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Polyhedral tilt transformations are a subgroup of pure displacive solid-solid phase transitions
that occur in many ionic compounds and have all the following characteristics: (1) the transitions
occur in compounds with structures composed of corner-linked, rigid polyhedral elements; (2)
transitions are between a higher-symmetry or less-distorted form (stable at higher temperature or
lower pressure) and a lower-symmetry or more-distorted form (stable at lower temperature or '
higher pressure); (3) transitions are nonquenchable, and single crystals are preserved through the
transition; (4) twinning is common in the low-symmetry form, with the twin law governed by a
symmetry operator lost in the high-to-low transition (5) the value of dP/dT is always positive and
is similar to the ratio of large-site thermal expansivity to compressibility.

Analcite, (NaAl),Si3_, O, -H,0 with 09 < x < 1.0, is a zeolite mineral that undergoes
several polyhedral tilt transitions. Under room conditions analcites are pseudo-cubic; seven
dimensionally distinct varieties are cubic, tetragonal ¢ < gaand¢ > a, orthorhombic, monoclinic
with b parallel to pseudo-cubic [110] or [100], and triclinic. Several phase transitions have been
detected from unit-cell measurements at high pressure on single crystals. At 4 kbar, orthorhombic
and tetragonal analcites become monoclinic (C centered) with b parallel to pseudo-cubsic [110].
No volume change is observed at this transition. At 8 kbar a volume discontinuity greater than
I percent is observed. At 12 kbar dimensionally-monoclinic analcite becomes triclinic with no
apparent volume change. At about 18 kbar a second volume discontinuity of 0.25 percent is
observed, indicating a fourth transition. All these transitions conform to the criteria of polyhedral
tilt transitions,

INTRODUCTION

Solid-solid phase transformations are important to all physical sciences and
are a major focus in mineralogy and petrology. Attempts to understand
these transformations and their mechanisms have been aided by several
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classification schemes based on structural, thermodynamic, kinetic, or other
observational grounds (Heuer and Nord, 1976). Buerger (1951, 1972)
recognized two major structural groups of phase transitions: reconstructive,
in which some primary bonds are broken, and displacive or reversible, in
which secondary bonds may be broken but primary bonds are unaffected.
Megaw (1973) further subdivided reversible transitions into four categories,
including “pure displacive,” in which “topology is completely unchanged.”
Pure displacive transitions may involve small cation displacements (as in
BaTiO,) or tilting of polyhedral elements of the structure (as in a-8 quartz).
Buerger (1972) described the latter type of displacive transition in terms of
high-temperature “thermal agitation,” and all his examples are high-tempera-
ture (high-symmetry) to low-temperature (low-symmetry) forms. Recent
studies have demonstrated that polyhedral tilt transitions are also common
at high pressure (Hazen, 1977a,b). These high-pressure transitions are closely
related—in geometry, twinning, and symmetry—to the high-temperature
polyhedral tilt transitions, and a more general treatment of this common
transition mechanism is therefore warranted. The principal objectives of this
study are to define and characterize polyhedral tilt transitions as a subgroup
of pure displacive transitions and to apply this analysis to the description of
high-pressure analcite phase transitions.

POLYHEDRAL TILT TRANSITIONS

Several characteristics are common to all polyhedral tilt transitions and may
be used to distinguish them from other types of transformations.

1) Polyhedral tilt transitions occur in ionict compounds with corner-
linked, rigid cation-anion groups, such as tetrahedral Al-Si groups in frame-
work silicates, or octahedral groups in perovskites. The framework of rigid
polyhedra may form large cation sites (i.e. Na* in feldspar or Ba?* in
gillespite) or cavities or channels (as in quartz or zeolites). Polyhedral tilt
transitions occur when polyhedral elements of the rigid framework tilt owing
to the changing size of the large cation site or cavity with changing pressure or
temperature.

2) The transition is between a high-symmetry or less-distorted form
(stable at higher temperature or lower pressure) and a low-symmetry or more-
distorted form (stable at lower temperature or higher pressure).

3) The transition is rapid, reversible, and nonquenchable; single crystals
are preserved through the phase change.

+ Ionic compounds include oxides and halides, in which atoms may be treated as cations and
anions in the sense used by Pauling (1960).




DISPLACIVE PHASE TRANSITIONS AT HIGH PRESSURE 3

4) Twinning is commonly introduced in transforming from the higher-
symmetry to the lower-symmetry form. The twin law is governed by a
symmetry operator of the high-symmetry phase that is lost in the transition.

5) The transition is geometrically related to the size of the large site or
cavities; therefore, (dP/dT) = (0P/0T), largesite. = the ratio of thermal
expansivity to compressibility («/f) for the large site.

Of the five chdracteristics common to all polyhedral tilt transitions, (3)
and (4) are generally true of pure displacive transitions. In some cation-
displacement transitions characteristic (1), as in BaTiO 3, Or characteristic (2),
asin calcite I & II, may also be observed. We know of no cation-displacement
transition, however, in which all five characteristics occur. In the BaTiO,
transition dP/dT is negative (Clarke and Benguigui, 1977), and in calcite
I 2 II the structure is not composed of corner-linked polyhedra (Merrill and
Bassett, 1974a). Many examples of polyhedral tilt transitions are known, and
several are listed in Table 1.

Geometry of transformation

All polyhedral tilt transitions result from the greater compressibilities and
thermal expansivities of weakly bonded large-cation polyhedra compared to
the surrounding corner-linked, rigid polyhedra. As a high-symmetry or less-
distorted structure (the “high” form) is cooled or compressed toward a
polyhedral tilt transition, the large site or cavity becomes smaller at a greater
rate than the rigid, linked polyhedra. A transition to a low form occurs ata
critical minimum size of the large site. In general, a slight structural rearrange-
ment by tilting of corner-linked, small-cation polyhedra causes a decrease in
large-site volume with little or no change in the size of rigid polyhedra. Tilting

_ of corner-linked polyhedra will have an effect on lattice parameters that is
" dependent on structure type and degree of tilt (Megaw, 1973). Each structure

type, therefore, must be analyzed separately in relating structural changes to

. unit-cell dimensions.

Polyhedral tilt transitions may be described geometrically, because the
size of the large site or cavity governs which form is observed. The high form
has the greater large-site volume, and this volume can be reduced to the
critical size by a reduction in temperature, an increase in pressure, or sub-
stitution of a smaller cation into the large site.t The nature of the transition in

t At high temperatures the mechanism of polyhedral tilt transitions may not be due to large-
site size alone. In the x =2 # quartz transition at room pressure and T =~ 573°C, for example, the
high-symmetry form may result from rapid transitions between twin-related small domains of
x-quartz due to thermal agitation rather than exist as a true ** nontitled ™ structure. The effect of
this thermal averaging, however, is the same as an increase in size of the large site.
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pressure-temperature-composition space, therefore, will be similar for all
polyhedral tilt transitions, as illustrated in Figure 1. Note, for example, that
dP/dT will always be positive, because a lowering of pressure has the same
effect on large-site volume as a raising of temperature. F urthermore, the
magnitude of dP/dT, a macroscopic property, will be similar to the polyhedral
/P, where & and B are the mean linear polyhedral thermal expansivity and
compressibility, respectively, of the large site (Hazen and Prewitt, 1977).
Polyhedral tilt transitions, therefore, are examples of the similarity of struc-
tural variations due to changes in temperature, pressure, and composition
(Hazen, 1977b).

Many mineral structure types should not display polyhedral tilt transitions,
as the requirement of corner-linked arrays of rigid polyhedral elements is not
satisfied. Orthosilicates and most layer silicates, oxides of divalent and
trivalent cations, and carbonates and nitrates, as well as nonionic minerals,
will not undergo polyhedral tilting.
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FIGURE 1 Idealized transition surface for a polyhedraltilt transition in pressure-temperature-
composition space. In all polyh;dral tilt transitions dP/0T > 0, or/0T < 0, and r/oP > 0,
where r is the average radius of the large-site cation.
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Symmetry

The tilted form is the lower-symmetry or more-distorted form in polyhedral
tilt transitions. Strens (1967) demonstrated that in reversible transitions
involving a change of symmetry, the high-temperature form is also the form
with greater degeneracy of normal vibration modes and consequently has the
higher symmetry. It follows that the low-pressure form will also have the
higher symmetry because dP/dT is positive. Strens also emphasized the
important point that reversible transitions in which there is a discontinuity of
volume need not be accompanied by a change in symmetry.

A symmetry change in polyhedral tilt transitions generally involves the
removal of a symmetry operator of the high-symmetry form. In second-order
structural transitions this relationship is rigorously true (Boccara, 1968),
because the lower-symmetry form must have a unit cell and space group that
are subgroups of the higher-symmetry form. Supergroup-subgroup relation-
ships are seen, for example, in the « 2 B quartz, monalbite & high albite, and
several perovskite transitions. In first-order polyhedral tilt transitions (e.g.
those with nonzero AV) this space-group relationship is not always observed,
as in the gillespite I = IT phase transition (Hazen, 1977a).

Preservation of single crystals

An important characteristic of polyhedral tilt transitions, at least from an
experimentalist’s point of view, is that crystals are preserved through the
transition. The slight rearrangements of structural elements, even if several
weak metal-oxygen bonds are broken,T are not sufficient to destroy the
external morphology of the sample. It is possible, therefore, to measure the
variation of directional properties in crystals through the transition.

Polyhedral tilt transitions are nonquenchable. A high-pressure or high-
temperature form will invert to the room-condition structure immediately
upon lowering of temperature or pressure. In some first-order polyhedral tilt
transitions (e.g. gillespite I 2 II) a slight hysteresis may be present, but this
effect is small. These transitions, therefore, must be studied in situ at high
temperature or high pressure.

Twinning

Twinning is a common, if not ubiquitous, consequence of a symmetry reduc-
tion in polyhedral tilt transitions. The topologies of both low- and high-
symmetry forms are closely related, and there exists at least a two-fold
ambiguity in the orientation of the low-symmetry form because of the

t Polyhedral tilt transitions may involve a change in primary coordination of the large site.
In cubic perovskites, for example, there are twelve oxygen atoms around the A site, whereas
orthorhombic perovskites may have nine-coordinated A sites.
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removal of a symmetry element. Twinning is introduced, therefore, in transi-
tions from high- to low-symmetry forms, with the twin law determined by a
symmetry element of the high-symmetry phase lost during transformation.

Polyhedral tilt twinning may reveal useful information if the symmetry
relations of the transition twins are known. The presence of this type of
twinning in a crystal may provide evidence that the crystal at some time
existed in the high-symmetry form and was subsequently cooled below the
transition. In quartz, for example, Dauphiné twins indicate cooling from the
untwinned B phase; and twinning in cordierite, deerite, nepheline, and other
collapsed structures may also provide information on thermal history. The
absence of the specific type of twinning associated with polyhedral tilting, on
the other hand, may imply a low temperature of crystallization within the
low-symmetry phase region. In addition, twinning induced in high-pressure,
collapsed forms such as gillespite II may aid in the interpretation of the
structure of the high-pressure form (Hazen, 1977a), as identification of the
twin law should indicate the nature of the large-site distortion. Note, however,
that compounds that have polyhedral tilt transitions at high pressure will not
show the transition-associated twinning under room conditions.

Polyhedral tilt twins complicate the determination of some structures
(deerite, for example) under room conditions. One solution is to determine
the high-symmetry structure at high temperature first and then proceed to
determine the related structure of the twinned modification under room
conditions. It should also be noted that synthetic crystals grown below the
transition temperature are less likely to be twinned and may provide better
material for single-crystal studies or commercial use.

Identification of polyhedral tilt transitions

Polyhedral tilt transitions are best recognized and described in terms of
complete structural refinements of the high and low forms. For crystals at high
temperature or high pressure, or crystals that are twinned, such data are
frequently not obtainable. Identification of tilt transformations in these
materials must rest provisionally on conformity with the five essential criteria
outlined above. The zeolite mineral analcite (or analcime) is an example of a
substance that undergoes several pure displacive transitions at high pressure
but for which high-pressure structural data are not available. The remainder
of this study is devoted to the description and analysis of these transitions as
probable examples of polyhedral tilt transitions.

Analcite at room pressure

Polyhedral tilt transitions are sensitive to the composition and structure of
the compound undergoing transformation. It is essential, therefore, to
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document the composition and structure of analcite under room conditions
before describing the high-pressure forms. Nineteen analcites were selected
from specimens of the Department of Mineralogy and Petrology, Cambridge
University, and from the U.S. National Museum of Natural History, Wash-
ington, D.C,, as listed in Table 1. Electron microprobe analyses of these
specimens are reported in Table II1, along with partial optical data. Analcites
with less than 0.1 wt percent K,O lie close to the line for ideal analcites of
composition (NaAl),Si3_,O0- H,O with 09 < x < 1.0. Analcites with
greater than 0.1 wt percent K,O may be significantly depleted in total alkalis
and therefore plot below the ideal line for Na + Al 2 Si, as illustrated in
Figure 2. None of the analcites studied has a value of K/(Na + K) greater
than 0.02; Na-K solid solution, therefore, appears to be less extensive than
Na + Al 2 Siin natural analcites.t Other possible compositional variations
of analcite have been discussed by Deer et al. (1963) but do not appear to be
significant in terms of the compositions reported in Table IIL

Ideal disordered analcite is cubic (space group Ia3d) with a ~ 13.7 A and
Z = 16; however, ordering of aluminum and silicon among tetrahedral sites
of the framework will reduce the symmetry. Most analcites are slightly
birefringent, suggesting small but significant deviations from the ideal cubic
form; and previous X-ray diffraction studies (Coombs, 1955; ASTM card
19-1180; Mazzi and Galli, 1978) have revealed tetragonal, rhombohedral, and
monoclinic, as well as essentially cubic analcites. From single-crystal
structural refinements Mazzi and Galli (1978) have demonstrated that at
least some of these deviations from cubic symmetry are due to Al/Si ordering
in the tetrahedral framework.

Unit-cell dimensions of sixteen analcite single crystals (Table IV) were
measured on an automated four-circle diffractometer using the procedure
described by Hamilton (1974) and modified by H. King and L. W. Finger (in
preparation) whereby errors in the crystal centering and diffractometer align-
ment are removed by measuring reflections in eight different positions. Of the
sixteen analcites studied, only three are dimensionally cubic within 2.5
estimated standard deviations.] Four of the analcites are dimensionally

# The “high-K analcites” of Larsen and Buie (1938), which reportedly had greater than 20
atom percent K in alkali sites, actually have finely disseminated Or-rich feldspar (Wilkinson,
1968) and a brownish iron-bearing phase (hematite?), which lead to erroneous bulk chemical
analyses. Electron microprobe analysis of this material (Table 11, No. 4) reveals only 2 atom
percent K in alkali sites.

1 Dimensional symmetry is based on unit-cell dimensions only. Complete structural refine-
ments were not made, and actual analcite symmetry may be lower than the reported dimensional
symmetry. Dimensional symmetry is the highest possible crystal system within 2.5 estimated
standard deviations of the observed unit-cell dimensions. Crystals known to be cubic rarely
deviate by more than 2.5 esd’s from true cubic dimensions when treated as triclinic using the
stated procedures.
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FIGURE 2 Compositional variation of natural analcites. The major observed variation is
given by the formula (NaAl),Sis_,Og - H,O, as indicated by the solid line. Squares mark speci-
mens as numbered by Deer et al. (1963, Table 44); circles mark specimens of this study (see
Tables 11-V). ’

tetragonal (two with ¢ > a and two with ¢ < a) and two are orthorhombic;
the remaining seven specimens have nonorthogonal unit cells. The true
symmetry of these nonorthogonal, body-centered, pseudo-cubic unit cells is
not obvious from the values reported in Table IV. The dimensional symmetry
is best determined by examining the S-matrix of the reduced unit cell (Buerger,
1957). This analysis indicates that four analcites (Nos. 7, 8, 10, and 13) may be
described by a pseudo-cubic I-centered monoclinic unit cell, with the 2-fold
axis parallel to a pseudo-cubic [100]. Two analcites (Nos. 9 and 14) are C-
centered monoclinic with the 2-fold axis parallel to a pseudo-cubic [110].
The true monoclinic unit cell is approximatelya = 13.7,b = 19.3,c = 119 A
and f = 125°. The remaining analcite is triclinic within 2.5 standard devia-
tions, although it is close to C-centered monoclinic in dimensions.

Useful parameters in describing the deviation of the pseudo-cubic unit cell
from true cubic dimensions are Aa, defined as the difference between the
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maximum and minimum pseudo-cubic edge lengths, and Aa, defined as the
maximum angular deviation from 90° of the three pseudo-cubic unit-cell
angles. These values are recorded in Table 1V for room-pressure analcites;
the average deviations are 0.02 A and 0.06°, respectively, for Aa and A« at
room pressure. There is no definite correlation between analcite birefringence
(Table III) and deviation parameters Ag and Aa. Birefringence, however, is
generally lower for cubic analcites than for monoclinic and triclinic analcites.
In specimen No. 5 from Wasson’s Bluff, Nova Scotia, a range of birefringence
is observed. A grain with no observable birefringence (Table IV, No. 5a) has
cubic dimensions, whereas a grain with é = 0.003 (Table IV, No. 5b) is
tetragonal, ¢ < a. Birefringence in analcites may therefore be due to a
combination of noncubic dimensions and internal strain.

High-pressure phase transitions of analcite

Yoder and Weir (1960) demonstrated that analcite undergoes a rapid and
reversible phase transition at approximately 8 kbar based on high-pressure
X-ray powder diffraction, and they suggested that the transition is to a phase
with analcite-type structure slightly distorted from ideal cubic symmetry.
Rosenhauer and Mao (1975) confirmed this observation and determined
dP/dT as 0.057 kbar/°C using differential thermal analysis. Details of the
unit-cell variation with pressure were not determined by previous workers.
One objective of this study was to determine the nature of analcite compression
to pressures above the observed 8 kbar volume discontinuity.

EXPERIMENTAL

Single crystals of a tetragonal analcite from Cyclopian Islands (Tables II and
III, No. 1), approximately 100 x 100 x 40 um with the short dimension
parallel to [010], and an orthorhombic analcite from Golden, Colorado
(Tables Il and III, No. 12), approximately 150 x 140 x 45 um with the short
dimension parallel to [101], were selected for study at high pressure. Crystals
were mounted in miniature diamond cells (Merrill and Bassett, 1974b) using
4: 1 methanol-ethanol as the hydrostatic pressure medium. Ruby fragments
less than 10 um maximum dimension were included in the mount for pressure
calibration by the R, fluorescence line shift (Piermarini et al., 1975). Pressure
cells were attached to modified goniometer heads (Hazen and Finger, 1977),
and unit-cell dimensions were measured using reflection centering on a four-
circle diffractometer as described above. Unit-cell data in Table V provide
information on analcite compressibility, which is isotropic within the error of
measurement. Linear compressibility is 8.4 x 107 kbar ™! (bulk modulus
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0.40 £+ 0.01 Mbar), in close agreement with values reported by Yoder and
Weir (1960).

TRANSFORMATIONS

Analcite unit-cell dimensions at high pressure are listed in Table V and
illustrated in Figures 3 and 4. These data indicate a complex transformation
behavior of analcite between 0 and 25 kbar, with two significant volume
discontinuities at approximately 8 and 19 kbar and two possible symmetry
changes at approximately 4 and 12 kbar. Below 4 kbar the two analcites
studied at high pressure have orthogonal unit cells; Cyclopian analcite is
tetragonal (assumed to be 14, /acd after Mazzi and Galli, 1978) and Golden,
Colorado, analcite is orthorhombic (Ibca). At pressures above 4 kbar but
below the first volume discontinuity, both analcites deviate from orthogonality.
Analysis of the reduced cells indicates that analcites in this pressure range are
C-centered monoclinic with cell dimensions approximately a = 13.6, b =
19.3,c = 11.8 A, and f = 125.1°. The two-fold b axis of the monoclinic cell is
parallel to pseudo-cubic [110] so that this first high-pressure phase is
geometrically similar to specimens 9, 14, and 15 at room pressure (Table IV).
There is no observable volume change at this orthogonal-to-monoclinic
transition, which may therefore be second order.

At the first volume discontinuity a significant increase in distortion from
the ideal cubsic unit cell is observed. Deviation parameters of Aa > 0.06 A and
Aa > 0.8° are significantly greater than values below the transition. No
change in dimensional symmetry is observed, however, and the C-centered
monoclinic cell at 10 kbar is approximately a = 13.6,b = 19.2, ¢ = 11.6 A,
and 8 = 124.7°. The volume change for Cyclopian analcite at 6.5 kbar is 1.1
percent, and the volume change for Golden analcite at 8.5 kbar is 1.6 percent.
This second analcite phase transition is apparently the one observed by
Yoder and Weir (1960) and Rosenhauer and Mao (1975). Above the first
volume discontinuity several reflections were observed to split into strong
. and weak components. This splitting was small at pressures near the transition,
and peak-centering was more difficult for some of these reflections. Errors in
unit-cell parameters consequently are larger for these pressures. The exact
nature of the high-pressure twinning was not determined owing to the
difficulty in resolving the weak components of split reflections.

At pressures above 12 kbar both analcites deviate from monoclinic
dimensions, indicating a third possible transition from C-centered monoclinic
to triclinic. The reduced primitive triclinic cell has axes along three of the
four {111) axes of the pseudo-cubic cell, with approximate dimensions at
18 kbarof a = 11.6,b = 11.8,c = 11.8 A, « = 109.4, § = 109.2, y = 109.2°.
There is no observed volume discontinuity at 12 kbar, and it is not possible to
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TETRAGONAL ANALCITE
Cyclopian Islands
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FIGURE 3 Unit-cell parameters vs. pressure for tetragonal analcite from the Cyclopian
Islands. Two volume discontinuities, at 6.5 and 18.5 kbar, and two changes in dimensional
symmetry, at about 4 kbar (tetragonal to monoclinic) and at 12 kbar (monoclinic to triclinic)
suggest there are four polyhedral tilt transitions in analcite below 25 kbar. Compare with
Figure 4.
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‘ORTHORHOMBIC ANALCITE
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FIGURE4  Unit-cell parameters vs. pressure for orthorhombic analcite from Golden, Colorado.

Transformation behavior is similar to that illustrated in Figure 3, with volume changes at 8.5
and 19 kbar and dimensional symmetry changes at about 4 and 12 kbar.
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confirm the existence of this phase transition from unit-cell data alone. If
analcite at pressures below 12 kbar is pseudo-monoclinic, but triclinic in
detzil, then the 12-kbar “transition” is an artifact of the unit-cell data.

A fourth phase transition is indicated by the small (0.25 percent AV)
volume change at 18.5 kbar for Cyclopian analcite and 20 kbar for Golden
analcite. The transformation is characterized by another increase in devia-
tions from cubic dimensions, with a triclinic reduced unit cell of a = 11.4,
b=114,c=117A, « = 109.2, = 1100, and y = 108.4° at 27 kbar for
Cyclopian analcite. This triclinic phase has the largest deviation parameters,
with Aa > 0.12A and Aa > 1.5°. Distortion parameters increase with
increasing pressure above the second volume discontinuity, but no further
phase transitions were detected to 30 kbar.

All analcite high-pressure phase transitions appear to be rapid and rever-
sible. By raising and lowering the pressure of the diamond cell while it was
mounted on the diffractometer the position of the (008) reflection at both the
6.5 and the 18.5 kbar transitions of Cyclopian analcite was observed to
change discontinuously. Single crystals of both Golden and Cyclopian
analcite were preserved through several cycles of pressure up to 30 kbar.

In summary, both analcites, though of different crystal systems under room
conditions, demonstrate similar dimensional variation with increasing pres-
sure (Figures 3 and 4). Both specimens transform from orthogonal to C-
centered monoclinic at about 4 kbar, have a volume discontinuity at about
8 kbar, transform from monoclinic to triclinic at about 12 kbar, and have a
volume discontinuity at 19 kbar. Details of unit-cell changes from 0 to 30 kbar
are also similar, with relative changes of the three unit-cell axes and three
angles comparable for the two analcites.

A structural refinement of monoclinic or triclinic analcite at high pressure
was not attempted because of twinning of the single crystal at high pressure.
A triclinic analcite, furthermore, has more than 120 variable positional
parameters in the asymmetric unit. To solve such a light-atom structure is
_ probably beyond the present capabilities of diamond-cell procedures because
of the limited access to reciprocal space afforded by the diamond cell (Merrill
and Bassett, 1974b). A hemisphere of intensity data was collected on Cyclopian
analcite at 27 kbar in order to search for violations of the original I-centering
condition. No violations were observed, and the space group of triclinic
analcite may be described as I1 or IT with the pseudo-cubic unit cell.

DISCUSSION

Although a complete structural analysis of the several high-pressure analcite
phases is not possible at this time, the nature of the transitions may be
described in terms of polyhedral tilting. All the observed structural properties
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of analcite at high pressure are consistent with the criteria for polyhedral tilt
transitions as defined above. Specifically:

1) The analcite structure is composed of rigid, corner-linked (Al, Si)
tetrahedra, which enclose large cations and water sites.

2) The high-pressure phases are of lower symmetry or greater distortion
from cubic dimensions than the low-pressure phases.

3) The transitions are rapid, reversible, and nonquenchable; single crystals
are preserved through the transition.

4) Twinning was observed in the high-pressure phases.

5) The value of dP/dT is positive, 57 bar/°C, for the first transition
(Rosenhauer and Mao, 1975), a value which is similar to those of 63 bar/°C
for &/B for VINa* and 34 bar/°C for Y"'Na* predicted by Hazen and Prewitt
(1977).

Analcite therefore conforms to all five criteria of polyhedral tilt transitions,
and we hypothesize that these several high-pressure transitions are due to
tilting of corner-linked Al-Si tetrahedra. The stable analcite modification, for
a given composition and aluminum- and silicon-ordered distribution, is
determined by the effective size of the large alkali site. With increasing pressure
this site compresses more than the aluminum and silicon tetrahedra; the
tetrahedral framework therefore must collapse or distort around the sodium
sites. Transformations from orthogonal to monoclinic to triclinic forms
facilitate collapse of the tetrahedral framework by decreasing the symmetry
and thereby increasing the rotational or tilt degrees of freedom of individual
tetrahedra. The two volume discontinuities presumably represent major
increases in distortions of the alkali sites, with corresponding tilting of
polyhedral elements but no change in polyhedral linkages.

CONCLUSIONS

Numerous common minerals and other compounds fulfill the structural
criteria for polyhedral tilt transformations. All framework silicates have
corner-linked arrays of rigid polyhedra; many of these materials are known to
have high-temperature tilt transitions at room pressure and many should also
have high-pressure transitions. Other silicates, including chain and ring
structures, as well as borates and phosphates, may also have transitions
involving reversible tilting of tetrahedral groups. Perovskite-type compounds
have received considerable attention in recent years because of their electronic
properties and because perovskites with silicon in octahedral coordination
may be an important mineral phase in the earth’s mantle. Perovskites are
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well known to deviate significantly from the ideal cubic structure (note the
cover illustration), and several polyhedral tilt transitions are known in
synthetic perovskites (Megaw, 1974; Yagi et al., 1978).

Polyhedral tilt transitions may cause significant changes in the distortions,
and consequently the physical properties, of ionic compounds. Because these
transitions are nonquenchable, it is not generally possible to recognize
transformed material under room conditions. It is essential, therefore, to
study materials that fulfill the structural criteria of polyhedral tilt transitions
under conditions of interest rather than to extrapolate properties to high
temperature or pressure.
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