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Exciton dynamics in molecular solids from line shape
analysis: An assessment of the extent of line shape
distortion resulting from use of real crystals

G. C. Morris and M. G. Sceats

Department of Chemistry, University of Queensland, St. Lucia, Qld. 4067, Australia

(Received 3 October 1972)

For crystal absorption systems, the line profile of the frequency dependence of the dielectric
permittivity €(w) contains information about the exciton dynamics that may be studied by the
autocorrelation function generated by the Fourier transformation of €(w) into the time domain.
However, €(w) obtained through transforming normal incidence reflectance data R (w) of a real
crystal when the photon—crystal eigenmodes are strongly coupled may be considerably distorted from
€(w) of a perfect infinite crystal. In this paper, we consider the ways by which such distortions may
arise and, by using a model for €(w) that might reasonably correspond to the 4000 A b -polarized
0-0 absorption system at low temperatures of crystalline anthracene probed on the (001) face, we
illustrate the dependence of the extent of distortions on the line profile of €(w) upon the following
number of factors, viz., (i) spatial dispersion of the exciton bands; (ii) use of an oblique angle of
incidence as an approximation to normal incidence in determining R (w); (iii) thickness of the crystal
slab used to determine R (); (iv) extent of roughness on the crystal surface; (v) mole fraction of
defects in the crystal; and (vi) mole fraction of impurities in the crystal. The treatment allows
definition of the condition [real €(w) < 0] under which various quasiparticles (longitudinal excitons,
surface excitons, excitons bound to impurities) may be excited in a particular crystal system. The
methods employed in this paper are of general applicability to strongly absorbing crystal systems and
will be of use in understanding exciton dynamics in such systems. The data provide a firm
foundation for interpreting reflectance data of a strongly absorbing crystal system, and thus we are
able to discuss existing spectral data for anthracene crystals, especially narrow structure observed in
low temperature reflection spectra, as well as suggest areas for both theoretical and experimental

work.

i. INTRODUCTION

The primary mechanism of electronic energy transfer
in a molecular solid is governed by the exciton (or po-
lariton)—phonon interaction. Yet despite its importance,
little information is available on the dynamical proper-
ties of molecular excitons especially in the situation
when the photon-crystal eigenmodes are strongly cou-
pled (i.e., when the oscillator strength per unit cell is
moderately large along given polarization and propaga-
tion directions). For the case of weak coupling between
the photon and crystal eigenmodes, there are methods of
probing certain aspects of exciton dynamics.! For the
strong coupling case, we have developed an approach to
this problem through a determination of the frequency
dependence of the dielectric permittivity e(k, w) obtained
from transformation of normal incidence reflectance
data R(w).? The line profiles of €,(k, w) and ¢;(k, w), the
real and imaginary parts, respectively, of ¢(k, w), con-
tain information on exciton (or polariton in this case) dy-
namics. Two methods are useful for relating these data
to meaningful parameters describing the dynamics.
First, the autocorrelation function C(#) of the scattering
processes which is closely related to the double time re-
tarded Green function of the system may be generated
by Fourier transformation of e(k, ) into the time do-
main. This approach gives physical insight into the
scattering processes because of correspondence of clas-
sical and quantum mechanical processes in the time do-
main.® Second, a comparison of e(k, ) at various tem-
peratures with functions derived from models of exciton—
phonon scattering theory should indicate the adequacy of
a particular model. %4
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These methods of data analysis are useful when e(k,w)
generated experimentally is undistorted from the correct
¢(k, w) describing exciton—phonon (or polariton—phonon)
scattering in infinite perfect crystals. In general, the
correct e(k, w) may be distorted by (i) experimental im-
precisions in measuring R(w) and (ii) the use of a finite,
imperfect crystal instead of a semi-infinite perfect crys-
tal to obtain raw data R(w)

An absolute error of 0.02 in R{w) (0<R<1) may pro-
duce an error of 30% in ¢;(k, w). % This error is larger
than the errors induced by the transformation methods®
giving e(k, w) from R(w).

For a finite perfect crystal, excitation of surface and
longitudinal modes, effects due to the finite radiative
lifetime of the exciton, effects from interference of the
modes with odd and even parity about the center of the
crystal, and effects from use of an oblique angle of in-
cidence as an approximation to normal incidence light
will distort R(w) of a semi-infinite perfect crystal.

For imperfect crystals the existence of irregularities
on the surface and impurities, defects or in general in-
homogeneities in the bulk, also perturb R(w).

It is possible to refine the experimental design to an
extent where R(w) for a perfect crystal is obtained with
a precision of +0.001 which in the crystal system dis-
cussed in this paper leads to errors in e(K, ) of the
same magnitude as arises from use of transformation
methods, viz., 4%.° But to what extent does the use in
experiments of a finite imperfect crystal rather than an
infinite perfect crystal invalidate an approach to under-~
standing the exciton’s dynamics through interpretation

Copyright © 1974 American Institute of Physics 375



376 G. C. Morris and M. G. Sceats: Exciton dynamics in molecular solids

of the line shape of e(k, w)? We seek an answer to this
important question in this paper.

There are a number of intense electronic transitions
in molecular crystals for which, following our approach,
reflectance spectroscopy will be needed to probe the
static properties of the exciton and provide data from
which the dynamic properties may be deduced. To pro-
vide a sound basis for our arguments, we seek an an-
swer to the question raised in the last paragraph by con-
sidering the 4000 A b-polarized 0-0 crystal transition
of anthracene, for which pertinent experimental data at
low temperatures have been obtained by Morris et al.?
This is not to be seen as a limitation of the approach of
the present paper because the methods employed are not
specific to the absorption system considered. But it is
necessary to assess numerous effects upon the absorp-
tion profile by using a model of €(w) that might reason-
ably correspond to some crystal absorption system. In
view of the wealth of experimental and theoretical data
existing on the anthracene lowest singlet-singlet crystal
transition, ® this system provides a convenient test situa-
tion. In anticipation of the results of this paper, it would
appear that to obtain meaningful information on the dy-
namics of the exciton in any strongly absorbing perfect
crystal by interpretation of €(k, w) measured on a real
crystal, it will be necessary to apply the methods of this
paper to ensure that the measured ¢(k, w) approximates
that of the perfect crystal. Of course, the band profile
of e(k, w) distorted in a real crystal from that of a per-
fect crystal may be used to probe exciton dynamics in a
real crystal and so understand more clearly the role
which impurities, defects, and inhomogeneities play in
determining such dynamics.

In essence, the procedure followed is to obtain the line
profile of €(w) under various conditions for a perfect
semi-infinite crystal and for ranges of finite crystals
and of imperfect semi-infinite crystals. This line pro-
file is compared with that of a model of a perfect infinite
anthracene crystal. From these data it is possible to
gauge, for negligible distortion of €(w) of the model,

(i) the lower bounds of m*, the exciton effective mass in
a specific propagation direction; (ii) the upper bounds of
¢, the angle of incidence of the photon beam on the crys-
tal when probing R(w); (iii) the lower bounds of d, the
thickness of the crystal used to determine R(w); (iv) the
upper bound on NV, the average surface roughness, as-
suming that the distorted regions are much less in all
dimensions than the wavelength of light; (v) the upper
bound on o, the rms roughness, which mainly governs
incoherent photon scattering from the surface; (vi) the
upper bound of 7, the percentage by volume of defects in
the crystal, under the same assumption as (iv); (vii) the
mole fraction of impurities in the crystal in both the
amalgamation and persistence limits when the impurities
form either shallow or deep lying traps, but neglecting
certain resonance effects.

The treatment allows definition of the conditions under
which various quasiparticles may be excited in a partic-
ular crystal system. These quasiparticles (longitudinal
excitons, surface excitons, excitons bound by impuri-
ties, etc.) cause the majority distortion in €(k, w). The

data obtained provide a firm foundation for interpreting
experimental reflectances and thus we are able to dis-
cuss existing data, suggest a number of useful experi-
ments, and indicate areas where further theoretical
work is needed.

1l. MODEL EMPLOYED

The model for e(k, ) is that for the 4000 A h-polarized
0-0 transition of a perfect and infinite anthracene crys-
tal at 7 °K. Assume that the frequency dependence of the
dielectric permittivity €(w) of a perfect infinite anthra-
cene crystal is the Lorentzian profile generated by
Helmholz-Kettler oscillators

E(w)zér(w)+i€,~(w)=€0+477pwg/(wz-w%—i‘yw) s (O8]

where ¢, is the background dielectric permittivity, p is
the oscillator strength, ,the resonant frequency [where
we;(w) is maximum], and y the damping parameter. Note
that the model assumes that the crystal is composed of

a set of noninteracting oscillators thus leading to an in-
dependence of € on k. The function chosen corresponds
to an exponential falloff of the correlation function C(7)
describing exciton dynamics and should describe the
optical band profile in the case of weak exciton—phonon
scattering when dispersion of the exciton band and the

k, w variation of the self energy are neglected. Temper-
ature effects are simulated by variation of ¥, i.e., all
nonradiative processes such as intensity stealing are
considered temperature independent. Appropriate values
of the parameters determining €(w) could be® ¢,=86. 4,
p=0.01, wy=25127 cm™, andy =75 em™!. The anthra-
cene crystal is anisotropic with two molecules per unit
cell, but because of the simplified nature of the model
used, the crystal is assumed isotropic with one isotropic
molecule per unit cell. Hence, we will not obtain ex-
plicit information on how the use of finite imperfect
crystals affects experimental data on properties such as
Davydov splitting, which are dependent upon multiple
molecules per unit cell, although certain implicit data
are obtained. It would be a useful application of the
work of this paper to use a model which should simulate
R(w) obtained with light polarized along crystal direc-
tions other than the b-crystal direction as well as allow-
ing for multiple molecules per unit cell.

Itl. DISTORTION OF THE MODEL CAUSED BY
VARIOUS EFFECTS

A. Effects from use of semi-infinite perfect crystals

In this section, we consider how &(w) of the model
might be distorted by effects which would occur even in
semi-infinite perfect crystals and evaluate the extent of
such distortions from three causes: (i) spatial disper-
sion, (ii) damping of longitudinal modes, (iii) experi-
mental use of non-normal angles of incidence as an ap-
proximation to a perfect normal incidence experiment to
obtain R(w).

Recent calculations on cubic” and monoclinic (anthra-
cene)® crystals have shown that the dipole interactions
between planes of molecules normal to k (the exciton
wave vector) fall off so rapidly that only near neighbor

J. Chem. Phys., Vol, GC, No. Z, 15 January 1974
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interactions between planes need be used to evaluate the
effects on e(w) of spatial dispersion.® Since only adja-
cent planes need be considered, two polariton modes
would exist in the semi-infinite crystal, ” and one bound-
ary condition, in addition to the usual two Maxwell condi-
tions, is needed to solve for the crystal eigenmodes.
This extra boundary condition is that a linear combina-
tion of the polarization (P) and its derivative (3P/3x)
vanishes at the surface.!? If the exciton is the stable
eigenmode of the system then P=0 is the relevant
boundary condition. 11 But the condition can be met only
near and not at the surface for Wannier excitons, '* and
the effect of this is that structure is induced in R(w)
near the frequency of the k=0 polariton, i.e., near wg.
If the polariton is the stable eigenmode, this structure
ocecurs regardless of the boundary conditions'® and indi-
cates the general breakdown of the fields within the crys-
tal so that no normal modes exist. As indicated else-
where, 2 for this anthracene crystal transition, the po-
lariton is the stable eigenmode since the radiative width
of the polariton is less than the stopping bandwidth (w,
—wy). Hence some structure from this effect may ap-
pear in R(w).

To determine the extent of effects from noninfinite ef-
fective mass of the exciton (effects of spatial dispersion)
and from excitation of longitudinal modes, we use a dis~
persion relationship with a pole

(w, +FEY/ 2m¥)e'®
and a zero
(w, + B2/ 2m¥)et®:

in the complex frequency plane, so that

Wi+ (I mF) kP, — w® =T, w @)
wi+ (F/ mf)rPw, —w* = iT, w0’

ek, w)=¢

where m}, m} are the exciton effective masses and
T,(k, w), T,k w)are the damping parameters for the
pole and zero, respectively. This relationship is an ex-
tension of that used by Hopfield and Thomas'? in that the
pole and zero are given different effective masses and
damping parameters. When m} and mf¥ - <, this rela-
tionship is the general dispersion relationship used by

Berreman and Unterwald'? to fit Restrahlen data and by
us to fit anthracene crystal reflectance data.?

1. Effects of spatial dispersion

Equation (2) was solved for the refractive index »
(= kw) to give two complex solutions #;{w) and #g(w). Us-
ing the additional boundary condition P=0, the effective
refractive index #,{(w)

fig(w) = [y (w)itew) + €I/ [r(w) +7ip(w)] 3)

effective dielectric permittivity €,(w)=1,(w)?, and normal
incidence reflectance R(w)

R(w) =] [, (w) = 1)/ [fe(w) +1][? 4

are each generated.

An estimate of the extent of the effects of spatial dis-
persion may be determined by calculating the dependence
of the shape of R(w), #,(w), and ¢,(w) on the value of
m¥. To do this using the simple model of Sec. II, let
I,=T,=yand w,=w, [1+(4mp/€,)]"’. The data are col-
lected in Table I and displayed in Fig. 1. Note that the
use of the “exciton” boundary condition does not gener-
ate structure at w,. Further, as expected, the spec-
trum was calculated to be insensitive to the value of m}
(>10 m,). Calculations of the exciton band structure of
anthracene!® accounting for dipolar dispersions indicate
that the dispersion for k normal to the (@b) monoclinic
face is very small (m* >1000 m,). Hence from Table I
spatial dispersion will have little effect upon the crys-
tal spectrum parallel (or perpendicular) to b unless
through the dispersion of T', or I',. Further, it is worth
noting that the values calculated for #,(w) [=nalw) +iks(w)]
show that n,(w) and ,(w) are very large, while 7;(w) has
values close to that generated by the Lorentzian function
when m} and m}—~~. In Table II the values of ny{w) and
ks(w) are summarized for different values of m}, where
m¥=m}. The large values of un,(w) and k,{(w) indicate
that the second mode is “mechanical” or excitonlike
[slow, n,(w) large] and localized near the surface [ky{w)
large].”

TABLE 1. Effects of spatial dispersion on the maximum values of optical parameters of a perfect semi-infinite anthracene crystal.
Value for perfect, Value for perfect crystal with various exciton effective mass in units of rest mass
Tnfinite crystal of electron (percentage change from infinite crystal case in brackets.)

Parameter (Lorentzian model) 10° 10 102 10% 104 10°

—1]2

R <= -:Jr—l ) 0.71160 at 0.66720 0.69722 0.70701 0.71014 0.71113 0.71145
25190 om™! (6. 24) (2.02) (0.65) (0.21) (0. 07) (0.02)

€;(=2nk) 42.0724 at 33.679 39.124 41,105 41,763 41.974 42,021
25126 cm™! (9.95) (7.01) (2. 30) (0.74) (0.23) (0.12)

K 4,7782 at 4.2093 4.5833 4.7151 4,.7581 4.7718 4.7762
25146 cm™ (11.91) (4.08) (1.32) (0.42) (0.13) (0.04)

n 5.6934 at 5,1865 5.5170 5.6365 5.6753 5.6877 5.6916
25102 cm=™! (8.90) (3.10) (1.00) (0. 32) (0.10) (0.03)
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(a)

2
25000 25400
ENERGY (cm™1)
b)
K
4
3
2|
1
AY
***** e 1 I -
25000 25400
ENERGY (cm™)
FIG. 1. The effect of finite values of exciton effective mass

(my) on the reflectance R(w) 1(a) and absorption index k(w) (b)
of a perfect semi-infinite anthracene crystal. Solid line, m;‘
=w; dotted line mj =m, (rest mass of an electron); dashed line
my =100 m,.

2 FEffects from damping of the longitudinal modes

To calculate the effects due to spatial dispersion, it
was assumed for simplicity that I',(k, w) = T,(k, ), i.e.,
the lifetimes of the pole and zero were the same. Re-
laxing that restriction, we now evaluate the effects on
the optical parameters in the limit »} and m¥—~ . The
method followed is to set initially T, (= 2w, siné,) as
(w,/w,) T, =15 cm™ using the parameters characterizing
the model of Sec. II. In that case, w,=uw,[l+(4mp/€,)}!/?
=25372 cm™!, Then, T, (=2w,sing,) is allowed to as-
sume various values. Some results are shown in Table
III and Fig. 2. We note the following points:

(i) Increasing I', causes positive asymmetry in €;(w).
The maximum values of €, , €; and # are all increased
while those of R and « decrease.

(ii) For I',>T,, the maximum value of ¢, (energy ab-
sorbed per unit time per unit volume) increases, while
the maximum value of k (decrease in energy flux per
unit distance along k) decreases.

TABLE II. Dependence of the refractive index and absorption
index of the “mechanical” mode upon the exciton effective mass

m™,).

Exciton effective mass
(units of rest mass of
electron)

Refractive index
ny
at 25126 cm™!

Absorption index
Ky
at 25126 em™

10°
10
102
10°
10t
10°

38.4
122
386

1224
3870
12238

39.4
125
397

1257
3975
12569

(iii) For T',<T',, the maximum values of both €; and «
decrease, indicating that ¢; is a minimum for the sym-

metric case.

(iv) A large maximum refractive index is indicative of
strong positive asymmetry in ¢;{w) and the position of
the maximum of R(w) is a very sensitive function of the

asymmetry.

(v) The resonance frequency w, and the maximum val-

25100

25300

ENERGY (cm—1)

30

20

10r

25100

FIG. 2.

ENERGY(cm™)

25300

The effect of the damping parameters upon the reflec-

tance R(w) 2(a) and the imaginary part of the dielectric per-
mittivity €;{w) (b) of a perfect semi-infinite anthracene crystal.
The background dielectric permittivity is 6.4; the frequency

of the pole (wp) is 25127 cm™! and that of the zero (w,) is

25372 cm™!. Siné,=0.0015 (damping parameter I'y= 2w, sinf,)
for each graph. Solid line, sinf,=0.0015 (damping parameter
T,=2w,sind,); dotted line, sinf,=0.003; dashed line, sinf,

=0.006.
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ue of €;(w) become separated with asymmetry. Large
positive asymmetry may move the maximum position of
¢;(w) some 20 cm™ higher than w,.

(vi) When I', #T,, the induced asymmetry produces
negative ¢;{w) values which are noncausal. In fact, Eq.
(2) gives solutions which are causal over the whole fre-
quency range for only a very limited set of I',. This may
be indicated as follows. If wl=w? (1+x), then ¢ (w) is
negative when

w2>w(2){1 - [I‘P/(rz—rp)]x}:wsi rp>rz (5)
w?< ‘-'-’(2){1 + [rp/(rp - r‘)]x}: ws , Iy> Fp ’ (6)

Values of w, have been listed in Table III also. A causal
solution over all w will occur for I, in the very small
range I, <T', <T,(1 +x), although values of I, outside
this range may adequately represent spectra when ef-
fects of other transitions approximated by ¢, result in
behavior such that e(w) is causal. As [T, -T,| becomes
large, the noncausal regions of w come close to the ex-
perimental regions of interest. Obviously values of T,
should be chosen so that o, does not come close to o, or
w,. To do so when asymmetry is marked would require
frequency dependent damping parameters I,(w) and
T,(w) to describe the spectrum. This will almost cer-
tainly be the case for the crystal system considered, 1

3. Effects from use of non-normal angles of incidence to
obtain normal incidence reflectance data

In this section we evaluate the effects which arise
when, as an experimental approximation to normal in-
cidence light, the photon beam is incident on the crystal
at some angle to the normal other than 0°. When large
cones of convergence of the light beam are used, such
non~normal incidence effects are also important in dis-
torting R(w).

Consider a beam of parallel rays which is incident at
an angle ¢ to the normal upon the (001) face of an an-
thracene crystal with the d-crystal axis in the plane of
incidence. Assuming a uniaxial crystal of isotropic
molecules®® for p-polarized light, define an effective di-
electric permittivity ¢,(w)

€.(w)=[e,(w)g(w)cos®d]/ e, (w) — sin?p] = [n,(w)]2. (7)
The reflectance R,(w) is given by

Ry(w)=| [e ()2 =11/ [¢, ()2 +1]]7 . @)

In Egs. 7 and 8, ¢,(w) is the dielectric permittivity for
light polarized along the b-crystal axis and normal to
the (001) plane and ¢,(w) is the dielectric permittivity for
light polarized along the c-crystal axis and normal to the
(010) plane. As a simple but suitable approximation, let
€,{w) and ¢,{w) each be represented by a Lorentzian line
dielectric function model generated by Helmholz—Kettler
oscillators. For €,(w), the parameters are those of the
model of Sec. II. For ¢,(w) (=¢,(w)), when k is normal
to the (001) crystal face and the light is polarized par-
allel to the a-crystal axis, suitable values are ¢,=4.0,
wp=25300 cm™, p=0.0015, and ¥=50 cm™!. Using vari~
ous values of ¢, the values of €,(w), n,(w), and R,(w)
were calculated. Some results are shown in Table IV,

d. Chemn. Phys., Vel 66, Na. 2, 15 January 1974

The lifetime of the

Effect upon the maxima of the optical parameters and the frequency at which these occur caused by the finite lifetime of the longitudinal modes.

TABLE III.
pole (1,=1/2w, sinf,) is constant with sinf,=0.0015 (

75.38 em™b),

Optical

1/7, (in units of 2w,)

r,=

parameter

0.009

0.0075
0.6287

25152

0.005

0.003
0.6662

25171

0,002

0.0015
0.7094

0.00001 0.0001 0.0005 0.0010
0.8849 0.8028 0.7626 0.7319
25271 25224 25203 25190

256370

0.6296

25149

0.6386

25159

0.6918

25183

[~

w em™?

49,03
25108

43,96

25106

36,22
25103

30.80

25098

28.46

25093

27,36
25090

26,31
25088

25.32
25086

24,56

25084

24.40

25084

w cm
€;

47,32
25140

45,58
25138

43.12
25134

42,05

25130

41.83
25128

41,78
25127

41.83
251286

41.89
25126

42.02
25124

42,50
25124

w em™!

7.200

25114

6.861

25112

6.321

25110

5.933

25106

5.760

25104

5.679

25103

5.604

25102

5,531

25101

5.478

25100

5,466

25100

w em™!

4.236

25158

4,262

25156

4,380

25152

4,561

25148
24884

4,685

25147
24404

4,756

25146

4.832

25146

4.914

25144
25495

4,984
25144
25390

5,000

25144
25374

w em™!
w, om™t

25078

25066

25023

25870

379
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where only the variations and errors at the maximum
values of R, €;, and x and minimum values of €, and »
are shown. The percentage errors in the optical param-
eters vary significantly with frequency so leading to dis-
tortion of the lines profile when non-normal angles of
incidence are used. This is more clearly shown in Fig.
3. From Table IV and Fig. 3, we note the following
points:

(i) For errors in R of less than 0. 1% at the peak, ¢
must be less than 6°. This error in R(w) leads to only
small errors in s,.(w) and er(w), but note that these cal-
culations have been carried out under the assumption
that w, is independent of k. However as Philpott'®® has
shown the energy of lim, . qw(k)[k L (001)] is about 650
cm™! below the energy of lim,.,w(k)[k 1 (010)]. Hence the
k independence of w, is a crude approximation for this
crystal system and the errors in Table IV are to be re-
garded as a lower limit.

(ii) The relative distortion in x(w) is less than the rel-
ative distortion in the other optical parameters.

(iii) As x increases with increasing ¢, €; (=2nk) de-
creases.

(iv) For large ¢, a small hump appears in €;(w) (see
Fig. 3) near 25300 cm™ corresponding to the transition
expected when light is polarized perpendicular to the b
axis. No shift in the frequency of the maximum of ¢; or
R is observed in the spectrum because, in the calcula-
tions, the k dependence of the resonance frequency was
not taken into account, However the measured reso-
nance frequency is a strong function of the angle of in-
cidence.

The above data lead us to suggest that oblique angle
spectroscopy can probe k space around k=0 to give ex-
citon dispersion. The varying angle oblique incidence
spectra will map aspects of the exciton band structure.
Preliminary experimental results appear to confirm this

25100

ENERGY(cm™)

FIG. 3. The effect on R{w) (a) and €;(w) 3(b) by use of non-
normal incidence light as an approximation to normal incidence
light, upon a perfect semi-infinite anthracene crystal. The
data are calculated assuming the anthracene crystal is uniaxial,
that the light is P polarized and incident at an angle of ¢ on

the (001) face with the » axis in the plane of incidence. The
values of the parameters used are given in the text. Solid line,
¢ =0; dotted line, ¢=20°; dashed line, ¢=45°".

TABLE IV. Variations in the maximum values (for R, €;, k) or minimum value (for €., ») of the optical parameters and the frequency at which each occurs caused by use of various

Percentage variation in brackets.

angles of incidence of the photon beam on a perfect semi-infinite anthracene crystal.

Angle of incidence of the photon beam on crystal

Optical

33° 36°

30°

6° 9° 12° 15° 18° 21° 24°

0°

parameter

74.51 75.15

73.92

72.93 73.40

72.51
(1.9
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but further experiments are needed to determine fully
the feasibility of the method. Of course, one could use
a set of different crystal faces to achieve the same goal.
The results of Clark and Philpott!® using a few different
crystal faces do show that the resonance frequency alters
from one crystal face to another, as expected, but it
may be easier to use oblique angle spectroscopy on a
specific crystal face rather than a range of crystal faces
which for molecular crystals are difficult to prepare.

Also, oblique angle spectroscopy is a possible method
for probing properties of longitudinal modes in a molec-
ular crystal. From Eq. (7), it is observed that a reso-
nance will occur in ¢,(w) when ¢ (w)=sin’¢. In the fre-
quency region where this occurs, ¢.(w) passes through
zero from negative values. Considering €,(w) and €,(w)
real, the behavior of R,(w) near this region varies as
follows: it decreases to zero when €. (w)=— (sin?¢)/
[6,,(w)cosz¢> - 1] (note that this corresponds to the Brew-
ster’s condition for total transmission); it is unity from
€.(w)=0 to sin’p (at which ¢,(w) resonates); and it de-
creases as ¢,(w) becomes more positive. Hence, one
would expect in an oblique angle reflection experiment
to observe structure in R, which would be a narrow dip
when 8¢,/8w is large. This structure would be centered
around the frequency of the longitudinal mode (w; ) for
the longitudinal optic modes propagate at a frequency w;
such that € =0 when damping is neglected (longitudinal
waves have no electric displacement accompanying
them).?® When damping is included, one expects a longi-
tudinal mode to occur when € has a minimum absolute
value. For a biaxial crystal such as anthracene, a num-
ber of longitudinal modes will exist and may propagate
along specific directions, although Brewster’s condition
is probably met along many directions of the incident
light beam in strong crystal absorptions. However, is
structure [a dip in R,(w)] observed in an oblique angle of
incidence experiment near the expected frequency of a
longitudinal mode to be taken as prima facie evidence
for the excitation and frequency w; of a longitudinal
mode? Such an interpretation is not without its prob-
lems, prominent among which is that a breakdown in the
internal electric field normal to the crystal surface may
be caused by other factors and structure in Rp(w) will
occur from these even in a normal incidence experi-
ment. 2 In other words, a dip in R(w) may occur near
wy for reasons other than propagation of a longitudinal
mode. However, oblique angle spectroscopy has been
used to probe the value of w; in the infrared spectra of
films, 2 crystals, 2! and of polycrystalline aggregates. %

In the light of the above discussion we can make some
tentative explanations of features observed in the b-po-
larized low temperature reflectance spectrum of an an-~
thracene crystal when a non-normal beam of incident
photons is used.?%%* Within and to higher energies of the
main b-polarized absorption band, the broadest and most
prominent of these narrow decreases in R{w) occurs
near 25290 cm™!. It is unstable in frequency and inten-
sity, as well as varying with experimental arrangement
and crystal thickness. It is most prominent when the
b-crystal axis and the polarization vector lay intheplane
of incidence (P polarization). Possibly this marks

a frequency region where € is near zero so that

the electric field normal to the surface is broken down
within the crystal. It may be evidence for the position
of a longitudinal mode. The frequencies of the longitudi-
nal modes should be higher in energy than 25290 em™ in
the infinite crystal.!® Strains in the real crystal could
shift the expected w; as this value is sensitive tochanges
of surface charge. Also for a crystal of finite size, cal~
culations®®® indicate that the longitudinal exciton band
structure at small k values varies with crystal size so
that a double peaked density of longitudinal states is ex-
pected, with one peak at w; of an infinite crystal and the
other some several hundred wave numbers lower in en-
ergy. Ina preliminary observation at 4 °K using 45° in-
cidence light on the b axis with the polarization vector in
the plane of incidence, there is a reflectance dip near
25480 cm™ which might mark the frequency w; in the
infinite crystal. Only further work will decide. ?°

To illustrate how such a reflectance dip may be gen-
erated when ¢ =45°, in a sample calculation we generate
R,(w) using a general dispersion analysis® rather than
the Lorentzian line dielectric function model since the
former and not the latter is a good fit of experimental
data in the region of w;,. This is shown in Fig. 4. Note
the dip in R,,(w) becomes more pronounced as the back-
ground dielectric constant ¢, increases and the damping
parameter y decreases. For this calculation, the damp-
ing parameter was considered to be frequency indepen-
dent which is an unrealistic approximation in the vicinity
of w;. Perhaps a damping parameter proportional to
k? which would vanish at w, (K=0) for excitons of large
effective mass as developed in a recent polariton-pho-
non scattering theory?® would be useful in this regard.
However, the elementary calculation used to produce
Fig. 4 does show how reflectance dips may develop near
wr. Such structure is not unambiguous evidence of the

25400 25500

ENERGY(cm—1)

FIG. 4. Introduction of structure in R(w) near the frequency

of the longitudinal mode when light is incident on a perfect semi
infinite anthracene crystal at an angle of 45°. Note how the
structure becomes more pronounced with decreasing damping
parameter ¥ and increasing value of the background dielectric
permittivity €, of the ac crystal transition. Solid line, unper-
turbed R(w) at normal incidence; dotted line, €=3; dashed
line, g;=4.
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excitation and frequency of the longitudinal modes, how-
ever, as the condition for this occurrence may be ful-
filled by other means. We would suggest that clearer
evidence would be obtained by observing the angular de-
pendence of the intensity of R,(w) in the region where w;,
is expected. To our knowledge, this has not been done
for any crystal system in any spectral region, but in
virtue of the importance of determining properties of
the longitudinal modes by a means as simple as oblique
angle reflection spectroscopy, it would be very useful.

B. Effects from use of a finite perfect crystal

In this section, we consider the effects on €(w) which
might arise by use of a perfect crystal of finite thick~
ness for measurement of R(w) and hence €(w). Inan in-
finite crystal, the radiative lifetime of an exciton is in-
finite, 7 so that neglecting damping, Agranovich’s theo-
ry?® predicts a real refractive index which is infinite at
the resonant frequency. Hence for absorption to occur,
the polariton must scatter from a third body, % e.g.,
phonons. For a finite crystal, however, nonperiodic
boundary conditions exist and with the exciton and photon
no longer quantized in the same volume radiative damp-
ing can occur.® We now consider the minimum crystal
size before this effect and the consequent distortion of
€(w) of the infinite crystal becomes important. Before
achieving this it is necessary to consider the surface
states which may be excited.

1. Surface states excited in a finite perfect crystal neglecting
retardation

Considering near neighbor interactions and neglecting
retardation of the electromagnetic fields, the normal
modes of a crystal in which all the molecules experience
the same short range interactions are of two types®:
bulk (oscillatory spatial dependence with frequencies w,
and w;) and surface (exponential decay across the
crystal). The bulk modes are standing waves within the
crystal and are characterized by discrete values of the
wave vector k normal to the slab. The two surface
modes are characterized by their dependence onthe com-
ponent of the wave vector &, parallel to the slab and only
exist for P polarization. For a crystal of thickness 2q,
then if 2,a>1, the surface modes are localized near the
surface and have frequencies between wj and w;; but, as
k.,a—~ 0, the modes become delocalized at w; and w, and
no surface modes are excited by normal incidence light.

Even if the above surface modes which originate from
the long range Coulomb forces do not exist in a crystal,
transverse surface modes may arise from the change in
the short range forces at k,a=0. These modes retain
their surface character at 2,2=0 and are localized —their
amplitudes decay rapidly into the crystal within a lattice
constant. Such modes have been discussed for phonons
in ionic crystals.® For the molecular excitons of inter-
est in this paper, surface excitations of this type occur
when the change in energy of the surface molecules due
to the alteration of the short range forces exceeds the
electronic bandwidth due to dipole dispersion.® The
electronic bandwidth, as measured by the stopping band-
width, is about 200 cm™.? The environmental shift of an

J. Chern. Fhys., Vol 60, Mc. 2,

anthracene molecule in a crystal due to short range in-
teractions has contributions from dispersion forces,
first order effects from intermolecular interactions, di-
pole—dipole interactions to about 50 ./OX, higher multi-
poles, and exchange forces. The shift is dominated by
the dispersion forces being approximately -~ 2700 cm™
for a molecule within the crystal. 3 For a molecule
within the surface layer, approximately 75% of the inter-
actions may be active, giving a shift in the resonant fre-
quency of the surface modes of approximately 700 cm™!.
Hence using the Sugakov®® criterion, it is expected that
surface modes would be excited.

2. Surface states excited in a finite perfect crystal including
retardation

For a model in which the change in the short range in-
teractions at the surface are neglected, the modes of the
crystal may be separated into two types—radiative and
nonradiative—when retardation is included. 338 If ¢(w)
for an infinite crystal is given by Eq. (1), the nonradi-
ative modes exist for k. > w/c, where b, =ksin¢ (¢ is

angle of incidence). Define
a:(k,%—wz/cz)”z , (9)
B=[elw)w?/ c® - KE]M? , (10)

Then the radiative modes are given by the solutions of

Zﬁ e-iﬂai eiBa

€lw)= o o BT gifa (11)
for P polarization and
. ~18a i8a
1= @ e e (12)

a e-iBa; eiBa

for Spolarization. Solutions exist when k, > w/c and
<€'%y/c. These solutions decay exponentially (¢”*'#!)
outside the surface.

The radiative modes have progressive wave solutions
outside the crystal and thus interact with light in a nor-
mal optical experiment. The nonradiative modes are ex-
ponentially damped outside the crystal and do not inter-
act with light except in special circumstances. Thus
surface roughness may induce the excitation of surface
exciton modes by destroying the pure nonradiative char-
acter of the modes, as discussed later.

There has been no experimental evidence for these
nonradiative modes in a molecular crystal, but our cal-
culations show that they could be detected by means of
light that is exponentially damped in space with a com-
plex angle of incidence generated by a prism of appro-
priate refractive index placed a small distance from the
crystal (frustrated total reflection). ¥ Such experiments
leading to a detection measurement of the dispersion of
these surface modes are now in progress.

For the radiative modes, when light is incident on the
crystal surface, momentum is conserved only in direc-
tions parallel to the surface. The excited polariton state
then has a radiative width which is dependent on the angle

of incidence and which will be very large at the Brewster
angle (see Sec. I, A, 3). These radiative effects may
cause distortion of the frequency dependence of the opti-
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cal constants and this distortion will be a function of
crystal thickness owing to the long range nature of the
forces involved. To determine the thickness of an an-
thracene crystal where such effects become observable,
we have calculated R(w) for crystals of different thick-
ness and with an angle of incidence of $=0. For ¢ =0°,
we may write R(w) as
1-Q1/i(w)?

1 2 1 | 1+ e4iﬁ(m)awlc

1+ (ﬁ(w)) +2 ﬁ(w)‘ 1 — gtifilwlaw/c

2

R(w) =

= w) =1 1 (13)

R R 1 + gtifitwlawlc
7%w) +1 +27(w)

1 — eliflwlew/c

Since #(w) =#,(w) +ix(w), then, provided x(w)#0,
1 +e4iﬁ(w)aw/c

1 — gtifilwlaw/c -1

as the crystal thickness 2q— «.
Eq. (13) will reduce to

Alw) =12
Alw)+1 | 7 (14)

i.e., the Fresnel formula for normal incident light on a
semi-infinite crystal, Hence, in the limit of infinite
thickness, the effect of radiative damping is negligible
at ¢ =0 provided that a finite damping due to third body
interactions exists.

In this thickness limit,

Rlw)=

When ¢ #0°, the effect of radiative damping upon R(w)
in a semi-infinite crystal may be calculated as in Sec.
III. A. 3 when account is taken of the anisotropic nature
of the crystal.

In Fig. 5 graphs of R(w) for different crystal thickness
are shown calculated using values of parameters for the
infinite crystal model. From Fig. 5 we make the follow-
ing observations.

(i) For a crystal of thickness greater than 1 u, R(w) is
sensibly independent of thickness, i.e., effects of radi-
ative broadening are negligible.

(ii) For a crystal of thickness near 0.1 yu, distortions
appear below w, and above w; from effects related to the
spreading out of the transverse low and high energy
modes.

(iii) For a crystal of thickness near 0.01 p, the ef-
fects of radiative damping are severe. The spectrum
is shifted some 95 cm™ to lower energies by one of the
high energy modes passing through the “blocking band”
region to lower energies. It had been inferred previ-
ously, ® that a transmission experiment on a thin crys-
tal (~0.05 ) leads to an incorrect absorption band pro-
file and incorrect absorption intensity mainly because
of the nonpenetration of the absorption band. Our cur-
rent data demonstrate clearly that absorption (and re-
flection) spectroscopy on a thin crystal will not produce
reliable spectral data for a strongly absorbing crystal
system when the effects from radiative damping are se-
vere. It suggests that caution should be exercised when
interpreting spectra from thin films.

1t would seem that the use of anthracene crystals of
thickness greater than 1 u will give reflectance spectra
with a shape determined by third body interactions pro-
vided the crystal is otherwise perfect.

3. Interference effects

Finally in this section we comment upon the possibility
of distortions arising from interference effects even in
crystals which are thick enough for R(w) to be deter-
mined by third body interactions. In an optical experi-
ment with light incident on one face of a crystal, modes
which are mixtures of the solutions symmetric and anti-
symmetric about the crystal center may be excited and
cause interference effects in R(w), T(w), and A(w),
where T(w) is the transmission and A(w) [=1 - T{w)

— R(w)] is the absorption. The amplitude of the inter-
ference effect will be dependent on crystal thickness,
angle of incidence and the damping parameter.

In Fig. 6, we show R(w) and x(w) for normal incidence
light on a crystal of 10 u thickness with different damp-
ing parameters. The effect becomes negligible as the
damping parameter increases and also as the crystal
thickness increases. At small values of ¥, however, the
absorption exhibits interference effects associated with
excitation of crystal eigenmodes and the amplitude of the
interference is a measure of the damping processes (y)
at a given thickness. Little effect from this is likely to
be observed within the absorption region for crystals
thick enough for reflectance measurements determined
by third body interactions, but is readily observed out-
side the absorption region.

C. Effects from use of a real semi-infinite crystal

In previous sections, it has been shown that €(w) of the
model may be distorted even in a perfect crystal under
conditions where the longitudinal modes are excited (i.e.,
oblique incidence) or a crystal of insufficient thickness
is used to measure R(w). If these effects are avoided by
use of perfect normal incidence radiation on a crystal of
sufficient thickness, what distortion of €{w) will arise

| S Y

25300

25100
ENERGY(cm~1)

FIG. 5. The dependence of the normal incidence reflectance
R(w) on the thickness of an anthracene crystal. Calculations
based on a model of €(w) as described in the text with w, and

wy, the frequencies of the transverse and longitudinal modes
respectively. Solid line, 1u=10u=«; dotted line, 0.1y; dashed
line, 0.01p.
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FIG. 6. The effect of the magnitude of the damping parameter

(y) upon the normal incidence reflectance R{w) and the absorp-
tion A{w) of a perfect anthracene crystal of 10 u thickness.
Dotted line, y=0 cm'l; dashed line, ¥=10.0 cm'i; solid line,
vy=25.0 em™L,

because the crystal is not perfect but has rough surfaces
and edges as well as defects, impurities, voids or in
general bulk inhomogeneities. In an earlier publication®
some of these effects were considered. We now extend
the area of that work and render it more quantitative.

1. Surface roughness

The surface of a real semi-infinite molecular crystal
is expected to be rough. This may allow the excitation
of roughness induced surface excitons. It will also
cause a decrease in reflectivity via two mechanisms:
incoherent scattering and coherent scattering.

Incoherent (diffuse) scattering arises from phase fluc~
tuations, caused by different path lengths of different
rays upon reflection from the crystal surface. The in-
terference of the reflected waves is no longer completely
constructive in one (specular) direction. The normal
incidence specular reflection from a rough surface when
incoherent scattering occurs may be expressed?®® as

R(w)=R0(w)e'(4W/M2 (15)

for a Gaussian distribution of irregularities where o is
the rms roughness related to the rms height of the
bumps. Ry(w) is the reflectance from a perfectly smooth
surface. The wavelength dependence of the distortion
due to incoherent scattering from Eq. (15) is not marked.
Since, as noted previously? the major problem prevent-
ing an accurate measure of R(w) is the diffuse scattering
some method of quantitatively determining the extent of
its effect is desirable. Over a small frequency range,
such as the resonance region, a correction for incoher-
ent scattering is obtainable if Ry(w) is known accurately
at some nearby frequency and if Eq. (15) is adequate.

Accurate measures of the refractive index at some fre-
quency outside the absorption region obtained by other
means provides a value of Ry(w). From the measured
R{w) at the same frequency ¢ may be calculated. We
have determined o for a range of crystals by accurately
measuring R(w) at room temperature. A report of that
work will be published later. For the purpose of this
paper, we note that accurate measurement of R{w) at
4200 A on crystals of thickness such that the back sur-
face reflection is negligible provide values of o =100 A
in solution grown aged crystals, but much lower values
(=50 A) in sublimation flakes.

Of course any correction procedure using Eq. (15) as-
sumes that the reflection spectrometer does not accept a
significant amount of the incoherent scattered light. The
reflectance R(w) measured in a spectrometer when some
of the incoherent scattering is detected may be ex-
pressed® by

R(w) = Rolw)[e” /™ + (257Y/ m®)o/N4A0?], (18

where A6 is the acceptance angle of the spectrometer in
steradians and m is the rms slope of the surface profile.
The amount of diffuse light collected [(= Ry(w)(2%n%/m?)

X (0/2)%(a6)%] in a specific reflectometer may be calcu-
lated using different values of o and m. A good approxi-
mation to the value of 0 may be obtained by using Eq.
(15), but a method of determining m is necessary. Thus
when the slope of the bump is such that m is 1:1, the
total diffuse light collected in the spectrometer is about
1in 10° (for =200 A, A=4200 A). If m is 1:100, the
diffuse scattered light contributes 1% to the total reflec-
tion. Judging from our electron micrograph studies of
surfaces of anthracene, there are a number of steps on
the crystal surface, so that the lower values of m may
be more realistic. Perhaps it may be possible to deter-
mine m experimentally by observing the variation of
R(w) with A6 at a given wavelength.

Coherent scattering caused by surface roughness and
its consequences have been well investigated in metals®
being associated with the roughness induced excitation
of the surface plasmon® which in a perfect crystal is a
nonradiative excitation. Evidence for the breakdown of
its nonradiative character in a real metal has been ob-
served recently.# To provide a basis for quantitatively
estimating the extent that the surface affects R(w) by co-
herent scattering of the photon beam, we use two ap-
proaches: a semiclassical theory developed by Fed-
ders*® for surface plasmons and a classical theory de-
veloped by Berreman?* to calculate the effect of surface
roughness in the vicinity of a resonance when retarda-
tion is neglected.

Fedder’s theory for surface plasmons in metals is ap-
plied to the case of surface excitons in molecular crys-
tals by equating the shift of the frequency of the surface
exciton above the bulk resonance frequency (w, — wg) to
that of the surface plasmon  realizing that the reso-
nance frequency of transverse excitations in a metal is
zero. A surface may be represented in terms of its
Fourier components by

z+21a,sin(q,- p+a,) =0, (17)
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where z =0 for a perfect surface, ¢, and @, are ampli~
tudes and phases, g, a wave vector on the xy plane and
p a position vector in the same plane. The rms surface
roughness o is given by

1/2

o=b (18)

2 (a0,

Neglecting the effects of a nonzero imaginary part of
€(w), one may calculate AR, the average decrease in re-
flectance, over the region of interest where

AR=[1/(w, =wol [, [Ro(w) - Rlw)]de , (19)
where w, is the surface mode resonant frequency, w, is
the bulk mode resonant frequency, and Rylw) is the re-
flectance for a smooth surface. When the wave vector
of incident light k (rw/c) «Qq,,

AR= EZWagqrglxk/lqn‘ ’ (20)
n

where g, is the x component of q,.

For one component of surface roughness (the sum
must be truncated at some value of # such that 1q,)< /b,
where b is a lattice parameter), then

AR=2malq,k . (21)

The surface roughness parameter o is a,-q,- b and AR
may be calculated from values of q, b, and k. For
roughness such that o is about 10 f‘x, with 5=10 A, k=2.5
%x10* em™ and roughness wave vector 107 em™ structure
with dips of 0.16 may occur in the normal incidence re-
flectance spectra. This of course is only a sample cal-
culation to show that roughness induced excitation of
surface excitons may have quite large effects on R(w).
The assumption involved in the calculation, viz., that
the surface is of such periodicity as to be represented
by a single Fourier component is necessarily a very
crude one for a molecular crystal,

The above theory does not lend itself to illustrating
the distorting effects on the line shape caused by sur-
face roughness. From the viewpoint that surface rough-
ness leads to displacement of the resonant frequencies
from the bulk optic mode frequencies, Berreman’s the-
ory* is more suitable for calculating the effect of sur-
face roughness on the spectrum in the vicinity of a reso-
nance,

Let the surface be characterized by N bumps or pits
which are figures of revolution of average volume V.
Then, following Berreman, the surface of the bump is
divided into several collars each with a surface diver-
gence oy,{w) =0;{w)cos$ constant over the width of the
collar, where cos¢ is measured from the direction of
the applied field. Using the electrostatic boundary con~
ditions, o, is found by solving the simultaneous equations

1 _1+E(w)

?A..o‘(w)+§ 1—_(—(0—)—)c,~(w)=

LN

~E;-n,, (22)

where n; is the surface normal at ¢ =0 of collar §, e(w)
is that for the perfect crystal, A;; is the normal com-
ponent of the electric field at ¢ =0 at the center of collar
i caused by a unit surface divergence (for ¢ =0) of collar

J, E4 is the electric field near the perfect surface equal

to 2/[1 +Ve(w)].
Values of A;; were calculated for a bump defined by
r=xcosal+xsinaf + 2a[l +cos(mx/b)]k , (23)
with
|r|=0 for —p>x>b,

where a is the height and 25 the width of the bump. To
calculate A;;, 12 collars were used with each collar
divided into 10 rings. Values of o; were solved from the
simultaneous equations and the total horizontal dipole
moment induced by the surface divergence was calcu-
lated:

Pylw) =300, (w7 (24)

where w; is the width and 7; the radius of collar j. The
reflectance R(w) of a crystal with a surface containing
N bumps or pits per unit area each of volume V and of
shape given by Eq. (23) is

R(w) = Ry(w) [1 +%] lﬁﬂzlm@%ﬂﬂ

= Rylw)[1 + (NV/2N)a(w)] , (25)

where 8, a form factor, is equal to

47 €+1
47Im <—I7PH(Q)) . 1) .

The form factor has its largest values when ¢, -1 and
€; is small. Note that the condition ¢, -1 is the re-
quirement for the excitation of surface modes. We in-
terpret Berreman’s theory as a classical calculation in
the macroscopic dielectric approximation (without in-
clusion of retardation) of the effects of the surface
roughness induced excitation of the nonradiative surface
modes. Obviously, the theory is valid only in the long
wave approximation NV<«2a,

The effect of surface roughness on a crystal whose re-
flectivity is given by the model of Sec. II is shown in
Fig. 7. Note that the spectrum of 8(w) has two peaks at

~~1and +1. A decrease in R(w) is always calculated
(8 negative), being larger on the high energy side (in the
region of negative ¢,). Also note that R(w) becomes
more distorted with increasing surface roughness, as
shown in Fig. 7(b). This distortion is a strong function
of 8, which in turn is dependent on the values of ¢; and
€,. At room temperature, we have measured the mini-
mum value of €, to be 1.5 (at 25567 cm™) at which ¢,
=2.8. This gives a value for 8 of 1.5, so that at A =4000
f\, with NV approximated at about 50 A (cf. the rms
roughness of a sublimation flake, Sec. III. C, 1), the
maximum percentage change in R is 2%.

As the temperature decreases, 19| increases and the
band distortion for a crystal of given surface roughness
can be quite marked. The measured reflection coeffi-
cient at low temperatures may be some 20% below the
value of a perfect surfaced crystal in the region ¢, ~- 1.
To estimate the distortion in a reflection experiment upon
a specific crystal, it would be useful to know the value of
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NV which might be obtained from surface holography.
Alternatively, the value of o, the rms roughness pa-
rameter discussed earlier, would provide an upper limit
of NV. Also, since the distortion expected is a linear
function of NV for NV <« [see Eq. (25)], if two reflec-
tance spectra were obtained for crystals of known NV
{or o), an undistorted spectrum would be obtainable.
Just how much distortion of €(w) related to surface
roughness occurs in a measurement on a real crystal is
now known, but if », the rms slope of the surface pro-
file, was very small, then the long wave approximation
NV << X in Berreman’s method may not be adequate, It
would be very useful if retardation were taken into ac-
count in this theory as this would provide more realistic
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FIG. 7. Effect of surface roughness on an anthracene crystal

whose reflectance was originally that of a semi-infinite perfect
crystal, (a) Spectrum of the form factor 8(w)=47 Im | (4n/V)
pylw) (e+1)/(e—~1)1; (b) R{w) for different values of NV the
surface roughness parameter R(w)=Rylw) 11+ (NV/A) 8(w);
(c) Variation in R(w) [AR/R=(NV/A) 9(¢,, €;)] for different
values of NV and 9.
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results for large NV values. As it stands, the theory
does overemphasize the effect of distortions in that situ-
ation so that we would not anticipate such large effects
as shown in Fig. 7 for large NV,

2 Internal roughness: Impurities, defects, bulk
inhomogeneities

The effects of impurities, voids, dislocations, dis-
placed molecules, etc. on the profile of €{w) for a mod-
erately strong optical transition is little known.

A possible approach to the problem of determining how
impurity states will affect the spectral distribution €(w)
and hence R(w) is by consideration of the interactions
between the impurity states and the host crystal states
using deep and shallow trap theory. **~*" In particular,
Hoshen and Jortner®” have obtained the optical line shape
of mixed crystals for reasonably high concentrations of
a dopant and for weak optical transitions. For an in-
tense transition and in a crystal with residual (and
therefore low) impurity or defect concentration, as
would be the case for the “pure” crystals used in reflec-
tion spectroscopy, we approach the problem by focusing
attention on the alterations in the macroscopic dielectric
field in the solid but neglecting the alterations in the
short range interactions caused by introduction of de-
fects, etc. This parallels our treatment of the surface
modes and becomes a more reasonable approach as the
intensity of the absorption increases.

For a transition with a moderate oscillator strength

when €, for the bulk material is negative, molecules
surrounding the defects may be set in resonance (similar
to the effect of molecules on a surface resonating when
€=~1). The situation is that of a trapped exciton in the
region of a lattice defect for which extensive experimen-
tal evidence exists in molecular crystals probed by re-
flection and emission spectroscopy.?® If the impurity
molecule has a resonance energy such that the exciton
is coupled to the vibronic states of the impurity mole-
cule, the initial exciton state becomes broadened owing
to the finite lifetime of the impurity vibronic state. The
transition probability for such a process48 is propor-~
tional to (1 - €)/(e +3). For a weak transition € is posi-
tive and nearly constant, but for a strong transition, €
may become negative and the term (1 - ¢,)/(¢, + 3) reso-
nates at €, = — . # This occurs within the exciton band,
i.e., wo<w<uwy, and the presence of impurities (in gen-
eral, inhomogeneities) will cause strong absorption with-
in the exciton band when ¢, <0. The host crystal is, of
course, strongly absorbing in this range, but distortion
of its absorption profile may occur. The observation
that ¢, becomes negative for a strong transition (pro-
vided that the damping due to third body interactions in
a perfect crystal are not too large) may well be impor-
tant in determining the exciton dynamics in such sys-

tems.

To obtain quantitative data on how this effect will per-
turb the model of €{w) for a perfect infinite crystal, we
approach the problem in two ways: (a) use of Galeener’s
theory®® developed for studying the effects of voids on
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the optical properties of semiconductors; (b) use of the-
ories developed to understand the propagation of light
through inhomogeneous media, 5! which may be applied®
to the study of optical properties of imperfect crystals.

(a) Distortion of R(w) and €(w) of a perfect host crystal
by voids in the bulk. Let n be the percent volume of
material occupied by inhomogeneities (voids) and L be
the depolarization factor>® for the axis of the inhomo-
geneity parallel to the field E(r) due to a dipole at 7,
where 0< L<1, Let the bulk crystal be isotropic with
the inhomogeneities represented as ellipsoids of revolu-
tion (of dimensions less than the wavelength of light) with
an axis parallel to the wave vector of light. In this case,
the effective dielectric permittivity e,(w) is given for
n<1 by

€.(w)=e(w)l+3nm,)/(1 - m7,) . (26)
where
- 1~ €(U)) (27)

"I+l - L)elw) °
The effective reflectance of the crystal is given by
R,(w)=|[€*w) -1}/ [eM¥w) +1]]2. (28)

In Fig. 8 are shown the calculated errors in R,(w) and
the imaginary part of ¢,(w) at the peak positions of the
perfect crystal due to various percent volume of defects
and for different values of L. Note that for errors in
AR of less than 1%, the percent volume of defects in the
crystal for all values of L must be less than 10°%, In
general, for molecular crystals, the average concentra-
tion of impurities, defects, voids, etc., would appear to
be less than this.® However, in a strongly absorbing
crystal system, the number of defects localized near the
surface is in our opinion the meaningful value and in
view of the photochemical reactivity of anthracene, > we
do not know what this concentration or the distribution
would be. In Fig. 9, we show how a 2% concentration of

04

102 10!

FIG. 8. Variation in the normal incidence reflectance R(w) and
the imaginary part of the dielectric permittivity €;(w) (calculat-
ed at the peak positions for the perfect crystal) for an anthra-
cene crystal withvarious percent volume 7 of internal roughness
caused by defects, impurities, voids, etc., and with different
values of the depolarization factor L. Solid line, AR/R; dashed
line, Ae€;/¢;.

impurities, voids, etc., will provide an internal rough-
ness to alter both R{w) and €,(w) of the perfect crystal
model. As L increases, the resonant frequency shifts
to higher energy and the maximum of ¢;(w) is increased.
Considerable distortion is introduced in the low energy
absorption edge. As L decreases, e.g., near 0.9, a
small resonance (from molecules near the inhomogene-
ity) appears in-the spectrum of ¢;(w) where ¢,(w)
=~1.22) and is even more apparent in the reflectance
spectrum due to its dispersive nature. Neglecting damp-
ing this resonance occurs in general when ¢, = - L/

(1 ~L1). Hence, depending on the shape of the inhomo-
geneity, these resonances occur in the region from w,
(e,==o, L=1) to w; (€=0, L=0), with that for a sphere
(L =1%) occurring at € = ~%. When damping is included,
we expect that the resonance with L =1 will be rapidly
damped out (e; large near wy). Note that the effect of
inhomogeneities on the reflection spectrum is to reduce
the reflectance on the low energy side. This is opposite
to the effect on R(w) produced by surface roughness dis-
cussed earlier (cf. Fig. 7).

() The optical pavameters in the vegion of impurity
absorption in an inhomogeneous crystal. Consider a
perfect crystal of substance A characterized by a dielec-
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FIG. 9. The distortion of the normal incidence reflectance
R(w) (a) and the imaginary part of the dielectric permittivity
€;(w) (b) from that of a perfect crystal when internal roughness
caused by defects, impurities, voids, etc., of mole fraction
0,02 are added. Solid line, 6=0; dotted line, L =0.999;
dashed line, L=0.99; dashed-dotted line, L=0.9.
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tric permittivity €,(w). Let the crystal be doped with
mole fraction Ny of substance B, which in a perfect
crystal of B is characterized by a dielectric permittivity
€z(w). To determine the optical properties of the mixed
crystal, it is necessary to calculate the dielectric per-
mittivity €,(w) of the mixed crystal.

If the mixed crystal is optically homogeneous, then
€y{w) is given by

€y(w) = Npeglw) + (1 — Np)e,u(w) (29)
and the reflectance
Rylw) = | [e)f () = 1)/ [}/ *(w) +1] |2 . (30)

The optical properties related to the impurity molecules
are simply proportional to their concentration.

If the mixed crystal system is considered as inhomo-
geneous, then e,(w) is variable throughout the crystal
bulk, The fluctuation 5(w) of the dielectric permittivity
may be taken as 6{w)=1€,4{w) - €5{w)!, and the fluctua-
tion of phase change upon reflection from the mixed
crystal plw)=16,(w) - 85(w)!, where 8,(w), 8z(w) are
the phase changes upon reflection from pure A and pure
B. This form for p(w) will overemphasize effects in the
limit of low concentration. The fluctuations in e(w, r)
from impurities and imperiections in an inhomogeneous
media would be rapid., If the fluctuations in €(w, r) are
assumed stochastic and isotropic, with a fluctuation
autocorrelation function of the (Markov) form

(€' (w, M€ (w,0)) = %w)exp[- (87 %/ ay] , (31)

where q, is the fluctuation correlation length and €' (w,7)
= €{w, ) - €,{w) then it is possible to calculate the effec-
tive reflectance of the impure crystal as follows.> If
ny{w) = €4(w) 2 =njylw) +ikl(w), then an effective refrac-
tive index #,(w) and effective absorption index «,(w) are
given by

n.{w) = nylwnw) , (32)

2n(w)?-1 . 8 (w)rylw)w’a

Ko(w) = k(@) =% 5 2amn ()’ (33)
where
-2/3s2 2 2 2\1/2
nelw) = (1 $T0 (“é)f;’(“’)“’ “0) . (34)

provided ay<< \/ny(w) (small correlation length) and
ny(w) > 3x4(w) (small absorption). Obviously, u,(w)
+4K,(w) ~ ny(w) + ik y{w) when a,~ 0 and/or 6{w)— 0.

The reflectance R{w) may be defined as

n(w) =1 +ik (w) |

n,(w)+1 +ix, (w) (35)

Rlw)=
and for the effect of diffuse scattering due to the phase
fluctuations caused by the inhomogeneity of the crystal®®
(analogous to the diffuse scattering caused by rough sur-
faces),

Rp(w)=R(w)e™? . (36)

To illustrate the effects of inhomogeneities we calcu-
late R(w), Rplw), and Rylw) for a crystal which has an
impurity of mole fraction 0.02. The intention of this

sample calculation is to see how the reflectance of a
crystal with a moderately intense and broad resonance
is affected by the presence in the crystal of impurities
which themselves are weakly absorbing with narrower
resonances., We assume that a Lorentzian line profile
is a suitable model to describe €(w) of both the host
crystal and a crystal only composed of molecules of the
impurities. The parameters used in Eq. (1) to give €(w)
for the host crystal are €¢,=6.4, y=175, f=0.01, and
wy=25127 em™, For the crystal composed of only im-
pure molecules, the parameters are €;,=6.4, ¥=15 cm™,
£=0.001, and w,=24100 cm™ to obtain data related to a
deep lying trap and wy=25100 em™ to obtain data related
to a shallow lying trap.

In the calculations, no account is taken of resonance
effects such as intensity stealing from the host exciton
band arising from changes in the short range forces.
Especially when the trap is shallow lying, allowance for
“siant” oscillator strengths® could enhance the effects
to be described. In Fig. 10 are plotted the reflectance
data in the cases where the impurity forms a deep trap
[Fig. 10(a)] of depth 1027 cm™ or a shallow trap [Fig.
10(b)] of depth 27 cm™, Two values of gy were used for
the calculations, viz., 10 and 100 A. We believe that
the small value of the correlation length corresponds to
what would be expected in the amalgamation limit in cal-
culations using the coherent potential approximation.*®*’
The large value of a, would correspond to the persis-
tence limit.

For the deep trap case, note: (i) When ,=10 A (a
molecular spacing), if optical phase fluctuations are ne-
glected then the spectrum Ry(w) is indistinguishable
from R(w). When allowance is made for such fluctua-
tions, then a reflectance dip in Ry{w) will occur in the
frequency region where the longitudinal mode would
propagate in the crystal of impure molecules. The opti-
cal phase change is a maximum at this frequency and its
position is independent of a,and concentration of impur-
ity in the mixed crystal. (ii) When a,=100 A (corre-
sponding to some aggregation of defects and impurities)
it is seen that narrow structures in R(w) and Rp(w) is
observed. These structures appear at the frequencies of
the transverse and longitudinal optic modes expected in
a crystal of impure molecules A. When optical phase
fluctuations are neglected, the low energy structure is
only at the frequency of the transverse optic mode. The
intensity of the dip in R(w) is dependent upon the value
of €, which should be less than 6.4 in this region. A
lowered value of ¢, would enhance the effect shown.

For the shallow trap case, note: (i) When q,=10 4,
structure in R(w) is observed near the resonance fre-
quency of the impurity, even when phase fluctuations are
neglected. When they are considered, it is seen that
they are enhanced over the deep trap case and a very
prominent reflectance dip is observed at v, of a crystal
composed of impure molecules. (ii) When aq=100 }D\,
R(w) shows reflectance dips as observec in the deep trap
case, but also exhibits an interesting redistribution of
intensity. The reflectance of the pure crystal is smooth-
ly increasing to a peak at 25190 cm™!., When impurities
are embedded in the crystal, R(w) is greater than the re-
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flectance from either the pure host crystal or a crystal
of impurity molecules in some regions of w.

We would suggest for molecular crystals that large
values of a4 are probably more appropriate when the ef-
fects of defects, etc., are considered, as these would
be concentrated in regions rather than uniformly dis-
persed throughout the solid. In Fig. 10, there is a
striking demonstration of how the R(w) of an impure or
defective crystal will exhibit pronounced narrow reflec-

25080 25120

ENERGY (cm™')

(b)

Rglw)

24080 24120

ENERGY (em™")
FIG. 10. The distortions in the normal incidence reflectance
R(w) caused by inhomogeneities of mole fraction 0, 02 in an an-
thracene crystal when the inhomogeneity acts as a deep trap
(a) and as a shallow trap (b). The resonance frequency of the
trap is 24100 em™ (a) and 25100 em™ (b) and a crystal of the
impurity molecules is assumed to have an €(w) given by a
Lorentzian line dielectric function model with €;=6.4, y=15
cm"i, f=0.001. The pure anthracene crystal also has an e(w)
given by the same model with €,=6.4, ¥y=75 em™\, £=0.01, and
wy=25127 em™!, Solid line, R4(w)—the normal incidence re-
flectance of a pure anthracene crystal; dotted line, Ry(w)—the
normal incidence reflectance of the mixed crystal considered
optically homogeneous [see Eq. (30) in text]; solid line, Rg(w)—
the normal incidence reflectance of a crystal composed of the
impurity molecules only; dashed line, R(w)—the normal inci-
dence reflectance of the mixed erystal considered optically in-
homogeneous but neglecting phase fluctuations. Correlation
length 10 A [=Ry(w) in Fig. 10(a)] and 100 A; dashed-dotted
line, Rp(w)—the normal incidence reflectance of the mixed
crystal considered optically inhomogeneous and allowing for
phase fluctuations caused by inhomogeneity of the crystal. Cor-
relation length 10 A and 100 A.

tance dips even though only a small mole fraction of im-
purities are present. It is worth emphasizing here that
many methods of gauging impurity or defect concentra-
tion do provide an average value of such defects and not
the distribution within the crystal. The optical reflec-
tion is very sensitive to the distribution as may be seen
from the following. If a layer of a strongly absorbing
impurity were lying in a plane parallel to, or on, the
surface of an otherwise perfect crystal of semi~infinite
size, the mole concentration of impurity would be neg-
ligible, but R(w) would be strongly affected.

The reflectance spectrum of an anthracene crystal has
been shown to exhibit a number of narrow reflectance
dips both within?*2 and to lower energy of?® the main
resonance region. Inthe earlier paper? the lower en-
ergy reflectance dips were argued to be evidence for the
existence of impurities and defects in the crystal. At
that stage, we could not decide whether we were ob-
serving an antiresonance behavior or an anomalous dis-
persion in an energy region close to that of the discrete
impurity resonance. The latter explanation was sug-
gested to be the correct one. The above calculations
support that earlier interpretation of the data. They
also illustrate very well an earlier comment? that an
assignment of resolved reflectivity peaks in the region
of the main absorption bands to phonon modes®* is open
to question in view of the effect which impurities may
have on R(w).

V. SUMMARY AND CONCLUSIONS

An objective of this paper has been to provide methods
for answering the question: “To what extent does the
use in experiments of a finite imperfect crystal rather
than an infinite perfect crystal invalidate an approach to
understanding the exciton’s dynamics through interpre-
tation of e(k, w)?” The methods developed relate to any
crystal. In Table V are summarized the conditions, ne-
glecting damping for excitation of quasiparticles, that
produce the majority distortion in €(k, w) when the pho-
ton—crystal eigenmodes are strongly coupled. When
damping is considered, the dielectric condition of Table
V serves as the limiting situation.

The methods are illustrated by considering a molec-
ular crystal, anthracene, which serves as a good test
situation because of the amount of experimental and the-
oretical data available for the b polarized 4000 A crys-
tal absorption system. Using a model of €(y) which
might reasonably correspond to that absorption system
atlow temperature, if crystaland molecular anisotropies
are negligible, a number of conclusions are reached,

1. For a perfect semi-infinite crystal

(i) Spatial dispersion will have little effect upon ¢{(w)
determined by a normal incidence experiment, unless
through the dispersion of the damping parameters.

(ii) One of the modes is mechanical and localized near
the surface.

(iii) When the damping parameters for the pole and
zero are different, asymmetry is induced in ¢;(w), be-
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TABLE V. Conditions under which quasiparticles are excited in finite imperfect

crystals.

Requirement Dielectric condition
Quasiparticle for excitation neglecting damping
Transverse Any crystal €=+ ®
exciton
Longitudinal Semi-infinite crystal €=0
exciton Oblique incidence light
P polarization
Surface Imperfect surface on €=-—1
exciton semi-infinite crystal
Exciton at Imperfect crystal e,=—(L/1-L) (L is depolarization factor: 0=L=1),
a defect €,=0, L=0, slab or longitudinal cylinder Lk
€,=—%, L=4, sphere
€=-1, L=%, transverse cylinder
€ == L=1 sglab |l k
B e-i[ia:E iBa
Radiative Finite crystal €=1{>= |"Jgg= .| P pol.
s o e T eiﬂa
exciton
B |ertPaspita
1=4i% .
ia [ | S pol

where f = [e (w?/c?) k212

o=k —wi/ch/?,

2a=thickness

coming greater as I', increases, so that the resonance
frequency w, and the maximum value of €;(w) become
separated. The positions of the maximum of the reflec-
tance R(w) is a very sensitive function of the asymmetry.

(iv) Frequency dependent damping parameters T',(w)
and I',(w) are needed to describe adequately €(w) for this
system.

(v) When a non-normal angle of incidence is used as an
approximation to normal incidence light, significant er-
rors in R(w) may occur. The relative distortion in x(w)
is less than that in the other optical parameters.

(vi) We suggest that oblique angle spectroscopy can
provide a useful method to probe exciton dispersion
around k=0.

(vii) At oblique angles of incidence, longitudinal modes
will propagate when € has a minimum absolute value.
There may be evidence from previous experiments for
the frequency position where these longitudinal modes
propagate. In a sample calculation, we show the struc-
ture in R(w) expected when a longitudinal mode exists
and show that the unambiguous interpretation of struc-
ture in R(w) is not without difficulties. A measure of the
angular dependence of R(w) should help resolve the prob-
lems of interpretation.

2. For a finite perfect crystal
(i) Surface modes should be excited in the crystal when
retardation is neglected.

(ii) When retardation is accounted for, there are both
radiative modes, which interact with light in a normal

optical experiment, and nonradiative modes, which in-
teract with light as the crystal becomes less perfect, so
that surface roughness may induce the excitation of sur-
face exciton modes.

(iii) For a crystal of thickness greater than 1 y, R(w)
for normal incidence is sensibly independent of thick-
ness, i.e., the effects of radiative broadening of the ex-
cited polariton state are negligible so that R(w) is deter-
mined primarily by third body interactions.

(iv) For erystals of thickness less than 0.1 u, distor-
tions appear in R(w) and this suggests that care should
be taken in interpreting thin film absorption or reflec-
tance data.

3. For a real semi-infinite crystal: Real surface but perfect
butk

(i) Surface roughness reduces the reflectance R(w) by
incoherent and coherent scattering.

(ii) A knowledge of o, the rms surface roughness, en-
ables some correction to be made for incoherent scat-
tering, provided there is negligible acceptance of the
diffuse light by the detection system. When this latter
is significant, it is further necessary to have some
knowledge of the shape of the bumps giving rise to dif-
fuse scattering so that the rms slope of the surface pro-
file may be used to determine the amount of diffuse light
measured in the spectrometer. We suggest ways of
measuring both o and .

(iii) The consequences of coherent scattering are in-
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vestigated by two means: use of a semiclassical theory
developed for surface plasmons*® and use of a classical
theory. # The semiclassical calculations illustrate how
roughness induced excitation of surface excitons may
have large effects on R{(w), but the application of the
method is limited in that the assumption invoked in our
calculations is that the surface is of such periodicity as
to be represented by a single Fourier component, The
classical theory is used in a model calculation to show
how surface roughness will distort R(w). We show that
at room temperature, the maximum percentage change
in R is about 2% calculated from use of our experimental
values of €,, €;, and o, the rms surface roughness. As
the crystal temperature is decreased, ¢, and ¢, alter
appreciably and quite marked distortions in R(w) appear.
It would be useful if the theory on which the calculations
were based was extended to include retardation effects.
As it stands, it overemphasizes the distortions as the
surface roughness increases.

Clearly, it is necessary that some evaluation of the
quality of the surface of a molecular crystal be achieved,
for this will decide the adequacy of the long wave ap-
proximation in the classical theory and may enable de-
velopment of a suitable analytic expression for the sur-
face.

4. Real semi-infinite crystal: Internal roughness

(i) We illustrate how R{w) and e{w) of the perfect crys-
tal are affected by voids in the real crystal bulk using
Galeener’s theory®® to calculate the errors in R(w) and
ei(w) as a function of the concentration of defects of
various shapes. In a sample calculation we show how
structure in R(w) may be caused by such defects and how
these defects reduce the reflectance on the low energy
side, an effect opposite to that resulting from surface
roughness.

(ii) We show the effect of both a deep and a shallow
trap upon R(w) by determining the optical properties of
a mixed crystal. If the crystal is optically homogeneous,
the optical properties related to the impurity molecules
are simply proportional to their concentration. When
the system is considered inhomogeneous, with fluctua-
tions in E(w, r) assumed stochastic and isotropic, then
the optical properties of a crystal with mole fraction
0.02 of a weakly absorbing impurity molecule will be de-
pendent on the correlation length a, of the fluctuations.
We consider the limits g,=10 108, a molecular spacing
corresponding to the amalgamation of the impurity mole-
cules and the host molecule in the crystal lattice, and
ay=100 A, corresponding to an aggregation of defects
and impurities (persistence limit). We expect that the
latter is more likely to be the situation occurring in a
real molecular crystal. In sample calculations, weillus-
trate how structure appears in R(w). When optical
phase fluctuations are taken into account, prominent
reflectance dips occur as a, increases at the frequencies
of the transverse and longitudinal optic modes expected
in a crystal composed only of the impurity molecules.
In the case of a shallow trap, an interesting redistribu-
tion of intensity in R(w) occurs.

What then are the implications of these findings for
using reflection spectroscopy to provide €(w) data as a
probe of exciton dynamics in cases when the crystal eig-
enmodes and the photon are strongly coupled? In gen-
eral, the more strongly coupled the system, the more
severe the problems. At present the indications are that
room temperature measurements with carefully colli-
mated normal incidence light will give reflectance data
R(w) for anthracene crystals of suitable thickness, pro-
viding data which are useful for probing the exciton dy-
namics.?® However, as the temperature is decreased and
€; and ¢, alter, the extent of contributions to the line
shape of R(w) from surface and internal roughness will
become more important and the data on exciton dynamics
obtained on a real crystal become less related to the ex-
pected dynamics in a perfect crystal. To what extent the
defects and impurities will cause problems of interpre-
tation is as yet unknown. At present, it seems to us that
the contribution to the line shape of R{w) from surface
roughness is probably the major problem and methods of
estimating its extent have been discussed in the text.
Further help with the problems would be achieved by
using a less strongly absorbing crystal face and two pho-
ton methods to probe exciton-phonon interactions in the
bulk.

Note added in proof: Several of the experiments sug-
gested in this paper have been completed. See G. C.
Morris and M, G. Sceats, Chem. Phys. 1, 259 (1973);
ibid. 1, 376 (1973) and (to be published); Mol. Cryst.
Lig. Cryst. (to be published).
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