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Excitons in solid Cq
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Exciton levels in undoped, solid g are calculated using a model Hamiltonian. We find excitation energies
of 1.58 and 1.30 eV for the lowest singlet and triplet exciton, respectively, in comparison with the measured
energies of 1.83 and 1.55 eV. Singlet and triplet states have similar energy diagrams, wherein exciton states
havingT,y, T14, G4, andHy symmetries are separated by up to several tenths of an electron volt. As a
function of crystal momentum, exciton energies exhibit dispersion from 20 to 40 meV. Theoretical pressure
derivatives of exciton energies are presenf&®163-182606)02440-X]

[. INTRODUCTION Multipolar components of this attraction induce splittings by
several tenths of an electron volt between exciton states hav-
For reasons ranging from its geometrical elegariodts  ing predominantlyT,,, T14, G4, andH total symmetries.
role in several intermediate-temperature superconduttors(In the solid, unlike the molecule, such symmetries are not
the Cgo molecule has been subjected to intense scientifi¢ompletely realized. However, for the Frenkel excitons,
scrutiny. Undoped, solid &, or fullerite, is also of funda- these symmetries are almost realized, so that the symmetry
mental interest because this material serves as a prototypic@iels are still descriptiveWithin each group of excitons,
molecular solid. High sample quality now permits reproduc-€.9., T2¢ €xcitons, we find exciton bandwidths ranging from
ible spectroscopic measurements of many of this substance2) to 40 meV for the low-temperatuf@a3 structure. The
properties. In general, molecular solids can be fascinatinggVvel schemes for triplet and singlet excitons are qualitatively
because their properties reflect both the properties of indisimilar. The interval between the lowest triplet and singlet

vidual molecules and extended systems. Fullerite is no exexciton levels is found to be 0.28 eV, in agreement with the
ception to this rule. 0.28 eV found experimentalf.At energies immediately

Electronic properties of fullerite that have been studiedabove the Frenkel exciton levels, we find some well-defined
include electron quasiparticle states and exciton levels. Agharge-transfer exciton states that are energetically close to
both measured and predicted, electron densities of states aHt® quasiparticle, electron-hole continuum.
energy-momentum dispersion relations derive primarily from In the remainder of this article, we describe the present
a molecular level scheme, with level spacings of 1-2 eVapproach used to model excitons and present results for sin-
The levels are broadened by intermolecular hybridization oflet and triplet excitons in them3 andPa3 crystals. We
the molecular orbital$MO’s), producing weak banding ef- illustrate the two kinds of excitons found in this wolfkren-
fects, with bandwidths around 1 eV. Electron states in fullerkel and charge-transfgrand we present an estimate of pres-
ite are discussed further in Refs. 3-9. sure derivatives for excitons iRa3 Cg,. Several pertinent

In this work, we present calculations modeling low-lying implications and aspects of the results are discussed, and we
exciton levels in fullerite. Our approach makes no assumpprovide some conclusions.
tions regarding the symmetries or chara¢trenkel, charge-
transfer, or Wannigrof excitons. Instead, we seek Il. METHODOLOGY
initio determination of these properties, which depend on the _ . _
dynamics of a hole in the highest occupied molecular-orbital The exciton states are solutions of a Hamiltonkdp,.
(HOMO) states and an electron in the lowest unoccupiedrhis Hamiltonian consists of three terms, which respectively
molecular-orbitalLUMO) states and on a screened electron-account for the dynamics of an electroH ) or of a hole

hole interaction. (Hpoie), @and for the electron-hole interactiofi{,):
We find the energy needed to form the lowest, optically
accessible(i.e., singlet exciton is 1.58 eV, in reasonable Hex=Het+Hpolet Heon -

agreement with the measured 1.83 ®Vhe lowest several

exciton levels have strong Frenkel character. The main efindividually, He; and Hyoe Would govern the dynamics of
fects influencing these levels’ energies are the averagmdependent quasiparticles: a single conduction-band elec-
HOMO-LUMO splitting, which equals the minimum quasi- tron or valence-band hole in a fullerite crystal. These dynam-
particle gap plus the mean bandwidths for the HOMO- andcs are described using a Slater-Koster parametrizatiab of
LUMO-derived bands, and the intramolecular electron-holenitio quasiparticle results, presented earliggpecifically,
attraction, which is dominated by a large monopolar partone has
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+ R_R' + the H, hole _and Tlu_ eIectr_on and Iea_1d to amffective
Hng €caRiARi T 2 (te 7 iir@ridrrir |, electron-hole interactionhat is reflected irH,. In the Gy
! R molecule, whether in the vapor phase or solid state, care
whereR andR’ indicate unit cells of the crystal aridand ~ must be taken to include the effects of these many other,
i’ indicateT,, (LUMO) orbitals of the various molecules in Possible promotions: onlthesepromotions are treated col-
each unit cell. Indices andi’ also include spin degrees of lectively in screening the exchanggfectiveelectron-hole
freedom. Heres, is the Ty, term energy. The's are transfer ~ interactions, whereaall promotions are treated collectively
(or hopping integrals between MO’s on neighboring mol- in screening of the direaffectiveinteractions.
ecules, so these are nonzero only wieandR’ are close. This particular screening of the exchange parts would not
We neglect nonorthogonality of MO’s on different mol- be appropriate in treatments of excited states of molecules

L ar . 11 H
annihilation operators for the various MO’s. Analogously, electrons and holeS:** Yet, as described above, we use an

for holes we have effective Hamiltonian that treats only the dynamics of the
T,, €electron andH, hole with an effective fundamental in-
B i R_R' + teraction that is screened by the remainder of the system.
Hhole—; €nbribri + 2 (th ™ )iirbribreir |- Our screening of the exchange parts is not novel. It is
' R highly analogous to a similar screening of the effective fun-
Based on quasiparticle calculations, the average HOMOdamental interaction between valence electrons within the
LUMO splitting €.- €y, is about 3.03 eV in fullerite, whereas core-polarization-potential ~ fashion  of  core-valence
the measured value of this quantity ranges from 3.5Rdf. partitioning® (as well as analogous to the screening of the
8) to 3.7 eV? We use the theoretical value of 3.03 eV in the fundamental interaction between electrons whenos and
present analysis. 7 electrons have been similarly partitioneds was explic-
Because of the complexity of the electron-hole interacAtly derived within the core-polarization-potential frame-
tion, we describe it in four stages. First, we consider thework, for instance, evaluation of the dielectric response of a
various parts of the electron-hole interaction. Second angemiconductor using the random-phase approximation re-
third, we discuss interactions when the electron and hole argulted in a screening, because of core-polarization effects, of
on different molecules and when the electron and hole are othe exchange part of the@zalence electron-(valence hole
the same molecule, respectively. Fourth, we discuss effecigteraction'? [To clarify this(standardterminology, we note
on the electron-hole interaction because of solid-state screethat only the exchange part of the electron-hole interaction is

ing effects, i.e., the polarizability of the lattice ofs&mol-  included within the random-phase approximatjon.
ecules in the crystal. After discussing the form of the
electron-hole interaction, we briefly mention how the exciton A. Intermolecular electron-hole interactions

Hamiltonian is solved.

Our notation is defined as follows. Electron and hole mo—emcr%ﬁgiirlgge_l?ﬁ;? g?mﬁggngé Cigtr(ra?;&(i)gr? \t/(\)/\/glifrir-
tion are coupled b, which we write as :

clude effects based on the monopole moments ofTtheor
H =HO+H® H, probability distributions on each molecule. This screened
e-h e-h e-h . i . 2
interaction includes a term equal tee”/[4meg| 7ri— 751,
where plus a term accounting for solid-state screening effects,
which will be described below. Clearly, ott'Y) affects only
HY = ' 2 [(1= 8, o) W(TRi— TSj)a;rzibgijjaRi] the direct part of the electron-hole interaction because of the
R, ) minimal spatial overlaps between orbitals on different mol-
ecules.
One might also consider multipolar contributions to inter-
molecular Coulomb integrals. Such effects could influence
HZ = s 5%'751.,2, g”"ii’aTRibgjbsyaRir . exciton. bandwidths. However, we presume that such effects
: i) are quite small and do not consider them further. In our

Here s denotes the location of the molecule associated witinodel, therefore, exciton bandwidths are determined by
theith T,, MO in the Rth unit cell; there is a corresponding Single-particle hopping throughle and Hyge. A Frenkel

definition for 74 that involves theH, MO's. Ostensibly, this ~ &XClton can move from one molecule to its neighbor via
division of Ho, into H®) andHW is a division into effects SUccessive hops of the electron and hole.

occurring when the electron and hole are on the same and _ )
different molecules, respectively. B. Intramolecular electron-hole interactions

A different conceptual subdivision of the electron-hole |f Tri and 7g; correspond to the same molecule, we com-
interaction is also worth noting. The interaction may be di-pute the electron-hole interaction as follows. We have
is important, because one must carefully consider how each
part is to be screened. In this woli, is really an effective &iir jjr = Siir Oy
H,— T, electron promotions. All virtual promotions be- The term®, accounts for the solid-state screening effects
sidesH,— T4, ones serve to renormalize the properties ofthat occur when the electron and hole are on the same mol-

n

+AZD, A

i’ ISR

vided into “direct” and “exchange” parts° This distinction
eZ
> e . : ch_A("rﬂ'foRo)
Hamiltonian describing the low-lying excitons formed by



10972 SHIRLEY, BENEDICT, AND LOUIE 54

25| i
. Hy
Triplet
20} -
> G
2 Gg Tig
ED \\ g
<P
S 15} T‘g\ -
=
Dg
Singlet
1.0 | -

=15
-y 5

FIG. 1. Approximate dependence of approximate singlet and triplet level scianesystal momentung=0 in thePa3 structurg on
the Parr-Pariser-Pople parameters usednfalectron multicenter integrals. The parametedefines the admixture of vadin and semi-
empirical(cf. Ref. 13 parameters used in weighted average of these two sets, wheriin’e parameters have weight-1y, and the others,
weight ». Exciton symmetries are indicated, and splittings within each com(elgx, T,,) are suppressed in the presentation, to clarify the
dependence of results on the parameters.

ecule. The parts scaled by the facorepresent monopole of our extrapolation of parameters from benzene g S

(in brackety and multipole (outside of brackejscontribu- indicated by the effects in the above comparison oftim’s

tions to the intramolecular, direct electron-hole interactionparameters and the semiempirical parameters. To improve

The parts scaled by the factAf represent multipole parts of precision would require detailed, quantum-chemical treat-

the intramolecular, exchange electron-hole interactionment of intramolecular correlation effects that are well be-

Modulo scalings byA or A’, intramolecular interactions are yond the scope of this work.

computed within the Parr-Pariser-Pople approgctvhich In Fig. 1 and throughout this work, intramolecular direct

involves a parametrization of multicenter Coulomb integralsintegrals are scaled by the factérto achieve the correct

for m-electron systems. Reference 13 presents several setsioferaction as determined from measurements of the lowest

parameters appropriate for use in calculations with neglect dfiplet state in vapor-phaseg. [Haufleret al!* found that

differential overlap, an assumption made in this work. Wethe lowest triplet state lies 1.7 eV above the molecular

use parameters given by wdin in this work, whereas a ground state in the vapor phase. With an ionization potential

different set of semiempirical parameters gives somewhaf.6 eV (Ref. 15 and an electron affinity=2.6 eV2® this

different results. To illustrate this, approximate levelimplies an electron-hole attraction energy of

schemes for triplet and singlet excitons in fha3 structure

are shown in Fig. 1, as we continuously interpolate between 7.6 eV—2.6 eV-1.7 eV=3.3 eV.

Lowdin’s and the semiempirical parametétdNotably, the

nearly degenerat&; 4 and T, singlet levels can change or- Without any scaling, the Lwdin parameters would give an

der. attraction energy of 3.98 eV. Therefore, we use 0.83 for
One may be justifiably concerned,priori, with the use those parametersPhysically, this scaling compensates for

of intramolecular electrons, based on studies of benzene, ithe lack of a more complete treatment of intramolecular cor-

the study of Gy. However, the parameters are fairly inde- relation effects.

pendent of ther-electron system studied, in part because the Meanwhile, the scaling of the exchange parts of the

associated Coulomb integrals approach a form oflectron-hole interactions by the factdr requires further

e?/[4meyd], whered is the distance between two carbon motivation. We cannot havA=A’ exactly, becausé re-

atoms, ford>0.3 nm. Therefore, the systematic uncertaintyflects screening effects via all virtuéd,— T, promaotions,
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whereas A’ should not. Rather, we would expect to extrapolate these effects to what they would be in an in-
A<A’<1. However, becausg is close to 1 and because of finite solid or, as is appropriate at a surface, a semi-infinite
the great number of promotions other than thékge—T,,  solid.
promotions that form excitons, many that are only a few The induced dipoles’ potential is the sum of a potential
electron volts above the band gap, we exp&tt=A. The induced by the electron and a potential induced by the hole.
validity of such an approximation, which we indeed make, isTo obtain solid-state screening effects on the electron-hole
supporteda posteriori by the accuracy of our predicted interaction, one may include half of the dipoles’ potential as
3T,4— T4 interval. Although it is conceptually important “felt” by the electron, which would arise because of the
that A and A’ differ, better knowledge of the latter is not hole alone, and half of the dipoles’ potential felt by the hole,
helpful in this system: because variation/f throughout its ~ which would arise because of the electron aldiitiese two
possible range would affect the exciton-level energies by &rms are equal within the model. The electron and hole self-
percentage of an electron volt, any uncertaintyAih will energy effects, i.e., effects of each particle feeling the dipole
contribute minimally to our other systematic uncertainties. potentials caused by itself, are already incorporated in the
model throughHg andHyge.)

The solid-state screening effects involve a dynamical
screening of the electron-hole interaction: these effects de-

Now let us discuss solid-state screening effects/im pend on the fluctuating electron and hole coordinates, as op-
HY andH{?) and the evaluation ab,. ConsideH,, acting  posed to the expectation value of the total, exciton charge
on a given configuration in which the electron and hole arelistribution. This fact notwithstanding, one needs only to use
respectively in some pair df,, andH, MO’s. There may be the static molecular polarizability in the present model, be-
multipolar contributions to intramolecular electron-hole in- cause electron and hole dynamics are slow compared to the
teractions. Beyond that, the form éf.,, implies that its dynamics of the relevant, collective electronic molecular ex-
action is otherwise multiplicative: it will not produce a dif- citations. At large|r,— 7|, the solid-state screening effects
ferent configuration. This multiplicative action ¢i., is  converge to the correct, asymptotic limit, in which the
modified by solid-state screening effects, which are effectiveelectron-hole interaction is-e?/[(4meg) €| 7e— 74|], where
screening of the electron-hole interaction via induced mo-, the dielectric constant, is related to the molecular polariz-
lecular dipoles. Each molecule develops a dipole because @bility « through the Clausius-Mossotti relation.
the fluctuating electric fields of the electron, the hole, and

C. Solid-state screening effects

other molecular dipoles. However, solid-state screening ef- D. Solution of the exciton Hamiltonian
fects are presumably negligible for intramolecular multipolar . .
interactions between the electron and hole. We solveH, with the general form of exciton wave func-

For computing solid-state screening effects, electric fielgdion
of the electron and hole may be approximated by the associ-
ated MO'’s having spherical probability distributions on each _ iq-R ng .t wt
molecule. This leads to polarization of molecules in the vi- |\P"Q>_§R“ e" Es: .2;‘ Csl.12rib(R-+5;[0):
cinity of the electron or hole, whereas there is no contribu-
tion by a particle to the electric field at the center of a MO’sHere the exciton has the total crystal wave vectowhich is
probability distribution. Also, interactions between molecu-a good quantum number in a periodic system;distin-
lar dipoles are assumed to be adequately treated in a poinguishes the various exciton states having a giyeBumma-
dipole picturet’” We therefore follow this prescription to tion of R over unit cells establishes the crystal wave vector
compute solid-state screening effects. Suppose the electr@f the exciton, and summation over valuesSpermits the

and hole are located on molecules at positiepsand 7y, hole and electron to be in different unit cells. In practical
while the molecular dipole of a molecule at positienis  calculations, we truncate the range®fand this truncation
indicated byp(7). Then one has is progressively relaxed to ensure that each exciton wave
function achieves the desired degree of relative electron-hole
a [e(re—7) e(my—1) localization. By summing over and j, we consider every
p(7) possible pair oH, andT;, MO'’s lying within each pair of

= — 13 - _-3
Ameo| |re= 7" |m=] unit cellsR andR+ S. Operatorsa’ andb' act on the crystal

1 ground-state wave function to create all desired electron-hole
_E V.Ip(7')- V., —l. pairs states. Th€ coefficients weigh these pair states ac-
7 |7 7’| cording to their amplitudes in the stationary solutions of
Hx. The solution for singlet or triplet exciton levels may be
Given electron and hole coordinates, all molecular dipolesarried out using preselected combinations of theoeffi-
are determined simultaneously and self-consistently usingients that project onto a giveB—S, subspace. Solving
the above relation. We use the theoretical, static moleculaf,, which in this work involves evaluating up to about
polarizability @« and restrict ourselves to linear-responsel0 000 degrees of freedom, is accomplished by iterative di-
theory. The value ofa used, given by Pederson and agonalization techniques. Exploiting the sparsenesh gf
Quong?® includes all intramolecular electron-electron inter- reduces significantly the required computational resources.
actions in a reasonable fashion. Computation of solid-state In the setup oH,,, one must be careful to include time-
screening effects follows straightforwardly for a finite solid. reversal effects when describing the hole dynamics, if these
Application of appropriate boundary conditions permits onedynamics are derived from an electron band structure. Also,
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FIG. 3. Dependence ofg&0) exciton energies, in th&ém3
structure, on the maximal range of the wave-function cuifis
0.0 F4g indicated in Table | and as suggested by this plot, only Theg,
T,4, andGy singlet excitons have nearly complete Frenkel charac-
GROUND SINGLET TRIPLET ter in theFm3 structure, whereas the excitons acquire consid-
STATE erable charge-transfer character. The horizontal, dashed line indi-
cates the theoreticakm3 quasiparticle band gap.
FIG. 2. Level-schem¢for crystal momentung=0) singlet and In Fig. 3 we illustrate the dependence of exciton-level

triplet excitons in thePa3 structure of G,. Symmetries of Frenkel  energies on the maximum allowed electron-hole separation.
exciton levels are indicated. Higher-lying, charge-transfer excitonsCOmpared to when the electron and hole are constrained to
whose formation requires about 2.33 eV excitation, possess mofge on the same molecules, the energies of the actual Frenkel
similar IeV(_aI s_ch_emes for singlet and triplet st_ates. The quasiparticleyitons are lowered by 0.1-0.2 eV. This lowering may be
band gap is indicatecat 2.52 eV, although this gap is not neces- ggtimated by using second-order perturbation theory if we
sarily direct in thePa3 structure. consider as an unperturbed Hamiltonian one that is equal to
] ) . Hex, but with all transfer integrals reset to zero, and we
one needs to be mindful of possible phase shifts related tpclude effects of the transfer integrals perturbatively. In or-
g when the electron or hole move between adjacent uniger of increasing energy, stationary solutions of such a zero-
cells. Finally, care must be taken regarding effects of Fermjransfer-integral Hamiltonian are excitons with purely Fren-
statistics on the signs ¢f., matrix elements for the singlet- ke| character, then excitons with purely charge-transfer
and triplet-exciton cases. Due attention with regard to all ofcharacter, and so forth. Once one includes the true transfer
these issues is tedious but straightforward. integrals as a perturbation, the energies of Frenkel excitons
will be affected by approximatelZ|t|%/(U—V). HereZ is
the molecular coordination number ahis a typical transfer-
integral magnitudeU andV are the electron-hole interaction
Except for the results in Fig. 1, all results are based orwhen the electron and hole are on the same molecule and on
Lowdin’s parameter$® In Fig. 2 we present computed level adjacent molecules, respectively. BathandV are negative
schemes for singlet and triplet excitons fa33 Cqp.2° I andU is larger in magnitude thax.
the Fm3 structure, the lowest exciton levels are typically The above picture of the effects of hopping on exciton
0.05 eV lower than those given in Fig. 2. In tRa3 case, energies is qualitatively correct, regarding the 0.1-0.2 eV
the lowest triplet and singlet excitons are formed experimenshifts being discussed. Correspondingly, one would expect
tally with excitations of 1.55 and 1.83 eV, respectively. Hereexciton bandwidths to be larger in tif&m3 crystal than in
they are predicted in thPa3 case to be formed with 1.30 the Pa3 crystal, because transfer integrésd electron and
and 1.58 eV, respectively. The singlet-triplet splitting is hole bandwidthgsare larger in the former structure. We find
therefore accurately predicted. While we find the lowestthis to be the case. For example, fhg, exciton bandwidth
singlet-exciton levels hav&,, symmetry, theT,4 excitons  is roughly 60 meV in thé=m3 structure vs roughly 20 meV
are quite close energetically, and the relative ordering of exin the Pa3 structure. We present the exciton bands for the
citons with these two symmetries depends sensitively on tha3 structure in Fig. 4(The energies of Frenkel excitons
detailed treatment of the interactions, as discussed prevshould likewise be lower in th&m3 structure than in the
ously, and illustrated in Fig. 1. In this regard, one might alsoPa3 structure, as has already been ngted.
compare the various results cited in Ref. 19. Therefore, our In Table | we present the relative amounts of Frenkel,
results do not establish which symmetry corresponds to thatharge-transfer, and Wannier character for singlet excitons in
of the lowest-lying singlet exciton. The addenda to thethe Fm3 and Pa3 structures.(We define the amount of
present model, needed to identify the lowest-energy excitofrenkel character as the likelihood that the electron and hole
symmetry, are not included in this work. are on the same molecule, the amount of charge-transfer

lll. RESULTS
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61st (lowest charge-transfeexciton state in thé®a3 structure of
Cgofor g=0. Given that the hole is located on the central molecule,
r X M R r M the electron probability distribution is presented in scatter-plot fash-
ion. At the same time, the electron and hole move together through-
out the crystal with some total crystal momentum, as our model

FIG. 4. Exciton energy bands in thea3 structure of Gq. In d ibes. Th trati f the elect bability distributi
order of increasing energy, the bands depicted are for singlet exci-oSCIPes. The concentration of Ine €lectron probability distribution

tons with T,y, Tyy, and G, symmetry. In units of &/a, where on atomic sites within each molecule is presented only schemati-

a is the lattice constantl’, X, M, and R correspond to crystal cally.
momenta(0,0,0, (3,0,0, (3,3,0), and G,3,3).

% — FIG. 5. Relativeelectron-hole coordinates for tfi,, and the

sure derivatives of exciton energies. Pressure derivatives
ﬁrise from the dependence of transfer integrals on the sepa-

character as the likelihood that the electron and hole are off . o )
tion between adjacent molecules. Within local-density-

adjacent molecules, and the amount of Wannier character . 0 : :
the likelihood that the electron and hole are even furthefunctional theory’® which reliably estimates the effects of

separated.The theoretical band gaps are 2.15 and 2.52 e\;:ompression' on band energ?és',Hu and Tlu bandwidths

for the Fm3 and Pa3 structures, respectively, and strong V&Y (@pproximately inversely with the third power of the
Frenkel character occurs only for excitons having substantigfo'ecular volumé” Therefore, the effects of intermolecular
binding energies(Binding energy is defined here as the dif- "OPPING ON exciton energies should vary inversely as the

ference between the quasiparticle gap and the energy réjxth power of the molecular vqlume, since such effects vary
quired to form an excito.In Fig. 5 we illustrate the prob- as the squares of the transfer integrals. If one takes the bulk

. 3 .
ability distribution for the relative electron and hole Modulus of solid G, to be 10.3 GP&] the model predicts

coordinates for the lowestFrenke) singlet-exciton levels that the pressure derivatives f@g, T14, andGq exciton
and for the 61stthe lowest charge-transfesinglet exciton ~ €Nergies are-44, —44, and —54 meV/GPa in thePa3
level, both results computed in tha3 structure. structure, respectively. This isin reasonable agreement with
Using the present model, one may also estimate the pred?€ observed pressure derivatives45=5, —60+8, and
—80+=10 meV/GPa of three spectral features near the ab-

TABLE I. Relative amounts of Frenkel, charge-transfer, andSorptlon edge of thia3 structure’

Wannier character for singlet excitons fm3 andPa3 crystals.
An asterisk denotes that no well-defined trend is identified. IV. DISCUSSION

Charge- A strong Frenkel character of low-lying excitons in the
Binding  Molecular  transfer Wannier  fullerites is suggested by experiments measuring the Zeeman
energy character  character character effecP and by the remarkable similarity of optical absorption

Symmetry (eV) (%) (%) (%) spectra for Gq in the solid state and dissolvediirhexane as
well as other solution$! Whereas optical spectra primarily
Fm3 crystal structure probe singlet excitons, we note also the closeness of the 1.55
Tag 0.64 89 10 1 eV required to form a triplet exciton in the solid in electron,
Tig 0.50 87 12 1 energy-loss experiments and the 1.7 eV required in the vapor
Gy 0.38 a1 8 1 phase. Indeed, upon consideration of the nature of the C
Hg * * * * molecule and it$d, and T4, MO’s, these G, Frenkel exci-
tons are aptly described in the fashion used by Khog-
Pa3 crystal structure garding Frenkel excitons in other molecular solids. That is,
Tag 0.94 97 3 0 the formation of an exciton does not necessarily imply a
Tig 0.79 96 4 0 substantial alteration in the charge distribution in the solid,
Ggq 0.73 96 4 0 but perhaps only a more subtle rearrangement of internal
H 0.34 75 23 2 molecular degrees of freedom. On the simplest level, ener-

next higher 0.19 1 77 22 gies required for formation of both triplet and singlet exci-
tons exhibit a 0.1-0.15 eV downward shift in the solid, if
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one considers results for isolatedsdCmolecules and g  quasiparticle approach. The electron-hole attraction is mod-
molecules in the solid state. This sort of redshift is com-eled using a screened Coulomb interaction. Intramolecular
monly attributed to lowering of energies of nominally Fren- electron-hole interactions are described using a semiempir-
kel excitons via acquisition of some charge-transfer charactdcal Parr-Pariser-Pople scheme. These and intermolecular
in the solid. electron-hole interactions are treated in a fashion that ac-
While the difference between quasiparticle results and exeounts for their being effectively screened by the lattice of
periment for the average HOMO-LUMO splitting is from 0.5 polarizable molecules.
to 0.7 eV, we find much closer agreement with experiment We predict that the lowest-lying excitons exhibit a strong
regarding the respective energy required to form triplet andrrenkel character, whereas some higher-lying excitons ex-
singlet excitons, 1.30 and 1.58 eV in theory, vs 1.55 and 1.88ibit a distinct charge-transfer character. The results for
eV in experiment. This suggests that part of the discrepancirenkel excitons are consistent with previous studies dealing
between quasiparticle and photoemission results might beith isolated G, moleculest® The lowest triplet and singlet
intrinsic to the photoemission technique, which is, in fact, aexcitons are found to havk,; symmetry and can be formed
surface-sensitive probe. In particular, the model used to dewith an excitation energy of 1.30 and 1.58 eV, respectively.
scribe solid-state screening effects suggests that a lower mdhese energies differ from the experimentally measured val-
lecular coordination number at the surface could give aues by 0.25 eV and the singlet-triplet splitting is accurately
larger apparent HOMO-LUMO splitting by about 0.25 eV predicted. In our results, thE,q andT,4 singlet excitons lie
for the topmost layer of &111)-terminated G, crystal and close in energy, and their ordering is sensitive to the precise
by 0.14 and 0.12 eV for the next two layers. Furthermore, thé>arr-Pople-Pariser parameters used, so this work does not
present screening model suggests that solid-state screeniegtablish which is actually the lowest. Within the singlet and
effects should reduce the HOMO-LUMO splitting by about triplet cases, the exciton states characterized by different
1.6 eV from what it would be in the vapor phase. Hence thesymmetries Tpq, T14, G4, andH,) span an energy range
present results predict that the difference between ionizatioof several tenths of an electron volt. As a function of crystal
potential and electron affinity of vapor-phasg,@vould be  momentum, exciton energy levels disperse by about 20 meV
roughly 3.0 eV+ 1.6 eV = 4.6 eV. This differs by only 0.4 in the Pa3 structure.
eV from the measured value of 5.0 eV for that difference. Because the average HOMO-LUMO separation in solid
An unresolved issue in this work that we have yet toCgqis around 3 eV, the intramolecular electron-hole interac-
mention is the role of vibrational effects in measured excitation (or electron-hole, “HubbardJ” parametej is about
tion spectra. Vibrational effects are believed to account for-1.5 eV. Besides the average HOMO-LUMO separation
the observed cross sections for creating the lowest-lyingand intramolecular electron-hole attraction, the energies of
parity-forbidden excitons by optical means, whereas electricexciton levels are also influenced by multiplet effects and
quadrupole effects would produce much smaller cross sedvery slightly) by banding effects. Just as for the electron
tions. Vibrational effects also cause absorption spectra to exyuasiparticle states in this molecular solid, we observe a co-
hibit many more lines than the discrete lines predictedexistence, in the properties of excitons, of features that are
theoretically, which is direct evidence for Herzberg-Teller characteristic of single molecules and of extended systems.
mechanisms. A more detailed account of optical data for
solid Cgp should also address the possibilities of Jahn-Teller- ACKNOWLEDGMENTS
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