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Mgs3(PO4),-111, whereas Mg3(POy4),-I is
stable.
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Raman vibrations of three Mg5(POy4);,
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ABSTRACT

In-situ synchrotron X-ray diffraction and Raman spectroscopy were used to study the stabilities, thermal
expansion and vibrational modes of synthetic Mgs(PO,4),. The polymorphs (Mg3(POy4),-1, 11, III) were inves-
tigated in the temperature range of 299 ~ 1173 K at ambient pressure. An irreversible phase transition
was observed for both Mgs(PO4),-11 and Mg3(PO,4),-1II, whereas Mg3(PO,4),-1 is stable in the present study.
Based on the in-situ synchrotron X-ray diffraction and Raman spectroscopic measurements, Mgz(POg4),-II
and Mg3(POy4),-1II transform to Mgs(PO4),-1 at 1073 K and 1023 K, respectively. The volumetric thermal
expansion coefficients of Mgz(P0O,),-1, Il and IIl were determined as 3.31(4) x 10° K1, 3.91(4) x 10° K,
and 3.25(5) x 10 K1, respectively. All three Mg3(PO,4), polymorphs show axial thermal expansive ani-
sotropy since the thermal expansion coefficients along different axes are inconsistent. The effect of tem-
perature on the Raman vibrations of the three Mg3(PO,4), polymorphs was quantitatively analyzed. And
the isobaric mode Griineisen parameters of three Mgs(PO,4), polymorphs are calculated, which are in the
range of 0.07 ~ 3.54.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The family of orthophosphate is plentiful and has been studied
widely [1-15]. Magnesium orthophosphate, Mg;(PO,),, has been
paid great attention due to its captivating structure and physio-
chemical properties [16-24]. There are at least three polymorphs
of Mg3(PO,),. Farringtonite, Mgs(POy4),-1, is an end-member of
(Fe,Mg,Mn)sP0O4 solid solutions [25]. Mg3(PO4), has two high-
pressure phases including Mgs(PO,4),-1I (chopinite) and Mgz(PO4),-
Il [26-30].

The crystal structures of the three polymorphs were well deter-
mined in previous studies [26-27,31-32], as shown in Fig. 1. Mg5(-
PO4)>-1 and Mg3(PO,4),-11 belong to the P2;/n space group, where
PO, tetrahedra of Mgs(PO,4),-I are linked by an identical layer con-
sisting MgOs polyhedra and MgOg polyhedra, while PO, of Mgs(-
PO4),-1I are linked by two inequivalent layers of MgOg polyhedra
and stacking along the b-axis. The crystal structure of Mg3(POy4)s-
Il (space group P-1) consists of four inequivalent PO, tetrahedra
linked by sharing corners and edges to distorted MgO4, MgOs
and MgOg polyhedra.

Mgs(PO4),-1 is an appropriate host for both rare earth elements
for luminescence materials and hard tissue implants [18-19,24].
Moreover, Mgs(PO,),-1 applied as protecting cathode materials
has attracted increasing attention because it could increase the
cycle times and Li-storage capability of lithium batteries [33-34].
Similarly, Mgs(PO4),-11 and Mgs(PO,4),-1II with the same chemical
composition and similar structure may also have potential applica-
tions in improving lithium batteries and other fields. In a previous
study [35], the phase diagram of Mgs3(PO4), polymorphs under
high-pressure and high-temperature conditions was studied with
quenched samples. Usually in the above mentioned applications,
Mgs(PO4),-1 is synthesized or treated under high temperatures.
Mg3(PO4),-11 and Mg3(PO4),-1II with potential applications can be
obtained by high-temperature and high-pressure experiments.
Therefore, the stabilities and physiochemical properties of these
three Mgs(PO4), polymorphs at high temperatures are fundamen-
tal and important. However, there is little information about the
stabilities and physiochemical properties of these three Mg3(PO4),
polymorphs at high temperatures.

By using in-situ synchrotron X-ray diffraction, the stabilities
and thermal expansion of three Mg3(PO,4), polymorphs were inves-
tigated in this study over the temperature range of 306 ~ 1173 K.
Additionally, the effects of temperature on the Raman active vibra-
tions of the three Mg3(P0O,4), polymorphs were quantitatively ana-
lyzed by high-temperature micro-Raman spectroscopy from 299 to
1173 K. The in-situ synchrotron X-ray diffraction and Raman spec-
troscopic results show that Mg3(PO,4),-1I changes into Mg3(PO,4),-1
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at 1073 K, and Mg3(PO4),-1II transfers into Mgs(PO,4),-1 at 1023 K.
According to the obtained results, the isobaric mode Griineisen
parameters of three Mg;(PO4), polymorphs were calculated.

2. Experimental

Pure Mg3(PO4), polymorphs were obtained as described in our
previous study [36]. By using high pure MgO and NH4H,PO,4
reagents from Alfa Aesar company, Mgs(PO4),-1 polycrystalline
powder was synthesized by a solid-state reaction at 1173 K for
72 h. Mg3(PO4),-1I and Mgs(PO,4),-11l were obtained using synthetic
Mgs3(PO4),-1 as the starting material at 1173 K-1.6 GPa for 48 h and
1323 K-2.2 GPa for 66 h, respectively. The conditions (temperature,
pressure, and time) for synthesis of Mgz(POg4),-1I and Mg3(PO4),-III
were selected based on the high-pressure and high-temperature
experimental study of the phase relations of Mgs(PQ,), in the tem-
perature—pressure range 625-1150 °C and 0.66-2.25 GPa [35].

In-situ powder X-ray diffraction (XRD) patterns at various tem-
peratures were collected at the BL14B1 beam line at Shanghai Syn-
chrotron Radiation Facility (SSRF) [37]. The powdered samples in
firmly filled capillaries with 0.3 mm diameter were illuminated by
a synchrotron X-ray beam (beam size = 180 x 200 pm?). In order
to improve the data statistics, each sample was spun continuously
during the high temperature in-situ XRD measurements. The tem-
perature was monitored during the experiments using a K-type
thermocouple, with an accuracy of about + 1 K, held at the axis of
the heating element near the tip of the capillaries. In-situ XRD pat-
terns from ambient temperature to 1173 K with 100 K steps were
collected on a Mythen 1 K linear detector in Debye-Sherrer mode
[38]. In order to keep thermal equilibration, each temperature was
held for about 5 mins before measurement. The wavelength of the
X-ray beam was calibrated by using LaBg standard from NIST
(660Db). Each refinement of all the XRD patterns was carried out by
using the full profile-fitting technique in EXPGUI/GSAS [39-40].

The Raman spectroscopic measurements at ambient pressure
and various temperatures were carried out by using a Horiba Lab-
Ram HR Evolution Raman spectrometer equipped with an 1800 gr/
mm grating. The method and procedure were similar to our previous
studies [41-42]. A 532-nm pulsed YAG: Nd>* laser beam with a
power of 100 mW was used as an excitation source. Raman scattered
light from the 1 um? spot on the sample surface was collected with a
100 x objective lens. Three small polycrystalline slices cut from sep-
arate Mg3(PO4),-1, Il and IIl phases were placed on the sapphire win-
dow of a micro-furnace (linkamTS-600 with a temperature stability
of about + 1 K). The maximum temperature for heating was 1173 K,
and the interval for collecting spectrum was 50 K. For thermal equi-
librium, each temperature was held for 5 min before collecting the

Fig. 1. The crystal structures of three Mg;(PO,4), polymorphs. (a) Mgz(PO4),-1, (b) Mg3(PO4),-11, and (c) Mgs(PO4),-1I1.
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spectrum. The acquisition time of Raman spectra was 80 s and the
spectrum ranges from 50 to 1300 cm™!. Spectra were calibrated
using the 520.5 cm™! line of a silicon wafer. All the Raman spectra
were analyzed by using the PeakFit program (SPSS Inc., Chicago) to
get reasonable approximations.

3. Results and discussion
3.1. Phase transformation

The selected XRD patterns and Raman spectra of Mgs(POy,);
polymorphs at various temperatures and ambient pressure are
shown in Fig. 2 and Fig. 3, respectively.

Based on the XRD patterns, Mgs(POg4),-1 is stable up to 1173 K,
as shown in Fig. 2(a), whereas phase transformations occur for
both Mg3(PO4),-11 and Mg3(PO4),-1Il at 1073 K, as shown in Fig. 2
(b) and (c), respectively. The phase transition of Mg3(PO4),-II at
1073 K was inferred from the mutations at the positions of the
two most intense peaks and the obvious appearance of new peaks
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around 20 of 7.00°, 9.45°, 9.68° and 11.26°. Similarly, drastic
changes occur in the XRD pattern of Mg;(PO4),-III at 1073 K. It is
noted that the increase in signal-to-noise reveals that Mgs(POy4),-
III transforms to a higher symmetrical crystal structure. Compared
to the XRD patterns in Fig. 2, it is concluded that both Mg3(PO4),-II
and Mg3(PO4),-1II transform into Mgs(PO4),-1 at high temperature.
After cooling to 311 K, the XRD patterns for all three samples are
consistent with the initial XRD pattern of Mg3(PO,4),-I at ambient
conditions. This indicates that the temperature-induced phase
transition of Mgs(PO4),-11 and Mgs(PO4),-I1I is irreversible.
According to the Raman spectra at various temperatures, as
shown in Fig. 3, Mgs(POy4),-1 is stable though its Raman active
bands become broader with increasing temperatures up to
1173 K. It is clear that Mg5(POy4),-1I is stable up to 1023 K and
transforms into Mgz(PO4),-I at 1073 K, as shown in Fig. 3(b). And
Mg3(POy4),-III is stable up to 973 K though some Raman peaks
merge and it transforms into Mgs(PO4),-1 at 1023 K, as shown in
Fig. 3(c). During cooling, the phase transition of Mgs(PO,4),-II and
Mgs(PO4),-1II at high temperature is not reversible, since final
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Fig. 2. The typical XRD patterns of (a) Mg3(PO4),-1, (b) Mgs(PO4),-11 and (c) Mg3(PO4),-IIl up to 1173 K at ambient pressure. The temperatures with asterisk symbols represent
the XRD patterns collected during cooling.
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Fig. 3. The typical Raman spectra of (a) Mgs(PO4),-1, (b) Mgs3(PO4),-1I and (c)
Mg3(POy4),-1II up to 1173 K at ambient pressure. The tenmperatures with asterisk
symbols represented the Raman spectra collected during cooling.

collected Raman spectra show the characteristics of Mgz(PO4),-I at
ambient conditions.

The combined high-temperature in-situ XRD and Raman spec-
troscopic measurements, show that the temperatures for the phase
transformation of Mg3(PO4),-11 and Mg3(PO4),-1II into Mg3(PO4),-1
are 1073 K and 1023 K, respectively. The temperature-induced
phase transitions of Mgsz(PO4),-1l and Mg3(PO,4),-1lI are irreversible.
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3.2. Thermal expansion

With increasing temperatures from room temperature to
1173 K, all the XRD peaks shift to the lower 26 angle, as shown
in Fig. 2. Fig. 4 illustrates typical refinements of the full X-ray
diffraction patterns obtained at 473 K for the three Mgs(PO,);,
polymorphs.

The unit-cell parameters of the three Mgs(PO,4), polymorphs at
various temperatures were listed in Table 1. The relative variations
of the unit-cell parameters (q, b, ¢, V) for the three Mgs(PO,4), poly-
morphs were plotted in Fig. 5. The obtained lattice parameters at
ambient conditions are consistent with previous studies on Mgs
(PO4),-1, I, 11T [25-27,31-32].

The thermal expansion coefficient o, = 1/V (dV/0T)p was used to
describe the fluctuation of lattice parameters as a function of tem-
perature. If the thermal expansion coefficient «, does not vary with
temperature, integration yields the following expression [43]:

In(V/Vo) = ot (T — To)

Similarly, the axial thermal expansion coefficients along a-, b-
and c-axis can be determined by the following expressions:

In(a/ag) = 0a(T — To)
In(b/bo) = o (T — Tp)

In(c/co) = ac(T — Ty)
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Fig. 4. Rietveld XRD patterns of Mgsz(PO,4), polymorphs at 473 K for (a) Mg3(PO4),-1,
(b) Mg3(PO4)>-11 and (c) Mgs(PO4),-11I: experimental pattern (black line), calculated
data (red line), positions of Bragg reflections (blue pot). The lower green curve were
the difference profile.
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Table 1

Lattice parameters of Mg3(PO4), polymorphs at various temperatures.
T (K) a(A) b (A) c(A) v (A3)
Mgs3(PO4)-1
306 7.5980(1) 8.2310(1) 5.0755(1) 316.61(1)
373 7.6024(1) 8.2408(1) 5.0760(1) 317.19(1)
473 7.6093(1) 8.2556(1) 5.0770(1) 318.10(1)
573 7.6171(1) 8.2720(1) 5.0785(1) 319.13(1)
673 7.6253(1) 8.2892(1) 5.0798(1) 320.22(1)
773 7.6338(1) 8.3070(1 5.0814(1) 321.35(1)
873 7.6425(1) 8.3252(1 5.0830(1) 322.51(1)
973 7.6511(1) 8.3442(1 5.0845(1) 323.69(1)
1073 7.6598(1) 8.3638(1 5.0857(1) 324.87(1)
1173 7.6694(1) 8.3861(2 5.0868(1) 326.19(1)
Mg3(PO4)o-11
308 5.9027(1) 10.2085 4.7361(1) 285.37(1)
373 5.9077(1) 10.2163 4.7393(1) 286.02(1)
473 5.9154(1) 10.2289 4.7443(1) 287.05(1)
573 5.9237(1) 10.2428 4.7497(1) 288.17(1)
673 5.9324(1) 10.2571 4.7555(1) 289.35(1)
773 5.9415(2) 10.2721 4.7614(1) 290.58(1)
873 5.9507(1) 10.2868 4.7674(1) 291.81(2)
973 5.9599(2) 10.3015 4.7735(1) 293.06(1)
Mg3(PO4),-111
308 8.5121(5) 8.9947(5) 9.3199(5) 564.26(6)
373 8.5184(4) 9.0032(4) 9.3261(4) 565.34(5)
473 8.5266(5) 9.0156(5) 9.3357(5) 566.91(6)
573 8.5359(5) 9.0299(5) 9.3469(5) 568.79(6)
673 8.5449(5) 9.0446(5) 9.3590(5) 570.71(6)
773 8.5549(6) 9.0600(5) 9.3716(6) 572.74(7)
873 8.5644(6) 9.0742(6) 9.3826(7) 574.79(8)
973 8.5754(8) 9.0931(7) 9.3992(9) 577.03(10)

Standard deviations are in parentheses.

Based on the obtained V-T data listed in Table 1, the thermal
expansion coefficients for the three Mg3(PO,4), polymorphs were
determined and listed in Table 2. It is noted that Mgs(POy4),-II
shows the largest, i.e., 3.91(4) x 10 K, and Mg3(PO,),-I and
Mgs(PO4),-11I show similar thermal expansion coefficients since
the difference is within 2%. The different thermal expansion coeffi-
cients indicate the divergence of MgOn polyhedral and PO, tetra-
hedral distortions in the three Mgs(PO4), polymorphs during
heating. Compared with the two Ca3(PO,4), polymorphs [44-45],
as listed in Table 2, the Mg3(PO4), polymorphs show comparable
thermal expansion coefficients.

The fitted axial thermal expansion coefficients for the three
Mgs(PO4), polymorphs were also listed in Table 2. It is obvious that
the axial thermal expansion coefficients of the three Mgs(POy,),
polymorphs are anisotropic. For Mgs(PO4),-1 and Mgs(POy),-IIl,
the b-axis shows the largest axial thermal expansion. For Mgs
(POy4),-11, its a-axis shows the largest axial thermal expansion.
The degree of axial thermal expansive anisotropy for each sample
is different, and Mg3(PO4),-I shows largest axial thermal expansive
anisotropy. The axial thermal expansive anisotropy is related to the
different atomic arrangements along different axes, which can be
deduced from their crystal structures.

3.3. Temperature dependence of Raman spectra

According to the factor group analysis [46], there were 36
Raman modes for Mg3(PO,4),-1 and Mgs(PO,4),-11 based on the P2,/
n space group with irreducible representation as 18 Ag + 18 By,
and 78 Raman modes for Mgs(PO4),-1Il based on the P-1 space
group with irreducible representation as 78 Ag. However, due of
the overlapping and/or low intensity of some Raman active modes,
the number of observed Raman peaks is less than the predicted.

The Raman spectra of the three Mg3(PO,4), polymorphs at vari-
ous temperature are shown in Fig. 3. The assignments of Raman
modes of the three Mgs(PO,4), polymorphs were indexed according

to our previous measured and theoretical study [36]. Obviously,
the Raman vibrational modes shift to lower frequency regions
and become broader during heating. This is reasonable since the
bond length becomes larger with increasing temperature, implying
weaker bonds, i.e., small force constants, and consequent lower
vibrational frequencies according to Hooke’s law. Though the
intensities of Raman modes of the three Mgs(PO4), polymorphs
became lower during heating, most Raman peaks can be
distinguished.

Fig. 3(a) shows the typical Raman spectra of Mg3(PO,4),-I shift-
ing towards low-wavenumber with increasing temperatures. As
the temperature increases, most bands become weak and broad
but there are no new peaks occurring though the intensity of the
two most intense double peaks decreases and the peak shape
broadens. Similarly, the v3 asymmetric stretching modes of P-O
bonds are difficult to locate. The Raman spectrum measured at
299 K during cooling is in good agreement with the Raman spec-
trum measured at ambient conditions before heating, which is
similar to that of XRD measurements for Mgs(PO4),-I. The com-
bined Raman spectra and XRD measurements show that no phase
transformations happen for Mg3(PO,4),-I during heating.

Fig. 3(b) displays selected Raman spectra of Mgs(PO,4),-1I at var-
ious temperatures. There are discontinuous variations in the fre-
quency and intensity of the Raman spectrum collected at 1073 K
during heating. Clearly new Raman peaks appear as indexed by
arrows in Fig. 3(b), which indicate a temperature-induced phase
transformation. After phase transformation, the Raman spectra
were also collected during cooling. Based on the Raman spectrum
collected at 299 K after complete cooling, the product of
temperature-induced phase transformation is Mgs(PO,4),-1. It also
reveals an irreversible phase transition from Mgs(PO4),-11 to Mgs
(POy4),-I around 1073 K, which is consistent with the results of
high-temperature XRD measurements mentioned above.

Fig. 3(c) illustrates the representative Raman spectra of Mgs
(POy4),-1II at various temperatures. It is obvious that the Raman
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peaks show a red shift, become broad and merge with increasing
temperature. Obviously some new Raman peaks appear at
1023 K as marked by arrows in Fig. 3(c), which indicates a
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temperature-induced phase transformation has happened. Com-
pared with the XRD results, the temperature for the phase transfor-
mation is more precise, which is due to the smaller temperature
interval (50 K) for Raman spectroscopic measurements than that
(100 K) for XRD measurements. After phase transformation, the
Raman spectra were also collected during cooling. According to
the Raman spectrum collected at 299 K after complete cooling,
the product of temperature-induced phase transformation is Mgs
(POg4),-1. It also indicates an irreversible phase transition from
Mg3(PO4),-1I1 to Mg3(PO,4),-1 around 1023 K, which is consistent
with the results of high-temperature XRD measurements men-
tioned above.

The variations of Raman modes at different temperatures for
Mg3(PO4),-1 are illustrated in Fig. 6(a). The constants derived by
linear regressions of the vibrations are listed in Table 3. The tem-
perature coefficients (b;) of vibrations in Mgs(POy4),-1 vary from
—2.24(2) to —0.70(2) x 102 cm™! K~!. The v; antisymmetric
stretching vibrations of Mgs3(PO,4),-I show the relatively largest
temperature dependences.

The variations of Raman modes at different temperatures for
Mgs(PO4),-1I are illustrated in Fig. 6(b). The constants derived by
linear regressions of the vibrations before the phase transition
are listed in Table 4. The temperature coefficients (b;) of vibrations
in Mg3(PO4),-11 vary from —2.96(4) to —0.71(4) x 102 cm™! K.
The Mg-O bending vibrations of Mg3(PO,4),-II show relatively larger
temperature dependences.

The variations of Raman modes at different temperatures for
Mg3(POy4),-III are illustrated in Fig. 6(c). The constants derived by
linear regressions of the vibrations before the phase transition
are listed in Table 5. The temperature coefficients (b;) of vibrations
in Mgs(POy,),-1Il vary from —4.46(2) to —0.08(1) x 102 cm™' K.
The temperature coefficient (b;) of v{ + v3 symmetric stretching
mode at 1019 cm™~! of the PO, tetrahedra shows the largest value.
It is noted that the lattice vibration of Mgs(PO,4),-1II at 73 cm™! is
almost independent of temperature since its temperature-
dependence is close to zero (-0.08 x 102 cm™' K1)

3.4. Isobaric mode Griineisen parameters

The isobaric mode Griineisen parameters (y;p) can be calculated
by using the following expression [47-48]:

N 71 alnvi
/iP_ o oT »

where o is the volume thermal expansion coefficient. The
obtained volume thermal expansion coefficients for the three
Mgs(PO4), polymorphs in this study were used, and the calculated
values of y;p for different vibrational modes of the three Mg;(PO4),
polymorphs are also listed in Tables 3, 4, and 5, respectively.

The obtained isobaric mode Griineisen parameters, y;p, of three
Mg3(PO4), polymorphs (I, II, Ill) are in the ranges of 0.35 ~ 2.63,
0.31 ~ 2.71, and 0.07 ~ 3.54, respectively, and their averaged iso-
baric mode Griineisen parameters are 1.13, 1.16, and 1.16,
respectively.

Table 2

Thermal expansion coefficients of Mgs(PO4), polymorphs and comparison with other similar orthophosphates.
Formula Space group oy (x10° K1) o (x10° K1) op (x10° K1) o (x10° K1) Reference
Mgs(PO.4),-1 P2y/n 3.31(4) 1.04(1) 2.06(3) 0.21(3) This study
Mgs(PO4),-11 P2y/n 3.91(4) 1.42(1) 1.34(1) 1.16(1) This study
Mgs(PO.4),-111 P-1 3.25(5) 1.09(1) 1.57(2) 1.21(2) This study
y-Cas(POy4)2 R-3m 3.67(3) 1.18(1) 1.18(1) 1.32(3) [44]
B-Cas(POy4): R3c 3.35 [45]

Standard deviations are in parentheses.
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Fig. 6. Temperature dependence of the Raman modes of (a) Mg3(POy4),-1, (b) Mgs(POy4),-1I and (c) Mg3(PO4),-1II at ambient pressure.

For the PO, vibrational modes of Mg3(PO4),-I, Il and III, the iso- 0.31 ~ 0.57, and 0.07 ~ 1.33, and their averaged isobaric mode
baric mode Griineisen parameters are in the ranges of 0.35 ~ 0.84, Griineisen parameters are 0.54, 0.40, and 0.51, respectively. Those
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Table 3
Constants determined in ; - vo + b; + of Mg3(PO4),-I at ambient pressure.
Vi299 Yo -b; x 10° R Vip
PO, modes
v3 1123 1118.8(3) 2.04(6) 0.985 0.55
1075 1081.0(3) 2.09(6) 0.986 0.58
v 1028 1032.1(4) 1.31(9) 0.910 0.38
983 986.2(2) 1.13(4) 0.982 0.35
u 655 660.3(2) 1.83(1) 0.969 0.84
641 644.4(6) 1.58(10) 0.900 0.74
v 577 578.3(2) 0.70(2) 0.979 037
Mg—O bending 422 426.6(3) 1.45(7) 0.961 1.03
357 362.6(3) 1.82(4) 0.993 1.52
321 327.6(2) 2.24(2) 0.998 2.07
Lattice vibration 179 182.1(2) 1.12(4) 0.970 1.86
174 176.9(4) 1.04(9) 0.938 1.78
131 136.5(2) 1.19(3) 0.987 2.63

Va9 and vy are in cm !, T in K, and the constant b; has the corresponding units, 7,99 was calculated at ambient conditions, R? is the correlation coefficient.

Table 4
Constants determined in v; = vo + b; T of Mgs(PO4),-1I at ambient pressure.

Vi299 Yo -b; x 107 IS Vip

PO, modes

v3 1108 1115.7(3) 2.49(5) 0.993 0.57
1077 1081.9(2) 1.70(4) 0.997 0.40
1071 1076.5(2) 1.74(3) 0.997 0.41

vy 992 996.3(2) 1.34(4) 0.986 0.34
931 931.4(2) 1.19(4) 0.981 0.33

vy 652 655.1(3) 1.15(5) 0.973 0.45
631 633.6(2) 1.15(4) 0.986 0.46

2 587 590.1(2) 0.85(5) 0.978 0.37
576 578.3(2) 0.71(4) 0.960 0.31

Mg—O bending 499 505.2(2) 2.01(4) 0.994 1.02
415 421.2(9) 2.25(17) 0.921 1.37
383 389.4(2) 2.32(5) 0.994 1.52
359 367.8(2) 2.96(4) 0.998 2.06
301 307.4(10) 2.64(22) 0.905 2.20
288 293.2(2) 2.11(3) 0.996 1.84
264 270.5(2) 2.65(6) 0.991 2.51

Lattice vibration 224 226.4(4) 1.14(9) 0.927 1.29
217 219.9(4) 0.75(9) 0.875 0.87
161 166.5 (1) 1.43(3) 0.995 2.20
129 133.2 (1) 1.41(2) 0.998 2.71

Viage and 7 are in cm !, T in K, and the constant b; has the corresponding units, .99 was calculated at ambient conditions, R? is the correlation coefficient.

averaged isobaric mode Griineisen parameters of the PO, vibra-
tional modes are comparable with those of y-Ca3(PO4), (0.58)
[44] and CagNaMg(P0O,); (0.57) [49], but larger than those of Cas
(PO4)sF (0.30) [50] and Srs(PO4)sF (0.25) [51]. The discrepancy
might be related to the structural evolution of the PO, tetrahedra
at high temperature, which is attributed to the crystal structure
(arrangement of atoms) and thermal expansion. In fact, at ambient
conditions, the P—O bond lengths of PO, tetrahedra in Mg3(PO4),-1
is almost the same, the P—O, length of PO, tetrahedra in Mgs
(POg4),-1I is shorter than others, and the P—O bond lengths of PO,4
tetrahedra for the four unequal PO, tetrahedra in Mgs(PO4),-III
are different.

For the Mg—O0 bending modes of Mg3(PO,4),-1, I, and III, the iso-
baric mode Griineisen parameters are in the ranges of 1.03 ~ 2.07,
1.02 ~ 2.51, and 0.98 ~ 2.06, and their averaged isobaric mode
Griineisen parameters are 1.54, 1.79, and 1.60, respectively. The
scattering of y;p for the Mg-O bending modes of Mg3(POy4),-I is
the smallest. The discrepancy of y;» for Mg-O bending modes in
the three Mg;(PO4), polymorphs reveals a process where the
degree of distortion of the Mg-0 polyhedra in Mgs(PO,4),-I is lower

than those in Mg3(POy4),-11 and Mgs(PO,4),-1Il during the thermal
expansion at high temperatures.

For the lattice modes of Mgs(PO4),-1, II, and III, the isobaric
mode Griineisen parameters are in the ranges of 1.86 ~ 2.63,
0.87 ~ 2.71, and 0.33 ~ 3.54, and their averaged isobaric mode
Griineisen parameters are 2.09, 1.77, and 1.93, respectively. These
could be explained by the more complex lattice vibrations occur-
ring in Mgs(POg4),-1II than those in Mgs3(PO4),-1 and Mg3(PO4),-I1.

4. Conclusions

The crystal structure of Mgs(PO4),-1 remains stable up to
1173 K, whereas Mgs(PO,4),-11 and Mgs(PO,4),-III transform into
Mg3(PO4),-I at 1073 and 1023 K, respectively, and the
temperature-induced phase transition of Mgs(PO4),-II and Mgs
(POy4),-1II is irreversible. The thermal expansion coefficients of
the three Mgs3(PO4), polymorphs were determined as 3.31
(4) x 10° K 1,3.91(4) x 10° K1, and 3.25(5) x 10 K™, respec-
tively. Axial thermal expansive anisotropy exists for the three
Mgs(PO4), polymorphs. Temperature-dependences of Raman
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Table 5
Constants determined in v; = vo + b; T of Mgs(PO4),-1II at ambient pressure.

Vi299 Vo —b; x 10° R? Vip

PO, modes

v 1158 1166.3(5) 2.65(1) 0.987 0.70
1117 1123.2(2) 2.22(1) 0.998 0.61
1108 1112.8(3) 1.65(1) 0.985 0.46
1085 1092.9(2) 2.78(1) 0.997 0.78
1061 1065.4(6) 1.62(1) 0.962 0.47
1056 1061.6(7) 1.91(1) 0.933 0.55
1031 1035.7(4) 1.43(1) 0.961 0.42

vy 4 V3 1019 1034.0(31) 4.46(2) 0.881 1.33
1006 1010.3(3) 1.31(1) 0.945 0.40

v 997 1000.8(2) 1.20(1) 0.979 037
978 979.8(1) 0.56(1) 0.974 0.18
972 979.2(12) 0.93(1) 0.862 0.29
968 968.9(2) 0.22(1) 0.725 0.07
952 953.4(2) 0.50(1) 0.872 0.16

w 650 654.1(2) 1.39(1) 0.984 0.65

v 617 620.8(3) 1.37(1) 0.961 0.68
600 602.3(2) 0.96(1) 0.974 0.49

Mg—O0 bending 527 534.7(5) 2.59(2) 0.974 1.49
476 480.9(1) 1.53(1) 0.993 0.98
440 446.7(7) 2.01(2) 0.939 1.38
428 436.2(5) 2.67(3) 0.976 1.88
396 403.9(3) 2.33(3) 0.986 1.78
358 363.5(7) 2.43(3) 0.965 2.06

Lattice vibration 301 306.5(2) 1.84(3) 0.991 1.85
273 278.4(3) 1.61(3) 0.990 1.78
244 248.5(2) 1.52(3) 0.990 1.88
216 218.2(4) 1.14(2) 0.943 1.61
188 189.5(2) 0.74(4) 0.968 1.20
178 183.6(4) 2.11(11) 0.975 3.54
168 171.1(2) 1.00(5) 0.961 1.80
157 160.0(11) 1.25(13) 0.828 2.40
139 141.1(2) 1.02(4) 0.983 222
84 86.0(5) 0.72(8) 0.876 2.58
73 73.6(4) 0.08(1) 0.901 033

Va9 and vy are in cm ™!, T in K, and the constant b; has the corresponding units, 299 was calculated at ambient conditions, R? is the correlation coefficient.

active modes of three Mg3(PO,4), polymorphs were quantitatively
determined and the corresponding isobaric mode Griineisen
parameters were calculated.
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