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High-temperature, structural disorder, phase transitions, and piezoelectric properties of GaPO,
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Gallium orthophosphate was studied at high temperature up to 1303 K by total neutron scattering and
1173 K by piezoelectric measurements. Rietveld refinements at 1223 K confirm the stability of the structural
distortion in the a-quartz-type phase with an average tilt angle 6=18.8° at this temperature. In contrast, reverse
Monte Carlo (RMC) refinements of total neutron scattering data indicate that, whereas the degree of structural
disorder initially slowly varies over a very large temperature interval in the a-quartz-type phase, an increase in
disorder is observed beginning above 1023 K. Piezoelectric measurements indicate that the quality factor (Q)
of GaPO, resonators remains stable up to this temperature above which the piezoelectric properties of the
material degrade. This degradation can be correlated to the increase in structural disorder. RMC refinements
indicate that the high-temperature S-cristobalite-type phase at 1303 K is characterized by significant thermally
induced disorder with oxygen atom density forming a continuous ring around the vector joining neighboring
gallium and phosphorous atoms. Gallium phosphate may be expected to retain its piezoelectric properties up to
within 200 K of the phase transition temperature and as a consequence be used in applications at temperatures

slightly above 1000 K.
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I. INTRODUCTION

The high-temperature behavior of silica (SiO,) is of great
interest for solid state physics, materials (piezoelectric de-
vices, glass, vitroceramics) and Earth sciences. Transitions
are observed at high temperature from the stable phase at
room temperature, trigonal a-quartz, to hexagonal B-quartz,
HP(hexagonal primitive)-tridymite and finally to cubic
B-cristobalite.! There has been considerable controversy con-
cerning the structure and the nature of the disorder in the
high-temperature forms. Recent total neutron scattering stud-
ies indicate that domain models are inappropriate to describe
the disorder present in these phases.>* Instead, the thermally
induced dynamic disorder can be related to excited rigid-unit
modes (RUMs).> There is, for example, no evidence for pre-
ferred oxygen sites around the ring perpendicular to the Si-Si
direction in the [-cristobalite phase.? Significant disorder
was also found in a-quartz prior to the @-f transition and the
level of thermally induced disorder is relatively insensitive to
the phase transition.* The investigation of structural disorder
in the high-temperature phases of silica analogs (GeO,,
AIPO,, etc.) is much more limited®® and the results are not
yet conclusive although again there is evidence for dynamic
disorder,” especially in the S-quartz form of AIPO,.

The presence of dynamic disorder has a major influence
on the physical properties of the different forms of silica and
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its analogs. a-quartz is the most commonly used piezoelec-
tric material, even though its performance is limited at high
temperature. This has important repercussions for applica-
tions in microbalances, pressure sensors and field-test vis-
cometers. Piezoelectric properties are limited in principle by
the a-B phase transition’ at 846 K. In addition, our recent
piezoelectric and total neutron scattering measurements
show that the piezoelectric properties of @-quartz resonators,
particularly the mechanical quality factor Q, degrade
beginning above 573 K and can be linked to increasing
structural disorder found using total neutron scattering
measurements.'® Analysis of these data by reverse Monte
Carlo (RMC) modeling indicated that in this temperature
range the local disorder in the instantaneous structure of
a-quartz  becomes comparable to that of [B-quartz,
B-cristobalite, and silica glass. This local dynamic disorder
in a-quartz at high temperature rapidly dissipates the in-
duced dipoles and results in the observed decrease in Q.
Structure-property relationships have been developed for
a-quartz and ternary a-berlinite (AIPO,) isotypes at ambient
temperature in order to identify new materials with better
intrinsic properties.!'~!® The latter structure type (space
group P3,21 or P3,21, Z=3, as for a-quartz) corresponds to
a cation-ordered derivative of the a-quartz type with a
doubled ¢ parameter. The thermal stability of the
a-quartz-type form and the piezoelectric response were
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found to be a function of the structural distortion of a mate-
rial with respect to the B-quartz structure type. This distor-
tion in the a-quartz structure type?® can be described in terms
of the average intertetrahedral bridging angle 6 and tetrahe-
dral tilt angle &. (Note that for a-quartz at room temperature,
0=143.6°, 6=16.4° and for B-quartz at 848 K, 6#=153.3°,
6=0°.2) The larger the tilt angle & and the smaller the bridg-
ing angle @ the greater the distortion. One of the most prom-
ising materials identified is GaPO,, which exhibits a high
degree of structural distortion?? (#=134.6°, 6=23.3°). The
thermal stability is also high as the tilt angle 6 only decreases
from 23.3° at 293 K to 20.6° at 1023 K and, unlike quartz,
no a- g transition is observed. Furthermore, the piezoelectric
coupling coefficient of 16% is more than double that of
a-quartz.'”> Due to these exceptional properties, GaPO, is
beginning to replace a-quartz in several device applications
where high temperatures are encountered.

The reconstructive transition to the B-cristobalite form of
GaPO, only intervenes above 1206 K and is associated with
very slow kinetics.”> The structure of this form has been
previously investigated by x-ray powder diffraction;?*-%’
however, only the time-averaged structure was refined. The
nature and degree of thermally-induced disorder in this phase
have not yet been described. Upon rapid cooling a meta-
stable a-cristobalite form is obtained, whereas on slow cool-
ing the reverse transition to the a-quartz-type phase is
observed.?*? The aim of the present study was to investigate
GaPO, by total neutron scattering at high temperature in
order to characterize the thermally induced disorder present
in the material, which could result in a degradation of its
piezoelectric properties, and to characterize the high-
temperature, disordered, [B-cristobalite-type phase.

II. EXPERIMENTAL
A. Sample preparation

GaPO, powder was prepared by dissolving 4N gallium
metal in nitric acid followed by precipitation with phos-
phoric acid. The powdered sample was washed, dried and
heated at 700 °C for 2 h in order to eliminate the maximum
amount of hydroxyl groups.

B. Total neutron scattering

GaPO, was studied as a function of temperature on the
GEM time-of-flight (TOF) neutron powder diffractometer?®
at the ISIS spallation source of the Rutherford Appleton
Laboratory (RAL). 2.3 cm?® of the a-quartz type phase was
placed in an 8 mm diameter cylindrical vanadium sample
can in a RAL furnace equipped with a vanadium heating
element. Detection was performed using six banks of ZnS
scintillators: bank 1 (6°<<26<13°), bank 2 (14°<26
<21°), bank 3 (25° <26<45°), bank 4 (50° <26<76°),
bank 5 (79° <260<104°), bank 6 (142° <20<149°). Data
were obtained over a TOF range from 0.8 to 20 ms. Calibra-
tion runs were performed on a vanadium rod, the empty fur-
nace, the empty can in the furnace, and the empty instrument
in order to correctly account for background contributions
and to normalize the data on an absolute scale. The normal-
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ization procedure was carried out using the GUDRUN pro-
gram, which is based on the ATLAS analysis package.? Total
scattering data were acquired for approximately 3 h at each
temperature to obtain the needed very good statistics, par-
ticularly in the important high-Q region, and to cover a wide
range of momentum transfers for good real-space resolution.
Additionally the data were normalized with respect to a stan-
dard vanadium sample and corrected for absorption for Ri-
etveld structure refinements.

C. Structure refinements

Rietveld refinements for the a-quartz-type phase were
performed using the program GSAS (Ref. 30) using the data
from detector banks 3 (d=1-5 A), 4 (d=0.7-3.714 A), 5
(d=0.5-2.385 A), and 6 (d=0.5-1.765 A). The cell con-
stants, atomic positions, anisotropic atomic displacement pa-
rameters, scale factor and two line shape parameters were
varied in the refinements, along with up to 30 background
parameters to account for background contributions due to
diffuse scattering. The anisotropic atomic displacement pa-
rameters of the two crystallographically independent oxygen
atoms were constrained to be identical for temperatures be-
tween 923 and 1223 K. Soft restraints were applied to the
P-O distances (1.52 A) for data obtained in this temperature
range. In the absence of such constraints a significant disper-
sion in the P-O distances was observed, however, the average
distance was not greatly affected. Similar refinements were
carried out on data from the cristobalite phases.

D. Pair distribution functions

The neutron weighted, total pair distribution functions
G(r) are the sine Fourier transform of the neutron total scat-
tering structure factors F(Q). In this case, normalized total
scattering data from different GEM detector banks are
merged together to form one F(Q) for each temperature over
as wide a range of Q as possible. These composite F(Q) are
then Fourier transformed to G(r) using the following func-
tion:

1 “ 5 sin(Qr)
0= ), mH @G
where p, is the number density of the material and G(r) is a
neutron weighted summation of the %n(n+1) partial radial
distribution functions g;;(r) given by

0, (1)

G(r)= E CiCjEiEj[gij(r) - 1], ()

ij=1
where n is the number of atom species in the material and c;

and b; are the proportion and neutron-scattering length of
species i, respectively. The g;;(r) functions contain informa-
tion about the number of atoms of type i around an atom of
type j, averaged over all j atoms. They relate to the instan-
taneous structure (i.e., a “snap-shot”) and as such give
complementary structural information to the “average” struc-
ture determined from Rietveld analysis of Bragg intensities.
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TABLE I. Unit cell parameters, volume, and agreement factors
for trigonal, a-quartz-type GaPO, as a function of temperature.

TK) a(A) c (A) VA) R, R, X
306 4.89606(2) 11.02565(7) 228.890(2) 0.029 0.031 8.3
473 4.90701(2) 11.0353(1) 230.117(2) 0.029 0.031 7.4
673 4.92174(2) 11.0495(1) 231.797(2) 0.029 0.031 6.7
873 4.93857(2) 11.0661(1) 233.737(2) 0.029 0.031 6.2
923 4.94464(3) 11.0675(1) 234.342(2) 0.039 0.033 10.8
973 4.94826(2) 11.0755(1) 234.854(2) 0.029 0.031 5.8
1023 4.95426(3) 11.0783(1)  235.484(2) 0.041 0.034 11.0
1073 4.95921(3) 11.0841(1) 236.079(2) 0.034 0.031 7.7
1123 4.96526(4) 11.0894(1) 236.768(3) 0.045 0.035 12.6
1173 4.97184(4) 11.0939(1) 237.492(3) 0.045 0.034 12.1
1223 4.97897(2) 11.0981(1) 238.264(2) 0.027 0.027 3.4

Note that different formalisms exist for describing these
functions and a summary of their inter-relationships may be
found in Ref. 31 The differential correlation function D(r) in
particular is also used in the present work and is obtained
from G(r) as follows:

D(r) =47rpyG(r). (3)

E. RMC modeling

The general principles of RMC modeling and how it may
be applied to crystalline materials have been reviewed in
detail in Refs. 32 and 33, respectively. Briefly, a supercell of
the average crystalline unit cell is created and randomly cho-
sen atoms within this supercell are moved one at a time a
random amount. Each time a move is attempted various
structural functions are calculated and compared with the
equivalent experimental data. If the agreement improves then
the move is accepted and if the agreement worsens then the
move is accepted with a reduced probability. The process is
continued until the agreement function XﬁMC is minimized
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FIG. 1. Experimental and calculated profiles from the Rietveld
refinement of trigonal, a-quartz-type GaPO, at 873 K. Data from
the GEM detector bank 6 (142° <26<149°) are shown. The dif-
ference profile is on the same scale. Vertical ticks indicate the cal-
culated positions of the reflections.

and further moves cause X}%MC to fluctuate about this mini-
mum value. Here, gy is defined as

XRMC = Xaata + Xeestaints 4)
where
Xaona = 2 [Feae @) = Ferg( Q) Flr(0)(Q)
+ 2 [Deare(r:) = Dexp(”i)]z/O'D(r)(";)
+ EI [Leae(t) = Iexp(fi)]z/U'I(z)(ti) (5)

summing over the n, m, and [ points of F(Q), D(r) and I(z),
respectively. D(r) is related to G(r) defined above (see Ref.
31) and I(7) is the powder profile. X% .in iS defined as

2 2
Xrestraints = WA—OE (rA-O - RA—O)
A-O

(6)

2
+Woro 2 (Bpa-0—00.a.0)
0-4-0

summing over all the intratetrahedral A-O bond lengths and

TABLE II. Fractional atomic coordinates and equivalent isotropic atomic displacement parameters (A2) for a-quartz-type GaPO,.

P3,21-Ga on 3a (x,0,1/3), P on 3b (x,0,5/6), O1, O2 on 6¢ (x,y,z).

T(K)  x@aigy 100°Ugq Xp 100"Ugq Xo1 Yoi

201 100" Ugq X02 Yo2 202 100"Ugq

306
473
673
873
923
973
1023
1073
1123
1173
1223

0.4557(2)
0.4568(2)
0.4584(2)
0.4598(3)
0.4615(3)
0.4608(2)
0.4630(3)
0.4634(3)
0.4641(4)
0.4650(4)
0.4655(3)

0.48(4)
0.84(5)
1.27(7)
1.77(8)
1.86(11)
2.03(9)
2.06(12)
2.25(11)
2.30(14)
2.37(14)
2.69(9)

0.4562(2)
0.4580(3)
0.4598(3)
0.4622(4)
0.4602(4)
0.4640(3)
0.4611(4)
0.4629(4)
0.4623(5)
0.4636(5)
0.4677(3)

0.60(6)

0.93(7)

1.38(9)

1.82(11)
2.22(16)
2.09(12)
2.67(18)
2.74(17)
3.12(22)
3.41(23)
3.00(14)

0.4103(2)
0.4104(2)
0.4108(3)
0.4115(3)
0.4095(4)
0.4118(3)
0.4098(4)
0.4106(4)
0.4105(5)
0.4103(5)
0.4137(4)

0.3185(2)
0.3160(2)
0.3129(2)
0.3094(3)
0.3052(3)
0.3068(3)
0.3023(4)
0.3012(3)
0.2989(4)
0.2966(4)
0.2999(3)

0.3925(1)
0.3932(1)
0.3939(1)
0.3949(1)
0.3955(1)
0.3958(1)
0.3964(1)
0.3969(1)
0.3973(1)
0.3979(1)
0.3980(1)

1.00(4)
1.62(5)
2.40(6)
3.41(8)
3.75(6)
4.01(5)
4.33(7)
4.60(6)
4.99(8)
5.36(9)
5.64(5)

0.4080(2)
0.4094(3)
0.4112(3)
0.4130(4)
0.4161(4)
0.4140(4)
0.4179(5)
0.4176(4)
0.4197(6)
0.4200(6)
0.4157(4)

0.2717(2)
0.2699(2)
0.2672(2)
0.2643(3)
0.2663(4)
0.2630(3)
0.2655(4)
0.2638(4)
0.2645(5)
0.2633(5)
0.2561(3)

0.8724(1)
0.8731(1)
0.8742(1)
0.8756(1)
0.8764(1)
0.8762(1)
0.8772(1)
0.8776(1)
0.8783(2)
0.8790(2)
0.8798(1)

1.03(4)
1.70(5)
2.55(7)
3.49(8)
3.75(6)
4.01(5)
4.33(7)
4.60(6)
4.99(8)
5.36(9)
5.64(5)
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FIG. 2. Polyhedral representation of the crystal structure of
GaPO, at 1223 K viewed along the a direction. Polyhedra contain-
ing Ga are shaded dark gray; those containing P are shaded light
gray. The angle & corresponds to the tilt of the tetrahedra about their
twofold axes parallel to a with respect to their orientation in the
B-quartz-type structure (i.e., with projected A-O and B-O bond vec-
tors at +45°).

0-A-O bond angles (A=Ga,P) within the supercell, respec-
tively. Rp.g and Rg, o were determined from the two lowest-
r peaks in G(r), respectively, and O p_o and O g, o Were
both set to the ideal tetrahedral angle (109.47°). A low
weighting, w, on each restraint was applied to ensure that the
low-r peaks in G(r) were not sharper than those observed
experimentally, and to allow the distributions of distances
and angles to reflect the experimental data rather than the
restraint. These restraints also ensured that the topology of
the network structure was preserved during RMC minimiza-
tion.

F. Piezoelectric measurements

The piezoelectric response of the resonators was mea-
sured using a Hewlett-Packard 8753A network analyzer.

12} ' TK
G723
10R
-C: 1303

W

= 6} 102

(o] n
F e
%

5 10 15 20
r(A)

FIG. 3. Neutron pair distribution functions for GaPOy, as a func-
tion of temperature (a-C= a-cristobalite, B-C= B-cristobalite).
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FIG. 4. Ga-O and P-O bond lengths as a function of temperature
obtained by Rietveld refinement (H, 4) and by total neutron scat-
tering (V,A). The values given for 1303 K correspond to the
B-cristobalite-type phase.

High-temperature experiments were performed in a con-
trolled temperature furnace (0.5 °C). GaPO, resonators
(Piezocryst GMBH) were based on AT-cut (-15.9° Y-rotated
cut) plates using the fundamental thickness shear mode. The
metallized plate was maintained with two conductive metal-
lic clips on the electrodes ensuring the electrical excitation of
the resonator.

III. RESULTS AND DISCUSSION
A. Stability of the a-quartz-type structure

1. Rietveld refinements—average structure

Rietveld refinements (Tables I and II, Fig. 1) confirmed
the stability of the a-quartz-type form of GaPO, from

0.04 i ! \ TK)

Relative probability
[«
Q
N

473

ook, . , ., ., %%
60 90 120 150 180

O-0-0 angle (deg)

FIG. 5. Distribution functions of the intertetrahedral O-O-O
angle in GaPOy as a function of temperature (a-C=a-cristobalite,
B-C=pB-cristobalite). Intratetrahedral O-O-O angles form the peak
centered at 60° (offscale).
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306 to 1223 K (Fig. 2). The thermal expansion coefficient
(T=306 K) can be expressed as follows: ay(K™')=3.29
X 107342.766 X 10~'(T-306)2. The room temperature value
is similar to that of a-quartz-type FePO, (2.924
X 1075 K1) and lower than those of a-quartz (3.7
X 107 K™% and AIPO, (3.97 X 107> K~!).3¢ The structural
data are in good agreement with previous single-
crystal??37-3 and powder*®*! x-ray diffraction studies. In the
present study, data are obtained up to higher temperatures
and the use of neutrons provides more accurate fractional
coordinates for the light oxygen atoms. The expected in-
crease of the Ga-O and P-O bond lengths as a function of
temperature in the time-averaged structure is not observed.
This is similar to the results obtained for the average struc-
tures of many other @-quartz homeotypes and can be related
to thermally induced disorder (see Sec. IIT A 2 below). This
effect is most marked for the least-distorted (SiO, and
AIPO,) (Refs. 4 and 36) and is only minor for the most

0.55
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0.40

£ 0.35
0.30

0.25

0.20F

0.15}

0.10

0.05}

0.00

Relative probability

3 (deg)

FIG. 7. (Color online) Distribution functions of the tetrahedral
tilt angles 8(GaO,) (solid line) and S(PO,) (dashed line) in GaPO,
as a function of temperature.

distorted materials (GeO, and GaAsO,).'>!>1° A more com-
plete structural model is thus required to understand the
high-temperature behavior of GaPO,, especially if one wants
to correlate the physical properties of this material to its
structure.

2. Total neutron scattering—instantaneous structure

Bondlengths may be determined directly from pair distri-
bution functions G(r) (Fig. 3), obtained from neutron total
scattering  structure factors F(Q). The instantaneous
bondlengths extracted from the pair distribution functions
G(r) exhibit the expected increase as a function of tempera-
ture (Fig. 4). The increasing difference between the time av-

30000 . . . . 17.0
1165
25000 - e 7 lis0
v {155
20000 v o ¥ v 1
. 4150
I g g = .
o m {145 __
15000 | ] °
e {140
] x~
10000 1182
I~ Vv 4
J130
v |
5000 | 1125
1120
1 1 1 L ]

0 115
200 400 600 800 1000 1200

1K)

FIG. 8. Quality factor Q (V) and piezoelectric coupling constant
k (M) of an AT-cut GaPO, resonator as a function of temperature.
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306

FIG. 9. Distribution functions of the intertetrahedral Ga-O-P
bridging angle in GaPO, as a function of temperature (a-C
= a-cristobalite, B-C=B-cristobalite). The extreme values for the
a-quartz form are indicated by dashed lines.

eraged and instantaneous bond lengths is an indication of
thermally induced disorder as observed previously for silica
polymorphs at high temperature.>* This disorder is related to
the excitation of large amplitude rigid-unit modes in these
framework structures. This can clearly be seen in the pair
distribution functions for values (i.e., 3—9 10\) greater than
the intratetrahedral O-O distances (Fig. 3) and less than the
distances which reflect the lattice repeat and in the intertet-
rahedral O-O-O angle distributions (Fig. 5) which represent
the relative orientations of neighboring tetrahedra. These an-
gular distributions are obtained from RMC refinement of the
total scattering data (Fig. 6). A significant increase in the
degree of disorder is apparent in the O-O-O angle distribu-
tions in the 973—1223 K temperature range prior to the tran-
sition to the B-cristobalite form. In contrast, there is a con-
tinuous and gradual increase in the width of the tilt angle
distributions (Fig. 7) with the width at 1023 K being 2.3
times that at 306 K. The average values obtained from these
distributions are in good agreement with the results of the
Rietveld refinements. The relative width of the S(PO,) with
respect to the &(GaO,) distributions increases only very

PHYSICAL REVIEW B 73, 014103 (2006)

FIG. 10. The two average structures of the S-cristobalite phase
of GaPO, at 1303 K, looking down a 111 axis. The left- and right-
hand plots show the 96(i) and 48(h) model, respectively.

slightly from 1.27 to 1.32 over this temperature interval with
the lighter P-centered tetrahedra always exhibiting broader
distributions. This may be a sign that there is no great change
in the relative degree of motion of the two different types of
tetrahedra. The average o values for the GaO, and PO, tet-
rahedra decrease respectively from 20.9° and 25.7° at 306 K
to 16.8 and 20.8° at 1223 K indicating the relative stability
of the a-quartz form. This is very different from the behavior
of a-quartz (Ref. 4 and 21) (SiO,) for which the & value
decreases strongly and then drops to 0° at the «-f phase
transition at 846 K.

B. Piezoelectric results at high temperature

Piezoelectric measurements were performed on a GaPO,
resonator up to 1073 K, the results of which are shown in
Fig. 8. The piezoelectric properties of a resonator can be
characterized in terms of two quantities, the mechanical
quality factor Q, which is a measure of the quality of the
resonator with respect to acoustic attenuation, and the elec-
tromechanical coupling coefficient k. These two properties
are defined as follows:

Q=27Lf,IR, (7
k= W/z[(fa_fr)/fa]l/za (8)

where L is the self-inductance and R is the resistance of the
resonator. f, and f, are the frequencies of resonance and

TABLE III. Rietveld refined structural parameters for the two possible models of the S-cristobalite phase
of GaPO, at 1303 K. (Space group F43m, cell parameter, a=7.14520(6) A, volume/formula unit V/Z

=91.197 A3)

48(h) model (x¥*=4.03) 96(i) model (x*=4.06)
Atom Fractional coordinates 100U (A?) Fractional coordinates 100U (A?)
Ga 4(a) (000) Uy=8.72(11) 4(a) (000) Uyey=7.04(9)
P 4(c) (333 Uio=7.47(11) 4(c) (359 Uiy=9.02(13)
0 48(h) (x,x,2) U, =Uy»=10.58(18)  96(i) (x,y,2) Uyiy=9.25(9)

x=0.0962(3) U33=9.58(15) x=0.0708(6)

2=0.1983(4) U,,=-0.70(20) $=0.1280(9)

occ=1/3 U13=U»=-0.91(8) z=0.1923(5)

occ=1/6

014103-6



HIGH-TEMPERATURE, STRUCTURAL DISORDER,...

FIG. 11. RMC model of the B-cristobalite phase of GaPO, at
1303 K, projected down 111. The left-hand plot shows the whole
configuration whereas the right-hand plot shows the atoms super-
imposed onto a single unit cell. Ga, P, and O atoms are large mid-
gray, nearly black, and small light gray/shaded white spheres,
respectively.

antiresonance, respectively. The mechanical quality factor is
very sensitive to structural disorder and defects in the mate-
rial and characterizes the purity of the spectral signal. In
a-quartz homeotypes,'>!319 the electromechanical coupling
coefficient k has been correlated to the structural distortion
expressed by the intertetrahedral bridging angle 6.

A high Q factor was measured up to 973 K (Fig. 8).
Above this temperature, the Q value was found to decrease.
This decrease continued to higher temperatures with the sig-
nal obtained at 1123 K being characteristic of a poor resona-
tor. No signal was obtained at 1173 K. The observed de-
crease in Q can be correlated to the increase in structural
disorder, which is particularly evident in the O-O-O angle
distributions (Fig. 5). At moderate temperatures, distinct
maxima are observed in the distributions. Beginning close to
973 K, the distribution widens and becomes very broad
above 1123 K. This is evidence that the relative orientations
of the individual tetrahedra and the corresponding dipoles
are no longer correlated on a short time scale, thereby pro-
viding a mechanism for the loss of the piezoelectric signal at
these temperatures. It can be noted that the tetrahedra them-
selves remain relatively undistorted as can be seen from the
relatively unchanged Ga-O and P-O bond length and intratet-
rahedral O-O-O angle distributions. This further supports the
model of large amplitude rigid unit vibrations as the origin of
the observed disorder.

In contrast to the Q factor, the electromechanical coupling
coefficient k only decreases from 14.9 to 14.5% over the
temperature interval from 293 to 1073 K (Fig 8). In parallel,

PHYSICAL REVIEW B 73, 014103 (2006)

110+
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FIG. 12. Orientation of PO, tetrahedra about GaO, tetrahedra in
terms of Ga-O-P bond angle 6 and torsional angle ¢.

the instantaneous average Ga-O-P angle (6) increases from
134.3° to 137.2°, Fig. 9. Such a decrease is expected based
on correlations between k and 6 at ambient temperature.
Note that the Rietveld refinements of the average structure
overestimate the structural distortion at high temperature and
thus cannot be used to establish in situ structure-property
relationships at high temperature. The # value obtained from
Rietveld refinements, for example, increases from 134.4° at
306 K to 139.5° at 1073 K. This large increase in 6, which is
almost twice that observed in the instantaneous structure,
arises from the fact that the average structural model cannot
accurately represent the structure when substantial disorder
is present.

C. Structures of the cristobalite-type phases

The structure of the [B-cristobalite phase of GaPO, has
been investigated at 1303 K and of the a-cristobalite phase
at room temperature and 723 K, using both Rietveld and
RMC analysis of the neutron diffraction data. Of particular
interest is the nature of the disorder apparent in the high-
temperature B phase. There have been a small number of
reports of this structure based on high-temperature x-ray dif-
fraction, both for GaPO, (Ref. 27) and AIPO, (Refs. 42 and
43) (where the B-cristobalite phase occurs at lower tempera-
tures). The structural topology of the S-cristobalite phase of
both SiO, and GaPO, is the same. However, the alternation

TABLE IV. A summary of the intratetrahedral bond lengths and intertetrahedral bond angles from the
cristobalite phases of GaPOy. (The room-temperature data were measured for too short a time to obtain

meaningful total scattering data.)

Ga-Ogenyeid (A) Ga-Ogyy (A) P-Ogieryera (A) P-Ogy) (A) Ga-O-Pgieyerq (deg) Ga-O-Pryc (deg)

RT (@) 1.811(1) 1.522(1)
1.812(1) 1.523(1)
723K (a) 1.784(2) 1.81 1.509(2)
1.796(2) 1.522(3)
1303 K (8) 1.726(4) 1.81 1.603(3)

132.94(5)
135.43(5)

1.53 136.2(1) 135
138.4(1)

1.54 136.65(8) 139
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FIG. 13. The average a-cristobalite structure of GaPO, at 723 K
obtained by Rietveld refinement (LH panel) and from the RMC
model (RH panel). The unit cell is shown projected down the ¢ axis.

of Ga and P in the tetrahedral sites reduces the Fd3m sym-

metry of SiO, (Ref. 44) to F43m in GaPOQ,. Furthermore, it
was found that the optimum position for the oxygen atoms
was on the 48(h) (x,x,z) sites with x=0.106(2) and z
=0.207(5), each 1/3 occupied (at 973 K).?’ This leads to a
somewhat different picture of the thermal disorder than that
of the B-cristobalite phase of SiO,, where the structure is
characterized by a six-fold splitting of the oxygen site in
(110) directions away from the position which is midway
between the silicon atoms.** The low-temperature
a-cristobalite phase is more ordered and is described in the
orthorhombic space group C222; (see, for example, Refs. 45
or 27).

1. B-cristobalite-type structure

Various models of the oxygen disorder were attempted

within space group F43m, all with Ga atoms placed on 4(a)

(000) sites and P atoms on 4(c) (J;j-‘j-l) sites and no restraints

on any bond lengths or angles. Of these, two yield an almost
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identical, excellent fit to the diffraction data. The first, fol-
lowing earlier work,?’ placed O atoms on 48(h) (x,x,z) sites
with anisotropic atomic displacement parameters (ADP’s)
and each site 1/3rd occupied. The second, considered 1/6th
occupation of 96(i) (x,y,z) sites and isotropic ADP’s. The
structural parameters from both refinements are summarized
in Table III. Earlier refinements of the 96(i) model found that
it converged to the 48(h) model;* this minimum was also
observed here, but with a slightly worse fit to the one shown
in Table IIT [where the partially occupied O sites are 0.58(1)
or 0.65(1) A apart]. It is difficult to distinguish between the
two models, since both are essentially using split-sites and
ADP’s to characterize thermal disorder. Figure 10 shows this
clearly; although the 48(%) model contains fewer sites than
the 96(i) model, anisotropic ADP’s spread the atomic density
in directions to encompass the 96(i) sites.

Inspection of the bond lengths and angles also shows little
difference between the models, with values for the P-O,
Ga-O bondlengths and Ga-O-P bond angles of 1.597(3) A,
[1.603(3) A], 1.719(2) A [1.726(4) A], and 137.83(18)°,
[136.65(8)°] respectively, for the 48(h) [96(i)] models. The
96(i/) model produces less distorted tetrahedra, although
again the difference is marginal. (For comparison, the two
lowest-r peaks in the radial distribution function G(r) give
instantaneous bond lengths of 1.54 and 1.81 A for P-O and
Ga-0, respectively, see Table IV).

Average structural models similar to the ones above have
been used in the past to suggest that the high-temperature
B-cristobalite phase of SiO, is composed of a superposition
of domains of lower symmetry.*® However, before using
these models to infer threefold or sixfold domain superposi-
tions, it is important to consider the local structural correla-
tions using RMC modeling (and following Ref. 44). A

TABLE V. Rietveld refined structural parameters for the a-cristobalite phase of GaPO, at room tempera-

ture and 723 K.

T(K) 293
ad b4 c (&) ViZ (A3
6.9716(1) 6.94840(9) 6.86967(5) 83.19
X y b4 Ujso or Uy
(100 A?)
Ga 0 0.1844(2) 1 0.71(2)
P 03187(2) 0 0 0.79(3)
Ol  0.1976(1) 0.0291(1) 0.1821(1) 1.41(4)
02 0.4444(1) 0.1758(1) 0.9653(1) 1.89(4)
T(K) 723
a(®) b4 c (&) viZ (A%
7.0073(2) 6.9864(2) 6.9156(1) 84.64
X y z Ujso or Uy
(100 A?)
Ga 0 0.1908(3) & 2.61(6)
P 03147(5) 0 0 2.02(6)
Ol  0.1935(3) 0.0377(3) 0.1787(2) 4.9(1)
02 04377(3) 0.1724(3) 0.9584(3) 5.8(1)

Up Uz Uy Uz Uyp
(100 A%) (100 A?) (100 A%) (100 A?) (100 A?)
1.65(5) 1.21(4) 0.64(3) 0.56(3) 0.33(4)
1.48(4) 1.04(4) -0.99(4) -0.24(4) 0.41(4)
U Uss Ui Uiz U
(100 A%) (100 A%) (100 A%) (100 A%) (100 A?)
44(1)  36(1)  20(1)  12(1)  08(1)
3.8(1) 3.2(1) =3.1(1) -0.7(1) 1.0(1)
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5X 5 X5 supercell of the B-cristobalite phase of GaPO, was
refined using RMC modelling of the Bragg profile F(Q) and
D(r) data from GaPO, at 1303 K. Excellent fits were ob-
tained to all three data sets, comparable to the ones shown in
Fig. 6 for the a-quartz phase. The resulting model (see Fig.
11) shows no evidence for either a threefold or sixfold dis-
tribution of O atoms between neighboring Ga and P atoms.
This is more formally demonstrated by calculating the distri-
bution of the orientation of each tetrahedra with respect to its
neighbors in terms of the Ga-O-P angle 6 and torsional angle
¢ (the rotation of the P-O bond about the vector defined by
the Ga-O bond). This distribution, shown in Fig. 12, has no
preferred local orientations and it is concluded that the dis-
tribution of O atoms around the vector joining neighboring
Ga and P atoms forms a continuous ring broadly centered at
0~ 139°. Therefore both Rietveld refined average models are
(good) approximations of the true O disorder in this phase
and nothing can be inferred from the number of partially
occupied sites in either average model.

2. a-cristobalite-type structure

Neutron powder diffraction data from a-cristobalite at
room temperature and 723 K were refined in space group
(€222, without any restraints on any bondlengths or angles.
Neither diffraction pattern showed peaks from other phases.
The refined structural parameters shown in Table V are con-
sistent with earlier x-ray diffraction work,* although the
overall volume expansion is somewhat different, either due
to differences in temperature calibration, or resulting from
the fact that the neutron data were taken on cooling from the
high-temperature S-cristobalite phase.”’” The anisotropic
adp’s for the O atoms imply increased thermal motion per-
pendicular to the Ga-O and P-O bonds, consistent with rota-
tions of the GaO, and PO, tetrahedra.

PHYSICAL REVIEW B 73, 014103 (2006)

A 5X5X5 orthorhombic supercell of the a-cristobalite
phase of GaPO, was refined using RMC modeling of the
Bragg profile F(Q) and G(r) data from GaPO, at 723 K.
Again, excellent fits were obtained to all three data-sets. The
resulting model, shown in Fig. 13, retains the local tetrahe-
dral orientations consistent with more limited RUM disorder.

IV. CONCLUSIONS

Total neutron scattering data for gallium phosphate as a
function of temperature were used to investigate the progres-
sive increase of thermally induced disorder in the
a-quartz-type form and to obtain a better description of the
structures of the a- and S-type cristobalite phases. Disorder
results in an overestimation of the average structural distor-
tion at high temperature as obtained from Rietveld refine-
ment as can be seen for example in bondlength and bond
angle variations, which are in contrast correctly described
using RMC refinements of the total scattering data. The de-
terioration in the piezoelectric properties of the a-quartz
form above 1023 K can be correlated to the onset of consid-
erable disorder in the oxygen sublattice, thereby providing a
mechanism for the loss of correlation between dipoles. The
high-temperature [B-cristobalite-type phase was found to be
highly disordered. In this cubic structure, the oxygen atoms
were found to be distributed in a continuous ring around the
Ga-P interatomic vector with a Ga-O-P angle of ~139°.
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