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The three halogen solids (Cl2, Br2, and I2) have the isostructural diatomic molecular phase I with a space group of
Cmca at ambient pressure. At high pressure, they all go through an intermediate phase V with incommensurate structures
before eventually dissociating into the monatomic phase II. However, a new structural transition between phase I and V
with anomalous bond-length behavior was observed in bromine under pressure, which, so far, has not been confirmed in
iodine and chlorine. Here, we perform first-principles calculations for iodine and chlorine. The new structural transition
was predicted to be common to all three halogens under pressure. The transition pressures might be systematically under-
estimated by the imperfect van der Waals correction method, but they follow the order Cl2 > Br2 > I2, which is consistent
with other pressure-induced structural transitions such as metallization and the molecular-to-monatomic transition.

Keywords: high pressure, structural transition, halogen, first-principles calculation

PACS: 64.60.−i, 64.70.kt, 62.50.−p, 31.15.A− DOI: 10.1088/1674-1056/abf4bd

1. Introduction
The study of the structures and properties of simple

diatomic molecular solids under pressure has been one of
the most important subjects in highpressure science.[1–14]

Various diatomic molecular solids, such as hydrogen,[2,5]

nitrogen,[4] and the halogens[3,6–14] undergo molecular-to-
monatomic phase transitions,[15] while molecular dissocia-
tion usually accompanies insulator-to-metal transitions. When
diatomic-molecule solids are compressed, the intermolecular
distances decrease dramatically, and the intramolecular dis-
tances increase slightly or remain constant. These two dis-
tances become comparable under high pressure, leading to
molecular dissociation. Meanwhile, under high pressure, de-
localized covalent bonds give rise to insulator-to-metal tran-
sitions. Experiment also has shown that the molecular states
of halogens persist to high pressures beyond gap-closure pres-
sures, indicating that metallization is not directly related to
molecular dissociation.[16] The intermediate phase V with in-
commensurate structures was observed before molecular dis-
sociation took place in the three halogens (Cl2, Br2, and I2),
and there were suggestions that it was formed by modulation
of the dissociated monatomic phases.[15,17,18] The dissociation
pressures of iodine, bromine and chlorine have been suggested
to be about 30 GPa, 80 GPa and 250 GPa, respectively.[18,19]

The pressuredependent structural evolutions of these three
halogens have been suggested to scale well with the function
for a reduced atomic volume, defined as Vr =Vat/(8r3

s ), where
rs is the interatomic distance of the diatomic molecule.[16] For
instance, the semimetallization of iodine at 16 GPa and that

of bromine at 60 GPa both take place at Vr = 1.37.[20] On
the other hand, the molecular dissociation pressure in chlorine
was suggested to be 220 ± 40 GPa by the scaling rules,[16]

and was eventually confirmed to be ∼ 256 GPa in a recent
experiment.[18] From the abovementioned highpressure stud-
ies on the halogens, it can be seen that most of the research
effort has been focused on the dissociation transition from
the molecular phase to the monatomic phase. However, a
new structural transition with anomalous bondlength behav-
ior has been found in solid bromine under high pressure,[20]

which has been suggested to be caused by the increased sec-
ondary nearest intermolecular interaction in the later theoreti-
cal simulation.[1] However, the anomalous bondlength behav-
ior has not been observed in iodine and chlorine at high pres-
sure, but is worth investigating to achieve a systematic under-
standing of the solid halogens or general diatomic molecular
solids under pressure.

In this study, first-principles calculations were performed
to investigate the structural evolutions of iodine and chlo-
rine under pressure. Similar pressureinduced anomalous
bondlength behavior to that initially observed in bromine was
also predicted for both iodine and chlorine. The calculated
transition pressures for iodine and chlorine were ∼ 3 GPa and
10 GPa, respectively. Taking account of the previously calcu-
lated transition pressure of ∼ 7 GPa for bromine,[1] it is ap-
parent that the pressure required for the new structural transi-
tion is larger for halogens with smaller atomic numbers. This
order is consistent with those of the metallization and dissoci-
ation transitions in these three halogens. This study presents
insights into the structural evolutions of the halogens under
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pressure and may be extended to general diatomic molecular
solids.

2. Computational method
Density functional theory (DFT)-based first-principles

calculations were performed to investigate the pressure-
induced structural evolutions of iodine and chlorine. The
Vienna ab-initio simulation package (VASP),[21,22] with
projector-augmented wave (PAW) potentials[23] was employed
for the calculations of geometry optimization and Raman
spectra. The Perdew–Burke–Ernzerhof (PBE)[24] general-
ized gradient approximation (GGA) was used to describe the
exchange-correlation functions. The three halogens (Cl2, Br2,
and I2) at ambient pressure have the isostructural molecu-
lar phase I with the space group Cmca, as shown in Fig. 1.
The unit cell employed contained 8 I(Cl) atoms, in which the
diatomic molecules were arranged in zigzag patterns in the
layers of the bc plane, and the layers were stacked along the
crystallographic a axes. Valence configurations of 3s23p5 and
5s25p5 were used for the chlorine and iodine atoms, respec-
tively. A plane-wave energy cutoff of 600 eV was used. The
Brillouin zone was sampled using a 12×16×8 k-point mesh.
Convergence test calculations were performed on both the cut-
off energies of the plane wave and the k-point mesh, using a
convergence criterion of 1 meV/atom for the total energies of
the structures. In the geometry optimization calculations, the
lattice vectors and the atomic coordinates were relaxed un-
til the Hellmann–Feynman forces on the atoms were less than
0.005 eV/Å. Moreover, for the calculations of molecular struc-
tures such as iodine and chlorine in this study, a correction of
the van der Waals interaction is necessary to improve the
geometry optimizations and obtain more realistic structures.
In the previous study,[1] various methods were used for the
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Fig. 1. The Cmca structure of iodine and chlorine under ambient pressure.
The black spheres are atoms in the first layer and the white spheres are atoms
in the second layer. Here, r1, r2, and r3 represent the intramolecular bond
length, the first neighbor intermolecular distance, and the secondary neigh-
bor intermolecular distance, respectively.

van der Waals correction in the calculations of bromine un-
der pressure, and the results calculated using the Grimme-D2
method[25] were suggested to agree better with experimental
values. In order to conduct a systematic comparison between
these three halogens, the Grimme-D2 method was employed
in the present study.

3. Results and discussion

3.1. Equations of state

The equations of state (EOS) of the Cmca structures of
iodine and chlorine calculated with the Grimme-D2 method
are shown in Fig. 2 together with a comparison to the experi-
mental results.[16] The comparison shows that the calculation
cannot precisely reproduce the experimental results, even with
van der Waals corrections. In particular, the volumes at low
pressures are underestimated, similarly to the previous calcu-
lation for bromine, in which the calculated volume was 6%
smaller than the experimental value at ambient pressure.[1]

For iodine, the volume of the unit cell is 307.5 Å3, which
is about 10% smaller than the experimental value at ambi-
ent pressure, while the agreement is much better at pressures
above 2 GPa. On the other hand, the calculations for chlo-
rine agree much better with the experimental results in the
current pressure range from 0 to 40 GPa. At ambient pres-
sure, the volume of the unit cell of chlorine is 224.4 Å3,
which is only about 2% smaller than the experimental value.
The underestimated volume at ambient pressure can be in-
terpreted as overestimated intermolecular interactions. Obvi-
ously, it is a systematic error caused by the calculation method,
which fails to accurately describe the van der Waals interac-
tions in halogen molecular solids. Figure 3 shows the cal-
culated lattice parameters of iodine and chlorine, compared
with the available experimental results.[16] The calculated lat-
tice parameters of iodine at ambient pressure are a = 7.03 Å,
b = 4.52 Å, and c = 9.68 Å, compared to the experimental
values of a = 7.27 Å, b = 4.79 Å, and c = 9.80 Å,[16] while
for chlorine, the calculated lattice parameters at ambient pres-
sure are a = 6.41 Å, b = 4.25 Å, and c = 8.24 Å, compared
to the experimental values of a = 6.26 Å, b = 4.51 Å, and
c = 8.32 Å.[16] The results show that the lengths of the c axes
of both iodine and chlorine can be accurately reproduced by
the calculations, while the calculated lengths of the b axes in
both cases are obviously shorter than the experimental values.
This is similar to the previous calculation for bromine.[1] From
the abovementioned results, the systematically underestimated
volumes at ambient pressure are mainly due to the overesti-
mated intermolecular interaction along the b axes in the bc
plane.
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Fig. 2. Equations of state comparison between the calculated and experimen-
tal results for (a) iodine, (b) chlorine. The solid lines are for visual guidance.
The experimental results were obtained from Ref. [16].
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Fig. 3. The comparison of the lattice parameters between the calculation and
experiment results: (a) iodine, (b) chlorine. The solid lines are guides for
eyes. The experiment results were obtained from the Ref. [16].

3.2. Raman frequency

To further verify the validity of the calculation method,
the pressuredependent frequencies of the Raman active modes
were calculated and compared with the previous experimental
and theoretical studies, as shown in Fig. S1. There are four
allowed Raman active modes: the two stretching modes are
A(S)

g and B(S)
3g , and the other two librational modes are A(L)

g

and B(L)
3g .[26] For the Raman frequencies of iodine, the over-

all agreement with experimental values[15] is acceptable, es-
pecially for those two low-frequency librational modes. For
the high-frequency stretching modes, the frequency and the
crossover pressure are both underestimated. The underesti-
mation is not surprising, and is consistent with the underesti-
mated structural transition pressures. For the Raman frequen-
cies of chlorine, very good agreement was obtained according
to a comparison with the previous theoretical study,[17] which
successfully predicted the molecular-to-monatomic structural
transition of chlorine. The reasonable agreement of the Ra-
man frequencies shows that the current calculations should be
reliable.
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Fig. 4. Pressure-dependent Raman vibrational frequencies of (a) iodine,
(b) chlorine. (c) The four Raman active modes in iodine and chlorine. The
solid lines are visual guides. The experimental results were obtained from
Ref. [15], and Li et al.’s theoretical results for chlorine were obtained from
Ref. [17].

3.3. Structural analysis

Figure 5 shows the calculated interatomic distances for
iodine and chlorine under pressure, where r1, r2, and r3 repre-
sent the intramolecular distance (i.e., the I–I and Cl–Cl bond
lengths), the first nearest intermolecular distance and the sec-
ond nearest intermolecular distance, respectively. The calcu-
lated r1 of iodine at ambient pressure is 2.805 Å, ∼ 3% longer
than the experimental value of 2.715 Å,[16] while for chlorine,
the calculated r1 at ambient pressure is 2.01 Å, ∼ 1.5% longer
than the experimental value of 1.98 Å.[16] As a reference, the
calculated r1 of bromine at ambient pressure is 2.387 Å, which
is ∼ 5% longer than the experimental value of 2.27 Å.[16]

The systematically elongated intramolecular distances r1 are
consistent with the underestimated volumes at ambient pres-
sure. As mentioned above, the underestimated volumes are
due to the overestimated intermolecular interactions, which
subsequently weaken the intramolecular interaction and result
in elongated bond lengths. Thus, these calculated halogen
molecular solid structures at ambient pressure act like pre-
compressed structures. As a result, the calculated pressures
of the structural transitions are expected to be smaller than
the experimental values. For instance, the molecular disso-
ciation pressure of bromine calculated in the previous study
using the Grimme-D2 method is ∼ 45 GPa[1] which is much
smaller than the experimental value of ∼ 84 GPa.[15] The pre-
viously calculated anomalous bondlength transition pressure
of bromine is ∼ 7 GPa, which is also much smaller than the ex-
perimental value of ∼ 25 GPa.[20] In the other theoretical study
of chlorine under pressure,[17] the molecular dissociation pres-
sure was predicted to be ∼ 157 GPa, while the molecular dis-
sociation pressure was later confirmed to be ∼ 256 GPa by
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experiment.[18] Most importantly, the anomalous bondlength
evolution under pressure that has been observed in bromine
was also found in both iodine and chlorine in the present calcu-
lations. For iodine, the bond length r1 initially increases from
2.805 Å at ambient pressure to 2.807 Å at 3 GPa upon com-
pression. At higher pressures, the compression effect becomes
dominant and the bond length starts to shrink. For chlorine, the
bond length r1 initially increases from 2.01 Å at ambient pres-
sure to 2.026 Å at 10 GPa. The transition pressures of these
anomalous bondlength evolutions for chlorine, bromine, and
iodine are 3 GPa, 7 GPa, and 10 GPa, respectively. As a refer-
ence, solid hydrogen in the highpressure phase with a space
group of C2/c was also predicted to have such anomalous
bondlength evolution under pressure, and the transition pres-
sure was found to be ∼ 300 GPa.[27] This indicates that anoma-
lous bond length evolution under pressure could be general in
diatomic molecular solids. From the results presented, it can
also be deduced that the influence of the pressure-induced en-
hanced intermolecular interaction on the bondlength elonga-
tion is weaker for stronger covalent bonds such as the Cl–Cl
bond, so a higher pressure is needed for the structural transi-
tion, and vice versa. Although the transition pressures might
be significantly underestimated and fail to follow the scaling
rules with the function of the reduced volume, the order of
the transition pressures is in good agreement with those of the
metallization and molecular dissociation of the halogens under
compression.
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Fig. 5. Calculated pressuredependent interatomic distances for (a) iodine,
(b) chlorine.

The magnitude of the bond-length fluctuation during this
new structural transition in halogens under pressure is so sub-
tle that no obvious Raman softening can be found in both the
experimental and theoretical Raman spectra.[1,15] However,
these subtle changes in the bond lengths are strongly corre-
lated with the intermolecular interaction. Figure 5 shows that
the second nearest intermolecular distance r3 decreases much
faster than the first nearest intermolecular distance r2. For
instance, the value of r3 in iodine decreases by 5.3%, from
3.827 Å at ambient pressure to 3.627 Å at 3 GPa, while the
value of r2 only decreases by 3.6% from 3.353 Å to 3.232 Å.
At transition pressures of 3 GPa for iodine and 10 GPa for

chlorine, the values of r3 are comparable to those of r2 at am-
bient pressure. This indicates that the second nearest inter-
molecular interaction, which was very weak at ambient pres-
sure, becomes unavoidable and could have a significant influ-
ence on the structure. Apart from the pressure-induced subtle
changes in the bond lengths, the diatomic halogen molecules
have more freedom to rotate, and the rotations should be much
easier to observe. Figure 6 shows the pressure-dependent in-
termolecular angles, as illustrated in Fig. 1. Clear transitions
at 3 GPa in the results of iodine and at 10 GPa in the results of
chlorine can be found in the curve of intermolecular angle θ4.
These observations are also similar to the previous results for
bromine.[1] This suggests that the structural transitions with
the anomalous bond-length evolutions in the three halogens
(Cl2, Br2, and I2) are due to the pressureenhanced secondary
nearest intermolecular interactions. The enhanced secondary
nearest intermolecular interactions are also confirmed by the
charge density analyses shown in Fig. 7. At ambient pressure,
the secondary nearest intermolecular interaction is very weak
compared to the first nearest intermolecular interaction. At the
transition pressures, it is obvious that the secondary nearest
intermolecular interactions have become much stronger and
cannot be neglected.
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4. Conclusion and perspectives

In summary, the structural evolutions of two diatomic
molecular solids (iodine and chlorine) under pressure were
investigated using first-principles calculations. Similarly to
the previous theoretical results for bromine, the new struc-
tural transitions with anomalous bondlength evolutions were
also found in iodine and chlorine under pressure. The bond
lengths initially increased with pressure and then started to
decrease above the transition pressures. The calculated pres-
sures for this new structural transition were 3 GPa, 7 GPa,
and 10 GPa for iodine, bromine, and chlorine, respectively.
These results indicated that such pressureinduced anomalous
bondlength evolutions could be general in halogens, or even
other diatomic molecular solids. Despite the underestimated
values of the transition pressures, which were mainly due to
imperfect van der Waals corrections, the order of the transi-
tion pressures was consistent with the other structural transi-
tions in solid halogens under pressure, such as metallizations
and molecular dissociations. Further analyses of the inter-
molecular distances, intermolecular angles, and charge den-
sities showed that the anomalous bondlength evolution is due
to an enhanced secondary nearest intermolecular interaction.
Upon initial compression, the enhanced secondary nearest in-
termolecular interaction weakens the intramolecular interac-
tions, thus leading to elongated bonds. With further compres-
sion, the compression effects become dominant and the elon-
gated bonds start to shrink. These results will trigger further
experiments to confirm the predicted structural transitions in
iodine and chlorine, which will improve our understanding of
the general structural behavior of diatomic molecular solids
under pressure, including hydrogen.
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