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The temperature-dependent Raman spectra of low-pressure and high-pressure CaGap0O4 have been investigated
from 80 to 1173 K at ambient pressure. For the low-pressure CaGaz0y, it is stable and no phase transition was
observed in this study. But a phase transition for the high-pressure CaGa;O4 was observed at 923 K into low-
pressure CaGayO4, and this temperature-induced phase transition is irreversible. All the observed Raman

active bands of low-pressure and high-pressure CaGaz04 showed linear temperature dependence with different
slopes. The quantitative temperature dependences of Raman bands are — 3.04 x 1072 ~ — 0.05 x 1072 and —
2.76 x 1072 ~ 2.13 x 1072 cm™! K! for low-pressure and high-pressure CaGay04, respectively.

1. Introduction

Based on their different crystal structural, physical and chemical
properties and broad applications, oxometallates with composition
AM;04 have been widely investigated [1]. CaGap04, a member of oxo-
metallates, has been used as a matrix for fluorescent materials with
various dopants [2-10]. Since it is with a low dielectric constant,
CaGay04 can be adopted as a microwave dielectric ceramic [11]. In
previous studies, three CaGayO4 polymorphs have been reported
including low-pressure (LP-CaGag04), high-pressure (HP-CaGaz04) and
high-temperature (HT-CaGap04) forms [12-14]. The crystal structures
of these polymorphs were refined [15-18]. LP- and HP-CaGay04 are in
the orthorhombic with different space groups of Pna2; and Pnam,
whereas HT-CaGay0Oy is in the monoclinic with space group of P2;/c.
According to their crystal structures, HP- and HT-CaGay;04 may also
accommodate some rare earth elements and have potential applications
for fluorescent materials. LP-CaGapO4 can be synthesized at
high-temperature [12], and HP-CaGayO4 can be obtained by
high-pressure and high-temperature experiments [13]. But it is difficult
to obtain pure HT-CaGagO4 [14] since the synthetic temperature of
HT-CaGay0y4 is very close to its melting point [12]. The crystal structures
of LP- and HP-CaGay04 were shown in Fig. 1.

In previous studies, the phase boundary between LP- and HP-
CaGap04 was experimentally determined [13], and the temperature

boundary between LP- and HT-CaGapO4 was constrained at about
1350 °C under ambient pressure [14]. However, the physical and
chemical properties of CaGapy04 polymorphs have not been well inves-
tigated. In this study, the stability and vibrational features of synthetic
LP- and HP-CaGa304 were studied at elevated temperatures (from 80 to
1173 K) and ambient pressure by adopting using Raman spectroscopy. A
temperature-induced irreversible phase transition for HP-CaGa;04 was
observed at 923 K to LP-CaGay04. The temperature-dependent Raman
active modes of LP-CaGazO4 and HP-CaGay04 polymorphs were quan-
titatively analyzed.

2. Experimental details

High-purity LP-CaGaz04 was prepared by a solid-state reaction from
CaCO3; and GapOs. Reagent-grade CaCOs3 (99.99%, Alfa Aesar) and
Gay0s3 (99.99%, Alfa Aesar) powders were mixed in the proportion
corresponding to the CaGapO4 stoichiometry, and the mixture was
ground sufficiently and pressed into pellets with a diameter of 8 mm
under uniaxial pressure of 20 MPa. The pellets were sintered at 1473 K
in a furnace for 72 h, during which the sample was cooled, ground, and
heated three times. According to the reported phase diagram [13],
HP-CaGay04 phase was synthesized from LP-CaGay04 powder at 4 GPa
and 1273 K for 5 h. The sintered and synthesized LP- and HP-CaGayO4
phases were confirmed as single phases by using an Empyrean
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Fig. 1. The crystal structures of low-pressure CaGa;O4 (a) and high-pressure (b) CaGa;O4 polymorphs.
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Fig. 2. Refined X-ray diffraction patterns of low-pressure CaGa;O4 (a) and
high-pressure CaGay04 (b) CaGay04 obtained at ambient conditions. Observed
(black crosses), calculated (red line) and difference (bottom blue curve) powder
XRD pattern determined by Rietveld analysis.

diffractometer with Cu Ko radiation operated at 40 kV and 200 mA. The
collected XRD patterns of both LP- and HP-CaGay04 were refined using
EXPGUI/GSAS program, and the results were shown in Fig. 2.

Raman spectra of LP- and HP-CaGay04 at various temperatures and
ambient pressure were collected in the wavenumber range of 50 ~
1000 cm L. The method was similar to those in our previous studies [19,
20]. A Raman spectrometer (Horiba LabRam HR Evolution) equipped
with an 1800 gr/mm grating was adopted, and it was calibrated by
plasma and neon emission lines with a high spectral resolution of
1 ecm™L. The exciting source is YAG: Nd>* laser with a wavelength of
532 nm and a power of 20 mW for the samples. The laser beam was
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Fig. 3. Raman spectra of low-pressure CaGa;O4 (a) and high-pressure (b)
CaGa,04 at ambient conditions.

focused by an SLM Plan 20 x Olympus microscope objective to collect
the scattered light. Small pieces of synthesized samples were put on a
sapphire or silica window for the high-temperature or low-temperature
Raman spectroscopic measurements, respectively. The sapphire window
was put into an alumina chamber in Linkam TS 1500 for heating from
room temperature to 1173 K, and the silica window was placed at the
center of a small silver block in THMSG 600 for freezing from 80 K to
room temperature. In high-temperature measurements, a resistance
heater with a water cooling system was used and temperature was
monitored by an S-type thermocouple. In low-temperature measure-
ments, liquid nitrogen was pumped in the silver block and a resistance
heater opposes the cooling effect of the nitrogen to reach the target
temperature. The heating or cooling systems have been calibrated by
observing phase changes in synthetic fluid inclusions placed into the
crucibles. In all measurements, the temperature control unit is auto-
matically changed at a constant rate of 10 K/min and can be pro-
grammed to hold at desired temperatures. For thermal equilibrium, the
Raman spectra were collected after keeping at a desired temperature for
10-15 min. The accumulation duration for each spectrum was 60 s, and
the final spectrum was the average of three measurements. All Raman
spectra were analyzed by using the PeakFit program (SPSS Inc.,



W. Xue et al.

Vibrational Spectroscopy 120 (2022) 103379

(a)
305 K*

MM
1173 K

1073 K

973 K

873 K
W
w\xﬁﬁ
MMM

223 K

Intensity (a.u.)

80K

1 f Il " | L | ' 1 s 1 L Il '

(b) 305 K*

JMM
1173 K

Intensity (a.u.)

100 200 300 400 500 600 700
Raman shift (cm™)

800

100 200 300 400 500

Raman shift (cm™)

600

Fig. 4. Typical Raman spectra of low-pressure CaGa;O4 (a) and high-pressure CaGa,04 (b) at different temperatures. The temperatures with * symbols represent
cooling steps. The arrows indicate appearance of new Raman peaks during heating.

Chicago) to obtain the shifts of bands.
3. Results and discussion
3.1. Raman spectrum of HP-CaGay04 at ambient conditions

In previous studies [11,21], the vibrational spectrum of LP-CaGay04
at ambient conditions was reported and interpreted. The obtained
Raman spectrum of LP-CaGaz0;4 in the present study at ambient condi-
tions, as shown in Fig. 3, is consistent with previous studies [11,21].
However, there is no Raman spectrum of HP-CaGay04 in literatures.

According to the factor group analysis using symmetry-adapted
modes [22] and based on the Pnam space group, the Raman active
modes of HP-CaGay04 can be predicted as following:

T = 14A, + 7TBjg + 14By + 7By

Therefore, totally 42 Raman vibrational modes are predicted for HP-
CaGay04. Raman spectrum of HP-CaGasO4 at ambient conditions is also
shown in Fig. 3. Obviously, the numbers of observed Raman vibrations
for HP-CaGayO4 are fewer than the theoretically predicted, which is due
to some undetected weak Raman active modes and/or overlapping.

The Raman spectrum of HP-CaGayO4 was firstly reported in the
present study, which shows three strongest modes at 642, 315 and
123 em ™! and some weak peaks. It is difficult to assign those different
peaks of HP-CaGay04 without theoretical simulation though the Raman
active modes of some isostructural compounds (e.g., CaFeyO4 [23],
CaAl,04 and MgAl,04 [24]) were assigned in previous studies. In the
crystal structure of HP-CaGagQOy4, all Ca atoms are in eight-coordination
and two kinds of Ga atoms are in six-coordination, and both
corner-sharing and edge-sharing GaOg octahedra exist [18]. According
to previous Raman spectroscopic studies on some gallates containing
GaOg octahedra [25,26], the most intense Raman band of HP-CaGayO4
at 642 cm™! corresponds to symmetric stretching mode of GaOg, bands
at 725 and 776 cm™! can be assigned to anti-symmetric stretching vi-
brations of GaOg, band at 315 cm ™ is related to the 0-Ga-O bending
vibration. And the low-wavenumber modes below 300 cm™! are origi-
nated from the displacements of the apical oxygen and Ca atoms [27].
Further theoretical calculation is required for assign the different Raman
active modes of HP-CaGayQOj4.

3.2. Stability of LP- and HP-CaGaz04

The representative Raman spectra of LP- and HP-CaGayO4 at
different temperatures are illustrated in Fig. 4. Obviously, the Raman
bands of both LP- and HP-CaGay04 gradually become broad and shift
towards lower wavenumbers during heating. It is reasonable since bond
length increases due to thermal expansion. Longer bond lengths imply
weaker bonds, i.e., smaller force constant, and thus lower vibrational
wavenumber according to Hooke’s law.

It is clear that LP-CaGayQy is stable in the present temperature range,
as shown in Fig. 4(a). Up to 1173 K, no phase transition was observed for
LP-CaGay04 though some Raman peaks become weak and undistin-
guished during heating. The Raman spectrum at 305 K after cooling
from 1173 K is same as the initial Raman spectrum of LP-CaGayO4
shown in Fig. 3 at ambient conditions.

Obviously, new peaks begin to appear in the Raman spectrum of HP-
CaGay04 at 923 K, as marked by arrows in Fig. 4(b), which indicates that
a temperature-induced phase transition occurs. With further increasing
temperature, the typical Raman bands of HP-CaGaz04 become weak and
disappear at 1173 K. It seems that HP-CaGay04 and its phase transition
product can coexist in a temperature range. Kinetics may be another
reason to explain the coexisting of HP-CaGayO4 and its phase transition
product. The Raman spectrum at 305 K after cooling from 1173 K is
totally different from the initial Raman spectrum of HP-CaGaz04 shown
in Fig. 3 at ambient conditions, which indicates that the temperature-
induced phase transition is irreversible. Compared the Raman spectra,
it is clearly noted that the final obtained product is LP-CaGayO4. As
mentioned above, both HP- and LP-CaGay04 belong to orthorhombic
structure but in different space groups. At ambient conditions, HP-
CaGay04 contains CaOg and GaOg polyhedra with average bond lengths
of 2.426 and 2.013 A for Ca-O and Ga-O [18], whereas LP-CaGay04
contains CaO7, GaO4 and GaOs polyhedra with average bond lengths of
2.503 and 1.902 A for Ca-O and Ga-O [16]. Therefore, during the
temperature-induced phase transformation from HP-CaGayO4 (space
group of Pnam) into LP-CaGay04 (space group of Pna2,), all coordinated
numbers of cations and Ga-O bond lengths decrease, but the Ca-O bong
lengths increase. It indicates that the observed temperature-induced
irreversible phase transition of HP-CaGayO4 is of the first-order.
Further investigation is necessary to clarify the mechanism of
temperature-induced phase transformation from HP-CaGayO4 into
LP—CaGa204.
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Fig. 5. Temperature dependence of the Raman bands of low-pressure CaGa;O4 (a) and high-pressure CaGa;O,4 (b) at ambient pressure.

Table 1
Constants determined in v; = a; + b; T at ambient pressure for CaGay04.
LP-CaGay04 HP-CaGay04
Peak No. a; -b; x 10? Peak No. a; -b; x 102
1 63.8(3) 0.17(5) 1 60.0(3) 0.06(8)
2 83.6(2) 0.61(5) 2 67.9(2) 0.09(12)
3 90.8(3) 0.05(5) 3 75.9(3) 0.19(18)
4 105.7(3) 0.54(5) 4 84.1(6) 0.34(28)
5 121.8(1) 0.54(3) 5 92.4(9) 0.51(41)
6 150.8(2) 0.82(4) 6 99.3(1) -0.21(5)
7 167.4(2) 0.45(17) 7 108.1(6) 0.50(29)
8 180.5(4) 1.16(22) 8 126.8(3) 1.07(8)
9 195.9(2) 1.44(6) 9 140.8(5) 1.29(29)
10 206.8(3) 1.38(9) 10 161.8(5) 1.55(24)
11 245.1(2) 2.11(5) 11 168.9(2) 0.10(17)
12 289.9(3) 1.63(6) 12 179.4(4) 1.16(26)
13 312.2(2) 2.02(7) 13 208.2(5) 0.10(23)
14 354.4(2) 1.57(4) 14 219.3(3) 1.26(13)
15 387.1(2) 1.54(8) 15 235.5(3) 1.34(14)
16 405.3(2) 1.67(6) 16 251.7(3) 1.7117)
17 493.8(2) 1.59(7) 17 321.6(2) 2.03(9)
18 524.4(1) 0.13(4) 18 349.2(3) 1.20(15)
19 547.3(2) 2.02(6) 19 388.1(3) 1.95(17)
20 560.4(9) 2.05(30) 20 402.8(4) 2.76(26)
21 584.5(3) 0.91(18) 21 444.4(2) 2.45(12)
22 597.6(2) 1.98(6) 22 457.0(2) 2.18(11)
23 625.2(2) 0.35(14) 23 495.4(3) 0.70(26)
24 635.2(2) 3.04(21) 24 518.0(20) 0.68(71)
25 668.0(5) 2.24(17) 25 582.2(4) 1.22(14)
26 690.6(8) 1.80(35) 26 615.5(4) -0.87(19)
27 725.1(1) 1.42(8) 27 645.6(3) 1.16(11)
28 737.3(3) 0.84(17) 28 679.2(4) 0.78(16)
29 721.0(9) -2.13(38)
30 777.2(5) -1.63(20)

aiisin cm™ !, T in K, and the constant bi in em™ K.

3.3. Temperature-dependent Raman spectra of LP- and HP-CaGaz04

The wavenumber shifts of the Raman bands of LP-CaGa04 as a

function of temperature up to 1173 K are shown in Fig. 5(a). Totally 28
bands could be reliably indentified for LP-CaGay04. These bands all
show a linear decrease in Raman shift with increasing temperature. The
temperature dependences for each of the observed bands are given in
Table 1, ranging from — 3.04 x 1072 to — 0.05 x 10 2 ecm ' K.

The Raman shift versus temperature plot of HP-CaGay04 is illus-
trated in Fig. 5(b). Totally 30 Raman active bands could be reliably

indentified as a function of temperature. The Raman shifts of all modes
in HP-CaGayO4 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 — 2.76 x 1072 to 2.13 x 10~2 ecm™! K™L. It is noted that
HP-CaGay04 shows some positive temperature dependences of some
Raman active bands, which means that the Raman shifts of these modes
increase with increasing temperature. Indeed, such positive temperature
dependence of Raman shift was reported in o-MgyP20; [28],
HT-CayAlSiOs 5 [29], SiO4 [30] and GeO4 [31]. The reason is not clear. It
may be related to the band evolution under high temperatures.

4. Conclusions

By using Raman spectroscopic measurements, the stability and vi-
brations of low-pressure and high-pressure CaGayO4 gallates were
investigated in the temperature region of 80-1173 K at ambient pres-
sure. No phase transition was observed for low-pressure CaGazO4 up to
1173 K, but an irreversible temperature-induced phase transformation
begins to occur for high-pressure CaGayO4 at 923 K to form a low-
pressure CaGayO4 phase. The Raman wavenumbers of all observed vi-
brations for low-pressure and high-pressure CaGayO4 polymorphs
continuously and linearly change with increasing temperature. The
temperature coefficients of all Raman active modes for the two phases
were quantitatively determined, ranging from — 3.04 x 1072 to
—0.05x 102 cm ' K! for low-pressure CaGayO4 and — 2.76 x 1072
t0 2.13 x 1072 cm ™! K™ for high-pressure CaGayO4.
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