
bacterium, which correlates with recent 16s 
ribosomal RNA analysis (1 6). The diols also 
reveal a new molecular marker for assessing 
phylogenetic and biogeochemical relation- 
ships of prokaryotes. 
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Crystal Structures at Megabar Pressures Determined 
by Use of the Cornell Synchrotron Source 

X-ray diffraction studies have been carried out on alkali halide samples 10 micrometers 
in diameter (volume cubic centimeter) subjected to megabar pressures in the 
diamond anvil cell. Energy-dispersive techniques and a synchrotron source were used. 
These measurements can be used to detect crystallographic phase transitions. Cesium 
iodide was subjected to pressures of 95 gigapascals (fractional volume of 46 percent) 
and rubidium iodide to pressures of 89 gigapascals (fractional volume of 39 percent). 
Cesium iodide showed a transformation from the cubic B2 phase (cesium chloride 
structure) to a tetragonal phase and then to an orthorhombic phase, which was stable 
to 95 gigapascals. Rubidium iodide showed only a transition from the low-pressure 
cubic B1 phase (sodium chloride structure) to the B2 phase, which was stable up to 89 
gigapascals. 

X -RAY DIFFRACTION STUDIES ON MA- 

terials subjected to high pressures 
provide direct information about 

pressure-induced crystallographic phase 
transitions and allow measurement of pres- 
sure-volume relations (equation of state). 
Diamond-window, high-pressure cells have 
been used for x-ray diffraction studies on a 
variety of materials because diamonds are 
transparent to x-rays above 10 keV. X-ray 
diffraction studies in the megabar pressure 
range have been carried out with conven- 
tional x-ray sources (1, 2). In these studies, 
film techniques were used to record diffrac- 
tion patterns; x-ray collimators of 50 to 150 
pm are typically used, and the data collec- 
tion time is '100 to 400 hours for each 
pressure. 

Ultrahigh pressures have been generated 
in the diamond anvil cell, and recently static 

De artment of Materials Science and Engineering, Cor- 
n e f ~ n i v e r s i t ~ ,  Ithaca, NY 14853. 

pressures of 2.8 Mbar have been measured 
(3, 4) on stainless steel and ruby crystal 
composites. Large pressure gradients are 
present across the sample region between 
the two single-crystal diamonds, and in 
some situations (3, 4) gradients of 3 
GPa/pm have been measured. These pres- 
sure gradients limit the maximum pressures 
attainable in the diamond anvil cells and also 
affect the quality of the x-ray diffraction data 
obtained. They also give rise to diffraction 
line-broadening in x-ray experiments, and 
the effect is pronounced in compressible 
materials. Pressure gradients can be reduced 
and the state of stress can be made relatively 
hydrostatic if a soft pressure-transmitting 
medium such as a rare gas solid is used. 
However, using such a medium somewhat 
reduces the maximum attainable pressures. 
It is important to develop experimental tech- 
niques that can be used to measure physical 
properties on small areas (10 pm diameter 
or 75 p,m2) so that the state of stress is 
homogeneous in the sample region. 

The energy-dispersive diffraction tech- 
nique coupled with a high-brilliance syn- 
chrotron source can be used to perform very 
rapid diffraction studies of samples in the 
diamond anvil cell (5). The Cornell High 
Energy Synchrotron Source (CHESS) is 
particularly suitable for this type of work 
because at normal operating conditions 
(beam energy 5 GeV; beam current 30 mA) 
it is an intense x-ray source in the spectral 
region from 10 to 50 keV (6). We have 
modified the experimental technique of 
Baublitz et al. (7 )  and have used an energy- 
dispersive technique at CHESS. The essen- 
tial improvement is in the collimator system, 
where a stainless steel tube with a lead 
pinhole is located close to the table of the 
diamond (about 15 mm from the sample) 
and is adjusted with motor-driven motion in 
the two directions perpendicular to the 
beam. The pinhole is driven by a computer 
with a video display of the collimator posi- 
tion and can be moved with a precision of 
0.2 p m  The adjustment and alignment pro- 
cedures allow rapid optimization of the sam- 
ple signal. Using this system, we have been 
able to record diffraction patterns with a 
pinhole 10 pm in diameter (sample volume 
less than lop9 cubic centimeter). This vol- 
ume is 0.05 to 0.1 of that used in earlier 
x-ray experiments. With the new collimator 
system, it is also possible to measure the 
pressure gradients across the diamond anvil 
face by x-ray techniques. 

The alkali halides have been the subject of 
extensive study under high pressure because 
of the possibility of observing transitions 
from insulator to metal in some of these 
compounds with the present megabar capa- 
bility of the diamond anvil cell. Cesium 
iodide (CsI) and rubidium iodide (RbI), 
which have band gaps of 6.4 and 6.1 eV, 
respectively, at ambient pressure, are highly 
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compressible and are considered prime can- 
didates for such changes. The interest in the 
high-pressure studies on CsI is further moti- 
vated by the fact that this compound under- 
goes phase transitions to noncubic crystal 
structures (8-12). It is now known that CsI, 
CsBr (13, 14), and CsCl (15) undergo a 
cubic-to-tetragonal phase transition under 
high pressures without significant change in 
volume (16). At the phase transition, the 
basis of Cs+ at (0, 0, 0) and I- at (112, 112, 
112) remain unchanged; the Bravais lattice, 
however, changes from cubic to tetragonal. 
For CsI, this phase transition occurs at -38 
GPa. Asaumi (11) also noted the broaden- 
ing of the (101) diffraction peak of the 
tetragonal phase in CsI, which he attributed 
to the formation of the orthorhombic phase 
at 56 GPa. Since he observed the apparent 
splitting of only one peak, evidence in sup- 
port of the occurrence of the orthorhombic 
phase remained inconclusive. It is also of 
interest to know whether the tetragonal 
phase occurs in rubidium halides under high - 
pressures or whether this phenomenon is 
restricted to cesium salts. 

Samples of these alkali halides (25 or 50 
km indiameter) were placed in the sample 
holes of the stainless steel gasket, which 
were made by microdrilling techniques. The 
diamond flats were 200 or 300 krn in 
diameter. Platinum powder was mixed with 
the samples to provide an internal pressure 
marker via the isothermal equation of state 

- 
4000 E - 

P =  42.4 GPa 

3200 1 f i  
10,000 1 P= 73 1 GPa - - 

Energy (keV) 

Fig. 1. The splitting of the CsI (110) diffraction 
peak in the tetragonal phase at 42.4 GPa and in 
the orthorhombic phase at 73.1 GPa. The relative 
intensities of the diffraction peaks in the ortho- 
rhombic phase are affected by the texture effects 
discussed in the text. The data were taken with a 
10 - )~m pinhole. The upper curve is the fit of two 
Gaussian distributions to the data; the lower 
curve, of three Gaussian distributions. 

4000.0 1 I 1 1 I I I I I 
11.5 1 18.5 22.0 25.5 29.0 32.6 36.0 39.5 

Energy (keV) 

Fig. 2. Energy-dispersive x-ray diffraction pattern from CsI at a pressure of 81 GPa taken with a 25-wm 
pinhole. Seven diffraction peaks from the orthorhornbic phase of CsI and three peaks from the platinum 
marker are indexed. The unlabeled peak at 21 keV is an escape peak from the intrinsic germanium 
detector. 

of platinum (17). Both CsI and RbI are 
good scatterers of x-rays because of the large 
number of electrons,. and both give go6d 
diffraction patterns. The typical data collec- 
tion time at each pressure was 30 minutes 
for the cubic ~ h a s e  and 1 hour or more for 
noncubic structures. We used large diffrac- 
tion angles (28 = 21") in these experiments 
in order to observe more diffraction peaks. 

For CsI, (110), (200), (211), (220), and 
(310) diffraction peaks were observed in the 
cubic B2 phase at low pressures. At pres- 
sures of 20 GPa and above, the (200) peak 
becomes weak (18) and is known to disap- 
pear under hydrostatic conditions if argon 
(19) or xenon (20) is used as a pressure 
medium. At -38 GPa, the (110) and (21 1) 
peaks of the cubic phase first broadened and 
then split into two peaks. The splitting of 
the (110) peak into (101) and (110) peaks 
of the tetragonal phase is shown in the 
upper curve of ~ i ~ . - l .  The relative intensity 
ratio of the (101) and (110) peaks at this 
pressure is approximately 2 :  1, as it should 
be on the basis of the multiplicity of the 
diffraction planes. 

At higher pressure (-50 GPa), the (1 10) 
peak increased in intensity. From this we 
infer the development of texture, with the c 
axis of the tetragonal phase tending to orient 
in the plane of the diamond anvil. The 
peculiar nature of the texture in the CsI 
sample can be qualitatively understood as 
follows. After the tetragonal phase transi- 
tion, the c axis increases with increasing 
pressure and therefore tends to align normal 

to the maximum compressive stress direc- 
tion. At -56 GPa, the (101) and (121) 
peaks of the tetragonal phase first broadened 
and then split into two peaks. The lower 
curve in Fig. 1 shows the details of the 
(110)-related peaks in the orthorhombic 
phase. Figure 2 shows the full diffraction 
pattern at 81 GPa; the seven diffraction 
peaks from CsI and the three peaks from the 
platinum marker are well resolved. The CsI 
peak labeled (202) appears after the ortho- 
rhombic transition, an indication that the 
(022) peak of the tetragonal phase also splits 
at the orthorhombic phase transition. 

l . O [ ' " "  1 

0 25 50 7 5  100 

Pressure (QPa) 

Fig. 3. Interplanar spacings for various diffraction 
peaks as a function of pressure for CsI. 
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Fig. 4. The measured 
equation of state for CsI to 
95 GPa; V,  volume. Vari- 
ous symbols represent dif- 
ferent high-pressure ex- 
periments on the same 
sample. The curve is a fit 
of Keane's equation to the 
combined data with pa- 
rameters listed in the text. 

Fig. 5. The measured 
equation of state for RbI 
to 89 GPa. The data 
shown are for the B2 
phase, and the curve is the 
fit of the Birch first-order 
equation to the data with 
parameters listed in the 
text. 

1 .o shows the fit of the Birch first-order equa- 
tion to the data with Bo = 15.7 i 2.0 GPa 

0.9 
andB6 = 4.8 i 0.1, and the densityofthe 
B2 phase is higher by 13 percent than that 
of the B1 phase at ambient pressure. These 

0.8 data are in reasonable agreement with earlier 
measurements on RbI up to 6 7  GPa (22), 

0 $ 0.7 which gave Bo = 16.0 * 0.6 GPa and 
Bt, = 4.6 * 0.1. 

Our results demonstrate that it is possible 
0.6 to carry out x-ray diffraction measurements 

on alkali halide samples 75 pm2 in area in 
0.5 the diamond anvil cell by using the energy- 

dispersive technique with a high-brilliance 
synchrotron source. This technique has also 

0.4 
2 0  40 50 60 70 80 been used to study other materials such as 

Pressure (GPa)  barium chalcogenides (23), semiconductor 
compounds from groups I11 and V of the 
periodic table (24), and germanium, the 
group IV semiconductor (25), to ultrahigh 
pressures. 

Figure 3 shows the interplanar spacings d 
(shift of diffraction peaks) as a fhction of 
pressure. The occurrence of the orthorhom- 
bic phase is indicated by the splitting of the 
(211)-related peaks (-60 GPa). Only at 
higher pressure (70 GPa and above) does 
the splitting of (1  10)-related peaks become 
clear. 

Figure 4 shows the equation of state of 
CsI to 95 GPa (fractional volume of 46 
percent), based on a series of experiments. 
The compression curve of CsI is insensitive 
to the phase transitions at 38 and 56 GPa as 
the transitions appear to be isovoluminal; 
however, small volume changes of less than 
0.5 percent may occur. The curve in Fig. 4 is 
the fit of Keane's equation to the combined 
data with Bo = 11.89 GPa, B6 = 5.93, and 
BE = -0.86 ? 0.01 Gpa-'. Bo and Bt, were 
constrained to ultrasonic values (21). Bo is 
the isothermal bulk modulus; B6 and BE are 
its first-order and second-order partial deriv- 
atives with respect to pressure, respectively. 
The fitted value of BE = -0.86 GPa-' is 

Pressure  (GPa)  

slightly lower than the value (- 0.73 GPa- ') 
from ultrasonic data (21). The Birch first- 
order equation, when fitted to our data to 
95 GPa with fixed Bo = 11.89 GPa, gives 
B6 = 6.27 * 0.1; the earlier data (11) to 65 
GPa gave Bo = 11.1 1. 0.8 GPa and 
B6 = 6.9 t 0.4. 

Rubidium iodide, which crystallizes in the 
B1 phase at ambient conditions, transforms 
to the B2 phase at a pressure of 0.4 GPa. 
The B2 phase of RbI was stable up to the 
highest pressure (89 GPa), and no phase 
transition to the tetragonal phase was ob- 
served. Thus the tetragonal and orthorhom- 
bic phase transitions at high pressures may 
be characteristic of cesium halides only. 
However, other alkali halides and ionic sol- 
ids must be studied to ultrahigh pressures 
before any definite conclusions can be 
drawn. Figure 5 shows the equation of state 
of RbI to 89 GPa (fractional volume com- 
pression to 39 percent). The fractional vol- 
ume at 89 GPa is 45 percent if only the B2 
phase is considered. The curve in Fig. 5 
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