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We present the details of an experimental observation of excited-state enhancement of the
degenerate-four-wave-mixing (DFWM) susceptibility 4°" (—w; w, w, —w) of a conjugated linear chain,
diphenylexatriene (DPH), when the first w-electron excited state is populated for nanosecond time
scales and then probed nonresonantly through picosecond DFWM. An increase as large as a factor
of 100 in the completely nonresonant 1064-nm DFWM signal from the highest DPH concentrations
(8 mM) is observed when the 355-nm pump beam saturates the Sz absorption as compared to when
the pump beam is turned off. A large 752 (~w;w,w, —w) of (12000 £ 1700) x 107%¢ esu is found,
compared to the ground state 'ys"(—w;w,w, —w) which is < 50 x 107 esu. Importantly, separate
transient absorption experiments show that there is no excited-state absorption at 1064 nm with
excitation at 355 nm. Therefore, upon population of the excited state, the electronic third-order
optical susceptibility of DPH is increased by orders of magnitude, without introducing any optical

loss at the probe wavelength.

PACS number(s): 42.50.—p, 78.47.+p, 42.65.—k

I. INTRODUCTION

Conjugated organic molecules and polymer systems
are of interest due to the delocalized m-electron systems
which give rise to large values of x(3), with extremely fast
response times, in wavelength regimes where there is min-
imal background absorption [1-5]. We have previously
presented theoretical results demonstrating that x() can
be further increased for nonlinear optical processes origi-
nating from a real population of electronic excited states
in conjugated linear chains [6]. Compared with the
ground state, the calculated nonresonant third-order op-
tical susceptibility x(3)(—w4;w1,ws,ws) of m-conjugated
linear-chain molecules can be enhanced by orders of mag-
nitude, and even change sign, when the first (S1) or sec-
ond (S2) electronic excited state is optically pumped and
then populated for times long enough to perform nonres-
onant measurements of x(3)(—wy;wi,ws,ws) at frequen-
cies different from the resonant pump frequency.

Importantly, the excited-state enhanced nonlinear op-
tical response is observed for wavelengths that are non-
resonant for both ground- and excited-state populations.
A nonlinear optical process is said to be nonresonant
when the wavelengths involved are away from any ab-
sorbing electronic transitions. Resonant processes gen-
erally have much larger nonlinear susceptibilities, but
are slower because real electronic excitations occur; they
also involve considerable absorptive loss of the optical
beam. Nonresonant processes, as they involve only vir-
tual electronic excitations, are essentially instantaneous,
and avoid attenuation of the optical signal.

The third-order nonlinear optical susceptibility is de-
noted x(® (—wa4; w1, ws,ws), where wy = wi+wz+ws is the
frequency of the output light in response to light input
at frequencies wi, wg, and wz. One standard method for
measurement of X(3)(—w; w,w, —w), corresponding to the
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intensity dependent index of refraction ns, is degenerate-
four-wave mixing (DFWM) in which two optical beams
form a phase or intensity grating that modulates the
refractive index of a material and a third beam scat-
ters from the grating into a new direction. In this pa-
per we describe enhancement of the DFWM susceptibil-
ity X(3)(—w;w,w,—w) of a linear conjugated molecule,
diphenylhexatriene (DPH), when the first one-photon al-
lowed m-electron excited state is populated for nanosec-
onds and then probed nonresonantly through picosecond
DFWM.

Saturably absorbing systems can be used to study the
dependence of the nonlinear optical susceptibility on ex-
cited states. When optically pumped, such an absorber
can maintain a large excited-state population for times
long enough to carry out nonlinear optical measurements
on the excited state. The first experimental observa-
tion of enhanced nonlinear optical response by excited
state population was made by third-harmonic-generation
(THG) measurements of the conjugated disklike struc-
ture, silicon naphthalocyanine (SINC) [7]. When solu-
tions of SINC were optically pumped at 770 nm in the
strong Q-absorption band to populate the first electronic
excited state (S:), and then probed by 30-ps pulses at
1543 nm, the THG Maker fringe amplitude was seen to
decrease significantly because of a very large and nega-
tive 751 (—3w;w, w,w) of (1640 £ 100) x 10736 esu from
the S; excited state of SINC that is orders of magnitude
larger than the ground state |y (—3w;w,w,w)| which is
< 10x1073% esu. A small excited-state absorption is also
observed in SINC, however, so that the enhancement cre-
ated by the excited-state population is accompanied by
absorption of the probe wavelength.

In this paper, the active nonlinear optical material is
DPH (Fig. 1), which exhibits saturable absorption from
the Sp (1'4,) ground state to the Sz (1'B,) excited
state centered near 355 nm, an excited-state lifetime of
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FIG. 1. Diphenylhexatriene (DPH) absorption spectrum
and molecular structure. One absorption band occurs near
355 nm for the So — S2 transition. The w-conjugated bonds
of DPH create large nonresonant nonlinear optical responses.
In this experiment, the pump excites the 355-nm absorption
while the DFWM probe occurs off-resonance at 1064 nm.

several nanoseconds, and transparency for wavelengths
from 400 nm to greater than 2000 nm [8,9]. Excitation
to the S, state is known to lead additionally to popula-
tion of the S; (2'A4,) state, which lies at a slightly lower
energy [10]. The strict parities observed for the elec-
tronic states demonstrate that DPH is centrosymmetric
in both the ground and excited states [20]. Accordingly,
there is a negligible fraction of the noncentrosymmetric
cis-isomer. We have separately observed that DPH ex-
hibits no excited-state absorption at 1064 nm with ex-
citation at 355 nm, so that the excited-state nonlinear
optical properties observed are not affected by potential
changes in the absorption upon population of the excited
state.

The DFWM experiment is carried out using two or-
thogonally polarized, 1064-nm probe beams and a 355-
nm pump beam. Coherent interaction of the two probes
in the sample produces diffraction of each probe from
a grating written in the sample, proportional to the
square of the third-order nonlinear optical susceptibil-
ity x(® (~w;w,w, —w). The unique feature of our exper-
imental configuration is the introduction of an intense
optical pump beam tuned to the first electronic absorp-
tion band of the material which causes a large fraction
of the molecules in the sample to occupy the first optical
excited state. An increase as large as a factor of 100 in
the completely nonresonant 1064-nm DFWM signal from
the highest DPH concentrations is observed when the
355-nm pump beam saturates the S, absorption as com-
pared to when the pump beam is turned off. Calculations
[6] have shown that any possible orientational contribu-
tions to x(3)(—w; w,w, —w) due to the small ground- and
excited-state linear polarizabilities are much smaller than
the corresponding electronic contributions. The observed
enhancement is, therefore, a result of an increase in the
molecular electronic contribution to x®) (—w;w,w, —w)
by orders of magnitude.

II. THEORY
A. Excited-state nonlinear optics

In studies recently published, we used calculations
of the electronic molecular third-order nonlinear opti-
cal susceptibility to predict a general enhancement that
occurs when a molecule resides in an excited state,
rather than in the ground state [6]. In these theoretical
studies of microscopic third-order optical susceptibilities
Yijit (—wa; w1, w2,ws) of quasi-one-dimensional (1D) and
quasi-two-dimensional (2D) chainlike and disklike conju-
gated organic structures, we found that compared to the
ground-state nonresonant ;;xi(—ws4;wy,wsz,ws) [11,12],
the susceptibility can markedly increase in magnitude
and even change sign, when the m-electron excited state
is populated. The principal reasons for the enhance-
ment are the larger optical transition moments p,, and
smaller excitation energies fuv,,' between excited states
S, and S, especially for highly charge correlated virtual
excitations, and a reduced degree of competition between
virtual excitation processes that contribute with opposite
signs to determine the magnitude, sign, and dispersion
of vijki(—wa; w1, w2, ws). The electron-correlation micro-
scopic origin of the ground state 7y;jri(—ws;wy,ws,ws)
has been experimentally confirmed through a series
of dc-induced second-harmonic-generation and third-
harmonic-generation dispersion measurements of key
conjugated linear-chain structures [13].

B. Excited-state population: two level
approximation

Many saturable absorber systems, including DPH, can
be treated in the two level system approximation. When
a monochromatic pump field is tuned to the resonant
frequency, the rate equations for the populations of the
ground and excited states can be written [14],

3pe _ Pe
5r = Bl = pg) T, (2.1)
9pg _ Pe
E = +R(pe Pg) + T17 (2'2)

where pg and p. are the diagonal elements of the density
matrix corresponding to the fractional populations of the
ground and excited states, respectively (pg+pe = 1). The
steady-state solution to these equations is

1 Is
= = 2.3
po=3 1+ 7z (23)

1 Is
=3 [1- 2] (2.4)

where
hw

Is = 20Ty’ (2.5)

o is the absorption coefficient, and T} is the excited-state
lifetime [15]. Saturation of such an absorbing system
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is characterized by equal population of the excited and
ground states, and zero background absorption. In a
separate publication [16], we will describe in more detail
the dynamics among the Sy, S1, and S, states of DPH
and the contributions of each to the time dependence of
the excited state x(®.

DPH is a conjugated linear-chain molecule whose linear
optical properties have been well studied [8-10,17-21].
It has a strongly peaked absorption band near 350 nm,
above which it is essentially transparent, with no absorp-
tions from 400 nm to over 2000 nm (Fig. 1). Relaxation
from the excited state occurs principally through fluores-
cence from 350 nm to 500 nm with a lifetime of order 1 ns
to 15 ns depending on solvent polarizability. The present
study was performed using dilute (1-8 mM) solutions of
DPH in anhydrous dioxane which exhibit lifetimes in the
range of 2 ns to 8 ns, depending on concentration.

We can understand the absorption and fluorescence
characteristics of DPH by considering the electronic-state
ordering diagram in Fig. 2. The absorption band is
represented by a transition from the Sy (114,) state to
the S2 (11B,) excited state. A 355-nm pump from the
third harmonic of a Nd:YAG (yttrium aluminum gar-
net) laser populates only the 1!B, excited-state mani-
fold since one-photon transitions from the 1'A, ground
state to the S1 (21 A4,) excited state are forbidden. High-
resolution absorption and fluorescence studies have es-
tablished the location of this lower-lying 2! A, state [18].
The location of the S, state depends on temperature and
solvent polarizability [9,18]. Depopulation of the S; state
occurs by internal conversion to the S; (21 A4,) state, and
since the energy gap AFE between S; and S; is small (of
order 215 cm™1!), thermal equilibrium is established be-
tween the two states. At room temperature, equilibrium
occurs approximately 50 ps after excitation [10,18]. The
populations of the S; and S, states decay together to
the ground state by fluorescence and by nonradiative de-
cay, with a fluorescence quantum yield of 0.64 at room
temperature [9] and a lifetime of 7.8 ns in dioxane. The
fluorescence lifetime is larger (up to 15 ns in methylpen-
tane) for nonpolar solvents and smaller (as low as 0.7
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: K o exp(-AF/KT)
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Fluorescence Nonradiative
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FIG. 2. Electronic states energy diagram of DPH. Exci-
tation at 355 nm causes absorption from So(1'A4,) to the
S2(1'B.) excited state. Rapid intersystem crossing popu-
lates the S1(2'A,) state, and because the energy gap AE
between S; and S: is small, on the order of 215 cm™!, a ther-
mal equilibrium is established within 50 ps in the population
of the two states. The populations decay with a lifetime of
7.8 ns (in dilute solutions of dioxane).
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ns in ethyliodide) in strongly polar solvents. Solvent po-
larity also effects the fluorescence quantum yield, which
approaches unity in nonpolar solvents at low tempera-
tures.

For the purposes of this study of the excited-state en-
hancement of the nonlinear optical response, the precise
identification of the excited-state population is not crit-
ical. We, therefore, will speak of the excited-state en-
hancement to be the result of the S, state alone so as not
to complicate the discussion of the excited-state nonlin-
earity. Once the relative populations of the $; and S,
states are known as a function of time after the excita-
tion, we may separate the nonlinear response into a sum
of contributions from the S; and S, states [16].

C. Excited-state nonresonant nonlinear optics

The third-order nonlinear optical susceptibility x(3)
depends on the state occupation of the molecules in the
material. The macroscopic susceptibility for any set of
electronic states can be expressed as

X =FN>" pur™, (2.6)

where F is the local field factor, N is the number density,
and 4™ is the molecular susceptibility for the state n of
the nonlinear optical molecule.

In a solution, the combined macroscopic susceptibility
includes contributions from the solvent and the solute
molecules. If we assume the solvent undergoes no popu-
lation change due to excitation of the saturable absorber
solute molecules, then we may write

x® = FNiy*°™ 4 FNy[pgv? + per®], (2.7)

where N; and N, are the number densities of the sol-
vent and solute molecules, respectively. We may uti-
lize the linear nature of this relation to derive the values
of ysolvent ~g and ~© from experimental observations of
x®). Upon saturation of the absorber system, the popu-
lation densities become p, = p. = % The susceptibility
x® then depends linearly on (9 ++¢) and concentration
so that v® + +9 is determined by a study of x(® versus
concentration,

x(3) — F[Nl,ysolvent +NAC(pg’)’g +pe,ye)], (2.8)

where F is a local field factor, c is in units of moles/cm?,
and the coefficient of x(3) depending on c is

A3 .
dc FN4(pg7? + pe°)-

(2.9)

Without resonant excitation of the saturable absorber
system, x(®) depends linearly on 9 and concentration so
that

x® = F[ley‘°’°1"ent + Nacpgv?], (2.10)

and the coefficient of x(3) depending on c is
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ax®
dc

= FNapgv?. (2.11)

III. EXPERIMENT

We measure the third-order nonlinear optical suscep-
tibility xg,)d(~w; w,w, —w), using DFWM in the forward
phase conjugate geometry [22-26]. In this technique two
probe beams of comparable intensity intersect in a thin
sample of path length L, at a small angle to minimize
the phase mismatch of the nonlinear process. The two
optical beams form a phase grating that modulates the
refractive index of the sample material, and a fraction
of each beam scatters from the grating in a new di-
rection. If the propagation vectors of the two probes
are given by k; and k;, then DFWM output beams
are produced in the directions given by 2k, — k; and
2k; — k3, and the signal intensity is proportional to the
square of the third-order nonlinear optical susceptibil-
ity xgl)d(—w;w,w, —w). We choose the polarizations of
the k; and k; probe beams to be orthogonal to elimi-
nate thermal and population grating contributions from
the DFWM signal. Specifically, k; is horizontally po-
larized, kg is vertically polarized, and we observe the
horizontally analyzed signal in the 2k, — k; direction,
proportional to |x%)y1(—w;w,w, —w)|?. The unique fea-
ture of this experiment is that before the nonlinear probe
occurs, the sample is first optically pumped to an elec-
tronic excited state. For probe delay times less than the
nanosecond relaxation time of the excited state, the non-
linear probe encounters an excited-state population, and
is, therefore, sensitive to the nonlinear optical suscepti-
bility of the electronic excited state [27].

The excited state DFWM experiment begins with the
arrival of a 30-ps pump beam resonant to the Sy to S3
absorption which excites the DPH to saturate the ab-
sorption, creating a population density p. = % in the S»
excited state. After excitation, and before relaxation to
the ground state occurs, the two DFWM probe pulses
arrive, producing a diffracted signal with an intensity
proportional to |xg,)yz(—w;w,w,—w)|2. By controlling
the intensity and timing of the pump beam with respect
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T
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to the DFWM probe beams, the excited-state nonlinear
optical susceptibility is compared with the ground-state
susceptibility and is found to be greatly enhanced by the
presence of the pump beam.

A. Apparatus

The excited-state forward phase conjugate DFWM ex-
periment is shown in Fig. 3. Two 1064-nm probe beams
are focused in coincidence on the sample at a small angle
6. The DFWM signal in the 2ks — k; direction is de-
tected by a photomultiplier tube (PMT). The angle 6 in
this experiment is determined by acceptable phase mis-
match as a function of the sample path length and the
wavelength by 6 < y/A/2L. With the angle 0 fixed at 2.5
degrees, we use a 0.2-mm path length cell which satisfies
the phase match criteria.

The 30-ps, 1064-nm pulses from an actively and pas-
sively mode-locked Nd:YAG laser are first doubled and
then mixed in KD*P crystals to produce third-harmonic
pulses at 355 nm. As shown in Fig. 4, the remaining
1064-nm beam is split into two equally intense beams, of
approximately 1 mJ per pulse, which serve as the DFWM
probes, each of which passes through a halfwave plate
and a prism polarizer that allow selection of each polar-
ization and intensity. The k; beam polarization is se-
lected to be horizontal (z) and the ko beam polarization
is selected to be vertical (y) for all of the DFWM ex-
periment results described. The two beams travel along
separately adjustable length arms and are focused to a
100-um beam waist by a single lens onto the 0.2-mm
path length fused silica sample flow cell containing the
liquid DPH in dioxane samples. The DFWM signal out-
put along the 2k, — k; direction is isolated by a series of
apertures and beam blocks, and brought through neutral
density and interference wavelength filters into an IR sen-
sitive (Varian model VPM-159A.120) PMT. At the same
time, the 355-nm beam from the laser is delayed by an
adjustable length path, passed through a halfwave plate
and polarizer for control of polarization and intensity,
and focused on the interaction region in the sample cell.
Signals from the PMT are amplified using an emitter fol-
lower preamplifier, and sent to a gated integrator along

FIG. 3. Forward excited-
state DFWM experiment. The
k;: probe is horizontally po-
larized, the k2 probe is ver-
tically polarized, and the ap-
proximately phase matched sig-
nal in the 2ks-k; direction is
detected by a photomultiplier
tube following a system of aper-
tures and a horizontally ori-
ented analyzing polarizer.
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FIG. 4. Excited-state DFWM experiment layout. The 30-ps, 1064-nm beam is split into two equally intense beams that
travel along separately adjustable length arms of a modified Michaelson interferometer where polarization and intensity may
be selected. The DFWM signal output along the 2ks — ki direction is isolated by a series of apertures and beam blocks,
and brought through neutral density and interference wavelength filters and an analyzer into an IR sensitive (Varian model
VPM-159A.120) PMT. Similarly, the 30-ps, 355-nm beam is appropriately delayed by an adjustable length path, and focused
on the interaction region in the sample cell to create the excited-state population. PD denotes a photodiode and KDP is a

potassium dihydrogen phosphate crystal.

with an appropriately delayed gate signal derived from
a photodiode monitoring the laser pulses. A microcom-
puter controls the integrator using a CAMAC (computer
automated measurement and control) interface, and ac-
cumulates statistics of the DFWM signal on a shot to
shot basis. A computer controlled shutter system allows
the computer to separately block each beam, in order to
measure and subtract the linear scattering background.
During each shot recorded by the computer, reference de-
tectors are used to determine the intensities of the two
probes and the pump beam for normalization of possi-
ble long term laser power drift. Computer control of the
pump halfwave plate, probe arm delay translators, pump
arm delay translator, and pump beam lens position al-
lows the computer to quickly carry out measurements of
the systematic dependences on pump intensity, relative
probe delay, pump-probe delay, and pump-probe overlap,
respectively. The intensities of the probes are recorded
for reference comparisons between data points. Any drift
in laser power levels can be compensated by appropriate
normalization of the reference values. For example, the
quantity

IprwMm
S =" 3.1
Lo IZ, (3.1)

is independent of laser fluctuation for the 2k, — k;
DFWM experiment, and the data are normalized on a
shot to shot basis.

B. Experimental excited-state enhancement of
DFWM

We observe enhancement in the completely nonreso-
nant DFWM signal when the DPH samples are pumped
into the S, excited state by a resonant pump. This en-
hancement is evident when we compare the DFWM auto-
correlation of the probe pulses with and without excited-
state enhancement (see Fig. 5). If the two probes arrive
at different times, the DFWM signal depends on the au-
tocorrelation function

Alt) = /_ T U () UR(t - ), (3.2)

where U; and U, are the amplitude envelope functions for
the k; and k; probes. The autocorrelation is observed
by changing the relative arrival times of the two probe
pulses. At coincidence (¢t = 0), the DFWM signal is a
maximum, and the signal decreases for increasing relative
time delays (|t| > 0).

Enhancement produced by the pump is measured by
comparing the amplitudes of the autocorrelation with the
pump on and with the pump off. The relative arrival
times of the k; and k; probe pulses are adjusted by an
optical delay consisting of a corner reflector mounted on a
translation stage aligned such that movement of the stage
changes the path length but not the alignment of the
reflected beam. The instantaneous nature of the DFWM
signal can be seen by investigating the behavior of the
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FIG. 5. Pump enhancement of the autocorrelation of the
DFWM probes. Typical DFWM signal of DPH in dioxane
with pump on and pump off as a function of time delay be-
tween the two probe beams. The pump delay is set such that
the 355-nm, 30-ps pump pulse precedes the 30-ps, 1064-nm
probes by 100 ps and the relative delay between the probe
pulses is varied. The unpumped data, which has been mul-
tiplied by a factor of 5 for clarity, corresponds to the back-
ground signal from the dioxane solvent since the ground-state
contribution from DPH is smaller than the detection resolu-
tion of the experiment. An enhancement of a factor of 37 in
intensity is shown here for a concentration of 3 x 103 M.

signal with respect to the relative delay between the k;
and k, probe pulses. With the pulse envelope functions
modeled as Gaussian pulses, the autocorrelation is also a
Gaussian with a width equal to /3/27,,

A(t) = e~ (2t/37)° (3.3)

and centered about the zero relative delay position.

C. Quantitative characterization of the enhancement

The value of the microscopic third-order nonlinear op-
tical susceptibility of DPH molecules in the ground and
excited states can be determined through a study of the
macroscopic x(®)(—w;w,w, —w) as a function of concen-
tration. DPH can be dissolved in dioxane with con-
centrations up to nearly 1072 M, and can produce an
observable excited-state DFWM signal in concentrations
down to 10=3 M. Within this range of concentrations,
the signal amplitude, proportional to the third-order sus-
ceptibility squared |x(®)(—w;w,w, —w)|?, is observed for
a series of samples. The data are compared on a plot
of x® (—w;w,w, —w) versus concentration in Fig. 6. If
the relation in Eq. (2.7) holds, we expect that the de-
pendence of Xg;)w(—w; w,w, —w) is linear with respect to
concentration. The DFWM signal from the DPH liquid
samples is referenced to a liquid sample of CS;. The
liquid samples can be interchanged without disturbing
other experimental conditions, and we compute the sig-
nal intensity ratio,
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FIG. 6. The value of xg,)yx(—w;w,w,w) as a function of
concentration measured by DFWM in DPH solutions in diox-
ane. The upper line is a linear fit to the excited-state x®
data, and its slope gives a value of 52 (~w;w,w, —w) of
(12000 & 700) x 107 %¢ esu. The lower line is a linear fit to
the ground-state x®) data, and its zero slope gives an upper
bound on the value of |y5 (—w;w,w, —w)| < 50 x 1073 esu.
The ground state x(s) is, therefore, entirely due to the x(3) of
the dioxane solvent alone.

3
Ics, |X(zy)ywcsz|2 (3.4)
i .
Ippn |X£y)waPH|2

which gives the value of the susceptibility with respect
to the known value of

(~w;w,w, —w) = 3.6 x 10713 esu, (3.5)

3
Xc(cy)ymcsz
for CS; given by Hellwarth [28]. Experimental compar-
ison of the forward phase conjugate DFWM amplitude
from CS; with that from dioxane alone yields
x& = (6.4 0.7) x 10715 esu

TYYT dioxane

(3.6)

as a reference value for the susceptibility of the host sol-
vent for DPH, and will serve as the reference for this
work.

When no pump beam is present, the ground-state
molecular susceptibility of DPH v%(—w;w,w, —w) and
the dioxane solvent susceptibility v? (—w;w,w, —w) con-
tribute to the net observed macroscopic susceptibility ac-
cording to Eq. (2.10),

X(s)(_w; w,w, —(4)) = (.fw)‘l[ND’YD(—w; w,w, "'w)

+eNay5°e (—wsw,w, —w)].  (3.7)

where ¢N4 and Np are the number densities of the
ground-state DPH and dioxane molecules, respectively,

2
and f, = n_§3__+2 is the Lorentz-Lorenz local field factor.

When the pump beam is present, however, the corre-



3240

sponding macroscopic susceptibility from Eq. (2.8) is

given by

x®) (—wiw,w, —w) = (fo)*[NpYD(—w;w,w, —w)
+cpgNA'yS° (~wjw,w, —w)
+CpeNA'Ysz(_w;wawa —(.u')], (38)

where cp. N4 and v52 are the corresponding number den-
sities of molecules and molecular susceptibility for the
Sy excited state of DPH. Since the solvent dioxane is
transparent at 1064 nm and far from any electronic res-
onances, yp(—w;w,w, —w) is positive and real. Here, we
have assumed that v5° and v52 are also real. If there
are any imaginary parts, they will appear as nonlinear
terms in the expression for x(® as a function of concen-
tration. Since x(%) is observed to be linear within exper-
imental uncertainties, we conclude that the imaginary
part is zero.

As shown in Fig. 6,
X,(,?’y)yw(—w;w,w, —w) are linearly dependent on the con-
centration of the solution, with a slope, from Eq. (3.8)
of

the measured values of

Bxg)yz(—w; w,w, —w)

dc

with pump
= [ptB]VA'YS2 (_w; w,w, —w)
+pgNav*° (—w;w,w, —w)] (3.9)

when the pump beam is present, and a slope from Egq.

(3.7) of

axf(r:;l)yw(_w; w,w, _w)

dc

no pump

= pgNav% (—w;w,w,—w) (3.10)

when no pump beam is present. The unpumped DFWM
signal is observed to be independent of concentration,
demonstrating that the ground state y% (—w;w,w, —w)
for DPH is smaller than the experimental resolution
of +£50 x 10736 esu, and thus the unpumped signal
is due entirely to the dioxane solvent contribution in
Eq. (3.7). The resolution is determined by the uncer-
tainty in the slope of the linear fit to the ground-state
x(zay)yz(—w;w,w,—w) data versus concentration. The
pumped DFWM signal, however, increases strongly with
increased DPH concentration, and the linear fit yields a
value for v%2 (—w;w,w, —w),

52 (~w;w,w, —w) = (12000 + 700) x 1073¢ esu (3.11)

showing that the excited state v5? (—w;w,w, —w) in Eq.
(3.8) is more than two orders of magnitude larger than
the ground state v%° (—w;w,w, —w).

The technique used to determine the magnitude of
¥ (—w;w,w, —w) also determines the sign. Consider the
case where v52 is negative in sign. Since x(3) involves a
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sum of the solvent contribution (yp > 0) and the excited-
state contribution from %2, then we expect for a critical
value of the concentration, the two contributions will ex-
actly cancel. The effect would be to observe, as a function
of concentration, first a negative slope starting from the
zero concentration x(® value, followed by a minimum (or
complete cancellation since 452 has no imaginary part)
and then a positive slope. If v52 is positive in sign, no
such cancellation occurs. Inspection of the data in Fig. 6
reveals that x(3) increases monotonically from zero con-
centration, and the sign of v is positive.

D. Polarization and x(3)

The polarization of the probe beams and detector an-
alyzer determines which of the different tensor compo-
nents of the third-order nonlinear optical susceptibility
produce the DFWM signal. In the 2k; — k; forward
phase conjugate DFWM experiment, the detected po-
larization follows the k; probe polarization, and the ex-
periment can be carried out in one of four polarization
configurations: both probes horizontally polarized and
detection horizontal (zzzz), both probes vertically po-
larized and detection vertical (yyyy), the k; probe hor-
izontal, the k, probe vertical, and detection horizontal
(zyyz), and the k; probe vertical, the k, probe horizon-
tal, and detection vertical (yzzy). The tensor component
subscripts enumerate the polarizations of the detected
beam, both photons in the k; probe, and the k; probe,
respectively (the ks probe is indicated twice in the ten-
sor component because it contributes two photons to the
process). In an isotropic liquid, the zzzz and yyyy con-
figurations both measure the X;(c:’;)m(——w;w,w, —w) com-
ponent of the susceptibility, which includes such effects as
thermal and density gratings unrelated to the electronic
nonlinear optical susceptibility. The zyyxz and yzzy con-
figurations both measure the X(z:’;,)yz(—w;w,w, —w) com-
ponent of the susceptibility, which depends only on the
electronic and orientational contributions to the suscepti-
bility. We, therefore, use the zyyz configuration to mea-
sure the excited-state dependence of the electronic non-
linear optical susceptibility x(mi,)yz (~wjw,w, —w), employ-
ing an interference filter for 1064 nm and a horizontally
() oriented polarization analyzer to block extraneous
light from the PMT detector. In addition, all measure-
ments were found to be independent of the pump beam
polarization.

E. Excited-state DFWM dynamics

To study the dynamics of the excited-state DFWM,
a transient pump-probe experiment is carried out by
changing the path length of the pump beam while main-
taining the DFWM probes. By observing the DFWM
amplitude for many pump-probe delay times, we mea-
sure the time decay of the population responsible for the
enhancement of the DPH susceptibility. The pump beam
must be realigned for each delay position. This is accom-
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FIG. 7. The 1064-nm excited-state DFWM susceptibility
is measured as a function of delay time between the 30-ps,
355-nm pump pulse and the two 30-ps, 1064-nm probe pulses.
At zero delay, the signal is a maximum, and it decays (by
nearly a single exponential with a decay time of 8ns + 2ns
for each of the 0.6 and 1.2 mM sample concentrations shown)
with increasing pump-probe pulse delay time with respect to
the pump pulse. Careful examination of the decay curves
shows evidence for rapid 60-ps equilibration of the S; and S2
excited states of DPH.

plished by computer control of the alignment optics that
position the pump beam on the interaction region of the
sample, and an algorithm that searches for the largest
pump induced signal. The peak amplitude of such a scan
was used for the signal amplitude at each delay. The data
set can be fit to an exponential decay.

The technique involved in the study of the dynamics
of the DFWM process is similar to the standard method
of pump-probe absorption spectroscopy. In such an ex-
periment, the transmission of a probe beam is monitored
with respect to the arrival time of a pump beam. When
the probe beam precedes the pump, it encounters only
molecules in the ground state and, therefore, measures
the DFWM susceptibility of the ground state. When
the probe follows the pump, it encounters a mixture
of molecules in the excited and ground states; and the
DFWM signal is due to a susceptibility that is a sum of
contributions from the solvent, excited-state molecules
and ground-state molecules.

The excited-state population decays with increasing
delay time, thus the DFWM signal also decays with an
exponential time dependence,

I_ e_%z, (3.12)
Io

J

x(3)(—w;w,w, —w) = (fw)4{ND'yD(—w;w,w, —w) + c% [1 +

+C% [l i JIrSIS] Nay%* (~w;w,w, —w)}-

20x10° .
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FIG. 8. The signal of the excited-state DFWM experiment
is plotted as a function of the 355-nm pump intensity for sev-
eral concentrations of DPH in dioxane. The saturation inten-
sity is higher for higher concentrations, due to the more rapid
decay observed for higher concentrations due to aggregation.
All quantitative comparisons of x(® for different concentra-
tions is done using the maximum pump intensity, where the
excited-state population is saturated for all concentrations: o,
1.6 mM; A, 3.3 mM; and O, 6.5 mM.

where the time constant is 7 for the susceptibility and is
7/2 for the signal amplitude. The excited-state lifetime
of DPH in dilute solutions of dioxane measured by the
excited state pump-probe DFWM experiment is 8 ns +
2 ns shown for samples of 0.6 and 1.2 mM concentration
in Fig. 7, in agreement with the lifetime determined by
fluorescence decay studies of 7.8 ns [9]. The nonlinear
optical enhancement we observe is, therefore, purely a
result of the population of the electronic excited state of
DPH.

F. Saturation of the pump effect

Since the excited-state DFWM signal depends on the
population of the excited state, we expect the output
intensity to saturate as a function of 355-nm pump in-
tensity. Figure 8 shows the pump intensity data acquired
for a range of sample concentrations in the pump-probe
DFWM experiment, demonstrating the saturation effect.
We fit each of the data sets to a function that incorpo-
rates the expression for the saturation of the excited-state
population. With the pump on, the nonlinear suscepti-
bility of the DPH sample is given by Eq. (3.8). The
ground- and excited-state population densities are given
in Egs. (2.3) and (2.4), and can be used to arrive at the
expression for x(3),

I

(3.13)
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TABLE I. The saturation intensities from excited-state
DFWM measurements of DPH solutions are shown for several
concentrations.

Concentration (mM) Is (W/cm?)
1.6 5.8 x 10°
3.3 6.2 x 10°
6.5 6.5 x 10°

If we make the assumption (valid for DPH) that v5° «
+52 and that Np is constant for dilute solutions, we can
simplify the above expression to obtain,

I
x¥ (~wyw,w, —w) = {K1 + K [1 -7 +SIS] } , (3.14)

where K; and K are constants depending on the molecu-
lar susceptibilities of the dioxane and excited-state DPH,
and on the concentration. For each sample concentration,
the data are fit using Eq. (3.14), and the resulting values
for Is are given in Table I.

The important conclusion to derive from the depen-
dence of the excited-state DFWM signal on pump inten-
sity is that the saturation of the excited-state population
in the simple two level model is sufficient to describe
fully the saturation behavior of the experiment signal.
We note that the saturation intensities observed are in

1000 = T T T T

Signal o< [

Signal o< &

DFWM Intensity (arb.units)

il

5 Signal o< I*

E A N r I . N |
10° 10
Probe Intensity (W/cmz)

FIG. 9. The normalized excited-state DFWM signal is
plotted as a function of probe intensity. The upper line shows
the excited-state DFWM signal with respect to the intensity
of the k; probe. Since the excited state DFWM is in the
2k, — ki direction, we compare to a line of slope 1 on this
log-log plot. The middle line shows the signal with respect to
the intensity of the k; probe. We compare to a line of slope
2 since the signal depends on the square of the k; intensity.
The lower line shows the signal with respect to the overall
1064-nm probe power supplied to the experiment (before the
probe beam splitter). We expect cubic dependence, and thus
we compare with a line of slope 3. All the systematic probe
power dependences agree with theoretical expectations within
experimental uncertainty. The data in this figure have been
arbitrarily normalized to the largest intensity. This way, the
lines show the effect of attenuation of each of the probe beams
from the maximum experiment signal.

agreement with separate single beam saturable absorp-
tion measurements described later.

In addition, for DFWM detected in the 2k, — k; di-
rection, the signal is proportional to the square of the
intensity of probe two and proportional to the intensity
of probe one. In the 2k; — k; direction, the dependences
are reversed. We observe the intensity dependences to
be in agreement with the predicted behavior as shown in
Fig. 9, where the DEFWM signal is plotted with respect to
each probe intensity and with respect to the total power
in both probe beams.

IV. ADDITIONAL OPTICAL PROPERTIES OF
DPH

A. Saturable absorption

Single beam saturable absorption measurements have
been separately performed on solutions of DPH in diox-
ane. As the pump beam passes through a low (0.25 to
1 mM) concentration sample, the transmission is moni-
tored as a function of intensity. We expect the transmis-
sion to saturate as a function of the incident intensity as
the excited-state population attains its saturation value
of p. = 1/2. The transmission of the sample can be ex-
pressed as

T - e—aL,—apL

I

e
— ¢~ ¢NaogL(pe — pg) ,—aBL

1
—cNgogL—+
1+ L —
—e +Ise CYBL’

(4.1)

where c is the concentration of the sample, L is the sam-
ple path length, o, is the ground-state absorption at 355
nm, Ig is the pump saturation intensity, ap is any un-
saturable background absorption due to excited-state ab-
sorption, and pg and p. are the two level model ground-
and excited-state populations given in Egs. (2.3) and
(2.4). Typical values for these parameters are L = 0.2
mm, ¢ =3 mM, —cNgo,L = 3, and Is = 2 x 10° %5

The saturable absorption measurement is carried out
by focusing a beam of 355-nm, 30-ps pulses into a lowing
liquid sample cell containing the DPH solutions. Flowing
the samples in the sample cell eliminates the thermal
convection which would drive absorbing molecules away
from the pumped region in a stationary liquid cell. The
light that passes through the cell is collected by a lens
and reflected into a (Hamamatsu model R/955) PMT. A
wavelength filter in front of the PMT eliminates any other
wavelength from contributing to the signal. A reference
beam is split from the pump beam into another PMT
(RCA model 31034), and the ratio of the signals from the
two detectors, proportional to the transmission through
the sample, is recorded for different intensities selected
by the angle of the halfwave plate with respect to the
angle of the polarizer in the pump beam.

Figure 10 shows the absorptivity observed for DPH
samples of concentration 0.25 to 1 mM as a function of
input intensity. A fit using the relation in Eq. (4.1) is
used to calculate the saturation intensities presented in
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FIG. 10. The excited-state absorptivity € is measured for
several concentrations of DPH in dioxane, and the result is
plotted as a function of pump intensity. € is seen to saturate
for all of the samples tested.

Table II. These values are comparable with the satura-
tion intensities measured at different concentrations in
the excited-state DFWM experiment.

B. Saturable absorption dynamics

Because of the nanosecond lifetime of DPH, the Sy —
S2 absorption is easily saturated by a 1-mJ, 30-ps, 355-
nm laser pulse. This saturation is easily seen in the data
of Kohler et al. [8], where the fluorescence of a free jet
(gas phase) of DPH is observed to saturate as a function
of the fluence of the exciting light. The transition can be
described by a density matrix,

b= [ng Pae } , (4.2)

Peg Pee
where pgq is the population density of the Sy ground
state, and pe. is the population of the S, excited state.
When the absorption of such a two level system is sat-
urated by a resonant optical pump and for times longer
than the dephasing time T5, the density matrix becomes,

TABLE II. The saturation intensities from saturable ab-
sorption measurements of DPH solutions are shown for several
concentrations. Also shown are the unsaturable background
absorptions, which are a measure of the excited-state absorp-
tion present at 355 nm from the excited state. The difference
in the I's values is the result, in part, of molecular aggregation
at higher concentrations. .

Concentration (mM) Is (W/cm?) aLpkg
0.25 1.5 x 10° 0.13
0.40 2.6 x 10° 0.37
0.95 3.4 x 10° 0.67

[==FXTIeN

J : (4.3)

N O

where half of the molecules in a sample are seen to occupy
the excited state. After excitation to the excited state,
Pee decays exponentially with the aforementioned lifetime
measured by excited-state absorption. Then,

1-1e7t/7) o
p= [( 2 ) _t/le (4.4)
0 56
describes the time evolution of the density matrix follow-
ing excitation by a pump pulse with a pulse width much
shorter than the excited-state lifetime 7.

Single frequency pump-probe transmission measure-
ments are carried out using a weak 355-nm probe which
follows a path equal in length to an intense 355-nm pump
beam, which saturates the absorption of the probed re-
gion of the sample. A (Hamamatsu R/955) PMT de-
tector with a preamplifier, detects the probe intensity.
By changing the pump-probe delay time, we observe the
transmission changes in the 355-nm probe, and observe
the decay of the S, excited state with increasing probe
delay. The transmission for a saturable absorber can be
expressed as,

T — ¢¢NaogL(pg — pe) — cNAaeLpe, (4.5)
and the data can be fit to an exponential decay using the
relation,

In (éT_ + 1) = cNa (05— Jo) Le~t/m (4.6

T

In(AT/T + 1)

=F T HFA &

I 1 I 1 1
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Pump Probe Delay (sec)

L

FIG. 11. The differential transmission of 30-ps, 355-nm
pulses is observed as a function of pump-probe delay time
for dilute solutions of DPH in dioxane. For each data point,
we calculate the function In (%TT + 1) which decays exponen-
tially with the excited-state population. The curves corre-
spond from bottom to top to concentrations of 0.31, 0.61,
1.13, and 1.47 mM, respectively, and the lifetime for all the
samples is found to be (10.0 & 2.5) ns.



3244

with a lifetime corresponding to the relaxation from the
initial S5 population back to the ground state. In Fig.
11, the ground-state recovery time for samples of con-
centration 0.31 to 1.47 mM is seen to be 10.0 £ 2.5 ns,
in agreement with the lifetime measured by excited-state
pump-probe DFWM.

C. Excited-state absorption

Excited-state absorption (ESA) occurs when the ex-
cited state is the initial occupied state for a second one-
photon absorbing electronic transition. Two ESA bands
in DPH near 480 nm and 650 nm have been observed
[21,10], corresponding to S; — S, and S; — S, transi-
tions, respectively. After equilibration of the S; and S;
state populations, the two ESA peaks decay simultane-
ously with the fluorescence decay lifetime. DPH shows
no significant ESA above 800 nm [21].

We performed independent excited-state absorption
tests at 1064 nm on DPH solutions excited by 30-ps
pulses at 355 nm. Using a photodiode, we monitored the
transmission of one of the 1064-nm probe beams from the
DFWDM apparatus through the DPH sample, and looked
for any change in transmission caused by the presence of
the pump. We found that there is no ESA at 1064 nm in
DPH solutions within the experimental resolution. After
observing the pump enhanced signal in the excited-state
DFWM apparatus to verify that the beams are properly
overlapped in the sample, a mirror was inserted behind
the sample to reflect one 1064-nm probe onto a photodi-
ode. Using this as a monitor of the transmission through
the sample, no difference in the transmission in the pres-
ence or absence of the pump was observed. Thus, a limit
for the magnitude of any change in transmission induced
by the pump can be calculated from the fluctuations in
the averaged differential transmission,

AT e—aeL _ e-—-agL

_(ae‘a )L_
= = oL 1.

=e€

(4.7)

At 1064 nm, oy = 0, and a. = cNgp.o., where p, = 1/2
in saturation. Then we have

In (£ + 1) = —3cNgo Le /7. (4.8)

T

In the experiment, the differential transmission fluctuates
about zero, and we arrive at the upper bound limit for
the ESA,

0.(1064 nm) < 2 x 1078 cm? (4.9)

The important conclusion, therefore, is that we observe
no ESA at 1064 nm upon excitation by 355 nm in DPH.
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V. CONCLUSION

The third-order optical susceptibility
x®) (—w4; w1, wz,ws) of organic and polymeric materials
is being intensely investigated because nonresonant vir-
tual excitation of the delocalized m-electron systems of
these materials can result in large ultrafast nonlinear
optical responses with minimal background absorption.
We have demonstrated through experimental studies that
X(3)(—w4;w1,w2,w3) can be increased by orders of mag-
nitude over the normally observed ground-state values by
population of electronic excited states. The excited-state
enhancement mechanism was theoretically predicted by
many-electron, configuration interaction calculations of
the molecular susceptibility -y;jxi(—was; w1, w2, ws) of one-
dimensional chains when either the first or second -
electron excited state is occupied. The principal reasons
for the enhancement are (1) larger optical transition mo-
ments fnn, (2) smaller transition energies between the
occupied excited state S, and other excited states S,
and (3) a reduced degree of competition between virtual
excitation processes that has been shown to be a limiting
factor in the ground state (So) 75",61(—w4;w1,w2,w3).

We have described recent excited-state DFWM mea-
surements which show an increase as large as a factor
of 100 in the completely nonresonant DFWM signal at
1064 nm when solutions of the conjugated linear chain
DPH are optically pumped at 355 nm into the first
optically allowed electronic excited state S;. A large
52 (—w;w,w, —w) of (12000 £ 1700) x 1073 esu is ob-
served compared to the ground state y5° (—w;w,w, —w)
which is < 50 x 10738 esu. Importantly, separate tran-
sient absorption experiments show there is no excited-
state absorption at 1064 nm with excitation at 355 nm.
Therefore, upon population of the excited state, the mi-
croscopic third-order optical susceptibility of DPH is in-
creased by orders of magnitude without introducing any
optical loss at the probe wavelength.

As is true of most DFWM experiments, we cannot
entirely exclude the possibility of a molecular orienta-
tional contribution to the signal. However, electroab-
sorption measurements of a slightly longer, but oth-
erwise identical, structure than DPH, diphenyloctate-
traene, find an excited-state polarizability just slightly
more than a factor of 3 larger than that of the ground
state [29]. Since this is far short of the increase that
would be required to account for the observed increase
of the DFWM signal, and since the electronic contribu-
tion to x®) (~w;w,w, —w) of the highly conjugated DPH
structure is expected to be much larger than the orienta-
tional contribution, the orientational contribution is not
expected to be significant in the observed enhancement.

The excited-state enhancement mechanism is general-
izable to other nonlinear optical processes and to other
material structures. The measurements reported to date
were made in solutions where the small number density
of excited-state molecules with large optical nonlinearity
results in a smaller x(?’)(—w4;w1,w2,w3) than would be
observed with a pure, single substance. Studies are cur-
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rently underway on pure polymer thin films where typ-
ical nonresonant ground-state x(3) values on the order
of 10711-10710 esu are expected to be enhanced by or-
ders of magnitude, potentially leading to figures of merit
sufficient for practical photonics devices.
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