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%e present the results of an experimental study of the bulk photoconductivity of crystalline
anthracene induced by high-power (I l0 2 —10 "-photon cm 2sec ') tunable dye lasers in the
wavelength region A, = 6943-4150 A. The kinetic data for the dependence of the charge carrier density
m on the excitation intensity I fall into three regions: (I) In the excitation region A, = 6943-6180 A a
mar. I' dependence has been observed originating from photoionization of two-photon-excited singlet
states. (II) In the range X = 6120-4600 A a complex, superlinear pattern was observed, exhibiting a
m~I' dependence at low I and maI' dependence at high I. In this range, where excitation occurs
via two-photon absorption, three charge-carrier-generation processes involving autoionization of
metastable excitons, exciton photoionization, and exciton-exciton collision ionization are operating.
Detailed information was obtained regarding the energy dependence of the generation coefficients for
these processes. {III) In the excitation range X = 4600 "".00 A a m~I' dependence was observed and
interpreted in terms of photoionization of one-photon-excited singlet states. From the generation
coefficients in regions I and III and from the mfxI' generation coefficient in region II, detailed
information has been obtained regarding the energy dependence of the cross section for exciton
photoionizatio. From the maI" generation coefficient in region II we have obtained the rate
coefficient (4+ 2) X 10 " cm sec ' for the exciton collision ionization while the autoionization
efficiency of metastable excitons produced by exciton collisions is {7+4) g 10 '. The
two-photon-induced mc I' generation coefficients in region II, normalized by the two-photon-absorption
cross sections, result in a detailed energy dependence of the autoionization efficiency g(E). The direct
onset to the conduction band is E = 4.08+ 0.04 eV. q(E) yields a reasonable measure for the
weighted density of states for interband transitions, providing experimental evidence for narrow {~1000-
cm ') vibronic components of the valence and conduction band, which exhibit vibrational structure near
the threshold.

I. INTRODUCTION

The understanding of charge-carrier generation
in low-mobility materials is an interesting prob-
lem in solid-state physics. During the last decade
there have been extensive experimental and theo-
retical investigations ' 6 of the photoconductivity
of organic crystals, with crystalline anthracene
providing a convenient prototype system for the
elucidation of the energetic and dynamic processes
involved in photogeneration of charge carriers in
such systems.

In crystalline anthracene it has been conclusively
demonstrated that in addition to the "conventional"
intrinsic one-photon-induced charge-carrier-gen-
eration process, ~ 9 two-photon excitation'0 pro-
vides a powerful tool for the study of novel and in-
teresting mechanisms: (a) stable excitons can
yield carriers by photoionization~~ ~3 or by exciton-
collision processes~ '~' and (b) metastable excitons
can decay by autoionization. '6 The two-photon
excitation processes were studied up to date by
utilizing Q-switched solid-state lasers in their
fundamental, '~'" second-harmonic, '9'~ and Ra-
man-shifted output. %'ith the advent of high-pow-
ex, continuously tunable dye lasers, t'he detailed
energy dependence of various charge-carrier-
generating mechanisms, resulting from two-photon
(and one-photon) excitation, became amenable to
direct study. In this paper we report the results

of an experimental investigation of the bulk photo-
conductivity, induced in crystalline anthracene by
a high-power dye laser. Intrinsic-charge-carrier
generation, induced by weakly absorbed light in the
bulk, was accomplished by two-photon absorption
in the high-energy region (& = 4500-7000 A, 2hv
= 28 570-44 440 cm ') as well as by one-photon ab-
sorption in the low-energy Urbach-type absorption
tail (&= 4150-4500 A, hv = 44440-48 200 cm ').

II. REVIEW OF RELATIONSHIP BETWEEN ENERGY
LEVELS AND PHOTOCONDUCTIVITY

Let us first consider the pertinent information
regarding the crystal energy levels and the dyanmic
processes involved in intrinsic charge carrier
generation in organic crystals. A simplified ener-
gy level diagram of crystalline anthracene is por-
trayed in Fig. l. As is well established, the low-
est electronically excited states are reasonably
mell described within the tight-binding approxima-
tion. ' The location of the Frenkel-Davydov ex-
citon states was obtained from conventional one-
photon spectroscopy and from recent two-photon
spectroscopy ' "of crystalline anthracene. We
have also incorporated in this diagram some of the
totally symmetric vibronic components of the neu-
tral exciton states, which result in the conventional
vibrational spread of those odd-parity exciton. states
which correspond to the weak exciton (intramolec-
ular) vibrational coupling' limit and of all the
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FlG. 1. Schematic energy level of crystalline anthra-
cene.

even-parity exciton states.
In addition to Frenkel-type exciton states, the

existence of charge-transfer excitons 8'3' '6 was
invoked for the interpretation of the Davydov split-
ting in triplet states, triplet-exciton progagation
and recombination, and singlet-exciton fusion.
To the best of our knowledge no direct experimen-
tal evidence is yet available for the location of
these bound-charge-transfer states in organic
crystals. Experimental photoemission data from
crystalline anthracene, 5 3~ excited in the energy
region 4-5 eV, which were originally inter-
preted" ' in terms of mutual annihilation of two
charge-transfer states located at 3.6 eV, result
from exciton-charge -carrier interaction. Also,
the two-photon-excited state in the range 3.5-3.8
eV, which was tentatively assigned to a g-type
charge-transfer state of the crystal, 8 was recently
demonstrated to originate from the vibronically
induced ~A~(A, )- ~83„(A„,B„)transition to a Frenkel
state. Although these crystal charge-transfer
Wannier-type states are probably important in con-
figuration-interaction mixing, their relevance for
the dynamics of charge-carrier production was
not established, and we have refrained from in-
cluding these states in the energy-level scheme.

We shall now turn to the valence- and the con-
duction-band states. The direct threshold to the

conduction band, which corresponds to the bottom
of the lowest conduction band relative to the ground
state of the crystal, was experimentally determined
from one -photon intrinsic photoconductivity '

and from photoinjection studies to be located at
3.9+ 0. 1 eV. The pioneering theoretical study of
Leblanc has demonstrated that the highest valence
band and the lowest conduction band are quite nar-
row (bandwidth 0.01-0.05 eV). These bands
were constructed within the framework of the tight-
binding approximation utilizing the highest filled
and the lowest empty molecular orbitals as proper
basis sets and invoking the intermolecular Coulomb
interactions. Subsequent studies ' incorporated
the role of intermolecular exchange interactions4
and long-I ange polarization interactions, 43 which
did not, however, grossly modify the bandwidths.
More important, it was pointed out that as the
width of the conduction and the valence bands is
small, relative to the intramolecular vibrational
frequency, the weak electron-vibrational coupling
limit is applicable. The bands will exhibit vibra-
tional splitting, the width of each vibronic valence
band and vibronic conduction band will be propor-
tional to an appropriate Franck-Condon type nu-
clear overlap integral. Thus each narrow band
corresponding to a single electronic configuration
will exhibit vibrational splitting. Furthermore,
the (vibronically split) conduction and valence
bands explicitly considered by Leblanc o and oth-
ers ' ' are by no means the only free electron and

hole states of the crystal. Lower lying valence
bands and higher conduction bands originate from
the corresponding lower filled and from the higher
empty molecular orbitals, respectively, each of
which will also exhibit vibrational splitting. In
Fig. 1 we have displayed schematically these
bands, utilizing just a single, totally symmetrical,
vibration. Some evidence for the vibrational struc-
ture of the lowest conduction band has been ob-
tained from photoinjection experiments, ' while
conclusive evidence for electronic splitting result-
ing in "higher" conduction and valence bands which
originate from diff~rent electronic configurations
was obtained from one-photon photoconductivity, '

energy resolved photoemission, and photoinjec-
tion' '" studies. From the foregoing considera-
tions it is evident that the naive description of or-
ganic crystals in terms of narrow" conduction
and valence bands should be grossly modified in
view of the vibrational splitting and the multitude
of vibronic bands originating from different elec-
tronic configurations. Thus, just above the thresh-
old for the lowest interband separation vibrational
structure will be exhibited, while at somewhat
higher energies congestion of higher bands will be
encountered and even this vibrational sturcture
will be washed out.



A. BERGMAN AND J. JORTNER

The Frenkel exciton states and the (conduction
and valence) band states constitute the zero-order
levels of the system. Coulomb interactions couple
the exciton and band states, nonadiabatic intramo-
leeular terms couple vibronic components of ex-
citon states which correspond to different electron-
ic configurations, while nuclear coupling terms in-
volving both intermolecular and intramolecular
nuclear displaeements will couple different vibronie
components of a single electronic configuration of
either a neutral exeiton or a band state. Thus sev-
eral kinds of nonra. diative decay processes are
expected to occur. For exeiton states located be-
low the lowest interband gap (i.e. , below 4 eV)
two such processes should be considered: (a) vi-
brational relaxation within a. single electronic man-
ifold; (b) electronic relaxation between different
electronic states. ""

Internal eonversion46 between high excited elec-
tronic states of a large molecule is characterized
by relaxation times shorter than 10 " sec (for
high excited states this relaxation time was esti-
mated'' to be 10 ' sec). The vibrational relaxa-
tion processes in electronically excited states of
large molecular occurs on the time scale of -10 "-
10 sec. Disregarding intersystem crossing to
the triplet state, then the lowest excited singlet
state of crystalline anthracene vibrational relaxa-
tion prevails. In higher excited states electronic
relaxation of the "initially excited" high state
(which carries the oscillator strength from the
ground state) simultaneously with vibrational re-
laxation both in the initial and final electronic man-
ifolds occur. It is well known48 that vibrational
relaxation in the final electronic manifold does not

affect the characteristics of the nonradiative decay
pattern in large molecules. As internal conversion
from high singlet states is efficient on the time
scale of their radiative decay vibx ational relaxa-
tion in the final manifold will result in a thermal
population of the low vibronie components of the
first excited singlet state. %'hen the energy in-
creases above the conduction band a new decay
mechanism sets ln.

(c) Exciton states located above the direct
threshold to the conduction band are metastable
with respect to autoionization and to internal con-
version, ' whereupon these Frenkel-type zero-
order excited states will exhibit paraOel decay into
two open channels.

The formal desex'iption of the autoionization pro-
cess has been previously presented in relation to
exciton collision ionization. '7 %'e shall now pre-
sent a reformulation of the problem in relation to
autoionization resulting from one-' or two-photon
optical excitation. 4~ The wave function g~ of the
metastable state resulting from a single resonance
can be recast in terms of the Fano configuration-

interaction method,

$s = a(E)P +Z b( P ( + Cs.Ps,p(E')dE'

where (Ps.) are the crystal uncorrelated electron-
hole conducting states represented by the density
of states p(E'). This density of states corresponds
to the weighted density of states in the valence and

in the conduction band. {Q,}represents the dense
manifold of the intramolecular vibronic states
which corresponds to a lower electronic configura-
tion and which are characterized by a density of
states p&. It is well established that the vibronic
manifold (P,) does not carry oscillator strength for
one photon or for multiphoton transitions from the.
gxound state. %e shall fuxther assume that the
optical transition strength from the ground state
Q~ to the conduction band is weak relative to the
transition to the (zero-order) bound-exciton state.
This assumption rests on three experimental facts.
Fix'st, in the optical one- and two-photon spectra
of crystalline anthraeene no evidence was ever ob-
tained for Fano-type antiresonances in the optical
line shapes' which indicate that the transition mo-
ment for direct transitions to the conduction band
is small. Second, theoretical estimates of the
oscillator strength for interband transition" re-
sults in low values for this quantity. Third, the

low yield -10 for charge carrier production via.

singlet-exciton eollisionse'~~' and by two-photon
absorption seems to support this conclusion. %e
thus set (P~tMIQ) &0, while (Q~IMIQ, )p, =0 and

(Q~l M I Qs)p(E) = 0, where the generalized transi-
tion moment M for one-photon excitation corre-
sponds just to the ordinary dipole operatox, while
for two-photon transitions M is the Gouppert-
Meyer second-order perturbation sum' of transi-
tion moments via intermediate states divided by
the appropriate energy denominators. The line
shape L(E) at excitation energy E is now given for
a single resonance in terms of a I orentzian, ' ' 8

(Ws + Zs)!'M l'"'=(E E', ) (W„Z,)'
where the partial half-width for the panarel decay
of ~t) into the intramolecular manifold and into the
conduction band are

Z, =v f(y, fa f@) f'p(E)=-v
f V, f'p(E), (Sa)

%'e now consider weak light absorption, as is
always the case for two photon excitation. Further,
we assert that the decay rate of P = g/(Zz+ Ws) is
fast on the time scale of vibrational relaxation in
the initial electronic state. The efficiency of
charge carrier generation y(E) at excitation energy
E, is then expressed in terms of the product of the
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whereupon the yield for charge carrier generation
ls

n(E) = V'( E)/f (E) = ~z/&s (5)

Equations (2)-(5) consider the single case of a sin-
gle resonance. Provided that interference effects
between zero-order bound states are negligible,
we can directly apply this formalism to a real
crystal where L(E) now corresponds to the actual
optical line shape (i.e. , the energy-dependent one-
or two-photon absorption cross sections). Thus

q(E) momtors energy dependence of the ratio fz/
Provided that the coupling matrix element

I V~ t and the width W~ are weakly varying with en-
ergy, then q(E) provides a measure of the weighted
density of states p(E) in the conduction band. Such
an assumption can be invoked only for a narrow
energy region, where we hopefully can obtain some
rough information regarding the energy dependence
of the density of states in the conduction band.

It is important to point out that in organic crys-
tals one cannot separate direct transitions to the
conduction band from autoionization processes.
The crystal resonance states (above the interband
threshold) constitute an admixture of (zero-order)
exciton states and conduction-hand states and the
whole energy region is spanned by these resonan-
ces, which include a major contribution from the
bound states. Only in spectral regions where the
contribution from the continuum states dominates
the optical absorption is it legitimate to consider
charge-carrier generation via direct interband
transitions. Such a physical situation does not
prevail in organic crystals.

Finally, we have to consider the relation be-
tween the theoretical autoionization yield q(E), Eq.
(5), and the experimental yield q(E) for charge
carrier generation. Experimental studies'"" ""'
of the electric field and temperature dependence of
the quantum yields for one-photon induced charge
carrier generation in crystal1ine anthracene have
established the important role of electron-hole
geminate recombination on q(E). Thus the experi-
mental low-field quantum yield represents the re-
sidual autoionization yield of charge carriers, ini-
tially produced by autoionization, which subse-
quently escape geminate recombination. The at-
tentuation of the experimental residual yield q(E)
relative to primary autoionization yield (q(E)) may

line-shape function (2) and the autoionization yield

W(E) = L (E)[~s/(~s + &s)]

Finally, on the basis of previous theoretical anal-
ysis and experimental data the decay rate is domi-
nated by electronic relaxation, i.e. , Is/Ws «1,
and one gets

Cb
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FIG. 2. Decay processes of singlet excited state:
(a) vibrational relaxation; {b) electronic relaxation of
excitons (followed by V'2); (c) autoionization of metastable
excitons; (d) electronic relaxation between eb; {e) Auger
decay. 0 ground state; E~, direct threshold; 8&, Frenkel
exciton state, V&&, valence bands; C&&, conduction bands.

be energy dependent. To explore this point we re-
call that Onsager's theory ' ' ' results in the
following approximate relation for the quantum
yield at weak electric fields:

(8)

where X = em/DRT is the characteristic thermal
capture length, D being the dielectric constant.
For crystalline anthracene, D = 3.02 and X = 192 A.
Ro(E) represents the energy-dependent pair separa-
tion length. The one-photon data of Batt ef al. s "~~

demonstrate that Ro(E) is practically constant in
the energy range 4. 2-5. 1 eV, where q(E)/q(E)
=exp( —192/80) = 0. 09, while at 6. 1 eV, q(E)/yi(E)
= exp(- 192/110) = 0. 18. Thus the experimental
low-field quantum yield is attentuated by a factor
11-5.5 over the relevant energy range. It is im-
portant to notice that the attentuation factor
exp[- X/Ro(E)] exhibits a rather weak energy de-
pendence. %e can assert that the experimental
values of the residual autoionization yields over
the energy range 4. 2-6. 1 eV still provide a rea-
sonable estimate of the relative values of the di-
rect autoionization yield q(E), and will thus result
in a measure of the weighted density of states in
the conduction band.

To conclude this discussion we have summarized
in Fig. 2 the relevant decay processes of a single
excited state. Three further processes involving
conduction-band states have been incorporated:

(d) An electron in a higher band can decay non-
radiatively by vibrational relaxation to lower vi-
bronic bands of the same electronic state in analogy
to exciton vibrational relaxation [process (a)].

(e) A conduction band state originating from a
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high electronic configuration can decay nonradi-
atively to high vibronic levels of conduction bands
which correspond to a lower electronic configura-
tion, in analogy with exciton electronic relaxation
process (b).

(f) If a hole is produced in a low-lying conduction
band an Auger-type process can occur, where the
hole is filled up from a higher valence band. These
three processes were not yet studied in any detail.

Several mechanisms were advanced for intrinsic
charge carrier generation in organic crystals.
For excited states located below the direct thresh-
old to the conduction-band the following indirect
processes, overcoming the energy balance prob-
lem, should be considered.

(i) Exciton Photoionization. Vibrationally re-
laxed singlet excitons 8} at -3.1 eV are optically
excited to a metastable state-A, which yields
charge carrier (e+ h) via autoionization, with this
decay process competing with internal conversion
back to S}'" ":

hv or 2hv hv = e+h
0 1

1

This mechanism was demonstrated to provide the
main pathway for the production of charge carriers
by photoionization of two-photon-excited states' '
at 6943 A, of one-photon-excited states at 4250 A

following subsequent photoionization at 5300 A, 6

and also of consecutive photoionization of one-
photon-excited states} at 4210 A and at 4670 A. It
also appears that the experiments of Silver et al. ~3

which were interpreted in terms of exciton colli-
sions '" are quantitatively explained by this
mechanism.

(ii) Exci ton collision iomzafios. Vibrationally
relaxed singlet excitons collide at a rate'0 y, = (6
+ 3}x 10 ' cm' sec ', yielding a metastable state A

which decays by internal conversion back to S}or
by autoionization}

hv or 2hv
0 } s

2S}

Charge-carrier generation via one-photon excita-
tion in the wavelength region 3300 A-4000 A was
interpreted by Braun in terms of this mechanism.
The rate constant for collision ionization was found

to be" y, = 10 ' em sec, so that the branching ratio
for the autoionization of A is 5 q y, /y, 10 '. Some
further evidence for this mechanism was obtained
from photoemission studies 5' 8 following excitation
below 4 eV. It appears that up to date no observa-
tion of carrier generation resulting from collision
ionization of two photon excited states has been
reported. Such information is of interest as its
intensity dependence will provide direct evidence

for the validity of this interesting mechanism.
For metastable excitons located above 4 eV of

the following charge generation mechanisms should

be considered.
(iii) Exciton autoionization. Following our pre-

vious discussion in organic crystals one should
consider the decay of metastable A states to the
conduction band:

hvor 2hv =e+h
0 S

One-photon-excitation experiments established
that this direct process occurs above 4 eV with a
quantum yield q-10 ~ in the region 3100 A-2000 A.
Utilizing anti-Stokes Raman emission induced by a
Q-switched ruby laser and the second harmonic of
neodynium, Strome 9 and Kepler have observed a
direct two-photon-induced charge-carrier genera-
tion for excitations at 5970, 5710, 5300, and 5250
A, which account for mechanism (3).

In view of the experimental low quantum efficien-
cy ' (g 10 ) for the carrier generation process
the 8} state resulting from internal conversion of
A can further contribute to the charge carrier pro-
duction via the indirect processes (i) and (ii). This
effect was not exhibited in the previous results of
Strome' and of Kepler, ' who utilized relatively
low (I& 10 ' photon cm ' sec ') intensities.

III. EXPERIMENTAL PROCEDURES

The experimental set-up is presented in Fig. 3.
A high purity, zone refined, single crystal of an-
thracene, dimensions (5X2&6 mm}, with a vacuum

deposited silver electrode on one end face and a
silver-paint electrode at the other end was irradi-
ated with a tunable dye laser perpendicular to the
ab cleavage plane of the crystal.

The silver-paint electrode was made positive
(1500 V) and the other electrode was connected to
a matched 50-0 line. The current was preampli-
fied by a home made current amplifier which is
characterized by a current gain factor of 6&&10'

and frequency bandwidth of 500 khz. The signal
from the preamplifier was amplified by a HP 462A
amplifier and displayed through a 50-Oline on a Tek-
tronix 454 oscilloscope. In, order to obtain better
results and to eliminate high-frequency noise we
have added an RC integration circuit (R = 1 kA,
C = 1500 pF}. The electrode materials and polar-
ities were chosen to avoid space charge effects.
Special care was exerted to mask the electrodes
for the laser beam.

The set-up of the tunable dye laser is described
in Fig. 3. A 2-cm optical cell containing the dye
solution was placed in a 6. 5-cm resonant cavity
formed by a Bausch and Lomb diffraction grating
(600 groves/mm blazed at 5000 A) and a dielec-
trically coated mirror (30% reflection over the
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FIG. 3. Experimental set-up.

visible region). The grating was placed in a littrow
mounting so that the light at a given tuned wave-
length was reflected back along the axis of the cav-
ity.

The pumping of the dye was performed with the
second harmonic of a (cryptocyanine) Q-switched

o

giant-pulse ruby laser. The 3472-A pulse was
characterized by a power of 1 MW and a pulse
length of 20 nsec. It was focused with a cylindri-
cal lens into the dye cell which was pumped trans-
versally. In order to avoid channeled spectra the
dye cell was placed in a Brewster angle. The in-
tensity of the (unfocused) beam of the dye laser was
determined by reflecting a small portion of the
beam by a 45' glass plate on a diffusively scatter-
ing surface, followed by monitoring with a, 8/4-
Ip-39 photocell and a Tektronix 454 oscilloscope.
The output wavelength of the tuned dye lasers was
checked by photographing the spectrum with a
Bausch and Lomb 1.5-m grating spectrograph em-
ploying 1000ASA, 35-mm Agfa film. The output of
the (unfocused) dye lasers for a pumping power of
0. 5 MW was: 75 kw for 4 methylumbelliferone
(MU)-HC104, ' ' 75 kw for Rhodamine 6G and 40
kw for Rhodamine B. The dye-laser pulse length
was & = 10-15 nsec. The tunability ranges of the
dye lasers employed in this work are as follows:
4MU-HC10, (10 'M 4MU-SM HC10, in ethanol)

4000-5000 A, (10 M 4MU-1M HC10~ in ethanol)
4650-5650 A, Rhodamine 6G (5 &&10~M in ethanol)
5700-6300 A and Rhodamine B (10 ~M in ethanol)
6200-6500 A. The spectral width of the pulse was

10 A. Additional data were obtained at 6943 A us-
ing the first harmonic of the ruby laser. The dye-
laser beam was focused on the crystal by a 15-cm
lens, and the light intensities thus obtained were
in the range 10 -10 ~ photons cm ~ sec '. The light
intensity was controlled by attentuation with neutral
density filters.

Typical response curves of the system are pre-
sented in Fig. 4. The current, displayed at the
bottom of Fig. 4, increases downwards from the
central line. The current overshoot is due to the
integration circuit. The integration circuit does
not modify the peak current. We have checked the
current shape at high laser intensities (-10'4 pho-
ton cm ~ sec ') without the integration circuit, where
the overshoot was eliminated from the current
curve. The current peak intensity was not affected
by the integration circuit. The density m of elec-
tron-hole pairs was obtained from the peak of the
photocurrent i by the relation: i = my. eES where S
is the electrode contact area and F is the electric
field, p is the mobility sum (p, + p„) which was
taken' as 1.2 cm V ' sec '. The results obtained
at 5943 A excitation exhibited the m ~I' dependence,
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FIG. 4. Example of pulses obtained. Top, dye laser
and bottom, photocurrent. The time scale was 20 nsec
division (top) and 5 @sec (bottom). Current increasing
downward from central line. The overshoot is due to
integration circuit.

in agreement with the original data. We have ob-
tained m/I'=K, = 5 X 10 8' cm' sec'photon ' in ac-
cordance with the previous result"' (K, = 10 6'

cm'sec'photon ). The charge carriers densities
obtained herein were in the region 10'-10' cm '.
Under these conditions charge-carrier recombina-
tions (characterized by the rate 5&&10 cm3sec )
are negligible. ~3

IU. EXPERIMENTAL RESULTS

A. Intensity dependence of charge carrier generation at

different energies

The intensity dependence of intrinsic charge
carrier generation in crystalline anthracene was
studied in the excitation wavelength region 6943-
4400 A. Optical excitation mechanisms naturally
fall into two categories.

(i) In the wavelength region 6943-4600 A (hv
= 14400-21 700 cm ') two-photon excitation takes
place. The energy dependence of the two-photon
absorption cross sections was studied by several
groups ' ' and recently we have obtained a de-
tailed two-photon absorption spectrum of the crys-
tal in the energy range 2hv = 28 800-46 000 cm

(ii) In the wavelength region 4600-4400 A one-
photon excitation into the Urbach type exponential
absorption tail occurs, the absorption coefficient
at T =300 K being n =10 ' cm ' at 4500 A and
~ =8&10 cm at 4400 A. 6

Plots of the dependence of the peak charge-car-
riers density m on the dye-laser excitation intens-
ity I are displayed in Fig. 5. Our experimental

results fall into three regions, each exhibiting a
different m-vs-I dependence.

(I}In the excitation wavelength region 6943-
6180 A we have observed a cubic dependence of the
charge-carrier density on the laser-peak intensity.
The m ~I at 6943 A was originally reported by
Kepler' and by Courtens et al. " In this wavelength
region optical excitation occurs exclusively via
two-photon absorption. Thus, our experimental
data in region I are interpreted in terms of charge-
carrier generation by photoionization of two-pho-
ton excited singlet exciton states (first mechanism
in Sec. II).

(II) In the wavelength region 6120-4600 A we
have observed a complex superlinear m-vs-I de-
pendence. For higli light intensities (I-10 4 pho-
ton cm sec ~) we have found a fourth-power de-
pendence of m on I, while for lower intensities
(I 10 -102' photoncm ~sec ') a m~I dependence
is exhibited. The square dependence for the lower
intensities concurs with the previous experimental
results for I=10"-10"photon cm 'sec ' of Strome"
at 5250, 5710, and 5970 4 and of Keplers at 5259 A.

In this region excitation occurs predominantly
by two-photon absorption. The linear m-vs-I de-
pendence in the lower intensity region is assigned
to autoionization of metastable excitons. " The
m ~I dependence for high intensities originates
from collision ionization (second mechanism in
Sec. II) of S, stable excitons produced by intra-
molecular internal conversion. The compound m-
vs-I dependence in this region can also contain a
m ~I' component from the photoionization of Sg

stable singlet excitons produced again by radiation-
less decay.

(III) For excitation wavelengths in the region
4600-4400 A (hv =21700-23000 cm '} a linear de-
pendence of m-vs-I was observed over the inten-
sity region. These results for this region concur
with the observations of Strome, and were in-
cluded here for the sake of completeness. One
photon excitation of S, predominates in this region.
Following previous work it is evident that here
charge carrier generation originates from either
exciton photoionization or from exciton collisions
of one-photon-excited stable singlet excitons. ~

We now proceed to a quantitative analysis of our
experimental data.

B. Kinetic analysis of charge carrier generation via two-photon

excited states

In the spectral region where optical excitation of
spin-allowed states proceeds by two-photon ab-
sorption, the charge-carrier concentration m, at
a given excitation energy hv, is given in general
by a simultaneous contribution from the three gen-
eration processes discussed in Secs. II and IVA:
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FIG. 5. Dependence of the peak charge-carrier density m on the dye laser excitation intensity I for various wave-
lengths.

Wavelength X

(A) Units
Laser intensity I
(photon cm sec )

Carrier concentration m
Units cm

(a)
{b)
(c)
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

(i)
(j)
(a)
(b)

6943
6230
6180
6120
6050
5990
5530
5460
5250
4930
4880
4740
4670
4500
4400

10
10
10
10
10
10

5x 10
2x10'
6 x lps

107

10
2 x107

10'
10
1010

8 x1p'4
6 x1023

x 1p22

2 X1p'3
2 x1023
1Q23

3x10 3

10
4 x 1023

1.4 x1023

1.5x1023
8 x 1p22

] p23

2 x1P'4
1p23
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10
10

1
10
10
60
60
10
20

3
50

1
10
10

4. 4X10
3X10
4x 107
10'
1 5xlps
4. 4 x 107

4x lps
107
10s
10s
3x 107
lps
10'
4x10
10

m =K&(v)1 (v)+K3(v)I3(v)+K4(v)I4(v) . (7)

Kz(v) is the generation coefficient via autoioniza-
tion which is given by

K2(v) = oz(2v)L~, (8}

where r is the length of the excitation pulse (r = 10-
15 nsec), L =4. 2X10 ~ cm is the number density,
and o2(2v) is the experimental cross section for
charge carriers generation via autoionization at
2hv.

K~(v) represents the generation coefficient for
charge-carrier generation via exciton photoioniza-
tion. We assume that under our experimental ex-
citation condition electronic and vibrational relax-
ation times are exceedingly shorter than w, where-
upon ionization by a photon hv occurs from the
lowest S, exciton state at 3. 1 eV. Thus we have

K~(v)I (v) = o~(v}nzvl (9)

where o~(v) is the cross section for 8, exciton pho-
toionization at hv. n~ represents the singlet ex-
citon concentration. As the radiative decay rate
of singlet excitons P=5&10 sec ' is very close
(within 507o) to r we set for two-photon excitations:

K,(v) =rd«, (»)/Pl~ . (13)

Equations (7), (8), (11), and (13) provide a com-
plete kinetic picture of the relevant processes.
From these results we arrive at the following con-
clusions.

(a) For excitation energies below the direct tran-
sition to the conduction band, E~, the cross section
via autoionization vanishes, i.e. , o2(2v) =0 for

n &= Lo2"(2v)I'/P, (10)

where o2 is the two-photon-absorption coefficient
at 2hv. From Eqs. (9) and (10) we get

K,(v) = o~(v)oa (2v)LT/P .
K4(v) corresponds to the generation coefficient

for charge carriers via exciton collision ionization,
from S, stable exciton states resulting from elec-
tronic and vibrational relaxation of higher stable or
metastable excitons. A simple kinetic argument
results in

K,(v)I'(v) =y,n~zr,

where y, is the collision ionization rate of a singlet
pair (which is independent of v). Utilizing Eq. (10)
we have
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2hv&E~. Thus the onset of the mnI component in
the yield signifies the onset of the conduction band.

(b) For 2hv&E~ the I and I components can con-
tribute to charge-carrier generation. The ratio a
for charge-carrier production via exciton photo-
ionization and exciton collisions is

10~6 I

Dye Laser Frequency hv in IO crn

21 20 l9 l8 l7 16 I5
1

'I I l 1 I I

a = K,(v)/K4(v)I = o&(v)p/y, LoarI . (14) )p 62

As tentative estimates we take the most favor-
able values y, =10"cm'sec and 0&=10 cm and

we get a =10 /ozI 'Fo.r relatively low o'2 (2v)
values - 10 -10 there is no hope of observing
the contribution of the collision ionization process
for I&10 ' cm sec '.

(c) From K, (v) and the independent o, (2v) one
can obtain the energy dependence of o&(v). These
data will result in the free carrier yield originat-
ing from autionization at the energy E(S,)+ hv.

(d) As y, in Eq. (13) is energy independent we

expect that K4(v) ~ Io2 (2v)], and from the two-
photon-absorption spectra we can readily obtain a
reliable value of y, .

The experimental results in region I correspond
to &2 =0 and E4= 0. From the foregoing discussion
it is obvious that here 2hv &E . In view of the rel-
atively low values of e~ in this region (see Fig. 6)
Eq. (14) yields a &10 for the highest light intensity
achieved by us, so that the contribution of exciton
collisions is negligible in accordance with the pre-

IO

E
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E
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)C

0

lP-64

lP-65 I l. I l

4000 4500 5000 5500 6000 6500 7000
0

Dye Laser Wavelength X (A)

FIG. 7. Energy dependence of the generation coeffi-
cient for charge carrier generation via exciton photo-
ionization, K2(v). 0, obtained from the slopes in Fig.
5(I); 0, estimated values for E3 in region II.
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aye Laser Wavelength z(A)

6500 6000 5500 5000 4700 10-s
1 I I I I

vious arguments of Courtens et al. "and by
Schott. The E3 values obtained from the slopes
in Fig. 5(I) are presented in Fig. 7.

The compound intensity dependence of m in re-
gion II was analyzed according to Eq. (7). The K2

values were obtained from the m ~ I dependence in
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l
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I
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FIG. 6. Energy dependence of (a) two-photon absorp-
tion cross section a~, and (b) two-photon generation co-
efficient for charge carriers K2. a, upper limit for K2.
~, experimental data for Jt'& from M ~I dependence atC

low I.
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FIG. 8. Energy dependence of the generation coeffi-
cient for charge carriers via exciton collision ionization,
&4(v) (=m/I4).
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FIG. 9. Carrier concentration vs laser intensity (in
region II) for the following wavelengths: (a) 5990 A; (b)
6050 A; (c) 6120 A; (d) 4810 A.; (e) 4930 A; (f) 5000 A.
The three solid curves are the analysis of the experimen-
tal data [using Eq. (7)], where for each energy we use
three different values of K3(O, K3, 10K3). The value of
Ka(v) was chosen assuming that a&(v) for v~ 16300 cm
is energy independent and thus K3(v)no 2 (v). Using the
experimental value of K3(v = 16300) we take K3(v) =1.3
&10 o2 (v)/o~ (v =16300).

(a) In region II (2hv = 32 500-43 500 cm ') all three
charge-generation processes are observed simul-
taneously. The experimental data presented herein
provide us with detailed quantitative information
regarding the energy dependence of the charge-
carrier generation coefficients.

(b) The onset of a finite K~(v) coefficient pro-
vides us with a quantitative estimate of the direct
onset to the conduction band. From Fig. 6 we ob-
tain E»= 32600+ 300 cm =4.08+0.04 eV. This
value is consistent with previous estimates ' of
E»= 3.9 + 0.2 eV from one-photon experiments;
however, it is obviously more accurate.

(c) The absolute values of K2 are smaller (by a
fa,ctor of -10) than reported by Strome and by
Kepler. At 5300 A we get E2=7&10"cmsec as
compared with Strome's value K2 =,2X10 ' cm sec
at 5250 A and with Kepler's result E~ = 1 x10 cm
sec at 5300 A. A careful examination of Fig. 6
(Ref. 6) and of Fig. 1 (Ref. 19) reveals a complex
superlinear carrier -concentration dependence on
the incident light intensity. There is an indication
for a fourth-power dependence for high light in-
tensities (I&3x10"photon cm sec ) and a square
dependence at lower intensities (I= 10"-10"cm~
sec '). The value of K, (Fig. 6, Ref. 6) calculated

I I I I I I I
I

the low intensity region. In Fig. 6 we display the
energy dependence of the two-photon generation co-
efficient together with the two-photon-absorption
cross sections previously reported by us. ' For
2' & 32 500 cm"' we did not observe any square
intensity contribution and the lowest energy point
on the Kz(2v) curve provides an upper limit for this
quantity derived from the K4 value observed at
2hv = 32400 cm (x = 6160 A). Also, within this
range we were unable to observe the m ~I contri-
bution (in the intensity range employed by us), at
few energies, and again only an upper limit for K&

could then be provided from the K4(2p) data. The
K4(2p) values were evaluated from the high-intensity
region of Fig. 5(II) and are summarized in Fig. 8.
We have subsequently utilized Eq. (7) to obtain the
best fit for K, (v). In Fig. 9 we display the analy-
sis of our experimental data in region II, where
for each energy we present three curves corre-
sponding to different values of K, demonstrating
the sensitivity of the m-vs-I dependence to the ex-
citon photoionization coefficient. From the best
fit at every energy, utilizing the K, (v) and K4(2 v)
data of Figs. 6 and 8, we obtain the energy depen-
dence of K~(v) which is portrayed in Fig. 7. Sev-
eral comments on these data (Figs. 6-8) are now

in order.

IO

IO—

I I I I I I I Il
IO

I I I I I I I I

I 02

0 (Arbitrary Units)
2

FIG. 10. Generation coefficients via exciton collision,
K4 vs o2, exhibit a square law dependence. The o2 n

x(K4) is found to hold for all the values in region II.
x, 4MU-HCLO4 dye laser, 0, rhodamine 66 dye laser.



A. BERGMAN AND J. JORTNER

from the low-intensity region is 2. 5& 10 cm sec
which is in reasonable agreement with our results.

(d) The direct observation of charge carrier gen-
eration via exciton collisions is consistent with the
high two-photon absorption coefficients in this re-
gion.

(e) The generation coefficients via exciton colli-
sions exhibit the A4(v) ~ [om (2v) j dependence (see
Fig. 10) over the whole energy region, as expected
from Eq. (13), thus providing quantitative support
to our interpretation. From Fig. 10 we get y, = (4
+2) X IO '~ cm~ sec '. This value concurs with
Braun's analysis of one-photon photoconductivity
data, which results in y, = 10 '4 cms sec

C. Charge carrier generation from one-photon excited states

For weakly absorbed light the number of charge
carriers generated from one-photon absorption be-
low E is given by

m =&gr (15)

K~= E j +K~q,

citon photoionization is obtained from our experi-
mental data. The E3 values obtained in region I to-
gether with Eq. (11) and the experimental values
of ez, yield a direct measurement of c&(p). The
data E

& of region III together with the extrapolated
values of o. (see Sec. IVC) and Eq. (17) also re-
sult in reasonably accurate values of c~(v) around
4400 A. Finally, the K&(v) values obtained in re-
gion II (see Fig. '7) provide us with an approximate
estimate of o~(p) in this region. From Eq. {11)
we have

e, (v)=&g(v)p/cry (2v)« . (iia)

Equation (lia), together with the experimental val-
ues of g& which were independently obtained by us
(see Fig. 6), can be utilized for the calculation of
e&(v). As at the onset of region II the two-photon-
absorption cross sections exhibit a rapid variation
with energy one can utilize an internal calibration
procedure evaluating 03 from the experimental
value of A4(v). Thus from Eqs. (11) and (13) we
have the simple result

where the generation coefficient for exciton photo-
ionization is

Ifs(& ) y~
&p(&) = [g,(„)y/a (20)

ff f= g~(p)arP',

while the contribution of exciton collision is given by

A [=y,a2P 7,
where a is the absorption coefficient and it was as-
sumed that & ' considerably exceeds the crystal
thickness. The ratio of the generation coefficients
is

5 =K[/Kf = g~{p)P/y, e = 10"(gJa)

for reasonable values of 0~=10 -10 ' cm,
b=(10 '/c. ); thus for «IO ' cm ' charge-carrier
generation via exciton photoionization dominates,
as suggested by Kepler and Strome, ' vthile for
& & 1 cm ' exciton collision ionization will provide
the major pathway for carrier generation, as sug-
gested by Braun. "

From our experimental data (Fig. 5) we obtain
10 so cmsec at 4500 A and E,=8x10~o cmsec

at 4400 A. The absorption coefficients were ob-
tained from Nakada, 's data using Urbach's rule,
which result in &=10 cm at 4500 A and &=8
X 10 cm" at 4400 A. Thus obviously in our re-
gion III, X,=K], and we obtain a reasonable esti-
mate for g~(v)=0. 4X10 ' cm at these energies
(see Sec. IV 8).

D. Energy dependence of the cross sections for exciton

photoionization

A fairly detailed information regarding the ener-
gy dependence of the cross sections for singlet ex-

taking y, =4~10"' cm sec" obtained in Sec. IVB.
The photoionization cross section evaluated from
Eqs. {lia) and {20)are quite close; the latter are
considered to be somewhat more reliable. The
uncertainty of the a~ values in region II (within a
numerical factor of about 2) originates from the
reliability of the curve fitting in Fig. 9. In Fig.
10 we present the energy dependence of e~(p). The
value c~(14400 cm ')=4X10 cm is consistent
with previous data' '" 0 = 6~ 10 cm and g = 2
& 10 cm reported at this energy.

The o'~(v) values correspond to the cross sections
for one-photon-induced charge-carrier generation
at the energy E=hv+E{S,)=he+25000 cm '. Thus
our data (Fig. 11)correspond to the energy region
E = 39 400 —48 000 cm ', which is loca,ted well
above E~. It should be pointed out that the term

photoionization cross sections" for c~(p) is some-
what misleading, as charge-carrier generation re-
sulting from excitation of 8& should be aga, in in-
terpreted in terms of residual autoionization yield
of metastable excitons (i.e. , charge carriers pro-
duced by autoionization which subsequently escape
genimate recombination) located at E. Thus o~(v)
should be recast in terms of a product of one pho-
ton absorption coefficient o, (p) from S, to a meta-
stable state at E and the residual autoionization
efficiency t](E) at this energy, i.e. c&(v) = oi(v)
&&g(E). The one-photon-absorption cross sections
ai(v) correspond to transitions between excited
electronic states. As the initial state involves the
Frenkel excitons originating from the Ba„molec-
ular excited state, the final zero order states which
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carry oscillator strength from 'Bm„will correspond
to even parity Frenkel excitons which have their
parentage ing-type molecular states. Transitions
between excited molecular states of the anthracene
molecule were studied only for final states at
E &48000 cm and these data are not useful for us.
Nanosecond flash photolysis studies of crystalline
anthracene will result in a determination of o, (v)
leading to the energy dependence of rim).

E. Efficiency of exciton collision ionization

FIG. 11. Energy dependence of o&(v). ~, obtained from
region I [Fig. 5(I)], where E~~ yield a direct measure-
ment of ~&(v); O, obtained from Eq. (11a) using the X3(v)
values and cr2 in region II [Fig. 5(II)]; b, obtained from
Eq. (20) using the Ks(v) and E4(v) values in region II [Fig.
5(II)]; Q, obtained from region III [Fig. 5(III)] together
with the extrapolated values of one photon absorption
cross section around 4400 A..

V. AUTOIONIZATION EFFICIENCY OF METASTASLE

EXCITONS

The experimental results for the energy depen-
dence of Ã~(v) (Fig. 6) result in detailed informa-
tion regarding the residual autoionization yieM
ri(&) of metastable excitons in the energy range
32000-43500 cm '. The residual autoionization
efficiency at the energy E = 2hp monitors the yield
of charge carriers produced via autoionization and
which manages to escape geminate recombination
is obtained from Eqs. (6), (6), and (8):

os(~) &a(~)n(&)= z( )
= ~( )„. (21

We can utilize the experimental data of K,(v) to-
gether with the cross sections for two-photon ab-
sorption determined independently to evaluate
ri(v) at different energies. Alternatively we can
make use of an internal calibration procedure and
evaluate oz(v) from the K,(v) values. Making use
of Eqs. (21) and (13) we then have

&~(~)
7( ) [ff ( )]1/8 ~ (22)

l2

Total Energy 2ht in l05 cd l

38 36 34
l f

I0—
o
X
~ e—

Equation (22) is more accurate than Eq. (21), as
any uncertainty in the absolute determination of
the light intensity does not come in while the ac-
curacy in the determination of the absolute deter-
mination of the charge carrier concentration comes
in as m'~, The energy dependence of n(E) ob-
tained from Eq. (21) together with the experimental
oz values and from Eq. (22) taking y, =4&10 '3 cm'
sec is portrayed in Fig. 12. From these results
we arive at the following conclusion.

(a) The absolute experimental values of ri(E) 10~
obtained from two-photon studies in the energy re-
gion studied herein are consistent with previous

%e can now provide a reliable estimate of the
efficiency p, for exciton collision ionization which
corresponds to the residual autoionization yield of
a metastable exciton produced at 49 000 cm"' by
collisions of 8& excitons. Following previous dis-
cussions ri, =y,/y, . Here y, = (6 + 2) x 10 ' cm 3 sec '
represents the rate of exciton collisions in this
system. Utilizing the value y, = 4& 10 cm sec '
obtained herein we get q, = ('7 +4) && 10 ', which is quite
consistent with previous guesses and with Braun's
estimate from one-photon data.

E

c
0

2—

4500
I I «

5000 5500 6000
0

Dye Laser Wavelength X(A)

6500

FIG. 12. Energy dependence of g(E). b, , obtained
from Eq. (21) together with the experimental 02 values;
O, obtained from Eq. (22) together with the experimental
E$ and K4 values', , upper limit for q(E) using the upper
limit of E~.
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estimates of quantum yields ' for carrier pro-
duction from one-photon spectroscopy where the
maximum value (at 2760 A) was reported to be
-10 4 (Ref. 7) and with Kepler's~ estimate af/'cz
-10 ' at 2. 35 eV. The present data are, of course,
much more extensive. Thus, in the entire energy
region [see Eqs. (5) and (6)] exp(- X/RD) J(E)/W(E)
-10 '. As the atteniuation factor, Eq. {6)is
exp{-&/&0) = 0. 1, we get Z(E)/W(E) -10 '. The
dominating role of the intramolecular nonradiative
decay channel in the decay of metastable exeitons
in organic crystals has been previously discussed
in relation to collision ionization' ' and one pho-
ton intrinsic photoconductivity. The present data
provide detailed information regarding the "fine
structure" of the energy dependence of g(E).

(b) The experimental yield q(E) =4X10 6 at the
higher energy E =42000 cm ' is somewhat lower
than the value g, = (7 y4) x 10 ' for the residual auto-
ionization efficiency of a metastable exeiton at
49000 cm ' produced by exciton collisions (see Sec.
IV E).

(c) The sharp rise of q(E) [and of Kv(v)] by at
least one order of magnitude around 8 =32600 cm ~

attributed by us to the onset of the conduction band.
More precisely, this sharp rise corresponds to
the energy of the bottom of the lowest vibronic
component of the first conduction band, while the
hole is located at the bottom of the lowest vibronic
component of the highest valence band. This sharp
rise of v)(E) obtained from the present two-photon
experiments is in contrast with the one-photon pho-
toconductivity yield curves which exhibit a gradual
increase above F~. In view of the difficulties in-
herent in the one-photon data due to surface effects
near the electrode contacts, we believe that our
data are more reliable.

(d) The two-photon yield curve exhibits a gross
structure which reveals two high efficiency regions
peaked around 34000 cm ' and at about 42 000 cm ',
which are separated by a minimum at 365 000 cm '.
Each of these "bands" in q(E) can be attributed to
a different eleetronie configuration of both the
valence and the conduction band, spanning all the
separate vibronic components. The separation be-
tween the peaks 8000 cm ' is consistent with the
separation between the one-photon photoconductivity
peaks (9000 cm '). ' On the basis of photoemis-
sion studies of Vilesov et al. and of theoretical
molecular levels calculations, Geacintov and Pope
have assigned these two "bands" in one-photon
photoconductivity to excitation from the first two
valence bands, and the same interpretation applies
to the gross structure of our two-photon yield
curves.

(e) The low-energy region of the. 7i(E) curve
(36 000-32000 cm ') exhibits a structure where
neighboring components are separated by about

1000 cm '. This separation is interpreted in
terms of the vibrational structure of the lowest
conduction band. The spacing of 1000 cm ' is
consistent with the vibrational frequency of the
anthracene negative molecula, r ion. Thus our data
exhibit the vibronic splitting of the lowest conduc-
tion band or of the highest valence band. Previous-
ly, some evidence for this vibronic splitting was
obtained from charge injection studies.

(f) The low-energy region is characterized by a
sharp maximum around 32 600 cm ' just above E~
(see Fig. 12). This interesting feature is reserved
for a special discussion later.

VI. INFORMATION AND CONJECTURES REGARDING

THE WEIGHTED DENSITY OF STATES

It is evident from Eq. (5) that the yield function
g(E) monitors the complex ratio exp[-&/RD(E)]
X I Vz I (pE)/ Wsand thus provides only a rough
measure of the weighted density of states. This
problem is widely encountered in studies of optical
properties of solids where one monitors the prod-
uct of the weighted density of states by an optical
transition moment and the latter is assumed to ex-
hibit weak energy (and wave-vector) dependence.
In the present ease a further complication origi-
nates from the attenuation factor due to geminate
recombination, which is, luckily, weakly energy
dependent. It is interesting at this point to inquire
what kind of semiquantitative information ean be
obtained from the vt(E) curve, in particular with
regard to its sharp onset and perhaps also concern-
ing the sharp maximum at 32600 cm '. For this
purpose let us consider in some detail the weighted
density of states'

p(E) =ZZZZZ 5[E+E(V, n, k) -E(C, P, R)],
F C e B (23)

where the index V= 1, 2, . . . labels the particular
electronic valence band (referring to the state of
the hole), the index C = 1, 2, . . . refers to the elec-
tronic conduction band (in terms of the electronic
state of the electron, n and P are the vibrational
quantum numbers of the electron and hole bands,
respectively, while R is the quasimomentum in the
two bands. In Eq. (23) we have invoked just di-
rect transitions. %e can further rewrite Eq. (23)
in terms of separate contributions from pairs of
vibronic valence and conduction bands:

p(E) =~ ~ pv .cs(E) (24)

pv~, cz(E) =Z 5[E+E(V, a, k) E(C, P, k)] . (25)-
IT

Thus, for example, the contribution to q(E) and to
p(E) at lowest energy originates from pgp yp(E) and
in this system E,=E(C= 1, 00) —E(V= 1, 00).

Several universal features of the partial
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weighted Qensity of state should be considered.
Where

Vl-, [E(V, n, k) E(C-, p, k)] = 0,

we expect that p», c~(E) will exhibit Van Hove type
singularities. This will occur when either the
(vibronic) valence band or the (vibronic) conduction
band is characterized by such a singulraity. Now

in a narrow energy region just above E we expect
q(E) ™p,o,o(E) and q(E) might exhibit the singulari-
ties in the vibronic densities of states. We thus
propose that the energy dependence of g(E}, at
least near threshold, will provide new information
regarding the lowest weighted density of states in
this system.

From theoretical calculations it is evident that
the band structure of the lowest excess electron
and hole bands in crystalline anthracene is domi-
nated by two-dimensional interactions in the ab
crystal plane. Thus the resulting densities of
states in the lowest conduction band and in the
highest valence bands will be two dimensional.
Thus the weighted density of states p, ,~(E) (and
possibly also the higher partial densities of states
for V &1 and C & 1) will exhibit the two-dimensional
Van Hove singularities, which are discontinuities
at extremum (minimum or maximum) points and

logarithmic singularities at saddle points. Ob-
viously, all these singularities will be somewhat
smeared out in real life due to coupling with inter-
molecular phonons, and in view of the finite spec-
tral resolution employed in such experiments.

We propose that the sharp onset of q(E) at E»
monitors the minimum of p, o |0(E) which should in-
deed be characterized by a discontinuity in a two
dimensional band structure. We further speculate
that the sharp maximum at E = 32 600 cm ' may
originate from a logarithmic singularity in this
lowest components p, o,o(E}, as expected for a, two-
dimensional density of states. The last tentative
conclusion should be taken with a grain of salt as
the spectral resolution (of the dye laser) employed
by us ( 150 cm ') is relatively low and the exten-
sion of the present, measurements at higher reso-
lution will be desirable.

When the energy is somewhat further increased
the g(E) curve monitors the weighted densities of
states p, ,z(E), which are spaced by the totally
symmetric vibrational frequency Sw, which is
taken to be approximately equal for the molecular

positive and negative ions. As we were able to
resolve steplike structure above E~ with spacing
@w-1000 cm ' we conclude that the width 6 of each
pax'tial weighted density of states function p„,~(E}
is of the order of 4- Iso™1000cm i. Thus the ob-
served lowest vibronic bands are indeed narrow,
as expected on the basis of the theoretical calcula-
tions.

When the energy is further increased above
37000 cm ' q(E) exhibits a second broad maximum
corresponding to the contributions of p», cz(E)
(with C &1 or V &1, or both). We note that the
sharp maximum is exhibited only for p,o &0(E) and
not for P| &z(E) (n, P &1) and that for P», cz(E) (V
or C &1}the structure is almost washed out and
even the vibronic components cannot be any more
well resolved.

We have argued in Sec. II that higher vibronic
components of the lowest conduction band and lower
vibronic components of the valence band will relax
by vibrational relaxation so that the fine structure
of the density of states will be partially smeared
out just retaining the steplike structure of different
vibronic components p„,~. At even higher ener-
gies congestion of different vibronic states corre-
sponding to various electronic configurations to-
gether with nonradiative electronic relaxation to
lower bands and Auger type processes (see Sec. II}
will completely smear out all structure in q(E).
This does not, of course, imply the existence of a
broad conduction band as in simple insulators like
alkali halides or solid rare gases' but rather loss
of structure due to overlapping broadened compo-
nents.

To conclude this discussion we would like to
point out that the present approach to the under-
standing of autoionization cross sections of meta-
stable excitons (induced by two photon absorption)
in molecular crystals or organic molecules is en-
tirely different from the conventional two-photon
spectroscopy in these solids. While the interpre-
tation'7 of the vf(E)-vs-E curves rests on the
assignment of Frenkel type (zero order) g states
the study of the»1(E}-vs-E curves provides infor-
mation regarding the weighted density of states.
The basic philosophy in the interpretation of the
autoionization yields is also somewhat different
from the related studies of photoconductivity of
simple insulators as in our case the role of the
intramolecular non radiative dissipative channel is
crucial.
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