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The paramount importance of M-X interactions in determining
the existence or nonexistence of an o—f transition can be shown
by a general survey of all known or predicted quartz-like materials,
MXO,. This distance, M—X, defined as the nonbonded radius
s, preseribes strocture packing, 1 the M-0 and X-O distances
increase, intertetrahedron distortion will increase in relation to the
decrease of the M—-0-X angle, @, and increase of the tilt angle,
6. From a structural point of view, a borderline value of & ~ 22°
or 0 ~ 136° has been extrapolated for the existence of an a-g
transition.  © 1994 Academic Press, Inc.

INTRODUCTION

Research has been carried out over the past few years
on MXO, quartz-like materials (M=B, Al, Ga, Fe, Mn
and X==P, As). Their refincd crystal structures (1) have
been accurately defined, and investigations have begun
into their crystal growth conditions (2-4) and piezoclec-
tric properties (2, 4, 5-7). This has led to an investigation
of the reverse growth process, in particular, controlled
dissolution. This last process, as it concerns quartz, is
essential for the manufacture of high-frequency resonator
devices, as conventional mechanical lapping is not able
to produce sufficiently thin samples (8-10).

During the course of this research, some similarities
and some dramatic differences between the members of
this series became apparent. For example, the continuous
solid solution Al G, POy Tor 0 = x = 1 (1) which
always has the same cell volume, V ~ 231 A3, confirms
a very similar structural packing between both extreme
compounds AIPQ, and GaPO,. From this analogy, il was
possible to synthesize, by hydrothermal epitaxy, large as-
grown crysials (5 to 8 cm long) of GaPO, from berlinite
seeds (12). On the other hand, while berlinite exhibited
an e~ transition as in quartz, this was absent in GaPQ,.
These different behaviors have already been investigated
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in some depth, in particular the management of the a—f3
transition and SiO, polymorphism (13). Quartz analogue
studies have been less intensive (15-17). It is interesting
to note that the o~ transition is always accompanied by
an incommensurate intermediate phase which is close to
the transition temperature (18, 19}, and the question of
whether this is order—disorder or displacive (13) is still
being debated. Previous results are summarized in Table
1, together with those relating to GeQ,, which also has a
quartz structure.

Although AIPO, and SiO, polymorphisms are closely
related, those of the other compounds are more limited
and varied. For example, the @ transition is-often miss-
ing. In this study, we will try to predict the existence of
this transition in terms of structural constraints encoun-
tered in the quartz-like packing of all MXO, compounds.

I. Structural Modifications Related
to the a—f83 Quartz Transition

The existence of this transition between low tempera-
ture « and high temperature 8 is only one example of the
diversified pelymorphism displayed by certain members
of this series (Table 1). These transformations can be
classified in two groups (13):

—Reconstructive transformations between very differ-
ent structure packing phases (i.e., quartz and cristobal-
ite structures); .

—Distortive transformations for very slight atomic co-
ordinate shifts (a—8 quairtz).

In this investigation of MXO, materials, we only take
into account the second kind of transition and, more spe-
cifically, the connection existing between the structural
distortion of the a-quartz packing related to the appear-
ance of the transition to S8-quartz.

One can easily understand how in quartz structure, the
structure of the high temperature phase (8, space group
P6,22) transforms into the low temperature phase (a,
space group £3,21). Indeed, these two packings differ
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TABLE 1
Polymorphism of All X0, and MX0O, Compounds Derived from Si0,
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Structural type

Melting or
Compound Quartz Tridymite Cristobalite decomposition Ref,
BPO, a 8 >800°C amn
BAsO, a 8 >800°C an
[ikas 163°C M-I
a | — ﬁz a+——f
snC o,
$i0, a2l B 1710°C 14)
810°C [400°C
AIPO, o, g o, g a2 g 1600°C (17, 20, 21)
315°C 1025°C
a==p
560

GaPO, a - 2 —a 1670°C a7, 22, 23)
MnPO,? a - e — (16, 17)
GeO, a 1120°C 24)
FePO, a T g 1240°C (16, 17, 25)
AlAsO, (a <15, gy 950°C (26)
GaAsO, a <1000°C (s, 17)
FeAsO4 ) G1)

Note. ? = Doubtful data,

from one another in a rotation, 8, of MO, and XO, tetrahe-
dra around their twofold axis (Fig. 1a). This tilt or rotating
angle & has been defined by Grimm and Dorner for quartz
structures (27), and has been extended to other quartz-

like materials.

7/

FIG. L.

For f3-quartz phase, less distorted tetrahedra exhibit
angles, between O-0 edges and z-axis, equal to 90 and
+45° and thus a zero value for the & angle (Fig. 1b). For
the less symmetrical a-phase, MQ, and XO, tetrahedra
are rotated around their twofold axes, In particular, the

dy

@

1

©

(a} Prajection of a Si0, tetrahedron, zlong a twofold axis of the @-quartz crystal structure, showing the two possibilities of rotation,

=8, from B- to a-quartz structure. (b) Projection of B—quartz structure onto the x, y-plane. The values in circles show the relative height of M
and X atoms above the x, y-plane. The tilt axes d,—d; are indicated.
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TABLE 2
Data of All Known Quartzlike Materials
d
(&)  [M-x1
Tetrahedra cla V&) Bonds (A) [bonds] (A) 5 (°) [B1 (™ [lieo. ) [0lexe. theo. exp.
BO, 146
BPO, PO, 222 171.8 1.52 148 ~20 ~138 292
BO, 1.46
BAsQ, AsO, 2.26 186.2 1.70 1.58 ~15 ~145 2.80
. Si0, 110 113.0
Si0, 2% 220 226.0 1.608 1.608 16.3 16.3 144 8 1437 3.06 3.057
AlO, 1.736 16.2
AIPO, PO, 2.21 231.5 1.521 1.628 18.9 17.6 142.8 142.4 3.08 3.085
GaPO, o 225 2292 :gg 1.670 N3 ma3 135.4 1346  3.09  3.085
A . .
GeQ, 1.13 121.7
GeO, 2% 2.26 243 4 1.739 1,739 25.7 25.7 131.7 130.1 3.16 3.153
FeQ, 1.854 19.3
FePO, PO, .23 247.2 1.527 1.691 237 215 1377 137.8 3.14 3.161
AlO, 1.742 21.8
AlAsQ, AsO, 2.23 245.3 1.665 1.704 23.4 22,6 137.0 135.4 3.16 3.153
GaAsO, ?\:8: 2.28 2454 : ;;: 1.746 gég 26.2 131.1 129.9 3.17 3.163
FeO, 1.85
FeAsQ, AsO, 2.23 263.4 1.70 1775 ~26.5 ~130 322

Note, ltalics mean data from nonrefined crystal structures.

angle between the corresponding O—O edges and the z-
axis is shifted from its +45° value, and this shift is charac-
terized by the iilt angle value, 8. As can be seen in Table
2 we have first calculated a mean value of this 8 angle for
each kind of tetrahedron, MO, and XO, (or YO, for Si0,
and GeQ,), and then a final mean value of [8] angle for
both kinds of tetrahedra. Although the tetrahedra are not
regular, we disregard the other small distortions in this
section since they are insignificant compared to the total
structural distortion. In these conditions, all known [8]
values are in the range 16.3° for 8i0, to 26.2° for GaAsQO,.

On the other hand, the very close relationship between
two possibilities of the rotating direction of 8 and the kind
of ““Dauphiné’” twin {or electrical twin), Fig. 1a, should
be noted. This twin is closely related 1o the a—8 transition
and disappears for the 8 high temperature phase when
& = 0°. In some cases, the & value has been measured
as a function of temperature (SiQ,, AIPO,, GaPQ,, and
AlAsQ, for T = 800°C (27, 32-34)). First, this & value
decreases slowly until 300°C; then, it cither continues in
a similar manner to the final temperature, 800°C, for
GaPO, and AlAsO,, or quickly decreases to 0° for the
8i0, and AIPO, transition.

After this brief review of the o—8 transition, we shall

try to relate it to the crystal structure distortions of quartz
and quartz-like materials.

II. Distortion of MXO, Structure Packing

First, we shall compare the structure packing of com-
pounds AIPO, and GaPO,, which are the most investi-
gated, and then extend the results to all the other quartz-
like materials.

II.}. Comparison of AIPO, and GaPO, a-quartz crystal
structures, Although GaO, tetrahedra are larger than
those of AlO, (Al-O = 1.736 A and Ga-O = 1.815 A),
a-quartz structures of AIPO, and GaPO, show the same
cell volume (V = 231 A%, which remains constant for
the whole continuous solid solution Al _,,Ga,PO,. This
preservation of the cell volume is explained by a weak
and opposite evolution of ¢ and ¢ parameters which follow
Vegard's law, the ¢/a ratio exhibiting a linear behavior in
x (11). Then, as cell volumes and atomic coordinates of
M and X atoms are very similar, the crystal structure of
GaPO, must be more distorted than that of AIPO, {Fig.
2). This deformation leads to a lowering of the [M-0-X]
angle, 0, from 142.4° for Al-O-P to 134.6° for Ga—0O-P.
In the same way, we observe an increase of the & angle
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FIG. 2. Overlap of GaPO, and AIPO, crystal structures along the
x-axis, showing the decreasing value of the bridging angles, Ga~0O-P,
compared to the Al-O-P angles.

value of MO, tetrahedra from 16.2° for AlO, to 20.8° for
GaO, and, in a parallel direction, that of PO, tetrahedra
from 18.9 to 25.7°, Then, the lengthening of the M-0O
bonds induces some structural alterations of MO, pack-
ing, as shown in Fig. 3, in which one tetrahedron rotation
is compensated by those of the four neighboring tetrahe-
dra in the opposite direction. This distortion is even more
emphasized as it is cumulative, i.e., there is no alternation
of MO, and XOQ, tetrahedra along the g-axis direction
(Fig. 4). The increase of the & vaiue explains the more
important distortion of the GaPO, crystal structure. This
structural difference can explain the strong strains en-
countered in the epitaxial process of berlinite seeds by
gallium phosphate, as shown later,

The geometrical equation relating 8 and & angles has
been established by Grimm and Dorner (27) for quartz.
Assuming regular 5i0, tetrahedra, they have found the re-
lation

cos 8 =3 — [cos & + $V3IR. [1

FIG. 3. Influence of the lengthening of M—O bonds, from M=Al to
Ga, giving an opposite rotation of AlO, and GaQ, tetrahedra.
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FIG. 4. Projection of GaPO, crystal structure along the g-axis, show-
ing the preferential cracks, parallel 1o the (0112) planes.

As seen in Table 2, this equation is also verified for
more distorted structures such as AIPO, and GaPO,. In-
deed, the 6., value, calculated from Eq. [1], concurs
with the experimental one, 8,,.

Nevertheless, one question is not solved: why does a
more bulky GaQ, tetrahedron lead, for GaPO,, to the
same cell volume as that of AIPO,? One answer can be
given from the works of Bragg (35}, Bartell (36), and
Glidewell (37), which have been expanded by O’Keeffe
and Hyde (38, 39) to the crystal chemistry study of some
silicates and other tetrahedral compounds. It must be
specified that this approach is only valid for crystal struc-
tures based on chains of corner-sharing tetrahedra (and
no edge-sharing tetrahedra), and for only the first three
rows of the periodic classification as it is found in quartz-
like crystals. The basic concept is derived from a compila-
tion of numerous crystal structures in which the non-
bonded distance Si-Si is always close to 3.06 A whatever
the value of the bridge Si—-X-Si angle (with X = O, C,
N) (Fig. 5). From this point of view, the predominant
homopolar interactions in this packing are not due to the
anion—anion interactions but to the cation—cation ones,
and these cations are considered to be in contact. These
results have been confirmed through crystal structure re-
finements of samples under pressure, in which a much
more important shortening of anion—anion distances than
the cation—cation on¢ are observed. A typical radius,
*nonbonded’” or ‘‘one-angle radius’’ (38, 39), of 3.06/2 =
1.53 A can be defined. Compilation has been expanded
to other elements in tetrahedral coordination, and the
corresponding values are listed in Table 3.

From this table, it can be observed that gallium and
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18i-OY=1,61 4  d(5i...Si) = 3,06 &

FIG. 5. Cation—cation interactions from O'Keeffe (39). Heavier cir-
¢les represent jonic radii from Shannon (40) and lighter circles represent
"“one angle’’ or ‘‘nonbonded’” radii. The heavy full lines represent the
X-0 bonds, with X=(0, C, N}, and the heavy dotted line the contact
distance, d(8i - -+ Si).

aluminum show similar nonbonded radii (1.63 and 1.62
A, respectively). The phosphorus value being 1.46 A, we
find similar distances between nonbonded atoms P-Ga
and P-Al (3.09 and 3.08 A, respectively), which explain
the constant cell volume for all the Al _,,Ga,PO, compo-
sitions. Then, as Ga-0 bond distances are longer than
the AI-O ones, we observe a decreasing value of the 6§
angle and, on the contrary, an increase of the & angle,
which demonstrates a greater distortion of GaPO, crys-
tal structure.

In brief, M and X ‘‘cations’” determine the cell volume
of these materials through their repulsions (nonbonded
radii), whereas the anion—cation interactions only influ-
ence intertetrahedral distortions (bridging angle # and ro-
tating angle &) through the bond lengths (M-0 and X-0),
i.e., through the atomic size (ionic or covalent radii). We
tested these ideas by extension to all the other quartz-
like materials.

I1.2. Compared crystal structure data of all quartzlike
materials, MX0,. Crystal structure data of all known
quariz-like materials are summarized in Table 2(1, 29, 30).

TABLE 3
Nonbonded Radii of Tetrahedral
Elements from Ref. (38)

Atom Nonbonded radii (A)
B 1.26
O 1.12
Al 1.62
Si 1.53
P ) 1.46
Ga 1.63
As 1.54
Felll 1.68

PHILIPPOT ET ALl.

[In italics: unrefined crystal structures of BPO,, BAsQO,,
MnPO,, and the hypothetical FeAsQO,. The bond lengths
have been computed from Shannon’s radii (40)]

In Table 2, c/a is the cell parameter ratio (must be
multiplied by 2 for quartz and GeO,). From a general
point of view, Smith (41) has demonstrated that the c/a
ratio must be equal to 1.098 [c/a = £ (V3 — 1)] for a
“regular’’ 8—quartz structure (2.196 for MXO,). The more
the c/a value increases, the more the structure is distorted
compared to that of the regular 8—quartz. V is the cell
volume in A’ (must be multiplied by 2 for quartz and
GeO,). ““Bonds’ are the mean values of M-0 and X-O
bonds in A and [bonds], the mean values of [(M-0) +
(X-0)1/2 bond lengths in A. 8 is the “‘tilt angle’” or rotating
angle, in degrees, between B-quartz and a-quartz struc-
tures for each kind of tetrahedron, and (8], its mean value
for a crystal structure. [8] is the theoretical (calculated
from Eq. [1]} and experimental mean values of the bridg-
ing angle M—0O-X, and d is the theoretical cation-cation
distance calculated from nonbonded atomic radii (Table
3) and the corresponding experimental distance.

All known crystal structures exhibit constant cell vol-
umes classified in two principal groups {~230 and ~245
AY), in agreement with previous works by O’Keeffe et
al., who estimate the nonbonded atom prevalence for the
structure packing. Indeed, it can be observed for both
series that the sum of the nonbonded radii M --- X is
constant, and that the theoretical and experimental values
are in very good agreement.

On the other hand, as previously mentioned, the oxygen
atoms are directly related to the structure packing distor-
tion through their bond lengths M~-O and X-O. In both
the series with similar cell volume and similar nonbonded
radius sum, the c/a ratio increases and the AM-O—X angle,
8, decreases in terms of the bond mean value, [((M-0) +
(X-0)1/2, deviating increasingly from c/a = 2.196 and
Oihe, = 153°, the “*ideal” values for high temperature -
quartz {28, 42). This distortion can be related to an in-
crease in “‘tilt angle,”” &, which is representative of the
MO, and XO, tetrahedron rotation, around their twofold
axes, from the ideal B-quartz structure (Fig. 1a). For
AlPO, and GaPQO,, from a geometrical point of view, this
rotation is greater for smaller tetrahedra. For AIPO, and
AlAsQ, with similar AlQ, tetrahedra, the 8 value is greater
for AlAsQO,, which is more distorted. The same can be
said for GaPQ, and FePQ,, which present similar PQ, tet-
rahedra.

As can be verified in Table 2, the theoretical value of
@, calculated from Eq. [1], is always close to the experi-
mental one derived from crystal structure refinements
(Fig. 6). The validity of this relationship has been con-
firmed from structural studies of a-quartz and GeO, under
pressure (24}. Even for more distorted packing than those
found in quartz structure, the 8y, and 4,,, values remain
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FIG. 6. Evolution of the bridging angle M-0-X, #, in terms of the
mean value of the distortion angle, §, of MO, and X O, tetrahedma, The
theoretical evolution from Eq. [1]is given in full line. The @ « 8—quartz
transition disappears for a 8 value ~136° and a & value ~22°,

in good agreement for more distorted tetrahedra, as seen
in all known MX O, structures, Then, the intratetrahedron
distortion effect is negligible, even if the mean value, (5],
takes this partly into account.

Having compared all known quartz-like structures, we
now try to relate structural distortion and -8 transition
existence, and to predict the unknown behavior of
some compounds.

IlI. Prediction of a—@ Transition
Jor Quartzlike Materials

Equation (1] is always true for all quartz-like materials,
as shown in Fig. 6; the mean value of the tetrahedron tilt
angle, 8, presents a linear variation in terms of the bridging
angle M—0O-X, &, between two corner-sharing tetrahedra.
Similarly, this 8 angle exhibits a linear variation in terms
of the mean bond length, ((M-0) + (X-0)}/2 for the
phases having a constant cell volume {Fig. 7). From both
Figs. 6 and 7, the -8 transition disappearance is close
to [8) ~ 22° (or 8 ~ 136°). Lower & values for Si0,, AlPO,,
and FePO, promote its existence, whereas it disappears
for higher values for GaPQ,, GeQ,, and GaAsQ,. The
energy needed to increase the M—(O-X angle to  ~ 153°
{M-0-X value for B—quartz structure), or to reduce tilt
angle § to 0°, increases with structural distortion. This
result concurs with thermodynamic calculations from
Krempl et al. (43) which predict very high theoretical
temperatures of the a-g transition for AlAsQ, (1140°C),
GaPO, (1656°C), and GaAsO, (1503°C). Then, for these
compounds, other transitions{a-quartz — cristobalite at
T = 933°C} or chemical decompaositions (950°C for AlAsQO,
and <1000°C for GaAsQ, (15)) can be observed before
the a-f quartz transition.
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One study (26) has reported the transition for AlAsO,.
Considering its [8] value, 22.6° close to the borderline
value, [6 ~ 227, it is possible that the «—8 transition could
have been aided by the presence of impurities.

As already mentioned, Young (44) has shown the close
relation between the rotating direction of & and the kind
of “‘Dauphiné’” twin. As the transition disappears for the
high values of tilt angle, it can be assumed that the simulta-
neous existence predicted for both kinds of twins must
be lowered as the energy needed for the transfer between
both configurations is increased. Though inconsistent
with a previous work (435), our crystal prowth experiments
corroborate this hypothesis as, in contrast to the less
distorted material AIPO,, this kind of twin is much more
unusual in as-grown GaPQ, crystals. (On the other hand,
cracks are more frequent in GaPO, than in AIPO, for
structural distortion purposes.)

Finally, there are still some problems connected with
the compounds for which the data are given in italics in
Table 2. Their a-quartz phase has been isolated and their
cell parameters given, but their crystal structure and their
complete polymorphism are unknown. Their theoretical
angles, [8] and [#], calculated from their nonbonded radii
(Table 3), suppose the possible existence of an a—3 transi-
tion. For BPO, and BAsQO,, with & valves less than 22°,
this must be probable, but on the contrary, this & value
is much too high for the FeAsO, phase.

It is doubtful that the a-quartz phase of FeAsO, and
MnPO, exists, even though each one has been observed
on one occasion. For FeAsQ,, as for AlAsQ,, the problem

f [(M-O)+(X-O}2

' 1,65 170 175 A
FIG. 7. Evolution of the distortion angle, 8, in terms of the mean
value of the bond [(M-O) + (X-0))2. The « & B-quartz transition
disappears for a & value ~22°,
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can be a purity one. On the other hand, for MnPOQ,, we
are not aware of fourfold coordination of Mn'! (40).

CONCLUSION

In their paper on the a-8 quartz transition, Grimm and
Dorner (27) conclude that the role of nonbonded Si-Si
interactions is of prime importance in this process. The
generalizations, considered in this study, confirm that the
M-X distance controls the existence or nonexistence of
this transition for all quartz-like materials.

This distance, defined as the nonbonded radius sum,
prescribes the structure packing. Within this framework,
if the M-0 and X-0 distances increase, i.e., ionic radii
from Shannon (40}, the distortion of the tetrahedron chain
will increase with the decrease of M—0-X angle, 8, and
the increase of the tiit angle, &. This increase of constraints
requires more energy to allow the a-g8 transition and
its has thus been given a borderline value for the -8
transition: & ~ 22° or § ~ 136",
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