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Low-temperature Raman spectroscopy between 11 K and room temperature was used together with room-
temperature x-ray-diffraction experiments for a study of the effects of Nd additive in ferroelectric lead-titanate
ceramics. Raman spectra were measured between 40 and 1200 cm21 at different low temperatures from
ceramic Pb123y/2NdyTiO3 samples with Nd concentrationy between 0 and 10 %. Nd addition was found to
decrease strongly the tetragonal strain~c/a ratio at room temperature decreased from 1.064 to 1.034 in the Nd
concentration rangey from 0 to 10 %! and unit-cell volume~2.0% shrinkage aty510%! of ferroelectric lead
titanate. A frequency decrease of all transverse Raman modes, except theE~3TO! mode, followed the decrease
of the tetragonal strain with Nd addition. A quadratic extrapolation of the frequency behavior ofE~1TO! and
A1~1TO! modes with Nd concentrationy interpreted that the modes become unstable at aroundy530%. Our
results revealed a subpeak structure forA1~1TO!-mode frequencies in agreement with earlier findings@Foster
et al., Phys. Rev. B48, 10 160~1993!#. Nd addition had a strong effect on the relative intensities between
different subpeaks. It was also possible to find, on the basis of some earlier computational results, an anhar-
monic double-well potential energy forA1~1TO!-mode vibrations to fit approximately the observed subpeak
frequencies. Some extra unknown Raman peaks were also found to increase with increasing Nd concentration
and decreasing temperature.@S0163-1829~96!04642-5#

I. INTRODUCTION

Solid solutions of PbTiO3 and PbZrO3 ~PZT’s! with a
perovskite structure are technologically the most important
ferroelectrics. Extensive tuning of properties by composition
modification is always present with PZT’s. The delicate bal-
ance in lead titanate of short-range forces favoring the
paraelectric cubic phase and long-range Coulomb forces fa-
voring the ferroelectric phase makes the ferroelectric proper-
ties sensitive to defects that modify the short-range interac-
tions and to carriers that screen the long-range Coulomb
field.1 Trivalent lanthanide additives like La and Nd are the
usual additives in PZT’s which are used to modify many
properties, such as Curie temperature, conductivity, coercit-
ivity, and compliance. Lead titanate has been studied inten-
sively during the last 25 years, especially in the form of
single crystals,2–5 and it serves as a starting point to under-
stand the effects of different additives and properties of more
complex systems like solid solutions of PZT’s. Ceramic
samples have been mainly used in the study of PZT’s, since
it is difficult to produce large enough single crystals. In the
characterization of different PZT thin and thick films, the
material is also polycrystalline.6,7 Therefore, ceramic
PbTiO3-based samples were used in this study.

Low-temperature Raman spectroscopy was used to study
the effects of Nd additive in ferroelectric PbTiO3 ceramics.
Raman spectra were measured between 40 and 1200 cm21 at
different low temperatures from ceramic samples cooled
~down to 11 K! in a cryostat. Pb123y/2NdyTiO3 samples con-
tained different amount of Nd withy between 0 and 10 %.
The ceramic form has some advantages and disadvantages
for the Raman study. For instance, all Raman-active modes
can be recorded together in the same spectrum without any

geometrical arrangements concerning the crystal orientation
with respect to the direction of the propagation and polariza-
tion vectors of the light. Raman peaks from ceramic samples
coincide with the frequencies from corresponding normal
modes propagating along the principal axis.8 However, the
half width at half magnitude~HWHM! values of the Raman
peaks from ceramic samples are larger than those measured
from single crystals and the powder form may also
strengthen the appearance of second-order Raman peaks in
the spectra.8 In PbTiO3, however, second-order Raman pro-
cesses display intensities much smaller than those in other
isomorphousABO3 compounds, which may relate to the low
oxygen polarizability in PbTiO3.

4 The overlapping of Raman
peaks with large HWHM values may cause some difficulties
for the interpretation of peak parameters~position, integrated
intensity and HWHM value! in the Raman spectra. In addi-
tion to Raman spectroscopy, x-ray diffraction was also used
to study the behavior of lattice constants and unit-cell vol-
ume with Nd concentration in PbTiO3. A volume shrinkage
follows Nd addition and makes possible to study the ferro-
electric behavior in PbTiO3 with decreasing unit-cell volume
~pressure effect!. Cohen1 has reported results of electronic-
structure calculations on BaTiO3 and PbTiO3, and demon-
strates that hybridization between the Ti 3d states and O 2p
states is essential for ferroelectricity. In the calculations Co-
hen used the all-electron, full-potential, linearized aug-
mented plane-wave method within the local-density approxi-
mation for the exchange and correlation interactions between
electrons. The calculations discovered the different ferroelec-
tric phase behavior of the two materials. In PbTiO3, the lead
and oxygen states hybridize, leading to a large strain that
stabilizes the tetragonal phase, whereas in BaTiO3 the inter-
action between barium and oxygen is completely ionic, fa-
voring a trigonal structure.1 We use the results of the
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electronic-structure calculations1 as a reference for our dis-
cussions of the effects of anharmonic lattice and Nd addi-
tives on the measured Raman spectra.

II. STRUCTURE, POLARIZATION,
AND PHONON MODES

The red litharge form of lead oxide, thea-PbO phase with
a tetragonal structure, can be used to describe the evolvement
of the ferroelectric tetragonal phase of PbTiO3 from the syn-
thesis of PbO and TiO2 ~Fig. 1!. Recently there has been a
renewal of interest in the study ofa-PbO as an incommen-
surate phase at ambient pressure and low temperatures below
208 K has been evidenced.9 The layer structure of the tetrag-
onala-PbO phase at room temperature is shown in Fig. 1~a!.
The structure is a stacking of regular square pyramids with
the Pb21 ions located at the apex of four basal oxygen atoms.
These PbO4 polyhedra are connected, and Pb21 ions are on
both sides of the oxygen basal plane to form layers orthogo-
nal to the tetragonalc axis. The electronic lone pairs (L) of
the Pb21 ions extend parallel to thec axis and occupy the
large interlayer distance, with a volumic occupancy equiva-
lent to that of an oxygen atom.9 At room temperature the
lattice constantsa andc in a-PbO are 3.98 and 5.03 Å~c/a
51.26! and the layers of lead atoms with a thickness of 2.37
Å are separated by large interlayers~2.66 Å! which are only
occupied by the lone pairs.9 The only internal structure pa-
rameter, i.e., thez coordinate of Pb21 is 1.19 Å @Fig. 1~a!#,
corresponding to the Pb-O bonding length of 2.31 Å and
O-O bonding length of 2.81 Å.

In the addition of titanium oxide TiO2 into the structure of
a-PbO, a TiO2 group can be substituted for a PbOL group,
the extra oxygen atom filling the volume of a lone pairL

~Ref. 9! as is shown in Fig. 1~a!. In the solid solution of
~PbO!22x~TiO2!x , extra oxygen atoms occupy the volumes
of lone pairs in the interlayers, decreasing the thickness of
these interlayers. With the valuex51, the ferroelectric te-
tragonal phase of PbTiO3 is obtained. All lead atoms above
~or below! the basal oxygen plane in each lead-oxygen layer
are substituted by titanium atoms and half of the volumes of
lone pairs in the interlayers are occupied by oxygen atoms as
is shown in Fig. 1~b!. According to electronic-structure cal-
culations in Ref. 1, a clear polarization of the Pb atoms~from
hybrid Pb-O states! with a substantial electron density on the
side of lone pairs still exists in the ferroelectric PbTiO3 phase
@Fig. 1~b!#. At room temperature, tetragonal lattice constants
a andc in PbTiO3 are 3.90 and 4.15 Å withc/a51.064.

The paraelectric phase of PbTiO3 above the Curie tem-
peratureTC5493 °C is cubic where Ti atoms are contained
in octahedral cages of oxygen ions joined corner to corner.
That makes large cuboctahedral cages where the Pb ions sit.
In the tetragonal phase at room temperature@Fig. 1~b!# the
displacements of Ti and O ions relative to the Pb ion at the
origin are parallel to the polarc axis 17 and 47 pm,
respectively.10 As in the a-PbO phase, tetragonal PbTiO3
structure contains also regular square pyramids with the Pb21

ions located at the apex of four basal oxygen atoms. At room
temperature the distancez of the Pb21 ion from the oxygen
basal plane~O-O bonding length 2.76 Å! is 1.61 Å ~Pb-O
bonding length 2.53 Å!, which is 0.42 Å larger than the
correspondingz distance ina-PbO.

Phase transitions in ferroelectric perovskites were long
considered displacive transitions, characterized by a zone-
center soft mode with a vanishing frequency at the phase
transition. In a later work,11 however, an order-disorder
model was proposed, in which there are eight sites along
eight cube diagonalŝ111& for low-energy distortions. In
PbTiO3, however, the large strain stabilizes the ordered te-
tragonal phase, but at high temperatures the cubic PbTiO3
phase also has an underlying multiple-well potential
surface.1 The hybridization of the Ti 3d states with the O 2p
states is the origin of the ferroelectricity in the structure. The
results in Ref. 1 show a strong hybridization also between Pb
6s and O 2p states in PbTiO3, which leads to the large strain
that stabilizes the tetragonal phase. The results also show an
indirect effect on the Ti-O interactions through the Pb-O hy-
bridization. In the perovskite structure of Pb123y/2NdyTiO3,
Nd31 ions replace Pb21 ions in the large eightfold-
coordinated cuboctahedral cages. With Nd31, however, the
hybridization with oxygen states is not possible@compare the
Ba21 case in BaTiO3 ~Ref. 1!#.

The ferroelectric Pb123y/2NdyTiO3 with y<10% has te-
tragonal crystal structure with the space groupC 4v

1 as the
crystal symmetry. Modes in each threeT1u in the paraelec-
tric cubic phase split into modes transforming as the irreduc-
ible representationE%A1 of the point groupC4v, and the
nonpolarT2u cubic modes split into modes transforming as
E%B1 . As in the cubic phase, long-range Coulomb forces
split the modes transforming asE%A1 into transverse TO
and longitudinal LO components. The following labeling
scheme in the tetragonal phase of PbTiO3 was introduced by
Burns and Scott3 for the opticalA1 andE modes arising from
the threeT1u representations:

FIG. 1. ~a! A solid solution of~PbO!22x~TiO2!x obtained from
the a-PbO phase by substituting a TiO2 group for a PbOL group
~after Ref. 9!. ~b! Tetragonal structure of PbTiO3 where semi-
spheres below lead atoms represent electron clouds due to a strong
polarization of lead ions. The internal parameterz is also shown for
both structures.
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A1~3TO!

A1~2TO!

A1~1TO!

A1~3LO!

A1~2LO!

A1~1LO!

E~3TO!

E~2TO!

E~1TO!

E~3LO!

E~2LO!

E~1LO!
,

where the numbers in the parenthesis increase with the in-
crease of the particular mode frequency. LO and TO refer to
longitudinal- and transverse-optical modes, respectively.
Coulomb-field splitting of theE%B1 modes fromT2u is also
allowed, but this has not been observed in PbTiO3.

5 They are
labeled asE%B1 or ‘‘silent.’’

III. EXPERIMENTAL

Ceramic samples, produced under completely constant
preparation conditions from raw materials through milling,
calcination, milling, granulation, pressing, and sintering in
the same crucible by Siemens in Germany, were in the form
of discs with diameter and thickness of around 13 and 1 mm,
respectively~except a disc withy58.0% had a thickness of
0.2 mm!. The Nd contenty in the samples was between 0
and 10% ofA cation sites. X-ray diffraction with CuKa
radiation was used to study the room-temperature structure
of the samples. The behavior of the tetragonal lattice con-
stantsa andc with Nd concentrationy in the structure was
carefully studied by using a polycrystalline silicon as a cali-
bration standard. Some measurements were also made in or-
der to study the effects of Nd additives on the dielectric and
mechanical properties of the samples. Capacitance and radial
resonant-frequency measurements from the discs were used
to study, respectively, the behavior of the low-frequency di-
electric constant and elastic compliance with the Nd concen-
tration in the structure. These results are, however, not in-
cluded in this report.

Raman shifts were measured using the Jobin-Yvon
T-64000 facility with a charge-coupled-device detector and
the 514.532 nm line of an Ar1 laser. A mercury lamp~strong
line at 1122.60 cm21! was used as a calibration standard for
Raman peaks. Two different installations were used in Ra-
man measurements. At room temperature, the micro-Raman
utility was used to measure Raman spectra at a backscatter-
ing configuration. At temperatures below the room tempera-
ture, a macrochamber was used in the measurements at an
installation where the directions of the incident and scattered
light were perpendicular to each other. The power of the
laser beam on samples was between 5 and 8 mW with a spot
diameter of some tens of micrometers. At low-temperature
measurements, the samples were cooled to different tempera-
tures~down to 11 K! in a cryostat using a helium compres-
sor. Temperature was controlled and measured with a
microprocessor-based temperature indicator/controller~Sci-
entific Instruments model 5500-1!. A silicon diode was used
for sensing temperatures inside the cryostat.

IV. RESULTS

A. X-ray-diffraction experiments

Different 2u angle intervals were used in the recording of
x-ray-diffraction patterns. The first interval was between 10°
and 80° and an angular velocity of 0.5 deg/min was used in
the recording. In the determination of the lattice constantsa
andc, separate higher 2u peaks between 80° and 158° were

recorded with an angular velocity of 0.125 deg/min and a
polycrystalline silicon was used as an internal calibration
standard to calculate corrections for the peak positions as a
function of the angle 2u. All the samples had patterns similar
to a homogeneous crystal structure consisting only of the
ferroelectric tetragonal phase.

A commercial curve-fitting program was used to deter-
mine the positions and integrated intensities of different
measured x-ray peaks. The following procedure was used to
determine the lengths of the lattice constantsa andc at room
temperature for different samples. The calculated corrections
from the silicon reference patterns were added to peak posi-
tions obtained from the curve fitting procedure, and the lat-
tice constantsa andc were calculated from single peaks of
the form (hk0) and~00l !, respectively. In the case of (hkl)
reflections, the other necessary equation for solvinga andc
was obtained from thec/a ratio which minimized the value
of the sum(i(ā2ai)

2 where both the average lattice con-
stant ā and the lattice constantai , calculated from thei th
reflection using Bragg equation and the assumedc/a ratio,
depend on the value of thec/a ratio. After plotting of deter-
mineda and c values as a function of sin2 u, straight lines
were fitted to these values and the extrapolated values ofa
andc at the point sin2 u51 were taken to represent the val-
ues of the corresponding lattice constants.

Because of a poling treatment before x-ray-diffraction
measurements, the intensity ratios between different x-ray
peaks did not correspond to a random grain orientation in
Nd-doped samples. In the case of a pure PbTiO3 sample
without any poling, however, the measured intensity ratios
were in agreement with the random grain orientation. For
instance, the integrated intensity of the higher peak of the
$100% ~or $200%! twin peaks was nearly twice that of the
lower peak@in agreement with the values of the structure
factors for~100! and~001! reflections#. The lattice constants
a and c, the ratioc/a and the cubic root of the unit-cell
volume (a2c)1/3 are shown in Fig. 2 as a function of Nd
concentration in Pb123y/2NdyTiO3. The strong decrease of
the lattice constantc with increasing Nd concentration is the
most clear effect of Nd addition. Up to the valuey510%, the
lattice constantc decreases by 2.57%, while the lattice con-

FIG. 2. Lattice constantsa and c, the ratioc/a and the cubic
root of the unit-cell volume as a function of Nd concentration in
Pb123y/2NdyTiO3.
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stanta increases only by 0.27%. Therefore, a large volume
shrinkage follows Nd addition. Aty510% in Fig. 2, the
decrease of the unit-cell volume is about 2.0%.

B. Raman experiments

Figures 3 and 4 show Raman spectra measured from
Pb123y/2NdyTiO3 samples with differenty values between 0
and 10 %, respectively, at room temperature and at an ambi-
ent cryostat temperature of 11 K. Similar spectra were also
measured at ambient temperatures of 100, 150, and 200 K. In
addition to the Stokes spectra in Figs. 3 and 4, the corre-
sponding anti-Stokes spectra were also measured at ambient
temperatures of 11, 100, 150, 200 K, and room temperature.
In order to find the positions, line widths, and intensities of
different Raman peaks from the measured spectra, a curve
fitting was made for all measured Stokes and anti-Stokes
spectra. Voigt, Gauss, and some asymmetric line shapes
were used to describe different peak shapes in the spectra. In
some cases, however, the determination of peak parameters
was practically impossible because of the large overlapping
of peaks. Figure 5 shows results of a curve fitting for a spec-
trum measured from a Pb0.85Nd0.10TiO3 sample at an ambient
cryostat temperature of 11 K. Asymmetric line shapes of the
modes at 337 cm21 @A1~2TO!# and 622 cm21 @A1~3TO!# may
originate from oblique phonons~compare with results in Ref.
5!.

Figure 6 shows a low-frequency part of the Stokes spec-
trum in Fig. 5 together with the corresponding anti-Stokes
spectrum measured at the same ambient temperature of 11 K.

Results of the curve fitting are also shown for both spectra.
For a first-order Raman line, the intensity ratio between the
anti-Stokes and Stokes lines follows the temperature accord-
ing to the equation

I ~anti-Stokes!/I ~Stokes!5exp~-\v/kBT!, ~1!

where\v is the quantum energy of the phonon. The intensity
ratios of the fittedE~2TO! andE%B1 peaks in Fig. 6 gave,
respectively, temperatures 84 and 89 K from Eq.~1!. The
average temperature 86 K is much higher than the ambient
temperature 11 K during the measurements in the cryostat. A
small-area local phonon excitation and heating by the laser
beam is an explanation for this large disparity between the
two temperatures. This disparity was found to increase with
decreasing ambient temperature in agreement with the strong
decrease of the heat capacity according to the Debye cubic
law at low temperatures.

Different peak positions obtained from the curve fitting
for the spectra in Figs. 3 and 4 are given, respectively, in
Tables I and II. In fact, the peak positions in Tables I and II
are in most cases average peak positions from the fitted
Stokes and anti-Stokes peak positions. The average value
may give a higher accuracy for the peak position as com-
pared with the value from a Stokes-peak position alone~ac-
curacy of the order of 1 cm21 in the case of low overlapping
between peaks!. Average temperatures of two temperature
values, calculated according to Eq.~1! from the fitted inten-
sity ratios of anti-Stokes and Stokes lines, respectively, of
E~2TO! andE%B1 peaks, are also given for all samples in
Tables I and II. The fitting together with the assignment of
modes above 400 cm21 in Figs. 3 and 4~corresponding re-
sults in Tables I and II! is uncertain, to some extent. For
instance, the unusual shape of the Raman spectrum~y50! in

FIG. 3. Raman spectra measured at room temperature from dif-
ferent Pb123y/2NdyTiO3 samples withy between 0 and 10 %. Posi-
tions of different Raman peaks at room temperature in PbTiO3 ~Ref.
5! are also shown at the top. There are a few very sharp spikes in
the spectra which do not correspond to any real Raman peaks, but
probably originate from cosmic rays in the CCD detector.

FIG. 4. Raman spectra measured at ambient cryostat tempera-
ture of 11 K from different Pb123y/2NdyTiO3 samples withy be-
tween 2 and 10 %. Positions of different Raman peaks at room
temperature in PbTiO3 ~Ref. 5! are also shown at the top.
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Fig. 3 between 500 and 640 cm21 was related to the continu-
ous distribution of oblique modes betweenE~3TO! and
A1~3TO! ~Ref. 5! by Burns and Scott.8 In all samples with
the Nd additive, however, our fitting procedure did interpret
an extra unknown mode between theE~3TO! andA1~3TO!
modes in Fig. 3. At low temperatures in Fig. 4, the extra
unknown mode is clearly seen at all Nd concentrationsy

between 2 and 10 %. In the high-frequency range above 650
cm21, a large overlapping of peaks, e.g., in Fig. 5, makes the
interpretation more uncertain. Some new Raman peaks in
this frequency range are also seen in Figs. 3, 4, and 5 to
increase with increasing Nd concentration and decreasing
temperature. Different Raman peaks are seen to broaden with
increasing Nd concentration and temperature in Figs. 3 and
4. Figure 7 shows fitted HWHM values at room temperature
for the modesE~1TO!, E~2TO!, andE%B1 as a function of
Nd concentrationy between 0 and 10 %. The HWHM value
of each mode in Fig. 7 increases by about a factor of 2
between Nd concentrationsy50 and 10 %.

In the low-frequency range of the softE~1TO! and
A1~1TO! modes, there are large differences in the Raman
spectra between different temperatures and samples with dif-
ferent Nd concentrations in Figs. 3 and 4. Especially, this is
the case at frequencies above theE~1TO! frequency in Fig. 8
where Raman spectra, measured at three different ambient
temperatures from three samples, respectively, with Nd con-
centrations 2, 6, and 10 %, are shown up to a frequency of
180 cm21. The temperatures in Fig. 8 refer to average tem-
peratures calculated from the intensity ratios of anti-Stokes
and Stokes lines with Eq.~1!. Our fitting procedure interprets
three different peaks above theE~1TO! frequency for all
nine curves in Fig. 8. The fitted relative intensities between
the three peaks vary strongly with temperature and Nd con-
centration in the samples. In pure PbTiO3 at room tempera-
ture, theE~1LO! mode has a frequency 128 cm21, but the
modeA1~1TO! appears as a superposition of four different
subpeaks.5 The four subpeaks ofA1~1TO! frequencies are
also marked in Tables I and II. A more detailed discussion
for this will be given below.

V. DISCUSSION

For an easy illustration of the behavior of transverse
modes with bothE andA1 symmetries~and of theE%B1
peak! with the Nd concentration, we replot in Fig. 9 the
frequencies of these modes at room temperature as a function
of Nd concentrationy from Table I. The frequency of the
E~3TO! mode increases with increasing Nd concentration
and the frequency of theE%B1 peak is nearly independent of
the Nd addition. The frequencies of all other transverse
modes in Fig. 9 decrease with increasing Nd concentration.
The frequency decrease means a considerable softening of
the force constant of the corresponding lattice vibration,
since the lighter weight of the Nd atom~144.2!, as compared
to that of the Pb atom~207.4!, has a tendency to increase
vibration frequencies. For a more exact consideration of the
mode softening, we plotted the squares of the mode frequen-
cies in Fig. 9 as a function of Nd concentration, and fitted a
straight line with a quadratic equation

v~y!25v8~0!2@1-y/y0# ~2!

to the experimental data for each modes. The values of the
fitting parametersv8~0! andy0 are given in Table III. In the
case of theA1~1TO! mode, only fourv(y)2 values of the
highest subpeak aty50, 2, 3, and 4 % were used in the
fitting, since some inaccuracies may follow at higher Nd
concentrations from reasons discussed above and below. The
values of the fitting parameterv8~0! for all six modes in

FIG. 5. A Raman spectrum measured at an ambient cryostat
temperature of 11 K from a Pb0.85Nd0.10TiO3 sample together with
a peak fitting. The labeling of peak positions~* for subpeaks! is
also shown~uncertain labels in parenthesis! together with arrows
for unknown extra peaks.

FIG. 6. A low-frequency part of~a! an anti-Stokes and~b! a
Stokes spectrum measured at an ambient temperature of 11 K from
a Pb0.85Nd0.10TiO3 sample together with a curve fitting for both
spectra.
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Table III are very close to the corresponding experimental
frequenciesv~0! in Table I. At Nd concentrationy0 the fre-
quencyv~y0! is zero and the mode becomes unstable. The
results in Table III predict that bothE~1TO! andA1~1TO!
modes become unstable at aroundy530%.

The softA1~1TO! and E~1TO! phonons atk'0 in the
tetragonal PbTiO3 correspond to vibrations of the lead ion
with respect to the slightly distorted TiO6 octahedra.

12 The
displacement polarization is alonga andc axes forE~1TO!
and A1~1TO! phonons, respectively. An illustration of the
atomic displacements associated with theA1~1TO! phonon at
k'0 is shown in Fig. 10~a!. It was found by Fosteret al.5

that the anomalous line shape of theA1~1TO! Raman peak is
not a smooth function but appears to be a superposition of
four subpeaks at temperatures around room temperature. At
400 K, four distinct subpeaks appeared at 148.5, 137.5,
126.5, and 110.5 cm21. The four subpeaks were labeled 1, 2,
3, and 4, respectively, in Ref. 5. It was also found that the
intensity of peaks 2–4 decreased with decreasing tempera-
ture, and the individual peaks become more difficult to re-
solve. By 60 K, the intensities of peaks 2–4 were found to be
so weak that the resulting line shape ofA1~1TO! mode was
essentially a single Lorentzian.5 Our spectra in Fig. 8~a! mea-
sured at three different temperatures from a ceramic
Pb0.97Nd0.02TiO3 sample are in qualitative agreement with
the results in Ref. 5. However, larger peak widths from ce-
ramic samples in Fig. 8 make it impossible to distinguish all
four separate subpeaks. The highest peak of the three fitted

peaks above theE~1TO! frequency in Fig. 8 is probably a
superposition of the subpeaks 1 and 2, while the middle peak
is a superposition of the subpeak 3 andE~1LO! peak. Then,
the lowest peak of the three fitted peaks in Fig. 8 corresponds
to the subpeak 4. In fact, it was possible to distinguish the
separate subpeaks 1 and 2 from a spectrum measured at room
temperature from a pure ceramic PbTiO3 sample.

Fosteret al.5 have proposed a model in which they at-
tribute the anomalous line shape of theA1~1TO! mode to the
anharmonic nature of the effective interatomic potential as-
sociated with this phonon. The calculated results in Ref. 1
were used here to test the chances of the proposed model to
explain the appearance of the subpeaks in the Raman spec-
trum. In the tetragonal phase withc/a51.06, the calculated
decrease in energy per primitive cell was about 0.22 eV~Ref.
1! for an experimental distortion where the distorted oxygen
octahedra is displaced 47 pm relative to lead@A1~1TO!
mode# and Ti is displaced 30 pm~47–17 pm! relative to
oxygen @A1~2TO! mode#. It is possible to divide, with a
crude extrapolation of the results in Ref. 1, the total energy
decrease of 0.22 eV approximately to 0.08 and 0.14 eV for
A1~1TO! andA1~2TO! mode distortions, respectively. For a
more rigorous treatment of the two distortions, the double-
well potential energyf(Q) for the normal-mode coordinate
Q is described in the form13

f~Q!5
k̃s
2
Q21

j

4
Q41

z

6
Q6. ~3!

TABLE I. Fitted frequencies of different Raman peaks from room-temperature measurements for seven
Pb123y/2NdyTiO3 samples~Fig. 3! together with a labeling of peak positions~uncertain labels in parenthesis!.
TemperatureTcalc ~in K! refers to an average of two temperatures calculated from the intensity ratios of
E~2TO! andE%B1 peaks in Eq.~1! @in the casey510%, calculated from the intensity ratio ofE~2TO! peak
alone#.

y50%
Tcalc5247

y52%
Tcalc5265

y53%
Tcalc5267

y54%
Tcalc5258

y56%
Tcalc5287

y58%
Tcalc5296

y510%
Tcalc5330

E~1TO! 88 85 82 81 77 74 71
subpeak 4 107 106 106 107 105 103 103
E~1LO!,
subpeak 3

124 123 122 122 120 118 120

A1~1TO!
~subpeaks
1 and 2!

151 148 146 143 141 143 144

E~2TO! 218 214 212 209 207 202 200
B1%E 289 288 287 287 286 284 283
A1~2TO! 357 349 344 341 334 329 321
E~2LO! 444 447 445 442 444 445 448
A1~2LO! 458 464 463 456 457 464 476

472 503 484 480
E~3TO! 504 507 507 507 510 508 509

532 569 580 592 583 563 561
A1~3TO! 637 628 621 618 611 603 594
@E~3LO!# 736 703 667 707 664 668 660
@A1~3LO!# 779 750 719 746 714 718 710

777 762 772 759 760 742
824 827 824 823 815 819
881 881 881 876 876 868
950 944 946 946 945 945
1028 1015 1015 1020 1007 1008
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In the case of theA1~1TO! mode,Q is the displacement of
the distorted oxygen octahedra relative to Pb. The three co-
efficientsk̃s , j andz were fitted to give the depth 0.08 eV for
the potential energy at the side minimumsQ5647 pm and
the experimental frequency 149 cm21 for the 1–0 transition
of A1~1TO! mode vibrations at these side minimums. A re-
duced massm1TO565.58 a.u.~m15mPb andm25mTi13mO!
was used in the calculation of this frequency at the side mini-
mums. The fitted form of the double-well potential for the
A1~1TO! mode is shown in Fig. 10~b!, and subpeak frequen-
cies up ton54, calculated from this potential energy by a
numerical solution of the Schro¨dinger equation, are given in
Table IV. Results from perturbation calculations up to sec-
ond order were inaccurate, especially at highern values. The
differences in eigenvaluesEn between symmetric and anti-
symmetric wave functions were less than 1 cm21 up ton54.

The Morse potential energy from molecule vibrations14

f~Q!5De@12exp~2aQ!#2 ~4!

can also be used instead of Eq.~3! to describe the anhar-
monic nature of the effective interatomic potential energy.
De is the depth of the potential energy minimum and
a5(k/2De)

1/2 wherek is the harmonic force constant at the
minimum energy. The Schro¨dinger equation can be solved
exactly for this potential energy, the eigenvalues being

En5~n1 1
2 !\v2~n1 1

2 !2\vx; n50,1,2,..., ~5!

FIG. 7. Fitted HWHM values from Raman spectra in Fig. 3 for
E~1TO!, E~2TO!, andE%B1 peaks as a function of Nd concentra-
tion y between 0 and 10 %.

TABLE II. Fitted frequencies of different Raman peaks from measurements at an ambient temperature of
11 K for six Pb123y/2NdyTiO3 samples~Fig. 4! together with a labeling of peak positions~uncertain labels in
parenthesis!. TemperatureTcalc ~in K! refers to an average of two temperatures calculated from the intensity
ratios ofE~2TO! andE%B1 peaks in Eq.~1!.

y52%
Tcalc576

y53%
Tcalc582

y54%
Tcalc594

y56%
Tcalc5133

y58%
Tcalc5149

y510%
Tcalc586

E~1TO! 90 91 86 83 80 81
subpeak 4 107 105 105 107 102 103
E~1LO!,
subpeak 3

125 126 126 123 126 132

A1~1TO!
~subpeaks
1 and 2!

153 151 150 147 146 149

E~2TO! 223 221 219 215 210 209
B1%E 289 290 288 288 286 285
A1~2TO! 359 356 353 347 341 338
E~2LO! 447 443 444 446 446 448
@A1~2LO!# 463 455 455 462 466 463

483 485 488 491 491
E~3TO! 513 513 514 514 514 517

567 565 565 563 559 557
A1~3TO! 652 644 640 630 622 622

692 694 697 664 667 665
@E~3LO!# 737 735 739 702 706 707
@A1~3LO!# 771 766 777 755 757 751

795 794 819 830 831 830
886 883 884 879 875 869
946 941 940 940 939 937
1022 1020 1021 1017 1013 1013
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with v5~k/m!1/2 andx5\a2/2mv. The same fitting as above
for Eq. ~3! was also used for the Morse potential energy@Fig.
10~b!#, and corresponding subpeak frequencies, calculated
from Eq.~5!, are given in Table IV. The subpeak frequencies
from the fitting of Eq.~3!, however, are closer to the experi-
mental frequencies in the table.

An increase ofDe in the Morse potential energy Eq.~4!
from 0.089 to 0.127 eV fitted also the frequency of the sub-
peak 4 with the experimental frequency 111 cm21, as shown
in Table IV. All four calculated subpeak frequencies in Table
IV are now close to the experimental values. A well depth of
about 0.1 eV instead of 0.08 eV in the fitting of the potential
energy Eq.~3! @Fig. 10~b!# moves also all four calculated
subpeak frequencies close to the experimental values in
Table IV.

In the anharmonic potential model for subpeaks, the in-
tensity of a given transition is proportional to the population
of the initial state, and statistics can be used to predict the
relative intensities of different subpeaks at different tempera-

tures. The relative intensityR of the Stokes transition from
level n11 to n to that of the 1 to 0 transition was given in
Ref. 5 by the equation

R5~n11!exp@2n\v/~kBT!#, ~6!

where for theA1~1TO! mode in pure PbTiO3, \v is 149
cm215213 K at room temperature. In samples with low Nd
concentration@pure PbTiO3 and the sample in Fig. 8~a! with
y52%#, the fitted relative intensities of subpeaks are in
qualitative agreement with Eq.~6! at higher temperatures.
For instance, the intensity of the fourth subpeak at room
temperature in Fig. 8~a! is about one fourth of the intensity
of the highest peak~superposition of subpeaks 1 and 2! in
close agreement with Eq.~6!. The increasing discrepancy
between fitted intensities and Eq.~6! with decreasing tem-
perature may relate to the excitation of phonons by the laser
beam~interpretation of temperature from the intensity ratio
between anti-Stokes and Stokes lines!. The discrepancy be-

FIG. 8. Low-frequency Raman
spectra measured at three different
ambient temperatures~11, 150 K,
and room temperature! from
Pb123y/2NdyTiO3 samples with~a!
y52%, ~b! y56%, ~c! y510% to-
gether with a peak fitting for all
nine spectra. Temperature values
in the figures refer to temperatures
calculated from Eq.~1! ~compare
Tables I and II!.
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tween experimental results and Eq.~6! increases very
strongly with increasing Nd concentration in Figs. 8~b! and
8~c!.

Fontanaet al.4 conclude from their computed components
of the effective charge of lead ions in PbTiO3 that the bonds
between lead and oxygen in tetragonal PbTiO3 are mainly
covalent and ionic, respectively, for directions parallel and
normal to the polarc axis. It was possible to conclude15 from
the high sensitivity of theE~1TO!-mode frequency on the Zr
concentration in PZT that the addition of Zr softens strongly
the ‘‘ionic’’ force constant of vibrations with displacement
polarization in the direction of thea axis. ForA1~1TO!-mode
vibrations with polarization in the direction of thec axis, the
force constant, originating from mainly covalent bonding be-
tween lead and oxygen, was found to be insensitive to Zr
addition.15 In the case of Nd addition, it is possible to see in
Fig. 9 that the frequencies ofE~1TO! andA1~1TO! ~the high-
est subpeak! modes decrease by about the same slope with
increasing Nd concentration and a quadratic extrapolation

@Eq. ~2!# interprets that both modes become unstable at
aroundy530%. The form of the fitted potential energy in
Fig. 10~b! shows that the force constant ofA1~1TO!-mode
vibrations decreases with decreasingc/a ratio. This explains
the softening of theA1~1TO! mode in Fig. 9 with increasing
Nd concentration~Fig. 2!. The softening of theE~1TO!
mode with increasing Nd concentration in Fig. 9 may relate
to the decrease of the electronic polarization of Pb ions@Fig.
1~b!# with decreasing ferroelectric distortion,1 which follows
the Nd addition. The increase of the lattice constanta with
Nd addition ~Fig. 2! may also have a similar effect on the
E~1TO!-phonon frequency. The second transverse phonons
2TO in bothE andA1 symmetries consist of displacements
of the Ti ion relative to oxygen ions with the displacement
polarization alonga andc axes, respectively. In the tetrago-
nal phase of PbTiO3, Ti strongly distorts with respect to
oxygen~30 pm! and bonds with the closer oxygen~filling the
volume of the lone pair in Fig. 1!.4 Therefore, the force con-
stant forA1~2TO!-mode vibrations originates also from a co-
valent bonding and the force constant forE~2TO!-mode vi-
brations has an ionic character. It was possible to obtain
potential energy values for theA1~2TO!-mode at four distor-
tion valuesQ by subtracting the potential energy in Fig.
10~b! from the calculated energy values of the experimental
distortion in Ref. 1. After a fitting of Eq.~3! through these
four values, a numerical solution of the Schro¨dinger equation
with the fitted potential energy and reduced mass

FIG. 9. Frequencies of different transverse modes~and of the
E%B1 peak! from Table I as a function of Nd concentration.
A1~1TO! frequencies are highest subpeak frequencies. FIG. 10. ~a! Relative displacements of lead, oxygen and tita-

nium ions in the opticalA1~1TO! mode in PbTiO3. ~b! Double-well
potential energy of theA1~1TO! mode fitted with Eq.~3! ~—! to-
gether with the corresponding energy levelsEv and harmonic wave
functionscv

0 up tov54 to illustrate the insufficiency of the pertur-
bation approach. The dotted line shows a fitted Morse potential
energy withDe50.089 eV in Eq.~4!.

TABLE III. Values of v8~0! andy0 in Eq. ~2! from a fitting to
room-temperature frequencies in Fig. 9 forE~1TO!, A1~1TO!,
E~2TO!, E%B1, A1~2TO!, andA1~3TO! modes.

Normal mode v8~0! ~cm21! y0 ~%!

E~1TO! 87 28.3
A1~1TO! 153 32.2
E~2TO! 217 61.7
E%B1 289 ~245.3!
A1~2TO! 356 53.0
A1~3TO! 635 78.9
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m2TO540.34 a.u.~m15mTi andm25mPb13mO! gave a sub-
peak structure, which is also shown in Table IV. Results for
theA1~2TO! subpeak structure from a similar fitting by the
Morse potential energy Eq.~4! are also shown in Table IV.
The experimental Raman spectra, however, do not show any
subpeak structure for theA1~2TO! mode. The subpeak fre-
quencies from the fitted Morse potential in Table IV are very
near to other Raman peaks in Table I and the frequency 365
cm21 for the 1–0 transition is very near to the experimental
frequency 359 cm21 in Table I.

Some extra unknown Raman peaks appear from Nd addi-
tion at higher frequencies, and the relative intensities of these
peaks increase with decreasing temperature. Therefore, they
are not second-order peaks. Two extra peaks around the
E~3TO! peak in Figs. 4 and 5 are very clear and their fre-
quencies are 65 and 131 cm21, respectively, below the
A1~3TO! frequency in Table II. Two clear peaks increase
also at frequencies of about 940 and 1020 cm21 with increas-
ing Nd concentration in Fig. 4. These peaks are much weaker
at room temperature in Fig. 3. The fitting also reveals two
weak peaks between 800 and 900 cm21 ~Fig. 5!, that also
increase with increasing Nd concentration. It is not known, if
some extra peaks are an indication of another phase. X-ray-
diffraction patterns showed only the tetragonal phase at room
temperature.

A volume shrinkage follows the Nd addition as shown in
Fig. 2. The results in Ref. 1 also show a large volume de-
pendence of the soft-mode potential surfaces, consistent with
the loss of ferroelectricity at high pressures in the titanates.
Under volume shrinkage the well depths decrease and finally
vanish and there is a tricritical point where the transition
changes from first-order to continuous.1 Calculated distortion
energies are shown in Ref. 1 for a case where the unit-cell
volume of PbTiO3 shrinks 1.2% from 63.28 to 62.51 Å3 with
a considerable decrease in the well depth. The same volume
shrinkage of 1.2% is obtained by the addition of 5% Nd in
Fig. 2. A linear extrapolation of thec/a values in Fig. 2 gave
a Nd concentrationy521% for the valuec/a51.

Radial resonant-frequency measurements from disc
samples make it possible to study the behavior of the elastic
compliance of PbTiO3 with the Nd addition, if the density
behavior with Nd concentration is known. In addition to the
volume shrinkage, the defect structure produced by the Nd
addition is important for the density behavior. Our nominal
formula Pb123/2yNdyTiO3 means that Nd31 ions substitute
Pb21 ions inA sites and the excess positive charge is com-
pensated by lead vacancies for the maintenance of electrical
neutrality. Then, the density of a single-crystal sample de-

creases with Nd concentration as calculated in Table V~den-
sity r1! from the volume shrinkage in Fig. 2. Density values
are also calculated in Table V~densityr2! for the case where
divalent Nd21 ions substitute Pb21 ions in A sites without
any vacancy compensation. The density stays now about
constant in spite of the volume shrinkage in Fig. 2. The
measured density values in Table V reveal some porosity~in
addition to open grain boundaries! in our ceramic samples.
The results in Table V also show that the porosity decreases
with increasing Nd concentration.

Since lanthanum appears as an additive to PZT in so
many applications, there are much more reports of defect
structures produced by La in PbTiO3 and PLZT’s. All the
rare earths form large trivalent ions, and La31 is the biggest
at 0.106 nm for the ionic radius. The structural properties of
Nd are very similar to those of La. Nd31 has also a large
ionic radius of 0.0995 nm and the trivalent oxides Nd2O3 and
La2O3 have the same hexagonal~A-type! structure which
contains one molecule unit per unit cell. Trivalent oxides
with smaller rare-earth ions crystallize in monoclinic~B-
type! and cubic~C-type! structures. Divalent oxides LaO and
NdO have also the same rocksalt structure. Therefore, it may
be possible to assume that the defect structures produced by
Nd and La additives in PbTiO3 are very similar, respectively.
There are many results16,17 to confirm that La31 ions substi-
tute Pb21 ions inA sites in PbTiO3 and the vacancy compen-
sation is the main mechanism for the maintenance of electric
neutrality. The distribution of the compensating vacancies
betweenA andB sites in the PbTiO3 structure is considered
in Refs. 16 and 17. In a later work18 it has been shown that
vacancies at Ti sites are unlikely to occur. However, direct
microscopic experimental observations for the configuration

TABLE IV. Calculated frequencies of subpeaksn ~transitionn—n21! up to n54 for A1~1TO! andA1~2TO! modes from potential
energies fitted with Eqs.~3! and~4! ~Morse potential!. Experimental frequencies for theA1~1TO! mode refer to results at 400 K in Ref. 5.

n

A1~1TO!
Experimental

frequencies~Ref. 5!
~cm21!

Numerical solutions
of Eq. ~3!

~cm21!

Morse potential
with De50.089 eV

~cm21!

Morse potential
with De50.127 eV

~cm21!

A1~2TO!
Numerical solutions

of Eq. ~3!
~cm21!

Morse potential with
De50.157 eV

~cm21!

1 149 149 149 149 308 365
2 138 135 129 136 275 286
3 127 118 110 123 233 210
4 111 97 90 111 158 133

TABLE V. Calculated densitiesr1 and r2 with different Nd
concentrationsy, respectively, for Nd31 and Nd21 substitution of
Pb21 ions in PbTiO3 single crystals together with the measured
densitiesrm from ceramic samples.

r1 ~kg m23! r2 ~kg m23! rm ~kg m23!

y50 7971 7971
y52% 7917 7972 6382
y53% 7898 7980 6600
y54% 7866 7976 6643
y56% 7805 7971 6796
y58% 7756 7977 6681
y510% 7689 7967 7062
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and distribution of defects are still lacking even in the case of
La additives, although some conclusions have been drawn,
e.g., from positron lifetime measurements.19,20

Burns and Scott21 have measured Raman spectra from
PbTiO3 ceramics containing different amounts of La up to
y524% ofA sites. Their spectra measured at room tempera-
ture for the La concentrationsy55 and 10 % are very similar
to the spectra with corresponding Nd concentrations in Fig.
3, and the shapes of their spectra from samples with La con-
centrationsy520 and 24 % are characteristic to the ferro-
electric trigonal phase. It was also found in Ref. 22 that the
structure changes at 0 °C to the paraelectric cubic phase at
La concentrationy527%. All our x-ray and Raman results
up to Nd concentrationy510% are consistent with the ferro-
electric tetragonal phase. The Nd concentrationy of about
30%, corresponding to the extrapolation limit for unstable
E~1TO! and A1~1TO! modes, may relate to the disappear-
ance of the ferroelectric state. The ferroelectric tetragonal
phase may also change to the trigonal symmetry form at
lower Nd concentrations before the ferroelectricity disap-
pears. The extrapolation limity of about 20% for the value
c/a51 in Fig. 2 may relate to this symmetry change in the
ferroelectric state. With these interpretations Nd and La ad-
ditives have very similar effects on the ferroelectric proper-
ties of PbTiO3 ceramics. We end our discussion with a short
summary of the effects of Nd addition on some dielectric and
ferroelectric properties of PbTiO3:

~1! The familiar Lyddane-Sachs-Teller~LST! equation re-
lates the frequencies of the longitudinal- and transverse-
optical modes to the dielectric constant«~`! in the optic
region ~square of the refractive index! and the zero-
frequency clamped dielectric constant«~0!.21 In the case of
an axial ferroelectric crystal, for« along thec axis,«c , only
A1 symmetry modes appear in the LST equation, and for«a ,
perpendicular to thec axis, the modes transform as theE
irreducible representation. Nd addition increases the ionic
polarizability of lead titanate because of the strong softening
of theA1~1TO! andE~1TO! modes with increasing Nd con-
centration. Therefore, the ratios«c(0)/«c(`) and
«a(0)/«a(`) increase with increasing Nd concentration, and
the soft-mode frequencies dominate the changes in these ra-
tios. At room temperature, it is possible to calculate from the
frequency values in Table I an increase from 17.6 to 24.1 for
the ratio«a(0)/«a(`) with an increase in Nd concentrationy
from 0 to 10 %. Our value 17.6 for the casey50 is a little
higher than the value 16.1 calculated from single crystal
measurements in Ref. 5. At an ambient temperature of 11 K,
the frequency values in Table II give an increase from 16.0
to 22.8 for the ratio«a(0)/«a(`) when Nd concentrationy
increases from 2 to 10 %. A similar increase with increasing
Nd concentration may also relate to the ratio«c(0)/«c(`).
The calculations, however, need the frequency of the
A1~1LO! mode that was not possible to reveal from our mea-
sured Raman spectra. The ratio«c(0)/«c(`) in lead titanate
is smaller than the ratio«a(0)/«a(`) @e.g., a value 4.3 was
calculated at room temperature from single-crystal measure-
ments for the ratio«c(0)/«c(`) in Ref. 5#. In the case of La
additives in PbTiO3, the values calculated for«~0! from the
LST equation were found to be smaller than the values ob-
tained from capacitance measurements.21 Our capacitance
measurements showed a similar trend also in the case of Nd

additives in PbTiO3. The increase of the«~0! value above the
LST value was related to a contribution from relaxation
modes due to impurities, disorder, and nonstoichiometry in
Ref. 21.

~2! Spontaneous polarizationPs decreases together with
the spontaneous strainc/a with increasing Nd concentration
in PbTiO3. According to an experimental relationPs

}Ac/a21 in Ref. 3, the decrease of the spontaneous strain
in Fig. 2 corresponds to a decrease of 27% forPs at Nd
concentrationy510%. The decrease ofAc/a21 from Fig. 2
is much faster than the decrease of theA1~1TO! mode fre-
quency in Fig. 9 with increasing Nd concentration~compare
Ref. 3!.

~3! The Curie temperatureTC decreases with increasing
Nd concentration in PbTiO3. The behavior ofTC with Nd
addition seems to be similar to that of La addition. At a La
concentrationy510%, TC was found to decrease from
493 °C~y50! to about 370 °C in Ref. 21. All Raman modes
disappeared from our Raman spectrum measured at 400 °C
from the sample with Nd concentrationy510%, and only
some broad and weak modes were present in a spectrum
measured at 311 °C from the same sample.E~1TO! mode
from the sample was found to soften with increasing tem-
perature and disappear under a strong background at about
290 °C. Above this temperature the low-frequency back-
ground in the Raman spectrum weakened and at about
380 °C the spectrum had only a few very broad peaks and an
essentially weakened low-frequency background.

VI. CONCLUSIONS

Detailed Raman studies have been reported of the optical
phonons of lead-titanate ceramics with different Nd-additive
concentrations up to 10% ofA cation sites. Raman spectra
were measured at room temperature and at different low cry-
ostat temperatures down to 11 K. All Raman peaks, charac-
teristic to the ferroelectric tetragonal phase, were found in
the Raman spectra of all samples down to the ambient tem-
perature of 11 K. A considerable phonon excitation by laser
light, corresponding to a local heating, was possible to de-
duce at low cryostat temperatures from the values calculated
for temperature from intensity ratios between anti-Stokes and
Stokes lines@Eq. ~1!#. Some extra unknown Raman peaks
were also found to increase with increasing Nd concentration
and decreasing temperatures. Nd addition had a strong effect
on the relative intensities between differentA1~1TO!-mode
subpeaks, which were revealed by a peak fitting from all
measured Raman spectra~Fig. 8!. It was also possible to
find, on the basis of computational results in Ref. 1, an an-
harmonic double-well potential energy forA1~1TO!-mode
vibrations to fit approximately the observed subpeak
structure.5 The frequency behavior of phonons with Nd con-
centration in Pb123y/2NdyTiO3 was found to follow the lat-
tice relaxation with Nd addition. X-ray results showed a
strong decrease of the tetragonal strain and unit-cell volume
with increasing Nd concentration, and a cubic axis ratio
c/a51 was obtained at Nd concentrationy521% from a
linear extrapolation of the measured behavior of thec/a ratio
with Nd concentration. The effects of Nd addition to the
properties of PbTiO3 ceramics seem to be very similar to
those of La addition.
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