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Abstract
Optical phonons and the phase transition of relaxor ferroelectric ceramics 
SrxBa1−xNb2O6 (SBN) and Cay(Sr0.5Ba0.5)1−yNb2O6 (CSBN) with different composition 
( x0.3 0.5⩽ ⩽ , y0.1 0.2⩽ ⩽ ) have been investigated by variable-temperature Raman scattering 
and spectroscopic ellipsometry. The anomalous temperature dependence of Tauc gap energy 
(Et) is used to fit the phonon energy dependence of the permittivity, and the Raman intensity 
of some interesting optical phonons can be ascribed to the phase transition from a ferroelectric 
to a paraelectric structure. The Curie temperature of SBN decreases from 556 to 359 K with 
increasing Sr composition, which can be attributed to the substitution of smaller Sr2+ for 
Ba2+. On increasing the Ca composition, however, the phase transition temperature of CSBN 
remains nearly unchanged at about 350 K. This could be due to the fact that most doped Ca2+ 
ions move into the oxygen ion site and exhibit no obvious effect on the vibrational properties. 
Therefore, the general disorder which results from Sr2+ substituting Ba2+ , dominates the 
phase transition process for SBN-based ferroelectric oxides. Meanwhile, the dielectric 
functions from 200 to 600 K have been evaluated with the aid of the Tauc–Lorentz model. The 
electronic transition is located at about 5 eV and decreases with increasing temperature for all 
the samples. Moreover, the phase transition temperature range derived from the spectroscopic 
ellipsometry agrees well with that from the Raman scattering. It reveals that the variation of 
the fundamental energy gap may be associated with the phase transition of SBN ceramics. 
Both Raman scattering and spectroscopic ellipsometry are proven to be a effective method of 
exploring the phase transition of ferroelectric oxides.
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1. Introduction

Disordered ferroelectric systems are of great interest from 
the fundamental as well as application points of view. One 
important class of such disordered systems consists of relaxor 
ferroelectrics, such as lead-based Pb(Mg1/3Nb2/3)O3-xPbTiO3, 
PbSc1/2Ta1/2O3, Pb-free BixNa1−xTiO3, K1−xNaxNbO3 and 
SrxBa1−xNb2O6 (SBN) [1–7]. Among them, the uniaxial 
relaxor ferroelectric SBN is of particular interest due to its 
well-known pyroelectric, electro-optic, photorefractive, piezo-
electric and non-linear optical properties [8, 9]. It has various 
potential applications such as pyroelectric infrared detection, 
holographic data storage, phase conjugation and the gen-
eration of photorefractive solitons [10–14]. The SBN crystal 
was first studied by Glass et al in 1968 as a fast and sensitive 
detector of infrared radiation, and some studies have been per-
formed on ferroelectric SBN ever since [15–18]. The struc-
ture of ferroelectric tungsten bronze-type Sr0.27Ba0.75Nb2O5.78 
crystal was reported by Jamieson et al in 1968 [19]. It was 
reported that a different Sr/Ba ratio can lead to a varying dis-
tortion of the NbO6 octahedron, which leads to changes in the 
different dielectric and pyroelectric properties [18, 20].

Several methods can be used to probe the phase transition of 
ferroelectric materials such as dielectric measurement, second 
harmonic generation and light scattering. Raman scattering is 
one of the most powerful non-destructive techniques to inves-
tigate structural phase transitions. It was found that increasing 
the Sr content can lead to a decrease in the Curie temperature 
(Tc) for SBN materials using dielectric spectroscopy measure-
ment [16, 22]. Structural changes corresponding to the crystal 
symmetry have a significant effect on the Raman spectrum 
[23, 24]. In particular, the optical modes, which are associ-
ated with the ferroelectric to paraelectric phase transition, are 
of great interest. Speghini et al investigated the changes of 
the main Raman peak at about 630 cm−1 with the temperature 
and found Tc varies almost linearly with increasing the Sr con-
tent (x 0.33= , 0.50 and 0.61) [25]. Several dopants have been 
introduced to modify the dielectric and pyroelectric properties 
of SBN, such as Cr, K, Na and rare earth. Yao et al revealed 
that the piezoelectric and pyroelectric performances of  
(Sr0.6Ba0.4)4Na2Nb10O30 ceramics were enhanced by Ca doping 
[26]. Importantly, Zhang et al found that the dielectric, ferroe-
lectric and pyroelectric properties of Cay(Sr0.5Ba0.5)1−yNb2O6 
(CSBN) vary significantly with different Ca fractions [27]. 
The pyroelectric properties of CSBN could be enhanced 
remarkably due to Ca addition and reach the maximum values 
at y  =  0.15. Unfortunately, there are few studies about the 
effects of the Sr/Ba ratio on the vibrational modes for SBN 
ceramics, and the effects of Ca doping on the phase transition 
temperature of SBN have not been reported yet. In this article, 
we study how optical properties change with the doping of Ca 
in SBN.

As we know, a material’s optical properties like the dis-
persion of the refractive index and optical band gap energy 
are of significant value in the design and optimisation of 
optical devices. Knowledge about these properties is helpful 
for understanding phase transformation in SBN, especially for 
an explanation of the relaxor property of the ceramics. The 

refractive index of SBN was first reported by Venturini et al 
in the wavelength range from 425 to 1600 nm in 1968 [28]. 
Studies about the dispersion of the refractive index of SBN 
have been carried out ever since [29, 30]. On the contrary, the 
optical band gap has not been investigated sufficiently so far. 
Thus, information about the near band gap electronic transi-
tion, especially the correlation between phase transformation 
and temperature dependence energy band structure variation 
is not available. It is essential for us to apply spectroscopic 
ellipsometry (SE) measurements to investigate the band gap 
energy and other significant optical properties of SBN and 
CSBN ceramics in a wide composition and temperature range. 
SE is regarded as a sensitive measurement method to charac-
terise the dielectric functions of condensed matter materials. 
Note that most of these studies have been limited to single 
crystals [17, 21, 25, 31]. However, ceramics could be more 
widely used owing to their low cost and easy fabrication. 
Furthermore, few reports about complex dielectric functions 
of SBN ceramics have been presented up to now.

The purpose of this paper is to investigate the lattice vibra-
tion and electronic properties of Cay(SrxBa1−x)1−yNb2O6 
ceramics with different Sr/Ba ratios and different Ca dopants 
by temperature-dependent Raman spectroscopy and SE exper-
iment. The phase transition from ferroelectric to paraelectric 
can be detected from the main mode variation with tempera-
ture. Moreover, the relationship between the energy band gap 
and phase transition of SBN ceramics is discussed in detail.

2. Experimental details

The SBN (SrxBa1−xNb2O6, x  =  0.3, 0.4, and 0.5) and CSBN 
(Cay(Sr0.5Ba0.5)1−yNb2O6, y  =  0.1, 0.15, and 0.2) ceramics 
were prepared by a traditional solid-state ceramic fabrica-
tion method. SrCO3 (99%), BaCO3 (99%), CaCO3 (99%) and 
Nb2O5 (99%) were used as starting materials. Details of the 
fabrication process of the ceramic can be found elsewhere  
[22, 27]. It is noted that the CSBN ceramics with different Ca 
composition are fabricated on the basis of SBN (x  =  0.5). All 
the SBN and CSBN ceramic wafers were double-side polished 
with a mechanical polishing process to smooth the surface. 
This process consists of three procedures: coarse grinding, fine 
grinding and polishing. Then, the ceramics were rigorously 
cleaned in pure ethanol with an ultrasonic bath and rinsed  
several times with deionised water for spectral measurements.

The x-ray diffraction (XRD) patterns indicate that SBN 
and CSBN ceramics were both crystallised into a pure tetrag-
onal tungsten bronze structure, while no second phase was 
detected at room temperature (RT) [22, 27]. The Raman 
scattering experiments were carried out using a Jobin–Yvon 
LabRAM HR 800 UV micro-Raman spectrometer. A laser 
with a wavelength of 632.8 nm was used as the excitation 
source and an air-cooled charge coupled device (CCD) was 
used to collect the scattered signal dispersed on 1800 grooves 
mm−1 grating in the frequency range of 10–1000 cm−1, with 
the use of an ultra low frequency (ULF) filter. The spectral 
resolution of the Raman spectra is better than 0.65 cm−1. 
Temperature-dependent Raman measurements from 150 to 
750 K were performed using a Linkam THMSE 600 heating 
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stage and the set-point stability is better than 0.5 K. The tem-
perature-dependent SE experiments were carried out in the 
photon energy range of 1.5–6.0 eV by a vertical variable-angle 
near-infrared ultraviolet SE (V-VASE by Woollam Co, Inc). 
It was measured with a zone average polariser at an incident 
angle of 70° and the spectral interval was set to two nm. For 
the variable-temperature measurements, the samples were 
mounted onto an Instec cell and the temperature could be con-
trolled from 200 to 600 K with a precision of about  ±1 K. 
The system was continuously purged with dry N2 not only 
to protect the sample surface from contamination but also to 
avoid water vapour in the ambient. Note that the window cor-
rections were included as a part of the model during the fitting 
analysis.

3. Results and discussions

Let us first briefly comment on the main features of the struc-
ture and Raman spectrum of SBN. At the ambient tempera-
ture and pressure, the ferroelectric phase of SBN belongs 
to the point group C4v with space group P4 bm and five for-
mula units per unit cell [19]. This is a tetragonal tungsten 
bronze (TTB)-type disordered structure, and consists of a 
framework of NbO6 octahedra sharing the corner oxygen to 
form three different size cavities with the unit cell formula 
(A1)2(A2)4C4(B1)2(B2)8O30. For SBN oxide, different cat-
ions occupy both the A1 and A2 symmetry sites, forming a 
partially filled TTB structure. The tungsten bronze crystal 
structure of ferroelectric SBN is illustrated in figure 1. The 
A1 symmetry sites (12-fold correlated site inside the squared 
channels) are partially occupied by Sr2+ ions. While the A2 
symmetry sites (15-fold correlated site inside the pentag-
onal ones) are randomly occupied by Sr2+ and Ba2+ ions. 
Moreover, the C site occupies a small tricapped trigonal prism 

of oxygen atoms and it is partly distorted. The B sites are com-
pletely filled by Nb5+ ions [19, 21]. The ferroelectric to par-
aelectric phase transition is accompanied by a structural phase 
change from tetragonal system with point group C4v to D2d 
point group symmetry. For the P4bm space group there are 
138 possible vibrational normal modes and they can be clas-
sified according to the following irreducible representations: 

A z A B B E x E y19 15 14 18 36 36vib 1 2 1 2( ) ( ) ( )Γ = + + + + + , where 
x, y and z indicate the polarisation direction of the IR active 
modes (z being the ferroelectric axis) [25]. Three of these 
modes (belonging to A1, E(x) and E( y ) representations) are 
acoustic modes. The other modes, except for the A2 modes, are 
Raman active. Therefore, there are 120 Raman active modes. 
However, the number of modes observed experimentally is 
significantly less due to the weak strength and the possible 
overlapping of the same symmetry vibration. The ferroelec-
tric to paraelectric phase transition of SBN is considered to be 
due to the metal atoms moving back into the oxygen planes in 
NbO6 octahedra [18, 32, 33]. The internal vibrational modes 
of these octahedra are of interest for investigation.

Figures 2(a) and (b) show the fitting of the Raman spectra 
of the SBN ceramics recorded at 150 K and 600 K, respec-
tively. The peak position of each component, i.e. the natural 
frequency of each Raman active mode was obtained by fit-
ting the experimental spectra and devolution of the fitted 
curves into individual Lorentzian components. In the fit-
ting process, Raman spectra were corrected for the Bose–
Einstein temperature factor to eliminate the contribution 
of the Bose–Einstein population factor from the measured 
Raman intensity. The reduced Raman intensity is written as 
R I n/ 1( ) ( ) [ ( ) ]ν ν ν= + , where I( )ν  corresponds to the meas-
ured Raman intensity and n e 1h kT/ 1( ) [ ]ν = −ν −  is the Bose–
Einstein factor [14]. A  Lorentz oscillator model is adopted 
for the fitting of the Raman spectra. The best fitting of the 
Raman spectra for all the samples is presented in figure 2(c). 
According to the vibrational modes of NbO6 octahedra, the 
phonons including V1 (103 cm−1), V2 (254 cm−1), V3 (608 
and 640 cm−1) and V4 (851 cm−1) can be found [34]. The very 
strong bands V1 and weak band V4 are attributed to the O–Nb–O 
bending vibration modes. The V3 modes, which are in fact a 
combination of two optical phonons corresponding to a stretch 
type vibration of the NbO6 octahedra, decrease with increasing 
the Sr/Ba ratio [34]. For SBN, the frequencies of the two V3 
modes decrease from 647 and 615 cm−1–640 and 610 cm−1, 
respectively (see figures 2(d) and (e) that show the two-phonon 
frequency shift of the CSBN ceramics). On increasing the Ca 
content, the frequencies of the phonons show the same trend, 
decreasing from 640 and 610 cm−1–633 and 596 cm−1.

A systematic investigation of the temperature evolution 
of the phonon modes is necessary for the SBN and CSBN 
ceramics. Figure 3 presents the Raman spectra for the SBN 
(x  =  0.5) and CSBN ( y  =  0.15) ceramics in the temperature 
range from 150 to 750 K. It should be pointed out that the 
presence of strong lattice disorder gives rise to significant 
broadening of the bands and allows the observation of a lim-
ited number of spectral features. The weak band (850 cm−1), 
which is related to the silent mode V4, was detected in the 
Raman spectra. This mode is less sensitive to temperature 

Figure 1. Crystal structure for SBN ceramics, which shows the 
connectivity of the NbO6 octahedra. A1-site: Sr, A2-site: Sr or Ba 
and C-site: vacant site.
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changes during the phase transition because it contributes 
little to the polarisation [25]. The V3 phonons are polarised 
along the z axis, along which the atoms must be displaced 
during the phase transition. Therefore, we concentrate on 

the variation of the V3 modes to investigate the phase transi-
tion of SBN. Meanwhile, the V2 (254 cm−1) phonon mode is 
shifted toward a lower frequency side and becomes broader 
on increasing the temperature. The shift and broadening of 

Figure 2. Raman spectra of the SBN ceramics with different Sr composition and CSBN ceramics with different Ca composition at (a) 
150 K and (b) 300 K. (c) Experimental Raman spectrum (dotted lines) and Lorentzian fitting results (solid lines) of the Sr0.3Ba0.7Nb2O6 
ceramics at 150 K (d) and (e) the two frequencies of the V3 modes located at about 610 and 640 cm−1 as a function of the Sr and Ca 
composition, respectively.

Figure 3. Temperature dependence of Raman spectra for SBN ceramics with the composition of x  =  0.5 and CSBN ceramics with a Ca 
composition of y  =  0.15. The dashed line arrows are applied as a guide for the eyes.

J. Phys. D: Appl. Phys. 49 (2016) 035307
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the two Raman bands result from many factors, such as the 
lattice disorder and a deformation potential interaction term. 
This may be associated with a change of structure with tem-
perature and different Sr/Ba ratio [25, 32]. In addition, no soft 
mode was evidenced. The absence of an optical soft mode in 
SBN confirms the order–disorder type of ferroelectric phase 
transition [14].

To further discern the phase transition temperature of SBN 
ceramics and the effects of doping on its optical properties, 
the temperature evolution of full width at half maximum 
(FWHM) for different stoichiometries is discussed in detail. 
It can be seen from figure 4 that the band at about 640 cm−1 
broadens linearly with temperature and the slope is modified 
in the paraelectric phase. For example, the temperature coef-
ficient of SBN (x  =  0.3) is about 0.11 cm−1 K−1 below 560 K  
and is 1.69 10 2× −  cm−1 K−1 above 560 K. It is believed that 
a moderation of the slope can help to define the Tc [25, 33]. 
The intersection of two straight lines gives us a relatively 
accurate phase transition temperature, which is 556 K for 
SBN (x  =  0.3), 460 K for SBN (x  =  0.4) and 359 K for SBN 
(x  =  0.5). This can be well expressed by T x x860 1000c( ) = − . 
The result indicates that the parameter Tc decreases from about 
556–360 K as the Sr composition increases from 0.3 to 0.5. 
The phenomenon can be attributed to the A site substitution 
that originated in the smaller ionic radius of Sr, as compared 
to the Ba element. The difference in the Ba–O and Sr–O bond 
distance and the presence of vacancies can lead to a large 
distortion of the octahedron. As for CSBN ceramics, how-
ever, the Tc changes slightly and almost remains unchanged 
at about 350 K, which is consistent with the results from the 
electrical method [22]. When the Ca2+ ions, whose ionic 
radius is smaller than Sr2+ and Ba2+ , are introduced into the 
SBN ceramics, it may move into the A2 site and substitute 

Sr2+ and Ba2+ . The appropriate substitution of smaller Ca2+ 
for Sr2+ and Ba2+ may enhance the structural distortion to 
some degree. However, it was reported that an atom with 
smaller metal–oxygen distance could occupy the C site [19]. 
Generally, the C site is occupied by oxygen atoms. Similar to 
the atoms in the A1 and A2 sites, a metal atom whose polari-
sation axis is in the z direction could occupy the C site. Thus, 
except for a few Ca2+ ions which move into A2 cite, most of 
the Ca2+ ions occupy the C site. The trigonal prism structure 
of the C site is somewhat locally symmetric and the vibra-
tion of the C site atoms do not contribute to z∆ , where z∆  
is defined as the displacement developed by the metal atom 
along the polar direction. A simple experimental relationship 
between atomic displacement and the macroscopic ferroelec-
tric properties of the Curie temperature was first reported 
by Abrahams et al [35]. The relationship of z∆  and Tc for 
tungsten bronze-type displacive ferroelectrics is given by: 
T z2 0.09 10c

4 2( ) ( )= ± × ∆ . Therefore, the introduction of 
Ca2+ slightly influences the Tc.

Note that the SBN ceramics are relaxor-type ferroelectric 
materials, whose relaxor degree is strongly dependent on the 
Sr composition [22]. We find that the slopes of the two straight 
lines approach each other with an increasing Sr fraction in 
figure 4(a). For low Sr composition (x  =  0.3), SBN behaves 
like a normal ferroelectric material, which shows the well-
defined peak in the dielectric constant. Moreover, increasing 
the Sr composition enhances its relaxor character, which 
show up as a diffuse phase transition (DPT) [22]. Thus, the Tc 
decreasing in SBN ceramics may be ascribed to the enhanced 
relaxor behaviour, which is owing to more Sr ions in the open 
TTB crystal structure. On the other hand, the SBN single crys-
tals have a higher Tc than that of ceramics with the same com-
position [25]. The decrease of Tc of the SBN ceramics may 

Figure 4. FWHM of the main mode (located at around 640 cm−1) as a function of temperature for (a) SBN ceramics with a different Sr 
composition and (b) CSBN ceramics with a different Ca composition. The solid lines are applied as a guide for the eyes.
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be attributed to the enhanced polar disorder in ceramics. The 
large amounts of grain boundaries in ceramics promote the 
formation of short range ordered polar nanoregions, which 
decrease the ferroelectric ordering temperature. Meanwhile, 
the relaxor behaviour of the CSBN ceramics is further 
enhanced with increased Ca content [27]. Thus, it becomes 
difficult to distinguish the slope modification of FWHM for 
CSBN. The considerable broadening of the phase transition 
may be related to the enhanced disorder and fluctuations, 
which is because smaller Ca2+ substitutes Sr2+ and Ba2+ at 
the A2 site, and Ca2+ moves into the C site [27].

The dielectric functions [ E E Ei1 2( ) ( ) ( )ε ε ε= +� ] and 
other significant parameters are extracted from the ellip-
sometric spectra as a supplement to investigate the phase 
transformation of SBN ceramics. In the present work, a 
three-layer model (air/surface roughness/ceramic) was 
used to evaluate the complex dielectric functions of SBN 
ceramics and the thickness of a rough layer. This layer was 
modelled by the Brüggeman effective-medium approxima-
tion (EMA) with a mixture of the bulk material (50%) and 
voids (50%). A single Tauc–Lorentz (TL) oscillator was 
applied to obtain the electronic band structure parameters of 
the SBN ceramics. The expression of the TL model is given 

by E1( )ε ε= ∞  +  P d
E E

2

t

2
2 2

( )
∫ ξ

π
ξε ξ
ξ

∞

−
; E AE C E E

E E C E E2
1n t

n

2

2 2 2 2 2
( ) ( )

( )
ε = −

− +
, 

(E Et⩾ ) and E 02( )ε = , (E  <  Et), where P is the Cauchy prin-

cipal part of the integral, ε∞ is the high frequency dielectric 
constant and E is the incident photon energy [36]. Meanwhile, 
A, C, En and Et are the amplitude, broadening term, peak tran-
sition energy and Tauc gap energy of the oscillator, respec-
tively. The above TL model follows the Kramers–Krönig 
transformation (KKT), which has been applied in ferroelectric 
ceramics or films successfully [37, 38]. All the values of the 
parameters for the fitted spectra obtained at 200/600 K are 
listed in table 1. The fitting procedure was carried out with 
a WVASE32 software package (Woollam Co, Inc). The best 
fitting pseudo-dielectric functions for SBN (x  =  0.3) at 240 K 
and CSBN (y  =  0.2) at 540 K are shown in figures 5(a) and 
(b). It should be emphasised that the thickness of the rough-
ness layer can be fitted to about 8 nm for all the samples.  

So the scattering effects from the surface roughness layer can 
be neglected while comparing with the incident light spot of 
about 1 mm in diameter. The real part 1ε  and imaginary part 2ε  
of dielectric functions for SBN (x  =  0.3, and 0.5) and CSBN 
(y  =  0.1, and y  =  0.2) ceramics at several temperatures 
between 1.5 and 6.0 eV are plotted in figures 5(c)–(f ). We find 
that the imaginary part 2ε  almost equals zero below 4.3 eV (near 
the absorption edge) and then increases sharply on increasing 
the phonon energy due to a strong optical absorption. On fur-
ther increasing the temperature, 2ε  reaches the maximum at 
about 5 eV. The sharpening variation of the dielectric function 
observed could be intrinsically due to the temperature effects. 
We can also discern that the ε of all the ceramics shows a 
red-shift on increasing the temperature, which has an obvious 
effect on the dielectric functions. For example, the absorp-
tion edge of SBN (x  =  0.5) decreases from 4.16 eV at 200 
K–3.63 eV at 600 K. This could be attributed to the thermal 
expansion of the lattice and the enhanced distortion of the 
NbO6 octahedra. It should be emphasised that the imaginary 
part of dielectric function 2ε (E) of oxygen-octahedra ABO3-
type ferroelectrics are composed mostly of two main absorp-
tion bands located in the phonon energy ranges of 4–6 eV 
and 8–10 eV, which was previously reported by DiDomenico 
[39]. The fundamental significance of the BO6 octahedra in 
the formation of band structure of ABO3 ceramics was after-
wards confirmed experimentally [37, 40]. The first-principles  
calculations on the electronic structures of LiNbO3 [41], which 
possesses similar octahedra NbO6 groups as in SBN, suggests 
that SBN is a displacive-type FE transition-metal oxide. The 
NbO6 octahedron defines the lowest limit of the conduction 
band and the upper valence band. The valence bands (VBs) 
are primarily constituted of the O 2p states, whereas the con-
duction band (CB) originates mainly from Nb 4d states mixed 
with A-site transition metal (Sr 4p) states [42]. This indicates 
that the conduction band and valence band edges may change 
during the PE–FE transition, which reveals that the structure 
variation could influence the electronic structures.

In addition, a three-dimensional diagram of Tauc gap 
energy (Et) with a function of temperature for the SBN 
(x  =  0.4 and x  =  0.5) and CSBN (y  =  0.1 ,y  =  0.15 and 

Table 1. Dielectric function parameters of the Tauc–Lorentz oscillator models for SBN and CSBN ceramics are extracted from the 
simulation of ellipsometric spectra.

Samples
Temperature (K)

x  =  0.3, y  =  0 x  =  0.4, y  =  0 x  =  0.5, y  =  0
x  =  0.5, 
y  =  0.1

x  =  0.5, 
y  =  0.15

x  =  0.5, 
y  =  0.2

200 600 200 600 200 600 200 600 200 600 200 600

A (eV) 579 262 445 254 804 289 840 254 915 287 900 265
(73) (22) (45) (20) (150) (26) (142) (21) (207) (23) (165) (21)

C (eV) 1.31 2.23 1.44 2.21 1.11 2.32 0.92 2.24 1.06 2.18 1.11 2.19
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

En (eV) 4.38 4.40 4.40 4.36 4.38 4.32 4.44 4.38 4.34 4.34 4.32 4.37
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

Et (eV) 4.08 3.60 3.99 3.60 4.16 3.63 4.18 3.57 4.19 3.63 4.17 3.59
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

ε∞ 2.00 2.18 2.20 2.29 1.60 2.17 1.76 2.34 1.68 2.27 1.60 2.31
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.2) (0.1) (0.1) (0.1)

Note: Note that the error bars are presented in brackets.
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y  =  0.2) ceramics are plotted in figure  6. Note that the Et 
variation of SBN (x  =  0.3) is not given because the phase 
transition temperature of SBN (x  =  0.3) (about 556 K) is too 
close to the experiment’s temperature upper limit (600 K)  
and it is hard to distinguish the variation of Et. We find that 
the Tauc gap energy of all the samples shows a red-shift on 
increasing the temperature. Variations of Et can be separated 
into three parts: the ferroelectric rhombohedral phase, the 
relaxation phase transformation range and the paraelec-
tric tetragonal phase. Each part was linearly fitted and the  
temperature coefficient (dEt/dT) of Et differs for the three 
sections. Taking CSBN (y  =  0.1) as an example, the slope of 
the fitted line for Eg is about 6.42 10 4× −  eV K−1 in the low 
temperature region and 2.97 10 3× −  eV K−1 in the interme-
diate temperature range, while the slope is estimated to be 
8.90 10 4× −  eV K−1 in the high temperature part. The coef-
ficients of the low and high temperature part are caused by 
temperature effects. Meanwhile, the intermediate coefficient 
can be interpreted by the phase change from the ferroelectric 
to the paraelectric phase due to the diffuse transition charac-
teristics. It was reported that on increasing the Sr/Ba ratio a 
transformation from ferroelectric to relaxor behaviour takes 

Figure 5. (a)–(b) The experimental (dots) and best fitting curves (solid lines) of the pseudo-dielectric functions of SBN (x  =  0.3) ceramics 
at 240 K and CSBN (y  =  0.5) ceramics at 540 K. Note that ε< >i  is the dielectric function εi with the rough layer (50% bulk material and 
50% voids) considered. (c)–(f ) Real (ε1) and imaginary (ε2) parts of dielectric functions for SBN (x  =  0.3, and x  =  0.5) and CSBN ( y  =  0.1, 
and y  =  0.2) ceramics measured at 200, 300, 400 and 600 K, respectively.

Figure 6. A three-dimensional comparison chart of the Tauc 
gap energy (Et) varies with the temperature for SBN and CSBN 
ceramics. Note that the intermediate lines suggest the FE–PE 
transition temperature range.

J. Phys. D: Appl. Phys. 49 (2016) 035307
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place [8]. As discussed in the Raman scattering above, the 
ionic radius of Sr2+ is smaller than Ba2+ . The substitution 
of Ba2+ by Sr2+ can lead to the modulation of stress and a 
rearrangement of the structural framework, which will affect 
the electronic band structures. For further validation of the 
phase transition temperature investigated by SE measure-
ment, we compare Tc obtained by both methods in figure 7. 
The Curie temperature obtained by Raman scattering lies 
exactly in the diffuse transition temperature range obtained 
by SE. Indeed, good agreement between both kinds of meas-
urements is obtained, corroborating the validity of spectro-
scopic ellipsometry for measuring the Curie temperature of 
SBN ceramics. These results indicate that SE could be a pos-
sible method to identify the phase transition of relaxor fer-
roelectric materials.

4. Conclusions

In summary, the lattice vibrational spectra of ferroelectric 
SBN ceramics can be affected by the variation of Sr/Ba ratios. 
The composition dependence of the phase transition tempera-
ture was investigated using Raman spectroscopy in the tem-
perature range of 150–750 K, and spectroscopic ellipsometry 
in the photon energy range of 1.5–6 eV. On increasing the tem-
perature, the V3 modes located about 640 cm−1 become softer 
and broader. It is clear that increasing the Sr composition 
(from 0.30 to 0.50) leads to the shrinking of Tc (from 556 to 
359 K). Meanwhile, the Ca dopant makes the V3 modes softer 
and the phase transition become more diffuse. Furthermore, 
the relaxor behaviour and Curie temperature could be well 
elucidated by SE measurements. The results obtained from 
the combination of Raman scattering and spectroscopic ellip-
sometry give us a comprehensive understanding of the phase 
transformation of SBN ceramics.
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