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The Raman spectra of low-pressure and high-pressure Ca,AlSiOs s oxygen-deficient perovskites have been in-
vestigated in the temperature range of 153-1273 K at ambient pressure. No phase transition was observed for
low-pressure Ca,AlSiOs s in this study, but an irreversible phase transition was observed for high-pressure
Ca,AlSiOs 5 at 1223 K. The recovered sample of high-pressure Ca,AlSiOs 5 from 1273 K was confirmed as a single
homogeneous phase (high-temperature Ca,AlSiOs s). The Raman spectra of high-temperature Ca,AlSiOs s phase
have also been studied in the temperature range of 153-1273 K at ambient pressure. All the observed Raman
active bands of the three samples showed linear temperature dependence with different slopes. The quantitative
temperature dependences of Raman bands are -2.90 X 10°27-0.31 x 1072, -3.56 X 1072~ -0.50 x 102 and
-3.20 X 1072 7 0.28 X 10" 2cm™ K for low-pressure, high-pressure and high-temperature Ca,AlSiOs s, re-
spectively. The isobaric mode Griineisen parameters of low-pressure Ca,AlSiOss were calculated by using
present high-temperature Raman spectra combined with a previous result of the thermal expansion coefficient,

varying from 0.08 to 1.10 with an average of 0.35.

1. Introduction

Perovskite is one of the most important materials due to many in-
teresting properties including ferroelectricity [1], piezoelectricity [2],
charge ordering [3], superconductivity [4], colossal magnetoresistance
[5], spin dependent transport [6], chemical catalysis [7], and high
thermo power [8]. Numerous kinds of perovskite were synthesized with
different applications. In earth science, pervoskite was widely in-
vestigated because it is the most abundant mineral [9].

The ideal stoichiometric perovskites ABX; consist of a three-di-
mensional framework of corner-sharing BXe octahedra, and the A-site
fills the 12-fold cavities formed by the BX3 network and is surrounded
by 12 equidistant anions [10,11]. On the other hand, non-stoichio-
metric perovskites including hydroxide- and arsenide-based minerals
are known as defect perovskites, characterized by A- and/or B-site va-
cancies together with the anion-deficient [11]. For example, the Si**
cation in CaSiO3 perovskite can be replaced by trivalent cations, such as
AI** [12]. The mechanism can be expressed as 25i** = 2A1°* + Vg,
where VO represents oxygen vacancy for balancing the charge [13].
Indeed, a high-pressure Ca,AlSiOs s oxygen-deficient perovskite (HP-
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Ca,AlSiOs 5) was synthesized at 1973 K and 16 GPa, in which 50% Si
was replaced by Al [14]. The crystal structure of HP-Ca,AlSiOs 5 was
determined as a rhombohedral defect perovskite with a five-fold su-
perstructure developed along the pseudo-cubic {111} direction, and the
Si and Al distributed randomly in octahedral sites [14]. Later a low-
pressure Ca,AlSiOs 5 oxygen-deficient perovskite (LP-Ca,AlSiOs s) was
synthesized and determined as an intermediate structure between
Ca,Si»O¢ cubic perovskite and Ca,Al,Os brownmillerite-type phase
[13,15]. The crystal structure of LP-Ca,AlSiOss was further refined
based on NMR measurements and synchrotron powder X-ray diffraction
patterns [16]. Their refinement showed that LP-Ca,AlSiOs 5 consists of
a perovskite-like layer of (Al,Si)O¢ octahedra and double layers of SiO4
tetrahedra, stacked alternatively in the [111] direction of cubic per-
ovskite. On the other hand, the phase boundary between LP-Ca,AlSiOs s
and HP-Ca,AlSiOs 5 was constrained up to 23 GPa and 1873 K [17]. The
physical properties of LP-Ca,AlSiOss and HP-Ca,AlSiOss were in-
vestigated by in-situ X-ray diffraction measurements under high pres-
sures [18].

However, the effect of temperature on the crystal structures and
physical properties of LP-Ca,AlSiOs 5 and HP-Ca,AlSiOs 5 has not been
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Fig. 1. Raman spectra of Ca,AlSiOs s polymorphs at ambient conditions. The right figure shows the enlarged Raman spectra between 820 and 960 cm™ .
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Fig. 2. Typical Raman spectra of low-pressure Ca,AlSiOss at various tem-
peratures and ambient pressure.
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studied. It is known that Micro-Raman spectroscopy is a powerful tool
to obtain the vibrational information of atoms for studying a crystal
structure [19]. In this paper we firstly report the Micro-Raman spectra
of LP-Ca,AlSiOs s and HP-Ca,AlSiOs 5 at temperatures ranging from
153 to 1273 K at ambient pressure. A temperature-induced irreversible
phase transition for HP-Ca,AlSiOs 5 was observed at 1223 K to form a
single phase whose Raman spectra were also investigated in the tem-
perature range of 153-1273 K at ambient pressure. The temperature-
dependent Raman active modes of Ca,AlSiOss polymorphs were
quantitatively analyzed and the isobaric mode Griineisen parameters of
LP-Ca,AlSiOs 5 were calculated.

2. Experimental details

According to the study of Kojitani et al. [17], LP-Ca,AlSiOs s was
synthesized at 10 GPa and 1573 K, and HP-Ca,AlSiOs 5 was synthesized
at 15GPa and 1673 K. The Raman spectra at ambient pressure and
various temperatures were collected in the frequency range of 200 ~
1200 cm ! via a Raman spectroscope (Horiba LabRam HR Evolution)
equipped with an 1800 gr/mm grating. The spectrometer was cali-
brated by plasma and neon emission lines and the precision of the
frequency determination was about 1cm™'. A YAG: Nd3" laser was
used as exciting source with a wavelength of 532nm and a power of
20 mW for the sample. An SLM Plan 20 X Olympus microscope objec-
tive was used to focus the laser beam and collect the scattered light. The
powdered sample was pressed into a small thin bit and put on a sap-
phire or silica window for the high-temperature or low-temperature
Raman spectroscopic measurements, respectively. The sapphire
window was put into an alumina chamber in a Linkam TS 1500 for
heating, while the silica window was placed at the center of a small
silver block for freezing runs using THMSG 600. In high-temperature
measurements, a resistance heater was used along with a water cooling
system and an S-type thermocouple was used. In low-temperature
measurements, liquid nitrogen was pumped through an annulus in the
silver block and a resistance heater opposes the cooling effect of the
nitrogen to yield the desired temperature. In both modes, the tem-
perature control unit is completely automatic and can be programmed
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Fig. 3. Temperature dependence of the Raman bands of low-pressure
Ca,AlSiOs 5 at ambient pressure.

to maintain at desired temperatures or change temperature at a con-
stant rate of 10 K/min. The measurement system has been calibrated at
both high and low temperatures by observing phase changes in syn-
thetic fluid inclusions placed in the center of the crucible. Horizontal
thermal gradients may have errors of up to 1% in temperature mea-
surements. For thermal equilibrium, the spectra were collected after
dwelling at the desired temperatures for 10715 min. The accumulation
time for each spectrum was 60 s, and the final spectrum was the average

Table 1

Vibrational Spectroscopy 103 (2019) 102935

of three collections. The Raman shift of each band was fitted by using
the PeakFit program (SPSS Inc., Chicago).

3. Results and discussion
3.1. Raman spectra at ambient conditions

As mentioned above, the crystal structures of LP-Ca,AlSiOs s and
HP-Ca,AlSiOs 5 have been characterized. LP-Ca,AlSiOs 5 is in mono-
clinic structure with a space group of C2 and Z = 16, in which all Si and
Al reside in tetrahedral and octahedral sites, respectively [16]. The
Raman active vibrations of LP-Ca,AlSiOss were predicted by sym-
metry-adapted modes [20], yielding the following modes:

I' = 55A + 56B.

Therefore, totally 111 Raman vibrational modes are predicted for
LP-Ca,AlSiOs 5. For HP-Ca,AlSiOs s, its crystal structure is not well
constrained due to the lack of space group and detailed atoms sites
though the Si and Al distribute randomly in octahedral sites [14]. So it
is difficult to predict the Raman active modes of HP-Ca,AlSiOs s.

The Raman spectra of LP-Ca,AlSiOss and HP-Ca,AlSiOs 5 at am-
bient conditions are shown in Fig. 1(a). Due to the very low intensity of
some modes, the number of observed Raman vibrations for LP-
Ca,AlSiOs 5 is fewer than the predicted. Both LP-Ca,AlSiOs s and HP-
Ca,AlSiOs 5 show a strong peak at around 925 cm ™!, but the position
and shape are slight different, as illustrated in Fig. 1(b). It is impossible
to assign the peaks to different Raman modes without theoretical si-
mulation. However, based on previous Raman spectroscopic studies on
some silicates containing SiO, tetrahedra, bands above 1000 cm ™! can
be generally assigned to Si-O asymmetric stretching modes of SiO4 and
the most intense Raman band near 920-930 cm ™! corresponds probably
to Si-O symmetric stretching mode of SiO4 [21-27]. The Raman spectra
were not analyzed by full range from 200 to 1100 cm™, but by two
separated ranges of 200-700 and 750-1150 cm™* for LP-Ca,AlSiOs 5 and
three separated ranges of 200-550, 570-700 and 750-1150 cm™ for HP-
Ca,AlSiOs 5. Therefore, the peaks can be located well.

Constants determined in v; = @; + b; T at ambient pressure for Ca,AlSiOs 5 polymorphs.

No. LP-CayAlSiOs 5 HP-Ca,AlSiOs 5 HT-CaAlSiOs 5
a; -b; x 10? R? Yip a; -b; x 10? R? a; -b; x 10? R?

1 1087.7(3) 1.06(7) 0.951 0.10 1067.7(4) 2.80(5) 0.992 1013.4(6) 2.16(21) 0.910
2 1067.4(5) 2.41(8) 0.972 0.23 1054.3(5) 1.39(22) 0.858 980.6(8) 1.97(21) 0.897
3 927.4(9) 1.89(17) 0.841 0.21 938.2(6) 1.42(14) 0.816 971.1(6) 1.50(20) 0.848
4 867.1(10) 2.73(16) 0.928 0.32 929.1(5) 1.60(16) 0.822 921.3(4) 2.16(10) 0.947
5 605.9(2) 0.80(6) 0.882 0.14 883.7(9) 3.56(14) 0.969 894.8(4) 1.25(9) 0.886
6 532.0(2) 1.04(4) 0.961 0.20 617.0(6) 0.50(8) 0.724 876.5(6) —0.28(26) 0.712
7 518.0(7) 0.59(12) 0.807 0.12 605.2(5) 0.60(6) 0.782 862.3(2) 0.18(8) 0.726
8 494.7(3) 1.38(9) 0.909 0.29 533.4(3) 1.00(5) 0.953 854.9(2) —-0.19(8) 0.728
9 398.8(5) 0.61(8) 0.878 0.16 524.6(13) 2.49(34) 0.754 838.9(2) —-0.16(7) 0.715
10 390.9(3) 0.31(11) 0.732 0.08 496.2(5) 0.67(13) 0.732 807.8(4) 2.27(8) 0.967
11 382.4(5) 2.14(7) 0.977 0.57 393.3(4) 0.50(6) 0.743 666.0(4) 1.78(7) 0.961
12 316.5(2) 1.80(5) 0.983 0.58 313.3(3) 2.17(6) 0.986 638.1(4) 1.44(12) 0.923
13 268.7(10) 2.90(17) 0.897 1.10 270.4(6) 2.99(10) 0.975 626.8(7) 1.37(21) 0.767
14 252.0(16) 1.81(19) 0.755 0.74 222.2(12) 2.81(30) 0.823 552.9(2) 0.19(8) 0.719
15 230.4(4) 0.94(14) 0.820 0.42 538.1(3) 1.14(7) 0.900
16 527.3(6) 0.44(20) 0.712
17 514.5(2) 0.12(6) 0.690
18 465.2(4) 0.22(15) 0.710
19 424.7(8) 1.45(25) 0.788
20 398.5(10) 0.48(23) 0.603
21 378.5(18) 3.20(45) 0.807
22 310.0(4) 1.67(10) 0.916
23 273.7(10) 1.26(25) 0.797
24 260.5(9) 2.60(18) 0.869
25 245.1(6) 1.59(29) 0.802
26 227.8(3) 2.29(9) 0.977

v;and g; are in em ™!, Tin K, b; in cm 'K~ 1. R? is the correlation coefficient.
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Fig. 4. Typical Raman spectra of high-pressure Ca,AlSiOss at various tem-
peratures and ambient pressure.
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3.2. Temperature-dependent Raman spectra of LP-Ca,AlSiOs s

The typical Raman spectra of LP-Ca,AlSiOs s at various tempera-
tures are plotted in Fig. 2. It is obvious that, with increasing tempera-
ture the Raman peaks of LP-Ca,AlSiOs 5 gradually shift to lower fre-
quencies, which indicates an increasing bond length. This is reasonable
since the bond lengths become longer with increasing temperature and
longer bond lengths imply weaker bonds, i.e., smaller force constant,
and consequently lower vibrational frequency according to Hooke's
law.

It is noted that some bands of LP-Ca,AlSiOss become un-
distinguished due to the weak intensity during heating. On the other
hand, two weak peaks at 248 and 261 cm ™! for LP-Ca,AlSiOss at
ambient conditions merge at around 473 K. Up to 1273 K, no phase
transition was observed for LP-Ca,AlSiOss. The Raman spectrum at
300K after cooling from 1273 K is same as the initial Raman spectrum
of LP-Ca,AlSiOs 5 shown in Fig. 2 at ambient conditions.

The frequency shifts of the Raman bands of LP-Ca,AlSiOss as a
function of temperature up to 1273 K are shown in Fig. 3. Totally 15
bands could be reliably indentified. These bands all show a linear de-
crease in Raman shift with increasing temperature. The temperature
dependences for each of the observed bands are given in Table 1,
ranging from -2.90 x 1072 to -0.31 X 10™?cm™ K.

The temperature coefficients of the different Raman modes can be
used to obtain the isobaric Griineisen parameter, y;p, which is given as
the following formula [28]:

Yp = _1/oc(6 In Vi/a T)P

where v is the vibrational frequency of the ith band and a is the thermal
expansion coefficient. The volume thermal expansion coefficient a of a
material is defined as a = 1/V (0 V/d T)p, and is measured experi-
mentally by the evolution of the sample volume (in practice the unit
cell volume by diffraction) with temperature. If the volume thermal
expansion coefficient a does not change with temperature, then in-
tegration gives [29]:

In (V/ V()) =a (T— TQ)

Based on the high-pressure and high-temperature X-ray diffraction
data of LP-Ca,AlSiOs 5 reported by Xu et al. [18], the thermal expansion
coefficient a can be obtained as 9.77(10) x 10 > K. The values of y;p
for different modes of LP-Ca,AlSiOs 5 are also listed in Table 1, ranging
from 0.08 to 1.10 and giving an average of 0.35. On the other hand, the
bulk thermochemical Griineisen parameter, which is equal to aKV/C,
(where a is the thermal expansion, K is the bulk modulus, V is the molar
volume and C, is the volume constant heat capacity), cannot be cal-
culated for LP-Ca,AlSiOs s due to the lack of volume constant heat
capacity.

3.3. Temperature-dependent Raman spectra of HP-Ca,AlSiOs 5

The typical Raman spectra of HP-Ca,AlSiOs 5 at various tempera-
tures are illustrated in Fig. 4. Similar to those of LP-Ca,AlSiOs s, the
Raman bands of HP-Ca,AlSiOs 5 also gradually shift to lower frequency
with increasing temperature. Besides, some Raman bands of HP-
Ca,AlSiOs 5 become undistinguished due to the weak intensity during
heating. Obviously, the Raman spectrum at 1223 K is quite different
from that at 1173 K for HP-Ca,AlSiOs s, as shown in Fig.4, which means
that a temperature-induced phase transition happens. The Raman
spectrum at 300 K after cooling from 1273 K is similar to that at 1273 K
but totally different from the initial Raman spectrum of HP-Ca,AlSiOs 5
shown in Fig. 1(a) at ambient conditions, which indicates that the
temperature-induced phase transition is irreversible. In particular, the
strong band of HP-Ca,AlSiOss near 930 cm ! disappears and new
strong bands appear around 850 and 630 cm ~'. Such Raman changes
may indicate that at high temperature phase Al and Si atoms are no
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Fig. 6. Back-scattered electron image and mapping analysis of the high-temperature Ca,AlSiOs s recovered from 1273 K of high-pressure Ca,AlSiOs s. The scales are

the same as 50 pm.

longer randomly distributed. Further investigation is necessary to
clarify the crystallographic evolution during the temperature-induced
phase transformation.

The Raman shift versus temperature plot of HP-Ca,AlSiOs 5 is illu-
strated in Fig. 5. Totally 14 Raman active bands could be reliably in-
dentified as a function of temperature. The Raman shifts of all modes in
HP-Ca,AlSiOs 5 change linearly and continuously with temperature,
and the slopes are different for different modes. The temperature de-
pendences for each of the observed bands are also listed in Table 1,
ranging from -3.56 X 10”2 t0 -0.50 x 10~ 2cm™ K*. Due to the lack of
thermal expansive coefficient of HP-Ca,AlSiOs s, the isobaric Griineisen
parameters cannot be estimated in the present study.

3.4. Temperature-dependent Raman spectra of HT-Ca,AlSiOs s

The recovered sample of HP-Ca,AlSiOs 5 from 1273 K was then di-
rectly checked by scanning electron microscope without any polishing.
As shown in Fig. 6, it is clear that the recovered sample contains a single
homogeneous phase based on the mapping analysis of Ca, Al and Si
elements. Therefore, it is a high-temperature Ca,AlSiOss (HT-
Ca,AlSiOs 5) phase. Further study on the crystal structure of this HT-
Ca,AlSiOs 5 is required. Though the Raman active modes of HT-
Ca,AlSiOs 5 cannot be predicted, Raman spectrum of this HT-
Ca,AlSiOs 5 was collected at ambient conditions, as shown in Fig. 1. The
Raman spectrum of HT-Ca,AlSiOs 5 shows three strong bands at around
623, 839 and 862 cm ™!, which is different from those of LP-Ca,AlSiOs 5
and HP-Ca,AlSiOss. Totally 26 Raman active vibrations can be dis-
tinguished for HT-Ca,AlSiOs 5 at ambient conditions.

The Raman spectra of HT-Ca,AlSiOs 5 have also been collected at
various temperatures, and typical spectra were plotted in Fig. 7. With
increasing temperature, some vibrations of HT-Ca,AlSiOss become
undistinguished due to the weak intensity. Besides, three mergers of
peaks occur, which does not indicate any phase transition. Up to
1273 K, no phase transition was observed for HT-Ca,AlSiOs 5. And the

Raman spectrum at 300K after cooling from 1273 K is same as the in-
itial Raman spectrum of HT-Ca,AlSiOs s shown in Fig. 2 at ambient
conditions.

The temperature-Raman shift relations of HT-Ca,AlSiOs 5 are illu-
strated in Fig. 8. The Raman shifts of all modes in HT-Ca,AlSiOs 5 vary
linearly and continuously with temperature, and the slopes are different
for different vibrations. The temperature dependences for each of the
observed modes are also listed in Table 1, ranging from -3.20 x 10~ % to
0.28 x 10™2cm™ K. Due to the lack of thermal expansive coefficient
of HT-Ca,AlSiOs s, it is impossible to determine the isobaric Griineisen
parameters.

4. Conclusions

In this study, the Raman spectra of low-pressure and high-pressure
Ca,AlSiOs 5 oxygen-deficient perovskites were collected and analyzed
in the temperature region of 153-1273 K at ambient pressure. No phase
transition was observed for low-pressure Ca,AlSiOs 5 up to 1273 K, but
an irreversible temperature-induced phase transformation occurs for
high-pressure CayAlSiOss at 1223K to form a high-temperature
Ca,AlSiOs 5 phase. The Raman spectra of high-temperature Ca,AlSiOs s
was also investigated in the temperature region of 153-1273 K at am-
bient pressure. The Raman frequencies of all observed vibrations for
low-pressure, high-pressure and high-temperature Ca,AlSiOss poly-
morphs continuously and linearly decrease with increasing tempera-
ture. The temperature coefficients of all Raman active modes for the
three phases were quantitatively determined, ranging from
-2.90 X 1072 to -0.31 x 1072, -3.56 x 1072 to -0.50 x 1072, and
-3.20 X 1072 t0 0.28 x 10~ 2cm™ K for low-pressure, high-pressure,
and high-temperature Ca,AlSiOs s, respectively. The calculated isobaric
mode Griineisen parameters of low-pressure Ca,AlSiOs 5 vary from 0.08
to 1.10 yielding an average isobaric mode Griineisen parameter of 0.35.
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