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Resonant Raman spectroscopy of 3,4,9,10-perylene-tetracarboxylic-dianhydride epitaxial films
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We present a comprehensive investigation of Raman-active modes of 3,4,9,10-perylene-tetracarboxylic-
dianhydride~PTCDA! thin films deposited on H-passivated Si~111! substrates. The experimental data are
interpreted with a density-functional tight-binding scheme used for calculating the geometry and vibrational
modes of the isolated molecule. These results for the breathing modes are applied to the optical absorption of
PTCDA in solution, and the vibrational absorption bands can be related quantitatively to the elongation of the
most prominent Raman modes during the highest occupied molecular orbital to lowest unoccupied molecular
orbital transition. From a comparison of the calculated deformation of negatively charged PTCDA2 with
Raman spectra recorded in the region of the charge-transfer exciton, a significant net charge separation during
the optical absorption is highly unlikely.
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I. INTRODUCTION

In the last few years, various studies have focused
organic thin films due to their potentially interesting prope
ties for electronic and optoelectronic applications such
electroluminescence diodes1,2 or waveguide-coupled
detectors.3 After the recent developments of molecular bea
deposition techniques adapted to these molecules, the gr
of well-ordered organic thin films on different inorganic su
strates has made enormous progress4,5. Among the molecules
of interest, 3,4,9,10-perylene-tetracarboxylic-dianhydr
~PTCDA! plays a special role because high quality films c
be grown on different substrates with molecular beam de
sition, and the resulting epilayers have been studied usin
variety of techniques.4

The importance of internal vibrations for the optical pro
erties of PTCDA has been evidenced in optical absorp
measurements of PTCDA in solution and in epitaxial laye6

in fluorescence of epitaxial films,7 and in fluorescence exci
tation spectra of dissolved molecules and amorphous film8

These pronounced vibrational structures have been in
preted in terms of a configuration coordinate diagram fo
single effective vibrational mode of the molecule.6,7 From
group-theoretical arguments, only totally symmetric vib
tions can be elongated due to the dipole-allowed optical tr
sition from the electronic highest occupied molecular orb
~HOMO! to the lowest unoccupied molecular orbit
~LUMO!, the same symmetry restriction applying to res
nant Raman scattering.

The purpose of the present work is to interpret rec
measurements of resonant Raman scattering of PTCDA
films9 with a density-functional calculation of the vibration
properties of an isolated PTCDA molecule. In Sec. II, w
introduce the density-functional tight-binding approach a
plied in the present work and investigate the geometr
changes of an isolated molecule after optical excitation.
tails of the sample preparation, experimental setup, and r
nance conditions are discussed in Sec. III. Section IV co
pares the measured Raman spectra with the calcul
PRB 610163-1829/2000/61~20!/13659~11!/$15.00
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elongation patterns of PTCDA. In Sec. V, we apply the
results to the linear absorption of PTCDA in solution. T
paper is concluded in Sec. VI.

II. DENSITY-FUNCTIONAL TIGHT-BINDING THEORY

A. Theoretical model

PTCDA is composed of 38 atoms contributing 200 ele
trons. Such a large system requires an efficient theore
approach including the main features of the electron-elec
interaction, a computationally very efficient being densi
functional theory~DFT! in the local-density approximation
~LDA !. As was shown recently in some detail, an even m
efficient and simultaneously highly transferable tight-bindi
~TB! version of density-functional theory can be derived10

called density-functional tight-binding~DFTB! in the follow-
ing.

The method is based on a second-order expansion o
Kohn-Sham total energy functionalE@n# with respect to
charge-density fluctuationsdn at a given reference densit
n0 , n(r )5n0(r )1dn(r ). Retaining only the leading mo
nopolar term of atom-centered charge fluctuations calcula
by a Mulliken-charge analysis, one finally obtains an a
proximate tight-binding-like expression for the Kohn-Sha
energy functional in second-order perturbation theory in
charge transfer:

E2
TB@n#5(

i

occ

^C i uĤ0uC i&1Erep@n0#

1
1

2 (
a,b51

N

gabDqaDqb . ~1!

The sum over the occupied eigenstates represents
leading matrix element of the many-atom HamiltonianĤ0,
and the second term stands for a short-range repulsive
interaction, both taken at the reference densityn0 of N su-
13 659 ©2000 The American Physical Society
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13 660 PRB 61R. SCHOLZet al.
perimposed neutral atoms. Besides the ion-ion repuls
Erep contains a correction for the double-counting Hartr
and exchange-correlation contributions. The third term r
resents energetic contributions due to the net chargeDqa of
each atoma, and the distance lawsgab can be tabulated
beforehand.10

The variational basis used consists of compressed at
clike orbitals calculated in a self-consistent generalized g
dient approximation11 ~GGA! using the
Perdew-Burke-Ernzerhof12 ~PBE! density functional. From
previous applications of this scheme10 to 63 organic refer-
ence molecules, mean absolute deviations for the b
lengths of DR50.012 Å and for bond angles ofDQ
51.80° where found, slightly more precise than in sem
empirical AM1 calculations.13 For vibrational frequencies
the mean absolute error for 33 reference molecules
found to be 6.4%, with a largest absolute error for each m
ecule of about 10%.10,14

Using a careful redefinition of the short-range repuls
energyErep between carbon atoms, a systematic deviation
vibrational frequencies by about 10% for graphitelike bo
geometries could be eliminated. This empirical proced
improves the transferability and precision of the repuls
energyErep and its spatial derivatives for C2C bonds longer
than about 1.35 Å , including the range needed for PTCDA

B. Geometry of PTCDA

PTCDA is a planar rectangular molecule consisting o
carbon network terminated by hydrogen and oxygen, co
pare Fig. 1 for the HOMO and LUMO. The overall charg
distributions shown agree qualitatively with earlier PM3 c
culations for the HOMO15 and ZINDO calculations for both
HOMO and LUMO.16

For the geometry of an isolated PTCDA molecule, w
have compared our DFTB results with a fully self-consist
density-functional calculation using theNRLMOL code,17,18

based on the same PBE functional.12 We found a rms devia-
tion of the C2C and C5O bond lengths,0.5%, defining a
quite reasonable reference geometry for our DFTB calc
tion of the vibrational modes of the isolated molecule. T
peri bonds between the two naphthalene units and also
bonds between the naphthalenes and the carboxylic gr
are much longer than the bonds within the naphthalenes
known from calculations for perylene19 and observed in vari-
ous other perylene pigments.20

The most significant deviation of the experimen
PTCDA geometry in the bulk from the fullD2h symmetry of
the isolated molecule is a pronounced assymetry of the
ferent carboxylic bond lengths and an asymmetric distort
of the anhydride groups.21,22Furthermore, the bonds betwee
the carboxylic groups and the naphthalene are consider
shortened. A detailed comparison of the calculated PTC
geometry with experimental data for bulk phases will
published elsewhere.23

As the representations of the commutative groupD2h
have eigenvalues11 and 21 under the symmetry opera
tions of the group, the square of each representation ha
genvalues11 under all symmetry operations, or fully sym
metric Ag transformation properties. Therefore, the cha
density r j (r )5uc j (r )u2 of each molecular orbitalj trans-
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forms according toAg , so that a transition between two o
bitals, e.g., HOMO and LUMO, does not destroy the recta
gular symmetry of the total charge densityn(r )
5( jnjr j (r ); only the occupation numbersnj are changed.
Also subtraction or addition of an electron does not lower
overall symmetry of the charge density of the molecu
Nevertheless, the detailed geometry of the molecule depe
on the occupation numbers$nj%, and for any fixed set of
occupation numbers, the molecule will relax to a differe
configuration corresponding to the minimum of the total e
ergy.

In order to investigate the geometric changes of a m
eculeM due to the optical excitation, we calculate the geo
etries for the ground stateuM & and the excited stateuM* & of
PTCDA, where an electron has been transferred from
HOMO to the LUMO. As the charge-transfer exciton is di
cussed in the literature as consisting of a negatively char
central PTCDA2 molecule and a positive charge delocaliz
over the neighboring molecules in a Wannier-like wa
function,4,24 we investigate also the negatively charg
uM 2&, where an electron has been added to the LUMO.
these three cases, i.e., neutral PTCDA in its electro
ground and excited state and the molecular anion, the ge
etry is relaxed in a conjugate gradient scheme based on
DFTB approach, with fixed occupation numbers of the m
lecular orbitals. The ground-state geometry is shown in F

FIG. 1. Geometry of PTCDA in its electronic ground state, a
charge density contours of theAu(xyz) HOMO ~upper! and
B1g(yz) LUMO ~lower!, at a distance of one Bohr radius above
below the plane of the molecule. The atomic positions are indica
with crosses, with the three on the lhs and rhs oxygen, and the
upper and four lower hydrogen, surrounding the central carbon
work. As both HOMO and LUMO arep orbitals composed of
atomic 2pz wave functions, the hydrogen atoms do not contribu
The highest electronic charge density occuring isurmaxu
51021.5e/aB

3 , and the charge contours are shown foruru
51022.0 to 1025.5e/aB

3 in equidistant logarithmic steps. Betwee
consecutive lobes, both the HOMO and the LUMO wave functio
change sign.
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1, together with charge-density contours of t
Au(xyz)-symmetric HOMO and theB1g(yz)-symmetric
LUMO, both composed ofp-conjugatedpz orbitals. Each
orbital can lower its energy by increasing its bonding ch
acter between atoms where the wave function has no n
and by decreasing the antibonding character between a
where a node occurs. This can be achieved by shortening
interatomic distance where the orbital is bonding, and
increasing the interatomic distance where the electro
wave function has an antibonding node. In the electro
ground state, the resulting equilibrium bond lengths have
optimize these electronic requirements for all occupied or
als together with the short-range repulsive partErep of the
total energy.

When an electron is excited from the HOMO to th
LUMO, the electronic requirements on the interatomic d
tances are changed: The energetically highest occupied
tronic LUMO state has now different node planes and bo
ing regions; see Fig. 1. Therefore, bonds will become sho
where an antibonding node of the HOMO has disappea
while bonds will become longer where the HOMO had bon
ing character. With respect to the node planes of the LUM
the corresponding bonds become longer, and in bonding
gions of the LUMO the interatomic distances becom
shorter. The resulting deformation of the exciteduM* & mol-
ecule is shown in Fig. 2, and for each interatomic bond,
expected behavior with respect to the nodes of the HO
and LUMO wave functions is obtained. Contrary to quali

FIG. 2. Deformation patterns of PTCDA* ~upper! and PTCDA2

~lower! as compared with the geometry of the molecule in the e
tronic ground state. Full gray circles correspond to the ground-s
geometry, and open circles to the geometry of the deform
PTCDA. In order to make the geometry changes more evident,
deformations have been enlarged by a factor of 40.
-
e,

ms
he
y
ic
ic
to
t-

-
ec-
-

er
d,
-
,
e-

e
O
-

tive patterns discussed elsewhere,25 in general the direction
of the deformations does not coincide with a specific bo
direction of the corresponding atom, except obviously
atoms on thex axis. Moreover, each hydrogen follows i
carbon neighbor with a similar elongation. We have check
that the atomic elongations in the perylene core of PTC
are quite similar to a HOMO-LUMO excitation of perylene
explaining also similarities in the Raman spectra; see bel

In the anionuM 2&, the overall deformation pattern in Fig
2 is similar touM* &, while most deformations are smaller b
about a factor 1/A2. These smaller deformations are eas
understood from the fact that inuM 2&, only the occupation
number of a single orbital is changed, while foruM* &, both
the occupation numbers of the LUMO and HOMO are mo
fied by 61. However, there are further significant diffe
ences in the deformation patterns, e.g., for the C5O double
bonds of the carboxylic groups, where both HOMO a
LUMO possess a wave function node, so that removing
electron from the HOMO and adding it to the LUMO doe
not have a significant effect for this interatomic distance
uM* &. For uM 2&, on the contrary, the additional electron
the LUMO with its node along these C5O bonds increases
the interatomic distance between oxygen and carbon.

Vibrational modes of lower symmetry, e.g.,B3g(xy), can
contribute to the Raman signals if nearly degenerate e
tronic transitions with different orientations of the transitio
dipoles are available. As the HOMO-LUMO excitation
energetically well separated from all other transitions, su
processes can contribute only in an off-resonant way to
Raman spectra reported below, resulting in very small R
man cross sections.

C. Elongations ofAg breathing modes

The DFTB method was used to obtain the vibration
modes of PTCDA. From the eigenvectors of the vibration
modes and the deformation patterns in Fig. 2, we can ext
a projection on the internal vibrations. Due to the symme
restrictions and resonance conditions discussed above,
Ag vibrational modes are elongated. It is useful to expr
the elongationDqj between the ground- and excited-sta
potential minima for each mode\v j in terms of a dimen-
sionless constanta j5Amv j /(2\)Dqj , so that the reorgani-
zation energy of each mode is defined asl j5mv j

2(Dqj )
2/2

5a j
2\v j . The resulting values forl j and a j

2 are given in
Table I. For PTCDA* , the reorganization energy is dom
nated by the C2H stretching modes around 1300 cm21 and
the C2C stretching modes close to 1600 cm21, whereas in
terms of normalized reorganization energiesa j

2 , also the
lowest Ag mode contributes significantly. Comparin
PTCDA2 with PTCDA* , the most important change con
cerns the elongation of the carboxylic stretching mode ab
1700 cm21, directly related to the length change of the co
responding bond in Fig. 2, while most other reorganziat
energies are lower by a factor of about 1/2.

In the adiabatic approximation, the electronic ground- a
excited-state wave functions can be expressed as produc
an electronic and nuclear part. Assuming a single vibro
coordinate for simplicity, and neglecting any dependence
the electronic transition dipole moment on the nucelar po
tion, the vibronic part of the total wave function contribut

-
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d
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only a Franck-Condon overlap factor. Restricting the disc
sion to the lowest vibronic levelu0g& of the electronic ground
state as the initial state, the probability to excite a transit
to the excited-state vibronic levelune& with an electric fieldE
at energyEL is given by Fermi’s golden rule:

P~ u0g&→une&)5
2p

\
uE•mu2z^0gune& z2

3d~EL1EHOMO2ELUMO2ne\v!,

~2!

wherem is the electronic transition dipole. It is easily show
that he Franck-Condon factor can be expressed by a Poi
distribution with argumenta2:

z^0gune& z25
a2n

n!
e2a2

. ~3!

These transition probabilities for a single vibrational mo
have to be generalized to the case of the 19Ag breathing
modes elongated due to the HOMO-LUMO excitation
PTCDA.

The Stokes-Raman cross section for each mode\v j mea-
sured with an exciting laser energy ofEL can be expresse
as26,27

TABLE I. Ag breathing modes of PTCDA in the electron
ground state, as calculated with the density-functional tight-bind
method: Energies expressed in terms of wave numbers~first col-
umn!, contribution to the sum of squared displacements of C,
and O atoms~second to fourth columns!, and reorganization ener
gies l j and dimensionless elongationsa j

2 due to the optical
HOMO-LUMO transition PTCDA→PTCDA* ~fifth and sixth col-
umn!, and due to an additional negative charge PTCD
→PTCDA2 ~last two columns!.

PTCDA* PTCDA2

\v j (dr C)2 (dr H)2 (dr O)2 l j a j
2 l j a j

2

(cm21) ~%! ~%! ~%! (cm21) ~1! (cm21) 1

232 50 7 43 66 0.287 12 0.05
383 22 25 52 3 0.008 32 0.08
474 41 48 11 4 0.008 0 0.000
550 54 33 12 35 0.064 24 0.04
639 45 33 22 34 0.053 3 0.00
728 56 34 11 10 0.013 2 0.00
863 42 56 1 1 0.001 2 0.002
1070 17 80 3 37 0.034 4 0.00
1140 8 91 1 23 0.020 59 0.05
1285 18 81 0 560 0.436 145 0.11
1304 30 69 1 251 0.192 169 0.13
1347 14 86 0 274 0.204 207 0.15
1393 27 73 0 35 0.025 6 0.00
1527 83 16 1 23 0.015 8 0.00
1616 36 64 0 226 0.140 62 0.03
1623 53 46 0 179 0.110 205 0.12
1723 70 2 28 2 0.001 148 0.08
3173 1 99 0 0 0.000 0 0.000
3190 1 99 0 0 0.000 0 0.000
-

n

on

f

sR~v j !}a j
2@11^n~\v j !&#

3uA0~EL!2A0~EL2\v j !u2, ~4!

where^n(\v j )& is the thermal occupation of the mode,a j
2

its normalized reorganization energy, andA0(E) the
Kramers-Kronig transform of the optical absorption spe
trum. As usual for the interpretation of resonant Raman sp
tra, we use only the leading term of the Taylor expansion

sR~v j !}a j
2@11^n~\v j !&#~\v j !

2. ~5!

Equation~5! will be used in Sec. IV for the interpretatio
of the measured Raman spectra, and a multi-mode gene
zation of Eq.~3! including inhomogeneous broadening f
the analysis of the optical absorption of dissolved PTCDA
Sec. V.

III. EXPERIMENT

A. Sample preparation

The PTCDA films used in the present study were dep
ited with organic molecular beam deposition under ultrah
vacuum conditions at room temperature, using mica~0001!
and hydrogen-passivated Si~111! as substrates. A growth rat
of about two monolayers per minute was determined b
quartz crystal balance. On the mica substrates, a film th
ness of about 20 nm was grown, whereas more than 100
PTCDA films were deposited on the passivated silicon s
strate. Details of the deposition technique have been
scribed elsewhere.28–30

B. Raman scattering geometry

Raman spectra were recorded at room temperature~RT!
using a triple monochromator Raman system~Dilor XY !
equipped with a charge-coupled device~CCD! camera for
multichannel detection that was optically aligned with
ultrahigh vacuum chamber~base pressure,10210 mbar! in
which the sample growth was performed.31 The 2.54 eV
~488.0 nm! emission line of an Ar1 ion laser and the 2.34 eV
~530.8 nm! emission line of a Kr1 ion laser were used fo
excitation. The monochromator slits were set to a resolut
of 1.6 and 1.8 cm21, respectively. Data were recorded with
data sampling interval of 0.4 cm21 and a Gaussian smooth
ing with a full width at half maximum~FWHM! of two
sampling intervals was applied to the data, resulting in
resolution of 1.8 cm21 and 2.0 cm21, respectively. During
growth, the increasing film thickness was recorded with R
man signals resulting from a laser beam (P520 mW! fo-
cused to a spot of about 500mm in diameter on the sampl
surface, and for this power density, no degradation of
PTCDA film was observed.30 The Raman spectra reported
the present work were measured after the growth with
micro-Raman setup withP,1 mW focused to a spot diam
eter of 100mm. All Raman spectra were recorded in a bac
scattering geometry.

C. Resonance conditions

The regions of largest absorption of PTCDA~2.5–2.6 eV!
and of the charge-transfer exciton4,6,32,33 ~around 2.23 eV!
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were determined for the epitaxial films grown on the tra
parent mica substrate9 ~see Fig. 3!, and the energetic positio
and shape of the absorption features agree well with lite
ture results.4,32–34

In order to take advantage of the signal enhancemen
the region of largest absorption in the resonant Raman s
tering experiments, the 2.54 eV laser line was used. Su
imposed on the Raman lines, a large fluorescence b
ground intensity was observed above 2000 cm21, which was
subtracted from the measured data with an exponential fit
function.

The region of the charge-transfer exciton with its stro
gest absorption at 2.23 eV was investigated with the 2.34
laser line, so that both the laser line~slightly above the ab-
sorption maximum! and the inelastically scattered Ram
signal~slightly below! are resonantly enhanced. Even thou
the exponential fluorescence background was stronger
that for the 2.54 eV laser line, the Raman signals co
clearly be resolved.

D. Fitting of experimental data

The Raman spectra recorded atEL52.54 eV and atEL
52.34 eV are shown in Fig. 4 and the fingerprint region
Fig. 5. With a nonlinear least-square minimization proc
dure, a superposition of Lorentzians was fitted to the d
see Tables II to V. Raman peaks with FWHM below abo
20 cm21 are interpreted as single-mode spectra, while
larger peaks are two-mode spectra, additionally broade
by the phonon dispersion of the PTCDA film. Where po
sible, their positions were fixed to sums of single-mode wa
numbers. Peaks with large width for at least one laser
quency are interpreted as two-mode structures. The dom
ing feature at about 520 cm21 corresponds to the optica
phonon of the silicon substrate and is reported together w
the two-mode peaks.

From Tables II to V and Figs. 4 and 5 it becomes obvio
that the main deviations between the Raman signals m
sured at the two laser energies concern the broad backgr
features, not the sharp single-mode cross sections. This i
pendence of laser energy is in keeping with earlier Ram
investigations for films with different morphology on a var
ety of substrates, and the dominating structures in our Ra
spectra occur close to reported positions.34,35

FIG. 3. Optical absorption of PTCDA epitaxial films grown on
mica~0001! substrate~gray! and of PTCDA dissolved in dimethy
sulfoxide ~black!. The laser lines used for the Raman investigat
of PTCDA films grown on H-passivated Si~111! are indicated by
broken lines.
-

a-

in
at-
r-
k-

g

-
V

an
d

-
a;
t
e
ed
-
e
-

at-

th

s
a-
nd
e-
n

an

IV. COMPARISON OF MEASURED SPECTRA AND
THEORY

A. Mode assignment

Successive modes with small energy differences are in
preted as in-phase and out-of-phase superpositions of
same breathing mode patterns on the two PTCDA molec
in the monoclinic unit cell37 and the lower mode of mos
pairs has a larger intensity and width. Therefore, their int
sities have to be summed up before they can be interpr
with the calculation based on a free PTCDA molecule
Table I; see Table VI.

The small experimental features (,5% of main peak!
between 300 cm21 and 500 cm21 cannot all be assigned t
the calculatedAg modes at 383 and 474 cm21, because the
measured data contain several small structures in this reg
From polarization-dependent measurements at PTC
single crystals, the small peaks at 430 cm21 and 451 cm21

are likely to haveB3g(xy) symmetry.36 Compared to the
relative cross sections measured atEL52.54 eV, they be-
come more pronounced forEL52.34 eV. At this lower laser
energy, the measured structure at 858 cm21 seems to contain
a broader contribution from two-mode scattering (2

FIG. 4. Resonant Stokes Raman spectra of PTCDA thin films
H-passivated Si~111! substrate~dots!, measured with the 2.54 eV
(l5488.0 nm, shifted by11 for clarity! and 2.34 eV (l5530.8
nm! laser lines, and superimposed fitting functions based on Lor
zians~solid!. The exponential fluorescence background at high
ergies is subtracted in both cases. The lower curves~dots! are the
residuals of the Lorentzian fits, shifted by20.2 ~2.54 eV! and
20.4 ~2.34 eV!.

FIG. 5. Detail of resonant Stokes Raman spectra in the fing
print region, with experimental data~dots!, Lorentzian fits~solid!,
and residuals of the fits~dots!.
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TABLE II. Narrow features in the Stokes resonant Raman sp
tra obtained atEL52.54 eV. First column: fitted mode energie
second column: Raman cross sections resulting from the fi
Lorentzians, normalized to the sum of the cross sections of
1304.8 and 1309.1 cm21 modes; third column: FWHM of fitted
Lorentzians.

\v j sR(v j ) FWHM
(cm21) ~1! (cm21)

232.260.4 0.04860.008 10.161.3
349.560.7 0.00860.013 3.663.5
388.862.8 0.01360.010 20.168.1
429.560.4 0.01360.005 4.261.1
536.860.3 0.02560.005 5.360.9
623.860.5 0.02760.006 7.261.2
726.760.7 0.00960.005 4.861.8
857.561.5 0.01160.006 9.564.2
1050.360.1 0.10160.003 8.260.2
1069.960.7 0.02460.004 17.762.3
1145.760.7 0.01260.003 11.162.3
1158.560.6 0.00460.002 4.561.7
1304.860.1 0.81160.014 7.660.1
1309.160.1 0.18960.012 4.560.3
1323.260.2 0.08660.008 11.260.8
1337.460.3 0.11260.012 13.061.2
1346.660.2 0.06060.009 8.161.0
1356.460.5 0.03960.007 14.162.0
1381.360.1 0.76860.012 14.160.2
1389.160.2 0.08160.010 6.060.7
1416.761.3 0.02060.007 13.263.6
1432.760.2 0.03660.008 16.062.0
1452.160.2 0.14260.010 13.160.9
1544.960.7 0.02260.006 13.962.9
1571.660.1 0.31360.004 6.060.1
1590.460.1 0.15960.008 5.660.3
1616.260.2 0.03060.005 5.460.8
1773.760.7 0.05760.005 26.061.9

TABLE III. As in Table II, but for the broad features in th
Stokes resonant Raman spectra obtained atEL52.54 eV. Sum fre-
quencies and broadenings kept fixed during the numerical fit
procedure are reported without error margins. The last line co
sponds to the silicon optical phonon.

\v j sR(v j ) FWHM
(cm21) ~1! (cm21)

99.667.5 1.25960.119 123.967.3
293.663.9 0.05960.020 52.4615.1
1247 0.22560.010 96.063.5
1286 0.26860.011 37.561.2
1476 0.03360.001 40
1538 0.16860.009 80
1586.16.5 0.22660.021 20.061.2
1615 0.18960.019 37.662.6
1685 0.10160.006 80
519.46.1 0.73360.004 4.060.1
1624) or again aB3g mode, so that the cross section
Table IV can be regarded as an upper limit for theAg single-
mode contribution.

For the small peaks at 1323 and 1356 cm21, no assign-
ment to one of the calculatedAg Raman modes is possibl
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e
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TABLE IV. As in Table II, but for the resonant Raman spect
obtained at a laser energy of 2.34 eV, normalized to the sum of
cross sections of the 1304.0 and 1307.8 cm21 modes.

\v j sR(v j ) FWHM
(cm21) ~1! (cm21)

233.260.2 0.09160.006 9.660.6
389.660.9 0.01360.005 8.762.7
431.060.4 0.04860.006 10.861.1
450.860.4 0.01260.004 4.261.0
475.960.7 0.04960.008 16.762.2
537.360.3 0.06660.014 4.260.7
624.660.2 0.08860.004 9.060.4
726.760.3 0.01660.003 5.360.9
857.560.5 0.06360.007 17.761.5
1048.960.2 0.06260.005 6.660.4
1072.660.5 0.01660.004 5.761.2
1139.360.7 0.00960.004 5.361.9
1158.460.4 0.01360.004 4.461.1
1304.060.3 0.73360.051 9.860.2
1307.860.1 0.26760.035 4.660.5
1323.160.2 0.04660.008 5.360.8
1334.761.2 0.13160.046 15.363.7
1344.760.4 0.10760.016 12.161.3
1381.060.1 0.76060.018 13.760.3
1389.660.2 0.07060.009 6.160.7
1450.860.3 0.12160.007 12.660.6
1542.260.6 0.10860.014 18.362.1
1571.960.1 0.37660.010 6.060.2
1590.060.1 .17860.011 5.360.3
1616.060.2 .09160.011 8.760.9
1779.561.7 .03960.012 19.564.7

TABLE V. As in Table III, but for the resonant Raman spect
obtained at a laser energy of 2.34 eV, normalized as the entrie
Table IV.

\v j sR(v j ) FWHM
(cm21) ~1! (cm21)

520.060.0 2.75860.013 3.860.0
279.263.1 0.31760.026 105.366.4
301.560.4 0.07260.009 13.461.4
771 0.09560.007 25.461.6
822.861.2 0.04360.008 24.964.1
1247 0.92560.031 158.164.6
1286 0.41260.019 43.361.6
1359.361.5 0.09960.033 23.667.2
1539 1.82960.142 220.0616.1
1586.561.0 0.36060.052 31.464.0
1615 0.39960.075 79.1612.6
1840 0.41560.085 44.169.0
520.060.1 2.75860.013 3.860.1
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TABLE VI. Comparison of measured and calculated Raman cross sections, normalized to the
cross section for the 1305 cm21 mode. First two columns: Raman modes and normalized cross sec
measured atEL52.54 eV. For the modes near 1054, 1150, 1305, and 1340 cm21, the positions given are
weighted averages over mode pairs in Tables II and IV, the cross sections the corresponding sums.
3 and 4: same forEL52.34 eV. Column 5: calculatedAg frequencies. Columns 6 and 7: Raman cro
sections calculated according to Eq.~5! for PTCDA* ~column 6! and negative charging of PTCDA2 ~column
7!. The average absolute deviation of the calculated mode frequencies is 18 cm21 ~rms deviation 24 cm21).

\v j sR(v j ) \v j sR(v j ) \v j sR(v j ) sR(v j )
(cm21) ~1! (cm21) ~1! (cm21) ~1! ~1!

EL52.54 eV EL52.34 eV Calc. PTCDA* PTCDA2

232.260.4 0.04860.008 233.260.2 0.09160.006 232 0.032 0.006
388.862.8 0.01360.010 389.660.9 0.01360.005 383 0.002 0.020
429.560.4 0.01360.005 431.060.4 0.04860.006 B3g

36

450.860.4 0.01260.004 B3g
36

475.960.7 0.04960.008 474 0.003 0.000
536.860.3 0.02560.005 537.360.3 0.06660.014 550 0.029 0.020
623.860.5 0.02760.006 624.660.2 0.08860.004 639 0.032 0.003
726.760.7 0.00960.005 726.760.3 0.01660.003 728 0.010 0.002
857.561.5 0.01160.006 857.560.5 0.06360.007 863 0.001 0.003
1054.160.2 0.12560.004 1053.660.2 0.07860.006 1070 0.055 0.006
1149.160.7 0.01660.004 1150.560.5 0.02260.006 1140 0.036 0.093
1305.660.1 1.00060.019 1305.060.2 1.00060.072 1285 1.000 0.259
1340.660.2 0.17160.017 1339.260.7 0.23860.065 1304 0.454 0.306
1381.360.1 0.76860.012 1381.060.1 0.76060.018 1347 0.513 0.386
1389.160.2 0.08160.010 1389.660.2 0.07060.009 1393 0.067 0.011
1416.761.3 0.02060.007
1432.760.2 0.03660.008
1452.160.2 0.14260.010 1450.860.3 0.12160.007
1544.960.7 0.02260.006 1542.260.6 0.10860.014 1527 0.048 0.017
1571.660.1 0.31360.004 1571.960.1 0.37660.010 1616 0.506 0.140
1590.460.1 0.15960.008 1590.060.1 0.17860.011 1623 0.402 0.461
1616.260.2 0.03060.005 1616.060.2 0.09160.011
1773.760.7 0.05760.005 1779.561.7 0.03960.012 1723 0.004 0.353
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because they are already needed for the interpretatio
larger experimental features. However, as they are clos
the average wave number of the larger Raman peaks ar
them, they could result from a superposition of these non
generate modes on the two molecules of the monoclinic
cell. These modes are skipped in the comparison betw
experiment and theory in Table VI.

The modes at 1433, 1451, and 1616 cm21 cannot be as-
signed toAg breathing modes. Tentatively, we interpret the
as second-order scattering processes of lower modes, i.e
second harmonic of the two most pronounced out-of-pl
dipole active modes at 734 and 809 cm21.9,34 A further pos-
sibility is that the observed 1616 cm21 Raman mode corre
sponds to one of the strongestB3g-symmetric modes of
perylene observed at 1622 cm21.38 The relative cross sec
tions at the two different laser energies support this ar
ment; see the discussion of theB3g features at 430 and 45
cm21 above.

B. Deformation patterns of selected modes

From the calculation of the vibrational eigenvectors,
can assign each of the dominating Raman modes to diffe
parts of the deformation pattern for optical excitation HOM
of
to
nd
e-
it
en

the
e

-

nt

→ LUMO; see Figs. 6 and 7. The elongation of the lowe
frequency mode corresponds to the in-phase shortenin
the molecule, which is due to the vanishing of the node lin
of the HOMO along they axis, as can be seen by comparin
Figs. 1 and 2. The new node lines of the LUMO are resp
sible for the increased width of the excited molecule, res
ing in the elongations of the 537 cm21 and 624 cm21

modes. The frequency difference between these two is ea
understood from their elongation patterns, shown in Fig.
The lower-mode energy corresponds to an in-phase ex
sion that is close to radial, while the higher mode has alre
some out-of-phase tangential character, resulting in an
creased frequency.

Figure 7 shows the three high-frequency vibrations do
nating the Raman spectrum. For these modes, the elo
tions along most C2C bonds correspond to the increase a
decrease of the interatomic distances of PTCDA* in Fig. 2.
While the modes at 1305 cm21 and 1382 cm21 contain large
contributions of C2H in-plane bending elongations, th
elongation pattern of the 1572 cm21 mode is dominated by
C2C stretching and corresponds to the optical phonon
graphite at theG point of the Brillouin zone, explaining the
similarity in frequency. For the 1590 cm21 mode ~not
shown!, the pattern is again dominated by C2C stretching,
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but no simple correspondence with the graphite unit cel
found. As the total deformation pattern of PTCDA* in Fig. 2
does not contain any pronounced C2H bending, the corre-
sponding parts summed over the vibrational eigenmode
Fig. 7 cancel approximately.

Depending on the substrate, a pronounced splitting of
C5O breathing mode around 1774 cm21 of about 15 wave-
numbers can be observed, interpreted again as a splitting
to the two molecules in the crystal unit cell. This splitting
also observed for the C5O features dominating the infrare
spectra.9 With the signal-to-noise ratio of the resonant R
man scattering data reported here, this splitting could no
confirmed, but it is likely to be the reason for the relative
large full width at half maximum~FWHM! of the C5O
mode reported in Tables II and IV.

C. Comparison of measured and calculated scattering cross
sections

The experimental and calculated cross sections are
ported in Table VI, and for all the 17Ag Raman modes

FIG. 6. Calculated elongation patterns of the three domina
low-frequency Raman modes. From top to bottom: 232~exp, 233!,
550 ~exp, 537!, 639 ~exp, 624! cm21. The contribution of each
mode to the total deformation of PTCDA* is enlarged by a factor o
40.
s

in

e

ue
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below 2000 cm21, we achieve a one-to-one corresponden
with measured features. Surprisingly, we find a striki
agreement of the measuredAg Raman intensities in the fin
gerprint region~1250–1650 cm21) for the two laser ener-
giesEL52.34 eV and 2.54 eV, and the systematic deviat
for the low-frequency modes is interpreted in terms
changes of the polarizabilitiesA0 in Eq. ~4!, so that we do
not believe that the elongationsa2 of the Raman modes dif
fer by this factor of about 2. Referring to the intensities c
culated for the excitation of a neutral PTCDA molecu
PTCDA→PTCDA* , we find generally a good agreeme
within reasonable error margins, especially with the cro
sections resulting at the larger laser energy of 2.54 eV
this broad and structureless absorption band, the polariza
ity A0 is smoother than close to the sharp absorption pea
lower energy, so that the approximations involved in Eq.~5!
used for the calculated intensities are better satisfied. H
ever, the systematic increase of the scattering cross sec
for the low-frequency modes measured atEL52.34 eV indi-
cates that a more precise inclusion of the energy depend

g

FIG. 7. As Fig. 6, but for the three dominating high-frequen
Raman modes. From top to bottom: 1285~exp, 1305!, 1347 ~exp,
1382!, 1616~exp, 1572! cm21.
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of the polarizability would be desirable. While the relativ
cross sections of the C2H bending modes in the regio
1300–1400 cm21 are in reasonable agreement with the m
sured data, the cross sections of the C-C stretching mo
near 1600 cm21 are overestimated by a factor of about
compared to the C2H bending modes. In both regions, w
observe a small redistribution between cross sections of
secutive modes: The mode at 1304~experimental 1340!
cm21 and the mode at 1623~experimental 1590! gain inten-
sity with respect to their neighbors. The intensity of the c
boxylic bond at 1723~experimental about 1775! cm21 re-
mains quite small both in the experiment and in t
calculation.

While systematic deficiencies of the DFTB calculation a
difficult to estimate, there could also be some deviations
lated to the difference between an isolated molecule and
monoclinic epitaxial films, as is also obvious from the sy
metry lowering of the molecular geometry.21,22 Details of
geometrical changes could have some influence on the v
tional frequencies and eigenvectors, and the distribution
the HOMO and LUMO over the molecule could be affecte
resulting in minor changes of the projections of the deform
tion on the vibronic eigenstates. Even though the scatte
our calculated mode frequencies is larger than in rec
B3LYP DFT calculations for polycyclic aromati
hydrocarbons,38,40 they are slightly more precise than tho
in previous calculations for PTCDA,39 and the reliability of
our calculated Raman cross sections is similar.

D. Absence of net charge transfer

The Raman cross sections resulting from the deforma
of a molecule with an additional negative charge is in po
agreement with the measured data at both laser energies
Table VI. Even though the contribution from the surroundi
molecules with the corresponding positive charge is not
cluded in this calculation, some Raman modes would g
already a much larger cross section for the deforma
PTCDA→PTCDA2 of the negatively charged molecu
alone, especially the 1150 cm21 ~calculated 1140! mode and
the C5O modes around 1770 cm21 ~calculated 1723!: The
C5O mode would become a dominating feature due to
bond stretching corresponding to the repulsive node of
LUMO; see Figs. 1 and 2. This intensity would even increa
when the deformation of the surrounding positively charg
molecules would be included because the subtraction
HOMO electron would remove a repulsive node, resulting
a significant compression of the C5O bond for PTCDA1

and a corresponding Raman contribution. From the v
weak measured Raman cross section of this mode, we
clude that no significant net charge transfer occurs in
region of the charge-transfer exciton. However, as the m
general excited state of two PTCDA molecules is of the ty
auM* M &1buMM* &1cuM 1M 2&1duM 2M 1&, this does
only require ucu2'udu2, not ucu21udu2!uau21ubu2. There-
fore, the absence of net charge transfer indicated by our
man spectra is not in contradiction with the applicability
charge-transfer models both to optical absorption25 and
electroabsorption7 of PTCDA.
-
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E. Comparison with Raman spectra of perylene and poly-peri-
naphthalene

As PTCDA and perylene differ only by the end groups
the molecule, many geometrical and dynamic features sh
strong analogies. We have checked that our calculated
deformation patterns of the excited state of perylene
PTCDA are quite similar. For most of theAg elongation
patterns of PTCDA shown in Figs. 6 and 7, a close rese
blance with peryleneAg modes can be found; compare r
cent corrected B3LYP DFT calculations38,40,41 and experi-
mental data.38 The lowest PTCDA Ag mode at 233
~calculated 232! cm21 has a comparable pattern as the lo
est perylene mode observed at 357~Ref. 38! @calculated 352
~Ref. 40!#, the frequency change being related to the hea
carbon-oxygen end groups. Concerning the PTCDA mo
observed at 537~549! cm21, a similar mode pattern occur
in perylene at 549~547! cm21. The dominant PTCDA C
2H bending mode at 1305~1285! cm21 corresponds to the
1298 ~1299! cm21 mode in perylene, while the three con
secutive modes for PTCDA are not directly comparable
perylene, even though the mixed C2H bending and C2C
stretching character is similar. The deformation pattern of
PTCDA C2C stretching mode at 1572~1616! cm21 agrees
again nicely with the 1569~1571! cm21 perylene mode.
Concerning theAg Raman cross sections, perylene is dom
nated by the modes at 1298, 1374, and 1569 cm21, with a
somewhat larger scattering of the C2C stretching mode a
1569 cm21 mode compared to PTCDA. The scatter of t
calculated Raman cross sections for perylene with respe
the oberved ones38,40 is similar to the results we present fo
PTCDA.

Poly-peri-naphthalene ~PPN! consists of a one-
dimensional repetition of naphthalene groups, correspond
to the strongly conjugated building blocks of both peryle
and PTCDA. The most important deformations related to
relaxed excited state of PTCDA and perylene occur in
naphthalene blocks; see Fig. 2. Therefore, the Raman sp
of the one-dimensional analogon PPN are dominated
similar features around 1290, 1360, and 1570 cm21,42 and it
was demonstrated that PTCDA deposition at high subst
temperatures43 or under high laser fluence44 results in poly-
merization, so that the resulting Raman spectra are simila
PPN in both cases. Actually, a precursor of the broade
Raman features in the polymer is already visible in the fo
of additional modes for conjugated molecules containing
increasing number of naphthalene groups; see, e.g., the
ferences between naphthalene and perylene38 and between
perylene and terrylene.19 As was discussed recently in som
detail, the strong similarities between different polycyc
aromatics based on naphthalene groups and PPN can b
derstood in terms of the Hu¨ckel and Pariser-Parr-Pople mod
els, determining both the electronic states and the qualita
deformation patterns.45

V. LINEAR ABSORPTION OF PTCDA IN DIMETHYL
SULFOXIDE SOLUTION

In order to investigate the absorption properties of sin
PTCDA molecules, it is necessary to dissolve them in
adapted solvent. For the case of dimethyl sulfoxide~DMSO!,
already a solution containing a concentration of about 1mM
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PTCDA shows some bulk features in the region of t
charge-transfer exciton.6 Therefore, much lower concentra
tions are needed for any investigation of well-dissolved i
lated molecules. The experimental data reported in Fig
were measured at a concentration of 0.2mM . For the calcu-
lated curves in Fig. 8, the well-known gap error of densi
functional theory was corrected together with solve
dependent renormalizations of the electronic gap. Excep
a necessary reduction of the calculated elongations, we
good agreement with the observed vibrational structure
that the separation of the consecutive bands in the vibro
progression can be interpreted as an average of the v
tional frequencies of the most prominent Raman modes. T
is in keeping with earlier calculations of the elongations
the Ag modes during optical absorption,39 so that configura-
tion coordinate diagrams based on a single effective inte

FIG. 8. Optical absorption of PTCDA. Dashed line, experime
tal absorption signal in 0.2mM solution of PTCDA in DMSO,
shifted down by 2.37 eV. Discrete vertical lines, calculated Pois
distribution overAg modes and their harmonics, normalized to t
intensity of the 0-0 transition. Solid lines, corresponding absorp
spectra including a Gaussian broadening of FWHM5850 cm21 ac-
cording toa5ve9/nc, wherev refers to the sum of the vibronic
part shown and the electronic gap of 2.37 eV for PTCDA in DMS
Upper solid line, witha j

2 as calculated; lower, with alla j
2 reduced

to 0.65a j
2 . For the prefactorv in the formula for the absorption, th

LDA electronic gap of 1.79 resulting from the DFTB calculatio
was corrected to the experimental value of 2.37 eV in DMSO.
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mode6 can be ruled out. We interpret the reduced elongati
in the dissolved molecule as an effect of the high dielec
constant of the solvent. Under optical excitation of PTCD
the change of the electronic charge density leads to a
placement fieldD within the PTCDA molecule. The result
ing electric field E and the corresponding forces on th
atomic cores are reduced due to screening ofD by the sol-
vent polarization. Even though the dielectric function
DMSO is very high, the reduction of the reorganization e
ergies by a factor of only about 0.65 is probably due to
nonlocal nature of the screening, so that the deformation
the PTCDA molecule is still rather similar to the isolate
molecule. Obviously, the same reduction for the elongati
of all modes gives only a first estimate, as any screen
effect would depend on the position of the atoms involved
each vibrational pattern.

VI. CONCLUSION

Our results for the deformation of an isolated PTCD
molecule from the electronic ground state to the relaxed
cited state of neutral PTCDA show good agreement with
experimental Raman spectra obtained on epitaxial films,
the vibrational structure in linear absorption of PTCDA d
solved in DMSO can be interpreted in terms of an average
the most prominent Raman lines elongated due to
HOMO-LUMO excitation. However, we find no correspon
dence of resonant Raman spectra recorded in the regio
the charge-transfer exciton with the calculated deformat
of the molecule due to an additional negative charge. Inste
these Raman spectra agree quite well with the data meas
at higher laser energy. This leads us to the conclusion th
significant net charge separation during optical excitation
this energy region is highly unlikely.
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33V. Bulović and S.R. Forrest, Chem. Phys.210, 13 ~1996!.
34K. Akers, R. Aroca, A.-M. Hor, and R.O. Loutfy, J. Phys. Chem

91, 2954~1987!.
35U. Guhathakurta-Gosh and R. Aroca, J. Phys. Chem.93, 6125

~1989!.
36D.A. Tenne, S. Park, T.U. Kampen, A. Das, R. Scholz, a

D.R.T. Zahn, Phys. Rev. B~to be published!.
37A.J. Lovinger, S.R. Forrest, M.L. Kaplan, P.H. Schmidt, and

Venkatesan, J. Appl. Phys.55, 476 ~1984!.
38H. Shinohara, Y. Yamakita, and K. Ohno, J. Mol. Struct.442, 221

~1998!.
39K. Gustav, M. Leonhardt, and H. Port, Monatsh. Chem.128, 105

~1997!.
40K.K. Ong, J.O. Jenssen, and H.F. Hameka, J. Mol. Stru

THEOCHEM 459, 131 ~1999!.
41A.D. Becke, Phys. Rev. A38, 3098~1988!; C. Lee, W. Yang, and

R. G. Parr,ibid., 37, 785 ~1988!.
42M. Murakami, S. Ijima, and S. Yoshimura, J. Appl. Phys.60,

3856 ~1986!.
43H. Kamo, M. Yudasaka, S. Kurita, T. Matsui, R. Kikuchi, Y

Ohki, and S. Yoshimura, Synth. Met.68, 61 ~1994!.
44M. Yudasaka, Y. Tasaka, M. Tanaka, H. Kamo, Y. Ohki, S. O

ami, and S. Yoshimura, Appl. Phys. Lett.64, 3237~1994!.
45Z.G. Soos, M.H. Hennessy, and G. Wen, Chem. Phys. Lett.274,

189 ~1997!.


