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Theory of nonlinear optical response of excitons in solid g,
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We present a theoretical study of the dispersion of Frenkel-type excitons in the low-temperadypbhase
of solid Cgy. Exciton propagation is accomplished by an exchangelike two-step process, where an electron-
hole pair on a given g molecule is split by the intermolecular kinetic energy and recombines on a neigh-
boring molecule. We apply our results to the theoretical calculation of the nonlinear optical susceptibility for
second-harmonic generation, for which we find reasonable agreement with experiment.

[. INTRODUCTION the particle-hole multiplets of a § molecule in an fcc lat-
tice. We also note that EELS experiments on solig Ref.
Despite the large amount of research done ggdhd its  7) have detected states with an excitation energy tf5 eV,

compounds since its discovehyhe electronic structure and i.e., still lower than the optically observed singlet excitons.
the importance of solid state band-structure effects remaifthis suggests to interpret these stateSad excitons. It is
controversial. In solid  the interaction between neighbor- obvious from the above that an adequate treatment of the
ing molecules is small as compared to the intramoleculatitramolecular Coulomb interaction and the resulting multi-
energies. This suggests the presence of pronounced excitorhlet splittir}g is of crucial importance for a realistic dicussion
effects, whereby the excited states of a single molecule ar@f the exciton states.

broadened into bands. The complicated crystal structure of 1Nne multiplet splitting is important for yet another reason:
the low-temperatur®a3 phas& with its four Cs, molecules/ the relative smallness of the solid-state effects as compared

unit cell, as well as the high degeneracy of the highest oceu® the estimated multiplet splitting suggests that one may find

pied molecular orbital(HOMO, fivefold degeneraeand exciton bands Withareaso_nably well-defined “multiplet par-
lowest unoccupied molecular orbitdlUMO, three-fold de- entage. The v_veak couplmg_ _between theaOOnolecul_es_,
generateof a single G, moleculé thereby imply the exist- moreover, implies that transitions th_at take place within a
ence of a large number of excitonic bands. The experimentz‘;'(°1'm-:]Ie TOle]?l:rl]e ‘:’“re by tfar tl?eltdtgmlqlalnt onlesé sthhta; the
observation of these excitons, however, is complicated duéymme fy o ”e parent muitiplet” will fargely gecide the
to symmetry reasons: both the HOMO and LUMO of an pbservablllty of the respective exciton band_. Then, of the
isolated Gy, molecule haveaingeradecharacter, so that none smglett ?tates cfo;Lespondlr;]g éo tlhe f.OLt" posl}sgﬂeadereg-

of the low-lying particle-hole states can be excited by an'cocntations of i€ icosahedral point groug,y can be

electric dipole transition. This prohibits the optical observa-'¢ached by a magnetic dipole transition from tih, ground

tion of the excitons, and necessitates the use of electronc‘—tate anleg can be reached by an electric quadrupole tran-

energy-loss spectroscopyEELS) or nonlinear optical slition. E)icitation of the_ remaining two re_presentations,
techniqued=® It is the purpose of the present work to pro- Tag and ,Gg' W_Ol,“d require even h|gher. multlpoles,_ so that
vide a minimum-effort theoretical description of the exciton Pands which originate from these multiplets remain unob-
bands in solid G, and to apply this simple theory to the servable at all

computation of nonlinear suceptibilities which may be com- '!'he pr:an of .the. Paper Is as fOIfIOWS.: Ir: sec. I, \;ve blrlefly
pared to nonlinear optical experiments. review the excitation spectrum of an isolategy@nolecule,

To understand the basic requirements that a successfmer‘aby focusing on the multiplet SP”F“”Q in the s_ubspac_:e of
theory must meet, it is useful to recall the various energ)ﬂoMo_H LUMO electron-hole excitations, .Wh'Ch is the f|rst_
scales present in the problem. The gap between HOMO anqumal ingredient for the theoretical description of the exci-
LUMO derived bands in solid g is ~2.3 eV® This may tons. Section Il outlines the formalism for treating the exci-
roughly measure the difference of the single-particle energie®n dispersion and presents results for the obtained band

of HOMO and LUMO of an isolated g molecule. This structure. In Sec. IV we calculate the nonlinear optical su-
“single-particle contribution” to the energy of an electron- ceptibility for second-harmonic generation and briefly dis-

hole pair is reduced appreciably by the Coulomb attractiorPSS th? Cross sect|.on for two-photon absorption. We con-
between electron and hole: in @&vlatedCgy molecule, the clude with a discussion of our results.

lowest singlet states are found at an excitation energy of
~1.91 eV%1%a quantum chemical estimate for the splitting
in energy of the different electron-hole multiplets is 0.35 The low-energy single-electron levels of an isolategh C
eV Next, the lowest singlet excitonic statessnlid Cg;  molecule can be described by restricting the Hilbert space to
are found between 1.8(Ref. 4 and 1.85 e\A this “solid- the 60 “radial” carbon 2 orbitals, one of them on each
state red-shift” of~60— 100 meV represents the combined carbon aton?. The vth single-electron level in this Hilbert
effect of band formation and the crystal-field-like splitting of space can be expanded as

II. SINGLE-MOLECULE EXCITATIONS
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60 calculation with, e.g., an unscreened Coulomb interaction,
¢V,0:2 a,,,ipifa|vac>, (1)  thereby neglecting all many-body effects. Within the frame-
=1 work of the above ansatz, these many-body effects are then
completely absorbed into the “renormalization” of the mul-
wherep! creates an electron in the orbital pointing in  tiPlet energiesEirso that within the singlet subspace the
radial direction on the carbon atom with indexThe coef-  €ntire intramolecular electron-hole interaction can be param-
ficients @, ; are determined from the Scifinger equation ©trized as
with the Hamiltonian

Np
T Hintra:; Zl |(I)E>E1F<(I)£| (5
Hkin:ijz ti,iPi.oPj.o (2 n=
N . Quantum-chemical calculatioisindicate that the’T,,
wheret; ;=—2.59 eV ifi and]j are connected by a pentagon i1, . and !G, multiplets are quasidegenerate, whereas the
edge andt; ;=—2.78 eV ifi and ] are nearest neighbors 1y "multiplet is well separated by an energy-ef350 meV.

along a hexagon eddeve are using the parameter values of xperimentally, there is consensus that the lovs0 state
electron/spin direction gives a fivefold degenerate HOMGOphase samples. Conclusive information about the energies of
with h, symmetry and a threefold degenerate LUMO with the remaining multiplets is not available at present; we will
tyy Symmetry? In the following we denote the creation op- therefore treat their energieBias adjustable parameters
erators for an electron in thgth HOMO (vth LUMO)  and try to infer estimates for their values by comparison with
h! . (I7.,); when dealing with more than onesgmolecule  experiment. Having adjusted these energies, the Hamiltonian
we will subscribe the wave functions and operators also by5) may be expected to provide a reasonable description of
the position vectoR of the center of gravity of the molecule, the intramolecular interaction of the electron-hole pair,
e.0.,¢r . ,- We now consider the lowest particle-hole exci- at least within our approximation. We also note that by using
tations of an isolated molecule. Taking only single-particlethe energies of the triplet exciton&sp, our formalism
energies into account, there ar& 8= 15 degenerate lowest- would treat these excitons in the same way.
energy configurations obtained by exciting an electron from
the uth HOMO into thevth LUMO. The degeneracy is lifted
by the Coulomb interaction between electron and hole,
which gives rise to a multiplet splitting. We can make the We proceed to the case of solidggand consider the
following ansatz for thenth member of the multipletT: broadening of the molecular levels into bands. In soligh C
the centers of gravity of the individual g molecules form a
3 5 fce lattice. BelowT.=259 K the molecules order orienta-
o= X ah(ru)(] .h,, T+|1 . )10), (3 tionally with a larger unit cell, so that the actual crystal struc-
v=1p=1 R R ture is sc with four G, molecules/unit ceff. We write the
position vector of theth Cg, molecule asri=R;;+ S,

[ll. EXCITON DISPERSION

where]) denotes the “half-iled sy round stae ofthe WS WL denotes the postio of e
molecule. The determination of the coefﬁuenﬁ%(v,,u) 5, with1=1, ... ,4labels the position within the unit cell. In

represents a complicated many-body probtémecause the
“dressing” of the electron-hole pair by “virtual” particle-
hole excitations has to be taken into account. In order t
circumvent a demanding quantum-chemical calculation, we'®
proceed as follows: using the group theoretical identity

addition, we introduce the vecto, with i=1,12, which
(point from a site of the fcc lattice to one of its 12 nearest
ighbors.

We first consider the propagation of a single electron in
the LUMO or a single hole in the HOMO. Using the molecu-
lar single-electron levels defined (i) the hybridization ma-
t1y®h =Tyg+Tog+Gy+Hyg, (4 trix element is given by

one finds that the 15-dimensional product represenation of a T, u(i 1) =1, v.ol Hsingid br. .0 (6)
singlet LUMO-HOMO electron-hole pair splits up into the !
three-dimensional' T, and 'T,, representations, the four-

dimensional lGg representation and the five-dimensional where Hjqe= p2/2m+V is the one-electron part of the
lHg representation. Since each of the irreducible representadamiltonian. Using the expansid) of the molecular orbit-
tions appears precisely once, the coefficiemf:{v,,u) are als in terms of the radigb orbitals on the individual mol-
determined completely by symmetry, i.e., they can in prin-ecules, we can express tfig ,(r;,r;) in terms of matrix
ciple be obtained by the Clebsch-Gordan decomposition oflements between radig orbitals. The latter in turn are
the product representation. The entire intramolecular Couparametrized following Satpathst all? Since the solutions
lomb interaction thus can be parametrized completely by thef (2) always can be chosen real, the hopping integrals
energiesErof the four symmetry-differen=0 multiplets T, ,(r;,r;) also can be chosen purely real. Due to the com-
and the coefficientszg(v,ﬂ) can be determined by a simple plicated node structure of the HOMO and LUM@hich
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TN hole or electron follows straight up. This mechanism for ex-
citon propagation is also supported by the fact that the states
seen in EELS at=1.5 eV (which we interpret as triplet ex-
citons also seem to have a considerable dispersional
broadening? this would be hard to explain by the “conven-

tional” mechanism for exciton propagation via intramolecu-
lar dipole-dipole transitions.
As our central approximation for dealing with the exciton
~—7 dispersion we therefore restrict the Hilbert space to configu-

rations where electron and hole are either on the same or on
immediately adjacent molecules. We define the following
Bloch states:

1
|l// v o(k) = _2 e RJI oh I/O’|O (8)
FIG. 1. Different hopping processes which couple neighboring oS ) \/N ] RitsmaRts s

Cgo molecules. The light circle denotes the hole, the dark one the

electron. The two-step process shown(@hleads to a propagation

of the electron hole-pair. The “virtual” back and forth hopping ik-R

shown in(b) gives an exchangelike lowering of the multiplet ener- W# vs oK)= \/—2 e JIR +tstéu, ohR s, o/0)-
gies as well as a crystal-field-like mixing of the multiplets. )

With a threefold degenerate LUMO, a fivefold degenerate
correspond to angular momentdm 5), the magnitude and LUMO, and 4 molecules/unit cell there are 60 functions of
sign of the hopping integrals will depend sensitively on thethe type (8) and since each £ molecule has 12 nearest
relative orientations of the two £ molecules in question.  neighbors there are 720 states of the t§@e Our truncation

Numerical evaluation shows that the hopping integrals beef the Hilbert space may be expected to be an accurate ap-
tween the neighboring molecules are fairly small; as a meaproximation only forT/A—0; one may expect, however,
sure of the hopping strength we may, for example, take théhat the wave functions obtained in this way do incorporate
trace of the hopping matrix between HOMOs-LUMOs onthe symmetries of the multiplets, the dependence of the signs
neighboring molecules, divided by the degeneracy of thepf hopping integrals on the orientation of the@nolecules,
level, Ngegy: etc. Solving the exciton propagation with the above ansatz

one thus may hope to obtain wave functions with the proper
_ symmetry which in turn determines, e.g., the magnitude of
T= 2 T (7)  transition probabilities or whether two given multiplets mix
Ndeg v strongly due to intermolecular hopping or not.

The numerical effort may be reduced considerably if we

treat the intermolecular hopping in second-order perturbation

Vlj"gel\;l%the sums ovler rKl” over thle orb||ta|s of thhe LUMr? orh theory. To that end, we start with Bloch states composed of
respectively. Numerical evaluation shows that t mult|plets on individual molecules, so that the intramolecular

T are less than 10 meV for both HOMO and LUMO. Thesepart of the HamiltonianH ., is already diagonal. Neglect-
relatlvely small hybrldlzatlon energles have to be Compareqing the difference between the mu|t|p|et energj_@,sas com-
to the e_nerg;A requirE.!d to preak an intramolecular electron- pared to the Change transfer enem,yprocesses of the type
hole pair by transferring either electron or hole to a neares§hown schematically in Fig.(4) give rise to an “effective

neighbor. This energy can be estimated as follows: Augefopping” between two multiplet-states at the sitesand
spectroscopy on solid & (Ref. 8 shows that two holes on (4 §

the same G, molecule repel each other with an energy of
U~(1.5£0.1) eV, which is practically independent of the
molecular orbitals into which the holes are put. This suggests tnl) (7 T = 22 2 ag(ﬂ'y)

that an attractive energy between an electron and a hole on " By

the same molecule be U. Similarly, the attractive energy

for an electron-hole pair on nearest neighbors should be % T w(r+0)T, (r+87) F’(,u’ ")
—V, whereV is the repulsive energy between two electrons A i

on nearest neighbor molecules. The latter has been estimated (10)

to be (0.9-0.4) eV The resulting value foA=U -V has

a large uncertainty, but in any way is large as compared to

the average hybridization energy. This suggests to model thdopping processes shown schematically in Fig) Ho not
exciton propagation entirely by two-step proces$ds: the lead to true propagation of the electron-hole pair, but result
first step either electron or hole jumps to a nearest neighboim a (diagona) shift of the multiplets to lower energies as
which process raises the energy by tielatively large  well as a crystal-field-like mixing of the multiplets on a
charge transfer energy; in the second step the remaining single molecule at position
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Tyuw(rr+0T, w(r+6r)

m(n,I‘),(n’,I"):_z > an(pm,v) > A a,, (u",v)
nv 6 o
T, (r+8,0) T (1 r+0)
+ 2 o (") |. (12)

roon A

v, v

We now present some results obtained by the above prder smaller values ofA; in the following discussion of the
cedure. Figure 2 shows the exciton dispersion obtained bgxciton optics, we therefore always use the full eigenvalue
the second-order perturbation scheme. Thereby an infinitproblem of dimension 720720.
energy separation between multiplets has been assumed. A notable fact is the relatively strong broadening of the
With the reasonably realistic valu®=0.5 eV we find an lHg level. SincelHg is accessible by an electric quadrupole
average redshift of the“T1g derived bands o~60 meV transition from theA,, ground state one may expect to ob-
[originating from the “crystal field contribution'(11)] and  serve pronounced nonlinear optic signals also from this band.
an additional “dispersional redshift” of the lower band edge From the energy of the molecula ;4 energy,~1.9 ev>°
at I'~40 meV. It should be noted that the perturbationand the estimated energy splitting betwé'é'qg and 1Hg of
theory tends to overestimate these energy shifts, particularly 0.35 eV!! we expect thelHg derived bands at energies

somewhat below 2.25 eV. Indeed, strong two-photon absorp-

tion has been found in this range of energiémfortunately

the relatively high energy of théHg multiplet renders the
effective A for this multiplet very small A represents the
energy difference between the on-ball multiplet and an
electron-hole pair on nearest neighhor©ur simplified
theory therefore most probably is inadequate for the descrip-
tion of the *H, derived exciton bands.

N

MWL

A IWAN7A

IV. OPTICAL PROPERTIES OF THE EXCITONS

005 | T
T Due to the multitude of bands and the resulting complex-
-0.06 | ity, the full exciton dispersion clearly does not represent very
useful information. We therefore proceed to the study of op-
o007 &/ tical properties of the excitons, which allow for comparison
< with experiment. As already stated this requires a study of
§ nonlinear optical effects: starting from the totally symmetric
M 005 E — “half-filled” ground state, none of the multiplets of a single
o6 %—\ molecule has the proper symmetry to be excited by an elec-
' tric dipole transition, so that the excitons cannot be observed
007 | / by conventional optical experiments. However, tl’félg
008 L multiplet is accessible by a magnetic dipole transition, and
the 1Hg multiplet by an electric quadrupole transition. Since
008 the expected excitation energy of tF@lg derived excitons
0.04 ¥s<?
005 E _\2 - ;
g T,
009 %/ § ®,ED
-0.11 | -
T X Y Z r
20, ED . — Ip
FIG. 2. Exciton band structures derived from the individual — Ig
multiplets of a Gy molecule. From top to bottom the “parent mul-
tiplet” is Ty, Ty, "Gy, and 'Hy. In the calculation, the en- ®,MD
ergy of the respective multiplet was chosen as the zero of energy,
the energies of the other multiplets were taken to+e. The _ lA
bands are obtained by the second-order perturbation scheme with lg

A=0.5 eV. The high-symmetrk points of the sc lattice are
I'=(0,0,0), X=(mla,nla,nla), Y=(m/a,w/a,0), and FIG. 3. A resonant second-harmonic generation process con-
Z=(w/a,0,0). necting the lowest single electron levels of thg,@olecule.



12 790 R. EDER, A.-M. JANNER, AND G. A. SAWATZKY 53

(~1.9 eV) is approximately one-half times the energy sepa- — @ @ —1iuvo Uy
ration between the second highest occupied molecular or-

bital, the hy HOMO’, and thet,;, LUMO, there arises the T B
possibility to observe them via a near-resonant second- O

harmonic generatiofSHG) proces$, shown in Fig. 3: in the Hovo Iy
first step, thelTlg multiplet (consisting ofh/t;, electron- O )
hole pair$ is excited by magnetic dipole transition from the HOMO" by
ground state. Next, the hole in ting HOMO can be trans- 10> > im> 10>

ferred to thenyf HOMO’ by an electric dipole transitiofthe

productt;,® hg contains!T,,). In the last step, the hole in

thehy HOMO' and the electron in thg; LUMO recombine,

and a photon of @ is emitted. Recent second-harmonic gen-

eration experimenfshave shown a two-peaked structure in

the second-harmonic reflectivity at an excitation energy o

~1.84 eV. This structure appears only below the transition

temperature to the rotationally ordered low-temperature (O|P|m){m|P|n){n|M|0)

phase and becomes the more pronounced the lower the tem- x(20)=2 (E,—Eg—w)- il (13

perature. This temperature dependence strongly suggests to e n0

associate the observed structure with band effects on the mo-

lecular 'Ty4 multiplet. _ _ This expression holds fas>0 and can be extended to nega-
We proceed to the calculation of the relevant nonlineakjye frequencies by the identity(— 2w) = x* (2w). We next

response function. Second-order perturbation theory givegiscyss the tensorial structure gf2«) and note that the

the 2w Fourier component of the electric polarizatienin-  three members of th&T,, multiplet transform like the three

FIG. 4. Schematic representation of the states appeariti®n
The light circle denotes the electron, the dark one the hole.

plicity neglect the latter, we obtain the following expression
Tfor the nonlinear susceptibility tensor:

duced by monochromatic light of frequenayas® components of the pseudovectdi0). Since the only way
to construct a scalar from the two vectoPs and the
(O|H4|m){m|H4|n}{(n|P|0) pseudovectoM is the product PX P)-M, we can conclude

<P>(2‘”)=g11 (E—Eg+ @) (E,— Eo+ 20) that x,5,(2w) ~ €,4, and moreover that in calculating,,,

up to factors of order unity we may replace
(0[H|m)(m|P|n)(n|H,|0) L
(Em—Eo+w)(En—Ep— o) > [Py m)(m|Py— > ——L,. (14)
m MB

(O[P[m){m[H4|n){n|H,|0)
, (12 . . .
(Em—Eo—20)(En—Ep~w) Dropping these overall factors of order unity we thus find

that within our approximate schemg, {2w) reduces to the

dynamical correlation function of the operator of orbital an-
whereP denotes the electric dipole operator. For a bulk ma-gular momentum:

terial with inversion symmetry the second-harmonic suscep-

tibility vanishes due to symmetry if only electric dipole tran-

sitions are taken into account; consequently, we choose Yol 20)~ D (O[Ln)(n[L,|0) (15)
H,=3,(E-P,+H-M,), with the dipole operatoP; for the Xy En—Ep—ow

ith molecule and\V;=(e/2mc)L;, wherelL; denotes the

operator of orbital angular momentum for molecul®ne of

the two transitions induced bid; in (12) then has to be Wwhich is readily evaluated with the known exciton energies
magnetic dipole; if for the moment we choose this to be theand wave functiorE, and|n).

rightmost factorH,, the first term on the right hand side of ~ Figure §a) then compares the resulting SHG intensity
(12) cannot contribute. The sum ovarin this case can be Wwith the experimental result. It has been assumed that the
restricted to the exciton states in question, the sum aver ‘Tiq multiplet is well separated from the other multiplets,
extends over states with a hole in the HOMO' and an eleci.€., the energy of thé T, state has been set to 1.914 eV,
tron in the LUMO; see Fig. 4. Next, the transitiom—0, i.e.,  those of the other multiplets te «. The 5-peaks have been
the electric dipole transition from the LUMO to the HOMO’, replaced by Lorentzians corresponding to an inverse lifetime
corresponds t&,,— E,~3.56 eV’ For an incoming photon of the exciton states of 10 meV. For the reasonable value
energy of~1.8 eV the energy denominatoE(— E,—2w) A =0.3 eV we obtain a good estimate for the solid-state red-
in the third term thus becomes much smaller than that of théhift, but a relatively small band splitting. Most important,
second term, so that the latter can be neglected. Next, tHeowever, the entire SHG weight is concentrated in one domi-
inverse lifetimel” of the HOMO’ — LUMO transition has nant peak near the lower edge of the exciton bands. This is a
been estimatéd to be 0.46 eV, i.e., larger than the total consequence of phase coherence: the respective state to good
width of the SHG signal of=100 meV® and most probably ~accuracy can be written as (ljﬁ)EiMﬂO}, i.e., a simple
also larger than band effects and multiplet splitting for thesuperposition of states generated by actmghasewith the
LUMO-HOMO’ electron-hole pair. If we therefore for sim- magnetic dipole operator on each individuaj,Gnolecule.




53 THEORY OF NONLINEAR OPTICAL RESPONSE OF EXCITGN. . . 12 791

Intensity

Intensity

176 178 18 1.82 184 186 188 19 192 1%
Energy (eV)

FIG. 5. Comparlson of calculated SHG intenditiashed linpand experimental resulfull line) for an |solated1T1g multiplet (a) and for
degeneratelTlg and G multiplets. The vertical bars indicate the positions of the exciton band§ dhe length of the bars thereby
indicates the degeneracy of the ley&t, 2-, or 3-folg.

The other eigenstates, which necessarily have to be orthogéH multiplet, moreover, can be excluded because both
nal to this particular state, consequently must be out-of- phaswantum -chemical calculatlbln as well as two-photon ab-
superpositions of exciton states on the foug @olecules of  sorption experimentssuggest that its energy is above 2 eV,

a unit cell. These states therefore cannot couple to light.e., far too high to influence théTlg derived bands Figure
which acts coherently on eachggmolecule, so that these 5(b) then shows the calculated SHG spectrum when the
states remain unobservable. We therefore cannot explain th’ésg multiplet is taken to be degenerate with ti"n‘élg mul-
smaller peak in the SHG signal at1.87 eV if we take into tiplet at an energy of 1.914 eV; the value 4=0.35 eV.
account only thelTlg multiplet. On the other hand, the two- Again, we obtain a good estimate for the redshift; in addi-
peak structure in the SHG signal has a pronounced temperéeon, there appears now a second peak at approximately the
ture dependence, being absent in the rotationally disorderaight frequency to explain the smaller high-energy peak in
high-temperature phase and well-defined only at the loweghe experimental spectrum. The ratio of intensities between
temperature$;this strongly suggests that the two-peak struc-the two peaks is not yet satisfactorily reproduced by theory,
ture indeed originates from coherent exciton propagationbut this may simply reflect the deficiencies of our purely
Then, the simplest assumption to explain the two-peakedingle-particle wave functions. In the following, we therefore
shape ofl (2w) then is that thelTlg multiplet mixeswith adopt the hypothesis that th’e‘l’lg and 1Gg multiplets are
one of the other multiplets; the dominant peak at 1.825 eMnearly degenerate and proceed to the discussion of another
then would be the a band with predominan*dg/lg character, nonlinear optics experiment, two-photon absorption.
whereas the smaller peak at 1.87 eV could be interpreted as To reach the low-lying exciton states by a two-photon
a band with only a minor admixture dfrlg character. Since process requires a photon energy=01.9 eV/2=0.8 eV, so

the SHG signal only measures tHé'l component, this that one is in a strongly nonresonant situation. Second-order
would readily explain the different mtensmes Test calcula-perturbation theory showthat the transition probability to
tions show that only thelG multiplet mixes sufficiently —a given statén) is proportional to the matrix element of the
strong with thelTlg muIt|pIet to produce such an effeghe  operatorM, defined as
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experiments actually seem to be observing different states at
the low energy end of the spectra; this may indicate a rela-
tively large number of states below1.85 eV, which would

be in good agreement with the level scheme for “mixed”
T,y and ‘G4 multiplets. In addition, the calculated level
scheme shows a region of enhanced density of states above
1.85 eV, which may explain the broad structure in the TPE
spectrum at these energies. We may conclude that our as-
sumption of degeneratJeGg and 1Tlg multiplets seems to be
consistent with both SHG and TPE results.

At energies~2 eV we, moreover, expect to find the
lHg derived bands, and since this multiplet can be excited by
an intramolecular quadrupole transition we expect a much
L L L L L ' stronger two-photon absorption in this frequency range, as is
178 18 182 184 186 188 19 192 194 196 198 indeed the cas¥.We note that the relatively high energy of

gy (V) 1 . A
the "Hy multiplet probably makes our simplified theory
(which assumes a large charge transfer enexgyinappli-
cable for a realistic discussion of these exciton bands.

Intensity

FIG. 6. Comparison of the experimental TPE intensityl line)
and calculated positions of the exciton bandF #@barg. The length
of the bars indicates the degenerdty, 2-, or 3-fold.

Hy|m)(m[H,
M= % E Ea (16) V. CONCLUSION
In summary, we have presented a simple theory for exci-
ton propagation in the low temperatuRa3 phase of solid

ChoosingH,;=E-P, it is obvious thatM can contain only Cgy. The key ingredient of the exciton dispersion thereby is
symmetric combinations of the components of the vectothe multiplet splitting in an isolated & molecule, which we
P, i.e., the form ofM does not allow the construction of the treated as adjustable parameters. We found that assuming a
pseudovectoPX P. In anisolated Cg, molecule we there- (nearly degeneratelTlg and 1Gg level at an energy of
fore cannot reach théLTlg multiplet (nor the 1T2g and ~1.915 eV we could obtain a satisfactory fit of the lowest
1Gg multiplets, but only thelHg multiplet. If the G mol-  excitonic states as probed by nonlinear optical experiments.
ecule is embedded into a lattice, but still only transitionsSolid-state redshift and energy differences between dominant
within the molecule are considered, the only change wouldeatures in second-harmonic generation and two-photon ab-
be a weak splitting of the intermediate leveis due to sorption seem to be consistent with our calculated level
“crystal field effects” and band formation. The corrections scheme and nonlinear susceptibilities. Adopting this interpre-
to the matrix elements dfl as compared to the case of an tation, the lowest exciton bands are found to have mixed
isolated molecule would be-AE/(E,—Ey—w), where 'T1-'G, character; the'H, multiplet is substantially
AE is the width of the dispersional splitting. Assuming the higher in energy; we cannot make any reliable statement
results for the exciton bands in Fig. 2 to be representativeabout the energy of the remainintd@ 2g Multiplet, because it
we estimateAE~0.01 eV-0.1 eV so that the two-photon cannot be observed itself and does not seem to mix appre-
absorption associated with the low-lying exciton bandsciably with observable multiplets either. We note that the
should be~0.01 times that of the’LHg derived bands; this assumption of a degenerafél'lg and 1Gg level may be
indeed seems to be consistent with experimi@nyhich ~ somewhat problematic. Assignments in absorption spectra of
shows strong two-photon absorption abevg eV, but only  isolated G molecule$ (which, however, may not be really
very weak absorption at the energies of the lowest excitonsonclusivé would indicate a larger separation between these
near 1.85 eV. For completeness we note that a simple estiwo multiplets. Clearly, further experimental data are neces-
mate shows that intermolecular transitions are so stronglgary to settle this question. Our calculations moreover pro-
suppressed as compared to intramolecular dipole transitiongde an estimate for the energy required to break an in-
that such processes are completely negligible, even comramolecular electron-hole pair of 0.35 eV, which is in
pared to the weak “crystal field” contribution addressed reasonable agreement with previous estimétes.
above. Then, since a realistic discussion of multiplet splitting Recently we received unpublished data from Shirley,
and band effects for all excited states of thg,@olecule is  Benedict, and Louié’ who approached the exciton disper-
clearly out of reach for our simple formalism, there is nosion in Cg in a different way; their band structures for the
possibility for a realistic computation of the two-photon ab- individual multiplets are reasonably consistent with our
sorption cross section. We therefore restrict ourselves to above results.
mere comparison of the calculatixel scheméor the low-
lying exciton bands to the experimental two-photon absorp-
tion. Figure 6 shows the experimental two-photon emission
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