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Optical spectra of molecular crystals: The effect of exciton band structure on
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We discuss the spectrum (linewidths and positions) of the first triplet state of the molecular
crystals anthracene, napthalene, and phenazine. These crystals have similar exciton
bandwidths, but varying amounts of anisotropy in the intermolecular interactions. We analyze
the linewidths at zero temperature using isotopic scattering as the broadening mechanism, and
the temperature dependence using one and two phonon scattering processes as the broadening

mechanism.

I. INTRODUCTION

Although the static properties of the excited electronic
states of molecular crystals (e.g., energy levels and optical
spectral intensities) have been studied for a number of years'
and are reasonably well understood, at least for the low-lying
states, the dynamic properties are much less studied or un-
derstood. For example, the interaction of phonons with exci-
tons leads to optical line broadening and the temperature
dependence of line positions and widths. Although the basic
theoretical models for these effects are well studied formal-
ly,? there have been few attempts at systematic investiga-
tions.? In the present paper, we examine the optical spec-
trum (specifically the linewidths for the 0-0 transition) in a
series of systems (anthracene, naphthalene, and phenazine)
which have similar geometric structures and exciton band-
widths, but different anisotropies of the intermolecular in-
teractions which give rise to the exciton band structure. This
difference means that even though the exciton bandwidths
are similar in these systems, the detailed structure of the two
Davydov components of the band are quite different. This
leads to measurable differences in the linewidths and their
temperature dependences which can be understood on the
basis of a simple model which we present below. From the
model, we find the electron—phonon coupling constants for
the three systems and assess the importance of impurity and
phonon scattering in line broadening. It should be empha-
sized that this analysis rests on the assumption that the inho-
mogeneous broadening of spectral lines (due to crystal de-
fects and other impurities) is negligible. This assumption is
well borne out in the high quality crystals used in the experi-
ments.

Il. RESULTS—EXPERIMENTAL
A. Optical spectra

The T, .S, electronic spectra of anthracene, naphtha-
lene, and phenazine crystals at low 7 are presented in Fig. 1.
The details of the experimental method and crystal prepara-

tion can be found in Refs. 2(b) and 4(a).
The linewidths of the lower and upper component 0-Oin
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these three crystals were measured as a function of tempera-
ture and these widths expressed as (i = 1 lower component;
i = 2 upper component)

T, =T{® +6T,(T) (D

with the temperature-dependent part of the width fit to a
form

8T,(T) = G;[ng + 8] + GsT'ram> (2)
where
ng = (ePE—-1)"! (3)

is the phonon population at energy E. In these equations, é;
is the Kronecker delta function equal to 1 if the indices are
equal and O otherwise, 8 = (kT) ~?, where k is Boltzmann’s
constant, and the G, have units of cm ~'. The values of G, as
well as other relevant parameters are given in Table I and the
fit shown in Fig. 2. The term Tg,,, is the usual Raman or
two phonon line shape function

T 6 5%
Tram =f —2F _dx(T/T,)". (4)
o (e"—1)

B. Exciton band structures

Anthracene, naphthalene, and phenazine crystallize in
the monoclinic crystal system (C3, or P2,,,) with two
translationally inequivalent molecules per unit cell. This
structure leads to an exciton band structure which has been
studied since the classic work of Davydov.! For the triplet
excitons, the two nearest-neighbor interactions are known to
be the largest: the equivalent pair interaction J,, and the
inequivalent pair interaction J .. These have been measured
by Port and co-workers in dilute doped crystals and are list-
ed in Table II for these three crystals. The exciton energy
levels for this general class of crystals is given by

E, (k) =E,+2J,, cosk-a+ (—1)4|J,,|(cos k-a/2)

X (cos kb/2), i=1,2, (5)
where we have used the fact that there are four translational-
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FIG. 1. The electronic spectrum of
T,+ S, transition in anthracene, naph-
thalene, and phenazine. The tempera-
ture in all three experiments is 1.6 K.
The polarization is {|b for phenazine,
and a composite of the ||a and || polari-
zations for anthracene and naphthalene.
Note that the zero field substructure is
evident for phenazine in this polariza-
tion. Note also the rather complex struc-
turein the upper Davydov component of
naphthalene.
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ly inequivalent molecules surrounding any site, one at |
(a + b), one at }(a — b), one at — }(a + b), and one at
1( — a + b). The exciton band structure is plotted vs |k| for
k|la~'andb~"in Figs. 3, 4, and 5 for the three crystals. Note
the striking differences, especially between phenazine on one
hand and anthracene and naphthalene on the other hand.
The anisotropy of the interactions increases from anthracene
to naphthalene to phenazine, while the bandwidths (defined
as the difference in energy between the highest and lowest
energy levels in the band) in anthracene and phenazine are
approximately equal and twice that of naphthalene. Thus
the anisotropy should play a major role in the differences
among these three systems, which have similar bandwidths.

In phenazine, Griese* has measured nonnearest-neigh-
bor interactions using optical spectroscopy in isotopically
(deuterated) substituted mixed crystals. He finds that, in
contrast to anthracene and naphthalene, the nonnearest-
neighbor interactions in phenazine are measurable. The
bandwidth and band structure can still be fit reasonably well
with effective nearest-neighbor J, , and J 5 values. These are
given in parentheses in Table I1, next to the measured values
of J,, and J 5. In what follows, we use the measured values.

TABLE I Parameters used in the fit of experimental data to linewidths and
temperature dependence given by Egs. (1) and (2).

Anthracene Naphthalene Phenazine
G, 05+02cm™’ 0.l1cm™' 0.025cm™!
G, 0.8402cm™! 0.1cm™! 0.010cm™~!
E ~20cm™! ~9cm™! ~3cm™!
G, 40cm™! 100cm™"! 70cm™!
Toeye 90K 100K 80K
r 0.009 cm™! 0.07cm™' 0.0065 cm '
| S 044+01cm™! 0.3cm™! 0.11cm™!

IIl. THEORETICAL ANALYSIS

We expect the spectral linewidths to be given by two
effects: (a) phonon scattering (dynamic disorder) which
should be temperature dependent; and (b) static disorder,
which in good crystals should largely be due to scattering
from isotopic disorder.>”

A. Phonon scattering

In pure crystals, the optical absorption obeys the Ak ~0
selection rule. Since the ground state is a k = 0 state, the
width of the absorption spectrum is governed by the scatter-
ing of the excited states at k = 0. At low T, in systems of this
kind, we expect the phonon scattering to be dominated by
two mechanisms: (1) one phonon emission or decay; and
(2) two phonon Raman processes. The interaction terms
responsible for these are'¢

Vi= Y Filk+gq, ik lk+ g kij| (bg, +b F 1)
k.q,A
i

(6)
and

Fi*(k+q+ g5k k+q+q;0)

V,= 3

k.q.q' AR’
W

X{(kifl(bgy +bF 1) (byy +b7F 0.
In these expressions, |k;i) represents an exciton state with
wave vector k and / represents the upper (i =2) or lower
(i=1) component, and b, (b ;) destroys (creates) a
phonon of wave vector g and branch (or band )A. Note that
the wave vector is conserved. The parameters
F{(k + g,ikj) and F#*'(k+ q+ ¢,i;kj) are exciton—
phonon interaction terms whose form will be discussed be-
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low. In the present cases, the variations of the linewidths
with temperature are dominated (at temperatures up to
~ 15 K) by the one phonon terms. We will therefore restrict
our attention to those processes and parameters.

Using second order perturbation theory (Fermi’s Gold-
enrule), we find the rate of scattering from the & = Ostate of
the lower (subscript 1) and upper (subscript 2) components
to be given for one phonon processes by

[{P(k=0) = ¥ |F1(q,1;0,2)|* 10,1 )6(E2(0) + &0,

s

— E(q)), (8)

H. Port and R. Silbey: Optical spectra of molecular crystals
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FIG. 2. The experimental fit of the linewidth [fullwidth at half-maximum
(FWHM) ] of upper and lower Davydov components in anthracene, naph-
thalene, and phenazine crystals.

MYk =0) = lef(q,2;0,1)|2[ n(wg;) + 1]16(E,(0)

@A

— o, — E;(q)). (9

TABLE II. Intermolecular matrix elements: J,,, is the equivalent molecu-
lar interaction; J .5 is the inequivalent molecule interaction.

Anthracene  Naphthalene Phenazine
Jaa —20cm™! —0.57 —45cm™ ' (—5.6cm™")*
J.s —25cm™! + 1.2 +04cm~' (04cm™')®

2See the discussion at the end of Sec. II.

J. Chem. Phys., Vol. 92, No. 5, 1 March 1990
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FIG. 3. The triplet exciton band structure for anthracene calculated using
the parameters of Table II. Note that the bands ||c — 1 will be flat.

The delta function conserves energy in the process. We have
noted that it is impossible to scatter from states in the lower
Davydov component to other states in that component by a
one phonon process because of wave vector conservation.
For the systems under consideration, it is not possible to
calculate the |F#|? so we will make a simple deformation
potential approximation and take for the acoustic modes

ij @
|F{(qilOn|* = —h, (10)
N
where N is the number of unit cells in the crystal, so that
[V (k = 0) =393, 7i(@g) "@o Pac (@g)s (11)
[V (k =0)=393, (7i(@,) + Nwopac (@)). (12)

Here, 7,; are unknown matrix elements which will be taken
to be a fitting parameter, o, is the energy of the phonon
which can be absorbed in taking the system from the k =0
state of the lower DC to the upper while conserving energy
and wave vector, and o, is the energy of the phonon which
can be created when the exciton goes from the upper k =0
state to the lower (Davydov component (DC). Of course,
@, (or m,) is actually an average over a number of such
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lta™! k
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FIG. 4. The triplet exciton band structure for naphthalene calculated using
the parameters of Table II. Note that the bands {|c — 1 will be flat.
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FIG. 5. The triplet exciton band structure for phenazine calculated using
the parameters of Table II. Note that the bands ||c — 1 will be flat.

frequencies; however, the acoustic branches in these crystals
are much more isotropic than the exciton bands, and the
phonon bandwidths so much larger than the exciton band-
widths, that this is an average over a narrow frequency
range. Therefore, a single value is a good approximation. We
see from the exciton band structure that

@S (E(k=0)—E,(k=0))=D=8J,, (13)

and

®,3D. (14)

In order to get an idea of the relative values of I in these
systems, we make the following crude assumption: we take
w, = @, = D for each of the three systems (D of course de-
pends on the system). We then find the scattering rate due to
one phonon processes to be (w,, is the Debye frequency in
cm™')

LY =9,(D/wp)’ A(D), (15)

[§Y = 1,(D /wp)*[ A(D) + 1], (16)

where 7, contains the square of the electron—phonon cou-
pling constants as well as other constants, and has units of
energy. Since the width of the spectral lines is directly pro-
portional to this scattering rate, we predict by comparing
Egs. (15) and (16) to Eq. (2) the parameter E in the fit is
equal to D; thus,

G, =1(D/wp)>, (17)
G, =D /wp)’. (18)

The prediction that E=D is quantitatively correct within
experimental error.

We may now use Eqgs. (17) and (18) together with the
data of Table I to calculate ,/w, and 7,/w, which we
present in Table III.

Some things are evident from Table IIL. First of all,
phenazine is an example of a moderately strongly coupled
electron phonon system, while anthracene and naphthalene
are examples of weakly coupled systems. This agrees with
earlier work’ in which the strong exciton—phonon coupling
in phenazine was used to explain the temperature depend-
ence of the dimer splitting. There is no observable tempera-

J. Chem. Phys., Vol. 92, No. 5, 1 March 1990
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TABLE III. Values of exciton—phonon coupling strength (in units of De-
bye frequency) for anthracene, naphthalene, and phenazine.

H. Port and R. Silbey: Optical specira of molecular crystals

TABLE IV. Energy shifts of isotopically (singly) substituted molecules.
In anthracene there are four a, four 5, four 8, and two y sites; in naphtha-
lene, four a, four §, and two & sites; in phenazine there are four o, four 8,

Anthracene Naphthalene Phenazine and four & sites, and the N sits on the y site.
7/0p 0.25 0.67 2.4 Site/isotope Anthracene Naphthalene Phenazine
/w0y 0.40 0.67 1.0
a/"*C +1.2 em~! +35cm™! +135cm™!
B/3C +0.7 cm™! + 1.7cm™! +095cm™’
8/2C + 1.05cm™! +21cm™! +135cem™!
T 13 -1 e e
ture dependence of that splitting in anthracene and naphtha- ?;/N C +30cm 275 e~
. .75 cm

lene.

The reason why phenazine is a more strongly coupled
electron—-phonon system than naphthalene and anthracene
can be understood from the crystal structure. Assume that
the major part of the electron—phonon interaction is due to
phonon modulation of the van der Waals interactions which
give rise to the site energy shifts'and not to phonon modula-
tion of the transfer matrix elements J. Then the magnitude of
the electron—phonon coupling is proportional to the deriva-
tive of the van der Waals interaction between molecules.
Since the van der Waals interaction is proportional to R ~¢
(R being an intermolecular distance), we find that the elec-
tron-phonon coupling constant varies as R ~”. The nearest-
neighbor distance in phenazine is ~20% smaller than that
in anthracene, which would give rise to an electron—phonon
coupling constant in phenazine approximately 3.5 times that
in anthracene, or a value of 77 equal to ten times that in anth-
racene. This is in remarkably good agreement with the data
in Table III.

Is it possible to go beyond these crude approximations
and learn more details of the electron—phonon coupling in
these systems? We believe the answer is no. If experimental
data on the k dependence of the scattering rate were avail-
able [from electron-paramagnetic reference (EPR) or spin—
echo experiments, e.g.], our judgment might be different.
However, at the present time we believe that further refine-
ment of the data is unnecessary, especially since the calcula-
tion of electron—phonon coupling constants is, at present,
unfeasible.

B. Zero temperature line shape

The zero temperature spectral line is dominated, in good
crystals, by isotopic scattering. In our case, the major scat-
terers will be molecules containing '*C or >N substituted in
various positions. Happily, the shifts in excitation energy
due to '*C substitution in various positions in anthracene,
naphthalene, and phenazine® are known, so that standard
methods such as the coherent potential approximation
(CPA) can be applied to this problem>*'° using the known
natural abundances of the isotopes. Since this method is well
known, we will not repeat the derivations here. However, in
the Appendix we derive the analytic expression for the den-
sity of states in the exciton band structure exhibited by these
crystals.

In Table IV, we give the excitation energy shifts for iso-
topic substitutions in anthracene, naphthalene, and phena-
zine.

Notice that the ratios of '*C isotopic shift to bandwidth
in naphthalene are large compared to those of anthracene

and phenazine. This implies that these impurities are neither
well amalgamated into the exciton band nor well split off
from the nonsubstituted molecules.!! Therefore, we would
expect that the CPA will not be as accurate for line shapes in
this case as in the other cases. In addition, the a-substituted
3C naphthalene is at an energy resonant with the upper
k = 0 exciton state (at the top of the band). This will cause
severe scattering and intensity borrowing for that optical
line. The experimental spectrum is indeed very complex at
that energy.'! We expect, therefore, that the CPA, although

L T T ¥ I
= | J
[72]
=
w
E -
1 1 1 —l
-14.00 -13.06 -13.90 -13.88 -13.80 =-13.78
(a) ENERGY
T T T T L
r .
> L -
=
[72]
4
w
-
Z - 4
1 L. ] 1 L
8.0 (%] 8.0 [ X.] 790 78
(b) ENERGY

FIG. 6. The calculated line shape at T = 0 due to isotopic scattering in anth-

racene: (a) lower component; (b) upper component with phonon emission

rate I" of 0.5 cm . All energies are in cm ™.
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reasonable for line positions, will be unable to handle the line
shapes very well.

We have solved the CPA equations numerically for
these three systems and calculate the optical spectral intensi-
ties at 7= 0 within the CPA. The results are presented in
Figs. 6, 7, and 8.

In Fig. 6, we see the predicted line shapes for anthra-
cene. For the lower Davydov component, we predict an an-
isotropic line of width 0.008 cm ™~ in good agreement with

experiment. For the upper component, we predict a symmet-
ric line of width 0.2 cm~! in the absence of phonon emission
broadening. This is in reasonable agreement with the experi-
mental (see Table I) result for ['{®’, when phonon scattering
is taken into account (the plot of Fig. 6 includes the T=0
phonon emission contribution).

In Fig. 7, we see the predicted line shapes for naphtha-
lene. The lower Davydov component is predicted to have an
anisotropic linewidth of 0.02 cm~" and the experimental re-

J. Chem. Phys., Vol. 92, No. 5, 1 March 1990
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FIG. 8. The calculated line shape at T=0 due to isotopic scattering in

phenazine: (a) lower component; {(b) upper component with a phonon

emission rate I" of 0.025 cm ~'. All energies are incm™".

sult is 0.07 cm ™. The upper component is predicted to be
broad and very distorted. As we pointed out already, the
CPA does not do well in this case because of the effects men-
tioned above.

In Fig. 8, we present the line shapes for phenazine. The
lower component is predicted to have a width of 0.010 cm ™"
(experiment 0.0065 cm™'). The upper component is pre-
dicted to have a width of 0.10 cm ™~ in the absence of géxonon
emission (experimental I'{”’ = 0.11 cm~'). We have in-
cluded the phonon emission broadening of 0.025 cm™' in
presenting Fig. 8(b). Although the line shape of the upper
component is predicted to be rather asymmetric in the ab-
sence of phonon emission, Fig. 8(b) shows that even a small
amount of phonon broadening tends to make the line sym-
metric, as is observed in the experiment.

IV. CONCLUSIONS

The results of this paper indicate that a reasonably good
quantitative fit of the linewidths (and positions) of the exci-
ton lines in anthracene, naphthalene, and phenazine single

crystals can be found with a simple theoretical model includ-
ing isotopic impurity scattering phonon—exciton coupling.
The effects of the exciton and band structure (rather than
just the width) are quite clear when one compares these
three systems with similar bandwidths, but different struc-
tures.

There are still unanswered theoretical questions about
these systems. The most interesting, and potentially impor-
tant, is how to treat the isotopic scattering, including the
resonance effects, in naphthalene. The CPA clearly fails in
this case for the upper component, and in addition, is not
particularly good for the lower component. Since the isoto-
pic scattering in this case is neither in the amalgamation or
split-band limits, the CPA does not work as well as in the
cases of anthracene and phenazine. Finally, the lower com-
ponent in phenazine is predicted to be broader than it is ex-
perimentally; the reason for this discrepancy is unclear. It
may be due to small errors in the isotopic energy defects
(Table IV). We have examined the effect of lowering the a
and & energy defects by 25%. This changes the predicted
linewidth to be closer to the experiment (0.009 vs 0.0065
cm™ 1), but no quantitative agreement is reached. We have
also used the effective J,, and J 5 values given in Table II
instead of the measured values. Using these, the linewidth in
phenazine is predicted to be 0.009 cm ™, so that the effect of
the nonnearest neighbors is small, at least when treated in
this way.
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APPENDIX

The exciton band structure for all three systems can be
written in the extended zone scheme

e(k)=2J,,cosk, +4J cos%cos%, (Al)
where
—2r<k,< 4 2m,
—2m<k,< + 2. (A2)
The zeroth order Green function can be written
G9(z) =-1—2 [z—e(k)]! (A3)
Nix.
= (411) ‘2J dk, dkz[z —2J,4 cos k,
~1
—4J coslc—‘coskz—] . (A4)
2 2
The density of states is related to G ¥ (z) by
p(z) = 7~ 'ImG(0)(z — i€) (A5)

in the limit - 0.
Notice that for |/ 5/, | = § > 2 the extrema of the ex-

J. Chem. Phys., Vol. 92, No. 5, 1 March 1990
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citon band occur at € =2J,,(1 1+ 26) (the two Davydov
components). However, for § < 2, the extrema occur at

€, =2J,,(1+26) (A6)
and

€= —2,,(1487/2). (A7)

The integral over k, in Eqs. (A4) can be done immedi-
ately to give

27
G (2) =LI dk,[(z~2JM cos k,)?
47T — 27

271/2
—(NABCOS%)] .

Defining ¢t = cos k, we find

(A8)

+1
G (z) N d{(1 —t®)[t? — Qu+ 2861t
2| 4] J -1
+ (@? =281}, (A9)
where u = z/2J ,,,
or
G(O)(Z) — 1
277"]4,41
+1
X d{(1 -t -2 )@t —A_)}""?
o (A10)
with
A, =W+8)+862+8+2u)' (A1l)

Intheband, A , arereal. For6>2,4, >1.For6<2,4,>1
for 1—26<u<1+28, but A, <1 for —(1+4686%
2)<u<1—26.Thus for 1 — 26 <u<1 + 26,

1 1
= d{(l —tH (A, — —A_)}2
p(2) 2n‘|JMlL (1=t (A, ~ (1)}
1 —1/2
S S 77 P NS il () Al2)
s 20 p (

where K(u) is the complete elliptic integral of the first kind
and

_ (1—,1_)(1+,1+)]V2
{ T . (A13)
For — (1 4+ 6°/2) <u< (1 —26),
—_— 1 /l* 2 ~1/2
p(z)_Zﬂ'ZJM L, dr{(1 —1¢ YAL ~8(t—-2_)}
(Al14)
_ 1 1
= 1—A_)(1+4 —”2K(_—). (A15)
ﬂle[( Y1+ 4)] p

Using this form of p(z), we can compute all the functions
needed in the CPA equations.
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