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Abstract. Light scattering measurements are investigated as a function of temperature from 
10 to900 Kin the tetragonal andcubicphasesofaPbTi0,crystal. Phononfrequencies, ionic 
effective charges, spontaneous polarization and contribution to the dielectric permittivity 
arededucedfromthesedata.Theresu1tsshowthat thesoft phononandrelaxationmode are 
both needed to describe the dynamics of this material. 

1. Introduction 

The oxidicperovskites are of current interest in the field of lattice dynamics and structural 
phase transitions. Among them, BaTiO,, KNbO,, SrTiO,andKTaO, have been widely 
investigated by various experimental techniques. For a long time, the dynamics of the 
phase transitions in these compounds were thought to be governed by the soft phonon 
only. The failure of the LST relationship to reproduce the experimental dielectric data 
[l, 21 as well as the incomplete phonon softening led us to assume the existence of a 
relaxation process at frequencies below the soft phonon and thus a more complicated 
mechanism for the phase transitions. This relaxation mode wasconfirmed by the appear- 
ance of a central peak in the light scattering experiments [3] and/or the appearance of a 
dielectric radio-frequency dispersion [4] in the vicinity of phase transition. A pre- 
dominant orderdisorder mechanism is therefore now used to describe the phase tran- 
sitions in KNbO,, BaTiO, and KTa,_, NbXO3 (KTN). 

Since a disorder process is also invoked to play a role in the phase transitions in 
AgNb0, [SI, PbZrO,, Pb(Zr, Ti)03 [6], LiNb03 and LiTaO, [7], lead titanate PbTi0, 
appears up to very recently the sole oxidic perovskite the dynamics of which could 
be described by the classical Cochran-Anderson theory. Lattice modes in PbTi0, 
were studied by inelastic neutron scattering in the cubic and tetragonal phases [SI 
and by Ramanmeasurementsin the tetragonalphase 19, IO]. Results reveal thesoftening 
of the lowest-frequency transverse optical (TO) modes of E and A, symmetry when T, 
(-495 "C) is approached. These soft modes are underdamped even in the close vicinity 
of T,. From the above discussion on the mechanism of the phase transitions in B O ,  
compounds, the following remarks can be made concerning PbTiO,. 

(i)Thesoft-modefrequencydoesnot go tozeroat T,but saturatesat around50 cm-,. 
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(ii) The possible presence of an additional peak below phonon frequencies was not 
found in the previous Raman measurements [9,10] which were limited down to 15 cm-' 
from the laser line. 

(iii) The comparison between experimental dielectric data and the values calculated 
from phonon frequencies via the N relationship was never attempted as a function of 
temperature. 

In order to clarify these points, new Raman investigations of PbTiO, are needed 
in the tetragonal phase from room temperature up to T, with a particular care to 
measurements for small frequency shifts and for the vicinity of T,. 

Two additional features merit attention and justifies the extension of Raman 
measurements also below room temperature and above T,. First, the existence of one 
or twosupplementary phase transitionsat low temperatureswasdeduced fromdielectric 
and x-ray investigations [ll]. It would be interesting to confirm this feature by Raman 
measurements on a single crystal. The last point concerns the Raman spectrum in the 
cubic phase which can provide information about lattice dynamics. Indeed the Raman 
spectrum in the cubic phase of these oxidic ABO3 compounds is generally characterized 
by intense second-order scattering [12], which was attributed to the large polarizability 
of the oxygen ion. This polarizability which is non-linear and anisotropic was found to 
be responsible for the phonon softening when approaching T,. It has proved to be 
dynamically enhanced by the B ion (Ti, Ta or Nb) [12]. 

A complete study of the Raman spectrum in PbTiO, is therefore reported in this 
paper. Measurements are made as a function of the temperature from 10 to 900 K, for 
various configurations. The results which are obtained are compared with previous 
investigations as well as with Raman spectra recorded in other oxidic perovskites. The 
very low-frequency scattered profile is discussed with regard to the possible existence of 
a central peak, in connection with the dielectric data. The phonon frequencies obtained 
from Raman data are used to calculate the ionic effective charges, and thus the spon- 
taneous polarization in the tetragonal phase. 

2. Experimental results 

Raman scattering measurements have been performed on PbTiO, single crystals 
prepared by the flux-grown technique [13]. These crystals with a typical 
2 mm x 2 mm x 0.3 mm size possess a relatively low conductivity, which has allowed us 
to make dielectric measurements on the same sample as used for Raman experiments. 
Raman data are taken with a double Spex monochromator using a 633 nm He-Ne laser 
beam. 

In the tetragonal phase (Civ space group) the optical lattice modes transform as 
3A, + 4E + B , species. All these modes are first-order Raman active and all but B , are 
infrared active, According to the compatibility relations between the cubic and the 
tetragonal modes the three A,  + E phonons arise from the three Flu modes of the cubic 
phase whereas one E mode and the B , mode come from the F,, silent (infrared-inactive) 
mode. 

We choose the sample geometry with the tetragonal c axis normal to the scattered 
planeso that thesimultaneousobservationofthe A, andEopticalmodescanbeachieved 
in the same experimental conditions. 
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Figure 1. Raman spenra 8n teiragonal PbTiO, ai room rcmperature The rpenra denoted 
a. bandcrorrespondtorhe X ( 2 Z ) Y  X ( Z X ) Y  ~ndX(YX)Yscatteringgeomeirier,rcspect- 
~ v e l ) ,  and are recorded in the samr erpenmenial condmonr 

2.1. Raman spectra at room temperature and low temperatures 

The results obtained at room temperature are given in figure 1. The X(ZZ)Y spectrum, 
denotedspectruma,givesrisetotheA,(~o)lineswhereastheX(ZX)Y(ortheX(YZ)Y) 
spectrum, denoted spectrum b, allows the simultaneous detection of the E(To) and 
E(Lo) phonons. The X( YX) Y spectrum (spectrum c) corresponds to extinction since no 
phonon mode is in principle expected in this configuration. The spectrum a exhibits two 
small lines located at 148 cm-' and 362 cm-' and a very intense peak at 650 cm-'. 
These lines are attributed to the phonons A,(To~), A , ( ~ 0 2 )  and A ' (~03) .  respectively. 
Spectrum b displays lines lying at 89 cm-I, 220 cm-l and 508 cm-l which are due to the 
phonons E ( ~ o l ) ,  E(T02) and E(To3), respectively. The peaks at around 130 cm-I and 
440cm-' correspond to E(Lo~) and E(~o2) phonons whereas a weak band around 
720cm-' (not visible in the figure) can be assigned to the E ( ~ 0 3 )  phonon. Finally, the 
intense line at 290 cm-' is due to the E(TObLO4) phonon from the non-polar F2. cubic 
mode. Nolineisdetected inspectrumc, in agreement with the symmetry requirements. 
This fact as well as the clear light polarization effect that is observed between spectra a 
and b prove the excellent optical quality and the single-domain character of the PbTi03 
sample used in our experiments. This allows quantitative comparison in the temperature 
behaviour between the A, and E modes as well as study of the low-frequency scattering 
which has to be intrinsic, Further, for each temperature, spectrum c is used as the 
reference scattering arising from crystal imperfections and various noise sources. Our 
results at room temperature agree well with those of previous investigations [9, 101 
except for the lowest A,(To~) line at 148 cm-' for which a contradiction can be seen. 
Indeed the lowest peak in spectrum a was interpreted as an extraneous line by Burns 
and Dacoll[9]. In our results we exclude the possibility of contamination from another 
symmetry and we assign this line to an A,(To) phonon. 

The E and A I spectra in tetragonal PbTiO, can be compared with analogous spectra 
recorded in isomorphous BaTiO, [l]. Several differences can be observed. In PbTiO, 
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Figure 2. E.type phonon spectrum at two different temperatures (200 and 10 K) 

the two lowest A, lines display an intensity much weaker than the corresponding 
E peaks, contrary to BaTiO,. Further, the second line E(~o2) presents an intensity 
comparable with that of the first line E(Tol), while it is much less intense in BaTi03, 
KNb03 and KTN. A tentative explanation for this will be given below. 

Now we examine the possibility of the occurrence of phase transitions at low tem- 
peraturesbymeasuringtheRamanspectrumfrom300down to 10 K. Wedonot observe 
a line coalescence or disappearance as in a ferrodistortive phase transition, nor do we 
see an onset of new lines activated by a zone boundary folding as in an antidistortive 
transition. Thus, spectrum b recorded at 200 and 10 K and given in figure 2 does not 
display a qualitative change indicative of a structural transformation. Only a slight and 
continuous frequency increase of the lines is detected when the temperature decreases. 
Our Raman dataconsequently do not favour the existence of any phase transition at low 
temperatures. This feature is in contrast with isostructural compounds such as BaTiO, 
and KNbO, which undergo, in addition to the cubic-to-tetragonal transition, the tetra- 
gonal-to-orthorhombic-to-rhombohedral transformation. 

2.2. Raman spectra at high temperatures 

Spectra a, band care studied at high temperatures with particular attention devoted to 
the low-frequency spectrum. For this, the good optical quality of the PbTi03 sample as 
well as the spectrometer resolution allow measurement of the light scattered intensity 
down to 2cm-' from the Rayleigh line. The lowest Al(ml) and E(To~) lines shift 
downwards continuously when the temperature increases from 20 to 495°C and then 
abruptly disappear in the cubic phase like any first-order line. This result, which is 
illustrated in figures 3 and 4, is in agreement with the previous Raman investigations [9, 
lo]. Nevertheless the surprising feature revealed by our data consists of the occurrence 
ofquasi-elasticscatteringinspectrumbabove43OnC,asshowninfigure5.Thisscattering 
intensity grows when 7', is approached from below, then decreases above T, in the cubic 
phase and finaIly vanishes above 600 "C. 

The intrinsic origin of this quasi-elastic scattering can be questioned. This scattering 
is anisotropic in the tetragonal phase since it does not occur in spectra a and c. It cannot 
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Figure 3. E-type spectrum recorded in the same experimental conditions at various tem- 
peratures in the tetragonal (20 and 465 "C) and the cubic (500 "C) phases. The inset shows 
this same spectrum at 500 *C when the entrance slit width of the spectrometer is much larger 
(500 pm instead of 200 pm). 

Figure 4. A,(To)-type spectrum recorded at 20 and 200 "C in tt 
500"Cin thecubicphase. The insetshowsthecubicspectrum wit 
the spectrometerequal to 500pm instead of200pm. 

tetragonal phase and at 
he entrance slit width of 

thereforebe attributedto crystal imperfections. The presence ofdomainsis also excluded 
since the selection rules are perfectly obeyed in the recorded Raman spectra. The quasi- 
elastic scattering, which has the same symmetry as the E phonon lines, consequently 
seems to have a dynamic origin. Since it displays the well known central peak behaviour 
as a function of temperature, it is apparently closely related to the phase transition 
mechanism. 

As long as the experimental conditions are the same as in the tetragonal phase, the 
Raman spectra in the cubic phase exhibit solely the quasi-elastic scattering. The second- 
orderbandsexpectedasa resultofthecubicsymmetryarevisibleonlyifthespectrometer 
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Figure 5. Law-frequency E spectrum at various 
temperatures. The broken curve in the spectrum 
at 465°C is the Rayleigh line contribution re- 
corded in the X(YX)Y configuration. The dotted 
curvein the spectrum at 490 "Ccorrerpondsto the 
calculated contribution of the soft phonon at very 
low frequencies. 

slits are opened wide. Figures 3 and4show cubicspectra a and b recordedat two different 
spectrometer resolutions. The magnitude of the second-order scattering is seen to be 
very weak with respect to the quasi-elastic scattering and therefore with respect to the 
first-order lines of the tetragonal phase which abruptly disappear above T,. This feature 
is completely opposite to the situation occurring in the other cubic oxidic perovskites 
for which two-phonon scattering is large. This suggests that the oxygen polarizability 
which isinvoked as responsible for the strong second-order Ramanprocessesin BaTi03, 
KNb03 and KTN plays a minor role in the dynamics of PbTiO,. This is corroborated by 
our recent lattice dynamics calculations described below. 

3. Interpretation 

3.1. Analysis of the Raman spectra 

The phonon lines are analysed in the framework of the usual damped-harmonic-oscil- 
lator model. The scattered intensity due to aT0jphonon is therefore adjusted to 

where S,, wToj and yToj, respectively, are the oscillator strength, the frequency and the 
dampingof the jthmphonon andKis afactorrelatedwith theexperimentalconditions. 
The frequency and damping of the E(To~) and A 1 ( ~ 0 I )  phonons are thus determined 
as a function of temperature and reported in figure 6. The results do not significantly 



Raman spectrum in PbTi03 8701 

4 wlA,lmll l  4 4 .  

4 

4 

ZOO 400 
Tempemttlre lY l  

Figure6. Temperaturedependence oirheE(To1) frequency, A,(rol) frequencyand E(m1) 
damping, as deduced from fits to Raman data. 

differ from those previously reported [9]  except for the A,(To) mode frequency. Con- 
cerning the E(To~) mode it can be noted that its frequency decreases slow~ly on heating 
to 400°C and then more rapidly up to T,.  Its corresponding damping displays a change 
in the slope as a function of temperature around the same value (400-420"C). 

The value of the oscillator strength involved in equation (1) is calculated for each TO 
mode via the relation 

s, 5 E(m)f~-~(TOj)fl [02(LOk)  - O'(TOj)]/fl [W2(TOk) - W2(TOj)]. 
k k t i  

The temperature dependence of the oscillator strengths is given in figure 7. A large 
increase in the strength SI is shown above 400°C for both A, and E phonons while the 
strength S2 of the second mode is nearly constant in the whole temperature range. 
Finally, the strength S3 of the ~ 0 3  phonon found to be equal to 2 is not given in the figure. 

Now we analyse the Raman data in the light of the dielectric measurements, the 
lattice dynamics calculations and the results of spontaneous polarization successively. 

3.2. Dielectric behaviour 
The dielectric permittivity along the tetragonal a and c axes are calculated from the 
values of the oscillator strengths (equation (2)) via the sum rule 
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Figure 7. Temperature dependence of the oscil- 
latorstrengthsfor the'rol and~o2phononsof  A,  
(A) and E (*) symmetry. The strength S, of the 
To3 phonon is found to be equal to 2 in the whole 
temperature range. 

Figure 8. Temperature dependence of the di- 
electric permittivity along the tetragonal n axis 
in PbTi03. The experimental data obtained at 
1 MHz(-)arecornparedwith thecalculated 
values (*) derived from equation (3) which 
involve ionic and electronic contributions, 

where (Y = a ,  c and E ( = )  is the high-frequency dielectric permittivity taken as the square 
of the optical refractive index [14]. These calculated values of E ,  denoted &(calc), thus 
involve contributions issued from ionic and electronic resonances. If they are compared 
with the results directly measured at 1 MHz, fairly good agreement is obtained at 
room temperature for both directions. Thus we find that ~,(calc) = 130 compared with 
e,(exp) = 100 and E,(calc) = 35 compared with Ec(exp) = 32. 

This is indicative that no additional excitation takes place in the dielectric response 
between the frequency of the dielectric data and the soft-phonon resonance as long as 
the temperature is far away from T,. On the contrary, whereas &Jcalc) reproduces the 
increase in EC(exp) with increasing temperature, a large discrepancy is revealed in figure 
8 above 450 "C between the values of &,(calc) and &,(exp). This is in agreement with the 
existence of the quasi-elastic scattering detected in the E spectrum below the soft 
phonon. In a previous paper, we have shown that this scattering can be described by a 
Debye relaxation mode uncoupled with soft phonon [15]. If the value E,  is calculated in 
the strength associated with this additional mode, complete agreement can be achieved 
with the experimental data &.(exp) for each temperature. 

3.3. Lapice dynamics considerations 

Lattice dynamical calculations were made for the tetragonal and cubic phasesof PbTi03 
[16] by means of a shell model similar to that used for cubic SrTi03 1171. Phonon 
softening was found to be attributed to a change in the short-range interaction between 
lead and oxygen ions along this bond. Further, the oxygen polarizability displays 
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values much smaller than those for the isomorphous BaTiO, and therefore does not play 
a dominant role in the dynamical behaviour, contrary to many oxidic perovskites. This 
probably explains the weak intensity of the second-order Raman processes found for 
PbTi03. In addition to phonon frequencies for various symmetries, our calculations 
provide the phonon eigenvectors for each wavevector. In the zero-wavevector limit the 
soft  TO^ phonon is found to correspond to a large vibration of the lead ion with respect 
to a TiO, group which is only slightly distorted. The second TO2 phonon consists of a 
displacement of the Ti ion and oxygen ions in opposite directions. This kind of ionic 
vibration corresponds to the soft phonon in BaTiO, and in most oxidic perovskites. 

The inversion of the atomic displacement pattem associated with the  TO^ and ~ 0 2  
phonons in the case of PbTiO, compared with other ABO, compounds can explain the 
special Raman lineshape, and in particular the fact that the  TO^ and ~ 0 2  lines have nearly 
the same intensities. 

3.4. Calculation of the effective charges and the spontaneous polarization 

Ionic effective charges provide information about the chemical ionic bonding. The 
temperature dependence of charges thus allows us to study the chemical change con- 
nected with a phase transition. The effective charges Z are defined from the following 
equation [NI: 

where the TO and TO phonon frequencies are given in reciprocal centimetres; E, is the 
vacuum dielectricconstant, e is the elementaryelectric charge, cis the velocity of light, 
M, is the mass of the eth ion and v is the unit cell volume. The left-hand summation is 
made on all the ions x included in the unit cell whereas the right-hand sum is over all 
infrared-active modes. In equation (4) the index a denotes the polarization direction of 
the phonon so that the charge can display a value different according to the direction. 
We therefore distinguish for each ion the charge Zl, along the tetragonal c axis and the 
charge Z, along the tetragonal a axis. 

In addition to equation (4) the condition of the unit-cell electrical neutrality 

Z(Pb) + Z(Ti) + 3Z(O) = 0 (5 )  

is involved in the calculations of the ionic effective charges. However, an assumption 
concerning one of the three charges is needed. Thus we fix the value Z(Ti) and we 
determine Z(Pb) and Z(0 )  from equations (4) and (5 ) .  The value Z(Ti) = 2.8 is found 
to be an acceptable value for the reasons mentioned below. 

The values Z(Pb) and Z(0) are calculated along the a and c axes as a function of 
temperature from the phonon frequencies of the E and A, symmetries, respectively. 
The results are illustrated in figure 9. Z(0) as Z(Pb) are largely anisotropic at room 
temperature. Thus Z(Pb) vanes for nearly three orders of magnitude between the 
directionsparallel andnormal to theferroelectric axis. Theverylowvalueoftheeffective 
charge ZII(Pb) (compared with the nominal value of +2) is indicative of mainly covalent 
bonds along the c axis. 

As the temperature increases, the anisotropy continuously decreases for both Z(0)  
and Z(Pb). It is remarkable to find nearly isotropic values just below the transition to 
the cubic phase. In fact the behaviours of the effective charges along the c and a axes 
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Figure 9. Temperature dependences of ( b )  the 
effective charge of oxygen ions and (c) the effec- 
tive charge or lead ions along the c ( 1 1 )  and U (I) 
axes, together with (~1) the temperature &pen. 
dence of spontaneouspolarization, as determined 
experimentally [M] ( e )  and calculated from 
equation (6)(A).  

reflect the temperature dependence of the lattice parameters c and a. Since effective 
charges are calculated from phonon frequencies only, this proves that the phonon 
dynamics are mainly governed by the short-range interactions which depend on the 
interatomic distances. 

The spontaneous polarization can be calculated from the values of effective charges 
as 

P, = 5 E & I , ( m ) ' n z , ( K ) s ( K )  (6)  
U ,  

where 6 ( ~ )  is the spontaneous displacement of the ion K from the cubic position. The 
temperature dependence of Psis thusdetermined from thevaluesofthe effective charges 
along the c axis, the ionic displacements I191 and the optical refractive index [14]. The 
results are shown in figure 9. At room temperature the value of P, is found to be equal 
to 85 C and then to decrease on heating. The calculated P, is in relative good 
agreement with experimental data of Gavrilyachenko etal[2Q]. 

The accordance which is achieved between experimental and calculated values of 
the spontaneous polarization proves the relative validity of the values of the effective 
ionic charges which are found, despite the assumptions mentioned above. 

4. Conclusion 

Light scattering data in tetragonal and cubic PbTiO, reveal several features which are 
connected either to the lattice vibrational modes or to a disorder process. Thus, while 
the dielectric properties are mainly govemed by a relaxation mode around T,, the 
spontaneous polarization behaviour is shown to be due to a change in the ionic bonds 
caused by phonon dynamics, and in particular the soft phonon. Whereas the displacive 
picturegoverns all propertiesbelow 430 "C, the order-disorder process becomes increas- 
ingly efficient when T,is approached. In fact, both phenomena as revealed in the Raman 
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spectra are closely related to each other. Thus, if the changes in the slope of the 
temperature behaviour of several characteristics such wToL, yml and P, are considered, 
they are seemingly affected by the increasing ionic disorder above 430 "C. 

The relaxation process which displays a critical slowing down when T, is approached 
from below and from above [ 151 is consequently interpreted to be the driving mechanism 
of the cubic-to-tetragonal phase transition in PbTi03. Several features derived from 
other techniques support this view. Indeed the deviation of the refractive index from the 
linear temperature dependence in the cubic phase [I41 as well as the ionic displacements 
emerging from neutron diffraction data [21] indicate the existence of ionic disorder in 
the cubic PbTiO, lattice. Likewise, the very recent measurement of electric field gradi- 
ents 1221 in tetragonal PbTiO, support an order-disorder description of the phase 
transition in PbTiO,. Finally the Raman spectra reported for various particle sizes of 
PbTi03 [23] can also be reanalysed in terms of the coexisting relaxational central peak 
and soft-phonon line. Indeed when the particle size is very small, the soft-phonon 
lineshape broadens and the quasi-elastic scattering increases as T, is approached, so that 
the low-frequency spectrum consists only of a broad central peak for temperatures close 
to T,. If it is compared with our Raman data obtained in the bulk crystal, this change in 
the profile can be understood as due to enhancing ionic disorder for decreasing lattice 
size. 
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