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Structure analysis of high-pressure metallic state of iodine
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The crystal structure of the high-pressure metallic state of iodine has been determined by x-ray diffraction

technique ultilizing a diamond-anvil high-pressure cell combined with a position-sensitive proportional

counter. Diffraction intensities measured at 206 kbar were very well interpreted by assuming the space group

D,'h which is the same as that at atmospheric pressure. With further increase in applied pressure, the

structure will approach to a face-centered orthorhombic lattice formed by monoatomic iodine.

I. INTRODUCTION

Metallization of molecular crystals with pres-
sure is one of the interesting physical problems in
condensed matter. Crystalline iodine has been
known as a prototype material belonging to this
category. The electrical resistance of iodine
shows a logarithmic decrease with pressure and
saturates at 160 kbar when measured along the
a axis, ' while it saturates at 180 kbar in the 5-q
plane. " The resistance measured in both direc-
tions changes smoothly through 160-180kbar. The
energy gap between the valence band and the con-
duction band decreases with pressure and becomes
zero at about 160 kbar. ' The resistance changes
almost linearly with temperature at about 200
kbar, which indicates the metallic behavior. ' The
P-V relation was determined by shock-wave com-"

pression. McMahan et al. ' observed no kink in

the volume compression up to 2 Mbar and con-
cluded that iodine molecules continuously disso-
ciate to iodine atoms with pressure.

The crystal structure of the metallic state of.
iodine has attracted much attention from the view-
point of whether the molecular character still
remains or turns into atomic character in the
course of metallization. A structure analysis of
the metallic state by x-ray diffraction was made
by Lynch et al. and by Kabalkina et al. ,

' but the
definitive structure has not been obtained as yet.
At atmospheric pressure, molecular iodine cry-
stalizes into a base-centered orthorhombic struc-
ture with the space group D»ymca and with
four molecules per unit cell. ' Figure 1(a) shows
the projection of the atomic positions onto the
(100) and (001) planes, and the crystal structure
data are listed in Table I. Iodine molecules lie
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FIG. 1. Projection of the
atomic positions onto the

' (oo1) and (100) planes (a)
at 1 bar and (b) at 206
kbar.
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TABLE I. Comparison between the crystal-structure data of solid iodine at 1 bar and those at 206 kbar.

The standard deviations are given in parenthe'ses.

1 bar, 110K
Ref. 8

206 kbar, 293 K
Presenf work

Space group, . D2&
- Cmca

Lattice constants and volume

D2& -Cmca

Relative change

a (A)
b (A)
c (A)
v (A3)

7.136(10)
4.686(7).
9.784(15)

335A(15)

5.779(8}
3.943(1:4)

9.076(10)
206,8(12)

0.81
0.84
0.93
0.61

Atomic coordinates

r (A)
8 (deg)

0
0.15434(36)
0.1 1741(13)
2.715

32.2

0
0.194(4)
0.128(3)
2.78

33.4

Interatomic distances (A)

1-2
1-3
1-5
1-6

,
1-7
1-2'

2.715(6)
4.412(7)
4.269(6)
4.337(7)
3A96(6)
3.972(6)

j

Temperature factor

8 (A~) Anisotropic

"ig/"i2

1

1.62
1.57
1.60
1.29
1.46

2.78(5)
3.64(3)
3,50(1)
3 73(3)
2.96(4)
3.35(4)

Isotropic 0.3(3}

'i l'~~2

1

1.31
1.26
1.34
1.06
1.20

neax'ly perpendicularly to each other in the b-c
plane and form a layer structure stacked along
the a axis. The intermolecular distance between
the layers is comparable to twice the pa, n der
Waals radius (4.30 A), while the distance' in the

5-c plane is significantly smaller than that. This
fact means the existence of covalency between
.neighboring molecules in the 5-c plane.

Lynch et al.' determined the lattice constants
under pressure by two reflection lines [(200) and

(112)] instead of the necessary three peaks as-
suming the compressibiLity relation of the 5 and c
axes ab/b =pc/c or 2sb/g =pc/c. They proposed
two possible Inodel structures for the metallic
state; the "square-lattice" model and the "rigid-
molecule" model. In the square-lattice model,
the molecule dissociates into atoms and they form
a body-centered tetragonal structure wi'th a square
lattice in the 5-c plane. In the rigid-molecule
model, it is assumed that the molecule does not
lengthen nor rotate with pressure. Based on the
latter model, they estimated the critical inter-
molecular distance for an onset of metallic con-
duction as 3 A. On the other hand, Kabalkina
et al. ' proposed the "tilting model" in which the

molecules tilt from the 5-c plane. However, these
previous data were not sufficient to prove these
model structures owing to the low S/& ratio of
their x-ray powder photographs.

In order to make a precise determination of the

high-pressure structure, we developed a new

system of x-ray diffraction. The system consists
of a diamond-anvil high-pressure' cell incorpor-
ated with a one-dimensional position-sensitive
proportional counter (PSPC). We improved a
diamond-anvil cell which can stably generate a
pressure of more than 200 kbar. In comparison
with other types of high-pressure apparatus, the

diamond-anvil cell, when used as attachment. to
an x-ray diffractometer, has the advantage that

the background scattering is much lower and is
nearly independent of the scattering angle. The

use of the PSPC enables us to reduce largely
both the exposure time and the natural background

by a factor of more than 10.
In the present study to clarify the structure of

the metallic state of iodine, the atomic coordin-
ates as well as the lattice constants wexe pre-
cisely determined making use of the above advan-

tages of the system.
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II. EXPERIMENTAL DETAILS
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FIG. 2. Cutaway drawing of the diamond-anvil high- '

pressure cell. Sample assembly is shown in the right-
hand circle.

The iodine sample was sublimated onto a glass
plate at a slow rate to make a fine powder. To
prevent any contamination with water, the sample
was treated in an Ar atmosphere.

Figure 2 shows a cutaway drawing of a diamond-
anvil cell designed by three of the present authors
(O.S., K.T., and S.M.).' Highpressureisobtained
by applying opposing forces to a pair of diamond
anvils of about 0.25 carats each. The flat center
of the anvils was 0.6 mm across. A Udimet 700
gasket was put between the diamonds. A hole in
the gasket, drilled by spark erosion, was used as
a sample ceQ. The dimensions of the sample cell
were 0.15-mm diameter and 0.15-mm thickness.
The diameter became 0.10 mm after precom-
pression. The x rays impinged on the sample
through a collimator (0.1-mm diam with diver-
gence of 0.2') set just behind the anvil. The pres-
sure was calibrated by the shift of the ruby R~ line
using the relation dA/dp =0.365 A/kbar. '0 A small
piece of crystalline ruby (50 ~mx 50 p, mx 50 p, m)
was glued on one side of the diamond with a very
small amount of silicone grease. . The pressure
was measured before and after the x-ray measure-
ment, and the change of pressure was found to be
within 2 kbar in the 200-kbar range.

The PSPC with a high-resistance wire was used
as a detector. The resolution in position of the
counter was 200 p, m, and then the detectable
range of 50 mm was divided into 250 channels.
The distance between the PSPC and the sample
was 250 mm, so that the resolution of the scat-
tering angle was 0.04'/channel, while the vertical
divergence was 2.3'. The detectable angle of the

counter in this configuration was 10 . The Mo K~
line was monochromatized with pyrolytic graphite.
For this radiation, a 9:1mixture of krypton and
methane was selected as filling gas. The gas pres-
sure was 1.5 bar and the counting efficiency was
estimated to be about 15%. With this PSPC sys-
tem, the measuring time was reduced by a factor
of about 10 compared to the step-by-step mea-
surement using a conventional counter or a photo-
graphic method. The PSPC system supplied data
of better quality than the conventional method be-
cause the natural background of the PSPC was
about 1/10 that of the conventional method.

In order to eliminate the effect of a preferred
orientation of crystallites, an x-ray powder
photograph was taken prior to the PSPC measure-
ment. As the diamond-anvil cell allowed a rota-
tion within +10 around the axis of the incident
beam, the PSPC data were taken in the directions
which were least affected by the preferred orien-
tation.

Diffraction patterns were taken at several pres-
sures. Figure 3 shows the diffraction pattern at
206 kbar. In the lower-pressure region, the
photographic method was also employed. On in-
creasing the pressure step by step, neither ap-
pearance of extra peaks nor disappearance of
existing peaks occured throughout the process.
From this fact, it is inferred that the space
group D2„'does not change up to 206 kbar. This
was confirmed by the more detailed intensity an-
alysis mentioned later.

Figure 4 shows the relative lattice-constant
change versus the relative volume change. The
compressibilities of the g and g axes are almost
the same as those obtained by Kabalkina et al. ,

'
but that of the c axis is smaller than theirs. In
the higher-pressure region, the c axis becomes
less compressible while the g and 5 axes seem to
show the opposite tendency.

At 206 kbar, where the electrical resistance is
fully saturated, 12 sets of intensity data. were
taken to ascertain the reliability and the repro-
ducibility of the results. As seen in Fig. 3, the
several diffraction peaks are not separable in the
high-scattering-angle region. Since it was im-
possible to deconvolute them into individual peaks,
the whole pattern was divided into 13 groups in-
cluding three peaks with zero intensity. The
atomic coordinates y and z of the Sf site of the
space group D» and the isotropic temperature
factor B were determined by the least-squares
fit so as to minimize the X' factor defined by X

=P[(I,'„-I'„,)/2I„,g,„,]'/(N —P), where I,„,and

I„,are the observed and calculated intensities,
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FIG. 3. Diffraction profile o me zc xo one af tall d' t 206 kbar. Open circles show the observed intensities and the smooth
curve at the bottom gives the calculated intensity profile based on the space group D~I,. The numbers indicate the in-
dices of the Bragg reflections.

respectively, o,„,is the uncertainty of I,„,and
~-p is the number of intensity data minus the
number of parameters. The peak of the (200) re-
flection was eliminated from the fit because this
peak was severely affected by the preferred or-
ientation. The X factor finally obtained was 2.1.
The solid curve at the bottom of Fig. 3 shows the

calculated intensity convoluted with the instru-
mental-resolution function. Agreement between
observation and calculation is excellent. The re-
sultant parameters and the interatomic distances
of metallic iodine at 206 kbar are summarized in
Table I together with those at atmospheric pres-
sure and 110K reported by Bolhuis et a/. ' It is
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method and black ones show the result by the photographic method. The broken lines are from Kabalkina et al. , Ref. 7.
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convenient to express the atomic coordinates in
terms of the polar coordinates r and 8, where r
represents the intramolecular distance and 8 the
angle between the molecular axis and the q axis.
These parameters at 206 kbar and at atmospheric
pressure are also tabulated in Table I. In Fig. I,
the projection of the atomic positions so obtained
at 206 kbar onto the (001) and (100) planes is
shown together with those at atmospheric pres-
sul e.

IV. DISCUSSION

The previous tilting model with the space group
D»-Pbea proposed by Kabalkina et al. ' was care-
fully examined. The break of the base-center
symmetry with respect to the a-5 plane results in
the appearance of extra reflections such as (102)
at 28=11.5' and (210) at 28 =17.5'. In the present
measurement, however, these peaks were not ob-
servable within the experimental error. There-
fore, we can finally establish the space group
D~ for the crystal structure of the metallic state.

As seen in Table I, the changes in the parame-
ters r and 8 at 206 kbar are only 2% relative to
the values at atmospheric pressure, in the co~rse
of a relative volume change of 40%. This fact
together with the compressibility data of I'ig. 4
shows that crystalline iodine is compressed ap-
proximately along the [110]axis without a rotation
or an elongation of the molecule. That is, the
iodine molecule behaves like a rigid molecule in
the pressure range less than 206 kbar.

The square-lattice model proposed by Lynch
et al.' can be ruled out. To construct a square

lattice in the g-q plane, a relation g =—,'q must
hold, which is not attained in the observed pres-
sure range. Not only that, the linear compressi-
bility of the b axis is larger than that of the c axis,
whence the deviation of b from —,'c becomes even
larger as the pressure is increased.

%hen extrapolated to higher pressure, it seems
that interatomic distances in the 5-c plane tend to
be equal to one another. This suggests thai the
structure finally becomes a "face-centered ortho-
rhombic" structure, in which a unit cell is
drawn by the dotted lines connecting 2-2'-,V-7' in
Fig. 1(b). In this structure, the following rela, -
tions must hold: r, ,=r, ,i =r, , (in the b cpla-ne)
and r, ,=r, , (out of the plane). A rough extra-
polation of the lattice-constant and atomic-coor-
dinate changes indicates that such a structure
would be realized in the pressure range of 1-2
Mbar.

From the results obtained, it is clear that there
is no discrete change in crystal symmetry in the
course of metallization. Therefore, metallic con-
duction is caused by continuous increase of over-
lapping of the wave functions.
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