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Crystal structures of bromine under high pressure have been studied by employing plane-wave pseudopo-
tential method with the generalized gradient approximation. It is found that the band overlap in the molecular
Cmca phase, which causes the pressure-induced insulator-to-metal transition, occurs at about 55 GPa. Geom-
etry optimization shows that the bromine changes to a face-centered orthorhombic �fco� phase with equal
interatomic distances d1=d2=d3 at about 75 GPa, but this fco structure is mechanically unstable with shear
elastic stiffness coefficient C66�0. For understanding the structure of this phase, we have modeled an incom-
mensurate structure by a rational approximation with modulation vector k= �0.25,0 ,0� according to the previ-
ous research results in solid iodine. Our results show that the enthalpy of this modulated phase is lower than
that of the fco solid, and the elastic stiffness coefficients �Cij� satisfy the Born stability criteria, indicating that
the modulated structure is more thermodynamically stable and mechanically stable. In addition, through com-
paring the x-ray diffraction patterns of our structure with the experimental one, we conclude that the structure
of bromine phase V is close to our modulated structure. It is clearly illustrated that the phase transition from
Cmca phase to the incommensurate phase is associated with the instability of the shear elastic stiffness
coefficient C44 which is related to the softening of the long-wavelength part of the transverse branch near the
center of the first Brillouin zone. With the increasing of pressure, the modulated phase transforms into the
monatomic phase II with body-centered orthorhombic structure at about 100 GPa, which is in agreement with
the experimental result.
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I. INTRODUCTION

Development of high-pressure techniques led many inter-
esting structures appearing in the past decade. For instance,
discoveries of the incommensurate composite structures of
Ba, As, Sb, and Bi1–3 and the incommensurately modulated
structures in group VI elements Te, Se, and S4–7 at high
pressure have suggested that incommensurate structures of
element materials are common under high pressure. The in-
commensurately modulated structures have also been ob-
served in iodine8 and bromine9 under high pressure. For io-
dine, an incommensurate structure �phase V� was discovered
at 23 GPa between the molecular phase I and the monatomic
phase II by high-pressure x-ray diffraction study. This struc-
ture is approximately formed by modulating the face-
centered orthorhombic �fco� structure with the modulation
wave propagating along the a axis. According to the har-
monic modulation wave, atoms are displaced from their ideal
positions along the b axis. Upon compression, the fco distor-
tion of iodine decreases and the incommensurate structure
approaches the body-centered orthorhombic �bco� structure
�monatomic phase II� at about 30 GPa. An amplitude mode,
peculiar to the incommensurate phase, was clearly found for
bromine and iodine by Raman scattering experiment.9 An
incommensurate phase of solid bromine was suggested at a
pressure region above 80 GPa, and the monatomic phase II
for bromine was estimated occurring around 115 GPa. How-
ever, the most recent x-ray-absorption experiment shows that
the incommensurately modulated structure occurs at
65±5 GPa.10 Up to now, there is no experimental x-ray dif-
fraction study for Br-V, and the structure of the incommen-
surate phase is not clear. In this paper, we focus on the struc-
ture of this phase and related phase transitions using ab initio
studies.

Each of solid iodine, bromine, and chlorine forms
a diatomic molecular crystal with the base-centered-
orthorhombic structure �Cmca symmetry� with four �two�
diatomic molecules in the conventional �primitive� unit cell.
This structure is layered with the molecules lying in the
planes perpendicular to the a axis, as shown in Fig. 1�a�. The
red atoms are located in the x=0 plane, while the gray atoms
are in the x=1/2 plane. The metallization of iodine was ob-
served at 16 GPa �Ref. 11� without any structural change.
For solid bromine, Fujihisa et al. reported12 that the surface
of crystal started to reflect light at 60 GPa, indicating an
insulator-to-metal transition. With further application of
pressure, the intermolecular distances become comparable to
the intramolecular distance, where the molecular dissociation
is attained. Recently, the first molecular dissociation to phase
V was observed in iodine at 23 GPa �Ref. 8� and in bromine
at 84 GPa by Raman scattering9 or 65 GPa by x-ray
absorption.10 However, it is difficult to decide whether phase
V has molecular or monatomic character. Further molecular
dissociation made the intermediate phase V transform to the
monatomic phase II at 30 and 115 GPa for iodine and bro-
mine, respectively.8,9 The crystal structure of the monatomic
phase II was determined to be body-centered orthorhombic
with two atoms in a unit cell with space group Immm. For
iodine, phase II further transforms to a body-centered tetrag-
onal phase �phase III� at 43 GPa.13 A face-centered cubic
phase �phase IV� was reported at 55 GPa,14 and this phase
persists to at least 276 GPa.15 A similar scheme of phase
transformations can be expected for bromine, but experimen-
tal results are much scarcer than those in the iodine case,
which restricts our understanding of the nature of bromine
under high pressure. Ab initio calculation for determining
crystal structure is believed to be sufficiently accurate and

PHYSICAL REVIEW B 76, 104113 �2007�

1098-0121/2007/76�10�/104113�8� ©2007 The American Physical Society104113-1

http://dx.doi.org/10.1103/PhysRevB.76.104113


can provide additional information on ultrahigh-pressure
structure.

Several theoretical studies for iodine and bromine have
been reported.16–19 The band overlap in the molecular phase
has been investigated by detailed band calculations on the
basis of the linear combination of atomic orbital picture.16

The Ag modes, hyperfine parameters for both iodine and bro-
mine molecular crystals, have been studied using the full-
potential linear-muffin-tin-orbital method with the local den-
sity approximation.17,18 In this work, the pressure-induced
softening of the Raman active librational Ag is reproduced.
Recently, the molecular crystal structure and the molecular
dissociation of iodine, bromine, and chlorine under high
pressure have been investigated by using the pseudopotential
plane-wave method with local density approximation �LDA�
and generalized gradient approximation �GGA�.19 However,
little is known on the mechanical behavior when phase tran-
sitions happen, which is important for understanding struc-
tural stability and the mechanism of the phase transition from
Cmca phase to incommensurate phase especially. In this pa-
per, we have found that the shear elastic stiffness coefficient
C44 of the Cmca phase softens to zero at about 75 GPa,
indicating that the Cmca structure at that pressure becomes
unstable and a phase transition happens. In addition, we have
modeled an incommensurate phase with modulated structure
according to the previous research results in solid iodine. On
the basis of a comparison of x-ray diffraction patterns, en-

thalpy, and elastic stiffness coefficients, we suggest that the
structure of the Br-V is closely similar to the modulated
structure mimicked.

The organization of the paper is as follows. In Sec. II, our
computational details are described; in Sec. III our results are
shown and related discussions are made. Finally, in Sec. IV,
we summarize our results.

II. COMPUTATIONAL METHOD

In our calculation, ab initio pseudopotential plane-wave
density functional method implemented in the CASTEP code20

has been used. All the possible structural optimizations in
this paper including the atomic positions and the lattice con-
stants are performed by the BFGS algorithm �proposed by
Broyden, Fletcher, Goldfarb, and Shannon�,21 which pro-
vides a fast way of finding the lowest energy structure and
the optimized cell. The optimization is not finished until the
forces on the atoms are less than 0.01 eV/Å and all the stress
components are less than 0.02 GPa. The tolerance in the self-
consistent field �SCF� calculation is 5�10−7 eV/atom. The
norm-conserving scheme is used to generate the pseudopo-
tential with electronic configuration of 4s24p5. The core ra-
dius is chosen as 1.89 a.u. for s and p orbitals. Exchange and
correlation effects are described in the scheme of Perdew-
Burke-Ernzerhof GGA.22 The summation over the Brillouin
zone has been performed with weighted summation over
wave vectors generated by the Monkhorst-Pack scheme.23

Convergence tests give a 0.03 Å−1 grid spacing and 420 eV
energy cutoff. With such a choice, the error bars of total
energies are about 0.2 meV per atom. Elastic stiffness coef-
ficients are evaluated from the linear relationship �Hooke’s
law� between the resultant stress and applied strain. The ac-
curacy of the elastic constants, especially of the shear elastic
constants, strongly depends on the quality of the SCF calcu-
lation and, in particular, on the quality of the Brillouin zone
sampling and the degree of convergence of wave functions.
So, when calculating the elastic constants, we use the
k-space grid spacing �k=0.02 Å−1 and a more precisely de-
rived fast Fourier transform grid.

III. RESULTS AND DISCUSSIONS

A. Geometries under zero pressure and the equation of state

The smallest separation between two bromine molecules
at 0 GPa in the different planes is comparable with the van
der Waals diameter �4.02 Å�,24 indicating that the interaction
between different planes is dominated by van der Waals-type
potential. On the other hand, the interaction inside one mo-
lecular plane is more complicated. The intramolecular inter-
action is covalent while the intermolecular distances �3.31
and 3.79 Å� �Ref. 25� are shorter than the van der Waals
diameter, which suggests that the interactions are partially
covalent in character.26

The calculated lattice parameters under zero pressure,
bulk modulus �B0�, and the pressure derivative �B0�� with
GGA and LDA together with the experimental data and the
previously theoretical results are listed in Table I. The lattice
constants b and c and the neighboring distances d1, d2, and

FIG. 1. �Color online� The crystal structures of solid bromine.
The crystallographic unit cells are shown with solid rectangles. �a�
Molecular phase I �Cmca�. Red atoms are located in the x=0 plane,
and gray atoms in the x=1/2 plane. �b� Face-centered orthorhombic
structure. �c� Intermediate phase V with commensurately modulated
structure. �d� High-pressure monatomic phase II �Immm�. Red at-
oms are located in the z=0 plane and gray atoms in the z=1/2
plane in �b�–�d�.
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d3 within GGA are in good agreement with experimental
data within 2.45%, 0.46%, 1.85%, 2.36%, and 0.08%. How-
ever, the lattice constant a and volume V are overestimated
by 27.13% and 24.78%, respectively. The calculated volume
at zero pressure is much larger than the experimental one due
to the overestimation of the lattice constant a �interplanar
distance�. Indeed, while we apply a very small external pres-
sure of 0.2 GPa, a and V decrease drastically and become
17.5% and 13.8% larger than the experimental values. The
overestimation of lattice constant a is mainly attributed to
that the van der Waals interaction between the molecular
planes could not be described well by GGA. In case of the
LDA, the lattice constant b and the neighboring distances d1,
d2, and d3 are underestimated by 12.3%, 8.3%, 10.5%, and
10.8%. Comparing the results of GGA with LDA, we choose
the GGA in the following calculations.

The equation of state �EOS� of the Cmca phase is deter-
mined by fitting the pressure as a function of volume to the
third-order Birch-Murnahan EOS,27 which takes the form

P =
3

2
B0��V0

V
�7/3

− �V0

V
�5/3��1 +

3

4
�4 − B0��

���V0

V
�2/3

− 1�� . �1�

As discussed above, we have not obtained a good equilib-
rium volume at 0 GPa. Therefore, we use the experimental
volume at zero pressure as V0 to fit the EOS. The calculated
EOS of the bromine within GGA is compared with the ex-
perimental data in Fig. 2. Note that the calculated EOS is in
agreement with the experimental data.

B. Pressure-induced phase transitions

Geometry optimizations are performed with full structural
relaxation including atomic positions and lattice constants to
detect possible signals of structural phase transformations in-
duced by pressure. Our results show that the Cmca structure
changes to a face-centered orthorhombic �fco� structure with
equal interatomic distances d1=d2=d3 inside the same mo-
lecular plane at about 75 GPa, as shown in Fig. 1�b�. It is

noted that the transition phenomenon found here is more
important than the resultant structure �fco� because an in-
commensurate structure could not be obtained directly from
our start-up Cmca structure with four bromine molecules by
geometry optimization. The resultant fco structure is only an
average structure of one incommensurate phase suggested
before. We will discuss the phase in the following section.

The changes of the lattice constants and the interatomic
distances in a molecular plane with pressure are shown in
Fig. 3. We notice that the monotonic decrease of the lattice
constants is interrupted and the differences among the three
interatomic distances vanish at 75 GPa, revealing that the
bromine molecule starts to dissociate. In Fig. 3, the experi-
mental data measured by Fujihisa et al.12 and the previous
theoretical calculation by pseudopotential plane-wave
method with GGA19 are included. It can be seen that our
results are in good agreement with the experimental data
except those at 0 GPa. The slight underestimation of the lat-
tice constants is mainly attributed to the zero temperature
�static� calculations. The d1 and d3 are in agreement with the
experimental results. Only d2 is smaller than the experimen-
tal results except several data consistent with those of experi-
ment. Moreover, it is noticed that our results are more accu-

TABLE I. The calculated lattice parameters, bulk modulus �B0� and the pressure derivative of bulk modulus �B0�� of bromine crystal at
0 GPa. d1 is the nearest-neighboring distance, i.e., bond length, d2 and d3 are the interatomic distances between the neighboring molecules
in the same molecular plane. The results of experiment �Ref. 12� and previously theoretical calculation �Ref. 19� are also shown for
comparison. Volumes are in Å3, lattice constants and the interatomic distances are in Å, bulk modulus are in GPa.

Solid bromine a b c d1 d2 d3 V B0 B0�

Our results GGA �0 GPa� 8.48 4.37 8.76 2.312 3.232 3.793 325.15 15.2 4.41

GGA �0.2 GPa� 7.84 4.33 8.73 2.314 3.206 3.750 296.62

LDA 6.58 3.93 8.45 2.353 2.962 3.378 218.92 17.22 6.41

Ref. 19 GGA 6.753 4.292 8.412 2.35 3.14 3.66 318.72 16.24 3.38

LDA 5.997 3.894 8.388 2.37 2.92 3.34 213.09 18.8 3.48

Experimental data 6.67a 4.48a 8.72a 2.27a 3.31a 3.79a 260.57a 14.1b 4.6b

aReference 25.
bReference 12.

FIG. 2. Equation of states for the Cmca phase. Our results and
the experimental data from Ref. 12 are presented by solid line and
open squares, respectively.
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rate than those of the previous pseudopotential plane-wave
method, because different GGA functional and optimization
methods are used in our study.

Another phase transition from insulator to metal phase
occurs at 55 GPa, which is in good agreement with the ex-
perimental value of 60 GPa. The band structure of solid mo-
lecular bromine under 0 and 55 GPa are presented in Fig. 4.
The lines �, A, �, and H are the high symmetry axes in the
first Brillouin zone of the base-centered-orthorhombic struc-
ture. The � and A axes are perpendicular to the layers of the
molecular crystal, and the dispersion of the bands along
these axes is governed by the interlayer interactions. The �
and H axes are parallel to the layers. The dispersion of the
conduction bands along the �-�-Y-H-T axes is much larger
at 55 GPa than at 0 GPa. At zero pressure, the interaction
between different planes is dominated by van der Waals-type
potential. With increasing pressure, the interlayer distance
decreases dramatically, which causes the intermolecular in-
teraction between planes to be stronger and the band disper-
sion larger. Therefore, the metallization at low pressure is
primarily attributed to the interlayer interaction.16 From Fig.
4, one observes that the band gap is indirect and decreases

with the increasing of pressure. The changes of the gap ver-
sus pressure are shown in Fig. 5. A gap closure can be clearly
seen at about 55 GPa where the structure is still a molecular
crystal with Cmca symmetry.

C. Intermediate phase with incommensurate structure

The quasihydrostatic powder x-ray diffraction measure-
ments have clearly revealed that there is an intermediate
phase with incommensurately modulated structure in solid

FIG. 3. Lattice constants and the interatomic distances inside the
same molecular plane under various external pressures. Our results
and the experimental data from Ref. 12 are presented by solid and
open squares, circles, and up triangles in �a� and �b�, respectively.
The results of the previously theoretical calculations from Ref. 19
are denoted by open left triangles, right triangles, and open stars for
comparison.

FIG. 4. Band structures of bromine under pressures of �a� 0 GPa
and �b� 55 GPa.

FIG. 5. The band gap vs pressure for bromine.
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iodine above 23 GPa,8 and a Raman scattering experiment
suggested an incommensurate phase of bromine at a pressure
region above 80 GPa.9 However, there is not any x-ray dif-
fraction experimental research on the structure of phase V for
solid bromine up to now. For understanding the phase, a clue
from the structure of phase V for iodine can be used, which
is interpreted with a face-centered orthorhombic structure
modulated with a modulation wave k= �0.257,0 ,0�.

Indeed, it has been a challenging problem for a long time
to deal with the incommensurate structure from first-
principles calculations based on periodic boundary condi-
tions. However, such calculations can be performed by using
commensurate analogs of the incommensurate structure
approximately.28 For example, recent calculations using the
density functional theory have been performed for under-
standing the modulated phase of Se.29 Here, we use a
commensurate structure by a rational approximant with its
modulation vector k= �0.25,0 ,0� very close to the k
= �0.257,0 ,0� to mimic the incommensurate phase. A super-
cell of such a modulated structure is four times larger than
the conventional cell of fco structure along the a axis. Ac-
cording to the harmonic modulation wave, atoms are dis-
placed from their ideal positions along the b axis. The maxi-
mum displacement of modulations in the a-b plane is B�y�
=0.053.8 The modulated structure is orthorhombic with
Cmcm symmetry shown in Fig. 1�c�. The fco structure is
only an average of such a modulated structure shown in Fig.
1�b�, which is obtained by geometry optimization from the
base-centered-orthorhombic structure �Cmca� directly.

Further geometry optimization shows that the maximum
displacement of modulation in the a-b plane decreases with
increasing pressure. So, the modulation reflections become
weaker and disappear at 100 GPa where the modulated struc-
ture transforms into the monatomic phase II with symmetry
Immm, as shown in Fig. 1�d�. One notices that the transition
pressure to phase II is in agreement with the experimental
value of 115 GPa.

The enthalpies for the four phases �Cmca, modulated, fco,
and bco� are shown in Fig. 6. The enthalpy of the fco phase
is lower than that of the Cmca phase at about 75 GPa. How-
ever, the modulated phase has the lowest enthalpy in the
pressure range from 65 to 100 GPa, suggesting that the
phase transition from the Cmca to modulated phase may
happen at a smaller pressure of 65 GPa, which is in excellent
agreement with the most recent x-ray-absorption results.10

We will discuss the phase transition in the next section
deeply. The enthalpy of the bco phase shown in Fig. 6 is
lower than that of modulated phase above 100 GPa, consis-
tent with the result of geometry optimization.

For understanding the bonding behavior with pressure, we
have analyzed the valance electronic charge density of the
Cmca phase at 0 GPa 	Fig. 7�a�
 and 55 GPa 	Fig. 7�b�
 in
the �100� plane. We also show the charge density of modu-
lated phase at 80 GPa 	Fig. 7�c�
 and of bco phase at
105 GPa 	Fig. 7�d�
 in the �001� plane. At zero pressure,
there are some electrons localized between the first neighbor-
ing atoms 	Fig. 7�a�
, which shows an obviously molecular
bond character. Most of the electrons are located at the sides
of atoms away from the bond, but there are no electrons in

the intermolecular space. With increasing pressure, more and
more electrons appear at the intermolecular space gradually,
resulting in metallization 	Fig. 7�b�
. The charge density
around each atom is almost the same in Fig. 7�d�, showing
that phase II �bco structure� is a monatomic phase. On the
other hand, the charge density in modulated structure 	Fig.
7�d�
 has some characters of both molecular and monatomic
phases, so it should be an intermediate phase.

D. Mechanical stability of high-pressure phases
and elastic properties

The elastic constants of materials describe its response to
an applied stress, or conversely, the stress required to main-
tain a given deformation; the change of these values with
pressure provides valuable information about the mechanical
stability of the stressed lattice and mechanism of phase tran-
sition. Both stress and strain have three tensile and three
shear components, giving six components in total. The linear
elastic constants form a 6�6 symmetric matrix, having 27
independent components. For an orthorhombic crystal, the
independent elastic stiffness tensor reduces to nine compo-
nents C11, C22, C33, C44, C55, C66, C12, C13, and C23 in the
Voigt notation. The well-known Born stability criteria30 for
orthorhombic system are

B1,ii = Cii � 0 �i = 1 – 6� ,

B2,ij = �Cii Cij

Cji Cjj
� � 0 ��ij = �23, �31, or �12� ,

B3 = �C11 C12 C13

C21 C22 C23

C31 C32 C33
� � 0. �2�

In the case of hydrostatic pressure, the Cij �in the Voigt no-
tation� is the elastic stiffness coefficient.

FIG. 6. �Color online� Calculated enthalpy differences of the
four phases considered in this work as functions of pressure relative
to that of the Cmca phase.
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The calculations have been performed for the Cmca phase
under symmetry constraints. Our results show that both B2,ij
and B3 satisfy the Born stability criteria in the pressure range
from 0 to 75 GPa; however, the Born stability criterion in
B1,ii is violated at 75 GPa. As shown in Fig. 8, the elastic
stiffness coefficients initially increase linearly, but C11, C33,
and C44 start to soften above 55 GPa at which the insulator-
to-metal transition occurs. It is noticed that the behavior of
elastic properties is especially interesting in the vicinity of
the phase transition. The elastic stiffness coefficients C11,
C33, and C44 soften more rapidly with increasing pressure;
especially, the shear elastic stiffness coefficient C44 eventu-
ally becomes zero at about 75 GPa, where the Born stability
criterion is violated, implying that the structure is unstable
and a phase transition happens. Moreover, a structural phase
transition is clearly seen at 75 GPa from the change of
atomic coordination. An abrupt increase in atomic coordina-

tion y at 75 GPa can be found in Fig. 9. From Fig. 3, we also
notice that the significant change of the parameters in the b-c
plane at this pressure dominates the structural phase transi-
tion. The instability of C44, driving the transition from phase
I �Cmca� to phase V �incommensurate�, is related to the long
wave librational Ag

�L� mode softening above the metallization
point.9,17

The elastic stiffness coefficients of the fco and modulated
phases at 75 GPa are listed in Table II. It is significant that
the shear elastic stiffness coefficient C66 is negative, suggest-
ing that the fco structure is mechanically unstable. The insta-
bility of C66 indicates that the atoms in the a-b plane 	shown
in Fig. 1�b�
 are not at stable sites. The modulation of atomic
positions in the a-b plane along the b axis is a way to make

FIG. 7. �Color online� Distributions of charge density in the �100� plane of the Cmca phase at 0 and 55 GPa and in the �001� plane of
the modulated phase at 80 GPa and bco phase at 105 GPa are shown in �a�, �b�, �c�, and �d�, respectively. There are 64 contour levels plotted
with blue corresponding to 0 and red to 1.3 e /Å3, as indicated in the scale bar.

FIG. 8. Pressure dependence of Born coefficients B1,ii given by
Eqs. �2� in the Cmca phase.

FIG. 9. The pressure dependence of the atomic coordinates
�y ,z�. Our results and the experimental data from Ref. 12 are de-
noted by solid and open squares and circles, respectively, the
linearized-muffin-tin-orbital results from Ref. 17 are shown by open
up triangles and down triangles.
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the structure stable, reflected from the calculated elastic stiff-
ness coefficients Cij of our modulated structure which satisfy
the Born stability criteria. As shown in Fig. 6, the enthalpy of
the fco phase is lower than that of the Cmca phase at about
75 GPa. However, from our calculation of elastic stiffness
coefficients, the fco phase is mechanically unstable. The
stable phase should be the modulated phase which has the
lowest enthalpy in the pressure range. On the other hand, the
modulated phase has lower enthalpy than the Cmca phase
above 65 GPa. So, it is possible that the phase transition
begins at about 65 GPa and completes at 75 GPa where the
Cmca phase becomes unstable. The Cmca and the modu-
lated phases may coexist in the pressure range from
65 to 75 GPa. This result is consistent with the most recent
extendent x-ray-absorption fine structure experimental
research,10 which shows that a phase transition happens at
65±5 GPa possibly, and a mixture of the Cmca phase with
the incommensurately modulated structure appears in the
phase transition domain.

E. Comparison of x-ray diffraction patterns

The high-pressure x-ray powder diffraction experiments
had been carried out on the molecular phase of bromine.12,31

The x-ray powder diffraction patterns above 80 GPa had also
been reported, but they were indexed to be the body-centered
orthorhombic structure12,31 which conflicts with the incom-
mensurate structure suggested by the Raman spectroscopy
experiment.9 Here, we compare the x-ray diffraction patterns
of our structures with the experimental ones to gain some
information. Theoretical x-ray diffraction patterns are ob-
tained by using the module of the Reflex in Materials Studio
with the same x-ray wavelength of 0.6199 Å as the experi-
mental one.

Figure 10�a� shows the x-ray diffraction pattern of our
calculated structure at 70 GPa. The arrows indicate the ex-
perimental peaks of bromine at 70 GPa.12 We note that the
peaks before 2�=25° are very similar between the experi-
ment and theory. The main peaks from 2�=25° to 30° are
similar except that several weak peaks are missing in experi-
mental data. Maybe these peaks are too weak to be observed
in experiment. The x-ray diffraction pattern of our calculated
structure at 70 GPa is in an excellent agreement with the
experimental pattern.

Figure 10�b� shows the x-ray diffraction pattern of our
modulated structure of bromine at 80 GPa. The arrows show
the experimental peaks of bromine at 88 GPa from Ref. 31,
and these peaks are consistent with the main peaks of our
modulated structure. For comparison, we also show the sat-
ellite reflection peaks of incommensurate phase of iodine8

labeled by asterisks in the same figure. It is found that the

first peak should be the first satellite reflection peak in the
incommensurate structure, which is very important in the
determination of the structure of Br-V, but it was not indexed
in the experimental work. The fourth peak should be the
second satellite reflection peak, which was occulted by the
reflection from the gasket in experiment.31 Furthermore, the
multiple peaks around 20° and 26° are too broad and merge
together in the experimental work. Therefore, the Br-V
should be an incommensurate structure which closely re-
sembles our modulated structure rather than the body-
centered orthorhombic structure. More x-ray diffraction ex-
perimental studies are needed for further understanding of
this phase.

IV. CONCLUSIONS

In summary, three pressure-induced phase transitions in
solid bromine have been obtained up to 100 GPa. The
insulator-metal transition due to band overlap is found at
about 55 GPa, which is in good agreement with the experi-
mental observation. The transition from the Cmca phase to
the incommensurate phase happens in the pressure range
from 65 to 75 GPa where the shear elastic stiffness coeffi-
cient C44 of the Cmca phase softens to zero at 75 GPa,

TABLE II. The calculated elastic stiffness coefficients �in GPa� of the fco and our modulated structure at 75 GPa.

Results C11 C22 C33 C44 C55 C66 C12 C13 C23

fco structure 417.00 418.56 232.57 140.57 146.10 −15.10 344.77 237.90 235.64

Modulated structure 379.89 385.60 273.85 144.75 135.89 94.05 341.55 245.76 226.52

FIG. 10. Powder x-ray diffraction pattern of our calculated
structure of solid bromine at �a� 70 GPa and �b� 80 GPa. The ar-
rows in �a� indicate the experimental peaks of bromine in the Cmca
phase at 70 GPa from Ref. 12. The arrows in �b� show the experi-
mental peaks of bromine at 88 GPa from Ref. 31. The asterisks in
�b� indicate the satellite reflection peaks of incommensurate phase
of iodine at 24.6 GPa from Ref. 8.
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indicating that the shear instability induces the phase transi-
tion. On the basis of a comparison of x-ray diffraction pat-
terns, enthalpy, and elastic stiffness coefficients, it is found
that the structure of bromine phase V is close to our modu-
lated structure with modulation wave vector around �0.25, 0,
0�. The transition from phase V �modulated structure� to
phase II �bco structure� occurs at 100 GPa, which is in agree-
ment with the result of the Raman scattering experiment.
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