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Zusammenfassung

In den letzten zwanzig Jahren wurden Mikrochips und elektrosthe Bauelemente
fur Computer und Multimedia nicht nur immer schneller und lkeistungsfahiger, sondern
auch bedeutend kleiner. Ein moderner Mikrochip besteht typcherweise aus Halbleit-
ermaterial mit Strukturen im Bereich von mehreren zehn Nanoatern [1]. In diesen
G enordnungen gewinnen quantenmechanische E ekte zehmend an Bedeutung.

In sehr kleinen Schichten oder Streifen sind Ladungstrageie Elektronen und Lecher
in ihren Bewegungen auf zwei oder weniger Dimensionen eindpesakt. Dies fuhrt zu
dramatischen Anderungen der Materialeigenschaften [2]: Quanten Ime, imenen die
Ladungstrager in quasi zwei Dimensionen eingeschrankinsl, Quantendrahte (quasi-
eindimensional) und Quantenpunkte (nulldimensional) eauben die Erforschung einer
Vielzahl von neuen und spannenden physikalischen E ekten][3Es ist eine wichtige
Aufgabe der heutigen Forschung, die Physik dieser niedrigainsionalen Systeme zu
verstehen, um die Computersysteme der Zukunft zu entwickel

Bei sehr niedrigen Temperaturen verhalten sich Halbleiteries Isolatoren: Im Bander-
modell bezeichnet man das oberste vollsandig mit Elektreen gefallite Band als Valenz-
band. Es wird vom nachstheheren, leeren Band (Leitungsimal) energetisch durch die
Bandlacke getrennt. Die Bandlacke ist mehrere Elektronevolt gro , was der Photonenen-
ergie von optischem oder nahinfrarotem Licht entspricht. (DeEinfachheit halber spre-
chen wir in dieser Arbeit nur vonoptischem Licht anstelle vonoptischem oder nahin-
frarotem Licht.) Bei heheren Temperaturen sind thermische Fluktuationerstark genug,
um Elektronen in das Leitungsband anzuheben. Das fahrt daz dass die Halbleiter sich
dann wie Metalle verhalten [4]. Bei niedrigen Temperaturemhrt optisches Licht zu
einer gro en Bandbreite an Vielteilchenanregungen [2, 5{7hngefangen von Polarisa-
tionen zwischen Elektronen im Leitungsband und Lechern invalenzband (sogenannten
koharente Exzitoner), die sich schlie lich in inkoharente Exzitonen, Biexzibnen und an-
dere Vielteilchenanregungen umwandeln [2, 8{13]. Die Tatdae, dass sich hehere Kor-
relationen erst aus niedrigeren Korrelationen ausbilderist der Ausgangspunkt far die
Cluster-Entwicklung [7, 14]. In der Terminologie der Clusr-Entwicklung kann man viele
grundlegende Anregungen wie koharente Exzitonen bereitts&ingletsbeschreiben und
den Ein uss der heheren Korrelationen und Streue ekten panomenologisch behandeln.

In vielerlei Hinsicht ahneln koharente Exitonenen dem Wasersto atom: Es gibt bei-
spielsweise diskrete Energiezustande unterhalb des Laigsbandes durch die Coulomb-
wechselwirkung zwischen den verschieden geladenen Ladumgern in Valenz- und
Leitungsband. Die Energiezusi@ande lassen sich mit Quanteahlen wie fur das Wasser-
sto problem beschreiben, lediglich dieUbergangsenergien sind um den Faktor 1000
herunterskaliert: Anstelle von mehreren Elektronenvolt (¢) wie im Wassersto atom
liegen die Ubergangsenergien im Bereich von mehreren Millielektroneit und somit
im Terahertzbereich. Der gro e Erfolg der Spektroskopie voatomaren Systemen legt
nahe, Exzitonen mit Terahertzlicht zu spektroskopieren wh zu uberpnafen, welche Ef-
fekte aus der Atomphysik auch in der Festkerperphysik zu den sind. Die Entwicklung
von Terahertzlasern und Detektoren ermeglichte in den leten zehn Jahren vermehrt



die Spektroskopie von Exzitonen [8, 15{23]. Terahertzlitlhat den gro en Vorteil, dass

die Energie eines Terahertzphotons sehr viel kleiner als diamllscke ist und damit nur

sehr schwer Polarisationen erzeugen kann. Daher durchqu&erahertzlicht unangeregte
Halbleiter ohne zu wechselwirken. Andererseits ist Terahelizht resonant zu Anregun-
gen innerhalb des Exzitons. Der Impuls eines Terahertzphmts reicht allerdings nicht
aus, um Polarisation entlang des parabolischen Energielufas anzuregen; dafar sind
zusatzliche Mechanismen wie die Coulombwechselwirkungler Phononen netig. Ein

einfachzyklischer Terahertzpuls hat die zeitliche Langeon etwa einer Pikosekunde und
ist damit karzer als die Zerfallszeit der optischen Polasation von GaAs (mehreren
Pikosekunden). All dies macht Terahertzspektroskopie zundealen Mittel, um An-

regungen in Halbleitern zu studieren, insbesondere auch &odte Exitonen [24{29].

Studien mit gleichzeitiger optischer und Terahertz-Anregum wurden bereits an ver-
schiedensten Systemen durchgefuhrt, z.B. am Elektron{labh-Gas, an der Photolumin-
iszenz von Magnetoexzitonen, an exzitonischer Rabiaufspelg sowie bei der Anre-
gung von heheren Harmonischen [19, 30{33]. Die Kopplung zwien den vielen ex-
zitonischen Energiezustanden fahrt dazu, dass das Systeim Allgemeinen zu kom-
pliziert far Zweiniveaurnaherungen ist. Es wurde bereitsn fraheren Arbeiten gezeigt,

dass mikroskopische Rechnungen notwendig sind, wenn maa Biynamik der intraexzi-

tonischenUbergange verstehen mechte [19].

Im Rahmen dieser Doktorarbeit konzentrieren wir uns auf diAnalyse von zwei
Arten von Experimenten: In Kapitel 3 wird Terahertzspektro&opie an Quanten Imen
beschrieben, bei denen die Wechselwirkung des Terahedits mit anderen Materialien
als dem Quanten Im vernachlassigt werden kann. Kapitel 4 deandelt Quanten Ime,
die mit einer Kavitat wechselwirken. Beide Themen sind aufgnd der Ahnlichkeiten
von Exzitonen mit atomaren Systemen von grundsatzlichermteresse. Ein sehr funda-
mentaler E ekt, der beide Themen verbindet, ist der AC-Starkk ekt [2]: Er beschreibt
das Aufspalten von Spektrallinien durch die Anwesenheit eiaeslektrischen Feldes. In
Atomen wird dies Rabiaufspaltung genannt [34].

Die Rabiaufspaltung des §-Exzitonenzustandes durch Terahertzlicht wird in Kapitel3
besprochen, wahrend in Kapitel 4 der 4-Exzitonenzustand bereits durch die Wechsel-
wirkung mit der Kavitat aufgespalten ist (Vakuum-Rabiaufspaltung35, 36]) Im Einzel-
nen behandelt Abschnitt 3.1 die Frage, wie koharente Exziteen mit spektral breitem
Terahertzlicht interagieren. Durch unsere Analyse zeigeninydass die Exzitonen ion-
isiert werden, ahnlich der lonisation von Atomen: Die Polasation wird durch die Wech-
selwirkung in Zustande mit hohen Energien und Orbitalnumrarn transferiert. Unsere
Studie kann daher analog zur lonisation oberhalb der Grerdsvelle in atomaren Sys-
temen gesehen werden [37]. Die Ergebnisse sind in Vem adtiung | beschrieben. Sie
waren uberraschend, da kurz zuvor ein ahnliches Experimemit einem Zweiniveaumo-
dell erklart wurde. Dort wurde ein spektral schmaler Terahezpuls verwendet [30]. Um
die Lucke zwischen beiden unterschiedlichen Systemen rfisation und Zweiniveaumo-
dell) zu schlie en, wurde eine gemeinsame Studie durchgeft Dabei wird die Anre-
gung mit dem spektral-schmalen Puls mit einer mikroskopisen Theorie untersucht.
Die Ergebnisse (Vem entlichung 1V) werden in Abschnitt 3.2 beschrieben. Wir kon-
nten zeigen, dass das Auftreten voanticrossing zwischen den beiden Rabiresonanzen



Figure 0.1: Energieniveaus (ohne THz-Ein uss) in Kapitel 3 undt: Rar die Terahertz-
spektroskopie an Quanten Imen sind 4 und 2p die wichtigsten Zustande.
Bei Quanten Imen in einer resonanten Kavit@at spaltet der k-Zustand in
zwei Exziton-Polariton-Resonanzen auf. In beiden Szenani kann der Ein-
uss der heheren exzitonischen Zust@ande nicht vernachBsigt werden.

wie in [30] nicht ausreicht, um die Gultigkeit einer Zweinveaunaherung zu beweisen,
auch wennanticrossing bereits far Zweiniveausysteme auftritt [2]. Einige Syst@eigen-
schaften wie die Rabifrequenz werden allerdings recht gutrthergesagt, wenn wir unsere
Analyse auf die beiden wichtigsten Niveaus beschranken, mgich die exzitonischen §-
und 2p-Niveaus. Dennoch kann diese Zweiniveaunaherung die genawssion der Reso-
nanzen in den Spektren und die Dynamik der Polarisationenatit korrekt vorhersagen.
Zusatzlich zu diesen beiden Studien ist eine weitere Stwdin Arbeit, bei der mit dem
spektral breitem Terahertzpuls Anregungen in Germanium uetsucht werden. Die De-
tails werden nicht in dieser Doktorarbeit gezeigt; wir fanen heraus, dass das System
prinzipiell sehrahnlich zu GaAs-Quanten Imen ist. Unsere Utersuchungen zeigen, dass
die Pulsform des Terahertzvektorpotentials entscheidenidt far den Terahertzein uss
auf das System und nicht das Pro | des elektrischen Feldedwohl jenes im Experiment
die Messgm e ist.

In Kapitel 4 wird Terahertzspektroskopie an Exziton-Polaitonen beschrieben. Diese
entstehen, wenn Quanten Ime an eine Kavit@at koppeln. Die §-Exzitonenresonanz spal-
tet auf in tiefere und hehere Exziton-Polaritonen (ower- and higher exciton polariton,
LEP and HEP - siehe Abbildung 0.1). Mit Halbleiterkavitaten kann man vide interes-
sante E ekte beobachten wie bspwcavity quantum electrodynamics (cavity QED]38{
43] oder Bose{Einstein-Kondensation von Exziton-Polarnen [44{47]. DieUbergangs-
energien von Exziton-Polaritonen zu heheren exzitonisehZustanden liegen im Tera-
hertzbereich. Dies warf die Frage auf, wie Exziton-Polanhen als Mischzust@ande aus
Licht und Materie auf Terahertzlicht reagieren: Dominiertder Lichtanteil die Wechsel-



wirkung (optisches Licht interagiert nicht direkt mit Terahertzlicht), der exzitonische An-
teil (also die Is-artige Polarisation) oder tragen beide Anteile zu einer Waselwirkung
bei? In Zusammenarbeit mit der experimentellen Gruppe um Yu8hik Lee (Oregon
State University, USA) wurde gezeigt, dass die beiden ExzitdPelaritonen gemeinsam
mit dem exzitonischen p-Zustand ein -System bilden, ahnlich wie bei Systemen aus
der Atomphysik [48]. Die Ergebnisse sind in Vem entlichungll publiziert und werden
in Abschnitt 4.1 zusammengefasst.

Die Wechselwirkung der exzitonischen Polarisation mit deBRigenmoden der Kavitat
kann mit der Wechselwirkung zweier harmonischer Oszillataneverglichen werden. Nicht
nur die Eigenfrequenzen spalten sich auf; zusatzlich okigrt auch die Energie zwischen
beiden Systemen, dem elektrischen Feld und der PolarisatioDurch die Verbindung
von Terahertzspektroskopie mit einer theoretischen Analgd®nnen wir diese Schwebung
(beating) direkt beobachten. Genaueres dazu in Abschnitt 4.3 und in Yeentlichung V.
Die Gleichungen, mit denen wir die Experimente modellieresind die Maxwell-Halbleiter-
Bloch-Gleichungen [2, 49] erweitert fur zusatzliche Texhertzfelder [7]. EinUberblick
wber die Gleichungen wird in Kapitel 2 gegeben. Sie bieteime mikroskopische Beschrei-
bung und sind daher geeignet, die Ursachen der spektralAnderungen in den zugrun-
deliegenden Prozessen zu ergmnanden. Besonders beeinkiend ist, dass wir dadurch
qguasi mit den gleichen Gleichungen und dem gleichen Computesgramm wllig un-
terschiedliche experimentelle Situationen simulierenoknen, wie Strukturen mit vielen
Quanten Imen oder Vakuum-Rabiaufspaltung in Kavitaten. Dieser Ansatz ist aufgrund
der gro en Flexibiliat sehr vielversprechend bei der Analge weiterer Experimente.

Denn die im Rahmen dieser Doktorarbeit behandelten Themerlnd keineswegs ab-
geschlossen. Die Eigenschaften von exzitonischen Systemerden weiterhin mit Hoch-
druck untersucht, befeuert durch die Meglichkeiten, quatativ immer hochwertigere Ma-
terialien herzustellen und besser zu messen. Die Untersucgwon Exzitonen mit Tera-
hertzspektroskopie wird weiterhin genutzt, um kohahrer¢ und inkoharente Exzitonen
besser zu verstehen, beispielsweise, wie ihr Streuverhalken Magnetfeldern beein usst
wird [50]. Die Kontrolle des exzitonischen {2 p-Ubergangs ist ein meglicher Weg, um
Qubits far Quantencomputer zu entwickeln [51].

Das genaue Verstandnis und die Kontrolle von Exzitonen sthauch von grundlegender
Wichtigkeit, um kompliziertere Systeme mit Quanten Imen zu \erstehen. Das wird in
Kapitel 4 klarer, in dem der exzitonische d4-Zustand mit den Eigenmoden einer Kaviiat
gekoppeltist. Das Verstandnis dieses komplizierteren Sgens fu t auf unserer Fahigkeit,
die koharenten Exzitonen zu modellieren. Weitere Arbeitean ahnlichen Systemen sind
in Planung, bspw. an solchen mit sehr gro er Rabiaufspaltungvie in [52]. Terahertz-
spektroskopie an Exziton-Polaritonen und das hierdurch &teckte -System sind der
Ausgangspunkt fur weitere Forschung. Wir glauben, dass das-System robust genug
ist, um Phanomene aus der Atomphysik wiederzu nden, wie $hulated Raman Adia-
batic passage (STIRAP) [53], elektromagnetisch induzierferansparenz (EIT) [54] oder
langsames Licht [55]. Weitere Studien in dieser Richtungnsl bereits in Arbeit [56].
Doch dies waren nur einige wenige megliche Anwendungen ausr &icht der Grundla-
genforschung. Die nachsten Jahre werden zeigen, wievielhm&vir noch von Terahertz-
spektroskopie an Halbleiternanostrukturen erwarten kenrre
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1 Introduction

In the last twenty years, microchips and electronic devicdsr computers and multime-
dia hardware became not only faster and more powerful, but alsigni cantly smaller.
A modern microchip is typically made of semiconductor mateal patterned in length
scales of tens of nanometers [1]. At length scales near to 1, quantum mechanical
e ects start to play a role. In very thin layers, stripes, or ats, charge carriers like elec-
trons and holes are quasi-con ned to two or less dimensionfiwh changes the material
properties signi cantly [2]: Quantum wells (QWSs) where the arries are con ned to two
dimensions (quasi 2D), quantum wires (quasi 1D) and quantumots (OD) give rise to
a wide range of new e ects and exciting physics [3]. It is an portant task of today's
research to understand the fundamental physics in these ladimensional semiconductor
nanostructures in order to design the hardware of the future.

At very low temperatures, semiconductors are insulators: lterms of the energy band
model, electrons are inside a lled valence band, separatéedm the empty next-higher
energy band, the conduction band, by an energetic band gaph& band gap is in the
order of few electron volts, equal to the photon energy of opal or near-infrared light.
This means that electrons can be lifted from the valence bandto the conduction band
by optical or near-infrared light. (For simplicity, we spe& in this Thesis only of optical
light instead ofoptical or near-infrared light) At higher temperatures, when thermal uc-
tuations are large enough to lift electrons into the condu@n band, the semiconductor
behaves more like a metal [4]. At low temperatures, opticalht creates in semiconduc-
tors a whole bunch of many-body excitations [2, 5{7], stantig from polarization between
electrons in the conduction band and holes in the valence kaifso-called coherent ex-
citons) which eventually transform within a few picosecondmto incoherent excitons,
biexcitons, and other many-body excitations [2, 8{13]. Théact that the higher-order
correlations build up from|and temporarily after|lower-or der correlations is the start-
ing point of the Cluster-expansion approach [7, 14]. Speak in terms of the Cluster
expansion, many fundamental e ects concerning coherent @ons can already be de-
scribed with singlets; in some cases, higher-order termsdlikcattering contributions can
be treated with phenomenological models.

In many ways, coherent excitons have hydrogen-like featwelrhey appear, e.g., as dis-
crete energy levels spectrally below the conduction band eltio the attractive Coulomb
interaction between the oppositely charged carriers in v@hce and conduction band.
There are even similar quantum numbers as for the hydrogenstgm, only with transi-
tion energies scaled down by a factor of 1000. Instead of theveral eV of the hydrogen
atom, we have transition energies of few milli-electron usl (meV), i.e., in the terahertz
range. These analogies motivate spectroscopy on excitomslahe search for condensed-
matter equivalences of coherent atomic e ects. The develognt of THz lasers and de-
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tectors suiting the intraexcitonic transitions during thelast decade stimulated the THz
spectroscopy on excitons [8, 15{23]. Exciton spectroscopyth THz light has the great
advantage that the THz photon energy is much smaller than theand gap and highly
0 -resonant to the creation of excitonic polarization. Cosequently, it passes through the
unexcited semiconductor. Instead, it is resonant with ineexcitonic transitions. As the
momentum carried by a THz photon is not su cient to transfer pdarization along the
parabolic energy band, additional interaction processei&é the Coulomb and phonon in-
teraction are needed to allow THz-induced intraexcitonic ainsitions. A single-cycle THz
pulse has a duration of around 1 picosecond (ps), shorter tinghe decay time of optical
polarization in GaAs of several picoseconds. All this makes THght an ideal tool to
study semiconductor excitation and in particular coherenexcitons [24{29]. Studies us-
ing both optical and THz light were already made on electron{fble gas, high-harmonic
generation, photoluminescence quenching of magnetoerai and excitonic Rabi split-
ting [19, 30{33]. The coupling between the many excitonic Vels make the systems in
general too complicated for few-level models. It was shownat fully microscopic calcu-
lations are needed to understand the dynamics of the intraeikenic transitions [19].

In this Thesis, we focus on the analysis of two types of experents: Chapter 3 discusses
THz spectroscopy orbare QWs (meaning that the interaction with material around the
QWs is neglectable), while Chapter 4 is devoted to the specswopy on QWSs interact-
ing with the light modes inside a microcavity. Both topics ag also interesting from a
fundamental point of view because of the similarities of exons with atomic systems
described earlier. A very basic e ect connecting both topgof this Thesis is the AC
Stark e ect [2]: It describes the splitting of spectral lins in the presence of an electric
eld. In atoms, the line splitting due to the resonant excitdion of a transition between
two atomic states is called Rabi splitting [34]. The Rabi sgting of the 1s-exciton peak
due to THz light is discussed in Chapter 3, while Chapter 4 deasises THz spectroscopy
on a system where the gexciton peak is already split due to the interaction with a
microcavity (vacuum Rabi splitting [35, 36]). In particular, in Section 3.1, we study co-
herent excitons in Ga.g7Ing.03As QWSs interacting with a spectrally broad THz pulse. As
a result of the analysis, we observe exciton ionization, dwstion similar to the ionization
in atoms: The polarization is pushed into states with high eergy and orbital numbers.
Our study can be interpreted as analogous to the above-thtesd ionization scenario in
atomic systems [37]. The results are presented in Paper |. i§lwas a surprising result as
recently, a similar experiment with a spectrally-narrow THz plse was explained using a
two-level model [30]. To close the gap between these two diemt regimes of ionization
and two-level system, we have launched a joint study with spgally-narrow THz light
and a microscopic analysis. The results are published in RaplV and discussed in Sec-
tion 3.2. We found out that the observation of anticrossingike in [30] is not enough to
prove the suitability of a two-level model, even if the antimssing is already predicted
from two-level calculations [2]. Some system propertiegdi the Rabi frequency were well
predicted when we restricted our theoretical analysis to thtwo most important states,
the excitonic 1s and 2p states. However, this two-level approximation fails to detenine
correctly, e.g., the peak position in the spectra and the palization dynamics. In ad-
dition to these two studies, another study with broad THz exd¢ation on germanium



Figure 1.1: Main excitonic energy levels (without THz in uene) in Chapter 3 and Chap-
ter 4. For THz spectroscopy on bare QWSs, thesland the 2 states are the
most important excitonic states. For QWs inside a 4 resonant microcavity,
the 1s energy level splits into lower and higher exciton polaritofLEP and
HEP). Both cases have in common that contributions of higherxeitonic
states cannot be neglected.

quantum wells is in preparation at the moment, but not presemd within this Thesis.
We found out that the germanium system is very similar to the @As multiple quantum-
well systems. Using strong THz elds shows that the temporal prle of the THz vector
potential is crucial for the THz in uence on the system and nothe electric eld of the
THz pulse, even if it is the measured value in the experiment. Téis in agreement with
theoretical equations and the results of our theoretical sty.

Chapter 4 describes THz spectroscopy on excitons inside a romavity where the
1s exciton energy level is split into lower- and higher-excito polariton (see Fig. 1.1).
Semiconductor microcavities are used to study interesting ects like cavity quantum
electrondynamics (cavity QED) [38{43] or Bose{Einstein aadensation (BEC) of exciton
polaritons [44{47]. The transition energies from the excito polaritons into higher exci-
tonic states still lie in the THz range, so the question arosehether exciton polaritons
as mixed light{matter states behave more like light (optichlight does not directly inter-
act with THz light) or like excitons with shifted energy leves, so to say: howexcitonic
are exciton-polaritons? A collaboration with the group of ¥n-Shik Lee (Oregon State
University) unveiled that the two exciton-polaritons togeter with the excitonic 2 state
constitute a system, with similarities with systems foun d in atomic physics [48]. The
results are published in Paper Il and summarized in Section 4.lh addition, vacuum
Rabi splitting also has similarities with the coupling of twoharmonic oscillators: Not
only the eigenenergies split, but the energy also oscillatéorth and back between the
electric eld and the polarization [36, 57]. Using THz spectscopy in connection with
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our theory allows us to directly observe the beating of the engy between the optical
polarization inside the quantum wells and the electric eldnside the cavity. More details
can be found in Section 4.3 and in Paper V.

The equations which we used to model the experimental situahs are the Maxwell-
semiconductor Bloch equations [2, 49] extended to additiahTHz elds [7]. They are
fully microscopic, which makes it possible to gain more knoedge of the underlying
processes causing experimentally observed spectral cremd-urthermore, it allows basi-
cally the same implementation of the physics to model compédy di erent experimental
situations such as multi-quantum well structures or normamode coupling in microcav-
ities. An overview of the physical equations is given in Chapt&. Finally, a summary
and a short outlook are presented in Chapter 5.



2 Theoretical approach

In this Chapter, | briey introduce the theoretical basics ard equations. My investi-
gations are based on established theories: The Maxwell-seomductor Bloch equations
(MSBE) [2, 49] describe the interaction between optical Iig and semiconductor crystals
self-consistently. The experiments discussed in the lat€hapters involve semiconductor
quantum well (QW) structures interacting with both optical and THz light, therefore we
use the MSBE extended for additional THz elds [7, 58]. Sincenbse basic theoretical
concepts have already been discussed [18{20, 33], | willds©nly on the main equations
and not on their derivations.

The scheme of the numerical calculations is depicted in Fig.12.Optical light (green
box, top) and THz light (red box, bottom) propagate into the sanple (cyan box, middle).
The incoming THz light is represented by its vector potentialA;,., while the incoming
optical light is denoted by its electric eld Ej,.. The sample is either a multiple quantum-
well structure (Chapter 3) or a microcavity enclosing quantm wells (Chapter 4). Inside
the sample, re ection and transmission of the elds are detenined using a standard
Transfer Matrix Method [36]: The optical and THz elds propagting in the di erent di-
rections are denoted by and A , respectively. In the experimental situations studied
within this Thesis, optical and THz light are o -resonant from other matter excita-
tions except those of the quantum well material. The semicdactor Bloch equations
determine how the polarization in the material is in uencedby the optical and THz
elds, and Maxwell's equation describes the back coupling d¢iie polarization onto the
elds. In particular, the optical eld couples only to optical polarization, while the THz
eld redistributes existing polarization. As the optical sgectra are determined by the
optical polarization [7], the optical spectrum is changed en THz transforms optical
polarization into (optically) dark polarization.

Within this Chapter, | will review in Section 2.1 the concept oftoherent excitons and
in Sections 2.2 the semiconductor Bloch equation for addtal THz elds. Section 2.3 is
devoted to the Wannier Equation, which allows us to projectur results into the exciton
basis and Section 2.4 the back coupling of the polarizatiomto the elds. More details
can be found in [7]. A nice overview especially for the partsed in this Thesis is given
in [58].

2.1 Coherent excitons

Coherent excitons are polarizationgy induced by optical light between electrons in the
conduction band and holes in the valence band of a semiconthr¢ as shown schemati-
cally in Fig. 2.2. This situation of two carriers of opposite carge interacting via Coulomb
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Figure 2.1: Calculation scheme: The optical el and the vector potential of the THz
light A enter the sample and propagate back and forth due to changes of
the refractive index inside the sampleE and A ), determined via a Trans-
fer Matrix Method. The interaction of the light with the QWs is described
by the Maxwell-semiconductor Bloch equations, where op#ctlight couples
only with the optical polarization. Fields transmitted through the sample

or re ected back from it (At and Et-Rr) are used for comparison with
experimental transmission or re ection measurements.



2.2 Semiconductor Bloch equation for additional terahertzelds

N2 e o
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Figure 2.2: Schematic picture: An excitonic polarizationy is a superposition state be-
tween an electron ( lled circles) in the mostly empty conduiton band and
a hole (empty circles) in the (mostly lled) valence band.

interaction is mathematically very similar to the hydrogenproblem, including the occur-
rence of distinct eigenvalues (eigenenergies) and eigerdtions (electron wave functions).
Likewise, the excitonic eigenvalues are denoted by quantummbers like for the hydro-
gen problem. In particular, its principal quantum number is Inked to the energy, while
the magnetic quantum number refers to the angular momentunWe use these quantum
numbers from the hydrogen atom to describe the polarizatiodynamics and selection
rules for transitions with a commonly used vocabulary. The parization in exciton basis
p is linked to the polarizationpy via the left- and right-handed excitonic wave functions

A X X
p = “(K) P o= R(k)p: (2.1)

k

The similarities between excitonic polarization (cohergrexcitons) and the hydrogen
problem rise the question which e ects known from atomic plsics (e.g. Rabi split-
ting [34] or the Mollow triplet [59]) exist also in coherent gcitons systems.

2.2 Semiconductor Bloch equation for additional
terahertz elds

The semiconductor Bloch equations (SBE) for additional THz elds follow from the
Cluster-expansion approach [7, 14, 60]. In the experimerdscussed within this Thesis,
the relevant time scales are a few picoseconds which is theaetme of the polarization
(depending on the material system). Coherent light is verylase toclassical light this is
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why a semiclassical description of the electromagnetic a@d is often su cient. Moreover,
it allows us to use the singlet approximation from the Clusteexpansion and treat the
scattering contributions phenomenologically.

We discuss here experiment with weak optical light is weakx@ting only low carrier
densities. This allows us to use constant densities and towete the equation for the
polarization dynamics into the exciton basis. Extended faadditional THz elds [14, 58],
it reads

I~@P = B + JéiA'zl'Hz p J. Atz p
+ dc;vp§ R(r=0)Eopt i ; (2.2)

where = (n;m) refers to the excitonic states consisting of principal queum number
n and azimuthal quantum numberm, denoting the shape of the orbit. The optical eld
Eopt is the source term for the creation (and annihilation) of palrization. The excitonic
wave functions R are centered around = 0. Note that only s-like wave functions are
non-zero atr = 0, hence, optical light couples only t®-like polarization. (Physically, this
originates from the selection rules for thg-like heavy-hole valence band and the-like
conduction band at the point.) The light{matter coypling is scaled by the dipole-matrix
elementd,., between conduction and valence band. S denotes the quantization length.
The THz eld appears via its vector potential Ath, . As mentioned in the introduction,
it passes through the unexcited semiconductor, as it does naintribute in the absence
of polarization (for p = 0). The THz in uence is twofold: The ponderomotive current
’;’—JZA%HZ renormalizes the kinetic energyE but does not drive transitions, i.e., the
guantum numbers are not changed. Due to this, it is sometimesglected [61]. However,
this is not possible in all conditions ([33] and Section 34). The constantse and are
the electron charge and the reduced mass of the electron{hqlair [33, 62], respectively.
The THz vector potential couples also to the excitonic current atrix elementJ. and
redistributes the polarizationp into p , according to the overlap of the wave functions:
X
J, = H(K)J (k) (k) (2.3)
k

Here, k is the (2-dimensional) momentum inside the quantum well,“=R the right/left
handed excitonic wave function (see [7] and Section 2.3) ands the current-matrix el-
ement. The wave functions are|apart from the scaling|close t o those of the hydrogen
problem and thus lead to similar selection rules. In partidar, THz can only induce tran-
sitions from =(n;m)to =(n%m 1),i.e., it only allows transitions into neighbouring
orbitals like s-top transitions and vice versa. The decay due to scattering anddgher-
order correlations can be treated microscopically by the dsive scattering model [7].
In the experiments analyzed within this Thesis, it is su ciert to use a phenomenological
treatment with a dephasing constant =  p : The typical values for in my studies
are in the range between:@ meV (yielding a dephasing time of 3.3 ps), and 2.2 meV
(300 fs). The exact values used for the analysis are given iretparameter list. Typically,
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2.3 Wannier equation

as a rst approximation one uses a constant ; as a second approximation, one
takes into account that the I state decays much slower than the other excitonic states,
as shown in microscopic calculations for GaAs [7].

In practice, the SBE (EqQ. (2.2)) is solved via the standard 4t-order Runge Kutta
algorithm which enables us to study the time-dependent pailaation dynamicsp (t).
Therefore, we supply the SBE with the optical and THz eld at eah time step and each
quantum well position. The excitonic eigenenergie& , the wave functions "™ and,
by means of the wave functions, the current matrix element. are extracted from the
Wannier equation.

2.3 Wannier equation

As discussed earlier, we use the SBE in exciton basis, i.e.thag@xcitonic wave functions
, eigenenergiegE and excitonic quantum numbers . The excitonic wave functions are
obtained from the Wannier equation [7]:

X
R LR T Vo RKYI=E R(K) (2.4)
kO

The Wannier equation is the homogeneous solution of the SBB (nomentum basis) [2].
For low densities of electrons and holetsf:h, the equation is mathematically identi-
cal to the well-known hydrogen problem [7]. The appearancé the phase- lling factor

1 f¢ f) leads to the occurrence of the left- and right-handed eigemictions -=R,
unlike in the hydrogen problem.  is the renormalized kinetic energy of an electron{hole
pair, which consists of the kinetic energies of the carrierand which is renormalized due
to the Coulomb interaction Vi o between electrons and holes. Solving the equation nu-
merically provides us with the excitonic eigenenergi€s and the left- and right-handed
eigenfunctions "R Note that the optical light does not appear in the Wannier ega-
tion, the renormalization of the eigenenergies induced bi¢ elds (Stark e ect) are not
taken into account by the Wannier equation. The weak elds u=d in the experiments
allow us to follow in the exciton basis how the THz eld redistibutes the polarizations.

2.4 Maxwell's wave equation

The previous Sections describes with the SBE the in uence optical and THz elds on
the polarization (Section 2.2) and how we project the resudtin terms of excitonic com-
ponents (Section 2.3). In Equation (2.2), the changes in thgolarization due to optical
and THz elds were given. For a self-consistent treatment, @nneeds to simultaneously
take into account the in uence of the polarization on the optal and THz elds. This is
especially crucial for the optical eld in our experimental guations, as it is the way we
monitor changes in the optical spectrum and even more when sienulate the interaction
of optical light with a microcavity, where energy is transfeed back and forth between

11
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optical eld and polarization. For light propagating in z direction, the back coupling
according to Maxwell's equation reads

@ n’(z2) @ @P

@? g ot Eopt (1) = o (2 ZQW)@ (2.5)

The refractive-index pro le of the sample is given by (z). The source term for changes
in the optical eld is the macroscopic polarizationP, which is the sum of the optical
polarizations. The speed of light and the vacuum permealijliare denoted byc and o,
respectively. The Dirac delta function (z zqw) describes that the back coupling is
only taking place when the optical light is at the QW positionzqy . Within this Thesis,
the back coupling on the THz eld is not taken into account, aghe in uence of the
changes in the THz eld on the polarization is neglecteble. Haver, for future projects
like STIRAP on the excitonic system, it will be needed to incogerate them into the
model, as the measurement parameter for an experimental nseeement would be the
THz absorption.

12



3 Bare quantum wells

Optical or near-infrared light creates optical polarizatio in semiconductor quantum
wells (QWSs) between electrons in the conduction band and hslén the valence band,
which decays within few picoseconds. These have been stddie.g., by wave-mixing
spectroscopy or resonant Rayleigh scattering [17]. ReceniTHz lasers and measurement
scenarios made it possible to directly detect and manipukaiexcitons [7, 8, 17, 18, 63{70].
In this Chapter, we present two experiments with weak optidaand strong THz light. The
setup is schematically shown in Fig. 3.{a) . More details about the experiments can be
found in Paper | and Paper IV. As described in Chapter 2 and deped in Fig. 3.1 (b) ,

>

Figure 3.1:(a) Setup of weak optical and strong THz excitation spectroscopyl Hz
and optical arrive at quantum wells with time delay t. (b) Without THz
in uence, the optical polarization decays exponentially ghaded area). THz
eld pushes part of the optical polarization way and back inb (optically-)
dark polarization (solid).

optical light creates optical polarization while THz light relistributes optical polarization

into optically dark polarization. In this Chapter, we descibe experiments for which we
follow the THz-induced changes in the optical re ection or trasmission spectrum. Our
microscopic theory reproduces the optical spectra and allswus in addition to monitor

the underlying many-body processes.

Section 3.1 describes my rst project (Paper 1) on weak optad and strong THz
excitation spectroscopy on quantum wells. The project steed as Benjamin Ewerset al.
had measured excitonic Rabi splitting in quantum wells usma single-cycle THz pulse.
In addition to the Rabi splitting, a bleaching and shifting ofthe excitonic and Rabi peaks
was observed. They asked us to analyze the experimental datacheck whether Rabi
splitting is a sign of Rabi opping of excitonic polarizatian. The fully microscopic theory
allowed us to simulate the THz-induced excitation dynamicdn terms of the exciton

13
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basis, we could show that the system was not dominated by Ralopping between the

1s and 2p polarization. The calculation reveals that high excitonic itals are invioved

and states with energies of up to 4 THz photons: Instead of Ralwpping inside a two-

level system, the exciton was practically ionized by high THintensities. In addition, we

demonstrated the importance of the ponderomotive force fohese kind of experiments
with strong THz elds.

Still, an open question remained: How much is the ionizatiorf the coherent excitons
due to the fact that the THz pulse is spectrally broad and not oy focussed on the fre-
quency range of the &{2p transition frequency? A similar experiment has been repaatl
by Wagneret al. from the group of the Helmholtz-Zentrum in Dresden-RossendoiT hey
used a free-electron laser (FEL) to emit spectrally narrow THpulses. These quasi-cw
pulses can be tuned continuously in the THz frequency rangedwere used to drive res-
onantly the 1s{2p transition frequency from weak THz intensities up to 10 kV/cm. hey
observed not only Rabi splitting of the E-exciton peak, but also anticrossing behavior of
the Rabi peaks when detuning the THz frequency from thes{2p transition frequency.
Both e ects have been explained within two-level models. Talose the gap between
these two studies, experiments were performed with the FEL #te Helmholtz-Zentrum
Dresden-Rossendorf on a sample with GaAs quantum wells andaager energetical sep-
aration between k-heavy hole and light hole than the ones used in [30]. The rdsu
are in publication process in Paper IV. Our fully microscopi¢heory showed that the
observation of anticrossing behavior and Rabi splitting i:ot su cient to prove that
essentially only two states are involved.

3.1 Exciton ionization

3.1.1 Optical spectrum without terahertz in uence

Figure 3.2 shows the 1-transmission (I) spectrum without THz in uence as calculated
from the microscopic theory. The sample DBR13 is made of 30 galng.osAs QWs

separated by GaAs barriers. The optical spectrum is determed by the s-like excitonic

states whose positions are marked as vertical white linesh& 1s-exciton state has by far
the strongest light{matter-coupling strength. From the ve highers-like energy states
marked as white lines before the onset of continuum of states)ly the 2s peak is slightly
recognizable in the spectrum: The highes-like states and the continuum with much
lower coupling strength lay energetically too close to eadther. They also di er in the

peak broadening (not shown here), which determines the dgcame of the respective
polarization and hence the line width. The energies of the rehigher orbitals (p, d and

f) are given for illustrational reason as black vertical line They are shifted under the
optical spectrum illustrating that they are optically dark and not excited by optical light,

as explained in Chapter 2. As the 4 state has the dominating light{matter coupling,

the optical polarization without THz in uence is essentiallyconsisting of the E-exciton

polarization. (However, our calculation includes also theigher s-like states.)
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3.1 Exciton ionization

Figure 3.2: 1 -T without THz in uence as calculated from the microscopic thexy. The
energetical positions of thes-like states are shown as white lines inside the
spectrum. The rst three optically dark orbitals are markedas black lines
below the spectrum.

3.1.2 Terahertz pulse

The experimental pulse is an approximately 1-ps long singtgcle THz pulse, produced
by a commercially available GaAs-based large-area THz emittdriven by a regenerative
Ti:sapphire ampli er system emitting 800-nm, 120-fs pulse§he time trace is shown in
Fig. 3.3(b) (shaded area), measured using a ZnTe-crystal [71, 72]. The Tiéid strength
was determined using a calibrated Golay cell outside of theyostat. The features in the
experimental pulse for later times were removed (red line)esulting in a single-cycle
pulse in time domain and a broad pulse centered in frequencyrdain (see red solid lines
in Fig. 3.3 (b) and (c). We ltered the experimental pulse because our analysis was
focussed on the e ects for delays between -1 and 1 ps. For thekelays, the THz features
at later times do not contribute as the optical polarization las mostly decayed after 1 ps.
The pulse covers the frequency range from lower THz frequesesiuntil higher than the
1s{2p transition frequency, marked as a vertical line in Fig. 3.8c) . The theoretical t
for the experimental pulse is plotted in blue. It follows frsn the THz vector potential
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3 Bare quantum wells

Figure 3.3: Fitting of the experimental single-cycle pulse foxperiments with GaAs and
germanium.(a) Theoretically used THz vector potentialAty, (t). (b) Elec-
tric eld of the THz pulse as measured in the experiment (shadg, Itered
experimental eld (red solid) and theoretical tting (blue solid). (c) Com-
parison of the respective spectra: Experimental pulse (rfedheoretical pulse
(blue) and un Itered experimental pulse (shaded). The trasition frequency
for the GaAs 1s 2p resonance is marked as horizontal line.

(Fig. 3.3 (a)) which enters the theoretical calculations, as described iSection 2. It
is related to the electric eld via Eqy, = @@AThz.Note that it is not only resonant
to the 1s{2p transition (marked as vertical line), but has also many lowefrequency
parts. However, as the & polarization can only be transferred into @ or higher p-like
polarization, we expect in rst order still mostly 1s{2p transitions. Once there is P
polarization existing, the lower THz frequencies will becoenimportant and drive also
transitions into higher-lying states.
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3.1 Exciton ionization

3.1.3 Experimental results
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Figure 3.4: (Taken from Paper [) (a) Experimental transmission spectrum L
with/without THz (solid/shaded) and zero delay between THz aml opti-
cal pulse.(b) L as function of delay between optical and THz pulse. The
position of the main peak(s) are marked with white dashed le{s), zero delay
as red horizontal line.(c) Solid line: THz-induced change at the $exciton
peak position. Dashed line: THz pulse shape.

Figure 3.4 (a) shows the typical experimentalL with and without THz in uence
(solid line and shaded area). (The experimental transmissi L is linked to the trans-
missionT by T =exp( L).) The shaded area shows the spectrum without THz with
a pronounced $-exciton peak and smaller peaks at higher energies due to highgng
states and bands. The solid line shows the spectrum under THz uence: First of all,
we observe pronounced Rabi splitting of thestexciton peak. Furthermore, the % peak
broadens with an additional modulations. More modulationst higher energies in the
spectrum are due to high-harmonic generation [19, 33]. Indition to the spectrum under
the strongest THz in uence (zero time delay) in Fig. 3.4a) , we present L for di erent
delays between optical and THz pulse in Fig. 3.b) . Like already in Fig. 3.4(a), clear
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3 Bare quantum wells

Rabi splitting of the 1s-exciton peak around zero delay is observed, accompanied by
signatures of higher harmonic around 1.5 eV. The position ohé 1s-exciton peak(s)
is marked with white dashed line(s). We note the strongest imence of the THz eld
around zero delay and few changes for delays around and 1 ps. The THz eld passes
the unexcited semiconductor without changes if it arrivesaglier than the optical eld
(delay of 1 ps). The decay of the polarization also diminishes the THrduced changes
for positive delay. The single-cycle pulse shape of the THzetric eld is given in 3.4(c)
(red dashed) together with the THz-induced changes in the sgaam (blue). We observe
that the THz-induced changes do not follow the single-cyclédape of the electric THz
eld, but its Gaussian-shaped vector potential (see Fig. 3.8a)). Similar results were
also obtained for the same experimental scheme used on gemiam quantum wells (Pa-
per VI, in preparation). This is surprising at rst sight as the electric eld Ery; is the
relevant measured quantity in the experiment. However, in # calculations (Egs. (2.2)),
the THz eld enters via its vector potential, which explains wly the changes follow the
intensity pro le of the vector potential.

3.1.4 Comparison with theoretical results

A direct comparison of experimental and theoretical restdtis presented in Fig. 3.3a) :
We plot 1-T for experimental data (left) and theoretical results (righ) for THz eld
intensities of 0 to 12.8 kV/cm (from top to bottom{see captionfor details). We note
an excellent agreement in the experimental and theoreticapectra, in particular about
the bleaching of the %-exciton peak and its splitting into two Rabi peaks. In additon,
both theory and experiment agree in details like the reverkaf the peak heights with
growing THz intensity. For high THz intensities, we observe tb formation of wing-like
structures in addition to the broadening of the $-exciton peak.

Figure 3.5(b) shows the relative peak position(s) as compared to the-gxciton peak
position without THz in uence. The peak position without THz is shown as horizontal
grey line as a guide to the eye. Additionally, we present in Fig.3(c) the peak height of

L as black circles and the peak splitting (red squares). We c@bserve three regimes in
the THz-induced changes as function of THz intensity, by compeg the changes of peak
positions, exciton peak height, and splitting: In the rst regime (THz intensity below
2 kV/cm), the peak position is not changing. The THz eld is very fightly bleaching the
1s-exciton peak without shifting or splitting the peak. The seond regime is found for
THz intensities from 2 to 6 kV/cm. It is marked by a splitting of the THz pulse which
grows linearly with THz frequency after the eld reaches a kinaf o set intensity. After
reaching the o set intensity, the splitting grows linearly (see squares in Fig. 3.%c)).
Simultaneously, the exciton peak is bleached strongly witirowing THz eld intensity. In
this regime, the behavior seems quite much as expected fromwa-level calculation [2],
which predicts Rabi splitting for optical elds near the 1s{2p transition frequency. It
also predicts the linearly growing Rabi frequency which isigen by the splitting width,
though not with an o set.

Hence, from this results, one could naively expect that the gpal light induces tran-
sition between the 5 and 20 components of the polarization which occur with the Rabi
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Figure 3.5: (Taken from Paper I)(a) 1-T as measured in the experiment (left) and
obtained from the theoretical simulation (right) for THz peakintensities of
(top to bottom) 0, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, and 1X&/cm. (b) Peak
position(s) as compared to the position without THz in uenceas function of
THz intensity. (c) Exciton peak height in the absorption L (black circles)
and peak splitting (red squares) as function of THz intensityl he background
color in (b) and(c) marks the three di erent excitation regimes as discussed
in the text.

period inversely proportional to the splitting. However, tle theoretical analysis revealed
that this is not true, as discussed in Section 3.1.5. Finallghe last regime is governed
by a saturation behavior: The peak heights are already verpw and are only slightly

lowered with growing THz intensity. The peak splitting remans constant; instead, the
peak positions are undergoing a red shift.

Hence, we see some e ects from the THz-induced changes in theicg spectrum
which we expected from a two-level model (Rabi splitting thagirows with THz intensities
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Figure 3.6: (Taken from Paper I) Theoretical data for THz intesity of 4.8 kV/cm (left)
and 9.6 kV/cm (right) . (a) 1-T from full theory: black solid; 2LS: orange
solid; 2LS for THz intensity of 5.1 kV/cm: orange-dashed; witbut THz:
shaded(b) Occupationsjp j? for full theory (top) and 2LS (bottom) . 1s:
black solid; 2: orange solid; dark rest: dashed;slwithout THz: shaded.

and shift due to the AC-Stark shift), but also unexpected faares like the formation of
wings, the o set intensity or the saturation regime. Therefoe, we study in the following
Section the occupations dynamici (t)j.

3.1.5 Occupation dynamics

The evaluation of the semiconductor Bloch equation in excitobasis (Eq. (2.2)) allows
us to follow how the THz eld redistributes the di erent excitonic components of the
polarization. We choose two medium THz intensities with alady clear Rabi splitting

(middle regime in Fig. 3.4) and a high THz intensity (saturatio regime in Fig. 3.4) to
study whether the Rabi splitting is accompanied by Rabi opjng between the excitonic
1s and 2p state. Figure 3.6(a) shows the transmission spectra with and without THz
in uence (shaded area and black solid line, respectively)sadetermined from the full
theory. As we already saw, the results from the full theory age excellently with the
experimental spectra which are therefore not replotted her In addition, we present
also the spectra obtained from a two-level system (2LS) awais, where we restrict the
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3.1 Exciton ionization

calculation to only the 1s and 2p states (orange solid lines).

Looking at the lowest intensity of 4.8 kV/cm (left), one might think that the two-
level calculation agrees quite well with the result of the flcalculation and thus the
experimental values. However, only a slight change of intetys (5.1 kV/cm, orange-
dashed line) leads to a completely di erent spectrum and emethe prediction of gain.
This shows that the relatively good agreement at 4.8 kV/cm wasomehow incidental
and that the 2LS is not reliable in the lowest regime with Rabsplitting. For even higher
THz intensities, the two-level model also fails completelyotreproduce the experimental
spectrum (right). Hence, in our experimental situation with asingle-cycle THz pulse,
the two-level picture seems to be inappropriate.

This becomes even clearer when we follow the dynamics of thecapationsjp j2 for
the two-level model and for the full calculation. Figure 3.6b) shows the occupations of
the 1s and 2p states in black and orange lines, respectively. The dashedd the sum of
higher dark occupations and, as a reference, the shaded dne tls occupation without
THz in uence. The THz eld intensities are 4.8 kV/cm (left) and 9.6 kV/cm (right), like
in (&) - top are shown the results from the full theory and bottom frm the 2LS. For the
lower THz intensity, we observe that the THz eld induces almasall 1s occupation into
the 2p and higher dark occupations. A part of it is coming back in a keval of the 1s
occupation. The 2 occupation is at its maximum shortly before the & occupation is at
its lowest point, but then also going down. Meanwhile, the higer dark states reach their
maximum when 2 and 1s at their minimum and before the revival of the . Hence, we
see for the lower THz intensity that the 5 occupation is transferred into p and higher
dark states, but only a small fraction comes back. This reva of the 1s occupation
does not happen at the highest THz intensity, when almost allocupation is transferred
immediately into dark states (3 or higher dark states).

To understand the missing revival for higher intensities dgite the strong coupling
between the ¥ and 2p states, we plot in Fig. 3.7 a temporal snapshot of the occupati
of the di erent excitonic states, denoted by their energy andhe orbital number. We see
that even for the lower THz intensity (top) , a huge number of di erent excitonic states
is involved. For the highest THz intensity(bottom) , even more states are involved and
excitonic states with energies from four-photon-absorptioare occupied. The e ect is
similar to the above-threshold ionization in atomic systes[37]. In the spectrum, we see
the occurrence ofonization wings around the Is-exciton peak for the high THz intensity
when the ionization e ect is dominant.

3.1.6 Ponderomotive contributions

As a last part of this study, we analyze the importance of thg@gonderomotive force
Sometimes, the ponderomtive current is neglected (see,.e[§1]), as it is not responsible
for transitions but only renormalizes the eigenenergies (see, e.g., (2.2)). Steiateml.
already showed that one cannot always neglect the ponderotiwe contributions [18].

The ponderomotive currentJpong = j‘;iA-erz describes the motion of carriers in an
inhomogeneous eld and should be especially important forigh THz elds due to the
quadratic dependence, hence for eld intensities like those our study.
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Figure 3.7: (Taken from Paper I) Relative occupations for oital number and energy
and THz intensity of 4.8 kV/cm (top) and 9.6 kV/cm (bottom) (blue:
highest occupations; white: lowest occupations). The snsipots are taken
1.5 ps after the optical excitation.
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Figure 3.8: (Taken from Paper I) In uence of the ponderomotig current on THz-induced
spectral changes for THz intensities ofa) 3.2 kV/cm and (b) 6.4 kV/cm.
The solid lines denote the spectra with the correct treatmerof the pon-
deromotive current, while the results for 6 % smaller (large ponderomotive
current are plotted as red dotted lines (orange-dashed ligge
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3.2 Resonant 1s{2p excitation

This is con rmed by our theoretical investigations, shown inFig. 3.8: We study the
in uence of slight changes in the ponderomotive force for aedium and a high THz
intensity (3.2 kV/cm and 6.4 kV/cm) by making the ponderomotive force 6 % smaller
(red dotted) or larger (orange dashed) as compared to its noal size (solid). For both
intensities, the ponderomotive force is important for the djcal spectrum: A smaller
ponderomotive force leads to a blue shift of the whole spegin including the Rabi peaks,
while a stronger ponderomotive force leads to a red shift. was to be expected, as
the ponderomotive force renormalized the eigenstates, agmtioned before and as seen
from the SBE (Eqg. (2.2)). For the higher intensity, the shapef the exciton peak changes
even completely for a slight change in the ponderomotive cemt (Fig. 3.8). Hence, a
careful treatment of the THz ponderomotive current is very irmportant for the theoretical
simulation, especially when using strong THz elds.

3.2 Resonant 1s{2p excitation

In this Section, we analyze the limits of a two-level appromation for resonant THz

excitaton of the excitonic B{2p transition. The results were published in Paper IV.
The study closes the gap between the work presented in Senti®.1 (Paper I) reporting

exciton ionization using a broad THz pulse and a work presermtdy Wagner et al. [30]

where a two-level analysis is used for THz spectroscopy on eodnt excitons with a
spectrally narrow THz pulse. Like in Paper I, we use a fully mroscopic theory to analyze
the experimental results and study especially the limitatins of a two-level approximation
(2LA) where we restrict our simulation to the excitonic ¥ and 2p states.

3.2.1 Terahertz pulse

The THz source is a free-electron laser (FEL) at the Helmholtz-Bgum Dresden{
Rossendorf. It allows to change the THz frequency continuoysivithin the range of
several THz. The pulse length is about 31 ps, resulting for osime scales in a quasi-
cw excitation. The measured experimental data are averageser several di erent THz
phases as the measurement setup does not allow to control {hiease of the THz light.
The theoretical spectra are similarly averaged over sevéréHz phases. The sample
DBR42 is made of 20 Ggoeslno.04AS QWS [73]. Unlike the sample used in the previous
study with the FEL [30], the heavy and light hole are clearly gearated.

3.2.2 Experimental results

Figure 3.9 shows the experimental results for three di erertHz frequencies with photon
energieqa) above,(b) near and(c) below the excitonic B{2p transition energy. For each
intensity, we present an intensity sweep from the onset of ¢hslight excitonic bleaching
until strong Rabi splitting; the intensities in kV/cm are given in the legend. The spectra
are vertically shifted for better visibility.
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3 Bare quantum wells

Figure 3.9: THz intensity sweeps for three di erent detunings ofite THz frequency
from the excitonic 1s{2p transition frequency. The intensities in kV/cm are
given in the legend. The scheme indicates the THz detunir{g) above,(b)
near and(c) below the transition frequency.

The results are in principle similar to those of the broad THz pise: A slight bleaching
is followed by a clear splitting which grows with the THz intesity. However, the third
regime of saturation like in the study with the broad THz pulse(Paper |) where the
splitting is not growing anymore with higher intensities is nbreached. We observe in all
cases strong broadening and in Figs. 3(8) and (b) a peak reversal. Unlike in Paper I,
no ionization wings occur.

3.2.3 Anticrossing

When analyzing the experimental results, we had a choice of emisity sweeps for ve
di erent detunings of the THz photon energy from the %{2p transition energy. Only
three representative detunings are shown in Fig. 3.9. For aletunings, the microscopic
theory reproduced excellently the experimental results. ¥/bene t from this very good
agreement between experimental and theoretical results @ studying the behavior of
the Rabi peaks for di erent detunings of the THz photon energyThe results are shown
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3.2 Resonant 1s{2p excitation
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Figure 3.10: (Taken from Paper 1V) 1T for THz intensity of 1.2 kV/cm ((a)/(b) ) and
3.2 kVicm ((c)/(d) ). The gures (b) and (d) are extracted from the fully
microscopic calculation(a) and (c) from the 2LA. The experimental peak
positions are marked by white circles whose diameter refen their peak
heights.

in Figure 3.10: We plot 17 spectra as extracted from the full theory (Figs(b) , (d))
and from the two-level approximation (2LA) where we restrictour theory to the 1s
and 2p states (Figs.(a), (c)). (The two-level approximation is shortened as 2LA inside
Paper IV and in the Figures we show here from Paper IV; howevet,is the same model
as the 2LS in Section 3.1.)

In addition, we mark the peak positions of the experimentalasults by white circles,
whose diameters scale with their peak heights. All gures shoclear anticrossing behav-
ior of the two Rabi peaks, as expected from analytical two-leV calculations using the
rotating-wave approximation [2]. We observe that for the lv intensity (Figs. (a), (b)),
both theoretical models mostly agree with each other and thexperimental values. At
the higher intensity, the full theory predicts well the exact gak position and the bleach-

25



3 Bare quantum wells

ing of the higher-energy Rabi peak for negative detuning. laddition, it also predicts
broadening of the Rabi peaks, especially for the higher THztensity. The broadening
is almost absent in the 2LA. Hence, a two-level result seems te u cient to describe
the transmission spectra at very low THz intensities like in k. 3.10 of 1.2 kV/cm, but
already for medium THz intensities, the in uence of higher ater e ects is important,
as seen from Figs(c) and (d) (3.2 kV/cm).

3.2.4 Direct comparison of spectra

Figure 3.11: (Taken from Paper IV) Direct comparison of the exgrimental spectra
(black) with the results from the full theory (red) and the 2LS (dashed) for
di erent THz intensities. Experimental spectra without THz are shaded.
The THz photon energy is 6.8 kV/cm, near the excitonic ¢2p transition
energy.

Figure 3.11 shows the direct comparison of the experimentatrhnsmission (1) spec-
tra (black solid) with the results from the full theory (red) and the 2LA (dashed). The
THz intensities are(a) 1.9 kV/cm, (b) 2.8 kV/cm, (c) 3.2 kV/cm and (d) 6.2 kV/cm.
The THz photon energy is 6.8 meV, close to thes§2 p transition energy (see Fig. 3.9b) ).
We observe a very good agreement between full theory and expeental results, in de-
tail, about the peak heights, position, the broadening of # Rabi peaks and the reversal
of the peak heights. In contrast, the results from the 2LA areeasonable for the lowest
THz intensity of 1.9 kV/cm (Fig. 3.11 (a)). But the coupling to higher states is too
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3.2 Resonant 1s{2p excitation

important to let the 2LA describe correctly the peak heightsand their reversal until the
second-lowest intensity (Fig. 3.1b) ). For the two highest intensities (Figs. 3.11(c)

and (d) ), the 2LA cannot reproduce the spectra. For completenesssanilar comparison
of experimental and theoretical values is shown for a THz phatoenergy of 7.6 meV,
above the B{2p transition energy (cf. Fig. 3.9(a) ): The direct comparison is plotted in
Fig. 3.12. Again, experiment and full theory agree perfectlyyhile the 2LA is too simpli-

Figure 3.12: (Taken from Paper IV) Direct comparison of the exgrimental spectra
(black) with the results from the full theory (red) and the 2LS (dashed)
for di erent THz intensities. Experimental spectra without THz is shaded.
The THz photon energy is 6.2 kV/cm, below the excitonic €2 p transition
energy.

ed to describe the spectra. Still, the 2LA gives a rough ideabout the peak positions
and the peak splitting, as already seen in Fig. 3.10.

3.2.5 Occupation dynamics, resonant

In the last part, we saw by direct comparison of the experiméal spectra with those of
the full theory and 2LA that the 2LA is not su cient for reprod ucing the experimental
results. To understand this better, we will look at the occupions dynamicsijp (t)j?

to follow how the THz eld acts on the excitonic components. Figre 3.13 shows the
occupations for the same THz photon energy and THz eld intensgés as in Fig. 3.11.
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Figure 3.13: Excitonic occupationgp (t)j? for full theory (thick solid) and two-level
approximation (thin solid) for spectra from Fig. 3.11. $ occupation without
THz shaded as reference.
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Figure 3.14: Excitonic componentgp j? for full theory (thick solid) and two-level analy-
sis (thin solid) as fraction of all temporarily existing polaization for spectra
from Fig. 3.11.
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3.2 Resonant 1s{2p excitation

The 1s occupation is shown in black, the @ occupation in blue and the higher dark
states in red. The results from the full theory are thick sadi lines, those of the 2LA
thin solid lines. As a reference, thesloccupations without THz in uence are given as
shaded area. First of all, we note that for the lowest THz intenty of 1.9 kV/cm (a),
the 1s and 2p dynamics are almost the same for the full theory and the 2LA, siwing
Rabi opping. However, the dark state occupation is alreadyfcsimilar height as the 2
occupation. The situation is similar for the second-loweshtensity of 2.8 kV/cm (b) ,
while the di erence is clear for the two highest intensities3.2 and 6.2 kV/cm, (b) and
(c)). Here, all occupations is transferred into the higher dark ates after 1.5 ps, while
the 2LA keeps on describing {2p Rabi opping at all intensities.

However, the occupation dynamics are hard to follow for the lat times due to the
decay of the polarizations. Therefore, we replot the data f@p and dark rest occupa-
tion scaled as a fraction of all temporary existing occupain. The results are shown in
Fig. 3.14. The 2 results for the 2LA are shown as thin lines. We observe in Figd14(a) {
(d) how in both systems the p fractions undergo periodic maxima and minima. While
for the two lowest intensities, the full theory still shows Rbi opping (Figs. 3.14 (a)
and (b) ), the occupation is in the two higher cases almost immedidyetransferred into
higher excitonic states without revival of the $ occupation. Note that even at the lowest
intensity, where in both systems the @ occupations seem similar, almost 50 % of the
occupations is transferred into higher dark states after 4sp The spectra are in this case
still similar, as after 4 ps the di erences in the & occupation do not contribute anymore
as the occupations are already mostly decayed (see Fig. 3.1d3ck shows only the rst
two picoseconds). The small wiggles in the fractions are due the following behavior of
the fractions to the sinusoid quasi-cw THz pulse. Finally, weate in this presentation
that the 2p fractions all have similar periods for the Rabi oscillatios. The Rabi oscilla-
tions go down with growing THz intensities, as expected fronwb-level calculations [2].
This also agrees with the observation that the 2LA gave a googktimate for the Rabi
peak splitting (which is linked to the Rabi period).
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4 Quantum wells inside a microcavity

In this Chapter, we discuss THz spectroscopy on exciton poians [35, 36, 74]. These
half-light, half-matter states form if quantum wells are gown inside a 5-resonant mi-
crocavity. The system is in many ways similar to the one of twharmonic oscillators
with the same eigenfrequencies: Coupling them leads to therrhation of new eigen-
states and eigenfrequencies. In our case, the light-matteoupling couples the light in
the cavity with the optical polarization in the QWs. Without detuning between cavity
resonance and exciton resonance, two new eigenfrequencigseap symmetric around
the original resonances (Fig. 4.1a) ), denoted as lower- and higher-exction polaritons
(LEP and HEP). The splitting between LEP and HEP is in our systemaround 6 meV,
which makes that both LEP and HEP resonance are below thg 2xciton energy.

The temporal evolution of the new eigenstates is shown schatisally in Fig. 4.1 (b) :
The 1s polarization inside a QW is plotted as blue-shaded area, theptical eld as
yellow-shaded area. In addition to the oscillations,slpolarization and optical eld decay
within few picoseconds: The optical eld decays due to absdrpn and losses from the
microcavity and the 1s polarization decays due to scattering and radiative decay.he
oscillation period is determined by the coupling strength, wbh also determines the
peak splitting. In the specic system discussed in this Chapt, the peak splitting is
around 6 meV, determining an oscillation period of 0.7 ps. In thexperiments described
in this Chapter, exciton polaritons are studied in both domes: In Section 4.1, we use
THz light to study how exciton polaritons couple to light. Thisis a relevant question as

Y

Figure 4.1:(a) Schematic of the exciton-polariton spectrum: Two new peakBrm
around the position of cavity resonance and exciton resonam In our sys-
tem, the splitting is around 6 meV.(b) Schematic of the time evolution of
1s polarization and optical eld inside a QW.
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4 Quantum wells inside a microcavity

they are mixed states made of polarization and optical lightAs we saw in Chapters 2
and 3, THz light couples to polarization but not directly to ogical light. Therefore, we
study which kinds of THz-induced transitions are possible busing spectrally-narrow
THz pulses with di erent frequencies. The experiments weregpformed in the group of
Yun-Shik Lee (Oregon State University) and are published in&per II. As a result, we
found that LEP, HEP and the excitonic 2 state form a unique system. This could be
seen as a bleaching of LEP or HEP when the THz frequency was resun@ the LEP
or HEP transition frequency.

To study this in more detail, we used our microscopic theoryna followed how the
THz light redistributes the occupations in a numerical study dr the parameters of the

system. In addition, we compared the THz in uence numericaly to the same system
but without the microcavity. The results are published in Pger Il and discussed in
Section 4.2. We found that we can see a similar transfer fromeHls to the 2p state as
for the LEP and HEP to the 2p state. However, in both system, higher occupations play
an important role.

Finally, I will give an outlook on the last study on the same saple and again in
cooperation with Yun-Shik Lee's group. Here, we focus on tharte-behavior depicted in
Fig. 4.1 and use the fact that THz light couples only to polariz#on but not to optical
light. It allows us to measure thiscavity beatingbetween polarization and eld directly
by varying the time delay between optical and THz pulse. The re#ts are in preparation
for poublication in Paper V.

Setup

The setup of our experiments is depicted in Fig. 4.2. In pringle, it is the same as in
Chapter 3, where we have a THz pulse and an optical pulse arrigrat quantum wells
with a variable time delay; the only dierence is that the quatum wells are grown

)

Figure 4.2: The setup is in a simpli ed way the same as in Chapte, apart that the
the QWs are inside a &-resonant microcavity. Optical and THz pulse arrive
with variable time delay at the sample.
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4.1 Lambda system

inside a microcavity. (This makes the numerical simulatiorand measurements more
demanding.) The sample NMC66 consists of 10 InGaAs QWSs inside & ¥ 2 cavity
built by 14.5/ 16 Distributed Bragg Re ectors (DBRs) with 99.94 % re ectivity. The
sample is wedged which allows us to study di erent detuningsetween cavity and exciton
resonance. The measurements were performed at 5 K, avoidsuattering of carriers and
longitudinal-optical phonons. The THz pulse is a 4 ps long miiHcycle pulse with a
maximum intensity of 5 kV/cm. Its spectral width is similar to the peak width of LEP
and HEP. The THz pulse made by type-ll di erence-frequency gemation with two
linearly-chirped and orthogonally-polarized optical pulss.

4.1 Lambda system

First of all, we address the central question: How will the THz & seethe exciton
polaritons? This is interesting, as exciton polaritons arereated by strong coupling from
polarization (coupling to THz light) and optical eld (not coupling to THz light).

To resolve this, we compare in Fig. 4.3 the in uence of two di eent frequencies: Figure
(a) shows the experimental result for a THz frequency of 1.1 THz ode to the HEP-to-2
transition frequency and o -resonant from the ${2p transition frequency. We observe an
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Figure 4.3: (Taken from Paper |I) Measured re ectivity speata with and without
THz in uence (thin black/thick blue lines) for THz frequency (a) close to
the HEP-to-2p transition frequency and(b) close to the B{2p transition
frequency.

33



4 Quantum wells inside a microcavity

Figure 4.4: LEP, HEP and 2 resonances constitute a system: THz transitions are
only allowed along the two arms of the , but not from LEP to HEP. The
excitonic 1s state is replaced by LEP and HEP and not part of the system.

asymmetric bleaching of the HEP resonance, while the LEP rasmce remains mostly
unchanged. In contrast, tuning the THz frequency near thes{2p transition frequency
(Fig. (b) ) does not induce signi cant changes in the spectrum. Both @erimental results
agree with our theoretical simulations (not shown here). Walso checked that there are
no signi cant spectral changes when driving the LEP-to-HEP ransition (not shown
here). This hints that we have found a system which behaves dswe had two s-like
resonances instead of one. Thelike property of the resonances is strengthened by
the fact that we can drive transitions into p-like states, but not from LEP to HEP, in
agreement with excitonic selection rules. This means thatdP, HEP and 2p resonance
constitute a coherent system, as illustrated in Fig. 4.4: THzransitions are only allowed
along the .

In gure 4.5, we study the experiment-theory comparison folfHz driving the HEP-
to-2p transition (left) and LEP-to-2p transition (right) . The experimental re ectivity
spectra for di erent delays between optical and THz pulse argiven on top(a)/(b) , the
theoretical simulations down(c)/(d) . The THz frequencies are 1.3 THz, near the HEP-
to-2p transition frequency (left), and 2.2 THz, near the LEP-to-p transiton frequency.
The detuning between cavity and exciton resonance is -0.56 TKieft) and +0.41 THz
(right). The experimental peak amplitudes are smaller thanhe theoretical one due to
disorder e ects in the sample [75, 76].

Figures 4.5(a) and (c) show contour plots for experimental and theoretical spedar
for di erent delays. We see for both THz frequencies the proprty as a bleaching of
the respective exciton-polariton resonance. The bleackjrof HEP and LEP resonance
in the contour plots can be seen in more detail in the spectrarftime delays of 2, 1, 0,
-1 and -2 ps(b)/(d) . In both cases, we see a very fast bleaching from -2 ps delay to
the strongest modulations around zero delay and a slight re@y until 2 ps. The short
onset from -2 ps is due to that for more negative delays, the THaise arrives before
the optical pulse and passes the sample without interactioor later delays (2 ps and
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4.1 Lambda system
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Figure 4.5: (Taken from Paper Il) Representative re ectiviy data for experiment(top)
and theory (bottom) . (left) Re ectivity measured for THz frequency of
1.3 THz and detuning of . = -0.56 THz, so that the THz frequency is close
to the HEP-2p resonance(right) Re ectivity measured for THz frequency
of 2.2 THz and detuning of . = +0.41 THz, so that the THz frequency is

close to the LEP-2 resonance.
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4 Quantum wells inside a microcavity

later), the exciton polaritons are already partly decayedsee schematic in Fig. 4.1b) )
and thus the THz pulse pushes less polarization into opticgidark states. Hence, we
see that the THz eld can selectively bleach the LEP and HEP resance, while it does
not induce transitions when being resonant to thes[2p transition. This proves the
property depicted in Fig. 4.4.

Figure 4.5 also hints that the LEP is less easily bleached thahe HEP. One possible
explanation is that THz photons which are resonant to the HEP4-2p transition have
too few photon energy to drive also LEP-to-higher states treitions. Hence, one can
bleach the HEP independently from the LEP, but not the other wg around. However,
further work presented in Section 4.2 hints that the LEP coules in principle less strong
to the higher excitonic states, independent also from the deming. More research is
needed to understand these e ects.

4.2 Numerical comparison of lambda system with bare
guantum wells

In Section 4.1, we saw that the THz pulse could bleach the LEP ¢tEP when the THz
photon energy was resonant to the LEP- or HEP-tof2transition energy. This appears
similar to the bleaching of the &-exciton peak in the system of bare QWs, when the THz
frequency was resonant to thesf2p transition frequency in Chapter 3. We compare the

system with excitons in bare QWs as a reference. The refracte index pro le of both
systems is shown in Fig. 4.7(a) is the system with microcavity from Section 4.1, while
(b) is the same system but without microcavity.

Therefore, we study in this Section how the THz eld induces 2occupation jpzpj?

Figure 4.6: Numerical analysis: We study the fraction off2occupation induced by dif-
ferent THz frequencies for the system from Section 4.1 and fdahe system
of excitons in bare QWs like in Chapter 3.
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4.2 Numerical comparison of lambda system with bare quantumelis

1 1 1 -
0 2000 4000 0 2000 4000

Figure 4.7: Refractive index pro le and quantum-well position dr microcavity sample
from -system study (a) and for the sample without microcavity as refer-
ence(b)

when we sweep the THz frequency (see Fig. 4.6). We take a multiety test pulse as
used to simulate the experimental pulse in Section 4.1. Therhporal shape of the THz
vector potential is given by

Athz (1) = 2E—0e & (cos(2 (t t))+0:6 cos(17 (t )] : (4.1)

The THz vector potential Ay, is the sum of two Gaussians, which leads in frequency
domain to two Gaussians which are close to each other. The pelintensity is given by
Eo for which we will use the intensities 2, 3 and 4 kV/cm. The delapetween optical and
THz pulseis t =0:8 ps. The pulse durationis = 2:1 ps. The central THz frequency is
denoted by . Optical light only inducess-like occupation (papj2 0) As a measure

w=0THz
of how much occupation is in an excitonic state, we de ne

FopPl (4.2)
P

which determines the fraction of all existing occupationsiiexcitonic state . In Fig. 4.8,
we show snapshots of the fractions for a THz frequency sweep: On top (Fig(a){

(c)), we plot the results for the well-understood system of bareugntum wells without
microcavity as a reference, down (Fig(d) {(f) ) the results for the microcavity system.
The THz intensities are 2 kV/cm (blue dashed), 3 kV/cm (red solijland 4 kV/cm (black

solid).

First of all, we have a look at the THz-induced changes in thesdexciton peak without
microcavity, plotted in Fig. 4.8 (a) . The 1s{2p transition frequency as determined from
the Wannier equation is marked as dashed horizontal line. Weote for the lowest THz
intensity (blue-dashed line) a dip in the ¥ fraction when the THz frequency is reso-
nant with the 1s{2p frequency. This is expected, as theslexciton polarization has the
strongest coupling to the p state. The dip becomes more pronounced for higher THz
intensities and shifts to higher energies due to the Stark gh[77], as already seen in the
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4 Quantum wells inside a microcavity

Figure 4.8: (Taken from Paper Ill) Fractions of excitonic parization in 1s state ((a),
(d)), 2p state ((b), (e) ) and higher dark states (c), (e) ) for the system of
bare QWs QW, top) and the QWs inside the microcavity MC, bottom).

spectra in Chapter 3. Finally, we observe dips around the hatff the 1s{2p transition
frequency due to multi-photon absorption.

For the QWs inside the microcavity, the results are shown in Figd.8 (b) . Again, the
original 1s{2p frequency is marked as dashed vertical line (as in all follavg gures). In
addition, the transition energies expected from the peak gition for LEP- and HEP-to-
2p transitions are marked as solid vertical lines. Note that eveifiwe do not have a &
peak in the exciton-polariton spectrum, one can still use thmathematical concept of
the exciton basis as described in Chapter 2. For the microagvsystem, Fi5 dips around
both expected transition frequencies (LEP- and HEP-to{8. No feature is shown around
the 1s{2p resonance, which underlines that the slpolarization is splitted into a LEP
and HEP part. The dip at HEP-to-2p transition is much deeper than for the LEP-to-p
transition, which ts the fact that in the spectral gure, the LEP is harder to bleach
than the LEP (see Section 4.1).

Looking at the gures for Fy, ((b) and(e)), we see clear peaks at the frequencies which
show dips inF5. The same e ects as folF,5 (Stark shift, multi-photon absorption) are
observed as well as the asymmetry for LEP and HEP.

Finally, the fraction of higher optically-dark states is plated in Figs. (¢) and (f) .
The dark states are in both system rarely occupied for the l@st THz intensity (around
10 % for 2 kV/cm THz intensity), but the fraction grows with higher intensity. This
is to be expected as we saw in Chapter 3 the importance of dadates growing with
increasing THz intensity. In principle, the dark states are rmare important when the THz
frequency is o -resonant from transitions into the p state. Interestingly, the dark states
play almost no role for high THz frequencies. Numerical simulans (not shown here)
hinted that this asymmetry is not changing with the detuning,as one could have guessed
from the idea of Hop eld coe cients. Further research will be reeded to understand the

system concerning the di erent behavior of the exciton poéritons.
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4.3 Cavity beating

4.3 Cavity beating

As a last topic, | show preliminary results for Paper V which uderline the various
opportunities of weak optical and strong THz excitation spamscopy: We use THz
spectroscopy to measure cavity beating.

The principle is schemed in Fig. 4.9a) and (b) , where we depict as shaded areas the
temporal evolution of optical eld and 1s polarization inside a quantum well without THz
in uence: We observe that energy is oscillating between apal eld and 1s polarization.
The oscillation frequency is determined by the coupling ®ngth of the two systems and
also manifests in the width of the normal mode splitting. In ddition to this beating of
the energy, both polarization and optical eld decay due tocattering inside the material
and loss processes of the light from the cavity. To measureetibeating, we vary the THz
arrival time and use the fact that the THz eld couples only to he polarization and
not to the optical eld: If the THz pulse arrives when the polarzation is at maximum
(Fig. (a)), the 1s polarization is bleached (blue solid) as the THz light (greypushes %
polarization into optically dark polarization. On the othe hand, the THz pulse does not
couple to the sample if no polarization is present (Figlb) ). In the experiments, this
can be seen as changes in the optical spectrum (schematicahown in Figs. 4.9(c)
and (d) ).

The numerical results were motivated by experimental resisl from the group of Yun-
Shik Lee. First numerical results are plotted in Fig. 4.10a) , where we show the di er-

5
Aa._ A

o

Figure 4.9: Schematics for two di erent delays in uencing tle time evolution (top) and
the spectra(bottom) : An arrival of the THz pulse when the polarization is
at max (a) leads to strong modulations of the spectrunfc) , while a THz
pulse arriving when no polarization is presenfb) almost not changes the
spectrum(d) .
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4 Quantum wells inside a microcavity

Figure 4.10: (a) Theoretical R for di erent delays between optical and THz pulse(b)
Polarization (blue-shaded) and optical eld (yellow) without THz in uence.
Black vertical lines mark two maxima in polarization, whichfall together
with the minima in optical eld. R as function of delay (red axis) at LEP
position oscillates with the same frequency.

ential re ectivity R = R RO for di erent delays between optical and THz pulse. We
observe that R is largest around the LEP and HEP positions, where the THz pulse
bleaches the spectra the strongest. Furthermore, when s\ the delay, we see that
the changes become smaller for later delays and undergoesditnal oscillations. We
also see a pattern in between LEP and HEP signatures due to a suposition of oscil-
lations. The oscillations and patterns are also seen in thepmerimental data (not shown
here) with the same oscillation period.

To prove that the oscillations in the R spectra originate from the cavity beating, we
plot in Fig. 4.10 (b) eld (yellow-shaded) and polarization (blue-shaded) withat THz
together with a cut through the LEP (red solid): We see that te R oscillations have
the same period of 0.7 ps as the oscillations in polarizati@nd optical eld. This ts
also the energetical separation of the normal-mode splitgnof 6 meV.
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5 Conclusions and outlook

In this Thesis, we have seen several examples of experimentthWwHz spectroscopy
on semiconductor quantum-well nanostructures. In all casgresented, the experimental
results have been supported by the analysis with a fully miescopic theory.

The theoretical model we have used for the analysis are the kdeell-semiconductor
Bloch equations. They treat the light{matter interaction self-consistently and enable that
basically the same numerical implementation can be used fegry di erent experiments
like samples with multiple quantum wells or quantum wells wich strongly couple to a
microcavity. Following the excitonic occupations in theidynamics makes our theoretical
model a powerful tool to study experiments with weak opticalrad strong THz light.

The rst kind of joint experiment{theory studies describedis about the interaction of
semiconductor quantum wells with weak optical and strong THizght. In all experiments,
the THz light manipulates excitonic polarization (so-calld coherent exciton$. A rst
study with a strong broad-band THz pulse showed clear Rabi stting. The theoretical
simulation has revealed that the single-cycle THz puls@enizes the coherent exciton.
Multi-photon absorption with up to four THz-photons has been bserved.

A follow-up study with a spectrally narrow THz pulse from a fre-electron laser allows
us to investigate a multiple-quantum-well system in detaifrom its transition of an e ec-
tive two-level system to the multi-level ionization regimeln addition to the rst study,
anticrossing behavior is observed when changing the THz frespcy. The microscopic
analysis shows that the Rabi frequency, and thus the splitig width of the Rabi peaks, is
already predicted by a two-level model, but that the full thery brings an extra bunch of
important information: Indeed, the full theory predicts the exact spectra, the occupation
dynamics and, shows that already for low intensities, highexcitonic states are occu-
pied. In addition, the full theory predicts the exact specta and occupation dynamics
and shows that already for low intensities, higher excitonistates are occupied.

These were only few investigations on excitonic polarizatis with THz spectroscopy.
The same scheme can be also applied to systematically explotber material systems,
similarly to the study in preparation with germanium quantum wells (Paper VI). We
expect THz spectroscopy to help us gaining a deeper undersdarmy about how coherent
and incoherent excitons work precisely, for example, to uatstand the scattering behav-
ior under the in uence of a magnetic eld [50]. Controlling he 1s{2p exciton transition
is a possible way to achieve qubits in quantum computing [SIfinally, understanding
excitons in bare quantum wells is crucial to understand evenare complicated excitonic
systems like those of exciton polaritons, as described in &iter 4.

The second type of experiments is involving a more complex rastructure where a
multiple-quantum-well system is grown inside a microcavityHere, the coherent excitons
which we studied already in Chapter 3 couple to the eigenmod# the microcavity,
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5 Conclusions and outlook

leading to the formation of exciton polaritons. The key of outheoretical analysis was our
ability to model the light{matter coupling of coherent excitons self-consistently. Using
THz spectroscopy on this strong-coupling system showed thhbth exciton polaritons
build together with the 2p-exciton state a unique system. Unlike systems known
from atomic physics, the states are coherently build, whiah er the possibility to control
their energetical positions, e.g., by detuning cavity modand exciton resonance or by
designing the cavity. An additional study comparing the thredevel system with the
1s-2p transition in bare quantum wells showed that in fact polariation is transferred
into the 2p state, but that transitions from the higher exciton polariton areeasier than
from the lower exciton polariton. More research is needed taderstand the origin of
these di erences. At the moment, research is planned on sian systems, e.g., with very
large Rabi splitting as in [52]. We believe that this systemis stable enough to test
phenomena known from atomic systems like Stimulated Ramardiabatic passage
(STIRAP) [53], Electromagnetically Induced Transparency (ET) [54] or slow light [55].
Investigations in this direction are already in preparatior{56].

These were only few examples from the point of view of basisearch underlining the
importance of theoretical studies on terahertz spectrogep on semiconductor nanostruc-
tures. The theory applied here is not restricted to microcaty or multiple-quantum-well
samples, but can be used exibly for many other kinds of quantm-well nanostructures.
The properties of excitonic systems are still under strongesearch, driven by the ability
of growing better samples and better experimental methodké THz measurements.
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The interaction of coherent excitons with intense, single-cycle terahertz (THz) pulses is investigated. A
signi cant bleaching of the4-exciton resonance develops into a splitting of the absorption peak and the emergence
of pronounced wings with increasing THz eld strength. A quantum-mechanical many-body analysis attributes
the experimental observations to a transition from excitonic Rabi opping to multi-THz-photon ionization and
the population of optically dark exciton states with high quantum numbers.
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I. INTRODUCTION a light source to excite a commercially available GaAs-based

The observation and analysis of sophisticated cohererlflrge'area THz emitter. It generates the strong, approximately

. ) - -ps-long single-cycle THz pulses covering nearly three
effects |n.atom]3.2 has often stimulated the search for similar _ .. e oS0t (Fidl). Using two off-axis parabolic
features in solid-state systems. Direct-gap semiconducto

exhibit analogous atomic features through the hydro en"kesér%irrors, the THz eld is imaged onto a semiconductor
g 9 ydrog uantum-well (QW) structure containing 30 §3a@ngo3AS

ety {25 Sepaele by Gas barers (DBRL3) which s rouned
' P ' inside a He- ow microscopy cryostat equipped with poly-

represent a superposition state of electrons in the conduction .
band and holes in the valence band with the driving "ghtmethylpentene (TPX) windows. The THz eld coherently

eld. ? Through the many-body interactions in the system, themanlpulates thedlpolarization in the sample and another pair

: X = = o of off-axis parabolic mirrors is used to relay the transmitted
coherent excitons can be converted into a quasiparticleliker, " 0| 1" 01t a 0 8-mm-thick 110 -cut ZnTe crvstal used
incoherent exciton populatigh® ' Y

-opti iARL7
With the help of additional eldsinthe range of the terahertz for standard electro-optical sampliffy” The THz beam path

(THz) part of the electromagnetic spectrum, transitions bet> kept in an encapsulated environment with a constant- ow

tween different excitonic states can be induced and the natu pitrogen purge eliminating most water vapor. The peak electric

"8ld is set by varyi iasi i i

i ) ) : o y varying the voltage biasing the THz emitter while
of the many body con guration can be identi e7dExpe_r| keeping the spatial, spectral, and temporal eld distribution
mental studies of optlcal-pump and THz-probe exloerlment%onstant. A THz eld strength of up to 15 k¥¢m in free space
h%emge;nniﬁzged Izrs]r(i]oeri(igltf%gtﬁfezuIgtslovr\}zil (;Ise%t;?]n?r?%measured by using a calibrated Golay cell and a knife-edge
pla 9 P! . P ONPEMUYE at the position of the sample without the cryostat window.
bative exciton bleaching and high-harmonic generation have A white-light supercontinuum pulse generated i@01 -

; adt-10 | Jai )
been identi ed:™ * Using the strong THz elds of a free cut sapphire crystal is used as a probe. Its light is transmitted

electron laser, gﬁﬁgts such as ph_otolummescence quenCh”ﬁgrough the sample coaxially to the THz pulse by propagating
of magnetoexcitoris or the coupling of states in quantum through 2-mm holes drilled through the-diameter off-axis

5 ) N L
w:éliegﬁ\éeetrfj:;:;?é%d and recently, excitonic Rabi SIOIItt'ngparabolas. The spectrum of the transmitted optical pulse is
' ispersed using a grating spectrometer with a resolution of

. ) . . . d
In this paper, we investigate the interaction of cohereny) 514 ang getected by a liquid-nitrogen-cooled charge-
excitons with strong single-cycle THz pulses with the goalcoupled device camera. This con guration is also used to

::%r:gglrllitrllfy tﬁ)échOHr; 'Ohnc;fg:ose;iatuvr\zszmgﬁi tf)ﬁ:]eemsatgilrl]}]/ determine the linear absorption of the sample in transmission
res onsegall the wap from the w)(gakl counled ertuyrbativ eometry as the multiple QW stack is antire ection coated for
P y y pled p he Is-exciton energy at cryogenic temperatures. The thickness

regime into the realm of extreme nonlinear THz optics. : DR
Our studies can be viewed as the quasiparticle analogy tofapproxmately 100 nm of the coating is signi cantly smaller

the above-threshold ionization scenario in atomic systéms fhan the THz wavelength used in this experiment and is,
T . ; Y -’ therefore, transparent for the THz regime.

thus, signi cantly expanding on earlier THz experiments in

semiconductor systeni8!31>

lll. EXPERIMENTAL RESULTS

Il. EXPERIMENTAL SETUP . . . .
The central experimental observations are summarized in

A regenerative Ti:sapphire ampli er system emitting Figs.2 and3. Figure2(a)displays the absorption spectia
800-nm, 120-fs pulses at a 1-kHz repetition rate is used awith (dark red) and without (light gray) the presence of the

1098-0121/2012/85(7)/075307(5) 075307-1 ©2012 American Physical Society
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FIG. 1. (Color online) Temporal distribution of the used THz
pulses and the corresponding spectrum (inset). The time trace @
measured with a standard electro-optical sampling setup based og 0.01 - 410
a 0.8 mm 110 -cut ZnTe crystal. The THz eld strength of up to =
15 kV/ cm in free space is measured by using a calibrated Golay cell
and a knife-edge test without the cryostat windows.

o
o
Time (ps)

THz pulse for zero time delay, resulting in the maximum THz- 91— : ; : ; L
induced changes. We nd a pronounced bleaching and splitting 1488 1492 1496 1500 1504 o 1 23
A Energy (eV) L
of the Is-exciton resonance as well as the development of
wings at energies above and below the two central peaks. The gig. 2. (Color online) (a) Linear absorption spectrum (red)
strong modulations of about 10-15 meV above th@%citon  and absorption under THz radiation at time zero (shaded area).
resonance are Signatures of high-harmonic generation dul'lrtg) Contour p|ot of the measured absorption spectrim as a
Rabi opping of the 5-2p transition!018 function of energy and time delay on a gray scale. The position of the
The time evolution of the measured absorption specttum  main peak(s) is (are) indicated by the vertical dashed white line(s)
is given in Fig.2(b) as the contour plot. Note that the sample acting as a guide(s) to the eye; the red solid line indicates time zero.
is transparent to the THz eld when no optical polarization (c) Peak absorption changé . at the energy of thestexciton
is injected. The THz-induced splitting is observed for timesresonance in the linear spectrum (solid line); the THz pulse is given
in the range of several hundreds of femtoseconds around tings a reference (dashed line).
zero indicated by the black horizontal line; the position of the
main peak(s) is (are) indicated by the dashed white line(s). The
alternating structure around 1.5 eV again results from highesglight redshift of the spectrum. The energy separation between
THz harmonics. the split peaks increases linearly with the THz- eld amplitude
Figure2(c) shows the changes of the absorptidn peak  EThz from 2.5to 6.0kV/cm. For high THz amplitudes, the
as a function of time delay at the peak energy of thedciton ~ Spectrum becomes very broad and the remaining spectra are
resonance (1.4919 eV) (solid line). The eld amplitude of the blueshifted as the THz eld is increased. The same features are
single-cycle THz pulse is given as a reference (dashed linejdenti ed when considering the peak heights in F3c). For
We see that the presence of the THz pulse changes by ~ Weakintensities, the absorption peak changes only moderately.
$3and change occurs only as long as the THz pulse is preserfifter the split peaks emerge at intermediate intensities, the
The measured intensity dependence of the THz-inducedbsorption peak starts to decrease rapidly as excitation is
spectral changes at zero time delay for a series of THz eldncreased. For high excitations, both the absorption peak and
strengths is shown in the left-hand side of F(p) We clearly  the splitting saturate, whereas the spectrum develops extended
see the gradual transition from weak bleaching of tise 1 wings.
exciton resonance to a double-peaked spectrum as the THz
eld strength is increased. For even higher THz intensities, a
highly asymmetric spectrum develops featuring pronounced
wings on both the low- and high-energy sides of the main A detailed understanding of the underlying mechanism
peaks. is achieved by applying a systematic analysis using a mi-
In Fig. 3(b), the energies of the Rabi-peak resonancesroscopic many-body theory. The approach self-consistently
are plotted as a function of the THz eld strength. We includes the optical and the THz elds as well as the
observe the transition from THz-induced exciton bleachingmicroscopic quasiparticle interactions for the analysis of
to a pronounced peak splitting which is accompanied by dhese effectd®1820 Starting from the standard many-body

IV. THEORY

075307-2
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() polarized linearly in thex direction is determined from the
0k ! P ! U ' - wave equation
/
A\ ~ P& P@ 2 Lone g Pa@, 3@
- /’ ! \ _2 2 ? (th) - P—O t2 t ’
,, \ / \ z c

05 /) 1 / i
\ / \ N
\/ wherePgp « Px andJ is the sum of THz and pondero-
1 1 1 1
1 0 1

m 5 T - motive currents. The refractive index pro le of the system is
Energy-E .. (meV) getermined byn (z). The THz contribution satis e€ry; =

(b) . S TATHz.
2 osE T T T T T T T] To monitor the THz-induced transitions between excitonic
£ P L A states, we apply the projection
c o °
[} ° —
= o 00 ® p = (K) P, 3)
8_ 0.0 o o o4 R - ‘
X ° 0o ®¢ ©° . . . .
8 Sy, 00 e® where (k) is the wave function of the Wannier excitéhThe
3-0 5L ] probability to detect the exciton componens then de ned by
©g™ } } } } J J . n =|p |2 For QW systems, = (n,m) is uniquely de ned
5 e o o6 by the principal quantum numberand the orbital quantum
- ° numbem. The combination = (1,0) de nes the & state and
< Ar ° = (2,£1) identi es the 2 state, respectively.
& sl ‘.
c
g, .. V. ANALYSIS
o B °
0 ® %0 e0 0000 Results from the full calculation are shown on the right-
= (') ; L ;3 :3 1'0 1'2 hand side of Fig3(a) for a sequence of THz eld strengths.

Very good agreement with the experimental data is observed.
All the relevant features, such as the increasing bleaching

FIG. 3. (Color online) (a) Measured (left) and calculated (right) @nd the growing splitting of theslexciton resonance with

transmission data (& T) for various applied THz eld strength at ~ increasing eld strength, are clearly observable both in the
time zero: 0, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, and 12.8ckv(from  calculated and the measured data. Furthermore, a slight

top, gray, to bottom, red). (b) Peak energies relative to thextiton ~ redshiftis obtained for weak THz eld strength, which changes

resonance in the unperturbed system. (c) Peak absorption (black doig)fo a clear blueshift for stronger elds.

and splitting of the §-exciton resonance (squares). For a more detailed analysis, we present the computed
results for the eld strengths of 4.8 (left) and 9.6 kdMm

Hamiltonian for Coulomb-interacting carriers which couple (M9ht) in Fig. 4. These are representative for the medium
and high- eld excitation situations of the data summarized

to light via the minimal substitution Hamiltonian, the dynamic ¢

equation for the polarization dynamics is derived using thén.Fig. 3. T.he black splid line indicates the r_esglts .of the full
systematic cluster-expansion approach: microscopic calculation and the orange solid line is obtained

for a two-level calculation, where only the excitonis and

THz field strength (kVem™)

_ . lef? 2p states are included. As a reference, the shaded area shows
IHT P« = kSjkAthz+ 2—A$Hz Py + k.k Pk the absorption without the THz pump. For the lower THz eld
H k strength of 4.8 k¥cm, the two-level calculation [solid orange

line in the left panel of Fig4(a) seems to capture the main
S 18281 duwEom+  VkskPx - (1)  aspects of the Rabi splitting. However, the relatively good
k agreement with the full calculation is somewhat incidental as
) evidenced by the reference calculation for a slightly increased
Here, the rst set of parentheses contains the sum of thg; eld of 5.1 kv/cm. Whereas the full calculation (not
Kinetic carrier energiesy, the THz currenf «Arnz, Where  ghown) is virtually indistinguishable from the 4.8 kv
Arhz is the vector potential of the THz eld anfk is the  regyit, the two-level result produces a dramatic change due
current-matrix element, as well as the so-called ponderomotivg, jts phase sensitivity [cf. Figi(a), as outlined below].
current %—A%HZ- The second term, kP« , describes Whereas the failure of the two-level approximation for
excitation-induced dephasing due to Coulomb and phonostrong THz elds is not really surprisint, its comparison
scattering. The lastterm is the usual product of the phase-spaweéth the full calculation allows us to identify the characteristic
ling factor 1 S f.2S f," times the generalized optical Rabi high- eld signatures. For this purpose, we show in Figb)
frequencydeEopr+ | Visk P (Ref. 21) containing the the temporal development of the excitonic occupationn
optical eld Eqp and the dipole-matrix elemedg,. the different states, using the full model (top frames) and the
The total electromagnetic eldE (z,t) = Eqp(z,t) + two-level approximation (bottom frames). Without the THz
Ernz (z,t) for light propagating perpendicular to the QWs and eld (shaded area), the optically induceds decays single

075307-3
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(a) ' ' '

0.8F 1 5
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(b) ©
T T T T 5 - -
06 1 0 5 10 15
Energy-E4 (meV)
03 ’ FIG. 5. (Color online) Relative occupation probabilities of the
c ionized excitonic states as function of energy and orbital quantum
500 - : : number. The computed are de ned as 1.5 ps after 4.8- (top) and
= ! ! ! ! 9.6-kV/ cm (bottom) excitations analyzed in Fig.
o
§ 0.6 | .
(@] ionized exciton states as a function of the energy and orbital
03k i guantum number at the time of 1.5 ps after the THz excitation
shown in Fig 5.
We see that the THz pulse transfers the optically induced
00, L 1 L ] 1s occupation into states with energies corresponding to more
0 1 ) 0 1 than 4 THz photons and high orbital quantum numbers.
Time (ps) This effect can be considered as the THz analogy to the

8 above-threshold ionization of atomic systéfhsnentioned

(left) and 9.6 kV cm (right) elds. () The microscopically computed al:_)O\_/e. The excitation tran;fgr into |on|_zed excnonlc_states
transmission, plotted as& T, is shown as a solid black line, and the €liminates the phase sensitivity responsible for the failure of
corresponding result of a two-level analysis is shown as an orangi’€ two-level calculations shown in Fig. In the spectrum
line. The dashed line in the top left panel corresponds to a two-leve$hown in Fig3(a), the ionization effects lead to the appearance
calculation for a slightly larger THz eld of 5.1 kiem. The spectra  Of pronounced wings. While signi cant exciton-ionization
without THz are shown as shaded areas. (b) Time evolution ofghe 1€ffects are observed for both exemplary THz excitations
state (black line), the2 state (orange line), and all other dark states considered here, these become extremely dominant for the
(dashed line) of the polarization are shown as obtained from thetrong THz elds shown in the bottom panel.

full computation (top frames) and the two-level calculation (bottom

frames). The shaded area indicates the decaym@dlarization

without the THz perturbation. (@) (b)
lo T T T T T T

exponentially. Including the THz eld, the sloccupation

shows signs of Rabi opping. For relatively low THz in-
tensities (left), most of the slexcitation is transferred to
the 2 (orange line) and higher states (dashed line) before
some part of it returns back to thes btate (solid line),
indicating reversible population transfer. Such a revival of the—
1s polarization does not occur for strong THz elds (right),
because theslpolarization is completely converted into higher

FIG. 4. (Color online) Computed THz-induced effects for 4.

05F + .

states after about 400 fs such that thecbmponent does +6%
: 0%
not recover. In contrast, the two-level results in the bottom 6%
frames of Fig4(b)always show pronounced Rabi opping and
- . ) - I 0.0L— 1 1 1 1 1
reversible population transfer. The rapid oscillations indicate ) 0 2 2 0 2
the strong phase sensitivity between the THz-inducednt E-E,. (meV) E-E,, (meV)

2p polarization components which are responsible for the

dramatically different results for slightly different THz- eld FIG. 6. (Color online) Effect of the THz-induced ponderomotive

strengths [left frame in Figd(a). contribution on the optical transmission. The THz eld has the
In order to analyze the results of the strong THz excitatiorstrength of (a) 3.2 and (b) 6.4 K¢m and the ponderomotive

and to identify the roles of the individual exciton states,contribution is changed b$ 6% (dotted line), 0% (solid line), and

we investigate the relative occupation probabilitiesof the 6% (dashed line) with respect to the actual value.
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To investigate the in uence of the ponderomotive current
on the peak positions, we systematically vary the original VI. CONCLUSIONS

ponderomotive currentin Edl(by a factors. This allows us to In summary, we investigated the interaction of strong
either enhances(> 1) or suppresss(< 1) the ponderomotive  single-cycle, broadband THz pulses with optically generated
effects in the computations. Figufecompares the original coherent excitons in GazIngosAs/GaAs QWSs. By monitor-
(s= 1, solid line) transmission spectrum with enhanced (  ing the optical response for increasing THz- eld strengths,
1.06, dashed line) and suppressext=(0.94, dotted line) we see the gradual transition from bleaching of tre 1
ponderomotive effects. The left column is computed withexciton resonance into Rabi splitting and the development of
a THz eld of 3.2 kV/cm that corresponds to the onset of pronounced wings. The slight absorption redshift for weak
Rabi splitting in Fig.3. The right column is calculated with THz eld strengths turns into a blueshift when stronger elds
6.4 kV/ cm corresponding to the saturation regime, accordingire applied. Our quantum-mechanical many-body analysis
to Fig. 3. attributes the experimental observations to excitonic Rabi
In both cases, increasing ponderomotive contributionsppping supplemented by multi-THz-photon ionization and

produces a blueshift of the resonances. Whereas this shifte population of optically dark exciton states with high
is relatively small for THz elds close to the Rabi-splitting quantum numbers.

threshold, it becomes considerably larger for elevdiegd;.
This behavior follows from the quadraticry, dependency of
Jpone. Due to this blueshift, the ponderomotive contributions
produce the asymmetric shift of the low- and high-energy S.C. and N.K. acknowledge stimulating discussions with
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Interactions of few-cycle terahertz pulses with the induced optical polarization in a quantum-well
microcavity reveal that the lower and higher exciton-polariton modes together with the optically forbidden
2p-exciton state form a unique -type three-level system. Pronounced nonlinearities are observed via
time-resolved strong-terahertz and weak-optical excitation spectroscopy and explained with a fully
microscopic theory. The results show that the terahertz pulses strongly couple the exciton-polariton
states to thep-exciton state while no resonant transition between the two polariton levels is observed.

DOI: 10.1103/PhysRevLett.108.267402 PACS numbers: 78.67.De, 42.55.Sa, 71.35.Cc, 78.47.jb

An optical microcavity enclosing semiconductor quan-all levels are matter states while all transitions are provided
tum wells (QWSs) is an elegant material system to harnesby light. In our case, only the highe&p state is a pure
light-matter interactions. When the exciton and cavitymatter state whereas the LEP and HEP states are mixed
resonances are nearly resonant, they become stronglight-matter coherences. This scenario offers new coherent
coupled giving rise to the so-called exciton-polariton control possibilities because one can switch the polaritonic
modes []. Many fundamental questions concerning LEP and HEP states with optical elds while applying THz
guantum optical phenomena in semiconductors-fromelds to perform simultaneous transitions. Our results
cavity QED P-7] to Bose-Einstein condensation of indicate that the novel system is robust enough to
exciton-polaritons §-11]—have been explored by study- perform stimulated Raman adiabatic passage (STIRAP)
ing the optical properties of semiconductor microcavities[17] in a semiconductor microcavity by using two-color
Yet the excitation dynamics of the optically induced nonlinear THz spectroscopy.
exciton-polariton states is still largely unexplored. For a As schematically shown in Fid.(b), we experimentally
GaAs-based microcavity, the Rabi splitting and the excitorobserve the time-resolved optical re ectivity of the LEP
binding energy both fall in the range of 1-10 meV corre-and HEP modes in a QW microcavity in the presence of
sponding to photon energies in the terahertz (THz) part oétrong few-cycle THz pulses. We combine strong THz and
the electromagnetic spectrum (i.e., 4.14 meV at 1 THz)weak optical excitation using 800-nm, 90-fs pulses from a
Hence, one needs high precision THz spectroscopy t@-kHz Ti:sapphire regenerative ampli er. The strong few-
directly access these low-energy processes. Strong amycle THz pulses were produced by type-Il difference-
short THz pulses allow for the coherent manipulation offrequency generation in a 1-mm ZnTe crystal using two
the exciton-polariton states, providing a unique perspectivéinearly-chirped and orthogonally-polarized optical pulses
of the coupled light-matter system which is inaccessible if16,18]. The THz pulse duration was 4 ps, and the
purely optical spectroscopy. maximum electric- eld amplitude reachésl kV=cm. The

In this Letter, we investigate the quantum dynamics offrequency of the high- eld THz pulses was continuously
exciton-polariton coherences in a QW microcavity driventunable from 1.0 to 2.5 THz with a bandwidth of
by strong few-cycle THz pulses. We generalize the study of

intraexcitonic transitions in bare QW<42-16] to THz (a) o, (b) . \[\/
_ LEP HEP

spectroscopy in microcavities, including polaritonic ?

effects. Our experimental observations and theoretical Dopt
analysis show that a resonant THz eld couples the opti- '~ THz pulse |'

cally induced exciton-polariton coherences to the dark Pree

2p-exciton state while direct dipole transitions between -/ o, Op{\ca\* ||

the two polariton modes are forbidden. These results in- 09 QW microcavity

dicate that the lower and higher exciton-polariton (LEP and Oer

HEP) states, together with thep-exciton-polarization kG, 1 (color online). (a) LEP, HEP, and excit@p polariza-
state, constitute a th_ree-level system, deplcted N tion states form a three-level system. (b) Schematic diagram of
Fig. 1(a) This polaritonic system is unique and signi - the optical re ectivity measurement of a QW microcavity in the
cantly different from the usual atomic system where presence of an intense THz eld.

0031-900%12=108(26¥267402(5) 267402-1 2012 American Physical Society
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0.2-0.3 THz. We focused the THz pulses on a QW micro-
cavity sample and measured its optical re ectivity spectra 2
R& bwith weak 830-nm, 100-fs optical pulses while varying
the relative time delay (t) between the THz and optical
pulses. The time delay is dened ast ¥ try,  top
where a positive time delay means that the THz pulse arrives , ,—
at the QW later than the optical pulse. The optical pulses
were generated with a white-light continuum source anda | ™
bandpass Iter with an 830-nm central wavelength and a ,*
10-nm bandwidth. The re ectivity spectra of the optical
pulses were measured by an imaging spectrometer with a
CCD camera (spectral resolution, 0.01 nm). The QW micro-
cavity sample (NMC66) consists of 10 InGaAs QWs ina '
11=2-microcavity with distributed Bragg re ectors de-
signed for 99.94% re ectivity. The cavity is wedged, which N |
allows us to tune the cavity resonance by scanning the 1.0 09 10 09
optical beam across the sample. The temperature of the Reflectivity Reflectivity
sample was 5 K at which the thermal energy is much smalle
than th.e optical phqnon energy and thus carrier-LO-phonofie, ;ero cavity detuning (¥ . 15 ¥ 0:.07 TH2 in the
scattering Is l_’legllglble. . presence of a strong THz pulsEry, Y24 kV=cm, at t¥%
The experimental results are compared with the theog:g ps thick solid lines): (a) THz frequency {4, ¥4 1:1 TH2)
retical analysis performed with a microscopic many-bodyis tuned near to the HEP-p transition ( yep 2 Ya 1:1 TH2)
theory [19,2Q], including the self-consistent treatment of and (b) THz frequency (y, ¥ 1:9 TH2) is tuned near to the
optical and THz elds. Whereas the full theoretical frame- 1s-to-2p transition ( 155, ¥ 1:8 THZ). The thin-solid lines
work is laid out in the Supplemental Materi@l], we can indicate the unperturbed exciton-polariton spectra.
explain most of the experimental features by including the
self-consistent coupling between Maxwell's wave equatiorpulses. The THz frequency is tuned near to (a) the HEP-
and the microscopic interband polarization dynamics  to-2p transition ( ygp 2 ¥4 1:1 TH2) and (b) thels-to-2p
transition ( 155, ¥4 1.8 TH2). The peak THz- eld ampli-

1.8 THz

=0.07
THz

— <«
1.5 THz

IEIG. 2 (color online). Exciton-polariton re ectivity spectra at

-
i@@Pk Ya ~  jkAmzb &A%Hz Py tudes are4 kV=cm. We note that the THz-induced non-
@t 2 linear effects are exceptionally large compared with
b kkoPgo 81 f8 fip . (1)  optically induced nonlinear effects which require at least
kO 10°-10° kV=cm of optical eld amplitude to generate the

Here, ~ is the kinetic energy of electron-hole pairs and S8Me magnitude of spectral modulation. The unperturbed
flf(’hp de nes the occupation of electrons (holes) at the'® ectivity spectra are depicted by the thin gray lines.

carrier momentunk i the reduced effective mass of The data exhibit several pronounced nonlinear effects
. . showing that the THz-microcavity interaction is resonant
an electron-hole pair. The optical eld generaté%

through the renormalized Rabi frequency, while the f[’_wth the HIiP—tode t.ransglo?hbeli?zu; € theuep-op e>$2c'|ta—
microscopic Coulomb- and phonon-interaction-induced"©" quénches dominantly the resonance [Ei@)

scattering y, destroys these coherences. The LEP and'Nile 152y creates only moderate changes [Fi)] to
the HEP resonances are mixed light-matter states creaté_t]e measured re ectivity. Furthermore, no resonant transi-
by the self-consistent coupling between the optically genfion between the LEP and HEP modés.&r  Eiep ¥a
eratedP, and the cavity mode which is fully described by 8:2 meV¥s 1.5 TH2) was observed as the THz frequency
the wave equation. The coherent polarization is furtheMas tuned in the range of 1.4-1.6 THz, where the spectral
coupled to the vector potentighry, of the THz eld. modulations are S|m|lar to those in Fig(b). When the
The appearing current-matrix elemerk Phas ap-like ~ THz frequency was increased tQep o ¥2 2:4 THz, the
symmetry coupling the spherically symmetric optiBglto  re ectivity was changed signi cantly only at the LEP.
optically dark exciton states. Interestingly, since the cavityThese observations clearly show that the LEP, HEP, and
mode is not directly involved in this process, the THz 2p-levels form a three-level system.
radiation only couples the matter component of the LEP In Fig. 2(b), the THz pulse is tuned to be resonant with
and HEP to the&p-exciton state. the 1s-to-2p transition energy. Here, no major quenching
Figure2 shows examples of the THz-induced nonlineareffects are observed, only the energetic difference between
optical effects of the exciton-polariton modes at near-zerdhe LEP and HEP resonances somewhat increases. Hence,
cavity-detuning (. %2 . 1s ¥4 0:07 TH2 and at zero we conclude that the THz eld interacts with the QW
time-delay ( t % 0:0 pg between the optical and THz dominantly via the -like transitions, not via the

267402-2
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1s-to-2p transition. Especially, when the THz eld is non- (a)
resonant with the -like states, the resulting minor mod- )
i cations stem from the ponderomotive and multiphoton 1

absorption effects induced by the relatively strong THz 1 0.9
pulse [L6]. a 08

To gain more insight, we performed detailed experiment- J o0 07
theory comparisons for the resonant interactions of THz 0.6

pulses with the exciton-polariton coherences at different
cavity detunings. Figure3 and4 show the temporal evolu-
tion of the exciton-polariton re ectivity when the THz
excitation is tuned near to the LEP-Bp- transition at . ¥4

0:56 THz and to the HEP-t@p transition at .Y
0:41 THz respectively. The principal -like operation is
well explained by the theory. Quantitatively, the experimen-
tal LEP and HEP peak amplitudes are smaller than the
theoretical ones due to the well-known disorder effects in
the sample?2,23.

Figures 3(a) and 3(c) show the contour plots of the
experimental and theoretical re ectivityRdE; th as a
function of photon energ¥ and time delay t between
optical and THz pulses, at a negative detuning¥a

0:56 THz The corresponding re ectivity spectra at ¥4

2, 1,0,1, and 2 ps are shown in Figgb) and3(d). The 1
results indicate that the THz pulses resonantly drive the (c)
HEP-to2p transition; i.e., in agreement with the expecta- 2
tions for the three-level system, the HEP mode undergoes
large amplitude modulations neart ¥4 0 while few 1
changes occur in the LEP mode. Especially, the HEP reso-
nance almost vanishes near %2 0 while the LEP remains
almost unchanged. Furthermore, the HEP mode spectrum
becomes asymmetric neart ¥4 0; i.e., a broad shoulder
appears on the lower-energy side in the experiment and on
the higher-energy side in theory—the quantitative differ-
ences of spectroscopic signatures between the experiment
and theory may arise from the well-known asymmetries in
the excitonic resonances induced by disorder and excitation-
induced dephasin@B-25]. These peculiar spectral features
imply that the HEP polarization is coupled with the exciton
2p polarization. The quantum coherence, however, is heav-
ily obscured by fast dephasing. This level of quantum
control can be observed up to about %2 2 ps i.e., in
the coherent regime before the dephasing of the polariton
coherences.

The coherent control of the LEP branch of thesystem
is studied in Fig4 both experimentally [frames (a) and (b)]
and theoretically [frames (c) and (d)] by usingy, Ya
2:2 THz and a cavity detuning _1/4 b _0:41 THz As ex- FIG. 3 (color online). Time-resolved exciton-polariton re ec-
pected for a system response, in this case the THz eld iy spectra at % 0:56 THz when the THz radiation
predominantly bleaches the LEP. It is also notable that the 1, 1:3 THz) is tuned near to the HEP-®p transition
temporal evolution is not symmetric for the HEP (FR).  ( .z 5, ¥% 1:3 TH2). (a) Experimental and (c) theoretical con-
and the LEP branches (Fid). For example, the strongest tour plots of the re ectivity presented with respectis-exciton
THz-induced modulation occurs between the time delaysnergyE,.. The white dashed lines correspond to cross sections
of 0.0 and 0.5 ps, and the spectral modulatione¥s 2 ps at t% 2, 1, 0, 1, and 2.0 ps shown as vertically offset
is stronger than that att % 2 ps The temporal asym- spectra in (b) experiment and (d) theory. The thin lines indicate

metry results mainly from the coherent transients: at'® Unperturbed spectra.

Reflectivity

-6 -4 -2 0 2 4

At (ps)

Reflectivity

E-E,_(meV)
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FIG. 4 (color online).
tivity spectra at .¥ap 0:41 THz when the THz radiation
( THz ¥242:2 TH2) is tuned near to the LEP-tBp transition
( Lep 2p Y2214 THz). (a) Experimental and (c) theoretical
contour plots of the reectivityRE Ei; tk The white
dashed lines correspond to cross sectionstas 2, 1, 0,

1, and 2.0 ps shown as vertically offset spectra in (b) experiment
and (d) theory. The thin lines indicate the unperturbed

spectra.

Time-resolved exciton-polariton re ec-

positive time delays up to several picoseconds, the THz
pulse perturbs the coherent polariton modes inducing the
spectral modulations to the optical re ectivity, while they
make no impact on the polariton modes at negative time
delays.

In conclusion, our study shows that the THz radiation
resonantly drives the exciton-polariton polarizations giving
rise to LEP-to2p or HEP-to2p transitions. The exception-
ally large nonlinear optical effects induced by the THz
pulses exhibit peculiar spectral features unique for the
light-matter coupled system. Our experiment-theory com-
parison also con rms that there are no resonant transitions
between LEP and HEP levels. Hence, we demonstrate that
the LEP, HEP, an@p-exciton states form a unique three-
level system in an optically excited QW microcavity. The
results also indicate the coherent coupling between the
exciton-polariton and the excita?p polarizations that de-
phase within a few picoseconds. This operational window
should be long enough to realize-system applications,
such as THz-STIRAP, in a semiconductor microcavity.

The OSU work is supported by the National Science
Foundation (DMR-1063632) and the Oregon Nanoscience
and Microtechnologies Institute. The Marburg work is
supported by the Deutsche Forschungsgemeinschaft. The
UofA group acknowledges support from the National
Science Foundation under AMOP (PHY-0757707), EPDT
(ECCS-0757975) and ERC CIAN (EEC-0812072); AFOSR
(FA9550-10-1-0003); and JSOP (W911NF-10-1-0344).

*leeys@physics.oregonstate.edu

G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S. W.
Koch, Rev. Mod. Phys71, 1591 (1999)

Y.-S. Lee, T.B. Norris, M. Kira, F. Jahnke, S.W. Koch, G.
Khitrova, and H. M. GibbsPhys. Rev. Lett83, 5338 (1999)

J. P. Reithmaier, G. 8eA. Lof er, C. Hofmann, S. Kuhn, S.
Reitzenstein, L.V. Keldysh, V.D. Kulakovskii, T.L.
Reinecke, and A. ForchéMature (London%32 197 (2004)

T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M.
Gibbs, G. Rupper, C. Ell, O.B. Shchekin, and D.G.
Deppe,Nature (London}32, 200 (2004)

K. Hennessy, A. Badolato, M. Winger, D. Gerace, M.
Atatlre, S. Gulde, S. Bg E.L. Hu, and A. Imamoly,
Nature (London}45 896 (2007)

G. Ginter, A.A. Anappara, J. Hees, A. Sell, G. Biasiol, L.
Sorba, S. de Liberato, C. Ciuti, A. Tredicucci, A. Leitenstorfer,
and R. HuberNature (London§58 178 (2009)

Y. Yamamoto, F. Tassone, and H. Ca®emiconductor
Cavity Quantum ElectrodynamicgSpringer, Berlin,
Heidelberg, 2000).

H. Deng, G. Weihs, C. Santori, J. Bloch, and Y.
Yamamoto,Science298 199 (2002)

J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P.
Jeambrun, J.M.J. Keeling, F.M. Marchetti, M.H.
Szymdiska, R. Andre J.L. Staehli, V. Savona, P.B.
Littewood, B. Deveaud, and L.S. DangNature
(London)443 409 (2006)

(1]
(2]

(3]

(4]

(5]

(7]

(8]

0]

267402-4



week ending

PRL 108,267402 (2012) PHYSICAL REVIEW LETTERS 29 JUNE 2012

[10] R. Balili, V. Hartwell, D. Snoke, L. Pfeiffer, and K. West, [19] M. Kira and S. Koch,Prog. Quantum Electror80, 155
Science316 1007 (2007) (2006)

[11] H. Deng, H. Haug, and Y. Yamamotev. Mod. Phys82, [20] J.T. Steiner, M. Kira, and S.W. KoclRhys. Rev. B77,
1489 (2010) 165308 (2008)

[12] B.E. Cole, J.B. Williams, B.T. King, M. S. Sherwin, and [21] See Supplemental Material athttp:/link.aps.org/
C.R. StanleyNature (London}10, 60 (2001) supplemental/10.1103/PhysRevLett.108.267402 tech-

[13] S.G. Carter, V. Birkedal, C.S. Wang, L. A. Coldren, A. V. nical details of the methods.
Maslov, D. S. Citrin, and M. S. Sherwi&cience310, 651 [22] M. Gurioli, F. Bogani, D.S. Wiersma, P. Roussignol, G.
(2005) Cassabois, G. Khitrova, and H. Gibti3hys. Rev. B4,

[14] S. LeinB, T. Kampfrath, K.v. Volkmann, M. Wolf, J.T. 165309 (2001)
Steiner, M. Kira, S.W. Koch, A. Leitenstorfer, and R. [23] M. Werchner, M. Schafer, M. Kira, S. W. Koch, J. Sweet,
Huber,Phys. Rev. Lettl01, 246401 (2008) J.D. Olitzky, J. Hendrickson, B. C. Richards, G. Khitrova,

[15] J.R. Danielson, Y.-S. Lee, J.P. Prineas, J.T. Steiner, M. H. M. Gibbs, A. N. Poddubny, E. L. lvchenko, M. Voronov,
Kira, and S. W. KochPhys. Rev. Lett99, 237401 (2007) and M. WegenerQpt. Expressl7, 6813 (2009)

[16] A.D.Jameson, J.L. Tomaino, Y. Lee, J. P. Prineas, J. hedtei [24] F. Jahnke, M. Kira, S.W. Koch, G. Khitrova, E.K.
M. Kira, and S. W. KochAppl. Phys. Lett95, 201107 (2009) Lindmark, T.R. Nelson, Jr., D.V. Wick, J.D. Berger, O.

[17] K. Bergmann, H. Theuer, and B.W. Shorfeev. Mod. Lyngnes, H. M. Gibbs, and K. TaRhys. Rev. Lett77,
Phys.70, 1003 (1998) 5257 (1996)

[18] J.R. Danielson, A.D. Jameson, J.L. Tomaino, H. Hui, [25] R.P. Smith, J. K. Wahlstrand, A. C. Funk, R. P. Mirin, S. T.
J.D. Wetzel, Y. Lee, and K. L. Vodopyanal,, Appl. Phys. Cundiff, J.T. Steiner, M. Schafer, M. Kira, and S.W.
104, 033111 (2008) Koch, Phys. Rev. Lettl04, 247401 (201Q)

267402-5






Supplementary Material for Paper Il






EPAPS for \Terahertz excitation of a coherent three-level

-type exciton-polariton

microcavity mode"

J.L. Tomaino, A.D. Jameson, and Yun-Shik Lee
Department of Physics, Oregon State University, Corvallis, Or egon 97331

G. Khitrova and H.M. Gibbs
Optical Sciences Center, University of Arizona, Tucson, Ari zona 85721

A.C. Klettke, M. Kira, and S.W. Koch
Department of Physics and Material Sciences Center, Philipps-University, 35032 Marburg, Germany
(Dated: December 8, 2011)

This documents serves as a supplement to the article "Terahertz excitation of a coherent three-

level -type exciton-polariton microcavity mode ". It gives m

ore details concerning the derivation

of the microscopic theory applied and the approaches used.

. INTRODUCTION

Normal mode coupling in semiconductor microcavi-
ties occurs when the excitonic resonance of high-quality
qguantum wells (QWSs) is (nearly) degenerate with the
cavity eigenmode. Under suitable conditions, the combi-
nation of optical and terahertz (THz) excitation of such
a system allows for the realization of a coherent three-
level -type con guration which exhibits highly nonlin-
ear behaviour. A full microscopic theory is needed to
guantitatively analyze the main features of the combined
optical and THz excitation kinetics. We formulate here
our systematic theory applied to analyze the experiments
presented in the main part.

Il.  HAMILTONIAN

As discussed in Ref, a systematic analysis of optical
and THz excitations of semiconductor starts from the
system Hamiltonian

R = Ao+ Him + Ac+ Apn: (1)

We analyze a situation where the system is excited with
classical optical and THz pulses such that the quantum-
optical e ects? can be ignored. Consequently, we treat
the electromagnetic eld classically while the interacting
electrons of the QWSs are described with a full quantum
theory. More speci cally, a QW electron with momentum
~k within band is described by Fermion creation and
annihilation operators &, and a. «, respectively. The
resulting non-interacting)’(part becomes

IqO =

kay; K&k

()

k

where , denotes single-particle energies of the electrons
in the conduction ( = c¢) and in the valence ( = V)
band. At the same time, vacancies in the valence band
de ne holes which pair with the electrons in the conduc-
tion band to form excitonic resonances, see discussion of
Eg. (6) for more details.

The semiclassical light{matter interaction becomes
then?!
X iai2
Hm= () A JEAZ ala
Kk Mo
X X jei

+ - -
mop

o(k) A @, a ; 3)

6 0 k

where A is the vector potential evaluated at the position
of the QW. We assume here that the light propagates
perpendicular to the QW, such that it depends only on
the z coordinate. The strength of the light{matter cou-
pling is determined by the momentum matrix element
p o(k) and the current matrix element

j (k)= (4)

As usual, mg and j ¢ denote free-electron mass and the
elementary charge.

The many-body interaction follows from the Coulomb
interaction

1 X X
c= 3 VAR
2 q

Ok:k%q

P

()

a’ kJrqayo;ko @ 0Koa; k

with the Coulomb matrix element V' ° for the interac-

tion between electronic states , ° This term includes
both Coulomb repulsion that yields scattering contribu-

tions and attraction that produces, e.g., the excitonic
states. Finally, Hp, contains the carrier{phonon inter-

action; a more detailed discussion is found e.g. i In

our system, the phonon interaction is e ectively leading
to a decay of the polarization, which is treated using a
di usive model?.

.  EQUATION OF MOTION

Deriving the Heisenberg equations of motion with the
full Hamiltonian leads to the so-called hierarchy prob-
lem, i.e., the N -particle many-body correlations couple



to (N +1)-particle correlations. In our approach, this in-
nite series of equations is treated by means of a cluster-
expansion approach which systematically truncates the
hierarchical coupling. As shown in Ref, the dynamics
of microscopic polarization follows from the equation of
motion

i~SPc= Dk Az + AR, P
1ofe fe o«
+ k:koPxko; (6)
kO

where jx = je(k) + jh(k) is the current-matrix element
between electrons and holes and is the reduced e ec-
tive electron{hole mass. The corresponding renormalized
kinetic energy of the electron{hole pairs is

X

k + Eg Vi koPyo fkeO+ fl?o (7)

-k:
kO

where = £+ {2 de nes the unrenormalized energyEc
denotes the band gap, and‘ke(h) determine the electron
(hole) occupations. The renormalized Rabi energy  is
given by

k = dchopt + Vi koPo;
kO

(8)

where d., is the dipole matrix element. The last
ferm in Eq. (6) denotes the scattering contributions
ko k:koPko. Since we study weak optical excitations,
k induces only linear polarization while changes in car-

rier densities are negligible because they are nonlinear.

At the same time, THz elds act via the rst line of
Eg. (6) modifying the nature of polarization, without
creating densities. Therefore, we can set? and f! to
be constant when analyzing the system.
The optically induced microscopic polarization reradi-
ates light via the macroscopic polarization
X
p=1
S

(dey (K) Px +cC:C): (9)

It appears as a source to the wave equation

g g

g %& Ep(@= o (2 zow)DE: (10)
where ¢ is the vacuum permittivity, n = n(z) denotes
the refractive index pro le of the microcavity structure.
For thin enough QWSs, the polarization appears to be a

-function source radiating at the zow position of the
QW. We see that Eqgs. (6) and (10) are coupled.

We study here a situation wheren(z) constructs a cav-
ity around the QWs through distributed Bragg re ectors,
to be speci ed in Sec. IV. Without the QW polarization,
Eq. (10) yields a cavity resonance that corresponds to a
light mode that is strongly focused inside the cavity. At

the same time, the QW polarization has excitonic reso-
nances due to the Coulomb term in Eq. (8). The self-
consistent coupling between the wave equation (10) and
excitonic 1s resonance in Eg. (6) creates two new polari-
ton modes that are mixed states of light and matter.

The THz part of the electromagnetic eld satis es dy-
namics analogous to wave equation (10). However, the
cavity is designed for optical wavelengths such that THz
eld propagates essentially freely. As a result, the self-
consistent light{matter coupling e ects are negligible for
the THz eld. Therefore, their e ects on semiconduc-
tor polarization appear as direct driving terms in Eq. (6)
through the jx Atnz contribution.

Close to the bottom of the conduction and valence
band, , are parabolic such that Eqg. (4) produces a linear
dependencgy / k. As aresult,jx Atn; is proportional
to kK ery; where ery, is the direction of the THz eld.
We apply transversal THz elds that propagate perpen-
dicular to the QW such that ery, lies within the plane
of the QW. Consequently,k ery, = jkjcos depends on
the angle ¢ between the carrier momentum andery; .
The resulting jx Aty contribution drives polarization
via a term that has a p-like symmetry, i.e. a cosy de-
pendence.

Since the optical excitation can create only rotation-
symmetric s-like Py, the THz source breaks this symme-
try by converting polarization to p-like states. Since such
p-like contributions average to zero in the macroscopic
polarization (9), THz hides part of the polarization into
optically dark states. This process obviously provides the
THz-induced modulations to the optical re ection stud-
ied in the main part. At the same time, THz eld couples
only the excitonic component of the polariton. Therefore,
it couples the 1s component of both low-energy and high-
energy polariton to 2p-exciton polarization, which forms
the system studied.

IV. NUMERICAL IMPLEMENTATION

We solve Egs. (6) and (10) self consistently by us-
ing the fourth-order Runge{Kutta method to solve the
polarization dynamics; the wave equation is solved si-
multaneously with an exact propagation’. Microscopic
scattering is described using a di usive model that in-
cludes the fundamental features of Coulomb and phonon-
induced scattering, as shown in Ret. The QW micro-
cavity sample (NMC66) is built out 10 GaAs QWSs in
a 11=2 spacer inside 14.5/16 DBR layers (front/back),
which produces 99.94% mirror re ectivity. The QWs are
positioned at the consecutive cavity-mode maxima to en-
hance the light{matter coupling.

To describe the experiments in detail, we carefully
match the material parameters with the experimental
ones. More speci cally, we have used e ective electron
and hole massean. = 0:0665ny and my = 0:235mg,
respectively. The band gap energy of the system is
Ec = 1:497eV. The distributed Bragg re ectors are



made out of GaAs and GaAlAs, with refractive indices of
Neaas = 3:63 and ngaaas = 2:97, respectively. The 10
QWs are then positioned at the positions matching the
experiment. Each of the QWSs produces an individual
source to Eqg. (10).

The strong coupling between cavity resonance and ex-
citon resonance produces a resonant splitting of 6 meV.

3

The corresponding polariton resonances have a width
smaller than 1 meV. The re ectivity spectrum is com-
puted from the intensity ratio between incoming and re-
ected optical eld. The numerical analysis not only ap-
plies parameters that are typical for GaAs-type systems
but it also produces results that explain our experimental
ndings with a great detail, as shown in the main text.
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1 Introduction  In semiconductors, an optical excita- weak optical pulse is propagated through the microcavity;
tion rst induces coherent polarization which can eventu- the center of a strong THz pulse is delayedtbywith re-
ally be converted into bound (incoherent) excitons throughspect to the optical pulse center.
Coulomb and phonon scattering [1, 2]. Excitons are bound
electron-hole pairs [3,4] in analogy to the hydrogen atom,  As the optical pulse enters the cavity, it starts to inter-
but with transition energies scaled down by a factol @ act with the QWs positioned at the mode maximas of the
Therefore, one needs to use terahertz (THz) elds to in-cavity mode, which generates excitonic polarization that
duce transitions directly between the exciton states [3,5touples to the cavity mode. The cavity—polarization cou-
7]. Also the polarization, induced by optical elds, has ex- pling produces the LEP and HEP resonances as indicated
citonic resonances. These features can be excited via THin Fig. 1a. If one then applies a THz eld, one can selec-
pulses, as demonstrated experimentally in Refs. [8-10]. tively move either the LEP or HEP coherences to 2pe

When semiconductor quantum wells (QW) are posi-state. This is observed as a vanishing LEP or HEP reso-
tioned inside a microcavity, thks-exciton resonance splits nance in the optical probe spectrum. The contour plot in
into a low-energy polariton (LEP) and high-energy po- Fig. 1b shows an experimental veri cation [12] that LEP-
lariton (HEP) due to the exciton-cavity coupling [11]. A probe-re ection resonance vanishes when the THz eld is
recent experiment-theory comparison [12] shows that thepresent and tuned to be resonant with the energy difference
THz eld couples the LEP, th&p-exciton state, and the of LEP ani2p states. By tuning the THz frequency, one can
HEP in a Lambda () con guration, shown schematically alternatively bleach the HEP resonance, which veri es that
in Fig. 1a. More speci cally, we use a situation where a 2p and polariton resonances form asystem.

Copyright line will be provided by the publisher



2 A.C. Klettke et al.: THz studies on a microcavity lambda system

[1,4] is needed to fully understand the underlying many-
body dynamics resulting from the THz exciations. In this

At
a) -—>
’ I paper, we present a systematic theory for THz excitations

of either polarization in bare QWs or coherent polaritons in
QW-microcavity systems. We choose the material param-
eters to match 8 nm InGaAs QWs and use the microcav-
ity con guration speci ed in Ref. [12]. We will then study
THz pulse  optical pulse ~ quantum wells how many-body aspects modify the THz-generdtedo-

(+ microcavity) 2pand transitions as function of the THz eld's strength
and frequency. We will show that both systems also exhibit
transitions beyond the two- or three-level system if suf -
ciently strong excitations are applied.

) 2 A A 2
P P 2 Theory of THz excitations ~ We start from the gen-
THz THz

eral many-body system Hamiltonian [4] and derive the
Heisenberg equations of motion for the relevant quanti-
ties [1]. As discussed above, the optical excitation, dd ne

b

| optical by the electric eldEqy (z), generates rst optical polar-
PR - HEP ization whose dynamics follows from the semiconductor
1s < THz Bloch equations [16]. The THz eld is de ned by the vec-
S~ o~ optical tor potentialAty, (z) and it modi es the polarization dy-
LEP namics according to:
bare QWs QW + microcavity ih@@fk =« kAt + £AZ, Py
X

C
) 1 f& ) Vi koPyo

KO
1 fke f|'<1 dchopt+ k s (1)

whereAry; andEqy are de ned at the QW position. This
dynamics contains the Coulomb-renormalized kinetic en-
ergy of the electron-hole pairg, the THz eld coupling

contains the current-matrix elemgnt = Nie K ey,

and the quadratic ponderomotive contributi@qu%HZ
which contain the elementary charge, the reduced mass
of electron-hole pair [17,18], the carrier momentlnand
the direction of the THz eldery, . The Coulomb coupling
among the polarization is given b and it is responsible
for the creation of excitonic resonances in the polarizatio

The optical excitation generates polarization via the
term proportional to the dipole-matrix elemedy,. Col-
legtively, this induces the macroscopic polarizatiyp: =
Figure 1 Schematic illustration of system. a) Excitation é « dev Pk which is scaled by the quantization arga
setup: QWs are positioned inside the cavity, optical pulseThe emerging electron and hole densities are not directly
excites polarizations, and THz pulse (delayed by in- modi ed by the THz eld but via the THz induced changes
duces the intraexcitonic transitions. b) Principal THntra to the polarization, c.f. Ref. [17] for further details. The
sitions. Without cavity, THz pulse convents polarization ~ Coulomb and phonon scattering is presented symbolically
mainly to 2p polarization. The cavity splits to two po-  via ; its full microscopic form is presented in Ref. [1].
lariton modes, HEP and LEP, that both coupl@pgolar- The microcavity effects are systematically included by
ization via THz transitions. c) Experimental veri catiofi o  solving Eq. (1) together with the wave equation

system. Contour plot of measured QW-microcavity re-

ection. The symbolically iIIustrategI system is realized @ n() @
because only the HEP resonance is depleted. @2 2z @t Eopt (z;t) = 00(2)
where the optical light propagates through the sample

Former experiment-theory comparisons [8,10,12-15]y15ng the z-direction. The refractive index pro fe(z)
have repeatedly shown that a systematic many-body theory

Energy

time

@Po t o,
@ @
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de nes the microcavity which leads to a formation of a in generating transitions from the ground stats, (LEP,
single mode inside the microcavity. The polarizatien HEP) to the excite®p state. Since all of these ground
causes the splitting of the resonance, scaled by the vacuustates contain & component, we monitdf;s, F2p, and
permittivity ¢ and the QW con nement functiog(z). the restFrest = 61525 I » 10 deduce the dynamics in

For the THz eld, the wave equation has the sameeither the TLS or the system. If the THz eld excited
structure, but instead of the electric eld, we have the vec-only the TLS or the system/JFst should not change as
tor potentialAty, and the polarization is replaced by the the THz pulse is changed.

THz current. Here, the THz vector potential is not signi - Figures 2, 2b, and 2 showFis, F2p, andFies, re-
cantly changed by the microcavity, as the DBR spacing isspectively, for the TLS expected for the bare QW case used
much smaller than the THz period (see Fig).1 here. These fractions are de ned at the temporal center

We solve Egs. (1)—(2) and the corresponding THz waveof the THz pulse for three representative peak THz eld
equation numerically. More speci cally, we assume that strengthsE, = 2 kV/cm (blue dashed line), 3kV/cm (red
the incoming optical eld is a 150fs long Gaussian and is line), and 4 kV/cm (black line).
energetically centered at tls exciton energy. Due to its We observe that thes fraction dips and thép fraction
short duration, the optical pulse overlaps energeticddly a grows strongly when the THz frequency matches ke
with the LEP and HEP resonances that are foBIIneV 1, oy transition frequency zp:1s, indicated by the dashed
below and 2.6 meV above tfis resonance, respectively. yertical line. As the THz “eld is increased, the peak shifts
The pump pulse is chosen so weak that it dominantly gentq higher frequencies due to the AC Stark effect [19]. Be-
erates only polarization. We fully take into accountthat  giges this nonlinear feature, we notice that additionakgea
makes thels component decay roughly four times slower (qins) appear at discrete positions; these resonances corr

than the other excitonic components, see Ref. [1]. spond to the absorption of multiple THz photons while the
We then apply a THz eld that has a temporal shape  gystem makes a transition from theto the2p state. We
Eo 2 also see that the excitation of exciton states beyond the TLS
Athz = > e ? appears becausges; grows to an appreciable fraction as

) i ) the THz eld becomes strong enough. This shows that the
[cos(2 (t t))+0:6cos(l7 (t 1)) 3' THz excitations quickly excite states beyond the intended
®) TLS as the THz intensity is increased. Experimental evi-

with a pulse having two central frequencies as in the ex-dence of these effects is provided in Ref. [10, 20].
periment of [12]. We set the duration of the THz pulseto ~ The same analysis is repeated for thesystem in
= 2:1ps and the pump-probe delay to = 0:8ps.  Figs. &, 2e, and 2 where the QWSs are positioned inside
We scan the central frequencyof the THz pulse while  the microcavity. Otherwise the computation and presen-
we use three different values for the peak electric Elgl  tation is identical to that in Figs.a2c. For low intensi-
2kV/cm, 3kV/cm, and 4kV /cm. ties,F1s dips andF,, peaks when the excitation frequency
To gain more insight into the generated excitonic dy- matches either the HEP-&p or the LEP-to2p transition
namics, it is useful to solve the eigen-value problem de-frequency, indicated by the vertical lines. Especially, we
ned by the homogeneous part of Eq. (1). This yields the do not observe any special transition for ttseto-2p tran-
generalized Wannier equation [4] and its solutions providesition energy (dashed vertical line). These results verify
a complete set of right-handed exciton statB¢k). This  our earlier experimental observation [12] that the priatip
allows us to project the different exciton components fromtransitions form a system as in Fig.ld.
the polarization: As the THz eld is increased, we see a slight AC-
Stark shift and the onset of multi-photon absorption, in
p = R (k) Px: (4)  analog to the bare QW analysis. As the major difference to
k the bare QW case, the multi-photon absorption resonances
are shifted because they generate, e.g., the RtPansi-
tion. This is another indication that THz transitions inwl
ip i? states of a system.
ip j2 ®) The behavior ofes; determines when a THz eld ex-
cites states beyond thesystem. We see that this happens
de nes the fraction of exciton states within the polar-  for elevated THz elds, like for the TLS. The effectis espe-
ization. Therefore, it directly reveals how the THz effects cially strong if the THz eld is not resonant with either arm
redistribute the excitonic components under differentcon of the system. On can understand this as multi-photon

Since the exciton states are orthogonal,

ditions. ionization process that can always lift LEP and HEP po-

larization to ionized exciton states. The same tendereey, i.

3 Results We analyze how the exciton fractidn the growth ofF s for nonresonant conditions, is observed
changes as function of THz frequencyin different sit-  in the TLS.

uations. For both the TLS and system, we are interested

Copyright line will be provided by the publisher



4 A.C. Klettke et al.: THz studies on a microcavity lambda system

Figure 2 Exciton fractions= in bare QW and microcavity QW THz excitations. The THz fregqeye dependence of
bare QW excitations producesys, b) F2, and c)Fest, shown for three representative eld strengths 2.0 kV/ciogb
dashed line), 3.0 kV/cm (red line) and 4.0 kV/cm (black linE)e dashed vertical line indicates the positioristo-2p
transition frequencyzp;1s = 1:64 THz. The same analysis is presented for the QW microcavi@) by plotting d)F s,
e) Fyp and f)Frest . The vertical lines de ne the positions of LEP-p-and HEP-tp2p transitions.

4 Conclusions We have compared the simultaneous [5] J.Cerne et al., Phys. Rev. Le#7, 1131 (1996).
excitations of optical and THz light of quantum wells with  [6] R. A. Kaindl et al., Nature (Londord23, 734 (2003).
and without a microcavity. In both cases, the(or LEP [7] M. Kira, W. Hoyer, and S. W. Koch, Solid State Communi-
and HEP) and th@p state are the most important states cations129, 733 (2004).
in the THz-excitation dynamics. By tuning the central fre- [8] J. R. Danielson et al., Phys. Rev. L&6, 237401 (2007).
quency of the THz eld, we have veri ed that the THz  [9] M. Wagner et al., Phys. Rev. Left05 167401 (2010).
induces transition between ths (LEP or HEP) and the [10] B. Ewers etal., Phys. Rev. &, 075307 (2012).
2p state for the QW (microcavity-QW) system. Therefore, [11] C. Weisbuch et al., Phys. Rev. Le#g, 3314 (1992).
the principal transitions form a two-level system (TLS) for [12]J- L. Tomaino etal., Phys. Rev. Leli0§ 267402 (2012).
bare QWs while a cavity introduces asystem [13] S. Leinf et al., Phys. Rev. Lett01, 246401 (2008).

Our analysis reveals that an AC Stark shift and multi- 141 - Golde etal., Phys. Rev. Let02, 127408 (2009).

: . ) [15] F. Blanchard et al., Phys. Rev. Let07, 107401 (2011).
photon absorption become clearly visible in these systems

. i [16] H. Haug and S.W. Koch, Quantum Theory of the Optical
The computation results also con rm that even if the THz and Electronic Properties of Semiconductds¥, edition

eld is resonant with the principal transitions in a TLS or (World Scienti ¢, Singapore, 2009).
a system, these systems become quickly open for ele117] 3 T. Steiner, M. Kira, and S.W. Koch, Phys. Rev.78,
vated THz intensities. In particular, the transitions toest 165308 (2008).

states (beyond the TLS or thesystem) become important 18] M. Kira, W. Hoyer, and S.W. Koch, Phys. Status Solidi B
at much lower intensities when the THz is detuned away 238 443 (2003).

from the principal transtion energies. In these situations [19] K. B. Nordstrom et al., Phys. Rev. Le&1, 457 (1998).

all states are important and a full microscopic many-body[20] B. Ewers et al., Phys. Status Solidi [in same series].
theory is needed to explain the physics involved.
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Weak near-infrared and strong terahertz excitation are app lied to study excitonic Rabi split-
ting in (Galn)As/GaAs quantum wells. Pronounced anticross ing behavior of the split peaks is
observed for di erent terahertz intensities and detunings relative to the intraexcitonic heavy-hole
1s-2p-transition. At intermediate to high electric elds the spl itting becomes highly asymmetric and
exhibits signi cant broadening. A fully microscopic theor y is needed to explain the experimental
results. Comparisons with a two-level model reveal the increasing importance of higher excitonic

states at elevated excitation levels.

I. INTRODUCTION

The resonant optical polarization in semiconductor
quantum wells (QWSs) is often referred to ascoherent
excitonswhich can be classi ed using the well-known hy-
drogen quantum numbers. With the help of additional
terahertz (THz) excitation, one can couple the dier-
ent exciton states, in particular, one can induce tran-
sitions between the 5 and 2p states [1{8]. In this con-
nection, strong resonant quasi-cw THz excitation of the
1s-2p transition leads to Rabi splitting. Pronounced an-
ticrossing behavior was observed by Wagneet al. [9]
when detuning the THz frequency from the 1s-2p tran-
sition. These e ects were explained within the rotat-
ing wave approximation (RWA) which already predicts
dressed states.

A number of theoretical investigations have previously
been reported on the e ect of a strong THz eld on e.g.
the excitonic absorption [10]. The Autler-Townes split-
ting and side-band generation for excitonic resonances in
QWs were discussed theoretically using the RWA [11, 12].
However, a more extensive framework of a fully mi-
croscopic theory has already been developed [6, 8, 13]
to fully include non-RWA, ponderomotive, and multi-
photon-ionization contributions which are needed to de-
scribe extreme nonlinear THz excitation.

In addition, Maslov et al. analyzed the quantum con-
ned Stark e ect in presence of a THz eld oriented in
growth direction[14]. More detailed studies concerning
the combination of an ac and dc eld were computed
by Mi et al.[15]. The interplay between the dynamic
Franz-Keldysh and the ac Stark e ect were also dis-
cussed by Zhanget al. [16]. Yan et al. investigated

deceased

the interplay between ac Stark e ect and dynamical lo-
calization in a semiconductor superlattice[17]. Rabi-
splitting e ects were also observed using strong THz
single-cycle pulses[18]. In addition to the splitting, also
pronounced resonance broadening and induced absorp-
tion e ects were observed, which could be attributed
to the excitation of excitonic states with high quantum
numbers and THz-induced exciton ionization.

In this paper, we present a systematic investigation
that is intended to Il the gap between the earlier studies
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FIG. 1. (Color online) Schematic experimental geometry.
FM: ip mirror, L: lens, WP: Wollaston prism, PD: photo-
diode.



and allow us to quantify the limitations of the two-level
analysis that includes only the excitonic 1s-2p transition.
For this purpose, we use the temporally long (31 ps) THz
pulses of a free-electron laser (FEL) that are spectrally
su ciently narrow to enable us to study detuning e ects
from the 1s-2p transition frequency. Furthermore, we use
a sample with larger separation between heavy- and light
hole energies than used in Ref. [9]. We record the THz-
induced changes in the near infrared (NIR) absorption
spectrum for weak (1.2 kV/cm) to high THz elds up
to 6 kV/cm. Since a two-level approximation (2LA) is
expected to explain only some aspects of the investiga-
tion, it is interesting to determine its validity range. As

in Ref. [18], we use a microscopic theory [6, 8, 13] for the
analysis and we compare the results to a 2LA where we
restrict the treatment to the excitonic 1 s and 2p states.
We quantify when and how a 2LA deviates from the ex-
perimental observations, whereas the fully microscopic
theory explains the experiments.

Il.  EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup which is a
two-beam collinear con guration for THz and NIR exci-
tation spectroscopy. The setup allows the simultaneous
excitation of the sample with weak broadband NIR and
strong narrowband THz light. Apart from the sample
used, it is the same setup as in Ref. [19]. Broadband
NIR light is generated in a 12-fs Ti:Sapphire laser oscil-
lator with a repetition rate of 78 MHz. The repetition
rate is reduced by an acousto-optical pulse picker to the
13 MHz of the free-electron laser (FEL) at the Helmholtz-
Zentrum Dresden-Rossendorf. Both beams are synchro-
nized with a timing jitter of 1-2 ps; the delay can be ad-
justed using a phase shifter. The full width at half maxi-
mum (FWHM) of the FEL pulses is about a factor of 100
smaller than its photon energy, i.e., for a photon energy
of 6.8 meV (resonant detuning) we measure 0.06 meV
FWHM vyielding 31ps FEL pulses. The FEL pulse du-
ration is determined by Fourier transforming the FEL
spectrum and con rmed by a cross-correlation measure-
ment in a 300 m thick GaP crystal using intensity-based
electro-optic sampling with a single Si photodiode [20].
The investigated multiple quantum well sample DBR42
contains twenty 8 nm Gag.gslno-04As QWSs separated by
92nm GaAs barriers grown on a GaAs substrate [21].
Unlike in the sample analyzed in Ref. [9], the light hole
is energetically more separated from the heavy hole.

I1l.  RESULTS AND ANALYSIS

An overview of the measured experimental spectra
plotted as -log(Transmission) is given in Fig. 2 for a THz
photon energy a) above, b) near and c) below the 4-2p
transition energy. The peak eld strength in kV/cm is
given in the legend. For better visibility, the spectra are

T — ] I

FIG. 2. (Color online) Experimental absorption data (-
log(Transmission)) for di erent THz peak eld strengths (i n
kV/cm) and THz photon energy (a) above (7.6 meV) (b) near
(6.8 meV) and (c) below (6.2 meV) 1s-2p resonance.

vertically shifted. In all cases, THz pumping leads to
bleaching for low THz intensities, then to Rabi splitting
from medium intensities on and, in Fig. 2a and b, to a
reversal of the peak heights. For high intensities, both
peaks are bleached but the left peak is higher than the
right peak.

We use the microscopic theory[6, 8, 13, 18] (semicon-
ductor Bloch equations including THz interaction) to
treat the light-matter interaction self-consistently. For
the THz interaction, we do not employ the RWA, but
fully include the counter-rotating terms. Besides insert-
ing the material parameters appropriate for the sample
used in the present study, we additionally evaluate the
equations in the limit of the two-level approximation
(2LA) where we only include the excitonic 1s and 2p
states but keep all other parameters the same as in the
full analysis. This allows us to quantify how and when
the 2LA analysis deviates from experiments.

Our detailed theory-experiment comparisons show
that the fully theory explains all experimentally observed
features. As representative examples, we show in Fig. 3
spectra for selected THz eld strengths where the THz
photon energy is close to the &-2presonance and in Fig. 4
for the case where the THz photon energy is tuned be-



FIG. 3. (Color online) 1-T without THz (shaded area) and
with THz photon energy of 6.8 meV, near the 1 s-2p resonance,
as measured in experiment (black solid), fully microscopic the-
ory (red solid) and the two-level result (dashed) for the THz
eld strength of (a) 1.9 kV/cm (b) 2.8 kV/cm (c) 3.2kV/cm

(d) 6.2kV/icm.

low the resonance energy. Both gures present the direct
comparison of the experimental data with THz (black

solid) and the microscopic result (red solid). The experi-
mental data without THz are shown as shaded areas, the
results from the 2LA are dashed.

The fully microscopic theory nicely reproduces the
experimental results, including the peak heights, posi-
tion and THz-induced broadening. In contrast, the 2LA
works only for the lowest THz eld (Fig. 3a and 4a). For
higher THz eld (2.8kV/cm and higher), the 2LA gets
worse about the peak heights and broadening. For exam-
ple, it overestimates the high-energy Rabi peak height by
55% for 3.2kV/cm THz eld strength for 6.8 meV THz
photon energy. However, it roughly describes the peak
splitting correctly and the discrepancy of 2LA and exper-
imental peak positions increases slightly with detuning.

To gain an overview of the dependence of THz
eld strength and detuning on the Rabi peaks,
we present in Fig. 5b and d the results for (1-
Transmission) as predicted by the fully microscopic the-
ory for low (1.2kV/cm) and medium THz eld strength
(3.2kV/cm), respectively. The experimental Rabi peaks
are depicted as circles inside the contour plot, where the
diameter refers to the peak height. We observe that the
Rabi splitting increases with the strength of the THz
eld as expected[22]. The spectra for the 2LA are pre-
sented in Figs. 5a and c. For low THz eld (1.2kV/cm,
Figs. 5a and b), the 2LA gives similar results as the mi-
croscopic theory. However, already for a medium THz
eld, the microscopic theory predicts asymmetric bleach-
ing and broadening of the Rabi peaks in agreement with
the experimental results (Fig. 5d), while the 2LA vyields
symmetric splitting and bleaching (Fig. 5¢). Hence, the
observation of anticrossing is not enough to prove the

FIG. 4. (Color online) 1-T without THz (shaded area) and
with THz photon energy of 6.2meV , below the 1s-2p res-
onance, as measured in experiment (black solid), from the
fully microscopic theory (red solid) and the two-level re-
sult (dashed) for the THz eld strength (a) 1.8kV/cm (b)
2.8kV/cm (c) 4.0kV/cm (d) 5.1kV/cm.

validity of a 2LA. This shows the importance of higher
excitonic states for the shapes of the g-exciton peak for
medium THz elds leading to a complete disagreement of
2LA and experiment for high THz elds as already seen
in Figs. 3d and 4d.

The microscopic calculations allow us to follow the re-
distribution of existing THz polarization also in time do-

FIG. 5. (Color online) Anticrossing behavior of 1-T extract ed
from the microscopic calculation. The experimental peak po -
sitions (heights) are depicted by the position (diameter) o f the
open circles. (a)/(c): 2LA (b)/(d) microscopic theory resu lts
for a THz eld of 1.2 (top) and 3.2 kV/cm (bottom).



FIG. 6. (Color online) Top: Occupations for THz photon en-
ergy near the 1s-2p resonance. The THz eld strengths are (a)
1.9kV/cm and (b) 6.2kV/cm. Shaded area: Sum of all occu-
pations without THz eld. Solid/dashed lines: microscopic /
2LA result with THz eld. Bottom: 2p and the dark rest oc-
cupations as fraction of all occupations. Solid (dashed) lines
depicts microscopic (2LA) results. Shaded area: THz eld
oscillations (arb. u.). Note the dierence in the time scale s
for the upper and lower panels.

main. Representatively, we analyze the temporal data for
which the spectra were already shown in Figs. 3a and d,
for THz excitation near the 1s-2p resonance. In Figs. 6a
and b, the 1s occupation jp;sj? without THz is plotted

as shaded area as a reference. The results for the oc-
cupations jp j? from the microscopic theory with THz

in uence are shown in solid lines (%: black; 2p: blue;
other dark states: green). For comparison, we show the

4

2LA results as dashed lines. For the low THz intensity
(1.9kV/cm, see Fig. 6a), the microscopic theory and the
2LA basically agree. However, the microscopic calcula-
tion reveals that we already have an occupation of higher
lying exciton states. For high THz eld (6.2kV/cm, see
Fig. 6b), we see only one Rabi op in the microscopic
calculation while the 2LA incorrectly predicts multiple
Rabi opping.

To better monitor the THz in uence, we replot the
data for 2p and the dark states, but scaled as fraction
of all temporarily existing occupations. The results are
shown in Figs. 6¢c and d for THz eld strengths of c)
1.9kV/cm and d) 6.2kV/cm. For illustration, the oscil-
lating THz eld is shown by the shaded area. For the low
THz eld strength (Fig. 6¢), the microscopic theory and
the 2LA both describe 1s-2p Rabi opping. The Rabi pe-
riod decreases with higher THz elds (intermediate elds
not shown here) until for the highest THz eld, all occu-
pation is immediately transfered into higher dark states
(see green line in Fig. 6d) while the 2LA incorrectly pre-
dicts continued Rabi opping. Despite this limitations,
however, the 2LA predictions of the Rabi splitting (de-
termined by the Rabi period) are still quite correct.

IV. CONCLUSIONS

We have measured the THz-induced changes in the op-
tical transmission for a THz frequency near the excitonic
1s-2p transition frequency. We have observed bleaching
and shifting of the 1s exciton peak and pronounced Rabi
splitting. In addition, the Rabi peaks undergo an anti-
crossing behavior for a detuning of the THz frequency
away from the exciton resonance. The fully microscopic
theory excellently reproduces all experimental features
and follows the transition from Rabi opping at low THz
intensities to exciton ionization at high intensities. We
also have quanti ed how a restriction to only two levels
(2LA) deviates from experiments and the fully micro-
scopic theory. The 2LA works reasonably well for low
THz elds where the Rabi splitting is weak. For ele-
vated THz elds, only the Rabi-peak positions are rather
close to experimental values while the peak heights are
not reproduced. This systematic analysis closes the gap
between earlier studies showing either dressed state be-
haviour for low THz elds or THz ionization for strong
and spectrally broad THz elds.
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