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Abstract

The results of variable temperature powder X-ray diffraction and differential thermal analysis (DTA) studies on the orthorhombic (a)
low-cristobalite to cubic (b) high-cristobalite phase transition for Al1�xGaxPO4, (0.00pxp1.00) are presented. These studies reveal that

all these compositions undergo reversible phase transitions from orthorhombic to cubic form at higher temperature. The high-

temperature behavior of GaPO4 is observed to have a different behavior compared to all other compositions in this series. Orthorhombic

low-cristobalite-type GaPO4 transforms to cubic high-cristobalite form at �605 1C. Above �700 1C, the cubic high-cristobalite-type

GaPO4 slowly transforms to trigonal quartz type structure. At about 960 1C, the quartz type GaPO4 transforms back to the cubic high-

cristobalite form. During cooling cycles the cubic phase of GaPO4 reverts to trigonal quartz type phase. However, annealing of GaPO4 at

higher temperatures for longer duration can stabilize the orthorhombic low cristobalite phase. The phase transition temperatures and

associated enthalpies are related to the change in unit cell volume and the orthorhombicity of the respective low cristobalite lattice.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Crystalline materials with corner-linked polyhedral
structures have drawn considerable interest in recent years
owing to their structural flexibility leading to different
structural modifications under various non-ambient con-
ditions. Such structural architect is often categorized as
framework structure. Several silicates, phosphates, molyb-
dates, tungstates are known to have such framework-type
polyhedral structures [1–4]. The crystal structure of SiO2

has similar framework arrangements where the SiO4

tetrahedra share their corners forming a three dimensional
network [5]. Depending on temperature, SiO2 undergoes
various reconstructive phase transitions to give quartz,
tridymite and cristobalite structures. In addition within a
given polymorph they undergo various displacive-type
phase transitions [5]. Several phosphates of trivalent
cations crystallize in various silica analog structure types.
e front matter r 2006 Elsevier Inc. All rights reserved.
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AlPO4 and GaPO4 are such examples where all the ambient
pressure (1 atm) silica polymorphs have been reported
[5–17]. The structural topology of AlPO4 and GaPO4 are
essentially same as that of SiO2 except the cation (M and P)
orderings leading to different symmetry in phosphates
compared to SiO2. The different polymorphs of these
phosphates formed by reconstructive phase transitions can
be retained at ambient temperature (25 1C) by optimizing
the preparation conditions, like, high-temperature quench
method or long annealing above the phase transition
temperature. For both GaPO4 and AlPO4 the cristobalite-
type phases are reported at higher temperatures. The low
cristobalite (orthorhombic) phase can be retained by
annealing above 1300 1C for 24 h and cooling at about
500 1C/h or by removing from furnace to room tempera-
ture in air [18–20]. Though, different polymorphs of AlPO4

and GaPO4 have been known from long days, the
systematic structural studies with composition as well as
with pressure and temperature are relatively scarce. The
temperature and pressure variation of crystal structures of
quartz-type AlPO4 and GaPO4 have been reported in
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literature [10–17,20–25]. Goiffon et al. [12] have reported the
crystal structure of these quartz-type phosphates at low
temperature (down to 173K). No structural transformation
except the unit cell contraction and reduction of the
amplitude of thermal vibrations has been observed at lower
temperature. Later, Worsch et al. [23,24], Nakae et al. [13],
Haines et al. [15–17], Kosten and Arnold [25], Jacob et al.
[26] have studied the details of the phase transition of the
quartz-type GaPO4 and AlPO4. In these studies, the thermal
expansion behaviors in a wider range of temperature have
been reported. Also, the quartz to high-cristobalite transfor-
mation for GaPO4 at around 960 1C has been reported.
Although, several reports pertaining to the high temperature
behavior of quartz-type phosphates exist, only a few reports
dealing with the cristobalite-type phosphates are available in
literature. Ng and Calvo [27] have studied the low to high-
cristobalite structural transformation and thermal expansion
details of AlPO4. Hatch et al. have [28] studied the low to
high-cristobalite transformation and their symmetry rela-
tions. Earlier, we have reported [20] the detailed structural
variation of low and high-cristobalite-type AlPO4 and
GaPO4 with temperature as well as compositions. The
formation of perfectly random solid solution between the
low cristobalite-type AlPO4 and GaPO4 phases have been
confirmed from 31P NMR, powder X-ray diffraction (XRD)
as well as neutron diffractions [19,20,29]. No structural
change or phase segregation at lower temperature (down to
15K) has been observed in similar mixed phosphates [30]. In
all these studies the crystal structures the high-cristobalite
AlPO4 or GaPO4 have been explained with a disordered
anion sub-lattice. Recently, the disordered anion sub-lattice
of the high-cristobalite is confirmed by neutron scattering as
well as reverse Monte-Carlo studies [22]. Further, based on
high temperature XRD studies, a significant decrease in
thermal expansion coefficient was observed for the high-
cristobalite-type structures compared to that of the low
cristobalite-type structure. In contrast to other compositions,
GaPO4 exhibit an unusual behavior with the existence of
trigonal quartz-type phase along with the cubic high-
cristobalite phase at higher temperature [20]. The present
study is aimed to understand the effect of composition on the
nature of low- to high-cristobalite phase transition for
Al1�xGaxPO4 samples and to evaluate the thermodynamic
parameters associated with this phase transition in addition
to provide further thermodynamic evidence of the unusual
behavior of GaPO4.

2. Experimental

The Al1�xGaxPO4 (0.0pxp1.0) compositions were
prepared by the procedure reported earlier [19,20]. The
colorless prepared samples were characterized by powder
XRD patterns recorded on a Philips X-Pert pro Powder
X-ray diffractometer equipped with a platinum strip heater
using CuKa (Ka1 ¼ 1.5406 and Ka2 ¼ 1.5444 Å) radiation.
For high-temperature diffraction data the sample was
heated to a desired temperature and then the XRD patterns
were recorded in the two theta range of 10–801 with step
width of 0.021 and step time of 0.8 s. The differential
thermal analysis (DTA) scans were recorded on a Setaram
simultaneous TG-DTA instrument model TG-DTA 92-16.
For DTA study, about 50mg of sample was filled in a
platinum cup and heated at the rate of 10 1C/min. The
enthalpy of phase transition for all these compositions was
calculated from the area under the peak in DTA plots. For
determination of the enthalpy change, the instrument was
calibrated by measuring the heat of phase transformations
of standard samples [i.e. KNO3 (128 1C), KClO4 (299 1C),
Quartz (573 1C), K2SO4 (583 1C), BaCO3 (810 1C)] under
identical experimental conditions. The values of calibration
constant K, determined at different temperatures for these
standard compounds, was fitted into a polynomial
equation. This equation was used to determine the values
of K at transition temperature.

3. Results and discussion

From the room temperature powder XRD patterns
(Fig. 1), the low-cristobalite (orthorhombic) lattice is con-
firmed for all these compositions. The close similarity of
the XRD patterns of the mixed phosphate compositions
with that of AlPO4 and GaPO4 suggests the formation of
solid solution over the complete range of composition. The
ideal solid solution in AlPO4 and GaPO4 is expected due to
the similar structure and comparable ionic radii of Al3+

and Ga3+ (radii of Al3+ and Ga3+ for the tetrahedral
coordination are 0.53 and 0.62 Å, respectively). The unit
cell parameters of all the phases are obtained from Rietveld
refinement of the observed profiles using Fullprof 2000
software package [31]. The Rietveld refinements are carried
out with the initial structural parameters and the space
group (C2221) reported for the low-cristobalite-type AlPO4

and GaPO4 [18]. The observed unit cell parameters
(Table 1) for AlPO4 and GaPO4 at room temperature are
in agreement with the values reported in the literature
[18,20,27,32]. The refined values of unit cell parameters for
all these compositions along with the reported values of
unit cell parameters of the end members, AlPO4 and
GaPO4, are given in Table 1.
The crystallographic nature of the phase transitions for

Al1�xGaxPO4 samples at higher temperatures as revealed
by high-temperature XRD have been reported earlier [20].
The XRD patterns recorded after the phase transition
temperature showed the formation of cubic high-cristoba-
lite-type phases (Space Group: F4̄3m), similar to the earlier
reported studies for AlPO4 [27]. The transformation from
low-cristobalite to high-cristobalite is brought about by a
cooperative displacement of AlO4/GaO4 and PO4 tetra-
hedra forming more symmetric arrangements. A typical
Rietveld refinement plot indicating the high-cristobalite-
type phase for a representative composition (Al0.2Ga0.8
PO4) is shown in Fig. 2.
The orthorhombic to cubic transition for all the

Al1�xGaxPO4 compositions appear as endothermic peak
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Fig. 1. Powder XRD patterns of Al1�xGaxPO4 samples at 25 1C

exhibiting orthorhombic structure.

Table 1

Refined unit cell parameters for the room temperature phase of

Al1�xGaxPO4 (crystal system: orthorhombic (C2221))

a (Å) b (Å) c (Å) V (Å3) Da
� 104 Ref.

AlPO4 7.084(1) 7.082(1) 6.9989(4) 351.2(1) 1.4

7.099(2) 7.099(2) 7.006(2) 353.1(2) [10]

7.082 7.098 6.993 351.52 [16]

7.078(2) 7.078(2) 6.991(2) 350.2(2) [17]

Al0.8Ga0.2PO4 7.053(1) 7.056(1) 6.9551(3) 346.1(1) 2.1

Al0.5Ga0.5PO4 7.030(1) 7.017(1) 6.9219(5) 341.4(1) 9.2

7.0295(8) 7.0132(8) 6.9187(4) 341.08(6) [18]

Al0.2Ga0.8PO4 6.997(1) 6.979(1) 6.8884(3) 336.4(1) 12.8

GaPO4a 6.987(1) 6.962(1) 6.8774(4) 334.6(1) 17.9

6.967 6.967 6.866 333.3 [10]

aD ¼ orthorhombicity defined as |(b�a)/(b+a)|.
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Fig. 2. Rietveld refinement plot for Al0.2Ga0.8PO4, showing cubic high-

cristobalite-type phase (pattern recorded at 600 1C). The platinum base

metal peaks are shown as lower vertical bars.
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Fig. 3. DTA plot for Al0.5Ga0.5PO4.
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during the heating cycle. A typical DTA plot for mid-
composition Al0.5Ga0.5PO4 is shown in Fig. 3. In cooling
cycle, the exothermic peak due to the transformation of
high-cristobalite lattice to low-cristobalite lattice is ob-
served at relatively lower temperature then the correspond-
ing endothermic peak in heating cycle. This small thermal
hysteresis for the phase transition is observed in each
sample. The disordered structure of the high-cristobalite
lattice is a subject of controversy and is attributed to highly
disordered oxygen atoms of the MO4 and PO4 tetrahedra
[20,22,27]. Attempts to stabilize the high-cristobalite
structure at ambient temperature are not successful. This
can be attributed to the drastic increase in molar volume at
phase transition and highly disordered lattice of high-
cristobalite, which differed by a small displacement of
cations from the stable low-cristobalite lattice. The crystal-
lographic as well as thermodynamic studies support for the
first order transformation in these compositions. The
thermal hysteresis in first order transformations is a
common observation, where the superheating and super-
cooling and possible coexistence of both phases near the
phase transition temperature is known [33–35]. Usually,
such phase transformations occur with heterogeneous
nucleation at the lattice defects. The strains introduced in
the unit cell renormalize to give the long range structure of
transformed phase in a wider temperature range [33–36].
The local stress around the nucleus leads to the possible
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Fig. 4. DTA plot for cristobalite-type GaPO4 (inset shows the a broad

exotherm due to the relaxation of cristobalite to quartz-type GaPO4).
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existence of the both phase in the vicinity of the
transformation temperature. The hysteresis in displacive
transformation in several of such compounds, like, AlPO4,
GaPO4, SiO2, etc., silicates, various perovskite-type solid
solutions and super ionic materials undergoing first-order
transformation have been reported under high-pressure or
high-temperature conditions [33–42]. The micro-strain
leading to twinning of the crystal is common known
phenomena in AlPO4, GaPO4 [27]. In this sort order-
disorder coupled displacive transitions, the main contribut-
ing factors towards the phase transition are related to
micro- and macro-strain [43–45]. The internal strain
present in the cooled sample may be a possible reason for
the thermal hysteresis. This aspect is further explained in
the later part of this manuscript. Besides, the thermal
hysteresis may also appear from the experimental factors,
like, packing of the sample in crucible as well as sintering of
the sample after the heat treatment and thermal conduc-
tivity due to the difference in the mode of energy
dissipation.

The enthalpy change accompanying the phase transition
is estimated from the area under the peak. The values of
enthalpy of phase transition and the onset temperatures for
phase transition are given in Table 2. It is observed that the
phase transition onset temperature as well as the enthalpy
of phase transition for these compositions gradually
increases with increasing Ga3+ contents. The low-cristo-
balite-type GaPO4 shows the presence of a second phase
transition at about 960 1C during heating cycle as seen in
Fig. 4.

The earlier high-temperature XRD studies [20] also
indicated that the high-temperature behavior of GaPO4 is
different from the rest of the compositions. The XRD
results of GaPO4 at 700 1C showed the existence of only
cubic high-cristobalite-type phase. However, the XRD
patterns recorded at still higher temperature, namely, 800
and 900 1C, show the presence of both trigonal quartz-type
and cubic high-cristobalite-type GaPO4 phases. This
suggests that above 700 1C, the high-cristobalite-type
GaPO4 relaxes to trigonal quartz-type structure. This can
be attributed to the higher molar volume of the cristobalite
lattice compared to the quartz-type lattice of GaPO4.
Table 2

Details of phase transformation as obtained from DTA for Al1�xGaxPO4

S.

no.

Sample Peak onset

temp. (1C)

Peak temp.

(1C)

Enthalpy of

transition

(kJ/mol)

(DV)a

(Å3)

1 AlPO4 202 213 1.67 15.2

2 Al0.8Ga0.2PO4 273 280 2.36 15.4

3 Al0.5Ga0.5PO4 340 348 3.00 19.7

4 Al0.2Ga0.8PO4 506 529 6.14 21.6

5 GaPO4 605 613 6.64 24.8

aValues of DV have been obtained by extrapolating the unit cell

parameters of both orthorhombic and cubic phases up to the onset

temperature of phase transition. (errors: temperature is72 1C, enthalpy of

transition is about 70.05 kJ/mol DV is 70.2 Å3).
The DTA scan of the GaPO4 shows two endotherms (at
605 and 960 1C) corresponding to the low-cristobalite to
high-cristobalite and quartz to high-cristobalite phase
transformations. From the inset shown in Fig. 4, it is
clearly seen that there is a significant deviation in the
baseline above 700 1C. This broad exothermic peak can be
attributed to the slow transformation of cubic phase to the
trigonal form. The next endothermic peak at �960 1C
corresponds to the transformation of the trigonal quartz-
type phase to the cubic high-cristobalite form. The XRD
pattern recorded at 1000 1C shows the presence of only
cubic phase, which is attributed to the transformation of
trigonal quartz-type phase to high-cristobalite-type phase.
Earlier, Kosten and Arnold [25] and Jacobs et al. [26] have
reported the transformation of trigonal quartz-type GaPO4

to cubic high-cristobalite lattice at about 933 1C [25,26].
During reverse cycle, i.e., cooling from 1050 1C only the
cristobalite to quartz transformation was observed, in-
dicating the formation of the quartz-type phase in cooled
sample. This observation is confirmed on the second
heating cycle in the DTA runs (Fig. 4), where the quartz
to high-cristobalite transformation is reproduced. The
powder XRD analysis of the DTA residue obtained after
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Fig. 6. Rietveld refinement plot for GaPO4 at 800 1C, showing both high

cristobalite (upper vertical mark) and quartz-type phase (lower vertical

mark), platinum peaks are excluded in this refinement.
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Fig. 7. Rietveld refinement plot for GaPO4 at 900 1C, showing both high

cristobalite (upper vertical mark) and quartz type phase (lower vertical

mark), platinum peaks are excluded in this refinement.
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cooling up to room temperature shows the formation of the
quartz-type GaPO4.

For comparison, the DTA runs recorded for the trigonal
quartz-type sample, indicating the quartz to high-cristoba-
lite transformation at 960 1C is shown in Fig. 5. It may be
appropriate to mention that in the cooling cycle the
exotherm, corresponding to the transformation of high
cristobalite to quartz phase consists of two peaks with
unequal intensity (Figs. 4 and 5). Such behavior can be
observed if the high-cristobalite phase transforms to the
quartz-type structure through an intermediate phase. In
fact, the corresponding DTA endothermic peak in the
heating cycle for quartz type GaPO4 is also asymmetric in
nature, implying the possible occurrence of an intermediate
phase, which is unidentifiable at this stage.

From the high-temperature XRD studies it is observed
that the fraction of trigonal quartz phase of GaPO4

increased with increasing temperature of annealing. A
quantitative analysis of the powder XRD patterns of
cristobalite-type GaPO4 recorded at 800 and 900 1C
indicates the presence of 39.3(5) and 56.6(6) wt% of
quartz-type GaPO4. Thus, the exact ratio of the two
phases depends on temperature and duration of annealing.
The typical observed and calculated XRD patterns of
GaPO4 at 800 and 900 1C are shown in Figs. 6 and 7,
respectively. From both the DTA and high-temperature
XRD studies it can be concluded that the transformation
of high cristobalite to quartz phase in GaPO4 depends on
temperature and duration of heating. On cooling the
sample from high temperature, the high-cristobalite phase
is completely transformed to trigonal quartz type phase,
which is consistent with the earlier HT-XRD studies. These
observations imply that the quartz-type GaPO4 has higher
stability than low and high-cristobalite forms of GaPO4.
However, annealing for longer time at well above quartz to
high-cristobalite transformation temperature can retain the
cristobalite [20]. Besides, the substitution of Ga3+ by Al3+

also inhibits the high-cristobalite to quartz transformation.
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Fig. 5. DTA plot for quartz-type GaPO4.
The low cristobalite to high-cristobalite transformation
temperature as well as enthalpy of transformation show
a gradual variation with the composition (Table 2).
A systematic variation of the crystal structure with
composition has been explained in our earlier communica-
tion [20]. A comparison of the present data with the crystal
structure details of these compositions implies that the
variation of phase transformation temperature is a
consequence of the change of crystal structure, in
particular the M–O–P angle. It is observed that the unit
cell volume of the orthorhombic (low-cristobalite) lattice
decreases gradually with the increase in Ga3+ contents. In
addition, the thermal expansion coefficient of orthorhom-
bic lattice decreases from AlPO4 to GaPO4 and for the
cubic lattice it increases from AlPO4 to GaPO4 [20]. It is
also reported that this phase transformation is associated
with drastic increase in molar volume. The change in unit
cell volume (DV; excess volume) at the phase transforma-
tion temperature is obtained by extrapolating the unit cell
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volume of the high-temperature and low-temperature
phases to the exact transition temperature. The change in
unit cell volume (DV) for the different compositions at the
phase transformation temperature is listed in Table 2. It is
observed that larger the value of DV, higher is the
transition temperature as well as enthalpy of transition.
The typical variation of the transition temperature, excess
volume as well as enthalpy of transformation as a function
of GaPO4 content are shown in Fig. 8. Besides, the
orthorhombicity of the low cristobalite phase can be
correlated to the transition temperature as well as the
enthalpy change associated with the phase transformation.
The derived values of orthorhombicity for various compo-
sitions are listed in Table 1. The smaller value of observed
orthorhombicity in AlPO4 results in lower value of
enthalpy and temperature of phase transition. It can be
mentioned here the transition temperature and enthalpy of
transition are related to the micro-strain in the transforma-
tion, which is mentioned later.

Earlier, a close correlation between the M–O–P bond
angles and values of thermal expansion coefficients of the
various compositions was reported [20,46]. Remarkably, a
similar close correlation between the M–O–P angle and the
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Fig. 8. Variation of transition temperature, enthalpy of phase transition,

change in unit cell volume (excess volume) at transition temperature with

composition for Al1�xGaxPO4.
phase transition temperature as well as the associated
enthalpy change is observed. The M–O–P bond angles of
various compositions at a particular temperature system-
atically decrease with the increase in Ga3+ contents. The
average M–O–P bond angles for room temperature phases
are 145, 142, 139, 137 and 1331, respectively, for x ¼ 0,
0.20, 0.50, 0.80 and 1.00 compositions of Al1�xGaxPO4.
The M–O–P bond of the cubic phase of the corresponding
compositions are 147 (at 300 1C), 144 (at 400 1C), 142 (at
400 1C), 1401 (at 600 1C) and 1381 (at 700 1C) [20]. For
GaPO4 this angle changes from 1331 (at RT, orthorhom-
bic) to about 1381 (at 700 1C, cubic), whereas in case of
AlPO4 the change is from 1451 (at RT, orthorhombic) to
1471 (at 300 1C, cubic) [20]. These facts indicate that the
structure of orthorhombic GaPO4 is relatively less open
than that of orthorhombic AlPO4. Hence, the phase
transition for GaPO4 occurs at much higher temperature
as compared to that of AlPO4. Due to similar reasons, the
enthalpy of phase transition also increases gradually with
increase in Ga3+ contents (Table 2). Thus, smaller the
M–O–P bond angle or higher the difference in the M–O–P
bond angle between the orthorhombic and cubic lattice
show higher values of transformation temperature and
enthalpy of phase transition.
It may be further added here that in a group-subgroup

related displacive phase transitions, the transition beha-
viors are related to order parameters and lattice strains
[35,36,40–45]. In such cases the strain in the low symmetric
lattice is introduced as it transformed from a higher
symmetric lattice. The larger the strain introduced the
higher is the transformation temperature. In the present
studied systems, the cubic high-cristobalite lattice trans-
forms to orthorhombic low symmetric lattice on cooling
the samples. The typical variations of strain with tempera-
ture for representative end members are shown in Fig. 9.
The spontaneous strain parameters gradually decrease with
temperature up to the phase transition temperature. A
sharp decrease in spontaneous strain at the phase transition
temperature supports the first order nature of the
transformation. The principle strain e11, e22 and e33 for
the orthorhombic to cubic transformation in cristobalite
lattice (between 25 1C and transition temperature) for
different compositions are given in Table 3. It needs to
mention here that in the formation of solid solution, the
internal strain introduced due to the mismatch in the ionic
radii. A comparison of various values of strain parameters
for the cubic (high cristobalite) and orthorhombic (low
cristobalite) transformation shows that a significant strain
is introduced when Al3+ ion is substituted by Ga3+.
Similarly, the excess volume (DV, Table 2) at the phase
transition temperature is maximum for GaPO4 and
minimum for AlPO4. Such variation of internal strain of
the solid solutions compositions often lead to a gradual
variation in the phase transition temperature [43–46]. The
further detail characterizations of the strain and order
parameters are being carried out in these compositions.
Also, the high-temperature studies of the intermediate
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Fig. 9. Variation of spontaneous strain of AlPO4 and GaPO4 with temperature.

Table 3

Spontaneous strain parameters in low- and high-cristobalite structural

transformation in Al1�xGaxPO4

S. no. Sample e11 e22 e33 ev

1 AlPO4

(25–300 1C) 0.016 0.016 0.028 0.060

(25 1C)a 0.016 0.016 0.029 0.061

2 Al0.8Ga0.2PO4

(25–300 1C) 0.016 0.016 0.030 0.062

3 Al0.5Ga0.5PO4

(25–400 1C) 0.018 0.020 0.034 0.072

4 Al0.2Ga0.8PO4

(25–600 1C) 0.022 0.025 0.038 0.085

5 GaPO4

(25–700 1C) 0.028 0.032 0.045 0.0105

(25 1C)* 0.019 0.023 0.036 0.078

aValues obtained by extrapolating the high-temperature values to

ambient temperature.
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compositions as well as compositions close to the end
member are in progress and will be communicated
subsequently.

4. Conclusions

From the results reported in this study the formation of
solid solution between AlPO4 and GaPO4 and the phase
transformation between the low- and high-cristobalite
phase has been established. The values of phase transition
temperatures and the enthalpy of phase transition gradu-
ally increase with increasing Ga3+ contents for Al1�xGax

PO4 compositions. The phase transition temperature and
the enthalpy of phase transition depend on the inter-
polyhedral angle and the difference in the unit cell volume
of the low- and high-cristobalite lattices as well as strain in
the lattice. The high-cristobalite GaPO4 slowly relaxes to
trigonal quartz-type phase above 700 1C which on further
heating retransforms to the high-cristobalite form above
960 1C. This high cristobalite to quartz phase transfor-
mation can be inhibited by partial substitution of Ga3+

by Al3+.
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