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Abstract
The isobaric Grüneisen parameter and the wavenumber (frequency) of various Raman modes in PbZr1-xTixO3 (PZT x = 0.48)
ceramic were calculated by means of the unit cell volume of this crystal. In addition, the damping constant (linewidth) of the
Raman modes studied was computed from the pseudospin-phonon coupled and from the energy fluctuation models close to the
tetragonal-cubic transition temperature of TC = 650 K. This calculation of the damping constant performed in terms of the order
parameter (spontaneous polarization), which was associated with the wavenumbers of the Raman modes studied. Furthermore,
the inverse relaxation time of the Ramanmodes in this ceramic calculated and the values of the activation energy were deduced in
terms of the Arrhenius plot close to the tetragonal-cubic transition in PZT (x = 0.48) ceramic. Finally, the temperature dependence
of some thermodynamic quantities, such as the isothermal compressibility and the specific heat of this ceramic, was predicted.
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Introduction

Lead zirconate titanate, PbZr1-xTixO3 (PZT), has been the
subject of both experimental and theoretical studies due to
its potential applications in industry such as transducers and
ultrasonic motors [1, 2]. Those studies have been particularly
focused across the morphotropic phase boundary (MPB)
around x = 0.48, due to the fact that the highest piezoelectric
and electromechanical coupling coefficients of PZT ceramics
have been observed at this composition of x = 0.48 [3]. MPB
was considered as the region between the ferroelectric rhom-
bohedral and tetragonal phases as a coexistence phase [3]. The
low-temperature rhombohedral phase, FR(LT), with a symme-
try group of R3c and the high-temperature rhombohedral
phase, FR(HT), with a symmetry group of R3m have been
reported in PZT ceramic by Michel et al. [4] in relation to
the different tilt of the oxygen octahedra, as also pointed out
previously [5]. This tilting of the oxygen octahedra in the
FR(LT) phase doubles the unit cell volume when compared
with the FR(HT) phase [6]. It is also reported that below

FR(LT), PZT is in the antiferroelectric orthorhombic phase with
a space group Pba2, while it is in the cubic paraelectric phase
with a space group Pm3m above the FR(HT) phase [7].

Although various experimental techniques have carried out
near the MPB of PZT ceramics, the boundaries between the
different phases have not understood totally, yet. The compo-
sition (x)-temperature (T) phase diagram of PZT compounds
near theMPB has been reported byKim et al. [8], Bouzid et al.
[9], Eitel and Randall [10], and Buixaderas et al. [11]. Also,
the pressure (P)-temperature (T) phase diagram of PZT (x =
0.48) has been studied by Rouquette et al. [12] and Audigier
et al. [13]. In addition, the static compression data (volume-
pressure relation) for PZT (x = 0.48) ceramic has been report-
ed by Cho et al. [14]. In their high-resolution synchrotron x-
ray powder diffraction experiment, Noheda et al. [15] have
reported the temperature dependence of the lattice parameters
of the PZT crystal with x = 0.48 up to the 700 K. Phelan et al.
[16], Hlinka et al. [17], Gorfman et al. [18], and Bokov et al.
[19] have studied the structural, electrical, and optical proper-
ties of PZT single crystals close to the MPB. In their Raman
spectroscopy experiment, Filho et al. [20] have showed the
stability of the monoclinic phase in a narrow region close to
the MPB in PZT (x = 0.48) ceramic by using the Landau-
Devonshire phenomenological theory.

Shifting of the atoms from their ideal positions makes it
very difficult to explain the phase transition mechanism of
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PZT ceramics [21]. Especially, off-center Pb displacements
pointed out the existence of an intrinsic short range dynamic
disorder over the PZT compound, as also pointed out previ-
ously [22–26]. The infrared activemodes of lead-based perov-
skites (ABO3, where A = Pb), vibrating along the mode dipole
moment, are divided into three parts namely, Last, Slater, and
Axe bands, according to the character of the eigenvectors
(vibrations) [27]: eigenvectors related to the Pb-cations
against BO6 octahedra appear below 150 cm−1 (Last band);
vibrations related to the B atom against the O6 octahedra ap-
pear between 200 and 450 cm−1 (Slater band) and those relat-
ed to the bending of the O6 octahedra appear above 500 cm

−1

(Axe band). The A1(TO1) and E(TO1) Raman modes are the
examples of the Last band, while the A1(TO2), B1, and
E(TO2) mode examples of Slater band similarly, the
A1(TO3) and E(TO3) mode examples of the Axe band.
Recently, we have calculated some thermodynamic quantities
such as damping constant and the relaxation time of the lon-
gitudinal acoustic (LA) mode, close to the ferroelectric-
paraelectric phase transition temperature of TC = 657 K in
PZT (x = 0. 45) [28].

In this study, the unit cell volume of the PZT (x = 0.48)
crystal has been calculated as a function of temperature in
terms of the lattice parameters of the solid solution of PZT
(x = 0.48) reported in the literature [15]. The isobaric mode
Grüniesen parameter and the wavenumber of the A1(TO1),
A1(TO2), B1, E(TO1), and E(TO2) Raman modes in PZT
(x = 0. 48) ceramic were then calculated by using the esti-
mated values of the unit cell volume of the PZT (x = 0.48)
crystal. Those calculated values of the wavenumber were
then associated with the order parameter to evaluate the
damping constant of the Raman modes, indicated above
from the pseudospin-phonon coupled and the energy fluc-
tuation models. The inverse relaxation time and the values
of the activation energy of the Raman modes in PZT (x =
0.48) were also computed. Lastly, the specific heat and the
isothermal compressibility of this PZT ceramic were eval-
uated by using the P-T relation of this compound from the
literature.

Below, in section “Theory”, the “theory” part was given.
The “calculations and results” and “discussion” parts were
given in sections “Calculations and Results” and
“Discussion”, respectively. Finally, the “conclusions” part
was given in section “Conclusions”.

Theory

Grüneisen parameter

The anharmonicity of a crystalline system is defined micro-
scopically as Grüneisen parameter γ given by [29, 30]

γ ¼ −
∂lnω
∂lnV

; ð2:1:1Þ

where γ is the dimensionless quantity, ω is the vibrational
frequency of the lattice modes, and V is the volume of the
crystal. The isobaric Grüniesen parameter γp(T) can be
expressed as

γP Tð Þ ¼ −
V Tð Þ
ω Tð Þ

∂ω=∂Tð ÞP
∂V=∂Tð ÞP

: ð2:1:2Þ

At constant pressure, the temperature dependence of the
frequency ωP(T) can be obtained from the integration of the
Eq. (2.1.2) as

ωP Tð Þ ¼ ω1exp −γP Tð Þln VP Tð Þ
V1

� �� �
; ð2:1:3Þ

where V1 and ω1 in Eq. (2.1.3) are the volume of the crystal
and the frequency, respectively, at ambient conditions of T =
0 K and P = 0 Pa.

Damping constant

Yamada et al. [31] developed a model to investigate the
damping constant as a function of temperature, due to the
interaction between pseudospin and a phonon for NH4Br.
Matsushita [32] extended this model by considering the inter-
action between a pseudospin and two phonons. In their study,
Laulicht and Luknar [33] expressed the dynamic scattering
function of the pseudospins S q!;ω≈0

� �
in terms of the

damping constant Γ(kυ, ωυ) of the υ
th phonon with wave vec-

tor k
!

and the peak frequency ωυ for KDP as

Γ kυ;ωυð Þ≈A∫S q!; 0
� 	

dq; ð2:2:1Þ

here, q is the pseudospin wave vector, A is the weakly
temperature-dependent constant and the integration should
be taken over the Brillouin zone. Laulicht [34] has related
the dynamic scattering function S q!;ω≈0


 �
to the dielectric

susceptibility χ(q, 0), which is also in relation to the sponta-
neous polarization (order parameter) y as

S q!;ω≈0
� 	

∝χ q; 0ð Þ∝1−y2: ð2:2:2Þ

Lahajnar et al. [35] have calculated the integration of Eq.
(2.2.1), over all q in the Brillouin zone by using the Eq. (2.2.2)
and by considering that the damping constant Γ is inversely
proportional to the spin-lattice relaxation time T1 given as

Γ∝
1

T 1
¼ kBt 1−y2


 �
ln

TC

T−TC 1−y2ð Þ
� �

; ð2:2:3Þ
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where t is the flipping time of the polarization, kB is the
Boltzmann constant, T is the temperature, and TC is the tran-
sition temperature. The damping constant as a function of
temperature for the pseudospin-phonon coupled model (Eq.
2.2.3) can be written in the form

Γsp ¼ Γ;
o þ A; 1−y2


 �
ln

TC

T−TC 1−y2ð Þ
� �

; ð2:2:4Þ

where Γ;
o is the background damping constant (linewidth) and

A, is the amplitude with appropriate units.
The temperature dependence of the damping constant due to

the pseudospin-phonon coupling can also be calculated by con-
sidering the shifting of the phonon frequency, which is the
energy fluctuation of the phonon mode with the wave vector
k = 0, as reported by Laulicht [34]. In their work, Schaak and
Winterfelt [36] have reported another simple expression for the
damping constant due to the phonon frequency shift given as

Γ sp
2∝

T 1−y2ð Þ
T−TC 1−y2ð Þ : ð2:2:5Þ

The energy fluctuation model (Eq. 2.2.5) can then be writ-
ten as

Γsp ¼ Γo þ A
T 1−y2ð Þ

T−TC 1−y2ð Þ
� �1

2

; ð2:2:6Þ

where Γo and A of the energy fluctuation model (Eq. 2.2.6) are
the background damping constant and the amplitude, respec-
tively, as before.

The pseudospin-phonon (Eq. 2.2.4) and the energy fluctu-
ation (Eq. 2.2.6) models can be used to extract the values of
the activation energy U, using the following expression
[37–39]

Γsp≅Γvib þ C exp −U=kBTð Þ; ð2:2:7Þ

in Eq. (2.2.7), C is the constant and kB is the Boltzmann con-
stant, as before. The vibrational damping constant Γvib is near-
ly zero as the transition temperature TC is approached, as
pointed out previously [39]. By taking the natural logarithm
of Eq. (2.2.7) with Γvib = 0, one can deduced the values of the
activation energy U from the slope of the Arrhenious plot
lnΓsp against 1/T according to

lnΓsp ¼ lnC−
U
kBT

: ð2:2:8Þ

The inverse relaxation time τ−1 for the phononmodes of the
crystalline systems can be computed from the temperature
dependence of the frequency (ω) and the damping constant
(Γ) of the relavent phonon modes according to

τ−1 ¼ ω2

Γ
: ð2:2:9Þ

The cubic (three-phonon process) and quartic (four-phonon
process) anharmonicity in lattice vibrations can also be inves-
tigated in terms of the frequency and the damping constant of
the Raman modes according to the relations read as [40, 41]

Fig. 1 The unit cell volume of PZT (x = 0.48) calculated in terms of the
lattice parameters [14] for monoclinic and tetragonal phases

Table 1 Values of the fitting parameters of Eq. (3.1) for the unit cell
volume of PZT (x = 0.48) within the temperature interval indicated

Ceramic Temperature
intervals (K)

PZT (x = 0.48) 135.0 25.0 18.1 < T < 199.6

67.6 0.2 295.7 < T < 645.7

Table 2 Values of the fitting parameters of Eq. (3.2) for the Raman
modes in PZT (x = 0.48) ceramicwithin the temperature interval indicated

Raman mode e0 e1x10
−2 e2x10

−5 Temperature intervals
(cm−1) (cm−1/K) (cm−1/K2) (K)

A1(TO1) 159.8 2.4 − 27.5 0 < T < 200.0

231.7 − 48.5 62.2 200.0 < T < 400.0

63.0 31.9 − 36.3 400.0 < T < 650.0

A1(TO2) 340.6 4.2 − 18.0 0 < T < 200.0

364.0 − 11.9 8.1 200.0 < T < 400.0

330.3 4.1 − 11.5 400.0 < T < 650.0

B1 270.3 − 4.8 21.8 0 < T < 200.0

233.4 26.7 − 47.9 200.0 < T < 400.0

293.3 − 5.3 1.5 400.0 < T < 650.0

E(TO1) 79.6 − 6.3 4.6 0 < T < 200.0

112.1 − 27.2 31.4 200.0 < T < 400.0

28.1 15.7 − 22.8 400.0 < T < 650.0

E(TO2) 205.8 1.1 − 16.4 0 < T < 200.0

196.9 3.7 − 9.3 200.0 < T < 400.0

166.0 15.5 − 15.8 400.0 < T < 650.0
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Γ Tð Þ ¼ Γ 0ð Þ þ A 1þ 2

e
a
T−1

� �
þ B 1þ 3

e
2a
3T−1

þ 3

e
2a
3T−1

� 	2

0
B@

1
CA ð2:2:10Þ

and

ω Tð Þ ¼ ω 0ð Þ þ C 1þ 2

e
a
T−1

� �
þ D 1þ 3

e
2a
3T−1

þ 3

e
2a
3T−1

� 	2

0
B@

1
CA;ð2:2:11Þ

where Γ(0) and ω(0) are the damping constant and the fre-
quency at zero temperature. Also, A, B,C, andD that appear in
Eqs. (2.2.10) and (2.2.11) are the constants with appropriate

unit of cm−1, and a = ℏω0/kB is another constant with a unit of
temperature (K). ℏ, kB, and ω0 are the Planck constant, the
Boltzmann constant, and the characteristic frequency of the
relevant mode, respectively.

Thermal expansion, isothermal compressibility,
and the specific heat

The thermal expansion αP of a material is defined in terms of
its volume V and its temperature derivative at constant pres-
sure as

αP ¼ 1

V
∂V
∂T

� �
P: ð2:3:1Þ

The isothermal compressibility κT of a material can be evalu-
ated according to the well-known thermodynamic equation

κT ¼ αP

dP
dT

� �; ð2:3:2Þ

where dP
dT is the slope of the pressure-temperature phase diagram

of the relevant material.
Also, the difference of the specific heat at constant pres-

sure CP and the specific heat at constant volume CV of a
material can be calculated using the thermodynamic rela-
tion as follows,

CP−CV ¼ TV
dP
dT

� �2

κT : ð2:3:3Þ

Fig. 2 The isobaric Grüneisen parameter γP(T) of the A1(TO1), A1(TO2),
B1, E(TO1), and E(TO2) Raman modes in PZT (x = 0.48) ceramic
calculated as a function temperature according to Eq. (2.1.2)

Table 3 Values of the fitting
parameters of Eq. (3.3) for the
Raman modes in PZT (x = 0.48)
ceramic within the temperature
interval indicated

Raman mode ωmax f0x10
2 f1 f2x10

−3 Temperature intervals (K)
(cm−1) (cm−1) (cm)

A1(TO1) 161.0 6.1 − 6.3 21.9 0 < T < 200.0

4.9 − 3.2 7.4 200.0 < T < 400.0

0.8 1.6 − 12.3 400.0 < T < 650.0

A1(TO2) 344.1 − 222.2 133.3 − 197.0 0 < T < 200.0

− 58.0 33.8 − 46.5 200.0 < T < 400.0

2.4 0.1 0.5 400.0 < T < 650.0

B1 273.6 43.0 − 29.6 54.3 0 < T < 200.0

− 0.9 3.1 − 6.8 200.0 < T < 400.0

− 33.0 24.7 − 42.5 400.0 < T < 650.0

E(TO1) 78.7 − 2.1 6.7 − 37.3 0 < T < 200.0

2.4 − 4.1 22.4 200.0 < T < 400.0

0.32 1.9 − 40.9 400.0 < T < 650.0

E(TO2) 205.9 − 8.0 9.6 − 22.8 0 < T < 200.0

− 0.7 2.6 − 6.1 200.0 < T < 400.0

1.9 0.4 − 2.0 400.0 < T < 650.0

The maximum values of the wavenumber for the Raman modes are also given
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Fig. 3 The calculated values of the wavenumber ω for the Raman modes
of A1(TO1), A1(TO2), B1, E(TO1), and E(TO2) in PZT (x = 0. 48)
ceramic according to Eq. (2.1.3). The observed [42] Raman, infrared

(IR), and CMCD minima data [42] are also shown for comparison. The
red lines show best fit of Eq. (2.2.11) for the observed [42] wavenumber
data of these modes
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Calculations and results

The unit cell volume of PZT (x = 0.48) ceramic was calculated
by using the empirical formula V = (abc)sinβ, for the mono-
clinic phase, and V = a2c , for the tetragonal phase, where a, b,
and c are the lattice parameters of the unit cell and β is the
angle between a and c. This calculation of the unit cell volume
performed by using the lattice parameters of this ceramic re-
ported in the literature [15]. The temperature dependence of
the unit cell volume is given in Fig. 1. These calculated values
of the unit cell volume were then analyzed according to

V ¼ d0 þ d1T ; ð3:1Þ
where d0and d1 are the constants with appropriate units, as
given in Table 1 for the temperature intervals indicated. The
observed [42] wavenumbers (spatial frequency) of the
A1(TO1), A1(TO2), B1, E(TO1), and E(TO2) Raman modes
in PZT (x = 0. 48) ceramic were also analyzed as a function of
temperature according to a quadratic equations

ω Tð Þ ¼ e0 þ e1T þ e2T2; ð3:2Þ
here, e0, e1, and e2 are constants with appropriate units as also
given in Table 2. Those extracted values of the fitting param-
eters d0and d1 of Eq. (3.1) also e0, e1, and e2 of Eq. (3.2) were
then used to compute the isobaric mode Grüneisen parameter
γP(T) of the Raman modes in PZT (x = 0. 48) ceramic, indi-
cated above according to Eq. (2.1.2), as given in Fig. 2. The
wavenumbers of the Raman modes in PZT (x = 0. 48) ceramic
were then calculated according to Eq. (2.1.3) by using the

values of the γP(T) (Fig. 2) of the relevant modes in this ce-
ramic. A fitting procedure then performed between the ob-
served [42] and calculated (Eq. 2.1.3) values of the
wavenumbers according to

ωobs: ¼ f 0 þ f 1ωcal: þ f 2 ωcal:ð Þ2; ð3:3Þ
where the constants f0, f1, and f2 are tabulated in Table 3.
Figure 3 shows the observed [42] and calculated (Eq. 3.3)
values of the wavenumbers as a function of temperature.

Regarding the computation of the damping constant for the
Raman modes in PZT (x = 0. 48) ceramic studied here from
the pseudospin-phonon coupled model (Eq. 2.2.4) and from
the energy fluctuation model (Eq. 2.2.6), the calculated values
of the wavenumbers ω were associated with order parameter
according to

y ¼ ω

ωmax
; ð3:4Þ

since the order parameter y can take any value between 0 and
1. In the last expression, ωmax is the maximum value of the
wavenumber of the relevant Raman mode. Those calculated
values of the damping constant from the two models (Eqs.
2.2.4 and 2.2.6) with help of Eq. (3.4) were then fitted to the
observed [37] damping constant data to extract the values of
the background damping constant Γ;

o (Γ0) and the amplitudes
A,(A), as given in Table 4 for the temperature intervals indi-
cated. Figure 4 shows the calculated (Eqs. 2.2.4 and 2.2.6)
values of the damping constant from both models. The ob-
served [42] data were also given for comparison.

Table 4 Values of the background damping constantΓ;
o (Γ0) and the amplitudesA,(A) according to the models within the temperature interval indicated

for the Raman modes in PZT (x = 0.48) ceramic

PZT (x = 0.48) Pseudospin-phonon coupled model (Eq.2.2.4) Energy fluctuation model (Eq. 2.2.6) Temperature intervals (K)

Raman mode Γ;
o cm−1ð Þ A, (cm−1) Γ0 (cm

−1) A (cm−1)

A1(TO1) 28.0 82.0 27.3 31.3 0 < T < 200.0

37.6 39.8 32.3 26.6 200.0 < T < 400.0

107.9 − 142.6 72.2 − 5.5 400.0 < T < 650.0

A1(TO2) 27.8 165.6 28.6 25.0 0 < T < 200.0

26.6 406.2 23.4 85.1 200.0 < T < 400.0

355.7 − 5251.8 25.7 133.0 400.0 < T < 650.0

B1 59.3 − 92.7 67.7 − 69.1 0 < T < 200.0

50.1 220.0 37.1 101.7 200.0 < T < 400.0

69.9 2115.9 70.0 70.6 400.0 < T < 650.0

E(TO1) 11.9 26.6 11.5 16.0 0 < T < 200.0

49.2 2.9 59.1 − 2.8 200.0 < T < 400.0

51.8 18.3 51.1 12.3 400.0 < T < 650.0

E(TO2) 25.2 25.3 25.1 7.0 0 < T < 200.0

146.1 − 1974.1 7.1 117.5 200.0 < T < 400.0

91.5 − 5452.2 6.4 394.5 400.0 < T < 650.0
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Fig. 4 Damping constant calculated as a function of temperature using
the pseudospin-phonon coupled and the energy fluctuation models ac-
cording to Eqs. (2.2.4) and (2.2.6), respectively, for the Raman modes

indicated in PZT (x = 0. 48) ceramic. The red lines show best fit of Eq.
(2.2.10) for the observed [42] damping constant data of these modes
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The values of the activation energy U were deduced
through Eq. (2.2.9) close to the tetragonal-cubic phase transi-
tion temperature of TC = 650 K, as tabulated in Table 5. This
calculation was performed by using the Γ values calculated
from pseudospin-phonon coupled model (Eq. 2.2.4) and from
the energy fluctuation model (Eq. 2.2.6). Also, the inverse
relaxation time τ−1 was predicted as function of temperature
through Eq. (2.2.9) for the Raman modes indicated in PZT
(x = 0. 48) ceramic, as given in Fig. 5.

As an extension of this work, the observed data [42] of the
damping constant and the wavenumber for the Raman modes
in PZT (x = 0.48) studied were analyzed by means of the
Balkanski model [41] according to Eqs. (2.2.10) and
(2.2.11), respectively. The fitting parameters Γ(0), ω(0), A,
B, C, and D of these equations are given in Table 6. The
characteristic frequencyω0 of eachmode, whichwas extracted
through the extrapolating procedure of the observed [42]
wavenumber between 0 < T(K) < 200 according to Eq. (3.2),
is also presented in Table 6.

Finally, the temperature dependence of the unit cell volume
of this ceramic (Fig. 1) was used to compute the thermal ex-
pansion αP according to Eq. (2.3.1). In addition, the isothermal
compressibility κT and the specific heat CP −CV were calculat-
ed according to Eqs. (2.3.2) and (2.3.3), respectively. For this
calculation of κT and CP −CV, the slope of the observed [12] P-
T diagram (dP/dT) that is − 0.0147 Gpa/K was used. Figure 6
represents predicted values of the thermal expansion αP, the
isothermal compressibility κT, and the specific heat CP −CV,
as a function of temperature for the PZT (x = 0. 48) ceramic.

Discussion

The volume of the unit cell for PZT for PZT (x= 0. 48) ceramic
calculated in terms of the lattice parameters [15] was doubled
below 200 K (Fig. 1), which was an indication of the structural
phase transition around 200 K from tetragonal to monoclinic, as
also pointed out previously [15]. Equation (2.1.2) was used to

Table 5 Values of the activation
energy U and the constant C
extracted from Eq. (2.2.8) for the
Raman modes indicated in PZT
(x = 0.48) ceramic by using the
pseudospin-phonon coupled Eq.
(2.2.4) and the energy fluctuation
(2.2.6) models

Raman mode Damping model U C Temperature intervals (K) kBTC
(meV) (cm−1) (meV)

A1(TO1) Eq. (2.2.4) 16.6 98.5 400.0 < T < 650.0 56.0
Eq. (2.2.6) 2.6 58.9

A1(TO2) Eq. (2.2.4) 78.5 450.0 400.0 < T < 650.0
Eq. (2.2.6) 21.4 134.9

B1 Eq. (2.2.4) 17.6 119.9 400.0 < T < 650.0
Eq. (2.2.6) 22.5 133.6

E(TO1) Eq. (2.2.4) 4.3 81.2 400.0 < T < 650.0
Eq. (2.2.6) 5.0 82.6

E(TO2) Eq. (2.2.4) 57.6 233.2 400.0 < T < 650.0
Eq. (2.2.6) 36.7 145.3

The kBTC value of PZT (x = 0.48) ceramic is also given for comparison

Fig. 5 Inverse relaxation time
calculated as a function of
temperature using the
pseudospin-phonon coupled (PS)
and the energy fluctuation (EF)
models according to Eq. (2.2.9)
for the Raman modes indicated in
PZT (x = 0. 48) ceramic
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compute values of the isobaricmodeGrüneisen parameters γP(T)
of the A1(TO1), A1(TO2), B1, E(TO1), and E(TO2) Raman
modes in PZT (x= 0. 48) ceramic by using the coefficients of
Eq. (3.1) (Table 1) and Eq. (3.2) (Table 2), as given in Fig. 2. It is
reported that [43] the Grüneisen parameter values for the soft
ferroelectric transverse optic (TO) mode systems (KTaO3,
PZTs) were very huge near the transition temperature, as also
found in this study for the TO’s Raman modes in this PZT
ceramic studied here. Especially, the γP(T) values for the
E(TO1) Raman mode in PZT (x= 0. 48) ceramic increased up
to a thousand (1014) close to the ferroelectric-paraelectric transi-
tion temperature of 650 K. This is due to the fact that, when the

interatomic distances decrease close to the phase transition
temperature, the Columb forces increase much more slow-
ly than do the short-range forces which causes a large
change in phonon frequency with a small variation in
crystal volume according to Eq. (2.1.1). Those calculated
values of the γP(T) values were used to evaluate the tem-
perature dependence of the wavenumbers of the Raman
modes in PZT (x = 0. 48) ceramic studied according Eq.
(2.1.3), as given in Fig. 3. This figure showed the harmo-
ny between the calculated (Eqs. 2.1.3 and 3.3) and the
observed [37] data for the wavenumbers of the Raman
modes studied here.

Table 6 Values of the fitting
parameters of Eqs. (2.2.10) and
(2.2.11) for the observed [42]
Raman modes in PZT (x = 0.48)
ceramic

Raman mode Γ(0) Ax10−2 Bx10−3 ω(0) −Cx10−2 −Dx10−4 a ω0

(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (K) (cm−1)

A1(TO1) 29.6 17.8 5.3 164.7 60.0 2.27 18.3 159.8

A1(TO2) 37.8 − 194.5 76.0 343.1 − 0.8 205.0 39.0 340.6

B1 49.1 1.0 15.2 – – – 30.9 270.3

E(TO1) 14.6 31.1 1.1 80.0 29.0 0.2 9.1 79.6

E(TO2) 26.2 − 31.4 15.8 207.4 46.9 46.8 23.6 205.8

The characteristic values of the wavenumber (ω0) for the observed [42] Raman modes are also given

Fig. 6 Temperature dependence of the thermal expansion αP (Eq. 2.3.1), isothermal compressibility κT (Eq. 2.3.2), and the specific heat CP −CV (Eq.
2.3.3) from the observed [12] P-T data of PZT (x = 0.48) ceramic
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The damping constant (linewidth) of the Raman modes
in PZT (x = 0. 48) ceramic studied was also calculated
from the pseudospin-phonon coupled (Eq. 2.2.4) and the
energy fluctuation (Eq. 2.2.6) models, as given in Fig. 4.
This figure shows the consistency of the temperature-
dependent damping constant between the observed [42]
and calculated (Eqs. 2.2.4 and 2.2.6) data for the Raman
modes studied here except the E1(TO1) mode between 400
and 650 K and also for the A1(TO1) mode between 550
and 650 K. The damping constant increases as the temper-
ature increases as also observed [42] experimentally up to
the transition temperature of 650 K from tetragonal to
cubic phase. In our earlier works, we used these two
models to describe the phase transition mechanism of
some ferroelectric materials such as BaTiO3 [44],
KH2PO4 [45], PbTiO3 [46], SrZrO3 [47], (NH4)2SO4

[48], and SrTiO3 [49].
The extracted values of the activation energy U for the

PZT (x = 0.48) ceramic through Eq. (2.2.8) in terms of the
damping constant calculated from both pseudospin-
phonon coupled and the energy fluctuation models are tab-
ulated in Table 5. The varied U values between 2.6 and
78.5 meV can be compared with the kBTC value of
56.0 meV, as also given in Table 5. This indicates that both
models studied are adequate to describe the observed be-
havior of the linewidths of the Raman modes in the ferro-
electric phase of PZT (X = 0. 48) ceramic. The inverse re-
laxation time τ−1 of the Raman modes studied was predict-
ed according to Eq. (2.2.9) in terms of the calculated Γ
(Fig. 4) and ω (Fig. 2) values close to the transition tem-
perature TC = 650 K. τ−1 decreased as the temperature in-
creased up to the TC, as given in Fig. 5. Although no ex-
perimental data were found for the τ−1of PZT (x = 0.48)
ceramic to compare with, those calculated values of τ−1

can be compared with the observed [8] data of PZT (x =
0.45) single crystal which shows similar gradually decreas-
ing behavior as the temperature increases in the ferroelec-
tric phase (T < TC) of this single crystal (TC = 657 K).

With regard the anharmonic effects in lattice vibrations,
the analysis of the observed damping constant and the
wavenumber data [42] of these studied Raman modes in
PZT (x = 0.48) according to Eqs. (2.2.10) and (2.2.11) fit
well, with the fitting parameters given in Table 6 except
one mode, as also shown in Figs. 3 and 4. Although the
damping constant data of B1 mode converged according to
Eq. (2.2.10), the wavenumber data did not. Unlike the ob-
served wavenumber data, which are almost constant with
increasing temperature T, it is reported that [41] in the
high-temperature limit, the fitting parameters C and D of
Eq. (2.2.11) vary as T and T2, respectively. On the other
hand, the extracted values of the Γ(0) for the Raman modes
studied (Table 6) are very close to those values of the
background damping constant Γ;

o and Γ0 calculated from

the pseudospin-phonon coupled (Eq. 2.2.4) and the energy
fluctuation (Eq. 2.2.6) models in the temperature interval
of 0 < T(K) < 200 (Table 4).

Figure 6 shows the values of the volume thermal expansion
αP, the isothermal compressibility κT, and the specific heatCP

−CV of PZT (x = 0.48) ceramic as a function of temperature
predicted through Eqs. (2.3.1, 2.3.2, and 2.3.3), respectively.
The anomalous behaviors of αP, κT, and CP − CV around
200 K were an indication of the structural phase transition
from monoclinic to tetragonal phase. The CP −CV decreases
rapidly as the temperature increased from 0 to 200 K, while it
decreases more slowly as temperature increased from 200 K
up to the phase transition temperature of 650 K. The step-like
behaviors of αP and κT (Fig. 6) indicated that the thermody-
namic quantities were weakly temperature dependent below
and above the phase transition temperature of 200 K.

Conclusions

The spectroscopic quantity wavenumber of some Raman
modes in PZT (x = 0.48) ceramic was calculated as a func-
tion of temperature through the simple microscopic defi-
nition of the Grüneisen parameter that was also computed
in this study. The damping constant of the Raman modes
studied was also calculated from the psedospin-phonon
coupled and the energy fluctuations models. In addition,
those calculated values of the wavenumber and the
damping constant for the Raman modes in PZT (x =
0.48) ceramic studied were also detailed in view of the
Balkanski model in order to compare with a recognized
theory of anharmonic effects in lattice vibrations. The
psedospin-phonon coupled and the energy fluctuations
models may contribute to explain the complex order-
disorder phase transition mechanism of some other ferro-
electric ceramics. Additionally, temperature dependence of
the inverse relaxation time was predicted, and also, the
values of the activation energy of this ceramic were com-
puted. The predicted values of the thermodynamic quanti-
ties, thermal expansion, isothermal compressibility, and
the specific heat for PZT (x = 0.48) ceramic can be com-
pared with the experimental data when they are available
in the literature.
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