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The transition of (Pb0.97La0.02)(Zr0.42Sn0.40Ti0.18)O3 (PLZST) ceramic has been investigated by

temperature-dependent X-ray diffraction (XRD) and spectroscopic ellipsometry (SE). The

rhombohedral and tetragonal symmetries are confirmed by XRD analysis. Two interband

transitions (Ecp1 and Ecp2) located at about 3.7 and 5.2 eV can be derived from the second

derivative of the complex dielectric functions using the standard critical point (SCP) model.

Except for the negative temperature coefficient parts, the transitions present additional parts

corresponding to appearance of the antiferroelectric (AFE) phase. The phenomena can be

attributed to variation of the electronic structure during A-site driven phase transition. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829757]

Owing to ferroelectric (FE), antiferroelectric (AFE), and

other macroscopic properties (piezoelectric and pyroelectric),

Pb-based ABO3 perovskite materials have importance in

applications as high-strain transducers or actuators, high-

energy-storage capacitors, infrared detectors, and non-

volatile random-access memory. In particular, the advantages

can be obtained for compositions close to the morphotropic

phase boundary (MPB).1–3 These properties are mostly

derived from the complex non-centrosymmetry microstruc-

ture of the materials.4 To improve the properties for better

application, mechanism study on determining the nature of

anomalistic macroscopic properties becomes an interesting

topic, which has attracted much attention in past decades.

These macroscopic properties should originate from variation

of microstructures and electronic band structures. Recently,

Cohen revealed that the essential ferroelectricity is because

of cross-gap hybridization between the occupied O 2p states

and unoccupied Pb 6 p states.5 Zhang et al. proposed a change
in band gap of about 0.7 eV during the ferroelectric to para-

electric (PE) phase transition (PT) in SrBi2Ta2O9.
6 However,

both results were carried out by theoretical calculations

and no experimental evidence was reported. Generally, the

ferroelectricity and/or PT pattern may be related to the elec-

tronic band structure. Thus, experimental studies on the

electronic structure during the PT process, especially for

perovskite-type materials close to the MPB region, are desira-

ble to clarify these physical behaviors.

Compared with the parent Pb(ZrTi)O3 (PZT) system,

(PbLa)(ZrSnTi)O3 (PLZST) has a more complex phase dia-

gram.7 By applying external fields (temperature, electric,

and pressure), even single composition PLZST could undergo

not only a PE-FE transition but also a ferroelectric to

antiferroelectric transition (FE-AFE).8,9 For example, the P

behavior of (Pb0.97La0.02)(Zr0.42Sn0.40Ti0.18)O3 ceramic was

studied by means of transmission electron microscopy, polar-

ization, and pyroelectric response. The high pyroelectric

response (220� 10�8 C cm�2K�1) and small thermal hystere-

sis (<1.5 �C) indicate that the material has promising applica-

tions.9 Given the aforementioned physical interest and

technical importance, it is necessary to investigate the elec-

tronic structure of PLZST to explore the potential applications.

Although the effect of La-substitution on the variation

of the electronic structure of PLZST has been investigated

by near-normal-incident unpolarized reflectance spectra,13

optical temperature-dependent phase transition studies have

not yet been performed. Compared with unpolarized reflec-

tance spectra, spectroscopic ellipsometry (SE) has some

advantages, such as two independently measured values

recorded at each wavelength (amplitude ratio and phase shift

difference) instead of one (amplitude), and the ability to

remove the influence of surface roughness. Note that, the SE

method for obtaining interband critical point (CP) energies

has been applied to many semiconductor and dielectric

materials.10–12 In this letter, the variation of the electronic

structure of PLZST has been investigated by temperature-

dependent SE and the physical mechanism related to the PT

pattern is discussed in detail.

The (Pb0.97La0.02)(Zr0.42Sn0.40Ti0.18)O3 ceramic was

made by a traditional solid-state ceramic processing route.13

The sample was sintered at 1300 �C for 1 h in air atmosphere.

The sintering process was carried out in a lead rich environ-

ment to minimize lead volatilization. Then, the wafer with a

diameter of 15mm and a thickness of 1mm was single-side

polished. Because the SE experiment is quite sensitive to the

surface roughness, the polishing process consisted of three

steps: coarse grinding, fine grinding, and polishing. Before

spectral measurements, the ceramic was rigorously cleaned
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in pure ethanol with an ultrasonic bath and rinsed several

times with deionized water. The root-mean-square (rms)

roughness was estimated to be about 5 nm by atomic force

microscopy (AFM). Structural analysis was undertaken by

temperature-dependent X-ray diffraction (XRD), which was

carried out using a Bruker D8 Discover High Resolution

XRD in the temperature range from 200 to 540K (TCU100

Temperature Control Unit, LNC Nitrogen Suction

Equipment, Anton Paar). Temperature-dependent SE experi-

ments were performed by a vertical variable-angle near-

infrared-ultraviolet SE (J.A. Woollam Co., Inc.) with an inci-

dent angle of 70�, working at the spectral range of 1.12–6 eV

(206–1100 nm). An Instec Cell with the sample mounted

inside was used to implement the temperature variation from

200 to 780K with a precision of about 61K. It is worth not-

ing that the SE experiment was recorded before the XRD

scans to avoid sample defects, which can be caused by possi-

ble lead volatilization at high temperature.

Fig. 1 shows the results of the temperature-dependent

XRD scans. The complete patterns are similar to previous

results at room temperature.13 The only difference is the

additional peak located at �52�, indicated by the black

“diamond” in Fig. 1. This could be caused by the lead vola-

tilization, because the melting point of PbO2 of 563K, is

lower than the highest temperature applied in the SE experi-

ment. Except for the additional peak, no secondary structure

was observed. All diffraction patterns indicate a pure perov-

skite structure that is very similar to the patterns of the single

crystal powder.14 Fig. 1(b) shows the enlarged region located

at �45�, which is the characteristic PT region. The peak is

singlet, indicating the rhombohedral-like phase at low tem-

perature. A peak splitting tendency was readily observed,

which suggests that the transition from the rhombohedral-

like to the tetragonal-like phase occurs. Up to 380K, there is

a shoulder structure on the low angle side of the peak,

showing the slow PT process. This indicates that the

rhombohedral-like and tetragonal-like phases would coexist.

At 420K, the broad shoulder peak is located at the onset of

changing into another peak. With further increasing tempera-

ture, two separate peaks are clearly distinguished from the

XRD pattern at 480 and 540K, respectively. Note that, the

XRD results at different temperatures are in good agreement

with the pyroelectric response of as-grown PLZST ceramic

with the same stoichiometry, which showed a strong pyro-

electric response peak at 115 �C (388K).8 Recently, Li et al.
reported the orthorhombic symmetry in (Pb0.97La0.02)

(Zr0.66Sn0.27Ti0.07)O3 single crystals, which is also found in

many PbZrO3-based antiferroelectrics.15 Moreover, Li et al.
suggested that the single crystal undergoes consecutive

orthorhombic-rhombohedral-cubic PTs. Nevertheless, nei-

ther superlattice diffractions, which differentiate orthorhom-

bic phase from tetragonal phase, nor a single peak located at

�45� at high temperatures, indicating the cubic phase, were

observed in the present work. The former is mainly because

of the complex phase diagram of the PZST family, which

has obvious differences depending on the chemical ratios of

Zr/Sn/Ti of the B-cation.7 The latter can be attributed to the

limited experimental temperature region for the XRD experi-

ments. Note that the observation of the rhombohedral and

tetragonal phases is in agreement with the phases separated

by the aforementioned MPB.

Even though additional treatment steps were performed

to reduce the surface roughness, the estimated roughness

(�5 nm) may still affect the complex dielectric functions,

especially for the estimation of the CPs. In the present work,

a three-layer model (air/surface roughness/ceramic) was

used to evaluate the complex dielectric function of the

PLZST ceramic and the accurate thickness of the roughness

layer. To model the surface roughness layer, the Brüggeman

effective-medium approximation (EMA) with a mixture of

the bulk material (50%) and voids (50%) was used. The

complex dielectric function of PLZST was derived by the

parametric model, which has been applied to PZT-based

materials.16 Two parametric oscillators, Psemi-M0 and

Psemi-M3, were applied to estimate the complex dielectric

function.17 The comprehensive values of the parameters

from the fitting spectra obtained at 200K are listed in

Table I. This fitting procedure was carried out with the

WVASE32 software package (J.A. Woollam Co., Inc.). A

weighted mean square error function was used. There is

good agreement between the model and experimental W and

D spectra, as shown in Fig. 2(a). With the accurate thickness

of the roughness layer (5.16 nm), the numerically inverted

complex dielectric function (NICDF) of PLZST at every

temperature could be directly calculated from the original

experimental data. Compared with the complex dielectric

function derived from the parametric model, the NICDF is

more scientifically rigorous. For example, Fig. 2(b) shows

the NICDF at three different temperatures. An obvious

discrepancy can be observed in the complex dielectric func-

tions, which can be attributed to the CP variation.

To obtain the accurate energy position of CP, fitting for

the second derivative of the NICDF with the standard critical

point (SCP) model was performed. The SCP model can be

written as follows:

d2e
dE2

¼ nðn� 1ÞAm expði/mÞðE� Ecpm þ iCmÞn�2 ðn 6¼ 0Þ;
d2e
dE2

¼ Am expði/mÞðE� Ecpm þ iCmÞ�2 ðn ¼ 0Þ; (1)

FIG. 1. (a) Temperature-dependent XRD profiles of PLZST ceramic. The

black diamond “^” indicates the additional peak of PbO2 and the enlarged

part of the (200) peak (indicated by the asterix “�”) is shown in (b). Note

that an additional peak appears in (b) with increasing temperature.
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where for the mth CP, Am, Ecpm, Cm; /m are the amplitude,

CP energy, broadening parameter, and the phase angle,

respectively. Generally, the exponent n has values of �1,

� 1
2
, 0, and 1

2
for excitonic, one-, two-, and three-dimensional

line shapes, respectively. In the present work, the parameter

n was set to �1, which is consistent with the value for previ-

ously reported PZT-based materials.16 Fig. 3 shows the sec-

ond derivative of the NICDF and the best-fit curves at the six

characteristic temperatures of 200, 320, 380, 420, 480, and

780K, respectively. The fitted CP energies are indicated by

arrows in each section of each specific temperature. For

clarity, a set of the fitting parameters is listed in Table II.

The consistency of the phase angle value ð/mÞ for all tem-

peratures can be seen (�20� for Ecp1 and �16� for Ecp2),

confirming the excitonic metamorphism of critical point line

shapes (presented by n¼�1) and the robustness of the fitting

procedure.18

The CP energies obtained from the fitting calculations

can be interpreted by the theoretical electronic band struc-

tures. Warren et al. suggested that the valence-band maxi-

mum (VBM) is a mixture of O p and Pb s states at X with X40v
symmetry. The conduction-band minimum (CBM) is com-

posed of the B ion d states as X3c at low Zr composition and

switches to A ion Pb 6p-like states as X1c with increase in the

Zr content.19 Furthermore, nearly O p states as X50v at the

top of C ðC15vÞ was proposed and three energy gaps corre-

sponding to the transitions of X40v ! X1c ð� 3:9 eVÞ;
X50v ! X3c ð� 4:5 eVÞ, and X50v ! X1c ð� 6:5 eVÞ were

observed by Lee et al.20 The theoretical results suggest that

the substitution of Sn in the B-cation does not contribute

much to the VBM and CBM because the d states of Sn are

well below the valence band.21 Thus, the obtained CP ener-

gies in the present work (Ecp1 and Ecp2) can be uniquely

assigned to the transitions of X40v ! X1c and X50v ! X3c,

respectively. Note that the third transition observed by Lee

et al. is outside the present experimental photon energy range.

It should be emphasized that all the aforementioned calcula-

tions were performed in the cubic symmetry, which should

agree much better with the experimental results at high tem-

peratures (�3.5 eV of Ecp1 and �5.2 eV of Ecp2) than at low

temperatures. A smaller value of Ecp1 can be explained by the

substitution of La for Pb introducing an impurity band in the

forbidden band of PZT, which leads to the decrease of the

FIG. 2. (a) Experimental data with spectral errors (dots) and fitted curves

(lines) of W and D recorded at 200K. The real part (b) and imaginary part

(c) of numerically inverted complex dielectric functions are directly calcu-

lated from the original spectra by accounting for thickness of roughness

layer at three different temperatures.

TABLE I. The best-fitting parameter values for PLZST at 200K. The parameter A, E, B, WL, WR, PL, PR, AL, AR, O2L, and O2R is amplitude, center energy,

broadening, width of left side absorption region, width of right side absorption region, control point position for left side, control point position for right side,

control point amplitude for left side, control point amplitude for right side, second order polynomial factor for left side polynomials, and second order polyno-

mial factor for right side polynomials, respectively. The “MSE” indicates root-mean-square fractional error for the fitting. Note that the 95% reliability of the

fitting parameters is given in parentheses and the label “–” means that the parameter is fixed during the fitting process.

Oscillator parameters

Oscillator type A E (eV) B (eV) WL (eV) WR (eV) PL PR AL AR O2L O2R e1 Offset
Thickness of

roughness layer (nm) MSE

Psemi-M3 118 4.08 0.30 2.67 0 0.99 0.5 0.015 0.5 0 0 1.83 (0.17) 5.16 (0.23) 0.34

(3) (0.01) (0.01) (0.03) – (0.01) – (0.001) – – –

Psemi-M0 9.67 4.18 0.63 0 9.87 0.5 0.99 0.5 0.79 0 1

(0.70) (0.22) (0.02) – (0.28) – (0.05) – (0.53) – –

FIG. 3. Second derivative of the complex dielectric functions and the best

fit at different temperatures. The critical point positions are marked with

arrows. The dotted and solid lines are the experimental and fitting results,

respectively.
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band gap.22 The two interband transitions obtained by unpo-

larized reflectance spectra at room temperature are 3.38 eV

and 4.22 eV,13 which are close to the previous data within

reasonable experimental error.

From Fig. 4(a), the variation of both Ecp1 and Ecp2 can be

separated into five parts: Part i to Part v for Ecp1 and Part I to

V for Ecp2, resembling the band gap results for PZT materials

observed by Deineka et al. except for the additional parts

(Part iii and Part III) occurring at �400K. The AFE phase,

which is not observed in PZT materials but confirmed by the

aforementioned XRD analysis in PLZST, can be interpreted

as the additional part. The first four parts were linearly fitted,

and the temperature coefficients of Ecp1 are 2.45� 10�4 eV/K,

1.85� 10�3 eV/K, 1.90� 10�4 eV/K, and 1.43� 10�3 eV/K

for Parts i to iv, respectively. As for Ecp2, the coefficients are

2.08� 10�4 eV/K, 5.47� 10�3 eV/K, 9.88� 10�4 eV/K, and

7.82� 10�3 eV/K from Parts I to IV, respectively. The values

TABLE II. The best-fitting parameters of the SCP model for PLZST ceramic extracted from the second derivative of the NICDF at different temperatures.

The 95% reliability of the fitting parameters is given in parentheses.

E1 E2

Temperature Ecp1 C1 /1 Ecp2 C2 /2

(K) A1 (eV) (eV) (deg) A2 (eV) (eV) (deg)

200 1.32 3.76 0.62 20.5 3.13 5.72 1.09 17.2

(0.09) (0.02) (0.01) (0.09) (1.20) (0.10) (0.20) (0.80)

250 1.29 3.76 0.59 20.3 3.53 5.70 1.15 16.8

(0.08) (0.01) (0.02) (0.07) (1.19) (0.09) (0.17) (0.12)

300 1.29 3.74 0.60 20.2 3.21 5.64 1.10 16.8

(0.07) (0.01) (0.02) (0.09) (0.69) (0.10) (0.23) (0.62)

320 1.20 3.73 0.59 20.5 3.11 5.71 1.11 16.9

(0.10) (0.02) (0.01) (0.06) (0.85) (0.07) (0.30) (0.40)

340 1.34 3.74 0.60 20.3 3.30 5.62 1.06 17.0

(0.09) (0.01) (0.01) (0.08) (0.86) (0.12) (0.12) (0.66)

360 1.47 3.69 0.63 20.2 2.19 5.49 0.86 17.1

(0.08) (0.02) (0.02) (0.08) (0.76) (0.08) (0.25) (0.52)

380 1.16 3.66 0.59 20.1 4.65 5.48 1.36 16.4

(0.07) (0.01) (0.02) (0.07) (0.62) (0.07) (0.34) (0.46)

400 1.25 3.62 0.60 20.0 6.91 5.41 1.66 16.4

(0.09) (0.01) (0.01) (0.09) (0.93) (0.09) (0.36) (0.57)

420 1.10 3.63 0.59 20.2 7.60 5.45 1.62 16.1

(0.11) (0.01) (0.02) (0.10) (1.25) (0.10) (0.49) (0.44)

440 1.27 3.61 0.61 20.5 4.66 5.27 1.36 15.6

(0.12) (0.02) (0.01) (0.12) (1.34) (0.07) (0.90) (0.51)

460 1.34 3.59 0.57 19.5 3.07 5.14 2.70 15.5

(0.19) (0.02) (0.02) (0.11) (2.58) (0.10) (0.85) (0.57)

480 1.05 3.59 0.59 19.9 2.55 5.31 2.56 15.4

(0.16) (0.02) (0.01) (0.12) (1.59) (0.07) (0.61) (0.46)

530 1.12 3.62 0.59 20.4 1.85 5.35 1.11 16.2

(0.13) (0.02) (0.01) (0.09) (1.68) (0.22) (0.34) (0.48)

580 1.15 3.59 0.62 20.1 2.52 5.27 2.66 14.9

(0.18) (0.02) (0.02) (0.12) (1.54) (0.17) (0.82) (0.30)

680 1.61 3.56 0.65 19.8 1.51 5.11 5.10 14.6

(0.16) (0.01) (0.02) (0.12) (0.61) (0.44) (0.97) (0.80)

780 1.05 3.51 0.63 19.8 2.88 5.07 5.08 14.4

(0.16) (0.02) (0.02) (0.14) (0.97) (0.09) (0.76) (0.68)

FIG. 4. Temperature dependence of the two critical-point energies, Ecp1

(a) and Ecp2 (b). The solid lines are linearly and quadratically fitted results.

The gray regions indicate different phase transition behavior.
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of Part i (I) and Part iii (III) are typical values for Pb-based

materials.12 However, the values of Part ii (II) and Part iv (IV)

are large. The FE-AFE and AFE-PE transitions are suggested

to undergo across these two parts, which agree well with pre-

vious electric experiments.8 The last parts of Ecp1 and Ecp2

show nonlinear temperature dependence with maxima at

�536K (Ecp1) and �575K (Ecp2), which can be attributed to

the decomposition of PbO2 to Pb3O4.
23

To shed light on the variation of the CP energies,

the microstructure should be considered. The ABO3 perov-

skite structure is a three-dimensional network of regular

corner-linked BO6 octahedra with small B cations at the cen-

ter of each octahedron and larger A cations centrally located

in the AO12 cuboctahedral cavity formed by eight octahedra.

The tolerance factor: t ¼ ðrA þ rOÞ=
ffiffiffi

2
p ðrB þ rOÞ, where rA,

rB, and rO are the ionic radii of the A, B, and O ions, respec-

tively, is less than one.24 PLZST has A-site driven ferroelec-

tricity, which is similar to the parent system (PZT). In the

ideal cubic structure (high temperature side), the A-site (Pb)

cations are on a site that is larger than the sum of the Pb and

O ionic radii. The covalency between Pb and O increases the

Born effective charges and thereby enhances dipolar interac-

tions. These tip the balance in favor of ferroelectric instabil-

ity, in which each Pb is off-center with respect to its cage of

12 surrounding O ions. For the A-site driven instability, it is

important for the lattice to be highly polarizable, including

the BO6 octahedra. This results in off-centering of the B-site
cations in response to the Coulomb potential of the off-

centered Pb cations.25 In the present work, the off-centering

of Pb (A-site) could explain the variation of the transition

Ecp1, which is assigned as the transition from O p and Pb s
states to Pb 6p-like states. Part iv, which can be interpreted

as the transition from PE to narrow AFE phase, suggests that

the Pb off-centering is probably anisotropic or antiparallel.

This can induce the small polarizability of the octahedra.

With further cooling, the large slope of the transition Ecp1 in

Part ii indicates that the oriented Pb off-centering is followed

by the large polarizability of the octahedra. The aforemen-

tioned two transitions can also be determined from the varia-

tion of Ecp2, which is assigned as the transition from nearly

O p states to B ion d states and could contribute to the off-

centering of the B-site cations. Part II and Part IV correspond

to the large and small polarizability of the octahedra, respec-

tively. It is worth noting that the total PT region of transition

Ecp2 (Parts II, III, and IV) is broader than that of Ecp1 (Parts

ii, iii, and iv). This relaxed behavior of Ecp2 originates

from the A-site driven mechanism. The influence of the off-

centering from A-site cations is more nominal than that of

the off-centering of B-site cations, which would result in less

relaxed variation of the critical point. Furthermore, the influ-

ence of off-centering from A-site cations takes effort in prior

to that of off-centering from B-site cations on cooling. This

could be the reason for the difference between the PT tem-

perature regions of Ecp1 and Ecp2.

In summary, the phase transition of (Pb0.97La0.02)

(Zr0.42Sn0.40Ti0.18)O3 ceramic has been investigated using

temperature-dependent XRD and SE measurements. The

transition from rhombohedral to tetragonal symmetry was

confirmed. The variation of critical point energies obtained

from fitting the second derivative of numerically inverted

complex dielectric functions reveals the transition processes

of both PE-AFE and AFE-PE. The electronic structure varia-

tion directly confirms the A-site driven mechanism of Pb-

based materials.
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