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Abstract The synthetic solid solutions between lead

fluorapatite and lead fluorvanadate apatite, Pb10[(PO4)6-x

(VO4)x]F2 with x equal to 0, 1, 2, 3, 4, 5, and 6, were

compressed up to about 9 GPa at ambient temperature by

using a diamond-anvil cell coupled with synchrotron X-ray

radiation. A second-order Birch–Murnaghan equation of

state was used to fit the data. As the substitution of

the PO4
3- cations by the VO4

3- cations progresses, the

isothermal bulk modulus steadily decreases, with a maxi-

mum reduction of about 16% (from 68.4(16) GPa for

Pb10(PO4)6F2 to 57.2(28) GPa for Pb10(VO4)6F2). For the

entire composition range, the a-axis dimension remains

more compressible than the c-axis dimension, with the

ratio of the axial bulk moduli (KT-c:KT-a) larger than 1.

The ratio of KT-c to KT-a increases from about 1.04(4)

to 1.23(14) as the composition parameter x increases

from 0 to 6, suggesting that the apatite solid solutions

Pb10[(PO4)6-x(VO4)x]F2 become more elastically

anisotropic.
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Introduction

The apatite group minerals, with a general chemical for-

mula of M14M26(BO4)6X2, have a hexagonal crystal

structure in most cases (space group P63/m; Hughes and

Rakovan 2002). In this structure, the isolated BO4 tetra-

hedra (z = 1/4, 3/4) are linked by the M1 cations in

ninefold (6 ? 3) coordination and M2 cations in an irreg-

ular sevenfold (6 ? 1) coordination. The triclusters of M2

cations form large c-axis channels, where the X anions

locate. Previous investigations show that extensive chem-

ical substitutions take place at all these different crystal-

lographic sites (Pan and Fleet 2002, and references

therein), with the M1 and M2 sites primarily occupied by

large cations such as Na?, Ca2?, Mn2?, Cd2?, Ba2?, Sr2?,

Pb2?, Al3? and rare-earth elements (REE3?), the B-site

commonly by P5?, V5?, As5?, S6?, and Si4?, and the

X-site by halides, hydrogen-carbonate cation (Fleet and Liu

2007), oxy-anions, vacancies and small neutral molecules

such as H2O. It is thus very interesting to probe the rela-

tionship between the crystal chemistry and the physical–

chemical properties of the apatites.

It has been experimentally demonstrated that hydrox-

ylapatite and fluorapatite are stable up to about 12 GPa

(Murayama et al. 1986). Since substantial amounts of trace

elements can be hosted by the apatite structure (Fleet and

Pan 1997; Fleet et al. 2000a, b; Klemme and Dalpé 2003;
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Prowatke and Klemme 2006), apatites have the capability

to bring down into the Earth’s upper mantle large quantities

of trace elements, which should lead to some important

geochemical heterogeneity in the mantle. For a mineral, its

capability of hosting certain trace elements is closely

related to its elastic behavior, as suggested by the lattice

strain model (Blundy and Wood 1994). Indeed, investiga-

tions of different types have been conducted to explore the

elasticity of apatites with different compositions (Yoon and

Newnham 1969; Gilmore and Katz 1982; Sha et al. 1994;

Teraoka et al. 1998; Brunet et al. 1999; Comodi et al.

2001a, b; Matsukage et al. 2004; Snyders et al. 2007; Liu

et al. 2008, 2011a, b; Ching et al. 2009; Gatta et al. 2009;

Fleet et al. 2010; He et al. 2011). The existing studies,

however, have mostly focused on the effect of the cation

substitutions on the M-sites and X-sites of the apatite

structure on the apatite elasticity. The influence of the

B-site substitution remains undisclosed.

Recently, a series of lead apatite solid solutions of the

composition Pb10[(PO4)6-x(VO4)x]F2 (x = 0, 1, 2, 3, 4, 5

and 6) was synthesized by solid-state reaction at 1 atm and

700�C (He et al. 2011). With a continuous B-site substi-

tution between the PO4
3- cations and the VO4

3- cations,

this series of apatites has given us a good opportunity to

investigate the relationship between the B-site composition

variation and the elastic features of the apatites.

Experiment

The apatite solid solution series, with the composition of

Pb10[(PO4)6-x(VO4)x]F2 (x designed as 0, 1, 2, 3, 4, 5 and

6), was synthesized in a conventional muffle furnace via

solid-state reaction at 1 atm and 700�C for 72 h (He et al.

2011). The textures of the synthetic products were char-

acterized by using optical microscopy and scanning elec-

tron microscopy (SEM; Quanta 200 FEG). Their crystal

structure was confirmed by using powder X-ray diffraction

method (XRD; X’Pert Pro MPD system) and Raman

spectroscopy. Their compositions were confirmed by using

electron microprobe analysis (EMPA; JEOL JXA-8100).

The mixing behavior between the PO4
3- cations and the

VO4
3- cations on the B-sites of the apatites was detailed by

using powder X-ray diffraction and Raman spectroscopy.

In addition, the thermal elasticity of these apatites was

investigated up to 600�C at ambient pressure (He et al.

2011).

In this investigation, we conducted in situ high-pressure

angle dispersive X-ray diffraction experiments at the

beamline X17C, National Synchrotron Light Source,

Brookhaven National Laboratory. We generated the high

pressure by using a symmetrical diamond-anvil cell. In

these high-P experiments, T301 stainless steel plates with

an initial thickness of 250 lm were used as gaskets, with

their central part pre-indented to a thickness of about

40 lm and then drilled through into a hole of 150 lm in

diameter. The finely ground apatite powder, plus a couple

of tiny ruby balls, was loaded with the liquid pressure

medium (a 4:1 methanol-ethanol mixture) into the hole in

the gasket. The ruby fluorescence method (Mao et al. 1978)

was employed to determine the experimental pressure. The

wavelength of the incident synchrotron radiation beam was

0.4066 Å and the beam size was * 25 9 20 lm2. An

online CCD detector was used to collect the X-ray dif-

fraction patterns (collecting time = 10 min), which were

later integrated to generate the conventional one-dimen-

sional profiles using the Fit2D program (Hammersley

1996). With a full profile refinement of the collected

powder X-ray data, the positions of the diffraction peaks

110, 200, 111, 002, 102, 210, 211, 112, 300, 221, 302, 113,

400, 222, 312, 320, 213, 321, 410, 303, 004, 420, 331, 214,

502, 323, 511 and 332 were determined and later used to

derive the unit-cell parameters of the apatites at different

pressures. These experimental and data-processing tech-

niques were well established in our previous studies (Liu

et al. 2008, 2009, 2011a, b; Fleet et al. 2010).

Results and discussion

Hydrostatic or quasi-hydrostatic high-P experiments at

ambient temperature were conducted with the Pb10

[(PO4)6-x(VO4)x]F2 apatite solid solutions (x = 1, 2, 3, 4, 5

and 6) up to about 8.57 GPa (Table 1). The pressure quality

in most high-P experiments was hydrostatic, but in some

cases at relatively high pressures, it was probably just

quasi-hydrostatic, as presumably suggested by the peak-

broadening phenomenon shown in Fig. 1a. Since the 4:1

methanol–ethanol mixture should remain as a liquid at

pressures below about 10 GPa (Klotz et al. 2009), the

potentially relatively poor pressure quality at relatively

high pressures might suggest a leakage of the pressure

medium. Lucky enough, lead apatites themselves are rel-

atively soft materials (Liu et al. 2008, 2011a; Fleet et al.

2010), so that the pressure quality even in those worst cases

was still bearable. Alternatively, however, the peak-

broadening phenomenon observed at relatively high pres-

sures might just indicate an approaching phase transition or

phase decomposition, which was somehow hindered due to

slow reaction rate at ambient temperature. Murayama et al.

(1986) experimentally demonstrated that hydroxylapatite

and fluorapatite are stable up to about 12 GPa only, and we

speculate that the pressure stability of the Pb10[(PO4)6-x

(VO4)x]F2 apatite solid solutions might be more or less

reduced, probably close to the high values of the pressures

in our experiments.
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In total, we collected 43 in situ powder X-ray diffraction

patterns, some of which are shown as examples in Fig. 1.

All the observed major X-ray diffraction peaks in these

X-ray diffraction patterns can be attributed to the apatite

structure, suggesting that the Pb10[(PO4)6-x(VO4)x]F2

apatite solid solutions are stable (or metastable due to

potential kinetic reason) within the investigated pressure

range. Previous compression experiments at ambient tem-

perature conducted with apatites of different compositions

up to much higher pressures also did not show any concrete

evidence to any phase transition (Brunet et al. 1999; Liu

et al. 2008, 2011a; Fleet et al. 2010). Additionally, data

collected both during compression and during decompres-

sion did not show any significant difference, indicating the

full reversibility of the elastic behavior of these apatites.

The derived unit-cell parameters are listed in Table 1 and

plotted in Fig. 2.

Apparently, high pressure reduces the dimensions of the

unit cells of the Pb10[(PO4)6-x(VO4)x]F2 apatite solid

solutions, as suggested by the negative slopes of the P–V

correlation curves (Fig. 2). In detail, the average slopes of

these P–V correlation curves become more negative as

the VO4
3- content increases, which means that the VO4

3--

poor apatites are less compressible than the VO4
3--rich

apatites (more discussion later). Since the effective ionic

radius of V5? for fourfold coordination (0.355 Å) is much

larger than that of P5? (0.17 Å; Shannon 1976), the VO4
3-

tetrahedron should be significantly larger than the PO4
3-

tetrahedron (Mercier et al. 2007). Indeed, with the pro-

gressing substitution of P5? by V5?, the Raman vibration

frequencies of both the VO4
3- and PO4

3- cations linearly

decrease (He et al. 2011), which suggests a smooth

increase in the bond distances of the V–O and P–O

chemical bonds, respectively (Hardcastle and Wachs 1991;

Popović et al. 2005). As well known, longer bond distance

indicates weaker bond in general, so that both the VO4
3-

and PO4
3- tetrahedra become more compressible, which in

turn leads to the increasing bulk compressibility as shown

in Fig. 2.

For the apatites poor in VO4
3-, the compressibility of

their a-axis is much comparable to that of the c-axis, as

illustrated by the general overlapping of their correlation

curves (P-a/a0 and P–c/c0) in Fig. 2a, 2b and 2c. This

observation is in excellent agreement with Liu et al. (2008)

and Fleet et al. (2010), in which a nearly isotropic elasticity

was observed for the lead fluorapatite Pb10(PO4)6F2. As the

VO4
3- content increases, the a-axis becomes more com-

pressible than the c-axis, as shown by the larger average

negative slopes of the P-a/a0 curves than those of the P–c/

c0 curves in Fig. 2d, 2e and 2f. This effect of composition

on the elasticity of the Pb10[(PO4)6-x(VO4)x]F2 apatite

solid solutions is also verified by the slopes of the corre-

lation curves between the ratio of (c/a)/(c0/a0) and pres-

sure, which are very close to 1 at low VO4
3- contents

(Fig. 2a, 2b and 2c), but significantly larger than 1 at high

VO4
3- contents (Fig. 2d, 2e and 2f). This should be

anticipated since the replacement of P5? by V5? cations

always significantly increases the a-axis dimension but

leaves the c-axis dimension increased little (Ca10[(PO4)6-x

(VO4)x](OH)2 solid solutions, Boechat et al. 2000;

Pb10[(PO4)6-x(VO4)x]Cl2 solid solutions, Chernorukov

et al. 2010; Pb10[(PO4)6-x(VO4)x]F2 solid solutions, He

et al. 2011).

The P–V data of the Pb10[(PO4)6-x(VO4)x]F2 apatite

solid solutions have been fitted to the second-order Birch–

Murnaghan equation of state by a least-squares method to

derive the isothermal bulk modulus (Birch 1947):

P ¼ 3KT fEð1þ 2fEÞ
5
2

where P is the pressure, KT the isothermal bulk modulus,

and fE the Eulerian definition of finite strain, which is

[(V0/V)2/3–1]/2, respectively. In the Eulerian definition of

finite strain, V0 is the volume at zero pressure, whereas V is

the volume at high pressure. In addition, a second-order

Birch–Murnaghan-type equation of state proposed by
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Fig. 1 Examples of synchrotron X-ray diffraction patterns for the

Pb10[(PO4)6-x(VO4)x]F2 apatite solid solutions at different pressures:

(a) x = 6 and P = 8.57 GPa; (b) x = 3 and P = 2.24 GPa; (c) x = 6

and P = 2.64 GPa; (d) x = 6 and P = 0.0001 GPa. Note the peak-

broadening in (a), and the extra weak peaks (denoted by the asterisks

in a and c) which do not belong to the apatite structure. One potential

origin of these extra weak peaks is that the particle size of the

Pb10(VO4)6F2-apatite powder might be slightly coarser than what is

appropriate for the synchrotron X-ray radiation with short wave-

length. It is well known that coarse particles produce erratic black

spots on the X-ray diffraction patterns collected by the CCD detector,

which, as integrated, bring forth some extra weak peaks on the one-

dimensional X-ray profile. The other possibility is that they might be

attributed to the minor amount of impurity phase in the sample (He

et al. 2011)
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Angel (2000) was used to obtain the parameters of the

equations of state along the a- and c-axes, called as KT-a

and KT-c, respectively. The derived parameters are sum-

marized in Table 2.

It should be noted that a third-order Birch–Murnaghan

equation of state with variable KT’ (the first pressure

derivative of the isothermal bulk modulus) might be

slightly better to fit our P–V data, as implied by the

experimental investigations of Liu et al. (2008), Gatta et al.

(2009) and Liu et al. (2011a). Taking into consideration the

narrow pressure ranges of our experiments, the quality of

our P–V data, and our purpose to demonstrate the com-

position influence on the elastic behavior of the

Pb10[(PO4)6-x(VO4)x]F2 apatite solid solutions, we believe

that the second-order Birch–Murnaghan equation of state is

good enough to describe the experimental data.

As shown in Fig. 3a, the replacement of PO4
3- by

VO4
3- on the B-sites in the Pb10[(PO4)6-x(VO4)x]F2 apa-

tite solid solutions causes the isothermal bulk modulus to

decrease. For a full replacement, the maximum decrease in

the isothermal bulk modulus is about 16% (from 68.4(16)

GPa for Pb10(PO4)6F2 to 57.2(28) GPa for Pb10(VO4)6F2;

Table 2). Previous investigation done by Liu et al. (2008)

demonstrated that a full replacement of Ca by Pb on the

M-sites of the fluorapatite causes a 25% reduction of the

isothermal bulk modulus (91.5(38) GPa for Ca10(PO4)6F2

and 68.4(16) GPa for Pb10(PO4)6F2; Matsukage et al. 2004;

Liu et al. 2008). For the substitution of F, Cl, and OH on

the X-sites, however, Brunet et al. (1999) demonstrated

that the variation of the bulk moduli is very limited,

commonly less than 5% (Ca10(PO4)6[F,Cl,OH]2). The

small effect of the composition variation of the X-sites on

the bulk modulus probably also holds for the lead apatites,

as suggested by the small difference between the bulk

moduli of Pb10(VO4)6F2 (57.2(28) GPa; this study) and

Pb10(VO4)6Cl2 (58.6(12) GPa; Gatta et al. 2009). Pre-

sumably, due to the much larger size of Br compared to

that of F, Cl, or OH, on the other hand, the bulk modulus of

Pb10(PO4)6Br2 is about 60.8(11) GPa (Liu et al. 2011a),

about 11% smaller than that of Pb10(PO4)6F2 (Table 2).
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Fig. 2 Variations in lattice

parameters with change in

pressure: (a) x = 1; (b) x = 2;

(c) x = 3; (d) x = 4; (e) x = 5;

(f) x = 6. j stands for a, c, V or

c/a at high pressure, whereas j0
stands for a0, c0, V0 or c0/a0 at

room pressure. The curves of

a/a0-P, c/c0-P and V/V0-

P represent the second-order

Birch–Murnaghan equations of

state for the Pb10[(PO4)6-x

(VO4)x]F2 apatite solid solutions

(see Table 2 for the

parameters). The lines of (c/a)/

(c0/a0)-P were derived by a

weighted linear regression
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Table 1 Unit-cell parameters of the apatite solid solutions Pb10[(PO4)6-x(VO4)x]F2 at high pressures and room temperature

P (GPa)a a (Å) c (Å) V (Å3) c/a

x = 1

0.0001b 9.831 (2)c 7.328 (2) 613.3 (2) 0.7454 (3)

1.62 (5) 9.736 (1) 7.245 (1) 594.7 (1) 0.7442 (2)

2.56 (5) 9.690 (3) 7.218 (3) 586.9 (3) 0.7449 (4)

3.86 (4) 9.645 (1) 7.177 (0) 578.2 (1) 0.7441 (1)

4.80 (0) 9.621 (1) 7.165 (1) 574.3 (1) 0.7447 (1)

5.67 (3) 9.603 (1) 7.146 (2) 570.7 (2) 0.7441 (2)

6.69 (5) 9.573 (1) 7.123 (1) 565.3 (1) 0.7441 (2)

7.85 (5) 9.537 (1) 7.109 (1) 560.0 (1) 0.7454 (2)

x = 2

0.0001b 9.888 (2) 7.329 (1) 620.5 (1) 0.7412 (2)

0.84 (5) 9.841 (2) 7.291 (1) 611.5 (1) 0.7408 (2)

0.89 (0) 9.836 (3) 7.285 (1) 610.3 (2) 0.7406 (2)

1.00 (6)d 9.826 (3) 7.281 (1) 608.9 (2) 0.7410 (2)

2.73 (3) 9.722 (2) 7.202 (1) 589.5 (1) 0.7408 (1)

4.44 (6)d 9.666 (3) 7.163 (1) 579.7 (2) 0.7411 (2)

6.07 (11) 9.627 (3) 7.140 (1) 573.0 (2) 0.7417 (3)

7.40 (8) 9.602 (3) 7.125 (1) 568.9 (2) 0.7420 (3)

x = 3

0.0001b 9.975 (1) 7.354 (2) 633.7 (2) 0.7373 (2)

0.45 (3)d 9.944 (1) 7.323 (1) 627.1 (1) 0.7364 (1)

1.35 (15) 9.890 (1) 7.283 (1) 616.9 (0) 0.7364 (1)

2.24 (0) 9.838 (1) 7.246 (2) 607.4 (2) 0.7365 (2)

4.91 (11) 9.765 (2) 7.200 (2) 594.5 (3) 0.7374 (3)

6.53 (0) 9.704 (3) 7.164 (4) 584.2 (4) 0.7382 (5)

x = 4

0.0001b 10.024 (2) 7.356 (3) 640.2 (2) 0.7339 (3)

0.58 (5)d 9.971 (1) 7.322 (1) 630.4 (1) 0.7344 (1)

1.33 (18) 9.937 (1) 7.293 (1) 623.7 (1) 0.7339 (1)

2.45 (5) 9.891 (1) 7.260 (1) 615.1 (1) 0.7340 (1)

4.22 (32) 9.816 (1) 7.212 (1) 601.8 (1) 0.7347 (1)

5.86 (11) 9.751 (1) 7.181 (1) 591.3 (2) 0.7364 (2)

7.41 (23) 9.706 (2) 7.154 (2) 583.6 (3) 0.7371 (3)

x = 5

0.0001b 10.097 (2) 7.374 (2) 651.0 (3) 0.7303 (3)

0.69 (6) 10.050 (1) 7.341 (1) 642.1 (1) 0.7304 (1)

1.44 (3) 10.004 (1) 7.311 (1) 633.7 (1) 0.7308 (1)

2.97 (0) 9.906 (1) 7.248 (1) 615.9 (2) 0.7317 (1)

3.89 (3) 9.881 (2) 7.233 (1) 611.5 (2) 0.7320 (2)

5.57 (2) 9.822 (1) 7.207 (2) 602.1 (2) 0.7338 (2)

x = 6

0.0001b 10.137 (8) 7.372 (1) 656.0 (1) 0.7272 (6)

1.65 (2) 10.008 (1) 7.291 (1) 632.4 (1) 0.7285 (1)

2.64 (3) 9.954 (1) 7.262 (1) 623.1 (1) 0.7295 (1)

4.46 (3) 9.878 (1) 7.225 (1) 610.5 (1) 0.7314 (1)

5.64 (0)d 9.821 (1) 7.200 (1) 601.5 (2) 0.7331 (2)

6.59 (0)d 9.795 (1) 7.186 (2) 597.1 (2) 0.7337 (2)

7.61 (8)d 9.763 (2) 7.172 (2) 595.1 (3) 0.7346 (3)
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Similarly, the bulk modulus of the carbonated apatite

LM005 is much smaller than that of carbonate-free

hydroxylapatite (* 20%; Liu et al. 2011b), due to the large

size of the carbonate cation.

Figure 3b suggests that the replacement of PO4
3- by

VO4
3- on the B-sites in the Pb10[(PO4)6-x(VO4)x]F2 apa-

tite solid solutions also reduces the a-axial isothermal bulk

modulus, with a maximum of about 15% for a full

replacement. For the c-axial isothermal bulk modulus,

however, the reduction with a full replacement is much

smaller, maximally about 2.6% only (Fig. 3c). The ratio

of the KT-c and KT-a thus increases from 1.04(4) to

about 1.23(14), and its composition dependence can be

empirically described by the equation KT-c:KT-a =

1.04(4) ? 0.03(2)x (Fig. 3d). As mentioned before, this

increasing elastic anisotropy is mostly related to the dif-

ferent influences of the PO4
3- and VO4

3- cations on the

crystal structure of the Pb10[(PO4)6-x(VO4)x]F2 apatite

solid solutions: the full replacement of P by V causes the

a-axis dimension to expand by about 3.4%, but leaves the

c-axis dimension generally unchanged (He et al. 2011).

Recently, He et al. (2011, Table 5) investigated the thermal

expansivity of the Pb10[(PO4)6-x(VO4)x]F2 apatite solid

solutions up to 600�C and found that the ratio of the

thermal expansion coefficients along the c-axis and a-axis

increases from about 1.23(5) to 1.49(6) as the replacement

of the PO4
3- cations by the VO4

3- cations progresses,

indicating an increasing elastic anisotropy as well.

The increasing elastic anisotropy of the Pb10[(PO4)6-x

(VO4)x]F2 apatite solid solutions resulted in by the pro-

gressive substitution of PO4
3- with VO4

3- can be well

explained by the role of the BO4 cations in the apatite

structure (M14M26(BO4)6X2; space group P63/m in gen-

eral; Hughes and Rakovan 2002). Along the c-axis, the M1

atoms form chains and play a dominant role in deciding the

c-axis dimension; the small, rigid, and isolated BO4 cations

attach to the M1O6 metaprism via corner-connecting, so

that their influence on the c-axis dimension is minor. In the

(001) plane normal to the c-axis, in contrast, the BO4

cations link together the M1O6 and M2O6 units and

become structurally important. With these unmatched roles

of the BO4 cations in the directions along and normal to the

c-axis, any compositional variation on the B-sites should

lead to a change in the elasticity of the apatites. Since the

Pb10(PO4)6F2-apatite is almost elastically isotropic (Liu

et al. 2008; Fleet et al. 2010), a change in the elasticity

Table 2 Volumetric and axial bulk moduli of some lead apatites at room pressure and room temperature

Composition KT (GPa) KT-a (GPa) KT-c (GPa) Data source

Pb10(PO4)6F2 68.4 (16)a 68.1 (11)b 71.8 (30) Liu et al. (2008)

Pb10[(PO4)5(VO4)1]F2 67.9 (38) 71.8 (45) 72.9 (70) This study

Pb10[(PO4)4(VO4)2]F2 57.7 (45) 59.2 (47) 60.1 (61) This study

Pb10[(PO4)3(VO4)3]F2 57.7 (62) 59.1 (57) 59.4 (82) This study

Pb10[(PO4)2(VO4)4]F2 60.6 (32) 59.8 (29) 71.3 (49) This study

Pb10[(PO4)1(VO4)5]F2 56.0 (58) 53.5 (47) 64.0 (82) This study

Pb10(VO4)6F2 57.2 (28) 61.7 (31) 76.1 (75) This study

Pb10(PO4)6Br2 60.8 (11) 56.6 (8) 77.9 (50) Liu et al. (2011a)

Pb10(VO4)6Cl2 58.6 (12) 46.5 (10) 110.7 (14) Gatta et al. (2009)

Second-order Birch–Murnaghan equation of state employed in the data-fitting, which used the unit-cell parameters at pressures below 10 GPa

only
a Numbers in parentheses representing one standard deviation
b KT-a of Pb10(PO4)6F2 obtained here by reprocessing the data from Liu et al. (2008) is very different to that obtained in Liu et al. (2011a;

92.7(148) GPa). An error occurred when Liu et al. (2011a) reprocessed the data from Liu et al. (2008): the a-axis at 9.42 GPa was mistakenly

input as 9.497 Å, rather than the correct value of 9.397 Å

Table 1 continued

P (GPa)a a (Å) c (Å) V (Å3) c/a

8.57 (3) 9.746 (2) 7.161 (3) 589.1 (3) 0.7348 (3)

a Pressure determined by averaging the values measured before and after collection of synchrotron data
b Data at ambient pressure collected on powder sample loosely packed into a small hole (400 lm across) in a stainless steel plate
c Numbers in parentheses representing one standard deviation
d Data collected during decompression
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means an increasing of elastic anisotropy as the replace-

ment of PO4
3- by VO4

3- advances. In this case, a larger

compressibility or expansivity in the direction normal to

the c-axis should be expected because the VO4
3- cation is

larger than the PO4
3- cation.

The compositional difference on the X-sites can also

affect the elastic behavior of the lead apatites. For the lead

apatites Pb10(VO4)6F2 and Pb10(VO4)6Cl2, the KT-c:KT-a

value of the former is about 1.23(14) whereas that of the

latter is much larger, about 2.38(6) (Gatta et al. 2009).

On the other hand, the lead apatite Pb10(PO4)6F2 has a

KT-c:KT-a ratio of about 1.04(4), while the lead apatite

Pb10(PO4)6Br2 has a ratio of 1.38(9) (Liu et al. 2011a). As

discussed in Liu et al. (2011a), the replacement of F by Br

causes the Pb2 cation and PO4 tetrahedron to laterally shift

away from the c-axis, which should significantly soften the

a-axis dimension of the apatites. In the case of the c-axis,

the 6s electrons of the Pb2 atoms might be directed toward

the center of the c-axis channel, which in turn pushes the X

cations out of the Pb2 triangles (Kim et al. 2000), and reduces

the compressibility of the c-axis dimension as well. Without

any detailed crystallographic study on the lead apatites of

Pb10(VO4)6F2, Pb10(VO4)6Cl2, and Pb10(VO4)6Br2, it still

appears reasonable to conclude that a large size of the cation

on the X-sites of the lead apatites leads to a large elastic

anisotropy.
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