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The phase behavior of simple compounds is not necessarily sim-
ple. Several examples are given in which either common approxi-
mations fail, or ‘“‘expected” phases do not appear. These include

1. Introduction

It is of geophysical interest to study the polymorphic
behavior of materials, not only to ascertain density
changes for equations of state but for more subtle
reasons, i.e. to determine the actual solid state physical
properties of potential earth-forming materials. The
detailed crystal structure determines such physical pa-
rameters as the electrical conductivity, magnetic prop-
erties, anisotropic elastic constants and the crystal field
effect on transition elements with its concommittant
effect on radiative transfer. Chemical effects which may
be ascribed to detailed structures include solid solubility
ranges and reaction kinetics. To point out that simple
compounds do not necessarily have simple phase be-
havior a few specific examples follow:

2. Titanium dioxide

The thermodynamically rigorous condition for one
material of fixed composition (compound or element)
to exist in two phases in equilibrium at a constant
hydrostatic pressure P and temperature 7 is
P

4V(P, T)dP,

Po

~46(Po, T) = | M
in which 4G is the difference of their Gibb’s free ener-
gies and 4V the same difference of their molal volumes.
If AG(P,, T) is measured at P, = 1 bar and as a func-
tion of temperature say by calorimetric means, and the
volume behavior of both phases is known over the
region of (P, T') space of interest, then the integral may
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TiO,, ZnO and Ag-halides. In addition, an example is given of
development of an inhomogeneous stress system in a situation
where homogeneity is usually assumed.

be solved in terms of its end-point P and a phase dia-
gram developed. In order to make rough estimates of
phase behavior when volume behavior are unknown,
frequently AV is set equal to a constant, and then eq. (1)
becomes simply

—A4G(Py, T) = AV(Po, T) (P—Py), 2

from which an equilibrium pressure can be obtained.
One’s intuitive feeling is that errors made in this way
are percentage errors, possibly large, but not orders of
magnitude. Over large pressure ranges such as 100 kb
plus there is still very little compressibility data on both
phases of any substance exhibiting a polymorphic trans-
ition. JAMIESON and OLINGER (1968) have presented
such data for TiO, in its rutile and «-PbO, forms to
almost 200 kb using X-ray diffraction. There they found
AV to be highly non-linear with a minimum at circa
140 kb. In terms of an experimental error analysis, the
equilibrium pressure for the transition rutile to a-PbO,
form could be as low as 60 kb or as high as no upper
bound at all, i.e. it wouldn’t occur at the experimental
temperatures (room)! In the absence of actual com-
pression data for all phases under consideration one
should be suspicious of the validity of other calcula-
tions of this type where a small 4V and very high pres-
sures are involved. For a large 4V and small energy
differences the approximation may suffice.

3. Zinc oxide

The ambient form of ZnO is in the hexagonal wurtz-
ite structure. BATES et al. (1962) discovered that a NaCl
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type modification could be quenched from pressures
above 100 kb and temperatures above 100 °C. These
conversions could only be obtained in the presence of
ammonium chloride. This study has the features of
many phase studies in geophysical materials. A phase
line is developed by exposing the substance to given
(P, T') conditions, and a post-mortem analysis is made
to see if a reaction has occured. Almost invariably
there is a (lower) cut-off temperature below which no
apparent reaction has occured, and the very plausible
explanation is given that the kinetics of the reaction are
simply too slow for any products to appear in reason-
able experimental times. In a survey of divalent oxides
JAMIESON el al. (1964) have found this kinetic explana-
tion not to hold for ZnO. We have found the wurtzite—
NaCl transition to be reversible at room temperature
using in situ X-ray diffraction. Several runs were made
both with and without internal NaCl standards. The
runs containing standards gave the pressure of transi-
tion in the neighborhood of 90 kb. Quite clear patterns
could be indexed as the NaCl structure with all ex-
pected lines appearing with A% +k%+1* up to 24. The
90 kb transition is in excellent agreement with the ex-
trapolation to room temperature of the data of BATES
et al. (1962). Actually EDWARDS ef al. (1959) had earlier
optically observed a transition in ZnO at 100000 at
which they ascribed to the appearance of the zincblende
form. We believe this is actually a transition to the
NaCl type as their optical study could not be diagnostic
as to structure type.

In the absence of further X-ray studies over a region
of (P, T') space it is only speculative to attempt to ex-
plain why a structural transition should be rapid enough
to be reversible at room temperature, yet sluggish
enough to be quenched from higher temperatures but
we do suggest two possibilities. One is that the NH,Cl
used as flux may enter into the reaction to stabilize the
NaCl structure, or that the elevated temperatures may
lead to grain growth of the NaCl phase, and that such
larger grains are less likely to undergo a reverse transi-
tion to the zincite type. In any event the primary moral
to be drawn is that the lack of an observed transition
in quench studies is no proof that the material is not in
a different structure at high pressures.

An even more complicated situation occurs in rutile
types MnF, and ZnF, in which a new phase («) ap-
pears in quench studies. This phase is not the phase
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actually present at elevated pressures but forms on
release of pressure. This has been discussed extensively
by DANDEKAR and JAMIESON (1969) elsewhere. For
MnF, at room temperature with increasing pressure
we find: rutile — tetragonal — orthorhombic; while on
pressure relief: orthorhombic — tetragonal — («). The
overall volume change approaches 259%,. Needless fo
say this situation could not have been resolved without
in situ X-ray diffraction initially performed by VERE-
SHCHAGIN et al. (1966) and KABALKINA et al. (1968).

4. Silver halides

Sodium, potassium and rubidium halides appearing
in the NaCl structure at ambient conditions are known
to transform to the CsCl structure at elevated pressures.
This is a very reasonable occurance since the CsCl type
has a higher cation-anion coordination. A frequent sug-
gestion for the constitution of the middle and lower
mantle is that it is a mixture of oxides. Since the major-
ity of these oxides exist in NaCl structures at one bar,
the question arises as to whether or not they will be in
a CsCl structure at depth in the earth. We have no
direct evidence on this point but we would like to point
out that there are substances in which the CsCl struc-
ture does not appear as a high pressure form, at least
in the range of pressure and temperature studied.

ScHock and JAMIESON (1969) have recently studied
the high pressure forms of AgCl, AgBr and Agl. The
first two transform (reversibly) from their normal NaCl
structure to the cinnabar type near 90 'kb. This is a~
distortion of the NaCl type which permits covalent Ag
Bmmm each Ag having two linear nearest neigh-
bors. The latter, Agl, adapts the NaCl structure above
4 kb, then at 90 kb it transforms to neither the cinna-
bar structure nor the CsCl. A tentative tetragonal in-
dexing has been offered for this form. Electrical con-
ductivity measurements suggest that it too is more cov-
alent than the NaCl type. The volumes of these high
pressure forms are the order of 109 less than their
NaCl counterparts. How these would compare with
volumes of hypothetical CsCl structures is unknown.
But it doesn’t seem impossible that divalent oxides at
high pressures (and temperatures) might adopt the
above or other distortions of the NaCl (or even the
CsCl) structure type. This could make interpretation
of the earth’s structures and coordination numbers
quite inaccurate.
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5. Pressure intensification

Currently all static ultra high pressure phase studies
are made using mechanical mixtures of solids. Either
the sample is embedded in a matrix such as pyrophyll-
ite, etc. or admixed with some internal standard to
determine pressures. In the final analysis, when a ma-
terial transforms it is a mechanical mixture of its own
two phases. It has been earlier suggested by BoBRows-
KY (1963) and later by CorrL (1967) and CorLL and
WARREN (1965) that “pressures” would not be uniform
in such mixtures. This has been found the case in mix-
tures of Nb and NaCl by JAMIESON and OLINGER (1968)
using in situ X-ray diffraction. In this study the com-
pression of Nb at a constant compression of NaCl was
found to be a function of the (volume) amount of Nb
present. This would seem to have petrological signif-
icance when a pressure is assigned to a given rock unit
using “indicator” minerals as these minerals may have
formed at a pressure different from other areas of the
same rock.
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