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Abstract

Second-order Stark effect is analysed in terms of the third-order non-linear susceptibility y ®(w;,0,0) within a
centrosymmetric one-dimensional three-level model. The Stark effect manifests itself in the electroabsorption spectrum
mainly as the first or the second derivative of the unperturbed absorption spectrum that corresponds to either Stark shift or
Stark broadening, respectively. Domination of the first or the second derivative in the electroabsorption lineshape depends
on the energy gap between the first dipole-allowed state and a nearby excited dipole-forbidden state. The model takes into
account inhomogeneous broadening and vibronic sidebands of both excited states. © 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

Electroabsorption (EA) spectroscopy is a highly
informative and sensitive tool for studying the ex-
cited state spectrum of condensed mediain inorganic
semiconductors [1,2], organic dyes in matrices [3],
molecular crystals [4], conjugated molecules [5] and
polymers[6,7]. The EA signal at probe energy % w is
a change of the sample transmission in the presence
of an applied electric field. This change can carry
information about excited electronic states with ener-
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gies near 7 w. Electronic states of centrosymmetric
materials are classified as dipole-alowed |B,) and
dipole-forbidden |Ag>. The latter are invisible in
linear absorption but play an important role in the
non-linear-optical (NLO) response and relaxation
processes. In particular, the EA intensity and line-
shape strongly depend on the energies of the excited
A, and B, states.

In many cases, the EA spectrum closely follows a
derivative of the unperturbed absorption spectrum.
The well-known case is a quadratic Stark shift for
which an EA signal follows the first derivative (FD).
The FD-like EA implies that an excited A ; state is
near the 1B, state and these two states are strongly
dipole-coupled. The FD dominates the EA spectra of
many conjugated polymers [6]. An EA spectrum
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following the second derivative (SD) was observed
in various types of polyacetylenes [8—11] while an
EA spectrum following a mix of SD and FD was
reported for B-carotene [5]. The SD-like EA spec-
trum in polyacetylene was explained earlier as a
field-induced broadening of defect [12] or excitonic
states [9]. Recent interpretations of the SD-like EA
involve the linear Stark effect appearing as a result
of disorder-induced inversion symmetry breaking in
the mw-conjugated chain [7,13]. In this Letter we
show that the SD-like EA can be interpreted as a
quadratic Stark broadening.

If EA demonstrates a quadratic field dependence,
it can be properly analysed in terms of the third-order
NLO susceptibility y®(w;®,0,0), which can be cal-
culated from a sum-over-state (SOS) model. The
relationship between the absorption spectrum deriva-
tive and the EA spectrum seems to be first estab-
lished by Aspnes and Rowe [14] for inorganic semi-
conductors. It was found that the EA follows the
third derivative in a SOS x® model for extended
states. For centrosymmetric materials with a discrete
spectrum of states the derivative analysis of EA
spectra was recently performed by Soos and co-
authors [15] on the basis of a three-level model using
Taylor expansion of the unperturbed absorption line-
shape. The importance of the SD was shown in the
case of overlapping B, and A, excited states. Pete-
lenz analysed a simple dimer model for a pair of
charge-transfer states in polyacenes [16]. He found
that the quasi-degenerate pair of dipole-allowed and
dipole-forbidden states corresponds to SD-like EA,
whereas the well-separated pair corresponds to FD-
like EA.

This Letter presents a systematic derivative analy-
sis of the quadratic EA in terms of x® calculated
within a centrosymmetric three-level SOS model.
We show that the SD-like EA corresponds to
quadratic Stark broadening and originates from the
overlapping excited A, and 1B, states. The main
parameter of the model is the ratio of the energy gap
A between |A ;) and [1B,,) to the homogeneous line
broadening parameter I'. If A/I'< 1, then the SD
dominates the EA profile (Stark broadening), if A/T"
> 1, then the FD dominates the EA profile (Stark
shift). Our model takes into account inhomogeneous
broadening and vibronic sidebands of both excited
states.

2. Derivative analysisin a three-level model

Assume that EA scales quadratically with the
applied static electric field F. We do not consider
here electrostriction and orientation contributions,
which give EA signals following the absorption line-
shape, i.e. the zero derivative [3].

We begin with an idea one-dimensiona case
supposing that linear centrosymmetric non-inter-
acting molecules with N electrons per unit volume
are in vacuum. Consider a molecule with three states
dominating the resonant optical response: the ground
state |G) = [1A ), thefirst dipole-allowed state [1B,,)
and an excited dipole-forbidden state |A ;). Accord-
ing to Orr and Ward [17], the main contribution to
F-induced optical polarization is given by the reso-
nant term of y®

)((3)((»;(0,0,0)
2 2 1
?|,U»o| | pyl m
1
wo+A—w—il"’ (1)

where w, is the frequency of the dipole-allowed
transition |G)—{1B ;) characterized by the matrix ele-
ment uo and A = w, —w is the gap between A
and 1B, which are coupled by the matrix element
M-

The quadratic EA spectrum is given by a change
in the absorption spectrum da(w) = 4mw/(N(w)c)
Imy®(w)F?, where c is the light velocity and
n(w) is the refractive index. From Eq. (1) we have

Imx®(w)

_?llJ«olzllJ«ﬂzr 5 2
[(wo—w) +F2]
3(w0—w)2+2(w0—w)A—F2
(wo—w)2+2(wo—w)A+A2+F2.
(2)

2.1. Second derivative

Assume that [1B,) and |A ;) are nearly degener-
ate, i.e. |Al < I'. Then Eqg. (2) in the region of the
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IG)—1B,) transition (Jw — wo|~T") can be ex-
pressed via the SD of the absorption lineshape *
Imx®(w)

02 r

do? (w—w0)2+F2
L, ImyP(w)

YR (3)

(o)

Im x®(w) is negative near the absorption peak,
when | — w,| < I'/ V3, and positive on the absorp-
tion edges. This can be considered as an F-induced
broadening of the absorption lineshape. However, we
note that this broadening is not an increase of I" by
a constant value that would mean a violation of the
oscillator strength sum rule. Fig. la demonstrates
that the EA lineshapeis similar tothe SD for |A| < I
The EA peaks at w, where it strongly depends on
the linewidth, as I" 3, because of the triple reso-
nance in Eq. (3). Note that from the SD-like EA one

can directly obtain the transition dipole moment w,
(Eq. (3)).

2.2. First derivative

N 2 2
= ﬁ| Mo| | :U~1|

|IJ~1|

In the case of well-separated |A ;) and [1B,), i.e.
when |A|> I', Eq. (2) gives in the region of the
IG)—1B,,) transition (o — wy|~ I")

Imx®(w)
2N o 2l r
= 231 Bl T Za—(w—wo)2+lﬂ
1 Amy®(w)
=2y (4)
hA (he)

Thus, the perturbation of the absorption lineshape
can be expressed through its FD and the Stark shift
ALF)

SImyP(w) =1my®(w)F?
amxyP(w)
B (o)
| /~L1|2F2
hA

As(F),

A(F) =2 (5)

* The FD and SD of a(w) near its resonances are proportional
to the corresponding derivatives of Imy®(w) for soluble poly-
mers and molecules in matrices [18].
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Fig. 1. EA spectra calculated from Eq. (2) and derivatives of the
absorption spectrum. (a) Overlapping excited states: SD (solid
line)) A/I'=1/3 (dotted line), A/I' =1 (dashed line). (b)
Non-overlapping excited states: FD (solid line), A/ I" = 3 (dotted
line), A/ I' =5 (dash-dotted line), A /I" = 8 (dashed line). Insets
illustrate the energy diagram for the SD and FD cases.

Fig. 1b illustrates the EA closely following the
FD near the 1B, level for A > 3I". Note that the
larger the difference between |A| and I, the better
the EA spectrum follows either the FD or the SD
(Fig. 1). However, in the intermediate case, "< |A|
<3I', Imy® can not be analytically expressed via
a linear combination of the FD and the SD. The
FD-like EA peaks at w, + I'/V3 where it scales as
F(A/T'?)~* because of the double resonance in
Eq. (4). As follows from Egs. (3) and (4), the peak
EA in the case of the degenerate excited states (Fig.
1a) is higher than that of the well-separated ones
(Fig. 1b) by afactor = 1.5A/T.

2.3. A lineshape

There is another contribution to EA for the well-
separated |A ) and [1B,) (|A|>3I") that is not
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described by the derivatives of the absorption line-
shape. It corresponds to the dipole-forbidden transi-
tion |G)-JA ) a w, + A, which becomes allowed in
the presence of the electric field F (Fig. 1b). The
lineshape of this weakly alowed transition is given
by Eg. (2), which in the region | — w,— Al ~
can be rewritten as

Imx®(w)

2N r

—5 | ol?l mal? . (6
a2 Fol T (w—wO—A)2+F2 ©®

The peak EA for the dipole-forbidden transition
(IG)-HA ) a wy+ A is lower than that for the
dipole-allowed transition (IG)—1B,)) & w, by a
factor = 1.5I'/A (Fig. 1b). It should be stressed that
in addition to the dominant term in y®(w) given by
Eq. (1) there are other resonant terms in the full SOS
x®(w;©,0,0) expression with peaks at w,, w,+ 4,
and A [17,19]. We evaluated these terms and found
that they can be neglected for | A| < w,,.

3. Inhomogeneous broadening and derivatives

Inhomogeneous broadening in linear absorption
can be described via a convolution of the homoge-
neous absorption lineshape Im y’(w) with the dis-
tribution Wi(w,) around the mean value @, [20]

Imx®(w;@,) —le(wO)Im)((l)(w;wo)dwo.
(7

We take inhomogeneous broadening into account
in our model as a convolution of the homogeneous
EA lineshape §1m xP(w) with the factorized distri-
bution of transition frequencies W(w,,A4) =
W,(wq)W,(A) around the mean values @, and A. If
the distribution W,(A) is within the homogeneous
lineshape, [1B,,) and |A ;) are degenerate and there-
fore we have the SD case (Section 2.1). The inhomo-
geneously broadened EA lineshape reproduces the

SD shape of the inhomogeneously broadened unper-
turbed absorption

8Imx(l)(w;60)

Im x{P( w; w,)
= [Wy(wo)l py*F?
f (o)l 1y 6(ﬁw)2 0
PImxP(w;,)
= | | °F?2 —. (8)

(o)

If the excited states gaps A given by W,(A)
exceed a few homogeneous widths I”, we have the
FD approximation (Section 2.2). In this case the
inhomogeneoudly broadened EA follows the FD of
the inhomogeneously broadened absorption line-
shape

SImX(l)(w;c_uo)

2| |
_ffwl(wO)WZ(A) -
AIM P w;wy) do dA
o) 0
IMyP(w:w W,( A
=2|M1|2F2 X ( 0) 2( ) dA.
(hw) hA

(9)

Thus, in the above model inhomogeneous broad-
ening does not break the correlation between the EA
and the derivatives. This correlation holds if the
conjugated chains forming an inhomogeneously
broadened lineshape can be characterized by the
same polarisability. If this is not the case, for in-
stance if longer conjugated chains have higher transi-
tion dipole moments, the correlation between the EA
and the derivatives decreases. In this case the re-
sponse of the longest chains dominates the EA and
therefore it should be red shifted relative to the
derivatives. Such a red shift was observed in FD-like
EA of MEH-PPV films [6] and in SD-like electrore-
flectance of directly synthesized trans-polyacetylene
films [11].

4. Vibronic structure and derivative analysis

Both EA and absorption spectra of conjugated
molecules and polymers demonstrate vibronic struc-
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ture, i.e. each electronic transition has a series of
vibronic replicas. The vibronic structure in EA of
conjugated materials was analysed in Refs. [15,21] in
the adiabatic, the Condon and the displaced har-
monic oscillators approximations. In this section we
include vibronic structure in the derivative anaysis
of EA spectra.

For simplicity we take into account the single
backbone normal vibration which is the most strongly
coupled with the w €electrons. According to Ref. [15]
and Eg. (1), vibronic sidebands in the above three-
level model are readily taken into account. Each pair
of vibronic sublevels (p,q) (p and q correspond to
11B,> and |A ), respectively) gives an additive con-
tribution to x®(w), which depends on the appropri-
ate Franck—Condon factors F,,

X(3)( w)

= ﬂ“l, |2|/~L |ZZ FOZP( b) szq(a)
h3 0 1

o (0o + P2 —w—il})°

1
X . )
wotA+q0, —o—il,

(10)

where (2, and (2, arethe vibrational frequencies of
11B,> and |A,), respectively, in which the corre-
sponding broadening parameters are I}, and I,. b
denotes the difference in the normal coordinate be-
tween the potentia surfaces minima of |G) and
I1B,», a denotes the corresponding difference be-
tween [1B,) and |A;), p,q=01.... As follows
from the above model (Section 2) and Eq. (10), each
overlapping pair of vibronic sublevels (p,q) (a pair
for which the gap IquI =|A-pOg+90,l< qu)
gives a dominant contribution to EA as the SD while
each well-separated pair (|14,,/> 31,,) contributes
to EA mainly as the FD.

To illustrate the effect of overlapping vibronic
sidebands, we have calculated 2 the EA spectrum for
a negative gap A= —20 (Fig. 2). Such a case of
negative A may correspond to polyenes [22] and
some non-luminescent polymers for which EAg <

2 We consider here the simplest case in which the broadening
parameter I'=1T,=1,, is a constant and the normal mode
frequency 2= gz =, is the same in the electronic states
involved.

@ (a.u.)

Imy,
S

2k N
1 1 1 Il L 1 1
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-0

r
Fig. 2. EA caculated from Eq. (10) for the following parameters:
A=-20, 0=1500 cm™?, I'=100 cm™%, a=b=141, fiw,
~ 2 eV. The lowest five vibronic levels of 1B, and |A ;) (bars)
are taken into account. The dotted line shows the SD.

Es, [23]. As seen in Fig. 2, the SD-like contribu-
tions to the EA dominate in the region of the over-
lapping vibronic sidebands. These SD-like lineshapes
are somewhat asymmetric due to small FD-like con-
tributions from the well-separated vibronic side-
bands. The ratio of the SD contribution from ( p,q)
to the FD one from (p,q+ 1) is estimated as
0/I", with the Franck—Condon factors omitted
(Section 2.2). In addition to the FD- and SD-like
contributions to EA in the region of the [1B,) vi-
bronic sidebands, the |A ;) vibronic sidebands can be
resolved in the EA spectrum (Fig. 2). Inhomoge-
neous broadening can be readily included in the
model according to Section 3. As was mentioned
above, SD-like EA is observed in various poly-
acetylenes. In particular, we observed the SD-like
EA spectrum for both isomers of nanopolyacetylene
[10]. This is in agreement with the EA spectrum in
Fig. 2. The energy diagram in Fig. 2 reflects the
non-luminescent nature of polyacetylenes.

5. Conclusions

The above three-level model establishes relations
between the quadratic EA spectrum and the deriva
tives of the absorption spectrum for centrosymmetric
molecules and polymers. In addition to the well-
studied Stark shift effect associated with the FD, the
model gives a natural explanation for the SD-like EA
as a manifestation of the Stark broadening. From the
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SD-like EA one can directly obtain the transition
dipole moment between the electronic excited states.
The model gives relative intensities of the FD EA,
the SD EA, and the EA in the region of the dipole-
forbidden transition |G)—A ;) weakly alowed in the
presence of the electric field. Inhomogeneous broad-
ening and vibronic sidebands have been included in
the model. Thus, the model gives a very useful and
comprehensive tool for analysing EA spectra of con-
jugated molecules and polymers.
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