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PbAI3(PO4)2(OH,H0)6, an important environmental mineral, is in-situ studied by synchrotron x-ray diffraction
(XRD) and Raman scattering combined with diamond anvil cells (DACs) at pressures up to ~11.0 GPa and room temper-
ature. The XRD results indicate that plumbogummite does not undergo a phase transition between 0 GPa and 10.9 GPa.
Moreover, the ¢ axis is more compressible than the a axis, revealing its anisotropic behavior. The pressure-volume data are
fitted to the third-order Birch-Murnaghan equation of state to yield the plumbogummite bulk modulus K of 68(1) GPa and
K(’) of 6.1. The [PO4]>~ and [HPO4]?>~ Raman vibrational modes exhibit scale nearly linearly as a function of pressure.
The [PO4]3~ stretching modes are generally more sensitive to pressure than the bending modes. The Griineisen parameters
range from —0.07 to 1.19, with an arithmetic mean of approximately 0.39.

Keywords: plumbogummite, equation of state, Griineisen parameter, diamond anvil cell

PACS: 74.25.nd, 74.25.Ld

1. Introduction

Plumbogummite group is an important phosphorus
source and can be found in sedimentary, igneous, and meta-
morphic rocks and in soils.['=3 Its chemical formula is
XAl3(PO4),(OH, H,0)¢, where X can be Ca, Sr, Ba, Pb, or
a rare earth element.!*l Plumbogummite is the prototype min-
eral with the chemical formula PbAl3(PO4),(OH, H,0)e. It
is thermodynamically stable on the Earth’s surface!>®! and is
the predominant Pb mineral in soils, accounting for 43-51%
of their total Pb content.!3! The plumbogummite crystal phase
is trigonal with a space group of R3m, Z = 3.171 The Pb atoms
in plumbogummite are disordered and distributed among six
sites, each with a 1/6 occupancy. The six sites are confined
to the (0001) plane and centered around the position (0.0409,
0.0409, 0) (Fig. 1(2)).1® In this mineral, corner-sharing AlOg
octahedra form layers that are linked by distorted PbO1, poly-
hedra. The Pb-O and Pb-Al distances in these polyhedra vary,
resulting in asymmetric Pb polyhedra in which the Pb atoms
are off-center. This structure is also observed in other Pb cran-
dallites such as hinsdalite.!®! In addition, PO, tetrahedra are
distributed between the AlOg octahedra layers, and each POy
tetrahedron is connected to three AlQg octahedra that are in
the same layer via corner linkages (Fig. 1(b)).

XRD and Raman spectroscopy are powerful techniques

O-131 Sey-

for exploring structural and vibrational properties.
eral XRD and/or Raman investigations of [PO4]3’-containing

minerals have appeared in the literature.l'*!3] For exam-
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ple, high-pressure Raman scattering was employed to de-
termine the changes in the structure and pressure coeffi-
cients of the phosphate modes in Ba3(PO4)s, Sr3(PO4)2, and
KzMgWOz(PO4)2.[16*17] Moreover, the axial compressibili-
ties and bulk moduli of Sr3(PO4); and Pb3(POy4), were ob-

tained from high-pressure XRD experiments.[!%19]

Fig. 1. (color online) Plumbogummite Crystal structures (Al: magenta; P:
green; O: red). Representations of (a) the six Pb sites (gray spheres), each
with a 1/6 occupancy, and (b) one of the six Pb sites showing the PbO1,
polyhedron.

Frost et al. first analyzed plumbogummite by Ra-
man scattering at ambient temperature and pressure.!?]
Minerals containing AIPT cations and [OH]™ and [PO4]*~
groups, such as ((K,NHy4)Al3(PO4)3(OH)-
9(H,0)),”!1  florencite-La  (LaAl3(PO4)2(OH,H,0)g),12?!
and wardite (NaAl3(POy4)2(OH),-2(H,0)),*1 have also

been extensively studied by Raman scattering under am-

taranakite
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bient conditions.  Similarly, many minerals containing
Fe3t cations and [OH]™ and [PO4]?~ groups, such as
delvauxite (CaFe;"(PO4,504)2(0OH)g 4-6(H,0)),>* fron-
delite ((Mn?*)(Fe*")4(PO4)3(OH)s),3 and leucophosphite
(K(Fe+)2(PO4)2(OH)- 2(H,0)),1%%1 have also been investi-
gated by Raman spectroscopy. These minerals have similar
Raman spectra, and their Raman modes have been assigned,
providing reliable references for this high-pressure Raman
study of plumbogummite.

XRD studies of plumbogummite were conducted under
ambient conditions to determine its structure.*?"-21 How-
ever, unlike minerals containing only [PO4]3~ groups, which
have been extensively studied under high-pressure conditions,
only a few high-pressure XRD and Raman investigations of
plumbogummite-type minerals, even those containing [OH]™
and [PO4]3~ groups, have been performed. To study the
high-pressure behavior of plumbogummite, high-pressure syn-
chrotron XRD and Raman scattering studies were performed
in situ in a DAC at pressures ranging from 0 GPa to approx-
imately 11.0 GPa to simulate hydrostatic pressure. The axial
compressibilities, bulk moduli and changes in the Raman vi-
brational modes of plumbogummite at room temperature and
high pressures were determined from the experimental results.

2. Experiments

A natural plumbogummite sample was purchased from
a trustworthy market; however, the place of origin was un-
known. The plumbogummite structure under ambient con-
ditions was characterized by XRD, and all the peaks were
indexed to a trigonal phase with lattice constants of a =
7.015(1) A, ¢ =16.668(2) A, and V = 710.3(1) A3, which are
in good agreement with previously reported values.!*3-7] Fur-
thermore, the Raman spectrum obtained under ambient condi-
tions is in good agreement with the spectrum in the RRUFF
database (ID: R050458), confirming the purity of the single-
phase sample.

Symmetrical DACs with 300 pwm-diameter culets were
employed to create high pressures. The sample chambers
consisted of ~150 pum-diameter holes drilled into Re gas-
ket, which were preindented to a depth of of ~ 40 pm. A
thin sample was loaded into the sample chamber with a 4:1
methanol:ethanol mixture as the pressure medium. Au foil and
a tiny ruby sphere*”! were employed to calibrate the pressure
in the XRD and Raman scattering experiments, respectively.

Zero- and high-pressure XRD experiments were per-
formed at beamline 15U at Shanghai Synchrotron Radiation
Facility (SSRF). A monochromatic x-ray beam with a wave-
length of 0.6199 A was focused on a 3 x 4 um? spot. The XRD
patterns were recorded with a Mar charge-coupled device
(CCD) detector using an exposure time of 200 s. All the col-
lected images were integrated using the Fit2D program to ob-

tain conventional one-dimensional diffraction patterns.3!! The
lattice parameters were refined by the LeBail method imple-
mented in the GSASH+EXPGUI software.*?] High-pressure
Raman spectroscopy experiments were performed in situ us-
ing a Renishaw Invia Reflex Raman spectrometer at Peking
University. A 785 nm diode-pumped solid-state laser with a
~ 2.5 um focused beam was employed as the excitation light
source. The spectra were calibrated by using silicon wafer,
and the backscattered light was collected by a CCD detector
with a resolution of 1 ecm~!. Two 200 s scans were performed
to obtain each spectrum. The Raman spectra were fitted by the
Gauss-Lorentzian method using the Peakfit software (Jandel
Scientific).

3. Results and discussion
3.1. High-pressure XRD experiments

Plumbogummite XRD patterns are collected at room tem-
perature at pressures up to 10.9 GPa. Figure 2 shows several
representative XRD patterns. All the peaks can be indexed to
the R3m space group. Compression of the sample results in a
shift in all the diffraction peaks to higher angles (Fig. 2), indi-
cating a decrease in the plumbogummite volume. At the same
time, the diffraction peak intensities decrease, and their full
widths at half maximum increase slightly with increasing pres-
sure. In a pressure range of 0-10.9 GPa, no new diffraction
peaks appear, and none of original peaks disappear, indicating
that plumbogummite is stable at pressures up to 10.9 GPa at
room temperature.
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Fig. 2. (color online) Selected plumbogummite XRD patterns obtained
at room temperature and various pressures (background subtracted). The

peaks in the XRD pattern obtained at ambient pressure are marked with
the corresponding hkl values.
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The plumbogummite lattice parameters measured at dif-
ferent pressures are listed in Table 1, and the normalized lattice
parameters are shown as a function of pressure in Fig. 3. Lin-
ear regression of the data in Fig. 3 gives the following correla-
tions between the normalized lattice parameters and pressure
(P): a/ap = 0.9982(6) —2.8 x 107 (GPa~!) x P (GPa) and
cleo = 0.9965(9) — 4.5 x 1073 (GPa~!) x P (GPa). The com-
pressibility of plumbogummite is slightly anisotropic in the
pressure range of 0—10.9 GPa; the compressibility along the ¢
axis is greater than that along the a axis (Fig. 3) because the
atoms are more closely packed along the a axis than along the
c axis. As the pressure increases from 0 GPa to 10.9 GPa, the
a and c axes decrease in length by 3.12% and 5.02%, respec-
tively.

Table 1. Plumbogummite lattice parameters at different pressures.

Pressure/GPa alA clA VIA3
0.0001 7.015(1) 16.668(2) 710.3(1)
1.8 6.970(1) 16.482(2) 693.4(1)
24 6.953(1) 16.424(2) 687.6(1)
3.4 6.932(1) 16.326(2) 679.3(1)
43 6.913(1) 16.258(2) 672.9(1)
5.1 6.896(1) 16.210(2) 667.5(1)
5.8 6.881(1) 16.1662)  662.9(1)
6.6 6.868(1) 16.087(2) 657.1(1)
8.2 6.842(1) 15.994(2) 648.4(1)
9.5 6.825(1) 15.921(2) 642.2(1)
10.9 6.796(1) 15.831(2) 633.3(1)
1.00
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Fig. 3. (color online) Normalized plumbogummite lattice parameters a/ag
and c/co as a function of pressure. The blue and red lines are fitted by the
least-squares method, and the green line represents the fitted second-order
Birch-Murnaghan equation with Ko = 77 GPa.

The correlation between the plumbogummite unit cell

volume and the pressure is obtained by fitting the third-order

Birch-Murnaghan equation of state to the data: (33!

("]
x {1+0.75(K{) —4) [(“,/0>2/3 - 1] } , (D

P(V) = 1.5K,

where Vj is the unit cell volume at ambient pressure, Ky is
the zero-pressure bulk modulus, and K(’) is the pressure deriva-
tive of Ko. The fitted equation gives Vo = 710.2(1) A3 and
Ky = 68(1) GPa (K|, = 6.1) for plumbogummite. When K,
is set to be 4, equation (1) becomes the second-order Birch-
Murnaghan equation, and V and Ky are determined to be
708.4(1) A3 and 77(1) GPa, respectively. To the best of our
knowledge, the zero-pressure bulk moduli of minerals contain-
ing [PO4]°~ and [OH]~ groups have not been previously mea-
sured, except in the case of orthorhombic Cu; PO4(OH), which
was reported to have a Ky value of 60 GPa (K|, = 4.8).34
Based on the small K values determined for Cu, PO4(OH) and
PbAI3(POy4),(OH,H;,0)g, it is assumed that minerals contain-
ing [PO4]°~ and [OH]~ groups are easily compressed.

3.2. High-pressure Raman spectroscopy

Raman spectra of plumbogummite were collected in a
range of 150-1250 cm™~! at various pressures (Fig. 4). Six-
teen peaks can be identified in the spectrum obtained at am-
bient pressure, which is consistent with the Raman spectra re-
ported in the RRUFF database and previous studies. >’ Due to
the overlap of some Raman bands, the fitted plumbogummite
Raman profiles obtained at pressures of 0 GPa and 2.6 GPa
are shown in Fig. 5 to demonstrate the band positions more
clearly. A new peak is observed at 393 cm~! when the pres-
sure is 2.6 GPa or higher. This peak might also exist at 0 GPa;
however, it is too weak or too close to the peak at 369 cm~! to
be observed. As the pressure increases, the bands at 369 and
393 cm! shift at different rates, which makes the 393 cm™!
peak easy to observe at 2.6 GPa. In a previous study, a band
was observed at 388 cm ™! for a plumbogummite sample from
China but not for a sample from Czech Republic.?°! Further-
more, the 388 cm™! band observed in the Raman spectrum of
the Chinese sample was weak and very close to the 368 cm™!
band, indicating that the band at 388 cm~! is difficult to detect
under ambient conditions. Moreover, the band at 712 ¢cm™!
is observed only at pressures of 0.0001, 4.7, 5.4, 6.5, and

11.0 GPa.
s A 4 / 11.0 GPaj
[ 9.9 GPa

8.6 GPa
> \
= | e AT N i e AN 6.5 GPa
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A N \ 2.6 GPa
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Fig. 4. (color online) Raman spectra of plumbogummite obtained at room
temperature and different pressures (baselines substracted).
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Fig. 5. (color online) Fitted plumbogummite Raman profiles obtained at
pressures of (a) 0 GPa and (b) 2.6 GPa (thin blue lines: experimental Ra-
man spectra; green lines: fitted peaks; red lines: entire fitted Raman pro-
files obtained by the superposition of the fitted peaks).
A regular POy tetrahedron exhibits Raman vibrational
modes at 938 cm~! (v;), 420 cm™' (wv,), 1017 cm™!

(v3) and 515 ecm™!' (v4).1%%] When the hydroxyl hydro-

gens in plumbogummite are mobile, they can interact with
the phosphate [PO4]°~ groups to generate hydrogen phos-
phate [HPO,4]>~.1®) However, the [PO4]°~ and [HPO4]*~
Raman peaks should have the same frequencies, giving

rise to wide bands. 20

| Therefore, the plumbogummite Ra-
man peak assignment suffers uncertainties in the [PO4]>~
and [HPO4]*>~ vibrational modes. Fortunately, Breitinger et
al.B7) definitively separated the [PO4]°~ and [HPO4]>~ vibra-
tions of crandallite (CaAl3(OH)g(HPO4)(PO4)) and goyazite
(SrAl3(OH)s(HPO4)(PO4)) by combining infrared, Raman
and inelastic neutron scattering results. In this study, the Ra-
man modes are assigned mainly based on the normal modes of
a regular POy tetrahedron reported in previous Raman studies
of plumbogummite,?%! crandallite, and goyazite.*8! The po-
sitions and vibrational mode assignments of the plumbogum-
mite Raman peaks observed at room temperature and different

pressures are listed in Table 2.

Table 2. Peak positions, values of pressure derivative (dv;/dP) and Griineisen parameter (%) of the plumbogummite Raman modes

observed at different pressures.

Mode Assignment 0 o 33 77 Press;l.r:/GPa 63 36 99 10 dvi/dP (cm~!/GPa) Y
Lattice mode 190 193 196 199 200 199 204 205 204 1.39 0.56
Lattice mode/[OH]~ 253 255 259 266 268 269 278 279 285 3.05 0.93
Lattice mode/[OH] ™ 279 276 285 299 299 307 317 311 321 4.30 1.19
v(Pb-0)/v(Al-O) 369 370 376 377 377 385 406 396 397 3.30 0.69
v(Pb-0)/v(Al-O) 393 406 406 410 411 421 424 421 3.14 0.62
8,[PO4 1P~ 463 465 467 473 474 475 479 481 480 1.80 0.30
8,[HPO41?~ 505 522 523 531 531 535 544 547 549 3.85 0.59
8:s[PO4 13—~ 575 583 583 587 586 588 595 603 602 2.51 0.34
8,5[PO41~ 611 610 612 617 617 620 624 629 628 1.92 0.24
OH deformation mode 712 706 711 705 705 —0.65 —0.07
784 785 788 784 785 783 784 783 786 —0.08 —0.01
Water vibrational mode 850 852 853 854 857 856 855 852 854 0.26 0.02
Water vibrational mode 880 888 891 902 909 914 923 926 930 4.93 0.43
Vs [HPO41*~ 983 988 991 997 999 1003 1010 1012 1016 3.15 0.25
Vs[PO413~ 1017 1021 1028 1038 1041 1050 1060 1064 1072 5.36 0.41
Vas[HPO4 2~ 1097 1103 1100 1113 1108 2.52 0.18
Vs [PO4 P~ 1164 1165 1167 1161 1164 1165 1164 —0.09 —0.01

Note: Vg and Vv, represent symmetric and asymmetric stretching modes, respectively; & and 8,5 represent symmetric and asymmetric

bending vibrational modes, respectively.

The predominant bands in the plumbogummite Raman
spectrum are due to the [PO4]?~ and [HPO4]?~ vibrational
The Raman bands at 190, 253, and 279 cm™!
are due to lattice vibrations, and the peaks at 253 and
279 cm~! might be associated with the [OH]~ group. The
Pb-O and Al-O stretching modes are observed at 369 and
393 cm~!, respectively. The symmetric bending modes
of [PO413~ (v2(&)[PO4]°~) and [HPO4]>~ (v2(&)[HPO4]*7)
are observed at 463 and 505 cm ™!, respectively. The [PO4]~
asymmetric bending modes (v4(8,)[PO4]3~) appear at 575

modes.

and 611 cm™!, and the band at 712 cm™! corresponds to the
[OH]~ deformation mode. However, the band at 784 cm ™!
The bands at 852 and

880 cm~! are attributed to the vibrational modes of water,

is not assigned to a specific mode.

which is consistent with the assignments of the bands at 816

and 877 cm ™! for (Mn, Fe)AI(PO4)(OH),- (H,0).138!
Although Frost er al.®” assigned the plumbogum-
mite bands at 980 and 1023 cm™! to v;(vy)[PO4]*~ and
v1(Vs)[HPO4]>~, respectively, the bands observed at 981 and
1012 cm™! for montgomeryite mineral (CasMgAls(POy4)¢-
(OH)4- 12H,0) were assigned to v [HPO4]*~ and v;[PO4]*~,
respectively.>”) Moreover, Breitinger et al.’’! reported that
the crandallite (CaAlz(OH)g(HPO4)(PO4)) bands at 982 and
1035 cm ™! are due to the vi[HPO4]*~ and v;[PO4]*~
metric stretching vibrations, respectively. Consequently, the

sym-

intense sharp bands at 983 and 1017 cm ™! in the plumbogum-
mite Raman spectrum are attributed to v [HPO4]?>~ and
vi[PO4?, respectively. Two weaker bands correspond-
ing to the [HPO4]>~ (v3(Vas)[HPO4)?") and [PO4]3~
(V3(Vas)[PO4]°~) asymmetric stretching modes are observed

017402-4
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to the right of these bands at 1097 and 1164 cm™!, respec-
tively.

Frost et al.’®! observed a series of Raman peaks due
to the [OH]™ stretching vibrations in a range of 2800—
3800 cm .
this range.

In this study, Raman data are not collected in

Figure 4 shows the Raman spectra of plumbogummite
obtained at different pressures. Most of the Raman peaks
widen and undergo a blueshift with increasing pressure, in-
dicating that the atom distances in the lattice change during

[40] The Raman band intensities gradually de-

pressurization.
crease to varying degrees due to the restricted lattice vibrations
and a decrease in the Raman activity during compression. Fig-
ure 6 shows the Raman peak positions as a function of pres-
sure. Most of the Raman peak positions exhibit good linear
correlations with the pressure. Therefore, the data are fitted by
linear equations, and the slopes of the fitted lines are listed in

Table 2.

I» I>>I>>I> I» '
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v w M
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Fig. 6. (color online) Plumbogummite Raman peak positions as a function
of pressure. The slopes of the dotted lines, which are the linear least-
squares fitting of the data, are the dv;/dP values.

The Raman band at 712 cm~! undergoes a small shift
to lower wavenumbers, implying that the O-H bond in
[OH]™ group becomes slightly longer as pressure increases.
Most of the vibrational modes of [PO4]3~ group are blue-
shifted with pressurization, indicating that the bond lengths in
[PO4I~ group become shorter. However, the Raman band at

1164 cm™! (v4,[PO4]*7) has a very slight redshift. This may
be due to the distortion of [PO4]°~group, resulting in some
bonds in [PO4]>~ group shortening to some extent. The Ra-
man peak at 852 cm~! shifts to a higher wavenumber as the
applied pressure increases (Fig. 6). Meanwhile, the other Ra-
man peaks are blue-shifted at different rates during pressur-
ization due to the decrease of bond length and the increase of
the bond energy. The bands at 1092 and 1164 cm™! are ob-
served only at pressures below 6.5 and 9.9 GPa, respectively.
As indicated by the XRD results, plumbogummite does not un-
dergo a phase transition during pressurization up to 10.9 GPa,
and all the Raman bands shift constantly without any discon-
tinuities (Fig. 6). The disappearances of the bands at 1092
and 1164 cm~! are likely to be due to structural deforma-
tions rather than phase transitions and indicate the destabi-
lization of plumbogummite. Additionally, except for the band
at 1164 cm™!, the shifts in the [PO4]*~ bending modes are
generally smaller than those in the stretching modes during
pressurization. These results suggest that the [PO4]3~ stretch-
ing modes are more sensitive to the pressure than the bending
modes and that the pressure has a slightly larger effect on the
bond lengths than on the bond angle of the POy tetrahedron.
Zhai et al.!'%*!1 also reported that the POy stretching modes in
Ba3(POy4)s, Sr3(PO4); and y-Caz(PO4), are more sensitive to
the pressure than the bending modes.

The Griineisen parameter (¥;), which characterizes the an-
harmonicity of the lattice vibrations, is an important geophys-
ical parameter. [*?! It can be expressed as a function of the bulk
modulus, Raman frequency and pressure dependence of the
frequency as follows:

81nv,-_Ko a\/[
%__8lnv_vol-<8P)T' @

In this equation, Kp is the isothermal bulk modulus of

plumbogummite at ambient pressure, Vy; is the Raman fre-
quency of mode i at ambient pressure, and (V;/P)r is the
change in the Raman frequency with respect to pressure un-
der isothermal conditions. The Griineisen parameters (Ta-
ble 2) for all the Raman vibrational modes are calculated
from the pressure shift coefficients (v;/P)7 in Table 2 and the
Ky value (77(1) GPa) obtained from the XRD results. The
Griineisen parameter for the 393 cm~! mode, which appears
when the pressure increases to 2.6 GPa, is calculated using
393 cm~! as vy;. The Griineisen parameters for the 712, 784,
and 1164 cm~! bands are negative, whereas those for all the
other modes are in a range of 0.02-1.19. The average of all
the Griineisen parameters is 0.39. Except for the Griineisen
parameter for the 1164 cm~!' mode (—0.01), the Griineisen
parameters associated with the phosphate vibrational modes
range from 0.24 to 0.41, with an average of approximately
0.32. Similarly, the Griineisen parameters associated with the
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phosphate vibrational modes in fluorapatite (Cas(PO4)3F)
were reported to range from 0.09 to 0.55, with an average of
0.36.1431

4. Conclusions

The high-pressure behavior of plumbogummite is investi-
gated by synchrotron radiation XRD and Raman spectroscopy
experiments at room temperature using DACs. The results
show that plumbogummite does not undergo a phase transi-
tion in the pressure range of 0-10.9 GPa. Moreover, the com-
pressibility of the ¢ axis is higher than that of the a axis in
this pressure range. The data are fitted with the third-order
Birch-Murnaghan equation of state to give the following re-
sults: Vo = 710.2(1) A3, Ko = 68(1) GPa, and K}, = 6.1.

In the plumbogummite Raman spectrum, the [PO4?~
symmetric (v;) and asymmetric (v3) stretching modes are
observed at 1017 and 1164 cm™', respectively. Moreover,
the [PO4]>~
463 cm™!, and the asymmetric bending modes (v4) are ob-
served at 575 and 611 cm~!. The bands at 983, 505 and
1097 ecm™! correspond to v{[HPO4]>~, v,[HPO4]*>~ and
v3[HPO4]*~, respectively. Linear functions are fitted to the

symmetric bending mode (v,) is observed at

high-pressure Raman data to determine the dependence of the
Raman peak positions on the pressure. Most of the linear func-
tions have positive slopes. A comparison among the changes
in the Raman modes as a function of pressure shows that the
POy stretching modes are generally more pressure-sensitive
than the bending modes. In addition, the arithmetic mean of
all the mode Griineisen parameters for the Raman vibrational
modes is 0.39.
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