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The effects of W doping on the structure and optical properties of Aurivillius ferroelectric Nag sBiy sNb,Oo-
based ceramics have been investigated by x-ray diffraction, far-infrared reflectance, and spectroscopic
ellipsometry (SE). Moreover, the temperature dependent lattice dynamics and electronic properties have been
systemically explored by Raman scattering (77-800 K) and SE (200-800 K), respectively. The anomalous
temperature dependence of phonon frequencies around 600 K can be ascribed to the existence of an intermediate
phase between ferroelectric orthorhombic and paraelectric tetragonal phases, which is also confirmed by
temperature dependent electronic transitions extracted by the SE technique. In addition, the intrinsic evolution

mechanism of the structure and electronic transitions during the phase transitions has been clarified by
first-principles calculations, which indicate the effective application of noncontact optical methods in judging

the phase transformations of ferroelectric materials.
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I. INTRODUCTION

Bengt Aurivillius first described the structures of the
mixed bismuth-oxide layer-structure compounds in 1949 and
the possible ferroelectric nature of the Aurivillius phase
was discovered a decade later [1-3]. Recently, the bismuth
layer-structured ferroelectrics (BLSFs) with Aurivillius phase
have gained increasing attention since SrBi,Nb,Ta;_,Og
based random-access memory reported by Araujo [4]. The
remarkable character of relatively high Curie temperature
(T.), low dielectric dissipation, strong anisotropic electrome-
chanical properties, and high mechanical quality factors
make BLSFs available for high temperature sensor appli-
cations [4,5]. The general chemical formula of BLSFs is
(Biy0,)*"(A;y—1 BnO3,11)>~, where A is a mono-, di-, or
trivalent element with a large 12 coordinate cation, B is a
transition metal element with a 6 coordinate cation, and m
is an integer (vary from 1 to 6) representing the number of
octahedral layers [3,6,7]. The spontaneous polarization in the
ferroelectric phase of BLSFs is suggested to originate from
several displacive mechanisms involving the rigid displace-
ment along the polar a axis, as well as rotations around the a
axis and the ¢ axis [7,8]. However, the piezoelectric activity
and electrical resistivity of these materials are relatively low at
elevated temperature because of two-dimensional orientation
restriction of the rotation and the high coercive fields, which
limit the potential high-temperature applications [9,10]. For-
tunately, it has been reported that suitable doping can increase
the electrical resistivity and improve the piezoelectric activity,
achieving a compromise between good polarizability and high
T, [10-16]. Therefore, it is necessary to deeply investigate the
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structure evolution with the doping and temperature for future
high temperature applications.

As a typical BLSF, Naj 5Biy sNb,Og (NBNO) has gained
much attention since the relatively high 7. (770°C) was
reported in 1977 [17]. The structural and dielectric properties
of modified NBNO ceramics have been studied previously.
Our previous work indicated that B-site substitution of
Nb>* by WO not only enhances the piezoelectric activity
(ds3 = 21.8 pC/N), but also increases the electrical resistivity
by about two orders of magnitude compared that of pure
NBNO ceramic [12]. However, the doping effects on structure
distortion and physical properties of W-modified NBNO
ceramics have not been well investigated. The phase trans-
formation is described as a tetragonal prototype (/4/mmm) at
high temperature above Curie temperature and orthorhombic
(A2;am) at room temperature, only slightly distorted from
tetragonal [18]. However, it is still an open issue whether
there is an intermediate phase (e.g., space group Amam of
SrBiy Tay Oy [19]) during the phase transformation for NBNO
ceramic. Recently, it was reported that NBNO may undergo
a phase transformation from an orthorhombic phase to a
pseudotetragonal phase above 200°C then to a tetragonal
phase. Nevertheless, the intermediate phase was not identified
due to the similar structure between pseudotetragonal and
tetragonal from x-ray diffraction (XRD) experiments [14].
As we know, Raman scattering and infrared reflectance (IR)
spectra are nondestructive and attractive probe techniques,
which are complementary and can provide some invaluable
information on lattice vibrations and structural variations
[20-22]. It is reported that temperature dependent phonon
modes are effective strategies to explore the origin of lattice
instabilities and phase transformations [19,23,24]. On the other
hand, spectroscopic ellipsometry (SE) is an effective method
for determining the dielectric functions of materials, which are
required for applications as a dielectric material. In particular,
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the imaginary part of the dielectric functions is directly related
to the band structures and electronic transitions. Note that
temperature effects on the electronic transitions can give
an important insight on the pyroelectric, ferroelectric, and
dielectric properties of ferroelectric oxides [25-27]. Therefore,
it is necessary to further investigate the physical mechanism
with the aid of spectral experiments under different conditions
(such as doping and temperature), which can induce the
structural and electronic state variations.

In this work, the structure distortion with different W
content has been studied by XRD, far-infrared reflectance
(FIR) spectra, and SE. The optical phonon modes and elec-
tronic transitions extracted by temperature dependent Raman
and SE spectra are applied to further clarify the intrinsical
phase behaviors of NBNWx ceramics. Moreover, the physical
mechanisms of electronic transitions are explained with the
aid of the first-principles calculations. Finally, based on the
analysis of the thermal evolutions and theoretic evidence,
intermediate phase transformations can be determined.

II. EXPERIMENTAL DETAILS

Aurivillius Nag 5Biz 5sNby W, 09,5 (NBNWx, x = 0.00,
0.03, 0.04, 0.06, 0.08 and 0.10, abbreviated as NBNO,
NBNW3, NBNW4, NBNW6, NBNWS8 and NBNWI10, re-
spectively) ceramics were prepared by a solid state reaction
method. The precursor materials were high purity Bi,O3
(99.90%), NbyOs5 (99.90%), Na,COs3 (99.80%), and WOs3
(99.90%). The samples were pressed into disks with a diameter
of 15 mm and 1.5 mm in thickness and then sintered for 2 h
at 1100 °C. The ceramics were ground to a final dimension of
12 mm in diameter and 0.5 mm in thickness and then single-
side polished and cleaned in pure ethanol with an ultrasonic
bath and rinsed several times by deionized water before
spectral measurements. The detailed preparation process could
also be found in Ref. [12].

The crystalline structures of NBNWx ceramics were
investigated by XRD using a Ni filtered Cu K« radiation
source (D/MAX-2550 V, Rigaku Co.). A vertical goniometer
(Model RINT2000) was used in the XRD measurement, and
continuous scanning mode (6—-260) with a scanning rate of
10°/min and interval of 0.02° was selected. FIR spectra of
the NBNWx ceramics were measured by a Bruker Vertex
80V Fourier transform infrared spectrometer (Bruker Co.,
Billerica, MA) equipped with a specular reflectance setup.
The externally incident angle was set as 6°. A gold mirror
was adopted as a reference for the FIR spectra because
of its absolute reflectance, and its amplitude was recorded.
Temperature dependent Raman scattering measurements were
carried out by a micro-Raman spectrometer with a spectral
resolution of 1 cm™! (Jobin-Yvon LabRAM HR 800 UV) in
the temperature range of 77-800 K with a step of 25 K, and the
precision was about 0.5 K. A He-Ne laser with the wavelength
of 632.8 nm was taken as the exciting source. The laser
beam was focused through a 50x microscope with a working
distance of 18 mm. An air cooled charge coupled device (CCD)
(=70°C) with a 1024 x 256 pixels front illuminated chip
was used to collect the scattered signal dispersed on 1800
grooves/mm grating. On the other hand, the ellipsometric
measurements were carried out by near infrared-ultraviolet
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FIG. 1. (a) The XRD patterns and (b) enlaged XRD patterns of
the NBNWx ceramics at room temperature. Note that each spectrum
is shifted in intensity for clarity.

spectroscopic ellipsometry in the photon energy range of
2.3-5.7¢eV (V-VASE by J. A. Woollam Co., Inc.). The spectral
resolution was set to 5 nm and the incident angle was fixed
to 70°. The temperature range could be varied from 200
to 800 K using an Instec cell with liquid nitrogen cooling
accessory and frame water pump cooling (Janis ST-400). The
step was 25 K and the set-point stability was better than 1 K.
The ellipsometric data were fitted by the software package
WVASE32, which allows window corrections to be included as
a part of the model during the analysis process.

III. RESULTS AND DISCUSSION
A. Structural analysis

Figure 1 illustrates the XRD patterns of W-doped NBNO
ceramics measured at room temperature. As shown in Fig. 1(a),
the main phase of Nag 5Biy sNb,O9 (JCPDF No. 00-049-0608)
suggests that all NBNWx samples belong to the orthorhombic
phase with the space group A2,am(36). It indicates that W+
ions diffused Nb>* ions on the B site of the NBNO matrix
as desired since there are no secondary phases. The highest
diffraction near 29.4° can be assigned to a (115) peak, which
is consistent with the strongest diffraction peak (112n + 1)
of the Aurivillius phase [15]. In order to further analyze
the structure evolution of NBNWx ceramics, the enlarged
XRD patterns in the range of 26 from 31.9° to 33.5° are
shown in Fig. 1(b). It is clear that the (200)/(020) diffraction
peak can be identified by two distinguishable peaks when
x < 0.04. However, the (200) peak and (020) peak tend
to merge into a single peak when x > 0.06, which can be
attributed to a smaller ionic radius and higher value state of
WO [0.60 A with a coordination number (CN) = 6] than
that of Nb>* (0.64 A with CN = 6). Such phenomenon
can also be found in W doped CaBi;Nb,Og ceramics [28].
Moreover, the merger of (200) and (020) diffraction peaks can
indicate the increase of the lattice symmetry of materials [14].
Therefore, it can be concluded that the lattice symmetry of
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FIG. 2. (a) FIR spectra of the NBNWx ceramics at room
temperature; (b) enlarged parts in the range of 540-570 cm™!;
(c) the experimental (dotted line) and the best fitting (solid line) FIR
spectra of NBNO. (d) Real (¢,) and imaginary (¢;) parts of dielectric
functions extracted by fitting FIR spectra with a multi-Lorentzian
oscillator model. (e)—(h) The various frequency trends of some typical
infrared-active phonons with increasing W content. The solid lines

are a guide for the eyes to emphasize the various trends.

the ceramics with high W content (x > 0.04) is prominently
improved as compared to those with low W content (x < 0.04).

To further explore the structure variation with the W
content, the lattice vibrations of NBNWx ceramics were
investigated. Vibrational studies can be used to detect the
displacements of atoms or ions, some of which are related
to the polarization of the material. Raman scattering and IR
spectra are useful tools to explore the microscopic origin of the
ferroelectricity and detect the local order changes, especially
the significant variation in the anion-cation bond forces. The
theoretical calculation of phonons in the A2;am space group
of some two-layer Aurivillius materials, such as ABi;Nb,Oyg
(A = Ca, Sr, Ba) were previously reported [21]. For the
orthorhombic phase (A2,am, C,2), group theoretical analysis
provides the optical modes as I'P" = 21A4; (R,IR) + 204,
(R) 4+ 19B; (R,IR) + 21B, (R, IR), where R and IR stand for
Raman-active and infrared-active phonons, respectively [29].

Figure 2(a) shows the IR spectra of NBNWx ceramics in
the range between 120 and 700 cm~! at room temperature.
It can be seen that the reflectivity of NBNW6, NBNWS, and
NBNW10is higher than that of NBNO, NBNW3, and NBNW4
at a certain frequency region. The detailed separation trend
of infrared bands in the range of 540-570 cm™' is shown
in Fig. 2(b). To further analyze the effect of W content,
a fitting procedure using the multi-Lorentzian oscillator
functions was carried out. It is difficult to resolve all modes
in the spectrum on account of possible modes overlapping
and/or their small intensities. Therefore, we discerned 12
modes to fit the experimental spectra, and the well-fitted
infrared reflectance spectrum of NBNO is shown in Fig. 2(c).
Moreover, the dielectric functions can be derived through
Fresnel’s formula [30]: R(w) = |8(w)"/? — 1|2/|<§(cu)1/2 + 1%
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The real ¢, (w) and imaginary ¢; (w) parts of dielectric functions
of NBNWux are plotted in Fig. 2(d) and the positions of the
12 modes are assigned. The frequency trends of some typical
infrared-active phonons with increasing W content are shown
in Figs. 2(e)-2(h).

Because of the large atom number of the crystal unit
cell and complicated crystal structure, the mode assignments
for NBNO materials are still not clear. By reference to the
theoretical calculation of ABi;Nb,Oy (A = Ca, Sr, Ba) and
StBi; Ta,Oy [21,22], some typical modes assignments for
NBNWx are described as follows. The mode near 175 cm™!
is ascribed to the interactions of A- and B-site atoms with
the equatorial oxygen atom of the octahedron. The mode
at about 280 cm~! is related to the Bi-O (the apex oxygen
atom of the octahedral) stretching bonds while the Bi-O
bonds in the bismuth layers contribute to the frequency
around 540 cm~'. The mode around 600 cm~! belongs to
the octahedral bending modes, which are mainly caused by
the motion of the equatorial oxygen atom of the octahedron.
The four typical modes revealed in Figs. 2(e)-2(h) show
a blueshift with increasing W content. It indicates that the
B-site cation vibration and the cationic vibration in (Bi,0,)**
layers are influenced by W substitutions. As we know,
the W substitution would likely introduce some cationic
vacancies to maintain the electroneutrality, which may affect
the structure variation in the (Bi,0,)*" layer. Besides, the
obvious increment between NBNW4 and NBNW6 ceramics
indicates the remarkable distortion of structure variation,
which is consistent with the XRD results. The structural
distortion induced by W+ can be obtained by considering the
tolerance factor t = (R4 + RO)/ﬁ(RB + Rp), where Ry,
Rp, and R, are the ionic radii of A (Bi*" and Na™) and
B (Nb>* and WO*) cations and O%~ anions, respectively. The
average ionic radius appropriately matches the A-O or B-O
length in a cubic cell (t = 1). When ¢ < 1, the B-O bond
is longer than the A-O one. Therefore, the A-O-A structure
exerts a contraction on the corner-connected octahedra, which
will rotate to keep the B-O bond length [31]. In the case of
substitution of Nb>* by W+ the ¢ increases with increasing W
content since the W+ ionic radius (0.60 A) is slightly smaller
than that of Nb>* (0.64 A). The tensile stress on W-O bonds in
NBNWXx ceramics will induce higher dielectric constants [32].

B. Raman scattering

Temperature dependent Raman spectra were recorded to
elucidate the thermal evolution of NBNWx ceramics. As
an example, Figs. 3(a) and 3(b) show Raman spectra of
NBNO and NBNW6 ceramics at different temperatures. At
low temperature, the weak Raman peaks/shoulders cannot
be assigned since they come from the first- or second-order
Raman scattering and complicated asymmetric structure.
Some modes in the range of 250-400 cm ™! gradually become
weaker with increasing the temperature and finally disappear,
indicating the reduction of structural distortion and the
improvement of symmetry. The modes near 590 cm~! exhibit
a slight redshift with increasing temperature, which can be
ascribed to the thermal expansion of lattice and anharmonic
phonon-phonon interactions. As a function of temperature it
can be expressed by the perturbation model, which is written
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FIG. 3. Raman spectra of (a) NBNO and (b) NBNW6 ceramics
at different temperature after correcting for thermal population factor
and the corresponding multi-Lorentz peak fitting at 77 K. For clarity,
each spectrum is shifted in intensity.

as [33] o(T) = wg + Aw.(T) + Awy(T), where Aw.(T) =
—woy foT [2a(T) + ap(T) + ae(T)1dT, Awy(T) = A1 +2/
(ny — D]+ B[1 +3/(n — 1)+ 3/(n — 1)’)] + higher order
terms, n; = exp(hwy/2kpT), and n = exp(fiwy/3kpT). The
y is QGriineisen parameter. The parameters «,, o), and o,
are the thermal expansion coefficients in the a, b, and ¢
axes, respectively. It should be emphasized that the first term
wo represents the harmonic frequency of the optical mode
and the second one is related to the thermal expansion of
the lattice. Moreover, the third one corresponds to cubic,
quadratic, and higher order anharmonic coupling between
phonons. Therefore, the redshift of mode frequency with
increasing temperature is mainly due to the thermal expansion.
In addition, the low-frequency shifting, the weakening, and the
disappearing of Raman modes against temperature can suggest
a symmetry change [16].

In order to determine the temperature evolution of Raman
modes, all experimental spectra were decomposed into a series
of bands with the multi-Lorentzian oscillator approximation.
Notably, all spectra were corrected for the Bose-Einstein
temperature factor in the fitting process to eliminate the
contribution of the Bose-Einstein population factor from the
measured scattering intensity [34]. By fitting the Raman spec-
tra, some typical temperature dependent phonon frequencies
are extracted and shown in Fig. 4. Theoretically, Raman modes
at 180 and 215 cm™! are associated with the a(b)- and c-axis
vibrations of the B-site ions, respectively [24]. The modes
around 560 cm ™! mainly result from the the vibration of Bi-O
bonds in the (Bi,0,)*" layers, and the mode near 830 cm ™! is
dominated by the vibration of equatorial oxygen atoms in the
Nb-O plane [21,22]. From Fig. 4, it is apparent that the typical
modes show an obvious redshift with the temperature, which
can be ascribed to the thermal expansion of the lattice and
anharmonic phonon-phonon interactions as mentioned above.
However, the abnormal phonon shift beyond about 500 K for
NBNO and 610 K for NBNW6 cannot be only explained by
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FIG. 4. The various frequency trends of some typical Raman-
active modes with increasing temperature for (a)-(d) NBNO and
(e)—(h) NBNW6 ceramics. The shaded stripes show the boundaries
of adjacent phases and the solid lines are a guide for the eyes to
emphasize the various trends.

the temperature effect, which may illustrate that there is one
intermediate phase transformation (7* ~ 500 K for NBNO,
and T* ~ 610 K for NBNW6) in the temperature range
of 77-800 K. As observed in SrBi;Ta;Oy and BizTiNbOy,
the subtle change of Raman modes upon heating suggested
an intermediate symmetry between the ferroelectric A2;am
phase and the paraelectric 74/mmm phase [24,35]. Hence,
it is reasonable to consider the anomaly as an intermediate
phase transformation before the ferroelectric transformation
appears. Especially, the mode near 830 cm™! is dominated by
the apparent vibration of equatorial oxygen ions in the Nb-O
plane, which is not sensitive to the temperature. Moreover,
the structural change of the intermediate phase transformation
is relatively weak, as compared to the following ferroelectric
phase transformation at about 1043 K, which is usually ignored
by simply structural analysis. Thus, more research is necessary
to confirm the intermediate phase transformations of NBNWx
ceramics.

C. Spectroscopic ellipsometry

Spectroscopic ellipsometry is a sensitive and nondestructive
optical technique, which can measure the relative changes in
the amplitude and phase in the particular direction of polarized
lights upon oblique reflection from the sample surface. The
experimental parameters measured by ellipsometry are the
complex ratio p(hv) in terms of W(hv) and A(hv), which
are a function of the incident angle, photon energy Av, and
optical functions &(hv) of measured materials [36]. In order to
extract the dielectric functions [E(hv) = &,(hv) + ig;(hv)] and
other physical parameters of NBNWx ceramics, we modeled
a three-layer structure (air/surface rough layer/ceramic) to
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evaluate the ellipsometric spectra [37]. The surface rough layer
is taken into account by the Briiggeman effective medium
approximation (EMA), which is described by the assumption
of 50% void component and 50% NBNWx bulk material
[38]. Tauc-Lorentz and Gaussian oscillator models were used,
which can abide by Kramers-Kroning constraints [39]. A
single Tauc-Lorentz oscillator defined the optical band gap
E,, and the best fit resulted from the addition of one Gaussian
oscillator. The Gaussian oscillator was placed above the
E, in the fitting process, which represents a band-to-band
transition [40]. Moreover, it is well known that the band
structure observed in the dielectric spectra is attributed to
interband transitions. Consequently, a standard critical point
(SCP) model was performed to study the temperature evolution
of interband transitions. The SCP model is defined as [25]
E(hv) = C — Ae'?(hv — hv + iT')". Here, A is the amplitude
to describe the critical point, 6 is the excitonic phase angle, hvy
is the electronic transition, and I" is the broadening. In addition,
the values of the exponent n are —0.5, 0 [In(hv — hv, +iT7)],
and 0.5 for one-, two-, and three-dimensional critical points,
respectively. Correspondingly, we calculated numerically the
second partial derivative of the dielectric function 3%&/d(hv)?
to determine the electronic transitions in dielectric spectra
and perform a line-shape analysis of the critical point. The
expression of the second derivative can be written as follows:

328

_ i0 s\ —2
Sy Be'"(hv — hv, +i0)" 7. €))]

Specifically, the 328 /3(hv)? values were directly calculated by
the original data because the surface roughness layer mainly
affects the electronic transition intensity at other than the center
energy.

Figure 5(a) and 5(b) show the the experimental ellipso-
metric and the best fitting spectra ¥ and A of NBNW4 and
NBNW6 ceramics at room temperature. A good agreement
between the experimental and calculated spectra can be found
in the entire measured photon energy range. The thickness
of roughness layer was obtained (3 £ 1 nm) for NBNWx
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FIG. 5. The experimental ellipsometric (dots) and the best fitting
(solid lines) spectra W and A of (a) NBNW4 and (b) NBNW6 at
room temperature. (c) The derived dielectric functions of the NBNWx
ceramics. (d) The optical band gap (E, ) as a function of the W content.
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ceramics, which is in common with the results of atomic force
microscopy (AFM). The derived dielectric functions of the
NBNWXx ceramics in the photon energy range of 2.3-5.7 eV
are shown in Fig. 5(c). The dielectric constants &, and &; with
the photon energy are the typical optical response behaviors
of dielectric materials. It is remarkable that the imaginary
parts &; of all NBNWx ceramics are close to zero below
the absorption edges, indicating that there are no additional
electronic transitions in the low energy region. With further
increasing photon energy, &; shows a sudden increase, derived
from a strong absorption (near about 3.5 eV), which shows the
interband electronic transition from the valence band (VB) to
the lowest conductive band (CB). Meanwhile, the parameter ¢,
increases with the photon energy and approaches the maximum
value around 4.3 eV, then decreases because of the known
Van Hove singularities. The inset of Fig. 5(c) shows that the
absorption edges of ¢; spectra have a blueshift with increasing
W content. Figure 5(d) shows the model parameter E, as a
function of W content. It can be found that the value of E,
is about 3.5 eV for NBNWx ceramics, which is similar to
some other Aurivillius layered materials such as BaBi;Nb,Og
and CaBi;Nb,Og [41]. With the W content, the parameter E,
linearly increases from 3.46 to 3.56 eV, then remains at 3.56 eV.
The increasing E, with the W content is also observed in W
doped CaBi;Nb,Og and it highlights that the band structure is
changed by the substitutive atom [28].

To confirm the intermediate phase transformations of
NBNWx ceramics, temperature dependent SE spectra have
been recorded. Figs. 6(a)-6(c) display the derived real &,
and imaginary ¢; parts of the dielectric functions for NBNO,
NBNW4, and NBNW8 in the photon energy range of 2.3—
5.7 eV at several temperatures, respectively. The imaginary
parts €; of all NBNWx ceramics are in close proximity to zero
in the region E < E,. In the region E > E,, the & spectra
are dominated by two intense interband excitonic absorption
critical point (CP) features around 3.8 and 5.0 eV, marked by
arrows in Figs. 6(a)-6(c) (hereinafter, E.,; and E.,»). The two
CPs are inconspicuous in Figs. 6(a)-6(c); however, they can be
clearly observed after calculating the second partial derivative
spectra of the pseudodielectric function. Figure 6(d) shows
the second partial derivative spectra for the imaginary part
of NBNO at some temperatures as an example. Two evident
dips dominate the derivative spectra, which indicates that there
are two probed electronic transitions. Moreover, the second
partial derivative spectra have a redshift trend with increasing
temperature, which can be mainly ascribed to the temperature
effects derived from the lattice thermal expansion and the band
structure renormalization [25]. The accurate energies of CP
features are obtained by fitting the second derivatives of the
complex dielectric functions. Figure 6(e) shows the second
derivatives of the complex dielectric functions spectra and the
best-fitted spectra by the SCP model at 200, 400, and 700 K for
NBNO, respectively. Table I displays the fitting parameters at
some temperatures for comparison. The thermal evolution of
interband electronic transition energies for NBNWx ceramics
are plotted in Figs. 6(f)—-6(i). The parameters E.,; and E.,»
show a typical redshift trend with the temperature. The value
of E.p gradually shifts to lower energy from 3.83 to 3.60 eV
and the E ., shifts from 4.93 to 4.65 eV from 200 to 600 K for
NBNO. Then, both of them remain nearly unchanged beyond
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(solid lines) at 200, 400, and 700 K for NBNO. Two interband transition E.,; and E,,, features are marked by arrows. (f)—(i) The thermal
evolution of E.,; and E.,, energy for NBNO and NBNW6, respectively. The shaded stripes show the boundaries of adjacent phases and the
solid lines a the guide for the eyes to emphasize the various trends.

600 K. For NBNW6, both E.,; and E.,, show different of the complete symmetrical structure of paraelectric phase,
trends beyond about 610 K. The E,; is mainly dominated  the off-center B-site cation will travel smoothly to the center
by A-cation p orbits and O-anion p orbits while E.p, is position of BOg along with the phase transformation from
associated tightly with B-cation d orbits [27]. On account ferroelectric to paraelectric structure. The motion of the B-site

TABLE 1. Parameters of the SCP model for NBNWx ceramics extracted from the best fitting second derivatives of the complex dielectric
functions at several temperatures. Note that the 90% reliability of the fitting parameters is given in parentheses.

Samples x =0.00 x =0.03 x =0.04 x =0.06 x =0.08 x =0.10
T (K) 200 425 725 200 425 725 200 425 725 200 425 725 200 425 725 200 425 725

A .14 113 121 136 132 132 1.13 091 076 189 1.01 121 1.05 140 0.89 133 120 0.90
(0.03) (0.05) (0.04) (0.01) (0.03) (0.03) (0.03) (0.01) (0.08) (0.01) (0.01) (0.05) (0.00) (0.12) (0.04) (0.01) (0.10) (0.05)
¢ (deg) 142 137 135 145 142 139 140 138 129 147 144 134 144 138 134 144 140 136
(0.04) (0.05) (0.06) (0.01) (0.01) (0.03) (0.02) (0.03) (0.19) (0.01) (0.06) (0.05) (0.01) (0.03) (0.03) (0.02) (0.06) (0.01)
E. (eV) 383 370 359 385 375 3.64 378 3.68 343 3.83 372 355 383 369 354 381 3.69 3.55
(0.01) (0.01) (0.01) (0.00) (0.01) (0.01) (0.00) (0.01) (0.03) (0.00) (0.02) (0.01) (0.00) (0.00) (0.01) (0.00) (0.00) (0.01)
ryev)y 053 054 060 057 056 062 057 052 051 058 054 0.64 054 060 055 061 058 0.56
(0.00) (0.01) (0.01) (0.00) (0.01) (0.01) (0.00) (0.00) (0.01) (0.00) (0.01) (0.01) (0.00) (0.02) (0.01) (0.03) (0.01) (0.01)
A, 511 692 9.02 345 421 531 11.85 7.05 102 388 510 830 589 541 9.76 627 6.16 1778
(0.19) (0.42) (0.15) (0.21) (0.03) (0.25) (0.30) (0.19) (0.07) (0.05) (0.09) (0.10) (0.04) (0.18) (0.07) (0.10) (0.42) (0.16)
¢ (deg) 223 220 215 238 224 21.7 221 21.6 216 231 223 21.7 225 221 214 231 224 216
(0.03) (0.08) (0.04) (0.02) (0.04) (0.14) (0.05) (0.09) (0.03) (0.02) (0.05) (0.04) (0.03) (0.05) (0.01) (0.09) (0.04) (0.08)
E.n(eV) 493 478 457 534 490 459 483 460 447 512 481 463 495 483 452 514 487 453
(0.01) (0.01) (0.01) (0.00) (0.01) (0.05) (0.05) (0.01) (0.01) (0.01) (0.02) (0.02) (0.02) (0.01) (0.00) (0.03) (0.02) (0.02)
rev) 113 126 138 092 103 1.18 1.65 133 145 111 123 134 122 1.15 139 135 131 130
(0.01) (0.03) (0.07) (0.02) (0.01) (0.02) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.02) (0.01) (0.02) (0.04) (0.02)
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TABLE II. Optimized lattice parameters of NBNO for A2,am,
Amam, and 14/mmm.

a(A) b (A) c(A) V(A%
A2iam 5.519 5.468 28.007 845.33
Amam 5.481 5.465 27.857 834.58
14/ mmm 3915 3915 25.008 383.37

cation affects the orbital hybridization between atoms in BOg
octahedra, which leads to the evolution of E.,; and E.,
with the temperature. Therefore, the abnormal change of
interband electronic transition energies E.,; and E ., with
temperature suggests structural transformation, which could be
ascribed to the structural distortion induced by the intermediate
phase transformation [27,42]. As we expect, the interband
electronic transitions with temperature agree well with the
results from Raman scattering. The observable intermediate
phase transformation of NBNWx ceramics can be deduced to
occur at about 600 K.

D. Physical mechanism

To further clarify the evolution of electronic band struc-
ture for NBNWx ceramics, first-principles calculation was
performed. As far as we know, there has been no report
about the structure of an intermediate phase for NBNO.
Therefore, we chose space group Amam as the reference
structure by referring to similar systems (SrBi;Nb,Oyg) [43].
The theoretical calculations were carried out only for NBNO
to simplify the calculations. The generalized gradient ap-
proximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)
[44] for the exchange correlation interaction and the election
interaction was employed along with a kinetic energy cutoff of
370 eV. The structure transitions of NBNO can be described
by the ferroelectric orthorhombic in space group A2iam at
room temperature, the paraelectric orthorhombic phase in
reference space group Amam near 600 K, and the paraelectric
tetragonal structure in space group /4/mmm above 1000 K.
Structural optimizations were performed for the three phases
and the ions were fully relaxed toward equilibrium until the
residual forces on each atom were less than 0.03 eV/A. The
corresponding structures and equilibrium lattice parameters
are presented in Fig. 7 and Table II, respectively. Previous
studies pointed out that the structural phase transformations
are embodied in the degree of combined distortion, which
involves the tilts of BOg octahedra and the displacement of
B-site atoms in the octahedra [45]. In particular, the A2;am
structure can be distinguished from the tetragonal structure by
both the rotations of the NbOg octahedra and the displacement
of atoms along the a axis from Fig. 7. In the paraelectric
Amam phase, the distortion of NbOg octahedra is decreasing.
Moreover, the movement of the O atoms weakens the tilt
about the ¢ axis. There are no tilt and rotations of the
NbOg octahedra in 14/mmm tetragonal structure, ensuring the
structural symmetry of the body-centered tetragonal system.
In addition, the lattice constants in the present work are in
reasonable agreement with the experimental values [11,43].

It has been verified that the orbital hybridization and
covalency play a crucial role in structural distortion and band

PHYSICAL REVIEW B 96, 024101 (2017)

14/mmm

Amam

FIG. 7. Crystal structure of NBNO in three different phases.
(a) Ferroelectric phase with space group A2,am, (b) intermediate
phase with possible space group Amam, (c) paraelectric phase with
space group /4/mmm.

structure of ferroelectrics [46]. Figures 8(a)-8(c) show the
band structure and density of states (DOS) of pure NBNO with
different phases. The band structure of the paraelectric phase
is quite different from those of ferroelectric and intermediate
phases on account of the high symmetry structure. Detailed
analysis shows that the leading interband transitions of the
absorption edges derive from O-2p/Na-2p to Nb-4d for the
three phases. The Na-2p state makes more contributions to
the VB of paraelectric phase than that of the other phases,
especially at the top of the VB. Moreover, the band gap
of the paraelectric phase is indirect, while ferroelectric and
intermediate phases have direct band gaps. Apparently, the
top of the VB is predominantly constituted by the O-2p and
Na-2 p states and the bottom of the CB is dominated by Nb-4d,
O-2p, and Bi-6p states. The direct electronic transition of
the optical band gap is about 1.99 eV for the ferroelectric
phase in Fig. 8(a), which fits well with similar Aurivillius
layered materials such as SrBi;Ta,Ogy and SrBi;Nb,Og (2.44
and 2.35 eV, respectively) [43]. The optical band gap is
about 1.61 eV for the intermediate phase and 1.66 eV for
the paraelectric phase in Figs. 8(b) and 8(c), respectively.
As a well-known problem of calculations based on density-
functional theory (DFT), the calculated optical band gaps are
underestimated by about 20%—30%, as compared to the experi-
mental values. However, the variation trends between different
phases are in good agreement with the experimental results in
Figs. 6(f)-6(h). The narrower band gap of the paraelectric
phase than that of ferroelectric phase can be attributed to the
off-center displacements of the B-site cation and the buckling
effect between the NbOg octahedra and the (Bi,0,)*t layer
[43]. The distortion of structure can enhance the hybridization
between Nb-4d and O-2p (the planar oxygen of octahedra)
states and the hybridization between Bi-6s6p and O-2p (the
apex oxygen of octahedra) states, which leads to a larger
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FIG. 8. Calculated band structure and corresponding density of
states for (a) ferroelectric, (b) intermediate, and (c) paraelectric phases
of NBNO.

band gap in the ferroelectric phase. Moreover, the change of
optical band gap with the W content also can be explained by
the first-principles calculation. As the W-54 orbital is more
extended than the Nb-4d orbital, the W-5d state introduced
in CBs will shift the bottom of conduction bands to higher
energy states. Therefore, a suitable replacement could result in
the enlargement of the band gap in NBNWx. The fact that the
E, remains at 3.56 €V with the W content more than 0.06 can
be attributed to the changed of lattice symmetry. In principle,
most of the interband transitions from ellipsometric spectra can
be well supported by the density functional theory calculations
[26,27,42]. This indicates that the variations of electronic
transitions can be applied to judge the phase transformations
in ferroelectric materials.

E. Phase diagram

Combining with experiments and theoretical analysis, a
phase diagram with the intermediate phase of NBNWx has
been completed. Figure 9 includes the present results and

PHYSICAL REVIEW B 96, 024101 (2017)

1100
14/mmm

1050 F
) 1000,; intermediate phase 1
5
= 650
5 Al
5 600f
) |

550 l
l A2,am i

00.00 0.02 0.04 0.06 0.08 0.10
W content (x)

FIG. 9. Phase diagram of NBNWx ceramics with different W
contents. The phase transformation temperatures in the present work
are marked with the symbols A for Raman and V for SE results and
the values marked by the symbol B are our previous work (Ref. [12]).

earlier studies of NBNWux ceramics [12]. The existence
of the intermediate phase transformation is consistent with
the basic paradigm from the Landau theory of structural
phase transformations. It is established experimentally that
these transformations involve approximate rotations of BOg
octahedra and the displacement of ions along the a axis [47].
In the modern theory of polarization, a switching path connects
the negatively oriented structure with opposite polarization, the
positively oriented structure with its enantiomorphic coun-
terpart. Hence, passing through an intermediate phase is
crucially important. Although the actual switching path should
obviously be more complex, the atomic positions are assumed
to travel smoothly from positive to negative orientation
through the intermediate phase. It is difficult to explain a
phase transformation from ferroelectric orthorhombic phase to
paraelectric tetragonal phase directly without an intermediate
phase. Therefore, it is reasonable to consider the anomalies
of phonon and CP shift with temperature as an intermediate
of ferroelectric-paraelectric phase transformation before the
ferroelectric transformation at about 1043 K. Nevertheless, it
is clear that the intermediate phase transformations extracted
from temperature dependent SE and Raman spectra are not
at the same point in Fig. 9. This can be attributed to the
unstable intermediate phase structure and the experimental
temperature step of 25 K, which can induce the above
errors. Combining with the results of temperature dependent
Raman and SE spectra, the intermediate phase transformations
between 14/mmm and A2iam in W doped ceramics have
been extracted to about 560 K for NBNO, 600 K for NBNW3,
600 K for NBNW4, 620 K for NBNW6, 600 K for NBNWS,
and 560 K for NBNW10, as shown in Fig. 9. As mentioned
above, the phase transformations of the ferroelectric materials
would be reasonably related to the polarization. Therefore, the
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determination of intermediate phase is important for future
applications in high temperature devices.

IV. CONCLUSIONS

In conclusion, structure evolution of
Nag 5sBiy sNby_ W, 0945 (x =0, 0.03, 0.04, 0.06, 0.08,
and 0.10) ceramics with doping and temperature have been
investigated by spectral experiments such as x-ray diffraction,
far-infrared reflectance, Raman scattering, and spectroscopic
ellipsometry. With increasing W content, the lattice symmetry
has been improved and the optical band gap increases slightly
from 3.46 to 3.56 eV, which can be attributed to the smaller
jonic radius and higher valance state of W% (0.60 /ok) than
that of Nb°* (0.64 A). The intermediate phase transformation
of NagsBiysNbyOg-based ceramics was first found by
temperature dependent Raman scattering at about 600 K.
Moreover, the appearance of phase transformations has been
confirmed by the various trends of electronic transitions
extracted by SE. With the aid of first-principles calculations
for NBNO in different phases, the crystal structures have

PHYSICAL REVIEW B 96, 024101 (2017)

been determined. In addition, the redshift behavior of the
absorption critical points E.,; and E .y, could be attributed
to the B-site cation position and the buckling effect between
the NbOg octahedra and (Bi,O,)>* layer. Finally, the phase
diagram for NBNWx has been improved. The experimental
and theoretical results clearly manifest that the phase
transformation in ferroelectric materials could be discovered
by noncontact and nondestructive optical methods.
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