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The isothermal mode Griineisen parameter y;(P) of some Raman modes in PbZr, ,Ti, O3 (PZT, x = 0.48) were calculated as a
function of pressure by means of the observed pressure-dependent volume data of PZT (x = 0.48) crystal from the literature at room
temperature of 298 K. Those calculated values of y; (P) were then used to compute the pressure dependence of the Raman modes in
PZT (x = 0.48) ceramic studied here. The observed and calculated values of the Raman wavenumbers in PZT were in good
agreement, which indicates that the isothermal mode Griineisen parameter can also be used to predict the pressure-dependent
wavenumbers of some other perovskite-type crystals. Additionally, the pressure dependence of the thermodynamic quantities such
as isothermal compressibility x7, thermal expansion o, and the specific heat Cp — Cy of PZT (x = 0.48) ceramic were predicted at
constant temperature of 298 K. Here, the experimentally measurable thermodynamic quantities calculated for PZT (x = 0.48)

ceramics provide theoretically a significant opportunity for testing.
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1. Introduction

Inorganic PbZr;_,Ti,O3 (PZT) ceramics are widely used in
electronic devices as ultrasound generators and micro posi-
tioners due to their important piezoelectric, dielectric and
ferroelectric properties that depend strongly on their struc-
tural phase. The phase transition mechanism of PZT ceramics
are very complicated depending on the various compositions
(value of x). It is reported that PZT ceramics have cubic
perovskite structure at high temperatures with a space group
Pm3m — O} and they undergo a phase transition at about
667 K!=3 (or 650 K*?) to rhombohedral phase with a space
group R3m — C3, for Zi rich samples (x < 0.5) and to te-
tragonal phase with a space group P4mm — C}, for Ti rich
samples (x > 0.5). In their high synchrotron X-ray experi-
ments at low temperatures, Noheda et al.®® noticed the ex-
istence of a third phase (first monoclinic phase) with a space
group Cm — C?3 that is the separation between tetragonal and
rhombohedral phases, namely the morphotropic phase
boundary (MPB) for values of x close to 0.48.% Tt is also
reported that close to the room temperatures for x = 0.48 in
PZT ceramics, the monoclinic phase transforms to the te-
tragonal phase.® Ragini ef al. have reported a second mono-
clinic phase with a space group Cc — C¥ below 210K for
x = 0.48 via an antiferrodistortive phase transition.””!'! It is
noted that diversity of the sample fabrication methods and the
grain sizes make it difficult to define the existence and nature

of the monoclinic phase in PZT ceramics near MPB.'>!?
The highest piezoelectric response of PZT ceramics were
reported to be the compositions near the MPB around
x=045-0.50."

Various experimental techniques have been applied to
understand the structure and phase transition mechanism of
PZT ceramics near the MPB, including infrared spectrosco-
py,!>77 dielectric measurement,” Raman spectroscopy,' !
X-ray powder diffraction,>” time-domain terahertz and mi-
crowave spectroscopy.”’ The dielectric and piezoelectric
properties of PZT ceramics have been investigated by ap-
plying external or electric fields.”*>® The P-T phase diagram
of PZT (x = 0.48) ceramic has also been reported in the lit-
erature.”’®?° Also, a theoretical electromechanical study has
been reported for PZT ceramic close to the MPB.*° Recently,
we have calculated the damping constant (linewidth) and the
relaxation time of the Brillouin LA mode as a function of
temperature close to the ferroelectric—paraelectric phase
transition in PZT (x = 0.45).%!

Group theory analysis predicted®® seven simultaneous
Raman and infrared (IR) active plus one Raman active modes
[3A(IR,R) + 4E(IR,R) + 1B(R)] in the tetragonal (P4 mm
group) phase for a perfectly oriented single PZT crystal,
while seven Raman and IR active modes [3A(IR,R)+4E(IR,
R)] have been predicted in the rhombohedral (R3m group)
phase of PZT. It has also been reported>” that, on lowering the
temperature, the thombohedral phase transforms into the R3¢
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space group with 13 Raman and IR optic modes [4A;(IR,R)+
9E(IR,R)] and the tetragonal phase transforms into the 14 cm
group with 13 simultaneous Raman and IR plus 3 Raman
optic modes [4A;(IR,R)+8E(IR,R)+1B;(R)+2B,(R)]. On
the contrary to the prediction from the group theory, much
more Raman modes are observed for PZT near the MPB due
to the strong splitting between the longitudinal optic (LO)
and transverse optic (TO) modes.*

As a dimensionless quantity, Griineisen parameter
describes the thermoelastic behavior of materials at high
pressures and temperatures. It is not only defined micro-
scopically but also macroscopically. Microscopic definition
(y;) relates Griineisen parameter to the vibrational wave-
numbers of the lattice modes, while macroscopic definition
(y) relates it to the familiar thermodynamic quantities such as
thermal expansion, isothermal compressibility and heat ca-
pacity. It is pointed out that the sum of all y; throughout the
first Brillouin zone leads to a macroscopic definition of
Griineisen parameter y3° The Griineisen parameter in the
case of the bridge allows the calculation of the macroscopic
thermodynamic quantities in terms of the microscopic
quantity such as wavenumbers shifts of crystals. Although it
is very difficult to determine y experimentally due to the
requirement of a detailed knowledge of the phonon disper-
sion spectrum of a material and/or experimental measure-
ments of thermodynamic properties at high pressures and
temperatures, a number of approximate expressions have
been suggested® to get an accurate value for it.

By following our recent work,?’ in this study the iso-
thermal Griineisen parameters of the observed”® Raman
modes in PZT ceramic (x = 0.48) were determined by using
the V-P relation®® of this ceramic at room temperature close to
the monoclinic-cubic phase transition pressure of
Pc = 5GPa. This V-P relation®® for PZT ceramic (x = 0.48)
was also used to predict the isothermal compressibility 7 of
this ceramic as a function of pressure up to the 17 GPa at
T =298 K. By using the definition of the isothermal Grii-
neisen parameter yr(P), the pressure dependences of the
Raman shifts for the observed modes?® in PZT ceramic
studied have been calculated. Also, the thermal expansion ap
and the specific heat Cp — Cy of PZT (x = 0.48) ceramic
were predicted as a function of pressure by using the ob-
served’® P-T phase diagram of this crystal close to the
monoclinic-cubic transition.

In Sec. 2, the “calculations and results” are given. The
“discussion” and “conclusions” are given in Secs. 3 and 4,
respectively.

2. Calculations and Results

The Griineisen parameter y, that measures the unharmonicity
of a crystalline system, is defined microscopically in terms of
the volume (V) dependence of the vibrational wavenumbers
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(f) of the lattice modes as

olnf
=- 2.1
T T emy @1
from Eq. (2.1), the isothermal Griineisen parameter y;(P) can

be written as

__v(p) (@f/oP)r
0= ) ey

integrating Eq. (2.2), one gets the pressure dependence of the
wavenumbers f;(P) at constant temperature as

(22)

(2.3)

e =ateys s [ (2]

Here, f; and V, are the wavenumbers and the volume of the
vibrational modes at ambient conditions (7' = 298 K, P = 0),
respectively while P is the pressure. The pressure-dependent
A(P) term in Eq. (2.3) is a second-order correction function
that can be evaluated through a fitting procedure, given as

A(P) = ay+ a\P + a,P?, (2.4)

where a, a; and a, are constants with appropriate units.

The isothermal Griineisen parameter of the Raman modes
in PZT (x = 0.48) ceramic was calculated here according to
Eq. (2.2). For this calculation, the observed®® Raman shifts
data and the observed®® volume data were analyzed as a
function of pressure as

f - bo + b]P + b2P27 (25)

and

V =coy+c,P+ c,P?, (2.6)

the fitting parameters by, by, b, of Eq. (2.5) and ¢, ¢y, ¢, of
Eq. (2.6) were given in Tables 1 and 2, respectively in the
pressure intervals indicated. The calculated values of y;(P)
for the Raman modes in PZT ceramic studied here were given
in Figs. | and 2 as a function of pressure. Once the isothermal
Griineisen parameter y;(P) by using Egs. (2.5) and (2.6) it
was easy to calculated the wavenumbers of the Raman modes
in PZT (x = 0.48) studied through Eq. (2.3). Those calcu-
lated values of the Raman shifts were then fitted to the ob-
served’® data to get the coefficients ay, a; and a, of the
corrected function A(P) (Eq. (2.4)) as given in Table 3 in the
pressure intervals indicated. The calculated and observed’
values of the Raman shifts of the Raman modes in PZT
(x = 0.48) were given in Fig. 3.

As an extension of this work, the isothermal compress-
ibility k7 of the PZT (x = 0.48) ceramic was calculated by
using its definition given by

1 [ov
- ([ 2.
="y (ap)T’ (2.7)
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Table 1. Values of the fitting parameters of Eq. (2.5) for the Raman modes in the PZT (x = 0.48) ceramic within the pressure interval indicated.

Monoclinic phase

Cubic phase 7' = 298 K T =298K b, Pressure

P=11.1GPa P =0.1MPa (cm™1) by (cm~!/GPa) b, (cm~!'/GPa?) interval (GPa)

373cm! (P;Fy) — — — — 0<P<45
352.758 2.583 —0.048 5<P<178

330cm™! (Pg) 328cm™! 329.799 —7.323 1.425 0<P<45
315.564 1.100 0.039 S5<P<178

243cm~! (PgF,,) 275cm™! 275.103 2.399 —-0.727 0<P<45
264.111 —4.035 0.166 S5<P<178

252cm~! 252.187 —2.936 0.050 0<P<45

264.111 —4.035 0.166 5<P<178

224 cm™! 222.611 —0.111 —0.518 0<P<45

264.111 —4.035 0.166 5<P<178

199cm ™! (PgF,,) 204cm~! 205.741 —3.367 0.090 0<P<45
223.146 —7.409 0.491 S5<P<11.1

86cm~! (P Fy,) 143cm™! 144,723 —1.633 0.582 0<P<45
49.123 4.309 —0.074 78 <P <178

126cm~! 126.822 —0.220 0.229 0<P<45
49.123 4.309 —0.074 78<P< 178

112cm™! 110.447 7.018 —1.010 0<P<45
49.123 —0.220 0.229 78<P<178

Table 2. Values of the fitting parameters of Eqs. (2.6) and (2.10) for the PZT (x = 0.48) ceramic within the pressure interval indicated.

Ceramic Vo (A3) co A3 ¢ (A3/GPa)  ¢,(A%/GPa?)  dy(GPa)  d,(GPa/K)  Pressure interval (GPA)
PZT (x = 0.48) 63.08 63.027 —1.047 0.100 — — 0<P<43
61.410 —0.303 0.003 — — 6.4 <P<31.7
- — — 15.011 —0.023 0O<P<1
— — — 9.800 —0.016 5<P<9
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Fig. 1. Isothemal mode Griineisen parameter yr(P) calculated as
a function of pressure for the Raman modes of P;F,, and triply
degenerate  PjF,, close to the monoclinic-cubic transition
(Pc = 5GPa) in PZT (x = 0.48).

Pressure (GPa)

Fig. 2. Isothemal mode Griineisen parameter y;(P) calculated as a
function of pressure for the Raman modes of Pg, triply degenerate
PoF,, and PoF;, close to the monoclinic-cubic transition
(Pc =5GPa) in PZT (x = 0.48).
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Fig. 3. Pressure dependence Raman shifts from the observed®®
volume data through the isothermal mode Griineisen parameter
yr(P) for the Raman modes indicated in PZT (x = 0.48) according
to Eq. (2.2). Observed®® Raman shift data of those modes are also
shown. The rectangles emphasize the triply degeneration of the
P, F,, and PoF,, Raman modes in the monoclinic phase of PZT
(x = 0.48). The dashed line represents the transition pressure of
Pc, = 5GPa.

inserting Eq. (2.6) in Eq. (2.7), one gets

2¢c,P
Ky = _;Z—m, (2.8)
C2P + Clp + Co

so, the pressure dependence of x7 (Eq. (2.8)) was calculated
by using the fitting parameters of Eq. (2.6) (Table 2). Also,
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the thermal expansion op of the PZT (x = 0.48) ceramic was
calculated by using the thermodynamic equation given as
dP
= Kp— 2.9
Op = K dT’ (2.9)
for this calculation of ap, the observed®” P-T phase diagram
of this ceramic was analyzed according to

P=dy+dT, (2.10)

where d, and d; were constants with appropriate units, as
given in Table 2 in the pressure intervals indicated. Finally,
the specific heat Cp — Cy of PZT (x = 0.48) ceramic can be
evaluated using the thermodynamic relation given as

Cp—Cy TV(Z—;)OCP' (2.11)
Inserting the temperature 7 from Eq. (2.10) and the volume V
from Eq. (2.6) into Eq. (2.11), the pressure dependence of the
specific heat Cp — Cy was calculated for PZT (x = 0.48)
ceramic. The calculated values of the thermodynamic quan-
tities isothermal compressibility x7, thermal expansion a, and
the specific heat Cp — Cy of PZT (x = 0.48) ceramic studied

here were given in Fig. 4 as a function of pressure.

3. Discussion

X-ray diffraction studies for pressure dependence of PZT
(x = 0.48) ceramic at low temperatures of 44, 154 and 298 K
by Rouquetta et al.>*-*° reported strong Raman spectra for the
cubic paraelectric (P¢) phase that is contradictory with the

Table 3. Values of the fitting parameters of Eq. (2.4) for the Raman modes in the PZT (x = 0.48) ceramic within the pressure interval indicated.

Cubic phase Monoclinic phase

T =298K T =298K
P=11.1GPa P =0.1MPa a,(cm™) a, (cm~!/GPa) a, (cm~!/GPa?) Pressure interval (GPa)
373cm-! (P,Fy,) — — — — 0<P<45
0.553 —0.149 0.046 5<P<178
330cm~! (Pg) 328cm! —6.960 19.689 —7.674 0<P<45
—17.031 0.760 —0.112 5<P<178
243 cm~! (PyF,,) 275cm™! 5.354 —15.315 5.828 0<P<45
—22.607 3.551 —0.384 5<P<178
252cm~! 2.736 —17.686 2.882 O0<P<45
1.276 2.919 —0.338 5<P<178
224cm™! 4.683 —14.228 5.614 0<P<45
32.102 2.103 —-0.279 5<P<178
199cm™! (PoFyg) 204 cm~! 2.738 —7.583 2.849 0<P<45
0.448 5.831 —0.964 S5<P<I111
86cm~! (P Fy,) 143cm™! —6.947 18.988 —6.779 0<P<45
—110.285 —3.557 0.212 78<P<178
126cm™~! —3.325 8.994 —3.194 0<P<45
—90.663 —2.585 0.177 78<P<178
112¢cm™! —8.002 21.481 —17.534 0<P<45
—74.159 —1.775 0.147 T8<P<17.8
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Fig. 4. Pressure dependence of the isothermal compressibility x7 (Eq. (2.8)), thermal expansion ap(Eq. (2.10)) and specific heat Cp — Cy
(Eq. (2.11)) from the observed”® P-T data of PZT (x = 0.48) ceramic at room temperature of 300 K. The dashed line represents the transition

pressure of P- = 5 GPa.

expected first-order Raman spectra at high temperatures.
They explained this contradiction via the presence of the
static polar nanodomains in a tentatively new cubic form
termed as “F " (rather than the cubic paraelectric phase P()
that is characterized by static, symmetry-breaking disorder on
a local level.?” It is also indicated that a phase transition from
monoclinic to disorder polar cubic (“F.”) take place at
around 9, 7.5 and 5 GPa at constant low temperatures of 44,
154 and 298 K, respectively.”’ The observed bands in cubic
PbScysNbysO3 (PSN) ferroelectric relaxor®® were very
similar to that observed PZT (x = 0.48) ceramic®’ which
leads to propose that vibrational modes in PSN are analogous
to vibrational modes in PZT (x = 0.48) (Table 1 in Ref. 20).
Five vibrational modes, namely P7F,,, Pg, PoF,,, PoF;, and
P Fy, in PZT (x = 0.48) at 298 K were observed.”” Among
them, P;F,, mode disappeared below 5GPa (monoclinic
phase) while PoF,, and P;F,, modes decomposed into the
three components at pressures P < 5 GPa and no decompo-
sition was observed in monoclinic phase for Py and PoF;,
modes. This decomposition of the P;;F,, Raman mode
(disappearance of the Raman peaks in 110—145 cm~! region)
at 5 GPa was characterized with the monoclinic-cubic (“F”")
transition in PZT (x = 0.48) ceramic.

The volume of the bulk PZT (x = 0.48) ceramic at 300 K
was observed®® to decrease as the pressure increases, partic-
ularly the discontinuity at around 4.2 GPa indicated a phase
transition from tetragonal to paraelectric cubic (P) in this
ceramic. This static compression data (V-P relation) for PZT
(X = 0.48)** were analyzed according to Eq. (2.6) in the
pressure intervals indicated as given in Table 2. These para-
meters of ¢y, ¢; and ¢, (Table 2) were then used to calculate
the isothermal Griineisen parameter y;(P) of these five ob-
served vibrational modes®” in cubic phase and also the
decompositions of the PgF,, and P, F,, modes in monoclinic
phase of PZT (x = 0.48) at 298 K according to Eq. (2.2). The

values of yr(P) for P;F,, and triple degenerate P, F,, Raman
modes decreased while they increased for Pg, triply degen-
erated PoF,, and PoF,, as the pressure increased above the
5 GPa (cubic phase) up to 17 GPa as given in Fig. 1. Below
5 GPa (monoclinic phase), the y;(P) values for the PoF,, and
PoF;, Raman modes decreased (Fig. 2), on the contrary,
they increased for Pg and Py F,, as the pressure increased
(Figs. 1 and 2).

The wavenumbers shifts f of the Raman modes in PZT
(x = 0.48) ceramic studied here were calculated according to
the second term of Eq. (2.3) by using the values of the y;(P)
(Eq. (2.2)) close to the monoclinic-cubic (“F,”) transition
pressure of 5GPa. A fitting procedure for the calculated
values of f and the observed data® allowed extracting the
quadratic correction function A(P) (Eq. (2.4)) with its coef-
ficients in the pressure interval indicated as given in Table 3.
No softening of the Raman wavenumber was calculated as
also observed experimentally.”’ Figure 3 shows the harmony
between the calculated (Eq. (2.3)) and the observed®”
pressure-dependent Raman wavenumber shifts of the modes
are indicated in PZT (x = 0.48) ceramic. Investigation on the
nanocrystalline PZT ceramic with different particle sizes
showed the shifting in transition pressures.’! It is indicated
that the transition pressures decreases as the particle size
increases. Calculation of the pressure-dependent Raman
wavenumber shifts and the isothermal Griineisen parameter
y7(P) from the bulk volume—pressure relation as performed
in this study can also be done for the nanocrystalline
PZT ceramics from the pressure-dependence of the unit cell
volume of nanoparticles when they are available in the
literature.

The isothermal compressibility x7; of PZT (x = 0.48)
ceramic was predicted through Eq. (2.8) as given in Fig. 4.
xy decreases gradually at rates of —3.2 x 1073 GPa~2 and
—3.2 x 1073 GPa~? below and above the monoclinic-cubic
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(“F¢”) transition pressure of 5 GPa, respectively. Addition-
ally, the thermal expansion ap and the specific heat Cp — Cy
of this ceramic were predicted according to Egs. (2.10)
and (2.11), respectively as given in Fig. 4. Those calculations
of ap and Cp — Cy, were performed by using the values of
—2.3 x 103 GPa/K (monoclinic phase) and —1.6 x 102
GPa/K (cubic phase) for dP/dT extracted from the observed?®
P-T phase diagram of PZT (x = 0.48) crystal. The results
were as follows, Cp — Cy decreases gradually at rates of
—7.4x 1072GPa~! below 5GPa (monoclinic phase) and
—3.5 x 1073 above 5 GPa (cubic phase) while ap increases
gradually at rates of 7.3 x 10> K~!GPa~! and 1.5 x 10~
K~!GPa~! in the monoclinic and cubic phases, respectively.

4. Conclusions

Bulk volume data of PZT (x = 0.48) ceramic obtained at
room temperature (300 K) as a function of pressure was used
from the literature to calculate the isothermal Griineisen pa-
rameter of the Raman modes in this ceramic. That simple
definition of the microscopic mode Griineisen parameter
makes it possible to determine the spectroscopic quantity
such as wavenumber shifts of perovskite crystals as done for
PZT (x = 0.48) ceramic in this study. The calculated values
of the wavenumber shift for the Raman modes in PZT
(x = 0.48) ceramic by means of the isothermal Griineisen
parameter agree well with the observed data. Also, the ther-
modynamic quantities such as specific heat, isothermal
compressibility and thermal expansion of PZT (x = 0.48)
ceramic were also predicted and discussed as a function of
pressure. Those calculated thermodynamic quantities for PZT
(x = 0.48) can be compared with the experimental data when
they are available in the literature which may lead extracting
the Griineisen parameter of the Raman modes in PZT
(x = 0.48) ceramic from its macroscopic definition.
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