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Nonlinear refraction and multiphoton absorption in polydiacetylenes from 1200 to 2200 nm
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We report femtosecond measurements of the dispersion in the nonlinear refraction and multiphoton absorp-
tion in polydiacetylenes, specifically in PTBolymer poly(bis para-toluene sulfonatef 2,4-hexadiyne-1,6
diol] over the spectral range 1200 to 2200 nm. Various modifications oZtbean technique were used to
make the measurements. The nonlinear refractive index coeffisiedecreased monotonically with wave-
length and can be reasonably extrapolated to previous measurements at 1064 nm. It was found that multiple
multiphoton absorption mechanisms contributed to the nonlinear absorption at most wavelengths so that the
intensity dependence at each wavelength was needed to identify the different contributions. A two-photon
absorption coefficient decreasing monotonically with increasing wavelength was identified with the long wave-
length tail of the massive two-photon absorption peak measured previously at 930 nm. The three-photon
absorption coefficient showed a weak resonance around 1850 nm associated with the one-photon absorption
into the odd symmetry peak at 620 nm, but also exhibited larger values at shorter wavelengths whose assign-
ment is not clear. The four-photon coefficient, measurable only around 1900 nm was associated with four-
photon absorption into the even symmetry 465 nm state responsible for strong two-photon absorption measured
previously at 930 nm. This resonance, normally much too weak to be observed, was measurable only because
of the accidental degeneracy with the three-photon absorption resonance. This degeneracy also leads to a single
photon excited state absorption into the 465 nm state via an initial three-photon absorption into the odd
symmetry 620 nm state. It was shown that this+(B) process is in the saturation regime over the intensity
range of the measurements and does not contribute to absorption change proportional to the cube of the input
intensity, which indicates the pure four-photon absorption process. Thus the measured four-photon coefficient
was identified to be due to true instantaneous four-photon absorption. Finally, polarization-depeadamt
was used to evaluate the difference between the linear and nonlinear absorption coefficients parallel and
perpendicular to the polymer’s conjugation axis and to crosscheck the nonlinear measurements made via
Z-scan. The differential linear absorption coefficient was found to be in a good agreement with that measured
by a standard spectrophotometer measurement.
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I. INTRODUCTION The special properties of conjugated polymers were rec-
ognized in the late 1960's and early 1970's by Wegner and
Polydiacetylenes are essentially one-dimensiofid))  colleagues. Many interesting properties were investigated
quantum wires in terms of their optical propertie§.They  over the succeeding years, including the excitonic nature of
consist of a quasilinear chain of carbon atoms bonded byhe dominant and very intense absorption peak in the optical
single, double, and triple bonds. The key point is that a carapsorption spectrum, the excitation of triplet states and the
bon atom has four valence electrons that occupy tee 2 photoactivated conductiviy.® However, it was Sauteret and
2py, 2py, and 2, orbitals. Upon the formation of the con- co-workers that stimulated the interest in these materials as
jugated polymer chain theandp orbitals overlap to formr  noplinear optical materials. Using third harmonic generation
and 7 bonds, respectively. In the case of alternating doublg ) they estimated the nonresonant, intensity dependent
(or triple) bonds, the single atomp2 (and 2o,) orbitals that refractive index coefficient, to be 2<10° %2 cn?/W in

lie orthogonal to theo bond, form a continuous orbital in single crystals of the polydiacetylene Pfi®lymer poly(bis

which electrons can move more or less freely parallel to th%ara—toluene sulfonateof 2,4-hexadiyne-1,6 didf Here
carbon-carbon axis, the polymer “backbone.” The facnethe optically induced ref}active index 1changAn is

movement of ther electrons results in the large polarizabil- ~. X . .

ities (and hyperpolarizabilitiesobserved in conjugated poly- 9'Vel' [ terms of the IOC"’(‘L) intensity by,l where n;
mers. Although the polymer backbones are usually separatégREX (@0, —w,0)] andx™ is the third order suscepti-

by side groups bonded approximately orthogonal to the polyPility. Soon thereafter Lequime and Hermann reported
mer axes, these groups contribute electronic states in tHarge two-photon absorption coefficients o Im[ x*(— w;w,
deep blue and UV whereas the conjugation leads to elec=,)]."> These two papers pioneered nonlinear optics in
tronic states in the visible and near infrared. Thus the elecpolydiacetylenes in general, and single crystal PTS in
tronic states associated with the polymer’s backbone reflegarticular.

the linear symmetry of the polymer backbone and have either In the succeeding years there were numerous measure-
even @g) or odd B,) symmetry*® The ground state isAy ments in PTS and associated polydiacetylenes of the third
(labeled 0 and the first one-photon active excited stear-  order susceptibility in general, and of the nonlinear refractive
citon) is 1B, (labeled 3. index. Most of these measurements were done near wave-

0163-1829/2004/691)/11542111)/$22.50 69 115421-1 ©2004 The American Physical Society



POLYAKQV, YOSHINO, LIU, AND STEGEMAN PHYSICAL REVIEW B69, 115421 (2004

lengths at which the dominant electric dipolé\jt—1B,,
transition dominates the nonlinear response. The wavelength

A
dispersion of third harmonic generation was used to identify
the location of two-photon absorbing statésDegenerate -ﬂn.
and nondegenerate four wave mixing, and spectral broaden-
ing due to self-phase modulation were used to evaluate
IX®(— 00, — v,0)|.*718 Z-scan and interferometry was
used to measure botm, and a,, primarily at 1064 &\
nm.17'19‘24

The values reported for the nonlinear coefficients of poly-

diacetylenes can vary by factors of 2 or more, and even
disagree in the sign of the nonlinearity. We believe that there
are a number of reasons for this. First amorphous polymers
can have different degrees of conjugation, depending on the
preparation conditions?® Secondly, even in crystals the
sample morphology can depend on the crystallization and
polymerization conditions. Thirdly, when single crystal poly-
mers are formed from single crystal monomers, there is sig- v
nificant bond rearrangement that occurs which leads to
strains and defects in the crystafsThe values of the non-
linearities on the crystals prepared here are consistent with

those measured on crystals supplied by two other researgduction, including the difference in the linear absorption
labs/* between orthogonal polarizations are discussed in Sec. IV.

Nonlinear measurements are driven by potential applicaa|sp, Sec. IV includes a brief discussion of the impact of
tions to all-optical signal processiAThey rely on a large  self-focusing on the reliability of the measurements, which
n, in SpeCtral regions where the linear and nonlinear absor%ets the limit on a maximum Samp|e |ength and maximum
tion is minimal at the intensities required for device opera-intensities that can reliably be used for the nonlinear charac-
tion. Polydiacetylenes, both amorphous and single crystaterization. Section V summarizes the measurements on the
have been used for such devices with mixed success in th@ispersion of nonlinear refractive index and the two-, three-,
near infrared”~>*No devices have been reported yet in theand four-photon absorption. Contributions to an effective
communications bands. Here we report the full dispersion Ofour-photon process from three-photon absorption followed
the nonlinear index coefficiemt, from 1200 to 2200 nm.  py excited state absorption are discussed in Sec. VI. We sum-

The present work is also driven by the large one- andnarize the work in Sec. VII.
two-photon absorption already reported in the near
infrared!®?*?* They raise the possibility that even higher || £ ECTRONIC STATES IN POLYDIACETYLENE PTS
order multiphoton absorption should occur in the 1200-2200
nm spectral band. Although resonantly enhanced three- The molecular structure of single crystal PTS is very well
photon absorption{a= a3l?) has been demonstrated pre- known and is shown in Fig. I In the first approximation
viously in organic materials, under normal circumstanceghe electronic excited states associated with the spacer units
four-photon absorption is much too weak to be obseffed. that occur in the near ultraviolet and deep blue regions of the
For example, there have only been sporadic, and in somabsorption spectrum are decoupled from those associated
cases disputed, reports of four-photon absorptidhe ( with the single, double and triple C-C bonds wherelec-
= ay41®) in semiconductord! but none to date, to the best of trons are delocalized along the polymer chain and occur in
our knowledge, in molecular solids except for the weak four-the visible. As a result, in the visible the electronic states
photon absorption reported previously in this spectral regiomeflect quasilinear symmetry and the states are either &yen
in PTS2 In principle this effect can be observable if there is or oddB, symmetry. Since one-photon electric dipole active
an additional resonant enhancement mechanism in play, arichnsitions between energy levels involve a change in state
in fact we show here that this is the case. It turns out there iparity, they occur between tifg andB, states. Similarly for
more than one contributing multiphoton mechanism at everywo-photon electric dipole transitions, the initial and final
wavelength in this spectral range which necessitated the irstates both have the same parity, but are mediated by a state
tensity dependence analysis of multiphoton absorption awith the opposite parity. In general, transitions involving an
each wavelength investigated. Here we report the spectraldd number of photons require initial and final states of dif-
variation in two-, three-, and four-photon absorption in theferent parity and for an even number of photons the initial
wavelength range investigated. and final states exhibit the same parity.

This paper is organized as follows. In Sec. Il we discuss One-photon absorptioflPA) and two-photon absorption
the electronic states previously measured in PTS and ho@PA) spectroscopy have identified the evenAy) and odd
they affect multiphoton absorption. A summary of the fabri- (1B,) symmetry states with the largest electric dipole tran-
cation procedures used in making the PTS single crystals isition moments linked to electron excitation from the even
given in Sec. lll. The measurement techniques and the datymmetry ground stateAl;. Shown in Figs. 2a) and 2b)

FIG. 1. Chemical structure of PTS.
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g 800r FIG. 3. Linear absorption spectrum of PTS in the transparency
(\é 700 | region (between the strong absorption peaks in the visible due to
= sool electron levels and in the infrared due to strong vibronic resonances
%_ of the C bonds The solid thick line light was obtained with light
s 500 f- polarized parallel to the polymerization direction and the thin
< a0k dashed line with light polarized perpendicular to the polymerization
s direction.
5 300
i
g 200F / higher order nonlinear absorption, namely, three- and four-
F ool photon absorption. To estimate the multiphoton absorption
ol . . . . values we used perturbation theory which incorporates
700 800 900 1000 1100 knowledge of the strongest odd A} to 1B,) and even
(b) Wavelength [nm] (1A4 to mA;) photon absorption resonances. This gives

. ) ~ the following approximations for the resonant terms
FIG. 2. (a) One-photon absorption spectrum taken with the in- of X(5)(_w.w —w,0,—»,0) and X(7)(_ 0w —w

coming polarization parallel to the polymerization bone dhy ®,— w,0,— o, ), which are the origin of three-photon ab-
two-photon absorption speptru_m from Ref. 24 taken with polarlza-sorption (3PA) and four-photon  absorption (4PA),
tion parallel to the polymerization bone. respectively45

are the measured spect’®**® The one- and two-photon

6
peaks occur at 620 and 930 nm, respectively, and identify the a3 %f(w,wm, o),
1B, and mA, (labeled 2 states as lying 2.0 and 2.7 eV (w1=3w=iToy)
above the ground state. Note that the ratio between these PRCTE

01l 12|

energy levelsEyag/E1g,=4/3. The approximate location ay _ i
and oscillator strengths are in good agreement with (w01~ 3w—iTg)*(wgy—4w—iTgp)
theory®’~%° Although the progression of excited states in
terms of energy above the ground state, for example for elec-
trons in a 1D box, is usually By, 2Ay4, 2B, 3Ay, etc., Herepuq, anduy, are the electric dipole transition moments
strong electron correlation effects exist in polydiacetylenesrom 1A, to 1B, and 1B, to mA,, respectively. This ap-
and there is a weakly coupled, even symmetry state lyingproximate model is essentially useful for finding the ratio
just below the B, state which appears to play no role in our between the three-and four-photon absorption coefficients
experimentd;11:37:38 and for giving rough order of magnitude estimations for
Both the one- and two-photon absorption spectra exhibithese coefficients. For estimating the order of magnitude of
strong side bands towards the shorter wavelength side of the; and a4, the dipole transition moments above could be
main peak. These have been identified as vibronic sidebandssumed equal. The one- and two-photon transition energies
due to transitions within the vibrational manifolds of the are iwg; and A wq,, respectively, and’o; andI'y, are the
electronic state$® As a result the total oscillator strength of linewidths associated with the upper state lifetimes. Finally,
these transitions is spread out in wavelength and the olthe functionsf(w,wqg;) and F(D,w,wq;,wq,) are expected
served overall spectral width is not indicative of the excitedto be slowly varying functions of frequency witlD
state lifetimes. These have been measured by pump-probe|w,/uoil. The exact form of these functions depends on
spectroscopy to be about 2 ps for thB1to 1A, decay and the contribution of vibrational degrees of freedom and reso-
about 100 fs fomA, to 1B,,.*>*~% nances due to lattice defects which are one-photon active.
The peak values of the linear and two-photon absorptiorThe photon energies associated with 3PA and 4PA fall into
coefficients area;=7%x10° cm ! (at 620 nm and a,=7 the absorption bands associated with vibrational overtones.
X 107 cm/GW (at 930 nm), respectively. These values are so Shown in Fig. 3 is the absorption spectrum measured in that
large that they raise the possibility of measuring the nexspectral region.

XF(D,w,wOl,wOZ,...).
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In PTS the transition dipole moments from the groundcilitating cleaving into thin pieces prior to polymerization.
state to B, and from the B, to mA, states are reported The monomer crystals were very light pink after growth,
to be very large—over 3 ef*® In addition to this, in PTS implying very low polymer conversion during the short
EmAg/ElBu=§ so that there is an accidental degeneracy begrowth period. However, the color quickly changed to red
tween three-photon (8620=1860 nm) and four-photon when left at room temperature indicating that polymerization
(2x930=1860 nm) absorption. Keeping just the leadinghad subsequently occurred.
resonant terms for this case  Ig¥)3pa ennanced A typical polymerization conversion curve exhibits a
~ M nonennancda@s/ T'2]. This degeneracy provides an characteristic S shape. It consists of an induction period to
enhancement mechanism which might make four-photon akabout 10% conversion followed by a rapid rise up to 90%,
sorption 4-5 orders of magnitude larger, and this factomnd then a gradual increase to the completion of the conver-
would depend on the relative position of the resonances. It isjon. It is in the rapid rise region that the drastic change in
a Straightforward exercise to show that with no aCCidenta{he cell parameter occurs, probab]y accompanied by cata-
degeneracy, four-photon absorption detection would requirgtrophic cracking inside the crystals. The PTS conversion

peak intensities which easily damage the crystal. curves at different temperatures show simiype charac-
teristics, but were progressively steeper in the rapid rise re-
IIl. SAMPLE PREPARATION gion with increasing temperatuf&> Thus decreasing the

] ] ] ) annealing temperaturgrom 60 to 45 °Q slowed down the

Since Wegner's pioneering work, topochemically con-10-909% conversion process, and made the cell parameter
trolled solid state polymerization of monomer diacetylenechange more slowly in this critical period. A reduction in
crystals has been used successfully to prepare large polymggack defects was observed with this scheme. Typically,
single crystals”>*°The best known compound of this fam- nearly perfect polymer crystals less than 1 mm thick could
ily is the symmetric diacetylene referred to as pTS or PTS)e obtained after polymerization, whereas samples several
(pTS as monomer and PTS as polyjeCentimeter size  mm thick did show evidence of cracks.
monomer pTS crystals can be grown by a slow solvent The net result was samples superior to those on which the

evaporation technique from saturated acetone solfifih.  original measurements of multiphoton absorption and refrac-
The polymerization of monomer pTS molecules can be easjgn were performed:~232% More details can be found in

ily initiated by thermal annealing or by exposure to radiationgef. 36.
(x ray, y ray), even at room temperature and in ambient light.
This solid state reaction results in a long conjugated chain
along the crystallographilc axis, essentially leading to poly-
mer PTS crystal growth within the “template” of the mono-
mer pTS crystal structure. This approach with some impor- The measurement technique chose@-scan, schematic
tant modifications was used in our crystal preparatfon. shown in Fig. 4a). In this technique a sample is moved

The pTS material was synthesized by the well knownthrough the focus of a beam and the transmitted signal is
procedures3° Successive recrystallization from acetone either completelyfopen aperture for multiphoton absorption
was used to purify the pTS. After the purification, the pTSdetected, or just sampled over a small aperture centered on
acetone solution became nearly colorless. the beam axigclosed aperture for evaluating).®! As the

The polymerization process, both during growth of thesample is moved, the diameter of the beam changes and
monomer and the subsequent monomer to polymer convehence the sample cross-sectional area studied changes. In
sion was found to be critical to producing samples with asamples such as PTS where scattering due to defects occurs
minimum of defect$® pTS crystallizes in the monoclinic in the bulk regions, additional spurious changes in the trans-
space groupP2;/c with a=1.460 nm, b=0.515nm, c mission can appear as the sample is moved.
=1.502 nm, ang3=118.4°. After polymerization, the space  In order to avoid this problem, alternative versionsZef
group remains the same while the cell parameters change tzans were introduced. “Power scan” was chosen for closed
a=1.448 nm,b=0.493 nm,c=1.491 nm, ang8=118.0°%®  aperture measurements and “polarization scan” was used in
The drastic shrinkage of 5% along theaxis is typically the an open aperture geometry as an ultimate proof that the sig-
cause of defects, etc. Two steps were taken to control theal observed is due to a nonlinear versus a spurious position-
polymerization. The growth procedure used minimized thedependent respon§Eigs. 4b) and 4c)]. In these techniques
polymerization to maintain a stable surface cell structure athe sample remains fixed in position near the focus, and the
the growth interface, thus achieving a smooth developmerpower or polarization of the incoming light is changed. To
of pTS facets. Second, the annealing process during polymeasure a nonlinear refractive index change with power
merization was carefully designed. scan, the sample is placed at the peak of the standard closed

Monomer crystals were grown by self-nucleation in a ves-aperture Z-scan curve to monitor the change kT, ,
sel housed in a sealed glass jar with controlled nitrogen flowvhereas to measure the intensity dependent absorption with
passing through it. The growth process was performed relgpolarization scan, the sample was located exactly at the focal
tively quickly to inhibit polymerization, in about 60 h after point of the beam which maximizes the nonlinear absorptive
the nucleation. Each monomer crystal had well-developedesponse. While for power scan the overall peak intensity of
crystallographic facets and dimensions greater than 1 cnthe incoming light is changed, the polarization-scan method
The large facet001) exhibited a perfect cleavage plane, fa- takes advantage of the strong polarization anisot(@py) of

IV. MEASUREMENT AND ANALYSIS TECHNIQUES
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FIG. 5. Examples ofZ-scan measurementsircles at two dif-
ferent wavelengthg¢a) 1300 nm(dominated by three-photon ab-
sorption and(b) 1890 nm(dominated by four-photon absorptijon

(©)
plications, which require sufficient propagation distance to
occur, are absent. This criteria limits sample thicknesses to
about 200um in this case?

The light source was a spectra-physics/positive light opti-
cal parametric generator/amplifi€@PG/OPA. It produces
the nonlinear response of polydiacetylenes. The polarizatiod00 fs pulsestea 1 kHz repetition rate with individual pulses
is varied by a wavelength-independent liquid crystal-baseaf energy up to 20uJ with spectral bandwidths of 40 nm
polarization rotator. Furthermore, when the sample is placedver the wavelength range 1200 to 2200 nm, which produce
in a large diameter part of the beam, the difference in theeak intensities up to 50 GW/éincident on the sample at
transmission between the two orthogonal polarizations yieldéocus. Custom made thermoelectrically cooled InAs detec-
the differential linear absorption coefficient between thosdors by EG&G with sensitivity out to 2200 nm were used.
polarizations. The open aperturg-scan by itself is not very sensitive to

It has previously been shown that the combination of thehe order of the multiphoton absorption. Examples at two
large An(l) andA«(l) found in PTS can lead to sufficient wavelengths are shown in Fig. 5. Shown in Figa)Gs the
beam distortion at high intensities thZ@tscan can lead to intensity dependence of the fit to each order of absorption
misleading result3? This occurs in two limits. If the multi- made by setting all of the other nonlinear coefficients to zero.
photon absorption is strong, the beam becomes flattened dhonly one order of the nonlinear absorption was involved
propagation and the edges of the flat region develop diffracanalyzing the data as either just 2PA, or just 3PA, or just 4PA
tion rings which can be amplified by strong self-focusing.would result in a constant multiphoton absorption coefficient
Alternatively, self-focusing can occur which narrows thewhich is independent of intensity. To the contrary, the curves
beam and increases dramatically the peak intensity so thaeen in Fig. 6) strongly vary with intensity, and therefore,
multiphoton absorption becomes dominant. Neither of thes¢he assumption that the multiphoton process of only one
effects is contained in the standaddscan analysis tech- kind, 2PA or 3PA or 4PA, was present fails.
nigues. They could have been the origin of the distortions in  As just discussed previously, scanning the input polariza-
Z-scan data at high intensities which led to interpretations ifion with a fixed sample position was also implemented.
terms ofng andas.2? These problems can be avoided in PTSTypical results are shown in Fig. 7. The period of oscillations
by operating with short enough samples so that these conebserved in Fig. 7 clearly indicates the one-dimensional na-

FIG. 4. Experimental realization of Zscan(a) and its varia-
tions: power scaitb) in which the input intensity is changed®-
maximum phase shiftS-aperture transmissignand polarization
scan(c) in which the polarization of the incident beam is varied.
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(a) = Two Photon Absorption fit
104 | Three Photon Absorption fit
30+ . a, [Cm/GW] —— Four Photon Absorption fit
PTS 100 um 3 2
§ 25{* a-13000m | 4 offcm /GW’] 0.0.
a N 5 3 '
§ 20+ A . oc4[CI'T'I /GW]
«©
151 . 0.8-
§ a . o o0 —
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S {ge Aaa 0.7- ,
E 54 [} ny - A A A A .
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o " . 0 |,= 8.7 GW/em”
; 1 I ; T y 0-6 T T T T T T T 1
°o 2 4 8 i o 12 60 -30 0 30 60 90 120 150 180
lo [GW/em'] rotation angle
. o FIG. 7. Polarization scan tracésircles at the wavelength 1300
5 2 (b) nm and the best fits to each of the three multiphoton absorption
01 = o,=0 + 04=2.7 coefficients.
= " 0,0+ 0y=2.7 ° tive)] or 4PA [giving a, (effective] did not lead to large
o 151 " * enough differences iy? for indisputable assignment. Also,
< o 4 ¢ by just performing least squares fitting to the regions in
< 404 o a which the differences between the theoretical curves in Fig.
S [ ] s 5(b) were the largest, circled in Fig(l, also did not lead to
29 L useful results. It was finally concluded that the contributions
L LA PTS 100 um from the different processes could not be separated from the
s A=1.3 um raw Z-scan data.
o 2" However, the intensity dependence in plots such as those
0o 2 4 6 8 10 12 shown in Fig. 6 does contain information about all of the
Iy [GW/cm?) orders present. This intensity dependence in fact confirms the

presence of other absorption process. Since the intensity de-

FIG. 6. Data interpretation with mixed orders of multiphoton Pe€ndence originates from a missing order of absorption, it
absorption allows an extraction of two independent multiphotoncan be compared to the intensity dependence of a curve
absorption coefficientsa) Experimental data fits to the model that Which was produced by fitting simulatédalculated Z-scan
only 2PA (circles, only 3PA (triangles, or only 4PA(squaresis  curves with the missing multiphoton absorption order in-
present. Two-, three-, and four-photon absorption are given in theluded, i.e., “synthetiZ-scans”[open triangles in Fig.®)].
units of cm/GW, cri?GW?, and cn/GW?, respectively.(b) The  In this way the magnitude of the other order process can be
same dataset fit to the model with only 2PA is pres@iicles  estimated. The linear difference between the experimental
exhibits similar intensity dependence as the simulated 8PR  data fit and the fit from the syntheti&scans with the miss-
cn?/GW?) fitted to the 2PA modeltriangles; the offset between the ing order included gives approximately the value of the mul-
two graphs(circles and trianglgsis almost constant, 6 cm/GW. tiphoton absorption fitte@PA in this example As the next
Finally we assume both 2P cm/GW) and 3PA(2.7 enf/GW?)  step a new set of synthetidscans were generated using
present and simulate nei#scans. The 2PA fit obtained from the poth of the two estimated coefficienta{ and a). The two
experiment(circles is then compared with the final 2PA fit to the ¢ efficients were then adjusted until the intensity dependence
simulatedZ-scan(stars. of the fitted plot agrees with the one obtained from the ex-

perimental data fit. The same process was repeated for fitting

ture of the nonlinear response. Furthermore, the difference® the a5 (effective) or a, (effective. Note that the curves
between the fits of the various multiphoton processes, one ateduced from the experimental data can be reproduced quite
a time, does not lead to large differences in the shape of thaccurately{star in Fig. &b)] by a single choice of a pair of
response, indicating again that fitting to the raw data alone ismultiphoton coefficients for all intensities studied. The re-
not conclusive for determining the order of the nonlinearsulting error bars on the fits are shown later when the final
absorption. results are discussed. The same overall philosophy of analyz-

Various approaches were used in attempts to identify anéthg data at a given wavelength as a function of intensity was
quantify the various processes involved. Analyses based osmployed for deducing the nonlinear refraction coefficient.
the rawZ-scan data were attempted first. For example, theén contrast to the previous discussion, however, all of the
intensity dependence shown in Figbpindicates that 4PA cases analyzed led to an intensity independenat each
may be the dominant process at that wavelength. Howevewavelength. Thus only a single nonlinear refraction process
least squares fitting of such data to 3Rfiving a3 (effec-  giving An=n,l was measurable.
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A [um] FIG. 10. Wavelength dispersion of the two-photon absorption

FIG. 8. Wavelength dependence of the linear absorption meagoefflment.

sured in the polarization scan technique at low input intensities. The
solid line is a guide to the eye and not a fit to the data. and there-aften, decreases monotonically for increasing
. o ) Note that although =2200 nm is far from the nearest elec-

The difference in linear absorption between the two po+rgnic resonancé2PA at 930 niy n, is still slowly decreas-
larizations was taken into account as a function of waveing with increasing wavelength. Finally, no evidence was
length using polarization scan at low input intensities. Thefoynd for any additional dispersion in nonlinear refraction in
results shown in Fig. 8 are consistent with the standard spegnhe vicinity of 1850 nm, indicating that the contribution to
trometer results, Fig. 3. An(l) from the next higher order coefficient is negligible

for intensities up to few GW/cfn
V. NONLINEAR COEFFICIENTS Consider next the two-photon coefficient, Fig. 10. It de-

The nonlinear coefficients,  a-. a-. anda, measured creases monotonically to zefonmeasurably small valugs
21 21 3 4 _

are shown in Figs. 9—13. The nonlinear refraction coefficien?_ nfogf;?ﬁ%eggzutr%mﬁ Zglﬁ;slf? grgiazcsji)ﬁgrrzlrﬁ\g{)%é\é

is shown in Fig. 9 and the fitted values of the two-photon, P '

) ) : In this spectral region, the monotonic decreaseaxjnwith
ggé)ﬁ;i Ctif;rrleé g:‘: tsor? 0&3;1) ,inagi% S“"‘i[)ﬁq‘;“’” ¢4) absorption increasing wavelength is associated with the tail of the strong

3,24 i

The coefficienn, is positive and decreases monotonically Zgﬁcgesvlgszgfngn}gv&gt :ﬁtgﬁl tV\|/_|Oc-)Wf?(;/t?) rr’] nerI\(/IS re-
with increasing wavelength over the range investigated. IP . P P 2R
can be reasonably extrapolated to the vafye=50(+ 10) ported previously at longer wavelengths using 25 ps pulses.
% 10-4 cn2/GW measured at 1064 nm on sam Ies_ roduceclin that work all maxima due to multiphoton absorption were
. ) . Pies p identified as having a two-photon origin and clearly that as-
in another laboratory, completing the picture of the wave-

- 122 signment was in errgr
length variation oin, from 6202200 nnf:-** For 620 nm The three-photon absorption response is shown in Figs. 11
<A <930 nm,n,<0.">>>"There is a change in sign in the

and 12. For the shorter wavelengths investiga omi-
vicinity of the large two-photon absorption peak at 930 nm g gatedd

15.0- 61
N
1254 o\ 54
\
\ — 4
Z 100+ \ < 1
o \ 0] )
€ D')\ 3_ k
= 7.5 h c 4
< N S, 5
2 N % 5]
= 5.0 + &*\ 8 4
WLk S
251 R R $
o{ 4 reny g YA NN
0.0 T T T T T
1.2 14 16 18 20 22 e .
Wavelength [um] 1.2 1.4 1.6 1.8 2.0 2.2

Wavelength [um]
FIG. 9. Measured wavelength dispersion of the intensity depen-

dent refractive index coefficientsquares and its extrapolation FIG. 11. Wavelength dispersion of the deduced three-photon
(dashed ling absorption coefficient.
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0.10; followed by fission as a probable cause for thi$> effect.

1 Finally, the four-photon absorption spectrum showeid.
l 13) a distinct maximum in the region 1700 to 2200 nm, with

I a well-defined peak at 1900 nm. This corresponds closely
J l } with the peak position predicted by the much better defined
|

aglem>/GWA]
o
o
&

two-photon spectrum, namely, 1860 nm. Note that if we
l I % compare the induced absorption coefficient at 20 G\¥/am
[l l . ) G . . 1900 nm, the contribution to the absorption framis about
8 19 20 21 22 23 20 cm ! whereas that frona, is 80 cm ?, indicating thata,
Wavelength [um] dominates the data at such high intensities.

0.00 r
1.6 1.

I
7 1

FIG. 12. Three-photon absorption near the wavelength of its

expected resonance at about 1900 nm. VI. INTERPRETATION OF THE FOUR-PHOTON

ABSORPTION SPECTRUM

nated the nonlinear absorption so that the error barsrfor There are two obvious physical pathways by which a
are large. At longer wavelength, around 1800-1900 nMgq, yhoton response can be obtained in PTS. The previous
shown in blow-up format in Fig. 12, only a weak enhance-gjisc ssion has centered on instantaneous 4PA, enhanced by
ment is observed. An order of magnitude estimate for the,, 5ccidental degeneracy with three-photon absorption. From
peak value of rgsonan';ly e,”hanceﬁ_‘ is 0.1 cni/GW?. previous reports on excited state absorption, it is clear that
Unexpected is the rise in starting at around 1600 nm nqer the right conditions two successive one-photon absorp-
and extending to the shortest wavelengths studied. Even digg, processes, with the second an excited state absorption,
counting the data below 1400 nm due to the large error bargnimics two-photon absorptioH. Therefore another option is
there is definitely multiphoton absorption between 1400 ancﬂhree-photon absorption into theB] state, followed by a
1600 nm. This could be the peak previously identified ast)ne-photon excited state absorption to théy, state. This

two-photon absorption with a maximum around 1400 M. .1 be abeled as (81). Both processes are also resonantly
Furthermore, the response between 1200 and 1300 nm MaY\hanced.

be associated with another peak also reported in that earlier All the parameters are known in order to estimate the
work * However, there_ Is a clear difficulty in assigning a impact of the (3+1) process. It is known that the excited
feature(ar_ound 500 nrin the one-photon absorption to thg state transition dipole momept;, is one to two timesugy ,
better defined of these two peaks._We do note t.hat there IS fe one-photon electric dipole transition element from the
broad and weak shoulder to the linear absorption SpeCtru'Bround state to B, .%* The saturation intensity for th
centered at 500 nm, see FigaR Note also that electroab- 1B.. transition uh.as been measured to be 65 MV\?/?:%

. " [
sorption spectroscopy has suggested that the onset of t aking into account the factor of 20 difference in the upper

“continuum” of states occurs at 2.4 e{600 nn), a feature - .
that is not believed to appear in the linear absorption Specs_tate lifetimes between the one-photon absorption from the
trum, and this three-photon absorption could be associate:&AQ and 1B, states versus th.eBL‘ to themAg states, we
with multiphoton absorption due to this effett. gsUmatS th? sr?turagon '?tle n;'té\fﬁ/r (?trz%:axm;ed ztat_e absorp-
It is known that other physics in the polydiacetylenesggiréstouszdoir;[ tie0 rCL?rrreont e_xperimeﬁts ;Ig’soal\f?clr?ltoesrl-
gives aaylike response. For example, KobayaSHias re- glectrons excited to theB], state by three-photon absorption
hich occurs primarily at the peak of the pulses undergo an
immediate 1 photon excited state absorptiomts, .
A very simple model is assumed to explain the impact of

0.025 - this saturation on the 81 process of excited state absorp-

at about 810 nm and decays monotonically towards 1100 n
He refers to an interexciton interactiGhuger recombination

tion. For simplicity it is assumed that both th& landmA,
0.020- levels have an “infinite” lifetime, so that if the electron gets
- excited to either one, it does not have a chance to decay and
% 0.0154 be reabsorbed. The relevant rate equations for thé& pro-
mg h cess are
3. 0.010- )
S } * N
_ 1Ag %3 3.3
0.005- ] == _—
! ANjpg N, 3hw| d=vdt,
a
00001 mm ® m .
NlAg ag Nigy @Es
-0.005 T T T T T T T T T T T 1 AN:I_B = |3_ — | dBthy
12 14 16 1.8 20 22 " [ No 3w No fw
Wavelength [um]
FIG. 13. Wavelength dispersion of the deduced four-photon ab- ANmAg: Nigy a—IESId3th,

sorption coefficient. Ny how
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AE [arb. units] .
F 0.2% 64 4PA in PTS }: ‘
K
4
¢
0.15% 0.6 - Excited state and its .
limit: 3PA with 4 -
4/303 o’ 7
0.1% 041
0.2 -
0.05%
O 5 ¢
0 5
o S —— 2
10 20 30 40 50 60 70 80 90 HGW/em’]
Stafe 15, FIG. 15. Three-, four-, and excited-state absorption in PTS

probed by 100 fs pulsed beam. Energy absorbed by different pro-

cesses, regular three-photon absorptiteck dashed regular
100% three-photon absorption with 1.@3, illustrative purposegblack

solid), 3+1 saturated excited state absorpti@ray solid, and

four-photon regular absorptiaiblack dotted.
70%

tion pulse decays towards its tail, more typical of the experi-
40% mental conditions. Indeed, the “supply” of the electrons ex-
cited into the B, state is reduced with the decreasing
intensity asl?, and the probability of one-photon excited
state absorption does not change at all. The populations in
both states are shown in Fig. 14 after the passage of the

10%

- 2% pulse. In this limiting case of high intensities for which all
% 10 20 30 40 50 60 70 80 90 the excited state electrons are promotedntd,, the overall
absorption, shown in Fig. 15, has the same dependence on
State mA, pulse peak intensity as three-photon absorption itself, i.e., it

is proportional td 2 but with a coefficient larger than the true
a3. In this simple model, the additional contribution of ex-
Tited state absorption, however, is limitediof the energy
absorbed via 3PA. That is the effective three-photon absorp-
tion coefficient is 1.3@5. This situation is complicated by
the lifetime of themA, state back to the B, state of about
100 fs, i.e., of the order of the pulse widths uéBelowever,
since the population of theBl, state is replenished by decay
where the intensity and all the populatioNsdepend on the from the mA; state, this is expected to simply enhance the
spatial and temporal coordinates, ixe.y, z t, andd®V is a  effective three-photon coefficient further. On the other hand
small volume element. A Gaussian input beam is assumethe 4PA processl® has a different dependence on input peak
and therefore the complex beam dynamics in both space andtensity, as it has a faster rate of growth with intensity,
time is included. The initial conditions correspond to a non-which overtakes 3PAand therefore the 3PAexcited statp
excited medium, i.e.Niaq=Ng; Nig,=0 and Npag=0,  contribution for peak intensities of 30 GW/érand higher.
whereNj is the initial electron density; andgs corresponds We therefore conclude that the absorption process we ob-
to the one-photon excited state absorption coefficient undeserve in the experiment proportional 9 is instantaneous
the assumption that all electrons are iB Astate. four-photon absorption, enhanced by the near degeneracy
Numerical solutions of these equations based on PTS pawvith the three-photon absorption.
rameters at input intensities of 10's GW/erfor beams
Gaussian in space and t!me ;how that |nqeed about 95 to VIL. SUMMARY
99 % of the electrons excited into thé3] exciton state get
promoted via consecutive one photon absorption to end up in The nonlinear optical response of a prototypical single
them A, level within the duration of a 100 fs pulse. For input crystal polydiacetylengPTS has been measured in the
intensities less than the estimated saturation intensity for thevavelength range 1200 to 2200 nm. In this region, both the
1B, to mA, transition, the (3-1) process indeed leads to nonlinear refraction and two-photon absorption coefficients
absorption proportional tt®, the same intensity dependence decayed monotonically with increasing wavelength. This
as for four-photon absorption. However, the situationwas expected because of the large two-photon resonance pre-
changes when the peak input intensity is much higher thamiously observed at 930 nm. Both of these processes exhib-
the saturation intensity and the local intensity of the excitaited the long wavelength tail of this resonance.

FIG. 14. The contour plot of excited electron population density
immediately after propagation of a 100 fs Gaussian pulse with th
peak intensity of~30 GW/cnf (%, normalized to the maximal
electron population density ofi A, statg in the 1B, andmA, states
as a function of distance into the crys{al axis, um) and radial
beam coordinatéy axis, um). Note the factor of 500 between the
gray scales for the two states.

115421-9



POLYAKQV, YOSHINO, LIU, AND STEGEMAN PHYSICAL REVIEW B69, 115421 (2004

The three- and four-photon absorption response exhibitetheasured four-photon absorption coefficient is the instanta-
maxima at wavelengths predicted from the previously meaneous three-photon enhanced four-photon coefficient. It was
sured one- and two-photon absorption spectra. The thre@bservable only because of the exact degeneracy with three-
photon absorption measured was weak, as expected, bpghoton enhancement.
there were features in the dispersion with wavelength that are
not completely understood. The two step process of three-
photon absorption followed by a one-photon absorption pro-
cess was analyzed and found to contribute to the population
of the final state, but not to contribute to the measured four- This research was supported by NSF Grant No. ECS-98-
photon absorption coefficient at the intensities used. Th&0759.
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