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Abstract

Reflection spectra between h. 5 and 1 1 - 5 eV were measured for near

normal incidence (7.5 ) with s-polarized light from the (001) and

(010) plane of anthracene single crystals at room temperature.

The strong molecular B? -transitlon causes a strong anisotro-

pic reflection band from the (010) face, The Davydov Splitting,

unmasked by collective effects, is for this transition 0.15 eV

+ 0.05 eV. There is evidence, that a transition starting at

T.05 eV is polarized perpendicular to the molecular plane.

Reflektionsspektren wurden zwischen U.5 und 11.5 eV für nahezu

senkrechten Einfall (7-5 ) mit s-polarisiertem Licht von der

(001) und (010)-Ebene von Anthrazen Einkristallen bei Zimmer-

temperatur gemessen. Die starke 3p -Molekülanregung führt zu

einem starken anisotropen Reflexionsband von der (010 )-Ebene.

Die durch kollektive Effekte nicht veränderte Davydov Aufspal-

tung beträgt für diesen Übergang 0.15 eV + 0.05 eV. Ein bei

7.05 eV einsetzender Übergang ist wahra cheinlich senkrecht zur

Molekül ebene polarisiert.



1 . Introduction

The investigation of the optical properties of organic molecular

crystals gives Information on the polarization direction of

electronic transitions in the molecule and the shift and Split-

ting of the transitions "by intermolecular interact ions . Because

of the interaction of different electronic transitions, Informa-

tion on short wavelength transitions is needed for the theore-

tical Interpretation of the observed Splittings and polariza-

tion ratios of longer wavelength transitions. For anthracene,

be i ng the best studied molecular crystal, Knowledge of the opti-

cal "behaviour in the VUV-region is necessary for example t o i n-
1 &

terpret the Davydov Splitting of the System at 3800 A first
2

studied by Obreimov and Prikhotko . With the exception of the
3 ^ 5work by Clark and Philpott * * , optical investigations of an-

thracene have only been performed either in reflectiori from

the easy cleavage plane of anthracene single crystals, which is

the (001) plane (ab-plane),or in transmission through thin mono-

crystalline flakos with (001) surface .

The Davydov Splitting of the transitions for the incidont radia-

tion propagatir.g perpendicular to (001) with the electric vec-

tor parallel and perpendicular to the b_ — ax i s ( 0 l 0 } was calcu-

lated äs the energetic difference of the A (polarized ]j b_) and

Bu (polarized J_ b) crystaüline states (group C ) in tue center

of the Brillouin zone of crystalline anthracene (e.g. » ' ). In

this way one would have to expect the s ame excitation energy for

a particular crystalline state for all directions of polariza-

tion perpendicular to _b (e.g. for polarization direction perpen-

dicular to b and propagation directions perpendicular to (001)
Q

or (010)).Fox and Yatsiv were the first to point out that the

direction of propagation cannot be neglected because of collec-

tive contributions to the interaction lattice sums, which do not

disappear even in the limit of the wavevector being small com-

pared to the extension of the Brillouin zone. These contribu-

tions may be considered äs caused by the partially longi t ud i rial

character of electromagnet ic waves in anisotropic crystals.



They have been taken int o account in the dipole interaction cal-

culations of Mäh an and Philpott °. Experimental evidence for

these collective effects comes from characteristic electron ener-

gy loss work , where a shift was observed of the strong molecu-

lar B -transition with the direction of momentum transfer of
2u

the scattered electrons {this direction is eq.uivalent to the

direction of the E^-vector i ri optical exper iment s ) and from opti-

cal reflection measurements of Clark on crystal planes (001 ) ,
_ _ ^ 14 5

(2ol) and (11o) * * ,showing more spectral details than the cha-

racteristic electron energy loss •work.

It follows from the symmetry of the monoclinic crystal t hat these

collective longitudinal effects are absent for normal incidence

on the (001) plane and EI ]| b_ and for normal incidence on (010) and

all directions of E. Therefore the Davydov Splitting deduced from

our measurements for these directions should provide a good check
1 2

on the theory of intermolecular interactions . Furthermore these

spectra should well indicate the polarization directions of elec-

tronic transitions with respect et the axes of the anthracene mo-

lecule, assuming that the polarisation ratios äs given by the

oriented gas model are not reversed.

The polarization ratios may be taken from Fig. 1. It shows the

projection of the t wo anthracene molecules on the planes (001)

and (010). Furthermore the projections of the long (L) and short

(M) molecular axes lying in the molecular plane and the normal

axis (N) are given. The polarization ratios äs given uy the

oriented gas model are A, + A0 2/ A, - A0 2 with A = {L,M,N}.— l —d — i —d.

2. Experimo n t

g.1 Crystals

The reflection spectra from the (001) plane were taken with solu-

tion grown crystals. The b_ direction was easily identified by the
1 3shape of the crystals and "by a polarimetric method . Reflection



spectra from the (010) plane vere taken from crystals grcwn by

t he Br idgman method (purchased frora Princeton Organics). The i r

triplet life tirae was 22 to 2h msec. First the (001) plane was

found by trial äs an easy cleavage plane, t h e n by clcaving off

a thin flake, the b_-axi s of which was found in the same way äs

with the solution grown crystals. As the (010) plane is a
1U 15

distinct cleavage plane * , it was found by cleaving perpendi-

cular to JD. Hovever, since t bis plane was e ven more wavy t hau

the (001) cleavage plane (we estimate the deviation from the

m a i n direction to be äs la r g e äs up to "3 ), it was polishea to

a well reflecting plane on a xylol soaked tissue. Goniometrie

measurernents showed the polished plane to be perpendicular wi th-

in one degree to the (001) cleavage plane. The direction of the

_§L-axi s on the ( 01 0) plane to be studied is the cutting line with

the (001) cleavage piano. It served äs a reference for the pola-

risation direction in our measurements.

There is no danger that the distortion of the crystalline struc-

ture by polishing affects the r e s u 113 of the reflection m e a s u r e •

ment s : äs the crystal was kept in the evacuated reflectometer du-

ring the measurements there was a. slow evaporation fron the cry-

stal by which undisturbed erystalline structure was always e x-

posed to the radiation.

Reflection Measurements

The measurements were taken using the polarized continuum of the

Synchrotron radiation fron the 7 • 5 Ge V Deutsches Elektronen-

Synchrotron UEGY . The radiation was mori oc hromat i z ed by a near

nornal incidence nonochroinator in a modified Wadswortli m c L; n t , a s

u e ü c r i b e d in Ref. ' ' For the p r e s e n t e x p e r i m e n t an AI + i"i g F
c

c o at e d 600 l i n e s /mm gratin g, blazed at 1 2 o o A was u G e u . T1. c a p e c -
o

tral resolution was 2.5 A over the whole spectral ränge. The at-

solute energy positions given with our results are accurate witn-

i n ± 0.025 eV. The monochromatic radiation of a high degree of

Polarisation (better t han 0.9 ̂ ) was reflected u y a plane Al-coa-

ted mirror onto the s amplc, from where the Light was rcflected to



t he photomultiplier (Fig. 2). The angle of incidence onto the

sample was 7*5 . The radiation was for all measurements s-pola-

rized with respect to the plane of incidence. For an easy and

qui ch check, on the primary spect r um the Al-mirror could "be turned

into such a position that it was hit "by the incoming radiation

at the same spot and under the same angle of incidence. In this

position the radiation was directly reflected onto the mult i -

pli er.

Three multipliers were used: one with a sapphire window and a CsTe

photocathode (U.O eV - 8,5 eV), one with a LiF-Window and CsTe

photocathode (̂ .0 eV - 11.5 eV), and one with a LiF—window and a

CsJ photocathode (6.5 eV - 11.5 eV). By the low energy cut off at

U . 0 e V the influence of the well known fluorescence in the ränge
i fl

of 2.7 to 3.2 eV is excluded äs an error in the reflectivity

signal. Furthermore the good agreement of the photomultiplier

signals in the overlapping energy ränge of the second and third

multiplier shows, that the influence of a possible fluorescence

betwe en h arid 6.5 eV can also "be neglected.

Depending on the particular crystal, the reflectance from the

(001) plane decreased expone nt i al ly with t irne to values äs low

äs 5o;£ of the value measured immediately after pumpdown. The re-

lative spectral dependence, however, of the reflectance remained

unchanged. The decrease of the reflectance is most probably due

to increasing roughness of the surface because of the steady

evaporation. Since the degree of the roughness induced Rayleigh

scattering is not known, the reflectance is given in arbitrary

u n i t s .

The reflectance spectra taken at room teraperature were recorded

for different fixed angles of polarization of the incident radia-

tion with respect to the crystal axes. The angles were varied step-

wise covering a füll rotation of 36o . For excitation energies

for which the spectra showed strong an isotropic reflectivity,

the angular dependence of the reflectance was measured for a

fixed wavelength by continuously changing the angle between the



electric vector _E of the incident light and the crystal axes.

To this end the reflecting crystal plane was rotated around its

normal.

The good twofold symmetry of these curves(Fig. 5)» which is to

"be expected from crystal symmetry considerations, shows the good

optical alignement and the relative s m a11 influcence of the w a v y

form of the reflecting surface.

3 * Re sult s

Fig. 3 shows the reflectivities from the ab-plane (001) for in-

creasing angle y between the ^b-axis <010> and the electric

vector. For the directions Z_ |j b_ and E_||_a the agreenent with the

reflectivity spectra taken by Clark and Philpott below 7 eV
U ,19

is very good .As the intensity for the different spectra of

Fig. 3 is given in the same arbitrary units, they can be corapa-

red relative to each other.

From theoretical considerations it follows, that the reflectivi-

ty must vary continuously with y äs

R(y) = cos ?yR + sin2yR ,
D 3.

where B, and R are the reflectivities for E |j b and K II a respec-
b a — n — — — ^

tively. This explains the steady change from the spectrun E j b

to .E |J fi. Further the equation al l OWG to compare the spectra to

measureraents with unpolarized light published recently by Cook
21 . .

and Le Comber . In our experiments it was also confirmed that

the reflectivity is the same for +y and -y. As all this followa

from simple crystal symmet ry considerations, we considcr the

outcome of the Variation of the reflectivity with y äs a posi-

tive check on the experiraental setup.



Fig. k shows the reflect ivit ies from the ac-plane (010) for pho-

ton energies from 4.5 eV t o 8.5 eV for different directions of

the electriv vector jC of the incident radiation with respect

to the crystal l ine directions _a and _c . There is a strong re-

flection band starting at U.70 eV with vibrational structure and

extending to a shoulder at 5*95 eV. This band häs its caximum

intensity for the electric vector E parallel to the projection

of the long molecular axis L, onto the (010) plane. For _E_LL it

disappearsnearly completely, except for a very wc ak and smooth

structure at about k.65 eV.

The angular rotation curves giving the reflectivity from the (010

plane at fixed phot on energy versus the direction of E_ with

respect to a and c (Fig. 5 ) show for the energy of 5 e V the

change of the intensity of the above nentioned reflectivity band

in a continous way.

The rotation curve for 2.75 eV has been taken with a conventional

light source and a photomultiplier sensitive to visible radiation

The experiment confirms the data for the direction of the dielec-

tric tensor axis in this spectral ränge äs given by Winchell

Preliminary experiments on the ac-face from 3*0 to 3 - ̂  eV show

three exciton bands at 3 - 1 3 , 3.29 and 3.^5 eV for E! || M. Within

the errors of this preliminary experiment their position is the
U . .

same äs for & \ cn the ab~face . For directions ^_ nearly

parallel _L on the ac-face we observed without doubt the two

first of these bands at approximately the same energy position.

They appear on the slope of the intense L,-polarized System bet-
22ween U and 6 eV

Fig. 6 compiles the reflection data from the (001)-plane and

£]|b_ and the (010)-plane and ̂  [| 1̂  and JE || M. The two spect r a from

(010) are to be c orapare d directly to each other , spectra fron

the two planes have been adjusted relatively to each other assu-

ming the ratio for the maximal reflect iv i t ies to be 0.75 : 0.20.

This ratio sceras plausible by considering the absolute reflecti-

vities given by Clark and Philpott for the (00l) and (2oT) pla-



nes. The reflectance at energies froni 12 - 3o eV reported ear-
23

11 er "by us has not be en c onf irme d ye t . Me anwh ile there is some

doubt, whether the calibration f actors , which were used to "bring

the relative reflection spectra to absolute values vere correct.

D i s c u s s i o n

As mentioned in the introduction t ho Davydov Splitting is usually

given äs tlie difference of peak positions of r-0- or absorption

spectra. However for the energy ränge i nve s t i gat e d , absorption

spectra are impossible to obtain, since the absorption is very

high and specimens of ( 0 1 0 )-orient at ion , which are thin enough ,

are impossible to obtain. Therefore E -spectra can only be ob-

tained by a Kr ame r s-Kr on i g analysis from reflectivity measure-

ments. As the Davydov Splitting in raost cases is of the Order

of 0.1 eV and smaller, the error in the eo-spectra introduced

by the Kr. amers-Kronig analysis should be äs Ginall äs possible.

We have performed a Kramers-Kronig analysis using different sui -

table extrapolations by t ak i rig into acc ount dat a froni the l i t e -

rature for energy ranges not covered by the present experinent.

There is a gener al tre.nd t hat the values for c -pe ak positions

are the s ame for different ext r apolat ioris within l imi t s depen-

ding on the energy of the corresponding reflectivity peak (iiear

3 eV the limit is + 0.01 eV increasing to + 0.12 eV r.ear 8 eV).

Since for peaks below 5 eV the difference in peak positions of

reflectivity and &0-spectra does not exceed 0.02 eV we can give
1 . -a value for the Davydov Splitting of the B -transition near

U. 6 eV within ±0.05 e V . Values with similar reliability can not

be given for peaks at higher er.ergies, because of the above men-

tioned liinits of the Kramers-Kronig analysis.

The strong reflection band starting at k . 70 eV seen on (010) for
*

_E I I L_ i s dxie to the m o l e c u l a r long axis p o l a r i z e d TT •+ TT t r ans i -

t i o n B «- A 1 , s een in the vapour phase at 5 . 2 U - 5 . 2 5 eV
£_ î. l £j



9 -

and in solution at U . 85 eV * . Theoretical wo r k * *

agrees that the component polarized |[ b_ of this strong transi-

tion is the structure seen in the reflection spectra from (001)

for E_ || _b between k. 55 and U . 9o eV. The Davydov Splitting between

the first vibronic peaks on (010) JS || Ii and on (001) E; || b_ which ,

äs discussed in the introduction, is free of collective contri-

butions, amount s to 0 . 1 5 - 0.05 eV.

For .E || _a on (001 } (see Fig. 3) where collective effects are pre-

sent this strong L-polarized excitation is shifted to higher ener-

gies: Clark and Philpott calculate this transition to be shifted

to about the position of the two reflectivity maxima seen near

6 eV. They point out that a definite value of the Splitting of

this molecular transition cannot be obtained frorn spectra for

E. |j b, and _E |j _a on (001) because the structure for _E || _a is due

to the mixing of this shifted _L-polarized transition with the

M-polarized transitions seen near 5-5 eV and 6.U eV for _E||b.

For E || _L on the ac-plane there appears a shoulder on the high

energy s i de of the strong reflection band at 5-95 eV. Its

crystalline b-polarized component may be the shoulder seen on

(001 ) for E || b_ at 5.90 eV. At low temperature this shoulder be-
27 32

cones a separate peak *

In the reflectivity spectra from ( 010) for directions of E_

approximately between the directions M and _a a shoulder is

seen at 7*05 eV (Fig. U). As no such structure is seen on (001)

for E II b_ and since the direction for which this structure can be

seen is the N-direction (see Fig. 1) the plausible molecular

assignment of this transition is a B„ •*- A„ excitation pola-
3u 1g

rized normal to the molecular plane. The correspondingstructure

on (001 ) for ̂  || _a has already be seen by Clark and assignea to

the same transition.

The comparijon of the three well defined structures near 5-5 eV,

6.U eV and 7.65 eV on (010) for _E || M and on (001) for E_ || B_

(Fig. 6) indicates their origin from M-polar ized B. •*- A1 m o-



1o

lecular transitions. Corresponding absorption peaks for the

first two reflectivity maxima are found in solution at 5.6 and
26 £7

6.7 eV ' . However the re is no obvious correlation to vapour
2h 33

absorption data in this tpectral ränge * . The rotation cur-

ves for the first two of these peaks, not displayed in Fig. 5,

still show maximum re f le c t i vit ie s for E_ || L,, because the strong

L-polarized reflection band extends up to these energies, so that

the reflectivity for JM! L_ i s greater than the reflectivity for

E HM, caused by the B, +- A. transition. (See also Fig. U. )— "— 1 u 1g t> i
The angular dependence of the reflectance for the third peak

at 7-75 eV is shown in Fig. ^ . It indicates, that the maximum

of the reflectivity lies rather in the direction perpendicular

to L_ than in the direction of K. A possiblc explanation may

be, that the intensity underneath this peak h äs its maximum in

N-di r ect iori. This N-polar i z ed structure would then extend from

the shoulder seen at 7-05 e V to higher energies.

Definite assignement of the T«80 peak on (010) for U || L is not

possible. It may be related to the M-polarized maxinuni at 7.7 eV

or be a separate _L-polarized transition. The later seems quite

plausible s i n c c r-electron calculations of Pariser"' show a we ak

L-polarized t r a 11 s i t i o n at 7*22 eV.

The inte rpretation of tue structures above 9 eV i s difficuJt. The

rotation curve for n^ = 9-^3 e V { Fi ̂  . 5) indicates some I.'-pol a-

rized contribution to the spectrum. A careful ir.e asur errient of the

reflectance froin the ac-plane in this energy ränge for riifferent

closcly spaced angular Intervalls may possibly bring some con-

c l u s i v c i n f o r n a t i o n .

A. c k n o w l e d g e m e n t

W e t n a n k L h e in e ir. b e r s o f the Synchrotron r a. d i a t i o n g r o u p o t* J E G Y

for ass i stance in several Gtage s of the experimunt. -r - M: cne]-

Bcyerle kinaly provided us with solution growr. singlc cryntala.

>je apprec iate the he 1p in the Krame r s-Kr on i g analysi s äs well

äs the discusions with Dr. M. Skibownki.
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Figur e C apt ij3n_G_

Fig. 1 : Projection of the antliracene unit cell onto t he

(ac) and (ab ) plane.

Fig. 2 : Sketch of the experimental setup cut perpendicu-

lar t o the Synchrotron plane.

Fig. 3: Reflectance of anthracene s i n gle crystal fron the

(001)-plane at near normal incidence for various

polarization directions.

Fig. U: Reflectance of anthracene single crystal from the

(010)-plane at near normal incidence for various

polarization directions.

Fig. 5 : Polar diagram of the reflectance of anthracene single

crystal from the (010)-plane for different excitation

energies. The curves represent the unnormalized, un-

corrected experimental values.

Fig. 6: Reflectance of anthracene single crystal at near nor-

mal incidcncc fron the (010)-plane for E_ }| L̂  _E [| M and

from the (OOl)-plane for E || "b . Spectra from the t wo

planes have been adjusted relatively to each othcr

assuming a ratio for the maximal reflectivities of

0.75 : 0.20.
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