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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(Bil) 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 PT@idA
Raman spectra recorded in the region of the charge-transfer exciton, a significant net charge separation during
the optical absorption is highly unlikely.

[. INTRODUCTION elongation patterns of PTCDA. In Sec. V, we apply these

In the last few years, various studies have focused omesults to the linear absorption of PTCDA in solution. The
organic thin films due to their potentially interesting proper-paper is concluded in Sec. VI.
ties for electronic and optoelectronic applications such as
electroluminescence  diode€s or  waveguide-coupled ||, DENSITY-FUNCTIONAL TIGHT-BINDING THEORY
detectors’ After the recent developments of molecular beam
deposition techniques adapted to these molecules, the growth
of well-ordered organic thin films on different inorganic sub- PTCDA is composed of 38 atoms contributing 200 elec-
strates has made enormous progtésamong the molecules trons. Such a large system requires an efficient theoretical
of interest, 3,4,9,10-perylene-tetracarboxylic-dianhydrideapproach including the main features of the electron-electron
(PTCDA) plays a special role because high quality films caninteraction, a computationally very efficient being density-
be grown on different substrates with molecular beam depofunctional theory(DFT) in the local-density approximation
sition, and the resulting epilayers have been studied using @DA). As was shown recently in some detail, an even more
variety of technique$. efficient and simultaneously highly transferable tight-binding

The importance of internal vibrations for the optical prop- (TB) version of density-functional theory can be derivéd,
erties of PTCDA has been evidenced in optical absorptiortalled density-functional tight-bindind®FTB) in the follow-
measurements of PTCDA in solution and in epitaxial layers, ing.
in fluorescence of epitaxial filmsand in fluorescence exci- The method is based on a second-order expansion of the
tation spectra of dissolved molecules and amorphous filmsKohn-Sham total energy function&[n] with respect to
These pronounced vibrational structures have been intecharge-density fluctuationdn at a given reference density
preted in terms of a configuration coordinate diagram for ang, n(r)=ny(r)+ én(r). Retaining only the leading mo-
single effective vibrational mode of the molecGieFrom  nopolar term of atom-centered charge fluctuations calculated
group-theoretical arguments, only totally symmetric vibra-by a Mulliken-charge analysis, one finally obtains an ap-
tions can be elongated due to the dipole-allowed optical tranproximate tight-binding-like expression for the Kohn-Sham
sition from the electronic highest occupied molecular orbitalenergy functional in second-order perturbation theory in the
(HOMO) to the lowest unoccupied molecular orbital charge transfer:
(LUMO), the same symmetry restriction applying to reso-
nant Raman scattering. oce .

The purpose of the present work is to interpret recent E;f[n]=> (Wi[Ho|¥;)+EeplNol
measurements of resonant Raman scattering of PTCDA thin !

A. Theoretical model

films® with a density-functional calculation of the vibrational 1 N
properties of an isolated PTCDA molecule. In Sec. II, we += > YapAd,Adg. 1)
introduce the density-functional tight-binding approach ap- 2 alf=1

plied in the present work and investigate the geometrical . ]

changes of an isolated molecule after optical excitation. De- The sum over the occupied eigenstates represents the
tails of the sample preparation, experimental setup, and resteading matrix element of the many-atom Hamiltonidp,
nance conditions are discussed in Sec. lll. Section IV comand the second term stands for a short-range repulsive pair
pares the measured Raman spectra with the calculatédteraction, both taken at the reference densigyof N su-
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perimposed neutral atoms. Besides the ion-ion repulsion,
E.ep contains a correction for the double-counting Hartree
and exchange-correlation contributions. The third term rep-
resents energetic contributions due to the net chAmge of
each atoma, and the distance lawg,; can be tabulated
beforehand?

The variational basis used consists of compressed atomi-
clike orbitals calculated in a self-consistent generalized gra-
dient approximatioht (GGA) using the
Perdew-Burke-Ernzerhtf (PBE) density functional. From
previous applications of this scheffldo 63 organic refer-
ence molecules, mean absolute deviations for the bond
lengths of AR=0.012 A and for bond angles oA®
=1.80° where found, slightly more precise than in semi-
empirical AM1 calculationg® For vibrational frequencies,
the mean absolute error for 33 reference molecules was
found to be 6.4%, with a largest absolute error for each mol-
ecule of about 10942

Using a careful redefinition of the short-range repulsive
energyE, ., between carbon atoms, a systematic deviation of
vibrational frequencies by about 10% for graphitelike bond
geometries could be eliminated. This empirical procedure giG. 1. Geometry of PTCDA in its electronic ground state, and
improves the transferability and precision of the repulsivecharge density contours of thé,(xyz) HOMO (uppe) and
energyEe, and its spatial derivatives for-€C bonds longer B, (yz) LUMO (lowen), at a distance of one Bohr radius above or
than about 1.3 A, including the range needed for PTCDA. below the plane of the molecule. The atomic positions are indicated

with crosses, with the three on the |hs and rhs oxygen, and the four
upper and four lower hydrogen, surrounding the central carbon net-
B. Geometry of PTCDA work. As both HOMO and LUMO arer orbitals composed of

PTCDA is a planar rectangular molecule consisting of aatomic _aoz wave functio_ns, the hydrogen _atoms do_not c_ontribute.
carbon network terminated by hydrogen and oxygen, com—The_P;gh%St electronic  charge density occuring  [igmas
pare Fig. 1 for the HOMO and LUMO. The overall charge :1072'06/""3’ ag‘f.j' ”;e_ charge contours are shown i
distributions shown agree qualitatively with earlier PM3 cal- =10~ o0 10 *%/a in equidistant logarithmic steps. Between
culations for the HOM@ and ZINDO calculations for both consecun_ve lobes, both the HOMO and the LUMO wave functions
HOMO and LUMO?® change sign.

For the geometry of an isolated PTCDA molecule, we
have compared our DFTB results with a fully self-consistentforms according t&,, so that a transition between two or-
density-functional calculation using therLmMoL codel”*®  bitals, e.g., HOMO and LUMO, does not destroy the rectan-
based on the same PBE functiohaWe found a rms devia- gular symmetry of the total charge density(r)
tion of the C-C and G=0 bond lengths<0.5%, defininga =X;n;p;(r); only the occupation numbers; are changed.
quite reasonable reference geometry for our DFTB calculaAlso subtraction or addition of an electron does not lower the
tion of the vibrational modes of the isolated molecule. Theoverall symmetry of the charge density of the molecule.
peri bonds between the two naphthalene units and also thevertheless, the detailed geometry of the molecule depends
bonds between the naphthalenes and the carboxylic groups the occupation numbefs;}, and for any fixed set of
are much longer than the bonds within the naphthalenes, ascupation numbers, the molecule will relax to a different
known from calculations for perylefitand observed in vari- configuration corresponding to the minimum of the total en-
ous other perylene pigmerfs. ergy.

The most significant deviation of the experimental In order to investigate the geometric changes of a mol-
PTCDA geometry in the bulk from the fuld,,, symmetry of  eculeM due to the optical excitation, we calculate the geom-
the isolated molecule is a pronounced assymetry of the difetries for the ground staté/1) and the excited stafé*) of
ferent carboxylic bond lengths and an asymmetric distortiorPTCDA, where an electron has been transferred from the
of the anhydride groups:??Furthermore, the bonds between HOMO to the LUMO. As the charge-transfer exciton is dis-
the carboxylic groups and the naphthalene are considerablyussed in the literature as consisting of a negatively charged
shortened. A detailed comparison of the calculated PTCDAentral PTCDA molecule and a positive charge delocalized
geometry with experimental data for bulk phases will beover the neighboring molecules in a Wannier-like wave
published elsewheré. function*?* we investigate also the negatively charged

As the representations of the commutative grdbp, M ™), where an electron has been added to the LUMO. For
have eigenvalues-1 and —1 under the symmetry opera- these three cases, i.e., neutral PTCDA in its electronic
tions of the group, the square of each representation has eground and excited state and the molecular anion, the geom-
genvaluest1 under all symmetry operations, or fully sym- etry is relaxed in a conjugate gradient scheme based on the
metric A, transformation properties. Therefore, the chargeDFTB approach, with fixed occupation numbers of the mo-
density pj(r)=|¢j(r)|2 of each molecular orbitaj trans- lecular orbitals. The ground-state geometry is shown in Fig.
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PTCDA — PTCDA* tive patterns discussed elsewh&tén general the direction
of the deformations does not coincide with a specific bond
direction of the corresponding atom, except obviously for
atoms on thex axis. Moreover, each hydrogen follows its
carbon neighbor with a similar elongation. We have checked
that the atomic elongations in the perylene core of PTCDA
are quite similar to a HOMO-LUMO excitation of perylene,
explaining also similarities in the Raman spectra; see below.
In the anion|M ), the overall deformation pattern in Fig.
2 is similar to|M*), while most deformations are smaller by
about a factor /2. These smaller deformations are easily
understood from the fact that iiM ~), only the occupation
number of a single orbital is changed, while fé1* ), both
the occupation numbers of the LUMO and HOMO are modi-
fied by =1. However, there are further significant differ-
ences in the deformation patterns, e.g., for the@double
bonds of the carboxylic groups, where both HOMO and
LUMO possess a wave function node, so that removing an
electron from the HOMO and adding it to the LUMO does
not have a significant effect for this interatomic distance in
IM*). For [M ™), on the contrary, the additional electron in
the LUMO with its node along these=€0 bonds increases
the interatomic distance between oxygen and carbon.
Vibrational modes of lower symmetry, e.@3,(Xy), can
contribute to the Raman signals if nearly degenerate elec-
tronic transitions with different orientations of the transition
FIG. 2. Deformation patterns of PTCBAuppe) and PTCDA dipoles'are available. As the HOMO-LUMO ex'c.itation is
(lower) as compared with the geometry of the molecule in the elec_energetlcally well Separated fro_m all other transitions, such
rocesses can contribute only in an off-resonant way to the

tronic ground state. Full gray circles correspond to the ground-stat(% d bel Iting | I R
geometry, and open circles to the geometry of the deforme aman SpeCtra_ reported below, resulting in very small Ra-
Qwan Cross sections.

PTCDA. In order to make the geometry changes more evident, th
deformations have been enlarged by a factor of 40.

C. Elongations of A, breathing modes
1, together with charge-density contours of the

Au(xyz-symmetric HOMO and theB;4(yz)-symmetric
LUMO, both composed ofr-conjugatedp, orbitals. Each

The DFTB method was used to obtain the vibrational
modes of PTCDA. From the eigenvectors of the vibrational

orbital can lower its energy by increasing its bonding Char_modes and the deformation patterns in Fig. 2, we can extract

acter between atoms where the wave function has no nod& prqje_ction on the internal vibraﬁigns. D_ue to the symmetry
and by decreasing the antibonding character between ato gstr!ctlons and resonance conditions d!scussed above, only
where a node occurs. This can be achieved by shortening t V|brat|on-al modes are elongated. It is useful tp express
interatomic distance where the orbital is bonding, and b)} € elqngatllo'nqu between the grqund— and exmtgd—state
increasing the interatomic distance where the electroni@Otential minima for each modew; in terms of a dimen-
wave function has an antibonding node. In the electroni¢ioness constant; = ymw;/(24)Aq;, so that thze reorgani-
ground state, the resulting equilibrium bond lengths have tgation energy of each mode is defined\as- mw{(Aq;)“/2
optimize these electronic requirements for all occupied orbit=a % w; . The resulting values fok; and af are given in
als together with the short-range repulsive [y, of the ~ Table I. For PTCDA', the reorganization energy is domi-
total energy. nated by the € H stretching modes around 1300 chand
When an electron is excited from the HOMO to the the C—C stretching modes close to 1600 thywhereas in
LUMO, the electronic requirements on the interatomic dis-terms of normalized reorganization energi@%, also the
tances are changed: The energetically highest occupied eldlowest A; mode contributes significantly. Comparing
tronic LUMO state has now different node planes and bondPTCDA™ with PTCDA*, the most important change con-
ing regions; see Fig. 1. Therefore, bonds will become shortecerns the elongation of the carboxylic stretching mode above
where an antibonding node of the HOMO has disappeared,700 cm !, directly related to the length change of the cor-
while bonds will become longer where the HOMO had bond-responding bond in Fig. 2, while most other reorganziation
ing character. With respect to the node planes of the LUMOegnergies are lower by a factor of about 1/2.
the corresponding bonds become longer, and in bonding re- In the adiabatic approximation, the electronic ground- and
gions of the LUMO the interatomic distances becomeexcited-state wave functions can be expressed as products of
shorter. The resulting deformation of the excitét* ) mol-  an electronic and nuclear part. Assuming a single vibronic
ecule is shown in Fig. 2, and for each interatomic bond, theoordinate for simplicity, and neglecting any dependence of
expected behavior with respect to the nodes of the HOMQhe electronic transition dipole moment on the nucelar posi-
and LUMO wave functions is obtained. Contrary to qualita-tion, the vibronic part of the total wave function contributes
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TABLE I. A4 breathing modes of PTCDA in the electronic UR(w-)OCa-z[l-i—(n(ﬁw-))]
ground state, as calculated with the density-functional tight-binding ! ) !
method: Energies expressed in terms of wave numbess col- ><|AO(E,_)—AO(E,_—ﬁwJ-)|2, (4

umn), contribution to the sum of squared displacements of C, H,

and O atomgsecond to fourth columisand reorganization ener- Where(n(%wj)) is the thermal occupation of the mOd@jza

gies \; and dimensionless elongatiom'sj2 due to the optical its normalized reorganization energy, andly(E) the
HOMO-LUMO transition PTCDA~PTCDA* (fifth and sixth col- ~ Kramers-Kronig transform of the optical absorption spec-
umn), and due to an additional negative charge PTCDAtrum. As usual for the interpretation of resonant Raman spec-

—PTCDA" (last two columng tra, we use only the leading term of the Taylor expansion:
PTCDA  PTCDA" or(@) = a?[ 1+(n(hw))](ho;)?. (5

h(x)J (5rc)2 (5I‘H)2 (5!‘0)2 7\] ajz )\] ajz

(cm™) (%) (%) % (cm?YH @O (em?b 1 Equation(5) will be used in Sec. IV for the interpretation

of the measured Raman spectra, and a multi-mode generali-

232 50 ! 43 66 0287 12 0.051 qiinn of Eq.(3) including inhomogeneous broadening for

383 22 25 52 3 0008 32 0082 e analysis of the optical absorption of dissolved PTCDA in
474 41 48 11 4 0.008 0 0.000 Sec. V.

550 54 33 12 35 0.064 24 0.044

639 45 33 22 34 0.053 3 0.005

728 56 34 11 10 0.013 2 0.002 Il EXPERIMENT

863 42 56 1 1 0.001 2 0.002 A. Sample preparation

1070 17 80 3 37 0034 4 0004 The PTCDA films used in the present study were depos-
1140 8 91 1 23 0020 59 0.051 jtaq with organic molecular beam deposition under ultrahigh
1285 18 81 0 560 0436 145 0.113 yacyum conditions at room temperature, using n{@01)
1304 30 69 1 251 0192 169 0.130 gnd hydrogen-passivated$11) as substrates. A growth rate
1347 14 86 0 274 0.204 207  0.153 of about two monolayers per minute was determined by a
1393 27 73 0 35 0025 6  0.004 quartz crystal balance. On the mica substrates, a film thick-
1527 83 16 1 23 0015 8 0.005 ness of about 20 nm was grown, whereas more than 100 nm
1616 36 64 0 226 0140 62 0.039 PTCDA films were deposited on the passivated silicon sub-
1623 53 46 0 179 0.110 205 0.126 strate. Details of the deposition technique have been de-
1723 70 2 28 2 0001 148 0.086 scribed elsewheré>°

3173 1 99 0 0 0.000 0 0.000

3190 1 99 0 0 0000 O 0.000 B. Raman scattering geometry

Raman spectra were recorded at room temperdiie
only a Franck-Condon overlap factor. Restricting the discus¥Sing @ triple-monochromator Raman systébilor XY )
sion to the lowest vibronic lev¢0,) of the electronic ground eqtfl_p%ed W'Ithda ch_arge-t::oupled de\(lcré”CD)l_camgra .fﬁr
state as the initial state, the probability to excite a transitiodttichannel detection that was optically aligned with an

. — 10 i
to the excited-state vibronic levpl,) with an electric fielde uItr_ahlgh vacuum chambdpase pressure 10"~ mbay in
at energyE, is given by Fermi’s golden rule: which the sample growth was perform&dThe 2.54 eV

(488.0 nm emission line of an Af ion laser and the 2.34 eV
(530.8 nm emission line of a Kf ion laser were used for

2 o : ,
P(|0g)—|ne)) = _TF|E. #/2[(0g|ne)? excitation. The monochromator slits were set to a resolution

h of 1.6 and 1.8 cm?, respectively. Data were recorded with a

X 8(E + Enomo—ELumo — Nt @), data sampling interval of 0.4 cm and a Gaussian smooth-

ing with a full width at half maximum(FWHM) of two
) sampling intervals was applied to the data, resulting in a
. . L . . resolution of 1.8 cm?® and 2.0 cm?, respectively. During
whereu is the electronic transition dipole. It is easily shown . L . :
.__growth, the increasing film thickness was recorded with Ra-
that he Franck-Condon factor can be expressed by a Poissdh ianal lting f | b 20 f
distribution with argumentr2: man signals resulting from a laser ea=20 mW) fo-

' cused to a spot of about 5Q0m in diameter on the sample
on surface, and for this power density, no degradation of the
|0 |ne>|2=a—e‘ a? 3y  PTCDA film was observed’ The Raman spectra reported in

g n! the present work were measured after the growth with a

. - , L micro-Raman setup witP<1 mW focused to a spot diam-
These transition probabilities for a single vibrational modegter of 100,m. All Raman spectra were recorded in a back-
have to be generalized to the case of theAlSbreathing scattering geometry.

modes elongated due to the HOMO-LUMO excitation of
PTCDA.

The Stokes-Raman cross section for each niodgmea-
sured with an exciting laser energy Bf can be expressed The regions of largest absorption of PTCDA5-2.6 eV
ags?’ and of the charge-transfer excifdt?33 (around 2.23 ey

C. Resonance conditions
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FIG. 3. Optical absorption of PTCDA epitaxial films grownona  FIG. 4. Resonant Stokes Raman spectra of PTCDA thin films on
mica000]) substrate(gray) and of PTCDA dissolved in dimethyl H-passivated $111) substrate(dot9, measured with the 2.54 eV
sulfoxide (blacK. The laser lines used for the Raman investigation(\ =488.0 nm, shifted by+1 for clarity) and 2.34 eV §=530.8
of PTCDA films grown on H-passivated ($11) are indicated by  nm) laser lines, and superimposed fitting functions based on Lorent-
broken lines. zians(solid). The exponential fluorescence background at high en-

. e ergies is subtracted in both cases. The lower cufdess are the
were determined for the epitaxial films grown on the trans+egiqyals of the Lorentzian fits, shifted by0.2 (2.54 eV} and

parent mica substratésee Fig. 3, and the energetic position —0.4(2.34 eV.
and shape of the absorption features agree well with litera-
ture resultg;32-34

In order to take advantage of the signal enhancement if/- COMPARISON OF MEASURED SPECTRA AND
the region of largest absorption in the resonant Raman scat- THEORY
tering experiments, the 2.54 eV laser line was used. Super- A. Mode assignment
imposed on the Raman lines, a large fluorescence back-
ground intensity was observed above 2000 ¢nwhich was
subtracted from the measured data with an exponential fittin

Successive modes with small energy differences are inter-
reted as in-phase and out-of-phase superpositions of the
. ame breathing mode patterns on the two PTCDA molecules
function. ; e ; 7
: : L in the monoclinic unit cefi” and the lower mode of most
The region of the charge-transfer exciton with its stron-

gest absorption at 2.23 eV was investigated with the 2.34 e\?.a.irS has a larger intensity and width. Therefore, their inten-
laser line, so that both the laser liglightly above the ab- sities have to be summed up before they can be interpreted
R . . with the calculation based on a free PTCDA molecule in
sorption maximurh and the inelastically scattered Raman )
. . Table I; see Table VI.
signal(slightly below are resonantly enhanced. Even though

X 0 .
the exponential fluorescence background was stronger th net-:—/\?eeer?rggtl)l S%E’ea”nrgegégl cfreﬁeg[ucraerigt/:')allogemaaggi F;]Esa?jkto
that for the 2.54 eV laser line, the Raman signals coul%) 9

clearly be resolved. he calculatedh mod_es at 383 and 474 cm, beqaus_e the_
measured data contain several small structures in this region.

From polarization-dependent measurements at PTCDA

single crystals, the small peaks at 430 ¢nand 451 cm'*?

The Raman spectra recordedBt=2.54 eV and aE,  are likely to haveBsy(xy) symmetry*® Compared to the
=2.34 eV are shown in Fig. 4 and the fingerprint region inrelative cross sections measuredBt=2.54 eV, they be-
Fig. 5. With a nonlinear least-square minimization proce-come more pronounced & =2.34 eV. At this lower laser
dure, a superposition of Lorentzians was fitted to the dataénergy, the measured structure at 858 émseems to contain
see Tables Il to V. Raman peaks with FWHM below abouta broader contribution from two-mode scattering (233
20 cm! are interpreted as single-mode spectra, while the
larger peaks are two-mode spectra, additionally broadened
by the phonon dispersion of the PTCDA film. Where pos-
sible, their positions were fixed to sums of single-mode wave
numbers. Peaks with large width for at least one laser fre-
guency are interpreted as two-mode structures. The dominat-
ing feature at about 520 cm corresponds to the optical
phonon of the silicon substrate and is reported together with
the two-mode peaks.

From Tables Il to V and Figs. 4 and 5 it becomes obvious
that the main deviations between the Raman signals mea-
sured at the two laser energies concern the broad background
features, not the sharp single-mode cross sections. This inde-
pendence of laser energy is in keeping with earlier Raman
investigations for films with different morphology on a vari-  FIG. 5. Detail of resonant Stokes Raman spectra in the finger-
ety of substrates, and the dominating structures in our Ramagrint region, with experimental dataot9, Lorentzian fits(solid),
spectra occur close to reported positidh® and residuals of the fit&lots.

D. Fitting of experimental data

2.4

20
1.6
1.2 ¢
038 |
04

00 F

scattering intensity (arb. units)

14IOO 1600
Raman shift (1/cm})
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TABLE Il. Narrow features in the Stokes resonant Raman spec-
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TABLE IV. As in Table I, but for the resonant Raman spectra

tra obtained aE,; =2.54 eV. First column: fitted mode energies; obtained at a laser energy of 2.34 eV, normalized to the sum of the
second column: Raman cross sections resulting from the fittedross sections of the 1304.0 and 1307.8 ¢émodes.

Lorentzians, normalized to the sum of the cross sections of the

1304.8 and 1309.1 cnt modes; third column: FWHM of fitted hoj or(wj) FWHM
Lorentzians. (cm™1) (1) (cm™1)
ho (o)) FWHM 233.2¢0.2 0.0910.006 9.6:0.6
(cm™Y) 1) (cm™Y) 389.6+ 0.9 0.013-0.005 8.7:2.7
431.0+0.4 0.048-0.006 10.81.1
349.5-0.7 0.008-0.013 3.6:3.5 475.9+0.7 0.049-0.008 16.7-2.2
429.5-04 0.013-0.005 4.21.1 624.650.2 0.088:0.004 9.0:0.4
536.8:0.3 0.025-0.005 5309 726.7+0.3 0.016-0.003 5.3-0.9
623.8£0.5 0.027%0.006 7212 857.5:0.5 0.063-0.007 17.215
726.7£0.7 0.0090.005 4.81.8 1048.9-0.2 0.062-0.005 6.6:04
857.5-1.5 0.011-0.006 9.3:4.2 1072.6:0.5 0.016:0.004 5712
1050.3:0.1 0.101-0.003 8.2:0.2 1139.3-0.7 0,009 0.004 5319
1304.8-0.1 0.811:0.014 7.6:0.1 1323.1-0.2 0.046-0.008 5308
1309.1+0.1 0.189-0.012 4.5-0.3 1334.7+-1.2 0.13F0.046 15.33.7
1323.2:0.2 0.086:0.008 11.208 1344.7-0 4 0.107-0.016 12113
1337.4:0.3 0.112-0.012 13.¢:1.2 1381.0-0.1 0.760-0.018 13.7-0.3
1346.6+0.2 0.06@=0.009 8.1:1.0 1389.60.2 0.07G-0.009 6.10.7
1356.4-0.5 0.039-0.007 14.12.0 1450.8-0.3 0121 0.007 12.6-0.6
1416. 7 1.3 0.020-0.007 13.2=3.6 1590.0+ 0.1 178-0.011 5.3-0.3
1452.1+0.2 0.142:0.010 13.1%0.9 1779.5-1.7 039-0.012 19.54.7
1544.9+0.7 0.022:0.006 13.92.9
1571.6:0.1 0.313:0.004 6.0:0.1 . . .
1590 4-0.1 0.159- 0.008 5.6-0.3 +624) or again a3y mode, so that the. Cross sgctlon in
1616.2-0.2 0.030+0.005 5.4-0.8 Table IV can bg regarded as an upper limit for fgsingle-
1773.7:0.7 0.057-0.005 26.0:1.9 mode contribution.

For the small peaks at 1323 and 1356 ¢mno assign-
ment to one of the calculatetl; Raman modes is possible

TABLE V. As in Table lll, but for the resonant Raman spectra

TABLE Ill. As in Table II, but for the broad features in the obtained at a laser energy of 2.34 eV, normalized as the entries of

Stokes resonant Raman spectra obtaine, at2.54 eV. Sum fre-  1able IV.

quencies and broadenings kept fixed during the numerical fittin%
®
i

procedure are reported without error margins. The last line corre” or(w;) FWHM
sponds to the silicon optical phonon. (cm™) (8] (cm™h)
ho (@) FWHM 520.0:0.0 2.758-0.013 3.8:0.0
(cm™Y) D) (em™Y) 279.2£3.1 0.3170.026 105.36.4
301.5£0.4 0.072:0.009 13414
99.6£7.5 1.25%-0.119 123.¢7.3 771 0.095-0.007 25.4-1.6
293.6:3.9 0.059-0.020 52.4-15.1 822.8:1.2 0.043-0.008 24941
1247 0.225:0.010 96.6-3.5 1247 0.925:0.031 158.14.6
1286 0.2680.011 37.51.2 1286 0.412-0.019 43.31.6
1476 0.0330.001 40 1359.3-1.5 0.099-0.033 23.6:7.2
1538 0.1680.009 80 1539 1.82%0.142 220.@:16.1
1586.1+.5 0.226:0.021 20.a1.2 1586.5-1.0 0.360:0.052 31.4:4.0
1615 0.18%0.019 37.6:2.6 1615 0.39%0.075 79.112.6
1685 0.101-0.006 80 1840 0.415-0.085 44.19.0
519.4-.1 0.733:£0.004 4.0:0.1 520.0:0.1 2.758-0.013 3.8:0.1
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TABLE VI. Comparison of measured and calculated Raman cross sections, normalized to the largest
cross section for the 1305 crm mode. First two columns: Raman modes and normalized cross sections
measured aE, =2.54 eV. For the modes near 1054, 1150, 1305, and 1340'cthe positions given are
weighted averages over mode pairs in Tables Il and 1V, the cross sections the corresponding sums. Column
3 and 4. same foE =2.34 eV. Column 5: calculated, frequencies. Columns 6 and 7: Raman cross
sections calculated according to Ef) for PTCDA* (column 6 and negative charging of PTCDA(column
7). The average absolute deviation of the calculated mode frequencies is 8ns deviation 24 cm?).

fiw, or(wj) fiw, or(wj) fiw, or(wj) or(wj)
(em™) &y (em™) (1) (cm™) &y (1)

E =254 eV E =234 eV Calc. PTCDA  PTCDA™
232.2+0.4 0.048-0.008  233.20.2  0.091-0.006 232 0.032 0.006
388.8-2.8 0.013-0.010  389.60.9  0.013-0.005 383 0.002 0.020
429.5-0.4 0.013-0.005  431.6:0.4  0.048-0.006  B;,*®

450.8-0.4  0.012:0.004  Byy*®

475.9-0.7  0.049-0.008 474 0.003 0.000
536.8+0.3 0.025-0.005  537.30.3  0.066-0.014 550 0.029 0.020
623.80.5 0.027-0.006  624.60.2  0.088 0.004 639 0.032 0.003
726.7+0.7 0.009-0.005  726.%20.3  0.016-0.003 728 0.010 0.002
857.5-1.5 0.01%*-0.006  857.%0.5  0.063-0.007 863 0.001 0.003
1054.1+0.2 0.125-0.004  1053.60.2  0.078-0.006 1070 0.055 0.006
1149.1-0.7 0.016-0.004  1150.50.5  0.022-0.006 1140 0.036 0.093
1305.6-0.1 1.006:0.019  1305.80.2  1.000:0.072 1285 1.000 0.259
1340.6-0.2 0.1710.017  1339.20.7  0.238-0.065 1304 0.454 0.306
1381.3-0.1 0.768-0.012  1381.60.1  0.760-0.018 1347 0.513 0.386
1389.1+0.2 0.081-0.010  1389.60.2  0.07G-0.009 1393 0.067 0.011
1416.7-1.3 0.020-0.007
1432.7-0.2 0.036-0.008
1452.1+0.2 0.142-0.010  1450.80.3  0.1210.007
1544.9-0.7 0.022-0.006  1542.20.6  0.108-0.014 1527 0.048 0.017
1571.6-0.1 0.313-0.004  1571.90.1  0.376:0.010 1616 0.506 0.140
1590.4-0.1 0.15%-0.008  1590.60.1  0.178-0.011 1623 0.402 0.461
1616.2-0.2 0.030-0.005 1616.60.2  0.091-0.011
1773.7:0.7 0.0520.005 1779.51.7  0.03%-0.012 1723 0.004 0.353

because they are already needed for the interpretation of LUMO; see Figs. 6 and 7. The elongation of the lowest-
larger experimental features. However, as they are close tsequency mode corresponds to the in-phase shortening of
the average wave number of the larger Raman peaks arouttide molecule, which is due to the vanishing of the node lines
them, they could result from a superposition of these nondesf the HOMO along the/ axis, as can be seen by comparing
generate modes on the two molecules of the monoclinic uniFigs. 1 and 2. The new node lines of the LUMO are respon-
cell. These modes are skipped in the comparison betweesible for the increased width of the excited molecule, result-
experiment and theory in Table VI. ing in the elongations of the 537 c¢rh and 624 cm?

The modes at 1433, 1451, and 1616 ¢ntannot be as- modes. The frequency difference between these two is easily
signed toA, breathing modes. Tentatively, we interpret themunderstood from their elongation patterns, shown in Fig. 6:
as second-order scattering processes of lower modes, i.e., tiibe lower-mode energy corresponds to an in-phase expan-
second harmonic of the two most pronounced out-of-planeion that is close to radial, while the higher mode has already
dipole active modes at 734 and 809 ch>* A further pos- some out-of-phase tangential character, resulting in an in-
sibility is that the observed 1616 ¢rh Raman mode corre- creased frequency.
sponds to one of the strongeBgy-symmetric modes of Figure 7 shows the three high-frequency vibrations domi-
perylene observed at 1622 ch®® The relative cross sec- nating the Raman spectrum. For these modes, the elonga-
tions at the two different laser energies support this argutions along most € C bonds correspond to the increase and
ment; see the discussion of tBg, features at 430 and 451 decrease of the interatomic distances of PTCDA Fig. 2.
cm ! above. While the modes at 1305 c¢m and 1382 cr? contain large
contributions of C-H in-plane bending elongations, the
elongation pattern of the 1572 ¢rh mode is dominated by
C—C stretching and corresponds to the optical phonon of

From the calculation of the vibrational eigenvectors, wegraphite at thd™ point of the Brillouin zone, explaining the
can assign each of the dominating Raman modes to differesimilarity in frequency. For the 1590 c¢m mode (not
parts of the deformation pattern for optical excitation HOMO shown), the pattern is again dominated by-C stretching,

B. Deformation patterns of selected modes
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232 em’! (exp=233) 1285 cmi™! (exp=1305)

550 cm™! (exp=537)

FIG. 6. Calculated elongation patterns of the three dominating
low-frequency Raman modes. From top to bottom: 282, 233,
550 (exp, 537, 639 (exp, 624 cm . The contribution of each

mode to the total deformation of PTCDASs enlarged by a factor of FIG. 7. As Fig. 6, but for the three dominating high-frequency
0. Raman modes. From top to bottom: 12&xp, 1303, 1347 (exp,

1382, 1616(exp, 1572 cm L.

but no simple correspondence with the graphite unit cell isb low 2000 cri hi i q
found. As the total deformation pattern of PTCPH Fig. 2 elow cm=, We achieve a one-to-one correspondence

does not contain any pronounced-@ bending, the corre- with measured features. Surprisingly, we find a striking

sponding parts summed over the vibrational eigenmodes iﬁgree_ment ‘.Jf the measuréq R_alman intensities in the fin-
Fig. 7 cancel approximately. gerprint region(1250-1650 cm-~) for the two laser ener-

Depending on the substrate, a pronounced splitting of th iesE; =2.34 eV and 2.54 eV, and the systematic deviation

C= 0 breathing mode around 1774 ctfof about 15 wave- or the Iow-frequenc_y ”?‘?‘?'es _is interpreted in terms of
numbers can be observed, interpreted again as a splitting d&@arggtla_s of tr?e pholar:zablllt_lesmgsz Er?' (é')’ so that (\j/ve gc;

to the two molecules in the crystal unit cell. This splitting is not believe that the elongations of the Raman modes dif-
also observed for the €0 features dominating the infrared fer by this factor of "?‘bO_Ut 2. Referring to the intensities cal-
spectra. With the signal-to-noise ratio of the resonant Ra—CL_JI!aCtSdA foFr)_rtg% A%}”“"‘“‘}F‘ é)f a neuﬁral PTCaA molecule,
man scattering data reported here, this splitting could not bg. hi — bl » We Tind generally a ?IOO 'r;grﬁement
confirmed, but it is likely to be the reason for the relatively W/tin reasonable error margins, especially with the cross

large full width at half maximum(FWHM) of the C=0 sections resulting at the larger laser energy of 2.54 eV. In
mode reported in Tables Il and IV this broad and structureless absorption band, the polarizabil-

ity Ag is smoother than close to the sharp absorption peak at

lower energy, so that the approximations involved in &.

used for the calculated intensities are better satisfied. How-

ever, the systematic increase of the scattering cross sections
The experimental and calculated cross sections are réder the low-frequency modes measuredsat=2.34 eV indi-

ported in Table VI, and for all the 1A, Raman modes cates that a more precise inclusion of the energy dependence

C. Comparison of measured and calculated scattering cross
sections



PRB 61 RESONANT RAMAN SPECTROSCOPY OF 3,4,9:10 . 13667

of the polarizability would be desirable. While the relative E. Comparison with Raman spectra of perylene and poly-peri-
cross sections of the €H bending modes in the region naphthalene

1300-1400 cm'! are in reasonable agreement with the mea- As PTCDA and perylene differ only by the end groups of
sured data, the cross sections of the C-C stretching modege molecule, many geometrical and dynamic features show
near 1600 cm' are overestimated by a factor of about 2 strong analogies. We have checked that our calculated total
compared to the €H bending modes. In both regions, we deformation patterns of the excited state of perylene and
observe a small redistribution between cross sections of colPTCDA are quite similar. For most of th&, elongation
secutive modes: The mode at 130Qdxperimental 1340 patterns of PTCDA shown in Figs. 6 and 7, a close resem-
cm * and the mode at 162@xperimental 1590gain inten-  blance with perylené; modes can be found; compare re-
sity with respect to their neighbors. The intensity of the car-cent corrected B3LYP DFT calculatioi$%** and experi-
boxylic bond at 1723experimental about 177%m ! re- mental datd® The lowest PTCDAA, mode at 233
mains quite small both in the experiment and in the(calculated 23pcm™* has a comparable pattern as the low-
calculation. est perylene mode observed at 3Ref. 38 [calculated 352
While systematic deficiencies of the DFTB calculation are(Ref. 40], the frequency change being related to the heavy
difficult to estimate, there could also be some deviations re¢arbon-oxygen end groups. Concerning the PTCDA mode
lated to the difference between an isolated molecule and thgPserved at 537549 cm ,§13|mllar mode pattern occurs
monoclinic epitaxial films, as is also obvious from the sym-IN Perylene at 549547 cm™~, The_dlomlnant PTCDA C
metry lowering of the molecular geomefty?2 Details of 1 bending mode at 13061285 cm™~ corresponds to the

71 . .
geometrical changes could have some influence on the vibra:298 (1299 cm = mode in perylene, while the three con-

tional frequencies and eigenvectors, and the distribution O§ecut|ve modes for PTCDA are not directly comparable to

the HOMO and LUMO over the molecule could be affected,perylene' even though _th(_e mixed-Ci bend|_ng and €C
resulting in minor changes of the projections of the deforma-StretChmg character is similar. The deformation pattern of the
PTCDA C— C stretching mode at 157@616 cm ! agrees

tion on the vibronic eigenstates. Even though the scatter %gain nicely with the 156941571 cm  perylene mode.
. . . oncerning theA, Raman cross sections, perylene is domi-
B3LYP DFT84OcaIcuIat|on§ for polycycl]c aromatic g by the mogdes at 1298, 1374, and 1569 trwith a
hydrocgrboni’ they are slightly more precise than those g5 e \what larger scattering of the-C stretching mode at
in previous calculations for PTC[_)%", ar_1d t_he_ reliability of 1569 ¢! mode compared to PTCDA. The scatter of the
our calculated Raman cross sections is similar. calculated Raman cross sections for perylene with respect to
the oberved oné&*is similar to the results we present for
PTCDA.
Poly-peri-naphthalene (PPN consists of a one-
The Raman cross sections resulting from the deformatioflimensional repetition of naphthalene groups, corresponding
of a molecule with an additional negative charge is in poorto the strongly conjugated building blocks of both perylene
agreement with the measured data at both laser energies; s@d PTCDA. The most important deformations related to the
Table VI. Even though the contribution from the surrounding’elaxed excited state of PTCDA and perylene occur in the
molecules with the corresponding positive charge is not inh@phthalene blocks; see Fig. 2. Therefore, the Raman spectra
cluded in this calculation, some Raman modes would givé! the one-dimensional analogon PPN are dominated by
already a much larger cross section for the deformatiorsiMilar features around 1290, 1360, and 1570° ¢/ and it
PTCDA—PTCDA™ of the negatively charged molecule was demonstrated that PTCDA deposition at high substrate

alone, especially the 1150 crh (calculated 114pmode and temperaturé$ or under high laser fluen¢eresults in poly-

’ - merization, so that the resulting Raman spectra are similar to
the C=0 modes around 1770 cri gcalpulated 1728 The PPN in both cases. Actually, a precursor of the broadened
C=0 mode would become a dominating feature due to th

X | . %Raman features in the polymer is already visible in the form
bond stretching corresponding to the repulsive node of they 4 qgitional modes for conjugated molecules containing an

LUMO; see Figs. 1 and 2. This intensity would even increasencreasing number of naphthalene groups; see, e.g., the dif-
when the deformation of the surrounding positively chargetderences between naphthalene and peryfeaad between
molecules would be included because the subtraction of gerylene and terrylen€.As was discussed recently in some
HOMO electron would remove a repulsive node, resulting indetail, the strong similarities between different polycyclic

a significant compression of the=@ bond for PTCDA  aromatics based on naphthalene groups and PPN can be un-
and a corresponding Raman contribution. From the veryerstood in terms of the el and Pariser-Parr-Pople mod-

weak measured Raman cross section of this mode, we cogis, determining both the electronic states and the qualitative
clude that no significant net charge transfer occurs in thejeformation pattern®’

region of the charge-transfer exciton. However, as the most
general excited state of two PTCDA molecules is of the type
alM*M)+b|/MM*)+c/M*M7)+d/M~M™), this does
only require |c|2~|d|?, not |c|?+|d|?><|a|?+|b|2. There-
fore, the absence of net charge transfer indicated by our Ra- In order to investigate the absorption properties of single
man spectra is not in contradiction with the applicability of PTCDA molecules, it is necessary to dissolve them in an
charge-transfer models both to optical absorgfioand adapted solvent. For the case of dimethyl sulfoxid®SO),
electroabsorptiohof PTCDA. already a solution containing a concentration of aboutM

D. Absence of net charge transfer

V. LINEAR ABSORPTION OF PTCDA IN DIMETHYL
SULFOXIDE SOLUTION
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14 ; ; ‘ modé can be ruled out. We interpret the reduced elongations
-’g 121 in the dissolved molecule as an effect of the high dielectric
N constant of the solvent. Under optical excitation of PTCDA,
g 10 the change of the electronic charge density leads to a dis-
S 08 placement fieldD within the PTCDA molecule. The result-
£ ing electric field E and the corresponding forces on the
_5 06 atomic cores are reduced due to screenin@ dfy the sol-
B4t vent polarization. Even though the dielectric function of
2 oz | \\“\\ ] DMSO is very high, the reduction of the reorganization en-
e ! m Ly > ergies by a factor of only about 0.65 is probably due to the

00 5 : 1000, = 5000 5000 nonlocal nature of the screening, so that the deformation of

wavenumber (1/cm) the PTCDA molecule is still rather similar to the isolated
molecule. Obviously, the same reduction for the elongations
FIG. 8. Optical absorption of PTCDA. Dashed line, experimen-of all modes gives only a first estimate, as any screening

tal absorption signal in 0/2M solution of PTCDA in DMSO, effect would depend on the position of the atoms involved in
shifted down by 2.37 eV. Discrete vertical lines, calculated Poissoreach vibrational pattern.

distribution overAy modes and their harmonics, normalized to the

intensity of the 0-0 transition. Solid lines, corresponding absorption VI. CONCLUSION

spectra including a Gaussian broadening of FWAHBE0 cm ! ac-

cording toa=we"/nc, wherew refers to the sum of the vibronic Our results for the deformation of an isolated PTCDA
part shown and the electronic gap of 2.37 eV for PTCDA in DMSO.molecule from the electronic ground state to the relaxed ex-
Upper solid line, withe? as calculated; lower, with atk” reduced ~ cited state of neutral PTCDA show good agreement with the
to 0.6&,—2. For the prefactow in the formula for the absorption, the experimental Raman spectra obtained on epitaxial films, and
LDA electronic gap of 1.79 resulting from the DFTB calculation the vibrational structure in linear absorption of PTCDA dis-
was corrected to the experimental value of 2.37 eV in DMSO.  solved in DMSO can be interpreted in terms of an average of
the most prominent Raman lines elongated due to the

PTCDA shows some bulk features in the region of theHOMO-LUMO excitation. However, we find no correspon-
charge-transfer excitchTherefore, much lower concentra- ) .
dence of resonant Raman spectra recorded in the region of

tions are needed for any Investigation of weII-d|ssollved.|so-éhe charge-transfer exciton with the calculated deformation
lated molecules. The experimental data reported in Fig.

were measured at a concentration of A, For the calcu- of the molecule due to an additional negative charge. Instead,
oo . .. these Raman spectra agree quite well with the data measured
lated curves in Fig. 8, the well-known gap error of density-

functional theory was corrected together with solvent-at higher laser energy. This leads us to the conclusion that a

dependent renormalizations of the electronic gap. Except fosr'gmﬂcam net charge separation during optical excitation in

a necessary reduction of the calculated elongations, we finté]ls energy region is highly unlikely.
good agreement with the observed vibrational structure, so ACKNOWLEDGMENTS
that the separation of the consecutive bands in the vibronic

progression can be interpreted as an average of the vibra- We would like to thank T. FritDresden for the epitax-
tional frequencies of the most prominent Raman modes. Thiial PTCDA films on the mica substrate and M. Hoffmann
is in keeping with earlier calculations of the elongations of(Dresden for the absorption measurement of PTCDA dis-
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