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a b s t r a c t

This work presents the infrared active modes of the ilmenite phase of CdTiO3. Since the ilmenite phase of
cadmium titanate is unstable in large particle size, the dielectric tensor at the infrared region has been
extracted from near normal reflectance of highly reflecting cold pressed powder pellets. The microscopic
values of each tensor component were deduced by a new formulation of the effective medium model
suitable for anisotropic compacts. This model explicitly takes into account both the matrix and void
percolation thresholds, in order to properly determine the dielectric tensor at the region of high fre-
quency longitudinal modes. Both, reflection and absorption experimental data are been confronted with
theoretical calculations based on the density functional theory, revealing a great convergence of the
values. Additionally, we estimated the quality factor in the microwave region to be: εs

x ~27, εs
z ~20, and

Qu� f ~111,000 GHz (at 10 GHz), enabling the ilmenite CdTiO3 material to be employed as central
element in circuitry operating at IEEE X-band.

© 2019 Published by Elsevier B.V.
1. Introduction

Cadmium titanate (or CdTiO3) is an n-type wide band gap
semiconductor oxide with a relatively broad application, including
methane [1] and humidity sensing [2], photodegradation of
gaseous benzene [3], photoanode for dye-sensitized solar cells [4],
and ferroelectricity [5]. From the scientific point of view, this ma-
terial is an interesting topic for solid state sciences, mainly due to
the possibility to be stabilized at room conditions in phases with
paramount importance in material sciences as perovskite and
ilmenite [6]. In this case, the perovskite is the thermodynamically
stable phase, while the ilmenite only can be obtained in submicron
powders [7]. Due to the difficulties encountered at growing single-
crystals, only few works on its structural and vibrational properties
can be found. For instance, Kennedy et al. [7] refined the crystalline
structure of CdTiO3 by neutron powder diffraction. Taniguchi et al.
).
[8] exploited the mechanism of ferroelectricity in CdTiO3 by
probing the effect of Ca2þ substitution. Liebermann provided
valuable information on the elasticity property of cadmium titanate
[9].

The stabilization of each phase depends on the synthesis con-
ditions. The ilmenite phase, which is known to appear at low
temperatures, presents a rhombohedral space group R-3 (C3i2 , #148)
crystalline structure, being it described by an ordered corundum-
type lattice containing stacking layers of edge-sharing CdO6 and
TiO6 octahedra with 1:1 long-range order. Otherwise, high-
temperature conditions lead to the perovskite phase with an
orthorhombic space group Pnma (D2h

16, #62), once cooled down to
room temperature. Such a phase undergoes a displacive ferro-
electric transition at 80 K to a polar orthorhombic structure with
Pna21 (C2v9 , #33) space group [6]. While the transition from
ferroelectric-to-paraelectric phases is reversible, the ilmenite
structure becomes perovskite in an irreversible way by sintering or
growing a single-crystal.

To the best of our knowledge, there are few comprehensive
works reporting infrared spectroscopic data, even less focusing on
their complex dielectric function, of ATiO3 ilmenite-type
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compounds. It deserves a quote thework of Baran and Boton, which
reports the vibrational data of several ilmenites using infrared ab-
sorption spectroscopy [10], and Hofmeister who performed the first
symmetry assignment of the infrared modes in ilmenites based on
the spectroscopic data of fourteen isotopic compounds, including
silicates, germanates, titanates, and stannates [11].

With this work, we contribute with a complete description of
the infrared active modes in ilmenite CdTiO3 using both infrared
specular reflectance and absorption techniques. Such tools have
been widely used for single-crystals because it is able to determine
the infrared active vibrational modes with a remarkable precision.
The infrared reflectance spectroscopy is also recommended to
probe the intrinsic microwave loss, since it is mainly dependent on
the phonon absorption of anharmonic crystal and polar lattice vi-
brations [12e15]. However, the method cannot be employed as it
for submicron particles because reflectance requires a smooth and
large (much larger than the incident wavelength) planar surface. In
order to overcome such an issue, we have employed a theoretical
and experimental method [16,17], which leads to very satisfactory
results for the complex dielectric function derived from the spec-
ular reflectance data performed on cold pressed powders. These
systems present two problems: it is necessary to obtain a me-
chanically stable pellet with a flat and very smooth surface, and
then it is necessary to determine the dielectric tensor of individual
particles from the data of the substance-air composite. Once these
problems were conveniently solved, such a procedure has been
applied to derive the infrared optical constants of the following
isotropic substances: g-Fe2O3 [18], h-Al2O3 [19], Li4/3Ti5/3O4 [20].

This procedure has been extended to an uniaxial substance, as it
is the tetragonal phase of ZrO2 [21] or a-Fe2O3 [22]. In both cases,
the mode assignation was easy, because the IR modes of hematite
were previously published [23], and t-ZrO2 only has two ordinary
and one extraordinary modes. However, for an ordinary uniaxial or
biaxial substance, many modes should be considered, being very
likely that some of them will overlap in several spectral ranges
[24,25]. In this sense, a single reflectance spectrum does not supply
enough information to determine the spectral position of the
transverse and longitudinal phonon frequencies [26]. In this
context, the CdTiO3 ilmenite material is a prototype uniaxial
dielectric material containing eight infrared active modes
(GIR¼ 4Au 4 4Eu) at G-point, and not exhibiting any magnetic
property.

Therefore, in this work, we report a new methodology to pre-
cisely measure the infrared optical properties (i.e. frequencies of
the IR active phonons) of non-isotropic substances which cannot be
prepared as single-crystals. For such a purpose, we will need to
combine the information from ab initio calculations using the
density functional theory (DFT) with infrared spectroscopy on
powdered samples. DFT gives an approximate position for the
modes to be used as a first guess for performing simultaneous non-
linear least squares fitting on the reflectance of powder pressed
pellets and the absorbance of low concentration composites of the
powder in a cesium iodide matrix (IR transparent). As a result, we
have been able to provide a univocal and detailed description of the
infrared modes in ilmenite CdTiO3. Although this is the first time
our methodology has been applied, we think that the results can be
extended to other non-isotropic powders.

2. Experimental details

2.1. Synthesis

Conventional solid-state synthesis combined with a high-
energy vibratory milling was used to produce fine powders of
ilmenite CdTiO3 compound (here after: Il-type CdTiO3), starting
from CdO and TiO2 precursors, as described in a previous published
paper [27]. The reactants were mixed for 1 h by milling using
deionized water, and then thermally treated in air at 750 �C for 2 h.

2.2. Techniques

A X-ray powder diffraction pattern was recorded at room tem-
perature in a Bruker D8 Advance, with Cu-Ka radiation (40 kV and
30mA, l¼ 1.54053 Å) and LynxEye rapid detector, over a 2q interval
from 15� to 85� with step size of 0.02� and step time of 6 s. A Le Bail
fitting was conducted using the FullProf program [28] in order to
determine the lattice parameters. Morphological features were
characterized by an Inspect F-50 scanning electron microscope
(SEM, FEI Netherlands), operating at 5 kV.

For the XPSmeasurements, the powder samples were deposited
on clean double-stick carbon tape, loaded in a vacuum load-lock
chamber, and then transferred in the ultra-high vacuum XPS sys-
tem. The XPS chamber has a base pressure of 10�10mbar and is
equipped with a hemispherical electron energy Analyzer (SPECS
Phoibos 100 spectrometer) and an Al Ka (1486.29 eV) X-ray source.
The angle between the hemispherical analyzer and the plane of the
surface was kept at 60�. Wide scan spectrum (or survey) was
recorded using an energy step of 0.5 eV and a pass-energy of 40 eV,
while specific core levels spectra (Cd 3d, Ti 2p, O 1s, and C 1s) were
acquired using an energy step of 0.1 eV and a pass-energy of 20 eV.
Data processing was performed with CasaXPS software. The abso-
lute binding energies of the photoelectron spectra were deter-
mined by referencing to the C 1s core level at 285 eV [29]. The
contributions of the Al Ka satellite lines were subtracted.

The infrared reflectivity spectra were recorded in a Bruker IFS
66V Fourier-transform spectrometer, equipped with a specular
reflectance cell and a fixed incident angle of 12�. For the mea-
surements, powder samples were cold pressed into pellets in vac-
uum condition under ~800MPa using a YTZP (yttria-tetragonal-
partially-stabilized-zirconia) pressing die with a optically smooth
surface in order to produce pellets with high-quality reflecting
surfaces. The degree of compaction was f¼ 0.56, slightly inferior to
the so-called Random Close Packing volume concentration
(fRCP ~ 0.64), which is the most common packing efficiency of non-
ordered spheres.

3. Computational details

Quantum simulations were performed according to the density
functional theory (DFT) using B3LYP hybrid functional implemented
on CRYSTAL17 package [30,31]. The cadmium, titanium, and oxygen
atomic centers were defined by POB_TZVP [32], 8e6411(31d)G [33],
and 8e411(1d)G [33] all-electron basis sets, respectively. The cal-
culations were conducted with the truncation criteria for the
Coulomb and exchange series controlled by a set of five thresholds
(10�8,10�8,10�8,10�8, and 10�16), and shirking factors set of 8 and 8
for Pack-Monkhorst and Gilat net, respectively. Structural data for
the input file were extracted from the ICSD Card #262708. Infrared
phonons were determined from numerical second derivatives of
the total energy, while dielectric constant and mode intensities
were performed with a perturbative treatment in presence of an
electric field perturbation according to the Coupled Perturbed
Hartree-Fock/Kohn-Sham method (CPHF/KS) [34,35].

4. Experimental results: characterization

Fig. 1a summarizes the X-ray powder diffraction pattern of Il-
type CdTiO3 and its Le Bail refinement. The fitting confirmed the
occurrence of the rhombohedral space group R-3 for the CdTiO3
phase. A careful analysis of the pattern revealed signals of cadmium



Fig. 1. (a) Le Bail refinement results for Il-type CdTiO3. Red open circles are assigned to
experimental data, black line refers to calculated profile, blue line is the difference
pattern between experimental and calculated data, and dark green bars denote the
Bragg reflections. (b) 3D and [111]R views of the R-3 structure in its rhombohedral
description. (c) [100]R view of the R-3 unit cell at its hexagonal representation. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 2. Particle diameter distribution (a) of Il-type CdTiO3 as-prepared powders shown
in SEM micrograph (b). The blue line represents the lognormal fitting performed in the
statistical counting, which revealed a mean particle diameter (Dc) of 118 nm with
standard deviation (s) of 0.3 nm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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oxide as a secondary phase (<2%) in view of the small peak at
2q ~ 32.9�. The lattice parameters of the rhombohedral unit cell
were estimated, as follows: aR¼ 5.8075(2) Å and aR¼ 53.72(2)�.
Fig. 1b shows a schematic representation of the rhombohedral
CdTiO3 with two molecules per unit cell (Z¼ 2). From such a
structure, the 1:1 ordered motif layers of CdO6 and TiO6 octahedra
alternate along the [111]R direction, see in Fig. 1c.

Fig. 2a shows the relative frequency distribution of the particle
diameter and the lognormal fitting for the as-prepared CdTiO3
powders. The representative micrograph in Fig. 2b with micro-
structural features was evaluated by scanning electron microscopy.
A statistical counting using the Feret diameter definition revealed
the mean particle diameter (Dc) of 118 nm with a standard devia-
tion (s) of 0.3 nm, as derived from the lognormal fitting of the
statistical distribution. In this counting, a total of 436 particles were
considered. The diameter, however, may vary between 40 and
280 nm. The average ratio 〈r〉 between the principal axes of the
spheroidal objects was also estimated: 〈r〉 ~1, which means that the
particle resembles more closely the spherical shape. The achieve-
ment of almost nanosized particles is a consequence of the high-
energy ball milling for powder synthesis, as recently shown else-
where [36].
XPS analysis was employed to probe the surface chemistry and
the oxidation states of the Cd and Ti centers. Fig. 3a exhibits the
survey spectrum of Il-type CdTiO3 powders, in which Cd, Ti, and O
elements clearly appeared. Fig. 3b displays the high resolution
photoelectron spectrum at Cd 3d core energy. The fitting process by
a Shirley background model revealed four components ascribed to
the Cd2þ cations of CdO and CdTiO3. Two photoelectron peaks at
binding energies of 405.4 and 412.3 eV represent the spin-orbit



Fig. 3. Photoelectron spectra of the Il-type CdTiO3 powders. (a) Survey scan, (b) Cd 3d, (c) Ti 2p, and (d) O 1s. Open circles and red lines denote the experimental and fitted data,
respectively. Green lines represent the components employed during the fitting process and dotted blue lines the Shirley-type background function. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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separation of the Cd 3d spectrum into Cd 3d5/2 and Cd 5d3/2 pho-
toemissions [37], respectively. Such a splitting of ~6.9 eV is due to
the Cd2þ of CdO precipitated after the synthesis process [38]. The
other two photoelectron peaks at 407.6 and 414.3 eV are ascribed to
the spin-orbit splitting, with DE ~6.7 eV, of Cd2þ from CdTiO3
compound [39].

The Ti 2p photoelectron spectrum of CdTiO3 sample is shown in
Fig. 3c. Here, a complex structure can be noticed with four compo-
nents, as revealed by the fitting process. The most intense photo-
electron peak at 460.8 eV and its splitted counterpart at 466.4 eV
may be attributed to the Ti4þ from CdTiO3 with a spin-orbit split of
~5.6 eV. Two shoulder peaks at binding energies of 458.6 and
463.5 eV correspond to the spin-orbit splitting of the Ti 2p spectrum
into Ti 2p3/2 and Ti 2p1/2 photoemissions [40,41], respectively, being
attributed to the Ti4þ of TiO2. However, titanium oxide phasewas not
detected in XRD pattern in Fig. 1a, which suggests that such a phase
is only deposited on the particle surfaces.

High resolution O 1s photoelectron spectrum in Fig. 3d was
decomposed into an intense peak at 532.5 eV and two shoulder
peaks at binding energies of 534.5 and 529.9 eV. The lowest energy
peak is attributed to oxygen anions bound to Ti cations in the TiO2
lattice [42,43]. The main peak denotes the oxygen anions from the
CdTiO3 lattice. The photoelectron peak centered at 534.5 eV may be
attributed to adsorbed OH species [44,45]. Since the photoelectron
emission from the oxygen anions in cadmium titanate accounts for
69% in percentage area, it is expected that these satellite effects
should not play a role for the dielectric loss in microwave regime.

The Brillouin zone-center vibrational modes of Il-type CdTiO3
were determined in our earlier work [27]. As a matter of
completeness, the mode distribution will be briefly summarized
using the irreducible representation of the C3i factor-group [46]. As
observed in Fig. 1b, cadmium and titanium atoms lie at the 3-fold
axis (C3) with two equivalent positions for each one, while oxy-
gen anions locate at 1-fold axis (C1) with six equivalent positions.
The summation of the site contribution leads to 10 Raman (GR¼ 5Ag

4 5Eg) and 8 infrared (GIR¼ 4Au4 4Eu) activemodes. The complete
description of the Raman modes in Il-type CdTiO3 can be found in
Ref. [27]. Then, at room condition, onemay expect four bands in the
infrared spectrum of this material for each polarization Au and Eu.
Before our discussion on the infraredmodes, the theoretical aspects
behind the spectroscopic data analysis will be briefly exposed.
5. Effective medium theory for powder pellets with variable
percolation thresholds

Because the ilmenite phase of CdTiO3 is unstable for particle size
larger than a micron, it is impossible to fabricate single-crystals to
measure the optical properties along the Au and Eu polarizations
following the standard methodology. However, powder compacts
of optically isotropic substances have been successfully analyzed by
measuring the specular reflection of pressed powder pellets and by
using an effective medium approximation to calculate the dielectric
constant of the system composed by powder and air. One can
expect that the effective properties follow the rules of mixtures of
reflectance, or even in refractive index or permittivity. Neverthe-
less, this rule can be only applied when grain dimensions are larger
than the incident wavelength [47], while for permittivity, the cor-
responding rule of mixtures only works for composites made by
small particles with low contrast between the refractive indices of
matrix and inclusions. In the latter case, percolation-based models
[48e50] better approaches to themicroscopic electromagnetic field
distribution. In fact, when the dielectric constant of one of the
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phases is much larger than the other, which customary happens at
IR frequencies close to the transverse and longitudinal modes (TO,
LO), the effective properties of the composite abruptly varies.

Although mathematical deductions state a percolation
threshold is as low as f ¼ 0.16 for 3D random systems, real systems
always display some degree of ordering, so that the experimental
percolation threshold strongly depends on the microstructure
[51e57]. In that sense, any realistic model of effective dielectric
constant should contain this parameter as an input variable.
Therefore, one of us developed an effective medium approach,
which is suitable for isotropic or anisotropic substances, that allows
inputting the refractive index as a variable [16,17,58,59]. Using this
approach, the optical phonons of a large set of substances could be
accurately analyzed [16,18e21,58,60].

As a first approach, we tried to employ the same method on this
substance. However, Il-type CdTiO3 IR vibrational properties are
more challenging, because it is an anisotropic system with four
modes for each polarization (4Au 4 4Eu). When we used the pre-
viously published models, we should first speculate the assignation
of each IR reflectance band, and all of our tries resulted in a non-
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satisfactory fitting for larger wavenumbers. Specifically, in this
substance, a weak Au mode appears very close to the longitudinal
frequencies of both Au and Eu modes, where standard percolation
model does not apply. In this spectral region, the strong modes
drive the dielectric constant to values below 1, so that it is smaller
than that of the air. Consequently, the percolation criterion should
be applied to the air instead to particles, because only when voids
become connected, and the effective dielectric constant will sub-
stantially modify. In other words, if εp, εm, and 〈ε〉 are the dielectric
constants of inclusions, matrix, and effective medium, respectively,
we need to consider two critical concentrations of particles, fp and
fm, at which the effective dielectric constant abruptly change its
value. Indeed, in all the effective and spectral representation
models [49], two percolation thresholds, both for inclusions and
matrix phases can also be established. This duality represents the
possibility of describing the composite as a function of parameters
of particles or matrix. Analytically, the percolation threshold for
particles is given by introducing the assumption εp[〈ε〉[εm into
the effective dielectric model, while the matrix critical concentra-
tion, fm is determined by the approximation εp≪〈ε〉≪εm.

Among effective models which include two variable percolation
thresholds, only the effective medium theory allows us to include
anisotropic particles. Indeed, spectral representation formalism
may be the natural choice, because is the one that includes the
more precise geometrical information of the composite and in-
troduces both percolation thresholds in a simplest way, but un-
fortunately, up to date, it only has been developed for binary
mixtures of isotropic materials. In this way, we have modified one
effective medium approximation suitable for anisotropic materials,
introduced in Refs. [17,59], to be able for including percolation
thresholds of both phases as well as the shape of particles.

When we use an effective medium approximation for a powder
compact, truly, we are considering a binary medium (particles and
air) with different ellipsoidal shapes and orientations. According
to Refs. [17,59], we only pay attention to the shape of voids, which
determine the percolation factor of particles. However, if we also
consider a possible preferential orientation of voids it is possible to
define both the percolation factor for particle and voids. The most
general effective medium theory (EMT) formula [59] can be
written as:
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In this equation, εmj and εpj are the diagonal components of the
dielectric tensor of the matrix and particles, f the volume concen-
tration of phase p, Lmj and Lpj their corresponding depolarization
factors along the j axis, and cmj and cpj the average of the projection
of the unit vector parallel to the optic axis onto the applied electric
field. In the case of powder pressed pellets, the matrix (i.e. air) is
isotropic, so that the dielectric tensor has all the components
identical: εmj¼ εm. Additionally, for sake of simplicity, we only will
consider randomly oriented particles. This constriction (cpj¼ 1/3)
ensure us that the composite is optically isotropic. With these
simplifications, Eq (1) can be written as follows:
where, the geometric parameter satisfies the following relation-
ships [59]:
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Similarly, the percolation threshold referring to the matrix
phase is given for the condition εp≪〈ε〉≪εm, i.e.
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While Lpz is experimentally determined by the aspect ratio of
the particles, the parameters Lmz and cmz have not any constriction,
so that, by using equations (5) and (7), they can be established in
such manner that the percolation thresholds, fp and fm, take the
desired values. According to some previous studies in such pellets,
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the percolation threshold of particles seem be similar to the volume
concentration, typically from 0 to 10% below the nominal concen-
tration [16], while voids percolation threshold seems to be very
close to 1, which means that the matrix connectivity is very rich
[61]. We can use these set of values, for fp and fm, as a first
approximation, to introduce these parameters into Eq (3) for the
non-linear least square fitting to experimental results. For the
mathematical implementation, we have written a MATLAB® code
which takes into account the expansion of Eq (2) as a form of a
fourth degree polynomial in 〈ε〉 being the coefficients algebraic
expression containing Lm and cm which have been previously
determined by Eqs (5) and (7) from fp and fm.

In order to visualize the effect of the percolation threshold of
matrix into the effective properties of the composite, we have hy-
pothesized an isotropic solid with a strong phonon, with transverse
and longitudinal frequencies at 400 (uT1) and 900 cm�1 (uL1) with a
weak mode at 700 cm�1 (uT2), which is very similar to the MgO
infrared phonon distribution [62]. The filling fraction has been fixed
to f ¼ 0.56 and the particle percolation threshold as fp ¼ 0.50. In
case of non-oriented matrix voids (cmz¼ 1/3), its percolation
threshold is fm ¼ 0.86. In Fig. 4, we have done calculations
following the generalized model for fm ¼ 0.60e1. It can be seen
that the spectral region around the transverse mode (400 cm�1)
remains almost unchanged, while for wavenumbers close to the
longitudinal mode (500e850 cm�1), the reflectance and the
dielectric constant strongly depends on fm. Indeed, the high fre-
quency part of reflectance spectra has been always the more
problematic to fit, because this region has dielectric constant with
very small values, so that any error in vibrational parameters has a
strong effect in this part of the reflectance signal in a manner that it
can be very visible or disappear in the reflectance spectrum.
Therefore, we have found that introducing a variable percolation
Fig. 4. Infrared reflectivity (a) and absolute permittivity (b) spectra of a hypothetic
isotropic solid containing a strong phonon with transverse and longitudinal fre-
quencies at 400 (uT1) and 900 (uL1) cm�1, besides a weak band at 700 cm�1 (uT2). Each
curve was calculated for different percolation threshold (fm) values ranging from 0.6 up
to 1.
for matrix, the goodness of fitting improves remarkably.
Another problem we have found in anisotropic solids is that,

frequently, modes of different optical axis have a similar frequency.
This fact makes very difficult to distinguish the contribution of
those modes by using only a single spectrum [25]. In order to
eliminate that ambiguity, we have considered to perform a simul-
taneous fitting of reflectance data from a dense powder compact as
well as absorbance measurements of dilute dispersion of the same
powder into an infrared halide transparentmatrix (CsI, in this case).
In both cases, we deal with composites, but while for pressed
pellets, the particles are percolated, in the case of halide matrix
samples, the particles remain isolated. Also for both cases, the
polariton resonance of composites, i.e. Fr€ohlich modes [63], appear
between the transverse and longitudinal modes. However, for
percolated systems, the Fr€ohlich modes are very close to the
transverse frequency, while for diluted system of spherical particles
it appears between transverse and longitudinal bands, more spe-
cifically at the so-called Fr€ohlich frequency, which as a first
approximation can be written as: uF ¼ uT þ 1/3(uL‒uT). This shift is
enough to distinguish from modes with similar transverse fre-
quencies in different optical axis, since the splitting (uL‒uT) differs
for each polarization.

In order to determine the phonon frequencies, on the one hand,
we used the near normal reflectance, which through the Fresnel
relation allows determining the effective dielectric constant of the
pressed pellet 〈ε〉R:

Rth ¼
����

ffiffiffiffiffiffiffiffiffi
〈ε〉R

p � 1ffiffiffiffiffiffiffiffiffi
〈ε〉R

p þ 1

����2: (8)

On the other hand, the absorbance has been modelled through
the findings described elsewhere [51]. According to such a study,
particles tends to agglomerate when halide crystals grow during
pressure sintering, so that the observed filling fraction may be
several orders of magnitude larger than the nominal one. In this
respect, we have left the effective concentration as a fitting
parameter, as well as the effective thickness of the sample. The
experimental absorption is given by:

Aexp ¼ 4p
logð10ÞuImð

ffiffiffiffiffiffiffiffiffi
〈ε〉A

p
Þdeff ; (9)

where, u is the wavenumber, deff is the effective thickness, and 〈ε〉A
the effective dielectric constant of the diluted suspension calcu-
lated using Eq (2) with the corresponding parameters of feff, fp, and
fm. The goodness of the fit (<) was defined as follows:

<2 ¼
P���Rexp � Rth

��2 þ ��Aexp � Ath
��2�

P�
R2exp þ A2

exp

� : (10)

Although 〈ε〉R and 〈ε〉A take different values, both have been
calculated using Eq (2). Additionally, for each effective dielectric
constant, two sets of percolation thresholds have been introduced
as fitting parameters. The description of each component, Au and Eu,
of the dielectric tensor of the particles was performed using the
model introduced by Gervais and Piriou (also known as four-
parameter semi-quantum model or FPSQ), who factorized the
complex dielectric function [13], as follows:

εpðuÞ¼ ε∞
YN
k¼1

u2
kL � u2 þ iugkL

u2
kT � u2 þ iugkT

; (11)

such that, ukT and ukL denote the frequencies of the transverse (T)
and longitudinal (L) optical branches of the k-th phonon,
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respectively, and gkT and gkL the corresponding damping factors; ε∞
is the dielectric constant, at high frequencies, due to the electronic
polarization.

As predicted by group-theory, eight infrared phonons were taken
into account to describe the complex dielectric tensor composed by
the components εpx(u) and εpz(u), being divided into 4Eu and 4Au
modes. The symmetry assignment of the infrared phonons, aswell as
the first approximation for transverse and longitudinal frequencies
was provided by DFT calculations, enabling us to specify between Au
and Eu polarizations and their respective optical modes. Fig. 5
summarizes the experimental and calculated infrared reflectance
(a) and absorbance (b) spectra of ilmenite CdTiO3 as pressed powder
pellets and dilute dispersion, respectively. The values of volume
concentration f were 0.56 and 0.13 for the reflectance and absor-
bance samples, respectively. The percolation thresholds sets, fp and
fm, for both spectra were fitted to fp¼ 0.56, 0.27, and fm¼ 0.95 and
0.99. The effective thickness was found to be 2.17 mm. As the real
thickness was 0.2mm, we can roughly say that the nominal filling
fraction is around three orders of magnitude smaller than the fitted
one, which agrees reasonably well to the nominal value. The
Fig. 5. Infrared reflectivity (a) and absorbance (b) spectra of ilmenite CdTiO3 per-
formed, at room conditions, in pressed powder pellets and dilute dispersion. Open
circles denote the experimental data; red line represents the adjusted (calculated) via
Eq (8)s and (9) in light of the average dielectric constant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
effective concentration, defined as the thickness time the volume
concentration, which basically represents the mass conservation
principle, should be similar in the experimental system and as that of
the fitting. More specifically, the experimental effective concentra-
tion is (0.2 mm� 1� 10�3) ~ 2� 10�4mm, while fitting gives
(2.17� 10�3mm� 0.13) ~ 2.80� 10�4mm, showing that, although
particles tend to agglomerate, calculations give accurate values for IR
absorption spectra. The quality of the adjustment process was
assessed by the goodness of fit < of 0.002.
6. Discussion

All the physical parameters fitted in accordance with the FPSQ
models for polarization Au and Eu in description of the complex
dielectric tensor are listed in Table 1. It is also compared the
transverse modes obtained in this work with those results reported
by Baran and Boton [10,64], showing a reasonable agreement. In
order to confirm the quality of the fitting procedure, the real part of
〈ε〉 and imaginary parts of 〈ε〉 and 1/〈ε〉were directly extracted from
the reflectivity spectrum by Kramers-Kr€onig (KK) analysis [65]. As
shown in Fig. 6, there is a good agreement between KK data and
those obtained by fitting with FPSQ method combined with EMT
formula of Eq (2) in description of the effective dielectric constant.
It should be highlighted that the imaginary parts of ε and 1/ε pro-
vide information on the frequencies and damping factors of the TO
and LO optical branches, respectively.

The components εpx(u) and εpz(u) of the complex dielectric
tensor, experimentally derived for the Il-type CdTiO3, appear in
Fig. 7. The calculated positions of the transverse and longitudinal
modes are listed in Table 1. One may note the good agreement
between experimental and calculated data in view of the mode
wavenumber. For each oscillator, or polar mode, adjusted by the
FPSQmethod, it is possible to define the dielectric strength Dεj [66],
as follows:

Dεj ¼
ε∞

U2
jTO

,

Q
k

�
U2
kLO �U2

jTO

�
Q
ksj

�
U2
kTO � U2

jTO

�: (12)

This quantity allows us to estimate the static dielectric constant
as a summation of all the strength values:

εs ¼ ε∞ þ
X
j

Dεj; (13)

which represents a limit condition of the complex dielectric func-
tion in Eq (11) foru≪UjTO, close to themicrowave regime. The value
of εs can be also employed to calculate the dielectric loss associated
with the individual polar mode:

tandj ¼u
DεjgjTO

εsU
2
jTO

: (14)

In particular, such estimation is useful to evaluate the possible
applications of Il-type CdTiO3 in microwave circuitry. The set of
data is also summed up in Table 1.

The calculation results using DFTmethod are listed in Table 1 for
comparison with those experimentally obtained. One may
conclude that there is an excellent agreement between those re-
sults, in view of both transverse and longitudinal mode positions.
Fig. 8 depicts the atomic displacement patterns for all the infrared
modes in rhombohedral CdTiO3, as derived from dynamic matrix
solution. We will briefly discuss these modes in the next
paragraphs.



Table 1
Dispersion parameters (UTO, gTO, ULO, gLO, in units of cm�1) from the fit of the infrared reflectance spectrum of Il-type CdTiO3. The infrared phonon position (in units of cm�1)
calculated via DFT is also summarized.

Phonon N� Experimental DFT Ref [10]

UTO gTO ULO gLO Dεj 106� tandj/u UTO ULO Dεj Uj

Au (extraordinary)
1 184.0 33.5 242.2 8.3 9.34 462.4 167 244 9.32 220
2 425.8 28.6 461.0 5.4 3.29 26.0 375 377 0.10 375
3 484.0 10.8 586.2 63.8 1.34 3.1 492 604 2.53 600
4 674.6 33.6 744.9 14.5 0.51 1.9 682 751 0.37 696

ε∞
z 5.5

P
tandj/u 4.933� 10�4

ε∞
z 4.15

εs
z 19.98 Qu� f 60,769 GHz εs

z 16.47
Eu (ordinary)
5 174.7 11.4 185.3 11.5 4.12 56.4 169 178 3.20 215
6 283.1 36.4 332.9 10.1 10.29 170.9 279 328 8.60 318
7 394.0 30.6 465.8 60.5 5.57 40.1 396 451 4.72 440
8 497.8 9.9 752.9 54.1 1.89 2.8 482 749 2.11 535

ε∞
x 5.5

P
tandj/u 2.701� 10�4

ε∞
x 4.88

εs
x 27.37 Qu� f 110,979 GHz εs

x 23.50

Fig. 6. Real (a) and imaginary (b) parts of the average dielectric constant 〈ε〉 of Il-type
CdTiO3 in the infrared region. In part (c), the imaginary part of the reciprocal 〈ε〉 is also
represented. Open circles denote the data extracted from the reflectivity spectrum by
Kramers-Kr€onig analysis. Solid lines represent those data from the fitting procedure in
light of the EMT formula of Eq (2).

Fig. 7. Real (a) and imaginary (b) parts of the components εpx(u) and εpz(u) of the
complex dielectric tensor for ilmenite CdTiO3. The imaginary parts of the reciprocal
components are plotted in part (c).
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For the Au-like modes, the Cd and Ti atoms only move parallel to
the C3 main axis. The Au mode at 184 cm�1 (DFT: 167 cm�1) con-
cerns the displacements of Cd and Ti along [111]R direction. Due to
the effective charge motion along C3 axis, the dipole moment
generated contributes to ~47% for the static dielectric constant εsz, in
view of its dielectric strength Dε1¼9.34. In a similar manner, the Au
mode at 426 cm�1 (DFT: 375 cm�1) is described by the parallel
movements of Cd ions against the oxygen sublattice, while oxygen
anions move in-plane as asymmetric breathing. The effective
charge motion produces a dipole moment with dielectric strength
Dε2¼ 3.29, and then contributing to ~17% for static dielectric con-
stant along-z. The Au mode located at 484 cm�1 (DFT: 492 cm�1)
has effective charge from oxygens and cation displacements which
cancel each other out, and then producing a dielectric strength



Fig. 8. Representation of the infrared modes (4Au 4 4Eu) with calculated wavenumbers right below. The relative amplitude of the vibrations is also represented. There are two
perspectives: tridimensional (top-row) one and along the [111]R projection (bottom-row). The orange, blue, and red spheres represent cadmium, titanium, and oxygen atoms,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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almost one (Dε3¼1.34). Similar behavior was found for the Au

mode at 675 cm�1 (DFT: 682 cm�1), which denotes the in-plane
oxygen bending-type motions and then producing a low dielec-
tric strength (Dε4¼ 0.51).

For the Eu-like modes, the Cd and Ti atomic displacements lie at
the orthogonal planes to the 3-fold axis (C3). The low wavenumber
Eu mode at 175 cm�1 (DFT: 169 cm�1) has out-phase displacement
of Cd and Ti atoms. The effective charge motion produces a dipolar
moment with dielectric strength Dε5¼ 4.12, as a consequence of
cadmium and oxygen ions moving against titanium ones. The Eu
mode located at 283 cm�1 (DFT: 279 cm�1) has the strongest
dielectric strength of Dε6¼10.29. In this case, the effective charge
motion is oriented along [100]h direction and contributing with
38% for the static dielectric constant εsx. The Eu mode at 394 cm�1

(DFT: 396 cm�1) also has an important participation (~20%) for
dipolar moment with Dε7¼ 5.57. Such a mode is described by Cd
atoms displacements against oxygen sublattice in a bending-type
motion. The Eu mode at 498 cm�1 (DFT: 482 cm�1) has mainly
torsional motions of oxygen anions that produce a low dipolar
moment with 7% of contribution for the static dielectric constant:
Dε8¼ 1.89.

Different from the simple cubic ATiO3 perovskite phase, which
has three triply degenerate infrared modes (GIR¼ 3T1u) at Brillouin
zone-center, the ilmenite phase has an enlarged number of infrared
modes as a consequence of its high distortion. The change in site
symmetry is expected, since CdTiO3 (t ~ 0.924) [67] has a lower
tolerance factor when compared with cubic perovskite, such as
SrTiO3 (t ~ 1). In the distortional process, a symmetry lowering at
the A and Ti sites takes place from Oh to C3, leading to the de-
generacy breaking of T1u mode into Au 4 Eu. In this way, the
infrared modes in ilmenites can be correlated to those in perov-
skites. As summarized in Hlinka et al. [68], the infrared phonon
spectrum in cubic perovskites is better understood by using three
different eigenvectors of the Last, Slater, and Axe zone-center
modes. Last mode has low wavenumber, being it ascribed to dis-
placements of A cations against rigid TiO6 octahedra. Slater one
produces highest dipole moment due to its ferroelectric character,
and then effectively contributing for the static dielectric constant.
Axe mode resembles more closely the bending of octahedra and
then with highest wavenumber.

In this sense, the infrared phonon spectrum in R-3 ilmenite
structure depicts some similarities and differences in comparison
to that in cubic perovskite. For instance, Last-type mode in ilmenite
can be those at 175 (Eu, #5) and 184 (Au, #1) cm�1 due to the Cd2þ

role during the lattice vibration. Slater-type modes are located at
290‒490 cm�1 region (modes #2, #3, #6, and #7), inwhich positive
and negative charges move against each other. The highest wave-
number mode #4 (~675 cm�1) can be seen as Axe-type because it
has almost negligible contribution to the static dielectric constant
εs
z. Nevertheless, the Eu mode at 498 cm�1 (#8) can be also defined
as Axe-type, despite its high dipole moment. Such a fact is ascribed
to an unusual combination of bending and asymmetric stretching
motions of oxygen anions. Although the Au mode at 184 cm�1 was
classified as Last-type, its contribution to the static dielectric con-
stant is higher than that from any other Slater-type mode.

Based on the optical constants listed in Table 1, a possible
application of Il-type CdTiO3 as a central element in microwave
device engineering can be postulated. A material that fulfills the
design details should possess a high unloaded quality factor Qu¼ 1/
tand, in order to provide selectivity to the circuitry; relatively high



J.E.F.S. Rodrigues et al. / Journal of Alloys and Compounds 813 (2020) 15213610
dielectric constant in microwave region for miniaturization im-
provements, and temperature coefficient of resonant frequency
very close to zero which leads to device thermal stability [69]. For
the ilmenite CdTiO3, the values of static dielectric constant
εs
x¼ 27.37 and εs

z¼ 19.98 denote extrapolations of the dielectric
tensor for u/ 0, and then for the IEEE X-band centered around 10
GHz (f ~0.334 cm�1). Although the dielectric constant found in Il-
type CdTiO3 are not so high for applications in X-band circuitry,
the values for the dielectric losses seem to be very promising. Such
a factor depends on the contribution of the individual polar mode,
as follows: tand¼P

tandj. The values listed in Table 1 lead to the 10
GHz dielectric loss near 1.6� 10�4 and 9.0� 10�5 both Au and Eu
polarizations, respectively. It means that unloaded quality factors
Qu� f for ordinary modes have interesting magnitudes close to
110,979 GHz. Since Il-type CdTiO3 is structurally unstable in large
particle size, new strategies based doping with isovalent and
isomorphic ions at A-site are welcome in developing dense ce-
ramics for final microwave uses.

7. Conclusion

In summary, we presented a detailed analysis of the infrared
active phonon spectrum of ilmenite CdTiO3 using infrared specular
reflectance and absorption spectroscopy. A combination of exper-
imental and theoretical methods was applied to investigate the
polar modes in rhombohedral R-3 (C3i2 ) ilmenite phase. The phonon
frequencies of this phase makes specially difficult to employ pre-
viously published methods for the determination of the effective
dielectric constant, so that we modified a previous model to
accurately determine the spectral features of small modes close to
the longitudinal frequencies of strong ones, and we have also
implemented a fitting procedurewhich combines information from
reflectance and absorption to eliminate possible ambiguities for
modes with close transverse frequencies at different polarizations.
Intrinsic dielectric response was extrapolated to the microwave
region, showing that the values of the components of static
dielectric constants are εsx ~27 and εs

z ~20. Very promising values for
the unloaded quality factor were found for Il-type CdTiO3, Qu� f
~111,000 GHz, enabling possible application for circuitry at IEEE X-
band of 10 GHz.
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