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The linear and nonlinear optical properties of semicoratgcare strongly influenced by the
Coulomb interaction among the photoexcited carriers. Withe framework of the semicon-
ductor Bloch equations such many-body effects can be destrnn the basis of a microscopic
theory. In this article, we briefly review our recent contitibns to two specific topics. First, the
coherent optical generation of charge and spin currenthaitsubsequent decay via scattering
processes is discussed. As a second example, the spatfaiyogeneous optical properties
of hybrid structures which consist of photonic crystals aechiconductor nanostructures are
described. Many of the numerical results have been obtaisied) massively parallel computer
programs which were run on the IBM p690-Cluster Jump incBili

1 Introduction

The analysis of the optical and electronic properties ofisenductors and, in particular,
semiconductor nanostructures is of great current inte@stthe one hand, one can study
in these systems questions which are of relevance in theodfaadamental physics, i.e.,
many-body and non-equilibrium effects, ultrafast dynanoherent phenomena, influ-
ence of disorder, etc. On the other hand, semiconductorseantonductor nanostructures
are useful for a great variety of applications includingagéctronic devices.

A microscopic theoretical description of the optical prafs of semiconductors has
to properly describe the light field, the material excitaipand their interaction. When the
electronic system is excited by the light field, electroresraised energetically to the previ-
ously unoccupied conduction band and so-called holes arergid in the valence band.
Since these quasi-particles are charged, their mutualo@duinteraction gives rise to a
many-body problem. Within the framework of the semiconduBloch equations a num-
ber of important many-body effects can be computed on a soic theoretical basig.
These equations describe the dynamical evolution of eleittrdistributions and coher-
ences during and after the photoexcitation. By numericadlying this high-dimensional
set of coupled nonlinear differential equations one olst#ile macroscopic optical polar-
ization which appears as a source term in Maxwell's equatand thus determines the
light-matter interaction.
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Figure 1. Schematical drawings of optical interband ekoita in a two-band model. Left: A single field with
frequency2w resonantly generates electrons and holes above the bamd gapmiconductoE .. In this case,
the excitation is symmetric in k-space. Right: The incidiéitl consists of two frequencies and2w satisfying

hw < Egap < 2hw. In this case, it is possible to create excitations whichratesymmetric in k-space, i.e.,
correspond to a finite current, since the initial and finatestaare connected by two pathways. The direction
and the magnitude of the photoinduced current can be ctedrobherently by adjusting the phase difference
between the two field components.

In this brief review, we describe our recent contributiomswo specific topics. For
further details of the theoretical approach and additiamfakmation we have to refer the
reader to the cited articles and the literature cited thetaithe first example, see Sect. 2.1,
the coherent optical generation of charge and spin curi@mdstheir subsequent decay
via scattering processes is analyzed. As a second exarhplspétially-inhomogeneous
optical properties of hybrid structures consisting of mi¢ crystals and semiconductor
nanostructures are described in Sect. 2.2.

2 Examples

2.1 Coherent Optical Generation and Decay of Charge and Spi@urrents

Recently, the coherent control of electronic excitatiansémiconductors by sequences
of optical laser pulses has received great attention. Famele, it has been predicted
that it should be possible to generate photocurrents ins®rdiictors on ultrashort time
scales via the excitation with two light beams with frequesc and 2w satisfying
hiw < Egap < 2hw, WhereE,,, is the band gap energy. This effect has been obsérved
and is illustrated schematically in Fig. 1.

A few years later, it has been predicted that basically tmeestype of interference
scheme can also be employed to create pure spin currenth at@aot accompanied by
any charge currefitsee Fig. 2. The existence of such spin currents generatetirafast
time scales has been confirmed experimerftdllyThey could, in particular, be useful for
possible future applications in the area of spintronics.
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Figure 2. Schematical illustration of the coherent optigetheration of currents. Left: (Right:) By using linear
parallel (perpendicular) polarization directions of theand the2w beams a charge (spin) current is injected.
When a charge current is generated, both spins are excieediddlly, i.e., "T r = ng iy and the excitations
carry a nonvanishing average momentigm. For the case of a spin current, the distributions of the toins
satlsfyn“C = "1,—k and thus the momentum averaged over both spins vanishes.

In Ref. 8, we have presented and analyzed a microscopic tady-theory at the
guantum-kinetic second Born-Markov level which is capatildescribing the dynamical
generation, the coherent evolution, and the decay of chamgespin currents. Our ap-
proach is based on the semiconductor Bloch equatibasd includes light-field-induced
intraband and interband excitations nonperturbatively beyond the rotating wave ap-
proximation, excitonic effects, as well as correlationtrimutions arising from the carrier
LO-phonon coupling and the Coulomb interaction which diégcscattering processes.

Figure 3 shows the time-dependence of the electron and fttéodtions of a quantum
well in k-space. The short laser pulses generate carrighsaxdombined excess energy of
150 meV above the band gap. Due to their smaller mass most ofitiei&kenergy is given
to the electrons. Immediately after the photoexcitatiba,électron and hole distributions
are very similar, since the optical transitions are diagjonk-space. Due to the quantum
interference between the and 2w components of the field, the distributions are larger
for positivek,, than for negative:,.. Therefore, this situation corresponds to a current in
z-direction. In the course of time, the distributions relawards quasi equilibrium, i.e.,
towards the band edges. In the limit of long times, due ta theger mass the distribution
of the holes is wider than that of the electrons.
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Figure 3. Left (right) column: Contour plots of the electr@mle) distributions in a quantum well k-space at

t =50, 100, 150, and 400 fs, respectively. The incident pulsee h duration of 20 fs and the amplitudes of the
two fields ared,, = 242, = 108A¢, with Ag = Eg/eap =~ 4 kV/cm, whereEj, is the exciton Rydberg and
ap the exciton Bohr radius. The excitation frequency is chaaesh that2hw is 150 meV above the band gap,
the density of photoinjected carriersi& = 101! cm~—2, and the temperature & = 50 K. Taken from Ref. 8.
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Figure 4. (a) Time-dependent charge (solid) and spin (dasheurrents of a quantum well for the same param-
eters as in Fig. 3. Also shown is the identical decay of bothetits if only carrier LO-phonon scattering is con-
sidered (dashed). The thin solid lines represent expaiatgcays with time constants 240, 155, and125 fs,
respectively. (b) Same as (a) for a quantum wire. The deositye photoinjected carriers I§ = 5 x 10° cm~!

and the other parameters are the same as in (a). The thinliselfdrepresent exponential decays with time
constants o250, 900, and740 fs, respectively. Taken from Ref. 8.

Figure 4(a) demonstrates that for the considered exaitatimditions the dynamical
evolution of the currents is influenced by both carrier LGxpbin and carrier-carrier scat-
tering. If only carrier LO-phonon scattering is consideréte charge and spin currents
decay similarly. This decay is not exponential, howevsrpitset can be approximated by
an exponential decay with a time constaa® fs. Including also carrier-carrier scattering
in the analysis, speeds up the decay of both currents. Additly, we find thathe spin
current decays more rapidly than the charge currefhis effect can be understood by
considering that the excitation of a charge current coedp to identical electron distri-
butions for the different spins, see Fig. 2. Therefore, tlegage momentum of the electron
system is finite. Since carrier-carrer scattering only exgfes momentum among the car-
riers, the finite average momentum cannot be reduced by thieps. The situation is,
however, different when a spin current is excited. In thisegahe opposite electron distri-
butions for the two spins correspond to a vanishing totalted@ic momentum, see Fig. 2.
Consequently, Coulomb scattering can exchange and thasthed photoexcited momenta
of the spin-up and spin-down electrons.

Figure 4(b) shows that qualitatively similar results are¢aiied for quantum wires.
However, since the phase space is smaller in one dimengiensdattering is reduced
and the decay times are longer than in two dimensions. Additiinvestigations of the
dependence of the currents on the intensities of the intidsar pulses can be found in
Ref. 8.
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Figure 5. Schematical drawing of the considered structumielwconsists of an array of semiconductor quantum
wires in the vicinity of a two-dimensional photonic crystalhe photonic crystal has a finite thickness and is
made of periodically arranged air cylinders which are sumded by a dielectric medium. Taken from Ref. 15.

v

2.2 Optical Properties of Semiconductor Photonic-CrystaStructures

A periodic wavelength scale dielectric structuring strigrigfluences the transverse part
of the electromagnetic field. Dielectric photonic crysteds be used to design the dis-
persion of the electromagnetic field modes, i.e., so-cgiledtonic band structur&s?
Important aspects of the light-matter interaction can bedifienl with these structures and,
furthermore, a suitable tailoring of the field modes may iawerthe properties of various
optoelectronic devices.

The dielectric structuring influences, however, also theitudinal part of the elec-
tromagnetic field, i.e., the Coulomb interaction. This sin a space dependence of the
band gap and the exciton energies in a nearby semicondwtostructure which follows
the periodicity of the photonic crystdl'4

In Ref. 15, we have analyzed the optical gain properties afhsapatially-
inhomogeneous semiconductor photonic-crystal strusturbe developed theoretical ap-
proach provides a self-consistent solution of the dynawfitise electromagnetic field and
the material excitations in the framework of coupled Maxwemiconductor Bloch equa-
tions which include many-body interactions on the Hartreek level.

The considered structure consists of an array of quantumswir the vicinity of a
two-dimensional photonic crystal of finite thickness, ség B. Shown in Fig. 6. are
density-dependent optical absorption and gain spectrasifall densities, two excitonic
absorption peaks are visible. The lower one is associattdpeisitions underneath the
dielectric part of the photonic crystal whereas the highmer ariginates from positions un-
derneath the air cylinders. With increasing density, thghteof both peaks decreases due
to bleaching. However, the rate of change for the enerdbticaver peak is larger. This

224



:@ 1
:CJ 08
-8- 06
S
c 0.4
jel
- 0.2
o
S ———
g ——
S =———
0.2 N————————,
- N—
d>‘
ﬁ/ 03
7z
6 04 1.47 1.48 149

2/ energy (eV)

Figure 6. Density-dependent absorption/gain spectrarfareny of wires that is separated by= 0.2ag from
the photonic crystal with air cylinder radiug = 2.65a¢. The presence of negative absorption, i.e., optical gain,
is highlighted by changing the lines from black to green.efakom Ref. 15.

is due to the fact that because of the spatially-varying lgapithe carriers accumulate at
positions underneath the dielectric and avoid the regimaetneath the air cylinders. As
a result the sign of the absorption at the lower peak becomgative, i.e., optical gain is
present, in a range of densities where the higher peak lisstbrbing. A detailed anal-
ysis shows that in this spatially-inhomogeneous structiieetransition from absorption
to gain occurs at an approximately 20% smaller density thamstructure which is in a
homogeneous dielectric environmé&nt

Besides the gain, we have also studied nonlinear opticalgties and electronic wave-
packet dynamics of spatially-inhomogeneous semicondptiotonic-crystal structuré$
Furthermore, a strong enhancement of the optical gain has toeind in structures con-
sisting of one-dimensional photonic crystals and semiaotat quantum welf<.

3 Summary

The two examples presented here demonstrate that manyeffedys strongly influence
the optoelectronic properties of semiconductors. Manywfrmumerical results on the
examples discussed here and also on other topics were ethtaging massively parallel
computer programs which were run on the IBM p690-Clusterplimaulich.
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