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Figure 2 Spectra of the OH 1,665-MHz and 1,667-MHz lines in K3-35. The total velocity
range covered by the OH observations was ~140km s~ The figure shows the spectra for
the left circular polarization (LCP; bottom) and right circular polarization (RCP; top),
corresponding to the integrated emission over a region of <1” in size where all the OH-
maser emission detected arises (Fig. 1).

and S requires a shielding mechanism against ionizing radiation. A
full understanding of this mechanism will require detailed model-
ling studies. t
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Electrostatic coupling between particles is important in many
microscopic phenomena found in nature. The interaction
between two isolated point charges is described by the bare
Coulomb potential, but in many-body systems this interaction
is modified as a result of the collective response of the screening
cloud surrounding each charge carrier”. One such system
involves ultrafast interactions between quasi-free electrons in
semiconductors>*—which are central to high-speed and future
quantum electronic devices. The femtosecond kinetics of non-
equilibrium Coulomb systems has been calculated using static**
and dynamical”® screening models that assume the instantaneous
formation of interparticle correlations. However, some quantum
kinetic theories’* suggest that a regime of unscreened bare
Coulomb collisions might exist on ultrashort timescales. Here
we monitor directly the temporal evolution of the charge—charge
interactions after ultrafast excitation of an electron—hole plasma
in GaAs. We show that the onset of collective behaviour such as
Coulomb screening and plasmon scattering exhibits a distinct
time delay of the order of the inverse plasma frequency, that is,
several 10™'* seconds.

The plasma state is often called the fourth state of matter, in
addition to solids, liquids and gases. In a plasma, charged particles
such as electrons and ions or nuclei are no longer bound together as
atoms, molecules or solid-state crystals. The charge carriers are free
to move and respond independently to electromagnetic fields. In
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momentum space, the interaction between two isolated elementary
charges e is given by the bare Coulomb potential V, (ref. 1):

4é?
= p (D

We note that V,, depends solely on the momentum exchange g of the
two particles during a collision. In a many-body system, the bare
Coulomb potential becomes modified as a result of collective effects:
each negative charge attracts a cloud of positive charges and vice
versa. The combination of a charge carrier and the surrounding
screening cloud is commonly referred to as a ‘dressed’ quasi-
particle. The effective screened interaction potential W (w,tp)
may be expressed as'*:

q

Vv
W (w, 1) = —— 2)
(o, 1p)

where V, is renormalized via the longitudinal dielectric function
e,(w, tp). W, (w,tp) depends on the energy Aw exchanged in a
collision. Correspondingly, the dressed interaction is no longer
instantaneous. It becomes time-dependent owing to the retarded
response of the polarization cloud. The retardation is a result of a
resonance of the entire many-body system at the plasma frequency
w1, which is directly proportional to the square root of the particle
pair density N divided by the reduced effective mass m*. For a
nonequilibrium situation, the interaction will also depend upon the
time delay tp with respect to a short perturbation.

Here we address the following question: how quickly are dressed
quasi-particles formed, in the case of an initially uncorrelated
many-body system of bare particles? Such ultrafast transient phe-
nomena have been suggested to be important in a variety of
nonequilibrium systems. Examples range from unscreened positive
charges in metals which may influence surface chemistry" to the
retarded formation of correlations in strongly perturbed nuclear
matter'®. We directly observe the build-up of Coulomb correlations
and the formation of dressed quasi-particles in a photoexcited
electron—hole plasma in the semiconductor GaAs. This model
situation has been studied in theory via quantum kinetic calcula-
tions for the nonequilibrium many-body system’™'*. Experimental
access to nonequilibrium dynamics in semiconductors is provided
by ultrafast laser spectroscopy™. Recent experiments exploring the
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Figure 1 The experimental principle. a, First, a thin GaAs sample is excited with a 10-fs
laser pulse (red line) at 800 nm, resonant to the interband transition. The sample consists
of a 200-nm epitaxial layer of high-purity GaAs (100) on diamond (green block). A single-
cycle terahertz electric-field transient (blue line, duration of 27 fs) probes the polarization
response of the excited electron—hole plasma after a delay time &. The terahertz probe
transient is generated via phase-matched optical rectification of a 10-fs visible pulse in a
GaSe nonlinear crystal as thin as 30 wm (ref. 28). b, Second, the transmitted THz field is
measured as a function of time 7 via ultrabroadband electro-optic sampling in a {(110)
oriented ZnTe crystal (orange block) of a thickness of 10 wm (refs 29 and 30).
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regime of Coulomb quantum kinetics'"~*' have probed the particle
distributions and interband polarizations. The time evolution of
these quantities contains the scattering in an integral manner. It
is less sensitive to the exact form of the interaction potential. In
order to study the build-up of screening itself, the low-energy
excitations of the plasma and the resulting resonances in €,(w, tp,)
must be measured directly with femtosecond temporal resolution
(1fs = 107" s). For the stationary case of doped semiconductors,
these plasmons may be observed with classical infrared® and light
scattering (ref. 23 and see ref. 24 for an overview) techniques. The
transient infrared properties of a photoinduced electron—hole
plasma have been studied for frequencies below 3THz
(1 THz = 10" Hz)*? and above 75 THz (ref. 27), with a limited
time resolution of 150 fs.

We investigated the evolution of the complex dielectric function
renormalizing the bare Coulomb potential (see equation (2)) in the
extremely early stage after creation of a nonequilibrium plasma. The
principle of our experiment is sketched in Fig. 1. First, free electron—
hole pairs are created in a GaAs film via interband transitions
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Figure 2 Two-time dependent polarization response of the electron—hole plasma.

a, Electric-field amplitude Fyy, of the single-cycle probe versus time T. The transient has
been corrected for the frequency response of the electro-optic detector™. The Fourier
amplitude spectrum contains components between 1 THz and 100 THz, spanning the
entire mid- and far-infrared wavelength region from A = 300 wm to 3 wm. The phase
spectrum is flat between 10 THz and 55 THz. For this frequency interval, the single-cycle
pulse represents the ultimate probe with a time resolution limited only by the uncertainty
principle. b, Electric-field change AFy, induced by 10-fs photoexcitation of

2 % 10" cm 2 electron—hole pairs in GaAs versus delay times & and 7. The diagonal
pink dotted line denotes the position of the maximum of the 10-fs pump pulse. For pump-
probe delays between t, = — 20fs and +20fs, the excitation pulse overlaps with the
electric field of the terahertz probe and a negative (red) and positive (blue) half cycle in
AFEy, appear along the excitation diagonal. These strong features in the vertical region
around T = 0 fs correspond to an instantaneous perturbation of the single-cycle probe. A
retarded oscillatory response of the plasma starts to develop at f, = 30fs, visualized by
the dashed black line to guide the eye: An additional half cycle in Af, builds up,
represented by a vertical blue column at T = 60 fs. In this region no probe field is present
without excitation (see Fig. 2a). For even longer pump-probe delays , > 70fs, a second
half wave (orange) appears in the retarded response at 7 = 100fs. Finally, another
maximum shows up at T = 140fs, above the ¢, = 100 fs horizontal and a last minimum
appears at T = 170fs for t, = 120fs.
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induced with a resonant light pulse (shown red in Fig. 1) of a
duration of 10fs and a central photon energy of 1.55eV. The
photoinduced particle pair density is N = 2 X 10" cm ™, resulting
in a plasma frequency of w,/2m = 15 THz. The properties of this
nonequilibrium system are subsequently probed by a different
pulse, a single-cycle electric field transient with a duration of 27 fs
(full-width at half-maximum, FWHM, of the intensity) and a centre
frequency of 28 THz (sketched blue in Fig. 1)**. This pulse serves as
an extremely short probe pulse for the field response of the
semiconductor at a time delay #p after excitation of the plasma
and in the limit of small wave vectors g. Any resonance in the system
will manifest itself as a retarded ‘tail” owing to induced polarization
and a phase distortion of the probe transient after transmission
through the sample. As we shall see, the changes induced in the
probe electric field contain direct information on the many-body
effects renormalizing the bare Coulomb interaction. These changes
are directly measured in the time domain in a second stage of the
experiment (see Fig. 1b). A third laser pulse with a duration of 10 fs
analyses the terahertz wave form of the transmitted probe field as a
function of a second delay time T via free-space electro-optic
sampling™.

The observed electric field amplitude Ery, of the terahertz probe
transmitted through the unexcited GaAs sample versus delay time T
is shown in Fig. 2a. The terahertz electric field change AEry, due to
carrier excitation with the 10-fs pump is displayed in a colour map
versus pump-probe delay #j, (vertical) and terahertz sampling delay
T (horizontal) in Fig. 2b. The polarization response of the carrier
plasma follows instantaneously upon the single-cycle probe pulse at
early delay times #p between —20 fs and 20 fs. With increasing values
of tp the plasma develops a delayed oscillatory response after the
terahertz probe burst: starting with a first retarded half wave for
tp = 30fs, up to two delayed full oscillation cycles are observed for
tp = 120 fs. At pump-probe delays beyond t,, = 150 fs, the electric
field change AEry, versus T becomes stationary on a picosecond
timescale determined by the carrier recombination time in the
sample.

In order to analyse further the amplitude- and phase-resolved
data of Fig. 2 and to extract the complex €,_,(w, tp,), we performed
an incomplete Fourier transform'"” into the frequency domain
only along the terahertz response axis T. The imaginary and real
parts of the deduced inverse dielectric function are shown versus
frequency for different pump-probe delays #p in Fig. 3a and b,

respectively. These data demonstrate the build-up of the dressed
interaction in the many-body system with respect to the initial bare
Coulomb potential V,. On top of Fig. 3, the frequency scale has
been multiplied by Planck’s constant in order to convert into
the energy fiw exchanged in a collision between particles. We start
our discussion with the negative imaginary part of 1/¢,_,, which
is a measure for the energy loss of a charged particle propagating
in the many-body system. We note that the bare Coulomb inter-
action of equation (1) lacks an imaginary part. As a consequence,
— Im(1/e,_,) vanishes exactly for the unexcited system (green line in
Fig. 3a), except for a small peak at w; /27 = 8.8 THz, the frequency
of the longitudinal optical phonon. This feature comes from the fact
that even a single electron in GaAs may exchange the energy
quantum hw; o = 36 meV with the crystal lattice by polar-optical
scattering”'. When the electron—hole plasma is injected at t;, = 0 fs,
the resonance shifts to higher energies and becomes strongly
broadened. The maximum spectral width is obtained at a pump-
probe delay of t;, = 25 fs. At this point, a wide range of energies may
be exchanged between the charge carriers, indicating an uncorre-
lated state in an extreme nonequilibrium situation. Within 100 fs,
the broad feature narrows significantly and a sharp resonance in
—Im(1/e,_,) appears at a plasma frequency of w,/2m = 14.4 THz
(Fig. 3a). We observe the transition to a collective response of the
many-body system: The carrier dynamics becomes dominated by
scattering with plasmons, the energy quanta of the plasma oscilla-
tion, of an energy of hw, = 60 meV.

The build-up of a dressed Coulomb interaction is well described
by the real part of the inverse dielectric function in Fig. 3b. This
quantity renormalizes the charge that an electron is affected by
while interacting with another quasi-particle in the plasma,
exchanging an energy hw; see equations (1) and (2). For late
pump-probe delays of t, > 150fs, a negative minimum is found
for frequencies below the plasma frequency. Obviously, the effective
interaction in equation (2) changes sign for an energy exchange
slightly below hw,. This phenomenon is due to the oppositely
charged screening cloud surrounding the bare particle which is
excited resonantly and dominates the collision. In contrast,
Re(1/e,_,) has a positive maximum at energies slightly above hw,:
if the plasma is driven above resonance, the polarization oscillates
out of phase with the electromagnetic perturbation. As a result, the
Coulomb forces due to the bare charge and the screening cloud add
up with the same sign. These features are consistent with a fully
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Figure 3 Build-up of Coulomb screening and plasmon scattering. a, b, Imaginary (a) and
real (b) part of the long-wavelength limit of the inverse dielectric function of GaAs versus
frequency for different pump-probe delays f, as deduced from the time-domain data in
Fig. 2. The green lines result from a dielectric oscillator model for unexcited GaAs. A
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Drude fit of the data at t, = 175fs (7 = 84fs and w, = 14.4THz) is drawn red. The
sketch on the right visualizes the transition from a chaotic system of bare charges to an
ensemble of correlated screened quasi-particles. Dotted lines are offset zero lines (blue).
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developed dressed interaction. We note that the extrema around w,
in Re(l/e,_,) originating from anti- and over-screening do not
emerge instantaneously with carrier generation but show a delayed
rise within the first 120 fs. At ¢, = 25 fs, the spectrum is completely
flat above hw,, indicating bare Coulomb collisions without any
screening.

The classical model for the long-wavelength and high-frequency
limit of the dielectric function of an electron gas is given by Drude
theory"*, assuming an exponential plasmon damping with a time
constant 7. We performed least-square fits to our data allowing w,
and 7 as free parameters and keeping the lattice part fixed. Good
agreement with a Drude shape is found only for late delay times
with w, = 14.4THz at t, = 175 fs (see red curves in Fig. 3). 7is a
measure for the memory depth of the system and for the duration of
a collision. It increases from 7 = 20 fs at t;, = 25fs to 7 = 85fs for
fp = 120fs. Our experimental findings support quantum kinetic
theories for the nonequilibrium dynamics of the Coulomb inter-
action'™". These models predict a delayed build-up of screening
and a strongly broadened plasmon pole after ultrafast excitation.
The approximate timescale for these phenomena is linked to the
duration of a plasma oscillation period which is 2m/w, = 70fs in
our experiment.

Thus, we have demonstrated a direct test for a basic concept in
nonequilibrium many-body physics: the formation of dressed
quasi-particles. We show that Coulomb screening and plasmon
scattering are not present instantaneously after 10-fs photoexcita-
tion of a dense electron—hole plasma in GaAs, but emerge on a
timescale comparable to the inverse plasma frequency. This class of
phenomena marks the earliest stage in the dynamics of strongly
perturbed particle ensembles far from equilibrium. The results are
obtained by applying a new technique, where the polarization
response of the system to a single-cycle electric field transient
covering the entire mid infrared is directly resolved. The dynamics
of elementary excitations in this important spectral region can now
be accessed with uncertainty-limited femtosecond resolution of
both amplitude and phase. New perspectives arise for investigations
in systems such as magnons in high-T, superconductors, lattice
dynamics in organic semiconductors, and vibrational relaxation in
large molecules and biological complexes. U
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Photonic bandgap crystals can reflect light for any direction of
propagation in specific wavelength ranges' . This property, which
can be used to confine, manipulate and guide photons, should
allow the creation of all-optical integrated circuits. To achieve this
goal, conventional semiconductor nanofabrication techniques
have been adapted to make photonic crystals*®. A potentially
simpler and cheaper approach for creating three-dimensional
periodic structures is the natural assembly of colloidal micro-
spheres'*""°. However, this approach yields irregular, polycrystal-
line photonic crystals that are difficult to incorporate into a
device. More importantly, it leads to many structural defects
that can destroy the photonic bandgap'®’. Here we show that
by assembling a thin layer of colloidal spheres on a silicon
substrate, we can obtain planar, single-crystalline silicon pho-
tonic crystals that have defect densities sufficiently low that the
bandgap survives. As expected from theory, we observe unity
reflectance in two crystalline directions of our photonic crystals
around a wavelength of 1.3 micrometres. We also show that
additional fabrication steps, intentional doping and patterning,
can be performed, so demonstrating the potential for specific
device applications.

The strategy behind the colloidal assembly approach is to exploit
the tendency of monodisperse submicrometre spheres to sponta-
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