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ABSTRACT 

The 0.8Pb(Zr0.48Ti0.52)O3–0.125Pb(Zn1/3Nb2/3)O3–0.075Pb(Mn1/3Nb2/3)O3 + 0.7 wt% Li2CO3 + 0.3 wt% 

Fe2O3ceramics (PZT-PZN-PMnN) have been prepared by two-stage calcination method. The influences of 

sintering temperature on dielectric properties and Raman scattering in the PZT-PZN-PMnN relaxor 

ferroelectric ceramics have been investigated in detail. The dielectric studies showed that the degree of 

diffuseness (γ) increased with the increase of the sintering temperatures from 900 to 1000 °C, indicating 

that the dielectric relaxation behavior was increased; while at higher sintering temperature above 1000 °C, 

the γ decreased. The dielectric measurement results are in good agreement with the Raman scattering 

spectra analysis of the samples. It was found that the value of full wide of half maximum (FWHM) of silent 

B1+E mode reached the maximum value at the sintering temperature of 1000 oC, which showed similar 

trends to γ. At sintering temperature of 1000 oC, the highest dielectric constant (max) of 23600 and the γ 

value of 1.84.  

Keywords: Piezoelectric, Fe2O3 doping, EDS spectrum, Raman scattering. 

 

1. INTRODUCTION 

Relaxor ferroelectric materials have the high dielectric constant, broad ferroelectric-

paraelectric transition (the diffuse phase transition) and strong frequency dependence of dielectric 

properties [1,2]. So far, researchers have been interesting on the Pb-based relaxors 

Pb(B’1/3B”2/3)O3 because they are promising materials for multilayer capacitors, transducer and 

actuators [2-6].  

The addition of small amounts of such relaxor materials was found to be beneficial for the 

electrical properties of PZT-based ceramics due to the formation of fine and uniform 

rhombohedral domains along tetragonal ones [4,7]. Recently, it was observed that both the 

dielectric and piezoelectric properties of these PZT-relaxor materials are strongly influenced by 

the addition of other additives such as La2O3, ZnO, CuO, MnO2 and Fe2O3 [2, 4, 8]. The Fe2O3 
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addition is probably one of the most frequently used acceptors in ferroelectrics. The effects of  

Fe2O3 on PZT and PZT-based ternary ceramics have been studied [9-12]. However, the effect of 

Fe2O3 addition on the quaternary PZT- PZN-PMnN was scarcely reported.  

Raman scattering spectrum analysis is an effective and qualitative method in studies of the 

microstructure of materials, especially when microscopic features such as atomic bonds and 

polarization are involved [10, 13, 14]. Raman investigation of ferroelectrics was first carried out 

in ferroelectric single-crystal specimens, for example, BaTiO3 and PbTiO3 [14-16] because 

polarization features of lattice vibration can be determined. For ceramics, Burns and Scott [17] 

measured and interpreted the Raman scattering spectrum of PZT ceramics 40 years ago. Their 

results showed that the frequency peaks in Raman spectra of ceramic corresponded well to the 

normal modes in single crystals. Since then, Raman scattering spectra from the ferroelectric 

ceramics have been widely used to investigate the phase structure. 

In this paper, the influences of sintering temperature on dielectric properties and Raman 

scattering in the relaxor ferroelectric PZT-PZN-PMnN have been investigated in detail.  

 

2. EXPERIMENTAL PROCEDURE 

The general formula of the studied material was 0.8Pb(Zr0.48Ti0.52)]O3–

0.125Pb(Zn1/3Nb2/3)O3–0.075Pb(Mn1/3Nb2/3)O3 + 0.7 wt% Li2CO3 + 0.3 wt% Fe2O3 (PZT–PZN–

PMnN). Reagent grade oxide powders (purity  99 %) of PbO, ZnO, MnO2, Nb2O5, ZrO2, TiO2, 

Li2CO3 and Fe2O3 were used as starting materials. Firstly, the powders of 

(Zn,Mn,Fe)Nb2(Zr,Ti)O6 were prepared by reactions of ZnO, MnO2, Nb2O5, ZrO2, TiO2 and 

Fe2O3 at temperature 1100 oC for 2 h. Then (Zn,Mn,Fe)Nb2(Zr,Ti)O6 and PbO were weighed and 

milled for 8 h. The powders were calcined at temperature 850 oC for 2 h, producing the PZT–

PZN–PMnNcompound. Thereafter, predetermined amounts of Li2CO3 were mixed with the 

calcined PZT–PZN–PMnN powder, and then, powders milled for 16h. The ground materials 

were pressed into disk 12mm in diameter and 1.5mm in thick under 100MPa. The samples were 

sintered at 900, 950, 1000, and 1050 oC for 2 h (M1, M2, M3, M4). 

The ceramic samples were poled in a silicone oil bath at 120oC by applying the DC electric 

field of 30 kVcm−1 for 20 min then cooling down to room temperature (RT). They were aged for 

24 h prior to testing. Raman scattering spectra were recorded from a Raman Spectrometer (Jobin-

Yvon Inc., Paris, France) using a backscattering configuration; the excitation laser was irradiated 

from an Ar+ laser with a wavelength of 488 nm and output power of 11 mW. Energy dispersive 

spectra (EDS) were measured using a Hitachi S-3400 N scanning electron microscope with an 

EDS system Thermo Noran. 

 
 

3. RESULTS AND DISCUSSION 

3.1. Analysis of the Chemical Composition of Ceramics 

In order to determine chemical composition of the PZT-PZN-PMnN ceramics, the EDS 

spectrum is analyzed and shown in Fig. 1. From Fig. 1 shows the presence of Pb, Zr, Ti, Nb, Zn, 

Mn and Fe elements whose weigh percentages shown in Tabe. 1. However, the EDS spectrum of 
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ceramic sample could not show the presence of lithium (Li) because of its atomic number is low 

and the mass percentage is too small [18]. 

 

Fig-1. EDS spectrum of PZT–PZN–PMnN ceramics 

 

Table 1 shows the comparison in mass of Pb, Zr, Ti, Nb, Zn, Mn and Fe elements before and 

after sintering of the PZT-PZN-PMnN ceramics. It is quite clearly that the chemical composition 

of the synthesized ceramics can roughly accord with the general formula of the material. 

 

Table-1. Chemical composition of the Fe2O3-doped PZT–PZN–PMnN ceramics 

 

3.2. Analysis of Raman Scattering Spectra of Ceramics 

Fig. 2 and Fig. 3 show the Raman scattering spectra of PZT–PZN-PMnN ceramics measured 

at room temperature. As can be seen from Fig. 2 and Fig. 3, two wide bands of 140–400 and 400–

900 cm-1, respectively, can be observed in the measured range 100–1000 cm-1. Compared with 

PZT, the vibration bands in the Raman scattering spectra of  PZT–PZN–PMnN samples seem 

wider and more dispersive. As reported in the literature [1-3, 5, 8, 13], PZN and PMnN are 

typical relaxor ferroelectrics with a perovskite structure belonging to an R3m symmetry, similar 

to the rhombohedral PZT. The formation of PZT–PZN-PMnN solution enhances the disorder in 

Elements 
Mass percentage of elements from 
the precursors 

Mass percentage of elements from the 
synthesized ceramics 

Pb 64.4 59 

Zr 10.72 10.13 

Ti 6.10 5.19 

Nb 3.79 3.06 

Zn 0.83 0.59 

Mn 0.42 0.43 

Fe 0.09 0.10 
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B site ions, which may result in the widening of the Raman bands. This is in good accordance 

with the measurement of dielectric constant ε versus temperature. It will be discussed in section 

3.3. 

According to the factor group analysis the PZT has 12 optical normal modes of symmetry  

= 4E + 3A1 + B1 that are Raman modes [8, 13, 19]. In the studied frequency region, the major 

Raman shift peaks located at around 140, 205, 270, 330, 430, 580, 680, 740, and 825 cm−1 can be 

well fitted to nine vibration modes of A1(1TO), E(2TO1), silent (E+B1), A1(2TO), E(2LO), R1, 

E(4LO), Rh and A1(3LO) (Fig. 3), respectively [4, 8, 13, 14, 17, 19]. According to the results in 

other perovskiteniobates [13] these lines are assigned to the A site (Pb) stretching modes at 140 

cm-1, the O–B–O bonding modes at 205–270 cm-1, the Zn–O–Zn bonds at 430 cm-1, the Nb–O–Nb 

bonds at 580 cm-1, the stretching mode of Nb–O–Zn bonds at 680 cm-1, and the stretching mode 

of Nb-O-Fe bonds at 825 cm-1. Fig. 4 shows the dependence of the Raman shifts of the five modes 

of PZT–PZN–PMnN samples. As seen from Fig. 4, the silent B1+E mode shifted toward the 

higher frequencies with increase sintering temperature. The shift of the silent mode to a high 

frequency due to sintering temperature increases the average energy of the B–O bonding because 

the silent mode results from the vibration of centered ions of the octahedron. This is in good 

accordance with the measurement of Curie temperature. The relationships between Raman 

scattering spectra and dielectric properties of ceramics are discussed in the next section. 

 

Fig-2. The Raman scattering spectra of PZT–PZN–PMnN ceramics with different sintering 

temperatures 
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Fig-3. The major Raman shift peaks located 
at different frequencies of M1, M1, M3 and 
M4 samples 

Fig-4. Raman shifts of the different modes of 
samples as a function ofsintering temperatures 
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3.3. Dielectric Propertiesof Ceramics  

 

Fig-5. Temperature dependence of the dielectric 

constant and dielectric loss tan at1 kHz frequency 
of ceramic samples 

 

Fig-6. The Tm temperature of PZT-PZN- PMnN 
ceramics with different sintering temperature 
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Fig-7.Ln(1/ −1/max) as a function of 

ln(T−Tmax) at 1 kHz for samples 

 

Fig-8.The degree of diffuseness γ and 

FWHM of the PZT-PZN-PMnN samples 
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The change of sintering temperature also significantly affects on dielectric properties of 

PZT– PZN–PMnN ceramics. Fig. 5 shows the dependence of dielectric constant  and dielectric 

loss tan of the ceramics versus temperature at 1 kHz. As observed, the dielectric properties 

exhibited characteristics of a relaxor material in which the phase transition temperature occurs 

within a broad temperature range. This result is good agreement with the studied Raman 

scattering spectra of the samples (the widening of the Raman bands). The maximum dielectric 

constant (max) increases with increasing sintering temperature, and at 1000 oC, the highest 

dielectric constant max of about 23600. However, with further increase in sintering temperature 

over 1000 °C,max decreased, which may be due to the creation of Pb vacancies. 

Fromthe resultsinFig. 5, the temperature of the maximum dielectric constant (Tm) of the 

ceramic samples are determined (Fig 6). Corresponding sintering temperature increasesfrom 900 

to1000 oC, Tm temperature of ceramics increased lightly from 259 to 262 oC and then sharply 

decreases beyond this point. As mentioned above, the silent B1+E mode shifted toward the higher 

frequencies with increase sintering temperature. The shift of the silent mode to a high frequency 

due to sintering temperature increases the average energy of the B–O bondinghence Tm of the 

ceramics are increased. 

To describe the diffuseness of phase transition for this composition, we use a modified 

empirical expression proposed by Uchino and Nomura [20]. 

C

TT m





)(11

max


    (1) 

where, max is the maximum value of dielectric constant at the phase transition temperature 

Tm,  is the degree of diffuseness, and C is the Curie-like constant.  has value ranging from 1 

(normal ferroelectric) to 2 (ideal relaxor ferroelectric). The plot of ln(1/ε – 1/εmax) versus ln(T – 

Tm) of ceramics at 1 kHz is shown in Fig. 7. The slopes of the fitting curves (Eq.1) are used to 

determine the γ value. The value of γ gives information on the phase transition diffuse character. 

The values of γ = 1.77, 1.82, 1.84 and 1.71 for M1, M2, M3 and M4 samples, respectively. It is 

clear that the value of γ increases with increase of sintering temperature (Fig. 8). The phase 

transition becomes more diffuse when the sintering temperature increases. This is linked to the 

increase of disorder in the ceramics. These results are in good agreement with the studied Raman 

scattering spectra of the samples.As can be seen in Fig. 8, when the sintering temperature of 

ceramics is lower than 1000 oC the silent B1+E mode full width at half maximum (FWHM) 

increases with increasing sintering temperature. It is found that the FWHM of the B–O 

vibrations exhibit an obvious increase, leading to a strong composition disorder. However, with 

the sintering temperature is higher than 1000 oC, the value of γ and FWHM decreases. The 

decrease γ and FWHM of the samples sintered higher than 1000 oC may be caused by the 

evaporation of the PbO during the sintering at higher temperature. 

 
4. CONCLUSIONS 

Raman scattering spectroscopy and dielectric properties of 0.8Pb(Zr0.48Ti0.52)O3–

0.125Pb(Zn1/3Nb2/3)O3–0.075Pb(Mn1/3Nb2/3)O3 +0.3wt%Fe2O3 (PZT-PZN-PMnN) ceramics 
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sintered at different temperatures from 900 to 1050 oC were studied. In the studied frequency 

region, the major Raman shift peaks located at around 140, 205, 270, 330, 430, 580, 680, 740, and 

825 cm−1 can be well fitted to nine vibration modes of A1(1TO), E(2TO1), silent (E+B1), A1(2TO), 

E(2LO), R1, E(4LO), Rh and A1(3LO).  

The dielectric properties measurement results of ceramics are in good agreement with the 

studied Raman analysis of the samples. It was found that the value of full wide of half maximum 

(FWHM) of silent B1+E mode reached the maximum value at the sintering temperature of 

1000oC, which showed similar trends to γ. At sintering temperature of 1000 oC, the highest 

dielectric constant (max)of 23600 and the γ value of 1.84. 
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