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Abstract

In this communication, the thermal expansion behavior of cristobalite-type BPO4, determined from high-temperature X-ray

diffraction studies, is being reported. BPO4 crystallizes in tetragonal lattice, with space group I-4 (No. 82) at room temperature, with

unit cell parameters: a=4.3447(2), c=6.6415(5) Å and V=125.37(1) Å3. The tetragonal unit cell parameters at 900 1C are:

a=4.3939(2), c=6.6539(6) Å and V=128.46(1) Å3. The results show a very strong anisotropic expansion in the lattice, with the

typical thermal expansion coefficients along a- and c-axis 12.9� 10�6 and 2.1� 10�6/1C, respectively. The volume thermal

expansion coefficient of the lattice is 28.2� 10�6/1C in the temperature range of 25–900 1C. The variation of the crystal structure

with temperature and the thermal expansion behavior are explained in this manuscript. The role of inter-polyhedral angle on the

thermal expansion behavior has also been established.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Thermal expansion is an important property generally
considered for the construction of high-temperature
ceramic devices. In this aspect, the materials with
negative or low thermal expansion are desired to act
as a buffer for temperature-induced stress on a material
due to another component of structural materials. It is
well known that thermal expansion of a chemical bond
arises from the anharmonicity in the potential energy
curves. The mean bond length increases due to the
increase in the amplitude of vibration of the atoms with
temperature, which is reflected in the expansion of the
material. However, there are several groups of materials
where instead of an expansion behavior, anomalous
expansions like, low or negative expansion are observed.
The anharmonicity concept fails to explain the unusual
thermal expansion of such materials. The crystal
e front matter r 2004 Elsevier Inc. All rights reserved.
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structures of such a group of materials provide an
explanation for this unusual thermal expansion beha-
vior. Sleight and co-workers [1–8] have studied a large
group of framework materials in phosphates, tungstates,
molybdates, etc. and arrived at a close correlation
between the structure and anomalous expansion. From
these studies it is well understood that the transverse
vibration of bridging atoms of framework crystals
causes negative or low thermal expansion [1,5]. All
these thermal expansion characteristics were explained
on the basis of variation of M–O–M0 bond angles, as a
function of temperature due to the tilting of polyhedra.
In addition, the packing density of the lattice also plays
an important role in the lattice expansion [4]. The strong
covalency of the chemical bonds in general leads to rigid
polyhedral units and tilting of such polyhedra often
leads to anomalous expansion behavior [6–9]. A general
survey of crystal structures of these kind of materials
indicates that the lower packing density and flexible
structures formed by connecting the polyhedral units
only at the corners seem to be the common fea-
tures among the materials showing negative thermal
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expansion behavior [4,8,9]. Such structures allow low
energy vibration modes and hence exhibit anomalous
thermal expansion [10,11]. Therefore, the search for
materials with such anomalous expansion, namely
anisotropic, low or negative thermal expansion is mainly
focused in flexible low-density framework-type crystal
structures [1–9].
Recently, we have studied the thermal expansion

characteristics of a series of cristobalite-type phosphates
(Al1�xGaxPO4; 0.0pxp1.0), where a close relation of
inter-polyhedral angle (M–O–P) and thermal expansion
is concluded [9]. In all these studied phosphates, the
transformation of the low-cristobalite to high-cristoba-
lite phase is accompanied with a significant rise in the
unit cell volume. The high-cristobalite phase has a
significantly lower thermal expansion compared to the
low-temperature (low-cristobalite) phase. In the present
study, a similar high-cristobalite framework-type phos-
phate BPO4 is studied by high-temperature X-ray
diffraction (HT-XRD) in order to further investigate
the role of inter-polyhedral angle on thermal expansion
behavior. BPO4 crystallizes in tetragonal lattice similar
to the high-cristobalite-type structure [12] as well as in
quartz-type structure under high-pressure and high-
temperature conditions [13,14]. The quartz-type BPO4

can be retained at ambient temperature by quenching
from high-temperature and high-pressure conditions
[13,14]. Besides, there is no low-cristobalite analog
structure reported for this compound. In both cristoba-
lite- or quartz-type BPO4 structures, the BO4 and PO4

tetrahedral units share corners forming the three-
dimensional lattice.
The tetragonal structure of high-cristobalite-type

BPO4 is formed due to the tilting of the tetrahedra
about the two-fold axis parallel to c-axis in C9 structure
[15,16]. All the silica analog compounds have been of
interest due to their structural flexibility under pressure
and/or temperature. On application of pressure the
polyhedra in framework-structured compounds rear-
range to give denser meta-stable structures either by
displacive or reconstructive transitions [17,18]. Simi-
larly, the temperature-induced structural transforma-
tions are also known for this class of compounds [19,20].
Recently, the variation of crystal structure of BPO4 with
pressure has been reported, which indicates an increase
in tilting angle with increasing pressure [21] and finally
leads to collapsing of the framework structure to a
structure with denser cubic close packing of oxygen
atoms. In general, the temperature and pressure have a
competing relation in crystalline materials. Hence, to
study the structural variation with temperature and to
observe the thermal expansion characteristics, the
present study was carried out and the results are
described. Also, the thermal expansion characteristic
of BPO4 is compared with other analogous cristobalite-
type compounds.
2. Experimental

Stoichiometric amounts of di-ammonium hydrogen
phosphate ((NH4)2HPO4) and boric acid (H3BO3) were
dissolved in distilled water. The clear solution was
obtained after warming the solution. The effervescence
from the solution was removed by carefully shaking the
container. The solution was gently evaporated on a hot
plate. The gelly mass obtained was further dried on hot
plate, till it got converted to a dry powder. The powder
sample was further heated at 800 1C for 15 h in a
platinum boat. The product obtained was characterized
by power XRD patterns recorded on a Philips PW1710
model powder X-ray diffractometer, using CuKa radia-
tion. The XRD patterns of the samples at higher
temperatures were recorded on a Philips X-Pert Pro
diffractometer, with Anton Parr high-temperature at-
tachment. The well ground sample was mounted on a
platinum strip, which served the purpose of both sample
holder as well as heater. The XRD patterns were
recorded in the 2y range of 20–80 1C with step and step
time as 0.021 and 1.6 s, respectively. The diffracted beam
is monochromatized using a curved graphite mono-
chromator. The sample was heated to a desired
temperature at the rate of 20 1C/min and held for
5min for equilibration and then XRD data were
collected. The temperature was controlled with Euro-
therm temperature programmer, with an accuracy
of 71 1C.
3. Results and discussion

The phase purity of the prepared BPO4 sample was
inferred by comparing the observed powder XRD
pattern with the reported JC-PDS data 34-0132. The
further characterization of the sample was carried out
by the Rietveld refinement of the observed powder
diffraction profile using Fullprof software package [22].
The starting model for the refinement of room
temperature phase was taken from the reported
structure of BPO4 (P: 2a; B: 2c and O: 8g (x, y, z),
Z ¼ 2 and space group I-4, No. 82) [12]. It needs to be
mentioned here that since the platinum strip was used as
the sample holder, the reflections due to this also
appeared in the observed data. Hence, a biphasic
refinement was carried out. Initially, the scale, back-
ground and unit cell parameters were refined for both
the phases together. The profile was fitted using pseudo-
Voigt profile function. The typical half-width, mixing
parameters, preferred orientation and the asymmetry
parameters were also refined. The preferred orientation
was modeled by March function provided in the
Fullprof software. Subsequently, the position coordi-
nates of oxygen atoms were refined and then the
isotropic thermal parameters of all the atoms were
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Fig. 2. Crystal structure of BPO4 at room temperature (25 1C).
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refined independently. In general, PO4 and BO4 groups
are known to act as a rigid polyhedra, as the P–O and
B–O bonds do not show any variation with temperature,
as observed in the literature [9,23]. In addition, due to
the low scattering factor of B and similar scattering
factor of O and P, soft bond constraints with 1.47 and
1.52 Å for the B–O and P–O, respectively, were used in
the refinements. The magnitudes of the constraints are
0.025 Å for these two bonds. The goodness of the
refinement was observed from the residuals (R-values) of
the refinements.
The refined unit cell parameters for BPO4 at ambient

temperature are a=4.3447(2), c=6.6415(5) Å,
V=125.37(1) Å3 (Rp ¼ 13:6; Rwp ¼ 19:6; w2 ¼ 1:8 and
RB ¼ 1:6), which are in good agreement with the
reported data [12,21]. The typical observed and calcu-
lated XRD patterns along with the difference plot are
shown in Fig. 1. The crystal structure of BPO4 is built by
sharing the corner of BO4 and PO4 tetrahedra leading to
a framework structure. Thus, each oxygen atom has a
coordination number of two (one P and B atom each) in
the lattice. A typical three-dimensional representation of
typical BPO4 structure is shown in Fig. 2. The other
details of the crystallographic parameters of this phase
are summarized in Table 1.
The observed XRD profiles at higher temperature

were refined in a similar fashion, with the starting model
taken from the refined parameters of pervious tempera-
ture data. The refined unit cell parameters of BPO4 at
900 1C are a=4.3939(2), c=6.6539(6) Å and
V=128.46(1) Å3 (space group I-4, No. 82 and Rp ¼

15:6; Rwp ¼ 21:2; w2 ¼ 2:3 and RB ¼ 2:1). The observed
and the calculated diffraction profiles along with the
difference plot for BPO4 at 900 1C are shown in Fig. 3.
The refined parameters and other details for BPO4 at
various temperatures are given in Table 1. The typical
Fig. 1. Observed and calculated XRD patterns of BPO4 at 25 1C:

vertical marks indicate the Bragg positions and lower vertical marks

indicate platinum base metal reflections. U=0.33(5), V=�0.20(4),

W=0.07(1), Z=0.30(1), A1=0.070(6), A2=0.010(2) and preferred

orientation=0.975(9) (vector=[001] and March model).
B–O and P–O bond lengths and the B–O–P bond angles
at various temperatures are given in Table 2. The
observed separations of B and P atoms are also given in
Table 2. The variation of unit cell parameters with
temperature is shown in Figs. 4 and 5. It is observed that
the a- and b-axis expand significantly compared to the c-
axis. The typical thermal expansion coefficients, in the
temperature range of 25–900 1C, along a- and c-axis are
12.9� 10�6 and 2.1� 10�6/1C, respectively. The volume
thermal expansion coefficient of the lattice is
28.2� 10�6/1C, in the temperature range of 25–900 1C.
The cristobalite forms of AlPO4 and GaPO4 are

known to transform [9] from orthorhombic to cubic
modification at higher temperature. It is also reported
that cubic high-cristobalite phase has considerably lower
thermal expansion than the orthorhombic phase. The
thermal expansions of low-cristobalite-type AlPO4 and
GaPO4 (orthorhombic, C2221) have only a small
anisotropy along various axes [9]. But in the present
case a strong anisotropy is observed along a- and c-axis.
Thus, the c/a value changes from 1.53 to 1.51 as the
temperature increases from 25 to 900 1C. For the ideal
cristobalite-type cubic compounds namely SiO2, AlPO4

and GaPO4 the c/a value is 1.414 (i.e., O2) (in an
equivalent tetragonal lattice). The c/a values at other
temperatures are also included in Table 2. A comparison
of the variation of c/a with temperature and the
reported data on variation of c/a with pressure [21]
indicates an inverse relation of pressure and tempera-
ture, i.e., on application of pressure the c/a increases as
against the decrease with temperature.
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Fig. 3. Observed and calculated XRD patterns of BPO4 at 900 1C:

vertical marks indicate the Bragg positions and lower vertical marks

indicate platinum base metal reflections. U=0.14(3), V=�0.15(2),

W=0.056(4), Z=0.41(1), A1=0.022(7), A2=�0.002(3) and preferred

orientation=1.00(1) (vector=[001] and March model).

Table 2

Typical bond lengths and bond angles and tilt angles in BPO4 at

various temperatures

Temp.

(1C)

B–O

(Å)

P–O

(Å)

P?B

(Å)

P–O–B

(1)

Tilt angle

(1)a
c/a

25 1.458(4) 1.532(4) 2.7342(1) 132.33(29) 29.06 1.529

100 1.463(4) 1.528(4) 2.7353(1) 132.22(29) 29.13 1.528

200 1.462(4) 1.526(4) 2.7373(1) 132.76(29) 28.79 1.526

300 1.470(4) 1.519(4) 2.7396(1) 132.92(30) 28.71 1.524

400 1.467(4) 1.519(4) 2.7420(1) 133.37(30) 28.42 1.523

500 1.466(5) 1.516(5) 2.7445(1) 133.89(33) 28.12 1.521

600 1.469(5) 1.513(5) 2.7471(1) 134.21(33) 27.92 1.520

700 1.466(5) 1.516(5) 2.7499(1) 134.47(34) 27.76 1.518

800 1.469(5) 1.512(5) 2.7529(1) 134.89(36) 27.51 1.516

900 1.465(5) 1.509(5) 2.7557(1) 135.76(39) 27.00 1.514

aTilt angle f=tan�1(4x), where x ¼ x coordinates of oxygen

position.

Fig. 4. Variation of unit cell parameters (a and c) with temperature

(accuracy: 70.0005 and 70.0012 Å for a and c, respectively). The

error bars are smaller than the symbol size.

Table 1

Typical unit cell parameters of BPO4 at various temperatures

Temp. (1C) a (Å) c (Å) V (Å3) Oxygen position coordinatesa (B) B (Å2) (P) B (Å2) (O) B (Å2) Rp; Rwp w2 and RB

x y z

25 4.3447(2) 6.6415(5) 125.37(2) 0.1389(10) 0.2589(11) 0.1275(5) 2.9(6) 2.4(1) 3.7(2) 13.6,19.6,1.8, 1.6

100 4.3475(2) 6.6416(5) 125.53(1) 0.1393(9) 0.2574(11) 0.1275(5) 3.7(6) 2.6(1) 3.6(2) 12.8,18.7, 1.6,1.6

200 4.3522(2) 6.6424(5) 125.82(1) 0.1374(10) 0.2578(11) 0.1270(5) 3.4(6) 2.9(1) 3.6(2) 13.1,19.4,1.7,1.4

300 4.3579(2) 6.6426(5) 126.15(1) 0.1369(10) 0.2566(11) 0.1261(5) 3.0(6) 2.9(1) 4.0(2) 13.6,14.6,1.8,1.7

400 4.3632(2) 6.6445(5) 126.50(1) 0.1353(10) 0.2566(11) 0.1264(6) 2.9(6) 3.1(1) 4.0(2) 13.8,18.2,2.0, 1.6

500 4.3686(2) 6.6466(5) 126.85(1) 0.1336(11) 0.2569(12) 0.1259(6) 2.9(6) 3.2(2) 4.2(2) 17.9,23.1, 2.0,2.2

600 4.3749(2) 6.6477(5) 127.23(1) 0.1325(11) 0.2563(12) 0.1254(6) 2.6(6) 3.2(2) 4.5(2) 13.6,19.1, 2.4,1.5

700 4.3808(2) 6.6499(5) 127.62(1) 0.1316(11) 0.2574(12) 0.1255(6) 2.7(7) 3.4(2) 4.5(2) 14.7,20.5,2.1,1.8

800 4.3876(2) 6.6521(5) 128.06(1) 0.1302(11) 0.2565(12) 0.1252(6) 2.8(7) 3.3(2) 5.0(3) 15.0, 20.4, 2.1, 2.2

900 4.3939(2) 6.6539(6) 128.46(1) 0.1274(12) 0.2569(13) 0.1250(7) 3.2(7) 3.6(2) 5.2(3) 15.6,21.2,2.3,2.1

aO: 8g (x, y, z), B: 2c (0, 1
2
; 1
4
) and P: 2a (0, 0, 0) (space group I-4, No. 82 and Z ¼ 2). Oxygen parameters for ideal C9 structure (0, 0.25, 0.125).
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The typical thermal expansion characteristics of
some cristobalite-type compounds are also included in
Table 3, for comparison. The variations of various
inter-atomic separations with temperature are shown in
Fig. 6. From this figure, it is clear that typical B–O bond
does not show appreciable change with temperature.
However, it is observed that there is a subtle but
noticeable decrease in P–O bond length with tempera-
ture. Such decrease in bond length is only apparent and
results from the thermal vibration of the connecting
oxygen atoms. Similar apparent decrease in bond length
with temperature is observed in several framework
compounds like orthorhombic-NbOPO4 [4], Y2(WO4)3
[5] and Sc2(WO4)3 [8]. This apparent decrease in bond
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length is explained as an effect of the thermal motion of
the oxygen atoms [4–5,8,24,25]. The variable tempera-
ture structural data for SiO2 (quartz) also show a similar
decrease in Si–O bond length with temperature, even
though the total neutron scattering (considering both
the Bragg and diffuse scattering) data show a small
increase in Si–O bond [26]. Grimm and Dorner [27] have
earlier suggested the thermal contraction of the Si–O
bond in quartz is due to the increase of the p-bond order
with the increase of Si–O–Si bond angles. However, later
studies in various framework-type phosphates, tung-
states or silicates support the origin of the bond
shortening due to the elliptical nature of the vibration
amplitude of the connecting atoms [4–5,8,24–26,28]. As
the amplitude of the thermal vibration of the bridging
oxygen increases with increase of temperature such
deviations are expected. The variations of the isotropic
Fig. 5. Variation of unit cell volume with temperature, V

(Å)3=125.276+0.003[T]+1.043� 10�6[T]2.

Table 3

Thermal expansion coefficient of BPO4, for comparison typical thermal exp

Temp. range (1C) Crystal symbol aa � 10

BPO4 25–900 T 2.1

AlPO4 25–200 O 27.4

300–1000 C 1.93

25–1000* — —

300–1000 C 2.02

Al0.5Ga0.5PO4 25–300 O 18.7

400–1000 C 5.52

25–1000* — —

GaPO4 25–600 O 18.5

700–1000 C 7.17

25–1000* — —

SiO2 300–1000 C 3.44

Note: T, tetragonal; C, cubic; O, orthorhombic. *Average thermal expansion
thermal parameters for various atoms are shown with
temperature in Fig. 7 and Table 1. It is evident that the
mean amplitude of vibration of B does not show much
deviation compared to P. But the mean amplitude of
vibration of oxygen atoms increases significantly with
increasing temperature. Thus, the increasing thermal
motions of oxygen atoms are resulted in the shortening
of the P–O bond. This suggests that the observed
ansion coefficients of other cristobalite-type compounds are given

6/1C ab � 106/1C ac � 106/1C aV � 106/1C

— 12.9 28.2 (present data)

27.2 44.5 99.8 [9]

— — 5.75 [9]

— — 67.5 [9]

6.08 [30]

22.4 30.4 71.9 [9]

— — 16.6 [9]

— — 86.1 [9]

19.8 23.2 62.2 [9]

— — 21.4 [9]

— — 105.8 [9]

— — 10.35 [30]

coefficient in the given temperature range.

Fig. 6. Variation of typical inter-atomic distances with temperature.

Accuracy for B–P distances is 70.0002 Å. The error bars are smaller

than the symbol size.
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Fig. 7. Variation of isotropic thermal parameters of various atoms

with temperature. Accuracy 71.5, 70.5 and 70.5 Å2 for O, B and P

atoms, respectively.

Fig. 8. Overlap of 0 0 1 projection of BPO4 structures (broken line at

251C and solid line at 900 1C). Symbols: small open circles (P), small

close circles (B) and large open circles (O).
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increase in P–O distance is only apparent and the actual
bond should not show any deviation with temperature.
The arrangement of position coordinates of various

atoms with increasing temperatures shows that the
B–O–P angle increases with the increase in temperature,
viz., 132.3(3)1 (at 25 1C) to 135.8(4)1 (at 900 1C). This
increase in bond angle is reflected in the increase of
average B–P distances (shortest separation) (Table 2 and
Fig. 8), which resulted in an increase in the lattice
parameters along a- and b-axis. A 0 0 1 projection of the
structures at 25 and 900 1C is shown in Fig. 8. This
figure indicates the relaxation of the M–O–P angle at
900 1C leading to an increase in the a- and b-axis. As
seen from the Table 2 and Fig. 8, the increases in the
distance between the non-bonded B and P atoms are
significant. The typical coefficient of expansion in the
non-bonded B–P distances is 9.0� 10�6/1C. The sig-
nificant difference in the thermal expansion coefficient is
a simple manifestation of this B?P separation and the
angle between these separations.
A comparison of the crystal structure and thermal

expansion coefficients of various cristobalite-type com-
pounds indicates the inter-polyhedral angle has a
significant influence on the volume thermal expansion
coefficients (aV ). The variations of typical inter-poly-
hedral angle vs. aV for several cristobalite-type com-
pounds are shown in Fig. 9. It is observed that higher
the inter-polyhedral angle smaller the volume thermal
expansion coefficient. This can be explained due to the
thermal vibration of the bridging oxygen atoms (which
increase with increasing temperature), and hence the
bent angle tends to dilate to accommodate the vibrating
oxygen atom. This concept has been used to explain the
negative thermal expansion behavior of several frame-
work compounds ([1,6] and the references cited therein).
By comparing the thermal expansion behavior of several
compound, Evans et al. [2,3] have concluded that the
typical bond angles between 1501 and 1741 tend to bend
more leading to negative thermal expansion, whereas the
values lower than 1501 causes dilation of the M–O–P
bond angle leading to positive thermal expansion
coefficient. Since, the B–O–P bond angle has a
significantly lower value, an appreciable positive ther-
mal expansion is observed.
The high-temperature behavior of several quartz and

cristobalite silica analogs ABO4 (where A=Al3+, Ga3+,
Fe3+ and B=P5+, As5+) and AO2 (A=Si4+ and Ge4+)
have been reported in the literature [8,28–36]. In all
these studies, a greater dependency of inter-polyhedral
angles with temperature has been reported. The
symmetry changes in low-quartz to high-quartz or the
low-cristobalite to high-cristobalite transformations as
well as the typical thermal expansion behavior are
closely related to change in inter-polyhedral angle. We
have restricted this particular study to the description of
the cristobalite-type compounds only. The cristobalite-
type phase is observed for both AO2- and ABO4-type
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Fig. 9. Variation thermal expansion coefficients with inter-polyhedral

angle aV (/1C)=�191.32+4.33[y]�0.02[y]2. The values of angles are

taken as: (1) AlPO4 (at 300 1C) [9], (2) AlPO4 (at 300 1C) [32], (3) SiO2

(at 300 1C) [32], (4) Al0.8Ga0.2PO4 (at 300 1C) [9], (5) Al0.5Ga0.5PO4 (at

400 1C) [9], (6) Al0.2Ga0.8PO4 (at 600 1C) [9], (7) GaPO4 (at 700 1C) [9]

and (8) BPO4 (at 25 1C) (present data).

Fig. 10. Variation of tilt angle with temperature, AlPO4 and GaPO4

were taken from Ref. [9] and SiO2 data were taken from Ref. [32].

S.N. Achary, A.K. Tyagi / Journal of Solid State Chemistry 177 (2004) 3918–39263924
compounds at higher temperature. But, all the phases
can be stabilized at ambient temperature by suitable
heat treatment. The stable low-cristobalite-type phases
for SiO2, AlPO4/GaPO4, etc. have tetragonal (P41212)
and orthorhombic (C2221) lattice [30–32]. At higher
temperature they undergo displacive transition to cubic
lattice with space groups Fd3m and F-43m, respectively.
The BPO4, BAsO4, BeSO4, etc. crystallizes only in high-
cristobalite-type structure, with space group I-4 [16]. All
these structures are derived from the ideal C9 structure
by rotating the tetrahedra around the c-axis, i.e., –4 axis.
For a better comparison of the high-cristobalite-type
SiO2 (Fd3m), ideal C9 structure and the present BPO4

structure, the space group I-42d for SiO2 and C9
structure (c/a=1.414) are used. In ideal C9 structure,
the O positions are: 8d (x, 0.25, 0.125) for x=0.0,
whereas those in the real high-cristobalite-type SiO2 are:
8d (0.91, 0.25, 0.125). The symmetry is further lowered
to I-4 in BPO4 due to the ordering of B and P atoms in
the lattice and in the present investigation the observed
oxygen positions in the unit cell are: 8g (xyz: 0.1389(10),
0.2589(11), 0.1275(5)). The tilting of tetrahedra about
the c-axis is reflected from the shift in the x-parameter
from the ideal value. A comparison of the y and z values
of the oxygen positions at various temperatures
indicates no significant difference and also they are
marginally different from the ideal values. The insignif-
icant variation of the z coordinates is reflected by the
lower expansion of the c-axis. The relations of the tilt
angle to the x-parameter as well as inter-polyhedral
angles for the cristobalite-type phases are explained by
O’Keeffe and Hyde [16].
The typical tilt angles at each temperature are

calculated for this structure using the relation
f=tan�1(4x) [16], where x ¼ x value of the position
coordinates of oxygen atoms. The tilting angle (f) for
BPO4 at room temperature (25 1C) is 29.061, which
agrees well with the value reported (29.31 at 0.1MPa) by
Haines et al. [21] and (29.01 at RT) by Schulze [12]. The
similar tilt angles at higher temperatures are also
calculated and included in Table 2. It is observed from
the Table 2 that the tilt angle gradually decreases from
the maximum value of 29.1–27.01 as temperature
increases from 25 to 900 1C, which is reflected in
Fig. 10. The variation of tilt angle of the BPO4 with
temperature and the calculated tilt angles for other
related reported cristobalite structures are also pre-
sented in Fig. 10. It shows that the tilt angle for BPO4

decreases appreciably with temperature, whereas for
other analogs, either an insignificant variation or a
subtle positive increase is observed. This kind of tilting
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Fig. 11. Variation of cristobalite structures with tilt angle (f) (only 0 0 1 projection is given): (a) C9 structure (c/a=1.414, f ¼ 0) [16], (b) BPO4 at

900 1C (c/a=1.514, f ¼ 271) (present data), (c) BPO4 at 25 1C (c/a=1.529, f ¼ 291) (present data) and (d) BPO4 at 50GPa (c/a=1.954, f ¼ 431)

[21].
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of polyhedra in quartz-type structure was recently used
to explain the thermal expansion of several quartz-type
framework structures [34,35]. A comparison of the
present variation of structure with temperature with
the reported structural variation with pressure in the
case of BPO4 [21] again shows a close but inverse
relation. On application of pressure the x-parameter of
oxygen atom increases and thus the tilt angle also
increases. The tilt angle increases gradually from the
normal 29.31 (at 0.1MPa) to 43.31 (at 50GPa) for BPO4

[21]. Thus, the tilt angle increases with the pressure
giving a densely packed structure, whereas in the present
investigation an opposite effect is observed with
temperature. The variation of structure with tilt angle
is shown in Fig. 11. It is obvious that the C9 structure,
i.e., zero tilt angle (Fig. 10a), shows maximum separa-
tion between B and P atoms. Another extreme is the
collapsed cristobalite (f ¼ 43:31) structure of BPO4 [16]
(Fig. 10d). The two representative tilts 271 (at 900 1C)
and 291 (at 25 1C) of BPO4 appears in between this series
(Fig. 10b and c). This order of tilt has a significant effect
on the a- and b-axis and hence resulted in a significant
increase in the c/a from the ideal value of 1.41–1.95 as
the tilt changes from 01 to 431. Consequently, this
variation of the tilt angle with pressure or temperature is
related with the compressibility or thermal expansion of
such silica analog compounds.
4. Conclusion

From this study, it was observed that BPO4 has a
strong anisotropic lattice thermal expansion. The axial
thermal expansion coefficients of this compound are
aa=12.9� 10�6/1C and ac=2.1� 10�6/1C in the tem-
perature range of 25–900 1C. The anisotropic thermal
expansion behavior is due to the cooperative titling
of the BO4 and PO4 tetrahedra in the unit cell
around the –4 axis parallel to c-axis. The typical volume
thermal expansion coefficient for this is found to be
about 28.2� 10�6/1C in this temperature range. The
volume thermal expansion coefficient of cristobalite-
type phases is strongly influenced by the M–O–P
bond angles.
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