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Abstract

Single-phase perovskite Pb(Zr0.52,Ti0.48) nanoparticles, PZT-NPs were prepared by the sol–gel method with two different solvents, 2-

methoxyethanol, EGME, and poly ethylene glycol, PEG. X-ray diffraction (XRD) was used to study of the structure of the PZT-NPs. Fourier

transform infrared spectroscopy (FTIR) was used to measure the infrared reflectivity spectrum in the range of 4000–280 cm�1. Infrared active

vibration modes of BO6 octahedral (n1 and n2) were observed for PZT-NPs below 600 cm�1. The third vibration mode of Pb against the TiO3 group,

n3, occurred below the experimentally accessible range. The Kramers–Kronig method (K–K) and classical dispersion theory were applied to

analyze the data and calculation of the optical constants such as reflective index (N(v))and permittivity (e(v)). The results showed that the structure

and optical properties of PZT-NPs were changed by different type of solvent.
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1. Introduction

The study of dielectric resonance is becoming an

important theme in the physics of composites, and has

fascinated physicists for many decades due to its numerous

applications in photonic crystals (PCs) [1]. Further minia-

turization and large-scale integration of these systems are

limited by apparent finite size effects, which diminish the

dielectric response [2]. One of these materials is lead

zirconate titanate Pb(Zrx,Ti1�x)O3, PZT, which exhibits

pyroelectric, piezoelectric and electro-optical properties.

This material is promising for practical applications such

as infrared detectors, ferroelectric non-volatile random

access memories [3], optical modulators and optical

waveguides [4]. Synthesizing the single phase of PZT

nanoparticles, PZT-NPs, which are free of the pyrocholore

phase, for these applications is the main task of researchers

seeking to prepare a good device for these applications.
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Fourier transform infrared data analysis has long been known

as a good way to study the optical properties of materials.

One method that can be used to analysis the IR data is the

Kramers–Kronig (K–K) mathematical method. K–K is an

appropriate method that can be used to analyze the IR

reflectance spectra of various materials, from organic to

inorganic, solid to liquid and single crystal, polycrystalline

and amorphous [5–7]. FTIR spectroscopy is widely used for

material characterization [8–12]. Although many papers have

reported the synthesis of PZT-NPs, the optical properties of

perovskite PZT-NPs however, have rarely been investigated.

It is known that the preparation processes are critical in

modifying the properties of the sol–gel nanoparticles and

ceramics [13–15]. Many factors, such as solvents, dopants

and modifiers, are often decisive. The choice of solvent can

affected phase development [16], morphology [17], particle

size [18] and optical properties [19,20].

In this work, we used 2-methoxyethanol and poly ethylene

glycol as different solvents to prepare PZT-NPs by the sol–gel

method. The optical properties of PZT-NPs, namely the

reflectance, phase evolution, refractive index, extinction

coefficient, real and imaginary part of dielectric constant and

loss energy function were investigated by the K–K relations.
d.
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2. Experimental

Pb(Zr0.52,Ti0.48)O3 nanoparticles, PZT-NPs, were derived

from a soft chemical process. Lead acetate trihydrate

(Pb(CH3COO)2�3H2O, Merck), titanium isopropoxide

(Ti(OCH(CH3)2)4, Merck), zirconium n-propoxide

(Zr(OCH2CH2CH3)4, and 70% in 1-propanol, Sigma–Aldrich),

2-methoxyethanol and poly ethylene glycol were used as two

different solvents to prepare the precursor solutions for PZT-NP

drawing. The atomic ratio of the Pb:Zr:Ti of the solution was

1:0.52:0.48 and 10% excess lead acetate was introduced.

Details of the preparation method can be found in the literature

[21,22]. The polymeric precursor solutions were dried and

calcinated at two different temperatures of 600 and 650 8C, to

achieve pure perovskite PZT-NPs. X-ray diffraction analysis

was used to study the formation of the perovskite phase in the

range of 15–808 by Cu Ka radiation. The FTIR results were

used to calculate the absorption and reflectance parameters at

range of 4000–280 cm�1. The K–K method was used to analyze

the reflection spectra to obtain the optical parameters of PZT-

NPs.

3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction pattern of PZT-NPs prepared with two

different solvents, 2-methoxyethanol, PZT–EGME and poly

ethylene glycol, PZT–PGE, by the sol–gel method, are shown
Fig. 1. X-ray diffraction pattern of PZT–EGME (a) and PZT–PEG (b) calcined at 60

XRD peak of PZT–PEG clearly shows a tetragonal phase.
in Fig. 1. For PZT–EGME, Fig. 1a, the rhombohedral phase was

observed for both heating treatments, and the perovskite phase

is clearly formed at these temperatures. A perovskite structure

is also for PZT–PGE, Fig. 1b, but a tetragonal phase was

achieved by using poly ethylene glycol as the solvent for the

sol–gel process. A small amount of pyrocholore phase was

found at a calcination temperature of 600 8C for both methods.

The pyrocholore phase disappeared and a pure perovskite

structure was obtained when the calcination temperature was

increased to 650 8C.

The typical TEM image of the PZT-NPs prepared in

different solvents are shown in Fig. 2. From TEM analysis the

primary particle size of the powders can be determined. The

primary particles size of the PZT-NPs prepared in PEG and

EGME were found to be approximately 25 and 17 nm,

respectively.

3.2. FTIR analysis

The room temperature transmittance of PZT-NPs has been

investigated by Fourier Transform Infrared spectroscopy

(FTIR) in the range of 280–4000 cm�1. The spectra are shown

in Fig. 3. A broad band was observed for each spectrum, with

minimum transmittance at 530 cm�1, and another band was

observed with minimum transmittance at 350 cm�1. From the

previous studies, these two absorption bands were attributed to

TiO6 and ZrO6 stretching and bending in the octahedral normal

modes. In the perovskite PZT structure, one Ti\Zr ion was

bonded to six oxygen ions. A vertical axis was considered,
0 8C and 650 8C. Pure perovskite structure was obtained at 650 8C. Also the first



Fig. 2. TEM morphology of the PZT-NPs prepared in different solvent media. (a) PZT–PEG and (b) PZT–EGME.
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connecting one Ti\Zr ion to two oxygens, as shown in Fig. 4.

The stretching vibration is the motion of Ti\Zr and O that

changes the length of the Ti\Zr–O1 bond, as in Fig. 4a. The

bending vibration occurs when there is a change in the O1–

Ti\Zr–O2 bond angle, as shown in Fig. 4b. The higher frequency
Fig. 3. FTIR pattern of PZT–EGME and PZT–PEG calcined at 600 8C and

650 8C. The two important bands those are related to perovskite structure are

seen in all FTIR traces.
band, n1, is assigned to the stretching normal vibration, and the

lower band, n2, is assigned to the bending normal vibration [23].

There were few changes in the transmittance trace for the

composites prepared by different solvents. Two small bands are

also observed around 1500 and 3500 cm�1 in both of the PZT–

PEG FTIR traces, which can be attributed to O–H and C–H

bands from the remained burned organic materials. The FTIR

results showed the formation of the perovskite structure of PZT-

NPs, and they were in good agreement with the XRD results

described previously [24]. There is another vibration mode (n3),

which was described as a vibration of the cation-TiO3\ZrO3

bond but this vibration mode is below the available

experimental frequency range (280–4000 cm�1) used in this

research [25]. The results were presented in Table 1.
Fig. 4. Schematic infrared active normal vibrations of a TiO6 octahedron, n1,

higher frequency stretching vibration, n2, lower frequency bending vibration.



Table 1

Vibration bands and band widths for PZT–EGME and PZT–PEG calcined at 600 8C and 650 8C.

Material Temperature (8C) n1 (cm�1) Band wide n1(cm�1) n2 (cm�1) Band wide n2 (cm�1)

PZT–EGME 650 530 340 352 98

PZT–PEG 650 532 336 326 148

Fig. 5. The reflectance and phase change spectrum, (a) refractive index and extinction coefficient, (b) real and imaginary parts of dielectric functions, (c) and electron-

energy-loss function, (d) of PZT–EGME and PZT–PEG calcined at 650 8C.
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Table 2

Optical phonon for PZT–EGME and PZT–PEG calcined at 600 8C and 650 8C.

Material Temperature (8C)

650

Transverse optical

phonon (TO), cm�1

PZT–EGME 478

PZT–PEG 496

Longitudinal optical

phonon (LO), cm�1

PZT–EGME 683

PZT–PEG 693
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4. Evaluation of the optical constants

4.1. Theory of K–K method

The K–K method was used to evaluate the optical constant

of PZT-NPs prepared by the sol–gel method using FTIR

transmittance spectra data. Absorption is characterized by a

decrease in transmitted light intensity through the sample.

The quantity used to discuss absorption as a function

wavenumber is the transmittance (T), which is the ratio of the

intensity of the light transmitted through the sample (I) to the

initial light intensity (I0). The transmittance is related to the

more common percent transmittance (T%) by T% = 100T.

The absorption (A) is defined as log10(1/T), according to

Lambert’s principle [26].

AðvÞ ¼ log
I0

I
¼ log10

1

TðvÞ ¼ Z� log10ðTðvÞ%Þ (1)

)RðvÞ ¼ 100� ½TðvÞ þ AðvÞ� (2)

where R(v) is the reflectance in the particular wavenumber. The

reflective index N is the most widely used physical quantity in

optical design. It is generally a complex quantity:

ÑðvÞ ¼ hðvÞ þ ikðvÞ (3)

where n(v) is the real part and k(v) is the imaginary part of a

complex reflective index. These constants can be calculated by

the following equation:

hðvÞ ¼ 1� RðvÞ
1þ RðvÞ � 2

ffiffiffiffiffiffiffiffiffiffi
RðvÞ

p
cos ’ðvÞ

(4)

kðvÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffi
RðvÞ

p
sin ’ðvÞ

1þ RðvÞ � Z
ffiffiffiffiffiffiffiffiffiffi
RðvÞ

p
cos ’ðvÞ

(5)

where R(v) is the reflectance and w(v) is the phase change

between the incidence and the reflected signal at a particular

wave number v. This phase change can be obtained from the K–

K dispersion relation [27].

’ðvÞ ¼ �v

p

Z 1
0

ln Rðv0Þ � ln RðvÞ
vsz � vz

dv0 (6)

where R(v) is the reflectance and w(v) is the phase change

between the incidence and the reflected signal at a particular

wave number v. w(v) is obtained from Fourier transform of K–

K dispersion relation [28].

’ðv jÞ ¼
4v j

p
� Dv�

X
t

ln
ffiffiffiffiffiffiffiffiffiffi
RðvÞ

p� �
v2

t � v2
j

(7)

where Dv = vi+1 � vi and if the data interval j is an odd

number then i = 2, 4, 6, . . ., j � 1, j + 1, . . . while if j is an

even number then i = 1, 3, 5, . . ., j � 1, j + 1, . . ..
The dielectric function is the square of the refractive index.

Consequently, the real and imaginary parts of the complex

dielectric function can be written as follows:

ēðvÞ ¼ ½ÑðvÞ�2 ¼ ½nðvÞ þ ikðvÞ�2 (8)
) e0ðvÞ þ ie00ðvÞ ¼ n2ðvÞ � k2ðvÞ þ 2inðvÞkðvÞ (9)

) e0ðvÞ ¼ n2ðvÞ � k2ðvÞ
e00ðvÞ ¼ 2nðvÞkðvÞ

�
(10)

4.2. Optical constants spectrum

The optical constant spectrums of the PZT-NPs prepared by

the two different solvents, calcinated at 650 8C, are shown in

Fig. 5. As shown in Fig. 5a, the value of R and w depend on the

choice of solvent. It is observed that a broad reflection peak

exists for PZT–EGME. The refractive index, n, and extinction

coefficient, k, from 400 cm�1 to 700 cm�1, are shown in

Fig. 5b. Although the n and k peaks are shifted to higher

wavenumbers for PZT–PEG compared with PZT–EGME, the

values of the n and k peaks increase for PZT–EGME. The real

and imaginary parts of the dielectric function of PZT-NPs are

shown in Fig. 5c, and the main area of e0 and e00 is from

400 cm�1 to 600 cm�1. The e0 and e00 peak positions of PZT–

EGME are shifted to lower wavenumbers with increased values

compared to those of PZT–PEG.

It seems that when the solvent is changed in the sol–gel

process, the chemical reactions are changed and the lattice

parameters and phases are affected by these changes. On the

other hand, the resonance vibration frequencies of atom

chains are related to the lattice parameters, so by

changing the solvent, the optical parameters should also

be changed.

4.3. Optical phonon modes

The optical longitudinal, LO, and transverse optical, TO,

phonons are useful to describe the optical interactions with the

lattice. The TO mode frequencies correspond to the peaks of the

imaginary part of the dielectric function e(v), and the LO mode

frequencies are obtained from the imaginary part of 1/e, as in

Fig. 5d. Moreover, the TO and LO optical modes can be

obtained from the reflection and extinction traces, respectively.

There are two intersection points for the n and k graphs. As

shown in Fig. 5b, the first point, with the lower wavenumber, is

related to TO, and the second point, with the higher

wavenumber, is related to the LO mode [29]. The transverse

and longitudinal optical phonons of PZT-NPs are presented in

Table 2.

nternational 37 (2011) 753–758 757
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5. Conclusions

We have reported a combined experimental and theoretical

study of the optical properties of PZT nanoparticles. The PZT-

NPs were synthesized by the sol–gel method using 2-

methoxyethanol and poly ethylene glycol as two different

solvents. The XRD patterns indicate the perovskite structure for

both PZT–EGME and PZT–PEG. The optical properties of the

PZT-NPs were investigated by transmittance measurements in

the range of 280–4000 cm�1 and two bands were observed from

the FTIR graphs. The broad band in the transmittance curve is a

composition of the n1-TiO3 and n1-ZrO3 stretching normal

vibration modes. The Kramers–Kronig method was used to

evaluate the optical constants of PZT-NPs. The results showed

that the optical constants of PZT-NPs depend on the solvent

type that is used in the sol–gel preparation process.
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