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Close-packed atomic bromine up to 230 GPa
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In the present study, the phase transitions of bromine have been investigated using high-pressure x-ray diffrac-
tion experiments and ab initio calculations up to 230 and 180 GPa, respectively. At pressures beyond molecular
dissociation, Immm, I4/mmm, and Fm3m phases are found, in agreement with the structural sequence found
for iodine. We find that the phase transitions are remarkably sluggish—most notably for the Immm-I4/mmm
transition where the two phases coexist from 105(7) to 163(10) GPa, and the transition is observed to result in
a small volume discontinuity. By symmetry, these phases are directly related, and ab initio calculations show
no energetic barrier between them. However, calculations of the static enthalpy landscape of the close-packed
phases under pressure reveal a highly anharmonic potential energy surface, resulting in strong entropic effects
when investigating the phase transitions of dissociated bromine.

DOI: 10.1103/rbsx-vqhf

I. INTRODUCTION

The halogens iodine, bromine, and chlorine have been
studied by a variety of techniques, due to scientific interest
in understanding the physics of molecular metallization via
band overlap [1–5]. Iodine, bromine, and chlorine all exhibit
the same structural motifs while evolving from a molecular
insulator to a metallic solid [6–8]. Despite the typical scaling
behavior of elements of the same period at high pressure
(see, e.g., Refs. [9,10]), it is expected that the structures of
the lighter halogens hydrogen and fluorine differ substantially
from their heavier analogs [11,12]. As molecular chlorine is
observed to metallize and dissociate above 200 and 265 GPa,
respectively [8], iodine and bromine are likely the only halo-
gens for which the full sequence of structural transitions
from molecular solids to close-packed metals are observable
at the pressures of conventional diamond anvil cell (DAC)
techniques [13–15].

At low temperatures and ambient pressure, iodine,
bromine, and chlorine solidify in the Cmce structure, com-
posed of zigzag molecular chains along the ab plane, with
large distances between successive planes of molecules
[16,17]. Deviations from the ambient pressure Cmce structure
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have been observed by x-ray diffraction for chlorine and io-
dine [8,18,19], and the splitting of Raman modes related to
molecular libration has been observed for iodine, bromine,
and chlorine [7,8,19]. Changes in interatomic distances deter-
mined by extended x-ray absorption fine structure (EXAFS)
in iodine and bromine [20,21] have been proposed to indi-
cate the presence of a structural transition from the Cmce
phase into a different molecular structure at 25 and 8 GPa,
respectively. Two further second-order phase transformations
take place upon increasing pressure to form a face-centered-
orthorhombic motif, which is incommensurately modulated
along the direction of intramolecular bonding [19,22–24].
Metallization of the solid via band overlap is expected to occur
prior to full molecular dissociation for chlorine, bromine, and
iodine [8,14,25]. The structural complexity which coincides
with the molecular dissociation of I2 and Br2 into metallic
close-packed solids can be viewed as an attempt to mini-
mize the strain between the molecular (Cmce) and dissociated
(Immm) lattices [26]. Iodine, bromine, and chlorine are all
observed to undergo a first-order phase transition into a body-
centered-orthorhombic phase (Immm) which represents the
first of a series of monatomic, metallic phases at successively
higher pressures [2,8,14]. In iodine, a further second-order
transformation to a body-centered-tetragonal (I4/mmm) and
first-order transformation into a face-centered-cubic (fcc)
(Fm3m) phase are observed [13,15,27]. The fcc phase in
particular is expected to be the stable metallic phase of the
period 3–5 halogens up to TPa pressures [15,28]. Bromine
has not been studied above 110 GPa [7,14,24], and metallic
phases beyond the Immm structure have yet to be observed.
Recent work has found iodine to adopt a Pm3n structure, only
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predicted for dissociated fluorine [12], when quenched from
a high temperature at pressures near the stability field of the
Fm3m structure at 48–51 GPa [29].

In order to better understand the dense solid halogens,
structural investigations of close-packed bromine are pre-
sented through a combination of high-pressure experiments
and first-principles calculations. Experiments employ the gen-
eration of static high pressures using diamond anvil cells
up to 230 GPa, coupled with synchrotron x-ray diffraction.
First-principles calculations use density-functional theory to
investigate the ground state and potential energy surface (PES)
of metallic bromine at pressures between 90 and 180 GPa. In
doing so, we follow the evolution of bromine from a molecular
solid to a cubic metal at extreme pressures.

II. METHODS

A. Experimental methods

Bromine is liquid at ambient pressure and temperature,
and its high toxicity via inhalation and high partial pres-
sure requires careful handling. High-purity bromine (Sigma
Aldrich, >99.99% purity, Lot No. SHBJ1858) was loaded
as a polycrystalline solid at cryogenic temperatures into the
sample chambers of two diamond anvil cells. For run 1,
double-bevelled 30-µm culet diamonds were employed, with
bevels of 100 and 300 µm diameter. For run 2, single-bevelled
70-µm culets were used with a bevel width of 300 µm. For
both runs, the diamonds were equipped with 250-µm-thick Re
gaskets which also served as the pressure marker for both ex-
periments [30]. No additional pressure marker was added, due
to the small sample chamber dimensions, potential reactivity
with the sample, and the possibility to introduce additional
contaminants.

Synchrotron powder x-ray diffraction measurements were
carried out at beamlines GSECARS 13-IDD (Advanced Pho-
ton Source, USA) for run 1 and ID15b (European Synchrotron
Radiation Facility, France) for run 2. Diffraction images were
collected in transmission geometry using an Pilatus 3x 1M
CdTe or the Eiger 2 CdTe 9M detectors on 13-IDD and
ID15b, respectively. The two-dimensional (2D) images were
azimuthally integrated to generate 1D diffraction patterns us-
ing the DIOPTAS software package [31]. At 13-IDD, the x-ray
beam dimensions were approximately 3 µm × 2.5 µm (verti-
cal by horizontal) at an x-ray wavelength of 0.3344 Å, and
collection geometry was calibrated using an LaB6 standard.
For run 1, diffraction images were collected without varying
the angle between the compression axis and x-ray beam, in
order to minimize the Re signal of the collected diffraction
image. At ID15b, x-ray beam dimensions were approximately
3 µm × 3 µm (horizontal by vertical) at an x-ray wavelength
of 0.4105 Å, and the diffraction images were collected while
varying the angle of the cell by ±2.5◦ in order to sample
a wider range of crystallite orientations. All diffraction data
have been analyzed using the Le Bail method as implemented
in JANA2006 [32]. Rietveld refinement is not used in the
present study due to the effect of stress and texture imparted
by nonhydrostatic compression of the bromine samples.

Reported pressures are determined from the unit cell vol-
ume of the Re gasket, and in run 1 pressures were also

measured employing the shift of the T2g diamond phonon of
the stressed diamond anvil [33]. Pressures measured using
the Raman signal of the stressed diamond were typically 5–
10 GPa higher than that measured by the unit cell volume
of Re at Mbar pressures, which is comparable in magnitude
to differences in pressure calibration between Akahama and
Kawamura [33] and Anzellini et al. [30]. In run 1 the error
in pressure for each diffraction measurement is 5% of total
pressure and the difference in pressure between Raman and
Re pressures, added in quadrature. For run 2, the larger sample
sizes afforded nearly rhenium-free diffraction up to ∼152
GPa—consequently the pressure gradients between sample
volume at the center of the cell and at the gasket position and
possible changes in pressure between measurement positions
have been estimated based on the available equation of state
of Cmce bromine [6] for the molecular phases, or the fitted
equation of state for Immm bromine established here. This
error in pressure is combined further with a 5% uncertainty
in total pressure. The use of the rhenium gasket as a pressure
calibrant leads to a systematic uncertainty of up to 5 GPa for
pressures below 150 GPa and up to 10 GPa at higher pressures
[30], which is comparable to uncertainties reported here.

B. Computational methods

Density-functional theory (DFT) calculations were per-
formed in order to compute the potential energy surface
(PES) of the Immm-I4/mmm-Fm3m phase transition se-
quence, where we used the conventional cell of orthorhombic
Immm which contains two bromine atoms in (0,0,0) and
( 1

2 , 1
2 , 1

2 ) special positions. At each pressure point, we gen-
erated structures with different ratios of lattice vector lengths
(1.00 < b/a < 1.10; 1.40 < c/a < 1.95) and optimized their
volume while keeping the shape of the cell unchanged. The
I4/mmm structure corresponds to b/a = 1, and the Fm3m
phase to c/a = √

2 = 1.414. Calculations conducted for pres-
sure ranges from 90 to 180 GPa, yielded enthalpies (H) which
were used for construction of the PES under the assumption
that H (a, b, c) = H (b, a, c), i.e., we assumed an equivalence
of the PES with respect to an exchange in the a and b lattice
vectors.

Geometry optimizations were performed using the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) functional [34] with van
der Waals corrections (D3 method of Grimme), [35,36] in the
Vienna ab initio simulation package (VASP 6.3.2) [37,38]. The
calculations employed the projector augmented-wave (PAW)
method, where the 4s and 4p states were treated explicitly. The
kinetic-energy cutoff for the plane-wave basis set was set to
800 eV. The reciprocal space was sampled with a dense 19 ×
19 × 12 Monkhorst-Pack k-point mesh [39]. The threshold
value for the electronic minimization was set to 10−8 eV, and
the tolerance in the optimized pressure was below 1 kbar. The
computational expense of very dense k-point sampling and the
use of hybrid exchange-correlation functionals is necessary to
accurately model the phase transition pressures and the PES of
bromine [26,40]. Standard generalized gradient functionals,
while qualitatively accounting for the effects reported here,
systematically underestimate the transition pressures across
all known bromine phases [41].
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FIG. 1. X-ray diffraction patterns of the dissociated body-
centered-orthorhombic (Immm, phase II), body-centered-tetragonal
(I4/mmm, phase V), and face-centered-cubic (Fm3m, phase VI)
structures of dense bromine. Crosses indicate reflections originating
from the rhenium gasket. Gray, green, and orange ticks correspond to
refined peak positions for Immm, I4/mmm, and Fm3m reflections,
respectively. Identification of mixed Immm and I4/mmm phases is
described in more detail in the main text and Fig. S1 [42].

III. RESULTS AND DISCUSSION

Figure 1 shows diffraction patterns of the observed
high-pressure phases for close-packed bromine. The Immm
structure (phase II) has been previously observed [14] up to
89 GPa, and results from the equalization of intermolecu-
lar and intramolecular spacings between successive bromine
molecules due to bond dissociation. This orthorhombic struc-
ture is layered, with the a-b plane corresponding to the former
plane of intermolecular bonding in the lower-pressure molec-
ular phases. The I4/mmm structure (phase V) discovered here
is observed as a pure phase above 165 GPa, and results from
the equalization of interatomic distances between bromine
atoms lying on the a-b plane; the Immm structure is equiv-
alent to the I4/mmm structure when b/a = 1. The observed
Fm3m (phase VI) structure, which forms above 180 GPa,
results from the equalization of intralayer (a-b plane) and
interlayer (c-axis) nearest-neighbor distances in the I4/mmm
structure which forms an isotropic, face-centered structure.
The Immm structure is equivalent to the Fm3m structure
when b/a = 1 and c/a = √

2 [41]. In Figs. 1 and 2, transi-
tions from the molecular phases to the close-packed Immm
phase, as well as the I4/mmm to Fm3m transitions are first
order and their transition pressures are comparable to recent
theoretical investigations of dense bromine [26], which is con-
sistent with the change in coordination number which occurs
during these transitions [6]. However, experimental observa-
tions of the Immm to I4/mmm transition appear to indicate a
departure from previous investigations on iodine, as well as
bromine theory [13,26].

FIG. 2. Experimental pressure-volume relations of bromine. The
solid black line indicates the equation of state of Cmce bromine [14].
Gray, green, and orange volumes and structures indicate the observed
close-packed structures in the present study. Vertical dashed lines
indicate the transition region between molecular and dissociated
phases [7,24]. Colored boxes indicate the pressure range where each
phase is observed in the present study. The successive transitions
between Cmce phase I and incommensurate Fmm2 phases III and IV
are not resolvable under nonhydrostatic conditions [19,22,43], and
their stability fields are taken from the literature [7,24].

Experimentally, the Immm and I4/mmm phases are ob-
served to coexist as a mixed phase from 105 to 163 GPa, above
which point only the I4/mmm phase is observed. This cannot
be reconciled by the effect of pressure gradients as bromine
is soft; measurements of bromine volume at the center of the
DAC and near the Re gasket give volumes which differ by no
more than 1–2 GPa at all pressures. The coexisting I4/mmm
and Immm phases exhibit a small volume difference which
relates to a small difference in the length of the c axis. Discon-
tinuous changes in Immm reflection positions and intensities
are observed over the pressure range of stability, which cannot
be reproduced by a single phase (Fig. S1) [42]. In Figs. 1
and 2 the le Bail refinement of the two-phase mixture stabi-
lized above 145 GPa.

A transition between the Immm and I4/mmm structures
with a finite-volume change is in contrast to studies of iodine,
where the transition is second order [13]. There are no symme-
try constraints on the phase transitions between these phases,
raising questions about the origins of this result. To gain
insight into the transition sequence of dissociated bromine,
we turn to advanced ab initio calculations to investigate the
evolution of the static PES of bromine under pressure. In
these calculations, the static enthalpy of close-packed bromine
is investigated as a function of c/a and b/a ratio. Plots of
relative enthalpy per atom as a function of c/a and b/a ra-
tios are shown in Fig. 3. The potential energy surface of
Immm bromine is found to be highly anharmonic and vari-
ations of lattice shape on the order of 5%–10% change the
enthalpy of the structure by 5 meV/atom or less. 300 K cor-
responds to an energy scale of ∼25 meV/atom, leading to the
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FIG. 3. Calculated relative enthalpy values (meV/atom) of bromine under pressure as a function of c/a and b/a ratio. Black stars, circles,
and squares indicate the relative enthalpy of the Immm, I4/mmm, and Fm3m structures, respectively. b/a ratios are mirrored around b/a = 1
by symmetry.

excitation of a significant temperature-induced distribution of
lattice shapes with a finite population occupying the I4/mmm
structure. The volume discontinuity and anomalously sluggish
Immm-I4/mmm transition in experiments is thus attributed to
entropic effects. While ab initio calculations predict that the
I4/mmm structure becomes the ground state of close-packed
bromine between 140 and 150 GPa (Supplemental Fig. S2),
the experimental onset and termination of the Immm-I4/mmm
transition occurs between 105 and 167 GPa, respectively.
As shown in Fig. 3, our calculations reveal the development
of a deeper, more narrow potential energy well around the
I4/mmm structure at high pressure, which coincides with the
experimental termination of the Immm-I4/mmm transition.
These strong entropic effects may also explain the Raman
activity of dissociated iodine [19], as the high intrinsic degree
of structural disorder will relax Raman selection rules of the
dissociated phases.

Now we turn our attention to the transition to the Fm3m
structure, possibly the final condensed phase of bromine. The
Fm3m phase is predicted to become the ground state struc-
ture around 195 GPa [26], and our calculations in Fig. 4
show that the enthalpy difference of the two phases be-
comes less than 20 meV/atom at pressures above 160 GPa.

FIG. 4. Relative enthalpy per atom of dissociated bromine as a
function of c/a ratio and pressure when b/a = 1. c/a = √

2 is the
Fm3m structure, while all other c/a ratios correspond to I4/mmm
structures. A metastable enthalpy minimum for the fcc phase starts
to develop between 160 and 170 GPa.
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FIG. 5. Nearest-neighbor distances vs pressure for dissociated
bromine from experiments and density functional theory (DFT) cal-
culations. Points indicate experimentally derived values. Colored
bands indicate the range of values determined for structures within 5
meV/atom of the minimum enthalpy structure.

Consequently the experimental onset of the transition, around
172–180 GPa, similarly coincides with the pressure range
where the two structures become energetically competitive
in ab initio calculations. In these calculations, by 180 GPa
the enthalpy difference between the Fm3m and I4/mmm
structures is 8 meV/atom. While recent work has reported
the synthesis of iodine with the Pm3n structure at high tem-
peratures at conditions near the I4/mmm-Fm3m boundary
in iodine [29], this structure is not observed experimentally
in the present study. In Fig. S3, we present static enthalpy
calculations for the Pm3n structure in bromine compared to
other structures of dissociated bromine. We find this structure
to be metastable relative to the close-packed phases observed
in the present study, although the enthalpy difference reaches
a minimum in the vicinity of the I4/mmm-Fm3m boundary
which is qualitatively similar to its synthesis conditions for
iodine. We propose that Pm3n iodine is likely a quenched
high-temperature phase, and that the synthesis of this phase
in bromine would similarly require high temperatures.

The structural evolution of the close-packed phases can
also be visualized through the evolution of nearest-neighbor
atoms under pressure. In Fig. 5, the first, second, and fourth
nearest neighbors for the Immm phase correspond to the b,
a, and c lattice constants. respectively, while third nearest
neighbors are positioned at a distance equal to c∗ = 1/2(a2 +
b2 + c2)1/2 [13]. As b = a in the I4/mmm phase, first and
third nearest neighbors correspond to the a and c axes, with
second nearest neighbors given by c∗ = 1/2(2a2 + c2)1/2.

Despite the occurrence of the I4/mmm-Fm3m phase tran-
sition in the Mbar pressure range for bromine, the percent
modification of interatomic distances is larger than for iodine.
Bromine exhibits a volume change of about 0.8% across the
transition, however the interatomic spacings corresponding
to the a axis expand by 5.6% while the c axis contracts by
9.4% (Fig. 5) in the transformation to the Fm3m structure. In

contrast, for iodine the same transition results in an expansion
of the a axis by 3.0%, while the c axis contracts by 2.4%, with
an overall volume contraction of 1.8%; the free-energy change
P�V across the I4/mmm-Fm3m transition in bromine is 40%
lower than the same transition in iodine [13]. The decrease
in P�V up the period highlights the importance of the elec-
tronic polarizability of the halogens; as the lighter halogens
have fewer core electrons, the effect of lone pair repulsion
is stronger and leads to a preference for more anisotropic
structures [12].

In conclusion, we present here a combined experimen-
tal and computational study on the phase evolution of
bromine beyond its molecular and incommensurately mod-
ulated phases. We report a series of transitions between
atomic phases, culminating in the synthesis of a close-packed,
electronically isotropic metal. The phase transition sequence
mirrors that of iodine but at much higher pressures. The
diffraction data of the Immm to I4/mmm phase transition
are best explained by a coexistence regime of two structures
that have a crystallographic group-subgroup relationship,
suggesting an unexpected first-order phase transition. Our
calculations show, however, that the PES of bromine around
this transition is strongly anharmonic, so that a wide range
of lattice shapes, compatible with both Immm and I4/mmm
symmetry, are thermodynamically accessible. A second tran-
sition from I4/mmm to Fm3m also shows coexistence, but
reflects a genuine first-order transition to cubic close packed
bromine. The lighter halogens, fluorine and hydrogen, adopt
intrinsically anharmonic structures owing to their low atomic
mass and high zero-point energy which results in atomic
motion even at 0 K. In this aspect, they are fundamentally
different from the heavier halogens which are perceived as
essentially static atoms at 0 K. The present study shows that
for experimental investigations of the heavier halogens, even
at room temperature, entropic effects have a significant influ-
ence on the phase transition characteristics of the dissociated
phases due to the small enthalpy differences associated with
successive transitions between the close-packed structures.
This behavior is expected to be present for all halogens, but is
most prominent in bromine as close-packed phases are formed
at much higher pressures in chlorine and fluorine, and occur
over a very narrow pressure range in iodine. We propose
that more insights into the structural scaling of the halogens
can be found through investigations of the heavy halogens at
simultaneous high pressures and temperatures.
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