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Abstract The Raman spectra of synthetic stronadelphite,
Sr5(PO,);F, were investigated up to 21.1 GPa using a dia-
mond anvil cell at room temperature. The new splittings of
the PO, asymmetric stretching vs;,(A,) and bending v;,(A,)
vibrations were observed during compression. The Raman
frequencies of all observed bands for stronadelphite con-
tinuously increase with increasing pressure. The quantita-
tive analysis of pressure dependences of Raman bands indi-
cates that the v; asymmetric and v, symmetric stretching
vibrations show larger pressure coefficients (from 3.33 to
5.20 cm_I/GPa), whereas the v, and v, bending vibrations
have smaller pressure coefficients (from 1.35 to 1.96 cm™/
GPa), which may be attributed to the pressure-induced
structural evolution of PO, tetrahedron in stronadelphite
at high pressure. The external modes show larger pressure
coefficient from 3.47 to 6.41 cm™'/GPa. The pressure coef-
ficients of the PO, internal modes lead to the isothermal
mode Griineisen parameters varying from 0.214 to 0.449,
which yields an average mode Griineisen parameter of
0.332. On the other hand, those of the external modes give
the isothermal mode Griineisen parameters from 1.53 to
1.91. Therefore, the external mode Griineisen parameters
mainly contribute to the bulk Griineisen parameters.
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Introduction

Apatite is an important accessory phase and the most abun-
dant phosphate mineral on Earth. The unique structure
and chemistry of apatite allow for numerous substitutions
of metal cations for Ca®* (Hughes and Rakovan 2002;
Pan and Fleet 2002) and therefore yield a great number of
apatite-group minerals (Huminicki and Hawthorne 2002;
White et al. 2005; Pasero et al. 2010; Kampf and Housley
2011; Biagioni and Pasero 2013). Due to the same charge
and preferred coordination geometry and minor difference
in the radius, Sr?* can easily substitute Ca*>* in apatite to
form solid solutions, which was confirmed in some miner-
als, e.g., fluorstrophite SrCaSr;(PO,);F (Klevtsova 1964)
and fluorcaphite SrCaCa;(PO,);F (Khomyakov et al. 1997).
If all Ca®" cations in fluorapatite, Cas(PO,);F, are substi-
tuted by Sr**, an isostructural compound of Sr5(PO,);F can
be obtained, as reported by Kreidler and Hummel (1970).
Indeed, a new apatite-group mineral, stronadelphite, with
an abbreviated chemical formula of Srs(PO,);F was found
and reported by Pekov et al. (2010).

Srs(PO,);F was widely used as a host for rare earth
dopants with subsequent applications as fluorescent and
laser materials (DeLoach et al. 1994; Wang et al. 1996;
Gloster et al. 1998; Brenier Brinier 2001; Schaffers 2004;
Fang et al. 2008; Nagpure et al. 2011; Qiao and Seo 2014).
Recently the compressibility and thermal expansivity of
Srs(PO,);F were studied by X-ray diffraction measure-
ments (He et al. 2013). Raman spectroscopy is another
important technique for characterizing materials. Raman
spectra of fluorapatite (Ca5(PO,);F) have been investigated
under high pressures in previous studies (Williams and
Knittle 1996; Comodi et al. 2001a). Williams and Knittle
(1996) observed six internal modes up to above 15 GPa,
and only one v; mode was observable to about 25 GPa. On
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the other hand, Comodi et al. (2001a) observed five lattice
modes and 11 internal modes, but the pressure was lim-
ited to about 7 GPa. However, little information about the
vibrational behavior of the stronadelphite Sr;(PO,);F under
compression is available.

In this paper, we report the first high-pressure micro-
Raman spectroscopic study on the stronadelphite up
to 21.1 GPa using a diamond anvil cell. The study has
been performed over the frequency range from 200 to
1200 cm™!. The effect of pressure on the characteristic
Raman active internal PO,*~ modes and some external
modes of stronadelphite is analyzed. Combined with pre-
vious result of compressibility, the isothermal mode Grii-
neisen parameters were calculated and compared with
other phosphate and silicate minerals.

Experimental

High-purity stronadelphite Srs(PO,);F sample was pre-
pared by solid-state reactions from NH,H,PO,, SrCO;,
and SrF,. Reagent-grade NH,H,PO,, SrCO;, and SrF,
powders were mixed in the proportion corresponding to
the Srs(PO,);F stoichiometry, and the mixture was ground
for 2 h in an agate mortar and pressed into pellets with a
diameter of 5 mm under a uniaxial pressure of 30 MPa.
The pellets were first sintered at 1273 K for 36 h, and then
ground and calcined at 1273 K for 36 h again, to form a
single phase. The synthesized product was ground finely
and characterized by powder X-ray diffraction. The X-ray
diffraction pattern confirmed that the synthetic Srs(PO,);F
is a single phase (Swafford and Holt 2002).

The high-pressure Raman measurements were per-
formed using a symmetric type of diamond anvil cell
(DAC) with a pair of 500-wm culet diamond anvils. The
experimental method used in this study was similar to pre-
vious study (Shi et al. 2012). A stainless steel plate with an
initial thickness of 250 wm was used as gasket. The central
area of the gasket was pre-indented to a thickness of about
30 wm, and a hole of 100 wm in diameter was drilled at
the center. The synthetic sample was loaded into the sam-
ple chamber, with Ar as the pressure medium. Ruby (Cr**
doped a-Al,05) spheres as pressure marker were carefully
placed inside the gasket sample chamber. The sample pres-
sures were determined by the ruby fluorescence method
(Mao et al. 1978). Micro-Raman spectra were collected
by a custom-built Raman system at University of Western
Ontario. An argon-ion laser with a wavelength of 514.5 nm
was used as exciting source, and a spectrometer with a lig-
uid nitrogen-cooled CCD detector was used to collect the
Raman data. The spectrometer was calibrated using a neon
lamp, and the precision of the frequency determination was
about 1 cm™!. The data collection time was typically 120 s
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for each spectrum. The spectrometer position was tuned to
530 nm to collect lattice, bending (v, and v,) modes and to
537 nm for the stretching (v, and v;) modes. The Raman
shift of each band was obtained by Lorentzian curve fitting
to get a reasonable approximation by using PeakFit pro-
gram (SPSS Inc., Chicago).

Results and discussion
Raman spectrum at ambient conditions

Stronadelphite is in hexagonal structure with space group
of P6y/m and Z = 2, which is same as fluorapatite. In the
structure of Srs(PO,)sF, two kinds of Sr*" cations exist
including Srl located on a threefold axis with nine coor-
dinates and Sr2 in distorted pentagonal bipyramidal geom-
etry with one bond to F and six oxygen neighbors. The
phosphorous is in tetrahedrally coordinated geometry with
the central P atom. The details of the crystal structure of
Sr5(PO,);F were given by Swafford and Holt (2002).

Previous study shows that an isolated (PO4)3_ free
ion has T, symmetry and four normal modes of vibra-
tion: A,;(v;) = 938 cm™!, E(vy) = 420 cm™!, T,
(v;) = 1017 em™!, and T, (v,) = 567 cm™!, where the spe-
cies E vibrations are doubly degenerate and 7, vibrations
are triply degenerate (Griffith 1969). The effect of the crys-
tal field of the stronadelphite lattice on internal vibrational
modes may be understood by considering the phosphate
site symmetry since the 7, symmetry of a free tetrahedral
PO, is reduced to C; in the crystal lattice. This symmetry
change partially removes the degeneracies of the vibra-
tional wave functions which would have characterized
free PO, (Bonner et al. 2014). Studies of the vibrational
properties of fluorapatite Cas(PO,);F under high pressures
have been reported (Williams and Knittle 1996; Comodi
et al. 2001a). According to the factor group analysis based
on the P6y/m space group (Cgh), the Sr;(PO,);F structure
yields the same Raman active vibrations of Ca5(PO,);F, as
following:

I = 1244 + 16E4 + 26E,.

Therefore, totally 54 Raman vibrational modes are pre-
dicted. Among these, the phosphate tetrahedron will share
the following internal modes (Klee 1970):

I" (PO4 internal) = 6A, + 3E71, + 6E7,.

The external modes include translation vibrations and
PO, libration vibrations. Their irreducible representations
can be expressed as:

I' (POy4 translations) = 5A, + 3E1g + 6E2,.
I" (POy4 librations) = Ag + 2E1, + Eog.
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Fig.1 Raman spectrum of
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The Raman spectrum of Srs(PO,);F at ambient con-
dition is shown in Fig. 1. Due to the very low intensity of
some modes, the number of observed Raman vibrations is
fewer than predicted. The Raman spectrum was not ana-
lyzed by full range from 150 to 1100 cm™', but by four
separated ranges of 150-350, 370-620, 900-1000, and
1000-1100 cm™" using PeakFit Program. Therefore, the
peaks can be located well. In Fig. 1, ten Raman active vibra-
tions can be attributed to the phosphate internal modes: 423
and 445 cm™! for v, bending modes; 575, 582, 595, and
603 cm~! for v, bending modes; 952 cm™! for v, symmet-
ric stretching modes; and 1029, 1042, and 1055 cm”~! for V3
asymmetric stretching modes. These typical bands are con-
sistent with previous study reported by Schulte et al. (1995).
The Davydov splitting of v; and v, vibrations was observed
in stronadelphite, which is similar to fluorapatite (Williams
and Knittle 1996). Additionally, six Raman active vibrations
can be attributed to the external modes: 174, 186, 196, 208,
241, and 305 cm™'. Compared with the bands of Cas(PO,);F,
the Raman peaks of Sr;(PO,);F shift to lower frequen-
cies. This is reasonable. The frequency of a Raman band
is dependent on lattice vibrations, the masses of the atoms/
ions, and the strength of the forces between the atoms/ions.
According to Szigeti relationship (Parker and Seddon 1992),
the frequency of the vibration, f, can be described classically
by a harmonically oscillating ball and spring model as:

where ¢ is the velocity of light in a vacuum
(2.998 x 108 m s™1), k is the bond force constant (typically

Raman shift (cm™)

in N m™), and p is the reduced mass of the two bonding
atoms [equal to my. my/(m; + m,)]. As the bond strengths
of Ca—O and Sr—O are similar (Kerr 2008), k would be
expected to be similar for both bonds. Therefore, as Ca is
substituted by Sr, u will increase and f decrease, hence the
Raman shift to lower values as PO, associated with heavier
Sr cation (O’Donnell et al. 2008).

Pressure dependence of Raman spectra

High-pressure Raman spectra of Sr;(PO,);F were collected
up to 21.1 GPa. The typical Raman spectra of Sr5(PO,);F
at high pressures are reproduced in Fig. 2. It is obvious that
with pressure increasing, the Raman peaks of Srs(PO,);F
gradually shift to higher frequencies, which indicates a
decreasing bond length of phosphate tetrahedron and metal
polyhedron. This is reasonable since the P-O and Sr-O
bond lengths become shorter with increasing pressure, and
shorter bond lengths imply stronger bonds, i.e., larger force
constant, and consequently higher vibrational frequency
according to Hooke’s law.

It is noted that some bands become undistinguished due
to the weak intensity during compression. On the other
hand, two new splittings of Sr;(PO,);F were observed
during compression to 10.0 and 11.8 GPa, i.e., the bands
of vy,(A,) and vy (A,), which was not observed in previ-
ous high-pressure Raman study of Cas(PO,);F (Williams
and Knittle 1996). It should be pointed out that the peak
assignment was made based on previous studies of pow-
der sample Cas(PO4);F reported by Williams and Knittle
(1996) and single crystal Cas(PO4);F reported by Comodi
et al. (2001a). The splitting increased during compression,
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Fig. 2 Typical Raman spectra of Sr5(PO,);F at high pressures and room temperature

as illustrated in Fig. 3a. The splitting of vs,(A,) asym-
metric stretching mode is more sensitive to pressure than
that of vy,(A,) bending mode. In previous high-pressure
Raman study of Cas(PO,);F, the mergings of \)4(E2g) and
v3(E,,) Davydov splittings were observed during compres-
sion, which is probably due to the change of PO, tetrahe-
dra at high pressure (Williams and Knittle 1996). Figure 3b
illustrates the changes of Davydov splittings in Sr5(PO,);F
during compression. The Davydov splittings in Sr5(PO,);F
do not show obvious decreases, which are different from
that of Ca5(PO,);F (Williams and Knittle 1996). The rea-
son maybe is that the local crystal field surrounding the
PO, groups in Sr5(PO,);F and Cas(PO,)5F is different, as
described by (Bonner et al. 2014), though there is no infor-
mation about the evolution of PO, tetrahedra in the crystal
structure of Sr5(PO,);F under high pressure. Previous study
shows that in fluorapatite, although the average P—O bond
length decreases with increasing pressure, some P-O bond
lengths decrease and then increase, and the tetrahedral
angle variance increases and then decreases during com-
pression (Comodi et al. 2001b). The information about the
evolution of PO, tetrahedra in Sr5(PO,);F during compres-
sion is required to clarify the new splittings and Davydov
splittings under high pressure.

The Raman shift versus pressure plot of Srs(PO,);F is
illustrated in Fig. 4. It is noted that due to the relatively
low intensities of external vibrations of Sr5(PO,);F during
compression, it is difficult to determine the external modes
below 200 cm™! under high pressures precisely. There-
fore, the changes in external vibrations below 200 cm™!
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of Srs(PO,);F at high pressures are not considered in
this study. The Raman shifts of PO, internal modes in
S15(PO,);F change linearly and continuously with pressure,
and the slopes are different for different modes.

As listed in Table 1, the pressure coefficients (B) of
vibrations in Sr5(PO,);F indicate that vy and v, stretch-
ing modes in the high-frequency region are more sensi-
tive to pressure compared to the v, and v, bending modes
in the low-frequency region. In fact, the pressure coef-
ficients of v; and v, modes in Sr5(PO,);F are 3.33-5.20
and 3.77 cm~!/GPa, whereas the coefficients for v, and v,
modes in Srs(PO,);F are 1.35-1.75 and 1.87-1.96 cm™!/
GPa, respectively. Meanwhile, the external modes show the
largest pressure coefficient, which maybe is partially due to
the more compressible of strontium polyhedra compared to
PO, tetrahedra, as deduced from the results of Cas(PO,);F
(Comodi et al. 2001b). The changes in pressure coefficients
for different modes of Srs(PO,);F are similar to those of
some other phosphates including Cas(PO,);F, y-Ca;(PO,),,
Sr3(PO,),, Bay(PO,),, and B-Caz(PO,), (Williams and
Knittle 1996; Comodi et al. 2001a; Zhai et al. 2010, 2011a,
2015).

The pressure coefficients of the different Raman modes
can be used to obtain the Griineisen parameters. Based
on previous result of the isothermal bulk modulus of
Sr5(PO,);F (He et al. 2013), the isothermal mode Grii-
neisen parameters, y,;, can be determined by following
expressions (Gillet et al. 1989):

vir = Kr(0lnv;/dP)r
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Fig. 3 Shift in splittings of the Raman bands in Sr5(PO,);F during
compression at room temperature. a Splittings of v3,(A,) and vy (A,)
modes b Davydov splittings of v,(Ey,), v3(A,), and v,(A,) vibrations

where v; is the vibrational frequency of the ith band and K
is the isothermal bulk modulus. The values of y;; for differ-
ent modes of Sr5(PO,);F are shown in Table 1.

An average y;; value of 0.332 can be determined for
the PO, modes in stronadelphite, which is similar to pre-
vious study of PO, modes in some other phosphate min-
erals including fluorapatite (0.358, Williams and Knittle
1996; and 0.445, Comodi et al. 2001a), tuite (0.363, Zhai
et al. 2010), whitlockite (0.343, Zhai et al. 2015), and
Sr3(PO,), [0.303, calculated by using reported results of
Zhai et al. (2011a, b)]. The difference in average y, value
partly reflects a difference in compressibility, which is con-
firmed by high-pressure experimental studies (Brunet et al.
1999; Comodi et al. 2001b; Zhai and Wu 2010; He et al.
2013; Zhai et al. 2011a, b, 2013). Compared with SiO,
modes in some silicate minerals (Gillet et al. 1992, 1997),
PO, modes in phosphate minerals show lower average
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Fig. 4 Pressure dependence of the Raman bands of Sr5(PO,);F at
room temperature

isothermal mode Griineisen parameters, which is reason-
able since phosphates are more compressible than silicates.

The bulk thermochemical Griineisen parameter, which is
equal to aKV/C, (where « is the thermal expansion, K is the
bulk modulus, V is the molar volume, and C, is the volume
constant heat capacity), is not available for stronadelphite
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Table 1 Constants determined in the expressions of vp = v,y + BP
and y;; = K; (0 In v,/d P); for stronadelphite

vo(em™) vy (em™h B (cm™'/GPa) R’ Yir
PO, modes
V3 1068.8 (24)  3.47 (15) 0.982  0.296
1068.0 (16)  2.80 (1) 0.987  0.239
1055 1055.5 (3) 5.20 (6) 0.988  0.449
1042 1042.4 (4) 5.05(7) 0.998  0.441
1029 1030.0 (7) 3.33(3) 0.994  0.295
v, 953 954.5 (8) 3.77(7) 0.993  0.360
vy, 603 604.5 (6) 1.60 (7) 0978 0.241
595 595.8 (3) 1.75 (3) 0.980 0.268
592.5 (8) 1.19 (5) 0.980 0.183
589.1 (6) 0.90 (4) 0979  0.139
582 582.3(2) 1.57 (4) 0.990 0.246
574 574.5 (2) 1.35(2) 0991 0.214
v, 445 446.8 (7) 1.87 (7) 0972  0.381
423 423.1 (3) 1.96 (4) 0.993 0422
Lattice modes
305 306.2 (15)  6.41(42) 0975 191
242 243.3 (10)  4.54(12) 0985 1.70
208 2069 (11)  3.47(9) 0985 153

v, is observed frequency at ambient conditions. R? is the correlation
coefficient. Griineisen parameter y,; was calculated with isothermal
bulk modulus of K = 91.1 GPa reported by He et al. (2013)

due to the lack of volume constant heat capacity. However,
previous study shows that the bulk Griineisen parameters
are usually in the range from 0.8 to 2 for incompressible
oxide compounds without polymerized tetrahedra (Shank-
land and Bass 1988). In fact, the evolution of the PO, tet-
rahedral modes is not representative of the whole structural
evolution of Srs(PO,);F. The external modes including
the vibrations associated with the strontium polyhedra
in stronadelphite can strongly affect the bulk Griineisen
parameter. As listed in Table 1, the available Griineisen
parameters of the external modes are greatly larger than
those of PO, internal modes. Similar results were obtained
for fluorapatite because the behavior of a Ca—O polyhedron
is much less rigid than that of the PO, tetrahedron under
high pressure (Comodi et al. 2001b). Therefore, for strona-
delphite and other phosphates, the relatively low average
value of the PO, mode Griineisen parameters indicates that
the lattice modes related to divalent cation displacements
largely contribute to the bulk Griineisen parameter.
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