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Ab initio study of anthracene under high pressure
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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 éngleand 5, 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.
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[. INTRODUCTION (DFT). The results should help to validate this procedure for

Since the discovery of electrical conductivity in doped such molecular crystals, which are generally believed to be
polyacetylené;? organic polymers are of great scientific and van der Waals bound. In our calculations we use the local-
technological interest? Considerable attention has also beendensity approximatiodLDA) and the generalized gradient
paid to semiconducting materials consisting of small organi@pprioximation (GGA) for the exchange-correlatiorixc)
molecules, such as oligophenylens, oligothiophenes, and lifunctionals, both of which do not include long-range van der
ear oligoacenes. Exhibiting photoconductivity —and Waals (vdW) interactions. Therefore the comparison of our
electroluminescence® these are promising materials for op- theoretical findings with experimental results should prove
toelectronic devices. Up to now a large number of experithe applicability of different xc functionals for calculating
mental investigations concerning the characteristics of destructural properties of organic molecular crystals. We opti-
vices based on linear oligoacenes or oligothiophenes, e.gnize the internal geometry of anthracene as a function of
quantum or conversion efficiencies and the charge-carrigPressure and investigate the effect of the intermolecular and
mobilities, have been performé®®® For the origin of the interchain interactions. For the optimized structures we ob-
latter, two possible approaches, thepping modelnd the tain the bulk modulus as a function of volume, and further,
band modehave been discussed in literatdtExperimental the pressure dependence of the electronic band structure, the
studies of the charge transport in single-crystal naphthalen@nergy gap, and the dielectric tensor.
as a function of temperature suggested that the transport
mechanism changes from coherent bandlike at low tempera- Il. METHODS OF CALCULATION
ture to incoherent hopping type at high temperattfds. a
more recent work, high carrier mobilities have been found
for anthracene making this material a good candidate for At room temperature and ambient pressure anthracene,
applications. Ci4H1o, crystallizes in the monoclinic space grot2,/a,

The physical properties strongly depend on the crystallingvhich is characterized by the lattice parameters
structure of such materials, which in turn is governed by thea=8.562A,b=6.038 A, c=11.184 A, ang8=124.7°In
intermolecular interactions in the solid state. Their relation toFig. 1 two projections of the crystal structure are shown to
the electronic and optical properties is essential for devicdlustrate two features, which are common for many organic
design and efficient applications. Once their role is clarifiedmolecular crystals. One is theerringbonestacking of the
one will gain insight in the material-dependent electro-two inequivalent planar rodlike moleculé®p left) and the
optical activity, but also a deeper understanding of thesecond is the layered structure in the crystallingirection
charge-transport properties. One possibility to alter the intertbottom lef). A single anthracene molecule consists of
molecular interactions in a controlled way is to apply hydro-sp?-hybridized carbon atoms. Each carbon forms three cova-
static pressure. By the reduction of the unit-cell volume thdent o bonds, the fourth valence electron stays inpadebital
overlap of the molecular orbitals is enhanced giving rise tgoerpendicular to the molecular plane generating the
stronger intermolecular interaction. In this work, we studyw-electron cloud. For this reason the intramolecular bonds
the pressure effect on the structural, electronic, and opticare rather rigid and displacements of the carbon atoms result
properties of anthracene as a representative for oligoacenés big atomic forces. In contrast, rotations of the rigid mol-
by ab initio calculations based on density-functional theoryecule are accompanied by much smaller total energy

A. Internal geometry optimization
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TABLE I. Monoclinic lattice parametera,b,c,3, and the unit-
cell volumeV=a-b-c-sing of anthracene as a function of pres-
surep.

p[GP4 alAl b[A] c[A] pBlded VI[A?

0.0° 8510 6.027 11.162 12463  475.35
1.1° 8.117 5.850 10.886 12529  421.94
2.8 7.893 5753 10.759 12575  396.50
3.1 7.828 5724 10724 12587  389.32
4.0 7.733 5679 10669  126.02  378.96
6.1 7572 5601 10592  126.48  361.23
8.0 7.444 5533 10517  126.81  346.85
10.2 7.347 5483 10470  127.07  336.55
8 rom Ref. 13.

bFrom Ref. 15.

permits us to decrease the plane-wave cufffiK,ax-
Thus the size of the Hamilton matrix, and therefore the com-
putational effort, is considerably reduced. Exchange and cor-
relation effects are treated by LDRef. 17 and GGA®
Throughout the paper LDA results are shown, whereas the
GGA data are used for comparison to be analyzed in the
discussion section.

The following input parameters have been kept constant
plane(top leff) and the &c) plane(bottom lefy illustrate the her- throughout 6.‘" calculations: In ord_er to avoid a.tom.lc sph_ere
ringbone stacking and the layered structure, respectively. In addl(_)verlap at higher pressures we fixed the muffin tin radii to
tion, the three angles, x, and 8, which served as the parameters 1.28 a.u. for carbon atom€) and to 0',75 a.u. for hydrogen
for the geometry optimization, are defined. atoms_(H)._ A RMTKmaX of 3.0 Ry for H(i.e,, 5.12 Ry for G,

resulting in approximately 3000 plane waves, turned out to
) ) be sufficient for the accurate calculation of the atomic forces
changes. Therefore the most effective procedure in theoretyng the total energy within the AP¥Io method. In the case
cally determining the internal geometry turned out to consispf the internal structure optimization we used kigoints in
of two steps. At the beginning, we optimized the internalthe irreducible Brillouin zondIBZ) for the k-space integra-
molecular geometry by minimizing the forces acting on thetions by the improved tetrahedron methddThe atomic
atoms to be below 1 mRy/a.u. Subsequently, we minimizedorces were converged better than 1 mRy/a.u. resulting in a
the total energy with respect to the orientation defined by theotal energy convergence of 0.1 mRy. The band structure
anglesd, x, and é (see Fig. 1 The herringbone anglé  calculations have been carried out following a path al¥ng
quantifies the angle between the normal vectors of the moF, K, Z, B, andA. The internal coordinates of these points
lecular planes of two translationally inequivalent moleculesare (0.5,0,0, (0,0,0, (0.4,0,0.2, (0,0,0.5, (0,0.5,0, and
The tilting angle of the long molecular axis with respect t0(0.5,0.5,0 in units of (2w/a,2w/b,2x/c), respectively.
the c* axis [perpendicular to theab) plang is denoted by Note thatTY (T'B) is parallel to the crystallin@ axis (b
X..The an_gle be:\tween the long mo_lecular axes of two transaxis% andT'Z corresponds to the direction, which is ap-
lationally inequivalent molecules is labeledl Thus the — ,roximately the long molecular axis. The momentum matrix
variation of these a_mgles correspo_nds to rotations _of the rigidiements that provide the selection rules for the frequency-
molecules. We optimized the herringbone anglat fixedx  gependent complex dielectric tensor have been computed on
and § first. Then we kept the optimized and successively 5 dense grid of 413 irreduciblepoints in an energy window
variedy and . The internal geometry optimization was fin- fom plus to minus 1.5 Ry with respect to the Fermi level.
ished with a final relaxation of the atomic positions such thatrne dielectric function has been calculated in the long-
the atomic forces were less than 1 mRy/a.u. wavelength limit within the random-phase approximafidn.
In order to account for the self-energy correction, a
k-independent rigid upward shift of the conduction b&hd$
A, of 1.9 eV has been included. A lifetime broadening of 0.1

Starting from the experimentally determined lattice pa-ev was applied in order to obtain smooth optical spectra.
rameters as a function of pressisee Table)lwe performed

ab initio calculations using the full-potential linearized aug- . RESULTS
mented plane wavé~P-LAPW) formalism as implemented
in the wiEN97 code* In particular, the APW-lo (local orbit-
als) extensiof® to the WiIEN97 package was used. Compared  The results of the internal structure optimization are plot-
to the conventional LAPW method, the APMb method ted in Fig. 2, where the calculated quantitigsy, and S as

FIG. 1. The projections of the crystal structure on treeb)(

B. Computational details

A. Internal geometry
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FIG. 3. The pressure as a function of volume calculated by a fit
FIG. 2. FP-APWrlo results(full lines with filled symbolg: the  [Eq. (1)] of the theoretical data séfull line) and the experimental
anglesd, x, and s are compared to the values refined from experi- data setdashed lingis shown in the left panel. In the right panel
ment(dashed lines with open symbplas a function of pressure.  the isothermal bulk modulus versus volume for these two data sets
resulting from the fit function is plotted. In the inset we focus on the

a function of pressure are compared to the experimentallyegiﬁn ";‘]t the true ?l%“,i”b””m volumeV{,,;=475.35 K). Vipa
determined values. In good agreement with experiment aff'a’s the LDA equilibrium volume.

three angles increase over the pressure region from 0 to 10b2een carried out using LDA and GGA. The GGA results

GP"’." The increase Oq’. €., allgm_ng _the translatlc_mally '"" turned out to be very similar to the LDA findings. GGA also
equivalent molecules, is the dominating effect. It is largest in | i f the th I ; :
the pressure range from 0 to 3 GPa, whenaises by 12.6° yields an overall increase of the three angles as a function of

and then slightly drops off up to 10.2 GPa.has a similar pressure and the trend obtained with LDA is fully repro-

trend, but exhibits changes smaller in magnittide, +5.7° duced.
between 0 and 3 GRaln contrast,y increases by only 2.5°

up to a pressure of 10.2 GPa. It can be argued that the be-
havior of y and § is due to the reduction of the lattice pa-  Birch“" derived an equation of statEOS for calculating
rameterc and the associated decrease of the layer distanc#he isothermal bulk modulus from the total energyas a
while the variation of¢ is caused by the decrease of the function of volumeV:

lattice parametea.’® The largest change af can be traced
back to the highest linear compressibility in theirection?

B. Isothermal bulk modulus
h24

2 9
+ 1_650V0(Bé_ 4)

9 VO 2/3

The argument that interchain interactions are responsible for 8 \Y,

the pressure effect ofi was proven by total-energy calcula- N

. . . . \V/ 2/3 3 \V/ 2/3 n

tions for unit cells with elongated axes. Starting from the S IRLIETY Yol" 4 &
crystal structure at ambient pressure we increasey 1 (2) Vv “ v ’

A and varied the anglé between 6° and 18°. The stretching ]
of the c-axis raises the HH-distance, i.e., the shortest distanc@hereB, andV, denote the isothermal bulk modulus and the
between end-hydrogen atoms of neighboring molecules igquilibrium volume at ambient pressure, respectivéfyand
thec direction, from 2.4 to 3.44.4) A, respectively. Up to an ¥, are the first- and higher-order derivativesRy. Starting
HH distance of approximatgl4 A the interchain interaction from LDA total energiesE versus unit-cell volume/ we
is important and a total-energy minimum is found for calculatedB, and the first derivativ® using the Birch EOS
8=12°. For larger layer distances the energy changes besp to the power of 3. Applying the same fit to the experi-
come smaller and no global energy minimum exists in thenental data set we calculated the experimental counterparts
considered range. for comparison by making use of the relatipsr — JE/ V.

Comparing the pressure effects on the shortest intermoFhe volume dependence of the isothermal bulk modulus is
lecular distances and on the bond lengths we confirm théhen obtained from the fitted function. Figure 3 summarizes
expected result that the intramolecular interacti@mralent  the results of this analysis. In the left panel the theoretical
o and 7 bonds inside the moleculesire less sensitive to and the experimental pressure data as a function of volume
pressure than the intermolecular interactions. The decrease &tie compared. The theoretical curve is shifted with respect to
CC-bond and CH-bond lengths turned out to be 1-15 mAhe experimental one, but the pressure dependence of the
between 0 and 10 GPa. In contrast, the shortest intermolecyolume is reproduced. In the right panel of Fig. 3 the bulk
lar CH and HH distances reduce by several hundreds of mAmnodulus as a function of volume is depicted, which exhibits
i.e., 630 and 420 mA, respectively. an analogous trend gxV). By (Bg) calculated at the true

To analyze how sensitively the three internal structure paequilibrium volumeV,,, using the theoretical and experi-
rametersd, y, andd depend on the approximation for the xc mental fit functions at ambient pressure are 0.98 G@PGH
potential, the internal structure optimization up to 4 GPa hasand 4.24 GP415.97, respectively(inset of right panel in
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Fig. 3). In contrast, the theoretic8l, evaluated at the LDA 4 3 [ g

(GGA) equilibrium volumeV§PA (V§©4) is 12.61(15.98 3 . L .
GPa. Using different types of EOS for fitting the experimen- % 2 . L— ]
tal dataB, values between 5.34 and 11.49 GPa have been = 1 1r 0.0 GPa -]
obtained?®>2°All these discrepancies reflect the fact that such g ofed= | fommme ———]
organic materials are sdftelated to small energy differences S 1c 5

—
upon modificationand make clear that different EOS as well .2E él = [ -
as the usage of different xc potentials can only reproduce the - -
order of magnitude, but not an unambiguous value for the

3
4

bulk modulus. S ] ]
K15 — B ]
1 -
0

[
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/
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C. Band structure and DOS 2, ]
_ = 1P 1t 25GPa -
The main features of the band structure of anthracene are E, e e l e —

anisotropic band dispersion and band splitting, which are 1 : .
three-dimensional3D) effects and originate from the over- 2 ;;‘ = E 5
lap of them-wave functions of neighboring molecules. Both -
are a measure for the intermolecular interactions. Particu- j
larly, band splitting is due to the two translationally inequiva-
lent molecules per unit cell and causes Bevydov doublets
present in the excitation spectra of anthrac&r@ince it has
been found that the intermolecular distances are reduced and :
thus the intermolecular interactions are enhanced with in- 1]
creasing pressure, we expect both, band splitting and band 2 | = i .
dispersion to increase accompanied by a broadening of the 3 Q& L L
density of states. These effects are apparent in the band struc- r L
ture and total density of stat¢é®OS) presented in Fig. 4. As i
1
0

Energy [eV]

.
=
I
1

a matter of symmetry the bands are degenerai¢ Bt i.e.,
the zone boundaries of the IBZ in treeand b direction,
respectively, and alon@A. This finding is in agreement
with earlier calculations performed by Kaet al?® and by
Silbey et al2>2°While upon pressure the symmetry and thus 2 =
the degeneracy of the bands in this parts of the band structure 3k
is not changed, the band splitting becomes large at the zone

3

4 N N | 1 I LI
center, alond’Z, andKZ. However, the intermolecular in- 3% Za f. ]

RN _

Energy [eV]

teractions are anisotropically altered with pressure due to the E N |
nonuniform pressure dependence of the lattice parameters. u 1r i 10.2 GPa
Therefore the increase in bandwidths and band splitting is 3 OK}ES;_ - -]
strongly direction dependent. In the following we abbreviate = -1 ] - .
the valence(conduction -band pair with VB (CB) and a -2 N - .
i i 1 . L 1

sqbs_crlpt_, Whl_ch denotes the sequence of the single bands N T KZL B A0 10 20 30 20
within this pair downwardgupwards$ in energy from the DOS/[eV]

Fermi level. Both, VB and CB exhibit maximum band split-
ting at theZ point, which is 0.30 and 0.49 eV, respectively.  FIG. 4. Band structur&(k) (left) and DOS(right) of anthracene
The band splitting increases upon pressure, e.g., at 10.2 GRhambient pressure, 2.5, 4.0, 6.1, and 10.2 GPa, respectively. In
it is 0.6 (1.36 eV for VB (CB) at Z. This is true for the each case the Fermi level is indicated by a dashed line.
whole band structure, except for VB Bt where VB and
VB, are almost degenerate at 10.2 GPa. versely dependent on the effective mass and thus propor-
Figure 5 shows the bandwidths of €BVB,;, and VB,  tional to the bandwidth, the electron carrier mobility is
evaluated in the directionBY, I'B, I'Z, andI'K for the largest in the crystallina axis. This remains unchanged up
investigated pressure region. The increase of the bandwidthie high pressures. In contrast to the electron conduction at
with pressure is largest alongY for all bands. This is in  ambient pressure, theory suggeS& andI'Z as the favored
accordance with the pressure dependence of the lattice pahannels for hole carriers. However, with increasing pressure
rametera, which is affected most by pressureThe maxi- the gain in bandwidth of VB becomes more pronounced
mum gain in bandwidth for VB and CB with pressure is alongI'Z and thus the hole conduction is supposed to be
0.28 and 0.46 eV, respectively. At ambient pressure the banirgest in direction of the long molecular axis from approxi-
dispersion of CB is highest in'Y, which is perpendicular mately 3 GPa on. Comprising these results we can conclude
to the long molecular axis and parallel to the herringbonethat the pressure effect on the bandwidths is opposite to that
stacking direction. Since the charge-carrier mobility is in-caused by raising temperature, which localizes the charge
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FIG. 5. Bandwidths of CB, VB;, and VB, evaluated in the L S LAY 9

directionsI'Y, I'B, I'Z, andI'K as a function of pressure.
FIG. 7. 2D-electron density plots of GBVB,, and VB, in the
carriers in well confined bands with small bandwidths result{ab) plane calculated as sum over K@oints along alond'KZ at
ing in large effective charge-carrier masses. In order to gaino.2 GPa for different coordinates in units of. The solid lines
insight into the origin of the different band dispersion andindicate the molecules to illustrate the herringbone arrangement.
band splitting properties we calculate the electron densitiesthe dark regions correspond to high density and vice versa.
which are discussed in the following section.
with pressure. Thédonding states (CB and VB,) signifi-
D. Electron densities cantly raise ther-electron density in the interstitial region,
which is in contrast to theantibondingband VB,. While
The previously presented band structures revealed a Vefjey are rather similar at ambient pressure,; hibits

anisotropic pressure effect on the bands close to the Ferrp,llgmy diminished electron density between neighboring
level, e.g., on VB and VB, alongT'KZ. In this section, we molecules at 10.2 GPa compared tobtndingcounterpart
have a closer look at the spatial variation of the contributions/B,, leading to its localized behavior. This explains the de-
to the electron density calculated for €BVB1, and VB, as  crease in dispersion of \{Bin contrast to the increase of
a sum over 4k points alongl’KZ at different pressure val- VB, in this part of the band structure. Another interesting
ues. The results obtained for thall) plane at differentz  feature is the electron distribution in the interstitial. We sup-
coordinates are plotted in Figs. 6 and 7 for ambient pressurgose that the herringbone arrangement of the molecules fa-
and 10.2 GPa, respectively. These density distributions evivors the maximum overlap of the-wave functions. With
dence the enhancement of the intermolecular interactionidicreasing pressure the molecules orient in such a way that
this overlap can be sustained. Similar results have been ob-

CB1 VB, tained for biphenyf2

FEEIETE
z“z‘

E. Energy gap and optical properties

.
,Z‘ 2‘ ! 7‘ Z‘ The previously described pressure effects reduce the band
S i1Fr e . - gapE, of anthracene. At ambient pressure the LDA gap is 2
) ) eV, which is underestimated compared to the true energy
7‘ gap. In order to be consistent with the experimental value of
3.9 eV?® we have taken into account a self-energy correction

& & e \tQ K \w .
;‘ f r 2‘ /7‘ 7‘ /‘ A, of 1.9 eV. As a consequence of the energy gap reduction
: * and increase of the bandwidths we obtain a redshift and a
./ ./ : ’/ - / broadening of the optical absorption peaks, respectively. In
‘\ o . .\,. ” pane) of the imaginary part of the dielectric tensor as a
“/ ‘/ q/ ./ q/ . / : function of pressure are presented. Apart fromxttempo-
-~ L o il ® % ®  qent there is also a small off-diagona component present
according to the monoclinic symmetry. Both are small com-
FIG. 6. 2D-electron density plots of GBVB,, and VB, in the ~ pared to the main components and therefore not included in
(ab) p|ane calculated as sum over n(points a|0ngm at am- F|g 8 We Obtain a Wealj—polal’ized tl’ansition at the band'
bient pressure for differerz coordinates in units ot. The solid ~ gap edge and a strorgpolarized peak next in energy. The

lines indicate the molecules to illustrate the herringbone arrangey-polarized ¢-polarized transition describes the optical ab-
ment. The dark regions correspond to high density and vice versasorption with the electric field vector of the probing light

Fig. 8 they componenttop panel andz componentbottom

-
N

1l
e
S
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8 gion. When applying a linear fit to the lower and upper pres-
7k sure range, respectively, the average decreasg aip to 3
6k GPa is—0.1 eV/GPa and-0.04 eV/GPa from 3 to 10.2
- GPa. Analogously, the redshift of they-polarized
o ST (z-polarized absorption peak is —0.053 eV/GPa
£ 4r (—0.009 eVIGPa), whereas it is reduced 00.023 eV/
=3 GPa (—0.004 eV/GPa) for higher pressures. These data
2k agree well with early measurements of the near-ultraviolet
1k and visible absorption peaks of anthracene by Wiederhorn
B e —=— and DrickameP? which confirm the redshift and the broad-
‘},'0 35 40 45 50 55 60 65 ening as a function of pressure. They observe a linear red-
45 e shift of approximately—0.06 eV/GPa for the lowest absorp-
a0k : ] tion peak, which is constant up to 5 GPa. In the higher
35k ] pressure region the redshift is diminished and nonlinear. Al-
30k ] though our theoretical findings reproduce the general experi-
Sask h mental trend, gdditional polarized_o_ptical absorption spectra
£ 20k ] under well defined pressure conditions would be highly ap-
15F 1 preciated for a detailed quantitative comparison between
1ok ; theory and experiment.
5t ) .. ]
g' - el P TN ~ IV. DISCUSSION AND CONCLUSIONS
O 35 40 45 50 55 60 6.5

Energy [eV] In this study we faced one of the major problems of LDA,
the well-known overbinding effecf, which is responsible
FIG. 8. Imaginary part of the dielectric tensor c_omputed at seVfor the underestimation of the equilibrium volume and the
eral pressure values up to 10.2 GPa separatedpolarized(top  oyerestimation of the bulk modulus. In particular, it has been
pane) andz-polarized componentotiom panél The spectra are 514,04 that the strength of the hydrogen bond is seriously
rigidly shifted by aA of 1.9 eV and a lifetime broadening of ,\arestimated in LDA® but the gradient corrected function-
0.1 8V has been included. als (GGAs) successfully compensate for this effé&g®3’
However, both types of functionals have shortcomings in the
parallel to the shortlong) molecular axis. Without the self- gescription of weak long-range interactions such as the vdw
energy correction these transitions appear at 2 and 3.5 eV @fce353638-40| Ref. 37 the equilibrium bond lengths, at-
ambient pressure and are corrected to 3.9 and 5.4 eV whejiization energies, and vibrational frequencies of a variety
including A . Assuming a pressure independent scissors opof rare-gas dimers from DFT calculations utilizing three xc
erator we can determine the average gap reduction and reflinctionals, the LDA-PW91! the GGA-PW91*2 and the
shift of the lowest optical transition. In Fig. 9 we plot the GGA-PBE'® are reported. This study allows to conclude that
band gapEgy and the peak position of the lowest optical GGA functionals significantly improve the LDA values.
absorption as a function of pressure. According to the nonpmoreover, they found that the GGA-PBE functional leads to
uniform pressure dependence of the structural propertiegound dimers. In contrast, a similar study of a benzene dimer
both the energy gap reduction and the redshift of theand orthorhombic benzene using LDA and GGA
y-polarized optical absorption are more strongly pronouncegynctionals® revealed that the GGAs give a mechanically
in the low-pressure range compared to the high-pressure remstable crystal. Therefore it could be argued that the well-
known overbinding of the LDA potential compensates for

S o e LU B e B B the missing vdW force and for that reason leads to reason-
300+ o o cneray £ap ] able results concerning the internal geometry. In analogy to
2al o © P benzene and the rare-gas dimers, it is commonly believed
L . ° ] that the vdW interaction is the main bonding force in organic
=37 ° J molecular crystals. Therefore we want to discuss wether the
§3,6- . - application of LDA and GGA for the description of anthra-
R sl . ] cene is valid. LDA and GGA yield similar internal structure
1 . ] parameters. This gives rise to the conclusion that the internal
34r . ] geometry does not significantly depend on the xc potential
33k N used. Since the theoretical results are reproduced by the Ri-
Ry I A S A R S R RV R etveld refinement of experimental dafeig. 2), we further
01 2 3P 4 5 6 7 8 9 10 conclude that LDA, as well as GGA, are able to correctly
ressure [GPa]

describe the internal structure of organic molecular crystals.
FIG. 9. The band gafg, (diamond$ and the peak position of Therefore the reliability of such methods within DFT for
the y-polarized lowest optical absorptiqgopen doty as a function  these investigations is confirmed. On the other hand, if the
of pressure. A self-energ, of 1.9 eV has been included. vdW forces were thalue between neighboring molecules
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and LDA compensated for this interaction, we would expectout with an equilibrium volume 16% larger than the experi-
that GGA does not give a stable crystal at all. For this reasomental one. However, since the values corresponding to the
we analyzed the LDA and GGA total energies as a functiorexpanded volumes rely on the assumption that such an ex-
of the unit-cell volume. LDA predicts the theoretical equilib- trapolation is valid and also slightly deviate from a parabolic
rium volumeV, pa at 422 &, which is 11% smaller than the fit, they are not completely convincing. For this reason we
experimental volume at ambient pressuMg,,. In contrast, a  analyzed the electron density calculated with GGA. The re-
parabolic fit of the GGA total energies corresponding to thesults reproduce the LDA findings, i.e., significant density
contracted structures suggests an equilibrium structure with @ontributions between the molecules. These findings give
volume larger thaiV,,,,, which needs to be verified. For this strong evidence that the vdW interaction is not solely the
purpose the lattice parameters and the three angles specifyingiving force for the bonding mechanism in anthracene.

the internal geometry have been extrapolated in order to ob-
tain good starting geometries for the expanded structures
with unit-cell volumes increased by 4, 7, 14, and 24%, re-
spectively. The structure optimization has followed the same This work was supported by the Austrian Science Fund
procedure as explained in Sec. Il A. The so obtained opti{projects 14237-PHY and 14004-PH¥nd by the EU re-
mized internal geometry reasonably follows the trend of thesearch and training networEXCITING contract number
extrapolation of the pressure data. From this procedure ondPRN-CT-2002-00317. P.P. acknowledges a grant from the
can conclude that GGA is also able to yield a bound crystalAustrian Academy of Sciences.
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