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Problem Studied and Principle Results

During this grant period, two broad classes of methods for coherent control over
semiconductor quantum wells and quantum dots were developed. Both involve spatiotemporal
pulse shaping of femtosecond optical waveforms, a technology which was first demonstrated
during the prior grant period and refined considerably during the present grant period. In one
case the shaped waveforms are used to generate THz waves for coherent control over
semiconductor intersubband coherences. In the other they are used for fully coherent nonlinear
spectroscopy and control of interband coherences in semiconductor quantum wells and quantum
dots. Through this work our capabilities for semiconductor coherent control have been advanced
dramatically.

Results on fully automated spatiotemporal femtosecond pulse shaping, in which a single
input laser beam with a single femtosecond pulse is transformed into many spatially separated
output beams, each with a temporally shaped output waveform, were presented. [1,2] In this
work, continued from the first grant period, temporal shaping was executed through specified
pixel patterns in one dimension (horizontal, along which the spectral components of the incident
pulse are dispersed by a grating) of a 2D liquid crystal spatial light modulator (SLM) and spatial

shaping was executed through specified pixel patterns in the perpendicular (vertical) dimension.



In this scheme, each horizontal row of pixels could be used to generate a distinct time-dependent
optical waveform, with the different waveforms emerging separated in the vertical dimension. In
practice, several contiguous horizontal rows of pixels are used for shaping of a single output
waveform. This still permits generation dozens of distinct waveforms.

The use of spatiotemporally shaped optical waveforms for coherent control over THz
phonon-polaritons was reported in Science. [3] This work is a key enabling development for THz
polaritonics, a comprehensive methodology for THz wave and complex signal generation,
control, guidance, and imaging/readout. Each of the separated beams reaches a different region
of a ferroelectric crystal and generates a propagating THz response through impulsive stimulate
Raman scattering. In one configuration, analogous to phased array generation of radar (MHz)
signals, the THz wavelets emanating outward from each spot are overlapped spatially in the far
field, and the superposition THz waveform is controlled through temporal shaping of the
incident optical waveforms. In another configuration, the optical waveform is shaped with
proportional spatial and temporal shifts such that the THz wave generated at one irradiated
region of the crystal arrives at the next irradiated region just as an optical pulse arrives there, is
amplified through coherent superposition with the THz response at that region, and continues
this way through the array of irradiated regions, finally emerging with a high field amplitude.
This remains our primary approach for generation of large-amplitude THz waves, which are
important for manipulation of semiconductor intersubband electronic responses. The THz waves
may be transmitted out of the ferroelectric crystal and into a semiconductor sample that is in
direct contact or through air. Alternately, the ferroelectric crystal may act as a THz waveguide
with the semiconductor sample at a surface or interface.

The work above permits highly refined control over THz waves, with wide-ranging
applications in THz signal generation [4], spectroscopy, and coherent control. A second set of
developments has permitted comparable progress in nonlinear spectroscopy and coherent control
at optical wavelengths, with direct application to semiconductor interband coherences. The first
refinement is based on overlapping the spatially separated (and spatially coherent) outputs of the
spatiotemporal pulse shaper. In this case interferences among the outputs arise, with wavevectors
given by the pixel patterns in the vertical dimension of the 2D SLM. Essentially, the vertical
dimension is used for wavevector shaping, complementary to the spatial shaping described above
and similar to the Fourier shaping in the horizontal dimension. [5] The second development is a

more fundamental step, aimed at shaping of both phase and amplitude profiles of the output



waveform rather than phase-only shaping. [6] This is achieved by forming sawtooth grating
patterns with successive pixels along the vertical dimension, and using the first-order diffracted
field that is thereby produced. In this case the phase of the diffracted field is determined by the
spatial phase of the grating pattern that produced it, and the amplitude of the diffracted field is
determined by the grating amplitude. Combined phase and amplitude control over a single output
field requires many contiguous rows of pixels for formation of the specified grating patterns, so
it comes at the cost of a substantial reduction in the number of independently shaped output
fields. Even in this case, many (perhaps 10) such fields can be produced, so this cost is not
significant in practice for most of the applications of interest. In particular, fully phase-coherent
four-wave mixing spectroscopy can be conducted through generation of four distinct outputs. [7]
The spatiotemporal pulse shaper is the only active element required, eliminating multiple delay
lines, interferometric feedback systems, and great complexity that is ordinarily associated with
measurements in which the relative phases of multiple non-collinear, non-time-coincident beams
must be controlled. In addition to enormous simplification, the new approach is far more
powerful since the waveform in each of the incident beams can be shaped temporally — the
equivalent of a femtosecond pulse shaper in each beam. This development enables extensive
control over interband electronic coherences. MIT has applied for a patent (listed below) based
on the advances in pulse shaping.

In ongoing work, THz waves are generated in ferroelectric-semiconductor hybrid
structures that permit coherent spectroscopy and control of the semiconductor intersubband
response. Fully phase-coherent four-wave mixing measurements on quantum well exciton and
biexciton transitions are also under way. These two sets of measurements will ultimately be
combined, so that THz control over coupling between different optical-frequency coherences
may be examined. The objectives are fundamental understanding of intersubband and interband
dephasing dynamics, coupling between intersubband and interband coherences, and coupling
between different interband coherences, and demonstration of practical applications in THz-

frequency modulation of semiconductor optical properties including optical gain.
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