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Room-temperature dispersion relations of the phonon modes associated with lead ion vibrations in ferro-
electric PbTiO3 single crystal have been investigated using inelastic neutron scattering. Both transverse acous-
tic and transverse optic modes propagating in the direction perpendicular to the spontaneous polarization show
considerable splitting due to tetragonal anisotropy. The results of an earlier inelastic neutron scattering study
are revised, and it is shown that the present picture is compatible with recent results obtained from Raman and
Brillouin spectroscopy.
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PbTiO3, a prototype1 ferroelectric perovskite crystal with
a Pm3̄m parent high-temperature phase, is a popular model
system for various phenomenological1–5 and
first-principles-based6–19 calculations. It has a fairly high Cu-
rie temperature1 �TC=760 K� and a large spontaneous strain1

�at ambient conditions, c /a=1.06�. The transition to its te-
tragonal ferroelectric phase �PS �c� is of an essentially dis-
placive type, associated with a well-defined zone-center soft
mode, whose frequency drops down to about20 50 cm−1. In
contrast to many other ABO3 perovskites with a ferroelectric
soft mode, such as BaTiO3, SrTiO3, or KNbO3, the eigen-
vector of the PbTiO3 soft mode corresponds primarily to A
atoms vibrating against the BO6 octahedra, i.e., to the so-
called Last mode.21 The ferroelectric phase transition can be
also attained at room temperature by applying hydrostatic
pressure �pC=12 GPa�, but the exact pressure phase diagram
is still under debate.22,23 In materials science, lead titanate is
frequently used to dilute other complex lead-based perovs-
kites, such as Pb�Mg1/3Nb2/3�O3, Pb�Zn1/3Nb2/3�O3, or
�Pb,La�ZrO3 to increase their piezoelectric properties by in-
creasing their phase transition temperature or by bringing
them closer to the so-called morphotropic phase
boundary.24,25

Lattice vibration spectra of PbTiO3 have been subject to
numerous detailed studies, mainly by Raman spectroscopy
�e.g., Refs. 20, 22, and 26–30� as well as by ab initio calcu-
lations �e.g., Refs. 22 and 31–34�. Experimentally, only little
is known about the dispersion of its phonon branches, even
though this is quite important for example in the context of
the long-standing controversy about the origin of diffuse
scattering in perovskite ferroelectrics �see Ref. 35 and refer-
ences therein�. Indeed, the only available results were re-
ported in the pioneering inelastic neutron scattering study of
Shirane et al.,36 which describes dispersion of the soft mode
and of some acoustic branches in both cubic and ferroelectric
phases. However, the picture is incomplete: For example, it
follows from symmetry considerations that the soft mode
branch propagating in the direction perpendicular to the
spontaneous polarization should be split into a pair of

�1−�2 branches �associated with ETO and A1TO zone center
modes�. Moreover, Raman scattering experiments imply that
at room temperature there should be an additional branch
lying just in between them �associated with the lowest-
frequency ELO zone center mode�. The purpose of this study
is to investigate these missing branches in order to complete
the chart of the low-frequency phonon dispersion curves in
ferroelectric PbTiO3.

Our experiment was carried out on the 1 T thermal neu-
tron three-axis spectrometer at the ORPHEE reactor of the
Laboratoire Leon Brillouin, CEA-Saclay. The instrument
was operated in its standard configuration, using horizontally
and vertically focusing monochromator and analyzer crystals
�PG 002� together with a natural collimation. All of our mea-
surements were performed at a fixed energy of scattered neu-
trons �14.7 meV� with a pyrolytic graphite filter in front of
the analyzer. A typical full width at half maximum �FWHM�
energy resolution of 0.95 meV was verified by measuring the
incoherent elastic scattering of the sample.

The sample used in this study was a high-quality 2.7 mm
thick single-crystal platelet �700 mg� with optically perfect
natural faces, selected from a series of crystals grown by the
flux method. The PbO-B2O3 system was used as a solvent
and the crystallization was carried out in the temperature
range of 1050–900 °C with a cooling rate of 0.7 °C/h;
more details are given in Ref. 37. No ferroelastic domain
walls were seen under the polarized light microscope and
neutron diffraction has confirmed that the tetragonal axis �c�
was perpendicular to the platelet in at least 95% of the
sample volume. The sample was mounted with its c axis
��001�� either horizontal or vertical, in order to access the
transverse modes polarized parallel as well as perpendicular
to the spontaneous polarization direction.

To obtain the phonon frequencies shown in Fig. 1, the
neutron spectra were fitted with a superposition of a model
of independent damped harmonic oscillators together with a
slowly varying background, convoluted with a four-
dimensional Gaussian instrumental resolution function
R�Q ,��, assuming a locally linearized dispersion relation
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and using the program packages AFITV �Ref. 38� and/or
RESTRAX.39 Both fitting programs converged to the same
phonon frequencies. A relatively high but smooth and mono-
tonic inelastic background, which can be partly due to the
scattering by air and/or tiny traces of the plastic glue on one
of the edges of the crystal, was held almost constant for all
spectra.

Our investigation was mostly focused on the low-
frequency modes propagating along the �100� direction �see
Fig. 1�a��. The little group of ��00� wave vectors is my, and
there are thus only two symmetry species having eigenvec-
tors symmetric ��1� or antisymmetric ��2� with respect to
the my plane �symmetry analysis of phonon vibrations of
ferroelectric PbTiO3 can be found, e.g., in Refs. 34 and 40;
labeling of experimental dispersion is done with the usual
Bouckaert-Smoluchowski-Wigner41 notation as described in
Ref. 42, the correspondence42 with Mulliken notation system
is given in Fig. 1�. Mode assignments are based on the fact
that the inelastic structure factor scales with a scalar product
of the phonon eigenvector and the momentum transfer Q.
For example, the representative neutron spectra correspond-
ing to the transverse optic �TO� modes displayed in Fig. 2
were taken at momentum transfers of �0.15 0 2� and

�0.15 2 0� so that the corresponding mode eigenvectors are
expected to have significant projections onto the �001� and
�010� directions, respectively. Consequently, they can be as-
signed to �1 and �2 species, respectively.

Close to the Brillouin zone center, all three observed optic
branches �see Fig. 1�a�� approach the frequencies of ETO,
ELO, and A1TO modes known from Raman experiments.28 It
is worth noting that interpretation of direct measurements of
the Brillouin zone center modes by the inelastic neutron scat-
tering technique is problematic in the present case, because
of the angular dispersion of the oblique long-wavelength soft
optic modes as a function of the angle � between the phonon
wave vector and the xy plane. This angular dispersion calcu-
lated according to Raman spectroscopy data as in Ref. 28 is
shown in Fig. 1�b�.

Similarly, the course of the acoustic branches fits well
with the limiting slopes of long-wavelength acoustic phonon
modes determined from Brillouin experiments43,44 �see Fig.
1�a��. Here, it is interesting to note that the observed
y-polarized ��2� TA modes have significantly lower frequen-
cies than the z-polarized ��1� TA modes, even though Bril-
louin scattering results43,44 show that at long wavelengths the
situation is just the opposite �C66�C44

D �. This implies an up-
ward bending of the ��1� TA branch and crossing of the two
TA modes at some finite wave vector. Such upward bending

FIG. 1. �Color online� Low-frequency phonon dispersion curves
of PbTiO3 at ambient temperature. �a� Dispersion relation along the
�100� direction. �b� Angular dispersion of long-wavelength modes
with wave vectors rotating from �100� to �001� direction. �c� Dis-
persion relation along �001� direction. Larger symbols stand for the
data from this study �open squares—�1 and �1 longitudinal acous-
tic branches, solid squares—�1 transverse acoustic �TA� branches,
solid circles—�2 branches, open pentagon: �5 mode shown in
Fig. 3�, smaller symbols are from literature �solid triangles—Raman
experiment of Ref. 28, stars—inelastic neutron scattering of Ref.
36, open diamonds—ab initio results of Ref. 34�. Dotted lines stand
for linear acoustic dispersion extrapolated from Brillouin data of
Refs. 43 and 44, dashed and solid lines are guides for the eyes.

FIG. 2. Inelastic neutron scattering spectra from constant-Q
scans with momentum transfers of �0.15 0 2� and �0.15 2 0�, reveal-
ing the �1 �top� and �2 �bottom� transverse optic modes. Point
symbols stand for the data points, the solid line corresponds to the
fit with the damped harmonic oscillator model, the dashed lines
represent the individual components of the model.
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of the ��1� TA branch was already observed45 in tetragonal
BaTiO3.

The acoustic branches are expected to be dominated by
vibrations of the heavy lead atoms,32 which suggests34 the
assignment of the associated X-point zone boundary modes
of y, z, and x polarized acoustic branches as B1�X3�, A1�X1�,
and B2�X4� modes. These, as well as the higher-frequency
X-point modes can be also assigned from their correspon-
dence with the ab initio predicted frequencies.34 As a matter
of fact, there is a remarkable agreement between the
calculations34 and experiment �see Fig. 1�, probably due to
the fact that the anharmonic effects are quite small at room
temperature in this crystal.

Comparing our results with the data obtained in the pre-
vious inelastic neutron scattering results36 displayed in Fig.
1, we have to bear in mind that probably, contrary to the
present work, no measurement was done for sample orienta-
tion with the c axis vertical. Consequently, the transverse �2
species were not observable in the previous study �see Fig.
2�. The absence of the second optic branch in the previous
results is more puzzling. But it is possible that the dynamic
structure factor of the missing modes was too small in the
Brillouin zone used for their measurements. At the same
time, it appears that all of the previously measured frequen-
cies are systematically by about 10–15% higher than the
present ones. As we are not aware of any calibration problem
in the present experiment and as our observed frequencies
are supported by the optical spectroscopy results, we believe
that the discrepancy is due either to instrumental problem in
the previous experiment or, more probably, inherent in the
sample used in the previous experiment. In fact, it is
reported36 that the sample was a “composite” assembly of
five crystals �with a possible residual ferroelastic twinning�,
and moreover, the sample was slightly doped by uranium
atoms, which might have created a lattice strain, leading to a
phonon frequency upshift.

For the modes propagating along the tetragonal axis,
whose dispersion is indicated in Fig. 1�c�, the two-fold de-
generacy of transverse branches is preserved �� modes are
classified according to 4 mm point group�. Therefore, the
dispersion scheme of �5 branches as given in Ref. 36 is
correct, and no other branches are expected below 20 meV
except for the LA �1 branch. Dispersion of the latter can be
well guessed by interpolating between the low-q slope from
Brillouin experiments43,44 and the ab initio predicted34 fre-
quency of the associated zone boundary mode �we have de-
termined one additional point, see Fig. 1�c��. Most likely, the
�5 phonon frequencies of Ref. 36 are also overestimated by
10–15%. For example, the measurement of the �5 TO mode
at Q= �20–0.05� shown in Fig. 3, gives a phonon frequency
much closer to the Raman value28 of the ETO mode than to
the previous inelastic neutron scattering36 result. The tenta-
tive renormalization by 15% of the �5 phonon data of Ref.
36 is therefore indicated by solid lines drawn in Fig. 1�c�.

It is instructive to consider the observed transverse pho-
non branches as derived from the double degenerate �5
branches of the parent cubic phase. In the ferroelectric phase,
the �5 TA modes propagating along the �001� axis are merely
“renamed” as �5 modes, while those propagating along the
�100� axis split in a �1-�2 pair. The same holds for the �5
TO branch, except that the presumably rather flat transverse
�1 component interacts with another very steep soft longitu-
dinal �1 branch associated with the ELO zone center mode.
The strong eigenvector exchange between the two �1
branches could be the reason why their anticrossing was
missed earlier. It is also interesting to note that for both the
TA and TO modes, the y-polarized �2 split components have
lower frequencies than their z-polarized �1 partners.

In conclusion, our present neutron data for long-
wavelength phonon modes are perfectly consistent with the
results of recent Raman and Brillouin scattering studies.
Also, they are in good agreement with the frequencies of
zone boundary modes predicted by ab initio calculations. On
top of that, our results reveal a remarkable tetragonal aniso-
tropy in the ferroelectric phase of PbTiO3. This more com-
plete picture of low-energy phonon dispersion curves in
PbTiO3 will provide a reference for comparison with other
perovskites, such as lead-based relaxor ferroelectrics, exhib-
iting Last-type soft modes.
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FIG. 3. Inelastic neutron scattering spectrum of long-
wavelength �5 TO phonon taken at Q= �20–0.05�. Point and line
symbols have the same meaning as in Fig. 2.
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