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1. Introduction

There is no doubt that ABX3 perovskites are a key material for 
developing new devices for several applications, covering the 
fields of gas sensors [1], detectors [2], solar cells [3], actuators 

[4], capacitors [5], microwave resonators [6], ferroelectric 
random access memory [7], superconductors [8], waveguides 
[9], catalysts [10], and so on [11–14]. Such practical uses 
are possible due to their ability to accommodate very dif-
ferent atoms at both A- and B-sites that generates complex 
systems with tunable physical properties [10]. In ideal cubic 
perovskite, the B atoms are octahedrally coordinated by X 
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Abstract
ATiO3-type materials may exist in two different crystalline forms: the perovskite and ilmenite. 
While many papers have devoted their attention to evaluating the structural properties of the 
perovskite phase, the structural stability of the ilmenite one still remains unsolved. Here, we 
present our results based on the lattice dynamics and first-principles calculations (density 
functional theory) of the CdTiO3 ilmenite phase, which are confronted with experimental data 
obtained through micro Raman spectroscopy that is a very good tool to probe the local crystal 
structure. Additional Raman bands, which are not foreseen from group-theory for the ilmenite 
rhombohedral structure, appeared in both low temperature (under vacuum condition) and 
high-pressure (at room temperature) spectra. The behavior can be explained by considering 
the local loss of inversion symmetry operation which reduces the overall space group from R3  
(C2

3i) to R3 (C4
3). Our results can also be extended to other ilmenite-type compositions.
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anions (six-fold) to form a lattice of corner-sharing BX6 octa-
hedra, while A atoms are centered at the 12 coordinate cavi-
ties (12-fold) generated by the octahedral arrangement [15]. 
A particular class of perovskites takes place when B-sites 
are populated by titanium atoms, including the well-known 
barium titanate for supercapacitor applications [16], stron-
tium titanate for tunable microwave filters, and lead zirconate 
titanate for piezo electric actuators [17]. All the interesting 
properties of these materials come from the atomic substitu-
tion-driven crystal structure in which its description is ruled 
by three processes, namely octahedral tilting, off-center cat-
ionic displacement or octahedral distortion [18]. In this way, 
the ideal perovskite modifies its crystal structure to a less sym-
metric space group which makes possible monitor the phase 
transition through soft modes studies [19, 20].

In ATiO3 titanates, A site may lead to a strong distorted 
structure when Fe, Mn, Zn, Ni, Co, Cd or Mg-type atoms are 
considered, and hence the corner-sharing TiO6 network is no 
long valid [21]. Instead, an ordered corundum-type lattice 
takes place to describe such a new class of titanates, known as 
ilmenites. In particular, the octahedral network is appropriated 
understood as ordered layers of edge-sharing AO6 and TiO6 
octahedra following the 1:1 stacking sequence along [1 1 1]R 
planes of the rhombohedral unit cell (i.e. parallel to c-axis in 
hexagonal description). The reduced size of A atoms allows 
coordination number variation from 12 to 6 in ilmenite mat-
erials, as compared to ideal perovskite, and then a symmetry 
lowering [22]. Similar to perovskites, ilmenite-based oxides 
also find innumerous applications in heterogeneous catalysis 
[23], gas sensing [24], sodium ion battery technology [25], 
and high-k dielectrics [26], being the thermodynamic stability 
the main hindrance for their widespread use in novel devices.

A particular and representative of the ATiO3-type com-
pound is the cadmium titanate (CdTiO3) that can be syn-
thesized in either perovskite or ilmenite crystal forms 
(polymorphism), making it an appropriated laboratory for 
high studies in solid state physics. CdTiO3 perovskite is par-
aelectric at room temper ature belonging to the orthorhombic 
Pnma space group (D16

2h  or #62) [27, 28]. Below ~80 K, 
such a phase undergoes a displacive ferroelectric transition 
to a polar orthorhombic phase within the Pna21 space group 
(C9

2v or #33) that is an interesting combination of octahedral 
tilting, from the overall centrosymmetric orthorhombic phase, 
and cationic displacement of Ti and O ions [29]. Otherwise, 
CdTiO3 in ilmenite phase (here after: Il-type CdTiO3) is struc-
turally stable under ambient pressure and at temperatures 
below 1173 K. Until now, important papers were published 
concerning structural, vibrational and elasticity properties of 
CdTiO3 polymorphs [30–34]. Such studies investigated the 
phase diagram concerning the ilmenite  →  perovskite trans-
ition. Although the temperature stability of the Il-type CdTiO3 
is well-known, there are no available reports on the hydro-
static pressure stability by means of Raman scattering which 
makes this issue a hot topic for solid state community.

In this work, we have done temperature- and pressure-
dependent experimental investigations using micro Raman 
spectroscopy to better characterize the lattice dynamics of the 
CdTiO3 ilmenite. Theoretical calculations using group-theory, 

density functional theory, and short-range force field model 
were performed to provide the correct symmetry assignments 
of the optical modes in Il-type CdTiO3. Our theoretical lattice 
model was compared with the experimental results in order to 
explain the occurrence of extra Raman modes at low temper-
ature (under vacuum condition) and under high-pressure (at 
ambient temperature). The results allow us to suggest a local 
reduction in crystal symmetry based on the break of inver-
sion operation which leads to unexpected modes in the exper-
imental Raman spectra.

2. Experimental procedures

2.1. Synthesis

Fine powders of Il-type CdTiO3 were prepared by the con-
ventional solid state reaction method, starting from CdO 
(Sigma-Aldrich; 99.9%) and TiO2 (Sigma-Aldrich; 99.9%) 
oxides. These reactants were weighted and mixed for 1 h 
by high-energy vibratory milling using deionized water as a 
mixing medium. The dry mixture was thermally treated in air 
at 1023 K for 2 h and then ground into fine powder with an 
agate mortar and pestle.

2.2. Characterization

Conventional x-ray diffraction (XRD) at room conditions 
was carried out in a 6100 Shimadzu diffractometer (40 kV 
and 30 mA; Cu-Kα radiation with λ  =  1.5406 Å) over a 
2θ interval between 20° and 80° with a step size of 0.02°. 
The XRD pattern was compared with card N° 262708 [27] 
available at the inorganic crystal structure database (ICSD, 
FIZ Karlsruhe, and NIST). Rietveld refinement was per-
formed using the DBWS9807 free software [35, 36]. Raman 
spectra were recorded in a HR800 Evolution micro Raman 
spectro meter (Horiba Jobin-Yvon) equipped with a Peltier-
cooled CCD camera and a holographic diffraction grating of  
1800 gr mm−1 in order to keep the spectral resolution better 
than ~1 cm−1. The Stokes signals were excited by a 488 nm 
laser line through a 50×  LD objective (NA  =  0.35 and spot 
size ~1 µm) and the laser power was kept below ~3 mW.

For the temperature-dependent Raman studies under 
ambient pressure, a small amount of sample was placed in 
a helium closed cycle cryostat with a controller Lake Shore 
330 and in a Linkan T1500 micro furnace during low- and 
high-temperature studies, respectively, covering the interval 
between 15 and 1173 K. All the spectra were further cor-
rected by the Bose–Einstein thermal factor before any fitting 
procedure in the framework of the PeakFit v.4 software [37]. 
Besides, Lorentzian profile curves were used to decompose the 
spectra into component peaks from which it was extracted both 
width and position parameters. For the pressure-dependent 
Raman studies at ambient temperature, small sample amount 
was placed in a symmetric piston cylinder-type diamond anvil 
cell equipped with 400 µm diamond culets. First, the stainless 
steel gasket was pre-indented to 30 µm in thickness and then a 
bore with 100 µm of diameter was drilled. After, CdTiO3 grains 
together with ruby microspheres, which was employed as a 
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pressure sensor [38, 39], were carefully loaded between two 
opposing diamonds anvils (see online supplementary figure S1 
(stacks.iop.org/JPhysCM/30/485401/mmedia)). Finally, the 
16:4:1 methanol-ethanol-water mixture was filled in the pres-
sure chamber as a pressure transmitting medium (PTM) from 
~0 up to 18.5 GPa.

3. Theoretical procedures

3.1. Quantum computational methods

Quantum computational simulations were performed by peri-
odic functional theory (DFT) in conjunction with B3LYP 
hybrid functional implemented [40, 41] on CRYSTAL17 
program [42]. Cadmium, titanium, and oxygen centers were 
described by POB_TZVP [43], 8-6411(31d)G [44] and 
8-411(1d)G [44] basis sets, respectively. The calculations 
were conducted with 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 shrinking factors set to  
8 and 8 (Pack-Monkhorst and Gilat net). The initial atomic 
positions and lattice parameters were set according to 
Rietveld refinement results. The Raman and infrared vibra-
tional modes and their corresponding wavenumbers were cal-
culated by means of numerical second derivatives of the total 
energy. The Raman and infrared intensities were obtained by 
the CPHF/KS scheme [45, 46]. Hydrostatic pressures from 2 
up to 18 GPa were applied by means of the stress tensor, as 
implemented in the CRYSTAL code.

3.2. Classical computational methods

The optical modes of Il-type CdTiO3 were also described 
using the normal coordinate analysis in a context of the short-
range force field model. In particular, we have taken as force 
constants the stretching (Ki and Fi) and bending (Hi)-type 
ones in light of the first-neighbor approximation, as quoted in 
table 1. It is noteworthy that the bending forces are included 
to describe the transverse lattice vibrations [47]. Each force 
constant was then adjusted by least-square fitting. In this way, 
stretching interactions represent the forces between Cd–O, 
Ti–O, and O–O, while bending forces concern the angle bonds 
O–Cd–O and O–Ti–O. In this calculation, all the structural 
data including atomic positions, bond distances, and angles 
were extracted from the Rietveld refinement results.

The lattice dynamics calculations (LDC) were then per-
formed in the framework of the Wilson’s GF-matrix by 
solving the secular equation 

∣∣F − λG−1
∣∣ = 0 [48]. Details on 

the classical theory of the molecular vibration are summarized 
in the seminal work of Wilson, Decius and Cross [49]. G and 
F matrices contain the kinetic and potential energy data of 
the system, respectively. In short, the normal coordinates |Q〉 
should be derived from internal coordinates |S〉 via L matrix, 
|S〉 = L |Q〉, and then leading a diagonal matrix with the 
eigenvalues λ = 4π2c2ν2. Such a calculation also provides the 
percentage contribution of each force constant to an arbitrary 

eigenvalue λk  by the potential energy distribution (PED) coef-
ficient, as follows:

PEDk
ij =

FijLikLjk∑
ij FijLikLjk

. (1)

4. Results and discussion

4.1. Crystal structure and Raman activity

Figure 1(a) exhibits the XRD pattern and its refinement at 
room temperature for the Il-type CdTiO3 sample. No signals 
of secondary phases were observed in this pattern, confirming 
that the stoichiometric CdTiO3 was fully obtained from 
CdO and TiO2 reactants. The reflection planes were indexed 
in agreement with the rhombohedral structure belonging to 
the R3  space group (C2

3i or #148) to describe the ilmenite 
system, as reported in the ICSD card N° 262708 [27]. In the 
inset of figure 1(a), a representation of this rhombohedral unit 
cell containing two chemical formulas (Z = 2) is also shown. 
From the structural refinement, the lattice parameters, unit 
cell volume, and atomic positions were obtained, as listed in 
table 2, in a good agreement with other reported data for the 
Il-type CdTiO3 [50, 51]. For comparison, the structural data 
predicted through DFT calculations is also quoted.

Since the present study also concerns the evolution of the 
lattice properties under high-pressure condition, the com-
pressibility data for the Il-type CdTiO3 were predicted using 
DFT calculations. The stability of the rhombohedral unit cell 
was probed for pressure varying from 0 to 18 GPa. Figure 1(b) 
shows the pressure dependence of the unit cell volume (V) 
normalized at its value at ambient condition V0 (volume at 
0 GPa). The dimensions of the unit cell decreased as the pres-
sure increased from 0 up to 18 GPa. The resistance to this 
compression can be evaluated by the Bulk modulus (B0) and 
its pressure derivative (B′

0  =  ∂B0/∂P), being such parameters 
directly determined from the third-order Birch–Murnaghan 
isothermal equation of state, as follows [52]:

P(V) =
3
2

B0

[Å
V
V0

ã−7�3

−
Å

V
V0

ã−5�3
]

{
1 +

3
4
(B′

0 − 4)

[Å
V
V0

ã−2�3

− 1

]}
,

 

(2)

where B0  =  163 GPa and B′
0 <∼ 4 were extracted from the fit-

ting process, as shown in figure 1(b). These values are in rela-
tively good agreement with other experimental and theoretical 
results already reported for the ilmenite-based compounds, 
such as CdTiO3 (B0  =  165 GPa) [30], FeTiO3 (B0  =  172 GPa) 
[53], MnTiO3 (B0  =  176 GPa) [54], ZnTiO3 (B0  =  191 GPa) 
[55], and NiTiO3 (B0  =  195 GPa) [56]. We can further con-
clude that the theoretical model developed here is suitable for 
describing the structural properties of Il-type CdTiO3 under 
high-pressure condition, and for elucidating the stability of 
the ilmenite phase in the pressure range 0–18 GPa.

J. Phys.: Condens. Matter 30 (2018) 485401
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With the atomic site occupation listed in table 2, we were 
able to predict the number and symmetry of each vibrational 
mode at the Brillouin zone-center (q � 0) by taking the irre-
ducible representation of the C3i (≡S6) factor group [57]. The 
character table  for this group shows that the acoustic and 
infrared modes belong to the Au and Eu representations, while 
the Ag and Eg irreducible representations are Raman active. 
The distribution of the degrees of freedom for the ilmenite 
structure can be calculated, as shown in table  2. Cadmium 

atoms are in 2c sites (C3 symmetry) and then contributing 
with Ag  ⊕  Au  ⊕  Eg  ⊕  Eu modes. Similar site symmetry is 
found for the titanium atoms at 2c Wyckoff positions, while 
oxygen anions are at 6f sites (C1 symmetry) and providing 
the following representation: 3Ag  ⊕  3Au  ⊕  3Eg  ⊕  3Eu. 
Therefore, ten Raman active (5Ag  ⊕  5Eg) and eight infrared 
ones (4Au  ⊕  4Eu) are foreseen for the Il-type CdTiO3.

Both Raman and infrared spectra at room temperature 
of the Il-type CdTiO3 are well documented in the literature, 

Table 1. Multiplicity, interatomic distance or angle, and force constant values used to parameterize the potential energy matrix in the 
framework of the short-range force field model (SRFFM).

Force constant Between atoms Multiplicity Distance (Å)/angle (°)
Force constant 
value (mdyn. Å−1)

Bonds
K1 Cd(2c)–O(6f) 6 2.219–2.424 0.801
K2 Ti(2c)–O(6f) 6 1.887–2.062 0.826
F1 O(6f)–O(6f) 3 2.500–2.737 0.534
Angles
H1 O(6f)–Cd(2c)–O(6f) 3 155.05 0.512
H2 O(6f)–Ti(2c)–O(6f) 3 161.32 0.782

Figure 1. (a) X-ray powder diffraction data for Il-type CdTiO3 at ambient condition. Red open circles indicate the experimental XRD data, 
the black line the Rietveld refined data, and the green line the difference between the measured and refined data. The inset exhibits the unit 
cell, with two formulas per unit, of the CdTiO3 ilmenite. The orange, blue, and red spheres denote cadmium, titanium, and oxygen atoms, 
respectively. (b) Calculated pressure dependence of unit cell volume for Il-type CdTiO3. The thick red line is the fitted curve using the 
third-order Birch–Murnaghan isothermal equation of state.

Table 2. Nuclear site group analysis for the Il-type CdTiO3 with rhombohedral unit cell belonging to the R3  (C2
3i or #148) space group. 

The atomic position and its site symmetry are also listed together with structural information extracted from Rietveld method and DFT 
calculation.

Atom Wyckoff site Symmetry x y z Irreducible representation

Cd1 2c 3. (C3) 0.3640    0.3640 0.3640 Ag  ⊕  Au  ⊕  Eg  ⊕  Eu

Ti1 2c 3. (C3) 0.1503    0.1503 0.1503 Ag  ⊕  Au  ⊕  Eg  ⊕  Eu

O1 6f 1 (C1) 0.5652 −0.0367 0.1912 3Ag  ⊕  3Au  ⊕  3Eg  ⊕  3Eu

Unit cell data Rietveld DFT ΓTOTAL 5Ag  ⊕  5Au  ⊕  5Eg  ⊕  5Eu

Cell parameter, a (Å)            5.7964 5.8690 ΓACOUSTIC Au  ⊕  Eu

Cell parameter, α (°)             53.72 53.61 ΓSILENT 0

Unit cell volume, V (Å3)             117.49 121.58 ΓRAMAN 5Ag  ⊕  5Eg

Calc. density, ρ (g cm−3)               5.89            5.69 ΓINFRARED 4Au  ⊕  4Eu

J. Phys.: Condens. Matter 30 (2018) 485401
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mainly after the work of Baran and Botto [50]. The assign-
ment of symmetry for each optical mode in ilmenites was first 
introduced by Hofmeister after infrared reflectance studies 
on the FeTiO3 natural ilmenite in its single-crystal form 
[58]. The author correlated the vibrational spectra of ilmen-
ites in a set of fourteen isostructural compounds, leading to 
the symmetry assignment of the optical modes. These results 
were further confirmed through polarized Raman studies and 
 first-principles calculation in Il-type MgTiO3 [59]. In order 
to better characterize the optical phonons at Γ-point, Il-type 
CdTiO3 was taken as a case of study in our work, being its 
phonon modes further predicted by density functional theory. 
Such predictions were also complemented by means of  
the SRFFM, as discussed in the following lines.

Figure 2(a) exhibits the Raman spectrum recorded at 295 K 
for the Il-type CdTiO3 sample. From the spectral decomposi-
tion, only nine bands were detected using our experimental 
setup with resolution <∼1 cm−1. Such a spectrum was compared 

with the calculated Raman modes derived from our theoretical 
model for Il-type CdTiO3 by DFT methods. Both calculated 
and experimental Raman positions are listed in table 3 from 
which it can be concluded that there is a good agreement 
between those modes in light of the mode position. However, 
the predicted Ag band located at 348 cm−1 is not clearly dis-
tinguished in the experimental spectrum at room temperature, 
probably due to thermal effects including the broadening 
induced by anharmonicity of the interatomic potential.

4.2. Temperature-dependent Raman studies

In this way, low temperature Raman spectra were acquired 
for solving overlapping bands due to broadenings related 
to thermal effects. In figure 2(b), the 15 K spectrum for the 
Il-type CdTiO3 can be seen. Now all the ten modes can be 
easily recognized. Attention should be given to the progres-
sive occurrence of the Ag band centered at 343 cm−1 when the 

Figure 2. (a) Experimental and theoretical Raman spectra of Il-type CdTiO3 at room condition. (b) Low temperature (15–150 K) Raman 
spectra of Il-type CdTiO3. (c)–(h) Decomposition process of the 15 K spectra by Lorentzian functions, where the black open circles 
represent the experimental data and red solid lines are the fitted spectra. In (g) and (h), the green dotted lines were included here to adjust 
the extra Raman bands.

Table 3. List of experimental (at 15 and 295 K) and calculated (DFT and SRFFM) Raman active modes (Ag and Eg) for CdTiO3 sample 
investigated in this paper. The parameters ν0T, A, B, C, and D extracted from the Balkanski model (anharmonic constants) is also 
summarized for each Raman mode, except that one at 343 cm−1 (Ag). Abbreviations: Ω  =  mode position; DFT  =  density functional theory; 
SRFFM  =  short-range force field model.

Experimental

DFT
Ω (cm−1)

SRFFM
Ω (cm−1)

Balkanski model parameter

N.°
15 K  
(cm−1)

295 K 
(cm−1) ν0T (cm−1) A (cm−1) B (cm−1) C (cm−1) D (cm−1)

Ag-like mode
1 118 116 110 132 119 — — −0.42 —
2 223 219 219 219 225 0.69 0.03 −1.83 —
3 343 — 348 348 — — — — —
4 474 473 460 541 476 2.91 −0.02 −1.91 −0.04
5 699 698 697 671 699 13.63 −0.49 −0.10 −0.09
Eg-like mode
1 146 144 139 122 146 0.24 — −0.48 —
2 249 248 243 235 251 1.41 — −0.83 −0.02
3 332 330 319 302 333 1.46 0.06 −1.29 −0.02
4 466 464 464 487 470 2.98 0.08 −3.54 −0.07
5 602 601 588 600 605 6.24 0.26 −2.72 −0.08

J. Phys.: Condens. Matter 30 (2018) 485401
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temperature is decreased. Figures 2(c)–(h) shows the decom-
position process performed in 15 K spectrum in order to deter-
mine the peak parameters for each Raman mode, as listed in 
table 3. It should be noticed that the high wavenumber bands 
in figures  2(g) and (h) showed asymmetric peak shapes as 
temperature decreased to 15 K. Such an asymmetry may be 
related to the appearing of extra modes close to Eg and Ag 
ones at 602 and 699 cm−1. Indeed, one and two Lorentzian 
functions were included during the fitting to adjust the bands 
in (g) and (h), respectively.

Additional Raman modes may be a signal of local sym-
metry lowering at low temperatures [60] or even lattice dist-
ortions at room temperature induced by occupational disorder 
[61, 62]. In general, the interatomic distance tends to decrease 
when temperature decreases, leading to local distortion that 
lowers the unit cell symmetry. Such a process is ruled by 

the loss of some symmetry operation within the space group 
under study. This local symmetry breakdown can be the main 
key for describing the extra Raman modes in figures 2(g) and 
(h). A similar approach was used by Sathe et  al to account 
no-predicted Raman modes at low temperature in high-quality 
LaAlO3 single-crystal [60]. Dias et  al also concluded that 
the symmetry lowering induced by local B-site disorder in 
Ba2YNbO6 perovskites may explain the enlarged number of 
Raman modes detected in fired samples at lower temperatures 
[63]. In all the reported examples for symmetry lowering, a 
better understanding of the crystal structure is always required.

In light of the SRFFM, the optical phonons of the Il-type 
CdTiO3 were calculated and their atomic displacements (i.e. 
eigenvectors) were obtained after solving the secular equa-
tion  within Wilson’s GF-method. Table  3 compares the 
Raman modes predicted by DFT and SRFFM that exhibit a 

Figure 3. Schematic representation of the Raman active modes (5Ag  ⊕  5Eg) with calculated wavenumbers right below (LDC and DFT). 
The relative amplitude of the vibrations is represented by the gray arrow length. Each mode is shown in two ways: tridimensional (top-
row) one and along the [1 1 1]R projection (bottom-row). The orange, blue, and red spheres denote cadmium, titanium, and oxygen atoms, 
respectively.

J. Phys.: Condens. Matter 30 (2018) 485401
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good agreement. Figure 3 shows the atomic displacement pat-
terns for all the Raman active modes in rhombohedral CdTiO3. 
It is noteworthy that two Cd2+ ions lie at the three-fold axis 
(C3), being linked by the inversion operation. In other words, 
these two ions at 2c sites have the next fractional coordinates: 
(x1, x1, x1) and (x1, x1, x1). Such an assumption is also valid for 
Ti atoms due to their position at 2c sites, being described by 
the following coordinates: (x2, x2, x2) and (x2, x2, x2). In all the 
Ag-like modes, Cd and Ti atoms move along the C3 rotation 
axis, while their displacement vectors lie at orthogonal planes 
to this axis for Eg-like modes.

The Ag mode at 671 cm−1 (experiment: 698 cm−1) is 
described by the out-phase displacement of Cd and Ti atoms 
relative to in-plane oxygen breathing. Such a mode has 
major contributions coming from K2 (stretching bond Ti–O 
with PED ~ 27%) and F1 (stretching bond O–O with PED 
~ 63%) force constants. Figure  4 summarizes the PED for 
each Raman active mode. On the other hand, the Eg mode at 
600 cm−1 (experiment: 601 cm−1) has the out-of-plane oxygen 
asymmetric stretching combined with the atomic displace-
ments of Cd and Ti atoms shifted by ~90°. This mode has 
also major contributions owing to force constants K2 (PED 
~ 26%) and F1 (PED ~ 50%), representing a great depend-
ence of high wavenumber modes on the Ti atoms. Indeed, the 
bands above 300 cm−1 are designated as internal modes and 
then representing almost pure vibrations of Ti–O3 units for 
ilmenite system [58].

Low wavenumber bands including Ag ~ 132 cm−1 (experi-
ment: 116 cm−1) and Eg ~ 122 cm−1 (experiment: 144 cm−1) 
represent the lattice phonons concerning the motions of Cd 
atoms, also known as external modes [58]. These vibrations 
have contrib utions arising from stretching bonds Cd–O (K1) 
and O–O (F1), and bending force for angle bond O–Cd–O 
(H1), as listed in figure  4. For this reason, any local lattice 
distortion can be probed by following the trend of low wave-
number Raman modes. This fact can be useful for invest-
igations concerning the solid-solution monitoring when Cd2+ 
ions are replaced by any divalent cation or even for structural 
analysis at short-range under extreme conditions, including 
high temperature and pressure. Hence, Raman spectra of 
Il-type CdTiO3 were recorded in function of temperature at 
room pressure to better characterize its Raman modes, as dis-
cussed below.

Figures 5(a)–(c) depicts the Raman spectra collected at 
isothermal conditions under ~0 GPa in the temperature range 
between 15 and 1173 K. All the Raman modes at zone-center 
followed the anharmonic effects described by Balkanski et al 
that included the three-phonon and four-phonon processes to 
the broadening and shift [64]. In particular, the temperature-
dependent width Γ(T) and position Ω(T) (both in cm−1) can be 
expressed as follows, respectively,

Γ(T) = A
ï
1 +

2
ex − 1

ò
+ B

ñ
1 +

3
ey − 1

+
3

(ey − 1)2

ô
,

 

(3)

Ω(T) = ν0T + C
ï

1 +
2

ex − 1

ò
+ D

ñ
1 +

3
ey − 1

+
3

(ey − 1)2

ô
,

 

(4)

where x  =  hcν0T/(2kBT) and y  =  hcν0T/(3kBT); ν0T, A, B, C 
and D (in cm−1) are adjustable parameters; h, c, kB, and T 
are Planck’s constant, speed of light in vacuum, Boltzmann’s 
constant, and temperature (in K), respectively. Here, both the 
width and position of each Raman mode was adjusted using 
Lorentzian distributions and then plotted as a function of 
temperature.

Figures 5(d)–(i) shows the experimental and fitted data 
concerning temperature-dependent width and position for 
some Raman modes observed in (a)–(c). The thick gray lines 
representing the adjusted curves via equations (3) and (4) are 
in good agreement with the width and position parameters 
extracted from the experimental spectra. It can be concluded 
that there are no extra signals of any structural phase transition 
at high temperatures (until 1173 K), since the peak parameters 
present no deviation from the anharmonicity behavior due to 
higher-order terms of the vibrational Hamiltonian [64]. The 
values for the adjustable parameters ν0T, A, B, C and D for 
each Raman active mode of Il-type CdTiO3 are summarized 
in table 3.

In general, structural phase transitions at certain temper-
ature or even phonon interaction with spin (for magnetic 
materials) can be seen through deviations from the expected 
temperature dependence behavior in light of Balkanski 
model. In the latter situation, lattice vibrations modulate the 

Figure 4. PED extracted from the classical calculations for Raman 
modes of Il-type CdTiO3: (a) Ag-like and (b) Eg-like symmetry 
species. Such a coefficient provides the percentage contribution of 
each force constant to an arbitrary eigenvalue.
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magnetic exchange interaction in insulating magnets and the 
departure from the anharmonic behavior will be proportional 
to the spin-spin correlation function 〈Si · Sj〉 between nearest 
magnetic ions [65, 66]. In the former case, new optical 
modes may arise from a change in space group, bringing new 
selection rules for Raman and infrared activity [67–70]. This 
trend is usually detected when the temperature is decreased 
and then revealing a lower symmetry crystal structure. In 
figure  5, instead, none of these features is detected in our 
temperature-dependent Raman studies in Il-type CdTiO3, 
although the peak asymmetry as a result of possible new 
bands was clearly noticed in high wavenumber intervals of 
figures 2(g) and (h).

In order to explain the peak asymmetry in low temperature 
Raman spectra, we propose a structural model considering 
the local loss of the inversion symmetry within rhombohedral 
R3̄ space group. Firstly, we assume that low temperature con-
dition induces a decrease in the Ti–O bond length and then 
elevating the degree of distortion of the ilmenite structure. 
Therefore, the constraint over the Ti atoms coordinates due 
to inversion symmetry is no longer valid and, consequently, 
splitting the 2c Wyckoff sites into two parts. The remaining 
symmetry operations will describe the rhombohedral R3 
space group (C4

3  or #146), and the new site symmetries are 
listed in table 4. Now, each atom has two non-equivalent posi-
tions and, particularly, two Cd atoms are in two 1a site and 
providing the following reducible representation 2A  ⊕  2E. 
The titanium atoms have the similar site symmetry at two 1a 
Wyckoff sites, while six oxygen anions are at two 3b sites 
and giving ΓO  =  6A  ⊕  6E. Notice that in R3 space group, A 
and E irreducible representations are both Raman and infrared 
active due the loss of the mutual exclusion rule of states. The 
phonon activity, for Raman scattering and infrared absorption, 

predicted by factor group analysis is listed in table 4. Hence, 
it is expected 18 Raman modes (9A  ⊕  9E) at Γ-point for C3 
point group. In summary, the increase in the number of pre-
dicted Raman modes seems to agree with the extra bands in 
figures 2(g) and (h).

4.3. Pressure-dependent Raman studies

We will extend our theoretical analysis based on group-theory 
to confirm the earlier model in describing the enlarged number 
of Raman modes at low temperature. An alternative method 
for reducing the atomic bond is to put the material under high 
hydrostatic pressure conditions [71, 72]. In this way, Raman 
spectra for the Il-type CdTiO3 were recorded under pressure at 
room temperature. Figures 6(a), (b) and 7(a), (b) illustrate the 
pressure-dependent Raman spectra from ~0 up to 18.5 GPa. 
It is also exhibited the pressure-dependent Raman spectra 

Figure 5. (a)–(c) Temperature dependence of the Raman active phonon spectra in the temperature range between 15 K and 1173 K. (d)–(i) 
Balkanski model applied to fit the temperature-dependent width Γ(T) and position Ω(T) (both in cm−1) of some Raman bands in (a)–(c). 
Red open squares and blue open circles represent the width and position, respectively, and the thick gray lines denote the adjusted curves.

Table 4. Nuclear site group analysis for the Il-type CdTiO3 with 
rhombohedral unit cell belonging to the R3 (C4

3  or #146) space 
group. Such a crystal structure is directly derived from the R3  space 
group when inversion symmetry is missing. A and E irreducible 
representations are both Raman and infrared active.

Atom Wyckoff site symmetry Irreducible representation

Cd1 1a 3. (C3) A  ⊕  E
Cd2 1a 3. (C3) A  ⊕  E
Ti1 1a 3. (C3) A  ⊕  E
Ti2 1a 3. (C3) A  ⊕  E
O1 3b 1 (C1) 3A  ⊕  3E
O2 3b 1 (C1) 3A  ⊕  3E
ΓTOTAL  =  10A  ⊕  10E ΓRAMAN  =  9A  ⊕  9E
ΓACOUSTIC  =  A  ⊕  E ΓINFRARED  =  9A  ⊕  9E
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calculated from DFT methods. As a whole, the mode posi-
tion undergoes a blueshift as the hydrostatic pressure was 
increased. However, most of the Raman modes maintain their 
profile, except that one at 144 cm−1 (Eg) that shows a splitting 
for pressures higher than ~10 GPa, seen in figure 6(c). Such 
a behavior was not seen in our theoretical Raman spectra 
under hydrostatic pressure. Based on these data, the pressure 
depend ences of the position Ω(P) for all the experimental 
and theoretical Raman modes were determined and further 
adjusted by the following equation:

Ω(P) = ν0P +

Å
∂Ω

∂P

ã

T
P − 1

2

Å
∂2Ω

∂P2

ã

T
P2, (5)

such that ν0P, (∂Ω/∂P )T and 
(
∂2Ω/∂P2

)
T denotes the mode 

position at room pressure (~0 GPa), its linear and quadratic 
pressure coefficients, respectively. Such parameters were cal-
culated from the fittings of the experimental and theoretical 
data, as shown in figures  6(c)–(e), summarized in table  5 
for each Raman active mode. The quadratic dependence on 
hydrostatic pressure was only found for the low wavenumber 
modes in Il-type CdTiO3. Similar quadratic behavior was also 
reported for other oxides [73, 74]. Both experimental and 
theor etical mode Grüneisen parameters (γ) for the Raman 
bands are also quoted in table  5. These parameters can be 
derived from the next expression:

γ =
B0

ν0P

Å
∂Ω

∂P

ã

T
. (6)

It can be concluded that there is a reasonable agreement 
between the experimental and theoretical mean γ parameter, 
since 〈γexp〉 = 1.33 and 〈γDFT〉 = 1.28.

In our DFT calculations, the optical phonons were simu-
lated under hydrostatic condition starting from 0 to 18 GPa, 
with an increment of 2 GPa. One can note that there is a good 
agreement between experimental and calculated data, mainly 
concerning the blueshift of all the Raman modes as pres-
sure increases. Note that our structural model was capable 
of describing a second splitting of the Eg and Ag modes at 
464 and 473 cm−1, respectively. However, none of these fea-
tures were foreseen for the Eg mode at 144 cm−1. It is impor-
tant to highlight that all the symmetry operations within R3  
space group were conserved during high-pressure simulations 
and then ten Raman modes (5Ag  ⊕  5Eg) were always kept. 
A second point is that high-pressure experiments were per-
formed by taking 16:4:1 methanol–ethanol–water mixture as 
a PTM. Such a medium has a glass transition close to 10 GPa 
and hence the ideal hydrostatic condition begins to be lost as a 
consequence of the fluid solidification [75, 76].

In a nonhydrostatic condition, the stress state should be 
described by both normal σii and shear σij (i  ≠  j) comp onents 
to define the deviatoric stress tensor [77]. In addition, all 
the components of this tensor will represent the stress state 
of the medium and hence defining a spatial inhomogeneity. 
For high-pressure structural studies, such a condition is not 
desired, since anomalies in a given physical property at the 
fluid vitrification pressure can be misinterpreted [78, 79]. In a 
particular situation in which σij  =  0 (without shear stress) and 
the external force is almost unidirectional, the normal comp-
onents are σx  =  σy  ≠  σz that defines the uniaxial compression 
condition. Both nonhydrostatic and uniaxial situations should 
occur after the PTM glass transition. The detection of the loss 
of hydrostaticity can be performed by the ruby fluorescence 

Figure 6. (a) and (b) Experimental (solid lines) and calculated (dotted lines) Raman spectra, in the low wavenumber range 100–300 cm−1, 
at different pressures between ~0 and 18.5 GPa. Parts (c)–(e) depict a comparison between experimental (blue open squares) and calculated 
(red open circles) pressure-dependent mode position Ω(P) for some Raman bands in (a) and (b). Attention should be given to the splitting 
of Eg mode at 144 cm−1 in (c), which was attributed to a local symmetry lowering due to a loss of inversion operation.
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technique in which δR = R1 − R2 splitting detects uniaxial 
stress, while R1 and R2 widths are sensitive to the stress inho-
mogeneity [80, 81]. Nevertheless, R1 line may maintain its 
pressure scale feature [82]. Figure S2(a) depicts the ruby lumi-
nescence spectra in a 16:4:1 methanol–ethanol–water mixture, 
while (b) shows the pressure dependence of R-lines width and 
δR splitting, respectively. It can be seen that δR splitting starts 
to increase at the vitrification pressure of ~10 GPa, besides the 
broadening of the R-lines. Such facts enable us to conclude 
that a complex stress state with inhomogeneity occurred at 
pressures higher than 10 GPa.

In practice, the spatial inhomogeneity leads to a lattice dist-
ortion in the crystal structure that can be seen through the split-
ting of d-spacings, as reported by Singh et al [83]. Keeping in 
mind the earlier facts, we may conclude that the stress state 
above ~10 GPa induced a distortion in the rhombohedral lat-
tice of Il-type CdTiO3. Particularly, the splitting process of Eg 
mode at 144 cm−1 in figure 6(c) can be also understood as a 
local symmetry lowering due to a loss of inversion operation. 
Our results show that the vibrational displacements involving 
the Cd atoms are sensitive to lattice distortions and hence to 
symmetry lowering. The structural model described in table 4 

Figure 7. (a) and (b) Experimental (solid lines) and calculated (dotted lines) Raman spectra, in the high wavenumber range 300–800 cm−1, 
at different pressures between ~0 and 18.5 GPa. Parts (c)–(e) depict a comparison between experimental (blue open squares) and calculated 
(red open circles) pressure-dependent mode position Ω(P) for some Raman bands in (a) and (b).

Table 5. Experimental and theoretical data on the pressure dependence of each Raman mode. The parameters ν0P, (∂Ω/∂P )T, and (
∂2Ω/∂P2

)
T represent the mode position at room pressure (~0 GPa), its linear and quadratic pressure coefficients, respectively. It also 

summarized the calculated mode Grüneisen parameter γ using theoretical B0 (=163 GPa), in which exp  =  extracted from experimental data 
and DFT  =  calculated via density functional theory.

Experimental data Theoretical data

N.° ν0P (cm−1)

(
∂Ω
∂P

)
T   

(cm−1 GPa−1)

1
2

Ä
∂2Ω
∂P2

ä
T
 

(cm−1 GPa−2) γexp ν0P (cm−1)

(
∂Ω
∂P

)
T   

(cm−1 GPa−1)

1
2

Ä
∂2Ω
∂P2

ä
T
 

(cm−1 GPa−2) γDFT

Ag-like mode
1 115 1.23 0.03 1.77 110 1.78 0.04 2.64
2 218 1.69 0.03 1.26 219 1.74 0.03 1.30
3 — — — — 349 1.34 — 0.63
4 472 4.29 — 1.48 464 2.50 — 0.88
5 698 3.93 — 0.92 698 3.56 — 0.83
Eg-like mode
1 143 1.27 0.03 1.44 139 1.37 0.03 1.60
2 247 1.92 — 1.26 243 1.53 — 1.03
3 330 2.75 — 1.36 321 2.58 — 1.31
4 463 3.14 — 1.11 461 3.65 — 1.29
5 600 5.17 — 1.40 590 4.71 — 1.30
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is useful to elucidate that the inversion symmetry breaking 
takes place during the stress state at the vitrification pressure. 
A piece of evidence for this fact comes from figure S3 that 
exhibits the calculated pressure dependence of relative frac-
tional coordinates of Cd and Ti atoms. It can be observed that 
the Cd atom coordinates are more affected than those for Ti 
atoms at high hydrostatic pressure condition.

In this sense, we applied our optimized theoretical model 
for Il-type CdTiO3 in order to evaluate two scenarios. In 
figure 8(a), calculated Raman spectra under uniaxial compres-
sion are shown, in which all the predicted modes (5Ag  ⊕  5Eg) 
are assigned. One may conclude that the uniaxial condition is 
not enough to explain the extra Raman mode detected above 
~10 GPa. In figure 8(b), however, Raman spectra were calcu-
lated starting from a less symmetric rhombohedral R3 unit 
cell. Two situations were simulated for probing the effect of 
off-center displacement of Cd and Ti atoms, for which the 
structural model listed in table 4 was taken into account. In the 
first case, only one Cd atom is off-centered. In the second case, 
instead, both Cd and Ti atoms present off-center displacement. 
Now, extra Raman modes are seen for the simulated situa-
tions and the complete set of 18 Raman modes (9A  ⊕  9E) is 
summarized in table S2, elucidating that the proposed model 

for the local loss of inversion symmetry has physical bases 
to explain the enlarged number of Raman modes in Il-type 
CdTiO3 at low temperature (vacuum condition) and under 
high-pressure (ambient temperature).

5. Summary and conclusion

In summary, we combined experimental and theoretical 
methods in order to investigate the lattice dynamics of 
CdTiO3 in its rhombohedral C2

3i (R3) ilmenite phase. The 
samples were successfully synthesized using the solid state 
method and its crystal structure was refined by Rietveld 
method. Based on this data, a theoretical model was built 
in CRYSTAL17 program to provide Raman and infrared 
data through second derivatives of the total energy. We 
also employed a classical methodology based on the ionic 
short-range interaction to describe the optical modes in 
Il-type CdTiO3, in which three stretching and two bending 
force constants were considered to param eterize the nearest 
neighbor interactions. Both experimental and calculated 
optical phonons are in reasonable agreement. Important 
physical parameters were also provided, including the bulk 
modulus, anharmonic constants, and Grüneisen parameters. 
Extra Raman modes were observed in two situations, at 
low temperature (under vacuum condition) and under high-
pressure (at room temperature), which cannot be accounted 
for the factor group analysis of the C3i point group. As a 
consequence of bond distance decrease at low temper ature, 
we proposed a structural model considering a broken inver-
sion symmetry which reduces the C3i point group to the C3 
one. In C4

3  (R3) space group, the 18 predicted Raman modes 
(9A  ⊕  9E) are in agreement with the extra modes observed 
for Il-type CdTiO3. The local loss of inversion symmetry also 
occurred in a nonhydrostatic condition, above the glass trans-
ition of the PTM. We argued that the stress state induces a 
lattice distortion capable of lowering the crystal symmetry of 
Il-type CdTiO3. The above results, which can be extended to 
other ATiO3-ilmenite compounds, show that the combination 
of theoretical and experimental approaches is fundamental to 
probe local structure in materials.
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