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X-ray Diffraction to 302 Gigapascals: High-Pressure 
Crystal Structure of Cesium Iodide 

X-ray diffraction measurements have been carried out on cesium iodide (CsI) to 302 
gigapascals with a platinum pressure standard. The results indicate that above 200 
gigapascals CsI at 300 K has a hexagonal close-packed crystal structure with the ideal 
cla ratio of 1.63 +- 0.01. The crystal structure and pressure-volume relations converge 
at high pressure with those of solid xenon, which is isoelectronic with CsI. The results 
indicate a significant loss of ionic bonding in the hexagonal close-packed metallic phase 
of CsI at ultrahigh pressure. 

HE PHYSICS OF CONDENSED MAT- 

ter at ultrahigh pressures is of con- 
siderable current interest. In the past 

15 years, the development of the diamond- 
anvil cell has steadiliextended the maximum 
attainable static pressures from 50 to 550 
GPa (1). Recently, evidence for metalliza- 
tion of hydrogen by band overlap has been 
reported above 200 GPa (2). The pressure 
measurements in most ultrahigh pressure 
experiments, however, were based on the 
ex;rapolation of the ruby fluorescence scale 
that was calibrated with a primary x-ray 
diffraction scale of Cu, Mo, Pd, and Ag to 
100 GPa and Au and Cu to 180 GPa. With 
the development of energy-dispersive x-ray 
diffraction with synchrotron radiation (3, 
4), diffraction measurements at higher pres- 
sures are now possible. A maximum pres- 
sure of 245 GPa has been obtained on x-ray 
diffraction of Re and 255 GPa on Fe (5). 
For an accurate pressure calibration, a mate- 
rial with much lower strength and a better 
defined isothermal equation of state than 
that of Re is essential.-we report here x-ray 
diffraction results for CsI to an extended 
pressure range of 302 GPa. Platinum was 
used as an internal pressure calibrant. The 
equation of state of Pt has been studied 
extensively by shock-wave and theoretical 
techniques up to 660 GPa (6). Because of 
their low strength, CsI and Pt provide a 
more quasi-hydrostatic pressure environ- 
ment than other materials studied previously 
by x-ray diffraction at ultrahigh pressures. 
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The behavior of CsI at high pressure has 
been used as a prototype for understanding 
crystal structures, equations of state, and 
metallization of materials at high pressures. 
For several years, this material has been the 
subject of intensive experimental (3, 7-12) 
and theoretical (11, 13) investigations. The 
ionic solid CsI is isoelectronic with the rare- 
gas solid Xe. With increasing pressure the 
interatomic forces in the ionic solid will 
begin to be dominated by short-range repul- 
sive rather than long-range electrostatic 
terms. At sufficiently high compressions, the 
crystal structure and equation of state of CsI 
and Xe are therefore predicted to converge. 
Such a convergence, however, has never 
been confirmed experimentally in CsI and 
Xe (9)  or any other material. In fact, xenon 
has been shown to transform from a cubic 
close-packed (ccp) to a hexagonal close- 
packed (hcp) structure with an intermediate 
mixed close-packed polytype phase (14), 
whereas CsI is reported to undergo a cubic- 
tetragonal-orthorhombic transition se- 
quence (7) in which the highest pressure 
phase is not close-packed. 

All previous x-ray diffraction studies of 
CsI were limited to maximum pressures of 
95 GPa. In this pressure range, the crystal 
structures of CsI and Xe are complicated by 
transitions to intermediate phases. At higher 
compressions, with the increase in repulsive 
forces, a final configuration for CsI ap- 
proaching Xe could be reached. In the pres- 
ent study, we have extended the pressure 
limit of previous studies of structural phase 
transitions and equations of state of CsI 
threefold to 302 GPa. In so doing, we have 
achieved a compression on this material that 
far exceeds that associated with the experi- 
mentally determined transition at 110 GPa 
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Fig. 1. Interplanar spacings for CsI at ultrahigh 
pressures. The error bars represent the standard 
deviation of pressures determined from the 11 1 
and 200 diffraction peaks of the Pt standard. 
Between 150 and 200 GPa, only rapid, reconnais- 
sance x-ray diffraction patterns (less than 10 min) 
were measured, and only the most intense peak of 
the triplet was fitted and plotted. The lines indi- 
cate the results calculated from an equation-of- 
state fit to the pressure-volume data above 200 
GPa for the ideal hcp structure (cia = 1.633). 

from ionic to metallic bonding (9). The 
results are compared with recent x-ray dif- 
fraction measurements on Xe above 100 
GPa (14, 15). 

A powdered mixture of CsI (99.999%) 
and Pt (99.999%), confined in a 40-km 
hole of a T-301 stainless steel gasket, was 
loaded into a diamond-anvil cell with bev- 
eled diamonds (16). Data were obtained at 
the National Synchrotron Light Source by 
energy-dispersive x-ray diffraction tech- 
niques with polychromatic (white) x-radia- 
tion (3, 4). The primary beam was collimat- 
ed to 10 u,m bv two sets of slits. so that anv . 4 

pressure variation within the sample could 
be determined and diffraction from the gas- 
ket could be avoided com~letelv. The dif- 

L 4 

fracted beam was collected at an angle of 
20.0" with a collimator system for high 
s~atial resolution and a solid-state Ge detec- 
tor for energy resolution. Polycrystalline 
diffraction patterns included 11 1 and 200 
lines of Pt and three CsI lines. Pressure was 
determined on the basis of the new Pt 
pressure scale (6). 

At pressures above 200 GPa, the diffrac- 
tion pattern of CsI displays a triplet of peaks 
that is identical to the 100, 002, and 101 
triplet of hcp Xe above 100 GPa and is 
typical of an ideal hcp metal. The triplet also 
falls on the extrapolation of the 011, 101, 
and 110 triplet of the CsI phase above 60 
GPa previously assigned as orthorhombic 
distortion of the B2 structure (7, 17). An 
hcp-like structure is the preferred assign- 
ment for the high-pressure phase above 200 
GPa, however, as indicated by the repre- 
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Table 1. X-ray diffraction data for CsI at 249 i 7 GPa and Xe at 137 * 1 GPa (14). Since pressures are 
different for the two sets of data, it is instructive to compare the relative d-spacings and intensities ( I ) ,  
not their absolute values. The strongest diffraction line in each set is given a relative intensity value of 
100. 

CsI Xe Ideal hcp Orthorhombic 

dabs dabs 
(4 lobs (4 lobs hkl I c a ~ c  hkl 1ca1c 

sentative diffraction data for CsI and Xe at 
high pressure in Table 1. The observed and 
calculated intensities for the hcp assignment 
are in good agreement. In contrast, the 
calculated intensities of the orthorhombic 
cell do not match the observed values. One 
has to resort to preferred orientation in the 
diamond cell to explain the total intensity 
mismatch. Finally, there is a close similarity 
between the diffraction pattern of CsI at 
high pressure and the hcp phase of Xe (14). 

The high-pressure phase of CsI docu- 
mented here is stable to at least 302 GPa. 
The pressure dependence of the diffraction 
peaks in the high-pressure region is shown 
in Fig. 1. Although the d-spacing of each 
diffraction line changed continuously over 
this pressure range, the ratios of d-spacings 
of different lines remained strikingly con- 
stant. Such constancy suggests constraints 
by symmetry or structure. The cia ratio 
calculated from the three diffraction lines is 
1.63 with a standard deviation of 20.01 
among data points above 200 GPa. The 
ratios are in excellent agreement with the 
hcp constraints of hexagonal symmetry and 
of close-packed spherical atoms with an ideal 
cla ratio of 1.633. On the other hand. the B2 
structure with the type of orthorhombic 
distortion specified in the previous investi- 
gations does not have an intrinsic geometri- 
cal or potential limit to constrain the axial 
ratio. The ordering of Cs' and I- ions and 
the effect of residual, long-range, electrostat- 
ic interactions could cause minor distortion 
of the hcp lattice. The distortion, however, 
is not detected with the resolution of the 
present study (Fig. 1). 

The hcp assignment results in a molar 
volume 10% smaller than the volume based 
on the orthorhombic assignment. The ex- 
perimentally determined volumes for CsI as 
a function of pressure up to 302 GPa are 
plotted in Fig. 2. At the highest pressures 
(302 + 8 GPa) the compression V/Vo is 
0.28. This value is well below the critical 
compression for metallization calculated by 
band-structure methods (12) and observed 
experimentally (9)  ( V/Vo - 00.3 to 0.50). 
The recent x-ray diffraction data for Xe 
determined by ~ e ~ h c o a t  et a l .  (14) and 

Reichlin et a l .  (15) to 137 and 172 GPa. 
\ ,  

respectively, are also compared in Fig. 2. 
The CsI and Xe volumes are indistinguish- 
able where the com~arison can be made. No 
theoretical calculations have yet been report- 
ed for close-packed CsI (or for CsI in any 
structure at the very high pressures reached 
in our experiments). W; compare the results 
of a 300 K equation of state calculated from 
the exp-6 potential fit to the augmented- 
plane-wave (APW) calculations for CsI up 
to 100 GPa (11); the hcp structure was 
assumed for comparison with the x-ray data 
above 100 GPa. At the highest pressures the 
volumes calculated from this -e~uation of 
state are significantly higher than those de- 
termined from the x-ray data. This result 
may indicate that changes in electronic 
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Fig. 2. Pressure-volume data for CsI and Xe to 
ultrahigh pressure: CsI, squares (this work); Xe, 
filled triangles (14) and open triangles (15). The 
dashed line is the room-temperature equation of 
state for CsI in the hcp structure calculated on the 
basis of the pure exp-6 potential determined in 
(11). The solid line is the static-lattice curve 
calculated with APW methods for Xe (18). The 
latter calculation was carried out for the ccp [or 
face-centered cubic (fcc)] structure; the difference 
in calculated equation of state for ccp and hcp is 
negligible on this scale. 

properties with pressure tend to soften the 
repulsive ionic interactions, consistent with 
increasing metallic character of CsI above 
110 GPa. We also compare the equation of 
state calculated for close-packed Xe to 150 
GPa, using APW methods (18). This curve 
closely tracks the present results for CsI in 
addition to the existing experimental data - - 
for Xe, again demonstrating the isomor- 
phism between the two materials at high 
pressures. Further theoretical calculations 
are reauired to comDare the electronic struc- 
ture of the high-pressure hcp metallic phases 
of CsI and Xe. 
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Protein Crystal Growth in Microgravity 

The crystals of most proteins or other biological macromolecules are poorly ordered 
and Mract to lower resolutions than those observed for most crystals of simple 
organic and inorganic compounds. Crystallization in the microgravity environment of 
space may improve crystal quality by eliminating convection effects near growing 
crystal surfaces. A series of 11 different protein crystal growth experiments was 
performed on U.S. space shuttle fight STS-26 in September 1988. The microgravity- 
grown crystals of ?-interferon Dl, porcine elastase, and isocitrate lyase are larger, 
display more uniform morphologies, and yield diffraction data to significantly higher 
resolutions than the best crystals of these proteins grown on Earth. 

P ROTEIN CRYSTALLOGRAPHY RE- 
quires crystals of suitable size and 
quality for high-resolution diffraction 

analyses. A new development in protein 
crystal growth involves studies of crystal 
growth processes in the microgravity envi- 
ronment obtainable in space (1, 2). The 
major motivation behind these space experi- 
ments is to eliminate the density-driven con- 
vective flow that accompanies crystal 
growth in gravitational fields (3, 4). In 
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addition, sedimentation of growing crystals, 
which can interfere with the formation of 
single crystals, is eliminated in the absence 
of gravity. 

Microgravity protein crystal growth ex- 
periments performed on Spacelab 1 by 
Littke and John (5)  indicated that the space- 
grown crystals from a liquid-liquid diffusion 
system were larger than crystals obtained by 
the same experimental system on Earth. 
Experiments on four U.S. space shuttle mis- 
sions in 1985 and 1986 led to development 
of an apparatus for protein crystal growth by 
vapor diffision techniques (6). We used this 
equipment for a series of protein crystal 
growth experiments on U.S. space shuttle 
flight STS-26 in September 1988. The re- 
sults of these experiments are presented. 

The vapor diffision technique used on 
STS-26 is closely related to the hanging 
drop method ( 7 ) ,  and thus the microgravity 
results can be compared with extensive data 
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tained within closed chambers. Each experi- 
ment was performed within a chamber (5.3 
cm3) with clear plastic windows. Before the 
launch, a double-barreled syringe was load- 
ed with protein solution and crystallizing 
(precipitating) solutions in adjacent barrels. 
The mouths of these double-barreled sy- 
ringes were stoppered during launch and 
landing. The chamber contained an absor- 
bent material that was saturated with a 
solution of the precipitating agent. All solu- 
tions were loaded -24 hours before the 
launch. Once in orbit, crystal growth was 
activated by extruding the solutions onto 
the tip of the syringe, where mixing of the 
protein solution and precipitating agent was 
achieved by repeatedly withdrawing and ex- 
truding the solutions. The suspended drop- 
let was then allowed to equilibrate with the 
surrounding solution of precipitating agent. 
The protein droplets were photographed 
after activation and at 24-hour intervals 
during the 3-day experiments. After 3 days, 
the solutions and suspended crystals were 
withdrawn into the syringes and stoppered 
for return to Earth (8). 

Control experiments on Earth were per- 
formed in equipment identical to that used 
for the shuttle experiments. The control 
experiments were begun 7 days after the 
shuttle landed; the same protein solutions 
and identical loading, activation, and deacti- 
vation times were used in the control experi- 
ments as in the STS-26 experiments. Exten- 
sive control experiments were also per- 
formed in prototypes of the space shuttle 
hardware before and after the shuttle experi- 
ments were completed. 

X-ray diffraction photographs were used 
for qualitative evaluation of diffraction reso- 
lutions. The results from these analyses are 
consistent with the more detailed studies of 
three-dimensional (3-D) data sets measured 
with the area detector systems (9). Because 
evaluation of diffraction resolutions from 
photographs is highly subjective, and is of- 
ten dependent on crystal orientations, we 
have depended primarily on 3-D intensity 
data sets for comparison of space- and 
Earth-grown crystals. 

Intensity data sets from crystals of three 
proteins were analyzed in a variety of differ- 
ent ways (Fig. 1). The largest Bragg angles 
at which usable data could be measured 
were assembled, and the percentage of data 
above background levels throughout the 
data collection range was evaluated. Plots 
were made of average I/u(I) values, where I 
is intensity, versus diffraction resolution and 
of percentages of data above various cutoff 
levels as hnctions of resolution. Data sets 
from space- and Earth-grown crystals were 
compared by using Wilson plots (10). The 
Wilson plot can be used to estimate the 
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