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Abstract
his paper reports Raman spectroscopy investigation of phase transitions in CaTiO3 crystal. The
experimental spectra were compared with the calculated one. The spectra were obtained in
temperature range from 15 to 300 K. The Raman spectra shows anomalous temperature-dependent
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behavior at T1 = 154 and T2 = 122 K. Soft mode restoration has been found, which allows us to attribute first
transition at 154 K to be displacive. Detailed analysis temperature dependencies of the line positions and widths
have been performed. We found no effects of possible lattice disorder anywhere, except narrow (about 20 K)
range above the T1 temperature
Keywords: Structural Phase transition, spectra, elpasolites, Fm3m (space group), Calcium
TitanateCaTiO3

Introduction
The Calcium Titanate CaTiO3 crystal belongs to the family of elpasolites A2BCX6 with high symmetry
phase G0, space group Fm 3 m, Z = 4, where A, B, and C are metal cations or more complex molecular
ions, X is oxygen or halogen anions. This family of crystals has received special attention because of
their simple cubic structure and isolated character of CX

3−
6

complexes; they were considered as ideal

host lattices for accommodating divalent and trivalent cations in perfect octahedral sites (C) of cubic
crystal structure.[5]. It is a very perspective concept because host elpasolite family includes now more
than 350 compounds, and crystal chemical analysis shows 1500 more that can be obtained only based
on halides.[7] Synthesis, structures, spectra and energy transfer phenomena of lanthanide-containing
elpasolites have been reviewed by Tanner.[8] The structure of this CaTiO3 host crystal at normal
conditions was known from year 1968.[9,10] Its unit cell structure is shown in Fig. 1. The O2- octahedra
are hatched units. The Y atom is assumed to be at the center of the octahedron, and a Ca atom at each
vertex
In 45 years since the crystal discovery, there had been a number of studies of its structure and physical
properties.[9–11] Yet, available sources provide no information on temperature based transformations
of this host structure, as well as on possible mechanisms of such transformations. Raman
spectroscopy is a known informative method to study structural phase transitions in crystals.[12–15]
The aim of this paper was to find the temperatures based probable phase transitions and determine
their mechanisms in this perspective host lattice material by Raman spectroscopy method.
Previous investigations of some elpasolites revealed soft mode condensations in low wavenumber
region associated with the structural phase transitions.[16–18] Our working hypothesis was that CaTiO3
crystal can undergo one or more temperature induced structural phase transitions, with soft modes
condensation as well
Experimental Methods and Data Processing
The precursors taken in stoichiometric amounts were melted in platinum crucibles in argon
atmosphere. After slow cooling, the boules with transparent inclusions were obtained. The single
crystals were grown from selected transparent parts of the boules by Bridgeman–Stockbarger method
at the hot zone temperature 1200 K (grad T = 30 K/cm, the pulling rate was 0.8mm/h) in the sealed
platinum ampoules.[19] Samples for experiments (1 x 1 x 1.5mm[3]) were optically transparent and
without colored defects or inclusions visible under the microscope.
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Raman spectra were collected using the polarized radiation of a 514.5nm Ar+ laser (Spectra-Physics
Stabilite 2017) power 15mW on the sample in the wavenumber region between 10 and 1200 cm-1. The
intensity of the laser light was adjusted to avoid sample heating. The spectra in the 180 geometry
were recorded on spectrometer equipped with a liquid Nitrogen cooled charge coupled device
detection system in subtractive dispersion mode. The temperature studies were performed using a
closed cycle helium cryostat. The temperature was measured by calibrated silicon diode. The
accuracy of temperature stabilization during spectra measurement was <0.2 K. The sample into an
indium gasket was fixed on a coolant guide. Cryostat was evacuated to 1.0 x 10-6 mbar. in order to
avoid sample heating

Figure1. Cubic phase unit cell structure
Table 1 Interatomic interaction potential parameters
𝝆, [Ặ]

Bond

ʎ, [a˩/Ặ]

Ca-O

178.788

0.327037

Ti-O

195.382

0.259152

To analyze the low wavenumber Raman spectra quantitatively, we performed spectral analyses with
a combination of conventional damped harmonic oscillator functions
∞

Ɩ(𝜔)= F(𝜔, 𝑇) ∑
𝑛=𝑖

((ω2

2Aj ω2oi γi ω

2
2 2
oi − ω ) +4γj

ω2

)

(1)
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where Ω0, current wavenumber, A, ω and ϓ denote the intensity, harmonic wavenumber of the band
center and full width at half maximum, respectively, of the corresponding excitation indicated by the
subscript. The temperature factor F(ω,T) is calculated by
F(𝜔, 𝑇)= {

𝑛 (𝜔) + 1
𝑠𝑡𝑜𝑘𝑒𝑠
(𝜔)
𝑛
𝐴𝑛𝑡𝑖 − 𝑠𝑡𝑜𝑘𝑒𝑠
𝑐ℎ𝜔
)
𝑘𝐵 𝑇

𝜂(ω) = [𝑒𝑠𝑝(
Table 2

(2)

− 1 ]− 1

(3)

Wyckoff positions and irreducible representations (Γ-point phonon modes) for CaTi O2

Atom

Wyckoff position

Ca
Ti
O
F

8c
4b
4a

F2g + F1u
F1u
F1u
A 1g + Eg + F2u + F2g +2 F1u + F1g

24c

Modes classifications
ΓRaman = A1g + Eg+2F2g
+5F1u + F2u + F1g

Γ-point phonon modes

ΓIR = 4F1u

ΓAcoustic = F1u

ΓMechanical = A1g + Eg + 2F2g

Raman tensor

𝑎
A1g = ⌊0
0

0
𝑎
0

0
𝑏
0⌋ Eg= ⌊0
𝑎
0

0
𝑏
0

0
−√3𝑏
0 ⌋ Eg = ⌊ 0
−2𝑏
0

0
−√3𝑏
0

1
0
0⌋ F2g = ⌊0
0
0

0
1
𝑑

0
𝑑⌋
1

1
F2g = ⌊ 0
𝑑

0
1
0

𝑑
0⌋
1

1
F2g = ⌊𝑑
0

𝑑
1
0

0
0⌋
1

With the intensity interplay between the Stokes and anti-Stokes parts near 0 cm-1 is uniquely obtained
according to the temperature. h, kB and c in Eqn (3) are the reduced Planck constant, the Boltzmann
constant and speed of light, respectively. The present Raman setup observes performed with
dependence
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Ω (T) = ω0 + A (1 +

1
𝐶hΩ𝛽1
) −1
𝑘𝐵 𝑇

𝑒𝑥𝑝 (

+ +

1
𝐶ℎΩ𝛽2
) −1
𝑘𝐵 𝑇

𝑒𝑥𝑝 (

)

(4)

which corresponds to decay into two phonons with wave numbers Ωβ1 and Ωβ2 (Ω0 =Ωβ1 +Ωβ2).[26]
Approximation of the lines damping constant has been performed with dependence:

г(T) = г0 + B(1 +

1
𝐶ℎΩ𝛽1
𝑒𝑥𝑝 (
) −1
𝑘𝐵 𝑇

+ +

1
𝐶ℎΩ𝛽2
𝑒𝑥𝑝 (
) −1
𝑘𝐵 𝑇

)

(5)

Where h is reduced Planck constant, c is speed of light and kB is the Boltzmann constant

Calculation
To calculate CaTiO3 vibrational spectrum, we used simulation package LADY (version of CRYME[27]).
The best agreement between experimental values of atomic vibrations with the calculated values was
obtained with the use of the ‘hybrid model’.[28] This model is a combination of valence force field
(VFF) and ‘rigid-ion’ models. We simulated complete spectra

z
Figure 2. Cubic phase Raman spectrum (295 K).

of the crystals; interionic interactions between Ca–O, Ti–O have been described in the fairly common
model of ‘rigid-ion’, where interatomic potential is considered as a sum of long range Coulomb
electrostatic:
VRIM (rij) =

1
2

∑𝑖𝑗

𝑍𝑖 𝑍𝑗
𝑟𝑖𝑗

+ ∪ (𝑟𝑖𝑗 )

(6)

The short-range interaction potential was taken in the Born– Mayer form
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∪ (𝑟𝑖𝑗 ) = ʎ exp (−

𝑟𝑖𝑗
𝜌

)

(7)

where rij is the interatomic distance, and ʎ and 𝜌 are the parameters characterizing of the short-range
pair interionic interaction. The values of ʎ and 𝜌 are listed in Table 1. To obtain a satisfactory
agreement of experimental and calculated results interactions within the octahedral groups CX3 in
crystals (interaction T–O, O–O) potential function was composed as a sum of rigid-ion potential and
the VFF potential. VFF model is applicable in describing the lattice dynamics of covalent, ionic and
ionic-molecular crystals. Thus, for lattice dynamics calculations of crystals, the potential function
takes the form
VRIM (rij) =

1
2

∑𝑖𝑗

𝑍𝑖 𝑍𝑗
𝑟𝑖𝑗

+ ∪ (𝑟𝑖𝑗 ) + ∪VFF

(8)

Initial values of parameters were set at random within the ranges typical for the perovskite-like
fluorides. Lattice stability conditions were taken into account. Resulting model parameters were
obtained by minimization of residual values of the simulated and experimental Raman frequencies
of the cubic phase using the Fletcher–Reeves method. In the case of suspension of the Fletcher–Reeves
method because of the incompatible model parameters, initial parameters of the model were set
randomly again.

Results and discussion
The vibration modes symmetry analysis [29,30] of the Fm 3 m structure of CaTiO3 is presented in Table
2. Vibrational representation for the cubic phase at Brillouin zone center is
Гvibr = A1g( xx, yy, zz ) + Eg( xx, yy, zz ) 2F2g( xx, yy, zz ) + F1g + 5F1uF2u

(9)

Where corresponding components of the Raman scattering tensor are given in brackets

(a)

(b)
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(d)

(C)

Figure 3 (a) Temperature transformation of low wavenumber modes. (b) Temperature dependences lattice modes positions. (c)
Temperature dependence of squared soft mode wavenumber. (d) Raman intensity map in the low wavenumber region

We have performed detailed investigation of Raman spectra of CaTiO3 crystal under cooling from
300 to 8 K. Number of the lines observed in the cubic phase agrees well with predicted one by selection
rules (Fig. 2). Full spectrum in cubic phase could be subdivided in three parts, corresponding to
vibrations of structural elements: I, region of lattice vibrations, <150cm-1; II, O3 deformation region,
150–300 cm-1; III, O3 stretching region, 300–600 cm-1. Site symmetry of O3 3−
ions coincides with the
6
free ion symmetry. Symmetry and frequencies of the free ion vibrations are 𝜈1 (A1g) – 476cm-1, 𝜈2 (Eg)
– 382cm-1, 𝜈 3 (F1u) – 160cm-1, 𝜈 4 (F1u) – 200cm-1, 𝜈 5 (F2g) – 194cm-1, 𝜈6 (F2u) – wavenumber
unknown.[31,32] We might expect the splitting of the 𝜈2 (Eg) and 𝜈5 (F2g) degenerate modes in the
probable distorted phase and soft modes recovering below the transition from the cubic to this second
phase. Lines at 493, 385 and 209 cm-1 (at 295 K) correspond to internal O3

3−
6

modes: 𝜈1, 𝜈2 and 𝜈5,

respectively. The wavenumber of the only Raman active lattice mode is 73 cm-1 at 295 K.
Transformation of the lower wavenumber part of the spectrum is plotted in Fig. 3(a). The triply
degenerated hard mode F2g located in this region. Below 125 K appearance of weak three lines with
maxima at 12, 50 and 76 cm-1 may be marked
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
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Figure 4. (a) Temperature dependence of the n1 internal mode positions. (b) Temperature dependence of the width (FWHH) n1 internal
mode. (c) Wavenumber shift temperature dependence of the internal vibration with respect to the extrapolated value. (d) Relative
intensity internal modes I(Eg)/I(A1g) versus temperature. (e) Temperature dependence of n2 internal mode position. (f) Temperature
dependence of the width (FWHH) n2 internal mode. (g) Temperature dependence of n5 internal modes positions. (h) Temperature
dependence of the width (FWHH) n5 internal mode. Vertical dashed curves – phase transitions temperatures. Oblique dashed curves –
data approximations in the cubic phase.

We fitted this part of the spectrum using damped harmonic oscillator functions (Eqns 1, 3, 4).
Resulting temperature dependences of lines positions is shown in Fig. 3(b). Temperature
transformation of two modes (12 and 50cm-1) may be considered as a soft mode behavior. Figure 3(c)
describes the soft mode (at 12cm-1) reduced squared wavenumber[24] 𝜔𝑠2 ≡ 𝛾𝑠2 The temperature
dependence of squared soft mode wavenumber is extrapolated by linear function (dashed line on Fig.
3(c)) that is typical for soft modes at the second order phase transitions. Estimated temperature of this
transition is about 154 K. The intensity of the second line at 50 cm-1 is very weak to perform such
extrapolation for it. Figure 3(d) shows transformation of Raman intensity with temperature in this
spectral region.
Besides lattice modes, we have studied spectra of O3

3−
6

Group internal vibrations. Temperature

dependence of 𝜈1 internal mode (A1g symmetry) position and approximation of 𝜈1 (A1g) internal mode
positions with dependence, Eqn 4 is given in Fig. 4(a). Width of this line reveals some transitional
effects as well. Its temperature dependence and approximation of the line 495 cm-1 damping constant
with dependence, Eqn 5 is given in Fig. 4(b). Figure 4(c) shows temperature dependence of the shift
of this internal mode with respect to the extrapolated value Δ𝜔 (T). For non-degenerate hard modes
Δ𝜔(T) ~ 𝜂2 (T), where 𝜂 denotes order parameter.[33,34] A small additional shift of the line position
appears even in the cubic phase in a rather narrow (about 20 K) region above the phase transition
point T1 = 154 K. The shift increases steadily in the cubic phase under cooling and becomes linear in
the second phase that corresponds to a second-order phase transformation. The experimental
dependence is seen to be correctly described by this expression. This fact indicates the absence of
substantial structural disordering contributions in the high temperature phase.
The line corresponding to 𝜈2 (Eg) internal mode is the weakest one in the spectrum of the cubic phase
(Fig. 2). Temperature dependences of its position and width are shown in Fig. 4(e,f). The line position
increases from 385 to 391 cm-1 with cooling in cubic phase. After the transition point (154 K), line
position goes up slowly with cooling. Approximation of 𝜈2 mode position, Eqn 4 is shown by dashed
line in Fig. 4(e). Line width continuously decreases with cooling as shown in Fig. 4(f). Approximation
of the line damping constant, Eqn 5 is shown by dashed line in Fig. 4(f). The fitted dependence
corresponds to the phonon decay into two optical phonons
Temperature dependences of the line position and the width in the region of F2g mode are given in
Fig. 4(g,h). Position of the line changes from 209 to 207.5 cm-1 under cooling to 154 K and remains
practically constant (207.5 cm-1) within 154 to 146 K. Below 146 K, the line position drops slightly to
206.7cm-1. Line width decreases continuously under cooling within the whole studied temperature
region. The temperature dependence of F2g mode position approximated with the Eqn 4 in cubic
phase is shown in Fig. 4(g) (dashed curves). The temperature dependence of F2g line width
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approximation by the Eqn 5 in cubic phase is shown in Fig. 4(h) (dashed curves). Close positions of
v1 and v2 lines provide a possibility to measure their relative intensity. The result is shown in Fig.
4(d). This ratio grows continuously under cooling, but its temperature dependence shows two
noticeable anomalies, at 154 and 122 K. This second anomaly may be attributed to one more phase
transition at this temperature.

Conclusions
As a result of these investigations, we can conclude that CaTiO3 crystal undergoes the phase
transition from the cubic phase to the distorted one at T1 = 154 K, and this transition is accompanied
with soft mode restoration. This fact, and temperature behavior of other spectral parameters, allows
attributing it to the displacive type of phase transitions. Quantitative analysis of temperature
dependences of internal modes parameters corresponds to the transition of the second order. We did
not find any lattice disorder, except narrow (about 20 K) range above the upper first transition point
that may be attributed to pretransitional fluctuations of order parameter. Probably, another phase
transition exists at T2 = 122 K that shows by temperature dependence of relative intensities only.
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