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Experimental observation of enhanced nonresonant nonlinear optical responses
from optically pumped electronic excited states
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Enhancement of greater than 2 orders of magnitude of nonresonant third-harmonic generation from
an optically pumped S electronic excited state is experimentally observed for quasi-two-dimensional
conjugated disklike structures. The isotropically averaged S, excited-state microscopic susceptibility

(3)

(41 (=30;0,0,0)) is — 1640 % 100x10 " esu, and the corresponding macroscopic s, (= 30,0,0,0)
exhibits temporal decay and pump-power saturation behavior associated with the expected decay and
saturation of the S state. The enhancement mechanism through optical pumping followed by a non-
resonant nonlinear optical probe is generalizable to both second- and third-order optical processes in

nonlinear optical media.

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

In nonresonant nonlinear optical processes in electronic
systems, the real population of the initial state for the vir-
tual optical excitations can be either the usual singlet
ground state S or an optically pumped excited state S,.
In earlier theoretical studies [1,2] of microscopic third-
order optical susceptibilities i (— w40, 02,03) of
quasi-one- (1D) and quasi-two-dimensional (2D) chain-
like and disklike conjugated structures, we found that,
compared to the ground state [3,4], nonresonant
7;,-/.-/(—w4;w|w2,w3) susceptibilities can markedly in-
crease, or even change sign, when the first (S), or second
(S2), n-electron excited state is optically pumped and
then populated on time scales sufficiently long to allow
nonresonant measurements of y}jzl(—w4;w|,w2,w3). The
principal reasons are the larger optical transition moments
U and smaller excitation energies w,,' 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 7y, (— wsw),w2,03) [2]. The electron-
correlation microscopic origin of the ground state
Yijkt ( — w401, 02,03) has been experimentally confirmed
through a series of dc-induced second-harmonic genera-
tion (DCSHG) and third-harmonic generation (THG)
dispersion measurements of key conjugated linear-chain
structures [5]. In this paper, we report the experimental
observation that the nonresonant ¥k (—3w;0,0,0) is
enhanced by orders of magnitude when the S n-electron
excited state of a disklike conjugated structure is popu-
lated for nanosecond time scales and then probed non-
resonantly through THG with time-delayed picosecond
pulses. THG was selected as the probe process because of
its exclusive electronic origin as compared to, say, degen-
erate four-wave mixing (DFWM), which has multiple
contributions to the nonlinear optical response.

The nonlinear optical medium, silicon naphthalocyan-
ine (SINC) [4,6], exhibits characteristic large oscillator
strength Q [ =778 nm (1.59 eV)] and B (Soret) [» =335
nm (3.70 eV)] absorption bands due to widely separated
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So (1'41,)— S,(1'E,) and Sy (1'4,,)— S2(2'E,) =-
electron transitions, respectively, as is well-established for
diamagnetic metallophthalocyanines and related metallo-
porphyrins of Dy, symmetry [7,8]. Importantly, we have
previously demonstrated that SINC exhibits absorption
saturation of the So— S transition and behaves as an op-
tical Bloch two-level system having a decay time of
several nanoseconds [4]. Separate THG measurements
[9] over the near-infrared region (1907-1064 nm) of the
frequengy-dependent, isotropically averaged, Sy ground
state (7" °(— 3w;w,w,w)) of SINC solutions show that for
10-ns pulses of fundamental wavelength A =1543 nm, well
below the So— S, Q band, (ys°(—3(u;a),w,w)) is rela-
tively small, being less than the experimental uncertainty
of £10x1073¢ esu. The created third harmonic at 514
nm lies in the transparency window between the So— S
and So— S, absorption bands.

The excited-state THG measurements in the present
study were performed on dilute solutions of SINC dis-
solved in transparent dioxane [C=(1-5)%10 ~* moll ™'}
using the Maker fringe method in a flow cell wedged
configuration. The laser source was a 10-Hz, 30-ps pulse
width, mode-locked Nd:YAG laser (YAG denotes yttri-
um aluminum garnet) with 40-mJ/pulse output at a wave-
length of 1064 nm. The nonresonant probe beam at 1543
nm and the pump beam at 770 nm (in the So— S Q ab-
sorption band) were created, respectively, by focusing the
1064-nm laser output and its 532-nm second harmonic,
generated in a potassium dihydrogen phosphate doubling
crystal, into two separate methane Raman cells. The
770-nm pump beam passes through a right-angle prism
employed as a retroreflector and mounted on a 1-m-long
translation stage that enables temporal delay of the two
beams. The 1543-nm probe beam is beamsplit with one
arm focused on a glass plate that serves as a reference to
divide out power fluctuations and with the other focused
on the sample cell. TH light at 514 nm is detected by
photomultiplier tubes in each arm after frequency selec-
tion by spike and bandpass filters.

The sample cell consists of two 5-cm-long BK-7 glass
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windows mounted to form a wedge compartment with an-
gle @=0.0123 rad and mean thickness 0.44 mm and is lo-
cated on a computer-controlled, stepper motor-driven
translation stage where the translational axis is perpendic-
ular to the direction of beam propagation [5,10]. The

770-nm pump beam intersects the 1543-nm probe beam in
J
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the center of the cell at an angle of 7°, and the overlap-
ping and focal point coincidence of the two beams are
carefully adjusted.

The TH fringes were analyzed to obtain 1 (-30;
,0,0) of the sample according to the expression

— 1/2
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where 4% and AR are the mean fringe amplitudes of the
sample and reference liquids, respectively, /. is the coher-
ence length, T, and ¢4 are transmission factors for the
glass-liquid interfaces, and the subscript G refers to the
BK-7 glass windows [5]. For the reference liquid, pure
dioxane, we obtain y @ (—3w;0,0,0) =0.702x 10 ~'* esu
and /., =19.6 um, and for the glass windows we use
the values 1(3)(—3w;w,w,w)=0.600>< 10 ™' esu and /.
=13.03 um [5]. The coherence length /. remained con-
stant and the TH intensity was cubic in fundamental in-
tensity for all measured concentrations of SINC both with
and without the pump beam.

Although SINC molecules occupying the ground state
have negligible absorption at 1543 and 514 nm, we have
directly measured weak excited-state absorption (ESA) at
both the fundamental and harmonic wavelengths [11]. A
modified configuration of the excited-state THG measure-
ment was used to characterize the ESA of SINC. Main-
taining the alignment of the 770-nm pump beam, we
directly detected the transmission of a 1543 or 532 nm
(0.08 eV away from the third-harmonic wavelength 514
nm) probe beam focused into an overlapping position in
the flowing sample. The magnitude of the ESA coefficient
as, is determined by the difference between overlapping
and negative time delayed probe pulses with respect to the
pump pulse by

—ag!  —agl
L~ _e e % =, ' 2)
Il e—asol - ’

where I, is the transmitted probe beam intensity when the

|

pump and probe temporally overlap, /, is the transmitted
probe beam intensity when the probe precedes the pump,
and the ground-state absorption coefficient ag, is negligi-
ble. The linear fits of values of ag, obtained as a function
of SINC concentration result in experimental values for
the molecular ESA cross section os, =as,/Ns, of 3.2
+0.3and 4.7£0.5x10 "7 cm? at 1543 and 532 nm, re-
spectively. These values are in good agreement with in-
dependent measurements of the intensity-dependent ab-
sorption of a single 532-nm beam through solutions of
SINC in toluene that obtained o5, =3.9%10 ™" cm? [12].
We observed both transient and saturation behavior to
verify the expected characteristics of the ESA signal. As
an example, the decay of the ESA as a function of the
time delay between the 770-nm pump and 532-nm probe
is shown in Fig. 1. The effects of absorption on the Maker
fringes are accounted for fully by using in Eq. (1) the
corrected mean fringe amplitude A3, given by

e
2 Avheas
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Azorr = 3)
where Z;f,cus is the directly measured mean fringe ampli-
tude and a, (a3,) is the linear absorption coefficient of
the sample at the fundamental (third harmonic) wave-
length.

In solution, the macroscopic susceptibility 1(3)(—3‘(1:;
w,w,w) derives from the weighted sum of the isotropically
averaged molecular susceptibilities (y(—3w;0,0,0)) of
each component. For SINC in dioxane where both the So
and S, states of SINC may have real populations,
1P (—3w;0,0,0) is given by

1P(=3w;0,0,0) =(f*)3f3INp(yP(— 3w;w,w,w))+NSo(yS°( - 3w;w,w,w))+NS,(yS'( —3w0,0,00], 4)

where Np, Ns,, and Ng, are the number densities of diox-
ane molecules and SINC molecules occupying the So and
S| states, respectively, and we have assumed the local field
factors f“ are the same for each component. Figure 2
shows typical examples of TH fringes obtained both with
and without the 770-nm pump beam resonantly exciting
the So— S transition at a fixed probe delay of 20 ps. At
relatively low concentrations, optical pumping of S leads
to greater than 60% reduction in the TH fringe amplitude.
In agreement with our previous nanosecond THG mea-
surements of (7°°(—3w:w,0,»)) [9], the unpumped
Maker fringes and x’(—3w;0,0,0) values are found
to be independent of concentration, demonstrating
that 7°°(—3w;w,0,0) is so small that the term
Ns {7 °(—3w;w,0;0)) of Eq. (4) is negligible. Since

Ns, =0 in the unpumped configuration, the unpumped TH
fringe shown in Fig. 2 originates purely from the dioxane
term Np{y2(—3w;0,0,0)).

The large decrease in TH fringe amplitude in Fig. 2
when the S, state is optically pumped is due to a very
large (y°'(—3w;w,0,0)) that is of opposite sign to
(y°(=3w;0,0,0)) leading to a reduction of ¥ (—3w;
w,w,0) for the solution as a whole. Accordingly, in
sharp contrast to the unpumped case, the pumped
2% (—3w;0,0,0) values shown in Fig. 3 are observed to
decrease dramatically with concentration when SINC
is resonantly pumped at 770 nm and the S, state is
populated. The linear fit in Fig. 3 yields xéf)(—hu;
0,0,0)/C=—1(1.55%0.09)x10 "2 esulmol ~' where
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FIG. 1. Excited-state absorption at 532 nm of SINC dis-
solved in dioxane as a function of the delay between the 532-nm
probe and 770-nm pump pulses. The solid curve fit to the data
yields an S lifetime of 7 =1.8 = 0.3 ns.

xs::)( 3(0 w,w, w) lpump( 3(1) w,w, (l))
—Znopump( _30);0),0),(0)

is the contribution of the excited state to the overall
13 (=3w;0,0,0) and C is the molar concentration.
From the relation

3)

28 (—3w0,0,0)=1% No(f*) 33y (= 3w;0,0,0))

(5)

where Ng is the number density of SINC molecules, No/2
is the excited-state population of a two-level system for
I>Ig, and f“= (nZ2+2)/3 lS the Lorentz-Lorenz local
field factor, we obtain (7 '(—3ww,0,0))=— (1640
+100) %10 73 esu. Thus, the real population of the S
state by optical pumping increases (y(—3w;0,0,0)) of
SINC by greater than 2 orders of magnitude. For com-
parison, the measured value of (y(—3w;w,w,)) for hex-

Fringe Amplitude (arb. units)

400.0 420.0 440.0 460.0

Sample Path Length (um)

FIG. 2. Third-harmonic fringes of SINC in dioxane at 514
nm both with and without the 770-nm pump beam resonantly
populating the S state. For pure dioxane, the fringes are iden-
tical to those for the unpumped configuration. The large de-
crease in fringe amplitude |n ‘the pumped configuration results
from a very large, negative (y°'(— 3w;0,0,0)).
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FIG. 3. Concentration dependence of y*’(—3w;w,0,0) for
solutions of SINC in dioxane i |n the pumped configuration. The
linear fit to the data yields (y (= 3w;0,0,0)) = — 1640 % 100
%10 7% esu compared to Ky = 3w;0,0,0))] < 10%10 ™% esu.
Each measured value of ¥y (—3w;0,0,0) has an associated
uncertainty of * 15% determined from the reproducibility of
the Maker fringes and from uncertainties in the standard and
derived values employed for BK-7 glass and dioxane.

atriene, an N =6 carbon site linear chain, is 1.2x10 ™3¢
esu at A=1543 nm while the values for B carotene, an
N =22 site chain possessing a very large third-order sus-
ceptibility, are 52x10 736 esu at the nonresonant wave-
length A=2148 nm and 358x10 3¢ esu at the near-
resonant wavelength A =1543 nm [5].

As the S excited-state poyulatwn spontaneously de-
cays back to the Sy state, Is. 3w,0,0,0) is expected
to decrease and approach zero in the limit 1>> t, where 7
is the decay time of S,. In the limit of negligible

? ground-state contribution to ¥ (—3ww,0,0),

3 (= 3w;0,w,0) is directly proportional to the S| popu-
ldthl’l and is therefore expected to decay as e ~*/*. This
was verified by adjusting the relative delay between the
pump and probe beams as shown in Flg 4 As expected,
when the probe precedes the pump, l’S| (= 30;0,0,0)
=0, and the width of the rising edge of the signal is in ac-
cordance with the 30-ps laser pulse w1dth This is fol-
lowed by an exponential decay of y§(—3w;0,w,0) as
the probe beam encounters a partially decayed S popula-
tion. The inset of Fig. 4 illustrates In|x$’ (- 30;0,0,0)|
versus probe delay. The excellent linear fit yields
7=1.50+0.05 ns in agreement with our own separate
spectral measurements of 7 shown in Fig. |1 and other in-
dependent results [8,13]. The data of Fig. 4 rule out both
nonlinear beam interaction and thermal effects as sources
for the decrease of ¥ (—3w;w,w,w) when the sample is
pumped.

The steady-state solution to the population rate equa-
tions for a simple two-level system involving states So and
Sy yields Ns,=Nol/2(I +1s) where the saturation inten-
sity Is=hw/2071, o is the absorption cross section for the
So— S, transition, and & is the S, state lifetime [14].
The saturation of the y§(—3w;w,»,w) signal with in-
creased pump intensity is well fit by a function of the form
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FIG. 4. x§3,)( —3w;w,0,0) as a function of the time delay be-
tween the pump and probe beams. As shown in the inset, the
data are well fit by a decay e ~"/* with an S, lifetime of
7 =1.50%0.05 ns.

I/(I+1s) in Fig. 5 in agreement with saturation of the S,
state population.

In summary, we have observed an enhancement of the
nonresonant molecular third-harmonic susceptibility
(y(—3w;0,0,0)) by more than 2 orders of magnitude
upon optical pumping of the designated S state of a con-
jugated disklike structure SINC. A unique experimental
configuration was employed in which the nonlinear optical
medium is first optically excited with a pump beam reso-
nant with an electronic transition and then probed with a
time-delayed nonresonant beam via third-harmonic gen-
eration. When SINC solutions were resonantly pumped,
x(”( —3w;w,w,w) was observed to decrease dramatically
and to further decrease linearly with increased concentra-
tion because the excited state (yS'( —3w;0,0,0)) is nega-
tive in sign and orders of magnitude larger than the

of the form x§’(—3w;0,0,0) &1/ (I +1I5) based on the popula-

tion rate equations of a two-level system. The probe delay was
fixed at 20 ps.

ground state (7°°( — 3w;w,w,®)). The contribution of the
S state to the macroscopic third-order susceptibility
1§3,)(—3w;w,w,a)) was found to decay with the S state
lifetime and saturate at high pump intensities in accor-
dance with the expected decay and saturation of the S,
state population. The enhancement mechanism for non-
linear optical responses reported here is generalizable to
both third-order 1(3)(—w4;w|,w2,w3) and second-order
1(2)(—w3;w|,w2) optical processes and to other material
structures, compositions, and phases.
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