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The molecular crystal structure and the molecular dissociation of iodine, bromine, and chlorine under high
pressure have been studied using the pseudopotential plane-wave method with both local-density approximated
(LDA) and the generalized gradient approximat€&A) exchange-correlation functionals. Although the gen-
eralized gradient approximation overestimates the interlayer distance, it describes the geometry parameters
within the molecular plane much better than the local-density approximation. In contrast to the usual geometry
optimization for isolated molecules, the local-density approximation largely overestimates the bond lengths of
the halogen molecules in the molecular crystal. The GGA dissociation pressures are in good agreement with the
experimental values whereas the LDA dissociation pressures are lower than the experimental values. The gap
closures for the three elements are observed before the dissociation pressure. The scaled parameters are
universal for all three halogens in the molecular phase and at the transition points. Therefore a universal
equation of state can be obtained and the dissociation pressures can be well estimated from the scaled volume
at ambient pressure.
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. INTRODUCTION found at 16 GP&° a pressure lower than that required for
the molecular dissociation. Although there is no optical ob-
The molecular dissociation of halogen molecular crystalservation on the gap closure of bromine, the fact that the
under high pressure has been studied intensively bgurface of solid bromine starts to reflect light at 60 GPa
diamond-anvil cell techniqu¥:® The fact that the molecular indicates that the crystal reaches the metallic region around
dissociations are accompanied by a metal-insuldhdr) 60 GPa’ The extrapolation of the equation of stafe0S
transition makes the problem more interesting and challengror chlorine showed that the gap closure will take place at
ing. The solid halogens are also the prototypical diatomici65+30 GPa while its molecular dissociation occurs at 220
molecular crystals analogous to hydrogen which was pre=- 40 gpal°
dicted theoretically(but never detected experimentallio Further phase transitions were observed for the mon-
process a molecular dissociation when densely compressediomic jodine crystal under pressures of 43 and 55 GPa with
By using the x-ray diffraction technique, the molecular o |55t transition to a face-centered-cubic pHadeRefer-
dissociation is observed for ioding, Ia_t 21 GPa;*for IBr at ence 2 denoted the molecular phase as phase I, and the mon-
gg G.Pas, an.for Bh at 82 GPd.A scaling rule vaka_s przcaéoozed atomic phases as phases I, lll, and IV, respectively. As ob-
y erlwltzro ucing an asymmetry _parame; 5 =[( L)_ served in Ref. 2, phase Il is a body-centered orthorhombic
+ci]774rs—1 and a scaled volum€=V/8r;.” Herersis  phase with axesy, by, andcy, whereH indicates the
the molecular bond length in solitl; , andc, are the lattice high-pressure phasey; and ¢y, are slightly different from

H 3 3
It might be better to use #r? instead of 8; to scale the ¢ ¢ increases, at about 43 GRa.andc, gradually become
volume. 4/2ris the corresponding volume of the same unitgq 5 and the crystal changes to body-centered tetragonal
if the crystal changes to an ideal monatomic l‘ace-centered(—phase Il). At a pressure of 55 GPa, the system finally

cubic structure whereas the nearest-neighbor interatomic di%hanges to phase IV which is face-centered cubic With
tance is kept as;. For easier comparison with the previous _ J2a
= "

. . . __ 3 ) )
experimental results, we will still usé=V/8rg as the scaled  The structural transformations of the monatomic phases
volume. The solid halOgenS Undergo a molecular dlSSOClathﬂave been studied by a pseudopotentia| method for

whenA andV reach their critical values which are assumediodine'>*and the pressure effects on the electronic structure
to be similar for all the halogens. The metallization of iodineand the electron-lattice interaction of fcc phase of iodine by a
has been reported some years ‘aged the Ml transition was ~ full-potential linearized augmented-plane-wave met
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for molecular crystals, several theoretical studies have beel CH
reported including empirical modéfs*” and first-principles
calculations:*18-20The MI transition was first studied by a
two-dimensional $ electron modéf'®that gave a gap clo- an
sure pressure of about 20 GPa for iodine. The model was

also generalized to three dimensions and used to study th b,

band structure of iodine molecular crystalThe band over-

lap has also been investigated byadminitio pseudopotential

study'® The A, modes, the hyperfine parameters, and the a cL
band structures of both iodine and bromine molecular crys-

tals have been studied by a full-potential linear-muffin-tin-

orbital method and the local-density approximation (a)
(LDA).1%2%|n that work, the experimental lattice constants
were adopted while the atom positions were fully optimized.
However, it has been a challenging problem for a long time
to obtain the molecular dissociation from first-principles cal-
culations. This is because the energy difference between th
molecular and the atomic phases is very small around the
dissociation point. It is found by calculatibhthat the mo-
lecular phase dissociates to an atomic face centered orthc
rhombic (fco) phase while the experimental lattice constants
were used.

To overcome the above difficulties, we will perform a full
optimization including the atomic positions and the lattice
constants for both the molecular and the atomic body-
centered orthorhombic phases of iodine, bromine, and chlo-
rine in a wide pressure range. The convergence on the energ,
cutoff and thek mesh for Brillouin zone Integrations were FIG. 1. The structures of halogens in molecular and monatomic
carefully checked. Since the energy difference between th_ﬁhases. The dashed lines(@ are theb, andc, axes of the mo-

r_nolecu.lar.phase and the atomic phase a“?“”d the disspc'%bular phase and the dashed lineghipare the g and the g axes
tion point is very small, we adopt the technique of choosingys the monatomic phase.

equivalentk points for the two phases. Using the same tech-

nique, the energy differences of the different polytypes ofiodine and bromine. The same corrections were tested for
silicon carbide(SiC), which are as small as several meV, chlorine and it was found that they can be neglected. The
have been successfully obtair€dBesides calculating the  glectronic wave functions are expanded in terms of a plane-
geometry as well as the elastic properties of molecular crysyave basis set. The cutoff radii of the pseudopotentials are
tals under zero and high pressures, the problems of the ma-75 A 1.95 A, and 2.40 A for chlorine, bromine, and iodine,
lecular dissociation and the band-gap closure will be ParﬂCUrespectiver. A cutoff energy of 50 Ry is used to obtain con-
larly addressed. After a brief introduction on the methodsvergence of the total energy and pressure with respect to
used and the calculational procedure in Sec. Il, the resultgasijs set size. This large basis is needed especially for getting
will be presented and discussed in Sec. Il and conclusiong good convergence on the stress. That corresponds to using
will be made in Sec. V. around 10 000 plane waves for the larger cellk Aesh of
4X2X4 which corresponds to fou points is used for the
molecular phase calculations. For studying the molecular
dissociation point, one needs to compare the total energies of
The structural optimization in this paper is based on ahe molecular and the atomic phases. Since the energy dif-
variable-cell-shap@ optimization, where the enthalpy of the ference between these two phases around the transition point
crystal is minimized with respect to both the lattice coordi-is very small, a comparable choice of tkepoints for two
nates of the ions and the components of the méthie dot  phases is found necessary in practice. Thus, a conventional
products between the lattice vectors the simulation cell.  unit cell containing four atoms is used together with a 4
We use a minimization algorithm by DavidéhThe total X4x4 k mesh for the atomic phase. Thekepoints are
energy is obtained by self-consistently solving the Kohn-distributed similarly to those for the molecular phase in the
Sham equation for the electron states, using both the LDA&orresponding Brillouin zones, such that the numerical error
Ceperley-Alde?* correlation potential as parametrized by of the Brillouin zone integration will be minimized.
Perdew-Zungér and the Perdew-Wan@W92 generalized Figure 1 emphasizes the close relationship between
gradient approximatioiGGA).?® The interaction of the va- phases I-IV. In Fig. (& we show the low-pressure structure
lence electrons with the core electrons is described bgban of halogens, phase I, which is base-centered ortho-
initio norm-conserving pseudopotentfalThe nonlinear core  rhombi?®?° (space group, }%) with four (two) diatomic
corrections are used and relativistic effects are included fomolecules in the conventiongprimitive) unit cell. It is

Il. METHODS AND COMPUTATIONAL PROCEDURE
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drawn in projection with respect to tlag axis(the indexL is TABLE I. The calculated and the experimental parameters of
for low pressurg atoms and bonds drawn with solid lines iodine, bromine, and chlorine under zero external pressure. Volumes
are in the basab. -c, plane. those drawn with dashed lines &€ in A3, lattice constants and the interatomic distances are in A.
are in a plane Wli-th I:’:I%eigh’t @ /2. In theb,-c_ plane, we d, is the nearest-neighboring distance, i.e., bond lerdgttas well

h h . o di ding to th asd; are the interatomic distances between the neighboring mol-
ave a short interatomic distancg corresponding to the ecules. They are defined visually in Fig.A.is dimensionless and

bond within theX; mo"?cu'esj In the .figure, W? alS,O identify for its definition see text. The experimental data are from Wyckoff
the second and the third neighbor interatomic distances bgret. g

tween atoms from different molecules in the same plaie,
andds. In Fig.1(b) we show the structure of phase II, which Vv a c b g d, ds A
is body-centered orthorhombic with twilone molecules in  |ggine
the conventionalprimitive) unit cell. It is drawn in projec-
tion with respect to theéb,, axis (the indexH is for high LDA 29268 7.122 9.579 4.290 2.80 3.24 3.66 0.148
pressurg Again we draw the atoms and bonds in the basaBGGA 357.21 8522 9.789 4.543 2.84 3.37 3.87 0.176
ay-cy plane with solid lines, and those drawn with dashedExpt. 327.2 7.136 9.784 4.686 2.72 3.56 4.05 0.264
lines are in a plane with a height &f,/2. The thick bond Bromine
lines do not show the shortest bonds, they just emphasize thédA 213.09 5.997 8.388 3.894 2.37 292 3.34 0.207
relationship with phase I. For the special case=c,, the  GGA 318.72 6.753 8.412 4.292 2.35 3.14 3.66 0.291
structure becomes body-centered tetragonal, which is phagxpt. 260.57 6.67 8.72 4.48 227 3.31 3.79 0.377
lIl. If furthermore b= \2ay, the structure becomes face- Chlorine
centered cubic, which is phase IV. Notice that for the specialDA 180.44 6.111 7.953 3.701 2.06 2.82 3.35 0.319
case of 2 =b_ and ford,;=d,=d; phase | becomes the GGA 253.86 7.126 8.204 4.342 2.03 3.18 3.81 0.426
same as phase lll, witkﬁcHch. Expt. 230.91 6.24 8.26 4.48 2.02 3.34 3.70 0.508
In our relaxation of the crystal structure the symmetry of
the system is preserved. Changes to a higher symmetric ] ) _
structure are permitted but the inverse procedure, symmetrjot clear if GGA is an improvement. It was known that GGA
breaking, is not allowed as the calculated forces and stress@&es no binding for polyethylene crystal, although the in-
have the symmetry of the system and the minimization a|gocha|n parameters are in better agreement with the experimen-
rithm does not break that symmetfgee Ref. 30 for the tal values than LDA™**The halogen molecular crystals are
details. more complex. The interatomic distances between the mol-
ecules in the molecular plari2.80 A, 3.24 A, and 3.66 A for
iodine) are all shorter than twice the van der Waals radius
Ill. RESULTS AND DISCUSSION (4.30 A for ioding,* which indicates a very strong intermo-
lecular interaction. On the other hand, the molecule planes
are bound by the dispersion forces. Our calculations show
The geometries of the iodine, bromine, and chlorine mothat PW92 GGA systematically improves the results for the
lecular crystals are optimized at the zero external pressurieonded systems or the strongly interacting molecules. But
using both GGA and LDA. The results are listed in Table |for systems bound by van der Waals interaction, which is a
together with the experimental values. From the table, it caproblem neither LDA nor GGA is designed for, GGA tends
be found that there is a systematic underestimates of 10te overestimate the length scale.
20 % on the total volumes of all three kinds of halogens for It can be seen from Table 1 that the GGA value$ @ind
LDA calculations. The corresponding lattice constants are are in very good agreement with the experimental values,
also reduced for 2—15% by LDA. This is not a surprising all with a difference smaller than 5%. The GGA bond lengths
result since LDA always underestimates the interatomic disare less than 5% larger than the experimental values. More
tances, no matter whether the atoms are bonded or not. Alinportantly, the GGA interatomic distances between the mol-
the three lattice constants are underestimated including corcules are evidently larger than LDA values, although they
stantsb andc, which are in the molecular plane and have aare still about 10% smaller than the experimental ones. A
larger tendency to be reduced by LDA. It is also worth not-slightly larger bond length than the experimental one is a
ing that in our LDA results the molecular bond lengths arewell-known feature of GGA. The PW92 GGA bond lengths
larger than the experimental values, which is the opposite ofor isolated , and B, molecules are found to be 2.683 A
the known trend for isolated molecules. This is caused by thend 2.275 A that are larger than LDA results and are in very
significant reduction of the intermolecular distances whichgood agreement with experimental values.
weakens the covalent intramolecular bond, giving a larger However, it can be seen from Table 1 that the PW92 GGA
equilibrium bond length. Calculations of an isolatgdahd  overcorrects the LDA volumes and predicts unit cell volumes
an isolated By molecule in a large unit cell using LDA give that are 10—20 % larger than experiment. Furthermore, it can
bond lengths of 2.655 A and 2.263 A that are about 5%be found that the main differences between the PW92 GGA
smaller in comparison with the experimental values of 2.67and the experimental volumes are due to the overestimation
A and 2.28 A. of the lattice constana (interplanar distangefor which the
GGA is known to improve the geometries of molecules asGGA predicts values that are always 20% larger than the
well as solids. But for weakly bound molecular systems, it isexperimental one. To study the origin of this overestimation,

A. Geometries under zero pressure
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we calculated the GGA binding energy between the molecu- 35 L A ~A.__ A A -
lar planes and found a very small but positive binding energy L il ]
(several meV/molecujefor all three halogens. The small 30 -
binding energies indicate a very flat energy surface that cause [ R R T R R
large uncertainties on lattice constamt Indeed, while we 0 20 40 60 80 100 120

impose a very small external pressure, 0.2 GPahanges
drastically and becomes close to the experimental values. In
contrast to the interplane binding, the bindings between the FIG. 3. The GGA lattice constants for a bromine molecular crys-
molecules in the molecular plane are rather large. The GGAy| ynder various external pressures.

binding energies for Bromine molecular crystals are 133

meV/molecule inside the molecular planes and only 5 meV/ . : . .
molecule between the planes. the weaker interaction between the molecules in adjazent

plane. The monotonic decrease of the constants is interrupted
_ _ _ at 80 GPa. At that pressure, the molecular crystals change
B. Geometries under high pressures and the equations of state from phase | to phasé€ lin which there is an equal inter-

A series of geometry optimizations were performed for allatomic distance in the molecule plane.
three halogen molecular crystals under different external For showing the transition from | td Iphase, we present
pressures. The pressure steps are chosen to be 5, 20, andtb® GGA interatomic distances in the molecule plane for bro-
GPa for iodine, bromine, and chlorine, respectively. Thesanine in Fig. 4. At pressures less than 60 GPa, the second and
pressure steps are abqyf4 for each halogen crystal. Figure the third neighboring distances decrease significantly with
2 shows the GGA and LDA volumes of the bromines mo-the increasing pressure, while the nearest-neighboring dis-
lecular crystal under a series of pressures ranging from @ance or, say, the bond length changes only slightly. At the
GPato 120 GPa. It needs to be noticed that the volume at Ojf&essure of 80 GPa, the relaxed structures showed that the
GPa instead of that at 0 GPa is used for GGA because of thdifferences between the three different interatomic distances
binding problem of GGA(see Sec. Il A. The figure shows vanish, indicating that we obtain an atomic crystal with
that although the GGA volumes at ambient pressure arbigher symmetry® The above features reveal a transition
much larger than the LDA ones, GGA and LDA tend to give from a molecular phase to a monatomic phésease 1).
similar volume under high pressure. At zero or low externalBut as will be discussed in the next two subsections, this is a
pressures, the intermolecular bonding is weak and the chargonequilibrium structure as the system undergoes a first-
density varies largely between the molecules, so that the grarder phase transition to another monatomic plipkase I)
dient corrections are more important. Under high pressuregrior to | to I' transition point. It is worth noticing that the
the bonding is dominated by strong chemical interactionsnonotonic decrease of the lattice constants is interrupted by
and the charge density becomes more homogeneous. Thuke instability between the two phases.
the differences between the predictions of two methods are The total energies and the volumes are fitted to Mur-
small. The changes of the lattice constants versus pressun@ghan’s equation of state. The corresponding bulk moduli
for bromine are presented in Fig. 3. Again the values at 0.2nd their pressure derivatives are listed in Table Il for both
GPa are used instead of 0 GPa. The lattice vectors redu¢edDA and GGA. The experimental values are obtained by
anisotropically with increasing external pressure, which carfitting the P-V relations presented in Fig. 3 of Ref. 1 and Fig.
be easily understood by considering the larger distances ariilin Ref. 10 to fourth-order polynomial, to obtain the bulk

Pressure (GPa)
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3.8 — T T T T mental data are read from the figures in Refs. 1 and 10,
which will cause some uncertainties.
N 1 The values of the bulk modulus and its pressure derivative
36 F | ] are quite universal for all three halogens. The bulk modulus
—m— 1st neighboring distance is about 15 GPa for both GGA and experimental results. The
i —e— 2nd neighboring distance | ] pressure derivative is about 3.4 for GGA and LDA and 2.0
Ta4l | 4 3rd neighboring distance | | for experiments. The universal bulk modulus and its pressure
o \ derivatives indicate a universal equation of state for all three
T s . halogens. Using a Murnaghan EOS, it takes the form
< 32} i ,
Py Bo| (Vo) B0 Bol| [ Vo ]
g | - (W) sl (T ]
= ByL\ V Byl V
o 30 | -
8]
% : : in which Vy andVy=V,/8r2 are the original and the scaled
£ volume at zero pressure. If the averaged GGA values of 15
9 &8 ‘A\ i GPa forBg and 3.3 forB;, are used, we will obtain a simple
= N \ \\A - universal EOS for halogen molecular crystals,
()
Z 26| ° - —\ 33
e ™ Pw4.z< Vo

i / -, ] = —4.4. )
24 | ” . . -

n The equation has the same form as the Birch-Murnaghan
0 50 40 60 80 100 120 equation and the coefficient and the component are universal
to all three halogens.

Pressure (GPa)
FIG. 4. The changes of the first, the second, and the third neigh- C. Transitions from phase | to Il
bor interatomic distances inside the bromine molecule plane vs the Figure 5 plots the LDA total energy versus volume calcu-
external pressure. lated for the molecular [and I'), monatomic Il(and III),
face-centered-cubic and body-centered-cubic phases of bro-
mine. At low pressure the most stable phase is the molecular
modulus and its pressure derivative. It can be seen that GGphase |. With increasing pressure phase | transforms into the
bulk moduli are in better agreement with the experimentamonatomic phase Il. At low pressure, the fcc and bcc phases
values than LDA. LDA bulk moduli for bromine and chlo- have much higher energy compared with the molecular phase
rine are much larger in comparison with the experiments] and monatomic phase Il. The pressure induced structural
which is consistent to the fact that LDA intermolecular dis- phase transition occurs along the common tangent line be-
tances are smaller than those of experiments and GGA. Oiween the total energy curves of the two phases. The pressure
the other hand, the pressure derivatives of bulk moduli are aRf the molecular dissociation is found to be at a volume of 16
slightly larger but comparable with the experimental resultsA 3, corresponding to a pressure of about 50-60 GPa
It needs to be noticed that different fitting procedures areagainst the experimental value of 80 GPa. Similarly, disso-
used for experimental and calculational results. The expericiation pressures of 15 GPa and 150 GPa are found for io-
dine and chlorine, respectively.
TABLE II. The bulk modulus and their pressure derivatives for The GGA transition pressures are 20 GPa, 80 GPa, and

iodine, bromine, and chlorine. All moduli are in GPa. 200 GPa for iodine, bromine, and chlorine, respectively.
They are in better agreement with the experimental values.
I, B, cl, Around the transition points, the GGA energy differences for
the two phases are smaller than those of LDA. At the region
LDA near the dissociation points, phase Il has lower energy by
Bo 18.1 18.8 14.5 being slightly deformed from the tetragonal structure and
Bo 3.85 3.48 2.38 having different atomic distances in tlkeg, and cy direc-
GGA tions. The optimized geometry for monatomic phases shows
By 13.13 16.24 14.62 that GGA does not favor very much this distortion. For io-
Bo 3.40 3.38 3.22 dine, the largest difference betweag andc,, is only 0.03 A
Expt. at 35 GPa for GGA, but is 0.2 A at 20 GPa for LDA. For
Bo 13.73 15.64 15.18 bromine these differences are 0.12 A at 100 GPa for GGA
B, 2.88 221 1.59 and 0.32 A at 60 GPa for LDA. Only for chlorine this dif-

ference is 0.21 A at 200 GPa for GGA in comparison with
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-26.8 TABLE lll. The LDA and GGA scaled parameters at the transi-
tion pressures from phase | to phase Il for iodine, bromine, and
chlorine.r is the bond length in the molecular crystal under ambi-
ent pressure. The scaled parameters are defined Vas
=V/(8*rd), a=alrs, b=b/rs,c=c/rs, and A=[(2b)?+c?]¥?¥
4r—1.

> r(A) P(GPA) Vv a ¢ b A
E eeer LDA
< lodine 2.80 15 1.17 2.05 3.01 152 0.07
> Bromine 237 60 114 208 3.20 138 0.5
E) Chlorine  2.06 150 1.12 2.06 3.17 1.38 0.05
Ll GGA
g lodine 2.84 20 1.15 2.08 298 1.48 0.05
- Bromine  2.35 80 1.09 188 3.06 152 0.08
270 L Chlorine  2.03 200 1.07 186 3.05 151 0.07
Expt.
lodine 2.72 23 1.29 212 338 146 0.11
Bromine  2.27 82 129 210 335 142 0.11
. L ; ! y Chlorine  1.98 14 0.11(?)
10 15 20 25

3
Volume/Atom(A”) ~2.0:1.4:3.2:1, in whicla, , b, , andc, are the lattice con-

FIG. 5. Total energy vs volume of different phases of bromine.St@nts for the molecular phase andis the molecular bond

As denoted in the figure, the solid line and the dotted line are thd€Ngth in the crystal under ambleznt pressure. The order pa-

curves of phases | and &nd of phases Il and IlI, respectively. The rameterA, defined as[(ZbL)2+CL]1/2/4rS_ 1 by Dusing

dashed line and the dot-dashed line are fghase I and bcc €t al,% is found to be 0.07 for I, 0.054 for Br, and 0.049 for

monatomic phases. Cl by LDA and to be 0.051 for I, 0.077 for Br, and 0.072 for
Cl by GGA. These values are all small in comparison with
the experimental value, 0.11. The GGA values Xfare

the value of 0.43 A at 200 GPa for LDA. Thus, the energylarger than those of LDA except for iodine, but still smaller

differences between the low-pressure and high-pressuttdan the experiments. The main difference comes from the

phases around the transition pressure become very small féact that the LDA and GGA molecular bond lengths are

GGA. For that reason, we adopt the technique of usindonger than the experimental results. Using the experimental

equivalentk-mesh in the Brillouin zone for two different bond length, a value of 0.12 is obtained for | and 0.10 and

phases. 0.09 for Br and CI by LDA.
Table 1ll shows the scaled parameters at the transition
pressures from phase | to phase Il for both LDA and GGA. D. Transitions from phase I to I’

The LDA critical values of the scaled volumes are 1.17, 1.14, _ . . . .
and 1.12 for I, Br, and CI, respectively, while the GGA ones ©0ing to high pressure while keeping the orthorhombic
are 1.15, 1.09, and 1.07. Taking 1.2 as the universal scaleymmetry as m.olecular Phase , the halogens finally ghange
volume at the dissociation point, the transition pressure caff & Structure with equal interatomic distandgs-d,=ds in

be obtained from the universal EG3) the b,c plane (phase 1). The ftransition parameters are
shown in Table IV. From the table, one can see that the
Pc~2.3’\_/g'3—4.4. (3) transition pressures calculated by LDA and GGA are differ-

ent. Except for iodine, the GGA transition pressures are

Using the GGA scaled volume, the above formula gives &smaller than the LDA ones, indicating that GGA favors the
transition pressures of 23 GPa for iodine, 89 GPa for broin-plane equal distance phaserhore than LDA does. Both
mine, and 183 GPa for chlorine. If the experimental scaled’ and Il phases can be viewed as a deformed structure of the
volumes of 2.03, 2.78, and 3.50 are used, the transition presigher symmetric phase lll. In phase Ib, =2c, = \2ay
sures become 19 GPa, 63 GPa, and 139 GPa, respectively.,2b,, . Phase Il can be obtained by making a deformation
Another experimentally available example of the molecularalongay direction and phase lalongb, direction. Starting
dissociation is the iodine bromir{éBr). At low pressures, it from the molecular phase, under compression, the system
has the same structure {¥ as halogen elements. Its scaled gradually changes toward phasewhich has equal inter-
volume at zero pressure is 2.4 and the dissociation pressuadomic distances, but before that it jumps to the monatomic
is 40 GPa, which fits Eq.3) very well. phase Il

Furthermore at the dissociation point, the following rela- At the critical point of transition | to’l, the LDA scaled
tions are found for all three elements, :b, :c :r¢  volumes are 1.08, 0.95, and 0.94 for I, Br and Cl. The cor-
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TABLE IV. The LDA and GGA scaled parameters at the transi- 12
tion pressures from phase | to phasefdr iodine, bromine, and TN T L ... JPEE FEE N

chlorine. For the definitions of the parameters, see the caption ol 10 fs,.-" IS EEE LR S P
Tablettt. .. Er

r(A) P(GP)) Vv a ¢ b A

LDA
lodine 2.80 20 1.08 181 3.09 1.55 0.09
Bromine 2.37 120 095 191 314 127 0.01
Chlorine  2.06 250 094 188 279 142 0.01
GGA ‘
lodine 2.84 30 1.02 186 3.06 1.25 0.06
Bromine  2.35 80 1.09 188 3.06 152 0.08 i Z v s X r
Chlorine  2.03 150 1.17 181 3.05 1.24 0.10 (
a)

e v

Energy (eV)

responding interatomic distances are 3.06 A, 2.39 A, and
2.03 A, respectively. Notice that the bond lengthat 0 GPa

for I, Br, and Cl molecular crystals at ambient pressure are .3 SN S RS SR
calculated to be 2.80 A , 2.37 A, and 2.06 A , which indi- ., |- ;° S T 05 St Mgl
cates that the scaled interatomic distances at this point ar SO b4 ¥ S H ;:+1 EF
close to 1 for all three halogens. It is observed for all three NE :
halogens that at the transition point from | tq there is a
sudden increase of the nearest-neighbor distance. A similag s etz
conclusion can be found for GGA results. The bond length, B 00 R SEEE ]
the nearest-neighboring distance, reflects the covalency o o |23 =" " [7If..7 -1t 1
the diatomic molecule. Being compressed, the covalence o [ g |#7 o SamE o ]
the molecules is reduced because of the stronger interactior IR A ]
and the overlaps between the neighboring molecules. At the  ° ¢ 2 = s X 5
transition point, the covalency is completely lost as well the

molecular feature and the nearest-neighbor distances increa: (b)

suddenly and become larger than the molecular bond length
under ambient pressure. FIG. 6. The LDA bands of bromine under the external pressure
of 0 [in (@)] and 60 GP4in (b)].

Energy(eV)
.
"

.

E. The band-gap closure and the metal-insulator transition derestimation of LDA. The dependences of th_e energy gap
on pressure are—6.0x10 2 eV/GPa for lodine, —1.5

The band structures of all three halogens under severa} 102 eV/GPa for Bromine and-0.8x10"2 eV/GPa for
different pressures are calculated and the LDA bands of brg '

chlorine. The value for iodine is very similar to the previous
mine under 0 GPa and under 60 GPa are shown in Fig. 6. y P
The bands of all three halogens show many common fea

tures. The gap is indirect along theZ direction and reduces

with increasing pressure. The gaps at TheY, and S sym- ol —a— lodine ]
metric points are also reduced by the effect of pressure. Ir T3 Sromine

the gap at theX point is enlarged by the external pressure. A

The changes of the gap between the valence and the cor& “°r

contrast, the gaps at ttf®andZ points hardly changed while 08 s 1
'\. |

duction bands versus pressure are shown in Fig. 7 for alﬁg 04|
c

three halogens. For convenience, a scaled presgure & ozl 's

=P/P. is used.P is the LDA molecular dissociation pres-

sure. The increase of the external pressure largely widens th 0.0 freersrmsnrienmsseescors s T g At
bands and narrows the gaps. A gap closure can be clearl C
seen at 10 GPa for iodine, at 50 GPa for bromine, and 15(C R 0.2 0.4 0.6 0.8 10
GPa for chlorine. These indicate that a metal-insulator tran- Scaled Pressure (P/P)

sition takes place before the molecular dissociation, which is

in good agreement with the experimental observations. Not FIG. 7. The fundamental band gap vs the pressure for iodine,
surprisingly, the gap closure pressures are all smaller than thgomine, and chlorine. For convenience, a scaled presatPg is
experimental ones, which is due to the well known gap un-used.
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5p electron tight-binding model. The LDA gap of solid io- LDA and GGA tend to give similar geometries under high
dine under 0 GPa is about 0.6 eV, which is half of the ex-pressure. As expected, the lattice constants reduce anisotrop-
perimental value of 1.3 eVRef. 33 and the tight-binding ically with increasing external pressure. The scaling rule is
value of 1.2 eV. The closure point of the gap for iodine wasproved to be valid in a large pressure range for all three
obtained to be more than 20 GPa by tight binding. In com-halogens and a general equation of states has been set up
parison with the covalent semiconductors, the gap deperwith averaged GGA bulk modulus and its pressure deriva-
dences on pressure for halogens are rather large. This is dtige.
to the losses of the covalency of the molecular bonds under By using the equivalerk mesh for the molecular and the
high pressure. atomic phases, both LDA and GGA predict a transition from
the molecular phase to a monatomic phase. The dissociation
IV. CONCLUSIONS pressures obtained by GGA are in good agreement with the
_ ~experimental values but the LDA ones are systematically
In conclusion, we have performed a full geometry optimi-gmajler. Another dissociation to a fco phasé)(ls also
zation for both the molecular and the atomic phases of thregyynd. but at a transition pressure higher than that of I-Il
halogens: iodine, bromine, and chlorine. The convergence ofansition. For both transitions, the values of the scaled vol-
the cutoff energy is carefully examined and an equivalent me |attice constants, and Eing parameter are quite uni-
mesh is used for the molecular phase and the atomic phasgarsal for all three halogens. Band closures are obtained for

For the molecular phase at lower pressure, LDA underestiy|| three halogen molecular crystals before the transition
mates all the intermolecular distances and gives a stronggint from phase I to Il.

binding between the halogen molecules. This strong binding

weakens the covalency of the bonding for the halogen mol- ACKNOWLEDGMENTS
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