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Electronic, optical, and structural properties of oligophenylene molecular crystals under high
pressure: An ab initio investigation
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The goal of thisab initio study is to investigate the role of intermolecular interactions in molecular semi-
conductors. We discuss thmessuredependent electronic, optical, and structural properties of biphenyl and
para-terphenyl molecular crystals. These materials can be viewed as prototypes for conjugated molecular
crystals. We optimize all internal structural parameters, including bond lengths and the molecular orientation,
as a function of pressure, where the lattice parameters are taken from experiment. We compare the computed
bulk modulus to available experimental data. The electronic band structures are calculated for the optimized
structures and are debated as a function of pressure. We find evidence that one has to dismiss the picture of
purevan der Waals crystals, which has been discussed in the literature forpaliggehenylenes as well as for
other fundamental types of molecular crystals, such as oligothiophenes or polyacenes. Furthermore, we observe
a redshift and a broadening of the optical transitions under pressure. Analysis shows that these effects are of
purely intermolecular origin while changes in the internal molecular geometry are of less importance in the
high-pressure regime up to 5 GPa.
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[. INTRODUCTION Applying external pressure in these materials is a very
defined way to vary théntermoleculardistances. Since the

Ordered films of organic conjugated polymers or oligo-role played by intermolecular interactions is one of the key
mers are not only relevant for novel optoelectronic devicesubjects of this paper, the study of the pressure dependence
but also interesting for fundamental resealchin these sys-  of relevant properties will illuminate the issue of 1D versus
tems composed of quasi-one-dimensiof@asi-1D poly- 3D character in these molecular crystals. In particular, we are
mer chains or molecules, which are arranged in a 3D crysinterested in the electronic band structures and the optical
talline environment, the effects of electronic confinement andibsorption versus pressure. From the band splittings and dis-
the role of correlations can be studied. The vast majority ofersions due to intermolecular wave function overlap we can
qguantum chemical as well as solid-state theoretical studiesleduce transport properties, while absorption spectra versus
on the other hand, do not take into account the effects opressure illustrate the effect of intermolecular interaction on
crystallinity and focus orisolated polymers or molecules the optical properties. As a prerequisite for these investiga-
since the main optoelectronic characteristics arise from théons we determine the structural changes including molecu-
mobile 7 electrons delocalized along the polymer lar arrangement as well as bond lengths and angles as a func-
backbong ! tion of pressure.

In practice, polymer films consist of a distribution of dif-  The paper is organized as follows. The next section gives
ferent chain lengths rather than of one defined length; theran outline of the theoretical method that has been used. In
is always a certain degree of misalignment of polymerSec. lll we describe the structural properties of 2P and 3P
chains, and there are chemical defects present, which magcluding the bulk modulus. Section IV discusses the elec-
obstruct a straightforward interpretation of experimental retronic band structures of 2P and 3P, particularly their changes
sults. Shorter conjugated molecul@tigomers, on the con- upon pressure, while Sec. V comprises optical absorption
trary, can be synthesized with a controlled number of repeaspectra versus pressure. Finally, we discuss our results in
units and they crystallize in a very defined way. Therefore Sec. VI.
we have chosen to investigate molecular crystals of conju-
gated molecules; more precisely, we focus on oligoa-
phenylenes 1fP) since these materials have been demon-
strated to be suitable for a number of optoelectronic All calculations presented in this work are based on den-
applications. While bipheny2P) can be seen as the simplest sity functional theoryDFT). We use the full-potential linear-
model system for this series of materiafsara-terphenyl ized augmented plane-wau@€APW) method which is an
(3P) and para-quaterphenyl(4P) are used as UV laser all-electron method suitable for systems with periodic
dyes'?®® in scintillation counters? and as wavelength boundary conditions. It has proved to be a highly accurate
shifters'® whereas the longepara-hexaphenyk6P) is used scheme forab initio calculations within the framework of
as active layer in thin-film organic light-emitting-diodes DFT. In order to reduce the number of required basis func-
(LED’s) showing polarized blue emissidr. tions, we have utilized the novel APWIo basis séf of the

Il. THEORETICAL METHOD

0163-1829/2003/623)/2353217)/$20.00 67 235321-1 ©2003 The American Physical Society



PETER PUSCHNIGet al. PHYSICAL REVIEW B 67, 235321 (2003

WIEN97 code!’ The following parameters have been chosen
for the self-consistency cycles for all 2P and 3P computa-
tions. The muffin-tin radii of C and H, respectively, have
been set to 1.29 and 0.75 bohr, andR,,,, value of 3.0
has been used. For the C atom, this amounts to a value of 5.
for RK,,.{C). The summations over the Brillouin zogZ)
have been carried out utilizing the tetrahedron method ang
by using 12k points for the self-consistency cycles and up to
1120k points for the optical spectra in the full BZ. We have
treated exchange and correlation effects by the generalize
gradient approximatedGGA) potential due to Perdew and
Wang?®

The pressure-dependent electronic, optical, and structure
properties of the molecular crystals are obtained by the fol-
lowing four steps of which the first one is purely experimen-  FIG. 1. The crystal structure of oligoara-phenylenes is exem-
tal and described elsewhéfewhile steps(ii)—(iv) are ac- plified for 3P. The left panel is a projection perpendicular to the
complished byab initio computations outlined above. molecular axis showing the herringbone anglewhereas the right

(i) Experimental determination of the pressure-dependeranel is a sideview of one such layer displaying the definition of the
lattice constants by x-ray diffraction measurements. Due teetting angley.

the large system size, it is not possible to optimize the lattice . o ) )
parameters by DFT calculations. tra. Similarly, we argued from a qualitative packing analysis

(i) Minimization of the total energy within DFT for a that the setting anglg should increase with pressufe.
given set of lattice parameters by optimizing all internal
structural degrees of freedom, involvik@ molecular orien- B. Molecular arrangement and bond lengths
tation as well agb) bond lengths and angles. The optimum molecular geometry can be obtained by
(III) Determination of the electronic band structure for theminimizing the forces acting on the nuclei. However, such a
fU”y relaxed Crystal structures in terms of Kohn-Sham enerscheme 0n|y works well for thentramolecular structure—
gies. that is, for the bond lengths and angles—while it is not prac-
(iv) Computation of the optical properties in the indepen-ticable for a determination of the moleculetsientation
dent quasiparticle approximation for the optimized geom-within the unit cell. Therefore, we optimize the bond lengths
etries. and angles in a first step by utilizing the atonfiicces The
molecules are assumed to be planar since in the pressure
[ll. STRUCTURAL PROPERTIES region we are interested in the molecules are already
planarized? In a second step, we minimize the total energy
of the crystal with respect to the molecular orientation for
At room temperature and ambient pressure, biph&®),  fixed bond lengths and angles. To this end, we define two
C,oHqg, andparaterphenyl(3P), CigH14, both crystallize in  angles describing the molecular orientation. The herringbone
a monoclinic crystal structure with the space groupangle# is the angle between the two normal vectors of the
P2,/a.?%%1 This structure represents the so-callegtring-  molecular planes of the two inequivalent molecules, whereas
bonearrangement which is very common for planar rodlikethe setting anglg is given as the angle between the molecu-
molecules. ThenP molecules form layers aligned parallel to lar axis and the normal to treb plane(Fig. 1). Note that the
the ab plane. The normal vectors of the molecular planes ofmolecular axis has been found to lie in tak plane for 2P
the two inequivalent molecules enclose the herringbon@nd 3P in the investigated pressure range; therefore, two pa-
angle #, and the molecular axis is tilted with respect to therameters are sufficient to determine the orientation of the
c* axis by an angley. The molecular arrangement and the molecule. The optimum orientation is obtained by finding the
definition of the two angle# andy is also illustrated in Fig. energy minimum of the two-dimensional energy surféce
1. =E(#0,x). Figure 2 shows the total energy of 2P as a func-
Recently, we have studied thpessure-dependetdttice  tion of the herringbone anglé for a number of pressure
parameters ohP (2P—-6P by means of energy-dispersive points between 0 and 5 GPa.
x-ray powder diffraction under hydrostatic pressure up to 6 We see that the optimuré for 2P is no continuous func-
GPa!® As main results we obtained thé} no phase transi- tion of pressure due to the double-well structureE¢d), as
tion occurs in the investigated pressure regime @ndthe  can be seen, for instance, at 1.0 GPa. Below this pressure the
lattice constang is reduced roughly twice as much lagnd  minimum is in the left potential well, while at higher pres-
c. Although the limited number of Bragg peaks did not allow sures the optimund lies at the right part of the double well.
for a Rietveld refinement of the internal degrees ofThe optimized molecular orientations of 2P and 3P given by
freedom—for instance, the molecular orientation—the strong) and y together with experimental values for ambient pres-
reduction ofa suggested a flattening of the herring bonesure are listed in Table I. We notice that the herringbone
pattern. Thus, an increase 6fwas concluded but no quan- angle ¢ for 3P is a monotonous function of pressure in dis-
titative results could be deduced from the experimental spedinction to 2P.

A. Crystal structure
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0.64 1.0 GPa and 3P(solid triangle$ as a function of pressure. The solithshed
822 [ T s N SR lines are linear fits to the 2@P) data points.
0.321 0.5 GPa there is a jump in the herringbone angleof 2P around 1
028p | e GPa due to the double-well structure of the energy curves
0.08F R E(6) given in Fig. 2. This behavior cannot be understood
0.04 0.0 GPa within the simple geometric argument of the stronger reduc-
000k . .3 N S T tion of a compared td,° rather it requires a more sophisti-
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cated analysis. We will come back to this point in Sec. IV
where we discuss the intermolecular bonding in terms of
electron density plots. According to our computations, the

FIG. 2. Total energieg in 2P as a function of the herringbone S€etting angley is increased by only 3.5° and 2.1° up to 5

angle 0 for a number of pressure points. The origin of the energyGPa for 2P and 3P, respectively. These values have to be
scale has been shifted to the energy minimum of the 2P cryststompared to the experimental ones of 8.7° and 6.8° up to 6

structure at 0 GPa.

As a function of pressure, the herringbone angshows
the strongest dependence. We find more coplanar configu
tions at higher pressures for 2P as well as for 3P in acco
dance with the large change in the lattice parametét
While there is a more or less monotonous change for BF%,

TABLE I. Calculated herringbone angteand setting anglg of

GPa for 2P and 3P, respectively, obtained from a geometric
packing argument While the tendency of increasing as
well as the larger value for 2P compared to 3P agrees with

e corresponding computed ones. This discrepancy might be
due to the rigid molecule approximation in Ref. 19.

In this work, however, the internal molecular geometry
bond lengths and angles relaxed by making use of the
atomic forces. We find, for instance, the length of one mol-
ecule defined by the end hydrogens changes by @.08) A

B?‘e theoretical results, the experimental values are larger than

biphenyl (2P) and p-terphenyl(3P) as a function of pressure. In for 2p (3P) when increasing the pressure from 0 to 5 GPa.
addition, the zero-pressure values as obtained from single-crystathis effect can be understood in terms of the rather soft

structure solutiongExpt) for 2P (Ref. 20 and 3P(Ref. 21) are

interring bonds as can be seen from a plot of the interring

given. bond length over pressure in Fig. 3. Both for 2P and 3P, the
length of the interring bond changes approximately linearly

2P 3P by 0.002 A per GPa. We point out that there is ariori

p [GP4 ¢ [deg] x [deg ¢ [deg] x [deg need for a perfect linear dependence of the bond lengths

0.0 116.0 157 913 176 \é;resus pressure; the linear fit serves merely as a guide to the

0.5 114.2 18.7 Note, however, that the change in the layer thickness

1.0 112.1 17.2 114.0 18.7  given bycsingis 0.52(0.59 A up to 5 GPa for 2R3P),

1.5 121.3 18.2 thus roughly an order of magnitude larger than the change in

2.0 121.4 18.0 1211 18.3 the length of the molecule. Consequently, the reduction of

3.0 1195 17.8 120.0 18.7 the layer thickness is mainly due toctoser packingof the

4.0 119.0 19.6 127.8 19.6 layers since the tilting of the molecules by an angleAaf

5.0 119.1 19.1 1251 19.7 ~3° does not considerably decrease the layer thickness.

Expt. 112.8 17.2 111.8 17.8

8Reference 20.
bReference 21.

C. Total energies and bulk moduli

As a result of the geometry optimizations for 2P and 3P
presented in the previous section, the total energies of the
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FIG. 4. The total energ{ of 2P (left) and 3P(right) over the FIG. 5. The electronic band structufieft) and the density of

volume V. Symbols correspond to the calculated values, whereastates(right) of 2P at ambient pressure. The energetic positions of
the lines are fits according to the Birch equation of staje The the localizedL) and delocalizedD) valencew bands are indicated.
origin of the energy scale has been shifted to the total energy afhe origin of the energy scale has been set to the top of the valence
ambient pressure. band indicated by the Fermi levedashed ling

completely relaxed structures as a function of the unit-celvary or to a very bad description of the data points if we
volume are available. These data can be utilized to obtain thitxed By at the experimental value.

bulk modulus from a least-squares fit of the calculated total The bulk moduli of 2P and 3P, respectively, resulting from
energiesE as a function of volumé&/. We have utilized the the fit areBy=4.2 GPa andB,=7.1 GPa when using the

equation of statéEOS as proposed by Bircf? Birch EOS andB,=1.8 GPa and,=5.8 GPa when using
23 ’ the Murnaghan EOS. Thus, depending on the functional form
E—E.+ 28 v [(b) _ l} of the EOS the resulting bulk modulus varies by more than a
078070 v factor of 2 for 2P, while the difference is less pronounced for

9 V28 13 3P. The large spread in the values By resulting from the
+ —BoVo(Bé—4)[<—o> _ 1} , (1) Birch and Murn.aghan EQS, respgctively, might be _e>§plained
16 \ by a systematic error in the fitting procedure. FixiB§
as well as the Murnaghan EOS which has been applied to 2§2uld introduce a bias in the resulting values\gf which
and 3P previousf24 affects, in turn, the calculated values fBf. In a recent
experimental study, a fit of the unit-cell volume versus pres-
sure according to a Murnaghan EOS yielded bulk moduli of
(2 Bo=4.3 GPa andBy=7.2 GPa for 2P and 3P, respectively.
Moreover, the authors found a linear dependenc®pbn

Here,B, andV,, respectively, denote the zero-pressure bultn€ inverse oligomer lengthrilip ton=6, corresponding to
0 0. esp 4 P 6P° From our calculations we find indeed thag is smaller

modulus and unit-cell volumeB| is the pressure derivative . X o i .

of the bulk modulus, an, is t%e energy at zero pressure. in 2P than in 3P for both EOS’s in accordance with experi-

Thus, Egs.(1) and (2) contain four adjustable parameters ment. . . L

which must be determined from a least-squares fit. Figure 4 The above discussion shows that the determination of the
) lﬂulk modulus in such organic systems is not satisfactory at

displays the total energies of 2P and 3P versus the unit-ce . . . i
volume as resulting from the complete relaxation of all in_present and will need further considerations from the experi-

. . mental as well as theoretical side. Moreover, we want to
::%rrr(lj?:] st:gcéura)p(allirnaen;)etefsymbols) together with a fit ac- stress that these results have been obtained from DFT com-
Duegto thg. limited n.umber of data points, a fit with al putations with a GGA to the exchange-correlation functional

four adjustable parameters proved not to be stable. Hencd' _f|1||ch IS krtl)owl? notht.o account f?]r Vé’l.n der Waals fc_)rces. We
we fixed one of the parameters: namely, the pressure derivé(\ZI come back to this Issue in the discussion section.

tive of the bulk modulus|, for which we took the experi-
mental value oB|=8.4 (B{=6.1) for 2P(3P) as given in
Table | of Ref. 19. This procedure leads to zero-pressure The electronic band structures of oligara-phenylene
volumesV, which are about 10% larger than the correspond-molecular crystals aambientpressure have been discussed
ing experimental ones. We have also attemptefixtd/, at  in some detail in previous publicatiofs?® We have de-

the experimental zero-pressure volumes, but this procedurgicted the band structures and densities of stéi3S) for

led to the unphysical result that the bulk modutlecreased 2P at ambient pressure and at 5 GPa in Figs. 5 and 6, respec-
with pressurg(negative values foB)) if we allowedB( to tively. Analogous plots for 3P have already been repotfed.

Bo

Bo(V—Vo) BV [(vo
By—1 By(Bo—1) L\ V

IV. ELECTRONIC STRUCTURE
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FIG. 6. The electronic band structuieft) and the density of
statedqright) of 2P at 5 GPa. The origin of the energy scale has been FIG. 7. The absolute value of the wave functions of the 2P
set to the top of the valence band indicated by the Fermi levetielocalized D,) and localized I ,) valence bands in a plane par-
(dashed ling allel to theab plane. The unit-cell axea andb are drawn as thin

dashed lines while the projections of the molecules are indicated as
All band structures result from the Kohn-Sham energies; n@olid lines in order to illustrate the herringbone pattern. In addition
scissors operator shift was applied. we have indicated the main directions of the intermolecular bonds

We observe a linear reduction of the Kohn-Sham bandor the localized state by thick dashed lines.
gap for 2P(3P) from 3.25(2.71) eV with a pressure coeffi-
cient of —50 (—40) meV/GPa. The top valence bands andproperties are little influenced by the crystalline environ-
bottom conduction bands can be attributed to wave functionment. Therefore, we expect tm® molecular crystals to ex-
delocalized over the whole molecule, especially over the Chibit comparably small intrinsic carrier mobilities.
atoms along the long molecular axis, while the lower-lying  Similarly, we can understand that pressure affects the lo-
valence bands and higher-lying conduction bands arealized states more strongly than the delocalized ones. This
strongly localized on the off-axis C atoms of the molecule.can be seen from the comparison of Figs. 5 and 6 for 2P and
The energetic positions of theskelocalized(D; and D) from an analogous analysis for 3PUpon increasing the
andlocalized(L, andL,) valence bands are indicated in Fig. pressure from 0 to 5 GPa, the bandwidth of the top valence
5. The band dispersion is much weaker for the delocalizethands grows from 0.23 to 0.45 eV for 2P and from 0.20 to
bands than it is for the localized on&sThis is due to the 0.32 eV for 3P, respectively; on the other hand, the localized
fact that in the herringbone structure, the localized wavestate bandwidth increases from G80) to 1.5(1.6) eV for
functions get geometrically closer to those of the neighbor2P (3P). We see that the zero-pressure bandwidth of the de-
ing molecule than the delocalized ones do. To illustrate theskcalized bands decreases upon increasing the number of
circumstances we have depicted the absolute value of théngsn, while the opposite applies to the localized states. The
wave functions at th& point of the BZ of a delocalized and former effect has also been observed in a recent quantum-
a localized valence state in a plane perpendicular to the mahemical study of the intermolecular interactions in
lecular axis in Fig. 7. In both cases the intermolectland-  sexithiophene clustef§.Concerning the lowestnoccupied
ing state of the split band doublet has been chosen. bands we observe an interesting effect under pressure. While

Note that we have used the samscale for both types of at ambient pressure the lowest-lying conduction band is of
orbitals. While the wave function is more or less restricted todelocalized character, the localized state shifts below the
one molecule in the delocalized state, there is considerablermer at higher pressures and becomes the lowest conduc-
overlap of the orbitals between neighboring molecules in theion band. This is true for 2P as well as for 3P. This should
localized state. We think that the latter states are responsibkesult in a considerable and nonuniform increase of the elec-
for the formation of the herringbone pattern, since the hertron mobility of nP crystals under pressure. Moreover, the
ringbone arrangement maximizes the overlap of arbital  band dispersion perpendicular to the long molecular axis is
at one molecule with the corresponding orbitals at the much stronger than it is parallel to the molecules. This is a
neighboring two molecules. In this picture, we canresult of the fact that the intermolecular interaction is much
understand—at least qualitatively—the zero-pressure hestronger within one layer than it is between layers.
ringbone angled as well as the direction of change upon
increasing pressure, remembering tlaateduces twice as V. OPTICAL PROPERTIES
much asb. The maximum overlap of wave functions be-
tween two molecules within the herringbone pattern can only We have calculated the imaginary part of the dielectric
be maintained provided tha? increases with pressure as function (DF) in the independent particle approximatioh.
found in Sec. 11l B. On the other hand, the delocalized state®ossible limitations of this approximation will be discussed
which determine the transport and the low-energy opticaln the last paragraph of the discussion section. The optimized
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SO L L L s edge is much more pronounced for thg component(0.7
L 1| | eV) as compared to thaz component(0.2 eV) since the
30} 4 F 30 localized bands involved in thgy polarized transition are far
- 1 more sensitive to the pressure than the delocalized ones.
25 1T 1% Similar findings are made for 3P. Here, ting andzz com-
3 20'_ 1L _'20§ ponents, respectively,_are shi_fted by 0.5 eV and 0.1 eV to-
E 1| H |17 wards the red upon increasing the pressure from 0 to 5
E L 1 Lo 1is B GPa?’ Thus, the pressure effect on the optical absorption
I i it ] edges, for botlyy andzzpolarization, reduces upon increas-
10k 1 by Hi0 ing the oligomer length.
51 4 F ‘ -5
r SN VI. DISCUSSION AND OUTLOOK
ol

[ M A T T N N =
335 4'5V 33506 7354 4'5V 3356 The internal molecular geometry as well as the orientation
oLVl otV of 2P and 3P in their crystalline environment is computed by
FIG. 8. The dielectric function of 2P at Golid liney and 5  Minimizing the total energy within the framework of DFT.
(dashed linesGPa. The left and right panels, respectively, display The dominating effects under pressure @jean increase of
theyy andzzcomponents of the imaginary part efw), where the  the herringbone angle, resulting in a more planar arrange-
yy (z2 axis is perpendiculafparalle) to the molecular axis. ment of the molecules, an@i) a reduction of the interring
bond length, thereby enhancing the conjugation of the
crystal structures of 2P and 3P as a function of pressure, asolecules. Unfortunately, we cannot directly compare these
presented in Sec. Il B, serve as input for the computation otheoretical predictions to experiment, since the limited num-
the Kohn-Sham energies and transition matrix elements. Thieer of diffraction peaks did not allow for a Rietveld refine-
results for 2P at 0 and 5 GPa are displayed in Fig. 8, whilenent of the internal structural paramet&taVe have, how-
the 3P spectra have been published previotisly. ever, confidence in our results since similar calculations for
The left panel shows thgy components of the imaginary anthracene molecular crystals under pressure have proved to
part of the DF for 0 and 5 GPa, whereas the right panetlescribe the molecular orientation correcfly
displays theizzcomponents. Because the molecular axis lies As a second result, we obtain the bulk modaj}j of 2P
in theac plane and is approximately parallel to thexis, the  and 3P from a fit of the DFT total energies to the EOS pro-
yy (z2 component describes absorption processes for lightosed by Birch and Murnaghan according to E@S. and
polarized perpendiculgparalle) to the molecular axis. The (2). This procedure leads to values for the bulk moduli that
strongzzpolarized, lowest-energy absorption feature aroundare in reasonable agreement with recent experimental find-
3.5 eV is formed by transitions from delocalized valence toings although the error in the theoretical result is estimated to
delocalized conduction bands. The transitions involving lo-be quite large as can be seen from the discrepancy in the
calized bands and delocalized states, on the other hand, aeérch versus Murnaghan results.
yy polarized. The general pressure effect on the dielectric Molecular crystals such as 2P or 3P are thought to be
function is(i) a broadening due to increased bandwidths andypical van der Waals crystals; that is, the bonding between
(i) a redshift due tasymmetrig¢ band broadening of both the molecules is accomplished by rather weak dispersion
valence and conduction bands. Both effects are clearly olforces. On the other hand, tligemjlocal GGA is known to
served in Fig. 8. lack contributions originating from nonlocal, dynamical
We also checked whether the observed red shifts in theharge fluctuations. Therefore, we believe that we have to
absorption are due to changes of the molecular geometrgismiss the picture gburevan der Waals crystals, which has
(intramoleculay or due to the enhancedtermolecularin- been discussed in the literature for oligara-phenylenes as
teractions. To this end, we have performed single-moleculevell as for other molecular crystals, such as oligothiophenes
calculations for the 2P and 3P molecules extracted from ther polyacenes. This is evidenced by the noticeable overlap of
fully optimized crystal structure®.By this we obtain optical wave functions between neighboring molecules within layers
transition energies versus pressure for isolated moleculdeading to considerable intermolecular band dispersions as
having bond lengths and angles as in the corresponding crysliscussed in Sec. IV. Moreover, it seems that the herringbone
talline environment buwithoutincluding intermolecular ef- pattern of the molecules can be explained in terms of the
fects. We find that the pressure-induced changes in theseolecular arrangement that is maximizing this intermolecu-
transition energies are negligibly small for both 2P and 3Plar overlap.
The change in the transition energies for thelated mol- Optical properties are discussed within the independent
ecules is below 1% in the pressure range from O to 5 GPgarticle approximation. We find a redshift and a broadening
while intermolecular effects result in redshifts between 3.5%of the transitions under pressure. Analysis shows that these
and 10% depending on the polarization. From this we coneffects are of purely intermolecular origin and changes in the
clude that the pressure effect seen in Fig. 8 is of purelynolecular geometry are of less importance in the high-
intermolecular origin, while the pressure-induced changes ipressure regime up to 5 GPa. This is somewhat opposite to
the internal molecular geometry do not significantly alter thewhat has been found for the low-pressure region up to about
optical response of the system. The redshift of the absorptio8.5 GPa, where the planarization of the molecules is the

235321-6



ELECTRONIC, OPTICAL, AND STRUCTURA . .. PHYSICAL REVIEW B 67, 235321 (2003

most dominating effect seen in the optical absorpfowe  function of pressure. From these qualitative arguments we
will attempt an outlook on expected modifications of theanticipate excitons in 2P and 3P to evolve from moderately
optical properties upon including electron-hole interactionsbound at ambient pressure towards rather weakly bound
The most prominent effect of electron-hole correlations is thestates at high pressure. A more reliable treatment of this in-
formation of bound electron-hole states below the oneteresting topic by solving the Bethe-Salpeter equation will be
particle band gapbound excitons Recently, it has been the subject of future activities. Due to the complexity of the
found that the CryStalline environment drastica”y reduces th%ateria's and the inevitab|e approxima‘tions in the Ca'cu'a_
exciton binding energies as compared to the isolated mokjon, these theoretical investigations should go hand in hand
ecule or polyme?’ This is partly due to the enhanced screen-yith an experimental determination of the optical spectra of
ing in the 3D material since in a Simple piCtUre the eXCit0n0|igo_para_pheny|enes under h|gh pressure.

binding energyEg is inversely proportional to the square of
static dielectric constant. Moreovéty is proportional to the
effective mass of the electron-hole pXirccording to this
effective mass approximation, we expect the exciton binding .
energies of 2P and 3P to decrease as a function of pressure.P.P. acknowledges financial support from tOsterre-
This is becausdi) the static dielectric constaniacrease ichische Akademie der Wissenschafterthe form of their
with pressure since the band gaps are reduced(ianthe  DoktorandenstipendiumThe work was also partially sup-
effective masseslecreasesince the bandwidths grow as a ported by Project No. P14237 of the Austrian Science Fund.
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