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Chapter 4

Freezing of ferroelastic domains in
ferroelectric PbTiO3 films on
DyScO3

4.1 Summary

In the previous chapter we have studied the dependency of the size of the
ferroelastic domains with the thickness of PbTiO3 films grown on (110)-
DyScO3 substrates in the low thickness regime. In this case, the classical
square root law is not valid and instead the validity of the Pertsev &
Zembilgotov (P&Z) model in order to fit the domain scaling behavior was
investigated with some success, in particular for the slow-grown samples.
For the model, the so-called coherency strain experienced by the film due
to the substrate, is calculated assuming lattice parameters of the substrate
and the film at a fixed temperature, so called freezing temperature. In the
model, this temperature is assumed to be constant for a particular film-
substrate. In the previous chapter the freezing temperature, it was chosen
such as to give the best fit for realistic domain wall formation energy
density values. However, it was clear that the experimental behavior was
not fully explained by the model, for the slow-grown films and not at
all for fast-grown films. In this chapter we experimentally determine the
freezing temperatures (temperature at which the domain size freezes) and
investigate the dependency of freezing temperature with the film thickness.
It is shown that the observed freezing temperatures depend on the film
thickness in this low thickness regime, which also results in a variation of
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78 FREEZING OF FERROELASTIC DOMAINS IN FERROELECTRIC
PBTIO3 FILMS ON DYSCO3 4.1

strain values with film thickness. When introducing this dependence of the
coherency strain with the film thickness in the P&Z model (what we call
the modified P&Z model), consistent values for the domain wall formation
energy density are obtained, as well as a very good fit to the experimental
data. It is also been found that both Roytburds’ and modified P&Z models
are equivalent in the larger thickness regime giving rise to domain wall
energy density being equal within error.
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4.2 Introduction

In the previous chapter we used the P&Z [1] model to fit our experimental
data [2, 3]. We observed that, qualitatively, the P&Z [1] model fitted the
domain size behavior of the slow-grown films reasonably well, but that,
quantitatively, the domain size values were of the order of 40 nm smaller
than the predicted ones and that, in that respect, the larger domain sizes
of the fast-grown films were more realistic [2,3]. The thickness dependence
of the fast-grown films, however, did not follow the expected scaling laws,
which is not surprising since the growth took place out of equilibrium. The
fitting parameters in the P&Z model are two: the domain wall formation
energy density (σ) and the coherency strain (Sr), which is the strain ex-
perienced by the film. In our case, this is the strain induced in the PbTiO3

film by the underlying (110)-oriented DyScO3 substrate.

This strain contributes to the free energy and it increases with the
film thickness. Above certain critical film thickness, the strain can be re-
laxed in the form of ferroelastic domains. In the case of defect-free thin
films, this results in highly periodic domain structures [1, 4, 5]. The size
and orientation of the domains are determined by magnitude of the lattice
mismatch between the film and substrate, the electrical boundary condi-
tions and mechanical boundary conditions. Since the experimental results
have been shown to be robust and highly reproducible for given growth
conditions, we propose that some of the assumptions of the model are too
strict or ill-defined in this case. The first point of concern is the value of
the coherency strain (Sr). Since, due to the differences in thermal expan-
sion of the film and substrate, strain depends largely on temperature, it
is not clear what are the relevant strain values: while experimental stud-
ies often consider the strain from the differences in lattice parameters at
room temperature, theoretical models based on the Landau-Devonshire-
Lifshits approach, often define the strain based on the extrapolation of the
paraelectric lattice parameters of the film down room temperature (spon-
taneous strain). It should be, nevertheless, obvious that the relevant strain
values to be considered are the ones existing at the temperature at which
the current domain structure was frozen. In order to answer this ques-
tion we study the domain formation and size as a function of temperature
while cooling down from the paraelectric phase. In previous reports on the
study of domain formation and its dependence with film thickness, the as-
sumption is to consider the coherency strain of the grown films as constant
with film thickness [1, 6–8]. Here we show that this dependence clearly
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exists in the low thickness regime. We, therefore, propose a modified P&Z
model in which thickness dependence of Sr is taken into account and shows
that it provides a very good fit to the experimental data of the fast-grown
samples.

4.3 Experimental

A series of PbTiO3 thin films on SrRuO3-buffered (110)-DyScO3 substrates
were grown by PLD with thicknesses from 30 nm to 240 nm, as discussed in
3.3. In order to get improved oxidation of the crystal lattice, the films were
slowly cooled in the PLD chamber from the growth temperature (580oC)
down to room temperature with a 3oC/minute cooling rate in reach (300
mbar) oxygen atmosphere. Such relatively slow rate results into a few
things: first there is enough time for oxygen atoms to diffuse and fill va-
cancies in the perovskite lattice [9]; second, additional surface diffusion
results in smoother and better quality films; and third, in this way the
strain changes that the film experiences with decreasing temperatures can
be better equilibrated giving rise to a more homogenous and reproducible
domain formation [10, 11]. The latter occurs as a result of the difference
in the lattice parameters of the film and the substrate during the cooling
process [12,13].

4.4 Results and Discussion

In this chapter we question the kinetics of domain formation and the strain
of the films responsible for the final domain configuration. In order to get
a proper answer we would have to follow the cooling process of the films in
the PLD chamber in detail, but it is not possible to apply AFM or XRD
techniques in-situ in our PLD. To overcome this problem and simulate
the cooling process aftern growth, temperature-dependent x-ray diffracto-
metry was used. The adecuacy of this method is proven by showing that
the size of the domains at room temperature after the temperature cyc-
ling in the x-ray diffractometer was the same as the size observed at room
temperature immediately after growth. An ”Anton Paar” heating stage
was coupled to the goniometer of a laboratory thin film XRD diffracto-
meter and used to heat the sample to high enough temperature so that
the paraelectric phase was reached and no domains were observed. The
heating stage is equipped with a closed dome that allows flushing with
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Figure 4.1: a) AFM image (4 µm × 4 µm) with a close-up of 1 µm × 1
µm is included in the inset of a PbTiO3 40 nm thick film on SrRuO3-buffered
(110)-DyScO3 substrate. b) X-ray Resiprocal Space Map (RSM) around the (001)
Bragg reflection of the same film. White dashed lines point out the periodicity of
the diffuse scattering due to the periodic domains. Black dot-dashed arrows point
line-scan directions. RSM axes are in units of 2k0 = 4π/λ ( λ = 1.2398 Å).
RSM presented was obtained at the HASYLAB P08 beamline (Petra III-DESY,
DESY).
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Figure 4.2: RSMs around the (001) Bragg reflection for PbTiO3 thin films with
thicknesses of 20 nm a), 50 nm b) and 200 nm c). Coupled black dashed lines
point to the 1st order domains satellites in 20 nm thick film, blue - for 50 nm and
red - for 200 nm. RSMs obtained with a Panalytical XPert MRD Cradle (four
axes) laboratory diffractometer.
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oxygen gas during the XRD measurements. Then the temperature was
controllably reduced in small steps and enough time was given at each
step to equilibrate. During this process linear 2θ-ω scans and ω-rocking
curves were performed at each temperature point. These scans were used
to determine the lattice parameter and domain period as a function of
temperature and film thickness.

Figure 4.3: 2θ-ω linear scans around (002) Bragg reflection of a PbTiO3 thin
films on a SrRuO3-buffered DyScO3 substrate (peak around 46o) with different
thicknesses.

The domain period was calculated with the help of AFM microscopy.
Figure 4.1a shows an AFM image of a 40 nm-thick PbTiO3 film on a
SrRuO3-buffered (110)-DyScO3 substrate. In the inset of Figure 4.1a, the
clear periodic nature of the ferroelectric/ferroelastic a/c domain structure
is visible. For our samples, 90o domains, as sketched in Figure 4.1 (c),
have certain equilibrium period for a particular thickness. The domain
pattern is well defined across the sample and, thus, produces characteristic



84 FREEZING OF FERROELASTIC DOMAINS IN FERROELECTRIC
PBTIO3 FILMS ON DYSCO3 4.4

periodic features in the X-ray diffraction pattern as well [7, 8, 14, 15]. The
in-plane period of the 90o domains leads to diffuse satellite peaks around
the Bragg peaks of the PbTiO3. The domain structure is studied in detail
from measured reciprocal space maps (RSM) around the (110)o and (220)o
reciprocal lattice points of the DyScO3 substrate, which correspond to the
(001)c and (002)c Bragg peaks of the film and they will be addressed, for
simplicity, as (001) and (002) in the following. In Figure 4.1b such an RSM
around the (001) Bragg reflection point is presented for the same 40 nm-
thick PbTiO3 film of Figure 4.1(a). Diffuse satellites peaks appear on all
reflections. As an examples, in Figure 4.2, RMSs for samples with thickness
20, 50 and 200 nm, for (001) Bragg reflection are depicted. The RMS
spacing between satellite peaks, calculated from (001) and (103) maps of a
particular sample, is equal to each other, which means that they originate
from an additional periodicity in the film and not from symmetrically
tilted domains. The out of plane lattice parameter of the grown film was
extracted from linear 2θ-ω scan along the [00L] direction and the domain
periodicity was obtained from linear ω-scans (rocking curves) around the
film peak (see dot-dashed arrows for scan directions in Figure 4.1b).

In order to describe accurately the formation of ferroelastic a/c domains
in our thin films it is important to fully understand the strain state of the
grown films as the coherency strain is a crucial structural parameter in both
P&Z [1] and Roytburds [5] models (see Chapter 3). In order to investigate
this effect, linear 2θ-ω scans were first performed at room temperature for
samples with varying thickness (see Figure 4.3).

The out-of-plane lattice parameter of the films was obtained from these
measurements (from the film peak around 44o in Figure 4.3) are plotted
in Figure 4.4. as a function of the film thickness. This graph reveals that
domain formation has not fully relaxed the films to the bulk-like state and
that thicker films were more relaxed, with their lattice parameters closer to
the one of the bulk state. Therefore, these room temperature experiments
show that the strain state varies with the thickness and this fact should be
considered in mathematical models describing structural behavior of a/c
domain patterns. As mentioned above, coherency strain is assumed to be
constant even in the more advanced theoretical models such as the P&Z
model [1].

Furthermore, at this point it is important to understand that after the
film has been deposited in the PLD chamber, a crucial cooling down pro-
cess to room temperature takes place. Simulation of this process is done
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Figure 4.4: Out-of-plane lattice parameter (red) of PbTiO3 thin films vs. film
thickness. The long-axis lattice parameter for bulk PbTiO3 as represented by blue
line. Data extracted from 2θ-ω scans (see Figure 4.3).

by heating of a sample above the ferroelectric/ferroelastic transition tem-
perature and by subsequently cooling it down. XRD was used to observe
the changes of film and substrate lattice parameters which takes place dur-
ing this process. Figure 4.5 shows a summary of the measurements: while
in the range from 530oC down to 30oC, the substrate out of plane lattice
parameter moves to slightly larger angles (smaller lattice parameters), as
expected from regular lattice expansion, the out of plane lattice parameter
of the film strongly increases for decreasing temperatures, which is com-
mon in ferroelectric crystals due to the large, and strongly temperature-
dependent, spontaneous deformation of the lattice. It was also observed
that thickness fringes appear at the highest temperatures. This indicates
the excellent quality of the films showing parallel interfaces and homogen-
eity once the ferroelectric distortion is removed and domains disappear.

During the cooling process, the lattice of the film has enough free en-
ergy to change its structure by elastic deformations. As explained previ-
ously, this deformations occur in order to match the difference between
the in-plane lattice parameters of the film and the substrate while the



86 FREEZING OF FERROELASTIC DOMAINS IN FERROELECTRIC
PBTIO3 FILMS ON DYSCO3 4.4

Figure 4.5: 2θ-ω linear scans of a 40 nm thick PbTiO3 film during the cooling
process. Vertical arrows point to the maximum of the film peak at each temperature
of the measurement, which varies from 530oC (material in paraelectric state) to
room temperature (∼30oC). Scans are taken around the (002) Bragg reflection of
DyScO3 substrate (peak around 46o).

temperature is being decreased. In this case, forming elastic domains is
preferential over other processes of lattice accommodation such as e.g. cre-
ation of dislocations. As temperature goes down and strain values change,
domains can also change in size, provided that the domain wall forma-
tion energy is small enough and the walls are not clamped. Below certain
temperature, the film does not have enough energy to change its domain
structure and domain size. This is where the domain structure freezes and
what we call the freezing temperature (Tf ). In Figure 4.6 a set of ω-scans
(rocking curves) around the film peaks (see Figure 4.1b for scan direction)
is presented at different temperatures during the cooling of the 40 nm -
thick PbTiO3 film. The lattice parameter changed during the cooling pro-
cess and, thus, the film peak moved along the [00L] direction, as shown in
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Figure 4.6: ω-scans (rocking curves) of a 40 nm thick PbTiO3 film (see dot-
dashed line in Figure 4.1b) for different temperatures taken during cooling of the
sample. The black arrow guides trough the evolution of the peak position signaling
domain periodicity. The red circle marks the temperature where domains freeze.
ω0 is the ω value for the central peak (which varies with temperature).

Figure 4.5, and with it also the position of the peak in the omega scans.
In Figure 4.6 all rocking curves are artificially shifted so that the film peak
appear at the same position, marked by ω0 and in this way, we can more
easily compare the peak position of the satellites that define the domain
periodicity for the different temperatures. The black arrow in Figure 4.6
shows the evolution of the position of the satellite peaks for the 40 nm-
thick PbTiO3 film from a temperature at which no domains were observed
(495oC, presumably in the paraelectric state) down to 380oC, with clear
domains footprint. On the RSM made around the (002) Bragg reflection
for room temperature and T = 505oC (respectively depicted on Figure
4.7 (d) and (e)) for this sample, there is a clear absence of domain peaks
for high temperature (only substrate and film peaks are present); while at
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Figure 4.7: a)-c) ω-scans (rocking curves) of a 80, 120 and 180 nm thick PbTiO3

films, respectively, for different temperatures taken during cooling of each sample.
ω0 is the ω value for the central peak (which varies with temperature). d) and e)
are room temperature and T = 505oC RSMs around the (002) Bragg reflection of
a 40 nm thick PbTiO3 film. RSMs taken with a Panalytical XPert MRD Cradle
(four axes) laboratory diffractometer.

room temperature conditions a and c domain peaks both are present. The
red circle on Figure 4.6 points to the temperature where the position of
the satellite peak stops changing. We consider this to be the temperature
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at which the domain pattern freezes.

Figure 4.8: Domain freezing temperature (Tfr) versus thickness of PbTiO3 thin
films, extracted from the T-dependent ω-scans (see Figure 4.5).

Repeating the same analysis for different films (see rocking curves on
Figure 4.7 (a)-(c) for different thicknesses), it appears that that the do-
main freezing temperature extracted from the ω-scans (rocking curves) in
Figures 4.6 and 4.7 varies with the thickness of the sample, as plotted on
Figure 4.8. This is an important fact that allows us to establish, first,
the values of the coherency strain that are relevant for the P&Z model
(in other words which is the temperature that decide the misfit strain for
each case) and, second, that those values vary with thickness, being this
dependence particularly strong for films under 100 nm and, thus, that the
thickness dependence of the coherency strain needs to be incorporated in
the model.

This knowledge makes us reconsider the way in which we use the ex-
isting theoretical models. The relative coherency strain derived from the
previous experiments is used in calculations for both the classical Roytburd
model and the P&Z model, modified to include the thickness dependence
of the strain. These models have the coherency strain and the domain
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Figure 4.9: Domain period (W) as a function of the film thickness (d). Modified
P&Z model (green) and Roytburd model (red) fitted to the experimental data (black
circles).
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wall formation energy as parameters. With these experimentally obtained
strain values, the domain wall formation energy is chosen such that the
theory and experiment show the best fit. Those best fits are shown in
Figure 4.9 for both the Roytburd and P&Z models; while the domains
wall formation energy density required to provide those fits is plotted in
Figure 4.10. As observed, the domain wall formation energy appeared to
be constant with thickness for P&Z model with an average value of 12.8 ±
2.2 mJ/m2. With these assumptions the P&Z model fits best in low to mid
thickness regime (numerically from 20 to 150 nm film thickness), with the
transition from the linear-like to the square-root-like behavior happening
at about 90 nm (green curve in Figure 4.9). The Roytburd square-root
law and the P&Z model are equivalent for high thicknesses regime, as ex-
pected from the assumptions of the model (see section 1.5). The domain
wall formation energy used to fit the experimental data with Roytburds
model is 12.8 mJ/m2, that is the same value as obtained from the P&Z
model but in this case a constant freezing temperature of 490oC is used.
The freezing temperature is assumed to be constant for Roytburds model
as in the high thicknesses regime it varies negligibly (see Fig. 4.8).

4.5 Conclusion

We have experimentally investigated the temperatures at which the ob-
served (room temperature) domain structure freezes in ferroelastic films
with periodic a/c domains. This knowledge allows us to determine the
relevant strain values for the formation of domains (the lattice mismatch
between the film and the substrate that are responsible for the domain con-
figuration observed at room temperature). We observe that those freezing
temperatures can vary in the low thickness regime from 420oC for the thin-
nest films to about 490oC for films of 80 nm and above. Using the thickness
dependent coherency strain to fit the experimental values within the P&Z
model allows us to extract a reliable value for the domain walls forma-
tion energy density of 12.8 ± 2.2 mJ/m2 , which appears to be thickness
independent and consistent with that obtained for the classical Roytburd
model. Previously, the domain formation energy density for a/c 90o do-
main walls in ferroelectric PbTiO3 thin films on a different substrate was
estimated to be 50 mJ/m2 [16] and theoretical value, using first principles
calculations for a/c 90o domains in relaxed PbTiO3 films by Meyer and
Vanderbit [17], is 35 mJ/m2, the same order of magnitude value found in
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Figure 4.10: Domain wall formation energy density of a/c domains in PbTiO3

thin films as a function of thickness derived from the P&Z fit to the experimental
data (black symbols in Fig. 4.9); black line being the average value and the band
being the standard deviation. The average value agreed with that obtained with
the Roytburd’s model.

our samples.
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