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Abstract
The crystal structure and superconducting properties of monatomic bromine under high
pressure have been studied by first-principles calculations. We have found the following phase
transition sequence with increasing pressure: from body-centered orthorhombic (bco, phase II)
to body-centered tetragonal structure (bct, phase III) at 126 GPa, then to face-centered cubic
structure (fcc, phase IV) at 157 GPa, which is stable at least up to 300 GPa. The calculated
superconducting critical temperature Tc = 1.46 K at 100 GPa is consistent with the
experimental value of 1.5 K. In addition, our results of Tc decrease with increasing pressure in
all the monatomic phases of bromine, similar to monatomic iodine. Further calculations show
that the decrease of λ with pressure in phase IV is mainly attributed to the weakening of the
‘soft’ vibrational mode caused by pressure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A search for possible high temperature superconductivity in
elemental solids under high pressure has attracted considerable
interest in recent years. For example, metallic hydrogen is
known as one of the ultimate goals for material physicists
because it has been predicted to show superconductivity
under high pressure with a transition temperature at room
temperature [1], even though it has yet to be obtained in the
laboratory. However, there has been remarkable progress in
the study of other elemental solids at high pressure, such
as the light elements lithium and boron [2–4], a surprisingly
high Tc of Ca [5], and the group VI elements for oxygen and
sulfur [6, 7]. In addition, the superconductivity in the halogen
group for iodine and bromine has also been successfully
discovered [8–10]. Among various simple elements, iodine
and bromine can be regarded as a prototype of hydrogen.
Therefore, the studies on the superconductivity of iodine and
bromine under high pressure can give us a strong idea in
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connection with the possible high-Tc superconductivity in
hydrogen.

The consensus has been that the phase transition sequence
that happened in both iodine and bromine is from a molecular
phase (phase I, space group Cmca), to an incommensurate
phase (phase V) and then to a monatomic phase (phase II,
space group Immm) [11–13]. For iodine, the monatomic
phase transition sequence is from body-centered orthorhombic
(bco, phase II) to body-centered tetragonal structure (bct,
phase III) with space group I 4/mmm at 43 GPa [14] and
then to face-centered cubic structure (fcc, phase IV) with
space group Fm3̄m, which occurs at 55 GPa [15], and this
phase persists to at least 276 GPa [16]. In the case of
bromine, the monatomic phase II was estimated as occurring
around 115 GPa by the latest high pressure Raman scattering
experiment [12], which is higher than that reported in the
early experimental investigations [17, 18]. In addition, a first-
principles calculation showed that phase V transforms into
the monatomic phase II at about 100 GPa [13]. To the best
of our knowledge, there has been no further x-ray diffraction
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experimental and theoretical research on the structural phase
transitions among the monatomic phases of bromine.

Pressure also causes significant changes in the electronic
properties of iodine and bromine. Firstly, an insulator-
to-metal transition occurs in the molecular phase before
the structure transforms to the monatomic phase [18–21].
Secondly, and more interestingly, the pressure-induced
superconductivity [8–10, 22, 23] has been observed in the
monatomic metallic phases. In the experimental work of [8],
the superconducting critical temperature Tc of iodine decreased
with increasing pressure for the bco and bct phases but
started to increase with pressure for the fcc phase. The
first-principles calculations [22, 23] show that the Tc of
both bco and bct under pressures are in agreement with the
experimental data, while the Tc of fcc decreases with increasing
pressure, contrary to the experimental results. In a recent
article, we have explained the conflict between experimental
and theoretical results by specifically accounting for non-
hydrostatic pressure effects [22]. A similar scheme of pressure-
induced phase transformations and superconducting properties
can be expected for monatomic bromine, but experimental
results are much scarcer than those in the iodine case, which
restricts our understanding of the nature of bromine under high
pressure. The superconductivity of bromine was observed
experimentally between 80 and 120 GPa, giving a Tc of
1.5 K [9]. Up to now, there is no theoretical study on the
superconductivity of the monatomic phases in bromine. In
this paper, we focus on the high pressure crystal structure and
superconducting properties of monatomic bromine by using ab
initio studies.

The organization of this paper is as follows. In section 2
our computational details are described, in section 3 our results
are shown, and the related discussions are given. Finally, in
section 4 our results are summarized.

2. Computational details

Calculations of geometrical optimization, vibration properties
and the electronic phonon coupling (EPC) parameter were
performed using the pseudopotential plane-wave method
within the density functional theory (DFT) and linear
response theory implemented in the QUANTUM-ESPRESSO
package [24]. The geometrical optimizations at 0 K were
carried out by using the damped (Beeman) dynamics of
the Parrinello–Rahman extended Lagrangian [25], which
were not finished until all the stress components were less
than 0.05 GPa. Convergence on total energy in the self-
consistent field was ensured until 10−8 Ryd. For the exchange
correlation potential we have used the generalized-gradient
approximation (GGA) by Perdew and Wang (PW91) [26],
because the GGA provided a much better treatment of solid
bromine than the local density approximation (LDA) [13, 27].
The norm-conserving scheme [28] was used to generate the
pseudopotential for bromine with an electronic configuration
of 4s24p5, suitable for the high pressure study. Convergence
tests gave a kinetic energy cutoff Ecutoff as 70 Ryd and Brillouin
zone (BZ) sampling using a grid of spacing 2π × 0.03 Å

−1

in all phases. The EPC calculations were performed on a

6 × 6 × 6 Monkhorst–Pack (MP) q-point mesh with a denser
24×24×24 k-point mesh in the bco, and 8×8×8 MP q-point
mesh with a denser 32 × 32 × 32 k-point mesh in the bct and
fcc phases for the first BZ integrations. These structures will
be described in detail in the text.

The electron–phonon interaction has been investigated by
means of Eliashberg theory [29], with the spectral function
α2 F(ω) obtained by first-principles calculation. The EPC
parameter λ is evaluated by a weighted average over the mode
EPC parameters λqv for all phonon modes (qv) in the first BZ:

λ =
∑

qv

λqvω(q), (1)

where ω(q) is the weight of a sampling q-point in the first BZ.
The electron–phonon spectral function α2 F(ω) is defined in
terms of the phonon linewidth γqv of mode v at wavevector q
as

α2 F(ω) = 1

2π N(εF)

∑

qv

γqv

ωqv

δ(ω − ωqv), (2)

where ωqv is the mode frequency and N(εF) is the electronic
density of states (DOS) at the Fermi level εF. The linewidth of
a phonon mode arising from the electron–phonon interaction is
given by

γqv = 2πωqv

∑

k j j ′
|gqv

k+q j ′,k j |2δ(εk j − εF)δ(εk+q j ′ − εF), (3)

where gqv

k+q j ′,k j is the electron–phonon matrix element. The
contribution of each vibration mode to the EPC parameter is
defined as

λqv = γqv

π h̄ N(εF)ωqv

. (4)

The EPC parameter λ can also be given in terms of the
spectral function by

λ = 2
∫ ∞

0

α2 F(ω)

ω
dω. (5)

3. Results and discussion

Figure 1(a) shows a crystal structure of phase II which was
found to be a body-centered orthorhombic Bravais lattice (bco,
space group Immm) with the atoms located on the 2a Wyckoff
positions [12, 13]. This phase exhibits a significant anisotropy
with the calculated lattice parameters a = 2.55 Å, b = 2.40 Å
and c = 4.34 Å at 100 GPa. For the special case a = b, the
bco structure becomes a body-centered tetragonal lattice (bct)
which is phase III. If furthermore c = √

2a, the bct structure
becomes the face-centered cubic lattice, which is phase IV. The
crystal geometry of the bco structure was optimized for various
increasing pressures from 100 to 180 GPa. At each pressure
the minimization procedure was reiterated several times since
large changes in the unit cell size involved changes of the
Brillouin zone grid. The changes of the lattice constants and
the ratio b/a and c/a with pressure for monatomic bromine
are presented in figures 2(a) and (b), respectively. The
lattice vectors reduce anisotropically with increasing external
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Figure 1. The crystal structures of monatomic bromine for (a) phase
II (bco), (b) phase III (bct) and (c) phase IV (fcc). (d) The relation
between the bct and fcc unit cell. The fcc unit cell is drawn with
green dashed lines.

Figure 2. The lattice constants and the ratios b/a and c/a for
monatomic bromine under various external pressures.

pressure. The lattice c decreases rapidly with increasing
pressure while the lattice a and b reduce appreciably. As
can been seen in figure 2, the monotonic decrease of the
lattice constants is interrupted and the differences between
lattice a and b vanished at about 125 GPa, revealing that
phase II transforms into phase III. This phase III is a body-
centered tetragonal Bravais lattice with space group I 4/mmm
and the atoms occupy the 2a Wyckoff positions, as shown
in figure 1(b). That is, the atomic coordination becomes
isotropic in the tetragonal unique plane while there still exists
an anisotropy in the a–c plane. With increasing pressure, the

Figure 3. Volume as a function of pressure for three phases of
monatomic bromine: bco (red circles), bct (dark cyan squares) and
fcc (violet up triangles). Top inset: calculated enthalpy differences
(relative to bct structure) as a function of pressure; bco (red dotted
line), bct (dark cyan solid line) and fcc (violet dashed line). Bottom
inset: the magnified volume–pressure relation around the bct → fcc
phase transition pressure.

lattice c decreases sharply and the lattice a and b increase
abruptly at about 165 GPa. Simultaneously, the ratio c/a
exhibits a relatively large decrease: from 1.63 at 160 GPa to√

2 at 165 GPa, revealing that phase IV is obtained. This phase
IV is a face-centered cubic Bravais lattice with space group
Fm3̄m and the atoms are located on the 4a Wyckoff positions,
as shown in figure 1(c). This structure is isotropic and stable up
to the high pressure of 300 GPa, the highest pressure studied.
In addition, figure 1(d) shows a schematic representation of the
bct and fcc structures: half of the bct structure is a quarter of
the fcc structure.

To investigate the phase stability of the crystal structure
and to estimate the phase transition pressure, one must evaluate
the enthalpy data of all involved phases. The enthalpy
differences of the three optimized candidate structures (bco,
bct and fcc) as a function of pressure are depicted in the top
inset of figure 3. At 100 GPa, the bco structure is the most
stable one. When we increase the pressure above 126 GPa, the
bco symmetry is broken and the bct phase is favored. Above a
pressure of 157 GPa, the enthalpy of the fcc phase is lower than
that of the bct phase, suggesting that the fcc structure becomes
the most stable one. In addition, the calculated pressure–
volume data of monatomic bromine are also plotted in figure 3.
The volume change is continuous for the bco to bct transition,
supporting a second-order nature, while the volume collapses
with 1% for the bct to fcc transition, suggesting the first-order
character.

Figure 4 shows the total energy E as a function of lattice
a at the selected pressures. It is evident that the E(a) curves
exhibit double-well features with two minima located at about
a = 2.42 Å and a = 2.52 Å, which corresponds to the
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Figure 4. The total energy variations as a function of lattice a for the bct structure at selected pressures.

Figure 5. The superconducting critical temperature Tc with several
Coulomb potentials μ∗ computed at selected pressures. The pressure
boundaries between phases II, III and IV are indicated by dotted lines
from theoretical results.

bct and fcc structures, respectively. At a low pressure range,
the bct structure is found to be more energetically favorable
than the fcc structure. With increasing pressure, the local
minimum at a = 2.52 Å is gradually lower than the minimum
located at a = 2.42. As a result, the bct structure is no
longer favorable at high pressure, and a transition to the fcc

structure is overwhelmingly preferred. Interestingly, the bct
structure transforms to the fcc structure at 157 GPa through
comparing the enthalpies (figure 3) or at 165 GPa by structural
relaxation (figure 2). From figure 4, we can clearly see that
there is a potential barrier between the two local minima, which
prevents the structural change observed by structural relaxation
at 157 GPa. But with increasing pressure, the potential barrier
decreases and the structural change can be observed directly by
structural relaxation above 165 GPa.

In this paper, we have successfully mimicked the
following phase transition sequence with increasing pressure:
from bco (phase II) to bct (phase III) at 126 GPa, then
to fcc (phase IV) at 157 GPa. It is similar to the phase
transition sequence of monatomic iodine. The sequence of
such structural changes (bco–bct–fcc) is a reasonable trend of
monatomic bromine to form an isotropic configuration with
increasing pressure.

The superconducting critical temperature can be estimated
from the Allen–Dynes modified McMillan equation [30] Tc =
ωlog

1.2 exp[− 1.04(1+λ)

λ−μ∗(1+0.62λ)
], where ωlog is the logarithmic average

frequency and μ∗ is the Coulomb pseudopotential. This
equation has been found to be highly accurate for materials
with λ < 1.5. Because of the lack of knowledge of an
appropriate value for the Coulomb potential μ∗, there is great
difficulty in accurate prediction of Tc. For the weak coupling
materials, a standard choice of 0.1 for μ∗ is often adopted.
However, the value of μ∗ for superconductivity in simple
elements are quite complex [31–33]. The Tc of monatomic
bromine have been calculated with three different values of
μ∗ from 0.08 to 0.12, as shown in figure 5. At a μ∗ of 0.1,
a superconducting critical temperature of 1.46 K at 100 GPa
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Figure 6. The calculated partial EPC parameters λ and phonon band structure of fcc along the same high-symmetry lines at selected
pressures.

Table 1. The electron–phonon coupling parameter λ, logarithmic
average of vibrational frequencies ωlog and superconducting critical
temperature Tc with μ∗ = 0.1 computed in monatomic bromine at
selected pressures.

P (GPa) ωlog (K) λ Tc (K)

bco 100 241.45 0.4280 1.4593
110 255.19 0.4074 1.1875
120 272.92 0.3844 0.9060

bct 130 273.78 0.3878 0.9587
140 285.37 0.3744 0.8033
150 294.86 0.3645 0.6961

fcc 160 248.41 0.5226 3.5771
180 268.68 0.4835 2.8491
200 287.11 0.4525 2.2741

agrees well with the experimental value of 1.5 K [9]. For
the bco phase, the superconducting critical temperature Tc

decreases with increasing pressure. Similarly to bco, the Tc

of the bct phase also decreases with pressure. In the case of
the fcc phase, Tc rapidly decreases with increasing pressure.
Moreover, Tc jumps to 3.6 K at the transition point, which is
nearly five times higher than that of the bct phase. It can be
seen that the pressure dependence of Tc in our present work
is similar to those theoretical calculations of the monatomic
iodine [22].

To probe the origin of the pressure dependence on Tc,
we calculate the dynamical properties and EPC parameter λ

of the three structures mentioned in this paper. Assuming
μ∗ is a constant, two parameters, the EPC parameter λ

and the logarithmic average frequency ωlog, determine Tc.
Values of these parameters computed at selected pressures are
summarized in table 1. For the bco, bct, and fcc, ωlog increases
with increasing pressure, while λ decreases, but the changing
rate of λ exceeds that of ωlog. As a result, the value of Tc

decreases with pressure mainly due to the decrease of λ.
The phonon band structure of fcc at different pressures

is shown in figure 6. The absence of imaginary frequency
modes indicates that the structure is stable in the pressure
range. A striking feature of the phonon band structure is
the presence of a ‘softening’ in the lowest transverse acoustic

(TA1) mode along the 	–K [ξξ0] direction. To explore the
dependence of the EPC on soft phonon modes, the partial
EPC parameter λ for the three branches along several high-
symmetry directions is also depicted in figure 6. It can be
clearly seen that the ‘softening’ exists in the lowest transverse
acoustic (TA1) mode along the 	–K [ξξ0] direction, leading
to a significant electron–phonon contribution, in which a high
and broad peak of λ for the fcc structure is observed near the q-
point. As pressure increases, soft vibrational modes gradually
fade away, resulting in the intensity of the main peak of λ

decreasing correspondingly, as shown in figure 6. Therefore,
the decrease of λ of the fcc phase under compression mainly
derives from the fade away of soft vibrational modes induced
by increasing pressure.

The partial EPC constant λ and phonon spectrum of the
bco and bct are shown in figure 7. The absence of imaginary
frequency modes indicates that both structures are stable. For
the bco and bct structure, there is no obvious soft phonon mode
observed and the value of the main peaks of λ is small. But the
intensity of the main peaks are clearly seen as a decrease with
increasing pressure (not shown).

From table 1, we find that Tc in the fcc phase is more than
five times as large as in the bct phase in the bct → fcc phase
transition domain. Even though the ωlog of the fcc phase is
smaller than that of the bct phase, the EPC parameter λ in the
fcc phase was found to be 1.5 times bigger than that of the bct
phase. This comes from the soft phonon mode along the [ξξ0]
direction in the fcc phase. Therefore, this sharp increase of
the Tc is attributed to the bigger λ due to the softening of the
phonon observed in our first-principles calculation.

4. Conclusions

In summary, we have presented a first-principles investigation
of the crystal structure and superconducting properties of
monatomic bromine. The transition from the bco (phase II)
to bct (phase III) occurs at 126 GPa, then the bct transforms
to the fcc (phase IV) at 157 GPa, and the bct to fcc structural
transition further verified by the total energy calculation. It
is found that the fcc phase is stable at least up to 300 GPa,
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Figure 7. The calculated partial EPC parameters λ and phonon band structure of bco and bct along same high-symmetry lines at 110 and
140 GPa in (a) and (b), respectively.

the highest pressure studied. The calculated superconducting
critical temperature Tc is in agreement with the experimental
results [9]. Moreover, the calculated Tc decreases with pressure
in phase II, phase III and phase IV, similar to monatomic
iodine. Further EPC calculations reveal that the decrease of
λ of the fcc phase under pressure mainly derives from the fade
away of soft vibrational modes induced by increasing pressure.
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