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ABSTRACT

Indium tin oxide (ITO) is an example of a material with a greatly enhanced optical nonlinearity for wavelengths at
which the dielectric permittivity is near zero. Its enormous nonlinearity may enable compact photonic devices.
All-optical devices involve multiple beams, and it was found recently [Paul et al., Optics Letters 46, 428-
431 (2021)] that two-beam interaction modifies the effective nonlinearity in ITO for co-polarized beams. In
that work, results of a degenerate pump-probe experiment were compared to a numerical model of the hot
electron nonlinearity in ITO. The numerical model successfully explained the polarization dependent differential
transmission and reflection, including the dependence on the chirp of the pulses. Here, we consider a simpler
analytical model for the two-beam interaction in the continuous wave limit. We directly test this analytical model
using a nondegenerate pump-probe transmission experiment using long pulses and find reasonable agreement.

Keywords: Nonlinear optics, ultrafast optics, transparent conductive oxides

1. INTRODUCTION

The nonlinear optics of transparent conductive oxides (TCO), such as indium tin oxide (ITO) and aluminum zinc
oxide is a subject of growing interest.!® At wavelengths where the dielectric function epsilon is near zero (ENZ),
the effective optical nonlinearity is greatly enhanced.’?* The dominant effect in these materials is thought to
be electron heating combined with an electron temperature-dependent optical response.’? ! The heating builds
up during a pulse, then falls rapidly as the electrons give up their thermal energy to the lattice. To lowest order,
the electron temperature change is linear in optical intensity, causing an effective third-order nonlinearity. Both
the refractive index and absorption coefficient depend on temperature, so the effective Kerr coefficient no and
the two-photon absorption coefficient 5 are both nonzero.

Many all-optical applications involve the interaction of two or more light beams. The coherent interaction of
multiple beams in nonlinear media is complex, as it involves the generation of transient nonlinear gratings that
diffract light from one beam into another. Consequently, the effective nonlinear coefficients for multiple beams
can differ from one-beam coefficients. For the simplest case of a pure electronic nonlinearity ( X(S)), the nonlinear
effect of one beam on another is simply multiplied by two.'?> For more complicated effective nonlinearities
such as in ITO, other behavior can occur.'® Depending on the nature of the nonlinearity, these gratings can
lead to counterintuitive polarization and wavelength dependence of the two-beam nonlinearity. The effect of
the grating depends on the temporal and spectral dependence of the underlying nonlinearity. This two-beam
coupling (TBC) effect has been studied in many contexts.!32? Hot electron materials are different from most of
these transparent materials, however, because the refractive and absorptive components of the susceptibility are
of similar magnitude.

Previously, a simple theory of two-beam coupling developed for calculations of the two-beam coupling phase
shift in transparent media'® was adapted to model an experiment that used pump and probe beams at near
normal incidence.?! Here, we present results of a nondegenerate pump-probe experiment, which allows direct
comparison to the continuous wave (cw) model of the two-beam nonlinearity in 1TO.?!
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2. THEORY

For pulses shorter than the characteristic timescale of the material, numerical modeling is typically required to
simulate two-beam nonlinear effects.’ 7 In transparent conductive films, the effective nonlinearity is caused by
changes in the electron temperature that accumulate during the pulse and decay over hundreds of femtoseconds.
Numerical calculations were done in Ref. 21 to compare to experimental data that used 60 fs pulses, both Fourier
transform limited and with chirp. In the limit of long pulses, the dynamics can be neglected and the spectral
response can be explained using an equation with a few parameters.?’ Using numerical simulations and the
observed cooling time of 7 = 85 fs, we find that the cw limit should work well for pulses of duration greater than
250 fs.

In deriving the analytical model, we closely follow the approach in Ref. 12, section 7.4, which was based
on Refs. 14,22. The decaying nonlinearity used was developed to model the nonlinearity in a photorefractive
material, and it is suitable to model the thermal nonlinearity in ITO and related materials, but we must include
an absorptive nonlinearity in addition to the refractive nonlinearity. For this we define a complex nonlinear
coefficient v = ng 4 i5/(2k), where § is the effective two-photon absorption coefficient, ns is the effective Kerr
coefficient, and k& = w/c. The nonlinear refractive index change versus time obeys'? 7(dAn/dt) + An = vI. We
use the observed electron cooling time 7 ~ 85 fs.?!

We assume two beams with central frequencies wy (pump) and wo (probe) that are sufficiently closely spaced
that we can approximate w = (w1 + w2)/2 in place of wy or we. We are assuming that ny and 3 are the same at
wy and ws, which holds as long as w; — ws is relatively small. Defining § = w; — ws, the evolution of the complex

envelope of beam 2 is
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The first term corresponds to effective two-photon absorption of the probe beam acting on itself. The second

term corresponds to two-photon absorption where one photon comes from the probe and the other comes from

the pump. The third term is additional probe absorption caused by two-beam coupling. The fourth term is the

conversion of the refractive nonlinearity to absorption through two-beam coupling.

L. (3)

We can define a modified absorption coefficient for the effect of beam one on beam two,

3. EXPERIMENT

We performed a pump-probe experiment to test the analytical theory for long pulses. The light source is an
optical parametric amplifier (OPA) pumped by a 1030 nm Yb:KGW laser. A 4f pulse shaper is used with a
spatial light modulator (SLM) to generate nondegenerate pump and probe beams from the OPA spectrum. A
grating spreads the OPA spectrum across the SLM horizontally. The SLM creates blazed gratings that diffract
a small bandwidth of the light vertically into two output beams, one of which becomes the pump beam and the
other the probe beam. The probe beam is delayed using a translation stage, and both beams are focused on the
sample. The probe beam is focused with a 60 mm focal length lens and the pump beam is focused with a 120
mm focal length lens. The relative angle between beams is approximately 10°.

The probe beam differential transmission is measured using a mechanical chopper and a lock-in amplifier as
a function of time delay between the pump and probe pulses. The pulse duration of each beam is approximately
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Figure 1. Experimental results. (a) Pump-probe traces for Aprobe = 1216 nm and two different pump wavelengths: Apump
= 1206 nm (blue) and Apump = 1226 nm (red). The solid lines are for parallel polarization and the dashed lines are
for perpendicular polarization. (b) Measured normalized two-beam nonlinear coefficient 3’'/3 as a function of detuning
parameter § = 2m(c/Apump — ¢/ Aprobe)-

400 fs, which is sufficiently long to be in the long pulse limit. Figure la shows pump-probe traces for parallel
and perpendicular polarization for an ITO sample at near normal incidence. The duration of the transmission
signal agrees with a cross correlation measurement using second harmonic generation.

The two-beam coupling contribution is isolated by dividing the peak transmission change for parallel polar-
ization by that for perpendicular polarization.?! This normalized nonlinear coefficient 3’/ is plotted in Fig. 1b
for four different sets of pump and probe wavelengths Apump and Aprobe as a function of the detuning parameter
0 = 27m(¢/Apump — €/ Aprobe)- Since the perpendicular signal is proportional to the one-beam nonlinearity £, the
theoretical polarization anisotropy ratio is

B 1 ne 2w OT

1+

R W P R R g R (5)

We find quite good agreement using the values of 8 and ny found in Ref. 21 if we use the magnitude of ns
reported in Ref. 21.

4. CONCLUSION

In summary, we have tested an analytical model of the two-beam optical nonlinearity in ITO using a nonde-
generate pump-probe experiment using narrow bandwidth pulses. This experimental scheme may prove useful
for probing two-beam effects in ENZ films in a way that can be more straighforwardly simulated. Our results
indicate that the nonlinear coeflicients can indeed be tuned by adjusting the relative wavelength of the two
beams, as proposed in Ref. 21.

Proc. of SPIE Vol. 12419 124190B-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Jul 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



ACKNOWLEDGMENTS

J.K.W. acknowledges many discussions with Mario Miscuglio and Volker Sorger and also thanks them for pro-
viding the ITO sample. This work was supported by NIST Science and Technical Research Services funding.

REFERENCES

[1] Alam, M. Z., Leon, I. D., and Boyd, R. W., “Large optical nonlinearity of indium tin oxide in its epsilon-
near-zero region,” Science 352, 795-797 (May 2016).

[2] Caspani, L., Kaipurath, R., Clerici, M., Ferrera, M., Roger, T., Kim, J., Kinsey, N., Pietrzyk, M., Di Falco,
A., Shalaev, V., Boltasseva, A., and Faccio, D., “Enhanced Nonlinear Refractive Index in epsilon-near-zero
Materials,” Physical Review Letters 116, 233901 (June 2016).

[3] Clerici, M., Kinsey, N., DeVault, C., Kim, J., Carnemolla, E. G., Caspani, L., Shaltout, A., Faccio, D.,
Shalaev, V., Boltasseva, A., and Ferrera, M., “Controlling hybrid nonlinearities in transparent conducting
oxides via two-colour excitation,” Nature Communications 8, 1-7 (June 2017).

[4] Carnemolla, E. G., Caspani, L., DeVault, C., Clerici, M., Vezzoli, S., Bruno, V., Shalaev, V. M., Faccio, D.,
Boltasseva, A.; and Ferrera, M., “Degenerate optical nonlinear enhancement in epsilon-near-zero transparent
conducting oxides,” Optical Materials Express 8, 3392-3400 (Nov. 2018).

[5] Alam, M. Z., Schulz, S. A., Upham, J., Leon, I. D., and Boyd, R. W., “Large optical nonlinearity of
nanoantennas coupled to an epsilon-near-zero material,” Nature Photonics 12, 79-83 (Feb. 2018).

[6] Kinsey, N. and Khurgin, J., “Nonlinear epsilon-near-zero materials explained: opinion,” Optical Materials
Ezpress 9, 2793-2796 (July 2019).

[7] Reshef, O., Leon, I. D., Alam, M. Z., and Boyd, R. W., “Nonlinear optical effects in epsilon-near-zero
media,” Nature Reviews Materials 4, 535-551 (Aug. 2019).

[8] Bruno, V., DeVault, C., Vezzoli, S., Kudyshev, Z., Huq, T., Mignuzzi, S., Jacassi, A., Saha, S., Shah, Y.,
Maier, S., Cumming, D., Boltasseva, A., Ferrera, M., Clerici, M., Faccio, D., Sapienza, R., and Shalaev, V.,
“Negative Refraction in Time-Varying Strongly Coupled Plasmonic-Antenna—Epsilon-Near-Zero Systems,”
Physical Review Letters 124, 043902 (Jan. 2020).

[9] Rotenberg, N., Bristow, A. D., Pfeiffer, M., Betz, M., and van Driel, H. M., “Nonlinear absorption in Au
films: Role of thermal effects,” Physical Review B 75, 155426 (Apr. 2007).

[10] Conforti, M. and Della Valle, G., “Derivation of third-order nonlinear susceptibility of thin metal films as
a delayed optical response,” Physical Review B 85, 245423 (June 2012).

[11] Boyd, R. W., Shi, Z., and De Leon, I., “The third-order nonlinear optical susceptibility of gold,” Optics
Communications 326, 74-79 (Sept. 2014).

[12] Boyd, R., [Nonlinear optics], Academic Press, third edition ed. (2008).

[13] Wahlstrand, J. K., Odhner, J. H., McCole, E. T., Cheng, Y.-H., Palastro, J. P., Levis, R. J., and Milchberg,
H. M., “Effect of two-beam coupling in strong-field optical pump-probe experiments,” Physical Review A 87,
053801 (May 2013).

[14] Silberberg, Y. and Bar Joseph, I., “Instabilities, self-oscillation, and chaos in a simple nonlinear optical
interaction,” Physical Review Letters 48, 1541 (1982).

[15] Dogariu, A., Xia, T., Hagan, D. J., Said, A. A., Van Stryland, E. W., and Bloembergen, N., “Purely
refractive transient energy transfer by stimulated Rayleigh-wing scattering,” Journal of the Optical Society
of America B 14, 796-803 (Apr. 1997).

[16] Tang, N. and Sutherland, R. L., “Time-domain theory for pump-probe experiments with chirped pulses,”
Journal of the Optical Society of America B 14, 3412-3423 (Dec. 1997).

[17] Smolorz, S. and Wise, F., “Femtosecond two-beam coupling energy transfer from Raman and electronic
nonlinearities,” Journal of the Optical Society of America B 17(9), 1636-1644 (2000).

[18] Bernstein, A. C., McCormick, M., Dyer, G. M., Sanders, J. C., and Ditmire, T., “Two-Beam Coupling
between Filament-Forming Beams in Air,” Physical Review Letters 102, 123902 (Mar. 2009).

[19] Wahlstrand, J. K. and Milchberg, H. M., “Effect of a plasma grating on pump-probe experiments near the
ionization threshold in gases,” Optics Letters 36, 3822-3824 (Oct. 2011).

Proc. of SPIE Vol. 12419 124190B-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Jul 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[20] Michel, P., Divol, L., Turnbull, D., and Moody, J., “Dynamic Control of the Polarization of Intense Laser
Beams via Optical Wave Mixing in Plasmas,” Physical Review Letters 113, 205001 (Nov. 2014).

[21] Paul, J., Miscuglio, M., Gui, Y., Sorger, V. J., and Wahlstrand, J. K., “Two-beam coupling by a hot electron
nonlinearity,” Optics Letters 46, 428-431 (Jan. 2021). Publisher: Optica Publishing Group.

[22] Silberberg, Y. and Bar Joseph, I., “Optical instabilities in a nonlinear kerr medium,” J. Opt. Soc. Am. B 1,
662670 (1984).

Proc. of SPIE Vol. 12419 124190B-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Jul 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



