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Detailed Raman studies of the optical phonons in high-quality single-crystal PbTiO; indicate that the
mode energies and symmetry assignments in the literature [G. Burns and B. Scott, Phys. Rev. B 7, 3088
(1973)] must be revised. In this study, all k=0 optical-phonon modes are directly observed and are
shown to obey rigorously the Raman selection rules. The angular dependence of the phonon frequencies
indicates that the energy of the lowest-frequency A4,(TO) mode is higher than the energy of the lowest-
frequency E(LO) mode at 300 K. This indicates that these two k=0 modes will cross at elevated tem-
perature. The A4,(TO) mode exhibits an anomalous line shape, which we attribute to the anharmonic
nature of the lattice. The phonon frequencies determine the clamped dielectric constants, €,(0) and
€.(0), using the Lydanne-Sachs-Teller relation. These values, when compared to those obtained from
impedance measurements, indicate no dielectric dispersion in PbTiO; between the MHz region and the

Raman region.

I. INTRODUCTION

Lead titanate, one of the perovskite ferroelectric (FE)
materials, has been extensively studied by a variety of
techniques.! Experimental studies of the phonon struc-
ture in PbTiO; have been carried out using neutron
scattering,? infrared absorption,® and Raman scatter-
ing.*~7 These results lead to the classification of the fer-
roelectric phase transition in PbTiO; as a prototypical ex-
ample of “soft-mode” displacive behavior. Soft modes
were observed in both the paraelectric (PE) and FE
phases.? Detailed Raman-scattering experiments of
PbTiO; have been carried out by Burns and Scott.*
These measurements indicated that the line shape of the
intense, lowest-frequency E-symmetry transverse-optical
(TO) soft mode could be successfully modeled at all tem-
peratures below 7,~493°C by a damped harmonic-
oscillator model with a frequency-independent damping
coefficient. However, the lowest-frequency 4 ,(TO) pho-
non could not be directly observed. Mean-field as well as
self-consistent phonon model calculations® ™! predict
that the frequency of the lowest-energy A,;(TO) mode is
proportional to the ferroelectric order parameter in the
tetragonal phase. Burns and Scott* determined the fre-
quency of this mode by fitting the angular dependence of
the oblique phonon spectra (with k at 45° between the a
and c¢) axis using Merten’s relation.!! This fit demon-
strated the expected soft-mode behavior of the lowest-
frequency A4,(TO) phonon. Based on polarization con-
siderations, a more recent Raman study6 has questioned
the frequencies and symmetry assignments of Burns and
Scott;* however, no explanation was given for the anoma-
lous line shape of the peak associated with the A4 ,(TO)
phonon in Ref. 6 which led Burns and Scott to question
the assignment of this feature.

In this paper, we report detailed Raman studies of the
optical phonons of high-quality single-crystal PbTiO,.
Our results, in agreement with those of Ref. 6, indicate
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that revisions are needed in the frequency and symmetry
assignments of the optical-phonon modes of PbTiO; es-
tablished in the literature.*>’ In contrast to all earlier
studies, we observed directly all k=0 optical-phonon
modes, and demonstrated that the phonons obey
rigorously the Raman selection rules. (In this article
k=0 should be understood to mean k small, relative to
the Brillouin zone but large enough to lie outside the po-
lariton regime). Mapping of the full angular dependence
of the oblique (i.e., off-axis) phonon frequencies indicates
that, at 300 K, the energy of the lowest-frequency
A,(TO) mode is higher than the energy of the lowest-
frequency E-symmetry longitudinal-optical (LO) mode.
Since the 4 ,(TO) is the soft mode, these two k=0 modes
must cross at elevated temperatures. We also observe
that the A4,(TO) mode exhibits an anomalous, highly an-
isotropic line shape which we attribute to the anharmonic
nature of the effective interatomic potential associated
with this phonon. Using the Lydanne-Sachs-Teller (LST)
relation, the Raman frequencies determine the clamped
dielectric constants, €, and €,. These values, when com-
pared to those obtained from impedance measurements,
indicate no dielectric dispersion in PbTiO; between the
MHz region and the Raman region (=4 THz).

II. EXPERIMENT

The PbTiO; single crystals were grown by a modified
flux-solution method.'? The single crystals consisted of
(001) oriented platelets with dimensions of about
3.5X3.5X2.0 mm. Unlike previous studies,* the dc
resistivity of the as-grown multidomain crystals was very
high (~3.2X10'° Qcm). Typically, only U** compen-
sated crystals exhibit such high dc resistivities.!> The
as-grown crystals contained abundant 90° domains which
were removed by a piezoelectric detwinning process. '
The crystals were oriented using Laue backscattering and
then mechanically polished to optical quality on all six
sides of a parallelepiped. Further 90° domains, which
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were induced in the crystals during polishing, were also
removed piezoelectrically. The crystals were then sub-
jected to an optimized heat treatment followed by the re-
moval of the crystal’s surface layer. We have previously
shown that these treatments minimize the low-frequency
dielectric dispersion!® while retaining the high dc resis-
tivity of the crystal (~1.2X10° Qcm). The high dc
resistivity allowed electrical polling of the crystals using
an electric field of ~18 kV/cm at room temperature for
10 min in order to remove 180° domains. This field is
greater than the coercive field of PbTiO; (~16.6 kV/cm)
reported in the literature.'® The resulting single crystals
were transparent, yellowish in color, and consisted of a
single FE domain with final dimensions of 2.5X2.5X1.5
mm.

Raman-scattering data were obtained using one of two
systems: a Coherent Innova 70 Ar™ ijon laser and a
Jobin-Yvon U-1000 double grating monochromator, or a
Coherent Innova 90 Ar™* ion laser and a Spex 1401
double-grating monochromator. Both systems used
cooled (—60°C) RCA C31034A photomultiplier tubes as
the detectors in single-channel, photon-counting mode.
Samples were mounted in a Hi-Tran gas flow cryostat (for
temperature control from 4 to 450 K) with the laser light
focused and collected by an achromatic lens. The scatter-
ing geometries of the laser light (487.9 nm at 100 nW)
were true 180° backscattering, 90° scattering, and pla-
telet.!” The spectral resolution was ~0.5 cm~!. For the
selection rule measurements, the incident laser was polar-
ized using a Glan-Taylor calcite prism polarizer and the
scattered light was analyzed with a Melles-Griot dichroic
sheet polarizer followed by a mica half-wave plate to
compensate for the polarization dependence of the mono-
chromator.

III. PHONON MODES AND SYMMETRY
ASSIGNMENTS

In the PE phase (T > T,), PbTiO; is cubic and belongs
to the O} (Fm3m) space group with one formula unit per
unit cell. At the I" point in the Brillouin zone, the 12
optical-phonon modes transform as the 37, +T,, irre-
ducible representation. The T;, modes are infrared ac-
tive and the T',, mode is silent, neither infrared nor Ra-
man active. Long-range electrostatic forces lift the de-
generacy of the T}, modes in the cubic phase into a dou-
bly degenerate 7';,(TO) mode (polarization transverse to
k) and a single 7', (LO) mode (polarization parallel to k).
This representation of the symmetry of the zone-center
phonons is valid only when k is along one of the principal
directions of the crystal.

In the FE phase (T <T,), PbTiO; is tetragonal [C},
(P4mm) space group], and each T';, mode splits into two
modes transforming as 4, +E. The T,, mode splits into
two modes transforming as B;+E. All modes are both
Raman and infrared active. As in the cubic phase, long-
range electrostatic forces split the 4, + E modes into TO
and LO components. Splitting of the B;+E modes is
also allowed; however, this has not been observed.* ¢
The B;+E modes we designate as “silent”. In this pa-

10 161

per, we will follow the labeling scheme used by Burns and
Scott, * namely, that the modes that arise from the 37,
modes are labeled in sequence 1, 2, and 3 from low to
high frequency. For example, the three E(TO) modes will
be called E(1TO), E(2TO), and E(3TO), and similarly for
the 3E(LO), 34,(TO), and 3 4,(LO) modes. As with the
cubic (PE) phase, this description of the phonons as LO
or TO in the FE phase is valid only when k is along one
of the principal symmetry directions of the crystal.

In Figs. 1(a) and 1(b), we show the polarized Raman
spectra of PbTiO; in platelet and backscattering
geometries, respectively. In both scattering geometries, k
lies in the basal plane along the principal a axis. From
the selection rules, the three peaks observed in the pla-
telet gjla (zz) polarized spectrum should correspond to
the 34,(TO) modes. An identical spectrum is observed
in backscattering x(zz)x. Burns and Scott* observed a
similar spectrum in x(zz)y geometry and assigned the
two higher energy peaks at 359.5 and 647.0 cm ™! to the
A,;2TO) and A4,(3TO) modes, respectively. However,
the lowest-frequency peak at 148.5 cm ™! was not as-
signed to the 4,(1TO) phonon, but was interpreted as an
“extraneous” line. This assignment was justified because
strong extraneous mode peaks had previously also been
observed in BaTiO;.'* While it is assumed that such
modes arise from some higher-order scattering process,
no detailed explanation of their origin has been proposed.
In the more recent Raman study,6 the peak at 148.5
cm™! was assigned to the 4,(1TO) phonon, based on its
polarization.

The Raman selection rules determine that the x(yz)x
backscattering geometry allows only E(TO) modes, while
both E(TO) and E(LO) modes are allowed in the platelet
geometry q|la (zx)+(zy) polarization. We therefore as-
sign the peaks at 87.5, 218.5, and 505.0 cm™! to the
E(1TO), E2TO), and E(3TO) phonons, respectively, and
the peaks at 128.0, 440.5, and 687.0 cm ™! to the E(1LO),
E(QLO), and E(BLO) phonons, respectively. These as-
signments confirm those of Ref. 4 with the exception of
the E(3LO), which was not observed by Burns and Scott.
The measured frequency of this mode is =36 cm ™! lower
than the fitted value in Ref. 4. The peak at 289 cm ™! is
assigned to the E-symmetry component of the silent
mode.

For platelet g|la (xx )+ (yy)+(xy) polarized and back-
scattering x (yy)x geometries, the only allowed phonons
should be the 3 4,(TO) modes and the B,-symmetry com-
ponent of the silent mode. Clearly the peak at 289 cm ™!
corresponds to silent mode, while the peaks at 359.5 and
647.0 cm ™! correspond to the A,2TO) and A4,(3TO)
modes, respectively. From selection rules it is tempting
to assign the mode at 148.5 cm ™! as the 4,(1TO) mode;
however, the high resolution of our data (0.5 cm™!)
shows that this peak exhibits an anomalous line shape
unexpected for a single phonon. In previous low-
resolution data (4.0 cm™! for Refs. 4 and 6), the line
shape only showed a slight asymmetry. In our data, this
feature appears to consist of several peaks. In the next
section we present data that show that this feature is
indeed the A4,;(1TO) phonon and identify the 3 4,(LO)
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FIG. 1. Polarized Raman spectra of single-domain single-crystal PbTiO; at 300 K in (a) platelet and (b) 180° backscattering. The
Raman selection rules are strictly obeyed. The bottom curves show the three 4,(TO) phonons. The middle curves show the four
E(TO) modes, and the platelet g||x (zx)+(zy) polarization curve also shows the four E(LO) modes. The top curve shows the B;-
symmetry component of the silent phonon in addition to the three 4,(TO) phonons.

modes not observed in Fig. 1. In Sec. V, we discuss and
explain the anomalous line shape of the 4,(1TO) mode.

IV. OBLIQUE MODE ANGULAR DEPENDENCE

For uniaxial crystals, the phonon mode frequencies
disperse as a function of the angle 6 between k and the c
axis (i.e., the direction of the spontaneous polarization in
the FE phase). Phonons observed at §=0,7/2 corre-
spond to the pure LO and TO phonons, while at inter-
mediate values of 0, the modes are termed oblique pho-
nons or ‘“quasimodes.” The frequency dispersion of the
oblique phonons is given by the zeros of Merten’s equa-
tion:!!

e.(w)cos?0+¢,(w)sin?6=0 , (1)

where €.(w) and g,(w) are the dielectric constants as a
function of w along the a and c axes, respectively, and 6
was described previously (see Fig. 2). For 6=0 or 7 /2,
Eq. (1) gives the frequencies of the 4, or E-symmetry LO
modes, respectively [e.g., 6=0=¢ (0)=0= 4,(LO)].
We can write the dielectric constant along either of the
principal axes in terms of the TO and LO frequencies as
follows:'®

I [0.(iLO)?—w?]

g (w)
g() ’
¢ 0, (iTO)?—w?
i ] @
e(@) U [w,(iLO)*—w?]
() ’

I1 [0, (iTO)?—w?]

1

where w, and o, are the frequencies of the 4, and E
modes, respectively, and €.( ) and g,( o ) are the dielec-
tric constants derived from the ordinary and extraordi-
nary refractive indices, respectively, in a frequency region
that is high compared to all the lattice modes, but low
compared to the electronic energies. Combining Eq. (1)
with Eq. (2) yields Merten’s equation:* !}

(O]
A
T, (LO) ELO)
/ HI
T, (TO) E(TO) E(TO)
0 0 /2 0 0 /2

FIG. 2. Schematic of the frequency dispersion of the TO and
LO phonons as a function of 8, the angle between the c axis and
the phonon wave vector k, for (a) cubic O} (Fm3m), and (b)
tetragonal C}, (P4mm) symmetry.
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£.(0)cos20 [ [@.(iLO)?—w?] ] [@,(iTO)?—w?]+¢,( 0 )sin’0 [] [@,(iLO)*—w?] ] [0, (iTO)P?—w?]=0. (3)

If the frequencies of all the 3n —3 optical phonons along
the principal axes are known, then the frequencies of the
oblique modes of the crystal at any angle 6 are given by
the 3n —3 values of w which satisfy Eq. (3). In Figs. 2(a)
and 2(b), we schematically depict the angular dispersion
behavior of the oblique phonons for both cubic and uni-
axial crystals, respectively. It is important to note that
the group symmetry labels for k along the principal axes
in Fig. 2 are only suggested since the solutions to Eq. (3)
do not specify the symmetry of the modes. The actual
symmetries will depend on whether the elastic anisotropy
is larger or smaller than the electrostatic splitting. !!
Figure 3(a) shows the unpolarized Raman spectra of
PbTiO; obtained in platelet geometry. This geometry
permits mapping of the entire angular dependence of the
oblique phonon modes of the material.!” The spectra in
Fig. 3(a) give the frequencies of the oblique phonons for
specific directions of k corresponding to various values of
6. Along the principal direction k||c, we observe peaks at
194.0, 465.0, and 795.0 cm ™!, in addition to the previous-
ly assigned 3E(TO) modes and the silent mode. We as-
sign these peaks to the 4,(1LO), 4,(2L0O), and 4,(3LO)
modes, respectively. Burns and Scott* reported the
A,2LO) mode at 440.5 cm™!, degenerate with the
EQLO) mode, about 24.5 cm ™! lower than our observed
value. The weak A4,;(1LO) mode was not directly ob-
served by Burns and Scott,* but can easily be identified
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from the oblique mode spectra in Fig. 3(a). The frequen-
cy of the 4,(1LO) mode in Ref. 4 was determined to be
215 cm ™! by fitting to Merten’s relation, approximately
21.0 cm ™! higher than our measured value.

From the Raman spectra in Fig. 3(a), the angular
dependence of the peak positions is clearly shown. The
peak at 440.5 cm™! and the shoulder at 687.0 cm™!
(k||a), which we identified as the E(2LO) and E(3LO), re-
spectively, disperse upward to 465.0 and 795.0 cm ! to
become the 4;(2LO) and 4,(3LO) modes (k||c), respec-
tively. The 4,(3TO) mode at 647.0 cm ™! (k||a) disperses
downward to merge with the E(3TO) mode at 505.0 cm ™!
(k||c). The 4,(3TO) mode at 359.5 cm™! (k||a) disperses
downward, through the silent mode peak at 289.0 cm ™!,
showing no evidence of coupling, to merge with the
E(3TO) mode at 218.5 cm ™! (k||c). This mode crossing
is, in principle, not allowed because both modes have
some E-symmetry character. However, it may be that
since the 289.0 cm ™~ ! mode originates from the cubic T,,,
whereas the 359.5 and 218.5 cm ™! modes arise from the
cubic T,,, the coupling is too small to be observed. The
same mode crossing was observed in the pressure depen-
dence of the Raman modes in PbTiO; (Ref. 7). At low
frequency, the E(1LO) mode at 128.0 cm™! (k|a)
disperses downward to merge with the E(1TO) mode at
87.5cm ! (k||c).

The polarized platelet q||a (zz) data [Fig. 1(a)] as well as
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FIG. 3. (a) Raman spectra of the oblique phonons of single-domain single-crystal PbTiO; at 300 K in platelet geometry for various
directions of the phonon wave vector k. Frequencies of the oblique phonons (#) in PbTiO; are plotted as a function of 6, the angle
between the c axis and the phonon wave vector k. The solid lines are the predicted angular frequency dispersion curves derived from
Merten’s equation, Eq. (3), using the principal axes frequencies shown in Table I. The principal axes symmetries were derived from

the Raman selection rules (see Fig. 1).
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the backscattering x (zz)x data [Fig. 1(b)] indicates that
the shoulder observed in Fig. 3(a) at 148.5 cm™! for k||a
obeys the Raman selection rules for 4,(TO) symmetry.
In addition, this peak exhibits an anomalous line shape
for k|ja. As this peak disperses upward, the asymmetry
of the line shape decreases. By 6=60°, the line-shape
asymmetry has significantly diminished, and by 6=45°
the line shape appears essentially symmetric as was re-
ported in Ref. 4. For 6<45°, the mode continues to
disperse upwards, connecting to the A4,(1LO) mode at
194.0 cm ! (k||c), with an associated dramatic decrease
in peak intensity. It is important to note that this peak
does not correspond to the weak second-order Raman
spectrum of PbTiOj; reported in Ref. 6. Since the angular
dispersion data in Fig. 3(a) connect the 148.5 cm ™! peak
to the 4,(1LO) mode, we conclude that the 148.5 cm ™!
peak is a fundamental phonon that exhibits an anomalous
line shape. The assignment of this peak to the 4,(1TO)
mode is natural since this satisfies the Raman selection
rules and since this is the only remaining unassigned pho-
non.

The data in Figs. 1 and 3(a) are summarized in Table I,
which lists the frequencies and symmetry assignments for
the zone-center optical phonons in PbTiO; at room tem-
perature. In Fig. 3(b), the frequency values (#) of the ob-
lique phonon modes in PbTiO; are plotted versus 6, and
the symmetry assignments established from the data are
labeled along the principal axes. The frequencies of the
pure TO and LO phonons listed in Table I, together with
the literature values!® of €, and g, were used to calculate
the solutions to Merten’s relation, Eq. (3). The resulting
dispersion curves are shown as solid lines in Fig. 3(b).
The largest discrepancy between the frequencies predict-
ed by Merten’s relation and the measured angular depen-
dence of the quasimode frequencies is ~8 cm™~!. The
close agreement between Merten’s relation and the data
further substantiates the assignment of the A4,(1TO)
mode to the asymmetric peak at 148.5 cm ™.

The complete angular dependence shown in Fig. 3(b)
also allows us to understand the differences between the
present work and that of Ref. 4. From quasimode fre-
quencies at 6=45°, together with the subset of principal-
axes mode frequencies which they could measure, Burns
and Scott* used a trial and error method of fitting to
Merten’s relation to determine the frequencies of the
A,(1TO), A4,(1LO), and E(1LO) modes (which were not
observed). However, they reported the frequency of the
A,(2LO) degenerate with the E(2LO) mode. Since the
solutions of Merten’s equation depend on the frequencies
of all the principal-axes modes, any error in the frequen-
cies of these modes will effect the accuracy of the quasi-
mode dispersions. Therefore, the frequencies of any un-
known principal-axes modes which are being fitted will be
erroneous. Given the trial and error method of fitting
employed by Burns and Scott,* their results were remark-
ably accurate. In the present work, all principal-axes
modes were directly measured. Therefore, the dispersion
curves which we obtained from Merten’s relation [see
Fig. 3(b)] were determined using no adjustable parame-
ters.
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From Table I, we note that at =300 K the frequency
of the 4,(1TO) mode is higher than the frequency of the
E(1LO) mode. The frequency of the A4,(1TO) mode is
predicted to exhibit soft-mode behavior; whereas, the fre-
quency of the E(1LO) mode should be relatively insensi-
tive to temperature. In Ref. 4, the soft-mode behavior of
the 4,(1TO) mode in PbTiO; was measured by observing
the softening of the oblique phonon measured at 106
ecm ™! (T=300 K) for 6=45°. The data in Fig. 3 indicate
that this quasimode is associated with the E(1LO) pho-
non for T=300 K and not the 4,(1TO) phonon. This
implies that at some elevated temperature, the energies of
the E(1LO) and 4 ,(1TO) k==0 modes must cross, and the
soft oblique phonon associated with the E(1LO) phonon
(at 300 K) will then connect the E(1TO) and the 4,(1TO)
phonons. The soft-mode behavior reported in Ref. 4
qualitatively shows that the majority of the mode soften-
ing occurs within 50 K of T,. Therefore, it is possible
that the E(1LO)- 4 ,(1TO) mode crossing could occur in
the vicinity of T, and play a role in the dynamics of the
phase transition. The soft-mode behavior of the 4,(1TO)
mode reported in Ref. 6 does track the softening of the
148.5 cm ! peak. Significant softening was reported, in-
dicating that a mode crossing should occur at =700 K;
however, the complex nature of the line shape of this
mode was not addressed. We are currently extending our
studies of the Raman modes of PbTiO; to higher temper-
atures in order to investigate the A ;(1TO) phonon soften-
ing and the anticipated mode crossing.

From the frequencies in Table I, we calculate the
clamped dielectric constants along the a and c axes in the
Raman frequency region by considering the =0 limit of
Eq. (2). This limit results in the generalized form of the
LST relationships?®?! which is appropriate for anisotrop-
ic systems in which more than one phonon contributes to
the dielectric constant. Using the ordinary and extraor-
dinary refractive indices at a wavelength of 1.0 um, viz.
€.(0)=6.6419 and ¢,()=6.6301 (Ref. 19), the
clamped dielectric constants at 300 K derived from Eq. 4
are €,(0)=28.6 and ¢,(0)=106.9. We have previously
reported the anisotropic dielectric constants at constant
strain for our crystals.'> The values of £ =34.0 and
g, = 105.0, determined by impedance measurements at 12
MHz, compared well to the dielectric constants derived
from the LST relationships. This indicates that high-
frequency dielectric relaxation does not occur in PbTiO;
single crystals, which is contrary to the case of BaTiO;

TABLE 1. Frequencies (in cm™ ') of the principal axis TO
and LO phonons and dielectric constants (Ref. 19) used for the
calculation of the quasimode frequencies using Merten’s rela-
tion in PbTiO;.

E(TO) E(LO) A,(TO) A,(LO) B,+E

87.5 128.0 148.5 194.0 289.0
218.5 440.5 359.5 465.0
505.0 687.0 647.0 795.0
£,(0)=6.6301, €,(0)=6.6419
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where the €; measured by the impedance method is much
higher than that calculated from the LST relations. 2*?!

In Ref. 6, similar agreement between LST calculations
and impedance measurements of the dielectric constants
was reported between T'=300 to 700 K. However, for
T>700 K, a large disagreement between these two
methods was observed. In addition, the Raman data
showed evidence of a central mode in this same tempera-
ture region. The appearance of a central mode in the Ra-
man scattering would appear to indicate an
order—disorder component to the ferroelectric phase
transition; more work is clearly needed to resolve this is-
sue.

V. A4,(1TO) LINE SHAPE AND ANHARMONICITY

As can be discerned in Fig. 1, the 4,(1TO) mode ex-
hibits an anomalous line shape. In Fig. 4, we show the
detailed temperature dependence of the line shape of this
mode taken in backscattering x (yy)x geometry; the solid
lines represent the experimental data. An important
point to note is that the line shape is not a smooth func-
tion but appears to be a superposition of subpeaks. At
T=400 K, the line shape clearly shows four distinct
peaks at 148.5, 137.5, 126.5, and 110.5 cm ™~ !. We will la-
bel the peaks 1, 2, 3, and 4, respectively. The lowest-
energy shoulder at ~87.5 cm™! results from leakage of
the strong E(1TO) mode. The relative intensities of the
different data sets have been normalized. At every tem-
perature, the strength of the E(1TO) mode leakage
remained constant. It is clear from Fig. 4 that as the
temperature is lowered, the intensity of peaks 2-4 de-
crease, and the individual peaks become more difficult to
resolve. In an effort to deconvolute the line shape of the
A{(1TO) mode, we fit the spectra to a sum of Lorentzian
functions.” The purpose of this fit was only to obtain
qualitative information about the temperature depen-
dence of the intensity of the peaks comprising the
A,(1TO) phonon line shape. The dotted lines (almost in-
distinguishable from the experimental data) are the result
of the fit to Eq. (5) and the dashed lines are the individual
Lorentzian components. By 60 K, the intensities of
peaks 2—4 are so weak that the resulting line shape is
essentially a single Lorentzian.

The line shapes of the experimental peaks in Fig. 4 can
be qualitatively understood assuming a double-well po-
tential for the A4,(1TO) phonon as shown in Fig. 5(a).
From normal-mode calculations,?? the ionic motions at
the I' point calculated for the A4,(1TO) phonon of
PbTiO; are a relatively rigid displacement of the distort-
ed Og¢ octahedra relative to the Ti ion and the pseudocu-
bic Pb cage; this is shown schematically in Fig. 5(b). This
type of potential is eminently reasonable for tetragonal
ferroelectric materials such as PbTiO; (Ref. 23), and it
describes the two equivalent minima corresponding to the
two equivalent states of dielectric polarization (i.e., +z
and —2z); it is known?* that the anharmonic contributions
to the lattice potential energy are so large that they can-
not be treated in perturbation theory. The explanation
we propose is that the low-frequency shoulders of the
A ,(TO) mode are due to transitions between the excited
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FIG. 4. Temperature dependence of the line shape of the
A{(1TO) phonon obtained in 180° backscattering. The solid
line represents the experimental data and the dotted line is the
result of a fit to a sum of Lorentzian functions and the dashed
lines are the individual Lorentzian components.

phonon states in the potential well. We illustrate these
transitions in Fig. 5(a), where the energy levels shown in
one side of the double well depict the possible phonon
states associated with the 4,(1TO) mode. Peak 1 of this
phonon (highest energy) would correspond to a transition
from the first excited state to the ground state (Stokes
scattering). Peaks 2—4 would correspond to transitions
from higher-energy excited states to adjacent lower-
energy excited states. It should be emphasized that this
is not a two-phonon process since it only involves a single
quantum. This distinction of transitions between the
different levels of the potential arises as a direct result of
the lifting of the degeneracy of the transitions in the har-
monic approximation. *

The arguments of the preceding paragraph can be
made more rigorous in the following way: consider the
potential energy ®(Q) for the normal-mode coordinate Q
of the form?*

__Ei £ 4.8 6
<1>(Q)—2Q2+4Q +6Q . 4)

This potential, schematically shown in Fig. 5(a), can be
envisioned either in the extended mode representation
(phonon picture) or as a local normal coordinate. > =2’ In
this latter case it qualitatively corresponds to the atomic
motion depicted in Fig. 2(b). By applying perturbation
theory to one of the anharmonic minimums of the
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FIG. 5. (a) Schematic representation of the double-well po-
tential along the c axis in the ferroelectric phase of PbTiO;, il-
lustrating the anharmonic nature of the potential of the
A,(1TO) phonon. We attribute the complex nature of the line
shape of this mode to transitions between the excited phonon
states in the well. (b) An illustration of the atomic displace-
ments associated with the 4(1TO) phonon for k=0.

double-well potential, the calculation of the energy levels
can be performed in either representation. In the extend-
ed picture the result has the same form as the partial
anharmonic contribution to the free energy.?® In the local
picture one can directly use the more familiar equations
for anharmonic corrections from Ref. 29. Both ap-
proaches lead to energy differences between levels
E, . ,—E, of the form,

AE=E, . ,—E,=%#o,—f(k,&¢n), (5)

where 7w, is the solution to the harmonic part of Eq. 4
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and f is a function which depends on the parameters k,,
&, &, and n. To lowest order, the correction term f in Eq.
5 is linear in n (Ref. 29) leading to an expected splitting
between our measured subpeaks, which is independent of
n. From our 400 K data, we find that the spacings be-
tween subpeaks are 11, 12, and 15 cm ™ !; that these spac-
ings are not equal is attributed to higher-order perturba-
tion corrections.

Since the intensity of a given transition is proportional
to the population of the initial state which is determined
from the Gibbs distribution?® and, in the harmonic ap-
proximation, the matrix element is proportional to
v'n +1 (Ref. 30), the relative intensity R of the transition
(Stokes) from level n +1 to n to that of the 1 to O transi-
tion is given by

nfio
k,T

R=(n+1)exp , (6)

where for the phonon in question #iw is 148 cm ™! = 213
K and k, is Boltzman’s constant. In Table II, we list the
intensity ratio values determined from Eq. 6 at various
temperatures and compare them with the integrated in-
tensities of the 4,(1TO) phonon subpeaks 1 through 4
obtained from the fit to the Raman data (see Fig. 4).
Above 200 K the agreement is excellent; below this tem-
perature the agreement is less good but the observed
discrepancies can be traced to the difficulty in obtaining
reliable intensities of the weak subpeaks.

An additional consequence of our interpretation is that
the high-lying phonon states in the well should also have
shorter lifetimes so that we expect the peak linewidths to
gradually broaden as the energies of the levels increase.
This is also qualitatively observed in the line shapes in
Fig. 4; however, due to problems of deconvoluting the in-
strumental resolution from the fitted linewidths we are
unable to claim more than just qualitative agreement.

Recently, Raman line shapes composed of multiple
peaks have been reported in the coherent anti-Stokes
Raman-scattering vibron spectrum of shock compressed
N, (Ref. 31) (i.e., T >2500 K and pressure > 10 GPa). In
this report, the nature of the line shape was associated
with the anharmonic component of the molecular poten-
tial in the molecular crystal. The current article is a re-

TABLE II. Theoretical and experimental intensity ratios of the peaks associated with the 4,(1TO)

phonon line shape.

Temperature 60 K 100 K 150 K 225 K 300 K 400 K
Theory
Otol 1.00 1.00 1.00 1.00 1.00 1.00
1to2 0.057 0.23 0.48 0.78 0.98 1.17
2to3 0.002 0.04 0.18 0.45 0.73 1.03
3to4 0.01 0.06 0.23 0.48 0.81
Experiment

Otol 1.00 1.00 1.00 1.00 1.00 1.00
1to2 0.62 0.81 0.84 0.88 0.98 1.22
2to3 0.02 0.05 0.22 0.55 0.87 1.04
3to 4 0.01 0.05 0.08 0.21 0.35 0.87
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port of anharmonicity-associated multiple-peak Raman
line shapes in the phonon spectrum of a solid under con-
ditions of temperature and pressure near ambient.

VI. CONCLUSION

We have reported detailed Raman studies of the opti-
cal phonons of high-quality single-crystal PbTiO;. All
k =0 optical-phonon modes are directly observed and are
shown to obey rigorously Raman selection rules indicat-
ing that the mode energies and symmetry assignments in
the literature* must be revised. The angular dependence
of the oblique phonon frequencies was shown to compare
well with the predicted dispersion from Merten’s relation.
We showed that the energy of the lowest-frequency
A{(TO) mode is higher than the energy of the lowest-
frequency E(LO) mode at 300 K indicating that these two
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k=0 modes will cross at elevated temperature. We have
proposed a model in which we attribute the anomalous
line shape of the 4,(TO) mode to the anharmonic nature
of the lattice. The phonon frequencies determine the
clamped dielectric constants, €,(0) and €,(0), using the
Lydanne-Sachs-Teller relation. These values, when com-
pared to those obtained from impedance measurements,
indicate no dielectric dispersion in PbTiO; between the
MHz region and the Raman region.
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