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Abstract: Complex perovskite microwave dielectric ceramics (MWDCs) of A(B;;:B;;)Os-type (A=Ba, Sr,...; B'=Mg, Zn,...; B"=
Nb, Ta), which exhibit excellent dielectric properties, have currently been widely used in microwave and millimetre wave devices.
Vibrational spectra, including both Raman and far-infrared (FIR) spectra, are powerful tools to investigate the atomic thermal
vibrational properties of MWDCs and reveal the intrinsic origin of dielectric properties. In this review, lattice dynamics and
phonon characteristics of the A(B{:B;;)Os:-type MWDCs are summarised and presented in detail to introduce remarkable
progress in this field and make a guide for the design of novel advanced MWDCs. The atomic sites and the corresponding
modes in Raman and FIR spectra are identified and illuminated. The effects of the processing conditions and the ordered
superstructures in the nanoscale region on vibrational modes are summarised systemically. Intrinsic properties can be
extrapolated from the fitting results of FIR spectroscopy, which were also discussed based on the Kramers—Krénig relations,
Lorentz three-parameter classical model and four-parameter semi-quantum model. The correlations between vibrational modes
(phonons), crystal structures, and dielectric properties are created, which can help to build the mathematical models so as to

understand the structure—property relationship of MWDCs better.

1 Introduction

Nowadays, wireless communication systems have stepped into the
microwave and millimetre (MW, 300 MHz—3000 GHz) frequency
range, where advanced functional ceramic materials are usually
served as capacitors, substrates, and filters in wireless
telecommunication devices [1-4]. Generally, dielectric materials
used in these devices are called microwave dielectric ceramics
(MWDCs), which usually present appropriate dielectric constants
(e;), high-quality factors (Qxf), and near zero temperature
coefficient of resonant frequencies (TCF/zg). The applications of
ceramic materials in various microwave components accelerate
further considerable miniaturisation of communication devices,
which requires high-dielectric constants (because there is an
inverse relationship between the size of resonators and \/s_r, i.e. the
materials with high-dielectric constants are preferable due to the
benefit of size reduction) with a small or zero TCF (<+10 ppm/°C).
Moreover, MWDCs with high-Q factor are required for the
resonators and filters with high performance [5-10].

The concept of the dielectric resonator was put forward by
Richtmyer in 1939 [11] and it offers superiority in minimisation
and signal selectivity compared with the traditional materials. By
now, a series of MWDCs with a range of permittivities have been
developed as follows: (i) (Mg,Zn)TiO3, for &.~20, (ii)
A(Bi{3B;/3)O;-type (4 =Ba, Sr; B'=Mg, Zn,...; B"=Nb, Ta), for ¢,
~ 3040, (iii) (Sr,Ca)TiO3—(La,Nd)AlO3, BaTi4Oy, and Ba,;TigO»,
for e, ~ 4045, (v) BaO-LnyO3-TiO, (Ln=La, Nb, Sm) for &>
70, etc. [12-27]. Among these MWDCs, the A(Bi;B3/;)0s-type
complex perovskite ceramics has two different oxidation state
elements on the B-sites, i.e. B’ (divalent) and B" (pentavalent) ions.
Generally, the B-sites that are located in the centre of oxygen
octahedron are occupied by the transition metal ions and
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surrounded by larger A-site ions. The multiple cation substitutions
for either A/B sites, or both, form the complex perovskites. Owing
to the principles of chemistry, the complex perovskite ceramics
with the A(Bj;;B;/5)0; formula can form numerous compounds with
different dielectric properties, combined ionic radius, tolerance
factor, valence etc. [28].

The ideal ABO; perovskite ceramic has a cubic structure with a
space group of Pm3m and it is made up of a three-dimensional
(3D) network of corner-sharing BOg octahedral, with the A-site
cation filling the 12 coordinated cavities, i.e. cuboctahedral holes.
The classic standard cubic perovskite structure is observed in
SrTiOs3. The Ti*" ions are placed at the corners, and the Sr2" ions

are at the centre of the cubes, and the O2?~ ions are at the centres of
the 12 cube edges, giving corner-shared strings of TiOg octahedral
[29]. The ABOj perovskite structure is very flexible and can
accommodate most of the metallic elements in the periodic table
[30]. Another description is in terms of the close packing of A and
O ions such that the AO; layers are stacked one over the other.
Thus, when the stacking of the AO5 layers is cubic, the B cation
octahedral sharing all corners can form the ideal perovskite
structure [31-34].

Based on the ionic radii in A/B sites, the substitution in the A
and B sites can cause tilting of the oxygen octahedron, which
reduces the volume of the cuboctahedron until it adapts the size of
the A cations and generates several ordered perovskite structures
[32, 33]. Fig. 1 shows the crystal structure of the Ba(Mg;3Ta;/3)O3
(BMT) as an example. The small spheres, medium spheres, and
large spheres denote oxygen atoms, Mg/Ta atoms in [TaOg]
octahedron, and Ba atoms, respectively, and the B cations occupy
the octahedral holes.

1

This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)



Fig. 1 Crystal structure of ordered BMT [35]

Tilting of an octahedron (BOg) reduces the symmetry of the
structure [30]. As a result, dielectric properties can be modified by
adjusting the degree of tilting of BOg octahedron [36], whose
existence in the Ba;_,Sr,(Mg;;3Tay/;3)0O3 (BSMT) ceramics was
first verified by Nagai et al. [37], and the octahedral tilting in
simple cubic perovskite was also investigated by Glazer [38] and
Aleksandrov [39]. Furthermore, the correlation between 7y and
octahedral tilting was studied by Reaney et al. [40] in the Ba- and
Sr-based 1:2 ordered complex perovskite ceramics. Subsequently,
new models were developed by Nagai et al. [41] to study the
octahedral tilting in the 1:2 ordered structures. Two regions in
Ba;_Sr,(Mg;/3Nby/3)O3 (BSMN) ceramics were recognised by
Lee et al. [37, 42]: the 1:2 ordered trigonal structures without/with
octahedral tilting [43].

The B-site ordering is remarkably influenced by ionic radius
and electrovalence of B’ and B” cations. Depending on the
differences of ionic radius and electrovalence between the B’ and B
" cations, these compounds can adapt ordered or disordered
structures. Particularly, the complex perovskites with non-ideal A—
O and B-O bond distances and distorted non-cubic symmetries are
meaningful in future microwave communication development in
high-frequency communication. The ordering leads to a trigonal
unit cell whose c-axis is along the (111) direction of the original
perovskite with a B~B"-B"-B'... layer sequence, which is called
long-range ordering (LRO). The corresponding unit-cell
parameters are a = 2\/a_c and ¢ ~ \/gac, and the space group
subsequently changes to P3ml(D;;, trigonal quasi-layered
structure). In the study of Takahashi et al. [44], four possible 1:2
ordered models for BMT with space groups, P3ml (164), C2/m
(12), Cmem (63), and P2;/m (11), were assumed, in which Mg2*/

Ta>" ions are arranged along different directions. Based on the
first-principle calculations, the 1:2 ordered BMT with the
symmetry P3ml (164) is the most stable one. The charge
compensation in a cubic phase is obtained only on the average if
the B-site ions are distributed randomly, which is called the
disordered structure [45], i.e. an effective mean symmetry
corresponds to the simple perovskite structure Pm3m(O},) space
group with a ~ a., wherein the A cations are at (0, 0, 0), while both
B' and B" share (1/2, 1/2, 1/2) and oxygen atoms centre the face
(1/2, 1/2, 0). However, depending on the nature of the cations,
another non-stoichiometric 1:1 ordering exists, which is described
as a cubic unit cell (a~2a;) in the Fm3m space group. The 1:1
ordered model of B cations exist in nanoscale regions, and is called
short-range ordering, while the other regions are disordered [46,
47].

The dielectric properties are mainly depended on ionic
polarisation and are closely related to lattice dynamics. For
example, lattice vibration information is indispensable for
understanding dielectric loss, and lattice vibrational spectra of the
A(B{;3B;/5)Os-type MWDCs have been of particular interest [48,
49], i.e. the number and symmetry of the phonon modes can reflect
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the dielectric properties because the dielectric response at
microwave frequencies mainly lie on the characteristics of the
polar optical phonons [50]. Therefore, an acquaintance of the
phonons is imperative for understanding the dielectric response of
MWDCs. Raman scattering and infrared (IR) spectroscopic
techniques are extensively applied to study the crystal structures of
MWDCs by analysing their optical phonons [51, 52].

Raman scattering spectroscopy is sensitive to ordering—
disordering of the local crystal structure. Complex cation
arrangements usually lead to changes in the vibrational spectra in
comparison with the simple ABOj structure. Therefore, Raman
scattering can play a useful probe to identify the ordering of B-site
and evaluate LRO degree of the A(Bj3B5/;)Os-type MWDCs [53]. It
allows spectroscopic evaluation of the degrees of LRO of ordered
structures, and one can make use of that information to make a
partial assignment of the vibrational modes. Moreover, the study of
the Raman spectrum of MWDCs proposed the existence of short-
range 1:1 ordered structures [45, 46]. The 1:2 ordered structure-
related phonon vibrations have a strong correlation with the
microwave properties [50], however, whose intensities are too
weak to be detected in many samples. Thus, the characteristics of
the oxygen octahedral stretch modes can present the dielectric
properties of MWDCs [53]. Also, usually, the ordered structures
can be induced by introducing small amounts of tetravalent ions or
processing parameters.

The far-IR (FIR) spectroscopic technique can characterise the
dielectric response [54], i.e. the FIR spectra of MWDCs respond to
the characteristics of lattice vibrations. lonic radius and 1:2
ordering are important and affect the FIR vibration characteristics.
Through a damped oscillator model fitting, such as the classical
harmonic oscillator mode, the spectrum can provide the
frequencies and damping factors of the phonons, which are related
to the crystal structures indirectly and can be used to extrapolate
the intrinsic dielectric properties at microwave frequencies. FIR
measurements have also been applied to understand the origin of
the low-loss MWDCS in terms of the phonon modes [55, 56].

In brief, lattice vibrational spectra, including both Raman and
IR spectroscopy, are very useful to study the atomic thermal
vibrations of MWDCs, which can provide important information
for the crystal structures and the origin of the intrinsic properties.
In this review, the lattice dynamics and phonon characteristics of
the A(Bj;3B;/5)0s-type MWDCs are presented in detail in order to
summarise remarkable progress in this field and make a guide for
the design of the next generation advanced MWDCs. The basic
theory of the lattice vibration is stated to show its meaning,
function, and application to MWDCs, as well as the prediction of
the number and type of phonon modes using group theory analysis.
The atomic sites and corresponding modes in Raman and FIR
spectra are identified, as well as the illustration of the phonon
modes are presented for the single phase and solid solution
ceramics. The effects of the processing conditions and the ordered
superstructures in the nanoscale region on the phonon modes are
summarised systemically. The correlations between phonon modes,
crystal structures, and dielectric properties are built, which help to
create a mathematical model for the structure—property
relationships of MWDCs.

2 Basic theory about lattice dynamics
2.1 Basic concepts of lattice dynamics

The movements of electrons and atomic nucleus dominate the
functional properties of most solid materials. By Born—
Oppenheimer approximation, the movement of electrons and
nuclear can be discussed separately because of the significant
differences in mass and velocity between them. The electrons move
faster than the nuclear and the movement of the nuclear can be
considered as the atomic movement. Lattice dynamics study the
vibration of atoms at a finite temperature in crystallised systems, is
well developed in the theory of solid-state physics [57-59], which
helps to study the macroscopic properties from the microcosmic
aspect and is a benefit to creating the correlation of structure—
property, also does good to the structure/properties modulation.
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Fig. 2 Sketch of phonon dispersion curve in a diatomic chain. A: acoustic
branch; O: optical branch

Fig. 3 Sketch of lattice wave in a diatomic chain at SWL and LWL. A:
acoustic; O: optical

We take a 1D period diatomic chain as an example to discuss
some basic concepts of the lattice dynamics. There are two
different independent lattice waves w— and w+, which are defined
as acoustic (A) and optical (O) ones, respectively. Plotting the w—gq
curve as in Fig. 2, we obtain the dispersion of lattice waves with
two branches. w is periodic with the periodicity 2z/a, which is the
reciprocal lattice constant of the chain. Thus, the lattice waves can
be described within the first Brillouin zone from —z/a to +x/a.
Furthermore, considering the boundary restriction of the N unit
period, only a discrete gis allowed

q =2nn/Na. 1)

From (2), the displacement pattern (vibrational mode or
phonon) is controlled by the wave vector ¢. Thus, there are
different vibration patterns and vibration frequencies at different ¢
points. Two limits for these lattice waves are short wavelength
limit (SWL, g—+n/a) and long wavelength limit (LWL, g—0, the
centre of BZ: I'). The vibrational modes of the diatomic chain at
these two limits are shown in Fig. 3. Here, we only discussed the
longitudinal wave (L), which means that the vibration direction is
parallel to wave vector/propagation direction. However, there
might be two transverse waves (T) with the vibration perpendicular
to the wave vector. The lattice dynamics can also be interpreted by
quantum language, where vibrational modes called as phonons
have quantised energy (» as an integral number)

E= (n + %ha)) 2

For the 3D crystals, the vibrational modes/phonons and phonon
dispersion are very complex. We generally plot the dispersion
curve along with some special BZ paths (usually follow the high-
symmetry points in the first BZ) and use phonon density of state
(integration of the phonon states against vibration frequencies) to
describe the phonon properties in the 3D crystals. The phonon
dispersion curve often has longitudinal acoustic, transverse
acoustic, longitudinal optical (LO) and transverse optical (TO)
branches. If there are N atoms in the primitive cell and each atom
has three vibration freedoms, 3N branches in dispersion curves in
the 3D BZ exist. Among these branches, there are three acoustic
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ones and 3N—3 optical ones. There are different vibrational
patterns (phonons) with different symmetries at different g-points
and some phonons might interact with other ones showing multi-
phonon (high-order) properties. However, for general vibrational
measurements (Raman or IR) discussed here, only the modes at
LWL (I point of BZ) will be detected. Moreover, in most Raman
and IR measurements, the high-order phonons show much weaker
intensities, which can only be obviously recognised in resonance or
high-resolution Raman scattering and high-resolution IR
absorption measurements, which are the techniques not popular in
current material studies. Thus, we only focus on the first-order I'
phonons in this study. These modes have identical vibrations for
every primitive cell and reserve all the symmetry operations of the
system (crystal symmetry) while modes at other BZ points will
lose some symmetries.

2.2 Symmetry of vibrational modes

As discussed above, for the vibrational modes in a crystal system,
only the primitive unit cell needs to be analysed. These vibrations
are constrained by the symmetry of crystallography and can be
described using space group theory mathematically. All the
equilibrium atomic locations/sites follow specific symmetry
operations and each atomic site has its own symmetry. As long as
the crystal structure is given, the mode symmetry is determined and
can be predicted from group theory analysis. Vibrational modes are
displacements of atoms with each Wyckoff site atom correlated by
the symmetry. Thus, one can construct the components from group
theory analysis using atomic displacement (vector) as freedoms.
These component displacements are called symmetry coordinates
of vibrational modes showing special symmetry (e.g. 4g, 4y, E)
and basis (e.g. translatory T,, 7,, T, rotary Ry, R, R
porlarisability oy, oy, etc) [60]. Symmetry coordinate symbols are
often marked as small letters (e.g. ag, ay) to be distinguished from
phonon modes symbols. The exact vibrational modes are linearly
combined symmetry coordinates with the same symmetry. For
example, there are four a, symmetry coordinates in Mg-Ta ordered
BMT and four 4, vibrational models are combined [48]. Generally,
the exact proportions of symmetry coordinates in a vibrational
mode can only be decided from the Hessian matrix, which means
the atomic mass and force field are needed. There are many
different ways to calculate the vibrational modes of single crystals,
of which, density functional theory calculation is a very successful
method [61-63].

For lattice dynamics, the most important thing is to study the
thermal movement of atoms, especially their reflection in Raman
and FIR spectroscopies. The modes should be assigned and
illustrated accurately, i.e. people can know what atom and which
movement cause these vibrations, and also know the relationship
between lattice vibrations and structures or properties

P = aE = apEcos(wit — k, - r)
+% AapE{cos[(w, — w)t — (g — k) - 7] (3)
+cos[(w, + w)t — (q + k,) - r]},

where a is the polarisability tensor, which is the equilibrium
electronic polarisability oy coupled with Raman active vibration
polarisability Aag. wiis the angular frequency, k;is a wave vector
of incident photons; w is angular frequency, ¢ is a wave vector of
Raman modes. The three items in the formula are Rayleigh
scattering (elastic), Stokes Raman scattering (w; —w) and anti-
Stokes Raman scattering (w| + ). Raman intensity is determined
by the Raman tensor and influenced by the measurement geometry,
which means the relations between the polarisation direction of
incident/scattered light and crystal axis [64]. The Raman
measurement geometry can be written as Porto's notation k(mn)l,
where kis the direction of the propagation of incident light, / is the
scattered light; m is the direction of the polarisation of incident
light and 7 is the scattered light [65, 66], e.g. x(yz)X means the back
scattering Raman measurement with excited light coming from x

13

This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)



and scattered light returning along the —x-axis and the polarisation
planes of incident and scattered light are parallel to the y- and z-
axis.

2.3 Raman spectra of solid-state materials

Raman scattering is an inelastic scattering of incident photons from
the phonons in materials. Raman spectroscopy makes use of
monochromatic light to excite its inelastic scattering in the crystal
lattice. The vibrational modes belong to a given crystal structure
which underpins the origin of the individual Raman bands. As the
vibrational modes themselves, the Raman bands are intimately
related to the crystallographic structure details, such as texture,
orientation, and lattice distortions (e.g. those arising from the effect
of an applied and/or residual stress state).

Regarding the information of Raman modes, two parameters
should be noticed: (i) the relative intensity of different Raman
bands is related to both the structure and orientation of the crystal
through the so-called ‘Raman selection rules’ and (ii) the apical
shift of Raman bands representing individual vibrational modes in
a certain crystal is related to the stress tensor stored in the probed
region through a (structure-dependent) secular equation, in which a
set of constants (i.e. the phonon deformation potential) describes
the stiffness of crystal lattice vibrations with respect to a standard
(relaxed) condition [67].

Raman technology is one of the useful tools to study the crystal
structures of MWDCs. Using group theory analysis, the assignment
and illustration of the vibrations of an 4—B'—B"-O system by the
normal modes can be established [45, 52].

2.4 FIR spectra of solid-state materials

The refractive index n (n =¢'2) and the extinction coefficient « are
commonly used basic parameters, which can describe the optical
properties of a material. These two parameters are closely related
to the complex dielectric constant &*(w) = ¢'(w)+ i’ (w).
Reflectivity (R) is an important parameter (a fitting function of the
original date) of the IR reflection spectra, which refers to the ratio
of the reflected light intensity and the incident light intensity when
light irradiates vertically from vacuum to the material surface. F is
the fitting function after the analytical continuation

~ 1 = (R/100)
"= (RI100) = 2*/RIT00)*cos[F] + 1’ “)
(2*RT100)*sin[F]

- (R/100) — (2*/R/100)*cos[F] + 1 - )

When atoms in the molecule absorb energy and energy level
transition occurs, rotational energy level transition will occur
inevitably, and thus, the vibration—rotation spectrum can be called
the IR reflection spectrum. Based on the dispersion theory,
complex permittivity, ¢ and ¢”, can be described by the following
equations:

e=n"-k, &' =2nk. 6)
Most of the vibrational modes in solid systems are <1500 cm™!,
which are located in the mid-IR and FIR regions. A polar vibration
in 3D space shows different frequencies along different
propagations (TO versus LO) because restoring force for LO is
enhanced by the polarisation extra electric field, therefore,
increases the frequency. This is called LO-TO splitting of polar
modes, which obeys Lyddane—Sachs—Teller relation [35]

2
WLo _ &
2 T L
w10 €0

(M

where wro and wy g are the frequencies of TO and LO modes, &
and ey are the static and optical frequency dielectric constant. There

are two typical methods to measure the FIR modes: absorption/
transmission or reflection. For the FIR absorption measurement,
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the TO frequencies of FIR modes will be detected. However, most
solid materials have very strong IR absorption and it is quite
difficult to acquire a high-quality FIR absorption spectrum. Thus,
the FIR reflection spectra are more popular than absorption ones.
In FIR reflection spectra, an FIR mode can be considered as a
damped oscillator and the spectra can be fitted by either Lorentz
three-parameter classical model [(8)] [68] or four-parameter semi-
quantum model (FPSQ) [(9)] [55, 69]

®10S;
W) = b+ ), L ®)
/=1 @jto — @ + 1wy 10
L Wio—® +iwyio
o — o
i) = e [ [ L2 )

2 . il
j=1 @0 — @ +10Y;T0

where e,is the optical frequency permittivity caused by
electropolarisation; 7 is the FIR mode number; w;to, ;L 0, and
7710 ¥jLO are frequencies and damping factors of the jth TO mode
and the jth LO mode, Siois jth TO mode strength.

FIR reflectivity (R) can be represented by Fresnel equation
expressed below, i.e. R, e(w), n, and x are interrelated, which shows
the relationship between the IR spectra and the complex
permittivity

e et a0

T+ 1) +K

2.5 Group theory analysis and selection rules

As the vibrational modes are a linear combination of symmetry
coordinates with the same symmetry class, the number and optical
activity (Raman or IR selection rules) of vibrational modes can be
obtained immediately from the group theory analysis of the
symmetry coordinates. Vibrational modes with different
symmetries may have different optical activities. The first-order
optical active modes are much more intensive than higher ones.
Thus, we only discuss the first-order activity here. A mode is IR
active if the vibration changes dipole moment and it is Raman
active if it changes polarisability tensor. These can be described by
different basis functions in character tables. The IR active ones
have a translatory basis (7, T, T, or x, y, z) whilst Raman active
ones have porlarisability or quadratic basis (o, Oy, x% etc.). It
should be mentioned again that in all crystal systems, there are
three acoustic modes, which means all the atoms vibrate as a whole
either along x, y or z directions. Acoustic modes do have the same
basis with the IR modes but are not IR active ones.

Two different approaches can be applied to explain the lattice
vibrational spectra of MWDCs [14, 27]. The first method indicates
that the disorder in B-sites contributes to the first-order Raman
scattering characteristics, which are concerned with translational
and inversion symmetries losses. The second method suggests the
ordered regions with special symmetry, which allows the
occurrence of extra Raman modes not permitted for cubic
structures. Both approaches are useful in real ceramics because
these two methods are not mutually exclusive. Reviewing the
previous study on vibrational spectra of the A(Bj;B;/;)Os-type
complex perovskite  MWDCs, one can note three possible
contribution factors which contribute to the appearance of the
Raman spectra: the relaxation of the selection rules, the 1:1
ordering and B site with 1:2 ordering [27].

B sublattice in A(Bj{;3B;/3)Os-type MWDCs is made up of the
ions with different valence states in a 1:2 ratio. An effective mean
symmetry corresponding to the simple cubic perovskite structure
appears when the B-site ions are a random distribution. However,
the ideal cubic perovskite structure is not Raman-active in the first-
order vibrational spectrum [46, 70]:

Ty = 3F(IR) + Fau( =) + Fiu(A), (11)
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where IR denotes IR activity, 4 denotes acoustic mode, and F,,(-)
mode is silent (non-active) in the spectra, respectively. Considering
the predominant role of disordering, the Raman-active modes were
related to the loss of both translational and inverse symmetries to
disordering in the B-sites. The selection rules for Raman scattering
relaxed in such a system, so light scattering becomes possible from
some points in the Brillouin zone.

The second possibility also existed for the occurrence of the
Raman modes was confirmed in the most recent publications. The
B-site with 1:1 ordering exists in nano-regions. The ceramic with a
1:1 superstructure presents the cubic symmetry, for which the
group theory analysis yields the following modes:

Ty = A(R) + Ey(R) + 2Fyy(R)

(12)

+4F(IR) + Fio( =) + Fou( ),
where R is the Raman mode, IR is the IR active mode, and —
denotes silent (non-active) mode, respectively. Four Raman active
modes are allowed in the cubic Fm3m symmetry. The BZ" and B3"
1:2 ordered arrangements lead to the trigonal structure, with

(P3m1) space group with the symmetries and mode numbers as
follows [46]:

Ty = 4A,4(R) + 5E4(R) + TA,,(IR)

(13)
+I9E,(IR) + Ape( =) + Aju( =)
There are nine Raman active modes, i.e. 44, gt 5E,, which have a
relationship with the motion of 4 and B" ions at the 24 sites, and
the motion of 02~ caption at the 6i sites [71-73].

The 1:2 ordered structure of A(Bj;B;3)0s-type complex
perovskite MWDCs belong to the (P3m1) space group. 15 atoms
exist in the primitive cell with 45 degrees of freedom, whose
Wyckoff sites are distributed as follows: two A ions occupy 2d
sites and one 4 ion occupies a 1b site (1a site, in [48]); the two B”
ions are on 2d sites; one B’ ion is on a la site (15 site, in [74]); six
O ions are on 6i sites; and three O ions are on 3f sites (3e sites, in
[74]). The distribution of the vibrational modes of the 1:2 ordered
structures in terms of the irreducible representations of the Ds,
factor-group at I'-point of the first Brillouin zone is A, +E,
(acoustic), Apg+2Ep, (silent), 74y, +9E, (IR), and 445+ 5E,
(Raman) [49]. Therefore, up to nine Raman-active modes and 16
IR-active modes can be expected for the 1:2 ordered A(B{;3B/3)0;-
type complex perovskite ceramic [28].

In general, each vibrational mode (Raman or FIR mode) can be
attributed to the movements of all of the atoms. However, given the
symmetric restriction in MWDCs, the atoms at the sites of Ba (la
or 1b), Mg/Zn (1b or 1a) and O (3e) are not involved in the Raman
vibrations, and only the atoms Ba (24 site), Ta/Nb (24 site), and O
(6i site) have contribution to Raman active modes according to
group theory analysis. Based on the symmetric restrictions, each
atom presents some special vibration patterns, i.e. symmetry
coordinates [60, 75]. All vibrational modes are the combination of
the symmetry coordinates in the same point group [48, 76]. The
symmetry coordinates identify with the vibrational modes in
systems with strong covalence bonds.

3 Raman mode characteristics of

MWDCs
3.1 Assignment and illustration of Raman phonon modes

phonon

Raman spectra are highly sensitive to the composition and crystal
structure. Raman shifts (frequencies), intensities, and the full width
at half maximum (FWHM) values in Raman modes of MWDCs,
caused by substitution of atoms in 4-, B'-, B"- sites and additives,
are important features in distinguishing the normal modes, i.e. the
change of the spectral profile caused by different compositions is
meaningful to assign and illuminate Raman modes for every
concrete MWDC. Raman modes of the representative single-phase
MWDC ceramics such as BMT, Ba(Mg;;3Nby3)0O3 (BMN),
Ba(Zn;3Tay;3)03 (BZT) and Ba(Mg;3Zny3)03 (BZN), were
previously studied by several researchers [43, 45, 48, 73, 76], as
shown in Table 1.

Take BMN as an example. The vibration occurs at the I" point
of the first Brillouin zone, and the ions move similarly and the
displacements have 45 coordinates [27], which imply irreducible
representations, i.e. normal modes.

The Billbao Crystallographic Center website [64] provides
information about the optical modes of BMN, which can be
represented as follows:

Ty = 4A,4(R) + SEy(R) + TA,(IR)

(14)
+IE(IR) + Ayp( — ) + 24,,(—).

From the above formula, BMN has nine Raman-active modes
(441g, SEg), 16 IR-active modes (74, 9E,), and three silence
modes (Aag, 241y). In short, the ordered BMN ceramic presents

Table 1 _The concrete sites, assignment, and description of single-phase MWDCs

BMT [48] Site Vibration type or description BMT [77] Site Vibration type or description
symmetry symmetry
Ey4(Ba) 104 cm™1 2d twisting vibration of Ba-TaOg on  Fg(Ba)= 105 cm™1 2d two overlapping bands, the modes in
the ab plane A1g(Ba) + the intermediate frequency range
Eq4(Ba) can be attributed to the internal
vibrations of Ta in TaOg octahedra
A1g(Ba)107 cm™1 stretching vibration of Ba—TaOg E4(O) 171 cm™1 6i the 1:2 ordered structure-related
along c-axis vibrations
A1g(Ta) 212 cm™1 2d breath-vibration along c-axis Eg(Nb) 263 cm™1 2d
Eg(Ta) 160 cm™1 twisting vibrations of O3—-Ta—O3 on A1g(Nb) 296 cm™!
the ab plane
Ey4(Ta) 264 cm™1 twisting breath-vibration of O (6i Fg(O)=  386cm~1 6i Moreira et al. [51] think there are
site) octahedra along c-axis A1g(0) + nine Raman modes for ordered
Eq(O) ceramics and five additional bands

Eg4(O) 386cm™! 6i twisting breath-vibrations

A1g(0) 433 cm™! breath-vibration along c-axis and
in ab-plane is expanding and
shrinking at the same time

E4(O) 576 cm™! twisting breath-vibrations

A1g(0) 798 cm™1 breath-vibration along c-axis is
expanding and breath-vibration in

ab-plane is shrinking

due to disorder or defect [27]

E4(0) 437 cm™!
A14(0)

788 cm™1 breathing of the oxygen octahedra
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BZT [71] Site Vibration type or BZT [78] Site Vibration type or
symmetry description symmetry description
A1g(Ba)106 cm™1 2d phonons related to the Ba Fg(Ba) = 104.6 cm~1116.7 2d two overlapping bands
atomic motion Aqg(Ba)+ cm-?
Ey(Ba)
Eg(O) 157 cm™! 6i 1:2 ordered phonons E4(O) 154.6 cm™! 6/ 1:2 ordered phonons
Eg(Ta) 212 cm™1 2d Ey(Ta) 209.7 cm™" 2d
A1g(Ta) 260 cm™1 A1g(Ta) 261.7 cm™"
F29(0) 376 cm™1 6i modes related to the O F24(O) 373.2cm™1 6i modes related to the O
Eg(O) 427 cm™1 atomic motion Eq(0) 423.2 cm~1 atomic motion
A1g(0) 811 cm™1 oxygen-octahedron stretch A1g(0) 800.3cm™1 oxygen-octahedron stretch
modes modes
BMN [73] Site Vibration type or BMN [43] Site Vibration type or description
symmetry description symmetry
A1g+Eg105cm™1 2d Ba vibrational mode  Fag(Ba) 106 cm™1 2d phonons related to the Ba atomic motion
near 105 cm™"
E4(O) 175cm™1 6i 1:2 ordered phonons  E4(O) 1754 cm™1 6i 1:2 ordered structure-related vibrations
Eg(Nb) 263 cm™1 2d Eg(Nb) 264.1 cm™1 2d
A1g (Nb) 296 cm™1 A1g(Nb) 296.9 cm™1
F2g(0) 386 cm™1 6i O vibrational modes  F2g(O) 386.6 cm™" 6i modes related to the O atomic motion in
Eg(O) 437 cm"" Eg(O) 435.8 cm™! between 350 and 450 cm™!
A19(0) 788 cm™1 oxygen-octahedron A19(O) 788.7 cm™1 oxygen-octahedron stretch modes
stretch modes
BZN [78] Site Vibration type or BZN [43] Site Vibration type or description
symmetry description symmetry
— — — — Fag(Ba) 106 cm™1 2d phonons related to the Ba atomic motion near
105 cm™!
E4(O) 174 cm™! 6i 1:2 ordered phonons  Eg(O) 171.6 cm™! 6i 1:2 ordered structure-related vibrations
Eg(Nb) 269 cm™1 2d Eg(Nb)  —
A1g(ND) 294 cm™1 A1g(Nb) 304.6 cm™" 2d
F2g(0) 378 cm™1 6i O vibrational modes  F2g(0) 372 cm™1 6i modes related to the O atomic motion in
Eg(0) 429 cm™1 Eg(Q) 437.7 cm™! between 350 and 450 cm™!

oxygen-octahedron
stretch modes

A1g(0) 782 cm™1

A1g(0O) 784.8 cm™!

oxygen-octahedron stretch modes

Fig. 4 Raman spectra of BMN [73]

nine Raman active modes, while the disordered material has 11
predicted modes, as shown in Fig. 4. Given the symmetric
restriction, the atoms at the sites of Ba(1a), Mg(15) and O(3e) are
not involved in the Raman vibrations. The low-frequency modes
Alg(l) (105 cm™) and Eg(l) (105 cm™!) belong to external vibration
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of Ba against NbOg octahedron. The 4, g(l) mode is the stretching

vibration of NbOg along the c-direction, whereas the Eg(l) mode is
the twisting vibration of Ba—NbOg on the ab-plane. The modes in
the intermediate frequency range are the internal vibrations of Nb
in NbOg octahedron. The 4, g(z) and 4, g(3) modes are the different
stretching vibrations of O3—Nb—Oj along the c-direction, whereas

the Eg(z), Eg(3), Eg(4), and Eg(s) modes belong to the twisting
vibrations of O3—Nb—Oj3 on the ab-plane. Alg(4) with the highest

frequency (789 cm™!) is also an internal mode.

The Raman mode assignment for BMN was also conducted by
Moreira et al. [51], Payne et al. [79] and Liu et al. [80]. Generally
speaking, four main Raman modes are related to the vibrations of
the 1:1 ordered structure and other modes are the vibrations of the
1:2 ordered structure. The vibrations modes of localised 1:1
ordered and long-range 1:2 ordered structures are made up of four
feature regions: (i) the Raman mode near 105 cm™! is associated
with Fg(Ba) of the 1:1 ordered structure; (ii) two modes near 400

em™! correspond to the vibration of O atoms; (iii) the 4, ¢(0) mode

near 800 cm™! is the oxygen octahedron stretch mode, which
relates to the 1:1 ordered structure; (iv) three weak phonons

IET Nanodielectr., 2019, Vol. 2 Iss. 1, pp. 11-26

This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)



between 150 and 350 cm™! are identified as the 1:2 ordered with A- and B-site substitution are concluded and shown in

structure-related vibrations. The F,,(O) at about 386 cm™! was Table 2. ) )

assigned to 4;,(0) + E4(O). [73]. The weak peak £,(5) at 576 cm™! Take the (Ba;—,Sr,)(Zn13Nby/3)03 (BSZN) solid solutions as
g 2(0). . o .

can be assigned to E,(0.6i) as reported in Wang's [47] work. In an example. Raman mode assignments for the BSZN were

. / ] conducted in our previous work. The results showed that two weak
brief, only atoms at the sites of Ba(2d), Nb/Ta(2d), and O(6i) modes appear near the range of 150-300 cm™! (0 < x < 0.6)
contribute to the Raman modes, and heavy cations give many - ’

o o . similar to the results of [77, 85], and three extra modes appear in
contributions to the low-frequency vibration modes; in contrast, the T .
. . . . the samples where x>0.65, indicating a change in the crystal
light ones, i.e. O contributes to the high-frequency modes.

Ton substitution can change the symmetry and the ordered structures, i‘.e. gradually varying from cubic (Pm3m) symmetry to
degree of A(B/;By/)Os-type MWDCs, which can be proved by the pseudo-clublc.(14/mcm) phase and finally to hexagonal symmetry.
new Raman modes, Raman shifts or the splitting of Raman modes In brief, ion substitution changes the symmetry and ordered

; . L degree, which leads to the appearance of the new Raman mode, a
etc. The concrete sites, assignment and description of the MWDCs variation of FWHM values, the mode splitting or frequency shifts.

Table 2 Concrete sites, assignment, and description of MWDCs with ions substitution

(Bag.7Srg.3) BSMN [81] Site Vibration type or (Bag.7Srg3) BSZN [52] Site Vibration type or
(Mg1/3Nby3)03 symmetry description (Zn1/3Nby3)03 symmetry description
Aqg+Eg 94.6 cm=1119 2d lattice vibrations of Ba Fag(Ba) 104.4 cm™1 2d Ba and Sr vibrational
em-1 and Srions modes associated with
the 1:1 ordered
structure
E4(O) 174 cm™1 6i modes associated with E4(O) 185.1 cm™! 6i phonons related to the
oxygen ions 1:2 ordered structure
E4(NDb) 263 cm™1 2d bands due to niobium E4(NDb) 230 cm™! 2d
A1g(Nb) 206 cm”" ons A1g(Nb)  292.9 cm™
E4(O) 386 cm™1 6i modes assoc!ated with F24(0O) 379 cm™1 6i phonons associated
Eq(O) 437 o1 oxygen ions Eq(O) 432 5 cm~1 with the 1:1 ordered
structure
A14(0) 788 cm™! A14(0) 819.3cm™! oxygen-octahedron
stretch modes
— 136.3cm™1, — extra bands due to — — — —
237.6 o~ tilting of oxygen
423 4 J ' octahedra

Ba[(Zng.4Mgo.6)1/3Nb2/3JO3BZMN  Site  Vibration Ba[(Zng.4Mgo.6)1/3Ta2/3]03 Ba[(Zno.4Mgo6)1/3Taz3]03  Site  Vibration

[43] symmetry type or [82] symmetry type or
description description
Fag(Ba) 106 2d Ba vibration Fag(Ba) 103.6 cm™1, 106.6 cm™1 2d phonons
cm™1 mode related to
associated the Ba
with a 1:1 atomic
ordered motion near
structure 105 cm™1.
E4(O) 173.5 6i 1:2 ordered E4(O) 156 cm™1 6i 1:2 ordered
cm™1 phonons structure-
related
vibrations
E4(Nb) 264.1 2d — E4(NDb) 210 cm™1 2d —
cm™1
A1g(Nb) 296.9 — — A1g(Nb) 296.9cm™" — —
cm™1
E4(O) 383.7 6i O vibration F24(0) 386.6 cm™1 6i modes
cm~1 modes related to
the O
atomic
motion in
between
350 and
450 cm™1
Eg(0) 434 — — Eg(0) 4358 cm™! — —
cm™1
A1g(0) 7906  — oxygen- A1g(0) 788.7 cm™ - oxygen-
cm™1 octahedron octahedron
stretch stretch
modes modes
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xBa(Mg1/3Ta2/3)O3—(1 XBMT—(1 Site

Vibration type Ba[Zn1/3(N b0_4Ta0_6)2/3]O3

BZNT Site Vibration type or

- x)Ba (Mgq;3 Nby/3)03 —X)BMN symmetry or description [78] symmetry description
[72]
Aqg+Eg 105 cm™! 2d Ba vibrational Fag(Ba) 106 cm™! 2d phonons related to
mode the Ba atomic
motion near 105 cm
-1
E4(0) 158-175 6i 1:2 ordered E4(0) 175.4 cm 6i 1:2 ordered
phonons -1 structure-related
vibrations
Eg(Nb/Ta) 211-263 2d — Eg(Nb/Ta) 264.1 cm 2d —
-1
A1g(Nb/Ta) 264-296 — — A1g(Nb/Ta) 296.9 cm —
-1
E4(60) 386 cm™1 6i O vibrational F2g(0) 386.6 cm 6i modes related to
modes -1 the O atomic motion
in between 350 and
450 cm™!
E4(60) 437 cm™1 — — E4(O) 435.8 cm — —
-1
A14(60) 788-797 — oxygen— A19(0) 788.7 cm — oxygen-—octahedron
octahedron -1 stretch modes

stretch modes

BMzZrT Site
[83] symmetry or description

Ba[Mgp g/3Zro.oTaq.6/3]03

Vibration type Ba[Mgyg 3Zrg.1Nbg 6]O3

BMZrN Site
[84] symmetry

Vibration type or
description

Fag(Ba)=A1g + Eg 106 cm™! 2d Ba vibrational
mode

E4(O) 175 cm™1 6i The 1:2 ordered

phonons

A1g(NDb) 296 cm™1 2d

F2g(0)=A14(O) + E4(O) 376 cm™1 6i O vibrational
modes

Eg4(0) 429 cm™1 — —

A14(0) 788 cm™! — oxygen-

octahedron

stretch modes

Fag(Ba) 108 cm™1 2d phonons related to
the Ba atomic motion
near 105 cm™"
E4(O) 172 cm™1 6i The 1:2 ordered
structure-related
vibrations
A1g(Nb) 304 cm™! 2d —
Fag4(0) 410 cm™1 6i modes related to the
O atomic motion in
between 350 and
450 cm™!
E4(0) 445 cm™! — —
A19(0) 774 cm~1 — oxygen-octahedron

stretch modes

In all likelihood, the reason for the new modes is due to the effect
of the crystal lattice distortion, sometimes maybe due to antiphase
oxygen octahedral distortion. The higher-ordered degree, the
stronger intensity of Raman peaks. The phonon mode activities lie
on the local or long-range symmetry.

3.2 Effect of ordered/disordered superstructures on Raman
phonon modes

Nagai et al. [37] developed new models to explore the 1:2 ordered
structures and the oxygen octahedral distortion of A(B{;B;/3)0;-
type MWDCs, and thought the structural change of BSMT
ceramics is related to the strontium substitution. Subsequently, the
BSMN ceramics are P3ml researched and two regions: the 1:2
ordered trigonal structures and the 1:2 chemical ordered structures
are identified by Lee et al. [86], without and with the tilting of the
oxygen octahedron, respectively.

Particularly, A(Bj;;B;/5)Os-type MWDCs have shown the lowest
loss value, i.e. the high Q X f'value, which is related to the cationic
order—disorder in B-sites. The LRO of B'/B" at B-sites affects the
0 X f, of MWDCs, i.e. tan J decreases drastically with increasing
LRO degree of B-site ions, and the ceramics with highly ordered B
'/B" ions at B-sites show large Q X f, factors, i.e. low-dielectric
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losses. Raman spectroscopy is used to probe the 1:2 ordered
structures in A(B{3B5/;)O;-type ceramics [87, 88], which offers the
possibility of detecting a small-ordered region. As the B-site ions
have a random distribution, the MWDC structure is usually
disordered cubic perovskite. While in the ordered ceramics, a
stacking sequence is made up of these cations.

As discussed above, the Raman spectrum is sensitive to the
change of ordered structures. Typical Raman spectra of the
A(Bi3B53)Os-type complex perovskite ceramics with the 1:2
ordered structure, e.g. BZT, BMT, and BMN, have four main peaks
related to the localised 1:1 ordered structure. Three weak phones at
150 and 300 cm™! are highly correlated with the long-range 1:2
ordered structures [89, 90], and the localised 1:1 ordered F, mode
splits into Aj, and E, modes with the long-range 1:2 order
preserved [72].

Wang [47] pointed out that the ceramics with higher-ordered
degree exhibits sharp Raman peaks, while the samples with lower-
ordered degree show shouldered peaks. When the ordered degree
increases, the local symmetry changes, and thus some Raman
inactive modes may be activated. In short, with the increase in the
ordered degree, the peak becomes sharper, i.e. the width becomes
narrower, which corresponds to the Moreira's conclusion [51].
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Fig. 5 Raman spectra of BZNT ceramics with different Ts
(@) Raman spectra of BZNT at different Ts, (b) F2g(Ba) and Fg(O) modes of the

BZNT [92]

3.3 Effect of processing conditions on Raman modes of
MWDCs

The ordered structures depend on the processing conditions greatly
[91], and B-site ordering is obviously influenced by sintering
temperature (Ts) and sintering time. The ordered degree can be
improved by annealing [92] and results in the increasing Q factor,
i.e. the composition, Ts, and sintering time (or soaking time) can
affect the ordered structures, which can be reflected in the Raman
spectra.

In general, with increasing of Ts, the Raman peaks of the
MWDCs show a slight shift towards higher frequencies and
become narrower (small FWHW values). As for intensities, the
change is more subtle, i.e. some bands remain practically
unchanged, some become weaker and the others become stronger.
For example, Moreira et al. [51] stated that the intensities,
positions, and widths of BMN Raman modes vary with Ts.
Moreover, the number of Raman modes can change due to different
Ts. According to Wei et al. [93], with the increase in the Ts, the
bands of the Raman spectra become narrower with blue-shift.
Moreover, the number of modes increases with increasing Ts, and
similar results were proved in other samples such as
Ba[(Nig 7Zng 3)13Nby3]O3 (BZNN) [91], Ba[Zn;/3(Nbg 4Tag 6)]03
(BZNT) [92] and BS3,ZN [94], i.e. the characteristics of Raman
modes, including intensities, frequencies, and FWHM values can
change with different Ts.

The long-range order degree can be evaluated by analysing
Raman data in any A(B{:B/;)0;-type MWDC, which shows a
strong dependence on the structural evolution of the ceramics at
different sintering processes. Research on the BZNN ceramic [91]
shows that the appearance of F,, modes indicates the long-range
ordering of the samples and the lowest FWHM value of 414,(Nb)
modes indicates the highest ordering. The appearance of the extra
phonon mode may be on account of the titling of the normal cubic
cell.

The structural change verified with Ts in BZNT ceramics was
evaluated by the Raman spectrum as shown in Fig. 5a. After fitted
by the Lorentzian model, ten Raman modes exist in BZNT
ceramics sintered at 1450°C, while 11 and 12 Raman modes appear
in BZNT ceramics sintered at 1500 and 1550°C, respectively. The
1:2 ordering related mode of Ey(Nb/Ta) at about 220 cm!
disappear in the BZNT sample sintered at 1450°C, which presents
that the crystal structure of the latter belongs to cubic (Pm3m)
perovskite with the 1:1 ordered structure.

The F4(Ba) modes are split into 41,(Ba) and Eg(Ba) modes, as
shown in Fig. 5b, indicating the BZNT ceramics possess a 1:2
order. The mode intensities decrease with increasing 7, indicating
the local symmetry increasing, accordingly. No splitting exists in
the F,,(0) modes, indicating the 41,(0) and E,(O) modes always
overlapped, which can be well assigned according to the
Lorentzian fitting results.

Notably, at least three novel Raman modes can be observed,
which were also seen by Dias [81] and Nagai [37] in the BSZN and
BSMT ceramics, respectively, due to the effect of the phase
transition, i.e. distortion from the normal hexagonal cell to the
monoclinic phase with antiphase tilting of the oxygen octahedron.

IET Nanodielectr., 2019, Vol. 2 Iss. 1, pp. 11-26

The octahedral distortion is caused by the asymmetry of the O
bonding network and cooperated by the second-order Jahn—Teller
deformation of the dy Nb>" and Ta>" cations [31], i.e. the local
symmetry decreases with increasing Ts, and the Raman mode
number increases accordingly with the decrease in the intensities of
the splitting peaks, which are also proved in BS;3,ZN ceramics
[94].

Just like Ts, sintering time (or soaking time) also has great
influence on microwave dielectric properties and Raman modes in
the frequencies, FWHW wvalues, intensities, and number. Take
BMT and BZN as examples. In Chen's work [49], the longer the
sintering time, the larger the frequencies and the smaller the
FWHM values of the BMT materials, i.e. the Raman shift and
FWHW values are greatly affected by sintering time.

3.4 Correlation between Raman modes and microwave
dielectric properties

Active Raman modes are non-polarised modes and related to the
crystal structures, and generally speaking, no direct relation is
determined between Raman spectra and microwave dielectric
properties. However, the optical study shows that the 1:2 ordered
phonons are closely correlated with the dielectric properties. The
stretch modes of oxygen octahedron indicate the properties, i.e. the
characteristics of Raman peaks have an indirect correlation with
the properties, which were proved by BMT [48] and BMT-BMN
[72].

To further know more about the mechanism of the microwave
dielectric properties, it is necessary to determine the correlation
between crystal structures and properties thorough knowledge on
lattice vibrational characteristics, which contributes to design new
MWDCs with excellent microwave dielectric properties. However,
it is quite difficult to elucidate the relationship between atomic
vibration and dielectric properties. The Raman spectra provide the
correlation between vibration characteristics and the properties,
even though the Raman phonons are of non-polarised modes [88,
95-97]. Based on the Raman shifts and FWHM values of the
vibration modes, the relation between the phonon modes and the
dielectric properties can be identified.

3.4.1 A19(O) modes: The oxygen octahedral stretch modes
(414(0)) at about 720-800 em™! can exhibit microwave dielectric
properties [49, 72]. Webb [88] proved the permittivities have a
relationship with the wave numbers (frequencies) because the
Raman shifts of 4;4(O) modes respond to the oxygen octahedron
rigidity. An inverse relationship with Raman shifts of 41,(O)
phonon modes and dielectric constants were observed in
Ba[Mg(l_x)/3erTa2(1_x)/3]O3 (BMZI‘T) [83], ie. hlgher
polarisability corresponds to a lower Raman shift.

Chia’ s result indicates that the quality of the oxygen-
octahedron structure can be characterised by the FWHM of 44(O)
stretch phonons, which is related to the Q x f value significantly
[72], i.e. an inverse correlation between the FWHM value of
A15(0) and QO x f value for the xBMT-(1 —x) BMN ceramics. An
opposite variation trend for the width of the 414,(0) mode and the
.was also observed in BSZN ceramics [52], but a positive
variation trend for Raman shift of the 41,(O) mode and the 7. value
was observed in BMZrT [83]. Similar results are proved by the
studies in BMT [48], Ba(Co;;3Nby3)03[53], Ba[Mg—_yy
3Zr,Nby(1-»3]03  (BMZrN)  [84], BZNN  [91], and
Ba(Zny;3Nby;3)03- CaTiO3 [97], i.e. the shifts and the 41,(O)
width reflect the dielectric constants, the 7. values and the O x f
values in the 1:2 ordered ceramics, which implies that the oxygen
octahedron can reflect the microwave properties of MWDCs.

3.4.2 Fy(Ba, Sr) mode: The lowest frequency mode F»4(Ba, Sr)
at about 105 cm1is generated by the lattice vibrations of Ba2*/Sr2*
ions in the A-site, which can be divided into 414+ Eg (Fag=A4 g+
Eg) when the crystal symmetry of ceramics is cubic perovskite

(higher symmetry) and cannot split with lower symmetry of the
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Fig. 6 Fitting results for the IR reflectance spectrum of BMN
(a) Measured spectrum (circles) and the fitted curve (line), (b) ¢ spectrum and (c) "
spectrum [73]

ceramics having the 1:2 ordered structure. The Ba2"/Sr2" ions are
located in the gap of eight-oxygen octahedron and surrounded by
12-equidistant oxygen, thus their vibrations can affect the tilting of
oxygen octahedron greatly. Therefore, the vibration modes in the
A-site can be related to the dielectric properties indirectly. The
Raman shift of the F,(Ba,Sr) mode has a negative correlation with
the dielectric constant and FWHM value of the F,(Ba,Sr) mode
has the positive correlation with the 7, value, [52], i.e. the rigid
F>4(Ba,Sr) mode correlates with the permittivity and 7 values.

3.4.3 1:2 ordered structure-related modes: The modes between

150 and —300 cm™! are related to 1:2 ordered structures, which
have a close relationship with the dielectric properties. Take
xBMT—(1 —x)BMN as an example [72]. The permittivities and
Raman shifts of 41,(Ta/Nb) and E,(Ta/Nb) phones have a linear

change with the increase of Ta, i.e. there is a positive relationship
between the permittivities and the Raman shifts of 414(Ta/Nb) and

Ey(Ta/Nb) modes. For x=0.5, the widths of the A41,(Ta/Nb) and
Ey(Ta/Nb) modes were broadened and the O xf values were
lowered, i.e. there exists an inverse correlation between Q x f and
FWHM values of 414(Ta/Nb) and E,4(Ta/Nb).

For BZNN ceramics, &is reverse with the FWHMs of E4(O)
modes, 7. has a negative correlation with the Raman shifts of £,(O)
modes, and the change of tan ¢ is closely correlated with the
FWHM values of Eg(O) modes [91], which were also proved in
BS3,ZN [94] and BMZrN [84].

In conclusion, the dielectric constant is closely correlated with
Raman shifts of the 415(O) modes and the FWHM values of the

F4(0)/E4(O) modes. The Q x f'and 7. of MWDCs with 1:2 ordered
structures can be characterised by the FWHM value of A4;4(O)

mode. The dielectric loss values have a close connection with the
FWHM values of 414(0)/Ey(O) active modes. The increase in the
FWHM values of Raman modes is related to low bond-stretching
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modes. The FWHM values of 414(O) phonons show the the quality
of oxygen-octahedron structures, which is highly corresponded
with the Qxf values, i.e. QX[ values are influenced by the
tetravalent-cation bond characteristics of the oxygen octahedron. Q
xf values are also correlated with the FWHM values of E,(O)
modes, which reflected the vibration of ordered structures. The
rigid Fe(Ba,Sr) mode in the A-site substituted solid solutions
correlates with the stable temperature coefficient of capacitance,
which is also correlated with the Raman shifts of £,(O) modes and
the FWHMs/frequencies of 414(0) modes.

4 FIR phonon mode characteristics of MWDCs

To further explore the influence of the polar lattice phonons on the
microwave dielectric properties, IR reflection modes caused by the
absorption of the polar lattice vibration are necessary and can
enable people completely understand the lattice vibrations [73, 98].
However, it is quite complicated to assign all the IR-active peaks
since the resonant modes are highly diffused, and those modes of
some MWDCs have been analysed by classical dispersion theory
[95, 99].

For the ABOj3 cubic perovskite structure, there are three triply
degenerate IR modes of Fj, symmetry and one optically silent
mode of F,, symmetry predicted by group theory, which are
commonly called as the external modes (the BOg octahedron
vibrates against A-site atom), the bending mode (B-O bond angle
modulation), and the stretching mode (B-O bond-length
modulation). As for paraelectric perovskites, the A—[BO]¢ external

mode appears in the frequency <160 cm™!, the B-O bending mode
at 160-300 cm™! and the O-B-O stretching mode at 500-700 cm ™!
[99]. Generally speaking, the IR active modes between 150 and
500 cm ™! are correlated with cation ordering and octahedral tilting.
16 IR active modes (745, and 9E,,) appear, which are predicted by

the factor group in the 1:2 ordered structure with the trigonal P3m1
space group [46].

4.1 Assignment and illustration of FIR phonon modes

Simple cubic perovskites, such as SrTiO3, present three or four IR
modes, while complex perovskites such as BZN with the same
cubic structure possess more IR modes [100]. As for
SI‘(ZHI/3Nb2/3)O3 and Sr(Mg1/3Nb2/3)O3 (SMN), the visualised IR
spectra are well fitted by 13 and 20 phonons [100], respectively.

Group theoretical analysis for the Brillouin-zone-centre
vibrations of BMT ceramics with the Djp structure causes the
irreducible representations with 74,, (c-axis polarised) + 9E,, (the
ab-plane polarised) IR vibration modes [56]. However, only 15 IR
peaks are identifiable [49], and the last one is undetected because
the peak is either too weak or overlaps with other modes.

BZT has 18 IR-active modes, including 4,, and E,, modes. As
one of the A,, modes and one of the £, modes correspond to the
uniform displacements of ions, which do not change their relative
positions at all. Therefore, the number of IR-active modes is 16 at
most. In [71, 99], 14 resonant modes were observed for BZT.

The IR-active modes of the BMN, which were studied by Diao
et al. [73], were assigned with the assistance of the FPSQ fitting
and the mode frequency sequence calculated using first-principle
calculation. Fig. 6a shows the experimental and -calculated
reflectivity of BMN, Figs. 6b and ¢ show the frequency
dependencies of real and imaginary parts of the permittivity,
respectively.

The symmetry assignments to the FIR spectrum of the BMN
were also conducted by Liu [80, 101] based on the first-principle
calculation. Most of the assignments are identical to those in the
present study, except for the modes E,©® and 4,,Y). Given the
significantly closed frequencies, the calculation deviations of the
assignments for these two modes are swapped with respect to those
in Liu et al. [80, 102].

To verify the contributions of the vibrational modes to the
dielectric properties, the permittivity ¢;, and loss tan J/w were
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Table 3 Parameters of the IR-active modes for the FPSQ model [73]

No. Modes fy e, cm™ Int, km/mol Qo cm™  yo,cm™  Qpo,em™  yjo, cm™ & tan &yw, 10717/Hz
1 Aoy 93.1 6.80 104.2 4.5 105.9 3.5 1.7782 1.1288
2 Eu(‘l) 103.3 0.74 149.2 8.0 161.4 4.2 10.1912 2.3255
3 E,@ 112.2 49.72 173.6 19.4 177.6 8.6 1.7738 0.7101
4 A2u(2) 121.9 18.86 212.0 18.4 220.1 247 12.8573 2.0765
5 E,®) 130.4 0.012 222.6 51.1 266.0 28.2 3.6739 1.4290
6 E,4) 181.3 29.79 276.0 1.9 315.8 9.3 2.1136 0.1632
7 Eu(5) 219.6 24.20 316.9 7.4 330.2 19.9 0.1073 0.0047
8 Aoy 3 269.5 49.53 332.6 16.9 362.8 56.4 0.1992 0.0222
9 Eu(ﬁ) 371.8 0.0048 366.9 52.9 3871 56.2 0.1814 0.0713
10 Aoy 387.9 0.0099 390.9 70.3 404.6 3.8 0.1353 0.0647
11 Eu(7) 451.4 1.095 405.0 4.3 428.6 5.9 0.0123 0.0004
12 Aoy 476.1 7.34 430.6 7.4 451.1 7.6 0.0238 0.0012
13 Eu(8) 496.2 20.098 501.4 52.7 526.4 22.0 0.5300 0.1455
14 Ao ©® 577.5 51.25 554.4 89.7 603.4 1.2 0.6281 0.2749
15 Eu(9) 649.4 32.50 609.7 32.3 681.3 254 0.0916 0.0134
16 Aoy 805.1 242 683.0 253 729.5 29.3 0.0054 0.0006

calculated. The results (Table 3) imply that the IR-active modes at
lower frequencies have larger ¢; and tan J;/w, particularly the EM
modes at 149 cm™! and the 4,,®) mode at 212 cm™!, which have
larger values of ¢; and tan J;/w than the other modes, indicating that
these two modes have larger contributions to the permittivity and
dielectric loss, and the vibrations related to the NbOg octahedron
have more contributions to the IR-active modes and the microwave
dielectric properties than those related to the MgOg octahedron, i.e.
the dielectric properties may be more sensitive to the doping in the
Nb site than in the Mg site.

For the IR reflectivity spectra, the assignments for most modes
are identical. However, given the calculation deviations and the
close peak frequencies, the assignments for a few modes are vague,
e.g. the assignments for the modes £, and 4,,?, as well as E,(©

and A5, in BMN, are swapped as compared with those in BMT.
In addition, the correlated modes of BMT and BMN have different
contributions to the microwave dielectric properties, e.g. in BMT,
the £, and £, modes have the largest contributions, whereas,
in BMN, the largest contributions come from the £, and 4,,®
modes. The vibration frequencies of TO and LO modes, such as
Orro and QOj o for BMT [56] and Ba([Mg-,Zn,]1/3Ta/3)03 [100]
ceramics in the FIR region were also calculated by four-parameter
semiquantum model (FPSM).

IR reflectivity spectra of solid solution ceramics can be divided
into three parts, as stated above and take the BSZN ceramics as an
example [52]. The spectra of BSZN possess 11 IR modes, and the
frequencies were determined as 140, 151, 224, 240, 275, 315, 412,
435, 460, 525, and 629 cm™ !, respectively [52]. The splitting and
strengthening of the low-frequency phonons mode are related to
the vibrations of Ba2/Sr2" against the BOg octahedron (part I).

The bands at 180— 300 cm™! belong to the B-O bending modes and
the modes above 500 cm™! are indexed as O-B—O stretching
modes. The damped modes are related to vibrations of Zn2"/Nb>",
which have a great effect on the B-site disordered structure. Similar
results can also be proved by other methods proposed in [43, 60,
85, 98, 103, 104] substituted in B-sites, which leads to a change in
number, frequencies, and intensities of the reflection bands.

New polar mode occurs at about 150 cm™ where x> 0.65 for
BSZN in comparison with single-phase BZN, which was similar to
the results of Nagai et al. [37]. Brillouin zone folding and phase
transition are two possible reasons, and the latter is caused by the
ordered phase with the antiphase tilting of the oxygen octahedron
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[41]. The change in the number of bands was also found in the
BMZrT ceramics, i.e. three active modes exist for the samples
where x=0, 0.05: about 158 cm™! of Eg(0), 210 cm ™! of Ey(Ta),
and 263 cm™! of A1g(Ta), which have been assigned as the 1:2
ordered structure-related vibrations, however, for the samples
where x=0.05, the modes Ey(Ta) and Ajg(Ta) decrease in
intensities, i.e. the degree of 1:2 ordered phase decreases. When x
=0.10, 0.20, and 0.30, all of these three modes disappear, which
reflects non-existence of the 1:2 ordered structures, implying the
crystal structures changed with increasing Zr*" concentration [98],
i.e. the introduction of different atoms in the A/B-site promotes the
loss of both translation and inversion symmetry, which leads to the
appearing/disappearing of the additional modes [55].

Polar modes of the Ba[Sn,Zn(j_y)3Nby1—53]03 (BSnZN)

ceramics [95] at about 475 cm™! shift to lower frequencies with
increasing Sn*" content, and the change in band intensities was
also observed in BSZN, BSnZN, Ba([Mg;—_.Zn,]i;3,Tay;3)03
(BMZT), BZNT and BMZrN ceramics [103, 104]. The phase
transformation results in the modification of the polar modes.

In brief, the FIR spectra of the A(Bj;B;/)0s-type MWDCs
include three parts: the vibration of A-site ions against the BOg
octahedron, the vibration related to the B-O bending modes, and
the vibration related to the O-B-O stretching modes. Lattice
vibrations are sensitive for material substitution and FIR spectra
give much information for the lattice vibrations. The intensities,
number, and positions of the reflection bands change with different
ions.

4.2 Calculation of microwave dielectric properties from FIR
spectra

FIR dielectric dispersion of the perovskites was comprehensively
investigated in the 1960s [105, 106]. The FIR spectroscopy reflects
polarisation with respect to the electromagnetic field (IR), thus
strongly and directly relates to the microwave dielectric properties
[49], which can be estimated by the dispersion parameters
(frequencies and damping constants) to judge the characteristics of
the crystal structures obtained by three spectrum fitting methods
based on the classical dispersion theory [101], including Kramers—
Kronig (K-K) analysis, Lorentz three-parameter classical and
FPSQ. The origin and physical mechanism of the microwave
dielectric properties can be obtained from lattice vibrational
spectra.
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4.2.1 K-K analysis: The K-K dispersion relation is a method to
estimate optical and dielectric characteristics of ceramics by
reflectance data measured at the incidence of 45°, which needs
only a certain reflectance spectrum and is effective for either
polarised or completely unpolarised incident light

1-R
" 1+ R—2cosyR’ (15
—2siny/R (16)
1 +R-— 2005\/—

The angle 6 is the phase change on reflection, and by knowing
R(w,) and O(w.), n and R can be calculated from (15) and (16)
[107]. The value of @ at any frequency w, is not isolated, while it is
directly interrelated with the reflection spectra by the integral
transform.

(P(COC) = l/

The dependence of reflectance upon ¢ (the angle of incidence) is
very critical for certain values of £ and indeed forms the basis of a
method for evaluating » and & [108]. This transform is called K-K
dispersion relations by Robinson [107]. Therefore, the reflectance
R at normal incidence as a function of frequency is the only
experimental measurement required [109, 110].

As for K—K analysis to MWDCs, the Lorentz distribution of the
TO modes should be used to fit the spectra, from which the
microwave dielectric properties (e; ;> ") can be calculated using
dispersion functions [49, 73]. ¢’ and ¢" are real parts and imaginary
parts of complex dielectric constants, ¢ = ¢’ + i¢’’, which can be
derived from FIR spectra using K—K analysis
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where N; and y; are the numbers of charges bound with the
resonators of the frequency wg; and the associated damping
coefficient, respectively; mis the mass and V is the volume. The
summation is over the jth modes in the spectrum, and o is the
optical permittivity. The relationship between resonant strength
(47pj) and resonance frequency (wq;) originates from the ionnic
bonding strength and the displacements of the ions. QX w is a
constant under the a)éj > @’ approximation at microwave
frequencies [49].

The important parameters in (19), @, y;, and 4zp; can be
obtained from the fitting of the FIR to calculate the microwave
dielectric response, and next perform the correlation with the
dielectric properties. The resonant frequency (wy) correlates with
the strength of B"-O or B'—O mode, which relates to the B"—O or B
'—O dipoles polarisability, i.e. the dielectric constants, accordingly.
Damping coefficient (y;) of the vibrational modes has a positive
relationship with the coherency of B"-layer or O-layer vibration
and hence correlates with the dielectric loss [48].

The FIR spectra, which are processed using the K — K
relationship, was found to well explain microwave dielectric
properties of the A(Bj;;B;/;)Os-type MWDCs. Furthermore, the THz
dielectric properties of MWDCs can also be extrapolated from the
FIR spectra using the same method. Dielectric properties were
calculated according to dispersion parameters: (i) resonance
frequency (wq;) correlates with the dielectric constant and (ii)
damping coefficient (y;) relates to the dielectric loss, i.e. K-K
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analysis can be used to predict the dielectric constants and
dispersion parameters of A(B|3B;/3)O0s-type MWDCs, such as BMT
[48], BZT [71, 110], BSZN [52], (Ba;q,Sry)(Zny;3Tay;3)03 [111],
Ba[(Zng,Mg 8)13Nby3]03  (BZMN) [43], xBMT-(1—x)BMN
[49], and BSnZN [95].

For each composition, the fitting of the reflectivity spectra
allows people to evaluate the imaginary part of the permittivity e”,
which were carried out on the maximum of the obtained
interference patterns in the IR frequency range. The imaginary part
presents the absorption characteristics of the vibrator to the
electromagnetic wave.

For single-phase MWDCs with P3m1 symmetry, such as BMT
ceramics, 16 IR active modes are predicted, i.e. 74,,+9E,. The
modes <300 cm™! possess large resonance strength (4zpj) [112],
which can influence the properties of the BMT. The resonance
frequency (w,;) correlates with the strength of Ta-O/Mg-O bond,
i.e. the polarisability of the B"~O/B'-O dipole, therefore relates to
the permittivity, just as stated above.

As for the paraelectric perovskites, A—~BOj external and O-B—-O
bending modes are two low-frequency modes, which have the
major influence on the real parts of the dielectric constants [111],
i.e. the higher dielectric strength is caused by the Ba—BO3 external
vibration, O—B"-O and O-B-O bending vibrations, while the B
"Og and B'Og stretching vibrations have the lowest contribution.

For the ceramic with substitution in the A site, take BSZN solid
solution ceramics as an example. An approximation of a transverse
optic frequency, wto, of a polar mode (vibrator) is obtained as the
resonant frequency where ¢” reaches a maximum value [52, 81].
Through the Lorentz fitting method, every frequency of the &’
peaks can be achieved with the increasing substitution ions. The
peak frequencies shift with the Sr2™ content relates to the variation
of polar modes for the TO frequencies and take on a nonlinear
change.

According to the previous results of the BZMN ceramics, the
increase in the TO-phonon damping, i.e. broadening of the
reflection bands, was caused by the substitution for Zn*" by Mg2"
in the B'-site [43]. The frequency shift of each peak in the BZMN
ceramics is similar to that in BSZN [52]. The variation of peak
frequencies implies that phonon modes change in a sensitive and
unusual way depending on the crystal structures. The peak
frequencies shift relates to the change in the TO frequencies, and
five distinct modes are present at x<0.6, however, one mode
disappears at x > 0.6, implying a phase transition.

The results of ceramics substituted in B"-site ions, just like
BZNT [103], show that the lattice vibration at low frequency
deeply influences their microwave dielectric properties, which is
similar as reported by Tamura [71], Wakino [99], and Shimada
[101].

4.2.2 Lorentz three-parameter classical model: The Lorentz
three-parameter classical model describes the relationship between
the complex permittivity (¢*) and the vibrational modes of the
materials as

o QS
ef (w) = & (w) —ie" () = e, + 2 /S

J=1

—_ 21
Q;—w2+iwyj C)

where §;, €, and v; are the strength, eigenfrequency, and damping

factor of the j vibrational mode, respectively, and m is the number
of vibrational modes [54]. Dielectric constant ¢, and tan J at certain

microwave frequency can be calculated using the dispersion
parameters

& = Ex + Z47ij, (22)
J

Zj 4”/)](7]@)/@; (23)
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where the strength 4zp;, width y;, and resonant frequency w; of
each oscillator are called the dispersion parameters and permittivity
€ 18 caused by an electronic polarisation at optical frequency [71].

The Lorentz three-parameter classical model is obtained by
superimposing a plurality of different vibration modes based on the
classic 1D harmonic oscillator model (1D spring model).
Compared with the K—K analysis, a classic vibration model ignores
limit relations between the real and imaginary part of the
permittivity and more adapted to complicated material systems
[112]. The classical harmonic oscillator model can be written as
[112]

E(0) = €= Y E(®) =t Y. —S (24)

w -+ laJF

where w;, I'; and S; are the resonance frequency, the damping
constant and the osc1llat0r strength of the jth phonon, respectively.
Different symbols between the Lorentz three-parameter classical
model and classical harmonic oscillator model represent the same
physical significance.

Studies on the classical harmonic oscillator model of the
MWDCs have also been extensively investigated, such as the
ABO4 ceramics system [113, 114], ie. (NagsBij—o.sy)
(Mo, V1-)0y4, [(LigsLngs);—Ca,]M0oO4 (Ln=Sm and Nd), and
Ba(B{;3B,5)0; ceramics system [115-117], ie. BMT, BZT,
Ba(Mg,Sn,Ta)O3,Ba(Zn,Zr,Ta)O3,CaTiO3—SMN.

Wang et al. analysed the FIR reflection spectrum of MgTiO3 by
Lorentz three-parameter classical mode. The intrinsic properties
were calculated: ¢, =14.9, O¢=258,000 GHz, and the parameters
(Sj, €, and ;) for seven IR modes were obtained [54]. Tamura et
al. analysed BZT by the Lorentz three-parameter classical model.
Dielectric constant ¢, and tan ¢ at the microwave frequency were
calculated using the dispersion parameters above: ¢,=30.3, Q=
20,200 (7 GHz) [71]. In Sawada's research [112], 15 observed
phonons can be well fitted in reflectivity spectrum (Figs. 3 and 4)
and five IR-active phonons of BMT ceramics with frequencies
<280 cm™ ! have great influence on permittivity and dielectric loss.

Resonant frequencies of IR-active phonons rely on the angle
between the electric field of the incident light and the direction of
the crystal axis. Owing to the different resonant frequency in each
grain, the reflection peaks of ceramics with many random oriented
grains can be broadened, and thus present a large damping constant
and a small Q value [112].

The physical meaning of the three-parameter model is clear, and
the mathematical treatment process is relatively simple. However,
the interactions between different oscillators are not considered for
the three-parameter model. As for FPSQ, its description is closer to
the actual situation because the interaction between different
oscillators is considered with a relatively complex mathematical
process. In short, the damping factors y; of the LO and TO modes
are not considered in the three-parameter model, and therefore, the
fitting curve of FPSQ is better than that of the three-parameter
model.

4.2.3 FPSQ model: The FPSQ model, short for FPSQ, is another
method to calculate the dielectric properties of MWDCs. The
model presented by Gervais [118] can be used to convert the
reflectivity data into dielectric data, and the frequency dependent
complex dielectric function can be written as

JLo o'+ iwyjLo

¥ (w) = € (w) —ie" (W) = €y , (25
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where Q;to, 710, and Q1 0, yjLoare the frequencies and damping
factors of the jy, transverse and longitude modes of vibration,
respectively. The measured IR reflectance spectrum can be fitted
giving up to n pairs of TO-LO modes.

The IR-active modes of the BMN, which were studied by Diao
et al. [73], were assigned with the assistance of the FPSQ fitting
and the mode frequency sequence calculated using the first-
principle calculation. The symmetry assignments to the FIR
spectrum of BMN were also conducted by Liu [80, 102] based on
the first-principle calculation. Most of the assignments are identical
to those in the present study, except for the modes E,© and A4,,®.
Given the significantly close frequencies, the calculation deviations
of the assignments for these two modes are swapped with respect
to those in Liu ef al. [80, 102].

To verify the contributions of the vibrational modes to the
microwave dielectric properties, the permittivity ¢; and loss tan J;/
wwere calculated by (26) and (27), respectively. The calculated
data imply that the IR-active modes at lower frequencies have
larger ¢; and tan J;/w, particularly the E,D modes at 149 cm™! and

the 4,,® mode at 212 cm™!, which have larger values of € and tan
J;j/w than the other modes, indicating that these two modes have
larger contributions to the permittivity and dielectric loss, and the
vibrations related to the NbOg octahedron have more contributions
to the IR-active modes and the microwave dielectric properties
than those related to the MgQOg¢ octahedron, i.e. the dielectric
properties may be more sensitive to doping in the Nb site than
doping in the Mg site.

For the IR reflectivity spectra, the assignments for most modes
are identical. However, given the calculation deviations and the
close peak frequencies, the assignments for a few modes are vague,
e.g. the assignments for the modes £, and 4,,?, as well as E,(®)

and 45, in BMN, are swapped as compared with those in BMT.
In addition, the correlated modes of BMT and BMN have different
contributions to the microwave dielectric properties, e.g. in BMT,
the £, and E,® modes have the largest contributions, whereas,
in BMN, the largest contributions come from the E,() and 45,
modes. The vibration frequency of TO and LO modes, such as
Oiro and Qj o for BMT [56] and BMZT [101] ceramics in the FIR
region were also calculated by FPSM.

4.3 Effect of processing conditions on FIR phonon modes of
MWDCs

The processing condition, such as sintering temperature (Ts) and
sintering time, can greatly influence the crystal structures and
microwave dielectric properties, and accordingly, have an influence
on the FIR modes of MWDC:s, i.e. there exists variation in the
intensities, the FWHM values and the frequencies of the FIR
spectra due to different processing conditions, especially Ts.

Take the Ba0,3Sr0'7[(ZnO'4Mg0'6)1/3Nb2/3]03 (BSZMN) solid
solutions as an example [119], whose FIR reflectivity spectra are
shown in Fig. 7. All of the FIR reflectivity bands are transferred to
lower frequencies as Ts increases, and the intensities of some
reflectivity bands also vary with the increasing Ts, i.e. broadening
of bands near 140 cm™! in the region (I) and the strength drop of
the bands near 550 cm™! in the third region (III), which indicate
that the increase in the Ts causes an increase in the phonon
damping in the BSZMN solid solutions. In the second region (II),
the intensities of the weak peaks increase with the increasing Ts,
which indicates the ordering degree increasing.

The bands of the BZMN ceramics near 150 cm™! increase in
intensities with increasing Ts, which is similar to the results of
BSn3,ZN ceramics [95], whose polar modes near 240 cm™!
become larger in FWHM values with increasing Ts. The polar
modes at about 660 cm™! shift to low frequency and the intensities
becomes weak as Ts increasing. Similar results can be obtained in
BZMN ceramics: as intensities increase in the bands near 150 cm™!
with increasing Ts in the range of 50-200 cm™' [93], which
indicates a decrease in the phonon damping and demonstrates that
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Fig. 7 FIR reflectivity spectra of the BSZMN solid solutions sintered [119]

the complex nature of the atoms in the B-site promotes the splitting
of the vibrational modes, leading to a more complicated IR
spectrum.

In conclusion, the modes vary in shape (FWHM and
overlapping), intensity, position (frequency shift) and number
(additional modes) with the variation of Ts and sintering time
significantly, and FIR reflectivity bands shift to a lower frequency
with increasing Ts. In other words, the processing condition
significantly affected the phonon parameter characteristics because
of the phase transition and the second phase, especially Ts.

4.4 Relationship of FIR modes with crystal structures

Traditionally, the IR reflection bands are derived from polar lattice
vibration absorption. Most research studies have been focused on
the relationship between IR-active phonon modes and microwave
dielectric properties and few investigations refer to the influence of
the crystal structures dependent on the crystal structures, and
therefore, there exists a relationship between IR-active modes and
crystal structures indirectly.

The tilting of the oxygen octahedron has a great influence on
the crystal structures of MWDCs, and their microwave dielectric
properties are affected accordingly [37-39]. Reaney et al. [40]
discussed the relationship between ¢ and the tilting of the oxygen
octahedron in the system of Ba- and Sr-based 1:2 ordered complex
perovskite. Woodward [120] demonstrated the structural changes
due to the tilting of the oxygen octahedron in the 1:1 ordered
complex perovskite [37—40].

16 IR active modes (74,, and 9E,) appear in the 1:2 ordered

materials with the structure of the trigonal P3m1 space group [85]
predicted by the factor group. Generally speaking, the IR active
modes between 150 and 500 cm™! have a connection with cation
ordering and octahedral tilting [92], which can be supported in
many different kinds of MWDCs.

Nagai et al. [37] analysed the correlation between the crystal
structure and the phase transition of the BSMT materials, and an
anomaly IR-active phonon mode was observed at around 300 cm
~1, which probably arise from the influence of the Brillouin zone
folding and the phase transition, i.e. the new polar mode is
attributed to the ordered phase with antiphase tilting of the oxygen
octahedron [37, 41]. Nagai ef al. also observed the appearance and
splitting of phonon modes, arising from the structural phase
transformation owning to oxygen octahedral tilting [37].

A similar phenomenon appears in the (Bay;3Srg7)
[(Zn,Mg;-,)13Nby3]03 (BSZMN, x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0)
solid solution ceramics [85]. Extra IR active modes were observed
near 300 cm™! (x<0.2), and 500 cm™' (x>0.8). The former
samples have 1:2 ordered hexagonal unit cells with an antiphase
tilting of the oxygen octahedron, and the latter indicates that the
crystal structures are of the transformed phases [85].

According to the above statement, there is an indirect
relationship between IR-active phonon modes and crystal
structures, especially tilting of the oxygen octahedron, ordered
structures, and phase transition.

5 Conclusion

The review summarises the lattice dynamics and phonon
characteristics of A(B{3B;/3)O0s-type MWDCs systemically in order
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to introduce remarkable progress in this field and make a guide for
designing the next advanced MWDCs. The concluding remarks are
as follows:

(i) The basic theory of the lattice vibration was stated to show its
meaning, function, and application to MWDCs, as well as the
prediction of the number and type of vibrational modes by group
theory analysis. The atomic sites and corresponding modes in
Raman spectra and FIR reflection spectra were assigned and
identified.

(i1) The relationship between Raman modes and crystal structures
were established and stated. The modes vary in shape (the bands
can change their sharp and overlap to each other), intensity, and
position (frequency shift) with the variation of composition in A-
and B-site. The effects of the processing conditions, such as Ts and
time, as well as the ordered/disordered superstructures, on the
vibrational modes were summarised systemically. The
composition, sintering temperature, and time can affect the ordered
structure significantly. The modes appearing in Raman spectra,
which related to the 1:2 ordered structure — related vibrations,
would increase in number and intensities with increasing Ts and
time, i.e. the 1:2 ordered nano-regions grow with Ts and time.

(iii) The correlation between Raman modes and dielectric
properties are presented and summarised. Although Raman modes
are non-polar, some Raman modes are important on the dielectric
properties. The dielectric constants e and the temperature
coefficient of dielectric constants have a significant relationship
with the Raman shifts, and the dielectric loss tan J values are
closely correlated to the FWHM values of the 414(Nb) and Ey(O)

active modes. The Raman shifts of the 414(0) modes at 780 cm™!
positively correlate with the temperature coefficient of dielectric
constants and an inverse correlation with the dielectric constant,
i.e. the concrete structure—property relationship can be established
using lattice vibrational modes as the media.

(iv) The intrinsic properties can be evaluated by the dispersion
parameters (frequencies and damping constants), three spectrum
fitting methods on account of the classical dispersion theory,
including K-K analysis, Lorentz three-parameter classical model
and FPSQ. Their origin and physical mechanism can be obtained
from lattice vibrational spectra.

(v) The substitution of different atoms in the B-site promotes the
loss of both translational and inversion symmetry. Therefore,
additional modes can be observed in the FIR spectrum. A slight
change of the crystal structure sometimes leads to an abnormal
shift of the modes in the FIR spectra. Although FIR modes are
polarised modes, the relationship between FIR modes and crystal
structures are also presented and summarised, i.e. the relationship
between FIR active phonon modes and the crystal structures of
A(Bj{3B5/3)O5 ceramics can be established.

(vi) More detailed research about another type of MWDC,
including the lattice dynamics and the first principle calculations,
should be carried out to know their phonon characteristics, the
lattice dynamics of the MWDCs is most important in the study of
the structure—property relationship.
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