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Abstract. We have observed extreme nonlinear optical phenomena produced by intense midinfrared
(MIR) pulses in semiconductors. These phenomena include coherent bandgap distortion (induced
sub-bandgap absorption that extendsl eV below the bandgap), multiple off-resonance optical
sidebands (up ta- 3 MIR photons interacting with a NIR photon), multiple MIR harmonics (up to

the seventh harmonic), and significant broadening and modification of MIR harmonic spectra. These
observations were made possible by the use of small energy photons, which help minimize interband
absorption and sample damage while employing the low dispersion existing at longer wavelengths
and maximizing the ponderomotive potential

Introduction

Matter in the presence of an AC electric field of sufficient field strength exhibits phenomena
that cannot be understood by treating the field as a small perturbation, i.e., non-perturbative
phenomena. The advent of ultrafast sources for intense midinfrared (MIR) or far-infrared (FIR)
radiation has opened up the possibility of exploring new regimes of nonlinear optics in semi-
conductors. The small photon energies help minimize interband absorption and sample damage,
while the low dispersion existing at longer wavelengths allows phase-matching over longer dis-
tances. Also, for a given laser intensity, the ponderomotive potential of the driven electron
increases quadratically with decreasing photon energy [see Eg. (1) below]. Thus, strong-field
physics in solids are more suitably studied using MIR or FIR rather than optical or near-infrared
(NIR) wavelengths.

This paper describes our recent observations of extreme nonlinear optical behavior in semi-
conductors in the presence of intense MIR laser pulses from an optical parametric amplifier
[1-3]. The phenomena described include: 1) MIR-laser-induced coherent bandgap distortion,
i.e., induced absorption that extendd eV below the band edge, 2) high-order multiple photon
processes, i.e., sideband and harmonic generation, and 3) harmonic-continuum generation as a
combined result of self-phase modulation and cross-phase modulation.

Experimental Methods

The source of intense pulses used for these extreme MIR nonlinear optics studies is an optical
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Figure 1. Transmission of a NIR
broadband probe pulse through
GaAs as a function of time delay
between the arrival of the intense
3.5 um MIR driving pulse and the
NIR probe pulse
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parametric amplifier (OPA) pumped by a Ti:Sapphire based regenerative amplifier. The system
produced pulses at a 1 kHz repetition rate with eitket ps or~ 200 fs pulse duration, and

(with difference-frequency mixing of the signal and idler) wavelengths fropm3to 10 um.

For these studies, we used pulses at wavelengths ofir8.B®r 6.2 um (where atmospheric
absorption is negligible).

To study laser-induced coherent bandgap distortion, we measured the transmission near the
band edge of semiconductors using broadband light as a probe. The broadband light was pro-
duced by continuum generation in a sapphire plate, using the residual pump pulse after the
OPA. The probe was temporally overlapped with the MIR pump. The probe and pump were
focused onto the sample using an off-axis paraboloid. After passing through the sample, the
spectrum of the probe was dispersed using a monochromator and detected using a Si CCD cam-
era. Spectra were obtained with the pump at various time delays with respect to the probe, and
were subsequently normalized to the probe spectrum without the sample to obtain the absolute
transmission (accurate tb 5%).

We studied two types of high-order multi-photon processes: sideband and harmonic gen-
eration. In sideband generation we measure the NIR spectrum after nonlinear wave mixing of
intense NIR and MIR pulses in a semiconductor. Temporal overlap was achieved by varying
the optical path of the MIR beam with respect to the NIR beam. In harmonic generation we
measured the spectrum of intense MIR pulses after transmission through a semiconductor.

Experimental Results and Discussion

Coherent Bandgap Distortion. Shown in Fig. 1 is transmission data taken using a;3vb
MIR driving field with ~ 1 ps pulse duration and 2x10'° W/cm? peak incident intensity.
Under these conditions, we observed a drandgireasan transmission that extends past 0.2
eV below the band edgé&(,, = 1.4 eV) of the GaAs sample. The energy range over which the
change occurs is larger than any observed electro-absorption using strong static fields or energy
shift due to intense laser pulses via the AC Stark effect [4]. This induced absorption occurs only
during the presence of the intense MIR pulse, clearly demonstrating that no MIR excitation of
carriers across the band gap and/or lattice-heating effects are involved.

Shown in Fig. 2(a) is the wavelength dependence of the effect in GaAs, comparing the 3.5
pum case and the 6.2m case with~ 3x10° W/cn? peak incident intensity. Here, we observe
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Figure 2. (a) Wavelength dependence of electro-absorption in GaAsuBSMIR driving
pulse (gray), 6.2um MIR driving pulse (gray dashed), and no driving pulse (black). (b)
Intensity dependencey (gray),l /2 (gray dashed), and with no driving pulse (black)

an effect in the 6.2sm case that is comparable to the 3/ case, but the cutoff occurs closer
to the band edge, due to the smaller MIR photon energy. Shown in Fig. 2(b) is the intensity
dependence of the effect using 3#m MIR driving pulses, which is consistent with an absorp-
tion coefficient that is linearly dependent on the driving field intensity. Finally, the effect is not
specific to GaAs, as we also observed induced absorption in Z4SeZ.7 eV) and ZnTekK,
=2.3 eV). The induced absorption in ZnSe with and without the presence ofa3\iIR field
is shown in Fig. 3. Our measurements clearly demonstrate not only the magnitude of the effect,
but also the extent{ 1 eV below the band edge) of the induced absorption, which far exceeds
any previously observed induced absorption in semiconductors.

A measure of the field strength required to observe non-perturbative phenomena is the pon-
deromotive potential (also known as the wiggle or quiver energy), i.e., the time-averaged kinetic
energy of an electron in an AC electric field. For a driving AC electric field with vector potential

A = Ape™, the ponderomotive potential is given by

e? A2 2me? I
U,=—32 = — 4.1
P dme? ( me ) (w2> ’ 1)
wherel is the intensity of the electric field at frequency andm is the mass of the electron.
Existing models predict a laser-induced absorption with an absorption coefficient that is linear
with the ponderomotive potential (or the driving field intensity) and with an extent that is on

the order of the ponderomotive potential (or photon energy, gice iw in our experiments)
below the band edge [5]. Both of these predictions are consistent with our data.

Multiple-Photon Phenomena. Typical sideband generation data is shown in Fig. 4. Here, the
800 nm (1.55 eV) NIR probe pulse spectrum is significantly modified in the presence of intense
MIR fields to possess multiple sidebands that are spaced by the MIR photon energy. The data
in Fig. 4 was obtained in ZnSe usirgl ps pulses of either 3/&m wavelength (0.35 eV) with

peak intensity o~ 2x10'° W/cm? or 6.2 um wavelength (0.22 eV) with peak intensity of

3x10° W/cm?. We observed sum-frequency and difference-frequency mixintMIR photon
sidebands) as well as higher-order wave mixing, with up-t8 MIR photon sidebands (with
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6.2 um MIR pulses) observed in the spectral range of the detectors used. Previous studies of
sideband generation in semiconductors reliedesonantnhancement of the nonlinear optical
susceptibility [6]. Here, we observed multipien-resonansidebands in semiconductors. The

+ 1 (+ 2) MIR photon sidebands are linearly (quadratically) dependent on the MIR intensity
up to the maximum MIR intensity used in these experiments.

Figure 5 shows the sideband spectra as a function of time delay in ZnSe férHdIR
sidebands. The sideband spectra change in both intensity and peak location as the NIR pulse
interacts with different temporal sections of the MIR pulse.

Figure 6(a) shows the multiple harmonics observed in ZnS. While third and higher harmon-
ics have been observed from solid surfaces [7], and MIR harmonics have been observed in gases
[8] and liquids [9], we observed multiple (up to fifth) MIR harmonicsbhimk semiconductors.

With higher MIR intensity using shorter( 200 fs) pulses, we also observed an interesting
broadening. An extreme case is shown in Fig. 6(b), where multiple (up to seventh) MIR har-
monics are seen to exhibit both spectral broadening and overlap between the harmonics to form
what we refer to as a harmonic-continuum.

Several factors contribute to the generation of the observed extreme nonlinear optical phe-
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Figure 4. Optical sidebands in polycrystalline Figure 5. -1 sideband spectra in polycrystalline
ZnSe generated when a MIR pump pulse and aZnSe for different time delays between G
800 nm (1.55 eV) probe pulse (dashed line) are (0.22 eV) MIR pulses at- 3x 10° W/cm? and 800
overlapped nm (1.55 eV) NIR pulses
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Figure 6. (a) MIR harmonics in ZnS using 3/8n (0.35 eV),~ 1 ps,~ 2x 10! W/cm? MIR pulses.
(b) MIR harmonics in ZnSe using 3.9 um (0.32 eV),~ 200 fs,~ 10" W/cm? MIR pulses

nomena by minimizing phase mismatch between the beams. Two such factors are the low
dispersion that exists at wavelengths in between phonon absorption and interband absorption
and the long wavelengths used. Low dispersion allows a longer interaction length for side-
band/harmonic generation. Longer wavelengths intrinsically yield longer interaction lengths
due to the slower phase variation. Consequently, the generation of sidebands/harmonics is more
efficient at longer wavelengths. In spite of these factors, the estimated interaction lendths (

pm) are still much shorter than the sample thicknesses used-drenm). Thus, without any
spectral modifications, significant phase mismatch exists in the samples.

One factor that can alleviate the remaining phase mismatch is the influence of self-phase
modulation (SPM) of the fundamental on sideband/harmonic generation, which is known as
cross-phase modulation (XPM) [10]. SPM generates additional bandwidth in the fundamental,
which alleviates any strong thickness dependence of phase matching through XPM by provid-
ing a distribution of wavevectors that contributes to each sideband/harmonic wavelength. This
consequence of XPM, in combination with the low dispersion and long wavelength light used,
allows multiple sideband/harmonic generation to be more easily observable using MIR rather
than visible fundamental frequencies. To verify this, we performed numerical calculations [3].
We obtained good agreement between the calculations and the data.

Summary

We have observed extreme nonlinear optical phenomena in semiconductors using intense MIR
radiation from an optical parametric amplifier. These phenomenainclude: 1) MIR-laser-induced
ultrafast sub-bandgap absorption that extendseV below the band edge, 2) high-order mul-

tiple photon processes, i.e., sideband and harmonic generation, involving up to seven photons,
and 3) significant spectral broadening and modulation of sidebands and harmonics as a com-
bined result of self-phase modulation and cross-phase modulation. The extreme example of
3) is the appearance of a super-continuum whose spectral width-v2zas eV. These studies
represent the first observations of non-resonant nonlinear optical phenomena in solids in the
non-perturbative regime.
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