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A. microscopic analysis of-the differences in Gibbs free energy between covalent, ionic,
and metallic forms of A"B "compounds is described. The analysis explains the suc-
cess of the spectroscopic theory of chemical bonds in predicting the covalent-ionic tran-
sition at zero pressure as a function of A and B. It also suggests that bond charge may
play the role of a microscopic order parameter which determines the magnitude of the
differences in energy between ionic and covalent structures at zero pressure and tem-
perature.

quantitative theories of phase transitions in
dense systems have been developed chiefly for
second-order transitions where an order param-
eter can be defined. ' The microscopic problem
of first-order transitions away from the critical
point has generally been regarded as an insoluble
one because of the discontinuous change in inter-
action energies which accompanies a large vol-
ume change AV. However, in the homologous
family of A."8' " crystals the first-order phase
transition at zero pressure obtained by varying
A and 8 chemically can be explained quantitative-
ly in terms of variations in spectroscopic ion-
icity. ' The spectroscopic chemical theory is an
approximate one because it neglects most of the
interaction energies associated with the atomic
cores, but it still appears to be accurate to about
1%. Under pressure, on the other hand, core in-
teraction energies are expected to increase in
importance with decreasing atomic volume. In
this Letter it is shown that although this is in-
deed the case, the spectroscopic model can still
be used to identify the valence forces which play
a critical role in pressure-induced covalent-ion-
ic transitions. My description includes a generic
phase diagram which indicates the relations be-
tween covalent, ionic, and metallic forms of
these compounds.

The experimental data upon which the analysis
is based are summarized in Table I. In some
cases the crystal structure of the high-pressure
phase or phases has been determined by x-ray
diffraction in situ but for many cases (especially
at pressures above 50 kbar) the structure must
be inferred. Broadly speaking, three situations
arise, depending on the ionicity f, of the A 8-
bond (see Fig. 1): (a) For 0 &f;S0.3, the low-
pressure phase is usually tetrahedral, and the
crystal transforms to a white Sn or orthorhombic
structure under pressure. For f; =0 (diamond-
type elemental crystals) the pressure and Gibbs

free-energy difference of the covalent-me. tallic
transition decrease with increasing atomic num-
ber, so that at STP Sn can be found in either
form, while Pb is metallic at STP. This trend
is called metallization, and it has already been
analyzed quantitatively in connection with our
theory of heats of formation. ' (b) For 0.3 ~f,
&0.785, the low-pressure phase is still tetrahed-
rally coordinated, but under pressure the crys-
tal first transforms to the NaCl structure at a
relatively low pressure and then at a higher pres-
sure transforms to a metallic structure (probably
orthorhombic). At least for the N=1 and N=2
compounds E believe that the intermediate NaC1
phase is intrinsically an insulating one; i.e.,
there is. a minimum energy gap ~,„between the
conduction and valence bands which is greater
than zero. This is definitely known to be the
case only for CdS,"but the apparently semimet-
allic character' of the remaining compounds in
the NaCl form may be associated with a high den-
sity of native defects. (All the N =2 compounds,
with the exception of CdTe, are known to be self-
compensating. ') lt would be interesting to ex-
amine this question with pseudopotential band cal-
culations, especially in the light of the discus-
sion of core effects given below. (c) For f, &0.785, .
the low-pressure phase usually has the NaCl
structure, and it presumably transforms to a
metallic structure at high pressure. This transi-
tion has been studied less extensively and it will
not be discussed here.

The differences EG in Gibbs free energy at
STP between the various structures can be esti-
mated quite accurately if the volume discontinuity
AV, and the transition pressure I', are known.
(The differences in compressibility between
structures contribute less than 10% of b, G, and
neither b, V, nor P, are known to better than this
accuracy in most cases. ) In cases where b, V,
has been measured, the ratio b,V,/V, , where V,
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TABLE I. Thermodynamic parameters for covalent-metallic and covalent-ionic transitions. In
cases where 6V&/V& is not known experimentally, the average values quoted in the text have been
used, and V& has been computed from second- and third-order elastic constants.
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is the volume of the low-pressure phase at the
transition pressure, has been found to be (20+ 3)%
for the covalent-metallic transition, (19+2)% for
the covalent-ionic one, and &3% for the ionic-
metallic one. The constaricy of these values is
noteworthy, and in itself it provides justification
for constructing a microscopic model of the type
described here. Values of aV, /V, are also listed
in Table I where available.

There is also uncertainty in the choice of the
values of P, . For the covalent-metallic transi-
tion, which might proceed by means of a macro-
scopic shear, Jamieson has argued' that the mea-
sured values of P, may underestimate the ther-
modynamic values because of experimental devia-
tions from purely hydrostatic pressure. Dricka-
mer, on the other hand, has compared' powder
values of P, , with single-crystal values, and has
concluded that metastability may lead to experi-
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mental overestimates of P, for covalent-ionic
transitions. The values of P, quoted in Table I
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FIG. 1. A sketch of the Gibbs free energies of & B
compounds as a function of pressure, in three domains
of ionicity f~(AB).
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reflect these two comments, as well as the re-
recent recalibration' of P, .

When the crystal structures of the A "B' com-
pounds are plotted in the (E„,C) plane, it is
found' that they separate exactly into two domains,
separated by the line f; = 0.785. Here E„and C

are the spectroscopically defined covalent and

ionic contributions to the average energy gap E~'
=E„'+C' and f, = C'/E~'. No gap is found between
the two domains, so that this thermodynamically
first-order phase transition appears to be mi-
croscopically continuous. Therefore, we seek
a dimensionless reduction of AG, =P,4V, which
will facilitate comparison of different compounds
with f, below but near 0.785. The most natural
approach is to normalize relative to 46„ the
Gibbs free energy of sublimation (atomization)
of these compounds at STP. In some cases AH,
(the enthalpy of sublimation at STP) is quoted in
the thermodynamic tables' but not AG, . The two
quantities are nearly the same in most cases,
and to avoid introducing unnecessary ambiguities,
I have normalized AG, by AH, in Table I and plot-
ted these reduced values for f, near 0.785 in Fig. 2.

In Fig. 2 the values of b, G,/b, H, are fitted by
linear and parabolic functions proportional to x
and to x', respectively, where x =0.785-f, . The
linear fit appears to be slightly superior to the
quadratic one, except for the case of CdS. (Sam-
ples of the latter have been found to exhibit dif-
ferent phase diagrams depending on the origin of
the sample. See references of Table I.)

It is interesting to compare these results with
those based on the ratio p„/ps, where p„and ps
are the "atomic radii" of the cation A and the
anion B in the A~B' ~ compound. In the rigid-
ion model the phase change from sixfold to four-
fold coordination is explained as arising from
the disparity of p„and ps. Small values of p„/ps
lead to anion-anion contact in the NaCl structure,
which is supposed to cause a phase change to a
tetrahedral structure, the critical value being
p„/ps =0.33. Calculations based on the Born-
Mayer model of ionic crystals have shown that
"the predictions of the rigid-ion model, however,
have little quantitative value. "" These calcula-
tions approach the first-order phase transition
by extrapolation from the ionic side (f, -0.9, as
in the alkali halides). When the same phase
transition is approached from the covalent side
the failure of the radius ratio rule becomes even
more dramatic because Pauling's cogalent radii
make p„/ps&0. 6 in all cases. According to the
radius ratio rule, this would make a11 covalent
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FIG. 2. The reduced free-energy difference &G&/DHN
as a function of f&(AB) for f& near but below the critical
value 0.785.

crystals have the rocksalt structure, which is
absurd. Equally absurd results are obtained
when ionic radii are used, as then the diamond
structure can only be explained by assuming that
the C atoms on one sublattice are in 4+ states,
while those on the other sublattice are in 4
states.

By contrast to these results, the analysis giv-
en in Fig. 2 shows that hG, /bH, goes to zero
smoothly as a function of x, a, quantity which de-
pends primarily ony =Z„/r„—Zs/rs. The only
part of the story that is missing is the value of
hG, /hH, for f; &0. .785. This is not measurable
by pressure experiments because we cannot ap-
ply a negative pressure to cause a transition
from the more dense NaCl structure to the less
dense tetrahedral structure. However, the ener-
gy difference hG, can also be measured directly
by extrapolating activity-composition data in al-
loy systems. This has been done" for ZnQ in the
rocksalt hosts CoO and NiQ, and the results for
4G, obtained agree with those quoted in Table I
to within 10%, after allowance for recalibration'
of P, . Activity-composition measurements of
MgO in ZnO, and AgBr and AgI in CuBr and CuI,
respectively, should yield b.G for f, &0.785, thus.
completing the description of the phase transi-
tion shown in Fig. 2.

We have seen that the natural parameter which
governs the covalent-ionic transition is x =0.785

f&. Walter and C—ohen" have recently identified
the valence bond charge Z, whose structural im-
portance had previously been emphasized. " They
have found that Z, o x, which suggests that the
microscopic force which drives the transition is
electrostatic. Because of the limitations inher-
ent in any quantum-mechanical study, their plot
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of Z~ against f; does not establish conclusively
that Z, =O for (metastable) tetrahedrally coordi-
nated compounds with f; )0.785. The activity-
composition measurements suggested here may
provide further information on this basic ques-
tion.
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We report the first experimental determination of the microscopic strain fields sur-
rounding substitutional impurities in a crystal. We have used pair spectra in GaP to re-
veal the splitting of Zn or C acceptor levels in the strain fields generated by 0, S, Se,
or Te donor iona. The anisotropic splitting, which agrees with a simple effective-mass
theory, is the same for all four donors. We conclude that effects associated with the
size of these impurities are distributed over a volume of the crystal extending more
than 20 A from the impurity.

Point imperfections in crystals generate local
strain fields which can modify the properties
of degenerate electronic states bound to them. '
The experiment described in this Letter enables
us not only to determine the magnitudes of the
fields but also to measure their dependence on
distance and direction from their sources. The
method, which uses a careful analysis of the
donor-acceptor pair lines from GaP which are
split by these internal fields, generates a map
of the strain field surrounding a donor through
its effect on the energy levels of the nearby ac-
ceptor s.

Sharp-line donor-acceptor pair spectra' pro-
vide a convenient indicator of interactions be-
tween donor and acceptor impurities at varying
separations B. The major interaction term,
the Coulomb energy of the bare ions, e'/e, R,
disperses the spectrum so that lines correspond-
ing to different separations are resolved and

can be identified and classified according to the
interion separation vector R. Once the pair lines
have been classified by this gross structure,
their properties can be correlated with the now

known values of R.'
We consider a donor ion which, because of its

P, (r) = (2A/rs)[D„q(r) + D„'Q(F)],

where the operators q(F) and Q(F) reflect the

(2)

intrinsic "size" relative to the atom it replaces
or because of its (Coulomb) interaction with its
neighbors, displaces its nearest neighbors from
their normal radius R, by 5R. This generates
a strain field approximately equal to that pro-
duced in a homogeneous solid by a displacement
(by I) of a spherical shell of initial radius R,.
It may be described by the displacement vector
u(r) at a point r measured from the donor site, '

u(r) = (A/r')r,

where A =R,'M. In a cubic crystal the strain
field may be anisotropic' —a complication which
we discuss below. We seek the interaction of
such a field with a hole bound to a nearby accep-
tor. In a cubic crystal this interaction depends
upon two deformation-potential constants D„
and D„' as expressed in the Kleiner and Roth
Hamiltonian. ' The constants are those appro-
priate for the acceptor state and are in general
different from those of the band edge. " For
holes in the strain field of Eq. (1) this Hamilto-
nian may be written [see Eqs. (2)-(4) of Ref. 1]
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