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ABSTRACT
The compressibility and effect of pressure on the vibrations of
merrillite, Ca9NaMg(PO4)7, were studied by using diamond anvil
cell at room temperature combined with in-situ synchrotron X-ray
diffraction and Raman spectroscopy up to about 18 and 15 GPa,
respectively. The pressure-volume data was fitted by a third-order
Birch–Murnaghan equation of state to determine the isothermal
bulk modulus as K0 = 87.2(32) GPa with pressure derivative K0′ =
3.2(4). If K0′ = 4, the isothermal bulk modulus was obtained as 81.6
(10) GPa. The axial compressibility was estimated and an axial
elastic anisotropy exists since a-axis is less compressible than the
c-axis. The Raman frequencies of all observed modes for merrillite
continuously increase with pressure, and the pressure
dependences of stretching modes (v3 and v1) are larger than
those of the bending modes (v4 and v2) and external modes. The
isothermal mode Grüneisen parameters and intrinsic
anharmonicity of merrillite were also calculated.
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1. Introduction

Merrillite (Ca9NaMg(PO4)7) is an anhydrous calcium phosphate mineral found in different
types of meteorites as well as lunar and Martian rocks [1–6]. Merrillite becomes increas-
ingly attractive in studies of Mars because it is a dominant form of phosphate minerals
in Martian meteorites [7], and it was thought to react in late-stage of Martian magmas
[8–12]. It is also a major reservoir for rare earth elements [13–15]. Therefore, merrillite
has great potential as a unique recorder of planetary magmatic compositions and con-
ditions [16]. The physical and chemical properties of merrillite are vital to understand
the differences in petrogenesis, surface processes and other thermodynamic processes
among Earth, Mars, and other planetary bodies [17].
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The crystal structure of merrillite is trigonal with the space group R3c, in which the main
feature is bracelet-and-pinwheel structural unit [18–20]. The pinwheels are centered on
the Mg containing an octahedron decorated by a P-centered tetrahedron with a
formula of [Mg(PO4)6]

16-, which are connected by the interstitial complex formed of
[Ca9Na(PO4)]

16+ units [21].
In our previous study, the thermal expansion and the effects of temperature on the

vibrational modes of merrillite at high-temperature have been investigated [22].
However, there is no report about the physical and chemical properties of merrillite
under high pressures. In this study, the high pressure behaviors of merrillite were investi-
gated through in-situ X-ray diffraction and Raman spectroscopic measurements at room
temperature. The compressibility of merrillite was determined. The effect of pressure on
the lattice parameters and the characteristics of Raman active modes of merrillite is quan-
titatively analyzed. In addition, the isothermal mode Güneisen parameters were calculated.
Combined with the previous results, the intrinsic anharmonic parameters were obtained as
non-zero, indicating an intrinsic anharmonicity.

2. Experimental

High-purity merrillite was synthesized by solid-state reactions methods, which is described
in our previous study [22]. The starting material was mixed from reagent-grade NH4H2PO4,
CaCO3, Na2CO3 and MgO powders in the proportion of the stoichiometric Ca9NaMg(PO4)7.
Prior to synthesizing the merrillite, reagent graded CaCO3, Na2CO3 and MgO powders were
dried overnight in a vacuum oven at 473 K. Then the reagents were quickly weighted and
the mixture was grounded sufficiently and heated at 1373 K for 48 h. The final product was
examined by powder X-ray diffractometer as a single phase of Ca9NaMg(PO4)7 merrillite.

The high pressure X-ray diffraction experiments were carried out using symmetric
piston cylinder with a diamond anvil cell (DAC) with 300-µm culets. The rhenium gasket
was pre-intended to a thickness of 45 µm with a hole of 180 µm in diameter and was
used as the sample chamber. A small piece of sample was loaded into the chamber. Sili-
cone oil was loaded as pressure-transmitting medium and a small piece of gold was used
as the pressure calibrant [23]. The in-situ angle dispersive synchrotron X-ray diffraction pat-
terns at various pressures were collected at the beamline BL15U1 of Shanghai Synchrotron
Radiation Facility (SSRF) [24]. A monochromatic X-ray beam with the wavelength of 0.6199
Å and a beam size of 2 μm (width) × 3 μm (height) were used. The sample-to-detector dis-
tance and the geometrical parameters of the detector were calibrated with cerium dioxide
(CeO2). Two-dimensional images were collected by a MAR-165 charge-couple device (CCD)
detector and integrated using the Dioptas program to one-dimensioned diffraction pat-
terns [25]. All obtained X-ray diffraction patterns were analyzed by the GSAS software
package [26] to determine the lattice parameters.

The high pressure Raman spectra were collected by a symmetric piston cylinder DAC
with 400-µm culets (type-Ia). A hole of 240 µm in diameter drilled at the pre-intended
T301 stainless steel gasket (in a thickness of ∼70 µm) was used as the sample chamber.
Argon was loaded as pressure-transmitting medium. A small piece of sample was
loaded into the sample chamber with a ruby sphere as the pressure marker. The pressure
was determined according to the ruby fluorescence method [27]. The Raman spectra of
synthetic merrillite at various pressures and room temperature were collected by Horiba
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LabRam HR Evolution micro-Raman spectrometer with a 1800 lines/mm grating. The pro-
cedures are similar to the previous study [22]. A YAG: Nd3+ laser with a wavelength of
532 nm was used as an exciting source. An SLM Plan 50× Olympus microscope objective
was used to focus the laser beam and collect the scattered light. The accumulation time of
each spectrum was 60 s. Each Raman spectrum was analyzed by using the PeakFit
program (SPSS Inc., Chicago).

3. Results and discussion

3.1. High pressure in-situ X-ray diffraction

The high pressure in-situ X-ray diffraction patterns of merrillite were recorded up to
18.08 GPa, and no pressure-induced phase transition was observed. The typical in-situ X-
ray diffraction patterns of merrillite at different pressures and room temperature are
shown in Figure 1. With increasing pressure, the X-ray diffraction peaks shift to higher
2θ region. The powder X-ray diffraction data of merrillite at ambient conditions after
high pressure experiments yielded unit-cell parameters of a0 = 10.340(1) Å, c0 = 37.027
(7) Å, and V0 = 3428.2(6) Å3, which are consistent with a previous study of Morozov
et al. [28] (i.e. a0 = 10.3397 Å, c0 = 37.0290 Å, V0 = 3428.38 Å3).

A GSAS refined plot of X-ray diffraction pattern collected at a pressure of 2.80 GPa is
shown in Figure 2. The refined unit-cell parameters of merrillite at different pressures
are listed in Table 1. The P-V data has been fitted to the third-order Birch–Murnaghan

Figure 1. Representative X-ray diffraction patterns of merrillite up to 18.08 GPa at room temperature.
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Figure 2. Refined X-ray diffraction pattern of merrillite obtained at 2.80 GPa. Observed spectra (black
crosses), calculated spectra (line) and difference plot (bottom curve) and peak position are shown.

Table 1. Unit-cell parameters and volume of merrillite at different pressures.
P (GPa) a (Å) c (Å) V (Å)

0.00(1) 10.340(1) 37.027(7) 3428.2(6)
1.12(1) 10.306(1) 36.902(4) 3394.6(5)
2.80(1) 10.257(1) 36.665(5) 3340.5(6)
4.02(1) 10.224(1) 36.513(4) 3294.1(5)
4.49(1) 10.198(1) 36.461(6) 3282.6(5)
4.92(1) 10.189(1) 36.406(7) 3271.8(6)
5.66(1) 10.167(1) 36.268(5) 3242.9(8)
7.63(1) 10.104(1) 36.020(8) 3184.8(8)
8.54(1) 10.076(1) 35.897(8) 3156.5(8)
9.04(1) 10.048(1) 35.822(10) 3132.2(9)
9.56(1) 10.044(1) 35.773(8) 3125.4(8)
10.40(1) 10.010(1) 35.681(6) 3096.0(8)
10.76(1) 9.996(1) 35.673(9) 3086.6(9)
11.18(1) 9.989(1) 35.635(4) 3079.4(5)
11.74(1) 9.982(1) 35.544(5) 3067.1(4)
12.72(1) 9.963(1) 35.498(6) 3051.4(7)
14.90(2) 9.899(1) 35.262(7) 2992.1(7)
15.27(2) 9.897(1) 35.258(5) 2991.0(5)
16.83(2) 9.862(1) 35.135(7) 2959.1(8)
17.07(2) 9.859(1) 35.097(6) 2954.6(7)
18.08(2) 9.837(1) 34.982(7) 2931.1(8)

Note: Values in parentheses are errors.
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equation of state [29] to determine the elastic parameters:
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where P and V are pressure and volume, and V0, K0, K0
’ are zero-pressure volume, isother-

mal bulk modulus and its pressure derivation, respectively. The results from a least-squares
fitting using an EosFit program [30] are V0= 3437.3(41) Å3, K0 = 87.2(32) GPa, K0

’ = 3.2(4).
When fix K0

’ = 4, the fitting yields K0 = 81.6(10). The unit-cell volume variation of merrillite
as a function of pressure and the compression curve calculated by the fitted parameters
are plotted in Figure 3.

The changes of lattice parameters a and c as a function of pressure are also plotted in
Figure 3. By fitting a third-order Birch–Murnaghan EoS and following the procedure
implemented in the EoSFit program, the axial compressibility of merrillite as functions of

Figure 3. Relative changes in unit-cell parameters and volume with pressure.
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pressure can be obtained. For comparison, the K0
’ = 4 was fixed. The fitting axial moduli are

Ka0 = 85.0(15) GPa and Kc0 = 72.9(10) GPa. This clearly shows that merrillite has axial elastic
anisotropy along the a- and c-axis. There are two possible reasons for axial elastic aniso-
tropy. One might be attributed to the structure of merrillite. In the crystal structure, the
a-parallel structural channels must traverse the fairly inert ‘bracelet-and-pinwheel’ struc-
tural unit that has larger atom density, whereas channels parallel to c-axis does not. So
a-axis has a bit tighter arrangement than c-axis [22]. The other reason is due to the
different compressibility between different polyhedron. The a-axis mainly consists of
the PO4 tetrahedron, while the c-axis is mainly composed of CaO polyhedron [19].
Because the phosphate tetrahedral are much less compressible compared to the
calcium polyhedral [31], the change in the volume of PO4 tetrahedron at high pressure
is smaller than the volume of CaO polyhedron.

3.2. High pressure Raman spectra

As mentioned above, merrillite has a trigonal structure belonging to the space group R3c
(C3v (3 m)). According to the factor group theory [32], it gives two acoustic modes and 182
optical modes, as following:

Gacoustic = A1 + E

Goptic = 45A1(R, IR) + 46A2 + 91E(R, IR)

In the optical modes, 136 Raman active modes are predicated. The Raman spectra of
merrillite were collected in the pressure range from 0 to 15.3 GPa at room temperature.

Figure 4. Typical Raman spectra of merrillite at different pressures and room temperature.
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The typical Raman spectra of merrillite at different pressures are shown in Figure 4. No
pressure-induced phase transformation occurs. At ambient conditions, sixteen Raman
peaks are distinguished. Similar to a previous study [33], the spectrum of merrillite includes
an obvious strong doublet at 975 and 960 cm−1 associated with v1 symmetric stretching
vibrations of the P-O bands in PO4 tetrahedron. The weak bands at 1083 and 1029 cm−1

are for v3 anti-symmetric stretching vibrations of the P-O bands. The bands at 480, 448, 434
and 410 cm−1 are for v2 bending vibrations, and the bands at 621, 605, 594 and 554 cm−1

are for v4 bending vibrations, corresponding to the O-P-O bending vibration within the
PO4 tetrahedron. The bands below 400 cm−1 at 99, 180, 224, and 246 cm−1 are assigned
to the external modes.

With increasing pressure, the peaks at 960 and 975 cm−1 tend to merge into one band
and the splitting peak at 448 cm−1 becomes obvious, as shown in Figure 4. It indicates that
the compression-induced coalescence of these bands may be attributed to the local
crystal field surrounding the PO4 tetrahedra deviates less from tetrahedral symmetry
with increasing pressure [34,35]. In the doublets mentioned above, the shift of the 960
cm−1 is always higher than the shift of 975 cm−1 with pressure. Therefore, the separations
tend to decrease with pressure. The same phenomenon occurs in β-Ca3(PO4)2 [35]. These
changes are not due to a displacive phase transition since no new peak appears in the high
pressure X-ray diffraction patterns. It may be attributed to the resonance effect.

Generally, the Raman bands of vibrational modes shift to higher frequency regions with
increasing pressures. The variations of Raman frequencies with pressure for all observed
modes are illustrated in Figure 5. The pressure-dependent of Raman shift in Ca9NaMg
(PO4)7 shows a continuous and nearly linear blueshift with pressure, suggesting the com-
pression-induced structural changes including the decreases of bond length in PO4 tetra-
hedron and other polyhedra. It is reasonable since the chemical bonds generally become
shorter with increasing pressures. According to Hooke’s law, shorter bonds indicate stiff-
ening of bands, corresponding to higher vibrational frequency. The constants derived
by linear regressions of vi = v0i + ai P are listed in Table 2. All observed bands show positive
pressure dependences. The pressure dependences of anti-symmetric stretching and sym-
metric stretching modes (v3 and v1) are larger than those of the bending modes (v4 and v2)
and the external modes. In fact, the pressure coefficients of v3 and v1 modes are 3.09–
4.05 cm−1 GPa −1, whereas the coefficients for v4, v2 and the external modes are 0.91–
2.90 cm−1 GPa −1, indicating that the stretching vibrations are more sensitive to pressure
than the bending vibrations and the external modes. Similar observations have been
found on some other minerals, such as β-Mg2SiO4 [36], β-Ca3(PO4)2 [35], and grossular
[37]. These minerals show strong dependences of their P-O (Si-O) stretching modes
with increasing pressure, while P-O-P (Si-O-Si) bending modes are only slightly affected
by pressure. The reason may be attributed to the structural evolution of PO4 or SiO4 tetra-
hedron at high pressure, and more high pressure single crystal works are required.

3.3. Isothermal mode Grüneisen parameters

Based on the obtained isothermal bulk modulus and pressure-dependence of Raman
vibrations, the isothermal mode Grüneisen parameters γiT can be calculated by following
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expression [38]:

giT =
dvi
dP

( )
K0

vi

where νi is the vibrational frequency of the i
th band, and K0 is the isothermal bulk modulus.

The isothermal bulk modulus K0= 87.2(32) GPa obtained in this study was used. The values
of γiT for different modes of merrillite are also listed in Table 2.

For the internal modes PO4 in merrillite, the average value of isothermal mode Grünei-
sen parameters is 0.38, which is similar to that of tuite [39] and smaller than that of

Figure 5. Pressure dependences of the Raman bands of merrillite at room temperature. The different
symbols represent the different Raman active vibrations as listed in Table 2.
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fluorapatite [40]. It might be attributed to the structural evolution of PO4 tetrahedron at
high pressures, which is related to the crystal structure (arrangement of atoms) and com-
pressibility. Compared with SiO4 modes in other silicate minerals such as pyrope [37] and
zircon [41], the average value of the PO4 isothermal mode Grüneisen parameters in phos-
phate minerals is relatively low, which may be attributed to the SiO4 tetrahedron which is
less compressible than PO4 tratrahedron.

The values of γiT are in the range of 0.26 ∼ 0.58 for the internal PO4 modes and 0.57 ∼
1.14 for the external modes. In fact, the average value for isothermal mode Grüneisen par-
ameters of four external modes is 0.79 in low-frequency, about two times larger than the
average value of internal PO4 modes in high-frequency. Therefore, the evolution of PO4 is
not representive to the structural evolution of Ca9NaMg(PO4)7 merrillite containing
complex bracelet-and-pinwheel units. The external modes strongly affect the isothermal
mode Grüneisen parameters, and such behavior is also observed in Ca2GeO4 [42].

3.4. Intrinsic anharmonicity

Intrinsic anharmonicity is a measure of the effect of temperature at constant volume on
mode frequency and non-parabolic shape of the interatomic potential [43]. Therefore, it
is an important parameter for thermodynamic properties of minerals at high pressure
and temperature conditions. As shown in Table 2, the values of isothermal mode Grünei-
sen parameters and those of isobaric mode Grüneisen parameters for the same vibrations
are not equal. Therefore, an intrinsic anharmonicity exists. The intrinsic anharmonic mode
parameter βi, can be estimated using the values of thermal expansion coefficient α
(reported as 4.86×10−5 K−1 [22]), Grüneisen parameters γiP and γiT as follows [44]:

bi = ∂lnvi
∂T

( )
v
= a (giT − giP)T

Table 2. Constants determined in vi = v0i + ai P and the values of γiT, γiP and βi of each vibrational mode
for merrillite.

vi,0 v0i ai R2 γiT γiP βi×10
−5

PO4 modes v3 1083 1082.9(2) 4.05(13) 0.985 0.33 0.65 −1.56
1029 1035.7(2) 3.83(2) 0.966 0.32 0.61 −1.41

v1 975 974.6(5) 3.09(9) 0.987 0.28 0.45 −0.83
960 958.6(5) 3.90(8) 0.994 0.35 0.37 −0.10

v4 621 622.9(1) 2.23(1) 0.994 0.31 0.61 −1.46
605 606.7(2) 1.85(2) 0.995 0.27 0.54 −1.31
594 593.1(3) 2.02(3) 0.966 0.30 0.48 −0.88
554 552.2(2) 1.67(2) 0.998 0.26 0.25 0.05

v2 480 480.1(2) 2.81(2) 0.986 0.51 0.92 −1.99
448 448.5(1) 2.90(1) 0.997 0.56 0.84 −1.36
434 432.7(3) 2.50(3) 0.998 0.58 - -
410 408.8(1) 2.39(1) 0.997 0.51 0.50 0.05

External mode 246 247.5(11) 1.88(9) 0.986 0.66 1.730 −5.20
224 227.9(4) 1.48(5) 0.673 0.57 2.06 −7.24
180 180.3(1) 2.35(2) 0.987 1.14 2.70 −7.58

99 101.9(1) 0.91(1) 0.987 0.78 5.27 −21.82
Notes: vi and v0i are in cm−1, P in GPa, and the constant ai has the corresponding units. R2 is the correlation coefficient.
Mode Grüneisen parameter γiT is calculated with isothermal bulk modulus of K0 = 87.2 GPa obtained in this study. γiP
are from previous study.
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The values of calculated βi for different vibrational modes are shown in Table 2, ranging
from −21.82×10−5 K−1 to 0.05×10−5 K−1 with an average intrinsic anharmonic mode par-
ameter for PO4 of −0.98×10−5 K−1. The absolute intrinsic anharmonic mode parameters of
merrillite is higher than those of tuite (−0.80×10−5 K−1) [39] and fluorapatite (0.55×10−5

K−1) [40]. Compared with SiO4 vibrations in silicate minerals such as grossular
(−1.75×10−5 K−1) [37], the PO4 vibrations in merrillite show lower absolute intrinsic anhar-
monic mode parameters.

4. Conclusions

The elasticity and effects of pressure on the vibrational modes of merrillite have been
investigated by using synchrotron in-situ X-ray diffraction and Raman spectroscopic
measurements. No phase transition occurs in the present study. The isothermal bulk
modulus was obtained as K0 = 87.2(32) GPa with K0

’ = 3.2(4). An axial elastic anisotropy
exists along the a- and c-axis. The Raman frequencies of all observed PO4 modes for mer-
rillite continuously increase with pressure, and the pressure dependences of anti-sym-
metric stretching and symmetric stretching modes (v3 and v1) are larger than those of
the bending modes (v4 and v2) and the external modes. The isothermal mode Grüneisen
parameters and intrinsic anharmonic parameters of merrillite were calculated by using
present results, and an average isobaric Grüneisen parameter and intrinsic anharmonic
parameters of the internal PO4 modes was obtained as 0.38 and −0.98×10−5 K−1,
respectively.
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