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Two intermediate incommensurate phases in the molecular dissociation process
of solid iodine under high pressure
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A high-pressure phase of solid iodine is identified in the pressure range of 16–23 GPa at room temperature by
reanalyzing the previous powder x-ray diffraction data. The phase VI has a four-dimensional (4D) incommensu-
rately modulated structure, in which I2 molecules and zigzag chains of three iodine atoms coexist. This structural
model can successfully explain the Raman scattering data previously reported. Furthermore, our method clarifies
that the structure of phase V, which was once analyzed as a 4D incommensurately modulated structure, can be
better described by a five-dimensional incommensurately modulated tetragonal lattice wherein two modulation
waves run in orthogonal directions. Our findings show that the pressure-induced molecular dissociation proceeds
in multiple stages that are more complex than previously thought. In addition, it has become necessary to describe
the molecular dissociation pressure separately for the starting pressure Ps of 16 GPa and the finishing pressure
Pf of 29 GPa. This transition process has finally resolved the contradiction with the Mössbauer experiment.
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I. INTRODUCTION

Solid halogens are representative diatomic molecular crys-
tals in which halogen molecules are weakly bound by the
van der Waals force. The effect of high pressure is inter-
esting because pressure forces molecules to approach each
other, thereby significantly modifying the intermolecular in-
teractions. Two major changes can be expected for such a
densely packed molecular crystal: metallization and molecu-
lar dissociation. Iodine has been the element most intensively
investigated because it shows these phenomena at relatively
low pressures.

Early high-pressure experiments reported that the electrical
resistance of iodine gradually decreases with pressure, and
iodine becomes metallic >16 GPa at room temperature [1–3].
A later x-ray diffraction study up to 20.6 GPa [4] showed
that iodine undergoes no structural phase transition during
metallization, keeping the same molecular structure as that
of phase I (orthorhombic space group Cmce [5,6]), the stable
form of solid iodine under ambient conditions. Subsequent ex-
periments at higher pressures revealed that iodine undergoes
a structural phase transition called molecular dissociation [7]
to a nonmolecular (monatomic) phase (phase II) at ∼21 GPa
[8–10]. In other words, iodine first becomes metallic with-
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out any accompanying structural change and then undergoes
pressure-induced molecular dissociation at higher pressures
[9]. Further experiments revealed that phase II successively
transforms to phases III and IV at 43 and 55 GPa, respectively
[11,12]. Shimizu et al. [13,14] found a superconducting state
of iodine at 28 GPa and at 1.2 K by electrical resistance
and magnetic susceptibility measurements, where iodine is
in metallic monatomic phase II. In addition to these non-
molecular phases, phase V has been found in the pressure
range 22–28 GPa in later experiments [15]. Phase V has an
incommensurate modulated structure, which can be viewed
as an intermediate phase between molecular and nonmolecu-
lar ones. Independent Raman-scattering experiments clarified
that the Raman spectra of iodine >23 GPa has a mode char-
acteristic of modulated structures and supported the existence
of phase V [16]. The upper side of Table I summarizes the
crystal structures for all reported phases of iodine.

Although the behavior of iodine under high pressure seems
to be well understood, a question remains as to whether
iodine undergoes any structural phase transitions in the molec-
ular phase before the dissociation. Mössbauer spectroscopy
experiments up to 30 GPa suggested the coexistence of a
quasi-one-dimensional (quasi-1D) structure (HP1) >16 GPa
and a quasi-two-dimensional (quasi-2D) structure (HP2) >21
GPa and claimed that a molecular character remains up to
30 GPa [17]. Raman-scattering experiments also reported
bands appearing >10 GPa, suggesting the existence of an
intermediate molecular phase [16,18].

In contrast to these experiments, x-ray diffraction stud-
ies showed no evidence of structural phase transitions in
molecular phase I of iodine. Although we noticed that the
measured peak positions of the diffraction patterns of phase I
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TABLE I. Crystal structures of the high-pressure phases of iodine at room temperature before (upper) and after (lower) this study. Phase
VI was identified in the pressure range 16–23 GPa. The structure of phase V was reanalyzed by a 5D superspace group. The revisions are
shown in red. The molecular dissociation starts at pressure Ps = 16 GPa and finishes at Pf = 29 GPa (see text).

Phase diagram of iodine at room temperature

Phase P (GPa) Crystal system Space group

Before this study

I 0–24 Orthorhombic Cmcea [5]
V 24–29 4D orthorhombic (incommensurately modulated) Fmmm(α00)0s0 [19]
II 29–43 Orthorhombic Immm [8]
III 43–55 Tetragonal I4/mmm [11]
IV 55–(276) Cubic Fm-3m [12,20]

After this study

I 0–16 Orthorhombic Cmcea [5]
VI 16–23b 4D orthorhombic(incommensurately modulated) Fmmm(00γ )0s0c

V 23b–29 5D tetragonal (incommensurately modulated) I4/mmm(αα0)000s(−αα0)0000
II 29–43 Orthorhombic Immm [8]
III 43–55 Tetragonal I4/mmm [11]
IV 55–(276) Cubic Fm-3m [12,20]

aThe space group Cmce (No. 64) was formerly designated as Cmca.
bThe transition pressure from VI to V was changed to 23 GPa judging from the coexistence of their diffraction peaks at 23.2 GPa.
cThe a and c axes in the previous study [19] were swapped in this paper for easier comparison with the axes of the Cmce structure of phase I.

progressively deviated from those expected for the Cmce
model in the pressure range from 16 to 21 GPa, we attributed
the cause of this misfit to the strain induced by nonhydrostatic
stress. Increased broadening of diffraction peaks further ob-
scured the effect of a misfit of peak positions.

In our recent study of iodine with a helium pressure-
transmitting medium [15], we again noticed the same problem
for the patterns in this pressure range: the Rietveld fitting
based on the Cmce model was not very successful for the
diffraction patterns from 16 to 21 GPa. One of the possibilities
could be that iodine transforms to another unknown structure
>16 GPa.

The first aim of this paper is to reanalyze the x-ray diffrac-
tion data of iodine between 15 and 22 GPa and search for a
structural model that can successfully account for the misfit
of peak positions. The second aim is to examine the crystal
structures of phases V and VI by density functional theory
(DFT) calculations.

II. METHODS

We used the same diffraction data of iodine as that used
in our previous study [15,19]. In brief, iodine powder was
pressurized with a helium pressure-transmitting medium in a
diamond-anvil cell (DAC) [21]. Pressure was determined with
the ruby luminescence method [22]. Powder x-ray diffrac-
tion experiments were done on beamline BL-13A (former
beamline) of the Photon Factory, KEK. The beams were
monochromatized to a wavelength of 0.42620(4) Å and col-
limated to a beam size of 50 μmφ. Diffraction patterns were
taken by an imaging plate detector with a typical exposure
time of 5 min. A diamond-backing plate was used as a win-
dow in the DAC to collect full Debye-Scherrer rings [23],
which were converted to 1D 2θ -intensity patterns by the

software PIP [24]. All the experiments were done at room
temperature. We used JANA2006 [25] for the analysis of the
incommensurately modulated structure and BIOVIA Materials
Studio (MS) Reflex [26] for the analysis of the conventional
structures. The March-Dollase-type preferred orientation cor-
rections [27] were employed in the Rietveld analyses.

DFT calculations were done with MS CASTEP [28]
with the generalized gradient approximation Perdew-Burke-
Ernzerhof functionals [29] and norm-conserving pseudopo-
tentials [30,31]. For molecular dynamics (MD) calculations,
we used the thermostat by Nosé [32] and a barostat in the
Parrinello-Rahman scheme [33]. The time step was 5 fs, and
the simulation time was 10 ps (2001 points).

III. STRUCTURE ANALYSIS

A. Phase VI

The diffraction patterns up to 14.6 GPa fit well with the
Cmce model of phase I, while the patterns from 16.9 to 21.8
GPa had misfit problems. Figure 1 shows the diffraction pat-
tern obtained at 21.8 GPa and the fit with the Cmce model
by the Rietveld method. The lattice parameters converged to
a = 5.748 Å, b = 3.933 Å, and c = 9.032 Å. In Fig. 1, the
observed and calculated peak positions agree well for the
peaks like 200, 112, 404, and 208, which have an even number
l of the Miller indices hkl, as displayed by the black peak bars
and indices. On the other hand, the calculated positions for
the peaks with an odd number l (e.g., 111, 113, 133, 135,
and 227), as displayed by the red peak bars and indices, show
a significant deviation from the observed ones. Figure 1(b)
shows similar peak shifts for many of the odd l peaks in the
higher angle region. In addition, the background optimized
by the Rietveld analysis converges to a higher level than the
experimental one. This is because the Cmce model does not fit
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FIG. 1. Analysis with the previous three-dimensional Cmce
model. The powder diffraction pattern of iodine observed at 21.8 GPa
and room temperature (black dots) and its Rietveld fit with the Cmce
model (blue line) in (a) low- and (b) high-angle regions. The intensity
scale is increased to make it easier to see the fit. The reliability factor
for the fit was Rwp = 5.37%. The black vertical bars at the bottom
show the positions of peaks having Miller indices hkl with even l .
The red vertical bars show the peaks with odd l . Indices are shown
only for major reflections.

the peak positions, intensities, and overall profile. If we fix the
background to the experimental level, Rwp increases, and the
fitting becomes even worse. We thus conclude that the crystal
structure of iodine in this pressure range is different from the
Cmce model. This implies that there is an intermediate phase,
which we call phase VI.

We tried fitting the pattern with a monoclinic or a triclinic
cell distorted from the orthorhombic Cmce structure, includ-
ing the monoclinic C2/m model proposed by Zeng et al. [34].
However, no successful results were obtained (see Fig. S1 in
the Supplemental Material [35]). Generally, there is a one-
to-one correspondence between a structure and a diffraction
pattern, except for enantiomers. However, the accuracy and
angular restrictions of the diffraction pattern may yield mul-
tiple structural models. It is necessary to verify whether the
interatomic distances and bond angles are normal and to nar-
row down the candidates. One method to avoid uncertainty in
the model is to take advantage of the space group constraints
to reduce the number of structural parameters as much as
possible. Another method is to evaluate enthalpies, atomic
coordinates, and lattice stability using theoretical calculations,
which are indispensable for recent structural analysis. We
have adopted both methods in our structural analyses. Thus,
we considered the possibility that an incommensurate mod-
ulation occurs in phase VI in a similar way to phase V. We

FIG. 2. Analysis with the present four-dimensional (4D) model.
Rietveld analysis of the pattern at 21.8 GPa with the Fmmm(00γ )0s0
model in (a) low- and (b) high-angle regions. The intensity scale is
increased to make it easier to see the fit. The reliability factor was
Rwp = 4.13%. The black vertical bars at the bottom show fundamen-
tal m = 0 reflections with 4D Miller indices hklm. The red vertical
bars show satellite m �= 0 peaks. Note that both the positive and
negative m peaks are allowed to appear. Indices are shown only for
major reflections.

made an orthorhombic unit cell (space group Fmmm) that has
the c axis equal to half the length of the c axis of the Cmce
unit cell. Then we introduced a modulation along the c axis
with a modulation wave number γ slightly different from 1

2 .
Figures 2(a) and 2(b) show the result of the Rietveld fit-
ting in the lower and higher 2θ regions, respectively. The
observed peak positions fit much better than those shown
in Figs. 1(a) and 1(b). The misfit of the background in
Fig. 1(b) is completely resolved. This is because the peak
profile created by the model is in excellent agreement with the
experiment. This structural model for phase VI is described by
four-dimensional (4D), or more precisely, (3+1)-dimensional
superspace group Fmmm(00γ )0s0 (No. 69.1.17.2 [36] or
No. 455 [37]), which is the same as for phase V [19].
The basic structure is Fmmm [face-centered orthorhombic
(fco)], where the atoms occupy the special position (0, 0,
0). This model has five refinable structural parameters: four
lattice parameters a, b, c, and modulation wave number
γ , and one modulation amplitude ysin1. They converged
to a = 5.7483(6) Å, b= 3.9339(4) Å, c = 4.5157(5) Å, γ =
0.4817(5), and ysin1 = 0.0752(8) at 21.8 GPa. The relia-
bility factor was Rwp = 4.13%. In comparison, the previous
Cmce model gave Rwp = 5.37% with the same five refinable
parameters: three lattice parameters a, b, c, and two atomic
coordination parameters y and z. In the measured diffraction
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FIG. 3. Four-dimensional incommensurate structure of phase VI at 21.8 GPa. The blue rectangle and solid arrows show the basic lattice
and its crystalline axes, respectively. The blue dashed arrow shows the modulation direction k1 that corresponds to the fourth axis. The figure
contains 1×5×20 cells of the basic lattice. Brown and yellow atoms are in the plane at x = 0 and 1

2 , respectively. Thick bonds connect
atoms at distances <2.90 Å, and thin broken lines connect those in the range 2.90–2.95 Å. The overall nearest interatomic distances are
distributed from 2.75–3.28 Å. The bottom figure shows the arrangement of atoms along the green line in the top figure. It illustrates how the
interatomic distances vary within an I3 zigzag chain. Thicker and darker-colored bonds show shorter distances. One can see that the nearest
neighbor distances are almost equal in the middle of the zigzag chain, while short distances periodically appear at both ends and finally form
I2 molecules.

pattern, 57 peaks are clearly identified. The fact that these
diffraction intensities can be explained by a single atomic
coordinate parameter ysin1 guarantees the uniqueness of this
structure.

Figure 3 shows the finally obtained 4D structure. Two
different regions appeared alternately along the c axis: one
with a Cmce-like arrangement of I2 molecules and another
with zigzag chains of three iodine atoms. The two regions
are continuously connected than clearly separated, as shown
in the lower part of Fig. 3. The patterns at 16.9 and 19.1
GPa were also successfully analyzed with this model, as
shown in Table S1 in the Supplemental Material [35]. The
Rietveld fit of the pattern at 14.6 GPa, on the other hand, gave
γ = 0.5003(5), which is indistinguishable from 1

2 within the
fitting errors. We therefore conclude that iodine at 14.6 GPa
is still in phase I. The modulation wave number γ decreases
progressively from 1

2 at 14.6 GPa to 0.482 at 21.8 GPa (Table
S1 in the Supplemental Material [35]). The decrease of γ

seems to be continuous from 1
2 , suggesting that the transition

from phase I to VI could be of the second order. On the
other hand, phases VI and V coexist at 23.2 GPa, and there
are discernible gaps in their lattice parameters and volumes.
These facts clearly indicate that the transition between phases
VI and V is of the first order. The crystal structures of bromine
[38] and chlorine [39] around their molecular dissociation
pressures were recently analyzed with the C2/m model of
Zeng et al. [34]. It would be worth analyzing them also with
our 4D model of phase VI of iodine.

In the previous structural model for phase V [15], the
modulation wave number α took a value close to 1

4 . This
poses a question as to whether the first-order transition from
phase VI to V only halves the modulation wave number from
∼ 1

2 to 1
4 . To try and answer this, we simulated the VI-to-V

transition and the structures of each phase by MD with the
use of DFT calculations. We constructed a 2×4×2 supercell

of the Cmce structure of phase I at 16 GPa including 128
atoms and used it as an initial structure for the MD simulation.
The MD simulation was done in an isothermal-isobaric (NPT)
ensemble at a pressure of 16 GPa and a temperature of 150 K.
Figure 4 shows the final frame of the simulation. The zigzag

FIG. 4. Final frame of phase VI after molecular dynamics (MD)
simulation at 16 GPa and 150 K. As an initial structure, a 2×4×2
supercell of the Cmce model of phase I at 16 GPa with 128 atoms was
used. The MD simulation was done in an isothermal-isobaric (NPT)
ensemble. The simulation pressure is in the region where phase VI
is stable. The black lines and arrows show the periodic boundaries
and the axes of the simulation cell, respectively. To show the atoms
along the a axis, the a axis is tilted slightly from perpendicular to
the screen. Brown and yellow atoms are in the plane at x = 0 and
1
2 , respectively. Thick lines indicate interatomic distances (bonds)
<2.90 Å, and thin broken lines show those in the range 2.90–2.95 Å.
We obtained a four-dimensional (4D) modulated structure, which has
been hitherto assigned to phase V, but with a different modulation
wave number. The blue rectangle represents the basic lattice of the
4D structure.
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FIG. 5. Final frame of phase V after molecular dynamics (MD)
at 24 GPa and 150 K. A 2×4×2 supercell of the Cmce structure with
128 atoms was used for the MD. The MD simulation was done in
an isothermal-isobaric (NPT) ensemble. The simulation pressure is
in the region where phase V is stable. The black lines and arrows
show the periodic boundaries and the axes of the simulation cell,
respectively. To show the atoms along the a axis, the a axis is tilted
slightly from perpendicular to the screen. Brown and yellow atoms
are located in the plane at x = 0 and 1

2 , respectively. Thick lines
indicate interatomic distances (bonds) <2.90 Å, and thin broken lines
show those in the range 2.90–2.95 Å. We obtained a tetragonallike
structure. The red square represents the basic lattice of the five-
dimensional structure.

chains of atoms running from left to right in the direction of
the c axis can be clearly seen. The thick and broken lines
moved dynamically with time. This means that the covalent
bonds of adjacent I2 molecules like I-I …I-I are temporarily
lost, and new bonds of different pairs of iodine atoms form
like I …I-I …I. Nevertheless, the same chains always stacked
in the direction of the b axis, and no chains were formed in this
direction. Throughout the whole process of the simulation,
we observed that the c axis remains larger than the b axis,
the chains always run in the direction of the c axis, and the
atomic displacement occurs in the direction of the b axis. This
is the cause of the partial break of I2 covalent bonds and the
formation of new ones. The dynamical picture of the crystal
structure of phase VI thus obtained matches well to the MD
simulation.

B. Phase V

We have also performed a similar MD simulation for iodine
at 24 GPa starting from the initial structure of a 2×4×2
supercell of the Cmce structure. Figure 5 shows the final
frame of the simulation. The thick lines (bonds) and broken
lines moved dynamically with time. In this simulation, the
lengths of the b and c axes became nearly equal, and the
chains broke into small pieces. Two types of bonds appeared,
pointing toward the upper left or upper right. No chains ap-
peared, in contrast to the case shown in Fig. 4. There are two
different regions, where I2, I3, or I4 units align in the upper

FIG. 6. Analysis with the five-dimensional (5D) model. Rietveld
analysis of the pattern of iodine phase V at 24.6 GPa and at room
temperature with the 5D superspace group. The intensity scale is
increased to make it easier to see the fit. The reliability factor was
Rwp = 4.07%. The red vertical bars show m �= 0 or n �= 0 satellite re-
flections. Miller indices hklmn are shown only for major reflections.

left or upper right directions. This structure contradicts the
incommensurately modulated 4D structure Fmmm(α00)0s0
previously proposed for phase V [19]. This poses a question
as to which one is the correct structure for phase V. The
structure shown in Fig. 5 can be described by a tetrago-
nal cell, as displayed by the red square, having modulations
in two directions. The corresponding superspace group is
five dimensional (5D), or more precisely, (3+2) dimensional
I4/mmm(αα0)000s(−αα0)0000 (No. 139.2.70.12) [36],
which is equivalent to I4/mmm(αα0, α-α0)00mg (No. 3150)
[37].

Figure 6 shows the result of the Rietveld fitting with this
superspace group. The basic structure of this model is I4/mmm
[body-centered tetragonal (bct)], where the atoms occupy the
special position (0, 0, 0). There are four modulation amplitude
parameters: xsin1, ysin1, xsin2, and ysin2. They are bound by
the symmetry constraint as xsin1 = −ysin1 = xsin2 = ysin2.
Hence, the 5D model has four refinable structural param-
eters: three lattice parameters a, c, and modulation wave
number α, and one modulation amplitude xsin1. The op-
timization of these four structural parameters successfully
explains the 42 peaks that are clearly identified in the mea-
sured diffraction patterns. Using the Rietveld analysis with
this superspace group, the structural parameters converged
to a = 2.9815(3) Å, c = 5.4849(6) Å, α = 0.1289(5), and
xsin1 = 0.0341(5) at 24.6 GPa. The reliability factor was
Rwp = 4.07%. This is reasonably small in view of the fact
that the present model uses one less refinable parameter than
the previous 4D Fmmm(α00)0s0 model, which used five
structural parameters: a, b, c, modulation wave number k,
and modulation amplitude B1(y) [19]. This means that the
reliability of the structural model has increased.

The resulting structure is shown in Fig. 7 and agrees well
with the MD result in Fig. 5. Because of the tetragonal
symmetry of the basic lattice, two modulation waves simul-
taneously propagate in the orthogonal directions a + b and
−a + b. One can see that the population of I2 is much smaller
than that in phase VI, shown in Fig. 3. Distance distribution
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FIG. 7. Five-dimensional incommensurate structure of phase V
at 24.6 GPa. The red square and solid arrows show the basic lattice
and its crystalline axes, respectively. The red dashed arrows show
modulation directions k1 and k2 that correspond to the fourth and
fifth axes, respectively. The figure contains 15×15×1 cells of the
basic lattice. Brown and yellow atoms are in the plane at z = 0 and
1
2 , respectively. Thick bonds connect atoms at distances <2.90 Å, and
thin broken lines connect those in the range 2.90–2.95 Å. The overall
nearest interatomic distances are distributed from 2.79 to 3.17 Å.

of phase V from 2.79 to 3.17 Å shows a broad peak at 3.0 Å.
This means that the molecular dissociation proceeds further in
phase V. This paper, which combines DFT calculations with
the Rietveld analysis, clearly shows that the 5D tetragonal
superspace group is more plausible than the 4D orthorhombic
one. It should be noted that, in our previous study [15], we
also proposed a 5D superspace group I4mm(-αα0, αα0)0gg
(No. 2794) [37] as an alternative structure for phase V, which
has lower symmetry than the present one. The superspace
group at that time was noncentrosymmetric, and there were
extra atomic parameters. We made a thorough analysis of
superspace groups and found that the structure of phase V
can be represented by a centrosymmetric superspace group
with higher symmetry. We believe that the present superspace
group is crystallographically more appropriate. The lower side
of Table I summarizes the structural evolution of iodine ob-
tained by this paper.

IV. DISCUSSION

The most important finding of this paper is that the first
stage of the pressure-induced molecular dissociation of iodine
starts in its molecular state. The structure of phase VI can
be characterized as a mixture of two regions: one having I2

molecules as in phase I and another having zigzag chains of
three iodine atoms. The two regions cannot be clearly sepa-
rated; however, they are connected continuously and appear
repeatedly with a modulation wave propagating along the c
axis. The zigzag chains of three iodine atoms imply the partial
break of the covalent bond of I2 diatomic molecules and for-

mation of new ones. The second stage is the VI-V transition in
which modulation of atomic positions extends into 2D in the
molecular plane. The intermediate phases between molecular
and nonmolecular structures could be difficult to represent
with a normal crystal structure. Therefore, iodine might have
taken a way to use incommensurability to accommodate both
molecular and nonmolecular units into a single modulated
structure of phase VI. The transition to phase V is a 2D version
of this incommensurability.

The persistence of the molecular nature in phase VI is
in accordance with the previous results of Mössbauer spec-
troscopy and Raman-scattering experiments. Pasternak et al.
[17] have conducted a high-pressure Mössbauer spectroscopy
experiment on iodine and reported that phases HP1 and HP2
appeared >16 and 24 GPa, respectively. They proposed a
structural model for phase HP1 composed of zigzag chains of
I2 molecules (or two iodine atoms) extending along the b axis.
It should be noted that the same structure with zigzag chains
was also proposed theoretically by considering the distortions
in the bond occupation probabilities [40]. This structure, how-
ever, assumes the same space group as phase I (Cmce). We
have already shown that this space group cannot account for
the x-ray diffraction pattern observed in this pressure range.
If the present structural model for phase VI, which contains
zigzag chains of three atoms extending along the c axis, can
explain the observed Mössbauer spectra for phase HP1, then
the two experimental observations would become consistent.
Furthermore, the phase HP2, which was proposed to have a
2D network of iodine atoms, would conform to phase V that
is now shown to have incommensurate modulations in two
directions. We can summarize the overall structural change
of iodine as follows: from the diatomic molecular structure
(phase I) to the 1D chain structure (phase VI or HP1) and to
the 2D network structure (phase V or HP2). In the previous
studies, the pressure for the molecular dissociation of iodine
was set at 21–24 GPa, where phase I disappears. However,
due to the discovery of a transition sequence and its compar-
ison with the Mössbauer experiment, it became necessary to
distinguish between the starting pressure Ps and the finishing
pressure Pf of molecular dissociation. Based on the present
structural analysis, Ps is given as 16 GPa, where phase VI
appears, and Pf as 29 GPa, where phase V disappears.

Two independent Raman-scattering measurements were
performed on iodine under high pressure [16,18]. These ex-
periments showed bands called X and Y that appeared under
pressures >10–15 GPa, while keeping the stretching [A(S)

g and

B(S)
3g ] and librational [A(L)

g and B(L)
3g ] modes intact. Although

the appearing pressures of the X and Y bands are different
from the I-VI transition pressure determined in the present
x-ray analysis, it is reasonable to assume that the X and Y
bands are intimately related to phase VI. The persistence of
the A(S)

g and B(S)
3g stretching modes implies that I2 molecular

units still exist in phase VI. As shown in Fig. 3, the structure of
phase VI consists of two characteristic regions, one dominated
by I2 molecules and another by zigzag chains made up of
three iodine atoms. We can easily imagine that the former
region is responsible for the Raman bands characteristic of
I2 molecules. We thus suppose that the X and Y bands orig-
inate from the zigzag chains. We calculated the frequencies
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FIG. 8. Representative Raman active modes for two local struc-
tures in iodine phase VI obtained by density functional theory (DFT)
calculations at 14 GPa. (a) X and (b) Y bands for the Cmcm zigzag
chain region. (c) A(L)

g and (d) B(L)
g bands for the Cmce molecular

region. (e) Comparison of the experimental and calculated Raman
frequencies.

of possible Raman modes for this region by approximating
the local structure with a Cmcm cell. There are three Raman-
active modes, of which two are relatively strong, as shown in
Figs. 8(a) and 8(b). The former is vibration perpendicular to
the chain direction, and the latter is along the chain direction.
For comparison, we also calculated the Raman frequencies
for the I2 region by approximating its structure with a Cmce
cell, as shown in Figs. 8(c) and 8(d). The result is compared
with the experimental data of the study by Kume et al. [16] in
Fig. 8(e). The agreement is quite satisfactory. Our calculations
further indicate that the X band shows softening with pressure,
while the Y band shows hardening, which agrees with the
experiment.

The phase transition to an incommensurate structure near
the band gap closure implies that the transition is related
to the electronic band structure. Duan et al. [41] and San
et al. [42] performed DFT calculations of elastic constants
and band structures for bromine and iodine, respectively. They
found that the elastic constant C44 of the Cmce model and
the unmodulated fco model softens and modulated structures
appear. These papers, however, used a structure model with
eight atoms lined up in the c-axis direction. We attempted
to verify the phase transition by DFT calculations using a
long-period model that more closely approximates the exper-
imentally observed incommensurate structure. We multiplied
the basic fco structure of phase VI by 15 to create a model with

30 iodine atoms aligned in the c-axis direction. The structure
was optimized at 18 GPa. As can be seen in Fig. S2 in the
Supplemental Material [35], I2, I3, and short chains appeared
sporadically. The enthalpy per one atom in this case was
4.0 meV lower than the Cmce model. This suggests that the
electronic structure would be responsible for the appearance
of the incommensurate phase VI. The present finding of phase
VI >16 GPa poses a question as to whether iodine becomes
metallic in phase I or VI. Our energy band calculation for the
Cmce model within the DFT scheme shows that the energy
gap closes at 18.0 GPa. The same calculation with the long-
period model including 30 atoms resulted in a metallic state
even at a lower pressure of 10 GPa. This seems to indicate
that phase I remains an insulator up to the transition pressure
at 16 GPa, and the metallization first occurs in phase VI. The
origin of the incommensurate phase III of tellurium was ex-
plained by the combined effects of electron-phonon coupling
and Fermi surface nesting [43]. A similar detailed analysis of
the band structure of iodine is desirable to clarify the origin
of incommensurate modulation and possible concurrence of
metallization and structural phase transition. We do not eval-
uate the metallization pressure in more detail here because
there is a general tendency to underestimate the band gap in
DFT calculations and because larger supercells are needed for
accurate band calculations of incommensurate structures.

As shown in Figs. 3 and 7, phase VI has I3 zigzag chains,
and phase V contains I3 and I4 units. These local structures
are known as polyiodide ions [44]. The triiodide (I−3 ) and
tetraiodide (I2−

4 ) ions are linear and found in some iodine com-
pounds [45]. The pentaiodide ion (I−5 ), on the other hand, has
a bent structure. Longer polyiodide ions with chain structures
are also known [46]. Theoretical and computational studies
of the structure of iodine on graphene sheets also show that
the straight I3 and bent I5 are stable [47]. These references
indicate that the ionization and reconstruction of I2 molecules
are closely related. It follows that the chain part of phase
VI and the I3 and I4 parts of phase V could also appear
for electronic reasons, and the entire crystal is expected to
undergo metallization.

The superconducting state >28 GPa found by Shimizu
et al. [13,14] was considered to occur in the monatomic phase
II after completing molecular dissociation. The pressure of 28
GPa is in the 5D phase V according to our phase diagram
(lower side of Table I) but is close to the boundary between
phase V and II. It would be interesting to clarify which phase
first shows superconductivity and whether the incommensu-
rate modulation would relate to superconductivity.

Among the elements, only Eu is known to show a pressure-
induced incommensurate-to-incommensurate phase transition
(Eu-IV to Eu-V at 38 GPa) between modulated structures,
excluding the phase transitions between host-guest structures
[48]. This transition accompanies a discontinuous jump in
the modulation wavelength and amplitude, while keeping
the same monoclinic 4D superspace group. The VI-V phase
transition of iodine in this paper is also an incommensurate-to-
incommensurate one between modulated structures, but this is
the first case in which the transition accompanies a change in
the dimension of the superspace group from 4D to 5D.

Theoretical studies on the molecular dissociation of other
halogens have been conducted recently. Li et al. [49]

033174-7



FUJIHISA, TAKEMURA, ONODA, AND GOTOH PHYSICAL REVIEW RESEARCH 3, 033174 (2021)

explored the stability of long-period structures for bromine.
They predicted the existence of four successive phases (oF20,
oC24, oF28, oC12) between the molecular phase I (Cmce)
and the monatomic phase II (bco, Immm). Interestingly, the
oF28 seems to be close to our incommensurate structure of
phase VI. Their calculations have yet to find a model that
resembles phase V. Duan et al. [50] performed theoretical
calculations of successive phase transitions of fluorine lead-
ing to the molecular dissociation. They proposed a P6/mcc
structure at 2.7 TPa, which consists of F2 molecules and F
chains, a Pm-3n structure at 4 TPa having F atoms and F
chains, and an Fddd structure at 30 TPa, which is completely
monatomic. Although long-period modulated structures have
not been reported for fluorine, multistep transitions seem to
be common to molecular dissociations of many molecular
crystals.

Dense hydrogen, which is also expected to show metalliza-
tion and molecular dissociation at ultrahigh pressures [51,52],
is theoretically predicted to become a room-temperature
superconductor [53,54]. A recent quantum Monte Carlo sim-
ulation has predicted that the atomic hydrogen would appear
at 375 GPa [55]. Further, a very recent x-ray diffraction study
with a DFT calculation showed that the solid hydrogen was
still in molecular state at 300 GPa [56]. Between these pres-
sures, modulated phases of solid hydrogen might emerge.

V. CONCLUSIONS

The molecular dissociation of iodine is now clarified to
proceed in three stages. The I-VI phase transition is the
first one, in which the I-I covalent bonds partially break and
zigzag chains of three iodine atoms are constructed. However,

I2 molecules still exist in some regions, indicating a mixed
molecular and nonmolecular nature of phase VI. The structure
of phase VI is consistent with the pictures obtained in a pre-
vious Mössbauer experiment as well as in Raman-scattering
experiments. The second stage is the VI-V transition. The
population of I2 molecule becomes much smaller than that of
phase VI. Since one can still see linear chains of three or four
iodine atoms, the structure cannot be said to be monatomic.
The third stage is the V-II transition, which signifies complete
molecular dissociation. The incommensurate phases VI and V
are quite interesting from the viewpoint of intermediate states
between molecular and nonmolecular ones. To the best of our
knowledge, this is the first pressure-induced phase transition
in which the superspace group changes from 4D to 5D ones.
We wait for further theoretical investigations on the mecha-
nism of phase transitions and change of physical properties.
There are many intriguing questions about pressure-induced
metallization and molecular dissociation of molecular solids.
For example, it will be very interesting to investigate how
the regions of phases VI and V change at high and low
temperatures. We hope that this paper will stimulate further
experimental and theoretical work including those on other
solid halogens [37,38,57–60].
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