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Room-temperature angle-dispersive x-ray diffraction measurements on zircon-type YPO, and ErPO,, and
monazite-type GdPO,, EuPO,4, NdPO,, and LaPO, were performed in a diamond-anvil cell up to 30 GPa using
neon as pressure-transmitting medium. In the zircon-structured oxides we found evidence of a reversible
pressure-induced structural phase transformation from zircon to a monazite-type structure. The onset of the
transition is at 19.7 GPa in YPO, and 17.3 GPa in ErPOy. In LaPO, a nonreversible transition is found at 26.1
GPa and a barite-type structure is proposed for the high-pressure phase. For the other three monazites studied,
their structures were found to be stable up to 30 GPa. Evidence for additional phase transitions or chemical
decomposition of the materials was not found in the experiments. The equations of state and axial compress-
ibility for the different phases are also determined. In particular, we found that in a given compound the
monazite structure is less compressible than the zircon structure. This fact is attributed to the higher packing
efficiency of monazite versus zircon. The differential bond compressibility of different polyhedra is also
reported and related to the anisotropic compressibility of both structures. Finally, the sequence of structural

transitions and compressibilities are discussed in comparison with other orthophosphates.
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I. INTRODUCTION

Orthophosphates APO, are materials that are basically
composed of PO, tetrahedra and AOg or AOg (A =trivalent
metal) polyhedra. They are analogous to orthosilicates,
orthovanadates, and orthoarsenates. This family of oxides
generally crystallizes, depending on the ionic radii of the A
cation, in two different structural types: zircon (xenotime)
and monazite.! If the ionic radius of the A cation is smaller
than that of Gd, the material will have the tetragonal
(I4,/amd, Z=4) zircon structure. Most of the other ortho-
phosphates have the lower-symmetry monoclinic (P2,/n, Z
=4) monazite structure. The monazite and zircon structures
are closely related. Zircon can be viewed as being composed
of alternating edge-sharing AOg bisdisphenoids and PO, tet-
rahedra forming chains parallel to the ¢ axis. In monazite, a
ninth oxygen is introduced to form AO, polyhedra for the
large A cation. The larger A cation causes structural distor-
tions, specifically a rotation of the PO, tetrahedra and a lat-
eral shift of the (100) plane, thereby reducing the symmetry
from 14,/amd to P2,/n.

Monazites and zircons exist in nature and are important
accessory minerals in granitoids and rhyolites, and because
of their incorporation of rare-earth elements they can effec-
tively control the rare-earths distribution in igneous rocks.?
In addition, the mineral xenotime (YPO,) is a common ac-
cessory mineral in plutonic and metamorphic rocks. There-
fore, the knowledge of the high-pressure (HP) structural be-
havior of orthophosphates is very relevant for mineral
physics and chemistry. It is also important for petrology
studies.? On the other hand, the members of the orthophos-
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phate family have gained increasing attention in the last de-
cade due to their wide potential application and interesting
optical and luminescent properties.*> Furthermore, given the
crystal-chemical similarity between the lanthanide and ac-
tinide elements, monazite-structured phosphates have been
investigated for their use as solid-state repository for radio-
active waste.® On top of that, orthophosphates have been
proven to be promising candidates for oxidation-resistant ce-
ramic toughening.” The study of the mechanical properties of
orthophosphates is relevant for all these applications.

Other oxides related to the orthophosphates have been
extensively studied upon compression.® Their compressibil-
ity has been understood and several pressure-induced struc-
tural transitions discovered. In contrast, little effort has been
dedicated to orthophosphates, most of it focused on zircon-
type compounds. Zircon-structured YbPO, and LuPO, have
been found to undergo phase transitions to a tetragonal
scheelite-type (14,/a, Z=4) structure at 22 GPa and 19
GPa, respectively.” On the contrary, Raman-spectroscopy
measurements indicate that TbPO, transforms at 9.5 GPa
from zircon to a lower crystal symmetry, most likely
monoclinic.'® More recently, x-ray diffraction studies were
performed in ScPO, (YPO,) under nonhydrostatic condi-
tions. The zircon-scheelite (zircon-monazite-scheelite) se-
quence was reported.!! Regarding monazite-type orthophos-
phates, a luminescence study was performed finding that
EuPO, retains the monazite structure to at least 20 GPa.'?
Finally, the compressibility of the whole series of orthophos-
phates has been theoretically studied using a chemical-bond
theory of dielectric description.® Clearly, more efforts are
needed in order to deepen the understanding of the properties
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of orthophosphates. With this aim, we have studied the struc-
tural response of monazite-type LaPO4, NdPO,, EuPO,, and
GdPO,, and zircon-type ErPO, and YPO,, upon compres-
sion, under nearly hydrostatic conditions, using in sifu syn-
chrotron x-ray diffraction. In this work, we report the occur-
rence of phase transitions and the bulk and axial
compressibility of each oxide. The results are compared with
previous studies for a systematic understanding of the HP
behavior of orthophosphates.

II. EXPERIMENTAL DETAILS

Synthetic undoped single crystals of APO, compounds
(A=La, Nd, Eu, Gd, Er, and Y) were grown by spontaneous
nucleation from a PbO-P,05 flux (1:1 molar ratio).!* The
reagents employed for the growths were NH,H,PO,, PbO
(both reagent grade), and A,05 (99.99%). The batches were
put in a covered Pt crucible with a tightly fitting lid and
heated up to 1300 °C inside a horizontal furnace. After a
soaking time of about 15 h, the temperature was lowered to
800 °C with a rate of =1.8 °C/h; the crucible was then
drawn out from the furnace and quickly inverted to separate
the flux from the crystals grown. The flux was dissolved
using hot diluted nitric acid. Single crystals of good optical
quality were obtained. The ambient pressure tetragonal crys-
tals sizes up to 8 X1X0.8 mm® and are elongated in the
direction of the ¢ axis while the ambient pressure monoclinic
ones have sizes up to 3 X2 X 0.8 mm?. The crystals obtained
were characterized by powder x-ray diffraction and Raman
spectroscopy. Single phases of zircon-type or monazite-type
structure were confirmed in all samples. The refined unit-cell
parameters for them were in agreement with earlier reported
values.!

Angle-dispersive powder x-ray diffraction (ADXRD)
measurements were carried out at room temperature (RT)
under compression up to 30 GPa using a symmetric
diamond-anvil cell (DAC) at the 16-IDB station of the High
Pressure Collaborative Access Team (HPCAT)—Advanced
Photon Source (APS). Two experimental runs were per-
formed for GdPO,, LaPO,, and YPO, and one for the rest of
the studied samples. Experiments were carried out with an
incident monochromatic wavelength of 0.36802 A for
GdPO,, NdPO,, and LaPO,, of 0.37460 A for LaPO, and
YPO,, of 0.40695 A for YPO,, of 0.36980 A for EuPO,,
and of 0.36783 A for ErPO,. The samples used in the ex-
periments were prepressed pellets prepared using a finely
ground powder obtained from the as grown single crystals.
These pellets were loaded in a 130 um hole of a rhenium
gasket in a DAC with diamond-culet sizes of 300-480 um.
A few ruby grains were also loaded with the sample for
pressure determination.'* Pressure was determined using the
ruby scale proposed by Dewaele et al.'> Neon, which solidi-
fies at 5 GPa,'® was used as pressure-transmitting medium in
order to guarantee quasihydrostatic conditions in the pressure
range covered by the experiments.!” The monochromatic
x-ray beam was focused down to 10X 10 um? using
Kickpatrick-Baez mirrors. The images were collected using a
MAR345 image plate located around 350 mm away from the
sample. The collected images were integrated using FIT2D.'3
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FIG. 1. Selected x-ray diffraction patterns of LaPO, at different
pressures; (r) indicates the pattern collected on pressure release. The
inset shows the low-angle section of the spectrum collected at 26.1
GPa enlarged. The peaks appearing at low angles can be more
clearly seen there.

The structure refinements were performed using the
POWDERCELL (Ref. 19) and GsAs (Ref. 20) program pack-
ages.

III. RESULTS AND DISCUSSION
A. LaPO4

Two experiments were performed in LaPO,, one up to
13.4 GPa and the other up to 30.2 GPa. Figure 1 shows a
selection of diffraction patterns collected at different pres-
sures. In the figure, it can be seen that there are not notice-
able changes in the diffraction patterns up to 23.8 GPa. In-
deed all of them can be properly indexed considering the
monazite structure. At 26.1 GPa the appearance of additional
peaks can be observed, increasing their intensity upon further
compression while the monazite peaks gradually lose inten-
sity. In particular, the peaks located around 26=5°, 6°, and
8°, depicted by arrows in the figure, can be clearly seen at
26.1 GPa. Also extra peaks develop from 26.1 up to 30 GPa.
These changes in the diffraction patterns suggest the onset of
a pressure-induced phase transition. The diffraction patterns
collected beyond 26.1 GPa can be well explained consider-
ing the mixture of two phases, one with monazite structure
and a second phase. Consequently, the pressure-driven tran-
sition is kinetically sluggish. No hint of decomposition of
LaPO, into its component oxides was detected in the experi-
ments.

For the HP phase of LaPO, we found three candidate
structures that might explain its diffraction patterns: ortho-
rhombic barite-type structure (Pbnm, Z=4), monoclinic
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AgMnOy,-type structure (P2,/n, Z=4), and monoclinic
PbCrO,-type structure (P2;/n, Z=4). The possibility of
having any of these structures as postmonazite structures in
LaPO, is quite reasonable from the crystal-chemical point of
view.® The effects of pressure on the crystal structure of
ABO, compounds can be simulated by changing the ratio of
A/B cation sizes at a fixed pressure. By applying this crite-
rion, any of the three proposed structures could be a post-
monazite phase according with Ref. 8. In addition, the barite-
type and AgMnO,-type have been found as post-monazite
structures in CaSO,.?! The refinement of the diffraction pat-
terns we measured beyond 26.1 GPa shows that they can be
better explained by a mixture of the monazite and barite-type
structures, suggesting that this one is the most possible post-
monazite structure in LaPO,. In particular, at 27.3 GPa we
found for the orthorhombic barite-type structure the follow-
ing structural parameters: a=6.463(6) A, b=7.835(8) A,
and ¢=5.072(5) A. This implies a volume collapse of 4%
for the crystal at the proposed transition, giving indications
of its first-order nature. This is a reasonable conclusion since
the monazite-barite transition involves an important atomic
rearrangement. In particular, the barite-type structure implies
an increase in the coordination of La from ninefold in mona-
zite to 12-fold in barite. In contrast the PO, tetrahedra re-
main essentially unchanged in both structures. Upon pressure
release, the barite-type structure is recovered together with
the monazite structure. This nonreversibility of the transition
is consistent with its first-order nature.

From the refinement of our x-ray diffraction patterns we
have obtained the pressure dependences of the lattice param-
eters for the low-pressure phase. The evolution of the struc-
tural parameters and the atomic volume (V) with pressure are
shown in Figs. 2 and 3, respectively. There it can be seen that
the compression of monazite-type LaPO, is anisotropic with
a axis the most compressible axis. In particular, there is a
slight increase in the c¢/a axial ratio from 0.95 at ambient
pressure to 0.98 at the transition pressure. This fact and the
decrease in the [ angle indicate that pressure induces a
gradual increase in the crystal symmetry. They are related to
the fact that the ¢ axis of monazite contains edge-linked
chains of PO, tetrahedra and AOq polyhedra, while the a-b
plane involves chains of AOg polyhedra which, within this
plane, are more compressible than the PO, tetrahedra. This
produces an increase in ¢/a axial ratio upon compression.

The dependence of the unit-cell parameters of monazite
with pressure can be fit with a linear function. These pressure
dependences are given in Table I. The pressure-volume curve
of Fig. 3 was analyzed using a third-order Birch-Murnaghan
equation of state (EOS).2! We determined the following EOS
parameters: V,=301.4(7) A3, B,=144(2) GPa, and B
=4.0(2), being these parameters the zero-pressure volume,
the bulk modulus, and its pressure derivative, respectively.
As can be seen in Table II, this makes LaPO, the most com-
pressible orthophosphate among those already studied.?>~>
For the HP phase we found that the compression is nearly
isotropic and that the bulk compressibility is similar to that
of the monazite phase. In particular, by assuming B)=4 and
Vy=296.3 A3, for the barite-type phase, we obtained B,
=143(4).
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FIG. 2. Unit-cell parameters versus pressure for LaPO,. Circles:
low-pressure phase. Triangles: high-pressure phase. The empty
symbols correspond to data obtained after pressure release. The
dashed lines are a guide to the eye and the solid lines represent the
fits shown in Table I. The inset shows the pressure evolution of the
BB angle of the monazite structure.

B. GdPO,, EuPO,, and NdPO,

In contrast to LaPO,, for GAPO,, EuPO,, and NdPO, we
did not find any evidence of either a possible pressure-
induced phase transition or decomposition. For GdPO,, two
experiments were conducted up to 30 GPa and all the mea-
sured diffraction patterns can be assigned to the monazite
structure. We obtained the same result from experiments per-
formed on NdPO, (EuPO,) up to 28 (25) GPa. In the case of
GdPO,, our conclusions agree with single-crystal diffraction
studies performed up to 40 GPa (Ref. 26) and in the case of
EuPO, with luminescence measurements carried out up to 20
GPa.'? From the refinement of the x-ray diffraction patterns
we collected, we have determined the pressure dependence
of the lattice parameters for the monazite phase of the three
orthophosphates. As in the case of LaPO,, the compression
of the crystal is anisotropic, being the a axis the most com-
pressible axis. However, the differences between axial com-
pressibilities are not as large as in LaPO,. The dependence of
the different unit-cell parameters with pressure is given in
Table I. Once more, the increase in the ¢/a ratio upon com-
pression and the decrease in the 8 angle suggest the occur-
rence of a pressure-driven symmetry enhancement. We can
take advantage of this typical feature of monazite-type ortho-
phosphates to try to estimate the pressure range of stability
of monazite GdPO,, EuPO,, and NdPO,. If we assume no
other phases at play in addition to monazite and barite and
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FIG. 3. Pressure-volume relation in LaPO,, NdPO,, EuPO,, and
GdPO,. Solid symbols: experiments. Empty circles: data points col-
lected after pressure release. Empty square: literature data (Ref. 1).
Lines: EOS fit.

consider that the monazite structure becomes unstable when
c/a becomes equal to 0.98, as it is the case for LaPO,, ex-
trapolating our results we found transition pressures of 44,
47, and 55 GPa for NdPO,, EuPO,, and GdPO,, respectively.
Therefore, the decrease in the ionic radius of the rare-earth
cation favors the stability of the monazite structure.

The pressure evolutions of the atomic volume for the
three compounds described in this section are given in Fig. 3.
They were analyzed using a third-order Birch-Murnaghan
EOS.?! We determined the following EOS parameters:
GdPO,, V,=281.1(7) A3, By=160(2) GPa, and B;=3.3(2);
EuPO,, V,=281.4(7) A3 B,=159(2) GPa, and By=4.3(2);
and NdPO,, V,=291.1(7) A3, B,=170(2) GPa, and B,
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=3.6(2). The agreement of the fits with the experiments is
found to be good. A systematic comparison of the bulk
modulus with those of other orthophosphates will be done in
the last section of this work.

C. YPO, and ErPO,

Two experiments were performed on zircon-type YPO,,
one up to 18 GPa and the other up to 28 GPa. One experi-
ment for ErPO, was carried out up to 28 GPa. Figure 4
shows a selection of diffraction patterns collected at different
pressures for YPO,. In the figure, it can be seen that there are
not noticeable changes in the diffraction patterns up to 19.7
GPa. Before this pressure, all the patterns can be well in-
dexed considering the zircon structure. Extra Bragg peaks
appear at 19.7 GPa but the zircon peaks can be still identified
up to 23.5 GPa. From 23.5 to 28 GPa the diffraction patterns
indicate that no additional changes take place in the crystal-
line structure of YPO,. The changes found in the diffraction
patterns indicate the onset of a pressure-induced transition at
19.7 GPa, with the low- and high-pressure phases coexisting
from this pressure to 23.5 GPa. Similar changes were found
in the diffraction patterns of ErPO,. In this case, the onset of
the transition was detected at 17.3 GPa and the low- and
high-pressure phases coexist up to 23.3 GPa. In both com-
pounds no additional structural transformations are found up
to 28 GPa and no evidence of decomposition is detected. The
phase transitions in YPO, and ErPO, are reversible with a
pressure hysteresis of less than 2 GPa.

In YPO,, the diffraction patterns collected beyond 23.5
GPa can be well explained by the monazite structure. The
structural parameters for this phase at 23.5 GPa are a
=6.37909) A, b=6.44809) A, ¢=5980(9) A, and B
=101.4(5)°. The transition produces a volume collapse of
3.5% and the phase transformation is reversible as can be
seen in Fig. 4. In ErPO,, the HP phase is also consistent with
a monazite structure. Its structural parameters at 23.3 GPa
are a=6.369(9) A, b=6.397(9) A, ¢=6.038(9) A, and B
=101.7(5)°. In this case the volume collapse at the transition
is 4.5%. In both compounds, the HP monazite structure is
slightly more anisotropic that the ambient pressure monazite
structure of other orthophosphates.

TABLE I. Unit-cell parameters as a function of pressure for the ambient-pressure phases of monazite and
zircon orthophosphates. Pressure in GPa, a, b, and ¢ in A, and B in degrees.

EUPO4

NdPO,

6.613(6)-0.0123(3)P
6.861(7)-0.0108(4)P
6.349(8)-0.0091(4)P
103.90(6)-0.055(3)P

YPO,

6.706(4)-0.0127(3)P
6.925(5)-0.0098(3)P
6.392(6)-0.0083(3)P
103.55(6)-0.063(4)P

ErPO4

GdPO,
a(P) 6.623(6)-0.0120(3) P
b(P) 6.829(7)-0.0104(4)P
c(P) 6.335(8)—0.0089(4) P
B(P) 103.80(6)—0.051(3) P
LaPO4
a(P) 6.808(4)—0.0160(3) P
b(P) 7.061(4)-0.0127(3)P
c(P) 6.478(7)-0.0081(4) P
B(P) 103.28(3)-0.092(2) P

6.877(6)-0.0146(3) P

6.017(7)-0.0071(8) P

6.864(5)-0.0144(4)P

5.999(4)-0.0060(6) P
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TABLE 1II. Bulk modulus (given in GPa) and unit-cell volume at ambient pressure (in A%) of different
orthophosphates. Volumes are given only for those structures that are stable at ambient pressure. Experimen-
tal and theoretical results are included for B,,. Note that different pressure media were employed in different

experiments (see references).

Bulk modulus

Compound Structure  Unit-cell volume Experiments Theory Empirical model
ScPO, Zircon 252.1 203(7)2 175.11-1832 169
ScPO, Scheelite 376(8)? 3342

LuPO, Zircon 273.7 184(4)P-166° 152.8f 150
LuPO, Scheelite 226(3)°

YbPO, Zircon 276.5 150(5)° 150° 147
YbPO, Scheelite 218(2)°

TmPO, Zircon 278.9 147.2f 146
ErPO, Zircon 281.5 168(4)° 146.1¢ 145
ErPO, Monazite 208(6)°

YPO, Zircon 286.5 1329-149(2)°-186(5)*  144.4-165% 143
YPO, Monazite 206(4)°-260* 1902

YPO, Scheelite 213.7¢

HoPO, Zircon 284.6 143.4¢ 142
DyPO, Zircon 287.9 141.5° 141
TbPO, Zircon 291.4 138.81-128" 139
GdPO, Monazite 279.1 160(2)° 149 120
EuPO, Monazite 281.6 159(2)° 147.1f 118
SmPO, Monazite 284.4 146f 117
NdPO, Monazite 291.4 170(2)° 142.3f 114
PrPO, Monazite 295.3 139.7¢ 112
CePOy Monazite 299.5 137.2f 110
LaPO, Monazite 305.7 144(2)° 1341-1002 107
LaPO, Barite 296.2 143(4)°

4Reference 11.
bReference 9.

‘Reference 22.
dReference 23.

The occurrence of the zircon-monazite transition in YPO,
and ErPO, is in agreement with previous experiments done
in YPO, under less hydrostatic conditions!! with the only
difference that the present transition pressure is 3 GPa
higher. This fact is not rare since nonhydrostatic stresses
could strongly affect transition pressures.”’” The occurrence
of the zircon-monazite transition also agrees with the find-
ings in TbPO,,® in which the HP phase should have a mono-
clinic  structure according to  Raman-spectroscopy
measurements.'? However, they contrast with the presence of
the zircon-scheelite transition in LuPO, and YbPO, (Ref. 9)
and also in YVO,.?®

The existence of different HP phases is related to the dif-
ferent relative cation sizes in ABO, oxides.® Those com-
pounds where the A/B cation size ratio is similar to that of
monazites prefer to transform from zircon to monazite; and
those where the A/B cation size ratio is similar to that of
scheelite prefer to transform to this structure. Therefore, for
those phosphates with an A-cation size near the crossover
radius between zircon and monazite (e.g., Tb and Y) the

®Present study.
fReference 6.

SReference 24.
hReference 25.

zircon-monazite transition should be induced by pressure, as
we found in YPO, and ErPO,. Given there is an inverse
relationship between pressure and temperature in ABO,
compounds,?® this explanation is in full agreement with the
fact that monazite is the low-temperature form of TbPO, and
zircon is the high-temperature form of GdPO,.*°

From our experiments we have determined the compress-
ibility of the unit-cell parameters of the low- and high-
pressure phases of YPO, and ErPO,. The results obtained for
YPO, are summarized in Fig. 5. There it can be seen that in
the zircon phase the a axis is more compressible than the ¢
axis. As a consequence of it, the axial ratio c¢/a increases
from 0.876 at ambient pressure to 0.894 near 20 GPa, ap-
proaching the axial ratio of ZrSiO, (0.906). A similar behav-
ior has been found in ErPO, and previously for LuPO, and
YbPO,.° Also isomorphic compounds such as YVO, show
the same anisotropic compressibility.?® The origin of this be-
havior is related with the packing of AOg and PO, polyhedra
in the zircon structure. This structure can be considered as a
chain of alternating edge-sharing PO, tetrahedra and AOg
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FIG. 4. Selected x-ray diffraction patterns of YPO, at different
pressures; (r) indicates the pattern collected on pressure release.

dodecahedra extending parallel to the ¢ axis with the chain
joined along the a axis by edge-sharing AOg dodecahedra.’!
As we will show later, in zircon phosphates the PO, tetrahe-
dra behave basically as uncompressible units. This makes the
¢ axis less compressible than the a axis as observed in our
experiments. In the HP monazite-type structure we find an
apparent anomalous axial compression if compared with the
behavior we found for low-pressure monazite phosphates. In
monazite YPO, and ErPO, the compaction occurs domi-
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FIG. 5. Unit-cell parameters versus pressure for YPO,. Squares:
low-pressure phase. Circles: high-pressure phase. The dashed lines
are a guide to the eye and the solid lines represent the fits shown in
Table 1. The inset shows the pressure evolution of the 3 angle of the
monazite structure.

PHYSICAL REVIEW B 81, 064113 (2010)

pgo [T T

3 YPO :
280 |- 44
270 | -
260 |- -
250 |- -
240 |
230 |- -

290 - -
280

Volume (A%

270 |
260 |
250 [
240 I

230 B

0 5 10 15 20 25 30
Pressure (GPa)

FIG. 6. Pressure-volume relation in YPO, and ErPO,. Solid
squares: experiments for the zircon phase. Solid circles: data points
obtained for the high-pressure phase. Empty triangles: literature
data (Ref. 1). Empty squares: data obtained after pressure release.
Lines: EOS fit. In YPO, the empty square overlaps the empty
triangle.

nantly in the a and b direction while the ¢ parameter slightly
increases upon compression (see Fig. 5). The monoclinic 8
angle also increases with pressure. These results contrast
with the pressure-induced decrease in the B angle and the
reduction in the three axes (being a the most compressible
axis) we found for monazite GdPO,, EuPO,, NdPO,, and
LaPO,. However, it agrees with what was found for HP
monazite-type CaSO,4.3? This distinctive behavior of HP
monazites is related to their more compact structure, which
has AQq polyhedra that are distorted in comparison with low-
pressure monazite. The enhancement of this distortion and
the increase in the strength of the P-O bonds® is what cause
the distinctive behavior of the b axis in monazite-type YPO,.

From the pressure dependence of the structural param-
eters of the low- and high-pressure phases of YPO, and
ErPO, we have determined the unit-cell volume as a function
of pressure. The obtained results are shown in Fig. 6. Clearly,
the zircon phase is more compressible than the monazite
phase. The fitting of these data to a third-order Birch-
Murnaghan EOS (Ref. 33) gives the following results for
YPO,:V,=285.6(8) A3, By=149(2) GPa, and B(=3.8(3)
for zircon YPO, and V,=265.1(7) A3, By=206(4) GPa, and
B(=4.0(2) for monazite YPO,. In the case of ErPO, we ob-
tained: V,=281.5(8) A%, B,=168(4) GPa, and By=4.2(3)
for zircon and V,=264.5(7) A3, B,=208(6) GPa, and B,
=4.2(2) for monazite. In contrast with the results of Zhang er
al.,"! the bulk moduli obtained for the zircon and monazite
phase compare well with theoretical estimations®!! (see
Table II). Also the increase in this parameter observed after
the phase transition is in agreement with the changes ob-
served in other phosphates after a similar collapse of the
volume.’
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D. Bulk modulus and high-pressure systematic of
orthophosphates

We will now discuss the sequence of phases found in
different orthophosphates and try to provide a systematic un-
derstanding of it. We have found that the zircon structured
compounds ErPO, and YPO, transform to monoclinic mona-
zite below 20 GPa. The same transition was found in YPO,
under nonhydrostatic conditions at 15 GPa.'' A similar
tetragonal-monoclinic transition is consistent with Raman
studies performed in isomorphic TbPO, (Ref. 10) and
TmPO, (Ref. 34) and with ab initio calculations carried out
for TbPO,.>> However, according to Raman experiments the
transition is not reversible while we found the transition to
be reversible. This discrepancy can be caused by the use of
different pressure-transmitting media in the experiments.
Whereas we used neon in order to guarantee near hydrostatic
conditions, Raman measurements were done using a 4:1
ethanol-methanol mixture, which provides very poor
hydrostaticity.'”?” It is known, that nonuniaxial stresses
could affect the structural sequence of oxides such as the
orthophosphates.*>

As we comment above, the zircon-monazite transition is
fully expected from the crystal-chemical point of view for
those zircons with a large A cation.® Indeed, monazite is the
low-temperature form of TbPO, and usually cooling induces
a contraction of the crystal structure, which, in the broadest
sense, can be considered equivalent to compression. The
zircon-monazite transition is a first-order transition that in-
volves a collapse in the volume. It also involves a change in
polyhedron coordination of the A cation. These atomic rear-
rangements are accomplished by breaking an A-O bond in
zircon and adding two new A-O bonds, which makes mona-
zite much more compact than zircon. Basically, these rear-
rangements produce the addition of a bond in the equatorial
plane of the A cation polyhedron, which is added in the void
space between the polyhedra of zircon. These atomic
changes occur together with a shift of the (001) planes and a
slight rotation of the PO, tetrahedra, favoring the observed
volume collapse. This structural contraction is consistent
with the fact that the volume of zircon TbPO, (291 A®) is
larger than the volume of monazite GAPO, (279 A%) despite
the fact that the TbOg polyhedron has a smaller volume
(23.7 A?) than the GdOy polyhedron (29.4 A3). Thus, the
monazite phase is expected to be less compressible than the
zircon phase because the void space in monazite is much
smaller.

In contrast with the above-described compounds, zircon-
structured orthophosphates with small A cations, undergo a
zircon-scheelite transition.” Apparently, upon compression
they behave more similar to  orthovanadates,”®
orthosilicates,>*3” and orthogermanates®® than to the rest of
the compounds of their own family. The distinctive behavior
of LuPO, and YbPO, can be related with that fact that in
these compounds the ionic radius of the A cations is small
relative to that of the PO, tetrahedra. Therefore, increasing
repulsive and steric stresses induced by pressure can be ac-
commodated by significant changes in its average position,*”
thereby favoring the reconstructive mechanism involved in
the zircon-scheelite transition.*” The more drastic atomic re-
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arrangement that takes place at the zircon-scheelite transition
is what makes this transition irreversible while the zircon-
monazite transition is reversible. These conclusions, drawn
from this and previous works, suggest that DyPO, and
HoPO, should transform into the monazite structure below
15 GPa. On the contrary, according to them, ScPO, (the min-
eral pretulite) should transform from zircon to scheelite be-
yond 20 GPa, in agreement with recent experimental
findings."!

We will discuss now the bulk compressibility of ortho-
phosphates. In order to do it, in Table II, we summarized the
bulk modulus of the low- and high-pressure phase of differ-
ent compounds. The first conclusion we obtain is that zircon
and monazite phosphates have a larger bulk modulus than
other phosphates of similar stoichiometry in which the phos-
phorus is in sixfold coordination (e.g., AIPO, and FePO,).*!
We can also conclude that for YPO, the present bulk modu-
lus (149 GPa) agrees better with theory (144-165 GPa) and
ultrasound measurements (132 GPa) than the bulk modulus
obtained under nonhydrostatic conditions (186 GPa). Thus, it
is possible that also the nonhydrostatic bulk modulus of
monazite YPO, and low- and high-pressure ScPO, could be
also overestimated. Table II allows also to conclude that the
HP phases always have a bulk modulus at least 20% larger
than the low-pressure phases From this table, it is also
straightforward to see that within zircon or monazite phos-
phates, as happen with the vanadates,?® there is an inverse
relationship between the atomic volume and the bulk modu-
lus. Consequently, ScPO, is expected to be the least com-
pressible APO, compound as found in Ref. 11. However, it
should be mentioned that the bulk modulus of 376(8) GPa
(Ref. 11) is probably an overestimated value as discussed
above. Note that this value is at least 30% larger than the
same parameter in any other scheelite-structured ABO, ox-
ides. In particular, the reported bulk modulus for scheelite
ScPO, is 70% larger than that of scheelite ScVO, (Ref. 28)
and more than 66% larger than that of the other scheelite-
structured phosphates (see Table II). We think the anomalous
large bulk modulus reported for scheelite ScPO, can be af-
fected by nonhydrostatic conditions and the small number of
data points collected for this structure.!! To close this discus-
sion we would like to add that the bulk moduli obtained from
chemical-bond theory® compare pretty well with experiments
for the zircons. However, in the case of the monazites, this
theory underestimates by more than 10% the value of the
bulk modulus.

For the ambient pressure phase of ABO, compounds that
crystallize in the scheelite or zircon structures, the bulk
modulus can be directly correlated with the compressibility
of the AOg polyhedron. For most of these compounds the
bulk modulus obeys the following empirical formula:*?> B
=610 ZA/di_O; where By is the bulk modulus in gigapascal,
Z, is the formal charge of the A cation, and d,_o is the
average A-O distance (in angstrom) in the AOg polyhedron at
ambient pressure. In Table II it can be seen than the estimates
obtained using this empirical formula are as good as the the-
oretical calculated values for zircons. Therefore, it can be
used as a first approximation to determine the bulk modulus
of compounds such as TmPO, (146 GPa) and HoPO, (142
GPa). If we apply the same empirical formula to monazites,
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FIG. 7. Pressure dependence of bond distances in monazite
LaPOy (solid symbols: experiments. Lines: fits) and zircon YPO,
(empty symbols: experiments. Lines: fits). The P-O distance of
YPO, has been shifted up 0.1 A to avoid the overlap with the P-O
distances of LaPO,.

we find that it underestimates the bulk modulus, even more
than theoretical calculations do. A possible reason for it is
related to the structural differences between zircon and
monazite. Remember that if we compare both structures, we
find that the interpolyhedral empty space of zircon tend to be
filled in monazite by a new A-O bond. As a consequence of
it, the AOy polyhedra of monazite are distorted and more
densely packed, being some of the A-O bonds less compress-
ible in monazite than in zircon. To check this hypothesis, we
extracted from the experimental data the bond distances of
monazite LaPO, and zircon YPO, as a function of pressure.
The results are summarized in Fig. 7. There it can be seen
that, in zircon the A-O bonds are much more compressible
than the P-O bonds. Consequently they account for most of
the volume reduction, and the empirical relation can be ap-
plied. In the case of monazite, we have a more complicated
scenario. Three P-O bonds are rigid but the remaining one is
more compressible than the others. In the case of the A-O
bonds of monazite, we have four rigid bonds and five com-
pressible bonds. The more rigid bonds are those with the
longest projection along the ¢ axis and the most compressible
bonds are aligned along the a-b plane. Therefore, it is clear
that the bulk compressibility of monazite phosphates cannot
be explained within the framework developed for zircons
and scheelites.® Basically, since only some of the A-O bonds
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are highly compressible in monazite, the empirical relation
should underestimate the bulk modulus of monazites. This is
exactly what we found as can be seen in Table II.

IV. CONCLUDING REMARKS

We performed RT ADXRD measurements on LaPQOy,,
NdPO,, EuPO,, GdPO,, ErPO,, and YPO, up to 30 GPa
using neon as pressure-transmitting medium. In LaPO4 we
found the onset of a phase transition from monazite to a
more symmetric structure at 26.1 GPa. For the HP phase we
proposed a barite-type structure. The phase transition is non-
reversible. In NdPO,, EuPO,, and GdPO, we found that the
monazite structure remains stable up to 30 GPa. In YPO, and
ErPO, we detected a phase transition from zircon to mona-
zite at 19.7 GPa and 17.3 GPa, respectively. The transition is
reversible upon decompression. The reported transformations
are consistent with the structural sequence deduced using
crystal-chemistry arguments from other ABO,, oxides.® In ad-
dition, based upon the present and previous results a struc-
tural systematic for orthophosphates is discussed. From the
experiments, we also obtained the axial and bulk compress-
ibility of the different compounds. We found that compres-
sion is anisotropic and determined the EOS for the different
phases. In particular, ScPO, is proposed to be the less com-
pressible zircon-type orthophosphate. We also found that in a
given compound the monazite structure is less compressible
than the zircon structure due to the higher packing efficiency
of monazite versus zircon. Finally, for zircon YPO, we found
a differential polyhedral compressibility. The PO, tetrahedra
are much stiffer than the YOg dodecahedra. In the case of
monazite LaPO, we found a different behavior; not only the
P-O bonds but also some of the A-O bonds show an uncom-
pressible nature. These facts have been related with the an-
isotropic compressibility of both structures.
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