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A comparative analysis of Raman spectra from polydomain PbTiO3 thin films with both polydomain and
single-domain PbTiO3 crystals is presented. The Raman signature of ferroelectric thin films is complex when
used for stress analysis. Raman spectroscopy of a stress-free polydomain PbTiO3 single crystal reveals that the
profile of phonon modes can be significantly modified by the existence of quasimodes. The different potential
origins of quasimodes are discussed, and it is emphasized that quasimodes should be taken into account for an
accurate estimation of residual stress values in ferroelectric films via Raman scattering. We finally propose and
illustrate that the E�3TO� hard mode is more reliable for the estimation of biaxial residual stress in PbTiO3 than
the commonly used E�1TO� soft mode.
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I. INTRODUCTION

Ferroelectric perovskite oxides receive considerable atten-
tion for their useful physical properties. Thus, studies of ep-
itaxial ferroelectric thin films are of great interest because of
their potential applications as elements in static random ac-
cess memories, high-dielectric-constant capacitors, or optical
waveguides.1 An innovative way of varying physical proper-
ties of thin films is to use the interfacial strain when a film is
deposited on a substrate. For example, it is known that in
high-quality strained epitaxial films, the transition tempera-
ture can be shifted by a few hundred degrees2–7 and it has
been proposed that the primary and secondary order param-
eters can be decoupled.4,5,8 We note that most of the work in
the literature concerning strain effects on film properties does
not present a direct measurement of the residual stress and
results are generally assigned to theoretical stress values.
Thus, simple methods to estimate the residual stress, such as
x-ray diffraction �XRD� and Raman spectroscopy, are of spe-
cial interest.

Ferroelectricity, and thus, Raman modes in ferroelectrics
are strongly influenced by mechanical deformation of the
sample resulting from, e.g., hydrostatic pressure or
stresses.9–15 Raman spectroscopy has been shown to be a
valuable method to determine residual stresses in various
materials and composite structures.16–19 The relation between
the Raman shift and stresses can be determined by different
calibration methods, such as diamond-anvil cell pressure,
XRD, and flexion methods.20,21 However, before using the
position of a Raman band for a stress analysis it is crucial to
be sure that the analyzed position is truly related to stress and
that the selected band in itself does allow a meaningful in-
terpretation. It has already been pointed out that depolariza-
tion by domain structure and grain size effects on materials
such as ferroelectrics, superconductors, and semiconductors

should be taken into account.22–24 However, a detailed de-
scription of the consequence of the domain structure and
other potential pitfalls in a Raman stress analysis is still
missing in the literature which has led to numerous misinter-
pretations.

By discussing in detail the Raman spectra of polydomain
PbTiO3 �PTO� thin films, we demonstrate that the analysis of
the Raman signature of ferroelectric thin films is indeed
complex with regard to a stress analysis. We show �i� that the
comparative analysis of the thin film Raman signature with
that of polydomain and single-domain PTO crystals allows
the discussion of the importance and different origins of the
so-called quasimodes, which can significantly affect the cor-
rectness of a stress analysis via Raman bands, �ii� that ion-
beam milling, used for studying interfacial strain via trans-
mission electron microscopy �TEM�, can induce significant
modifications of the Raman signature and thus the stress in
ferroelectric thin films, and �iii� that the E�3TO� hard mode
is more reliable for the estimation of biaxial residual stress
by using hydrostatic pressure data than the commonly used
E�1TO� soft mode.

II. EXPERIMENTAL DETAILS

Polydomains �100�/�001� and single-domain �100�-
oriented PTO single crystals were grown from
TiO2-PbO-B2O3 flux, and the single-domain state was
achieved by applying an electric field.25 The former contains
90° domains �just as our thin films26� and the latter is twin
free.

PTO film depositions were carried out in a vertical hot
wall pulsed injection metal-organic chemical-vapor deposi-
tion �MOCVD� reactor described elsewhere.27–29 Films were
deposited on �00l� LaAlO3 �LAO� �aLAO=3.789 Å �Ref.
30�—indices refer to the pseudocubic setting�, �00l� SrTiO3
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�STO� �aSTO=3.905 Å �Ref. 31��, �00l� MgO �aMgO
=4.212 Å �Ref. 32��, and R-plane cut sapphire �SAPH�
�aSAPH=3.5 Å �Ref. 33�� substrates supplied by CrysTec
�Germany�. Film thicknesses were measured from film cross-
section micrographs obtained by scanning electron micros-
copy. XRD attests high-quality single-phase films. The c lat-
tice parameter of the c-axis-oriented domains �c domains�
was estimated from the five �00l� reflections observed in
standard � /2� scans with an error of �0.005 Å. More de-
tails concerning deposition techniques and standard sample
characterization can be found elsewhere.34,35

Raman spectra were collected using a Jobin-Yvon/Horiba
LabRam spectrometer equipped with a N2-cooled charge
coupled device �CCD� detector. Experiments were conducted
in the micro-Raman mode at room temperature in back-
scattering geometry. The 514.5 nm line of an Ar+ ion laser
was focused to a spot size of about 1 �m using two Olym-
pus objectives: �100 �numerical aperture �NA=0.9�� and
�50 long working distance �LWD� �NA=0.5�. The VV and
VH polarization configurations referring to the polarization
of the input and output light correspond to situations where
these polarizations are parallel and crossed, respectively. The
ratio of extinction is better than 1:100, indicating a low leak-
age of polarization due to the apparatus setting. Spectra were
calibrated using Si spectra at room temperature.

III. RESULTS AND DISCUSSION

A. Effect of ferroelectric domain structure on Raman
signature

In order to study potential depolarization effects of the
laser beam resulting from domain structure, we have inves-
tigated single-domain �100� and polydomain �100�/�001�
single crystals. Figure 1 presents Raman spectra recorded in
parallel �VV� and crossed �VH� polarization configurations
for both types of single crystals. As expected from Raman
selection rules,36 E�TO� modes are observed in the VH spec-
tra of both crystals �Fig. 1�.

In the case of the single-domain PTO single crystal, the
VV spectra consist only of A1�TO� modes according to Ra-
man selection rules. B1 mode can be detected in the VV
polarization configuration when the light polarization is par-
allel to the ordinary axis �a axis� of the PTO crystal. The
absence of the B1 mode in VV spectra confirms that our
single crystal consists of a single domain with the extraordi-
nary axis �c axis� parallel to the polarization of the beam.

The analysis of the VV spectra of the polydomain �100�/
�001� PTO crystals is more complex. The spectra consist not
only of symmetry-allowed A1�TO� and A1�LO� modes but
also of E�TO� modes. Moreover, modes with wavenumbers
close to those of E�LO� modes are also observed; they will
be labeled “E�LO�” modes for the moment �Fig. 1�. Both
E�TO� and E�LO� modes are usually observed in the VH
configuration but the latter is forbidden in the backscattering
geometry. We note that all mode profiles of the polydomain
crystal are more asymmetric than those of the single-domain
crystal.

The positions in wavenumbers of A1�TO�, E�TO�, and
“E�LO�” modes obtained from the VV and VH spectra of

single-domain and polydomain crystals are given in Table I.
In the single-domain crystal, they are very close to those
reported by Foster et al.37 In the case of the polydomain
crystal, the positions of E�TO� modes in the VH spectra are
also close to literature values, while those of A1�TO�,
A1�LO�, E�TO�, and “E�LO�” in the VV spectra are rather
different �Table I and Fig. 1�. Some of them differ by more
than 10 cm−1 �“E�3LO�” and A1�1LO��. Moreover, the
E�TO� modes observed in the VV configuration are shifted
toward higher wavenumbers in comparison to modes mea-
sured in the VH configuration. Some depolarization effects of
the laser beam due to the presence of twins and ferroelectric
domains could be responsible for the presence of E�TO�
modes, but this cannot explain the asymmetry and the shifts
of the peaks. We will see that such anomalies of modes in the
VV spectra can be explained by considering the presence of
quasimodes.

B. Origin of quasimodes in the VV spectra

Generally speaking, the asymmetric profiles �except for
the anharmonic A1�1TO� mode37�, band shifts, and the pres-

FIG. 1. �Color online� Raman spectra recorded in the VV and
VH polarization configurations on polydomain �100�/�001� and
single-domain �100� PTO single crystals. All modes come from the
�100�-oriented �a-� domains except the “E�LO�” and A1�LO� modes
generated by the �001�-oriented �c-� domains. The mode wavenum-
bers reported by Foster et al. �Ref. 37� are presented as vertical
dashed lines. Mode profiles in fitted spectra of polydomain PTO
crystal are presented by dotted lines.
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ence of forbidden modes in Raman spectra may have several
origins. They can be related to the phonon activation inside
the Brillouin zone �k�0� due to a slightly disordered struc-
ture or nanosize effects. This may result in band broadening
and line shift with respect to the zone-center phonon �k=0�.
However, such phenomena should be observed in any con-
figuration of polarization. The similarity of mode profiles of
single-domain and polydomain crystals in the VH spectra
suggests that the anomalies observed in the VV spectra may
have an optical origin. We propose to relate these anomalies
to the presence of quasiphonons which are expressed as ad-
ditional modes at intermediate frequencies. Quasimodes are
related to a so-called extraordinary wave and are observed
when 0���� /2 �with � being the angle between the pho-
non wave vector k and the direction of the optical c axis, as
illustrated in Figs. 2�a� and 2�b��. According to the
literature,37,38 two types of quasimodes appear in our PTO
spectra as a function of phonon energy.

At low wavenumbers ��200 cm−1�, the anisotropy in the
short-range forces dominates over the long-range forces, re-
sulting in a A1-E splitting larger than the TO-LO splitting.
Thus, E and A1 quasimodes �quasi-E and quasi-A1� observed

in a 0���� /2 configuration cannot be assigned to true TO
or LO modes but are located between the wavenumbers of
pure longitudinal and pure transverse E or A1 modes.

At high wavenumbers ��200 cm−1�, the LO-TO splitting
is much larger than the A1-E splitting, as long-range �elec-
trostatic� forces dominate over short-range forces. Thus, TO
and LO quasimodes �quasi-TO and quasi-LO�, which cannot
be defined as A1 or E modes, may appear in the spectrum
when 0���� /2. Such quasimode frequencies are located
between the pure E and A1 phonon frequencies. Theoreti-
cally, quasimodes should not be observed in �001�- and
�100�-oriented PTO Raman spectra, as �=0° and 90°, re-
spectively.

In Fig. 3, the positions of all observed modes �Table I� are
presented with respect to the angular dispersion of phonons
established by Foster et al.37 The mode positions measured
in a VV polarization configuration correspond roughly to
Foster’s data obtained in the � range from 10 to 30° in the
case of �001� domains and from 60 to 90° in the case of
�100� domains, except “E�LO�” modes which occur for �
=38–48°. E�TO� mode wavenumbers in the VH spectra are
not � dependent.

The deviation 	�, which causes the presence of quasimo-
des in polydomain PTO single crystal or film spectra, can be
due to different intrinsic and extrinsic phenomena such as the
ferroelectric domain structure �discussed above�, sample
misalignment, objective numerical aperture, and misalign-
ment in the spectrometer. These different origins of quasimo-
des will be discussed in more detail in Secs. III B 1–III B 4.

1. Sample orientation and misalignment

In agreement with the literature,39,40 we have observed
that the profiles of Raman modes of polydomain PTO in the

TABLE I. Polydomain and single-domain PbTiO3 single-crystal
Raman mode wavenumbers at room temperature.

Polarization
configurationa

Polydomain
crystala

Single-domain
crystala Ref. 37

E�TO� VH�VV� 89.5 �92.7� 89.5 87.5

219.9 �226.3� 219.6 218.5

506.2 �509.0� 505.5 505

E�LO� VV 109.3 �quasi-E� 128

440.5

758.2 �quasi-TO� 687

A1�TO� VV 150.5 148.8 148.5

355.0 359.6 359.5

640.7 647.8 647

A1�LO� VV 184.3 194

463.9 465

795.4 795

aThis study.

FIG. 2. �Color online� Representation of � angle between k and
the c axis in the case of misalignments �a� in the system and �b� in
the sample. Schematic representation of the rotation �c� in the case
of a single crystal around its a axis and �d� in the case of a thin film
around an axis parallel to the substrate plane.

FIG. 3. Comparison of band positions of polydomain PTO
single-crystal Raman modes �this study, large symbols on the
curves� with PTO phonon frequency curves as a function of � as
reported by Foster et al. �Ref. 37�.
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VV polarized spectra depend strongly on the sample orienta-
tion. As discussed above, the quasimodes are observed at 0
���� /2. For example, if a PTO sample is oriented along
the �111� direction, the positions of Raman modes will be the
wavenumbers corresponding to �=56.4° on Foster’s curves
�Fig. 3�. Thus, Raman mode positions of a stress-free
sample, used as references in stress estimation, must corre-
spond to the same � angle as that of the analyzed sample.
This makes the stress estimation impossible in polycrystal-
line samples for which the different orientations of the grains
result in a random distribution of � angles depending on the
microstructure.41,42

To illustrate the influence of a misalignment �
 angle�
between the crystal axis and light polarization, the VV polar-
ized spectra were collected while rotating the �100�-oriented
PTO single crystal around its a axis �Fig. 2�c��. The VV
polarized spectra, measured at different 
 angles, are shown
in Fig. 4�a�. When 0�
�� /2, the E�TO� modes, allowed
in the VH polarization configuration, are also observed in
addition to A1�TO� modes in the VV polarized spectrum. At

=45°, the intensities of E�TO� modes reach a maximum. In
the cases when light polarization is parallel to the c axis and
to the a axis, the measured intensities of A1�TO� modes are
different. The intensities of A1�TO� modes vary continuously
from one extreme value to the other as the sample was ro-
tated through the 
 angle from 0° to 90° in extraordinary
plane. If a rotation is performed in an ordinary plane, no
change in A1 mode intensities should be observed. It is im-
portant to note that quasimodes are not observed at any 

angle.

A similar experiment was performed for the polydomain
sample. The Raman spectra of �001�/�100�-oriented PTO film
on an MgO substrate exactly aligned with the crystallo-
graphic reference setting axes and turned about 20° in the
base plane �cross section� �film optic c axis in the rotation
plane—Fig. 2�d�� are given in Fig. 4�b�. As expected, the
intensities of A1�TO� and E�TO� modes decreased and in-

creased, respectively, while those of quasimodes remained
almost unchanged. This significantly affects the mode pro-
files.

2. System misalignment

To study the importance of the alignment of the optical
setup, we performed an experiment using a modified back-
scattering setup, designated as angularly resolved back-
scattering Raman spectroscopy. To do this, a mobile mask
with a hole was placed over the scattering cone �Fig. 5�a��
and was moved to select the light to analyze near the cone
center �position �3�� or on the sides �positions �2� and �4��.
This experiment allowed the analysis of the scattered light at
different places in the scattering cone �light coming from the
sample with different angles� during the collection of the VV
spectra of polydomain PTO single crystal. The evolution of
E�1TO� mode profile for the different selections of the scat-

FIG. 4. �Color online� The VV polarized Ra-
man spectra collected �a� from a �100� PTO
single crystal at different 
 angles and �b� from a
�001�/�100�-oriented PTO/MgO film in the case
of aligned and misaligned �turned by 20° in the
�00l� plane� cross sections using a �100 objec-
tive and �c� aligned samples using �50 and
�100 objectives.

FIG. 5. �Color online� �a� The experimental setup for angularly
resolved backscattering Raman spectroscopy and �b� E�1TO� soft-
mode profiles collected for different selections of the scattered light
in the scattering cone ��100 objective, VV polarization
configuration�.
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tered light is shown in Fig. 5�b�. Position �1� corresponds to
the normal scattering cone without mask. It appears that the
position and shape of the E�1TO� mode vary inside the scat-
tering cone. A thorough analysis of the E�1TO� line profile
provides evidence of the presence of two components under
the E�1TO� line shape, which have greater separation in situ-
ations �2� and �4�, i.e., in the light scattered in the cone sides.
An intense sharp line centered near 92 cm−1 and a shoulder
near 89 cm−1 corresponding to the E�1TO� band position in
the normal VV spectrum �1� are observed. The sharp mode is
a quasi-E mode. In the central zone of the scattering cone
�3�, the intensities of both modes are rather similar which
leads the whole band to shift slightly toward higher wave-
numbers. When the entire scattering cone is analyzed �1�,
i.e., in the normal conditions to collect the VV spectra,
E�1TO� is the dominant mode but it is very asymmetric and
slightly shifted toward higher wavenumbers in comparison
with the VH spectra due to the quasi-E mode on the high
wavenumber side. Consequently, quasimodes can also appear
in the VV spectra due to laser beam misalignment resulting in
��0° or 90°. However, quasimodes can still be observed in
spectra even in the case of perfect alignment of the system
and the sample.

3. Numerical aperture of the objective

The presence of quasimodes in relation to the numerical
aperture of the objectives is now considered. The collection
angles of the incident and scattered light may be varied by
using objectives with different magnifications. As observed
in Fig. 4�c�, the VV polarized spectra of �001�/�100� PTO/
MgO films collected by using LWD �50 �NA=0.5� and
�100 �NA=0.9� objectives indicate that all mode profiles
are sensitive to the numerical aperture of the objective. At
high wavenumbers ��200 cm−1�, the E�TO� �A1�TO��
modes are systematically shifted toward higher �lower�
wavenumbers, modes become more asymmetric, and their
intensities decrease in spectra collected with �100 objective
in comparison with LWD �50 objective.

From these observations, the dependence of the incident
and scattered laser beams on the numerical aperture of the
objective has been considered. The angular aperture � �NA
=sin �� of the incident laser beam is 64° and 30° when using
�100 and LWD �50 objectives, respectively �Fig. 6�. How-
ever, when the laser light reaches the crystal or film surface,

a change in the refractive index n occurs; this induces a
change in the angular aperture of the incident light
�nair sin �=nPTO sin �PTO, where nair=1 and nPTO=2.7� from
64° to 20° using the �100 objective and from 30° to 10°
using the LWD �50 objective �Fig. 6�. Such an angular ap-
erture results in an angular dispersion 	�=20° or 10°, re-
spectively, and as a consequence, in the appearance of
quasi-A1, quasi-E, quasi-TO, and quasi-LO modes. In con-
clusion, the appearance of quasimodes can be reduced but
not eliminated by using a LWD �50 objective which has a
lower angular aperture than the �100 objective. Because of
this, it would, in principle, be even more preferable to use a
�10 objective, but due to the enhanced optical depth of the
laser beam, this leads to a significant decrease in the signal
coming from the thin film. However, the presence of
“E�LO�” modes, not allowed in backscattering geometry,
cannot be explained by the angular aperture of the objective.
It seems that more complex phenomena occur due to the
ferroelectric domain structure or electric charge effects.

4. Scattering from domain walls [“E(LO)” modes]

The laser light scattering from the domain structure has
also been considered. Both incident and scattered light can
be reflected from a c /a domain wall probably due to charge
effects before/after being scattered by phonons �Fig. 6�. The
c /a domain walls are tilted by 45° with respect to the crystal/
film interface.43 Thus, the reflections from such domain walls
result in a 90° scattering geometry �Fig. 7� and the modes
allowed in this geometry can appear in the spectra collected
in the backscattering geometry �Table II�. In the VH spectra
E�LO� modes coming from �100�-oriented �a-� domains may
be observed in addition to E�TO� modes allowed in back-
scattering geometry. However, the E�LO� modes, allowed in
90° scattering geometry, are not observed in the VH spectra;
this suggests that the light is reflected from the domain wall
mainly to the c domains �the matrix of the crystal/film�. This
can be explained by the fact that a domains usually form thin
sheets in the c-domain matrix.43 Thus, the contribution of
a-domain modes, coming from the 90° geometry, to the VV
spectra can also be neglected. Nevertheless, mode profiles in
the VV spectra are affected by quasimodes coming from c
domains �Table II�. Quasi-E and quasi-A modes correspond-
ing to �=45° can be observed at low wavenumbers
�200 cm−1, and quasi-LO and quasi-TO at high wavenum-
bers �200 cm−1. As a consequence, “E�LO�” modes are

FIG. 6. Schematic representation of the angular deviation of the
laser beam from backscattering geometry by using �a� �100 and �b�
�50 objectives.

FIG. 7. �Color online� 90° scattering geometries resulting from
light scattering on domain walls. A few examples of polarization
configurations used for the Raman mode assignment in a and c
domains in polydomain PTO single crystals and films are shown:
�A� xz /x�zx�z and �B� z�xx�y /xz.
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quasi-E and quasi-LO modes at low and high wavenumbers,
respectively. The reflected and initial beams have the same
angular dispersion resulting in a deviation of 30° from �
=45° when using a �100 objective. In the case of the
quasi-E and quasi-LO, the experimentally estimated � are
38 and 48° �Fig. 3�. This confirms our prediction that these
modes originate from c domains. Other mode profiles in the
VV spectra are affected by the quasimode appearance due to
the light scattering from domain walls as well. For example,
quasi-�3TO� and quasi-�2TO� modes appear at wavenumbers
lower than A1�2TO� and A1�3TO� modes, as expected for
�=45° in Foster’s phonon curves �Fig. 3�, and result in an
asymmetry of A1�TO� mode profiles �Figs. 1 and 4�. Finally,
in the VH polarized spectra, quasimodes or modes related to
reflections from domain walls are not observed because they
are not allowed �Table II�.

As shown above, it appears that a VH polarization con-
figuration is essential to measure E�TO� modes with accu-
racy since quasimodes are forbidden. This condition is fun-
damental for stress evaluation in PTO films which is based
on the E�TO� mode position. As mentioned above, A1�TO�
and A1�LO� modes can only be obtained in the VV spectra;
accordingly, due to the presence of quasimodes in Raman
spectra of polydomain sample, their position cannot be accu-
rately determined. Therefore, they can only be used for
qualitative analysis. Quasimodes are also observed in depo-
larized spectra, and for the same reasons, they prevent the
PTO modes from being used for stress evaluation.

Although quasimodes exist in all ferroelectrics, surpris-
ingly, they are almost never taken into account in the current
literature for the analysis of Raman scattering in ferroelectric
films. Moreover, most studies on residual stress in ferroelec-
tric films are based on Raman modes coming from depolar-
ized spectra. For instance, the residual stress values in poly-
crystalline PbZr1-xTixO3 films were determined from E�3LO�
and A1�3TO� modes.44 The A1�3TO� mode position is highly
modified by the appearance of a quasimode in the polydo-
main samples, and the mode assigned to E�3LO� by other
authors is a quasi-�3LO� mode with a position different from
that of the real mode. In the case of polydomain PTO films
deposited on compressive NdGaO3 substrates, the authors
assumed that the hardening �or shift toward higher wave-
numbers� of the soft mode is the result of compressive misfit
stress.45 It should be remembered that the E�1TO� soft mode

shifts to lower wavenumbers under compressive hydrostatic
pressure as well as under tensile stress.26 Furthermore, their
study is only based on depolarized spectra without taking
quasimodes into consideration, and last but not least, they
used PTO single-crystal wavenumbers coming from litera-
ture. Thus, any quantitative analysis remains questionable
and the shift to higher wavenumbers of the soft mode prob-
ably results at least partly from the presence of quasimodes
and not from soft-mode hardening.

C. Effect of ion beam

A common technique for studying the interfacial strains is
TEM. Usually, the final thinning of the samples for TEM
analysis is performed by ion-beam milling. It is known that
the ion-beam milling induces atomic diffusion and amor-
phization in the sample. Thus, it is interesting to study the
ion-beam effect on the film/substrate system. The substrate
was first mechanically thinned down to 5–10 �m and then
low-angle ion-beam milling was used for final perforation of
the sample on the substrate side �beam +8° −8° at 3.5 keV
during 30–60 min� �Fig. 8�. The film on the substrate did not
have any direct contact with the ion beam. The Raman spec-

TABLE II. Predictions of modes in 90° Raman-scattering geometry resulting from reflections from domains walls. We used standard
Porto notation followed by a slash indicating the polarization and propagation of light after reflection.

VH HH VV

a1 domains X�ZX�Y /YX X�ZZ�Y /ZX X�YX�Y /YX

�100� oriented E�TO� and E�LO� A1�TO� Extinction

a2 domains X�YX�Z /ZX X�YY�Z /YX X�ZX�X /ZX

�010� oriented Extinction Quasi-A1 or quasi-TO at �=45° Quasi-E, quasi-TO, and quasi-LO at �=45°

c domains Z�XY�X /YZ Z�YY�X /XZ Z�XZ�X /XZ

�001� oriented Extinction Quasi-A, quasi-TO, and quasi-LO at �=45° Quasi-E, quasi-TO, and quasi-LO at �=45°

FIG. 8. Ion-beam effect on the VH Raman spectra of 250-nm-
thick PTO/LAO film. Spectra have been recorded from five points
of the film surface as shown in the inset.
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tra shown in Fig. 8 were recorded from five different points
of the film surface, with point 1 being the more distant from
the center of the hollow and point 5 the closest as shown in
Fig. 8. It appears that the Raman modes of both film and
substrate are more and more shifted to lower wavenumbers
as the recorded point gets closer to the center of the hollow.
For instance the E�2TO� mode is shifted by �10 cm−1 at
point 5. The spectra of films on substrates thinned only me-
chanically are identical to spectra before thinning. The shift
of Raman modes to lower wavenumber in spectra of etched
places may result from amorphization of the substrate and
consequently of the film or from stresses created by impact
of the ion beam in the substrate which would be transferred
into the epitaxial film. Whatever the origin of such a Raman
shift, the interpretation of the interfacial strains in samples
thinned by ion-beam milling should be carried out with spe-
cial care.

D. Reliability of soft and hard E(TO) modes: General
considerations

The reliability of different E�TO� modes in estimating
biaxial residual stress by using hydrostatic pressure data will
now be considered and has already been discussed in earlier
reports.26,36 The nanosize effect on the soft and hard modes
will be discussed as well.

Stresses in thin films correspond to nonhydrostatic condi-
tions, and we have thus to introduce the effect of anisotropy
in the phonon deformation potential. Supposing the E mode
frequency and applied stresses can be described as follows:


E�TO� = aE�TO�� �xx + yy� + bE�TO�� zz

� �cE�TO�� �xx − yy�2 + dE�TO�� �xy�2, �1�

where 	
E�TO�=
E�TO�−
0E�TO�, aE�TO�� , bE�TO�� , cE�TO�� , and
dE�TO�� are phonon deformation potential constants expressed
in terms of compliance, and XX, YY, and ZZ are stresses
along a, b, and c axes of the tetragonal PTO unit cell, re-
spectively. cE�TO�� is related to the split of double degenerate
E�TO�. If the a and b axes are affected by different stresses
or the ab plane is under shear stresses, the E�TO� mode splits
into two components. However, cE�TO�� is usually quite small
and the split of the E�TO� modes is difficult to observe.

Raman modes shift linearly under biaxial stress and hy-
drostatic pressure;36 only the relation coefficients differ. The
evolution of the E�TO� mode wavenumber with hydrostatic
pressure P �XX=YY =ZZ= P� can be written as

	
E�TO� = �2aE�TO�� + bE�TO�� �P . �2�

Epitaxial PTO films, grown on cubic substrates, are under
biaxial stress b in the substrate plane. Thus, XX=YY =b
and the shift of E�TO� modes due to biaxial stress in c do-
mains can be expressed as

	
E�TO� = 2aE�TO�� b. �3�

Thus, the absolute values of biaxial stress cannot be esti-
mated from hydrostatic pressure data when the a��E�TO��
and b��E�TO�� coefficients are unknown.

In the literature, the stress values in tensile-strained PTO
films are often estimated from the shift of the E�1TO� soft
mode using hydrostatic pressure data.46–50 However, its
pressure coefficient is experimentally known only for
compression �hydrostatic pressure �
E�1TO� /�P=
−5.8�0.2 cm−1 GPa−1� and the soft mode is by definition
anharmonic. Therefore, its behavior under tensile stress can-
not be predicted and Eq. �3� becomes more complex for an-
harmonic modes. The E�3TO� mode is a real �harmonic�
hard mode in the sense that its pressure coefficient is positive
��
E�3TO� /�P= +7.1�1.0 cm−1 GPa−1�. Therefore, 
�P�
can be linearly extrapolated to the tensile stress side.

Thin films are usually subjected not only to stresses but
also to nanosize grain effects. As mentioned above, the con-
dition of conservation of wave vector k has to be considered
with some care in the case of nanostructures �for example,
nanoparticles, nanothin films, a domains, which are
nanosheets in the c-domain matrix, and nanograin size in
thin films�.51 This effect of confinement results in the asym-
metry of the profile or a shift of the soft mode to higher
wavenumbers. Furthermore, field effect and the decreased
tetragonality �and thus Tc� results in the shift to lower wave-
numbers of the E�1TO� soft mode in the case of PTO
nanoparticles.52 In the case of hard modes, both effects usu-
ally just result in the increase in the peak width.

In addition to the choice of the correct Raman mode and
on the base of Raman selection rules, Raman spectra should
be collected on the film cross section to obtain information
about c domains, which usually form the film matrix. Mea-
surements on the film surface give information about a do-
mains only and these domains are thin and might thus
present size effects.

E. Illustrations

In order to test the validity of our approach to use a hard
mode and not a soft mode in residual stress estimation, stress
value calculations were performed from the shift of the
E�1TO� soft mode and the E�3TO� hard mode. Furthermore,
this analysis has been undertaken only for the VH spectra
allowing the suppression of the problems related to quasimo-
des illustrated above. The residual stress was estimated in
250-nm-thick films on different substrates: polydomain
�c /a /c /a domain state� epitaxial PTO films on MgO, LAO,
and STO substrates and polycrystalline films on a SAPH
substrate. As seen in Table III, the E�1TO� soft mode and the
E�3TO� hard mode �measured in the VH spectra on the film
cross section� of c domains in films are observed well below
the mode wavenumbers in bulk PTO �polydomain PTO
single crystal was used as a reference�. This observation sug-
gests that PTO films are under tensile stress whatever the
substrate, which is in agreement with XRD results �Fig. 9�.26

For more details on biaxial stress estimation from XRD data
see Ref. 26.

Stress values were calculated from E�3TO� and E�1TO�
mode wavenumbers using Eq. �2� and reported as a function
of the film misfit strain in Fig. 9. For comparison, stress
values obtained from lattice parameters measured by XRD
are also given in Fig. 9. In epitaxial films, stress values esti-
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mated from the shift of E�3TO� are in good agreement with
XRD values. This allows us to consider that Eq. �2� can be
used for the quantitative stress estimation from E�3TO�
mode wavenumbers �as a��E�3TO���b��E�3TO��� in the
case of epitaxial PTO films. In this case, Raman data ob-
tained from hydrostatic pressure experiments can thus pro-
vide an understanding and reasonable estimate of the stress
state from the E�3TO� hard mode �in the VH polarized spec-
tra� of c domains in PTO films. On the other hand, stress
values obtained from the E�1TO� soft mode differ from those
calculated from the XRD data which allows us to conclude
that the anharmonic E�1TO� soft mode should not be used
for an accurate evaluation of the residual stress in epitaxial
polydomain PbTiO3 thin films.

The different estimates carried out for polycrystalline
PTO/SAPH films show distinct stress values �Fig. 9�. In
polycrystalline films �as in a powder�, the grains present dif-
ferent crystallographic orientations, which results in a maxi-
mal dispersion of � angles. Therefore, the spectrum of poly-
crystalline samples also contains quasimodes. In other
words, the projection of Foster’s curves is expected to lead to
a high asymmetry of the observed modes. Furthermore, the
Raman selection rules are not conserved in polycrystalline
films. Thus, the E�3TO� mode profile is also significantly
modified by related quasimodes even in the VH spectra.
Therefore, the E�3TO� hard-mode position is shifted upward,
and thus, the stress values estimated from this mode are
lower than values obtained from the lattice parameters. Ac-
cordingly, residual stress values cannot be estimated from
E�TO� Raman modes in polycrystalline PTO films. It is also
important to note that for the same reason the Raman mode
wavenumbers of PTO powder cannot be used as reference in
estimates of residual stress.

IV. CONCLUSIONS

Conventional and angularly resolved Raman analysis of a
stress-free polydomain and single-domain PTO single crys-
tals revealed that phonon mode profiles of polydomain
samples can be significantly modified by the existence of
quasimodes in the VV polarized and depolarized Raman
spectra. Our results illustrate that the use of the VH configu-
ration of polarization and the consideration of quasimodes
are essential to obtain spectra, allowing an accurate estima-
tion of residual stress values. Moreover, residual stress val-
ues in polycrystalline films cannot be estimated from Raman
modes as the spectra are perturbed by relaxed Raman selec-
tion rules and quasimodes. Sample thinning by ion beam
may create additional stresses or amorphize the substrate and
the sample, which may give rise to errors in the interpreta-
tion of interfacial strains in the film by TEM analysis. It has
been shown that Raman scattering is a versatile probe to test
the existence of such stresses.

In the literature, the residual stress in PTO films is mainly
analyzed by considering the shift of the E�1TO� soft mode.
We argue that this choice is questionable because of the an-
harmonic nature of the soft mode and possible nanosize and
field effects. As a consequence, we highlight and apply an
alternative analysis based on the behavior of the E�3TO�
mode which is a hard mode and possibly the only mode
usable for such a stress determination. Residual stress values
obtained from the E�3TO� mode in the VH geometry are
consistent with those calculated from lattice parameters de-
rived from the XRD data.
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FIG. 9. �Color online� Residual stress evolution with absolute
misfit strain in c domains of 250-nm-thick PTO films on different
substrates.

TABLE III. Wavenumbers of E�1TO� and E�3TO� modes in the
VH spectra of polydomain PTO single crystal and 250-nm-thick
PTO films on SAPH, MgO, LAO, and STO substrates �spectra were
collected on film cross sections�.

Sample

Wavenumber
�cm−1�

E�1TO� E�3TO�

Polydomain PTO single crystal 89.5 506.2

PTO/SAPH 83 504.3

PTO/MgO 86.2 502.4

PTO/LAO 87 502.0

PTO/STO 88.3 504.0
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