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The main goal of this project is to determine the
responses of electronic materials to input signals
which are not only fast (i.e., pulses of short dura-
tion) but also high in repetition rate (i.e., many
short pulses in rapid succession) as is directly rele-
vant to ultrafast electronics applications. This is
accomplished through direct measurement using
terahertz-frequency sequences of femtosecond
pulses. The responses are heavily dependent on
electron-phonon interactions whose strength can
be determined.

5.2 High Repetition-rate
Signals and Resonant
Responses of Electronic
Materials
Much of the current work in ultrafast spectroscopy
of electronic materials involves irradiation of the
sample with a single femtosecond pulse followed
by probing of the sample's time-dependent
response. This has taught us a great deal about
the fundamental properties and ultrafast dynamical
responses of semiconductors, metals, and, more

recently, superconductors. What does this type of
spectroscopy tell us about the performance of the
material in a real ultrafast device?

Most ultrafast signal processing and communi-
cations applications involve not just one very fast
signal followed by a long waiting period, then
another isolated very fast signal, another long
waiting period, etc. The main purpose of devel-
oping ultrafast devices is to make possible high-
density signal processing, i.e., processing of very
high (terahertz) repetition rate signals. For a
material to be appropriate for this type of applica-
tion, its response to terahertz-frequency signals
must be suitable. Usually "suitable" means fast,
without long-lived or spurious components.

Ultrafast spectroscopy generally measures material
responses to single, isolated ultrafast optical
signals. Certainly, if the response to this kind of
signal is unsuitable (slow, or a fast initial response
with substantial slow "trailing edge" components),
then the material can be ruled out for many
ultrafast device applications. However, successful
performance in this type of test does not ensure
successful response to high-density signal inputs
of interest in real ultrafast devices. How can we
use spectroscopy to provide a better "real-world"
test of material performance?

It is now possible to generate complex terahertz
frequency signals through femtosecond "pulse-
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shaping" techniques2 developed at Bell Communi-
cations Research (Bellcore). Recognizing the
importance of these techniques for ultrafast elec-
tronic materials characterization, we worked in col-
laboration with Bellcore scientists to conduct the
first spectroscopic experiments in which material
responses to terahertz-frequency signals were
recorded. 3 The experiments showed how a crystal-
line solid could give a very fast response to a
single ultrafast input signal, with minimal "trailing
edge," and yet give a clearly unacceptable
response to a terahertz-frequency sequence of
input signals. The sample showed a "spurious"
response (due to lattice vibrations) with an ampli-
tude that was very small after one input signal, but
which was amplified by successive input signals in
the sequence. After the terahertz-frequency
sequence was over, the spurious signal dominated
the response! This signal was amplified by an
"impulsive" driving force on the lattice vibrations
exerted by each of the successive input signals.
The mechanism for this force, "impulsive stimu-
lated Raman scattering," was discovered and elu-
cidated with earlier RLE support.4

Our initial experiments on organic molecular crys-
tals, supported through RLE, received wide pub-
licity through publication (by us and by
journalists) in Science,3 Physics News in 1990,5

Optics News, 6 Science News,7 Chemistry and
Industry,8 Chemical and Engineering News,9 and
other "semi-popular" as well as technical

journals.10 We have now imported the Bellcore
technology into our own lab, as illustrated in
figure 1. The figure shows a terahertz repetition-
rate sequence of femtosecond pulses generated in
our lab using the pulse-shaping method developed
at Bellcore.

Our current experiments are focused on semicon-
ductors and high-Tc superconductor materials for
which the results will be of immediate practical
importance. We expect very substantial "spurious"
responses to terahertz-frequency frequency inputs
in semiconductor multiple-quantum-well struc-
tures due to lattice resonances associated with the
layer thicknesses. Similarly, in "quantum dot"
structures formed by semiconductor clusters, reso-
nances associated with the cluster size will likely
lead to spurious responses to high-density input
signals. The size of these responses will probably
be large due to strong electron-phonon inter-
actions in semiconductors. High-Tc superconduc-
tors have recently been shown to have very strong
electron-phonon interactions as well, with specific
lattice phonons coupling strongly to the low-
energy electronic continuum. We expect that
these materials too will show important responses
to high-density signals which are not apparent
when an isolated, ultrafast signal is used.

In addition to providing a direct test of material
performance in ultrafast device applications, the
experiments permit characterization of the

2 A.M. Weiner, J.P. Heritage, and E.M. Kirschner, "High-resolution Femtosecond Pulse Shaping," J. Opt. Soc. Am.
B 5(8): 1563-1572 (1988).

3 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Pulse Sequences Used for Optical
Manipulation of Molecular Motion," Science 247: 1317-1319 (1990).

4 For a recent review see: K.A. Nelson and E.P. Ippen, "Femtosecond Coherent Spectroscopy," Adv. Chem. Phys.
75: 1-35 (1989).

5 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Optical Control Over Molecular
Motion," in Physics News in 1990, ed. P.F. Schewe (New York: American Institute of Physics, 1990), pp. 25-26.

6 A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Multiple Pulse Impulsive Stimulated
Raman Scattering," Opt. News 15(12): 29-31 ("Optics in 1989" section).

7 "Sculpting Light to Maneuver Molecules," Sci. News 137(14): 223 (1990).

8 "Molecule Motions," Chem. Ind. News 7: 202 (1990).

9 "Lasers Manipulate Molecular Motion," Chem. Eng. News 68(12): 21 (1990).

10 K.A. Nelson, "Impulsive Stimulated Raman Scattering with Single-pulse and Multiple-pulse Excitation," in Pro-
ceedings of the 12th International Conference on Raman Spectroscopy, ed. J.R. Durig and J.F. Sullivan
(Chichester: Wiley, 1990), pp. 19-22; A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, M.J. Banet, and K.A. Nelson,
"Spectroscopy with Shaped Femtosecond Pulses: Styles for the 1990s," in Picosecond and Femtosecond Spec-
troscopy from Laboratory to Real World, ed. K.A. Nelson (Bellingham, Washington: SPIE, 1990), SPIE Proc. Ser.
1209: 185-197 (1990); A.M. Weiner, D.E. Leaird, G.P. Wiederrecht, and K.A. Nelson, "Femtosecond Multiple-
pulse Impulsive Stimulated Raman Spectroscopy," J. Opt. Soc. Am. B, forthcoming.
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Figure 1. A 2.1-terahertz repetition rate pulse sequence produced through pulse-shaping techniques. The
responses of electronic materials to high-density signals of this type are examined to provide a realistic test of their
performance characteristics in ultrafast device applications.

electron-phonon interactions of the samples.
These are important in mediating carrier mobility at
different temperatures (i.e., different levels of
phonon excitation). In high-Tc superconductors,
the mechanism for strong electron-phonon cou-
pling and its importance in superconductivity are
not well understood. Our experiments may resolve
these issues since they provide a unique opportu-
nity to examine the effects of specific phonon
modes on electronic energies.

As of November 1, 1990, this work is no longer
sponsored through the RLE Joint Services Elec-
tronics Program. Support for our work on semi-
conductor and superconductor responses to
terahertz frequency signals is currently being
sought.
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