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The concept of effective soft mode in thin films and its role in the effective dielectric response
of high-permittivity thin films is introduced. Compared to bulk soft mode response, it may
be strongly influenced by stresses from the substrate and dielectric inhomogeneities like inter-
face layers, grain boundaries and porosity. The available techniques for the determination of the
effective soft-mode response (far-infrared and time-domain THz spectroscopies) are discussed.
The experiments on various ferroelectric (PbTiO3, PZT, BaTiO3, SrBi2Ta2O9), incipient ferro-
electric (SrTiO3), doped incipient ferroelectric (SrTiO3:Ba), and relaxor ferroelectric (PLZT)
films are briefly reviewed and compared with the results in bulk materials.
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1. EFFECTIVE DIELECTRIC RESPONSE OF THIN FILMS

It is frequently found that ferroelectric and/or high-permittivity thin films
show a smaller dielectric constant (permittivity) than bulk materials [1–3].
The reason for it may be a change of the structure due to a macroscopic
residual stress owing to the substrate, but usually more serious effects are
caused by dielectric inhomogeneities in the sample. In the case of standard
low-frequency dielectric measurements, the most pronounced effect is as
a rule the so called dead-layer effect [4]. The dead layer is a thin (a few
nm) inter-phase layer between the film and the electrodes or the substrate;
it shows a lower local permittivity than the film and theoretically it can be
expected at any surface. A standard dielectric experiment with an applied
electric field normal to the film plane is sensitive to the out-of-plane response,
i.e. it measures the effective permittivityεeff, which is a result of the series
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combination of film and dead layer capacitances:

ε−1
eff = x1ε

−1
1 + x2ε

−1
2 (1)

whereε1, ε2 are the permittivities andx1, x2 the relative volumes of the film
and dead layer, respectively.

On the other hand, contact-less spectroscopic techniques mainly dis-
cussed in this paper probe the in-plane response, since the electric field of the
radiation impinging under normal incidence is parallel to the film plane. Also
microwave techniques which make use of two electrodes deposited on the
top surface of the film probe essentially the in-plane response. In these cases
the dead-layer effect is almost negligible since the measured capacitances
are arranged in parallel so that

εeff = x1ε1+ x2ε2. (2)

Equations (1) and (2) represent the lower and upper bounds for the effective
permittivity of any two-component composite with an arbitrary shape of
individual components [5].

The concept of the two-component composite can be also used for the
description of the effect of various kinds of imperfections—such as grain
boundaries and porosity—which are usually present in thin films and which
may also significantly reduce the effective response (see below). The gener-
alized effective medium approximation (EMA) applied to two-component
composites uses the concept of percolated and non-percolated clusters of the
two components [5–7]. If some clusters of one component are percolated to
a macroscopic length in the direction of the external field, the depolarization
field effect is negligible inside these clusters: their dielectric response does
not differ from that of the bulk. For non-percolated clusters the depolarization
field reduces their local response depending on their shape and neighbor-
hood. The effective integral response of the sample then corresponds to an
average value over all clusters and it always lies between the two bounds.
The upper bound permittivity [Eq. (2)] is related to the situation when both
components are fully percolated in the field direction, while the lower bound
[Eq. (1)] describes samples with no percolated clusters of any component.

Various EMA models are used for evaluation of the effective dielectric
response. The simplest one is the classical Maxwell-Garnett spherical cluster
model in a percolated matrix. This model can describe for instance the
effect of spherical pores in thin films and ceramics, but it leads only to a
small reduction of the effective permittivity compared to the bulk one, since
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nearly all the bulk (matrix) volume is percolated [7, 8]. The influence of
grain boundaries in thin films can be accounted for much better in the so-
called brick-wall model [9]. Assuming that the volume fractionx2 = 1− x1

and the permittivityε2 of the grain boundaries are small enough, the model
yields approximately:

ε−1
eff = x1ε

−1
1 + gx2ε

−1
2 (3)

The geometrical factor 0< g ≤ 1 accounts for the fact that not all the bound-
aries are perpendicular to the probe field (e.g., for cubic grainsg = 1/3).
The essential feature of this approximate model is the vanishing percolated
volume of the bulk because all the grains are mutually separated by bound-
aries. Hashin and Shtrikman [10] have treated analytically another geometry
having this feature, so called coated-spheres geometry. It assumes that the
whole sample space is filled up with various-size bulk spheres coated with
spherical layers of the second component. The corresponding dielectric re-
sponse reads:

εeff = ε2+ 3x1ε2(ε1− ε2)

3ε2+ x2(ε1− ε2)
(4)

It can be shown [8] that for a small concentration of the second component
(x2¿ 1) and forε1À ε2 this model becomes equivalent to that of brick
walls (3) withg = 1/3.

The approach of EMA is valid as long as (i) the macroscopic electric
field is uniform within individual clusters and (ii) the magnetic field effects
may be neglected [11]. We restrict our analysis to dielectric thin films where
the linear size of inhomogeneities due to the grains, their boundaries, and
pores is typically of the order of 100 nm or smaller. The wavelength and
the penetration depth of the far infrared (FIR) and sub-millimeter radiation
largely exceed this dimension even in high-permittivity materials. Owing to
these properties, the two above-mentioned conditions are fulfilled: we can
thus readily use the EMA approach [i.e. Eqs. (1–4)] for the evaluation of
the frequency-dependent dielectric response function within these spectral
ranges and, in particular, for investigation of the soft mode behaviour.

In order to simplify the analysis, let us assume that the whole dielectric
response consists of a dominant soft-mode contribution. We denote the soft
mode parametersωT1 (frequency) andγ 1 (damping). Let us further assume
that the corresponding frequencyωT2 of the boundary medium is stiffened
(ωT2 > ωT1) which may be expected for the grain boundaries. One can
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then show that the effective response consists of a sum of renormalized
oscillators. Let us consider e.g. the coated-spheres model described by Eq.
(4); the substitution for the dielectric functionsε1 andε2 in (4) leads to a
sum of three damped harmonic oscillators [7, 8]:

εeff (ω)− ε∞ = 2x2

3− x2

g2ω
2
T2

ω2
T2− ω2+ i γ2ω

+
(

1− 2x2

3− x2

)

×
(

g∗2ω
∗2
T2

ω∗2T2−ω2+ i γ ∗2ω
+ g∗1ω

∗2
T1

ω∗2T1−ω2+ i γ ∗1ω

)
. (5)

The first term (oscillator) corresponds to the percolated part of the grain
boundaries with unchanged frequencyωT2. The second term describes the
response of the grain boundaries in presence of the local (depolarization)
electric field causing an increase of the eigenfrequencyω∗T2 > ωT2. The
last oscillator (which is the most important one) describes the response of
the inner (non-percolated) grains: the soft-mode frequency also appears
to be stiffenedω∗T1 > ωT1. Dielectric strengthsg1, g2 concern the bulk
and grain boundaries, respectively, whileg∗1, g∗2 are renormalized dielectric
strengths due to the presence of internal electric fields. Neglecting the damp-
ings, for small concentrationsx2 and forε1,∞ = ε2,∞ = ε∞, with longitudi-
nal eigenfrequenciesω2

L1 = ω2
T1(1+ g1ε

−1
∞ ) andω2

L2 = ω2
T2(1+ g2ε

−1
∞ ) one

obtains:
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The renormalized dielectric strengths fulfill relations 0≤ g1− g∗1 ∝ x2, g∗2 ∝
x2 so thatg∗2 ¿ g∗1 ≤ g1 and therefore the last oscillator in (5) represents the
dominant term. In addition, the proportionality constant betweeng1− g∗1 and
x2 is found to be rather high in high-permittivity materials. A considerable
decrease of effective permittivity is then expected even for small values
of x2. In the cases when a part of the first component is percolated (e.g.
Maxwell-Garnett model), the FIR spectrum may contain up to four damped
harmonic oscillators [7]. The additional mode is characterized by the original
soft mode frequencyωT1, its strength is proportional to the volume of the
percolated component.
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Concluding this part, it has been shown that the FIR spectroscopy of thin
high-permittivity films may provide quite useful information about the static
dielectric response and physical reasons of its possible reduction.

2. EXPERIMENTAL TECHNIQUES FOR SOFT MODE
STUDIES IN THIN FILMS

Two different techniques are available for studying the soft-mode response
in thin films: Raman scattering and FIR spectroscopy. Both can provide
information about the soft-mode eigenfrequency and damping, but only the
latter technique is also able to measure the dielectric strength, i.e. it gives
access to both real and imaginary components of the complex dielectric
function.

As to the Raman scattering, back-scattering geometry in the micro-Raman
configuration is successfully used: the incoming laser beam is focused down
to ∼2 µm in order to minimize the signal from the substrate. Moreover,
scanning across the film may provide information about the homogeneity of
the film. In the case of Raman scattering, the effective-medium response dis-
cussed in Sec. 1 cannot be applied since the depolarization field effects may
influence only the UV absorption processes, which result in small variation
of the optical refractive index contributing to the elastic light scattering only.
Therefore one can expect some differences between the measured Raman
and FIR soft-mode response in granular and/or porous films and ceramics.

So far, the FIR spectroscopy of thin films has been used mostly in normal
transmission geometry. For this purpose FIR translucent substrates without
electrodes and conducting buffer layers are needed. The suitable substrates
are e.g. sapphire, MgO, SiO2 (quartz or silica), LaAlO3 and pure insulating
Si; the optimum thickness ranges between 0.3 and 0.5 mm [12].

In the standard Fourier transform (FT) FIR interferometry, two methods
of evaluation are used [12, 13]. A simplified one makes use of averages over
the interference oscillations due to the multiple passage through the sample
(substrate) or filters them out mathematically from the interferogram. The
used approximation consists in dividing such a smoothed spectrum by the
smoothed spectrum of the bare substrate: the resulting ratio (transmission
function) is then fitted to an expression for a sum of classical damped os-
cillators in a single-slab. The rigorous evaluation first requires fitting the
bare-substrate spectrum to obtain its dielectric function. Only after that the
sample spectrum can be fitted using a general formula for a two-slab system
including all interferences. Our estimates show that the simplified approach
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is justified in the cases of small and medium values of the film permittivity
and absorption. For higher values, typical of proper ferroelectric soft modes
(ε ≥ 100), the simplified method underestimates the oscillator strength (by
several tens of per cent); on the other hand, the frequencies and dampings
of the fitted modes are almost not affected.

The transmission study may be combined with normal reflectance mea-
surements to avoid the model fitting and allow a direct calculation of the
complex dielectric function (or complex refractive index). Trial tests show
comparable results to those obtained by fitting; however, no published FIR
results using this procedure are available so far. If an opaque metallic layer is
on the bottom of the film, the reflectance spectra only can be measured and
fitted with appropriate formulas [13]. A reliable calculation of the dielectric
function of the film requires knowing the properties of the underlying metal
with a good precision: it is not always possible to describe the properties of
the metal by those of a simple Drude conductor.

An important accuracy improvement of the FT FIR technique at its long-
wavelength edge is achieved by more sensitive modern submillimetre tech-
niques which use coherent radiation. The earlier one is based on monochro-
matic tunable backward-wave-oscillator (BWO) sources, the more recent
one—time-domain THz spectroscopy (TDTS)—utilizes ultrashort broad-
band THz pulses generated usually by photoconductive switches excited
with femtosecond lasers. Both techniques enable measuring the amplitude
as well as the phase shift of the transmitted wave; therefore the complex di-
electric response can be calculated without any model assumption [14]. Very
recently, reflectance measurements have also become available using both
the techniques. In our lab we extensively use the TDTS technique, therefore
we shall briefly discuss its specific features and derive basic formulas for the
thin films.

The experimental setup we use for TDTS is schematically shown in Fig. 1.
It requires a laser system delivering femtosecond pulses (time duration typ-
ically 100 fs). The output of the laser is divided into two beams: the first
beam pumps the emitter, which produces ultrashort transients of freely prop-
agating THz radiation [15, 16]. The second beam, which passes through a
variable delay line, is used for the gated photoconductive [17] or electro-
optic [16] detection. The delay scans allow measuring the time profile of
the electric field of the THz pulse. The spectroscopic method applied to thin
films consists in two consecutive measurements: (i) measurement of a sig-
nal waveformEs(t) with the sample (thin film on a substrate) in the path of
the THz beam and (ii) measurement of a reference waveformEr (t) with an
empty sample holder or with a bare substrate. The spectra of the two signals
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Figure 1. Scheme of our experimental setup for the time-domain THz transmission
spectroscopy.

are obtained through the Fourier transformation and their ratio defines the
complex transmission function:

t(ω) = Es(ω)/Er (ω). (7)

For thick substrates (THz optical thickness larger than about 0.7 mm)
the internal Fabry-P´erot reflections in the substrate are resolved in time and
form separate pulses in the measured signal. One then usually proceeds to
the temporal windowing of the signal, i.e. the calculations are made using
one particular reflection cut off from the temporal waveform. If we consider
the directly transmitted pulse only (i.e. all the Fabry-P´erot reflections inside
the substrate are cut off) and if the reference measurement is performed with
the bare substrate, the transmission function reads:

t(ω) = 2Nf (Ns + 1) exp[iω(Nf − 1)df /c] exp[iω(Ns − 1) (ds − d′s)/c]

(1+ Nf )(Nf + Ns)+ (1− Nf )(Nf − Ns) exp[2iωNf df /c]
,

(8)
wherec is the speed of the light,Nf anddf are the complex refractive index
and the thickness of the thin film, respectively, andNs andds are the refractive
index and the thickness of the underlying substrate. The thickness of the bare
substrate used for the reference measurement was denoted asd

′
s. Usually

ωN f df /c¿ 1; within this approximation Eq. (8) can be further simplified
and the refractive index of the thin film can be expressed analytically:

N2
f =

ic(1+ Ns)

ωdf

[
1

t(ω)

exp[iω(Ns − 1)(ds − d′s)/c]

(1+ iωdf /c)
− 1

]
− Ns. (9)
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Similar equations can be derived for the experiment where the reference
measurement is performed with an empty sample holder. In particular, within
the thin film approximation one obtains:

N2
f =

ic(1+ Ns)

ωdf

[
1

t(ω)

4Ns exp[iω(Ns − 1)ds/c]

(1+ Ns)2(1+ iωdf /c)
− 1

]
− Ns. (10)

In both these cases the precision of the output data depends very critically
on the determination of the film and substrate thicknesses.

(i) The film thicknessdf appears practically as a multiplication factor in
the denominator of Eqs. (8) and (9):df directly scales the value of the
dielectric constant. An error indf thus can distort the soft mode strength;
on the other hand, neither the value of the soft mode frequency nor that
of its damping are influenced by this error.

(ii) The phase change that the THz pulse acquires due to propagation through
the substrate is much larger than that due to the propagation through the
thin film. The uncertainty in the phase oft(ω) owing to the substrate
should be kept as small as possible:

Ns1ds + (ds − d′s)1Ns < Nf df , (11)

where1ds is the error in the substrate thickness and1Ns is the uncertainty in
its refractive index determination. It then follows that the dielectric properties
of thin films can be more easily determined near resonances, whereNf is
large, than in the regions of transparence; the precision also decreases when
the film thickness decreases. A special care should be devoted to the substrate
preparation (parallelism of input and output faces) and to the determination
of its thickness. The error inds can be efficiently minimized e.g. if the thin
film is deposited only onto a part of the substrate plate: the uncoated part
then can serve for the reference measurement.

If the phase uncertainty oft(ω) is too large, the qualitative shape ofNf (ω)
obtained from Eqs. (9) or (10) will remain correct, however, the mean value
of Nf and the oscillator strengths will be wrong. In such a case it can be
useful to disregard the phase and to fit the amplitude oft(ω) to a model
together with the FT FIR transmission data.

As an example, dielectric permittivity and losses of thin SrTiO3 (ST) and
Ba0.1Sr0.9TiO3 (BST 10/90) films on sapphire substrate calculated accord-
ing to simplified approach (Eq. (9)) are compared with a model dielectric
response obtained by fitting of FT FIR transmission measurements in Fig. 2.
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Figure 2. Permittivity and losses of BST 10/90 and ST thin films obtained with the
help of TDTS (circles) and calculated from the fit of FT FIR transmittance spectra
(lines).

Further improvement of the thin-film measurements can be achieved by
TDTS using the reflection geometry, recently developed in our laboratory
[18]. The THz pulse reflected from the sample mostly probes the dielectric
properties of the thin film. The calculated permittivity of the film is then
less sensitive to the uncertainty in the refractive index of the substrate and
insensitive to the uncertainty in its thickness.

RESULTS

Our earlier data were already reviewed in other recent papers [12, 19, 20],
therefore we discuss the results here briefly, mainly in context of some
interesting new aspects. Until now, the FIR thin-film soft-mode studies in
our lab have concerned the following compounds:
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1. PZT system (PZT 53/47 and 75/25) including pure PbTiO3 (PT) [21],
PbZrO3 (PZ) [22] and three La doped PZT (PLZT 9.5/65/35 [23], 8/65/35
[24] and 2/95/5 [24]); features observed in PT will be reviewed in this
paper.

2. BST system including pure BaTiO3 (BT) [12, 20, 25], ST [26–30] BST
35/65, 65/35 [27] and 10/90 [20, 25, 31]; phenomena observed in ST
will be discussed here.

3. SrBi2Ta2O9 (SBT) [32].

In all the cases studied a strong low-frequency (below∼100 cm−1) polar
mode was detected; it is revealed by a pronounced transmission minimum
at a frequency corresponding to the maximum of losses and it dominates the
dielectric function. It should be stressed that such feature is found even in
the case of overdamped modes for which the corresponding Raman spec-
tra yield only central peaks. As a matter of fact, the accuracy of evaluation
of the soft mode parameters decreases with increasing damping, neverthe-
less, the FIR transmission spectroscopy provides here more accurate results
than the Raman scattering. This is particularly true near ferroelectric phase
transitions where the Raman intensity of soft modes mostly approaches
zero since they are usually (i.e. in the case of inversion symmetry) Raman-
forbidden in the paraelectric phase.

Lead Titanate (PT) Thin Films

The data on PT [21] were the first published FIR data on ferroelectric thin
films. The E-symmetry component of the split soft-mode doublet was in-
vestigated from room temperature up to 920 K, and a good agreement was
obtained with the corresponding Raman frequencies detected in a single
crystal by Burns and Scott [33]. However, the effective dielectric function
calculated using the simple EMA model with spherical grains (i.e. assuming
macroscopically isotropic polycrystal with bulk mode parameters) based on
the complete single-crystal Raman data [33] in the range of 0–250 cm−1

did not show a good agreement with the fitted FIR dielectric function. A
new assignment by Foster et al. [34] showed that the bulk-crystal soft mode
at room temperature is split more than it was assumed earlier [33] into the
E-component (E⊥ c) at 88 cm−1 and A1-component (E || c) at 149 cm−1.
A proper treatment of these two modes by the above EMA theory with the
relative volumes of 2/3 and 1/3, respectively, leads to an effective stiffening
of the A1 mode in a polycrystal [35]. The fit based on FT FIR and BWO
transmission measurements in polycrystalline thin films [21] yielded 86 and
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161 cm−1, respectively and a good agreement with EMA theory was ob-
tained. Therefore we cannot agree with a more recent paper by Fu et al.
[36] who ignored the result of Fedorov [35] and used the earlier assign-
ment for the fitting of their Raman data obtained on a polycrystalline PT
thin film.

Most of the Raman data on PT films indicate that the E-component of the
soft mode has the resonance frequency reduced by∼10% compared to single
crystals [36, 37 and references therein]. This is attributed to hydrostatic
compressive micro-stresses due to the clamping of anisotropic tetragonal
grains on cooling from the cubic phase aboveTc (∼763 K in single crystals).
In favour of this interpretation Yuzyuk et al. [37] showed that the difference
between the Raman soft-mode frequencies in film and crystal substantially
decrease on heating toTc in correlation with the temperature dependent
tetragonal deformation. It was also pointed out that the Raman strength of
the soft mode remains non-zero in quite a broad interval aboveTc. This is
caused by clamping of the film by the substrate, which is the reason of slight
macroscopic tetragonal distortion even in the paraelectric phase. Also,Tc

was found to be shifted down (by∼15–20 K) due to the compressive micro-
stresses discussed above [36, 37].

Strontium Titanate (ST) Thin Films

The most interesting results have been recently achieved on ST films [30].
Our laboratory was the first to notice that the soft mode in thin films does
not soften on cooling so much as in single crystals [26]; this effect also
leads to a reduction of the low-temperature static permittivity in ST films.
In fact, the soft-mode frequency levels off completely below the structural
transition near 105 K and the corresponding maximum of losses broad-
ens. This observation has been confirmed on several differently processed
ST films [27–29] and also by FIR ellipsometry [38] and electric-field-
induced Raman scattering [39], however, it remained unexplained until
recently.

Our most recent experiment [30] has been carried out on stoichiometric
films grown on a (0001) sapphire substrate: the first sample (STO1) was
a quasi-epitaxial MOCVD 290 nm thick film and the other two samples
were polycrystalline sol-gel films differing only by their thicknesses (STO2
−360 nm and STO3−690 nm),. A higher stress in STO1 film (tensile in-
plane strain of 0.17%) compared to STO2 (0.10%) and to STO3 (0.04%)
was caused by a larger thermal dilatation of ST compared to the substrate
(not by the lattice mismatch which is large and has the opposite sign). All
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the films were granular (grain size∼100 nm), but in the case of STO1 just
two types of single-crystalline (111)-oriented grains mutually rotated by 60˚
appeared whereas the columnar grains observed in STO2 and STO3 were
nearly randomly oriented.

The soft-mode behaviour in STO1 revealed that the film undergoes a
macroscopic ferroelectric transition (withPs in the film plane) combined
with the antiferrodistortive one near 125 K. Such a change of the phase
diagram due to the tensile stress can be expected from the theory [40]. Satu-
ration of the static permittivity (slightly above the value of 1000) below this
transition is caused by the ferroelectric soft-mode hardening combined with
the IR activation of the structural soft-mode doublet through the coupling
with the former mode (see Fig. 3).

In contrast, the polycrystalline films (STO2 and STO3) did not show
any macroscopic phase transition (but local polar regions are evidenced by
micro-Raman spectra up to room temperature, probably due to the effect
of polar grain boundaries [41]). The soft mode was stiffened compared to
single crystals in the whole 10–300 K temperature range; this stiffening was

Figure 3. Soft mode frequencies in STO1, 2, 3 films versus temperature compared
with the single-crystal ones.
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pronounced appreciably more in the thicker STO3 film than in the STO2
one (Fig. 3). Scanning electron microscopy showed quite a lot of porosity
along the grain boundaries on the fracture of both these films and optical
and atomic-force microscopy revealed nanometer cracks along some of the
grain boundaries in the STO3 film. Application of the brick-wall model to
describe the influence of cracks showed that 0.2 and 0.4% of air-crack-type
porosity (independent of temperature) is enough to account for the observed
soft-mode behaviour in STO2 and STO3, respectively (see Fig. 4). The latter
amount is in agreement with the observed cracks assuming their thickness
is about 10 nm. It means that in thicker sol-gel films the tensile stresses
are relaxed by nano-cracking along some of the grain boundaries and this
increases the effective soft-mode frequency and substantially reduces the
in-plane dielectric response.

Figure 4. Effective permittivity (a) and the corresponding soft-mode frequency
(b) versus volume fraction of the crack-type porosity, calculated using the brick-wall
model (Eq. (3)) withg= 1/2 (columnar geometry) for the two extreme tempera-
tures. Our measured data correspond to 0.2 and 0.4% porosity for STO2 and STO3,
respectively, independently of temperature.
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Summarizing, the main causes of the reduction of the dielectric response
in ST thin films are interfacial layers, the residual stresses (which may also
induce ferroelectric phase transition—at least locally), the grain boundaries
(always present in films with thickness of hundreds nm), and porosity, par-
ticularly the nano-cracks. The impact of these effects increases dramatically
with increasing permittivity, therefore, in the case of ST, they are dominant
at low temperatures.

Strontium Bismuth Tantalate (SBT) Thin Films

Our last reported and most recent results [32] were obtained on the SBT films,
the first non-perovskite ferroelectric film (of Aurivillius bilayered pseudo-
perovskite structure) studied. SBT is a high-temperature proper ferroelectric
with Tc ∼ 600 K and a recently revealed improper ferroelastic phase from
∼600 to∼780 K [42]. The bulk underdamped soft mode softens only in-
completely from 27 cm−1 at 20 K to∼21 cm−1 at 550 K [42]. In Fig. 5
we show our fit to room-temperature FT FIR transmission data on a 5.1µm
thick film on sapphire substrate compared with the independently measured
data using TDTS [32]. The soft mode frequency is close to its bulk value, but
as expected, its damping is higher and strength by∼30% lower compared
with bulk parameters.

Figure 5. Real and imaginary parts of dielectric function of SBT film (thickness
5.1µm) in the soft-mode range at room temperature.
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CONCLUSION

Concluding, we now understand much better what are the principal reasons
for reducing the dielectric response and shifting the soft-mode frequency in
thin films. Besides the well-accepted dead-layer effects and possible non-
stoichiometry, we have shown the dramatic consequences of the effect of
grain boundaries, and particularly pores and nano-cracks along the bound-
aries. Finally, it was shown that residual strains may induce ferroelectricity
in incipient ferroelectrics. The quantitative soft-mode spectroscopy proved
to be a very useful and sensitive method for determining the film quality and
analyzing the physical reasons for its diminution compared to bulk materials.

The work was supported by the Czech grant agencies GACR (projects
No. 202/01/0612, 202/02/0238, and 202/00/1187), GAAS (project No.
A1010213 and AVOZ1-010-914) and Czech Ministry of Education (project
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