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ABSTRACT: The dissolution of α-FePO4 and the α-
Ga0.75Fe0.25PO4 solid solution with α-quartz-type structures
under hydrothermal conditions in 1 M HNO3 aqueous
solution was investigated by in situ X-ray absorption
spectroscopy (XAS) at the Fe K-edge. The solubility of α-
FePO4 increases with temperature and is higher at 25 MPa
than at 50 MPa. The Fe3+ cation in solution is 6-fold
coordinated with an average Fe−O distance close to 2.0 Å. A
similar experiment was performed with a solid solution of α-
quartz-type Ga0.75Fe0.25PO4 as the starting phase under a
pressure of 25 MPa. By varying the temperature from 303 K
up to 573 K a single crystal was grown with 23% Fe3+ with the
α-quartz-type structure. These results show that the crystallization of pure α-quartz-type FePO4 by the hydrothermal method is
not possible due to the formation of very stable Fe3+ hexa-aquo complexes [Fe(H2O)6]

3+ and to the absence of FeO4 tetrahedra
in solution. Ga3+ cations in solution induce the formation of gallophosphate complexes at the solid−liquid interface, which are at
the origin of the nuclei for crystallization. We propose a crystallization mechanism in which the Fe3+ substitutes Ga3+ with a 4-
fold coordination in mixed (iron/gallo)-phosphate complexes that leads to the growth of an α-quartz-type Ga0.77Fe0.23PO4 single
crystal.

1. INTRODUCTION

Physical properties (dielectric, piezoelectric, etc.) of piezo-
electric materials are often limited by the thermal stability. New
applications require materials with high piezoelectric perform-
ance and with good thermal stability. α-Quartz homeotypes
belonging to P3121 or P3221 space group and with the
MIIIXVO4 (M = Al, Ga, Fe; X = As, P)1−18 general formula are
promising candidates. The piezoelectric properties and thermal
stability are linked to the structural distortion of the α-phase
with respect to the β-phase. The structural distortion can be
described by two angles:11 the intertetrahedral bridging angle θ
and the tetrahedral tilt angle δ (δ = 0° for β-quartz). GaAsO4

and GeO2, which are the most distorted materials with the
lowest θ and the highest δ values, exhibit the highest
piezoelectric coupling coefficients and the highest thermal
stability.12 Among the quartz isotypes, GaPO4 has been widely
studied, its structural (δ = 23.3°, θ = 134.4°)18 and piezoelectric
properties are well-defined (coupling electromechanical co-
efficient k = 16%).15

FePO4 is also a potentially interesting piezoelectric material.
The crystal structure of FePO4 has been studied (δ = 21.5°, θ =
137.8°) under ambient conditions and as a function of
temperature.14,19 The structural distortion of FePO4 is similar
to that of GaPO4, and a similar piezoelectric coupling
coefficient can be expected at room temperature. The
hydrothermal synthesis of FePO4 gives rise to several hydrated
phases such as strengite, phosphosiderite (metastrengite)
(FePO4·nH2O), and ferric giniite Fe5(PO4)4(OH)3·2H2O
depending on the hydrothermal conditions.20,21 The structures
of these compounds are built up of PO4 tetrahedra and FeO6
octahedra. At high temperature, strengite and phosphosiderite
transform to α-quartz-type FePO4.

19,22 Until now, no single
crystal of α-quartz FePO4 has been grown by using the
hydrothermal method. Because of the difficulty to grow a pure
FePO4 single crystal, α-quartz Ga1‑xFexPO4 has been studied.23

The same approach has been already adopted for different α-
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quartz-type solid solutions, several of which have been
prepared: SiO2−GeO2,

24−27 SiO2−PON,28 SiO2−AlPO4,
29

AlPO4−GaPO4,
30−33 AlPO4−AlAsO4,

30 AlPO4−FePO4,
29

GaPO4−FePO4.
30 In the particular case of the SiO2−GeO2

binary solid solution, in order to optimize the conditions for
crystal growth, the dissolution of Si1−xGexO2 (0.2 < x < 0.5)
solid solutions under hydrothermal conditions was studied by
in situ X-ray absorption spectroscopy at the Ge K-edge.27 The
analysis of the absorption spectra provided information about
the dissolution kinetics and the local structure around Ge atoms
as a function of the solvent and solid solution composition. The
structure and reaction mechanisms of Fe3+ in aqueous solution
have been studied by X-ray absorption (spectra recorded at K-
edge) and Raman spectroscopy,36,37 showing the Fe3+

hydration with an octahedral coordination forming [Fe-
(H2O)6]

3+ complexes. In addition, the study of Ga3+ in
aqueous solution by XAS also confirms the 6-fold coordination
around Ga3+ by six water molecules with a Ga−O distance of
1.956 Å.38

A similar approach was adopted in the present study, which
focuses on the effect of hydrothermal conditions on the local
structural environment of the Fe atom during the dissolution of
α-FePO4 and α-Ga0.75Fe0.25PO4 and the mechanisms of
nucleation and crystallization in 1 M HNO3 by in situ X-ray
absorption spectroscopy (XAS).

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. α-Quartz-type FePO4 was obtained by

heating pellets of FePO4·2H2O (Strengite, Sigma-Aldrich) at 873 K for
24 h and checked by X-ray diffraction (XRD). A Ga1‑xFexPO4 (x =
0.25) solid solution was prepared from a mixture of GaPO4 (GaPO4
powder was synthesized by a hydrothermal method4,5) and
FePO4·2H2O. A pellet was compressed at 2 tons for 5 min. This
mixture was heated at 1148 K for 7 days in air, and the final products
were characterized by XRD. The solvent used for hydrothermal
experiments was 1 M HNO3.
2.2. X-ray Absorption Experiments under Hydrothermal

Conditions. XAS spectra were recorded at Fe K-edge (7.112 keV)35

in transmission/fluorescence modes simultaneously with a beam size
of 300 × 200 μm2 at the BM30B FAME (French absorption beamline
in materials and environmental sciences) beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble.39,40 The X-ray
beam produced by the source was focused in the horizontal plane by a
Si (220) double-crystal as a monochromator and by two Rh-coated
mirrors in the vertical plane. The beam position is fixed during the
acquisition for all experiments. A high temperature autoclave with
three Be windows was used for high pressure experiments. This
autoclave can be used in transmission and fluorescence modes.41 The
solid sample and the solution were placed in a HP/HT cell made of
glassy carbon (internal diameter = 4.0 mm, length = 85 mm). The cell
is completely full. Inside the tube, two carbon pistons transmit the
pressure generated by high-purity helium gas. The pressure is
controlled by high-pressure strain gauges. A molybdenum resistive
heater was used to heat the cell, and temperature was controlled by
using two calibrated K-type (Pt−Pt/Rh) thermocouples. The
autoclave was cooled by a water jacket. During the experiments,
pressure was applied before heating the cell. The temperature in the
cell was calibrated by calculating the density of distilled water as a
function of pressure and temperature based on XAS measurements
and comparing it with values from the National Institute of Standard
and Technology.42

2.3. XAS Spectra. 2.3.1. Extended X-ray Absorption Fine
Structure, EXAFS. The EXAFS oscillations are related to the local
structure around the iron atom in solution43 and the absorption jump
(Δμ) to the concentration, respectively. In transmission mode, Δμ can
be obtained as follows

μ σΔ = Δ xM m dFe Fe Fe fluid

where ΔσFe is the variation of the total absorption cross section of Fe
at the K-edge (cm2/g), x is the optical path length inside the cell (cm),
MFe is the atomic mass, mFe is the molal aqueous Fe concentration
(mol/kg of solution), and dfluid is the density of the aqueous solution
(g/cm3) at a given T and P.44

Even if this formula is not applicable in fluorescence mode, the
evolution of the height of the absorption edge corresponds to the
variation of the concentration of the absorbing element in solution at a
given T and P. The absorption edge height (Δμ) was calculated from
the difference between the fitted curves (spline curves) for the pre-
edge and postedge of the absorption signal. EXAFS signals were
analyzed using the Athena software for signal extraction (IFEFFIT)
and by Artemis for fitting the EXAFS spectra.45 The signal was
normalized, and then the EXAFS oscillations χ(k) were extracted. The
distance to the neighboring shells and EXAFS Debye−Waller factor
were fitted. The error in determining the edge energy ΔE0 was also
fitted. The amplitude factor (So2) was fixed to 0.7. All fits were
performed in R space.

2.4. EPMA and Raman Spectroscopy. The chemical composi-
tion of the single crystal (Ga1‑xFexPO4) was studied using an electron
probe microanalyzer (EPMA CAMECA SX 100) with five wavelength
dispersive X-ray spectrometers (WDS). Single crystals were embedded
in epoxy resin and then polished. A focused beam of 10 nA under 20
kV of accelerating voltage with counting times of ∼30 s was used for
analyses using Fe, P, and Ga Kα lines. Calibration was performed using
Ga2O3, AlPO4, and Fe2O3 as standard materials. Raman measurements
were performed on a Horiba Jobin-Yvon Labram Aramis Raman
spectrometer using a blue diode laser (λ = 473 nm).

2.5. Single Crystal XRD. The structure of the Ga0.77Fe0.23PO4
single crystal was determined by using XRD-data obtained with an
Agilent Xcalibur 4-circle diffractometer equipped with a CCD detector
using Mo Kα radiation (λ = 0.7107 Å). The intensity data were
collected using the Crysalis CCD program. The cell parameters were
refined, and the intensity data were reduced and corrected for
absorption using the Crysalis RED program. The structure of the
single crystal was refined by using SHELXL-97 software.46

3. RESULTS AND DISCUSSION
3.1. Solid References. The XAS spectra were recorded in

transmission mode at the Fe K-edge (Figure 1) for solid
samples of α-FePO4 and α-Ga0.75Fe0.25PO4. These spectra allow
the tetrahedral environment around the iron atom, the energy
position at Fe K-edge, and the pre-edge peak intensity

Figure 1. Transmission XAS spectra of Fe during the dissolution of α-
FePO4 and α-Ga0.75Fe0.25PO4 (Fe

3+ K-edge at 7.136 KeV) and (NH4)2
Fe(SO4)2.6H2O (Fe2+ K-edge at 7.127 keV) at room temperature.
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associated with the 4-fold coordination to be characterized. A
(NH4)2Fe(SO4)2·6H2O sample with Fe2+ with an octahedral
local structure around the iron atom was also studied. The XAS
spectrum related to the octahedral environment of Fe2+ is
characterized by a very weak pre-edge peak and a shift of the
main edge jump to a lower energy in comparison with the main
edge jump of Fe3+ with a tetrahedral environment. The two
oxidation states of iron can be distinguished (E = 7.127 keV for
Fe2+, E = 7.135 keV for Fe3+). The presence of a pre-edge peak
is due to the 1s→ 3d electronic transition, which is located at
about 20 eV before the Fe K-edge.47,48 The intensity of the pre-
edge peak is greater for tetrahedral FeO4 in FePO4 and
Ga0.75Fe0.25PO4 than for octahedral FeO6 in (NH4)2Fe-
(SO4)2·6H2O. The analysis was limited to the first layer of
atoms around the iron atom with a tetrahedral model by using a
Hann-type window to select the range for the first shell
neighbors of the iron atom (Figure 2b). The results of fits are
shown in Table 1. The Fe−O distance of 1.85 Å is in good
agreement with the interatomic distance of iron in 4-fold
coordination.14

3.2. Dissolution of α-Quartz FePO4. The dissolution of α-
FePO4 solid samples was studied in nitric acid solutions under
different hydrothermal conditions (Figure 3). The absorption
edge height during the dissolution of FePO4 (10.8 mg) under
25 MPa in 1 M HNO3 (0.21 mL) presents a maximum value at
518 K (Figure 3a,b) and then drastically decreases after 20 h
due to a crystallization process. In the case of the dissolution of
FePO4 (11.2 mg) in 1 M HNO3 (0.18 mL) under 50 MPa up
to 618 K (Figure 3c,d), the absorption edge height increases up
to 393 K and remains quite stable at higher temperature. At 25
and 50 MPa, these results demonstrate that the iron
concentration increases as a function of temperature with
only small variations. At 25 MPa, the decrease in iron
concentration at 518 K is due to the crystallization of
FePO4·2H2O as confirmed by Raman spectroscopy. This result
demonstrates that FePO4·2H2O is thermodynamically more
stable than the α-quartz phase under hydrothermal conditions.
In aqueous solution, iron crystallizes preferentially in 6-fold
coordination. The α-quartz phase was completely dissolved and
recrystallizes to give FePO4·2H2O at the end of the experiment.
At 50 MPa, the iron concentration does not decrease, because
the time of observation is shorter than for 25 MPa and no
crystallization was observed; only a small quantity of the initial
sample was recovered. This proves that HNO3 at 50 MPa is a
less efficient solvent than at 25 MPa. Moreover, the absorption
edge height in dilute nitric acid is higher at 25 MPa than at 50
MPa (Figure 3). This result can be explained by the behavior of
nitric acid under pressure.49 The increased pressure enhances
the formation of an H-bonded polymer-like compound that

Figure 2. (a) Normalized (k2·χ(k)) Fourier transform for the first neighbor atoms measured in transmission mode at the Fe K-edge. (b) Example of
a Fourier transform for FePO4 in R space with the window used to isolate the peak related to the first shell of atoms. (c) Inverse Fourier transform
fitted by using a FeO4 tetrahedral model.

Table 1. Fe K-Edge EXAFS Data for FePO4 in the Solid
Statea

samples k (Å)−1 Fe−O (Å) σ2 (Å2) × 10−3

FePO4 2−10 1.85 (1) 2.0(5)
Ga0.75Fe0.25PO4 2−10 1.84(1) 2.7(1)

aFactor-R ∼ 0.0001−0.0008, ΔE (eV) = −1.95(1) to −1.10(2), χred ∼
1.98−5.60, S02 = 0.70, and N0 = 4.0.
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decreases the strength of the nitric acid limiting the dissolution
capability of the solvent.
3.3. Analysis the Local Structure around the Iron

Atom in 1 M HNO3 from XAS Spectra. a. Pre-Edge Peak
Features. According to Wilke et al.,47 pre-edge peaks in
XANES spectra for FeO6 octahedra are less intense compared
to that for FeO4 tetrahedra. The intensities of the pre-edge peak
is related to the coordination around the iron atom. The
intensity of the pre-edge peaks (Figure 4) in XANES spectra of
FePO4 in 1 M HNO3 solution are lower compared to that in
the solid state, which confirms the formation of octahedral
environment around the iron atom in solution. Pokrovski et
al50 have shown that the Fe3+ ions undergo rapid hydration in
acidic solutions and form octahedral coordinated species. On
the basis of the analysis of XANES pre-edge, the solvated iron
in dilute nitric acid forms FeO6 octahedra with six oxygen
atoms under pressure and temperature.
b. EXAFS Analysis. XAS spectra of Fe3+ in 1 M HNO3

present clear EXAFS oscillations that can be analyzed to study
the local structure around the iron atom in solution. The same
procedure used as previously for the solid state was applied for
analyzing the local structure except that an octahedral
environment was considered. The K2·χ(k) oscillations (Figure
5a) are very similar. The Re[χ(q)] component is fitted in k
space for 6.0 neighboring oxygen atoms in the first shell,
leading to a good fit to the experimental signal (Figure 5c). An
interatomic Fe−O distance in solution of about ∼2.0 Å was
obtained (Table 2), which is in good agreement with the
literature36,37,51 for an octahedral Fe3+ environment with six
oxygen atoms forming [Fe(H2O)6]

3+ complex species. The

Fe−O distance is not affected by temperature and pressure.
The Debye−Waller factor (σ2) is higher in solution (Table 2)
compared to the solid state (Table 1). This can be explained by
the dynamics of the exchange of water molecules around the
iron atom in solution. The EXAFS analysis confirms the
octahedral environment around Fe3+ in solution at high
pressure and temperature.

3.4. Dissolution and Crystallization of α-Quartz
Ga1‑xFexPO4 by in Situ XAS. a. In Situ XAS. The dissolution

Figure 3. Normalized XAS spectra for the in situ dissolution of FePO4 at the Fe K-edge in 1 M nitric acid at (a) 25 MPa and (c) 50 MPa and
different temperatures. Absorption-edge height as a function of time and temperature at (b) 25 MPa, (d) 50 MPa.

Figure 4. XANES spectra at the Fe K-edge and pre-edge peak of the
XANES spectra at the Fe K-edge of FePO4 in the solid state and in
solutions under different hydrothermal conditions.
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of the α-Ga0.75Fe0.25PO4 solid solution (7.1 mg) in 1 M HNO3

(0.23 mL) at 25 MPa from 303 to 568 K for 12 h was studied
(Figure 6a) by in situ XAS. The drastic decrease of the
absorption-edge height at 518 K after 10 h of dissolution is due
to crystallization (Figure 6b). At the end of the experiment, no
unreacted powder was present in the bottom of the cell; only
one single crystal was obtained. The quality of the EXAFS
oscillations was not sufficient to extract further information
about the local structure around the iron atom during the
dissolution.

b. Crystal Structure of Ga0.77Fe0.23PO4. After the dissolution
experiment, a 172 × 75 × 60 μm3 single crystal was obtained
and characterized by EPMA and single crystal XRD. The
composition is 23% at. Fe (Ga0.77Fe0.23PO4). The structure was
refined by SHELXL-97 (Tables 3−8). The structural
parameters and agreement factors of the structural refinement
indicate that the crystal is of an excellent crystalline quality. The
fractional atomic coordinates, bond distances M−O, and angles
θ and δ are found to vary continuously as a function of the
composition which was fixed to the EPMA values. According to
the refinement results, the cell parameters a and c, the cell

Figure 5. Normalized (k2·χ(k)) at 25 MPa, 50 MPa and different temperatures: (a) Fourier transform for the first neighbor atoms measured in
fluorescence mode at Fe K-edge, (b) Fourier transform in R space, (c) inverse Fourier Transform fitted by using a FeO6 octahedral model.
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volume, and the M−O distances increase linearly as a function
of composition x (Figure 7) between the two end-members
GaPO4 and FePO4. The degree of distortion decreases with x
(θ increases and δ decreases). The structure is shown in Figure
8.
In the Al1‑xGaxPO4 solid solution, the structural distortion

(i.e., θ and δ) is found to vary continuously as a function of
composition between the pure end members, AlPO4 and
GaPO4 (θ decreases and δ increases with x33). In the case of
Al1‑xGaxPO4 the structural evolution is opposite to that of
Ga1‑xFexPO4: the cell volume is constant due to the almost
identical nonbonded radii of Al3+ and Ga3+ (1.62 and 1.63 Å,
respectively). In this case, the greater value of the ionic radius
for Ga3+ (0.47 Å) compared to this of Al3+ (0.39 Å) leads to an
increase of the degree of the distortion by increasing x. For
Ga1‑xFexPO4, the observed behavior can be explained by the
nonbonded radii of Ga3+ and Fe3+ cations. Indeed, the
nonbonded radius of Fe3+ (1.68 Å) is greater than that of
Ga3+ (1.63 Å)32 leading to an increase of the M−P distance
(Ga−P = 3.085 Å and Fe−P = 3.16 Å)52,54 and in consequence
to an increase in unit cell volume. In spite of the larger ionic
radius of Fe3+ (0.49 Å) compared to Ga3+ (0.47 Å),55 the
increase of the cell volume makes that the structure becomes

Table 2. EXAFS Fitting Parametersa

T (K) k (Å)−1 Fe−O (Å) σ2 (Å2) × 10−3

P = 25 MPa, Fe−O(Å)36,37 = 1.99, 2.10
303 2−15 1.99(1) 6.8(2)
323 2−15 1.99(1) 5.7(2)
333 2−15 1.99(1) 4.7(1)
353 2−15 1.99(1) 4.8(2)
378 2−15 1.99(1) 5.2(1)
393 2−15 2.00(1) 6.0(2)
453 2−15 2.01(1) 5.8(2)
463 2−15 1.99(1) 7.0(3)
473 2−15 1.99(3) 4.3(5)

P = 50 MPa, Fe−O(Å)36,37 = 1.99, 2.10
303 2−15 1.99(1) 6.8(2)
323 2−15 1.99(1) 5.7(2)
333 2−15 1.99(1) 4.7(1)
353 2−15 1.99(1) 4.8(2)
378 2−15 1.99(1) 5.2(1)
393 2−15 2.00(1) 6.0(2)
453 2−15 2.01(1) 5.8(2)
463 2−15 1.99(1) 7.0(3)

aR-factor ∼ 0.002−0.016, ΔE (eV) = −5.78(5) to −1.22(1), χred ∼
1.3-9.90, S0

2 = 0.7, and N0 = 6.0.

Figure 6. (a) XAS spectra and (b) absorption-edge height during the
dissolution of Ga0.75Fe0.25PO4 at 25 MPa.

Table 3. Experimental Data: Single Crystal X-ray Diffraction

Ga0.77Fe0.23PO4

T (K) 293(2)
cryst syst trigonal
space group P3221
a = b (Å) 4.92938(3)
c (Å) 11.0940(6)
V (Å3) 233.45(1)
h, k, l −7 ≤ h ≤ 7

−7 ≤ k ≤ 7
−16 ≤ l ≤ 16

density (g/cm3) 3.43
diffractometer Agilent Xcalibur
radiation type Mo Kα
wavelength 0.7107
abs corr numerical
μ (mm−1) 8.236
Requivalents 0.023
Rσ 0.009
no. measured reflections 8926
no. unique reflns 555
no. obsd reflns (I > 2σ) 543

Refinement
R 0.0227
RW 0.071
χ2 1.44
no. params 29
extinction coeff 0.015(2)
weighting scheme w = (σ2Fo

2 + 1.24P)−1 where P = (Fo
2 + 2FC)/3

Table 4. Fractional Atomic Coordinates and Equivalent
Isotropic Displacement Parameters (Å2) for Ga0.77Fe0.23PO4

x y z 100 × Ueq

Ga/Fe 0.4567(1) 0 −0.333 0. 76 (3)
P 0.4562(3) 0 −0.833 0.81(2)
O1 0.408(1) 0.2698(7) −0.8728(3) 1.47(6)
O2 0.5907(9) −0.0918(8) −0.9399(3) 1.47(6)
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less distorted when Fe3+ cation substitutes Ga3+ in the α-quartz
solid solution. The changes in the angles (θ and δ) correspond
to a decrease of degree of distortion with an increase of the
Fe3+-content: θ increases and δ decreases with x (Table 8).
c. Role of Ga3+ in the Crystallization Process. The analysis

of EXAFS oscillations during the dissolution of α-
Ga0.75Fe0.25PO4 in 1 M HNO3 confirms the immediate
formation of 6-fold coordination around the iron atom.
Previously, pure GaPO4 crystal growth has been studied by
31P and 71Ga NMR spectroscopy.53 The presence of hexa-aqua-
gallium complexes [Ga(H2O)6]

3+ has been confirmed, but in
presence of phosphate groups gallophosphate species have been
observed and considered to be the most reactive units for the
crystal growth process.
The existence of species containing Ga3+ and P5+ in acidic

solutions governs the crystallization of an α-quartz structure
with GaO4 and FeO4 tetrahedra. Even if the Fe

3+ ions are 6-fold
coordinated in solution, the presence of gallophosphate species
induces the crystallization in α-quartz structure. On the basis of
the mechanism of GaPO4 growth, we propose that the
crystallization mechanism of mixed α-quartz Ga1‑xFexPO4
requires the formation of a mixed Ga/Fe phosphate complex
at the solid−liquid interface, which is at the origin of the
crystallization of the α-quartz-type solid solution with 4-fold
coordinated iron.

4. CONCLUSION
The dissolution of FePO4 and α-Ga0.75Fe0.25PO4 solid solution
under hydrothermal conditions in 1 M HNO3 was studied by in
situ XAS at the Fe K-edge. The height of the absorption edge
indicates the low solubility of FePO4, and the analysis of the
EXAFS oscillations provides information about the local
structure around the Fe3+ atom under hydrothermal conditions.
Fe3+ in 1 M HNO3 is 6-fold coordinated to oxygen (with a Fe−
O distance of about 2.0 Å), which prevents the crystallization of
an α-quartz-type structure in dilute acid. In the case of the
dissolution of α-Ga0.75Fe0.25PO4 in 1 M HNO3 at 25 MPa and
303 K ≤ T ≤ 573 K, crystallization of an α-quartz-type solid
solution occurs. The structure of a single crystal grown by this
method was refined using X-ray diffraction data. A piezoelectric

material based on the GaPO4−FePO4 solid solution with the α-
quartz structure was thus synthesized by hydrothermal

Table 5. Anisotropic Atomic Displacement Parameters (Å2) for α-Quartz-Type Ga0.77Fe0.23PO4

100 × U11 100 × U22 100 × U33 100 × U23 100 × U13 100 × U12

Ga/Fe 0.87(2) 0.69(3) 0.67(2) 0.06(3) 0.032(1) 0.34(2)
P 0.90(4) 0.75(6) 0.73(5) 0.07(6) 0.03(3) 0.38(3)
O1 2.1(2) 1.3(1) 1.4(1) 0.54(1) 0.57(2) 1.18(2)
O2 2.1(2) 1.1(2) 1.3(1) −0.08(1) 0.45(1) 0.89(1)

Table 6. Selected Bond Distances (Å) in α-Quartz-Type
Ga0.77Fe0.23PO4

M−O1 M−O2 P−O1 P−O2

GaPO4
18 1.814 1.820 1.528 1.527

Ga0.77Fe0.23PO4 1.832(3) 1.821(3) 1.527(4) 1.530(3)
FePO4

14 1.858 1.858 1.531 1.521

Table 7. Tetrahedral Bond Angles (deg) in α -Quartz-Type Ga0.77Fe0.23PO4

O2−M−O2 O1−M−O1 O1−M−O2 O1−M−O2 O1−P−O1 O1−P−O2 O1−P−O2 O2−P−O2

GaPO4
18 111.8 111.8 110.3 105.4 109.6 108.0 111.8 107.7

Ga0.77Fe0.23PO4 112.1(2) 113.3(2) 110.4(2) 105.4(2) 107.6(3) 108.4(2) 111.8(2) 109.0(3)
FePO4

14 111.6 114.3 109.3 106.3 108.5 107.7 112.0 109.0

Table 8. Intertetrahedral Bridging and Tilt Angles (deg) in
α-Quartz-Rype Ga0.77Fe0.23PO4

θ(M−O−X) δ

GaPO4
18 134.6 23.4

Ga0.77Fe0.23PO4 135.2(1) 22.98(8)
FePO4

14 137.8 21.5

Figure 7. Plot of a and c cell parameters and the unit cell volume V as
a function of composition x in Ga1‑xFexPO4.
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methods. A crystallization mechanism is proposed with the
formation of mixed Ga/Fe phosphate complexes, which enable
the growth of an α-quartz-type crystal with FeO4 tetrahedra by
using hydrothermal methods. This route could be extended to
grow in acidic solutions new [FeO4]-based materials like new
multiferroelectrics.
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