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Observation of Molecular Dissociation of Iodine at High Pressure by X-Ray Diffraction
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Metallic iodine in the high-pressure phase above P& =21 GPa is found to form a body-
centered orthorhombic Bravais lattice. Hence, pressure-induced molecular dissociation
takes place at P&.

PACS numbers: 71.30.+ h, 61.10.Fr, 62.50.+ p

Solid iodine is one of a small number of elemen-
tal molecular crystals which show pressure-
induced metallization under conditions accessible
in the laboratory. Measurements of electrical
conductivity and optical energy gap showed that
gradual metallization takes place over a wide
pressure range from 5 through 18 GPa at room
temperature. At about 18 GPa, the conductivity
reaches the metallic limiting value and the ener-
gy gap becomes zero. Roughly speaking, the
mechanism of this metallic conduction can be ex-
plained by either of the following two models:
(1) overlap between the full valence band and the
empty conduction band present in diatomic mo-
lecular iodine, or (2) the unfilled conduction band
(5p band) present in monatomic iodine, which
presumably forms a simple Bravais lattice. While
it is very interesting and important to clarify the
metallization mechanism of iodine, which resem-
bles that of metallic hydrogen under extremely
high pressure, ' various experiments such as
shock compression ' ' and x-ray diffraction' car-
ried out beyond the metallization pressure have
produced no conclusive result. These experi-
ments measured only the unit cell volume, and
did not provide information about the microscopic
atomic arrangement. In 1978, Shimomura e~ H. '
succeeded in determining the precise crystal
structure of metallic iodine at 20.6 GPa by the
use of a sophisticated high-pressure x-ray dif-
fraction method, which employed a position-sen-
sitive detector and a diamond-anvil pressure cell.
According to their results, the space group at
20.6 GPa is the same as that at atmospheric pres-
sure (D»~'-Cm ca), ' and iodine still retains its

molecular character. It was therefore concluded
that the continuous increase of the band overlap
causes gradual metallization and no molecular
dissociation takes place during the metallization
process. Using a further developed x-ray dif-
fraction technique, ' Takemura et aE. recently
discovered a new phase transition for iodine at
I', =21 GPa, where x-ray diffraction patterns
showed a drastic change and became simpler.
This experimental fact suggested a simple crys-
tal structure for the high-pressure phase.

In the present Letter, we report the crystal
structure in this new phase, which provides di-
rect evidence for the onset of the molecular dis-
sociation of iodine at 21 GPa.

The high-pressure x-ray diffraction experi-
ment was performed with the Institute for Solid
State Physics computer -controlled high-pressure
x-ray diQractometer system ISSP-XPSD, which
consisted of a diamond-anvil cell~~ and a one-di-
mensional position-sensitive detector (PSD) which
was. highly efficient for Mo-Kn radiation. ' The
experimental setup was identical with that used in
the previous study. ~'

The measurement was carried out at several
points above the transition pressure I', . Figures
1(a)—1(c) display diEraction patterns observed at
21, 25, and 30 GPa, respectively. The diffrac-
tion pattern at 21 GPa contains spectra of both
the low-pressure (LP) and the high-pressure (HP)
phases, as a result of the rather large pressure
distribution in the sample estimated to be + 2 GPa.
The diffraction peaks belonging to the LP phase,
marked with small triangles in Fig. 1(a), were
very well explained by the space group D» '-
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FIG. 1. Diffraction patterns of iodine observed at
(a) 21, (b) 25, and (c) 30 GPa. The peaks belonging to
the LP phase are marked with small triangles in (a).
The pattern in (d) shows the calculated intensity for the
body-centered orthorhombic Bravais lattice convoluted
with the instrumental resolution.

Cmca, which had been previously assigned to the
structure at 20.6 GPa. '

There is no systematic method for determining
a general crystal structure only from powder dif-
fraction data. In the present analysis, the fol-
lowing procedure was used. The profile of each
peak in the observed diffraction pattern was fitted
by a Gaussian function in order to obtain the peak
position and integrated intensity. The peak posi-
tion was determined to an accuracy of about 17o.

Attempts were made to index these peaks in cubic,
tetragonal, orthorhombic, and hexagonal sys-
tems. Other lower symmetry systems were not
considered since the diffraction pattern of the HP
phase was simpler than that of the LP orthorhom-
bic phase. Bunn's method~ for the hexagonal
system failed to index the observed peaks. For
the other three systems, the indexing method re-
cently developed by Aoki e~ al. ' was used to
search a suitable set of lattice constants. Only
the orthorhombic system with a = 3.031, 6 =5.252,
and c = 2.904 A was found to give an excellent

FIG. 2. Crystal s tructure s proj ected onto the b ~
plane of the HP phase i (a) present work] and the az,
plane of the LP phase [(b) Ref. 14, (c) Ref. 8] . The
atoms drawn with the solid and dashed lines are located,
respectively, at the basal plane and the half-height
plane perpendicular to the paper surface. The crystallo-
graphic unit cell of the HP phase is shown. by the dotted
rectangle in. (a) while that of the LP phase is shown by
the solid one in (b) or (c).

agreement between the observed peak positions
and the calculated ones, under the condition that
h+ k +E =even. This extinction rule indicates a
body-centered lattice. It turned out that the body-
centered orthorhombic lattice shown with the
dotted lines in Fig. 2(a) is formed by monatomic
iodine. The intensity calculated for this Bravais
lattice with the space group D» '-Im~~ is shown
with vertical bars in Fig. 1(d). The only adjusta-
ble parameters used in fitting the intensity were
the scale factor and the isotropic temperature
factor. The latter had the final value B =0.2+ 1.3
A'. The solid curve in Fig. 1(d) gives the resolu-
tion-convoluted intensity profile, which agrees
very well with the observed diffraction pattern in
Fig. 1(c). The reliability factor, defined by &
=QiI», -I,»i~I»» was 1Yfo. The newor-
thorhombic axes, aa bH d a are taken to be
aH = —bg/2 + cl, /4, bs =

aL, , and cs =bi +cl,/4,
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where a» bL, , and cl. are the axes of the LP
phase shown in Fig. 2(b). The near-neighbor
interatomic distances at 30 GPa are found to be
2.904+ 0.010 A (cz), 3.031' 0.004 A (aH), 3.362
+0.004 A (corner to body center), 4.198+ 0.007 A

(face diagonal in the b„pl ane), and 5.252 ~ 0.009
A(b ).

The diffraction patterns measured at other pres-
sures above I', were also analyzed, based on this
structure. The volume compression V/V„where
V, is the volume at atmospheric pressure, can
be calculated from the lattice constants so deter-
mined. In the HP phase, V/V, changes from
0.572+ 0.004 at 21 GPa to 0.541+ 0.002 at 30 GPa.
These values agree well with the previous data
obtained from shock-compression measurements. 4'
Our recent structure analysis of iodine in the LP
phase'~ shows V/Vo =0.597 + 0.002 at 21 GPa.
Therefore, the phase transition at P, is accom-
panied by a volume change of about 4%%uo.

The present x-ray diffraction study revealed
pressure-induced molecular dissociation of solid
iodine, which takes place at about 21 GPa at room
temperature. The crystal structure in the HP
phase is a body-centered orthorhombic Bravais
lattice, which is very rare. This simple lattice
has a close structural relationship with that of
the LP phase [Figs. 2(b) or 2(c)J, which has mo-
lecular character. The compression of iodine in
the LP phase causes the nearest-neighbor inter-
molecular distance (between the molecule at the
corner and that at the face center in the a~ plane)
to approach the intramolecular one (i.e., bond
length), and the angle between the molecular axes
of these adjacent molecules to approach 90 .
Therefore, the transition to the HP structure can
be simply understood as the culmination of these
trends.

In the pressure range from I', through 30 GPa,
the ratio of the lattice constants a~ to c~ changes
linearly with pressure as plotted in Fig. 3. The
slight difference between a~ and c~ gives e =94.5'
and 92.5' at 21 and 30 GPa, respectively, where
n is the unique angle of the "face-centered mono-
clinic" lattice defined as in Fig. 2(a). This mono-
clinic lattice is expected to become face-centered
tetragonal at about 45 GPa, where the linear ex-
trapolation of the observed a„/c„crosses a„/c„
= 1 (a =90'). If 5„ furthermore becomes equal to
~2a„beyond this pressure, the ideal face-cen-
tered-cubic lattice is realized. The linear extrap-
olation of the data of b„/(a„'+c„')'~' suggests an
onset of the fcc lattice at an extremely high pres-
sure.
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FIG. 3. The ratio of the lattice constants observed in
the HP phase as a function of the volume compression
V/Vq or pressure.

Shimomura et al.7 already showed that the crys-
tal structure in the metallic state below P, (i.e.,
ca. 18 GPa&P & P, ) still has diatomic molecular
character. It has been concluded from this that
the gradual metallization in the LP phase is
caused by the continuous increase of the band
overlap without molecular dissociation. In fact,
a recent band calculation by Natsume" shows the
semimetallic character of iodine in this pressure
region. In the metallic state in the HP phase
above P„on the other hand, iodine completely
loses its molecular character because of the for-
mation of a monatomic lattice. The electronic
conduction mechanism in this phase, however, is
not obvious because each iodine atom has a nearly
isotropic environment in the b~ plane while a sig-
nificant anisotropy still exists in the direction
perpendicular to it. It is very interesting to in-
vestigate the mechanism of this phase transition
accompanied by molecular dissociation from elec-
tronic and structural points of view. The present
structural data, which have important implica-
tions for the band structure, are being incorpor-
ated into a band calculation by Natsume. ~'
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publication. The present work was supported in
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Nuclear magnetic resonance and dielectric susceptibility data are reported in KTa03.Li
which show, for the first time, ordering of random-site elect". ic dipoles in a nonpolar
lattice.

PACS numbers: 77.90.+k, 76.60.Cq

Intensive research has been recently conducted
on randomly interacting (or random-site) dipoles
with the aim of understanding the nature of their
condensed state. The question still appears to be
open even as to its very existence, both from an
experimental and theoretical point of view. '
Most of the work has been on magnetic systems
whose condensed state (if it exists) is called spin
glass. It has been less appreciated that randomly
interacting electric dipoles have also been pre-
dicted to condense. ' Such condensation, i.e. , the
presence of an electric-dipole glass has also
been hypothesized on the basis of observed elec-
tret polarization. ' The close analogy of the two
systems and the availability of a well-behaved
random electric-dipole system led us to search

for the analog of a spin glass.
Thus, for the first time, we provide experimen-

tal evidence for condensation of random-site inter-
acting electric dipoles. To this end, we study
the dipole moment arising from the off-center
position of Li' replacing K' in KTaQ, . The local
sites of Li' in the lattice are determined by nu-
clear magnetic resonance (NMR), whereas the
global behavior of interacting dipoles is probed
by dielectric measurements.

KTa03 turns out to be a most suitable lattice
to host an electric dipole, Li', whose infrared
properties have been explored' and whose giant
single-particle response' had been related to the
large susceptibility of the lattice. ' Furthermore,
the relevant Li relaxation and the concommittant
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