavior very well and can explain the reduction of loss
and nonlinearity that is observed in comparison to the case of no applied bias. The
applied bias field allows the description for AC fields higher than the coercive field.
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2.1 Thin film fabrication
All films discussed in this thesis have been deposited by Pulsed Laser Deposition
(PLD) in order to obtain stoichiometric, (001)–oriented crystal films. In PLD, the
film is grown by ablation of a target material by short pulses of a focused laser.
A plasma plume forms and expands, the ablated material travels from the plume
and is thus deposited on the substrate, see Fig. 2.1. In PLD the deposition pres-
sure (pressure of the ambient gas during deposition), substrate temperature and
deposition rate is controlled independently, and this allows tuning of the growth
conditions to obtain high quality thin films. One particular advantage of PLD is
the ability of stoichiometric transfer of material from the target to the film for most
of the deposition conditions. [1–3]

gas inlet
O2/Ar

laser entry window

focus lens

mask

Laser

pump

Heater with
substrate

rotating target

Figure 2.1: Schematic view of a PLD setup
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2.2 Characterization

2.2.1 Crystal structure

X-ray diffraction (XRD) was used to obtain crystal structure information of the thin
films, such as phase and orientation. Each crystalline structure of a certain material
has distinct spacing between the crystal planes (d -spacing), that differs with the
crystal direction. Comparison of the measured d-spacing with known theoretical
d -spacings from a powder diffraction database allows determination of the crystal
structure and identifying the crystal orientation of the film and substrate. To obtain
information on the d -spacing of the film and the substrate, a ω–2θ scan, also known
as θ–2θ scan, was used, where 2θ is the angle between the incoming beam and the
detector and ω is the angle between the sample and the incoming beam, see Fig. 2.2.
Specifically, in this thesis, ω is the angle between the selected crystal planes of the
substrate, always the (001) plane, and the incoming beam. In the ω–2θ scan the 2θ
angle is changed and ω is kept equal to half of 2θ. Only when Bragg’s condition is
achieved for the X-rays reflected from the crystal planes of the film, the signal will
be registered in the detector resulting in a diffraction peak. Using Bragg’s law the
d -spacing of the diffraction peak is calculated out of its 2θ position by:

nλ = 2d sin (θ) (2.1)

with n a positive integer corresponding to the diffraction order, λ the wavelength of
the X-rays, and d the d -spacing between the crystal planes. The texture, polycrys-
talline nature of the film was determined with a ω-scan, often also called rocking
curve. In this scan the detector is kept at the 2θ position of a diffraction peak and
ω is scanned over a selected range.
To obtain also information about the in-plane spacing, reciprocal space maps (RSMs)
were used. A RSM is obtained by measuring high resolution ω-scans for a selected
range of 2θ. For the XRD measurements in chapter Chapter 4 a Malvern Pana-
lytical X’Pert diffractometer system was used. To measure the crystal properties
of the films used in Chapter 5 and Chapter 6 a Bruker D8 Discover diffractome-
ter, equipped with an area detector (EIGER2 R 500K) was used to obtain high
resolution RSMs.

ω
2θ

Source

Detector001

Substrate

Film

Figure 2.2: Schematic of an ω–2θ XRD measurement
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2.2.2 Surface and microstructure
For the characterization of the film microstructure, its thickness, and composition,
a scanning electron microscope (SEM), a Zeiss–1550 HRSEM, has been used. In
this technique a high-energy electron beam, between a few keV up to 50 keV, of a
diameter of 1 nm, is used to scan the surface, or cross section of the sample. The
electrons from the beam, called primary electrons, exchange energy inelastically
with the valence or conduction band electrons and lattice of the sample. The re-
sulting secondary electrons have energies below 50 eV. They originate from within
a few nm of the sample surface and are used to generate an image of the sample
surface. For elemental analysis of a sample an extra detector that detects the elas-
tically backscattered electrons was used.

The film surface was characterized by Atomic Force Microscopy (AFM) using a
Bruker Icon AFM. The AFM was used in tapping mode in which the AFM tip, with
a tip radius of 8 nm, scans the film surface. The tip taps the surface close to the
resonance frequency of the cantilever to have as high as possible signal amplitude.
Interaction of the tip with the surface change the tip deflection, the resonance
frequency and the phase of the tip. These changes are observed in the AFM by using
a laser that is positioned on the backside of the cantilever. These measurements
give information about local height changes on the measured sample, and were used
to characterize the roughness of the films.

2.2.3 Functional properties
The piezoelectric and ferroelectric properties of the films, eg polarization and strain
were measured with a double beam laser interferometer (aixDBLI), utilizing a fer-
roelectric tester (aixACCT TF-2000 Analyzer). The combination of the DBLI with
a ferroelectric tester allows the measurement of the piezoelectric and ferroelectric
properties simultaneously.

aixDBLI
The DBLI measures the strain of a piezoelectric film by measuring the displacement
between two illuminated surfaces of the sample due to an applied field due to the
inverse piezoelectric effect. A double beam Mach-Zehnder interferometer is used for
that. The advantage over single beam interferometer techniques is that any motion
inside the optical path due to bending of the sample is suppressed. Hence, the bend-
ing of the sample does not contribute to the measured displacement. This allows
the measurement of the pure out-of-plane displacement and as such out-of-plane
piezoelectric coefficient. For this the sample needs a reflective top and bottom sur-
face. In this thesis all films of which their functional properties were characterized,
were fabricated in a parallel plate configuration with electrodes of 300 × 300 µm2

area, with platinum as the top layer. All samples measured with the DBLI have
been deposited on double side polished substrates that reflect the laser also from
the sample bottom. In the interferometer set-up one beam (measurement beam) is
reflected from the top and bottom of the sample while the path length of the other
beam (reference beam) is kept constant. For a change of the sample thickness, eg
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a displacement of the sample due to an applied electric field, the path length of
the measurement beam is changed thus changing the intensity of the center of the
interference pattern.

Piezo-Mirror

PBS-1

PBS-2BS-3

Laser

Photodetector

L-3

λ/4 plate 

λ/4 plate 

λ/4 plate 

L-1

L-2

M-1

M-4

M-3M-4

Beamdump

Sample

measurement beam

reference beam
polarization out of plane

polarization in plane

Figure 2.3: Schematic beam path of the DBLI

Fig. 2.3 shows the optical beam path of the DBLI. The laser beam generated by
a He-Ne laser, enters the polarizing beam splitter (PBS-1), the in plane polarized
part of the beam is transmitted and is used as the measurement beam whereas
the out of plane polarized part of the beam is reflected by 90° and is used as the
reference beam. The measurement beam follows the top measurement arm, passes
a λ/4 plate and is reflected by the mirror M-1 and focused by lens L-1 on the top of
the sample, where it gets reflected and travels back to the beam splitter PBS-1. As
it passes the λ/4 plate twice, the polarization of the returning measurement beam
is rotated by 90°, resulting in a downwards reflection at the beam splitter PBS-1
and another 90° reflection at beam splitter PBS-2. It then travels along the bottom
arm, passing another λ/4 plate before being reflected and focused on the sample
backside by mirror M-2 and lens L-2. After being reflected by the sample, it travels
back passing the λ/4 plate for the second time, rotating the beams polarization,
such that the beam is transmitted in the beam splitter PBS-2. Reaching the beam
splitter BS3, half of the beam is transmitted to a beam dump and the other half
is reflected upwards towards the photodetector. The reference beam is reflected
upwards in beam splitter PBS-1, passes the λ/4 plate and is reflected by the piezo-
mirror. The piezo-mirror can be shifted along the beam path, to change the length
of the reference beam. The position of the piezo-mirror is calibrated such that the
reference beam accounts for the thickness of the sample, controlling the operating
point of the interferometer. On the way back to the beam splitter PBS-1 it passes
the λ/4 plate for the second time, rotating the polarization of the reference beam.
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The beam is then transmitted by the beam splitters PBS-1 and PBS-2. Afterwards
it is reflected by the mirrors M-3 and M-4, before it passes the beam splitter BS-3.
Here half of the beam is reflected to the beamdump. The other half is transmitted.
As the reference beam has the same polarization state as the measurement beam at
the beam splitter BS-3, the two beams interfere with each other. Lens L-3 enlarges
the center of the interference pattern on the photodiode where the intensity of the
interference patterns is measured.

The displacement of the film ∆d is then calculated out of the intensity of the
interference patter by:

∆d =
∆I λ

2π (Imax − Imin)
(2.2)

with ∆I the change of the intensity of the interference pattern, λ the wavelength
of the laser, and Imax and Imin the maximum and minimum of the intensity of the
interference pattern in the working range obtained by the system calibration before
each measurement. [4]

Ferroelectric tester
Characterization of the ferroelectric response of a material is done via the mea-
surement of the polarization response as the special characteristic of ferroelectric
materials are a spontaneous polarization, a non-zero polarization at zero applied
electric field, that is reversible by application of an external electric field. A direct
measurement of the polarization of a material is not possible. Instead Sawyer and
Tower[5] used a linear reference capacitor to observe the polarization of the material
by using the fact that both the capacitor and the material have an identical amount
of charge displaced due to the applied voltage, see Fig. 2.4 a). The charge is directly
proportional to the voltage that is build up over the capacitor, so by plotting the
voltage measured over the capacitor versus the voltage applied over the ferroelectric
material, they could observe the polarization hysteresis indirectly.
Nowadays the polarization is measured with the so-called virtual ground method[6],
shown in Fig. 2.4 b). The virtual ground method still uses the principle of charge
conservation, but measures the current that is extracted from the voltage drop over
a changeable feedback resistor over an inverting operational amplifier. This method
has the advantage that the full excitation voltage drops over the ferroelectric and
more important the parasitic cable capacitances are electrically ineffective. This
is of importance for the measurement of small ferroelectric capacitors, especially
for the measurement of thin film ferroelectrics as in this thesis. The ferroelectric
analyzer used in this thesis, utilizes the virtual ground method.

The polarization P is calculated using the measured current by keeping in mind
that polarization is the material related part of the electrical displacement field D.
The electrical displacement field also includes the vacuum contribution D0. It is
equivalent to the charge Q per area A such that:

D = D0 + P = ε0E + P =
Q

A
=

∫
I(t) dt

A
(2.3)



Characterization

2

33

The polarization is calculated by subtracting the vacuum contribution D0 from the
integrated current density. However, for the used electric fields for the measure-
ment of thin films, which are in the range of 200 kV cm−1, D0 is very small and the
relative difference between D and P is less then 1% such that P ≈ D.

Vext

FE

Cref

VFE

VC

Sawyer-Towera) b)
method

Vext

FE VFE

VR
Rref

-
+

Virtual ground
method

Figure 2.4: Common setups for ferroelectric hysteresis measurements: a) Sawyer-Tower and b)
virtual ground method. With Vext the external excitation voltage, FE the ferroelectric sample,
VFE the voltage over the ferroelectric and VC/VR the voltage measured over the reference capac-
itor/resistor (Cref/Rref).

Fig. 2.5 shows a typical measured ferroelectric hysteresis loop. Typically, the
applied field is of a triangular-shape, see Fig. 2.5 a), with a field amplitude of
200 kV cm−1, which is high enough to observe polarization switching in practice.
To ensure knowledge of the polarization direction of the sample before the trian-
gular measurement pulse a so-called pre-pol pulse, an electric pulse with known
direction and the amplitude of the measurement pulse, is applied. Typical is a neg-
ative pre-pol pulse, so that the sample starts with a negative polarization state.

The resulting current measurement, known as an I-E loop, for the applied tri-
angular field is shown in Fig. 2.5 b). The increasing positive electric field results in
a constant positive dielectric current with a strong but localized current peak at a
certain field value, the switching peak. For the decreasing positive field one mea-
sures a constant negative current. For the negative applied field one observes the
same behavior with opposing signs for the measured current, resulting in a negative
current with localized negative peak for increasing negative field and a constant pos-
itive current for decreasing negative field. The strong and localized switching peaks
are the result of the polarization switching. The narrower the peak, the higher the
quality of the sample, for a perfect ferroelectric sample the switching peak is a Dirac
Peak. The field value where the switching peak has its maximum is called coercive
field (Ec). This field value is the applied field needed to switch the polarization.
The field range below the coercive field is known as sub-coercive field.
The value of the constant current is proportional to the leakage current of the sam-
ple. For all the measured samples in this thesis, the leakage current was orders of
magnitude smaller than the measured switching current (as observed here), showing
the good quality of the sample.
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Fig. 2.5 c) shows a typical polarization hysteresis, P-E loop. The P-E loop is of
square shape, showing the good quality of the sample. At zero field the calculated
polarization using Eq. 2.3 is negative, due to the negative pre-pol pulse, this polar-
ization is called remnant polarization Pr. It is the amount of polarization that the
sample has in its poled state. Increasing the field leads to switching of the polar-
ization. The switching happens at the coercive field Ec, which is positioned where
the polarization crosses the x-axis. As the switching happens around a very small
field around Ec, the flanks of the P-E loop are very steep. An ideal P-E loop would
have infinitely steep flanks and be of perfect square shape. More information on the
relation of the shape of the P-E and I-E loop to the sample quality and properties
can be found in literature. [7]
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Figure 2.5: Ferroelectric hysteresis measurements: a) applied field versus time, b) measured current
versus applied field (I-E loop) and c) calculated polarization versus applied field (P-E loop).

Sub-coercive field hysteresis measurements
The investigation of the hysteresis, loss and nonlinearity for epitaxial films in the
sub-coercive field range described in Chapter 5 and Chapter 6 couldn’t be per-
formed with the standard measurements of the ferroelectric tester and the DBLI.
The investigation required the electric field to be of sinusoidal form and with the
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ability to change field amplitude and frequency. The applied fields for the inves-
tigation were small, below 10 kV cm−1, such that the resulting changes of strain
(around 10−4) and polarization (below 10 µC cm−2) that have been measured were
very small. To increase the measurement precision the measurement data needed
to be averaged. However the standard measurements of the aixACCT DBLI and
ferroelectric tester, only allow averaging when a pre-pol pulse is used before the
measurement. The amplitude of the pre-pol pulse of the aixACCT system cannot
be changed and is automatically fixed to the amplitude of the field. In case of
the sub-coercive field measurements this leads to different starting conditions of the
samples due to the pre-pol pulse for each measurement having a different amplitude.
In addition, the standard measurement for aixACCT systems only gives access to
the averaged measured data and not to the raw data of the single measurements,
which is of interest to have an estimate of the measurement precision.

To accommodate all of these requirements, the strain and polarization hystere-
sis loops for the sub-coercive field were measured by applying a so-called manual
waveform. A manual waveform is generated by the user using the manual wave-
front generator of the software of the ferroelectric tester. For the measurements
all wavefronts consisted of 20 sine waves after each other with a set frequency and
amplitude, to have a sufficient amount of datapoints to average. Each sine wave
consisted of 128 measurement points.
Fig. 2.6 a) shows the applied electric field E of such a manual waveform for a fre-
quency and amplitude of the sine of 2 kHz and 8 kV cm−1. To ensure that the
applied field consist of only a sine with the selected measurement frequency, the
measured data was investigated with Fourier transformation.
A Fourier transformation decomposes a signal measured in time into its constituent
frequencies, transforming it from its representation in time domain into its rep-
resentation in frequency domain. The Fourier transform of a function a (a =
A sin (2π f t)) is given by â as:

â (f) =

∫ ∞
−∞

a (t) e−2πitf dt, (2.4)

and the signal can be transformed back from the frequency into the time domain
by the inverse Fourier transform:

a (t) =

∫ ∞
−∞

â (f) e2πitf df. (2.5)

For repeating signals such as sinusoidal waves the observation of harmonics of the
applied signal is a known phenomenon. Harmonics of a wave signal are defined as
a wave with a frequency that is a positive integer multiple of the frequency of the
original wave. The frequency of the original wave is called fundamental harmonic.
Fig. 2.6 b) shows the Fourier spectrum of the applied field, using the Fast Fourier
Transform (FFT) algorithm of Matlab, based on Eq. 2.4 on the measured field in
time domain. The Fourier spectrum shows that the applied field only consist a
high intensity signal peak at the fundamental harmonic at 2 kHz plus low intensity
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noise at all other frequencies. No higher order harmonics are observed, such that
any observed higher order signal for the measured strain or polarization does not
originate from the applied field. The input signal-to-noise ratio (SNR) is about 103.

a) b)

Figure 2.6: Applied field E in a) time domain and b) in frequency domain.

Data analysis for sub-coercive field hystereis measurements
Fig. 2.7 shows in the left and right columns subfigures of the measured strain S and
measured polarization for the applied field of 8 kV cm−1 and 2 kHz, generated by
the manual waveform shown in Fig. 2.6. The first row of the subfigures shows the
measured signal in time domain, the second row shows the measured signal plotted
with respect to the electric field, the most common representation of the measured
strain and polarization, and the last row shows the measured signal in frequency
domain. The raw strain data in Fig. 2.7 a) is noisy and subject to drift in the time
domain, for clarity only every second measurement point is plotted. As a result
of this noise and drift in time domain, the plot of the raw strain with respect to
field Fig. 2.7 c) is very noisy and no hysteretic loop with a clear opening can be
observed. In the frequency domain, Fig. 2.7 e), the raw strain only shows the fun-
damental frequency and no higher harmonics can be identified apart from random
noise peaks in the white noise. These random noise peaks originate from numerical
artifact of the FFT algorithm, as they have a very small peak width. Below the
fundamental frequency there is frequency dependent noise, which is explained by
the drift in time domain.

The raw strain measurement data is too noisy to be used for further analysis
without further data treatment. As the frequency spectrum only shows a strong
signal at the fundamental frequency, a bandpass filter is applied around the fun-
damental frequency to filter the data. The width of the bandpass filter is selected
such, that only the peak passes the filter and no frequency components that are not
part of the natural broadening of the fundamental harmonic, see the orange line
in Figure Fig. 2.7 e). All frequency components outside of the orange line are set
to zero and thus eliminated. The data is then transformed back to the time do-
main using the Inverse Fast Fourier Transform (IFFT) algorithm of Matlab based
on Eq. 2.5, shown in Fig. 2.7 a) in orange. The such filtered data in time domain
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shows a sinusoidal shape with constant amplitude and no drift. The filtered strain
plotted with respect to field shows an open ellipsoidal hysteresis loop, see Fig. 2.7 c)
orange dots (for visibility only every 4th data point is plotted). The filtered data
is then averaged over the 20 measured cycles to increase the SNR.

The raw polarization data in time domain is shown in Fig. 2.7 b). The measured
polarization has a constant amplitude, but its level drifts in time. This drift is
also visible in Fig. 2.7 d), where the polarization is plotted with respect to the
electric field. The hysteresis loop is drifting on the y-axis from one measurement
cycle to another. In the frequency spectrum, Fig. 2.7 f), not only the fundamental
harmonic is visible, but also higher harmonics up to the 5th order are visible, that
are superimposed on a decreasing frequency dependent noise baseline. As for the
strain, before a further analysis of the data is possible, the polarization data needs
to be filtered. For the polarization all the data except for the harmonical peaks
are filtered. The orange line in Fig. 2.7 f) shows which data is allowed to pass the
filter, all other frequencies are filtered out, eliminating the noise contributions. In
this way the effect of the frequency dependent noise baseline is minimized, as the
observed harmonics have a higher amplitude compared to the noise baseline. The
used bandpass filter is a summation of bandpass filter around each of the harmonics
form 1st to 6th order. The maximum order of the harmonical peaks that are allowed
to pass the filter is selected due to the experimental data and the predictions of
theory from Chapter 5. The resulting filtered data in the time domain and plotted
with respect to the field are shown in Fig. 2.7 b) and d) in orange. In time domain
the polarization is not subjected to drift of the level anymore. This is also visible
in the plot with respect to field Fig. 2.7 d), as all filtered data points of the 20
measurement cycles are clustered at their respective fields. To increase the SNR
the filtered data is averaged over the 20 measurement cycles.
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a) b)

c) d)

e) f)

Figure 2.7: a, b) Measured strain and polarization in time domain and c, d) plotted with respect
to the applied field, with blue lines representing the raw data and orange lines/dots the filtered
data, e, f) representation in frequency domain for an applied field of 8 kV cm−1 and a frequency
of 2 kHz.
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3
Nanoscale piezoelectric
surface modulation for

adaptive XUV and SXR
optics

Extreme ultraviolet and soft X-ray wavelengths have ever-increasing applications in
photolithography, imaging, and spectroscopy. Adaptive schemes for wavefront cor-
rection at such a short wavelength range have recently gained much attention. In
this letter, we report the first demonstration of a functional actuator based on piezo-
electric thin films. We introduce a new approach that allows producing a gradually
varying surface deformation. White light interferometery is used to show the level
of control in generating arbitrary surface profiles at the nanoscale.
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3.1 Introduction
Extreme ultraviolet (XUV) and soft X-ray (SXR) wavelengths are used for a wide
range of applications in microscopy [1], spectroscopy [2], space research [3], and pho-
tolithography [4]. For this very short wavelengths range (1 to 40 nm [5]) reflective
multilayer mirrors (MLM) are key optical elements [6, 7]. An MLM consists of a
periodic layer structure, which enables high reflectance by constructive interference
of the reflection from different interfaces based on the Bragg law. For instance,
the reflectance values are in the range of 70% for the best MLMs in the 13.5 nm
wavelength range [6]. The remaining radiation is inevitably absorbed in the MLM
resulting in heat load and consequently leading to surface temperature gradients
and non-uniform surface displacements. These non-uniform and time dependent
surface displacements can cause wavefront aberrations on the reflected light, limit-
ing the imaging resolution. Therefore, adaptive MLMs are needed to compensate
the aberrations in order to reach the theoretical diffraction limited resolution in the
optical systems.

There are two types of adaptive MLM schemes reported in the literature. The
first type has the actuator at the back side of the substrate. Examples for this ac-
tuator type are thermo-mechanical actuators glued to the rear of the substrate [8],
and piezoelectric film coated on the back side of thin substrates [9]. In these ap-
proaches the entire substrate deforms. This imposes a limit on the thickness of the
substrate and the spatial resolution of the surface deformation. In some applica-
tions like photolithography, thick substrates are needed in order to provide a high
mechanical stability. Hence, Saathof et al. [10] proposed adaptive MLMs based on
thermal actuation of a heat absorbing layer coated under the MLM using a spatially
extended heat source. However, this scheme and other thermal actuation methods
[11] offer low actuation speed.

An approach based on piezoelectric films on the mirror side provides fast and
direct actuation of the mirror surface. It also allows surface deformation with very
high spatial resolution, and utilizing thick substrates is viable in this approach.
The very short wavelength of operation necessitates high degree of control in the
adaptive MLMs, which can be achieved by piezoelectric actuators. We have previ-
ously introduced an adaptive MLM based on piezoelectric films [12]. In that work,
we demonstrated growth of piezoelectric films with sufficiently high piezoelectric
coefficient and electrical breakdown strength, enabling their usage in the adaptive
MLMs. Yet, the resulted surface deformation was step-like and discrete. Such step-
like surface figure requires large number of electrodes to correct for aberrations that
are typically smoothly varying, and it limits the wavefront correction quality.

In this letter, we present the first demonstration of a piezoelectric based func-
tional actuator intended for wavefront correction at XUV and SXR wavelengths.
First, we show how the actuator is capable of producing gradually varying surface
deformation evidenced by the measurements with white light interferometry (WLI).
Then, we demonstrate the steering of arbitrary surface profiles, and we discuss the



Concept

3

43

1

Piezoelectric 
Structured top electrode

Substrate

Bottom electrode
Piezoelectric film

Structured top electrode

Smoothing layer
Wiring and isolation

XUV 

mirror

Actuator

Dimension: 1cm x 1cm An example of producing 

desired nanoscale surface 

profile (measured by white 

light interferometer)

Figure 3.1: Schematic cross-section of an adaptive multilayer mirror based on a piezoelectric
actuator on the mirror side; the layers and their functions are explained in the text.

future potential of the piezoelectric based adaptive MLMs.

3.2 Concept
The adaptive MLM is consisted of several films deposited on a substrate, and the
basic layer structure is shown in Fig. 3.1. Two main components of the adaptive
MLM are the piezoelectric actuator for surface deformation, and the MLM for high
reflection at XUV and SXR wavelength. The piezoelectric film is sandwiched be-
tween two electrodes. The top electrode is structured into a number of pixels to
allow local control of the surface displacement. Additional layers of wiring and
isolation are needed to individually power each pixel. The deposition of the MLM
requires a sub-nanometer smooth surface. This requirement can be addressed by
deposition and polishing of a layer called "smoothing" layer prior to the MLM de-
position.

By structuring the top electrode into discrete pixels as shown in Fig. 3.2(a),
the applied voltage and consequently the surface displacement can be controlled
independently for each electrode/pixel. This is described as the "structured top
electrode" in Fig. 3.1. The discrete structuring results in abrupt changes of the ap-
plied voltage (and displacement) as shown in Fig. 3.2(c). The dashed line represents
the applied voltage to the middle pixel in Fig. 3.2(a). As a result, the displacement
is zero over the surface, except for that pixel.

Now, we explain how a gradually varying displacement can be produced by in-
troducing a resistive layer between the pixels. We call this layer "mediation layer"
and show it on the PZT film with green color in Fig. 3.2(b). When a voltage (V )
is applied to the middle pixel and the neighbouring pixels are grounded, a current
passes through the mediation layer, and the voltage on the points between the mid-
dle and the neighboring pixels varies continuously. Consequently, the corresponding
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Figure 3.2: (a) Schematic drawing of a piezoelectric actuator with continuous bottom electrode
and discrete top electrodes/pixels (in red); for simplicity, only three pixels are shown. The density
of arrows represent the strength of the electric field when voltage V is applied to the pixel in
the center. (b) Schematic drawing of a piezoelectric actuator with a resistive "mediation layer"
deposited on the PZT film (in green). When voltage V is applied to the middle pixel, current
I flows through the mediation layer, causing a gradually changing electric field strength in the
piezoelectric film. (c) Schematic representation of the voltage distribution in (a) and (b) shown
by the dashed and solid lines, respectively.

electric field strength in the piezoelectric film and the resulting displacement varies
gradually. The voltage distribution between the pixels can be calculated as follows.
In a realistic scenario, each pixel is surrounded by six pixels in a hexagonal grid as
shown in Fig. 3.3(b). We approximate the surrounding pixels as a continuous ring
around the middle pixel. In this concentric geometry, where the middle pixel is at
voltage V , and the surrounding pixels are at 0 V, the voltage from the middle pixel
to the outer ring decreases logarithmically as shown with the solid line in Fig. 3.2(c).
The amount of vertical displacement at each point of the mediation layer depends
on the local voltage and the piezoelectric coefficient in the direction of the applied
electric field, called d33, which is a function of the applied field.

A desired surface profile can be generated by correctly choosing the shape and
the distance of the pixels. Note that the displacement does not depend on the
mediation layer sheet resistance assuming a uniform sheet resistance, and no leakage
current via the mediation layer and the piezoelectric layer underneath. However,
the mediation layer sheet resistance needs to be optimized to the specific application
requirements. In this work, we only qualitatively discuss the effect of a mediation
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layer. Too low sheet resistance can result in a high current within the mediation
layer, and therefore, it can cause high parasitic heat loss. On the other hand,
too high sheet resistance can result in a low response time of the device. With
the resistor-capacitor (RC) circuits in the piezoelectric actuator design, the time
constant τ=RC is higher for high mediation layer sheet resistance.

1
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(b)
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PZT
LNO

Pt Pt
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layer

Active area coated with 
the mediation layer 
and 23 circular pixels

Figure 3.3: (a) Schematic layer structure, (b) top-view, and (c) photo of the piezoelectric actuator.
The cover layer and the top Pt film are only depicted in the layer structure.

3.3 Experimental details
To demonstrate the capability and surface displacement of the piezoelectric actu-
ator for XUV and SXR wavefront correction, we fabricated devices with the layer
structure presented in Fig. 3.3(a). The electrodes (LaNiO3, LNO) and the piezo-
electric layer (PbZrxTi1−xO3, PZT) were grown by pulsed laser deposition (PLD)
using a KrF excimer laser (Lambda Physik, 248 nm, 20 ns) on platinized Si sub-
strate (Pt/Ti/SiO2/Si). A 4 µm PZT film is used for this study. The growth of
the LNO top electrode was optimized in order to reach the sheet resistance values
of 500–2500 Ω/� needed for the mediation layer in this work. The resistivity of
the LNO film was tuned by varying the growth parameters such as the background
oxygen pressure and the growth temperature [13]. Hence, the top LNO layer is
functioning both as the top electrode and as the mediation layer. Then, twenty-
three equidistant Pt pixels were deposited on the mediation layer by DC magnetron
sputtering, and structured using photolithography and lift-off technique. The pixels
have a diameter of 80 µm and patterned in a hexagonal grid with a 800 µm distance
between pixels.

Next, We patterned the mediation layer to a region with a diameter of 5.4 mm
at the center of the sample as shown in Fig. 3.3(b). In order to deposit the wires,
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first, a 600 nm SiO2 isolation layer was deposited over the entire area of the sample
by Plasma Enhanced Chemical Vapor Deposition (PECVD). The top of the pixels
were etched, followed by the deposition of the wires and the contact pads based on
the schematic layout shown in Fig. 3.3(b). The photo in Fig. 3.3(c) shows the device
after the deposition of wires and contact pads. Note that the peripheral pixels are
interconnected to provide the same boundary condition for the 15 inner pixels.

We measured the surface profiles by WLI. To prepare the samples for the mea-
surements, an isolation layer called "cover layer" was deposited on the wires. Then,
a thin Pt film was deposited on the cover layer to improve the signal to noise ratio
and the optical contrast. Note that the the cover layer is not a smoothing layer as
depicted in Fig. 3.1, but it is only needed for the WLI measurement. The contact
pads were then connected to a multichannel power supply, i.e. the power supply
had independent output channels to each of the pixels. Two contact pads that are
not wired to the top pixels were connected to the bottom electrode. The WLI im-
age measured at zero volts is subtracted from the WLI image produced when the
desired power is applied to the pixels.

3.4 Results and discussions
First, we examine the case where all the pixels except one are at 0 V. Fig. 3.4(a)
shows the surface profile around the pixel that is powered with values in the range
0 V to 30 V. In the center of the pixel where Pt is directly deposited on LNO, the
applied voltage is constant over the area of the pixel; thus, the pixel displacement is
nearly constant on the pixel at a value of 7 nm for 30 V. In the surrounding of the
pixel, we observe a gradually decreasing displacement that eventually becomes zero
at the next nearest pixels with zero potential. This behavior is expected because of
the mediation layer effect. The same displacement of 7 nm was also measured for a
different sample without the thick isolation and wiring overlays. Therefore, we can
expect no drop in the displacement for an adaptive mirror device containing the
MLM overlay.

Fig. 3.4(b) shows the voltage dependency of the average displacement of the
top of the powered pixel. Note the small non-linearity in the displacement, which
could be due to electrostriction and contribution of non-180° domains as explained
in[14]. A linear fit to the data results in a d33 of 219 pm V−1 for the sample, which
is sufficiently high for this work. However, it has been demonstrated that the d33
can be enhanced significantly by using nanosheet buffer layer instead of platinized
Si substrate [15, 16]. It is also known that by controlling the void fraction in the
piezoelectric film the effective d33 can be enhanced significantly[17].

Next, we examine the generation of different surface profiles by applying various
voltages to different pixels. Fig. 3.5(a-d) shows four different surface profiles as
examples of what is possible with the piezoelectric actuator. The color scale repre-
sents values from −2 nm to 6 nm. In all the surface profiles, surface displacement
is constrained in the mediation layer region with a diameter of 5.4 mm as expected.
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Figure 3.4: (a) Line profiles of a single pixel powered at different voltages showing that the
displacement increases with increasing voltage on the pixel as well as the area around it. The inset
shows the three dimensional surface profile of a pixel at 30V (b) Voltage dependent displacement
and a linear fit to the data.

Outside the active region there is no pixel or mediation layer, and therefore the
surface displacement could not be varied and controlled. The four corners of the
profiles were outside the optical field of WLI and could not be measured. Note that
the imprint of the wires is visible in all of the profiles. The wire imprint is not a real
surface displacement but a measurement artifact for two reasons: first, the imprint
was observed even in the case where all pixels were powered at 0 V (not shown).
Second, the isolation layer was sufficiently isolating the wires from the mediation
layer, and the wires were not electrically connected to the mediation layer; only the
pixels were powered. The wire imprint was measured as a result of a combination
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Figure 3.5: (a-d) Generation of surface profiles performed by varying the applied voltages on the
pixels: Four surface profiles demonstrating the capability of steering surface profiles. The color
scale represents displacement values from −2 nm to 6 nm. (e) Three line profiles for the lines shown
in (d).

of non-uniform thickness caused by the wire thickness, and an unavoidable sample
drift between the main and the baseline measurements. Also note that the noise in
Fig. 3.4(a) was due to the same measurement artifact.

In Fig. 3.5(a) the voltages were increased radially from 0 V to 21 V with inter-
mediate values of 10 V and 17 V. As can be seen the result is a radially changing
displacement. Another pattern is shown in Fig. 3.5(b). In this surface profile, all
pixels except four were powered at 10 V: the two pixels that are still in blue were
at 0 V, and the two red pixels were at 25 V. Fig. 3.5(c) and Fig. 3.5(d) were made
opposite to each other. In these two profiles, three pixels were powered at 25 V,
three pixels were at 0 V, and the rest of the pixels were powered at 10 V.

Further details of the surface profile can be seen from the three line scans shown
in Fig. 3.5(e) that were made from the surface profile in Fig. 3.5(d). Line 1 passes
through the two pixels that were powered at 25 V. These two pixels have a maximum
displacement of nearly 6 nm. In between these two pixels, the displacement reaches
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a lower value of nearly 1.3 nm. This amount is slightly lower than the expected
displacement for 10 V (1.7–1.9 nm) just because there is another pixel at 0 V in its
vicinity. The second line profile passes through the middle of the sample where the
effective applied voltage is nearly the same across the line. Thus, the displacement
in the second line profile is nearly constant along the entire diameter. Finally,
the third line profile passes through two pixels that are at 0 V, resulting in no
displacement on the two pixels. Again, between these two pixels, the displacement
nearly reaches the value for 10 V.

3.5 Summary
In summary, we have fabricated for the first time a piezoelectric based functional
actuator with gradual surface modulation intended for wavefront correction at XUV
and SXR wavelengths. The surface manipulation was performed by independently
controlling the voltage of a pixels array. We demonstrated the generation of gradu-
ally varying surface profiles by including a resistive mediation layer on the piezoelec-
tric film and in-between the pixels. The mediation layer was capable of producing a
continuously varying voltage profile between the pixels. We demonstrated nm-scale
displacement suitable for nm-scale corrections of optics for XUV and SXR wave-
lengths. Nevertheless, the method can potentially provide a high level of actuation
up to a few tens of nanometer suitable for the vacuum ultraviolet.
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4
Influence of template layer

on structure and ferroelectric
properties of

PbZr0.52Ti0.48O3 films

The effect of the deposition conditions of the template LaNiO3 layer on the mi-
crostructure and ferroelectric properties of the subsequently deposited thin film of
PbZr0.52Ti0.48O3 (PZT) is investigated. The explored deposition conditions were
the deposition pressure of O2 (0.1 to 0.8 mbar) and thickness (100 and 200 nm) of
the template layer that is deposited on Ca2Ni3O10 nanosheet-covered Si substrates.
Both increasing the deposition pressure and thickness of the template layer changes
the growth of PZT from a smooth dense film into a rough columnar film. We explain
the change in PZT microstructure by an increase in the roughness of the template
layer to accommodate strain relaxation. The ferroelectric properties of the colum-
nar films are changed compared to the smooth dense films. We conclude that this
results from the growth of PZT in more evenly distributed and smaller lateral grains
in the columnar case as compared to the dense, smooth film case. The ability to
tune the ferroelectrics properties with the microstructure is primarily relevant for
ferroelectric applications such as actuators and systems for energy harvesting and
storage.
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4.1 Introduction
Ferroelectric thin films are of high interest for applications such as in ferroelectric
memories, or in microelectromechanical systems as sensors and actuators. [1–8] Es-
pecially PbTi1−xZrxO3 (PZT) is favored due to its high ferroelectric and piezoelec-
tric properties. These functional properties of PZT thin films are highly dependent
on several material properties, such as stoichiometry, crystal orientation and mi-
crostructure. The most favorable properties of PZT are found in the x = 0.48 mor-
photropic phase boundary (MPB) composition [9–12]. It has been shown theoret-
ically [13, 14] and experimentally [15–17] that the PZT grown in (001)-orientation,
the out-of-plane direction, exhibits higher functional response compared to other
orientations, hence the PZT films have been initially grown on lattice-matched
SrTiO3 substrates to promote such oriented growth [18]. To grow (001)-oriented
PZT on affordable substrates such as Si, glass or metals, several buffer layers have
been explored [19–23]. In particular, it has been shown that chemically-synthesized
unit-cell-thick oxide nanosheets can be used for achieving the desired out-of-plane
crystal orientation on silicon and glass substrates [24–29]. Given the right stoichiom-
etry and orientation, ferroelectric response is further affected by the microstructure
of the film, that is affected by the grain size and domain structure [3, 30, 31]. The
film microstructure also influences the application relevant piezoelectric properties
by influencing the elastic parameters of the film [32–38]. Therefore, it is important
to explore the methods that allow controlling film microstructure and consequent
influences on the film’s functional properties.

The influence of the microstructure on the functional properties of the deposited
films has been studied using various deposition techniques. Investigations in chem-
ical solution deposited PZT films show that dense films can be produced by process
optimization [39] and multiple step deposition [40]. In magnetron sputtered PZT
films, dense films have been reported on matching template layers [41–44] and a
columnar microstructure has been reported for fast-cooled low temperature depo-
sitions [45]. Pulsed laser deposition (PLD) is a proven technique for high-crystal-
quality growth with an important additional parameter, i.e. the laser repetition
frequency. It has been shown that low laser repetition frequency helps in produc-
ing dense films and increasing the frequency can convert the film microstructure
from dense to columnar [36, 38]. To the best of our knowledge, the change of mi-
crostructure and ferroelectric properties was so far only explored with regards to
the deposition conditions of the PZT, even though it is well-known that the tem-
plate layer has an influence on the microstructure, and thus also on the ferroelectric
properties of the subsequent layers.

From the application point of view, it is known that the film microstructure
influences the ferroelectric and piezoelectric properties. In energy storage devices
for example, a low remnant and high maximum polarization in combination with
minimal hysteresis is desired to increase the amount of recoverable energy [46]. As
these properties are among other things dependent on the film microstructure, in-
vestigating the influence of the template layer on the ferroelectric film in terms
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of microstructure and ferroelectric properties is of interest. The influence of the
template layer is also of interest for energy harvester devices, as the piezoelectric
properties of the film are influenced by the microstructure. Any improvement of
the piezoelectric properties can directly lead to an improvement of the figures of
merit of the energy harvesting device [47, 48]. Furthermore, the ability to control
the mode of operation between bending type (d31 mode) and piston type (d33 mode)
by tuning the microstructure, is attractive for modern microelectromechanical ac-
tuators [4, 17, 49].

Here, we investigate the effect of the deposition conditions of the template layer,
LaNiO3 (LNO), on the microstructure and ferroelectric properties of the subse-
quently deposited PZT layer. The explored deposition condition were the gas pres-
sure and the thickness of the template layer while keeping the subsequent PZT
deposition conditions, including the laser repetition frequency, constant for all sam-
ples.

4.2 Experimental details

4.2.1 Film deposition and fabrication

All samples were deposited by PLD with a KrF excimer Laser (Lambda Physik,
wavelength 248 nm, pulse duration 20 ns) on Si substrates that are pre-coated with
Ca2Nb3O10 (CNO) nanosheets using Langmuir-Blodget deposition, to achieve (001)-
orientation of the samples [24, 28, 50]. All depositions were performed in a chamber
with a base pressure below 2.5× 10−5 mbar. During the deposition, the substrate
temperature was kept constant at 600 ◦C. For all samples the LNO was ablated
from a stoichiometric target (Kurt J. Lesker) with a laser spot size of 3 mm2, a
fluence of 2.25 J cm−2, a repetition frequency of 4 Hz, and a substrate to target dis-
tance of 60 mm. Four sets of samples were fabricated by varying the O2 pressure
(set-A), introducing a buffer gas (set-B), increasing the thickness of the LNO in
the LNO/PZT heterostructure (set-C), and for studying the LNO template layer
in detail sole LNO layers (set-D), as summarized in Tab. 4.1. The starting O2

pressure during the LNO deposition was taken from literature [38] and the maxi-
mum pressure of 0.8 mbar was the limit of the experimental setup. The starting
thickness of LNO layers was selected around 100 nm, a common thickness for oxide
electrodes for thick PZT films [31]. The PZT was deposited subsequent to LNO de-
position without breaking the vacuum. The PZT layer was deposited from a MPB
PbZr0.52Ti0.48O3 ceramic target (self-made) at a pressure of 0.1 mbar, laser spot
size of 3 mm2, fluence of 2.5 J cm−2, repetition frequency of 50 Hz, and a substrate
to target distance of 55 mm as in literature. [38] After the deposition the samples
were cooled down to room temperature at a cooling rate of 8 ◦C min−1 in 1 mbar O2

pressure. In the set-D samples, only the lowest and highest range of the parameters
were investigated. For ferroelectric measurements of the LNO/PZT heterostruc-
tures (sets-A, B and C) a 100 nm thick platinum (Pt) layer was deposited on top of
the PZT layer by sputtering. The deposited Pt layer was patterned and structured
into 200× 200 µm2 top electrodes using a standard photolithography lift-off process.
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The bottom electrode was contacted by use of silver glue at the side of the sample.

4.2.2 Analysis and characterization
Crystallographic properties of sets-A, B and C were analyzed using θ–2θ scans with
an X-ray diffractometer (XRD) system (PANalytical X’Pert). The film surface was
investigated by means of atomic force microscopy (AFM, Bruker Dimension ICON)
and the root-mean-squared (RMS) surface roughness was calculated. The RMS
roughness values for sets-A, B and C correspond to the average value taken from
five 1 × 1 µm2 boxes on the smooth nanosheet-coated areas. The AFM images of
set-D were covering only nanosheet-coated 1.5 × 1.5 µm2 areas and the RMS values
were calculated over the complete area. The cross-sectional microstructure and film
thicknesses were investigated by high-resolution scanning electron microscopy (HR-
SEM, Zeiss Merlin 1550). The polarization hysteresis measurements were performed
with a ferroelectric analyzer (AixACCt TF-3000) using a triangular AC-electric
field of ± 200 kV cm−1 amplitude with a frequency of 1 kHz. The wake-up behavior,
which will be explained in the ferroelectric properties section, was measured using
a rectangular AC-field of ± 200 kV cm−1 amplitude with a frequency of 10 Hz for
cycling the samples 104 times.

4.3 Results and discussion
4.3.1 Microstructure of PZT and LNO
The first parameter that was investigated with AFM and SEM analysis is the oxygen
pressure (set-A) during the LNO deposition. Fig. 4.1 a–d) show the surface topog-
raphy (top row AFM) and microstructure change in the cross-section of the PZT
(bottom row SEM) while increasing the O2 pressure from 0.1 mbar to 0.8 mbar.
The AFM images show that relatively smooth, wide areas are visible at low O2

pressures and the roughness in these wide areas increase with increasing O2 pres-
sure. Boundaries of more than 200 nm height in between the wide areas correspond
to the gaps in between the individual nanosheet flakes where the PZT exhibits a
(110)-oriented growth with higher growth rate than (001)-orientation [28]. In the
following, we only compare the changes that occur on top of the CNO nanosheet-
coated areas covering over 95% of the sample, neglecting the gap areas. The RMS
roughness in the CNO nanosheet-coated areas increases 3 times (7.2 nm to 23.4 nm)
with increasing O2 pressure, see Tab. 4.1. The cross-sectional SEMs show that with
increasing oxygen pressure, the PZT starts to grow more columnar and the colum-
nar microstructure becomes visible earlier in the growth direction of the PZT film.
For low O2 pressure, the columns are only present at the top 50 nm to 100 nm of
the PZT film whereas for the highest O2 pressure the PZT film grows in columns
after half of the thickness and the top 500 nm is columnar. Overall, the trend
towards columnar microstructure with increasing O2 pressures is evident. On the
other hand, this parameter scan does not give any idea if the total pressure, or
the O2 partial pressure (p.p.) is playing the dominant role in the microstructure
change. For clarification, in set-B the total pressure is kept at 0.8 mbar, same as the
highest oxygen pressure in set-A, while the oxygen and argon partial pressures are
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set to 0.1 and 0.7 mbar, respectively. This set allows to distinguish the influences of
the pressure of the O2, which can chemically interact with the deposited film, and
the inert Ar. The results in Fig. 4.1 e) show that the sample surface is by a factor
of 2 less rough than for sample A4 deposited at 0.8 mbar O2 pressure, see Tab. 4.1.
The cross-sectional SEM also shows that the bulk of the PZT film is dense, only
the top part shows a few columns similar to the low O2 pressure depositions.

The next parameter that was investigated is the thickness of the LNO layer.
The LNO layer thickness was increased by 2.5 times in set-C for 0.1 and 0.5 mbar
O2 pressures. To be compared are the samples A1 to C1 (Fig. 4.1 a) to Fig. 4.1 f)),
and A3 to C2 (Fig. 4.1 c) to Fig. 4.1 g)). At low 0.1 mbar O2 pressure, increasing
the thickness results in 3 times rougher PZT film surface: the RMS roughness in-
creases from 7.2 nm to 24.9 nm. This increase of roughness is due to the change
of PZT microstructure from a completely dense, smooth film to a film that grows
in separated columns at the top third part of its total thickness. The comparison
of the effect of thickness at an O2 pressure of 0.5 mbar, shows the same trend but
with less drastic change. The RMS roughness increases from 20.3 nm to 26.3 nm
only. This can be expected if one considers that the PZT surface roughness should
reach a saturation when the top of the film grows in fully separated columns, and
all the columns have the same diameter and tip shape. The last observation from
Fig. 4.1 and Tab. 4.1 is the thickness difference between the deposited PZT films,
even though their deposition conditions are the same. The more columnar the film,
the higher is the thickness. This can be explained considering the stacking of mate-
rial in the PZT films. The amount of deposited material is the same but due to the
voids between the columns, more material is preferentially stacked in the growth
direction on top of the columns.

Up to here we have analyzed the PZT layer to identify the effect of deposition
conditions of the template layer. To better investigate the template layer itself, we
deposited and analyzed the template layer in set-D without adding the PZT layer.
To minimize the number of needed samples, only the two extremes of the O2 pressure
(0.1 and 0.8 mbar) (D1-D2), the deposition at 0.7 mbar p.p. Ar plus 0.1 mbar p.p.
O2 pressure (D3), and the deposition at 0.1 mbar O2 pressure with doubled LNO
thickness (D4) were investigated. Low O2 pressure deposition, sample D1, shown
in Fig. 4.2 a) has a very smooth LNO surface with the lowest RMS roughness,
0.5 nm. The area scanned with AFM in this set is much smaller than the set-A-B-C
samples, only spanning a single nanosheet flake, hence gaps regions are not visible.
The SEM cross-section shows that the LNO grows mostly dense with round grains
visible only at the surface. The sample grown at 0.8 mbar O2 pressure (D2) has
an increased surface RMS roughness of 2.3 nm. The SEM cross-section, Fig. 4.2 b),
shows that the LNO grows less dense and constituted by columnar LNO grains.
The sample grown with 0.1 mbar O2 p.p. and 0.8 mbar total pressure (D3, shown in
Fig. 4.2 d) has a surface roughness of 0.8 nm, slightly increased in comparison to the
surface roughness of 0.1 mbar sample, D1 in Fig. 4.2 a). These two samples show no
clear difference in microstructure as seen in the SEM pictures. Increasing the LNO
thickness to 190 nm at 0.1 mbar O2 pressure (D4), increases the surface roughness
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e) B1:0.1/0.7/100 f) C1:0.1/0/200 g) C2:0.5/0/200

a) A1:0.1/0/100 c) A3:0.5/0/100b) A2:0.25/0/100 d) A4:0.8/0/100
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Figure 4.1: AFM surface scans and SEM cross-sections for LNO/PZT samples. The deposition
conditions are given at the top of each subfigure with the following coding. Sample ID: O2 p.p./Ar
p.p./LNO thickness [nm]. The scale bar in the AFM represents 3µm (10× 10µm2 area) and in
the SEM corresponds to 300 nm.

by a factor 3, compare Fig. 4.2 a) and Fig. 4.2 d). The cross-sectional SEMs show
that the grain size of the LNO is increased for the thicker LNO.

We explain the increasing trend in the columnar PZT microstructure in Fig. 4.1
by the increase in roughness of the template LNO layer due to either an increase
in the deposition pressure or in the thickness of the LNO layer. This roughness
increase leads to a reduced diffusion distance of the deposited PZT and results
into a columnar growth. According to the literature, the diffusion time for the
PZT is low at high deposition frequency of 50 Hz and hence columnar growth is
promoted [28]. However, in contrast to literature [28], we obtained non-columnar,
dense and smooth films as well at literature’s deposition conditions including the
50 Hz deposition frequency of PZT. Our results show that in addition to the high
laser repetition frequency, the roughness of the template also plays a crucial role.
In the literature, there is also disagreement between experimental findings [28] and
theoretical predictions [51] regarding the influence of the deposition frequency in
PLD. Experiments show very clearly that the PZT grows more columnar at higher
repetition frequencies [28]. The theoretical study, which assumes independence of
the growth mode from the deposited material, predicts that the material should
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a) D1 0.1/0/100 b) D2 0.8/0/100 c) D3 0.1/0.7/100 d) D4 0.1/0/200
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Figure 4.2: AFM surface scans and SEM cross-sections for LNO samples. The deposition con-
ditions are given at the top of each subfigure with the coding Sample ID: O2 p.p./Ar p.p./LNO
thickness [nm]. The scale bar in the SEM corresponds to 100 nm and in the AFM to 500 nm
(1.5× 1.5 µm2 area).

grow in a smooth film at high deposition frequencies due to reduced size of the
nucleating islands and enhanced diffusion of adatoms from the top of the growing
islands to the substrate [51]. Our observation of a dense film at the high deposition
frequency can help to solve the disagreement of these findings. If the growth tem-
plate is smooth, the grown film is smooth as theoretically predicted [51], whereas in
the case of a rough template, the diffusion of adatoms does not take place and the
material starts to grow in separated columns, especially at higher frequencies.

Another finding based on set-B was that not the total pressure, but the oxygen
partial pressure is the deciding factor in determining the roughness and microstruc-
ture of the LNO layer. The microstructure of B1, with the 0.1 mbar O2 p.p. and
0.8 mbar total pressure, is more comparable to sample grown at 0.25 mbar O2 pres-
sure, but not to the sample grown at 0.8 mbar O2 pressure. This observation points
out that the dominant parameter is not the kinetic energy of the ablated material
but the interaction of the ablated species with the reactive O2 gas. For higher
oxygen pressure, the ablated material seems to interact more with the oxygen and
form clusters of multiple unit-cells in the plasma plume [52]. If these clusters are
deposited on the substrate, we do not have the unit-cell by unit-cell build up known
from epitaxial films, but a cluster-by-cluster growth. These clusters have a lower
mobility and form rough islands as seeds for further columnar growth.

4.3.2 Crystal structure
The out-of-plane crystal orientation of the PZT samples, sets-A-B-C, were char-
acterized by XRD θ–2θ scans as shown in Fig. 4.3 a). Both PZT and LNO grows
mainly (001)-oriented with small (110) and (111) peaks. According to literature,
the (110) and (111) peaks can be attributed to the growth in the gap regions be-
tween the nanosheets, directly on the Si substrate [37, 38, 53]. The Pt (111) peak
in sample C1 is due to measurement of the sample only after the top Pt electrode
structuring. The changes in the deposition conditions of the LNO template do not
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seem to visibly influence the crystallinity of the atop grown PZT. The LNO (002)
peaks show some changes with the deposition conditions, more clearly visible in
Fig. 4.3 b). One observes that the LNO (002) peak is showing a broad, double
peak structure and is shifted to higher angles for increasing oxygen pressure and
higher LNO film thickness. The 2θ angles of the individual peaks in this double
peak structure are around the in-plane lattice parameters of CNO (47.088°) [24, 25]
and the bulk pseudo-cubic lattice parameter of LNO (47.348°) [35, 54]. Describing
our LNO film with a pseudo-cubic lattice of equal in-plane and out-of-plane lattice
parameters, these double peaks point to two crystal structures with two different in-
and out-of-plane lattice parameters. It is conceivable that the bottom part of the
LNO grows epitaxially strained to the CNO nanosheet, resulting in the first XRD
peak matching the CNO lattice parameter at lower 2θ angle. The top part of the
LNO however grows relaxed to the bulk lattice parameter of LNO, resulting in the
second observed peak at higher 2θ angle. Therefore, with increasing O2 pressure
and thickness the LNO grows less strained to the CNO nanosheet and relaxes to
the bulk LNO lattice parameters.

The observed relaxation with increasing film thickness was reported for an LNO
layer that was sputtered directly on Si substrate and attributed to the relaxation of
the thermal strain [54]. In another report about the LNO films deposited on LaAlO3

substrates, decreasing O2 pressure produces less strained films due to incorporation
of the oxygen vacancies [55]. However, both of these reports do not present a dou-
ble peak structure for the LNO, but only a shift of the LNO peak. To explain the
observed double peak structures, the relaxation of thermal strain is not sufficient,
as the thermal strain would be same for the whole LNO film and would not lead
to a splitting of the peak. We attribute our observations rather to epitaxial strain
relaxation. For low O2 pressure and a thickness of about 100 nm the LNO grows
epitaxially strained to the CNO nanosheet, and further increase in O2 pressure or
thickness leads to roughening of the film as observed in sample set D to release the
strain.

To quantify the strained and relaxed fractions of the LNO films, we fitted the
(002) peaks of all samples in the 46° to 48.5° range with two Voigt functions after
subtracting a linear background. The fitting for sample A4 is shown in Fig. 4.3 c) as
an example. Tab. 4.2 gives the central positions, widths (FWHM), areas and area
ratios of the fitted peaks. For all the samples, the positions of the first and second
peaks are matching the expected 47.088° and 47.348°, respectively, when the 0.15°
systematic error bars are taken into account. The large systematic error-bars in the
peak positions are due to difficulty in the alignment. The samples were aligned with
respect to the Si (004) peak. However, the LNO/PZT grows on the nanosheets that
are not coupled to the crystal orientation of Si, leading to peak shifts of ± 0.15°. In
addition to this, the samples with low O2 pressure (A1, A2, B1) show larger peak
shifts from the bulk values. We attribute these shifts to numerical inaccuracy of
the fits due to very small size of the second peaks.



4

62 Influence of the template layer

2 Θ [°]2 Θ [°]

b)

c)

20 30 40 50 60 70

O
ffs

et
 in

te
ns

ity
 (

ar
b.

 u
ni

t)

P
Z

T
 0

01
LN

O
 0

01

P
Z

T
 1

10

P
Z

T
 1

11

LN
O

 1
10

LN
O

 0
02

P
Z

T
 0

02

P
Z

T
 1

12

S
i 0

04

A1

A2

C2

C1

B1

A4

A3

a)

P
t 1

11

46 47 48

 Cumulative Fit
 Fit Peak 2
 Fit Peak 1
 A4

Figure 4.3: a) XRD survey spectra of the LNO/PZT samples. b) Detailed view of the LNO (002)
peaks. c) Fitting of LNO (002) peaks of sample A4 with two Voigt functions.

Table 4.2: Peak position, width (FWHM), area and area ratio of the fitted Voigt functions for all
LNO/PZT samples.

Peak 1 Peak 2

Sample Position FWHM Area Position FWHM Area Area(Peak2)
Area(Peak1)

[°] [°] [°] [°]

A1 46.95 0.31 750 47.14 0 0 0.0± 0
A2 47.06 0.31 468 47.22 0.25 184 0.39± 0.03
A3 47.06 0.26 457 47.31 0.30 371 0.81± 0.21
A4 47.04 0.39 270 47.34 0.23 426 1.6± 0.15

B1 47.05 0.29 469 47.20 0.23 157 0.33± 0.02

C1 47.05 0.33 699 47.32 0.30 1008 1.4± 0.27
C2 47.00 0.36 459 47.38 0.33 1238 2.7± 0.20

4.3.3 Discussion on growth mode
It is clear from the SEM pictures in Fig. 4.1 and Fig. 4.2, and the extracted rough-
ness values in Tab. 4.1) that roughness of the PZT layer is a good indicator of the
level of columnarity of the film. Besides roughness of the PZT, it is instructive
to search for quantified indicators in the LNO template layer to better understand
and connect the growth mechanism to the template layer. Considering that the
epitaxial strain is relaxed by increasing the roughness, we hypothesize that the area
ratio of the relaxed to strained part of the LNO layer, Area(Peak2)/Area(Peak1),
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can be such an indicator. It is possible then to check the correlation of the PZT
surface roughness and the LNO peak-area ratio as plotted in Fig. 4.4. One observes
that there is a high correlation between the peak-area ratio and the PZT surface
roughness. For small peak ratios, the RMS roughness is small, showing that the
PZT growth is dense. All samples with a peak-area ratio above 0.8 shows high RMS
roughness above 20 nm, where the PZT grows columnar verified by the SEM images.

We propose that for the growth of the samples with a peak-area ratio below
0.8, the PZT molecules arriving from the target prefer to assemble epitaxially on
the LNO via Frank-van der Merwe growth, a layer-by-layer growth [56]. For this
growth mode, the specific surface free energy of the LNO-vacuum interface has to
be larger than that of LNO-PZT and PZT-vacuum interfaces. For the samples with
a peak-area ratio above 0.8, the growth of PZT is at the beginning a layer by layer
growth. However, at a critical thickness, due to the increased roughness originating
from the LNO template, the formation of coherent 3D islands is preferred. The 3D
island growth significantly reduces the surface energy due to elastic relaxation of the
strain field in islands via Volmer-Weber growth [57]. The combination of starting
layer by layer growth with the formation of 3D islands after a certain thickness is
referred as Stranski-Krastanov growth model [58]. Further arriving PZT molecules
preferentially grow on the 3D islands due to energy reduction, leading to the well
oriented columnar growth at the top of the film that we observe. The resulting
roughness is much higher than layer-by-layer growth and also reaches a saturation.
The saturation in roughness can be understood considering that the PZT surface
roughness will not increase further if the top of the film grows completely columnar,
and all the columns have the same diameter and tip shape. The level of saturation
occurs above 25 nm for the investigated PZT films, but it may vary for different
materials.
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Figure 4.4: RMS roughness of the PZT against the peak-area ratio of the LNO for all LNO/PZT
samples.
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4.3.4 Ferroelectric properties

In the following the influence of the deposition conditions of the LNO template layer
on the ferroelectric properties of the PZT film is investigated. Literature shows that
the electrical properties of LNO films in the range of our deposition pressures and
thicknesses do not change significantly [54, 55]. Therefore, the observed changes
in the ferroelectric properties can be attributed to either the electrode-PZT inter-
faces, or the PZT layer itself. We observed changing ferroelectric properties, espe-
cially remnant polarization Pr, with the number of measurement cycles as shown in
Fig. 4.5 a). The coercive field Ec shows no clear trend, therefore not plotted. Before
comparing samples, first we explain the evolution of the remnant polarization. In
all samples the remnant polarization Pr increases first, reaches a maximum between
102 and 103 cycles and then decreases. Only sample C1 shows a different behav-
ior with sharp decrease after 158 cycles due to electrical breakdown of the sample.
The sample breakdown is due to the longer storage of the sample in air (3 months)
compared to the other samples that were measured shortly after the fabrication.
It is known that air humidity causes degradation of the Pt top electrodes on PZT
films, leading to an earlier electrical breakdown [59]. Nevertheless, up to the break-
down the sample behavior is similar to samples A3 and A4 as exactly expected from
Fig. 4.4.

To investigate the changes of the ferroelectric properties with cycling in more
detail, the sample that shows the most apparent evolution, sample A1, is used as
an example. The P-E and I-E loops are shown in Fig. 4.5 b) and Fig. 4.5 c) for
three different cycling states. The initial loop before cycling is applied, the loop at
the highest remnant polarization which occurs after 1.58× 102 cycles, and the loop
after the maximum number of 104 cycles. The P-E loops show square like behavior
indicating a good ferroelectric quality. We observe that all loops are slightly slanted
and asymmetric around the horizontal axis. The slantiness of the loop decreases
with increasing the number of cycles from 1 to 1.58 × 102, and thus the remnant
polarization Pr is increasing and reaching a maximum at 1.58× 102 cycles. After-
wards, Pr decreases continuously with increasing number of cycles. The asymmetry
of the P-E loop is attributed to the difference in the work function of the electrodes
that are from two different materials [23, 60], namely LNO and Pt. The changes
due to cycling are even more clearly visible in the I-E loops. With increasing num-
ber of cycles, the broad initial peak slims down on both sides and a sharp peak
develops. After 1.58 × 102 cycles the peak value starts to decrease but the shape
is mostly preserved with a slight slimming. The negative switching peaks show a
similar behavior with increasing number of cycles.

The increase of Pr with cycling is known as wake-up effect and reported for
some PZT films [61], and more commonly for HfO2 based ferroelectrics [62–66]. The
wake-up for PZT is mostly observed for sol-gel films and attributed to pinning of
domains in the films, which leads to internal bias fields and double peaks in the
I-E loops [63]. With increased cycling of electric field the domains that are pinned
due to defects like point defects, oxygen and/or lead vacancies or grain boundaries,
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reorient themselves [63, 67, 68]. The thus formed new domain structure is more
stable and has a higher remnant polarization. The absence of two clearly visible
switching peaks in our films, can be explained by the higher film quality due to PLD
growth compared to sol-gel. Due to the better film quality we have less defects and
thus the domains are only slightly pinned and do not form the clear double peak
structure. Comparing the amount of wake-up between our samples, the differences
can be correlated with the microstructure. For the columnar PZT samples, the
grain size is smaller, and the domains are less clamped, as a result easier to switch
and reach a stable domain configuration. The decrease of Pr with further increasing
number of cycles, i.e. fatigue, is well known for samples with Pt electrodes [69]. It is
explained mainly by two models. The first model explains the polarization decrease
with the migration and accumulation of oxygen vacancies at the film-electrode in-
terface, causing domain pinning and charge screening. [70–75]. The second model
considers the interfacial layer injecting electrons to the ferroelectric layer, leading
to decomposition of the ferroelectric layer. [76–79] Existence of such an interfacial
layer in the PLD PZT films has been recently proven using TEM measurements [80].
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Figure 4.5: a) Effect of electric-field cycling on the remnant polarization Pr. for all samples with
LNO/PZT. b) The P-E loop and c) the I-E loop for sample A1 with increasing number of electrical
field cycling.

To make a fair comparison of the influence of the template layer to the ferroelec-
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tric properties, we compare the P-E and I-E loops of all samples in the woken-up
state, where the Pr is maximum in Fig. 4.6. As sample C1 broke before reaching the
maximum it is excluded in Fig. 4.6. In the P-E loops the differences in the Pr and
maximum polarization Pmax are visible, but changes in the coercive fields are less
visible. For the samples with an RMS roughness above 20 nm and LNO peak-area
ratio above 0.8 (A3, A4, C2), the slantiness of the P-E loops decreases, which results
in an increase of Pr and Pmax. The Pmax measured for these samples are similar to
the values reported on PZT films of the same thickness deposited on 100 nm thick
SrRuO3 electrodes on Si/CNO substrates [28] and PZT films of 750 nm thickness
grown on 200 nm thick LNO on glass/CNO substrates [25], but smaller than values
reported for films epitaxially grown on STO [28]. The samples with an RMS rough-
ness below 20 nm and LNO peak-area ratio below 0.8 (A1, A2, B1) have a lower
Pmax and Pr that are comparable with the structures deposited on Si/Pt/CNO sub-
strates [28]. The samples with high roughness (> 20 nm) have on average 1.2 times
higher remnant polarization than the samples with low roughness, underlining the
influence of the microstructure on the ferroelectric properties. In the I-E loops,
the positive switching peaks are broader than the negative switching peaks for all
samples due to the difference of the top and bottom electrode materials. Literature
attributes wider switching peaks to larger variations in the grain sizes [81]. This lit-
erature finding suggests that the grain size variation is largest for the densest PZT
films. Our films are consistent with this literature suggestion, considering that the
grains in our dense PZT films can laterally grow as large as the few-micron-sized
CNO nanosheets with a wide size distribution [53]. On the other hand, for the
columnar films the column diameters are similar (between 100 nm to 150 nm) and
about a factor 10 smaller than a micrometer. The grain size distribution is not
dependent on the size of the nanosheet anymore. Correspondingly, these samples
show sharper switching peaks.

Within this study, we observe a clear correlation between film microstructure
and remnant polarization Pr. The maximum polarization however does not clearly
corollate with the film microstructure, as its value is not increasing continuously
with increasing roughness. Thus, for energy storage devices, it is important to
take the effect of the microstructure on the ferroelectric properties into account,
when aiming to improve the energy storage capacities. The increase of the ferro-
electric properties with increased roughness can be a clear indication of an increase
in the piezoelectric properties through electrostriction [82]. The longitudinal piezo-
electric coefficient d33 is proportional to P 2, as such d33 is expected to be higher
for the rougher films with columnar microstructure. The ability to control the
film microstructure using the template layer, from a dense smooth PZT film to
a rough columnar PZT film, is interesting for actuators, as this allows control of
the preferred actuation mode between d31 mode with dense films or d33 mode with
columnar films.
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Figure 4.6: a) P-E and b) I-E loops at woken-up state where maximum Pr is observed for the
sample sets A, B and C. For better visibility only the data between ± 100 kV cm−1 is shown for
the I-E loops. The difference between the samples outside this range was negligibly small.

4.4 Conclusion
We demonstrated the influence of the deposition pressure and the thickness of the
LNO template layer on the microstructure and the ferroelectric properties of the
subsequently grown PZT film. A higher oxygen pressure and a higher thickness of
the LNO template was found to lead to a higher roughness and columnar growth of
the PZT film. We attribute the change of the growth from 2D layer-by-layer growth
to 3D island growth, to the increased roughness of the LNO layer in order to relax
the epitaxial strain. The ferroelectric properties of the PZT films are changed for
the films with columnar microstructure. This increase is explained by the reduced
lateral grain size of the columnar PZT films. The average lateral grain size is much
smaller and determined by the column width in columnar films, in contrast to the
grain sizes that can reach the lateral size of a micrometer-sized nanosheet in dense
films. The columnar microstructure leads to a smaller and more even grain size
distribution and thus to changed ferroelectric properties.
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5
Hysteresis, loss and

nonlinearity in epitaxial
PbZr0.55Ti0.45O3 films: A

polarization rotation model

The phenomena of hysteresis, ferroelectric loss and nonlinearity have been inves-
tigated for the strain and polarization of a monoclinic, epitaxial Pb(Zr,Ti)O3 film
over the 70 Hz to 5 kHz frequency range at sub-coercive excitation fields and zero
electrical bias. For the strain, a linear hysteretic behavior was found, whereas the
polarization shows a strongly nonlinear hysteretic behavior. In contrast to poly-
crystalline structures (for instance in ceramics or chemical solution deposited thin
films), the commonly referred Rayleigh model cannot explain the observed behavior.
We present a new model, based on the rotation of the polarization vector within the
monoclinic unit cell under an applied electric field, with the viscous interaction of
domains accompanying the unit cell deformation. The model explains the amplitude
and frequency scaling of the strain, polarization and loss tangent as well as the ob-
served higher harmonics of polarization in the measured epitaxial Pb(Zr,Ti)O3 films.
We conclude that the nonlinear response and the hysteretic loss originate from two
separate physical processes. The nonlinear response is attributed to the nonlinear
angular rotation of the polarization vector, whereas the hysteresis and ferroelectric
loss are due to a viscous interaction of domains while the polarization vector is
rotating.
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5.1 Introduction
Nowadays piezoelectric ceramics and thin films are widely applied in sensors, actu-
ators, ferroelectric memories and energy harvesters [1–8]. Especially PbZrxTi1−xO3

(PZT) is commonly used because of its remarkable piezoelectric properties both in
ceramics and thin films [9–11]. One of the challenges in the application of piezo-
electric materials is the hysteresis that manifests itself, for example, as position-
ing inaccuracy of actuators and energy loss in energy harvesting applications [12].
Therefore, an accurate description and identification of the origin of hysteresis and
energy loss in piezoelectric materials has always been an important topic.

Already early on, the interaction of domains was identified as a possible source
of sub-coercive field hysteresis and was associated with dielectric and piezoelectric
losses. The observed dielectric losses have been described by viscous motion of the
domain walls (DWs) and in this way Arlt and Dederichs related the hysteretic piezo-
electric response to the vibration of 90° DWs under an externally applied oscillating
field [13–17]. However, with this model it is not possible to explain the observed field
amplitude dependence of the dielectric/piezoelectric loss. Damjanovic described
the field amplitude dependent dielectric/piezoelectric loss behavior in PZT ceram-
ics with an adaptation of the Rayleigh model that has often been used for the
description of hysteresis in ferromagnets and later also in ferroelectrics [18–21]. Mi-
croscopically the nonlinear field response, of which hysteresis is considered to be
a consequence, has been related to the stochastic interaction of DWs with defects,
causing so-called Barkhausen jumps of the DWs from a local energy minimum to
the next [22, 23]. This model allows describing the effect of the amplitude and fre-
quency of the applied electric field, to our best knowledge, only for polycrystalline
ceramics and chemical solution deposited (CSD) thin films [24–27]. However we
note that the Rayleigh model is based on a stochastic effect that does not take into
account the crystal symmetry of the material. This works well for polycrystalline
material, but one expects hysteresis and especially the nonlinearity to behave dif-
ferently for different crystallinities, as the functional properties of materials with
different crystal symmetries and crystal orientations, respond differently to the ap-
plied electric field [28]. Epitaxial thin films are therefore excellent model systems to
investigate the relation between crystal symmetry and hysteresis as they resemble
the behavior of perfect single crystal systems with low levels of defects. In addition,
such investigation may render practical benefits since many future high-performance
applications are expected to be based on epitaxial films because of their better per-
formance. To our knowledge there are no studies available on the frequency and
amplitude dependency of hysteresis, loss and nonlinearity in epitaxial PZT thin
films.

We investigated the hysteresis, loss and nonlinearity of poled, epitaxial, (001)-
oriented, monoclinic PZT films at zero bias field for excitation electric field am-
plitudes up to half of the coercive field and in the frequency range of 70 Hz to
5 kHz. To explain the observed strain, polarization and dielectric/piezoelectric loss
behavior, we propose a new model by considering the oscillatory rotation of the



Model development using experimental constraints

5

77

polarization vector in the monoclinic unit cell in response to an oscillating applied
external electric field.

5.2 Model development using experimental constraints
Generally, hysteresis in ferro- and piezo-electric materials has been modelled with
the Rayleigh model, which originates from the description of hysteresis in mag-
netic systems [18–21]. The Rayleigh model can be shown to be a limiting case of
the Preisach model, which provides a statistical description of the transitions be-
tween local energy minima in an energy landscape under influence of an oscillatory
field [29–31]. In the case of ferroelectrics, one assumes that DWs are locally trapped
by defects and jump to new defect sites under the influence of the applied field,
which is causing the hysteresis. In the Supporting Information SectionA.1 we sum-
marize the Rayleigh model and several extensions of it, that have been suggested
over time. The main features of these models are:
a) Nonlinear response and hysteresis are described by the same hysteresis param-
eter (generally denoted by α), therefore the magnitude of these phenomena are
coupled [21, 24, 25, 32–38].
b) A Fourier decomposition of the hysteresis response only contains odd harmon-
ics [21, 24, 25, 32–38]. In one extension of the model, including 180° DW motion, an
additional second harmonic arises, but no even order higher harmonics appear [39–
41].
c) The hysteresis loop is lenticularly shaped, which most clearly shows up in sharp
endpoints of the loop. In some models a viscous loss term is added to the polar-
ization response, reflecting viscous motion of the domain walls under influence of
the applied field. This viscous term introduces rounding of the hysteresis loop that
becomes elliptically shaped. The viscous loss term may in some cases be the only
reason for hysteresis [30, 32].
d) In the pure Rayleigh model the hysteresis loss does not contain an explicit fre-
quency dependence, unless the dielectric or piezoelectric coefficient and/or the hys-
teresis parameters are implicitly frequency dependent [26, 26]. In the models con-
taining a viscous loss term, the loss scales linearly with frequency, apart from further
implicit frequency dependencies [30, 32].
e) In the Rayleigh model the hysteresis loop is traversed counterclockwise (CCW),
as one would expect for a lossy hysteresis process.

For the discussion here it is important to note that hysteresis models, as pre-
sented so far in literature, do not contain any relation with the crystal structure
and crystal orientation of the materials to which the models are applied. These
models may fairly well describe the hysteretic behavior of polycrystalline samples
and probably also of many CSD derived thin films, however one would expect to
see crystal symmetry dependence of the ferroelectric response in single crystals and
epitaxial thin films.

The hysteresis measurements on our monoclinic, epitaxial PZT film show many
deviations from the predictions of the Rayleigh model and its derivatives. Notably,
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we see only the fundamental harmonic in the strain response, whereas all even and
odd harmonics up to the 5th order appear in the polarization response. Furthermore,
the hysteresis loops have an elliptical shape and the loss tangent is found to scale
linearly with frequency. For these reasons we conclude that none of the above-
mentioned models can describe our measurement data and we propose a new model,
based on the crystal symmetry, that describes the main observations.

5.2.1 Polarization rotation model
Here we describe a new model that can explain the observed hysteresis and non-
linearity in terms of the unit cell strain and polarization response induced by the
applied electric field in (001)-oriented ferroelectric films with a monoclinic crys-
tal symmetry. This also makes the model applicable to films with rhombohedral
symmetry, that under the influence of an applied field change its symmetry to
monoclinic as is observed for PZT and other materials. [42–45] The property we
use here is that the (110)-plane is the symmetry plane in which the polarization
vector rotates, i.e. that this plane contains the longest body diagonal of the unit
cell such as in monoclinic unit cells. [46] Fig. 5.1 a) shows one of the eight possible
configurations of such a unit cell, as one would expect to be present in approxi-
mately equal fractions in an as-grown epitaxial thin film, organized in polarization
domains, separated by domain walls. The eight configurations correspond to unit
cells in pseudocubic notation with the polarization vector in one of the eight possi-
ble <111>-like directions. For fully relaxed rhombohedral unit cells these would be
the <111> body diagonal directions. PZT films with top and bottom electrodes in
the parallel plate configuration are considered to be poled in the downward direc-
tion (i.e. from top to bottom electrode) so that only the four configurations with
the same downward oriented out-of-plane polarization component remain, which
are organized in polarization domains separated by DWs. In this configuration, the
polarization measurable across the film is,

P = PS cos (θ), (5.1)

where PS is the spontaneous polarization and θ is the polarization angle between the
[001]-axis and the polarization vector. For the PZT films that will be explored here,
the reference spontaneous polarization value in bulk rhombohedral PZT(55/45)
composition is PS = 50 µC cm−2. [47] For a fully relaxed rhombohedral unit cell
with the polarization vector in the body diagonal, θ equals θ0 = 54.7° and hence P
equals Pr = 29 µC cm−2, the remanent polarization of the film [47]. In a film under
compressive in-plane stress the polarization vector will rotate towards the out-of-
plane direction so that the polarization angle of the film at zero field, θ0,f decreases
and the remanent polarization Pr,f will increase. The stress leads to a deformation
of the unit cell and breaking of the 3-fold symmetry and the film changes it crystal
symmetry from rhombohedral to monoclinic. [45] Under an applied electric field in
the [001]-direction, the polarization vector rotates following the electric field. For
downward oriented fields (i.e. positive voltage on the top electrode with respect
to a grounded bottom electrode) the polarization vector will rotate towards the
out-of-plane [001]-axis, decreasing θ, increasing P and stretching the unit cell in
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[001]-direction by the piezoelectric effect. It is important to note that here, we
only consider the oscillating electric field amplitudes below the coercive field value
and assume that no polarization switching occurs. Additionally, we consider that
the polarization extension is negligible in the considered sub-coercive electric field
range1.

b)

-200 -100 0 100 200

E [kV cm-1]

-50

-25

0

25

50

P
 [

C
 c

m
-2

]

-20 -10 0 10 20

30

35

40

Ec

@3 kHz

Ec

-200 -100 0 100 200

E [kV cm-1]

-5

0

5

10

15

20

S
10

4
[ 

]

-20 -10 0 10 20
-2

0

2

@3 kHz

Ec Ec

STO

100 nm LNO

LNO
Pt

3 μm PZTE

a)

c)

P

[100]
[010]

[001]

auc

buc

cuc

θ0
γuc

βuc

αuc

Ps

-20 -10 0 10 20

E [kV cm-1]

35

40

45

50

55
[d

eg
]

θ(E)=θ0,f+β1E+β2E
2+β3E

3

θ0,f = 38.87° = 0.678 rad  
β1 = -3.9×10-3 cm kV-1

β2 = 1.1×10-4 cm2 kV-2

β3 = -7.2×10-6 cm3 kV-3

d)

Figure 5.1: a) Schematic sample structure. Unstrained rhombohedral or monoclinic PZT unit cell
with out-of-plane polarization component P . Ps is the spontaneous polarization vector length and
θ0 is the angle between the [001]-axis and the polarization vector. b) S-E and c) P-E loops for a
large electric field amplitude, Emax = 200 kV cm−1 � Ec. The insets show the magnified view
of the -20 to 20 kV cm−1 sub-coercive field range of the falling branches. d) Field dependence of
the polarization angle θ, calculated from the inset in c). The red line gives the fit of a third order
polynomial over the -10 to 10 kV cm−1 field range as explained in the text. All the measurements
are at 3 kHz.

Strain response
A typical strain-electric field (S-E) loop measured with a large electric field ampli-
tude, far exceeding the coercive field, i.e. the global S-E loop, is shown in Fig. 5.1 b).
The measured strain is in good approximation linear (R2 = 0.9987) with the ap-
plied field in the sub-coercive field range, as shown in the inset. In the first part of
constructing a strain hysteresis model, we therefore take the strain to be linearly
dependent and in-phase with the applied electric field Sip(t) = d33,f E(t) in the
sub-coercive field range that is explored in the hysteresis experiments. As we work
with films, the piezoelectric properties of the films are reduced compared to bulk

1In ref. [48, 49] it was shown, by Landau-Devonshire modelling of a clamped rhombohedral film
on STO with PZT 60/40 composition, that the contribution to polarization change due to polar-
ization rotation is a factor 3.2 larger than for polarization extension.
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properties due to clamping by the substrate. Here d33,f is the effective piezoelec-
tric coefficient in the out-of-plane direction of the clamped film. In the Supporting
Information SectionA.2 we show that this linear dependence can be derived in
good approximation from the Landau-Devonshire description of a single domain
rhombohedral clamped film, at least for positive fields. In the Landau-Devonshire
description the change of symmetry from rhombohedral to monoclinic due to the
applied field is taken into account. [50] An expression for d33,f for a clamped film
in terms of elastic compliances and electro-strictive parameters, determined from
the Landau-Devonshire model, is also given. The elliptic strain hysteresis loops
observed in our experiments suggest that the piezoelectric loss is dominated by a
viscous loss mechanism, for example due to domain wall motion as commonly is
assumed for piezoelectric materials [13, 15, 17]. In the second part of the strain
model, a viscous and out-of-phase term that is proportional to the time derivative
of the in-phase part can be written as Soop(t) = γS ˙Sip(t) in which γS is the vis-
cosity coefficient. Total strain can be written as a summation of the in-phase and
out-of-phase strain parts as S(t) = Sip(t) + Soop(t). Hence, one arrives at a rather
simple expression for the total strain response of the considered film to a small
amplitude sinusoidal field, E(t) = E0 sin(ω t), from which the hysteresis properties
can be determined

S (t) = d33,f E (t) + γS d33,f Ė (t) = d33,f E0 sin (ω t) + γd ωE0 cos (ω t). (5.2)

Here γd is the multiplication of the viscosity coefficient γS with the piezoelectric
coefficient d33,f . Because viscous processes cause a time lag of the unit cell ex-
pansion in response to increasing fields, one expects that γ < 0. Note that Eq. 5.2
only describes the explicit excitation field amplitude and frequency dependence, but
frequency dependent viscous interactions may lead to additional implicit frequency
dependences of the parameters d33,f and γd . The nature of these viscous inter-
actions is poorly understood and described in literature. We do not include such
interactions in our model, but extract these dependencies from frequency dependent
measurements. Eq. 5.2 predicts a hysteretic strain that is linearly dependent on field
amplitude. In the simplest case, i.e. when d33,f and γd are independent of frequency,
the hysteresis is linearly dependent on the frequency and amplitude. The maximum
loop opening, ∆Sopen = |S(ω t = π)− S(ω t = 0)| = |2 γd ωE0| scales linearly with
E0 and is, if γd is not a function of frequency, also linearly with frequency. The
strain loss, or the loss tangent, is obtained as the ratio of the viscous to non-viscous
components of the strain:

tan δS = |γd ω/d33,f | = |γS ω| (5.3)

Interestingly, if d33,f and γd are independent of amplitude and frequency, the loss
tangent is independent of the amplitude and scales linearly with the frequency,
which will be verified in the results section. In comparison the Rayleigh model
predicts a dependency of the loss tangent on the amplitude of the electric field, see
Supporting Information Eq. A.8, but on the other hand does not have an explicit
frequency dependence.



Model development using experimental constraints

5

81

Polarization response
We assume that the polarization change is only due to polarization rotation and
the effect of polarization vector extension is neglected [48, 49]. For a positive field
in the [001]-direction the polarization vector rotates towards the [001]-axis and for
negative electric field towards the (001)-plane. The change of the polarization angle
θ that is in-phase with the driving field can be described by θip(E) = θ0,f + ∆θ(E),
with θ0,f the angle for a clamped film at zero field and ∆θ(E) the small change of
the angle with applied field. A typical global polarization-electric field (P-E) loop is
shown in Fig. 5.1 c). The inset displays the part of the global loop in the field range
-20 to 20 kV cm−1. Here we only consider the decreasing field branch, as the film
is poled downward. During small amplitude field cycling in the -10 to 10 kV cm−1

range, i.e. well below the coercive-field so that no polarization switching occurs,
the polarization tracks this branch back and forth.

Fig. 5.1 d) gives the angle θ(E) calculated from the global P-E loop in Fig. 5.1 c)
using Eq. 5.1. Fitting in the -10 to 10 kV cm−1 field range with a third order polyno-
mial for ∆θ(E) = β1E + β2E

2 + β3E
3 in θip(E) gives a very accurate description

of the data (R2 = 0.9999). We note that a third order polynomial is the lowest order
polynomial that can accurately describe the asymmetry of the measured θ(E) data
with respect to the y-axis. In the following we will see that the nonlinear ∆θ(E)
relation accounts for the nonlinear field amplitude dependence of the polarization
hysteresis loops. In addition to this field dependence we assume a linear viscous in-
teraction (again because the hysteresis loops have elliptic shapes for all frequencies
and amplitudes) to be present in the polarization rotation model. Further on it is
shown that this term will give rise to the hysteresis. Thus, we arrive at

θ (E) = θ0,f + ∆θ (E) + γP ∆θ̇ (E)

= θ0,f + β1E + β2E
2 + β3E

3 + γP Ė
(
β1 + 2β2E + 3β3E

2
)
.

(5.4)

The magnitude, sign and required number of the β-coefficients are dependent
on the strain state and consequently the substrate, the deposition temperature,
the composition of the film and the field range over which the angle fitting is per-
formed2. As the angle should decrease with increasing field, we expect a priori that
the non-viscous parameters β1, β3 < 0, and the viscous parameter γP < 0 because
the response should lag behind the electric field, similar as for the strain response.
The second order term β2 gives rise to a possible asymmetry in the field sensitivity
of ∆θ(E). Since the magnitude of the viscous part is expected to be much smaller
compared to non-viscous part, the angle-field dependence in Fig. 5.1 d) has been fit-
ted with Eq. 5.4 excluding the viscous terms. The fit values are given in Fig. 5.1 d).
It is seen that the expectations regarding the signs of the model parameters match
the signs of the fitted values. In addition, the fit shows that β2 > 0 and that
2In principle θ(E) can be calculated from a Landau-Devonshire description for a clamped film. In
ref. [48, 49] this was done from a numerical evaluation of a Landau-Devonshire-model for E = 0
and 200 kVcm−1. However, since it is difficult to take into account the deformation of the unit
cells in a polydomain film, we will here use the above phenomenological description and use the
experimental fit parameters to describe θ(E).
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|β1| > |β2| > |β3|. The fitted θ0,f value indicates that the zero field polarization
vector is rotated by 15.9° from the rhombohedral body diagonal towards the [001]-
axis. X-ray diffraction analysis of the clamped PZT film, presented in the results
section, shows that there is in-plane compressive strain of the unit cell, causing
an out-of-plane tetragonal deformation of the cubic parent unit cell, leading to the
observed rotation.

The dependence of the polarization to the angular change θ(E) can be rewritten
as:

P (θ (E)) = PS cos
(
θ0,f + ∆θ (E) + γP ∆θ̇ (E)

)
= Pr,f

[
cos
(

∆θ (E) + γP ∆θ̇ (E)
)
− tan (θ0,f ) sin

(
∆θ (E) + γP ∆θ̇ (E)

)]
,

(5.5)

where we have defined the remanent polarization of the clamped film as
Pr,f = PS cos(θ0,f ). As can be seen from Fig. 5.1 d) ∆θ(E) is of the order of a
few degrees only, therefore we can use lowest order Taylor expansions of the sin and
cos terms, resulting in a nonlinear, but analytically tractable polynomial expression
for the time-dependent polarization response:

P (t) = Pr,f

[
c0 + c1,sE0 sin (ω t) + c1,cE0 cos (ω t)

+ c2,sE
2
0 sin (2ω t) + c2,cE

2
0 cos (2ω t)

+ c3,sE
3
0 sin (3ω t) + c3,cE

3
0 cos (3ω t)

+ c4,sE
4
0 sin (4ω t) + c4,cE

4
0 cos (4ω t)

+ c5,sE
5
0 sin (5ω t) + c5,cE

5
0 cos (5ω t)

+ c6,sE
6
0 sin (6ω t) + c6,cE

6
0 cos (6ω t)

]
(5.6)

The c-coefficients are functions of the β-coefficients and E0 which are given in
the Supporting Information Section A.3. Note that all coefficients are even func-
tions of E0. In addition, we give the values of the c-coefficients in the same section
for E0 = 10 kV cm−1 and f = 3 kHz, and show that the amplitude of the harmonics
rapidly decreases with increasing harmonic number.

The Fourier expansion shows that from the assumed θ(E) dependence one ex-
pects to measure in principle all even and odd order harmonics up to the 6th har-
monic, with hysteresis being present in all harmonics. Higher order polynomial
fitting and/or expansion gives rise to higher order hysteresis and even higher order
harmonics, although with rapidly decreasing amplitudes.

The first and higher order hysteresis loops are centered around the point
Pcenter = Pr,f c0 (E0 ω) ≈ Pr,f . Within this model the amplitude of the nth har-
monic is given by

|Pn| = Pr,f

(
En0

√
c2n,s + c2n,c

)
. (5.7)
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The amplitude of the hysteresis loop is dominated by the amplitude of the first
harmonic. The average slope of the loop is the effective dielectric constant (or the
Rayleigh parameter m(E0) of Eq. A.2 Supporting Information, given in the po-
larization rotation model by εeff ≈ Pr,f c1,s. We will see that experimentally the
harmonics are not sharp delta functions in the frequency domain as assumed in
the model but show considerable frequency spreading. Consequently, the energy
contained in the different harmonics, which is proportional to P 2

n , is redistributed
and the measured harmonic amplitudes Pn at the harmonic frequencies ωn = nω
differ from the calculated values described by Eq. A.19 and Eq. A.20 Supporting
Information. However, the type of dependence on field amplitude and frequency is
expected to be conserved.

As the magnitude of the harmonics is the easiest parameter that can be extracted
from the measurement, we give the expected scaling of |Pn| with the amplitude of
the electric field, following Eq. 5.7:

|P1| = Pr,f

(
E0

√
c21,s + c21,c

)
≈ Pr,f

(
k1,1E0 + k1,3E

3
0

)
|P2| = Pr,f

(
E2

0

√
c22,s + c22,c

)
≈ Pr,f

(
k2,2E

2
0 + k2,4E

4
0

)
|P3| = Pr,f

(
E3

0

√
c23,s + c23,c

)
≈ Pr,f

(
k3,3E

3
0 + k3,5E

5
0

)
|P4| = Pr,f

(
E4

0

√
c24,s + c24,c

)
≈ Pr,f

(
k4,4E

4
0 + k4,6E

6
0

)
|P5| = Pr,f

(
E5

0

√
c25,s + c25,c

)
≈ Pr,f

(
k5,5E

5
0

)
|P6| = Pr,f

(
E6

0

√
c26,s + c26,c

)
≈ Pr,f

(
k6,6E

6
0

)
.

(5.8)

The kn,m coefficients are functions of the β-coefficients and ω, where n is the or-
der of the harmonic and m the power of the field amplitude. The exact expressions
for the k-coefficients are given in the Supporting Information Section A.3, however
these are upper limits of the harmonic amplitude, since much energy is leaked away
lowering the measured polarization amplitudes and causing the frequency spreading
of the harmonics. Eq. 5.8 predicts that the amplitude of the harmonics scale with
an even or odd power polynomial of the field amplitude.

The loss tangent for the polarization can be written straightforwardly as the ratio
of viscous to non-viscous part of the fundamental harmonic when the polarization
signal is approximated by the fundamental harmonic as:

P ≈ Pr,f [c1,sE0 sin (ω t) + c1,cE0 cos (ω t)] (5.9)

The polarization loss tangent is then:
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tan δP ≈
∣∣∣∣ c1,cc1,s

∣∣∣∣ ≈
∣∣∣∣∣∣
− β1 γP ω

[(
3β3 tan (θ0,f )

4β1
+ 3β2

4

)
E2

0 + tan (θ0,f )
]

−β1
[(

3β2

4 +
3β3 tan (θ0,f )

4β1

)
E2

0 + tan (θ0,f )
]

∣∣∣∣∣∣ = |γP ω|

(5.10)

This is the same expression as for the loss in the strain hysteresis. The loss
tangent should be amplitude independent and should be a linear function of the
frequency. This observation will become important in the discussion of the measured
amplitude dependence of the polarization loss tangent in the results section.

5.3 Experimental details
Film deposition
The PZT film near the MPB with monoclinic crystal symmetry was grown by
pulsed laser deposition (PLD) with a KrF excimer laser source (Lambda Physic,
248 nm wavelength). The target and film composition were determined by X-ray
fluorescence (XRF) and Rutherford Back Scattering (RBS) to be PbZr0.55Ti0.45O3

(Kurt J. Lesker), hence in the rhombohedral range of the PZT phase diagram. The
PZT film was sandwiched between two 100 nm thick LaNiO3 (LNO) electrodes,
also deposited by PLD, on a SrTiO3 (STO) substrate. The PZT thickness was
about 3 µm, calculated from the deposition rate and deposition time. The LNO
electrodes were deposited with a laser repetition rate of 4 Hz, energy density of
2.25 J cm−2, laser spot size of 3 mm2, target-to-substrate distance of 60 mm, oxygen
pressure of 0.1 mbar O2 and a substrate temperature of 600 ◦C. The PZT film
was deposited with a laser repetition rate of 10 Hz, energy density of 2 J cm−2,
laser spot size of 3 mm2, target-to-substrate distance of 55 mm, 0.1 mbar O2 and at
600 ◦C. The layers were deposited successively without breaking the vacuum. After
deposition, the film was cooled down to room temperature in 1 bar O2 atmosphere
at a cooling rate of 8 ◦C min−1. For ferro/piezoelectric measurements a 100 nm thick
platinum (Pt) layer was deposited on top by sputtering, from which 300× 300 µm2

top electrodes of the capacitors were patterned with a standard photolithography
process and structured by argon ion beam etching of the top Pt and LNO layers.
The bottom electrode is contacted by use of silver glue at the side of the sample.

Analysis and Characterization
Crystallographic properties of the PZT film were analyzed by a X-ray diffractome-
ter (Bruker D8 Discover) equipped with a high brilliance microfocus Cu rotating
anode generator, Montel optics, a Ge (220) two-bounce monochromator, a double
pinhole beam collimator with a diameter of 200 µm, and an area detector (EIGER2
R 500K). The asymmetric reciprocal space maps were reconstructed from sets of
high-resolution rocking curves. All XRD measurements shown in this work were
performed on a single, unpoled capacitor.
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The piezoelectric and ferroelectric properties were measured with a double beam
laser interferometer (aixDBLI), to eliminate the influence of substrate bending, uti-
lizing a ferroelectric tester (aixACCT TF-2000 Analyzer) to measure the ferroelec-
tric properties. The large field polarization and strain (global P-E and S-E, respec-
tively) loop measurements were performed using a sinusoidal AC-electric field with
an amplitude of 200 kV cm−1 at 3 kHz. The coercive field of the film was around
24 kV cm−1. The small signal d33,f,ss measurements were measured using a lock-in
technique with a DC-driving field in the range of 200 kV cm−1 and an AC peak-to-
peak amplitude of 1.6 kV cm−1 at a frequency of 3 kHz.

The sub-coercive field hysteresis behavior was measured using 20 cycles of sinu-
soidal signal with peak-to-peak amplitude ranging from 2.5 kV cm−1 to 10 kV cm−1,
i.e. up to about half of the coercive field. The measurement frequency was varied
from 70 Hz to 5 kHz. Before each sub-coercive field measurement the film was poled
with a DC field of 200 kV cm−1, to realize comparable starting conditions. The
sub-coercive field polarization and strain responses were measured simultaneously,
at room temperature and with zero bias fields.

5.4 Results and discussion
The polarization rotation model considers a monoclinic unit cell and predicts the
observed scaling of strain and polarization with driving field amplitude and fre-
quency. First, we present and discuss the measurements on the crystal structure,
showing that the investigated film is composed of compressively strained, mono-
clinic, polydomain PZT. Secondly, the data treatment procedure, which is required
to obtain strain and polarization information from generally noisy and drifting raw
measurement data, is presented. The film used in the experiments was a 3 µm thick
PZT film, with 55/45 Zr/Ti ratio, sandwiched between LNO electrodes. All layers
were grown subsequently by pulsed laser deposition on a (001)-oriented STO sub-
strate without breaking the vacuum. The strain and polarization were measured
with a double beam laser interferometer (aixDBLI) combined with the aixACCT
TF-2000 Analyzer. See the Experimental section for more information about the
experimental procedures. Finally, we present the analysis of the treated strain
and polarization hysteresis measurement data in terms of the polarization rotation
model.

5.4.1 Crystal structure

X-ray diffraction (XRD) analysis was performed on the LNO/PZT/LNO heterostruc-
ture as explained in the Supporting Information SectionA.4. The data could be best
fitted with a pseudo-rhombohedral unit cell elongated in the (001)-direction (from
crystallographic point of view monoclinic), with a four-fold in-plane symmetry, i.e.
the unit cells are rotated by integer multiples of 90° with respect to each other. The
PZT in-plane unit-cell parameters are auc = buc = 4.081Å, and the out-of-plane
lattice parameter is cuc = 4.097Å. Here the subscript uc is used with unit-cell
parameters a, b and c to distinguish them from other parameters with the same
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symbols. The angle between the in-plane lattice vectors is obtained as γuc ≈ 89.79°,
while the angles between in-plane and out-of-plane are αuc = βuc ≈ 89.74°. The
c-axis of all unit cells is perpendicular to the substrate, hence the (001)-planes are
tilted by 0.26°. The unit cell volume is Vuc ≈ a2uccuc = 68.27Å3 and the pseudocu-
bic lattice parameter is given by apc = V

1/3
pc = 4.087Å. Because of the monoclinic

lattice symmetry, the polarization vector is expected to rotate in the (110)-plane
of each unit cell [51]. The structure appears to have been pushed to the monoclinic
side, which might be due to a high density of point defects, indicated by the slightly
higher unit cell volume, and the clamping to the substrate, introducing strain. The
small tetragonality ratio cuc/auc = 1.004 is a consequence of the in-plane compres-
sive strain, due to the difference in thermal expansion of the film and substrate, and
is estimated as εip = (auc − apc)/apc = −0.13 % [52]. For films thicker than a few
hundred nm, the substrate-induced strain is mainly due to the difference in thermal
expansion coefficients between film and substrate, since at deposition temperature
the bulk of the film can be assumed to be fully relaxed from epitaxial strain due
to the incorporation of (dislocation) defects. The room temperature strain, caused
by the difference in thermal expansion coefficients (4.6 ppm K−1 for the PZT 55/45
film, which is obtained by interpolation of the data for PZT 60/40 and PZT 50/50
films, and 11.7 ppm K−1 for the STO substrate) when cooling down from deposition
to room temperature and corrected for the volume increase due to the paraelectric-
to-ferroelectric phase transition, is calculated as S0

m ≈ −0.003 [48, 49]. This explains
the compressive strain in the film deduced from the XRD measurements.

5.4.2 Measured strain and polarization response
Fig. 5.2 shows in the left and right column subfigures the raw data in time and
frequency domains, of respectively the applied electric field E = E0 sin(ω t), the
measured strain S and the measured polarization P response, for a measurement
frequency of f = ω/2π = 3 kHz and electric field amplitude of E0 = 10 kV cm−1.
Fig. 5.2 a) shows 20 periods of the applied signal3. The Fourier spectrum of the
applied signal, Fig. 5.2 b), shows that the applied signal only consists of the 3 kHz
fundamental harmonic and has no higher order frequency components. This check
ensures that any observed higher harmonic signal does not originate from the driv-
ing signal. The input signal-to-noise ratio (SNR) visible in Fig. 5.2 b) is about 103.

The raw strain data in Fig. 5.2 c) is noisy and subject to drift in the time do-
main. In the frequency domain, Fig. 5.2 d), the fundamental frequency of 3 kHz is
clearly observed and no higher harmonics can be identified apart from some random
noise peaks, which we attribute to numerical artefacts in the Fast Fourier Trans-
form algorithm, since they have a very small peak width of only one frequency
step. Below 2 kHz there is frequency dependent noise, which explains the drift in
the time domain. The measured polarization signal, Fig. 5.2 e), has a constant am-

3The applied signal does not always start at 0 for t = 0 as assumed in the model. To compare the
results with the model, we fit the applied signal with a phase shift sine wave for each measure-
ment to extract the initial phase shift φ, that is in the range ± 3° for the used amplitudes and
frequencies. This additional step is needed to exclude any non-material induced phase change.
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plitude of 1.35 µC cm−2, but also drifts in time. Note that the amplitude of the
polarization signal is small compared to the value of the remanent polarization,
Pr = 38.6 µC cm−2, as we only measure the change of the polarization. In the fre-
quency domain, Fig. 5.2 f), one observes next to the fundamental frequency clearly
higher harmonics, up to 5th order, superimposed on a decreasing frequency depen-
dent noise baseline. The baseline was fitted with a linear function in the log-log
plot shown in Fig. 5.2 f), using the power-law dependence P (f) = af b with a and
b being some fit parameters. For the complete data set, i.e. for all amplitudes and
frequencies, the exponent was obtained as b = 0.92 ± 0.03, demonstrating the 1/f
character of the noise in the polarization measurements. The 1/f -noise baseline
extracted from the Fourier spectrum of the polarization signal, has been overlaid to
the strain data in Fig. 5.2 d), showing a good match with the frequency dependent
baseline in the strain. This observation suggests that the observed 1/f -noise in
both measurements has the same origin. The 1/f dependence probably can tell
something about the interaction mechanism of polarization and strain, but this is
beyond the scope of this paper. The observed white noise in the strain at higher
frequencies is not observed in the polarization and is thought to be linked to higher
noise level in the displacement measurement method.

5.4.3 Strain data

The drift, i.e. low frequency noise in the strain data hinders an accurate fit of the
model to the raw measurement data since the model predicts a purely sinusoidal
strain signal. Therefore, the strain signal is filtered in the frequency domain by
applying a bandpass filter around the fundamental harmonic. The filtered data is
transformed back into the time domain and then averaged over the 20 measured
cycles to increase the SNR. The averaged strain signal is plotted with markers with
respect to time in Fig. 5.3 a) and electric field in Fig. 5.3 b). The number of dat-
apoints in one cycle was 128 but only every fifth datapoint is shown for clarity.
The standard deviation of the averaged data was too small to be shown in the
figure, as the associated error bars would be smaller than the datapoint markers.
The hysteresis loops in Fig. 5.3 b) are elliptical, in contrast to the lenticular loops,
arising from the Rayleigh theory. The filtered and averaged strain data at 3 kHz
in the time domain has been fitted with Eq. 5.2 using the inverse of the standard
deviations as the weighting factors and shown by the continuous lines in Fig. 5.3 a)
and Fig. 5.3 b). The data and fits for all measured frequencies for 3 selected ampli-
tudes are shown in Supporting Information SectionA.7 . The model fits the data
points perfectly and all loops are traversed counterclockwise, indicating that γd is
negative, as is expected.

The extracted model parameters d33,f and γd are plotted versus E0 in Fig. 5.4 a)
and Fig. 5.4 b). The statistical uncertainty of individual model parameters is smaller
than the datapoint markers and are therefore not shown. Both model parameters
appear to fluctuate around an average value, independent of the field amplitude.
To verify this observation, the average value and standard deviation σ (half of the
red confidence intervals of the model parameters shown in Fig. 5.4 a) and Fig. 5.4 b)



5

88 polarization rotation model

-15

-10

-5

0

5

10

15

E
 [

kV
 c

m
-1

]

10-5

10-4

10-3

10-2

10-1

|F
(E

)|
 [

kV
cm

-1
H

z-1
]

-4

-2

0

2

4

S
10

-4
[ 

]

10-9

10-8

10-7

10-6

|F
(S

)|
 [

H
z-1

]

0 1 2 3 4 5 6 7

t [ms]

-3

-2

-1

0

1

2

P
 [

C
 c

m
-2

]

102 103 104

f [Hz]

10-5

10-4

10-3

10-2

|F
(P

)|
 [

C
 c

m
-2

H
z-1

]

ω 2ω 3ω4ω5ω
a)

c)

e)

b)

d)

f)

Figure 5.2: a, b) Applied field E, c, d) measured strain S and e, f) polarization P for an amplitude
of 10 kV cm−1 and a frequency of 3 kHz in time (left) and frequency domains (right). Solid red
line is the fitted 1/f noise and dashed red line is the noise baseline.

are propagated to the strain, resulting in a spread of 6 %. This spread is be-
low the 10 % measurement-to-measurement accuracy of our strain measurements.
This supports the conjecture that our model parameters are amplitude independent
within the measurement accuracy of the used DBLI system. The average values of
the fit parameters over the measured field range are d33,f (3 kHz) = 96 pm V−1 and
γd (3 kHz) = −9× 10−11 cm kV−1 Hz−1 rad−1. An independent measurement of the
small signal piezoelectric constant at the same frequency measures
d33,f,ss(3 kHz) = 93 pm V−1 as shown in Fig. A.5 Supporting Information, is in
good agreement with the value extracted from the hysteresis measurements. Both
values are in agreement with d33,f values of PZT films with similar stoichiometry,
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Figure 5.3: a) Filtered and averaged strain signal plotted with respect to time, and b) electric
field, for three different field amplitudes at 3 kHz. Datapoints show the measurements and the
lines are obtained from fitting with Eq. 5.2.

reported in literature [28, 53]. In Fig. 5.4 c) the loss tangent values for different
excitation amplitudes, calculated from the hysteresis loop area, are shown with
markers. In the same figure, the line denotes the average loss tangent calculated
from Eq. 5.3 using average values of d33,f (3 kHz) and γd(3 kHz). The confidence
interval is obtained from the spread of values in these parameters. The loss tangent
calculated from the area falls well within the confidence interval predicted by the
model. Within measurement accuracy we can conclude that the strain loss tangent
is independent of the amplitude, as was predicted by the model if d33,f and γd are
independent of the excitation amplitude.

Fig. 5.5 a) and Fig. 5.5 b) show the average values of d33,f and γd over the
measured field range for different measurement frequencies and the error bars de-
note the standard deviation. Within the measurement range, the d33,f (f) data is
practically frequency independent, so the weighted average and the corresponding
confidence interval can be calculated. The field and frequency averaged value is
d33,f,av = 98 pm V−1 that is denoted by the red line in Fig. 5.5 a). γd in Fig. 5.5 b)
does not show a frequency dependence if one neglects the low frequency data. The
latter have large error bars originating from the dominant 1/f -noise at these fre-
quencies.
The weighted average of all data points is γd,av = −10× 10−11 cm kV−1 Hz−1 rad−1.
This value is very close to the high frequency data therefore we consider γd to be
frequency independent over the whole measured frequency range. As both extracted
parameters are amplitude and frequency independent, the viscosity constant γS is
given by γs,av ≈ −10× 10−6 Hz−1 rad−1. Shown in Fig. 5.5 c) is the loss tangent as
function of frequency calculated from the area of the hysteresis loops using Eq. A.7
Supporting Information. The error bars again denote the standard deviation in the
loop area for the measurements at different frequencies. The red line is calculated
from Eq. 5.3 with the average values d33,f,av and γd,av and the error corridor is
the corresponding ± 2σ confidence interval, due to error propagation of the confi-
dence intervals of Fig. 5.5 a) and Fig. 5.5 b). The good linear scaling with frequency
shows that the loss tangent is well described by Eq. 5.3, supporting the validity of
the viscous polarization rotation model. Further it indicates again that the param-
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Figure 5.4: Field amplitude dependence of the extracted model parameters a) d33,f , and b) γd.
The red line denotes the weighted average of the model parameters, the red error corridor indicates
the ± 2σ confidence intervals. c) tan δS calculated from the area of the S-E hysteresis loops. The
red line and confidence interval are calculated with model Eq. 5.3 using data from a) and b).

eters d33,f , γd and resulting γS are independent of field amplitude and frequency.
The Rayleigh model with viscous loss (see Supporting Information SectionA.1) can
explain the observed frequency dependency, but would predict a strong amplitude
dependency of the loss tangent as in Eq. A.9 Supporting Information, which is ab-
sent in our measurement data.

To the best of our knowledge, in literature there is no experimental data for
films of similar composition and the same amplitude and frequency, that would al-
low a direct comparison of the loss tangent with our results. However, the results
of Robert et al. allow a qualitative comparison [54]. They found a viscous loss
tangent contribution of 0.044 ± 0.004, using the viscous Rayleigh model for the di-
rect piezoelectric effect in a PZT ceramic (with composition near the morphotropic
phase boundary) measured at 35 Hz. This value is comparable in magnitude to our
value at 70 Hz of 0.020 ± 0.013. However, Robert et al. found this viscous term
in addition to a dominant amplitude dependent Rayleigh term that is increasing
up to 0.2 for the largest field amplitude. In our case such an amplitude dependent
Rayleigh loss mechanism is not found. This difference is of interest since it indi-
cates that the differences in loss behavior between our film and the ceramics can be
attributed to differences in crystal quality. Especially the number of defects in our
epitaxial films is expected to be considerably smaller than in polycrystalline ceram-
ics. Furthermore, the character of defects changes from dominantly lattice defects
and vacancies for epitaxial films to grain boundaries in polycrystalline materials.
This change in the character and the number of defects is expected to change the
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Figure 5.5: a) Averaged longitudinal piezoelectric coefficient d33,f and b) the viscosity parameter
γd for all field amplitudes E0. c) Loss tangent calculated from the area of the hysteresis loops.
The red line is calculated with the field and frequency averaged values of d33,f,av and γS,av , using
Eq. 5.3. The error bars indicate the ±σ standard deviation of the data in all figures.

amplitude dependence of the loss. In polycrystalline materials the loss is dominated
by the amplitude dependent part stemming from Barkhausen jumps of the pinned
domain walls in addition to the amplitude independent viscous part observed in
both systems [54].

5.4.4 Polarization data
To extract the amplitude of the harmonics out of the polarization data, the peak
value of the corresponding peak in the Fourier spectrum is taken. In Fig. 5.6 the
thus determined amplitudes |Pi| of the 1st to 5th harmonic are shown as function
of the field amplitude. The vertical scale for the 2nd to 5th harmonic is magnified
for clarity. The solid lines correspond to the fits using the predicted dependencies
on E0 for the various harmonics according to Eq. 5.8. The model is in very good
agreement with the field dependence of the experimental data of the lower har-
monics. The poorer fits for the 4th and 5th harmonic at low amplitudes are due
to the low SNR for these harmonics. For Rayleigh behavior, the first harmonic
is expected to scale as P1 ∝ a1E0 + a2E

2
0 (with a1 and a2 some field independent

constants), whereas in the polarization rotation model the dependence is of third or-
der, P1 ≈ Pr,f

(
k1,1E0 + k1,3E

3
0

)
[37]. Further, the Rayleigh model predicts that no

even harmonics are present, which are clearly observed here. It predicts also that all
other uneven harmonics scale with E2

0 , in contrast to kn,nEn0 + kn,n+2E
n+2
0 -scaling

seen here. Although the first harmonic data might be fitted fairly well with the
Rayleigh model, it is clear that the Rayleigh model completely fails to describe the
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field scaling of all other observed harmonics and the presence of the even harmonics.

@3 kHz

Figure 5.6: Scaling of the amplitude of the polarization harmonics with respect to the field ampli-
tude E0 at an excitation frequency of 3 kHz. The scaling of the 2nd to 5th harmonic is magnified
for clarity. The data points are denoted by the stars and the lines are fits with Eq. 5.8).

As discussed, within the polarization rotation model the loss behavior can be ap-
proximated by the fundamental harmonic only. Fig. 5.7 a) and Fig. 5.7 b) show the
polarization hysteresis at selected amplitudes for 3 kHz. The data for all measured
frequencies are shown in Supporting Information SectionA.8. The data in these
figures was obtained by bandpass filtering at all harmonic frequencies and then
averaging over the measured 20 cycles. As for the strain the standard deviation
calculated from the averaging is smaller than the marker size. Note that all higher
harmonics are included in these loops. The experimental loops were fitted with
the fundamental harmonic only, using Eq. 5.9 and taking into account the inherent
phase shift present in the applied signal4. The good fits in time and field domain
respectively show that, although the higher harmonics can be clearly observed in
the frequency domain, their contributions are not visible in time or field domain
except at the peaks of the 10 kV cm−1 amplitude measurement.

The loss tangent is proportional to the area of the P-E loop and inversely pro-
portional to the polarization value at maximum field, therefore it can be concluded
that the loss tangent calculated from the fundamental harmonic can accurately de-
4The applied signal does not always start at 0 for t = 0 as assumed in the model. To compare the
results with the model, we fit the applied signal with a phase shift sine wave for each measure-
ment to extract the initial phase shift φ, that is in the range ± 3° for the used amplitudes and
frequencies. This additional step is needed to exclude any non-material induced phase change.



Results and discussion

5

93

a)
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Figure 5.7: a) Filtered and averaged polarization signal plotted with respect to time, and b)
electric field, for 3 different field amplitudes at 3 kHz. The markers represent the measured data,
which includes all higher harmonics, and the solid lines are obtained by fitting with Eq. 5.9. c)
Loss tangent, calculated using Eq. 5.10, is shown with markers. The red line denotes a fit with
quadratic amplitude scaling as explained in detail in the main text. d) Frequency dependence of
the loss tangent for all used amplitudes.

scribe the field scaling of the loss. Fig. 5.7 c) shows the amplitude dependence of the
thus obtained loss tangent. The field dependence can be best fitted with a quadratic
function with a constant offset of the form, tan δP (E0, ω) = tan δP (0, ω)

(
1 + cE2

0

)
with positive c, as shown by the red curve. The polarization rotation model in
Eq. 5.10 predicts no explicit field dependence for the loss tangent. The field de-
pendence can only be implicit to the viscosity parameter with the same quadratic
form γP (E0, ω) = γP (0, ω)

(
1 + cE2

0

)
. From the loss tangent curve in Fig. 5.7 c) at

frequency ω0 = 2π × 3 kHz one finds the model parameters, loss tangent at zero
field as tan δP (0, ω0) = 0.11, c = 0.024 kV −2 cm2 and thus
γP (0, ω0) = −5.84× 10−6 Hz−1 rad−1. Interestingly γP (0, ω0) is nearly equal in
value to γS (0, ω0), which is in-line with the expectation of Landau-Devonshire
model that γP and γS should be identical. However, in contrast to γS being field
independent, γP shows a strong quadratic field dependence. We attribute the lin-
earity of γS to the 4 orders of magnitude smaller relative change of strain compared
to polarization.

The frequency dependencies of the loss tangent for all used field amplitudes are
shown in Fig. 5.7 d). A linear increase is observed for frequencies above 500 Hz,
which is typical for a viscous loss process and is as described by the proposed po-
larization rotation model. The deviation for lower frequencies may be explained
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by the fact that for these frequencies the coercive field is lower, so that the field is
swept up to 3/4Ec or even higher as can be seen in Tab. A.2 Supporting Informa-
tion. The nonlinearity is then larger, which changes the values of the β-parameters
and thus of the loss. The observed amplitude and frequency dependency of the loss
tangent for the polarization deviates clearly from the predicted dependencies of the
Rayleigh model, as it is also the case for the strain.

5.5 Conclusions
In summary, we observe experimentally a hysteretic behavior with linear depen-
dence of the strain on the field for the strain and a nonlinear hysteretic polarization
behavior for an epitaxial PZT film with monoclinic symmetry. The nonlinearity
is characterized by the presence of all even and odd order harmonics observable
up to 5th order in the polarization measurements. These findings are explained
by a model that relates the rotation of the polarization vector in the (110)-plane
of a pseudo cubic unit cell in response to an applied electric field, as is expected
for the used PZT film with monoclinic symmetry. The polarization rotation is ac-
companied by viscous interactions for the strain and polarization response of the
film. The strain behavior is described by a linear field dependent stretching of the
unit-cell due to the rotation of the polarization vector. This strain model describes
in detail the field amplitude and frequency dependence of the measured strain and
loss tangent. The polarization is described by the rotation of the polarization vec-
tor, which has a nonlinear dependence on the field, and a viscous interaction. The
model predicts all of the observed even and odd harmonics and their amplitude
scaling. The polarization rotation model takes into account the crystal symmetry
of the unit cell, as it is based on the rotation of the polarization vector which is
characteristic for monoclinic crystal symmetry. Hence it is expected to be applica-
ble to other material systems in which polarization rotation is present, such as in
monoclinic or rhombohedral crystal symmetries. This expectation can be true for
the rhombohedral crystal symmetry only if the unit cell transforms into monoclinic
symmetry under an externally applied field.
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6
Hysteresis, loss and

nonlinearity in epitaxial
PbZr0.55Ti0.45O3 films:

Polarization rotation under a
DC bias field

The hysteresis, loss and nonlinearity of the strain and polarization response of an
epitaxial PbZr0.55Ti0.45O3 film were experimentally investigated for non-switching
AC excitation fields at a DC bias field of 20 kV cm−1. The measured strain is hys-
teretic and linear with excitation amplitude, whereas the polarization is hysteretic
and highly nonlinear over the investigated 70 Hz to 5 kHz frequency range. Further-
more, compared to the case with zero bias, the effective piezoelectric coefficient that
is extracted from the strain response is almost not changed for the investigated field
range. In contrast, the loss tangent and nonlinearity of the polarization response
are strongly reduced. The observations can not be explained by the commonly used
Rayleigh model and its extensions, but are very well explained by the recently pro-
posed polarization rotation model, by addition of a non-zero bias field term to the
model. This model describes the film properties as the result of the nonlinear rotation
of the polarization vector within the unit-cell in response to the applied field, which
is accompanied with viscous interaction of the domains. These results demonstrate
that the polarization rotation model can describe the film response in a broad range
of excitation frequencies and amplitudes, that far exceed the applicability range of
the Rayleigh model.
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6.1 Introduction
Hysteresis is a common challenge in the use of piezoelectric ceramics and thin films
in applications such as sensors, actuators and energy harvesters. [1–8] Hysteresis
can cause energy loss in energy harvesting devices or positioning inaccuracy in ac-
tuators. [9] Several studies have identified the viscous interaction of ferroelectric
domains as the source of hysteresis and the associated dielectric/ferroelectric loss
for sub-coercive field excitations. [10–14] However, this approach fails to explain the
observed field amplitude dependence of the dielectric and piezoelectric loss tan-
gents. For PbZrxTi1−xO3 (PZT) ceramics and polycrystalline or chemical solution
deposited (CSD) films, the amplitude and frequency dependent hysteresis behaviour
can be described by adapting the Rayleigh model that has been used for the descrip-
tion of hysteresis in ferromagnets, by considering the Barkhausen jumps. [15–18] In
ferroelectrics the Rayleigh model considers the stochastic interaction of domain
walls (DWs) with defects as jumps of the DWs from one energetic minimum to an-
other analogous to Barkhausen jumps. [19, 20] Because of its stochastic description,
the Rayleigh model can not take into account the crystal symmetry of the material,
that is expected to strongly influence the hysteresis, loss and nonlinearity since the
functional properties of the material are dependent on the crystal symmetry and
thus on the growth orientation of an epitaxial film.[21] The Rayleigh model assigns
a single parameter to describe the combined effect of nonlinearity and loss as the
source of hysteresis. Even though the nonlinear response of some ceramics and
CSD films can be described by the odd harmonics predicted by this model, the even
harmonics, that are also observed in some experiments, can not be explained. [22, 23]

In an earlier publication we have shown that for epitaxial PbZr0.55Ti0.45O3 films
with a monoclinic crystal symmetry, the hysteresis, loss and nonlinearity of func-
tional properties can very well be described by a model that considers the rotation
of the polarization vector within the unit cell, and that is accompanied by a viscous
interaction of the domains. [24] Moreover, with this so-called polarization rotation
model, it is possible to differentiate between the nonlinearity of the response, that
is caused by the nonlinear response of the angle of the polarization vector to the
applied field, and the loss due to viscous interaction of the domains. In addition,
the polarization rotation model predicts all experimentally observed even and odd
harmonics.

As applications usually also require a non-zero DC bias, it is of importance
to be able to describe the hysteresis and loss of the piezoelectric materials under
this condition. Some papers using the Rayleigh model, also report on the case of
non-zero field bias. In these reports, the applicability range of the Rayleigh model
increases and the hysteresis decreases with increasing bias. [25–28] However, the
Rayleigh model does not allow to make quantitative predictions on the change of
the Rayleigh parameters with applied bias. Here we experimentally show that for
a monoclinic, epitaxial PbZr0.55Ti0.45O3 film, an extension of the polarization ro-
tation model can quantitatvely describe the hysteresis, loss and nonlinearity in the
strain and polarization also for non-zero bias fields.
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6.2 Polarization rotation model with applied bias
The polarization rotation model considers the rotation of the polarization vector in
the (110)-plane in a (001)-oriented monoclinic thin film under the influence of an
electric field excitation.[24] The polarization, measured across the film in a parallel
plate capacitor configuration, is then given by

P = PS cos (θ) (6.1)

with PS the length of the spontaneous polarization vector and θ the angle between
the [001]-axis and the polarization vector. Using a grounded bottom electrode, a
positive voltage on the top electrode corresponds to a downward-oriented electric
field so that in a poled film the polarization angle is measured with respect to a
top-to-bottom oriented film normal axis. In a fully relaxed unit cell at zero field,
the polarization vector is in the body diagonal and θ equals θ0 = 54.7°. Our film is
under compressive, in-plane stress, resulting in a rotation of the polarization vector
(in zero field) towards the out-of plane direction, and thus in a lower polarization
angle that is defined as θ0,f . [24] (The subscript f indicates that the sample is
a clamped thin film.) The associated polarization value is the remanent polariza-
tion Pr = PS cos(θ0,f ) of the film. The application of a (positive) bias field in
the [001]-direction leads to a further rotation of the angle θ towards the [001]-axis
and is denoted by θDC,f . The polarization is then PDC = PS cos(θDC,f ). Under
an additionally applied AC field in the [001]-direction, the angle of the polariza-
tion vector oscillates around θDC,f , causing the oscillation of the polarization value
around PDC, and consequently stretching and contraction of the unit-cell, and thus
an oscillating strain in the [001]-direction by the piezoelectric effect.

In the following, we first present the strain and polarization loops of the film
in response to large electric field amplitudes far exceeding the coercive field. From
these measurements the strain, polarization and polarization angle are described as
a function of applied field in the non-switching range of the loop, i.e. in the field
range commonly used in hysteresis measurements. From these descriptions, the
nonlinearity and loss tangent of the strain and polarization during hysteresis mea-
surements are predicted based on an extension of the polarization rotation model
by taking into account a non-zero bias field. Here we only consider polarization
rotation and no polarization switching. Therefore the magnitude of the AC and
DC fields in the experiments are selected accordingly. Furthermore we assume that
for the used magnitudes of the AC and DC fields the extension of the polarization
vector is negligible. [24, 29, 30]

6.2.1 Strain response
Typical large signal strain-electric field (S-E) and polarization-electric field (P-E)
loops are shown in Fig. 6.1 a) and b). For the hysteresis measurements we consider
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EDC

Pr
PDC

EDC

SDC

a) b)

c) d)

Figure 6.1: Global a) S-E and b) P-E loops. The red lines show the maximum trajectory of strain
and polarization corresponding to AC cycling around the 20 kV cm−1 DC bias. The insets show
the magnified view of these trajectories. Field dependence of the polarization angle θ calculated
from the inset in b) for AC field amplitudes of c) 10 kV cm−1 and d) 28 kV cm−1. The red lines
give the fit of the datapoints with c) a second order polynomial in the 10 to 30 kV cm−1 field range
and d) a fourth order polynomial in the -8 to 48 kV cm−1 field range. All measurements are at
3 kHz.

a downward polarized sample driven by an AC field excitation on top of a zero
or positive field bias, so that the polarization (strain) oscillates along the falling
branch of the large signal S-E (P-E) loop. A positive DC bias of 20 kV cm−1 during
the hysteresis measurements causes the central point of the AC field to shift along
the field x-axis. The strain and polarization values shift accordingly on the global
S-E and P-E loops as shown with red lines in Fig. 6.1 a) and b). The measured
strain around the bias field is in good approximation (R2 = 0.9994) linear with
the applied field, as shown in the inset. We can therefore describe the DC strain
by the linear relation SDC = d33,fEDC, where d33,f and EDC are respectively the
effective piezoelectric coefficient in the out-of-plane direction of the clamped thin
film and the applied DC bias field. One can then also describe the AC strain
response by a linear relation that is in-phase (ip) with the applied AC field E(t),
thus Sip(t) = d33,f E(t) for oscillating fields that do not extend beyond the sub-
coercive field, similar as was done for the zero bias case. The validity of the linear
dependence can in good approximation be derived from the Landau-Devonshire
model. [24] The observation of elliptic strain hysteresis loops in our experiments
suggests that the piezoelectric loss is dominated by a viscous loss mechanism. [24]
The viscous loss can be introduced as an out-of-phase (oop) component in the strain
response which is proportional to the time derivative of the in-phase response as
Soop(t) = γS ˙Sip(t), where γS is a viscosity coefficient. The total strain is then the
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sum of SDC, Sip and Soop

S(E) = d33,fEDC + d33,fE + γS d33,f Ė (6.2)

One arrives at a simple expression for the strain response to a small amplitude,
sinusoidal field, E(t) = E0 sin (ωt), similar to that for the zero bias case, apart from
the SDC offset.

S(t) = d33,fEDC + d33,fE0 sin (ωt) + γd ωE0 cos (ωt) (6.3)

Here we defined γd = γS d33,f . It is noted that in the following experiments use
is made of a double beam laser interferometer (DBLI), that allows only the deter-
mination of strain changes, hence the value of SDC can not be determined. This
however does not change the validity of the model, as the DC component of the
strain only works as an offset and does not influence the scaling of loss or hystere-
sis. As a consequence of the assumed viscous nature of the loss process the unit
cell deformation is lagging in time in response to varying fields, thus one expects
that γd < 0. We do not exclude the presence of any implicit frequency dependen-
cies of the parameters d33,f and γd, which could stem from frequency dependent
viscous interactions. However the nature of such interactions is poorly understood
and described in literature. Instead we will therefore extract the frequency depen-
dence of these parameters from the hysteresis measurements at different frequencies.

The strain loss, or loss tangent, is simply given by the ratio of the viscous to
non-viscous components of the strain:

tan δS = |γd ω/d33,f | = |γS ω| . (6.4)

6.2.2 Polarization response
A typical global P-E loop is shown in Fig. 6.1 b). For the hysteresis measurements
we consider only the decreasing field branch, because the film is poled downwards
before each measurement. The application of a positive DC field bias of 20 kV cm−1

leads to a shift of the center point of the AC polarization response to the value
P = PDC. The hysteresis measurements have been performed with two AC field
amplitudes (10 kV cm−1 and 28 kV cm−1). The lower amplitude is the same as was
used for previous experiments without DC bias in Lucke et.al. [24]. The large am-
plitude was chosen because it is the largest amplitude that can be used without
observable effects of polarization switching on the hysteresis. This amplitude re-
sults in an oscillation of the electric field from -8 to 48 kV cm−1 that enables to
explore the validity of the polarization rotation model in a field range that is far
exceeding the Rayleigh range. The red line in Fig. 6.1 b) shows the maximum range
of field and polarization change for the second AC amplitude.

The change of the polarization angle θ around θDC,f , that is in-phase with the
driving field is described by θip = ∆θ(E(t)). The out-of-phase part is described as
θoop = γP ∆θ̇, assuming a linear viscous interaction with viscousity coefficient γP
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to be present. The change of the polarization angle is then given by the summation
of the three contributions.

θ(E) = θDC,f + ∆θ(E) + γP ∆θ̇(E) (6.5)

The change of the polarization angle that is in-phase with the applied field can
be described with a polynomial that has the general form:

∆θ(E) = β1,DCE + β2,DCE
2 + β3,DCE

3... =

p∑
i=1

βi,DCE
i (6.6)

where p is the order of the polynomial. The value of p in the first place depends on
the AC amplitude E0, but also on the strain state of the film, consequently on the
substrate, the deposition temperature and the film composition, since these change
the curvature of the P-E loop. Because the polarization angle decreases with in-
creasing field, the odd β coefficients should be negative. The even β coefficients
give rise to a possible asymmetry in the field sensitivity of ∆θ(E) around θDC,f .
Furthermore, the viscosity parameter γP is expected to be negative as the out-of-
phase response should lag behind the electric field.

Fig. 6.1 c) and d) give the angle θ(E) that is calculated from the global P-E loop
using Eq. 6.1. For both AC amplitudes the curves are fitted with a polynomial of
order two (R2 = 0.9999) and four (R2 = 0.9997), respectively. These are the lowest
order polynomials that can accurately describe the nonlinearity of the measured
θ(E). The fit values of the polynomial coefficients, that will be used further on
in this study, are given in Fig. 6.1 c) and d). It is seen that the expectations with
respect to the signs of the coefficients match with the signs of the fitted values. Fur-
ther, the increase in the AC field amplitude just leads to an increase of the order of
the polynomial p, because the covered part of the θ(E)-curve becomes increasingly
curved, but the βi parameters remain of the same order of magnitude for different
AC amplitudes.

A comparison of the fitted polynomials for AC amplitude of 10 kV cm−1 with
and without DC bias, shows that the order of the polynomial decreases from 4
to 2 for the non-zero bias case. [24] Moreover, with zero bias the values of the β-
coefficients (β1 = −3.9× 10−3 cm kV−1 and β2 = 1.1× 10−4 cm kV−2 [24]) are sig-
nificantly larger than the corresponding βi,DC-coefficients in Figure 6.1 c), because
of the increased average slope and asymmetry of the P-E loop for zero bias

Inserting Eq. 6.5 and Eq. 6.6 into Eq. 6.1 and using some trigonometric identities,
the dependence of the polarization on the angular change θ(E) with applied DC
bias can be written as:

P (θ (E)) = PS cos
(
θDC,f + ∆θ + γP∆θ̇

)
= PDC

[
cos
(

∆θ + γP∆θ̇
)
− tan (θDC,f ) sin

(
∆θ + γP∆θ̇

)] (6.7)
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Here PDC = PS cos(θDC,f ). From Fig. 6.1 c) and d) it can be seen that ∆θ(E) is
of the order of a few degrees allowing the use of lowest order Taylor expansions
of the sin and cos functions. This approximation results in a nonlinear, analyti-
cally tractable, polynomial expression for the time-dependent polarization response,
which can be written concisely as a sum of sine and cosine functions, that depends
on the order p of the ∆θ(E) polynomial:

P (t) = PDC

[
c0 +

2p∑
n=1

cn,sE
n
0 sin (nω t) + cn,cE

n
0 cos (nω t)

]
(6.8)

The coefficients of the harmonics c0, cn,s and cn,c are functions of the polynomial
parameters βi,DC, viscosity coefficient γP , the AC field frequency ω and the AC
field amplitude E0. In the Supporting Information B.1 explicit forms of these func-
tions are given. Note that all coefficients are even functions of E0 and that the
amplitude of the harmonics rapidly decreases with increasing harmonic number n.
The sin(nω t) terms give rise to peaks in the frequency domain at all frequencies
nω, with n = 1 being the fundamental harmonic and n > 1 being the corre-
sponding higher harmonics. Thus the model predicts that in the polarization signal
all harmonics are present up to fourth and eight order for E0 = 10 kV cm−1 and
28 kV cm−1, respectively. Furthermore, hysteresis is expected to be present in all
harmonics, since for every harmonic there is a non-zero cosine term in the expansion.

It is found from calculation using the determined coefficients that c0 ≈1 for all
used amplitudes and frequencies. Consequently the first and higher order hysteresis
loops are all centered around the same bias point PDC. The amplitude of the nth
polarization harmonic in the case of applied bias can be calculated by:

|Pn,DC(E0)| = PDC

(
En0

√
c2n,s + c2n,c

)
(6.9)

One can now predict the scaling of |Pn,DC(E0)| with the AC field amplitude
from the E0 dependence of the c-coefficients. For E0 ≤ 10 kV cm−1 the harmonic
amplitudes are predicted to scale as:

|P1,DC(E0)| = PDC
(
k1,1E0 + k1,3E

3
0

)
|P2,DC(E0)| = PDC

(
k2,2E

2
0 + k2,4E

4
0

)
|P3,DC(E0)| = PDC

(
k3,3E

3
0

)
|P4,DC(E0)| = PDC

(
k4,4E

4
0

) (6.10)

The kn,m coefficients are new functions of the β-coefficients and ω, where n is again
the order of the harmonic and m is the power of the corresponding field amplitude
term. The predicted scaling of the polarization amplitude for E0 ≤ 10 kV cm−1

with EDC = 20 kV cm−1 bias is less nonlinear than for the same AC amplitude with
zero bias, as the model predicts additional 5th and 6th order harmonics for the latter
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case and only up to 4th order for the bias case.

For E0 ≤ 28 kV cm−1 the harmonic amplitudes are predicted to scale as:

|P1,DC(E0)| = PDC
(
k1,1E0 + k1,3E

3
0 + k1,5E

5
0

)
|P2,DC(E0)| = PDC

(
k2,2E

2
0 + k2,4E

4
0 + k2,6E

6
0

)
|P3,DC(E0)| = PDC

(
k3,3E

3
0 + (k3,5E

5
0

)
|P4,DC(E0)| = PDC

(
k4,4E

4
0 + k4,6E

6
0

)
|P5,DC(E0)| = PDC

(
k5,5E

5
0

)
|P6,DC(E0)| = PDC

(
k6,6E

6
0

)
|P7,DC(E0)| = PDC

(
k7,7E

7
0

)
|P8,DC(E0)| = PDC

(
k8,8E

8
0

)

(6.11)

There is a clear increasing nonlinear dependence of the polarization response on E0

because of the presence of higher order polynomial terms and an increase of the
number of harmonics. Overall, the amplitude of the harmonics scale either with
even or odd powers of the field amplitude, depending on the parity of the order of
the harmonic. This relation was also found for the zero bias case. [24]

The energy loss per polarization hysteresis cycle is proportional to the area
enclosed by the hysteresis loop in the field domain,

∫
cycle P (E) dE. It appears

that only the fundamental harmonic has a non-zero area as the areas of all higher
harmonics are described by integrals of the product of an even and an odd function
and is as such zero. (See Supporting Information B.2 for further details). The
polarization loss tangent tan δP , can therefore be calculated simply as the ratio of
the coefficients of the viscous and non-viscous part of the fundamental harmonic:

tan δP =

∣∣∣∣ c1,cc1,s

∣∣∣∣ ≈ |γPω| . (6.12)

It is easy to show that the last approximation step holds by substituting the nu-
merical values in the expressions of c1,c and c1,s. This is the same expression as for
the strain loss tangent and for the zero bias case. [24]

6.3 Experimental details
The film used in the experiment was a 3 µm thick monoclinic PbZr0.55Ti0.45O3 film,
sandwiched between 100 nm thick LaNiO3 electrodes on a (001)-oriented single ter-
minated SrTiO3 substrate. For details on the film growth and crystallographic
characterisation see Lucke et. al. [24] The strain and polarization were measured
with a double beam laser interferometer (aixDBLI) combined with the aixACCT
TF-2000 Analyzer. For the hysteresis measurements an oscillatory field with vari-
able frequency in the range f = 70 Hz to 5 kHz and amplitude E0 in the range 2.5
to 28 kV cm−1 was used on top of a DC bias field of 20 kV cm−1. This bias field
was chosen to be equal to the coercive field at 1 kHz measurement frequency. In
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the hysteresis experiments a maximum AC field amplitude of 28 kV cm−1 was cho-
sen, so that even for the largest AC field amplitude due to the bias field one stays
away safely from the coercive field at -20 kV cm−1 on the decreasing branch of the
polarization loop.

6.4 Results and discussion
Figure 6.2 shows the Fourier Transform of the measured strain and polarization
signal in response to a sinusoidal driving field at 3 kHz. The left and right columns
show the signals for E0 = 10 kV cm−1 and 28 kV cm−1 respectively, for a bias field
of EDC = 20 kV cm−1. The raw strain data in Fig. 6.2 a) and b) show only a
single peak at the fundamental frequency of 3 kHz. No higher harmonics can be
identified. (Some high amplitude noise peaks appear at higher frequencies, but
we attribute these to numerical artifacts of the Fast Fourier Transform algorithm,
because of their very narrow peak width.) Below 2 kHz one can clearly observe
a frequency dependent noise that is inversely proportional to the frequency. The
polarization signal, Fig. 6.2 c) and d), shows several higher harmonics superimposed
on the frequency dependent background noise. For small and large E0 respectively
all harmonics up to 3rd and 9th order are observed in agreement with the predictions
of the the polarization rotation model in Eq. 6.10 and Eq. 6.11. Not observing the
predicted 4th order harmonic for the low E0 case can be explained by the rapidly
declining amplitude of the harmonics, such that the 4th harmonic is hidden in the
noise, see Supporting Information B.1.1, Tab. B.1 and Fig. B.1. The observation of
a 9th order harmonic for the high E0 case when the model predicts only harmonics
up to 8th order is related to the choice of the lowest order polynomial, a higher
order polynomial would lead to higher orders, but would also make the equations
too complicated to follow. The observed frequency dependent noise was fitted with a
power law dependence Pnoise(f) = af b in the polarization data where the frequency
dependent noise is more apparent. The exponent was obtained as b = −0.89 ±
0.03 by taking into account all the polarization measurements, indicating the 1/f
character of the noise. The obtained 1/f baseline is also overlaid to the strain signal
below the fundamental frequency. The 1/f baseline closely matches the observed
frequency dependent baseline for both the polarization and the strain in Fig. 6.2.

6.4.1 Strain hysteresis measurements

The low frequency noise in the strain data hinders an accurate fit of the model
to the raw measurement data. For this reason the strain signal was band-pass fil-
tered around the fundamental harmonic and then averaged over the measured 20
cycles. [24] In Fig. 6.3 the strain signals (markers) and the fits using Eq. 6.3 (lines)
are shown for four amplitudes. For clarity only every fifth data point is shown. The
standard deviation of the filtered and averaged data points with respect to the fit
is smaller than the size of the markers. The strain hysteresis loops in Fig. 6.3 b)
are elliptical in contrast to the lenticular shapes expected from the Rayleigh model.
The data and fits for the other frequencies are shown in Supporting Information
B.3. For all amplitudes and frequencies, the linear, viscous strain model accurately
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Figure 6.2: Fourier transform of a, b) the measured strain and c, d) the polarization signal for a
sinusoidal signal of 20 cycles at 3 kHz. Respectively, left and right columns show the signal for
AC field amplitudes of 10 kV cm−1 and 28 kV cm−1. The red line indicates the fitted 1/f noise
baseline.

fits the data.

a) b)

@ 3 kHz

@ 3 kHz

Figure 6.3: Filtered and averaged strain signal as function of a) time and b) applied cyclic field,
E(t). Datapoints show the measurement and the lines are obtained from fitting with Eq. 6.3.

The extracted model parameters d33,f (E0, f) and γd(E0, f) at 3 kHz frequency
are plotted as a function of the field amplitude E0 in Fig. 6.4 a) and b). The statisti-
cal uncertainty of the fitted parameters is smaller than the size of the markers. One
observes no obvious field dependence of d33,f and γd. Both model parameters fluc-
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tuate around an average value, i.e. the average of the model parameters at different
E0, that can be represented by 〈d33,f 〉E0(3 kHz) and 〈γd〉E0(3 kHz), and indicated
by the solid lines in the figure. The shaded areas indicate the ±2σ confidence in-
tervals of the averages. The average values are 〈d33,f 〉E0

(3 kHz) = 88 pm V−1 and
〈γd〉E0

(3 kHz) = −9× 10−11 cm kV−1 Hz−1 rad−1.

Fig. 6.4 c) shows the dependence of the loss tangent on the excitation field ampli-
tude. The datapoints are calculated from the area of the hysteresis loop measured
for that E0 value. The lines correspond to the loss tangent calculated using Eq. 6.4
with the field averaged values 〈d33,f 〉E0(3 kHz) and 〈γd〉E0(3 kHz). The confidence
intervals (shaded areas) are calculated using the error propagation of the confidence
interval of these parameters. The measured loss tangent data shows much less
spread than the ±2σ confidence interval, except for those at the lowest E0 values.
We conclude that within the measurement accuracy the loss tangent is independent
of the excitation amplitude, as is expected on the basis of the model if d33,f and
γd are independent of the field amplitude. Experimentally we also find that d33,f ,
γd and tan δS , within the investigated amplitude range, are independent of the AC
field amplitude. This also implies that the global S-E loop in the −8 to 48 kV cm−1

range is linear, as was already observed in Fig. 6.1 a). The data for the zero bias
case is plotted in blue in Fig. 6.4 for comparison with the 20 kV cm−1 bias case. We
observe that the application of a bias field has no significant effect on the values of
the strain parameters. It is seen that the average 〈d33,f 〉E0(3 kHz) decreases from
96 pm V−1 for the zero bias case to 88 pm V−1 for the bias case, which means that
the average slope in the range -10 to 10 kV cm−1 is slightly larger than in the range
-8 to 48 kV cm−1. We do not attribute any significance to the small difference in
average γd and tan δS values since the differences are within the confidence intervals.

In Fig. 6.5 a) and b) the averaged values 〈d33,f 〉E0
and 〈γd〉E0

are shown as a
function of the excitation frequency. The error bars denote the standard deviation
of these parameters over the investigated field range for that frequency. Orange
and blue colors are used for the bias and zero bias case, respectively. It is seen that
〈d33,f 〉E0

and 〈γd〉E0
are also independent of frequency. The field and frequency av-

eraged values, 〈d33,f 〉E0,ω and 〈γd〉E0,ω, and the corresponding confidence intervals
are denoted by the horizontal lines and the shaded areas, respectively. The field and
frequency averaged value of the piezoelectric coefficient is 〈d33,f 〉E0,ω = 90 pm V−1.
For 〈γd〉E0 the low frequency data show larger error bars, which is attributed to
the large 1/f -noise at these frequencies. The field and frequency averaged value
is 〈γd〉E0,ω = −10× 10−11 cm kV−1 Hz−1 rad−1, so that the viscosity coefficient for
strain is obtained as 〈γS〉E0,ω = −1.1× 10−5 Hz−1 rad−1.

In Fig. 6.5 c) the field averaged loss tangent values are shown as a function of the
frequency. Again the loss tangent is calculated from the area of the hysteresis loops
and the error bars denote the standard deviation of the data for different E0-values.
The lines are calculated with Eq. 6.4 using the field and frequency averaged values
〈d33,f 〉E0,ω and 〈γd〉E0,ω. The ± 2σ confidence intervals are calculated from the er-
ror propagation of the ± 2σ confidence intervals in Fig. 6.5 a) and b). It is observed
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a)

b)

c)

@ 3 kHz

@ 3 kHz
@ 3 kHz

Figure 6.4: Field amplitude dependence of the parameters a) d33,f and b) γd for zero bias (blue)
and 20 kV cm−1 bias (orange). The lines denote the average value 〈d33,f 〉E0

and 〈γd〉E0
and the

shaded areas indicate the ± 2σ confidence intervals. c) tan δS calculated from the area of the
hysteresis loops. The lines and confidence intervals are calculated with Eq. 6.4 using the data in
a) and b).

that the experimental loss tangent scales linearly with frequency, as expected from
Eq. 6.4, which supports the assumption of a viscous loss mechanism for the strain.

Our results clearly show that the model parameters d33,f , γd and thus γS are
independent of the excitation field amplitude and frequency. We observe further-
more, that the application of a bias field does not lead to a significant change of the
values of these parameters and the loss tangent. As already remarked previously,
the Rayleigh model cannot explain the observed frequency and amplitude depen-
dencies of the loss tangent, while these follow naturally from our model, assuming
a frequency and amplitude independent viscosity constant γS .
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c)a)

b)

Figure 6.5: a) Average piezoelectric coefficient 〈d33,f 〉E0 and b) viscosity parameter 〈γd〉E0 for
zero bias (blue) and 20 kV cm−1 bias (orange). The error bars denote the standard deviation of the
field averaged values. The lines and shaded areas indicate the averages (〈d33,f 〉E0,ω and 〈γd,〉E0,ω)
and their ± 2σ confidence intervals, respectively. c) Loss tangent data points are calculated from
the area of the hysteresis loops. The lines and shaded confidence intervals are calculated from the
average values in a) and b) using Eq. 6.4.

6.4.2 Polarization hysteresis measurements

The amplitudes of the first and higher harmonics (up to 5th harmonic) of the po-
larization signal are plotted as function of the field amplitude E0 in Fig. 6.6. For
harmonics with n > 5 the amplitude is below the 1/f -noise baseline, except for
the largest value of E0. The lines are fits for the zero bias (blue) and 20 kV cm−1

bias case (orange), using Eq. 6.11. The only constraint imposed on the fits is that
the kn,m coefficients are positive as is expected from the model. Clearly the fitted
polynomials describe accurately the experimentally observed field dependencies,
demonstrating the applicability of the model. Fig. 6.6 shows that the Pn for all
harmonics at the zero bias case increases much rapidly with increasing field ampli-
tude compared to the non-zero bias case.
It is noted that it is not possible to describe the amplitudes of the harmonics in
terms of the determined β-coefficients because the harmonic peaks in the measured
Fourier spectra show considerable frequency spreading, implying significant energy
transfer from the harmonic frequency to the neighbouring frequencies. This mech-
anism is not taken into account in the model and causes a discrepancy between the
theoretical and experimental values of the cn,s/c coefficients and thus of the kn,m
coefficients. Nevertheless, as was already concluded for the case of zero bias the
Rayleigh model cannot explain the presence of all even and odd harmonics of the
polarization hysteresis. Furthermore the third and higher order odd harmonics are
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clearly not scaling with E2
0 as predicted by the Rayleigh model, but with higher

order Em0 dependencies.

Figure 6.6: Scaling of the amplitude of the polarization harmonics with the field amplitude E0.
The data points are obtained from Fourier spectra of the polarization signal, such as shown in
Figure 6.2 and the lines are fits to Eq. 6.11. The orange and blue colors represent the bias and
zero bias case, respectively.

The loss behaviour, as described by the polarization rotation model, is deter-
mined by the fundamental harmonic only, Eq. 6.12. In good approximation the
polarization response can be described by the fundamental harmonic only, because
the cn,s/c coefficients for the higher harmonics (n > 1) rapidly decrease in value as
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compared to the fundamental harmonic (n = 1), thus

P ≈ PDC [c1,sE0 sin (ω t) + c1,cE0 cos (ωt)] . (6.13)

One can therefore fit the measured hysteresis loops with the fundamental harmonic
only, to extract simply the values for c1,s and c1,c from which tan δP can be calcu-
lated straightforwardly. The polarization hysteresis loops are obtained by high-pass
filtering the signal and then averaging over the 20 measured cycles. The filtered
data and the fits for a frequency of 3 kHz are shown in 6.7 a) and b) and for other
frequencies in Supporting Information B.4. The good fits of the polarization against
time or field demonstrate that the contributions from the higher harmonics are not
observable except for the high applied field values, thus that Eq. 6.13 gives an accu-
rate approximation of the polarization hysteresis signal. Only for E0 ≥ 20 kV cm−1

one observes deviations from the fit with the fundamental harmonic. In these cases
the magnitude of the second harmonic in the Fourier spectrum becomes comparable
to that of the fundamental frequency.

@ 3 kHz

@ 3 kHz

a) b)

Figure 6.7: Filtered and averaged polarization hysteresis signal as function of a) time and b) applied
AC electric field. The markers represent the measured data, which include all higher harmonics,
and the solid lines are obtained by fitting to Eq. 6.13.

The polarization loss tangent, calculated with Eq. 6.12, is shown in Fig. 6.8 a)
and b) as a function of field amplitude and frequency, respectively. The loss tan-
gent increases strongly with the increasing field amplitude. The polarization ro-
tation model does not explicitly predict the observed field dependence but only a
frequency dependence |ωγP | for a constant γP . There is a very weak explicit field
dependence through the non-approximated version of the ratio |c1,c/c1,s| which in
fact would produce a opposite trend, i.e. a slight decrease of the loss tangent with
increasing E0. We neglect here this weak field dependence of the viscous loss term.
Formally one can absorb the field dependence of the loss tangent in a field depen-
dence of the viscosity parameter as in Lucke et.al. [24] However, it is not possible
to include the non-zero offset in the frequency plots in this way. Moreover, since
we did not find a field dependence for the strain loss tangent, we think that the
field dependence is not part of the viscous loss, but can be attributed to an ad-
ditional loss mechanism, which is only present in the polarization hysteresis and
described by tan δE = cE2

0 . Although a linear description would fit equally well
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the bias case, we assume that the loss mechanism is the same as for the zero bias
case, where a quadratic fit was required, therefore we use the same functional de-
pendence on the field. [24] Comparing the loss tangent for the bias and zero bias
cases in Fig. 6.8 a) shows that the loss tangent is drastically reduced when a bias
field is applied. For example at E0 = 10 kV cm−1 the loss tangent in the case of bias
is reduced by about a factor 3, which we attribute to the reduction of the prefac-
tor c of the field dependent term, which is thus a function of the bias point, c(EDC).

The frequency dependence of the loss tangent at different field amplitudes is
shown in Fig. 6.8 b). The loss tangent increases linearly with frequency for fre-
quencies above about 500 Hz, while below this frequency the loss tangent increases
slightly with decreasing frequency, suggesting a loss mechanism that may be re-
lated to 1/f -noise. We will not consider the latter any further here. The linear
dependence above 500 Hz is typical for a viscous loss process and is predicted by
the polarization rotation model in Eq. 6.12. Above we already showed that the
amplitude dependence leads to a loss tangent contribution, tan δE = cE2

0 , while we
also need to add a constant loss tangent, tan δ0, to describe the offset of the viscous
loss. For frequencies above about 500 Hz the total polarization loss tangent can now
approximately be described with:

tan δP (E0, ω) ≈ |γP ω|+ cE2
0 + tan δ0. (6.14)

To extract the model parameters of Eq. 6.14, we have fitted the frequency depen-
dence from 500 Hz to 5 kHz with a linear function, tan δP (E0, ω) = tan δ∗0(E0) +
|γP ω|, where tan δ∗0 is a free fitting parameter depending on the field amplitude. A
single γP value is obtained from simultaneous fitting of all curves by least-square
fitting. This procedure is allowed since the viscous contribution is assumed to be
independent of E0. The resulting linear fits are shown in Fig. 6.8 b) by the lines and
well describe the measured data. To extract tan δ0 and c the resulting tan δ∗0(E0)
values are fitted with tan δ∗0(E0) = cE2

0 +tan δ0 as shown in Supporting Information
B.5. For a bias of 20 kV cm−1 the fit parameters are γP =−3.27× 10−6 rad−1 Hz−1,
c = 1.46× 10−4 kV−2 cm2 and tan δ0 = 4.34× 10−2. The same fitting procedure is
repeated for the zero bias case, resulting in the fit parameters
γP =−2.26× 10−6 rad−1 Hz−1, c = 2.59× 10−3 kV−2 cm2 and tan δ0 = 6.53× 10−2.
The fits are shown in Supporting Information B.5. We observe that the application
of a bias slightly changes γP , and tan δ0, whereas the c-parameter is a factor 18
larger for the zero bias case. We attribute these differences to the much stronger
curvature of the polarization loop at zero bias, and therefore stronger dependence
of the polarization angle on the AC-field amplitude. Using these fit parameters
and Eq. 6.14 the lines in Fig. 6.8 a) are generated and we observe that our model
describes the measured loss tangent very well for the bias and zero bias case. These
results strongly suggest that there are multiple loss mechanisms at play simulta-
neously in the polarization hysteresis: a viscous loss arising from the proposed
polarization rotation model that accounts for the strong frequency dependence, a
yet unexplained field dependent loss and an unexplained constant loss contribution.
We note that the different loss mechanisms all appear to give rise to an elliptically
shaped hysteresis loop, thus that they can be described by a relation like Eq. 6.13,
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i.e. with a 90° out-of- phase response term and not by a Rayleigh-like description,
that would give rise to more lenticular-shaped hysteresis loops.

2.5 kV cm-1

28 kV cm-1

E0

b)a)

@ 3 kHz

Figure 6.8: The polarization loss tangent as a function of a) field amplitude at 3 kHz and
b) frequency for varying field amplitudes.

Above we have applied the polarization rotation model, introduced in Lucke et.
al., to describe the strain and polarization hysteresis in the same sample as discussed
there, for the case of non-zero bias, by adding a DC-bias field term. [24] Furthermore
we have used the model to a much wider applied field range, i.e. in the range from
−8 kV cm−1 to 48 kV cm−1. It is found that, although the strain response is hys-
teretic, the amplitude of the strain response has a linear relation with the applied
field and no higher strain harmonics are observed. The strain response can therefore
be described by a linear response model including a viscous loss proportional to the
velocity of the strain change, ∆Ṡ. Moreover it is found that the parameters ap-
pearing in the hysteresis model, i.e. the effective piezoelectric coefficient d33,f and
the strain loss parameter γS do not depend on excitation frequency and amplitude
in the investigated range. Consequently the loss tangent of the strain hysteresis
process is simply given by the product of a constant γS and the angular frequency,
tan δS = |ω γS |. Contrary to the strain the response of the polarization angle θ to
the applied field is highly nonlinear. This causes many higher order harmonics in
the polarization hysteresis signal. The model describes the polarization hysteresis
with a viscous loss proportional to the velocity by which the polarization angle ro-
tates ∆θ̇, with a viscosity coefficient γP . However, experimentally an additional
term quadratic in the field amplitude, but independent of frequency, and a constant
loss term are found, which can not be explained by the polarization rotation model
in its present form. We speculate that the amplitude dependent loss term is related
to the oscillation of the amount of bound charges in charged domain walls due to
the angular oscillation of the polarization vectors in the domains at both sides of the
domain wall. This would show up in the dielectric properties of the film and thus
in the polarization hysteresis, but not in the mechanical, hence strain properties.
This would explain why for the strain loss tangent no field amplitude dependence
is observed. For the constant loss term tan δ0 we speculate that it could be a mate-
rial dependent term, that describes the energy needed to initialize the polarization
rotation. As such the decrease of this value for the bias case is reasonable, as the
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bias field has already moved the polarization vector out of its equilibrium position
and further movement is easier. As the measurement noise for the strain response is
much higher then for the polarization response, we are not sensible to the existence
of such a term in the strain case. It is finally remarked that it is the extensive data
set resulting from our study into the frequency and field amplitude dependence of
the loss tangent that allows us to distinguish possibly different loss mechanisms in
the same film. It also shows that several loss mechanisms with similar strength can
be involved simultaneously. These results may be useful for further analysis with
existing or new models for polarization loss.

6.5 Conclusions
In summary we observe hysteretic strain behaviour for an applied AC field super-
imposed on a DC bias field with a linear AC field amplitude response of the strain
and a nonlinear, hysteretic polarization response in an epitaxial PbZr0.55Ti0.45O3

film with a monoclinic symmetry. The strain and polarization amplitude responses
are well explained by an extension of the polarization rotation model, by taking
into account the effect of a DC bias field on the rotation of the polarization vector.
The polarization rotation model with applied bias, can predict the reduction of the
nonlinearity of the polarization amplitude response for the case of non-zero field
bias as compared to the zero bias case. The strain loss tangent is fully accounted
for by the viscous term in the strain model. Of interest is the observed, additional
field dependent term in the polarization loss tangent, which is attributed to a lossy
charge motion mechanism in the ferroelectric film.
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A.1 Rayleigh model and its extensions
In its basic form the Rayleigh model relates the material response R, i.e. for a
ferroelectric material the piezoelectric strain S or the dielectric polarization P , to
the driving oscillating electric or stress field F as:

R (F ) = (minit + αm F0)F ± αm
2

(
F 2
0 − F 2

)
. (A.1)

The driving signal F can be an electric field or stress modulation and is usually
taken as a sinusoidal field with amplitude F0 with angular frequency ω = 2π f ,
F (t) = F0 sin (ω t). Here minit describes the field independent part of the piezo-
electric coefficient d or dielectric permittivity ε due to intrinsic lattice response and
the reversible DW contribution. αm is the Rayleigh coefficient that describes the
hysteresis, but also causes a nonlinear field response. The sign of the hysteretic
term represents respectively the ascending (−) and descending (+) sections of the
field cycle. The material parameter m(F0), corresponds to the observed dielectric
permittivity ε or piezoelectric coefficient d:

m (F0) = minit + αm F0 (A.2)

The Rayleigh model gives a phenomenological description of the hysteresis and
nonlinearity of the strain and polarization as a function of the amplitude of an ap-
plied sinusoidal electric field. [1–4]

A characteristic for Rayleigh behavior is the lentil shape of the S-E and P -E
hysteresis loops, especially the sharp tips of the loop as shown in Fig. A.1a) for a
hypothetical Rayleigh type polarization hysteresis loop. The (average) slope, indi-
cated by the dotted line, is described by the first term in Eq. A.1 and represents
the non-hysteretic linear part of the polarization, whereas the hysteresis, due to
the non-linear response is reflected in the opening of the loop at zero field, de-
scribed by the second term of Eq. A.1. The maximum opening is αm F 2

0 at zero
field F (t) = 0. Another characteristic of the Rayleigh model is that the Fourier
expansion of Eq. A.1 only gives rise to odd order harmonics. This model has been
used to describe the observed hysteresis for among others tetragonal, rhombohedral
and morphotropic phase boundary (MPB) PZT ceramics and for early tetragonal
CSD thin films. [1–10]

Robert et al. introduced viscous losses in the Rayleigh model to describe the
polarization in response to stress in addition to Rayleigh-like losses. [1, 11]

R (F ) = [(minit + ∆m) + αm F0]F ± αm
2

(
F 2
0 − F 2

)
+ γm ∆mḞ (A.3)

Here γm is the piezoelectric (or dielectric) viscosity coefficient, ∆m the piezo-
electric (dielectric) amplitude of the viscous interaction and Ḟ the time derivative



Rayleigh model and its extensions

A

125

of the driving force. Note that the viscous term represents linear response with a
lagging phase angle. As a result of the viscous loss term, the shape of the P-E loop
changes from lentil shaped to a more elliptical shape: the tips of the loop become
more rounded (see Fig. A.1b)). The higher the viscous losses the more elliptical the
loop. However, still only odd order harmonics arise in the Fourier expansion of the
response.

P

E0 E

P

a) b)

E0 E

Figure A.1: a) Shape of the P-E hysteresis loop below the coercive field according to the Rayleigh
model. The dotted red line shows the slope of the polarization. The small insets shows the global
P-E loop for |Emax| � |Ec|, in which the red box denotes the position of the sub-coercive field
hysteresis loop with amplitude E0 < |Ec|. b) gives the shape of the sub-coercive field hysteresis
P-E loop taking into account a viscous loss mechanism.

Bassari Gharb et al. proposed a further variation of the Rayleigh model for
the explanation of the observed strong second harmonic in the strain hysteresis
in tetragonal, piezoelectric thin-films. [12–14] They added the possibility of 180°
domain wall motion (i.e. polarization reversal). The second harmonic (in addition
to the usual odd harmonics) then arises from an AC-field and a field amplitude
dependent reversible poling/depoling contribution to the piezoelectric coefficient.
The strain electric field dependence is described by:

S = (d0 [1 + (β + β′E0) sin(ω t)] + αdE0)E ± αd
2

(
E2

0 − E2
)

(A.4)

with β and β′ as scaling factors for the poling/depoling effect. Note that the
polarization hysteresis is still given by the usual Rayleigh relation. We note that
one would expect that a polarization reversal mechanism also shows up in the po-
larization hysteresis description and one would expect within this model therefore
a second harmonic in the response, which however was not observed experimentally
by the authors.

The energy loss (per unit volume) per hysteresis cycle is equal to the area of the
hysteresis loop, which in the Rayleigh model of Eq. A.1 is given by: [1]

AR =

∫
cycle

R (E) dE =
4αmE

3
0

3
. (A.5)
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Adding a viscous term to the Rayleigh model (Eq. A.3) gives an additional linear
viscous response Rvisc = R0 sin (ω t− δ) on the driving field E = E0 sin(ω t) and
the associated additional loop area is

Avisc =

∫
cycle

Rvisc (E) dE = π R0E0 sin(δ) = −π γm ∆mωE2
0 . (A.6)

The loss tangent is in general defined as the tangent of the angle between the
fundamental harmonic of the signal R and the driving field E and can thus analogous
to the above relation be written as

tan δ ≈ δ ≈ sin(δ) =
Aloss

πR0E0
, (A.7)

where Aloss is the area of the hysteresis loop. Applying this formalism to the
Rayleigh model of Eq. A.1, one finds:

tan δR =
AR

π R0E0
=

4αmE0

3π (minit + αmE0)
. (A.8)

The additional loss angle due to viscous interaction in the Rayleigh model is

δvisc ≈ tan δvisc = − γm ∆mω

(minit + ∆m+ αmE0)
. (A.9)

A.2 Strain hysteresis derived from Landau-Devonshire
theory

From the Landau-Devonshire (LD) description of a monodomain, ferroelectric film
clamped to a substrate one obtains the following expression for the strain in the z-
direction S3 (index 1, 2, 3 correspond to in-plane x- and y-direction and out-of-plane
z-direction respectively). [15]

S3 = a+ b
(
P 2
1 + P 2

2

)
+ cP 2

3 (A.10)

Here a = 2s12
s11+s12

S0
m, b = Q12 − 2s12

s11+s12
(Q11 +Q12), c = Q11 − 2s12

s11+s12
Q12, with

sij the elastic coefficients, Qij the electrostrictive coupling coefficients, S0
m is the

substrate-induced strain and Pi are the polarization components. For thick films
the substrate-induced strain is mainly due to the difference in thermal expansion
coefficients between film and substrate, since at deposition temperature the bulk of
the film can be assumed to be fully relaxed from epitaxial strain due to the incor-
poration of (dislocation) defects. [16, 17]
For the description of a monoclinic film also 8th order terms are needed to describe
the monoclinic symmetry without applied field. [18] However, as the coefficients of
these terms are very small, the energy of these terms should be negligible small
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compared to the energy of the terms coming from the strain.

In a rhombohedral symmetry that under influence of strain trsforms into mono-
clinic symmetry and monoclinic unit cell symmetries, the polarization rotates in the
(110)-plane and one can write P3 = P0 cos(θ) and P1 = P2 = P0 sin(θ)/

√
2, with θ

the angle between the polarization vector with length P0 and the z-axis. With this
one can rewrite the strain as

S3 =
(
a+ b P 2

0

)
+ P 2

0 (c− b) cos2(θ)

=

[
a+

P 2
0

2
(c+ b)

]
+
P 2
0

2
(c− b) cos(2θ) = A+B cos(2θ).

(A.11)

Here we have defined A = a +
P 2

0

2 (c+ b) and B =
P 2

0

2 (c− b). We assume that
under an applied field in the 3-direction the polarization extension (lengthening of
P0 vector) is small and that the change in the measurable polarization in the 3-
direction is predominantly due to polarization rotation1.

In the main manuscript it was stated that the field dependence of the rotation
angle can be parameterized as

θ (E) = θ0 + ∆θ (E) + γP∆θ̇ (E) ≈ θ0 + β1E + γPβ1Ė + β2E
2 + β3E

3 (A.12)

Here we neglected higher order terms involving Ė.
Expanding cos (2θ) = cos (2θ0) cos(2(∆θ+γP ∆θ̇))−sin(2θ0) sin(2(∆θ+γP ∆θ̇)) ≈
cos(2θ0)− 2(∆θ+ γP ∆θ) sin(2θ0), and substituting ∆θ(E), ∆θ̇(E) one finds for S3

up to second order in E and first order in Ė:

S3 ≈ A+B cos (2θ0)− 2B sin (2θ0)
[
β1E + γP β1 Ė + β2E

2 + β3E
3
]
. (A.13)

Thus, the measured strain change is,

∆S3(E) = S3(E)− S3,0 = −2B sin(2θ0)
[
β1E + γP β1Ė + β2E

2 + β3E
3
]
(A.14)

S3,0 = A+B cos(2θ0) (A.15)

Eq. A.15 relates the zero-field angle θ0 to the zero-field strain. For small am-
plitude oscillatory fields, i.e

∣∣β2E0 + β3E
2
0

∣∣ / |β1| � 1, which is true for E0 <
10 kV cm−1 within 10 % accuracy, one finds a linear response.

∆S3(t) ≈ [2B sin(2θ0)E0] [−β1 sin(ω t)− ω γP β1 cos(ω t)] (A.16)

1In ref. [16, 17] it was shown, by Landau-Devonshire modelling of a clamped rhombohedral film
on STO with PZT 60/40 composition, that the contribution to polarization change due to polar-
ization rotation is a factor 3.2 larger than for polarization extension.
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Comparing this expression with Eq. 5.2 in the main manuscript we can identify
the hysteresis parameters with the expressions obtained from LD-modelling as:

d33,f (LD) = −2B sin (2θ0)β1 (A.17)
γS(LD) = γP (A.18)

Thus although in the main manuscript we assumed different loss parameters
for strain and polarization loss, here it is shown that they are the same. With
hindsight this might have been expected because of the linear coupling between
polarization and strain in the linearized model of piezoelectrics, S = d33,f E,
where d33,f = 2Qeff ε0 εeff P . Using (interpolated) literature values for PZT(55/45),
Q11 = 0.0846 m4 C−2, Q12 = −0.0365 m4 C−2, s11 = 9.65× 10−12 m2 N−1,
s12 = −3.30× 10−12 m2 N−1, P0 = 0.5 C m−2 one finds d33,f (LD) = 312 pm V−1. [15,
19] This is of the same order of magnitude as the experimentally determined values
d33,f (exp) = 96 pm V−1. The difference is attributed to the fact that the above
derivation is based on a LD-model for a single domain, clamped, single crystal epi-
taxial film, whereas in the experiment we are dealing with a polydomain, polyepi-
taxial, clamped film, in which the strain response is changed by the grain boundaries
and domain walls. We consider the numerical correspondence between experimental
and calculated hysteresis parameters to be satisfactory and conclude that the LD-
description of the strain allows for a connection between the strain and polarization
response.

A.3 Amplitude of the harmonics of the polarization
hysteresis

In the main manuscript we have shown that the time-dependent polarization re-
sponse is given by Eq. 5.7. The time independent bias term of Eq. 5.7 is:

c0 =−
(

9β2
3 γ

2
P ω

2

32
+

5β2
3

32

)
E6

0 −
(
β2
2 γ

2
P ω

2

4
+

3β2
2

16
+

3β1 β3 γ
2
P ω

2

8
+

3β1 β3
8

)
E4

0

−
(
β2
1 γ

2
P ω

2

4
+
β2
1

4
+
β2 tan (θ0,f )

2

)
E2

0 + 1 ≈ 1

(A.19)

The last approximation holds within less than 10−3 for all experimental field am-
plitudes and frequencies using the values for the fit parameters given in Fig. 5.1 d)
and the value for γP extracted at the end of Section 5.4.4 of the main manuscript.
The coefficients of the time dependent harmonics are:

c1,s = −
(

3β2 β3 γ
2
P ω

2

4
+

5β2 β3
8

)
E4

0 −
(
β1 β2 γ

2
P ω

2

2
+

3β1 β2
4

+
3β3 tan (θ0,f )

4

)
E2

0

− β1 tan (θ0,f )

≈ −β1
[(

3β2
4

+
3β3 tan (θ0,f )

4β1

)
E2

0 + tan (θ0,f )

]
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c1,c = −5β2 β3 γP ω

8
E4

0 −
(
β3 γP ω tan (θ0,f )

4
+

3β1 β2 γP ω

4

)
E2

0 − β1 γP ω tan (θ0,f )

≈ −β1 γP ω
[(

3β3 tan (θ0,f )

4β1
+

3β2
4

)
E2

0 + tan (θ0,f )

]

c2,s = −15β2
3 γP ω

32
E4

0 −
(
β2
2 γP ω

2
+ β1 β3 γP ω
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E2

0 −
(
β2
1 γP ω
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+ β2 γP ω tan (θ0)

)
≈ −γP ω
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β2
2
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(
β2
1
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+ β2 tan (θ0)
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9β2
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P ω
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64
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15β2
3

64
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E4
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β2
2

4
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β1 β3
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2
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P ω
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Table A.1: The amplitudes of different harmonics.

Harmonic cn,s cn,c Unit Character Pn/Pr,f

n

0 1 1 - Offset 1
1 3.6×10−3 -1.3×10−3 (kV cm−1)−1 CCW 3.9×10−2

2 3.7×10−5 4.9×10−5 (kV cm−1)−2 CW 6.2×10−3

3 -1.6×10−6 1.8×10−6 (kV cm−1)−3 CCW 2.3×10−3

4 -7.0×10−9 -2.7×10−9 (kV cm−1)−4 CW 7.5×10−5

5 8.8×10−12 -9.2×10−11 (kV cm−1)−5 CCW 9.2×10−6

6 1.8×10−12 -1.9×10−12 (kV cm−1)−6 CCW 1.8×10−6

The (relative) amplitudes Pn/Pr,f = kn,mE
n
0 = En0

√
c2n,s + c2n,c of the different

harmonics of the polarization hysteresis were calculated from the fitted values of
θ (E) (Fig. 5.1 d)) for E0 = 10 kV cm−1 and f = 3 kHz and γP (E0 = 10 kV cm−1) =
−2× 10−5 Hz−1 rad−1.

The rotation direction of the hysteresis, described with Lissajous-type functions
(i,i), is counter clockwise (CCW) if cn,scn,c < 0, and clockwise (CW) if this product
is positive. It is seen that the amplitude of the first order harmonics is about 4 %
of the remanent polarization value, and for higher order harmonics the amplitude
rapidly decreases, according to the model.

For a 3 kHz, 10 kV cm−1 excitation field the measured ratio
P1,meas./Pr,f ≈ 1.35/38.9 = 3.5× 10−2 which is very close to the calculated value
of 3.9× 10−2 (the polarization response is shown in Fig. 5.2 e), and the Pr,f is ex-
tracted from the full polarization loop, Fig. 5.1 c). Fig. A.2 shows the calculated
amplitudes, normalized to the amplitude of the first order harmonic Pn/Pr,f . Also
shown are the measured amplitudes (determined as the amplitude of the peaks in
the Fourier spectrum of Fig. 5.2 f), normalized to the measured amplitude of the
first order harmonic, Pn,meas./Pr,f . Further the determined 1/f -noise level is indi-
cated.

It is observed that the measured amplitudes of the 2nd and 3rd harmonic are
smaller than the calculated values, whereas those of the 4th-6th harmonic are sig-
nificantly higher. The amplitudes of the 4th and 5th harmonic have become so large
compared to the calculated values that they rise above the 1/f -noise level. We
speculate that energy of the lower harmonics is transferred to higher harmonics by
a non-linear process that is not taken into account in the model of the hystere-
sis. This may also be the reason for the complicated structure of the polarization
Fourier spectrum in Fig. 5.2 f) that shows significant broadening of the 2nd and 3rd

harmonic and suppression of the 1/f -noise spectrum around these frequencies.

In the main manuscript we have given general expressions for the AC-field am-
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Figure A.2: Amplitude of nth harmonic normalized to the amplitude of the 1st harmonic, as
calculated from the model (green markers) and as measured (red markers). The blue line indicates
the measured 1/f polarization noise.

plitude dependence of the harmonics in terms of a polynomial expansion in E0, with
general polynomial coefficients kn,m (Eq. 5.8). Below we give the full expressions.
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A.4 XRD analysis
Fig. A.3 summarizes the results of the X-ray diffraction (XRD) measurements.
Fig. A.3a) displays a conventional θ/2θ scan, showing only peaks belonging to the
00l family of planes and no signs of impurity phases. We use pseudocubic Miller
indices for the PZT and LNO to emphasize the epitaxial relation between the thin
layers and the cubic STO substrate. Based on the bulk phase diagram of PZT, for
the chosen slightly Zr-rich composition, one would anticipate a rhombohedral unit
cell. However, when grown as a heteroepitaxial film on a substrate, the symmetry
can be lowered by thermal and misfit strain. For PZT on LNO bottom electrodes,
which grow coherently strained on STO, one may expect a unit cell which is elon-
gated in the out-of-plane direction due to in-plane compressive strain from the STO
substrate. Besides compression and elongation, misfit may also be accommodated
by altering the angles of the individual unit cell, as well as through the formation of
an intricate multi-domain structure with of a variety of tilting and twisting patterns
of the constituent domains. Unfortunately, an exact refinement of the atomic coor-
dinates is notoriously difficult for multi-domain thin films and beyond the scope of
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this study.

From θ/2θ scans, only the out-of-plane lattice parameter can be determined. To
determine the in-plane lattice parameters, several reciprocal space maps were mea-
sured. Fig. A.3b) shows the (103) out-of-plane (HL) reciprocal space map (RSM),
which confirms that all layers are grown epitaxially with respect to the substrate.
The LNO bottom electrode is in-plane coherently strained to the STO substrate,
whereas the bulk of the PZT layer is largely relaxed, as the in-plane momentum (qx)
differs significantly from that of the STO substrate. Two peaks with slightly differ-
ent in-plane but equal out-of-plane momenta are observed in this projection. The
reason for the peculiar horizontal splitting becomes clear by examining the in-plane
(HK) RSM of the same feature shown in Fig. A.3c). The two peaks seen in the
(HL) map actually each consist of two superimposed peaks in the k-direction (qy).
These four observed reflections correspond directly to four distinct but rotationally
invariant domains of unit cells with the long in-plane axis pointing towards the four
<110> directions.

Based on these measurements, the PZT unit cell is deduced to have equal in-
plane lattice parameters auc = buc, separated by an angle γuc. The a- and b- axes
are tilted by a small angle χ1 from the substrate plane. The c-axis forms equal
angles αuc = βuc with the b- and a- axis respectively, and is clearly parallel to the
substrate normal, thus αuc = βuc ≈ 90◦ − χ1.

In summary, the inferred lattice parameters are auc = buc = 4.081Å, cuc =
4.097Å, γuc ≈ 89.79°, αuc = βuc ≈ 89.74°, and χ1 = 0.26°. The unit cell volume
Vuc ≈ a2uc cuc = 68.27Å3 and the pseudocubic lattice parameter apc = V

1/3
pc =

4.087Å. From these results we conclude that the pseudocubic unit cell is an oblique
rhombic prism, belonging to the monoclinic crystal system, with a (110) symmetry
plane, in line with our expectation. This interpretation is further supported by
RSMs of the (004) and (113) features (not shown).

Pictorially, the STO surface lattice consists of a grid of perfect squares. On top,
one may visualize the in-plane projection of the PZT lattice by a rhombus that
is formed by pulling along the <110> direction of the squares. Subsequently, the
rhombohedron is tilted such that the far corner is lifted above the surface plane.
Fig. A.4 depicts this structure schematically from the top (panel a) and the side
(panel b).

This structure is different from more frequently reported MA or MC-type mon-
oclinic lattices where the c-axis is tilted away from the substrate normal. Such
a tilt would reveal itself in the out-of-plane RSMs by showing 2 or 3 peaks with
different out-of-plane momenta (qz) in the (103) and (113) maps, for example. This
is evidently not the case here.

All XRD data shown here has been measured on a pristine, i.e. uncycled and
not deliberately poled, device with lateral dimensions of 300× 300 µm2.
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Figure A.3: a) θ/2θ-scan: no impurity phase is detected and only 00l peaks of the PZT are
observed; b) hl-RSM around the -103 reflections indicating the epitaxial growth of the sample and
the equal out-of-plane lattice parameter of all PZT domains; c) hk in-plane RSM around the -103
reflections of the four PZT domains, indicated by the four dashed circles; d) hk-RSM around 004
reflections, showing four nearly equally intense peaks.
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Figure A.4: Schematic drawing of the PZT, LNO, and STO lattices a) as seen from the top along
the [001] direction and b) from the side along [010]. Dimensions and angles not to scale.
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A.5 Small signal d33 measurement
Fig. A.5 displays the measured small signal piezoelectric coefficient plotted against
the applied DC bias field at 3 kHz. The small signal was of trapezoidal shape
with an amplitude of 1.7 kV cm−1. The measured loop shape is rectangular-like,
as is expected for a good crystalline film. The extracted d33,f value (93 pm V−1)
measured with a large signal in the main manuscript is in very good agreement with
the d33,f,ss value (96 pm V−1) at 0 kV cm−1 DC-bias from Fig. A.5.
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Figure A.5: Small signal (1.7 kV cm−1) d33,ss versus applied DC-bias field scanning from -200 to
200 kV cm−1 range at 3 kHz.

A.6 Rate dependence of fit parameters
Tab. A.2 summarizes the changes of the remanent polarization and the coercive
field with scanning field frequency fs and amplitude Es. The large electric field
P -E loops have been measured from 5 kHz down to 100 Hz with an E0 of 200,
100 and 66.7 kV cm−1 respectively. Lower electric fields are not possible, as the
loop become not saturated. One observes that the remanent polarization only
changes minimal with frequency or applied field. The coercive field however, shows
a strong dependence on both the applied field and the frequency. Both observations
constitute violations of the assumptions underlying the polarization rotation model,
namely that θ0,f and all β’s are assumed to be independent of the applied field and
frequency, which has as consequence that both the position of the coercive field and
the remanent polarization are independent of the applied field and frequency. The
remanent polarization is directly related to θ0,f and the position of the coercive
field has an influence how non-linear the change of polarization with applied field is
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Table A.2: Change of remnant polarization and coercive field with frequency and amplitude.

fs Es Pr+ Pr− Ec+ Ec−
[Hz]

[
kVcm−1

] [
µCcm−2

] [
µCcm−2

] [
kVcm−1

] [
kVcm−1

]
5000 200 40.3 -37 39.9 -32
5000 67 39.2 -37.9 24 -22
3000 200 38.5 -40.9 31.2 -29.6
3000 100 38.7 -38.4 24.6 -22.3
3000 67 38.3 -38.5 21.8 -19.4
1000 200 39 -38.9 24 -21.2
1000 100 38.6 -38.6 20.1 -17
1000 67 38.3 -38.3 18.4 -16
500 200 39 -39.3 21.6 -18.8
500 100 38.5 -38.7 18.7 -15.8
500 67 38 -38.3 17.5 -14.2
100 200 39.3 -39.5 18.3 -15.3
100 100 38.8 -38.8 16.5 -13.7
100 67 38.5 -38.5 15.6 -13

A.7 Strain hysteresis loops at different frequencies
Fig. A.6 and Fig. A.7 display the filtered and averaged strain signals measured at all
measured frequencies respectively with respect to Fig. A.6 time and Fig. A.7 electric
field at 3 selected amplitudes. As in the main manuscript in Fig. 5.3 only every
fifth datapoint is shown with markers for clarity. The slopes of the S − E loops in
Fig. A.7 are proportional to d33,f and the loop-opening to the viscosity parameter.
As can be seen, the slopes for different amplitudes are the same within the error-
bars as explained in the main text and the loop openings are very small. The model
fits that are shown with solid lines in Fig. A.6 and Fig. A.7 are perfectly matching
the experimental data. All other measured amplitudes show similar behavior.

A.8 Polarization hysteresis loops at different fre-
quencies

Fig. A.8 and Fig. A.9 show the polarization hysteresis with respect to Fig. A.8
time and Fig. A.9 electric field, at selected amplitudes for all measured frequencies.
The data points, plotted as markers, were obtained by bandpass filtering at all
harmonic frequencies and then averaged over the measured 20 cycles. The standard
deviation of the average is less than the marker size. All higher harmonics are
included in the loops. One clearly observes the elliptical shape of the hysteresis
loops at all frequencies and amplitudes. The experimental loops were fitted with
the fundamental harmonic only, depicted by the continuous lines in the figure, using
Eq. 5.9, as described in the main manuscript, Section 5.4.4. The fits in time and
field domains show that the contribution of the higher harmonics are only noticeable
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@ 70 Hz @ 100 Hz @ 200 Hz

@ 300 Hz @ 500 Hz @ 1000 Hz

@ 2000 Hz @ 3000 Hz @ 5000 Hz

a) b) c)

d) e) f)

g) h) i)

Figure A.6: Filtered and averaged strain signal plotted with respect to time, for three different
field amplitudes at a) 70Hz, b) 100Hz, c) 200Hz, d) 300Hz, e) 500Hz, f) 1000Hz, g) 2000Hz, h)
300Hz and i) 5000Hz. Datapoints show the measurements and the lines are obtained from fitting
with Eq. 5.2.

at the peaks of the highest electric field amplitude.
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a) b) c)

d) e) f)

h) i)
@ 2000 Hz @ 3000 Hz @ 5000 Hz

@ 300 Hz @ 500 Hz @ 1000 Hz

@ 70 Hz @ 100 Hz @ 200 Hz

g)

Figure A.7: Filtered and averaged strain signal plotted with respect to field, for three different
field amplitudes at a) 70Hz, b) 100Hz, c) 200Hz, d) 300Hz, e) 500Hz, f) 1000Hz, g) 2000Hz, h)
300Hz and i) 5000Hz. Datapoints show the measurements and the lines are obtained from fitting
with Eq. 5.2.
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@ 70 Hz @ 100 Hz @ 200 Hz

a) b) c)

@ 300 Hz @ 500 Hz @ 1000 Hz

d) e) f)

@ 2000 Hz @ 3000 Hz @ 5000 Hz

g) h) i)

Figure A.8: Filtered and averaged polarization signal plotted with respect to time, for three
different field amplitudes at a) 70Hz, b) 100Hz, c) 200Hz, d) 300Hz, e) 500Hz, f) 1000Hz, g)
2000Hz, h) 300Hz and i) 5000Hz. The markers represent the measured data, which includes all
higher harmonics, and the solid lines are obtained by fitting with Eq. 5.9.
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d) e) f)

@ 300 Hz @ 500 Hz @ 1000 Hz

a) b) c)

@ 70 Hz @ 100 Hz @ 200 Hz

h) i)

@ 2000 Hz @ 3000 Hz @ 5000 Hz

g)

Figure A.9: Filtered and averaged polarization signal plotted with respect to field, for three
different field amplitudes at a) 70Hz, b) 100Hz, c) 200Hz, d) 300Hz, e) 500Hz, f) 1000Hz, g)
2000Hz, h) 300Hz and i) 5000Hz. The markers represent the measured data, which includes all
higher harmonics, and the solid lines are obtained by fitting with Eq. 5.9.
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Hysteresis, loss and
nonlinearity in epitaxial
PbZr0.55Ti0.45O3 films:

Polarization rotation under a
DC bias field

B.1 Amplitude of the polarization harmonics

In the main manuscript it has been shown that the time dependent polarization
response is given by Eq. 6.8 with the coefficients c0, cn,s, and cn,c that respectively
represent the coefficients of the DC, sine and cosine terms where subscript n rep-
resent the harmonic number. The number of harmonics and hence the number of
c-coefficients depend on the AC field amplitude. In the following two subsections,
explicit forms of the c-coefficients are given for amplitudes of 10 and 28 kV cm−1 for
the case of non-zero bias of 20 kV cm−1 for which the β-coefficients were determined
from fitting to the P-E loop. We will also show the relative amplitudes Pn,DC/PDC
and how the normalized amplitudes Pn,DC/P1,DC that we measure compare to the
normalized amplitudes that the model predicts for both cases at 3 kHz.
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B.1.1 For E0 = 10kVcm−1 AC field amplitude
The c-coefficient of the time independent term is:
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as can be found by inserting the values of the parameters, obtained from fitting
the experimental data. Inserting this approximation into Eq. 6.8 in the main
manuscript, it follows that all the hysteresis loops are centered around PDC =
PS cos(θDC,f . This value can not be verified in the current experiment, as we are
only able to measure the change of the polarization due to the applied AC field.
The coefficients of the time dependent harmonics are:

c1,s = −β1
[(

β2γP
2ω2

2
+

3β2
4

)
E0

2 + tan (θB)

]
c1,c = −β1γPω

[
3E0

2β2
4

+ tan (θB)

]
c2,s = −E0

2β2
2γPω

2
−
(
γPωβ1

2

2
+ β2γPω tan (θB)

)
c2,c =

β2
2

4
E0

2 +

(
−β1

2γP
2ω2

4
+
β1

2

4
+
β2 tan (θB)

2

)
c3,s =

(
β1β2

4
− β1β2γP

2ω2

2

)
c3,c =

3β1β2γPω

4

c4,s =
β2

2γPω

4

c4,c =

(
β2

2γP
2ω2

4
− β2

2

16

)

(B.2)

The relative amplitudes Pn,DC/PDC = En0

√
c2n,s + c2n,c of the harmonics that

are tabulated in Tab. B.1 are calculated using a) the fitted values of θ (E) in
Fig. 6.1 c) in the main manuscript, b) E0 = 10 kV cm−1, c) f = 3 kHz, d) γP =
−3.27× 10−6 Hz−1 rad−1 and e) PDC = 41 µC cm−2, for EDC =20 kV cm−1.

We note that the rotation direction of the polarization hysteresis at each har-
monic is counter clockwise (CCW) if the product cn,s ·cn,c is negative, and clockwise
(CW) when said product is positive. The model predicts that the odd harmonics
rotate CCW and the even harmonics rotate CW. The amplitude of the first har-
monic is about 2% of the DC polarization, and for higher harmonics the relative
amplitude rapidly decreases.
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Table B.1: The amplitudes of different harmonics at 10 kV cm−1.

n cn,s cn,c Unit Character Pn/PDC

0 - - - Offset 1
1 1.7×10−3 -1.1×10−4 (kV cm−1)−1 CCW 1.7×10−2

2 1.6×10−6 1.3×10−5 (kV cm−1)−2 CW 1.3×10−3

3 -1.9×10−8 3.55×10−9 (kV cm−1)−3 CCW 2.0×10−5

4 -1.6×10−11 -6.3×10−11 (kV cm−1)−4 CW 6.8×10−7

We show a comparison of the measured amplitudes of the harmonics Pmeas,n,DC
and the predicted amplitudes of the harmonics Pn,DC in Fig. B.1. In this figure, the
amplitudes are normalized to that of the first harmonic by usage of Pn,DC/P1,DC.
The determined 1/f noise level is also indicated. The ratio of the measured value
of the amplitude of the first harmonic to the polarization at the bias field is
Pmeas,1,DC/PDC = 1.4 × 10−2, which is close to the value of 1.7 × 10−2 that the
model predicts. The measured amplitude of the 2nd harmonic is smaller then the
calculated value, whereas amplitudes of the 3rd and 4th harmonics are significantly
higher than their predicted values. This behaviour was also observed for the zero
bias case. [1] There it was speculated that the energy of the lower harmonics is
transferred to the higher harmonics by a nonlinear process, which is expected to be
the case here as well.
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Figure B.1: Amplitude of nth harmonic normalized to the amplitude of the 1st harmonic, as
calculated from the model (green markers) and as measured (red markers) for an applied AC-field
of 10 kV cm−1 at 3 kHz. The blue line indicates the measured 1/f polarization noise.



B

150 Supporting Information Chapter 6

B.1.2 For E0 = 28kVcm−1 AC field amplitude

The time independent term is:

c0 =

(
−5β4

2 γP
2 ω2

16
− 35β4

2

256

)
E0

8

+

(
−9β3

2 γP
2 ω2

32
− 5β3

2

32
− β2 β4 γP

2 ω2

2
− 5β2 β4

16

)
E0

6

+

(
−β2

2 γP
2 ω2

4
− 3β2

2

16
− 3β1 β3 γP

2 ω2

8
− 3β1 β3

8
− 3β4 tan (θB)

8

)
E0

4

+

(
−β1

2 γP
2 ω2

4
− β1

2

4
− β2 tan (θB)

2

)
E0

2 + 1 ≈ 0.99.

(B.3)

Similar to 10 kV cm−1 case, the hysteresis loops are still centered around PDC.
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The relative amplitudes Pn,DC/PDC = En0

√
c2n,s + c2n,c of the different harmonics

are tabulated in Tab. B.2. These were calculated using a) the values of the fit
parameters of θ (E) Fig. 6.1 d) in the main manuscript, b) E0 = 28 kV cm−1, c) f =
3 kHz, d) γP = −3.27× 10−6 cm V−1 Hz−1 rad−1 and e) PDC = 41 µC cm−2.
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Table B.2: The amplitudes of different harmonics at 28 kV cm−1.

n cn,s cn,c Unit Character Pn/PDC

0 - - - Offset 0.99
1 2.0×10−3 -1.2×10−4 (kV cm−1)−1 CCW 5.6×10−2

2 1.6×10−6 1.3×10−5 (kV cm−1)−2 CW 1.0×10−2

3 -1.2×10−7 2.2×10−8 (kV cm−1)−3 CCW 2.7×10−3

4 -3.0×10−10 -1.2×10−9 (kV cm−1)−4 CW 7.6×10−4

5 2.9×10−12 -8.9×10−13 (kV cm−1)−5 CCW 5.2×10−5

6 5.6×10−15 1.5×10−14 (kV cm−1)−6 CW 7.7×10−6

7 -8.9×10−17 4.0×10−17 (kV cm−1)−7 CCW 1.3×10−6

8 -2.3×10−19 -4.4×10−19 (kV cm−1)−8 CW 1.9×10−7

As was observed for the case of lower field of 10 kV cm−1, the rotation direction
of the harmonics is unchanged, as one would expect. All odd harmonics rotate CCW
and all even harmonics rotate CW. The amplitude of the first harmonic is 5.6%
of the polarization at the DC bias and is decreasing rapidly for the higher harmonics.

Fig. B.2 shows the measured and calculated normalized Pn,DC/P1,DC ratios.
As was the case for the 10 kV cm−1 AC field amplitude, the ratio of the measured
value Pmeas,1,DC/PDC = 6.3×10−2 is close to the predicted 5.6×10−2 value and the
measured amplitudes of the harmonics up to order 4 are smaller than the predicted
values, whereas the measured values of the higher harmonics are significantly higher
then predicted. Also here we speculate that this is due to a nonlinear mechanism
that transfers energy from the lower harmonics to the higher harmonics, which is
not taken into account in the model.
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Figure B.2: Amplitude of nth harmonic normalized to the amplitude of the 1st harmonic, as
calculated from the model (green markers) and as measured (red markers) for an applied field of
28 kV cm−1 at 3 kHz. The blue line indicates the measured 1/f polarization noise.
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B.2 Area calculation for the polarization hysteresis
loops

The area of the polarization loop is described by integrating the multiplication of
the time dependent polarization response with the time dependent applied field.
In the following example, the loop area is calculated for the case of a polarization
signal described by a polynomial of order p = 2 for ∆θ(E) and it will be shown that
only the first order harmonic contributes to the area. The same calculation holds
true for polynomials with higher orders.
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B.3 Strain hysteresis loops at different frequencies
Fig. B.3 and Fig. B.4 display, respectively in time and field domain, the filtered
and averaged strain signals for all measured frequencies other than 3 kHz. As in
the main manuscript also here only every fifth data point is shown for clarity. The
slopes and opening of the strain hysteresis loops in Fig. B.4 are proportional to
d33,f and γS , respectively. As can be seen, the slopes for different amplitudes are
the same within the error-bars, as is discussed in the main manuscript, and the loop
openings are very small. The model fits that are shown with solid lines are perfectly
matching the experimental data.

@ 70 Hz @ 100 Hz @ 120 Hz

@ 200 Hz @ 300 Hz @ 500 Hz

@ 1000 Hz @ 2000 Hz @ 5000 Hz

a) b) c)

d) e) f)

g) h) i)

Figure B.3: Filtered and averaged strain signal plotted against time at a bias of 20 kV cm−1 at
a) 70Hz, b) 100Hz, c) 120Hz, d) 200Hz, e) 300Hz, f) 500Hz, g) 1000Hz, h) 2000Hz and i)
5000Hz. Datapoints show the measurements and the lines are obtained from fitting with Eq. 6.3
main manuscript.
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@ 70 Hz @ 100 Hz @ 120 Hz

@ 200 Hz @ 300 Hz @ 500 Hz

@ 1000 Hz @ 2000 Hz @ 5000 Hz

a) b) c)

d) e) f)

g) h) i)

Figure B.4: Filtered and averaged strain signal plotted against AC electric field at a bias of
20 kV cm−1 at a) 70Hz, b) 100Hz, c) 120Hz, d) 200Hz, e) 300Hz, f) 500Hz, g) 1000Hz, h)
2000Hz and i) 5000Hz. Data points show the measurements and the lines are obtained from
fitting with Eq. 6.3 in the main manuscript.



B

156 Supporting Information Chapter 6

B.4 Polarization hysteresis loops at different fre-
quencies

Fig. B.5 and Fig. B.6 show, respectively in time and field domain, the polarization
hysteresis loops for all measured frequencies other than 3 kHz. The data points
were obtained by bandpass filtering at all harmonic frequencies and then averaged
over the measured 20 cycles. The standard deviation of the average is less than the
marker size. All higher harmonics are included in the experimental loops. One can
clearly observe the elliptical shape of the hysteresis loops at all frequencies and am-
plitudes. The experimental loops were fitted with the fundamental harmonic only,
depicted by the continuous lines in the figures. The fits show that the contribution
of the higher harmonics are only noticeable at the extremes of the AC-field cycle
for the highest field amplitude.
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@ 70 Hz @ 100 Hz @ 120 Hz

@ 200 Hz @ 300 Hz @ 500 Hz

@ 1000 Hz @ 2000 Hz @ 5000 Hz

a) b) c)

d) e) f)

g) h) i)

Figure B.5: Filtered and averaged polarization signal plotted with respect to time at a bias of
20 kV cm−1 at a) 70Hz, b) 100Hz, c) 120Hz, d) 200Hz, e) 300Hz, f) 500Hz, g) 1000Hz, h)
2000Hz and i) 5000Hz. The markers represent the measured data, which includes all higher
harmonics, and the solid lines are obtained by fitting with Eq. 6.13 main manuscript.
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@ 70 Hz @ 100 Hz @ 120 Hz

@ 200 Hz @ 300 Hz @ 500 Hz

@ 1000 Hz @ 2000 Hz @ 5000 Hz

a) b) c)

d) e) f)

g) h) i)

Figure B.6: Filtered and averaged polarization signal plotted with respect to electric field, at a
bias of 20 kV cm−1 at a) 70Hz, b) 100Hz, c) 120Hz, d) 200Hz, e) 300Hz, f) 500Hz, g) 1000Hz,
h) 2000Hz and i) 5000Hz. The markers represent the measured data, which includes all higher
harmonics, and the solid lines are obtained by fitting with Eq. 6.13 main manuscript.
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B.5 Fitting of the polarization loss tangent
As described in the main manuscript, the frequency dependence of the polarization
loss tangent is fitted with tan δp(E0, ω) = tan δ∗0(E0) + |γP ω|, where tan δ∗0 is a free
fitting parameter depending on the applied AC field amplitude. A single γp value is
obtained from simultaneous fitting of all curves by least-square fitting. To extract
tan δ0 and c the resulting tan δ∗0(E) values are fitted with tan δ∗0(E0) = cE2

0 +tan δ0.
Fig. B.7 a) and b) show the fits for the zero bias case, for the frequency dependence
and the field dependence of tan δ∗0 respectively. The fits describe the experimental
data very well. Fig. B.7 c) shows the field dependence of tan δ∗0 for the non-zero
bias case. Is is seen that the fit with a second order field dependence fits the data
reasonably good. A linear fit would describe that data better, however then the
loss mechanism would change for the non-zero bias case, which we think is not
reasonable.

a) b)

c)

 

2.5 kV cm-1

10 kV cm-1

E0

EDC = 0 kV cm-1

EDC = 0 kV cm-1

EDC = 20 kV cm-1

Figure B.7: a)The polarization loss tangent as function of frequency for varying field amplitudes
at zero bias. The extracted tan δ∗0(E0) for a) zero bias case and b) 20 kV cm−1 bias case. Lines
denote the fit.
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Summary

Piezoelectric thin films are of interest for modern MEMS systems, for example
used in applications like energy harvesters, actuators, adaptive optics or inkjet-
printer heads. This thesis describes physics studies on the growth and modelling
of PbZr0.52Ti0.48O3 (PZT) thin films. It contains a new description of hysteresis,
loss and nonlinearity for the sub-coercive field strain and polarization response for
epitaxial PZT thin films.

The thesis consists of three parts. The first part presents a small-scale demon-
strator of an adaptive XUV optic based on nanoscale piezoelectric surface manipu-
lation. The demonstrator consists of a PZT thin film with an array of top electrodes
to selectively control the actuation. It is shown that by utilizing a resistive layer on
top of the piezoelectric layer, it is possible to achieve a controlled, gradual surface
profile between the electrodes. The resulting deformations range in the nm range
and are laterally scalable from sub mm to the mm range, which makes it suitable
for corrections of optics in the XUV range. To our knowledge this is the first pre-
sentation of a gradual surface modulation utilizing thin film piezoelectrics.

The second part describes the influence of a LaNiO3 (LNO) template layer on
the growth and the functional properties of the PZT film subsequently grown on
the LNO. We show that by tuning the deposition conditions, oxygen pressure and
thickness of the template layer, the growth of the PZT film can be changed from a
smooth dense film into a rough columnar film. This change of morphology changes
the ferroelectric properties of the films and is explained by an increase of the rough-
ness of the template layer to accommodate strain relaxation. The results clearly
underline the importance of the template layer for the growth and the functional
properties of PZT thin films.

The third part of the thesis introduces a new model, the so-called polarization
rotation model, to describe the hysteresis, loss and nonlinearity in epitaxial PZT
thin films of monoclinic and rhombohedral crystal symmetry. The model is based
on the rotation of the polarization vector within the unit cell, which is accompanied
by a viscous interaction of the domains. In contrast to the widely used Rayleigh
model, the polarization rotation model takes the crystal symmetry of the material
into account. It is shown that for monoclinic PZT films the experimentally observed
strain and polarization response can not be described by the Rayleigh model, but
is perfectly described by the polarization rotation model. Furthermore, the new
model differentiates between the nonlinearity of the response and the loss due to
viscous interaction. In addition, it is shown that by addition of a non-zero bias term
to the model, it also describes the measured strain and polarization response for a



164 Summary

DC bias of 20 kV cm−1, explaining the observed reduction of loss and nonlinearity
of the polarization response.



Samenvatting

Piezoelektrische dunne lagen zijn erg interessant voor moderne MEMS systemen,
bijvoorbeeld in toepassingen als energy harvesters, actuatoren, adaptieve optische
systemen of ink-jet printerkoppen. In dit proefschrift wordt de groei en de fysische
modellering van PbZr0.52Ti0.48O3 (PZT) dunne lagen beschreven. Het bevat een
nieuwe beschrijving van de hysterese, hysterese verlies en niet-lineaire respons van
de strain (mechanische spanning) en de polarisatie in epitaxiale PZT dunne lagen
voor veldsterkten met een waarde die lager is dan het coercieve veld.

Het proefschrift omvat drie delen. In het eerste deel wordt een klein-schalig de-
monstratie model van een adaptieve XUV optiek gepresenteerd, dat gebaseerd is op
de manipulatie in het nanometer bereik van het spiegelopppervlak door piezoelektri-
sche elementen. Dit demo-model bestaat uit een PZT dunne laag met een matrix rij
van top elektrodes voor de selectieve aansturing van de piezoelektrische activering.
Het wordt aangetoond dat, door gebruik te maken van een resistieve tussenlaag
boven op de PZT laag, het mogelijk is om op een controleerbare wijze een gradueel
veranderend oppervlakteprofiel tussen de elektrodes te realiseren. De uiteindelijke
verticale vervorming is in het bereik van nanometers en is in het vlak van de dunne
laag te schalen van minder dan een millimeter tot enkele millimeters. Daarmee is
het geschikt voor de correctie van optiek in het golflengtebereik van XUV optiek.
Voor zover ons bekend is, is dit de eerste keer dat graduele oppervlakte modulatie
met behulp van een piezoelektrische dunne laag wordt gedemonstreerd.

Het tweede deel beschrijft het effect van een LaNiO3 (LNO) ‘template’ laag op
de groei en de functionele eigenschappen van de PZT laag, die bovenop deze laag
wordt gegroeid. Door de depositie -condities, zuurstofdruk en de dikte van de LNO-
laag aan te passen, kan de groei van de PZT laag worden veranderd van een gladde,
dichte laag naar een ruwe laag die bestaat uit kolommen. Deze verandering van
de morfologie verandert de ferroelektrische eigenschappen van de laag. Dit wordt
verklaard door de verandering van de ruwheid van de template laag, wat weer ver-
oorzaakt wordt door relaxatie van de opgebouwde mechanische spanningen in de
LNO laag. Deze resultaten tonen het belang aan van de template laag voor de groei
en functionele eigenschappen van PZT dunne lagen.

In het derde deel van dit proefschrift wordt een nieuw fysisch model geïntrodu-
ceerd, het zogenaamde polarisatie-rotatie model, dat de hysterese, het hysteretisch
energieverlies en het niet-lineaire gedrag van epitaxiale PZT lagen met een mo-
nokliene of rhombohedrische kristalsymmetrie beschrijft. Het model is gebaseerd
op de oscillerende rotatie van de polarisatievector in de eenheidscel onder invloed
van een oscillerend elektrisch veld. Deze rotatie gaat samen met een visceuse inter-
actie tussen de verschillende polarisatiedomeinen. In tegenstelling tot het normaliter
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gebruikte Rayleigh model, bepaalt in het polarisatie-rotatie model de kristalsym-
metrie het gedrag. Het wordt aangetoond dat in monokliene PZT lagen de experi-
menteel bepaalde spanning en polarisatie respons niet kan worden beschreven met
het Rayleigh model, maar wel heel goed met het polarisatie-rotatie model. Boven-
dien maakt dit model het mogelijk om onderscheid te maken tussen niet-lineaire
respons enerzijds en het hysteretisch verlies-gedrag door visceuse interacties ander-
zijds. Tenslotte wordt aangetoond dat door toevoeging van een extra term aan het
model, die een DC-elektrisch veld beschrijft, ook de gemeten spanning en polarisatie
respons van een PZT laag onder een additioneel DC bias veld van 20 kV cm−1 kan
worden beschreven, waardoor de gemeten reductie van het hystereseverlies en de
niet-lineariteit van de polarisatierespons kan worden uitgelegd.
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