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Structural studies of Nd-modified lead zirconate titanate ceramics between 11 and 680 K
at the morphotropic phase boundary
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~Received 13 November 1996; revised manuscript received 27 January 1997!

Raman spectroscopy between 11 and 680 K was used together with room-temperature x-ray-diffraction
experiments for structural studies of ferroelectric Nd-modified lead zirconate titanate ceramics at the morpho-
tropic phase boundary. The Nd addition was found to have a strong effect on the balance between tetragonal
and trigonal phases in the structure. The tetragonal phase fraction increased and the size of trigonal domains
decreased with the increasing Nd addition. The tetragonalc/a ratio was found to increase at small Nd
concentrations below 1% of theA-cation sites and then decrease again at higher concentrations. A similar
behavior was found also with the Nd addition into PbTiO3 ceramics, but thec/a ratio had a maximum at Nd
concentrations of around 0.1%. Raman results revealed a subpeak structure of tetragonalA1(1TO)-mode
frequencies in agreement with earlier findings in PbTiO3 single crystals and ceramics. The observed subpeak
frequencies of theA1(1TO) mode were approximately fit by energy levels of an anharmonic double-well
potential both in symmetric~paraelectric! and asymmetric~ferroelectric! forms from the mean-field approach.
In addition to the four subpeaks, an additional mode was also found at about 55 cm21. Peak fit together with
the second derivatives of Raman spectra were used to reveal different Raman peaks from tetragonal and
trigonal phases in the intermediate-frequency region between 180 and 400 cm21. The high-temperature Raman
spectra from the samples were compared with spectra measured from Pb0.865La0.09~Zr0.65Ti0.35!O3 ceramics
which is a well-known relaxor material.@S0163-1829~97!01325-8#
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I. INTRODUCTION

The composition of technologically importan
Pb(ZrxTi12x)O3 ceramics, PZT’s, is around the morphotr
pic phase boundary~MPB! ~x50.53 at room temperature1!
where the tetragonal and trigonal phases in the phase
gram have equal Gibbs free energies. In polycrystalline
ramics there is a coexistence region between the tetrag
and trigonal phases at compositions around the MPB, wh
has very important effects on the properties of these cer
ics. Trivalent lanthanide additives like La and Nd influen
the balance between the two phase fractions and also
crease significantly the Curie temperatureTC . These addi-
tives also have a strong effect on the size of the ferroelec
domains in PZT’s. For instance, in Ref. 2 it was found po
sible to induce a relaxorlike behavior at around room te
perature in the whole tetragonal phase region 0<x<0.53
with increasing La content in La-modified PZT’s~PLZT’s!.
La concentrations for the normal ferroelectric to relax
transformation at about room temperature, from the tetra
nal PLZT phase diagram in Ref. 2, are about 23 and 10%
the A-cation sites in PbTiO3 ~PT! and PZT at the MPB,
respectively. The transformation between normal and re
orlike behaviors was found to be associated with dom
evolution from normal micron-sized domains to tweedli
subdomain structures and finally to polar nanodomain2

which are now under intensive study.3–5 In the case of very
small domains, structure determination, e.g., from x-r
diffraction and Raman results may seem confusing, si
x-ray diffraction probes long-range order whereas Raman
in principle, a ‘‘local’’ probe.
560163-1829/97/56~1!/221~16!/$10.00
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In our earlier study6 low-temperature Raman spectrosco
between 11 K and room temperature was used together
room-temperature x-ray-diffraction experiments to study
effects of Nd addition in ferroelectric PbTiO3 ceramics. Here
we report similar studies at the other end of the tetrago
region of PZT’s~at MPB; x50.53!. We have now used Ra
man spectroscopy from an ambient temperature of 11 K
to a temperature above the Curie temperatureTC together
with room-temperature x-ray-diffraction experiments
study the structural effects of Nd addition int
Pb123y/2Ndy~Zr0.53Ti0.47!O3 ceramics in the Nd-
concentration regiony between 0 and 4%. Now we study th
structural effects of Nd addition also at low Nd concent
tions y50.25, 0.50, and 0.75% and also make some co
parative studies at low Nd concentrationsy50.12, 0.25, and
0.5% in PbTiO3. The well-known relaxor material 9/65/3
PLZT @Pb0.865La0.09~Zr0.65Ti0.35!O3# was also used as a refe
ence material for Raman studies.

The transition elements Ti and Zr occupy the octahed
cages of theB-site cations in the perovskite structure
PZT’s. There is competition between the tetragonal a
trigonal phases at compositions around the MPB. In the c
of PbTiO3, the results in Ref. 7 show that hybridization
Ti3d states with O2p states is the origin of ferroelectricity in
the structure and strong hybridization occurs also betw
Pb6s and O2p states, which leads to the large strain th
stabilizes the tetragonal phase. Zr41 ions with the ionic ra-
dius of 0.87 Å are larger than the Ti41 ions ~radius 0.64 Å!
and make the lattice constanta and the cuboctahedral cage
for the Pb21 ions in theA sites larger. With increasinga the
221 © 1997 The American Physical Society
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222 56J. FRANTTI AND V. LANTTO
tetragonalc/a ratio decreases at room temperature fro
1.064 in PbTiO3 ~Ref. 6! down to 1.023 in PZT at the MPB
~Fig. 2!, which means also a decrease inTC by more than
100 K.1 Inside their oxygen octahedra the larger Zr41 ions
may also tend to be displaced in the@111# direction and favor
the trigonal phase. The@001# displacement of the Ti41 ions
in the tetragonal phase contracts thea axis,8 while the larger
Zr41 ions tend to hinder this behavior. In the trigonal pha
at the high-Zr side, the low tetragonal strain is no longer a
to prevent the Zr octahedra to force also the Ti octahe
trigonal. A discussion of the possible defect structure a
charge compensation originating in the Nd addition into P
ceramics was given in Ref. 6.

The cubic phase of PZT’s in the paraelectric state ab
TC has the space groupOh

1 and exhibits no first-order Rama
effect. The trigonal phases~space groupsC3v

1 andC3v
6 ! and

the tetragonal phase (C4v
1 ) have Raman-active modes an

the irreducible representations of these modes are given,
in Ref. 9. We use here the labeling scheme introduced
Burns and Scott10 for the opticalA1 , B1 , andE modes in the
tetragonal phase. Our results in Ref. 6 revealed a subp
structure of the tetragonalA1(1TO)-mode frequencies in
pure and Nd-modified PbTiO3 ceramics in agreement wit
earlier findings in PbTiO3 single crystals.11 It was also pos-
sible to find, on the basis ofab initio computational results in
Ref. 7, an anharmonic double-well potential wi
A1(1TO)-mode vibrations which fit approximately the o
served subpeak frequencies in PbTiO3.

6 A similar subpeak
structure was also revealed here by a peak fit of the meas
Raman spectra of pure and Nd-modified PZT samples at
MPB. In addition to a symmetric and anharmonic doub
well potential ~similar to that in Ref. 6!, an asymmetric
double-well potential from the mean-field approach12 was
also used in order to fit the observed subpeak frequencie
theA1(1TO)-mode vibrations.

II. EXPERIMENT

Ceramic PNZT samples prepared from high-purity oxid
by Siemens in Germany6 were in the form of discs with a
diameter of 13 mm and thickness of 1 mm. The Nd cont
y in the samples was between 0 and 4% of theA cation sites.
The PNT samples were prepared in our laboratory from co
mercial lead-titanate (.99%) and Nd2O3 powders through a
usual ceramic route~sintering at 1150 °C! and had different
Nd concentrationsy50, 0.12, 0.25, and 0.50% in the nom
nal composition Pb123y/2NdyTiO3. X-ray diffraction with
CuKa radiation was used to study the room-temperat
structure of the samples. The behavior of the lattice const
with Nd concentrationy in the structure of both PNZT an
PNT samples was carefully studied by using a polycrys
line silicon as a calibration standard. Milling of the PN
samples withy50 and 0.12% was necessary before t
x-ray-diffraction measurements in order to decrease the g
size of the ceramics after sintering. The PNT samples w
y50.25 and 0.50% were in the form of pressed discs,
the discs from the powders withy50 and 0.12% broke
down into powder form during sintering.

Raman spectra were measured using the Jobin-Y
T-64000 spectrometer with a charge-coupled-device de
tor. The 514.532 nm line of an Ar1 laser was used in the
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measurements which were made at two different setups
a mercury lamp~strong line at 1122.60 cm21! as a calibra-
tion standard for the Raman peaks. The micro-Raman ut
was used to measure some of the room-temperature sp
from the discs at a backscattering configuration. Spe
from various PNZT discs at various ambient temperatu
between 11 and 295 K were measured in a macrocham
using the same experimental setup as in Ref. 6. Power o
laser beam on samples was between 5 and 8 mW with a
diameter of some tens of micrometers. In the hig
temperature measurements the samples were installed in
an oven and a thermocouple, fixed at the surface of
sample, was used to measure the temperature.

III. X-RAY-DIFFRACTION EXPERIMENTS

CuKa doublet ~1.540 56 and 1.544 39 Å! was used for
recording the x-ray-diffraction patterns from the samples
room temperature. A procedure similar to that in Ref. 6 w
used to determine the lattice constants of differe
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples. The coexistence of th
trigonal and tetragonal phases caused some inaccuracy i
results at low Nd concentrationsy, because of the overlap
ping of the characteristic x-ray-diffraction peaks, and the
tragonal lattice constants were most accurate for sam
with y53.0 and 4.0%. The tetragonalc/a ratio was taken
from thed002/d200 ratio. The diffraction angles for tetragona
~200!, ~002!, and trigonal$200% reflections were determine
by a commercial curve-fit program from the x-ray-diffractio
patterns measured at a discrete set of angles~typically at
intervals of 0.07°! over the characteristic 2u region. In fact,
the time corresponding to an arrival of 40 000 pulses to
detector was measured at each 2u angle which made possibl
an accurate determination of the intensity~in cps!. Figure 1
shows the x-ray-diffraction patterns measured at room te
perature from PNZT samples withy between 0 and 4.0%.

Figure 2 shows the tetragonal lattice constantsa and c
together with thec/a ratio and the cube root of the unit-ce
volume (a2c)1/3 as a function of the Nd concentrationy from
the peak-fit results in Fig. 1. The initial decrease in thec/a
ratio in Fig. 2 may originate in small inaccuracies in th
values ofa for the samples withy50 and 0.25% because o
the strong overlap of the trigonal and tetragonal~200!-
reflection peaks in the corresponding patterns in Fig. 1.
cause of a poling treatment before the x-ray-diffraction m
surements, the fitted peak intensities in Fig. 1@e.g., the
intensity ratio between the tetragonal~200! and~002! peaks#
do not correspond to a random grain~domain! orientation in
the samples. After an initial increase, the lattice constanc,
in Fig. 2, turns to decrease with the increasing Nd conc
tration y above about 1.0%. Correspondingly, thec/a ratio
has a maximum at aroundy50.75%.

It was found in Ref. 6 that thec/a ratio in
Pb123y/2NdyTiO3 ceramics decreased with increasing N
concentrationy above 2.0%. In order to test if there is
possible maximum in thec/a ratio also in PNT ceramics a
low Nd concentrations, we made a careful study of the latt
constants in pure and Nd-modified (y50.12%) lead titanate
ceramics. The lattice constants were determined from~403!,
~242!, ~332!, and ~142! reflections for a pure lead titanat
powder and from~115!, ~242!, ~332!, and ~142! reflections
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56 223STRUCTURAL STUDIES OF Nd-MODIFIED LEAD . . .
for Nd-modified powders using a procedure similar to tha
Ref. 6. The peak angles were determined with the same
cedure as was used above for the PNZT samples. The s
value 3.9002 Å was obtained for the lattice constanta in
both ceramics, while the lattice constantc had values 4.1516
and 4.1524 Å in pure and Nd-modified (y50.12%) ceram-

FIG. 1. X-ray-diffraction patterns of tetragonal~002!,
~200!, and trigonal $200% reflections measured from
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples withy50, 0.25, 0.75, 1.0, 2.0
3.0, and 4.0% together with the results of a peak fit for each
tern. The figures refer to relative peak intensities from the fit.

FIG. 2. Tetragonal lattice constantsa andc, the ratioc/a, and
the cubic root of the unit-cell volume as a function of Nd conce
tration in Pb123y/2Ndy~Zr0.53Ti0.47!O3 ceramics.
o-
me

ics, respectively. Therefore, thec/a ratio increased from
1.0645 in pure ceramics up to 1.0647 at the Nd concentra
of y50.12%. At higher Nd concentrations~y50.25 and
0.50%! the c/a ratio decreased with increasing Nd conce
tration in agreement with the results in Ref. 6. The sensitiv
of the lattice constants of lead titanate ceramics to sm
impurity contents may be an explanation for the variance
the reported values of the lattice constants given in the
erature for tetragonal lead titanate.

The x-ray-diffraction patterns in Fig. 1 show that stron
structural changes follow from the addition of Nd into th
PZT ceramics at the morphotropic phase boundary. A la
amount of the trigonal phase in the pure PZT (y50) seems
to disappear already at the Nd concentrationy50.75%. The
peak fit, however, reveals the situation more exactly. A r
son for the ‘‘disappearance’’ of the trigonal$200%-peak in-
tensity is broadening of the peak with the increasing
content. This means that the average size of trigonal dom
decreases with the increasing Nd content. It was possibl
calculate from the HWHM valuesD~2u! of the trigonal$200%
peaks in Fig. 1 the average sizeL of the trigonal domains
using the Scherrer equationD(2u)50.89l/(L cosu) where
l is the wavelength of x rays. The results forL after a cor-
rection for the CuKa doublet ~Rachinger correction! were
285, 252, 218, and 195 Å in PNZT samples in Fig. 1 w
y50, 0.25, 0.75, and 1.0%, respectively.

The fitted results in Fig. 1 show that the spacing betwe
the trigonal~200! planes increases with increasing Nd co
centration. Similarly, they clearly show an initial increase
the tetragonal lattice constantc with Nd addition and a maxi-
mum aty50.75%, as plotted in Fig. 2. Thec/a ratio in Fig.
2 has a similar behavior, since the value of the lattice c
stanta is less sensitive to Nd addition. A similar initial in
crease and a maximum in thec/a ratio was also found in
Ref. 13 when Sb51 ions were introduced into theB-cation
sites in PZT ceramics. The maximumc/a ratio appeared a
an Sb concentration of 0.5% of theB-cation sites.13

PbTiO3 and PZT ceramics without additives exhibitp-type
extrinsic conductivity, and usually, lanthanum at concent
tions of about 0.1 and 0.5% of theA-cation sites is used to
remove the conductivity of PbTiO3 and PZT ceramics,
respectively.1 The origin of thep-type conductivity in PT
and PZT ceramics may relate to Pb41 ions in theB-cation
sites which also evaporate as divalent ions in PbO dur
sintering and leave holes into the valence band. The io
radii 0.64, 0.87, and 0.84 Å of Ti41, Zr41, and Pb41 ions,
respectively, explain the higher hole concentrations in P
ceramics.

An explanation for the initial increase of the lattice co
stantc and thec/a ratio in Fig. 2 may be in the electroni
charge compensation at low Nd31 concentrations in the
A-cation sites ~or at low Sb51 concentrations in the
B-cation sites in Ref. 13!. It was found in Ref. 14 from
band-structure calculations and electron-paramagne
resonance~EPR! results that Pb6s lone-pair orbitals com-
prise a part of the valence-band maximum both in PT a
PZT structures which leads to shallowA-site hole traps and
to Pb31 ions in conductive ceramics. The large Pb displa
ments which lead to the large tetragonal strain~c/a ratio!
and stabilize the tetragonal phase can be attributed, in pa
the large repulsion between the polarized lone-pair-elec

t-

-



r

b
ti
e
r
io
th
s
-
i-

PN

fro

ie
tr
, a
fro
5

and
ion
an
ce-
200,
ve
also
a at
to
ding
pera-
he
an
r the

era-
ons

een
the

e

re-

d

e
ry
re
C

tem-

an

224 56J. FRANTTI AND V. LANTTO
charge of the Pb21 ions and the oxygen plane in a simila
way as ina-PbO structure~compare Fig. 1 in Ref. 6!. How-
ever, the repulsion is missing from the hole-trapped P31

ions, to a large extent. Therefore, an electronic compensa
with Nd31 ions in theA-cation sites removes the ineffectiv
Pb31 ions and may increase the tetragonality in the structu
With increasing Nd addition the electronic compensat
changes to vacancy compensation with vacancies in
A-cation sites and then thec/a ratio begins to decrease, a
seen in Fig. 2. In PbTiO3 ceramics with a lower hole con
centration, thec/a ratio has a maximum at lower Nd add
tions. Therefore, the increase in thec/a ratio in our PNZT
ceramics was about three times higher than in the tested
ceramics.

IV. RAMAN EXPERIMENTS

Figures 3 and 4 show the Raman spectra measured
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with variousy values
between 0 and 4.0% at room temperature and at an amb
cryostat temperature of 11 K, respectively. Similar spec
were also measured at ambient temperatures of 100, 150
200 K. The high-temperature Raman spectra measured
our PNZT samples withy50 and 3.0% are shown in Figs.
and 6, respectively. The Curie temperature,TC , of pure PZT

FIG. 3. Raman spectra measured at room temperature from
ferent Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples withy between 0 and
4.0%. Positions of different Raman peaks at room temperatur
PbTiO3 ~Ref. 7! are also shown at the top. There are a few ve
sharp spikes in the spectra which do not correspond to any
Raman peaks, but probably originate in cosmic rays in the C
detector.
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ceramics at the MPB (x50.53) is about 650 K~Ref. 1! and,
thus, the highest temperatures 671 and 676 K in Figs. 5
6, respectively, are in the paraelectric temperature reg
where the first-order Raman peaks should not exist. Ram
spectra were also measured from 9/65/35 PLZT relaxor
ramics at ambient cryostat temperatures of 11, 100, 150,
and 295 K and the spectra are shown in Fig. 7. All the fi
spectra in Fig. 7 have about the same shape which is
very similar to the shape of the high-temperature spectr
671 and 676 K in Figs. 5 and 6, respectively. In addition
the Stokes spectra in Figs. 3, 4, and 7, the correspon
anti-Stokes spectra were also measured at ambient tem
tures of 11, 100, 150, 200, and 295 K. In order to find t
positions, line widths and intensities of different Ram
peaks in the measured spectra, a peak fit was made fo
most of the Stokes and anti-Stokes spectra.

The temperature values here refer to ambient temp
tures inside the cryostat. However, the excitation of phon
by laser light causes a local heating6,16 in which case the
temperatures are calculated from the intensity ratio betw
corresponding anti-Stokes and Stokes lines according to
equation

I ~anti-Stokes!/I ~Stokes!5exp~2\v/kBT! ~1!

for a first-order Raman line.\v is the quantum energy of th
phonon. The local heating calculated from Eq.~1! was found
to be remarkable, especially at low temperatures, which

if-

in

al
D

FIG. 4. Raman spectra measured at an ambient cryostat
perature of 11 K from different Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples
with y between 0 and 4.0%. The positions of different Ram
peaks at room temperature in PbTiO3 ~Ref. 7! are also shown at the
top.
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56 225STRUCTURAL STUDIES OF Nd-MODIFIED LEAD . . .
flects a strong decrease in the heat capacity according to
DebyeT3 law at low temperatures.

A. The low-frequency region below 180 cm21

In the analysis of low-temperature Raman spectra~Figs. 3
and 4! we concentrate on the low-frequency region bel
180 cm21 and on the intermediate-frequency region betwe
180 and 400 cm21. In the low-frequency region the Rama
spectra in Figs. 3 and 4 reveal a similar subpeak struc
which was also found in the Nd-modified lead titanate
ramics in Ref. 6. The origin of the subpeaks has been rel
to an anharmonic double-well potential for th
A1(1TO)-mode vibrations.6,11 A well-known additional
mode in PZT ceramics between 50 and 60 cm21 is also
clearly seen in Figs. 3 and 4~especially at 11 K in Fig. 4!. In
order to find the frequencies of the additional mode and
subpeaks and to facilitate the peak fit, second derivative
the Raman intensityI were calculated with respect to th
Raman shiftR. For the calculation of the derivatives, inte
sity data was slightly smoothed with the same Loess a
rithm for all spectra shown in Figs. 8, 9, and 10~and also for
spectra in the intermediate-frequency region in Fig. 12!. The
smoothed Raman spectra together with the calcula
]2I /]R2 curves for PNZT samples withy50, 0.25, and

FIG. 5. Raman spectra measured at different temperatures
tween 295 K and 671 K from a Pb~Zr0.53Ti0.47!O3 sample. The
positions of the TO2, TO3, and TO4 peaks in the relaxor state abov
TC are also shown.
he
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4.0% are shown in Figs. 8, 9, and 10, respectively, at am
ent temperatures of 11, 100, 150, 200, and 295 K. Now,
peak positions in the Raman spectra are seen as minim
the second-derivative curves. The additional mode app
as a clear minimum between 50 and 60 cm21 in all second-
derivative curves in Figs. 8, 9, and 10. Four subpeaks w
identified in theA1(1TO)-mode vibrations in the PbTiO3
single crystals in Ref. 11 and the results in Ref. 6 from N
modified PbTiO3 ceramics were similar to the single-cryst
results. Then, together with theE(1LO) and A1(1LO)
modes~at 128 and 194 cm21, respectively, at room tempera
ture in PbTiO3 single crystals11! there should be six peak
above the additional mode in the low-frequency regio
However, there is no experimental confirmation for t
E(1LO)- andA1(1LO)-mode frequencies in PZT ceramic
because of the subpeak structure ofA1(1TO)-mode vibra-
tions and lack of single-crystal experiments. If the lar
minimum at around 140 cm21 in the derivative curves in Fig
8 is a superposition of two close minima~two solid arrows!,
there are six minima above the additional-mode minimum
Fig. 8. Splitting of the large minimum at around 140 cm21

into two close minima is clearly seen in Fig. 9. The min
mum between 90 and 100 cm21 and the highest minimum a
around 160 cm21 ~dotted arrows! in Figs. 8, 9, and 10 were
so weak that it was not possible to fit these as separate p

e- FIG. 6. Raman spectra measured at different temperatures
tween 295 and 676 K from a Pb0.955Nd0.03~Zr0.53Ti0.47!O3 sample.
The positions of the TO2, TO3, and TO4 peaks in the relaxor state
aboveTC are also shown.
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226 56J. FRANTTI AND V. LANTTO
in the peak fit in Fig. 11. They may relate to the frequenc
of E(1LO) andA1(1LO) modes, respectively.

Gaussian line shape was used to fit the additional mod
around 55 cm21 in Fig. 11. The position of this mode wa
very insensitive to temperature and Nd concentrationy in the
PNZT samples. The mode at around 115 cm21 together with
the weak mode between 90 and 100 cm21 ~Figs. 8, 9, and 10!
was fitted with a single Lorentzian line shape. Attempts
use two peaks in the fit failed. Choosing a Lorentzian l
shape to fit the single-crystal spectra is quite natural, sinc
is a limit for the damped harmonic-oscillator function, b
for powder spectra it often does not give a reasonable fit.
line shape from powders is a sum of many randomly orien
grains containing also information about oblique phono
This can lead also to asymmetric line shapes. For insta
the asymmetric line shape of theA1(2TO) mode from
PbTiO3 ceramics originates in oblique phonons propagat
at various angles relative to the tetragonalc axis.11 In our
PNZT samples the Gaussian line shape gave usually a b
fit than the Lorentzian shape. We tried also to fit the Vo
function and various approximations for it. However, all t
peaks above the additional mode in Fig. 11 are fitted w
Lorentzian line shapes. The background intensity was c
structed in Fig. 11 from two parts using quadratic polynom
als at low frequencies and linear polynomials at higher f
quencies.

FIG. 7. Raman spectra measured at different ambient cryo
temperatures between 11 and 295 K fro
Pb0.865La0.09~Zn0.65Ti0.35!O3 ~9/65/35 PLZT! relaxor ceramics. The
positions of TO1, TO2, TO3, and TO4 peaks, respectively, at 50
210, 290, and 525 cm21 ~Ref. 15! are also shown.
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As discussed in Ref. 6, the low-frequency modes are
particular importance, since the softE(1TO) andA1(1TO)
phonons in the tetragonal phase are in this region and,
the ratio«(0)/«(`) depends strongly on the frequencies
these phonons in the Lyddane-Sachs-Teller~LST! equation.
Our capacitance measurements showed a substantial inc
in the static dielectric constant with Nd addition both in o
PNT ~Ref. 6! and PNZT ceramics. An estimation of the d
electric constant, from the LST equation, of PZT ceram
with composition near the MPB, however, is very difficult.
difficulty is in the preparation of PZT single crystals for a
accurate mode recognization and frequency determinat
Another difficulty arises from the strong softening of th
E(1TO) mode in tetragonal PZT’s with increasing Zr co
centration and from the appearance of an additional m
between 50 and 60 cm21. There are lots of reports of th
behavior of these two modes in PZT’s. For instance, ma
reports consider the frequency behavior of theE(1TO) mode
when the MPB is approached from the tetragonal side in
phase diagram of PZT’s. According to Refs. 17 and 18,
frequency is very small and, in fact, goes to zero at
MPB.18 In Refs. 19 and 20, on the other hand, it was argu
that the frequency does not vanish at the MPB. A stro
increase in the background intensity with decreasing Ram
shift in the spectra from PZT’s makes an experimental ve
fication of the frequency behavior of theE(1TO) mode near
the MPB very difficult. In lead titanate ceramics the corr
sponding background intensity is much weaker.

TheA1(1TO) andE(1TO) phonons atk'0 in the tetrag-
onal PZT’s correspond to vibrations of the lead ion w
respect to the slightly distorted oxygen octahedra.21 The dis-
placement polarization is alonga and c axes forE(1TO)
andA1(1TO) phonons, respectively. Our results in Ref.
measured form Pb123y/2NdyTiO3 ceramics withy between 0
and 10% at ambient temperatures between 11 K and ro
temperature, were in qualitative agreement with the subp
structure reported in Ref. 11. Our fit approach in Fig. 11
the ceramic PNZT samples also gives four subpeaks ab
the additional mode at Nd concentrationsy below about
1.0%. The frequencies of the four fitted subpeaks in Fig.
are given in Table I for different Nd concentrationsy50,
0.25, 1.0, and 4.0 % at ambient temperatures of 11, 150,
295 K. Only a slight increase in subpeak frequencies w
decreasing temperature is seen in Table I. The frequenc
the subpeak 1 is at around 145 cm21 in Table I which is only
about 5 cm21 lower value than the corresponding frequen
in the spectra from PNT samples in Ref. 6. However,
frequency difference between subpeaks 1 and 4 has incre
from about 40 cm21 in the PNT spectra in Ref. 6 to abou
70 cm21 in the PNZT spectra in Table I.

B. The intermediate-frequency region
between 180 and 400 cm21

The smoothed Raman spectra together with the seco
derivative curves in the intermediate-frequency region
tween 180 and 400 cm21 are shown in Fig. 12 for PNZT
samples withy50, 0.25, 1.0, and 4.0 % at an ambient tem
perature of 11 K. The main minima in the derivative curv
are also indicated with arrows. The information from t
second-derivative curves in Fig. 12 was used in the pea

tat
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FIG. 8. Smoothed Raman spectra together with]2I /]R2 curves in the low-frequency region from Raman measurements at am
temperatures of~a! 11, ~b! 100, ~c! 150, ~d! 200, and~e! 295 K from a Pb~Zr0.53Ti0.47!O3 sample (y50). The subpeak structure o
A1(1TO)-mode vibrations is marked with four solid arrows and am shows the additional mode. Two dotted arrows show two extr
minima in the derivative curves.
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of the measured Raman spectra. The results of the fit
proach are shown in Fig. 13 for the Raman spectra meas
at 11, 150, and 295 K from PNZT samples with Nd conce
trations y50, 1.0, and 4.0 %. Gaussian line shapes w
used for all peaks in the fit. The two fitted peaks at arou
260 and 290 cm21 for the curves withy51.0 and 4.0 % in
Fig. 13 were constrained to have the same HWHM~half
width at half maximum! value. The constrain was artificia
without any physical origin, but was necessary to get a r
sonable fit. Linear background intensity was used for all
in Fig. 13. Raman spectra in the intermediate-frequency
gion were fitted with five different peaks, except the spec
from the pure PZT sample (y50), for which it was not
possible to split the strongest peak at about 280 cm21 into
two peaks. In the spectra of the samples withy51.0 and
4.0 %, on the other hand, there are clearly two differ
modes at about 260 and 290 cm21. The highest mode
A1(2) is also more clearly seen in Fig. 13 in the spectra
the samples withy51.0 and 4.0 %.

In the intermediate-frequency region the Raman pe
originate in the splitting of the middle opticalT1u(2) and
nonpolar T2u modes in the paraelectric cubic phase@the
A1(1LO) mode from the splitting of the lowest optica
T1u(1) modes in the cubic phase is also in this region
PbTiO3 ~Ref. 11!#. In the tetragonalC4v

1 and trigonalC3v
1

phases the irreducible representationT1u splits intoE%A1
irreducible representations of the point groupsC4v and
C3v , respectively, whereas the irreducible representa
T2u splits intoE%B1 andE%A2 representations ofC4v and
p-
ed
-
e
d

a-
s
e-
a

t

f

s

n

C3v , respectively~A2 mode is not Raman active!. Only the
transverse components from the long-range Coulomb-fi
splitting of E and A1 modes are in the intermediate
frequency region. We label here the Raman-active transv
E modes fromT2u in the tetragonal and trigonal phases
ET andER ~R for rhombohedral!, respectively.

The second-derivative curves of the Raman spectra in
12 show two different peaks for bothE(2) andA1(2) sym-
metry modes from the splitting ofT1u(2) modes which we
label with the subscriptsT andR for tetragonal and trigona
phases, respectively. The frequency of theE(2TO) mode at
room temperature in tetragonal PbTiO3 is 218.5 cm21 ~Ref.
11! and the frequency decreases with increasing Zr conc
tration in tetragonal PZT’s.9 Therefore, we relate the lowe
E(2) peak at about 205 cm21 to theE(2TO) peak and labe
it by E(2)T . Then, the frequencies of theE(2)R modes in
Fig. 12 are about 30 cm21 higher than theE(2)T frequencies.
All the frequencies inferred from Fig. 12 are given in Tab
II. The peak fit in Fig. 13 reveals also two separate peaks
theE(2) modes, and the two different peaks are also clea
seen in the Raman spectra measured at low ambient tem
tures of 11 and 150 K from the sample withy50. The
A1(2TO) mode of the tetragonal PbTiO3 has, at room tem-
perature, a frequency 359.5 cm21 ~Ref. 11! and the fre-
quency decreases with increasing Zr concentration in tet
onal PZT’s.9 We relate, with a caution, the higherA1(2)
peaks in Fig. 12 to the tetragonal phase. The increase in
strength of the higher peak of the twoA1(2) peaks with
increasing Nd concentrationy in Fig. 12 is then in agreemen
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FIG. 9. Smoothed Raman spectra together with]2I /]R2 curves in the low-frequency region from Raman measurements at am
temperatures of~a! 11, ~b! 100, ~c! 150, ~d! 200, and~e! 295 K from a Pb0.99625Nd0.0025~Zr0.53Ti0.47!O3 sample (y50.25%). The subpeak
structure ofA1(1TO)-mode vibrations is marked with four solid arrows and am shows the additional mode. Two dotted arrows sh
extra, weak minima in the derivative curves.
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with the x-ray-diffraction results in Fig. 1, where the tetra
onal phase fraction increases with increasingy. However,
the peak fit in Fig. 13 was not successful in separating
two differentA1(2) peaks.

All the four derivative curves in Fig. 12 reveal three d
ferent peaks in the region of modes from the splitting of
nonpolarT2u modes. The strength of the highest peak d
creases with increasing Nd concentrationy and, in agree-
ment with the x-ray-diffraction results in Fig. 1, we relate
to the trigonalER mode. The lower two peaks may relate
the tetragonalET andB1 modes, and then the modes are n
anymore degenerate in PZT ceramics at the MPB. Howe
it was not possible to separate these two modes in the p
fit in Fig. 13. In the case of the spectra from the sample w
y50 in Fig. 13, all three peaks from the splitting of th
T2u modes appear as a single peak in the curve fit. Accord
to the peak assignments in Fig. 13, the intensities of
trigonal peaks decrease with the increasing Nd concentra
y in agreement with the x-ray-diffraction results in Fig.
With decreasing temperature the intensities of trigonal pe
increase in Fig. 13 which is in agreement with the obser
tion in Ref. 3 that the size of trigonal domains in PZT
around the MPB increases with decreasing temperat
Some of the extra peaks in the derivative curves in Fig.
e.g., below theA1(2)R peak, may relate to subpeaks arisi
from the anharmonic contributions to the potentials.6
e
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C. The high-frequency region
and the high-temperature behavior

In the high-frequency region above 400 cm21 the Raman
spectra in Fig. 3 are characteristic to a PZT at the MPB22

E(3TO) andA1(3TO) peaks from the tetragonal phase@at
505 and 647 cm21, respectively, in PbTiO3 at room tempera-
ture ~Ref. 11!# have small intensities and the strong peak
around 550 cm21, characteristic to the trigonal phase, dom
nates the spectra.9 At the low ambient temperature of 11 K
in Fig. 4, the intensity of this peak is even increasing in t
spectra. A strong increase in the intensity above 650 cm21

with increasing Nd concentrationy is also seen in the spectr
in Fig. 4. This strange behaviour was not observed in
corresponding spectra from PNT ceramics.6

The increase in the tetragonal phase fraction with incre
ing temperature in Fig. 13 means that the tetragonal ph
fraction may continue to increase with increasing tempe
ture also in Figs. 5 and 6. It was found in Ref. 8 that t
appearance of the tetragonalA1(1TO) peak at about
140 cm21 ~subpeak 1! is the most sensitive indication in th
Raman spectrum at room temperature of the presence
small tetragonal phase fraction in PZT ceramics. A decre
in the occupation of the ground levelE0 ~Fig. 15! with in-
creasing temperature may explain the decrease in the in
sity of the subpeak 1 of the tetragonalA1(1TO) mode with
increasing temperature in Figs. 5 and 6. In fact, the subp
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FIG. 10. Smoothed Raman spectra together with]2I /]R2 curves in the low-frequency region from Raman measurements at am
temperatures of~a! 11, ~b! 100,~c! 150,~d! 200, and~e! 295 K from a Pb0.94Nd0.04~Zr0.53Ti0.47!O3 sample (y54.0%). The subpeak structur
of A1(1TO)-mode vibrations is marked with four solid arrows and am shows the additional mode. Two dotted arrows show two extr
minima in the derivative curves.
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1 seems to disappear from the Raman spectra at 556 and
K in Figs. 5 and 6, respectively. A comparison of the pe
structures in the intermediate-frequency range in Figs. 5
6 with the fitted peaks in Fig. 13, however, indicates that
trigonal phase fraction decreases with increasing tempera
in Figs. 5 and 6.

The Curie temperature of PZT ceramics at the MPB
653 K ~380 °C! ~Ref. 1! and Nd addition, similarly with La
addition, decreases significantly the Curie temperatu6

Therefore, the Raman spectra at 671 and 676 K, respectiv
in Figs. 5 and 6 relate to the paraelectric cubic phase
then the peaks should originate in second- or higher-o
processes. The intensities of the Raman peaks in the sp
above 670 K in Figs. 5 and 6, however, decreased below
values they have in the ferroelectric state~a magnification
relates to these spectra in Figs. 5 and 6!. Raman peaks abov
TC in someABx8B12x9 O3 perovskites have been related to
possible ordered phase with the space groupOh

5 before the
transformation to the disordered cubic phase with the sp
groupOh

1.23,24Raman spectra from PbMg1/3Nb2/3O3 ~PMN!,
PbMg1/3Ta2/3O3 ~PMT!, and PbSc1/2Ta1/2O3 ~PST! ceramics
were used as examples of mixed perovskites with strong
man peaks aboveTC in Refs. 23 and 24. In PST ceramic
especially, an order-disorder transformation seems poss
and can be noticed also from changes in the Ram
spectra.23 However, there are no reports of a possible ord
ing of theB-site cations in PZT’s.
33
k
d
e
re

s

.
ly,
d
er
tra
he

ce

a-

le
n
r-

PMN, PMT, and PST ceramics are also well-known
laxors similarly with the 9/65/35 PLZT ceramics in Fig.
There are polar nanoregions aboveTC in relaxor ceramics
which are the origin of the Raman peaks in the spectra ab
TC . Uweet al.

25 related the origin of polar nanoregions eve
far above the bulkTC to symmetry-breaking defects whic
induce randomly oriented local domains. They determin
also the size of polar nanoregions in KTaO3 and found a
dramatic growth in the size with decreasing temperature25

Four distinct transverse optical modes aboveTC are usu-
ally labeled TO1, TO2, TO3, and TO4.

26 The four modes
originate in the three optical odd-parityT1u andT2u modes,
which are not Raman active in the paraelectric cubic pha
The TO1, TO2, and TO4 modes originate in the three pola
T1u modes, while the nonpolarT2u modes are the origin o
the TO3 mode. For instance, it was found in Ref. 26 that t
first-order Raman scattering from the polar TO2 mode above
and belowTC can be attributed to the presence of polar na
oregions induced by Li or Nb impurities in Li- or Nb
modified KTaO3 ~KLT or KTN !, respectively. The TO3 line
appeared in the Raman spectra belowTC , but was missing
from the spectra aboveTC .

26,27 The polar TO2 mode may
couple easier than the TO3 mode with light in the polar
nanoregions.27 However, the Raman spectra aboveTC in
Figs. 5 and 6 show both TO2 and TO3 modes. In the spec
trum at 671 K in Fig. 5 from the sample withy50 the
stronger peak is TO3, whereas in the spectrum at 676 K fro
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TABLE I. Frequencies of the four subpeaks o
A1(1TO)-mode vibrations and the additional mode in cm21 for
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with Nd concentrationsy50,
0.25, 1.0, and 4.0 % at ambient temperatures of 11, 150, and 29
from the peak fit in Fig. 11.

Subpeaks Additional
T
K

y
%

1
cm21

2
cm21

3
cm21

4
cm21

mode
cm:-1

11 0 146 137 115 75 57
0.25 144 135 115 75 57
1.0 150 142 115 75 58
4.0 147 139 55

150 0 145 136 110 3 57
0.25 143 135 111 74 57
1.0 146 137 72 55
4.0 149 138 56

295 0 140 132 102 71 54
0.25 142 133 114 52
1.0 140 130 53
4.0 144 134

FIG. 11. Peak fit in the low-frequency region for the Ram
spectra measured at ambient temperatures of 11, 150, and 2
from Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with~a! y50, ~b! 0.25,
~c! 1.0, and~d! 4.0%. The figures show fitted peak frequencies.
the sample withy53% in Fig. 6 the relative intensity of the
TO3 peak is much weaker. The frequencies of TO2 and
TO3 peaks at about 200 and 260 cm21, respectively, in both
Figs. 5 and 6 are assigned to the tetragonal phase in Fig
Dai et al.2 studied the normal ferroelectric to relaxor tran
formations in La-modified tetragonal-structured PLZT’s a
found it possible to induce a relaxor state at around ro
temperature in all tetragonal PLZT samples with increas
La content. It is possible to conclude from their tetragon
PLZT phase diagram in Ref. 2 that 3/53/47 PLZT has sp
taneous relaxor to normal ferroelectric transformation
around 300 °C. Then, the temperature 563 K for a Ram
spectrum in Fig. 6 is near the transformation temperature
Nd behaves similarly with La in the PZT structure. In th
transformation-temperature region domain evolution g
from polar nanodomains to tweedlike subdomain structu
and finally to normal micron-sized domains.2

A hint of the ordering of the normal tetragonal ferroele
tric phase from the relaxor state is a splitting of the T4
mode into two lines.28 The splitting is seen in the Rama
spectra measured at and below 556 and 433 K in Figs. 5
6, respectively. A feature of the TO4 peaks in Figs. 5 and 6 is
the lack of narrowing of the lines belowTC ~down to 11 K in
Fig. 4!. According to Marssiet al.,28 the feature seems to
show that the scattering process is still dominantly of
second order also belowTC and the reason for that is that th
ferroelectric long-range order is not fully developed in eve
crystal direction. The relative intensity of the TO4 peak is

FIG. 12. Smoothed Raman spectra together with]2I /]R2 curves
in the intermediate-frequency region from Raman measuremen
an ambient temperature of 11 K from Pb123y/2Ndy~Zr0.53Ti0.47!O3

samples with~a! y50, ~b! 0.25, ~c! 1.0, and~d! 4.0%. Different
Raman peaks from tetragonal and trigonal phases are shown
arrows at minima in the derivative curves.
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FIG. 13. Peak fit in the intermediate
frequency region for the Raman spectra measu
at ambient temperatures of 11, 150, and 295
from Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with
~a! y50, ~b! 1.0, and~c! 4.0%. The figures show
fitted peak frequencies for different Raman pea
from tetragonal and trigonal phases.
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seen also to increase with increasing Nd concentrationy and
decreasing temperature~Fig. 4!.

The general shape of the high-temperature Raman sp
in Figs. 5 and 6 is very similar to the shape of the lo
temperature spectra of the 9/65/35 PLZT relaxor in Fig.
The splitting of the TO4 peak is not seen in the Raman spe

TABLE II. Frequencies ~in cm21! of different modes
inferred from the second-derivative curves in Fig. 12 f
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with Nd concentrationsy50,
0.25, 1.0, and 4.0 % at an ambient temperature of 11 K.

Nd concentrationy ~%!

Mode 0 0.25 1.0 4.0

E(2)T 205 204 203 201
E(2)R 240 239 244 232
ET 273 272 269 262
(B1) 282 279 283 271
ER 290 292 293 288
A1(2)R 322 325 325
A1(2)T 335 338 337 338
tra
-
.
-

tra in Fig. 7. The relative intensity of the TO4 peak in these
spectra also increases with decreasing temperature. All
spectra in Fig. 7 have a sharp peak at about 140 cm21 which
is the frequency of theA1(1TO) mode in tetragonal PZT’s
However, PZT ceramics with the Zr concentration of 65
have only two trigonal phases~high- and low-temperature
trigonal phases with space groupsC3v

1 andC3v
6 , respectively!

in the ferroelectric state. Raman spectra from both 8/65
and 9.5/65/35 PLZT ceramics were found to be practica
identical down to an ambient temperature of 10 K in Ref. 1
At low temperatures, where the 8/65/35 ceramics has a tr
nal ferroelectric phase (TC'360 K), Raman spectra were i
favor of the high-temperatureC3v

1 phase and no transforma
tion to the low-temperatureC3v

6 phase was found.16 The sub-
peak structure of theA1(1TO) mode in Fig. 11 is also miss
ing from the spectra in Fig. 7. A weak peak appears only
about 80 cm21. There are large differences in the low
temperature~11 K! Raman spectra at frequencies abo
650 cm21 between Nd- and La-modified PZT samples
Figs. 4 and 7, respectively. All the Raman spectra in Fig
have only one broad peak at frequencies above 650 cm21,
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232 56J. FRANTTI AND V. LANTTO
but the spectra from PNZT samples with Nd concentrati
y53.0 and 4.0 % in Fig. 4 have many different peaks in t
frequency region.

V. ANHARMONICITY OF THE POTENTIAL
OF A1„1TO…-MODE VIBRATIONS

The results from theab initio electronic-structure calcula
tions in Ref. 7 for an energy decrease per primitive c
~about 0.22 eV! in the tetragonal phase of PbTiO3 with c/a
51.06 in the case of an experimental distortion were use
Ref. 6 to construct a symmetric double-well potential ene

FIG. 14. Symmetric double-well potentialf(Q) fitted with Eq.
~2! @f(0)50# for A1(1TO)-mode vibrations. The 12 lowest sym
metric ~solid line! and antisymmetric~dotted line! wave functions
fns andfna , respectively, are also drawn at their correspond
energy levelsEns andEna .
s
s

ll

in

f~Q!5
k̃s
2
Q21

j

4
Q41

z

6
Q6 ~2!

for the normal-mode coordinateQ of the A1(1TO) mode.
The anharmonic Morse potential energy from molecule
brations was also tested in Ref. 6 and it was found that
subpeak structure is not sensitive to the shape of the an
monic potential energy at a side minimum. However, t
frequency difference between the subpeaks 1 and 4
found to increase with decreasing well depth.

The symmetric form of the anharmonic double-well p
tential energy in Eq.~2! was tested also here for th
A1(1TO)-mode vibrations in the PNZT samples. An e
trapolation of the atomic coordinates, obtained from neutr
diffraction studies with different PZT’s of Ref. 29, gave th
side minima at aboutQ5640 pm for the PZT at the MPB
(x50.53). The potential energyf(Q) from Eq. ~2! was fit-
ted in Fig. 14 to give a well depth of 0.065 eV at the si
minima Q5640 pm and a frequency 148 cm21 for the
A1(1TO) subpeak 1. A reduced massm1TO575.53 a.u.~m1
5mPb andm250.53mZr10.47mTi13mO! was used in the
calculations. The eigenvaluesEns andEna for symmetric and
antisymmetric eigenfunctionsfns and fna , respectively,
calculated from the double-well potential energy in Fig.
up to n511 by a numerical solution of the Schro¨dinger
equation for theA1(1TO)-mode vibrations are given in
Table III together with the different subpeak frequenc
~Stokes transitions between levels!. The differences in the

g

ns
the
TABLE III. EigenvaluesEns and Ena up to n511 for symmetric and antisymmetric eigenfunctio
fns and fna , respectively, calculated with the symmetric double-well potential in Fig. 14 for
A1(1TO)-mode vibrations, together with frequencies for differentn j2n i subpeaks~Stokes transitions from
level n j to n i!. The calculated values of relative matrix elementsu^fn j

uQufn i
&u/u^f1uQuf0&u are also given

for different n j2n i subpeaks together with the relative Raman~Stokes! intensities at 295 K from both
numerical calculations and Eq.~4!.

n
Ens

meV
Ena

meV
Subpeak
n j2n i

Frequency
cm21

Matrix element
relative

Relative intensity
calculated Eq.~4!

0 255.05 255.05 120 ~1! 148 1.00 1.00 1.00
1 236.66 236.66 221 ~2! 129 1.46 1.04 0.97
2 220.72 220.72 322 ~3! 104 1.85 0.89 0.71
3 27.89 27.84 4a23s ~4! 78 2.19 0.38 0.46

4s23a ~4! 62 2.21 0.38
4 0.18 1.75 4a24s 16 4.45 1.06

5s24a 37 4.33 1.01 0.28
5 6.28 11.23 5a25s 40 4.69 0.99

6s25a 45 4.98 0.92 0.16
6 16.84 22.99 6a26s 50 5.17 0.79

7s26a 54 5.33 0.66 0.09
7 29.63 36.72 7a27s 57 5.46 0.54

8s27a 60 5.57 0.42 0.05
8 44.24 52.11 8a28s 64 5.67 0.33

9s28a 67 5.57 0.25 0.03
9 60.39 69.02 9a29s 70 5.85 0.19

10s29a 72 5.93 0.14 0.02
10 77.99 87.31 10a210s 75 6.00 0.10

11s210a 78 6.07 0.07 0.01
11 96.94 106.89 11a211s 80 6.13 0.05
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56 233STRUCTURAL STUDIES OF Nd-MODIFIED LEAD . . .
functions are less than 1 cm21 up to n53. Symmetric and
antisymmetric eigenfunctionsfns andfna , respectively, up
to n511 are also shown in Fig. 14, drawn at their cor
sponding energy levelsEn ~with horizontal~zero! part of the
eigenfunctions outside the double-well potential!.

The calculated four uppermost subpeak frequencies
Table III fit qualitatively the observed frequencies in Table
The frequency of the subpeak 1 in Table III is 148 cm21

which is in the region of the observed frequencies of subp
1 between 144 and 150 cm21 at 11 K in Table I, and the
frequency of the subpeak 4 in Table III is 78 cm21 (E4a
2E3s) which is also close to the observed frequency
75 cm21 of the subpeak 4 at 11 K in Table I.

Another alternative for the frequency of the subpeak 4
Table III is 62 cm21 which corresponds to the Stokes tran
tion betweenE4s andE3a levels. This is a feature from th
approach with the symmetric double-well potential which,
fact, is valid only at~or above! the Curie temperatureTC . It
can be used, as a first approximation also belowTC , when
considering the local phonon excitations inside a side m
mum. The deeper side minima in Nd-modified PbTiO3 made
it possible in Ref. 6 to use a symmetric double-well poten
energy to get unique values for all four subpeak frequenc

BelowTC the electric polarization breaks the symmetry
the double wells, causing the order parameter of the st
tural phase transition within the framework of Landau
theory.12 For modeling a ferroelectric transition with an o
cillator moving in a one-dimensional potential, the expec
tion value ^Q& of the normal-mode coordinate is an ord
parameter which is proportional to the mean displacemen
the ions from the centrosymmetric positions and proportio
to the mean polarization of the unit cell. In the mean-fie
approach30,31a linear coupling term is added to the symm
ric double-well potential energy@Eq. ~2!# to describe the in-
teractions with the surrounding unit cells. Then the Sch¨-
dinger equation has to be solved with a potential energy

f~Q!5
k̃s
2
Q21

j

4
Q41

z

6
Q61x^Q&Q, ~3!

where x is a coupling constant which would produce t
proper order parameter. AboveTC , the order paramete
^Q& is zero and the potential energy is symmetric aboutQ
50, but belowTC the intercell coupling term breaks th
symmetry of the potential.

The potential energy in Eq.~3! depends indirectly on tem
perature through the valuêQ& and the phase transition wi
be an intermediate between displacive and order-disorde
the case where the barrier between the wells is not very h
Using a Boltzmann distribution for the occupation of leve
a self-consistent calculation of^Q& at different temperature
makes it possible to study the temperature dependence o
dielectric response and the spontaneous polarization of li
ferroelectrics.12,32 We tested also the potential in Eq.~3! in
order to fit the subpeaks of theA1(1TO)-mode vibrations in
Table I. In fact, in tetragonal PZT’s the polarization orig
nates in the displacement of Pb21 ions with respect to the
slightly distorted oxygen octahedra@A1(1TO) mode# and in
the displacement of Ti41 ~and Zr41) ions inside the distorted
oxygen octahedra@A1(2TO) mode#. In PbTiO3, for instance,
the Pb21-ion displacement~47 pm! is roughly 1.5 times
larger than that of Ti41 ion ~30 pm! and the Pb21 ions con-
tribute 46% of the saturation polarization.14
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Therefore, the temperature dependence of the potentia
Eq. ~3! is only an approximation for PZT’s. However, th
displacement of Pb21 ions is more sensitive to temperature14

and stabilizes the tetragonal phase.7 The asymmetric poten
tial in Eq. ~3!, used for testing theA1(1TO)-mode vibrations
in our PNZT samples with coefficients k̃s/25
20.03439 eV/Å2, j/4524.86803 eV/Å4, z/6
522.1555 eV/Å6, andx^Q&520.0775 eV/Å, is shown in
Fig. 15 together with its symmetric double-well part. Th
value 0.04 eV for the barrier height between the two wells
the symmetric part of the potential in Fig. 15 is, to som
extent, larger than the valuekBTC/25327 K50.028 eV, as
assumed in Ref. 33. The coefficients of the potential in F
15 were fitted to give a minimum of the deeper lobe atQ
'0.4 Å and approximately the fitted frequencies in Fig.
for the subpeaks 1 and 4. The 15 lowest eigenfunctionsfn

from a numerical solution of the Schro¨dinger equation are
also shown in Fig. 15, drawn at their corresponding ene
levelsEn @with horizontal~zero! parts of eigenfunctions out
side the potential wells#. The calculated eigenvaluesEn up to
n513 together with the different subpeak frequenc
~Stokes transitions between levels! are given in Table IV.
The frequencies of the subpeaks 1–4 are in close agree
with the corresponding subpeak frequencies in Table III, c
culated from the symmetric double-well potential in Fig. 1
which shows again that the subpeak frequencies are inse
tive to the shape of the potential in a lobe.

In the anharmonic potential model for subpeaks, the
tensity of a given Stokes transition from leveln j to n i is
proportional to the population of the initial leveln i and to the
square of the matrix element^fn j

uQufn i
& ~dipole transition!.

In the case of a harmonic oscillator, transitions are allow
only between adjacent energy levels and the matrix elem
is proportional toAn11 for the transition fromn11 to n.
The relative intensityR of the Stokes transition from leve
n11 to n to that of the 1 to 0 transition is now given by th
equation11

R5~n11!exp@2n\v/~kBT!#, ~4!

where, for the A1(1TO) mode in Fig. 15, \v is
146 cm215209 K. At room temperature, the fitted relativ
intensities of the subpeaks 1–4 of samples withy50 and

FIG. 15. Asymmetric double-well potentialf(Q) ~solid line!
fitted with Eq. ~3! @f(0)50# for A1(1TO)-mode vibrations to-
gether with the symmetric part of the potential energy~dotted line!.
The 15 lowest wave functionsfn are also drawn at their corre
sponding energy levelsEn .
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TABLE IV. EigenvaluesEn up ton513, calculated from the asymmetric double-well potential in Fig.
for theA1(1TO)-mode vibrations, together with frequencies for differentn j2n i subpeaks~Stokes transitions
from level n j to n i!. The calculated values of relative matrix elementsu^fn j

uQufn i
&u/u^f1uQuf0&u are also

given for differentn j2n i subpeaks together with the relative Raman~Stokes! intensities at 295 K from both
numerical calculations and Eq.~4!.

n
En

meV
Subpeak
n j2n i

Frequency
cm21

Matrix element
relative

Relative intensity
calculated Eq.~4!

0 260.55 120 ~1! 146 1.00 1.00 1.00
1 242.45 221 ~2! 126 1.46 1.05 0.98
2 226.82 322 ~3! 103 1.86 0.92 0.72
3 214.09 423 ~4! 78 2.24 0.81 0.47
4 24.47 524 12 0.07 0.00 0.29

624 59 2.67 0.79
5 22.98 625 47 0.13 0.00 0.17

725 88 0.87 0.08
6 2.81 726 41 2.33 0.45 0.10
7 7.89 827 15 4.58 1.42 0.06
8 9.78 928 39 4.30 1.16 0.03
9 14.59 1029 39 4.74 1.17 0.02
10 19.47 11210 44 4.99 1.07 0.01
11 24.98 12211 49 5.16 0.92
12 31.05 13212 53 5.30 0.75
13 37.60 14213 56 5.42 0.62
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0.25 % in Fig. 11 are in qualitative agreement with the v
ues obtained from Eq.~4! in Tables III and IV. For instance
the intensity of the subpeak 4 at room temperature of
sample withy50 should be about one half of the intensity
the subpeak 1 according to Eq.~4!. Because of the decreas
ing ‘‘ladder steps’’ between the energy levelsEn , however,
the energy levelE3 is (14011321102)5374 cm21, instead
of 331405420 cm21 in Eq. ~4!, above the ground leve
E0 for the sample withy50 at 295 K in Table I. The matrix
element for the transitions fromn11 to n increases also
faster thanAn11 in Eq. ~4! with increasingn, e.g., in the
deeper lobe of the anharmonic potential in Fig. 15~see Table
IV !. With these two corrections to Eq.~4!, the above inten-
sity ratio between subpeaks 4 and 1 should be about
instead of 0.5 from Eq.~4!. The increase in the discrepanc
with decreasing temperature between the subpeak intens
fitted in Fig. 11 and calculated from Eq.~4! may originate in
the excitation of phonons~local heating! by the laser light, as
discussed in Ref. 6. The intensity ratios between subpea
and 1 for the sample withy54.0% in Fig. 11 are in close
agreement with the values 1.0 and 0.5 from Eq.~4!, respec-
tively, at 295 and 150 K. The subpeak frequencies in Fig.
are insensitive to the Nd addition. However, the subp
intensities decrease with the Nd addition and their mut
intensities also change. Relative matrix eleme
u^fn j uQufn i&u/u^f1uQuf0&u, calculated with the eigenfunc
tionsfn from the numerical solutions for the potential ene
gies in Figs. 14 and 15, are given for differentn j2n i sub-
peak transitions in Tables III and IV, respectively. T
relative Raman intensities of the subpeaks from the multi
cation of the squares of the matrix elements by the co
sponding Boltzmann factors for the thermal population
levels in the Stokes transitions at 295 K are also given
Tables III and IV together with the corresponding relati
-

e
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ies

2
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k
l
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f
n

intensities calculated from Eq.~4!. Large matrix elements
appear in Tables III and IV for the transitions between de
calized vibrational levels and, therefore, there are manyn j
2n i transitions with low frequencies below the frequency
the subpeak 4, which also have, at 295 K, higher intensi
than the intensity of the subpeak 1~Table IV!.

The low-frequency Raman spectra from PZT ceram
differ, to a large extent, from the spectra measured fr
lead-titanate ceramics. In the spectra from Nd-modifi
PbTiO3 ceramics in Ref. 6, there is only theE(1TO) peak at
around 80 cm21 together with a slight and flat backgroun
intensity below the fourA1(1TO) subpeaks. In the spectra
Fig. 11, however, the low-frequency background increa
strongly with decreasing Raman shift. For instance, st
imperfections have been related to the origin of this stro
‘‘central mode.’’ 34 An oscillator moving in a damped asym
metric double-well potential@Eq. ~3!# was used in Ref. 12 to
reproduce the high-intensity ‘‘central peak’’ appearing
many ferroelectrics. BelowTC the linear term in the potentia
in Eq. ~3! breaks the symmetry of the double wells, causi
the order parameter and the spacing between the symm
and antisymmetric energy levels of the paraelectric phas
increase in the deeper lobe of a double-well potential wit
relatively shallow well depth. Similarly, we get a centr
peak at 0.4 cm21 from the 3a-3s transition~Table III! in the
potential in Fig. 14 with a deep well depth of 0.065 eV.
‘‘central peak’’ at 16 cm21 in Table III originates in the large
matrix element between the close energy levelsE4a and
E4s around the top of the barrier between the two wells in
potential in Fig. 14. In fact, we found some peaks to app
at about 20 cm21 in some Raman spectra from our PNZ
samples, as shown in the two spectra in Fig. 16. The ene
levelsE5 andE4 in the potential in Fig. 15 have an energ
splitting of only 12 cm21. The transition between these lev
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els can be interpreted as a tunneling resonance betwee
two lobes in the potential. For instance, the observed w
resonance at 1 THz (32 cm21) in LiTaO3 was related to a
corresponding tunneling resonance between two lobes in
potential in Ref. 32. The matrix element of the 5-4 transiti
in Table IV, however, is very small which means that th
tunneling resonance is very weak. The energy levelsE8 and
E7 at the top of the barrier between the two potential lobes
Fig. 15 have also a small energy split of 15 cm21. The 8-7
Stokes transition has now a large matrix element and
intensity at room temperature in Table IV is 42% higher th
the intensity of the subpeak 1.

In the Raman spectra in Fig. 11 from our PNZT samp
an ‘‘additional mode’’ appears between 52 and 58 cm21

~Table I!. The mode seems to be closely related to the str
ture of the fourA1(1TO) subpeaks in Fig. 11 and, therefor
its frequency is insensitive to both temperature and the
concentrationy. The intensity of the mode decreases w
decreasing temperature and increasing Nd concentratioy.
An additional mode withE symmetry was found in the Ra
man spectra from Pb~Ti0.81Sn0.19!O3 single crystals.20 The
Raman spectra in Fig. 7 from 9/65/35 PLZT ceramics sh
only a low-frequency peak at around 80 cm21 below a very
sharp peak at about 140 cm21. However, an additional mod
was reported to appear between 50 and 60 cm21 in the Ra-
man spectra from Pb0.85La0.10TiO3 ceramics in Refs. 20 and
35. There are many suggestions for the origin of the ad
tional mode in the literature. A coupling of the zon
boundary transverse acoustical phonons withE(1TO)
phonons atk'0 was suggested in Ref. 35, and the origin
also related alone to zone-boundary transverse acous
phonons which become Raman active by the absenc
translational symmetry18 or due to Zr ‘‘impurities.’’ 19

Bäuerle et al.19 consider also the possibility that the mod
might arise from the localized vibrations associated w
oxygen vacancies which are known to exist often in mix

FIG. 16. Low-frequency Raman spectra above 20 cm21, mea-
sured at an ambient temperature of 11 K fro
Pb123y/2Ndy~Zr0.53Ti0.47!O3 samples with~a! y50 and~b! 0.25%.
Arrows show the positions of a ‘‘central mode’’~cm!, the addi-
tional mode~am!, and subpeak 4~sp! in both spectra.
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systems. The Nd2O3 and La2O3 additions into PZT are
known to remove the oxygen vacancies from the struct
and should therefore decrease the intensity of the additio
mode.

Our results in Tables III and IV give an explanation f
the appearance of the additional mode. In the case of
symmetric double-well potential in Fig. 14 there are ma
Stokes transitions between delocalized levels in Table
which have high intensities at frequencies between 40
70 cm21. A broad ‘‘additional-mode’’ peak at around
55 cm21 should now appear in the Raman spectrum from
oscillator-vibrations at room temperature. In the case of
asymmetric potential in Fig. 15 there are many Stokes tr
sitions between delocalized levels in Table IV with high i
tensities at frequencies between 39 and 59 cm21 which to-
gether form an ‘‘additional-mode’’ peak at aroun
50 cm21. We believe that with proper values for the coef
cients in the potential in Eq.~3! it is possible to fit the addi-
tional mode~and also some central peaks! at the observed
frequencies in Table I. For instance, the value 0.04 eV ta
for the well depth in the symmetric part of the potential
Fig. 15 is rather arbitrary.

The Stokes transition 5-4 in Table IV, corresponding
the tunneling resonance between the deeper lobe and
more shallow lobe in Fig. 15, has a very weak intensity, b
the intensity of the 6-4 transition is larger by a factor
1455. However, the matrix element for transitions~Stokes or
anti-Stokes! between levelsE6 andE5 is also small in Table
IV. Therefore, the occupation of the nearly localized lev
E5 in the shallow lobe originates in the anti-Stokes tran
tions from delocalized levels aboveE6 and, correspondingly
the excitation of vibrations at levelE5 takes place to delo-
calized levels aboveE6 . For instance, the Stokes transitio
7-5 having a frequency of 88 cm21 ~in the region of a weak
derivative peak in Figs. 8, 9, and 10! has a relative intensity
0.08 in Table IV. It follows that the shallow lobe in Fig. 1
has an effect to increase the Raman intensity of the tra
tions between delocalized levels during the laser-light ir
diation.

VI. CONCLUSIONS

Detailed Raman studies have been reported on the op
phonons of lead zirconate titanate ceramics at the morp
tropic phase boundary with different Nd-additive concent
tions between 0 and 4% of theA-cation sites. Raman spectr
were measured at various temperatures from above the C
temperatureTC down to a low cryostat temperature of 11 K
However, a considerable phonon excitation by laser lig
corresponding to local heating, was apparent at low cryo
temperatures from the measured intensity ratios between
anti-Stokes and Stokes lines in Eq.~1! ~compare Ref. 6!.
Raman modes from both tetragonal and trigonal phases w
present in the spectra. Some extra unknown Raman p
were also found to increase at high frequencies ab
650 cm21 with increasing Nd concentration and decreas
temperature~Fig. 4!. It was found from the x-ray-diffraction
experiments that the tetragonal phase fraction increased
increasing Nd addition. The tetragonalc/a ratio also in-
creased with increasing Nd concentration below 1%~Fig. 2!.
However, the Nd addition did decrease the intensities of
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tetragonalA1(1TO)-mode subpeaks, which were revealed
the second derivatives of the Raman spectra and a pea
approach~Fig. 11! from all Raman spectra measured at a
below room temperature. It was also possible to construc
anharmonic double-well potential for theA1(1TO)-mode vi-
brations both in symmetric and asymmetric@from the mean-
field approach~Ref. 12!# forms to fit approximately the re
vealed subpeak structure. The second derivatives of
Raman spectra together with a peak fit were also use
identify the peak structure of the Raman spectra in
intermediate-frequency region between 180 and 400 cm21.
Raman spectra measured from 9/65/35 PLZT relaxor cer
ics were used as a reference for the discussion of the h
N.
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temperature Raman spectra measured up to a temper
aboveTC .
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