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Theoretical interpretation of electro-absorption spectra for intense optical transitions
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The interaction of a light wave with a molecular crystal subjected at the same time to the influence of static
electric field is analyzed. The coupling of the crystal to the radiation field is described in terms of classical
electrodynamics, the molecular transition moments being represented by oscillating dipoles. The molecular
parameters that enter the classical equations of mdétiansition energy and oscillator strengtmodified by
the static electric field, are derived from the corresponding zero-field values using quantum-mechanical per-
turbation theory. Subsequently, the field-induced change of the absorption spéekestro-absorptiotEA)
signal is calculated as the difference between the absorption spectra at nonzero and at zero modulating field.
The approach is valid for any allowed transition, irrespective of its intensity. The results demonstrate that,
while the absorption spectra of very intense transitions exhibit substantial peculigitEs as orientational
dispersion and polariton effegtsthe relationship between the absorption and electro-absorption spectra is
always the same, regardless of the oscillator strength; specifically, the EA signal of a nondegenerate Frenkel
exciton follows the first derivative of the corresponding absorption band. These conclusions are discussed in
the context of recent literature on this subject.
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I. INTRODUCTION absorption[EA) spectra of very intense Frenkel states. At the
Owing to the relative weakness of intermolecular interacPreSeNt moment, the existing interpretations in this area are
tions, the properties of molecular crystals are largely deterbased on ?'thef of two ml_JtuaIIy contradlc_tory_ approaches,
mined by the properties of individual molecules. The elec20th suffering from a certain degree of arbitrariness.

tronic spectra of such crystals are usually dominated by .Onel of thglappr.oaqfheg E)O”OWS fr%”é the cﬁ!gssri]c interpre-
intramolecular excitationgFrenkel excitons only slightly  tational paradigm, justified by a sound derivatidwhere no

modified by the crystalline environment. The influence of theSSUMptions are made regarding the oscillator strength of the

surrounding molecules is mediated primarily by the resp ransition in hand. Its direct application for very strong tran-

nance interaction between the excited molecule and its une)§_itions is rooted in the tacit belief that there is no reason for
cited neighbors, giving rise to delocalization of the excita-them to behave differently. In effect, although used in actual

tion. The importance of the resonance effects depends on t@%flg%(:f;fntth's view has never been validated by a rigor-

size of the transition q_ipole moment, being _moderate for the The other approach? invokes a new postulate, allegedly
(most common transitions of medium oscillator strength, \jiq only for very strong transitions, and conflicting with
but having dramatic consequences for very strong transipe classic paradight mentioned above. This new approach
tions. . o o has been based exclusively on intuitive arguments; no at-
The main peculiarities of strong transitions are due, on th@empt to derive it in a systematic way from fundamental
one hand, to the long range of the interaction between thghysical principles and equations has ever been made.
transition dipoles, resulting in the marked influence of crystal The existing interpretational ambiguity is detrimental to
boundaries on the bulk exciton energies, and, on the othahe future progress in this field. Over the past several years
hand, to the strong coupling between the radiation field an@dpplications of EA spectroscopy are gaining considerable
the exciton states of the crystal, giving rise to avoided crossimpact!®-15they need a sound theoretical basis. This demand
ings, and in consequence to the occurrence of a new kind a$ the motivation of the present paper.
quasiparticles, referred to as polaritons. Experimentally, the For electronic transitions in typical inorganic crystals
former effect is manifested in the dependence of exciton enbonded by the strong valence interactiéosvalent or ionig,
ergies on crystal orientation, while the latter is responsibleheoretical foundations of electro-modulation spectroscopy
for very strong reflection due to the so-called stopping bandsare well established and are to be found, e.g., in the classic
which are the energy intervals where light cannot penetratenonograph by Cardon4. In these systems, the electro-
into the crystal. absorption signal is composed of the contributions from the
The interest in spectroscopy of very intense Frenkel excivalence-to-conduction-band transitions and from Wannier-
ton transitions in molecular crystals started about the yeaMott excitons.
197013 At that time, some model systems, such as anthra- The former exhibits damped oscillatory behavior; the en-
cene, were intensively studied, both theoretically andsuing shape is described by the Airy functi§rt’ Although
experimentally? to yield a satisfactory level of understand- reported for some conjugated polymé#s2°this contribution
ing of their absorption and reflection spectra. is not detectable in organic molecular crystals, where the
To our knowledge, there have been no corresponding theabsorption spectrum is dominated by the Fren(kairamo-
oretical investigations dealing specifically with the electro-leculan excitons, and band-to-band absorption is practically
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forbidden on account of the small intermolecular overlap. Accordingly, although the physical principles underlying
In electric field the absorption bands corresponding tcelectro-absorption spectroscopy are the same, irrespective of
Wannier excitons may both shift and substantially broadenthe peculiarities of crystal bonding and zero-field spectrum,
The resultant EA contributions are governed by several facthe specific structure of the eigenstates largely determines the
tors. The binding energy of typical Wannier excitons is oftentheoretical machinery preferred for actual calculations,
comparable with the energy of the interaction with the modu-which for molecular crystals is different from that previously
lating electric field*62tin that case, the field strongly mixes developed for other systeri.
the excitonic bound states with the unbound electron-hole Theoretical description of Frenkel excitons may be alter-
continuum, leading to exciton autoionizati®hAs the spac- natively formulated either in the Hamiltonian form or in
ing between the different exciton levels is even smaller tharierms of the dielectric response functi®nThe former ap-
the exciton binding energy, the field-mediated coupling beproach is preferable for treating the coupling with CT states
tween the different excitonic levels is still more important; and was consistently used in previous microscopic calcula-
accordingly, experimentally accessible field strengths may béons of the EA spectr@?4-26 The alternative dielectric-
large enough to invalidate perturbational description. Morefunction formulatiod®27:28 is equivalent in principle, but
over, within the strictly hydrogenic model the exciton levelsclumsy in practical application in that particular context,
characterized by differeritnumbers are degenerate, giving since the nonlocal polarizability terdis’?®are not easily
rise to linear Stark effect; this degeneracy may be lifted byamenable to direct evaluation by quantum chemigoy
crystal-symmetry effects and spin-orbit coupfhgr by the  othe methods, unless one resorts again to the Hamiltonian
phonon-mediated deviations from the Coulombic form of thepicture2® In contrast, for the interaction with the electromag-
electron-hole interaction potential. netic field the dielectric function approach is the description
The physics of molecular crystals is different. Most of the of choice, and will be consistently used in the present paper.
above complications are absent for Frenkel excitons. It |n this treatment we will strictly follow the derivation of
should be noted that in these systems electro-absorption haghipott3° valid for absorption and reflection spectra. As the
been observed only for the excitations of relatively low en-paper addresses a controversial issue, in order to facilitate
ergy, since the absorption spectrum at higher energies is tQ@stajled verification of the results the treatment is presented
broad to produce a detectable differential signal. The energy, qnsiderable detail, including some intermediate steps that

of the interaction with the modulating fielen the order of o e ot heen explicitly shown in the classic monograps.
meVs is much smaller than the exciton binding energy As in Ref. 30, in the consideration of its interaction with

(typically on the order of e/ so that exciton autoionization S . . . )
may be safely disregarded. Also the spacing between moe_lectromagneﬂc fu_ald e"’.‘Ch transition dlpole moment is repre
lecular excited stateypically tenths of an eYexceeds the sen'Fed _by a_classmal dipole. For this (.j'p()le’ the equation of
field-induced coupling by ord&) of magnitude; conse- motion is written down and solved, using supplementary in-

quently, the effects of electric field are adequately handled b{Prmation provided by Maxwell's equations. This leads to
perturbation theory. he secu_lar equations for the Coulomb|c_ excitons of the sys-

The input data needed for interpretation are different adem, which may subsequently be applied to construct the
well. Wannier excitons are characterized by the effectivePolariton excitations.
masses of individual charge carriers and by the dielectric The underlying equations of motion of classical electro-
constant of the crystal. In contrast, for Frenkel excitons thes@ynamics are parametrized by the frequencgnd the oscil-
quantities are of no direct relevance; owing to the strondator strengthf of the transition under consideration. These
electron-hole correlation, theoretical description is based otwo quantities do not result from classical electrodynamics
the energies and oscillator strengths of molecular excitednd have to be provided either from experiment or from a
states, obtainable for the specific system in hand by quantuwiifferent theoretical paradigm, which in this case is molecu-
chemistry methods. lar quantum mechanics.

Even theoretical difficulties have a different nature for The same general approach remains applicable when the
Wannier and Frenkel excitons. Apart from the coupling withsystem is in an external electric fiekdof low frequency. In
the photon field which is in the focus of the present paperthe following we will assume that on the time scale of the
Frenkel excitons are coupled to charge tran$t&F) exci-  light wave oscillations the external field may be approxi-
tons. These latter states, although in some respect reminigiated as static; this is manifestly valid since in typical ex-
cent of Wannier excitons, are better characterized by specperiments the frequencies differ at least by 12 orders of mag-
fying the relative positionin terms of lattice siteésof the  nitude. For the sake of simplicity, we will also assume that
electron with respect to the hole. Their mixing with one an-the crystal under study consists of centrosymmetric mol-
other and with Frenkel excitons is best viewed in terms ofecules(which is the case for most systems of current intgrest
configuration interaction. The corresponding model Hamil-and contains one molecule per unit cell.
tonian may be derived from the total many-electron Hamil- In the equation of motion for the classical dipole the slow
tonian of the crystal by expansion with respect to tbrmal) modulating field has to be added to the driving electric field
intermolecular overlap integrafg;its actual form is specific of the light wave, but upon the Fourier transformation to
for the crystal structure in hand. There is no simple generidrequency domain the equations corresponding to different
description similar to that valid for Wannier excitons, but frequencies decouple from each other. In effect, the static
most of the ingredients necessary to parametrize the modékld (zero frequencydoes not contribute at all at the fre-
are accessible to quantum chemistry and microelectrostatiguency of the optical field, so that it does not enter the final
calculations. secular equation.
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The static field affects the resonance position at a differenbetween the static polarizabilities of the two states, i.e., the
level. As has already been mentioned, the equations of mgpolarizability change upon excitation.
tion of classical electrodynamics are parametrized by the mo- The other quantity needed to parametrize the relevant
lecular frequencies and oscillator strengths, and these depeeduations of classical electrodynamics is the oscillator
on the electric field. As all intramolecular effects, this depen-strength of the transition of interest
dence has to be treated quantum mechanically. )

This will be done in Sec. Il. The resultant field-modified _Zm 2
values of molecular transition frequency and oscillator fu(0) = @E‘)“KO'd'u)' ) )
strength will be used in Sec. IIl to write down and solve the ) o
electromagnetic equations of motion. The obtained energies " the following, we assume that the transition is allowed
of Coulombic excitons will be used in Sec. IV to construct &t Zero field, so thaf,(0) # 0. The oscillator strength in a

the polariton states. The results will be presented in Sec. Weak electric field is readily obtainable from perturbation
and discussed in Sec. VI. theory. Then, by virtue of Eq¢3) and(4)

II. MOLECULAR EXCITATIONS IN ELECTRIC FIELD

In a static electric field, the ground staté0) and the
excited statgu) are coupled by the produdi-d,, where
dg,=(0|d|u) is the transition dipole moment between the two
states. This coupling is described by the familiax 2 )+ S |S><S|—d -Flu)
Hamiltonian. In addition, each of the two states undergoes b E,- Es
the shift of —%ai’F2 (wherei=0,u), due to the dipolar cou- _ _ o _
pling to all other excited states of the system. is readily All terms linear in the electric field strength contain the
obtained from the sum-over-states expression with the termroducts of the same formal structu{@d|tXt|d|u), which
corresponding to the states 0 am@mitted. For the sake of Vvanish by symmetry. This is a consequence of the following
simplicity, these other states are taken into account merely eglementary argument.
contributors to the molecular polarizability; only one excited As by assumption the optical transition between the states
state per molecule will be explicitly taken into account. In|0) and|u) is allowed, these states must have different pari-
other words, the light frequency is assumed to be tuned ifies, i.e., the excited state is ohgerade(u) symmetry. In the
such a way as to probe a single nondegenerate molecularoduct(0|d|t)(t|d|u) the first factor vanishes unless the state

X

<<O| + E <t|w>

t#0 Eo_ Et

2

(5

excited state. t) belongs to thar symmetry species, while the second fac-
In effect, the eigenenergies read tor vanishes unless the same statebelongs to they sym-
metry species. These two conditions are mutually exclusive,
EuoF) = %(Eu - %%’FZ +Ep— %%IFZ) so the product under consideration is always equal to zero.
This considerably simplifies the final formula. In addition,

1 2 in the absence of magnetic field the wave functions may
i% (Eu— %au’Fz— Ep+ an’F ) always be chosen as real, giving rise to real transition mo-
ments. With this assumption and after some elementary alge-

, | M2 bra, Eq.(5) may be recast into the form
+4(F -do)”| (1)
AaF?2 2
whereE, , are the respective energies in zero field. Accord- fuF) =10 1~ ET a0l E (O[df|u)
ingly, the frequency of the transition from the ground state to Ou Ouli,j.1=1
the excited stat@ reads(in atomic units wheréi=1) xE 2 <u|d||s><s|di|t><t|dj|0> | ) ©
Woy = [(Eu - %auer —Eot %Ofo":z)2 +4A(F - dOu)2]1/2 Zoeru (Eo—E)(E,~Ey ' ')
2) where i,j,| label the Cartesian components of the corre-
which for a weak electric field may be approximated to re-sponding vectors.
constitute the familiar expression The sum over states in the above expression may be
1 e 1 e 5 thought of as an off-diagonéih the basis of zero-field eigen-
wou = Ey~ 30, F*~Eg+300'F*+ 2(F - do)/(E, ~ Eo) state$ matrix element of third-order hyperpolarizability
= Eqy - %AaFZ, 3) (coupling the ground state with the excited stateThe “di-

agonal” hyperpolarizabilitiegexpectation valugsare small
whereEy,=E,—E, is the frequency of the molecular transi- as a rule, and their off-diagonal analog should be at least as
tion at zero electric fieldey, o= ar, o' +2(F -do)?/ (Ey—Eg) is  small as they are. In effect, the last term in the above equa-
the total molecular polarizability in the appropriate electroniction is expected to provide only a marginal correction. This
state, also including the contribution from the coupling be-expectation is supported by the following argument.
tween the states 0 and and Aa=q,—«y is the difference An elementary rearrangement transforms &.to yield
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AaF? 2 F . o _EhF o,
fu(F) = fu(O){l - 2E,, + |d0u|2 [? + wou(F):|dsu(t) R dsdsy-E'(rgt) (10
3 (Ol [t)(t[ck[0) is parametrized by the frequeney,,(F) and the oscillator
DD {'—J—] strengthf,(F) of the transition under consideration. These
ijl=1t#0 s#u Eo-E two quantities depend on the slowly varyifigtatic”) exter-
nal electric fieldF according to the results of the preceding
() section. Note that the static field is also added at the right-
hand side of Eq(10).
Strictly following the classic derivation of Ref. 30, the
where the terms in square brackets are readily identified gsart of the electric fieldE'(r,t) which oscillates with the
contributions to the sum-over-states expressions for the cofrequencyw of exciting light is then decomposed into the

X{<U|d||5><3|diIU>}x - (Oldiju)(sidilt
By~ " Oldit)(sidhlu)

responding polarizability components. field of a free electromagnetic wave and the combined field
It is now expedient to introduce the constant of all the oscillating dipoles. Subsequently, Maxwell's equa-
tions are used to relate the fields to the current and charge
R=, [M} (8) density. This is most conveniently done in terms of the scalar
T L(O|di|ty(s|di|uy |, potential o(r ,t) and vector potentiah(r,t).

In the Coulomb gauge
whereav denotes averaging over the stateandt of the

molecule. This allows one to rewrite E(Y) in the approxi- V-A(r,1) =0, (11)
mate form Maxwell’s equations for the transverse part
AaF? R ) ( 1 az) A
fuF) =f,(0)| 1 - — + —— 5 apa,F?|, 9 V- S |A) =-—j*(r,t 12
u(F) = fy( )( g T 2Jdg B0 9) 2 (r,t) ) (r,t) (12

where o, and a are the directionally averaged polarizabil- @nd for the longitudinal part
ities in theuth excited state and in the ground state, respec- 2 —_
tively, (alternatively, this could be expressed in terms of in- Vie(ry Amp(r. Y (13
dividual Cartesian components of the correspondingf the field[Egs.(94),(95) of Ref. 30 are uncouplett and
polarizability tensors may be solved separately.

The importance of the last term in E®) depends on the The sources of the field are given bigs. (82),(83) of
value of the constanR. The contributions from individual Ref. 30
states to the average of H§) are expected to have different 3
signs, which in the first approximation may be considered j(r,t)=—=P(r,t)+cV X M(r,t), (14
random. The averaging of Eq9) is extended over all the ot
electronic states of the molecule, so that the number of terms
is very large, while the negative and positive contributions p(r,t)==V -P(r,p), (15)
igggﬁlgﬁor:sggrefggcfgg?gyogr&?a'zlse'thlleg\?:r'acgoigg'?Seé%?]\l/ghereP is the electric polarization vector of the medium. It

: ; can be expressed in terms of oscillating electric dipdig&)

over two sets of states andt), the cancellations should be [Eq. (84) of Ref. 30
pretty complete, resulting in a small value Bf (A similar 9 T
mechanism accounts for the generally small values of the P(r,H=>, do ()3T —r). (16)
hyperpolarizabilitieg.Accordingly, most of the numerical es- su

timates to follow will be done for the limiting cage=0. ) . 0 ) L
Of course, the above argument is not valid for a forbidder-0llowing Philpotf® we neglect magnetic polarizatiof, as
the magnetic effects are of no interest here. Equati®)

transition, wheref (0)=0, and the last term in Eq9) is ; . o N
singular. In that case the appropriate formula for the perS@n Pe easily solvethppendix A), yielding the longitudinal

turbed value of the oscillator strength should be obtainedf!ectric field
directly from Eq.(5), which is not pursued here because the | At
present paper is focused on the properties of very intense ~ E'(rst) == V o(rst) :—72 Tegdgw () +F, (17)
transitions. Osu
where

IIl. INTERACTION WITH LIGHT WAVES A .
Vo (1-3RssRsy)

In the standard consideration of the coupling between a Tse = E(l ‘%g)T (18)
molecular exciton located at siteand the radiation field? ss
the transition dipole moment,,=(0|dJu) is represented by a denotes the dipole tensgp,s appears here, because rat
classical oscillating dipolé(t). Its equation of motio#? in  =r the field due to the dipoledgt) must be omittedand
the electric fieldE'(r,t) Reg=rs—ry.
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The transverse part of the electric field is given by theabsence of light waves, i.e., when the driving field vanishes,

vector potential Ap(r,t)=0. This yields the frequencies of Coulombic exci-
14 tons as the roots of the equation
1 -
EXr=-_—AD. (19 defl + 4ra(w) - T(K)| =0, (28)
Substituting Eqs(17) and (19) into the equation of motion Where
(10) yields .
e2 ( . T(K) =2, Thy exdik - (ry=ry)] (29
J Aqef (F n
E{(—mZ(F))a Sow + ———2(dsdsy) T } gy (1)
gu L\ o s oo Tos A is the lattice sum representing the Fourier transform of the
dipole tensor.
ezfu(F) (dsud5u)<|: _ }—A(rs,t)) (20) ' .For a single .exc'iton brancfone allowed molecular tran-
Mg sition) the solution is
while Eq. (14) allows one to rewrite Eq.12) in the form w?(F) = wgu(p) + wgfu(F)T(k) (30)
17 4 d eldi i i
(VZ— ——)A( f)=- —77—Pl(r,t). (21) yielding the approximate energy of the exciton

4
_ am 2T(k) = -
For a crystal in a static electric field, interacting at the E(F)=Eou(F)+ ” |du(F)|“T(k)

same time with the monochromatic driving field of fre-

guency w all dynamical quantities have only two Fourier ~E. + 4—W|d 2T (k) 1 Aa—4—WRa a,T(K)
components in frequency domain: the static comporeet o ou o

noted by the subscrif® and the optical componefdenoted (31)

by the subscriptD). Upon Fourier transformation to fre- A A

quency domain the equations corresponding to different frewhere T(k)=d,-T(k)-d,

quencies decouple from each other. For zero frequency, the This shows that foR=0 the effect of the static electric
corresponding equation reconstitutes the standard result dfeld consists in shifting the exciton energy according to Eq.

scribing the static polarization of the dielectric: (3), in perfect agreement with the classic argument of Ref. 4.
The term proportional t& is expected to be a small correc-
2 [1o +4mafO)TeslPys=afOF, (22 jion,

s

Following the standard practi¢&3? the lattice sum may
5 be split into the analytic and nonanalytidirection-
V2A4(r) =0. (23)  dependentpart
The part of the field that is relevant to optical phenomena is _ ~
readily singled out at the optical frequency T(k) =1(0) + (k - d)*. (32)
i Substituting Eq(32) into Eqg.(31) one can easily see that the
E [16sy + 4ma(0) T Pyp = :as(w Ap(ry, (24 nonanalyticity of the lattice sum leads to the dependence of

s the exciton energy on the direction of wave vedtor
IV. POLARITON EFFECTS
24 ) An(n) =i Z P} 25
Vet 2 p(r) =i c @ p(r), (25) For an infinite crystal and a finite driving transverse field
. o Ap(r,t) we assume the vector potential of the form
where we have introduced the polarlzablllty tensor )
A(r) =Agexplik -r), (33
ag(w) = —E 5dsds, (26)  wherek is a vector from the first Brillouin zone andl, is
0 u wOU perpendicular tk. It means that only the coupling of exci-
and polarization per unit cell tons (with wave vectork) to photons with the same wave
vector is taken into account; the coupling to photons with
21 Sd,, 27) wave vectork +K, whereK is any reciprocal lattice vector
sun

(different from null vector is ignored. As mentioned by
Philpott (Ref. 30, this approximation holds extremely well
wherei=S,D. Equations(24),(25) show explicitly that the in the visible and ultraviolet range.
static field does not contribute at optical frequency, and con-  After the Fourier transformation to space, Eqs(24) and

sequently affects crystal absorption and reflection merely vig25) describing the part of the fields that oscillates with op-
the field-induced changes of the molecular transition fretical frequency assume the form

guencywq, and oscillator strengtffy,. )
Following Ref. 30, the above equations may be readily 1+4 TP = lw A 34
solved for a crystal with one molecule per unit cell in the [ mel ) T(k)]Po a(@)Ao, (34
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2
4 ~n
(%—W)Ao:i{w(l—kkwo, (35)

[=)}
T

where the amplitude of polarization is given bk,
=(vp) "=, d,, andd, is defined asly,=d, expik -ry).

. . 5 -1
Extinction coefficient, € (10°cm )

Solving Eq.(35) for Ag and substituting the result into Eq. 4 .
(34) leads to the equation fd?,. Nontrivial solutions of this
equation exist only if

2 L -
det(1-n?)1+[1+47a(w)T(K)] 4ra(w)(1-kk)| =0,
(36) o .

wheren=clk|/w is the refractive index. Equatioi36) is the 10000 20000 30020 40000
polariton dispersion relation. Wave number (cm )

For a crystal with one molecule per Lfmt cell and all tran- FIG. 1. Calculated absorption spectra #+90° (solid line), 60°
sitions polarized along the same directidnEq. (36) can be  (dotted ling, 30° (dash-dot ling and 5°(dashed ling
simplified using the formula
nn trum of a specific crystal, but to illustrate the salient features
[1+47a(0)T(K)] el w) =[1 + 4ma(w) T(K)]  a(w)dd, of the coupling between the excitons and photons. Thus, the
(37) effects of Davydov splitting are out of our present scope, so

. . that this simplified picture of the crystal is sufficient for our
where a(w)=d-a(w) -d. Then the refractive index for pho- purposes.

tons linearly polarized along, can be calculated: The assumed electric field of 23 kV/cm is typical of ex-
. periments reported in the literatut@he parameteRr is not
[N (k) P=1+ Ao w) (8, - d)? (38) known for sexithiophene, but on general grounds is expected

to be small(see Sec. )l Therefore, the EA signal calculated

] o ] for R=0 is expected to be reasonably realistic. This expecta-
For the ordinary ray, the photon polarization vectris  fion is reinforced by the finding that for tHe values up to
orthogonal to vector& andd, while for the extraordinary about 0.3 the signal does not change qualitatively, and the

1+ 4ma(w)T(K)

ray it lies in the plane of the vectoks andd. quantitative differences grow rather slowly with increasing
After adding some phenomenological damping, the polarR.
izabilty becomes complex: The dependence of the electro-absorption spectrum on the
angle ¢ (Fig. 2 is a consequence of the changes in the ab-
o) = ﬁ fzu (39) sorption spectrungFig. 1); the latter exhibits normal orien-

-y, tational dispersion, resulting from the directional dependence
of the lattice sum of Eq(32). For all angles the EA signal
and so does the refractive index. Its imaginary part can thegvidently follows the first derivative of the absorption spec-
be related to the extinction coefficient trum, reconstituting the well-known result of the earlier phe-
26 Im[N(w,k)] npmenological approachés,based on the followingclas-
= (40)  sic) argument.
The absorption spectrurtdependence of the extinction
coefficient on photon energy )Emay be represented as
V. RESULTS AND DISCUSSION s(E):_f(EC_)s(E—EC), wheref is the osciIIatqr_strength of the
transition in hand, dependent on the transition en&gwynd
Equation(40) has been applied to simulate the absorption
spectrum(Fig. 1) of a model crystal, and subsequently to  TABLE I. Input parameters for the calculation of the model
calculate the electro-absorption signal as the difference bespectra.
tween the absorption spectrum at nonzero and at zero-electric
field. The spectra are shown for several values of the afgle Parameter Value
between the wave vector and the transition dipole moment,

mvg a)gu— w

c

~1
representing different crystal orientations. oy (0 20330 cm
The input data(Table ) roughly mimic the situation in |dou(0)| 2.0€A
sexithiophend6T), being based on the parametrization used Yo 530 A°
previously in the interpretatiérof the experimental EA spec- t(0) -0.17
trum of this crystal. Of course, this mimicry has to be taken Y 1500 cm?
with a grain of salt, because the unit cell of the model crystal F 23 kV/cm
used in these calculations contains one molecule, while that Aa 80 A3
of sexithiophene contains four molecules. However, our a 93 A3

present objective is not to reproduce in any detail the spec-
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' ' ' ' lecular polarizability. In this expression, the transition dipole

06 moment appears in th@econd powerand its contribution is
— weighted by the inverse of the energy gap between the
g 04 ground and the excited electronic state. It should be empha-
‘2’ sized that there is no terdinear in the transition dipole
= 02 moment.
k! This observation is important in view of the recent con-
g 0 troversial interpretation of the electro-absorption spectrum of

sexithiophené-® The interpretation is based on the assump-

W . tion that the resonance position depends linearly on the tran-

02 |
s - ! s sition dipole moment from the ground state to the relevant
10000 20000 30000 40000 excited state. In this way, the transition moment, which is an
Wave number (cm ) off-diagonal matrix element of the dipole moment operator

(and hence, strictly speaking, has no classical counteyjmrt
treated as if it were an expectation value, i.ediagonal
matrix element of the dipole moment operator. Even without
the derivation we have presented, it is obvious on quantum-
mechanical grounds that the difference betweeretgenen-

" ) o . ergiesof the two relevant electronic statédefining the po-
the transition energy, induced Bwealy electric field, gives sition of the optical resonangenust notdepend linearly on

rise to absorption change, which may be approximated as any off-diagonal matrix element odiny operator.
If(Ep) Is(E-E,) This conclusively determines the shape of the signal due
Ae(E)=s(E-E) &Ec AECJ'f(Ec)TAEC' to a Frenkel state as the first derivative of the absorption
¢ spectrum, in contrast to the second-derivative shape, invoked
(41) in Ref. 7. In fact, the second-derivative shape emerges as a
For allowed transitions, the first term is normally negli- result of the off-diagonal coupling by the dipole moment
gible (which is also the case in our present calculatipns Operator between two closely spaced electronic states. This is
while in the second term the differentiation with respedego  illustrated by the following argument.

FIG. 2. Electro-absorption spectra calculated wrhO for 6
=90° (solid line), 60° (dotted ling, 30° (dash-dot ling and 5°
(dashed ling

sis the shape function, centeredit The small shifAE, of

C

may be replaced by differentiation with respec&ato yield Let the position of the ground state serve as energy zero.
the derivative of the(measurell absorption spectrum with Suppose that in the absence of electric field two excited elec-
respect to photon energy tronic stategl) and|2) have the energieg,; andE,, respec-

tively, and that the off-diagonal matrix elemetht(1/d|2) of

Ae(E) = f(EC)MAEC the dipole moment operator does not vanish. Then in the
JE, electric field the two states are coupled according to the
Hamiltonian
JS(E-E
= 1) PEZE
JE ( E; d-F) 44
=- AE.. (42)
JE with the eigenenergies

Substituting the expression for the shift from E8§), one
recovers the familiar expressith
Je 1 e In the absence of electric field the corresponding optical
As=-—AE.=>—AaF? (43)  transitions would be observed in absorption at energigs
JE 20E : : ) . -
andE,. It is readily seen that, owing to the dipole coupling,
Consequently, the signal is proportional to the first derivativen the electric field the lower state exhibits a redshift and the
of the absorption spectrum, and the prefactor in this dependpper state exhibits a blueshift, yielding a first-derivative and
dence is governed by the polarizability change between then “inverted” first-derivative(with negative lobe preceding
ground and excited electronic state of the molecule, whiclihe positive lobg EA signal, respectively. In general, these
exactly agrees with the EA spectrum of Fig. 2 calculatedsignals could be well separated on energy scale. In the spe-
numerically. The positive lobe of the first derivative precedescial case when the spectral widths of the transitions to these
the negative lobe on the energy scale, since the energy shiftates markedly exceed the differerige-E,, the two signals
is negative. These results reconstitute the common wisdoruse to yield a second-derivative shape. This usually happens
existing in the field, and were to be expected. for charge transfer states, as is discussed in Appendix B.

It should be noted that the transition dipole moment of the It is clear on this view that the couplirgy the transition
molecular state to which the exciting light is tuned enters thedipole moment of an isolated Frenkel state to the ground
overall F-induced shift on exactly the same footing as thestate cannot produce a second-derivative EA signal, as pos-
transition dipoles of other excited states do, i.e., only via thdulated in Refs. 7-9. In the first place, in this case there is
corresponding contribution (& -dg,)%/(E,~Ep) to the mo-  only oneoptical transition: from the ground state to the ex-

E.=3(E;+Ep) £ 3V(E;—Ep?+4(d-F)2. (45
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cited state, while in order to get a second-derivative shape
two closely spaced transitions, shifting apart, are necessary.
Second, the spectral shift is due exclusively to the second-
order perturbational correction to transition energy, governed
by the polarizability changgsee Eq(43)]. As stated above,
the transition dipole moment enters this expression in the
secondpower. In Ref. 7 it is the unphysical assumption that
the shift is proportional to thérst power of the transition
dipole moment that gives rise to (monexistent in reality
pair of closely spaced statdwith the transition moments
oriented “upfield” and “downfield’ that shift apart in the . . . . .

EA signal, Ag (cm-l)

electric field. The second-derivative signal shape is an arti- 10000 20000 30000 40000

fact of the applied model, where the off-diagonal transition Wave number (cm™)

dipole moment is confused with the corresponding expecta-

tion value. FIG. 3. Electro-absorption spectra calculated wih1 for 6

For similar reasons the amplitude of the corresponding90° (solid line), 60° (dotted ling, 30° (dash-dot ling and 5°
EA signal, calculated with the same assumption, seemingl{fashed ling
agrees with experimeritin the correct expression, the dipole
coupling between the ground state and the excited state in VI. CONCLUSIONS
hand contributes to the observed EA signal via the corre- The interpretational paradigm of electro-absorption spec-
sponding term in the polarizability change between the twaroscopy as applied to molecular crystals, was developed in
states. If this term is separated @as is done for argument’s the last two decades of the past centtityt was based on
sake in the derivation of Sec)]lthe corresponding transition the expansion of the absorption intensity in power series with
dipole momentd,, is weighted by the factoiF-dq./(E,  respect to the modulating electric field, and led to the con-
-Ey); the (large) denominator containing the energy separa-clusion that for centrosymmetric crystal consisting of cen-
tion between the two coupled states makes this contributiotrosymmetric molecules the Frenkel states give rise to first-
quite small. In the numerical estimatesf the shift induced derivative EA signals, with the amplitude governed by the
by the electric field this weighting factor is disregarded,polarizability change between the ground and excited elec-
based on arinvalid) intuitive argument, where the induced tronic state, whereas the CT states give rise to second-
dipole moment is identified directly with the transition dipole derivative EA signals, with the amplitude governed by the
moment rather than with the corresponding weighted contridipole moment of the corresponding localized CT configura-
bution. The absence of the weighting factor results in theions. Some exceptions to this latter rule may be encountered
shift of the resonance position being overestimated by sevand more complicated cases may emerge when guantum-
eral orders of magnitude, so that it seems to account comechanical mixing between the different localized configu-
rectly for the size of the observed spectral shift. rations(Frenkel and CTis included, but the gist of the origi-

Although large values of the paramef®iseem rather un- nal intuitive picture remains valigf24-26
likely in real systems, its influence on the EA spectrum has Recently, the applicability of the above interpretational
also been tested. F&=0, the effect of electric field is due paradigm to very intense transitions has been challefided.
exclusively to the change of the molecular transition fre-According to the new approach, for such a transition the
quency wge 0N the left-hand side of Ed7); the correction transition dipole moment, which is an off-diagonal matrix
due to the change of the oscillator strength on the right-handlement of the corresponding operator, should be treated as if
side of this equation vanishes for centrosymmetric mol-it were a permanent dipole moment, which is an expectation
ecules. As shown in Sec. Il, the leading contribution to thisvalue (a diagonal matrix elemenof this operator. In effect,
latter change results from the second-order correction ta very intense Frenkel transition was predicted to produce a
zero-field eigenenergies, is quadratic in the electric fieldsecond-derivative EA signal, contrary to the expectation
strength and is governed by the polarizability change. In thévased on the classic arguméfit.
transformation from Eq(30) to the final expression for the Among other conceptual problems the new approach cre-
exciton energy given by Ed31) this term is exactly com- ated, it has been unclear how the new paradiglaimed to
pensated by the same factor in the energy of the moleculdse valid for very strong transitionshould match to the clas-
transition, which enters in the denominator. sic paradigm, valid for weaker transitions, and how this con-

This is no longer true wheR is not negligibly small. The ceptual gap could be bridged for the transitions of interme-
EA signal predicted foR=1 (which is probably unphysically diate oscillator strength. In contrast to the classic paradigm,
large is displayed in Fig. 3. The obtained signal shapes aréased on a well-defing@nd hence verifiab)ederivation, the
unusual; some deviate significantly from the first derivativenew ad hoc approach has been based on purely intuitive
of the absorption spectrum, but still they never resemble theotions, not amenable to formal mathematical verification.
second derivative. To the best of our knowledge, signaiThe present paper presents a systematic derivation of the
shapes similar to those shown in the figure have never beeslectro-absorption signal, valid for any nondegenerate Fren-
experimentally observed for an allowed transition, in keepkel transition irrespective of its absorption intensity. The
ing with our tentative expectation thRtis generally small.  derivation is open to complete formal scrutiny. The present

235205-8



THEORETICAL INTERPRETATION OF ELECTRAQ:-. PHYSICAL REVIEW B 71, 235205(2005

paper shows that the EA signals of all optical transitionswas not directly attributable to the bands actually observed in
regardless of their oscillator strength, are subject to exactlabsorption spectroscopy. In effect, if the EA spectrum was
the same classic interpretational rutéd,e., that very strong not calculated from a microscopic modgls was done in
transitions exhibit no peculiarities that would justify treating Refs. 6, 22, and 24-26but simulated by plain fitting, the
them as exceptional. . energies of CT excitons had to be introduced as free param-
Admittedly, the absorption and reflectance spectra of veraters and there was no cross-check on their values.
intense states have some specific features. Owing to thexithiophene is exceptional in the sense thabiplarized
strong interaction between the transition dipoles, the energieg,sorption spectrum provides an additional verification of
of Coulombic excitons depend on the direction of the waveyg nplied theoretical approaamtably, confirming the cal-
vector, which results in the deperjdenc%gf the absorption an&hla’ted positions of the CT stajesor this reason, the inter-
;?rf:)encgtl?;r(;u?)ﬁ)i?]grt?et?/yeecrmﬁglr:éligggtl fieié\ﬂgrzzot\;]zr,e;r::?ton gretation is in this case especially important conceptually.

. . The same physical mechanisms are expected to be opera-
produ&es”pola;:ton. states, r.esptc))ns:jbélg for the occurrence of . ;' o varie[zyyof other interesting systefns such as o?her
metallically reflecting stopping bands’ . . L9 '

( y g stopping igothiophenes, perylene derivativ&s, etc. Electro-

It should be emphasized that the contentions expressed , . X .
the present work do not apply to the published experimentaft sorption spectroscopy is a useful tool to investigate these

spectra of sexithiopherfe® These spectra are extremely C@Ses, espemally in view of its ability to probe the charge
valuable; the single crystal spectria the first EA spectrum transfer states, vital for the process o_f charge carrier genera-
of an organic single crystal that has ever been measured, af#i@n and consequently fapptojelectronics. We hope that the
represents a major breakthrough in electro-absorption Spe@Jimination of interpretational ambiguity will facilitate and
troscopy. However, as has been demonstrated above, t&courage further applications of this valuable experimental
original interpretation of the spectra is not tenable. technique.

The faulty interpretational approatcfiled to the incorrect
conclusion that the EA spectra of the sexithiophene single

crystal and films were dominated by Frenkel excitations, ACKNOWLEDGMENTS
with no observable contribution from charge transfer states. L i ) )
This conclusion is not valid. The observed EA signals evi- llluminating discussions with Professor R. W. Munn, Dr.

dently exhibit second-derivative shap@which, as demon- S. Tavazzi, Dr. P. Spearman, Dr. J. Gierschner, and M. Lai-

strated above, is ruled out unless contributions from CT excini, are gratefully acknowledged.

citons are involved.

Theoretical calculation$pased on a microscopic Hamil-

tonian, have quantitatively reproduced the sexithiophene EA APPENDIX A

signal, and confirmed the CT provenance of a majority of the

observed spectral features. As the underlying theoretical

approach explicitly accounts for the mixing between the o(r' )

Frenkel and CT states, the eigenstates are no longer assigned o(r,t) :J —d?r + (I, 1), (A1)

as purely Frenkel or purely CT, but may still be characterized rr=r'|

by the dominant contribution that defines their actual provs o0 o ¢ 1) denotes the solution of the Laplace equation,

enance; their vibronic replicas are also included in the " . "
chosen in such a way as to satisfy the boundary conditions

model, as well as other low-energy intramolecular excita- hich in thi bodied in th f ext |
tions. The treatment invokes no assumptions regarding th&/1¢h 1N tiS case aré embodied In (h€ presence of exierna

shape of the EA signal, which is calculated directly as the>@@tic electric fieldeo(r,t)=—Fr. Upon substitution from
difference between the absorption spectrum at nonzero- ariddS: (19),(16),(A1) becomes
zero-electric field. Vo' -ty
The experimental EA spectrum of the sexithiophene qo(r,t):—Eds(t) J —,d3r’—F-r
crystal—? interpreted in Ref. 6 was measured for the light s g lr=r|

The solution of the Poisson equati@iB) is3!

polarized along théb crystal axis. Owing to the peculiar 1

arrangement of the molecules in the unit cell, the corre- = dgt) f or’ —rS)V<—,>d3r’—F-r
sponding Davydov component of the lowest Frenkel exciton s R r=r’|

has extremely low intensity, which makes the CT stdpes d(t) - (r=ry

larized along this directiondiscernible also in the absorption => 3—3 -F-r. (A2)
spectrum. Apparently, quaterthiophéhds an analogous s Ir-rd

case. In other molecular crystal{such as, e.g.,

polyacene$®25343% the eigenstates of CT parentage are

rarely observable in absorption spectroscopy, being masked APPENDIX B

by vibronic satellites of the lowest Frenkel transition. It is

usually the large sensitivity of the CT states to electric field In centrosymmetric systems, the linear dependence of the

that amplifies their contribution to electro-absorption, mak-energy eigenvalues on the off-diagonal matrix element of the

ing it comparable to Frenkel contributions. dipole moment operator may emerge only for the states that
Accordingly, in most cases the observed EA signal of CTat zero field are(quas) degeneraté®3” This happens for

origin could be identified by its second-derivative shape, butharge-transfe(CT) states, as will be demonstrated below.
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For a pair of molecules andB let us take as the basis set erator is in this basigff-diagonal (since d=(A*B™|d|A*B")
the localized CT configuration\*B”) and |A"B*). In this  =(CT*|d|CT")).
basis, the Hamiltonian reads Yet, in the limit of very weak intermolecular interaction
W— 0, the eigenvalues
(ECT+ F-d W )

W Egr-Fd (5D E. = Ecrt J[WP+ (F o)) ®3)

_ _ - . still depend linearly on the perturbatidh-d and hence on
whereW=(A"B"[H|A"B") represents the matrix element that yo gingle moment! which in the basis of the zero field

governs the exchange of the charges between the two makjgenstates isff diagonal In effect, the interaction with the
ecules. In the classical approximatiow is disregarded. electric field again pushes the two eigenstates apart, giving
Then, owing to the linear dependence of the energies on thgse to a pair of first-derivative signalsne simple and one
perturbationF -d, in an electric field one of the states under- inverted. As previously, the spectral widths of the two states
goes a redshift and the other one a blueshift, producing, a@re much larger than the field-induced shifts, so that the two
cording to Eq.(43), a first-derivative and an “inverted” first- first-derivative signals fuse to yield a second derivative.
derivative EA signal, respectively. The two CT states split, Based on Eq(B3) it is readily seen that in fact the electric
but in electric fields used in actual experiments this splittingfield alwayspushes the two eigenstates apart, irrespective of
is much smaller than the spectral width of the correspondinghe actual value ofV. Consequently, even for substantial
transitions. Consequently, the two first derivatives fuse to/alues of the zero-field splittingV the signal will retain the
yield a second-derivative shape of the EA signal, with thesecond-derivative shape, as long as the splitting is markedly
amplitude proportional to the dipole momesht smaller than the spectral width. For CT states this is the
As demonstrated in the past quantitative reproductions ofypical situation, since the off-diagonal CT interactions, be-
the EA signals of several systedfs2>26the classical ap- ing limited by intermolecular overlap, are usually not very
proach discussed above is insufficient to rationalize somérge. However, there are exceptigAg>2°in some systems
features of the experimental spectra; the quantum mechanicétllerene being a prime exampf, the off-diagonal CT
off-diagonal interactiongdependent on intermolecular over- terms add and yield a cumulative splitting exceeding the
lap) that govern charge transfer between the molecules turfpectral width. In that case, the two eigenstates of CT origin
out to have crucial importance. In the simplistic dimer modelmay give rise to a resolved pair of first-derivative EA signals
underlying Eq. (B1), they are modeled by the charge- (one simple and one invertgd
exchange ternw. Based on the classic arguméritfirst-derivative EA sig-
Accordingly, in the followingW is no longer neglected. nals are usually attributed to Frenkel excitons and second-
Then, upon transformation to the symmetry-adapted basiderivative signals to CT states. Apart from the issue of the
|CTH)=2"Y4|A*B")£|A"B*)), the Hamiltonian of Eq(B1) mixing between the Frenkel and CT statasich is beyond

becomes the scope of the present work, but has been exhaustively
treated in other pape&%®42j the above results show that a

EcrtW  F-d CT state, although typically expected to exhibit a second-

F-d Ecr-W/ (B2)  derivative EA signal, may in some instances produce a first-

derivative signal. On the contrary, a nondegenerate Frenkel
It is readily seen that in this representation the Hamiltoniarstate is always bound to produce a first-derivative sifjasl
is diagonal at zero-field, its diagonal elements representinpllows from Egs. (3) and (43)], but never a second-
the zero-field eigenenergies, and that the dipole moment ogerivative signal.

*Email address: petelenz@chemia.uj.edu.pl °S. Méller and G. Weiser, Synth. Mel.22, 41 (2007).
1L. B. Clark and M. R. Philpott, J. Chem. Phys3, 3790(1970. 10R. K. Swamy, S. P. Kutty, J. Titus, S. Khatavkar, and M. Thakur,
2M. R. Philpott, J. Chem. Phys4, 111 (1971). Appl. Phys. Lett.85, 4025(2004).
3V. M. Agranovich, Theory of ExcitongNauka, Moscow, 1968 P. R. Bangal, D. M. K. Lam, L. A. Peteanu, and M. Van der
(in Russian. Auweraer, J. Phys. Chem. B08, 16 834(2004).
4L. Sebastian, G. Weiser, and H. Bassler, Chem. Plfgs.125 12\, Stampor, J. Mezyk, and J. Kalinowski, Chem. Phg85, 77
(1981). (2004.
5L. Sebastian, G. Weiser, G. Peter, and H. Bassler, Chem. Phyé?E. Jalviste and N. Ohta, J. Chem. Phyi21, 4730(2004.
75, 103(1983. 14K, Yanagi, T. Kobayashi, and H. Hashimoto, Phys. Rev6B
6M. Andrzejak, P. Petelenz, M. Slawik, and R. W. Munn, J. Chem.  115122(2003.
Phys. 117, 1328(2002. 15M. Knupfer, T. Schwieger, H. Peisert, and J. Fink, Phys. Rev. B
’S. Moller, G. Weiser, and F. Garnier, Phys. Rev.68, 15749 69, 165210(2004.
(2000. 16M. Cardona,Modulation SpectroscopyAcademic, New York,
83. Méller, G. Weiser, and F. Garnier, Synth. Met16 305 1969.
(2007). 17D, E. Aspnes, Phys. Rel47, 554 (1966.

235205-10



THEORETICAL INTERPRETATION OF ELECTRAQ:-. PHYSICAL REVIEW B 71, 235205(2005

18G. Weiser and A. Horvath, Chem. Phy227, 153(1996. 29p. Petelenz, Chem. Phys. Left15 607 (1993.

19A. Horvath, G. Weiser, C. Lapersonne-Meyer, M. Schott, and S30M. R. Philpott, in Advances in Chemical Physjcsdited by I.
Spagnoli, Phys. Rev. 53, 13507(1996. Prigogine and S. A. RicéWiley, New York, 1973, Vol. 23, pp.

20G. Weiser, J. Lumin.110, 189 (2004. 227-341.

21C. B. Duke and M. E. Alferieff, Phys. Revi45, 583(1966.

22p, petelenz, M. Slawik, K. Yokoi, and M. Z. Zgierski, J. Chem.
Phys. 105 4427(1996.

23R. W. Munn and P. Petelenz, iBrganic Electronic Materials:
Conjugated Polymers and Low Molecular Weight Organic SoI-3
ids, edited by R. Farchioni and G. Grosso, Vol. 41 of Springer
Series in Materials Scieno&pringer-Verlag, Berlin, 2001 p.

31J. D. JacksonClassical Electrodynamics, Second Editighiley,
New York, 1975.

32M. Born and K. HuangDynamical Theory of Crystal Lattices
(Clarendon, Oxford, 1954

3S. Tavazzi, A. Borghesi, M. Laicini, and P. Spearman, J. Chem.
Phys. 121, 8542(2204).

327. 34p,_J. Bounds and W. Siebrand, Chem. Phys. L#%.414(1980.
24G, Mazur, P. Petelenz, and M. Slawik, J. Chem. Phykg, 1423  >°P. J. Bounds, P. Petelenz, and W. Siebrand, Chem. Fi/803
(2003. (198Y).
25\, Slawik and P. Petelenz, J. Chem. Phyi9)7, 7114 (1997;  *°P. Petelenz, Chem. Phy471, 397 (1993.

111, 7576(1999. 37p, Petelenz, iDrganic Nanostructures: Science and Applications
26B. Pac, P. Petelenz, M. Slawik, and R. W. Munn, J. Chem. Phys. Proceedings of the International School of Physics “Enrico
109, 7932(1998. Fermi,” Course CXLIX, Bologna, Italy, edited by V. M. Agra-
2’R. W. Munn and T. Luty, Chem. Phy®1, 41 (1983. novich and G. C. La RoccgBocieta ltaliana di Fisica, Bologna,

28T, Luty and C. J. Eckhardt, J. Chem. Phyai, 520 (1984). Italy, 2002, p. 1.

235205-11



