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Ab initio study of anthracene under high pressure

Kerstin Hummer,* Peter Puschnig, and Claudia Ambrosch-Draxl
Institut für Theoretische Physik, Karl-Franzens Universita¨t Graz, Universita¨tsplatz 5, A-8010 Graz, Austria

~Received 5 June 2002; revised manuscript received 12 March 2003; published 7 May 2003!

The pressure effect on the internal molecular orientation, the electronic and optical properties of crystalline
anthracene is calculated up to 10.2 GPa by performing density-functional calculations. As the only input for
our ab initio calculations we use the lattice parameters experimentally determined by x-ray powder diffraction
under pressure and optimize the internal geometry with respect to the three anglesu, x, andd, which define
the orientation of the molecules inside the unit cell. For the optimized structures the isothermal bulk moduli,
the electronic band structures, and dielectric tensors as a function of the unit-cell volume are calculated. The
structure optimizations using the local-density approximation and the generalized gradient approximation
exchange-correlation potentials give very similar results and agree well with the internal geometry determined
from experiment. This gives rise to the conclusion that the application of such approximations for the descrip-
tion of organic molecular crystals within density-functional theory is valid. Moreover, the electron distribution
clearly shows a finite density between the molecules in the unit cell, which increases with pressure due to the
enhancement of the intermolecular interactions. These findings support the interpretation that the bonding
mechanism in anthracene is not solely van der Waals interaction.

DOI: 10.1103/PhysRevB.67.184105 PACS number~s!: 61.50.Ah, 71.15.Nc, 71.20.Rv, 78.40.Me
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I. INTRODUCTION

Since the discovery of electrical conductivity in dop
polyacetylene,1,2 organic polymers are of great scientific an
technological interest.3,4 Considerable attention has also be
paid to semiconducting materials consisting of small orga
molecules, such as oligophenylens, oligothiophenes, and
ear oligoacenes. Exhibiting photoconductivity a
electroluminescence5–8 these are promising materials for o
toelectronic devices. Up to now a large number of expe
mental investigations concerning the characteristics of
vices based on linear oligoacenes or oligothiophenes,
quantum or conversion efficiencies and the charge-ca
mobilities, have been performed.10,6,9 For the origin of the
latter, two possible approaches, thehopping modeland the
band modelhave been discussed in literature.11 Experimental
studies of the charge transport in single-crystal naphtha
as a function of temperature suggested that the trans
mechanism changes from coherent bandlike at low temp
ture to incoherent hopping type at high temperatures.12 In a
more recent work, high carrier mobilities have been fou
for anthracene9 making this material a good candidate f
applications.

The physical properties strongly depend on the crystal
structure of such materials, which in turn is governed by
intermolecular interactions in the solid state. Their relation
the electronic and optical properties is essential for dev
design and efficient applications. Once their role is clarifi
one will gain insight in the material-dependent elect
optical activity, but also a deeper understanding of
charge-transport properties. One possibility to alter the in
molecular interactions in a controlled way is to apply hyd
static pressure. By the reduction of the unit-cell volume
overlap of the molecular orbitals is enhanced giving rise
stronger intermolecular interaction. In this work, we stu
the pressure effect on the structural, electronic, and op
properties of anthracene as a representative for oligoac
by ab initio calculations based on density-functional theo
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~DFT!. The results should help to validate this procedure
such molecular crystals, which are generally believed to
van der Waals bound. In our calculations we use the loc
density approximation~LDA ! and the generalized gradien
apprioximation ~GGA! for the exchange-correlation~xc!
functionals, both of which do not include long-range van d
Waals ~vdW! interactions. Therefore the comparison of o
theoretical findings with experimental results should pro
the applicability of different xc functionals for calculatin
structural properties of organic molecular crystals. We op
mize the internal geometry of anthracene as a function
pressure and investigate the effect of the intermolecular
interchain interactions. For the optimized structures we
tain the bulk modulus as a function of volume, and furth
the pressure dependence of the electronic band structure
energy gap, and the dielectric tensor.

II. METHODS OF CALCULATION

A. Internal geometry optimization

At room temperature and ambient pressure anthrac
C14H10, crystallizes in the monoclinic space groupP21 /a,
which is characterized by the lattice paramete
a58.562Å, b56.038 Å, c511.184 Å, andb5124.7°.13 In
Fig. 1 two projections of the crystal structure are shown
illustrate two features, which are common for many orga
molecular crystals. One is theherringbonestacking of the
two inequivalent planar rodlike molecules~top left! and the
second is the layered structure in the crystallinec direction
~bottom left!. A single anthracene molecule consists
sp2-hybridized carbon atoms. Each carbon forms three co
lent s bonds, the fourth valence electron stays in a 2p orbital
perpendicular to the molecular plane generating
p-electron cloud. For this reason the intramolecular bon
are rather rigid and displacements of the carbon atoms re
in big atomic forces. In contrast, rotations of the rigid mo
ecule are accompanied by much smaller total ene
©2003 The American Physical Society05-1
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changes. Therefore the most effective procedure in theo
cally determining the internal geometry turned out to con
of two steps. At the beginning, we optimized the intern
molecular geometry by minimizing the forces acting on t
atoms to be below 1 mRy/a.u. Subsequently, we minimi
the total energy with respect to the orientation defined by
anglesu, x, and d ~see Fig. 1!. The herringbone angleu
quantifies the angle between the normal vectors of the
lecular planes of two translationally inequivalent molecul
The tilting angle of the long molecular axis with respect
the c* axis @perpendicular to the (ab) plane# is denoted by
x. The angle between the long molecular axes of two tra
lationally inequivalent molecules is labeledd. Thus the
variation of these angles corresponds to rotations of the r
molecules. We optimized the herringbone angleu at fixedx
andd first. Then we kept the optimizedu and successively
variedx andd. The internal geometry optimization was fin
ished with a final relaxation of the atomic positions such t
the atomic forces were less than 1 mRy/a.u.

B. Computational details

Starting from the experimentally determined lattice p
rameters as a function of pressure~see Table I! we performed
ab initio calculations using the full-potential linearized au
mented plane wave~FP-LAPW! formalism as implemented
in theWIEN97 code.14 In particular, the APW1lo ~local orbit-
als! extension16 to theWIEN97 package was used. Compare
to the conventional LAPW method, the APW1lo method

FIG. 1. The projections of the crystal structure on the (ab)
plane~top left! and the (ac) plane~bottom left! illustrate the her-
ringbone stacking and the layered structure, respectively. In a
tion, the three anglesu, x, andd, which served as the paramete
for the geometry optimization, are defined.
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permits us to decrease the plane-wave cutoffRMTKmax.
Thus the size of the Hamilton matrix, and therefore the co
putational effort, is considerably reduced. Exchange and
relation effects are treated by LDA~Ref. 17! and GGA.18

Throughout the paper LDA results are shown, whereas
GGA data are used for comparison to be analyzed in
discussion section.

The following input parameters have been kept const
throughout all calculations: In order to avoid atomic sphe
overlap at higher pressures we fixed the muffin tin radii
1.28 a.u. for carbon atoms~C! and to 0.75 a.u. for hydrogen
atoms~H!. A RMTKmax of 3.0 Ry for H ~i.e., 5.12 Ry for C!,
resulting in approximately 3000 plane waves, turned out
be sufficient for the accurate calculation of the atomic forc
and the total energy within the APW1lo method. In the case
of the internal structure optimization we used sixk points in
the irreducible Brillouin zone~IBZ! for the k-space integra-
tions by the improved tetrahedron method.19 The atomic
forces were converged better than 1 mRy/a.u. resulting
total energy convergence of 0.1 mRy. The band struct
calculations have been carried out following a path alongY,
G, K, Z, B, andA. The internal coordinates of these poin
are ~0.5,0,0!, ~0,0,0!, ~0.4,0,0.2!, ~0,0,0.5!, ~0,0.5,0!, and
~0.5,0.5,0! in units of (2p/a,2p/b,2p/c), respectively.
Note thatGY (GB) is parallel to the crystallinea axis (b
axis!, and GZ corresponds to thec direction, which is ap-
proximately the long molecular axis. The momentum mat
elements that provide the selection rules for the frequen
dependent complex dielectric tensor have been compute
a dense grid of 413 irreduciblek points in an energy window
from plus to minus 1.5 Ry with respect to the Fermi lev
The dielectric function has been calculated in the lon
wavelength limit within the random-phase approximation20

In order to account for the self-energy correction,
k-independent rigid upward shift of the conduction bands21,22

Dc of 1.9 eV has been included. A lifetime broadening of 0
eV was applied in order to obtain smooth optical spectra

III. RESULTS

A. Internal geometry

The results of the internal structure optimization are pl
ted in Fig. 2, where the calculated quantitiesu, x, andd as

i-

TABLE I. Monoclinic lattice parametersa,b,c,b, and the unit-
cell volumeV5a•b•c•sinb of anthracene as a function of pre
surep.

p @GPa# a @Å# b @Å# c @Å# b @deg# V @Å3#

0.0a 8.510 6.027 11.162 124.63 475.35
1.1b 8.117 5.850 10.886 125.29 421.94
2.5b 7.893 5.753 10.759 125.75 396.50
3.1b 7.828 5.724 10.724 125.87 389.32
4.0b 7.733 5.679 10.669 126.02 378.96
6.1b 7.572 5.601 10.592 126.48 361.23
8.0b 7.444 5.533 10.517 126.81 346.85
10.2b 7.347 5.483 10.470 127.07 336.55

aFrom Ref. 13.
bFrom Ref. 15.
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a function of pressure are compared to the experiment
determined values. In good agreement with experiment
three angles increase over the pressure region from 0 to
GPa. The increase ofu, i.e., aligning the translationally in
equivalent molecules, is the dominating effect. It is larges
the pressure range from 0 to 3 GPa, whereu raises by 12.6°
and then slightly drops off up to 10.2 GPa.d has a similar
trend, but exhibits changes smaller in magnitude~i.e., 15.7°
between 0 and 3 GPa!. In contrast,x increases by only 2.5°
up to a pressure of 10.2 GPa. It can be argued that the
havior of x and d is due to the reduction of the lattice pa
rameterc and the associated decrease of the layer dista
while the variation ofu is caused by the decrease of t
lattice parametera.15 The largest change ofa can be traced
back to the highest linear compressibility in thea direction.23

The argument that interchain interactions are responsible
the pressure effect ond was proven by total-energy calcula
tions for unit cells with elongatedc axes. Starting from the
crystal structure at ambient pressure we increasedc by 1 ~2!
Å and varied the angled between 6° and 18°. The stretchin
of thec-axis raises the HH-distance, i.e., the shortest dista
between end-hydrogen atoms of neighboring molecules
thec direction, from 2.4 to 3.4~4.4! Å, respectively. Up to an
HH distance of approximately 4 Å the interchain interaction
is important and a total-energy minimum is found f
d512°. For larger layer distances the energy changes
come smaller and no global energy minimum exists in
considered range.

Comparing the pressure effects on the shortest inter
lecular distances and on the bond lengths we confirm
expected result that the intramolecular interactions~covalent
s and p bonds inside the molecules! are less sensitive to
pressure than the intermolecular interactions. The decrea
CC-bond and CH-bond lengths turned out to be 1–15
between 0 and 10 GPa. In contrast, the shortest intermol
lar CH and HH distances reduce by several hundreds of m
i.e., 630 and 420 mÅ, respectively.

To analyze how sensitively the three internal structure
rametersu, x, andd depend on the approximation for the x
potential, the internal structure optimization up to 4 GPa

FIG. 2. FP-APW1lo results~full lines with filled symbols!: the
anglesu, x, andd are compared to the values refined from expe
ment ~dashed lines with open symbols! as a function of pressure.
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been carried out using LDA and GGA. The GGA resu
turned out to be very similar to the LDA findings. GGA als
yields an overall increase of the three angles as a functio
pressure and the trend obtained with LDA is fully repr
duced.

B. Isothermal bulk modulus

Birch24 derived an equation of state~EOS! for calculating
the isothermal bulk modulus from the total energyE as a
function of volumeV:

E~V!5E01
9

8
B0V0F S V0

V D 2/3

21G2

1
9

16
B0V0~B0824!

3F S V0

V D 2/3

21G3

2 (
n51

N

gnF S V0

V D 2/3

21Gn

, ~1!

whereB0 andV0 denote the isothermal bulk modulus and t
equilibrium volume at ambient pressure, respectively.B08 and
gn are the first- and higher-order derivatives ofB0. Starting
from LDA total energiesE versus unit-cell volumeV we
calculatedB0 and the first derivativeB08 using the Birch EOS
up to the power of 3. Applying the same fit to the expe
mental data set we calculated the experimental counterp
for comparison by making use of the relationp52]E/]V.
The volume dependence of the isothermal bulk modulu
then obtained from the fitted function. Figure 3 summariz
the results of this analysis. In the left panel the theoreti
and the experimental pressure data as a function of volu
are compared. The theoretical curve is shifted with respec
the experimental one, but the pressure dependence o
volume is reproduced. In the right panel of Fig. 3 the bu
modulus as a function of volume is depicted, which exhib
an analogous trend asp(V). B0 (B08) calculated at the true
equilibrium volumeVexp using the theoretical and exper
mental fit functions at ambient pressure are 0.98 GPa~9.66!
and 4.24 GPa~15.97!, respectively~inset of right panel in

-

FIG. 3. The pressure as a function of volume calculated by a
@Eq. ~1!# of the theoretical data set~full line! and the experimenta
data set~dashed line! is shown in the left panel. In the right pane
the isothermal bulk modulus versus volume for these two data
resulting from the fit function is plotted. In the inset we focus on t
region at the true equilibrium volume (Vexp5475.35 Å3). VLDA

marks the LDA equilibrium volume.
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HUMMER, PUSCHNIG, AND AMBROSCH-DRAXL PHYSICAL REVIEW B67, 184105 ~2003!
Fig. 3!. In contrast, the theoreticalB0 evaluated at the LDA
~GGA! equilibrium volumeV0

LDA (V0
GGA) is 12.61 ~15.98!

GPa. Using different types of EOS for fitting the experime
tal dataB0 values between 5.34 and 11.49 GPa have b
obtained.25,26All these discrepancies reflect the fact that su
organic materials are soft~related to small energy difference
upon modification! and make clear that different EOS as w
as the usage of different xc potentials can only reproduce
order of magnitude, but not an unambiguous value for
bulk modulus.

C. Band structure and DOS

The main features of the band structure of anthracene
anisotropic band dispersion and band splitting, which
three-dimensional~3D! effects and originate from the ove
lap of thep-wave functions of neighboring molecules. Bo
are a measure for the intermolecular interactions. Part
larly, band splitting is due to the two translationally inequiv
lent molecules per unit cell and causes theDavydov doublets
present in the excitation spectra of anthracene.27 Since it has
been found that the intermolecular distances are reduced
thus the intermolecular interactions are enhanced with
creasing pressure, we expect both, band splitting and b
dispersion to increase accompanied by a broadening of
density of states. These effects are apparent in the band s
ture and total density of states~DOS! presented in Fig. 4. As
a matter of symmetry the bands are degenerate atY, B, i.e.,
the zone boundaries of the IBZ in thea and b direction,
respectively, and alongBA. This finding is in agreemen
with earlier calculations performed by Katzet al.28 and by
Silbeyet al.29,30While upon pressure the symmetry and th
the degeneracy of the bands in this parts of the band struc
is not changed, the band splitting becomes large at the z
center, alongGZ, andKZ. However, the intermolecular in
teractions are anisotropically altered with pressure due to
nonuniform pressure dependence of the lattice paramete15

Therefore the increase in bandwidths and band splitting
strongly direction dependent. In the following we abbrevia
the valence~conduction! -band pair with VB ~CB! and a
subscript, which denotes the sequence of the single ba
within this pair downwards~upwards! in energy from the
Fermi level. Both, VB and CB exhibit maximum band spl
ting at theZ point, which is 0.30 and 0.49 eV, respective
The band splitting increases upon pressure, e.g., at 10.2
it is 0.6 ~1.36! eV for VB ~CB! at Z. This is true for the
whole band structure, except for VB atG, where VB1 and
VB2 are almost degenerate at 10.2 GPa.

Figure 5 shows the bandwidths of CB1, VB1, and VB2

evaluated in the directionsGY, GB, GZ, and GK for the
investigated pressure region. The increase of the bandwi
with pressure is largest alongGY for all bands. This is in
accordance with the pressure dependence of the lattice
rametera, which is affected most by pressure.15 The maxi-
mum gain in bandwidth for VB1 and CB1 with pressure is
0.28 and 0.46 eV, respectively. At ambient pressure the b
dispersion of CB1 is highest inGY, which is perpendicular
to the long molecular axis and parallel to the herringbo
stacking direction. Since the charge-carrier mobility is
18410
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versely dependent on the effective mass and thus pro
tional to the bandwidth, the electron carrier mobility
largest in the crystallinea axis. This remains unchanged u
to high pressures. In contrast to the electron conduction
ambient pressure, theory suggestsGB andGZ as the favored
channels for hole carriers. However, with increasing press
the gain in bandwidth of VB1 becomes more pronounce
along GZ and thus the hole conduction is supposed to
largest in direction of the long molecular axis from appro
mately 3 GPa on. Comprising these results we can conc
that the pressure effect on the bandwidths is opposite to
caused by raising temperature, which localizes the cha

FIG. 4. Band structureE(k) ~left! and DOS~right! of anthracene
at ambient pressure, 2.5, 4.0, 6.1, and 10.2 GPa, respectivel
each case the Fermi level is indicated by a dashed line.
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carriers in well confined bands with small bandwidths res
ing in large effective charge-carrier masses. In order to g
insight into the origin of the different band dispersion a
band splitting properties we calculate the electron densit
which are discussed in the following section.

D. Electron densities

The previously presented band structures revealed a
anisotropic pressure effect on the bands close to the F
level, e.g., on VB1 and VB2 alongGKZ. In this section, we
have a closer look at the spatial variation of the contributio
to the electron density calculated for CB1, VB1, and VB2 as
a sum over 40k points alongGKZ at different pressure val
ues. The results obtained for the (ab) plane at differentz
coordinates are plotted in Figs. 6 and 7 for ambient press
and 10.2 GPa, respectively. These density distributions
dence the enhancement of the intermolecular interact

FIG. 5. Bandwidths of CB1 , VB1, and VB2 evaluated in the
directionsGY, GB, GZ, andGK as a function of pressure.

FIG. 6. 2D-electron density plots of CB1 , VB1, and VB2 in the
(ab) plane calculated as sum over 40k points alongGKZ at am-
bient pressure for differentz coordinates in units ofc. The solid
lines indicate the molecules to illustrate the herringbone arran
ment. The dark regions correspond to high density and vice ve
18410
-
in

s,

ry
mi

s

re
i-

ns

with pressure. Thebonding states (CB1 and VB2) signifi-
cantly raise thep-electron density in the interstitial region
which is in contrast to theantibondingband VB1. While
they are rather similar at ambient pressure, VB1 exhibits
highly diminished electron density between neighbori
molecules at 10.2 GPa compared to itsbondingcounterpart
VB2 leading to its localized behavior. This explains the d
crease in dispersion of VB1 in contrast to the increase o
VB2 in this part of the band structure. Another interesti
feature is the electron distribution in the interstitial. We su
pose that the herringbone arrangement of the molecules
vors the maximum overlap of thep-wave functions. With
increasing pressure the molecules orient in such a way
this overlap can be sustained. Similar results have been
tained for biphenyl.31,32

E. Energy gap and optical properties

The previously described pressure effects reduce the b
gapEg of anthracene. At ambient pressure the LDA gap i
eV, which is underestimated compared to the true ene
gap. In order to be consistent with the experimental value
3.9 eV,23 we have taken into account a self-energy correct
Dc of 1.9 eV. As a consequence of the energy gap reduc
and increase of the bandwidths we obtain a redshift an
broadening of the optical absorption peaks, respectively
Fig. 8 they component~top panel! andz component~bottom
panel! of the imaginary part of the dielectric tensor as
function of pressure are presented. Apart from thex compo-
nent, there is also a small off-diagonalxz component presen
according to the monoclinic symmetry. Both are small co
pared to the main components and therefore not include
Fig. 8. We obtain a weaky-polarized transition at the band
gap edge and a strongz-polarized peak next in energy. Th
y-polarized (z-polarized! transition describes the optical ab
sorption with the electric field vector of the probing ligh

e-
a.

FIG. 7. 2D-electron density plots of CB1 , VB1, and VB2 in the
(ab) plane calculated as sum over 40k points along alongGKZ at
10.2 GPa for differentz coordinates in units ofc. The solid lines
indicate the molecules to illustrate the herringbone arrangem
The dark regions correspond to high density and vice versa.
5-5
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parallel to the short~long! molecular axis. Without the self
energy correction these transitions appear at 2 and 3.5 e
ambient pressure and are corrected to 3.9 and 5.4 eV w
includingDc . Assuming a pressure independent scissors
erator we can determine the average gap reduction and
shift of the lowest optical transition. In Fig. 9 we plot th
band gapEg and the peak position of the lowest optic
absorption as a function of pressure. According to the n
uniform pressure dependence of the structural proper
both the energy gap reduction and the redshift of
y-polarized optical absorption are more strongly pronoun
in the low-pressure range compared to the high-pressure

FIG. 8. Imaginary part of the dielectric tensor computed at s
eral pressure values up to 10.2 GPa separated iny-polarized~top
panel! andz-polarized components~bottom panel!. The spectra are
rigidly shifted by a Dc of 1.9 eV and a lifetime broadening o
0.1 eV has been included.

FIG. 9. The band gapEg ~diamonds! and the peak position o
the y-polarized lowest optical absorption~open dots! as a function
of pressure. A self-energyDc of 1.9 eV has been included.
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gion. When applying a linear fit to the lower and upper pre
sure range, respectively, the average decrease ofEg up to 3
GPa is20.1 eV/GPa and20.04 eV/GPa from 3 to 10.2
GPa. Analogously, the redshift of they-polarized
(z-polarized! absorption peak is 20.053 eV/GPa
(20.009 eV/GPa), whereas it is reduced to20.023 eV/
GPa (20.004 eV/GPa) for higher pressures. These d
agree well with early measurements of the near-ultravio
and visible absorption peaks of anthracene by Wiederh
and Drickamer,33 which confirm the redshift and the broad
ening as a function of pressure. They observe a linear
shift of approximately20.06 eV/GPa for the lowest absorp
tion peak, which is constant up to 5 GPa. In the high
pressure region the redshift is diminished and nonlinear.
though our theoretical findings reproduce the general exp
mental trend, additional polarized optical absorption spec
under well defined pressure conditions would be highly
preciated for a detailed quantitative comparison betw
theory and experiment.

IV. DISCUSSION AND CONCLUSIONS

In this study we faced one of the major problems of LD
the well-known overbinding effect,34 which is responsible
for the underestimation of the equilibrium volume and t
overestimation of the bulk modulus. In particular, it has be
argued that the strength of the hydrogen bond is seriou
overestimated in LDA,35 but the gradient corrected function
als ~GGA’s! successfully compensate for this effect.18,36,37

However, both types of functionals have shortcomings in
description of weak long-range interactions such as the v
force.35,36,38–40In Ref. 37 the equilibrium bond lengths, a
omization energies, and vibrational frequencies of a vari
of rare-gas dimers from DFT calculations utilizing three
functionals, the LDA-PW91,41 the GGA-PW91,42 and the
GGA-PBE18 are reported. This study allows to conclude th
GGA functionals significantly improve the LDA values
Moreover, they found that the GGA-PBE functional leads
bound dimers. In contrast, a similar study of a benzene di
and orthorhombic benzene using LDA and GG
functionals35 revealed that the GGA’s give a mechanica
unstable crystal. Therefore it could be argued that the w
known overbinding of the LDA potential compensates f
the missing vdW force and for that reason leads to reas
able results concerning the internal geometry. In analogy
benzene and the rare-gas dimers, it is commonly belie
that the vdW interaction is the main bonding force in orga
molecular crystals. Therefore we want to discuss wether
application of LDA and GGA for the description of anthra
cene is valid. LDA and GGA yield similar internal structur
parameters. This gives rise to the conclusion that the inte
geometry does not significantly depend on the xc poten
used. Since the theoretical results are reproduced by the
etveld refinement of experimental data~Fig. 2!, we further
conclude that LDA, as well as GGA, are able to correc
describe the internal structure of organic molecular cryst
Therefore the reliability of such methods within DFT fo
these investigations is confirmed. On the other hand, if
vdW forces were theglue between neighboring molecule
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and LDA compensated for this interaction, we would exp
that GGA does not give a stable crystal at all. For this rea
we analyzed the LDA and GGA total energies as a funct
of the unit-cell volume. LDA predicts the theoretical equili
rium volumeVLDA at 422 Å3, which is 11% smaller than the
experimental volume at ambient pressureVexp. In contrast, a
parabolic fit of the GGA total energies corresponding to
contracted structures suggests an equilibrium structure w
volume larger thanVexp, which needs to be verified. For th
purpose the lattice parameters and the three angles speci
the internal geometry have been extrapolated in order to
tain good starting geometries for the expanded structu
with unit-cell volumes increased by 4, 7, 14, and 24%,
spectively. The structure optimization has followed the sa
procedure as explained in Sec. II A. The so obtained o
mized internal geometry reasonably follows the trend of
extrapolation of the pressure data. From this procedure
can conclude that GGA is also able to yield a bound crys
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