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Electroabsorption spectroscopy: A versatile
tool to measure optical nonlinearities
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Electroabsorption spectra are recorded at room tem-
perature for free-base hydrogen tetratolylporphyrin
(H,TTP) dispersed in poly (methyl methacrylate) poly-
mer. The electroabsorption spectrum of H,TTP recor-
ded at the second harmonic (2Q) of the applied electric
field frequency Q, has a line shape that resembles the
mathematical first derivative of the linear absorption
spectrum. The observed line-shape is as expected for
electric field dependence of change in polarizability
contribution to electroabsorption. The third-order non-
linear susceptibility x leading to the second hyper-
polarizability (y) of H,TTP is estimated to be 0.388 x
107 esu at 532 nm, which is comparable with that mea-
sured through degenerate four-wave mixing technique.

STARK spectroscopy or electroabsorption spectroscopy is
the study of the effect of an applied electric field on the
characteristic light absorption (or emission) spectrum of a
material. This technique has been used to probe the elec-
tronic structure of varied materials and from gas-phase
molecules to band structure of semiconductors'®. Though
the ground-state dipole moments of many molecules (in
solution state) could be realized with the help of stark
spectroscopy over the years, the dipole moment and pola-
rizability changes between ground and excited states could
not be measured unambiguously. This has been overcome
by immobilizing the samples in a polymer matrix or frozen
glass, which also enabled the application of large fields thus
making possible more precise investigation into electro-opti-
cal properties. Boxer and co-workers have made pioneer-
ing contributions to the stark spectroscopy of electronic
transitions in a variety of molecular materials as well as
chemical and biological systems’. There are other exotic
electroabsorption studies on varied materials such as 7-
conjugated polymers probing polymer disorder'® and on
molecular inorganic materials by Hupp and co-workers'",
Porphyrins have properties suitable for opto-electronic
applications'>"”. They have greater thermal stability in com-
parison to organic chromophores; their extended m-con-
jugated macro-cyclic ring makes interesting and large
second- and third-order NLO effects possible; their phy-
sical properties can be engineered through chemical
modification of their periphery. Porphyrins and metallo-
porphyrins as field-responsive materials have found broad
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applications in the field of opto-electronics. One can ex-
tract desired molecular and material properties such as
dipole moments, polarizabilities and hyperpolarizabilities.
Enhanced optical limiting properties of various appended
porphyrins has been observed and has attracted much
attention for their applications in solid-state sensors and
for human eye protection from high-intensity, visible, light
sources'*. Anderson and co-workers have employed electro-
absorption spectroscopy to explore the third-order non-
linear susceptibility of butadiene-linked porphyrin—polymer
and have found good correspondence with Z-scan and four-
wave mixing (FWM) experiments'”. The free-base hydro-
gen tetratolylporphyrin (H,TTP) had been chosen by us
since it has been investigated in our laboratory for its
nonlinear optical properties using conventional techni-
ques and hence it would be an ideal molecule to demon-
strate the uniqueness and usefulness of stark spectroscopy
measurements in supplementing/complementing previously
obtained results.

Experimental method

A tungsten—halogen lamp hosted in a home-built air-cooled
housing is used as the lamp source for the visible-near-IR
region. The light from the lamp is focused onto the entry
aperture of a 1/4 m grating monochromator. The full width
at half maximum of the individual colours exiting the
monochromator is within 3 nm across the entire scan range
of 380 to 750 nm. The unpolarized probe beam falls per-
pendicular to the sample. Light exiting the sample is then
collected and focused onto a fast photodiode (FND 100)
connected to a pre-amplifier (SR 552 with a gain of 100)
prior to being lock-in (SR 830) detected. The sensitivity
and time constant of the lock-in are carefully chosen so
as to provide an averaged and stable output signal. The
output of the lock-in amplifier is then fed to an ADC card
in a PC. A chopper (chopping at ~ 220 Hz) placed at the
exit of the monochromator is fed as reference input to the
lock-in amplifier to enable recording of the linear absorp-
tion spectrum of the sample. The absorption spectrum of
the sample is obtained by digitizing the transmission through
the sample with respect to the empty sample cell. Semi-
transparent indium tin oxide (ITO)-coated glass slides are
used as electrodes. The ITO coating is etched so as to have
patterned electrodes. The schematic of the experimental
set-up is shown in Figure 1.
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The H,TTP is a kind gift from Bhaskar G. Maiya, School
of Chemistry, University of Hyderabad. A suitable amount
of the porphyrin is dispersed into PMMA polymer and
dissolved in spectroscopic grade chloroform to obtain a
1.96 wt% solution. The amount of chloroform is adjusted
to obtain a solution of suitable viscosity. After ensuring
proper dispersion of the porphyrin in the polymer, the
porphyrin—polymer solution is poured onto the two-pat-
terned ITO glass slides and spun at a speed of 4000 rpm
for 30 s to form a thin film. The thin film thus formed is
vacuum-dried for a couple of hours in the dark to remove
any trace of solution. The ITO slides are then glued to each
other to form an ITO/sample/ITO sandwich, which is then
subjected to 150°C for 2 h. Thin wires, through which the
external electric field is to be applied, are affixed onto
the ITO surfaces on each slide with the help of silver
paint/glue. The thickness of the sandwiched sample, esti-
mated using a precision gauge is 20 micron (+ 3 micron).
The electric field was operated at a frequency of 220 Hz
with the peak-to-peak voltage being 500 V, which results
in an effective field of 0.25 x 10° V/em across the film.
Sample (dielectric) breakdown hinders the application of
electric field of higher strength. The required high AC
electric field is generated using a high-power amplifier
(TREK609A having a fixed gain of 1000) whose input is
a digitally synthesized sine waveform from the lock-in
amplifier (0—10 V p-p). The output of the high power ampli-
fier is connected to the ITO electrodes.

Results and discussion

Electroabsorption spectrum can be understood as the ‘field
on’ spectrum minus the ‘field off” spectrum. The changes
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in the absorption spectra due to the applied field, however,
are minute, of the order of 107* to 107° and to detect such
minute changes, electric fields around ~ 1 MV/cm are requi-
red. The dependence of the characteristic optical absorp-
tion of a material on an externally applied electric field
exposes field-dependent photophysical and photochemi-
cal processes in addition to the information that may be
gained from the difference in the ‘in field’ and ‘field free’
electronic properties of the ground state and the excited state.

At a particular known wavelength, the well-known Beer—
Lambert’s law gives the absorption of light by a material
in terms of intensity transmitted as

I=1,e™, (1
where I is the incident intensity, ¢ is the absorption co-
efficient and ¢ is the thickness of the thin sample film.

Electroabsorption of a material is the electric field-indu-
ced change in its absorption coefficient and is given by

- )

where Al is the field-induced change in the absorption
intensity.

The third-order nonlinear polarization due to the quad-
ratic dependence of absorption on the electric field may be
written as'®

P20 +®)
=3P 2Q+m; Q,Q.0) E(Q) E(Q) E®), (3)

where ® the optical frequency and € the externally
applied field frequency. Since the electric field frequency
is much smaller (kHz and sub-kHz range) than the optical
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Figure 1.
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frequency (of the order THz), one can consider the elec-
tric field frequency as a constant dc. In which case eq. (3)
reduces to

P(@) =33 (@:0,0,0) E(Q) E(Q) E(®). 4)

However, the applied field frequency is significant for
the purpose of lock-in detection, as explained above. The
third-order nonlinear effect represented by % may be
attributed to a quadratic electric field dependence of the
absorption change as evident from eq. (4). Since the com-
plex index of refraction n=n—ik =€, where n and k
are the real and imaginary part of the refractive index and
¢ is the electric permittivity of the medium, then the real
and imaginary part of ¢ may be derived from the chan-
ges in refractive index in the presence of the electric field
as'’:

1
Xion = ( oE? ]-[n(())-An—k(oyAk], )
1 = | (a(0)- Ak + k(0)-An1, ©)
® | 60F
where
Ak:M_(x, k(o):k_(x,
4 4

n(0) is the real part of refractive index, E, is the magni-
tude of the externally applied modulating electric field in
V/em and A is the wavelength in cm. Here it must be noted
that Aa as applied to eqs (5) and (6) is the change in cha-
racteristic absorption, which reflects only the second har-
monic (of the field) dependence of electroabsorption. Since
values of An and Ak are of the order of 107, (An)?, (Ak)?
and (AnAk) terms are omitted in eqs (5) and (6). The elec-
tric field-induced change in the refractive index An, may
be obtained by applying a Kramers—Kronig dispersion
relation'® as:

dE(®"), (7N

he N7 Ac(E@®))
An(E =|—
n(E(®)) (6 ]J[E((D,)z —E((D)z]

where E(®) = ho is the energy of optical transition with
frequency m, and 7 is the Planck’s constant.

In general, the externally applied electric field-induced
change in absorbance, AA may be represented as'®:

A, Ey) = AM(w, EF, 2Q)

+AA, EF,4Q)+ M@, ES, 6Q)+....  (8)

The first, second and third terms give the quadratic, fourth
and sixth power dependence of absorption on the exter-
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nally applied electric field respectively. The odd power field-
dependent changes in absorption vanish for an immobi-
lized isotropic sample, as is our case.

When contribution to the electroabsorption (2€) spec-
trum is dominated by the change in polarizability alone,
the line shape of the 2Q stark spectrum follows the first
derivative and the stark effect on the absorption is'’

aé
0 ® a0
AAQ2Q,m) o< AG:E). 9
(2Q,0) PECIE (fAQ: Ej) ©)

Whereas when polarizability effect is negligible and the
stark spectrum is governed by dipole moment changes, then

2[4
Q] Q]

AMQQ.) < —— (A E,)?, (10)
C

’m

where ® is a measure of the optical transition energy, &
the Planck’s constant, ¢ the velocity of light, AU, is the
difference dipole moment between the ground state and
the excited state, and Ad, is the difference polarizability
tensor between the ground state and the excited state.

Absorption and electroabsorption spectrum

The field free normalized absorption spectrum of H,TTP
dispersed in PMMA matrix recorded with electroabsorp-
tion set-up is given in Figure 2. The Soret band peak lies
at 418 nm, while the four Q-band peaks lie at 511, 545,
584 and 644 nm respectively. Bublitz er al.” have discus-
sed in detail the various effects of an externally applied
electric field on the absorption profile of a molecule. The
electroabsorption signal recorded with field strength of
500 V p-p at twice the applied field frequency, i.e. 440 Hz
is shown in Figure 3 (indicated by triangles). The region
after 530 nm is magnified 15 times to facilitate compari-
son. The stark spectrum overlaps with the numerical first
derivative of the unperturbed absorption spectrum indi-
cated by the hollow triangles and is magnified 100 times.
Figure 3 clearly shows that the 2Q spectrum of H,TTP
follows the first derivative, indicating a dominant contri-
bution from the change in polarizability. That the EAS at
20 resembles a first derivative may also indicate that
H,TTP goes predominantly as monomer in the film. Dimers/
oligomers would have led to a spectrum having higher
than a first-derivative component'’. It is also noted that
the contribution of polarizability change to the stark spec-
trum applies not only to the Soret band but also to the Q-
bands. This obviously means that all the electronic transi-
tions of the H,TTP respond to the electric field in the same
manner with overriding contribution from polarizability
changes to the observed stark spectrum. The fact that the
wings and peaks of the spectrum are especially suscepti-
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ble to the applied field is highlighted by the 2Q spectrum.
There is a mild kink at about 400 nm in the stark spec-
trum, which is also visible in the numerical first derivative
of the absorption spectrum. Interestingly, the negative
peak of the electroabsorption spectrum has a much lower
slope when compared to the numerical first derivative line
shape.

Dispersion of third-order nonlinearity and
second hyperpolarizability

Here, the dispersion of the third-order susceptibility of
H,TTP/PMMA has been measured using electroabsorption
spectroscopy. The stark spectrum (AA) recorded at the
second harmonic of the applied field, that is proportional
to Aq, can be used to obtain the wavelength dispersion of
the third-order nonlinear susceptibility, x* using eqs (2),
(5), (6) and (7). The values of Aw, are adjusted to com-
pensate for a factor of 2 that arises due to lock-in detec-
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Figure 2. Absorption spectrum of H,TTP dispersed in PMMA matrix.
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Figure 3. Electroabsorption spectrum recorded at 20 with field
strength of 500 Vp-p is indicated by the squares. The region after
530 nm is magnified 15 times to facilitate comparison. The numerical
first derivative of the absorption spectrum is also indicated by hollow
triangles (magnified 100 times).
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tion at 2Q and an additional factor of \/5 is included to
convert the rms output of the lock-in into peak amplitude.

W2 Al

= —. 11
In10 1 (b

2Q

Here ) is the effective value and not an individual com-

ponent of the susceptibility tensor. Individual compo-
nents of ¥ would be measurable if the incident probe
beam was polarized and experiments are performed to
study the angle-dependent interactions between polariza-
tion and electric field. The macroscopic third-order non-
linearity is calculated as

2 =

where the real and imaginary parts of the susceptibilities
are obtained from eqs (5) and (6). The wavelength disper-
sion of the third-order susceptibility is plotted in Figure 4.

In order to assist in a more meaningful comparison with
measurements previously done with degenerate four-wave
mixing (DFWM)?, it is necessary that the third-order non-
linearity be represented by the molecular second hyper-
polarizability (y), rather than the bulk susceptibility. The
second hyperpolarizability of a molecule in an isotropic
media is related to the third-order macroscopic suscepti-
bility by the equation

3

ay=%_, (12)
L'N
where
I n>+2
3

is the Lorentz local field factor, n is the linear refractive
index and N = AC is the number density, where A is the
Avagadro number = 6.023 x 10> and C is the concentra-
tion of the porphyrin in the polymer matrix.
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Figure 4. Dispersion of the third-order nonlinear susceptibility of
H,TTP/PMMA thin film.
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The third-order susceptibility of H,TTP from electro-
absorption measurement (Figure 4) at 532nm is x* =
2991 x 107" esu. The molecular second hyperpolarizabil-
ity at 532 nm for the H,TTP/PMMA thin film sample
using electroabsorption spectroscopy obtained using eq.
(12) is (0.388 +0.06) x 107 esu. While nanosecond DEWM
experiments performed on H,TTP/chloroform solution re-
sulted in {(y) = 111.40 x 10~° esu, the picosecond DEWM
experiments gave (y) = 1.24 x 107" esu at 532 nm*'. This
large difference between the nanosecond DFWM value
and electroabsorption value can be explained by the fact
that the molecular second hyperpolarizability measured
using the nanosecond pulses has a strong thermal con-
tribution as well, whereas with the shorter picosecond
pulses the contribution is predominantly electronic®® >,
Picosecond DFWM (532 nm) studies performed by Malo-
ney et al.”> on free-base hydrogen tetraphenylporphyrin,
which is similar to the H,TTP we have studied, has resul-
ted in ¥ = 27.93 x 107" esu leading to (y) = 0.125 x 107
esu. The second hyperpolarizability of H,TTP shows an
order of magnitude enhancement over H,TPP obtained
from 532 nm picosecond DFWM experiments.

The resonant (422 nm) B-band third-order susceptibility
from electroabsorption measurement (from Figure 4) obtai-
ned as x* = 282.7 x 107'? esu, shows an order of magnitude
higher than the value at 595 nm, ¥ = 16.7 x 107" esu.
One of the reasons as to why the enhancement of nonli-
near susceptibility corresponding to the B-band is not
more than an order of magnitude could be due to reso-
nance absorption of one of the Q-bands whose peak lies
around 595 nm. DFWM experiment performed with 532 nm
pumped 595 nm dye laser yields the value of the third-
order nonlinearity at 595 nm to be ¥’ = 9.14 x 107'* esu.

The nonlinear susceptibilities obtained through FWM
experiments depend on nonlinear absorption processes such
as excited state absorption (two photon or multi-photon
processes) and the values for the third-order nonlinearity
are extracted using a suitable model® of the electronic
structure of the porphyrin. However, the values obtained
from electroabsorption experiment are directly from the
recorded spectrum and is calculated under the single pho-
ton transition itself. The nonlinear susceptibilities have
been calculated based on the assumption that the elec-
troabsorption spectrum follows the first-order derivative
of the absorption spectrum, as discussed by Liptay™.

Conclusion

Electroabsorption studies have been performed on H,TTP
to probe its third-order optical nonlinearity. The 2Q spec-
trum resembles the simple first derivative of the unper-
turbed absorption spectrum of the porphyrin sample,
indicating that the contribution to the stark spectrum ari-
ses purely from changes in polarizability. The effective

second hyperpolarizability of the porphyrin—polymer sys-
tem at 532 nm is estimated to be 0.388 x 107" esu, which
compares well with picosecond DFWM second hyperpo-
larizability. Electroabsorption thus becomes a useful and
cost-effective tool to measure third-order nonlinear sus-
ceptibility. However, if one can successfully record the
stark spectrum at the higher order harmonics of the applied
electric field, one can deduce higher order nonlinearities
by deriving equations similar to eqs (5) and (6) for x*’
and %7 as well. Thus stark spectroscopy can be exploited
to extract higher order nonlinearities, provided the electro-
absorption line shape enables Liptay-type analysis.
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