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1. Introduction

Ferroelectric and piezoelectric materials enjoy a wide range 
of applications in nonvolatile random access memories, actua-
tors, optical-electric modulators, sensors, and electromechan-
ical systems [1–4]. Among those materials, lead zirconate 
titanate PbZr1−xTixO3 (PZT), as one of the most significant 
members, has been the focus due to superior ferroelectric and 

piezoelectric properties. This material undergoes phase trans-
itions from the Zr-rich to Ti-rich region while passing through 
an approximately vertical boundary named the ‘morphotropic 
phase boundary’ (MPB) at around x  =  0.48 [5–7]. At the MPB 
range, the piezoelectric and dielectric properties of PZT reach 
a maximum since the higher activities of the peculiar structure 
consisting of various twin walls and intricate domain bound-
aries [8–10]. Since 1971, a systematic phase diagram of PZT 
has made a remarkable breakthrough for the understanding of 
structures and performance of PZT-based materials [11]. As 
we know, ferroelectric tetragonal phase (T) with the polar axis 
along pseudocubic [0 0 1] axes (hereinafter, the subscript p) 
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The thermal evolutions of optical properties and phase transitions of PbZr1−xTixO3 (PZT) 
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range of the monoclinic (M) region from x  =  0.28 to 0.50 has been determined than previously 
reported. Interestingly, one can conclude that a more superior performance of PZT may be 
obtained with the larger M domains relying on external strains or fields.
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locates at the Ti-rich side. At the Zr-rich side, however, there 
is not merely a simple ferroelectric rhombohedral phase (R) 
with the polar axis along [1 1 1]p axes. Recently, considerable 
efforts have been made to investigate the complicated micro-
structures and phase transitions of PZT, especially the inter-
mediate structures, for satisfying the ever-increasing (growth 
rate of 13% per year) market demands of piezoelectric actua-
tors and realizing more extensive applications [12–15].

Fortunately, Noheda et  al have first revealed that an 
intermediate monoclinic region with the polarization vector 
rotated towards  <1 1 1>  near the MPB separates T and R 
phases [16, 17]. As a subgroup of P4mm, R3c and R3m, the 
M phase has suffered some passionate debates about whether 
it can be divided into a space group of Cm and another low 
symmetry Cc or whether there is a definite border among R, 
M, and T regions due to the disorder of the Pb atoms [18, 
19]. On the other hand, it contains more than one interme-
diate phase in the PZT phase diagram. Near the PbZrO3 
(PZ) side, an antiferroelectric orthogonal (AFEO) phase 
emerges with Pbam space group, where the octahedral rotates 
around the [1 1 0]p axis. As the Ti concentration increases, 
the phase transformation is frustrated by the AFEO displace-
ment of the Pb2+ perpendicularly to the average FE direction 
1 1 1⟨ ⟩ [20]. An antiparallel arrangement of the cations along 
1 1 0 1 1 0p p[ ] /[ ¯ ¯ ]  directions occurs at the boundary between the 
antiferroelectric (AFE) and ferroelectric (FE) phases. Based 
on similar work in La-doped PZT, another intermediate mono-
clinic region which allows continuous coupling of the tilt axis 
and polarization vector was proffered [21, 22]. Furthermore, 
a possible border of the intermediate region was determined 
around x  =  0.17, which is regarded as the onset of the tilt 
instability in the R phase derived from the lattice disorder by 
spectroscopy measurements [15]. Although an abundance of 
PZT phase diagrams have been figured out to date, the issues 
about precise intermediate regions and whether two interme-
diate phases share the same inherent mechanism still remain. 
In addition, phase transformations of ferroelectric materials 
are associated with the mechanisms of electronic transitions. 
Therefore, it is extremely necessary for us to systematically 
investigate the phase diagram of PZT ceramics through non-
destructive temper ature dependent spectroscopy methods.

Recently, many spectral measurements, such as Raman 
scattering, infrared reflection, and spectroscopic ellipsometry, 
have reached successful results in optical properties, intrinsic 
electronic transitions and phase transformations [23–25]. 
Among various optical techniques, based on the variation 
of amplitude and phase of the incident polarized light after 
reflection from the samples, spectroscopic ellipsometry (SE) 
provides an effective method to extract thickness and optical 
constants of a multilayer system simultaneously. Note that 
the complex dielectric function ir iε ε ε= +  is the key optical 
parameter of a material for figuring out the electronic band 
structure and potential applications. Hence, SE makes it pos-
sible to investigate phase evolutions for PZT by the change 
of the imaginary part of ε and the electronic transitions [26, 
27]. It should be emphasized that the experimental results 
should be more forcefully combined with first-principles 
calcul ations. According to the basic law of motion and the 

interaction between atomic nucleus and electron, first-princi-
ples calculations of quantum mechanics solve the Schrödinger 
equation based on ab initio methods to acquire the wave func-
tions [28, 29]. Accordingly, as a fundamental and significant 
technology of modern material computation and design, the 
first-principles with pseudopotentials method based on density 
functional theory (DFT) has had dramatic success and made 
considerable headway [30, 31]. Therefore, it is employed as a 
reproduced method to our experimental results and to explain 
the physical origins.

In the present work, we carried out a linked study of meas-
ured complex dielectric functions and calculated the electronic 
band structure of PZT based on temperature dependent SE and 
first-principles calculations. The main objective of our study 
was to explore optical constants, origins of electronic trans-
itions and phase transitions of PZT ceramics systematacially 
in a wide range of compositions and temperatures. At the end 
of the PZ, a likely Zr-rich ion cluster was presumed firstly, and 
the observed Zr-side intermediate (named I-m) phase is attrib-
uted to the tilting competition. Moreover, a certain border of 
the monoclinic region near x  =  0.28 has been detected and the 
interesting phenomenon is that the rhombohedral field defined 
firstly by Jaffe has been shared by wide intermediate mono-
clinic structures [11]. Meanwhile, the origins of the two inter-
band transitions have been clarified from the calculated band 
structures and complex dielectric functions. Correspondingly, 
we have established a relatively well-enriched phase diagram 
of PZT by SE and the intermediate structures can be emphati-
cally discussed.

2. Experimental details

The ferroelectric perovskite-structure PbZr1−xTixO3 ceramics 
(x  =  0.05, 0.10, 0.30, 0.40, 0.48, and 0.70) were fabricated by 
a conventional solid-state reaction sintering procedure. All the 
raw materials of lead tetraoxide (Pb3O4), zirconium dioxide 
(ZrO2), titanium dioxide (TiO2) had undergone a sintering 
process in a lead rich environment due to the lead volatiliza-
tion. The samples were sintered at 1300 °C for 1 h in air atmos-
phere before being processed into wafers with the diameter of 
12 mm and the thickness of 1 mm. Note that more fabrication 
details can be found elsewhere [32, 33]. Furthermore, all the 
PZT ceramics were single-side polished, then cleaned in pure 
ethanol with an ultrasonic bath and rinsed by deionized water 
successively before the spectral measurements.

To study the complex dielectric functions and interband 
electronic transitions of the PZT ceramics, temperature 
dependent SE experiments were implemented using the ver-
tical variable angle near-infrared-ultraviolet SE(V-VASE by  
J.A.Woollam Co., Inc.) in the photon energy range of  
2.0–6.0 eV. The ellipsometric angles Ψ and ∆ were collected 
at each 5 nm with a settled incident angle of 70° and the high 
accuracy measurements were ensured with the aid of an auto 
retarder. To fulfill a temperature variation from 4 to 800 K with 
a precision of about  ±1 K, the PZT ceramics were fixed into 
Janis CRV-275V with liquid helium and Instec cell with liquid 
nitrogen as well as water pump cooling accessories for the low 
and high temperature region, respectively. The ellipsometric 
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spectra were analyzed with the WVASE32 software package. 
Note that the window effect was eliminated by calibrating the 
silicon sample.

First-principles theory calculations have been performed 
successfully in inquiring into the piezoelectric and ferro-
electric perovskite materials. In this work, we carried out the 
plane-wave pseudopotential calculations based on DFT to 
elucidate the origins of the interband transition critical point 
(CP) features, at the level of the generalized gradient approx-
imation (GGA) with the Perdew–Burke–Ernzerhof (PBE) 
functions. The cutoff kinetic-energy is 680 eV for the cubic 
perovskite structures PZ and PT. We employed a 6 6 6× ×  
Monkhorst–Pack k-point mesh for the Brillouin-zone integra-
tion after taking the convergence tests with 10−6 eV as the 
criterion energy. The Hellmann–Feynman force of each atom 
was set to be less than 0.01 eV A−1 and the tolerances were 
5 10 6× −  eV atom−1 considering the converged structures. 
We conducted the electronic structure calculations with the 
optimized lattice geometries using the Materials Studio 7.0 
Package. The calculated complex dielectric functions ε can be 
obtained based on optical analysis and the Kramers–Kronig 
relation.

3. Results and discussion

SE as a powerful technique has several special advantages. 
Firstly, the surface roughness effect can be better minimized 
and the sensitivities to both the defects and instabilities of the 
light source are relatively tiny [34]. Moreover, the polarized 
light of SE is extremely suitable to study anisotropic mat-
erials as to the various orientation of the electric field vector 
to the optical axes. In addition, based on Kramers–Kronig-
consistency, the real and imaginary parts of ε in a wide 
photon energy range can be accurately determined. Optical 
properties of the PZT ceramics were obtained by temper-
ature dependent SE. It should be noted that the complex 
ratio R R tan ep s

i  /ρ = = Ψ ∆, [35] in which Rp and Rs are the 
complex reflection coefficient of the parallel and perpend-
icular directions of the polarized incident light, respec-
tively. Then in consideration of the surface roughness, the 
relation to the pseudodielectric functions is conducted by 

[( )/( )]ε ε ε θ ρ ρ θ θ< >=< >+ < >= + − +i sin 1 1 tan sin ,r i
2 2 2 2

  here θ is the incident angle [36]. We modeled a three-layer 
structure (air/surface rough layer/PZT ceramic) to fit the 
pseudo dielectric functions. Particularly, the surface rough 
layer was considered presumably as a mixture of 50% PZT 
bulk material and 50% void constituent according to the 
Bruggeman effective medium approximation (EMA). Because 
the grain size of about 42 nm is relatively tiny compared with 
the incident light spot of about 1 mm, the scattering effects 
were not taken into account [37].

Figures 1(a)–(c) display the derived real rε  and imaginary 
iε  parts of the complex dielectric functions for partial PZT 

ceramics (x  =  0.05, 0.30, and 0.70) in the spectral range 
of 2.0–6.0 eV at several temperatures of 4, 300, and 500 K, 
respectively. In the fitting process, we employed two para-
metric oscillators to evaluate the dielectric functions involving 

Psemi-M0 and Psemi-M3 [38, 39]. Accordingly, the thick-
ness of the roughness layer was fitted to be about 8.4 nm, 
which is identified well with the results of the surface morph-
ology by atomic force microscopy (AFM). All of the well-
fitted di electric spectra exhibit obvious evolutions with the 
variation compositions of Ti as well as the temperature. It is 
remarkable that the imaginary part iε  of all PZT ceramics is in 
close proximity to zero below the absorption edge, indicating 
that no possible states have been detected within the band 
gap introduced by surface or bulk defects [40]. With further 
increasing photon energy, iε  shows a sudden aggrandizement 
derived from a strong absorption (near about 3.5 eV). Above 
the absorption edge, all the ε spectra are dominated by two 
intense interband excitonic absorption CP features around 
3.8 eV and 5.0 eV, marked by arrows in figures 1(a)–(c) (here-
inafter, Ecp1 and Ecp2). At the Zr-rich side of the PZT ceramics 
as x  =  0.05, two noticeable interband transitions are captured 
more lightly, as compared with that in PZT with x  =  0.70. 
Along with the enhancive ratio of Ti, Ecp2 decreases gradu-
ally, which is attributed to the difference of the metallic state 
energies between Ti 3d and Zr 4d. On the other hand, Ecp1 is 
not as sensitive to the alterative components as Ecp2 for the 
reason that the energies of the related electronic states remain 
nearly constant [41, 42]. It is obvious that the CP features at 
low temperatures such as 4 K are better determined than those 
at higher temperatures. In addition, a red shift phenom enon 
occurs with the elevated temperature for both Ecp1 and Ecp2 in 
each component, which can be mainly ascribed to the well-
known temperature effects derived from the lattice thermal 

Figure 1. Real (solid lines) and imaginary (dashed lines) parts of 
the complex dielectric functions for PZT ceramics measured at 4, 
300 and 500 K for (a) x  =  0.05, (b) x  =  0.30 and (c) x  =  0.70. (d) 
The second partial derivative spectra for the imaginary part of the 
pseudodielectric function for PZT ceramics (x  =  0.05) at various 
temperatures. (e) The second derivatives of the complex dielectric 
functions spectra (symbols) and the best-fitted (solid lines) at 4 K 
(+40 in absolute value of ε), 300 K (+20 in absolute value of ε) and 
500 K for PZT ceramic (x  =  0.05). Two interband transition Ecp1 
and Ecp2 features are marked by arrows.
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expansion and the band structure renormalization induced by 
electron–phonon interaction [43, 44].

It is well known that the complex dielectric function ε, 
which shows a characteristic peak or shoulder structures, is 
closely associated with the electronic transitions. The relation-
ships among them are connected by the standard critical point 
(SCP) model, C A E Ee ig

ni ( )ε = − − + Γφ , [44] where A is 

the amplitude, Eg is the threshold energy, Γ is the broadening 
parameter, and φ is the excitonic phase angle. Furthermore, 
the exponent n values of  −1, 1 2/− , 0, and 1 2/  denote excitonic, 
one-, two- and three-dimensional line shapes, respectively. It 
is valid and accurate to calculate the derivative of the complex 
dielectric functions for ascertaining the transition energies. 
Choi et al have investigated the accurate CP energies of cubic 
FeS2 by fitting standard line shapes to second energy deriva-
tives of the ε< > data and analyzed the origins of the six CP 
features combined with DFT calculations [23]. Specifically, 
the obtained electronic transitions by the derivative of complex 
dielectric functions are independent of the surface roughness 
layer. To determine the electronic trans itions and paraelectric 
(PE) to ferroelectric phase transformation, we calculated the 
second partial derivative spectra for the imaginary part of the 
pseudodielectric function iε< > at different temperatures, as 
illustrated in figure 1(d) for PZT with x  =  0.05 as an example. 
Two evident dips dominate the derivative spectra, which indi-
cates that there are two probed transitions at temperatures 
below 500 K. While at higher temper ature, there remains a 
noticeable drop, and another transition cannot be detected. 
This abnormal phenomenon can be explained by the fact that 
a PE–FE phase transformation arises at about 500 K in the 
Zr-rich domains.

Correspondingly, the accurate energies of CP features have 
been obtained for further studies of phase transformation 
through fitting the second derivative of the complex dielectric 

functions. Note that the expression of the second derivative 
can be written as the following:

E

n n A E E

A E E

d

d

1 e i , n 0

e i , n 0,
m m m

n

m m m

2

2

i 2

i 2

m

m

( ) ( )
( )

⎧
⎨
⎩

ε
=

− − + Γ ≠
− + Γ =

φ

φ

−

−
 (1)

where the real and imaginary parts were fitted synchro-
nously and parameter m represents the total number of oscil-
lators used in the fitting process. For the d2ε/ Ed 2 spectra in 
figure  1(e), all CP features are resolved primarily with the 
minimized exper imental noise. Obviously, two evident trans-
itions are observed, which elucidate that the second derivative 
employed in the present work can separate the weak transition 
features successfully. Each transition labeled in figure  1(e) 
shows a red shift trend along with increasing the temperature. 
In addition, the CP peaks have exhibited a broadening trend 
due to the temperature effects. For example, table 1 displays 
the fitting parameters at three temperatures for comparison.

It is crucial to detect and figure out the mechanisms of phase 
transformations for theoretical design and practical develop-
ment of novel function materials. For more detailed phase 
transitions of PZT, we focus on the temperature evol ution 
of the interband transitions from 4 K to 500 K. As shown in 
figure 2, each set of CP features can be divided into three parts 
with different phases according to temperature dependence of 
Ecp2 energy. Note that Ecp1 has a similar variation trend and is 
dominated by A-cation p orbitals and O-anion p orbitals. While 
Ecp2 is associated tightly with B-cation d orbitals and presents 
a more sensitive relationship to the composition variation. 
By referring to the reported studies, each partitioned phase 
region and corresponding space groups are determined [11, 
15, 19]. Fortunately, an AFEo region was detected merely at 
the Zr-rich side with the space group of Pbam. On the other 
hand, the [FER(HT)] ones appear at high temperature of each set. 
It is worth mentioning that the thermal broadening of optical 

Table 1. Parameters of the SCP model for PZT (x  =  0.05, 0.30, 0.48, and 0.70) ceramics extracted from the best fitting second derivatives 
of the complex dielectric functions at several temperatures.

Samples
Temperature (K)

x  =  0.05 x  =  0.30 x  =  0.48 x  =  0.70

4 300 500 4 300 500 4 300 500 4 300 500

A1 1.89 1.67 1.44 0.84 0.76 0.76 0.56 0.57 0.60 3.13 2.33 2.07
(0.06) (0.06) (0.10) (0.08) (0.04) (0.01) (0.04) (0.06) (0.01) (0.44) (0.10) (0.06)

φ1 (deg) 20.54 20.88 20.42 19.88 20.09 20.03 20.17 20.17 9.94 19.93 19.96 19.92
(0.11) (0.13) (0.09) (0.07) (0.08) (0.04) (0.17) (0.06) (0.08) (0.08) (0.05) (0.05)

Ecp1 (eV) 3.95 3.95 3.71 3.79 3.73 3.59 3.79 3.70 3.54 3.99 3.90 3.72
(0.02) (0.03) (0.02) (0.01) (0.01) (0.01) (0.03) (0.02) (0.02) (0.01) (0.01) (0.01)

Γ1 (eV) 0.66 0.62 0.66 0.45 0.46 0.52 0.41 0.44 0.50 0.83 0.78 0.79
(0.01) (0.01) (0.02) (0.02) (0.02) (0.01) (0.01) (0.02) (0.01) (0.03) (0.01) (0.01)

A2 3.28 4.75 5.15 5.70 5.86 5.98 5.73 5.33 6.08 7.34 8.25 7.62
(0.36) (0.39) (0.87) (0.91) (0.92) (0.09) (0.48) (0.25) (0.17) (0.65) (0.34) (0.13)

φ2 (deg) 14.70 14.80 14.95 15.02 15.10 14.90 14.93 14.83 14.86 15.39 15.21 15.32
(0.07) (0.06) (0.13) (0.07) (0.16) (0.03) (0.07) (0.01) (0.02) (0.07) (0.03) (0.02)

Ecp2 (eV) 5.38 5.28 5.33 5.06 4.93 4.75 4.72 4.63 4.54 4.58 4.56 4.63
(0.01) (0.03) (0.06) (0.03) (0.06) (0.02) (0.03) (0.01) (0.01) (0.02) (0.02) (0.01)

Γ2 (eV) 0.73 0.94 1.12 1.13 1.11 1.24 1.02 0.99 1.08 1.35 1.39 1.28
(0.04) (0.01) (0.07) (0.07) (0.06) (0.01) (0.04) (0.02) (0.01) (0.06) (0.01) (0.01)

Note: Note that the 95% confidence limit of the fitting parameters is given in parentheses.
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trans itions may be reduced, such as the features of [FER(HT)] 
ones [45]. In fact, these tiny changes of [FER(HT)] structure can 
be used to verify the previous studies of phase diagrams, instead 
of intending to specify the location of the phase boundaries. 
For x  =  0.05 in figure 2(a), a mysterious I-m phase with space 
group Pm and a width of 50 K separates the AFEo and [FER(HT)] 
at about 350 K. Interestingly, a drop of Ecp2 emerges at temper-
atures below 70 K, which is located near the boundary of AFEO 
and I-m structures. This abnormal behavior is attributed to the 
Zr-rich ion clusters. For x  =  0.10, an a b b− − − tilted cell with Pc 
symmetry was discovered unequivocally to distinguish from 
Pm at 300 K, which has always been undiscovered due to the 
narrow field. While increasing Ti compositions to about 0.30, 
there is a monoclinic region MN with Cc features in the temper-
ature region just below the [FER(LT)] phase. As for x  =  0.40 and 
x  =  0.48, the interband transitions can be divided into MN, MP 
and [FER(HT)]. Note that the intermediate monoclinic phase 
near the MPB is composed of MN and MP. It signifies positive 
when the direction of Pb displacements rotates towards [0 0 1]p 
as MP, while negative means rotating towards [1 1 0]p as MN. 
Overall, each set of transition energies displays a similar red 
shift trend following the temperature. Other than partial inter-
mediate structures, the temperature coefficients are typical with 
a magnitude of about 10−4 eV K−1. The abnormal phenomena 
may be attributed to the complex micro-domain structures close 
to intermediate regions [15, 19].

Relative to the half empirical method, first-principles 
calcul ations merely employ several basic physical quantities 

such as the mass of electron and the speed of light to predict 
the properties of micro systems. At present, the energy band 
theory has been widely used to explain and forecast the funda-
mental characters of solids. Experimental spectra can be inter-
preted qualitatively by the main features of band gap, density 
of states, and the width of valence bands. Furthermore, optical 
properties produced by electronic transitions can be obtained 
via theoretical calculations. In regard to the origins of the 
detected transitions, we combined both the previous and pre-
sent computational conclusions with our experimental results 
to propose the evolution of the interband transitions [46, 47].  
The calculated band structure, partial and total density of 
states (DOS) for PbZrO3 (PZ) and PbTiO3 (PT) in cubic 
structure are displayed in figures  3(a) and (b). The tops of 
the valence band contain mixed O 2p and Pb 6s states and 
the lower valence ones are mostly pure O 2p for both PZ and 
PT. While from the DOS, the bottoms of conduction band are 
dominated by Pb 6p-like states at low Ti composition and then 
convert into metal d states with more Zr content substituted 
by Ti. Similarly, the higher conduction bands in the range 
of 3–4 eV originate from Zr 4d and Pb 6p states for PZ and 
PT, respectively. This unique fact can be interpreted by the 
coupling between metal d states and Pb 6p-like states derived 
from intrinsic alloy disorder along with the accessorial Ti con-
tent [41].

As shown in figures 4(a) and (b), the calculated dielectric 
functions manifest two strong absorptions with a well-known 
problem of the underestimated optical energies of trans-
itions by about 0.20–0.30 [23, 47]. The dominant CP features 
observed experimentally are captured by the DFT calcul-
ations, and the corresponding second derivative of the complex 
di electric functions spectra are displayed in figures 4(c) and 
(d) for PZ and PT, respectively. The calculated results are also 
consistent with the experimental ones except for the higher 

Figure 2. (a)–(e) The thermal evolution of Ecp2 energy for PZT 
ceramics (x  =  0.05, 0.10, 0.30, 0.40, and 0.48, respectively). The 
shaded stripes show the boundaries of adjacent phases. Note that all 
CP energies are linearly fitted with the solid lines to guide the eyes.

Figure 3. Calculated band structure and corresponding density of 
states for (a) PZ and (b) PT. Note that the related transitions are 
indicated by arrows.

J. Phys. D: Appl. Phys. 49 (2016) 275305
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CP energies, which cannot be detected by SE measurements. 
Therefore, based on theoretical calculations and SE experi-
ments, we can conclude that Ecp1 is assigned to the transitions 
of O 2p/Pb 6s  →  Pb 6p, and Ecp2 is mostly attributed to both 
transitions of O 2p  →  Pb 6p and O 2p  →  Zr 4d for PZ as well 
as low Ti compositions. In contrast, for PZT with abundant 
Ti components, we proffer that the transitions of O 2p  →  Ti 
3d, and mixed O 2p/Pb 6s  →  Pb 6p with O 2p  →  Pb 6p are 
devoted to Ecp1 and Ecp2, respectively. The origins of the inter-
band transitions have been assigned according to our com-
putational band structures and anterior experimental results  
[41, 47].

However, the Ecp1 captured by SE measurement for PZT 
with various Ti compositions are actually the lower energy 
transitions instead of occurring at appointed locations. 
Therefore, the assignment of origins could suggest certain 
differences from the reported ones due to the band crossing 
of metal d states and Pb p states. Note that the complicated 
physical origins of the interband transitions in PZT probably 
originate from the coupling of Zr/Ti d states and Pb 6p-like 
states, as well as the alloy disorder. Besides, one would find 
that the calculated results cohere exactly with those from SE 
experimental results included in figure 1. The result indicates 
that the present first-principles calculations are reliable and 
can be used to make qualitative analysis combined with exper-
imental results.

Figure 5 displays the phase diagram for PZT. It is domi-
nated by PE–FE and AFEO-FER-FET phase transitions as 
functions of temperatures and Ti concentrations. Two inter-
mediate phases were detected explicitly among AFE, FER and 
FET regions. For ferroelectric phase transformation materials, 
a phase boundary is considered as ion clusters with different 
size or charge proved by TEM images and other physical evi-
dence [22, 48]. It is worth raising that the lines were obtained 
by the phase transition temperatures extracted from figure 2, 
meanwhile based on the previous studies of the phase dia-
gram. In addition, the phase boundaries in the phase diagram 
for PZT are intended to illuminate two significant interme-
diate phases, instead of specifying precise compositions or 

phase transition temperatures. As shown in figure 5, around 
x  =  0.08, the I-m phase emerges when the transition is frus-
trated by the near matrix, probably Zr-rich ion clusters here, 
which is marked by the question mark and in need of further 
studies. That is to say, the switch of Pb2+ displacements from 
along with [1 1 0]p directions in AFE phase to [1 1 1]p in FER 
phase is discomfited by the impact of the ion clusters. In the 
AFEO region, we can see a special field with a dashed line, 
which has not been mentioned before. Considering that it is 
located near the AFE–FE boundary and contains a small drop 
of the transition energies in figure 2, one may deduce that the 
Zr-rich ion clusters is present at about 70 K. The I-m phase 
extends approximately from x  =  0.08 to 0.16, which can be 
divided into the space group Pm and Pc. The Pc cell with the 
a b b− − − system allows the coupling of both tilt and Pb2+ dis-
placements, in contrast, the Pm ones with the a a a0 0 0 system 
merely permits the displacements of Pb2+ . Therefore, a tilt 
transition temperature border in the I-m regions is introduced, 
which connects the drop border of the FER structure. The dif-
ference of the tilt between the R3m and R3c structures makes 
shorter coherence lengths and accordingly leads to a remark-
able drop of the onset temperature for the tilt transitions. It 
is understandable that we attribute the border at x  =  0.16 of 
the intermediate to a tilting competition between the [FER(HT)] 
and [FER(LT)]. Also the reported study has proposed that it is 
the onset of tilt instability and the cation disorder that likely 
hinder the formation of tilt patterns with long-range order  
well [15].

It is generally known that ferroelectricity is associated 
with the atomic offcenter displacements, which depends on 
a subtle balance between long-range Coulomb interaction 
and short-range covalent interaction [49]. Phase transitions of 
the ferroelectric materials would be reasonably related to the 

Figure 4. Theoretical dielectric functions for (a) PZ and (b) PT. 
The corresponding second derivatives of the dielectric functions for 
(c) PZ and (d) PT. The transitions features are marked by arrows. Figure 5. The phase diagram of PZT ceramics derived from the 

thermal evolution of the transition energies with the temperature 
and Ti compositions. The phase transformation temperatures 
extracted from figure 2 in this work are marked with the solid circle 
dots and the star symbols with the compositions of PbZrO3 and 
PbTiO3 are from [11]. Note that the likely Zr-rich iron clusters at 
the end of PbZrO3 are marked with a question mark and are in need 
of further studies.
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polarization. At the composition close to MPB, the rotations 
of polarization become continuous in a intermediate mono-
clinic phase from [1 1 1]p toward [0 0 1]p directions sever-
ally in R and T domains, which maximize the performance of 
PZT. The M phase has been accepted and given a wide range 
with an uncertain boundary based on the reported work [16, 
19, 50]. According to the cluster model, we can deduce that a 
cluster including similar Pb2+ displacements would occur as 
approaching the MPB region. Then the transformation from R 
to M structure is characterized by a certain size or charge of 
clusters. Compared to the present data, we have proffered the 
border between R and M regions at about x  =  0.30. In figure 5, 
there are two certain fields located at the MPB domains, which 
have already been defined as Mp and Mn relying on the rota-
tion directions of the displacements. Actually, the space group 
Cc is distinguished from Cm just by the directions of the 
cation displacements. The border between them is a stretching 
from the R field. Although Cc is the subgroup of both Cm and 
R3m, the hypothesis about the coexistence of Cm and Cc at 
low temperatures may prove to be invalid. It is well-coincident 
with our phase diagram that the Cm phase dose not persist 
below 200 K [20]. Consequently, with the further movement 
of the polarization to [0 0 1]p, a M–T phase transition appears. 
The discoveries of Zr-rich ion clusters and two intermediate 
phases have clarified that the evolutions of electronic trans-
itions can be directly applied to estimate the phase transfor-
mations in ferroelectric materials.

4. Summary

In conclusion, optical properties and interband electronic 
trans itions of PZT ceramics as functions of temperatures and 
Ti concentration have been investigated by temper ature depen-
dent SE. The intrinsic characteristics of the phase transfor-
mations and phase diagram for PZT are derived. Fortunately, 
we proposed remarkable Zr-rich ion clusters at low temper-
ature and the I-m phase near the PZ end is captured at about 
x  =  0.08 to 0.16 as a result of the tilting competitions of the 
[FER(HT)] and [FER(LT)]. The intermediate M region owns a 
more wide compositions range approximately from x  =  0.28 
to 0.50. Note that a larger M domain makes it possible to adjust 
a more superior performance through external strains, electric 
field or magnetic field near the MPB for PZT. We have made 
density functional calculations to reproduce our exper imental 
results and explore the origins of the relative interband trans-
itions. Eventually, the establishment of an optim ized phase 
diagram for PZT sheds light on the significant roles of the 
SE method together with first-principles calcul ations in fer-
roelectric oxides.
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