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ABSTRACT

The results obtained from investigations
of crystal structures at high temperature
and at high pressure are reviewed. Com-
pression and thermal expansion of each type
of cation-anion coordination polyhedron are
independent of structure type. Empirical
relationships have been proposed for vari-
ations in cation-anion distance with tem-
perature and pressure as a function of
ionic bonding parameters. These relation-
ships may lead to predictions of structural
variation with pressure, temperature and

composition.

INTRODUCTION

For many years, crystallographers of
different disciplines have studied the
structural topology and crystal chemistry
of materials. Mineralogical erystallogra-
phers are interested in understanding the
interrelationships of bulk chemistry, con-
ditions of formation, thermal and pressure
history, and other geologic parameters with
the phase equilibria and crystal chemistry
of natural inorganic solids. The role of
the mineralogical crystallographer has been
changing rapidly during the past two de-
cades because of developments in automated
diffractometry and computations. It is now

possible to perform studies that are too

complex or too time-consuming to have been
attempted without the modern equipment.
This report describes recent efforts to
characterize changes in crystal structure
that occur as a result of variations in
pressure, temperature, and composition.
High-pressure studies are emphasized
because recent investigations at the
Geophysical Laboratory are not widely

known.

HIGH-TEMPERATURE STUDIES

Several instrumental developments have
had a major impact on studies of the sys-
tematics of crystal structures as a func-
tion of pressure, temperature, or composi-
tion. In addition to the all-important
development of computer-controlled diffrac-
tometers and the general availability of
computational facilities for structure
solution and refinement, there have been
other developments of importance. One of
these is a single-crystal heater used on an
X-ray diffractometer. A summary of early
devices was provided by Buerger.1 Recent
designs that utilize resistance heaters to
reach temperatures of 1000-1200°C have been
reported2 with a temperature stability of a
few degrees Celsius. Temperatures as high
as 2000°C can be reached if a flame heater

is used3, although thermal stability is

© 1979 American Crystallographic Association



94 STRUCTURAL RESPONSE TO P-T-X CHANGES

reduced. These devices have been used to
study the thermal expansion, crystal struc-
tures, and phase transitions at high tem-
perature for many minerals.u'u1

At high temperature increased thermal
diffuse scattering may introduce systematic
bias to the observed intensities. These
effects may be corrected if elastic con-
stants are knowx'x.u2 Recent advances in
measurement of Brillouin scattering from

small crystalsu3

are greatly increasing the
number of materials for which elastic con-
stants are available.

In spite of the number of structures
that have been measured at temperature,
there have been few attempts to summarize
the results of lattice or cation polyheg;al

)

examined the theoretical basis for lattice

expansion. Megawuu (see also Deganello
expansion, and Lageru6 considered aspects
of cation polyhedral expansion. 1In the
most extensive compilation of high-
temperature structure data to date, Hazen
- and Prewittu7 summarized the bond ex-
pansions that were available for simple
compounds as well as the few complex struc-
tures that had been determined at high
temperature. They plotted the thermal ex-
pansion coefficient to 1000°C against a
bond strength obtained by dividing the for-
mal cation charge by the number of coordi-
nating anions (Fig. 1). The agreement
between the data points and the regression
Small,

highly charged cations have smaller expan-

line is reasonably acceptable.

sion coefficients than large monovalent or

divalent cations. A significant difficulty
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Fig. 1. Mean coefficients of thermal
expansion vs. bond strength (z/p). Cations
are given in the form PR,, where z is the
cation charge, and p is the coordination
number (from ref. 47).

with this model is that polyhedra with a
charge-to-coordination ratio greater than
0.75 are predicted to have a negative ex-
pansion, whereas these cation polyhedra
(such as silicon in tetrahedral coordina-
tion) are observed to have zero expansion.
Another problem with the interpretation of
this simple model is that all cations of a
given charge and coordination (e.g., all
divalent cation octahedra) are predicted to
have an identical coefficient of thermal
expansion. Obviously there are factors
significantly affecting the expansion of
metal-oxygen bonds that are not included in

this simple relationship.
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HIGH-PRESSURE STUDIES
The majority of studies of crystal-

structure variation with pressure have been
conducted with the opposed-anvil, diamond
cell. The opposed-diamond configuration
was first used by Wier et 3;.,“8 and has
been incorporated in a variety of cell de-
signs by Merrill and Bassett,ug Keller and

Holzapf‘el,50 Schiferl et gl.,51 Finger and

King,52 and Hazen and Finger,53 and others.

Use of the high-pressure cell is compli-
cated by variable absorption of the primary
and diffracted beams due to diamond and
other cell components. Furthermore, a por-
tion of the diffracted region is obscured
by metal supports and gaskets in most

54

cells. Santoro et al., Hazen,26 Finger

and King,52 and Denner et 31.55 have cor-
rected measured intensities for absorption
by the pressure cell. The last two studies
also presented methods for maximizing the
region of reciprocal space that could be
observed by suitable operation of four-
circle diffractometers.
Merrill and Bassett.u9 have shown by
calculation that approximately 30% of the
limiting sphere is available when optimum
conditions are obtained in their miniature
diamond cell. In addition, the increased
absorption from the diamonds and other
parts of the cell reduces the signal-to-
noise ratio and obscures many of the weaker
diffracted intensities. These two factors
result in decreased precision for refined
parameters, particularly for atoms with low
atomic number. Derived quantities, such as

interatomic distances and angles, have

relatively large uncertainties, even though
residuals are quite small. Several high-
pressure data sets for spinel of nickel
silicate composition, for example, have
been refined to a weighted R of 2.4% or
1ess;uo however, the precision of the
results is not adequate for the calculation
of a significant slope for the variation of
the silicon-oxygen bond distance with
pressure. Other bonds are more compress-
ible, and meaningful compressibility rela-
tionships may be obtained.

Within recent years the number of crys-
tal structures that have been refined from
intensity data measured at high pressure
has increased dramatically. One major rea-
son for this increase in activity is the
development of secondary pressure calibra-
tion based on the ruby fluorescence tech-
m‘.que%-58 calibrated against the Decker
9 for NaCl. With this

method the pressure may be determined

equation of state

quickly with a precision of a few tenths of
a kilobar by measurement of the wavelength
shift of the 51

X-ray methods used to measure the lattice

line in ruby. Previous

constant of a material such as NaCl could
require many hours to determine the pres-
sure. Piermarini et 21.60 used the non~
hydrostatic broadening of the ruby fluores-
cence line to determine the "glass transi-
tion" for several fluids and found that a
4:1 mixture of methanol-ethanol had the
highest pressure of this transition for any
of the substances studied. Although this
liquid has relatively high viscosity at

pr‘essure61 and a finite relaxation time to
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changes in stress, it has become the stan-
dard pressure~transmitting fluid for most
single-crystal experiments, which must be
conducted under hydrostatic conditions.
The earliest studies of the structures
of single crystals at high pressure were

performed on bromine62 and benzene.63 The

first studies of mineral structures at

64
pressure were for calcite and

65,66

gillespite. More recent studies of

the structures of minerals or mineral-like

27

phases include periclase,26 forsterite,

f‘ayalite,31 pyroxene,67 layer miner-
52 71,72

,70 NaCl, ruby,

73,74 75

quartz, zircon, and nickel-silicate

Studies of other materials such

7

spinel.uo
as FeS,76 coesite, pyrope and diopside,
hematite, escolaite and karelianite,78
rutile, cassiterite, and the rutile analogs
of germanium and ruthenium dioxide79 are
in progress.

Several groups have studied samples in a
diamond-anvil cell at elevated temperature

using laser heating.ao’81

This technique
is not particularly useful for single-
crystal studies that require temperature
stability of a few degrees over time per-
iods of the order of days. A modification
of the Merrill and Bassett pressure cellug
with a miniature wire-wound resistance fur-
nace is in use at the Geophysical Labora-
tory,82 and another cell is being developed
8 at the National

Bureau of Standards. The Geophysical Labo-

by Piermarini and Block

ratory design has a range in excess of
700°C at 50 kbar. When heated cells such

as these are in routine usage, studies of

both lattice and structural equations of

state will be possible for many materials.

SYSTEMATIC CHANGES IN BOND LENGTH WITH
PRESSURE

Although there are difficulties in the
precise determination of bond distances at
elevated pressure, there are many struc-
tures such as rock salt that have no vari-
able positional parameters. All bond dis-
tances and angles are completely specified
if the lattice parameters are known. Most
of the available bond expansion and com-
pression data come from studies of the
lattice variation of simple compounds with
temperature and pressure because experi-
ments to determine lattice expansion or
compression are more easily performed than
the complete structure determination.

Bridgmansunoted in 1923 that the bulk
modulus of thirty metals was inversely pro-
portional to the fourth power of the lat-~
tice constant. Anderson and Anderson85
examined this relationship for ionic com-
pounds and found that experimental results
were more consistent with bulk modulus pro-
portional to the inverse of the molar vol-
ume (i.e., the third power of the lattice
constant). The Anderson and Anderson re-
sults appear to be valid for a series of
isostructural ionic compounds; however, the
results are not easily applied to complex
structures. It may be difficult, there-
fore, to relate a bulk property such as
volume compressibility to properties of
individual cation-anion bonds.

47

Hazen and Prewitt tested the Anderson
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and Anderson relationship for subunits of a
crystal structure by compiling compressi-
bility data and plotting the mean results
to 100 kbar versus the inverse of the
polyhedral charge density (Fig. 2). The
regression line represents the results for
divalent cations in octahedral coordina-

%+ and 413", which have

tion; however, Si
different charge and coordination, deviate
from the line. Additional high-pressure
crystal-structure and compressibility data
are now available and have led to a modi-
fied empirical expression that more suc-
cessfully models the bond compression in

polyhedral units for many types of com-
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Fig. 3. The bulk modulus-volume rela-
tionship for polyhedra in oxides and sili-
cates. Triangles represent tetrahedra;
crosses, octahedra; and circles, eight or
greater coordination.
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Fig. 2. Mean coefficients of compres-

sibility vs. d 3/z. Cations are given in
the form described in Fig. 1. This figure
is also from ref. 47.

pounds. This expression, given below, is
in the form of a bulk modulus-volume
relationship.

Volumes of polyhedral units in oxygen-
based structures have been computed from
structural and lattice parameters deter-
mined at high pressure for complex struc-
tures, as well as from the compressibili-
ties of structures with no variable atomic
positional parameters. The bulk modulus
has been obtained for each polyhedron by
fitting a first-order Birch-Murnaghan
equation of state to the pressure-volume
results. These calculated polyhedral bulk
moduli for oxides and silicates, denoted by

Kp rather than KO, have been plotted
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against <d>3/zc in Fig. 3, where <d> is
the mean bond distance and L is the cation
formal charge. Note that Kp and KO are
identical for simple structures. Poly-
hedral bulk moduli, Kp, were first plotted
versus polyhedral volumes, Vp. Polyhedral
volume, however, was discarded in favor of

3

<d>”, an entity with more obvious physical
significance, yet with the same functional
dependence. Weighted linear regression of
all available cation-oxygen bond compres-

sion data yields:

Kn<d>3
- - 7.5 Mbar-13. €D

Ze

The most significant deviations from the
line (Fig.3) occur for the least compres-
sible bonds, specifically tetravalent
cations in four-coordination. Other devi-
ant points include monovalent sodium and
potassium cations, which have large uncer-
tainties in ﬁhe effective coordination
number and, consequently, the mean cation-
oxygen distance, and trivalent vanadium in
V203, an anomalous oxide with metallic con-

duction and metallic luster.

As demonstrated by Anderson and Nafe87
and Anderson,8 bulk modulus-volume rela-
tionships may be extended to materials with
anions other than oxygen if the anion for-
mal charge, Z» and effective "ionicity,"
32,4are taken into account. If all ox-
ides and silicates are assigned an ionicity
of 0.5, the value of 82 for other anions
may be obtained by calculation of formulae
similar to equation (1). For the present,

ionicity is assumed to be constant for a

given anion. With 82 defined as 0.5 for
oxygen-based compounds, then the value is
approximately 0.7 for halides; 0.4 for
sulfides, selenides, and tellurides; 0.25 for
phosphides, arsenides, and antimonides; and
0.2 for carbides. Figure 4 illustrates the
polyhedral bulk modulus-volume rela-
tionship:

K2<d>3

= -3
S2zo7, ° 7+5 Mbar 13, (2)

which is derived from structural subunits
in more than 100 compounds of approximately
20 different structure types. Several of
these materials do not have structures with
three-dimensional polyhedra (e.g., planar
NO3 groups), and an "effective polyhedral
bulk modulus" was defined for these

materials as:

1
Kp H EEE (3)

where <B&> is the mean linear compressi-
bility of the cation-anion bonds. The only
structure type that deviates systematically
from the linear relationship is that of
CsCl in which a cube of anions at the
corners of a unit cell is coordinated to a
central cation. This structure is unusual
in its high degree of face-sharing between
polyhedra, which results in cation-cation
distances only 15% longer than cation-anion
bonds. Cation-cation repulsion in
CsCl-type compounds, therefore, results in
significantly greater polyhedral bulk
moduli than those predicted by the line in
Figure 4, which is valid only for polyhedra
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Fig. 4. The bulk modulus-volume
relationship for polyhedra in a variety of
materials. Triangles, crosses, and circles
indicate coordination as in Fig. 3.

with weak second-nearest neighbor
interactions.

An important consequence of equation (2)
is that each polyhedron in a crystal is
subjected to the full externally applied
pressure. Otherwise, data from polyhedra
in simple, constrained structures would not
follow the same trends as those in more
complex types. Another consequence of
equation (2) is that the polyhedral bulk
modulus for a given type of polyhedron
(e. g., magnesium-oxygen octahedron) is

similar in different structures, because

<d>is similar in different structures.

An important application of equation (2)
is the prediction of cation-anion
bond-length variation with pressure. From
this equation by itself, however, it is not
possible to predict changes in molar volume
with pressure. In addition to changes in
cation-anion distance, cation-anion-cation
bond angles may change with pressure.89
In structures with extensive corner-linking
of polyhedra, as in alpha-quartz, the bulk
modulus may be an order of magnitude less
than the polyhedral bulk modulus owing to

73,7H In other

changes in Si-0-Si angles.
compounds, including oxides, spinels,
garnets, and other proposed mantle phases,
polyhedra are linked by more rigid edge- or
face~sharing. In these materials it may be
possible to predict bulk moduli by
appropriate linear combinations of moduli

of the component polyhedra.

CONCLUSIONS--VARIATION OF STRUCTURE WITH
TEMPERATURE, PRESSURE, AND COMPOSITION

High-pressure and high-temperature cry-
stallography are providing important infor-
mation about the variation of structure
with changes in external conditions. High-
pressure studies have led to a simple pre-
dictive relationship between polyhedral
bulk modulus and bonding parameters. A
similar empirical relationship for high-
temperature bond-distance variation is now
being developed.

It has been demonstrated that one effect
on a structure of changing temperature and

pressure is variation of the absolute, as
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well as relative, sizes of component
polyhedra. In this sense variations of
crystal structure with temperature,
pressure, and composition are
analogous.90 This observation supports
the simple model of a structure composed of
polyhedral units. It appears that each
polyhedron in most structures achieves a
size based on temperature, pressure, and
composition, largely independently of
structural linkages. It may be possible,
therefore, to predict the P-T-X variation of
crystal structures simply by knowing the
polyhedral equations of state.
Furthermore, if phase stability can be
related to geometrical parameters such as
the size ratio of polyhedral units, then
phase equilibria may be predicted from the
known variation of polyhedra.91’92
With the large number of
high-temperature and high-pressure
structures becoming available,it now seems
likely that a coherent picture of the
response of structures to temperature,
pressure, and composition will soon
emerge. The next steps are to systematize
high-temperature results and to gain
information from simultaneous
high-temperature and high-pressure
experiments. With such data the
mineralogical crystallographer will be in a
position to model materials under
conditions equivalent to those within the

Earth. What an exciting prospect!

REFERENCES
1. M. J. Buerger, The Precession Method,
(John Wiley and Sons, New York,
1964).
2. G. E. Brown, S. Sueno, and C. T.
Prewitt, Am. Mineral. 58, 698 (1973).
3. R. A. Gubsen, W. Hoffman, and H. U.
Nissen, Z. Krist. 119, 264 (1963).
4. M. J. Buerger and B. J. Wuensch,
Science 141, 276 (1963).
5. W. A. Dollase, Acta Cryst. 23, 617
(1967).
6. N. Foreman and D. R. Peacor, Z. Krist.
132, 45 (1970).
7. S. Quareni and W. H. Taylor, Acta
Cryst. B27, 281 (1971).
8. J. R. Smyth, Z. Krist. 134, 262
(1971).

9. G. E. Brown, J. J. Papike, and
S. Sueno, J. Geophys. Res. 77, 5778
(1972).

10. J. R. Smyth and C. W. Burnham, Earth
Planet. Sci. Lett. 14, 183 (1972).

1. 8. Sueno, J. J. Papike, C. T. Prewitt,
and G. E. Brown, J. Geophys. Res. 117,
5767 (1972).

12, G. E. Brown and C. T. Prewitt, Am.
Mineral. 58, 577 (1973).

13. M. Cameron, S. Sueno, C. T. Prewitt,
and J. J. Papike, Am. Mineral. 58, 594
(1973).

M, F. F. Foit and D. R. Peacor, Am.
Mineral. 58, 665 (1973).

5. D. R. Peacor, Am. Mineral. 58, 676
(1973).

6. D. R. Peacor, Z. Krist. 138, 274
(1973).



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

7.

28.

29.

30.

31.

32.
33.

34.

L. W. Finger and R. M. Hazen 101

W. Pillars and D. R. Peacor, Am.
Mineral. 58, 681 (1973).

J. R. Smyth, Am. Mineral. 58, 636
(1973).

J. R. Smyth and R. M. Hazen, Am.
Mineral. 58, 588 (1973).

S. Sueno, M. Cameron, J. J. Papike,
and C. T. Prewitt, Am. Mineral. 58,
649 (1973).

S. Sueno, J. R. Clark, J. J. Papike,
and J. Konnert, Am. Mineral. 58, 691
(1973).

J. R. Smyth, Am. Mineral. 59, 1069
(1974).

E. P. Meagher, Am. Mineral. 60, 218
(1975).

J. R. Smyth, Am. Mineral. 60, 1092
(1975).

L. W. Finger and Y. Ohashi, Am.
Mineral. 61, 303 (1976).

R. M. Hazen, Am. Mineral. 61, 266
(1976). '

R. M. Hazen, Am. Mineral. 61, 1280
(1976).

C. T. Prewitt, S. Sueno, and J. J.
Papike, Am. Mineral. 61, 1213 (1976).
S. Sueno, M. Cameron, and C. T.
Prewitt, Am. Mineral. 61, 38 (1976).
M. Taylor and G. E. Brown, Am.
Mineral. 61, 435 (1976).

R. M. Hazen, Am, Mineral. 62, 286
(1977).

K. Kihara, Z. Krist. 146, 175 (1977).
B. A. Wechsler, Am. Mineral. 62, 286
(1977).

J. K. Winter, S. Ghose, and F. P.
Okamura, Am. Mineral. 62, 921 (1977).

35.

36.

37.

38.

39.

4o.

41,

b2,

43,

4y,

45,

46.

47,

48.

49,

50.

G. A. Lager and E. P, Meagher, Am.
Mineral. 63, 365 (1978).

H. Takeda and B. Morosin, Acta Cryst.
B31, 2444 (1975).

W. R. Robinson, Acta Cryst. B31, 1153
(1975).

M. F. Hochella, G. E. Brown, F. K.
Ross, and G. V. Gibbs, Am. Mineral.
64, 337 (1979).

E. P. Meagher and G. A. Lager, Can.
Mineral. 17, 77 (1979).

L. W. Finger, R. M. Hazen, and

T. Yagi, Am. Mineral. 64, in press
(1979).

J. K. Winter, F. P. Okamura, and

S. Ghose, Am. Mineral. 64, 409 (1979).
E. D. Stevens, Acta Cryst. A30, 1814
(1974).

D. J. Weidner, H. Wang, and J. Ito,
Phys. Earth Planet. Interiors 17, P7
(1978).

H. D. Megaw, Crystal Structures: A
Working Approach, (Saunders, Phila-
delphia, 1973).

S. Deganello, Z. Krist. 139, 297
(1974).

G. A. Lager, Phys. Chem. Minerals 3,
237 (1978).

R. M. Hazen and C. T. Prewitt, Am.
Mineral. 62, 309 (1977).

C. E. Wier, G. J. Piermarini, and

S. Block, Rev. Sci. Instr. 40, 1133
(1969).

L. Merrill and W. A. Bassett, Rev.
Sci. Instr. 45, 290 (1974).

R. Keller and W. B. Holzapfel, Rev.
Sci. Instr. 48, 517 (1977).



102

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

STRUCTURAL RESPONSE TO P-T-X CHANGES

D. Schiferl, J. C. Jamieson, and J. E.
Lenko, Rev. Sci. Instr. 49, 359
(1978).

L. W. Finger and H. E. King, Am.
Mineral. 63, 337 (1978).

R. M. Hazen and L. W. Finger, Carnegie
Inst. Wash. Year Book 76, 655 (1977).
A. Santoro, C. E. Wier, S. Block, and
G. J. Piermarini, J. Appl. Cryst. 1,
101 (1968).

W. Denner, H. Schulz, and H. d'Amour,
J. Appl. Cryst. 11, 260 (1978).

J. D. Barnett, S. Block, and G. J.
Piermarini, Rev. Sci. Instr. 44, 1
(1973).

G. J. Piermarini, S. Block, J. D.
Barnett, and R. A. Forman, J. Appl.
Phys. 46, 2774 (1975).

R. A. Forman, G. J. Piermarini, J. D.
Barnett, and S. Block, Science 176,
284 (1976).

D. L. Decker, J. Appl. Phys. 42. 3239
(1971). ‘

G. J. Piermarini, S. Block, and J. D.
Barnett, J. Appl. Phys. 44, 5377
(1973).

G. J. Piermarini, R. A. Forman, and

S. Block, in High-Pressure Science and
Technology, K. D. Timmerhaus and M. S.
Barber, eds., (Plenum Press, New York,
1977), p. 860.

C. E. Wier, G. J. Piermarini, and

S. Block, J. Chem. Phys. 50, 2089
(1969).

D. C. Bassett, S. Block, and G. J.
Piermarini, J. Appl. Phys. 45, 4146
(1974).

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Th.

75.

76.

7.

78.

79.

80.

L. Merrill and W. A. Bassett, Acta
Cryst. B31, 343 (1974).

R. M. Hazen and C. W. Burnham, Am.
Mineral. 59, 1166 (1974).

R. M. Hazen and C. W. Burnham, Am.
Mineral. 60, 937 (1975).

R. M. Hazen and L. W. Finger, Carnegie
Inst. Wash. Year Book 76, 512 (1977).
R. M. Hazen and L. W. Finger, Am.
Mineral. 63, 289 (1978).

R. M, Hazen and L. W. Finger, Am.
Mineral. 63, 293 (1978).

R. M. Hazen and L. W. Finger, Am.
Mineral. 63, 297 (1978).

H. d'Amour, D. Schiferl, W. Denner,
H. Schulz, and W. B. Holzapfel, J.
Appl. Phys. 49, 4411 (1978).

L. W. Finger and R. M. Hazen, J. Appl.
Phys. 49, 5823 (1978).

J. D. Jorgensen, J. Appl. Phys. U9,
5473 (1978).

H. d'Amour, W. Denner, and H. Schulz,
Acta Cryst. B35, 550 (1979).

R. M. Hazen and L. W. Finger, Am.
Mineral. 64, 196 (1979).

H. E. King, Geol. Soc. Am. Abstracts
with Programs 10, U434 (1978).

L. Levien, Geol. Soc. Am. Abstracts
with Programs 10, 444 (1978).

L. W. Finger and R. M. Hazen, EOS,
Trans. Am. Geophys. Union 60, 386
(1979).

R. M. Hazen and L. W. Finger, EOS,
Trans. Am. Geophys. Union 60, 386
(1979).

L. Ming and W. A. Bassett, Rev. Sci.
Instr. 45, 1115 (1974).



L. W. Finger and R. M, Hazen 103

81. P. M., Bell and H. K. Mao, Carnegie
Inst. Wash. Year Book 74, 399 (1975).

82. R. M. Hazen and L. W. Finger, Carnegie
Inst. Wash. Year Book 78, in press
(1979).

83. G. J. Piermarini and S. Block,
personal communication (1979).

84. P. W. Bridgman, Proc. Am. Acad. Arts
Sci. 58, 165 (1923).

85. D. L. Anderson and O. L. Anderson,

J. Geophys. Res. 75, 3494 (1970).

86. D. B. McWhan and J. P. Remeika, Phys.
Rev. B2. 3734 (1970).

87. 0. L. Anderson and J. F. Nafe,

J. Geophys. Res. 70, 3951 (1965).

88. 0. L. Anderson, in The Nature of the
Solid Earth, E. C. Robertson, ed.,
(McGraw-~-Hill, New York, 1965), p. 575.

89. R. M. Hazen and L. W. Finger,

J. Geophys. Res., in press (1979).

90. R. M. Hazen, Phys. Chem. Minerals 1,
83 (1977).

91. R. M. Hazen and D. R. Wones, Am.
Mineral. 63, 885 (1978).

92. R. M, Hazen, Science 194, 105 (1977).

DISCUSSION

Q: (C. W. Burnham, Harvard University)

You didn't talk at all about thermal ex-
pansion of bonds, but with respect to the
3i-0 bond you mentioned that the simple
distance between Si and oxygen seems not to
expand with temperature. Unless I am mis-
taken, I believe that once these distances
are corrected for thermal motion they do
expand some. What are your thoughts about

the importance of thermal motion correc-

tions of this sort? Can we ignore these
corrections?

A: In all the structures that I've seen,
the bond distance remains essentially con-
stant. The one study where the distance
decreases with temperature is suspect. The
temperature factors are increasing with
increasing temperatu?e in these structures,
so that any sort of a thermal correction
model that might be applied would make the
average of the instantaneous bond distances
longer. 1 don't really know what sort of a
model should be applied. In answer to your
second question, for the kinds of tempera-
ture factors that one finds for Si and
oxygen to 100000, I don't think a correc-
tion is that important. Thus for the mo-

ment we can safely ignore it.

Q: (S. Deganello, University of Chicago)
How is absorption corrected for during
high-pressure experiments, and can cor-
rections for thermal diffuse scattering
effects be obtained by a systematic survey
of high-temperature data that now exist?
A: The cell that we use has a very simple
relationship between attenuation by the
cell and the angle at which we are mea-
suring the data on the four-circle dif-
fractometer. The cell has an axis of
radial symmetry and experimentally we see
no violations of this radial attenuation.
There are two angles that one needs to
know--the angle between the radial axis of
the cell and the incident beam,and the
angle between the radial axis and the

diffracted beam. Those quantities are
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easily computed from the diffractometer
angles and the attenuation is corrected in
the on-line computer. In answer to your
second question, I would say that
developments in geophysics are making
available to us fairly precise elastic
constants for a wide variety of materials,
so we do have the chance of making thermal

diffuse scattering corrections.

Q: (S. Block, National Bureau of
Standards)

You mentioned combined temperature and
pressure equation of state determinations.
We did combined T-P work using powder
methods on polyethylene a few years ago.
You also showed some work on ruby to 40
kbars; are you familiar with the ruby work
by the group at Stuttgart?

A: In answer to your question, there is
more work that has been done on ruby by the
Stuttgart group. Their results are similar
to ours but with somewhat larger uncertain-

ties in their parameters.

C: (M. O'Keeffe, Arizona State University)
I'd like to make a comment about the sili-
cate tetrahedron. You remarked that the
Si-0 distance didn't change very much with
inecreasing pressure, and thus the Si-O bond
must be very stiff. I think if you look at
it from the point of view of Si being com-
pressed, and oxygen having only two neigh-
bors, the oxygen can just move a little
bit--change the bond angle if you like--and

the bond doesn't know it is being com-

pressed at all.

Q: (G. E. Brown, Jr., Stanford University)
The 50 kbar limit that you mentioned as the
current upper limit of your diamond cell
work gets us down to about 150 km depth
into the Earth, which corresponds to the
Earth's upper mantle. There are important
mineral phases that occur below that depth,
and I wonder what ultimate upper limit you
foresee for the diamond cell you described
that might permit an examination of these
higher pressure phases?

A: The fundamental 1limit that we run into
now is the upper limit at which we can have
a fluid medium.®* Anytime we attempt to do
crystallograpny on anything that is in a
non-hydrostatic environment we get garbage.
The volume of the unit cell that one might
determine is correct, so it can be extrapo-
lated with pressure. The only problem is
that considerable lattice strain results.
If you charge ahead blindly, attempt to
measure intensities and try to refine a
crystal structure, you get absolute garbage.
Therefore we are limited to approximately
100 kbar at present until other liquids are
found which remain fluid above the 104 kbar
pressure limit of the 4:1 mixture of
methanol-ethanol that we are using now. In
terms of what can be done within our cell,

there are developments at Stony Brook where

*Note added June 26, 1979:

H. K. Mao and P. M. Bell, Geophysical
Laboratory, have just found no broadening
of the ruby line to 650 kbars when solid
hydrogen is used as the "fluid." Appli-
cation of similar techniques to single-
crystal experiments should increase the
hydrostatic pressure range.
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a less pure form of Be seat material that
is much stronger is being used. This seat
raises routine operation to pressure of at
least 80 kbar. We are changing to that
style and are, in addition, changing the
design of our cell slightly to give us
better directional control for the steel
backing so the alignment of our diamonds
will be improved. We should, therefore, be
able to get marginally higher pressures.
There is another problem associated with
high-pressure apparatus, in that the way
you achieve the pressure is to extrude the
gasket ever so slightly to compress the
liquid so that the pressure is transmitted
to the crystal, At high pressures, one has
the tendency to thin the gasket to the
point that you can't get a significant vol-
ume of crystal in the cell without bridging
the diamond anvils. I think that routinely
one can go to 80 kbar and soon to 100 kbar

without much difficulty.
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